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Abstract:26

Objective: To explore the role of the Nlrp3 inflammasome activation in the development of27

hemolytic uremic syndrome (HUS) induced by Stx2 and evaluate the efficacy of small molecule28

Nlrp3 inhibitors in preventing the HUS.29

Methods: Peritoneal macrophages (PMs) isolated from wild-type (WT) C57BL/6J mice and gene30

knockout mice (Nlrc4-/-, Aim2-/-, and Nlrp3-/-) were treated with Stx2 in vitro and their IL-1β31

releases were measured. WT mice and Nlrp3-/- mice were also treated with Stx2 in vivo by32

injection, and the biochemical indices (serum IL-1β, creatinine [CRE] and blood urea nitrogen33

[BUN]), renal injury, and animal survival were compared. To evaluate the effect of the Nlrp334

inhibitors in preventing HUS, WT mice were pretreated with different Nlrp3 inhibitors (MCC950,35

CY-09, Oridonin) before Stx2 treatment, and their biochemical indices and survival were36

compared with the WT mice without inhibitor pretreatment.37

Results: When PMs were stimulated by Stx2 in vitro, IL-1β release in Nlrp3-/- PMs was38

significantly lower compared to the other PMs. The Nlrp3-/- mice treated by Stx2 in vivo, showed39

lower levels of the biochemical indices, alleviated renal injuries, and increased survival rate.40

When the WT mice were pretreated with the Nlrp3 inhibitors, both the biochemical indices and41

survival were significantly improved compared to those without inhibitor pretreatment, with42

Oridonin being most potent.43

Conclusion: Nlrp3 inflammasome activation plays a vital role in the HUS development when mice44

are challenged by Stx2, and Oridonin is effective in preventing HUS.45

Keywords: Stx2, hemolytic uremic syndrome, IL-1β, Nlrp3, Nlrp3 inhibitor.46

47
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Introduction49

Escherichia coli （E. coli）O157: H7 and E. coli O104: H4 pose a serious concern worldwide50

because they can injure intestinal mucosa and erythrocytes leading to hemorrhagic enteritis and51

hemolytic uremic syndrome (HUS) in humans or animals (Louise and Obrig,1991; Tarr, et52

al.,2005). In 1993, 501 people were infected with E. coli O157: H7 from eating contaminated beef53

in the United States, which resulted in 45 people developing HUS, and three children died (Bell, et54

al.,1994). In 1996, consumption of E. coli O157: H7 contaminated-radish seedlings caused55

hemorrhagic enteritis epidemic in Osaka, Japan (Yukioka and Kurita,1997). O157: H7 outbreaks56

also occurred in China with more than 20,000 infections, 195 HUSs, and 177 deaths in 199957

(Wang, et al.,2008). An outbreak of E. coli O104: H4 in northern Germany in 2011 also led to58

more than 3222 infections and 32 deaths (Frank, et al.,2011).59

Acute HUS often manifests as hemolytic anemia, thrombocytopenia, and acute renal failure.60

The death or end-stage renal disease occurred with a pooled incidence of 12% and 25% of61

survivors demonstrated long-term renal sequelae (Garg, et al.,2003). Several studies have shown62

that Shiga toxin (Stx) is the key virulence factor in developing acute HUS (O'Brien, et al.,1992;63

Karpman, et al.,1997; Tarr, et al.,2005). Both Stx1 and Stx2 are cytotoxic to Vero cell (Terajima, et64

al.,2014) and they share a common conserved structure consisting of one biologically active A65

subunit associated with five identical B subunits that allow binding of the toxin to the66

globotriaosylceramide (Gb3) receptor. When being transferred into the cytoplasm, subunit A has67

RNAN-glycosidase activity and inhibits protein synthesis by removing an adenine nucleotide68

from 28 S rRNA of the 60S large subunit of the ribosome (Endo, et al.,1988; Kaplan, et al.,1990).69

Although the ability of Stx1 to bind to receptor Gb3 is stronger than that of Stx2, several studies70

have revealed that Stx2 has stronger toxicity than Stx1 (Fuller, et al.,2011). The toxicity of Stx2 to71

human renal microvascular endothelial cells is 1,000 times stronger than that of Stx1 (Louise and72

Obrig,1995). Some studies have also shown that, compared with Stx1, Stx2 has a stronger73

correlation with hemorrhagic enteritis or HUS (Whyte and Fine, 2008). Stx1 mainly targeted the74

lungs, while the Stx2 primarily targeted the kidneys (Rutjes, et al.,2002). Therefore, most of the75
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studies are mainly focused on Stx2 and Stx2-targeted drugs, such as neutralizing antibodies and76

small molecule inhibitors when exploring the mechanism and therapeutic strategy.77

It was reported that serum levels of pro-inflammatory cytokines such as IL-1β and TNF-α78

were significantly higher in HUS patients than in non-HUS patients, which suggested the critical79

role of the inflammatory response in HUS development (Litalien, et al.,1999; Ikeda, et al.,2004).80

Lee et al. demonstrated that Stx2 triggered the release of pro-inflammatory cytokines via Nlrp381

inflammasome activation and promoted caspase-8/3-dependent apoptosis in THP-1 cells (Lee, et82

al.,2016). The increased levels of IL-1β and TNF-α, two pro-inflammatory cytokines, may be83

associated with disease severity. Ikeda M et al. has successfully established a mouse HUS model84

using Stx2 along with lipopolysaccharide (LPS) (Ikeda, et al.,2004). Notably, the intraperitoneal85

(i.p.) administration of Stx2 alone failed to induce HUS development in a mouse model unless it is86

used in combination with LPS to induce the inflammatory response (Ikeda, et al.,2004).87

The inflammasomes play an essential role in the development of many diseases. Among them,88

the Nlrp3 inflammasome has been the one most thoroughly studied. Nlrp3 is an intracellular89

pattern recognition receptor that can be activated by sensing stimulus events from various90

pathogens to host signals. Activation of Nlrp3 results in cleavage of precursors of IL-1β and IL-1891

into their mature forms and triggering of cell pyroptosis (Shi, et al.,2017). The Nlrp392

inflammasome activation is associated with many diseases, including diseases of kidney, liver,93

lung, and central nervous system, and metabolic disorders such as diabetes type 2, atherosclerosis,94

obesity, gout (Kailasan Vanaja, et al.,2014). Platnich et al. suggest that Stx2/LPS compounds95

activate the production of mitochondrial reactive oxygen species (ROS), the upstream event of96

Nlrp3 inflammasome, thereby promoting pro-inflammatory cytokine maturation and pyroptosis97

via Nlrp3 inflammasome activation (Platnich, et al.,2018). Up to date, there is no evidence98

supporting that activation of Nlrp3 inflammasome contributes to the development of the99

Stx2/LPS-induced HUS in the in vivo condition. Therefore, we conducted the current study to test100

our hypothesis that Stx2/LPS induces the HUS by activating the Nlrp3 inflammasome.101

Small molecule Nlrp3 inhibitors, such as MCC950, CY-09 and Oridonin, have shown the102

potential therapeutic effects in many Nlrp3-associated diseases. Five such inhibitors (MCC950,103

CY-09, OLT1177, Tranilast and Oridonin) have been shown to have good therapeutic potential by104

directly targeting the Nlrp3 proteins themselves, and specifically inhibiting Nlrp3 activation and105

Provisional



thereby reducing IL-1β production (Yang, et al.,2019). However, it is unknown whether these106

inhibitors have a therapeutic effect on Stx2/LPS-induced HUS. Here, using the Stx2/LPS-induced107

HUS mouse model, we tested whether the activation of the Nlrp3 inflammasome contributes to the108

development of Stx2/LPS-induced HUS and evaluated the therapeutic effect of specific Nlrp3109

inhibitors in preventing HUS caused by Stx2 as a step of identifying new candidate drugs.110

1 Material and Methods111

1.1 Animal welfare112

All animal procedures were performed according to the protocols approved by the Laboratory113

Animal Welfare and Ethics Committee of the National Institute for Communicable Disease114

Control and Prevention, Chinese Center for Disease Prevention and Control. All procedures were115

performed in the Biosafety Level II laboratory and Animal Biosafety Level II laboratory.116

117

1.2 Preparation and identification of Stx2 and subunit B of Stx2118

In this study, peritoneal macrophages (PMs) or mice were treated with holotoxin Stx2 or its119

negative control subunit B (Stx2B). The gene sequences of Stx2 and Stx2B were cloned into the120

expression plasmid pET32a after optimization of genetic codon to construct plasmid pET32a-Stx2121

and pET32a-Stx2B respectively. These plasmids were then transferred into E. coli BL-21 (DE3) to122

express the proteins of Stx2 and Stx2B. The bacteria were cultured with 0.75mM Isopropyl123

β-D-Thiogalactoside (IPTG) at 37℃ for 4 hours and the cultures were collected by centrifugation124

at 12,000 rpm for 5 min. The resulting pellets were lysed by ultrasonication. The supernatant of125

the culture lysate was collected by centrifugation at 10,000 rpm, 4℃ for 10 min. The two126

recombinant proteins of Stx2 and Stx2B with His-label were purified by protein purification127

instrument and two-step Ni column. The two recombinant proteins were analyzed by128

Western-blotting. Endotoxin was removed using De-toxi-Gel (Pierce Biotechnology) according to129

the manufacturer's instructions. BCA kit was used to measure protein concentration (Figure S1 in130

supplementary appendix). The same batches of recombinant Stx2 toxin and Stx2B protein were131

used throughout all the subsequent experiments in this study. The cytotoxicity of purified Stx2 and132

Stx2B was assessed using Vero cells (Fernández, et al.,2013).133

134

1.3 In vitro experiments135
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1.3.1 Cell culture and reagents136

Mouse bone-marrow-derived macrophages (BMDMs) isolated from the wild-type (WT)137

C57BL/6J mice (female, eight weeks of age) and the genetically deficient mice were cultured as138

previously described (Song, et al.,2015). PMs were collected from peritoneal lavage according to139

the procedure reported by Kumagai (van de Kar, et al.,1992). The purity of the macrophages was140

assessed by flow cytometry using the F4/80 antibody and shown to be over 90%. The141

differentiation of the THP-1 human monocytic cell line was achieved after incubation for 48 h in142

the presence of 10 nM phorbol myristate acetate (PMA, P8139, Sigma). All cultured cells were143

grown in RPMI 1640 at a maximum density of 1×106 cells/ml.144

1.3.2 Cytokine and cytotoxicity detection145

PMs from the WT or genetically deficient mice (Nlrc4-/-, Aim2-/- and Nlrp3-/-) were pretreated146

with 100 ng/mL LPS for 4 h for priming. Stx2 was incubated with the primed PMs in 24-well147

plates at a concentration of 2 µg/mL for 16 h after LPS was washed off with PBS. At the indicated148

time points, lactate dehydrogenase (LDH) activity in the culture supernatants as an indicator of the149

cytotoxicity of Stx2 was measured with a Cytotox96 Kit (Promega, Madison, WI) according to the150

manufacturer's instructions. IL-1β and TNF-α in cell-free supernatants were quantified by ELISA151

kits according to the manufacturer's protocols (BD Biosciences, San Jose, CA).152

1.3.3 Western blotting analysis153

The cultured supernatants and cell lysates were collected at the indicated time points after154

Stx2 treatment, and protein in the cell-free supernatants was concentrated using the155

methanol-chloroform precipitation method (Liu, et al., 2015). The cell pellets were lysed with the156

RIPA Lysis buffer (89901, Thermo) supplemented with a 1:50 diluted protease inhibitor cocktail157

tablet (EDTA-free protease inhibitor cocktail tablet, Roche). Such prepared samples were then158

mixed with the equal volume of 2× SDS-loading buffer and detected for pro-IL-1β/IL-1β and159

pro-caspase-1/caspase-1 by immunoblotting. β-Actin was used as the positive control.160

Immobilized proteins were incubated with primary antibodies against IL-1β (sc-52012; 1:1,000),161

caspase-1 (AG-20B-0042; 1:1,000), and β-actin (4967S; 1:1,000), and followed by incubation162

with the secondary antibodies (IRDye 800-labeled anti-rabbit IgG; 611-132-002; 1:10,000 (Santa163

Cruz Biotechnology). The protein levels were detected using an Odyssey Infrared Imaging System164

(LI-COR, Lincoln, NE).165
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166

1.3.4 Blocking Nlrp3 activation in vitro167

In the in vitro inhibiting experiment, LPS-primed PMs were pre-incubated with the following168

inhibitors: KCl (50 mM, PB0440, Sangon Biotech) to block K+ efflux, ATP receptor P2X7R169

inhibitor oxidized ATP (oATP, 500 μM, A6779, Sigma-Aldrich), cathepsin B inhibitor CA-074Me170

(10 μM, C5857, Calbiochem), Nlrp3 inhibitors including MCC950 (10 μM, S7809, Selleckchem),171

CY-09 (5 μM, S5774, Selleckchem) and Oridomin (20 μM, S2335, Selleckchem), and Caspase-1172

inhibitor Z-YVAD-FMK (10 μM, A3707, Alexis Biochemicals,) at the indicated concentrations for173

1 h. Then, LPS-primed PMs were treated with the Stx2 for 16 h in vitro. All supernatants were174

collected and detected for IL-1β by ELISA and LDH with Cytotox 96 Kit.175

176

1.4 In vivo experiments177

1.4.1 Mice178

All mice used in our experiments are based on a C57BL/6J genetic background, and all179

experiments were conducted with age- and gender-matched mice (8–10 weeks old, female).180

C57BL/6J wild-type (WT) mice were obtained from Beijing Vital River Laboratory Animal181

Technology Co. Ltd. To determine whether NLRP3 inflammasome is specifically required in the182

process of Stx2-induced IL-1β release in vitro and HUS development in vivo, we used183

Nlrp3-deficient (Nlrp3-/-), Aim2-deficient (Aim2-/-), and Nlrc4-deficient (Nlrc4-/-) mice in this184

study. provided Nlrp3-/- mice were provided by Warren Strober at NIH, and Aim2-/-and Nlrc4-/-185

mice were by Meng Guangxun at Institute Pasteur of Shanghai, Chinese Academy of Sciences186

(Mariathasan, et al.,2004; Hornung, et al.,2009; Meng, et al.,2009; Mao, et al.,2013). Only female187

mice at eight weeks of age were used in all the experiments.188

1.4.2 Establishment of the Stx2/LPS-induced HUS mouse model189

To establish mouse HUS models, we followed the methods described by Ikeda et al. (Ikeda,190

et al.,2004). Briefly, C57BL/6J mice were injected with Stx2 and LPS to induce HUS model. Mice191

in Stx2/LPS group as HUS model were injected intraperitoneally (i.p.) with 100 μL of Stx2 (2192

µg/mL) on day 1 and 100 μL Stx2 (2 µg/mL) together with LPS (100 µg/mL) on day 2. The six193

mice in Stx2B/LPS group were injected i.p. with 100 μL of Stx2B (2 µg/mL) on day 1 and 100 μL194

of Stx2B (2 µg/mL) and LPS (100 µg/mL) on day 2. The different control group mice in PBS195
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group, LPS group, Stx2 group or Stx2B group were injected i.p. with 100μL of PBS, LPS (100196

µg/mL), Stx2 (2 µg/mL) or Stx2B (2 µg/mL) on day 1 and day 2, respectively. Mice were197

sacrificed, and sera were harvested on day 4 post-injection (pi) for detection of serum creatinine198

(CRE) and blood urea nitrogen (BUN) with an automatic biochemical analyzer. Serum IL-1β was199

quantified by ELISA. Kidneys were harvested for histopathological and electron-microscopic200

examinations. Survival of mice was monitored daily up to ten days pi.201

1.4.3 Role of inflammasomes in developing HUS in vivo202

A total of three groups of mice (six mice per group) were used to examine renal function203

changes in Stx2/LPS treatment. Group 1 (the WT-PBS group) WT mice were injected i.p. with204

PBS as the negative control; Group 2 (the WT-Stx2/LPS group) WT mice were injected i.p. with205

Stx2 plus LPS according to the HUS inducement procedure as the positive control; Group 3 (the206

Nlrp3-/--Stx2/LPS group) Nlrp3 deficient mice were treated the same way as the WT-Stx2/LPS207

group. Sera were harvested on day 4 pi to detect serum CRE, BUN with an automatic biochemical208

analyzer and IL-1β with ELISA kit (R&D, USA). Kidneys were harvested for histopathological209

and electron-microscopic examination as detailed in 1.4.5 and 1.4.6). (Figure 1A)210

Another three groups of mice (10 mice per group) were treated as above and were observed211

daily for survival up to 10 days pi. (Figure 1A)212

1.4.4 Evaluation of the role of Nlrp3 inhibitors in preventing HUS in vivo213

Eight-week-old C57BL/6J WT mice were randomly divided into five groups (six mice per214

group) and treated as follows. The mock group (negative control) mice were injected i.p. with215

DMSO on day 0 and day 1, and then with PBS injection on day 1 (2 h after DMSO treatment) and216

day 2. The HUS model group was injected i.p. with DMSO on day 0 and day 1, and then with217

Stx2 injection on day 1 (2 h after DMSO treatment) and Stx2 plus LPS on day 2. The three218

treatment groups were injected i.p. with the Nlrp3 inhibitors diluted in DMSO (50 mg/kg219

MCC950, 25 mg/kg CY-09; 10 mg/kg Oridonin) on day 0 and day1, and then with Stx2 injection220

on day 1 (2 h post these inhibitor treatments) and Stx2 plus LPS on day 2 (Figure 1B).221

These mice were sacrificed and sera were collected on day 4 pi for detecting serum CRE,222

BUN with an automatic biochemical analyzer and IL-1βwith ELISA kit (R&D, USA ) (Figure223

1B).224

The other five groups of mice (10 mice per group) were treated as above and were observed225
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daily for survival up to 10 days pi (Figure 1B).226

1.4.5 Histopathological examination227

On day 4 after Stx2/LPS treatment, the kidneys were harvested and cut into blocks of228

approximately 1 to 2 mm3. The tissue blocks were then fixed in 4% formaldehyde, embedded in229

paraffin, and sectioned. The sections were stained with hematoxylin-eosin and examined for230

histopathology in a light microscope.231

The kidney injury was scored based on inflammatory cell infiltration and renal tubular injury232

on a score scaled from 0 to 8 for severity (Whyte and Fine, 2008; Hoshino, et al., 2015). Clinical233

pathological scoring criteria were used as follows: Inflammatory cell infiltration: 0, no234

inflammatory cell infiltration; 1, a few small focal inflammatory cell infiltration; 2, scattered focal235

inflammatory cell infiltration; 3, sizeable inflammatory cell infiltration; 4, diffuse inflammatory236

cell infiltration.237

Tubular injury: 0, normal tubules; 1, less than 25% tubules injured; 2, 25%–49% tubules238

injured; 3, 50%–74% tubules injured; 4, more than 75% tubules injured.239

Multiple (no less than 30) consecutive non-overlapping visual fields under ×100240

magnification were examined. The final score was obtained from the average of all visual field241

scores, which were determined blindly by a clinically experienced pathologist.242

1.4.6 Electron microscopy243

The ultra-thin sections were stained with uranyl acetate and lead citrate. Photomicrographs244

were taken at ×6,000 magnification and ×8,000 magnification using a transmission electron245

microscope (EM) (JEOL-1230, Peabody, MA) in the Laboratory of Electron Microscopy , Peking246

University First Hospital. At least four glomeruli from each of three mice were examined per247

group.248

249

1.5 Statistical analysis250

All continuous variables were presented as means ± standard deviation. The univariate251

analysis of variance (ANOVA) test was used to compare the means of different groups, and the252

Bonferroni test or Dunnett test, if appropriate, was used for multiple comparisons if their variance253

homogeneity was assumed. Otherwise, Kruskal-Wallis test was used and the pairwise comparisons254

also performed if appropriate. The survivals of different groups were plotted with the255
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Kaplan–Meier method, and their multiple comparisons were performed using the log-rank method256

(pairwise comparison over strata). A αvalue of <0.05 was considered significantly. All statistical257

analyses were conducted using SPSS 21.0 (SPSS Inc., Chicago, IL).258

259

2 Results260

2.1 Identification of recombinant Stx2 toxin and subunit B261

The recombinant Stx2 and Stx2B were identified by SDS-PAGE and Western blotting (Figure262

S1A–S1D). The purity of the recombinant proteins was 85%. After 24 h, the Vero cells treated263

with Stx2 became swollen and round. Most cells died and decomposed within 48 h. The results264

showed that Stx2 had a dose-dependent cytotoxic effect on Vero cells, and the CD50 of Vero cells265

for Stx2 was determined to be 10 ng/mL (Figure S1E). In contrast, the recombinant Stx2B did not266

cause cytotoxicity at any dose, which was consistent with the study by Marcato's et al. (Marcato,267

et al.,2001) (Figure S1E).268

269

2.2 In vitro experiments270

2.2.1 The recombinant Stx2 holotoxin containing enzymatically functional A unit is required271

for activation of caspase-1 and release of IL-1β and LDH272

To determine the kinetics of IL-1β secretion induced by Stx2 in PMs, PMs were treated with273

different doses of Stx2 at different time points. The results showed that PMs treated with 2 µg/mL274

of Stx2 for 16 h produced the highest level of IL-1β, which was used in the following in vitro275

experiments under optimal conditions (Figure 2A, 2B). To confirm whether the enzymatic A unit276

of Stx2 is essential to induce IL-1β release, we treated PMs with equal doses of Stx2 holotoxin277

and the recombinant subunit B of Stx2 (Stx2B) lacking enzymatic activity for 16 h. The results278

revealed that Stx2 treatment for 16 h induced significantly higher levels of IL-1β compared with279

the Stx2B treatment in LPS-primed PMs but not in non-primed PMs (Figure 2C). Compared with280

Stx2B, Stx2 induced a significantly higher IL-1β and LDH release but not TNF in PMs, BMDMs,281

and THP-1 cells (Figure S2A–S2C). To confirm whether Stx2 could activate caspase-1 and induce282

IL-1β in PMs, we measured the amount of IL-1β (p17) and its immature precursor pro-IL-1β (p31),283

and the amount of caspase-1 (p20) and its immature precursor pro-caspase-1 (p45) in both284

supernatants and cell lysates using Western blotting. he results showed that Stx2 induced larger285
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amount of mature IL-1β in the supernatants than subunit B; however, Stx2 and Stx2B induced286

similar levels of biologically inactive pro-IL-1β in cell lysates. Furthermore, the secretion of the287

subunit (p20) of caspase-1 was evident in the supernatants of PMs infected with Stx2 or positive288

control but not in negative control cells or those treated with the Stx2B (Figure 2D, S4A).289

Collectively, these data indicate that enzymatically functional Stx2 is required for caspase-1290

activation to release the pro-inflammatory cytokine IL-1β.291

2.2.2 Stx2 triggers IL-1β and LDH release via the Nlrp3 inflammasome pathway292

To verify the role of inflammasomes in the process of Stx2-induced IL-1β release and293

cytotoxicity, we treated LPS-primed PMs isolated from WT, Nlrp3-/-, Nlrc4-/- and Aim2-/- mice with294

an equal amount of Stx2 and Stx2B, then examined the release of IL-1β and LDH. We found that295

Stx2-induced IL-1   and LDH release were significantly reduced in PMs from Nlrp3-/- mice296

compared with those from WT mice (IL-1 588.71 ± 206.57 pg/mL vs 2033.28 ± 842.46 pg/mL ,297

p=0.025; LDH 12.84 ± 2.33 % vs 25.27 ± 8.13% , p=0.033 ). IL-1 and LDH release in PM298

from WT mice were comparable to those from Nlrc4-/- and Aim2-/- mice. These results suggest that299

Nlrp3 inflammasome activation may be required in Stx2-induced IL-1 production (Figure 3A,300

3C).301

We also found that TNF-α secretions from all different types of PMs were comparable,302

suggesting that Nlrp3 inflammasome was dispensable for the production of TNF-α in response to303

Stx2 (Figure 3B).304

Consistent with the ELISA results, Stx2 induced higher levels of active and mature IL-1β305

(p17) and caspase-1 (p20) release in the PMs from WT, Nlrc4-/- and Aim2-/- mice, but not from the306

Nlrp3-/-mice when determined by Western blotting. However, Stx2 induced similar levels of307

biologically inactive pro-IL-1β and pro-caspase-1 in cell lysates from various cells (Figure308

3D,S4B). Given that Stx2 did not significantly affect the levels of pro-IL-1 in various cells and it309

induced less IL-1 release in PMs of Nlrp3-/- but not PMs from WT, Nlrc4-/- and Aim2-/- mice, we310

concluded that the Nlrp3 inflammasome is required in the process of Stx2-induced IL-1β release.311

2.2.3 Inhibitors reduce Stx2-Mediated IL-1β release in vitro312

To explore the effects of the inhibitors targeting the Nlrp3 inflammasome pathway to block313

Stx2-mediated IL-1β release, we pretreated primed-PMs with different inhibitors before Stx2314

induction (detailed in Methods section). We found that all these inhibitors could significantly315
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reduce IL-1β release compared to the vehicle control group (p<0.05) with greatest inhibitory316

effects being observed in cells pretreated with oATP and Oridonin (p<0.01) (Figure 4A). LDH317

release was not significantly attenuated when cells were pretreated with these inhibitors except for318

MCC950 (Figure 4B).319

320

2.3 In vivo experiments321

2.3.1 Recombinant Stx2 holotoxin together with LPS can induce HUS mouse models322

Only the mice injected i.p. with Stx2/LPS developed HUS symptoms on day 4 pi as323

determined by serum CRE and BUN. Serum CRE and BUN were significantly higher in mice324

treated with Stx2/LPS compared with those treated with PBS, LPS, Stx2, Stx2B and Stx2B/LPS325

(Figure S3A, S3B). The serum levels of IL-1β in mice treated with Stx2/LPS were also326

significantly higher than those seen in Stx2B/LPS and PBS groups (Figure S3C). The mice treated327

with Stx2/LPS began to die on day 3 pi, and all mice died within days 6 pi. The survival rate of328

mice in the Stx2/LPS group was significantly lower than in the PBS and Stx2B/LPS group ( 0% vs329

100%, p<0.001; 0% vs 90%, p<0.001) (Figure S3D).330

2.3.2 Nlrp3 inflammasome activation contributes to the development of Stx2-induced renal331
injuries in vivo332

To confirm the role of Nlrp3 inflammasome in the development of Stx2-induced HUS in vivo,333

we investigated whether Nlrp3 was critical in the pathogenic progress of the kidney using the334

Stx2-induced HUS mouse model. WT mice treated with Stx2/LPS had significantly higher levels335

of creatinine (CRE), blood urea nitrogen (BUN), and IL-1β in serum compared with WT mice336

treated with PBS. However, the levels of CRE, BUN, and IL-1β in serum were significantly337

alleviated in Nlrp3-deficient mice compared with WT mice treated with Stx2/LPS, indicating the338

involvement of the Nlrp3 pathway in the kidney injuries induced by Stx2/LPS (Figure 5A–5C).339

We further observed that WT mice treated with Stx2/LPS all died within six days pi and all WT340

mice treated with PBS survived. The survival within 10 day pi of the Nlrp3-/- mice was improved341

to a certain extent compared with the WT mice after the challenge of Stx2/LPS (20% vs 0%,342

p<0.001) (Figure 5D).343

Histopathological examination of the kidney showed that more infiltration of multifocal344

inflammatory cells (mainly neutrophils), small abscess, pyonephrosis, renal tubular deterioration345
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and atrophy, lumen dilatation, and leucocytes casts in WT mice treated with Stx2/LPS346

(WT-Stx2/LPS group) (Figure 6B), while there was almost no abnormal findings in the mice from347

the WT-PBS group (Figure 6A) and the Nlrp3-/- -Stx2/LPS group (Figure 6C). The pathological348

score of WT mice treated with Stx2/LPS (5.87 ± 1.98) was significantly higher than that of349

Nlrp3-/- mice (2.00 ± 1.48, p = 0.001) and WT mice treated with PBS (0.33 ± 0.40, p <0.001)350

(Figure 6D). The EM results showed swollen glomerular endothelial cells which blocked the351

capillary lumen, and erythrocyte sedimentation in the capillary lumen and foot process fusion in352

visceral epithelial cells in WT mice treated with Stx2/LPS (Figure 6F). There was no swelling of353

endothelial cells in the glomeruli, and less erythrocyte sedimentation in capillary lumen occurred354

in Nlrp3-/- mice (Figure 6G). Taken together, these data confirmed that the activation of the Nlrp3355

pathway contributed to the development of HUS induced by Stx2/LPS.356

2.3.3 Treatment with small molecule Nlrp3 inhibitors can effectively protect WT mice357

from renal injuries on Stx2/LPS intraperitoneal injection358

Compared with the mock PBS-WT group, the mice in Stx2/LPS group as HUS model had a359

significantly higher level of serum CRE (69.47±12.74 µmol/mL vs 14.63±4.89µmol/mL, p<0.001),360

BUN (67.07±20.80 mmol/mL vs 13.24 ±7.17mmol/mL, p=0.001) and IL-1β (257.13 ±108.18361

pg/mL vs 24.86 ±34.55 pg/mL, p<0.001) (Figure 7A–7C). Compared with the HUS mice in362

Stx2/LPS group, the levels of serum CRE in Oridonin group, MCC950 group, and CY09 group363

were all significantly decreased (p<0.01 for Oridonin; p<0.05 for MCC950, p<0.01 for CY09)364

(Figure 7A). Similarly, the serum BUN levels in Stx2/LPS group were also significantly higher365

than those in Oridonin group, MCC950 group, and CY09 group (p<0.01 for Oridonin; p<0.05 for366

MCC950, p<0.05 for CY09) (Figure 7B). Serum IL-1β in Stx2/LPS group were also significantly367

higher than those in Oridonin group, MCC950 group, and CY09 group (p<0.01 for Oridonin;368

p<0.05 for MCC950, p<0.05 for CY09) (Figure 7C). All 10 mice in Stx2/LPS group died within 6369

day pi. Compared with the HUS mice in Stx2/LPS group, the mice pretreated with Oridonin,370

MCC950 and CY-09 were all protected by postponing the death (P=0.02 for MCC950, p=0.002371

for CY09, p<0.001 for Oridonin) although there is not difference in survival rate among them at372

day 10 pi (Figure 7D). While the NLRP3 inhibitors could not protect all HUS mice from eventual373

death, they could provide partial protection by postponing the death and attenuating imflammation374

and kidney damage.375
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3. Discussion376

Shiga toxin-producing Escherichia coli (STEC) can cause severe HUS, which leads to renal377

failure and high mortality rates. The key issue in treatment of the STEC infection is reducing renal378

damage in HUS patients. Stx2 is considered to play an essential role in the development of HUS379

during STEC infections (Karpman, et al.,1997). It has been reported that the subunit B of Stx2 can380

bind to GB3 receptors on the endothelial cell membrane of glomerular capillary. Then, the subunit381

A of Stx2 can be transferred into the targeted cells and inhibit protein synthesis through 3' end of382

28 S ribosomal RNA of the 60 S large subunits of ribosome (Marcato, et al.,2001; Pellino, et383

al.,2016). The mouse HUS model was successfully established by Ikeda et al. in 2004 using384

recombinant Stx2 toxins (Ikeda, et al.,2004). However, Ikeda et al. observed that the mouse HUS385

model could not be induced by Stx2 alone unless along with LPS (Ikeda, et al.,2004). It is known386

that systemic inflammation contributes to HUS outcome but the pathogenesis of HUS induced by387

stx2 is not fully elucidated. Platnich et al. reported that Stx2 could activate the Nlrp3388

inflammasome in THP-1 macrophages and increase IL-1β and TNF-α secretion (Platnich, et389

al.,2018). We thus speculated that the Nlrp3 inflammasome activation may play a critical role in390

the pathogenesis of HUS induced by Stx2. If our hypothesis is confirmed, it would have a391

promising potential for using Nlrp3 inflammasome inhibitors to treat HUS induced by STEC.392

In this study, we observed that the PMs of Nlrp3-/- mice produced significantly less IL-1β393

than PMs of WT mice in response to Stx2/LPS stimulation in the in vitro experiments. This result394

confirms that Stx2 could activate Nlrp3 inflammasome and it is consistent with Platnich's study395

(Platnich, et al.,2018). To further explore the role of Nlrp3 inflammasome activation in HUS396

development in vivo, we induced a mouse HUS model using Stx2/LPS according to Ikeda's report397

using both WT and Nlrp3-/-mice. We observed that some of the Nlrp3-/- mice could be protected398

from HUS, and their ten-day survival rate was improved significantly compared with WT mice.399

The kidney pathological examination showed that the kidney of the Nlrp3-/-mice was less damaged400

compared with WT mice, which presented obvious renal pathological injuries (massive401

inflammatory cell infiltration, renal pelvis abscess, tubular deterioration and necrosis). EM402

scanning of glomeruli revealed that the glomerular ultrastructures of the Nlrp3-/-mice were almost403

normal. In contrast, WT mice were seriously injured (mainly manifested as endothelial cell404

swelling and podocyte fusion), indicating that the deficiency of the Nlrp3 inflammasome405
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attenuated substantial damage in the kidney. Therefore, our findings provided evidence supporting406

that the Nlrp3 inflammasome activation induced by Stx2 contributes to the development of HUS,407

and suggesting that the Nlrp3 inflammasome can be the potential target for HUS therapy.408

In line with this, several previous studies have indicated that the Nlrp3 inflammosome409

activation plays an important role in the pathogenesis of acute kidney injury (Haq, et al.,1998;410

Timoshanko, et al.,2004; Gabay, et al.,2010). These authors found that Nlrp3 inflammosomes411

were activated in renal immune cells and renal intrinsic cells (e.g. podocytes, endothelial cells and412

tubular epithelial cells) in acute kidney injure mouse models, and the inflammosome activation413

induced by the initial renal injure resulted in leukocyte recruitment (especial via IL-1 and IL-18414

release), which in turn promoted and amplified the initial renal injure. Van Setten PA et al (van415

Setten, et al.,1997) also reported that Stx2 could activate Nlrp3 inflammasome and release IL-1β,416

and IL-1β could in turn upregulate the expression of the Gb3 receptors on cell membranes of417

target organs such as the kidney, thus improving the sensitivity of the host to the depurination418

toxicity of Stx2. The above-mentioned studies were in agreement with our findings in the current419

study. However, the question remains to be answered is how the Nlrp3 inflammosome activation420

induced by Stx2 further causes HUS, by increasing the renal sensitivity to the Stx2 subunit A via421

upregulating the expression of Gb3 receptor on renal cell membrane, or by excessive422

inflammatory response via recruiting leukocytes to the renal local tissue. This calls for future423

studies to determine.424

To investigate the therapeutic effects of the available inhibitors of Nlrp3 inflammasome425

activation, we first found that IL-1β secretion was significantly decreased if WT PMs were426

pretreated with any of three types of Nlrp3 inhibitors before Stx2/LPS treatment in vitro. These427

results confirmed the inhibitory effect of these small molecule inhibitors on the activation of Nlrp3428

inflammasome activation in vitro. Furthermore, we examined the effect of these small molecule429

inhibitors (Coll, et al.,2015; Jiang, et al.,2017; He, et al.,2018) on preventing mouse HUS430

development in vivo experiments. The results showed that the 6-day survival rate of the mice431

pretreated with these inhibitors was higher compared to the positive control group pretreated with432

DMSO without inhibitors. Among these small molecule inhibitors, Oridonin presented the best433

protecting effect. The serum IL-1β of the Oridonin group was significantly reduced compared to434

that of the positive control group, indicating that the activation of the Nlrp3 inflammasome435
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pathway was blocked effectively by Oridonin. The serum CRE and BUN levels in the Oridonin436

group mice were also significantly lower than those of the positive control group, indicating that437

pretreatment of Oridonin could attenuate the renal injures in the development of HUS. Our study438

confirm that Oridonin contributes to protecting mice from developing HUS when they are439

challenged with Stx2/LPS by inhibiting the activation of Nlrp3 inflammasome. Given that440

Oridonin is an approved drug with reasonable safety, it may act as adjunctive treatment for HUS.441

In conclusion, the activation of the Nlrp3 inflammasome induced by Stx2 plays a critical role442

in the development of HUS. Oridonin, a small molecule inhibitor targeting Nlrp3 inflammasome,443

can specifically suppress the activation of Nlrp3 inflammasome, alleviate renal injures and444

improve animal survival in HUS development. Nlrp3 inhibitors may be a promising adjunctive445

drug for the prevention and treatment of HUS.446
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Figure 1: The in vivo experiment schedule.463

To explore the role of the Nlrp3 inflammosome in the development of HUS induced by Stx2, two464

in vivo experiments were performed and each experiment included three groups of mice. There465

were 6 mice per group in experiment 1 and 10 mice per group in experiment 2 (A);466

To confirm whether the Nlrp3 inhibitors protect the host from HUS, two in vivo experiments were467

performed and each experiment included five groups of mice. There were 6 mice per group in468

experiment 1 and 10 mice per group in experiment 2 (B)469

470

471

Figure 2: Stx2 triggered IL-1β release in vitro.472

PMs from mice were primed with LPS for 4 h before Stx2 treatment (LPS-primed PMs) and were473

incubated with Stx2 at different doses. The supernatants were harvested for IL-1β detection by474

ELISA (A). LPS-primed PMs (1 × 106 cells/mL) were treated with Stx2 at different time points.475

The supernatants were harvested at different time points after Stx2 treatment for the IL-1β476

detection by ELISA (B). PMs (1×106 cells/mL) were treated with Stx2 (2 μg/mL, 10 μL/well ) and477

Stx2B (2 μg/mL, 10 μL/well ) for 16 h with LPS priming in advance or without LPS priming. PBS478

and LPS plus ATP were used as the negative control and positive control, respectively. The479

supernatants were collected for IL-1β detection by ELISA (C). Immunoblotting was performed.480

The culture supernatants were measured for IL-1β p17 and caspase-1 p20; the cell lysates were481

analyzed for pro-IL-1β p31 and pro-caspase-1 p45 (D). The data in panels A to C are shown as482

mean ± standard deviation from three independent experiments. The data in panels D are obtained483

from one of two independent experiments.484

The univariate ANOVA test was used to compare the means of different groups and the Dunnett485

test was used for their multiple comparison (A). The Kruskal-Wallis test was done to compare the486

means of different groups with the pairwise comparisons performed (B, C). *p < 0.05, **p <487

0.01.488

489

490

Figure 3: The Stx2-induced IL-1β secretion requires the Nlrp3 inflammasome activation in491

vitro.492
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The Stx2-triggered pro-inflammatory cytokine secretion and LDH leakage were compared among493

PMs derived from WT C57BL/6J or deficient mice (Nlrc4-/-, Aim2-/-, Nlrp3-/-). PMs were primed494

with LPS for 4 h, followed by Stx2 or Stx2B treatment for 16 h. The supernatants were harvested495

and assayed for IL-1β (A), TNF-α (B), and LDH (C). The culture supernatant and cell lysates were496

also harvested to examine the expression of IL-1β (p17), caspase-1 (p20) and their precursors497

(pro-IL-1β p31, pro-caspase-1 p45) using immunoblotting (D). The data in panel A to C are the498

means ± standard deviations from three independent experiments. The data in panel D are499

obtained from one of two independent experiments.500

The univariate ANOVA test was used to compare the means of different groups and the Dunnett501

test was used for their multiple comparisons (A, B, C). *p < 0.05, **p < 0.01, no significance (ns),502

p > = 0.05.503

504

Figure 4: Inhibitors reduce Stx2-Mediated IL-1β release in vitro.505

Primed PMs were treated with Stx2 (2 μg/mL, 10 μL/well) for 16 h in the absence (PBS) or506

presence of the K+ efflux blocker (KCl, 50 mM), ATP receptor inhibitor (oxidized ATP, oATP, 500507

μM), cathepsin B inhibitor (CA-074Me, 10 μM), Nlrp3 inhibitors (MCC950, 20 μM; CY-09, 5 μM;508

Oridonin, 20 μM), and caspase-1 inhibitor (Z-YVAD-FMK, 10 μM). IL-1β in the supernatants was509

measured by ELISA (A), and LDH was assayed using a Cytotox96 Kit (B). The results are510

represented as the means ± standard deviations of three independent experiments.511

The univariate ANOVA test was used to compare the means of different groups and the Dunnett512

test was used for their multiple comparisons (A, B). *p < 0.05; **p < 0.01.513

514

Figure 5: Stx2-mediated IL-1β release requires Nlrp3 inflammasome activation in vivo.515

Three groups of eight-week-old mice (6 mice per group) were chosen to examine renal function516

changes after Stx2/LPS treatment. Group 1 (WT-PBS group) C57BL/6J WT mice were injected i.p.517

with PBS as the negative control. Group 2 (WT-Stx2/LPS group) C57BL/6J WT mice were518

injected i.p. with Stx2 plus LPS according to the HUS inducement procedure as the positive519

control, Group 3 (Nlrp3-/--Stx2/LPS group) Nlrp3-/- mice were treated as group 2 was. Sera were520

harvested on day four after injection for detecting serum CRE (A), BUN (B), and serum IL-1β via521

ELISA kit (C).522
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The other similar three groups of mice (treated the same way as above with 10 mice per group)523

were monitored survival every day up to six days after injection (D).524

The data in panels A to C are the mean ± standard deviation from three independent experiments.525

The data in panels D are obtained from one of two independent experiments.526

The univariate ANOVA test was used to compare the means of different groups and the Bonferroni527

test was used for their multiple comparison (A, B, C). The survivals of different groups of mice528

were plotted with the Kaplan–Meier method, and their multiple comparisons were performed529

using the log-rank method (pairwise comparison over strata) (D). *p < 0.05, **p < 0.01.530

531

Figure 6: Renal histopathological and glomerular ultrastructural findings in mice four days532

after the challenge.533

Renal histopathological examination (H-E staining, 100×) are shown in panel A to D, 6 mice per534

group. (A) WT-PBS group (WT mice treated with PBS only). No abnormal findings were535

observed. (B) The WT-Stx2/LPS group (WT mice treated by Stx2/LPS). Renal multifocal536

inflammatory cell (mainly neutrophils) infiltration (black arrow), a small abscess, pyonephrosis537

(yellow arrow). (C) Nlrp3-/- -Stx2/LPS group (Nlrp3-/- mice treated by Stx2/LPS). Most of the538

mice showed almost normal renal histopathological findings, and only two mice had mild539

inflammatory cell infiltration. (D) Renal histopathological scores of the above three groups of540

mice were also presented.541

Panels E to G are the representative transmission electron micrographs of glomeruli from the542

above three groups of mice. (E) The WT-PBS group, normal. (F) The WT-Stx2/LPS group,543

neutrophil infiltration (red arrow), endothelial cell swelling, capillary lumen stenosis (blue arrow).544

(G) The Nlrp3-/- -Stx2/LPS group, erythrocyte deposition in a capillary lumen in individual mice545

(green arrow).546

E, endothelial cell; P, podocyte; R, Red blood cell. Bar = 5 µm, Magnification of ×6,000 in panel547

A; Bars = 2 µm, Magnifications of ×8,000 in panel B through F.548

The univariate ANOVA test was used to compare the means of different groups and the Bonferroni549

test was used for their multiple comparisons (D). *p < 0.05, **p < 0.01.550

551

552
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Figure 7: Nlrp3 inhibitors reduce serum IL-1β level and protect renal function in mouse553

HUS models.554

Eight-week-old C57BL/6J WT mice were randomly divided into five groups, six mice per group.555

Group 1 (mock group as a negative control) mice were injected i.p. with PBS. Group 2 (Stx2/LPS556

group as a positive control, namely HUS model group) mice were injected i.p. with Stx2 plus LPS557

according to the HUS inducement procedure. Group 3 (the MCC950+Stx2/LPS group), group 4558

(the CY-09+Stx2/LPS group), and group 5 (Oridonin+ Stx2/LPS group) mice were injected i.p.559

with three kinds of Nlrp3 inhibitors (MCC950, CY-09, and Oridonin, respectively) before560

Stx2/LPS treatment. Sera were harvested on day 4 after Stx2/LPS injection for detecting serum561

CRE (A), BUN (B), and serum IL-1β (C).562

The other five groups of mice (treated as above but 10 mice per group) were adopted to monitor563

their survival every day up to six days after Stx2/LPS injection (D).564

The data in panel A to C are the means ± standard deviation from three independent experiments.565

The data in panel D are obtained from one of two independent experiments.566

The univariate ANOVA test was used to compare the means of different groups and the Dunnett567

test was used for their multiple comparison (A). The Kruskal-Wallis test was done to compare the568

means of different groups with the pairwise comparisons performed (B, C). The survivals of569

different groups of mice were plotted with the Kaplan–Meier method, and their multiple570

comparisons were performed using the log-rank method (pairwise comparison over strata) (D). *p571

< 0.05, **p < 0.01.572 Provisional
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