
Junqueira et al., 2/25/22, page  1 

SARS-CoV-2 infects blood monocytes via FcR and activates 1 

inflammation 2 

 3 

Short title: SARS-CoV-2 monocyte infection triggers inflammation 4 

One sentence summary: Antibody-mediated SARS-CoV-2 infection of monocytes activates 5 

inflammasomes and cytokine release. 6 
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SARS-CoV-2 can cause acute respiratory distress and death in some patients. Although 36 

severe COVID-19 disease is linked to exuberant inflammation, how SARS-CoV-2 triggers 37 

inflammation is not understood. Monocytes and macrophages are sentinel cells that sense 38 

invasive infection to form inflammasomes that activate caspase-1 and gasdermin D 39 

(GSDMD), leading to inflammatory death (pyroptosis) and release of potent inflammatory 40 

mediators. Here we show that about 6% of blood monocytes in COVID-19 patients are 41 

infected with SARS-CoV-2. Monocyte infection depends on uptake of antibody-opsonized 42 

virus by Fc receptors. Vaccine recipient plasma does not promote antibody-enhanced 43 

monocyte infection. SARS-CoV-2 begins to replicate in monocytes, but infection is aborted, 44 

and infectious virus is not detected in infected monocyte culture supernatants. Instead, 45 

infected cells undergo inflammatory cell death (pyroptosis) mediated by activation of NLRP3 46 

and AIM2 inflammasomes, caspase-1 and GSDMD. Moreover, tissue-resident macrophages, 47 

but not infected epithelial and endothelial cells, from COVID-19 lung autopsies have 48 

activated inflammasomes. These findings taken together suggest that antibody-mediated 49 

SARS-CoV-2 uptake by monocytes/macrophages triggers inflammatory cell death that 50 

aborts production of infectious virus but causes systemic inflammation that contributes to 51 

COVID-19 pathogenesis.  52 

SARS-CoV-2 causes severe COVID-19 disease marked by acute respiratory distress that can 53 

progress to multiorgan failure and death in the elderly and patients with comorbidities1. Increased 54 

chronic inflammation is associated with aging (“inflammaging”) and the comorbidities linked to 55 

severe disease2 and severe disease is linked to signs of inflammation3. When myeloid cells sense 56 

invasive infection, they activate inflammasomes to sound an innate immune alarm4. 57 

Inflammasome activation is required to process and release IL-1 family cytokines, arguably the 58 
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most potent inflammatory mediators5. However, activation of NF-B, the TNF receptor 59 

superfamily and TH17 cytokines can also cause severe inflammation. When inflammasomes sense 60 

infection, they recruit the ASC adaptor and assemble into large complexes that recruit and activate 61 

caspase-1, which in turn processes interleukin (IL)-1 pro-cytokines and the pore-forming GSDMD 62 

to disrupt the cell membrane, leading to cell death and cytokine release4. Pyroptotic cell membrane 63 

rupture releases cytokines, chemokines and other alarmins that recruit immune cells to infection 64 

sites. LDH release is pathognomonic for pyroptosis and other forms of necrotic cell death4 and 65 

elevated LDH is one of the best correlates of severe COVID-196. 66 

COVID-19 blood shows signs of pyroptosis  67 

Because inflammasome activation is a major mediator of inflammation,7, we examined SARS-68 

CoV-2-infected patient blood for inflammasome activation and pyroptosis. Freshly isolated 69 

mononuclear cells from 19 healthy donors (HD) and 22 COVID-19 patients in the emergency 70 

department (ED) were stained for hematopoietic cell markers, a small fixable dye (Zombie 71 

Yellow) that enters cells with damaged plasma membranes and annexin V, an indicator of 72 

programmed cell death (Fig. 1a,b, Extended Data Fig. 1a, Supplementary Table 1). Annexin 73 

V+Zombie- apoptotic cells did not increase in any subpopulation in COVID-19 samples. However, 74 

~6% of monocytes of COVID-19 patients on average took up Zombie dye, a sign of membrane 75 

damage consistent with pyroptosis. None of the lymphocyte subsets in COVID-19 samples showed 76 

increased pyroptosis. Monocyte flow cytometry indicated a reduced frequency of classical 77 

monocytes (CD14hiCD16-) in 15 COVID-19 patients compared to 13 HD, while intermediate 78 

monocytes (CD14hiCD16+) were significantly increased, but there was no change in the non-79 

classical subset (CD14loCD16+) (Fig. 1c, Extended Data Fig. 1b). Many intermediate (~60%) and 80 

non-classical (~40%), but none of the more abundant classical, monocytes had taken up SARS-81 
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CoV-2 virus since they stained for nucleocapsid (N) (Fig. 1d,e). Since expression of FcRIIIa 82 

(CD16), an important mediator of antibody-mediated monocyte phagocytosis, correlated with 83 

virus uptake, anti-spike RBD IgG plasma titers were measured in 64 COVID-19 plasma samples 84 

obtained at ED presentation, 20 HD and 5 patients who presented with COVID-19-like symptoms 85 

but were SARS-CoV-2 PCR- (non-COVID-19 patients) (Fig. 1f). Most COVID-19 patients, but 86 

not HD or non-COVID-19 controls, had elevated anti-spike RBD IgG, suggesting that they had 87 

been infected for approximately a week8. Plasma from COVID-19 patients, who had diverse 88 

disease outcomes, and HD were compared for pyroptosis-specific markers (GSDMD, IL-1, IL-89 

1RA, IL-18, LDH activity) (Fig. 1g) and for other inflammatory markers that are not pyroptosis-90 

specific (inflammatory cytokines IL-6, TNF, IL-17/17A; growth factors IL-7, G-CSF; chemokines 91 

CCL7, CXCL9, CXCL10) and interferons (IFN, IFN). Consistent with published data9,10, all 92 

inflammation markers not specific for pyroptosis were significantly elevated in COVID-19 plasma 93 

(except for IL-17/17A) and IFNs were not detected above baseline (data not shown). All pyroptosis 94 

markers were significantly elevated in COVID-19 plasma compared to HD. Although significantly 95 

higher in COVID-19 samples, plasma IL-1 was low, which was not surprising since it is rapidly 96 

cleared from the blood and usually not detected even in patients with severe disease caused by 97 

pyroptosis. However, its antagonist IL-1RA, used as a surrogate5, was greatly increased in 98 

COVID-19 samples. It is worth noting that IL-1 cytokines and pyroptosis potently activate the 99 

other elevated inflammation markers11.  100 

To determine if pyroptosis biomarkers correlate with COVID-19 disease severity, plasma from 10 101 

HD and 60 COVID-19 patients was analyzed for GSDMD, LDH, IL-1RA and IL-18 at 102 

presentation and on days 3 and 7 for hospitalized patients (Fig. 1h, Supplementary Table 2). 103 

Patients were grouped into mild, moderate or severe disease using the MGH COVID Acuity 104 
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scale12. Plasma GSDMD, LDH, IL-1RA and IL-18 were all elevated in severe samples compared 105 

to those with mild or moderate disease, but the increase in GSDMD was not significant. Taken 106 

together, these results suggest ongoing pyroptosis in COVID-19 blood that was more prominent 107 

in severe disease.  108 

Monocytes have activated inflammasomes  109 

These data suggested that monocytes in COVID-19 patients might die of pyroptosis and release 110 

inflammatory cytokines to contribute to poor outcome. Not much is known about how viruses 111 

interact with the 27 potential human canonical inflammasome sensors4. The NLRP3 112 

inflammasome, which detects K+ efflux generated by a variety of stimuli, could be activated by 113 

specific viral proteins13,14. Three SARS-CoV-2 proteins, Orf3a, Orf8 and the E envelope, are 114 

thought to be “viroporins” (ion channels) that potentially activate K+ efflux, as previously 115 

described for SARS-CoV15. Orf3 and Orf8 are only encoded by pathogenic human CoVs. 116 

Interestingly, bats, the natural hosts of SARS-CoV and SARS-CoV-2, have a dampened NLRP3 117 

response to multiple viruses, including MERS-CoV, which might explain their toleration of these 118 

infections despite high viral loads16. To probe whether COVID-19 monocytes undergo pyroptosis, 119 

freshly isolated, enriched monocytes from HD, COVID-19 patients of mixed disease severity 120 

(Supplementary Table 1) and non-COVID-19 patients were analyzed by imaging flow cytometry 121 

for expression and intracellular distribution of the common inflammasome adaptor ASC, activated 122 

caspase-1 (by fluorochrome-labeled inhibitor of caspases assay (FLICA)) and GSDMD. Activated 123 

canonical inflammasomes form large micron-sized inflammasome-ASC-caspase-1 specks4. About 124 

4% of monocytes from COVID-19 patients, 1% of non-COVID-19 patients, but no HD samples, 125 

had caspase-1 and ASC specks (Fig. 2a-c; Extended Data Fig. 2a,b). These results suggest that 126 

other causes of respiratory distress activate monocyte inflammasomes, but activation is more 127 
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extensive in SARS-CoV-2 infection. Most cells with ASC specks (~80%) from COVID-19 128 

patients also had co-localized caspase-1 specks (Fig. 2d).  129 

COVID-19 monocytes with ASC specks showed ballooning plasma membranes, GSDMD 130 

redistribution from the cytoplasm to cell membrane puncta and Zombie dye uptake, consistent with 131 

GSDMD pore formation and pyroptosis, but cells without ASC specks did not (Fig. 2e,f, Extended 132 

Data Fig. 2b,e). Most Zombie+ cells had ASC specks (62±9%), suggesting that most COVID-19 133 

monocyte death is due to inflammasome activation. However, only 28±5% of cells with ASC 134 

specks had taken up Zombie dye. This difference could be because cell membrane 135 

permeabilization is delayed after ASC activation. Immunoblots of HD and COVID-19 monocyte 136 

lysates were probed for full-length GSDMD (GSDMD-FL) and its C-terminal fragment (GSDMD-137 

CT) and housekeeping proteins, -actin and COX-IV (Fig. 2g, Extended Data Fig. 2g). During 138 

pyroptosis, cleaved GSDMD and actin are released and the actin cytoskeleton disintegrates, while 139 

membrane-bound proteins, like COX-IV, are mostly retained4,17. GSDMD-FL was detected in all 140 

HD samples, but in only 1 of 3 COVID-19 samples. GSDMD-CT was detected in COVID-19 141 

monocytes and the positive control (LPS+nigericin-treated HD monocytes). Although COX-IV 142 

was detected in all samples, FL -actin was not detected in one COVID-19 sample, but -actin 143 

fragments were detected in all COVID-19 samples and in nigericin-activated HD monocytes. 144 

Thus, COVID-19 monocytes are undergoing pyroptosis. 145 

To identify the activated inflammasome, HD and COVID-19 monocytes were co-stained for ASC 146 

and 3 canonical inflammasomes (NLRP3, AIM2 (activated by cytoplasmic DNA) and pyrin 147 

(activated by bacterial toxins))14 (Fig. 2d, h-j, Extended Data Fig. 2c-f). In COVID-19 monocytes, 148 

ASC specks co-localized with NLRP3 and AIM2, but there were no pyrin specks. AIM2 activation 149 
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was unexpected, although AIM2 is activated by RNA viruses in rare cases by an unclear 150 

mechanism18. AIM2 might sense host mitochondrial DNA since mitochondrial membranes are 151 

damaged during pyroptosis19. Almost all ASC speck+ monocytes had co-localized NLRP3 and 152 

AIM2 specks (Fig. 2d) and ASC, NLRP3 and AIM2 co-localized (Fig. 2j). We did not expect to 153 

find more than one inflammasome stimulated in the same cell, although co-localization of 2 154 

distinct inflammasomes has been reported20. Confocal microscopy confirmed ASC, caspase-1, 155 

NLRP3 and AIM2 colocalization in inflammasomes selectively in COVID-19 monocytes 156 

(Extended Data Fig. 2f). These data showing inflammasome specks and GSDMD membrane 157 

localization and cleavage, together with detection of dying Annexin V-Zombie+ monocytes and 158 

plasma GSDMD and IL-1 cytokines (Fig. 1), indicate that COVID-19 monocytes die of pyroptosis. 159 

Monocyte infection triggers pyroptosis  160 

But what activates inflammasomes in COVID-19 monocytes? Since inflammasomes sense 161 

invasive infection, monocyte infection might be the trigger. A few reports suggest monocytes10,21 162 

and macrophages can be SARS-CoV-2-infected, and we detected nucleocapsid in patient 163 

monocytes (Fig. 1d,e). However, monocytes do not express ACE2, the viral entry receptor22. 164 

Indeed, ACE2 was undetected or barely detected by flow cytometry and qRT-PCR on COVID-19 165 

and HD monocytes (Extended Data Fig. 3a,b). HD and COVID-19 monocytes expressed similar 166 

levels of CD147 (basigin or EMMPRIN), reported to bind to SARS-CoV-2 spike protein and 167 

facilitate viral uptake, although this finding is controversial23-25 (Extended Data Fig. 3c,d). 168 

Monocytes express 3 Fc receptors – CD64 (FcRI) and CD32 (FcRII), expressed on most blood 169 

monocytes, and CD16 (FcRIIIa), expressed on a small minority of  blood monocytes (~10% in 170 

HD)26,27 that are increased in COVID-199. These receptors could recognize antibody-opsonized 171 
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virions and mediate uptake via antibody-dependent phagocytosis28. Anti-SARS-CoV-2 spike 172 

antibodies are detected early in SARS-CoV-2 infection, about when patients develop inflammatory 173 

symptoms8,29, as in our cohort (Fig. 1f). To examine whether COVID-19 monocytes are infected, 174 

we co-stained HD and COVID-19 monocytes for nucleocapsid (N) (Fig. 3a-d) or dsRNA (J2 175 

antibody) (Fig. 3e-h) and ASC. N staining indicates virus internalization, but J2 staining indicates 176 

active infection30. HD monocytes did not stain for N, dsRNA or ASC. About 10% of COVID-19 177 

monocytes stained for N or dsRNA (Fig. 3b,f) and ~95% of N+ monocytes were also J2+, indicating 178 

viral replication. Virtually all infected cells showed ASC specks (Fig. 3c,g) and all ASC speck+ 179 

cells were infected (Fig. 3d,h). Thus SARS-CoV-2 monocyte infection activates inflammasomes 180 

and pyroptosis. 181 

Lung macrophages have inflammasome specks 182 

Since the respiratory tract is the main infection site, we next assessed whether macrophages in 183 

lung autopsies were infected with SARS-CoV-2 and had active inflammasomes. Fixed lung slides 184 

from five human SARS-CoV-2 (Supplementary Table 3) and three uninfected trauma victims were 185 

co-stained for CD14, ASC, N and DAPI (Fig 3i-k). In COVID-19 lungs, 15.1±2.9% of CD14- cells 186 

and 8.3±4.2% of CD14+ cells stained for N, but N was not detected in trauma victims (Fig 3i-k). 187 

As expected, both E-cadherin+ epithelial and CD31+ endothelial CD14- cells stained for N (Fig 188 

3k). However, ASC specks were detected only in CD14+, but not in CD14-, COVID-19 lung cells, 189 

indicating that tissue-resident macrophages have activated ASC-containing inflammasomes, but 190 

infected lung epithelial and endothelial cells do not. Most CD14+N+ cells had ASC specks (Fig. 191 

3j). ASC specks were not seen in control autopsies. About a quarter of CD14+ lung cells had ASC 192 

specks, although only ~8% were N+. This discrepancy suggests that DAMPs, released from 193 
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infected or otherwise damaged lung cells, may have activated inflammasomes in uninfected 194 

macrophages.  195 

CD16 mediates infection of opsonized virus  196 

To confirm that monocytes can be infected, HD monocytes were infected with an engineered 197 

infectious clone (icSARS-CoV-2-mNG) encoding a Neon Green (NG) fluorescent reporter of viral 198 

replication31. Monocytes, primed or not with LPS, were infected (MOI 1) with reporter virus 199 

preincubated with IgG1 isotype control antibody (mAb114), anti-spike mAbs (non-neutralizing 200 

C1A-H12, neutralizing C1A-B12)32 or pooled HD or COVID-19 patient plasma (heat inactivated 201 

or not). Antibodies and plasma were also present during culture. After 48 h, monocytes were 202 

analyzed for N, dsRNA and ASC by imaging flow cytometry (Fig. 4a-g, Extended Data Fig. 4). 203 

Without LPS, anti-spike antibody or COVID-19 pooled plasma, few HD monocytes took up or 204 

replicated the virus, but infection increased significantly in the presence of anti-spike mAb or 205 

COVID-19 plasma. Antibody neutralizing activity and plasma heat inactivation did not affect 206 

infection (Extended Data Fig. 4a-e), suggesting that complement was not involved. IgG-depletion 207 

of COVID-19 plasma nearly abrogated viral infection assessed by NG fluorescence, but IgA 208 

depletion had no effect on infection (Fig. 4e,j,k). These results suggest infection is mediated by 209 

anti-spike antibody-opsonized virus. Nonetheless, N, J2 and NG positive monocytes were detected 210 

at low levels after HD monocyte infection with virus preincubated with isotype control mAb or 211 

with HD plasma, suggesting possible inefficient anti-SARS-Cov-2 antibody-independent 212 

monocyte infection. The highest in vitro infection rate was ~3% in HD monocytes pretreated with 213 

LPS and incubated with patient plasma. N and J2 staining were comparable with low background 214 

of ~0.1% in uninfected samples; fewer cells were NG fluorescent (about half as many) and there 215 

was no background NG fluorescence. More J2+ or N+ cells in samples with the highest infection 216 
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rates (treated with LPS and patient plasma or anti-spike antibodies) were also NG fluorescent, 217 

indicating viral replication (Extended Data Fig. 4e). NG may be less often detected than N or 218 

dsRNA because it is expressed late in the viral lifecycle and/or is more difficult to detect. ASC 219 

specks were barely detected in uninfected HD monocytes but increased with SARS-CoV-2 220 

infection (Fig. 4c, Extended Data Fig. 4d). ASC speck+ cells increased when SARS-CoV-2 was 221 

preincubated with anti-spike antibody and still more when preincubated with patient plasma. HD 222 

monocyte infection with the fluorescent molecular clone was similar to infection with the parental 223 

Washington (WA) strain or a Delta variant clinical isolate, but, as expected, the molecular clone 224 

less efficiently infected A549-ACE2 than the WA strain or the more infectious Delta variant 225 

(Extended Data Fig. 4f,g). The similarity of HD monocyte infection for all three viruses suggested 226 

that monocyte viral entry might be ACE2-independent.   227 

To assess whether disease severity or antibodies raised by vaccination increased monocyte virus 228 

uptake, LPS-activated monocytes were infected in the presence of pooled plasma from uninfected 229 

donors, mRNA vaccine recipients or COVID-19 patients with mild or severe disease. Importantly, 230 

uninfected HD and post-vaccination plasma did not facilitate virus uptake or replication, even 231 

though plasma anti-RBD IgG was ~2-fold higher in HD vaccine recipients (6.51.1 g/ml) than 232 

in COVID-19 patients (3.60.5 g/ml) (Fig. 4f,g). However, non-COVID-19 patient pooled 233 

plasma slightly increased infection, but the increase was not significant, suggesting possible 234 

inefficient viral uptake by some non-COVID plasma component. Disease severity did not affect 235 

infection by COVID-19 patient plasma since pooled mild and/or severe plasma similarly facilitated 236 

infection.  237 
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Severe acute COVID-19 patients have increased antiviral IgGs that are afucosylated in their Fc 238 

region and bind better to CD1633-35. To test whether afucosylation affects HD monocyte infection, 239 

HD monocyte infection by virus preincubated with purified IgG from pooled HD or COVID-19 240 

plasma or from COVID-19 patients with relatively low (~8%) or high (~30%) afucosylation (2 241 

patients of each) was compared (Fig. 4h,i). As expected, purified HD plasma IgG did not lead to 242 

N staining or NG fluorescence, while IgG from pooled COVID-19 plasma did. Low afucosylated 243 

IgG did not significantly increase infection compared to HD IgG, but more highly fucosylated 244 

COVID-19 IgGs modestly, but significantly, increased N+ cells. However, NG fluorescence did 245 

not increase significantly after adding either low or high afucosylated COVID-19 patient IgG, 246 

compared to HD IgG, perhaps because this assay is less sensitive than N staining. Purified IgG 247 

enhanced HD monocyte infection less than patient plasma (i.e., compare Fig. 4l,m with Fig. 4f,g), 248 

suggesting that an Ig-independent plasma component might facilitate infection.  249 

To identify the viral receptor on monocytes, purified HD monocytes were infected with the 250 

reporter virus in the presence of COVID-19 patient plasma that was depleted or not of IgG or in 251 

the presence of blocking antibodies to potential monocyte receptors - ACE2, CD147 and the three 252 

monocyte FcRs, CD16, CD32 and CD64 (Fig. 4j,k, Extended Data Fig. 5a,b). Blocking CD16 or 253 

CD64 or IgG depletion strongly inhibited infection, while blocking the other receptors had no 254 

significant effect. The combination of anti-CD16 and anti-CD64 blocking antibody did not inhibit 255 

virus uptake more than either blocking antibody on its own. Thus, SARS-CoV-2 infection of 256 

monocytes is mostly mediated by CD16 and/or CD64 uptake of opsonized virus.  257 

CD16 is also expressed on neutrophils and NK, which could be infected by a similar antibody-258 

dependent mechanism. We did not observe cell death in patient NK (Fig. 1a) and therefore didn’t 259 

study them further. However, neutrophils contribute to SARS-CoV-2 immunopathology and 260 
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inflammation36. To determine whether neutrophils are infected, HD neutrophils and monocytes 261 

were infected side by side in the presence of COVID-19 plasma (Extended Data Fig. 5b,c). 262 

Infection of HD neutrophils was low compared to monocyte infection (~0.2% vs almost 3% in 263 

monocytes) and not significantly increased above background. To assess whether neutrophils are 264 

infected in vivo, the frequency of in vivo neutrophil infection in COVID-19 samples of mixed 265 

disease severity and HD was assessed by N staining negatively selected, fresh blood neutrophils 266 

(Extended Data Fig. 5d). Infection was not detected in COVID-19 patient neutrophils.  267 

SARS-CoV-2 monocyte infection is aborted 268 

dsRNA and NG detection strongly suggested that monocytes replicate SARS-CoV-2. To confirm 269 

viral replication and further assess whether uptake is ACE2-mediated, HD monocytes were 270 

infected in the presence of COVID-19 plasma and the antiviral drugs, Remdesivir, an inhibitor of 271 

the viral RNA-dependent RNA polymerase, and Camostat mesylate, an inhibitor of TMPRSS2, 272 

which primes the spike protein for ACE2-mediated entry37 (Fig. 4l,m, Extended Data Fig. 5e-g). 273 

Monocyte infection, assessed by N or NG positivity, was unaffected by Camostat, but significantly 274 

and comparably inhibited by Ig depletion or Remdesivir, confirming antibody-dependent entry and 275 

viral replication. Lack of inhibition by Camostat and anti-ACE2 suggests that ACE2 is unlikely to 276 

be a dominant receptor for viral entry into monocytes but does not rule out a minor role in 277 

monocyte infection or a more prominent role in infection of ACE2+ macrophages. Early in viral 278 

replication, a series of +strand subgenomic (sg)RNAs are transcribed with a common leader 279 

sequence that specifically indicate viral replication16. qRT-PCR was used to detect genomic (g) 280 

and sg SARS-CoV-2 RNAs using primers to the N1 region of the N gene and to the shared leader 281 

sequence and 3’UTR sequences of the sgRNAs, respectively. gRNA and sgRNA were detected 282 

only in SARS-CoV-2-infected HD monocytes (Fig. 4n,o). The most abundant amplified sgRNA 283 
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fragment migrated on agarose gels at the size of the N sgRNA (1560 nt), and its identity was 284 

confirmed by sequencing.  285 

Although multiple assays indicated monocytes begin viral replication, we next assessed whether 286 

infected monocytes produce infectious virus. Infectious SARS-CoV-2 is detected in COVID-19 287 

plasma only with especially sensitive assays, and we did not detect infectious virus by plaque assay 288 

in 9 COVID-19 plasma samples. Although infected HD monocyte culture supernatants formed 289 

plaques in Vero cells when culture supernatants were harvested immediately after infection, no 290 

infectious virus was detected when culture supernatants were harvested 48 hours post infection 291 

(hpi) (Fig. 4p). By contrast plaques were easily detected in culture supernatants from infected Vero 292 

harvested 48 hpi. Thus, monocyte infection did not produce infectious virus.  293 

 294 

Discussion 295 

Here we show antibody-opsonized SARS-CoV-2 infects and replicates in blood monocytes and 296 

lung macrophages. About 10% of monocytes and 8% of lung macrophages in COVID-19 patients 297 

were SARS-CoV-2-infected. We found a one-to-one correspondence between monocyte infection 298 

and inflammasome-caspase-1 activation and pyroptosis. Most dying monocytes in COVID-19 299 

blood had activated inflammasomes, suggesting that monocytes are dying of pyroptosis. This is a 300 

large number, considering that dying cells are rapidly eliminated in vivo. It may be surprising that 301 

monocyte infection and cell death has not been widely recognized. However, this may be because 302 

(1) many COVID-19 studies use thawed, frozen cells, and dying cells do not survive freeze-303 

thawing, (2) published studies have not looked at whether circulating mononuclear cells are dying, 304 

and (3) few researchers have looked for monocyte infection because monocytes do not express 305 



Junqueira et al., 2/25/22, page  14 

ACE2. A few previous studies have shown increased IL-1 cytokines in COVID-19 plasma, in vitro 306 

SARS-CoV-2 entry in myeloid cells or NLRP3 inflammasome-caspase-1 activation in COVID-19 307 

blood cells9,10,21,38. However, no previous study showed that SARS-CoV-2 infection of monocytes 308 

is antibody-mediated, identified the monocyte receptor, showed that viral replication doesn’t 309 

produce infectious virions, identified monocyte infection as the cause of inflammasome activation 310 

or showed evidence of pyroptosis. However two previous studies suggested that monocyte-derived 311 

macrophages (MDM) can be abortively infected38,39. In contrast to our findings, MDM weakly 312 

express ACE2 and their infection may be partly mediated by ACE2, since in vitro infection in the 313 

absence of anti-spike is blocked by anti-ACE238,39.  314 

FcR-mediated uptake of antibody-coated virus into monocytes is a double-edged sword. 315 

Pyroptosis, which occurs rapidly, likely aborts viral infection before infectious virions are fully 316 

assembled. Monocyte/macrophage infection is a dead end for the virus - it removes virions from 317 

the extracellular milieu, blocks them from producing infectious progeny and prevents them from 318 

disseminating. Pyroptosis in infected monocytes/macrophages also sounds a potent immune alarm 319 

to recruit and activate innate and adaptive immune cells to infection sites to mobilize immune 320 

defense. On the other hand, the inflammatory mediators spewed out from pyroptotic monocytes 321 

and macrophages can cause cytokine storm. It may not be a coincidence that clinical deterioration 322 

coincides temporally with the detection of SARS-CoV-2 antibody responses8,29,49. In fact, some 323 

recent studies suggest that higher antibody titers correlate with disease severity29,49.   324 

Pyroptotic myeloid cells are likely a major cause of the serious inflammatory sequelae that lead to 325 

acute lung injury, multiorgan damage, vascular leak, and respiratory distress in patients with severe 326 

disease. In particular, severe COVID-19 patients had increased plasma biomarkers of pyroptosis 327 

compared to mild or moderate patients. However, neither antibody titers nor the proportion of 328 
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infected ASC speck+ monocytes at presentation correlated with severe disease, perhaps because of 329 

the small number of samples. Larger cohorts are needed to better assess the relative importance of 330 

monocyte/macrophage pyroptosis in severe COVID-19 pathogenesis. The large numbers of 331 

infected monocytes and macrophages, the fact that a quarter of lung macrophages have activated 332 

inflammasomes and that myeloid cells are the major source of IL-1 and other inflammatory 333 

cytokines make it likely that monocyte/macrophage infection and inflammasome activation are 334 

important in severe COVID-19 pathogenesis. Although neutrophils could potentially be infected, 335 

infection of freshly isolated COVID-19 neutrophils or in vitro-infected HD neutrophils was not 336 

detected. Thus, neutrophil infection is unlikely to be a major contributor to pathogenesis, although 337 

neutrophil activation of GSDMD-dependent netosis or other features of neutrophil activation may 338 

well be important drivers. It will be worthwhile to study other infected cells as potential sources 339 

of inflammation, and to understand what aspects of monocyte/macrophage activation enhance 340 

infection.  341 

Four times as many lung-resident macrophages had activated inflammasomes as were infected. 342 

Further studies are needed to identify what stimulates inflammation in uninfected macrophages, 343 

but alarmins released by lung tissue damage are likely culprits. Although inflammasome activation 344 

was detected in virtually every infected monocyte/macrophage, it was not detected in lung 345 

epithelial cells. Why lung epithelial cells resist inflammasome activation will require further study. 346 

SARS-CoV-2-infected monocytes had detectable NLRP3 and AIM2 inflammasomes that 347 

recognize cell membrane damage and cytosolic DNA, respectively. Further work is needed to 348 

understand how SARS-CoV-2 activates these inflammasomes, whether activation is restricted to 349 

virulent coronaviruses, and whether other inflammasomes are activated, such as NLRP1 and 350 

NLRP6, which sense dsRNA40,41.  351 



Junqueira et al., 2/25/22, page  16 

In this study blocking antibodies to 2 FcRs, CD16 and CD64, inhibited monocyte infection. CD64 352 

is expressed on all monocytes, including the dominant classical subtype that are not infected, while 353 

CD16 is more selectively expressed, and all the infected patient monocytes are CD16+. This means 354 

that CD16 is likely the major FcR that mediates viral entry into monocytes. Blocking infection by 355 

anti-CD64 may be indirect - because CD64 and CD16 use the same signaling adaptors and 356 

associate on the cell surface, blocking antibodies to CD64 might interfere with CD16 binding.  357 

At diagnosis, plasma biomarkers of pyroptosis, including IL-1RA, IL-18, LDH and GSDMD, were 358 

increased in patients who developed severe disease, suggesting they might help predict prognosis 359 

and who would benefit from immune modulating therapy. Repurposing FDA-approved drugs that 360 

inhibit inflammatory cytokines or GSDMD is worth assessing, but so far controlled clinical trials 361 

evaluating inhibiting inflammatory cytokines (anti-IL-1 (canakinumab), IL-1RA (anakinra), anti-362 

IL6, anti-IL6R) have shown at best weak protection, which may be due to suboptimal timing or 363 

because any cytokine is only one of many inflammatory mediators. Two FDA-approved inhibitors 364 

of GSDMD, disulfiram (Antabuse)42 and dimethyl fumarate (Tecfidera)43, are currently being 365 

evaluated in clinical studies (NCT04485130, NCT04594343, NCT04381936). In mouse models 366 

of sepsis, which has overlapping features with severe COVID-19 disease, these drugs strongly 367 

improved not only survival, but also reduced plasma IL-6 and TNF.  368 

Our findings, which implicate opsonizing antibodies in monocyte infection and inflammasome 369 

activation, suggest that antibodies may contribute to deleterious immune reactions associated with 370 

severe disease44. FcR-mediated monocyte infection is an example of antibody-mediated 371 

enhancement (ADE) of infection. Nonetheless, overwhelming evidence shows that vaccine-372 

generated neutralizing antibodies prevent infection and improve clinical outcome of breakthrough 373 
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infections, suggesting that anti-spike antibodies are highly beneficial. Plasma from vaccinated 374 

individuals did not promote monocyte infection, indicating that ADE is not a concern with respect 375 

to vaccination. Therapeutically administered anti-spike neutralizing monoclonal antibodies, 376 

however, only improve clinical outcome if given early, before hospitalization45,46, and antibody-377 

containing convalescent sera have not shown clinical benefit47. Thus, it is worth considering 378 

whether some antibodies might have both protective and deleterious effects48. Antibodies are 379 

clearly beneficial for blocking infection of ACE2-expressing lung and airway epithelia, where the 380 

virus completes replication to produce infectious progeny. However, antibody properties that rely 381 

on the FcR, which mediates cellular uptake, phagocytosis, cytotoxicity and complement activation, 382 

can affect disease pathogenesis28.  383 

Early development of afucosylated anti-spike antibodies promotes alveolar macrophage 384 

inflammation and is associated with COVID-19 severity33-35. Afucosylated antibodies are 385 

increased during acute infection with enveloped viruses like SARS-CoV-2 but are not abundant 386 

after COVID-19 vaccination50 or other types of antigen exposure34. IgG isolated from COVID-19 387 

patients with a higher proportion of afucosylated antibodies significantly, but weakly, increased in 388 

vitro monocyte infection but IgG from patients with fewer afucosylated antibodies did not. The 389 

increased pathogenicity of afucosylated antibodies might be secondary to antibody-mediated 390 

infection and downstream inflammasome activation in monocytes and macrophages. However, 391 

our findings about afucosylation are preliminary and more work is needed to make this association. 392 

Characterizing how antibody features, such as afucosylation, sialylation and choice of constant 393 

region, alter protective vs deleterious functions of anti-spike antibodies will be important not only 394 

for understanding SARS-CoV-2 pathogenesis, but also for choosing the best preparations of 395 
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convalescent patient plasma and monoclonal antibodies for therapy and/or prevention of severe 396 

disease.  397 

  398 
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 578 

Methods  579 

Human subjects 580 

Fresh PBMCs and plasma cohort The study was approved by the Investigation Review Boards of 581 

Boston Children’s Hospital and Massachusetts General Hospital (MGH), and all enrolled patients 582 

signed an informed consent. 73 patients 18 years or older with clinical symptoms suggestive of 583 

COVID-19 infection were enrolled at the time of presentation to the MGH emergency department 584 

(ED) from 7/9/20 to 10/15/21. A 10-ml EDTA blood sample was transported to Boston Children’s 585 

Hospital and processed within 2 h of collection. COVID-19 samples were all qRT-PCR verified 586 

for SARS-CoV-2 infection at the day of blood drawn. Patients who presented to the ED but were 587 

PCR- were used as non-COVID-19 samples. Patients who had received SARS-CoV-2 vaccination 588 

prior to presentation were excluded from the study. Demographic and clinical data are summarized 589 

in Supplementary Table 1. Healthy donor (HD) samples were processed and analyzed in parallel 590 

with patient samples. Subjects were enrolled from 7/9/20 to 01/10/21 at Boston Children’s 591 

Hospital (BCH) with IRB-approved waiver of informed consent. Vaccinated HD (n=6), who 592 
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received 2 doses of the Pfizer-BioNtech mRNA vaccine, were enrolled 3 weeks after the second 593 

dose and their plasma was pooled to evaluate whether it promoted monocyte infection. 594 

Frozen plasma cohort 60 patients 18 yr or older with clinical symptoms suggestive of COVID-19 595 

infection were enrolled in the MGH ED from 3/15/20 to 4/15/20 with an IRB-approved waiver of 596 

informed consent. Enrolled patients had at least one of the following: (i) tachypnea ≥22 breaths 597 

per minute, (ii) oxygen saturation ≤92% on room air, (iii) requirement for supplemental oxygen, 598 

or (iv) positive-pressure ventilation. A 10-ml EDTA tube was obtained with the initial clinical 599 

blood draw in the ED (n=60). Blood was also obtained on days 3 (n=42) and 7 (n=35) if the patient 600 

was hospitalized on those dates. Clinical course was followed for 28 d post-enrollment or until 601 

hospital discharge if after 28 d. SARS-CoV-2-confirmed patients (by qRT-PCR) were assigned a 602 

maximum acuity score (A1-A5) (A1 – died, A2 – required mechanical ventilation, A3 – 603 

hospitalized requiring supplemental oxygen, A4 – hospitalized but not requiring supplemental 604 

oxygen, A5 – discharged and not requiring hospitalization)12.  Patients were grouped based on 605 

their worst acuity score over 28 d and divided into three groups for comparison (A1 and A2, severe 606 

disease; A3, moderate disease; A4 and A5, mild disease). Only 1 patient was in A4; therefore, 607 

most mild patients represent those that were discharged immediately from the ED and thus have 608 

only a day 0 sample. Demographic and clinical data are summarized for each outcome group 609 

(Supplementary Table 2). 610 

Lung tissue specimens Lung samples from 5 individuals who died from COVID-19 611 

(Supplementary Table 3) and 3 individuals who died from trauma and without lung disease were 612 

obtained from MGH. The study was approved by the institutional review board of MGH IRB # 613 

2020P001147. Informed consent was obtained from relatives of study participants. Lung tissue 614 
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specimens were obtained within 24 h of autopsy and immediately formalin fixed and embedded in 615 

paraffin. 616 

Reagents and Antibodies A listing of reagents and antibodies and their sources is provided in 617 

Supplementary Table 4. 618 

Plasma, PBMC, neutrophils and monocyte isolation Samples were processed using 619 

recommended safety precautions in a BSL-2+ facility. Blood tubes were centrifuged at 2000 rpm 620 

for 10 min to separate plasma from blood cells. Plasma was collected to a new tube and incubated 621 

or not with 1% Triton X-100 for 1 h on ice before aliquoting and freezing at -80ºC. Blood cells 622 

were resuspended in PBS and layered over Ficoll for density centrifugation. PBMC were collected 623 

from the interface and subjected to red blood cell lysis (if necessary) with Red Blood Cell Lysing 624 

Buffer Hybri-Max for 5 min on ice, followed by quenching with RPMI medium supplemented 625 

with 10% FBS and 1% Penicillin/Streptomycin.  PBMC were washed once more with RPMI and 626 

one fraction was stained for flow cytometry, while the remaining cells were used for monocyte 627 

purification by negative selection using RosetteSep Human Monocyte Enrichment Cocktail. 628 

COVID-19 patient neutrophils were isolated from the whole blood by immunomagnetic negative 629 

selection using the EasySep Direct Human Neutrophil Isolation Cocktail, according to the 630 

manufacturer’s instructions. HD monocytes for in vitro infection were purified from PBMC by 631 

positive selection with CD14+ magnetic beads. The red blood cell pellet from the Ficoll density 632 

centrifugation was used to isolate neutrophils from the same HD samples. Neutrophils were 633 

separated from the RBC pellet by hypotonic lysis.  634 

Multiplex Luminex, Immunoassay and LDH activity assay IL-1RA, IL-2, IL-4, IL-5, IL-6, IL-635 

7, IL-10, IL-12, IL-13, IL-17, IL-18, IL-21, IL-23, CCL3, CCL7, CCL9, CXCL10, G-CSF, TNF, 636 
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IFN-β and IFN-γ were measured in plasma samples using a custom Luminex assay (R&D 637 

Systems), following the manufacturer’s instructions. Sample data were aquired using a Luminex 638 

xPONENT 4.2 for MAGPIX Analyzer at the Analytical Instrumentation Core Lab of Boston 639 

University and analyzed with Milliplex Analyst v5.  Plasma levels of IL-1β were measured using 640 

Simple Plex cartridge Ella (ProteinSimple), following the manufacturers’ instructions at Boston 641 

Children’s Hospital (BCH). All samples were diluted 1:3 with the dilution buffer and the analytical 642 

performance were conducted on the ProteinSimple Ella automated immunoassay platform (Bio-643 

Techne). Samples were aquired Simple Plex Runner 3.7.2.0 software and analyzed with Simple 644 

Plex Explorer 3.7.2.0. GSDMD was measured in the same samples using the Human GSDMD 645 

ELISA kit (MyBiosource) following the manufacturer’s instructions and LDH activity was 646 

measured using the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega). Results from the 647 

latter assays were analyzed using a Biotek Synergy 2 analyzer; GSDMD absorbance was measured 648 

at 450 nm and LDH absorbance was measured at 490 nm. Absorbance levels were quantified by 649 

linear regression based on the standard curve 650 

 651 

Anti-spike RBD ELISA Enzyme-linked Immunosorbent Assay (ELISA) kit anti-spike RBD 652 

(BioLegend) was used to quantify antigen-specific IgG in plasma from HD, non-Covid-19 and 653 

COVID-19 patients. ELISA was performed as per manufacturer’s instructions. Anti-spike RBD 654 

absorbance was measured at 450 nm and 570 nm and quantified by linear regression based on the 655 

standard curve. 656 

Intracellular staining for imaging flow cytometry and confocal microscopy Fixed monocytes 657 

were permeabilized with 0.1% Triton X-100 for 10 min and washed twice with PBS + 3% FBS. 658 

https://www.sciencedirect.com/topics/medicine-and-dentistry/immunoassay
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Monocytes were then blocked for 30 min with PBS + 5% FBS, washed twice and then stained with 659 

unconjugated primary antibodies for ASC (1:200, mouse or rabbit), NLRP3 (1:200, goat), AIM2 660 

(1:200, mouse), GSDMD (1:200, mouse), pyrin (1:200, rabbit), dsRNA (J2, mouse) (1:500) or 661 

SARS-CoV-2 nucleocapsid protein (1:500, rabbit) for 2 h, followed by 3 washes with PBS + 3% 662 

FBS. Cells were then stained with secondary antibodies (donkey anti-mouse, rabbit or goat 663 

conjugated with Alexa Fluor 488, 546 or 647, at 1:1000) for 1 h in PBS + 3% FBS, followed by 3 664 

washes. Untreated THP-1 cells, THP-1 treated with LPS + nigericin or transfected with 665 

Poly(dA:dT) using Lipofectamine 2000, and HEK293T cells (negative control) were stained with  666 

anti-NLRP3 and anti-AIM2 for antibody validation. 667 

For microscopy, cells were fixed and then stained with DAPI (1:1000) for 10 min, washed 3 times 668 

and cytospun onto glass slides (VWR); sealed using polyvinyl alcohol and 1.5 mm coverslips 669 

(VWR). Confocal images were acquired using a Zeiss LSM 800 with 405, 488, 561 and 633 nm 670 

lasers (emission filters, 465, 509, 561 and 668 nm, respectively) and a 40x or 63x 1.4 oil immersion 671 

objective. Images were aquired using Zen Black 2.0 and processed using Zen Blue 3.2. 672 

For imaging flow cytometry, cells were resuspended in PBS + 3% FBS for analysis. Data were 673 

acquired using an ImageStream X MKII with 60x magnification (Amnis), acquisition software 674 

INSPIRE v2 and analyzed using IDEAS v6.2 software (Amnis). Monocytes were gated based on 675 

area/aspect ratio. ASC, NLRP3, AIM2 and pyrin specks were gated and quantified based on 676 

fluorophore intensity/max pixels. 677 

Flow cytometry PBMC were washed and stained for viability with Zombie Yellow in PBS (1:200) 678 

for 15 min on ice. Cells were washed with PBS, centrifuged, and then stained with Annexin V PE 679 

(1:200) in 1x Annexin Buffer for 15 min on ice. After washing with 1x Annexin V buffer, cells 680 
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were blocked for 10 min with anti-CD32 (1:100) in PBS + 3% FBS, and then stained for 15 min 681 

on ice with a cocktail of antibodies to identify lymphocyte and myeloid cell subsets (all 1:200 682 

except CD19 BV650, CD123 PerCP-Cy5.5 and CD56 APC-Cy7, 1:100). Purified monocytes and 683 

an A549 cell line overexpressing ACE2 were blocked with anti-CD32, then stained with primary 684 

antibodies for ACE2 (1:100) for 15 min on ice. The secondary anti-goat AF488 was co-incubated 685 

with CD14 PE-Cy7 (1:200) and CD147 APC (1:100). After the last wash, cells were resuspended 686 

in 2% PFA and kept at 4ºC until flow cytometry analysis. In vitro-infected monocytes were fixed 687 

and permeabilized with 0.1% Triton X-100, then blocked with PBS + 5% FBS. Cells were stained 688 

with primary antibodies for dsRNA (J2, mouse) (1:500), then stained with secondary antibody 689 

(donkey anti-mouse conjugated with Alexa Fluor 647, at 1:500) and anti-CD14 PE-Cy7. Cells 690 

were acquired using a FACS Canto II or LSR II with acquisition software FACSDiva v7, and data 691 

were analyzed using FlowJo v10.7.1. 692 

FLICA assay Freshly isolated monocytes were washed and resuspended in RPMI 10% FBS with 693 

FLICA substrate (BioRad FAM-FLICA Caspase-1 kit) and cultured for 1 h at 37º C. Cells were 694 

then washed twice with 1X Apoptosis Buffer (from the kit) and fixed with 1x Fixative (from the 695 

kit). Cells were kept at 4ºC until further staining and analysis. 696 

Immunoblot Lysates of enriched monocytes from HD and COVID-19 patients, the former treated 697 

or not for 16 h at 37oC with 100 ng/ml LPS and 20 M nigericin, were resolved on 12% SDS 698 

PAGE gels, transferred to nitrocellulose membranes and blotted to detect GSDMD using (Abcam 699 

ab210070) primary rabbit mAb and secondary anti-rabbit IgG. Membranes were also blotted for 700 

-actin and COX-IV. 701 
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Immunofluorescence (IF) of lung specimens Formalin fixed and paraffin embedded lung 702 

parenchymal samples were stained for SARS-CoV-2 nucleocapsid (N), ASC, and CD14 and IF 703 

was analyzed on the Leica Bond RX automated staining platform using the Leica Biosystems 704 

Refine Detection Kit (Leica). The antibody for SARS nucleocapsid (Novus) was run with citrate 705 

antigen retrieval and tagged with Alexa Fluor 488 Tyramide (Life). Following citrate stripping, 706 

the antibody for CD14 (Cell Signaling) was incubated and tagged with Alexa Fluor 594 Tyramide 707 

(Life). Following EDTA stripping, staining for ASC (Santa Cruz) was analyzed using antibody 708 

tagged with Alexa Fluor 647 Tyramide (Life). EDTA stripping was performed prior to anti-CD31 709 

or anti-E-cadherin staining tagged to Alexa Fluor 555 Tyramide (Life). Samples were 710 

counterstained with DAPI. Slides were scanned using an Aperio Versa Digital Pathology Scanner 711 

(Leica) and analyzed with Aperio ImageScope v12.4.3 software (Leica). Slides were also analyzed 712 

by confocal microscopy as described above.  713 

In vitro SARS-CoV-2 infection icSARS-CoV-2-mNG (a molecular clone of SARS-CoV-2 714 

expressing Neon Green (NG) fluorescent protein) was a gift to AEG from Shi Pei Yong and the 715 

World Reference Center for Emerging Viruses and Arboviruses, Department of Microbiology and 716 

Immunology, University of Texas Medical Branch, Galveston, TX)31. The NG fusion protein is 717 

only expressed during viral replication. The SARS CoV-2 US-WA1/2020 ancestral (WA) variant 718 

was obtained from BEI Resources. The B.1.617.1 (Delta) variant isolate was obtained from the 719 

MassCPR variant repository. In brief, the variant was isolated at the Ragon BSL3 by rescue on 720 

Vero-E6 cells from primary clinical specimens. The whole genome of subsequent viral stocks was 721 

sequenced to confirm that no additional mutation arose during virus expansion. HD 722 

monocytes/neutrophils were purified from apheresis leukoreduction collars collected at Brigham 723 

and Women’s Hospital. Monocytes were incubated overnight with medium or 100 ng/ml LPS, and 724 
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then infected with icSARS-CoV-2-mNG, SARS-CoV-2 (WA), and SARS CoV-2 B.1.617.1 725 

(Delta) (MOI =1) in a BSL-3 facility. Infection of A549-ACE2 cells with MOI 0.01 was used as a 726 

control. The viral inoculum was treated with 10 g/ml of antibody (isotype control mAb114, anti-727 

spike C1A-H12, or anti-spike C1A-B12), or 5% HD (n=3), COVID-19 patients of mixed disease 728 

severity (n=12, 4 mild, 4 moderate, 4 severe) or vaccinated HD (n=6) pooled plasma (heat 729 

inactivated or not; Ig-depleted or not, as indicated) before infection with SARS-CoV-2 for 30 min 730 

at room temperature. 100 l of treated virus was added to monocytes (2x106 cells/well) in 48 well 731 

plates. Infected cells were incubated at 37oC, 5% CO2 with gentle shaking every 10 min for 1 h, 732 

after which the culture volume was increased to 500 l with RPMI supplemented with 5% heat 733 

inactivated normal AB human serum and 10 g/ml of the aforementioned antibodies or 5% pooled 734 

HD or COVID-19 patient plasma. Cultures were then incubated at 37oC, 5% CO2 for 48 h at which 735 

time cells were harvested and fixed for 20 min with 4% PFA and then stained.  736 

Immunoglobulin G (IgG) from COVID-19 patient pooled plasma were depleted by protein A/G 737 

agarose resin and IgA depleted by Peptide M agarose. Control samples were incubated with 738 

agarose resin without coupled protein. C1A-B12 and C1A-H12, two SARS-CoV-2 spike-targeting 739 

human monoclonal antibodies, were produced as previously described32. For blocking 740 

experiments, cells were incubated with 10 g/ml monoclonal antibodies, -CD16, -CD32 (Clone 741 

IV.3 - Fig. 4j and ED Fig. 6a; Clone 6C4 - Fig. 4k and ED Fig. 6b,c), -CD64, -ACE2, and -742 

CD147 for 30 min, before virus infection. For antiviral drug treatment, monocytes were incubated 743 

at 37oC, 5% CO2 for 1 h with 10 M Remdesivir (GS-5734) or Camostat mesylate prior to 744 

infection. To find an appropriate Remdesivir concentration, serial dilutions between 10 and 80 M 745 

were analyzed. To compare plasma obtained from patients with different disease severity, plasma 746 

was pooled based on the MGH acuity score (A1-A5), as described above. 747 
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To test the role of IgG afucosylation, IgG purified from COVID-19 patient serum samples, was 748 

analyzed by mass spectrometry to define the percentage of afucosylation as described33. Low 749 

afucosylated samples, kindly provided by Prof. Taia Wang (Stanford University), contained 750 

8.4afucosylated IgG and high afucosylated samples, 30.11.5% afucosylated IgG. IgG was 751 

also purified from HD and COVID-19 patient pooled plasma using the Melon gel IgG spin 752 

purification Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. Virus was 753 

preincubated with 10 g/ml of purified IgG and the infection was performed as described above. 754 

qRT-PCR RNA was extracted using Trizol reagent (Invitrogen) from COVID-19 patient 755 

monocytes or from uninfected or infected HD monocytes (stimulated or not with LPS (100 ng/ml 756 

for 16 h)), then reverse transcribed using a High-Capacity cDNA Reverse Transcription Kit 757 

(Applied Biosystems). Random primers were used to generate cDNA for detection of cellular 758 

RNAs (ACE2, BSG, ACTB) and SARS-CoV-2 specific primers were used to generate cDNA to 759 

detect viral genomic RNAs (N1 region of N gene)51. cDNA was analyzed by qRT-PCR using the 760 

Sso Fast EvaGreen Supermix (BioRad) (30 sec at 95ºC, 40 cycles (3 sec at 95ºC; 3 sec at 54 ºC) 761 

in a CFX96 Touch Real-Time PCR Detection System (BioRad) with CFX Manager Software v1.6 762 

acquisition/analysis software. To detect SARS-CoV-2 subgenomic RNA, qRT-PCR was carried 763 

out using a primer pair with the forward primer annealing to the 5’ leader region of the viral 764 

genome and the reverse primer annealing to the 3’ UTR. With the cycling conditions used (30 sec 765 

at 95 C, 40 cycles (30 sec at 95C, 30 sec at 60 C, 90 sec at 72 C)), full-length genomic RNA 766 

was not amplified, but small subgenomic RNA segments (<3 kB) could be amplified16,52,53. For 767 

each sample, Ct values were normalized to the ACTB Ct value. Primer sequences are given in 768 

Supplementary Table 4. Subgenomic RNA qPCR products were also analyzed by electrophoresis 769 

on 1% agarose gels stained with ethidium bromide and visualized on a Chemidoc imager (BioRad). 770 
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The ~1600 nt band was excised and sequenced to confirm its origin as the SARS-CoV-2 771 

subgenomic RNA encoding for N. 772 

Plaque assays Vero E6 cells were seeded as monolayers in 24-well plates 1 d prior to infection. 773 

Virus-infected sample culture supernatants were serially diluted in DMEM. The plates were 774 

washed once with DPBS and then infected with 100 l of diluted sample and incubated at 37 C, 775 

5% CO2 for 1 h with rocking every 15 min. After 1 h, the inoculum was removed and an overlay 776 

of 1% methylcellulose (Sigma) in complete MEM (Gibco) was applied to each well. The plates 777 

were incubated at 37 C until plaques were observable in positive control wells. To visualize 778 

plaques, the overlay was removed, and the cell monolayer was fixed with 4% PFA and stained 779 

with crystal violet. Plaques were then counted to quantify the virus titer in PFU/ml. 780 

Statistical Analysis Statistical analysis was performed using GraphPad Prism v9.0. Normal 781 

distribution of the data was evaluated by the D'Agostino and Pearson normality test prior to 782 

applying statistical methods. Distributions were considered normal if P ≤ 0.05. Parametric or non-783 

parametric (Mann-Whitney test) two-tailed unpaired t-tests were used to compare two unpaired 784 

groups. Multiple group comparisons were analyzed by one-way ANOVA with Sidak’s or Tukey’s 785 

multiple comparisons tests, or non-parametric Kruskal-Wallis with Dunn’s post-test. Multiple 786 

groups were compared by two-way ANOVA with additional Sidak’s or Tukey's multiple 787 

comparisons test. Mean plasma values from hospitalized COVID-19 patients on each day were 788 

compared between severity groups by multiple unpaired t-tests. Correlations of plasma levels were 789 

determined by simple linear regression and Pearson correlation coefficient.  790 

Methods-only References  791 
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 803 

Figure 1. COVID-19 monocytes undergo pyroptosis. a-b, Representative flow cytometry plots 804 

(a) and percentage of lymphocyte subset and monocyte staining for Annexin V only or Zombie 805 

dye (b) in fresh blood from HD (n=16) and COVID-19 patients (n=22). c, Frequency of monocyte 806 

subsets (classical CD14hiCD16-; intermediate CD14hiCD16+; and non-classical CD14loCD16+) in 807 

freshly isolated HD (n=11) and COVID-19 (n=12) blood. d,e Imaging flow cytometry of SARS-808 

CoV-2 infection in monocyte subsets of COVID-19 patients (n=12). COVID-19 monocytes were 809 

enriched by negative selection and stained for CD14, CD16 and SARS-CoV-2 nucleocapsid (N). 810 

Representative dot plots of monocyte subsets gated on all monocytes (left) or N+ monocytes (d), 811 

https://www.cdc.gov/coronavirus/2019-ncov/lab/rt-pcr-panel-primer-probes.html
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representative images of Imaging flow cytometry (left) and quantification of infection (N+) in 812 

monocyte subsets (right) (e). BF, Brightfield. Scale bar, 7 m. f, Concentration of anti-spike RBD 813 

IgG in HD (n=20), non-COVID-19 patients (with COVID-19-like symptoms but PCR- for SARS-814 

CoV-2, n=5) and COVID-19 (n=68) plasma at presentation. g, Concentration of pyroptosis 815 

biomarkers and cytokines in HD and COVID-19 plasma. GSDMD (HD=12, COVID=29); LDH 816 

activity (HD=10, COVID=36); IL-1β (HD=8, COVID=41); IL-1RA and IL-18 (HD=6, 817 

COVID=10) (samples described in Supplementary Table 1). h, Plasma pyroptosis biomarkers at 818 

presentation (day 0) and during hospitalization (day 3 and 7) in COVID-19 patients with mild 819 

(n=12), moderate (n=16) and severe (n=32) COVID-19 acuity scores (samples described in 820 

Supplementary Table 2). Left panels show individual patient data, right panels, grouped data. Bar 821 

graphs show mean ± S.E.M. Box plots with Min/Max Whiskers. *p<0.05, **p<0.01, ***p<0.001, 822 

****p<0.0001 by multiple two-tailed non-parametric unpaired t-test (b,c), one-way ANOVA with 823 

Tukey’s multiple comparisons test (e,f), two-tailed non-parametric unpaired t-test; and two-way 824 

ANOVA with Tukey’s multiple comparisons test (h).  825 

 826 

Figure 2. COVID-19 monocytes have activated inflammasomes, caspase-1 and GSDMD. 827 

Monocytes from HD, non-COVID-19 or COVID-19 patients at time of presentation were analyzed 828 

by imaging flow cytometry for ASC, GSDMD, caspase-1 activation (FLICA) and/or Zombie dye 829 

uptake. a-c, Percentage of monocytes with activated ASC (a) or caspase-1 (b) (HD=8, non-830 

COVID=5, COVID=10, a and b) or colocalized ASC/caspase-1 specks (HD=8, non-COVID=4, 831 

COVID=8) (c). Representative images are at top and quantification of all samples is at bottom. d, 832 

Percentage of ASC-speck-containing monocytes with colocalized activated caspase-1, NLRP3, 833 

AIM2, or pyrin specks (n=6). e,f, Representative images of ASC (e) or Zombie dye (f) and 834 
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GSDMD co-stained monocytes (4 independent experiments). g, Lysates of purified HD and 835 

COVID-19 monocytes and of LPS and nigericin-treated HD monocytes (+) probed with mAb that 836 

recognizes full length (GSDMD-FL) and C-terminal (GSDMD-CT) GSDMD (top), -actin 837 

(middle) and COX-IV (bottom); representative of 4 independent experiments. h,i Representative 838 

images of ASC co-staining with NLRP3 (left, HD=5, non-COVID=4, COVID=6), AIM2 (middle, 839 

HD=4, non-COVID=3, COVID=4) and pyrin (right, HD=4, non-COVID=4, COVID=5) (h) and 840 

quantification of monocytes showing ASC specks colocalized with indicated inflammasomes (i). 841 

j, Representative images of co-staining of ASC, NLRP3, and AIM2 (from 3 independent 842 

experiments). Scale bar, 7 m (a-c,e,f,h,j). BF, brightfield. Mean ± S.E.M. is shown. *p<0.05, 843 

**p<0.01, ***p<0.001, ****p<0.0001 by one-way ANOVA with Tukey’s multiple comparisons 844 

test (a-d) and by two-way ANOVA with Tukey’s multiple comparisons test (i). 845 

   846 

Figure 3. SARS-CoV-2-infected monocytes and lung macrophages have activated 847 

inflammasomes. a-h, HD and COVID-19 monocytes were stained for SARS-CoV-2 nucleocapsid 848 

(N) (n=5) (a-d) or dsRNA (J2 antibody) (n=4) (e-h) and ASC. Shown are representative imaging 849 

flow cytometry images (a,e), quantification of infected cells by N (b) or J2 (f) staining, uninfected 850 

or infected cells that showed ASC specks (c, g)  or percentage of cells with or without ASC specks 851 

that were infected (d,h). Scale bar, 7 m (a,e). BF, brightfield. i-k, Lung autopsies from 5 COVID-852 

19 patients (samples described in Supplementary Table 3) and 3 control trauma victims were 853 

stained for N (green), ASC (red), CD14 (magenta) and DAPI (blue). i, Digital scanner images of 854 

a representative trauma patient (left - Scale bar, 50 m) and COVID-19 (middle - Scale bar, 100 855 

m) showing magnified image of representative infected CD14+ (top) and CD14- (bottom) cells 856 
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from the COVID-19 lung (right). j,k (Left) representative confocal microscopy COVID-19 lung 857 

images of infected CD14+ (j) and CD14- (k) cells. (Right) quantification of CD14+ (j) and CD14- 858 

(k) cells that are N+ and/or have ASC specks in COVID-19 (n=5) and control (n=3) lungs. In (k), 859 

representative images of CD14-N+ cells (left) were co-stained for ASC and E-cadherin, an 860 

epithelial marker (top), or CD31, an endothelial marker (bottom). Scale bar, 7 m (j,k). Mean ± 861 

S.E.M. is shown. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by two-tailed nonparametric 862 

unpaired t-test, Mann-Whitney (b-d,f-h), and by two-way ANOVA with Tukey’s multiple 863 

comparisons test (j,k). 864 

 865 

Figure 4. HD monocytes take up antibody-opsonized SARS-CoV-2 via an FcR but viral 866 

replication is aborted. a-d, HD monocytes (n=3) were primed (black bars) or not (white bars) 867 

with LPS, infected with icSARS-CoV-2-mNG and stained 48 h later for nucleocapsid (N) and 868 

ASC. Virus was preincubated with IgG1 control mAb114, non-neutralizing anti-spike (C1A-H12) 869 

or neutralizing anti-RBD (C1A-B12) or with pooled COVID-19 plasma, which were present 870 

throughout the culture. a, Representative imaging flow cytometry images of (I) uninfected (II) 871 

N+NG-  or (III) N+NG+ monocytes. Quantification of percentage of ASC speck+ (b) or  N+ (c) 872 

monocytes and of N+ monocytes with ASC specks (d) (n=3). e-i, LPS-activated HD monocytes 873 

were infected with icSARS-CoV-2-mNG preincubated with pooled COVID-19 plasma, depleted 874 

or not of immunoglobulins using Protein A/G beads (n=3, e), or preincubated with pooled plasma 875 

from HD, COVID-19 mRNA vaccine recipients, or non-COVID-19 patients or COVID-19 patients 876 

with mild and/or severe disease (n=3, f,g) or with purified IgG from HD (n=3), pooled COVID-877 

19 patients of mixed severity (n=3) or COVID-19 patients with low (~8%) or high (~30%) 878 
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afucosylated anti-Spike IgG (n=11) (h,i). Infection was quantified by N staining (f,h) or NG 879 

fluorescence (e,g,i). j-m,  LPS-treated HD monocytes were infected with icSARS-CoV-2-mNG, 880 

preincubated with pooled COVID-19 plasma, depleted or not of IgG or IgA as indicated, in the 881 

presence of indicated blocking or isotype control (Iso) antibodies (n=3, j,k) or antiviral drugs (l 882 

(10 M Remdesivir), m) and infection was assessed 48 h later by NG fluorescence. Statistics in 883 

(m) compare drug with no drug. n,o, qRT-PCR of genomic SARS-CoV-2 N RNA (n) and 884 

subgenomic (sg)RNA (o, left) in uninfected or infected HD monocytes (n=3), normalized to ACTB 885 

mRNA. Infected HEK293T were a positive control (n=3). Agarose gel electrophoresis of ethidium 886 

bromide-stained qRT-PCR-amplified sgRNA is shown (o, right). The ~1600 bp band in the 887 

COVID-19 samples was sequenced and confirmed to be N sgRNA. p, SARS-CoV-2 plaque 888 

forming units (PFU) in culture supernatants of infected monocytes (Mono) or Vero E6 harvested 889 

at indicated hours post infection (hpi). BF, Brightfield. Scale bar, 7 m. Mean ± S.E.M is shown. 890 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by two-way ANOVA with Sidak’s multiple 891 

comparisons test (b-d), two-tailed nonparametric unpaired t-test (e) and one-way ANOVA with 892 

Tukey’s multiple comparisons test (f-p). Data are representative of 3 replicate experiments. 893 

 894 
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