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Objective. This study aimed to elucidate the presence, antigen specificities, and potential clinical associations
of anti–neutrophil extracellular trap (anti-NET) antibodies in a multinational cohort of antiphospholipid (aPL)
antibody–positive patients who did not have lupus.

Methods. Anti-NET IgG/IgM levels were measured in serum samples from 389 aPL-positive patients; 308 patients
met the classification criteria for antiphospholipid syndrome. Multivariate logistic regression with best variable model
selection was used to determine clinical associations. For a subset of the patients (n = 214), we profiled autoantibodies
using an autoantigen microarray platform.

Results. We found elevated levels of anti-NET IgG and/or IgM in 45% of the aPL-positive patients. High anti-NET
antibody levels are associated with more circulating myeloperoxidase (MPO)–DNA complexes, which are a biomarker
of NETs. When considering clinical manifestations, positive anti-NET IgG was associated with lesions affecting the white
matter of the brain, even after adjusting for demographic variables and aPL profiles. Anti-NET IgM tracked with comple-
ment consumption after controlling for aPL profiles; furthermore, patient serum samples containing high levels of anti-
NET IgM efficiently deposited complement C3d on NETs. As determined by autoantigen microarray, positive testing for
anti-NET IgG was significantly associated with several autoantibodies, including those recognizing citrullinated histones,
heparan sulfate proteoglycan, laminin, MPO–DNA complexes, and nucleosomes. Anti-NET IgM positivity was associated
with autoantibodies targeting single-stranded DNA, double-stranded DNA, and proliferating cell nuclear antigen.

Conclusion. These data reveal high levels of anti-NET antibodies in 45% of aPL-positive patients, where they
potentially activate the complement cascade. While anti-NET IgM may especially recognize DNA in NETs, anti-NET
IgG species appear to be more likely to target NET-associated protein antigens.

INTRODUCTION

Antiphospholipid syndrome (APS) is a systemic autoimmune

disease that is a leading acquired cause of both thrombosis and

late-term pregnancy loss (1). Roughly one-third of APS cases

are diagnosed in patients with other autoimmune diseases such

as lupus, with the remainder presenting as a stand-alone syn-

drome called primary APS. Current classification criteria for APS
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seek persistently positive testing for anticardiolipin (aCL) antibod-

ies, anti–β2-glycoprotein I (anti-β2GPI) antibodies, or lupus antico-

agulant; these laboratory criteria should also be accompanied by

either a thrombotic event (arterial, venous, and/or microvascular)

or specific types of pregnancy morbidity (1). While thrombosis

and pregnancy morbidity are the traditional hallmarks of APS, a

variety of “extra-criteria” clinical phenotypes are also commonly

seen in daily practice. Such potentially morbid manifestations

include thrombocytopenia, hemolytic anemia, cardiac valve dis-

ease, livedo reticularis/racemosa, aPL-associated nephropathy,

seizures, brain white matter lesions as determined by magnetic

resonance imaging, and cognitive dysfunction. There are few, if

any, biomarkers to predict which aPL-positive patients are at risk

for these extra-criteria features that typically do not respond to

treatment with anticoagulant medications (1).
While the pathophysiology that propels APS remains incom-

pletely understood, potential aPL-mediated mechanisms that have
been described previously include the activation of endothelial cells,
monocytes, platelets, coagulation factors, and complement pro-
teins (1). Neutrophil extracellular traps (NETs)—prothrombotic and
proinflammatory webs of nuclear DNA, histones, and microbicidal
proteins extruded by activated neutrophils—have recently received
increased attention as contributors to thromboinflammation in APS
(2). It appears that aPL, especially those recognizing β2GPI, can
engage the neutrophil surface, where they circumvent normal
homeostatic mechanisms to trigger the release of NETs (2). Inter-
estingly, beyond traditional aPL, we recently found in a small
single-center study that some APS patients also develop anti-NET
antibodies that impair NET clearance with the potential to amplify
inflammatory responses (3). Unaddressed to date are the antigen
specificities of anti-NET antibodies and the extent to which these
antibodies could serve as biomarkers that would add value to tradi-
tional criteria aPL.

The Antiphospholipid Syndrome Alliance for Clinical Trials
and InternatiOnal Networking (APS ACTION) was founded in
2010. It is an international research consortium that supports
large-scale multicenter clinical studies in individuals who are per-
sistently aPL-positive (4). Here, we sought to elucidate the pres-
ence, clinical associations, and antigen specificities of anti-NET
antibodies in this large multinational cohort. We focused on those

individuals who did not have other underlying systemic autoim-
mune diseases such as lupus.

PATIENTS AND METHODS

More detailed protocols can be found in the Supplementary
Materials and Methods, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.42489.
This study complied with all relevant ethical regulations and was
approved by the University of Michigan institutional review board
(project no. HUM00200466).

Human samples. Serum samples from 389 individuals
were collected upon enrollment into APS ACTION (Supplementary
Table 1, http://onlinelibrary.wiley.com/doi/10.1002/art.42489).
Of these, 175 sampleswere from the European core lab, 129were
from the North American core lab, and 85 were from the South
American core lab.

Generation of NETs. Human neutrophils were isolated as
we have previously described (5). Purified neutrophils were resus-
pended in RPMI culture media supplemented with L-glutamine
and 3% fetal bovine serum (all fromGibco). Next, neutrophils were
seeded into each well of a 6-well plate at a density of 1 × 107.
To induce NETosis, neutrophils were cultured for 4 hours at
37�C and 5% CO2 in the presence of 500 nM phorbol
12-myristate 13-acetate (Sigma). Following incubation, NETs
(both in supernatant and adherent to the plate) were collected
and centrifuged at 450g for 10 minutes at 4�C to pellet large cellu-
lar debris. The cell-free NETs-rich supernatants were collected,
and NETs were pelleted by centrifuging at 16,000g for 10 minutes
at 4�C. The NET pellet was washed once with ice-cold phosphate
buffered saline (PBS) at 16,000g for 10 minutes at 4�C before
resuspending in ice-cold PBS at a concentration corresponding
to 2 × 107 neutrophils per milliliter of PBS.

Anti-NET IgG and IgMenzyme-linked immunosorbent
assays (ELISAs).Briefly, a high-binding 96-well enzyme immuno-
assay/radioimmunoassay plate was coated overnight at 4�C with
micrococcal nuclease–digested NETs diluted to a 5 μg/ml
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concentration in 0.05M bicarbonate buffer. The plates were
blocked with 4% bovine serum albumin for 2 hours at room tem-
perature. Serum samples (diluted 1:100 in blocking buffer) were
then added to individual wells. After a 1.5-hour incubation at
37�C, NET-bound autoantibodies were detected with a horserad-
ish peroxidase–conjugated secondary antibody (anti-IgG or anti-
IgM). Each experimental sample was compared to a correspond-
ing well containing the same sample but in which no NETs were
plated; this created an individual background value for each sam-
ple, which was subtracted to obtain the final result. The schematic
illustration of the protocol in Figure 1A was created using BioRen-
der software.

Quantification of antibodies, MPO–DNA complexes,
and circulating complements. Circulating anti–double-
stranded DNA (anti-dsDNA) and anti–single-stranded DNA (anti-
ssDNA) were measured using ELISA kits (catalog nos. 3100, 3105,
and 3115; Alpha Diagnostic) according to the manufacturer’s
instructions. MPO–DNA complexes were measured as previously
described (6). Circulating complements C3 and C4weremeasured
using ELISA kits (catalog nos. NBP2-60619 and NBP2-60618;
Novus Biologicals) according to the manufacturer’s instructions.
The immunofluorescence microscopy protocol was described pre-
viously (6).

Autoantigen microarray. Autoantibody profiling was
conducted using an autoantigen microarray platform developed
by Dr. Quan-Zhen Li at the University of Texas Southwestern
Medical Center, and data were analyzed using Genepix Pro soft-
ware version 7.0 (see the Supplementary Materials and Methods
for a detailed description, http://onlinelibrary.wiley.com/doi/10.
1002/art.42489).

RESULTS

Anti-NET antibodies in a multinational population.
We obtained serum samples from 389 persistently aPL-positive
patients recruited from centers in Europe, North America, and
South America. The mean age at the time of sampling was
51 years, and 70% of the patients were female (Supplementary
Table 1, http://onlinelibrary.wiley.com/doi/10.1002/art.42489).
Of these patients, 308 had primary APS and 81 patients had per-
sistently positive aPL without “criteria” APS manifestations or
another systemic autoimmune disease diagnosis. Additionally,
47 patients met 3 out of 11 American College of Rheumatology
revised criteria for the classification of systemic lupus erythemato-
sus but did not have classifiable lupus (7). Utilizing a custom
ELISA platform that we developed (Figure 1A), we measured
anti-NET IgG and IgM antibodies in 389 aPL-positive patients
alongside 40 healthy controls. As compared with the healthy con-
trols, elevated levels of anti-NET IgG and IgM were detected in
patients with both thrombotic and obstetric APS; levels were also

high in aPL-positive patients without any criteria manifestations
(Figures 1B and C). Based on a positive threshold set at the 99th
percentile for healthy-control samples, 61 patients (16%) had high
anti-NET IgG activity, while 155 patients (40%) had high anti-NET
IgM activity; 41 patients (11%) had positive results on testing for
both anti-NET IgG and IgM. Overall, at least 1 of these tests was
positive in 175 patients (45%).

There was a strong positive relationship between anti-NET
IgG and anti-NET IgM (r = 0.52, P < 0.0001). While no significant
difference was seen between lupus anticoagulant–positive and
lupus anticoagulant–negative patients (P = 0.32 for anti-NET
IgG, P = 0.72 for anti-NET IgM), anti-NET activities did demon-
strate positive correlations with levels of other traditional aPL
(r = 0.21 and P < 0.0001 for anti-NET IgG versus anti-β2GPI
IgG; r = 0.19 and P = 0.0001 for anti-NET IgG versus aCL IgG;
r = 0.18 and P = 0.0007 for anti-NET IgM versus anti-β2GPI IgM;
and r = 0.53 and P < 0.0001 for anti-NET IgM versus aCL IgM).
While none of the participants had classifiable lupus (7), 217 par-
ticipants (56%) were reported by the participating centers to be
positive for antinuclear antibodies (ANAs); ANA titers were not
available.

We tested anti-dsDNA IgG and IgM in all APS ACTION
samples. We observed a modest positive correlation between
anti-NET IgG and anti-dsDNA IgG (r = 0.22, P < 0.0001), and a
stronger correlation between anti-NET IgM and anti-dsDNA IgM
(r = 0.45, P < 0.0001). Targeted testing of anti-ssDNA IgG was
performed for 80 APS ACTION participants (r = 0.18, P = 0.1).
Among 389 APS ACTION patients, 127 were receiving treatment
with hydroxychloroquine at the time of enrollment. The use of
hydroxychloroquine was not associated with differences in anti-
NET antibody levels (Supplementary Figure 1, http://onlinelibrary.
wiley.com/doi/10.1002/art.42489). A circulating marker of NET
release, MPO–DNA complexes, was also quantified in all
389 patients. Anti-NET IgG and IgM were both found to be posi-
tively correlated with MPO–DNA complexes (r = 0.12 and
P = 0.02 for IgG, and r = 0.16 and P = 0.0012 for IgM).

Association of anti-NET antibodies with clinical
manifestations of extra-criteria APS. We next asked
whether the presence of anti-NET IgG or IgM might add to tradi-
tional aPL in the risk stratification of aPL-positive patients, espe-
cially as it relates to extra-criteria manifestations. We found that
positive testing for anti-NET IgG was significantly associated with
brain white matter lesions assessed by magnetic resonance
imaging after adjusting for age, sex, ethnicity, and aPL profiles
(odds ratio 11 [95% confidence interval 1.9–62]) (Figures 1D
and E). No significant association was found between anti-NET
IgM and any extra-criteria manifestations.

Association of anti-NET antibodieswith complement
activation. Work by our group and others has revealed that one
function of anti-NET antibodies in patients with lupus (8), patients

ANTI-NET ANTIBODIES IN A MULTINATIONAL APS COHORT 1409
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with APS (3), and patients with COVID-19 (6) is to impair NET deg-
radation, which may present a fertile platform for complement acti-
vation (9). We next asked whether anti-NET antibodies were
associated with complement activation. We measured circulating
C3 and C4 among aPL-positive patients. In an unadjusted model,

both anti-NET IgG and IgM were inversely correlated with comple-
ments C3 (r = –0.12 and P = 0.02 for IgG, and r = –0.18 and
P = 0.0005 for IgM) and C4 (r = –0.18 and P = 0.0003 for IgG,
and r = –0.25 and P < 0.0001 for IgM); however, after adjusting
for aPL profiles, only the associations between anti-NET IgM and

Figure 1. Measurement of anti–neutrophil extracellular trap (anti-NET) antibodies in 389 antiphospholipid (aPL) antibody–positive patients.
A, Schematic illustration of the anti-NET antibody enzyme-linked immunosorbent assay. B and C, Anti-NET IgG and IgM were measured in the
indicated groups; no patients in this cohort had lupus. Patients were grouped based on no criteria manifestations (aPL positive), a history of throm-
botic manifestations (47 of these 278 patients also had a history of obstetric manifestations), or a history of obstetric manifestations without a his-
tory of vascular thrombosis. Levels of anti-NET IgG and IgM at 450-nm optical density (OD) were compared to controls using the Kruskal-Wallis
test corrected with Dunn’s multiple comparison test: * = P < 0.05; ** = P < 0.01; **** = P < 0.0001. Horizontal black lines indicate medians and
dashed lines indicate the 99th percentile cut-offs. D and E, Association between positive anti-NET IgG (D) or IgM (E) and various extra-criteria
APS clinical manifestations were assessed using multivariate logistic regression adjusted for demographic variables (age, sex, ethnicity) and aPL
profiles.
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complement levels persisted (r = –0.12 and P = 0.03 for C3, and
r = –0.13 and P = 0.03 for C4). To look at the potential effect of
anti-NET IgM on NET-mediated complement activation, we incu-
bated serum (having either high or low anti-NET IgM activity) with
NETs and evaluated complement C3d deposition. Compared with
control serum samples, serum samples with high anti-NET IgM
activity more efficiently deposited complement C3d on NETs
(Figure 2A).

Antigen specificities of anti-NET antibodies. In pursuit
of the antigen specificity of anti-NET antibodies, we designed
a120-antigenmicroarraypanelwithaselectionof65NET-associated

antigens and 55 other autoantigens implicated in human
systemic autoimmune diseases (Supplementary Table 2,
http://onlinelibrary.wiley.com/doi/10.1002/art.42489). An on-chip
citrullination process was performed to citrullinate 120 autoanti-
gens using a peptidylarginine deiminase (PAD) cocktail that con-
tained a mixture of 4 PAD isoforms (PAD1, PAD2, PAD3, PAD4).
Using both the noncitrullinated and the citrullinated arrays, we
characterized the serum of 214 aPL-positive patients. Positive
testing for anti-NET IgG was significantly associated with the
following autoantibodies: Centromere protein A (a histone H3
variant), citrullinated-histone H1 and H4, collagen VI, heparan
sulfate proteoglycan, laminin, MPO–DNA complexes, and

Figure 2. Function and potential antigen specificities of anti-NET antibodies. A, Complement C3d decorating NETs. Control neutrophils were
stimulated with phorbol 12-myristate 13-acetate to generate NETs, which were then incubated with serum from patients with high (top panels)
anti-NET IgM or from healthy controls; scale bars = 100 microns. B–D, Autoantibody microarray comparing anti-NET IgG–positive and anti-NET
IgG–negative samples (B and C), and anti-NET IgM–positive and anti-NET IgM–negative samples (D). Volcano plots demonstrate (in red) antigen
specificities that were significantly enriched in the anti-NET–positive groups. See Figure 1 for definitions. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42489/abstract.
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nucleosomes. Meanwhile, anti-NET IgM positivity associated
with autoantibodies recognizing ssDNA, dsDNA, and proliferat-
ing cell nuclear antigen (a DNA clamp) (Figures 2B–D). To validate
the microarray findings, we selected 2 identified antigens
(heparan sulfate proteoglycan and nucleosome) and developed
ELISAs. We then assessed levels of anti–heparan sulfate proteo-
glycan IgG and anti–nucleosome IgG among 40 aPL-positive
patients. High levels of anti–heparan sulfate proteoglycan IgG
and antinucleosome IgGwere detected in patients whowere also
positive for anti-NET IgG (Supplementary Figure 2, http://
onlinelibrary.wiley.com/doi/10.1002/art.42489).

DISCUSSION

In this study, we found high levels of anti-NET IgG and/or IgM
in almost 50% of the aPL-positive patients, none of whom had
been diagnosed with another systemic autoimmune disease such
as lupus. Both anti-NET IgG and IgM tracked with high levels of
circulating NETs. Clinically, positive testing for anti-NET IgG was
able to identify patients with brain white matter lesions. Mean-
while, anti-NET IgM tracked with complement consumption as
measured by low complement C3 and C4; furthermore, APS
patient serum with high levels of anti-NET IgM enhanced C3d
deposition on NETs. The presented data also suggested that
anti-NET IgG activity in aPL-positive patients was more likely to be
driven by reactivity with protein antigens such as histones, as
opposed to the DNA component of NETs. At the same time, anti-
NET IgM activity appeared to be more likely to target DNA or the
associated DNA clamp known as proliferating cell nuclear antigen.

Several studies have provided evidence that NET-targeting
antibodies are present in various autoimmune diseases where
they may help propel disease pathogenesis. For example, one
interesting study demonstrated that serum from lupus patients
with IgG activity against NETs degraded NETs poorly, and such
patients were more likely to have lupus nephritis (8). In a small,
single-center study of primary APS patients, our group found high
anti-NET activity in some APS patients at levels similar to or higher
than those seen in lupus patients (3). In that study, we also
showed that high levels of anti-NET antibodies protected NETs
from nuclease digestion in serum (3). In the current study, we
not only validated the presence of anti-NET antibodies among tra-
ditional APS patients in a large, multinational cohort, but also
demonstrated for the first time that anti-NET antibodies were
detectable in many aPL-positive patients who did not have classi-
fiable APS features. Such anti-NET antibodies may help identify
patients at risk for certain extra-criteria manifestations such as
brain white matter lesions.

While complement activation has been suggested to play an
important role in the pathophysiology of the thrombotic and
obstetric complications of APS, the mechanisms by which the
complement system is activated in APS are incompletely under-
stood (10). Existing studies, typically focused on anti-β2GPI IgG,

have suggested that aPL can bind to C1q, activating the classical
complement pathway. However, the predominant subclass of
anti-β2GPI and aCL among APS patients is IgG2, which has a rel-
atively weak ability to activate complement as compared with
IgG1 and IgG3 (10). NETs have long been suggested to serve as
a fertile platform for complement activation. For example, comple-
ment C3, C1q, factor B, and properdin (complement-activating
glycoprotein) have all been shown to decorate the surface of
NETs (9,11). Moreover, NET-associated proteins such as MPO
and cathepsin G can directly bind to and activate properdin,
thereby promoting complement activation (12). Potentially fueling
this vicious cycle, C1q also appears to shield NETs from clear-
ance by DNase (9). Along similar lines, high anti-NET activity may
stabilize NETs, which can then serve as a scaffold for complement
activation. We were intrigued to find that the IgM isotype of anti-
NET antibodies was most strongly associated with complement
cascade activation. One recent study demonstrated that IgM
can directly interact with C1q and C4b to form a complex on lipo-
somal membranes (13), where the assembled structure can then
promote complement-mediated inflammatory responses (13). It
is certainly possible that anti-NET IgM can interact with NET-
bound C1q and other complement factors and further promote
complement activation.

Prior to this work, nothing was known about the antigen
specificities of anti-NET IgG and IgM among APS patients. To
address this critical question, we designed a custom autoantigen
microarray including 120 carefully selected antigens from a bank
of over 500 human autoantigens. Priority was given to antigens
associated with NETs in the literature. For example, heparan sul-
fate proteoglycans are well-known cell surface and extracellular
matrix components (14,15) that have been detected in NETs,
where they potentially modulate antimicrobial activities (15).
Utilizing this microarray platform, we identified specific antigen tar-
gets that were significantly enriched in individuals positive for
either anti-NET IgG or IgM. Among those, several interesting tar-
gets were identified, including heparan sulfate proteoglycan, lam-
inin, and nucleosomes. Studies in lupus suggest that
nucleosomes can bind to glomerular capillaries, mesangial matrix
membranes, and glomerular basement membranes via their high
affinity for glomerular constituents such as heparan sulfate and
laminin (16,17). Antibodies targeting nucleosomes thereby con-
tribute to lupus nephritis pathogenesis in murine models (16–18).
One can speculate that reactivity of anti-NET antibodies with
some of these antigens might contribute to endothelial activation
in APS. While the role of aPL in activating endothelial cells has
been demonstrated both in vitro and in vivo, most of these studies
have focused on the activation of APS endothelium by traditional
aPL, such as anti-β2GPI (19). Our data suggest that, beyond
aPL, anti-NET antibodies with reactivities against constituents of
the endothelium might also contribute to APS endothelial activa-
tion integral to inflammation and thrombosis. We can speculate
that anti-NET antibody–mediated endothelial dysfunction might

ZUO ET AL1412
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disrupt the integrity of the blood brain barrier, thereby promoting
an influx of inflammatory proteins into the cerebral parenchyma
and provoking brain white matter lesions. Future mechanistic
studies looking at the role of anti-NET antibodies in this and other
thromboinflammatory phenotypes of APS are warranted.

It is well known that a subgroup of primary APS patients can
eventually develop classifiable lupus (20). One cohort study of
128 primary APS patients followed up for 8 years found that
13% developed lupus or lupus-like disease (21). A clinically
actionable biomarker for the identification of this subgroup of pri-
mary APS patients is lacking. Interestingly, recent advancements
in understanding lupus pathogenesis have suggested that exag-
gerated NET release and impaired NET clearance promote lupus
autoantigen expansion, lupus-specific autoantibody production,
and organ-damaging type I interferon response (22). In this study,
we found that many primary APS patients or aPL carriers have
NET-stabilizing anti-NET antibodies, which are associated with
several serologic markers of lupus, such as anti-dsDNA and
antinucleosome antibodies. While we cannot draw definite
conclusions on the value of anti-NET antibodies in identifying
lupus-prone primary APS patients, we can speculate that these
functional anti-NET IgG/IgM could play a role in the evolution in
some primary APS patients toward full-blown lupus.

Our study does have some limitations. Due to the cross-
sectional design, we are not able to evaluate the durability of
anti-NET antibodies in aPL-positive patients. Moreover, the inter-
esting association between anti-NET IgG and brain white matter
lesions is hypothesis-generating but will need to be confirmed in
other cohorts. While we did not see a positive association
between the presence of anti-NET antibodies and other micro-
vascular complications of APS, such as aPL-associated nephrop-
athy, only 10 patients with this complication were present in the
cohort, which hinders the detection power in our model. Further-
more, while we have assembled a large multinational cohort of
aPL-positive patients, only 2% of the studied patients were Black.
As disparities in healthcare are rightfully receiving increased atten-
tion, the impact of race and ethnicity on the frequency of anti-NET
antibodies and associated risk with extra-criteria manifestations
remains to be elucidated. While we have identified various specific
antibodies that correlate with anti-NET activity in preliminary stud-
ies, the functions and clinical significances of those specific auto-
antibodies need further evaluation. In particular, it will be
important to compare the functional role of DNA-targeting anti-
NET antibodies versus those that recognize non–DNA antigens.

In summary, we have further defined a new class of
autoantibodies among aPL-positive patients that may promote
complement activation and identify certain extra-criteria APS man-
ifestations. Anticoagulation with vitamin K antagonists remains the
current mainstay of therapy for APS. While anticoagulation is rea-
sonably efficacious in preventing aPL-associated thrombosis, it
often has no bearing on extra-criteria manifestations of APS such
as cardiac, renal, and neurologic complications. Future studies on

the role of anti-NET antibodies as clinically relevant biomarkers—
which might lead to preemptive immunomodulatory therapy in
some patients—are warranted.
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