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ABSTRACT 

Coronavirus disease 19 (COVID-19) can cause life-threatening lung inflammation that is 

suggested to be mediated by neutrophils. The aim of the present work was to evaluate a 

novel PET tracer for neutrophil elastase. Methods: In this first-in-human study, four 

patients with hypoxia due to COVID-19 and two healthy controls were investigated with 

positron emission tomography using 11C-GW457427 and 15O-water for visualization and 

quantification of neutrophil elastase and perfusion in the lungs, respectively. Results: 

11C-GW457427 accumulated selectively in lung areas with COVID-19 opacities on 

computed tomography scans, suggesting high levels of neutrophil elastase there. In the 

same areas, perfusion was severely reduced in comparison to in healthy lung tissue as 

measured with 15O-water. Conclusion: The data suggest that neutrophil elastase is 

associated with the severe lung inflammation in COVID-19 patients and that inhibition of 

neutrophil elastase could potentially reduce the acute inflammatory process and improve 

the condition. 
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INTRODUCTION 

A significant number of patients with coronavirus disease 2019 (COVID-19), caused by 

the SARS-CoV-2 virus, present with respiratory failure due to lung inflammation. This 

process has been postulated to involve lung infiltration of neutrophil granulocytes (NGs), 

based on post-mortem histology and neutrophil extracellular trap (NET) markers (1). 

Recent data have shown that NETs also promote thrombosis (2). Neutrophil elastase 

(NE), a protease found in NGs, is part of the innate immune response, but could mediate 

the lung injury seen in COVID-19 (3,4,5,6,7,8). To date, in vivo studies of NE in the 

lungs of COVID-19 patients have not been possible. However, the development of the 

positron emission tomography (PET) tracer 11C-GW457427 (11C-NES) has made 

detection of NE possible in the clinical setting. 11C-NES has been extensively studied in 

animal models for lung inflammation and binding specificity has been verified in blocking 

studies with NE inhibitors (9). It measures both extracellular and intracellular NE. 

We hypothesized that COVID-19 patients would have significant amounts of 

NE in inflamed lung areas. Therefore, we conducted a first-in-human study with 11C-NES 

combining PET and computed tomography (CT) in four patients and two healthy 

controls. Additionally, we assessed the perfusion in the patients’ lungs with 15O-water. A 

low-dose CT was used for attenuation correction and visualization of radiological 

findings such as ground-glass opacities (GGO) and consolidated areas in the lungs, 

characteristic of COVID-19 patients (10). 
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MATERIALS AND METHODS 

Subjects 

This study was approved by the Swedish Medical Products Agency 

(EudraCT No:2020-003980-24) and the Swedish Ethical Review Authority (Dnr.: 2020-

07017). The Helsinki Declaration and its subsequent revisions were observed. Four 

symptomatic and hospitalized patients, at least one of either sex, with polymerase chain 

reaction-verified COVID-19, admitted to hospital due to hypoxic respiratory failure and 

treated with supplemental oxygen at a non-intensive care unit, were recruited, as well as 

two healthy controls, in accordance with the approved procedure in the ethical permit. 

The characteristics of the patients and healthy controls are presented in Table 1 (see 

also Supplemental Table 1). 

Verbal and written informed consent were obtained from the participants.  
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Table 1 Subject characteristics 

 Patient 

1 

Patient 

2 

Patient 

3 

Patient 

4 

Control  

1 

Control 

2 

Age median (years [range])*  48 (24–57) 26 (22–29) 

BMI (kg/m2) 25 26 30 32 23 30 

Vaccinated against COVID-19  n n n n y y 

Symptom duration (days) 20 21 12 13 n/a n/a 

Duration of hospital admission at PET scan (days) 2 11 1 3 n/a n/a 

SARS-CoV-2 RNA test (pos/neg)** pos pos pos pos neg neg 

Virus variant no data Delta Delta Delta n/a n/a 

Viremia SARS-CoV-2 RNA serum***  neg neg 36 neg n/a n/a 

C-reactive protein (mg/L) 31 19 259 8 <0.3 19 

Peak C-reactive protein (mg/L) 31 396 259 115 n/a n/a 

White blood cell count (10^9/mL)  8.9 7.1 5.2 6.5 4 n/a 

Lymphocyte count (10^9/mL) 1.3 0.6 0.4 1.3 1.1 n/a 

Procalcitonin (mg/L) 0.03 0.27 0.05 0.04 <0.02 <0.02 

Ferritin (g/L) 209 1.255 301 2.423 58 48 

Lactate dehydrogenase (kat/L) 5.3 4.6 4.9 6.1 2.8 2 

D-Dimer (mg/L) 0.6 4.4 1.4 0.3 <0.3 <0.3 

Peak oxygen administered (L/min)**** 2 15 1 5 n/a n/a 

*        age and sex not shown due to anonymization 

**       nasopharynx and throat 

***     (Ct value N-gene/neg) 

****    Peak oxygen delivery to maintain saturation of 93–96% during hospital stay 

Note. BMI, body mass index; COVID-19, coronavirus disease 19; PET, positron emission tomography; 

RNA, ribonucleic acid. 
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Tracer Production 

11C-NES was produced in accordance with Good Manufacturing Practices 

and its safety investigated in a microdosing toxicology study (9).  

 

Safety  

11C-NES was used for the first time in humans. All subjects were examined 

for vital signs, phlebitis, rash and by electrocardiography before and after PET. No 

subject showed any adverse effects after being administrated approximately 5 MBq/kg 

bodyweight, corresponding to a total GW457427amount of about 5 g.  

 

PET Scanning 

All subjects were scanned on a digital time-of-flight PET/CT system 

(Discovery MI-5, GE Healthcare, Wisconsin) with a 25 cm axial field of view. The 

subjects were in supine position during the entire examination. After a low-dose CT scan 

for anatomic localization and attenuation correction, a 4 min dynamic PET scan was 

started simultaneously with administration of a controlled bolus injection of 400 MBq 

15O-water (5 mL at 1 mL/min followed by 35 mL saline at 2 mL/min). At least 15 min 

later, a second dynamic PET scan was started simultaneously with administration of a 

controlled bolus injection of 5 MBq/kg 11C-NES (range 4.2–5.3 MBq/kg), with a duration 

of 15 min in healthy controls and 60 min in COVID-19 patients. List mode data were 

rebinned into frames of increasing durations over the course of the scan (15O-water: 

1x10, 8x5, 4x10, 2x15, 3x20, 2x30 s; 11C-NES: 1x10, 8x5, 4x10, 3x20, 2x30, 5x60 in all 

subjects followed by 4x300, 3x600 s in patients). Dynamic images were reconstructed 
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using time-of-flight-ordered subset expectation maximization, including resolution 

recovery, with 3 iterations, 16 subsets and a 5 mm gaussian post-filter. All appropriate 

corrections for accurate quantification were applied. A whole-body low-dose CT and 

PET scan of 11C-NES (3 min per bed position) was acquired at approximately 1 h post 

injection (p.i.) and reconstructed using block-sequential regularized expectation 

maximization (Q.Clear, GE Healthcare) with a regularization parameter of 500. 

 

Pulmonary Perfusion 

For calculation of lung perfusion based on the 15O-water PET data, systemic 

and pulmonary circulation blood time-activity curves were determined using automated 

cluster analysis in aQuant Research software (Medtrace Pharma A/S, Denmark). Lung 

perfusion images were calculated using a non-negative least-squares basis function 

implementation of the single tissue compartment model where the pulmonary circulation 

blood curve was the input function, with fitted pulmonary and systemic blood volume 

parameters. Only voxels with density < 0.9 g/cm3, based on the low-dose CT images, 

were included in the calculations. Pulmonary perfusion was calculated as the influx rate 

of 15O-water. Volumes of interest were drawn in pulmonary perfusion images over 

representative parts of normal-appearing and GGO and consolidated lung tissue based 

on the CT images. 

 

11C-NES data analysis 

Volumes of interest were drawn in summed 11C-NES images as above and 

transferred to the dynamic PET images to obtain time-activity curves. 11C-NES 
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standardized uptake values (SUV) were calculated as radioactivity concentrations 

normalized to injected activity per kilogram of bodyweight. 

 

RESULTS  

11C-NES was obtained with a radiochemical purity higher than 98% and a 

molar activity in the range of 180–330 GBq/mol. Chemical purity was high, with no 

traces of the precursor GW611437. 

In all patients, 11C-NES accumulated in the areas of the lungs with GGO and 

consolidations identified with CT (Figure 1) and low perfusion as measured with 15O-

water.  

 

Figure 1. PET/CT images at 1 h p.i. in four patients and two controls (three male, three female), upper two 

rows 11C-NES, lower row CT scans.  

The very low non-specific signal of 11C-NES in non-target areas resulted in a high target-

to-background ratio. SUV values for liver and spleen are found in Supplemental Table 2. 
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Lung uptake of 11C-NES reached a plateau already at 10 min p.i. (Figure 2), indicating 

retention of tracer bound to NE. 11C-NES uptake in vertebrae increased with time, with a 

significantly faster initial phase in patients than in controls.  

 

Figure 2. Standardized uptake value (SUV) of 11C-NES versus time in GGO and consolidations and 

normal lung tissue in COVID-19 patients (N=4) and in lung tissue in healthy controls (N=2). SUV values in 

vertebrae in patients and controls are shown for comparison. Error bars denote range of values. 

 

The lung perfusion as measured with 15O-water showed a clear reduction in the GGO 

and consolidated areas compared with in healthy lung tissue (Figure 3).  
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Figure 3. 15O-water perfusion PET/CT images in three patients and two controls.  

 

The SUV data from 11C-NES and the absolute values of perfusion are summarized in 

Table 2. 

 

Table 2 SUV for 11C-NES and perfusion data. 

PET DATA Patient 

1 

Patient 

 2 

Patient 

3 

Patient 

4 

Control  

1 

Control 

2 

11C-NES in healthy parts of lungs (SUV) 0.8 0.3 1.1 n.a.# 0.6 1.3 

11C-NES in opaque parts of lungs (SUV) 3.9 1.3 2.4 3.8 n.a. n.a. 

Perfusion in healthy parts of lungs (mL/cm3/min) 2.7 1.5 n.a.* 2.6 2.6 3.9 

Perfusion in opaque parts of lungs (mL/cm3/min) 1.9 0.7 n.a.* 1.5 n/a n/a 

#no healthy parts of the lung could be identified  

*due to technical problems no 15O-water PET scan was performed 

Note: SUV, standardized uptake value; opaque, radiographic opacities such as GGO or consolidations; 

PET, positron emission tomography. 
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DISCUSSION 

All patients in this study were hospitalized with severe COVID-19 and 

respiratory failure and clinically manifest severe lung inflammation without signs of 

bacterial superinfections. Since the patients were in the 2nd–3rd week of infection, i.e., a 

late stage, the lung symptoms and low blood oxygenation levels on air indicated 

extensive inflammation, not the effect of an ongoing virus infection. The high 

accumulation of 11C-NES in bone marrow and spleen (Figure 1) can be explained by its 

binding to NE in resident neutrophils. The accumulation of 11C-NES was considerably 

higher in areas with GGO and consolidations than in healthy lung tissue, whether in the 

same patient or in healthy controls. The nearly perfect anatomical match between 

COVID-19 opacities and the accumulation of 11C-NES, together with the high uptake in 

vertebrae, which are rich in bone marrow, and spleen, strongly indicate that tracer 

uptake is a measure of NE. 11C-NES is also taken up by NGs in blood and uptake in 

healthy lung tissue mainly reflects the blood-borne radioactivity, explaining the low 

variability. A uniform gradient of 11C-NES uptake in the direction of gravity was seen in 

one healthy control. In contrast, the uptake in inflamed areas is due to accumulation of 

NGs and thus a measure of immune-mediated inflammation. Lastly, the GGO and 

consolidations might also be explained by formation of NETs in peripheral small blood 

vessels. This is supported by the identification of NETs in post-mortem tissue from 

COVID-19 patients, suggesting that the uptake of 11C-NES could partly be related to 

binding to elastase deposited on deoxyribonucleic acid strands in NETs (2,4,11,12). 

The inflamed areas, especially consolidations, had much lower perfusion 

than the radiologically healthy lung tissue, potentially representing hypoxic 

vasoconstriction. As some perfusion remained in the inflamed areas, shunting of blood 
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may have contributed to the hypoxia seen in those patients. Alternatively, entrapment of 

aggregated activated neutrophils in the capillary beds, leading to micro-thrombosis, 

could have contributed to the reduction in blood flow measured in the affected parts of 

the lungs. This results in an elastase-mediated destruction of tissue, creating a 

concomitant mismatch in ventilation perfusion and affecting blood oxygenation 

negatively.  

This study is limited by the few patients investigated and is therefore of a 

descriptive nature, without statistical measures.  

CONCLUSION 

In this first-in-human study with the selective and specific NE PET tracer 

11C-NES, we demonstrate high accumulation in lung areas with low perfusion and 

COVID-19 opacities as measured with 15O-water and CT, respectively. This can be 

interpreted as a sign of a neutrophil-mediated pulmonary inflammation affecting lung 

function and partly explain the late-stage conditions of COVID-19 patients. Lung 

perfusion measurements suggest hypoxic vasoconstriction in areas with ongoing 

inflammation. Moreover, data suggest that NE might be involved in the severe lung 

inflammation.  
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KEY POINTS 

QUESTION: Are neutrophils associated with the severe lung inflammation in COVID-19 

patients and do areas of increased uptake of 11C-NES correlate with COVID-19 

opacities and reduced perfusion, as measured with CT and 15O-water, respectively? 

PERTINENT FINDINGS: Uptake of 11C-NES was found in the same lung areas as 

COVID-19 opacities and low perfusion. A clear difference was seen between COVID-19 

patients and healthy controls.  

IMPLICATIONS FOR PATIENT CARE: It may be possible to treat the acute neutrophil-

mediated lung inflammation with elastase inhibitors and by interfering with the 

cytokine/chemokine signaling pathways responsible for recruiting neutrophils. 
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SUPPLEMENTARY MATERIAL 
 
Supplemental Table 1. Subject characteristics  

 Patient 
1 

Patient  
2 

Patient 
3 

Patient  
4 

Control  
1 

Control 
2 

Active or ex-smoker   y n n y n n 

Pulmonary disease   n n n n n n 

Recovered from prior COVID-19 disease  n n n n n n 

Invasive mechanical ventilation (days/n)*   n 5 n n n/a n/a 

High-flow nasal prongs treatment (days/n)*   n 2 n n n/a n/a 

Body temperature (°C) 36.9 37.5 36.7 36.3 n/a     n/a 

Trombo-embolic complications *  n n n n n/a n/a 

Prophylactic anticoagulation * y y y y n/a n/a 

Duration of anticoagulation at PET scan (days)  2 10 1 3 n/a n/a 

Corticosteroid treated COVID-19 * y y y y n/a n/a 

Duration of corticosteroids at PET scan (days) 2 terminated 1 3 n/a n/a 

Antibiotic treated *  n Cefotaxim n Amox/Clav n/a n/a 

       
Abbreviations 
Amox/Clav= Amoxicillin Clavulanic acid   
* During hospital stay 
 

Opaque lung was defined and automatically delineated as a volume of interest (VOI) in area with density 
over 0.6 g/cm3. 

 

Supplemental Table 2. Mean SUV ± standard deviation of a spherical VOI (3 cm diameter) 1 h p.i. for liver 
and spleen 

PET DATA Patient 
1 

Patient 
2 

Patient 
3 

Patient 
4 

Control 
1 

Control 
2 

11C-NES in liver (SUV) 4.9±0.4 4.3±0.3 6.8±0.5 5.3±0.3 4.8±0.3 7.8±0.5 
11C-NES in spleen (SUV) 36.8±2.8 34.0±1.0 50.3±3.5 42.5±1.4 23.1±1.8 38.3±2.6 
 

 

 




