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Abstract

Arterial and venous thrombosis constitutes a major source of morbidity and mortality worldwide. 

Long considered as distinct entities, accumulating evidence indicates that arterial and venous 

thrombosis can occur in the same populations, suggesting that common mechanisms are likely 

operative. Although hyperactivation of the immune system is a common forerunner to the genesis 

of thrombotic events in both vascular systems, the key molecular control points remain poorly 
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understood. Consequently, antithrombotic therapies targeting the immune system for therapeutics 

gain are lacking. Here, we show that neutrophils are key effectors of both arterial and venous 

thrombosis and can be targeted through immunoregulatory nanoparticles. Using antiphospholipid 

antibody syndrome (APS) as a model for arterial and venous thrombosis, we identified the 

transcription factor Krüppel-like factor 2 (KLF2) as a key regulator of neutrophil activation. 

Upon activation through genetic loss of KLF2 or administration of antiphospholipid antibodies, 

neutrophils clustered P-selectin glycoprotein ligand 1 (PSGL-1) by cortical actin remodeling, 

thereby increasing adhesion potential at sites of thrombosis. Targeting clustered PSGL-1 using 

nanoparticles attenuated neutrophil-mediated thrombosis in APS and KLF2 knockout models, 

illustrating the importance and feasibility of targeting activated neutrophils to prevent pathological 

thrombosis. Together, our results demonstrate a role for activated neutrophils in both arterial and 

venous thrombosis and identify key molecular events that serve as potential targets for therapeutics 

against diverse causes of immunothrombosis.

One-sentence summary:

Activated neutrophil migration and adhesion can be targeted in arteriovenous thrombotic disorders 

such as antiphospholipid antibody syndrome.

Editor’s Summary:

Thwarting thrombosis

Arterial and venous thrombosis can affect nearly every organ system and likely share common 

drivers. Thus, identifying those common drivers may reveal a therapeutic target to prevent 

disease caused by thrombosis. Here, Nayak et al. used antiphospholipid antibody syndrome 

(APS) as a model to identify neutrophils as a driver of immunothrombosis. Neutrophil-specific 

deletion of Krüppel-like factor 2, a transcription factor regulating neutrophil activation, worsened 

disease in mice by driving neutrophil activation. In contrast, targeting of P-selectin glycoprotein 

ligand 1 (PSGL-1) on activated neutrophils attenuated APS symptoms in mice by preventing 

downstream adhesion and thrombosis development. Together, the authors show that neutrophils, 

and, more specifically, PSGL-1, may be useful clinical targets for APS and other causes of 

immunothrombosis.

INTRODUCTION

Thrombotic disease affecting arterial and venous circulation affects nearly every organ 

system and makes up a major source of morbidity and mortality worldwide. It has long been 

understood that mechanisms of thrombosis differed between arterial and venous vessels, 

in part due to vastly different hemodynamic and metabolic stresses that they experience 

(1, 2). Under certain conditions, however, individuals experience both arterial and venous 

thrombosis, suggesting shared mechanisms of disease. Antiphospholipid antibody syndrome 

(APS) is one such disorder, uniquely characterized by devastating arterial and venous 

thrombosis in young individuals, leading to myocardial infarction, ischemic stroke, recurrent 

pregnancy loss, and multiorgan failure. The mainstay of therapy for chronic thrombotic 

conditions such as APS is long-term anticoagulation, an approach that is only modestly 

effective, as recurrent thrombotic events still occur and treatment is associated with an 
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increased risk for bleeding. Thus, a better understanding of the molecular and cellular 

determinants of arterial and venous thrombosis is crucial to the development of safer 

therapeutic alternatives.

Classically, studies of thrombosis have focused largely on the endothelium, platelets, and 

coagulation factors. However, studies over the past decade have underscored the importance 

of inflammation in the thrombotic process, termed immunothrombosis, and have led to the 

appreciation that myeloid cells participate in arterial and venous thrombotic events (3, 4). 

Collectively, the emerging role of innate immune cells not only constitutes a paradigm shift 

in our understanding of fundamental mechanisms controlling thrombosis but also offers 

new opportunities for antithrombotic therapies targeting myeloid cells. Here, we identified 

neutrophils as operant in both arterial and venous thrombosis and developed therapeutics 

targeting activation cascades stemming from the loss of a central transcription factor, 

Krüppel-like factor 2 (KLF2).

RESULTS

Neutrophils are critical players in arterial thrombosis

Because of their capacity to monitor the intact vasculature, neutrophils are able to play an 

important role in regulating venous thrombosis (5). In arterial thrombosis, however, the role 

of neutrophils is less clear, despite their presence in murine and human arterial thrombi. To 

determine whether neutrophils may serve as a cellular link in arterial and venous thrombosis, 

we used a model of APS whereby mice were injected with purified antiphospholipid 

antibodies (aPLs) from patients with APS. Mice injected with aPL developed arterial 

thrombi significantly (P < 0.001) faster than immunoglobulin G (IgG) control in a model of 

carotid artery injury (Fig. 1A). Upon antibody-mediated depletion of neutrophils, however, 

this effect was greatly attenuated (Fig. 1B). In mice that had not been treated with aPL, 

induction of neutropenia had no effect on thrombus formation, indicating that the presence 

of nascent neutrophils is not required for thrombosis (fig. S1A). Conversely, infusion of 

neutrophils harvested from aPL-injected mice into untreated recipients worsened arterial 

thrombosis (Fig. 1C). Together, these data suggest that neutrophils are both necessary 

and sufficient to worsen immunothrombosis in an APS model, highlighting a previously 

underappreciated role for these cells in arterial thrombosis.

Loss of neutrophil-expressed KLF2 worsens arterial and venous thrombosis

The transcription factor KLF2 has previously been identified as a dominant tonic repressor 

of myeloid cell activation under acute and chronic inflammatory conditions (6, 7). 

Furthermore, global loss of KLF2 augments experimental thrombosis (8). To determine 

whether decreased KLF2 expression is operative in aPL-mediated thrombosis, we harvested 

neutrophils from aPL-treated mice as well as from patients with APS and observed profound 

reductions in KLF2 transcript (Fig. 1, D and E). Treatment of a myeloid cell line directly 

with aPL also reduced the expression of Klf2, suggesting a direct effect from antibody 

administration (fig. S1B). Given the activation phenotype of myeloid cells deficient in 

KLF2, we hypothesized that loss of myeloid KLF2 may worsen thrombosis, thus providing 

a potential molecular switch governing aPL-mediated thrombosis. To explore this, we 
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subjected mice with myeloid-specific deletion of KLF2 [LysMcre/creKLF2fl/fl, K2KO (KLF2 

knockout)] and controls (LysMcre/cre, LysM) to arterial and venous thrombosis models (fig. 

S1C). There were neither appreciable differences in cell counts, coagulation parameters, 

and platelet reactivity nor neutrophil size between genotypes (fig. S1, D to H). K2KO mice 

exhibited both shortened times to arterial thrombosis (Fig. 2A) and heavier clot weights 

in the inferior vena cava (IVC) ligation model of venous thrombosis (Fig. 2B). This effect 

appeared to be dependent on K2KO neutrophils as neutrophil depletion rescued arterial 

and venous thrombotic phenotypes, whereas monocyte and macrophage depletion with 

clodronate liposomes did not (Fig. 2, C to E, and fig. S1, I and J). Similar to studies in aPL-

treated mice (Fig. 1C), transfusion of K2KO neutrophils into LysM mice was sufficient to 

worsen arterial and venous thrombotic burden (Fig. 2, F to H). Neutrophilia or neutropenia 

alone did not affect thrombosis in LysM mice, demonstrating that resting neutrophils do not 

substantially contribute to thrombosis.

KLF2 deletion unleashes the prothrombotic functions of neutrophils

Neutrophils contribute to thrombosis through numerous mechanisms, including neutrophil 

extracellular trap (NET) release and production of prothrombotic tissue factor (TF) (5). To 

determine whether loss of KLF2 catalyzes these functions in arterial and venous thrombosis, 

we first explored whether K2KO neutrophils are more prone to NETosis. After stimulation 

with N-formyl-Met-Leu-Phe (fMLP), K2KO neutrophils released more NETs in vitro, a 

phenomenon recapitulated in vivo in IVC clots after ligation (Fig. 3, A and B). Although 

numerous components are needed for proper NET formation, neutrophil elastase (NE) 

and myeloperoxidase (MPO) are essential in chromatin decondensation and for decorating 

NETs for bactericidal functions (9). Whereas other components remained unaffected, K2KO 

neutrophils expressed higher NE and MPO, likely contributing to increased NET release 

(Fig. 3C and fig. S2A). Functionally, this translated to higher thrombotic potential, as 

administration of a selective inhibitor of MPO negated the prothrombotic milieu established 

by K2KO neutrophils (Fig. 3D).

Recent studies identify neutrophil TF as important in arterial thrombus generation (10). We 

thus hypothesized that increased neutrophil TF activity is likely contributing to the shortened 

time to arterial thrombosis noted with KLF2 deletion. Consistent with our hypothesis, 

bone marrow neutrophils isolated from K2KO mice show increased TF expression and 

activity as compared to controls (Fig. 3E and fig. S2, B and C); further, preincubation 

of K2KO neutrophils with TF-neutralizing antibody (1H1) increased time to thrombosis 

(Fig. 3F). Incubation of LysM neutrophils with 1H1 before infusion did not increase 

time to thrombosis, further demonstrating that quiescent neutrophils do not contribute to 

thrombosis through TF and showing that neutrophil activation is key in neutrophil TF–

mediated thrombosis exacerbation (fig. S2D).

To determine whether KLF2 reduces transcriptional activity of the TF promoter in 

response to inflammation, we overexpressed KLF2 in the context of p65 overexpression 

or lipopolysaccharide (LPS) treatment. As predicted, KLF2 overexpression abrogated TF 

promoter activity in response to inflammatory activation, suggesting that KLF2 attenuates 

nuclear factor κB–induced transcription of this target (fig. S2E). KLF2 mutations in zinc 
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finger domains have previously been identified in human lymphoid malignancies (11). To 

determine whether these naturally occurring mutations affect KLF2’s ability to regulate TF, 

we repeated the promoter assays and found that mutant KLF2 failed to reduce p65-induced 

TF promoter activity, suggesting a potential DNA binding inhibitory function of KLF2 in 

TF transcription (fig. S2F). Whether these or similar mutations occur in prothrombotic 

patient populations remains to be explored. Collectively, these data show that KLF2 

transcriptionally regulates neutrophil TF and that loss of KLF2 leads to heightened TF 

activity, worsening arterial thrombosis.

K2KO neutrophils are transcriptionally primed for migration and adhesion

Next, we sought to explore how loss of KLF2 in neutrophils affected transcriptional 

networks important in the pathogenesis of thrombosis. RNA sequencing of peripheral 

blood neutrophils from LysM and K2KO mice demonstrated more than 2000 differentially 

expressed genes (DEGs) enriched in processes such as immune cell activation, adhesion and 

migration, actin remodeling, and metabolism (Fig. 4, A and B). The extent of differential 

expression represented KLF2-regulated transcription, rather than a genome-wide sequencing 

artifact (fig. S3, A and B). Comparing transcriptional profiles of K2KO neutrophils to 

neutrophils from patients with APS (12) revealed similar signatures. Among enriched Kyoto 

Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) processes by 

either group, 50 to 64% were shared with the other group, with shared gene sets including 

immune cell activation, adhesion, and actin cytoskeleton remodeling processes (Fig. 4C). 

These transcriptional signatures had functional effects on migration in K2KO neutrophils, as 

demonstrated by in vitro transwell migration and in vivo peritoneal recruitment assays (Fig. 

4, D and E). This mechanism appeared to be operative in arterial and venous thrombosis 

as well. Clots were evaluated early in thrombus formation (4 hours for venous and 10 min 

for arterial) to investigate kinetics of neutrophil migration between experimental groups; 

these data demonstrated that K2KO mice have substantially higher neutrophil counts at 

arterial and venous vessel walls early in thrombus formation (Fig. 4, F and G). Wild-type 

mice challenged with aPL also had higher neutrophil counts along the endothelium early 

in the carotid artery thrombotic process, demonstrating similarities between the APS and 

K2KO models (Fig. 4H). This phenomenon was recapitulated in LysM/K2KO mice using 

intravital microscopy visualization of labeled leukocytes and platelets in a microvascular 

thrombosis model of the ear. Within minutes of thermal injury, K2KO leukocytes were more 

quickly recruited to the site of thrombosis, with platelet accumulation shortly following 

(fig. S4, A to C). Leukocyte accumulation was noted to increase at 1 to 1.5 min after 

injury in LysM and K2KO mice, although absolute numbers per injured area were higher 

in K2KO mice. Platelet accumulation followed and was noted to increase at about 3 min. 

Together, these data demonstrate that loss of KLF2 conferred enhanced migratory capacity 

in neutrophils, likely contributing to worsened clot burden in arterial and venous thrombosis. 

This mechanism is potentially important in immunothrombotic states such as APS, as 

demonstrated by similar transcriptional signatures between human and murine models of 

disease.
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Cortical actin remodeling was observed in KLF2-deficient murine neutrophils and in 
neutrophils from individuals with APS

Neutrophil migration and adhesion are highly dependent on precise spatial coordination 

of cell surface ligands to maximize contact with adhesion receptors on endothelial 

cells. This occurs through cytoskeletal remodeling below the cell membrane, promoting 

clustering of adhesion molecules on membranous structures such as microvilli, lamellipodia, 

pseudopodia, and uropods (13-15). Because APS and K2KO neutrophils demonstrate 

transcriptional enrichment of actin remodeling processes and their downstream functional 

consequences (such as increased motility and adhesion), we hypothesized that loss of KLF2 

permitted actin remodeling to occur, thereby promoting cortical actin accumulation and 

the formation of membranous protrusions. Staining of F-actin in unstimulated neutrophils 

revealed a thickening of cortical actin in K2KO neutrophils with noticeable projections 

in the form of microvilli and pseudopods (Fig. 5, A and B). Quantification of cortical 

actin demonstrated that increases in integrated density in K2KO neutrophils were due to 

increased area and not fluorescent intensity, suggesting that reorganization of F-actin, versus 

expression, is responsible for the increased cortical actin content (Fig. 5C and fig. S4D). 

Further, neutrophils from patients with APS exhibit similar reorganization of cortical actin 

(Fig. 5D).

PSGL-1–mediated neutrophil adhesion promoted arterial and venous thrombosis

Although KLF2-regulated actin dynamics presented a function of this transcription factor 

in neutrophil biology, the downstream consequences of this in the context of aPL-mediated 

thrombosis were unclear. To determine whether loss of KLF2 results in increased rolling and 

adhesion in an adhesion molecule–specific manner, we used a dynamic in vitro system in 

which LysM and K2KO neutrophils were added to microfluidic flow chambers coated with 

various adhesion molecules. Whereas K2KO neutro4phils did not demonstrate enhanced 

adhesion or rolling along channels coated with classical adhesion molecules, vascular 

cell adhesion protein 1 (VCAM-1), and intercellular adhesion molecule 1 (ICAM-1) (fig. 

S5, A and B), P-selectin–coated chambers exhibited significant differences in rolling 

and adhesion between K2KO and LysM cells (P < 0.01; Fig. 6A). K2KO neutrophils 

traversed through P-selectin–coated chambers far slower and demonstrated increased rolling 

behavior and also attached to the channel at substantially higher numbers. This effect was 

ameliorated by precoating K2KO neutrophils with anti–PSGL-1 (P-selectin glycoprotein 

ligand 1)–neutralizing antibody, demonstrating that a substantial component of the K2KO 

adhesion effect is due to PSGL-1/P-selectin interactions (Fig. 6B and fig. S5C). Blockade 

of PSGL-1–P-selectin interactions on K2KO neutrophils before infusion rescued the 

thrombotic phenotype in vivo, underscoring the importance of enhanced adhesion as a 

purveyor of immunothrombosis (Fig. 6, C to E).

Nanoparticle targeting of clustered PSGL-1 protects against arterial and venous 
thrombosis

Studies from the past decade have elucidated mechanisms by which many adhesion 

molecules are shuttled and clustered along the cell membrane in distinct units that 

increase the strength of interaction with cognate binding partners. PSGL-1, for instance, 
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is redistributed onto uropods upon neutrophil activation (16-18). Because surface receptor 

redistribution is largely dependent on the very cytoskeletal remodeling processes that are 

enriched in K2KO and APS neutrophils, we hypothesized that PSGL-1 would redistribute 

onto uropods, thereby reducing rolling velocity and increasing adhesion. Despite exhibiting 

no differences in expression of PSGL-1 (fig. S6, A and B), K2KO neutrophils exhibit 

increased uropod formation as well as redistributing and clustering PSGL-1 on these 

polarized membrane structures (Fig. 6, F and G). Proper PSGL-1 adhesive function is 

largely dependent on posttranslational modifications to its extracellular domains including 

N- and O-linked glycosylation (19). Further, glycosylation of PSGL-1 appears to be critical 

in its role in affecting thrombosis (20). Loss of KLF2 was also associated with modest 

transcriptional changes in glycosylation machinery important in the processing of PSGL-1 

function, providing additional potential mechanistic linkage between KLF2 and PSGL-1 

function (fig. S3B).

Targeting PSGL-1 as an anti-inflammatory therapeutic has been proposed in numerous 

diseases, including aPL-induced thrombosis (12, 21, 22). Given the widespread expression 

pattern of PSGL-1 across numerous cell types, along with limitations in effectively dosing 

infused antibodies to a sufficient local concentration (the need for high-infusion doses to 

achieve a sufficient concentration seen by circulating cells), we hypothesized that targeting 

anti–PSGL-1 monoclonal antibodies (mAbs) to clustered PSGL-1 would increase both cell 

type specificity and local concentration to activated neutrophils. To accomplish this, we 

used a nanoparticle (NP)–based delivery system by which model polystyrene latex NPs 

were decorated with anti–PSGL-1 immunoglobulin, yielding high-surface area-to-volume 

concentration of the mAbs, thus mimicking “clustering” in a manner similar to its target 

PSGL-1 clustering on uropods (fig. S6C). We previously reported a highly efficient 

template-based hybrid NP synthesis method that allows for precise control of surface 

modification while allowing for NP size to be dictated by a chosen template, such as 

polystyrene latex (23).

We hypothesized that maintaining a constant concentration of anti–PSGL-1 on varying 

particle sizes (from 0.02 to 2 μm) would allow for discrimination of activated versus resting 

neutrophils and versus other cell surface–expressing PSGL-1. A typical batch of NPs yielded 

anti–PSGL-1– or IgG-coated NPs in a desired size distribution depending on the template 

(fig. S6D). Of the five sizes tested, the smallest, 0.02-μm (20 nm)–diameter templated NPs 

were the most effectively targeted to activated (K2KO), but not resting (LysM), neutrophils 

as seen by fluorescence microplate assays (fig. S6E). Conversely, control IgG–decorated 

NPs did not demonstrate an activation-biased targeting (fig. S6F). Anti–PSGL-1–coated NPs 

(anti–PSGL-1 NP) were active in functional assays in vitro and blocked K2KO, but not 

LysM, neutrophils from their attachment to a P-selectin–coated surface (Fig. 7A). Although 

anti–PSGL-1 mAb alone inhibited activated cell adhesion in these assays, anti–PSGL-1 

NP improved this effect, reducing cell adhesion by 50%. In vivo, antibody-coated NPs 

were biocompatible, endogenously cleared, and did not induce appreciable differences in 

neutrophil clustering (fig. S6, G and H).

Intravenous injection of anti–PSGL-1 NPs overcame the K2KO prothrombotic state, 

effectively returning values to those of wild-type mice in thrombosis and decreasing 
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neutrophil adhesion along the vessel wall (Fig. 7, B to D, and fig. S6I). The beneficial effect 

of anti–PSGL-1 NPs appeared to be specific to activated neutrophils, as incubation of K2KO 

neutrophils with anti–PSGL-1 NPs before infusion protected against arterial and venous 

thrombosis to a similar extent as injection of NPs into the circulation, whereas incubating 

LysM neutrophils with anti–PSGL-1 NPs did not affect thrombosis (Fig. 7, E to G, and fig. 

S6J).

The efficacy of anti–PSGL-1 NPs to inhibit arterial and venous thrombosis in the 

K2KO model suggests potential use in attenuating aPL-driven thrombosis. To this end, 

we administered anti–PSGL-1 NPs to mice injected with aPL and demonstrated that 

blockade of clustered anti–PSGL-1 attenuated thrombosis in the arterial and venous systems, 

establishing this approach as a viable option for intervention of thrombosis (Fig. 7, H to 

J). NP delivery of anti–PSGL-1 antibodies reduced the antibody concentration needed. At 

concentrations 1/25 of the experimental dose, anti–PSGL-1 NPs maintain their therapeutic 

effect, whereas anti–PSGL-1 antibody alone lost efficacy against carotid artery thrombosis 

(Fig. 7K). Last, unlike aggressive anticoagulation that represents the mainstay treatments for 

arterial and venous thrombosis, intravenous treatment with PSGL-1 targeting agents did not 

increase bleeding risk (fig. S6K).

DISCUSSION

Reactive immune cells and the release of inflammatory mediators in response to tissue 

injury are now well-described additions to the classical factors underlying thrombosis that 

were first described by Virchow. Despite this, therapeutic strategies against thrombosis have 

focused downstream of these interactions and have largely ignored the role of immune 

cells. Here, we explored the neutrophil as a central mediator of both arterial and venous 

thrombosis. Our findings identify transcriptional and biophysical mechanisms by which 

neutrophils participate in thrombosis through augmented actin remodeling and adhesion, 

NETosis, and TF release through down-regulation of KLF2. Further, these data establish 

NP-mediated neutrophil inhibition as an improved targeting strategy in arterial and venous 

thrombosis (fig. S7).

Uncovering which transcription factors sit at the center of pathological systems opens 

up a web of interconnected processes that each provide a potentially targetable axis for 

therapeutic intervention. Although the neutrophil has recently been identified to be a central 

cellular effector of arterial and venous thrombosis, we have now identified that loss of 

KLF2 appears to be a key inciting event that transforms a quiescent neutrophil, unlikely to 

contribute to thrombosis, to one that is primed for migration, adhesion, and the release of 

prothrombotic factors. Given that neutrophil KLF2 concentrations are diminished in patients 

with APS-related thrombosis, it is of great interest to determine whether the extent of 

KLF2 depression is related to severity of disease. Although the cohort used in this study 

were heterogeneous with regard to disease severity and comorbid conditions, previous work 

has identified inverse correlations between KLF2 expression and severity of inflammatory 

conditions (24), potentially indicating a role for neutrophil KLF2 expression as a biomarker 

for thrombotic potential. Larger patient populations will be needed to investigate the 

utility of KLF2 in predicting thrombotic events in APS and in other prothrombotic states, 
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such as cancer-induced thrombosis and coronavirus disease 2019 (COVID-19)–associated 

thrombosis.

Precisely how this factor is down-regulated in response to inflammatory cues also remains 

to be explored. Current work is underway to identify the signaling cascade that occurs 

when neutrophils are exposed to aPL and how KLF2 may serve as a key responder 

to these circulating antibodies. aPL isolated from patients with APS consists of many 

antibody species (such as lupus anticoagulant, anticardiolipin, and anti–β2 glycoprotein 1) 

that may work through convergent or divergent mechanisms in diminishing KLF2 (25). 

Anti–beta-2 glycoprotein 1, for example, is capable of signaling through Toll-like receptor 

4, a known upstream axis to KLF2 reduction (26-29). Regardless, identifying pathways 

upstream and downstream of KLF2 will illuminate additional therapeutic targets limiting 

aberrant neutrophil activation in prothrombotic states.

Because of their abundance and sentinel nature, neutrophils are especially amenable to 

NP-based therapies and have been extensively studied as carriers of drug-laden NPs to 

sites of inflammation (30, 31). Here, we propose that neutrophils can be targets of NP-

based therapies in addition to effectors. Because actin cytoskeleton remodeling creates 

membranous protrusions which allow neutrophils and other amoeboid leukocytes to increase 

surface area against vessel walls and concentrate adhesion proteins into clusters, we 

reasoned that this phenomenon could be leveraged in designing therapeutics that more 

specifically and efficiently target activated neutrophils. Preclinical models using PSGL-1–

neutralizing antibodies as anti-inflammatory agents have been explored in numerous 

diseases, including ischemia and reperfusion injury, Crohn’s disease, and malignancies 

[reviewed in (21)]. Recent work from Knight et al. (12) suggests a similar approach for aPL-

mediated thrombosis. Given the widespread expression pattern of PSGL-1 on endothelial 

cells, monocytes, platelets, and lymphocytes, systemic administration of high-dose anti–

PSGL-1 antibody would broadly coat the hemo-vascular system with little specificity 

(32-35). By concentrating anti–PSGL-1 on low-diameter NPs, we created cognate structures 

to uropods and pseudopods on the surface of neutrophils. Through this, we believe that NP 

delivery provides improved spatial distribution of targeting antibodies, thereby increasing 

local concentrations at neutrophil cell surfaces. This is analogous to the ability of CD4 

antibody-rich NPs to more effectively neutralize HIV than soluble neutralizing agents (36). 

Last, although this work was performed in the context of APS-related thrombosis, we 

believe that it has implications for many disease states characterized by arterial and venous 

thrombosis including cancer, infections (such as that seen in the COVID-19 pandemic), and 

other autoimmune disorders.

One limitation of these studies is inherent in reducing complex processes such as thrombosis 

into simplified models; although this work underscores the contributions of neutrophils 

as predominant cells in arterial and venous thrombosis, in reality, there are numerous 

intercellular interactions that are critical for the formation of thrombi. Hence, the molecular 

mechanisms whereby aPL triggers pathologic clotting likely involve endothelial cells, 

platelets, and other circulating leukocytes (37-39). Additional work investigating the 

interplay between neutrophils and other effectors of thrombosis will be critical in better 

characterizing cellular networks central to arteriovenous thrombosis. Another confounding 
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factor for this work is the well-described heterogeneity of autoantibodies that cause 

thrombosis in APS. Although we demonstrate a role for aPL isolated from patients with 

APS in decreasing KLF2 and causing thrombosis in a neutrophil-dependent fashion, the 

specific antibody species contributing to each of these processes remains to be explored. 

Delineating axes of activation and mechanisms of disease, therefore, are clouded using 

nonspecific stimuli. Ongoing experiments attempting to isolate specific antibody species 

(anti–beta-2 glycoprotein 1, antiprothrombin, anticardiolipin, and others) from patients are 

underway to address mechanistic specificity. Last, establishing a murine model of acute 

thrombosis secondary to chronic inflammatory disease creates a unique set of challenges 

with regards to translatability to human disease. The chronicity of APS results in patients’ 

cells experiencing a continuous onslaught from autoantibodies, whereas murine models rely 

on multiple individual doses of antibodies. The transcriptional and functional consequences 

of this can be appreciated in cell models of immune cell priming and tolerance (40). In these 

systems, repetitive stimulation of myeloid cells can result in differing responses based on 

when the cells were last stimulated. Whether such a phenomenon occurs in aPL-induced 

thrombosis remains to be explored.

Although the feasibility of long-term NP-based therapeutics in humans remains debated, 

the technology used within this work provides proof-of-concept evidence that targeting 

PSGL-1 in a spatially clustered manner improves protection against thrombosis. Ultimately, 

the goal of this work was to identify biological processes that could then be prophylactically 

prevented in high-risk patient populations. Building upon this, future work will explore 

small-molecule inhibitors of PSGL-1 using the clustering mechanics of the NPs that will 

allow for an effective and inexpensive treatment for chronic thrombotic diseases.

MATERIALS AND METHODS

Study design

This study tested the hypothesis that activated neutrophils are critical and targetable actors of 

arteriovenous thrombosis in a mouse model of APS. Further, we investigated transcriptional 

regulation of these processes by the transcription factor KLF2. We used cells isolated from 

patients with APS, mouse models of APS, and mice with myeloid-specific knockout of 

KLF2 to investigate the dynamics of neutrophil migration and adhesion and developed NPs 

targeting neutrophil adhesion as a treatment modality in these models using a ligation model 

of venous thrombosis and laser-induced injury model of arterial thrombosis. Sample sizes 

were determined on the basis of previous experimental experience and extensive review 

of the literature in the field. For experiments involving pharmacologic injection to mice, 

mice from each genotype were randomized into control or treatment groups such that 

littermates were dispersed into separate groups whenever possible. Investigators responsible 

for analyzing samples were blinded to the identity of the genotype, treatment, and disease 

state of the individuals from which the samples were derived. “n” refers to biological 

replicates. Molecular biology experiments were performed with at least three technical 

replicates. Surgical (thrombosis) experiments were performed using at least three trials.
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Mice

All animal studies were performed in mice 8 to 12 weeks of age. All of the mice 

colonies were maintained in a clean animal facility, and all animal experimentation was 

approved by the Case Western Reserve University Institutional Animal Care and Use 

Committee. Myeloid-specific K2KO mice were generated by crossing the KLF2-floxed mice 

(Klf2tm2Ling) (41) to the Lyz2Cre (the Jackson Laboratory). All wild-type mice are C57bl/6J 

(the Jackson Laboratory).

aPL treatment mouse model

Total IgG fractions from plasma obtained from patients with high titer aPLs and recurrent 

thrombotic events were provided by T. Ortel (Duke University). Mice aged 8 to 10 

weeks received 20 μg of IgG intravenously obtained from patients with APS APA 

(Antiphospholipid Antibody Syndrome) or control IgG. Antibodies were administered at 

24 and 6 hours before the arterial or venous thrombosis assays or before peripheral blood or 

bone marrow harvest.

Neutrophil and monocyte depletion

For neutrophil depletion studies, mice were injected with anti-Lymphocyte antigen 6 

complex locus G6D (Ly6G) antibody (Bio X Cell, clone 1A8) at an initial concentration 

of 400 μg (injected retro-orbitally) 1 day before thrombosis assays and 100 μg 

(intraperitoneally) just before surgery. Greater than 80% depletion of peripheral neutrophils 

was achieved at 24 hours, when thrombosis assays were performed. For monocyte depletion, 

clodronate liposomes (Liposoma, C-005) were injected retro-orbitally 24 hours before 

surgery.

Two-photon imaging of the ear

Mice were anesthetized with isoflurane and then placed on their side. The ear was taped to 

the back of a chamber slide and covered with a drop of phosphate-buffered saline (PBS) so 

that the vessels could be visualized. Imaging was performed using a Leica SP5 equipped 

with a tunable Chameleon Ti/Sapphire laser-tuned to 800 nm. Thermal tissue damage was 

performed by turning the laser power to maximum for 5 s immediately before imaging. 

Rhodamine 6G (0.1%) (50 μl per mouse; Sigma-Aldrich) and anti-CD41 Alexa Fluor (AF) 

647–labeled antibody (0.1 μg/g; BioLegend, MWReg30, catalog no. 133934) were injected 

intravenously 1 hour before imaging studies. High-resolution four-dimensional xyzt stacks 

were taken using a four channel nondescanned detector, and images were analyzed using 

Imaris software from Bitplane Inc.

Cortical actin quantification

Neutrophils were stained using the Cell Navigator F-actin staining kit (AAT Bioquest) 

and fixed in 4% paraformaldehyde. Neutrophils were stained without plating to avoid 

adhesion-based remodeling of actin. Cells were then coverslipped in mounting media, and 

confocal images were taken. Cortical actin abundance was quantified using averaged Z-stack 

measurements in ImageJ.
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Luciferase reporter assay

Luciferase reporter assay plasmids driven by the TF promoter (−1.5 kb) (gift from N. 

Mackman, UNC, Chapel Hill) were transfected alone or were cotransfected with pcDNA3.1 

or KLF2 plasmids in RAW264.7 cells using FuGENE (Promega) transfection reagent. 

Luciferase reporter activity was measured and normalized with the luciferase reporter assay 

systems as specified by the manufacturer’s instructions, and the results are presented as 

relative luciferase activity over the control group.

Mouse carotid artery thrombosis assay

For the carotid artery thrombosis assay, mice 8 to 12 weeks of age were anesthetized 

by intraperitoneal injection with sodium pentobarbital and placed in the supine position 

on a dissecting microscope (Nikon SMZ-2T, Mager Scientific Inc.). A midline surgical 

incision was made to expose the right common carotid artery and a Doppler flow probe 

(model 0.5 VB, Transonic Systems) was placed under the vessel. The probe was connected 

to a flowmeter (Transonic model T106) and was interpreted with a computerized data 

acquisition program (Windaq, DATAQ Instruments). Rose Bengal [4,5,6,7-tetrachloro-3′,6-

dihydroxy-2,4,5,7-tetraio-dospiro (isobenzofuran-1(3H),9[9H] xanthan)-3:1 dipotassium 

salt, Thermo Fisher Scientific] at 50 mg/kg in 0.9% saline] was then injected into the 

tail vein in a 0.12-ml volume (42). After injection into the tail vein, a green laser light 

(Melles Griot) at a wavelength of 540 nm was applied 6 cm from the carotid artery. Flow 

was monitored continuously from the onset of injury. The time to occlusion was determined 

only after the vessel remained closed with a cessation of blood flow for 20 min. For the 

aPL-mediated studies, mice were treated with 20 μg of total IgG purified from plasma 

samples obtained from patients with APS or controls (Thomas Ortel, Duke University) at the 

indicated times.

RNA sequencing and bioinformatics analyses

Peripheral blood neutrophils were isolated from LysM and K2KO mice (n = 4). RNA 

was isolated using the RNeasy Micro Kit (QIAGEN). RNA quantity and quality were 

checked using NanoDrop (Thermo Fisher Scientific) and Fragment Analyzer (Agilent), 

respectively. We used the NEBNext Ultra RNA Library Prep Kit for cells and the Directional 

RNA Library Prep Kit from Illumina to generate strand-specific libraries for endothelial 

cells. The analyses of the RNA sequencing datasets were performed through the genomic 

core of Case Western Reserve University. Before sequence alignment, trimgalore (version 

0.4.3) with cutadapt package (version 1.12) was used for adaptor trimming and to improve 

data quality. For transcriptome alignment, we used STAR with GENCODE reference 

features. We then mapped sequencing reads to the mouse reference genome (mm10) using 

STAR aligner. DESeq2 packages were used for differential expression analysis. Variance-

stabilizing transformation in DESeq2 was used for normalizing count data. Functional 

analysis of DEGs was performed using the Molecular Signature Database (Broad Institute).

Mouse IVC complete ligation venous thrombosis

The procedure was performed as previously described (43). Briefly, mice aged 8 to 12 

weeks were anesthetized with isoflurane. Using sterile procedures, the abdominal cavity 
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was opened with a ventral midline incision. All IVC back branches, from renal veins to 

the iliac bifurcation, were cauterized and side branches are ligated. The IVC was separated 

from the aorta, just inferior to the renal veins and completely ligated with 7-0 prolene. 

The laparotomy site was then closed. The mice were allowed to recover and observed 

postoperatively for 2 hours before returning to their original housing units. IVC thrombi 

were harvested and weighed at 48 hours. At the time of euthanasia, blood was collected 

in sodium citrate for analysis and the IVC, with the thrombus, was harvested for thrombus 

weight.

Western blot analysis

Protein from bone marrow neutrophils was extracted using radio-immunoprecipitation assay 

(RIPA) buffer (Sigma-Aldrich, R0278) supplemented with proteinase and phosphatase 

inhibitor cocktails (Roche, 4693132001 and 4906845001). The protein concentration of the 

cell lysate was determined using Pierce bicinchoninic acid (BCA) protein assay kit (Thermo 

Fisher Scientific). The cell lysate were separated by 10% polyacrylamide gel electrophoresis 

gel and transferred to polyvinylidene difluoride membranes. Membranes were blocked for 

1 hour with either 5% milk or 5% bovine serum albumin (BSA) in tris-buffered saline with 

Tween 20 (TBS-T). Primary antibodies were added overnight at a concentration of 1:500 to 

1:2000 at 4° (see table S1 for details). After washing with TBS-T, horseradish peroxidase–

conjugated secondary antibodies were added at a concentration of 1:5000 for 1 hour at room 

temperature. Membranes were then washed again with TBS-T and developed using Pierce 

SuperSignal West Dura chemiluminescence substrate kits and visualized using an imager 

from Azure Biosystems.

Isolation of bone marrow–derived neutrophils

Neutrophils were derived from the bone marrow of mice as previously described (44). 

Briefly, under sterile conditions, bone marrow cells from bilateral femur and tibia of each 

mice (age 8 to 12 weeks) were flushed and collected. Red cell lysis was performed using 

hypotonic sodium chloride at 0.2% for 20 s, followed by 1.6% sodium chloride. Neutrophils 

were then purified from the bone marrow cells using a Histopaque-based density gradient 

centrifugation. Cells were routinely assessed to be greater than 95% pure by Wright-Giemsa 

stain and have greater than 95% viability as measured by trypan blue staining. Bone marrow 

from each mouse (two femurs and two tibias) yielded 6 million to 12 million neutrophils. 

Neutrophil TF activity was assessed in cellular lysates using the TF activity assay kit 

(Abcam, ab108906).

Adoptive neutrophil transfer studies

Neutrophils obtained from the bone marrow of stated mice were transfused into each mouse 

for either carotid artery thrombosis or IVC venous thrombosis assays. Briefly, bone marrow–

derived neutrophils isolated as described above were washed twice in PBS, followed by 

resuspension in PBS to a density of 5 × 107 cells/ml. A total of 5 × 106 cells in a volume of 

100 μl were injected retro-orbitally in each mouse for each thrombosis assay. All neutrophil 

transfusions were completed within 6 hours of bone marrow harvest to ensure neutrophil 

viability.
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Neutrophil flow studies

The neutrophils were flown through IBIDI microfluidic channels coated or uncoated with P-

selectin (50 μg/ml; R&D Systems, 737-PS), ICAM-1 (R&D Systems, 796-IC), or VCAM-1 

(R&D Systems, 643-VM) protein. For some studies, neutrophils were preincubated with 

anti–PSGL-1 (Bio X Cell, BE0186) or control isotype antibody (Bio X Cell, BE0088) or 

with coated NPs as indicated before flow studies. The flow rate was set at 14 μl/min or 1 

dyn·s/cm2. This is normal shear in large veins. Analysis was performed with ICY image 

analysis software running on m5.large instance at Amazon Web Services. Statistics and 

graphing were done in Aable NG.

Boyden chamber transwell migration assay

Cell migration was evaluated using Transwell plates (24-well format, 8-μm pore size; BD 

Falcon). Neutrophils were resuspended at 1 × 106 cells/ml in medium supplemented with 

1% fetal bovine serum, and 5 × 105 cells were seeded in the upper chamber. Recombinant 

CXCL12 or CCL21 (R&D Systems) in medium containing 1% fetal bovine serum was used 

as chemoattractants in the lower compartment. The chambers were incubated overnight at 

37°C. Cells on the upper surface of the membrane were removed using a cotton-wool swab. 

Migrated cells on the lower surface were stained with crystal violet, and the number of 

migrated cells was counted in five medium power fields (magnification, ×100). Results are 

expressed as the mean number of net migrated cells ± SD. Each experiment was done in 

triplicate.

fMLP-induced neutrophil recruitment into peritoneal cavity

Indicated mice received an intraperitoneal injection of fMLP (50 μg in 100 μl of saline) 

to stimulate neutrophil-rich peritoneal exudates. At the indicated times, animals were 

euthanized by isoflurane inhalation, and peritoneal cavities were washed with 4 ml of RPMI 

1640 with 10% fetal bovine serum containing 3 mM EDTA. The recovered cells were 

counted using a Neubauer chamber, and the percentage of neutrophils in the cellular exudate 

was determined by examination of a Wright-Giemsa–stained smear.

In vitro generation of NETs

Bone marrow–derived neutrophils were resuspended in RPMI 1640 with Hepes and allowed 

to adhere at 37°C in 5% CO2 to glass-bottom plates (previously coated with poly-L-lysine) 

for 20 min before stimulation with LPS (10 μg/ml) from Klebsiella pneumoniae (Sigma-

Aldrich). After 2 hours, cells were fixed in 2% (v/v) paraformaldehyde. Cells were then 

stained for citrullinated histone 3 as described below.

Immunostaining and fluorescence microscopy

Fixed cells or vessels were washed with PBS and permeabilized (0.1% Triton X-100 and 

0.1% sodium citrate) for 10 min at 4°C. Samples were blocked with 3% (w/v) BSA for 

90 min at 37°C, rinsed, and then incubated overnight at 4°C or for 1 hour at 37°C in 

antibody dilution buffer containing 0.3% BSA, 0.1% Tween 20, and relevant antibodies 

(rabbit anti-histone H3 (citrulline 2, 8, and 17) (0.3 μg/ml; Abcam, ab5103), rat anti–

PSGL-1 (1:1000; BD Biosciences). After several washes, samples were incubated for 
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2 hours at room temperature in antibody dilution buffer containing AF 488–conjugated 

secondary antibody (1.5 μg/ml) in 0.3% BSA in PBS. DNA was counterstained with 

Hoechst 33342 (1 μg/ml), and slides were coverslipped with Fluoromount gel (Electron 

Microscopy Sciences). Fluorescent images were acquired using an Axiovert 200 widefield 

fluorescence microscope (Zeiss) in conjunction with an Axiocam MRm monochromatic 

charge-coupled device camera (Zeiss) and analyzed with Zeiss AxioVision software. All 

channels were acquired in grayscale and pseudo-colored using Zeiss AxioVision or ImageJ 

software (National Institutes of Health). Exposure times are identical between LysM-Cre 

and K2KO tissue or neutrophils. Images were analyzed using ImageJ.

Real-time quantitative polymerase chain reaction

Total RNA was extracted from bone marrow–derived neutrophils using TRIzol reagent 

(Invitrogen). Total RNA was extracted, treated with deoxyribonuclease I (Life Technologies, 

18068015), and purified using the RNeasy MinElute Cleanup Kit (QIAGEN, 74204). Two 

micrograms of total RNA was reverse-transcribed to complementary DNA using the iScript 

Reverse Transcription Kit (Bio-Rad, 170-8841). Real-time polymerase chain reaction (PCR) 

was performed using the Universal SYBR Green method on the ViiA 7 Real-Time PCR 

System (Applied Biosystems). Relative expression was calculated using the ΔΔCt method 

with normalization to Gapdh. Primer sequences are shown in table S2.

PSGL-1 NP synthesis, purification, and characterization

FluoSpheres carboxylate-modified microspheres [NP template (NT)], such as Thermo 

Fisher Scientific, F8786, at a concentration of 2% solids in water, were pH-adjusted 

with 1 M Hepes buffer (pH 8) to a stable pH of 7.0. Next, the solution of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDAC; Thermo Fisher Scientific, E2247) at 10 mg/ml 

in water was added to the pH-adjusted NT at 0.1 mg of EDAC per 1 mg of NT. The solution 

was bath-sonicated on ice for 5 min, and a second portion of EDAC was added to the 

solution at the same ratio of NT to EDAC. The mixture was pH-adjusted again, maintaining 

the pH at 7.0, and bath-sonicated on ice for 10 min. The activated NT was separated from 

unreacted EDAC by ultracentrifugation (100,000g for 20 min at 4°C) for 0.02- and 0.1-μm 

NT or high-speed centrifugation (31,000g for 10 min at 4°C) for 0.2-, 0.5-, 1-, and 2-μm NT. 

The supernatant was removed using vacuum suction and the pellet was reconstituted by bath 

sonication in 100 mM Hepes-buffered saline buffer (HBS; pH 7.0, 150 mM NaCl) at 1% NT 

solids. Next, InVivoMAb anti-mouse PSGL-1 (Bio X Cell, BE0186) antibody was added to 

the activated NT at 1 mg of mAb per 1 mg of NT. The solution was bath-sonicated on ice for 

10 min and then incubated at room temperature for 1 hour with end-over rotation. The anti–

PSGL-1–coated NPs were then separated from the solution using ultracentrifugation or high-

speed centrifugation as described above. The pellet was reconstituted by bath sonication 

in HBS and additionally purified by passing through a Zeba desalting column (40-kDa 

molecular weight cutoff; Thermo Fisher Scientific, 87766) according to the manufacturer’s 

instructions. To synthesize the IgG-coated NPs, BioLegend 400602 isotope rat IgG1κ was 

used instead of anti-mouse PSGL-1 in the same manner. NPs produced from 0.02-, 0.1-, 

and 0.2-μm NTs were filter-sterilized using 0.45-μm Polyethersulfone (PES) membranes. 

Large-size nano/microparticles (0.5 to 2 μm) were prepared in aseptic conditions and were 

used without additional filtration.
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The NPs were characterized using dynamic light scattering using the Zetasizer Nano ZS 

instrument (Malvern Instruments). NPs were diluted in water at 0.01%, and standard latex 

operating procedures were used. At least 15 measurement cycles were used for each sample. 

To determine antibody concentration in NP preparations, protein and polystyrene were first 

precipitated from an aliquot of NPs by addition of 10 volumes of acetone and incubated at 

−80°C for at least 1 hour. Next, the precipitate was separated using centrifugation (31,000g 
for 10 min at 4°C), and the supernatant was removed. The protein was extracted from this 

pellet by sonication in RIPA buffer [50 mM tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 

0.5% sodium deoxycholate, and 0.1% SDS) plus 50 mM dithiothreitol. The extract was 

cleared using centrifugation (31,000g for 10 min at 4°C) and the protein concentration was 

determined using the BCA assay (Thermo Fisher Scientific, 23250).

NP size optimization was performed using a fluorescence-based method. A total of 4 

× 105 bone marrow–derived neutrophils from LysM and K2KO mice were treated with 

anti–PSGL-1 NPs of various sizes (0.02 to 1.0 μm). Fluorescent readouts were recorded 

after incubation at 37°C for 30 min (565-nm excitation, 605-nm emission). Cells were 

counterstained with Hoechst, and fluorescent values were recorded again. Serial dilutions of 

Hoechst-stained neutrophils were used to determine the number of cells per well, and serial 

dilutions of NPs were used to determine the concentrations of NPs present in each well. 

Fitting data to a standard curve provided the amount of NPs bound per cell.

Tail bleeding assay

Tail bleeding times were measured by transecting the tails of anesthetized mice [sodium 

pentobarbital (50 mg/kg)] 5 mm from the tip. The tail was placed in 10 ml of saline at 37°C. 

The time to cessation of bleeding for 20 s was determined with a stopwatch.

Statistical analysis

Raw, individual-level data are presented in data file S1. Statistical analysis comparing two 

groups was performed by Mann-Whitney U test or unpaired two-tailed t test with Welch’s 

correction to account for unequal SDs, as appropriate. Data were also tested for normality 

using the Shapiro-Wilk test and for equality of variances using the Bartlett’s test. In cases 

where normality and equality of variances were not rejected at the significance level of 0.05, 

the group means were compared using pairwise t test with Holm correction or analysis of 

variance (ANOVA) with Tukey’s post hoc test. All statistical analysis was performed using 

GraphPad Prism software version 8 or the latest version of R. Statistical significance was 

defined as P < 0.05 unless stated otherwise.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Activated neutrophils drive arterial and venous thrombosis.
(A) In the murine antiphospholipid antibody (aPL)–injected model, mice were injected 

intraperitoneally (ip) with either aPL isolated from patients with APS (n = 6 mice) or 

IgG isolated from healthy controls (n = 4 mice) at 24 hours and 1 hour before a carotid 

artery laser-induced injury model of thrombosis. Time to occlusive thrombus development 

was measured. (B) Neutrophil depletion in aPL-treated mice using anti-Ly6G antibody (n 
= 8 mice) or control IgG (n = 8 mice) was followed by carotid artery injury to measure 

dependency on neutrophils in arterial thrombus formation. Time to occlusive thrombosis 

development was measured. All mice received aPLs. (C) Neutrophils were harvested from 

IgG- or aPL-treated wild-type (WT) mice and transferred into untreated WT mice (n = 4 

IgG-treated neutrophil recipients; n = 6 aPL-treated neutrophil recipients) before carotid 

artery injury. (D) Klf2 expression was measured in neutrophils harvested from IgG-injected 

(n = 3) or aPL-injected (n = 5) WT mice. (E) KLF2 expression was measured in neutrophils 
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harvested from humans with APS (n = 7) or healthy controls (n = 4). *P < 0.05, **P < 0.01, 

and ***P < 0.001 by unpaired, two-tailed Student’s t test.
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Fig. 2. Neutrophil activation through loss of KLF2 worsens arterial and venous thrombosis.
(A) Time to occlusive thrombosis was measured in the carotid artery injury model 

comparing LysM (n = 7) and K2KO (n = 8) mice. (B) IVC thrombus weight measured 

after IVC ligation comparing LysM and K2KO mice. n = 8 mice. (C) The timeline shows the 

experimental model of neutrophil depletion studies in K2KO mice. (D and E) Neutrophils 

were depleted with anti-Ly6G antibody or control antibody in LysM (n = 6 to 7) and K2KO 

(n = 6 to 8) mice before (D) arterial or (E) venous thrombosis induction. (F) The timeline 

depicts adoptive transfer experiments wherein neutrophils were isolated from healthy LysM 

or K2KO mice and infused into LysM/K2KO mice before arterial or venous thrombosis. (G 
and H) Infusion of LysM (CRE) or K2KO (KO) neutrophils into respective genotypes (n = 

6 to 8 per group) was followed by initiation of (G) arterial and (H) venous thrombosis. Data 

were analyzed using an unpaired, two-tailed Student’s t test.
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Fig. 3. Loss of KLF2 permits prothrombotic neutrophil functions.
(A) Neutrophil extracellular trap (NET) staining with citrullinated histone 3 (H3Cit) is 

shown for N-formyl-Met-Leu-Phe (fMLP)-stimulated LysM or K2KO neutrophils in vitro 

(n = 5). (B) H3Cit NET staining within harvested clots after IVC ligation was quantified 

(LysM, n = 9; K2KO, n = 11). Quantification represents the percentage of clot area that is 

H3Cit+. (C) Western blot of cell lysate from unstimulated LysM and K2KO neutrophils 

measuring neutrophil elastase (NE) and myeloperoxidase (MPO) abundance is shown. 

Quantification is normalized to β-actin. (D) LysM (n = 6) and K2KO [vehicle, n = 8; 

MPO inhibitor (MPOi), n = 8] mice received an MPOi before the IVC thrombosis model 

in mice; thrombus weight was measured. (E) A colorimetric tissue factor (TF) activity 

assay was used to measure conversion of factor X to Xa over time in LysM and K2KO 

neutrophils (n = 3 to 5). OD, optical density. (F) The effect of TF neutralization before 

carotid artery thrombosis was measured. K2KO neutrophils were incubated with either 
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control or TF-neutralizing antibody (1H1) before infusion into LysM mice (IgG, n = 9; 1H1, 

n = 8). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by unpaired, two-tailed 

Student’s t test.
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Fig. 4. Activated neutrophils are transcriptionally primed for prothrombotic adhesion and 
migration.
(A) The volcano plot from RNA sequencing of peripheral blood neutrophils demonstrates 

more than 2000 differentially expressed genes between K2KO and LysM cells. (B) Gene 

Ontology (GO) biological process analysis of differentially expressed genes from K2KO 

neutrophil RNA sequencing is shown. % Gene set represents the proportion of the entire 

process that is affected by loss of KLF2. (C) The overlap of enriched pathways between 

K2KO neutrophils and neutrophils from humans with APS is shown. (D) Results of a 

transwell migration experiment using N-formyl-Met-Leu-Phe (fMLP) as chemoattractant for 

LysM and K2KO neutrophils are shown (n = 10 to 12). (E) Peritoneal lavage after fMLP 

intraperitoneal injection was used to quantify neutrophil migration in LysM (n = 7) and 

K2KO (n = 5) mice. (F and G) Ly6G-stained neutrophils were quantified along vessel walls 

early after (F) carotid artery injury (10 min) and (G) IVC ligation (4 hours) are shown for 

LysM and K2KO mice (n = 4 to 5). (H) Neutrophils were quantified along vessel walls early 
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after carotid artery injury in IgG-injected (n = 5) or aPL-injected (n = 4) WT mice. *P < 

0.05, **P < 0.01, and ***P < 0.001 by unpaired, two-tailed Student’s t test.
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Fig. 5. Neutrophil activation is associated with cortical actin remodeling in K2KO and APS 
neutrophils.
(A) Confocal microscopy of F-actin–stained neutrophils demonstrates cortical actin 

alignment in untreated LysM and K2KO neutrophils. (B) Fluorescent intensity of cortical 

F-actin expression in untreated LysM and K2KO neutrophils is shown. (C) Quantification 

of actin area, fluorescence intensity, and integrated density from confocal images is shown. 

LysM, n = 23 cells from three mice; K2KO, n = 19 cells from three mice. (D) Cortical 

actin staining is shown for neutrophils isolated from either healthy controls (n = 25 cells 

from three donors) or patients with APS (n = 15 cells from three donors). Scales in (B) and 

(D) indicate cortical actin fluorescence intensity. a.u., arbitrary units. *P < 0.05 and ***P < 

0.001 by unpaired, two-tailed Student’s t test.
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Fig. 6. PSGL-1 clustering facilitates prothrombotic K2KO neutrophil adhesion.
(A) Measurement of flowing speed, extent of rolling, and adhesion is shown for LysM 

and K2KO neutrophils in microfluidic channels coated with P-selectin. Avg, average; px, 

pixels. (B) Dot plots depict the duration of time that each cell remained in the field of 

view. Neutrophils from LysM mice, K2KO mice, and K2KO mice pretreated ex vivo with 

anti–PSGL-1 antibody (Ab) were compared. (C) An experimental outline is shown where 

neutrophils were isolated from K2KO mice, incubated with either control or anti–PSGL-1 

antibodies, and infused into LysM mice before the arterial or venous thrombosis models. 

(D and E) The effect of anti–PSGL-1 antibody-treated K2KO neutrophils on (D) arterial 

and (E) venous thrombosis is shown. Blue dots depict neutrophils from LysM mice, and red 

dots depict neutrophils from K2KO mice. All cells were infused into LysM mice (n = 7 

per group). (F) PSGL-1 staining in LPS-treated LysM and K2KO neutrophils is shown with 

quantification of uropod+ cells (n = 5 to 6). Uropods are indicated with an arrowhead. Scale 

bars, 20 μm. (G) Confocal images depict uropod formation, as demonstrated by polarized 

PSGL-1 clustering. Scales indicate PSGL-1 fluorescence intensity. **P < 0.01 and ***P < 

0.001 by unpaired, two-tailed Student’s t test.
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Fig. 7. Targeting PSGL-1 clustering in activated neutrophils with decorated nanoparticles 
protects against arterial and venous thrombosis.
(A) Cell attachment quantification from in vitro microfluidic assay is shown. K2KO 

neutrophils were preincubated with control IgG, anti–PSGL-1 antibody, control IgG NP, 

or anti–PSGL-1 NP before flowing through chambers (n = 9 trials). (B and C) The extent of 

thrombosis in K2KO mice treated with IgG or anti–PSGL-1–coated NP was compared for 

both (B) arterial and (C) venous models (n = 4 arterial and n = 6 venous). (D) Quantification 

of neutrophils along vessel walls early after carotid artery injury is shown for K2KO mice 

treated with either IgG (n = 3) or anti–PSGL-1 (n = 3) NPs. (E) The experimental design 

for adoptive neutrophil transfer is shown. Neutrophils from K2KO mice were incubated 

with IgG or anti–PSGL-1 NPs and transferred into LysM mice before thrombosis. (F and 

G) K2KO neutrophils preincubated with either IgG or anti–PSGL-1 NPs were infused into 

LysM mice before (F) carotid artery injury or (G) IVC ligation (n = 6 to 8). (H) An 
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experimental timeline is shown depicting treatment of aPL-injected WT mice with either 

IgG or anti–PSGL-1 NPs before thrombosis induction. (I and J) The effect of anti–PSGL-1 

NP treatment against aPL-induced (I) arterial and (J) venous thrombosis was measured (n 
= 5 to 8). (K) Lower doses of anti–PSGL-1 antibody were compared in an aPL-injected 

carotid artery injury model (n = 5). Anti–PSGL-1 was administered either alone or in NP 

formulation at concentrations of 2 μg. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 

0.0001 by unpaired, two-tailed Student’s t test.
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