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 Part I  

Abbreviations 
ADP Adenosine diphosphate 
AiA Antigen-induced arthritis 
ALI Acute lung injury 
APAF1 Apoptotic protease activating factor 1 
APC Antigen-presenting cell 
Arp2/3 Actin related protein 2/3 
ATP Adenosine tri-phosphate 
Ca2+ Calcium ion 
CD Cluster of differentiation 
CLEC-2 C-type lectin receptor 2 
CRP Collagen-related peptide 
CypD Cyclophilin D 
COVID-19 Coronavirus disease 2019 
GP Glycoprotein 
HIT Heparin induced thrombocytopenia 
ITAM Immunoreceptor tyrosine-based activation motif 
LAMP Lysosome-associated membrane protein 
L. monocytogenes Listeria monocytogenes 
LPS Lipopolysaccharide 
MHC Major histocompatibility complex 
MK Megakaryocyte 
mPTP Mitochondrial permeability transition pore 
MRSA Methicillin resistant S. aureus 
NETs Neutrophil extracellular traps 
PA Procoagulant activation 
PMP Platelet microbicidal proteins 
PRR Pattern recognition receptors 
PS Phosphatidylserine 
PSGL-1 P-selectin glycoprotein ligand-1 
RNA Ribonucleic acid 
ROS Reactive oxygen species 
S. aureus Staphylococcus aureus 
TLRs Toll-like receptors 
TMEM16F Transmembrane protein 16F 
VITT Vaccine induced thrombotic thrombocytopenia 
vWF von Willebrand factor 
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Part III 

Introduction 
The Multifaceted Roles of  Platelets 

Platelets possess a myriad of roles in vascular biology, from their classical role in hemostasis & 
thrombosis to their role as mediators of inflammation (Figure 1)(1-3). Platelets act as sentinels and 
adapt their behavior to the demands in local microenvironment which has resulted in platelets 
earning the title of “guardians of the vasculature”.  

During hemostasis, injured vessels undergo vasoconstriction and platelets play a critical role by 
adhering rapidly to the site of vessel injury, aggregating together to form a platelet plug and allow-
ing stabilization via formation of a dense fibrin mesh brought upon by the coagulation cascade. 
This cascade of events is crucial to prevent excessive bleeding(4). Excessive platelet activation can 
lead to pathological clot formation - thrombosis. Arterial thrombosis in arteries of the heart and 
brain leads to myocardial infarction and stroke whereas thrombus formation in veins may lead to 
pulmonary embolism and venous thromboembolism(4, 5). Beyond hemostasis and thrombosis, 
platelets are also involved in inflammation. Platelets provide a first line of defense by preventing 
entry of pathogens during injury to vessels through the preservation of vascular integrity(1). Plate-
lets are known to directly interact with microbes. Our group has shown that during inflammation, 
migrating platelets can bundle pathogens and secrete antimicrobial agents(1, 6-8). Activated platelets 
possess a bactericidal function where they can release secretory products via degranulation during 
direct interaction with Staphylococcus aureus (S. aureus)(9).  Another way platelets contribute to im-
munity is through crosstalk with leukocytes which regulates immune responses. Platelets can also 
directly present costimulatory molecules as well as antigens like an antigen-presenting cell (APC) 
to leukocytes such as T cells(10). Platelet crosstalk can initiate immune cell recruitment to sites of 
infection(11).  

Platelets also play a role in development of pathologic acute lung injury (ALI). During, ALI, the 
body is unable to meet metabolic demands due to insufficient lung oxygenation, which can lead to 
fatality. ALI is a complication of infection or sterile injury(12). During ALI, leukocytes infiltrate the 
lung and cause edema. Studies showed that depleting platelets enhanced organ function and re-
duced leukocyte infiltration in ALI, hinting towards the pathological role of platelets(13, 14). Surface 
receptors P-selectin and CD40L have been associated with this condition(13, 15). ALI is an important 
model for studying the role of platelet subsets and specific effector functions in the setting of 
inflammation.  

To summarize, apart from their classical roles, platelets act as sentinels securing the first line of 
defense and orchestrate immune responses ranging from innate to adaptive immunity. Here, the 
focus of this dissertation will be on the non-classical immune-related role of platelet subsets. 
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Figure 1. The many roles of platelets. Simplified schematic outline showing diverse roles of platelets. A) Hemostasis 
- platelets contribute to plug formation at injury sites to prevent bleeding. B) Thrombosis - pathological clot formation 
can lead to vessel occlusion. C) Inflammation - platelets aid in 1) maintaining vascular integrity, 2) bacterial killing, 3) 
antigen presentation, 4) platelet-leukocyte crosstalk including platelet-leukocyte aggregates (PLA) and 5) immune cell 
recruitment to sites of injury. Created in  https://BioRender.com.  

Platelet Morphology 

To understand how platelets can contribute to the myriad processes, and how they have been 
categorized on their physical properties, we first need to understand the morphology of a platelet. 
Platelets are very small, approximately 2-5 µm in size with a thickness of 0.5 µm(4, 16-18). Platelets 
contain key organelles such as mitochondria, alpha granules (50-80 per platelet), dense granules (3-
8 per platelet), lysosomes (<3 per platelet) and sometimes RNA but no nucleus(18-20) (Figure 2A). 

Platelets do not possess genomic DNA, however, nascent platelets contain residual amounts of 
megakaryocyte RNA which can be used as a platelet age indicator(21, 22). Mitochondria are critical 
for platelet metabolism, function and signaling(23). Platelets, when healthy, may contain anywhere 
between 5-8 mitochondria (23, 24). Platelet mitochondria have an important role in ATP formation, 
reactive oxygen species (ROS) generation, calcium homeostasis, procoagulant platelet activation 
and apoptosis(25, 26). This means that mitochondrial fitness is intertwined with platelet functions(27). 
α-Granules consist of both membrane bound proteins and soluble proteins. Membrane bound 
proteins can be expressed on the platelet surface such as αIIbβ3, GPVI, CD36, or they can be 
expressed on platelet surfaces following platelet activation, for instance, P-selectin(28). α-Granules’ 
soluble factors such as CD40L, complement C3, & serpins play a role in inflammation(18, 19).  Plate-
let dense granules originate from the endosomal system rather than from the golgi network, and 
are lysosome related organelles(29). They share lysosome-like organelles, as their granule pH is acidic 
and they contain lysosome related proteins like LAMPs and CD63(19). Dense granules also contain 
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ADP, ATP, serotonin, calcium, and magnesium. Platelet lysosomes consist of enzymes that are 
involved in the degradation of lipids, proteins and carbohydrates. LAMP1 can be found on lyso-
somal membranes and contribute to the protective function of the lysosomes(19). 

Platelet Receptors  

Platelets express a broad range of receptors to fulfill their diverse tasks. Here, the focus will be on 
the receptors that we have investigated in more detail in this work. These receptors are crucial for 
the biological processes that platelets are involved in including: GPIb-IX-V, αIIbβ3, P-selectin, 
LAMP1, CD40L, CLEC-2, CD47, CD36 and GPVI (Figure 2B). 

GPIb-IX-V is an abundant platelet surface receptor complex that is involved in almost all platelet 
functions(30). GPIb-IX-V plays a role in hemostasis during the crucial step of platelet adhesion to 
damaged vessels, where flow shear rate leads to thrombus formation. Each platelet can have any-
where between 25,000 to 35,000 copies of the receptors(30, 31). They consist of four subunits, 
namely: GPIbα, GPIbβ, GPIX, and GPV, and exist in a ratio of 1:2:1:1(32). Constitutively expressed 
receptor GPIbα can bind to Mac-1 on neutrophils(33). In the first paper, we used the non-activating, 
non-depleting platelet specific labeling antibody from Emfret (X488 and X649) that binds to the 
abundant GPIbβ subunit of the GPIb-IX-V complex.  

αIIbβ3 integrins are part of a family of adhesion and signaling molecules which facilitate interac-
tion between cells. Integrins comprise of α and β (β1, β2 and β3 in platelets) subunits(34). Platelet 
aggregation is crucial to thrombus formation and is critically dependent on integrin αIIbβ3. This 
integrin is a receptor for fibrinogen, von Willebrand factor (vWF), vitronectin and fibronectin(35). 
Platelet activation by ADP leads to conformational change and allows binding to fibrinogen. Also, 
GPIIb/IIIa is known as a target of the drug Tirofiban(35).  

P-selectin is an integral membrane protein in the α-granules. Platelet activation causes granules to 
fuse with the cell surface membrane leading to redistribution of P-selectin to the cell surface. P-
selectin plays a role in both inflammation and thrombosis(36, 37). P-selectin expressed by activated 
platelets can bind to PSGL-1 on leukocytes such as neutrophils,  monocytes, dendritic cells and 
lymphocytes(38, 39). The rapid interaction and dissociation between the receptor and ligand are the 
basis for leukocyte tethering and rolling in circulation(38).   

Platelets express CD40L, a transmembrane protein trimer, on their surface rapidly (within sec-
onds) post stimulation(40). Platelet CD40L is the ligand for CD40 which is expressed on B-cells, 
monocytes, macrophages and endothelial cells constitutively. During inflammation, platelets act as 
guides while binding to neutrophils via CD40L/CD154 surface receptors which trigger P-selectin 
to cause high affinity conformation in neutrophils that allow the immune cells to pass through the 
vessel wall(2, 41). LAMPs are membrane-associated proteins found in platelet lysosomes (LAMP1 
or CD107a) and dense granules (CD63). Degranulated CD8+ T cells express CD107a on their 
surface post activation, and are capable of cytotoxity(42). LAMPs are considered as markers of 
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platelet activation, however, their functions are not well understood(34). CD47, an important integ-
rin-associated protein receptor, has thrombospondin as its ligand. Thrombospondin initiates sig-
naling that enhance the integrin αΙIbβ3(36). CD47 interacts with collagen receptor α2β1. These in-
teractions can result in modification of processes such as platelet activation, cell migration, adhe-
sion and phagocytosis(43). CD36 (glycoprotein 4/GPIV) is one of the most abundant membrane 
receptors. Platelets have around 16,700 copies of CD36 in platelets(44). Collagen and thrombos-
pondins are some of the ligands for CD36. Also, one important function of CD36 is being a 
scavenger for oxidized lipoproteins(45).  

Glycoprotein VI is an important surface receptor in the superfamily of immunoglobulin receptors 
on platelets(46). GPVI is a receptor for collagen and fibrin(47). GPVI can be activated by endogenous 
ligands such as collagen, fibrin, fibrinogen (only in humans) and exogenous ligands such as con-
vulxin and CRP(46). Afterwards, GPVI can initiate platelet activation by signaling using the ITAM. 
CLEC-2 is expressed in high numbers on platelets(46). CLEC-2 shares the same signaling pathways 
as GPVI downstream of the hemi-immunoreceptor tyrosine-base activation motif. CLEC-2 on 
platelets can also interact with podoplanin on macrophages which leads to platelet activation(48). 
CLEC-2 knockout in mice showed significant reduction in platelets’ ability in preventing inflam-
mation-induced hemorrhage highlighting the importance of platelet CLEC-2 in maintaining vas-
cular integrity and thrombosis during inflammation(46, 49-51).  

Platelets possess a myriad of receptors that allow them to interact with immune cells & endothelial 
cells and become involved in immune functions(52). Platelet-leukocyte interactions under steady 
state is minimal but important for the maintenance of vascular integrity(53). The most important 
components that aid platelets in their variety of tasks via stable platelet interactions with immune 
cells and maintenance of vascular integrity include P-selectin, CD40L/CD154, CLEC-2, GPVI 
and GPIIb/IIIA(52). 

 
Figure 2. Overview of a platelet. A) Simplified schematic outline of a platelet’s key organelles. B) Major platelet 
components involved in platelet effector functions. Created in  https://BioRender.com. 
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Platelet Effector Functions  

Through their diverse receptor repertoire, platelets can be recruited to sites of vessel injury, but 
also inflammation. Upon recruitment, platelets possess a range of abilities on how to respond to 
the respective challenge. The platelet effector repertoire consists of diverse mechanisms and path-
ways that aids in classical hemostasis and non-classical immune related effector activity (Figure 3).  

Platelets are primarily effectors of hemostasis which involves prevention of excessive blood loss. 
During hemostasis, exposed endothelial matrix proteins, collagen and vWF, at the site of injury 
aids in platelet recruitment which leads to platelet adhesion, activation and prevention of bleed-
ing(54). Interaction between platelet GPIb-IX-V and vWF bound to collagen results in platelet re-
tention close to the vessel wall, which in turn facilitates interaction between GPVI and collagen(55). 
GPVI is also responsible for initial activation of platelets and granule release(56). To ensure tight 
adhesion of platelets at site of injury, inactivated (low affinity) integrin αIIbβ3 in resting platelets 
undergo activation and conformation shift (high affinity) via the process of “inside-out” signal-
ing(54, 57). Platelet-platelet interaction and adhesion, mediated by ligand (fibrinogen/vWF) binding 
to αIIbβ3, triggers “outside-in” signaling which results in platelet aggregation and clot retrac-
tion(58). Platelet retraction contributes to stabilization of platelet plug and is mediated by shape 
change via cytoskeleton reorganization. Gα13 subunit is a critical component in the “outside-in” 
signaling(59). 

Platelets also play a role as vascular sentinels, and are at the forefront in the first line of defense. 
Platelets prevent pathogen entry by maintaining vascular integrity. Platelets, like other granulo-
cytes,  consist of granules such as α-granules which contain adhesion molecules, platelet microbi-
cidal proteins (PMPs) and kinocidins which aid in their antimicrobial response(60). Platelets can 
recognize and respond to pathogens using the pattern recognition receptors (PRRs) such as toll-
like receptors (TLRs), C-type lectin receptors and NOD-like receptors(7). Platelet TLR4 is potent 
in lipopolysaccharide (LPS) recognition, and is essential for neutrophil activation and trapping 
of bacteria via neutrophil extracellular trap formation or NETs.(61). CLEC-2 deletion in mice 
showed significant reduction in platelets’ ability in preventing inflammation-induced hemor-
rhage(46, 49-51). Platelet migration also plays a crucial role during infection. We have previously re-
ported that migrating platelets act as scavengers by bundling bacteria and enable neutrophil acti-
vation(8). Genetic deletion of actin related protein 2/3 (Arp2/3) complex, which is responsible for 
platelet directional motility, resulted in augmented spread of bacteria(62). Platelets also possess bac-
tericidal property that allows them to confront pathogens directly. Thrombin stimulated platelets 
co-cultured with methicillin resistant S. aureus (MRSA) were capable of killing more than 40% of 
the bacteria in a period of two hours in absence of any immune cells. It was also reported that 
platelets facilitated S. aureus phagocytosis by macrophages via secretion of IL-1β(9). Procoagulant 
activation (PA) of platelets play an important role during inflammation and has been associated 
with COVID-19, heparin induced thrombocytopenia (HIT) and vaccine induced thrombotic 
thrombocytopenia (VITT). Procoagulant platelets are characterized by their presence of P-selectin, 
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inactivated αIIbβ3 integrin, cytosolic calcium (Ca2+) rise that leads to phosphatidylserine (PS) ex-
ternalization, and irreversible ballooning(63, 64). Procoagulant activation occurs when agonists trigger 
a strong stimulation in platelets causing a rapid increase in intracellular calcium, thus resulting in 
Ca2+ entry into the mitochondria. Once the critical threshold of calcium in mitochondria is 
reached, Cyclophilin D (CypD) facilitates formation of the mitochondrial permeability transition 
pore (mPTP). This reduces mitochondrial membrane stability and excess calcium is released back 
into the cytoplasm, which causes activation of transmembrane protein 16F (TMEM16F). This 
protein in turn promotes PS exposure on the platelet surface(25). Platelet-leukocyte crosstalk is 
an essential part of immune response facilitated by an extensive repertoire of receptors in platelets. 
Platelets crosstalk and guide leukocytes to extravasate using CD40L and P-selectin(41). The critical 
role of platelets in guiding neutrophils to the site of injury was exhibited when platelet depletion 
diminished immune cell extravasation in a model of acute lung injury(13). In a model of antigen-
induced arthritis (AiA), a marked reduction in platelet-leukocyte rolling and adhesion on endothe-
lium was observed in P-selectin knockout mice, which could be rescued by transfusion of wild-
type platelets(65). Platelets also contribute to adaptive immunity via antigen trafficking, and dendritic 
cell mediated presentation of antigens. Platelets shuttle Listeria monocytogenes (L. monocytogenes) to 
CD8α+ dendritic cells in spleen via complement C3 and platelet GPIb which triggers the adaptive 
immune response. Depleting platelets or blocking aggregation (C3 knockout) sped up pathogen 
clearance(66). Platelets also possess major histocompatibility complex class I (MHC class I) which 
they can use to directly present antigens, along with costimulatory molecules, like an antigen pre-
senting cell (APC) to leukocytes such as T cells(10). In short, platelet effector functions highlight 
the myriad roles of platelets that contribute to physiological and pathological settings which in-
cludes adhesion, activation, aggregation, migration, clot retraction, procoagulant activation and 
immune modulation. 
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Figure 3. Platelet effector functions. Simplified schematic diagram of classical (right) and non-classical (left) effector 
functions. Classical functions include platelet adhesion to extracellular matrix (ECM) via collagen and von Willebrand 
Factor (vWF), platelet aggregation, formation of hemostatic plug, and clot retraction for stabilization. Non-classical 
functions involve defense against bacteria like Staphylococcus aureus by preventing pathogen entry, antimicrobial func-
tion through direct killing & bundling of pathogens, procoagulant activation (PA) via calcium-dependent (Ca2+) 
signaling involving TMEM16F & cyclophilin D (CypD) and immunomodulation through interaction with leuko-
cytes, supporting antigen presentation & recruitment of immune cells to sites of injury. Created in  https://BioRen-
der.com. 

Platelet Lifespan 

Platelets need to maintain their number in circulation at a steady state, via regular replenishment 
in order to perform their many roles. Thrombopoiesis or platelet production occurs when ma-
tured megakaryocytes (MKs) form cytoplasmic extensions called proplatelets that extend through 
the endothelial barrier, primarily in the bone marrow(67) and also in the lungs (Figure 4A)(68). Each 
megakaryocyte may release hundreds of platelets of nearly uniform size into the bloodstream(69). 
During situations of heightened platelet demand such as thrombocytopenia or inflammation, 
platelet release can also occur through the rupture of the mature MK membrane(70). In both pro-
cesses, whether by proplatelet formation or MK membrane rupture, megakaryocytes must be po-
sitioned adjacent to blood vessels to facilitate platelet release into circulation(71-73). The vascular 
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niche consists of extracellular matrix components that enable megakaryocytes to migrate to a mi-
croenvironment that supports and guides the final stages of MK maturation, proplatelet formation 
and finally platelet production(72).  

Newly formed platelets that contain residual amounts of RNA are also referred to as immature or 
reticulated platelets(74, 75). Reticulated platelets can be distinguished from non-reticulated via RNA 
staining using thiazole orange which facilitates the study of differences in whole blood or isolated 
platelets(76). Reticulated platelets show higher adhesion(77), aggregation, response to agonists and 
higher expression of P-selectin and GPIIb/IIIa(75, 78). It has also been reported that reticulated 
platelets contain more cytoskeletal proteins, greater mitochondrial number and are larger in size 
compared to older platelets, hinting towards platelet metabolic fitness and aptitude which facili-
tates their primary role in hemostasis and pathological thrombosis(75, 78-80). 

Platelets have a lifespan of 7-10 days in humans and 4-5 days in mice(81, 82). Maintaining a steady 
number of platelets is crucial as too many platelets can cause thrombocytosis while too low a 
concentration can cause thrombocytopenia. It is still not well understood how each individual 
platelet decides to initiate apoptosis and thereby clearance from circulation(82). As platelets age in 
circulation, aged platelets are considered to undergo a functional decline, characterized by having 
a smaller size, lesser mitochondria, reduced RNA, a decline in protein content, and overall less 
reactivity to external stimuli(80). Interestingly, a recent publication comparing reticulated or large 
platelet and non-reticulated or small platelet transcriptomics highlighted that aged platelet tran-
scripts were associated with inflammatory processes, such as presence of IL7, complement pro-
teins(80), or more proteins found to be involved in inflammation and immunity(83) which could imply 
a potential alteration in their role from hemostasis to immune regulation.  

When platelets age, they can lose sialic acid from their surfaces, which has been connected to 
senescent platelet removal(84-86). Desialylated platelets have increased exposure of β-galactose, 
which can be recognized by the Ashwell-Morell receptor found on the surface of hepatocytes and 
macrophages (Figure 4B). This in turn induces the clearance of platelets. Desialylation is a great 
marker for aged platelets that are awaiting clearance(84).  

Platelet fate is regulated by mitochondria dependent intrinsic apoptosis which is in turn main-
tained by a fine balance of proapoptotic and pro-survival proteins (Figure 4C)(84, 87).  Under normal 
conditions, pro-survival Bcl-2 proteins inhibit proapoptotic BAK & BAX(84, 88). During stress or 
damage in platelets, BH3 domain containing proteins are activated which then activate the intrinsic 
apoptosis pathway in platelets. BH3-only proteins inhibit Bcl-2 and as a result frees BAK & BAX 
to start mitochondrial membrane damage. Once mitochondria lose their membrane integrity and 
become permeable, they release cytochrome c into the cytoplasm(87). Cytochrome c then binds to 
APAF1 and forms the apoptosome complex leading to activation of caspases(89, 90). Caspase-3/7 
then facilitates phosphatidylserine exposure to the outer side of the cell membrane from the inner 
side. Phosphatidylserine exposure acts as an “eat me” signal that we also can use as a marker for 
apoptosis(89). A model for studying the effects of aged platelets is by using platelet specific BAK 
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BAX knockout mice, which prolongs platelet lifespan and allows the study of the aged platelet 
phenotype when compared to wild type.  

 

Figure 4. Platelet turnover. A) Schematic representation of platelet production from a matured megakaryocyte (MK) 
through proplatelet extension and release into the bloodstream. B) Schematic representation of platelet clearance in 
the liver by Kupffer cells and hepatocytes following desialylation. C) Schematic representation of intrinsic apoptosis 
in platelets, showing stress-induced BAK BAX activation, mitochondrial cytochrome c release, apoptosome formation 
and caspase dependent phosphatidylserine (PS) externalization. Created in  https://BioRender.com. 
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Summary 

Platelets are well known for possessing multiple roles in vascular biology. Beyond their traditional 
role in hemostasis and thrombosis during vessel injury, platelets play a critical role in inflammation 
by supporting leukocyte recruitment at inflammation sites, even confronting pathogens directly. 
This solidifies platelets’ commitment as sentinels that provide host defense and vascular integrity. 
With these myriad roles to cover, it is comprehensible that platelets developed a specialized distri-
bution of these tasks based on their heterogeneity. This heterogeneity can be due to their age, their 
phenotype or a combination of both. In this cumulative thesis, I present two studies that our group 
has investigated which puts emphasis on the specialized roles of platelet subsets: 1) age specific 
role, and 2) procoagulant platelet dependent role.   

In the first article, we have addressed the concept of age dependent platelet heterogeneity and 
instead proposed a shift in role from classical hemostasis to inflammatory in aged platelets. 
We described this shift in role in detail using an in vivo pulse-labeling method in murine models 
that allowed the tracking of differently aged platelet cohorts over time. We used in vitro and in 
vivo assays to define the age specific heterogeneity in platelet functions. We confirmed metaboli-
cally fit young platelets were recruited more in clot formation, had stronger response to agonists, 
and exhibited increased adhesion and retraction. We demonstrated that aged platelets, apart from 
their propensity to become apoptotic and get cleared, had proclivity for leukocyte aggregation, 
procoagulant activation, enhanced bactericidal property and showed an upregulation of an arsenal 
of immune related proteins confirmed by proteomics. During LPS mediated acute lung injury in 
the BAK BAX mouse model with prolonged platelet half-life, aged platelets were recruited to the 
lung, and we observed increased inflammation. We also showed immunomodulatory characteristic 
in in vitro aged human platelet concentrates that was further supported by using a murine model 
of transfusion highlighting the shift in role of aged platelets with potentially important implications 
for transfusion medicine.  

In the second article, the role of procoagulant platelets in maintaining vascular integrity was 
also investigated using murine models of inflammation. We showed that during pulmonic inflam-
mation, platelets that come across exposed collagen at the site of injury lead to mitochondrial 
CypD and TMEM16F dependent procoagulant platelet activation. This procoagulant activation 
further initiates the coagulation cascade and prevents inflammatory bleeding. We were able to 
demonstrate in vitro that the combination of both integrin αIIbβ3 (GPIIb/IIIa) and GPVI medi-
ated signaling leads to supramaximal calcium bursts and in turn procoagulant transformation.  

In both the articles we clarify the complex contribution of platelets to inflammatory disease; in 
part explained by their heterogenous nature and related effector functions. The first article high-
lights contribution of young platelets in hemostasis & thrombosis, and a marked role of aged 
platelets in inflammation. Even though we show in the first article that aged platelets have a pro-
clivity for procoagulant activation, genetic deletion of platelet specific CypD did not hinder the 
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platelet-neutrophil aggregation, highlighting that aged platelets do not acquire their immunomod-
ulatory property via procoagulant activation. Even though procoagulant activation is not crucial 
for aged platelets to do their task, an important role of the procoagulant platelet subset is portrayed 
in the second article. Here we showed that platelet/megakaryocyte specific deletion of CypD in 
mice which, when treated with LPS intranasally, lead to significant increase in alveolar hemorrhage. 
In short, I have addressed the important contributions made by heterogenous platelet subsets from 
age dependent functional variation to procoagulant function critical in maintaining vas-
cular integrity. 
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Part IV 

Contribution to the Publications 

Paper 1: Aging platelets shift their hemostatic properties to inflammatory 
functions 

Co-author contributions 

“L.N. initiated the study; L.N. conceptualized the study; L.N. and A.A. created the methodology; 
A.A., M.M., F.D., A.M., F.P.K., R.K., K.P., D.R., R.C., M.S.R. and L.N. conducted the investiga-
tion; R.K., F.G, T.B., J.K., J.W.H., K.S., S.M., B.N. and L.N. collected the resources; A.A., M.M., 
F.P.K., M.S.R., and L.N. conducted formal analysis; L.N. and A.A. wrote the original draft; all 
authors edited the draft; A.A. and L.N. handled data curation and software; A.A., F.P.K., and L.N. 
visualized the study; L.N. provided supervision and project administration; and L.N. administered 
the funding.” 

For this paper, I am the sole first author. I have created the methodology, conducted the inves-
tigations, performed formal analysis, wrote the original draft, handled data curation and visualized 
the study. All experiments and analysis, except experiments on BAK BAX knockout mouse line, 
and proteomics were performed by me with the assistance of my coauthors wherever necessary. 
To follow the 3 R principle (Replace, Reduce and Refine) for ethical animal experimentation, mul-
tiple assays were performed on the same day with the assistance of co-authors at different stages 
of the project. This was done to maximize the amount of data generated from a minimum amount 
of ethical animal usage post rigorous experimental planning.  

Paper 2: Procoagulant platelet sentinels prevent inflammatory bleeding 
through GPIIBIIIA and GPVI 

Co-author contributions 

“L.N. initiated the study; R.K. and L.N. conceptualized the study; R.K., R.E., and L.N. created the 
methodology; R.K., R.E., J.K., M.-L.H., A.A., V.P., M.M., W.H., L.B., C.G., A.T., M.L., and L.N. 
conducted the investigation; R.K., K.P., S.K., F.G, K.S., T.B., S.M., and L.N. collected the re-
sources; R.K., R.E., and L.N. conducted formal analysis; R.K. and L.N. wrote the original draft; 
all authors edited the draft; R.K., R.E., and L.N. handled data curation and software; R.K. visu-
alized the study; R.K., J.K., K.P., K.S., T.B., S.M., and L.N. provided supervision and project ad-
ministration; and R.K., K.S., S.M., and L.N. administered the funding.” 

For this project, I have assisted Rainer Kaiser and Leo Nicolai with my experimental expertise 
wherever necessary. The expertise that I offered included, but not limited to, blood sampling tech-
niques, platelet assays, intravenous injections, acute lung injury, and flow cytometry. I have also 
edited the manuscript draft.   
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Aging platelets shift their hemostatic properties to
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KEY PO INT S

• Platelets change their
phenotype as they age
in circulation, skewing
toward inflammatory
function over time.

•Genetic models of
increased platelet half-
life and transfusion of in
vitro–aged platelets
enhance inflammatory
responses.
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Platelets are crucial players in hemostasis and thrombosis but also contribute to immune
regulation and host defense, using different receptors, signaling pathways, and effector
functions, respectively. Whether distinct subsets of platelets specialize in these diverse tasks
is insufficiently understood. Here, we used a pulse-labeling method in Mus musculus models
for tracking in vivo platelet aging and its functional implications. Using in vitro and in vivo
assays, we reveal that young, reticulated platelets show heightened responses in the setting
of clot formation, with corresponding, increased responses to agonists, adhesion, and
retractile function. Unexpectedly, aged platelets lose their hemostatic proficiency but are
more prone to react to inflammatory challenge: compared with reticulated platelets, this
cohort was more likely to form platelet-leukocyte aggregates and showed increased
adhesion to neutrophils in vitro, as well as enhanced bactericidal function. In vivo, this was
reflected in increased pulmonary recruitment of aged platelets in an acute lung injury model.
Proteomic analyses confirmed the upregulation of immune pathways in this cohort, including enhanced procoagulant
function. In mouse models of prolonged platelet half-life, this resulted in increased pulmonary leukocyte infiltration and
inflammation upon acute lung injury. Similarly, human platelet concentrates decreased their hemostatic function and
elevated their putative immunomodulatory potential in vitro over time, and in a mouse model of platelet transfusion,
aged platelet concentrates resulted in augmented inflammation. In summary, we show that platelets exhibit age-
dependent phenotypic shifts, allowing them to fulfill their diverse tasks in the vasculature. Because functional alter-
ations of aging platelets extend to platelet concentrates, this may hold important implications for transfusion medicine.
Introduction
Platelets are the major cellular component of hemostasis and
are critical for forming a stable plug to prevent bleeding at sites
of vascular injury. Because they are also important mediators of
thrombosis, this cell type is an attractive and clinically proven
pharmacological target in cardiovascular disease. Beyond clot
formation, it has become evident that platelets are also
important mediators of immunity that arrive first at sites of
inflammation, form a tight partnership with innate immune cells,
and are instrumental for leukocyte vascular adhesion, immu-
nosurveillance, and extravasation.1-5 In addition, they serve as
guardians of the vasculature, maintaining vascular and
lymphatic integrity under steady-state and inflammatory
LUME 145, NUMBER 14
conditions.4,6-8 Furthermore, platelets have been implicated in
cancer development and metastasis, as well as neo-
angiogenesis, tissue repair, and even adaptive immunity.9-12

Other cell types with similarly diverse (patho)physiological
functions, for example fibroblasts or lymphocytes, have specific
subsets that mediate their respective effector function.13,14 This
specialization is frequently fluid and exhibits dynamic plasticity.
Even short-lived neutrophils show distinct phenotypes
depending on age and context.15-18 In platelets, it remains
insufficiently understood whether there are subsets that
mediate the diverse functions outlined earlier. Recently, some
environmental influence on platelet biogenesis has been pro-
posed, because there is a contribution of lung and splenic
megakaryocytes (MKs) to circulating platelet pools.19,20



One subset with ample evidence in basic research but also
clinical medicine are young, newly produced platelets. These
are termed reticulated platelets due to their elevated content of
ribosomal RNA and have been recognized as a highly reactive
subset that can contribute to (re-)thrombosis and failure of
platelet inhibitory therapies in cardiovascular disease.21-24 It is
thought that platelets lose their functions as they age, and this
functional decline leads to defects in hemostasis and throm-
bosis in models of prolonged platelet half-life.25,26 Importantly,
most of these findings were generated using indirect indicators
of platelet age, which leaves key questions, including the
dynamics of clearance, phenotype, and function of circulating
platelets from birth to their decay, unanswered. Here, using
innovative pulse-labeling techniques, single-cell–based func-
tional assays, genetic mouse models, and transfusion experi-
ments, we precisely map phenotypic, functional, and proteomic
changes of platelets as they age in circulation. We show that
although in vivo aging platelets lose hemostatic potential
in vitro and in vivo, they move toward proinflammatory function
with important implications in inflammation.
Methods
Platelet pulse-labeling model for tracking specific
age cohorts of platelets
To track young platelets as they age in circulation, C57BL/6J
mice were injected twice IV (pulse-labeled with a 12-hour inter-
val) with 2.0 μg of glycoprotein Ib (GPIb) antibody conjugated
with different fluorophores (X649 and X488) consecutively.
Repeated blood sampling (~20 μL) from facial vein was per-
formed to check for the percentage of pulse-labeled platelets
(calculated by subtracting the percentage of platelets labeled
with the first antibody from those of the second antibody; eg, [%
of X488] to [% of X649] of all CD41+ platelets), surface marker
expression, and platelet phenotype as they aged. To understand
the functional difference between distinct platelet age cohorts,
mice were pulse-labeled 108, 60, and 12 hours before blood
sampling. Blood was collected terminally from the retro-orbital
vein to perform multiple in vitro assays simultaneously.

Generation of young and old platelet age cohorts
by ablating platelet production
The PF4-cre;RS26-iDTR model was used to control platelet age
by ablating MKs using diphtheria toxin (DT).27 Administration of
250 ng per mouse of DT on day 1 and 2, and consecutive
readministrations of 100 ng per mouse with a 48-hour interval
resulted in complete thrombocytopenia after 6 days. A homo-
geneous population of platelets, aged at least 4 days, was
collected by sampling blood via the retro-orbital vein 4 days
after repetitive DT injections in Cre+ mice. Young platelets were
isolated by collecting blood 8 days after sequential DT
administration, after confirming platelet rejuvenation after a
period of thrombocytopenia. A heterogeneous mixed-age
(control) population was collected via the vein plexus after
repeated DT injection in Cre– mice.

Sample preparation for mass spectrometry
Platelet-rich plasma samples were incubated with CD45
MicroBeads to deplete CD45+ population to ensure pure platelet
populations. Platelet-rich plasma was then diluted 1:2 in Tyrode
buffer and centrifuged for 5 minutes at 1200g twice. Platelet
AGED PLATELETS GAIN INFLAMMATORY FUNCTION
pellets were lysed with sodium deoxycholate buffer (2% sodium
deoxycholate in 100 mM tris[hydroxymethyl]aminomethane pH
8.5) by boiling at 95◦C immediately for 5 minutes, followed
by 10 cycles of 30 seconds on and 30 seconds off in a Bio-
ruptor Sonicator. Protein samples were reduced and alkylated
for 5 minutes at 45◦C by adding alkylation buffer (1:10 of
10 mM tris(2-carboxyethyl)phosphine hydrochloride, 40 mM 2-
chloroacetamide, pH 7). Next, protein was digested by the addi-
tion of 1:100 (enzyme:protein) trypsin and endoproteinase LysC
and incubation at 37◦C overnight. Samples were supplemented
with loading buffer (1% trifluoroacetic acid [TFA] in isopropanol)
and loaded onto self-made styrenedivinylbenzene-reverse phase
sulfonate StageTips (47 mm; catalog no. 2241; 3M Empore) by
centrifugation at 700g for 8 minutes. After washing once with
loading buffer and once with wash buffer (5% acetonitrile and 0.2%
TFA), the peptides were eluted with elution buffer (80% acetoni-
trile and 0.3125% NH4OH), concentrated in SpeedVac at 45◦C for
~35 minutes and resuspended (2% acetonitrile and 0.1% TFA).

Acute lung injury model
Anesthetized mice were administered 20 μg of lipopolysac-
charide (LPS) intranasally. Mice were scored every hour, and
blood was sampled every 4 hours. Four or 8 hours after LPS
treatment, mice were euthanized via cervical dislocation
without damaging the trachea. Bronchoalveolar lavage fluid
(BALF) or lung fluid was collected for analysis. BALF (>0.5 mL)
was collected by intratracheal flushing with 1× phosphate-
buffered saline (with 1% bovine serum albumin and 2 mM
EDTA). BALFs were stained with antibodies for flow cyto-
metric analysis. For lung histology, lungs were removed surgi-
cally, fixed in 4% paraformaldehyde for 1 hour, dehydrated in
30% sucrose overnight, and cryo-embedded. Lung sections
were then stained with CD41 to check for labeled platelet
recruitment.
Results
Tracking of platelet cohorts in vivo reveals
dynamic changes over their lifetime
To gain insight into platelet aging and adaptation over their
lifetime, we used a pulse-labeling method using 2 injections of
nonactivating, nondepleting GPIb antibody tagged with a
different fluorophore at 0 and 12 hours (Figure 1A-B). We
established that the injection of 2.0 μg of antibody per mouse
was a nonsaturating dose, leading to efficient labeling of circu-
lating platelets while still allowing for unaffected secondary
labeling 5 minutes later (supplemental Figure 1A-E, available on
the Blood website). MKs were not labeled using this strategy
(supplemental Figure 1F-I). Using platelet reporter mice, we
showed that labeling with antibody did not affect phenotype,
activation, or platelet-leukocyte aggregate (PLA) formation
(supplemental Figure 2A-F). The pulse-labeling strategy resulted
in a single-positive population of platelets produced in between
the 2 injections, that could be followed over their lifetime
(Figure 1C-D). This cohort showed an increased half-life and
slowed initial clearance compared with the general platelet
population, confirming differential clearance dynamics of
platelets depending on age (Figure 1E). Furthermore, we found
an initial increase in size and activation, as assessed by P-selectin
expression, and a gradual increase in phosphatidylserine expo-
sure, confirming prior, indirect findings (Figure 1F).
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Figure 1. Tracking of platelet age cohorts in vivo. (A) Pulse-labeling scheme in C57BL/6J mice. (B) Representative image of isolated platelets from pulse-labeled mice
spread on a fibrinogen-coated chamber. (C) Experimental outline depicting C57BL/6J mice pulse-labeled with X488 and X649 antibodies at 12-hour interval with repetitive
blood sampling over time. (D) Representative gating strategy for flow cytometric analysis of pulse-labeled platelets in whole blood. (E) Graph showing percentage of labeled
platelets (of all CD41+ platelets) over time, with 2-way repeated measures (RM) analysis of variance (ANOVA), comparison between labeled platelet groups (P = .0008), with the
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Next, we deployed this method to generate differently aged
cohorts of platelets and compare their phenotype and function
at different time points of their life cycle. For this, we collected
blood samples 108, 60, and 12 hours after initial pulse labeling,
corresponding to platelet cohorts with a mean age of 6 hours,
2 days, and 4 days (Figure 1G).

The aged cohort (mean age, 4 days) showed a significant
decline in counts, decreased remaining half-life, and height-
ened clearance rate (Figure 1H). Correspondingly, this was
accompanied by a decrease in P-selectin expression and an
increase in desialylation and phosphatidylserine expression,
markers of platelet clearance and apoptosis (Figure 1I). In
summary, these data directly show dynamic changes in platelets
over their lifetime in circulation and allow for functional and
phenotypic analysis of age subsets.

Aged platelets exhibit decreased hemostatic and
thrombotic potential in vivo
We then used this strategy to compare the function of different
platelet age cohorts in vitro. For this, we used assays that
allowed for 2-color–based separation of single-positive plate-
lets as well as simultaneous single-cell–based functional analysis
(see “Methods”; Figure 2A). Platelets exhibited a time-
dependent loss of mitochondrial abundance and function, as
measured by MitoTracker intensity (CMTMRos) and tetra-
methylrhodamine uptake, respectively (Figure 2B).26 Upon
spreading on fibrinogen, younger platelets showed increased
surface area coverage, corresponding to their increased size
(Figure 2C-D).

Activation with agonists adenosine 5′-diphosphate and
thrombin led to greatly enhanced GPIIbIIIa activation and
P-selectin expression, a marker of alpha granule release, in the
young cohort, with a significant decline in aged platelets
(Figure 2E; supplemental Figure 3). Single-cell migration and
retraction analyses revealed age-dependent decreases in both
assays (Figure 2F-G). This culminated in a significant increase in
the recruitment of young platelets in a flow chamber–based
thrombosis assay, in which 0- to 12-hour-old platelets were
enriched compared with their overall blood concentrations
(Figure 2H). These data show maximum hemostatic/
clot-forming potential of platelets early after release, which
then declines within 48 hours. This substantiates the indirect
findings made in humans that reticulated platelets contribute a
disproportionately large share to thrombotic risk.

Platelets shift toward thromboinflammatory
potential as they age in circulation
Platelet function is not restricted to clot formation but also
encompasses the recruitment of the coagulation cascade as
well as immunomodulatory function. Interestingly, our
pulse-labeling method revealed increased expression of
Figure 1 (continued) post hoc Šídák multiple comparisons test; bar graph depicting hal
platelet size; RM 1-way ANOVA (P < .0001); P-selectin expression over time in single-labe
ANOVA, P = .0178), with the post hoc Dunnett multiple comparisons test. (G) Scheme fo
phenotype in different age cohorts simultaneously. (H) Graphs depicting single-labeled p
group), and platelet half-life (n = 4 per group); ordinary 1-way ANOVA for each graph, P <
hour group. (I) Platelet surface markers of single-labeled platelets: P-selectin mean fluore
MFI of all platelets (n = 5 per group), and phosphatidylserine exposure measured by C
respectively; the post hoc Dunnett multiple comparisons test compared with the 0- to 12-
hours; ns, nonsignificant.; rel.RCA I, relative Ricinus Communis Agglutinin I binding; SSC
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receptors known to be involved in platelet immune function,
including C-type lectin-like receptor 2 (CLEC-2), CD40L, and
ICAM-1, upon progressive aging in circulation (Figure 3A).
Aged platelets already showed heightened phosphatidylserine
exposure under steady state (compare with Figure 1I), and this
was further enhanced by agonists, in particular, thrombin and
convulxin (supplemental Figure 4A). These platelets were P-
selectin and Annexin V positive, indicating a bona fide pro-
coagulant phenotype (Figure 3B; supplemental Figure 4B).
These results could be reproduced on a collagen matrix, which
also triggers procoagulant activation.8 Again, the 4-day-old
cohort showed an almost twofold increase in procoagulant
activation compared with young platelets (Figure 3C). Platelet
procoagulant activity has been shown to be crucially involved in
inflammatory responses.4,8,28 Another important mechanism of
platelet immune function is the formation of PLA. The aged
platelet cohort showed a striking increase in PLA formation and
in particular, platelet-neutrophil aggregate (PNA) formation in
the circulation (Figure 3D; supplemental Figure 4C-D). These
observations could solely be based on the longer circulation
time and therefore a stochastic increase in the likeliness of
interaction with leukocytes in the aged cohort. To address this,
we coincubated isolated platelets from the 3 labeled age
cohorts with neutrophils in vitro. Again, the 4-day-old cohort
showed an increase in interaction, indicating an elevated pro-
pensity for interaction upon aging (Figure 3E). Given the
increased procoagulant potential of aged platelets, we
assessed whether this pathway is also responsible for their
heightened interaction with immune cells. Cyclophilin D–
deficient platelets still showed unaltered heightened PLA for-
mation and interaction with neutrophils upon aging, despite a
decrease in procoagulant transformation on collagen matrices
(supplemental Figure 5A-I). This underscores that procoagulant
activation is not solely responsible for the observed phenotype,
while also underlining that the observed procoagulant pro-
pensity is cyclophilin D (CypD) dependent and therefore not
solely indicating increased apoptosis of the aged cohort.
Interestingly, healthy neutrophils coincubated and forming
aggregates with aged platelets showed a more proin-
flammatory phenotype, indicated by upregulated CD11b,
CD66a, and CD177 (Figure 3F). This points toward an enhanced
proinflammatory effect of aged compared with young platelets
on neutrophils. Next, we assessed whether enhanced leukocyte
interaction could be blocked by interfering with established
heterotypic platelet-leukocyte receptor-ligand pairs. Blockade
of GPIIbIIIa, P-selectin glycoprotein ligand-1 (PSGL-1), and
CD40L led to reduced PNA formation, whereas GPIb blockade
had no effect (Figure 3G). The strongest effect could be seen
with blockade of CD40L, correlating well with the enhanced
expression of this receptor by aged platelets (Figure 3G).

Platelets can also directly interact with and kill bacteria.29

We, therefore, coincubated pulse-labeled platelets with
methicillin-susceptible Staphylococcus aureus. We observed a
f-life of labeled platelets; paired t test, 2-tailed (P = .0021; n = 5). (F) Single-labeled
led platelets (RM 1-way ANOVA; P = .0289); phosphatidylserine exposure (RM 1-way
r pulse-labeling mice 108, 60, and 12 hours before sampling to determine platelet
latelet percentage in circulation (n = 4 per group), platelet clearance rate (n = 5 per
.0001; the post hoc Dunnett multiple comparisons test compared with the 0- to 12-
scence intensity (MFI; n = 4 per group), desialylation (RCA I binding MFI) relative to
1q binding (n = 4 per group); ordinary 1-way ANOVA, P = .0385, .0004, and .0063,
hour group. *P < .05; **P < .01; ***P < .001; ****P < .0001; FSC-A, forward scatter; h,
-A, sideward scatter.
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Figure 2. Aged platelets display diminished hemostatic and thrombotic potential in vitro. (A) Schematic outline showing pulse-labeled C57BL/6J mice (red arrow, X649;
green arrow, X488). (B) MitoTracker and tetramethylrhodamine MFI of platelet age cohorts analyzed via flow cytometry (n = 4 per group; both P < .0001). (C) Representative
micrographs of spread platelets and analysis of platelet size by area (n = 3 per group; P = .0060). (D) Platelet size measured by FSC-A (n = 4 per group; P = .0085). (E) Flow cytometric
measurements of P-selectin expression (MFI) and GPIIbIIIa (αIIbβ3) integrin activation (MFI) in washed platelets after treatment with agonists relative to their expression after
phosphate-buffered saline (PBS) treatment (n = 4 per group; all P < .0001). (F) Representative images of single-labeled platelet migration on labeled fibrinogen substrate and
quantification of migration as cleared area (n = 4 per group; P = .0094); outlined area showing cleared substrate. (G) Representative micrographs showing single-cell clot retraction
assay of pulse-labeled platelets with fibrinogen and platelet poor plasma (n = 3 per group; P = .0406); outlined area showing retracted substrate. (H) Representative micrographs of
single-labeled platelets (using Image Calculator in ImageJ: subtracting X649 labeled from X488) showing in vitro thrombus formation with whole blood on collagen I (n = 3 per group);
white dotted lines enclose area depicting thrombi; bar graph depicting percentage of single-labeled platelets in thrombus relative to the percentage of single-labeled platelets in
blood (P = .0005). Statistical tests for all, ordinary 1-way ANOVA with the post hoc Dunnett multiple comparisons test compared with 0- to 12-hour group. *P < .05; **P < .01;
***P < .001; ****P < .0001; h, hour; ns, nonsignificant.
strongly enhanced binding of 4-day-old platelets, compared
with young platelets, to methicillin-susceptible S aureus
(Figure 3H; supplemental Figure 6A-D). Moreover, aged
platelets showed an increased proficiency in killing S aureus
(Figure 3H).
1572 3 APRIL 2025 | VOLUME 145, NUMBER 14
These data highlight that platelets do not show unidirectional
functional decline upon aging but upregulate certain receptors
and effector functions, including procoagulant activation,
binding and killing of bacteria, and enhanced interaction with
leukocytes.
ANJUM et al
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Figure 3. Aged platelets show increased thromboinflammatory potential in vitro. (A) Bar graphs representing flow cytometric analysis of baseline surface markers of
platelet age cohorts in whole blood (n = 4 per group; P = .0106, .0291, .0484, .0216, .0047, and .0216, respectively). (B) Bar graph depicting the percentage of single-labeled
platelets that are PS+P-selectin–positive (P = .0023). (C) Representative micrographs and quantification of procoagulant activation of single-labeled platelets seeded on
collagen I/fibrinogen matrix (n = 3 per group); graph showing percentage of single-labeled procoagulant platelets (P = .0145). (D) Bar graphs showing PLA (percentage of
single-labeled platelets aggregating with leukocytes; P < .0001) and PNA (percentage of single-labeled platelets aggregating with neutrophils; P = .0318) in mouse whole
blood (n = 4 per group). (E) Schematic outline, representative micrographs, and quantification of isolated platelets from pulse-labeled mice coincubated with isolated
neutrophils (n = 3 per group); bar graph representing percentage of single-labeled platelets of total platelets aggregating with neutrophils (P = .0038). (F) Schematic outline of
isolated platelet-rich plasma from pulse-labeled C57BL/6J mice coincubated (n = 4 per group) with isolated neutrophils (nonlabeled C57BL/6J mice, n = 2); bar graph
representing the percentage of single-labeled platelets out of total platelets aggregating with neutrophils relative to their percentage in circulation (P = .0322); bar graphs
depicting surface marker expressions in neutrophils post aggregation with pulse-labeled platelets: CD11b (P = .0030), CD66a (P = .0054), CD177 (P = .0143); statistical tests,
unpaired t tests, 2-tailed. (G) Platelets isolated from mice pulse-labeled 108 hours before experiment treated with anti-GPIb, anti-GPIIbIIIa, anti-PSGL, and anti-CD40 Fab
fragments/antibodies coincubated with isolated neutrophils; quantification of single-labeled platelets aggregating with neutrophils relative to control depicted in a bar graph
(P < .0001). Statistical tests for panels A-E and 3G, ordinary 1-way ANOVA with the post hoc Dunnett multiple comparisons test. (H) Schematic outline shows pulse-labeled
platelets coincubated with methicillin-susceptible S aureus prestained with SYTO 41 dye (5 μM), followed by staining with Live-or-Dye NucFix of killed bacteria; bar graphs
depicting percentage of pulse-labeled platelets aggregating to methicillin-susceptible S aureus (MSSA) relative to their percentage in circulation (<0.0001) and the percentage
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Figure 4. Recruitment of specialized age subsets in thrombosis and inflammation in vivo. (A-C) C57BL/6J mice (n = 3 per group) were pulse labeled 108 hours and 12
hours before blood sampling and mesentery vein imaging; experimental outline (A); percentage of single-labeled platelets in circulation (B; unpaired t test, 2-tailed P = .0492);
Representative micrographs depicting thrombi initiated by exposing mesentery vein to FeCl3 (C); bar graphs depicting the percentage of area covered in thrombus by single-
labeled platelets relative to platelet percentage in circulation in panel B (unpaired t test, 2-tailed, P = .0097). (D-H) Pulse-labeled C57BL/6J mice (E-G; n = 4 per group) were
subjected to acute lung injury; experimental outline (D); percentage decline of single-labeled platelets in circulation (E; 2-way RM ANOVA, comparison between labeled
platelet groups: P = .0022, with the post-hoc Dunnett multiple comparisons test); PLA formation in circulation 8 hour after acute lung injury (ALI) and in BALF (F; both P <
.0001); percentage of single-labeled platelets recruited in BALF relative to the percentage in circulation 8 hour after ALI (G; P = .0002); C57BL/6J mice (n = 3 per group) were
euthanized 8 hour after acute lung injury (H); lung histology was performed via staining with CD41; percentage of single-labeled platelets recruitment depicted in the bar
graph (P = .0072); For panels F-H, the reported P values are from ANOVA summary; statistical tests, ordinary 1-way ANOVA with the post-hoc Dunnett multiple comparisons
test compared with the 0- to 12-hour group. *P < .05; **P < .01; ***P < .001; ****P < .0001; h, hours; ns, nonsignificant.
Specialized platelet subsets are recruited in clot
formation and inflammation in vivo
We next aimed to assess whether this age-dependent skewing
of effector functions is mirrored in vivo under thrombotic or
inflammatory conditions. First, we used a mesenteric throm-
bosis model to track pulse-labeled platelets using intravital
microscopy. Indeed, we confirmed a strong increase in the
recruitment of 0- to 12-hour-old platelets in the early phases of
thrombus formation, whereas the aged cohort showed a rela-
tive defect in recruitment dynamics compared with blood
abundance (Figure 4A-C).
1574 3 APRIL 2025 | VOLUME 145, NUMBER 14
Acute lung injury is the common final path of multiple systemic
inflammatory syndromes and carries high mortality rates.
Moreover, platelets play a decisive role in its pathophysiology
by contributing to immune cell recruitment and also maintain-
ing vascular integrity.5,30,31 We, therefore, assessed pulmonary
recruitment dynamics of platelets aged 0 to 12 hours, 48 to 60
hours, and 96 to 108 hours in acute lung injury, using our pulse-
labeling approach (Figure 4D). Acute lung injury caused a rapid
decline of particularly the aged cohort over 8 hours, which
could indicate heightened recruitment (Figure 4E). Particularly,
leukocytes aggregated with aged platelets showed a strong
ANJUM et al
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Figure 5. Platelet aging proteomics. (A-E) Rosa26-DTRxPF4cre mice were administered with DT, intraperitoneally every 48 hours; mixed-aged platelet cohorts were isolated
from Cre– mice 4 days after serial DT injections (n = 4); platelets aged >4 days were collected 4 days after serial DT injections in Cre+ mice (n = 4); platelets aged <1 day were
collected 8 days after serial DT injections in Cre+ mice during platelet recovery phase (n = 4); schematic outline (A); principal component analysis of all 2062 proteins quantified
(n = 4) (B); volcano plot (C) of a student t test (P < .05; |log2 fold change| > 2) comparing 3124 proteins in the young (left) and old (right) cohorts; heat map (D) of the 447
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decline 8 hours after induction (Figure 4F). Indeed, analysis of
bronchoalveolar lavage confirmed a strong relative increase in
pulmonic extravasation of aged platelets, as well as abundance
of PLA in the bronchoalveolar fluid (Figure 4F-G). Lung histology
also indicated increased relative recruitment of aged platelets 8
hours after LPS instillation (Figure 4H). In summary, these
experiments underpin the obtained in vitro results and highlight
that platelet cohorts engage differently upon thrombotic or
inflammatory challenges, depending on functional aging.

Aged platelets show proteomic changes
corresponding to heightened immunomodulatory
function
To better understand the underlying cellular changes accom-
panying platelet aging in vivo, we aimed to perform state-of-
the-art shotgun proteomics. Sorting of marked cohorts led to
insufficient protein content as well as signs of platelet activation
(data not shown). We, therefore, used the PF4-cre;RS26-iDTR
model.27 This model allows for targeted deletion of MKs via
DT application, without affecting already circulating platelets.
Platelet counts rebound after 7 days (sampled on day 8) with
heightened production, as indicated by increased MK counts
(supplemental Figure 7A-C). The produced platelets function-
ally resemble steady-state young platelets with increased
platelet size, heightened recruitment of young platelets in a
flow chamber–based thrombosis assay, and an increased
mitochondrial potential, whereas the 4-day-old platelets show
reduced P-selectin expression and increased CD40L and PS
exposure (supplemental Figure 7D-H). We sampled platelets
within 4 days of DT injection from both control Cre– wild-type
(WT) mice and Cre+ mice, representing the aged cohort,
because DT treatment led to abolished platelet production; we
also sampled rejuvenated platelets after thrombocytopenia
from Cre+ and control platelets from Cre– on day 8 (Figure 5A;
supplemental Figure 8A).

Proteomic analysis of isolated, purified platelets quantified
3495 proteins overall, with 71% proteins quantified in all
cohorts (supplemental Figure 8B), and showed clear separation
of the respective cohorts in a principal component analysis
(Figure 5B). Next, we directly compared the aged platelet
cohort with the young platelet cohort with a 2-sample student t
test (P < .05; |log2 fold change| > 1.6), which revealed 296
upregulated proteins in young and 151 upregulated proteins in
aged platelets (Figure 5C-D). An enrichment analysis of gene
ontology biological processes showed a clear over-
representation of proteins involved in ribosomal translation in
young, reticulated platelets (Figure 5E). Interestingly, in aged
platelets, we found inflammation, immunity, and the regulation
of coagulation as upregulated processes (Figure 5E). At the
protein level, aged platelets showed increases in multiple
immunoglobulins, complement factors C3, C5, B, H, and I,
coagulation factors II, XII, and XIII, and plasma proteins such as
fibrinogen and fibronectin (supplemental Figure 8C-D). These
proteins have, in part, been shown to be taken up by circulating
Figure 5 (continued) significant proteins from panel C; Fisher exact test enrichment a
pathway terms (E) among differential proteins from panel C. (F) Proteomic findings were c
labeled C57BL/6J mice (n = 4 per group) via whole blood flow cytometry; CD36 (P = .000
with the post hoc Dunnett multiple comparisons test compared with the 0- to 12-hour gro
nonsignificant; rRNA, ribosomal RNA.
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platelets, which could explain why aged platelets contain more
of these proteins. Furthermore, scavenger receptor CD36 was
upregulated (Figure 5C). We confirmed the upregulation of
CD36, C3, and fibrinogen via flow cytometry using our pulse-
labeling method in unperturbed WT mice (Figure 5F). Further-
more, aged platelets showed increased carbonic anhydrase 1
and 2 content, known to be involved in platelet procoagulant
transformation and ballooning, which corresponds well with the
heightened procoagulant potential we observed (supplemental
Figure 8C-D).32 Interestingly, aged platelets also showed an
increase in multiple serpins, which is a family of protease
inhibitors with important roles in regulating vascular function.
These included plasma protease C1 inhibitor, alpha-2- anti-
plasmin, and antithrombin-III, as well as Serpin H1
(supplemental Figure 8C-D).

Taken together, proteomics data confirm changes in protein
content over the platelet lifetime, with a relative increase in
proteins involved in innate immune function and coagulation
over time.
Increased platelet half-life fosters inflammation
Our data indicate that aged platelets are skewed toward
immune effector functions and could therefore alter inflamma-
tory disease outcomes. To investigate this further, we used
mouse models of increased platelet half-life, the BAK-KO,
BAXPlt KO and BAK-KO BAXPlt double KO (DKO) mouse
lines.33 Platelet half-life is significantly increased in these mouse
lines, with an almost doubled life span in BAK-KO and DKO
strains.34 These mice show defects in hemostasis and thrombus
formation associated with platelet aging (supplemental
Figure 9A-B).25 Given our insights into platelet immune func-
tion upon aging, we hypothesized that increased half-life might
skew global platelet function toward immune modulatory
properties. As expected, we observed increased baseline pro-
coagulant function and PNA formation (Figure 6A-D). We,
therefore, sought to investigate whether these mice showed
elevated inflammatory propensity in acute lung injury
(Figure 6E). Eight hours after LPS application, BAK KO, BAXPlt

KO, and DKO mice exhibited increased recruitment of immune
cells and PLA in BAL fluid (Figure 6F-G). This was accompanied
by an increase in alveolar hemorrhage, as measured by eryth-
rocyte extravasation (Figure 6G). Moreover, proinflammatory
cytokines, tumor necrosis factor α and interleukin-6, were
significantly higher in BAL fluid from DKO mice than WT con-
trols (Figure 6H; supplemental Figure 9C-D). Importantly, after
the rejuvenation of platelets in DKO mice by injecting platelet-
depletion antibody and recovery of counts with newly gener-
ated platelets, the proinflammatory effect was abrogated, with
leukocyte counts, bleeding, and cytokine levels in BAL com-
parable with WT controls (supplemental Figure 9B-D; Figure 6F-
H). This underlines that platelet aging is associated with
functional changes rather than strict loss of function, and these
functional changes in platelets upon aging can affect inflam-
mation outcomes.
nalysis (false discovery rate <0.02; count ≥10, top 10) of gene ontology biological
onfirmed by analyzing surface marker expression of single-labeled platelets in pulse-
9), C3 (P = .0013) and fibrinogen (P = .0035); statistical tests, ordinary 1-way ANOVA
up. **P < .01; ***P < .001; FC, fold change; h, hour; LFQ, label-free quantification; ns,
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Figure 6. Increased platelet half-life fosters inflammation. (A) Schematic outline showing blood sampling from WT and BAK/BAXplt–/– DKO. (B) Gating strategy for
procoagulant platelets. (C) Bar graphs depicting flow cytometric analysis of percentage (%) of procoagulant platelets (P = .0121), P-selectin–positive platelet percentage
(0.4077), PS+ platelet percentage (0.0092), and platelet size forward scatter area (0.0915). (D) Gating strategy for PNA in whole blood; bar graph shows the percentage of CD41+

aggregated to Ly-6G+ cells (P = .0031). Statistical tests for panels A-D, unpaired t tests, 2-tailed. (E) Experimental outline of acute lung injury in WT (n = 10), BAK KO (n = 8),
BAXplt–/– (n = 10), BAK BAXplt–/– KO (n = 9), and rejuvenated BAK BAXplt–/– KO (n = 4) after antibody-mediated platelet depletion. (F) Bar graphs showing flow cytometric
analysis of PNA (P = .0010). (G) RBC count (P = .0017) and neutrophil counts (P = .0009) in BALF. For panels F-G, ordinary 1-way ANOVA with post hoc Dunnett multiple
comparisons test compared with WT. (H) Assessment of cytokine measurements in BALF, 2-way ANOVA comparison between mouse strains (P < .0001), with the post hoc
Dunnett multiple comparisons test compared with WT. *P < .05; **P < .01; ***P < .001; ****P < .0001; FSC-A; h, hour; IL, interleukin; LPS i.n., lipopolysaccaride intranasally; ns,
nonsignificant; SSC-A, sideward scatter; TNF-α, tumor necrosis factor α.
Platelet concentrates shift toward
proinflammatory properties over time in vitro and
in vivo
Platelet concentrates are fundamental to prevent excessive
hemorrhage in patients with thrombocytopenia in a range of
diseases. Importantly, it has recently become clear that these
transfusion products also confer immunomodulatory function.35-37

We, therefore, asked whether platelet concentrates would also
show functional changes toward decreased hemostatic ability
and heightened immune responsiveness over time in vitro.
Human platelet concentrates kept under stable conditions
in vitro exhibited mostly similar phenotypic changes as observed
in murine platelets in vivo, with increased CLEC2, phosphati-
dylserine exposure, and CD36 and CD47 expression and a
decline in RNA content (supplemental Figure 10A; Figure 7A-B).
In contrast to in vivo aging, P-selectin expression increased over
time, potentially indicating storage-associated activation
(supplemental Figure 10B). Functionally, platelets exhibited a
AGED PLATELETS GAIN INFLAMMATORY FUNCTION
significant decline in spreading, aggregation, alpha granule
secretion, and adhesion in an in vitro flow chamber–based
thrombosis assay (Figure 7C-D; supplemental Figure 10C-D).

Importantly, and in line with our data from mice, in vitro–stored
human platelets were polarized toward inflammatory functions:
we observed an increase in the procoagulant phenotype at
baseline and upon spreading on a collagen matrix, with
increased PS+ P-selectin–positive platelets (Figure 7E-F).
Furthermore, morphological analysis revealed increased
ballooning, confirming bona fide procoagulant phenotype
(Figure 7E). Additionally, coincubation at indicated time points
with isolated neutrophils showed heightened aggregate for-
mation upon prolonged storage time (Figure 7G; supplemental
Figure 10E). In summary, these experiments illustrate that
platelets also gradually shift toward immune effector functions
in vitro, which affects the phenotype and the effect of platelet
concentrates.
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To investigate whether in vitro aging of platelet concentrates
would affect inflammatory responses in vivo, we optimized
in vitro storage of murine platelets and subsequently transfused
in vitro–aged and freshly isolated platelets into thrombocyto-
penic mice and assessed their immune responses in acute lung
injury (Figure 7H). In vitro–aged platelets showed an immuno-
modulatory phenotype (supplemental Figure 11A-H) and
exhibited faster decline upon acute lung injury in vivo
(Figure 7I). This was accompanied by a proinflammatory
phenotype of circulating neutrophils (Figure 7J). In BAL fluid,
we observed increased PNA and a stronger cytokine response,
indicated by higher interleukin-6 and tumor necrosis factor α
levels, similar to the effect witnessed in BAK-KO BAXPlt mice
(Figure 7K-L; supplemental Figure 11E-I). In contrast to our
genetic models of increased platelet half-life, the effect of
transfusing in vitro–aged platelets had a stronger and complex
systemic effect on inflammation, causing a more severe clinical
disease course (Figure 7M).

This shows that in vitro aging recapitulates major elements of
in vivo platelet aging, while also highlighting transfusion-
specific effects that might depend on platelet isolation and
in vitro storage. It also supports the notion that proinflammatory
effects of platelet transfusions could be partly dependent on
the age of transfused platelets.

Discussion
Here, using pulse labeling as well as genetically modified
mouse models, and combining translational, in vitro, and in vivo
studies, we for the first time, to our knowledge, precisely define
platelet phenotype and function over their lifetime in the cir-
culation. We confirm previous, mostly indirect findings that
young, reticulated platelets newly released from MKs show a
distinct phenotype with enhanced hemostatic and thrombotic
potential.21-23 The prowess to form blood clots diminishes as
platelets age, and previous studies have therefore described a
“functional decline” of platelets, which is exacerbated by
interfering with intrinsic apoptosis via Bak/Bax deficiency,
leading to enhanced platelet half-life.25,26

We demonstrate that platelets change their phenotype and
function over time and are, indeed, more prone to certain
effector functions that are associated with immunity, including
platelet leukocyte aggregate formation, procoagulant trans-
formation, binding and killing of bacteria, and expression of
immunoreceptor tyrosine-based activation motif receptors such
Figure 7 (continued) and ADP, P = .0064) with post hoc Holm-Šídák multiple comparison
formation (n = 5); bar graph showing the percentage of thrombus area per field of view
seeded on collagen I/fibrinogen matrix; graphs showing percentage of procoagulant plat
(P = .001). (F) Flow cytometric analysis showing percentage of P-selectin–positive PS+ pl
(n = 3); flow cytometric analysis showing percentage of platelets aggregating with neutr
Dunnett multiple comparisons test compared with TP7. (H) In vitro aged donor C57BL/6J
n = 7) were transfused into thrombocytopenic C57BL/6J recipient mice (n = 4 per grou
sampled at 0 and 6 hours after ALI and BALF was collected. (I) Bar graph depicting dec
transfused groups (P = .0015 with the post hoc Šídák multiple comparisons test). (J) Bar gr
neutrophils in circulation after ALI (unpaired t test, 2-tailed). (K) Bar graphs depicting t
(P = .0203) and the percentage of platelets aggregating with Ly-6G+ cells (P = .0890) in B
way ANOVA, comparison between transfused groups; P = .0014, with the post hoc Šídák
(M) Clinical progression of ALI in recipients that received transfusion with D0 or D2 in vit
.0001, with the post hoc Šídák multiple comparisons test). *P < .05; **P < .01; ***P < .00
nonsignificant; TNF-α, tumor necrosis factor α.

AGED PLATELETS GAIN INFLAMMATORY FUNCTION
as CLEC-2 and scavenger receptor CD36, as well as CD40L and
C5aR. Importantly, this is reflected in vivo by an increased
relative recruitment of aged platelets in a model of lung
inflammation. However, it is important to note that the
observed changes most likely do not represent bona fide
separate populations but rather gradual, relative changes in
phenotype over their lifetime in circulation.

Genetic ablation of platelet apoptosis pathways (BAK KO,
BAXPlt, or BAK KO/BAXPlt KO), extending platelet half-life, led
to a similar, proinflammatory platelet phenotype that enhanced
pulmonary leukocyte recruitment and markers of inflammation.
Importantly, this could be reversed upon platelet rejuvenation,
excluding that immune or tissue alterations in this model play a
major role in mediating these effects. These data hold multiple
important implications. First, they point toward a potential
division of labor by platelet subsets, depending on respective
cellular age. It has long been speculated that diverse subsets of
platelets exist, which were mostly thought to be derived from
specialized MKs. The description of lung-derived platelets, with
a distinct transcriptional profile of lung-resident MKs, as well as
CD40Lhi splenic platelets arising after sepsis, have further
driven the idea of a diverse platelet pool in the circula-
tion.19,20,38 However, recent work has implicated that platelets
are overwhelmingly derived from the bone marrow.39 More-
over, although single-cell RNA sequencing has revealed sur-
prising diversity of MKs, this diversity seems mainly to be based
on their roles as immune cells and regulators of stem cell
quiescence, whereas the platelet-producing phenotype is
relatively homogeneous.40-42

Production of a uniform platelet cohort with dynamic, gradual,
and cell-intrinsic changes in phenotype and function over time
might represent a more constructive strategy to fulfill the
diverse requirements that the platelet lineage must meet in the
vascular system. Indeed, similar adaptation has also been
shown for short-lived neutrophils, with CXCR4hi aged neutro-
phils showing heightened immune functions such as reactive
oxygen species production and NETosis, which are crucial for
host defense.17,43 Importantly, neutrophils contain a nucleus
and fully functional transcriptional and translation machinery,
making adaptation over their life span more flexible and
dynamic than changes observed in anucleate platelets.18

Coupling of the aging process with specific effector functions
could also be linked to the energetic capacity of platelets. We
confirm that young platelets have a superior mitochondrial
s test compared with TP1. (D) Representative micrographs showing in vitro thrombus
(P = .0058). (E) Representative micrographs of procoagulant activation of platelets
elets (P = .0107) and percentage of ballooned procoagulant platelets relative to TP1
atelets (n = 4; P = .0105). (G) Schematic outline of platelet-neutrophil coincubation
ophils (0.0274); statistical tests for panels D-G, RM 1-way ANOVA with the post hoc
platelets, freshly isolated (day 0 [D0], n = 4) or stored for 2 days in DSD (day 2 [D2],
p); LPS was given intranasally to induce acute lung injury (ALI) in recipients; blood
line of transfused platelets, mixed-effects model (REML), and comparison between
aphs showing surface marker expression: CD11b (P = .0344) and CD66a (P = .0316) of
he percentage of transfused in vitro aged platelets aggregating with CD45+ cells
ALF (unpaired t test, 2-tailed). (L) Assessment of cytokine measurements in BALF (2-
multiple comparisons test; additional cytokines shown in supplemental Figure 11H.
ro–aged platelets (2-way RM ANOVA, comparison between transfused groups; P <
1; ****P < .0001; h, hour; IL, interleukin; LPS I.N., lipopolysaccharide intranasally; ns,
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function and show improved force generation, as assessed by
retractile function.26 Therefore, it is well conceivable that this
cohort is more suitable to form a stable plug to prevent
bleeding, a process that requires energy-consuming clot
retraction and stabilization, particularly under high-shear con-
ditions.44 On the contrary, the baseline increase in phosphati-
dylserine exposure in aging platelets contributes to the
clearance of this population, while potentially also predisposing
to procoagulant function, which we found upregulated in this
cohort, with important functional implications in thromboin-
flammation.28,45 Beyond inflammation, it has also been found
that platelet subsets are generated in thrombosis, with some
stabilizing the clot via GPIIbIIIa-mediated aggregation, whereas
other platelets lose adhesive function, turn procoagulant, and
mediate fibrin formation.46 Whether platelet age contributes to
this dichotomous response in thrombosis remains an important
question.

Our innovative proteomics approach revealed important dif-
ferences between platelets aged 0 to 12 hours and those
aged 96 to 108 hours. Aged platelets showed a relative
increase in proteins involved in procoagulant transformation.
Interestingly, some of the functional specialization could be
derived by the uptake of plasma proteins, because this cohort
showed an increased content of immunoglobulins, as well as
complement and coagulation factors. Whether this increase is
mediated by specific uptake by this cohort or simply depends
on the prolonged circulation time is not clear. Moreover,
whether active protein translation plays a role remains to be
investigated. Furthermore, it is important to bear in mind that
shotgun proteomics captures relative changes in abundance,
which limits its value. However, we did confirm crucial hits via
flow cytometry, confirming absolute increases in expression.
The detected upregulation of Serpins in aged platelets is also
of potential relevance. This class of proteins is important in
regulating coagulation and fibrinolytic pathways and could
hint toward an additional regulatory role of aging platelets.47

Taken together, our proteome data set is an important
resource for further analyses and could help to identify
additional targets that are critical in defining platelet
(immune) effector function. It remains to be clarified whether
there are further subsets within young and aging platelets, a
question that could be answered by single-cell omics tech-
nology, for example platelet-adapted single-cell proteomics,
in the future.

Our findings are potentially relevant for transfusion medicine. It
has recently been highlighted that platelet concentrates should
be recognized as immunomodulatory treatment.35-37,48

Because our data show additional proinflammatory changes
occurring in platelets stored in vitro over time, it might be
beneficial to transfuse freshly isolated, supposedly less proin-
flammatory platelets in vulnerable populations. Importantly,
observational studies examining platelet concentrate age with
inflammatory markers will be necessary to contextualize these
findings in humans. Along these lines, it will be important to
define the cellular and molecular mechanisms that are respon-
sible for the upregulation of their proinflammatory profile.
These insights could potentially be used to dampen this effect
in vitro and modify the immune profile of stored platelet
concentrates.
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et al. The lung is a site of platelet biogenesis
and a reservoir for haematopoietic
progenitors. Nature. 2017;544(7648):
105-109.

20. Valet C, Magnen M, Qiu L, et al. Sepsis
promotes splenic production of a protective
platelet pool with high CD40 ligand
expression. J Clin Invest. 2022;132(7):
e153920.

21. Ault KA, Knowles C. In vivo biotinylation
demonstrates that reticulated platelets are
the youngest platelets in circulation. Exp
Hematol. 1995;23(9):996-1001.

22. Armstrong PC, Hoefer T, Knowles RB, et al.
Newly formed reticulated platelets
undermine pharmacokinetically short-lived
antiplatelet therapies. Arterioscler Thromb
Vasc Biol. 2017;37(5):949-956.

23. Bongiovanni D, Han J, Klug M, et al. Role of
reticulated platelets in cardiovascular
disease. Arterioscler Thromb Vasc Biol. 2022;
42(5):527-539.

24. Petzold T, Zhang Z, Ballesteros I, et al.
Neutrophil “plucking” on megakaryocytes
drives platelet production and boosts
cardiovascular disease. Immunity. 2022;
55(12):2285-2299.e7.

25. Pleines I, Lebois M, Gangatirkar P, et al.
Intrinsic apoptosis circumvents the functional
decline of circulating platelets but does not
cause the storage lesion. Blood. 2018;132(2):
197-209.

26. Allan HE, Hayman MA, Marcone S, et al.
Proteome and functional decline as platelets
age in the circulation. J Thromb Haemost.
2021;19(12):3095-3112.

27. Salzmann M, Schrottmaier WC, Kral-
Pointner JB, et al. Genetic platelet depletion
is superior in platelet transfusion compared to
current models. Haematologica. 2020;
105(11):2698.

28. Denorme F, Manne BK, Portier I, et al.
Platelet necrosis mediates ischemic stroke
outcome in mice. Blood. 2020;135(6):
429-440.

29. Nicolai L, Pekayvaz K, Massberg S. Platelets:
orchestrators of immunity in host defense and
beyond. Immunity. 2024;57(5):957-972.
30. Zarbock A, Singbartl K, Ley K. Complete
reversal of acid-induced acute lung injury
by blocking of platelet-neutrophil
aggregation. J Clin Invest. 2006;116(12):
3211-3219.

31. Kaiser R, Anjum A, Kammerer LM, et al.
Mechanosensing via a GpIIb/Src/14-3-3ζ axis
critically regulates platelet migration in
vascular inflammation. Blood. 2023;141(24):
2973-2992.

32. Agbani EO, Zhao X, Williams CM, et al.
Carbonic anhydrase inhibitors suppress
platelet procoagulant responses and in vivo
thrombosis: carbonic anhydrase inhibitors as
antithrombotics. Platelets. 2020;31(7):
853-859.

33. Mason KD, Carpinelli MR, Fletcher JI, et al.
Programmed anuclear cell death delimits
platelet life span. Cell. 2007;128(6):
1173-1186.

34. Josefsson EC, James C, Henley KJ, et al.
Megakaryocytes possess a functional intrinsic
apoptosis pathway that must be restrained to
survive and produce platelets. J Exp Med.
2011;208(10):2017-2031.

35. Chen BZ, Xia R. Pro-inflammatory effects after
platelet transfusion: a review. Vox Sang.
2020;115(5):349-357.

36. Davenport P, Sola-Visner M. Immunologic
effects of red blood cell and platelet
transfusions in neonates. Curr Opin Hematol.
2022;29(6):297-305.

37. Moore CM, O’Reilly D, McCallion N,
Curley AE. Changes in inflammatory proteins
following platelet transfusion in a neonatal
population. Pediatr Res. 2023;94(6):
1973-1977.

38. Pariser DN, Hilt ZT, Ture SK, et al.
Lung megakaryocytes are immune
modulatory cells. J Clin Invest. 2021;131(1):
e137377.

39. Asquith NL, Carminita E, Rodriguez-
Romera A, et al. The bone marrow is the
primary site of thrombopoiesis [abstract].
Blood. 2023;142(suppl 1):5403.

40. Puhm F, Laroche A, Boilard E. Diversity of
megakaryocytes. Arterioscler Thromb Vasc
Biol. 2023;43(11):2088-2098.

41. Bruns I, Lucas D, Pinho S, et al.
Megakaryocytes regulate hematopoietic
stem cell quiescence through CXCL4
secretion. Nat Med. 2014;20(11):
1315-1320.

42. Sun S, Jin C, Si J, et al. Single-cell analysis of
ploidy and the transcriptome reveals
functional and spatial divergency in murine
megakaryopoiesis. Blood. 2021;138(14):
1211-1224.

43. Uhl B, Vadlau Y, Zuchtriegel G, et al. Aged
neutrophils contribute to the first line of
defense in the acute inflammatory response.
Blood. 2016;128(19):2327-2337.

44. Leon C, Eckly A, Hechler B, et al.
Megakaryocyte-restricted MYH9 inactivation
dramatically affects hemostasis while
preserving platelet aggregation
3 APRIL 2025 | VOLUME 145, NUMBER 14 1581

http://refhub.elsevier.com/S0006-4971(25)00199-5/sref1
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref1
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref1
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref2
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref2
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref2
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref2
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref3
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref3
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref3
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref3
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref4
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref4
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref4
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref4
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref4
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref5
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref5
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref5
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref5
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref6
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref6
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref6
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref6
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref6
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref6
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref7
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref7
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref7
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref7
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref7
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref8
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref8
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref8
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref8
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref9
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref9
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref9
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref9
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref9
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref10
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref10
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref10
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref10
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref10
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref10
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref11
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref11
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref11
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref11
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref11
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref12
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref12
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref12
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref12
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref13
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref13
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref13
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref13
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref13
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref14
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref14
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref14
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref14
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref15
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref15
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref15
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref15
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref16
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref16
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref16
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref16
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref16
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref17
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref17
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref17
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref17
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref18
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref18
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref18
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref18
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref18
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref18
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref19
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref19
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref19
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref19
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref19
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref19
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref20
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref20
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref20
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref20
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref20
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref21
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref21
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref21
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref21
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref22
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref22
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref22
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref22
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref22
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref23
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref23
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref23
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref23
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref24
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref24
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref24
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref24
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref24
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref25
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref25
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref25
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref25
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref25
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref26
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref26
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref26
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref26
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref27
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref27
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref27
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref27
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref27
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref28
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref28
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref28
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref28
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref29
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref29
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref29
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref30
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref30
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref30
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref30
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref30
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref31
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref31
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref31
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref31
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref31
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref31
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref32
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref32
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref32
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref32
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref32
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref32
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref33
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref33
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref33
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref33
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref34
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref34
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref34
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref34
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref34
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref35
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref35
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref35
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref36
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref36
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref36
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref36
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref37
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref37
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref37
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref37
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref37
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref38
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref38
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref38
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref38
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref39
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref39
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref39
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref39
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref40
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref40
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref40
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref41
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref41
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref41
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref41
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref41
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref42
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref42
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref42
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref42
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref42
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref43
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref43
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref43
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref43
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref44
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref44
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref44
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref44


and secretion. Blood. 2007;110(9):
3183-3191.

45. Denorme F, Campbell RA.
Procoagulant platelets: novel players
in thromboinflammation. Am J
Physiol Cell Physiol. 2022;323(4):
C951-C958.

46. Nechipurenko DY, Receveur N,
Yakimenko AO, et al. Clot contraction drives
1582 3 APRIL 2025 | VOLUME 145, NUMB
the translocation of procoagulant platelets to
thrombus surface. Arterioscler Thromb Vasc
Biol. 2019;39(1):37-47.

47. Rau JC, Beaulieu LM, Huntington JA,
Church FC. Serpins in thrombosis, hemostasis
and fibrinolysis. J Thromb Haemost. 2007;
5(suppl 1):102-115.

48. Curley A, Stanworth SJ, Willoughby K, et al.
Randomized trial of platelet-transfusion
ER 14
thresholds in neonates. N Engl J Med. 2019;
380(3):242-251.
© 2025 American Society of Hematology. Published by

Elsevier Inc. Licensed under Creative Commons

Attribution-NonCommercial-NoDerivatives 4.0

International (CC BY-NC-ND 4.0), permitting only

noncommercial, nonderivative use with attribution. All

other rights reserved.
ANJUM et al

http://refhub.elsevier.com/S0006-4971(25)00199-5/sref44
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref44
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref45
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref45
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref45
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref45
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref45
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref46
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref46
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref46
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref46
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref46
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref47
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref47
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref47
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref47
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref48
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref48
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref48
http://refhub.elsevier.com/S0006-4971(25)00199-5/sref48
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode


 

Ageing platelets shift their hemostatic properties to inflammatory 
functions  

Afra Anjum1,2, Magdalena Mader1,2.*, Shaan Mahameed1*, Abhinaya Muraly1,2,*, 
Frederik Denorme3,  Fabian P. Kliem4, Dario Rossaro1,2, Sezer Agköl1,2, Lea Di Fina1,2, 
Maité Mulkers1,2, Lisa Laun1,2, Lukas Li1, Nadja Kupper1,2, Keyang Yue1,2, Marie-
Louise Hoffknecht1,2, Anastassia Akhalkatsi1,2, Quentin Loew1,2, Joachim Pircher1,2, 
Raphael Escaig1,2, Erwin Strasser5, Christian Wichmann5, Kami Pekayvaz1,2, 
Bernhard Nieswandt8, Christian Schulz1,2,7, Maria S. Robles4, Rainer Kaiser1,2, Steffen 
Massberg1,2, Robert Campbell3, and Leo Nicolai1,2,#  

  

1Department of Medicine I, LMU University Hospital, LMU Munich 

2DZHK (German Centre for Cardiovascular Research), partner site Munich Heart Alliance, Germany  

3Emergency Medicine, Washington University, St. Louis, Missouri, United States4Institute of Medical 
Psychology and Biomedical Center (BMC), Faculty of Medicine, LMU Munich, Munich, Germany 

5Division of Transfusion Medicine, Cell Therapeutics and Haemostaseology, University Hospital, LMU 
Munich, Munich, Germany 

6Institute for Experimental Biomedicine, University Hospital Wuerzburg, Wuerzburg, Germany 

7Department of Immunopharmacology, Mannheim Institute for Innate Immunoscience (MI3), Medical 
Faculty Mannheim, Heidelberg University, Mannheim, Germany 

* Contributed equally, ordered alphabetically 

#Correspondence to leo.nicolai@med.uni-muenchen.de, Medizinische Klinik und Poliklinik I, University 
Hospital Ludwig-Maximilian-University Munich, Marchioninistr. 15 81377, Munich, Germany  

 

 

 

 

Table of contents 

− Suppl. Methods 

− Suppl. Figures and Suppl. Figure captions  

 

 

 

Supplementary Methods 

mailto:leo.nicolai@med.uni-muenchen.de


Human blood donors 

Human blood was drawn from healthy male and female voluntary donors after informed 
consent was obtained from all subjects. Experiments involving human subjects have been 
approved by the ethical review board (LMU Munich) and complied with relevant regulation for 
experiments involving human samples.  

Murine blood sampling 

For repeated blood sampling, pulse-labelled mice were given short inhalation narcosis with 
isoflurane, and ~30 µl blood was collected from the facial vein in EDTA coated 100 µl 
microvettes (Sarstedt). Mice were scored for any discomfort. For larger quantities of blood 
collection, mice were given inhalation narcosis, restrained and anaesthetized with 
intraperitoneal injection of MMF: Medetomidine (0.5 mg/kg body weight), Midazolam (5 mg/kg 
body weight) and Fentanyl (0.05 mg/kg body weight). Blood was collected terminally from the 
retro-orbital vein plexus using capillary tube coated with acid-citrate dextrose (ACD): 39 mM 
citric acid, 75 mM sodium citrate, 135 mM dextrose. 

Whole blood flow cytometry- tracking platelets, PLA, PNA 

For tracking pulse labelled platelets over time, whole blood (5 µl for tracking platelets, 
minimum 20 µl for analysing leukocytes or platelet leukocyte aggregates) was stained with 
antibodies (Table 1) in 1:100 dilution in 0.5% BSA-PBS and incubated for 15mins. Samples 
were erylysed and fixed with 1x FACS lysing solution (BD Biosciences #349202) for 5 mins 
and then stored in 4°C in darkness. Samples were measured via BD LSRFortessa flow 
cytometer.  

Flow Chamber Assay 

μ-Ibidi 0.1 chambers (Cat.No:80661) were coated with Collagen HORM (250 μg/ml) for 10 
minutes, followed by washing with 1X PBS at 5.61 ml/h for 1 minute. 300-400 µl of blood (or 
platelet rich plasma count adjusted) collected in ACD was recalcified with 2.4 mM Ca2+. Whole 
blood, stained with antibodies, was perfused at 5.61 ml/h for 1 minute. Samples were fixed 
using 4% PFA by perfusion at the above-mentioned rate for 5 minutes, and then washed with 
PBS for another 5 minutes in Harvard Apparatus Pump 11 Elite. Samples were stored in the 
fridge in darkness until imaging using the Zeiss LSM 880 confocal microscope with the 40x 
objective in Airyscan mode.  

Platelet isolation 

Blood collected in ACD was immediately diluted 1:1 with modified Tyrode’s buffer (137 mM 
NaCl, 2.8 mM KCl, 12 mM NaHCO3, 5.5 mM sucrose, 10 mM HEPES, pH = 6.5). Diluted 
blood samples were centrifuged at 70g for 15 min (time is adjusted for 1ml blood diluted in 
1ml Tyrode´s) at rtp. Platelet rich plasma was taken out carefully and diluted 1:2 in Tyrode’s 
buffer and subsequently centrifuged for 5 min at 1200g. Platelets were resuspended in pH 6.5 
Tyrode´s buffer until functional assays were performed, at which point, the pH was adjusted 
to 7.2. 

Platelet isolation for proteomics 

Platelet rich plasma was isolated as mentioned in the paragraph above and treated for CD45 
depletion to remove any leukocytes. Detailed protocol mentioned in manuscript method: 
“Sample preparation for mass spectrometry” 



Platelet sorting 

Data not shown here in the paper. Mice were pulse labelled and 5, 3 and 1 day prior to blood 
sampling. Platelet rich plasma was isolated and single labelled platelets, gated on size and 
X488+X649- platelets were sorted using Beckman Coulter MoFlow cell sorter using 70 µm 
nozzle. At least 1 million platelets were sorted (from each pulse labelled mouse), spinned 
down at 1200g for 5 minutes. However, platelet pellets were not observed, and enough protein 
concentration was not reached for performing proteomics. Alternatively, we used 4- day old 
and 1-day old platelet populations generated using Rosa26-DTRxPf4cre mouse model. 
Detailed protocol mentioned in manuscript method: “Generation of young and old platelet age 
cohorts by ablating platelet production” and “Sample preparation for mass spectrometry”. 

Human platelet concentrates 

Human platelet concentrates were provided by the Division of Transfusion Medicine, Cell 
Therapeutics and Hemostaseology of the LMU hospital. Analysis of these products was 
started directly after platelet apheresis concentrate production by the division. Concentrates 
were stored at 22°C with a constant agitation rate of 60 per minute. Concentrates were 
sampled once a day, and platelet count was adjusted to 300,000/µl in PBS after cell count 
(Sysmex XN-137 V Series XN-1000V). All assays were performed using diluted samples 
(unless mentioned otherwise). 

Platelet Aggregometry 

Chrono-Log 700 Aggregometer was turned on and allowed to warm up after using settings: 
X0.005 Gain 1000 RPM 37°C. Platelets diluted in PBS, were incubated for 3 minutes at 37°C. 
Aggregation was initiated by 2 µM ADP + 2 mM CaCl2, 1000 rpm at 37°C and recorded for 6 
minutes.  

Platelet activation assay 

Washed platelets were activated in suspension as described previously1. In short, human 
platelet concentrates or murine platelets resuspended in Tyrode´s buffer with 1mM calcium 
chloride, were incubated with antibodies against platelet activation markers: P-selectin, 
activated GPIIbIIIa and phosphatidylserine exposure. Agonists (concentrations mentioned in 
figures) targeting P2Y12, P2Y12, thrombin receptors PAR1/4 (thrombin), thromboxane 
receptor TXA2-R (U46119) and GPVI (convulxin, collagen) were incubated with platelets for 
30 minutes at room temperature. Subsequently platelets were fixated with 1x FACS lysing 
solution (BD bioscience) and measured via flow cytometry. 

Platelet migration/retraction/procoagulant assay 

Human platelet concentrates and isolated murine platelets were diluted to 150 000-200 000/µl. 
For migration assay, platelets were activated by 4 μM ADP, 2 μM U46619 and 0.2 mM calcium 
chloride (1 mM for procoagulant assay) and loaded into pre-coated chambers with fibrinogen 
(+collagen for PA) and incubated at 37°C for 15mins. Chambers were washed with buffer 
containing calcium chloride to remove non-adhering platelets. Antibodies were added and 
incubated for 30mins to detect platelet activation and procoagulant transformation. Cells were 
fixed with 2% PFA, 0.005% GDA in PBS. Samples were measured by imaging on Zeiss LSM 
880 (per biological replicate: either 6 random images, or 3x4 tilescan stitched images were 
acquired) or on epifluorescence (Olympus IX83 microscope). 

MSSA Bacteria culture 



Sterile tryptic soy broth (TSB) medium (Cat no: 22092-500G, Millipore®) was prepared by 
autoclaving. Methicillin-susceptible Staphylococcus aureus (MSSA strain Newman) single 
colony was taken using a sterile loop and inoculated into 5ml of the TSB medium in a sterile 
and placed in a 37°C shaking incubator at 150rpm overnight. Next, 0.25ml of the overnight 
culture was inoculated into 25ml of TSB medium in a sterile Erlenmeyer culture flask and 
placed in a shaking incubator. 100 µl of the culture was sampled every 30 minutes and diluted 
to 1000µl (1 in 10) using 1X sterile DPBS (Gibco). The optical density (OD) at 600nm was 
checked and once the OD600 of the undiluted culture reached 1.0, it was poured into a sterile 
50 ml falcon tube and stained with the SYTO™ 41 dye (final conc. 5µM for flow cytometry and 
50µM for microscopy) for 20 minutes in the dark. Culture was centrifuged at 1200g and rtp for 
5 minutes. Supernatant was removed and the pellet was resuspended in 1 ml of 1X sterile 
DPBS. Centrifugation, supernatant removal and pellet resuspension was done again to 
remove any excess dye. 

Platelet-bacteria co incubation: Imaging 

Before sampling the bacteria, cover slips were coated with 0.01% poly-L lysine for 10 minutes, 
washed with millipore water and was kept in a tilted position until air dried. Once dried 
coverslips were placed in a 24 well plate. 100µl of platelet rich plasma at ~400 000/µl (from 
pulse labelled mice) was isolated using protocol mentioned above and placed onto PLL coated 
coverslips in the 24 well plate and allowed to settle for 5 minutes and then spun down at 250g 
for 3 minutes. Extra liquid was collected using a micropipette and discarded. Tyrode´s pH 6.5 
was added until plate was taken to S2 room for co incubation with bacteria. Before co 
incubation with bacteria, extra liquid was removed without touching coverslips. 100µl of 
SYTO41+ MSSA bacteria in PBS (mentioned above) was added to coverslip and co incubated 
for 15 minutes. Propidium iodide (30µM) / Live-or-Dye NucFix™ Red (1x) was added to 
coverslip and swirled 5 times gently to mix in with liquid and incubated for 15 minutes. Extra 
liquid was discarded and 4% PFA was added and incubated for 5 minutes, then discarded and 
washed with PBS. Extra PBS was taken away and coverslips were taken out carefully with 
tweezers and coated with one drop fluorescent mounting media and place on a labelled slide 
and allowed to dry for 20 minutes. Samples were either stored in fridge or measured right 
away in IX83 Olympus Epifluorescence in 100x. Images were analysed using ImageJ. 

Platelet-bacteria co incubation: Flow cytometry 

In a FACS tube, 100µl of platelet rich plasma at ~400 000/µl (from pulse labelled mice) were 
loaded and 100µl of SYTO41+ MSSA bacteria in PBS (mentioned above) was added. Platelet 
and bacteria were co incubated for 15 minutes. Propidium iodide/ Live-or-Dye NucFix™ Red 
was added and gently pipetted 5 times to mix in with liquid and incubated for 15 minutes. 300 
µl of 1x BD FACS lysing solution was added and incubated for 5 minutes. Samples were 
measured right away in BD LSR Fortessa.  

Bone marrow cells isolation 

For neutrophil isolation, femur and tibia were collected from C57BL/6J after cervical dislocation 
under inhalation narcosis. Bone marrow was collected by cutting end of the femur & tibia and 
placing in a 0.5ml tube (whole punched in the bottom) with 100 µL of complete CATCH buffer 
(12.5 mM HEPES, 1.5 mM EDTA, 1.75% (w/v) BSA, 2.5% (v/v) FCS in PBS), placed in a 1.5ml 
reaction tube and centrifuged for 1 minute at 2600g at RT. Pellet was RBC lysed (155 mMol/L 
NH4 Cl, 14 mMol/L NaHCO3, 0.1 mMol/L EDTA) and filtered through 70µm filter. 

BM cell flow cytometry 



Isolated BM cells were counted using Sysmex XN-1000 hematology analyser and diluted to 
10 000/µl in FACS buffer: PBS + 1% BSA + 2mM EDTA BM cells from unlabelled mice were 
used without staining as negative controls, and also stained with either X488 or X649 (1:100) 
to generated single stain positive control. BM cell samples were analyzed by BD LSR fortessa, 
and analyzed via flowjo.  

Neutrophil isolation  

Neutrophils were isolated using anti-mouse neutrophil isolation kit (Miltenyi Biotec #130-097-
658). Human neutrophils were isolated from donor blood with EasySep™ Direct Human 
Neutrophil Isolation Kit (Catalog #19666). 

Neutrophil co-incubation with platelets- Imaging based 

0.4cm IbiTreat slides were coated with Poly-L-Lysine for 10 minutes at RT and washed 3 times 
with PBS. 200,000 neutrophils were added per chamber and allowed to settle for 30 minutes 
at 37°C in the presence of 5% CO2, and then washed with warm RPMI. 4 million platelets 
loaded on the chamber and incubated for 15 minutes and washed. Antibodies were added 
and cells were incubated for 15mins (if unlabeled) and then washed. The cells were then 
incubated for 1 h at 37°C, 5% CO2. Cells were fixed with 1% PFA for 15 minutes at RT and 
washed with PBS. Imaging Zeiss LSM 880 confocal microscope using the 40x objective in 
Airyscan mode. Quantified: PNA/FOV, % platelet-bound neutrophils and % PNAs with young 
vs old platelets.  

Neutrophil co-incubation with platelets- flow cytometry based 

Isolated neutrophils were stored in RPMI shortly prior to the experiment. RPMI was removed 
by centrifuging at 300g for 6 minutes. Neutrophils were resuspended in 1% PBS-BSA and 
transferred to Eppendorf tubes. Platelets were added to neutrophils in a 20:1 ratio and 
incubated for 45 minutes at room temperature. Cells were incubated with antibody cocktail for 
15 minutes to stain neutrophils and platelets. 1X BD FACS lysing solution was added to fix 
samples. After fixation, samples were stored at 4°C until measured in flow cytometer.  

For blocking platelet neutrophil aggregation, isolated platelet rich plasma from C57BL/6J 
(pulse-labelled 108h prior to experiment) were blocked using vehicle, anti-GPIb (0.5 µg/µl), 
anti-GPIIb (0.5 µg/µl), CD40 (0.05 µg/µl) or PSGL1 (0.1 µg/µl) for 20 minutes at room 
temperature. Platelet were isolated by centrifugation at 1200g for 5 minutes. Washed platelets 
were then resuspended and added to isolated neutrophils in 96-well plate (round bottom) in a 
20:1 ratio. Cell suspensions were incubated for 45 minutes at 37°C, 5% CO2. Cells were 
stained with antibody cocktail for 15 minutes at rtp and fixed using BD FACS lysing solution 
and analyzed via flow cytometry. 

In vivo thrombosis-FeCl3 injury  

Mice under narcosis were prepared for mesentery imaging by surgically opening the skin and 
peritoneum along the midline. Exteriorization of the proximal bowel was done carefully on a 
glass coverslip to expose the mesenteric vessels. The bowel was stabilized using saline 
soaked tissue paper. 10% ferric chloride solution was introduced on mesenteric vessel by 
gently touching with a saturated a 1x1 mm piece of filter paper for 3 minutes. Next, the ensuing 
thrombus formation was imaged on an inverted Zeiss LSM 880 in AiryScan Fast Mode 
(20x/0.8 obj., 990 ms/frame, laser power: 0.96%). 

Quantification of platelet recruitment 



For thrombosis observed using pulse-labelled mice platelets, analysis was performed on 
recruited single-labelled platelets (percentage area per field of view) relative to their 
percentage in circulation (of all CD41+ cells). 

In vitro aging of platelets and platelet depletion to induce thrombocytopenia in recipients 

To age platelets in vitro, platelet rich plasma was isolated and stored in 1.5ml Eppendorf tubes, 
kept at 25°C, with gentle agitation for 2day, or 2h prior to transfusion. Platelets were depleted 
in C57BL/6J mice by injecting 2 µg of anti-Gp1b antibody (R300, Emfret) per mouse 
intravenously, 1h prior to transfusion of in vitro aged platelets. Platelet rich plasma of the 2 
groups of in vitro aged platelets were incubated with X649 (1:100) at rtp for 15mins. PRP was 
then diluted and centrifuged (See platelet isolation) to remove free antibody. Platelet count 
was adjusted and transfused into thrombocytopenic C57BL/6J recipients. Blood was taken to 
ensure similar percentages of transfused platelets in both groups. Platelet counts were 
measured using cell counter (Sysmex XN-137 V Series XN-1000V). 

Acute Lung Injury in Bax/Bak mice. 

Bak global knockouts (Bak KO), Bax platelet specific knockouts (BaxPlt-/-) and double Bak KO 
and BaxPlt-/- were from Dr. Benjamin Kile (University of Adelaide). Bak KO, BaxPlt-/- Bak KO/ 
BaxPlt-/- and litter mate wild-type controls were anaesthetized and 20 µg of LPS (Escherichia 
coli-derived O111:B4; Sigma) was administered intranasally. Eight hours post LPS treatment, 
whole blood was drawn into 3.2% sodium citrate and mice were then sacrificed via cervical 
dislocation without damaging the trachea. Bronchoalveolar lavage (BAL) fluid was collected 
for analysis by intratracheal flushing with 1mL of PBS (1% BSA containing 2 mM EDTA). When 
at least half of the applied volume was recovered (>0.5 mL) without damaging the lung 
vasculature, only then the BALF sample was included in the analysis. BALFs were stained 
with antibodies for flow-cytometric analysis.  

Multiplex cytokine measurements 

Murine bronchoalveolar lavage fluid was assessed for their cytokine levels using 
LEGENDplexTM Mouse Inflammation Panel (13-plex (Biolegend, #740446) according to the 
manufacturer’s manuals. Cytokines in BALF were measured on a BD LSRFortessa flow 
cytometer and analysed using the Data Analysis Softwar LEGENDplexTM to quantify their 
concentrations. 

Histology 

Harvested Femur were fixed with 4% PFA for 2h, transferred into 30% sucrose for 2h, and 
subsequently stored overnight in 15% sucrose. The femur was cryoembedded and stored at 
-80°C. Cryo-sectioning was done vertically until bone marrow was visible. Thawed bone was 
permeabilized in an Eppendorf tube with 1:1 mixture of 0.1% Triton-X and 10% natural goat 
serum for 30 minutes at 4°C. Blocking was done with 1:1 mixture of 3% BSA and 10% Natural 
goat serum for 4 hours at 4°C. Samples were then stained with antibody against CD41 
(Clone:MWReg30) overnight at 4°C in Block solution. The following day, samples were stained 
with Hoechst (1:1000) for 10 minutes at rtp and washed. The femur was carefully placed on a 
cover slide and covered with ultrasound gel to maintain moisture. Imaging was done with 
confocal microscopy (Tilescan images). For lung histology, 1ml tissue tek diluted with PBS 
(1:1) was perfused intratracheally. Harvested lungs were placed into 4%PFA for 1h, in 30% 
sucrose overnight and embedded in tissue tek and stored at -80°C.organs were sliced 
vertically. Lung slices were stained with CD41 for 3h followed by DAPI for 5 minutes and 
mounted.  



LC-MS/MS analysis and data processing 

200ng of peptide samples were loaded onto a 50-cm reversed-phase column (diameter 75 
mm; packed in-house with 1.9 mm C18 ReproSil particles; Dr. Maisch GmbH). The column 
was mounted to an UltiMate 3000 HPLC (ThermoFisher Scientific®) and its temperature 
maintained at 60°C. The peptides were eluted with a binary buffer system consisting of buffer 
A (0.1% formic acid) and buffer B (80% ACN and 0.1% formic acid). A gradient length of 
150min was chosen starting with 5% buffer B for 5min and then ramping to 30%-60%-95% for 
95min-5min-1min, keeping constant for 5min and then reducing to 5% for 1min and keeping 
constant for 30min. Peptides were electrosprayed into a Q Exactive HF-X mass spectrometer 
(MS) (ThermoFisher Scientific®), obtaining full scans (300 to 1650 m/z, R = 60,000, max. 
injection time 20ms, normalized AGC target 3e6). Data-dependent acquisition was performed 
to obtain the top 15 MS2 spectra (R= 15,000, max. injection time 28ms, normalized AGC target 
1e5). Raw files were processed using MaxQuant Version 2.1.4.0 using default settings but 
keeping conditions in separate fractions (difference>3), enabling “Matching between runs” with 
a time window of 0.7min and activating label-free quantification (LFQ)2. Proteins were 
identified from fasta files of the UniProt database from mouse with isoforms (April 2020). 
Further processing was performed using Perseus V 1.6.10.503. LFQ intensities were log2 
transformed to fit a normal distribution. For Venn diagram proteins were filtered for 1 valid 
value in any sample, for PCA 100% valid values and for all other analyses proteins were 
filtered for ¾ valid values in any of the young or old cohort. Two-sample student’s t-test was 
performed in Perseus (FDR>0.05, S0=1) after imputing missing values from a normal 
distribution (width 0.3, down shift 1.8). Enrichment analysis was performed using Perseus’ 
Fisher exact test (Threshold value 0.02). Visualizations were realized in Perseus or R using 
ggplot2. 

Statistical analysis 

Animal numbers were estimated during ethical approval of planned experiments according to 
statistical power calculations. Animal experimental groups were coordinated to match age and 
sex in mouse lines. Platelet cohort percentages were calculated relative to their abundance in 
blood as measured by flow cytometry (percentage of CD41+ platelets) to assess relative 
changes in recruitment/activation patterns in in vitro and in vivo assays. Data analyses were 
performed using FlowJo v10 (BD), Prism v10 (Graphpad), and Excel (Microsoft Office 
Professional Plus 2019). All error bars in data are ± standard error mean (SEM); in bar graphs, 
single dots represent single data points measured per biological replicate. All data shown 
consist of at least 3 biological replicates. Images or flow cytometry plots shown were 
representative of mean values in respective data. Statistical tests were performed by using t-
tests, and ANOVA (analysis of variance), which are specified in figure legends. P-values for t-
tests and ANOVA summaries are stated in figure legends. Two tailed tests were always 
selected for t tests; paired t tests were used in experiments performed on the same biological 
replicate, otherwise, unpaired t tests were performed. Experiments containing more than two 
groups were analyzed using one-way ANOVA with post-hoc Dunnett’s multiple comparisons 
test compared to either 0-12h cohort (in pulse-labelled models), WT (genetic knockout 
models), or specific timepoints (in vitro aged platelets). For two-way ANOVA, post-hoc Holm-
Šídák’s multiple comparisons tests were performed. Across all statistical tests, ‘ns’ and 
asterisks were used to denote p-values according to p>0.05 (ns = non-significant), p≤0.05 (*), 
p≤0.01 (**), p≤0.001 (***), p≤0.0001 (****). 

 

Table 1:  



Protein/epitope/Reagents/kits Clone Dilution Manufacturer 
anti-mouse GpIb X488 1:100 Emfret 
anti-mouse GpIb X649 1:100 Emfret 
anti-mouse CD41 MWReg30 1:100 Biolegend 
anti-mouse Ly6G RB6-8C5 1:100 Biolegend 
anti-mouse CD49b HMa2 1:100 Biolegend 
anti-mouse CD45 30-F11 1:100 Biolegend 
anti-mouse CD19 1D3/CD19 1:100 Biolegend 
anti-mouse CD115 AFS98 1:100 Biolegend 
anti-mouse CD3 17A2 1:100 Biolegend 
anti-mouse CD11b 1A8 1:100 Biolegend 
Anti-mouse CD66a MAb-CC1 1:100 Biolegend 
Anti-mouse CD177  1:100 Biolegend 
Anti-mouse CD184 L276F12 1:100 Biolegend 
Anti-mouse CD42d 1C2 1:100 Biolegend 
anti-mouse CD107a/LAMP1 1D4B 1:100 Biolegend 
anti-mouse CD54 YN1/1.7.4 1:100 Biolegend 
anti-mouse CD36 HM36 1:100 Biolegend 
anti-mouse Clec2 17D9 1:100 Biolegend 
anti-mouse CD88 20/70 1:100 Biolegend 
Anti-mouse CD9 MZ3 1:100 Biolegend 
Anti-mouse CD40l MR1 1:100 Biolegend 
anti-mouse CD47 miap301 1:100 Biolegend 
Anti-mouse CD44 NIM-R8 1:100 Biolegend 
Anti-mouse CD62p RMP-1 1:100 Biolegend 
Anti-mouse GPVI FAB6758P 1:100 Biolegend 
anti-mouse ICAM2  CBR-IC2/2 1:100 Biolegend 
Anti-mouse JonA M023-2 1:100 Emfret 
anti-mouse P-selectin RMP-1 1:100 Biolegend 
anti-mouse TER-119  TER-119 1:100 Biolegend 
Anti-mouse CD45 microbeads 130-052-301 1:100 Miltenyi Biotec 
anti-human CD62P AK4 1:100 Biolegend 
anti-human CD41 Antibody HIP8 1:100 Biolegend 
anti-human CD107a (LAMP-1) Antibody H4A3 1:100 Biolegend 
Anti-C3 RmC11H9 1:50 CEDARLANE  
Purified anti-mouse CD40 Antibody HM40-3 0.05 µg/µl Biolegend  
Annexin V 640924 1:50 Biolegend 
RCA I   1:100 Invitrogen™ 
R300 R300   0.09µg/g Emfret 
Neutrophil Isolation Kit, mouse 130-097-658   Miltenyi Biotec 
Diphtheria toxin     Merck 
Poly-L-Lysine solution P8920 0.01% Sigma-Aldrich  
CountBright™ Absolute Counting Beads C36950  Invitrogen™ 



Lipopolysaccharides from Escherichia 
coli O111:B4 

L2630  Sigma-Aldrich 

SYTO™ 41 S11352 5-50µM Thermofisher 
Propidium iodide BMS500PI 30µM Invitrogen™ 
TMRE Kit ab113852  Abcam 
Live-or-Dye NucFix™ Red Staining Kit #32010  Biotium 
Calcium chloride   Sigma-Aldrich 
Hoechst 33342 H3570 1:1000 Thermofisher 
Diptheria toxin D0564  Sigma-Aldrich 
MitoTracker Green M7514 50nM Invitrogen™ 
Thiazole orange  200 ng/ml 

 
Sigma-Aldrich 

Poly-L-lysine solution P8920-
100ML 

1:10 Sigma-Aldrich 

 

 

 

 

 

 

Supplementary Figure legends 

Suppl. Figure 1: Pulse-labelling method does not have a depleting effect on platelets and does 
not stain megakaryocytes: A) Schematic outline of C57BL/6J mice (n=3/group) were labelled with 
X649 followed by X488 at different concentrations: 0 µg (vehicle), 0.02 µg, 0.2 µg, 2 µg and 20 µg of 
each antibody. B) Gating strategy for all platelets. C) Histogram overlay and multi plots of X649 and 
X488 labelled platelet populations (post platelet gating strategy) after injection of aforementioned 
concentrations of antibodies. D) Bar graph depicting percentage of platelets labelled by X488 and X649 
antibodies at the mentioned concentrations, two-way RM ANOVA (no variation in labelled groups, p-
value=0.4645, with post-hoc Dunnett’s multiple comparisons test compared to 0 µg [vehicle control]). E) 
Bar graphs depicting platelet counts (p-value=0.9015) and mean platelet volume (0.5983) in blood post 
double injection; statistical test, one-way ANOVA with post-hoc Dunnett’s multiple comparisons test 
compared to 0 µg (vehicle control). F) Schematic outline of sequential intravenous injections of 
C57BL/6J mice (n=4 per group) with either 0.9% NaCl (vehicle) or with 2 µg of X649 followed by 2 µg 
of X488 (pulse-labelled); femur and tibia were collected post second labelling. G) Whole mount staining 
of femur with CD41 and Hoechst. H) Gating strategy for CD41+ and CD42d+ megakaryocytes in bone 
marrow (BM) cells from vehicle and pulse-labelled mice. I) Histogram overlay of CD41+CD42d+ MKs of 
vehicle treated, pulse-labelled and positive controls (stained BM cells); percentage of MKs stained with 
X488 or X649, two-way RM ANOVA, comparison between vehicle and pulse-labelled groups: p-
value=0.3269 with post-hoc Šídák’s multiple comparisons test. 

Suppl. Figure 2: Pulse-labelling method validation. A) Experimental scheme showing platelets 
isolated from GPIbCre-mTmG cre+ mouse were labelled with X649, and then transfused in C57BL/6J 
mice (n=4) with repeated blood sampling. B) Flow cytometry scatter plots showing gating strategy for 
platelets to be transfused; graph showing efficient labelling of EGFP+ (mG) platelets with X649. C) 
Gating strategy for transfused platelets. D) Graph showing dye stability after transfusion in C57BL/6J 
mice as tracked over time (p-value=0.9813). E) Platelet-leukocyte aggregate gating strategy (p-value= 
0.0927). F) P-selectin (p-value=0.5260) and RCA-I (p-value=0.8875) MFI over time in labelled platelets. 



Statistical tests for fig. 2D-F, two-way RM ANOVA with post-hoc Holm-Šídák’s multiple comparisons 
test compared between EGFP+ & X649 labelled platelets.  

Suppl. Figure 3: Young platelets show increased activation and mitochondrial potential.  Platelets 
isolated from pulse-labelled mice were treated with agonists for 30 minutes and stained with antibodies 
(n=4 per group); bar graphs depicting flow cytometric measurements of P-selectin expression (ADP, 
p<0.0001 and thrombin, p<0.0001), activated GPIIbIIIa integrin (ADP, p-value=0.0002 and thrombin, p-
value=0.0169) relative to their baseline expression in single-labelled platelets; statistical tests for all, 
ordinary one-way ANOVA with post-hoc Dunnett’s multiple comparisons test compared to 0-12h old 
platelet group. 

Suppl. Figure 4: Gating strategy of PLA and PNA in mouse whole blood. A-D) Mice pulse-labelled 
108h, 60h and 12h prior were sampled for blood; multi-panel antibody staining was done to determine 
platelet PS exposure, procoagulant platelets and  platelet aggregation with leukocyte subsets  via flow 
cytometry; A) Flow cytometric analysis of PS exposure (MFI) in washed platelets after treatment with 
PBS (p-value=0.0189), 100 µM ADP + 4 µM U46619 (p-value=0.0034) and 0.1 µg/ml Convulxin + 0.1 
U/ml Thrombin (p-value=0.0034); absolute MFI of single-labelled population shown for PBS treated 
platelets; PS MFI of single-labelled population relative to that of PBS treated platelets shown for samples 
treated with agonists, n=4 per group. B) Procoagulant platelet gating strategy. C) Representative 
platelet-leukocyte aggregate gating strategy; D) Platelet-neutrophil aggregate gating strategy;   

Suppl. Figure 5: Disrupting procoagulant platelet activation by genetic ablation of mitochondrial 
cyclophilin D (CypD) does not affect PNA formation in aged platelet cohorts. A-D) PF4cre-CypDfl/fl 
mice (n=4 per group) pulse-labelled with 12h interval and blood sampled every 12h; A) Schematic 
outline;  B) Gating strategy of pulse-labelled platelets; C) Percentage of labelled platelets in circulation 
over time, two-way RM ANOVA (np-value= 0.7503) with post-hoc Holm-Šídák’s multiple comparison 
between mouse strains; D) Bar graphs depicting platelet half-life and baseline phosphatidylserine 
exposure, unpaired t tests, two-tailed, p-values=0.8236 and 0.4561, respectively. E-I) PF4cre-CypDfl/fl 
mice (n=4 per group) were pulse-labelled 108h prior to experiment, blood was sampled for whole blood 
flow cytometry and platelet isolation; E) Schematic outline; F) Representative micrographs and 
quantification of procoagulant activation of platelets seeded on collagen I and fibrinogen, p-
value=0.0135; G) PLA gating strategy and bar graph showing % of 96-108h old platelets aggregating 
with leukocytes in whole blood, p-value=0.4355; H) PNA gating strategy and bar graph showing % of 
96-108h old platelets aggregating with neutrophils in whole blood, p-value=0.0613; I) Washed platelets 
were co-incubated with isolated neutrophils (from C57BL/6J mice, n=2) on a PLL coated chamber, 
followed by staining and PFA fixation; representative micrographs of platelet neutrophil aggregation; bar 
graph depicting percentage of single-labelled platelets of all CD41+ platelets aggregating with 
neutrophils, p-value=0.4905; statistical tests for fig 4F-I, unpaired t tests, two-tailed. 

Suppl. Figure 6: Aged platelets show increased propensity to aggregate and kill MSSA. A) 
Schematic outline shows isolated platelets from pulse-labelled C57BL/6J mice (0-12h or 96-108h) co-
incubating with methicillin-susceptible Staphylococcus aureus (MSSA strain Newman) prestained with 
SYTO™ 41 dye, followed by staining of co-cultured cells with propidium iodide (PI). B) Gating strategy 
of pulse-labelled platelets co-cultured with MSSA. C) Histogram overlay of staining controls (unstained 
MSSA: negative control and ethanol killed MSSA: positive control) for PI and pulse-labelled groups. D) 
Bar graphs depicting percentage of MSSA aggregating with pulse-labelled platelets (p-value=0.0186) 
and percentage of MSSA that are positive for propidium iodide (p-value=0.0002); statistical tests, 
unpaired t tests, two-tailed. 

Suppl. Figure 7: Generation of functional young platelets in recovery phase post MK ablation 
using Rosa26-DTRxPF4cre+. A) Experimental scheme of Rosa26-DTRxPF4cre mice administered 
with diphtheria toxin (blue arrows), DT, intraperitoneally every 48h; ~1-day old rejuvenated platelets 
(Young cohort) from Cre+ and mixed control platelets (WT) from Cre- were collected 8 days after serial 
DT injections (see Method); n=4 per group. B) Bar graphs depicting platelet counts pre and post DT 
administration in Cre- and Cre+ mice (DT: dotted blue lines and rejuvenated young platelets: blue box), 
two-way RM ANOVA, comparison between cre- only and cre+ groups: p-value=0.0002 with post-hoc 



Šídák’s multiple comparisons test. C) Representative micrographs of whole mounted femur histology 
on day 8 post serial DT administrations; bar graph showing megakaryocyte (CD41+) count per field of 
view, p-value=0.0103, unpaired t test, two-tailed. D) Flow cytometric analysis of platelet size by depicting 
forward scatter-area (FSC-A) mean, unpaired t test, two-tailed, p-value=0.0043. E) Representative 
micrographs showing in vitro thrombus formation with count adjusted platelet rich plasma on collagen I 
(n=4 per group); bar graph depicting percentage area covered by thrombus per field of view, p-
value=0.0426, unpaired t test, two-tailed. F) Bar graph showing percentages of platelets that are TMRE 
positive and MitoTracker Green positive, two-way ANOVA comparison between cre+ young, and cre- 
control: p-value=0.0659 with post-hoc Šídák’s multiple comparisons test. G) Experimental scheme 
showing: Cre- control (wild type) and Cre+ Young cohort (~1-day old) rejuvenated platelets collected 8 
days post serial DT injections (n=4 per group); C57BL/6J mice (n=3) were pulse-labelled with 2µg of 
X649 followed by 2µg X488 (PL 0-12h) and immediately sampled after the second labelling. H) Surface 
marker expression in platelets: P-selectin (p-value=0.0116), CD40L (0.0072), and PS exposure 
(<0.0001), ordinary one-way ANOVA with post-hoc Dunnett’s multiple comparisons test compared to 
cre- control group. 

Suppl. Figure 8: Platelet ageing proteomics. A-D) Rosa26-DTRx PF4cre mice were administered with 
diphtheria toxin, DT, intraperitoneally every 48h; mixed platelet age cohorts were isolated from cre- mice 
4 days after serial DT injections (n=4); >4-day old platelets were collected 4 days after serial DT 
injections in cre+ mice (n=4); <1-day old platelets were collected 8 days after serial DT injections in cre+ 
mice during platelet recovery phase (n=4); A) Platelet count and sampling time points for mixed, young 
and old platelet aged cohorts; B) Venn diagram of all 3495 proteins quantified; C) Boxplots of LFQ 
intensities of several proteins of interest in the young and old cohorts; D) Heatmap of z-scored LFQ 
intensities of proteins belonging to several functional groups in the young and old cohorts. 

Suppl. Figure 9: Elevated cytokines in the lung of mice with constitutively aged platelets. A) 
Platelets isolated from WT and BAK BAXplt-/- KO were treated and checked for percentage of platelets 
positive for GPIIbIIIa integrin activation, P-selectin and phosphatidylserine exposure, two-way RM 
ANOVA (variation between mouse strains, p-value= 0.040, <0.001, and <0.001 respectively) with post-
hoc Holm-Šídák’s multiple comparison between mouse strains. B) Baseline platelet count in BAK KO, 
BAXplt-/-, BAK BAXplt-/- KO; p-value=0.0002. C) Acute lung injury was induced in BAK KO, BAXplt-/-, BAK 
BAXplt-/- KO and rejuvenated BAK BAXplt-/- KO after antibody-mediated platelet depletion; bar graph 
showing platelet count in bronchoalveolar lavage fluid; p-value=0.0206. Statistical test for suppl. fig 9B-
C, ordinary one-way ANOVA, with post-hoc Dunnett’s multiple comparisons test compared to WT. D) 
Cytokine measurements in BALF 8 hours after ALI statistical tests, two-way ANOVA (variation between 
strains, p-value= <0.0001), with post-hoc Dunnett’s multiple comparisons test compared to WT; data is 
also depicted in fig 6H. 

Suppl. Figure 10: Proinflammatory effect of human platelet concentrates depends on platelet age. 
A-E) Human platelet concentrates sampled every ~24h were adjusted to 300,000/µl for all assays; A) 
Flow cytometric analysis of baseline CLEC2 (p-value=0.0525); B) Flow cytometric measurements of P-
selectin expression under baseline conditions relative to timepoint 1 (n=4), p-value=0.0270;  C) Flow 
cytometric measurements of P-selectin expression  after stimulation with 20 µM ADP + 2 mM CaCl2 
relative to baseline expression, n=5 (p-value=0.0056); D) Line graph representing platelet aggregation 
as area under the curve (AUC), p-value=0.0555;  Statistical tests for Suppl Fig 7A-D, RM one-way 
ANOVA with post-hoc Dunnett’s multiple comparisons test compared to TP7; E) Schematic outline and 
representative gating strategy for platelet-neutrophil aggregates in Fig. 7G 

Suppl. Figure 11: Proinflammatory effect of in vitro aged murine platelets. A) Experimental scheme 
for the collection of platelet rich plasma from C57BL/6J mice, which were freshly isolated, inside ‘PRP 
Digital Storage Device’ (DSD). B) Surface marker expression in platelet rich plasma: CD107a (p-value= 
0.6219), CD40L (p-value= 0.5092), CLEC2 (p-value <0.0001), CD47 (p-value= 0.0935), PS exposure 
(p-value= 0.1335) and P-selectin (p-value= 0.0132). Statistical tests: unpaired t test, two-tailed. C) 
Isolated platelets were treated with either PBS, ADP (20µM) or convulxin (1µg/ml) + thrombin (0.1U/ml) 
in the presence of 2mM calcium chloride; bar graphs representing surface markers post treatment with 
vehicle or agonists; PS exposure (p-value=0.1338), JonA (0.3067) and P-selectin (0.9459); statistical 



tests, two-way ANOVA, comparison between in vitro stored groups with post-hoc Šídák’s multiple 
comparisons test. C) Micrographs depict in vitro thrombosis of platelet rich plasma (count adjusted to 
300 000/µl); bar graph showing percentage area of thrombi in field of view, unpaired t test, two-tailed, 
p-value=0.0202. E) In vitro aged donor C57BL/6J platelets (freshly isolated or 2 day old), were 
transfused into thrombocytopenic C57BL/6J recipient mice (n=4/group) and acute lung injury (ALI) was 
induced in recipient mice; blood sampled at 0h and 6h post ALI; BALF was collected at 6h post ALI. F) 
platelet counts; statistical test: two-way ANOVA (comparison between transfused groups, p-value= 
0.0689 with post-hoc Šídák's multiple comparisons test. G) Bar graphs depicting immune cells count in 
blood analysed via flow cytometry: CD45+ (p-value= 0.4358) and Ly-6G+ (0.5330).H) Bar graphs 
depicting CD45+ (p-value= 0.6573), Ly-6G (0.2672) and RBC (0.3153) count in BALF. Statistical tests 
for F-G: Unpaired t test, two-tailed. I) Cytokine measurements in BALF, statistical tests, two-way ANOVA 
(comparison between transfused groups, p-value= 0.0005), with post-hoc Šídák's multiple comparisons 
test; data is also depicted in Fig 7M.  
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Suppl. Figure 1: Pulse-labelling method do not have a depleting effect on platelets and do not 
stain megakaryocyte
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Suppl. Figure 2 Pulse labelling method validation
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Suppl. Figure 3: Young platelets show increased activation and mitochondrial potential
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Suppl. Figure 4: PS exposure in Aged platelets and gating strategy of PLA and PNA 
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Suppl. Figure 5: Disrupting procoagulant platelet activation by genetic ablation of mitochondrial 
cyclophilin D (CypD) does not affect PNA formation in aged platelet cohort.
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Suppl. Figure 6: Aged platelets show increased propensity to aggregate and kill MSSA
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Suppl. Figure 7. Generation of functional young platelets in recovery phase post MK ablation 
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Suppl. Figure 8: Platelet aging proteomics.

A

D

Sampling
Old 

>4day
Young 
<1day

B C

2 4 6 8
0

500

1000

Day

Pl
at

el
et

 c
ou

nt
 [x

10
3 /µ

l]

Mixed
Old
Young

young mixed

old

317
(9%)

161
(5%)

81
(2%)

329
(9%)

53
(2%)

64
(2%)

2490
(71%)

500
1000
1500
2000

count

Σ = 3495

age
F13B
FA12
THRB
CS1A
CFAD
CO4B
CFAB
CFAI
CFAH
CO3
CO5
FINC
FIBA
FIBB
FIBG
IGKV5−39
GCAB
IGKV19−93
IGHM
IGG2B
IGHG3
HVM51
KV2A7
IGHG1
LAC2
IGHA
DGUOK
MMSA
CAH1
CAH2
SPA3N
A1AT5
HEP2
SPA3M
IC1
SERPH
A2AP
ANT3
A1AT2
A1AT4
A1AT3
SPA3K
CBG
ATPK
NDUS8
PNPT1
OAT
RM04
RT29
TRAP1
RT17
LPPRC
RM50
RM01
ASNS
GLNA
RS16
RS17
RL14
RS15
RL11
RL24
RS25
RS10
RL7
RL26
RS19
RS6
RL5
RS7
RS24
RS14
RS28
RSSA
RS21

z-scored 
LFQ intensity

−2
−1
0
1
2

age
young
old

category
coagulation factor
complement factor
fibrinogen complex
immunoglobulin

nitrogen metabolism
serpin
ribosomal

mitochondrial



Suppl. Figure 9:  Elevated cytokines in the lung of mice with constitutively aged platelets.
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Suppl. Figure 10:  Proinflammatory effect of human platelet concentrates depends on platelet age  
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A B Surface marker expression

Blood platelet count

BALFImmune cells in Blood

I
BALF cytokines

D0D20100200300

LA
MP

1 [
MF

I]

✱✱

C57BL/6J

Recipients

Transfusion in vitro aged platelets

D2D0

0h
1.5h
2h

8h

20 µg LPS 

Bl
oo

d 
sa

m
pl

in
g

BALF

Labelled platelet
0h
1.5h
2h

8h

2 µg R300

C D

IL-
23

IL-
1a

IFN-ga
mma

TNF-a

MCP-1

IL-
12

p7
0

IL-
10 IL-

6
IL-

27
IL-

17
a

IFN-β

GM-C
SF

0

10000

20000

30000

40000

BA
LF

 c
on

c.
 [p

g/
m

l]

D0
D2

ns ns ns ✱✱✱✱ ns ns ✱✱ ns ns ns nsns

D0 D2
0.00

0.02

0.04

0.06

R
BC

 c
ou

nt
 [1

06 /B
AL

F]

ns

D0 D2
0

200

400

600

800

Ly
-6

G
+ 

ce
lls

/µ
l B

AL
F

ns

D0 D2
0

500

1000

1500

C
D

45
+ 

ce
lls

/µ
l B

AL
F

ns

D0 D2
0

1000

2000

3000

4000

Ly
-6

G
+ 

ce
lls

/µ
l B

lo
od

ns

D0 D2
0

1000
2000
3000
4000
5000

C
D

45
+ 

ce
lls

/µ
l B

lo
od

ns

C57BL/6J

-2h-48h

D0
DSD

stored in

D0

D2 D
SD

0

1000

2000

3000

4000

C
1q

 [M
FI

]

ns

D0

D2 D
SD

0

100

200

300

C
D

47
 [M

FI
]

ns

D0

D2 D
SD

0
100
200
300
400
500

C
D

62
p 

[M
FI

]

✱

D0

D2 D
SD

0

100

200

300

C
D

10
7a

 [M
FI

]

ns

D0

D2 D
SD

0

200

400

600

C
D

40
L[

M
FI

]

ns

D0

D2 D
SD

0

5000

10000

15000

C
LE

C
2 

[M
FI

]

✱✱✱✱

PBS
ADP

CVX+T
0

5

10

15
P-

se
le

ct
in

 [M
FI

]

ns nsns

PBS
ADP

CVX+T
0

2

4

6

8

re
l. 

Jo
nA

D0 old D2 DSD

ns nsns

PBS
ADP

CVX+T
0

2

4

6

8

PS
 e

xp
os

ur
e 

[M
FI

]

ns nsns

In vitro thrombosis

CD41 PE Scale bar 10µm

D0 D2 DSD

D0

D2 D
SD

0

2

4

6

%
 a

re
a 

co
ve

re
d 

by
 th

ro
m

bi ✱

be
for

e R
30

0

2h
 po

st 
R30

0

0h
 po

st 
tra

ns
fus

ion

6h
 po

st 
ALI

BALF
0

1000

2000

3000

Pl
at

el
et

 c
ou

nt
 [x

10
3 /µ

l]

D0
D2

ns ns ✱ ns ns



55 | P a g e  

 
 
 
 
 
 
 
 
 
 

Part VI 

Paper II 
 
  



Regular Article

PLATELETS AND THROMBOPOIESIS

Procoagulant platelet sentinels prevent inflammatory
bleeding through GPIIBIIIA and GPVI
Rainer Kaiser,1,2 Raphael Escaig,1,2 Jan Kranich,3 Marie-Louise Hoffknecht,1 Afra Anjum,1,2 Vivien Polewka,1 Magdalena Mader,1,2

Wenbo Hu,3 Larissa Belz,1 Christoph Gold,1,2 Anna Titova,1 Michael Lorenz,1 Kami Pekayvaz,1,2 Stefan K€a€ab,1,2 Florian Gaertner,1,2

Konstantin Stark,1,2 Thomas Brocker,3 Steffen Massberg,1,2 and Leo Nicolai1,2

1Medizinische Klinik und Poliklinik I, University Hospital, Ludwig-Maximilian University, Munich, Germany; 2DZHK (German Center for Cardiovascular Research),
partner site Munich Heart Alliance, Munich, Germany; and 3Institute for Immunology, Biomedical Center, Medical Faculty, Ludwig-Maximilian University,
Munich, Planegg-Martinsried, Germany

KEY PO INTS

� In inflammation,
migrating platelets
become procoagulant
to recruit the
coagulation cascade
and prevent pulmonary
inflammatory bleeding.

� Mechanosensitive
GPIIBIIIA/Ga13 and
GPVI signaling initiate
CypD- and TMEM16F-
dependent
procoagulant activation
of migrating platelets.

Impairment of vascular integrity is a hallmark of inflammatory diseases. We recently reported
that single immune-responsive platelets migrate and reposition themselves to sites of
vascular injury to prevent bleeding. However, it remains unclear how single platelets
preserve vascular integrity once encountering endothelial breaches. Here we demonstrate by
intravital microscopy combined with genetic mouse models that procoagulant activation (PA)
of single platelets and subsequent recruitment of the coagulation cascade are crucial for the
prevention of inflammatory bleeding. Using a novel lactadherin-based compound, we detect
phosphatidylserine (PS)-positive procoagulant platelets in the inflamed vasculature. We
identify exposed collagen as the central trigger arresting platelets and initiating subsequent
PA in a CypD- and TMEM16F-dependent manner both in vivo and in vitro. Platelet PA
promotes binding of the prothrombinase complex to the platelet membrane, greatly
enhancing thrombin activity and resulting in fibrin formation. PA of migrating platelets is
initiated by costimulation via integrin aIIbb3 (GPIIBIIIA)/Ga13-mediated outside-in signaling
and glycoprotein VI signaling, leading to an above-threshold intracellular calcium release. This
effectively targets the coagulation cascade to breaches of vascular integrity identified by

patrolling platelets. Platelet-specific genetic loss of either CypD or TMEM16F as well as combined blockade of platelet
GPIIBIIIA and glycoprotein VI reduce platelet PA in vivo and aggravate pulmonary inflammatory hemorrhage. Our
findings illustrate a novel role of procoagulant platelets in the prevention of inflammatory bleeding and provide evidence
that PA of patrolling platelet sentinels effectively targets and confines activation of coagulation to breaches of vascular
integrity.

Introduction
Platelets, the second most abundant cell type in peripheral blood,
preserve integrity of the injured vessel wall by forming hemostatic
clots but also contribute to occlusive thrombus formation, causing
ischemia and organ damage.1 Evidence has emerged that plate-
lets are important beyond classical thrombosis and hemostasis
and are uniquely positioned at the nexus of the vascular immune
response.2-4 Platelets exert a plethora of important functions in
inflammatory conditions, including the recruitment and activation
of blood leukocytes into inflamed tissue,5-7 the scavenging and
killing of microorganisms to prevent pathogen spreading,8-10 and
antigen presentation to adaptive immune cells.11-13 Upon systemic
dysregulation of the inflammatory response, platelet response and
activating potential may, however, be detrimental to the host.
Recent work has established platelets as prothrombotic and proin-
flammatory drivers of COVID-19, promoting disseminated clot for-
mation through degranulation as well as neutrophil recruitment,

hyperactivation, and neutrophil extracellular trap formation in
severely affected patients.14-16 Interestingly, platelets recruited in
inflammation use receptors, pathways, and effector functions that
are at least in part distinct from those operating during classical
thrombosis and hemostasis, underlining the importance of under-
standing these processes in greater detail.10

One hallmark of inflammation is increased vessel permeability and
predisposition for microbleeds. Inflammatory bleeding occurs in
tissues that possess a vast network of microcirculation, such as
the skin, gastrointestinal mucosa, and lung,17 and most frequently
affects critically ill patients who require intensive care treat-
ment.18-20 Interestingly, inflammatory bleeding is mainly attributed
to neutrophil transmigration through inflamed endothelium, sub-
sequent generation of microvascular defects, and ensuing leakage
of plasma contents and red blood cells (RBCs).17,21-24 Recently,
we showed that immune-responsive platelets use cytoskeletal
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protrusions to sense and migrate along adhesive gradients.8 Plate-
lets use their migratory capacity to reposition themselves to sites
of vascular injury and leukocyte diapedesis, where they prevent
neutrophil-induced microbleeds and bacterial dissemination
alike.8 We provided evidence that loss of the ability to migrate
aggravated both pulmonary and microvascular hemorrhage in
models of lipopolysaccharide (LPS)-induced inflammation. How-
ever, the mechanisms by which single platelets plug the endothe-
lial holes left behind by transmigrating neutrophils remain
insufficiently understood.17 Studies have revealed considerable
heterogeneity as well as redundancy in platelet receptors neces-
sary to prevent inflammatory bleeding, with variety depending on
both injury type and vascular bed.22,25-28 Under specific inflamma-
tory conditions, platelet secretion and release of angiopoetin-1
can enhance local vascular integrity.27,29 However, the importance
of plasmatic coagulation factors and the mechanisms that aid
platelets in inflammatory hemostasis remain elusive.

Here, we show that blockade of plasmatic coagulation through
factor II or X inhibition aggravates alveolar inflammatory bleeding.
In the inflamed mesenteric vasculature, we detect fibrin(ogen)-
and phosphatidylserine (PS)-positive platelets, a hallmark of plate-
let procoagulant activation (PA). These procoagulant platelets,
which we visualize using a novel, highly sensitive PS-binding
agent,30 bind clotting factors to locally build up microthrombi that
prevent inflammatory bleeding. Genetic ablation of procoagulant
platelet activation by targeting mitochondrial cyclophilin D (CypD)
or membrane scramblase TMEM16F exacerbates inflammatory
hemorrhage in the lung without affecting leukocyte transmigration
and, specifically, neutrophil recruitment. We show that encounter
of subendothelial collagen triggers arrest of migrating platelets
and initiates a procoagulant response both in vitro and in vivo.
This effect involves costimulation via integrin aIIbb3 (GPIIBIIIA)/
Ga13-mediated outside-in signaling and glycoprotein VI (GPVI)
signaling, leading to an above-threshold intracellular calcium
release. Targeting Ga13 and blocking GPVI or GPVI-associated
downstream kinases in migrating platelets reduce platelet calcium
peaks and PA. Finally, we confirm that combined pharmacological
targeting of GPIIBIIIA and GPVI reduces platelet PA in vivo and
exacerbates alveolar hemorrhage.

Methods
Detailed methodology is provided in the supplemental Data
(available on the Blood Web site).

Generation of fibrin(ogen), albumin, and
collagen surfaces
Custom-made chambers for coating with fibrin(ogen), albumin,
and collagen were generated as previously described.8,9 In brief,
coverslips (no. 1.5, D263T; Nexterion) were washed with 20%
HNO3, rinsed with clean H2O for 1 hour each, subsequently air-
dried and silanized with HMDS (Sigma) by spin coating for 30 sec-
onds at 80 revolutions/sec. Ibidi sticky slide plastic channels (VI0.4,
#80608) were subsequently attached to the silanized coverslip.
Coverslips were then coated with 37.5 mg/mL AF-conjugated or
unconjugated fibrinogen, 0.2% human serum albumin, and/or
Horm collagen I (25 mg/mL) solved in modified Tyrode’s buffer
(pH 7.2) for 15 minutes at room temperature. Fibrin surfaces were
generated by addition of thrombin (1 U/mL), calcium (1 mM), and
platelet-poor plasma. For some experiments, commercial flow

chambers were coated with fibrinogen, collagen I, or a mixture
without previous washing steps (Ibidi VI0.4 ibitreat slides, #80606).

Acute lung injury model
Subacute lung injury models were performed as described previ-
ously.8 In brief, mice were anesthetized, and 20 mg of Escherichia
coli-derived LPS (O111:B4; Sigma) was applied intranasally. Anes-
thesia was antagonized immediately. In some experiments, mice
received anticoagulants or platelet inhibitors by intravenous or
subcutaneous injection: GPIIBIIIA inhibitor tirofiban (0.5 mg/kg
body weight [BW]), factor Xa inhibitors rivaroxaban (3 mg/kg BW),
and enoxaparin (10 mg/kg BW subcutaneously) or factor IIa inhibi-
tor argatroban (5 mg/kg BW). For compounds with a short half-
life, injections were repeated 4 and 8 hours after LPS application.
Twenty-four hours after LPS treatment, mice were euthanized by
cervical dislocation. Bronchoalveolar lavage (BAL) fluid was col-
lected by intratracheal flushing with 2 3 1 mL 1% BSA containing
2 mM EDTA. Subsequently, aliquots of BAL fluids (BALF) were
stained with antibodies and analyzed by flow cytometry or soni-
cated to assess hemoglobin content by fluorescence absorption
using a Tecan Infinite F200 plate reader (405 nm). Buffer-only con-
taining wells were used to normalize samples against background
absorbance. BALF was only included in the analysis if at least half
of the applied volume was recovered (.1 mL). In some animals,
instead collecting BALF, lungs and abdominal organs were surgi-
cally removed, fixated in 4% PFA for 1 hour, dehydrated in 30%
sucrose overnight, and cryoembedded. Histopathological staining
and analyses are described in the supplemental Data.

Mesentery live imaging
Animals were injected with 1 mg/kg BW of LPS intraperitoneally.
After 2 hours, mice were anesthetized, and antibodies against
Gp1b on platelets (X488 or X649, emfret, 20 mg) or Ly6G on neu-
trophils (Ly6G, clone 1A8, 4 mg; Biolegend) as well as Annexin
V-AF649 or Annexin V-FITC (50-80 mL corresponding to approxi-
mately 10-15 mg [batch-dependent concentration], Biolegend) or
C1 multimer-AF649 (15 mL corresponding to 7 mg; mC1 multi-
mers are commercially available through Biolegend as Apo-
tracker Tetra reagents) were injected via the tail vein. In some
experiments, 80 mg of fibrinogen-AF546 conjugate was injected
intravenously. After ensuring adequate analgesia, laparotomy
was performed, and the bowel was exteriorized and placed on a
prewarmed glass cover slip. Mesenteric vessels were subse-
quently exposed on the coverslip. Tissue paper prewet with 37�C
warm phosphate-buffered saline was used to fixate the exposed
bowel in place. Imaging was performed using a Zeiss LSM 880
confocal microscope in either AiryScan Fast mode or AiryScan
Superresolution mode.

Results
Both thrombocytopenia and anticoagulation
aggravate inflammatory bleeding
Platelets are crucial for preventing leukocyte diapedesis-inflicted
microbleeding in inflammation. Pulmonary LPS challenge in-
duced alveolar neutrophil recruitment and subsequent hemor-
rhage, resulting in a proinflammatory cytokine signature in the
lung (supplemental Figure 1A-D). Confirming previous findings,24

antibody-induced thrombocytopenia aggravated pulmonary
bleeding in our model of LPS-induced lung injury (Figure 1A-B).
Alveolar hemorrhage in thrombocytopenic animals was severe
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enough to cause anemia in some animals (Figure 1C) but did not
cause alterations in pulmonary leukocyte recruitment (Figure 1C-E;
supplemental Figure 1E).

We and others have shown that single platelets promote vascu-
lar homeostasis in the setting of inflammation, ensuring the
effective sealing of transendothelial migration sites.8,17,21,22,31

Recently, we demonstrated that migration and haptotaxis are
essential for vasculoprotective effects of single platelets in
microvascular inflammation of both the lung and skeletal
muscles.8 To understand how platelets prevent inflammatory
bleeding once positioned at extravasation sites, we studied
platelets in the inflamed lung using high-resolution immunofluo-
rescence-based imaging of lung slices (Figure 1F). Recruited
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platelets stained positive for fibrin(ogen), with evidence of fibrin
fibers associated with platelets (Figure 1F). Accordingly, platelet
recruitment and platelet fibrin(ogen) association were enhanced
under inflammatory conditions (Figure 1F-G). Fibrin(ogen) depo-
sition in the inflamed lung was markedly reduced in platelet-
depleted septic animals (Figure 1H-I), suggesting close interplay
of platelets and coagulation.

To assess whether plasmatic coagulation cascades and down-
stream fibrin formation contribute to prevention of inflammatory
bleeding, we treated Bl6 mice with the clinically approved factor
IIa or factor Xa antagonists argatroban, enoxaparin, or rivaroxa-
ban, respectively, and subsequently challenged them with LPS
intranasally (Figure 1J; supplemental Figure 1F-J). Treatment with
both factor IIa and Xa inhibitors aggravated alveolar hemorrhage,
as assessed by flow cytometry of bronchoalveolar lavage (BAL)
fluid (Figure 1K-L; supplemental Figure 1F-I). Notably, peripheral
platelet and leukocyte counts as well as platelet-neutrophil aggre-
gate (PNA) formation were not affected by treatment (supple-
mental Figure 1J). Histopathological analysis of LPS-challenged
lungs confirmed a significant increase in alveolar hemorrhage in
mice that had received argatroban, enoxaparin, or rivaroxaban
(Figure 1M-O; supplemental Figure 1K-M). In contrast, alveolar
leukocyte recruitment did not differ between treatment groups,
suggesting that anticoagulation does not interfere with transen-
dothelial migration and that the observed effect was not due to
increased neutrophil diapedesis (Figure 1L-O; supplemental Fig-
ure 1K-M). Treatment of isolated platelets with either inhibitor did
not affect their ability to migrate in vitro, emphasizing that the
observed increase in bleeding was not due to loss of migratory
capacity (supplemental Figure 1N-O). These findings suggest an
essential, possibly platelet-dependent role for plasmatic coagula-
tion in preventing inflammatory bleeding in the lung.

Inflammation induces single procoagulant
platelets that form fibrin(ogen)-positive
microthrombi in vivo
Platelets promote coagulation by turning procoagulant through
exposure of PS and by binding of prothrombinase complex
on their membranes, boosting local thrombin generation.32,33

Procoagulant platelet activation occurs upon dual stimulation
with strong agonists and can be augmented by mechanical stress
such as locally increased shear,32-36 but the impact of systemic
factors and inflammation are unknown. We have recently de-
scribed the generation of a novel, lactadherin-based compound
for the detection of PS, the key marker for procoagulant plate-
lets.30 Here, we used biotinylated murine lactadherin C1 domains
multimerized using Streptavidin (C1) and found that this com-
pound sensitively and accurately detected PS1 platelets at lower
concentrations than annexin V (supplemental Figure 2A-E)
in vitro.30 To investigate whether local procoagulant platelet acti-
vation occurs under inflammatory conditions in vivo, we per-
formed 4-dimensional live imaging of mesenteric postcapillary
venules after intraperitoneal LPS injection (Figure 2A). Intravenous
injection of C1 or Annexin V revealed hardly any PS1 platelets in
control mice, but readily detected PS1 platelet balloons bound to
the inflamed vessel wall of mesenteric venules in septic animals
(Figure 2B-C; supplemental Video 1; supplemental Figure 2F).

Analysis of motility patterns of platelets in sham- vs LPS-treated
animals revealed significant increases in adhering, migrating,
and, specifically, procoagulant platelets (Figure 2C-D). Migrating
platelets remained stationary once they turned procoagulant
(Figure 2D; supplemental Video 1; supplemental Figure 2F).
Most adherent, stationary procoagulant platelets were found to
be fibrin(ogen)-positive (Figure 2E-F). In line, inflammation-
associated deposition of fibrin(ogen) along the endothelial
lumen was pronounced in regions were procoagulant platelets
were binding (Figure 2G-I). Confirming these observations, most
fibrin(ogen)-positive platelets in the inflamed lung were found to
be procoagulant (supplemental Figure 2G).

Previous studies have established that the peritoneum is not a
major site of inflammatory bleeding, even though thrombocyto-
penia does increase vascular permeability in peritonitis.22,37 In
thrombocytopenic animals, we found that LPS-induced peritoni-
tis was associated with abdominal microbleeding (supplemental
Figure 2H-M). Notably, thrombocytopenia also reduced intraper-
itoneal neutrophil recruitment, possibly explaining the relatively
modest bleeding phenotype in platelet-depleted mice, which
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was not significantly affected by neutrophil depletion (supple-
mental Figure 2H-K).22

The factors that induce platelet PA in inflammation are unknown.
When staining mesenteric vessels for procoagulant platelets, we
frequently found single PS1 and fibrin(ogen)1 procoagulant pla-
telets in close association with the collagen-positive subendo-
thelial matrix in septic mice (Figure 2J; supplemental Figure 2N).
This was in part dependent on immune cell recruitment because
neutrophil-depleted LPS-treated animals exhibited reduced
intravascular fibrin(ogen) depositions (supplemental Figure 2M).
We therefore hypothesized that exposure of subendothelial
matrix proteins upon transendothelial leukocyte migration and
inflammation-mediated vascular injury would lead to procoagu-
lant activation and arrest of migrating platelets.

Migrating platelets turn procoagulant upon
sensing collagen
To reconstruct the inflammatory microenvironment in vitro, we
designed a hybrid substrate consisting of albumin, fibrinogen,
and collagen I fibers, mimicking exposure to extracellular matrix
proteins observed in severe inflammatory endotheliopathy
(Figure 3A).17 When encountering collagen fibers, the character-
istic half moon–like shape of migrating platelets was rapidly
replaced by a balloon-like morphology with extensive microve-
sicle formation and PS exposure (Figure 3B), known hallmarks of
procoagulant platelets.32,33 PA of migrating platelets was spe-
cific to sensing collagen fibers because migrating platelets that
did not encounter collagen fibers barely adopted a procoagu-
lant phenotype (Figure 3C-E). In line, actin-related protein 2/3
complex subunit 2 (Arpc2)-deficient platelets, which are unable
to migrate,8,9 showed significantly lower PA levels compared
with platelets from Cre-negative littermates when adhering to
the hybrid substrate. However, they retained their procoagulant
potential when exposed to purified collagen fibers or soluble
agonists (Figure 3F; supplemental Figure 3A-C). In addition to
morphological changes, relative and absolute velocity as well as
migration distance of human platelets that had become procoa-
gulant decreased significantly, essentially arresting them at the
site of collagen encounter (Figure 3G-H). Exposure of mouse
platelets to collagen fibers in solution did not provoke procoa-
gulant activity or fibrin(ogen) binding, underlining a role for
mechanosensing (supplemental Figure 3D-F). In contrast to pub-
lished assays using platelets in suspension, procoagulant func-
tion of migrating platelets was independent of the presence of
soluble agonists in our assay.38,39 Clinically used antiplatelet
drugs such as terutroban, cangrelor, and vorapaxar, which inhibit
thromboxane, ADP receptor P2Y12, and protease-activated
receptor 1 (PAR1), respectively, did not affect migratory capacity
or platelet PA in vitro (supplemental Figure 3G). Likewise, inhibi-
tion of PAR4, previously shown to affect platelet PA during
human thrombus formation,40 or simultaneous inhibition of
PAR1 and PAR4 had no effect (supplemental Figure 3H). Given
the proximity of procoagulant platelets and both intravascular
and pulmonary fibrin(ogen) observed in vivo, we investigated
the contribution of PA-associated secretion of fibrin(ogen)-
containing a-granules. In vitro, we did not observe substantial
endogenous fibrin(ogen) secretion around migrating or procoa-
gulant platelets, suggesting that deposited fibrin(ogen) origi-
nates from other sources (supplemental Figure 3I-J).

Cyclophilin D (CypD) and transmembrane protein 16F (TMEM16F)
are central drivers of platelet PA. While CypD promotes mitochon-
drial depolarization and supramaximal intracellular calcium bursts,
TMEM16F mediates platelet PS exposure.33,35,38,41-46 To geneti-
cally ablate procoagulant platelet activation, we generated trans-
genic mice with platelet- and megakaryocyte-specific knockouts of
CypD (PF4cre-CypDfl/fl) and TMEM16F (PF4cre-TMEM16Ffl/fl). Ani-
mal weight, peripheral platelet, RBCs, and leukocyte counts at
baseline as well as expression of several key platelet receptors did
not differ between Cre-positive and negative animals of either
mouse line (supplemental Figure 4A-F). Tail bleeding experiments
revealed no significant differences in bleeding time in either
PF4cre-CypDfl/fl or -TMEM16Ffl/fl animals, with TMEM16F-
deficient mice exhibiting a nonsignificant trend toward longer
time to hemostasis (supplemental Figure 4G-H). Arterial thrombus
formation was impaired in both mouse lines when we injured the
carotid endothelium using ferric chloride, confirming previous
observations (supplemental Figure 4I-L).39,47

Combined exposure of isolated CypD- or TMEM16F-knockout pla-
telets to strong agonists such as PAR agonist thrombin and GPVI
agonist convulxin yielded significantly lower PS expression levels,
consistent with reduced procoagulant potential in suspension for
both mouse lines (Figure 4A-B; supplemental Figure 4C,F). Despite
reduced PA, both CypD- and TMEM16F-deficient platelets
retained migratory capacity (Figure 4C-D). As reported earlier,47

CypD2/2 and TMEM16F2/2 platelets exerted intact degranulation
and integrin activation, as measured by P-selectin and activated
GPIIBIIIA expression, respectively (supplemental Figure 4B-C,E-F).
When encountering collagen fibers, migrating TMEM16F knockout
platelets exhibited a characteristic morphological phenotype with
formation of string-like filopodia but were unable to form PS1 bal-
loons (Figure 4D; supplemental Figure 4M-N). In line with previous
findings,42 TMEM16F2/2 platelets were incapable of releasing
microvesicles (supplemental Figure 4M-N).

Pharmacological inhibition of CypD and TMEM16F using cyclo-
sporin A and niflumic acid, respectively, significantly reduced PA
of migrating mouse platelets without affecting migratory capacity
(Figure 4E-F). We reproduced this observation when we inhibited
CypD and TMEM16F in human platelets (Figure 4G). PS1 platelets
predominantly stained caspase-negative, pointing toward a pro-
coagulant, not apoptotic phenotype (supplemental Figure 4O-P).
However, we also observed single platelets positive for phosphati-
dylserine with signs of caspase activation, and treatment of migrat-
ing platelets with the pan-caspase inhibitor Q-VD-OPh reduced
PA to some extent (supplemental Figure 4Q).32,38,48

To confirm that genetic ablation of either CypD or TMEM16F
led not only to a decrease in platelet PA and PS exposure but
also to a functional decline in procoagulant function, we incu-
bated wild-type and knockout platelets with a fluorescent probe
indicating thrombin turnover (Figure 4H). Loss of either protein
led to decreased platelet PA and a significant decrease in
thrombin turnover (Figure 4H-I; supplemental Figure 4R). We
observed a reduced fraction of thrombin-positive procoagulant
platelets specifically in procoagulant platelets derived from
PF4cre-TMEM16Ffl/fl mice, indicating that the inability to flip PS
to the outer membrane layer also functionally reduces binding
of coagulation factors (Figure 4I; supplemental Figure 4R). In
summary, we show that immune-responsive platelets become
procoagulant independent of soluble agonist stimulation upon
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encountering collagen in vitro and the subendothelial matrix of
inflamed vessels in vivo.

Genetic ablation of platelet PA aggravates
inflammatory bleeding
Next, we hypothesized that platelets serve as motile sentinels
targeting the coagulation cascade to sites of inflammatory injury,
thereby preventing microbleeds. To study this, we performed
acute lung injury experiments on both PF4cre-CypDfl/fl and
PF4cre-TMEM16Ffl/fl mouse lines. Platelet-specific genetic abla-
tion of CypD aggravated alveolar hemorrhage 24 hours after
LPS exposure (Figure 5A-C). This increase in pulmonary bleeding
was not due to blunt vascular trauma, as shown by the low
counts of single, non–leukocyte-bound platelets in bronchoal-
veolar lavage fluid (Figure 5C; supplemental Figure 5A-B). Nei-
ther peripheral platelet nor leukocyte counts were significantly
altered after acute lung injury, excluding thrombocytopenia or
leukocytosis as possible causes of increased pulmonary bleed-
ing; the number of infiltrating neutrophils did not differ either
(supplemental Figure 5A-B). Immunofluorescence stainings of
LPS-challenged lungs confirmed a significant increase in alveolar
hemorrhage in mice with CypD-deficient platelets, whereas

neither pulmonary platelet nor neutrophil recruitment differed
between genotypes (Figure 5D-F).

Pulmonary LPS exposure of PF4cre-TMEM16F2/2 animals phe-
nocopied the effects observed in CypD-deficient mice. Both
flow cytometric and histological analysis of alveolar hemorrhage
showed marked increases in pulmonary bleeding (Figure 5G-L).
Free-floating platelets were hardly detected in BALF, whereas
most infiltrating neutrophils were platelet-coated (Figure 5I; sup-
plemental Figure 5C). In accordance with results derived from
CypD-deficient mice, neither platelet and neutrophil recruitment
to the lung nor peripheral platelet and leukocyte counts in
platelet-specific TMEM16F-knockout animals revealed any differ-
ences 24 hours after LPS exposure (Figure 5I,K; supplemental
Figure 5D). These data suggest that platelet PA is an important
effector function of platelets in inflammation, aiding in the pre-
vention of transmigration-associated pulmonary hemorrhage.

Impact of genetic targeting of PA pathways on
platelet calcium oscillations
We next sought to elucidate cellular pathways triggering pro-
coagulant function in inflammation. PA depends on the ability of
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Figure 4 (continued) Student’s t test, two-tailed, unpaired. (C-D) Representative micrographs of isolated murine platelets from platelet-specific CypD- (C) or TMEM16F-
(D) knockout mice migrating on an albumin/fibrinogen/collagen I hybrid matrix. Quantification of platelet procoagulant activity and cleared area (as a surrogate for
migration length) depicted as SuperPlots, with individual circles indicating individual images and the error bars corresponding to the mean data of 6 images of n 5 3
to 4 mice per Cre-positive or -negative group. White dashed lines indicate collagen fibers. White arrowheads indicate migrating platelets with collagen contact but
without procoagulant activity. White stars indicate procoagulant platelets. Bar represents 25 (left panel) and 15 mm (right panel). PS staining agent: mC1. Student’s
t test, two-tailed, unpaired. (E) Experimental scheme of migration assay on hybrid matrix with targeting of platelet PA-promoting pathways. (F-G) Quantification of
procoagulant platelets and cleared area by murine (F) and human platelets (G) treated with inhibitors of CypD (cyclosporine A, CicA, 2 mM) or TMEM16F (niflumic acid
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stained for CD41 and PS (mC1) and incubated with an internally quenched 5-FAM/QXL 520 FRET substrate indicating thrombin activity. White arrowhead indicates a
procoagulant, thrombin-positive platelet. Bar represents 10 mm. See supplemental Figure 4R for detailed images. (I) Cell-based quantification of thrombin-positive cells/
FOV and the fraction of thrombin-positive cells as percentage of procoagulant platelets. Per condition, .100 cells from at least n 5 2 animals were analyzed. One-way
ANOVA with Holm-�S�ıd�ak's multiple comparisons test compared with control groups.
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Figure 5. Genetic ablation of platelet PA aggravates inflammatory bleeding. (A) Experimental scheme for acute lung injury in platelet-specific CypD-knockout mice.
(B) Representative image of BALF from platelet-specific CypD-knockout mice and Cre-negative littermates. (C) Flow cytometric analysis of RBC and platelet counts in BALF.
Student’s t test, two-tailed, unpaired. (D) Representative micrograph of immunofluorescence-stained lung slices from CypD-knockout mice and Cre-negative control animals. Bar
represents 100 mm. (E) Histological quantification of alveolar hemorrhage (TER1191 area) as well as pulmonary neutrophil and platelet recruitment. Student’s t test, two-tailed,
unpaired. (F) Magnified excerpts of representative micrographs, corresponding to white rectangle in Figure 5D. Bar represents 50 mm. (G) Experimental scheme for acute lung
injury in TMEM16F-knockout mice. (H) Representative image of BALF from platelet-specific TMEM16F-knockout mice and Cre-negative littermates. (I) Flow cytometric analysis of
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the individual platelet to rapidly increase cytosolic calcium levels,
with a recent study describing “supramaximal calcium bursts”44

within the range of 100 mM, exceeding normal intracellular levels
by far. In migrating platelets, we observed rhythmic calcium
oscillations throughout the course of migration on fibrinogen
and albumin matrices (supplemental Figure 6A). When migrating
platelets hit collagen fibers, instant intracellular calcium bursts
occurred (Figure 6A-B; supplemental Video 2). These calcium
bursts preceded both morphological changes (ballooning and
microvesiculation) and the exposure of phosphatidylserine,
which was exteriorized following maximum calcium bursts
(Figure 6A-B; supplemental Video 2).

To investigate the impact of CypD- and TMEM16F-deficiency
on calcium currents of migrating platelets, we performed addi-
tional live imaging experiments. Migrating platelets from both
wild-type and CypD- or TMEM16F-deficient mice exhibited simi-
lar baseline calcium oscillation profiles (Figure 6C). Both calcium
oscillation frequency and mean oscillation amplitudes did not
differ between genotypes (Figure 6D). However, in contrast to
both control and TMEM16F-deficient platelets, migrating CypD-
deficient platelets continued to show rhythmic calcium oscilla-
tions despite ongoing physical interaction with collagen (Figure
6E-F; supplemental Figure 6B-E). Consequently, we hardly
detected supramaximal calcium bursts in CypD-deficient plate-
lets in contact with collagen fibers, confirming CypD-dependent
mitochondrial depolarization to be crucial for PA of migrating
platelets without affecting baseline oscillations necessary for
migratory capacity (Figure 6F). The few CypD-deficient platelets
mounting a procoagulant activation response took longer to
achieve supramaximal calcium peaks (supplemental Figure
6C-E), suggesting compensatory calcium currents in the absence
of the CypD-dependent mitochondrial permeability transition
pore formation43 (supplemental Figure 6F-G). In contrast to
CypD-deficient platelets, TMEM16F-deficient platelets turning
procoagulant also exhibited supramaximal calcium currents,
confirming that calcium peaks precede scramblase activity
(Figure 6F; supplemental Figure 6D-E).46,49 Notably, single inhi-
bition of calcium currents such as store-operated, mitochondrial,
or extracellular calcium entry44 reduced PA without affecting
migratory capacity, which was only attenuated when all 3 sour-
ces of calcium were blocked simultaneously. This suggests func-
tional redundancy of the individual calcium currents in
maintaining migratory capacity (supplemental Figure 6F-G).

Pharmacological inhibition of platelet PA by
combined GPIIBIIIA and GPVI blockade
aggravates inflammatory bleeding in vivo
Next, we investigated which platelet activation pathways and
receptors are crucially involved in platelet PA upon migration
and collagen sensing. We have previously shown that platelet

migration depends on GPIIBIIIA activation (supplemental Figure
7A-B) as well as actin-myosin networks.8,9 In line, downstream
inhibition of Rho kinase, phospholipase Cg, myosin light chain,
and Rac1,1,50 inhibited platelet migration reduced the likelihood
of encountering collagen fibers and, consequently, reduced
platelet PA (supplemental Figure 7C-D). Because platelets in
solution showed no procoagulant function in the presence of
fibrinogen and collagen (compare supplemental Figure 3D-F),
we hypothesized that GPIIBIIIA-dependent mechanosensing
might influence PA.34,51 Indeed, when we partially inhibited
mechanosensitive GPIIBIIIA outside-in signaling by targeting
Ga13, platelet PA was effectively inhibited while platelet migra-
tion remained intact despite characteristic morphological
changes51,52 (Figure 7A-B; supplemental Figure 7E-F). The sig-
nificant increase in migration was likely due to reduced PA on
collagen-coated matrices because mP6-treated platelets moving
on fibrinogen/albumin matrices did not migrate farther than
their respective controls (supplemental Figure 7G).

Seminal studies have established that fibrin(ogen) is also bound
by collagen receptor GPVI and that platelet activation and sub-
sequent thrombin turnover are increased upon GPVI-mediated
fibrin(ogen) sensing.53-56 The impact of GPVI on PA of migrating
platelets, however, remains elusive. Inhibition of GPVI signaling
using either an anti-GPVI antibody or the novel Syk kinase inhibi-
tor BI-1002494 diminished mouse platelet PA (Figure 7A-B).
Interestingly, migratory capacity of murine platelets decreased
only when using higher doses of BI-1002494, whereas increas-
ing concentrations of GPVI-blocking JAQ1 had no such effect
(supplemental Figure 7H-I). This indicates that GPVI-mediated
fibrinogen binding is dispensable for platelet migration in vitro.
Modulating GPIIBIIIA-Ga13 signaling or GPVI signaling in
human platelets also attenuated PA without affecting migration
(Figure 7C). In contrast, treatment of human platelets with the
small molecule antagonist TC-I15, which inhibits the collagen
receptor integrin a2b1, had no effect on PA, indicating that
collagen sensing through this receptor is not required for PA of
migrating platelets (supplemental Figure 7J).

Time-lapse microscopy of platelets treated with low-dose GPII-
BIIIA outside-in signaling inhibitors or GPVI antagonists revealed
no alterations in amplitude and frequency of calcium oscillations
but showed that treated platelets that encountered collagen
fibers did not mount supramaximal calcium bursts (Figure 7D-E;
supplemental Figure 7K-L; supplemental Video 3). This finding
highlights that co-engagement of GPVI and GPIIBIIIA outside-in
signaling triggers supramaximal calcium release and, in turn,
platelet PA. Strikingly, inhibition of both pathways resulted in
additive suppression of procoagulant function, whereas migra-
tory capacity was retained (supplemental Figure 8A-B).

Figure 6. Impact of genetic and pharmacological targeting of PA pathways on platelet calcium oscillations. (A) Representative images of time-lapse microscopy of
migrating human platelets and respective calcium oscillations (green) and PS exposure (annexin V, pink). PH, phase contrast. Bar represents 10 mm. White boxes
indicate the area of measurement analyzed in (B). See supplemental Video 2 for corresponding live imaging. (B) Intensity projection for calcium (blue) and PS
signal intensity (red) over time as % of maximum intensity for cells 1 to 3. (C) Representative calcium oscillation profiles of migrating platelets from CypD- or TMEM16F-
deficient compared with platelets from PF4cre-negative animals. (D) Quantification of mean normalized calcium amplitudes and calcium peak frequency measured from
mouse platelets across genotypes. n 5 103 individual platelets. One-way ANOVA with Holm-�S�ıd�ak's multiple comparison test. (E) Representative micrographs and cal-
cium (blue) and PS intensity profiles (mC1, red) derived from live imaging of the 2 CypD-deficient mouse platelets indicated by white boxes. Bar represents 10 mm.
Arrows indicate the beginning of contact to collagen fibers. (F) Relative quantification of percentage of supramaximal calcium peaks of all collagen-associated mouse platelets as
well as relative quantification of supramaximal calcium peak-positive procoagulant platelets. Individual dots represent percentages derived from individual time-lapse microscopy
videos. Platelets were isolated from n5 2 to 3 mice/group. PS staining agent: mC1. One-way ANOVA with Holm-�S�ıd�ak's multiple comparisons test.
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Figure 7. Pharmacological ablation of platelet PA through simultaneous GPIIBIIIA and GPVI inhibition aggravates inflammatory bleeding. (A) Experimental
scheme of migration assay on hybrid matrix with targeting of platelet receptors and signaling cascades. (B-C) Quantification of procoagulant platelets and cleared area by
murine (B) and human platelets (C) treated with inhibitors of GPVI signaling (BI-1002494 5 Syk inhibitor, 5 mM; JAQ1 5 GPVI-blocking antibody, 10 mg/mL) or GPIIBIIIA
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Finally, we sought to confirm the identified pathways in vivo.
We first evaluated the effective blockade of GPIIBIIIA and deple-
tion of GPVI in mice by using the clinically available integrin
antagonist tirofiban57 and a GPVI-depleting antibody (JAQ1),
respectively58 (Figure 7F; supplemental Figure 8C-G). While
intraperitoneal injection of JAQ1 reduced the surface expression
of GPVI (supplemental Figure 8C-D), tirofiban treatment effec-
tively blocked integrin activation in thrombin- and convulxin-
activated mouse platelets (supplemental Figure 8E-F). Tirofiban
did not affect murine or human platelet migration in vitro at the
indicated concentrations but reduced procoagulant potential;
this effect was further enhanced upon dual blockade with both
tirofiban and JAQ1 (supplemental Figure 8A-B,G).

When we performed acute lung injury experiments on Bl6 mice
treated with JAQ1, tirofiban, or both, only simultaneous block-
ade of GPIIBIIIA and GPVI aggravated alveolar hemorrhage 24
hours after LPS challenge (Figure 7F-H). Alveolar neutrophil
recruitment did not differ (Figure 7H). Although most neutro-
phils were coated with platelets, we detected few free-floating

platelets in BALF, excluding BAL contamination by traumatic
vessel leakage (Figure 7H). Flow cytometry of blood samples
revealed a significant decrease in circulating procoagulant plate-
lets only in mice receiving dual treatment (Figure 7I). Circulating
procoagulant platelet counts negatively correlated with exces-
sive alveolar hemorrhage (Figure 7J). Apart from GPVI expres-
sion, we detected no differences in platelet receptor surface
expression and PNA formation across treatment groups, and
clinical status remained similar between treatment conditions
(supplemental Figure 8H-K). Histologically, we confirmed
increased alveolar hemorrhage upon dual inhibition but did not
detect any differences in pulmonary neutrophil and platelet
recruitment or PNA formation (Figure 7K-N). We also depleted
GPIIBIIIA and GPVI and challenged mice with intraperitoneal
LPS injections (supplemental Figure 8L-R). PA of both circulating
and adherent platelets was effectively reduced, and we
detected an increase in mesenteric microbleeding in our model,
suggesting that platelet PA may be involved in maintaining
vascular homeostasis in mesenteric inflammation (supplemental
Figure 8M-R).
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Figure 7 (continued) outside-in signaling (mP6 5 Ga13 inhibitor, 20 mM). One-way ANOVA with Holm-�S�ıd�ak's multiple comparisons test. (D) Representative images of
time-lapse microscopy of migrating human platelets and respective calcium oscillations (blue) and PS exposure (red) recorded after 0, 2, and 8 minutes of migration. Bar
represents 10 mm. White boxes indicate the area of measurement depicted next to micrographs. See supplemental Video 3 for corresponding live imaging. (E) Upper panel:
Quantification of calcium peaks of migrating human platelets treated with vehicle, mP6 (20 mM) or BI-1002494 (2.5 mM). Lower panel: Relative quantification (%) of migrating,
collagen-associated platelets treated with vehicle, mP6, or BI-1002494 that express supramaximal calcium peaks upon collagen contact (n 5 5-6 videos from n 5 2-3 mice per
condition with a total of .100 platelets were analyzed). One-way ANOVA with Holm-�S�ıd�ak's multiple comparisons test. (F) Experimental scheme for acute lung injury in Bl6
mice treated with JAQ1, a GPVI-blocking antibody, or isotype (red arrow) 72 hours prior to LPS challenge (blue arrow) and vehicle or tirofiban injections (red arrows) at 0, 4, and
8 hours after LPS challenge. (G) Representative image of BALF collected from different experimental groups. (H) Assessment of Hb absorption and flow cytometric analysis of
RBC, polymorphonuclear, and platelet counts in BALF (n 5 4 mice per group). One-way ANOVA with Holm-�S�ıd�ak's multiple comparisons test compared with control groups. (I)
Flow cytometric measurement of circulating procoagulant platelets in peripheral blood, normalized to counting beads. Student’s t test, two-tailed, unpaired. (J) Linear regression
analysis of the correlation of circulating procoagulant platelets and inflammatory bleeding severity as assessed by RBC count/mL BALF. (K) Representative micrograph of
immunofluorescence-stained lung slices from IgG2a and vehicle vs JAQ1 and tirofiban-treated animals. Bar represents 100 mm. (L) Quantification of alveolar hemorrhage
(TER1191 area) as well as pulmonary platelet and neutrophil recruitment. PS staining agent for all experiments shown in Figure 7: mC1. n 5 4 mice per group. Student’s t test,
two-tailed, unpaired. (M) Magnified excerpts of representative immunofluorescence stainings, corresponding to white rectangles in Figure 7K. Bar represents 50 mm. (N)
Histopathological quantification of pulmonary PNAs per FOV 24 hours after LPS challenge. Student’s t test, two-tailed, unpaired.
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In summary, pharmacological inhibition of procoagulant platelet
activation by dual targeting of GPIIBIIIA and GPVI reduced
platelet PA in vivo and exacerbated inflammatory microbleeding
in both lung and mesentery.

Discussion
Platelets are uniquely positioned to be vascular first responders
due to their short reaction time and abundancy in peripheral
blood. Recent work has revealed that platelets recruited to sites
of inflammation behave differently using a distinct set of recep-
tors and signaling pathways. In contrast to classical thrombus
formation, single platelets are recruited to the vascular endothe-
lium under inflammatory conditions.8,22 These platelets crucially
maintain vascular integrity because severe thrombocytopenia
exacerbates endothelial leakage and inflammatory hemor-
rhage.24,31,59,60 However, it remains insufficiently understood
how platelets effectively seal endothelial defects in the absence
of clot formation.17

Here, we describe a novel effector function of immune-responsive
platelets (procoagulant activity) that recruits the coagulation cas-
cade and has a critical role in maintaining local vascular integ-
rity without triggering diffuse intravascular clotting. We show
that platelets migrate at sites of vascular injury and fibrin(ogen)
deposition, constantly scanning their microenvironment. Upon
encountering vascular breaches with exposure of subendothelial
collagen, migrating platelets engage GPVI, which triggers intracel-
lular calcium release and PS exposure. This arrests platelets at the
injury site and allows binding of the prothrombinase complex on
the platelet membrane, greatly enhancing thrombin activity result-
ing in fibrin formation.32 Importantly, our study does not address
the origin of fibrin(ogen) deposits, leaving the question of whether
local fibrin(ogen) accumulation derives from plasma or platelet-
intrinsic storage pools. Previous studies provide evidence that
a-granule secretion is dispensable for inflammatory hemosta-
sis,27,61 and we have found no evidence of substantial fibrinogen
secretion by procoagulant platelets in vitro.

The identified mechanism effectively targets the coagulation
cascade to breaches identified by patrolling platelets and might
therefore circumvent widespread coagulation activation. In line
with this, blocking GPVI and GPIIBIIIA reduced procoagulant
platelets in vivo and enhanced hemorrhage in lung and mesen-
tery alike following LPS exposure. These findings highlight gly-
coprotein redundancy in inflammatory platelet signaling in vivo
as observed by other groups: GPVI was previously thought to
be entirely dispensable for the prevention of bleeding in the
lung, as shown using GPVI-knockout animals.17,22,28,62 In our
hands, antibody-mediated blockade of GPVI alone confirmed
this observation and resulted in no aggravation of inflammatory
bleeding. Moreover, our study may reconcile previously dichot-
omous findings regarding the role of GPIIBIIIA in the inflamma-
tory hemostasis in the lung: While some studies found no
significant effect of pharmacological inhibition of GPIIBIIIA
using direct inhibitors like integrillin or a GPIIBIIIA-targeted
antibody on inflammatory bleeding, plasma leakage, and alve-
olar neutrophil recruitment,28,63 we have previously shown that
genetic ablation of GPIIBIIIA using bone marrow chimeric mice
aggravates LPS-induced pulmonary hemorrhage.8 The bleed-
ing phenotype reported in our recent study may be attribut-
able to the loss of migratory capacity that is observed in

GPIIBIIIA-deficient platelets but not in pharmacological inhibi-
tion.9 In the current study, we only observed a significant
increase in inflammatory hemorrhage upon dual inhibition of
GPVI and GPIIBIIIA while providing evidence that neither single
nor dual inhibition of either receptor impaired migratory capac-
ity in vitro (supplemental Figure 8A). Additional factors such as
extracellular vesicle formation, which is affected by GPIIBIIIA
blockade through tirofiban64 and can itself impact on he-
mostasis,65 were not investigated in this study and may also
contribute to the observed bleeding phenotype. Specific
pharmacological inhibition of platelet PA and thus reduction of
procoagulant PS expression, as mediated through maintaining
flippase activity in procoagulant platelets,66 may specifically
address these remaining aspects.

Preventing procoagulant activity by genetic ablation of either
CypD-dependent mitochondrial permeability transition pore for-
mation or TMEM16F scramblase-dependent phosphatidylserine
exposure exacerbated inflammatory bleeding while having a
negligible effect on classical hemostasis assessed by tail bleed-
ing assay.42 Although we describe a protective local effect of
procoagulant activity, circulating procoagulant platelets have
been associated with both local and remote organ injury as well
as disseminated intravascular coagulation.41,67 Denorme et al.41

highlighted a detrimental role for PS-positive PNAs in ischemic
stroke, which aggravated brain damage and vascular obstruc-
tion. In COVID-19, the level of antibody-induced circulating pro-
coagulant platelets correlated with D-dimer levels and an
increased incidence of systemic thromboembolism.68 Consider-
ing these data, it is tempting to speculate that even though local
induction of procoagulant platelets may be crucial to maintain
vascular integrity in inflammation, systemic and dysregulated
procoagulant platelet activation could be one of the drivers of
systemic coagulation activation.32,67,69,70 Further studies are
needed to define factors that trigger systemic platelet PS expo-
sure and investigate the role of platelet procoagulant activity in
other conditions with increased vascular permeability, as
observed in cancer.10 In inflammatory bleeding, the involvement
of specific platelet signaling pathways and receptors as well as
degranulation has been shown to be highly dependent on the
mode of injury and the respective vascular bed.17,21,23,24,27,61

Therefore, further studies need to define platelet-coagulation
interplay in distinct inflammatory contexts. Finally, it remains
unclear whether other platelet receptors such as CLEC-2, which
is known to attenuate acute lung injury through podoplanin-
mediated interplay with alveolar macrophages71 but does not
affect inflammatory bleeding severity,28 and the GPIb-IX-V com-
plex that play a role in the prevention of inflammatory bleeding
can also trigger platelet procoagulant activity.27 In particular,
combined inhibition of other platelet glycoproteins may yield
additional insights into potential functional redundancies in the
context of inflammatory bleeding.72

Limitations of this study include the lack of generalizability of
platelet PA as a platelet-inherent protective function in other
models of inflammatory hemorrhage, particularly neutrophil-
driven ischemic-reperfusion injury of the brain, sterile injury of the
skin microvasculature, and tumor-associated bleeding.17,22,26,27

We also note that compared with the severe bleeding phenotype
observed in thrombocytopenic animals, the increase in pulmo-
nary hemorrhage upon pharmacological or genetic interference
with platelet PA was not as severe, suggesting compensatory
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mechanisms beyond PA that may mask its intrinsic contribution
to inflammatory hemostasis (supplemental Table 2). Although we
observed no effect on neutrophil and leukocyte recruitment to
the lungs of CypD- and TMEM16F-deficient mice, the lack of
platelet PA may influence the inflammatory microenvironment
and promote endothelial dysfunction beyond aggravating inflam-
matory hemorrhage. Thus, future studies need to elucidate the
functional role of procoagulant platelets in both local and sys-
temic inflammatory responses.

In summary, we describe an essential function of procoagulant
platelets in promoting vascular integrity in inflammation, adding
to the pivotal role of platelets across the inflammatory spectrum
and the complex pathophysiology of inflammatory hemorrhage.
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Supplementary Methods 26 
Mouse strains 27 
C57BL/6J (Stock No: 000664, labeled Bl6 or wild-type/WT), PF4cre1 and CypDfl/fl (Ppiftm1Mmos/J, 28 
Stock No: 005737) mice were purchased from The Jackson Laboratory and maintained at our 29 
animal facility. The TMEM16Ffl/fl line was provided by the RIKEN BioResource Center (BRC) 30 
through the National BioResource Project of the Ministry of Education, Culture, Sports, 31 
Science and Technology (MEXT)/Agency for Medical Research and Development (Japan)2,3. 32 
Arpc2fl/fl were gifts from Rong Li and the Wellcome Trust Sanger Institute, respectively. All 33 
strains used in this study were backcrossed to C57BL/6J background. Mice of both sexes were 34 
used for in vitro studies and tail bleeding assays. For acute lung injury, intraperitoneal sepsis 35 
and mesentery live imaging models, female mice were used, while male mice were used for 36 
the arterial thrombosis model. Unless otherwise stated, mice were 8 to 14 weeks of age when 37 
entering experiments.  38 
 39 
Mouse anesthesia 40 
Anesthesia was performed by intraperitoneal injection of medetomidine (0.5 mg/kg body 41 
weight), midazolam (5 mg/kg body weight) and fentanyl (0.05 mg/kg body weight, MMF) after 42 
initial induction with isoflurane. Anesthetized mice were kept on heating pads, where depth of 43 
anesthesia was monitored by toe pinching reflexes and breathing patterns. To maintain 44 
narcosis, repeated s.c. injections of 25-50% of the induction dose was applied. 45 
 46 
Intraperitoneal sepsis model and evaluation of peritoneal bleeding 47 
Mice were injected with 1 mg/kg BW LPS intraperitoneally and clinically scored for four to six 48 
hours. Subsequently, mice were sacrificed, and blood and organs were collected for flow 49 
cytometric and histopathological analysis. To assess the impact of thrombocytopenia and 50 
neutrophil depletion on peritoneal hemorrhage, mice were injected with a platelet-depleting 51 
antibody (R300, emfret, 100 µg per mouse) intravenously, a neutrophil-depleting antibody 52 
(UltraLeaf anti-Ly6G, Biolegend, 100 µg per mouse) intraperitoneally 12 hours prior to NaCl or 53 
LPS administration. Depletion efficiency was analyzed by flow cytometry and automated cell 54 
counting. For assessment of inflammatory bleeding in the peritoneal cavity, mice were 55 
sacrificed and 8 ml of PBS containing 5% BSA and 0.25 mM EDTA were instilled using a 26G 56 
needle after careful incision of the abdominal skin. A 20G needle was used to collect as much 57 
peritoneal lavage fluid as possible. Inflammatory bleeding and leukocyte infiltration were 58 
subsequently assessed by flow cytometry and immunofluorescence staining. 59 
 60 
Tail bleeding assay 61 



Mice were anesthetized as described above. Hereafter, 5 mm of the distal tail was resected 62 
using a precision scissor (MST) and the tail was immediately placed in 40 ml PBS (room 63 
temperature). Bleeding and re-bleeding times were recorded for 20 min. Bleeding was further 64 
quantified by using an automated cell counter to assess hemoglobin content. 65 
 66 
FeCl3-induced arterial thrombosis (A. carotis) 67 
Ferric chloride-induced arterial thrombosis was performed as previously described4. In brief, 68 
male mice were anaesthetized and a DyLight 488-conjugated Gp1b antibody (X488, emfret, 69 
50 µl) was injected into the tail vein. Next, the right carotid artery was surgically exposed, and 70 
a small filter paper (0.5 mm2) saturated with FeCl3 solution (10%, Sigma Aldrich) was placed 71 
touching the proximal end of the exposed carotid proportion. The filter paper was removed 72 
after 3 min and the forming thrombus was visualized using a fluorescence microscope 73 
(AxioScope, Carl Zeiss), with images taken every 10 sec. After 30 min, the carotid containing 74 
the thrombus was retrieved for histological analysis. 75 
 76 
GPVI depletion in vivo 77 
For platelet-specific depletion and shedding of the collagen receptor GPVI, mice were injected 78 
with 100 µg of anti-GPVI antibody (clone JAQ1, emfret) i.p. Isotype-injected animals were used 79 
as controls. Subsequent experiments were initiated after 72 hours, when GPVI depletion 80 
remained sufficient and transient thrombocytopenia had resolved5. Efficacy of GPVI depletion 81 
was assessed by flow cytometric measurement of surface GPVI expression compared to 82 
isotype-treated animals as well as in platelet activation assays and flow cytometric 83 
measurement after stimulation with GPVI-specific agonist collagen and convulxin. Only 84 
animals with sufficient GPVI depletion were included in the respective experiments and 85 
analyses.   86 
 87 
Platelet and neutrophil depletion in vivo 88 
To deplete platelets, Bl6 mice were injected with 100 µg of an anti-Gp1b antibody (R300, 89 
emfret) i.v. immediately before or 12 hours prior to performing acute lung injury and peritoneal 90 
inflammation experiments, respectively. A non-immunogenic antibody mix (C301, emfret) was 91 
used as isotype control. For neutrophil depletion, 100 µg of an anti-Ly6G antibody (UltraLeaf 92 
anti-Ly6G, clone 1A8, Biolegend) were injected i.p. 12 hours prior to induction of LPS-mediated 93 
peritoneal inflammation; an isotype (UltraLeaf rat anti-mouse IgG2a, Biolegend, 100 µg) was 94 
used as control. Depletion efficiency of both platelets and neutrophils was assessed by flow 95 
cytometry. 96 
 97 
Antibodies and fluorescence-coupled proteins for flow cytometry and histopathology 98 



Antibodies and other fluorescent proteins or peptides are listed in Suppl. Table 1. Antibodies 99 
were used 1:100 for flow cytometric analysis unless otherwise stated. Secondary antibodies 100 
used for histopathology and immunofluorescence stainings were used 1:200. For previously 101 
unused antibodies in our lab, isotype control stainings were performed to ensure staining 102 
specificity. In addition to using fluorescence-coupled annexin V, Ca2+-independent PS-staining 103 
reagent consisting of biotinylated C1 domains of murine lactadherin that have been 104 
multimerized using Strepatvidin. These C1 multimers (C1) were used for the detection of 105 
procoagulant platelets in vitro and in vivo and are commercially available through Biolegend 106 
(see above) and have been described by our group6. For the detection of caspase 3/7 107 
activation in procoagulant platelets, the CellEvent kit (ThermoFisher, # C10423) was used 108 
(final concentration 20 µM). FITC: fluorescein isothiocyanate, PE: phycoerythrin, APC: 109 
allophycocyanin, AF: AlexaFluor, PB: pacific blue, BV: brilliant violet. 110 
 111 
Multiplex cytokine measurements 112 
Cytokine levels of murine plasma and BAL fluid sampled shown in Suppl. Figure 1D were 113 
assessed using the LEGENDplex™ Mouse Inflammation Panel (13-plex (Biolegend, #740446) 114 
according to the manufacturer’s instructions. Samples were measured on a BD LSRFortessa 115 
flow cytometer and resulting MFIs were analyzed using the LEGENDplex™ Data Analysis 116 
Software Suite to assess approximate cytokine concentrations. 117 
 118 
Human blood donors 119 
Female and male volunteers aged 21 to 45 years served as donors for the isolation platelets, 120 
plasma samples or whole blood flow cytometry or thrombus formation experiments. All 121 
experiments involving human subjects are approved by a local ethical review board (LMU 122 
Munich), complying with any relevant regulation for experiments involving human samples. 123 
 124 
Human and mouse platelet isolation 125 
Human blood was drawn by venipuncture of the cubital into syringes containing acid-citrate 126 
dextrose (39 mM citric acid, 75 mM sodium citrate, 135 mM dextrose; ACD, 1/7 volumes) and 127 
immediately diluted 1:1 with modified Tyrode’s buffer (137 mM NaCl, 2.8 mM KCl, 12 mM 128 
NaHCO3, 5.5 mM sucrose, 10 mM HEPES, pH = 6.5). For mouse platelet isolation, all animals 129 
were anesthetized, and blood was subsequently collected by introduction of a glass capillary 130 
into the retroorbital vein plexus into 1/7 volumes of ACD followed by 1:1 dilution into Tyrode’s 131 
buffer, pH 6.5. Both human and murine samples were subsequently centrifuged with 70g for 132 
35 or 15 min, respectively, to generate platelet-rich plasma (PRP). To isolate platelets, PRP 133 
was diluted 1:2 in modified Tyrode’s buffer supplemented with PGI2 (0.1 mg/ml) and either 134 
albumin (0.1%) or casein (0.01%), and subsequently centrifuged for 5-10 min at 1000g. After 135 



resuspending the pellet in Tyrode’s buffer, platelet counts were assessed using a Sysmex XN-136 
V Series XN-1000V cell counter. Platelet-poor plasma (PPP) was generated by centrifugation 137 
of PRP for 5 min at 14,000g.  138 
 139 
Inhibitors and agonists 140 
Cyclosporin A (#30024), niflumic acid (#N0630), Ru360 (#557440), Synta66 (SML1949), 141 
Thrombin (#T4648), E. coli-derived LPS O111:B4 (#L2630), adenosin diphosphate (ADP, 142 
#01905) and mP6 (#5098840001) were purchased from Sigma and MerckMillipore. The PAR4 143 
inhibitor BMS-986120 was purchased from CaymanChem (#23497). All other inhibitors used 144 
and mentioned in Supplemental Data are described in detail by Nicolai et al.4 The Syk inhibitor 145 
BI-1002494 and a control compound, BI-2492, were gifts from Boehringer Ingelheim. Clinical-146 
grade tirofiban, enoxaparin and argatroban were purchased from ibigen, Sanofi-Aventis and 147 
Mitsubishi Pharma, respectively.  148 
 149 
Chemicals 150 
Horm collagen was purchased from Takeda (#1130630). Casein, human serum albumin, 151 
hexamethyldisilazane (HMDS), paraformaldehyde (PFA) and glutaraldehyde (GDA) were 152 
purchased from Sigma. Prostacycline (PGI2) was ordered from abcam. Unconjugated and 153 
AF546- or AF488-conjugated fibrinogen as well as the calcium-binding compound Fluo-4 154 
(#F14201) were acquired from ThermoFisher. 155 
 156 
Migration and retraction assays   157 
Isolated mouse and human platelets were diluted to a concentration of 150,000 – 200,000/µl. 158 
4x106 platelets were subsequently activated by the addition of 4 µM ADP, 2 µM U46619 and 159 
1 mM calcium chloride, pipetted into pre-coated custom chambers and incubated for 15 min at 160 
37°C. Hereafter, non-adherent cells were removed by three washing steps with cell-free wash 161 
buffer containing 1 mM calcium chloride and antibodies and/or compounds for detection of 162 
platelets and respective activation markers. After 30-60 min, cells were fixated with fixation mix 163 
containing 2% PFA and 0.005% GDA. Samples were imaged using either an epifluorescence 164 
(Olympus IX83 microscope) or a Zeiss LSM 880 confocal microscope. Per biological replicate, 165 
5-6 random images were acquired. For live imaging of calcium oscillations, both murine and 166 
human isolated platelets were loaded with 1 µM Fluo-4 and allowed to seed for 15 min, washed 167 
three times and subsequently incubated for 10-15 minutes before imaging. Phase contrast, 168 
calcium oscillations and PS exposure were acquired every 10 seconds. In some instances, 169 
human PRP was loaded with 1 µM Fluo-4 for 20 min in the dark before centrifugation and 170 
isolation of washed platelets. 171 
 172 



Live imaging of platelet migration, PS exposure and calcium signaling 173 
Time-lapse video microscopy was performed using an inverted Olympus IX83 microscope with 174 
a 40x/1.0 or a 100x/1.4 oil-immersion objective and included recording of differential 175 
interference contrast (DIC), phase-contrast, and epifluorescence movies (5-20 s/frame). A pre-176 
heated stage incubator (Tokai Hit) was used to mimic physiological conditions (humidified, 177 
37°C). For live-imaging of calcium oscillations, human or murine PRP was loaded with 1 µM 178 
Fluo-4 (ThermoFisher) for 15 min at RT in the dark. Intensities of calcium oscillations and PS 179 
exposure were measured using Fiji ImageJ and quantified in a cell-based manner.  180 
 181 
Thrombin turnover assay 182 
Isolated mouse or human platelets were activated and left migrating on a 183 
collagen I/HSA/fibrinogen matrix as described above. After 15 min of migration, media were 184 
replaced by a solution containing PPP (20%) and a fluorescent thrombin substrate (13.3 µM 185 
final concentration, SensoLyte® 520 Thrombin Activity Assay Kit, Anaspec, #AS-72129) as 186 
well as an antibody against CD41 or CD42b and the C1 multimer to distinguish procoagulant 187 
from non-procoagulant platelets. Thrombin turnover was assessed by confocal imaging (Zeiss 188 
LSM 880). Thrombin positivity and procoagulant activation were assessed for at least 100 189 
platelets from at least n = 2 individual mice and analyzed using  Fiji ImageJ.  190 
 191 
Pharmacological inhibition of platelet pathways and receptors 192 
For testing of pathways involved in procoagulant activation of migrating and spreading 193 
platelets, inhibitors were added to the third and final washing step after platelets had adhered 194 
to the respective coating. Concentrations varied according to the compound used and are 195 
indicated in the respective figures and figure legends, with various concentrations being tested 196 
for all compounds (data not shown). In some cases (e. g. treatment with ciclosporine A), 197 
platelets were incubated with the respective compound or antibody for 15 min before being 198 
added to custom chambers. In case of dual receptor inhibition (e. g. GPIIBIIIA and GPVI), 199 
identical concentrations of individual compounds were used. 200 
 201 
Platelet activation assay 202 
Activation of platelets in suspension was performed as described previously4. In brief, isolated 203 
human or murine platelets suspended in modified Tyrode’s buffer with 1 mM calcium chloride 204 
were incubated with fluorescent antibodies against platelet activation markers P-selectin, 205 
activated GPIIBIIIa and PS – among others – and activating agents targeting P2Y12, thrombin 206 
receptors PAR2/4 (thrombin), GPVI (convulxin, collagen) and the thromboxane receptor TXA2-207 
R (U46119) for 30 min at RT or 37°C (concentrations indicated in the respective figures). 208 
Platelets were subsequently fixated with 1% PFA for 10 min in the dark, before being measured 209 



on a BD LSRFortessa flow cytometer. Gating strategies are found in Suppl. Figure 9. Gating 210 
of subpopulations as well as MFI analyses were performed using FlowJo (v10). 211 
 212 
Immunofluorescence staining 213 
Platelets were fixated with fixation mix (PFA 2%, GDA 0.05%) for 10 min and subsequently 214 
stained using primary and secondary or primary-labelled antibodies in PBS containing 1% BSA 215 
for 1 h in the dark. In between primary and secondary antibodies as well as prior to imaging, 216 
platelets were washed three times with 1% BSA-containing PBS. Imaging was performed using 217 
a Zeiss LSM 880 confocal microscope in Airyscan mode (40/1.3 and 63/1.3 oil immersion 218 
objective). 219 
 220 
Histopathological staining and analysis 221 
For immunofluorescence and histopathological stainings, organs were first fixated in 4% PFA 222 
for 1 h at RT, dehydrated in 30% sucrose at 4°C overnight, cryoembedded and stored at either 223 
-80°C (long term storage) or -20°C (if processing was immediate). Organs were cut into 10 µm 224 
thick slices using a cryotome, fixated with 4% methylene-free PFA in PBS and subsequently 225 
permeabilized and blocked (10% goat serum, 0,5% saponin and 1% BSA in PBS). Samples 226 
were then stained using primary antibodies against TER119, Ly6G, CD42b, fibrinogen and 227 
phosphatidylserine as well as Hoechst dye to counterstain nuclei. Stained samples were 228 
imaged in Airyscan Super Resolution (SR) mode (20x/0.8 objective) on a Zeiss LSM 880 229 
confocal microscope at 0.6x magnification. Random areas were acquired by focusing on nuclei 230 
without prior assessment of either bleeding or neutrophil infiltration to ensure objective 231 
measurement. Neutrophil and platelet recruitment were assessed using a custom-made macro 232 
in Fiji ImageJ, which uses a neutrophil- or platelet-specific size range to identify individual cells. 233 
Pulmonary hemorrhage as defined by extravascular TER119-positive areas was measured 234 
after thresholding and exclusion of intravascular erythrocytes from the image. 235 
 236 
Data collection and visualization 237 
Data from in vivo and in vitro live imaging experiments were collected using Fiji ImageJ7. For 238 
4D in vivo timelapse microscopy, dimensions were reduced by maximum intensity projection. 239 
Assessment of motility patterns of platelets were defined as described by Nicolai et al.4. 240 
Migrating platelets from in vitro migration assays were tracked using the Fiji Manual tracking 241 
plugins, and were analyzed for directionality, velocity and acquired distance using the 242 
Chemotaxis Tool (ibidi) plugin. Shape analysis in vitro including platelet area, circularity and 243 
filopodia formation was performed described previously4. In vivo, motility patterns were defined 244 
as adherence, if platelets showed no distinguishable displacement over a duration of three 245 
acquired frames, leukocyte-dependent movement for platelets that showed movement while 246 



in direct contact with CD45+ leukocytes and/or Ly6G+ neutrophils, respectively, and migration 247 
for movement of platelets along the vessel wall without contact to leukocytes and with 248 
displacement of at least one cell diameter during image acquisition. Procoagulant platelets 249 
were defined as CD42b-positive, balloon-like shapes that were platelet-like in size and stained 250 
positive for phosphatidylserine as assessed by Annexin V or mC1 multimer staining (see 251 
Figure 2B, C, Suppl. Figure 2A-E and Suppl. Video 1). Procoagulant platelets were counted 252 
as fibrinogen-positive if they exhibited an overlap between PS and fibrinogen channels (see 253 
Figure 2E, F, with yellow indicating channel overlap). In some cases, a line was manually 254 
drawn across a multi-channel image and MFIs of the respective fluorescence channels were 255 
analyzed and plotted using Fiji “plot profile” function. In in vitro migration assays that were 256 
imaged after fixation of cells, platelets were counted either in DIC/PH channels or a CD41 257 
fluorescence channel. Platelets were defined as “migrating”, if they had moved by at least one 258 
cell diameter as assessed by migration tracks in the fibrinogen channel. Procoagulant platelets 259 
were defined as having undergone morphological changes (ballooning, procoagulant 260 
spreading) and exposing PS as detected by Annexin V or C1 staining. In live imaging 261 
experiments, procoagulant platelets were considered positive for supramaximal calcium bursts 262 
if contact to collagen resulted in a calcium peak corresponding to at least 95% of the maximum 263 
fluorescence intensity. The cleared fibrinogen area, a surrogate for migration length, was 264 
analyzed by measuring the fibrinogen-negative area channel using Gaussian blur and 265 
thresholding in the fluorescent fibrinogen channel. Gaussian blurring, thresholding and area 266 
measurement were performed using a custom Fiji macro. For analysis of calcium oscillations 267 
of migrating platelets, measured Fluo-4 intensities and AnnV/C1 binding were normalized to 268 
1) background fluorescence and 2) to % of maximum intensity to allow for comparison of live 269 
imaging videos collected at different days. In flow cytometry experiments, counting beads were 270 
used to normalize cell counts in both blood and BALF samples to counts per microliter of the 271 
respective sample. Individual graphs were generated using Prism v9 (Graphpad) and figures 272 
were generated using Illustrator 2021 (Adobe). Experimental schemes and the graphical 273 
abstract were designed using BioRender (www.biorender.com). 274 
 275 
Statistical analysis  276 
Data were analyzed using Prism v9 (Graphpad), Excel v16 (Microsoft) and FlowJo v10 (BD) 277 
and are visualized as mean ± standard deviation (SD); in selected graphs, data are depicted 278 
as SuperPlots8, with single dots representing the single data points measured per replicate 279 
and error bars representing the SD of the mean from biological replicates. Unless otherwise 280 
stated, all data shown include at least three biological replicates, with at least 5-6 randomly 281 
taken, individual images underlying each biological replicate data point for imaging studies. 282 
Representative images or flow cytometry plots were chosen according to the mean value 283 



represented in the respective data set. We estimated animal sample sizes according to power 284 
calculations performed when ethical approval of planned experiments was applied for. All 285 
experimental groups were matched according to age and sex of the respective mouse lines. 286 
Statistical differences between experimental groups were assessed using t-tests and analyses 287 
of variance (ANOVA) as stated in the respective figure legends. In experiments with uneven 288 
sample sizes across groups (e. g. due to death of animals in one experimental group), 289 
normality distribution of acquired data was ensured using Shaprio-Wilk tests prior to further 290 
statistical testing. Unless otherwise stated, experiments including more than two groups were 291 
tested using one-way ANOVA with post-hoc Holm-Šídák's multiple comparisons test compared 292 
to control groups. If different experimental conditions were assessed on the same biological 293 
replicate, paired t-tests were used; in all other cases unpaired t-testing was performed. All t-294 
tests were two-sided. Across all statistical tests, a p-value of <0.05 was considered statistically 295 
significant; p-values were marked by asterisks as follows: * <0.05, ** <0.01, *** <0.005, **** 296 
<0.001, ns = non-significant. If no asterisks are indicated, there is no statistical difference 297 
between treatment groups. 298 
 299 
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Supplementary Tables  301 
 302 
Suppl. Table 1: Antibodies and fluorescent proteins 303 
Protein/epitope Fluorophore Target 

species 
Manufacturer Order # 

act. CD42b (JonA) PE mouse emfret M023-2 

Annexin V FITC - Biolegend 640906 

Annexin V AF649 - Biolegend 640912 

Anti-mouse IgG Cy3 mouse Invitrogen A10521 

Anti-rabbit IgG AF546 rabbit Invitrogen A11037 

Anti-rabbit IgG AF649 rabbit Invitrogen A21244 

Anti-rat IgG AF488 rat Invitrogen A21208 

Anti-rat IgG AF546 rat Invitrogen A11007 

C301 - mouse emfret C301 

CD107a BV785 mouse Biolegend 328643 

CD11b BV605 human Biolegend 101237 

CD144 AF649 mouse Biolegend 138006 

CD15 APC human Biolegend 323008 

CD31 AF649 mouse Biolegend 102516 

CD36 PE mouse Biolegend 102605 

CD41 Pacific blue human Biolegend 303714 

CD41 AF700 mouse Biolegend 133926 

CD42b FITC mouse emfret X488 

CD42b DyeLight-649 mouse emfret X649 

CD42b - mouse abcam ab183345 

CD44 AF700 mouse Biolegend 103026 

CD45 BV650 human Biolegend 304044 

CD45 PerCp-Cy5.5 mouse Biolegend 103132 

CD9 PE/Dazzle™ 594 mouse Biolegend 124821 

EpCAM PE-Cy7 mouse Biolegend 118216 

Fibrinogen - - BioRad 4440-8004 

Fibrinogen AF546 - ThermoFisher F13192 

Fibrinogen AF488 - ThermoFisher F13191 

GPVI (JAQ1) FITC mouse emfret M011-0 

Gr-1 AF488 mouse Biolegend 108417 

Hoechst Dye - - ThermoFisher H3570 



Hoechst Dye - - ThermoFisher H3570 

IgG2a (Ultra-LEAF™) - - Biolegend 400565 

Ly6G PE mouse Biolegend 127608 

Ly6G PB mouse Biolegend 127612 

Ly6G BV711 mouse Biolegend 127643 

Ly6G (Ultra-LEAF™) - mouse Biolegend 127649 

mC1 multimer Cy3 - - TBD 

mC1 multimer AF649 - - TBD 

PAC-1 AF649 human Biolegend 362806 

P-selectin BV421 human Biolegend 304926 

P-selectin PE-Cy7 mouse Biolegend 148310 

P-selectin PE human Biolegend 304905 

Phosphatidylserine - - Merck 05-719 

R300 - mouse emfret R300 

Streptavidin AF649 - Biolegend 405237 

Streptavidin Cy3 - Biolegend 405215 

TER119 PE mouse Biolegend 116208 

TER119 AF488 mouse Biolegend 116215 

Thrombin 5-FAM/QXL™ 

520 

- Anaspec AS-72129 

 304 
Suppl. Table 2: Relative comparison of inflammatory bleeding severity 305 
Mouse line/inhibitor Mean bleeding (% relative to LPS-treated control, ±SD) 
Platelet depletion (R300) 11093.89 ± 674.16 

Argatroban (anti-FIIa) 160.76 ± 19.17 

Rivaroxaban (anti-FXa) 146.69 ±  35.85 

Enoxaparin (anti-FXa) 307.29 ± 70.21 

PF4cre-CypD (Cre+) 287.30 ± 59.29 

PF4cre-TMEM16F (Cre+) 473.21 ± 81.99 

JAQ1 (anti-GPVI) 57.63 ± 22.19 

Tirofiban (anti-GPIIBIIIA) 122.16 ± 42.24 

JAQ1 + Tirofiban 162.39 ± 9.02 
  

negative ctrl (NaCl i.n.) 5.90 ± 10.43 

 306 
  307 



Supplementary Figure legends 308 
Suppl. Figure 1: Anticoagulation aggravates inflammatory bleeding. | (A) Experimental 309 
scheme of subacute lung injury model, comparing intranasal LPS challenge (black arrow) with 310 
sham-treated animals. (B) Representative macroscopic image of BALF derived from 311 
experimental groups, collected in 2 ml Eppendorf tubes. (C) Flow-cytometric assessment of 312 
BALF RBC, neutrophil, platelet and platelet-neutrophil aggregate counts. n=4 animals per 313 
experimental group. Student’s t-test, two-tailed, unpaired. (D) Quantification of cytokine 314 
measurements from plasma and BALF of sham- and LPS-treated animals collected 24 h hours 315 
after treatment. Two-way ANOVA with Holm-Šídák's multiple comparisons test. (E) 316 
Quantification of alveolar hemorrhage (TER119+ area) and neutrophil recruitment in control 317 
(C301) and thrombocytopenic animals (R300) after LPS-induced lung injury, corresponding to 318 
Figure 1A-D. Student’s t-test, two-tailed, unpaired. (F) Experimental scheme of subacute lung 319 
injury model with or without enoxaparin (ENOX)-mediated anticoagulation (s.c. injections of 10 320 
mg/kg BW enoxaparin 0 and 6 hours (red arrows) after LPS challenge (black arrow)). (G) 321 
Representative macroscopic image of BAL fluid derived from experimental groups, collected 322 
in 2 ml Eppendorf tubes. (H) Flow-cytometric assessment of BALF RBC and leukocyte counts. 323 
Student’s t-test, two-tailed, unpaired. (I) Clinical scores of individual animals for 24 h after LPS 324 
challenge treated with Rivaroxaban, Argatroban or vehicle. Sepsis scores contain appearance, 325 
activity, responsiveness and breathing patterns. One-way ANOVA with post-hoc Holm-Šídák's 326 
multiple comparisons test. (J) Flow-cytometric assessment of peripheral blood platelet and 327 
leukocyte counts as well as procoagulant platelets and platelet-neutrophil aggregates (PNA) 328 
post-treatment. One-way ANOVA with post-hoc Holm-Šídák's multiple comparisons test. (K) 329 
Quantification of platelet recruitment and platelet-neutrophil aggregate (PNA) formation per 330 
mm2 lung, referring to Figure 1J-O. (L) Representative micrographs from immunofluorescence 331 
stainings of lung slices from mice treated with vehicle or 10 mg/kg BW enoxaparin. Scale bar 332 
25 µm. (M) Quantification of alveolar hemorrhage (TER119+ area), neutrophil and platelet 333 
recruitment. Student’s t-test, two-tailed, unpaired. (N) Representative micrographs of migrating 334 
human platelets treated with vehicle, rivaroxaban (10 µg/ml) or argatroban (10 µg/ml). Scale 335 
bar 10 µm.  (O) Quantification of % migrating platelets and the absolute cleared area per cell 336 
in µm2 from n = 3 healthy individuals. One-way ANOVA with post-hoc Holm-Šídák's multiple 337 
comparisons test.  338 
 339 
Suppl. Figure 2: The C1 multimer detects procoagulant platelets in vitro and in vivo. | 340 
(A) Representative micrograph of migrating human platelets stained with 341 
antibodies/compounds against CD42b (white) and phosphatidylserine (C1, red, and Annexin 342 
V, green). Scale bar 10 µm. (B) Quantification of PS staining positivity by C1 and Annexin V, 343 
n = 3 individual donors. Student’s t-test, paired, two-tailed. (C) Quantification of % procoagulant 344 



platelets (detected by C1 multimer) and AnnV MFI of human platelets after stimulation with 345 
indicated agonists. One-way ANOVA with with post-hoc Holm-Šídák's multiple comparisons 346 
test, compared to Ctrl. (D) Correlation of C1 MFI with AnnV MFI and CD41 MFI of human 347 
platelets from the same experiment. P-value of linear regression analyses indicates 348 
significantly non-zero. (E) Representative scatter plots of human platelets from the same 349 
experiment to identify procoagulant platelets in response to thrombin/convulxin dual 350 
stimulation with C1 (left panels) and AnnV (right panels), respectively. (F) Experimental 351 
scheme and micrographs of 4D live microscopy of an inflamed mesenteric venule, 352 
corresponding to Suppl. Video 1. Dashed lines indicate the vessel wall. PS staining: mC1. 353 
Scale bar 5 µm. (G)  Representative micrograph and quantification of procoagulant platelet 354 
recruitment and overlap of fibrinogen/PS/platelet positive areas. n = 3-4 animals corresponding 355 
to Figure 1G, H. PS staining: anti-PS antibody (Merck). Student’s t-test, two-tailed, unpaired. 356 
(H) Experimental scheme of peritoneal inflammation model with or without depletion of 357 
platelets and/or neutrophils through antibody injection (red arrow) 12 hours prior to NaCl or 358 
LPS injection i.p. (black arrow). (I) Representative image of peritoneal lavage fluid for 359 
indicated, LPS-treated experimental groups, contained in 15 ml collection tubes. (J) Flow 360 
cytometry-based quantification of peripheral platelet and neutrophil counts to confirm cell-361 
specific depletion. One-way ANOVA with post-hoc Holm-Šídák's multiple comparisons test, 362 
compared to LPS-treated Isotype control group. (K) Flow cytometry-based quantification of 363 
peritoneal lavage RBC and leukocyte counts as well as % of neutrophils among peritoneal 364 
leukocytes. One-way ANOVA with post-hoc Holm-Šídák's multiple comparisons test, 365 
compared to LPS-treated Isotype control group. (L) Quantification of TER119+ area in µm2 and 366 
representative immunofluorescence images of mesenteric sections of thrombocytopenic mice 367 
i.p.-injected with NaCl (left panel) as well as LPS-challenged isotype- and R300-treated 368 
animals (center and right panels). White arrowheads indicate extravascular microbleeding. 369 
One-way ANOVA with post-hoc Holm-Šídák's multiple comparisons test, compared to LPS-370 
treated Isotype control group. Scale bar 100 µm. (M) Quantification and representative 371 
immunofluorescence imaging of intravascular fibrin(ogen) deposition in mesenteric vessels of 372 
LPS-challenged animals treated with isotype or anti-Ly6G antibody. Student’s t-test, two-tailed, 373 
unpaired. Scale bar 25 µm. (N) Representative micrograph of the mesenteric vasculature, 374 
corresponding to Figure 2J. Scale bar 20 µm. 375 
 376 
Suppl. Figure 3: Supporting data migration assay (I). | (A) Representative images from 377 
migration assays of both Cre-positive and -negative murine platelets isolated from PF4cre-378 
Arpc2fl/fl animals. White arrowheads indicate migrating platelets turning procoagulant. Scale 379 
bar 10. (B) Quantification of procoagulant activation from mouse platelets seeded on fibrinogen 380 
or collagen I mono-coatings. Student’s t-test, unpaired, two-tailed. (C) Flow-cytometric 381 



quantification of relative MFIs of P-selectin expression, GPIIBIIIA integrin activation and PS 382 
exposure (mC1) by both Cre-positive and -negative murine platelets isolated from PF4cre-383 
Arpc2fl/fl animals after exposure to indicated agonists. Two-way ANOVA with post-hoc Holm-384 
Šídák's multiple comparisons test, compared to PBS control group. (D) Representative scatter 385 
plots of flow cytometry experiments with isolated murine WT platelets incubated with PBS or 386 
collagen I; quantification of P-selectin-positive platelets and PS MFI (mC1) for platelets from 387 
n=4 mice. Student’s t-test, unpaired, two-tailed. (E) Relative quantification of procoagulant 388 
platelet formation in the presence or absence of fibrinogen after stimulation with PBS, collagen 389 
I or convulxin and thrombin. Human platelets from n = 4 healthy donors. One-way ANOVA. (F) 390 
Relative quantification of fibrinogen-positive platelets and absolute quantification of mean 391 
fluorescence intensities (MFIs) of platelet-bound fibrinogen-AF488 after stimulation with PBS, 392 
collagen or convulxin and thrombin. Right panel: representative scatter plots. Human platelets 393 
from n = 4 healthy donors. One-way ANOVA with post-hoc Holm-Šídák's multiple comparisons 394 
test, compared to PBS control group. (G) Relative quantification of procoagulant platelet 395 
activation and cleared area from n=3 migration assays with human platelets incubated with 396 
PBS or a combination of Cangrelor (0.25 µM), Terutroban (1 µg/ml), and Vorapaxar (1 µM). 397 
Student’s t-test, unpaired, two-tailed. (H) Quantification of procoagulant platelet activation and 398 
cleared area from n=4 migration assays with human platelets incubated with PBS, PAR1 399 
inhibitor Vorapaxar (1 µM), PAR4 inibitor BMS-986120 (1 µM) or a combination of both 400 
inhibitors. One-way ANOVA with post-hoc Holm-Šídák's multiple comparisons test, compared 401 
to PBS control group. (I, J) Representative micrographs of migrating human platelets on a 402 
hybrid matrix. Red (anti-Fbg antibody, anti-Sheep secondary antibody coupled to AF649) 403 
indicates all fibrin(ogen), including endogenous (platelet-inherent) and exogenous (Fbg-404 
AF488, used for coating) fibrin(ogen); yellow indicates overlap of both channels. The 405 
arrowhead indicates overlap of both stainings, the white star indicates red-only and thus 406 
endogenous fibrin(ogen) deposition next to a procoagulant platelet. PS-detecting agent: C1-407 
Cy3. Scale bars 20 µm (I), 2 µm (J). 408 
 409 
Suppl. Figure 4: Validation of PF4cre-CypDfl/fl and PF4cre-TMEM16Ffl/fl mouse lines. | (A) 410 
Baseline quantification of body weight and peripheral platelet, RBC and leukocyte counts of 411 
PF4cre-CypDfl/fl mice, n=4 per Cre-positive/-negative animals. Student’s t-test, unpaired, two-412 
tailed. (B) Flow-cytometric analysis of baseline expression of several platelet receptors from 413 
isolated platelets. n=4 per Cre-positive/-negative animals of the PF4cre-CypDfl/fl mouse line. 414 
Two-way ANOVA. (C) Flow-cytometric quantification of absolute MFIs of P-selectin 415 
expression, GPIIBIIIA integrin activation and PS exposure (stained by C1) by both Cre-positive 416 
and -negative murine platelets isolated from PF4cre-CypDfl/fl animals after exposure to 417 
indicated agonists. n=4. Two-way ANOVA. (D) Baseline quantification of body weight and 418 



peripheral platelet, RBC and leukocyte counts of PF4cre-TMEM16Ffl/fl mice, n=3-4 per Cre-419 
positive/-negative animals. Student’s t-test, unpaired, two-tailed. (E) Flow-cytometric analysis 420 
of baseline expression of several platelet receptors from isolated platelets. n=4 per Cre-421 
positive/-negative animals from PF4cre-TMEM16Ffl/fl mice. Two-way ANOVA. (F) Flow-422 
cytometric quantification of absolute MFIs of P-selectin expression and PS exposure (stained 423 
by C1) by both Cre-positive and -negative murine platelets isolated from PF4cre-TMEM16Ffl/fl 424 
animals after exposure to indicated agonists. n=3-4. Two-way ANOVA. (G) Quantification of 425 
total bleeding time and time to first hemostasis of Cre-positive and -negative PF4cre-CypDfl/fl 426 
mice. n = 5-7 per group. Student’s t-test, unpaired, two-tailed. (H) Quantification of total 427 
bleeding time and time to first hemostasis of Cre-positive and -negative PF4cre-TMEM16Ffl/fl 428 
mice. n = 4-8 per group. Student’s t-test, unpaired, two-tailed. (I) Analysis of arterial thrombosis 429 
experiments with PF4cre-CypDfl/fl mice (n = 7 for both Cre- and Cre+ mice) with quantification 430 
of time to first occlusion, % of vessel occlusion, maximum thrombus size as well as longitudinal 431 
assessment of % of occlusion-free vessels over time. (J) Representative images of carotid 432 
arteries from Cre+ and Cre- PF4cre-CypDfl/fl mice after 3 min of FeCl3-induced injury at 433 
maximum thrombus size. Dashed lines represent vessel walls. Scale bar = 500 µm. (K) 434 
Analysis of arterial thrombosis experiments with PF4cre-TMEM16Ffl/fl mice (n = 4-5 for both 435 
Cre- and Cre+ mice) with quantification of time to first occlusion, % of vessel occlusion, 436 
maximum thrombus size as well as longitudinal assessment of % of occlusion-free vessels 437 
over time. (L) Representative images of carotid arteries from Cre+ and Cre- PF4cre-438 
TMEM16Ffl/fl mice after 3 min of FeCl3-induced injury at maximum thrombus size. Dashed lines 439 
represent vessel walls. Scale bar = 500 µm. (M) Representative micrographs of procoagulant 440 
activation of Cre-negative (left panels) and Cre-positive murine platelets (right panels) of 441 
PF4cre-TMEM16Ffl/fl animals. PS staining: mC1. Scale bars 5 µm. (N) Cell-based 442 
quantification of the number of filopodia, number of released microvesicles and MFI of PS 443 
exposure of Cre-positive and -negative platelets isolated from PF4cre-TMEM16Ffl/fl animals. 444 
Student’s t-test, unpaired, two-tailed. (O) Representative micrograph of migrating and 445 
procoagulant mouse platelets that were co-stained for caspase activation using CellEvent™ 446 
Caspase-3/7 detection dye, showing caspase activation (red) in some procoagulant platelets. 447 
White arrowhead indicates a procoagulant, caspase-positive platelets, stars indicate migrating, 448 
caspase-negative platelets. Note that most procoagulant platelets are caspase-negative. 449 
Scale bar 20 µm. (P) Quantification of migrating and procoagulant mouse platelets for co-450 
staining of PS (C1) and caspase activation. FOV-based quantification including 435 cells. One-451 
way ANOVA with post-hoc Holm-Šídák's multiple comparisons test. (Q) Quantification of 452 
procoagulant activation and migratory capacity of platelets isolated from n = 3 WT mice with 453 
or without treatment with the pan-caspase inhibitor Q-VD-OPh (QVD, 50 µM). Student’s t-test, 454 
unpaired, two-tailed. (R) Representative micrographs of migrating or procoagulant platelets: 455 



migrating platelet from PF4cre mouse (Cre-positive, left panel), procoagulant platelet from 456 
PF4cre mouse (Cre-positive, center panel) and procoagulant platelet from PF4cre-457 
TMEM16Ffl/fl mouse (Cre-positive, left panel). PS staining: mC1. Scale bars 5 µm.  458 
 459 
Suppl. Figure 5: Supporting data CypD/TMEM16F ALI experiments. | (A) BAL fluid 460 
neutrophil and platelet-neutrophil aggregate counts of PF4cre-CypDfl/fl animals 24 h after LPS 461 
challenge. Student’s t-test, unpaired, two-tailed. (B) Peripheral platelet and leukocyte counts 462 
of PF4cre-CypDfl/fl animals 24 h after LPS challenge. Student’s t-test, unpaired, two-tailed. (C)  463 
BAL fluid neutrophil and platelet-neutrophil aggregate counts of PF4cre-TMEM16Ffl/fl animals 464 
24 h after LPS challenge. Student’s t-test, unpaired, two-tailed. (D) Peripheral platelet and 465 
leukocyte counts of PF4cre-TMEM16Ffl/fl animals 24 h after LPS challenge. n = 4 animals per 466 
group. Student’s t-test, unpaired, two-tailed. 467 
 468 
Suppl. Figure 6: Supporting data mechanosensing and calcium imaging. | (A) 469 
Representative micrographs of isolated human platelets migrating on a fibrinogen/albumin 470 
matrix. Right panel: Representative calcium oscillations of migrating platelets. (B) Relative 471 
quantification of percentage of platelet procoagulant activation of all collagen-associated cells. 472 
Individual dots represent percentages derived from individual time-lapse microscopy videos. 473 
Platelets were isolated from n=2-3 mice per group. One-way ANOVA with post-hoc Holm-474 
Šídák's multiple comparisons test. (C) Representative calcium (Fluo-4, green) and PS (mC1, 475 
pink) intensity profiles derived from live imaging of platelets from TMEM16F-deficient platelets. 476 
Arrows indicate the beginning of procoagulant activation after sensing collagen fibers, numbers 477 
indicate the time to supramaximal calcium plateau in seconds. (D) Quantification of time to 478 
calcium plateau for procoagulant platelets isolated from mice with indicated genotypes. n = 25 479 
individual procoagulant platelets. One-way ANOVA with post-hoc Holm-Šídák's multiple 480 
comparisons test. (E) Representative micrographs of isolated platelets from CypD-deficient 481 
mice migrating on a fibrinogen/albumin/collagen I matrix, corresponding to Figure 6E. Scale 482 
bar 10 µm. (F) Quantification of procoagulant platelet activation and cleared area (as a proxy 483 
of migratory capacity) of human platelets treated with Synta66 (50 µM), Ru360 (50 µM) and 484 
BI-74932 (50 µM) to inhibit store-operated calcium entry (SOCE), mitochondrial calcium 485 
uniport and extracellular calcium influx, respectively. n = 3 healthy human donors. (G) Relative 486 
quantification of procoagulant platelet activation and cleared area per cell for human platelets 487 
(n=7) incubated with all the above calcium inhibitors (Synta66, Ru360 and BI-74932), 488 
normalized to untreated control platelets. Student’s t-test, unpaired, two-tailed. 489 
 490 
Suppl. Figure 7: Supporting data migration assay (II). | (A, B) Representative micrographs 491 
and quantification of migrating human platelets (n=3) on a hybrid collagen matrix with co-492 



staining of activated GPIIBIIIA by PAC-1 antibody. Arrowhead indicates migrating platelet with 493 
PAC-1 binding to the fibrin(ogen)-rich platelet’s pseudonucleus. Note that only few 494 
procoagulant platelets bind PAC-1. Scale bar 20 µm. Student’s t-test, unpaired, two-tailed. (C, 495 
D) Relative quantification of procoagulant platelets and cleared area from migration assays 496 
performed with human platelets from n = 3 healthy donors. Final concentrations for Ca2+ were 497 
1 mM, unless calcium was depleted or not added to the assay. Inhibitor concentrations: PP2 498 
20 µM, NSC27633 5 µM, U73122 10 µM, ML7 50 µM, Blebbistatin 1 µM. One-way ANOVA 499 
with post-hoc Holm-Šídák’s multiple comparisons test compared to Ctrl group. (E) 500 
Representative micrographs of human platelets treated with the respective agonists/inhibitors, 501 
with the yellow outline indicative of the manual tracking of cell shape. Scale bar 3 µm. (F) 502 
Analysis of area, circularity and number of filopodia per platelet for n > 30 platelets per 503 
condition. One-way ANOVA with post-hoc Holm-Šídák’s multiple comparisons test compared 504 
to control group. (G) Quantification of % migrating platelets and cleared area/platelet by murine 505 
platelets treated or not with 20 µM mP6. Student’s t-test, unpaired, two-tailed. (H) 506 
Quantification of migrating platelets and cleared area/platelet by murine platelets treated or 507 
not with ascending concentrations of anti-GPVI antibody JAQ1. One-way ANOVA with post-508 
hoc Holm-Šídák’s multiple comparisons test compared to control group. (I) Quantification of 509 
migrating platelets and cleared area/platelet by murine platelets treated or not with ascending 510 
concentrations of Syk inhibitor BI-1002494. One-way ANOVA with post-hoc Holm-Šídák’s 511 
multiple comparisons test compared to control group. (J) Quantification of migrating platelets, 512 
procoagulant activation and cleared area from migration assays with platelets from n = 3 513 
human donors treated or not with the alpha2beta1 receptor inhibitor TC-I15 (10 µM). (K) 514 
Fluorescence microscopy image of migrating platelets, t = 16 min, corresponding to Figure 7D 515 
und Suppl. Video 3. PS staining: mC1. Scale bar = 10 µm. (L) Relative quantification of calcium 516 
amplitude of migrating platelets treated with vehicle, mP6 (20 µM) or BI-1002494 (2.5 µM). 517 
n=5-6 videos from n=2-3 mice per condition with a total of > 100 platelets were analyzed. 518 
 519 
Suppl. Figure 8: Supporting in vivo and in vitro data for GPIIBIIIA and GPVI blockade. | 520 
(A) Representative confocal images of mouse platelets treated with isotype control and vehicle 521 
or JAQ1 (10 µg/ml) and tirofiban (1 µg/ml). PS staining: mC1. Scale bar = 10 µm. (B) 522 
Quantification of procoagulant platelet activation, migrating platelets and cleared area per 523 
platelet for indicated treatments. One-way ANOVA. (C) Representative scatter plots from flow 524 
cytometric measurements of isolated platelets from mice treated with the GPVI-blocking 525 
antibody JAQ1 or IgG2a isotype control (100 mg per animal injected i.p. 72 hours prior to 526 
platelet isolation). (D) MFIs for GPVI measured in platelets isolated from JAQ1- or IgG2a-527 
treated Bl6 mice. Student’s t-test, unpaired, two-tailed. (E) MFIs for PS (C1), P-selectin and 528 
activated GPIIBIIIA (JonA) after pre-incubation of human platelets with PBS or the GPIIBIIIA 529 



antagonist tirofiban (1 µg/ml) and subsequent treatment with PBS or convulxin. One-way 530 
ANOVA. (F) Representative scatter plots from flow cytometric measurements of isolated 531 
human platelets after pre-treatment mit PBS or tirofiban and subsequent activation with 532 
convulxin. (G) Analysis of migrating platelets, procoagulant activation and cleared area of 533 
human platelets from n = 4 healthy human donors with or without tirofiban treatment (1 µg/ml). 534 
(H) Clinical scores of individual animals across treatment groups for 24 h after LPS challenge. 535 
Sepsis scores contain appearance, activity, responsiveness and breathing patterns. One-way 536 
ANOVA. (I) MFIs of several platelet receptors measured in whole blood of animals from 537 
treatment groups 24 h after LPS challenge. (J) MFI of GPVI in whole blood of mice from 538 
treatment groups 24 h after LPS challenge. One-way ANOVA. (K) Quantification of PNA 539 
formation in BAL fluid across treatment groups. One-way ANOVA. (L) Experimental scheme 540 
for peritoneal sepsis in Bl6 mice treated with JAQ1, a GPVI-blocking antibody, or isotype (red 541 
arrow) 72 hours prior to LPS challenge (black arrow) and vehicle or Tirofiban injections at 0 542 
and 3 hours (red arrows) after LPS challenge. (M) Quantification of platelet GPVI expression, 543 
% procoagulant platelets and CD41 expression in whole blood across experimental groups 544 
(n=4). Student’s t-test, two-tailed, unpaired. (N) Quantification of RBC and WBC counts as well 545 
as PNA formation in peritoneal lavage fluid (n=4). Student’s t-test, two-tailed, unpaired. (O) 546 
Representative immunofluorescence stainings from mesenteric sections of control and 547 
JAQ1/tirofiban-treated animals, showing procoagulant (white arrowhead) and PS-negative 548 
platelets (white star) adherent to CD31-positive endothelium. Scale bar = 10 µm. (P) 549 
Quantification of platelet recruitment (number of all adherent vascular platelets) and % 550 
procoagulant platelets in mesenteric vessels of isotype/vehicle or JAQ1/tirofiban-treated 551 
animals after LPS administration (n=4). Student’s t-test, two-tailed, unpaired. (Q) 552 
Representative immunofluorescence stainings from mesenteric sections of control and 553 
JAQ1/tirofiban-treated animals, revealing mesenteric microbleeding in dual blockade of GPVI 554 
and GPIIBIIIA (white arrowhead). Scale bar 50 µm. (R) Quantification of mesenteric 555 
microbleeding as assessed by extravascular RBC count per mm2 mesentery. Student’s t-test, 556 
two-tailed, unpaired. Holm-Šídák’s multiple comparisons tests compared to control group were 557 
used for all one-way ANOVAs in this figure. 558 
 559 
Suppl. Figure 9: Gating strategies for whole blood and BAL fluid. | (A) Representative 560 
scatter plots from whole blood with gating strategies for the identification of platelets, 561 
procoagulant platelets, leukocytes, neutrophils and neutrophil-platelet aggregates. MFIs were 562 
measured after gating for the respective population. (B, C) Representative scatter plots from 563 
BAL fluid with gating strategies for the identification of leukocytes, neutrophils and red blood 564 
cells. Peritoneal lavage samples (not shown) were gated according to the strategy shown in 565 
C.  566 



Supplementary Video legends 567 
Suppl. Video 1: Platelet procoagulant activation in vivo. 4D live microscopy of a mesentery 568 
venule. White: platelets, fire: PS exposure (mC1). Dotted lines indicate the vessel wall. Scale 569 
bar 10 µm. 570 
 571 
Suppl. Video 2: Supramaximal calcium bursts prior to platelet ballooning and PS 572 
exposure of migrating platelets. Live microscopy of migrating human platelets on a hybrid 573 
albumin/fibrinogen/collagen I matrix. Phase contrast. Green: Fluo-4 (intracellular calcium 574 
oscillations), fire: PS exposure (AnnV). Scale bar 10 µm. 575 
 576 
Suppl. Video 3: Calcium oscillations in migrating platelet pre-treated with mP6. Live 577 
microscopy of migrating human platelets on a hybrid albumin/fibrinogen/collagen I matrix. 578 
Phase contrast. Green: Fluo-4 (intracellular calcium oscillations), fire: PS exposure (mC1). 579 
Scale bar 10 µm. 580 
 581 
  582 
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Suppl. Figure 1: Anticoagulation aggravates inflammatory bleeding
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Suppl. Figure 2: The C1 multimer detects procoagulant platelets in vitro and in vivo
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Suppl. Figure 3: Supporting data migration assay (I)
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Suppl. Figure 4: Validation of PF4cre-CypDfl/fl and PF4cre-TMEM16Ffl/fl mouse lines
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Suppl. Figure 5: Supporting data CypD/TMEM16F ALI experiment
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Suppl. Figure 6: Supporting data mechanosensing and calcium signaling
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Suppl. Figure 7: Supporting data migration assay (II)
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Suppl. Figure 8: Supporting in vivo and in vitro data for GPIIBIIIA and GPVI blockade
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Suppl. Figure 9: Gating strategies
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