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Abstract

Neutrophil extracellular traps (NETs) have been described as
a potential trigger of severe COVID-19. NETs are known as
extracellular DNA fibers released by neutrophils in response
to infection. If the host is unable to balance efficient clear-
ance of NETs by dornases (DNases), detrimental conse-
quences occur. Elevated levels of NETs in COVID-19 patients
are associated with higher risk of morbid thrombotic com-
plications. Here, we studied the level of NET markers and DN-
ase activity in a cohort of COVID-19 patients compared to
healthy controls. Our data confirmed an increased level of
NET markers in the plasma of COVID-19 patients, with a high-
er level in male compared to female patients. At the same
time, there was an increased DNase activity detectable in
COVID-19 patients compared to healthy controls. Important-

ly, there was a negative correlation of DNase activity with the
age of male patients. The antimicrobial peptide LL-37, which
is known to stabilize NETs against DNase degradation, is em-
bedded in NETs upon severe acute respiratory syndrome
coronavirus-2-infection. The LL-37 plasma level correlates
with the NET-marker level in male COVID-19 patients, indi-
cating a potential role of LL-37 in the risk of NET-associated
thrombosis in male COVID-19 patients by stabilizing NETs
against DNase degradation. In conclusion, our data identify
two potential risk factors of elderly male patients which may
lead to inefficient NET degradation and a subsequently high-
er risk of NET-associated thrombosis during COVID-19: re-
duced DNase activity and an increased LL-37 level.
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Introduction

The COVID-19 pandemic has had an immense impact
on the health care system, worldwide. There is an in-
creased need for new intervention strategies or for pos-
sibilities to identify individuals at risk. Infection with se-
vere acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) is associated with an exacerbated host response
in patients with severe COVID-19. Neutrophils are
known to infiltrate into the infected lung during SARS-
CoV-2 infections [1]. Severe COVID-19 is shown to be
associated with dysfunctional mature neutrophils that
massively release neutrophil extracellular traps (NETSs)
[2, 3]. NETs consist of a DNA backbone decorated with
several antimicrobial components that serve to entrap
and kill various pathogens [4]. The host itself is known to
produce dornases (DNases) to recycle NET-structures
and to avoid tissue-damaging effects of NETs during in-
fectious or noninfectious diseases [5-7]. However, in the
case of an overwhelming release of NETs, they contribute
to thrombosis [8, 9], autoimmune diseases such as lupus
erythematous [10], acute respiratory distress syndrome
(ARDS) [11], and other diseases [12]. In COVID-19 pa-
tients, NETs have been shown to contribute to immu-
nothrombosis in ARDS and vascular occlusions [13, 14].
Several authors have demonstrated that plasma levels of
NET markers were elevated in patients with COVID-19
relative to healthy controls [15, 16]. Furthermore, amount
of NET-marker level have been associated with respira-
tory support requirement and short-term mortality and
declined to level found in healthy individuals 4 months
post-infection [17]. An association between circulating
markers of NET-formation and clinical outcome was ob-
served, demonstrating a potential role of NET markers in
clinical decision-making [17].

Although aggregated NETs are known to promote the
resolution of neutrophilic inflammation by degrading cy-
tokines and chemokines and disrupting neutrophil re-
cruitment and activation in gout patients [18, 19], during
severe SARS-CoV-2 infections a balanced and immune-
protective NET-formation is absent and therefore uncon-
trollable. Besides a massive induction of NET-formation
in the SARS-CoV-2-infected host, a noneffective or defi-
cient host nuclease activity to efficiently degrade NETSs
might also contribute to COVID-19. The aim of our study
was to quantify the level of NET markers and DNase ac-
tivity in a cohort of COVID-19 patients compared to
healthy controls to evaluate if reduced or blocked DNase
activity might be a risk factor for COVID-19 with focus
on elderly patients and sex differences.
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Materials and Methods

Ethical Approval

A human blood sample for neutrophil isolation was collected
from a healthy donor with the help of a physician in agreement
with the local Ethical Board. The study was approved by the Ethics
Committee of Hannover Medical School, Hannover, Germany,
and registered under no. 3295-2016. The blood collection fol-
lowed the local guidelines.

The study with laboratory-confirmed COVID-19 patients was
reviewed and approved by the Ethics Committee at the Hamburg
State Chamber of Physicians (registration no.: WF-015/21). Retro-
spective data collection and anonymized analysis by COVID-19
patients and healthy blood donors were conducted in accordance
with local government law (HmbKHG. §12) without requiring in-
formed consent. Biopsies of human patients were received based
on the ethic votum 308/2020BO2 from the Ethics Committee, Uni-
versity Hospital Tiibingen, Germany.

Blood Sample Collection

Samples were collected from the blood of COVID-19 patients
(plasma) and control donors (serum). Heparin blood or serum was
centrifuged (2,100 g, 15 min at 4°C), and the plasma or serum was
collected and stored at —80°C, until the respective assays were per-
formed. From three COVID-19 patients in all assays, serum and
plasma samples were analyzed, to compare the influence of the dif-
ferent samples on the read out and to verify that serum and/or
plasma led to similar results in our assays. The results are shown
in online supplementary Figure 1 (for all online suppl. material, see
www.karger.com/doi/10.1159/000521594). In some measure-
ments, not all samples were analyzed due to technical problems,
hemolytic serum/plasma, or limitation in blood volume.

Measurement of Free eDNA and Histone Fragments in Plasma

and Serum

A Quant-iT ™ PicoGreen® assay (P11496, Invitrogen Corp.,
Carlsbad, CA, USA) was used as described previously [20, 21], to
determine the amount of extracellular DNA (eDNA) in the plasma
or serum samples. The amount of eDNA in each sample was cal-
culated based on the standard curve.

The number of histone-associated-DNA-fragments (mono-
and oligonucleosomes) was quantified with a cell death detection
ELISA PLUS kit (Roche Diagnostics GmbH, Mannheim, Germa-
ny). The assay was conducted in accordance with the manufac-
turer’s instructions.

Measurement of TT and D-Dimer in COVID-19 Patients

Testosterone (TT) was analyzed in human plasma by electro-che-
miluminescence immunoassay. The normal values (reference values of
our laboratory) for TT for females are 0.22-2.90 nmol/L and for males
are 9.90-27.80 nmol/L. Thus, measured values <0.22 nmol/L for fe-
males and <9.90 nmol/L for males are designated as low. D-dimer
(cross-linked fibrin cleavage products) are quantitatively determined in
plasma using a particle-enhanced immunoturbidimetric assay.

Measurement of LL-37 in Plasma and Serum

LL-37 ELISA Kit (HK321-02, HycultBiotech Inc., Uden, The
Netherlands) was used to determine the amount of LL-37 in the
plasma or serum samples. The test was performed in accordance
with the manufacturer’s instructions with 1:20 diluted samples.
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Measurement of DNase Activity in Plasma and Serum

DNase I Activity Assay Kit (K429-100, BioVision, Milpitas,
CA, USA, Fluorometric) was used to determine the DNase I activ-
ity in the plasma or serum samples. The test was performed follow-
ing the manufacturer’s instructions with 25 pL for each sample.

Isolation Human Neutrophils

Human granulocytes were isolated from fresh whole heparin
blood of healthy donors using the polymorph prep system (Pro-
gen; 1.113 g/mL), as previously described [20]. In short, the fresh
blood was layered 1:1 onto polymorph prep solution and centri-
fuged at room temperature and 472 g for 30 min without a break.
Layers of plasma and PBMC were removed, and the layer of neu-
trophils was transferred, using a fresh plastic Pasteur pipette, into
a new falcon tube, filled up with 1 x LPS-free PBS and centrifuged
at 472 g for 10 min with a break. Afterward, supernatant was dis-
carded, and the cell pellet was resuspended with 5 mL sterile LPS-
free water for erythrocyte lysis for maximum 15 s and immedi-
ately filled up with 1 x LPS-free PBS and centrifuged for 10 min at
472 g. Finally, the cell pellet was resuspended in 1 mL RPMI
(11835063, ThermoFisher Inc., Waltham, MA, USA) without phe-
nol red, brought to room temperature. The cell count was deter-
mined via trypan blue staining and counting in a Neubauer cham-
ber.

NET Induction Assay

A 96-well plate with glass bottom (P96G-1.5-5-F, MatTek Cor-
poration, Ashland, MA, USA) was used for the NET induction.
Each well was coated in accordance with the manufacturer’s in-
structions with poly-L-lysine (0.01% solution P4707, Sigma-Ald-
rich GmbH, Munich, Germany) and handled afterward as previ-
ously described [20]. In each well, 1 x 10° neutrophils/50 uL were
seeded. The total volume with stimulus was 100 uL. As a negative
control, RPMI 1640 medium (11835063, ThermoFisher Inc.) was
added. As a positive control, 50 pL phorbol 12-myristate 13-acetate
(25 nM final concentration, 524400 Sigma-Aldrich) was added.
The neutrophils were stimulated with 25 pL of serum from CO-
VID-19 patients. The plate was incubated at 37°C, 5% CO,. After
a 2-h incubation period, the plate was centrifuged (370 g, 5 min).
Samples were fixed with paraformaldehyde (4% final concentra-
tion, Science Services GmbH, E15710-25, Munich, Germany) and
the plate was wrapped with parafilm and stored at 4°C until the
staining was conducted.

Eight mm glass cover slides were added in a 48-well suspension
cell plate (Greiner Bio-one GmbH, Kremsmiinster, Austria). The
glass slides were coated with poly-L-lysin as stated above. In each
well 2 x 10° neutrophils/100 uL were seeded. For stimulation, 100
pL of a 1:20,000 dilution from SARS-CoV-2 stock (TCIDsy/mL:
1058%) derived from SARS-CoV-2/Germany/Hamburg/01/2020;
ENAstudy PRJEB41216 and sample ERS5312751 [22] were added
to the cells and incubated at 37°C, 5% CO, for 2 h. After incuba-
tion, the plate was centrifuged as stated above and fixed with para-
formaldehyde (4% final concentration).

NET Staining and Analysis

NETSs were stained after the permeabilization and the blocking
of the samples [21]. These were incubated with the first antibodies:
a mouse monoclonal antibody (IgGl) against LL-37/CAP-18
(HM2070, 100 pg/mL diluted 1:25) and a rabbit antihuman myelo-
peroxidase (MPO) (Dako A0398, 3.3 mg, 1:300), for 1 h at room

NETs as a Risk Factor in COVID-19
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temperature. For the isotype controls murine IgG1 (from murine
myelom, M5284-0.2 mg/mL, Sigma Aldrich) and rabbit IgG (from
rabbit serum, Sigma Aldrich, 15006, 1.16 mg) were used. As sec-
ondary antibodies goat anti-mouse Alexa 488 Plus (1:500, Invitro-
gen) and a goat anti-rabbit Alexa 633 (Thermo Scientific, 2 mg,
1:500) were used and incubated for 1 h at room temperature in the
dark. Afterward, the samples were washed three times with 1 x PBS
and embedded in 20 pL ProlongGold (with DAPI, Invitrogen).
Samples were stored at 4°C in the dark until analysis.

The respective isotype control (50 puL phorbol 12-myristate
13-acetate stimulated) was used for the microscope settings. The
pictures were taken by the Leica TCS SP5 AOBS confocal inverted-
base fluorescence microscope with an HCX PL APO x40 0.75-1.25
oil immersion objective.

NETs from direct SARS-CoV-2 infection experiments were
stained as follows: subsequent to permeabilization and blocking of
samples, first antibodies, mouse monoclonal anti-DNA-Histone-1
complexes (MAB 3864, Millipore, 1:300) and anti-neutrophil elas-
tase rabbit pAB (#481001, Millipore, 1:300) were added for a 1-h
incubation period. As isotype controls murine IgG2a murine my-
eloma (Sigma, M5409-1MG, 1:100) and IgG from rabbit serum
(Sigma, 15006, 1:60) were used. After washing, secondary antibod-
ies, Alexa Fluor 488 Plus (Goat anti-mouse IgG, A32723 Invitro-
gen, 1:1,000) and Alexa Fluor 633 (goat anti-rabbit IgG, A21070,
Thermo Scientific, 1:1,000) were added to the sample and incu-
bated in the dark at room temperature for 45 min. Next, samples
were washed and embedded on ProlongGold with DAPI on mi-
croscope slides and stored at 4°C in the dark until further analysis.
Images were taken as stated above.

DNA-Histone-1 Complexes/LL-37/MPO Examination in

Paraffin Sections

For DNA-Histone-1 complexes/LL-37/MPO detection in lung
tissue, paraffin sections of lungs from COVID-19 patients and
control patients (healthy lung) were analyzed. The immunofluo-
rescence staining of paraffin section was performed as previously
described [23] with the following changes: first mouse IgG2a anti-
DNA/histone-1 complexes (Millipore MAB3864, 0.55 mg; 1:100)
or mouse IgG1 anti-LL-37 CAP-18 (HM2070, 100 pg/mL diluted
1:25), and rabbit antihuman MPO antibodies (Dako A0398, 3.3
mg, 1:300) in blocking buffer were incubated overnight at 4°C. As
secondary antibodies, a goat anti-mouse antibody (Alex488PLUS,
Thermo Fisher Scientific) and goat-anti rabbit antibody (Al-
exa568, Thermo Fisher Scientific) were used diluted 1:500 in
blocking buffer. Isotype controls were included as described above.
Finally, all samples were processed with TrueVIEW autofluores-
cence quenching kit (Vector Laboratories Inc., Burlingame, CA,
USA) in accordance with the manufacturer’s instructions.

Samples were recorded using a Leica TCS SP5 AOBS confocal
inverted-base fluorescence microscope with an HCX PL APO x40
0.75-1.25 oil immersion objective or HCX PL APO 63 x 1.40 oil
objective. The settings were adjusted using isotype control anti-
bodies in separate preparations.

Using Image]J 1.51q software several images from each patient
were analyzed for the integrated intensity (IntDen) in separate
channels (blue = DNA and green = LL-37). For each single image,
the green to blue ratio (%) was calculated, and the mean from all
images per patient was used for statistical analysis.
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Statistical Analysis

Data were analyzed using Excel 2019 (Microsoft), GraphPad
Prism 8.3 (GraphPad Software), and IBM® SPSS® Statistics 27.
Data were analyzed as indicated in each figure legend and present-
ed with mean + SD and the differences between groups were ana-
lyzed as described in the figure legends (*p < 0.05, **p < 0.01, ***p
<0.001, ****p < (0.0001). In the online supplementary Table 1, con-
tinuous variable (age) is expressed as median with 1st to 3rd quan-
tile, and the categorical variable (sex) is given as absolute and rela-
tive (%) numbers.

Results and Discussion

The reasons why some patients exhibit severe symp-
toms in COVID-19 are still not entirely understood. Es-
pecially age and sex are one of the main factors for people
at risk [24, 25]. Interestingly, elevated levels of NETSs in
patients hospitalized with COVID-19 are associated with
higher risk of morbid thrombotic complications. Thus,
NETs are highly discussed to contribute to the severity of

Fig. 1. Human blood-derived neutrophils
release NETSs in response to SARS-CoV-2.
NETSs were released after 2-h infection of
human neutrophils with SARS-CoV-2 and
detected by confocal immunofluorescence
microscopy. The settings were adjusted to
a respective isotype control. a A represen-
tative image is presented, showing an eD-
NA-fiber positive for DNA/histone-1 com-
plex (green) and neutrophil elastase (red)
(scale bar = 10 um). b For this representa-
tive image, a 3D reconstruction of z-stacks
was constructed with LAS X 3D Version
3.1.0 software (Leica) (17.37 um consisting
of 70 sections). Of this 3D volume, a depth
coding analysis was conducted and is pre-

neutrophil elastase

DNA/histone-1 complex

\.'.

overlay

sented with a depth coding scale bar.

Fig. 2. Increased free eDNA and nucleosome level as NET marker
were detected in COVID-19 patients compared to healthy con-
trols. The amount of free e DNA and nucleosome in blood was de-
termined by Pico Green and cell death detection analysis. a Sig-
nificantly higher amount of free eDNA was determined in CO-
VID-19 patients. b The data in both groups were divided into male
and female blood donors. A remarkably higher amount of free
eDNA was detected between male and female in both groups. c-e
In the COVID-19 blood donors, a positive correlation between
free eDNA and neutrophil numbers was observed, confirming that
eDNA may derive from neutrophils. The neutrophil number is
presented in 10%/L. f A significantly higher amount of free eDNA
and nucleosome was determined in COVID-19 patients. g A sig-
nificantly higher amount of nucleosome was detected between
males and females in the COVID-19 group. h-j In the COVID-19
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blood donors, a positive correlation between nucleosome and neu-
trophil numbers was observed, confirming that nucleosome may
derive from neutrophils. k-m In the COVID-19 blood donors, a
slightly positive correlation between D-dimers and nucleosome
was observed in male patients. Each dot represents one blood do-
nor, and data are presented +SD (black dots = all blood donors in
the group, orange dots = female blood donors, blue dots = male
blood donors). In (a, f) (Meontrol = 49, Ncovip-19 = 50); in (b, g)
(Meontrol male = 385 Meontrol female = 115 COVID-19 male = 395 HCOVID-19 fe-
male = 11). Data in (a, b, f, g) were analyzed with an unpaired, one-
tailed Student’s t test or the Mann-Whitney test if not normally
distributed (**p < 0.01, ****p < 0.0001), the values in (c-e) and
(h-m) were calculated with a Pearson’s r analysis of correlation
coefficients (two-tailed).

(For figure see next page.)
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COVID-19. Since physiologically the host produces DN-
ases to keep a balance between detrimental and beneficial
effects of NETs, we studied the presence of NET markers
and DNase activity in COVID-19 patients compared to
healthy controls and in correlation to age and sex.

NET Marker in Plasma and Biopsies of COVID-19

Patients

As shown in Figure 1, human blood-derived neutro-
phils release NET's in response to SARS-CoV-2, consist-
ing of DNA-histone-1 complexes and neutrophil elas-
tase (shown in Fig. 1a) with a thickness of up to 14 pm
(shown in Fig. 1b). These data confirm previously pub-
lished data [26, 27]. Our data presented in Figure 2 con-
firm increased NET markers in COVID-19 patients
compared to healthy controls. As NET's consist of DNA,
the amount of free eDNA was evaluated by a Pico Green
assay in the plasma/serum. A tendency for more eDNA
was detectable in male compared to female patients
(shown in Fig. 2b). Hereby, it needs to be considered
that eDNA in serum might originate from sources oth-
er than neutrophils [28, 29]. However, Figure 2c-e
shows that eDNA correlates with the number of neutro-
phils, strongly supporting that it might mainly derive
from neutrophils. In accordance with these data, also
the nucleosome level as an additional NET marker be-
sides eDNA [30] was significantly increased in CO-
VID-19 patients, with highly significant alterations
seen for male patients (p < 0.01) (shown in Fig. 2g).
Again, nucleosome values correlate with neutrophil
numbers (shown in Fig. 2h-j). A limitation regarding
the comparison of NET markers between healthy con-
trols and COVID-19 patients is that the analysis was
performed with serum from controls and plasma from
patients. In online supplementary Figure 1, we, there-
fore, show control data from measurements of NET
markers in plasma and serum of three COVID-19 pa-
tients, indicating that measurement of NET markers in

Fig. 3. Detection of NET markers in lung tissue biopsies of a SARS-
CoV-2 infected patient. Lung sections from a non-SARS-CoV-2
infected patient (K8600) and SARS-CoV-2 infected patient (S31)
were analyzed by confocal immunofluorescence microscopy for
NET structures. The settings were adjusted to a respective isotype
control. Representative images are presented (blue = DNA, green
= DNA/histone-1 complex, magenta = MPO). a Inside the lung
sections MPO-positive cells were identified. Furthermore, areas
with signals for MPO and DNA/histone-1 complexes in proximity
were observed inside the alveolar septa of the COVID-19 patient
(scale bar upper panel = 50 pum, lower panel = 25 um). b The zoom

NETs as a Risk Factor in COVID-19
Infections

plasma and serum yield similar results. Only the graph
with nucleosome data (in online suppl. Fig. 1) shows a
clear tendency for higher nucleosome levels in serum.
Since measurements of nucleosome levels in plasma
may underestimate the level in serum, the difference in
nucleosome levels between controls and COVID-19 pa-
tients may, in fact, be even greater. This goes in parallel
with a recent study that investigated two independent
cohorts of COVID-19 patients from Belgium and Ger-
many and detected that circulating nucleosomes may
serve as potential marker to monitor COVID-19 pro-
gression [31].

In parallel to increased NET-formation, severe infec-
tion with SARS-CoV-2 exhibits more obvious dysregu-
lated coagulation function compared with mild cases
[32]. This is indicated here by a slight correlation of D-
Dimer with an increased nucleosome level in plasma of
male COVID-19 patients as shown in Figure 2k-m. These
data confirm previous published data, showing that NETs
and fibrin form a composite network within thrombin
that triggers the risk of thrombosis in COVID-19 patients
[33].

Finally, we also confirm that lung tissue biopsies
stained positive for NET markers (shown in Fig. 3). Lung
sections from a non-SARS-CoV-2-infected patient
(K8600) and SARS-CoV-2-infected patient (S31) were
analyzed by confocal immunofluorescence microscopy
for NET structures. Representative images are presented,
and inside the lung sections, MPO-positive cells were
identified. Furthermore, areas with signals for MPO and
DNA/histone-1 complexes in proximity were observed
inside the alveolar septa of the lung from the COVID-19
patient. High-resolution imaging shows that NET-releas-
ing neutrophils are positive for MPO inside the nucleus
confirmed by a co-localization of DAPI signal (blue) and
MPO (red), resulting in white staining (shown in Fig. 3b).
This is a typical feature shown by NET-releasing neutro-
phils that undergo NETosis. It describes a specific cell

image presents a MPO and DNA/histone-1 complexes releasing
cells in the alveolar septa of patient S31 (scale bar left image = 50
pm, middle, and right image = 25 um). ¢ Inside the alveoli of the
COVID-19 patient a DNA/histone-1 complex positive area was
observed with numerous embedded MPO-positive cells. The ar-
row marks a MPO positive cell within a DNA/histone-1 complex
area. Representative 3D image of z-stacks (5.87 pum consisting of
31 sections) was constructed with LAS X 3D Version 3.1.0 software
(Leica) of this area (arrow marks orientation). Scale bar 2D image
left side = 50 um, right side = 25 pm, scale bars in 3D image = 20
pm.
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death associated with translocation of MPO and elastase
to the nucleus, the subsequent degradation of histones,
rupture of nuclear membrane, and release of eDNA fibers
[34, 35], a phenotype typical for the process of NET-for-
mation.

DNase Activity in COVID-19 Patients Compared to

Healthy Controls

As NET-formation is often associated with an in-
creased release of DNases by the host to maintain a bal-
ance between NET-formation and NET-elimination [36],
the DNase activity was measured in the same samples as
NET markers. As shown in Figure 4, a significant differ-
ence between samples from COVID-19 patients com-
pared to healthy controls was detectable. However, only
a remarkable (p = 0.07) difference between male and fe-
male COVID-19 patients was observed. The DNase activ-
ity data also partially correlate with the neutrophil num-
ber (Fig. 4c—e). A correlation between DNase activity and
the two NETs markers cell-free eDNA, and nucleosome
was not identified (Fig. 4f-k).

Interestingly, a negative correlation with the age of
male patients was observed (shown in Fig. 41-n). These
data indicate that elderly male patients have an impaired
DNase activity and, subsequently, an impaired ability to
getrid of NET's during infection. This explains the higher
NET-marker values in male patients seen in Figure 2. It is
quite important to consider that NETs are still excessive-
ly formed in severe COVID-19 patients despite the pres-
ence of increased DNase activity seen in this cohort.
These data indicate that the host DNase is not able to ef-
ficiently degrade and eliminate NETs completely during
severe SARS-CoV -2 infection as also seen for other infec-
tions e.g., Streptococcus suis meningitis [37]. Thus, it
might be speculated that additional NET-stabilizing fac-
tors play a role in this process.

Fig. 4. Increased DNase activity as response to NET release in CO-
VID-19 patients compared to healthy controls. DNase activity was
measured in an enzymatic kinetic assay over 90 min. a A signifi-
cantly higher DNase activity was detected in COVID-19 patients
(Mcontrol = 49, ncovip-19 = 50). b No difference in DNase activity in
male compared to female individuals was observed. However, a
remarkably lower DNase activity was detected in the male CO-
VID-19 patients (Mcontrol male = 385 Meontrol female = 115 COVID-19 male
= 39; NCOVID-19 female = 11). ¢—€ In the COVID-19 blood donors, a
positive correlation between DNase activity and neutrophil num-
bers was observed, which was stronger in the female group (d).
f-k In the COVID-19 blood donors, no correlation between DN-

NETs as a Risk Factor in COVID-19
Infections

Stabilization of NETs by the Cathelicidin LL-37

during SARS-CoV-2 Infection

It is known that NETSs are stabilized against DNase
degradation by cationic peptides as, for example, the hu-
man cathelicidin LL-37 [38], which can be produced by
neutrophils among several other cells [39]. Therefore,
lung sections from three non-SARS-CoV-2-infected pa-
tients (control) and six SARS-CoV-2-infected patients
(COVID-19) were analyzed by confocal immunofluores-
cence microscopy for LL-37 in combination with the neu-
trophil marker MPO (shown in Fig. 5a). Inside the lung
sections, MPO-positive cells and LL-37-positive cells
were identified more frequently in the COVID-19 pa-
tients. A quantitative measurement of integrated density
in the histological slices revealed a significantly higher
LL-37 signal in COVID-19 patients compared to healthy
controls (Fig. 5b). Furthermore, LL-37 was partially ob-
served extracellularly, in different quantities. In conclu-
sion, LL-37 in NETs is confirmed in biopsies from CO-
VID-19 patients indicating that LL-37-stabilized NETs
might explain the presence of NET's despite DNase activ-
ity in the COVID-19 patients (shown in Fig. 3, 4).

As additional confirmation that LL-37 plays a role in
the stabilization of NETs in COVID-19 patients, human
blood-derived neutrophils were incubated with serum of
a COVID-19 patient and analyzed for NET's by confocal
immunofluorescence microscopy for LL-37 and MPO. A
previous study identified NET release after incubating
neutrophils in serum from COVID-19 patients [40].
MPO can be found in NETSs [34]. A representative image
is presented in Figure 6a, showing an eDNA-fiber posi-
tive for LL-37 (green) and MPO (red). These data show
that NETs are positive for LL-37 after treatment of hu-
man blood-derived neutrophils with serum from a CO-
VID-19 patient.

To confirm the results from the analysis of histologi-
cal slices and the ex vivo neutrophil assay, we performed

ase activity and free eDNA or nucleosome was observed. I-n A
negative correlation between DNase activity and age of patients,
especially in the case of male patients (n) was identified, indicating
that elderly male patients have an impaired DNase activity and
subsequently an impaired ability to get rid of NETs during infec-
tion. This explains the higher NET marker values in male patients
seen in Fig. 2. Each dot represents one blood donor, and data are
presented £SD (black dots = all blood donors in the group, orange
dots = female blood donors, blue dots = male blood donors). Data
in (a, b) were analyzed with an unpaired, one-tailed Mann-Whit-
ney test (****p < 0.0001), the values in (c-h) were calculated with
a Pearson’s r analysis of correlation coefficients (two-tailed).
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further quantification of LL-37 in the blood of CO-
VID-19 patients compared to healthy controls. As shown
in Fig. 6b-c, no differences in LL-37 level were detectable
in COVID-19 patients compared to controls. However,
a slight tendency (p = 0.08) of higher LL-37 levels was
detectable in male COVID-19 patients compared to fe-
male patients.

Interestingly, the LL-37 level correlates with neutro-
phil numbers and both NET markers free DNA as well as
nucleosomes in COVID-19 patients, especially in male
COVID-19 patients (Fig. 6d-1). Furthermore, positive
correlations with the D-Dimer level and DNase activity
(online suppl. Fig. 2) were observed again in male CO-
VID-19 patients, indicating a potential additional role of
LL-37 in the risk of NET-associated thrombosis of male
COVID-19 patients by stabilizing NETs against DNase
degradation. As it is known from literature that T'T blocks
LL-37 expression, male patients with low TT show higher
LL-37 expression [41]. Interestingly, low serum levels of
TT are speculated to predispose men, especially elderly
men, to poor prognosis or death during COVID-19 [42].
In line with these aforementioned publications, a signifi-
cantly higher LL-37 level was detected in the male CO-

Fig. 5. Detection of MPO and LL-37 in lung tissue biopsies of
SARS-CoV-2-infected patients. a Lung sections from three non-
SARS-CoV-2-infected patients (control) and six SARS-CoV-2-in-
fected patients (COVID-19) were analyzed by confocal immuno-
fluorescence microscopy for MPO and LL-37. The settings were
adjusted to a respective isotype control. Representative images are
presented always in the upper panel as overview and the lower
panel as zoom of the area marked with the white square (blue =
DNA, green = LL-37, magenta = MPO). The zoom image of the
COVID-19 patient C35 is presented as a representative 3D image

Fig. 6. Cationic antimicrobial peptide LL-37, known to bind NET's
and stabilize them against DNase degradation, was higher in male
COVID-19 patients with low TT. a Human blood-derived neutro-
phils were incubated with serum of a COVID-19 patient and ana-
lyzed for NET's by confocal immunofluorescence microscopy. The
settings were adjusted to a respective isotype control (presented in
online suppl. Fig. 2). A representative image is presented, showing
an eDNA-fiber positive for LL-37 (green) and MPO (red) (scale
bar = 10 um). b No differences in LL-37 level were detectable in
COVID-19 patients compared to controls (ficontrol = 49, ncovip-19
= 50). ¢ No differences in the LL-37 level were detectable between
male and female individuals (7conirol male = 385 Mecontrol female = 113
NCOVID-19 male = 39 MCOVID-19 female = 11). d=f In the COVID-19
blood donors, a positive correlation between LL-37 and neutrophil
numbers was observed. g-i In the COVID-19 blood donors, a pos-
itive correlation between LL-37 and free DNA was observed. j-I In

NETs as a Risk Factor in COVID-19
Infections

VID-19 cohort with a low TT level (Fig. 6m), leading to
the hypothesis that a high LL-37 level besides low DNase
activity may be an additional risk factors in COVID-19
patients when stabilizing massive NET-formation in the
infected host (Fig. 6n).

However, as an oral application of LL-37 producing
Lactococcus lactis was tested in COVID-19 patients as a
new treatment strategy and published as a preliminary
study [43], and antimicrobial peptides like LL-37 are
widely discussed in the COVID-19 pathogenesis [44, 45],
turther studies are needed to clarify the influence of LL-37
on SARS-CoV-2 infections in different patient groups in-
cluding age and sex. Furthermore, dose-dependent ef-
fects of LL-37 are conceivable.

Finally, to give an overview of the correlations be-
tween all recorded clinical data including the medication
as additional parameter (online suppl. Table 2) and all
measured laboratory values, correlation matrixes sum-
marize the overall results again (Fig. 7 and online suppl.
Fig. 3, 4): several significant correlations identified in
male COVID-19 patients were less clearly identified in
female COVID-19 patients and not observed in the con-
trol patients. Further studies are needed with higher fe-

of z-stacks (5.16 um consisting of 42 sections) with extracellular
LL-37 and MPO-positive cells. This reconstruction was performed
with LAS X 3D Version 3.1.0 software (Leica). Scale bar overview
image = 50 um, zoom image = 25 um, 3D zoom image = 20 um. b
The integrated density in the blue (DNA) and green (LL-37) chan-
nel was measured in several pictures of each patient. The ratio was
calculated and is presented as percentage. Each dot presents the
mean of each individual patient. Data are analyzed with an un-
paired, one-tailed Mann-Whitney test, control n = 3, COVID-19
n=7(*p <0.05).

the COVID-19 blood donors, a positive correlation between LL-37
and nucleosome was observed. m As known from literature
that TT blocks LL-37 expression, male COVID-19 patients with
low TT (<9.90 nmol/L) showed higher LL-37 amounts in blood
(nCOVID-IQ male low TT = 28 COVID-19 male normal TT = 11) n A sum-
mary of identified risk parameters is presented. Each dot repre-
sents one blood donor, and data are presented +SD (black dots =
all blood donors in the group, orange dots = female blood donors,
blue dots = male blood donors). This figure was created with Bio-
Render.com. Data in (a, b, m) were analyzed with an unpaired,
one-tailed Student’s ¢ test or Mann-Whitney test if not normally
distributed (*p < 0.05). The values in (d-I) were calculated with a
Pearson’s r analysis of correlation coefficients (two tailed). Data in
(h-j) were analyzed with an unpaired, one-tailed Student’s t test
(**p < 0.01).

(For figure see next page.)
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male patient numbers to identify possible risk factors
therein. Regarding the medication, treatment of CO-
VID-19 patients with antibiotics, virostatic, or antifungal
agents showed a distinct inverse correlation with NET
markers, e.g., free DNA or nucleosomes, which directly
reflect the therapeutic effects of these drugs by minimiz-
ing cytotoxic effects of the pathogens. Interestingly, a sig-
nificant inverse correlation of LL-37 and glucocorticoid
treatment was observed in male COVID-19 patients
(Fig. 7), indicating that glucocorticoid treatment de-
creases LL-37 expression. Similar results were also shown
for salivary concentrations of LL-37 in patients with oral
lichen planus when systemically treated with corticoste-
roids [46]. However, further studies are needed to char-
acterize the effects of specific glucocorticoids on LL-37
and its stabilization of NET's during SARS-CoV-2-infec-
tions.

Conclusion

In summary, our data identified two potential risk fac-
tors of male elderly patients: Insufficient DNase activity
and/or increased LL-37 level which may lead to ineffi-
cient NET degradation and subsequent higher risk of
NET-associated detrimental effects. Based on the increas-
ing evidence that NETs contribute to severe COVID-19
cases, DNase treatment of COVID-19 patients to degrade
NETs is widely discussed as a potential therapeutic strat-
egy. Since increasing age (especially >60 years) may be the
most important risk factor for severe outcomes [25], it
might be considered that a therapeutic treatment of DN-
ase 1) might be useful especially in this group of patients.
Currently, there are ongoing clinical trials with DNase in
COVID-19 patients that aim to characterize the activity
of aerosolized intratracheal DNase 1 administration on
the severity and progression of ARDS in COVID-19 pa-
tients [47, 48].

However, more data are needed to verify our hypoth-
esis. On the one hand, it is considered that therapeutic
DNase treatment might be helpful to prevent the detri-
mental effects of massive NET-formation during CO-
VID-19. On the other hand, DNase treatment can impact

Fig. 7. Correlation matrix of clinical and laboratory parameters
from COVID-19 patients. a Data show all COVID-19 patients.
The correlation was conducted with n = 50 in all data sets, except
neutrophil data with only n = 44 and D-Dimer n = 47. b Data show
male COVID-19 patients. The correlation was conducted with n =
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the growth of certain pathogenic bacteria, e.g., the lung
pathogen Haemophilus influenzae, which can efficiently
use degraded NETs as a growth factor [21, 49]. Finally, a
better understanding of the role of NET's and their stabi-
lization or degradation in the pathogenesis of COVID-19
seems to be a key element for identifying new treatment
strategies for severe and mild cases. With this gained
knowledge in the future, new patient individual treat-
ment strategies could be implemented.
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