Hsieh et al. “Nete msnapinzRg  |ournal of Biomedical Science
Journal of Biomedical Science (2024) 31:39 v trt S oGl 0T,
https://doi.org/10.1186/512929-024-01026-5

. ®
Enhancement of NETosis e

by ACE2-cross-reactive anti-SARS-CoV-2 RBD
antibodies in patients with COVID-19

Kun-Han Hsieh'", Chiao-Hsuan Chao'", Yi-Ling Cheng', Yen-Chung Lai**, Yung-Chun Chuang'*,
Jen-Ren Wang'”®, Sui-Yuan Chang®'®, Yuan-Pin Hung'"'?, Yi-Ming Arthur Chen'>'*">, Wei-Lun Liu'*'6",
Woei-Jer Chuang'® and Trai-Ming Yeh'®

Abstract

Background High levels of neutrophil extracellular trap (NET) formation or NETosis and autoantibodies are related
to poor prognosis and disease severity of COVID-19 patients. Human angiotensin-converting enzyme 2 (ACE2) cross-
reactive anti-severe acute respiratory syndrome coronavirus 2 spike protein receptor-binding domain (SARS-CoV-2
RBD) antibodies (CR Abs) have been reported as one of the sources of anti-ACE2 autoantibodies. However, the patho-
logical implications of CR Abs in NET formation remain unknown.

Methods In this study, we first assessed the presence of CR Abs in the sera of COVID-19 patients with different sever-
ity by serological analysis. Sera and purified IgG from CR Abs positive COVID-19 patients as well as a mouse monoclo-
nal Ab (mAb 127) that can recognize both ACE2 and the RBD were tested for their influence on NETosis and the pos-
sible mechanisms involved were studied.

Results An association between CR Abs levels and the severity of COVID-19 in 120 patients was found. The CR Abs-
positive sera and IgG from severe COVID-19 patients and mAb 127 significantly activated human leukocytes and trig-
gered NETosis, in the presence of RBD. This NETosis, triggered by the coexistence of CR Abs and RBD, activated throm-
bus-related cells but was abolished when the interaction between CR Abs and ACE2 or Fc receptors was disrupted.
We also revealed that CR Abs-induced NETosis was suppressed in the presence of recombinant ACE2 or the Src family
kinase inhibitor, dasatinib. Furthermore, we found that COVID-19 vaccination not only reduced COVID-19 severity

but also prevented the production of CR Abs after SARS-CoV-2 infection.

Conclusions Our findings provide possible pathogenic effects of CR Abs in exacerbating COVID-19 by enhancing
NETosis, highlighting ACE2 and dasatinib as potential treatments, and supporting the benefit of vaccination in reduc-
ing disease severity and CR Abs production in COVID-19 patients.
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Background

The coronavirus disease 2019 (COVID-19) pandemic,
which is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection, has led to consid-
erable morbidity and mortality worldwide; it has caused
a staggering number of deaths, reaching seven million
deaths to date [1].

The receptor-binding domain (RBD) of the S1 subu-
nit of the SARS-CoV-2 spike protein plays a key role in
binding to the angiotensin-converting enzyme 2 (ACE2)
receptor [2]. To control the COVID-19 pandemic, vac-
cines that target the spike protein have been developed
and deployed to induce the production of neutralizing
antibodies and prevent infection and the spread of dis-
ease [3]. Even though infection still occurs in some indi-
viduals after vaccination, the risk of severe illness and
death is reduced [4].

Most COVID-19 patients present mild clinical
symptoms, such as fever, chills, and typical respira-
tory compromise [5]. However, in severe cases, a sys-
temic hyperimmune response occurs, which can lead
to cytokine storms, thrombus deposition, and vascular
dysfunction that leads to acute respiratory failure, organ
dysfunction and death [6]. Among the factors that cause
the dysregulation of immune responses in COVID-19,
neutrophil activation, especially the release of neutro-
phil extracellular traps (NETs), has attracted substantial
attention [7, 8]. NETs, which contain DNA molecules
and granule-derived enzymes such as myeloperoxidase
(MPO), are released from neutrophils through a process
called NETosis. Activation of protein arginine deimi-
nase 4 (PAD-4) plays an essential role in NET formation
by mediating histone hypercitrullination and chromatin
decondensation and facilitating the expulsion of DNA
from neutrophils [9, 10]. Typically, NETs are part of
the innate immune response; they can capture and kill
extracellular pathogens to prevent their spread during
infection, and they can be cleared by DNase enzymes.
However, abundant NETs have been observed in lesions
of lung biopsies from patients with severe COVID-
19, and high levels of free NETs have been observed in
the sera of hospitalized patients [7, 11, 12]. In addition,
excess NET formation is related to poor prognosis and
COVID-19 severity. Therefore, NETs are considered key
factors that cause immunothrombosis in COVID-19 [13,
14]. To better address this problem, there is an urgent
need to understand the mechanisms of NET formation in
COVID-19.

Another hallmark of hyperimmune responses in severe
COVID-19 patients, is the production of autoantibodies
against various self-antigens [15, 16]. Among the series of
autoantibodies, autoantibodies against the SARS-CoV-2
receptor ACE2 have been observed after SARS-CoV-2
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infection [17]. In addition, the serum levels of anti-ACE2
autoantibodies are associated with COVID-19 disease
severity [18, 19]. Interestingly, we previously showed that
anti-RBD antibodies that can cross-react with ACE2 (CR
Abs) are one of the sources of anti-ACE2 autoantibodies
in COVID-19 [20]. In addition, an ACE2-cross-reactive
anti-RBD monoclonal antibody (mAb 127) has been iso-
lated from RBD-immunized mice [20]. Nevertheless, the
pathological functions of CR Abs remain unclear.

In this study, we demonstrated a significant increase
in the levels of both anti-ACE2 and CR Abs in the sera
of patients with severe COVID-19. We used mAb 127 to
elucidate the relationship between CR Abs and hyperin-
flammation in COVID-19 by demonstrating that mAb
127 induced NETosis by binding to both ACE2 and the Fc
receptor of neutrophils. Importantly, we used both sera
containing CR Abs and purified CR IgG from patients
to confirm that CR Abs enhanced NETosis. Further-
more, blocking the binding of CR Abs by incubation with
recombinant human ACE2 or inhibiting NETosis with
the Src inhibitor dasatinib effectively prevented NET
formation and subsequent formation of microthrombi
in vitro. Finally, we observed the prevention of the pro-
duction of CR Abs in SARS-CoV-2 infection by vaccina-
tion, providing a possible explanation for vaccination in
reducing the fatality of COVID-19.

Materials and methods

Cohort information

The definition of clinical spectrum of SARS-CoV-2
infection followed the COVID-19 treatment guidelines
of National Institutes of Health. The mild patients with
COVID-19 were defined as those individuals who had
any of the various signs and symptoms of COVID-19
(e.g., fever, cough, sore throat, malaise, headache, mus-
cle pain, nausea, vomiting, diarrhea, loss of taste and
smell) but did not have shortness of breath, dyspnea, or
abnormal chest imaging. The moderate/severe patients
with COVID-19 were defined as those individuals who
experienced a fever (238°C) or respiratory symptoms and
subsequently developed pneumonia requiring oxygen
therapy or other complications within 14 days (inclu-
sive), leading to hospitalization (including emergency
room admission). The vaccinated COVID-19 patients
received their vaccinations before being infected with
SARS-CoV-2.

Recombinant protein, monoclonal antibody and F(ab’),
fragment generation

RBD recombinant protein (YP_009724390) was expressed
by S2 cells and its purification was performed as previ-
ously described [21]. The ACE2-cross-reactive anti-RBD
(mAb 127) and the anti-RBD mAb (LGSV201), which
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does not bind to ACE2, were generated from RBD-
immunized mice as previously described (Fig. S1) [20].
Recombinant human ACE2 (rACE2) was purchased from
Genetex (Irvine, CA). ZMAB-mouse 1gG2b (cmlgG) was
used as an isotype-matched antibody control (AB Bio-
sciences, Concord, MA). The cmIgG and mAb 127 F(ab’),
fragments were prepared using a Pierce” F(ab’), Prepara-
tion Kit (Thermo Fisher Scientific, Waltham, MA).

Indirect ELISAs

Diluted sera (1:100 for anti-nucleocapsid or anti-RBD
antibodies, 1:50 for anti-ACE2 autoantibodies) or diluted
monoclonal antibodies were added to the indicated
protein-coated plate (2 pg/mL). The binding antibodies
were detected by either goat anti-human IgG-horserad-
ish peroxidase (HRP)-conjugated antibodies (Thermo
Fisher Scientific) or goat anti-mouse IgG HRP antibod-
ies (Leadgene Biomedical, Taiwan). For color visualiza-
tion, the tetramethylbenzidine (TMB) reagent (Clinical
Science Products, Mansfield, MA) was added, and the
reaction was stopped by 2 N H,SO,. The absorbance at
OD 450 nm was read by a VersaMax microplate reader
(Molecular Devices, Sunnyvale, CA).

Serum preadsorption assay

Diluted sera (1:50 in PBS) were added to bovine serum
albumin (BSA) (10 pg/mL, 100 uL)- or RBD (10 pg/
mL, 100 pL)-coated wells. After incubation at 37 °C for
1 h, the diluted sera were transferred to wells that were
coated with rACE2 (2 pg/mL, 100 pL). Bound anti-ACE2
IgG was detected using HRP-conjugated goat anti-human
IgG antibodies (1:4,000) (Thermo Fisher Scientific). Posi-
tive anti-ACE2 autoAb is determined by the OD of sera
binding to ACE2-coated ELISA plates when exceeding
0.39, as determined by the cutoff value (>2.1-fold of OD
values of anti-ACE2 IgG in unvaccinated healthy donors).
Positive CR Ab was determined by the OD of sera bind-
ing to ACE2-coated ELISA plates when (OD of BSA
preadsorption)-(OD of RBD preadsorption) >0.1.

Isolation of human leukocytes, peripheral blood
mononuclear cells, neutrophils, and platelets

Whole blood was collected in EDTA vacutainers and
centrifuged to obtain buffy coats. The cells were sub-
jected to RBC lysis and washed with PBS to isolate
human leukocytes. Peripheral blood mononuclear cells
(PBMCs) were isolated from the buffy coats by density
gradient centrifugation using Histopaque-1077 (Sigma—
Aldrich, St. Louis, MO). The purity of the PBMCs was
confirmed by flow cytometry (CytoFLEX S, Beckman
Coulter, Indianapolis, IN) using an anti-human CD14
antibody (sc-1182, Santa Cruz Biotechnology, Santa
Cruz, CA). Neutrophils were isolated from the buffy
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coats by density gradient centrifugation using Poly-
morphprep™ (ProteoGenix, Schiltigheim, France). The
purity and viability of the neutrophils were confirmed
by flow cytometry (CytoFLEX S) using an anti-human
CD11b antibody (F-2648, Sigma—Aldrich) and 7-AAD
(BD Pharmingen, La Jolla, CA). Platelets were isolated
from human whole blood that was collected in ACD
vacutainers by centrifugation at 200xg for 20 min.
Platelet-rich plasma was obtained and then further cen-
trifuged at 800x g with 100 nM prostaglandin E1 for
another 20 min. The platelet pellets were suspended
in Tyrode’s buffer supplemented with 100 nM PGEL.
The purity of the isolated platelets was determined by
measuring surface CD61 expression (GTX61848, Gene-
tex) using flow cytometry (CytoFLEX S).

In vitro human leukocyte stimulation

Human isolated leukocytes, PBMCs and neutrophils
(2x10° cells/mL) were seeded in 48-well tissue culture
plates and treated with the indicated conditions. Nota-
bly, to reduce potential interference from various com-
ponents in the serum, we employed a preadsorption
model for stimulation when treating cells with serum
samples. Briefly, cells were preabsorbed with diluted sera
in the presence or absence of ACE2 at 37 °C for 30 min.
Then, the cells were centrifuged at 500X g for 5 min to
remove the supernatant and resuspended in RBD-con-
taining medium. To inhibit mAb 127-induced NETosis,
neutrophils were incubated with mAb 127 and RBD and
cotreated with inhibitors (dasatinib, SML-2589; com-
pound C, 171260; Ly294002, 19-142; Cl-Amidine, 50652,
Sigma—Aldrich). The levels of tumor necrosis factor-a
(TNF-a), interleukin 1p (IL-1p), IL-6, and IL-8) and MPO
in the supernatants were quantified by ELISA (R&D Sys-
tems Inc., Minneapolis, MN), and the degree of adhesion
or NET formation was measured by immunofluorescence
staining.

Neutrophil adhesion assay

The degree of neutrophil adhesion was determined as
previously described [22]. After the indicated treatments,
nonadherent neutrophils were removed by washing twice
with PBS. The adherent cells were fixed with 4% para-
formaldehyde and permeabilized with 0.5% Triton X-100
in PBS. The number of adherent cells and the expres-
sion of a human granulocyte activation marker (CD66b)
were detected by a mouse anti-human CD66b antibody
(GTX19779, GeneTex) and Hoechst 33,342 (Invitrogen,
Carlsbad, CA) and visualized by fluorescence microscopy
(Olympus FluoView FV1000, Japan) and quantified using
Image].
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Quantification of NET formation

The degree of NET formation was determined as pre-
viously described [23]. Isolated neutrophils under the
indicated treatment were spun onto slides by a cytocen-
trifuge. After fixation and permeabilization, slides were
incubated with mouse anti-human CD66b antibody
(GTX19779, GeneTex) or rabbit anti-human citrulli-
nated histone antibody (ab5103, Abcam, Cambridge,
United Kingdom) and rabbit or mouse anti-human MPO
antibody (A1374, ABclonal; GTX75318, GeneTex) and
Hoechst 33,342. The degree of NET formation was deter-
mined by quantifying the overlap of CD66b or histones
and MPO and nuclei using fluorescence microscopy
(Olympus FluoView FV1000) and Image].

NET purification and treatment with NET-containing
supernatants

Isolated human neutrophils (5x10° cells/mL) were
treated with 500 nM phorbol 12-myristate 13-acetate
(PMA) for 4 h, and the NETs were purified as previously
described [24]. Purified NETs were used at a concentra-
tion of 1 pg/mL as a positive control treatment. For the
supernatant treatment, isolated human PBMCs, human
umbilical vein endothelial cells (HUVECs) or isolated
human platelets were incubated with the indicated con-
ditioned medium and RPMI medium at a ratio of 1:2.
PBMCs and HUVECs were stimulated for 24 h, while
platelets were stimulated for 15 min.

Endothelial cell permeability assay

HUVECs were grown in Transwell plates (0.4 pm; Corn-
ing B.V. Life Sciences, the Netherlands) with 10% fetal
bovine serum (FBS)-containing EGM-2 medium until a
monolayer was formed. The upper chambers were recon-
stituted with the indicated conditioned media and RPMI
medium at a ratio of 1:2 or with EGM-2 medium alone.
After 24 h of incubation, the media in the upper cham-
bers were replaced with serum-free media containing
streptavidin-HRP (1:100, R&D Systems). After 15 min,
medium from the lower chamber was collected, and HRP
activity was measured by adding TMB reagent (Clini-
cal Science Products). Color development was detected
by a VersaMax microplate reader (Molecular Devices) at
450 nm.

Flow cytometry analysis of platelet activation

Platelet activation was determined by measuring P-selec-
tin (CD62P) surface expression. After the indicated treat-
ment, isolated human platelets (1x 107 cells/100 ul) were
incubated with FITC-conjugated anti-human CD62P (BD
Bioscience, San Diego, CA) or FITC-conjugated isotype-
matched antibodies (BD Bioscience) and analyzed using
flow cytometry (CytoFLEX S).
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HUVEC, neutrophil and platelet coculture model

In a 24-well plate, confluent HUVECs on coverslips were
incubated with a total of 5x10° neutrophils and 1 x 10’
platelets, followed by treatment with the recombinant
RBD protein in the presence or absence of the indicated
antibodies (mAbs 127, LGSV201, or isotype cmlgQ)
or dasatinib for 3 h. The cells were washed twice with
PBS/2% FBS, fixed with 4% paraformaldehyde, and per-
meabilized with 0.1% Triton X-100. After blocking, the
cells were incubated with a rabbit anti-human CD61
monoclonal antibody (GTX61848, Genetex) and a mouse
anti-human CD66b monoclonal antibody (GTX19779,
Genetex) and then incubated with fluorescently labeled
antibodies against rabbit or mouse IgG (A-11017,
A-11072, Invitrogen) and Hoechst 33342 for 1 h and vis-
ualized by fluorescence microscopy (Olympus FluoView
FV1000, Japan).

Purification and preadsorption of immunoglobulin G (IgG)

from COVID-19 patient serum

Human total IgG in the collected sera from COVID-19
patients or healthy donors (100 ul) was purified using
Pierce Protein G Plus Agarose (Thermo Fisher Scientific).
Elution was performed with 0.1 M glycine-HCI (pH 2.7)
and immediately neutralized with neutralizing buffer
(1 M Tris—HCl, pH 9.0). Purified human IgG underwent
an exchange with PBS through Amicon Ultra filters with
a 30 kDa molecular weight cutoft (Sigma—Aldrich). To
confirm that the concentration of purified total human
IgG retained the characteristic features of CR Abs for
neutrophil treatment, a range of 50-200 pg/mL of puri-
fied human IgG from different individuals was tested
using both indirect ELISA and BSA- or RBD-preadsorp-
tion ELISA. For IgG treatment from COVID-19 patients,
human isolated neutrophils underwent preadsorption
with 100 pug/mL purified human IgG in the presence or
absence of ACE2 at 37 °C for 30 min. Subsequently, the
cells were centrifuged at 500X g for 5 min to eliminate
the supernatant and cultured in 10 pg/mL RBD-contain-
ing medium at 37 °C for 24 h. For inhibitor treatment,
neutrophils were incubated with 10 pg/mL RBD and
cotreated with 50 nM dasatinib at 37 °C for 24 h. The lev-
els of IL-8 and MPO in the supernatants were quantified
by ELISA (R&D Systems Inc.), and the degree of adhesion
or NET formation was measured by immunofluorescence
staining.

Statistical analysis

All statistical analyses were conducted using either an
unpaired or paired Student’s t test for comparisons between
two independent groups. One-way ANOVA or two-way
ANOVA and post hoc Tukey tests were used for multi-
group comparisons. Prism software (GraphPad Software
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Inc., CA) was utilized for statistical analysis. The data are
presented as the means +standard deviations (S.Ds.) from
at least three independent experiments. *P<0.05, **P<0.01,
***P<0.001, ***P<0.0001 and ns indicates no significance
based on 95% two-tailed confidence intervals.

Results

Increased serum levels of ACE2-cross-reactive anti-RBD
antibodies in moderate/severe COVID-19 patients’ sera
may induce stronger leukocyte activation in vitro

To understand whether ACE2-cross-reactive anti-
RBD antibodies, referred to as CR Abs, are associated
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with the progression of COVID-19, we stratified the
patients based on disease severity for serological anal-
ysis (Supplementary Table 1). First, we confirmed that
the levels of anti-N IgG were significantly higher in the
COVID-19 patient group than in the healthy donor
group, indicating a natural infection (Fig. 1A). In
comparison of healthy donors, the levels of anti-RBD
IgG in both the mild and moderate/severe COVID-
19 patient groups were obviously elevated (Fig. 1B).
However, only a significant increase in the anti-ACE2
IgG levels in the moderate/severe patient group was
observed (Fig. 1C). To further confirm whether these

A B C D
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Fig. 1 Significant increase of CR Abs IgG in moderate/severe COVID-19 patients’sera may contribute to cytokine secretion and NET formation

in human leukocytes in the presence of RBD. IgG against nucleocapsid, N, RBD and ACE2 proteins in sera from COVID-19 patients and healthy
donors (HD) were measured by ELISA. Comparison of (A) the levels of IgG against N, (B) RBD, and (C) ACE2 in mild vs. moderate/severe COVID-19
patients. (D) Anti-ACE2 IgG levels in sera of mild vs. moderate/severe COVID-19 patients after BSA or RBD preadsorption. For the leukocyte activation
test, isolated human leukocytes were preincubated with 1:100 diluted HD serum or sera from CR Ab-positive COVID-19 patients (CR serum)

as indicated in the presence or absence of additional rACE2 (10 pg/mL) for 30 min. Afterward, unbound antibodies were removed by centrifugation,
and the cells were treated with the RBD protein (10 pg/mL) for 24 h. The supernatants were collected to measure the (E) TNF-q, (F) IL-18, (G) IL-6, (H)
IL-8, and (I) MPO levels using ELISA kits. The averages of triplicate cultures +SD are shown. Multiple comparison of antibody response and leukocyte
activation tests (n=3-5) was conducted by one-way ANOVA and Tukey’s post hoc test. The comparison between BSA and RBD preadsorption

was analyzed by paired Student’s t-test; P values were displayed, and for values less than 0.0001, they were represented as ****
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anti-ACE2 IgG antibodies encompassed CR Abs, sera
from COVID-19 patients with OD values of anti-
ACE2 IgG exceeding 0.39, as determined by the cut-
off value (>2.1 fold of OD values of anti-ACE2 IgG
in unvaccinated individuals), were selected for BSA
or RBD preadsorption ELISAs. We discovered nota-
bly increased CR Abs in the moderate/severe patient
group but not the mild patient group (Fig. 1D), sug-
gesting a potential pathogenic role of CR Abs in the
severity of COVID-19.

To explore the contribution of CR Abs to hyperin-
flammation in COVID-19, we applied CR Ab-con-
taining sera from COVID-19 patients with severe
disease to isolated leukocytes, the primary cells
expressing ACE2 in circulating blood (Fig. S2). To
minimize potential interference from various serum
components, isolated human leukocytes or neu-
trophils were preincubated with diluted serum for
30 min. Then, unbound substances were removed by
washing before adding RBD recombinant protein,
purified from insect cells (S2) expression system, for
a 24 h incubation. Notably, RBD alone did not trig-
ger significant cytokine secretion nor NET formation,
confirming the absence of lipopolysaccharide con-
tamination in the recombinant protein (Fig. 1E-I and
Fig. S3, Fig. S4). Compared to healthy controls, prein-
cubation of CR Ab-containing sera at a 1:100 dilution
resulted in significant increases in NET formation and
TNF-a, IL-1p, IL-6, IL-8 and MPO secretion by iso-
lated human leukocytes after 24 h of RBD treatment
(Fig. 1E-I and Fig. S3). NET formation and the secre-
tion of TNF-a, IL-8 and MPO, except for IL-1 and
IL-6, which were induced by preincubation with CR
Ab-containing sera, were significantly blocked when
human leukocytes were preincubated with ACE2. Fur-
thermore, these responses were observed only in the
presence of RBD, as CR Ab-containing sera alone did
not exert these effects (Fig. 1E-I). Consistently, CR
Abs from RBD-immunized mice (mAb 127), but not
isotype control mouse IgG, cmIgG, with the RBD sig-
nificantly increased TNF-a, IL-1f, IL-6 and IL-8 secre-
tion from isolated human leukocytes (Fig. S4A-S4D).
Altogether, our results support that CR Abs are posi-
tively correlated with the deterioration of COVID-19,
and interacting with RBD and ACE2 on the cell sur-
face is needed for CR Abs to trigger the inflammatory
response and NETosis of leukocytes.

ACE2-cross-reactive anti-RBD antibodies induce neutrophil
activation and NETosis in the presence of RBD

We isolated human neutrophils and peripheral blood
mononuclear cells (PBMCs) from human blood to fur-
ther clarify which leukocyte cells play a major role in the
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CR Abs-induced inflammatory response. Western blot-
ting analysis revealed that neutrophils were the primary
cells among leukocytes that expressed ACE2 (Fig. S5).
Consistently, in the presence of the RBD, mAb 127 (but
not ¢cmlgG) significantly induced the secretion of IL-8
and MPO from neutrophils in a time-dependent (1, 3, 6,
or 24 h) and antibody dose-dependent (2.5, 5, or 10 pg/
mL) manner (Fig. 2A-2D). However, there was no detect-
able release of TNF-a, IL-1p and IL-6 when neutrophils
were stimulated with mAb 127 or LGSV201 (mAb that
can only recognize RBD, used as an RBD-IgG immuno-
complex control, Fig. S1) in the presence of RBD (Fig.
S6A-S6C). On the other hand, TNF-a and IL-6 secretion
was induced when PBMCs were treated with mAb 127
or LGSV201 in the presence of the RBD (Fig. S6D and
S6E). Since PBMCs lack ACE2 expression, these results
suggest that binding to Fc receptor on PBMCs by RBD-
IgG immunocomplex can induce TNF-a and IL-6 secre-
tion. Similarly, both mAb 127 and LGSV201 significantly
induced IL-8 and MPO secretion from neutrophils com-
pared to the negative control (Fig. 2E and F). However,
mAb 127 induced significantly higher degrees of IL-8
and MPO secretion from neutrophils than LGSV201. On
the other hand, like cmIgG, polyclonal anti-ACE2 anti-
bodies that could bind to ACE2 on the cell membrane
could not induce neutrophils to secrete IL-8 and MPO
(Fig. 2E and F).

In addition to secreting IL-8 and MPO, activated neu-
trophils undergo morphological changes. When stimu-
lated with the RBD alone, neutrophils adhered to the
culture plate and exhibited lamellipodium-like structures
with elevated CD66b expression after 1 h of stimula-
tion, as shown in Fig. S7A. However, these morphologi-
cal changes in activated neutrophils were more dramatic
in the mAb 127 cotreated group than in the LGSV201
and cmlgG cotreated groups. Indeed, mAb 127 treat-
ment in the presence of RBD significantly increased the
number of adherent neutrophils and the expression of
CD66b compared to the other groups (Fig. S7B and S7C).
Nevertheless, the levels of adhesion and CD66b expres-
sion of activated neutrophils that were treated with RBD
in the presence or absence of different mAbs decreased
over time after the peak at 1 h (Fig. S7A). Moreover, NET
formation was observed only in the groups that were
cotreated with RBD and mAb 127 after 6 h of stimulation
(Fig. 3A). As shown in Fig. 3B and C, NET production
was significantly higher in the group that was cotreated
with RBD and mAb 127 at 24 h than in the other groups.
Collectively, these results imply that mAb 127 mainly
augmented the immune response by utilizing cross-reac-
tivity with ACE2 to target neutrophil activation and pro-
moted NETosis over a long period.
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mL, 0.3 mL/test) were treated with the recombinant RBD protein in the presence or absence of the indicated antibodies (mAb 127 or cmligG)

for different time points (1, 3, 6, and 24 h). (C, D) Neutrophils were cotreated with 10 ug/mL RBD recombinant protein and mAb 127 or cmligG

at different concentrations (2.5, 5, or 10 ug/mL). (E, F) Neutrophils were stimulated with the recombinant RBD protein in the presence or absence
of the indicated antibodies (mAbs 127, LGSV201, cmigG, or anti-ACE2) for 24 h. The supernatants from these experiments were collected, and IL.-8
and MPO levels were quantified using ELISA kits. The averages of triplicate cultures+SD are shown. Statistical significance was calculated using
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NETs from activated neutrophils drive
thrombosis-associated cell activation in vitro

Since NETs are regarded as a trigger in the development
of complications in COVID-19, we tested whether mAb
127-induced NETosis gives rise to thrombosis by col-
lecting conditioned media from neutrophils after 24 h
of exposure to different treatments, as described above,
and administering these media to thrombosis-associated
cells, including PBMCs, human umbilical vein endothe-
lial cells (HUVECs) and platelets. Purified NETs from

neutrophils that were treated with 1 ug/mL PMA were
used as the positive control. Cytokine level quantification
by ELISA, endothelial cell permeability assays, and plate-
let adhesion marker analysis by flow cytometry (Cyto-
FLEX S) were performed to measure PBMC, HUVEC and
platelet activation, respectively. The results showed that
only the supernatants of neutrophils that were stimulated
with mAb 127 and the RBD significantly induced the
activation of these three types of cells compared to the
other groups (Fig. 3D-QG). Furthermore, when neutrophils
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Fig. 3 NETosis triggered by CR Abs in the presence of RBD drives thrombosis-associated cell activation. (A) Isolated human neutrophils were
treated with 10 pg/mL recombinant RBD protein and the indicated antibodies (mAbs 127, LGSV201, or cmlgG, 10 ug/mL) or not. After the indicated
time points, the cell suspensions were spun onto a microscope slide by using a cytocentrifuge, fixed and stained with anti-CD66b antibody (green),
anti-MPO antibody (red) and DAPI (blue) nuclear stain and then visualized using immunofluorescence staining. The area of NET formation at (B)
different time points or (C) 24 h after stimulation was quantified by ImageJ. Views for NET quantification were randomly selected with 9 pictures
from each experiment. The supernatants of neutrophils were harvested after different treatments and further administered to isolated human
PBMCs, HUVECs, or platelets. Purified PMA-induced NETs (1 pug/mL) were used as the positive control, and in some experiments, rACE2 was added.
Following 24 h of stimulation with neutrophil-conditioned media, PBMC supernatants were collected to measure the (D) TNF-a and (E) IL-6 levels
using ELISA kits. (F) Endothelial barrier integrity was determined by a Transwell permeability assay, as described in the Materials and Methods. (G)
After 15 min of stimulation, the percent fluorescence of P-selectin surface expression on platelets was measured by anti-CD62p FITC-conjugated
antibodies and further analyzed by cytoFLEX. The averages of triplicate cultures+ SD are shown. Statistical significance was calculated using

one-way ANOVA and Tukey's post hoc test, ****p <0.0001. Bar: 25 um
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were stimulated with mAb 127 and the RBD in the pres-
ence of rACE2, the effects of the neutrophil supernatants
on stimulating these cells were all abolished (Fig. 3D-G),
suggesting that ACE2 participated in CR Ab-induced
NETs.

Both ACE2 and the Fc receptor are needed

for ACE2-cross-reactive anti-RBD antibodies to trigger
NETosis

To further investigate whether ACE2 plays a crucial
role in mAb 127-induced pathological effects, we pre-
incubated mAb 127 with rACE2 at concentrations of 1
or 10 pg/mL for 1 h and then treated neutrophils with
the RBD. Interestingly, while rACE2 could not suppress
mAb 127-induced IL-8 secretion by activated neutro-
phils (Fig. 4A), it effectively inhibited the MPO secre-
tion and NET formation induced by mAb 127 and the
RBD (Fig. 4B, C). In addition, immunofluorescence
staining confirmed that neutrophil NETosis induced by
mAb 127 and the RBD was inhibited in the presence of
rACE2 in a dose-dependent manner (Fig. 4D). To fur-
ther investigate the contribution of Fc receptors to mAb
127-induced NETosis, the cells were costimulated with
mAb 127-F(ab’), or cmIgG-F(ab’), and RBD at 10 yg/mL.
Compared to the mAb 127-treated group, all three mark-
ers we measured (IL-8, MPO and NETs) were signifi-
cantly decreased in the mAb 127-F(ab’),-treated group
(Fig. 4E-G). Immunofluorescence microscopy images
also confirmed a reduction in the NET area in the mAb
127-F(ab’),-treated group (Fig. 4H). Altogether, these
results suggested that both ACE2 and Fc receptors were
needed for mAb 127 to trigger neutrophil activation and
NETosis in vitro.

Src- and PAD-4-dependent pathways are involved

in ACE2-cross-reactive anti-RBD antibody-induced NETosis
in the presence of RBD

To study the signaling pathway involved in CR Ab-
induced NETosis, we used a range of inhibitors that tar-
get pathways that are related to neutrophil activation.
These inhibitors included dasatinib, which acts as a Src
family kinase (SFK) inhibitor; compound C, an AMP-
activated protein kinase (AMPK) inhibitor; Ly294002, a
phosphoinositide 3-kinase (PI3K) inhibitor; and Cl-ami-
dine, a peptidylarginine deiminase 4 (PAD-4) inhibitor
(Fig. 5A). These inhibitors did not cause any cytotoxic-
ity in neutrophils at the doses we used, as determined
by LDH release (data not shown). The effects of these
inhibitors on preventing NETosis induced by mAb 127
and the RBD are shown in Fig. 5B. The results showed
that inhibition of SFK signaling, which is a common
factor that is upstream of both the ROS and PI3K path-
ways, with dasatinib effectively inhibited mAb 127- and
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RBD-triggered IL-8 production and NETosis. On the
other hand, Ly294002 and Cl-amidine alleviated NET
formation without affecting IL-8 secretion, while com-
pound C suppressed IL-8 secretion but did not have a
significant impact on NET formation (Fig. 5C-E). Given
the observed relationship between NET-driven thrombo-
sis and autoantibody production in patients with severe
COVID-19, we further examined whether mAb 127 (in
the presence of RBD) could trigger microthrombi forma-
tion in vitro. To achieve this, we established an in vitro
thrombosis model by coculturing isolated neutrophils
and platelets from healthy donors with HUVECs under
various conditions. The results illustrated that micro-
thrombi formation was induced only in the group that
was treated with mAb 127 and the RBD in this coculture
model (Fig. S8). Of note, the FDA-approved SFK inhibi-
tor dasatinib exerted a significant inhibitory effect on the
NETosis and thrombosis induced by mAb 127 and the
RBD. Taken together, these results suggested that costim-
ulation with mAb 127 and the RBD induced NETosis and
thrombosis primarily through the SFK/PI3K/PAD4 sign-
aling pathway in neutrophils.

ACE2-cross-reactive anti-RBD antibodies in COVID-19
patient sera induce IL-8 secretion and NET formation

in human neutrophils in the presence of RBD

To validate that CR Abs in COVID-19 patient sera
could trigger neutrophil activation or NET forma-
tion via the same mechanism as mAb127, we selected
the serum sample from different groups based on the
serological characteristics. The groups included healthy
donor (HD) serum (anti-RBD negative, anti-ACE2 neg-
ative), anti-RBD serum (anti-RBD positive, anti-ACE2
negative), anti-ACE2 serum (anti-RBD positive, anti-
ACE2 positive, CR antibody negative), and anti-CR
serum (anti-RBD positive, anti-ACE2 positive, CR anti-
body positive). We then purified human total IgG from
these sera using protein G agarose, ensuring that the
purified total IgG maintained serological characteris-
tics within a range of 100—200 pg/mL (data not shown).
Isolated human neutrophils were preincubated with
100 pg/mL purified IgG from different serum, in the
presence or absence of additional rACE2. Consistent
with the results observed with mAb 127 stimulation, in
the presence of RBD, neutrophil activation (including
IL-8, MPO, and NETosis) was observed specifically in
the purified CR IgG group, but not in the purified anti-
ACE2 IgG or purified anti-RBD IgG groups (Fig. 6).
These results indicate that the observed effect is unique
to CR Abs. Importantly, the neutrophil activation
caused by purified CR IgG could be effectively inhib-
ited by ACE2 and dasatinib (Fig. 6). Crucially, these CR
Abs retained their pathological function in COVID-19
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patient sera (Fig. S9). IL-8 and MPO secretion as well  in the other groups (Fig. S9). Furthermore, CR serum-
as NET formation were observed only in the CR-Ab-  triggered neutrophil activation and NETosis could be
containing sera groups in the presence of RBD but not  blocked by incubation with recombinant human ACE2
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or the Src inhibitor dasatinib (Fig. S9). Taken together,
these results further suggest that the presence of CR
Abs, but not anti-ACE2 autoAbs, contributes to the
enhancement of the inflammatory response and NETo-
sis in COVID-19.

Vaccination prevents the production

of ACE2-cross-reactive anti-RBD antibodies in COVID-19

To investigate the contribution of vaccination to CR Ab
production in COVID-19, we compared serum samples
from various groups of individuals with or without prior
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was quantified using ImageJ. Averages of triplicate cultures+SD are shown. Views for NET quantification were randomly selected with 9 pictures
from each experiment. Statistical significance was assessed using one-way ANOVA and Tukey’s post hoc test; ****p <0.0001. Bar: 25 um

immunization with COVID-19 AZ or mRNA vaccines
before SARS-CoV-2 infection (Supplementary Table 1). A
significant elevation in anti-RBD IgG levels was observed
in vaccinated COVID-19 patients compared to those in

healthy cohorts and unvaccinated COVID-19 patients
(Fig. 7A). On the other hand, the levels of IgG against
SARS-CoV-2 nucleocapsid (N) were notably higher in
sera from unvaccinated COVID-19 patients than in those
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from healthy cohorts and vaccinated COVID-19 patients
(Fig. 7B). Moreover, IgG levels against human ACE2 were
particularly elevated in unvaccinated COVID-19 patients
with severe disease (Fig. 7C). Subsequently, we per-
formed the preadsorption test to confirm whether these
anti-ACE2 IgG antibodies are CR Abs or simply anti-
ACE2 autoantibodies. The results showed a significant
decrease in ACE2-binding IgG levels from unvaccinated
COVID-19 patients after RBD preadsorption, but simi-
lar results were not observed in the vaccinated COVID-
19 patient group, indicating a significant increase in CR
Ab levels in the unvaccinated COVID-19 patient group
(Fig. 7D). In fact, we found that not only disease sever-
ity but also the positive rate of CR Abs was significantly
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decreased in vaccinated COVID-19 patients compared to
the unvaccinated COVID-19 patient group (Table 1).

Discussion

It has been reported that NET formation and autoan-
tibody production in patients with severe COVID-19
may contribute to high-profile thrombus events and
organ damage [14, 16, 25, 26]. However, the relationship
between these factors and their role in immunothrom-
bosis during COVID-19 remains unclear. In our previ-
ous study, we identified ACE2-cross-reactive anti-RBD
antibodies (CR Abs) as one of the sources of anti-ACE2
autoantibodies in both COVID-19 patients and RBD-
immunized mice [20]. In this study, we revealed that
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Fig. 7 Vaccination is conducive to decreasing CR Abs IgG levels in the sera of COVID-19 patients. IgG against (A) RBD, (B) nucleocapsid, N

and (C) ACE2 proteins in sera from different groups were measured by ELISA. (D) Anti-ACE2 IgG levels in sera of unvaccinated COVID-19 patients
and vaccinated COVID-19 patients after BSA or RBD preadsorption. Multiple comparisons in COVID-19 samples were conducted by two-way
ANOVA. The comparison between BSA and RBD preadsorption was analyzed by paired Student’s t-test; P values were displayed, and for values

less than 0.0001, they were represented as ****
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Table 1 Distribution of disease severity, anti-ACE2 autoantibody
and CR antibody positive rate in COVID-19 patients with
vaccination (Vac) or without (UnVac)

Demographic UnVac (n=31) Vac(n=89) P value®

Disease severity <0.0001
Mild 4(12.9%) 63 (70.8%)
Positive for Anti-ACE2 1 (25%) 7 (11.1%) ns
autoAb
Positive for CR Ab 0 1(1.6%) ns
Moderate/Severe 27 (87.1%) 26 (29.2%)
Positive for Anti-ACE2 18 (66.7%) 7 (26.9%) 0.058
autoAb
Positive for CR Ab 9(33.3%) 1(3.8%) 0.011

Abbreviation: ns not significant

2The Fisher exact test was used to determine the P values

CR Ab levels were significantly increased in the sera of
unvaccinated COVID-19 patients compared to vacci-
nated COVID-19 patients. In addition, CR Ab levels were
also higher in patients with moderate/severe COVID-
19 than in patients with mild COVID-19. These results
suggest that CR Abs may play a role in the severity of
COVID-19, and vaccination may reduce the production
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of CR Abs. Furthermore, we demonstrated that CR Abs
present in the sera of COVID-19 patients could activate
neutrophils and induce NETosis when RBD was present.
These effects were similar to the effects of mAb 127, a
monoclonal CR Abs derived from RBD-immunized mice,
on neutrophils, which could be blocked by ACE2 or
dasatinib. Based on our in vitro study results, the poten-
tial mechanisms by which CR Abs induce NETosis and
thrombosis are summarized in Fig. 8. However, the con-
tribution of CR Abs to NET formation and thrombosis in
COVID-19 patients needs further investigation in vivo.
Anti-ACE2 autoantibodies have been recognized as a
marker of disease severity and have been associated with
proinflammatory responses in COVID-19 [18]. Some
studies pointed out that the participation of anti-ACE2
in the pro-inflammatory response during COVID-19 is
linked to its inhibitory effect on the enzymatic activity of
ACE2, leading to an increase in angiotensin II levels that
promote inflammation [17]. Other studies have indicated
that anti-ACE2 IgM from COVID-19 patients’ sera acti-
vated complement and led to vasculopathy in vitro [19].
Moreover, even anti-ACE2 antibodies lacking blocking
activity have been proposed to amplify the pathogenic
inflammatory response [27]. Similarly, our results showed
that anti-ACE2 was highly increased in severe patients
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Fig. 8 The potential mechanisms underlying CR Ab-induced thrombosis. (1) CR Abs binding to RBD and ACE2 as well as Fc receptors on the surface
of neutrophils induce signaling pathways. (2) Signaling pathways that regulate IL-8 secretion and NET formation are activated: SFK-AMPK signaling
mediates IL-8 secretion, while SFK-PI3K-PAD4 signaling mediates NET formation. The actions of both IL.-8 and NETs could be suppressed by dasatinib,
which is an SFK inhibitor. (3) Secreted IL-8 and NETs subsequently cause (4) the secretion of TNFg, IL-6, and IL-1( from PBMCs, (5) enhanced
expression of surface P-selectin on platelets, and (6) increased endothelial permeability. These processes collectively contribute to the eventual
formation of thrombi. CR Ab, ACE2-cross-reactive RBD antibodies; ACE2, angiotensin converting enzyme-2; RBD, SARS-CoV-2 receptor binding
domain; IL-8, interleukin-8; NETs, neutrophil extracellular traps; SFK, Src family kinases; AMPK, AMP-activated protein kinase; PI3K, phosphoinositide
3-kinase; PAD4, protein arginine deiminase 4; TNFa, tumor necrosis factor alpha; IL-6, interleukin-6; IL-13, interleukin-13; PBMC, peripheral blood

mononuclear cells. Created with BioRender.com
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with COVID-19 along with CR Abs. Interestingly, the CR
Ab (mAb 127) we used in this study can cause comple-
ment-dependent cytotoxicity in ACE2-overexpressing
HEK293 cells, although it did not inhibit the enzymatic
activity of recombinant ACE2 in vitro (data not shown).
Nevertheless, our studies on CR Abs-enhanced NETosis
provided another possible mechanism of anti-ACE2-cor-
related inflammatory response in COVID-19.
Exacerbated NET formation is one of the main causes
of multiorgan damage and acute complications and leads
to clinical deterioration of symptoms and mortality in
COVID-19 [28, 29]. However, the mechanisms that may
contribute to COVID-19-induced NETosis are very com-
plex. Veras et al. reported that SARS-CoV-2 replication/
infection in human neutrophils is necessary for triggering
the release of NETs, as inactivated SARS-CoV-2 failed to
induce NET release [12]. On the other hand, two other
studies demonstrated that the SARS-CoV-2 spike pro-
tein can directly induce neutrophil degranulation and
NET formation by stimulating human neutrophils with
recombinant spike protein or spike-expressing lentivirus
[30, 31]. Platelets have also been identified as a key factor
in NET formation in COVID-19 [32, 33]. Furthermore,
several studies suggested that immunocomplex (or spike-
specific IgA/IgG immune complexes) can trigger NET
formation and correlate to severe COVID-19 [34-36]. In
this study, we provide a different mechanistic explanation
for NET formation during acute COVID-19 infection by
demonstrating that CR Abs may also contribute to NET
formation in COVID-19. Importantly, we found that co-
stimulation with CR Abs and RBD triggered NETosis via
the SFK/PI3K/PAD4 signaling pathway, and our results
suggest that blocking neutrophil activation by ACE2 or
dasatinib may be a potential therapeutic strategy to pre-
vent NETosis-induced immunothrombosis in COVID-19.
In addition to acute SARS-CoV-2 infection, multi-
ple studies have suggested that thrombosis-promoting
autoantibodies and NET formation contribute to the
pathology of long COVID-19, which refers to the per-
sistence of COVID-19 symptoms beyond the acute
phase [37]. Long COVID-19 is estimated to affect at
least 10% of COVID-19 patients, and it has been asso-
ciated with the continued presence of the spike pro-
tein in the bloodstream even one year after infection
[38]. Clinical reports have also noted elevated levels
of autoantibodies, including anti-ACE2 autoantibod-
ies, in long COVID patients directly related to neutro-
phil hyperactivation [39]. Importantly, a recent cohort
study showed that NETosis was maintained at a higher
level in post-COVID syndrome with increased coagu-
lation markers to exacerbate disease progression [40].
Here, we revealed that when CR Abs and the RBD
protein (in the form of shedding spikes) coexist in the
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bloodstream, NETosis can be continually induced, irre-
spective of whether the virus has been cleared. This
finding provides a potential explanation and identifies
therapeutic targets for autoantibody-triggered NETosis
in the development of long COVID-19.

Numerous cohort studies have reported that COVID-
19 vaccination is highly effective in preventing SARS-
CoV-2 infection, reducing COVID-19 mortality rates,
and lowering the occurrence of long COVID-19 [41-
43]. Consistently, our results suggest an illustration
of vaccination for the prevention of severe COVID-
19 by diminishing the production of CR Abs. Several
mechanisms for the benefit of vaccination have been
suggested, including avoidance of dysregulation in the
B-cell response and suppression of the influence of
pathological inflammation [44—46]. It has been dem-
onstrated that excessive extrafollicular B-cell responses
with lower somatic hypermutation (SHM) are favored
in SARS-CoV-2 infection. In contrast, the vaccine
boosted B cells to undergo a germinal center response
with higher SHM [46]. These studies align with our
observation that CR Abs were increased in unvacci-
nated severe patients with COVID-19. Taken together,
our findings suggest a potential pathogenic role of CR
Abs in exacerbating COVID-19 by promoting NETo-
sis, highlighting ACE2 and dasatinib as potential treat-
ments and emphasizing the importance of vaccination
in reducing CR Abs production.

Conclusions

In this study, we reveal that CR Abs in the sera of
COVID-19 patients might exacerbate COVID-19 dis-
ease severity by promoting NETosis through interacting
with ACE2 and the Fc receptor. Recombinant ACE2 or
dasatinib shows potential in rescuing CR Abs-induced
NETosis and immunothrombosis. Additionally, COVID-
19 vaccination could prevent CR Abs production and
reduce disease severity during SARS-CoV-2 infection.
These findings offer insights into potential therapeutic
interventions and preventive strategies, contributing to
a deeper understanding of COVID-19 pathogenesis and
suggesting ways to mitigate its severity.
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