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Case Report: Anti-platelet
factor 4 -mediated
Immunothrombosis in a patient
with ANCA vasculitis — a shared
mechanism of NETosis
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2Nephrology Department, Galilee Medical Center, Nahariya, Israel, 3Azrieli Faculty of Medicine, Bar-
Ilan University, Zefat, Israel, “Hematology Unit, Galilee Medical Center, Nahariya, Israel

Anti-platelet factor 4 (PF4) immunothrombosis is characterized by
thrombocytopenia, thrombosis and enhanced NETosis and has been described
in the absence of prior heparin exposure. This case report describes a patient
with antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV)
who, while under immunosuppression, developed anti-PF4-mediated
immunothrombosis, with NETosis significantly elevated compared to baseline
markers observed during AAV. Treatment with intravenous immunoglobulin
(IVIG) led to resolution of the syndrome, marked by a reduction in NETosis
markers, restoration of platelet counts, and alleviation of the hypercoagulable
state. We review the epidemiology, pathogenesis, clinical manifestations, and
management strategies of thrombotic anti-PF4 immune disorders, highlighting
the roles of AAV and dysregulated NETosis as key triggers. Early recognition of
anti-PF4-mediated immunothrombosis without prior heparin exposure is critical,
as prompt treatment with IVIG and direct thrombin inhibitors can significantly
improve outcomes. This case underscores the interplay between NETosis, ANCA
vasculitis, and thrombotic anti-PF4 immune disorders, emphasizing the
therapeutic potential of IVIG in mitigating NETosis-related complications.
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Introduction

Heparin-induced thrombocytopenia (HIT) is classified into Type 1, a benign, non-
immune reaction resolving spontaneously, and Type 2, a severe immune-mediated disorder
caused by anti-PF4-heparin antibodies, leading to thrombocytopenia and thrombosis.
Recently, there have been descriptions of anti-PF4-mediated immunothrombosis without
prior heparin exposure, expanding the spectrum of thrombotic anti-PF4 immune
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disorders, beyond classic HIT (1-9). Herein, we report on a patient
with antineutrophil cytoplasmic antibody (ANCA) associated
vasculitis (AAV) suffering from anti-PF4- mediated
immunothrombosis, which developed without prior heparin
exposure. We emphasize and investigate the pivotal role of
NETosis in mediating the pathogenesis of thrombotic anti-PF4
immune disorders. NETosis is an evolutionarily conserved process
aimed to entrap microorganisms (10). NETosis can be triggered by
both pathogens and endogenous factors, including antibodies, pro-
inflammatory cytokines, and sterile inflammatory stimuli such as
high glucose, cholesterol, complement C5a, and hypoxia. Once
activated, a cascade of enzymatic events unfolds, beginning with
the Raf-MEK-ERK pathway activation and NADPH oxidase-
dependent ROS production, followed by an increase in cytosolic
calcium, which activates peptidylarginine deiminase 4 (PAD4),
leading to histone H3 citrullination (citH3) and chromatin
decondensation (11). This process results in the extrusion of a
mixture of DNA and bactericidal proteins, including
myeloperoxidase (MPO), neutrophil elastase (NE), and citH3, all
of which serve as markers of NETosis (11, 12). However, NETosis
can also occur independently of NADPH oxidase activity (13),
highlighting the existence of both ROS-dependent and ROS-
independent pathways (12, 14). While NETosis functions as a
vital host defense mechanism, its dysregulation can result in
distinct pathological outcomes such as necroinflammation in
ANCA-associated vasculitis (AAV) and thrombosis in anti-PF4
immune disorders (15-18). This dual-edged nature of NETosis
underscores its critical role in both immunity and pathology.
Crucially, this case study highlights the activation of NETosis
and its pivotal role in fueling inflammatory and prothrombotic
processes in a patient with AAV and anti-PF4-mediated
immunothrombosis. We delve into the epidemiology, clinical
features, and proposed mechanisms underlying thrombotic anti-
PF4 immune disorders, with a particular focus on NETosis as a key
mediator of these complications and its role in AAV pathology.
Furthermore, we explore therapeutic implications, emphasizing the
role of immunomodulatory treatments such as intravenous
immunoglobulins (IVIG) in countering dysregulated NETosis,
thrombocytopenia, and thrombosis. We present insights into the
management of this complex and rare condition, underscoring the
potential of targeted interventions to enhance patient outcomes.

Case description

An 86-year-old woman with a history of hypertension
presented with a progressive decline in renal function, with serum
creatinine levels rising from 1.4 mg/dL to 7.01 mg/dL over the past
four months. On physical examination, she appeared pale, with a
respiratory rate of 24 breaths per minute, blood pressure of 154/82
mmHg, and a regular pulse of 88 beats per minute. Cardiac
examination revealed normal heart sounds without murmurs or
pericardial friction rub, along with bilateral lung crepitations. Her
abdomen was soft, non-tender, without organomegaly, and with
normal bowel sounds. No peripheral edema was observed.
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Laboratory evaluation revealed a positive P-ANCA (anti-
myeloperoxidase) with a titer of 45.2 AU/mL. Additional
laboratory findings are detailed in Table 1. A chest CT scan
revealed several pulmonary nodules located in the lower anterior
region of the right upper lobe and the posterior region of the right
lower lobe. A kidney biopsy was performed to confirm rapidly
progressive glomerulonephritis (RPGN), revealing crescentic
glomerulonephritis due to p-ANCA associated vasculitis.
(Figure 1). The biopsy sample included 17 glomeruli, of which 3
exhibited fibrocellular crescents, 1 displayed a cellular crescent, and
3 showed global sclerosis. The remaining 10 glomeruli had open
capillaries without evidence of hypercellularity. Tubular atrophy
affected 10-20% of the sample, with approximately 50% interstitial
fibrosis. Notably, no deposition of immunoglobulins or C3 was
detected. A diagnosis of crescentic glomerulonephritis secondary to
p-ANCA associated vasculitis, specifically microscopic polyangiitis
(MPA), was confirmed. The patient received three 1000 mg pulses
of methylprednisolone, seven alternate-day plasma exchange
sessions, and a single 500 mg dose of cyclophosphamide, resulting
in a gradual improvement in renal function, with serum creatinine
levels declining to 4.2 mg/dL within one week. Two weeks after
starting treatment, the patient developed severe thrombocytopenia,
with her platelet count dropping to 5,000/uL (Table 1). Stable
leukocyte levels indicated that cyclophosphamide was unlikely the
cause of this profound thrombocytopenia. A peripheral blood
smear showed no evidence of platelet clumping or schistocytes,
and follow-up testing revealed that p-ANCA had become negative.
(Table 1) Six units of platelets were transfused. Twelve hours post-
transfusion, the patient developed swelling, cyanosis, and petechiae
in her left leg. Doppler ultrasound confirmed deep vein
thrombosis (DVT).

The combination of severe thrombocytopenia and thrombosis
raised suspicion for anti-PF4-mediated immunothrombosis without
proximate heparin exposure, given the absence of prior heparin
treatment. A rapid immunoassay (STic Expert HIT) detected
positive anti-PF4 antibodies in the patient’s plasma, indicating the
presence of PF4-specific antibodies, typically associated with HIT.
However, the patient had no prior heparin exposure. Platelet
Aggregation Test (PAT) using Light Transmission Aggregometry
(LTA) with platelet-rich plasma (PRP) and heparin at varying
concentrations was performed. According to the reference values of
the performing laboratory, a positive aggregation response is defined
as greater than 40%. The results demonstrated 23.6% platelet
aggregation with buffer alone, 10.1% at 0.1 U/mL heparin, 80% at 1
U/mL heparin, and 0.1% at 100 U/mL heparin. Unlike spontaneous
HIT, platelet aggregation was not observed in the absence of heparin.
However, similar to HIT, low-dose heparin induced platelet
aggregation, while high-dose heparin inhibited aggregation,
indicating a heparin-dependent activation pattern. Given that the
patient had no prior heparin exposure, these findings suggest that
anti-PF4 antibodies, unrelated to heparin, mediated the
immunothrombosis (2, 3, 19, 20). Treatment with argatroban, a
direct thrombin inhibitor, was initiated with careful monitoring to
effectively manage the heightened risk of bleeding associated with
severe thrombocytopenia.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1567999
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

ABojounwiwi| Ul s1913U044

¢0

640°UISISNUOY

TABLE 1 Timeline of laboratory results before, during and after hospitalization.

Baseline Presentation Anti -PF4-mediated Discharge 20.6.2024 22.8.2024 1.10.2024 18.11.2024
1.02.2024 12.5.2024 immunothrombosis 6.6.2024
28.5.2024

Hemoglobin g/dL 12 8.5 8.9 8.9 9.4 11.3 12.2 13.1
Leukocyte count/pL 7,400 7,730 11.380 4,090 6,700 5,800 4,200 8,400
Platelet count/pL 319,000 311,000 5,000 91,000 181,000 251,000 284,000 283,000
Creatinine, mg/dL 0.75 7.01 2.6 1.66 173 127 1.3 1.28
Albumin, g/dL 4.3 3.14 3.38 2.87 3.4 4 4
CRP, mg/L 104.5 24 6.1
LDH. U/L 201 210 258
P-ANCA, AU/mL 45.2 negative negative negative
c-ANCA, AU/mL negative
Urine sediment RBC casts RBC casts w/o casts w/o casts w/o casts
Urine protein-to-creatinine ratio, 1144 355 469
mg/g
Urine albumin-to-creatinine ratio. 589 125 148
mg/g

Hemoglobin (Hb): 12.1-15.1 g/dL, Leukocyte Count (WBC): 4,000-11,000 cells/uL,Platelet Count (PLT): 150,000-450,000 platelets/uL, Creatinine (Cr): 0.6-1.1 mg/dL, Albumin (Alb): 3.5-5.0 g/dL, C-Reactive Protein (CRP): <6 mg/L, Lactate Dehydrogenase (LDH):
120-250 U/L, Perinuclear Anti-Neutrophil Cytoplasmic Antibody (p-ANCA): Negative (<20 AU/mL), Anti-Neutrophil Cytoplasmic Antibody (c-ANCA): Negative (<20 AU/mL), Urine Protein-to-Creatinine Ratio (UPCR): Normal (<150 mg/g), Urine Albumin-to-
Creatinine Ratio (UACR): Normal (<30 mg/g).
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FIGURE 1
Kidney biopsy demonstrating focal crescentic glomerulonephritis
(GN) associated with ANCA.

Therapeutic intervention

To manage the immune-mediated thrombocytopenia and
thrombosis, IVIG was administered at a dose of 0.5 g/kg daily
for 3 consecutive days, while platelet transfusions were avoided to
mitigate the risk of exacerbating the prothrombotic state.
Notably, a gradual increase in platelet count was evident within
24 hours of initiating IVIG therapy. Once the platelet count
reached 70,000/uL, argatroban was transitioned to apixaban for
long-term anticoagulation.

Follow-up and outcomes

The patient’s general condition, kidney function, and platelet
counts demonstrated significant improvement over the subsequent
7 days, as detailed in Table 1. She is currently receiving maintenance
therapy with avacopan (CCX168), a selective complement 5a
receptor (C5aR) inhibitor, in combination with rituximab (anti-
CD20). Importantly, no further episodes of anti-PF4-mediated
immunothrombosis have been observed. Apixaban was

10.3389/fimmu.2025.1567999

discontinued after 6 months. This personalized treatment
approach highlights the vital role of early recognition and timely
intervention in managing anti-PF4-mediated immunothrombosisin
patients without prior heparin exposure, particularly those
with AAV.

Diagnostic assessment

Given the potential link between excessive NET formation and
the development of anti-PF4-mediated immunothrombosis (16,
17), we quantified NETosis markers at five critical time points: at
the diagnosis of ANCA-associated vasculitis, during the acute phase
of anti-PF4-mediated immunothrombosis, and at three intervals
following recovery.

NETosis markers levels in serum

The trends and comparative analysis of these markers are
depicted in Figure 2, providing insights into the dynamic role of
NETosis throughout the disease course and recovery.

At the diagnosis of ANCA-associated vasculitis, baseline
levels of citH3, MPO, and PAD4 were markedly elevated,
reflecting heightened NETosis activity characteristic of active
vasculitis. Despite initiating immunosuppressive therapy,
including methylprednisolone pulses, plasma exchange, and
cyclophosphamide, the patient developed an anti-PF4-mediated
immunothrombosis two weeks later. During this complication,
citH3 and MPO levels significantly increased, rising 1.9-fold
and 3.3-fold, respectively. PAD4 levels exhibited an even
more pronounced rise, peaking at a 4.9-fold elevation six days
after the acute thrombotic event. These findings underscore the
exacerbated NET formation despite ongoing immunosuppressive
treatment, highlighting the need for targeted strategies to address
dysregulated NETosis in this context. Following the administration
of IVIG, a marked reduction in NETosis markers was observed,
with levels decreasing to below those measured at the initial ANCA
vasculitis diagnosis. This reduction in NETosis markers
corresponded with clinical improvement, an increase in platelet
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NETosis markers across key stages of disease progression. NET markers were measured by ELISA at five critical points: at the diagnosis of antineutrophil
cytoplasmic antibody (ANCA) vasculitis, during the acute phase of anti-PF4-mediated immunothrombosis, and at three intervals following Intravenous
Immunoglobulins (IVIG) treatment (A) Serum levels of citrullinated histone H3 (citH3) (B) Myeloperoxidase serum levels (MPO) (C) Peptidyl arginine
deiminase 4 (PAD4) serum levels. The data demonstrates a correlation between the reduction in NETosis markers and clinical recovery.
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count, and resolution of thrombosis, underscoring the efficacy of
IVIG in modulating NETosis activity even in the setting of prior
immunosuppressive therapy. The dynamic changes in NETosis
markers levels across these disease stages are depicted in Figure 2,
emphasizing the potential of NETosis as a biomarker for
disease progression and therapeutic response in ANCA vasculitis
and anti-PF4-mediated immunothrombosis. The vicious cycle
of dysregulated NETosis in AAV and anti-PF4-mediated
immunothrombosis is depicted in Figure 3, illustrating its feed-
forward pathogenic mechanism. IVIG disrupts this cycle,
leading to the attenuation of NETosis, immunothrombosis, and
thrombocytopenia, ultimately breaking the cycle of immune-
driven thrombosis.

To our knowledge, this is the first description of anti-PF4-
mediated immunothrombosis occurring in the absence of prior
heparin exposure in association with ANCA-associated vasculitis.
This case underscores the importance of clinical vigilance and
careful monitoring for anti-PF4-mediated immunothrombosis in
patients with ANCA vasculitis, as well as the therapeutic potential
of IVIG in managing this condition.

Discussion

Type 2 HIT is an antibody-mediated, prothrombotic drug reaction
first described in 1973, characterized by thrombocytopenia occurring
about one week after heparin initiation, frequent thrombotic events,
and the presence of heparin-dependent, platelet-activating anti-PF4
antibodies (1, 2, 21, 22). More recently, there have been descriptions of

x@g&? ANCA

L]
%_‘ (y anti-PF4

NETosis

Crescentic
Glomerulonephritis

FIGURE 3

Enhanced
NETosis
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anti-PF4-mediated immunothrombosis without prior heparin
exposure, expanding the spectrum of thrombotic anti-PF4 immune
disorders, beyond classic HIT (6). Three distinct etiologies of anti-PF4
immune disorders unrelated to heparin exposure have been
characterized. 1. Autoimmune HIT (aHIT): A severe subtype of HIT
characterized by the presence of both heparin-dependent and heparin-
independent platelet-activating antibodies. Unlike patients with classic
HIT, patients with aHIT have unusually severe thrombocytopenia, an
increased frequency of disseminated intravascular coagulation, and
atypical thrombotic events (3, 6). 2. Spontaneous HIT: This syndrome
is triggered by non-heparin factors such as knee replacement surgery,
infections, or monoclonal paraprotein associations. In these cases,
excessive release of PF4 or its binding to other negatively charged
molecules can initiate an immune response. This subtype is primarily
associated with heparin-independent platelet-activating antibodies (4,
6-8, 23). 3. Vaccine-Induced Immune Thrombotic Thrombocytopenia
(VITT): Recently recognized as a rare complication of adenoviral
vector-based COVID-19 vaccines, VITT is marked by the presence of
high-titer anti-PF4 antibodies. These antibodies induce PF4 clustering
and platelet activation in a heparin-independent manner, leading to
thrombocytopenia and thrombotic complications. Although
antibodies against PF4-heparin and PF4 bind to distinct epitopes on
PF4, both types of antibodies cross-link platelet Fc receptors (FcyRIIA),
inducing platelet activation and hypercoagulability (5, 6, 9, 24-32).
PF4, also known as CXCL4, is a 32 kDa positively charged
tetrameric chemokine protein predominantly stored in and released
from platelets, although it can also be synthesized by monocytes.
It is regarded as an evolutionarily ancient chemokine with
proposed roles in hemostasis and antimicrobial defense, notably

4 Anti-PF4-mediated
: immunothrombosis

Depiction of NETosis activation in antineutrophil cytoplasmic antibody (ANCA) associated vasculitis (AAV) and anti-PF4-mediated immunothrombosis
with IVIG inhibiting dysregulated NETosis and anti-PF4-mediated immunothrombosis complications. NETosis markers were significantly elevated at
the time of presentation of rapidly progressive glomerulonephritis (RPGN), with further amplification observed during the complication of anti-PF4-
mediated immunothrombosis. Following Intravenous Immunoglobulins (IVIG) treatment, resolution of the anti-PF4-mediated immunothrombosis
was achieved, along with improved kidney function and a substantial reduction in NETosis activation.
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through its ability to bind to negatively charged bacteria (26).
Polyanionic heparin forms complexes with cationic PF4, inducing
conformational changes in PF4 that trigger an immune response.
This results in the formation of immunoglobulin G (IgG)
complexes that activate platelets and monocytes via FcyIIA
receptors. The immune complex-mediated activation triggers a
thrombo-inflammatory cascade that transforms endothelial
cell surfaces from an anticoagulant to a procoagulant state.
This shift occurs through the inhibition of protein C activation
and the binding of PF4 to von Willebrand factor, resulting
in thrombocytopenia and substantial thrombin generation (1, 2,
6, 26). Risk factors for developing HIT include the use of
unfractionated heparin (compared to low-molecular-weight
heparin), major surgery, pregnancy, genetic polymorphisms in the
FcyRIIa receptor, and blood group O (26). In autoimmune or
spontaneous HIT, immunologic “danger signals” during
inflammation or trauma can increase the likelihood and intensity
of forming an anti-PF4 immune response (26). The binding forces
of the anti-PF4/polyanion autoantibodies exceed even the binding
force of long heparin molecules to fuse together two PF4 tetramers
mimicking heparin induced platelets aggregation (3, 6, 26).
Moreover, a subset of antibodies from autoimmune HIT patients
have high affinity to PF4 alone in the absence of polyanions. The
resulting immune complexes induce massive platelet activation in
the absence of heparin (5, 25-29, 33).

In addition to platelet activation and endothelial injury
mediated by PF4 antibodies, another mechanism contributing to
thrombosis in thrombotic anti-PF4 immune disorders involves the
activation of NETs (16). Excessive or dysregulated NET formation
can lead to tissue damage, necroinflammation, and the development
of a hypercoagulable state (10, 12, 34). NETs not only promote
thrombin generation but also harbor prothrombotic components,
including tissue factor, protein disulfide isomerase, factor XII, von
Willebrand factor (VWE), and fibrinogen. Furthermore, platelet-
neutrophil interactions mediated by P-selectin stimulate additional
NET formation, creating a feedback loop that amplifies thrombosis
(12, 16).

Anti-PF4 antibodies including HIT immune complexes and
VITT antibodies directly induce NETosis by engaging FcyRIIA
receptors on neutrophils and facilitating neutrophil-platelet
interactions. These immune complexes drive the formation of
thrombi containing neutrophils, extracellular DNA, citH3 and
platelets, which are consistent markers of NETosis. This has been
demonstrated in both microfluidic systems and in vivo studies,
where neutrophil depletion completely prevented thrombus
formation. In HIT models, such as FcyRIIA+/hPF4+ mice treated
with HIT IgG antibodies, inhibition of PAD4 abolished thrombus
formation. Furthermore, NETs markers and neutrophils
undergoing NETosis have been identified in the plasma of
patients suffering from HIT or VITT, further supporting the role
of NETosis in driving thrombosis in HIT and HIT-like syndromes
(16-18, 35-37).

The pathogenesis of AAV involves ANCA-mediated neutrophil
activation, resulting in the release of inflammatory cytokines,
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reactive oxygen species (ROS), and the formation of NETs (15).
While there have been reports of co-occurrence of AAV and HIT, it
is important to emphasize that this represents the coexistence of
two distinct disorders rather than a shared or common pathogenic
mechanism (38-40). Given the shared pathomechanism of
dysregulated NETosis in both AAV and anti-PF4-mediated
immunothrombosis, we hypothesize that dysregulated NETosis,
as well as impaired NET clearance, may underlie the co-existence
of these two conditions in our patient. It is well-established that
polyanions, such as DNA and RNA, released during dysregulated
NETosis, can form antigenic complexes with PF4 (41, 42). This
raises the possibility that pharmacologically active aptamers
released during NETosis in AAV patients might act as potential
triggers for anti-PF4-mediated immunothrombosis. Interestingly,
in our patient, the anti-PF4-mediated immunothrombosis
developed despite ongoing immunosuppressive therapy and
responded to IVIG treatment. This was evidenced by clinical
improvement, including increased platelet counts, inhibition of
thrombosis propagation, and a marked decrease in NETosis
markers. These findings suggest that IVIG may exert a specific
inhibitory effect not only on platelet activation but also on NETosis.
This further implicates dysregulated NETosis as a central
mechanism driving the development of anti-PF4-mediated
immunothrombosis in this context.

The diagnosis of spontaneous anti-PF4-mediated
immunothrombosis involves confirming the presence of anti-PF4
antibodies, typically using immunoassays. Platelet function is then
evaluated through functional assays such as Heparin-Induced
Platelet Aggregation (HIPA) test or other PATs and the serotonin
release assay (SRA). In HIT, high platelet aggregation at low heparin
concentrations, followed by inhibition at supraphysiologic heparin
doses, confirms the diagnosis. Similar findings are observed in
spontaneous HIT; however, a key distinguishing feature is that
spontaneous platelet aggregation occurs even in the absence of
heparin, reflecting a heparin-independent platelet activation
mechanism (3, 19, 43). The inhibitory effect observed at higher
heparin concentrations is attributed to the capacity of excess
heparin to bind individual PF4 molecules, thereby disrupting the
close approximation of PF4 tetramers necessary for the formation
of platelet-activating PF4/IgG immune complexes (3, 19, 43). In
addition, use of PF4, rather than heparin, also optimized reactivity
for detecting VITT antibodies, in the HIPA-modified assay known
as the “PIPA” (43).

Standard HIT treatments, such as discontinuing heparin, are
not applicable in anti-PF4-mediated immunothrombosis without
prior heparin exposure. Management relies on anticoagulants,
including direct thrombin inhibitors (argatroban, bivalirudin) and
factor Xa inhibitors (danaparoid, fondaparinux, rivaroxaban) (6). A
key challenge with direct thrombin inhibitors is their monitoring
via activated partial thromboplastin time (PTT), which can be
misleading in cases of concurrent disseminated intravascular
coagulation (DIC), potentially leading to underdosing. Careful
interpretation of PTT and alternative monitoring strategies are
crucial (6). Switching to oral anticoagulants like apixaban may be
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appropriate once platelet levels stabilize. In severe cases, antibody-
induced -platelets activation can be rapidly mitigated through high-
dose IVIG therapy. In-vitro studies have demonstrated that IVIG
inhibit platelet-activating properties of aHIT sera, independent of
heparin (6, 44). The mechanism of action of high-dose IVIG in
treating anti-PF4-mediated immunothrombosis may involve
neutralizing anti-PF4 antibodies, thereby blocking their ability to
activate platelets by inhibiting FcyIIA receptor engagement.
Additionally, it has been proposed that high-dose IVIG may
competitively inhibit FcyRIIA-mediated platelet activation by
increasing plasma IgG levels, which outcompete pathogenic
antibodies for receptor binding (44). IVIG can have dual effects
on NETosis. On one hand, Fc-gamma receptor (FcyR) crosslinking
can act as a stimulus for NET release (45). On the other hand IVIG
has been demonstrated to induce a dose-dependent abrogation of
NET production in-vitro and significantly reduce NETosis markers
in COVID-19 patients treated with IVIG (46). In our case, the
attenuation of NETosis following IVIG treatment supports the
latter mechanism. These findings suggest that IVIG treatment
provides therapeutic benefits in conditions characterized by
excessive NET formation, including severe inflammatory and
thrombotic states like anti-PF4-mediated immunothrombosis (6,
44, 46).

Limitation

We did not perform the HIPA assay, however, to address this
limitation, we conducted a Platelet Aggregation Test (PAT) using
Light Transmission Aggregometry (LTA) with platelet-rich plasma
(PRP) and heparin at varying concentrations, as a modified
approach resembling the HIPA test. The absence of spontaneous
platelets aggregation in the buffer control, does not fully align with
typical descriptions of spontaneous HIT in the literature, although
documented exceptions do exist (19, 20, 43). While the result in
buffer was negative, the HIPA-modified assay known as the PF4-
Induced Platelet Activation (PIPA) test, which utilizes PF4 instead
of heparin and enhances the detection of certain platelet-activating
anti-PF4 antibodies, was unfortunately not available to us.
Nevertheless, unlike most VITT-associated antibodies, the
patient’s serum tested positive for anti-PF4 antibodies using the
rapid immunoassay (STic Expert HIT) and also demonstrated a
positive PAT result using LTA with PRP and heparin at varying
concentrations, as described in the Methods section (8, 19, 20, 43).

Another limitation of our study is the lack of well-defined reference
ranges for citH3, MPO, and PAD4 in healthy individuals, which
prevents the use of absolute cutoff values to define their elevation.
Instead, we relied on relative changes correlated with disease activity,
supporting their potential role in disease pathophysiology.

Additionally, we did not conduct functional studies to establish
a direct mechanistic link between ANCA-PF4 interactions and
NETosis induction, nor did we provide experimental validation of
IVIG’s effects on NET formation and clearance. Future research is

Frontiers in Immunology

10.3389/fimmu.2025.1567999

needed to explore these mechanisms in-depth and confirm the
proposed associations.

Conclusion

Anti-PF4-mediated immunothrombosis without prior heparin
exposure is a rare clinical condition that requires high clinical
suspicion, especially in patients with inflammatory or autoimmune
conditions like AAV. This case underscores the importance of early
intervention with IVIG and non-heparin anticoagulation to
improve outcomes and reduce complications. Additionally, the
possible involvement of NETosis in its pathogenesis presents a
potential therapeutic target. Future research should investigate NET
inhibitors, such as PAD4 inhibitors, as a possible strategy to manage
spontaneous anti-PF4 immune disorders and prevent severe
thromboembolic complications.

Patient perspective

The patient reports a good quality of life, with no symptoms of
her disease and no side effects from the immunomodulation therapy.

Methods

Rapid immunoassay (STic Expert HIT/Stago) was used to detect
anti-PF4 antibody.

A Platelet Aggregation Test (PAT) using Light Transmission
Aggregometry (LTA) with platelet-rich plasma (PRP) and heparin at
varying concentrations was performed as a modified HIPA test. The
test was conducted by mixing donor platelet-rich plasma with buffer
and heparin (0, 0.1, 1, and 100 U/mL) and incubating for 15 minutes
at 37°C. The patient’s plasma was then added and incubated for an
additional 30 minutes at 37°C. Platelet aggregation was assessed using
LTA, evaluating heparin-dependent platelet activation.

Blood sample collection

Serum samples were collected at five key time points: at AAV
diagnosis, during the acute phase of anti-PF4-mediated
immunothrombosis and at three intervals post-recovery. Blood
was drawn into clot activator tubes, centrifuged at 3000 rpm for
10 minutes at 4°C, and the serum was immediately stored at -80°C
for subsequent analysis.

Quantification of NET markers in serum by ELISA

All serum samples were diluted 1:5 and citrullinated histone H3
(citH3) was quantified using the Citrullinated Histone H3 ELISA
Kit (501620, Cayman). Serum was diluted 1:10 for MPO
measurement using Human Myeloperoxidase ELISA Kit (ELH-
MPO, RayBiotech). PAD4 was detected in serum (1:5 dilution)
using Human PADI4 ELISA Kit (ELH-PADI4, RayBiotech)
according to the manufacturer’s instructions. Graphs were
generated using Prism software version 2.1.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1567999
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Remez-Gabay et al.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Helsinki
Committee at the Galilee Medical Center. The studies were
conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study. Written informed
consent was obtained from the individual(s) for the publication of
any potentially identifiable images or data included in this article.

Author contributions

LR-G: Formal analysis, Investigation, Methodology, Visualization,
Writing - review & editing. OV: Data curation, Writing - review &
editing. LA: Data curation, Writing - review & editing. EK-D:
Conceptualization, Data curation, Investigation, Methodology,
Visualization, Writing — original draft, Writing — review & editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

References

1. Arepally GM, Padmanabhan A. Heparin-induced thrombocytopenia: A focus on
thrombosis. Arterioscler Thromb Vasc Biol. (2021) 41:141-52. doi: 10.1161/
ATVBAHA.120.315445

2. Greinacher A. Heparin-induced thrombocytopenia. N Engl ] Med. (2015)
373:1883-4. doi: 10.1056/NEJMcp1411910

3. Greinacher A, Selleng K, Warkentin TE. Autoimmune heparin-induced
thrombocytopenia. ] Thromb Haemost. (2017) 15:2099-114. doi: 10.1111/jth.13813

4. Jay RM, Warkentin TE. Fatal heparin-induced thrombocytopenia (HIT) during
warfarin thromboprophylaxis following orthopedic surgery: another example of
‘spontaneous’ HIT? J Thromb Haemost. (2008) 6:1598-600. doi: 10.1111/j.1538-
7836.2008.03040.x

5. Herrera-Comoglio R, Lane S. Vaccine-induced immune thrombocytopenia and
thrombosis after the sputnik V vaccine. N Engl ] Med. (2022) 387:1431-2. doi: 10.1056/
NEJMc2210813

6. Warkentin TE. Platelet-activating anti-PF4 disorders: An overview. Semin
Hematol. (2022) 59:59-71. doi: 10.1053/j.seminhematol.2022.02.005

7. Warkentin TE, Basciano PA, Knopman J, Bernstein RA. Spontaneous heparin-
induced thrombocytopenia syndrome: 2 new cases and a proposal for defining this
disorder. Blood. (2014) 123:3651-4. doi: 10.1182/blood-2014-01-549741

8. Warkentin TE, Makris M, Jay RM, Kelton JG. A spontaneous prothrombotic
disorder resembling heparin-induced thrombocytopenia. Am ] Med. (2008) 121:632-6.
doi: 10.1016/j.amjmed.2008.03.012

9. Warkentin TE, Greinacher A. Spontaneous HIT syndrome: Knee replacement,
infection, and parallels with vaccine-induced immune thrombotic thrombocytopenia.
Thromb Res. (2021) 204:40-51. doi: 10.1016/j.thromres.2021.05.018

Frontiers in Immunology

10.3389/fimmu.2025.1567999

Acknowledgments

The authors thank the patient of this study for her valuable
contributions. We gratefully acknowledge critical review of the
manuscript provided by Prof. Chaim Putterman. We also
acknowledge Prof. Moshe Dessau for figure design.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

10. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al.
Neutrophil extracellular traps kill bacteria. Science. (2004) 303:1532-5. doi: 10.1126/
science.1092385

11. Vorobjeva NV, Chernyak BV. NETosis: molecular mechanisms, role in
physiology and pathology. Biochem (Mosc). (2020) 85:1178-90. doi: 10.1134/
50006297920100065

12. de Bont CM, Boelens WC, Pruijn GJM. NETosis, complement, and coagulation:
a triangular relationship. Cell Mol Immunol. (2019) 16:19-27. doi: 10.1038/s41423-018-
0024-0

13. Parker H, Dragunow M, Hampton MB, Kettle AJ, Winterbourn CC.
Requirements for NADPH oxidase and myeloperoxidase in neutrophil extracellular
trap formation differ depending on the stimulus. J Leukoc Biol. (2012) 92:841-9.
doi: 10.1189/j1b.1211601

14. de Bont CM, Koopman WJH, Boelens WC, Pruijn GJM. Stimulus-dependent
chromatin dynamics, citrullination, calcium signalling and ROS production during
NET formation. Biochim Biophys Acta Mol Cell Res. (2018) 1865:1621-9. doi: 10.1016/
j.bbamcr.2018.08.014

15. Shiratori-Aso S, Nakazawa D. The involvement of NETs in ANCA-associated
vasculitis. Front Immunol. (2023) 14:1261151. doi: 10.3389/fimmu.2023.1261151

16. Perdomo J, Leung HHL, Ahmadi Z, Yan F, Chong JJH, Passam FH, et al.
Neutrophil activation and NETosis are the major drivers of thrombosis in heparin-
induced thrombocytopenia. Nat Commun. (2019) 10:1322. doi: 10.1038/s41467-019-
09160-7

17. Gollomp K, Kim M, Johnston I, Hayes V, Welsh ], Arepally GM, et al.
Neutrophil accumulation and NET release contribute to thrombosis in HIT. JCI
Insight. (2018) 3:2-3. doi: 10.1172/jci.insight.99445

frontiersin.org


https://doi.org/10.1161/ATVBAHA.120.315445
https://doi.org/10.1161/ATVBAHA.120.315445
https://doi.org/10.1056/NEJMcp1411910
https://doi.org/10.1111/jth.13813
https://doi.org/10.1111/j.1538-7836.2008.03040.x
https://doi.org/10.1111/j.1538-7836.2008.03040.x
https://doi.org/10.1056/NEJMc2210813
https://doi.org/10.1056/NEJMc2210813
https://doi.org/10.1053/j.seminhematol.2022.02.005
https://doi.org/10.1182/blood-2014-01-549741
https://doi.org/10.1016/j.amjmed.2008.03.012
https://doi.org/10.1016/j.thromres.2021.05.018
https://doi.org/10.1126/science.1092385
https://doi.org/10.1126/science.1092385
https://doi.org/10.1134/S0006297920100065
https://doi.org/10.1134/S0006297920100065
https://doi.org/10.1038/s41423-018-0024-0
https://doi.org/10.1038/s41423-018-0024-0
https://doi.org/10.1189/jlb.1211601
https://doi.org/10.1016/j.bbamcr.2018.08.014
https://doi.org/10.1016/j.bbamcr.2018.08.014
https://doi.org/10.3389/fimmu.2023.1261151
https://doi.org/10.1038/s41467-019-09160-7
https://doi.org/10.1038/s41467-019-09160-7
https://doi.org/10.1172/jci.insight.99445
https://doi.org/10.3389/fimmu.2025.1567999
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Remez-Gabay et al.

18. Leung HHL, Perdomo J, Ahmadi Z, Zheng SS, Rashid FN, Enjeti A, et al.
NETosis and thrombosis in vaccine-induced immune thrombotic thrombocytopenia.
Nat Commun. (2022) 13:5206. doi: 10.1038/s41467-022-32946-1

19. Warkentin TE. Laboratory diagnosis of heparin-induced thrombocytopenia.
Int ] Lab Hematol. (2019) 41 Suppl 1:15-25. doi: 10.1111/ijlh.12993

20. Tardy B, Lecompte T, Mullier F, Vayne C, Pouplard C. Detection of platelet-
activating antibodies associated with heparin-induced thrombocytopenia. J Clin Med.
(2020) 9:3. doi: 10.3390/jcm9041226

21. Rhodes GR, Dixon RH, Silver D. Heparin induced thrombocytopenia with
thrombotic and hemorrhagic manifestations. Surg Gynecol Obstet. (1973) 136(3):409-16.

22. Amiral ], Bridey F, Dreyfus M, Vissoc AM, Fressinaud E, Wolf M, et al. Platelet
factor 4 complexed to heparin is the target for antibodies generated in heparin-induced
thrombocytopenia. Thromb Haemost. (1992) 68:95-6.

23. Greinacher A, Langer F, Schonborn L, Thiele T, Haddad M, Renne T, et al.
Platelet-activating anti-PF4 antibodies mimic VITT antibodies in an unvaccinated
patient with monoclonal gammopathy. Haematologica. (2022) 107(1):1219-21.
doi: 10.3324/haematol.2021.280366

24. Eichinger S, Warkentin TE, Greinacher A. Thrombotic Thrombocytopenia after
ChAdOx1 nCoV-19 Vaccination. Reply. N Engl ] Med. (2021) 385:e11. doi: 10.1056/
NEJMc2107227

25. Greinacher A, Thiele T, Warkentin TE, Weisser K, Kyrle PA, Eichinger S.
Thrombotic Thrombocytopenia after ChAdOx1 nCov-19 Vaccination. N Engl ] Med.
(2021) 384:2092-101. doi: 10.1056/NEJMo0a2104840

26. Greinacher A, Warkentin TE. Platelet factor 4 triggers thrombo-inflammation
by bridging innate and adaptive immunity. Int ] Lab Hematol. (2023) 45(Suppl 2):11-
22. doi: 10.1111/ijlh.14075

27. Schultz NH, Sorvoll IH, Michelsen AE, Munthe LA, Lund-Johansen F, Ahlen
MT, et al. Thrombosis and Thrombocytopenia after ChAdOx1 nCoV-19 Vaccination.
N Engl ] Med. (2021) 384:2124-30. doi: 10.1056/NEJM0a2104882

28. Scully M, Singh D, Lown R, Poles A, Solomon T, Levi M, et al. Pathologic
Antibodies to Platelet Factor 4 after ChAdOx1 nCoV-19 Vaccination. N Engl ] Med.
(2021) 384:2202-11. doi: 10.1056/NEJMo0a2105385

29. Thiele T, Weisser K, Schonborn L, Funk MB, Weber G, Greinacher A, et al.
Laboratory confirmed vaccine-induced immune thrombotic thrombocytopenia:
Retrospective analysis of reported cases after vaccination with ChAdOx-1 nCoV-19
in Germany. Lancet regional Health Europe. (2022) 12:100270. doi: 10.1016/
j.lanepe.2021.100270

30. Huynh A, Kelton JG, Arnold DM, Daka M, Nazy I. Antibody epitopes in
vaccine-induced immune thrombotic thrombocytopaenia. Nature. (2021) 596:565-9.
doi: 10.1038/541586-021-03744-4

31. Pavord S, Scully M, Hunt BJ, Lester W, Bagot C, Craven B, et al. Clinical features
of vaccine-induced immune thrombocytopenia and thrombosis. N Engl ] Med. (2021)
385:1680-9. doi: 10.1056/NEJMo0a2109908

32. Greinacher A, Selleng K, Palankar R, Wesche ], Handtke S, Wolff M, et al.
Insights in ChAdOx1 nCoV-19 vaccine-induced immune thrombotic
thrombocytopenia. Blood. (2021) 138:2256-68. doi: 10.1182/blood.2021013231

Frontiers in Immunology

09

10.3389/fimmu.2025.1567999

33. Nguyen TH, Medvedev N, Delcea M, Greinacher A. Anti-platelet factor 4/
polyanion antibodies mediate a new mechanism of autoimmunity. Nat Commun.
(2017) 8:14945. doi: 10.1038/ncomms14945

34. Jorch SK, Kubes P. An emerging role for neutrophil extracellular traps in
noninfectious disease. Nat Med. (2017) 23:279-87. doi: 10.1038/nm.4294

35. Hetland G, Fagerhol MK, Wiedmann MKH, Soraas AVL, Mirlashari MR,
Nissen-Meyer LSH, et al. Elevated NETs and Calprotectin Levels after ChAdOx1
nCoV-19 Vaccination Correlate with the Severity of Side Effects. Vaccines. (2022) 10:5.
doi: 10.3390/vaccines10081267

36. Greinacher A, Schonborn L, Siegerist F, Steil L, Palankar R, Handtke S, et al.
Pathogenesis of vaccine-induced immune thrombotic thrombocytopenia (VITT).
Semin Hematol. (2022) 59:97-107. doi: 10.1053/j.seminhematol.2022.02.004

37. Carnevale R, Leopizzi M, Dominici M, d’Amati G, Bartimoccia S, Nocella C,
et al. PAD4-induced NETosis via cathepsin G-mediated platelet-neutrophil interaction
in chAdOx1 vaccine-induced thrombosis-brief report. Arterioscler Thromb Vasc Biol.
(2023) 43:€396-403. doi: 10.1161/ATVBAHA.123.319522

38. Rytel A, Nowak M, Kukawska-Rytel M, Morawiec K, Niemczyk S. Different types
of vasculitis complicated by heparin-induced thrombocytopenia-analysis of four cases
and literature review. J Clin Med. (2023) 12:6. doi: 10.3390/jcm12196176

39. Nonaka T, Harada M, Sumi M, Ishii W, Ichikawa T, Kobayashi M. A case of
heparin-induced thrombocytopenia that developed in the therapeutic course of anti-
neutrophil cytoplasmic antibody-associated vasculitis. Case Rep Rheumatol. (2019)
2019:2724304. doi: 10.1155/2019/2724304

40. Thong KM, Toth P, Khwaja A. Management of heparin-induced
thrombocytopenia (HIT) in patients with systemic vasculitis and pulmonary
haemorrhage. Clin Kidney J. (2013) 6:622-5. doi: 10.1093/ckj/sft075

41. Jaax ME, Krauel K, Marschall T, Brandt S, Gansler J, Furll B, et al. Complex
formation with nucleic acids and aptamers alters the antigenic properties of platelet
factor 4. Blood. (2013) 122:272-81. doi: 10.1182/blood-2013-01-478966

42. Chong BH, Chong JJ. HIT: nucleic acid masquerading as heparin. Blood. (2013)
122:156-8. doi: 10.1182/blood-2013-05-504126

43. Warkentin TE, Greinacher A. Laboratory testing for heparin-induced
thrombocytopenia and vaccine-induced immune thrombotic thrombocytopenia
antibodies: A narrative review. Semin Thromb Hemost. (2023) 49:621-33.
doi: 10.1055/5-0042-1758818

44. Warkentin TE. High-dose intravenous immunoglobulin for the treatment and
prevention of heparin-induced thrombocytopenia: a review. Expert Rev Hematol.
(2019) 12:685-98. doi: 10.1080/17474086.2019.1636645

45. Aleman OR, Mora N, Cortes-Vieyra R, Uribe-Querol E, Rosales C.
Transforming growth factor-beta-activated kinase 1 is required for human
fcgammaRIIIb-induced neutrophil extracellular trap formation. Front Immunol.
(2016) 7:277. doi: 10.1080/17474086.2019.1636645

46. Masso-Silva JA, Sakoulas G, Olay J, Groysberg V, Geriak M, Nizet V, et al.
Abrogation of neutrophil inflammatory pathways and potential reduction of
neutrophil-related factors in COVID-19 by intravenous immunoglobulin. Front
Immunol. (2022) 13:993720. doi: 10.3389/fimmu.2022.993720

frontiersin.org


https://doi.org/10.1038/s41467-022-32946-1
https://doi.org/10.1111/ijlh.12993
https://doi.org/10.3390/jcm9041226
https://doi.org/10.3324/haematol.2021.280366
https://doi.org/10.1056/NEJMc2107227
https://doi.org/10.1056/NEJMc2107227
https://doi.org/10.1056/NEJMoa2104840
https://doi.org/10.1111/ijlh.14075
https://doi.org/10.1056/NEJMoa2104882
https://doi.org/10.1056/NEJMoa2105385
https://doi.org/10.1016/j.lanepe.2021.100270
https://doi.org/10.1016/j.lanepe.2021.100270
https://doi.org/10.1038/s41586-021-03744-4
https://doi.org/10.1056/NEJMoa2109908
https://doi.org/10.1182/blood.2021013231
https://doi.org/10.1038/ncomms14945
https://doi.org/10.1038/nm.4294
https://doi.org/10.3390/vaccines10081267
https://doi.org/10.1053/j.seminhematol.2022.02.004
https://doi.org/10.1161/ATVBAHA.123.319522
https://doi.org/10.3390/jcm12196176
https://doi.org/10.1155/2019/2724304
https://doi.org/10.1093/ckj/sft075
https://doi.org/10.1182/blood-2013-01-478966
https://doi.org/10.1182/blood-2013-05-504126
https://doi.org/10.1055/s-0042-1758818
https://doi.org/10.1080/17474086.2019.1636645
https://doi.org/10.1080/17474086.2019.1636645
https://doi.org/10.3389/fimmu.2022.993720
https://doi.org/10.3389/fimmu.2025.1567999
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Case Report: Anti-platelet factor 4 -mediated immunothrombosis in a patient with ANCA vasculitis – a shared mechanism of NETosis
	Introduction
	Case description
	Therapeutic intervention
	Follow-up and outcomes
	Diagnostic assessment
	NETosis markers levels in serum

	Discussion
	Limitation
	Conclusion
	Patient perspective
	Methods
	Blood sample collection
	Quantification of NET markers in serum by ELISA


	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


