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Abstract 44 

Despite the worldwide effect of the Coronavirus disease 2019 (COVID-19) pandemic, the 45 

underlying mechanisms of fatal viral pneumonia remain elusive. Here, we conducted kinetic 46 

profiling of respiratory leukocytes and associated inflammatory mediators to show that severe 47 

COVID-19 is associated with delayed but enhanced eosinophilic inflammation when compared 48 

to mild cases. In addition, we confirmed increased Th2-biased adaptive immune responses, 49 

accompanying overt complement activation, in the severe group. Moreover, enhanced antibody 50 

responses and complement activation was associated with disease pathogenesis as evidenced by 51 

formation of immune complexes and membrane attack complexes in airways and vasculature of 52 

lung biopsies from a fatal case, as well as by enhanced hallmark gene set signatures of FcγR 53 

signaling and complement activation in myeloid cells of respiratory specimens from severe 54 

COVID-19 patients. We also observed expression of viral antigen in lung epithelial and 55 

endothelial cells without producing viruses during late stage of COVID-19, indicating abortive 56 

viral infection which may further fuel antibody responses and aggravate immune-complex-57 

mediated inflammation. These results suggest that SARS-CoV-2 infection may drive scripted 58 

specific innate immune responses, including eosinophilic inflammation, and subsequent 59 

pulmonary pathogenesis via enhanced Th2-biased immune responses, which might be crucial 60 

drivers of severe pneumonia in COVID-19 patients. 61 

 62 

Keywords: COVID-19, SARS-CoV-2, eosinophilic inflammation, pneumonia 63 
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Introduction 66 

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)1 has been rapidly spreading 67 

worldwide since Dec. 2019 with an average mortality rate of approximately 3.2% 68 

(https://covid19.who.int). The primary cause of disease fatality is severe pneumonia, resulting in 69 

acute respiratory syndrome (ARDS).2 Around 80% of confirmed cases are asymptomatic or have 70 

mild symptoms, including fever, cough, sore throat, and myalgia, whereas the rest often develop 71 

severe pneumonia requiring supplemental oxygen therapy.3,4 The most common finding of 72 

radiological imaging is bilateral, ground-glass opacity in the periphery of the lungs.4 The 73 

mechanisms underlying this varying degree of pneumonia severity observed in COVID-19 74 

patients remain elusive.5 In particular, the dynamics of pathologic inflammation and the central 75 

culprits of pneumonic progression leading to severe ARDS and death still remain unclear, 76 

despite numerous studies profiling systemic immune signatures.6,7 77 

In order to characterize the pathogenic hallmarks of severe pneumonia in COVID-19 patients, we 78 

performed kinetic analysis of inflammatory features of specimens collected from confirmed 79 

patients with various degrees of clinical symptoms. We systematically analyzed inflammatory 80 

components and leukocytes in bronchoalveolar lavage fluids (BALFs), sputa, lung tissue 81 

biopsies, and bloods to characterize kinetic responses of pulmonary inflammation upon viral 82 

infection. This extensive analysis revealed that severe COVID-19 is associated with enhanced 83 

eosinophilic pulmonary inflammation, as identified by cytological analysis and detection of 84 

granular contents derived from the inflammatory cells. In addition, kinetic profiling of 85 

inflammatory mediators, including various cytokines and chemokines, and titration of antibodies 86 

against a viral antigen revealed emerging Th2-biased adaptive immune responses, coupled to 87 
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overt complement activation, especially in the severe group. In addition, we observed extensive 88 

immune complexes and membrane attack complexes in pulmonary airways and vasculatures of 89 

lung biopsies from a fatal case. Moreover, persistent expression of viral antigens, potentially via 90 

abortive infection, in inflamed lungs at late stage may irreversibly aggravate antibody and 91 

complement-mediated pulmonary damage in fatal COVID-19. These results suggest that SARS-92 

CoV-2 infection may drive scripted specific innate immune responses, including eosinophilic 93 

inflammation, and subsequent Th2-biased antigen-specific immune responses, which may 94 

contribute to COVID-19 associated severe pneumonia. 95 

 96 

Results and Discussion 97 

Baseline characteristics of the confirmed patients included in this study are summarized in 98 

Supplementary Table S1 and Fig. S1. The mild group includes 36 patients who were 99 

asymptomatic, with mild respiratory symptoms but no detectable pneumonia, or with mild to 100 

moderate pneumonia determined by chest imaging and clinical symptoms. The severe group 101 

includes 16 patients who suffered from severe pneumonia requiring high flow oxygen supply 102 

and/or mechanical ventilation. All the patients in the severe group survived and were discharged, 103 

except one patient (P15) who succumbed to death due to fatal ARDS. The patients were also 104 

divided into two sets: Group 1 includes 15 patients (10 mild and 5 severe group patients) who 105 

provided blood and respiratory specimens at different time points after symptoms onset. Group 2 106 

includes 37 patients (26 mild and 11 severe patients) who provided respiratory specimens during 107 

the acute phase of COVID-19. 108 

First, we investigated the potential association of viral loads of respiratory secretions with 109 
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systemic inflammation, as indicated by the levels of C-reactive proteins (CRP) in plasma.8 The 110 

kinetics of viral loads in upper (nasopharyngeal and throat swabs) and lower (sputa and BALFs) 111 

respiratory tracts were not significantly different between severe and mild groups (Fig. 1a), as 112 

previously reported.9,10 However, the levels of CRP in plasma were more significantly elevated 113 

in severe patients, especially during the first 20 days after symptom onset and peaking around 114 

day 10 (D10) (Fig. 1b). Therefore, viral loads measured in respiratory secretions may not be 115 

significantly associated with disease severity and systemic inflammation in COVID-19 patients.  116 

To investigate the potential causative factors driving severe pulmonary inflammation during the 117 

acute phase of COVID-19, we tried to directly analyze the inflammatory cells and mediators in 118 

respiratory specimens. 45 BALFs and sputa samples collected from patient groups 1 and 2 at 119 

various time points after symptom onset were analyzed using H&E stained cytologic specimens 120 

to identify types and proportions of immune cell subsets infiltrating infected lungs (Fig. 2a and 121 

Supplementary Table S2). Despite wide variation among the specimens, BALFs and sputa from 122 

COVID-19 patients mainly contained PMNs (mostly neutrophils, mean ± S.D.: 46.8 ± 34.3% in 123 

total leukocytes), monocytes/macrophages (37.5 ± 32.7%), and a few lymphocytes (11.6 ± 124 

12.2%). We also observed 48.9% (22/45) of the respiratory specimens included eosinophils (4.3 125 

± 7.3%) (Fig. 2a and Supplementary Table S2). When we compared the level of each 126 

inflammatory cell type between mild and severe patients, the relative proportion of all the cell 127 

types were not significantly different between the groups, although eosinophils were slightly 128 

higher in the mild group (6.0 ± 9.4%) than severe patients (2.8 ± 4.6%, p = 0.18) (Supplementary 129 

Table S2).  130 

In order to characterize the immune cell population in detail and compare them with systemic 131 

leukocytes in COVID-19 patients, five paired BALFs and blood leukocytes collected from three 132 
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severe patients at the indicated day after symptom onset were directly applied for flow 133 

cytometric analysis. We identified the relative proportions of myeloid cells, including CD14+ 134 

monocytes/macrophages and SSCHigh/CD14- PMNs, among BALFs’ and blood leukocytes, as 135 

well as CD3+ T cells, CD20+ B cells, CD3+/CD56- natural killer (NK) cells, and CD3+/CD56+ 136 

NKT-like (denoted as NKT hereafter) cells,11 based on expression levels of the indicated surface 137 

markers (Fig. 2b, Supplementary Fig. S2 – S5). In addition, PMNs were further defined by 138 

assessing the surface expression of CD16 and CD24.12 T cells and NKT cells were also 139 

characterized by measuring CD4 and CD8 surface expression. As we observed in respiratory 140 

specimens by H&E staining, PMNs were the predominant inflammatory cells, ranging from 141 

45.5% to 79.7% of lung-infiltrating leukocytes (Fig. 2b and Supplementary Fig. S3). This was 142 

followed by lymphoid cells, comprising 9.9% to 34.0%, and CD14+ monocytes/macrophages, 143 

accounting for 2.8 ~ 11.1%. Among the PMNs in BALFs of severe patients, neutrophils were 144 

generally dominant in the inflamed lungs (36.3% ~ 62.1% among CD45+ leukocytes) and 1.2 ~ 145 

36.9% of leukocytes were eosinophils. It is notable that eosinophils were particularly elevated at 146 

36.9% of total leukocytes in a BALF specimen from the fatal case P15 at D30. Among the 147 

lymphocyte population in BALFs from the severe cases, T cells were the dominant cell type, 148 

accounting for 72.3 ~ 89.6%, whereas B cells were barely detected (0.4 ~ 1.9%) (Fig. 2b, 149 

Supplementary Fig. S4). NK and NKT cells represented 2.3 ~ 9.6% and 3.7 ~ 11.5% of 150 

pulmonary lymphocytes, respectively. The ratio of CD8+ and CD4+ T cell in the respiratory 151 

specimens fluctuated (1.6 at D14, 0.6 at D20, 1.1 at D27, 1.0 at D30, and 1.9 at D39), but CD8+ 152 

T cells generally predominated, suggesting a potential role of cytotoxic T cell responses in the 153 

respiratory tract of severe pneumonia (Fig 2b: right panel, and Supplementary Fig. S5). It is 154 

interesting to note that the majority of pulmonary NKT cells were CD8-positive (Supplementary 155 
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Fig. S5).  156 

To assess the kinetic changes of immune cell types in respiratory specimens of COVID-19 157 

patients, the relative proportion of each cell type was measured over time after symptom onset by 158 

H&E staining and flow cytometry (Fig. 2c and d). Despite individual variations and fluctuations 159 

among the specimens, PMNs, primarily neutrophils, were sustained in respiratory specimens 160 

from severe cases, but rapidly declined in mild patients during the first 20 days after symptom 161 

onset. Monocytes/macrophages also gradually decreased after an initial peak around D10 after 162 

symptom onset in both mild and severe groups (Fig. 2c), whereas lymphocytes gradually 163 

increased with more rapid response in mild patients than the severe group (Fig. 2d). Interestingly, 164 

eosinophils were detectable in 55% (11/20) of specimens from mild patients during the first 10 165 

days after symptom onset, whereas their infiltration was rather delayed and peaked during D10-166 

20 in severe cases (Fig. 2d). Eosinophil-positive rate in severe patients’ sample was 64.0% 167 

(16/25) when assessed by H&E and flow cytometry.   168 

Since we observed pulmonary infiltration of PMNs, including neutrophils and eosinophils, we 169 

measured the levels of inflammatory mediators derived from neutrophils (lipocalin-2, LCN; 170 

calprotectin, CAPL)13,14 and eosinophils (eosinophil-derived neurotoxin, EDN; eosinophilic 171 

cationic protein, ECP)15,16 in the respiratory specimens to assess innate cellular activation. LCN 172 

and CALP were detected in specimens from both mild and severe patients (Fig. 3a). The relative 173 

levels of both mediators were not significantly different between mild (mean ± S.D.: 977.8 ± 174 

1366.4 ng/ml and 155.3 ± 478.7 mg/ml for LCN and CALP, respectively) and severe groups 175 

(905.6 ± 1741.7 ng/ml and 44.7 ± 91.1 mg/ml for LCN and CALP, respectively), although 176 

neutrophil responses were more sustained in severe cases (Fig. 3a). In contrast, levels of EDN 177 

and ECP were generally higher in the respiratory specimens from severe patients (mean ± S.D.: 178 
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937.5 ± 1244.7 pg/ml and 60.5 ± 77.5 ng/ml for EDN and ECP, respectively) than mild cases 179 

(231.8 ± 375.6 pg/ml and 32.5 ± 62.3 ng/ml for EDN and ECP, respectively) (Fig. 3b). Of note, 180 

the levels of ECP were significantly higher in severe cases than the mild group (p = 0.0187). In 181 

addition, the level of mast cell tryptase (MCT) derived from mast cells upon activation was 182 

approximately 3.5 times higher in the severe group (31.1 ± 42.3 ng/ml) than mild cases (8.8 ± 4.4 183 

ng/ml), although the difference was not statistically significant (p = 0.1141) (Fig. 3c). We also 184 

examined macrophage activation syndrome by measuring soluble CD163 (sCD163) molecules in 185 

the respiratory samples.17,18 The levels of sCD163 peaked at around D10 in both mild and severe 186 

groups (Fig. 3d). The peak response was higher in severe cases than the mild group and the 187 

overall levels were significantly enhanced in severe patients, as previously suggested.18 This 188 

confirms the role of macrophage infiltration and activation, potentially towards M2 phenotype, 189 

during the early phase of severe COVID-19 pneumoina.19 Nevertheless, the concentration of 190 

sCD163 in severe cases after the initial peak response was similar to those of mild cases, 191 

suggesting a particularly intense contribution during the early phase of pneumonia progression.  192 

In addition, cytotoxic activity of CTLs and NK cells was not significantly different between mild 193 

and severe groups, when assessed by measuring granzyme A in respiratory specimens (Fig. 3e). 194 

Therefore, these results highlight the significant contribution of enhanced and sustained 195 

anaphylactic inflammation driven by infiltrating eosinophils in severe COVID-19 pneumonia,20 196 

together with an acute spike in macrophage activation during the early phase.17  197 

To further define pulmonary inflammation associated with COVID-19 patients, we examined 198 

multiple cytokines, chemokines, and inflammatory mediators in 31 respiratory samples, 199 

including sputa and BALFs, collected from 11 patients (6 mild cases and 5 severe cases in group 200 

1) at various time points after symptom onset (Fig. 4, Supplementary Table S3 and Fig. S6). 201 
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When we assessed the correlation of the overall levels of theses soluble proteins and grouped 202 

them by a hierarchical clustering based on the correlation coefficients of proteins, three distinct 203 

families of immune markers correlated positively with each other, although many of them 204 

showed broad positive correlation with outgroup members. Group I includes IL-4, IL-5, IL-13, 205 

TGF-β, CCL2 (MCP-1), CCL3 (MIP-1α), CCL5 (RANTES), CCL11 (Eotaxin-1), CXCL9 206 

(MIG), C5a, and periostin; Group II contains IL-1α, IL-2, IL-7, IL-8, IL-15, TNF- α, CCL4 207 

(MIP-1β), CX3CL1 (Fractalkine), and calprotectin; Group III includes IL-6, IL-10, IL-21, IFN-γ, 208 

CXCL10 (IP-10), CXCL16, and ECP. It is notable that Group I included type 2 cytokines (IL-4, 209 

IL-5, IL-13, and TGF-β) and chemoattractants (CCL3, CCL5, CCL11, periostin, and C5a) for 210 

granulocytes, including eosinophils.16,21 On the other hand, Group II primarily include various 211 

cytokines linked to cytokine release syndrome (IL-1α, IL-6, IL-10, and TNF-α), while Group III 212 

includes type 1 cytokines and chemokines involved in cell-mediated immunity (IL-2, IL-7, IL-15, 213 

IFN-γ, CXCL10, and CXCL16), indicating functional correlation of soluble mediators in 214 

inflamed respiratory environment during the acute phase of COVID-19. When we compared the 215 

overall levels of cytokines and chemokines between mild and severe groups, only three 216 

inflammatory markers, IL-6 (mean ± S.D.: 2.8 ± 8.1 vs. 9.1 ± 14.1 ng/ml for mild and severe 217 

group, respectively), TGF-β (0.9 ± 1.9 vs. 3.2 ± 4.0 ng/ml for mild and severe group, 218 

respectively), and ECP (as noted above), were significantly higher in severe patients than the 219 

mild group (Supplementary Table S3). Systemic elevation of IL-6 is known to be a hallmark of 220 

respiratory failure and cytokine release syndrome in severe COVID-19,22,23 and our data 221 

confirms a significant association of this inflammatory cytokine with disease severity even in the 222 

respiratory environment of COVID-19 patients. In addition, IL-6 also showed broad and 223 
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significant association with pro-inflammatory cytokines, as well as type 2 cytokines. ECP is 224 

significantly correlated with proinflammatory cytokines, including IL-6 and TNF-α, in addition 225 

to type 2 cytokines, such as IL-5 and IL-13 (Fig. 4a), suggesting a potential association of 226 

eosinophilic inflammation with cytokine release syndrome and type 2 immune responses. TGF-227 

β was not significantly correlated with any other soluble markers, although it was grouped with 228 

type 2 cytokines. Given the functional role of TGF-β in mucosal immunity and eosinophilic 229 

pneumonia,24,25 a significant elevation of TGF-β in respiratory specimens from severe COVID-230 

19 patients can be indicative of eosinophilic and type 2 mucosal immune responses.  231 

Since eosinophilic inflammation is associated with Th2-polarized immune responses in various 232 

pulmonary disorders,16,26 we next assessed viral antigen-specific antibody responses, with a 233 

focus on specific isotypes in respiratory secretions and plasma from the patients. We speculated 234 

that specific immune responses against the SARS-CoV-2 antigen are orchestrated by a Th2-235 

biased immune environment, which can drive preferential isotype switching of specific 236 

antibodies in B cells toward specific subclasses, such as IgE.27 Antibody responses against 237 

SARS-CoV-2 N protein generally rose during the first 10 days after symptom onset, peaking at 238 

D10-D20, and then gradually declining in the respiratory specimens, regardless of disease 239 

severity (Fig. 5a). The levels of specific isotype responses against the viral antigen were not 240 

significantly different between mild and severe groups, except IgG which was significantly 241 

higher in severe cases, especially during D10-D20. The positive rate of anti-N-specific IgE 242 

response was 46.7% (7/15) in specimens from the severe group and 41.7% (5/12) in those from 243 

mild patients, indicating a general prevalence of IgE responses in respiratory tracts regardless of 244 

disease severity. Since there have been several reports on the involvement of elevated 245 
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complement activation in the plasma of severe COVID-19 patients,28-30 we also assessed the 246 

levels of complement protein in the respiratory specimens. We detected significantly higher 247 

levels of C3a with a peak response at around D10 in severe patients (Fig. 5b), indicating 248 

concomitant complement activation with antibody responses in the respiratory tracts during the 249 

acute phase of COVID-19. In order to examine antibody-dependent activation of the complement 250 

pathway,30 we examined the correlation of C3a concentration with anti-N IgM and IgG antibody 251 

responses, which are the major isotypes involved in the classical pathway of complement 252 

activation.31 The concentration of C3a was significantly correlated with both IgM and IgG levels 253 

when measured in the same respiratory specimen (Fig. 5c), suggesting activation of the classical 254 

pathway elevated complement activation in the respiratory tract in severe COVID-19.  255 

Next, we examined the systemic levels of antigen-specific antibody responses in plasma (Fig. 6a 256 

and Supplementary Fig. S7). Anti-N IgG antibodies, including IgG1 and IgG3 (IgG2 and IgG4 257 

were barely detected), gradually increased in the plasma of all 15 patients (10 mild and 5 severe 258 

patients) examined. Specific IgA responses were detected in plasma from all the severe patients 259 

and positive in seven out of ten mild patients.  In the case of IgE, four out of five (80%) severe 260 

cases showed detectable levels, whereas it was detectable in only two patients among ten (20%) 261 

mild patients within 40 days after symptom onset (Supplementary Fig. S7). Antibody responses 262 

were generally more prompt and pronounced in severe cases than the mild group (Fig. 6a and 263 

Supplementary Fig. S7). Moreover, levels of all the antibody isotypes were significantly higher 264 

in the severe group than mild patients. Notably, there was a consistent surge in specific IgE 265 

levels against viral N protein with a peak response during D10-20 in all severe pneumonic 266 

patients, except one (P13), indicating a prevalence of antigen-specific IgE responses in severe 267 

patients. We assessed complement activation in the same set of plasma samples by measuring the 268 
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concentrations of C3a and C5a. As observed in respiratory specimens (Fig. 5b), levels of C3a and 269 

C5a were generally higher in plasma from severe patients (7.9 ± 1.3 µg/ml and 50.5 ± 20.3 ng/ml 270 

for C3a and C5a, respectively) than in mild group (1.2 ± 2.0 µg/ml and 38.9 ± 30.1 ng/ml for 271 

C3a and C5a, respectively) (Fig. 6b). The difference in C5a levels between mild and severe 272 

groups was statistically significant, as previously reported.28 In addition, we observed a 273 

significant positive correlation of C5a levels with plasma IgG1 and IgG3 levels (Fig. 6c). These 274 

results confirm that viral antigen-specific antibody responses in plasma from severe patients is 275 

significantly higher than those from the mild group, as previously reported.32,33 This might be 276 

functionally linked to systemic and persistent activation of the complement cascade in severe 277 

pneumonic patients, potentially through the classical pathway. In addition, systemic but transient 278 

surge of antigen-specific IgE responses, driven by enhanced eosinophilic inflammation and TGF-279 

β response in the respiratory tracts of severe patients, could be a hallmark of pathogenic 280 

progression and Th2-biased mucosal immunity in pneumonic lungs of severe COVID-19 patients.  281 

In order to confirm the pathogenic contribution of antibody responses and complement activation 282 

in severe COVID-19, we carefully assessed kinetic responses in the respiratory specimens and 283 

plasma from the fatal case, P15, and performed histological and immunofluorescence analysis 284 

using two lung biopsies obtained during late stage (D36 and D48) of COVID-19 before 285 

succumbing to death at D59 (Fig. 7). Viral loads in respiratory specimens gradually declined 286 

after symptom onset and were barely detected after D30 (Fig. 7a), as observed in other surviving 287 

cases (Fig. 1). Even though plasma CRP levels peaked at D13 and decreased thereafter, the levels 288 

of lactate dehydrogenase (LDH) remained above normal range throughout the disease course 289 

(Fig. 7b), suggesting persistent cellular damage. Histopathologic examination of lung biopsies 290 
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from the deceased patient showed subpleural fibrosis and diffuse fibrin deposit at D36 after 291 

symptom onset (Fig. 7c and d). Lung parenchyma was almost completely destroyed, evidenced 292 

by the presence of interstitial thickening with fibrosis, smooth muscle proliferation, and 293 

granulation tissue formation. Alveolar spaces contained some macrophages and hemorrhage, 294 

some neutrophilic infiltration, and vascular congestion was observed in subpleural granulation 295 

tissue. At D48, hemorrhage and congestion were observed in destroyed lung parenchyma and 296 

focal pulmonary microthrombi were identified (Fig. 7d). We also observed parenchymal 297 

destruction by cystic change and bronchiolar metaplasia of alveoli. Infiltration of some 298 

lymphoplasma cells in fibrotic interstitium was noted and variable sized alveolar macrophages 299 

and seromucinous fluid were observed in alveolar spaces. Interestingly, antibody responses (IgM, 300 

IgG, and IgA) against viral N antigen in respiratory specimens peaked during D10-20, gradually 301 

declined until D30, and THEN elevated again thereafter (Fig. 7e). The kinetic responses of C5a 302 

in the respiratory samples were also biphasic, with second minor surge at D30-40, suggesting 303 

antibody-dependent complement activation in the respiratory tract. In addition, a transient surge 304 

of IgE response was observed right before the second rise of antibody and complement responses 305 

on D26. Moreover, N-specific antibody responses in plasma were also biphasic with an initial 306 

peak during D20-40 and a second rise after D50. Plasma C5a levels also showed a second surge 307 

after D50, indicating concomitant systemic responses of antibody and complement activation. 308 

These results suggest that a second round of antigenic stimulation may drive specific antibody 309 

responses and associated complement activation, especially in the respiratory tract. Since there 310 

was few viral release in respiratory specimens after D30, we suspected that there might be active 311 

production of viral antigens without secretion of virus particles, i.e. abortive viral infection, in 312 

inflamed lungs of COVID-19. Indeed, immunostaining of viral N antigen of lung biopsies 313 
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collected at D36 and D48, active expression was especially pronounced in vascular walls, 314 

including endothelial cells, as well as in a few epithelial cells (Fig. 7f). Detection of viral antigen 315 

and/or viral RNA in endothelial cells and/or epithelial cells of tissue biopsies from COVID-19 316 

patients has also been confirmed in other reports.19,34-39 In addition, formalin-fixed paraffin-317 

embedded lung tissue subjected to immunohistochemical staining with anti-C5b-9 antibody 318 

showed massive deposition of membrane attack complexes (MACs) in vascular walls, especially 319 

subendothelial and smooth muscle layers, bronchial epithelial cells, as well as inflammatory cells 320 

including macrophages and lymphocytes (Fig. 8a). The intensity of C5b-9 staining in pulmonary 321 

vessels was increased at D48 when compared to that of D38. The gradual increase of creatine 322 

phosphokinase (CPK) in the patient’s plasma after D40 may also reflect progressive cellular 323 

damage of vascular smooth muscle layer upon MAC formation and/or myocardial injury in fatal 324 

COVID-19 patients (Fig. 7b), as previously reported.40,41 Moreover, deposition of IgG immune 325 

complexes in hyaline membranes and fibrin deposits within luminal spaces of airways and 326 

vascular capillaries emerged at D36 and increased at D48 (Fig. 8b and Supplementary Fig. S9). 327 

These results strongly suggest that active expression of viral antigen without producing viral 328 

particles during late stage of severe COVID-19 drives a second cycle of antibody responses 329 

accompanying complement activation. Concomitant immune complex formation and 330 

complement activation may drive irreversible pulmonary damage in fatal COVID-19.42 Evidence 331 

of fatal COVID-19 vasculopathy accompanying deposition of immune complexes and/or 332 

complement components inside vascular walls in multiple organs have also been reported in 333 

recent studies.43,44 334 

Based on our observations of extensive kinetic analyses using respiratory specimens, we propose 335 

that sustained eosinophilic inflammation is followed by Th2-biased adaptive immune responses, 336 
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as evidenced by enhanced viral antigen-specific antibody responses and concomitant 337 

complement activation, in severe COVID-19. Overt antibody responses together with 338 

complement activation potentially contribute to the progression and pathogenesis of severe 339 

COVID-19. Nevertheless, significant infiltration of eosinophils into lungs of COVID-19 patients 340 

during the acute phase of infection can be either protective or detrimental.45 Although peripheral 341 

blood eosinopenia at initial presentation might be associated with severe COVID-19, as we and 342 

others observed in COVID-19 patients (see complete blood count results in Supplementary Fig. 343 

S8),46 sustained and enhanced eosinophilic inflammation in respiratory tracts of COVID-19 is 344 

consistently observed in severe cases (Fig. 2 and 3b). Interestingly, rapid eosinophilic infiltration 345 

into infected lungs was often observed in mild patients within 10 days after symptom onset, 346 

whereas eosinophil infiltration is delayed but prolonged and eosinophilic inflammation is 347 

significantly increased, as indicated by enhanced responses of ECP and EDN, in respiratory 348 

tracts of severe pneumonic cases. Eosinophil response during the early stage of viral infection 349 

can orchestrate antiviral responses to respiratory viruses by producing reactive oxygen species 350 

and eosinophil-derived RNases (EDN/RNase2 and ECP/RNase3).45 However, sustained 351 

eosinophilic inflammation may represent an acute type I hypersensitivity reaction, which is often 352 

functionally linked to Th2-polarizing respiratory environment.26 Enhanced TGF-β responses, 353 

mast cell activation, and more prompt and robust viral antigen-specific antibody responses, 354 

including IgE isotypes, strongly support the potential pathogenic role of eosinophilic 355 

inflammation and Th2-biased mucosal immunity in severe COVID-19.6 Moreover, acute and 356 

transient surge of eosinophilia in inflamed lungs, as observed in the fatal case (P15), might be a 357 

critical driver of irreversible lung damage associated with lethal outcome in severe COVID-19 358 

patients. Recently, the association of systemic eosinophilic inflammation with various COVID-359 
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19-associated syndromes has been reported by several studies.47,48 Interestingly, we observed 360 

transient elevation, peaking at D10, of macrophage activation as assessed by sCD163 levels in 361 

respiratory samples of severe patients (Fig. 3d). The role of alternatively activated (M2 type) 362 

macrophages in eosinophilic pulmonary inflammation has also been previously documented.16,49 363 

Therefore, macrophage activation syndrome often observed in severe COVID-19 patients17 can 364 

be functionally linked to eosinophilic pulmonary inflammation. While the causal relationship and 365 

precise mechanisms mediating innate cellular interactions during pathologic progression remain 366 

to be elucidated, our kinetic analyses reveal concomitant elevation of pulmonary inflammation, 367 

potentially driven by macrophage, eosinophil, and mast cell activation in severe COVID-19 (Fig. 368 

3). Given that early viral loads in respiratory tracts of COVID-19 patients does not seem to 369 

enhance pulmonary inflammation by innate cellular activation, host factor(s) specifically driving 370 

inflammation need to be determined in future studies.  371 

Our second critical finding is the potential role of enhanced antibody responses accompanying 372 

elevated complement activation in disease pathogenesis of severe COVID-19. As mentioned 373 

above, kinetic analyses of respiratory specimens revealed sustained and higher eosinophilic 374 

inflammation as a potential driver for Th2 immune responses in severe COVID-19.  A recent 375 

immune profiling study using peripheral blood mononuclear cells and plasma samples from 113 376 

patients with moderate or severe COVID-19 also showed an association of an increase in 377 

multiple type 2 effectors, including IL-5, IL-13, IgE, and eosinophils, with disease severity.6 378 

More rapid and robust antibody responses specific to SARS-CoV-2 antigens, including spike and 379 

nucleocapsid (N), have been consistently observed in many other studies.32,33,50 Here, we 380 

confirmed enhanced antibody responses against viral N antigen in plasma, as well as respiratory 381 

IgG response, in severe patients. In addition, kinetic analysis revealed earlyer peak response 382 
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(D10-20) of systemic IgA and IgE, as well as respiratory antibodies, followed by systemic IgG 383 

responses which peak at D20-30 in severe cases; meanwhile, all these isotypes peaked at D20-30 384 

in plasma from mild group patients (Fig. 5). Earlier predominance of IgA and IgE responses 385 

might be due to pulmonary eosinophilic inflammation and enhanced TGF-β responses in 386 

respiratory mucosal environment of severe patients.16,24,26 Moreover, complement activation was 387 

generally higher in the respiratory tracts and systemic circulation of severe patients than mild 388 

group, and correlated well with the levels of IgM and IgG responses in the respiratory 389 

environment, suggesting increased activation of antibody-dependent classical pathway. While the 390 

contribution of both alternative and lectin-dependent pathways during SARS-CoV-2 infection 391 

can not be excluded,44 complement C1q levels in plasma from severe cases were lower than mild 392 

cases,30 indicating systemic C1q depletion due to antibody-dependent classical pathway of 393 

complement activation in severe cases. Nevertheless, it remains unknown whether enhanced 394 

antibody responses and accompanying complement activation are directly and functionally 395 

associated with pathogenic progression of severe COVID-19.51,52 Enhanced antibody responses 396 

are not necessarily critical for antiviral immunity, since viral copy numbers in respiratory 397 

secretions declined to baseline during peak antibody responses (D20-30) and there was no 398 

significant difference in viral loads between mild and severe patients (Fig. 1a). In addition, 399 

systemic viremia has been rarely detected in the majority of COVID-19 patients regardless of 400 

disease severity.53,54 Rather, we suspected that Fcγ receptor (FcγR)-mediated inflammation upon 401 

crosslinking by immune complexes induces lung tissue damage through activation of the 402 

complement pathway and MAC formation (Fig 8).52 Since viral release from infected host cells 403 

rapidly decreased, rising antibodies might bind to cells expressing the viral antigens. Infected 404 
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epithelial and endothelial cells (Fig. 7f) in lungs of COVID-19 patients could be primary targets 405 

for the antigen-antibody immune complexes. Gradually increased IgG deposition on the luminal 406 

surfaces of airways and vasculatures observed in lung biopsies from a fatal case (Fig. 8b) 407 

strongly supports the pathogenic role of the immune complex-mediated pathway. We also often 408 

observed large immune complexes including detached epithelial layers or N antigen-positive 409 

cells in airway lumens (Fig 8b and Supplementary Fig. S9). Expression of viral antigens in 410 

epithelial and endothelial cells without producing viral particles, indicating abortive viral 411 

infection, during late stage COVID-19 may further fuel antibody responses and aggravate 412 

immune-complex-mediated inflammation, including complement activation (Fig 7d and Fig. 8), 413 

as well as activating effector leukocytes by engaging various members of FcγR.52 To confirm this, 414 

we retrieved gene expression data sets from recent single cell RNA sequencing (scRNA seq) 415 

studies55,56 and analyzed the hallmark gene set scores for each signaling pathway.57 In the initial 416 

analyses of signature gene set scores for inflammation in major leukocyte populations (Fig. 9a), 417 

myeloid cells including monocytes, macrophages, and dendritic cells, as well as neutrophils 418 

showed prominent increase in hallmark inflammation scores when compared to those of healthy 419 

control group (Fig. 9b). Analysis of scRNA seq data sets from mononuclear phagocytes 420 

(monocytes, macrophages, and dendritic cells) and neutrophils showed significantly higher levels 421 

of hallmark gene set scores for both FcγR signaling and complement activation in severe group 422 

than those of mild cases (Fig. 9c). These results clearly indicate a significant role of FcγR 423 

signaling and complement activation in inflammatory responses and pathogenic contributions by 424 

phagocytic cells.17,29,52 425 

In conclusion, our current kinetic analyses of respiratory specimens from COVID-19 patients 426 

clearly reveal an association of eosinophilic pulmonary inflammation with severe pneumonic 427 
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pathogenesis. These observations require further confirmation with extensive research of the 428 

pathogenesis of eosinophilic inflammation and its association with pathogenic role of antibody 429 

responses and complement activation in order to establish proper therapeutic strategies against 430 

severe pneumonia often resulting in fatal outcome in COVID-19. Moreover, potential abortive 431 

viral infections during late stage of COVID-19 may need to be carefully controlled to abrogate 432 

the pathologic contribution by immune-complex and complement-mediated inflammation. 433 

 434 

Methods 435 

Ethnical statement 436 

The current research was approved by the institutional review boards of Chosun University 437 

Hospital (IRB no.: 2020-02-011), Chungnam National University Hospital (IRB no.: 438 

CNUH2017–12–004), and Seoul National University Hospital (IRB no.: C-1509-103-705). This 439 

study was performed in accordance with the ethical standards laid down in the 1964 declaration 440 

of Helsinki and all subsequent revisions. This study was conducted with informed consent from 441 

patients or their legal guardians.  442 

Patient groups 443 

General information on the clinical courses and baseline characteristics of the COVID-19 444 

patients included in this study are summarized in Supplementary Table S1 and Fig. S1. The 445 

patients were divided into two groups based on disease severity. The mild group includes 36 446 

patients who were asymptomatic, with mild respiratory symptoms but no detectable pneumonia, 447 

or with mild to moderate pneumonia determined by chest imaging and clinical symptoms. The 448 

severe group includes 16 patients who suffered from severe pneumonia requiring high flow 449 
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oxygen supply and/or mechanical ventilation. Among the severe group patients, all the patients 450 

survived and were discharged, except one patient (P15) who succumbed to death due to fatal 451 

ARDS. The patients were also divided into two sets. Group 1 includes 15 patients (10 mild and 5 452 

severe group patients) who provided blood and respiratory specimens at different time points 453 

after symptoms onset. Group 2 includes 37 patients (26 mild and 11 severe patients) and 454 

provided respiratory specimens during the acute phase of COVID-19. Some of the clinical data 455 

from three patients (ID: 1, 11, and 12) were included in our previous preprint paper 456 

(DOI:10.21203/ rs.3.rs-23607/v1). 457 

Cytological analysis 458 

BALFs and sputa samples collected from the patients were smeared on glass slides immediately 459 

after collection. The slides were then immediately fixed with 95% ethanol in a Coplin jar. After 460 

fixing the slides, hematoxylin and eosin (H&E) staining was performed. The presence and 461 

relative proportions of various leukocyte subsets were estimated under light microscope 462 

independently by two experienced pathologists and consensus was reached under multi-head 463 

microscope. 464 

Flow cytometry 465 

Peripheral blood leukocytes and mononuclear cells (PBMCs) were prepared by standard density 466 

gradient centrifugation with Histopaque-1077 and 1119 (Sigma-Aldrich, St. Louis, MO, USA) in 467 

a biosafety level 3 laboratory in Seoul National University. Isolated blood leukocytes were 468 

directly stained with antibodies listed below for flow cytometry in a biosafety level 3 laboratory. 469 

Cells in BALFs and lung biopsies were directly prepared and analyzed on the collection day in a 470 

biosafety level 3 laboratory, as previously described.58 Dead cells were stained with Zombie 471 

Aqua Fixable Viability Dye (BioLegend, San Diego, CA, USA). Cells were stained with the 472 
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following sets of antibodies differentially labeled with the indicated fluorochrome; anti-CD4-473 

Alexa488, anti-CD8-PerCP or APC, anti-CD14-BV605, anti-CD16-Alexa700, anti-CD24-474 

BV421, anti-CD45-PerCP-Cy5.5, anti-CD206-Alexa488, anti-HLA-DR-BV711 (from 475 

BioLgend), anti-CD3-PE-CF594 or Pacific blue, anti-CD20-APC/H7, and anti-CD56-APC (from 476 

BD Bioscience). Cell were then fixed with a fixation buffer (BD Bioscience) and analyzed using 477 

a FACS Fortessa II flow cytometer (BD Biosciences). Data were analyzed using Flowjo software 478 

(Tree Star, Ashland, OR, USA). Gating strategies for flow cytometric analyses are summarized in 479 

Supplementary Fig. S2. 480 

Quantitation of cytokines and chemokines  481 

Cytokine/chemokine levels in human respiratory samples (BALFs and sputa) were measured by 482 

a luminex multiplex assay system (Luminex, Austin, TX, USA) after gamma-irradiation (30 483 

kGy). Luminx assay was run according to the manufacturer’s instructions, using a customized 484 

human cytokine multiplex panel (R&D Systems, Inc. Minneapolls, MN, USA). The panel 485 

included: CCL2/JE/MCP-1, CCL3/MIP-1α, CCL4/MIP-1β, CCL5/RNATES, CCL11/Eotaxin, 486 

complement component C5a, CX3CL1/Fractalkine, CXCL9/MIG, CXCL10/IP-10/CRG-2, 487 

CXCL16, IFN-γ, IL-1α/IL-1F1, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8/CXCL8, IL-10, IL-12/IL-488 

23p40, IL-13, IL-15, IL-21, Periosin/OSF-2, TNF-α, TGF-β, sCD163, and granzyme A. Assay 489 

plates were measured using a Luminex 100/200TM analyzer (Luminex, Austin, TX, USA). 490 

Standard curve for each cytokine/chemokine was drawn using the supplied cytokine/chemokine 491 

standard and determined with the best fit algorithm using MasterPlex QT 2010 software 492 

(MiraiBio, Hitachi, CA, USA). IL-33 (Invitrogen, Carlsbad, CA, USA), lipocalin-2 (Abcam, 493 

Cambridge, UK), EDN, and MCT (Cusabio, Houston, TX, USA) were quantified using human 494 
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ELISA kits according to the manufacturer’s instruction. Concentration of ECP and calprotectin in 495 

respiratory specimens were measured via clinical diagnosis service from Seoul Clinical 496 

Laboratory (Seoul, Republic of Korea).  497 

Enzyme-linked immunosorbent assay (ELISA) 498 

To assess for SARS-CoV-2 N protein-specific antibody responses, 96-well immunoassay plates 499 

(Nunc, Waltham, MA, USA) were coated with 100 μL of purified antigen at a concentration of 1 500 

μg/mL at 4 °C overnight. The plates were then blocked for 2 h at room temperature (RT) with 501 

PBS containing 5% skim milk. One hundred microliters of serially diluted plasma or respiratory 502 

samples were incubated for 2 h at RT. After washing with PBS containing 0.05% Tween20 503 

(0.05% PBST), horseradish peroxidase (HRP)-conjugated mouse anti-human IgG1, IgG2, IgG3, 504 

IgG4, IgG, IgM, IgA or IgE antibody (Southern Biotech, Birmingham, AL, USA) was added and 505 

incubated for 1 h at RT. Wells were washed with 0.05% PBST and incubated with a 3,3′,5,5′-506 

tetramethylbenzidine (TMB) peroxidase substrate solution (KPL, Gaithersburg, MD, USA) for 507 

10min. The reactions were stopped by addition of a 1M phosphoric acid solution. Absorbance 508 

was measured at 450 nm using a microplate reader (Beckman Coulter, Brea, CA, USA). The cut-509 

off titer for the ELISA was defined as the lowest titer showing an optical density (OD) over the 510 

mean OD plus 3× standard deviation (s.d.) from three control plasma samples (diluted 1:10) 511 

collected from healthy volunteers or three pneumonia patients who were never diagnosed with 512 

COVID-19. 513 

Quantitation of viral loads 514 

Real-time reverse transcription-polymerase chain reaction (RT-PCR) assay for detection of 515 

SARS-CoV-2 was performed according to the manufacturer’s instructions (Kogenebiotech, Seoul, 516 

South Korea). Total RNAs were obtained from nasopharyngeal and throat swab samples (upper 517 
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respiratory tract) and sputa (lower respiratory tract). Primer sets targeting E and RdRP genes of 518 

SARS-CoV-2 were used with a cut-off cycle threshold (Ct) value of higher than 38 cycles. 519 

Quantitation of complements 520 

Human complement assays were conducted using quantitative C3a and C5a ELISA kits 521 

according to the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA). In 522 

brief, patients’ plasma were incubated in microwells adsorbed with anti-human C3a or C5a 523 

coating antibody for 2 h at RT, washed 6 times, and incubated with a biotin-conjugated anti-524 

human C3a or C5a antibody for 1 h. The plates were then washed 6 times followed by incubation 525 

with streptavidin-HRP for 1 h. After washing the wells, TMB substrate solution was added and 526 

further incubated at RT. The reaction was terminated by adding 1 M phosphoric acid and 527 

absorbance was measured with a TECAN microplate reader (TECAN, Mannedorf, Switzerland) 528 

at 450 nm.  529 

Immunohistochemistry and immunofluorescence assay using lung biopsies 530 

Histopathological analysis of lung biopsies was performed after fixation in 10% formalin and 531 

embossing in paraffin. Tissue sections (4 µm thickness) were stained with hematoxylin and eosin 532 

(H&E) and two experienced pathologists specialized in lung pathology evaluated the H&E slides 533 

under a light microscope (Olympus BX-53; Olympus, Tokyo, Japan). For immunohistochemistry 534 

and immunofluorescence analysis, paraffin-embedded tissue sections were placed at 55°C 535 

overnight. Tissue sections were rehydrated by submerging in xylen sequentially for 15 min, 5 536 

min, and 5 min, followed by immersion in 100%, 100%, 95%, 90%, 80%, and 70% ethanol in 537 

serial order, for 3 min per step. For antigen retrieval, the slides were soaked and heated in HIER 538 

buffer (10 mM Tri-sodium citrate, 0.05% Tween-20, pH 6) in the microoven for 20 min. After 539 

blocking with a buffer containing 5% BSA and Fc blocker (BD Biosciences) for 1 h at room 540 
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temperature, autofluorescence emitted by lung tissues was inhibited by incubation with 0.1% 541 

Sudan Black solution for 20 min, followed by incubation with indicated antibody for 15 minutes. 542 

The antibodies used to detect specific antigens for immunostaining processes were rabbit 543 

polyclonal anti-SARA-CoV-2 N antibody was obtained from Sino biological (Beijing, China) 544 

and anti-CD31 and pan-cytokeratin (CK) antibodies purchased from DAKO (Carpinteria, CA, 545 

USA). Antibody binding to the cells in sections was detected using horseradish peroxidase 546 

(HRP) reaction kits (DAKO) for immunohistochemistry or Alexa488-, Alexa594-, Alexa-633 547 

conjugated secondary antibodies (Molecular Probes) for immunofluorescence. Nuclear DNA was 548 

counterstained with 4,6-diamidino-2-phenylindole (DAPI). Confocal microscopy was performed 549 

using an OlympusFV3000 laser-scanning microscope (Olympus). All images were analyzed and 550 

processed using the Olympus Fluoview or Adobe Photoshop software. 551 

Analysis of single cell RNA seq datasets of BALFs from COVID-19 patients. 552 

We collected BALF single cell RNA seq (scRNA-seq) datasets from the Gene Expression 553 

Omnibus (GEO) under accession code GSE145926 and from FigShare 554 

(https://doi.org/10.6084/m9.figshare.12436517).55,56 We applied quality control criteria to each 555 

data set (mitochondrial gene percentage < 0.15). After filtering, a total single cell of 182,140 556 

were used for analysis. To remove batch effects across the two datasets, we used multi canonical 557 

correlation analysis 3 (CCA3) in Seurat3 R package.59 Variably expressed genes were selected 558 

using the FindVariableGenes function in default parameters of Seurat v3.1.5.59 Cell clustering 559 

and Uniform Manifold Approximation and Projection (UMAP) visualization were performed 560 

using the FindClusters and RunUMAP functions, respectively. The annotations of cell identity 561 

for each cluster were defined by the expression of known marker genes: epithelial cells, EFHC1 562 

and MLF1; T/NK cells, IL32, KLRB1, and STMN1; B cell, CD19 and MS4A1; neutrophils, 563 
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LYN, FCGR3B, and ITGAX; monocyte/macrophage/dendritic cells, CD14, CCL2, CD68, 564 

FABP5, CD74, CLEC4C, KIT, CPA3, HPGD, and LTC4S. To score the hallmark gene sets for 565 

inflammation,60 complement activation60, and reactome FcγR activation,61 data sets were 566 

downloaded from MsigDB (https://www.gsea-msigdb.org/gsea/msigdb) using the 567 

AddModuleScore function provided by the Seurat package and analyzed.  568 

Statistical analysis 569 

Data was analyzed using the Graph Pad Prism 5.01 software (GraphPad Software, La Jolla, CA, 570 

USA) and Microsoft Excel (Microsoft Office Professional Plus 2016). Statistical analyses were 571 

performed using a two-tailed Mann–Whitney U test, unpaired Student’s t-test, or one-way 572 

analysis of variance (ANOVA) followed by Newman-Keuls t-test for comparisons of values 573 

among different groups. Spearman’s rank test was used to analyze the correlation between 574 

variables. A p-value of < 0.05 was considered statistically significant. 575 
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Figure legends 742 

Fig. 1. Kinetic changes of respiratory viral loads and C-reactive proteins in plasma.  a. 743 

Kinetic changes of viral loads were evaluated in respiratory specimens (nasopharygeal/throat 744 

swabs for upper respiratory tract and sputa for lower respiratory tract) by quantitative RT-PCR 745 

targeting the E gene of SARS-CoV-2 and presented as Ct values. Blue circles (n = 49 and 41 for 746 

upper and lower respiratory specimens, respectively) are from eight mild patients and red circles 747 

(n = 38 and 39 for upper and lower respiratory specimens, respectively) are from five severe 748 

cases. The blue and red lines show the trend in viral load, using smoothing splines (dashed line: 749 

cut-off value). Distribution of Ct values in mild (M) and severe (S) are also presented as violin 750 

plots (right graph, black line: median). b. Kinetic change of C-reactive proteins (CRP) in plasma 751 

is presented. Blue circles are from nine mild patients (n = 37) and red circles are from five severe 752 

cases (n = 23). Distribution of CRP levels in mild (M) and severe (S) are also presented as violin 753 

plots (right graph, black line: median). DPS: days post symptom onset. ***: p < 0.001 (Two-754 

tailed Mann–Whitney test).  755 

 756 

Fig. 2. Kinetic changes in respiratory specimens collected from COVID-19 patients. a. 757 

Representative images of cytological analysis of sputa and BALFs by hematoxylin and eosin 758 

(H&E) staining. The patient’s ID., collection day after symptom onset, and types of specimens 759 

(SPT: sputum, and BALF: bronchoalveolar lavage fluid) are presented in the upper left text box. 760 

Arrows indicate PMNs (orange, mostly neutrophils), eosinophils (red), lymphocytes (blue), and 761 

macrophages (green). Scale bar: 20 µm. b. Relative frequencies of the indicated leukocyte 762 

subsets among CD45+ leukocytes in paired blood and BALF were analyzed by flow cytometry 763 
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and presented. Patients’ ID. are presented at the bottom. DPS: days post symptom onset. c and d. 764 

Kinetic changes of the indicated leukocytes in respiratory specimens are presented. All the data 765 

(n = 49) from H&E staining and flow cytometry are plotted in c. The lines show the kinetic trend 766 

of each leukocyte subset, using smoothing splines. Kinetic changes in relative frequencies of the 767 

indicated leukocyte subsets in mild (blue, n = 20) and severe (red, n = 29) groups are presented 768 

in d. DPS: days post symptom onset. 769 

 770 

Fig. 3. Kinetic profiling of inflammatory mediators derived from inflammatory leukocytes 771 

in respiratory specimens. Kinetic changes of inflammatory mediators or biomarkers derived 772 

from neutrophils (a), eosinophils (b), mast cells (c), macrophages (d), and cytotoxic T cells/NK 773 

cells (e) in respiratory specimens are presented. Concentrations of inflammatory markers in mild 774 

(M) and severe (S) cases are also compared and presented as violin plots (right graph, black line: 775 

median). The lines show the kinetic trend, using smoothing splines. LCN: lipocalin-2 (n = 18 for 776 

mild and 23 for severe cases), CALP: calprotectin (n = 11 for mild and 19 for severe cases), 777 

EDN: eosinophil-derived neurotoxin (n = 18 for mild and 23 for severe cases), ECP: eosinophilic 778 

cationic protein (n = 11 for mild and 19 for severe cases), MCT:  mast cell tryptase (n = 18 for 779 

mild and 23 for severe cases). sCD163 and granzyme A (n = 18 for mild and 23 for severe cases). 780 

DPS: days post symptom onset. *: p < 0.05 (two-tailed Mann–Whitney test).  781 

 782 

Fig. 4. Correlation of respiratory levels of cytokines, chemokines, and inflammatory 783 

mediators in COVID-19 patients. a. Correlation matrix of 28 inflammatory proteins detected in 784 

respiratory samples from COVID-19 patients (see raw data in Supplementary Table S3). The 785 

areas of the circles show the value of corresponding correlation coefficients as calculated by the 786 
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Spearman method. Positive correlations are displayed in blue and negative correlations in red. 787 

The size of the circle and intensity of color are proportional to correlation coefficients (0 to 1 for 788 

positive coefficient and 0 to -1 for negative coefficient). The legend to the right of the matrix 789 

shows the Spearman correlation coefficients for the corresponding colors. The correlation 790 

coefficients of proteins were clustered based on hierarchical clustering. Boxes indicate groups of 791 

cytokines with higher correlations. * : p < 0.05, ** : p < 0.01, *** : p < 0.001. b. Kinetic changes 792 

of IL-6 and TGF-β, cytokines showing significant difference between mild (blue, M, n = 11) and 793 

severe (red, S, n = 20) groups. The lines show the kinetic trend, using smoothing splines. 794 

Concentrations of the cytokines in mild and severe were also compared and presented as violin 795 

plots (right graph, black line: median). DPS: days post symptom onset. 796 

 797 

Fig. 5. Kinetic changes of SARS-CoV-2 N-specific antibodies and C3a in respiratory 798 

specimens. Kinetic changes in specific antibody responses against viral N protein (a) and C3a 799 

(b) in respiratory samples are presented. Specific isotypes of the antigen-specific antibodies are 800 

denoted. Blue: mild (n = 13 for antibodies and 20 for C3a), red: severe (n = 28 for antibodies and 801 

20 for C3a). The lines show the kinetic trend, using smoothing splines. The levels in mild and 802 

severe cases were also compared and presented as violin plots (right side, black line: median). *: 803 

p < 0.05 (Two-tailed Mann–Whitney test). DPS: days post symptom onset. c. Correlation of C3a 804 

levels with N-specific IgM (left) and IgG (right) were assessed by linear regression (dashed line) 805 

and Spearman’s rank test. p values are indicated within the graphs. n = 27. 806 

 807 

Fig. 6. Kinetic changes of SARS-CoV-2 N-specific antibodies and C3a in plasma. Kinetic 808 

changes in specific antibody responses against viral N protein (a), C3a and C5a (b) in plasma 809 
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samples are presented. Specific isotypes of the antigen-specific antibodies are denoted. Blue: 810 

mild (n = 30), red: severe (n = 19). The lines show the kinetic trend, using smoothing splines. 811 

The levels in mild and severe cases were also compared and presented as violin plots (right side, 812 

black line: median). DPS: days post symptom onset. * : p < 0.05, ** : p < 0.01, *** : p < 0.001 813 

(Two-tailed Mann–Whitney test). c. Correlation of C5a levels with N-specific IgG1 (left) and 814 

IgG3 (right) were assessed by linear regression (dashed line) and Spearman’s rank test. p values 815 

are indicated within the graphs. n = 61. 816 

 817 

Fig. 7. Kinetic changes of viral loads, inflammatory indicators, antibody responses, and 818 

pulmonary histopathology in a fatal COVID-19 case. a. Kinetic changes of viral loads were 819 

evaluated in respiratory specimens in upper respiratory (U.R.) and lower respiratory (L.R.) tract 820 

(black dashed line: cut-off value). Kinetic change of CRP in plasma is also presented (red dashed 821 

line: upper limit of normal range, 10 mg/dL). b. Kinetic changes of lactate dehydrogenase (LDH, 822 

red) and creatine phosphokinase (CPK, blue) in plasma. Blue and red dashed lines indicates 823 

upper limit of normal ranges for CPK (200 U/L) and LDH (350 U/L), respectively. Microscopic 824 

findings in H&E-stained lung tissues from a fatal case, P15, obtained at D36 (c) and D48 (d) 825 

after symptom onset. At a scan view, subpleural lung parenchyma with fibrosis and fibrin 826 

deposits are observed (upper left, 12.5x magnification). Higher power views of each 827 

representative area (rectangles) are displayed. c. Fibrinous exudate, hemorrhage and congestion 828 

in subpleural lung parenchyma are observed (upper right, 200x). A few alveolar macrophages 829 

and hemorrhage in intra-alveolar spaces (black arrow) and some lymphoplasmacytic infiltration 830 

and smooth muscle proliferation in dense fibrotic interstitium are observed (lower left, 200x).  A 831 

few neutrophilic infiltration (red arrows) and congested blood vessels reminiscent of granulation 832 
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tissue are noted (lower right, 400x). d. Marked intra-alveolar hemorrhage and congestion in 833 

blood vessels are observed along with interstitial thickening and fibrosis (upper right, 200x). In 834 

non-hemorrhagic areas, interstitial thickening and fibrosis, alveolar bronchiolization (black 835 

arrows), intra-alveolar seromucinous fluid accumulation and variable-sized alveolar 836 

macrophages (asterisks) are observed. Infiltration of a few lymphoid cells and plasma cells in 837 

interstitium is noted (blue arrow) (lower left, 200x). Alveolar bronchiolization (bronchiolar 838 

metaplasia of alveoli) (black arrows), detachment of alveolar epithelial cells (green arrows) and 839 

interstitial thickening and fibrosis (asterisks) are observed (lower right, 200x). e. Kinetic changes 840 

in specific antibody responses against viral N protein and C5a in respiratory samples (left) and 841 

plasma (right). f. Localization of SARS-CoV-2 N antigens in lung tissues. Representative images 842 

of triple immunofluorescence-stained sections of lung tissues obtained from the fatal case at D36 843 

(upper panels) and D48 (lower panels). Immunofluorescence for endothelial marker (CD31, 844 

green, left panels) or epithelial marker (CK: pan-cytokeratin, green, right panels), together with 845 

SARS-CoV-2 N antigens (red), are indicated. Nuclear DNA was counterstained with 4,6-846 

diamidino-2-phenylindole (blue). Differential interference contrast (DIC) images show lung 847 

parenchyma. Blood vessels are indicated by white asterisks. Scale bar, 100 µm. 848 

 849 

Fig. 8. Pathologic association of complement activation and immune complexes deposition 850 

as identified by immunohistochemistry and immunofluorescence analysis of pulmonary 851 

autopsy samples from a fatal COVID-19 case. a. Immunohistochemical detection of C5b-9 852 

membrane attack complexes in pulmonary parenchyma using lung tissues from a fatal case 853 

obtained at D36 (left panels) and D48 (right panels). C5b-9 staining was observed in media layer 854 

of vascular walls (asterisks), airway epithelial cells (purple arrows), and inflammatory cells such 855 
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as macrophages (green arrows) and lymphoplasma cells (red arrows). Scale bar: 100 µm. b. 856 

Depositions of IgG immune complexes in airways and blood vessels were identified by 857 

immunofluorescence analysis. Representative immunofluorescence images of lung tissues 858 

obtained from the fatal case at D36 (upper panels) and D48 (lower panels) are presented. 859 

Immunofluorescence of epithelial marker (CK: pan-cytokeratin, green, right panels), SARS-860 

CoV-2 N antigens (red), and IgG (white) are indicated. White arrows indicate depositions of IgG 861 

immune complexes in the luminal spaces, hyaline membranes, and fibrin deposits. Nuclear DNA 862 

was counterstained with 4,6-diamidino-2-phenylindole (blue). Differential interference contrast 863 

(DIC) images show lung parenchyma. Blood vessels are indicated by white asterisks. Scale bar, 864 

100 µm. 865 

 866 

Fig. 9. Enhanced gene set signatures for FcγR signaling and complement activation in 867 

myeloid cells of respiratory samples from severe COVID-19 cases. a. UMAP presentation of 868 

major cell types and associated clusters in respiratory leukocytes from COVID-19 patients. Data 869 

sets were retrieved from two previous studies.55,56 Ep.: epithelial cells, B: B cells, T.NK: T and 870 

NK cells, Mo.MF.DC: monocytes, macrophages, and dendritic cells, Neutro.: neutrophils. b. 871 

Hallmark gene set scores for inflammatory response, computed for the indicated leukocyte 872 

subsets (all patients’ samples combined), were compared with those of healthy controls (HC). p 873 

values for differences between HC and COVID-19 patients as assessed by two-tailed Mann–874 

Whitney U test are presented. c. Computed hallmark gene set activity scores of FcγR signaling 875 

and complement activation, for the indicated myeloid subsets. P values for differences among 876 

HC and COVID-19 patients with mild (M) or severe (S) symptoms, as assessed by two-tailed 877 
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Mann–Whitney U test, are presented. 878 
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Fig. S3. Relative frequencies of myeloid cell subtypes in blood and BALF specimens from 911 
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patients with severe COVID-19. The frequencies are percentile among lymphocytes. 914 

Fig. S5. Relative frequencies of T and NKT cell subtypes in blood and BALF specimens from 915 

patients with severe COVID-19. The frequencies are percentile among lymphocytes. 916 

Fig. S6. Kinetic changes of 28 cytokines, chemokines, and inflammatory mediators measured in 917 

respiratory specimens collected from COVID-19 patients. Raw data for each graph are presented 918 

in Supplementary Table S3. The purple lines show the kinetic trend of each inflammatory marker, 919 

using smoothing splines. Blue dots: mild cases, red dots: severe cases. n.d.: not detected. 920 

Fig. S7. Kinetic changes of specific antibodies against viral N protein in plasma from COVID-19 921 

patients. Specific isotypes of the antigen-specific antibodies are indicated. Blue are from eight 922 
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mild patients and red are from five severe cases.   923 

Fig. S8. Kinetics of complete blood counts in blood collected from COVID-19 patients. Normal 924 

range of each leukocyte count is indicated as gray background. 925 

Fig. S9. Depositions of IgG immune complexes in lung tissue were identified by 926 

immunofluorescence analysis. Representative immunofluorescence images of lung tissue 927 
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Figures

Figure 1

Kinetic changes of respiratory viral loads and C-reactive proteins in plasma. a. Kinetic changes of viral
loads were evaluated in respiratory specimens (nasopharygeal/throat swabs for upper respiratory tract
and sputa for lower respiratory tract) by quantitative RT-PCR targeting the E gene of SARS-CoV-2 and



presented as Ct values. Blue circles (n = 49 and 41 for upper and lower respiratory specimens,
respectively) are from eight mild patients and red circles (n = 38 and 39 for upper and lower respiratory
specimens, respectively) are from �ve severe cases. The blue and red lines show the trend in viral load,
using smoothing splines (dashed line: cut-off value). Distribution of Ct values in mild (M) and severe (S)
are also presented as violin plots (right graph, black line: median). b. Kinetic change of C-reactive proteins
(CRP) in plasma is presented. Blue circles are from nine mild patients (n = 37) and red circles are from
�ve severe cases (n = 23). Distribution of CRP levels in mild (M) and severe (S) are also presented as
violin plots (right graph, black line: median). DPS: days post symptom onset. ***: p < 0.001 (Two-tailed
Mann–Whitney test).



Figure 2

Kinetic changes in respiratory specimens collected from COVID-19 patients. a. Representative images of
cytological analysis of sputa and BALFs by hematoxylin and eosin (H&E) staining. The patient’s ID.,
collection day after symptom onset, and types of specimens (SPT: sputum, and BALF: bronchoalveolar
lavage �uid) are presented in the upper left text box. Arrows indicate PMNs (orange, mostly neutrophils),
eosinophils (red), lymphocytes (blue), and macrophages (green). Scale bar: 20 µm. b. Relative



frequencies of the indicated leukocyte subsets among CD45+ leukocytes in paired blood and BALF were
analyzed by �ow cytometry and presented. Patients’ ID. are presented at the bottom. DPS: days post
symptom onset. c and d. Kinetic changes of the indicated leukocytes in respiratory specimens are
presented. All the data (n = 49) from H&E staining and �ow cytometry are plotted in c. The lines show the
kinetic trend of each leukocyte subset, using smoothing splines. Kinetic changes in relative frequencies of
the indicated leukocyte subsets in mild (blue, n = 20) and severe (red, n = 29) groups are presented in d.
DPS: days post symptom onset.



Figure 3

Kinetic pro�ling of in�ammatory mediators derived from in�ammatory leukocytes in respiratory
specimens. Kinetic changes of in�ammatory mediators or biomarkers derived from neutrophils (a),
eosinophils (b), mast cells (c), macrophages (d), and cytotoxic T cells/NK cells (e) in respiratory
specimens are presented. Concentrations of in�ammatory markers in mild (M) and severe (S) cases are
also compared and presented as violin plots (right graph, black line: median). The lines show the kinetic
trend, using smoothing splines. LCN: lipocalin-2 (n = 18 for mild and 23 for severe cases), CALP:
calprotectin (n = 11 for mild and 19 for severe cases), EDN: eosinophil-derived neurotoxin (n = 18 for mild
and 23 for severe cases), ECP: eosinophilic cationic protein (n = 11 for mild and 19 for severe cases),
MCT: mast cell tryptase (n = 18 for mild and 23 for severe cases). sCD163 and granzyme A (n = 18 for
mild and 23 for severe cases). DPS: days post symptom onset. *: p < 0.05 (two-tailed Mann–Whitney
test).



Figure 4

Correlation of respiratory levels of cytokines, chemokines, and in�ammatory mediators in COVID-19
patients. a. Correlation matrix of 28 in�ammatory proteins detected in respiratory samples from COVID-
19 patients (see raw data in Supplementary Table S3). The areas of the circles show the value of
corresponding correlation coe�cients as calculated by the Spearman method. Positive correlations are
displayed in blue and negative correlations in red. The size of the circle and intensity of color are



proportional to correlation coe�cients (0 to 1 for positive coe�cient and 0 to -1 for negative coe�cient).
The legend to the right of the matrix shows the Spearman correlation coe�cients for the corresponding
colors. The correlation coe�cients of proteins were clustered based on hierarchical clustering. Boxes
indicate groups of cytokines with higher correlations. * : p < 0.05, ** : p < 0.01, *** : p < 0.001. b. Kinetic
changes of IL-6 and TGF-β cytokines showing signi�cant difference between mild (blue, M, n = 11) and
severe (red, S, n = 20) groups. The lines show the kinetic trend, using smoothing splines. Concentrations
of the cytokines in mild and severe were also compared and presented as violin plots (right graph, black
line: median). DPS: days post symptom onset.

Figure 5

Kinetic changes of SARS-CoV-2 N-speci�c antibodies and C3a in respiratory specimens. Kinetic changes
in speci�c antibody responses against viral N protein (a) and C3a (b) in respiratory samples are
presented. Speci�c isotypes of the antigen-speci�c antibodies are denoted. Blue: mild (n = 13 for
antibodies and 20 for C3a), red: severe (n = 28 for antibodies and 20 for C3a). The lines show the kinetic
trend, using smoothing splines. The levels in mild and severe cases were also compared and presented
as violin plots (right side, black line: median). *: p < 0.05 (Two-tailed Mann–Whitney test). DPS: days post



symptom onset. c. Correlation of C3a levels with N-speci�c IgM (left) and IgG (right) were assessed by
linear regression (dashed line) and Spearman’s rank test. p values are indicated within the graphs. n = 27.

Figure 6

Kinetic changes of SARS-CoV-2 N-speci�c antibodies and C3a in plasma. Kinetic changes in speci�c
antibody responses against viral N protein (a), C3a and C5a (b) in plasma samples are presented.
Speci�c isotypes of the antigen-speci�c antibodies are denoted. Blue: mild (n = 30), red: severe (n = 19).



The lines show the kinetic trend, using smoothing splines. The levels in mild and severe cases were also
compared and presented as violin plots (right side, black line: median). DPS: days post symptom onset. *
: p < 0.05, ** : p < 0.01, *** : p < 0.001 (Two-tailed Mann–Whitney test). c. Correlation of C5a levels with N-
speci�c IgG1 (left) and IgG3 (right) were assessed by linear regression (dashed line) and Spearman’s rank
test. p values are indicated within the graphs. n = 61.

Figure 7



Kinetic changes of viral loads, in�ammatory indicators, antibody responses, and pulmonary
histopathology in a fatal COVID-19 case. a. Kinetic changes of viral loads were evaluated in respiratory
specimens in upper respiratory (U.R.) and lower respiratory (L.R.) tract (black dashed line: cut-off value).
Kinetic change of CRP in plasma is also presented (red dashed line: upper limit of normal range, 10
mg/dL). b. Kinetic changes of lactate dehydrogenase (LDH, red) and creatine phosphokinase (CPK, blue)
in plasma. Blue and red dashed lines indicates upper limit of normal ranges for CPK (200 U/L) and LDH
(350 U/L), respectively. Microscopic �ndings in H&E-stained lung tissues from a fatal case, P15, obtained
at D36 (c) and D48 (d) after symptom onset. At a scan view, subpleural lung parenchyma with �brosis
and �brin deposits are observed (upper left, 12.5x magni�cation). Higher power views of each
representative area (rectangles) are displayed. c. Fibrinous exudate, hemorrhage and congestion in
subpleural lung parenchyma are observed (upper right, 200x). A few alveolar macrophages and
hemorrhage in intra-alveolar spaces (black arrow) and some lymphoplasmacytic in�ltration and smooth
muscle proliferation in dense �brotic interstitium are observed (lower left, 200x). A few neutrophilic
in�ltration (red arrows) and congested blood vessels reminiscent of granulation tissue are noted (lower
right, 400x). d. Marked intra-alveolar hemorrhage and congestion in blood vessels are observed along
with interstitial thickening and �brosis (upper right, 200x). In non-hemorrhagic areas, interstitial
thickening and �brosis, alveolar bronchiolization (black arrows), intra-alveolar seromucinous �uid
accumulation and variable-sized alveolar macrophages (asterisks) are observed. In�ltration of a few
lymphoid cells and plasma cells in interstitium is noted (blue arrow) (lower left, 200x). Alveolar
bronchiolization (bronchiolar metaplasia of alveoli) (black arrows), detachment of alveolar epithelial cells
(green arrows) and interstitial thickening and �brosis (asterisks) are observed (lower right, 200x). e.
Kinetic changes in speci�c antibody responses against viral N protein and C5a in respiratory samples
(left) and plasma (right). f. Localization of SARS-CoV-2 N antigens in lung tissues. Representative images
of triple immuno�uorescence-stained sections of lung tissues obtained from the fatal case at D36 (upper
panels) and D48 (lower panels). Immuno�uorescence for endothelial marker (CD31, green, left panels) or
epithelial marker (CK: pan-cytokeratin, green, right panels), together with SARS-CoV-2 N antigens (red), are
indicated. Nuclear DNA was counterstained with 4,6-diamidino-2-phenylindole (blue). Differential
interference contrast (DIC) images show lung parenchyma. Blood vessels are indicated by white
asterisks. Scale bar, 100 μm.



Figure 8

Pathologic association of complement activation and immune complexes deposition as identi�ed by
immunohistochemistry and immuno�uorescence analysis of pulmonary autopsy samples from a fatal
COVID-19 case. a. Immunohistochemical detection of C5b-9 membrane attack complexes in pulmonary
parenchyma using lung tissues from a fatal case obtained at D36 (left panels) and D48 (right panels).
C5b-9 staining was observed in media layer of vascular walls (asterisks), airway epithelial cells (purple



arrows), and in�ammatory cells such as macrophages (green arrows) and lymphoplasma cells (red
arrows). Scale bar: 100 μm. b. Depositions of IgG immune complexes in airways and blood vessels were
identi�ed by immuno�uorescence analysis. Representative immuno�uorescence images of lung tissues
obtained from the fatal case at D36 (upper panels) and D48 (lower panels) are presented.
Immuno�uorescence of epithelial marker (CK: pan-cytokeratin, green, right panels), SARS-CoV-2 N
antigens (red), and IgG (white) are indicated. White arrows indicate depositions of IgG immune
complexes in the luminal spaces, hyaline membranes, and �brin deposits. Nuclear DNA was
counterstained with 4,6-diamidino-2-phenylindole (blue). Differential interference contrast (DIC) images
show lung parenchyma. Blood vessels are indicated by white asterisks. Scale bar, 100 μm.



Figure 9

Enhanced gene set signatures for FcγR signaling and complement activation in myeloid cells of
respiratory samples from severe COVID-19 cases. a. UMAP presentation of major cell types and
associated clusters in respiratory leukocytes from COVID-19 patients. Data sets were retrieved from two
previous studies.55,56 Ep.: epithelial cells, B: B cells, T.NK: T and NK cells, Mo.MF.DC: monocytes,
macrophages, and dendritic cells, Neutro.: neutrophils. b. Hallmark gene set scores for in�ammatory



response, computed for the indicated leukocyte subsets (all patients’ samples combined), were compared
with those of healthy controls (HC). p values for differences between HC and COVID-19 patients as
assessed by two-tailed Mann–Whitney U test are presented. c. Computed hallmark gene set activity
scores of FcγR signaling and complement activation, for the indicated myeloid subsets. P values for
differences among HC and COVID-19 patients with mild (M) or severe (S) symptoms, as assessed by two-
tailed Mann–Whitney U test, are presented.
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