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Abstract 38 

Critically ill COVID-19 patients are characterized by a severely dysregulated cytokine profile and 39 

elevated neutrophil counts, which are thought to contribute to disease severity. However, to date it 40 

remains unclear how neutrophils contribute to pathophysiology during COVID-19. Here, we 41 

assessed the impact of the dysregulated cytokine profile on the tightly regulated cell death program 42 

of neutrophils. We show that in a subpopulation of neutrophils, canonical apoptosis was skewed 43 

towards rapidly occurring necroptosis. This phenotype was characterized by abrogated caspase-8 44 

activity and increased RIPK1 levels, favoring execution of necroptosis via the RIPK1-RIPK3-MLKL 45 

axis, as further confirmed in COVID-19 biopsies. Moreover, reduction of sFas-L levels in COVID-19 46 

patients and hence decreased signaling to Fas directly increased RIPK1 levels and correlated with 47 

disease severity. Our results suggest an important role for Fas signaling in the regulation of cell 48 

death program ambiguity via the ripoptosome in neutrophils during COVID-19 and a potential 49 

therapeutic target to curb inflammation and thus influence disease severity and outcome. 50 
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Introduction 74 

Patients experiencing the severe form of coronavirus disease 2019 (COVID-19), caused by SARS-75 

CoV-2, are at elevated risk for succumbing to respiratory failure, which is linked to elevated mortality 76 

(Huang et al., 2020; Wunsch, 2020; Wendel Garcia et al., 2020). The current state of knowledge 77 

indicates a strongly dysregulated immune response during critical COVID-19, involving different 78 

forms of regulated cell death (RCD), which affects a broad range of cell types, including neutrophils 79 

(Adamo et al., 2020; Althaus et al., 2020; Nagashima et al., 2020; Varga et al., 2020; Rodrigues et 80 

al., 2020; Middleton et al., 2020; Karki et al., 2021). 81 

Death of neutrophils is a tightly regulated process. They usually die via apoptosis and are removed 82 

by efferocytosis (Lawrence et al., 2020). Lately, neutrophils have been investigated mostly for their 83 

capacity to employ extracellular traps (NETs), chromatin-based webs spiked with nuclear and 84 

cytosolic components, to trap and eliminate pathogens (Branzk et al., 2014). However, NETs have 85 

also been linked to a variety of non-infectious diseases, responsible for tissue-injury (Nakazawa et 86 

al., 2018). Inconclusive evidence suggests that neutrophils might contribute to immunothrombosis 87 

and lung-injury in critical COVID-19 due to higher rates of NETs, as indicated by the presence of 88 

either extracellular DNA co-localized with myeloperoxidase (MPO), citrullinated histones or elastase 89 

in tracheal aspirates and histological lung sections (Middleton et al., 2020; Radermecker et al., 2020; 90 

Nathan, 2020; Protasio Veras et al., 2020). However, intracellular content might also be released 91 

during regulated necrosis, termed necroptosis (D’Cruz et al., 2018; Nakazawa et al., 2018). 92 

Necroptosis, as well as apoptosis, is initiated by ripoptosome assembly. The ripoptosome is a 93 

multiprotein signaling complex which can either induce apoptosis, necroptosis or promote cell 94 

survival, depending on its stoichiometric composition of the key components receptor interacting 95 

serine-threonine protein kinase (RIPK) 1, caspase-8, Fas associated protein with death domain 96 

(FADD) and cellular FADD-like IL-1β-converting enzyme inhibitory protein (cFLIP) isoforms 97 

(Feoktistova et al., 2011). In case of stabilized RIPK1, necroptosis is driven by RIPK1-RIPK3 98 

necrosome formation and subsequent activation of the mixed lineage kinase like (MLKL) (Schilling 99 

et al., 2014), inducing cell rupture (Orozco et al., 2014; Wang et al., 2016). Assembly and 100 

functionality of the ripoptosome is strictly regulated, amongst others by the Fas/Fas-Ligand (Fas-L) 101 

system (Tummers et al., 2020). However, whether skewed RCD mechanisms of neutrophils 102 

contribute towards augmenting tissue injury and inflammation in COVID-19 is still not well 103 

understood. Importantly, given that neutrophil counts are significantly elevated in critically ill COVID-104 

19 patients, necroptosis could possibly contribute to severe inflammation in these patients.  105 

Here, we report that neutrophils undergo rapid necroptosis, due to increased RIPK1-dominant 106 

ripoptosome function and execution of necroptosis via RIPK3-MLKL, elicited by impaired Fas/soluble 107 

Fas-L (sFas-L) signaling in critically ill COVID-19 patients, which correlated with disease severity. 108 

 109 
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Results and discussion 112 

Acute phase plasma from critically ill COVID-19 patients induces lytic regulated cell death in 113 

neutrophils 114 

To investigate the fate of neutrophil cell death during COVID-19, we looked at critically ill patients 115 

enrolled in our prospective intensive care unit (ICU) cohort (Table S1). Neutrophils were isolated 116 

within the first four days upon ICU admission (acute phase). In parallel, neutrophils from healthy 117 

donors were isolated. Neutrophils were stimulated with auto- or heterologous plasma and assessed 118 

for short term viability using flow cytometry (Fig. 1A and B, S1A). Stimulation with acute phase 119 

COVID-19 plasma decreased the proportion of live cells and increased the proportion of RCD, as 120 

indicated by Annexin V positive staining, of both COVID-19 and healthy donor neutrophils. (Fig. 1B 121 

and C). Furthermore, pre-stimulation with COVID-19 plasma and subsequent bacterial challenge 122 

underscored the cell-death prone phenotype of both COVID-19 and healthy donor neutrophils in the 123 

COVID-19 environment, simulated by addition of COVID-19 plasma (Fig. S1B). In contrast, 124 

neutrophils from the same COVID-19 patients during recovery phase (discharged from ICU or SARS-125 

CoV-2 negative in a non-critical state), or healthy donor neutrophils stimulated with recovery phase 126 

plasma, displayed no difference in proportion of viable and dying cells, as compared to stimulation 127 

with healthy plasma (Fig. 1D), highlighting a transient effect of acute phase COVID-19 plasma on 128 

RCD induction in neutrophils. 129 

To characterize the type of RCD the neutrophils succumbed to, we employed time lapse microscopy, 130 

using the cell-permeable DNA-dye Hoechst and the cell-impermeable DNA-dye SYTOXTM green. 131 

This approach revealed that COVID-19 plasma stimulation induced lytic RCD, linked to expulsion of 132 

DNA around the lysed cells, but distinct from classical NETs formation, while less cell lysis was 133 

observed upon stimulation with healthy plasma (Fig. 1E, S1, C and D, Video 1 and 2). This was in 134 

accordance with findings by Middleton et al., describing increased release of DNA from ex vivo 135 

cultured COVID-19 or healthy donor neutrophils stimulated with COVID-19 plasma, which they 136 

determined to be NETs (Middleton et al., 2020). Recently, we showed that neutrophils from COVID-137 

19 patients released significantly fewer NETs upon bacterial challenge, the main natural inducer of 138 

NETs (Van Der Linden et al., 2017), questioning the presence of classical NETs in COVID-19 139 

(Mairpady Shambat et al., 2020; Nathan, 2020). Protasio Veras et al. showed that SARS-CoV-2 can 140 

infect neutrophils, and viral replication caused release of NETs, thereby describing a situation 141 

different from cytokine-induced DNA release (Protasio Veras et al., 2020). The sensitivity of our 142 

method was further verified by neutrophils from a COVID-19 patient concomitantly treated with 143 

tamoxifen (Fig. S1E). Tamoxifen has been shown to augment the innate immune function of 144 

neutrophils as well as increase NETs formation (Corriden et al., 2015). In line with these previous 145 

findings, classical NETs (Fig. S1F) and apoptotic bodies were observed (Fig. S1, G and H). We 146 

analyzed cell death kinetics as proportion of SYTOX+ cells over time (Fig. 1F and S2, A, B and C) 147 

and verified that COVID-19 neutrophils died at a higher rate when stimulated with auto- as compared 148 
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to heterologous plasma, resulting in a significantly increased proportion of dead cells (Fig. 1, F, G 149 

and H). 150 

 151 

COVID-19 plasma favors RIPK1-dominant ripoptosome phenotype 152 

Since neutrophils usually die via caspase mediated apoptosis, we assessed whether caspases might 153 

be involved in the observed lytic RCD. Interestingly, caspase inhibition showed no effect on short 154 

term survival of neutrophils stimulated with COVID-19 plasma, confirming that neutrophils underwent 155 

caspase independent lytic RCD (Fig. 2, A, B and S2D). However, caspase blockage did not show 156 

any effect on short term survival upon healthy plasma stimulation, potentially due to the fact that 157 

caspases are usually only activated later on during the lifespan of neutrophils (Schwartz et al., 2012). 158 

Therefore, we also assessed long term survival in the COVID-19 and healthy plasma environment. 159 

Here, we found that COVID-19 plasma had rather the opposite outcome on long term as compared 160 

to short term stimulation, with higher proportions of neutrophils surviving as compared to healthy 161 

plasma (Fig. 2, C and D). Caspase inhibition was able to significantly elevate the proportion of 162 

surviving neutrophils in general. However, this effect was significantly lower when stimulated with 163 

COVID-19 plasma as compared to healthy plasma (Fig. S2D). This might be explained by elevated 164 

levels of G-CSF, GM-CSF and IL-8 during COVID-19 (Mairpady Shambat et al., 2020), which were 165 

described to interfere with caspase activation (van Raam et al., 2008; Klein et al., 2000). Additionally, 166 

certain viruses are known to secrete caspase-8 interfering peptides (Mocarski et al., 2012), which 167 

might also apply to SARS-CoV-2.  168 

A caspase-impaired environment might favor the occurrence of necroptosis over apoptosis. 169 

Necroptosis is described to differ from apoptotic cell death by release of damage associated 170 

molecular patterns (DAMPs) known to trigger inflammation and decreased release of classical 171 

cytokines, such as members of the TNF superfamily for neutrophils (Kearney and Martin, 2017). 172 

Therefore, we assessed the secretion of selected DAMPs and cytokines. COVID-19 plasma 173 

stimulation resulted in significantly higher lactate dehydrogenase (LDH), DNA, S100A8/A9 and 174 

calreticulin (CALR) release as well as slightly elevated MPO as compared to healthy plasma 175 

stimulation (Fig. 2, E and F). DAMPs, especially S100A8/A9, have previously been described to be 176 

important drivers of COVID-19 pathogenesis (Guo et al., 2021). Furthermore, decreased levels of 177 

TNF-α and TRAIL were detected (Fig. 2G), confirming a necroptotic secretion profile (Alvarez-Diaz 178 

et al., 2016; Newton et al., 2016). Of note, effectors of apoptosis and necroptosis are found within 179 

the ripoptosome, the decisive complex for activation of either pathway (Chen et al., 2018; Duprez et 180 

al., 2012; Feoktistova et al., 2011). In order to understand the modus operandi of the ripoptosome, 181 

we assessed intracellular RIPK1 levels as well as caspase-8 activity. Neutrophils derived directly 182 

from COVID-19 patients stimulated with autologous plasma displayed significantly higher RIPK1 183 

levels (Fig. 2H) and at the same time decreased caspase-8 activity (Fig. 2I) as compared to healthy 184 

plasma stimulation. If either caspase-8 homodimerization or caspase-8 cFLIPL heterodimerization 185 

occurs, the resulting caspase-8 activity will be sufficient to degrade RIPK1 and prevent necrosome 186 
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assembly (Schilling et al., 2014). However, increased RIPK1 levels and decreased caspase-8 activity 187 

upon COVID-19 plasma stimulation strongly suggested a RIPK1-dominant ripoptosome, favoring 188 

necrosome assembly and execution of necroptosis.  189 

 190 

Evidence for RIPK1-RIPK3-MLKL driven neutrophil necroptosis in COVID-19 thrombus and 191 

lung tissue 192 

Critical COVID-19 is linked to endothelial damage and neutrophil-rich thrombi (Varga et al., 2020; 193 

Middleton et al., 2020). Therefore, we assessed whether neutrophil necroptosis occurred in COVID-194 

19 thrombi by immunostaining for the necroptosis markers RIPK1, RIPK3 and MLKL (Table S2). 195 

Histological analysis within thrombus biopsies of two COVID-19 patients showed strong positive 196 

RIPK1, RIPK3 and MLKL staining for neutrophils (Fig. 2J), further corroborating the observed 197 

necroptotic ex vivo phenotype of neutrophils in the COVID-19 environment. We also observed 198 

evidence for neutrophil necroptosis in a thrombus from a non-COVID-19 patient (Fig 2J), in line with 199 

previous reports of activated platelets, driving neutrophil necroptosis (Nakazawa et al., 2018).  200 

Furthermore, we assessed whether neutrophil necroptosis might also occur during the severe lung 201 

pathology observed in critical COVID-19. Indeed, we discovered strong positive staining of general 202 

necroptosis markers in lung biopsy tissue (Fig. S3A), and especially strong positive staining for 203 

neutrophils (Fig. 2K). Interestingly, neutrophils were always strongly stained for RIPK1, RIPK3 and 204 

MLKL within blood vessels (Fig. S3B), pointing towards contribution of neutrophil necroptosis within 205 

thrombi in the lung and its devastating effect during critical COVID-19 resulting in respiratory failure.  206 

Our histological findings are in line with studies showing that intracellular neutrophil content found in 207 

tissue can be released during necroptosis via the RIPK1-RIPK3-MLKL axis (Desai et al., 2016a). Of 208 

note, neutrophil necroptosis seems to be not uniquely attributable to COVID-19, as it has been 209 

described to occur during S. aureus pneumonia (Greenlee-Wacker et al., 2014; Zhou et al., 2018) 210 

and might be a phenomenon also influencing influenza A pneumonia (Zhu et al., 2018; Narasaraju 211 

et al., 2011), as well as in thrombus formation in general (Laridan et al., 2017), where NETs have 212 

been implied. There is accumulating evidence that DNA release after MLKL-mediated necroptosis 213 

and NETs formation via peptidylarginine deiminase 4 (PAD4) upon bacterial challenge differ 214 

drastically, especially in the light that neutrophils remain alive after NETs formation, but not after 215 

necroptosis (Branzk et al., 2014; Van Der Linden et al., 2017; Yipp et al., 2012). Controversially, 216 

MLKL was also reported to be able to activate PAD4 and cause NETs formation upon bacterial 217 

challenge (D’Cruz et al., 2018), highlighting the fact that DNA aggregates or NETs can be released 218 

via different mechanisms upon distinct stimuli, but might ultimately result in a similar outcome (Wang 219 

et al., 2018; Desai et al., 2016b). However, the interplay between the necroptotic cell death and 220 

NETs pathway remains to be elucidated.  221 

 222 
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Abrogated Fas engagement favors high RIPK1 levels  225 

Next, we sought to investigate the signaling modalities contributing towards RIPK1 mediated 226 

neutrophil necroptosis in COVID-19. Early on, COVID-19 has been characterized by a highly 227 

dysbalanced cytokine profile (Chevrier et al., 2021; Schulte-Schrepping et al., 2020), suggesting that 228 

the presence of host-derived mediators of ripoptosome function might also be altered. In our recently 229 

described COVID-19 ICU cohort, we detected significantly elevated TNF-α and IFN-α levels, both 230 

known to modulate RCD (Mairpady Shambat et al., 2020). However, the expression of the TNF RI 231 

and IFNAR1 receptor on neutrophils from COVID-19 patients and healthy donors showed no 232 

difference, minimizing their potential pivotal role (Fig. S3C).  233 

Two other well-known death receptor pathways are Fas/Fas-L and TRAIL-R1/TRAIL. We found 234 

significantly lower sFas-L concentrations in plasma from COVID-19 patients as compared to healthy 235 

donors, which was in line with a recent study (Abers et al., 2021), and equal levels of TRAIL (Fig. 236 

3A). Importantly, during the recovery phase of these patients, the concentration of sFas-L was 237 

significantly higher as compared to their acute phase, reaching levels of healthy donors (Fig. S3D). 238 

Assessing the corresponding receptors, Fas and TRAIL-R1, we observed significantly higher Fas 239 

expression on neutrophils derived from COVID-19 patients as compared to healthy donors, whereas 240 

TRAIL-R1 expression displayed no difference (Fig. 3B). It has only recently been described that Fas 241 

expression is also significantly elevated on T cells in COVID-19 (Bellesi et al., 2020; Filbin et al., 242 

2020; Schultheiß et al., 2020; Zhu et al., 2020). The signaling modality of Fas-L to Fas during 243 

inflammation, but also homeostasis, is still not completely understood. Fas-L can occur as sFas-L 244 

but also as membrane-bound (mFas-L) (Herrero et al., 2011). sFas-L can either induce or prevent 245 

cell death, depending on various environmental factors, whereas mFas-L is solely thought to induce 246 

cell death (Hohlbaum et al., 2000; Nguyen and Russell, 2001; Suda et al., 1997; Tummers et al., 247 

2020). Interestingly, the supernatant of COVID-19 neutrophils contained significantly lower 248 

concentrations of sFas-L when stimulated with auto- as compared to heterologous plasma (Fig. 3C). 249 

Flow cytometry analysis revealed that neutrophils stimulated with COVID-19 plasma produced 250 

significantly lower levels of Fas-L (Fig. 3D), confirming previous results that neutrophils express and 251 

secrete Fas-L (Serrao et al., 2001). It remains to be elucidated which other cell types apart from 252 

neutrophils contribute to the sFas-L pool found in steady state conditions and how their secretion 253 

profile is affected during COVID-19.  254 

We reasoned that sFas-L might be beneficial for survival of COVID-19 neutrophils. Indeed, addition 255 

of recombinant human sFas-L to COVID-19 neutrophils significantly increased the proportion of live 256 

cells and decreased RCD induction in the COVID-19 environment (Fig. 3, E and F). Blocking sFas-257 

L from binding to Fas by employing a Fas-blocking antibody on the other hand increased the rate of 258 

RCD significantly, also during healthy plasma stimulation, confirming that binding of sFas-L to Fas 259 

is required for enhanced survival of COVID-19 neutrophils (Fig. 3, G and H). Next, we assessed 260 

whether sFas-L stimulation influenced RIPK1 levels and caspase-8 activity. Indeed, we found that 261 

treatment with sFas-L decreased RIPK1 levels significantly during COVID-19, but not healthy, 262 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 19, 2021. ; https://doi.org/10.1101/2021.03.19.436166doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.19.436166
http://creativecommons.org/licenses/by-nc-nd/4.0/


plasma stimulation (Fig. 3I). This occurred independently of caspase-8 (Fig. 3J) and caspase-3/7 263 

activity (Fig. 3K), suggesting that sFas-L acted as a pro-survival signal in the COVID-19 264 

environment.  265 

 266 

Low sFas-L levels correlate with disease severity 267 

Finally, we evaluated whether sFas-L levels, and hence neutrophil necroptosis, correlated with 268 

clinical status of the corresponding patients. Analysis of key markers for COVID-19 severity, i.e. 269 

neutrophil to lymphocyte ratio (NLR), monocyte counts, IL-6, CRP, bilirubin, platelet counts, length 270 

of ventilation (LOV) and length of ICU stay (LOS) (Qin et al., 2020; Carissimo et al., 2020; Hazard et 271 

al., 2020) to sFas-L levels did not display any significant correlation (Fig. S3, E-L). Of note, on the 272 

17th of July 2020, the RECOVERY trial showed reduced 28-day mortality in ventilated COVID-19 273 

patients treated with dexamethasone (Horby et al., 2020), which then became standard of care 274 

(SOC) also at the University Hospital Zurich’s (USZ) ICU. Since dexamethasone is known to impact 275 

neutrophil functions and lifespan (Ronchetti et al., 2018), we performed an in-depth analysis 276 

comparing patients treated at attending physicians’ discretion (USZ SOC) or RECOVERY SOC. We 277 

identified significant negative correlation between sFas-L levels and NLR (Fig. 4A) but not monocyte 278 

counts (Fig. 4B), as well as IL-6 (Fig. 4C), but not CRP (Fig. 4D) in the USZ SOC group. These 279 

findings might suggest that neutrophil necroptosis due to decreased sFas-L levels favors an 280 

inflammation feedback loop with a central role for IL-6 signaling, potentially sustaining emergency 281 

granulopoiesis and aborting lymphopoiesis, which would explain the increased NLR (Maeda et al., 282 

2009). However, this remains speculative and further research is needed to clarify how decreased 283 

sFas-L impacts viability of lymphocytes. Furthermore, low sFas-L levels also correlated with high 284 

bilirubin levels (Fig. 4E) and low platelet counts (Fig. 4F), further highlighting the devastating effect 285 

of neutrophil necroptosis on coagulation and tissue damage, as has been shown to impact COVID-286 

19 severity (Liu et al., 2020; Radermecker et al., 2020). In line with these findings, low sFas-L levels 287 

were linked to increased LOV (Fig. 4G) and also LOS (Fig. 4H) in the USZ SOC group. We observed 288 

no correlation of sFas-L to disease severity in the RECOVERY SOC, even though sFas-L levels 289 

were similar in RECOVERY as well as USZ SOC group (Fig. S3M). Synthetic glucocorticoids, such 290 

as dexamethasone, are known to favor neutrophil maturation and tissue retention (Ronchetti et al., 291 

2018). Therefore, glucocorticoids might ameliorate disease severity by either accelerating neutrophil 292 

maturation or dampening the inflammatory COVID-19 environment, leaving them less prone for 293 

sFas-L dependent necroptosis. Indeed, when comparing the viability of neutrophils from COVID-19 294 

patients treated under USZ or RECOVERY SOC (as shown in Fig. 1C), the later showed enhanced 295 

viability (Fig. S3N). However, prescription of synthetic glucocorticoids during viral pneumonia is still 296 

controversial, as, among other factors, the timing, dosage and duration of application play an 297 

important role defining the potential beneficial or detrimental effect on patient outcome (Yang et al., 298 

2020). 299 
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Although the findings presented in this work were obtained from a small cohort at a single center 300 

only, they nevertheless further elucidate the crucial role of neutrophils during COVID-19 and deliver 301 

novel insights into the important regulation of the ripoptosome by the Fas/Fas-L system and its 302 

correlation to disease severity. Our findings provide hints for future potential therapeutic 303 

development, aiming at restoring the fate of neutrophils and benefiting patient outcome, potentially 304 

also beyond COVID-19. 305 

 306 

Materials and methods 307 

Patients 308 

Patients were recruited between April and December 2020 in the MicrobiotaCOVID prospective 309 

cohort study conducted at the Institute of Intensive Care Medicine of the University Hospital Zurich 310 

(USZ, Zurich, Switzerland) and were included in an extended subcohort as described previously 311 

(Mairpady Shambat et al., 2020; Buehler et al., 2021). The study was approved by the local ethics 312 

committee of the Canton of Zurich, Switzerland (Kantonale Ethikkommission Zurich BASEC ID 2020 313 

– 00646) and is registered at clinicaltrials.gov (ClinicalTrials.gov Identifier: NCT04410263). Patients 314 

were considered to be in the acute phase within the first four days upon initial ICU admission, the 315 

recovery phase was defined as patients being discharged from the ICU or negative for SARS-CoV-316 

2 and in a non-critical state. Blood sampling was carried out with EDTA tubes. Patient demographics 317 

and clinical as well as laboratory parameters are listed in Table S1. 318 

 319 

Plasma collection 320 

EDTA tubes were centrifuged at 1800 rpm for 10 min (no acceleration and brakes) after which the 321 

plasma was separated from the cellular fraction and collected in a fresh tube. The cellular fraction of 322 

the blood was used for neutrophil isolation as described below. The collected plasma was 323 

centrifuged again at 3000 rpm for 10 min (full acceleration and brakes) to pellet debris and the clear 324 

plasma supernatant was collected. Plasma samples were either used directly for the experiments or 325 

aliquoted and frozen at -80°C for cytokine analysis.  326 

 327 

Cytokine analysis 328 

Cytokine levels in plasma from COVID-19 patients and healthy donors, as well as cell culture 329 

supernatants were analyzed on a LuminexTM MAGPIXTM instrument with a custom human cytokine 330 

panel (ThermoFisher). Samples were thawed at room temperature and prepared according to the 331 

manufacturer’s instructions. In brief, magnetic beads were added to the 96-well plate on a magnetic 332 

holder and incubated for 2 min. The plate was washed twice with assay buffer for 30 sec each. 333 

Provided standards were diluted in assay buffer or RPMI (Gibco) for analysis of plasma levels or cell 334 

culture supernatants, respectively. Cell culture supernatants were measured undiluted, whereas 335 

plasma samples were diluted 1:2 in assay buffer. The plate was incubated for 2 h at room 336 

temperature (RT) at 550 rpm in an orbital plate shaker. Next, the plate was washed twice and 337 
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incubated for 30 min at 550 rpm with detection antibodies. Following further washing steps, the plate 338 

was incubated with Streptavidin-PE solution for 30 min at 550 rpm. Finally, the plate was washed, 339 

reading buffer was added and incubated for 10 min at RT and 550 rpm before running the plate. 340 

Analysis was performed using the xPONENT® software. Data was validated additionally with the 341 

ProcartaPlex Analyst software (ThermoFisher). 342 

 343 

Neutrophils isolation and plasma stimulation 344 

Neutrophils from COVID-19 patients and healthy donors were isolated with the EasySep™ Direct 345 

Human Neutrophil Isolation Kit (StemCellTM) according to the manufacturer’s instructions. In brief, 346 

the cellular fraction of the blood was diluted 1:2 with Dulbecco’s phosphate buffered saline (DPBS, 347 

Gibco) and neutrophil enrichment cocktail was added for 15 min. Next, the magnetic beads were 348 

added for 15 min. The samples were once more diluted 1:2 with DPBS and placed in a magnetic 349 

holder (StemCell) for 15 min. Neutrophils were collected and centrifuged for 1500 rpm (low 350 

acceleration and brakes) for 5 min. Red blood cells lysis was performed with H2O and stopped with 351 

DPBS after which the samples were centrifuged. Neutrophils were resuspended in RPMI and 352 

counted on an Attune NxT (ThermoFisher). Neutrophils were either directly stained for cell surface 353 

receptor analysis using flow cytometry or prepared in RPMI containing 10% either auto- or 354 

heterologous plasma and seeded in either V-well canonical plates (Corning, for flow cytometry 355 

analysis) or 8-well microslides (ibidi, for microscopy time lapse). Plates were incubated for 4 h-18 h 356 

at 37°C + 5% CO2. For bacterial challenge, plates were incubated for 2.5 h after which neutrophils 357 

were challenged with opsonized (plasma-specific, 20 min at RT) bacteria at MOI 10 for 1.5 h. 358 

 359 

Bacterial strains  360 

The Staphylococcus aureus strain JE2 (MRSA-USA300) (Frey et al., 2021) was grown in Tryptic 361 

Soy Broth at 37°C and 220 rpm for 16 h. Cultures were diluted in fresh TSB and grown to exponential 362 

phase for the challenge. Streptococcus pneumoniae (serotype 6B) (Malley et al., 2001) was 363 

passaged twice on blood agar plates (Columbia blood agar, Biomereux) and incubated at 37°C with 364 

5% CO2. A liquid culture was prepared in Todd Hewitt Yeast broth with a starting OD600nm of 0.1 365 

and grown at 37°C in a water bath until OD600nm of 0.35 for the challenge. 366 

 367 

Cell death analysis by flow cytometry 368 

If indicated, pan-caspase inhibitor Q-VD-Oph (50 μM, Sigma-Aldrich), recombinant human sFas-L 369 

(100 ng/ml, Enzo Lifescience), Ultra-LEAFTM purified anti-human CD95 (FAS) blocking antibody (10 370 

μg/ml, clone A16086F, Biolegend) or respective DMSO and H2O control were added prior to 371 

incubation. After the incubation period, plates were centrifuged at 1500 rpm (full acceleration and 372 

brakes) for 6 min. Supernatants were collected for further analyses and the wells were washed once 373 

with FACS buffer (DPBS + 5% fetal calf serum and 1 mM EDTA). Cells were stained with anti-CD66b 374 

APC (G10F5) from Thermofisher in FACS buffer for 30 min at 4°C. The wells were washed once 375 
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with Annexin V buffer (Biolegend) and cells were stained with Annexin V FITC and 7AAD (Biolegend) 376 

for 30 min at RT. The plates were acquired on an Attune NxT. The gating strategy is depicted in Fig. 377 

S1A. 378 

 379 

Lactate dehydrogenase release measurement 380 

Supernatants were incubated 1:2 with the substrate solution of the CytoTox 96® Non-Radioactive 381 

Cytotoxicity Assay (Promega) for 30 min in the dark in a 96-well plate (Greiner), after which the stop 382 

solution was added. The resulting absorbance of the converted substrate due to released lactate 383 

dehydrogenase (LDH) was measured at 490 nm. 384 

 385 

DNA-release measurement 386 

Supernatants were incubated 1:2 with 60nM SYTOXTM Green (ThermoFisher) for 30min at 4°C in a 387 

96-well black bottom plate (Greiner). The fluorescence of the bound DNA was measured in a 388 

fluorescence plate reader (Molecular Probes) with excitation at 488 nm and emission at 520 nm. 389 

 390 

Cell surface receptors and ligand analysis by flow cytometry 391 

To assess intracellular Fas-L levels, GolgiStopTM (BD Biosciences) was added according to the 392 

manufacturer’s instruction for 4 h. After the incubation period, plates were centrifuged and washed 393 

once with DPBS. Cells were stained with the Fixable LIVE/DEADTM Near-IR dead cell marker 394 

(ThermoFisher) in DPBS for 25 min at 4°C. Next, the wells were washed once with FACS buffer and 395 

cells were stained with anti-CD66b APC or PE-Cy7 (G10F5) and anti-IFNAR-1 PE (MAR1-5A3) from 396 

ThermoFisher, anti-Fas BV421 (DX2), anti-TRAIL-R1 APC (DJR1), anti-TNF RI PE (W15099A) all 397 

from Biolegend in FACS buffer for 30 min at 4°C. For intracellular staining, the cells were fixed for 398 

15 min at 4°C in the Fix/Perm Solution A from Fix/perm Kit. Next, staining with anti-Fas-L BV421 399 

(NOK-1) from Biolegend or anti-RIPK1 AF488 (Polyclonal) from Bioss Antibodies was carried out in 400 

Fix/Perm solution B for 30 min at 4°C. The plates were acquired on an Attune NxT. 401 

 402 

Microscopy time lapse 403 

After adding the cells to the microslides, 150 nM SYTOXTM Green (ThermoFisher) and 2 μM Hoechst 404 

33342 (ThermoFisher) were added and the slides were centrifuged at 1500 rpm (low acceleration 405 

and brakes) for 3 min. Microslides were imaged for 4 h at 37°C on a fully automated Olympus IX83 406 

microscope with a 40X objective (UPLFLN40XPH-2), illuminated with a PE-4000 LED system 407 

through a quadband filter set (U-IFCBL50). Eight observation positions per well (condition) were 408 

assigned before the time lapse was started to avoid potential observer bias. The proportion of dead 409 

neutrophils was assessed as described in Fig. S2A: after filtering the nuclei on the Hoechst signal 410 

and watershed segmentation, cells were tracked through time and either assigned the category “live” 411 

or “dead” based on the value of the SYTOX Green signal. Assigned dead cells were counted until 412 

the end of the experiment, even after the disappearance of the fluorescent signal. The exponential 413 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 19, 2021. ; https://doi.org/10.1101/2021.03.19.436166doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.19.436166
http://creativecommons.org/licenses/by-nc-nd/4.0/


death rate was fitted from the first few hours of the experiment. Images were processed using ImageJ 414 

software (Schneider et al., 2012). 415 

 416 

Histology 417 

Formalin-fixed paraffin-embedded tissue sections were pre-treated with Tris-EDTA buffer (pH9.0) at 418 

100°C for 30min. Next, they were stained with RIPK1 (ab72139, clone 7H10, dilution 1:1500), RIPK3 419 

(ab62344, polyclonal, dilution 1:100) and MLKL (ab184718, EPR17514, dilution 1:100), all from 420 

abcam for 30 min. For detection, the slides were stained with the Bond Refine Detection Kit (Leica 421 

Biosystems), according to the manufacturer’s instruction. Finally, the slides were counterstained with 422 

haematoxylin. For background information of the obtained biopsies, see Table S2. The non-COVID-423 

19 thrombus section was obtained from a patient with a general consent.  424 

 425 

Statistical analyses 426 

The number of donors can be found in the corresponding figure legends. Samples were assessed 427 

for normal distribution. Differences between two groups were calculated using either unpaired t-test, 428 

Mann-Whitney, paired t-test or Wilcoxon signed-rank test in Prism (GraphPad). Correlation of clinical 429 

parameters was computed using non-parametric Spearman correlation in Prism. 430 
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Figure 1. COVID-19 acute phase plasma induces lytic RCD of neutrophils 761 

(A) Experimental overview. (B and C) Representative flow cytometry plots of acute COVID-762 

19 (n=10) and healthy donor (n=10) neutrophils stimulated with auto- or heterologous plasma 763 

for 4 h (B) and quantification of live (Annexin V-/7AAD-), dying (Annexin V+/7AAD-) and dead 764 

(Annexin V+/7AAD+) neutrophils (C). (D) Quantification of live, dying and dead recovery 765 

COVID-19 (n=7) or healthy donor (n=6) neutrophils stimulated with auto- or heterologous 766 

plasma for 4 h. (E) Representative time lapse microscopy of acute COVID-19 neutrophils 767 

stimulated with auto- or heterologous plasma for 3 h. Cells were stained with Hoechst 33342 768 

(blue) and SYTOXTM green. Images were taken every ten minutes. Scale bar, 30 μm. Arrows 769 

indicate cells with membrane breakdown, arrowheads indicate total cell lysis. (F) 770 

Representative cell death curve. Thin lines are FOV (n=8) per condition and thick line is mean 771 

of FOVs. Left: COVID-19 neutrophils, right: healthy neutrophils. (G and H) Quantification of 772 

cell death rate (G) and (H) proportion at 3 h of COVID-19 (n=10) or healthy neutrophils (n=5) 773 

stimulated with auto- or heterologous plasma. See also Videos 1 and 2. Connected squares 774 

represent one donor. Statistics were calculated by paired t-test or Wilcoxon signed-rank test. 775 

P values are indicated within the graphs. FOV, field of view.  776 
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Figure 2. Neutrophil necroptosis via the RIPK1-RIPK3-MLKL axis 788 

(A-D) Representative flow cytometry plots at 4 h (A) or 18 h post stimulation (C) and 789 

quantification of COVID-19 (n=7-8) or healthy donor (n=7) neutrophils stimulated with auto- or 790 

heterologous plasma, untreated or treated with Q-VD-Oph for 4 h (B) or 18 h (D). (E-G) 791 

Analysis of LDH and DNA (E) as well as DAMPs (F) and cytokines (G) in supernatants of 792 

COVID-19 (n=7-13) or healthy donor (n=6-7) neutrophils stimulated with auto- or heterologous 793 

plasma for 4 h. (H and I) Representative histogram and quantification of GMFI of intracellular 794 

RIPK1 expression and caspase-8 activity (I) of COVID-19 (n=9) or healthy donor (n=6-7) 795 

neutrophils stimulated with auto- or heterologous plasma for 4 h. Each square or connected 796 

squares represent one donor. Shown are mean ± SEM. Statistics were calculated by paired t-797 

test or Wilcoxon signed-rank test. P values are indicated within the graphs. (J and K) RIPK1, 798 

RIPK3 and MLKL staining of COVID-19 (n = 2) and non-COVID-19 thrombi (J) as well as 799 

COVID-19 lung biopsies (K). Scale bars, 50 μm (J) and 25 μm (K). Arrows indicate strong 800 

positive staining, arrowheads indicate negative or weak positive staining. SEM, standard error 801 

of means. 802 

 803 

 804 

 805 

 806 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 19, 2021. ; https://doi.org/10.1101/2021.03.19.436166doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.19.436166
http://creativecommons.org/licenses/by-nc-nd/4.0/


 807 
 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 19, 2021. ; https://doi.org/10.1101/2021.03.19.436166doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.19.436166
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 3. Impaired Fas signaling favors RIPK1-driven necroptosis 817 

(A) Luminex-based analysis of COVID-19 (sFas-L, n=56/61; TRAIL, n=28/61 detected) and 818 

healthy donors’ plasma (sFas-L, n=22/22; TRAIL, n=17/22). (B) Representative histogram and 819 

quantification of receptor expression on neutrophils from COVID-19 (n=9) and healthy donors 820 

(n=8). (C and D) Luminex-based analysis of sFas-L in supernatants (C) and quantification of 821 

intracellular Fas-L expression (D) of COVID-19 neutrophils (n=8-9) stimulated with auto- or 822 

heterologous plasma for 4 h. (E and F) Representative flow cytometry plots (E) and 823 

quantification of live (Annexin V-/7AAD-), dying (Annexin V+/7AAD-) and dead (Annexin 824 

V+/7AAD+) COVID-19 neutrophils (n=9) stimulated with auto- or heterologous plasma and 825 

with or without 100 ng/ml sFas-L for 4 h (F). (G and H) Representative flow cytometry plots 826 

(G) and quantification of live, dying and dead COVID-19 neutrophils (n=9) stimulated with 827 

auto- or heterologous plasma and with or without 10 μg/ml anti-Fas for 4 h. (I-K) 828 

Representative histogram and quantification of GMFI of intracellular RIPK1 expression (I), 829 

caspase-8 activity (J) or caspase-3/7 activity (K) of COVID-19 neutrophils (n=8-9) stimulated 830 

with auto- or heterologous plasma and with or without 100 ng/ml sFas-L for 4 h. Each dot, 831 

square or connected squares represent one donor. Shown are mean ± SEM. Statistics were 832 

calculated by unpaired t-test, Mann-Whitney, paired t-test or Wilcoxon signed-rank test. P 833 

values are indicated within the graphs. SEM, standard error of means. 834 
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Figure 4. Correlation of low sFas-L levels with disease severity and abolishment by 858 

RECOVERY SOC 859 

(A-H) Correlation analysis of plasma sFas-L levels with NLR (A), monocytes (B), IL-6 (C), CRP 860 

(D), bilirubin (E), platelets (F), LOV (G) and LOS (H) in the USZ (n=19) and RECOVERY SOC 861 

(n=36) group. Each dot represents one donor for which sFas-L was detected (n=55). One 862 

patient from the RECOVERY SOC group received dexamethasone only after experimental 863 

sampling and was excluded from correlation analysis. Statistics were calculated by non-864 

parametric Spearman correlation. 865 
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