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Abstract 42 

Patients with severe COVID-19 develop acute respiratory distress syndrome (ARDS) that 43 

may progress to cytokine storm syndrome, organ dysfunction, and death. Considering 44 

that complement component 5a (C5a), through its cellular receptor C5aR1, has potent 45 

proinflammatory actions, and plays immunopathological roles in inflammatory diseases, 46 

we investigated whether the C5a/C5aR1 pathway could be involved in COVID-19 47 

pathophysiology. C5a/C5aR1 signaling increased locally in the lung, especially in 48 

neutrophils of critically ill COVID-19 patients compared to patients with influenza 49 

infection, as well as in the lung tissue of K18-hACE2 Tg mice (Tg mice) infected with 50 

SARS-CoV-2. Genetic and pharmacological inhibition of C5aR1 signaling ameliorated 51 

lung immunopathology in Tg-infected mice. Mechanistically, we found that C5aR1 52 

signaling drives neutrophil extracellular trap (NET)s-dependent immunopathology. 53 

These data confirm the immunopathological role of C5a/C5aR1 signaling in COVID-19 54 

and indicate that antagonists of C5aR1 could be useful for COVID-19 treatment.  55 

Keywords: COVID-19, C5aR1, C5a, SARS-CoV-2, Myeloid cells, Neutrophils, NETs 56 
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Introduction  76 

COVID-19 is the major acute global public health issue in this century. Patients with 77 

severe COVID-19 develop acute respiratory distress syndrome (ARDS) that may 78 

progress to organ dysfunction, and death (1, 2). The disease itself is a consequence of 79 

infection with the SARS-CoV-2 virus, which triggers an inflammatory response by the 80 

host organism, potentially resulting in a maladaptive inflammatory response and 81 

progression to severe disease (3, 4). As in many other human viral diseases, pathology is 82 

thus mainly a consequence of the host's response to the virus rather than of the virus itself. 83 

Reducing viral loads after the dysfunctional immune response developed may be 84 

considered but could be a less favorable therapeutic option compared to appropriate 85 

control of inflammation. Combining antiviral with immune control, including the 86 

development of specific anti-inflammatory agents to block virus-triggered inflammatory 87 

responses, might be a strategic option to treat short-living virus-caused pathology, 88 

especially in COVID-19. This hypothesis has been confirmed by the demonstration that 89 

drugs targeting the inflammatory response are, at least in part, effective to control 90 

COVID-19 severity (5–10). Nevertheless, these therapies need to be used with caution 91 

since they may also affect the host immune response against the virus and against 92 

secondary/opportunistic infections. Noteworthy, the development of novel agents to treat 93 

COVID-19 targeting the inflammatory/immune response should be focused on a 94 

mediator/process that is important for immune pathology but dispensable for infection 95 

control (11, 12). One possible candidate might be the complement C5a/C5aR1 signaling 96 

(11, 12). 97 

C5a is one of the most important components of the complement cascade and possesses 98 

several pro-inflammatory actions (13, 14). C5a is a common component of the activation 99 

of all complement pathways and acts mainly via the G protein-coupled receptor (GPCR) 100 

C5a Receptor type 1 (C5aR1), also called CD88 (14). C5aR1 was initially identified in 101 

neutrophils, monocytes/macrophages, and mast cells (14, 15). The C5aR1 signaling has 102 

been implicated in the pathophysiology of several inflammatory diseases including virus-103 

infection-induced diseases that cause lung pathology (16–19). For instance, C5a/C5aR1 104 

inhibition alleviates lung damage in murine models of influenza A, Middle East 105 

respiratory syndrome coronavirus (MERS-CoV), and respiratory syncytial virus (RSV) 106 

(20–22). 107 

A growing body of evidence suggests the possible participation of the complement 108 

system, and especially of C5a/C5aR1 signaling in COVID-19 pathophysiology (23, 24). 109 
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C5a levels increased in the blood of COVID-19 patients and correlated with disease 110 

severity (23). More recent clinical studies have shown a beneficial effect of anti-C5a 111 

therapies for COVID-19 (25–27), including a multicenter, double blind, randomized, 112 

placebo-controlled, phase 3 clinical trial (28). Nevertheless, no study investigated in 113 

depth the outcome of the lack or blockade of C5aR1 signaling on COVID-19, or the 114 

mechanisms behind its role. Herein, we found that C5a/C5aR1 signaling is increased in 115 

patients and in a preclinical mice model of COVID-19. Furthermore, we show that genetic 116 

and pharmacological blockage of C5aR1 signaling in myeloid cells (especially 117 

neutrophils) ameliorates COVID-19 lung immunopathology. Finally, we found that the 118 

C5aR1 signaling mediates COVID-19 immunopathology through enhancement of 119 

neutrophil extracellular traps (NETs) formation.   120 

 121 

Results  122 

C5a/C5aR1 signaling in the lung cells of COVID-19 patients   123 

In order to investigate the role of C5a/C5aR1 signaling for the pathophysiology of 124 

COVID-19, initially we assessed bronchoalveolar lavage (BAL) fluid from critically ill 125 

COVID-19 patients requiring invasive mechanical ventilation, which we have previously 126 

reported to contain increased numbers of hyperactivated degranulating neutrophils and 127 

elevated concentrations of pro-inflammatory cytokines/chemokines (e.g. IL-1β, G-CSF, 128 

CXCL1 and CXCL8) compared to mechanically ventilated patients with influenza 129 

infection as a non–COVID-19 viral pneumonia cohort (29). We analyzed the levels of 130 

C5a in these cohorts of patient samples and found significantly higher C5a concentrations 131 

in the BAL fluid from COVID-19 patients as compared to influenza-infected patients 132 

(Figure 1A). Notably, the levels of factor Bb, but not of C3a, were higher in the BAL 133 

fluid from COVID-19 patients as compared to influenza patients (Figure 1, B and C). In 134 

addition, the levels of C5a and factor Bb were higher in the BAL fluid compared to the 135 

corresponding paired plasma samples in COVID-19 patients (Figure 1, D and E). 136 

Together, these results indicate that high C5a levels are produced locally (in lungs) in 137 

COVID-19, probably by the activation of alternative complement pathways, and 138 

correspond to stronger local complement activation in COVID-19 compared to other 139 

severe viral lung infections. 140 

The increased levels of C5a in the BAL fluid might indicate the activation of C5a-C5aR1 141 

signaling. Thus, in an attempt to gain information about the possible role of C5a in the 142 

pathophysiology of COVID-19, we sought to identify the possible cell subtype in the 143 
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BAL fluid of COVID-19 patients expressing C5AR1, its main pro-inflammatory receptor 144 

(17, 30). To this end, we assessed our previously published database containing single-145 

cell transcriptomes of BAL fluid cells from COVID-19 and non-COVID-19 pneumonia 146 

patients and re-analyzed these data (31). We have found in our re-analyses (Figure 1F) 147 

that, among the different clusters of cells, in both groups the expression of C5AR1 was 148 

detected mainly in the neutrophil and monocytes/macrophages populations, and to a 149 

limited extend in conventional dendritic cells (cDC) (Figure 1, F - I). In addition, the 150 

number of C5AR1-expressing neutrophils was higher in the BAL fluid from COVID-19 151 

patients compared to BAL fluid from non-COVID-19 pneumonia patients (Figure 1J). 152 

No differences were observed in the number of C5AR1-expressing 153 

monocytes/macrophages and cDC in these groups (Figure 1J). Notably, the average 154 

expression of C5AR1 per cell of the BAL fluid is similar in both COVID-19 and non-155 

COVID-19 pneumonia patients (Figure 1K). The re-analyses of single-cell 156 

transcriptomics did not reveal the significant expression of C5 in the lung cells that was 157 

reported before (32) (Supplementary Figure 1), indicating that the increased levels of C5a 158 

could be mostly derived from hepatic origin.  159 

A similar result related to the expression of C5AR1 was revealed by the re-analyses of 160 

another public dataset of the single-cell transcriptome of cells from BAL fluid of COVID-161 

19 patients (33), corroborating that C5AR1-expressing neutrophils are increased in the 162 

lung of COVID-19 patients (Supplementary Figure 2). Of note, this single-cell 163 

transcriptome data set also revealed some degree of expression of C5AR1 in epithelial 164 

cells of the BAL fluid of COVID-19 patients (Supplementary Figure 2D).  165 

In order to validate the single-cell transcriptome data, lung tissue from post-mortem 166 

COVID-19 patients was used for C5aR1 immunostaining and co-staining for neutrophil 167 

(neutrophil elastase; NE) and macrophage/monocyte (Iba-1) cellular markers. In 168 

agreement with the single-cell transcriptome, we found that C5aR1 is mainly expressed 169 

in NE+ cells (neutrophils; 41.87 ± 12.77 %; Figure 1, I and J, and Supplementary Figure 170 

4) and Iba-1+ cells (macrophage/monocytes, 40.87 ± 10.22 %, Figure 2, A and B, and 171 

Supplementary Figure 3). The remaining non-identified cells were 17.49 ± 15.52 % 172 

(Figure 1B), which could be related to the epithelial cells that we found expressing C5AR1 173 

in the single-cell transcriptome analyses. Together, these data indicate that, in COVID-174 

19, the enhanced production of C5a in the lung is mainly detected by neutrophils and/or 175 

macrophages/monocytes.  176 
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In an attempt to obtain further information about the possible role of C5a/C5aR1 signaling 177 

in the pathophysiology of COVID-19, we performed correlation analyses of C5a 178 

concentrations with different inflammatory markers/cells that we have previously shown 179 

to be enhanced in the BAL fluid of COVID-19 patients (29). Notably, C5a levels 180 

correlated with the number of hyperactivated/degranulating neutrophils (positive for 181 

CD66b and the tetraspanin CD63) (Supplementary Figure S4), and with the neutrophil 182 

attractant CXCL8 but not with any other inflammatory marker (Supplementary Figure 183 

S4). In agreement, hyperactivated neutrophils in the BAL fluid of COVID-19 patients 184 

were characterized by higher expression of CXCL8 and they seem to play a critical role 185 

in COVID-19 pneumonia (29, 34–36). Altogether, these data point towards a possible 186 

role for C5a in the hyperactivation of neutrophils in the lungs of COVID-19 patients.  187 

 188 

C5a/C5aR1 signaling on myeloid cells has a detrimental role in a murine model of 189 

COVID-19 190 

In order to better understand the importance and role of C5a/C5aR1 signaling on the 191 

pathophysiology of COVID-19, we moved to a well-established preclinical mouse model 192 

used to study this disease, the K18-hACE2 Tg mice (Tg) infected with SARS-CoV-2 (37, 193 

38) (Figure 3A). As observed in BAL fluid from COVID-19 patients, the levels of C5a 194 

increased in the lungs of Tg mice infected with SARS-CoV-2 (Figure 3B). We also 195 

detected increased levels of factor Bb and C3a in the lungs of SARS-CoV-2-infected Tg 196 

mice (Figure 3, C and D). 197 

We also noticed that clinical signals (clinical score, weight loss), lung dysfunction 198 

(reduction of oxygen saturation) and lung pathology (focal area of neutrophil infiltration 199 

into the alveolar space, type II alveolar epithelial cell proliferation, focal filling of the 200 

alveolar space with proteinaceous alveolar fluid and debris, and thickening of alveolar 201 

septae by inflammatory cells) worsened in the COVID-19 mouse model compared to non-202 

infected mice (Supplementary Figure 5, A and B, and Supplementary Figure 6). These 203 

observations were associated with increased levels of pro-inflammatory 204 

cytokines/chemokines in the lungs of infected mice (Supplementary Figure 5C), as 205 

observed previously (37, 39, 40). The expression of C5aR1 in lung tissue of SARS-CoV-206 

2 infected mice was also analyzed by immunofluorescence. TgFlox/Flox mice (which 207 

contain an eGFP reporter for C5aR1 expression) were infected with SARS-CoV-2 and 208 

the lungs were collected at 5 days post infection (dpi). Similar to what we observed in the 209 

lung tissue of COVID-19 patients, immunofluorescence analyses of the lung tissue of 210 



7 

SARS-CoV-2-infected TgFlox/Flox mice revealed that C5aR1 is mainly expressed in cells 211 

positive for NE (neutrophils, 41.2 ± 16.07 %) and Iba-1 (macrophages, 48.62 ± 15.07 %) 212 

(Figure 3, E and F). The C5aR1 seems to be expressed by 10.17 ± 6.08 % of unidentified 213 

cells (Figure 3F). These results indicate that during SARS-CoV-2 infection in mice, there 214 

may also be a local activation of C5a/C5aR1 signaling, especially in neutrophils and 215 

macrophages/monocytes.  216 

Based on the fact that the pattern of expression of C5aR1 is mainly concentrated in 217 

myeloid cells (neutrophils and macrophages/monocytes) in the lung of COVID-19 218 

patients and Tg mouse-infected by SARS-CoV-2, we developed a colony of Tg mice that 219 

lacks C5aR1 (TgcKO mice) signaling in these immune cells and they were infected with 220 

SARS-CoV-2 (Supplementary Figure 7A). Although we did not observe any difference 221 

in the weight loss or clinical score in TgcKO-infected mice compared to TgFlox/Flox mice 222 

during the course of the disease (Supplementary Figure 7B), the histopathological 223 

analysis of the lung revealed a reduced level of tissue damage (Figure 3, G and I, and 224 

Supplementary Figure 6). In agreement with the histopathological data, the number of 225 

TUNEL positive cells in the lung tissue of TgcKO mice was also reduced when compared 226 

with the tissue of TgFlox/Flox mice, indicating a reduction in cell death and consequently a 227 

reduction in the lung tissue damage (Figure 3, H and J). We performed ELISA assays to 228 

the cytokines that we noticed altered in the mouse model (Supplementary Figure 5C) and 229 

we observed that the reduction in COVID-19-related lung pathology in TgcKO-infected 230 

mice was also associated with a reduction in the levels of pro-inflammatory 231 

cytokines/chemokines, especially, CCL3, CCL4, CXCL1 and IL-6 (Figure 3K). No 232 

difference was observed in the viral load between TgFlox/Flox and TgcKO-infected mice 233 

(Supplementary Figure 7C). These results indicated that C5aR1 signaling on myeloid 234 

cells is involved in the SARS-CoV-2-induced lung pathology but has no participation in 235 

the control of the virus infection.  236 

 237 

A pharmacological C5aR1 antagonist ameliorates COVID-19 in the mouse model 238 

Since C5a/C5aR1 signaling seems to be involved in the immunopathology of COVID-239 

19, we sought to test the efficacy of DF2593A, an orally-acting and selective C5aR1 240 

allosteric antagonist (41), on SARS-CoV-2-infected Tg mice to explore this candidate for 241 

the treatment of COVID-19. As a proof-of-concept experiment, we treated Tg mice with 242 

DF2593A 1 h before SARS-CoV-2 infection and once a day up to the day of sample 243 

collection (5 dpi) (Figure 4A). Notably, the treatment with DF2593A reduced the body 244 
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weight loss, improved the clinical score, and mitigated the reduction of oxygen saturation 245 

(Figure 4B) of the Tg-infected mice compared to vehicle-treated mice. This treatment 246 

also ameliorates lung pathology and reduces the number of dead cells (TUNEL+ cells) in 247 

the lung tissue of DF2593A-treated Tg-infected mice when compared to the vehicle-248 

treated group (Figure 4, C - F, and Supplementary Figure 6), while it did not alter the 249 

viral load (Supplementary Figure 8A). Corroborating these results, in vitro data showed 250 

that DF2593A was also not effective to inhibit SARS-CoV-2 replication in Vero E6 cells 251 

(Supplementary Figure 8B). We performed ELISA assays to the cytokines that we noticed 252 

altered in the mouse model (Supplementary Figure 5C) and we observed that the 253 

reduction in lung pathology was also associated with a reduction in the levels of pro-254 

inflammatory cytokines/chemokines, especially CCL3 and IL-6 in the lung tissue of mice 255 

treated with DF2593A (Figure 4G). 256 

In a therapeutic perspective, we performed a post-infection treatment (starting 24 h after 257 

infection) of infected mice with DF2593A (Figure 5A). Although, we did not find 258 

significative difference in the clinical evolution of the disease and loss of body weight, 259 

the DF2593A post-infection mitigated the reduction of oxygen saturation (Figure 5B) and 260 

lung pathology (Figure 5, C and D, and Supplementary Figure S6) when compared to 261 

infected Tg mice treated with vehicle. These preclinical results indicate that 262 

pharmacological inhibition of C5aR1 could be a novel approach to ameliorate COVID-263 

19. 264 

C5a/C5aR1 signaling enhances NETs formation to aggravate COVID-19 265 

C5a/C5aR1 signaling in myeloid cells (especially in neutrophils) is able to promote cell 266 

migration by triggering their arrest on the endothelium and/or chemotaxis (17, 42), 267 

suggesting it would be involved in the recruitment of these cells into the SARS-CoV-2 268 

infected lungs. Thus, we further analyzed whether the lack of C5aR1 signaling in myeloid 269 

cells could impact the infiltration of these cells in the lung of SARS-CoV-2 infected Tg 270 

mice. Notably, FACS analyses revealed that the infiltration of total leukocytes (CD45+ 271 

cells), myeloid cells (CD45+CD11b+) as well as neutrophils (CD45+CD11b+Ly6G+ 272 

cells) and inflammatory monocytes (CD11b+CCR2+Ly6C+) was similar in the lung 273 

tissue of TgcKO-infected mice compared to TgFlox/Flox mice (Supplementary Figure 9, A- 274 

D). Like what we have found in TgcKO mice, DF2593A treatment did not reduce the 275 

infiltration of total myeloid cells. Like what we have found in TgcKO mice, DF2593A 276 

treatment did not reduce the infiltration of total myeloid cells, neutrophils, or 277 

inflammatory monocytes (Supplementary Figure 9, E - G) in the lung tissue of Tg-278 
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infected mice. On the other hand, the total leukocyte infiltration in the lung tissue of Tg-279 

infected mice was reduced by DF2593A treatment compared to vehicle treatment 280 

(Supplementary Figure 9H). Together, these results indicated that C5aR1 signaling on 281 

myeloid cells is not crucial in the infiltration of these cells into the lung of SARS-CoV-282 

2-infected Tg mice.  283 

Our findings indicating that C5a/C5aR1 signaling in myeloid cells is involved in the lung 284 

immunopathology of COVID-19, but not in the infiltration of these cells into the lung, 285 

prompted us to hypothesize that this signaling would be involved in the local activation 286 

of these cells. Additionally, our finding that C5a levels in the BAL of COVID-19 patients 287 

correlate with degranulation of hyperactivated neutrophils and pro-inflammatory 288 

cytokines/chemokines (Supplementary Figure 4) also supports this hypothesis. Among 289 

the downstream mechanisms by which activated neutrophils might participate in the 290 

pathophysiology of COVID-19, the production of NETs is one of the most described (43, 291 

44). In our lung tissue samples from COVID-19 patients, we also detected the presence 292 

of NETs (Supplementary Figure 10). Thus, we evaluated whether C5a/C5aR1 signaling 293 

would be involved in NETs formation in the lungs of SARS-CoV-2-infected Tg mice. 294 

Corroborating this hypothesis, we found that the levels of NETs in the lung tissue of 295 

TgcKO-infected mice were significantly reduced compared to the TgFlox/Flox-infected mice 296 

(Figure 6, A and B). Furthermore, we found that the lung tissue of Tg-infected mice 297 

treated with DF2593A has lower levels of NETs compared to the lung tissue from vehicle-298 

treated mice (Figure 6, C and D).  299 

Instillation of C5a in the mouse lungs has been shown to promote tissue inflammation 300 

and damage (45). To test that the deleterious effects of C5a described above are dependent 301 

on NETs in vivo, we treated C57BL6 mice twice with DNAse [NETs degrading agent 302 

(46)] or DF2593A following the intratracheal instillation of recombinant murine (rm) C5a 303 

(Figure 7A). Intratracheal instillation of rmC5a promoted lung pathology which was 304 

associated with the presence of NETs, and increased levels of CCL2 and CXCL1 (Figure 305 

7, B - F). Both treatments (DNAse and DF2593A) reduced these alterations induced by 306 

mrC5a installation to the levels found in control animals (Figure 7, B - F). These results 307 

indicate that C5a-induced lung inflammation/pathology is dependent on NETs release 308 

through C5aR1 signaling. 309 

The importance of NETs for the pro-inflammatory action of C5a/C5aR1 signaling in these 310 

models, described above, could be due to a direct or indirect effect on neutrophils. In this 311 

context, we evaluated the ability of C5a to induce NETs in an in vitro culture of human 312 
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blood-derived neutrophils. Notably, we found that the treatment of human neutrophils 313 

with recombinant human (rh) C5a promoted NETosis (Figure 8, A - C). Mechanistically, 314 

we found that rhC5a-induced NETosis was inhibited by the treatment of human 315 

neutrophils with DF2593A, CL-amidine (PAD4 inhibitor) and diphenyleneiodonium 316 

(DPI; Reactive oxygen species, ROS inhibitor) (Figure 8, A - C). In addition, neutrophils 317 

infected with SARS-CoV-2 produced higher levels of NETs in the presence of low 318 

concentration of rhC5a when compared to rhC5a treated neutrophils or infected 319 

neutrophils without addition of rhC5a (Figure 8, D - F). These results suggest that C5a 320 

via C5aR1 is able to directly promote NETosis through the stimulation of the canonical 321 

PAD4-ROS pathway. The data also indicate that in the SARS-CoV-2 infecting 322 

neutrophils, C5a/C5aR1 signaling might amplify the NETosis process. Altogether, these 323 

data indicate that the induction of NETs in the lung tissue of SARS-CoV-2-infected mice 324 

might be a crucial mechanism triggered by C5a/C5aR1 signaling that contributes to the 325 

pathophysiology of COVID-19. 326 

      327 

Discussion 328 

COVID-19 is caused by two main factors: the virus replication that per se causes cellular 329 

injury and the dysregulated inflammatory/immune response that amplifies the 330 

tissue/organ dysfunction, especially in the lung. Although there is a race to identify novel 331 

antiviral drugs capable to inhibit SARS-CoV-2 replication and then reduce COVID-19 332 

severity, drugs that target the inflammatory/immune response, at least partially, have been 333 

shown effective in ameliorating COVID-19 (47–51). Thinking about drugs targeting the 334 

immune system to control COVID-19, it is desirable to identify immune cells/mediators 335 

and molecular mechanisms that are not involved in the control of virus infection (and 336 

possible secondary infection) but are critical for immunopathology. Among several 337 

inflammatory mediators that may possess these characteristics, we and others consider 338 

complement factor C5a, and its receptor C5aR1, among the most interesting candidates 339 

(11, 30). In agreement, targeting C5a/C5aR1 signaling ameliorates virus infection-340 

induced lung diseases, including influenza A, MERS-CoV, and RSV (20–22). Herein, we 341 

confirmed this hypothesis showing that both genetic and pharmacological inhibition of 342 

C5a/C5aR1 signaling, especially in neutrophils, have a beneficial effect on a preclinical 343 

mouse model of COVID-19. In addition, we showed that this beneficial effect is likely 344 

due to a reduction in NETs formation.  345 
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The understanding of COVID-19 pathophysiology is one of the most important ways to 346 

identify critical targets for the development of novel drugs to treat this disease. In this 347 

context, our study provides evidence validating the hypothesis that C5a/C5aR1 signaling 348 

plays a detrimental role in COVID-19 and might be considered as an interesting candidate 349 

for novel treatments. Initially, we showed that C5aR1 signaling is selectively enhanced 350 

in the lung of COVID-19 patients compared to influenza virus patients, especially in 351 

neutrophils. These data are in agreement with previous reports showing higher levels of 352 

C5a in the plasma of COVID-19 patients, which correlate with disease severity (24, 52–353 

54). Our data on the increase of factor Bb in the BAL fluid from COVID-19 patients are 354 

also consistent with the observation of systemic activation of the alternative complement 355 

pathway (55–57). In addition, our human data were validated in a well-accepted 356 

preclinical model of COVID-19, in which we also observed an increase in C5aR1 357 

signaling activation in myeloid cells (especially neutrophils) in the lung after SARS-CoV-358 

2 infection.  359 

The increase in C5aR1 signaling in the lungs of patients and mice with COVID-19 led us 360 

to explore whether inhibition of this pathway would have a protective effect. Noteworthy, 361 

either the use of mice lacking C5aR1 signaling in myeloid cells (TgcKO mice) or the 362 

pharmacological inhibitor (the C5aR1 antagonist, DF2593A) provided beneficial effects. 363 

The dissociation between clinical parameters and lung pathology in TgcKO-infected mice, 364 

although discrepant, might be explained by the fact that while Tg mice infected with 365 

SARS-CoV-2 developed lung disease similar to COVID-19 patients, clinical signs that 366 

led to eventual morbidity/mortality are mainly due to the central nervous system (CNS) 367 

dysfunction (58, 59). In fact, high SARS-CoV-2 burden and encephalitis have been found 368 

also in the brains of these animals (58–60). This has been considered a limitation of this 369 

mouse model of COVID-19 (58). Alternatively, we cannot exclude that C5aR1 signaling 370 

in cell types, beyond neutrophils/macrophages, might also play a role in the 371 

pathophysiology of COVID-19 (61, 62). For instance, C5aR1 signaling in endothelial 372 

cells was found to be a prothrombogenic effector in COVID-19 patients (62). Thus, 373 

further studies will be necessary to address the role of C5a/C5aR1 signaling in cells other 374 

than myeloid cells in the pathophysiology of COVID-19. In addition, the higher efficacy 375 

of DF2593A on clinical parameters in Tg mice infected with SARS-CoV-2 compared to 376 

the phenotype observed in TgcKO mice is not immediately apparent, but it could be also 377 

explained by the fact that C5aR1 is expressed in cells other than myeloid cells, which are 378 

probably inhibited by the C5aR1 antagonist as well. Additionally, since we have 379 
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previously shown that DF2593A is able to cross the blood-brain barriers (41), it might 380 

also reduce brain inflammation which is, as we mentioned before, an important drawback 381 

of this COVID-19 mice model. Nevertheless, since central nervous system changes have 382 

been considered one of the important aspects of Long-COVID-19 (63) syndrome, the 383 

blockage of C5aR1 signaling, by DF2593A, could be an alternative to avoid the 384 

development of this condition. Supporting this hypothesis, in a mouse model of MERS-385 

CoV infection, brain damage was reduced by an anti-C5aR1 murine antibody (64).     386 

Regarding the mechanisms by which C5aR1 signaling is involved in the lung 387 

immunopathology during COVID-19, we ruled out the possibility that this pathway 388 

would be crucial in the recruitment of myeloid cells into the SARS-CoV-2-infected lungs. 389 

Indeed, no significant alteration in myeloid cells infiltration in the lungs of COVID-19 390 

mice was observed either with genetic or pharmacological inhibition of C5aR1 signaling. 391 

This could be due the redundancy among the different inflammatory mediators such as 392 

neutrophil/monocytes-recruiting chemokines (e.g.  CXCR2 ligands and CCL2), which 393 

are up-regulated in the lungs of SARS-CoV-2-infected mice (38, 64). On the other hand, 394 

the inhibition of C5aR1 by DF2593A in cells beyond myeloid cells might explain the 395 

reduction of total leukocyte infiltration caused by the pharmacological treatment. Indeed, 396 

C5aR1 signaling on non-myeloid cells might favor, directly or indirectly, the infiltration 397 

of non-myeloid leukocytes during COVID-19 in mice. Moreover, these non-myeloid cells 398 

(e.g. NK cells) can be harmful for the lung during COVID-19, as already demonstrated 399 

(65). This might also explain why DF2593A treated mice showed a better phenotype 400 

compared to the phenotype of TgcKO-infected mice.  401 

Since C5a/C5aR1 signaling in myeloid cells is involved in the lung immunopathology of 402 

COVID-19, but not in the infiltration of these cells into the lung, we investigated its 403 

possible role in the local activation of these cells, focusing mainly on neutrophils. This 404 

hypothesis is based on previous evidence showing that: a) C5a/C5aR1 signaling directly 405 

triggers neutrophil activation (e.g. granule enzyme release and superoxide anion 406 

production/respiratory burst) in several pathological conditions (66–71); b) C5aR1 407 

signaling induces neutrophils to degranulate (with increase in CD66 expression) in sepsis 408 

models (72); c) C5a levels in the soluble fraction of sputum correlated positively with 409 

markers associated with worse cystic fibrosis lung disease, including NE, MPO activity 410 

and DNA concentration (73). Additionally, our finding that C5a levels in the BAL of 411 

COVID-19 patients correlate with degranulated/hyperactivated neutrophils also supports 412 

this hypothesis. Among the downstream mechanisms by which activated neutrophils 413 
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might participate in the pathophysiology of COVID-19, the production of NETs is one of 414 

the most described (43, 44). For instance, we and others have previously shown that in 415 

the lung of COVID-19 patients, SARS-CoV-2 directly triggers NET-dependent lung 416 

immunopathology (46, 74–76). We also found that hyperactivated neutrophils in the BAL 417 

from COVID-19 patients are enriched for NET-related genes (34). Moreover, data from 418 

our lab also showed that Tg-infected mice treated with NETs-degrading DNase 419 

ameliorates lung pathology (46). Our present data showed that the inhibition of C5aR1 420 

signaling in myeloid cells reduced the levels of NETs in the lung of SARS-CoV-2-421 

infected mice. Corroborating, we also found that C5a alone, via C5aR1, is able to induce 422 

lung inflammation/pathology in NETs-dependent manner in vivo. These results raised the 423 

question whether the C5a/C5aR1 signaling is driving NETs formation in a direct or 424 

indirect manner. In this context, we found that a low dose of C5a was able to promote 425 

NETs formation by naive human neutrophils in vitro, in a C5aR1 dependent manner. 426 

Mechanistically, C5a-triggered NETs in human neutrophils seem to be dependent on the 427 

PAD4/ROS canonical pathway. These findings are in agreement with evidence that 428 

plasma from COVID-19 patients triggers NETs formation by human naive neutrophils, 429 

and this was reduced by inhibition of C5aR1 signaling (77). Although these data strongly 430 

indicate that C5a/C5aR1 signaling directly causes NETs formation and this mechanism 431 

is important for the inflammatory activity of this signaling, we cannot exclude an indirect 432 

effect of C5a on NETs formation. In addition, we have also shown that in vitro infection 433 

of naive human neutrophils with SARS-CoV-2 promoted NETs formation and this effect 434 

was dependent on the replication process, although the replication was not completed 435 

(abortive replication) (46). Herein, we also found that C5a enhances NETs formation by 436 

human neutrophils infected with SARS-CoV-2. These results suggest that in the lung of 437 

COVID-19 patients (and SARS-CoV-2 infected mice) the presence of infected-438 

neutrophils and higher levels of C5a might amplify the NETosis process. Although, our 439 

data indicate the importance of C5aR1 signaling in neutrophils triggering NETs that in 440 

turn contributes for the pathophysiology of COVID-19, it is noteworthy that in TgcKO 441 

mice, C5aR1 signaling is also interrupted in macrophages/monocytes (78). Therefore, we 442 

cannot exclude that part of the protective phenotype observed in the TgcKO-infected mice 443 

would be due to inhibition of C5aR1 signaling in those cells that indirectly might also 444 

affect NETs production.   445 

The fact that targeting C5aR1 signaling in SARS-CoV-2-infected mice, besides to inhibit 446 

NETs formation in the lung, it also reduced the increase in the levels of pro-inflammatory 447 
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cytokines/chemokines raised the question whether NETs intermediate this process. 448 

Notably, our current data showing that lung inflammation promoted by C5a instillation 449 

(including increased chemokines levels) was prevented by NETs degradation favor this 450 

possibility. However, since we do not have the entire time course of C5a-induced lung 451 

inflammation, we could not exclude the possibility that C5a might induce an initial release 452 

of cytokines that in turn promote NETs. Subsequently, NETs could amplify the 453 

inflammatory process by promoting tissue damage and additional cytokines/chemokines 454 

production. In fact, there is evidence that NETs may amplify inflammation through tissue 455 

damage (78–81), including triggering direct cytokines/chemokines production (79, 80). 456 

Based on our data and previous data from the literature, our current hypothesis is that 457 

SARS-CoV-2 infection may trigger initial production of some cytokines and chemokines 458 

that promote neutrophil infiltration. At the local of infection (lungs), neutrophils are 459 

activated by C5a to produce NETs (which may also synergize with virus infection), which 460 

promote tissue damage and could also amplify the inflammatory process.  461 

Our data further reinforce the possibility to use inhibitors of C5a/C5aR1 signaling for the 462 

treatment of COVID-19. In fact, clinical results show that inhibition of C5a reduced 463 

COVID-19 hyper-inflammation and improved lung function (25–27). Notably, a Phase 3 464 

clinical study has been shown that treatment of severe COVID-19 patients with 465 

Vilobelimab, an anti-C5a monoclonal antibody, significantly reduced mortality (28). The 466 

hypothesis that the blockage of C5aR1 signaling would be beneficial to COVID-19 may 467 

open another important question related to secondary infections that are extremely 468 

common in COVID-19 patients and are a critical threat in the current treatments targeting 469 

the immune response (81–85). Although, inhibition of C5 by neutralizing antibodies has 470 

been associated with increased risk of bacterial infection due to the inhibition of the 471 

formation of the membrane attack complex, the selective targeting of C5a/C5aR1 472 

signaling may avoid harmful anaphylatoxin-induced effects (86, 87). In fact, inhibition 473 

of C5aR1 signaling reduced the consequences of exacerbated bacterial infection such as 474 

observed in sepsis (88–91). These studies gave support for the hypothesis that C5a/C5aR1 475 

signaling is more important for immunopathology (tolerance) than for immune defense 476 

against infections (resistance).   477 

Overall, our study provides direct evidence of the detrimental role C5a/C5aR1 signaling 478 

for the lung immunopathology in COVID-19. It also provides the molecular mechanism 479 

by which C5aR1 signaling, especially in neutrophils via NETs-dependent lung pathology, 480 

mediates COVID-19 pathophysiology. In conclusion, our study confirms that inhibition 481 
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of C5aR1 signaling, for example by orally active allosteric inhibitors, could be alternative 482 

therapeutics against this disease.  483 

 484 

Material and Methods 485 

COVID-19 mouse model 486 

K18-hACE2 transgenic (Tg) mice (B6.Cg-Tg(K18-ACE2)2Prlmn/J, cat. 034860) and 487 

Lyz2Cre/Cre (B6.129P2-Lyz2tm1(cre)Ifo/J, cat. 004781) mice were purchased from 488 

Jackson Laboratory. C5ar1Flox/Flox mice, which also express eGFP under the C5aR1 489 

promoter, were kindly donated by Prof. Jörg Köhl (92). To generate TgcKO and TgFlox/Flox 490 

(littermate controls), Tg mice were bred with Lyz2Cre/0C5ar1Flox/Flox mice. Local colonies 491 

of transgenic mice were established and maintained at the Animal Care Facility of 492 

Ribeirão Preto Medical School, University of São Paulo. Food and water were available 493 

ad libitum and mice kept in a controlled light-dark cycle. For COVID-19 induction, the 494 

animals received intranasal inoculation of SARS-CoV-2 (2 x 104 PFU) which presents 495 

disease signs and lung pathology consistent with human disease. The manipulation of 496 

these animals was performed in a Biosafety Level 3 (BSL3) facility. 497 

  498 

Human and mouse C5a, factor Bb and C3a levels quantification 499 

The C5a, factor Bb and C3a levels were determined in the BAL fluid and plasma from 500 

sixteen critically ill adult patients with COVID-19 (<20 days in intensive care unit - ICU) 501 

and sixteen patients with influenza, as a non–COVID-19 viral pneumonia cohort. Both 502 

patient cohorts have been described previously (29). C5a factor Bb, and C3a ELISA 503 

assays were performed using, respectively, the kit from R&D Systems (cat. DY2037), 504 

from Quidel (cat. #A027), and from ThermoFisher Scientific (cat. #BMS2089). All 505 

assays were performed according to the manufacturer’s instructions. 506 

For mice, lung homogenate was obtained and the supernatant was collected. ELISA 507 

assays were performed to detect the concentration of C5a, factor Bb, and C3a using a kit 508 

from R&D Systems (cat. DY2150, cat. NBP2-75243, and cat. CTK-148, respectively), 509 

according to the manufacturer’s instructions. 510 

 511 

Virus stock production 512 

SARS-CoV-2 (Brazil/SPBR-02/2020 strain) was kindly provided by Prof. Edison Luiz 513 

Durigon (ICB-USP, Sao Paulo). The virus was propagated and titrated in Vero E6 cells 514 

in a biosafety level 3 laboratory (BSL3) at the Center for Virus Research, Ribeirao Preto 515 
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Medical School (Ribeirao Preto, Brazil). Cells were cultured in DMEM medium 516 

(Corning; cat. 15-013-CVR) supplemented with 10 % fetal bovine serum (FBS; GE Life 517 

Sciences; cat. SV30160.03) and antibiotic/antimycotic (Penicillin 10,000 U/ml; 518 

Streptomycin 10,000 μg/ml; Sigma-Aldrich; cat. P4333). The viral inoculum was added 519 

to Vero cells in DMEM (FBS 2%) incubated at 37 °C with 5 % CO2 for 48 h. The 520 

cytopathogenic effect was observed under a microscope. A cell monolayer was collected, 521 

and the supernatant was stored at -70 ºC. Virus titration was performed by calculating the 522 

plaque-forming units (PFU). 523 

  524 

Drugs and pharmacological treatment in vivo 525 

For in vivo experiments, we used DF2593A (3 mg/kg p.o), a selective C5aR1 antagonist 526 

(41). For the COVID-19 mouse model, the drug was administered 1 h before or 24 h after 527 

SARS-CoV-2 inoculation and daily post-infection. We assessed the daily: clinical scores 528 

(Supplementary Table 1) and body weight of each animal. We also evaluated the oxygen 529 

saturation pior to the infection and daily post-infection using a mouse pulse oximeter 530 

(MouseOxⓇ Plus, Starr Life Sciences, USA). At 5 days post-infection, lungs from mock 531 

and SARS-CoV-2-infected mice were collected. Lung lobules were collected, harvested, 532 

and homogenized in PBS with steel glass beads. The homogenate was added to TRIzol 533 

reagent (1:1; Invitrogen; cat. 15596026), for posterior viral titration via RT-qPCR, or to 534 

lysis buffer (1:1), for the ELISA assay, and stored at -70 °C. In another cohort experiment, 535 

the left lung was collected in paraformaldehyde (PFA 4 %; Millipore; cat. 818715) for 536 

posterior histological assessment. 537 

 538 

In vitro SARS-CoV-2 infection 539 

Vero E6 cells (1x105) were pretreated with DF2593A at 0.01; 0.1; 1.0; 10.0 μM for 1 h 540 

prior to SARS-CoV-2 infection at 37 ºC. Cells were infected at a multiplicity of infection 541 

(MOI) of 1.0 with infectious clone SARS-CoV-2 or mock with infection media to 542 

evaluate viral load by RT-PCR, 24 h post-infection. The treatment was performed in 543 

technical quadruplicate. 544 

  545 

SARS-CoV-2 viral load  546 

SARS-CoV-2 detection was performed with primer-probe sets for 2019-nCoV_N1 and 547 

N2 (Integrated DNA Technologies; cat. 10006713), according to the US Centers for 548 

Disease Control (CDC) protocol by RT-PCR, using total nucleic acids extracted with 549 
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Trizol reagent from cell pellet or lung tissue to determine the genome viral load. All RT-550 

PCR assays were done using the Viia 7 Real-time PCR System (Applied Biosystems). A 551 

standard curve was generated in order to obtain the exact number of copies in the tested 552 

sample. The standard curve was performed using an amplicon containing 944 bp cloned 553 

in a plasmid (PTZ57R/T CloneJetTM Cloning Kit Thermo Fisher®), starting in the 554 

nucleotide 14 of the gene N. To quantify the number of copies, a serial dilution of the 555 

plasmid in the proportion of 1:10 was performed. Commercial primers and probes for the 556 

N1 gene and RNAse P (endogenous control) were used for the quantification (2019-nCov 557 

CDC EUA Kit, Integrated DNA Technologies), following the CDC’s instructions. 558 

 559 

In vivo challenge with rmC5a: C57BL6 male mice (8 weeks-old) were treated with 560 

DNAse (Pulmozyme®, 10 mg/kg, s.c.) twice before the challenge with rmC5a (400 nM) 561 

by intratracheal instillation (45) (treatment administered 24 h and 1 h before rmC5a). 562 

Eight hours after the challenge, lungs were collected and fixed in PFA 4 % for subsequent 563 

histological analysis. Five micrometer slices were, then, submitted to hematoxylin and 564 

eosin staining, and images were taken under a brightfield microscope. In another set of 565 

animals, we performed the same experiment and collected lungs for ELISA assay. The 566 

sandwich ELISA method was performed to detect the concentration of cytokines and 567 

chemokines using kits from R&D Systems (DuoSet), according to the manufacturer’s 568 

instructions. The following targets were evaluated: CCL2, CCL3, CCL4, CXCL1, and 569 

IL-6. 570 

  571 

Re-analysis of scRNA-seq data sets 572 

We re-analyzed single-cell transcriptomic data from BAL fluid cells from patients with 573 

severe COVID-19 and their respective control groups (31, 33). The dataset was 574 

downloaded and the RDS file was imported into R environment version v4.04 and Seurat 575 

v4.1.1 (98) by filtering genes expressed in at least 3 cells and more than 200 unique 576 

molecular identifiers (UMI) counts per cell. For the pre-processing step, outlier cells were 577 

filtered out based on three metrics (library size < 60000, number of expressed genes 578 

between 200 and 7500, and mitochondrial percentage expression < 20). The top 3,000 579 

variable genes were then identified using the ‘vst’ method using the FindVariableFeatures 580 

function. Percent of mitochondrial genes was regressed out in the scaling step, and 581 

Principal Component Analysis (PCA) was performed using the top 3,000 variable genes 582 

with 40 dimensions. Additionally, a clustering analysis was performed on the first 7 583 
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principal components using a resolution of 2 followed by t-Distributed Stochastic 584 

Neighbor Embedding (tSNE), a dimensionality reduction technique for data visualization. 585 

Then, differential gene expression analysis was performed using FindAllMarkers 586 

function with default parameters to obtain a list of significant gene markers for each 587 

cluster of cells. To account for the frequency of cells expressing C5AR1, we filtered cells 588 

with raw counts of C5AR1>0. The dataset generated by authors is publicly available at: 589 

1  the EGA European Genome-Phenome Archive database (EGAS00001004717 590 

accessible at: https://ega-archive.org/studies/EGAS00001004717) or at 591 

http://covid19.lambrechtslab.org/.; 2) at https://covid19-balf.cells.ucsc.edu/. 592 

 593 

Human lung samples from autopsies 594 

We performed adapted minimally invasive autopsies from 4 COVID-19 fatal cases (93). 595 

(Supplementary Table 2). Briefly, a mini-thoracotomy (3 cm) was done under the main 596 

area of lung injury identified by prior ultrasound. The lung parenchyma was clamped by 597 

Collins Forceps, cut, and fixed in 10% buffered formalin (Sigma-Aldrich; cat. 252549).  598 

 599 

H&E staining and lung pathology 600 

Lung slices (5 µm) were fixed with PFA 4%, paraffin-embedding, and submitted to 601 

Hematoxylin and Eosin (H&E) staining. The morphological analysis was based on the 602 

Standards for Quantitative Assessment of Lung Structure published by ATS/ERS (100). 603 

Briefly, a systematic uniform random sampling of the lungs was performed. Considering 604 

uniform lung inflation and fixation in 10 % buffered formalin, 10 high-power field 605 

photographs were taken of the H&E slides of each case, followed by selection of the 606 

septal component and determination of its area versus total area using the Image Pro Plus 607 

software. The ratio between total septal area and the total lung area was expressed as area 608 

fraction (%). The mean area fraction values between the 10 high-power field photographs 609 

from each animal were used for statistical comparison between groups and for graphical 610 

representation. Additional histological evaluation was performed by an expert 611 

pathologist. 612 

 613 

Immunostaining and confocal microscopy 614 

Lung samples from COVID-19 autopsies or TgFlox/Flox-infected mice were fixed with PFA 615 

4 %. After dehydration and paraffin embedding, 5-μm sections were prepared. The slides 616 

were deparaffinized and rehydrated by immersing the through Xylene (Labsynth; cat. 617 

https://www.sciencedirect.com/topics/medicine-and-dentistry/gene-expression-profiling
https://ega-archive.org/studies/EGAS00001004717
http://covid19.lambrechtslab.org/
http://covid19.lambrechtslab.org/
https://covid19-balf.cells.ucsc.edu/
https://covid19-balf.cells.ucsc.edu/
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00X1001.06.BJ) and 100 % Ethanol (Labsynth; cat. 00A1084.07.BJ) for 15 min with 618 

each solution. Antigen retrieval was performed with 1.0 mM Ethylene Diamine Tetra 619 

Acetic acid (EDTA; Labsynth; cat. 00E1005.06.AG) 10 mM Trizma-base (Sigma-620 

Aldrich; cat. T1503), pH 9.0 at 95 °C for 30 min. Afterward, endogenous peroxidase 621 

activity was quenched by incubation of the slides in 5 % H2O2 in methanol (Millipore; 622 

cat. 106009) at RT for 20 min. After blocking with IHC Select Blocking Reagent 623 

(Millipore, cat. 20773-M) at RT for 2 h, primary antibodies were incubated overnight at 624 

4 °C: mouse monoclonal anti-C5aR1 (clone: S5/1; Millipore; cat. MABF1980; 1:50), 625 

rabbit polyclonal anti-IBA1 (FUJIFILM Wako Pure Chemical Corporation; cat. 016-626 

20001; 1:200), rabbit polyclonal anti-NE (Abcam; cat. ab68672; 1:100), goat polyclonal 627 

anti-MPO (R&D Systems, cat. AF3667, 1:100) and rabbit polyclonal, anti-histone H3 628 

(H3Cit; Abcam; cat. ab5103; 1:100). The slides were washed with TBS-T (Tris-Buffered 629 

Saline with Tween 20) and incubated with secondary antibodies alpaca anti-mouse IgG 630 

Alexa Fluor 594 (Jackson ImmunoResearch; cat. 615-585-214; 1:1,000), donkey anti-631 

goat IgG Alexa Fluor 488 (Abcam, cat. ab150129), alpaca anti-rabbit IgG AlexaFluor 632 

488 (Jackson ImmunoReseacher; Cat. 611-545-215; 1:1,000) and alpaca anti-rabbit IgG 633 

AlexaFluor 594 (Jackson ImmunoReseacher; Cat. 611-585-215; 1:1,000). 634 

Autofluorescence was quenched using the TrueVIEW Autofluorescence Quenching Kit 635 

(Vector Laboratories, cat. SP-8400-15). The percentage of cells expressing C5aR1 was 636 

determined by colocalization between Iba1 (macrophage) or NE (neutrophil) with C5aR1 637 

expression. Four randomized fields from four COVID-19 fatal cases or TgFlox/Flox-infected 638 

mice were analyzed.  639 

For NETs detection in vitro, neutrophils were plated in 24-well plates containing glass 640 

coverslips covered with 0.01% poly-L-lysine solution (Sigma-Aldrich; cat. P8920), fixed 641 

with PFA 4 % at RT for 10 min, 2 % bovine serum albumin (BSA; Sigma-Aldrich; cat. 642 

A7906) and 22.52 mg/ml glycine (Sigma-Aldrich; cat. G8898) in PBST (Phosphate 643 

Buffer Saline + 0.1% Tween 20) at RT for 2 h. The coverslips were stained with the 644 

following antibodies: rabbit polyclonal anti-Neutrophil Elastase (anti-NE; Abcam; cat. 645 

ab68672; 1:500), mouse monoclonal anti-MPO (2c7; Abcam; cat. ab25989, 1:800). After 646 

this, samples were washed in PBS and incubated with secondary antibodies: alpaca anti-647 

mouse IgG AlexaFluor 488 (Jackson ImmunoReseacher; Cat. 615-545-214; 1:1,000) and 648 

alpaca anti-rabbit IgG AlexaFluor 594 (Jackson ImmunoReseacher; Cat. 611-585-215; 649 

1:1,000). Slides were then mounted using ProLong™ Diamond Antifade Mountant with 650 

DAPI (Molecular Probes™, Thermo Fischer Scientific, Cat.P36962). Images were 651 
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acquired by Axio Observer combined with LSM 780 confocal microscope (Carl Zeiss) at 652 

630X magnification at the same setup of zoomed, laser rate and scanned with 4 653 

fields/image (tile scan function). NETs were quantified by the ratio between the total 654 

number of cells per field versus the number of NETosis (cells with loss of nucleus 655 

segmentation, cells in the process of releasing chromatin in networks) (NETosis = Cells 656 

/ Cells in NETosis x 100). Images acquired and analyzed using Fiji by Image J. 657 

 658 

Apoptosis TUNEL assay 659 

Frozen lung tissue slices were used for the detection of apoptotic cells in situ with Click-660 

iT Plus TUNEL Assay Alexa Fluor 488, according to the manufacturer’s instructions 661 

(Thermo Fisher Scientific; cat. C10617). The slides were counterstained with Vectashield 662 

Antifade Mounting Medium with DAPI. Images were acquired by microscope Leica 663 

DMI6000B (Leica microsystems) at 200X magnification at the same laser rate. Ten fields 664 

(322.8 µm2 each) of the left lung were analyzed using Fiji by Image J, which represents 665 

75 % of the total area of the left lung. The apoptosis quantification was performed as the 666 

percentage of TUNEL positive cells from DAPI staining.  667 

 668 

Production of NETs by isolated human neutrophils 669 

Blood samples were collected from healthy controls by venipuncture for in vitro 670 

experiments. Neutrophils were isolated and purified by Percoll density gradient (72 %, 671 

63 %, 54 %, and 45 %) (GE Healthcare; Cat. 17-5445-01). Isolated neutrophils were 672 

resuspended in RPMI 1640 (Corning; cat. 15 040-CVR). Neutrophil purity was >95 % as 673 

determined by Rosenfeld's Color Cytospin (Laborclin; cat. 620529). A total of 1×106 674 

isolated neutrophils were attached to coverslips coated with poly-L-lysine solution 0.1 % 675 

(Sigma-Aldrich; cat. P8920) incubated for 4 h at 37 °C for NET immunostaining.  676 

Protocol 1: Isolated human neutrophils were incubated with the PAD4 inhibitor CL-677 

amidine (200 µM), with the ROS production inhibitor DPI (10 µM/mL), or with the 678 

C5aR1 antagonist DF2593A (1 µM) for 1 h and, subsequently, challenged with rhC5a (3 679 

nM; R&D; cat. 2037-C5-025/CF). The concentration of rhC5a was based on a 680 

concentration-response curve.  Four hours after the challenge, supernatant was collected 681 

and stored at -80 °C. Cells were collected on a coverslip and, further, submitted to 682 

immunofluorescence for the visualization of NETs.  683 

Protocol 2: Neutrophils were incubated with Mock, rhC5a (3 nM) or infected with SARS-684 

CoV-2 (MOI = 1.0). One group of cells was incubated with SARS-CoV-2 and treated 685 



21 

with rhC5a (3 nM). Four hours after the challenge, supernatant was collected and stored 686 

at -80 °C. Cells were collected on a coverslip and, further, submitted to 687 

immunofluorescence for the visualization of NETs. 688 

  689 

NETs quantification in the lung tissue 690 

The 96 well black plates were coated with anti-MPO antibody (Thermo Fisher Scientific; 691 

cat. PA5-16672) (1:1000) overnight at 4 ºC. Subsequently, the plate was washed with 692 

PBS + 0.1 % Tween 20 and blocked with 2 % BSA for 2 h at RT. The lung tissue 693 

homogenates were obtained and centrifuged at 10,000 g at 4 °C for 10 min. Then, the 694 

supernatant was collected and incubated overnight at 4 ºC. On the third day, MPO-bound 695 

DNA (NETs) was quantified using the Quant-iT PicoGreen kit (Invitrogen; cat. P11496) 696 

as previously described (45).  697 

  698 

Flow cytometry analysis  699 

Lung tissue was harvested and digested with type 2 collagenase (1 mg/ml, Worthington; 700 

cat. LS004177) for 45 min at 37 ºC to acquire cell suspensions. Total lung cells (1 x 106) 701 

were then stained with Fixable Viability Dye eFluor 780 (Invitrogen; cat. 65–0865-14; 702 

1:1000) and monoclonal fluorochrome-stained antibodies specific for CD45 (BD 703 

Pharmingen; clone 30F-11; cat. 553080; 1:200), CD11b (Biolegend; clone M1/70; cat. 704 

101212; 1:200), Ly6G (Biolegend; clone 1A8; cat. 127606; 1:200), CCR2 (Biolegend; 705 

clone: SA203G11; cat. 150605; 1:200), Ly6C (eBioscience; clone: HK1.4; cat. 45-5932-706 

82; 1:200), for 30 min at 4 °C. Data was acquired on FACSVerse flow cytometer (BD 707 

Biosciences) and analysis was performed using FlowJo (TreeStar) software. Gating 708 

strategies for flow cytometry analysis are schematically represented in (Supplementary 709 

Figure 11). 710 

 711 

Cytokine and chemokine quantification 712 

Lung homogenate was added to the RIPA buffer in the proportion of 1:1, and then 713 

centrifuged at 10,000 g at 4 °C for 10 min. The supernatant was collected and stored at -714 

70 °C until use. The sandwich ELISA method was performed to detect the concentration 715 

of cytokines and chemokines using kits from R&D Systems (DuoSet), according to the 716 

manufacturer’s instructions. The following targets were evaluated: CCL2, CCL3, CCL4, 717 

CXCL1, CXCL2, IFN-β, IL-6, IL-10, and TNF. 718 

 719 
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Statistics 720 

Statistical significance was determined by either one or two-tailed unpaired and paired 721 

Student t-test, one-way or two-way ANOVA followed by Bonferroni’s post hoc test. 722 

Spearman correlation analysis was performed by calculating a repeated measures 723 

correlation coefficient (r-value) and was plotted utilizing a simple linear regression line. 724 

P<0.05 was considered statistically significant. Statistical analyses and graph plots were 725 

performed and built with GraphPad Prism 9.3.1 software. 726 

 727 

Study approval 728 

Experimental procedures were performed in accordance with the guide for the use of 729 
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 1026 

Figure 1 – C5a levels and C5AR1 expression in the BAL fluid and cells from COVID-1027 

19 patients. An ELISA assay was performed to measure the concentrations of (A) C5a, 1028 

(B) factor Bb, and (C) C3a in the BAL fluid from non-COVID-19 (n=16) and COVID-1029 

19 patients (n=16). (B) Paired concentrations of (D) C5a and (E) factor Bb in the plasma 1030 

and BAL fluid from COVID-19 patients were determined by ELISA. (F) A different 1031 

cohort from a previously published dataset was re-analyzed and the t-Distributed 1032 
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Stochastic Neighbor Embedding (t-SNE) analysis of total cells (65,166) from BAL fluid 1033 

of non-COVID-19 pneumonia (n=13) and COVID-19 patients (n=22) is shown. (G) Dot 1034 

plots display the highlighted distribution of C5AR1 for each indicated cell population. 1035 

(H) Violin plots showing the expression levels of C5aR1 in each type of cell from 1036 

COVID-19 or non-COVID-19 patients. (I) The dot plot depicts the scaled and centered 1037 

expression of an average cell in each cluster and therefore contains negative and positive 1038 

values. The average expression reflects the mean expression of C5AR1 in each cluster 1039 

compared with all other cells. (J) Number of cells per cell population [neutrophils (Neu), 1040 

monocytes/macrophages (Mo/Mac), and dendritic cells (cDC)] that express C5AR1 in the 1041 

groups COVID-19 and non-COVID-19. (K) Average expression of C5AR1 per cell for 1042 

each cell population [neutrophils (Neu), monocytes/macrophages (Mo/Mac), and 1043 

dendritic cells (cDC)] in the groups COVID-19 and non-COVID-19. Data are shown as 1044 

the mean ± SEM. P values were determined by two-tailed unpaired (A - D, and J and K) 1045 

or paired (D and E) Student t-test followed by Wilcoxon matched-pairs signed rank test. 1046 
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 1058 

Figure 2 – C5aR1 is expressed in macrophage and neutrophil in the lung tissue of 1059 

COVID-19 patients. (A) Representative confocal images of the presence of C5aR1 in 1060 

macrophage (Iba-1) and neutrophil (neutrophil elastase, NE) in the lung tissue from 1061 

autopsies of COVID-19 patients (n=4 cases/4 randomized field). Cells were stained for 1062 

nuclei (DAPI, blue), Iba-1 or NE (green), and C5aR1 (red). Scale bar indicates 50 µm. 1063 

(B) Percentage of cells expressing C5aR1 in the COVID-19 lung. Data are shown as the 1064 

mean ± SEM. P values were determined by ANOVA followed by Bonferroni’s post hoc 1065 

test (B). 1066 

 1067 
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 1068 

Figure 3 - C5aR1 signaling on myeloid cells contributes to the lung pathology in a 1069 

COVID-19 mouse model. (A) Tg mice were infected with SARS-CoV-2 (2 x 104 PFU, 1070 

i.n). ELISA assay to measure levels of (B) C5a in the lung homogenate of infected 1071 

animals (n=14) or mock control (n=11). (C) factor Bb and (D) C3a levels in the lung 1072 

homogenate of infected animals (n=8) or mock control (n=5). (E) Representative 1073 

confocal images of the presence of C5aR1 expression in the lung tissue of TgFlox/Flox mice 1074 

(C5ar1-eGFP mice) infected with SARS-CoV-2 (5 dpi). Tissue slices were co-stained for 1075 
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nuclei (DAPI, blue), Iba-1 (macrophages, red) and NE (neutrophils, red) markers. Scale 1076 

bar indicates 50 µm. (F) Percentage of cells expressing C5aR1 in the lung tissue of 1077 

TgFlox/Flox mice infected with SARS-CoV-2 (n=4 mice/4 randomized field). (G) 1078 

Representative H&E staining from the lung of SARS-CoV-2-infected TgFlox/Flox (n=6) or 1079 

TgcKO mice (n=6). Mock was used as control (n=6). Scale bars - 4X: 200 µm, 10X: 100 1080 

µm. (H) TUNEL staining (red) for detection of apoptotic cells in situ from lung tissue of 1081 

SARS-CoV-2-infected TgFlox/Flox (n=5) or TgcKO mice (n=6). Mock-infected Tg mice 1082 

were used as a control (n=5/group). (I)  Quantification of the lung septal area fraction. 1083 

(J) Percentage of TUNEL positive cells in lung tissue. Scale bar indicates 50 µm. (K) 1084 

ELISA assays were performed to detect CCL2, CCL3, CCL4, CXCL1 and IL-6 levels in 1085 

the lung tissue of TgFlox/Flox (n=8) or TgcKO-infected mice (n=7). Mock-infected Tg mice 1086 

were used as a control (n=5). Data are shown as the mean ± S.E.M. P values were 1087 

determined by (B - D) Student’ t-test and (F, I, J and K) one-way ANOVA followed by 1088 

Bonferroni’s post hoc test. 1089 

 1090 
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 1091 

Figure 4 – DF2593A, a selective C5aR1 antagonist, ameliorates COVID-19 in mice 1092 

model. (A) Tg mice were infected with SARS-CoV-2 (2 x 104 PFU, i.n) and treated with 1093 

DF2593A (3 mg/kg, p.o) 1 h before SARS-CoV-2 infection and once a day up to the day 1094 

of sample collection (5 dpi). (B) Body weight, clinical score, and oxygen saturation were 1095 

measured daily post-infection (n=11/group, pooled from 2 independent experiments). (C) 1096 

Representative H&E staining from the harvested lung of the COVID-19 mouse model 1097 

treated (n=4) or not (n=6) with DF2593A. Mock was used as control (n=5). Scale bars - 1098 

4X: 200 µm, 10X: 100 µm. (D) TUNEL staining (green) for detection of apoptotic cells 1099 

in situ from lung tissue of mice (n=5/group). (E) Quantification of the lung septal area 1100 

fraction. (F) Percentage of TUNEL positive cells in lung tissue. Scale bar indicates 50 1101 

µm. (G) ELISA assays were performed to detect CCL2, CCL3, CCL4, CXCL1 and IL-6 1102 

levels in lung homogenate (n=6/group). Mock was used as the control group. Data are 1103 

shown as the mean ± S.E.M. P values were determined by one-way ANOVA followed 1104 

by Bonferroni’s post hoc test (E, F and G). 1105 
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 1106 

 1107 

Figure 5 – The post-infection treatment with DF2593A reduced lung 1108 

pathology/disfunction in SARS-CoV-2-infected Tg mice. (A) Tg mice were infected 1109 

with SARS-CoV-2 (2 x 104 PFU, i.n) and treated with DF2593A (3 mg/kg, p.o) 24 h after 1110 

SARS-CoV-2 infection and once a day up to the day of sample collection (5 dpi). (B) 1111 

Body weight, clinical score, and oxygen saturation were measured daily post-infection 1112 

(n=5/group). (C) Representative H&E staining from the harvested lung of the COVID-1113 

19 mouse model treated or not with DF2593A (n=5/group). Mock was used as control 1114 

(n=5). Scale bars - 4X: 200 µm, 10X: 100 µm. (E) Quantification of the lung septal area 1115 

fraction. Data are shown as the mean ± S.E.M. P values were determined by one-way 1116 

ANOVA followed by Bonferroni’s post hoc test (D). 1117 

 1118 
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 1119 

Figure 6 - C5a/C5aR1 signaling is involved in the pathophysiology of COVID-19 1120 

through NET formation. TgFlox/Flox (n=8) and TgcKO (n=8) mice were infected with 1121 

SARS-CoV-2 (2 x 104 PFU, i.n). (A) Representative confocal images showing the 1122 

presence of NETs in the lung tissue from TgFlox/Flox or TgcKO-infected mice. A mock-1123 

infected group was performed as control (n=5). Staining shows nuclei (DAPI, blue), 1124 

H3Cit (green), and myeloperoxidase (MPO) (red). (B) At 5 dpi, the levels of NETs were 1125 

quantified by MPO-DNA PicoGreen assay in the supernatant of the lung homogenate. 1126 

(C) Tg-infected mice were treated with DF2593A (3mg/kg, p.o, n=6) or vehicle 1127 

(n=5/group). Representative confocal images showing the presence of NETs in the lung 1128 

tissue of Tg-infected mice treated with DF2593A or vehicle (n=5/group). Mock-infected 1129 

group was performed as control (n=5). (D) At 5 dpi, NETs levels were quantified by 1130 

MPO-DNA PicoGreen assay in the supernatant of the lung homogenate. Data are shown 1131 

as the mean ± S.E.M. P values were determined by one-way ANOVA followed by 1132 

Bonferroni’s post hoc test (B and D). Scale bar indicates 50 µm.  1133 

 1134 
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 1135 

Figure 7 – Intratracheal instillation with C5a induced lung immunopathology via 1136 

C5aR1 signaling and NETs (A) C57/BL6 mice were treated twice with vehicle, DNAse 1137 

(PulmozymeⓇ, 10 mg/kg, s.c.), or C5aR1 antagonist (DF2593A, 3 mg/kg, p.o.), 24 h and 1138 

1 h before the intratracheal instillation of rmC5a (400 ng), and the lungs were harvested 1139 

and processed for H&E staining (n=5/group). (B) Quantification of the lung septal area 1140 

fraction. (C) Lung slices from the control group or from mice challenged with rmC5a and 1141 

treated with vehicle, DNAse, or C5aR1 antagonist (DF2593A) were co-stained for nuclei 1142 

(DAPI, blue), H3Cit (green) and MPO (red) markers. (D) NET quantification by the 1143 

MPO-DNA PicoGreen assay in the supernatant of the lung homogenate (n=5-6/group). 1144 

(E) ELISA assays were performed to detect CCL2, CCL3, CCL4, CXCL1 and IL-6 levels 1145 

in lung homogenate (n=5-6/group). Data are shown as the mean ± S.E.M. P values were 1146 

determined by one-way ANOVA followed by Bonferroni’s post hoc test (B and D). 1147 

 1148 
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 1149 

Figure 8 - C5a is able to directly promote and enhance SARS-CoV-2-induced 1150 

NETosis (A) Isolated human neutrophils were incubated with PBS, DPI, Cl-amidine, or 1151 

DF2593A for 1 h and then challenged with rhC5a (3 nM) for 4 h. (B) Cells were stained 1152 

for nuclei (DAPI, blue), NE (green), and MPO (red). (C) Percentage of NETs 1153 

quantification in these neutrophils supernatants (n=3 donors). (D) Neutrophils were 1154 

isolated from healthy donors and incubated with mock, rhC5a (3 nM) and SARS-CoV-2 1155 

(MOI = 1.0) for 4 h. One group of SARS-CoV-2-infected cells was pretreated with rhC5a 1156 
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(3 nM). (E) Representative images of NETs release. Cells were stained for nuclei (DAPI, 1157 

blue), NE (green), and MPO (red). The scale bar indicates 50 µm. (F) Percentage of NETs 1158 

quantification in these neutrophils supernatants (n=3 donors). Data are shown as the mean 1159 

± S.E.M. P values were determined by one-way ANOVA followed by Bonferroni’s post 1160 

hoc test (C and F).  1161 
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