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Abstract:
Thrombotic microangiopathy (TMA) is characterized by immunothrombosis and life-threatening organ
failure, but the precise underlying mechanism driving its pathogenesis remains elusive. In this
study, we hypothesized that gasdermin D (GSDMD), a pore-forming protein serving as the final
downstream effector of pyroptosis/interleukin (IL)-1��pathway, contributes to TMA and its
consequences by amplifying neutrophil maturation and subsequent necrosis. Using a murine model of
focal crystalline TMA, we found that Gsdmd-deficiency ameliorated immunothrombosis, acute tissue
injury and failure. Gsdmd-/- mice exhibited a decrease in mature IL-1�, as well as in neutrophil
maturation, �2 integrin activation, and recruitment to TMA lesions, where they formed reduced
neutrophil extracellular traps both in arteries and interstitial tissue. The GSDMD inhibitor
disulfiram dose-dependently suppressed human neutrophil pyroptosis in response to cholesterol
crystals. Experiments with GSDMD-deficient human induced pluripotent stem cell-derived neutrophils
confirmed the involvement of GSDMD in neutrophil �2 integrin activation, maturation as well as
pyroptosis. Both prophylactic and therapeutic administration of disulfiram protected mice from
focal TMA, acute tissue injury and failure. Our data identify GSDMD as a key mediator of focal
crystalline TMA and its consequences: ischemic tissue infarction and organ failure. GSDMD could
potentially serve as a therapeutic target for systemic forms of TMA.
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Key Points 39 

・Gasdermin D contributes to focal crystalline thrombotic angiopathy and its 40 

consequences: ischemic tissue infarction and organ failure. 41 

・Gasdermin D drives neutrophil necrosis, maturation, and tissue recruitment during 42 

focal crystalline thrombotic angiopathy.  43 D
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Abstract 44 

Thrombotic microangiopathy (TMA) is characterized by immunothrombosis and life-45 

threatening organ failure, but the precise underlying mechanism driving its pathogenesis 46 

remains elusive. In this study, we hypothesized that gasdermin D (GSDMD), a pore-47 

forming protein serving as the final downstream effector of pyroptosis/interleukin (IL)-48 

1 pathway, contributes to TMA and its consequences by amplifying neutrophil 49 

maturation and subsequent necrosis. Using a murine model of focal crystalline TMA, we 50 

found that Gsdmd-deficiency ameliorated immunothrombosis, acute tissue injury and 51 

failure. Gsdmd-/- mice exhibited a decrease in mature IL-1, as well as in neutrophil 52 

maturation, 2 integrin activation, and recruitment to TMA lesions, where they formed 53 

reduced neutrophil extracellular traps both in arteries and interstitial tissue. The GSDMD 54 

inhibitor disulfiram dose-dependently suppressed human neutrophil pyroptosis in 55 

response to cholesterol crystals. Experiments with GSDMD-deficient human induced 56 

pluripotent stem cell-derived neutrophils confirmed the involvement of GSDMD in 57 

neutrophil 2 integrin activation, maturation as well as pyroptosis. Both prophylactic and 58 

therapeutic administration of disulfiram protected mice from focal TMA, acute tissue 59 

injury and failure. Our data identify GSDMD as a key mediator of focal crystalline TMA 60 

and its consequences: ischemic tissue infarction and organ failure. GSDMD could 61 

potentially serve as a therapeutic target for systemic forms of TMA. 62 

 63 

Keywords: Neutrophils, platelets, inflammation, innate immunity, neutrophil 64 

extracellular traps  65 
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Introduction 66 

Thrombotic microangiopathy (TMA) is a heterogeneous group of diseases 67 

characterized by microvascular immunothrombosis and ischemic tissue injury, leading to 68 

organ failure. TMA may manifest in otherwise healthy individuals following exposure to 69 

bacterial toxins, i.e., Shiga toxin-associated hemolytic uremic syndrome. Furthermore, 70 

systemic TMA can arise either due to a deficiency in von Willebrand factor-cleaving 71 

protease (i.e., thrombotic thrombocytopenic purpura), or owing to dysregulation of the 72 

alternative complement pathway (i.e., atypical hemolytic uremic syndrome). These 73 

pathogenic conditions may be clinically expressed in either a hereditary or acquired 74 

manner following incidental triggers such as infections, certain drugs, pregnancy, or 75 

transplantation.1,2 We recently described that injection of cholesterol crystals into the 76 

kidney artery of mice induces focal TMA, particularly involving renal thrombotic arterial 77 

occlusions, and subsequent ischemic kidney infarction and failure.3 While focal TMA 78 

may not manifest typical signs of systemic TMA such as hemolytic anemia,4 the key 79 

elements of microvascular immunothrombosis are similar. 80 

Gasdermin D (GSDMD) is a pore-forming protein.5 Upon activation, GSDMD 81 

translocates from the cytosol into the plasma membrane via its N-terminal domain, where 82 

it forms pores. GSDMD pores facilitate the secretion of mature interleukin (IL)-1 and 83 

IL-18 but also promote membrane rupture, i.e., pyroptosis, a highly inflammatory form 84 

of regulated necrosis in myeloid cells downstream of inflammasome activation.6,7 In 85 

addition, GSDMD has been implicated in the release of neutrophil extracellular traps 86 

(NETs).8-10 In neutrophils, neutrophil elastase can activate GSDMD in an inflammasome-87 

independent manner, which in turn promotes further release and activation of neutrophil 88 

elastase, histone cleavage, and chromatin decondensation, an early stage of NET 89 
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formation.8 While these proinflammatory cell death mechanisms contribute to host 90 

defense against pathogens, their dysregulation can cause unnecessary tissue damage also 91 

in sterile diseases.11 92 

 Circulating particles can activate the nucleotide oligomerization domain-like receptor 93 

protein 3 (NLRP3) inflammasome,12,13 and induce neutrophils to release NETs.14 NETs 94 

also elicit a potent procoagulant response by recruiting and activating platelets.15 These 95 

processes can accelerate necroinflammation and immunothrombosis. Therefore, we 96 

hypothesized that GSDMD contributes to focal crystalline TMA by amplifying neutrophil 97 

necrosis; thus facilitating immunothrombosis within the vasculature and enhancing 98 

subsequent necroinflammation of ischemic tissue. 99 

 100 

Materials and Methods 101 

A detailed description of the Materials and Methods is provided in the online Supplement 102 

file. 103 

 104 

Animal experiments 105 

C57BL/6N mice were obtained from Charles River Laboratories (Sulzfeld, Germany). 106 

The Gsdmd-/- mice were provided by Prof. Andreas Linkermann from the Technische 107 

Universität Dresden. All mice were housed in groups of five under Specific Pathogen-108 

Free conditions with enrichment and had access to food and water. All experimental 109 

procedures were approved by the local government authorities Regierung von 110 

Oberbayern (reference number: ROB-55.2-2532.Vet_02-19-79) based on the European 111 

Union directive for the Protection of Animals Used for Scientific Purposes (2010/63/EU) 112 

and reported according to the Animal Research: Reporting of In Vivo Experiments 113 
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guidelines.16 114 

 115 

Isolation of human blood neutrophils 116 

Human blood neutrophils were isolated from healthy individuals using dextran 117 

sedimentation, followed by Ficoll-Hypaque density centrifugation procedures as 118 

previously described.17,18 The cells were suspended in Hanks’ Balanced Salt Solution 119 

(HBSS) supplemented with 2% fetal calf serum. The study to obtain whole blood samples 120 

from healthy individuals received approval from the local Ethical Review Board of the 121 

Medical Faculty at the LMU Munich (reference number: 21-0522), and written informed 122 

consent was acquired from all participants. 123 

 124 

Maintenance and differentiation of human induced pluripotent stem  (iPS) cells 125 

iPS cells were maintained on a tissue culture dish coated with growth factor-reduced 126 

Matrigel (#356231, Corning) in mTeSR1 serum-free medium (#5850, Stemcell). 127 

Differentiation towards neutrophil-like granulocytes was initiated as outlined in the 128 

online Supplement file. 129 

 130 

Statistical analysis 131 

 Statistical analysis was performed using GraphPad Prism 7 software (GraphPad, La 132 

Jolla, CA, USA). For in vivo data, the mean ± SD is presented, and the Student’s t-test 133 

was utilized to determine the significance between two groups. For comparing three or 134 

more groups, one-way analysis of variance (ANOVA) with Tukey’s post-hoc test was 135 

used. When two parameters with multiple groups were employed, two-way ANOVA with 136 

Bonferroni’s multiple comparisons test was performed. For in vitro data, the mean ± SEM 137 
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is presented, and one-way ANOVA with Dunnett’s multiple comparisons test was carried 138 

out to compare three or more groups. When two or more parameters with multiple groups 139 

were used, two-way ANOVA with Dunnett’s multiple comparisons test was performed. 140 

Statistical significance was determined by P values of less than 0.05, which were 141 

indicated as *p < 0.05, **p < 0.01, and ***p < 0.001. 142 

All animal experimental procedures were approved by the local government authorities 143 

Regierung von Oberbayern based on the European Union directive for the Protection of 144 

Animals Used for Scientific Purposes. The study to obtain whole blood samples from 145 

healthy individuals received approval from the local Ethical Review Board of the Medical 146 

Faculty at LMU Munich, and written informed consent was acquired from all participants. 147 

 148 

Results 149 

GSDMD is expressed in neutrophils during their maturation and is activated upon 150 

focal crystalline TMA 151 

To investigate the expression and activation of GSDMD in neutrophils during ischemic 152 

inflammation, we conducted single-cell RNA sequencing analysis using a previously 153 

published dataset.19 The dataset was based on cells sorted from kidney, blood, and spleen 154 

of C57BL/6J mice before and after unilateral kidney ischemia-reperfusion injury (Figure 155 

1A) and contained a total of 80,829 cells, which were grouped in 26 clusters after quality 156 

control (Figure 1B). Clusters 3 and 15 were identified as neutrophils based on the 157 

expression of specific transcripts (Supplementary figure S1A). Further categorization of 158 

these neutrophils into eight clusters (G0-4 and G5a-c) based on their differentiation 159 

stages20 (Supplementary table S1) revealed that clusters G0, G1, G2, and G3 correspond 160 

to granulocyte-monocyte progenitor, pro-neutrophil, pre-neutrophil, and immature 161 
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neutrophil, respectively, and primarily derived from spleen and blood (Figures 1C, 162 

Supplementary figures S1B-S1D). Conversely, clusters G4 and G5a-c represent mature 163 

neutrophils from the spleen, blood, and kidney post-injury, respectively. Gsdmd 164 

transcripts were mainly detected in immature and mature neutrophils in all organs 165 

(Figures 1D and 1E). Thus, neutrophil maturation involves the constitutive expression of 166 

Gsdmd and Gsdmd-positive mature neutrophils migrate to the injured kidney. 167 

Next, to elucidate the involvement of neutrophils in cholesterol crystal (CC)-induced 168 

TMA, we performed MACSima imaging using markers for neutrophils as well as cell 169 

death within the whole TMA kidneys and the contralateral sham kidneys from wild-type 170 

(WT) mice (Figure 1F). In the TMA kidney, smooth muscle actin (SMA)-positive arteries 171 

showed the presence of CD41-positive platelets within thrombi (further supported by 172 

Figure 1G), together with neutrophils which formed NETs manifested by colocalization 173 

of Ly6G and citrullinated histone 3 (CitH3). A significant accumulation of neutrophils 174 

was noted in the periinfarct region. Moreover, the kidney cortex revealed widespread 175 

parenchymal cell death, as indicated by the presence of cleaved caspase-3-positive cells. 176 

These findings suggest that neutrophils actively participate to both TMA lesions as well 177 

as ischemic tissue infarction. 178 

Furthermore, we investigated whether Gsdmd is expressed and activated in TMA 179 

kidneys. Immunohistochemistry revealed Gsdmd positivity in peritubular interstitial cells 180 

of TMA kidneys from WT mice as compared to sham kidneys (Figure 1H). In contrast, 181 

no signal was detected in TMA kidneys from Gsdmd-/- mice, demonstrating specificity of 182 

the Gsdmd antibody. Immunoblot analysis performed on total kidneys further 183 

demonstrated increased expression of the cleaved N-terminal fragment of Gsdmd and 184 

cleaved caspase-1 in TMA kidneys from WT mice as compared to kidneys from healthy 185 
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controls (Figure 1I). Importantly, immunoblot analysis performed on immune cells 186 

isolated from WT TMA kidneys showed an increased expression of cleaved GSDMD 187 

(Figure 1J). Concurrently, flow cytometric analysis identified increased levels of 188 

activated caspase1-positive neutrophils in WT TMA kidneys (Figures 1K and 1L). These 189 

findings suggest Gsdmd activation in the crystalline TMA kidney and substantiate its 190 

association with infiltrating immune cells including neutrophils. 191 

 192 

Gsdmd deficiency attenuates focal TMA and its consequences 193 

To investigate the role of GSDMD in focal TMA, we used Gsdmd-/- mice and WT mice 194 

(Supplementary figure S2A). TMA was induced by injecting CC (20 mg/kg) into the left 195 

kidney artery, and the mice were sacrificed 24 hours post-induction (Figure 2A). Gsdmd-196 

deficiency reduced the number of arteries and glomerular microvessels obstructed by 197 

crystal clots (Figures 2B-2F). In comparison to WT mice, Gsdmd-/- mice were partially 198 

protected from the sudden drop in glomerular filtration rate (GFR), i.e., acute kidney 199 

injury (AKI) (Figure 2G). Kidney infarct size was consistently reduced (Figures 2H and 200 

2I) as was the tubular injury score (Figures 2J and 2K) and TdT-mediated dUTP-biotin 201 

nick end labeling (TUNEL) positivity of kidney cells (Supplementary figures S2B and 202 

S2C). Furthermore, Gsdmd-deficiency reduced the levels of mature IL-1 in the kidneys 203 

(Figure 2L), as well as the levels of circulating IL-1 and histone (Figure 2M, 204 

Supplementary figure S2D) following TMA. These data indicate that GSDMD 205 

contributes to focal crystalline TMA and its consequences, i.e., tissue infarction and organ 206 

failure. 207 

 208 

Neutrophil recruitment and maturation are impaired in Gsdmd-/- mice with focal 209 
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TMA 210 

To investigate the mechanisms underlying the improvement of the TMA phenotype in 211 

Gsdmd-/- mice, we focused on neutrophils, which are the first leukocytes recruited to 212 

inflammatory sites21 (Figure 1F) and exhibit GSDMD expression during their maturation 213 

and sterile kidney inflammation (Figures 1D and 1E). Consequently, we examined the 214 

abundance of circulating and kidney-infiltrating neutrophils by flow cytometry (Figure 215 

3A, Supplementary figures S3A and S3B). In contrast to WT mice, Gsdmd-/- mice after 216 

focal TMA showed reduced percentages and absolute numbers of neutrophils, recognized 217 

as CD45+ CD11b+ Ly6G+ cells in both blood (Figures 3B and 3C) and kidney (Figures 218 

3D and 3E). Consistent with the flow cytometric analysis, immunohistochemistry 219 

displayed reduced amounts of Ly6G-positive neutrophils infiltrating the TMA kidney in 220 

Gsdmd-/- mice compared to WT mice (Supplementary figures S3G and S3H). In contrast, 221 

the numbers of monocytes (CD45+ CD11b+ Ly6C+) in kidney and blood  were 222 

unaffected (Supplementary figures S3C-S3F). 223 

To comprehend the difference in neutrophil recruitment from bone marrow to blood 224 

and kidney, we analyzed the percentages and absolute numbers of neutrophils in bone 225 

marrow, spleen, and lung (Supplementary figures S4A-S4C). However, neither neutrophil 226 

numbers nor monocyte numbers showed any significant differences (Supplementary 227 

figures S4D-S4O). Nevertheless, we examined neutrophil maturation in circulation and 228 

hematopoietic organs (Figure 3F). Interestingly, Gsdmd-deficiency reduced the fraction 229 

of mature neutrophils identified as CD45+ CD11b+ Ly6G+ CD101+ cells in bone marrow, 230 

spleen, and blood compared to WT mice following focal TMA (Figures 3G-3I). 231 

Correspondingly, the number of mature neutrophils in each organ was significantly 232 

decreased in Gsdmd-/- mice following focal TMA (Figures 3J-3L). Baseline levels of 233 
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neutrophils and monocytes (Supplementary figures S5A-S5C), as well as the fraction of 234 

mature neutrophils (Supplementary figures S5D and S5E) were comparable in both 235 

groups under normal conditions. Additional in vitro experiments revealed that Gsdmd-/- 236 

bone marrow mature neutrophils showed reduced expression of CXCR2 in the presence 237 

of the differentiation factor granulocyte colony-stimulating factor (G-CSF) or tumor 238 

necrosis factor alpha (TNF) after 24 hours in culture (Figure 3M), which is crucial for 239 

the neutrophil egress from bone marrow to blood.22 240 

Furthermore, we performed flow cytometric analysis to look at 2 integrin 241 

macrophage-1 antigen (MAC-1) expression, which plays a crucial role in facilitating 242 

neutrophil migration into inflamed tissues,23,24 on bone marrow neutrophils. We observed 243 

an increased expression of MAC-1 in bone marrow neutrophils from WT mice following 244 

focal TMA compared to healthy WT mice, while MAC-1 expression was diminished 245 

significantly in Gsdmd-/- mice with focal TMA (Figure 3N). These findings indicate that 246 

neutrophil maturation as well as 2 integrin activation are impaired in Gsdmd-/- mice with 247 

focal TMA, leading to reduced neutrophil migration from bone marrow to blood and 248 

kidneys, thus contributing to the attenuated TMA phenotype. 249 

 250 

Gsdmd deficiency reduces NETs in both kidney arteries and tissue 251 

necroinflammation in focal TMA 252 

The release of NETs from neutrophils can contribute to immunothrombosis and 253 

necroinflammation, hence we performed immunofluorescence staining for markers of 254 

NETs. Gsdmd deficiency reduced the formation of intravascular NETs in the kidneys, 255 

identified as CitH3-positive area originating from Ly6G-positive neutrophils within 256 

SMA-positive arteries (Figures 4A and 4C). Additionally, Gsdmd deficiency led to a 257 
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decrease in intravascular occlusion involving neutrophils, platelets, and the area 258 

containing both neutrophils and platelets (Figures 4B and 4D-4F). Furthermore, Gsdmd 259 

deficiency reduced NET formation in kidney interstitial tissue (Figures 4G and 4H). This 260 

observation was further supported by a decrease in the absolute number of NETing 261 

neutrophils in the kidneys, undergoing cell death identified by flow cytometry as Ly6G 262 

and CitH3 double-positive cells (Figure 4I, Supplementary figure S6). These data indicate 263 

that GSDMD plays a crucial role in neutrophil- and NET-mediated immunothrombosis 264 

and necroinflammation in TMA. 265 

 266 

Disulfiram inhibits CC-induced neutrophil pyroptosis in human neutrophils 267 

We postulated that neutrophils could potentially function as cellular source of GSDMD 268 

in TMA. This is supported by the observation that neutrophils predominantly infiltrated 269 

the kidney within 24 hours following crystal injection (Figure 3D), the presence of 270 

activated GSDMD and caspase1 in immune cells including neutrophils within TMA 271 

kidneys, (Figures 1J-1L), and by our finding that the absence of Gsdmd in tubular 272 

epithelial cells did not impact on the levels of hypoxia-induced necrosis (Supplementary 273 

figure S7). Next, we examined the role of GSDMD in CC-induced neutrophil activation 274 

and death in vitro. Human neutrophils, primed with lipopolysaccharide (LPS) and 275 

exposed to increasing doses of CC, dose-dependently released IL-1 (Figure 5A). 276 

Immunoblot analysis showed that LPS/CC stimulation induced GSDMD cleavage, 277 

resulting in a subsequent increase of mature IL-1 in the supernatant (Figure 5B). 278 

Disulfiram (DSF), an inhibitor of GSDMD pore formation without affecting other 279 

inflammasome components,6,25 dose-dependently reduced this effect, while receptor-280 

interacting protein kinase 1 and mixed lineage kinase domain-like inhibitors, and a 281 
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caspase-1 inhibitor had no effect on IL-1 release (Figure 5C). These results suggest that 282 

GSDMD, rather than neutrophil necroptosis, is involved in IL-1 release. The same was 283 

noted for lactate dehydrogenase (LDH) release, a marker of cell necrosis, indicating that 284 

CC triggers GSDMD-dependent neutrophil pyroptosis rather than necroptosis (Figure 285 

5D). Of note, the IL-1 receptor antagonist anakinra did not affect IL-1 release and 286 

GSDMD cleavage in CC-stimulated neutrophils (Supplementary figure S8), suggesting 287 

that the IL-1 pathway does not reciprocally influence GSDMD cleavage and the 288 

subsequent release of IL-1. 289 

Experiments using SYTOX Green (SG), a marker of cell death, showed increased SG 290 

signal in CXCL8-primed human neutrophils in a CC dose-dependent manner 291 

(Supplementary figure S9A). Furthermore, fluorescence microscopy confirmed that CC 292 

exposure promoted NET formation, characterized by web-like structures of extracellular 293 

DNA decorated with granule proteins (Figure 5E). However, despite DSF treatment on 294 

CC-stimulated neutrophils, NET formation was still observed (Figure 5E) and SG 295 

positivity was not reduced, unlike the effects seen with diphenyleneiodonium chloride, 296 

an inhibitor of nicotinamide adenine dinucleotide phosphate oxidase, which served as a 297 

control for CC-induced NET inhibition (Figures 5F and 5G). Thus, these findings indicate 298 

that GSDMD contributes to CC-induced neutrophil pyroptosis but not CC-induced 299 

NETosis. 300 

Notably, histone, a known soluble NETs inducer,17 showed reduced NETs induction as 301 

indicated by decreased levels of SG positivity in DSF-treated human neutrophils 302 

(Supplementary figures S9B-S9D). Histone stimulation did not induce IL-1β release in 303 

neutrophils (Supplementary figure S9E). Consistently, bone marrow neutrophils derived 304 

from Gsdmd-/- mice showed comparable levels of CC-induced NET formation but 305 
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diminished histone-induced NET formation in contrast to those from WT mice 306 

(Supplementary figure S10). Furthermore, Gsdmd-deficiency prevented neutrophil 307 

adhesion and NET formation on the CC-activated platelet-induced thrombi (Figures 5H-308 

5K, Supplementary figure S11). Together, these findings suggest that GSDMD modulates 309 

not CC-induced but histone-induced NETosis, as well as NETosis triggered by CC-310 

activated platelets. 311 

 312 

GSDMD-deficient iPSC-derived human neutrophils resist CC-induced pyroptosis 313 

and 2 integrin activation 314 

 To validate the findings observed with pharmacological inhibitors, we used a genetic 315 

approach and generated GSDMD-deficient human iPSC-derived neutrophils by CRISPR-316 

Cas9-mediated gene editing. The absence of GSDMD in iPSC-derived neutrophils was 317 

confirmed through immunoblot and Sanger sequencing of two distinct clones (Figure 6A, 318 

Supplementary figure S12A). Notably, GSDMD protein expression increased in 319 

differentiated control iPSC-derived neutrophils towards mature neutrophils (Figure 6B). 320 

The number of live floating neutrophils and their maturation states were comparable 321 

between the control and GSDMD-knockout clones (Supplementary figures S12B and 322 

S12C). Fluorescence microscopy revealed cytoplasmic expression of GSDMD 323 

colocalizing with myeloperoxidase (MPO) in control iPSC-derived neutrophils 324 

(Supplementary figure S12D). GSDMD-knockout clones primed with LPS and exposed 325 

to CC showed reduced levels of IL-1 and LDH in the cell culture supernatants compared 326 

to the control iPSC-derived neutrophils (Figures 6C and 6D, Supplementary figure S13). 327 

Furthermore, flow cytometric analysis demonstrated reduced activation of 2 integrins, 328 

lymphocyte function associated antigen 1 (LFA-1), and MAC-1 in GSDMD-knockout 329 
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clones (Figures 6E and 6F). GSDMD-knockout clones formed NETs upon CC stimulation 330 

similar to control iPSC-derived neutrophils (Figure 6G) and did not show a decrease in 331 

the inducibility quantified by SG positivity (Figures 6H and 6I). Collectively, these data 332 

confirm the involvement of GSDMD in CC-induced neutrophil pyroptosis, rather than 333 

NETosis, and 2 integrin activation. 334 

 335 

Disulfiram protects mice from TMA, AKI and ischemic infarction 336 

 To investigate the therapeutic potential of targeting GSDMD, we administered DSF to 337 

WT mice either 4 hours prior (prophylactic) or 3 hours following (therapeutic) CC 338 

injection, and assessed AKI and ischemic infarction (Figure 7A, Supplementary figure 339 

S14A). Compared to vehicle-treated controls, both prophylactic and therapeutic DSF 340 

treatment reduced the number of arteries affected by focal crystalline TMA (Figures 7B 341 

and 7C, Supplementary figures S14B and S14C). Both treatment regimes protected mice 342 

from the sudden drop of GFR, preventing AKI (Figure 7D, Supplementary figure S14D). 343 

Consistently, both prophylactic and therapeutic DSF treatments reduced ischemic 344 

infarction (Figures 7E and 7F, Supplementary figures S14E and S14F) and tubular injury 345 

scores (Figures 7G and 7H, Supplementary figures S14G and S14H). Flow cytometric 346 

analysis demonstrated a reduction in the absolute numbers of blood neutrophils and 347 

monocytes in both treatment groups (Figures 7I-7K, Supplementary figures S14I-S14K 348 

and S15), as well as a decrease in the percentages and absolute numbers of kidney-349 

infiltrating neutrophils (Figures 7L and 7M, Supplementary figures S14L and S14M). 350 

Moreover, both treatments reduced NET formation in the TMA kidney (Figure 7N, 351 

Supplementary figure S14N). Taken together, both prophylactic and therapeutic DSF 352 
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treatments improved focal TMA-induced AKI and kidney infarction by ameliorating clot 353 

formation as well as neutrophil-mediated necroinflammation. 354 

 355 

Discussion 356 

We had hypothesized that GSDMD plays a role in the pathogenesis of (crystalline) 357 

TMA by promoting intravascular immunothrombosis and its subsequent outcomes, 358 

including ischemic necroinflammation and organ failure. Our experiments revealed that 359 

Gsdmd-deficiency alleviated CC-induced focal TMA, AKI, and ischemic kidney 360 

infarction. We observed that GSDMD contributed to CC-induced neutrophil necrosis, 361 

which was pyroptosis rather than necroptosis or NETosis. Moreover, GSDMD played a 362 

role in the activation of 2 integrin and the maturation process of neutrophils, both of 363 

which promote neutrophil migration into inflamed tissues. Both prophylactic and 364 

therapeutic administration of DSF protected CC-injected mice from crystal clot formation, 365 

AKI, and kidney infarction. These findings identify GSDMD as a key mediator of focal 366 

crystalline TMA and its consequences ischemic tissue infarction and organ failure. 367 

Several previous studies have implicated the involvement of GSDMD and pyroptosis 368 

in driving AKI, but these findings have yielded conflicting results.26-28 However, various 369 

conditions of a model disease context may account for this virtual discrepancy. In CC-370 

induced TMA, we observed an upregulation of activated caspase-1 and GSDMD protein 371 

expression in immune cells in the kidneys, and the NLRP3 inhibitor MCC950 has 372 

exhibited a protective effect against ischemic necroinflammation.3 Furthermore, CCs 373 

themselves have been identified as inducers of the NLRP3 inflammasome.12,13 Hence, 374 

focal crystalline TMA involves robust inflammasome activation, a major upstream event 375 

in GSDMD activation and subsequent pathogenesis. Importantly, previous studies26,27 376 
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have predominantly focused on tubular epithelial cells, where GSDMD and pyroptosis 377 

are activated downstream of caspase-4, 5, and 11. In contrast, our findings indicate 378 

predominant expression of GSDMD in peritubular interstitial cells in the TMA kidney, 379 

and the absence of Gsdmd in tubular epithelial cells did not affect the levels of hypoxia-380 

induced necrosis. Moreover, it has been reported that protein expression of GSDMD is 381 

undetectable in lysates of specifically isolated mouse kidney tubules.28 Based on our 382 

observations, we speculate that infiltrating leukocytes, particularly neutrophils that 383 

massively evolve only hours after the embolic event, serve as cellular origin of GSDMD 384 

in the development of TMA. 385 

 It has been reported that CC induces neutrophil necrosis as a form of necroptosis29 and 386 

NETosis.14 In our investigation, GSDMD regulates CC-induced neutrophil pyroptosis and 387 

the release of IL-1. Importantly, this observation indicates an active and specific process 388 

facilitated by GSDMD, rather than being a passive event associated with necroptosis. IL-389 

1 is a highly potent proinflammatory mediator that stimulates the recruitment of 390 

neutrophils to the site of inflammation.30,31 Moreover, platelets further boost the 391 

inflammasome and subsequent release of IL-1 from neutrophils.32 Hence, neutrophil-392 

derived IL-1 in response to CC serves to amplify the pathogenesis of focal crystalline 393 

TMA, exacerbating both immunothrombosis and necroinflammation. In contrast, our 394 

findings suggest that CC-induced NET formation occurs independently of GSDMD while 395 

both histone and CC-activated platelets trigger NET formation in a GSDMD dependent 396 

manner. Consequently, the observed reduction in kidney tissue and intravascular NETs 397 

detected in Gsdmd-/- mice with focal crystalline TMA could arise from decreased levels 398 

of histone released by necrotic tubular cells, reduced neutrophil infiltration and limited 399 

NET formation. Previous studies have reported that caspase-11 or neutrophil elastase can 400 
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activate GSDMD, thereby promoting NET formation,8,9 and GSDMD pores can elevate 401 

cytoplasmic calcium concentrations and activate protein arginine deiminase-4 (PAD4), 402 

leading to histone citrullination.9 However, since CC induces NETs in a PAD4-403 

independent manner,14 it is possible that GSDMD does not influence this process. 404 

Similarly, neutrophils lacking GSDMD remained capable of forming NETs when 405 

stimulated with phorbol 12-myristate 13-acetate or calcium ionophore.18,33 Therefore, the 406 

role of GSDMD in NETosis is stimulus-dependent and requires further investigation. 407 

We observed a decrease in the population of circulating and kidney-infiltrating mature 408 

neutrophils in response to focal TMA in Gsdmd-/- mice, while the number of neutrophils 409 

in bone marrow and spleen, sites for emergency granulopoiesis during inflammatory 410 

conditions,34,35 and lung, where neutrophils emigrate from inflammation sites before 411 

redirecting to bone marrow for withdrawal,36 remained unchanged. This suggests that the 412 

reduced neutrophil numbers in blood and kidney of Gsdmd-/- mice with focal TMA did 413 

not arise from an alteration in neutrophil development nor homing. Indeed, under 414 

homeostatic condition GSDMD-deficiency had no impact on neutrophil numbers and 415 

their maturation in vivo, as well as during iPSC-derived neutrophil differentiation. 416 

Nevertheless, Gsdmd-deficiency reduced the number of mature neutrophils in bone 417 

marrow, spleen, and blood after focal TMA. The expression of CXCR2 was diminished 418 

in Gsdmd-/- bone marrow neutrophils in response to the maturation factor G-CSF or TNFα 419 

after 24 hours in vitro stimulation, indicating an active involvement of GSDMD in 420 

neutrophil maturation under inflammatory condition. This impaired neutrophil 421 

maturation could ultimately lead to a reduced CXCR2 and 2 integrin-mediated22 422 

migration of mature neutrophils into the blood and kidney in Gsdmd-/- mice after focal 423 

TMA. However, several questions remain unanswered: when do neutrophils acquire 424 
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GSDMD proteins? How does GSDMD regulate 2 integrin activation? Does GSDMD 425 

also modulate ageing or reverse migration processes? Given the complex and 426 

heterogenous nature of neutrophil maturation,37,38 further investigation is needed to 427 

elucidate the precise role of GSDMD during this process. 428 

Considering the role of GSDMD as the final downstream effector in the inflammasome 429 

and pyroptosis/IL-1 pathways, targeting GSDMD presents a potentially effective and 430 

precise strategy. DSF, originally used in the management of chronic alcohol addiction by 431 

acting upon aldehyde dehydrogenase, has also been recognized as an inhibitor of 432 

GSDMD through a high-throughput biochemical screening. It covalently modifies 433 

Cys191 and blocks GSDMD pore formation, thereby preventing pyroptosis and the 434 

release of IL-139 Notably, DSF protected mice against sepsis induced by LPS39 as well 435 

as cecal ligation and puncture.10 Our study demonstrated the prophylactic and therapeutic 436 

effects of DSF on CC-induced TMA and its consequences, suggesting a potential 437 

therapeutic approach including the administration of the drug prior to catheterization, a 438 

major trigger for CC embolism as a form of focal crystalline TMA. Given that CC-439 

induced TMA and various forms of TMA share a common pathogenesis initially induced 440 

by immunothrombosis, inhibiting GSDMD holds a potential for ameliorating TMA in a 441 

broader context. 442 

Our study has a series of limitations. Although we focused on investigating the role of 443 

GSDMD in neutrophils, Gsdmd-/- mice do not fully exclude the possibility of GSDMD 444 

also contributing to the overall phenotype in other cell types. Using cell type-specific 445 

tools will be necessary to address these aspects in detail. Moreover, DSF, used as a tool 446 

to study GSDMD effects in both in vitro and in vivo settings, may not possess absolute 447 

selectivity as an inhibitor, thus allowing for potential off-target effects. Of note, the animal 448 
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model used in this study represents a focal TMA within the kidney, which may not fully 449 

replicate all hematological features of systemic TMA such as hemolytic anemia. 450 

Together, GSDMD contributes to the development of crystalline TMA of the kidney 451 

and its consequences, ischemic kidney infarction and kidney failure (Supplementary 452 

figure S16). As GSDMD actively contributes to neutrophil maturation and the induction 453 

of inflammatory pyroptosis in neutrophils, which prominently evolve within only a few 454 

hours following an embolic event, prophylactic as well as therapeutic GSDMD blockade 455 

can effectively prevent focal TMA and its associated consequences. The same process 456 

should apply to other organs in the body affected by the same disease, and may apply to 457 

systemic forms of TMA, which share a common pathogenesis that initially triggers 458 

immunothrombosis with subsequent ischemic necroinflammation and organ failure.  459 
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Figure legends 573 

Figure 1. GSDMD is expressed in neutrophils during their maturation and is 574 

activated upon focal crystalline TMA 575 

A) Illustration of the study design presented in the published dataset. Cells were sorted 576 

from the kidney, blood, and spleen of C57BL/6J mice before (D0), and on day 1 (D1) 577 

and day 3 (D3) after unilateral ischemia-reperfusion injury (uIRI). 578 

B) Uniform Manifold Approximation and Projection (UMAP) plot of a total of 80829 579 

cells following quality control. Clusters 3 and 15 were identified as neutrophils based 580 

on representative neutrophil gene expression. 581 

C) UMAP plot of 7467 neutrophils, categorized into eight clusters (G0-4 and G5a-c), 582 

representing different maturation stages. Clusters G0, G1, G2, G3 and G4 583 

corresponded to granulocyte monocyte progenitor, pro-neutrophil, pre-neutrophil, 584 

immature neutrophil, and mature neutrophil in bone marrow. The names, pro-585 

neutrophil, pre-neutrophil, immature neutrophil, and mature neutrophil were adopted 586 

from the previous report.37 Clusters G5a-c represent the most mature neutrophils 587 

present in peripheral blood. 588 

D) Dot plot representing the expression profile of gasdermin D (Gsdmd) for each cluster. 589 

The dot color indicates the average gene expression level in each cluster, while the 590 

dot size represents the percentage of cells in each cluster. 591 

E) UMAP plot of Gsdmd expression in neutrophils across different organs. 592 

F) Representative MACSima images of cholesterol crystal (CC)-induced thrombotic 593 

microangiopathy (TMA) and contralateral sham kidneys from wild-type (WT) mice. 594 

High magnification views 1, 2, and 4 of TMA kidney represents intravascular 595 

thrombotic occlusion with platelets and neutrophil extracellular traps, while high 596 

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/doi/10.1182/blood.2023021949/2223568/blood.2023021949.pdf by guest on 06 M

ay 2024



28 

 

magnification view 3 represents neutrophil accumulation in periinfarct region. Gray: 597 

4’,6-diamidino-2-phenylindole (DAPI), red: Ly6G, yellow: citrullinated histone 3 598 

(CitH3), purple: smooth muscle actin (SMA), blue: cleaved caspase-3, cyan: Ly6C 599 

(in the sham kidney and low magnification of TMA kidney) or CD41 (in high 600 

magnification views 1-4 of TMA kidney). 601 

G) Representative immunofluorescent images of thrombotic occlusion of the kidney 602 

artery. TER-119-positive erythrocytes (red) and CD41-positive platelets (green) 603 

within SMA-positive arteries (cyan) in TMA and sham kidneys from WT mice. 604 

Nuclei were visualized with DAPI (blue). 605 

H) Representative immunohistochemical images of GSDMD staining on TMA and sham 606 

kidneys of WT and Gsdmd-/- mice. 607 

I) Immunoblot analysis of GSDMD (pro and cleaved p30 (N-terminal fragment)) and 608 

caspase-1 (pro and cleaved p20) in the WT kidneys of two sets of healthy control 609 

(HC) and focal TMA mice. -actin was used as a loading control. 610 

J) Immunoblot analysis of GSDMD in immune cells isolated from TMA and healthy 611 

kidneys from WT mice. Immune cells from four kidneys per group were pooled and 612 

analyzed. -actin was used as a loading control. 613 

K) Flow cytometric quantification of caspase1 activation within neutrophils (CD45+ 614 

CD11b+ Ly6G+) in TMA and sham kidneys from WT mice. 615 

L) Representative histogram for caspase1 activation within neutrophils in the kidneys. 616 

Scale bars: (F) 1000 m in the sham kidney and low magnification of TMA kidney, or 50 617 

m in high magnification views 1-4 of TMA kidney. (G) and (H) 20 m. The data 618 

represent means ± SD. ***p < 0.001 using unpaired Student’s t-test. 619 

 620 
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Figure 2. Gsdmd deficiency attenuates focal crystalline TMA, acute kidney injury, 621 

and ischemic infarction 622 

A) Illustration of the experimental design. Cholesterol crystal (CC) (20 mg/kg) was 623 

injected into the left renal artery to induce focal thrombotic microangiopathy (TMA) 624 

in wild-type (WT) and gasdermin D knockout (Gsdmd-/-) mice. The mice were 625 

sacrificed and analyzed after 24 hours. 626 

B) Representative immunohistochemical images of alpha-smooth muscle actin (SMA) 627 

and fibrin staining of interlobar, arcuate, and interlobular arteries in kidneys. 628 

C) Quantification of arterial obstruction of sham (n=13) and TMA kidneys from WT 629 

(n=10) and Gsdmd-/- (n=13) mice. 630 

D) Representative immunohistochemical images of SMA and fibrin staining within 631 

glomerular capillaries. 632 

E) Representative images of Periodic acid-Schiff (PAS) staining within glomeruli, 633 

showing characteristics indicative of TMA, including glomerular capillary thrombi 634 

and increased capillary wall thickness. 635 

F) Quantification of glomerular fibrin thrombi in sham (n=4) and TMA kidneys from 636 

WT (n=6) and Gsdmd-/- (n=6) mice. 637 

G) Glomerular filtration rate (GFR) at baseline and 24 hours after focal TMA induction 638 

in WT mice (n=16) and Gsdmd-/- mice (n=18). 639 

H) Representative images of 2,3,5-Triphenyltetrazolium chloride (TTC) staining on the 640 

TMA (left) and sham (contralateral right) kidneys of WT and Gsdmd-/- mice. The red 641 

areas indicate living kidney tissue, while the white areas indicate infarcted kidney 642 

tissue. 643 

I) Quantification of the infarct size of sham (n=25) and TMA kidneys from WT (n=12) 644 
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and Gsdmd-/- (n=13) mice. 645 

J) Representative images of PAS staining on sham and TMA kidneys of WT and Gsdmd-646 

/- mice. 647 

K) Quantification of tubular injury of sham (n=13) and TMA kidneys from WT (n=10) 648 

and Gsdmd-/- (n=13) mice. 649 

L) Immunoblot analysis of mature IL-1 (p17) in the kidneys of three sets of sham, WT 650 

and Gsdmd-/- mice with focal TMA. -actin was used as a loading control. 651 

M) Plasma levels of IL-1 in healthy mice (n=6) and focal TMA mice (WT: n=9, Gsdmd-652 

/-: n=9) quantified by ELISA. 653 

Scale bars: (B), (D), (E), and (J) 20 m, (H) 4 mm. The data represent means ± SD. *p < 654 

0.05, **p < 0.01, and ***p < 0.001 using two-way ANOVA with Bonferroni's multiple 655 

comparisons test (C, G), or one-way ANOVA with Tukey's post-hoc test (F, I, K, M). 656 

 657 

Figure 3. Neutrophil recruitment and maturation are impaired in Gsdmd-/- mice with 658 

focal TMA 659 

A) Representative gating of flow cytometric analysis for the quantification of neutrophils 660 

(CD45+ CD11b+ Ly6G+) and monocytes (CD45+ CD11b+ Ly6C+) in blood and 661 

kidney from wild-type (WT) and gasdermin D knockout (Gsdmd-/-) mice with focal 662 

thrombotic microangiopathy (TMA) (24 hours). 663 

B)-C) Percentage of neutrophils among CD45+ cells (B) and their absolute number (C) 664 

in blood from healthy mice (n=6) and focal TMA mice (WT: n=8, Gsdmd-/-: n=8). 665 

D)-E) Percentage of neutrophils among CD45+ cells (D) and their absolute number (E) 666 

in sham (n=4) and TMA kidneys from WT (n=12) and Gsdmd-/- (n=11) mice. 667 

F) Representative gating of flow cytometric analysis for the quantification of mature 668 
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(CD45+ CD11b+ Ly6G+ CD101+) and immature (CD45+ CD11b+ Ly6G+ CD101-) 669 

neutrophils in bone marrow, spleen, and blood from WT and Gsdmd-/- mice with focal 670 

TMA. 671 

G)-I) Percentage of mature neutrophils among CD45+ CD11b+ Ly6G+ neutrophils in 672 

bone marrow (G), spleen (H), and blood (I) from healthy mice (n=9) and focal TMA mice 673 

(WT: n=4, Gsdmd-/-: n=3). 674 

J)-L) Percentage of mature and immature neutrophils among CD45+ cells in bone marrow 675 

(J), spleen (K), and blood (L) from healthy mice (n=9) and focal TMA mice (WT: n=4, 676 

Gsdmd-/-: n=3). 677 

M) Bone marrow cells isolated from WT and Gsdmd-/- healthy mice were incubated for 678 

24 hours with or without granulocyte colony-stimulating factor (G-CSF, 100 ng/mL) or 679 

tumor necrosis factor alpha (TNF, 20 ng/mL). The expression levels of CXCR2 in 680 

mature neutrophils (Ly6G+ CD101+) were quantified as mean fluorescence intensity 681 

(MFI) using flow cytometry. Data are representative of three independent experiments. 682 

N) The expression levels of 2 integrin macrophage-1 antigen (MAC-1) in bone marrow 683 

neutrophils from healthy mice (n=5) and focal TMA mice (WT: n=8, Gsdmd-/-: n=7), 684 

shown as MFI quantified by flow cytometry. 685 

The data represent means ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 using one-way 686 

ANOVA with Tukey’s post-hoc test (B-E, G-I, N) or two-way ANOVA with Bonferroni's 687 

multiple comparisons test (J-M). 688 

 689 

Figure 4. Gsdmd deficiency reduces NETs in both kidney arteries and tissue 690 

necroinflammation in focal TMA 691 

A) Representative immunofluorescent images of neutrophil extracellular traps (NETs), 692 
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identified as citrullinated histone 3 (CitH3)-positive area (green) originating from 693 

Ly6G-positive neutrophils (cyan), within alpha-smooth muscle actin (SMA)-694 

positive arteries (red) in the thrombotic microangiopathy (TMA) kidney. DNA was 695 

visualized with 4’,6-diamidino-2-phenylindole (DAPI, blue). 696 

B) Representative immunofluorescent images of Ly6G-positive neutrophils (red) and 697 

CD41-positive platelets (cyan) within SMA-positive arteries (green) in TMA 698 

kidneys. DNA was visualized with DAPI (blue). 699 

C)-F) Quantification of CitH3 (C), Ly6G (D), CD41 (E), as well as Ly6G and CD41 (F)-700 

positive area within SMA-positive arteries in TMA kidneys from wild-type (WT) and 701 

gasdermin D knockout (Gsdmd-/-) mice (n=3-4 per group). 702 

G) Representative immunofluorescent images of NETs in the periinfarct of TMA kidneys, 703 

identified as CitH3-positive area (green) originating from Ly6G-positive neutrophils 704 

(red). DNA was visualized with DAPI (blue). 705 

H) Quantification of CitH3-positive area in the periinfarct of sham (n=4) and TMA 706 

kidneys from WT (n=8) and Gsdmd-/- (n=8) mice. 707 

I) Absolute number of NETing neutrophils (CD45+ CD11b+ Ly6G+ CitH3+) in sham 708 

(n=4) and TMA kidneys from WT (n=8) and Gsdmd-/- (n=8) mice, determined by flow 709 

cytometry. 710 

Scale bars: (A) and (B) 20 m, (G) 50 m (low magnification) and 20 m (high 711 

magnification). The data represent means ± SD. *p < 0.05 using unpaired Student’s t-test 712 

(C-F), or one-way ANOVA with Tukey's post-hoc test (H, I). 713 

 714 

Figure 5. Disulfiram inhibits CC-induced neutrophil pyroptosis in human 715 

neutrophils 716 
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A) Human neutrophils were primed with lipopolysaccharide (LPS) for 2 hours, then 717 

stimulated with cholesterol crystal (CC) or nigericin (10 M) for 3 hours under 718 

shaking conditions. Cell-free supernatants were collected for interleukin (IL)-1 719 

ELISA. 720 

B) Human neutrophils were primed with LPS for 2 hours, then stimulated with or without 721 

CC (1 mg/mL) for 3 hours under shaking conditions. Cell-free supernatants and cell 722 

lysates from 3 wells were combined for each condition and collected for immunoblot 723 

analysis of gasdermin D (GSDMD) and IL-1. -actin was used as a loading control. 724 

C)-D) Human neutrophils were primed with LPS for 2 hours. After pretreatment with 725 

disulfiram (DSF), VX-765, necrostatin-1s (Nec-1s), and necrosulfonamide (NSA), the 726 

cells were stimulated with CC (1 mg/mL) for 3 hours under shaking conditions. Cell-free 727 

supernatants were collected for IL-1 ELISA (C) and lactate dehydrogenase (LDH) assay 728 

(D). 729 

E) Representative immunofluorescent and live images of neutrophil extracellular traps 730 

(NETs). Human neutrophils were incubated on CC-precoated slides for 4 hours, with 731 

or without DSF or dimethyl sulfoxide (DMSO) treatment. NETs were visualized by 732 

immunofluorescent images, stained with citrullinated histone 3 (CitH3, green), 733 

myeloperoxidase (MPO, red), and 4’,6-diamidino-2-phenylindole (DAPI, blue), and 734 

by live cell images stained with SYTOX Green (SG, green). 735 

F) Human neutrophils were primed with CXCL8. After pretreatment with DSF, 736 

diphenyleneiodonium chloride (DPI), or DMSO, the cells were stimulated with CC 737 

(0.6 mg/mL) for 3 hours under shaking conditions. The cells were stained with SG for 738 

flow cytometric analysis. 739 

G) Representative histogram for SG positive neutrophils. 740 
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H) Heparinized whole blood samples from wild-type (WT) mice were perfused over the 741 

collagen-coated surface at 1000 s-1 in the presence and absence of CC using a flow 742 

chamber system. In a second-step flow chamber assay, RedDeep Tracker-743 

fluorescently labelled WT and Gsdmd-/- bone marrow neutrophils were perfused over 744 

platelet-rich thrombi through the chamber at 500 s-1. 745 

I) Platelets and neutrophils were stained by anti-CD41 (green), RedDeep (cyan), and 746 

CitH3 (red) antibodies and visualized using immunofluorescence confocal 747 

microscopy. Nuclei were stained with DAPI (blue). 748 

J)-K) Quantification of the ratio between CD41 (platelet marker) and RedDeep-749 

neutrophils (J) and CitH3 signals (K) (n=4 per group). 750 

Scale bars: (E) 20 m (immunofluorescent images) and 100 m (live images), (I) 10 m. 751 

The data represent means ± SEM (A, C, D, F) or SD (J, K). *p < 0.05, **p < 0.01, and 752 

***p < 0.001 using one-way ANOVA with Dunnett’s multiple comparisons test (A, C, D, 753 

F), or two-way ANOVA with Bonferroni's multiple comparisons test (J, K). Data are 754 

representative of at least two independent experiments. 755 

 756 

Figure 6.  GSDMD-deficient iPSC-derived human neutrophils resist CC-induced 757 

pyroptosis and 2 integrin activation 758 

A) Immunoblot analysis of gasdermin D (GSDMD) in induced pluripotent stem cell 759 

(iPSC)-derived neutrophils, performed on control and two distinct GSDMD-knockout 760 

clones. -actin was used as a loading control. 761 

B) Immunoblot analysis of GSDMD in control iPSC-derived neutrophils cultured at day 762 

18 (undifferentiated time point) and day 38 (differentiated time point). 763 

C)-D) iPSC-derived neutrophils were primed with lipopolysaccharide (LPS) for 4 hours, 764 
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followed by stimulation with cholesterol crystal (CC, 1.5 mg/mL) for 3 hours under 765 

shaking conditions. Cell-free supernatants were collected for interleukin (IL)-1 ELISA 766 

(C) and lactate dehydrogenase (LDH) assay (D). 767 

E)-F) iPSC-derived neutrophils were stimulated with or without CXCL8 (100 ng/mL) for 768 

10 minutes. Surface expression levels of 2 integrins LFA-1 (E) and MAC-1 (F) were 769 

quantified as a mean fluorescence intensity (MFI) using flow cytometry. 770 

G) Representative immunofluorescent and live images of neutrophil extracellular traps 771 

(NETs). iPSC-derived neutrophils were incubated on CC-precoated slides for 4 hours. 772 

NETs were visualized by immunofluorescent images, stained with citrullinated 773 

histone 3 (CitH3, green), myeloperoxidase (MPO, red), and 4’,6-diamidino-2-774 

phenylindole (DAPI, blue), and by live cell images stained with SYTOX Green (SG, 775 

green). 776 

H) iPSC-derived neutrophils were primed with CXCL8, then stimulated with CC (1.0 777 

mg/mL) for 3 hours under shaking conditions. The cells were stained with SG for 778 

flow cytometric analysis. 779 

I) Representative histogram for SG positive iPSC-derived neutrophils. 780 

Scale bars: (G) 10 m (immunofluorescent images) and 100 m (live images). The data 781 

represent means ± SEM. ***p < 0.001 using two-way ANOVA with Dunnett’s multiple 782 

comparisons test. Data are representative of four to five independent experiments. 783 

 784 

Figure 7. Therapeutic disulfiram protects mice from TMA, AKI and ischemic 785 

infarction 786 

A) Illustration of the experimental design. Wild-type (WT) mice were administered 787 

disulfiram (DSF, 50 mg/kg) or vehicle 3 hours following cholesterol crystal (CC) 788 
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induced thrombotic microangiopathy (TMA) in the kidney. The mice were sacrificed 789 

and analyzed 24 hours post-surgery. 790 

B) Representative immunohistochemical images of alpha-smooth muscle actin (SMA) 791 

and fibrin staining of interlobar, arcuate, and interlobular arteries in TMA kidneys. 792 

C) Quantification of arterial obstruction (n=3-4 per group). 793 

D) Glomerular filtration rate (GFR) at baseline and 24 hours after focal TMA induction 794 

(n=4 per group). 795 

E) Representative images of 2,3,5-Triphenyltetrazolium chloride (TTC) staining on the 796 

TMA (left) and sham (contralateral right) kidneys. The red areas indicate living 797 

kidney tissue, while the white areas indicate infarcted kidney tissue. 798 

F) Quantification of the kidney infarct size (n=4 per group). 799 

G) Representative images of Periodic acid-Schiff (PAS) staining on TMA kidneys. 800 

H) Quantification of tubular injury (n=4 per group). 801 

I) Representative gating of flow cytometric analysis for the quantification of neutrophils 802 

(CD45+ CD11b+ Ly6G+) and monocytes (CD45+ CD11b+ Ly6C+) in blood and 803 

kidney following focal TMA induction. 804 

J)-K) Percentage of neutrophils among CD45+ cells (J) and their absolute number (K) in 805 

blood from healthy mice (n=10) and focal TMA mice (n=4 per group). 806 

L)-M) Percentage of neutrophils among CD45+ cells (L) and their absolute number (M) 807 

in TMA kidneys (n=3-4 per group). 808 

N) Absolute number of NETing neutrophils (CD45+ CD11b+ Ly6G+ CitH3+) in TMA 809 

kidneys (n=4 per group) determined by flow cytometry. 810 

Scale bars: (B) and (G) 20 m, (E) 4 mm. The data represent means ± SD. *p < 0.05, **p 811 

< 0.01, and ***p < 0.001 using two-way ANOVA with Bonferroni's multiple comparisons 812 
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test (C), or one-way ANOVA with Tukey's post-hoc test (D, F, H, J-N). 813 

 814 
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