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ARTICLE INFO ABSTRACT

Article history: Objectives: Neutrophil extracellular traps (NETSs) are increasingly recognised for their role in pri-
Received 19 September 2025 mary antiphospholipid syndrome (PAPS) pathogenesis. Herein, we examined underlying mecha
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Accepted 20 December 2025 nisms driving NET formation and the thrombogenic effects of NETs in patients with PAPS, along

with potential inhibitors.

Methods: We examined NET release in PAPS, asymptomatic antiphospholipid autoantibodies
(aPLs) carriers, and healthy controls (HCs) as well as NET-bound proteins by immunofluo-
rescence, immunoblotting, quantitative polymerase chain reaction (PCR), and enzyme-
linked immunosorbent assay (ELISA). We assessed platelet-neutrophil aggregates by flow
cytometry (CD61/CD66b staining) and autophagy using LC3B immunofluorescence and
immunoblotting. Immunofluorescence was performed in paraffin-embedded kidney, skin
ulcer, and endoarterial thrombus tissues from patients with PAPS. Suppression of NET
release via CD40-CD40L inhibition was tested in in vitro and venous thrombosis mouse
models.

Results: Neutrophils from patients with PAPS exhibited increased NET release compared with
asymptomatic aPL carriers and HCs. NETs from patients with PAPS expressed tissue factor (TF)
that induced thrombin generation in platelet-poor plasma from HCs. aPL induced in vitro
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intracellular TF expression in HC neutrophils. TF-expressing NETs were abundant in the kidney,
skin ulcer, and endoarterial thrombus tissues from patients with PAPS, and colocalised with
fibrinogen. NET release in PAPS neutrophils was driven by aPL-mediated platelet activation,
subsequent platelet-neutrophil interaction, and autophagy induction. CD40-CD40L blockade
reduced platelet activation, autophagy, and NET formation in patients with PAPS. In a mouse
model, inhibition of CD40-CD40L reduced neutrophil-platelet aggregates and myeloperoxidase
(MPO)-DNA complexes in mouse peripheral blood, and the presence of NETs in the formed

thrombi.

Conclusions: Targeting the platelet-neutrophil/autophagy/TF-expressing NETs axis by CD40-
CD40L inhibition attenuates thromboinflammation in PAPS and should be explored as a poten-

tial therapeutic target.

WHAT IS ALREADY KNOWN ON THIS TOPIC

* The involvement of neutrophil extracellular traps (NETs) in
thromboinflammation pathways in primary antiphospholipid
syndrome (PAPS) is gaining increased attention, but there are
still unanswered questions concerning the mechanisms driving
NET release and thrombogenic effects of NETs, as well as
potential inhibitors.

WHAT THIS STUDY ADDS

* NETs from patients with PAPS are decorated with bioactive tis-
sue factor and induce thrombin generation.

Tissue factor (TF)-expressing NETs are abundant in kidney, skin
ulcer, and endoarterial thrombus tissues from patients with
PAPS, and colocalised with fibrinogen.

NET release in neutrophils from patients with PAPS is driven by
antiphospholipid antibody-mediated platelet activation, subse-
quent platelet-neutrophil interaction, and autophagy induc-
tion.

CD40-CD40L blockade in in vitro cultures reduces platelet acti-
vation, autophagy, and NET formation in patients with PAPS.
In a mouse model, inhibition of CD40-CD40L reduces neutro-
phil-platelet aggregates and MPO-DNA complexes in mouse
peripheral blood and the presence of NETs in the formed
thrombi.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

 These findings provide compelling proof-of-concept data that
targeting the CD40-CD40L pathway can disrupt platelet-neu-
trophil interactions and mitigate thromboinflammation in
PAPS.

* CD40-CD40L inhibition can represent a promising therapeutic
target in PAPS. Its role should also be explored in other throm-
boinflammation-associated conditions.

INTRODUCTION

Antiphospholipid syndrome (APS) is a complex, systemic
autoimmune disorder with a poorly understood pathophysiol-
ogy. APS is characterised by recurrent arterial and venous
thrombosis, microvascular manifestations, and pregnancy mor-
bidity in the presence of antiphospholipid autoantibodies
(aPLs), namely lupus anticoagulant (LA), anticardiolipin (aCL),
and anti-f2 glycoprotein I (anti-$2GPI) antibodies [1]. Although
earlier studies of APS pathogenesis were mainly focused on
coagulation and fibrinolysis disruption processes, an interplay
between thrombotic mechanisms and innate immune responses
is increasingly recognised [2—9]. The involvement of neutrophil
extracellular traps (NETs) in thromboinflammation pathways in
primary APS (PAPS) is gaining increased attention [2], but there
are still unanswered questions concerning the mechanisms

driving NET release and thrombogenic effects of NETs, as well
as potential inhibitors.

NETs decorated with bioactive tissue factor (TF), a main initi-
ator of the extrinsic blood coagulation cascade, have been dem-
onstrated in inflammatory conditions [eg, sepsis, acute
myocardial infarction, and antineutrophil cytoplasmic antibody
(ANCA) vasculitis] [10—12] and in systemic lupus erythemato-
sus (SLE), a systemic autoimmune disorder often co-occurring
with APS [13]. However, the expression of bioactive TF on NETs
from patients with PAPS needs to be further elucidated.

A key intracellular mechanism in the regulation of NET gen-
eration is autophagy [11,14], a homeostatic mechanism for the
elimination of harmful or damaged intracellular components.
NET release has been shown to be mediated by increased levels
of basal autophagy in SLE [13], but its role in the release of
NETs in PAPS remains unexplored. Platelet-neutrophil com-
plexes (PNCs), resulting from the interaction between neutro-
phils and activated platelets, have been shown to induce
neutrophil autophagy and NET formation [15].

Interactions between platelets and neutrophils are mediated
by P-selectin ligand and P-selectin, CD40 ligand (CD40L) and
CDA40, intracellular adhesion molecule 2 (ICAM-2) and integrin
alp2, and triggering receptor expressed on myeloid cells 1
(TREM-1) ligand (TREM-1L) and TREM-1 on platelets and neu-
trophils, respectively. It has been recently reported that PNCs
might enhance the APS IgG-mediated NET release in a P-selec-
tin-dependent manner [16]. CD40L enhances P-selectin activity
on platelets and Mac-1 expression on neutrophils [17]. CD40-
CD40L pathway acts as an amplifier of thromboinflammation
pathways [18—20], and its inhibition has been examined as a
targeted therapy in cardiovascular disease [21,22].

Herein, we aimed to examine: (1) NET release in patients
with PAPS and asymptomatic aPL-positive individuals,
(2) thrombogenicity of NETs through TF expression on NETSs in
both circulating neutrophils and organ tissues of patients with
PAPS, (3) the role of aPL in platelet activation and subsequent
platelet-neutrophil interaction for the generation of NETSs,
(4) autophagy as a potential mediator of NET release, and (5)
the effect of inhibition of the CD40-CD40L axis as a mediator of
the platelet-neutrophil cross-talk, both in vitro and in an APS
murine model.

METHODS

In total, 30 patients fulfilling the classification criteria for
thrombotic PAPS [1,23], 11 age- and sex-matched healthy con-
trols (HCs), and 5 asymptomatic aPL individuals with positive
aPL but without clinical criteria for APS (median duration of
aPL positivity: 7 [6-9] years) were included in this study. None
fulfilled the European Alliance of Associations of
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Rheumatology/American College of Rheumatology (EULAR/
ACR) classification criteria for SLE [24]. Additionally, sera from
a disease control group that did not have underlying autoim-
mune disorders or aPL positivity were collected: 7 patients with
acute arterial thrombosis (3 with acute stroke and 5 with ST-seg-
ment elevation acute myocardial infarction [STEMI]) and 8
patients with acute venous thrombosis; 1 patient had simulta-
neous arterial (stroke) and venous thrombosis. Participant char-
acteristics and inclusion/exclusion criteria are presented in the
Supplementary Table S1. None was on glucocorticoid or immu-
nosuppressive treatment. The study was approved by the Ethics
Committee of Laiko General Hospital (protocol number 398/31-
05-2021) in compliance with the Declaration of Helsinki. All
participants provided written informed consent. aPL quantifica-
tion and aPL profile were determined as described in Supple-
mentary Methods.

Venous blood samples were collected in EDTA and heparin-
containing tubes for the study of neutrophils and NETs, in
sodium citrate tubes for the study of platelets and isolation of
platelet-poor plasma (PPP), and in serum-separating tubes for
serum isolation. Polymorphonuclear neutrophils (PMNs) were
isolated using Percoll for stimulation and inhibition studies. To
investigate the bioactivity of NET-bound TF, thrombin ELISA
was carried out on isolated NET structures from patients with
PAPS. To inhibit the formation of NETs, isolated neutrophils
were pretreated with the early-stage autophagy inhibitor SC79,
whereas for the inhibition of CD40-CD40L interaction the inhib-
itor DRI-C21045 (at C = 10 M) was used. Total IgG fractions
were isolated and purified from 6 patients with triple aPL +ve
PAPS and 2 HCs for the in vitro stimulation of neutrophils and
platelets. NETs were visualised by confocal microscopy using
immunofluorescence. MPO/DNA complex ELISA was carried
out on isolated NET structures for the quantification of NET
release. TF mRNA expression was assessed by quantitative real-
time PCR. Neutrophil lysates and NET proteins were isolated for
the study of TF and microtubule-associated protein 1 light chain
3B (LC3B) expression, using western blotting. Peripheral blood
samples in heparin were used for the study of platelet-activated
neutrophil aggregates, using flow cytometry. For in vivo CD40-
CD40L inhibition, we utilised a thrombotic APS murine model,
through inferior vena cava (IVC) ligation, as previously
described [25]. More details on these methods are provided in
Supplementary Methods.

Moreover, archival formalin-fixed, paraffin-embedded kid-
ney (n = 5), skin ulcer (n = 4), and endoarterial thrombus
(n = 2) tissues from patients with PAPS, along with kidney
samples from the healthy parenchyma from 2 individuals who
underwent nephrectomy for renal masses diagnosed as oncocy-
tomas (used as ‘healthy’ controls) and a skin biopsy from 1 HC
were examined by immunofluorescence microscopy to detect
neutrophils, NETs and NET-bound TF, or fibrinogen. We also
examined as disease controls, formalin-fixed paraffin-embedded
kidney biopsies from 4 patients with acute renal thrombotic
microangiopathy (2 patients with haemolytic uremic syndrome,
1 with thrombotic thrombocytopenic purpura, and 1 with
Hemolysis, Elevated Liver enzymes and Low Platelets syn-
drome), a skin ulcer biopsy from a patient with diabetes melli-
tus, and endoarterial thrombus tissues retrieved during
thrombectomy from 2 patients with acute femoral artery athe-
rothrombosis. None of these patients fulfilled criteria for APS
or any other autoimmune disorder, nor did they have positive
aPL.

A more detailed description of the Methods is presented in
Supplementary Methods.
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Statistical analysis

For continuous variables, Wilcoxon (paired t-test) and Mann-
Whitney (unpaired t-test) were used, after implementing the
Shapiro-Wilk normality test. For comparison of more than 2
groups, 1-way analysis of variance (ANOVA, Tukey’s multiple
comparison test) with Bonferroni post hoc or Kruskal-Wallis was
applied. Data analysis was performed using GraphPad Prism
v9.0 software (www.graphpad.com). Data are presented as
mean + SD. Statistical significance was considered at P < .05.

RESULTS

Higher NET release in patients with PAPS compared with HCs
and asymptomatic aPL individuals

Neutrophils from patients with PAPS demonstrated higher
spontaneous NET release than neutrophils from age- and sex-
matched HCs and asymptomatic aPL carriers, as assessed by
immunofluorescence staining in ex vivo neutrophils (Fig 1A,B)
and MPO-DNA complex ELISA in isolated NET structures
(Fig 1C). In a 3-month follow-up, no significant difference was
observed in the ex vivo generation of NETs in patients with PAPS
(Fig 1D).

No correlation was demonstrated between NET release and
any specific aPL type, isotype, or titres, or venous or arterial
thrombosis history in patients with PAPS (Supplementary Fig
SI). Given that phosphatidylserine/prothrombin (aPS/PT) auto-
antibodies have been associated with elevated thrombotic risk
and their presence can help identify individuals at higher risk
[26] beyond the criteria aPL (aCL, anti-$2GPI, and LA), we mea-
sured aPS/PT IgG and IgM titres in isolated sera from all patients
with PAPS included in the study (n = 30). aPS/PT antibodies
did not correlate with NET release (Supplementary Figure S1K).

Overall, these findings suggest that patients with PAPS have
persistently higher spontaneous NET release than HCs and
asymptomatic aPL individuals.

NETs from patients with PAPS are decorated with bioactive TF

Using immunofluorescence staining, we observed that NETs
from 9 of 30 patients with PAPS expressed TF (Fig 1E). These
findings were verified by immunoblotting on isolated NET pro-
teins. TF expression in immunoblotting was significantly higher
in patients who also demonstrated TF expression by immunoflu-
orescence staining (Fig 1F).

We further assessed the ability of NET-bound TF from
patients with PAPS to generate thrombin, using in vitro stimula-
tions of PPP from HCs with isolated NET structures. We found
that NET structures isolated from PAPS neutrophils induced
thrombin generation in PPP from HCs, as assessed by thrombin
ELISA assay. This effect was dependent on NET-bound TF, since
TF inhibition with an anti-TF neutralising antibody abrogated
the generation of thrombin. Interestingly, NETs from patients
with PAPS with no prominent TF expression did not induce
thrombin generation (Fig 1G).

TF-bearing NETs and fibrinogen are present in arterial thrombi,
skin ulcer, and kidney tissues from patients with PAPS

To gain further insight into the role of NETs in thrombus
development and organ injury in PAPS, we examined the pres-
ence of neutrophils and NETs in acute arterial thrombi, skin
ulcer, and kidney biopsies from patients with PAPS, in
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comparison with skin and renal biopsies from individuals with-
out a diagnosis of autoimmune disorder, serving as controls.
Neutrophils and NETs were present in the arterial thrombi
(Fig 2A) and skin ulcer biopsies from patients with PAPS
(Fig 2B). NETs were often colocalised with TF and fibrinogen in
all patients (Fig 2A,B). In the case of arterial thrombi, NETs
were found within the organised thrombus in the arterial lumen,
but also in the thrombi of the recanalised lumen (Fig 2A). In
biopsies from skin ulcers, NETs and neutrophils were present,
both inside the thrombotic vessels and in the perivascular space.
However, they were also present in the reticular dermis, to a
lesser extent. Skin biopsies obtained from HCs did not demon-
strate any presence of neutrophils or NETs (Fig 2B).

Neutrophils and NETs were also observed in kidney biopsy
tissues from patients with PAPS with renal involvement. Specifi-
cally, NETs colocalised with TF or fibrinogen were detected in
the glomerular capillaries, in the peritubular capillaries, the
tubulointerstitial tissue close to the Bowman’s capsule, and
within thrombosed arterioles, even when intact neutrophils
were not visible (Fig 2C). Conversely, neutrophils and NETs
were not detected in kidney biopsies from the healthy paren-
chyma of nephrectomy tissues (used as HC tissues) (Fig 2C).

Moreover, we used endoarterial thrombus tissues from
patients with peripheral artery atherothrombosis (n = 2), kid-
ney biopsies from patients with renal thrombotic microangiop-
athy (TMA, n = 4), and 1 skin ulcer biopsy from a patient with
diabetes as disease control biopsies. We identified TF-expressing
NETs (Supplementary Fig S2A) colocalised with fibrinogen
(Supplementary Fig S2B) in endoarterial thrombus and renal
TMA biopsies. NETs were also present in the skin biopsy of the
patient with diabetes but were not colocalised with TF or fibrin-
ogen (Supplementary Fig S2A,B).

Taken together, these findings indicate the presence of TF-
bearing NETs, colocalised with fibrinogen, in endoarterial
thrombi, skin, and kidney biopsy specimens, suggesting their
involvement in the thromboinflammation process in target tis-
sues/organs among patients with PAPS.

aPL are required for the intracellular expression of TF in
neutrophils, activation of platelets, and subsequent NET release in
PAPS

To test whether the observed difference in the presence of
NET-bound TF in neutrophils of patients with PAPS is attributed
to the capacity of aPL to induce the expression of intracellular
TF in neutrophils, we treated HC neutrophils with isolated IgGs,
which were isolated from 6 patients with triple-positive PAPS.
We observed that IgGs from patients with PAPS with prominent
expression of TF on their ex vivo NETs induced higher TF mRNA
expression and TF protein levels, than IgGs from patients with-
out prominent TF expression on their NETs (Fig 3A-C).

Neither IgGs isolated from patients with PAPS, nor PAPS sera
were able to induce NET release directly in HC neutrophils, as
assessed by immunofluorescence staining and MPO-DNA com-
plex ELISA (Fig 3D,E). We further examined a disease control
group of aPL-negative patients with acute arterial and/or venous
thrombosis (n = 16). In vitro treatment of HC neutrophils with
sera from the above patients has been shown to induce intracel-
lular upregulation of TF expression (in 5 of 8 patients with arte-
rial thrombosis and 4 of 8 patients with venous thrombosis)
(Supplementary Figure S3A), but not NET formation as assessed
by both immunofluorescence staining and MPO-DNA complex
ELISA (Supplementary Fig S3A-C).
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Studies have shown that activated platelets are involved in
NET formation in infections and cardiovascular disease [10,27
—30]. To assess the ability of PAPS platelets to induce NET
release, we treated neutrophils from HCs with ex vivo-isolated
platelets from patients with PAPS or heterologous HC platelets.
We observed significantly increased NET release in HC neutro-
phils treated with platelets from patients with PAPS, compared
with HC neutrophils treated with heterologous HC platelets or
PAPS sera (Fig 3F-H). PAPS platelets did not induce TF expres-
sion in HC neutrophils (Fig 31).

Considering that the presence of platelet-neutrophil aggre-
gates is one of the most accurate markers of platelet activation,
we investigated their levels in our patients. We observed
increased platelet-neutrophil aggregates in the peripheral blood
of patients with PAPS, compared with HCs, expressed as CD61/
CD66b double-positive (+ve) events by flow cytometry (Fig 3J,
K). The spontaneous NET release observed in neutrophils from
patients with PAPS was strongly correlated with CD61/CD66b
double +ve events (Fig 3L). Checking for correlations between
CD61/CD66b double +ve events and PAPS clinical characteris-
tics, the only association found was with the presence of venous
thrombosis (Fig 3M, Supplementary Fig S4). CD61/CD66b dou-
ble +ve events did not correlate with aPS/PT autoantibodies
either (Supplementary Fig 4I). Moreover, we verified the pres-
ence of platelets on ex vivo-isolated neutrophils from patients
with PAPS by immunofluorescence confocal microscopy
(Fig 3N).

Prompted by these findings, we investigated whether aPL are
involved in platelet-neutrophil interactions. To reproduce this
hypothesis in vitro, we examined platelet-neutrophil aggregates
in HC neutrophils treated with PAPS IgG-pretreated platelets.
Increased CD61/CD66b double +ve events were observed in
HC neutrophils treated with PAPS IgGs-pretreated platelets,
compared with HC neutrophils treated with control IgG-pre-
treated platelets or untreated HC neutrophils (Fig 4A,B).

Furthermore, we treated HC platelets with either isolated
IgGs from patients with PAPS, demonstrating TF-expressing
NETs or not. Subsequently, these platelets were introduced to
HC neutrophils, pretreated with the same PAPS IgGs. Pretreat-
ment of platelets with either IgGs from patients with PAPS
expressing or not TF on NETs induced NET release in HC neutro-
phils, compared with controls (Fig 4C,D). However, NET-bound
TF was observed only when HC neutrophils were pretreated
with IgGs from patients with NET-bound TF-expressing PAPS,
but not with IgGs from patients with TF-negative PAPS or HCs
(Fig 4C,D). Importantly, TF presence in these in vitro stimulated
HC neutrophils was functional, since isolated NET structures
were able to induce thrombin generation in PPP from HCs in a
TF-dependent manner (Fig 4E).

Overall, aPL play a dual role by inducing TF expression in
neutrophils and activating platelets with subsequent NET
release in PAPS.

Autophagy in PAPS neutrophils is induced by their interaction
with activated platelets and mediates NET release

Autophagy is a key mechanism in the regulation of NET gen-
eration and release [14]. Autophagy-mediated release of NETs
has been described in patients with SLE with active disease
[13]. Herein, we investigated autophagy in neutrophils from
patients with PAPS and its association with NET release. We
observed that neutrophils from patients with PAPS demon-
strated higher basal autophagy levels than HCs, as assessed by
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Platelets from patients with PAPS induce NET release in neutrophils. (A) Intracellular expression of TF in isolated peripheral neutrophils
from HCs treated with HC IgGs (n = 2), IgGs from TF —ve (n = 3) or TF patients with +ve PAPS (n = 3). Representative data from 1 of 4 experiments.
(B) Relative mRNA TF expression by neutrophils in (A). (C) TF expression in isolated peripheral neutrophils incubated with purified PAPS IgGs from
TF —ve (n = 2) and TF +ve (n = 2) patients. (D) Quantification of NET release in isolated peripheral neutrophils from HCs (n = 6) treated in vitro
with purified IgGs (n = 4) or sera (n = 8) from patients with PAPS. (E) MPO-DNA complex enzyme-linked immunosorbent assay (ELISA) in isolated
NET structures from neutrophils in (D). (F) NETs released by isolated peripheral neutrophils from HCs treated with PAPS platelets (n = 8) or heterolo-
gous HC platelets (n = 8). Representative data from 1 of 4 experiments. (G) Quantification of NET release in (F). (H) Quantification of NET release by
ex vivo-isolated peripheral neutrophils from patients with PAPS (n = 8) compared with in vitro treatment of HC neutrophils with the corresponding
platelets or sera from these patients. Representative data from 1 of 4 experiments. (I) TF —ve NETs released by isolated peripheral neutrophils from
HCs treated with PAPS platelets (n = 8) or heterologous platelets from HCs (n = 8). Representative data from 1 of 4 experiments. (J) CD61/CD66b
flow cytometry dot plots in whole blood from patients with PAPS (n = 30) and HCs (n = 11). Representative data from 1 of 30 patients with PAPS.
(K) Quantification of CD61/CD66b double + ve events in (I). (L) Correlation of NET formation in patients with PAPS (Fig 1B) with CD61/CD66b dou-
ble +ve events. (M) CD61/CD66b double +ve events in patients with PAPS with venous thrombosis (n = 18) compared with patients without
(n = 12). (N) Representative immunofluorescence images of ex vivo-isolated peripheral neutrophils from HC (n = 6) and PAPS (n = 6) patients,
stained for the platelet marker CD61. Green: (A,I) TF, (F,N) MPO, red: (F,I) citH3, magenta: (A,I) MPO, white: (N) CD61, blue: (A,F,I,N) DAPI/DNA.
For (B), statistical analysis was performed using repeated-measures 1-way analysis of variance (ANOVA) with Bonferroni’s post hoc test. For (D,E,G,
H), statistical analysis was performed using ordinary 1-way ANOVA followed by Tukey’s multiple comparisons test. For (K,M), statistical analysis was
performed using the Mann-Whitney U test. For (L), statistical analysis was performed using the Pearson (r) correlation test. For (B,D,E,G,H,K,M), bars
represent mean values + SD, and each dot represents a patient. ANOVA, analysis of variance; citH3, citrullinated histone H3; DAPI, 4',6-diamidino-2-
phenylindole; ELISA, enzyme-linked immunosorbent assay; HC, healthy controls; MPO, myeloperoxidase; NET, neutrophil extracellular trap; PAPS,
primary antiphospholipid syndrome; TF, tissue factor.
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immunofluorescence staining using LC3B, a major autophagy
protein demonstrated in punctuated structures (puncta)
(Fig 5A). These findings were quantified by immunoblotting for
the lipidated form of LC3B (LC3B-II) and further verified by cal-
culating the integrated optical density (IOD) ratio of LC3B-II to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Fig 5B,
Q).

To further elucidate the involvement of autophagy in the for-
mation of NETSs, we pretreated isolated ex vivo PAPS neutrophils
with SC79, a pan-AKT phosphorylator molecule, which acts as
an early-stage autophagy inhibitor. Pretreatment of PAPS neu-
trophils with SC79 significantly attenuated basal autophagy lev-
els (Fig 5D upper) and the subsequent release of NETs (Fig 5D
lower, E, F), as assessed by immunofluorescence staining and
MPO-DNA complex ELISA in isolated NET structures.

To investigate whether the increased autophagy levels
observed in PAPS neutrophils are induced by their interaction
with activated platelets, we treated HC neutrophils with HC pla-
telets that had been pretreated with isolated PAPS IgGs. We

observed that platelets pretreated with PAPS IgGs induced
autophagy, in contrast to platelets pretreated with IgGs isolated
from HC serum, as shown using immunofluorescence staining
and immunoblotting of LC3B (Fig 5G,H).

These findings suggest that NET release in patients with PAPS
is correlated with increased basal autophagy in neutrophils,
which is mediated by aPL-activated platelets.

Evidence has shown that several neutrophil and platelet
receptor pairs drive platelet-neutrophil interactions, including
the P-selectin and P-selectin glycoprotein ligand-1 (PSGL-1), the
adhesion molecule ICAM2 and integrin aL2, known as lympho-
cyte function-associated antigen 1 (LFA-1), the TREM-1L and
TREM-1, and the CD40 ligand (CD40L/CD154) and CD40 [21].
We performed in vitro studies using inhibitors for LFA-1 —
ICAM-2 (Lifitegrast), TREM-1 — TREM-1L (VJDT), and CD40-
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aPL require platelets to induce NET release. (A) CD61/CD66b flow cytometry dot plots in isolated peripheral neutrophils from HCs, stimu-
lated with isolated HC platelets pretreated with purified HC or PAPS IgGs (n = 6). Representative data from 1 of 6 experiments. (B) Quantification of
CD61/CD66b double +ve events in (A). (C) NETs released by isolated peripheral neutrophils from HCs pretreated with purified IgGs from TF —ve

(n = 3) and +ve (n = 3) patients with PAPS, followed by stimulation with

isolated HC platelets pretreated with IgGs from the same patients. Repre-

sentative data from 1 of 3 experiments. (D) Quantification of NET release in (C). (E) Thrombin generation levels in HC platelet-poor plasma treated
with NET structures from neutrophils in (C). Green: CD61, red: citH3, magenta: MPO, blue: DAPI/DNA. For (B,D,E), statistical analysis was performed
using ordinary 1-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test. For (B,D,E), bars represent as mean values + SD,
and each dot represents a patient. ANOVA, analysis of variance; citH3, citrullinated histone H3; DAPIL, 4’,6-diamidino-2-phenylindole; ELISA, enzyme-
linked immunosorbent assay; HC, healthy controls; MPO, myeloperoxidase; NET, neutrophil extracellular trap; PAPS, primary antiphospholipid syn-

drome; TF, tissue factor.

CD40L (DRI-C21045); we did not examine the P-selectin and
PSGL-1 interaction inhibition, since it has been previously exam-
ined in APS [16]. Among the above, only the CD40-CD40L inhi-
bition could reduce NET release in HC neutrophils treated with
PAPS IgG-activated platelets (Supplementary Fig S5A). Thus, we
decided to extend our study of CD40-CD40L inhibition in PAPS.

Pretreatment of HC neutrophils with the CD40-CD40L inhibi-
tor significantly reduced NET release induced by PAPS IgG-acti-
vated platelets, as assessed by immunofluorescence staining and
MPO-DNA complex ELISA in isolated NET structures (Fig 6A-C).
Moreover, pretreatment of HC neutrophils with DRI-C21045
resulted in a significant decrease in CD61/CD66b double +ve
events, compared with neutrophils stimulated with PAPS IgG-
activated platelets in the absence of pretreatment (Fig 6D).
Importantly, inhibition of the CD40-CD40L interaction reduced
the generation of thrombin in PPP from HCs, following stimula-
tion with isolated NET structures from these cultures, as
assessed by thrombin ELISA (Fig 6E).

To verify these findings, we repeated these experiments with
platelets isolated from patients with PAPS. CD40-CD40L interac-
tion blockade significantly reduced NET release in HC neutro-
phils induced by ex vivo-isolated PAPS platelets, as assessed by

immunofluorescence staining and MPO-DNA complex ELISA in
isolated NET structures (Fig 6F-H). Moreover, pretreatment of
HC neutrophils with DRI-C21045 resulted in decreased CD61/
CD66b double + ve events (Fig 61).

Furthermore, we investigated the role of the CD40-CD40L
axis in the process of autophagy. Pretreatment of HC neutrophils
with DRI-C21045 significantly attenuated basal autophagy lev-
els induced by PAPS IgG-stimulated platelets, as assessed by
immunofluorescence staining and immunoblotting of LC3B
(Supplementary Fig S5B,C).

To validate our findings in vivo, we employed a murine
model of venous thrombosis by performing flow restriction of
the IVC in wild type (WT) mice, in combination with adminis-
tration of PAPS IgGs (Fig 7A). CD40-CD40L inhibition in this
model was mediated by a specific anti-CD40L antibody bearing
LALA mutations similar to the second-generation anti-CD40L
antibodies used in clinical practice [31]. CD40-CD40L inhibi-
tion significantly reduced platelet-neutrophil aggregates and
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Increased basal autophagy levels observed in PAPS neutrophils are induced by their interaction with activated platelets and mediate NET
release. (A) Detection of LC3B-positive puncta on autophagosomes in isolated peripheral neutrophils from patients with PAPS compared with HCs.
Representative data from 1 of 30 patients. (B) Quantification of the nonlipidated and lipidated forms of LC3B, LC3B-I and LC3B-IJ, in isolated total pro-
teins from patients with PAPS (n = 4) compared with HCs (n = 3). (C) Integrated optical density (IOD) in isolated total proteins from (B). Representa-
tive data from 1 of 2 independent experiments. (D) Basal autophagy levels (upper) and NET release (lower) in ex vivo PAPS patient neutrophils
compared with neutrophils pretreated with SC79 inhibitor (n = 8). (E) Quantification of NET release in (D). (F) MPO-DNA complex enzyme-linked
immunosorbent assay (ELISA) in isolated NET structures from neutrophils in (D). (G) Detection of LC3B-positive puncta on autophagosomes in isolated
peripheral neutrophils from HCs treated in vitro with purified PAPS IgG-pretreated platelets. (H) Quantification of the non-lipidated and lipidated
forms of LC3B, LC3B-1, and LC3B-II in isolated total proteins from neutrophils in (G). Green: (C—lower) MPO, red: (A, C—upper, F) LC3B, (C—lower)
citH3, blue: (A,C,F) DAPI/DNA. For (E), statistical analysis was performed using the Wilcoxon signed-rank test for paired samples. For (F), statistical
analysis was performed using ordinary 1-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test. For (C and F), bars repre-
sent mean values + SD, and each dot represents a patient. ANOVA, analysis of variance; citH3, citrullinated histone H3; DAPI, 4’,6-diamidino-2-phe-
nylindole; ELISA, enzyme-linked immunosorbent assay; HC, healthy controls; MPO, myeloperoxidase; NET, neutrophil extracellular trap; PAPS,
primary antiphospholipid syndrome; TF, tissue factor.

the subsequent NET release in anti-CD40L-treated animals com-
pared with saline or isotype IgG-treated mice, as assessed by
flow cytometry in whole blood (Supplementary Fig S6A and In this study, to our knowledge, we describe that ex vivo neu-
Fig 7B) and MPO-DNA complex ELISA in mouse sera (Fig 7C), trophils from patients with PAPS can release TF-decorated
respectively. Accuracy of MPO-DNA complex ELISA for murine NETs, which are able to generate thrombin in a TF-dependent
samples was verified on isolated PMA/ionomycin-induced manner, and that aPL play a dual role by inducing intracellular

NETs from murine neutrophils (Supplementary Figure S6B). TF expression in neutrophils, and activating platelets, with sub-
Interestingly, CD40-CD40L inhibition significantly reduced sequent platelet-neutrophil interaction, autophagy induction,
NET presence in murine thrombi, as assessed by immunofluo- and NET release. Most importantly, we demonstrate for the first

rescence staining (Fig 7D,E). Thrombus size and weight were time that CD40-CD40L blockade inhibits this platelet-neutrophil
not statistically different (Supplementary Fig S6C,D), whereas interaction and attenuates NET release both in vitro and in vivo.

mouse weight was similar in all study groups (Supplementary More specifically, we observed that ex vivo peripheral blood
Fig S6E). neutrophils from patients with PAPS exhibit increased spontane-

Overall, the CD40-CD40L axis is implicated in the platelet- ous release of NETs, compared with HCs and asymptomatic aPL-
neutrophil interactions, as CD40-CD40L blockade inhibits plate- positive individuals, which was persistent in a 3-month follow-

let-neutrophil interaction, the subsequent autophagy-mediated up. Studies have shown TF expression on NETs in some inflam-
release of NETs, and finally the generation of thrombin. Addi- matory conditions [10,12,13] and TF expression and procoagu-
tionally, inhibition of the CD40-CD40L axis in vivo altered lant activity on monocytes from patients with PAPS [32]. A
thrombus composition in an APS murine model by significantly previous study showed that aPL-induced complement activation
reducing NET presence. led to TF expression in neutrophils [33]; however, to our
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CD40-CD40L blockade attenuates NET formation in PAPS. (A) NETs released by isolated peripheral neutrophils from HCs stimulated with
HC platelets pretreated with PAPS IgGs, with or without pretreatment with the CD40-CD40L interaction inhibitor DRI-C21045. Representative data
from 1 of 6 experiments. (B) Quantification of NET release in (A). (C) MPO-DNA complex enzyme-linked immunosorbent assay (ELISA) in isolated
NET structures from neutrophils in (A). (D) Quantification of CD61/CD66b double + ve events in (A). (E) Thrombin generation levels in HC platelet-
poor plasma treated with NET structures from neutrophils in (A). (F) NETs released by isolated peripheral neutrophils from HCs treated with PAPS pla-
telets (n = 6), compared with neutrophils pretreated with the CD40-CD40L interaction inhibitor DRI-C21045, prior to the addition of PAPS platelets.
Representative data from 1 of 6 experiments. (G) Quantification of NET release in (F). (H) MPO-DNA complex enzyme-linked immunosorbent assay
(ELISA) in isolated NET structures from neutrophils in (F). (I) Quantification of CD61/CD66b double + ve events in (F). Green: MPO, red: citH3, blue:
DAPI/DNA. For (B-E,G-]), statistical analysis was performed using ordinary 1-way analysis of variance (ANOVA) followed by Tukey’s multiple compar-
isons test. For (B-E,G-I), bars represent mean values + SD, and each dot represents a patient. ANOVA, analysis of variance; citH3, citrullinated histone
H3; DAPI, 4’,6-diamidino-2-phenylindole; ELISA, enzyme-linked immunosorbent assay; HC, healthy controls; MPO, myeloperoxidase; NET, neutrophil
extracellular trap; PAPS, primary antiphospholipid syndrome; TF, tissue factor.

knowledge, no studies reported on the externalisation of TF in thrombogenicity of NETs was TF-dependent. In previous studies,
APS. Here, to our knowledge, we showed for the first time that thrombin generation was enhanced by isolated neutrophils and
ex vivo neutrophils from patients with PAPS externalise bioac- cell supernatants from patients with PAPS [33,34], but not from
tive TF on released NETs. isolated NETs. We also found that intracellular TF expression in

Although NET release was observed in all patients with PAPS, neutrophils is induced by aPL. Notably, not all aPL from patients
not all patients demonstrated TF-decorated NETs. However, the with PAPS were able to induce TF expression in neutrophils in
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CD40-CD40L blockade alters thrombus composition in an experimental mouse model of PAPS. (A) Schematic representation of the experi-
mental induction of PAPS in mice. C57BL/6 mice received 2 intraperitoneal (i.p.) doses of 500 pg isolated PAPS IgGs at a 48-hour interval. Treatment
[saline (vehicle control), isotype control antibody (300 pg/mouse), or anti-CD40L antibody (300 ug/mouse)] was administered i.p. between the
2 PAPS IgG injections. Prior to the second PAPS IgG administration, mice underwent IVC ligation, and were humanely euthanised 48 hours later.
(B) Quantification of platelet-neutrophil aggregates from mice in (A), determined as the % of CD41/Ly6G + ve cells by flow cytometry. (C) MPO-DNA
complex enzyme-linked immunosorbent assay (ELISA) in isolated serum samples from mice in (A). (D) Presence of NETs, defined as MPO/citH3 +ve
structures, in isolated thrombi from mice in (A). (E) Quantification of NET presence in thrombi from (D). Green: MPO, red: citH3, blue: DAPI/DNA.
For (B,C,E), statistical analysis was performed using ordinary 1-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test. For
(B,C,E), bars represent mean values + SD. For (E), NET quantification was defined as the ratio NET volume/total tissue volume. IVC, inferior vena
cava; ANOVA, analysis of variance; citH3, citrullinated histone H3; DAPI, 4’,6-diamidino-2-phenylindole; ELISA, enzyme-linked immunosorbent assay;
HC, healthy controls; MPO, myeloperoxidase; NET, neutrophil extracellular trap; PAPS, primary antiphospholipid syndrome; TF, tissue factor.

vitro. Only aPL from patients who demonstrated TF expression in
ex vivo neutrophils and NETs were able to induce in vitro TF
expression. Moreover, sera from other thrombotic disorders
(deep vein thrombosis, acute myocardial infarction, and stroke
patients) were able to induce TF expression intracellularly in HC
PMNs but were not able to induce NET release and externalisa-
tion of TF. These findings are in agreement with previous stud-
ies, which demonstrated that sera from patients with STEMI
induce TF expression but do not induce NET release directly in
PMNs [10].

The role of TF and NETs in thromboinflammation at the tis-
sue level (eg, kidneys) has been demonstrated in an aPL-induced
renal thrombotic microangiopathy mouse model [35]. However,
their presence in situ was not previously investigated in tissue
biopsies from patients with PAPS. Cutaneous manifestations in
patients with APS may vary, from livedo reticularis to skin ulcers
or necrosis, whereas kidney involvement in the form of APS
nephropathy has been well-recognised in the context of both
PAPS and SLE/APS [36]. We have shown here, for the first time,
the presence of TF-decorated NETs and deposited fibrinogen in
the proximity of NETs, in organ tissues from patients with PAPS,
such as arterial thrombi and thrombosed vessels from skin ulcer
biopsies. In kidney biopsies, TF-decorated NETs and fibrinogen
were found in the glomerular capillaries and peritubular
capillaries, but also in the tubulointerstitial compartment close
to the Bowman’s capsule, suggesting a possible involvement in

the ongoing periglomerular scarring and tubular atrophy, in
addition to TMA lesions [35]. Interestingly, a recent RNA-
sequencing study on archival kidney biopsies from patients with
PAPS showed higher expression of NET-related genes in PAPS vs
control kidney samples [37]. We also found the presence of TF-
decorated NETs and deposited fibrinogen in kidney biopsies of
patients with renal TMA and in thrombus tissue from patients
with peripheral artery atherothrombosis. These findings further
support the importance of NETs as a mechanism in thromboin-
flammation and atherothrombosis [38].

We further investigated the intracellular pathways underly-
ing NET release. Neutrophils and platelets interact minimally in
the circulation in normal conditions, while the platelet-neutro-
phil cross-talk is important in the process of haemostasis and
thrombosis, and is even implicated in the clearance of pathogens
[39—44]. Circulating PNCs have been associated with thrombo-
sis in individuals with acute coronary syndromes, and activated
platelets were the main inducers of NET release in these patients
[10]. In the context of APS, anti-$2GPI aPL interact with Fcy-
receptor Ila on the platelet surface and activate them [45].
Moreover, the release of platelet factor 4 (PF4) has been shown
to promote the formation of highly antigenic PF4-complexed
P2GPI, and subsequent platelet activation [46]. A previous study
has demonstrated that platelets from patients with APS display a
proinflammatory and procoagulant profile, including enhanced
TF expression and participation in platelet-leukocyte aggregates
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[47]. Platelet TF expression has been further characterised in
APS, with TF-positive platelets and TF-positive platelet-leuko-
cyte aggregates reinforcing the idea that platelet-driven throm-
boinflammation is itself a key contributor to APS thrombosis
[48]. Additionally, a recent publication reported that platelets
enhance the capacity of aPL to induce NET formation in neutro-
phils [16]. In the present study, we showed that patients with
PAPS exhibit increased PNCs compared with HCs, and they are
significantly correlated with the ex vivo NET release observed in
neutrophils; PNCs also associate with the presence of venous
thrombosis. We found for the first time that isolated ex vivo pla-
telets alone from patients with PAPS can activate neutrophils
and promote the formation of NETs.

Moreover, we showed that neutrophils in PAPS have
increased basal autophagy levels, compared with HCs, and that
increased autophagy was responsible for NET release. The use of
a pan-AKT phosphorylator (autophagy inhibitor) halted this pro-
cess, even in ex vivo PAPS neutrophils. We also observed that
activated platelets that trigger NET release in patients with
PAPS, induce autophagy in neutrophils of HCs.

Considering the role of platelets and their interaction with
neutrophils in inducing thrombogenic NET release, targeting
platelets or the platelet-neutrophil interaction can be a potential
treatment strategy in APS. Platelet activation can be eliminated
via platelet cyclooxygenase activity inhibition with aspirin, or
via Toll-like receptor 7 inhibition with hydroxychloroquine
[49]. Aspirin, in combination with vitamin K antagonists (with
an INR 2-3), is one of the management options for thrombotic
APS (with low level of evidence) [50], but it may increase the
risk of bleeding. The platelet-neutrophil interaction in the blood
and endothelium involves several receptor—ligand pairs, includ-
ing P—selectin—P—selectin glycoprotein ligand, GPIba—macro-
phage 1 antigen (MAC-1 and aMp2), GPIIbllla—MAC-1
through fibrinogen, TREM-1 ligand and TREM-1, and
CD40-CD40L [21]. CD40-CD40L interaction enhances neutro-
phil recruitment through upregulation of Mac-1, while CD40
has been shown to stimulate autophagy [51,52]. Performing
functional validation assays using a CD40-CD40L interaction
inhibitor, we found that CD40-CD40L blockade in vitro could
eliminate platelet activation, autophagy, and NET formation in
PAPS.

Most importantly, in our murine APS model, administration
of a neutralising anti-CD40L antibody, inhibited platelet-neutro-
phil aggregation and subsequent NET release and significantly
altered thrombus composition by significantly diminishing NET
presence. It has already been established in several high-impact
studies [53,54] that NETs are critical for the formation of arte-
rial and venous thrombi in mice. A potential explanation for the
lack of thrombus size reduction in our experiments might be
that, as NET presence enhances thrombus stability through
fibrin structure alterations and inhibits thrombus resolution
[55], the chosen time point of analysis (48 hours after IVC liga-
tion) was short to observe thrombus resolution, and we might
be able to document thrombus size differences at a later experi-
mental time point.

Treatments targeting CD40-CD40L pathway have been exam-
ined in systemic autoimmune diseases, mainly SLE [56—58].
First-generation anti-CD40L antibodies have been associated
with increased thromboembolic risk, resulting from platelet acti-
vation triggered by FcyRlIla stimulation. However, the antibody
used in our study has modifications in the Fc region, similar to
the new anti-CD40L antibodies containing a modified Fc with
low FcyRlIla binding. Trials of second-generation anti-CD40-
CD40L antibodies have been recently completed, and others are
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currently taking place in patients with SLE and lupus nephritis
[31,56—58].

A prior pioneering study demonstrated increased NET release
in ex vivo neutrophils from patients with PAPS [34]. This study
found an association between NET release and anti-$2GPI IgG
positivity [34], a finding not observed in our study, which could
be possibly due to a lack of power to detect possible associa-
tions. The study above showed that IgG purified from patients
with APS stimulated the release of NETs from control neutro-
phils. In our experimental setting, we observed that serum or
purified IgGs from patients with PAPS alone cannot induce NET
release in neutrophils isolated from HCs, which could be due to
different experimental settings, such as the neutrophil isolation
method (presence/absence of platelets). In addition, our study
group (patients with PAPS, asymptomatic aPL carriers, and HCs)
consisted solely of White Europeans, limiting the generalisabil-
ity of our findings to other ethnic groups. A multiethnic study
with a larger sample size can lead to greater precision and
higher power to detect true associations. Most patients with
PAPS in our study were high-risk patients, with 63% experienc-
ing recurrent thrombotic events, and 83% having LA positivity,
63% triple aPL positivity, and about 50% high IgG antif2GPI
and aCL titres. These characteristics confirm a well-character-
ised APS population, and also help to better understand the
pathophysiology of patients with high recurrence rates, who can
benefit from potential new treatment targets.

In summary, our results showed a TF-dependent thromboge-
nicity of NETs and identified platelets as indispensable compo-
nents of NET release in PAPS, while this process was mediated
intracellularly by autophagy. Our data support a dual role of
aPL, involving the intracellular TF expression in neutrophils and
the activation of platelets for the generation of thrombogenic
NETs. Inhibition of the platelet-neutrophil interaction through
CD40-CD40L attenuated APS thrombogenicity both in vitro and
in vivo. We also demonstrated the presence of TF-expressing
NETs in endoarterial thrombi and microthrombi in skin ulcer
and kidney biopsies. These findings provide additional evidence
for intercepting NET-induced thromboinflammation in tissue
damage in microvascular APS, a newly classified entity by the
2023 ACR/EULAR classification criteria for APS, including APS
nephropathy, livedoid vasculopathy/skin ulcers, and alveolar
haemorrhage [1]. These data may help in identifying potentially
new therapeutic targets but also support repositioning of exist-
ing drugs, such as anti-CD40L antibodies in patients with refrac-
tory thrombotic APS, anticoagulation-resistant microvascular
APS manifestations, or even other thrombotic disorders with
prominent platelet-neutrophil interaction.
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