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BACKGROUND: Excessive inflammation is pathogenic in the pneumonitis associated with se-
vere COVID-19. Neutrophils are among the most abundantly present leukocytes in the in-
flammatory infiltrates and may form neutrophil extracellular traps (NETs) under the local
influence of cytokines. NETs constitute a defense mechanism against bacteria, but have also
been shown to mediate tissue damage in a number of diseases.

RESEARCH QUESTION: Could NETs and their tissue-damaging properties inherent to
neutrophil-associated functions play a role in the respiratory failure seen in patients with
severe COVID-19, and how does this relate to the SARS-CoV-2 viral loads, I1L-8 (CXCL3)
chemokine expression, and cytotoxic T-lymphocyte infiltrates?

STUDY DESIGN AND METHODS: Sixteen lung biopsy samples obtained immediately after death
were analyzed methodically as exploratory and validation cohorts. NETs were analyzed
quantitatively by multiplexed immunofluorescence and were correlated with local levels of
IL-8 messenger RNA (mRNA) and the density of CD8+ T-cell infiltration. SARS-CoV-2
presence in tissue was quantified by reverse-transcriptase polymerase chain reaction and
immunohistochemistry analysis.

RESULTS: NETs were found in the lung interstittum and surrounding the bronchiolar
epithelium with interindividual and spatial heterogeneity. NET density did not correlate with
SARS-CoV-2 tissue viral load. NET's were associated with local IL-8 mRNA levels. NETs were
also detected in pulmonary thrombi and in only one of eight liver tissues. NET focal presence
correlated negatively with CD8+ T-cell infiltration in the lungs.

INTERPRETATION: Abundant neutrophils undergoing NETosis are found in the lungs of
patients with fatal COVID-19, but no correlation was found with viral loads. The strong
association between NET's and IL-8 points to this chemokine as a potentially causative factor.
The function of cytotoxic T-lymphocytes in the immune responses against SARS-CoV-2 may
be interfered with by the presence of NETs. CHEST 2022; m(m):m-m
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mRNA = messenger RNA; NET = neutrophil extracellular trap
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Take-home Points

Study Question: Are neutrophils and neutrophil
extracellular traps (NETs) involved in lung tissue
damage in severe COVID-19?

Results: We detected NETs in all 16 lung biopsy
samples obtained immediately after death from
patients with fatal COVID-19. Moreover, we observed
heterogenous spatial distribution of the NETs, whose
abundance was unrelated to viral load as assessed by
reverse-transcriptase polymerase chain reaction and
immunohistochemistry. In contrast, NET density
correlated with local expression of the IL-8 chemokine
at the messenger RNA and protein levels. This chemo-
kine is known both to chemoattract neutrophils and to
cause NET extrusion. In this collection of tissue samples
obtained immediately after death, areas rich in NET's
tended to exclude the presence of CD8 T lymphocytes.
Interpretation: Our study provides unequivocal evi-
dence for the abundant presence of NETs in all the
patients with fatal COVID-19 studied. NETs are likely to
be pathogenic in COVID-19 because they induce tissue
damage and thrombosis, and therefore it would be
logical to interfere with neutrophil infiltration or the
NETosis pathway by means pharmacologic in-
terventions. IL-8 is known to be associated with NETosis
induction acting on the CXCR1 and CXCR2 receptors
and is associated spatially with NETs in lungs of patients
with fatal COVID-19. Anti-IL-8 monoclonal antibodies
are being tested in several cancer clinical trials, and
CXCR1 and CXCR2 pharmacologic inhibitors are also
available. Drugs currently under development inhibiting
the peptidyl arginine deiminase 4 enzyme to inhibit
NETosis could also be repurposed to this end.
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COVID-19 caused by SARS-CoV-2 infection is fatal in
1% to 3% of patients, although this has been much
mitigated with the availability of prophylactic
vaccines."” SARS-CoV-2-induced pneumonia likely
begins with viral replication inducing direct virus-
mediated tissue damage. Leukocytes are then recruited,
producing a local and systemic inflammatory response
that can persist even after viral clearance.” The extent of
tissue damage seems to be related more to excessive
inflammation than to direct virus effects.” Lung tissue
from patients with fatal COVID-19 often reveals a
spectrum of diffuse alveolar damage associated with
excess vascular permeability leading to microthrombi
formation and varying degrees of inflammation and
types of cellular infiltrates.”” An excess of circulating
myeloid progenitor cells, immature monocytes, and
neutrophils is associated with COVID-19 disease
severity.''" These circulating cells can be the source of
excessive amounts of inflammatory mediators that
promote vascular permeability and ultimately cause
organ damage.”

Neutrophils are found in the lungs of patients with
fatal COVID-19."* Although their role in COVID-19
pathogenesis remains unclear, neutrophil-associated
functions, such as the production of reactive oxygen
species, proteases, inflammatory mediators, and
cytotoxicity, potentially are harmful mechanisms, at
least in the lungs. Neutrophil extracellular traps
(NETs) are the result of a form of neutrophil death,
called NETosis."”'” Neutrophils extrude their nuclear
DNA coated with lysosomal and cytoplasmatic
polypeptides as a defense mechanism to entrap and
kill prokaryotic microbes. NET's are also involved in a
wide variety of diseases, including chronic lung
diseases.'® In bronchiectasis, NETs correlate with
worse outcome.'”

NETs are characterized by nucleosomes of double-
stranded DNA bound to citrullinated histone 3,
neutrophil elastase, and myeloperoxidase. These
proteins are adsorbed onto the DNA web complexes.
Many microbial components and inflammatory
mediators have been shown to induce NETosis. ELR+
CXCL chemokines acting on CXCR1 and CXCR2, such
as IL-8 (CXCLS8), are among the most effective NET
promoters.13

SARS-CoV-2 has also been shown to elicit NETosis
directly on human neutrophils.'® In patients with
COVID-19, NETs have been detected in the circulation
and lung tissue, including the vascular and airway
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compartment.g’]g’21 Therefore, NET's have been
proposed as being pathogenic in COVID-19.

In this study, we investigated a series of 16 consecutive
lung and liver postmortem biopsy samples obtained
immediately after death from patients with COVID-19.

A multiplexed immunofluorescence assay to detect and
quantify NETs was applied to study the spatial
distribution of NETs and its correlation with tissue
SARS-CoV-2 viral load, clinical features, and the
presence of local IL-8 and CD8+ T cells.

Study Design and Methods
Ethics Statement

This study was approved by the ethics committee of the University of
Navarra, Spain (Identifier: 2020.192). Tissue samples were obtained
with consent from a first-degree relative, following a protocol
approved by the ethics committee of the University of Navarra
(protocol mno.. 2020.192p). Tissues were stored at the Clinica
Universidad de Navarra according to Human Tissue Authority
regulations.

Patient Cohorts

Postmortem lung tissues from 16 patients with a diagnosis of severe
COVID-19 were collected and processed as described.® Liver tissue
was available from eight patients. Patients were divided into an
exploratory cohort (n = 6) and a validation cohort (n = 10) based
on the date of biopsy. Only patients with negative bacterial culture
results at or before the time of death were included in this study.
The demographic and clinical characteristics of the patients with
COVID-19 and control participants are provided in e-Table 1.
Tissues from six patients with ARDS unrelated to COVID-19 were
included as a control group. The underlying causes of ARDS and
patient demographics are detailed in e-Table 1. Pathologic features
are shown in e-Table 2. Three histologically normal lung tissues
collected from patients undergoing lung cancer surgery and three
bacterial pneumonias unrelated to COVID-19 obtained from autopsy
samples were also included as control tissues.

RNA Extraction and Quantitative Reverse-Transcriptase
Polymerase Chain Reaction

Total RNA was extracted from two 5-pm formalin-fixed, paraffin-
embedded (FFPE) tissue sections using the miRNeasy FFPE Kit
(Qiagen). SARS-CoV-2 envelope (E) gene and nucleocapsid (N) gene
were quantified using a commercial kit (SARS-CoV-2 Real Time
PCR Kit; Vircell). Samples were classified as showing positive results
for SARS-CoV-2 when at least one of the two SARS-CoV-2 genes
was detected with a Ct value of < 35.

Immunohistochemistry Analysis for SARS-CoV-2
Nucleocapsid Protein

Staining was conducted with the Bond Polymer Refine Detection kit
(Leica Biosystems), a rabbit anti-SARS-CoV-2 nucleocapsid antibody
(clone, 001; dilution, 1:5000; Sinobiological), and counterstained with
hematoxylin using a Leica BOND-RXm (Leica Biosystems). Whole-
slide image analysis and virus quantification were performed with
the open-source digital pathology software QuPath version 0.2.3
(University of Edinburgh). The number of positive cells was
calculated as a percentage of the total number of cells.

Quantitative In Situ IL-8 Messenger RNA Measurement

In situ detection of IL-8 messenger RNA (mRNA) transcripts in FFPE
tissue sections was carried out using the RNAscope assay (Advanced
Cell Diagnostics) coupled to quantitative immunofluorescence.
Whole-slide image analysis and IL-8 mRNA quantification was
performed using Image] version 1.52c software (National Institutes
of Health). Briefly, the fluorescence signal level of IL-8 mRNA was

measured in the cellular compartment given by an expansion of each
detected nucleus that creates an approximation of the full cell area.

Immunohistochemistry Analysis for IL-8 Protein

Detection of IL-8 protein in FFPE tissue sections was conducted with
EnVision FLEX Target Retrieval Solution, high pH (Dako), a
monoclonal mouse anti-IL8 antibody (clone, 807; dilution, 1:100;
Abcam) and counterstained with hematoxylin. Whole-slide image
analysis was performed using open-source software QuPath version
0.2.3 and is detailed in e-Figure 1.

Multiplexed Immunofluorescence Assays

Two  previously validated and standardized  multiplexed
immunofluorescence protocols were used (optimization in e-Fig
2).7»” Each multiplexed panel allowed for the simultaneous
visualization and quantification of several cellular markers in a single
FFPE tissue section. The NETosis multiplexed panel included a
mouse monoclonal anti-CD15 antibody (clone, Carb-3; dilution,
1:100; Agilent), a rabbit monoclonal antimyeloperoxidase antibody
(clone, EIE7I; isotype, IgG; dilution, 1:2,000; Cell Signaling
Technology), a rabbit polyclonal anti-histone H3 antibody (citrulline
R2+R8+R17, H3Cit; dilution, 1:100; Abcam), a mouse monoclonal
anti-CD8 antibody (clone, C8/144B; isotype IgGl, kappa, ready to
use; Agilent), a polyclonal rabbit anticytokeratin antibody (wide
spectrum screening; dilution, 1:100; Agilent), and DAPI. The
myeloid and lymphoid cell multiplexed panel included a mouse
monoclonal anti-CD68 antibody (clone, PG-MI1, ready to use;
Agilent), a rabbit polyclonal anti-CD3 antibody (IgG, ready to use;
Agilent), a mouse monoclonal anti-CD8 antibody (clone, C8/144B,
ready to use; Agilent), a mouse monoclonal anti-CD20 antibody
(IgG2a; clone, L26, ready to use; Agilent), a mouse monoclonal anti-
CD66b antibody (clone, 80H3; dilution, 1:200; LS-Bio), a mouse
monoclonal anticytokeratin antibody (clone, AE1/AE3, ready to use;
Leica Biosystems), and DAPI Briefly, FFPE tissue sections were
subjected to sequential rounds of antibody staining. Secondary
antibody incubation was carried out with a mix of horseradish
peroxidase conjugated antimouse and antirabbit secondary
antibodies (Akoya Bioscience) and tyramide signal amplification
visualization with fluorophores Opal 520, 540, 570, 620, and 650
(Akoya Bioscience), as described previously.””” An additional
double-staining fluorescence panel included granzyme B (IgG20;
clone, 4E6; dilution, 1:50; Abcam) to map cytolytic function on
CD8+ T cells.

Tissue Imaging and Image Analysis

Multiplexed immunofluorescence slides were scanned on a Vectra-
Polaris Automated Quantitative Pathology Imaging System (Akoya
Biosciences). Spectral unmixing was performed using inForm
software version 2.4.8 (Akoya Biosciences), as described.”>** Image
analysis was performed using the open-source software QuPath
version 0.2.3 and Fiji/Image J. A grid of tiles (1 mm®) covering the
whole-tissue section was applied in each image to quantify NETs
and CD8+ T cells. Both whole-tissue analysis and tile analysis were
performed to calculate the density of NETs (percentage area) and
the percentage of CD8+ T cells. The immune infiltrate evaluated
with the myeloid and lymphoid cell multiplexed panel was
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quantified in 20 randomly selected tiles. For control tissues, whole-
tissue analysis and tile analysis were also performed. Because of
specimen size, normal lung tissues and bacterial pneumonias
comprised between two and four tiles.

NETosis processes were detected and measured based on the
costaining of CD15, myeloperoxidase, and H3Cit by a plugin in
Image ] software as described.”” Briefly, in each image, Otsu’s
thresholding algorithm was applied to establish single threshold
levels of detection for each individual marker. This automated
thresholding method allowed the detections acquired at different
exposure times to be compared. The area of NETosis then was
measured. Whole-tissue area and tile area were used to
normalize the NETosis area and to determine the percentage
area of NETSs.

Myeloid and lymphoid cells were phenotyped as described.”” Briefly,
cells were segmented based on nuclear detection using the StarDist

2D algorithm. A random trees algorithm classifier was trained for
each cell marker. Cells then were subclassified as CD68+, CD3+,
CD8+, CD66b+, and CD20+ cells. CD44- T cells were defined as
CD3+ CD8-. In addition, the expression levels of granzyme B were
measured in CD8+ T cells. Cells negative for these markers were
defined as other cell types. Measurements were calculated as
percentage of the total number of cells.

Statistical Analysis

Correlation analysis between the area of NETs and other features was
conducted with Spearman correlation coefficient (r;). Thrombi areas
were excluded because of high density of NETosis. Wilcoxon-Mann-
Whitney tests were applied to assess the association between
dichotomous traits and the median area of NETs. All statistical tests
were two-sided, and P values of < .05 were defined as statistically
significant.

Results

Neutrophils Infiltrating the Lungs of Patients With
Severe COVID-19

An initial collection of postmortem multiorgan biopsy
samples, including lung tissue, from patients with fatal
COVID-19 was investigated previously (the exploratory
cohort of this study).” Histologically, a prominent and
heterogenous infiltration of macrophages (CD68+-) and
neutrophils (CD66b+) was found in the lungs, mainly in
the interstitium and in areas of diffuse alveolar damage
(e-Fig 3A-3D). The number of infiltrating CD4+ T cells
(CD3+ CD8-) and CD20+ B lymphocytes varied
among the lung tissues. Interestingly, few CD8+ T cells
were observed infiltrating all lungs (e-Fig 3D). Overall,
an intratissue heterogeneity in the spatial distribution of
the leukocyte subsets in the infiltrates was seen.

NETosis in the Lung Tissue from Patients With Fatal
COVID-19

A multiplexed immunofluorescence assay was set up to
detect and quantify NETs (Fig 1A-1C; single channels in e-
Fig 4; optimization in e-Fig 2). Using serial lung tissue
sections and comparing the two multiplexed
immunofluorescence assays, a very strong association
between NET formation and neutrophil infiltration
(CD66b+) was found (r, = 0.941; P < .01) (e-Fig 5). To
investigate the global and local spatial distribution of NET's,
whole-tissue images were analyzed, and a grid of tiles
covering the whole tissue was applied for each image. Each
tile had a surface of 1 mm®. NET density varied in the
whole-tissue and in each tile area, suggesting both
individual and spatial heterogeneity (Fig 1A, 1C;
coefficients of variation in e-Table 1). NET's were seen
mostly in the lung interstitium, very prominently

surrounding the cytokeratin-positive bronchiolar
epithelium (Fig 1A, e-Fig 6). Although less frequent, similar
events were also seen in bacterial pneumonia (Fig 1B-1D).
NET's were detected rarely in healthy lung tissues (Fig 1D,
e-Fig 6). Similarly, NETs were hardly detected in the lungs
of patients with ARDS unrelated to COVID-19 (Fig 1C-1D,
e-Figs 6, 7). NET's seemed to be more common in the lungs
because, in liver tissues from the same patients, NET's were
found in only one of eight patients whose samples were
analyzed thoroughly (e-Fig 8).

NETosis in Lungs With COVID-19 Does Not
Correlate With Tissue Viral Loads

An important question was whether viral presence was
determining neutrophil infiltration and NETosis. To
explore this possibility, quantitative reverse-transcriptase
polymerase chain reactions were used to estimate viral
load. No correlation was found between SARS-CoV-2 viral
load and NETs in lung tissue (r, = 0.124; P = .687) (Fig
2A). The number of cells expressing the SARS-CoV-2 N
protein was also determined by immunohistochemistry.
No correlation was found between SARS-CoV-2 N protein
and NETs (r; = -0.044; P = .874) (Fig 2B), suggesting that
the viral presence and NET formation in tissue may be
independent phenomena. Most of the positive cells
morphologically resembled activated macrophages by their
size and shape (Fig 2C).

Although the presence of neutrophils could be expected
to be associated with some patient characteristics, no
meaningful correlation with previously diagnosed
COPD, endotracheal intubation, length of endotracheal
intubation, length of ICU stay, circulating neutrophils,
or lymphocytes was found (e-Table 3). Similarly, no
associations were observed with circulating D-dimer as
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Figure 1 — NETs in lung tissues of patients with fatal COVID-19. A, Representative fluorescence image of lung tissue from a patient with fatal
COVID-19 showing CD15 (blue channel), MPO (red channel), H3Cit (citrulline R2 + R8 + R17; green channel), cytokeratin (cyan channel), and
DAPI (grey channel). NETs are visualized surrounding the bronchiolar epithelium and in the interstitium as white structures by the marker
combinations CD15, MPO, and H3Cit. Green channel indicates H3Cit-positive staining of extruded DNA originated from neutrophils undergoing
NETosis. A grid of tiles (1 mm?) covering the whole-tissue section was applied in each image to analyze the spatial distribution of NETs. B,
Representative fluorescence image of bacterial pneumonia showing scattered NET formation. C, Representative fluorescence image of ARDS un-
related to COVID-19 showing scarce neutrophils (magenta, CD15 [blue channel] plus MPO [red channel]), and no NET formation. D, NET
distribution plots showing control tissues (normal lung [n = 6], pneumonia [n = 6]) and lung tissues from patients with fatal COVID-19
(exploratory cohort [n = 6] and validation cohort [n = 10]). Each dot represents the NET area percentage in one tile. Mean values of all tiles are
shown. Coefficients of variation are shown in e-Table 2. Fluorescence images for each of the individual markers are shown in e-Fig 4. Scale bars
represent 500 um (A) and 100 um (B). H3Cit = anti-histone H3; MPO = myeloperoxidase; NET = neutrophil extracellular trap.

indicative of thrombosis and C-reactive protein as association between NET's in lung tissue and duration of
indicative of overall systemic inflammatory status. Use the clinical course of the disease was observed (r; =
of the anti-IL-6R monoclonal antibody tocilizumab also 0.49; P < .005) (e-Table 3). Lack of associations may also
failed to correlate with NET density (e-Table 3). An depend on the various stages of the disease process.
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Figure 2 - Lack of association be- A
tween NETs and the presence of
SARS-CoV-2 in lung tissues from
patients with fatal COVID-19. A,
Scatterplot showing lack of associa-
tion between the density of NETs

(% area) and lung tissue viral loads.
B, Scatterplot showing lack of associ-
ation between NETs and the relative
number of cells infected with SARS-
CoV-2. C, Photomicrograph showing
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um. IHC = immunohistochemistry; C
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NET = neutrophil extracellular trap. SARS-CoV-2 nucleocapsid protein by IHC

NETosis in Lung Tissue With Fatal COVID-19
Correlates With Focal IL-8 Production and
Correlates Inversely With CD8+ T-Cell Infiltration

An assay for in situ IL-8 mRNA hybridization was
developed by using a human colon cancer (HT-29) cell
line as a positive control and a human embryonic kidney
293 (HEK-293) cell line as a negative control (e-Fig 9).
The level of IL-8 mRNA was determined in the whole
lung tissue sections and then correlated with the local
IL-8 protein expression. As expected, an association was
found (r; = 0.204; P = .042) (e-Fig 1). Interestingly, IL-8
was highly expressed in some bronchiolar epithelial cells,
endothelial cells, and other cell types, likely
macrophages and neutrophils (Fig 3A-3B, single
channels in e-Fig 10). The level of IL-8 mRNA was
associated strongly with the local NET density (r; =
0.708; P = .002) (Fig 3A-3C). Moreover, abundant NET's
were found inside thrombi located in lung vessels (Fig
4A-4C, single channels in e-Fig 11), as reported
previously.”*' Within the organizing lung thrombi,
areas rich in NETs were also found to be enriched in
cells transcribing IL-8 (Fig 4B-4E).
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In mouse models of cancer and in human solid
tumors, NETs have been shown to correlate
negatively with the presence of CD8+ T
lymphocytes.”””* This may be relevant in COVID-19
because cytotoxic T lymphocytes are important in
the immune responses against RNA viruses. In all
lung tissues (exploratory and validation cohorts), a
very clear negative correlation between contents

of NETs and infiltrating CD8+ T cells was found
(Fig 5A-5D, single channels in e-Fig 12). This
negative correlation was observed globally, in the
whole-tissue analysis, and locally, in the tile analysis
(r¢ = -0.556 for whole-tissue analysis; r, = -0.231
for the tile analysis; P < .01) (Fig 5D). These results
suggest that the spatial distribution of areas rich in
NETs seemed to be devoid of CD8+ T lymphocytes
(Fig 5A-5C). The cytolytic capability of CD8+

T cells was assessed by selective measurement

of granzyme B in CD8+ cells. Granzyme B
expression was limited to a small subset of CD8+
T cells, representing 1.4% to 9.4% of total CD8+
T cells (e-Fig 13).
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Discussion

Excessive inflammation is pathogenic in the
pneumonitis associated with severe COVID-19.
Macrophages and neutrophils are among the most
abundantly present leukocytes in the lung inflammatory
infiltrates. SARS-CoV-2 infects and replicates in alveolar
macrophages that eventually die. Monocyte-derived
alveolar macrophages then are recruited, which in turn
become infected. This process is likely to sustain local
lung inflammation and generates an excessive level of
inflammation that ultimately is responsible for tissue
damage and organ disfunction.” This study found a
clear neutrophil infiltration in all lung tissues from
patients with fatal COVID-19. A spatial heterogeneity of
the neutrophil infiltrate distributions was also observed
within each lung tissue and may reflect a spectrum from
acutely inflamed areas to others with severe lung tissue
damage and others with signs of end-stage involvement.

Figure 3 - In situ IL-8 mRNA and NETs in lung
tissues of patients with fatal COVID-19. A, Repre-
sentative fluorescence image of lung tissue with a
high density of NETs. NETSs are visualized especially
in the interstitium and surrounding bronchiolar
epithelium as white structures by the marker com-
binations CDI15 (blue channel), MPO (red channel),
and H3Cit (green channel). Consecutive lung tissue
section shows IL-8 mRNA signal (yellow channel)
especially seen within and around the bronchiolar
epithelium. B, Representative fluorescence image of
lung tissue with a very low density of NETSs.
Consecutive lung tissue section shows a low level of
IL-8 mRNA. C, Scatterplot showing the association
between NETs and in situ IL-8 mRNA in consecu-
tive lung tissue sections. Fluorescence images for
each of the individual markers are shown in

e-Fig 10. Scale bars represent 150 pm. H3Cit =
anti-histone H3; MPO = myeloperoxidase;

mRNA = messenger RNA; NET = neutrophil
extracellular trap.

NETs already have been detected in the lungs of patients
with fatal COVID-19.'%2%?%?” Herein, we demonstrated,
in a relatively large series, that neutrophils and NETs are
a constant histopathologic feature in the lungs of
patients with fatal COVID-19. Similar to the scattered
neutrophil distribution, NETs were also found at
variable levels and with a heterogeneous spatial
distribution. Their heterogeneous abundance was not
linked to tissue viral load. Importantly, the spatial
heterogeneity of NET's was associated strongly with local
IL-8 levels. In a spatial manner, a negative correlation
was found between the abundance of NETs and CD8+
tissue-infiltrating T cells.

NETosis could be the result of several mediators known
to be present in COVID-19 pneumonitis such as tumor
necrosis factor o, IL-8, IL-lB, C5a, and IL-17A.%%*8 1L-8
(CXCLS) is a key chemokine for chemotaxis of
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Figure 4 — In situ IL-8 mRNA and NETs in pulmonary thrombi from patients with fatal COVID-19. A, Photomicrograph depicting hematoxylin and
eosin stain of lung tissue showing an organizing thrombus in a medium vessel. B, C, Fluorescence images of the pulmonary thrombus showing a high
density of NETs. NETs are visualized as white structures by the marker combinations CD15 (blue channel), MPO (red channel), and H3Cit (green
channel). D, E, High IL-8 mRNA signal (yellow channel) is found in the organizing thrombus. Fluorescence images for each of the individual markers
are shown in e-Fig 11. Scale bars represent 200 um. H3Cit = anti-histone H3; MPO = myeloperoxidase; mRNA = messenger RNA; NET = neutrophil

extracellular trap.

neutrophils able to elicit NETs in a gradient fashion.”” chemokine in NETosis induction, as reported previously

The clear association between NET's and local IL-8 levels in other disease settings.”*”" IL-8 is likely to be both

provides circumstantial evidence for involvement of this chemoattracting neutrophils and inducing NETosis in
A

H3Cit - NETs :
CD8/ CK / DAPI / MPO/ H3Cit - NETs

H3Cit - NETs }
CD8/ CK/ DAPI H3Cit - NETs

Figure 5 - CD8+ T-cell infiltration and NETs
in the lung tissue of patients with fatal
COVID-19. A, Representative fluorescence
image of lung tissue with a high density of
NETs. NET-rich areas tend to have low CD8+
T-cell infiltrations. B, Representative fluores-
cence image of lung tissue with a very low
density of NETs. Low neutrophil infiltration
(magenta, CD15 [blue channel], MPO [red
channel]), and high CD8+ T-cell infiltrations
are seen. C, Fluorescence image showing
prominent NET formation surrounding peri-
bronchiolar areas with discrete CD8+ T-cell
infiltration. D, Scatterplot showing correlation
between NETs and CD8+ T cells in whole-
tissue sections. Fluorescence images for each of
the individual markers are shown in e-Fig 12.
Scale bars represent 500 um (A), 100 um (B),
and 50um (C). H3Cit = anti-histone H3;
MPO = myeloperoxidase; NET = neutrophil
extracellular trap.

CD8 (% cells)
N

0.5 1.5
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COVID-19 pneumonitis. NETosis seems to be more
common in the lungs, because NETs were found rarely
in the liver tissue from the same patients. As reported
previously, liver histologic examination showed discrete
features of inflammation.® This suggests that NET
formation seems to be mediated by local inflammation,
possibly triggered by IL-8. Similarly, IL-17A has also
been shown to induce NETosis in COVID-19.”° Other
yet to be discovered factors could also play a role in the
observed COVID-associated lung NETosis.

Although SARS-CoV-2 has been shown to induce
NETosis directly in an angiotensin converting enzyme
2-dependent fashion,'® this study found no correlation
between NETSs and tissue viral load. This may reflect the
duration of the clinical course and suggests that NET's in
the lung of fatal COVID-19 seem to be more related to
the strong inflammatory responses than to the direct
presence of the virus. Similarly, in a Syrian hamster
model, SARS-CoV-2 lung infection also drives NETosis,
although it remains to be seen whether through direct or
indirect cytokine-mediated mechanisms.”’

NETSs may play a fundamental role in respiratory failure
for their tissue-damaging properties inherent to
neutrophil activation. Moreover, the viscosity of
extruded DNA could contribute mechanically to
reduced lung compliance. Importantly, airways
obstructed by NETs were not found, as seen in cystic
fibrosis.”” Similar to previous reports,””' neutrophils
and NETs were detected in pulmonary thrombi from
patients with fatal COVID-19. Importantly, IL-8
secreted within the organizing thrombi may
chemoattract neutrophils potently and may induce NET
formation, potentially linking inflammation and
thrombosis.””

If considered pathogenic, it would be logical to interfere
with the NETosis pathway by pharmacologic routes.
Drugs inhibiting the peptidyl arginine deiminase 4
enzyme inhibit NETosis.”” Moreover, anti-IL-8
monoclonal antibodies are being tested in clinical
trials,**** and CXCR1 and CXCR2 pharmacologic
inhibitors are available.>® In addition, anti-IL-17A
antibodies are also used in patients with psoriasis, and
IL-17A has been shown to elicit NETosis in
experimental pancreatic cancer.”” In the case of IL-8,
this issue is especially important because alternative
chemokines are known to elicit NETosis acting on the
same receptors such as CXCL1 and CXCL2. Thus,
tampering with receptor function could be the best
option. Direct interventions to degrade extracellular
DNA with DNase I are also possible, and clinical trials
with inhalation delivery of clinical-grade DNAse I
(Pulmozyme, Genentech) are in progress.”*”” However,
penetration of the enzyme into the interstitium where
we observed the NETs, particularly around the airways,
may be an issue.

Interpretation

Our results showed that NETosis is a prominent and
constant histopathologic feature of severe COVID-19 in
the lungs, and that this seems to correlate with IL-8
expression and with weaker CD8 T-cell presence in the
tissue. The mechanisms whereby NETs could interfere
with CD8 T lymphocytes remain to be elucidated.
Importantly, CD8+ T-cell responses are likely to
contribute to virus clearance.”’ Causative associations
remain to be addressed, but NETs and NET formation
offer therapeutically actionable targets already under
investigation.
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