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Neutrophils with intact
multilobulated nuclei
show ASC speck
formation and high
histone H3
citrullination in
patients with severe
COVID-19.

Infection by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) engages the
inflammasome in monocytes and macrophages and leads to the cytokine storm in COVID-19.
Neutrophils, the most abundant leukocytes, release neutrophil extracellular traps (NETSs),
which have been implicated in the pathogenesis of COVID-19. Our recent study shows that
activation of the NLRP3 inflammasome is important for NET release in sterile inflammation.
However, the role of neutrophil inflammasome formation in human disease is unknown. We
hypothesized that SARS-CoV-2 infection may induce inflammasome activation in neutrophils.
We also aimed to assess the localization of inflammasome formation (ie, apoptosis-associated
speck-like protein containing a CARD [ASC] speck assembly) and timing relative to NETosis

in stimulated neutrophils by real-time video microscopy. Neutrophils isolated from severe
COVID-19 patients demonstrated that ~2% of neutrophils in both the peripheral blood and
tracheal aspirates presented ASC speck. ASC speck was observed in neutrophils with an

In murine neutrophils,
ASC speck forms
transiently at the
microtubule organizing
center, before nuclear
rounding, early in
NETosis.

intact poly-lobulated nucleus, suggesting early formation during neutrophil activation.
Additionally, 40% of nuclei were positive for citrullinated histone H3, and there was a
significant correlation between speck formation and nuclear histone citrullination.
Time-lapse microscopy in lipopolysaccharide -stimulated neutrophils from fluorescent ASC
reporter mice showed that ASC speck formed transiently and at the microtubule organizing
center long before NET release. Our study shows that ASC speck is present in neutrophils
from COVID-19 patients with respiratory failure and that it forms early in NETosis. Our
findings suggest that inhibition of neutrophil inflammasomes may be beneficial in COVID-19.

Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is clinically heterogenous, ranging from mild flu-like symptoms to acute respi-
ratory distress syndrome and sometimes progressing to multisystem organ failure." Severe COVID-19 is

Submitted 16 August 2021; accepted 12 December 2021; prepublished online on
Blood Advances First Edition 6 January 2022; final version published online 28 March
2022. DOI 10.1182/bloodadvances.2021005949.

Any original datasets and protocols can be available to other investigators. Requests
for data sharing may be submitted to Karen Aymonnier (aymonnier.karen@hotmail.fr).

The full-text version of this article contains a data supplement.

Licensed under Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International (CC BY-NC-ND 4.0), permitting only noncommercial, nonderivative use
with attribution. All other rights reserved.

12 APRIL 2022 - VOLUME 6, NUMBER 7 2001


https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode

associated with an overly exuberant inflammatory response, including
hyperactivation of immune cells and elevated levels of proinflamma-
tory cytokines in the blood.2® For example, high levels of interleukin
(IL)-1B and IL-6 were detected in lung autopsies and plasma from
SARS-CoV-2 infected patients.>* Additionally, an increased percent-
age of IL-1B—producing monocytes has been detected in the blood
of COVID-19 patients by single-cell RNA sequencing analysis.”
Indeed, monocytes and macrophages have been extensively
described as the main source of these proinflammatory mediators
driving COVID-19 pathology.

Processing of the IL-1B cytokine, a master regulator of inflammation,
occurs mostly within inflammasomes. Inflammasomes are intracellular
multiprotein signaling platforms that mediate pivotal innate inflamma-
tory responses. Several recent studies using in vitro models and clini-
cal samples have shown that SARS-CoV-2 engages inflammasomes
and pyroptosis in human monocytes.®” Activation and assembly of
the inflammasome activates caspase-1, which cleaves specific proin-
flammatory cytokines (eg, IL-1B) into their mature, secreted forms
and initiates death by pyroptosis. Inflammasomes can be assembled
by select pattern recognition receptors. Apoptosis-associated speck-
like protein containing a CARD (ASC) (caspase activation and
recruitment domain) is an adaptor molecule composed of an
N-terminal pyrin domain and a CARD, which interacts directly with
multiple pattern recognition receptors, such as NLRPs (nucleotide-
binding oligomerization domain, leucine-rich repeat [NLR] and pyrin
domain containing proteins), NLR caspase recruitment domain-
containing protein (NLRC), and AIM2 to form an active inflamma-
some. ASC accumulation at the inflammasome promotes caspase 1
autoactivation. The active inflammasome can be visualized by light
microscopy by what is colloquially referred to as a “speck,” a large
protein complex decorated by ASC proteins. In activated cells, an
ASC speck reaches a size of ~1 pum, and most commonly, only 1
speck per cell forms upon stimulation.®

Traditionally, inflammasomes have mainly been studied in monocytes
and macrophages, with very little interest in neutrophils. For example,
in COVID-19 patients, Rodrigues et al reported that peripheral blood
mononuclear cells (PBMCs) demonstrate clear visualization of
NLRP3 and ASC speck.” However, neutrophils, despite their high
numbers, were not examined. Neutrophils constitute the first line of
defense against pathogens and are an early responder to stimuli that
lead to tissue injury. During injury or infection, activated neutrophils
release decondensed DNA and histones from their nucleus, forming
a network of extracellular chromatin known as neutrophil extracellular
traps (NETs). The intracellular process of forming NETs is called
NETosis. A very important step in NETosis is chromatin decondensa-
tion initiated by activation of the enzyme peptidyl arginine deiminase
4 (PAD4), which leads to citrullination of histones in the nucleus, thus
reducing their positive charge. Citrullinated histones are a good bio-
marker of NETosis.® Although NETosis was initially described to be
induced by infection, it also prominently occurs in sterile inflammation.
Recently, our team has shown that NLRP3 inflammasome assembly
and activation plays an important role in the release of NETs from
neutrophils under sterile conditions.® In particular, NLRP3 supported
both nuclear envelope and plasma membrane rupture during
NETosis. Pharmacological inhibition of NLRP3 in either mouse or
human neutrophils reduces NETosis."®

The pathogenic role of NETs has been demonstrated in a variety of
conditions including thrombosis, cancer, ischemia-reperfusion injury,
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organ fibrosis, and acute lung injury.®'" In animal models of severe
ARDS, such as transfusion-related acute lung injury, NETs are
extremely damaging, which interferes with blood oxygenation.'?
Interestingly, NETs may play an important role in COVID-19."® High
blood neutrophil levels are an early indicator of SARS-CoV-2 infec-
tion'* and may cause serious respiratory problems.'® The excessive
accumulation of neutrophils and NETs in the SARS-CoV-2 infected
lung may contribute to increased mucous viscosity, which in turn
may impair ventilation.'®

Because NETosis involves inflammasome assembly in sterile inflam-
mation, we hypothesized that inflammasomes may also form in neu-
trophils during SARS-CoV-2 infection. Together with resulting
NETSs, neutrophil inflammasome may contribute to severe COVID-
19 pathology. In this report, we studied freshly isolated neutrophils
from COVID-19 patients. We found the presence of ASC speck in
neutrophils from blood and tracheal aspirates and observed high
levels of citrullinated nuclei, indicating NETosis. Additionally, using a
genetically modified mouse model, we showed that speck forms
early in the process of NETosis, thus substantiating the hypothesis
that inflammasome regulates NETosis.

Materials and methods
Patients

This study was approved by the Institutional Review Boards of Bos-
ton Children’s Hospital and Brigham and Women's Hospital.
Informed consent was obtained from the legally authorized represen-
tative or surrogate of eligible COVID-19 patients prior to study par-
ticipation. Six intensive care unit patients over 18 years of age with
COVID-19 pneumonia complicated by respiratory failure requiring
intubation and mechanical ventilation were enrolled from 12/9/20 to
1/18/21. Subjects had reverse transcription polymerase chain
reaction—confirmed SARS-CoV-2 infection and were enrolled within
120 hours of initiation of mechanical ventilation. A 10 mL ethylenedi-
aminetetraacetic acid (EDTA) blood sample was processed within 1
hour of collection. Demographics and clinical data are summarized
in supplemental Table 1.

Aged-matched healthy donor samples were processed and ana-
lyzed in parallel with patient samples according to the same proto-
col. The experimental procedure was approved by the Office of
Clinical Investigations at Boston Children's Hospital (protocol num-
ber IRB-PO0003283). Informed consent was provided by donors.

Plasma, PBMC, and neutrophils isolation

Ten milliliters of peripheral blood were collected from patients via
indwelling venous catheters and from healthy controls by venipunc-
ture in EDTA tubes. Seven milliliters were centrifuged for 10 minutes
at 450 X g for plasma separation. Three milliliters of whole blood
were layered over 2 different density Histopaque gradients (Sigma)
and centrifuged for 30 minutes at 872 X g. PBMCs were obtained
from the first layer (on Histopaque 1077), and neutrophils were iso-
lated from the second buffy coat layer (on Histopaque 1119). Cells
were then washed twice with RPMI without phenol red (Gibco) at
200 X g for 10 minutes before being quantified. Neutrophils
obtained from COVID-19 patients or healthy controls were incu-
bated with RPMI 1640 supplemented with 10 mM N-2-hydroxye-
thylpiperazine-N'-2-ethanesulfonic acid (HEPES). Neutrophils and
PMBC were attached to slides for 30 minutes at 37°C before
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fixation with 4% paraformaldehyde (PFA) for 30 minutes at room
temperature (RT) prior to staining.

Healthy human neutrophils attached to the slides were also stimu-
lated as indicated at 37°C, 5% CO, with 5 pg/mL lipopolysaccha-
ride (LPS) (from Klebsiella pneumoniae, Sigma-Aldrish, cat. L1519)
before fixation with 4% PFA for 30 minutes at RT.

IL-13 measurement in supernatant

Neutrophils from healthy humans were plated at 5 X 10° cells per
mL in 48-well plates and stimulated with 5 pg/mL LPS (from K
pneumoniae, Sigma-Aldrish, cat. L1519) for 4 hours at 37°C, 5%
CO,. Culture supernatants were collected and nonadherent cells
removed by centrifugation. Concentration of supernatants was done
with Amicon Ultra-0.5 Centrifugal Filter Unit (Millipore) per manufac-
turer's protocol. IL-18 was measured by enzyme-linked immunosor-
bent assay according to the manufacturer's instructions (ELISA
MAX Deluxe Set Human IL-18, Biolegend).

Tracheal aspirates

Tracheal aspirate was obtained from COVID-19 by aspiration of the
endotracheal tube. The collected fluids were mixed 1:1 with 0.1 M
dithiothreitol (Thermo Fisher Scientific), incubated for 10 minutes at
RT, and centrifuged at 400 X g at RT for 10 minutes. Tracheal
smears were performed on glass slides and fixed with 4% PFA for
1 hour prior to immunostaining.

Immunofluorescence

Fixed cells were washed once with phosphate-buffered saline (PBS),
permeabilized for 10 minutes at 4°C, and incubated with blocking
buffer (2.5% bovine serum albumin, 0.5% Tween-20 in 1X PBS) at
37°C for 1 hour. Afterward, the samples were incubated at 4°C over-
night with the following primary antibodies: rabbit anti-citrullinated his-
tone H3 (1:500; Abcam, cat. ab5103), rabbit anti-ASC (1:400;
Adipogen, clone AL177), mouse anti-CD66b (1:500; Biolegend cat.
305102). The samples were washed in PBS and incubated with sec-
ondary antibodies: donkey anti-mouse immunoglobulin G AlexaFluor
555 (1:1500; Thermo Fisher Scientific, cat. A32787, 1:1500) or
donkey anti-rabbit AlexaFluor 488 (1:1500, Abcam, cat. ab150061).
After another 3 wash steps with PBS, the samples were mounted
using mounting medium containing 4',6-diamidin-2-phenylindole
(DAPI ). Images were visualized on an Axiovert 200M wide-field fluo-
rescence microscope (Zeiss) coupled to an AxioCam MR3 mono-
chromatic CCD camera (Zeiss) using a Zeiss Plan-Apochromat
63/1.4 oil differential interference contrast (DIC) objective lens with
the Zeiss AxioVision software (version 4.6.3.0). Images were identi-
cally acquired and processed with Fiji/imagelJ software.

For confocal microscopy, imaging of immunostainings was carried
out on a Zeiss LSM 780 confocal microscope with a 100X oil
objective.

Mice

C57BL/6 mice and R26-CAG-ASC-citrine mice [B6.Cg-
Gt(ROSA)26Sortm1.1(CAG-Pycard/mCitrine*,—CD2*)Dtg/J)]  were
acquired from The Jackson Laboratory (stock no. 000664 and
030744) and were crossed to obtain heterozygous R26-CAG-ASC-

citrine mice in the animal facility of Boston Children’s Hospital. All
experimental animal procedures in this study were approved by the
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Institutional Animal Care and Use Committee of Boston Children's
Hospital under the protocol number 20-06-4140R.

Isolation of murine neutrophils

Murine neutrophils were freshly isolated from the blood of heterozy-
gous ASC reporter mice. Mice were bled for 1 mL via the retro-
orbital plexus into 2 mL anticoagulant (15 mM EDTA and 1% bovine
serum albumin in sterile PBS) after being deeply anesthetized with
isoflurane. The blood was centrifuged at 500 X g for 12 minutes at
room temperature. The supernatant was removed, and cells were
resuspended in anticoagulant before loaded on top of a Percoll gra-
dient column of 52%/69%/78% in a 15 mL centrifuge tube. The
column was then centrifuged at 1500 X g for 32 minutes at RT
with acceleration set at 3 and deceleration set at 0. Cells at the
69%/78% interface were collected and pelleted with addition of
PBS at 500 X g for 12 minutes at room temperature. After lysis of
red blood cells with water, neutrophils were then resuspended in
imaging media (phenol red—free RPMI 1640 supplemented with
10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, either
stained with silicon rhodamine (SiR)-DNA or SiR-tubulin (Cytoskele-
ton) according to the manufacturers’ directions for immediate live
imaging and stimulated for NETosis.

Time-lapse visualization by spinning disc confocal
and DIC microscopy

Time-lapse microscopy was performed using isolated peripheral neu-
trophils from R26-ASC-citrine reporter mice. After staining, cells were
washed and resuspended in 300 pL of imaging media before the cell
suspension was added and allowed to adhere for 5 minutes in a non-
coated 24-well glass bottom plate located on a 37°C prewarmed
microscope stage. Three to 10 random fields per well were visualized
using a Nikon Eclipse Ti2 microscope equipped with Perfect Focus,
a Yokogawa CSU-W1 spinning disc scanhead, a Nikon motorized
stage with xy linear encoders containing a Nano-Z100 piezo insert,
and a Hamamatsu Orca-flash 4.0 v3 camera with a Plan Apo Tirf
60X oil 1.49 NA DIC Nikon objective lens. Confocal and DIC images
were acquired every 2 minutes for the first 60 minutes and every 5
minutes for the rest of the visualization, up to 4 hours. After imaging
the baseline for 3 cycles (6 minutes), 300 pL of imaging medium
containing LPS (from K pneumoniae, Sigma-Aldrish, cat. L1519) was
added to achieve a final LPS concentration of 10 ug/mL.

Statistical analyses

Statistical analysis of differences between groups was performed
using the appropriate test as indicated. A P value less than .05 was
considered significant.

Results

Six patients with SARS-COV-2 infection diagnosed by nasopharyn-
geal reverse transcription polymerase chain reaction were enrolled
in this study. All subjects were admitted to the intensive care unit
for COVID-19 pneumonia complicated by respiratory failure requir-
ing intubation and mechanical ventilation. Demographic and clinical
characteristics are shown in supplemental Table 1 and supplemen-
tal Figure 1. First, we assessed cleaved mature IL-18 and IL-1B in
plasma from COVID-19 patients and compared them with plasma
from 8 age-matched healthy controls (Figure 1A-B; supplemental
Figure 1A) as downstream readouts for inflammasome activation. In
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concordance with literature, we found significantly higher concentra-
tions of IL-1B and IL-18 in the plasma of COVID-19 patients com-
pared with the healthy controls (Figure 1A-B), suggesting the
presence of an active inflammasome in these patients. As others
before us,'® we observed a highly significant increase in plasma lev-
els of NET biomarkers H3cit, DNA-myeloperoxidase complexes, and
double-stranded DNA (Figure 1C-E).

Circulating neutrophils from severe COVID-19
patients form ASC speck and begin the process of
NETosis, as seen by the presence of H3cit in nuclei

The presence of an inflammasome was recently detected in PBMCs
in COVID-19.” To decipher if neutrophils can also activate inflamma-
somes in severe COVID-19, neutrophil and PBMC isolation was ini-
tiated within 1 hour of blood drawing. We assessed inflammasome
activation by performing immunofluorescence staining of ASC pro-
tein. Microscopy revealed the presence of ASC speck (red) in neu-
trophils (Figure 1F) and confirmed in monocytes (Figure 1G),
indicating inflammasome assembly in both of these innate immune
cells from COVID-19 patients. Notably, ASC speck was observed
in neutrophils with a characteristic multilobulated nucleus and in the
usual perinuclear position (Figure 1G). Quantification showed that
COVID-19 neutrophils had a significantly higher percentage of ASC
speck—positive cells compared with healthy controls (Figure 1H).

We have recently found that the formation of the NLRP3 inflamma-
some in sterile inflammation is necessary for efficient production of
NETs.'® The citrullinating enzyme PAD4 is also activated during
NETosis. Thus, we evaluated neutrophil nuclei for the presence of
ongoing citrullination. Not surprisingly, immunofluorescence staining
for H3cit in the nuclei was very prominent in ~40% of neutrophils
(Figure 11-J). Remarkably, the percent of ASC speck in neutrophils
was significantly correlated with the percent of H3cit positive neutro-
phil nuclei (Figure 1K), suggesting a link between inflammasome acti-
vation and NETosis also after infectious agent-induced stimulation.

PBMCs from severe COVID-19 patients form ASC
speck at similar frequency to neutrophils

ASC speck formation was also assessed quantitatively in fresh
PBMCs. The PBMC fraction is mostly composed of lymphocytes
and monocytes but can include low density neutrophils (LDNs).'”
Schulte-Schrepping et al reported that LDNs in severe COVID-19
contained immature neutrophils, including pro- and preneutrophils,
which was not observed in mild cases of COVID-19."® Conse-
quently, specific staining for neutrophils with an anti-CD66b antibody
was performed in addition to ASC protein staining (Figure 2A). Our
results confirmed a larger subset of LDNs present in the PBMC

fraction of severe COVID-19 (Figure 2B), and most of their nuclei
were also positive for H3cit (Figure 2C-E). Similar to Rodrigues et al,
we observed a higher percentage of ASC speck—positive cells in
the CD66b ™~ population of PBMCs in COVID-19 patients compared
with healthy controls (Figure 2D). Furthermore, this percentage of
cells forming speck was similar to that of neutrophils, ~2%.

Neutrophils recruited to the lungs in COVID-19-
severe patients present inflammasome activation
and nuclear citrullination indicative of NETosis

Investigation of myeloid populations present in tracheal aspirates of
severe COVID-19 patients showed that granulocytes represent up
to 80% of total CD45™" lung infiltrates.'® In smears of tracheal aspi-
rates of our patients, we observed that ~60% of the recruited cells
were positive for CD66Db, indicating a prominent presence of neutro-
phils (Figure 3A-B). In concordance with peripheral blood neutro-
phils, ASC specks were detected in neutrophils of tracheal
aspirates from COVID-19 patients (Figure 3A and C). Moreover,
~40% of CD66b™ cells were also positive for H3Cit (Figure 3D).
This result explains several prior studies showing that NETs are
highly produced in COVID-19 tracheal aspirates.'® Given that neu-
trophils are the overwhelming majority (79% to 94%) of the leuko-
cytes in COVID-19 (supplemental Table 1) and ~10 times more
prevalent than monocytes in our patients (supplemental Figure 1B),
these findings reveal that neutrophils may contribute to cytokine pro-
duction and pyroptosis via inflammasome activation in the COVID-
19 lung and blood. Considering the low sample number, we were
not able to find a statistically significant correlation between speck
and H3Cit" nuclei in neutrophils in tracheal aspirates, although a
strong trend toward correlation was noted (Figure 3E).

Inflammasome assembles early in LPS-stimulated
human neutrophils during NETosis

We observed speck mainly in neutrophils from COVID-19 patients
with multilobular intact nuclei (Figure 1F-H), suggesting an early
inflammasome formation during activation of neutrophils. We studied
the in vitro time course of ASC speck formation in human neutro-
phils in response to K pneumoniae LPS activation to mimic infec-
tion. The quantification of speck formation over time showed that by
1 hour of LPS activation, the number of specks increased, whereas
at 4 hours, it was lower and similar to unstimulated neutrophils
(Figure 4A and B). NETosis appeared after the formation of speck,
typically peaking around 4 hours. Secretion of IL-18 in supernatant
was measured at 4 hours and was far higher after LPS activation
(Figure 4C). These results suggest that during infection, human neu-
trophils can trigger speck formation and secretion of IL-1j3.

Figure 1. Circulating neutrophils from COVID-19 pneumonia patients demonstrate inflammasome activation and high nuclear citrullination. Plasma samples
from healthy controls (n = 8) and patients with severe COVID-19 (n = 6) were evaluated for: (A) IL-1B, (B) IL-18, (C) H3cit, (D) dsDNA, and (E) MPO-DNA complexes.
Values are means plus or minus SEM. Data were analyzed using Mann-Whitney U test; *P < .05, ***P < .0001. Neutrophils freshly isolated from healthy controls and

patients with severe COVID-19 were stained with DAPI (blue) and (F) an anti-ASC antibody (red) or (I) with an anti-H3cit antibody (red). White arrows indicate the presence

of the ASC speck. Nonspecific staining corresponds to immunostaining performed without primary antibodies. (F) Representative images from widefield microscopy of

neutrophils. Scale bar, 10 wm. (G) Representative confocal microscopy images of an immunostained neutrophil and a PBMC from COVID-19 patient. Blue, DNA (DAPI);

red, ASC antibody staining. Scale bar, 5 pm. (H) Quantification of neutrophils presenting a speck. () Representative images from widefield microscopy of neutrophils. Scale

bar, 10 um. (J) Quantification of neutrophils with nucleus positive for H3cit. Each dot represents 1 individual. Values are means plus or minus SEM. Data were analyzed by

Mann-Whitney U test; *P < .005, **P < .001. (K) Correlation between the percentage of neutrophils positive for H3cit and percentage of neutrophils forming speck among

all individuals healthy (M) and COVID-19 patients (e). A nonparametric Spearman correlation test was computed. dsDNA, double-stranded DNA; H3cit, citrullinated histone

H3; MPO-DNA, myeloperoxidase-DNA; SEM, standard error of the mean.
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Figure 2. PBMCs from severe COVID-19 patients form ASC speck at similar frequency to neutrophils. PBMCs were stained with DAPI (blue), an anti-CD66b
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tracheal aspirates. (D) Quantification of H3cit ™ neutrophils in tracheal aspirates. (E) A nonparametric Spearman correlation test was computed. SEM, standard error of the mean.

Inflammasome activation occurs transiently near regulating NETosis in COVID-19. NETosis comprises a well-
the microtubule-organizing center early during orchestrated sequence of cellular events, including loss of cytoplas-
NETosis in LPS-stimulated murine neutrophils mic organization, nuclear rounding and swe!ing, nuclear envelope

disassembly, and plasma membrane rupture.?® The combination of
This prompted us to hypothesize that the inflammasome forms early our previous analysis of speck in solely sterile inflammation and the

in the process of NETosis before nuclear rounding, thus possibly notion that the timing and formation of ASC speck in neutrophils
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lengths of time with 5 pg/mL of LPS and stained with DAPI (blue) and an anti-ASC antibody (red). (A) Representative images from widefield microscopy of neutrophils

activated for 30 minutes with 5 pg/mL of LPS. White arrows indicate the presence of the ASC speck. Scale bar, 10 wm. (B) Quantification of neutrophils presenting a

speck at 30 minutes, 1 hour, and 4 hours after LPS activation. (C) IL-18 concentration measured in the supernatant of unstimulated (US) neutrophils or activated with LPS.

Each dot represents 1 individual. Values are means plus or minus SEM. Data were analyzed by Mann-Whitney U test; *P < .05. SEM, standard error of the mean

was not previously described encouraged us to study in details the
kinetics and localization of ASC speck during NETosis in mouse neutro-
phils in real time upon K pneumoniae LPS stimulation. We took advan-
tage of transgenic mice that ectopically express the fluorescent adaptor
protein ASC-citrine to visualize speck formation and follow the distribu-
tion of ASC-associated fluorescence.?' Cells were stained with the
DNA-specific vital dye, SiR-DNA, and DIC and spinning-disk confocal
images were acquired at each 2- to 5-minute time interval for 4 hours
(Figure 5; videos available online). As described by Thiam, Wong, and
colleagues,® cells rapidly formed plasma MV upon activation, which is
a hallmark of cellular entry into NETosis, and this event was used as an
easily visualized temporal initiation point for our study. In brief, MV shed-
ding is followed by nuclear rounding, nuclear rupture with DNA release
into the cytoplasm, and finally extracellular DNA expulsion.

Our time lapse videos showed that after LPS stimulation, even before
vesiculation, a speck is formed near the nucleus (supplemental Video
1) ~5 minutes before MV shedding (Figure 5A-B). Rounding of the
nucleus in LPS-activated cells happened on average at 23 minutes
(Figure 5B; supplemental Table 2). Interestingly, the observed ASC
speck disappeared in majority of cells before NET formation (supple-
mental Video 1; Figure 5A-B; supplemental Table 2). The peak num-
ber of cells presenting a speck is reached at ~54 minutes after the
addition of LPS (Figure 5C). The fluorescence intensity associated
with ASC speck was quantified according to time relative to MV
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shedding (Figure 5D). Our videos show that high ASC speck fluores-
cence intensity persists for a minimum of several minutes before
showing signs of slow dissolution, remaining visible on average for
80 minutes. This finding suggests a very well-organized spatiotempo-
ral system of inflammasome assembly and disassembly in neutro-
phils. Speck disappearance was relatively close in time to NETosis
(supplemental Table 2; Figure 5B). In the presence of LPS, 54.9% of
ASC speck—positive neutrophils completed NETosis, as opposed to
only 17.5% of cells in which we did not detect a speck (Figure 5E).
This further indicates a functional link between speck and NETosis.

Because MT and microtubules organizing center (MTOC) are impor-
tant in speck formation in monocytes,>>2* we analyzed MT dynamics in
neutrophils stained with SiR-tubulin (Figure 5F; supplemental Table 2
and Video 2). We observed that ASC speck was assembled in 56% of
cells near the MTOC and mostly colocalized with MTs radiating from
the MTOC (supplemental Video 2; Figure 5F). Interestingly, under LPS
activation, the formation of speck precedes MT disassembly (supple-
mental Table 2; Figure 5F). Our results clearly indicate that ASC speck
is transiently formed at the MTOC near nuclei very early following neu-
trophil activation and precedes known cellular events of NET formation.

Discussion

Our clinical study shows that in COVID-19 infection, ASC speck is
formed in neutrophils, and the percentage of neutrophils showing a

12 APRIL 2022 - VOLUME 6, NUMBER 7 @ blOOd advances



A Time to MV shedding
—18min -5min Omin 10min 37min 57min
DIC
SiR-DNA
ASC citrine
B C
50 4 LPS
200 A .
- -~ - ] Unstimulated
= - \ . Z 40
sE s ¢ % 30-
£ 2 100 - i
§ E v & E—’ 20 -
o
= * 2 10 - ml”ll”””””'“”H‘””m“””ll\l\H\HHHHHummmummurm
0wl PRI BN S g
: T T T T T 0 L L L L B L L L
0 50 100 150 200
q’}‘o(\ @\&* b‘(@ o ,boc’% é‘é% ) .
& &£ K &£ Time (min)
& F O P
R A S )
QJC) «b (}Q,{b \Q;{b' é}‘%{b
%Q \“ e‘) \)o A+
Q
R
D E *kk
1
100 °
2.0 4
J [ ]
80 0: -
=} 191 2 60 - }:
S » =3
22 i =
o 810 = 40 - -
« D
<T xs °
= 051 20 -
[ )
o0
0.0 T T T T T T T 0 -
0 50 100 150 Q}\e Q}\e
. . . . (&) [€)
Time relative to MV shedding (min) Nl Nig
& &
EN R
o o
v ¥
F Time to MV shedding
—-6min —-4min Omin 66min 81min 91min
DIC
SiR-tubulin
ASC citrine

Figure 5.

€ blood advances 12 apriL 2022 - voLUME 6, NUMBER 7 INFLAMMASOME ACTIVATION IN COVID-19 NEUTROPHILS 2009



speck is similar to that seen in mononuclear cells. Given their wide
presence in the blood and lung compared with other types of leuko-
cytes, we can conclude that neutrophils could be the major pro-
ducers of specks. These findings support the possibility that both
neutrophils and monocytes contribute to the cytokine storm through
the inflammasome, and in vivo ASC speck detection could serve as
an indicator of innate immune system activation. In bacterial sepsis,
Cui et al has shown that assessing ASC speck—positive immune
cells by flow cytometry could be used as a potential biomarker of
patients at risk of death.?

Although the assembly of speck, which depends on the initial inflam-
masome polymerization, was obvious, we could not definitively
determine which types of inflammasome were activated. Coimmu-
nostaining of ASC and inflammasome sensors like AIM2, NLRP1,
NLRC4, and NLRP3 showed that many of the ASC specks
observed in COVID-19 neutrophils colocalized with NLRC4 or
NLRP3 staining (supplemental Figure 2; supplemental Table 3).
Interestingly, expression quantitative trait loci associated with higher
expression of the 2 inflammasome genes NLRC4 and NLRP3 were
also significantly linked to severe COVID-19 disease.?® Under sterile
inflammation, NLRP3 was the backbone of speck in murine neutro-
phils.’® However, other inflammasome sensor components recently
were seen in human neutrophils besides NLRP3.272°

Interestingly, the genetic disorder due to a gain-of-function mutation
in NLRP3 leading to excessive IL-1 8 production, called cryopyrin-
associated periodic syndromes, has been described to be due
mainly to neutrophil inflammasome activity and could be reproduced
in mice by introducing the gain-of-function mutation only in neutro-
phils.3® This shows that neutrophils with this mutation in NLRP3
represent the main cellular driver of cryopyrin-associated periodic
syndromes and are an important source of IL-1B. This fits with our
hypothesis that neutrophils substantially contribute to COVID-19
pathology.

The formation of speck occurred clearly in neutrophils with multilob-
ular, nonrounding nuclei, indicating its assembly in the very early
phases of NETosis. The early ASC speck formation suggests a pos-
sible role for caspase-1-mediated cleavage in cellular processes
leading to NET release. In addition, caspase-1 activates formation of
gasdermin D pores, important in both pyroptosis and NETosis.'3?
Caspase-1 is known to have many substrates such as the cytoskel-
eton and nuclear envelop components that need to disassemble for
NETosis to proceed,?® and early caspase-1 activation could facili-
tate these processes. Notably MTs, a major component of cytoskel-
etal systems that are involved in the regulation and distribution of
several cell organelles, are important for NET release.>*®® The for-
mation of speck preceding MT disassembly may be because

microtubule transport is needed for ASC protein assembly at the
inflammasome. 32436

Interestingly, NETs bind on von Willebrand Factor (VWF).37 We
carefully analyzed VWF plasma levels and activity of ADAMTS13, its
cleaving enzyme. VWF levels were high in all patients, with most
exceeding 500% of the normal value (supplemental Table 1). This
observed high-endothelial release of VWF may promote retention of
NETs in the affected organs as VWF binds to NETs. The very high
VWF/ADAMTS13 activity ratio is likely primarily due an incredible
endothelial activation rather than low ADAMTS13 activity, as would
be seen in thrombotic thrombocytopenic purpura. This is supporting
the idea that COVID-19 is a disease primarily affecting endothelial,
platelet, and neutrophil activation, thus easily resulting in thrombo-
SiS.9,38-41

The high level of citrullinated nuclei was correlated with the percent-
age of neutrophils presenting a speck. The discrepancy between
percent of cell-forming speck and percent of cell with citrullinated
nuclei could be explained by the fact that citrullination is an irrevers-
ible posttranslational modification as opposed to speck formation.
Indeed, we showed that speck formation occurs transiently in
murine neutrophils before nuclear decondensation. Our results are
reinforced by recent studies suggesting a link between NETs and
the presence of extracellular infllmmasomes.*>*® Chen et al
showed via electron microscopy and immunofluorescence that
inflammasome-signaling proteins like caspase-1 and ASC speck are
present in NETs of human thrombi and associated with H3cit, the
marker of NETosis.*® The role of the NLRP3 inflammasome in
thrombosis and NETosis in the development of deep vein thrombo-
sis was also recently uncovered.'®*? In these studies, pharmacolog-
ical inhibition of caspase-1 or NLRP3 strongly reduced deep vein
thrombosis in mice. These observations together with high VWF lev-
els in the severe COVID-19 patients further emphasize the propen-
sity for pathological thrombosis observed in COVID-19.

The single-cell analysis of the redistribution of ASC-citrine leading to
speck formation in murine neutrophil revealed a rapid and dynamic
cellular process. This rapid triggering of ASC speck formation gen-
erating a transient and spatially confined wave of inflammasome
activity was also observed in the subcapsular macrophages of the
lymph node on viral infection in vivo.** However, in COVID-19,
speck formation is not restricted to lymph nodes. Activation of
inflammasomes was observed in peripheral mononuclear cells and
now by us in the most prominent white blood cell: the neutrophil.
Together, this may explain the unusual cytokine storm described in
the SARS-Cov-2 infection. The gradual disappearance of speck
fluorescence observed in stimulated neutrophils may indicate either
speck dissolution or ASC protein cleavage. The mechanism of ASC

Figure 5. Inflammasome activation kinetics and localization during NETosis in mouse neutrophils. ASC citrine (green) reporter neutrophils were stained with

far-red SiR-DNA (blue) or with far-red SiR-tubulin (red), and time-lapse DIC and spinning-disk confocal images were taken at 2- to 5-minute intervals for 4 hours. (A) Time

series of image overlays of DIC (grayscale) and fluorescence of cell and DNA dynamics in neutrophils during NETosis in the presence of LPS. (A and F) Boxes around

images indicate different cellular events (orange, speck formation; purple, microvesicle shedding [MVI; green, nuclear rounding; yellow, DNA release to the cytosol; black,

extracellular DNA release). (B) Timing of cellular events relative to MV shedding under LPS activation. Each dot represents an individual cell. (C) Arithmetic means of

percentage of cells forming ASC speck as a function of time in the absence (black curve) or in presence (red curve) of LPS added at time = O minutes. (D) Fluorescence

intensity of ASC-citrine speck in neutrophils according to the time relative to MV shedding. Values are means plus or minus SEM. (E) Percentage of NETosis in cells forming

speck (e) or in cells not forming speck (M) under LPS stimulation. Each dot represents 1 independent experiment. Bar size represents the mean of 12 independent

experiments. A Mann-Whitney U test was used; ***P < .001. (F) Time series of image overlays of DIC (grayscale) and fluorescence of ASC (green) and MT (red) in mouse

neutrophils. White arrows indicate the presence of the ASC speck. Scale bar, 10 um. MT, microtubules; SEM, standard error of the mean.
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speck disassembly first detected in our study needs to be defined
in future investigation.

In conclusion, our results showed that an aberrant inflammasome
activation occurs in neutrophils under infectious conditions and
might be damaging to the host. Targeting inflammasome in neutro-
phils may be a therapeutic target to reduce NETosis and restore
homeostasis.
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