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ABSTRACT 35 

Neutrophils are recognized as important circulating effector cells in the pathophysiology of severe 36 

coronavirus disease 2019 (COVID-19). However, their role within the inflamed lungs is 37 

incompletely understood. Here, we collected broncho-alveolar lavage (BAL) fluids and parallel 38 

blood samples of critically ill COVID-19 patients requiring invasive mechanical ventilation and 39 

compared BAL fluid parameters with those of mechanically ventilated influenza patients, as a non-40 

COVID-19 viral pneumonia cohort. Compared to influenza, BAL fluids of COVID-19 patients 41 

contained increased numbers of hyperactivated degranulating neutrophils and elevated 42 

concentrations of the cytokines IL-1β, IL-1RA, IL-17A, TNF-α and G-CSF, the chemokines 43 

CCL7, CXCL1, CXCL8, CXCL11 and CXCL12α, and the protease inhibitors elafin, secretory 44 

leukocyte protease inhibitor (SLPI) and tissue inhibitor of metalloproteinases 1 (TIMP-1). In 45 

contrast, α-1 antitrypsin levels and net proteolytic activity were comparable in COVID-19 and 46 

influenza BAL fluids. During antibiotics treatment for bacterial co-infections, increased BAL fluid 47 

levels of several activating and chemotactic factors for monocytes, lymphocytes and NK cells were 48 

detected in COVID-19 patients whereas concentrations tended to decrease in influenza patients, 49 

highlighting the persistent immunological response to co-infections in COVID-19. Finally, the 50 

high proteolytic activity in COVID-19 lungs suggests considering protease inhibitors as a 51 

treatment option. 52 
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INTRODUCTION 53 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and the resulting 54 

coronavirus disease 2019 (COVID-19) continue to pose a major threat to global health and 55 

economy, with >245 million confirmed cases and >5 million deaths up to November 2021 (WHO, 56 

covid19.who.int). COVID-19 is heterogeneous in its severity with most patients being 57 

asymptomatic or facing mild symptoms. However, up to 20% of patients develop severe acute 58 

respiratory distress syndrome (ARDS) thus requiring intensive care (1). The systemic 59 

hyperinflammatory response in severe COVID-19 is associated with dysregulation of the immune 60 

system and is characterized by an atypical cytokine storm, lymphopenia and increased neutrophil 61 

counts in blood (2-4). Neutrophils, as the most abundant circulating leukocytes in humans, are 62 

among the first responders to infection exploiting a multitude of oxidative and non-oxidative 63 

effector mechanisms (5, 6). In the blood of patients with severe COVID-19, the presence of 64 

immature neutrophils has been evidenced, indicating a situation of emergency myelopoiesis (7-9). 65 

Besides, a state of increased neutrophil activation in the circulation, together with elevated levels 66 

of neutrophil-mobilizing/activating factors, neutrophil-derived proteases, and neutrophil 67 

extracellular traps (NETs) associated with immunothrombosis, was observed in critically ill 68 

patients (7, 10-13). Moreover, myeloid-derived suppressor cell-like neutrophils with an 69 

immunosuppressive effect on T-cells were seen (8, 14, 15). Thus, growing consensus exists that 70 

neutrophils are key effector cells in severe COVID-19. Therefore, a better understanding of the 71 

role of neutrophils that have infiltrated the lungs is required. Within the broncho-alveolar space, 72 

increased neutrophil counts with a heterogeneous phenotype are seen, but most information is 73 

available from single-cell transcriptomics studies whereas information on protein levels is limited 74 

(16-18). Moreover, the effect on the inflammatory response of bacterial or fungal co-infection(s) 75 
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in mechanically ventilated COVID-19 patients requires further investigation. Indeed, ventilator-76 

associated lower respiratory tract infections are significantly more prevalent in COVID-19 77 

compared to influenza patients or ventilated patients without viral infections (19) and are 78 

associated with a longer duration of ventilation, hospitalization at intensive care units (ICU) and 79 

mortality (20, 21).  80 

 81 

Here, we collected blood and broncho-alveolar lavage (BAL) fluid samples from critically ill 82 

COVID-19 patients, hospitalized in ICU and requiring invasive mechanical ventilation or 83 

extracorporeal membrane oxygenation (ECMO). The aim was to phenotypically characterize 84 

neutrophils, determine cytokine/chemokine levels, define the protease-protease inhibitor balances 85 

within the lungs and to study the effect of co-infections in this context. The obtained results were 86 

compared with those of blood samples from healthy volunteers and with BAL samples from 87 

critically ill influenza patients in the ICU, as a non-COVID-19 viral pneumonia control group.   88 
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RESULTS  89 

Patient cohort 90 

Seventeen COVID-19 and 14 critically ill influenza patients were recruited at the ICU of the 91 

University Hospital Leuven (Figure 1, A and B; Table 1). COVID-19 patients had a comparable 92 

‘Acute Physiology And Chronic Health Evaluation II’ (APACHE II) score at ICU admission but 93 

stayed for a significantly longer period of time in the ICU compared to influenza patients (Figure 94 

1, C and D). All COVID-19 patients and the vast majority of influenza patients had invasive 95 

mechanical ventilation as minimum level of respiratory support with no significant differences in 96 

the ‘Sequential Organ Failure Assessment’ (SOFA) scores of the COVID-19 compared to the 97 

influenza patients at the moment of BAL and blood sampling (Figure 1E). Blood neutrophil counts 98 

and the proportion of neutrophils (as a percentage of total leukocytes) in the BAL fluid were not 99 

significantly different between COVID-19 and influenza patients (Figure 1, F and G). However, 100 

the absolute neutrophil count in the BAL fluid was significantly increased in COVID-19 compared 101 

to influenza patients (Figure 1H). Table 1 contains detailed characteristics of patients included in 102 

this study.  103 

Hyperactivated neutrophils expressing novel surface proteins in BAL fluid from COVID-19 104 

patients  105 

BAL and peripheral blood neutrophils were phenotypically characterized with a focus on the 106 

expression of adhesion molecules, activation/maturation markers, Fcγ receptors and 107 

chemoattractant receptors using multicolor flow cytometry (Figure 2 and 3; Supplemental Figure 108 

1). We confirmed the presence of immature (CD10-) neutrophils in the circulation of COVID-19 109 

patients (Figure 2A), indicating emergency myelopoiesis, as we have demonstrated before (7). 110 

BAL fluids contained significantly more mature neutrophils (> 90% CD10+ neutrophils) in 111 
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comparison with parallel blood samples. Previously, an increased neutrophil activation state was 112 

seen in the blood of COVID-19 ICU patients (7). In comparison to blood neutrophils of healthy 113 

controls, we confirmed this increased activation state in critically ill COVID-19 patients, as shown 114 

by e.g. significantly decreased expression of L-selectin (CD62L) (Figure 2B; Supplemental Figure 115 

1A). However, BAL fluid neutrophils showed significantly more pronounced signs of activation 116 

than neutrophils in the circulation. They almost completely lacked L-selectin expression and were 117 

characterized by increased levels of the integrins αM (CD11b) and αX (CD11c) in comparison to 118 

matched blood neutrophils (Figure 2, B-D; Supplemental Figure 1A). Also, a minor but significant 119 

percentage of the BAL fluid neutrophils had upregulated the α4 integrin CD49d (Figure 2E), which 120 

plays a role in neutrophil recruitment during bacterial lung infection in mice (22) and is 121 

upregulated by aged neutrophils (23). Moreover, in comparison to blood neutrophils, BAL 122 

neutrophils had increased expression of CD66b, Sialyl-LewisX (i.e. the selectin ligand CD15) and 123 

the tetraspanin CD63 (Figure 2, F-H; Supplemental Figure 1B), markers that can be upregulated 124 

rapidly on the neutrophil membrane by means of degranulation (24). For complement receptor 1 125 

(CD35), no significant differences were seen between the study groups (Figure 2I). The activation 126 

marker CD69, which is absent on quiescent neutrophils, was also detected on a significantly 127 

increased proportion of the BAL neutrophils (Figure 2J). Finally, moderate expression of the 128 

antigen-presenting MHC class II molecules HLA-DR and HLA-DQ was detected on BAL fluid 129 

neutrophils (Figure 2, K and L). The latter indicates that part of the BAL fluid neutrophils might 130 

possibly acquire antigen-presenting capacities.  131 

 132 

Although most blood neutrophils stained positive for CXCR1 and CXCR2, the relative expression 133 

levels of these chemoattractant receptors were significantly lower on blood neutrophils from 134 
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COVID-19 patients compared to blood neutrophils from healthy controls (Figure 3, A and B; 135 

Supplemental Figure 1, C and D). BAL fluid neutrophils displayed even lower levels of CXCR1 136 

and CXCR2 as compared to blood cells (Figure 3, A and B), and a significant proportion of the 137 

BAL neutrophils completely lacked CXCR1 and CXCR2 (Supplemental Figure 1, C and D). In 138 

addition, some neutrophils in the BAL fluid had upregulated CXCR4, a chemokine receptor 139 

characteristic for immature or aged neutrophils (25, 26), with some patients having up to 40% 140 

CXCR4+ neutrophils (Figure 3C). To discriminate between these two subsets, we defined aged 141 

neutrophils as CXCR4+CD49d+CD10+ and immature neutrophils as CXCR4+CD49d-CD10- and 142 

found both subsets present in the BAL samples (Supplemental Figure 1E). Among the other 143 

prototypical chemoattractant receptors present on neutrophils, the expression of complement 144 

receptor C5aR was significantly decreased (Figure 3D; Supplemental Figure 1F) whereas the 145 

formyl peptide receptors FPR1 and FPR2 were significantly increased on COVID-19 BAL fluid 146 

neutrophils (Figure 3, E and F; Supplemental Figure 1G), in comparison to blood neutrophils. A 147 

small population of BAL fluid neutrophils (0-20%) also expressed CCR1 or CCR2, two chemokine 148 

receptors that are not typically expressed on neutrophils (Figure 3, G and H). Besides, a 149 

significantly upregulated expression of CD14 (the co-receptor for lipopolysaccharide binding to 150 

Toll-like receptor 4) was seen (Figure 3I). Finally, expression of the low-affinity Fcγ receptor III 151 

(CD16) was significantly decreased whereas expression levels of Fcγ receptor II (CD32) and Fcγ 152 

receptor I (CD64) were significantly increased on neutrophils in BAL fluid compared to blood 153 

neutrophils of COVID-19 patients (Figure 3, J-L; Supplemental Figure 1, H and I). No significant 154 

differences were detected in the expression of IL1-R2 and the chemoattractant receptor BLTR1 155 

(Supplemental Figure 1, J and K) and no expression of IL-1R1, ICAM-1 or CXCR3 was detected. 156 

In conclusion, we show with multiple parameters that neutrophils from critically ill COVID-19 157 



 

9 

 

patients are partially immature, activated cells in the circulation, whereas those that have migrated 158 

to the lungs are mostly mature, hyperactivated and acquire a novel repertoire of surface proteins.  159 

Elevated cytokine and chemokine levels in BAL fluid from COVID-19 compared to influenza 160 

patients 161 

To determine the broncho-alveolar inflammation at the protein level, cytokine and chemokine 162 

levels were quantified in BAL fluids from COVID-19 and influenza patients, and in plasma from 163 

COVID-19 patients and healthy controls by multiplex assays (Figure 4 and 5). Plasma levels of 164 

interleukin-1 receptor antagonist (IL-1RA), IL-10, IL-15, G-CSF, and of the chemokines CCL3, 165 

CCL4, CXCL8 and CXCL10 were significantly increased in COVID-19 patients compared to 166 

those of healthy controls. No significant differences between COVID-19 patients and healthy 167 

donors were detected for IFN-γ, TNF-α, granzyme B, IL-6, IL-12/IL-23p40, IL-18, IL-23, CCL2, 168 

CCL7, CCL8, CXCL1, CXCL11 and CXCL12α. Circulating GM-CSF, IL-1β, IL-4, IL-5, IL-169 

12p70 and IL-17A concentrations were below the detection limit for most donors.  170 

 171 

In the BAL fluid of COVID-19 patients, significantly increased and extremely high levels of the 172 

cytokines IL-1β, IL-1RA, IL-17A, TNF-α and G-CSF, and the chemokines CCL7, CXCL1, 173 

CXCL8, CXCL11 and CXCL12α were found in comparison to BAL fluid of influenza patients. 174 

IFN-γ, granzyme B, IL-6, IL-10, IL-15, IL-18, CCL2, CCL3, CCL4, CCL8, CXCL5 and CXCL10 175 

levels were not significantly different from levels in BAL fluid of influenza patients, although a 176 

tendency towards increased concentrations was seen in the COVID-19 patients. GM-CSF, IL-4, 177 

IL-5, IL-12p70, IL-12/IL-23p40, IL-23 and CCL11 were below the detection limit for most donors. 178 

Remarkable is the large variation seen amongst the different COVID-19 BAL samples. A positive 179 

correlation was found between COVID-19 BAL fluid levels of IL-15 and CXCL10 or CCL2; 180 
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cytokines/chemokines involved in monocyte, lymphocyte, and NK cell functions (Figure 5, M and 181 

N). Moreover, a positive correlation was seen between levels of IL-1β or IL-17A and CXCL8 in 182 

the BAL fluid of the COVID-19 patients (Figure 5, O and P). To conclude, the COVID-19 183 

hypercytokinemia was associated with significantly elevated levels of cytokines and chemokines 184 

in the BAL fluid compared to the BAL fluid of influenza ARDS patients.  185 

Increased levels of protease inhibitors and similar net proteolytic activity in BAL fluid from 186 

COVID-19 compared to influenza patients 187 

Neutrophils store different proteases inside their granules and these are released upon activation. 188 

However, a balance with protease inhibitors is crucial to prevent collateral damage to healthy 189 

(lung) tissues. Significantly increased levels of the metalloproteinase inhibitor tissue inhibitor of 190 

metalloproteinases 1 (TIMP-1) and of TIMP-1 in complex with MMP-9 were found in COVID-191 

19 BAL fluids compared to influenza BAL fluids (Figure 6, A and B). Moreover, highly elevated 192 

levels of the locally produced serine protease inhibitors secretory leukocyte protease inhibitor 193 

(SLPI) and elafin were found in the BAL fluid of COVID-19 in comparison to influenza patients 194 

(Figure 6, C and D). In contrast, comparable levels of a major circulating serine protease inhibitor, 195 

α-1 antitrypsin (serpin A1), were detected in the BAL fluid of COVID-19 versus influenza patients 196 

(Figure 6E).  197 

Due to the complex interactions between proteases and protease inhibitors, we measured the net 198 

proteolytic activity within the lungs. No significant differences in gelatinolytic activity or total 199 

MMP activity were found in the BAL fluid of COVID-19 versus influenza patients (Figure 6, F 200 

and G). However, a remarkably large variation was seen amongst the different patient samples. As 201 

we did not detect gelatinolytic activity within the parallel plasma samples (due to collection in 202 

tubes coated with EDTA), we applied the same analysis procedure on plasma samples (collected 203 
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with tubes coated with citrate) from COVID-19 patients in the ICU included in our previous study 204 

to allow for comparison (7). For all these plasma samples, the relative activity is maximally 205 

equivalent to 39.3 pM MMP-9. For many samples activities fell below the detection limit 206 

(estimated to be equivalent to 4.88 pM MMP-9) (Supplemental Figure 2, A and B). In some patient 207 

BAL samples, gelatinolytic activity was also below the detection limit, whereas other samples 208 

exhibited up to 50-fold higher activities (Figure 6F; Supplemental Figure 2, A and B). Comparable 209 

variability was observed for elastinolytic activity in the BAL fluids. A trend for a 5-fold increase 210 

in median elastinolytic activity was seen in the BAL fluids of COVID-19 compared to influenza 211 

patients, but data did not reach significance (Figure 6H). By introducing protease inhibitors in the 212 

enzyme activity assays, we were able to assign the gelatinolytic and elastinolytic activities to both 213 

MMPs and serine proteases (Supplemental Figure 2, C-F). One of the major neutrophil proteases 214 

contributing to the degradation of elastin is the serine protease neutrophil elastase (27). However, 215 

no significant differences in neutrophil elastase concentrations were found between COVID-19 216 

and influenza BAL fluids (Figure 6I). Interestingly, levels of IL-1β and CXCL8 in COVID-19 217 

BAL fluid correlated positively with the elastinolytic and gelatinolytic activities measured (Figure 218 

6, J and K; Supplemental Figure 2, G and H). Finally, we uncovered a moderate but significant 219 

negative correlation between α-1 antitrypsin levels and gelatinolytic activity in the BAL fluid from 220 

COVID-19 patients, with higher concentrations of α-1 antitrypsin preventing severe proteolytic 221 

activity (Figure 6L). In conclusion, although high levels of metalloproteinase and serine protease 222 

inhibitors were detected in the BAL fluid of COVID-19 patients, the net proteolytic activity was 223 

not significantly altered compared to influenza patients.  224 

High cytokine/chemokine levels persist in BAL fluid from COVID-19 patients during 225 

antibiotics treatment for a bacterial co-infection  226 
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Bacterial and fungal co-infections are common in COVID-19 ICU patients and are associated with 227 

a longer duration of ventilation (19, 20). Therefore, it was interesting to study the effect of co-228 

infections on the inflammatory response. COVID-19 and influenza patient BAL samples were 229 

categorized based on the presence or absence of (a) co-infection(s) and the type and timing of the 230 

co-infection(s). Co-infections were mostly of bacterial or combined bacterial-fungal origin (only 231 

one patient was diagnosed with a fungal co-infection only) in COVID-19 patients, whereas in 232 

influenza patients all co-infections were bacterial with only one bacterial-fungal co-infection 233 

diagnosed (Figure 1, A and B). No significant differences were found in cytokine/chemokine levels 234 

(Supplemental Figure 3 and Supplemental Figure 4), protease activity and levels of proteases and 235 

protease inhibitors (Supplemental Figure 5) in the BAL fluid of COVID-19 patients with or 236 

without bacterial or combined bacterial-fungal co-infections. BAL fluid levels of TIMP-1/MMP-237 

9 complexes were significantly elevated in COVID-19 patients having a bacterial-fungal co-238 

infection compared to COVID-19 patients having a bacterial co-infection. However, for these 239 

interim analyses, samples were stratified solely based on the presence of a co-infection and the 240 

type of co-infection, without considering the timing of the co-infection. Therefore, we further 241 

subdivided the bacterial co-infections in acute (early phase of co-infection with 242 

clinical/biochemical worsening and antibiotics not yet or recently started), midphase (signs of 243 

improvement with ongoing antibiotic therapy) or late phase (final days of antibiotic therapy 244 

nearing complete remission) based on the timing of the BAL sample analyzed relative to the co-245 

infection time course (Figure 7). Concentrations of IL-15, granzyme B, CCL2, CCL7, CCL8, 246 

CXCL1, CXCL10, CXCL11 and CXCL12α, i.e. inflammatory mediators associated with 247 

attraction or activation of monocytes, lymphocytes and NK cells, were significantly increased in 248 

the BAL fluid of COVID-19 patients in the mid- or late phase compared to patients in the acute 249 
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phase of the co-infection (Figure 7, A-I). IL-15, CCL8 and CXCL10 levels were also significantly 250 

elevated in the BAL fluid of COVID-19 patients in the mid- or late phase of a co-infection 251 

compared to patients without co-infections. Thus, despite treatment with antibiotics, the highest 252 

BAL fluid concentrations of these cytokines/chemokines in COVID-19 patients were detected in 253 

later phases of the bacterial co-infection. This contrasts with the influenza BAL samples, for which 254 

these cytokine/chemokine levels tended to be lower in later phases of a bacterial co-infection 255 

compared to the acute phase. Neutrophil counts in the BAL fluid of COVID-19 patients having an 256 

acute co-infection were significantly increased compared to COVID-19 patients without co-257 

infection. Furthermore, neutrophil counts did not become lower upon treatment with antibiotics, 258 

in contrast with influenza patients in whom a trend for reduction was seen (Figure 7J). In addition, 259 

significantly increased BAL fluid levels of the protease inhibitors SLPI and elafin were found 260 

during the mid/late phase compared to the acute phase of the co-infection in COVID-19 patients 261 

(but not in influenza patients) (Figure 7, K and L). However, in COVID-19 patients, this did not 262 

correlate to significant changes in proteolytic activity or other protease/protease inhibitor levels 263 

during different phases of the co-infection (Supplemental Figure 6). In addition, levels of the other 264 

cytokines, mononuclear leukocyte-derived CCL3 and CCL4 and the neutrophil attractant 265 

chemokines CXCL5 and CXCL8 were not significantly different during different phases of the co-266 

infection (Supplemental Figure 7 and Supplemental Figure 8, A-D). No significant differences 267 

were noticed in the timing (days after ICU admission) of the BAL sampling (Supplemental Figure 268 

8E) or the SARS-CoV-2 and influenza viral load (Supplemental Figure 8F) in the BAL samples 269 

from COVID-19 and influenza patients without co-infection, or patients in the acute or mid/late 270 

phase of a bacterial co-infection. Moreover, no correlations were found between the 271 

cytokine/chemokine levels and the viral load in the BAL samples, excluding an exclusively viral 272 
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effect on the elevated inflammatory mediators during the later phases of the bacterial co-infection. 273 

In conclusion, despite antibiotics treatment for bacterial co-infections, critically ill COVID-19 274 

patients kept very high levels of IL-15, granzyme B, CCL2, CCL7, CCL8, CXCL1, CXCL10, 275 

CXCL11, CXCL12α and the serine protease inhibitors SLPI and elafin in their lungs, whereas 276 

after influenza infection these molecules rather returned to basal levels in the recovery phases. 277 

This suggests that bacterial co-infection triggers a stronger and more long-lasting inflammatory 278 

response in COVID-19 patients, even during treatment with antibiotics and corticosteroids.  279 
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DISCUSSION  280 

It is now well established that an atypical cytokine storm drives the systemic inflammation in 281 

severe COVID-19 (2, 3, 11, 28, 29), which is confirmed by our results. In the BAL fluid of 282 

COVID-19 compared to critically ill influenza patients, we detected elevated and extremely high 283 

levels of the cytokines IL-1β, IL-1RA, IL-17A, TNF-α and G-CSF, and the chemokines CCL7, 284 

CXCL1, CXCL8, CXCL11 and CXCL12α, expanding earlier reports showing increased 285 

concentrations of inflammatory mediators compared to BAL fluid of healthy donors or patients 286 

with moderate influenza or COVID-19 (29-31). Single-cell transcriptomics and flow cytometry 287 

studies on the BAL fluid of COVID-19 patients showed elevated numbers of pro-inflammatory 288 

monocyte-derived macrophages in severe cases compared to cases that were rather moderate or 289 

non-COVID-19 pneumonia (16, 17, 31-33). These macrophages represent a potentially important 290 

source of pro-inflammatory mediators. Considering the discovery of CXCL8 as an IL-1β-induced 291 

protein (34), we found that COVID-19 BAL fluid levels of CXCL8 and IL-1β correlated positively 292 

with each other and with levels of IL-17A. Clonally expanded tissue-resident memory-like Th17 293 

cells, with expression of IL17A in the lungs, and elevated IL-17A levels in the BAL fluid, were 294 

detected in patients with severe COVID-19 (35). Evidence for a cross-talk between human 295 

neutrophils and Th17 cells was already shown before (36), with additional evidence for neutrophils 296 

promoting the induction of Th17 cells in COVID-19 patients (37). 297 

 298 

The 10 to 100-fold higher levels of the most potent human neutrophil-attracting chemokine 299 

CXCL8 and the neutrophil-attracting chemokines CXCL1 and CXCL5 in the BAL fluid of 300 

COVID-19 versus influenza patients, could provide an explanation for the major neutrophil 301 

infiltration in the lungs. Lung neutrophils displayed a hyperactivated phenotype, in comparison to 302 
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the already activated neutrophils in the blood, as evidenced by near-complete shedding of L-303 

selectin, downregulation of CD16, CXCR1, CXCR2 and C5aR and upregulation of CD11b, 304 

CD11c, CD49d, FPR1, FPR2, CD32, CD64, CD69, CD14, CD66b, CD15 and CD63. Moreover, 305 

NETs have been previously detected in the airway, interstitial, and vascular compartments of the 306 

lungs of COVID-19 patients (38). It has been proposed that a self-sustaining positive feedback 307 

loop of systemic and neutrophil intrinsic CXCL8 production could lead to an activated, 308 

prothrombotic neutrophil phenotype characterized by degranulation and NET formation (39). 309 

Interestingly, a significant portion of the BAL fluid neutrophils expressed CXCR4, a receptor 310 

present on immature neutrophils in the bone marrow and shown to reappear on aged neutrophils 311 

(26). Expression of CXCR4 by neutrophils in COVID-19 patients was already shown by single-312 

cell RNA sequencing in the lungs (9). Based on (absence of) co-expression of CD10 and CD49d, 313 

it seemed that both immature as well as aged neutrophils are present in the BAL fluid. The 314 

immature neutrophils might represent the ‘progenitor’ neutrophils already found before (17). 315 

Finally, some neutrophils upregulated antigen-presenting molecules HLA-DR and HLA-DQ 316 

within the BAL fluid. Such neutrophils can actively present antigens to T cells, potentially playing 317 

a role in the regulation of adaptive immunity (40). Interestingly, these ‘hybrid’ neutrophils were 318 

previously found in BAL fluid by single-cell RNA sequencing (17). 319 

 320 

Upon activation, neutrophils release several proteases, protease inhibitors and anti-microbial 321 

proteins into the extracellular environment (6, 41). In ARDS patients, continuous proteolytic 322 

damage can cause sustained inflammatory cell infiltration, progressive lung tissue damage, fibrin 323 

deposition, hyaline membrane formation and in some cases triggers fibroblast activation and 324 

fibrosis (42). Indeed, diffuse alveolar damage (DAD) is a common characteristic seen in post-325 
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mortem histopathological lung analysis from patients who died from COVID-19 (43). Elastin (and 326 

other extracellular matrix protein)-degrading proteases released by neutrophils could contribute to 327 

alveolar damage, resulting in protein-rich alveolar edema (44, 45). Neutrophil elastase, proteinase 328 

3, cathepsin G and activated cathepsin C have been detected in endotracheal aspirates of 329 

mechanically ventilated patients with COVID-19 or non-COVID-19-associated ARDS (46). We 330 

did not measure significant differences in neutrophil elastase concentrations between COVID-19 331 

and influenza BAL fluid. However, neutrophil elastase concentrations were much higher in 332 

comparison to the concentrations we found in COVID-19 plasma samples (7). In addition, we 333 

detected 100- to 1000-fold higher levels of SLPI and elafin in the BAL fluid of COVID-19 in 334 

comparison to influenza patients. These serine protease inhibitors are produced at mucosal surfaces 335 

in the lungs by epithelial cells and leukocytes including neutrophils, and provide a local inducible 336 

anti-protease and anti-inflammatory safeguard (47). Despite these high levels of protease inhibitors 337 

in COVID-19 patients, the net proteolytic activity in the lungs was not significantly altered 338 

compared to influenza patients, indicative for concomitant high protease levels. Follow-up 339 

research is required to unveil the putative roles played by proteases other than neutrophil elastase 340 

in the pathology of COVID-19 versus influenza. The abundantly present protease inhibitors in the 341 

COVID-19 patient lungs could also be inactivated by proteolytic cleavage and still remain 342 

detectable by ELISA. For the protease inhibitor SLPI, it has been shown that MMP-9 and other 343 

neutrophil-derived proteases can cleave SLPI, resulting in a reduced capacity to inhibit neutrophil 344 

elastase activity (48).  345 

 346 

The circulating, neutrophil elastase-targeting, acute-phase protein α-1 antitrypsin (serpin A1) was 347 

abundantly present in the BAL fluid of both COVID-19 and influenza patients. Neutrophil elastase 348 
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can contribute to proteolysis of the SARS-CoV-2 glycoproteins allowing membrane fusion in the 349 

host (49). Therefore, by inhibiting neutrophil elastase, α-1 antitrypsin may impair SARS-CoV-2 350 

infection. Besides, α-1 antitrypsin was shown to inhibit transmembrane serine protease 2 351 

(TMPRSS2), the protease priming the SARS-CoV-2 spike protein for entry into host cells (50). 352 

We showed a negative correlation between α-1 antitrypsin levels and gelatinolytic activity in the 353 

BAL fluid of the COVID-19 patients, with higher concentrations of α-1 antitrypsin preventing 354 

severe proteolytic activity. Therefore, for patients having high proteolytic activity within the lungs, 355 

the use of inhibitors targeting neutrophil-derived proteases might be a useful additional treatment 356 

strategy to prevent excessive proteolytic damage. As IL-1β and CXCL8 levels in the BAL fluid 357 

correlated to the proteolytic activity, such high levels could be a relevant indication for treatment. 358 

Interestingly, BAL fluid levels of CXCL8 were specifically shown to be predictive for COVID-19 359 

severity and may also serve as potential biomarker for predicting COVID-19 progression (29). 360 

Due to both its antiviral and anti-inflammatory role, α-1 antitrypsin was already suggested as a 361 

good candidate for treatment of COVID-19 ARDS (51-53). Currently, several clinical trials are 362 

ongoing evaluating the use of α-1 antitrypsin and neutrophil-derived protease inhibitors for 363 

COVID-19 treatment (NCT04385836, NCT04547140, NCT04495101, NCT04817332; 364 

ClinicalTrials.gov). In short, hospitalized COVID-19 patients are being recruited for phase 2 365 

clinical trials for efficacy evaluation of α-1 antitrypsin (either by intravenous injection or 366 

inhalation) aiming to reduce mortality or requirement of intensive care. Moreover, a phase 3 367 

clinical trial is investigating the potential of Brensocatib (INS1007) as a novel therapy for adult 368 

patients hospitalized with COVID-19. Brensocatib is an oral reversible inhibitor of dipeptidyl 369 

peptidase 1 (DPP-1), an enzyme responsible for activation of neutrophil serine proteases. 370 
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Interestingly, Brensocatib has been shown to reduce neutrophil serine protease activity and 371 

improves clinical outcome in patients with bronchiectasis (54). 372 

 373 

The presence of co-infections in the lungs could have an important influence on disease outcomes 374 

as it was shown that co-infections are associated with a longer duration of ventilation in critically 375 

ill COVID-19 patients (19, 20). It was proposed that the COVID-19 cytokine storm may be the 376 

result of synergistic interactions among Toll-like receptors (TLRs) and nucleotide-binding 377 

oligomerization domain-like receptors (NLRs) due to combined infections of SARS-CoV-2 and 378 

other microbes (55). When stratifying bacterial co-infections based on the timing of the BAL 379 

sample analyzed relative to the co-infection time course, we found that BAL fluid levels of several 380 

inflammatory proteins acting on monocytes, lymphocytes and NK cells in COVID-19 patients 381 

persisted or even increased beyond the acute phase of a co-infection, when patients remained on 382 

antibiotic treatment. This contrasts with the (trend for a) drop in release of these mediators in 383 

antibiotics-treated ICU influenza patients suffering from co-infections. As viral loads were 384 

comparable in the COVID-19 BAL samples taken during the acute or later phases of a bacterial 385 

co-infection, we hypothesize that it is this second bacterial stimulus and the synergy between 386 

SARS-CoV-2 and bacterial pathogen-associated molecular patterns that prevent the reduction of 387 

these inflammatory mediators on the long-term, during antibiotics and corticosteroids, treatment. 388 

Together with the diminished type I and type III IFN production (untuned antiviral immunity) in 389 

COVID-19 in comparison to influenza (56) and defects in the sensing of viral RNA (inborn errors 390 

in type I IFN immunity) in some patients with life-threatening COVID-19 (57), this may at least 391 

partially account for the prolonged stay and higher mortality of COVID-19 patients at ICU. Given 392 

the many clinical trials investigating the use of cytokine-modulating therapies for COVID-19 393 
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treatment, it would be worthwhile to study the influence of these therapies on the inflammatory 394 

response to co-infections and the antimicrobial treatment. 395 

 396 

This study has some unavoidable limitations. Firstly, since no influenza patients were treated in 397 

our university hospital during the COVID-19 pandemic, we could not collect influenza BAL 398 

neutrophils for flow cytometric analysis and were restricted to the analysis of influenza BAL fluid 399 

collected during the previous winter. Secondly, the number of saline aliquots used during BAL 400 

sampling was slightly different between influenza and COVID-19 patients. The amount of fluid 401 

recovered from the total volume instilled is also slightly different for every patient. These are well-402 

known limitations of BAL fluid sampling for which it is difficult to correct and might have 403 

consequences regarding protein concentrations or activity. However, BAL sampling was always 404 

performed on the same location in the lungs and with the same volume of saline per aliquot, 405 

ensuring that comparable areas in the lungs are included. Due to the observed specific differences 406 

between COVID-19 and influenza patients (for certain parameters up to 1000-fold, other factors 407 

are similar), we are confident that the comparisons we have made are reliable. Thirdly, our sample 408 

size is limited, which is mainly due to practical limitations that come with the analysis of 409 

neutrophils and BAL fluids (use of a biosafety level 3 (BSL3) facility and ethical permission). 410 

Fourthly, no time component was included in our analysis. Some cytokine, chemokine and 411 

protease inhibitor levels tended to be lower in COVID-19 patient BAL samples collected later 412 

during ICU stay compared to samples collected earlier during ICU stay (Supplemental Figure 9). 413 

However, for other cytokines and chemokines, this trend was not visible and since the clinical 414 

situation of the COVID-19 patients is highly variable during hospital stay, an adequate analysis of 415 

data kinetics was difficult. Moreover, the COVID-19 BAL samples collected early during ICU 416 
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stay would be most “comparable” to the BAL samples of the influenza patients with respect to 417 

BAL sampling timing. The differences between these early COVID-19 and influenza patient 418 

samples are even more pronounced for certain biomarkers. Moreover, timing of BAL sample 419 

collection did not influence the co-infection data significantly (Supplemental Figure 8E). Finally, 420 

there might be other unavoidable factors confounding our analysis: patients had divergent co-421 

morbidities, were on different therapies, received artificial ventilation and had different co-422 

infections.  423 

 424 

In conclusion, we show hyper-inflammation characterized by significantly increased cytokine and 425 

chemokine levels, hyperactivated neutrophils and elevated levels of protease inhibitors TIMP-1, 426 

SLPI and elafin in the lungs of critically ill COVID-19 patients in comparison to influenza patients. 427 

In contrast to influenza patients, the cytokine storm in the lungs persisted or even increased during 428 

antimicrobial treatment for a bacterial co-infection in COVID-19 patients. This suggests that 429 

synergy between bacterial co-infections and SARS-CoV-2 triggers a stronger production of these 430 

inflammatory mediators on the long term, despite antibiotics and corticosteroids treatment, which 431 

may at least partially account for the prolonged stay at ICU of COVID-19, in comparison to 432 

influenza patients.   433 
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METHODS 434 

Study design 435 

Seventeen critically ill adult COVID-19 patients were recruited at the University Hospital Leuven 436 

between November and December 2020. All patients were on invasive mechanical ventilation or 437 

received ECMO in ICU. In total, 31 fresh blood and parallel BAL samples were collected from 438 

the COVID-19 patients in a period 4-37 days after ICU admission, upon clinical indication (Figure 439 

1A). Blood samples from age- and sex-matched healthy individuals were investigated for 440 

comparative purposes. Measurements were compared to stored BAL supernatant of 14 adult 441 

influenza patients with invasive mechanical ventilation as the minimum level of respiratory 442 

support (except for 2 samples) collected at 4-6 days after ICU admission in the influenza season 443 

of 2019 and 2020 (Figure 1B). The objectives of this study were (1) to characterize the phenotype 444 

of BAL fluid and parallel blood neutrophils in critically ill COVID-19 ICU patients and compare 445 

this to blood neutrophils of healthy controls; (2) to determine the levels of inflammatory cytokines, 446 

chemokines, proteases and protease inhibitors within the plasma and BAL fluid of COVID-19 447 

patients and compare this to influenza patients as a non-COVID-19 viral pneumonia control group; 448 

and (3) to study the effect of a bacterial or fungal co-infection(s) in this context.  449 

Assessment of co-infections 450 

Two clinicians (LV and JW) assessed the presence of bacterial and fungal co-infection(s) 451 

independently. Biochemical and microbial test culture results were evaluated in combination with 452 

clinical and radiological characteristics to detect all clinically relevant co-infections. Bacterial co-453 

infection was scored as acute (early phase of co-infection with clinical/biochemical worsening and 454 

antibiotics not yet or recently started), midphase (signs of improvement with ongoing antibiotic 455 

therapy) or late phase (final days of antibiotic therapy nearing complete remission) based on the 456 
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timing of BAL sample analyzed relative to the co-infection time course. Diagnosis of probable 457 

invasive pulmonary aspergillosis was based on radiological abnormalities in combination with 458 

clinical signs and mycological evidence (positive galactomannan in BAL and/or serum and/or 459 

presence of Aspergillus fumigatus in BAL culture) as defined by Koehler et al. (58). 460 

Processing of blood and BAL samples 461 

Fresh blood and BAL samples were processed within 30 minutes of withdrawal. Blood samples 462 

were collected in vacutainer tubes (BD Biosciences) treated with EDTA. Blood samples were spun 463 

down for 10 minutes at 400 g. The supernatant was collected and centrifuged for 20 minutes at 464 

16000 g to obtain platelet-free plasma. BAL samples from COVID-19 patients were collected via 465 

bronchoscopy by instilling 2 aliquots of 20 mL sterile saline in the right middle lobe or lingula 466 

after which the returned fractions were immediately pooled for further processing. BAL samples 467 

from influenza patients were collected by instilling 3-5 aliquots of 20 mL sterile saline in the right 468 

middle lobe or lingula. BAL samples from COVID-19 patients were processed in the biosafety 469 

level 3 (BSL3) facility of the Rega Institute, KU Leuven. BAL samples were centrifuged for 8 470 

minutes at 500 g to collect BAL supernatant. Plasma and BAL supernatant were stored until further 471 

use at -80°C. To collect cells for flow cytometry, the cell pellet was resuspended 1:1 in 0.1% 472 

dithiothreitol (DTT), vortexed for 15 minutes and filtered through a nylon filter (Falcon 40 µm 473 

cell strainer, Corning) to remove excess mucus. After centrifugation, the supernatants were 474 

discarded, and the pellets were resuspended in DPBS for counting.  475 

Isolation of neutrophils 476 

Blood neutrophils used for phenotypical characterization were isolated from the whole peripheral 477 

blood by immuno-magnetic negative selection according to the manufacturer’s instructions 478 
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(EasySep™ Direct Human Neutrophil Isolation Kit; Stemcell Technologies) within 30 minutes of 479 

withdrawal.  480 

Phenotypical analysis of neutrophils 481 

Neutrophil phenotyping was performed on isolated blood neutrophils and the BAL cell pellet 482 

(without previous neutrophil purification). Cells were treated with FcR block (Miltenyi Biotec) 483 

and Fixable Viability Stain 620 (BD Biosciences) or Zombie Aqua 516 (Biolegend) for 15 minutes 484 

at room temperature. Subsequently, cells were washed with flow cytometry buffer [PBS + 2% (v/v) 485 

FCS + 2 mM EDTA] and stained with fluorescently labeled antibodies. Antibodies used in this 486 

study were titrated in-house and are listed in Supplemental Table 1. Following incubation for 25 487 

minutes (on ice), cells were washed with flow cytometry buffer and fixed with BD Cytofix (BD 488 

Biosciences). Results were analyzed using a BD LSRFortessa™ X-20 (BD Biosciences) equipped 489 

with DIVA software (BD Biosciences). FlowJo software (BD Biosciences) was used for 490 

downstream analysis. Neutrophils were gated as CD16+CD66b+ cells within the population of 491 

living, single cells (Supplemental Figure 10). 492 

Quantification of cytokines, chemokines, proteases, and protease inhibitors 493 

Plasma and BAL supernatant concentrations of IL-1β, IL-1RA, IL-4, IL-5, IL-6, IL-10, IL-12p70, 494 

IL-12/IL-23p40, IL-15, IL-17A, IL-18, IL-23, IFN-γ, TNF-α, G-CSF, GM-CSF, granzyme B, 495 

CXCL5, CXCL10, CXCL11, CXCL12α, CCL2, CCL3, CCL4, CCL7, CCL8 and CCL11 were 496 

measured using customized Meso Scale Discovery multiplex assays. CXCL8 concentrations in 497 

BAL were evaluated using a specific sandwich ELISA developed in our laboratory (7). CXCL1, 498 

neutrophil elastase, TIMP-1, TIMP-1/MMP-9 complexes, SLPI, Serpin A1 and Trappin-2/Elafin 499 

were quantified by DuoSet ELISAs (R&D Systems) in BAL supernatant.  500 

Measurement of elastinolytic, gelatinolytic and MMP activity 501 
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To measure gelatinase or metalloproteinase activity, 15 µl of dye-quenched gelatin (DQ™-gelatin; 502 

Thermo Fisher Scientific) [final concentration of 5 µg/mL] or OmniMMP substrate peptide (Mca-503 

PLGL-Dpa-AR-NH2, cat. no. BML-P126-0001, Enzo Life Sciences) [final concentration of 5 504 

µg/mL] in assay buffer (50 mM Tris, 150 mM NaCl, 5 mM CaCl2, 0.01% Tween-20, pH 7.4), was 505 

added to 5 µL BAL supernatant, respectively. A standard series was created by preparing serial 506 

dilutions of activated recombinant MMP-9; produced as previously described (59). To measure 507 

elastinolytic activity, 15 µl of DQ elastin (DQ™-elastin, Thermo Fisher Scientific) [final 508 

concentration of 15 µg/mL] in Tris-HCl buffer (0.1 M, pH 8.0) was added to 5 µL BAL 509 

supernatant. A standard series was created by elastase dilutions (elastase from pig pancreas, 510 

Thermo Fisher scientific). Fluorescence was measured over time with the CLARIOstar microplate 511 

reader (BMG Labtech) for 1 h at 37°C. Metalloproteinase activity and serine protease activity were 512 

inhibited by the addition of EDTA (125 mM) or 4-(2-aminoethyl)-benzene-sulfonyl fluoride 513 

(AEBSF, 1 mg/mL, Pefabloc SC, Merck), respectively. The slopes of the kinetic curves were 514 

determined, and all data shown are represented as the equivalent of standard enzymatic activity.  515 

Statistics 516 

No normal distribution of data was detected as evaluated by the Shapiro-Wilk test. Mann-Whitney 517 

tests were used to statistically compare COVID-19 (n = 17) and influenza (n = 14) patient 518 

characteristics. A linear mixed model was used to detect statistical differences within and between 519 

COVID-19 (n = 31) and influenza (n = 14) BAL and blood samples. Correction for multiple 520 

samples per patient was done using a random intercept model. Statistical tests for comparison were 521 

two-sided, and P< 0.05 was considered significant. For data values below the lower detection limit, 522 

half the value of the lower detection limit was used for statistical comparison. The central lines in 523 

the boxes of the box-and-whisker plots represent the median, while the bounds of the boxes 524 
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represent the interquartile range, with the whiskers indicating the full distribution of the data. All 525 

outliers were included in the data and all data points are shown. Correlation analysis was performed 526 

calculating a repeated measures correlation coefficient with the rmcorr function in R and plotted 527 

utilizing a simple linear regression line. Statistical analysis was performed using RStudio version 528 

1.4 and GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA) was employed for 529 

visualization of the data. 530 

Study approval 531 

Written informed consent was obtained from all study participants or their legal representatives 532 

according to the ethical guidelines of the Declaration of Helsinki. The Ethics Committee of the 533 

University Hospitals Leuven approved this study (S63881).   534 
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Figure 1. COVID-19 and influenza patient characteristics. (A-B) Clinical course timeline of 691 

the (A) COVID-19 (n = 17) and (B) influenza (n = 14) ICU patients. Patients are ranked based on 692 

the length of ICU stay with time point 0 representing ICU admission. The co-infection status at 693 

the moment of BAL/blood sampling, is indicated. Samples were categorized based on the absence 694 

of a co-infection or the acute phase (clinical/biochemical worsening and antibiotics not yet or 695 

recently started), midphase (signs of improvement with ongoing antibiotic therapy) or late phase 696 

(final days of antibiotic therapy nearing complete remission) of a bacterial co-infection based on 697 

the timing of the BAL sample analyzed relative to the co-infection time course. A fungal co-698 

infection was diagnosed based on radiological abnormalities in combination with clinical signs 699 

and mycological evidence (positive galactomannan in BAL and/or serum and/or presence of 700 

Aspergillus fumigatus in BAL culture). Next to the timeline, gender and maximal respiratory 701 

support during hospital stay are shown. (C) Acute Physiology And Chronic Health Evaluation II 702 

(APACHE II) score at ICU admission and (D) length of ICU stay of all patients included in the 703 

study (patients who died are excluded). (E) Sequential Organ Failure Assessment (SOFA) score 704 

at the moment BAL fluid and blood samples were collected from COVID-19 (n = 31) and influenza 705 

patients (n = 14). (F-H) Blood and BAL fluid neutrophil counts within the samples collected. Data 706 

are shown as box-and-whisker plots (box: median with interquartile range, whiskers: full data 707 

distribution) with each dot representing an individual patient (sample) and statistically analyzed 708 

by a Mann-Whitney test or a linear mixed model with correction for multiple samples per patient 709 

using a random intercept model, where appropriate. ECMO, extracorporeal membrane 710 

oxygenation; HFNC, high flow nasal cannula; IMV, invasive mechanical ventilation.711 
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Figure 2. Phenotypical characterization of adhesion molecules and activation/maturation 713 

markers on BAL fluid and peripheral blood neutrophils from patients with severe COVID-714 

19. Flow cytometry was used to evaluate the surface expression of (A) CD10, (B) CD62L, (C) 715 

CD11b, (D) CD11c, (E) CD49d, (F) CD66b, (G) CD15, (H) CD63, (I) CD35, (J) CD69, (K) 716 

HLA-DR and (L) HLA-DQ on neutrophils (gated as CD16+CD66b+ cells) from paired blood and 717 

BAL fluid samples from COVID-19 patients (n = 31) and blood samples from healthy controls 718 

(HC) (n = 7). Results represent percentages of positive neutrophils or median fluorescence 719 

intensity (MFI). Data are shown as box-and-whisker plots (box: median with interquartile range, 720 

whiskers: full data distribution) with each dot representing an individual patient sample and 721 

statistically analyzed by a linear mixed model with correction for multiple samples per patient 722 

using a random intercept model.  723 
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Figure 3. Phenotypical characterization of chemoattractant and Fcγ receptors on BAL fluid 725 

and peripheral blood neutrophils from patients with severe COVID-19. Flow cytometry was 726 

used to evaluate the surface expression of (A) CXCR1, (B) CXCR2, (C) CXCR4, (D) C5aR, (E) 727 

FPR1, (F) FPR2, (G) CCR1, (H) CCR2, (I) CD14, (J) CD16, (K) CD32 and (L) CD64 on 728 

neutrophils (gated as CD16+CD66b+ cells) from paired blood and BAL fluid samples from 729 

COVID-19 patients (n = 31) and blood samples from healthy controls (HC) (n = 7). Results 730 

represent percentages of positive neutrophils or median fluorescence intensity (MFI). Data are 731 

shown as box-and-whisker plots (box: median with interquartile range, whiskers: full data 732 

distribution) with each dot representing an individual patient sample and statistically analyzed by 733 

a linear mixed model with correction for multiple samples per patient using a random intercept 734 

model.  735 
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Figure 4. Quantification of cytokines in plasma and BAL fluid from patients with severe 737 

COVID-19 or influenza. Multiplex technology was used to determine concentrations of (A) IL-738 

1β, (B) IL-1RA, (C) IL-6, (D) IL-10, (E) IL-12/IL-23p40, (F) IL-15, (G) IL-17A, (H) IL-18, (I) 739 

IL-23, (J) TNF-α, (K) G-CSF and (L) IFN-γ in plasma and BAL fluid samples from COVID-19 740 

patients (n = 29), plasma samples from healthy controls (HC) (n = 8) and BAL fluid samples from 741 

influenza patients (n = 14). Data are shown as box-and-whisker plots (box: median with 742 

interquartile range, whiskers: full data distribution) with each dot representing an individual patient 743 

sample. The dashed lines indicate the lower detection limits (BAL samples were diluted 1/10). 744 

Open symbols indicate values above the upper detection limit. Data were statistically analyzed by 745 

a linear mixed model with correction for multiple samples per patient using a random intercept 746 

model.   747 
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Figure 5. Quantification of biomarkers in plasma and BAL fluid from patients with severe 749 

COVID-19 or influenza. Multiplex and ELISA technology was used to determine concentrations 750 

of (A) CCL2, (B) CCL3, (C) CCL4, (D) CCL7, (E) CCL8, (F) CXCL1, (G) CXCL5, (H) CXCL8, 751 

(I) CXCL10, (J) CXCL11, (K) CXCL12α and (L) granzyme B in plasma and BAL fluid samples 752 

from COVID-19 patients (n = 29), plasma samples from healthy controls (HC) (n = 8) and BAL 753 

fluid samples from influenza patients (n = 14). (M-P) Correlation between cytokine and 754 

chemokine levels measured in the BAL fluid of COVID-19 patients. Data are shown as box-and-755 

whisker plots (box: median with interquartile range, whiskers: full data distribution) with each dot 756 

representing an individual patient sample. The dashed lines indicate the lower detection limits 757 

(BAL samples were diluted 1/10). Data were statistically analyzed by a linear mixed model with 758 

correction for multiple samples per patient using a random intercept model. Correlation analysis 759 

was performed calculating a repeated measures correlation coefficient and plotted utilizing a 760 

simple linear regression line.  761 
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Figure 6. Quantification of protease activity, protease and protease inhibitor levels in BAL 763 

fluid from patients with severe COVID-19 or influenza. ELISA was used to determine 764 

concentrations of (A) TIMP-1, (B) TIMP-1/MMP-9 complexes, (C) SLPI, (D) elafin and (E) α-1 765 

antitrypsin (serpin A1) in BAL fluid samples from COVID-19 patients (n = 31) and influenza 766 

patients (n = 14). (F) Total gelatinolytic activity, as determined in a kinetic assay measuring 767 

degradation of a fluorogenic gelatin substrate, (G) total MMP proteolytic activity, as determined 768 

measuring degradation of a fluorogenic omni MMP substrate, (H) total elastinolytic activity, as 769 

determined measuring degradation of a fluorogenic elastin substrate and (I) neutrophil elastase 770 

levels (quantified by ELISA) were measured within the BAL fluid samples. (J-L) Correlation 771 

between chemokine/cytokine levels, proteolytic activity and protease inhibitors measured in the 772 

BAL fluid of COVID-19 patients. Data are shown as box-and-whisker plots (box: median with 773 

interquartile range, whiskers: full data distribution) with each dot representing an individual patient 774 

sample. The dashed lines indicate the lower detection limits. Open symbols indicate values above 775 

the upper detection limit. Data were statistically analyzed by a linear mixed model with correction 776 

for multiple samples per patient using a random intercept model. Correlation analysis was 777 

performed calculating a repeated measures correlation coefficient and plotted utilizing a simple 778 

linear regression line.  779 



 

48 

 

 780 



 

49 

 

Figure 7. Quantification of biomarkers in BAL fluid from patients with severe COVID-19 or 781 

influenza, stratified by the timing of a bacterial co-infection. Multiplex and ELISA technology 782 

was used to determine concentrations of (A) IL-15, (B) granzyme B, (C) CCL2, (D) CCL7, (E) 783 

CCL8, (F) CXCL1, (G) CXCL10, (H) CXCL11 and (I) CXCL12α in COVID-19 and influenza 784 

BAL fluid samples. (J) BAL fluid neutrophil counts. (K-L) ELISA was used to determine (K) 785 

SLPI and (L) elafin concentrations in the BAL fluids. All COVID-19 samples were categorized 786 

based on the absence of a co-infection (n = 6) or the acute phase (n = 11) or mid/late phase of a 787 

bacterial co-infection (n = 12) based on the timing of the BAL sampling relative to the co-infection 788 

time course. Influenza patient samples were also categorized in the acute phase (n = 8) and the 789 

mid/late phase (n = 5) of a bacterial co-infection. Data are shown as box-and-whisker plots (box: 790 

median with interquartile range, whiskers: full data distribution) with each dot representing an 791 

individual patient sample. The dashed lines indicate the lower detection limits. In the mid/late 792 

groups, open symbols indicate samples taken during the late phase of the bacterial co-infection, 793 

the others are taken during the midphase of the bacterial co-infection. Triangles indicate samples 794 

with an additional fungal co-infection. Data were statistically analyzed by a linear mixed model 795 

with correction for multiple samples per patient using a random intercept model or a Mann-796 

Whitney test, where appropriate. 797 
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 COVID-19 patients (n = 17) Influenza patients (n = 14) P-value 

Age (years) 68 (54-76) 58 (42-71) 0.18 

Sex 
Male 

Female 

13/17 (76 %) 

4/17 (24 %) 

8/14 (57 %) 

6/14 (43 %) 
0.44 

BMI (kg/m²) 31 (25-39) 29 (22-32) 0.14 

Co-morbidities 

Diabetes 

Cardiovascular disease 

Chronic pulmonary disease 

Rheumatologic disease 

Renal disease 

Malignancy 

5/17 (29 %) 

12/17 (71 %) 

4/17 (24 %) 

3/17 (18 %) 

1/17 (6 %) 

3/17 (18 %) 

0/14 (0 %) 

5/14 (36 %) 

3/14 (21 %) 

4/14 (29 %) 

1/14 (7 %) 

2/14 (14 %) 

0.048 

0.076 

0.99 

0.67 

0.99 

0.99 

Time from onset of symptoms to ICU admission (days) 7 (6-9) 6 (2-9) 0.28 

Time between hospital and ICU admission (days) 0 (0-2) 2 (0-8) 0.011 

APACHE II score at ICU admission 27 (18-33) 19 (14-29) 0.23 

Length of ICU stay (days)$ 51 (37-60) 20 (11-46) 0.0096 

Length of total hospital stay (days)$ 67 (58-81) 33 (18-83) 0.27 

Mortality 5/17 (29 %) 2/14 (14 %) 0.41 
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 COVID-19 patient samples (n = 31) Influenza patient samples (n = 14)  

SOFA score at moment of sampling 9 (8-11) 12 (7-16) 0.096 

Respiratory 

support at time 

of sampling 

HFNC 

IMV 

Proning 

ECMO 

Inhaled NO 

0/31 (0 %) 

31/31 (100 %) 

6/31 (19 %) 

13/31 (42 %) 

7/31 (23 %) 

2/14 (14 %) 

12/14 (86 %) 

2/14 (14 %) 

4/14 (29 %) 

2/14 (14 %) 

0.092 

0.092 

0.99 

0.51 

0.70 

Blood 

Leukocyte count (*109/L) 

Neutrophil count (*109/L) 

Eosinophil count (*109/L) 

Lymphocyte count (*109/L) 

Monocyte count (*109/L) 

D-dimer (µg/L) 

CRP (mg/L) 

12 (8-16) 

10 (7-13) 

0 (0-0.4) 

0.6 (0.4-0.8) 

0.5 (0.4-0.8) 

2038 (1010-6135) 

68 (21-144) 

12 (8-20) 

10 (6-16) 

0 (0-0.1) 

0.6 (0.3-1.2) 

0.5 (0.3-0.8) 

ND 

113 (66-249) 

0.58 

0.80 

0.098 

0.52 

0.89 

/ 

0.11 

BAL fluid 

Leukocyte count (*103/mL) 

Neutrophil (% of total leukocytes) 

Eosinophil (% of total leukocytes) 

3040 (1550-5840) 

75 (43-85) 

ND 

95 (37-234) 

83 (60-93) 

0 (0-0.5) 

0.019 

0.13 

/ 
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Lymphocyte (% of total leukocytes) 

Macrophage (% of total leukocytes) 

ND 

ND 

2.5 (0.5-3.8) 

14 (7-38) 

/ 

/ 

Treatment  

<24 h of 

sampling 

Antibiotic treatment# 

Antifungal treatment# 

Antiviral treatment# 

Corticosteroids 

Heparin 

22/31 (71 %) 

8/31 (26 %) 

0/31 (0 %) 

25/31 (81 %) 

31/31 (100 %) 

12/14 (86 %) 

8/14 (57 %) 

14/14 (100 %) 

9/14 (64 %) 

14/14 (100 %) 

0.46 

0.053 

<0.0001 

0.28 

0.99 

 802 
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Table 1. COVID-19 and influenza patient characteristics. General characteristics of patients 803 

included in the study (17 COVID-19 and 14 influenza patients) are indicated in the first part of the 804 

table. The lower part of the table contains information about the blood and BAL samples collected 805 

from these patients (31 parallel blood and BAL samples from COVID-19 patients and 14 BAL 806 

samples from influenza patients). Continuous variables are presented as median (interquartile 807 

range). Categorical variables are presented as counts (percentage). Data are statistically analyzed 808 

by a Mann-Whitney test or a linear mixed model with correction for multiple samples per patient 809 

using a random intercept model, where appropriate. Proportions are compared using a Fisher’s 810 

exact test. $ Patients who died are excluded. # Antibiotic treatments: amoxicillin, 811 

piperacillin/tazobactam, clavulanic acid, cefepime, levofloxacin, vancomycin, ceftazidime, 812 

ceftriaxone, erythromycin or meropenem. Antifungal treatments: posaconazole or voriconazole. 813 

Antiviral treatment: oseltamivir. APACHE II, Acute Physiology And Chronic Health Evaluation 814 

II; BAL, broncho-alveolar lavage; CRP, C-reactive protein; ECMO: extracorporeal membrane 815 

oxygenation; HFNC, high flow nasal cannula; ICU, intensive care unit; IMV, invasive mechanical 816 

ventilation; ND, not determined; SOFA, Sequential Organ Failure Assessment. 817 
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