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Abbreviations 

A 

AKI acute kidney injury 

ARA290 pyroglutamate helix B surface peptide 

C 

CEPO carbamylated EPO, carbamylated EPO 

CERA continuous erythropoiesis receptor activator 

CKD chronic kidney disease 

CXCL chemokine (C-X-C motif) ligand 

D 

D- diarrhea-negative

D+ diarrhea-positive 

D1 domain membrane-distal domain 

D2 domain membrane-proximal domain 

DAMPs danger-associated molecular patterns 

DGKE diacylglycerol kinase epsilon 

DNA deoxyribonucleic acid 

E 

EHEC enterohemorrhagic Escherichia coli 

EMA European Medicines Agency 

eNOS endothelial nitric oxide synthase 

EPO erythropoietin 

EPO-R erythropoietin receptor 

ESAs erythropoiesis stimulating agents 

F 

FDA U.S. Food and Drug Administration 

G 

Gb3 globotriaosylceramide receptor 

GSK3β glycogen synthase kinase 3β 

H 

Hb hemoglobin 

HIV human immunodeficiency virus 
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HUS hemolytic-uremic syndrome 

I 

i.p. intraperitoneally 

i.v. intravenous 

IRR innate repair receptor 

J 

JAK2 Janus-like kinase 2 

L 

LDH lactate dehydrogenase 

LPS lipopolysaccharide 

M 

MAHA microangiopathic hemolytic anemia 

MAPK mitogen-activated protein kinases 

N 

NF-κB nuclear-factor 'kappa-light-chain-enhancer' of activated B-cells 

P 

pHBSP pyroglutamate helix B surface peptide 

PI3Ks phosphoinositide 3-kinases 

R 

RBC red blood cell 

ROS reactive oxygen species 

S 

STAT signal transducer and activator of transcription 

STEC Shiga-toxin-producing enterohemorrhagic E. coli, Shiga-toxin-producing enterohemorrhagic E. coli 

STEC-HUS HUS caused by Shiga-toxin-producing Escherichia coli 

Stx Shiga toxin 

T 

TM thrombomodulin 

TMAs thrombotic microangiopathies 

TNF-α tumor-necrosis factor α 

Β 

βCR β-common receptor 
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Summary 

 

Summary 

Typical hemolytic-uremic syndrome (HUS) occurs as a severe complication of an 

infection with enterohemorrhagic Escherichia coli (EHEC) and is one of the major 

causes of acute and chronic renal failure in children. HUS is clinically characterized by 

a symptom triad comprised of acute kidney injury (AKI), microangiopathic hemolytic 

anemia and thrombocytopenia. There is no approved specific therapy, intensive care 

is provided supportively. Erythropoietin (EPO), a hematopoietic hormone, confers 

tissue-protective effects that attenuated AKI in several other conditions such as sepsis. 

The tissue-protective effects of EPO are mediated via a heteromer of the EPO receptor 

(EPO-R) and the β-common receptor. This receptor can also be selectively activated 

by non-hematopoietic structure analogs of EPO such as pyroglutamate helix B surface 

peptide (pHBSP). The overall objective of this thesis was the preclinical assessment 

of the potential of EPO and pHBSP in the treatment of HUS. Firstly, two murine models 

of HUS have been established and extensively characterized by laboratory chemistry 

as well as histology and immunohistochemistry (manuscript I). Thereby, it was 

demonstrated that a single high dose of Shiga toxin (Stx) applied to the tail vein of mice 

resulted in an acute disease progression with prerenal mechanisms of AKI prevailing. 

In contrast, three sublethal doses of Stx on days 0, 3 and 6 of the experiment induced 

subacute disease progression with predominantly intrarenal mechanisms of AKI. In the 

following manuscript, EPO plasma levels of different species with HUS (humans, pigs, 

mice) were measured and an interventional study with EPO and pHBSP was 

performed applying the subacute model of HUS (manuscript II). Significant increases 

in plasma EPO were observed in all three species during HUS indicating a role of EPO 

signaling in the pathogenesis. EPO or pHBSP treatment in mice suffering from 

experimental HUS improved 7-day survival and reduced oxidative stress in the 

kidneys. pHBSP attenuated oxidative and nitrosative stress, stabilized tubular 

epithelial barriers and reduced the expression of KIM-1. Within the framework of this 

thesis, two relevant murine models suitable for the performance of preclinical 

interventional studies have been established. In the context of such a preclinical study, 

it was demonstrated that the modulation of the EPO/β-common-receptor axis 

attenuates disease severity in HUS. Thereby, this thesis provides the preclinical 

groundwork for further examinations in the repurposing of EPO and the implementation 

of pHBSP for the treatment of HUS. 
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Zusammenfassung 

Das typische hämolytisch-urämische Syndrom (HUS) stellt eine schwerwiegende 

Komplikation einer Infektion mit enterohämorrhagischen Escherichia coli (EHEC) dar 

und ist eine der häufigsten Ursachen für akutes und chronisches Nierenversagen im 

Kindesalter. Klinisch gekennzeichnet ist das HUS durch eine Symptomtrias aus 

akutem Nierenversagen, mikroangiopathischer hämolytischer Anämie sowie 

Thrombozytopenie. Eine zugelassene, spezifische Therapie steht nicht zur Verfügung, 

die intensivmedizinische Behandlung erfolgt ausschließlich supportiv. Erythropoietin 

(EPO), ein hämatopoietisch wirkendes Hormon, besitzt zusätzliche gewebeprotektive 

Effekte, welche in verschiedenen Krankheitsbildern, unter anderem der Sepsis, ein 

akutes Nierenversagen verhindern konnten. Diese gewebeprotektiven Effekte beruhen 

auf der Aktivierung eines Heteromers aus EPO-Rezeptor und β-common-Rezeptor, 

der selektiv auch durch nicht-hämatopoietische Strukturanaloga des EPOs wie zum 

Beispiel das pyroglutamate helix B surface peptide (pHBSP) reguliert werden kann. In 

der vorliegenden Arbeit sollte das Potential von EPO und pHBSP in der Therapie des 

HUS präklinisch untersucht werden. Dazu wurden zunächst zwei murine Modelle des 

HUS etabliert und umfassend laborchemisch sowie histologisch und 

immunhistochemisch charakterisiert (Manuskript I). Dabei zeigte sich, dass die 

einmalige, hochdosierte Applikation von Shiga-Toxin (Stx) über die Schwanzvene zu 

einem akuten Verlauf der Erkrankung mit vordergründig prärenalen Mechanismen des 

akuten Nierenversagens führte. Im Gegensatz dazu führten drei sublethale Dosen an 

den Tagen 0, 3 und 6 zu einem eher subakuten Verlauf, bei dem intrarenale 

Mechanismen des Nierenversagens im Vordergrund stehen. Anschließend wurden die 

EPO-Plasmaspiegel verschiedener Spezies (Mensch, Schwein und Maus) mit HUS 

bestimmt und im subakuten Modell des HUS eine Interventionsstudie mit EPO und 

pHBSP durchgeführt (Manuskript II). In allen drei Spezies zeigten sich signifikant 

erhöhte EPO-Plasmaspiegel im Rahmen einer HUS-Erkrankung, welche auf eine Rolle 

des EPO-Signalweges in der Pathogenese hindeutet. Die Behandlung von Mäusen, 

die an experimentellem HUS litten, mit EPO oder pHBSP verbesserte das 7-Tage-

Überleben und reduzierte den oxidativen Stress in der Niere. pHBSP verhinderte 

oxidativen und nitrosativen Stress in der Niere vollkommen, stabilisierte die tubuläre 

epitheliale Barriere und reduzierte die Expression von KIM-1. Insgesamt wurden im 

Rahmen dieser Arbeit zwei relevante murine Modelle des HUS etabliert, die sich für 

6



Zusammenfassung 

 

die Durchführung präklinischer Interventionsstudien eignen. Im Rahmen einer solchen 

präklinischen Studie konnte gezeigt werden, dass die pharmakologische Modulation 

der EPO/β-common-Rezeptorachse die Krankheitsschwere im HUS deutlich reduziert. 

Damit liefert diese Arbeit den präklinischen Grundstein für weitere Untersuchungen zur 

Umwidmung von EPO und zur Verwendung von pHBSP für die Therapie des HUS. 
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1. Introduction 

1.1 Hemolytic-uremic syndrome (HUS) 

1.1.1 Definition and clinical presentation of STEC-HUS 

The hemolytic-uremic syndrome belongs to the thrombotic microangiopathies (TMAs) 

and is clinically defined by a symptomatic trias of microangiopathic hemolytic anemia 

(MAHA), thrombocytopenia and acute kidney injury (AKI). HUS was first described in 

1955 by Gasser and Gautier (Gasser et al. 1955). Historically, the differentiation of 

HUS was carried out exclusively according to clinical presentation into diarrhea-

positive (D+) or diarrhea-negative (D-) HUS. This original classification was revised 

and adapted manifold, so that to date the classification of HUS varies widely throughout 

the literature. However, in 2016, the International Haemolytic Uraemic Syndrome 

group introduced a new classification based on the etiology of HUS (Loirat et al. 2016). 

Briefly, four clusters of causes for the development of HUS were identified: HUS 

associated with underlying diseases or conditions (e. g. auto-immune diseases, 

malignancies or drug abuse), infection-associated HUS, cobalamin-C-defect HUS and 

atypical HUS that can be associated with genetic mutations in the complement 

pathway, diacylglycerol kinase epsilon (DGKE or without identified mutations (Loirat et 

al. 2016). Infection-induced HUS includes HUS caused by viruses such as influenza 

or the human immunodeficiency virus (HIV) and bacteria such as enterohemorrhagic 

Escherichia coli (EHEC), specifically those strains of EHEC producing the main 

virulence factor Shiga toxin (Stx, termed STEC) or Staphylococcus pneumonia. 

This thesis addresses HUS caused by STECs (STEC-HUS) that accounts for 

approximately 85-90% of worldwide annual HUS cases (Constantinescu et al. 2004). 

Between 2 and 12 days after the onset of acute gastroenteritis, the three key symptoms 

of STEC-HUS (MAHA, thrombocytopenia and AKI) develop in 5-15% of patients with 

STEC-infection (Tarr et al. 2005). In 1983, Karmali et al. identified Stx as the main 

virulence factor responsible for STEC-HUS (Karmali et al. 1983). Stx occurs in two 

main subtypes called Stx1 and Stx2 (Mayer et al. 2012), the latter is more frequently 

associated with clinical outbreaks (Boerlin et al. 1999). STEC-HUS patients present 

with typical symptoms of renal failure such as high blood pressure, edema, oliguria, 

emesis and nausea as well as acute pallor (Gasser et al. 1955). Extrarenal 

complications may include myocardial (Thayu et al. 2003), neurological (Bauer et al. 
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2014), pancreatic (Robitaille et al. 1997) and respiratory (Piastra et al. 2004) 

involvement. Although the mortality of STEC-HUS decreased to 1-5% owing to 

progresses in supportive care, there is still a vast amount of up to one third of HUS 

survivors suffering from long-term sequela (Garg et al. 2003). 

1.1.2 Epidemiology of STEC-HUS 

Usually, STEC infections occur as individual cases that are conferred by the ingestion 

of undercooked meat, contaminated water or vegetables (Gerber et al. 2002) or by 

smear infection after contact with animals or infected persons (Goode et al. 2009). 

Although the incidence of STEC-infections is rather low in the European Union (1.5 per 

100,000 inhabitants in 2020 (EFSA 2021)), they ranked in fourth position regarding 

reported foodborne gastrointestinal infections and foodborne outbreaks caused by 

bacterial agents in 2020 (EFSA 2021). Approximately 5–15% of STEC infections result 

in HUS (Byrne et al. 2015, Cummings et al. 2002, Jenssen et al. 2014, Lynn et al. 

2005). These individual cases most frequently affect children under the age of 5 years 

(Byrne et al. 2015), e.g. 68% of the 2020 STEC-HUS cases in Germany occurred in 

children under 5 years (RKI 2021). Although HUS is a rather rare disease, food 

contamination can result in large unpredictable outbreaks such as the one observed 

2011 in Northern Germany. During outbreaks, HUS incidence can rise to 20% of all 

STEC-infections and the age distribution can change substantially (Frank et al. 2011, 

RKI 2012). For example, STEC-HUS incidence in Germany was one magnitude higher 

than usual in the year of the 2011 outbreak (1.1 per 100,000 inhabitants in 2011 (RKI 

2012) versus 0.07 in 2020 (RKI 2021)). In contrast, the general STEC-HUS incidence 

in Argentina, a country with extensive cattle-farming, was 0.67 in 2020 (MDS 2021). 

1.1.3 Pathogenesis of STEC-HUS 

After ingestion, STEC bacteria colonize the terminal ileum (Chong et al. 2007) and 

subsequently attach to colonic enterocytes forming attachment and effacing lesions 

(Jerse et al. 1991). Classical STEC strains are non-invasive (McKee and O'Brien 

1995), thus they remain in the intestine and bacteremia is only sporadically observed 

(Chiurchiu et al. 2003, Manton et al. 2000) or associated with novel hybrid STEC 

strains (Soysal et al. 2016). Different mechanisms how Stx crosses the intestinal 

barrier and reaches the kidney are discussed to date. However, it is clear that 

endothelial injury is one of the most crucial steps in the pathophysiology of human 

HUS. To date, four different mechanisms of Stx-induced endothelial injury were 
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identified: I) direct toxicity of Stx via interaction with the globotriaosylceramide receptor 

(Gb3), II) immune cell activation and transmigration, III) generation of reactive oxygen 

species (ROS) and VI) induction of a pro-coagulant phenotype. A scanning electron 

microscopy study demonstrated that the damage conferred to the endothelium by Stx2 

comprises apoptotic nature (Bauwens et al. 2011). This is in line with the ribotoxic 

effect of Stx resulting in an inhibition of protein translation and thereby apoptosis (Endo 

et al. 1987).  

Activated neutrophils are key mediators of the kidney pathophysiology observed in 

HUS as they were shown to confer damage to both the endothelium (Forsyth et al. 

1989, Fitzpatrick et al. 1992, Fernandez et al. 2007) as well as the glomerular 

basement membrane (Davies et al. 1978). Neutrophil invasion to the kidney is a 

histopathological feature commonly observed in human HUS patients (Inward et al. 

1997) but also occurs in mice (Rutjes et al. 2002). Neutrophil activation positively 

correlates with elevated levels in plasma soluble thrombomodulin (TM) indicating a 

direct link between neutrophil activation and endothelial damage (Ishikawa et al. 2000). 

The key drivers of neutrophil migration to the kidney appear to be chemokine (C-X-C 

motif) ligand 1 and 2 (CXCL1 and CXCL2) as neutralization of these chemokines in 

the murine model reduced neutrophil invasion to the glomeruli by 85 % (Roche et al. 

2007). The role of neutrophils in HUS pathophysiology is further undermined by the 

observation that in granulocyte-depleted mice, renal damage in response to Stx2 

challenge is restricted to mild tubular lesions (Fernandez et al. 2006). Activated 

neutrophils can further contribute to renal damage by their enhanced tendency to the 

spontaneous release of neutrophil extracellular traps (a process known as NETosis) 

as these networks composed of deoxyribonucleic acid (DNA), histones and proteins 

activate immune cells and might accelerate the formation of thrombi (Ramos et al. 

2016). The immune response in HUS is not limited to the activation of neutrophils but 

also includes other immune cells, however, their role in HUS pathogenesis is less well 

understood (Exeni et al. 2018). Interestingly, tissue-resident macrophages in the 

kidney appear to play a critical role in neutrophil recruitment as their depletion in HUS 

significantly reduced CXCL1 and 2 and consequently neutrophil invasion (Lill et al. 

2021). 

ROS are known to play an important role in the development of endothelial injury. 

Gomez et al. demonstrated that Stx2 induces an oxidative imbalance and an increased 
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ROS production by neutrophils, which may be one of the major sources of oxidative 

stress during HUS (Gomez et al. 2013).  

The pro-coagulant, pro-thrombotic phenotype of endothelial cells induced by Stx2 

exposition is thought to be multifactorial and is not only created by the aforementioned 

mechanisms. Stx-mediated apoptosis results in a release of danger-associated 

molecular patterns (DAMPs), e.g. histone DAMPs that were shown to induce 

endothelial dysfunction in two distinct cells lines in a study by Mayer et al. (Mayer et 

al. 2015). Furthermore, Stx2 in combination with tumor-necrosis factor α (TNF-α) is 

able to decrease the surface expression of TM in human endothelial glomerular cells 

through a mechanism that is not completely explained by Stx2-mediated inhibition of 

protein synthesis (Fernandez et al. 2003). 

1.1.4 Therapy of STEC-HUS 

Although the connection between STEC infections and the development of HUS was 

revealed already in 1985 by Karmali et al. (Karmali et al. 1985), to date there is no 

specific treatable target known in STEC-HUS. Treatment is limited to supportive 

therapy, including volume replacement and management of blood pressure. In more 

severe cases, renal replacement therapy is required. Although plasmapheresis has 

been proposed to improve outcome in several studies, randomized control trials and 

meta-analyses found no benefit of plasmapheresis over supportive standard of care 

(Dundas et al. 2001, Michael et al. 2009, Tarr et al. 2005). The use of antibiotics is also 

highly controversial: Several types of stress induced by antibiotics mediate the entry 

of the stx-carrying phage into the lytic cycle thereby increasing Stx production 

(McGannon et al. 2010). However, this effect appears to be dependent on the class of 

antibiotics and mainly associated with beta-lactams (Kakoullis et al. 2019). In contrast, 

the use of azithromycin has been shown to be beneficial in mice in two independent 

studies (Amran et al. 2013, Ohara et al. 2002) and also appears to reduce the long-

term shedding of STECs in patients surviving HUS (Nitschke et al. 2012). 

1.2 Animal models of STEC-HUS 

1.2.1 Rodent models 

Both mice and rats lack glomerular expression of Gb3 receptors (Rutjes et al. 2002). 

Nonetheless, several rodent HUS models are described in the literature. In mice, in 

comparison to Stx1, Stx2 administered intravenously preferentially targets murine 
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kidneys, where it binds to proximal and distal tubuli resulting in dilatation whereas 

glomeruli are unaffected (Rutjes et al. 2002). Initially, glomerular changes in murine 

models of HUS appeared to be dependent from co-application of lipopolysaccharide 

(LPS) (Ikeda et al. 2004, Keepers et al. 2006). Ikeda et al. introduced a model were 

they observed a significant elevation in blood urea nitrogen, proteinuria and 

ultrastructural changes in glomeruli (Ikeda et al. 2004). In the model proposed by 

Keepers et al., similar ultrastructural changes were detected in the glomeruli and 

furthermore also fibrin and thrombi deposition (Keepers et al. 2006). However, Sauter 

et al. published a model in which three sublethal doses of endotoxin-free Stx2 

administered intraperitoneally (i.p.) were sufficient to provoke glomerular damage 

(Sauter et al. 2008).  

In rats, direct perfusion of the kidney with Stx1 in the living animal resulted in extensive 

tubular injury, massive leukocyte infiltration and apoptosis in the renal medulla as well 

as platelet aggregation in glomeruli and medullary capillaries (Yamamoto et al. 2005). 

Extensive tubular injury with mainly unaltered glomeruli was also the main finding in 

models in that Stx1 or 2 were administered i.p. (Sugatani et al. 2002, Zhao et al. 2002). 

Two studies where Stx2 was co-administered with LPS indicated that the glomerular 

changes such as glomerular mesangial proliferation (Silberstein et al. 2011) and 

mesangiolysis as well as changes in podocyte protein expression patterns (Ochoa et 

al. 2012) were mainly induced by LPS.  

1.2.2 Large animal models 

Rabbits are naturally susceptible to STEC infection and develop HUS-like symptoms 

(Garcia et al. 2002). Hence, they appear to be an appropriate model organisms for 

EHEC infection and Stx intoxication. Surprisingly, inoculation of rabbits with the 

classical human pathogen EHEC O157:H7 86-24 failed to induce kidney pathology 

(Panda et al. 2010, Zangari et al. 2014) whereas the inoculation with EHEC O153:HJ 

led to classical signs of HUS (Garcia et al. 2006). Similar as in humans, the severity of 

HUS-like symptoms in rabbits seems to be influenced by the Stx variant: While 

intravenous (i.v.) injection of Stx1 induces only mild symptoms of kidney dysfunction 

(Richardson et al. 1992), i.v. injection of Stx2 induces classical HUS-associated renal 

lesions and severe clinical symptoms (Garcia et al. 2008). 

Although pigs are difficult to manage due to their size, they are ideal models for kidney 

disease as their macroscopic kidney anatomy resembles the human one. Systemically, 
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pigs inoculated with STEC develop edema and the main histological finding are 

segmental arteriolar smooth muscle cell lesions (Matise et al. 1999). Inoculation of 

gnotobiotic piglets with the EHEC strains O157:H7 and O26:H11 results in glomerular 

endothelial damage in all and TMA in most of the inoculated animals (Gunzer et al. 

2002). Interestingly, the strain responsible for the 2011 outbreak in Northern Germany 

- O104:H4 - induced milder symptoms of kidney injury in comparison to O157:H7 in 

gnotobiotic piglets (Wöchtl et al. 2017). 

The extent and nature of kidney damage in non-human primates following Stx-

challenge is highly variable. In one study, Stx1-challenged baboons developed renal 

failure due to severe tubular injury (Taylor et al. 1999). In contrast, another study found 

HUS-like symptoms only after co-challenge with Stx1 and LPS (Siegler et al. 2001). 

Juvenile baboons challenged with Stx2 i.v. developed acute kidney injury (Stearns-

Kurosawa et al. 2011), indicating that the type of Stx might play a role in HUS 

pathogenesis in non-human primates. However, the effects of Stx-challenge in 

baboons widely varied also in two studies directly comparing the effects of Stx1 and 

Stx2. Siegler et al. observed no clinical signs of HUS in baboons challenged with Stx1 

and TMA only in the Stx2-challenged animals (Siegler et al. 2003). Stearns-Kurosawa 

et al. observed severe damage to the glomerular filtration barrier following Stx1-

challenge and only minor tubular injury, but severe acute tubulointerstitial injury with 

no damage to the glomeruli in Stx2-challenged animals (Stearns-Kurosawa et al. 

2013). 

1.3 Erythropoietin (EPO) 

1.3.1 Structure and function 

Although its existence and function was already postulated in 1906 (Carnot and 

Deflandre), the primary structure of human erythropoietin (EPO) was not resolved until 

1986 (Lai et al. 1986). As a member of the type I cytokine superfamily, EPO is 

characterized by a globular structure formed by 4 α-helices (Jelkmann 2004). The 

glycoprotein consists of 165 amino acids and has a molecular weight of 30.4 kDa when 

synthesized in the kidneys. Interestingly, the level of glycosylation of EPO varies 

depending on the organ of its origin: While renal EPO contains four polysaccharide 

chains that are capped by sialic acid, EPO from the brain is poorly sialated (Masuda 

et al. 1994). Plasma half-life and thereby also mode of action is determined by the 
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degree of sialation: Renal EPO has a half-life of 5-6 h allowing for endocrine function 

whereas the poorly sialated EPO from other organs has a half-life of only a few minutes 

resulting in paracrine-autocrine function (Tsuda et al. 1990). EPO interacts with its 

receptor via two distinct binding sites (Syed et al. 1998). The first one is a high-affinity 

binding site with a dissociation constant of ~1 nM (Syed et al. 1998) comprised of a 

common motif for cytokine:cytokine receptor interaction (Clackson and Wells 1995). 

The second one is a low-affinity binding site with a dissociation constant of 

approximately 1 µM (~1000-fold lower; (Philo et al. 1996)). 

For decades, EPO was mainly recognized for its hematopoietic function. 

Erythropoiesis is controlled by EPO via a classical negative feedback loop. A declining 

number of red blood cells results in relative hypoxia, which is detected by renal 

interstitial cells and leads to the release of EPO from these cells into the circulation. 

Once it reaches the bone marrow, EPO interacts with proerythrocytes that are 

expressing the EPO receptor (EPO-R) during a brief time period of their maturation 

(Koury et al. 2002). The binding of EPO to its receptor triggers signaling cascades that 

result in the prevention of programmed cell-death of the proerythrocytes. These 

proerythrocytes allow the body to adapt to hypoxia, anemia or profound blood loss. 

Another small fraction of erythroid precursors (burst-forming and colony-forming unit 

erythroids) continuously expresses the EPO-R and is thereby responsive to EPO 

(Lacombe and Mayeux 1999). However, if EPO is not present in the circulation, these 

cells are undergoing apoptosis (Lacombe and Mayeux 1999). This fraction allows the 

precise replacement of senescent erythrocytes (approximately 1% of total erythrocyte 

population per day). Next to its main function in erythropoiesis, EPO has several other 

effects in the circulation, e. g. the stimulation of platelet formation and an increase in 

P- and E-selectin expression (Allegra et al. 1999, Heinisch et al. 2012). These effects 

are associated with an increased risk for thrombosis. 

A second key function of EPO was discovered more recently, when Cerami and Brines 

uncovered the tissue-protective role of a second type of EPO receptors, a heterodimer 

of an EPO-R and a β-common receptor (βCR) subunit which was termed the “innate 

repair receptor” (IRR;(Brines et al. 2004)).  

1.3.2 EPO receptors and pleiotropic signaling 

The EPO-R is a 484 amino acid glycoprotein belonging to the superfamily of cytokine 

type I receptors (Bazan 1990). Two immunoglobulin-like domains are forming the 
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extracellular region of EPO-R. Four conserved cysteine residues in the membrane-

distal (D1) domain are forming disulfide bonds stabilizing the D1 structure (Livnah et 

al. 1996, Syed et al. 1998). A short hinge links the D1 domain to the membrane-

proximal (D2) domain at a 90° angle. The tertiary structure of EPO-R is stabilized by 

the conserved WSXWS motif located in the D2 domain (Hilton et al. 1996, Livnah et 

al. 1996, Syed et al. 1998). EPO-binding to its receptor is hypothesized to occur 

sequentially; first, the high affinity binding site of EPO interacts with one EPO-R 

molecule, afterwards the low affinity site attaches to the second EPO-R molecule 

(Matthews et al. 1996). Despite asymmetric EPO-binding of the two EPO-R subunits, 

they appear to function similar in regards to the activation of down-stream signaling 

(Zhang et al. 2009). About 300-1000 receptors are found on the surface of erythroid 

progenitor cells and cell lines of erythroid origin. Upon ligand binding, 

homodimerization of the EPO-R results in phosphorylation and thereby activation of 

the receptor-associated tyrosine kinase Janus-like kinase 2 (JAK2). Interestingly, the 

mode of dimerization appears to be critical, as some agonists also induce EPO-R 

homodimerization without or only weak activation of downstream signaling (Livnah et 

al. 1998, Livnah et al. 1996). This might be explained by the fact that EPO binding to 

EPO-R induces a distinct conformation of the receptor in which the angle between D1 

domains is ~120° and the D2 domains are positioned in the same plane (Livnah et al. 

1996, Syed et al. 1998). Complete autophosphorylation and thereby activation of JAK2 

might depend on this receptor conformation (Watowich 2011). This hypothesis is 

further underlined by the fact that both a mutated form of EPO (R103A, mutation in the 

site 2 binding loop) and EPO-R mutated in either binding site 1 or 2 for EPO failed to 

induce down-stream signaling in hematopoietic cells (Matthews et al. 1996, Zhang et 

al. 2009). Down-stream signaling of the EPO-R receptor involves signal transducer 

and activator of transcription 1, 3 and 5 (STAT1, 3 and 5), however, it can also activate 

several mitogen-associated protein kinases (MAPK) such as MAPK1 and 3 (also 

known as Erk1/2) or p38 (Richmond et al. 2005). 

In contrast, the IRR which is a heteromer of an EPO-R and a βCR subunit is activated 

in a paracrine-autocrine manner by higher doses of locally produced EPO (1-2 nmol/l 

(Anagnostou et al. 1990)). The βCR is comparably large as it comprises of a duplicated 

extracellular portion as well as a long intracellular tail. The receptor is shared by 

hematopoietic type I cytokines (interleukins 3 and 5, granulocyte macrophage-colony-

stimulating factor) (Brines and Cerami 2012). Ligand specificity is conferred by 
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disulfide bonds to the specific cytokine receptor subunit (Mirza et al. 2010). The IRR 

mediates tissue-protection in a variety of tissues including heart (Guan et al. 2020), 

kidney (Kitamura et al. 2008), brain (Brines et al. 2004) and peripheral nervous system 

(Loesch et al. 2010). However, the receptor is also expressed on some cells of the 

immune system, especially on subsets of macrophages (Nairz et al. 2011). Assembly 

of the IRR is enhanced in lipid rafts (Saulle et al. 2009) and favoured by a surplus in 

βCR subunits which are usually expressed as dimers (Carr et al. 2001). Interestingly, 

the formation of the IRR is further enhanced in the presence of its ligands as it has 

been shown for carbamylated EPO (CEPO) (Guan et al. 2020). Signaling via the IRR 

down-stream of JAK2 is mediated via three different major survival pathways: (I) 

STATs (Ahmet et al. 2011, Ueba et al. 2010), (II) phosphoinositide 3-kinases (PI3Ks) 

(Coldewey et al. 2013, Patel et al. 2011, Ueba et al. 2010) and (III) MAPK (Patel et al. 

2011, Ueba et al. 2010). The latter pathways cumulate in the inhibition of glycogen 

synthase kinase 3β (GSK3β), not only inhibiting nuclear-factor 'kappa-light-chain-

enhancer' of activated B-cells (NF-κB) and thereby inflammation but also stabilizing 

mitochondria and thereby inhibit apoptosis (Brines and Cerami 2012). Furthermore, 

PI3Ks are also critically involved in the generation of nitric oxide by inducing endothelial 

nitric oxide synthase (eNOS) resulting in an increase in regional blood flow (Ahmet et 

al. 2011). STAT-induced pathways mediate the expression of pro-survival factors, the 

inhibition of apoptosis and tissue-restorative functions such as the activation of neural 

stem cell differentiation (Ahmet et al. 2011).  

1.3.3 EPO and its derivatives as erythropoiesis stimulating agents 

The U.S. Food and Drug Administration (FDA) lists the following indications for EPO 

therapy: anemia caused by chronic kidney disease (CKD), chemotherapy against 

cancer or zidovidune treatment against HIV-infection and to reduce the need of red 

blood cell transfusions in surgery patients (FDA; Reference ID: 4160848; (Bilenker et 

al. 2002)). Similar indications are listed by the European Medicines Agency (EMA; 

EMEA/H/C/000726). However, the so-called off-label use of EPO is very common 

comprising up to 50% of total EPO use (Guan et al. 2020, Bilenker et al. 2002), e. g. 

in cancer patients whose anemia was not caused by chemotherapy (Guan et al. 2020), 

secondary anemia occurring in chronic diseases (Guan et al. 2020) and in patients 

who decline red blood cell transfusions (such as Jehova’s witnesses (Agapidou et al. 

2014, Menkis et al. 2012)). 
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EPO for therapeutic use is always produced in a recombinant manner allowing the 

production of several so called next generation EPO compounds or erythropoiesis 

stimulating agents (ESAs) that are modifications of the original genetic sequence of 

EPO. These next generation compounds include for example darbepoetin α and 

continuous erythropoiesis receptor activator (CERA). Darbepoetin α has a three times 

higher plasma half-life then recombinant EPO as its degree of sialation was increased 

by the exchange of five amino acids (Hudson and Sameri 2002). CERA is modified 

with a polyethylenglycopolymer that increases the molecular mass and further exceeds 

plasma half-life of darbepoetin α approximately five-fold (Macdougall 2005). Both 

ESAs are approved for therapy of anemia. 

1.3.4 Non-hematopoietic EPO-derived peptides 

The discovery of EPOs tissue-protective effects and the IRR prompted in the 

development of several non-hematopoietic compounds that were derived from the 

structure of EPO but designed to exclusively bind the IRR (Brines et al. 2008).  

Carbamylated EPO (CEPO) contains carbamyl-residues that are increasing its affinity 

for the IRR (Coleman et al. 2006). Although initially developed for neuroprotection, a 

preclinical study also demonstrated that CEPO outperforms EPO in the treatment of 

AKI (Togel et al. 2016). Safety and pharmacokinetics trials have been performed in 

patients with acute ischemic stroke (NCT00756249, NCT00870844) and Friedreich’s 

ataxia (NCT01016366), however, only the results of the latter clinical trial have been 

published. Although CEPO was well-tolerated, unfortunately there were no therapeutic 

benefits compared with the placebo (Boesch et al. 2014). 

The pyroglutamate helix B surface peptide (pHBSP, also known as ARA290 or 

cibinetide) was introduced in 2008 by Brines et al. (Brines et al. 2008). It mimics the 

aqueous surface of EPO’s helix B that is not involved in binding the EPO-R and 

therefore exclusively activates tissue-protective signaling pathways via the βcR-axis 

without inducing erythropoiesis and thereby being free of the risk of increased 

thrombosis (Brines et al. 2008). Although its plasma half-life is only about 2 min (Brines 

et al. 2008), pHBSP has demonstrated protective effects in various animal models of 

serious conditions such as ischemic myocardial injury (Ahmet et al. 2011), acute 

kidney injury (Patel et al. 2012) and traumatic brain injury (Robertson et al. 2013). 

Furthermore, successful phase two clinical trials have been performed using pHBSP 

as a therapeutic against neuropathic pain associated with sarcoidosis (Culver et al. 
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2017) and neuropathy and metabolic dysfunction associated with type II diabetes 

(Brines et al. 2015). Due to the promising preclinical effects and the progression into 

clinical studies, pHBSP was chosen to be further assessed as a potential therapeutic 

for HUS in this thesis. 

1.3.5 The role of EPO in HUS 

Anemia usually results in an increase of EPO plasma levels as the body tries to correct 

anemia by an increase in erythropoiesis. It therefore stands to reason that EPO levels 

in HUS should also increase due to MAHA resulting from the massive loss of 

erythrocytes. However, EPO levels in HUS patients have not been routinely studied to 

date. There is one clinical report from pediatric HUS patients indicating that EPO 

plasma levels in this condition are elevated (Exeni et al. 1998). Yet, this elevation is 

disproportionally low when compared to the EPO levels in anemia of other etiologies 

(Exeni et al. 1998). Several mechanisms might contribute to this surprising 

observation. For example, it has been shown before that pro-inflammatory cytokines 

might suppress the production of EPO (Jelkmann 1998). Furthermore, the HUS-

characteristic damage to the kidney might result in renal anemia (Exeni et al. 1998). At 

this point, it appears unexpected that EPO is not approved for the therapy of HUS-

associated anemia. This might be due to the fact that clinical evidence is low and the 

two studies performed in pediatric HUS patients showed conflicting results. While Pape 

et al. observed a reduced need for red blood cell transfusion in EPO-treated children 

with HUS (Pape et al. 2009), Balestracci et al. could not verify this observation in a 

larger case-control study (Balestracci et al. 2015) and a pilot randomized controlled 

trial (Balestracci et al. 2022). 
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2. Aim of thesis 

Overall, this thesis aimed to further assess the pathophysiology of the hemolytic-

uremic syndrome, examine the role of erythropoietin signaling in disease progression 

and determine the potential of EPO and pHBSP as therapeutics in HUS. To date, there 

is still no specific therapy for HUS and treatable targets are lacking. As it is a rare 

disease, randomized control trials are difficult to perform in HUS and there is an urgent 

need for reliable preclinical models to perform interventional studies. 

Specific objectives: 

I) Establish clinically relevant murine models of HUS (Manuscript I). 

II) Characterize these models in-depth by laboratory chemistry, histology and 

immunohistochemistry (Manuscript I). 

III) Examine the status of endogenous EPO levels in different species suffering 

from HUS (Manuscript II). 

IV) Assess the therapeutic potential of EPO and pHBSP in a clinically relevant 

preclinical murine model (Manuscript II). 
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S. Dennhardt*, W. Pirschel*, B. Wissuwa, C. Daniel, F. Gunzer, S. Lindig, A. 

Medyukhina, M. Kiehntopf, W. W. Rudolph, P. F. Zipfel, M. Gunzer, M. T. Figge, K. 

Amann, S. M. Coldewey, Modeling Hemolytic-Uremic Syndrome: In-Depth 

Characterization of Distinct Murine Models Reflecting Different Features of Human 

Disease. Front Immunol 9, 1459 (2018). *Authors contributed equally. 

 

Manuscript II: 

Dennhardt S, Pirschel W, Wissuwa B, Imhof D, Daniel C, Kielstein JT, Hennig-Pauka 

I, Amann K, Gunzer F, Coldewey SM. Targeting the innate repair receptor 

axis via erythropoietin or pyroglutamate helix B surface peptide attenuates hemolytic-

uremic syndrome in mice. Front Immunol. 13, 1010882 (2022). 
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Manuskript Nr. I 

Titel des Manuskriptes: Modeling Hemolytic-Uremic Syndrome: In-Depth 

Characterization of Distinct Murine Models Reflecting Different Features of Human 

Disease 

Autoren: S. Dennhardt, W. Pirschel, B. Wissuwa, C. Daniel, F. Gunzer, S. Lindig, A. 

Medyukhina, M. Kiehntopf, W. W. Rudolph, P. F. Zipfel, M. Gunzer, M. T. Figge, K. 

Amann, S. M. Coldewey 

Bibliographische Informationen: Dennhardt S, Pirschel W, Wissuwa B, Daniel C, 

Gunzer F, Lindig S, Medyukhina A, Kiehntopf M, Rudolph WW, Zipfel PF, Gunzer M, 

Figge MT, Amann K, Coldewey SM. Modeling Hemolytic-Uremic Syndrome: In-Depth 

Characterization of Distinct Murine Models Reflecting Different Features of Human 

Disease. Front Immunol. 2018 Jun 25;9:1459. doi: 10.3389/fimmu.2018.01459. PMID: 

29988557; PMCID: PMC6026657. 

Der Kandidat / Die Kandidatin ist (bitte ankreuzen) 

 Erstautor/-in, ☒ Ko-Erstautor/-in,  Korresp. Autor/-in,  Koautor/-in. 

Status: publiziert 
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Diarrhea-positive hemolytic-uremic syndrome (HUS) is a renal disorder that results from 

infections with Shiga-toxin (Stx)-producing Escherichia coli. The aim of this study was 

to establish well-defined refined murine models of HUS that can serve as preclinical 

tools to elucidate molecular mechanisms of disease development. C57BL/6J mice were 

subjected to different doses of Stx2 purified from an E. coli O157:H7 patient isolate. 

Animals received 300 ng/kg Stx2 and were sacrificed on day 3 to establish an acute 

model with fast disease progression. Alternatively, mice received 25 ng/kg Stx2 on days 

0, 3, and 6, and were sacrificed on day 7 to establish a subacute model with moderate 

disease progression. Indicated by a rise in hematocrit, we observed dehydration despite 

volume substitution in both models, which was less pronounced in mice that underwent 

the 7-day regime. Compared with sham-treated animals, mice subjected to Stx2 deve-

loped profound weight loss, kidney dysfunction (elevation of plasma urea, creatinine, 

and neutrophil gelatinase-associated lipocalin), kidney injury (tubular injury and loss of 

endothelial cells), thrombotic microangiopathy (arteriolar microthrombi), and hemolysis 

(elevation of plasma bilirubin, lactate dehydrogenase, and free hemoglobin). The degree 

of complement activation (C3c deposition), immune cell invasion (macrophages and 

T  lymphocytes), apoptosis, and proliferation were significantly increased in kidneys of 

mice subjected to the 7-day but not in kidneys of mice subjected to the 3-day regime. 

However, glomerular and kidney volume remained mainly unchanged, as assessed by 

3D analysis of whole mount kidneys using CD31 staining with light sheet fluorescence 

microscopy. Gene expression analysis of kidneys revealed a total of only 91 overlapping 

genes altered in both Stx2 models. In conclusion, we have developed two refined mouse 

models with different disease progression, both leading to hemolysis, thrombotic micro-

angiopathy, and acute kidney dysfunction and damage as key clinical features of human 

HUS. While intrarenal changes (apoptosis, proliferation, complement deposition, and 
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immune cell invasion) mainly contribute to the pathophysiology of the subacute model, 

prerenal pathomechanisms (hypovolemia) play a predominant role in the acute model. 

Both models allow the further study of the pathomechanisms of most aspects of human 

HUS and the testing of distinct novel treatment strategies.

Keywords: hemolytic-uremic syndrome, shiga toxin, enterohemorrhagic E. coli, Escherichia coli, acute kidney 

injury, mouse models, shiga-toxin-producing Escherichia coli

inTrODUcTiOn

Hemolytic-uremic syndrome (HUS) is a form of thrombotic 
microangiopathy that mainly affects the kidneys. Initial renal 
endothelial cell damage is a common pathological feature of 
all HUS variants, of which the causes may differ (1). Infection-
induced HUS can develop as a serious systemic complication fol-
lowing infections with distinct pathogens, including Shiga-toxin 
(Stx)-producing Escherichia coli (STEC) (2, 3) or pneumococcal-
surface protein-C-expressing Streptococcus pneumoniae (4) 
whereas atypical or genetic HUS results from autoimmune or 
gene tic defects, leading to altered complement regulation (5).

Hemolytic-uremic syndrome is the leading cause of acute 
renal failure in children (6), in which the proportion of STEC-
HUS is estimated as 85–90% in comparison to atypical HUS 
with 5–10% and S. pneumoniae-HUS with approximately 5% 
(4, 7). The prognosis of atypical HUS has markedly improved 
as administration of a humanized monoclonal antibody against 
complement C5 allows the reversal of renal pathology and, thus, 
the prevention of end-stage renal disease (8). By contrast, the 
pathophysiological principles of infection-associated HUS are 
less well understood and specific biomarkers and prognosis-
improving treatable targets are not available to date. However, 
a large outbreak of HUS caused by Stx2-producing O104:H4 
E. coli in Germany in 2011 emphasized the impact of this 
pathogen on public health. A total of 3,861 cases, including 54 
deaths, were reported within 2 months, of which 845 developed 
HUS, consuming tremendous resources in critical care units 
across Northern Germany (9). Prospective randomized studies 
investigating STEC infections and HUS are difficult to conduct 
in humans owing to the sporadic nature of the disease and 
the unpredictable occurrence of outbreaks. Therefore, there is 
urgent demand for animal models to study pathophysiological 
aspects of HUS systematically.

Bacterial Stxs, of which the two major types Stx1 and Stx2 
can be discriminated, are acknowledged as key virulence factors 
of STEC (10). Epidemiological data revealed that Stx2 plays the 
predominant role in development of hemorrhagic colitis and 
HUS (11–14). Stxs are typical AB5 toxins. The five B subunits 
bind to the glycolipid receptor globotriaosylceramide (Gb3) on 
target cells. The toxin is then internalized (15) and the A subunit, 
activated by intracellular proteases, exerts N-glycosidase acti-
vity hereby deactivating mammalian ribosomes (16) and inhi-
biting protein synthesis leading to cell death (3). According to 
current understanding, a pro-thrombotic environment caused 
by initial endothelial cell injury and subsequent transcrip-
tion events leading to generation or release of inflammatory 
cytokines, chemokines, and adhesion molecules, paves the way 

for development of thrombotic microangiopathy in the kidney 
with inappropriate deposition of clots in the microvasculature 
and subsequent tissue ischemia and organ injury [reviewed in 
Ref. (17, 18)]. Several related mechanisms can lead to the same 
endothelial injury in different forms of HUS. Thus, comparable 
to other syndromes associated with excessive endothelial dam-
age, such as sepsis, the pathophysiology of HUS is complex.

Since Karmali linked sporadic cases of HUS with cytotoxin-
producing E. coli isolated from patient feces in a breakthrough 
discovery in 1983 (2), numerous in vivo models have been devel-
oped to study this syndrome, applying such different animals as 
non-human primates (19, 20), gnotobiotic piglets (21–25), rab-
bits (26, 27), rats (28–30), and mice (31–34). Reportedly, certain 
aspects of HUS, such as, thrombotic microangiopathy, glome-
rular damage, and thrombocytopenia, are difficult to reproduce 
in murine models (32, 33). Nevertheless, to conduct mechanistic 
and early interventional studies requiring investigation of 
relevant signaling pathways by inactivation or overexpression 
of certain genes, well-defined and reproducible mouse models 
mimicking key characteristics of HUS are urgently needed.

Identification of novel pathomechanisms and treatable targets 
in different stages of STEC-HUS carries the potential for deve-
lopment of novel therapeutic strategies. This study was designed 
to establish refined murine in  vivo models with an acute and 
a subacute disease progression to create better tools to further 
elucidate molecular mechanisms underlying HUS pathogen-
esis and to prospectively conduct pharmacological studies. The 
pathology was induced by intravenous (i.v.) application of Stx2 
that was purified from the well-characterized O157:H7 patient 
isolate of enterohemorrhagic E. coli (EHEC) 86-24 (35). Here, 
we established and characterized in-depth two HUS models 
in C57BL/6J mice that differed conceptually by the endpoint 
of the experiment and the dose and regimen of Stx2 applica-
tion. We attenuated severe hypovolemia—for the first time in 
murine HUS models—by regular intermittent subcutaneous 
(s.c.) administration of balanced electrolyte solutions, thereby 
mimicking supportive therapy in common clinical practice, thus 
increasing the clinical relevance of our models.

MaTerials anD MeThODs

Purification and characterization of stx2
Stx2 was purified on different ion exchange columns and finally 
on a gel filtration column by our own chromatographic pro-
cedure from liquid cultures of the Stx2-producing O157:H7 
EHEC strain 86-24 (35). Bacteria were grown in 5 l Luria-Bertani 
medium starting from an overnight culture at 1:1,000 dilution. 
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After 4 h of incubation, mitomycin C (Sigma-Aldrich Chemie, 
Munich, Germany) was added to a final concentration of 0.4 mg/l 
to enhance the Stx release from the bacteria. Incubation was 
continued for another 20 h. Cultures were then centrifuged for 
20 min at 16,000 g in an ultracentrifuge using 500 ml polycar-
bonate beakers in a JA-10 fixed angle rotor (Beckman Coulter, 
Krefeld, Germany). The supernatant was kept and sterile-filtered 
(Corning 1,000 ml Vacuum Filter/Storage Bottle System, 0.22 µm 
Pore; Sigma-Aldrich Chemie). A 70% ammonium sulfate pre-
cipitation was carried out at 4°C and the precipitate isolated by 
centrifugation. The precipitate was dissolved in a low salt buffer 
at pH 6.2 and dialyzed against 5 mM phosphate/NaCl buffer for 
48  h at 4°C (Slide-A-Lyzer Dialysis Cassettes, 10,000 MWCO, 
30 ml; Thermo Fisher Scientific, Dreieich, Germany). The crude 
protein solution was applied on an anion exchange column 
(HiTrap Q HP XL; GE Healthcare Europe, Freiburg, Germany) 
using an ÄKTA pure 25 l chromatography system (GE Healthcare 
Europe) and the protein was eluted with 1 M NaCl buffer at pH 
6.2. The appropriate protein fractions were pooled and dialyzed 
against 5 mM acetate buffer at pH 3.9. The re-buffered protein 
solution was then applied to a cation exchange column (HiTrap 
SP HP XL, GE Healthcare Europe). Bound protein was eluted 
with 1 M NaCl buffer at pH 3.9. Again, the pooled protein frac-
tions were dialyzed in 50  mM Tris/HCl buffer at pH 6.5. In a 
third chromatographic step, the purified protein solution was 
applied on a HiLoad 26/600 Superdex 200 prep grade column 
(GE Healthcare Europe) and eluted with a flow rate of 1 ml/min  
isocratically. The appropriate fractions were pooled again.  
To concentrate the toxin, pooled samples were centrifuged using 
Vivaspin 20 ultrafiltration devices (10,000 MWCO; Sartorius, 
Göttingen, Germany). Protein concentration was determined by 
the bicinchoninic acid method following the protocol supplied 
by the manufacturer (Sigma-Aldrich Chemie). This purified and 
concentrated Stx2 protein solution of 0.35 mg/ml was then char-
acterized applying SDS polyacrylamide gel electrophoresis and 
immunoblot analysis, as described previously (36). Two subunits 
were detected at 32 and 7 kDa and the protein was free of any 
visible contamination.

cytotoxicity Testing of stx2
Cytotoxicity and LD50 of purified Stx2 were determined using 
Vero cells stained with the vital dye neutral red. 1 × 104 Vero cells 
per well in 200 µl DMEM/10% FBS (Thermo Fisher Scientific) 
were seeded into a 96-well plate and grown at 37°C/5% CO2 for 
1 day. 10 µl cell culture medium was replaced by 10 µl medium 
in duplicate, containing 1 ng to 0.01 fg Stx2 in 10-fold dilutions. 
Cells were incubated further at 37°C/5% CO2 for 2 days. Then, 
vital staining was performed with the “In vitro Toxicology Assay 
Kit Neutral Red based” (Sigma-Aldrich Chemie) according 
to the manufacturer’s instructions. Dye release was assessed 
spectrophotometrically (Tecan SunriseTM 96-well Absorbance 
Microplate Reader; Tecan Deutschland, Crailshaim, Germany) 
by measuring absorbance at a wavelength of 540 nm against the 
background absorbance of multiwell plates, measured at 690 nm. 
Values obtained from wells containing only cell culture medium 
were set at LD100, values from Vero cell monolayers without Stx2 
treatment were set at LD0, and the LD50 was calculated from it.

Dose-response study for stx2 In Vivo
Male C57BL/6J mice (aged 10–16  weeks, 20–30  g BW) were 
intravenously  subjected to a single dose of either 50, 100, 150, or 
300 ng/kg BW Stx2 in 5 ml/kg NaCl 0.9%, subsequently weighed 
every 24 h and scored every 12 h to monitor disease progression. 
After 72 h, mice were exsanguinated in deep ketamine (100 mg/
kg BW in 5  ml/kg NaCl 0.9% i.p.) and xylazine (10  mg/kg  
BW in 5 ml/kg NaCl 0.9% i.p.) anesthesia. Blood was obtained 
by puncturing the v. cava to compile hemograms and analyze 
kidney dysfunction by measuring plasma urea and creatinine.

animal experiments
Male wild-type C57BL/6J mice (aged 10–16 weeks, 20–30 g BW)  
were randomly assigned to one of the two treatment groups 
(sham, Stx2). Mice were kept under standardized labora tory 
conditions, and received standard rodent chow and water 
ad  libitum. HUS was induced by either a single i.v. injection 
of Stx2 (300 ng/kg BW in 5 ml/kg NaCl 0.9%; acute model) or 
three i.v. injections of Stx2 (25 ng/kg BW in 5 ml/kg BW NaCl 
0.9% each; subacute model) on days 0, 3, and 6. Sham animals 
received 5 ml/kg BW NaCl 0.9% only. Mice were weighed every 
24  h and scored every 12  h (acute model) or 8  h (subacute 
model) to monitor disease progression. To prevent the severe 
dehydration observed in the dose-response study, mice received 
500 µl of Ringer’s lactate s.c. every 12 h (acute model) or 800 µl 
Ringer’s lactate s.c. every 8  h (subacute model). 72  h (acute 
model) or 168 h (subacute model) after HUS induction, mice 
were sacrificed by exsanguination in deep anesthesia (see Dose-
Response Study for Stx2 In Vivo).

evaluation of Disease Progression
Disease progression was monitored by both weight loss and 
scoring. A scoring system based on the activity of mice was used 
(ranging from 1—normally active, 2—active with slight restric-
tions, 3—active with clear intermissions, 4—slowed, 5—lethargic,  
6—moribund, to 7—dead). In the course of the experiments, 
a modified HUS score that additionally included neurological 
symptoms was established and tested in the subacute model 
(Table S1 in Supplementary Material).

Blood analysis
Lithium heparin anti-coagulated blood was obtained and hemo-
grams were compiled using the pocH100iV system (Sysmex, 
Kobe, Japan). According to the manual Sysmex pocH100iV gen-
erally distinguishes between small (W-SCC = small cell count, 
lymphocytes), middle (W-MCC = middle cell count; monocytes, 
basophils, eosinophils), and large (W-LCC  =  large cell count; 
neutrophils) leukocytes. However, our setup for mice only deter-
mines small and large cell count; middle-sized cells are included 
in the small cell count. Afterward, blood was centrifuged at 
3,000 g for 15 min at room temperature to obtain plasma. Alanine 
aminotransferase (ALAT), aspartate aminotransferase (ASAT), 
bilirubin, lactate dehydrogenase (LDH), urea, and creatinine 
were measured using an Architect c16200/ci8200 automated 
clinical chemistry system (Abbott Diagnostics, Abbott Park, 
IL, USA) according to the manufacturer’s recommendations. 
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Plasma neutrophil gelatinase-associated lipocalin (NGAL) was 
measured using an ELISA kit provided by BioLegend (San Diego, 
CA, USA) according to the manufacturer’s protocol (sham  
samples were diluted 1:200 and Stx2 samples 1:1,000 due to the 
assay range).

Hemolysis was quantified (scoring: 0: no hemolysis, absorb-
ance = 0; 1: up to 5% hemolysis, absorbance <0.04; 2: >5–20% 
hemolysis, absorbance <0.12; 3: >20–50% hemolysis, absorbance 
<0.16; 4: >50% hemolysis, absorbance >0.16) by measuring 
hemoglobin absorption spectra (at 500–600 nm) in plasma with 
a Spark® multimode reader (Tecan, Maennedorf, Swiss) and 
comparing the intensity to a standard.

Tissue Preparation
At the end of the experiment—after puncture of the v. cava—
anesthetized mice were perfused with 0.9% NaCl via the left 
ventricle and right atrium for removal of erythrocytes within 
the tissue. Afterward, kidneys were removed and fixed instantly 
with 5% buffered formaldehyde solution for at least 72 h at 4°C, 
processed, and subsequently embedded in paraffin blocks.

histopathology
Renal sections (1  µm) were deparaffinized and subjected to 
routine staining: hematoxylin/eosin, periodic acid Schiff (PAS), 
and acid fuchsin orange G (SFOG). Histomorphological changes 
were determined on PAS stained kidney sections. Therefore, 10 
cortical fields per kidney adjacent to one another were randomly 
graded mainly for signs of tubular injury (i.e., brush border loss, 
epithelial cell flattening, or vacuolization) at a magnification of 
400× using a scoring system from 0 to 3: 0: no damage, 1: <25% 
damaged, 2: 25–50% damaged, 3: >50% damaged. Two trained 
investigators independently evaluated the sections without 
knowledge of the experimental group.

immunohistochemical staining
Renal sections were deparaffinized and hydrated in a descend-
ing series of ethanol (3× 5 min xylene, 2× 1 min 100% ethanol,  
2× 1  min 96% ethanol, 1× 1  min 70% ethanol, aqua dest.). 
Endogenous peroxidase activity was blocked by incubating 
sections in 3% H2O2 for 15 min at room temperature. Antigen 
retrieval was performed in target retrieval solution (pH 6; Dako, 
Glostrup, Denmark) for 2.5  min at 120°C using a pressure 
cooker. Nonspecific binding sites were subsequently saturated 
in serum or blocked with avidin/biotin solution. All tissue sec-
tions were incubated with a primary antibody overnight at 4°C 
in appropriate dilutions (Table S2 in Supplementary Material). 
Sections were further processed using the VectaStain ABC kit 
(Vector Laboratories, Burlingame, CA, USA) according to the 
manufacturer’s recommendations and 3,3-diaminobenzidine 
(DAB) as substrate. Finally, the sections were counterstained in 
hemalaun, dehydrated, and mounted for observation. Immuno-
histochemistry images were acquired using an Olympus Bx60 
microscope equipped with an XC30 camera at various magni-
fications. Images were taken after white balance, auto exposure, 
and introduction of scale bar using cellSens software (Olympus 
Deutschland, Hamburg, Germany). No further adjustments or 
signal amplifications were performed.

Quantification of immunodetection
A grid superimposed on 20 (for F4-80, CD3, cleaved caspase 3 and 
Ki67) or 30 (for CD31) cortical areas (adjacent to one another) 
of each section was used for quantification. While for F4-80 
and Ki67 the number of intersections overlapping the positive 
brown staining was counted in each grid, for CD31 the number 
of positive caskets per grid was counted. For CD3 and cleaved 
caspase 3, the numbers of positive cells per mm2 was calculated 
based on the number of positive cells counted per grid area 
(grid area = 0.0625 mm2). To analyze the expression of kidney 
injury molecule-1 (KIM-1) and C3c, a scoring system from 0 to 3  
(0: <25%, 1: 25–50%, 2: 50–75%, 3: >75% strong positive staining 
per visual field) was used to evaluate 12 visual fields per section  
in a blinded manner (magnification: 20×).

Ultrastructural analysis
Ultrastructural analysis using electron microscopy was per-
formed as described previously (37).

Microarray Preparation and analysis
Total kidney RNA was extracted from approximately 30  mg 
of kidney tissue using an RNeasy Mini kit (QIAGEN, Santa 
Clarita, CA, USA) according to the manufacturer’s instruc-
tions. 200 ng of total RNA was processed with the GeneChip™ 
Hybridization, Wash, and Stain Kit (Affymetrix, Santa Clara, CA, 
USA) according to the manufacturer’s protocol and hybridized 
to GeneChip™ mouse 2.0 ST arrays (Affymetrix) that were 
subsequently scanned with the GeneChip™ Scanner 3000 7G 
(Affymetrix). CEL files were pre-processed with Robust Multi-
Array Average algorithm and background correction using R 
statistics software and Bioconductor packages. Intra- vs. inter-
class differences were assessed via one-way ANOVA. Genes with 
absolute log2-fold change >1 and p-values <0.05 were considered 
significantly differentially expressed. False discovery rate-based 
p-value adjustment was performed via the Benjamini–Hochberg 
method. A list of candidate genes was generated by identifying 
the overlapping differentially expressed genes (DEGs) of both 
models. This list was further analyzed using the Database for 
Annotation, Visualization, and Integrated Discovery 6.8 [DAVID 
6.8 (38)] with background set to Mus musculus and classification 
stringency set to medium.

statistics
All values are depicted as mean ± SD of n observations (n rep-
resenting number of animals studied) unless stated otherwise. 
Statistical analysis was performed using GraphPad 7.03 (GraphPad 
Software, San Diego, CA, USA). Outliers were removed using 
the ROUT test (Q = 5%). Statistics were performed as t-test for 
parametric data and Mann–Whitney U-test for non-parametric 
data. A p-value <0.05 was considered significant.

resUlTs

cytotoxicity of stx2
Cytotoxicity of Stx2 purified from EHEC 86-24 was measured 
in vitro in Vero cells by neutral red assay. The LD50 in this cell line 
is 9.51 pg/ml (Figure S1 in Supplementary Material).
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FigUre 1 | Dose-response study for Stx2 in C57BL/6J mice. (a–F) Mice were subjected to different Stx2 concentrations. The effect was assessed after 72 h.  

Data are expressed as mean ± SD for n observations, *p < 0.05 vs. sham. (a) Final score and overall weight loss at 72 h (score: Kruskal–Wallis test with Dunn’s 

correction, weight loss: one-way ANOVA with Bonferroni post hoc test; sham n = 6, 50 ng/kg BW Stx2 n = 4, 100 ng/kg BW Stx2 n = 5, 150 ng/kg BW Stx2 n = 7, 

300 ng/kg BW Stx2 n = 8). Kidney function was evaluated by (B) plasma urea and (c) plasma creatinine. (D) Hematocrit and (e) hemoglobin were measured as 

indicators of red blood cell count. Immune response was monitored by (F) white blood cell count. (B–F) Groups: sham n = 6, 50 ng/kg Stx2 n = 4, 100 ng/kg  

Stx2 n = 6, 150 ng/kg Stx2 n = 7, 300 ng/kg Stx2 n = 8 (one-way ANOVA with Bonferroni post hoc test).
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Dose-response relationship of stx2 

In Vivo
All parameters observed in the dose-response study followed 
a clear dose-dependency (Figure  1). Clinical signs of HUS 
reflected by significant rises in HUS score and weight loss 
were detectable in mice challenged with Stx2 doses higher 
than 100  ng/kg BW (HUS score) and 50  ng/kg BW (weight 
loss), respectively (Figure 1A). Plasma urea and creatinine as 
markers of kidney dysfunction (Figures  1B,C) also showed 
dose-dependency with only slight elevations in mice subjected 
to 50 ng/kg BW Stx2 and highest levels in mice challenged with 
300 ng/kg BW. Hematocrit and hemoglobin (Figures 1D,E) as 
indicators of hemoconcentration dose-dependently increased in 
mice challenged with more than 50 ng/kg BW Stx2. White blood 
cell count (Figure  1F) was decreased in animals challenged 
with higher doses of Stx2, indicating leukopenia. According to 
these results, a single dose of 300 ng/kg BW Stx2 was chosen to 
establish the acute model as it reproducibly induced kidney dys-
function. To develop a subacute model, an application regime 
of 3× 25 ng/kg BW Stx2 was chosen, as a single dose was not 
expected to cause significant or lethal symptoms in mice and the 
accumulated total dose of 75 ng/kg BW Stx2 should be able to 
induce moderate signs of disease.

effect of Different stx2 regimens on 

clinical Presentation
Mice challenged with 300 ng/kg Stx2 did not exhibit a decrease 
in activity until just before the endpoint 72 h after HUS induc-
tion (Figure  2A). However, progression of the disease was 
observable by profound weight loss of mice challenged with 
Stx2 reaching significance from day 2 after initial Stx2 injec-
tion when compared with sham-treated animals (Figure  2C).  
At day 3, mice lost approximately 20% of their body weight 
and exhibited tremors and ataxia. By contrast, mice challenged 
with 3× 25 ng/kg of Stx2 were significantly less active starting 
from 60  h after HUS induction onward compared with the 
sham group (Figure 2B). Of note, one of the animals challenged 
with 3× 25 ng/kg Stx2 was already moribund 144 h after HUS 
induction and therefore euthanized and excluded from further 
analysis. Significant profound weight loss was also observed in 
mice challenged with 3× 25 ng/kg of Stx2 compared with sham 
animals from day 3 after initial Stx2 injection (Figure 2D). At 
the endpoint of the subacute model, critically ill mice exhibited 
tremor, ataxia, and a pronounced hind limb clasping reflex as 
a sign of neurological involvement. We attempted to further 
refine our activity-based score in the course of the experiment by 
inclu ding neurological symptoms, weight loss, and fur quality, 
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FigUre 2 | Clinical presentation of C57BL/6J mice subjected to different Stx2 regimens. Clinical presentation was assessed by a score ranging from 1 = very  

active to 7 = dead for the (a) acute model (sham n = 6, Stx2 n = 11) and (B) subacute model (sham n = 8, Stx2 n = 10). (a,B) Data are expressed as 

median ± interquartile range for n observations. *p < 0.05 for sham vs. Stx2 at each respective time point (Mann–Whitney U-test). Weight loss of C57BL/6J 

wild-type mice was assessed every 24 h for the (c) acute model (sham n = 6, Stx2 n = 11) and the (D) subacute model (sham n = 8, Stx2 n = 10). (c,D) Data  

are expressed as mean ± SD for n observations. *p < 0.05 for sham vs. Stx2 at each respective time point (two-way ANOVA with Bonferroni post hoc test).
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and tested the modified score in the subacute model (Figure S2 
in Supplementary Material).

effect of Different stx2 regimens on 

hemoconcentration and Thrombocytes
Hemoconcentration occurred in Stx2-challenged mice of 
both models as indicated by changes in hematocrit as well 
as hemoglobin. However, these changes were twice as pro-
nounced in the acute model despite the shorter duration of 
the model (Figure 3). At the endpoint of the acute model, the 
hematocrit significantly increased by 8.6% ± 2.7% (p < 0.0001) 
compared with sham controls. The increase of hematocrit 

was half as pronounced in mice challenged with 3× 25  ng/
kg Stx2 (3.9% ± 2.5%; p = 0.0135; Figure 3A). Consequently, 
we observed significantly increased blood hemoglobin levels 
in the acute (19.2% ± 5.9%; p < 0.0001) and subacute model 
(10.9% ± 5.2%; p = 0.0023) compared with sham-treated mice 
(Figure 3B). In line with the hemoconcentration, a rise in the 
thrombocyte count was observed in Stx2-challenged mice 
that was again much more pronounced in the acute model 
(45.6% ± 3.1%; p = 0.0004) compared with the subacute model 
(21.1% ± 5.6%; p = 0.0131; Figure 3C). Thus, we cannot show 
thrombocytopenia in our models. However, slight occurrence 
of thrombocytopenia might be masked by hypovolemia and 
consecutive hemoconcentration.
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FigUre 3 | Hemoconcentration and thrombocytes in C57BL/6J mice subjected to different Stx2 regimens. Percentage change of (a) hematocrit,  

(B) hemoglobin, and (c) thrombocytes for the acute (sham n = 6, Stx2 n = 11) and subacute model (sham n = 5, Stx2 n = 6) compared with the  

respective sham group. (a–c) Data are expressed as mean ± SEM for n observations.
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effect of Different stx2 regimens  

on hemolysis
Both plasma LDH and bilirubin were measured as indirect 
hemolysis markers. While plasma LDH was significantly higher 
(p = 0.0058) in the Stx2 group of the acute model (Figures 4C,D), 
plasma bilirubin was significantly increased (p  =  0.0018) only 
in the Stx2 group of the subacute model compared with the res-
pective sham group (Figures  4A,B). Photometric determination 
of free plasma hemoglobin revealed hemolysis in Stx2-challenged 
animals of both models, however, to a significant extent only in 
the subacute model (p = 0.017) (Figures 4E,F).

effect of Different stx2 regimens  

on immune response
A significant drop in leukocyte count was found in Stx2-
challenged mice in both the acute (p = 0.0003) and the subacute 
(p = 0.0069) model compared with the respective sham group 
(Figure  5A). This general leukopenia (−62.7%  ±  13.0% and 
−56.7% ± 24.6%) was accompanied by a shift in the ratio of neu-
trophils to lymphocytes (including medium-sized white blood 
cells; acute model: 0.19 ± 0.04 in sham group vs. 0.55 ± 0.32 
in Stx2 group; subacute model: 0.14  ±  0.02 in sham group 
vs. 0.42  ±  0.04 in Stx2 group) indicating neutrophilia and 
lymphocytopenia (Figures 5B,C). Immune cell invasion in the 
kidney was investigated by staining renal sections for F4-80 
(surface marker for macrophages) and CD3 (surface marker 
for T lymphocytes) using immuno histochemistry. Subsequent 
quantification revealed no renal increase of both macrophages 
and T  lymphocytes in the acute HUS model (Figures  5D,E, 
upper panels). By contrast, in the subacute model on day 7 
renal infiltrations with F4-80-positive cells (p = 0.0079) as well 
as CD3-positive cells (p = 0.0159) were significantly increased 
(Figures 5D,E, lower panels).

effect of Different stx2 regimens  

on Kidney Dysfunction and injury
We assessed kidney dysfunction and injury by laboratory mar-
kers, histomorphological, and immunohistochemical analysis. 
In the acute and subacute HUS model, we observed severe 

kidney dysfunction, indicated by a significant rise in plasma 
urea (Figures  6A,D), creatinine (Figures  6B,E), and NGAL 
(Figures 6C,F). As expected, we found no signs of liver injury 
evaluated by plasma ASAT and ALAT measurement (Section 
“Supplementary Results” and Figure S3 in Supplementary 
Material). Examinations of PAS stained renal sections revealed 
significant histomorphological changes in the acute HUS model 
as indicated by tubule dilatation and atrophy and occasional 
loss of the tubular brush border in proximal tubules (Figure 6G, 
upper panels). In the subacute model, these changes were 
more pronounced: tubular protein casts and tubular necrosis 
could be additionally detected (Figure  6G, lower panels). 
Interestingly, expression of KIM-1 was lacking in the acute HUS 
model but significantly increased in the subacute HUS model, 
markedly showing KIM-1 expression in injured tubular cells 
(Figure 6H). Concurrently, renal apoptosis of tubular epithelial 
cells, as monitored by staining for cleaved caspase 3, was only 
significantly increased in the subacute but not in the acute 
HUS model (Figure  7A). An increase in renal tubular repair, 
as reflected by an increased proliferative activity, was similarly 
exclusively observed in the Stx2 group of the subacute model 
(p  =  0.0159), as assessed by evaluation of the proliferation 
marker Ki67 (Figure 7B). However, significantly reduced num-
bers of renal endothelial cells could be demonstrated by CD31 
immunostaining in the acute (p =  0.0112) and subacute HUS 
model (p = 0.0159) (Figure 7C), indicating loss of endothelial 
cells by Stx2 challenge.

effect of Different stx2 regimens on 

Thrombus Formation and complement 

activation
One hallmark of renal HUS pathology is the formation of 
microthrombi. Fibrin depositions (bright red/pink) were 
detected by SFOG staining and found in Stx2-challenged mice 
of both the acute and the subacute model but not in sham-
treated mice (Figure 8A). To investigate a contribution of the 
complement system in HUS progression, renal sections were 
stained with an antibody against C3c that not only detects the 
soluble cleavage product C3c but also C3 and C3b. Compared 
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FigUre 4 | Indicators of hemolysis in C57BL/6J mice subjected to different 

Stx2 regimens. Plasma bilirubin levels were measured for the (a) acute model 

(sham n = 5, Stx2 n = 7) and (B) subacute model (sham n = 7, Stx2 n = 6). 

Plasma lactate dehydrogenase (LDH) levels were measured for the (c) acute 

model (sham n = 6, Stx2 n = 7) and (D) subacute model (sham n = 7, Stx2 

n = 7). (a–D) Data are expressed as mean ± SD for n observations. 

*p < 0.05 sham vs. Stx2 (t-test). Hemolysis was photometrically quantified  

in plasma samples of the (e) acute model (sham n = 6, Stx2 n = 8) and  

(F) subacute model (sham n = 6, Stx2 n = 10). (e,F) Data are expressed  

as mean ± SD for n observations. *p < 0.05 for sham vs. Stx2  

(Mann–Whitney U-test).

8

Dennhardt et al. Preclinical Models of HUS

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1459

with sham controls, Stx2-challenged mice showed a significant 
(acute p  =  0.0303, subacute p  =  0.0159) peritubular com-
plement deposition, which was much higher in the subacute 
model (Figure 8B).

effect of Different stx2 regimens  

on Ultrastructural changes
Electron microscopy of kidneys from mice that received Stx2 
demonstrated tubular damage in both models. Ultrastructural 
images from Stx2-challenged mice of the acute model showed 

extensive vacuolization and less mitochondria compared with 
sham-treated mice (Figure 9B). Kidneys from Stx2-challenged 
mice of the subacute model show smaller vacuoles, loss of the 
brush border, epithelial cell flattening, and more detached 
necrotic cells indicating higher tubular injury (Figure 9C). No 
pathological findings were observed in kidneys of sham mice 
(Figure 9A). Changes of total kidney volume, the total glomeruli 
count, and tuft volume in the subacute model were further 
assessed by light sheet fluorescence microscopy (LSFM; Section 
“Supplementary Results” and Figure S4 in Supplementary 
Material).

effect of Different stx2 regimens on renal 

gene expression
A heatmap based on the ANOVA-results of gene expression 
data and comprising the z-scores of the most significant 
features of the array revealed that all four groups of the experi-
ment are clearly distinguishable by their expression patterns. 
Hierarchical clustering demonstrated that both sham groups 
are highly related and the Stx2 acute group also clusters 
closely with them. The Stx2 subacute group was most distinct 
(Figure  10A). This was also reflected in the proportional 
Venn diagram of DEGs for the acute and subacute model 
(Figure 10B). 152 genes in total were altered in the acute model 
and 1,888 genes in the subacute model. Of that, 91 genes were 
altered both in the acute and subacute model. These overlap-
ping DEGs were assigned to different biological processes and 
molecular functions according to their functional annotation 
via DAVID 6.8 as depicted in Table 1. Both Stx2 regimens led 
to upregulation of genes associated with immune response, 
differentiation, proliferation, apoptosis, coagulation, blood 
pressure, responses to several types of stress, and DNA binding 
in the whole kidney. Several genes from different metabolic 
pathways were altered, however, upregulation and down-
regulation is balanced. Interestingly, a high number of genes for 
proteins with transporter activity required for normal kidney 
function and water homeostasis was downregulated in both 
models of murine HUS. Of note, almost all 91 DEGs common 
to both models were regulated in the same manner. The only 
exceptions were C3ar1 (encoding complement C3a receptor 1)  
that was downregulated in the acute but upregulated in the 
subacute model and Gm15889 (predicted gene and protein 
coding) that was upregulated in the acute and downregulated 
in the subacute model. Gene expression data were analyzed 
for further candidate genes from the complement pathway. 
Apart from C3ar1, C3 (encoding complement factor C3), C1qb 
(encoding complement C1q B chain), and F3 (encoding Tissue 
Factor) were also significantly upregulated in the subacute, but 
not in the acute model (Figures 10C–F).

Functional annotation clustering of the 91 DEGs was per-
formed via DAVID 6.8 to identify the most overrepresented 
biological terms and thereby clarify the biological processes 
altered by Stx2. 26 annotation clusters were identified. Of these, 
12 annotation clusters were significantly enriched (enrichment 
score ≥ 1.3). These clusters were mainly associated with inflam-
matory and immune response (4 of 12), transporter activities  
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FigUre 5 | Immune response in C57BL/6J mice subjected to different Stx2 regimens. (a) Percentage change of leukocyte counts and (B,c) ratio of neutrophils  

to lymphocytes for the acute and subacute model compared with the respective sham group. (a–c) Data are expressed as mean ± SEM for n observations (acute: 

sham n = 6, Stx2 n = 11; subacute: sham n = 5, Stx2 n = 6). Representative images (scale bar 100 µm) of immunohistochemical detection and quantitative data  

of (D) F4-80 (surface antigen of macrophages) and (e) CD3 (surface antigen of T cells) in renal sections of C57BL/6J wild-type mice are depicted (acute: sham 

n = 4, Stx2 n = 9; subacute: sham n = 5, Stx2 n = 4). *p < 0.05 for sham (white dots) vs. Stx2 (black dots; t-test).
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FigUre 6 | Indicators of kidney injury in mice subjected to different Stx2 regimens. (a,D) Plasma urea, (B,e) plasma creatinine, and (c,F) plasma neutrophil 

gelatinase-associated lipocalin (NGAL) levels were measured for the acute model (sham n = 6, Stx2 n = 8) and subacute model (sham n = 7, Stx2 n = 7, NGAL 

Stx2 n = 6). Data are expressed as mean ± SD for n observations. *p < 0.05 for sham vs. Stx2 (t-test). Representative images (scale bar 100 µm) and quantitative 

data of (g) periodic acid Schiff (PAS) staining and (h) immunohistochemical detection of kidney injury molecule-1 (KIM-1) in renal sections of C57BL/6J wild-type 

mice are depicted (acute: sham n = 4, Stx2 n = 9; subacute: sham n = 5, Stx2 n = 4). *p < 0.05 for sham (white dots) vs. Stx2 (black dots; Mann–Whitney U-test).
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FigUre 7 | Indicators of cell death, reactive proliferation, and endothelial damage in kidney tissue of C57BL/6J mice subjected to different Stx2 regimens. 

Representative images of immunohistochemical detection and quantitative data of (a) cleaved caspase 3 (acute: sham n = 4, Stx2 n = 9; subacute: sham n = 5, 

Stx2 n = 3), (B) Ki67, and (c) CD31 (acute: sham n = 4, Stx2 n = 9; subacute: sham n = 5, Stx2 n = 4) in renal sections of C57BL/6J wild-type mice are depicted. 

*p < 0.05 for sham (white dots) vs. Stx2 (black dots; t-test).
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FigUre 9 | Electron microscopic analysis of kidney tissue from C57BL/6J mice subjected to different Stx2 regimens. Representative ultrastructural images of renal 

tubules show  (a)  no pathological changes in sham animals,  (B)  prominent vacuoles (v) in the acute and  (c)  pronounced tubular atrophy (d = detached tubular 

cell) in the subacute model. Magnification: 2,000×; ultrathin sections, n = 2 animals were studied per group.

FigUre 8 | Indicators of thrombus formation and complement activation in C57BL/6J mice subjected to different Stx2 regimens. (a) Representative images (scale 

bar 100 µm) of SFOG staining in renal sections. Thrombus formation was observed in Stx2 groups of both models (see zoomed areas on the right, scale bar 50 µm). 

(B) Representative images (scale bar 100 µm) of immunohistochemical detection and quantification of C3 and C3b complement deposition by C3c staining in renal 

sections of C57BL/6J wild-type mice are depicted (acute: sham n = 3, Stx2 n = 8; subacute: sham n = 5, Stx2 n = 4). *p < 0.05 for sham (white dots) vs. Stx2 

(black dots; Mann–Whitney U-test).
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(3 of 12), and cytokine activity (3 of 12). The remaining two 
clusters were associated with apoptosis and positive regulation  
of transcription (Table 2).

The microarray dataset was published in Gene Expression 
Online and is available under “GSE99229—Alterations in gene 
expression in response to different regimes of Shiga toxin 2.”

DiscUssiOn

reproducible induction of hUs-like 

Disease by i.v. administration of stx2
Several groups have attempted, more or less successful, to gen-
erate murine models of HUS. Mice were challenged either by 

34



FigUre 10 | Changes in renal gene expression in response to different Stx2 regimens. (a) Heat map of features obtained from ANOVA filtering adjusted p < 0.05 

comprising z-score scaled values. In each group, n = 4 animals were studied. (B) Proportional Venn diagram of differentially expressed genes according to the limit 

fold change for acute (dark gray) vs. subacute model (light gray). Number of overlapping genes is highlighted in white. Gene expression data were filtered for 

candidate genes from complement pathway. Log2 signals for (c) complement C3a receptor 1 (C3ar1), (D) complement factor C3 (C3), (e) complement C1q B 

chain (C1qb), and (F) tissue factor (F3) are illustrated by box plots.
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gavage of viable STEC [reviewed by Mohawk and O’Brien (34)], 
by i.p. co-application of a single high dose of lipopolysaccharide 
(LPS) and Stx2 (31, 32), by i.p. application of a single high dose 
of Stx2 alone (32), or by multiple i.p. applications of sub-lethal 
doses of Stx2 (33, 39, 40). In most studies, injection of Stx alone 
appeared to be insufficient to induce HUS-like disease in mice 
(31, 32, 41). However, in 2008, Sauter et al. introduced a model 
where repeated i.p. injections of sub-lethal doses of Stx2 led 
to the manifestation of HUS-typical symptoms in C57BL/6J  

mice (33). In our study, acute or subacute progression of HUS-
like disease in mice was induced by application of different doses 
of Stx2, purified from the well-characterized EHEC O157:H7 
patient isolate 86-24 originating from a HUS outbreak in the 
USA (35). Apart from being the causative agent for HUS in 
humans, this strain reproducibly induced a HUS-like disease in 
gnotobiotic piglets (22, 24, 25). In contrast to other studies, we 
injected Stx2 i.v. aiming for rapid delivery and highest bioavai-
lability (42). We used mice aged 10–16 weeks as they resemble 
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TaBle 2 | The 12 significantly enriched annotation clusters identified with DAVID 

6.8 in the 91 differentially expressed genes of the acute and subacute model.

annotation  

cluster

Key words enrichment  

score

number 

of genes

1 Inflammatory response (p = 0.00003), 

cytokine activity (p = 0.0012),  

immune response (p = 0.028)

3.5 22

2 Apoptosis (p = 0.0096) 2.96 11

3 Basolateral plasma membrane 

(p = 0.00097), major intrinsic  

protein (p = 0.038), water channel  

activity (p = 0.048)

2.87 10

4 Cellular response to interferon-gamma 

(p = 0.028), interleukin-1 (p = 0.034),  

or tumor necrosis factor (p = 0.77)

2.69 6

5 Cytokine (p = 0.0012), growth factor 

(p = 0.37)

2.35 8

6 Cytokine activity (p = 0.0012), cytokine 

(p = 0.0012), secreted (p = 0 0.017)

2.34 26

7 Response to hypoxia (p = 0.075), 

regulation of blood pressure (p = 0.093)

2.16 7

8 Integral component of plasma  

membrane (p = 0.00019), ion transport 

(p = 0.0029), glycoprotein (p = 0.014)

1.94 45

9 Domain: leucine zipper (p = 0.000074), 

DNA-binding region: basic motif 

(p = 0.00044), transcriptional factor 

activity (p = 0.049)

1.8 28

10 Epstein–Barr virus infection (p = 0.053), 

NFκB signaling pathway (p = 0.091)

1.49 23

11 Response to endoplasmic reticulum 

stress (p = 0.56)

1.34 4

12 Sodium transport (p = 0.37) 1.32 3

Clusters were arranged according to the enrichment score. The most important key 

words (Benjamini-adjusted p-values in brackets) and number of genes in each cluster 

are given for each cluster.

TaBle 1 | The 91 overlapping differentially expressed genes of the acute and 

subacute model were assigned to biological process or molecular function and 

itemized to upregulation and downregulation for each model.

Biological process/molecular function stx2 acute stx2 subacute

Up Down Up Down

Biological process

Angiogenesis 2 2 2 2

Apoptosis 9 2 9 2

Blood pressure 2 – 2 –

Circadian rhythm 1 – 1 –

Coagulation 3 – 3 –

Cytokine signaling 5 2 5 2

Development 2 2

Differentiation 8 2 8 2

Immune response 9 1 9 1

 – Of that: chemotaxis 5 1 6

Inflammatory response 11 3 12 2

Keratinization 1 – 1 –

Metabolism 6 11 6 11

 – Of that: cholesterol metabolism 1 2 1 2

 – Of that: lipid metabolism 3 4 3 4

 – Of that: metabolism of vitamin D 1 2 1 2

 – Of that: urea cycle 1 – 1 –

 – Of that: steroid metabolism – 3 – 3

Proliferation 8 1 8 1

 – Of that: cell cycle regulation 6 1 6 1

Regulation of pH 1 1 1 1

Response to DNA damage 1 – 1 –

Response to hypoxia 1 4 1 4

Response to molecules of bacterial origin 2 – 2 –

Response to oxidative stress 3 1 3 1

Response to stress 3 – 3 –

Molecular function

Coding unknown proteins 2 1 1 2

Complement activity – 1 1 –

DNA binding 15 1 15 1

Glycosylation – 1 – 1

Ion binding – 1 – 1

Integral membrane component – 1 – 1

ncRNA 4 1 4 1

Transporter activity – 17 17

 – Of that: ion transport – 10 – 10

 – Of that: urea transport – 1 – 1

 – Of that: toxin transport – 1 – 1

 – Of that: water transport – 3 – 3

tRNA processing 1 – 1 –

Almost all genes were regulated in the same manner in both models, exceptions are 

highlighted by red boxes.
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human adolescents or young adults (43) which are an important 
patient subgroup based on the estimation of global STEC-HUS 
incidence performed by Majowicz et al. (44).

lPs Does not appear to Be a Prerequisite 

for the Development of hUs in humans 

and Mice
The role of LPS in infection-associated HUS is not entirely clear. 
LPS has been reported to augment Stx-mediated cytotoxicity 
by cytokine release in mice (45, 46), but does not appear to be 
prerequisite for HUS development in humans. In STEC-HUS, 
high serum levels of anti-LPS antibodies (47) and elevated LPS 
binding protein levels (48) were detectable, but most notably, 

endotoxemia has not yet been reported. Only in very rare cases 
of non-STEC-HUS, e.g., caused by infections with Shigella ssp. 
(49), LPS was detectable in the plasma of patients by Limulus 
assay. It was reported previously that Stx2 alone could induce 
pro-inflammatory transcription events that might contribute 
to HUS pathogenesis (50, 51). In this study, we avoided the use 
of additional pro-inflammatory stimuli and focused on patho-
mechanisms exclusively mediated by Stx2.

standardized surveillance of stx2-

challenged Mice by a scoring system  

is necessary
Especially in the early stage, we noticed that disease aggrava-
tion occurs with unapparent clinical signs and loss of weight 
appears as the first symptom. We observed a profound weight 
loss over time in both models comparable to what has been 
reported by other groups (32, 33). Interestingly, in the subacute 
model mice frequently developed a pronounced hind limb 
clasping reflex in addition to neurological symptoms like 
tremors and ataxia that have already been described by Sauter 
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et al. (33). To monitor disease progression, we developed and 
introduced—for the first time—a scoring system based on 
the activity of mice. It detects critically ill mice that need to 
be euthanized and, thus, became very important not only for 
accurate experimentation but also in terms of animal welfare.

Volume resuscitation is a crucial 

Measure to attenuate hemoconcentration 

in Mice
As a consequence of the profound hemoconcentration and 
weight loss observed in pilot experiments, we, for the first time, 
established a volume resuscitation regimen to prevent severe 
hypovolemia. While characterizing the acute model, we real-
ized that s.c. administration of 0.5  ml balanced crystalloids 
twice daily was not sufficient to alleviate hemoconcentration. 
Therefore, we expanded volume resuscitation in the subacute 
model to three doses of 0.8 ml daily. Upon hospital admission, 
STEC-HUS patients frequently show slightly elevated levels 
of hemoglobin or hematocrit as a consequence of diarrhea-
induced dehydration (52, 53). Thus, we assume prerenal patho-
mechanisms contribute to HUS pathology and might aggravate 
disease progression. This hypothesis is supported by studies that 
identified hemoconcentration as an independent risk factor for 
increased mortality (54) and severity of HUS (53). However, in 
our study, we aimed to prevent, by volume replacement therapy, 
the prerenal mechanisms from outweighing the Stx2-related 
mechanisms. Even though profound hemoconcentration was 
observed previously in murine HUS models (32), volume 
resuscitation strategies have thus far not been included in 
experimental designs.

The Development of a Photometrical 

assay allows a More accurate 

Quantification of hemolysis
Hemolysis is a defining feature of HUS. Recently, the central 
role of extracellular “free” heme as a perpetuating factor in life-
threatening infections, even with only a very moderate degree of 
hemolysis, has been acknowledged (55). Here, we determined 
the degree of hemolysis not only by measuring indirect mark-
ers, such as plasma bilirubin and LDH, but also by developing 
a photometrical assay to quantify free plasma hemoglobin. 
We detected hemolysis in both models, however, it was more 
pronounced in the subacute model. Our results are in line with 
other studies, which observed hemolysis in murine HUS either 
by simple visual inspection (32) or photometrically (33).

Persistent neutrophilia Might contribute 

to Disease Progression
In accordance with our recent observations in EHEC-infected 
gnotobiotic piglets (25) and with the finding by Sauter et al. in 
Stx2-challenged mice (33), we found low leukocyte counts in 
both models that were accompanied by persistent neutrophilia. 
There is some evidence that neutrophilia directly contributes to 
Stx2 toxicity as mortality and kidney damage are reduced in a 
murine model of HUS using polymorphonuclear-cell-(PMN)-
depleted mice (56). Neutrophil extracellular traps were shown 

to aggravate intravascular coagulation during sepsis in mice (57) 
and their degradation appears to be impaired in HUS patients 
(58), which further underlines the role of neutrophilia in HUS 
pathogenesis. Furthermore, we demonstrated macrophages and 
T lymphocyte invasion in the kidneys of mice that underwent 
the subacute, but not the acute protocol, indicating an activation 
of the innate and adaptive immune response. The role of mito-
chondria in immune response was intensively studied during 
the past years [as reviewed in Ref. (59)]. Distinct changes in the 
metabolic profile of human endothelial cells in response to Stx2 
were shown in  vitro (60) but not yet assessed in  vivo. In this 
context, further analysis on the interrelation between immune 
response and metabolism might elucidate novel aspects of HUS 
progression.

stx2 challenge induced Kidney 

Dysfunction, renal endothelial Damage, 

and Thrombotic Microangiopathy as Key 

Features of hUs
Consistent with the literature (31–33), we observed kidney dys-
function following Stx2 challenge, indicated by significant rises 
of plasma urea and creatinine. Furthermore, we detected—for 
the first time—significantly higher levels of plasma NGAL in 
the acute and subacute model, which have also been shown in 
HUS patients with renal dysfunction (61), but to our knowledge 
have not been examined in murine models of HUS. Occurrence 
of renal endothelial damage is crucial for the development of 
HUS (62, 63). So far, evidence for endothelial damage in mouse 
models of HUS was mainly provided on an ultrastructural level 
(31–33). Here, we additionally demonstrated by immunohisto-
chemical assessment and quantification a significant decrease of 
CD31-positive endothelial cells in both disease models, indica-
ting severe endothelial cell injury. Thrombotic microangiopathy 
in the kidneys is a hallmark of HUS that was so far only detect-
able in murine HUS models induced by co-application of Stx2 
and LPS (31, 32). It could not be demonstrated in the repetitive 
Stx2 injection model presented by Sauter et al. (33). However, we 
were able to demonstrate microthrombi formation in our acute 
and subacute model.

in contrast to human hUs Tubular rather 

Than glomerular lesions Predominate  

in stx2-induced Murine hUs
Tubular (64) and glomerular injury (65, 66) contribute to HUS 
pathology in patients. In rodent models of HUS, tubular rather 
than glomerular injury is a common finding (41, 67–69) possibly 
owing to the higher expression of the Gb3 receptor on glomerular 
cells in humans as opposed to on tubular cells in rodents (70). 
Nevertheless, some studies found glomerular injury in an ultra-
structural analysis (31–33). In both models, we could not detect 
glomerular injury on the ultrastructural level and we found no 
significant changes in the kidney volume and total count of glo-
meruli of mice by LSFM (only assessed in the subacute model). 
In many former preclinical HUS studies, tubular injury in mice 
could either not be detected [Stx2/LPS co-administration (70)] 
or has not been examined [Stx2/LPS co-administration (31, 32), 
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Stx2 model (33)]. However, we observed severe tubular injury 
in both Stx2 models. The results of ultrastructural and immu-
nohistochemical analyses indicate that tubular damage is more 
pronounced in the subacute model.

apoptosis and Proliferation Only Occur in 

the subacute course of hUs-like Disease 

in Mice
We detected elevated apoptosis rates of tubular epithelial cells 
indicated by significant increase in cleaved caspase 3 staining in 
the subacute, but not in the acute model. Apoptosis was shown 
to be profound in tubular epithelial cells in human STEC-HUS, 
independent from the grade of thrombotic microangiopathy, 
indicating that it separately contributes to the pathogenesis 
of tubular injury observed in these patients (64). Although 
potentially involved in HUS pathogenesis, apoptosis was not 
yet examined in most murine models of HUS (31–33). Most 
notably, we demonstrate for the first time that proliferation 
of tubular epithelial cells is increased in response to Stx2 as 
indicated by a significantly higher expression of Ki67 in the 
subacute model. We hypothesize that this effect might be a reac-
tive mechanism to the re-occurring harmful stimuli of multiple 
Stx2 injections.

complement activation Plays a Major 

role in hUs Pathogenesis
Complement activation is a hallmark of HUS pathogenesis in 
STEC-HUS (71, 72) as well as in atypical HUS (73). Complement 
activation was found in mouse models of Stx2/LPS co-injection 
(74) and EHEC infection (75). Here, we demonstrate that a 
single high dose of Stx2 is not sufficient to provoke comple-
ment activation in mice, whereas multiple doses of Stx2 induce 
profound activation of the complement system as indicated by 
significant renal C3c deposition. The differences in complement 
activation in the acute and subacute course of disease were 
further supported by gene expression data of kidneys.

Further characterization of regulated 

Pathways can Potentially lead to  

new insights into Pathophysiological 

Mechanisms of hUs
Our observations that 1,888 genes were differentially regulated 
in the subacute disease model and only 152 in the acute one 
support our hypothesis of different underlying pathomecha-
nisms. However, differential gene expression analysis of kidneys 
revealed 91 overlapping genes in significantly enriched categories 
(e.g., cytokine signaling, apoptosis, immune, and inflammatory 
response, transporter activity). While changes in renal gene 
expression following Stx2 or Stx2/LPS co-challenge have already 
been characterized by Keepers et al. (32), we are the first to dem-
onstrate that also three repetitive sub-lethal doses of Stx2 lead to 
considerable changes in transcriptional events in a murine model 
of HUS. The gene clusters we found to be differentially regulated 
in both models also match the ones proposed by Keepers et al. 
in a model of LPS/Stx2-co-challenge (32). As we isolated total 

kidney mRNA, it remains unclear if these changes might be cell-
type specific. Furthermore, the more prominent changes in the 
subacute model might be partially explained by the high amount 
of invading immune cells that might contribute to changed 
expression patterns.

cOnclUsiOn

We have established two murine models that allow studying 
the action of Stx2 in an acute and subacute phase of HUS-like 
disease. Acute kidney dysfunction and injury, hemolysis, renal 
endothelial cell damage and microthrombi, as well as neuro-
logical symptoms were reproducibly observed in both models 
as pathognomonic signs of HUS in humans. Most notably, 
intra renal changes, such as complement activation, accumula-
tion of macrophages and T  lymphocytes, as well as apoptosis 
and proliferation could only be observed in the subacute model, 
whereas hypovolemia, as a prerenal pathomechanism, appears to 
play a major role for the development of kidney dysfunction in the 
acute model. With this study, we provide murine models of HUS 
that will serve as suitable and valuable tools to further character-
ize the pathophysiology of HUS and perform pharmacological 
trials in HUS and related conditions associated with impaired  
microcirculation in the kidney.
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Hemolytic-uremic syndrome (HUS) can occur as a systemic complication of

infections with Shiga toxin (Stx)-producing Escherichia coli and is characterized

by microangiopathic hemolytic anemia and acute kidney injury. Hitherto,

therapy has been limited to organ-supportive strategies. Erythropoietin (EPO)

stimulates erythropoiesis and is approved for the treatment of certain forms of

anemia, but not for HUS-associated hemolytic anemia. EPO and its non-

hematopoietic analog pyroglutamate helix B surface peptide (pHBSP) have

been shown tomediate tissue protection via an innate repair receptor (IRR) that

is pharmacologically distinct from the erythropoiesis-mediating receptor

(EPO-R). Here, we investigated the changes in endogenous EPO levels in

patients with HUS and in piglets and mice subjected to preclinical HUS

models. We found that endogenous EPO was elevated in plasma of humans,

piglets, and mice with HUS, regardless of species and degree of anemia,

suggesting that EPO signaling plays a role in HUS pathology. Therefore, we

aimed to examine the therapeutic potential of EPO and pHBSP in mice with

Stx-induced HUS. Administration of EPO or pHBSP improved 7-day survival and

attenuated renal oxidative stress but did not significantly reduce renal

dysfunction and injury in the employed model. pHBSP, but not EPO,

attenuated renal nitrosative stress and reduced tubular dedifferentiation. In

conclusion, targeting the EPO-R/IRR axis reduced mortality and renal oxidative

stress in murine HUS without occurrence of thromboembolic complications or

other adverse side effects. We therefore suggest that repurposing EPO for the
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treatment of patients with hemolytic anemia in HUS should be systematically

investigated in future clinical trials.

KEYWORDS

erythropoietin, hemolytic-uremic syndrome, shiga toxin, mice, pyroglutamate helix B

surface peptide, microangiopathic hemolytic anemia, thrombotic microangiopathy

Introduction

Hemolytic-uremic syndrome (HUS) belongs to the group of

thrombotic microangiopathies and includes atypical and typical

HUS. The latter accounts for approximately 90% of HUS cases

and is a life-threatening systemic complication of infections with

certain bacterial pathogens, most commonly Shiga toxin (Stx)-

producing Escherichia coli (STEC) (1).

STEC-infections can cause diarrhea or hemorrhagic colitis

with bloody diarrhea. STEC-HUS typically presents with

microangiopathic hemolytic anemia, thrombocytopenia, acute

kidney injury (AKI) and other organ dysfunctions (1). One-

third of patients with STEC-HUS also develop long-term renal

and up to 4%, long-term neurological sequelae (2). Renal oxidative

stress was shown to be an important factor in HUS pathogenesis

in pediatric HUS (3, 4). Its pathophysiological relevance was also

demonstrated in a murine model of Stx2-induced HUS (5).

To date, organ supportive therapy in the intensive care unit

(ICU), including hemodialysis, fluid resuscitation as well

erythrocyte transfusion if indicated, has been the standard of

care in patients with STEC-HUS (6). In the absence of targeted

therapeutic options, there is a medical need to further investigate

molecular therapeutic approaches for the treatment of this life-

threatening systemic syndrome.

Due to the low incidence – of e. g. 0.07 per 100,000 persons/

year for Germany (7) up to 0.67 per 100,000 persons/year for

Argentina (8) – conducting prospective randomized clinical

trials has proven difficult. To provide tools for preclinical

studies, we have recently introduced and characterized

several animal models for STEC-HUS, including an infection

model employing the Northern German outbreak strain O104:

H4 of 2011 and the well-characterized outbreak strain O157:

H7 86-24 in gnotobiotic piglets (9), as well as a clinically

relevant mouse model (10–12) reflecting most aspects of

human pathology by repeatedly exposing animals to low

doses of Stx isolated from an EHEC O157:H7 86-24. All

previously described small animal models of STEC-HUS

mimic wel l the cr i t i ca l i l lness , rena l fa i lure and

microangiopathy seen in humans, while being limited in

their modeling of hemolytic anemia, which is oftentimes

masked by hemoconcentration secondary to fluid deficiency

(10, 13, 14).

Erythropoietin (EPO), a pleiotropic hormone that has been

shown to exert tissue-protective effects via the innate repair

receptor (IRR) independent of its hematopoietic properties via

the EPO receptor (EPO-R) homodimer (15, 16), appears to be a

promising candidate to be further evaluated in HUS. Preclinical

trials usually use one magnitude higher doses of EPO compared

with clinical trials (1000-5000 IU/kg versus 300 IU/kg) (17). This

could explain why preclinical tissue protection following EPO

administration could often not be translated into the clinical

setting. Furthermore, beside its potential beneficial effects, the

thrombogenic effect of this erythropoiesis-stimulating hormone

was critically discussed in the context of clinical studies (18, 19),

as tissue-protective effects require high levels of EPO and

administration of high EPO doses can increase the risk of

thrombosis (16) and hypertension (17). For this reason, EPO-

derived non-hematopoietic small peptide activators of the IRR,

such as the pyroglutamate helix B surface peptide (pHBSP), have

been developed (15). Preclinically, pHBSP has been shown to

convey tissue protection in numerous disease models (20), such

as nephroprotection in ischemia-reperfusion models of AKI (21,

22). Furthermore, pHBSP has been successfully employed in

phase II studies in patients with diabetes or sarcoidosis and

neuropathic pain (23, 24).

HUS can be considered as a specific phenotype of sepsis, as it

represents a combination of infection and organ dysfunction.

We previously reported that EPO attenuated AKI (25) and

cardiac dysfunction (26) in mouse models of endotoxemia and

cecal ligation and puncture-induced sepsis. There is no clinical

evidence on the beneficial or harmful effects of EPO in patients

with sepsis and there is only little evidence regarding the

beneficial or harmful effects of EPO in ICU patients in general

(27, 28). To our knowledge, the tissue-protective effects of EPO

or pHBSP in HUS have not been investigated, yet. One trial that

aimed to investigate the effects of EPO on the microcirculation of

patients with severe sepsis was discontinued due to lack of

recruitment (NCT01087450). We did not find the results of a

study that examined the immunomodulatory effects of activated

protein C and/or EPO in sepsis (NCT00229034). A third study
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examining the effects of EPO on renal function in critically ill

patients with and without multiorgan failure appears to be not

completed (EudraCT number: 2008-003733-24). Altogether,

there is no evidence from randomized controlled trials

regarding the effects of EPO administration in sepsis and

HUS. Despite this lack of evidence, it is however conceivable,

that in the presence of severe hemolytic anemia in patients with

HUS, the stimulation of hematopoiesis by EPO could be

beneficial by reducing the need for allogenic erythrocyte

transfusion, which carry non-negligible risks (29, 30).

Anemia is usually accompanied by a regulatory increase in

endogenous EPO production due to hypoxia-mediated feedback

mechanisms. In patients with iron deficiency or hemolytic

anemia, serum EPO levels exceeding 2000 mU/ml (two orders

of magnitude above normal range) have been reported (31). In

contrast, renal anemia is often accompanied by insufficient EPO

production due to direct damage to EPO-producing cells in the

kidney (32) or inhibition of EPO production by various

cytokines (33). Already in the early 1990’s, it was hypothesized

that anemias associated with low serum EPO levels might

respond to treatment with recombinant EPO (34).

Currently, EPO can be considered in the treatment of

anemia associated with chemotherapy (35) and chronic kidney

disease (36). The current national guideline for the treatment of

HUS in pediatric patients states that EPO can be considered in

the treatment of HUS-associated hemolytic anemia as expert

consensus without citing evidence (37). So far, no adverse effects

have been observed in children receiving EPO for the treatment

of hemolytic anemias (38–41). However, a reduction of red

blood cell transfusion could not be shown in two small studies

(38, 39). Hitherto, there are no sufficiently powered clinical

studies in this context. Even a neutral effect of EPO in terms of

nephroprotection in the absence of side effects might positively

impact the therapy of HUS-associated hemolytic anemia and

save the need for red blood cell transfusions.

In view of the above, we consider it necessary and promising

to assess the role of EPO in this orphan disease which comprises

a specific form of septic organ failure. The first objective of this

study is to further elucidate the role of endogenous EPO and its

potential clinical relevance in HUS by measuring endogenous

EPO levels in different species: human patients (infection with

EHEC O104:H4, 2011 German outbreak), gnotobiotic piglets

(subjected to EHEC O104:H4 or EHEC O157:H7 86-24) and

mice (subjected to Stx2 derived from EHEC O157:H7 86-24).

The second objective of this study is to examine the effect of EPO

and the non-hematopoietic peptide pHBSP in a murine model of

HUS by measuring surrogate parameters of kidney injury and

dysfunction, intrarenal barrier integrity, microangiopathy,

oxidative and nitrosative stress and metabolome. Hereby, we

aim to provide preclinical evidence to assess whether treatment

of HUS with EPO or pHBSP should be considered and further

investigated, particularly for HUS-associated hemolytic anemia.

Material and methods

Study design

Plasma samples of patients with STEC-HUS (n = 27, median

age 47, 24 female) were provided by the German STEC-HUS

Registry (42). These samples were taken within 10 d after

admission to the hospital (HUS acute stage) and at the day of

the last plasmapheresis (HUS pre-discharge). We analyzed the

subcohort of 7 patients of which samples were available from day

1 to day 3 after hospital admission and within 3 d before hospital

discharge. Age- and sex-matched samples of healthy controls

(n = 21, median age 63.5, 15 female) were provided by Jena

University Hospital [ICROS study (43)]. Ethic approval was

obtained by the primary investigators from the Ethics

Committee of Hannover Medical School (1123-2011) and of

the Friedrich Schiller University Jena (5276-09/17). Participants

provided written informed consent prior to inclusion in the

respective studies.

Samples from gnotobiotic piglets (9) were collected 4 to 6

days after STEC-infection or mock infection (sham).

Experimental procedures in gnotobiotic piglets were approved

by the local permitting authorities in the Lower Saxony State

Office for Consumer Protection and Food Safety and in

accordance with the requirements of the national animal

welfare law (Approval Number: 33.9-42502-04-13/1149) in

accordance with the German legislation following the

guidelines of FELASA and ARRIVE (9).

All procedures performed in mice were approved by the

regional animal welfare committee and the Thuringian State

Office for Consumer Protection (registration number 02-058/14)

and performed in accordance with the German legislation. HUS-

like disease in mice was induced by repetitive doses of Stx2 as

described previously (10). Briefly, wild-type C57BL/6J mice aged

10-16 weeks weighing 20-30 g were randomly assigned to one of

four groups (sham n = 16, Stx+vehicle n = 26, Stx+EPO n = 22, or

Stx+pHBSP n = 21) and received 3x25 ng/kg body weight (BW) Stx

or 0.9% NaCl i.v. on days 0, 3, and 6. EPO (1000 IU/kg BW) was

applied s.c. 1 h after initial Stx injection. Due to its short plasma

half-life, pHBSP (30 μg/kg BW) was applied s.c. every 24 h starting

1 h after initial Stx injection. Vehicle (Ringer’s solution) was applied

s.c. starting 1 h after initial Stx injection. Mice received 3x800 μl

Ringer’s solution each day for volume replacement. In compliance

with ethical regulations, survival was monitored for 7 days using

humane endpoints (mice were euthanized when reaching a high-

grade disease state, Figure 3). Disease progression was monitored by

weight loss and activity-based HUS score (ranging from 1-normally

active, 2-active with slight restrictions, 3-active with clear

intermissions, 4-slowed, 5-lethargic, 6-moribund, to 7-dead) as

described previously (10). Animals were exsanguinated in deep

ketamine/xylazine anesthesia (10). Renal tissue, blood and plasma

samples were collected on day 7. An additional experiment with a
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comparable survival rate including sham and Stx+vehicle mice was

performed to compensate for the lower survival rate in the

Stx+vehicle group and to increase the statistical power in the

analysis of day-7-samples for plasma urea and creatinine and all

histological [Schiff’s periodic acid (PAS), acid fuchsin orange G

(SFOG)] and immunohistochemistry (IHC) stainings (kidney-

injury molecule 1 (KIM-1), cluster of differentiation 31 (CD31),

E-cadherin, glycoprotein 1b (GP1b), nitrotyrosine and NADPH

oxygenase 1 (NOX-1), Figures 4–7). Plasma EPO levels (Figure 2B)

and plasma metabolome (Figure 8) were measured in an

independent experimental setup with comparable survival rates

since availability of plasma per animal was limited.

Compounds

Stx purification was performed as described previously (10).

Human recombinant EPO (Epoeitin beta, Hoffmann-La Roche)

was diluted to 1000 U/kg BW in Ringer’s solution (vehicle). A

standard N-(9-fluorenyl)methoxycarbonyl protocol for

automated solid-phase peptide synthesis was implemented for

pHBSP synthesis (Supplementary Methods). pHBSP was diluted

to 30 μg/kg BW in Ringer’s solution (vehicle).

Blood and plasma sample analysis

Human (42), piglet (9) and murine (10) blood samples were

taken as described elsewhere. Hematology and analysis of

laboratory chemistry parameters in murine samples were

performed as recently described (10). Briefly, blood counts

were analyzed using impedance technology implemented in

the pocH100iv system (Sysmex, Kobe, Japan). Laboratory

parameters were analyzed by an Architect™ c16200/ci8200

automated clinical chemistry system (Abbott Diagnostics,

Abbott. Park, USA). This system uses the Jaffè method for

plasma creatinine measurements and the urease/nicotinamide

adenine dinucleotide hydrogen method for plasma urea

measurements. The following parameters were measured using

commercially available ELISA kits: serum or plasma EPO and

murine plasma neutrophil-gelatinase-associated lipocalin

(NGAL, Supplementary Table S1).

Tissue preparation, histopathology and
IHC staining

Processing of kidney samples, histopathological analysis and

IHC stainings were performed as described previously (10).

SFOG and thrombocyte (GP1b) staining was performed as

described recently (11). Until antigen demasking, sections for

E-cadherin, NOX-1 and nitrotyrosine staining were treated

similarly. The Vector M.O.M. Immunodetection kit (Vector

Laboratories) was used for E-cadherin staining. Blocking of

nitrotyrosine staining was performed in normal goat serum.

IHC sections were washed with Tris(hydroxymethyl)

aminomethan (TRIS) buffer during staining [50 mM TRIS,

300 mM NaCl, pH was adjusted to 7.6 with HCl (all Carl

Roth); 0.04% Tween®20 (Sigma Aldrich)], incubated with

primary antibodies overnight at 4°C in appropriate dilutions

(Supplementary Table S2) and subsequently incubated for 30

min with secondary antibodies (Supplementary Table S3).

NOX-1 sections were incubated in primary antibody directly

after antigen retrieval. Nitrotyrosine sections were stained using

the CSA kit and rabbit Link (Dako).

Histology and IHC quantification

Quantification and scoring of histopathological and IHC

stainings were performed as described previously (10). For

quantification of renal E-cadherin expression, all cut and

completely positively stained tubules (with entirely visible

lumen, excluding those with spotty staining) were counted in

12 adjacent cortical fields [one cortical field = region of interest

(ROI)] per section in 400x magnification. Nitrotyrosine staining

was quantified by superimposing a 10x10 grid (area of 0.0977

mm²) over each field and counting positively stained fields in 20

adjacent cortical fields per section in 400x magnification

(blinded). NOX-1 staining was analyzed using a scoring

system (0 to 3; 0: < 25%, 1: 25-50%, 2: 50-75%, 3: > 75%

positive staining per field, 12 fields/section, magnification 200x,

blinded). Quantification of SFOG and thrombocyte staining was

performed as described recently (11).

Targeted metabolomics and
statistical analysis

Targeted metabolomics from heparinized plasma was

performed at Biocrates Life Sciences by mass spectrometry using

an MxP® Quant 500 kit. Data analysis was performed using R

version 3.4.4 (R Core Team) as follows: Readings below detection

level were set to half of detection level for each analyte separately.

Metabolome data was then log 2 transformed without any further

normalization. Z scores were calculated using mean and standard

deviation of all samples. Trends along the four sample groups were

tested using linear regression models where sample group

assignment was used as the independent variable and each

analyte as the dependent variable in a separate model. Prior to

linear regression, the independent variable sample group

assignment was transformed to a pseudo-continuous variable

where all samples of group “sham” were set to 0, samples of

group “Stx+pHBSP” were set to 1/3, samples of group “Stx+EPO”

were set to 2/3 and samples of group “Stx+vehicle” were set to 1.

Applying this transformation, the linear regression models test
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whether there is an increasing or decreasing trend along the four

groups in the assigned order. P-values for all models were

Benjamini-Hochberg adjusted (44). Analytes with adjusted P-

values below 0.05 and an absolute effect of one or bigger were

considered significantly changing along the four sample groups.

Statistics

Data are depicted as mean ± SD for n observations.

GraphPad Prism 7.05 (GraphPad Software) was used for data

analysis applying Student’s t-test and Wilcoxon signed rank test

for comparisons between 2 groups. One-way ANOVA with

Holm-Sidak post hoc test (parametric data) or Kruskal-Wallis

test with Dunn’s post hoc test (nonparametric data) were used

for comparisons between more than 2 groups. Survival was

depicted as Kaplan-Meier curve and analyzed by Mantel-Cox

test. Association between EPO levels in patients with STEC-HUS

and hematological and laboratory parameters and piglet samples

was performed with GraphPad Prism 7.05 implementing non-

parametric Spearman’s rank correlation coefficients. A P-value <

0.05 was considered significant. Mean ± SD and P-values for all

analyses are given in Supplementary Table S4.

Results

Elevated EPO levels in humans suffering
from HUS

In patients with STEC-HUS, EPO serum levels were elevated in

the acute stage of disease compared with healthy controls

(Figure 1A, upper panel, Supplementary Tables S5, S6 for

individual values). Pre-discharge, EPO levels decreased compared

to the acute phase, yet continued to be higher than in healthy

controls. In a subgroup, in which blood samples were consequently

taken within 3 days after admission and 3 days before discharge

from the hospital, a reduction of serum EPO levels was observed in

6 out of 7 HUS patients (Figure 1A, lower panel). Several

hematological, laboratory and clinical parameters at hospital

admission are listed in Table 1 and EPO values were correlated

with these parameters. Anemia was present in 6 out of 7 patients

(Figures 1B, C) and there was a trend towards a negative correlation

between endogenous EPO levels and hemoglobin (Hb; r = -0.5357,

P = 0.2357) or hematocrit (r = -0.6071, P = 0.1667) at hospital

admission. No correlation was observed between endogenous EPO

levels and lactate dehydrogenase (LDH) or creatinine at hospital

admission (Figures 1D, E), although intriguingly, the lowest

endogenous EPO levels were observed in patients with

pronounced kidney dysfunction (Figure 1E).

While anemia appears to be a major driver of increased EPO

secretion in patients with STEC-HUS, we wondered whether

other mechanisms might also play a role. Considering that – at

least in our limited subcohort-endogenous EPO was lowest in

those patients with pronounced kidney dysfunction and injury,

we hypothesize that these patients might profit from therapeutic

EPO administration.

Elevated EPO levels in animal
models of HUS

To further assess the role of EPO in HUS, we measured

endogenous EPO levels in two well-characterized animal models

of this condition. In gnotobiotic piglets with STEC-HUS, EPO levels

were elevated in EHEC O104:H4- and EHEC O157:H7-infected

piglets compared with sham piglets (Figure 2A). STEC-infected

gnotobiotic piglets did not display clear signs of anemia or kidney

injury compared with mock-infected sham animals (Table 2). No

correlations were observed between EPO-levels and hematological

parameters (Supplementary Table S7). In O157:H7-infected piglets,

although LDH was comparably low, there was a trend towards

negative correlation with EPO levels (Supplementary Table S7). In

C57BL/6 mice subjected to Stx, slight hemoconcentration was

observed (Supplementary Table 3, significant increase in Hb in

Stx+vehicle compared with sham mice). Despite the absence of

anemia in Stx+vehicle mice, EPO plasma levels were elevated

compared with sham mice (Figure 2B). There was no correlation

between plasma EPO levels and plasma NGAL as surrogate

parameter for kidney damage in mice (Supplementary Figure S1).

As anemia appears not to be the sole driver of increased EPO

levels during HUS and patients with pronounced kidney damage

showed the lowest EPO levels, we next wanted to analyze the

therapeutic potential of EPO and the non-hematopoietic EPO

derivative pHBSP in a murine model of HUS.

Effect of EPO and pHBSP treatment on
survival and clinical presentation of
mice with HUS

7-day survival was significantly increased in Stx+EPO (68.2%)

and Stx+pHBSP mice (76.2%) compared with Stx+vehicle mice

(42.3%; Figure 3A). Consistently, disease progression was reduced

on days 6 and 7 in these treatment groups (Figure 3B). All surviving

Stx-challenged animals lost up to 20% weight until the end of the

experiment. Statistical comparison of weight loss was performed

until the first animals had to be euthanized at day 5 (Figure 3C).

Weight loss in Stx+EPO mice was less pronounced compared with

Stx+vehicle mice on days 4 and 5 (Figure 3C). While neurological

involvement assessed by hind limb clasping reflex frequently

occurred in Stx+vehicle mice (approx. 39%, P = 0.0067 vs. sham,

Table 3), it was less common in Stx+EPO (approx. 27%; Table 3)

and Stx+pHBSP mice (approx. 24%; Table 3). No differences were

observed in plasma alanine aminotransferase (ALAT) and aspartate

aminotransferase (ASAT), while Hb and/or hematocrit as
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indicators of hemoconcentration were increased in all Stx-

challenged mice (Table 3). Compared with sham mice, Hb was

elevated in Stx+EPO mice, while it was not in Stx+pHBSP mice.

However, there was no significant difference between Stx+EPO

mice and Stx-vehicle mice. The effects of EPO-treatment on Hb

might be masked by the slight hemoconcentration observed in all

Stx-challenged groups.

Effect of EPO and pHBSP treatment on
kidney injury and dysfunction in mice
with HUS

After observing significantly increased survival rates in EPO-

and pHBSP-treated animals, we analyzed the impact of both

treatments on kidney injury and dysfunction. Stx+vehicle,

A B

D E

C

FIGURE 1

Endogenous EPO levels in patients with STEC-HUS and their correlation with anemia and kidney damage. (A) Upper panel: EPO serum levels in

healthy controls (n = 20) and HUS patients (n = 26) within 10 d after admission to the hospital (HUS acute stage) and the last plasmapheresis

(HUS pre-discharge) determined by ELISA. Data are expressed as scatter dot plot with mean ± SD. *P < 0.05 vs. healthy control (Mann-Whitney

U-test), #P < 0.05 vs. HUS acute stage (Wilcoxon signed-rank test). Lower panel: Pairwise comparison of EPO serum levels of a subcohort of

patients (n = 7) in which blood samples were available from day 1 to 3 after hospital admission and within 3 days before hospital discharge. Data

are expressed as scatter dot plot with connecting line between respective measurements. (B-E) Correlation analysis implementing Spearman’s

correlation coefficient (r) for correlations of endogenous EPO levels with (B) hemoglobin (n = 7), (C) hematocrit (n = 7), (D) lactate

dehydrogenase (LDH, n = 7) and (E) creatinine (n = 7) in the subcohort. The upper reference limit for EPO in health are indicated by dashed

vertical lines. Gender-specific lower or upper reference limits for the respective parameters of anemia and kidney damage are indicated by

dashed horizontal lines.

TABLE 1 Hematological, laboratory and renal function parameters in the subgroup of patients with STEC-HUS assessed at hospital admission.

Patient no. Sex Age EPO (T1, mU/ml) Hb (g/dl) Hct (%) LDH
(U/l)

Crea
(mg/dl)

Dialysis Plasmapheresis
(number)

RBC

5 m 26 28.194 12.0 34.0 1437 2.88 no yes (6) no

9 f 74 19.856 10.1 29.7 2966 10.35 yes yes (4) n/a

11 f 29 40.382 9.5 27.0 1273 3.78 yes yes (6) yes

12 f 39 29.546 10.2 29.0 627 1.49 no no no

13 f 44 19.034 10.8 30.3 279 1.89 no yes (4) yes

15 f 50 29.914 11.0 31.0 1091 0.73 yes yes (7) yes

25 f 73 11.820 13.8 39.0 1460 7.26 yes yes (5) yes

Hb, hemoglobin; Hct, hematocrit; LDH, lactate dehydrogenase; Crea, creatinine; RBC, red blood cell transfusion.
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Stx+EPO and Stx+pHBSP mice presented with increased plasma

urea, creatinine and NGAL compared with sham mice

(Figures 4A–C). PAS staining revealed renal tissue damage in

all Stx-challenged groups irrespective of treatment (Figure 4D).

KIM-1 expression was elevated in Stx+vehicle, Stx+EPO and

Stx+pHBSP mice compared with sham mice (Figure 4E). In

Stx+pHBSP compared with Stx+vehicle mice, KIM-1 expression

was reduced (Figure 4E).

Effects of EPO and pHBSP treatment on
intrarenal barriers in mice with HUS

The integrity of endothelial and epithelial barriers in the

kidney is crucial for its function. It was demonstrated before that

Stx can damage both endothelial as well as epithelial cells in the

kidney and thereby influence the integrity of these barriers (1).

We stained kidney sections for endothelial and epithelial cell

A B

FIGURE 2

Endogenous EPO levels in animal models of HUS. (A) EPO serum levels in gnotobiotic piglets that were either mock-infected (sham) or infected

with EHEC O157:H7 or EHEC O104:H4 determined by ELISA. Samples were taken 4-6 d after infection (sham n = 8, EHEC O104:H4 n = 5, EHEC

O157:H7 n = 4). Data are expressed as scatter dot plot with mean ± SD. *P < 0.05 vs. sham (one-way ANOVA, Holm-Sidak’s multiple

comparison test). (B) EPO plasma levels in mice with HUS on day 7 of experiment (sham n = 8, Stx n = 10) determined by ELISA. Data are

expressed as scatter dot plot with mean ± SD, *P < 0.05 vs. sham (unpaired t-test).

TABLE 2 Hematological, laboratory and renal function parameters in STEC-infected piglets and mock-infected controls (sham) assessed 4-6 days

after infection.

- ID EPO
(U/l)

Hb
(g/l)

Hct
(L/l)

LDH
(U/l)

Crea
(µmol/l)

sham 16 17.983 94.9 0.25 702 59

32 19.211 95.86 0.27 1105 63

33 10.827 79.3 0.24 901 57

44 19.726 124.02 0.19 1445 67

46 19.331 60.35 0.19 884 74

47 21.491 69.92 0.21 924 73

48 18.587 54.46 0.17 1145 60

49 19.578 60.72 0.18 808 70

O104:

H4

18 17.048 69.6 0.21 909 54

19 25.473 97.5 0.27 997 59

36 27.684 78.2 0.22 1767 73

42 24.029 116.66 0.24 977 53

43 22.659 96.42 0.29 1761 63

O157:

H7

20 33.098 78.8 0.23 538 61

21 26.325 97.9 0.26 804 52

34 26.667 65.14 0.33 740 65

35 27.173 n.d. n.d. 680 72

Hb and Hct could not be assessed in one piglet of the O157:H7 group (n.d.). Hb, hemoglobin; Hct, hematocrit; LDH, lactate dehydrogenase; Crea, creatinine.
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markers to assess the influence of EPO and pHBSP treatment on

intrarenal barriers. Loss of renal CD31-positive endothelial cells

(Figure 5A) and reduced E-cadherin expression was detected in

kidneys of all Stx-challenged groups compared with sham mice

(Figure 5B). However, E-cadherin expression was less decreased

in Stx+pHBSP compared with Stx+vehicle and Stx+EPO

mice (Figure 5B).

Effect of EPO and pHBSP treatment on
microangiopathy in mice with HUS

GP1b was stained to highlight thrombocytes in the kidneys

as indicators of microangiopathy (Figure 6A). An insignificant

elevation of thrombocytes was observed in all Stx-challenged

animals regardless of treatment, although it was weakest in the

Stx+pHBSP group (Figure 6A). SFOG staining was performed to

visualize fibrin deposits as indicators of microthrombi in renal

sections (Figure 6B). Fibrin deposits were observed in all Stx-

challenged groups compared with sham animals. There was an

insignificant trend towards lower mean values of fibrin

deposition in Stx+EPO and Stx+pHBSP mice compared with

Stx+vehicle mice (Figure 6B).

Effects of EPO and pHBSP treatment on
nitrosative and oxidative stress in mice
with HUS

To further characterize the potential protective mechanism

of EPO and pHBSP in HUS, surrogate parameters of nitrosative

(nitrotyrosin formation) and oxidative (NOX-1 expression)

stress were analyzed. Renal nitrotyrosine formation was

elevated in all Stx-challenged groups compared with sham

mice (Figure 7A). Compared with Stx+vehicle mice, formation

of nitrotyrosine was decreased in the kidneys of Stx+EPO and

Stx+pHBSP mice (Figure 7A). Compared with Stx+EPO mice,

nitrotyrosine staining was even further decreased in Stx+pHBSP

A

B C

FIGURE 3

Effect of EPO and pHBSP treatment on survival and clinical presentation of mice with HUS. (A-C) Mice received either Stx or vehicle

intravenously to induce experimental HUS. Mice with HUS were treated with vehicle (Ringer’s solution 1 h post HUS induction s.c.), EPO (1 h

post HUS induction s.c., 1000 IU/kg BW once) or pHBSP (1 h post HUS induction s.c., 30 µg/kg BW every 24 h; sham n = 15, Stx+vehicle n = 26,

Stx+EPO n = 22, Stx+pHBSP n = 21). (A) Kaplan-Meier 7-day survival curves of sham mice, Stx-challenged mice treated with vehicle, Stx-

challenged mice treated with EPO and Stx-challenged mice treated with pHBSP with humane endpoints. *P < 0.05 vs. Stx+vehicle (log-rank

Mantel-Cox test). (B) Activity-based HUS score (ranging from 1-normally active, 2-active with slight restrictions, 3-active with clear intermissions,

4-slowed, 5-lethargic, 6-moribund, to 7-dead) was assessed three times daily and is depicted every 24 h until day 7 starting with first Stx

injection. Data are expressed as median ± interquartile range. *P < 0.05 vs. sham (Kruskal-Wallis test, Dunn’s multiple comparison test at every

single time point). (C) Total weight loss referred to day 0 was assessed every 24 h and is depicted until day 5. Data are expressed as mean ± SD.

*P < 0.05 sham vs. the respective color-coded group, $P < 0.05 vs. Stx+vehicle (two-way ANOVA, Holm-Sidak’s multiple comparison test).
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mice (Figure 7A). Of note, the predominantly glomerular

staining of nitrotyrosine in Stx+vehicle mice was mitigated in

Stx+EPO mice and attenuated in Stx+pHBSP mice (Figure 7A,

arrowheads). NOX-1 expression was increased only in

Stx+vehicle compared with sham mice, whereas Stx+pHBSP

mice displayed lower NOX-1 expression compared with Stx

+vehicle and Stx+EPO mice (Figure 7B).

Effect of EPO and pHBSP treatment on
metabolome in mice with HUS

Oxidative stress and metabolism are closely interrelated and

studies on the metabolome have not yet been reported in animal

models of HUS. Therefore, we performed targeted metabolomics

in the plasma of all four groups. Of the 630 metabolites analyzed

in plasma, 426 were within the limit of detection. These 426

metabolites were analyzed using a linear regression model to test

whether their abundance increases or decreases in the assigned

order: sham–Stx+pHBSP–Stx+EPO–Stx+vehicle. 32 metabolites

fitted this hypothesis, they are highlighted in heatmaps

(Figures 8A, B) and assigned to the following substance

classes: amino acids and derivatives (7/32), alkaloids (1/32),

aminoxides (1/32 , heatmap A) and l ipids (23/32,

triacylglycerides in heatmap B).

Discussion

To date, the role of EPO in HUS, a systemic orphan disease

with occurrence of microangiopathic hemolytic anemia and

AKI, has not been systematical ly investigated. We

hypothesized that EPO treatment may be beneficial in patients

with HUS-mediated hemolytic anemia and, targeting the IRR

axis with EPO or non-hematopoietic EPO analogs, such as

pHBSP, may convey nephroprotection in HUS.

The role of endogenous EPO levels
in patients, piglets and mice
with STEC-HUS

In response to cellular hypoxia (46), a regulatory increase in

renal EPO secretion in patients with anemia would be expected.

To our knowledge, there are no systematic studies on changes in

endogenous EPO levels in adult patients with STEC-HUS and

TABLE 3 Hematological and laboratory parameters of mice with HUS and effects of EPO and pHBSP treatment.

sham Stx+vehicle Stx+EPO Stx+pHBSP P-values

clinical appearance neurological symptoms 0/15

(0%)

10/26

(39%)

6/22

(27%)

5/21

(24%)

sham vs. Stx+vehicle:

P = 0.0067

hematology Hct (%) 34.8 ± 1.6 38.7 ± 2.5 39.1 ± 3.3 37.8 ± 2.3 sham vs. Stx+EPO:

P = 0.005

erythrocytes (cells/μl) 8162000 ± 337817 9196667 ± 477521 9200000 ± 811640 8926000 ± 546150 sham vs. Stx+vehicle:

P = 0.0261

Hb (g/dl) 11.3 ± 0.4 12.5 ± 0.6 12.6 ± 1 12.1 ± 0.8 sham vs. Stx+vehicle:

P = 0.0374

sham vs. Stx+EPO:

P = 0.0374

thrombocytes (cells/μl) 890600 ± 71853 1078833 ± 123106 858167 ± 144950 1026400 ± 113372 Stx+vehicle vs. Stx+EPO:

P = 0.0279

leukocytes (cells/μl) 2500 ± 686 833.3 ± 151 1617 ± 799 1700 ± 957 sham vs. Stx+vehicle:

P = 0.0059

hemolysis score 0 ± 0 1.6 ± 1.4 1.3 ± 1.3 0.8 ± 1.1 sham vs. Stx+vehicle:

P = 0.0023

sham vs. Stx+EPO:

P = 0.013

laboratory markers plasma ALAT (μmol/l*s) 0.6 ± 0.1 0.7 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 ns

plasma ASAT (μmol/l*s) 1.8 ± 1.1 2.6 ± 1.6 1.9 ± 1.1 1.3 ± 0.3 ns

plasma LDH

(μmol/l*s)

7.4 ± 2.9 16.4 ± 8.3 10.4 ± 4.6 8.1 ± 2.5 sham vs. Stx+vehicle:

P = 0.0412

plasma bilirubin

(μmol/l)

2.0 ± 1.1 4.5 ± 1.5 5.0 ± 0.0 4.2 ± 1.1 sham vs. Stx+vehicle:

P = 0.0153

sham vs. Stx+EPO:

P = 0.0222

plasma albumin (mg/dl) 13.5 ± 0.6 14.4 ± 1.0 15.0 ± 1.2 15.0 ± 0.7 sham vs. Stx+pHBSP:

P = 0.0386

Hct, hematocrit; Hb, hemoglobin; ALAT, alanine aminotransferase; ASAT, aspartate aminotransferase; LDH, lactate dehydrogenase.
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only one brief report in pediatric patients (32). We observed

increased EPO serum levels in a small cohort of adult patients

with STEC-HUS compared to healthy controls already at a

reduced Hb level of about 11 g/dl. Our data showed no

correlation between the degree of anemia and EPO levels. This

observation is consistent with the above-mentioned report in

children with STEC-HUS (32) and in critically ill patients with

AKI of other origins (47–50). However, we cannot exclude a

gender bias, as our patient cohort was mainly female as women

were more frequently affected in the 2011 EHEC outbreak (51).

Therefore, our observations should be validated in a larger,

gender balanced cohort.

In the kidneys, EPO is produced by fibroblast-like type I

interstitial cells located between peritubular capillaries and the

proximal convoluted tubule (52). Thus, EPO expression is likely

to be impaired when EPO-producing cells are damaged.

Consistent with these considerations, patients with very high

LDH or creatinine levels as surrogate parameters for tissue

damage and renal dysfunction had the lowest EPO levels in

our study. However, we found no correlation between LDH or

creatinine levels and EPO levels in patients with HUS. We

attribute this to the small number of patients studied.

Nevertheless, clinical data suggests that EPO response appears

to be impaired in STEC-HUS and EPO regulation may play an

important role in the pathogenesis and disease resolution.

Analyzing serum EPO levels in a larger cohort of patients with

HUS and acute kidney injury of other origins may help to further

elucidate whether the degree of renal dysfunction and/or injury

A B

D

E

C

FIGURE 4

Effect of EPO and pHBSP treatment on kidney dysfunction and tubular injury in mice with HUS. Kidney injury and dysfunction was assessed on

day 7 of HUS experiment. Plasma samples of mice with HUS and sham mice were analyzed for the kidney dysfunction parameters (A) urea and

(B) creatinine (sham n = 7, Stx+vehicle n = 14, Stx+EPO n = 6, Stx+pHBSP n = 9) by an Architect™ ci16200 System (Abbott), as well as the

kidney injury marker (C) NGAL (sham n = 7, Stx+vehicle n = 10, Stx+EPO n = 12, Stx+pHBSP n = 10) by ELISA. (A-C) Data are expressed as

scatter dot plot with mean ± SD. *P < 0.05 vs. sham (one-way ANOVA, Holm-Sidak’s multiple comparison test). Quantification data as well as

representative images (scale bar 100 µm) of (D) PAS staining (sham n = 10, Stx+vehicle n = 14, Stx+EPO n = 10, Stx+pHBSP n = 10, 10 fields per

slide, score 0: no damage, 1: < 25% damaged, 2: 25–50% damaged, 3: > 50% damaged) and (E) immunohistochemical KIM-1 staining (score 0: <

25%, 1: 25–50%, 2: 50–75%, 3: > 75% strong positive staining per visual field, sham n = 10, Stx+vehicle n = 14, Stx+EPO n = 14, Stx+pHBSP n =

14, 12 fields per slide) in renal sections of sham and Stx-challenged mice. (D, E) Data are expressed as scatter dot plot with mean ± SD. *P <

0.05 vs. sham, $P < 0.05 vs. Stx+vehicle, (Kruskal-Wallis test, Dunn’s multiple comparison test).
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A

B

FIGURE 5

Effect of EPO and pHBSP treatment on intrarenal barriers in mice with HUS. Intrarenal barriers were assessed on day 7 of HUS experiment.

Quantification data as well as representative images (scale bar 100 µm) of immunohistochemical (A) CD31 staining (sham n = 10, Stx+vehicle

n = 14, Stx+EPO n = 10, Stx+pHBSP n = 10) and (B) E-cadherin (sham n = 10, Stx+vehicle n = 14, Stx+EPO n = 14, Stx+pHBSP n = 14), in renal

sections of sham mice and mice subjected to Stx. (A, B) Data are expressed as scatter dot plot with mean ± SD. *P < 0.05 vs. sham, $P < 0.05 vs.

Stx+vehicle, §P < 0.05 vs. Stx+EPO (one-way ANOVA, Holm-Sidak’s multiple comparison test).

A

B

FIGURE 6

Effects of EPO and pHBSP treatment on microangiopathy in mice with HUS. Thrombocytes (indicated by glycoprotein 1b (GP1b) staining) and renal

fibrin depositions (indicated by acid fuchsin orange G (SFOG) staining) were assessed on day 7 of HUS experiment. Quantification data and

representative images of (A) immunohistochemical staining of thrombocytes (sham n = 10, Stx+vehicle n = 14, Stx+EPO n = 14, Stx+pHBSP n = 13)

and (B) fibrin depositions (sham n = 10, Stx+vehicle n = 14, Stx+EPO n = 14, Stx+pHBSP n = 14) in kidney sections of sham mice and Stx-

challenged mice. Quantitative data are expressed as scatter dot plot with mean ± SD. *P < 0.05 vs. sham (Kruskal-Wallis test, Dunn’s multiple

comparison test), scale bar 100 µm.
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correlates with the endogenous EPO production. Here, we

pursued our line of thought by further conducting studies in

animals with experimental HUS.

In gnotobiotic piglets with EHEC infection (9) and in mice

after Stx challenge, we found an increase in EPO expression

despite an absence of anemia in these animal models. We and

others reported earlier that the extent of systemic hemolysis and

subsequent anemia in experimental HUS is not as pronounced

as in patients with HUS (9, 10, 14, 53, 54).

Based on pathophysiological considerations and evidence, these

findings could imply that EPO expression in HUS does not increase

proportionally to the extent of anemia but rather depends on the

degree of renal hypoxia asfirstmechanistically describedbySemenza

et al. (55, 56).Microthrombotic occlusion in the kidneys can result in

A

B

FIGURE 7

Effects of EPO and pHBSP treatment on nitrosative and oxidative stress in mice with HUS. Nitrosative and oxidative stress were assessed on day 7 of HUS

experiment. Quantification data and representative images of immunohistochemical staining of (A) nitrotyrosine (sham n = 10, Stx+vehicle n = 14, Stx+EPO

n = 10, Stx+pHBSP n = 10, arrowheads indicating glomeruli) and (B)NOX-1 (sham n = 10, Stx+vehicle n = 14, Stx+EPO n = 14, Stx+pHBSP n = 14) in kidney

sections of shammice and Stx-challengedmice. Quantitative data are expressed as scatter dot plot with mean ± SD. *P < 0.05 vs. sham, $P < 0.05 vs.

Stx+vehicle, §P < 0.05 vs. Stx+EPO (A: one-way ANOVA, Holm-Sidak’s multiple comparison test, B: Kruskal-Wallis test, Dunn’s multiple comparison test),

scale bar 100 µm.

A B

FIGURE 8

Effect of EPO and pHBSP treatment on plasma metabolome in mice with HUS. Metabolites in plasma of sham mice and Stx-challenged mice

were assessed on day 7 of HUS experiment. Statistic modelling was performed to test the hypothesis that their abundance either increases or

decreases in the following order: sham–Stx+pHBSP–Stx+EPO–Stx+vehicle (A) Small metabolites in murine plasma showing a significant trend

for the four groups under investigation. (B) Triacylglyceroles in murine plasma showing a significant trend for the four groups under

investigation. Data are shown as heatmaps depicting z-scores for all samples. The analytes were hierarchically clustered using Ward’s minimum

variance method (45) and an euclidian distance between z scores. Dendograms provide information about distances between clusters.
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local hypoxia increasing the expression of the master regulator

hypoxia-induced factor 1a (HIF-1a) and thereby EPO (57).

However, direct damage to the EPO-expressing cells in the kidneys

of HUS patients with hemolytic anemiamay, especially in cases with

severe renal injury, also result in insufficient EPO production to

adequately stimulate hematopoiesis. Thus, patients with severe renal

injury could benefit from treatment with exogenous EPO (58, 59).

EPO and pHBSP in the context of anemia
correction and tissue protection

In our experimental setting, we observed a survival benefit in

micewithHUS treatedwith either EPOor pHBSP. Tissue-protective

effects of EPO and non-hematopoietic analogs have been the subject

of discussion in the literature for nearly two decades (15, 16). Despite

the observed beneficial effects of EPO in preclinical models of

endotoxemia, sepsis, hemorrhagic shock and ischemia-reperfusion

induced AKI (60–63), EPO failed to convey nephroprotection in

several clinical trials that included patients following cardiac surgery

(64, 65), cardiac arrest (66), kidney-transplantation (67) as well as

ICU patients at risk for the development of AKI (EARLYARF trial)

(68). However, in a small pilot trial with patients suffering fromAKI

after coronary artery bypass grafting surgery, treatment with EPO

had a beneficial effect on all-cause mortality (69). Corwin et al.

reported that administration of high-dose EPO (40,000 IU) to

intensive care patients reduced the number of red blood cell

transfusions without affecting mortality or clinical outcome (27). In

a follow-up study of ICU patients, a subcohort of trauma patients

treated with high-dose EPO showed no reduced need for red blood

cell transfusions, however mortality was significantly reduced (18).

Notably, an increase in thrombotic vascular events was noted in ICU

patients who had not received thromboprophylaxis at baseline (18).

In the subset of mice surviving up to day 7 of the HUS

experiments, we further investigated surrogate parameters for renal

dysfunction and injury as well as barrier integrity, microangiopathy,

oxidative and nitrosative stress and metabolome in plasma and/or

renal tissue samples. As we have observed previously that AKI is

accompanied by electrolyte imbalances, we propose that, in this

model, mice die due to a severe AKI-induced hyperkalemia with

subsequent cardiac arrhythmias and cardiac arrest (unpublished

data). As fewer animals survived up to day 7 in the Stx+vehicle

group (11/26, 42.3% survival) compared with the Stx+EPO (15/22,

68.2% survival) and Stx+pHBSP (16/21, 76.2% survival) group, the

results need to be carefully interpreted in the light of a reverse

survivorship bias, thatmight explainwhywedidnotobserve an effect

of treatment with EPO or pHBSP on plasma creatinine, urea and

NGAL, as surrogate parameters for AKI and renal dysfunction.

However, we observed significant effects of EPO and/or pHBSP

treatment on barrier integrity, oxidative andnitrosative stress and on

selected metabolites in the samples studied.

Intact renal endothelial and epithelial barriers are important for

the physiological function of the kidneys.We observed a pronounced

Stx-induced damage of renal endothelial cells independent of

treatment. Treatment with pHBSP, but not EPO led to a decrease in

KIM-1 and an increase in E-cadherin expression in Stx-challenged

mice in our setting. This could indicate less renal damage and

enhanced epithelial barrier integrity, as tubular dedifferentiation –

an important step in AKI progression – is characterised by a

downregulation of E-cadherin (70). Although not resulting in

amelioration of AKI in our model, this could have contributed to

the increased survival observed after pHBSP treatment in Stx-

challenged mice. In line with our results, the pharmaceutical

upregulation of E-cadherin expression also proved nephroprotective

in preclinical studies of cis-platin-induced AKI (71, 72).

Inour recent study,weobserved survival benefits in animalswith

reduced microangiopathy (11). Microangiopathy is a

pathophysiological hallmark of HUS. As EPO can exert pro-

thrombogenic effects, we consequently assessed the effects of EPO

or pHBSP treatment on fibrin deposition and thrombocytes as

surrogate parameters of microangiopathy to evaluate the potential

of adverse treatment effects in HUS. Notably, we did not observe an

aggravation of microthrombi formation or fibrin deposition in mice

with HUS treated with either EPO or pHBSP.

Oxidative stress is involved in the pathogenesis of STEC-HUS

(3–5). Nitrosative stress resembles a subtype of oxidative stress that

has been shown to contribute to cell death (73). We observed an

intense glomerular staining of nitrotyrosine in Stx+vehicle mice.

Nitrotyrosine results from the reaction of the peroxynitrite radical –

created when excess nitric oxide (NO) and superoxide radicals

combine (74) – with accessible tyrosine residues (75). While basal

NOplays a critical role in the regulationof the perfusion and vascular

tone in glomeruli (74), it has been shown previously that inducible

NO synthase (iNOS) induction and overproduction of NO had

deleterious effects in ischemic AKI (76). In mice, iNOS is – among

others – expressed in macrophages and glomerular mesangial cells

and inducible by various pro-inflammatory stimuli (77). EPO and

pHBSP have been demonstrated to reduce the expression of iNOS

either on protein level in AKI of different etiologies (63, 78) or on

mRNA level in lung and brain injury (79, 80). Thus, the reduction in

renal nitrotyrosine staining in Stx+EPO and Stx+pHBSPmice could

result from an inhibition of iNOS in the glomeruli of these mice.

Due to its critical role in the reabsorption of nutrients and

maintenance of homeostasis, energy demand and metabolic

activity are high in the kidneys (81). By analyzing the plasma

metabolome, we observed an increase in triglycerides and

cholesteryl esters in Stx-challenged mice that was consistently

reported in HUS patients (82). Notably, we observed that

alterations in some metabolites associated with kidney injury, e. g.

trimethylamine N-oxide (83, 84) and trigonelline (85, 86) as well as

lipid compounds were less distinct in mice with HUS after EPO or

pHBSP treatment. In line with our results, a recent study

demonstrated that EPO reduces lipidemia by stimulating lipid

catabolism in peripheral adipose tissue (87). Further studies are

required to examine the complex metabolic changes in animals and

patients with HUS.
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Taken together, we found that treatment with EPO or pHBSP

positively affects several pathomechanisms of STEC-HUS which

might explain the observed improvement in clinical outcome of

mice with HUS. Further systematic studies in this context in animal

models and evenmore importantly larger patient cohorts are needed

to provide sufficient evidence to adjust clinical management.

Conclusion

We report here for the first time, that I) EPO levels in patients

with STEC-HUS, STEC-infected piglets and Stx-challengedmice are

elevated in a uniformmanner, II) EPO or pHBSP treatment of mice

with HUS improves survival and disease outcome, III) protective

effectsofpHBSPandEPOareassociatedwith reducedrenaloxidative

stress, and IV) treatment with pHBSP in Stx-challenged mice is

additionally associated with ameliorated nitrosative stress, less KIM-

1 expression and tubular dedifferentiation. In the light of our results

demonstrating favourable tissue-protective effects of EPO in a

preclinical model, treatment of HUS-induced hemolytic anemia

with EPO should be considered in patients. Further studies are

needed to evaluate the effect of EPOandpHBSP treatment in clinical

studies in patients with STEC-HUS.
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4. Discussion 

This thesis combines the establishment and in-depth characterization of clinically 

relevant murine models of HUS - a disease for which there is currently no specific drug 

- with the performance of an interventional study for the disease in question with 

different potential therapeutics.  

4.1 Modeling Hemolytic-Uremic Syndrome: In-Depth Characterization of 

Distinct Murine Models Reflecting Different Features of Human Disease 

4.1.1 Differences in mice and men – Challenges in HUS model establishment 

The greatest challenge in the establishment of clinically relevant murine HUS models 

that reliably reflect the key features of the human disease lies in the differentially 

expression of the Gb3 receptor in the two different species: While the highest 

expression levels of Gb3 are found in human glomeruli (Obrig et al. 1993), in mice 

these receptors are concentrated on tubular epithelial cells. As a result, Stx induces 

mainly glomerular damage in HUS patients and tubular injury in rodent models.  

However, high levels of biologically active Gb3 are also found on human proximal 

tubule epithelial cells (Obrig et al. 1993), resulting in tubular injury during HUS in 

patients. Even more important, the underlying pathomechanisms of glomerular 

damage in HUS patients and tubular injury in rodent models appear to be similar, as 

they are based on the ribotoxic effects of Stx, the procoagulant state of the endothelium 

resulting in microthrombi and thereby hypoxia and oxidative stress and the pronounced 

local immune response. In this thesis, a murine model was established that reflects 

many of the important pathomechanistic features and symptoms observed in HUS 

patients including I) acute kidney injury, II) hemolysis, III) microthrombi formation, IV) 

renal immune cell invasion, V) oxidative stress and VI) complement activation 

(Dennhardt et al. 2018). As other murine models of HUS either did not reproduce all 

these symptoms or did not assess them (Keepers et al. 2006, Sauter et al. 2008), the 

subacute model of murine HUS established in this thesis is of superior clinical 

relevance. However, some characteristic symptoms of human HUS could not be 

reproduced in this model either (Dennhardt et al. 2018): instead of anemia and 

thrombocytopenia, mild hemoconcentration was observed in mice with HUS. In the 

model proposed by Keepers et al., transient anemia and thrombocytopenia were 

reported (Keepers et al. 2006), however, it is arguable if this reflects the actions of Stx 
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in mice or can be attributed to the LPS which was co-applied (Aslam et al. 2006). In 

fact, hemoconcentration is also observed in humans suffering from HUS and 

resembles a risk factor for poor prognosis (Loos et al. 2021). As volume expansion is 

a crucial part of therapy in humans, anemia and thrombocytopenia become apparent 

even after initial hemoconcentration while they might be masked in mice subjected to 

Stx. Although the models established in this thesis for the first time included volume 

replacement in murine models of HUS (Dennhardt et al. 2018), the intensive care 

support in mice cannot be equalized to the one provided in humans. 

4.1.2 STEC infection versus Stx intoxication 

The natural ways of acquiring STEC infections are the ingestion of contaminated water 

or food as well as smear infection. It therefore appears consequential to establish 

murine models of HUS by orally challenging mice with STEC bacteria. However, due 

to their microbiome, mice are naturally way less susceptible to STEC infection 

(Mohawk and O'Brien 2011). Murine infection models thereby mostly rely on the 

disruption of the facultative flora of mice prior to infection, e.g. via streptomycin 

treatment (Wadolkowski et al. 1990), protein-calorie malnutrition (Kurioka et al. 1998) 

or the use of gnotobiotic mice (Isogai et al. 1998). Although the route of infection in 

these models resembles the route of infection in HUS patients, they carry the drawback 

that the missing microbiome might influence the outcome of infection in these animals. 

However, in order to study colonization, potential vaccines against STECs and assess 

the effectivity of antibiotics in HUS, models of actual infection are necessary. 

A hybrid model of infection and Stx intoxication has been established by genetically 

engineering Citrobacter rodentium, a bacterium that is naturally infecting mice 

(Luperchio and Schauer 2001), to express Stx2 (Mallick et al. 2012). Oral ingestion of 

this modified bacterium induces HUS-like symptoms in mice (Mallick et al. 2012). 

Although this model overcomes the difficulties of using gnotobiotic mice or the usage 

of mice with a destroyed microbiome which might influence these animals’ capability 

to deal with infections, this model also has shortcomes: Stx2 is the most prominent 

virulence factor of EHECs, however it is not the only one capable of damaging the 

endothelium during HUS pathogenesis. Several other virulence factors were isolated 

from various EHEC strains, such as EHEC hemolysin (Aldick et al. 2007), cytolethal 

distending toxin V (Bielaszewska et al. 2005) or EHEC vacuolating cytotoxin 
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(Bielaszewska et al. 2009). These additional virulence factors are absent in a model 

based on Citrobacter rodentium.  

Due to the non-invasive nature of EHEC, Stx first needs to cross the intestinal mucosal 

barrier to gain access to intestinal endothelial cells and thereby the circulation. To date, 

the exact mechanism is unknown, although several distinct ways have been proposed 

in the literature: I) holotoxin uptake via Gb3 receptors on intestinal epithelial (Jacewicz 

et al. 1995) or Paneth cells (Schuller et al. 2007), II) paracellular transport (Hurley et 

al. 2001), III) uptake by macropinocytosis (Malyukova et al. 2009) or IV) uptake within 

bacterial outer membrane vesicles (Kunsmann et al. 2015, Stahl et al. 2015). Once in 

the bloodstream, Stx is immediately bound by neutrophils, monocytes, platelets or 

erythrocytes via Gb3 or other receptors (Brigotti et al. 2006, Stahl et al. 2009, te Loo 

et al. 2000). The exact mechanism of transport to the kidney and release of Stx is still 

unknown; however, recent studies indicate that Stx-carrying immune cells are able to 

shed Stx-loaded microvesicles that are targeted to the kidneys probably due to the 

high local expression of Gb3 receptors (Kunsmann et al. 2015, Stahl et al. 2015). 

Therefore, different administration routes for Stx were proposed in murine models of 

Stx intoxication. These models are important as they allow to study the role of Stx in 

the pathophysiology of HUS in isolation. Interestingly, Stx applied orally to mice led to 

the death of these animals and induced organ damage (Rasooly et al. 2010). However, 

large amounts of toxin are needed for these models and the reproducibility might be 

difficult as in contrast to EHEC bacteria which are excellently protected from the acidic 

milieu of the stomach (Coldewey et al. 2007), a substantial portion of the protein toxin 

might be degraded on its passage through the gastrointestinal tract. Other models rely 

on intraperitoneal delivery of the toxin, either in combination with LPS (Keepers et al. 

2006) or divided into several sublethal doses (Sauter et al. 2008). 

In conclusion, whether to choose a STEC infection or Stx intoxication model depends 

not only on the laboratory condition but in first line on the research question supposed 

to be answered. As this thesis aimed to establish a model to analyze pathomechanisms 

of HUS and to perform an interventional study testing different therapeutics, a model 

relying on Stx intoxication appeared to be the most promising approach. In contrast to 

other models of intoxication based on oral or intraperitoneal application of Stx, 

intravenous injection of Stx to the tail vein was chosen as it provides the highest and 

most rapid bioavailability (Dennhardt et al. 2018). 

63



4. Discussion 

 

4.1.3 Controversial role of endotoxins in HUS pathogenesis 

The involvement of LPS in the pathogenesis of HUS is highly controversial. During 

infection, EHEC bacteria colonize the gut and tightly adhere to the apical site of 

enterocytes by the formation of so called attaching and effacing (A/E) lesions (Stevens 

and Frankel 2014). Via these lesions and the type-III-secretion system, bacterial 

proteins are introduced into host cells (Stevens and Frankel 2014). Although 

bacteremia is reported only sporadically (Mariani-Kurkdjian et al. 2014) and LPS was 

never detected in HUS patients’ blood samples, antibodies against EHEC-strain 

specific LPS are frequently detected in HUS patients and utilized in HUS diagnosis 

(Rastawicki et al. 2020). There are contradictory reports from different animal models 

and species regarding the need of LPS co-application to induce HUS-like symptoms: 

in mice, some symptoms were only inducible by Stx and LPS co-application (Keepers 

et al. 2006) and in rats glomerular damage also appears to depend on LPS more than 

Stx (Silberstein et al. 2011). Surprisingly, in rabbits, even the application of LPS alone 

is sufficient to induce HUS-like symptoms (Fong and King-Hrycaj 1983). In baboons, 

at least the toxicity of Stx1 appears to depend on LPS co-administration (Siegler et al. 

2001). Based on the ambiguous role of LPS in HUS pathogenesis both in animals and 

humans, the models established in this thesis refrain from the co-administration of LPS 

allowing the assessment of Stx effects solely. 

4.2 Targeting the innate repair receptor axis via erythropoietin or 

pyroglutamate helix B surface peptide attenuates hemolytic-uremic 

syndrome in mice 

4.2.1 Alternative therapeutic strategies under investigation 

As mentioned before, the use of antibiotics is highly controversial as it may increase 

the production and release of Stx. Furthermore, there is a high prevalence of multi drug 

resistant diarrheagenic E. coli strains in general and STEC strains specifically ranging 

between 60% and over 80% (Jafari et al. 2021, Zhang et al. 2018). This further 

complicates antibiotic treatment of HUS and underlines the need for innovative 

treatment concepts. Several treatment strategies have already been studied with 

varying successes. These strategies focus on two main concepts: removal or 

neutralization of Stx and prevention of host tissue damage. 
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An approach for the neutralization of Stx was demonstrated by Sauter et al. in mice 

with experimental HUS: By applying a monoclonal anti-Stx2 antibody 4 days after the 

induction of HUS by Stx injection, complete recovery was induced (Sauter et al. 2008). 

The safety of a humanized monoclonal anti-Stx2 antibody (urtoxazumab) was 

assessed in healthy adult volunteers and pediatric HUS patients (Lopez et al. 2010), 

however its potential effects on clinical outcome have not been analyzed in patients 

yet. For the removal of Stx, a chromosorb matrix was coupled with Stx-binding sites of 

Gb3 receptors (Synsorb-Pk). In a phase I study, oral application of Synsorb-Pk in 

healthy adults was well-tolerated and safe (Armstrong et al. 1995). However, in a 

multicenter randomized control trial including 145 pediatric patients with D+HUS, 

Synsorb-Pk treatment failed to prove a therapeutic benefit as disease severity was 

comparable in the placebo group and the group who received the drug orally 

(Trachtman et al. 2003). The drawback of Stx-neutralization strategies is the fact that 

therapy needs to be started immediately after onset of diarrhea to prevent that Stx 

enters the circulation and reaches its primary targets in the kidneys.  

An intermediate approach is the impairment of cellular uptake and/or intracellular Stx 

trafficking to prevent its ribotoxic effects. Although this approach has shown promising 

results in a rat model of HUS (Silberstein et al. 2011), in order to be effective in HUS 

patients, this treatment also needs to be started as early as possible setting a close 

therapeutic window. 

As multiple pathways are involved in the pathogenesis of HUS, the potential of 

treatable target seems to be high. However, none of these molecular therapeutic 

approaches could be implemented into the clinical routine yet. The complement C5 

inhibitor eculizumab, that – although being a game-changer for patient prognosis in 

aHUS – is still controversially discussed in STEC-HUS (Mahat et al. 2019). Eculizumab 

was first studied to be implemented in the therapy of STEC-HUS during the 2011 

outbreak in Germany where no beneficial short-term effects were observed (Kielstein 

et al. 2012). However, the authors stated that due to the crisis situation, the study could 

not be designed as a randomized control trial and the time-point of eculizumab 

application might not have been ideal for positive treatment effects (Kielstein et al. 

2012). At the same time, France also experienced a smaller outbreak of HUS with 9 

patients who were treated with eculizumab early after diagnosis (0-4 days) (Delmas et 

al. 2014). Of note, all patients recovered rapidly (Delmas et al. 2014). In the following 
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years, eculizumab was applied to pediatric HUS patients with severe neurological 

involvement (Pape et al. 2015, Percheron et al. 2018). Pape et al. highlighted again 

that late treatment once symptoms were established was less efficient (Pape et al. 

2015) while the multicenter retrospective study by Percheron et al. found that 

eculizumab was favourable especially in those patients whose complement system 

was persistently deregulated (Percheron et al. 2018). In 2015, another outbreak of 

HUS occurred associated with a live-stock market in Istanbul (Agbas et al. 2018). Of 

the 22 pediatric patients, 9 were treated with eculizumab, however, at a follow-up no 

differences in outcome between those patients and those receiving best standard care 

were observable (Agbas et al. 2018). Monet-Didailler et al. performed a single-center 

matched cohort study in pediatric HUS patients without finding differences between 

eculizumab-treated and control patients at the 1-month and 12-month follow-up 

(Monet-Didailler et al. 2020). The authors did observe trends towards better long-term 

outcomes in the eculizumab-treated patients at their last follow-up, however none of 

these trends were significant (Monet-Didailler et al. 2020). Overall, these studies 

indicate that some HUS patients might profit from eculizumab treatment, however, a 

randomized control trial is clearly warranted in order to identify in which extent and how 

these patients are characterized. 

Preclinical studies focusing on interference with one pathway of tissue-damage in HUS 

pathogenesis often suffer from the problem that pre-treatment of the animals before 

HUS induction usually is remarkably successful, but once the treatment is performed 

after the induction of HUS, the positive effects are abolished. For example, this was 

observed in a study by Gomez et al., where pre-treatment with anti-oxidants reduced 

platelet activation, renal damage and increased survival in mice challenged with Stx2 

(Gomez et al. 2013). Unfortunately, once the anti-oxidants were applied as a post-

treatment, the survival benefits were abolished (Gomez et al. 2013). 

The potential advantage of EPO and pHBSP as therapeutics lies in the fact that instead 

of affecting only one pathway in the multifactorial pathogenesis of HUS, they mediate 

tissue-protection via a variety of different signaling pathways resulting in anti-apoptotic, 

proliferative, anti-inflammatory, anti-fibrotic and anti-oxidative effects of the two 

compounds. The anti-oxidative and anti-nitrosative effects observed in this thesis led 

to an increase in survival although the treatment was started after the induction of HUS. 
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4.2.2 Renoprotective and anti-inflammatory potential of EPO and pHBSP in 

other conditions 

In preclinical trials, EPO had shown renoprotective effects in a variety of diseases in 

different species. For example, EPO treatment attenuates septic AKI in mice 

(Coldewey et al. 2013), ischemia/reperfusion injury to murine kidneys (Kwak et al. 

2020), hyperglycaemia-induced AKI in rats (Guan et al. 2020) and post resuscitation 

AKI in piglets (Pantazopoulos et al. 2016). However, when looking into clinical trials, 

the renoprotective properties of EPO appear to be less outstanding: A meta-analysis 

performed on clinical trials testing the renoprotective effects of erythropoiesis-

stimulating agents in patients with kidney conditions including AKI, kidney 

transplantation and chronic kidney disease (CKD) showed that outcome was improved 

in a few trials, although overall no significant renoprotection was observed (Elliott et al. 

2017). In contrast, meta-analysis of 9 randomized clinical trials using EPO for 

correction of anemia in CKD reported a significantly elevated risk of all-cause mortality 

(Phrommintikul et al. 2007) indicating that careful hemodynamic management is crucial 

when EPO is administered to HUS patients. Furthermore, it must be kept in mind that 

in these studies, EPO and ESAs were dosed primarily to induce erythropoiesis and 

correct anemia. Due to the differences in concentration dependency of EPO-R and 

IRR, other dosage regimens will be prerequisite to truly evaluate the renoprotective 

potential of EPO in any given disease.  

As pHBSP has not yet been officially approved as a drug and clinical phase II trials 

were performed with a focus on neuropathy (Culver et al. 2017), only preclinical data 

on renoprotection can be reviewed. Rats undergoing 30 min of ischemia followed by 

48 hours of reperfusion could be protected from acute kidney injury by intraperitoneal 

application of pHBSP 6 hours into reperfusion (Patel et al. 2012). Another study on 

ischemia/reperfusion injury in rats found that early application of pHBSP (1 hour into 

reperfusion) was more effective in the prevention of AKI than late application (4 hours 

into reperfusion) (van Rijt et al. 2013). Furthermore, pHBSP was also able to reduce 

early allograft injury in a rat model of renal allograft by reducing macrophage invasion 

and NF-κB activation (Guan et al. 2020).  

Altogether, the promising preclinical effects of both compounds are well in line with the 

positive effects of EPO and pHBSP on the outcome of mice with HUS observed in this 

thesis, even though there was no direct nephroprotection. 
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4.2.3 Clinical aspects of anemia in HUS and its treatment 

The progression of STEC infections to HUS is often rapid and associated with the 

development of profound anemia and clinical deterioration in under 24 hours (Bitzan 

2009). Pathophysiologically, MAHA is caused by the shredding of erythrocytes passing 

thrombi and fibrin meshes in the microcirculation. MAHA associated with HUS is 

usually severe which is underlined by hemoglobin (Hb) levels under 10 mg/dl in over 

90% of patients (Mele et al. 2014). In parallel, lactate dehydrogenase (LDH) is usually 

increased (>460 U/l) (Mele et al. 2014). Intravascular hemolysis is further indicated by 

hyperbilirubinemia and low or even undetectable haptoglobin (Mele et al. 2014). In the 

peripheral blood smear, an increase of reticulocytes and shistocytes is observed (Mele 

et al. 2014). Once the Hb drops under 7 mg/dl, red blood cell (RBC) transfusions are 

initiated (Bitzan 2009). A vast majority of 93% of pediatric and up to 80% of adult HUS 

patients requires RBC transfusion while hospitalized (Joseph et al. 2018, Mody et al. 

2015). However, even though RBC transfusions are the mainstay of the treatment of 

HUS-associated MAHA, they are not free of risks. In contrary, they can even induce or 

aggravate AKI via several pathomechanisms, a phenomenon well-described in the 

context of cardiac surgery (Merchant et al. 2019). The main risk factor identified in AKI 

after cardiac surgery was hemolysis induced by shear stress during passage of the 

extracorporeal circuit (Steiner et al. 2015), as thereby the concentration of free Hb and 

pro-inflammatory cytokines is increased (Bennett-Guerrero et al. 2007). Similar effects 

might occur in the renal microcirculation of HUS patients which is constricted by 

microthrombi. These potentially dangerous effects might be mitigated when instead of 

transfusing a large number of RBCs relatively fast the physiological production of 

RBCs is enhanced by treatment with recombinant EPO. Treatment with EPO is 

routinely performed in anemia associated with chemotherapy against cancer, 

zidovidune treatment against HIV-infection and CKD as well as to reduce the need for 

RBC transfusions in major surgery (FDA Reference ID: 4160848; EMEA/H/C/000726). 

Surprisingly, EPO therapy is not approved for HUS-associated anemia and although 

off-label use comprises up to 50% of all EPO prescriptions (Guan et al. 2020), there is 

only the national German medical guideline for the treatment of childhood HUS that 

mentions the possibility to apply EPO for anemia treatment (Leitlinienprogramm 

Pädiatrie (Gesellschaft für Pädiatrische Nephrologie e.V. (GPN) 2022). Furthermore, 

the recommendation remains vague, simply stating that “EPO can be considered” 

without a clarification in which cases and which dosage and without citation of relevant 
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literature (Leitlinienprogramm Pädiatrie (Gesellschaft für Pädiatrische Nephrologie 

e.V. (GPN) 2022). 

The reason for the hesitancy towards EPO treatment in HUS most probably lies in the 

fact that evidence from the literature is sparse and controversial. There are two case 

reports from the mid-90s to early 2000s, where EPO was successfully applied to 

manage anemia in the context of secondary, mitomycin C-induced HUS (Catalano et 

al. 2002, O'Brien et al. 1994). In STEC-HUS, a pilot trial performed by Pape and 

colleagues reported a reduced need for RBC transfusions in children treated with EPO 

(Pape et al. 2009). Contrasting to this pilot trial, a larger case-control study by 

Balestracci et al. found no differences in the need for RBC transfusions in children 

treated with or without EPO (Balestracci et al. 2015). However, the results of both trials 

are difficult to compare as they were using different EPO dosages and in case of the 

Pape trial, RBC transfusions were performed when Hb was ≤ 5, while in the other study 

transfusions were already started at an Hb ≤ 7 (Balestracci et al. 2015, Pape et al. 

2009). Next to these conflicting studies, there is a case report from Korea, where a 

Jehova’s witness child received EPO instead of RBC transfusion resulting not only in 

the attenuation of anemia but also in kidney function improvement (Woo da et al. 2016). 

A pilot randomized controlled trial comparing standard care (RBC transfusion when 

Hb ≤ 7 mg/dl) with EPO (50 IU/kg BW three times a week) recruiting 12 patients per 

arm could not find beneficial effects of EPO regarding the need of RBCs, however, the 

authors stated themselves that a larger patient cohort would be needed to verify these 

results (Balestracci et al. 2022). Until then, the results generated in this thesis hopefully 

might encourage the off-label use of EPO in the treatment of MAHA in HUS. 

4.3 Limitations 

Although it could be demonstrated in this thesis that repeated intravenous injections of 

Stx are sufficient to induce experimental HUS in mice covering most of the symptoms 

occurring in patients, the effects of EPO and pHBSP treatment should also be studied 

in an animal model using EHEC infection. This is especially interesting in the light of a 

recent study demonstrating that EPO has not only tissue-protective effects but also 

promotes macrophage-mediated phagocytosis and killing of E. coli and 

Staphylococcus aureus and thereby accelerates resolution of infection (Liang et al. 

2021). 
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This thesis can only provide the preclinical groundwork for further studies assessing 

the therapeutic potential of EPO and pHBSP and does not replace controlled 

randomized trials in the clinical setting. However, in a situation where clinical evidence 

is low and conflicting, the results provided in this thesis can support the clinical decision 

for anemia treatment with EPO. The results regarding the improvement in survival and 

the reduction of oxidative stress provided here are indeed very promising, however, 

preclinical studies often suffer from a poor translational potential. A randomized clinical 

control trial will be needed to truly assess the value of the findings in this thesis for 

HUS patients. Due to the sporadic nature of the disease, such trials are hard to 

perform, however, the promising results presented here as well as the fact that due to 

the orphan disease status drug approval for pHBSP would be alleviated might provide 

motivation to perform such studies against the odds. 

4.4 Outlook 

The murine models established and characterized in this thesis will allow the 

examination of further therapeutic strategies and underlying pathomechanisms of 

HUS. For instance, the subacute model of HUS has already been implemented to study 

the role of the canonical and non-canonical NF-κB signaling pathways (Sobbe et al. 

2020) or heme and heme degradation products (Pirschel et al. 2022) in this disease. 

pHBSP treatment significantly improved survival of mice with experimental HUS by 

attenuating oxidative and nitrosative stress in the kidneys, protecting tubular epithelial 

barriers and partially reducing the expression of KIM-1. These positive effects alone 

would already warrant further examination of pHBSP as a potential therapeutic and 

efforts to translate the experimental results into the clinics. However, as it has already 

been demonstrated in a transplantation study performed in pigs, pHBSP also has 

beneficial effects in the prevention of post-transplantation fibrosis (van Rijt et al. 2013). 

About one third of HUS survivors suffer from long-term sequelae such as high blood 

pressure and chronic kidney disease (Garg et al. 2003, Rosales et al. 2012, Vaterodt 

et al. 2018). As fibrotic processes play a major role in the transition of AKI to CKD, 

pHBSP might not only able to mitigate disease progression and improve survival in the 

acute phase of the disease but also in the prevention and treatment of severe long-

term sequelae. The same might hold true for EPO treatment in HUS, as many studies 

have shown beneficial effects of EPO on renal fibrosis both in vitro and in vivo (Bai et 

al. 2017, Chen et al. 2010, Geng et al. 2015). However, the treatment regimen must 
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be carefully adjusted, as Shi et al. demonstrated recently that excess EPO signaling 

worsens tubulointerstitial fibrosis in the acute stage of AKI (Shi et al. 2018). 

Although the use of antibiotics in the treatment of HUS is still controversial, EPO might 

offer some new perspectives as it has been shown that a combinational therapy of 

EPO with ciprofloxacin improves clearance of E. coli in a murine model of self-limited 

peritonitis (Liang et al. 2021). Ciprofloxacin appears to increase the release of Stx from 

E. coli and is thereby detrimental in the therapy of STEC-HUS (McGannon et al. 2010), 

however, the combination of this or more safe antibiotics with EPO might improve their 

therapeutic efficacy in the future. As these positive effects of EPO on antibiosis and 

microbial clearance might be mediated via the IRR, it appears of great interest to 

assess if pHBSP might have similar beneficial effects. 

4.5 Conclusion 

In conclusion, this thesis provides the scientific community with two distinct preclinical 

murine models of HUS that were characterized in great detail and established to serve 

the need for clinically relevant animal models. For the first time, volume replacement 

therapy was applied in a murine model of HUS and a scoring system was proposed 

that is easily applicable in every laboratory. Furthermore, the proposed models of HUS 

were already applied in this thesis to perform an interventional preclinical study 

assessing the therapeutic potential of EPO and its non-hematopoietic peptide analog 

pHBSP. Hereby, the groundwork for the consideration of EPO and pHBSP in the 

therapy in HUS has been laid out. Both compounds have distinct benefits, while the 

positive effects of pHBSP on HUS outcome and oxidative stress response were more 

pronounced, EPO might not only improve renal oxidative stress but also attenuate 

MAHA at the same time. The promising results of this thesis prompt for the 

performance of further preclinical and clinical trials to eventually pave the way for the 

two compounds from bench to bedside. 
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wiedergeben (nur für Originalartikel): 

 

Abbildung # 1  100% (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 

durchgeführt hat) 

 

  0% (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließllich auf Arbeiten anderer Koautoren) 

 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:   60 % 

Kurzbeschreibung des Beitrages:  

Auswertung der ELISA- und Patientendaten inkl. statistischer Analyse, 

Interpretation der Daten, Erstellen der Grafik 

 

Abbildung # 2  100% (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 

durchgeführt hat) 

 

  0% (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließllich auf Arbeiten anderer Koautoren) 

 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:   70 % 

Kurzbeschreibung des Beitrages:  
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Durchführung Mausversuche (i.v.-Injektionen zur HUS-Induktion, 

Volumengabe, Scoring, Blut- und Organentnahme), Auswertung der 

Daten inkl. statistischer Analyse, Interpretation der Daten, Erstellen der 

Grafik 

 

Abbildung # 3  100% (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 

durchgeführt hat) 

 

  0% (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließllich auf Arbeiten anderer Koautoren) 

 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:   90 % 

Kurzbeschreibung des Beitrages:  

Durchführung Tierversuche (i.v.-Injektionen zur HUS-Induktion, 

Volumengabe, Scoring, Blut- und Organentnahme), Auswertung der 

Daten inkl. statistischer Analyse, Interpretation der Daten, Erstellen der 

Grafik 

Abbildung # 4  100% (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 

durchgeführt hat) 

 

  0% (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließllich auf Arbeiten anderer Koautoren) 

 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:   60 % 

Kurzbeschreibung des Beitrages:  

Durchführung Tierversuche (i.v.-Injektionen zur HUS-Induktion, 

Volumengabe, Scoring, Blut- und Organentnahme), Auswertung der 
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Daten Panel A-C inkl. statistischer Analyse, Interpretation der Daten, 

Erstellen der Grafik 

 

Abbildung # 5  100% (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 

durchgeführt hat) 

 

  0% (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließllich auf Arbeiten anderer Koautoren) 

 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:   20 % 

Kurzbeschreibung des Beitrages:  

Durchführung Tierversuche (i.v.-Injektionen zur HUS-Induktion, 

Volumengabe, Scoring, Blut- und Organentnahme), Interpretation der 

Daten, Erstellen der Grafik 

 

Abbildung # 6  100% (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 

durchgeführt hat) 

 

  0% (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließllich auf Arbeiten anderer Koautoren) 

 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:   50 % 

Kurzbeschreibung des Beitrages:  

Durchführung Tierversuche (i.v.-Injektionen zur HUS-Induktion, 

Volumengabe, Scoring, Blut- und Organentnahme), statistische 

Analyse, Interpretation der Daten, Erstellen der Grafik 
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Abbildung # 7  100% (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 

durchgeführt hat) 

 

  0% (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließllich auf Arbeiten anderer Koautoren) 

 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:   50 % 

Kurzbeschreibung des Beitrages:  

Durchführung Tierversuche (i.v.-Injektionen zur HUS-Induktion, 

Volumengabe, Scoring, Blut- und Organentnahme), Auswertung der 

Daten inkl. statistische Analyse Panel A, Interpretation der Daten, 

Erstellen der Grafik 

 

Abbildung # 8  100% (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 

durchgeführt hat) 

 

  0% (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließllich auf Arbeiten anderer Koautoren) 

 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:   30 % 

Kurzbeschreibung des Beitrages:  

Durchführung Tierversuche (i.v.-Injektionen zur HUS-Induktion, 

Volumengabe, Scoring, Blut- und Organentnahme), Interpretation der 

Daten 
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Tabelle # 1  100% (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 

durchgeführt hat) 

 

  0% (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließllich auf Arbeiten anderer Koautoren) 

 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:   20 % 

Kurzbeschreibung des Beitrages:  

Zusammenstellung und Interpretation der Daten 

 

Tabelle # 2  100% (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 

durchgeführt hat) 

 

  0% (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließllich auf Arbeiten anderer Koautoren) 

 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:   20 % 

Kurzbeschreibung des Beitrages:  

Zusammenstellung und Interpretation der Daten 

 

Tabelle # 3  100% (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 

durchgeführt hat) 

 

  0% (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließllich auf Arbeiten anderer Koautoren) 
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 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:   90 % 

Kurzbeschreibung des Beitrages:  

Durchführung Tierversuche (i.v.-Injektionen zur HUS-Induktion, 

Volumengabe, Scoring, Blut- und Organentnahme), Zusammenstellung 

und Interpretation der Daten, statistische Analyse 
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