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Abstract 
 
Platelets have an established role in thrombosis and haemostasis. C-type lectin-like 

receptor 2 (CLEC-2) is highly expressed on platelets and a subpopulation of myeloid 

cells, and is critical in lymphatic development. Using a recently developed mouse 

model for platelet-specific deletion of platelet-CLEC-2, CLEC1bfl/flGPIb-Cre, we show 

that CLEC-2 contributes to thrombus stability in mice. However, CLEC-2 inhibition in 

human blood using monoclonal antibody, AYP1, or recombinant CLEC-2 did not 

translate these observations to human. This presents CLEC-2 as a promising 

therapeutic target in thromboinflammatory or inflammatory disease, without detriment 

to thrombosis and haemostasis. We show that hemin, the oxidised form of haem 

released post-haemolysis, is a novel CLEC-2 ligand which can activate and aggregate 

platelets through its hemITAM domain. Interestingly, anti-malarial drug 

hydroxychloroquine is able to inhibit hemin-induced mouse and human platelet 

activation, but not ROS generation. In a mouse model of thrombosis, the ferric chloride 

injury of the carotid artery, we demonstrate that hydroxychloroquine treatment 

presents small, non-occlusive thrombi, compared to saline-treated controls. This may 

present hemin-CLEC-2 as a promising therapeutic target in thromboinflammatory 

disease. Beyond thrombosis, platelets contribute to the development, progression and 

resolution of the inflammatory response. CLEC-2 is protective during mouse models 

of sepsis, and other inflammatory diseases. Here we show that CLEC-2 reduces tissue 

inflammation by regulating inflammatory macrophage activation and trafficking from 

inflamed tissue during murine peritonitis through its ligand, podoplanin. Treatment 

using recombinant CLEC-2-Fc induces the rapid emigration of peritoneal inflammatory 

macrophages to mesenteric lymph nodes, thus reducing the accumulation of 

inflammatory macrophages in the inflamed peritoneum. Macrophage efflux to draining 

lymph nodes induces T cell priming. In conclusion, we show that CLEC-2 reduces the 

inflammatory phenotype of macrophages and their accumulation, leading to 

diminished tissue inflammation. Both the thromboinflammatory and 

immunomodulatory functions of CLEC-2 present strategies to reduce tissue 

inflammation and inflammatory thrombi, and could be therapeutically exploited to limit 

disease progression. 
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1. General Introduction 

 

 

 

 

 

 

 

 

 

 



 

 2 
 
 

1.1 An overview on classical platelet functions 

 

Platelets are small, anuclear cell fragments important in health, but are also 

contributors to pathophysiology. Demonstrated to have several roles post-injury or 

infection, platelets are best described to regulate the maintenance of circulating 

blood volume through the generation of a vascular plug at the site of injury. Upon 

vascular injury or rupture, exposure of the sub- or activated-endothelium initiates 

platelet activation, which leads to conformational changes in their shape, the 

translocation of activation markers from intracellular stores to the platelet surface, 

and subsequent increased interaction with other circulating platelets, leukocytes, 

endothelial cells and clotting factors, together contributing to clot formation. Whilst 

platelets are important for maintenance of haemostasis, they have also been 

observed to drive unwanted complications in disease, in particular inflammatory and 

thrombotic diseases. More recently, platelets were shown to be involved in 

development and cancer progression, with different platelet receptors involved at 

different stages and different organs. The regulation of platelet-cell interaction, their 

ability to form a vascular plug, alongside various other bodily functions create 

interesting and effective translational therapeutic targets to treat thrombosis, 

thromboinflammation, and/or inflammatory-related diseases.  
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1.2 Platelet physiology 

 

1.2.1 Platelet structure and anatomy 

 

First described in 1882 by Giulo Bizzozero, platelets were microscopically observed 

in both circulating blood and in blood harvested from living mammals (Ribatti and 

Crivellato, 2007).  Mature human platelets are typically 2-3 microns in size, and have 

a somewhat unique cellular assembly. To support the plasma membrane, platelets 

utilise an actin cytoskeleton with a microtubule system which upkeeps 

conformational changes during platelet activation and spreading (Bearer et al., 2002, 

Poulter et al., 2015). The proportion of polymerised actin within the cell fragment is 

fundamental to the organisation of filaments, and hence platelet shape (Bearer et al., 

2002). 

 

Whilst the cell fragments are anuclear, platelets have unique mitochondria which are 

few, but highly active, with a high adenosine 5’-triphosphate (ATP) turnover 

(Zharikov and Shiva, 2013). Aside from the classical ‘powerhouse’ of the cell 

function, platelet mitochondria have been shown to be vital in dictating intracellular 

signalling via reactive oxygen species (ROS) generation, and cytochrome c 

production to dictate platelet activation and apoptosis, respectively (Hamanaka and 

Chandel, 2010, Nunnari and Suomalainen, 2012). In the absence of a nucleus, 

platelets are incapable of upregulating protein expression transcriptionally post-

phosphorylation of intracellular signalling components, subsequently unable to 

undergo de novo protein synthesis. Instead, platelets store biologically active 

molecules which are critical in the classical, and non-classical functions in 
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intracellular granules (Flaumenhaft, 2003). Of the three major granules, the most 

prominent is the alpha granule, which contains P-selectin, GPIIb/IIIa, fibrinogen and 

von Willebrand Factor (vWF) which are released upon platelet activation; alpha 

granules also contain inflammatory cytokines and chemokines (Harrison and 

Cramer, 1993). The second major granule are the dense granules, which also 

secrete proteins during activation, such as serotonin, adenosine 5’-diphosphate 

(ADP) and ATP. Platelets also contain lysosomes, which store glycohydrolases, but 

are less prevalent. Both granules and lysosomes are vital in thrombi formation and 

growth, alongside the recruitment of leukocytes in thrombosis and inflammation 

(Heijnen and van der Sluijs, 2015), and reside in the central cytoplasm – coined 

‘hyalomere’. 

 

For dynamic transport and access to the intracellular components of the platelet 

hyalomere, two canalicular systems are utilised; (i) an open (OCS) and (ii) dense 

canalicular system (DCS) (Bearer et al., 2002). The DCS is responsible for calcium 

(Ca2+) sequestration, alongside the synthesis of various unsaturated fatty acids and 

subsequent lipid mediators. That being said, it has been shown that the majority of 

granular release is through the OCS, leading to protein release through pores into 

the extracellular space (Allen et al., 1979, Stenberg et al., 1984). The phospholipid 

bilayer accommodates the expression of constituently expressed proteins, which can 

be used to trigger platelet activation, alongside those released from degranulation. 
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1.2.2 Platelet production 

 

Platelets are derived from their progenitor in the haematopoietic lineage, the 

megakaryocyte. Megakaryocytes are responsible for almost all organelles and 

proteins comprised within the mature platelet, both constituently expressed and 

those released through degranulation; other proteins such as fibrinogen are uptaken 

from blood plasma.  In early development, prior to sufficient marrow cavity 

infrastructure, megakaryopoiesis occurs in the liver and yolk sac (Bluteau et al., 

2013). Post-development, megakaryocytes reside predominantly in the bone 

marrow, but are also found in the lung, and rarely in peripheral blood (Ogawa, 1993, 

Lefrançais et al., 2017). Murine megakaryocytes are also found in the spleen, albeit 

this is not translated to humans (Schmitt et al., 2001). Alongside other circulating 

blood cells, megakaryocytes are derived from a haematopoietic stem cell, and 

subsequent common myeloid progenitor (Figure 1.1). The progenitor can 

differentiate into burst- or colony-forming, immature megakaryocytes, albeit both 

lineages ultimately differentiate to mature megakaryocytes (Briddell et al., 1989). In 

distinct response to thrombopoietin, a growth-development cytokine, 

megakaryocytes enlarge to 100-500 µm to facilitate platelet production (Long et al., 

1982, Kaushansky, 2005, Kaushansky and Drachman, 2002). It is estimated that 

thousands of proplatelets develop along the branches formed from the 

megakaryocyte pseudopods (Patel et al., 2005), although this is not replicated over 

the 14-day ex vivo bone marrow differentiation process (Thon and Italiano, 2010, 

Sim et al., 2016). 
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In health, around two thirds of platelets are in constant circulation, with the remaining 

stored in the spleen. Normal platelet counts in humans are 150-400x106 /ml. During 

illness or blood-loss, platelet count is replenished through increased megakaryocyte 

differentiation from the bone marrow (Patel et al., 2005, Ghoshal and Bhattacharyya, 

2014). Humans can produce up to 1011 platelets/day, with a lifespan of 8-10 days 

(Fritz et al., 1986, Lebois and Josefsson, 2016); old platelets are phagocytosed in 

the liver and spleen.  
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Figure 1.1 - Differentiation of specialised cells from haematopoietic stem cells 

Haematopoietic stem cells, found in bone marrow, differentiate to common 

progenitors in response to specific stimuli. Progenitors can further differentiate to 

specialised cells under particular conditions, in this case – platelets from 

megakaryocytes. Figure made using BioRender. 
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1.2.3 The dynamic role of platelets 

 

Platelets circulate the body in vasculature to maintain and preserve vascular integrity 

in the absence of injury and inflammation (Gupta et al., 2020). However, platelets 

play critical roles post-trauma or infection. Upon injury, activated platelets reduce 

blood loss (haemostasis) through the formation of a haemostatic plug in the 

cardiovascular system. Pathogenic-driven clot formation can also occur 

(thrombosis). Thrombosis and haemostasis were long believed to be the sole 

function of the platelet (Ghoshal and Bhattacharyya, 2014, Tomaiuolo et al., 2017), 

albeit more recently, classical and non-classical functions beyond primary 

thrombosis have been discovered. Alongside significant roles in inflammation driven 

thrombosis (thromboinflammation) (Nieswandt et al., 2011, Jackson et al., 2019), 

platelets have been demonstrated to interact with inflammatory cells to not only drive 

thrombosis, but also to have immunomodulatory functions in dictating the 

inflammatory response to pathogen- and sterile-driven inflammation (Rayes et al., 

2020). Platelet-cell interactions have been established to drive thrombosis, 

thromboinflammation and inflammation, through crosstalk with the endothelium, 

erythrocytes, neutrophils, monocytes and macrophages. The pro-thrombotic and 

immunomodulatory functions of platelets are promising therapeutic targets to treat 

vascular diseases such as atherosclerotic plaque, peripheral artery disease or 

ischaemic stroke, inflammatory diseases such as inflammatory bowel disease, 

arthritis or sepsis, and even cancer. 
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1.3 Thrombus formation 

 

Thrombus formation involves multiple cell types, proteins and signalling events which 

culminates to a vascular plug which ultimately promotes haemostasis. In response to 

a platelet stimulus, most commonly the exposure of collagen from the 

subendothelium, a sequence of events is initiated. (i) platelets adhere to exposed 

collagen fibres, (ii) are stabilised for firm adherence, (iii) then spread and recruit 

further platelets by protein secretions, and (iv) thrombus growth (Figure 1.2).  

 

i. Collagen exposure and initial platelet adherence 

In health, platelets are marginalised by red blood cells to force a mild interaction with 

the non-activated, intact endothelium. Forming as much as 40% of total protein in the 

blood vessel walls, collagen is critical in both the tissue integrity of the endothelium, 

but also in driving thrombosis (Farndale et al., 2004).  Located immediately below 

endothelium in the underlying matrix, collagen is both an efficient and convenient 

tool utilised to restrict haemostasis. Upon vascular injury, vascular integrity is 

disrupted, forcing blood – and hence platelets – to flow over collagen-containing 

connective tissue. Collagen types I, II, III and IV, the most common in vasculature, 

can support platelet adhesion up to a high shear rate in microcirculation of 2000s-1 

(Sixma et al., 1997, Sixma et al., 1995). Platelet receptor glycoprotein (GP)-Ib-V-IX 

indirectly binds collagen through vWF to initiate initial platelet adhesion (Verkleij et 

al., 1998). Vascular injury exposes both vWF and collagen in the subendothelium, 

although inflammation-driven thrombosis induces the release of vWF on the 

endothelial surface to promote platelet adhesion. The passive binding to vWF is 
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insufficient to drive stable adhesion, and causes platelet rolling along the 

endothelium.  

 

ii. Stabilised adhesion and activation 

Initial platelet binding to collagen and vWF through glycoproteins allows for 

increased platelet receptor-ligand interaction, and formation of firm adhesion with 

collagen fibres. Platelet receptor glycoprotein (GP)VI is critical for platelet interaction 

with collagen, and when within close vicinity, initiates platelet activation and 

subsequent stable adhesion (Nieswandt et al., 2001a). GPVI is essential at all shear 

rates, unlike integrin a2b1 (Savage et al., 1998). GPVI crosslinking initiates a strong 

‘inside-out’ signalling to activate integrins a2b1 and aIIbb3, inducing a switch in 

conformational shape and their binding affinity to collagen (Nieswandt et al., 2001a, 

Watson et al., 2005). Activation of integrins a2b1 and aIIbb3 allows for greater 

interaction with collagen and vWF, respectively, to further promote further stable 

platelet adhesion (Verkleij et al., 1998). 

 

iii. Platelet spreading and recruitment 

Despite classically having a discoid shape when non-activated in circulation, 

platelets have a highly irregular shape upon activation.  Through an extension of 

pseudopodia, and subsequent lamellipodia, platelets flatten to have an increased 

surface area at the site of injury (Lee et al., 2012, Durrant et al., 2017). Activated 

platelets secrete thromboxane A2 (TxA2) and ADP from granules, which drive the 

recruitment of further platelets independent of collagen (Wu et al., 1996), and also 

promotes further platelet spreading. Procoagulant enzyme complexes are formed on 

platelet surfaces through phosphatidylserine (PS) exposure through platelet-
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membrane inversion upon activation. In turn, thrombin is generated from prothrombin 

– a major platelet activator through protease activated receptor (PAR)-1 and PAR-4 

(PAR-3 and PAR-4 in mice which are PAR-1-deficient) (Arachiche et al., 2013).  

 

iv. Thrombus growth 

Thrombin released from recruitment, and collagen-adhered platelets not only acts as 

a strong platelet agonist, but also converts fibrinogen, produced in the liver and 

found in blood plasma, to fibrin. Fibrin acts as a web to not only recruit and activate 

more platelets but also hold the thrombi together, to successfully inhibit blood loss at 

the site of vascular disruption. Initially thought to be a GPVI-dependant mechanism 

(Alshehri et al., 2015a), GPIIb/IIIa has been shown as the major fibrin receptor 

(Moroi et al., 2021).  Moroi et al. demonstrated that only dimeric, and not monomeric, 

GPVI binds fibrin in clots, although at low levels compared to GPIIb/IIIa. Clots are 

then able to strengthen the plug formed through contraction generated by non-

muscle myosin II to generate retraction of the actin cytoskeleton to pull platelets 

together. Clot retraction leads to restoration of homeostasis (Farndale et al., 2004). 
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Figure 1.2 – Stages of thrombus formation. The major stages of thrombus 

formation post-vascular integrity disruption: (i) collagen exposure and initial platelet 

adherence through GPIb-IX-V binding to vWF and collagen, (ii) stabilised platelet 

adhesion through GPVI and subsequent integrin activation to promote further firm 

adhesion, (iii) platelet spreading and their further recruitment through the secretion of 

ADP and TxA2 and (iv) thrombus growth and stabilisation by the formation of a fibrin 

web which retracts to form a haemostatic plug. Figure made using BioRender. 

i 

ii 
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iv 
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1.3.1 Platelet activation signalling 

 

Platelet activation through receptor crosslinking and Ca2+ mobilisation from granule 

release is mediated by external agonists or adhesion proteins; platelets are 

otherwise biologically active, but non-activated in physiology. Receptors regulating 

platelet activation which are important in thrombosis and haemostasis can be 

categorised into two major domains – G protein-coupled receptors (GPCRs) and 

protein tyrosine kinase (PTK)-linked receptors (Figure 1.3) (Offermanns, 2006, 

Furman et al., 1994).  

 

GPCRs make up the largest family of proteins in the human genome sequence 

(Pierce et al., 2002, Fredriksson et al., 2003). They are impressively diverse and can 

be activated by a range of ligands with a variety of chemical properties, subsequently 

inducing a range of intracellular signalling pathways through the guanine nucleotide-

binding proteins (G proteins) (Offermanns, 2006).  The tertiary phase (Figure 1.2) in 

thrombus formation utilises the assorted application of GPCRs to accommodate 

TxA2- and ADP-regulated platelet activation and recruitment through a positive 

feedback loop (Wu et al., 1996); platelet activation by the ligands further drive their 

secretion. 

 

TxA2 is derived from arachidonic acid, stored as phospholipids in the platelet 

membrane, through oxygenation by cyclooxygenase and TxA2 synthase (Paul et al., 

1999). Whilst a positive feedback loop is well understood in context of GPCR-TxA2 

crosslinking, it is not known if TxA2 is a strong agonist for platelet activation, or a 

mediator for activation of other ligands. TxA2 binds to and activates the platelet-
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receptor, thromboxane receptor, a Gq-coupled receptor which leads to 

phospholipase C (PLC) phosphorylation, and subsequent induction of intracellular 

Ca2+ release (Hechler and Gachet, 2011); Ca2+ is an essential second messenger for 

platelet activation (Varga-Szabo et al., 2009).  

 

ADP is released from dense granules (Heijnen and van der Sluijs, 2015), but can 

also be secreted by activated or disrupted endothelial cells through its metabolism by 

ectonucleoside triphosphate diphosphohydolase1 (Yau et al., 2015). It activates 

platelets through GPCR receptors, P2Y1 and P2Y12 (Offermanns, 2006, Hechler 

and Gachet, 2011). The P2Y1 receptor, similar to the thromboxane receptor, is Gq-

coupled and also signals through PLC. Interestingly, P2Y12 signals through a 

different pathway, as they are Gi-coupled. Downstream of receptor P2Y12 activation, 

cyclic adenosine monophosphate (cAMP) formation by adenyl cyclase is inhibited, 

subsequently reducing the activity of protein kinase A (PKA), and phosphorylation of 

protein kinase B (PKB) downstream of phosphoinositide 3-kinase (PI3K) (Cattaneo, 

2015). 

 

Aside from TxA2 and ADP, thrombin is also a GPCR agonist, binding to platelets 

through PAR-1 and -4 (Adam et al., 2003). Distinct from other GPCRs, PARs are not 

simply activated through direct ligand binding, but through cleavage of their N-

terminus to expose a ‘tethered ligand’. The tethered ligand remains bound, and 

signals through Gq- and G13-coupled receptors (Offermanns, 2006, Hechler and 

Gachet, 2011, Cattaneo, 2015). Mice are deficient in PAR-1, but instead function 

through PAR-3 and PAR-4; different PARs have varying affinity to ligands, and have 
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varying activating capabilities. Thrombin acts to cleave fibrin from fibrinogen, and 

stabilise thrombus formation (as mentioned in 1.3).  

 

PTK-linked receptors are essential for the first stages of platelet activation, and are 

important in the initial binding of platelets to exposed collagen, post vascular 

disruption. The role of platelet integrins is well established in the field, which signal 

through PTKs. Integrins are heterodimeric glycoproteins, which are integral in the 

platelet membrane to facilitate platelet-ligand or platelet-cell interaction (Furman et 

al., 1994). 

 

Integrins a2b1 and aIIbb3 (GPIIb/IIIa) are important in firm adhesion of platelets to 

collagen-containing sub-endothelial tissue.  The heterodimer integrin aIIbb3 is the 

most abundance integrin with up to 80,000 copies, and is distinct to platelets 

(Bennett, 2005, Bennett, 2015). The receptor can bind to soluble fibrinogen, 

fibronectin and vWF (Furman et al., 1994, Nieswandt et al., 2001a). Upon activation, 

inside-out signalling drives a conformational change in receptor shape to increase 

the affinity to ligands. Unlike integrin aIIbb3, a2b1 has a more relevant function in 

initial platelet adhesion, and can only process weak activation signals. Platelet 

activation through these integrins initiates platelet cytoskeleton rearrangement to 

stimulate platelet spreading (Poulter et al., 2015). 

 

Before firm platelet adhesion can be initiated, platelet arrest from circulation is 

stimulated through the GPIb-IX-V complex. This consists of a GPIba, GPIbb, GPIX 

and GPV subunits (Andrews et al., 2003, Ravanat et al., 2010), which together form 

a vWF receptor complex. GPIba is the largest of the aforementioned, and is integral 
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in binding to vWF, factor XII and thrombin to initiate a coagulation sequence 

(Madabhushi et al., 2014). The GPIba tail, along with support by GPIbb, is bound to 

a dimeric actin crosslinking scaffold protein, Filamin A.  

 

 

 

Figure 1.3 - Classical GPCR and PTK-linked receptor signalling. The GPCR and 

PTK-linked receptors induce signalling pathways integral to platelet activation and 

subsequent thrombus formation. Receptor-ligand binding initiates a phosphotyrosine 

signalling cascade, leading to aIIbb3 activation and degranulation, leading to a 

positive feedback loop to drive further activation and platelet recruitment. Figure 

made using BioRender.  
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immunoreceptor tyrosine-based activation motif (ITAM) receptors, upon crosslinking 

by the relevant ligands, distinctly activate platelets through an intracellular signalling 

pathway independent of GPCRs, and unlike PTK-linked receptors, have either an 

ITAM of hemITAM domain. These domains facilitate Src family kinase (SFK) 

phosphorylation, leading to PLCg2 activation (Rayes et al., 2018), and have been 

shown to regulate canonical and non-canonical functions of platelets. The structure 

and function of ITAM receptors will be discussed later in this thesis.  

 

1.3.2 Preventing platelet activation in physiology 

 

Platelets have little function in physiology, and whilst thrombosis and haemostasis 

are essential mechanisms in homeostasis, spontaneous platelet activation would be 

detrimental. With this in mind, mechanisms to prevent platelet activation are 

necessary to allow passive interaction with the non-activated, intact endothelium as 

a result of margination by erythrocytes. Endothelial cells have an arsenal of platelet-

inhibiting mechanisms.  

 

Nitric Oxide (NO) is synthesised by NO synthase (NOS), an enzyme with three 

isoforms; NOS-III is most commonly found in the endothelium, unlike NOS-I- and 

NOS-II which is mainly found in inflammatory cells and the nervous system (Ghosh 

and Salerno, 2003). Upon Ca2+-dependant NO release from the endothelium, the 

soluble gas diffuses to the luminal portion of the vessel to interact with platelets. NO 

is sensed by guanylyl cyclase in the platelet cytoplasm, which subsequently drives 

intracellular cyclic guanosine monophosphate (cGMP) to activate protein kinase G 
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(PKG). PKG activation forces a reduction in intracellular, bioavailable Ca2+, and 

hence eliminates cell activation (Mitchell et al., 2008). The short half-life of NO allows 

for a rapid turnover of the soluble gas, alongside constitutive expression and release 

from the endothelium, leading to a careful balance to remove spontaneous platelet 

activation, simultaneously allowing platelet activation in response to a strong agonist.  

 

In many ways, prostacyclin (PGI2) is thought to be the opposite to TxA2 in platelet 

functionality (Offermanns, 2006, Mitchell et al., 2008). Platelets express PGI2 

receptors on their surface, which are classical GPCRs, but also intracellular 

peroxisome proliferator-activated receptors (PPARs), specifically PPARb/∂ and 

PPARg, which are ligand-activated transcription factors of the nuclear hormone 

family (Pierce et al., 2002, Offermanns, 2006, Stitham et al., 2007). Interestingly, 

PPARg has been shown to negatively regulate GPIIb/IIIa outside-in signalling 

through protein kinase A (Unsworth et al., 2017). PGI2 receptor activation initiates 

GPCR-dependant adenylate cyclase production of cAMP; TxA2 signalling inhibits 

cAMP production. Resultant PKA phosphorylation decreases intracellular 

bioavailability of Ca2+, and hence reduces cellular activity.  

 

Alongside endothelial secretions to limit platelet activation, endothelial cells express 

an integral membrane enzyme, CD39, which is key in the hydrolysis of ADP and/or 

ATP (Antonioli et al., 2013). An accumulation of ATP has been shown to exacerbate 

thrombin-induced vascular permeability, through a loss of endothelial barrier 

function, to promote thrombus growth (Gündüz et al., 2003). Reduction in adenosine 

residue generation has been shown to be essential in silencing endothelial 
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activation, and subsequent thrombus generation (Koszalka et al., 2004, Zernecke et 

al., 2006). 

 

Aside from anti-platelet mechanisms developed by the endothelium, platelets also 

express anti-activating qualities through the immunoreceptor tyrosine- based 

inhibitory motif (ITIM). Platelet endothelial cell adhesion molecule-1 (PECAM-1), 

G6b-B, triggering receptor expressed on myeloid cells-like transcript 1 (TLT-1), and 

carcinoembryonic antigen-related cell adhesion molecule (CEACAM) each have 

been demonstrated to contain ITIMs (O'Brien et al., 2004, Mazharian et al., 2012, 

Geer et al., 2018, Smith et al., 2018, Ye et al., 2020). They are linked to Src 

homology 2 domain-containing protein-tyrosine phosphatase-1 (SH1) and -2 (SH2), 

which regulate the dephosphorylation of integral intracellular signalling components 

(Mazharian et al., 2013, Geer et al., 2018). As a result of dephosphorylation, free 

intracellular Ca2+ is decreased, and hence so is cell activity.  

 

1.4 Platelets beyond haemostasis 

 

As eluded to thus far, platelets have significant functions during pathophysiological 

conditions beyond conventional hemostasis. The past 20 years have enlightened 

platelets as contributors to vascular integrity and permeability, infection- and sterile-

driven inflammation and tissue repair. Platelets alone are somewhat innocent 

bystanders in these processes, however through their interaction with the 

endothelium or myeloid cells, they can drive these processes to restore 

homeostasis. Interestingly, alongside storing mediators of a platelet-activating 

positive-feedback loop, platelet granules simultaneously store pro- and anti-
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inflammatory mediators, including tumour necrosis factor-α (TNF-α) and transforming 

growth factor-β (TGF-b), chemokines such as RANTES and platelet factor 4 (PF4), 

endothelial cell regulators such as sphingosine-1-phosphate and serotonin, and also 

growth factors such as platelet-derived growth factor (PDGF) and vascular 

endothelial growth factor (VEGF) (Golebiewska and Poole, 2015, Rayes et al., 

2020). Secretion of these factors can all be released instantly post-platelet activation 

by an agonist. The dynamic capabilities of platelets make them fascinating 

therapeutic targets to modulate various platelet functions beyond haemostasis. 

 

Platelets have a dynamic, and heavily dependable role during local inflammatory 

conditions through maintenance of vascular integrity and permeability (Ho-Tin-

Noé et al., 2018). Classically, collagen exposure post-trauma leads to platelet 

recruitment and haemostasis. That being said, inflammatory bleeding outlines a 

mechanism distinct from typical thrombosis and haemostasis. Inflammatory 

hemostasis is primarily GPIIb/IIIa-independent, although it can also be GPIIb/IIIa-

dependent during cortical inflammation-induced ischemia-reperfusion injury (Kingma 

et al., 2000). Neutrophil extravasation-induced vascular permeability is recovered 

through platelet recruitment during inflammation (Hillgruber et al., 2015), through 

binding to endothelial tight junctions and ‘conducting’ neutrophils through their 

transmigration process. This emphasises the importance of platelets during 

inflammation through limitation of inflammatory bleeding. Simultaneously, platelet 

recruitment during inflammation can increase vascular permeability, leukocyte 

recruitment, and oedema through the release of chemokines and permeability 

factors, such as PF4, RANTES and VEGF (Golebiewska and Poole, 2015, Rayes et 

al., 2020). The dynamic and significant role of platelets is carefully regulated 



 

 21 
 
 

throughout the inflammatory process dependant on the vascular bed, inflammatory 

stimuli and local tissue microenvironment (Boulaftali et al., 2014, Gros et al., 2015). It 

is not known if the vascular bed, or the inflammatory stimuli regulates differential 

platelet receptor contribution to inflammatory haemostasis, although it has been 

shown that GPIba is critical in inflamed alveolar vascular integrity, but not in the 

inflamed skin vascular integrity, which has been shown to be GPIba-independent 

(Boulaftali et al., 2014, Rayes et al., 2018). 

 

Post inflammation-driven vascular injury, wound healing is integral to efficient 

restoration of tissue to restrict inflammation-induced organ dysfunction. Interestingly, 

platelet-rich plasma (PRP) has been revealed to be a safe, non-invasive and 

beneficial therapeutic to treat inflammatory-induced wound healing (Chicharro-

Alcántara et al., 2018), outlining the importance of platelets and its secretions in this 

process. Platelets promote the release of cytokine, chemokine, and growth factors, 

support fibrin generation and regulate immune cell recruitment and subsequent 

activation (Eisinger et al., 2018, Rayes et al., 2020).  Metalloproteinase (MMP) 

release from platelets, and platelet-induced MMP release from leukocytes and 

endothelial cells promote leukocyte recruitment and migration to the injury site, 

allowing sufficient wound repair (Seizer and May, 2013). Activated platelets have 

been shown to upregulate the secretion of endothelial cell-MMP-1, -2 and -9, and 

isolated monocyte-MMP-9 to retain leukocytes at the site of injury (May et al., 2002, 

Galt et al., 2001).  Additionally, Wichaiyo et al. (2019) demonstrated key roles for 

ITAM receptors GPVI and C-type lectin-like receptor (CLEC-2) in wound healing, 

through a loss of platelet-regulated vascular integrity. Deletion of either the ITAM, or 

hemITAM receptor results in a mild bleeding phenotype during post wound-injury, 
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alongside a loss of blood/lymphatic separation upon CLEC-2 deletion (Haining et al., 

2020); double-deletion during wound healing has complete loss of vessel integrity, 

and leads to inflammatory bleeding (Bender et al., 2013). Blood loss to tissue from 

vasculature drives fibrin formation from fibrinogen through thrombin generation, 

consequently inhibiting leukocyte recruitment. This utilises platelets as a promising 

target for wound healing, however receptor-targeting is highly dependent on the 

inflammatory-stimuli and -location. 

 

1.5 ITAM Receptors 

 

Despite initiating platelet adhesion and activation, signals accompanying the vWF-

GPIb-IX-V or integrin complexes promote complete platelet activation. ITAM 

receptors are distinct, as such characterised in their two tyrosine residues in 

sequence in the cytoplasmic tail; a conserved YxxI/Lx(6-12)YxxI/L motif (Underhill and 

Goodridge, 2007). Uniquely, ITAM receptors have an ability to cluster, which 

increases the local concentrations of signalling molecules, and hence induces a 

strong platelet activation. These receptors were first found in a population of B and T 

cells (Reth, 1989, Underhill and Goodridge, 2007), but have now been described 

across all haematopoietic lineages. In human platelets, ITAM receptors GPVI, 

FcgRIIA and hemITAM receptor CLEC-2 are expressed, and signal through Syk 

family kinases and Syk (Hughes et al., 2010b). Mice are deficient in the genetic 

equivalent of human FcgRIIa (McKenzie et al., 1999). 
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1.5.1 GPVI 

 

GPVI is a type 1 transmembrane protein exclusively expressed within the 

platelet/megakaryocyte lineage. In humans, there are 3000-4000 copies of GPVI on 

a platelet (Nieswandt and Watson, 2003, Best et al., 2003). It is a member within the 

superfamily of immunoglobulin receptors, and contains 2 immunoglobulin domains, 

alongside a mucin-like stalk region – a site with a high affinity for glycosylation, and a 

short cytoplasmic tail. It is associated with an FcR gamma-chain, and distinctly 

signals through this linked domain (Berlanga et al., 2002). Interestingly, GPVI was 

first discovered to be relevant to platelets through identification of patients with 

autoimmune thrombocytopaenia, lacking responsiveness to collagen-induced 

platelet activation (Sugiyama et al., 1987); other platelet-agonists induced normal 

activation and aggregation. Genetic deletion of platelet receptors in mice have been 

critical in establishing the contribution of platelet receptors to thrombus formation. 

The specificity of GPVI-expression to platelet/megakaryocyte lineage allows for a 

simple, global GPVI knockout to be generated (Lockyer et al., 2006). Mice lacking 

GPVI are born in mendelian ratio, and are indistinguishable to their littermate control; 

the mice present small, non-occlusive thrombi with mild bleeding phenotypes 

(Nieswandt et al., 2000, Nieswandt et al., 2001a, Kato et al., 2003a). Interestingly, a 

family in Chile has been discovered to be GPVI-deficient, and present a mild 

bleeding phenotype similar to the -deficient mice (Nagy et al., 2020).  It is now 

accepted that GPVI is critical in thrombus formation at mid- and high-shear 

conditions.  
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GPVI activation by its ligands begins a cascade of events by an initial Src family 

kinase-mediated phosphorylation of the two tyrosine kinases observed in the 

cytoplasmic tail through a relevant FcRg ITAM. Subsequently, the SH2 of Syk is 

recruited, whereby it partakes in a chain of auto- and trans-phosphorylation through 

SFK, causing the rapid phosphorylation of LAT, an adapter protein, which culminates 

various effector proteins such as phosphatidylinositol-3, 4, 5-trisphosphate (PIP3) 

(Rayes et al., 2019). This rapid and strong sequence of events climaxes in the 

phosphorylation of Phospholipase (PL)Cg2, which can bind to the already 

phosphorylated LAT and PIP3 to instigate a positive feedback loop to further 

increase platelet activation. This is extended via second messenger enrolment of 

inositol 1, 4, 5-triphosphate (IP3) and 1, 2-diacylglycerol (DAG), causing intracellular 

release of Ca2+ from the platelet dense granules and protein kinase activation 

(Nieswandt and Watson, 2003, Watson et al., 2005, Rayes et al., 2019). This 

cascade of events induces the previously described dense and alpha granule 

release from intracellular stores, to activate platelet integrins a2b1 and aIIbb3. 

Subsequent classical platelet remodelling occurs through actin reorganisation 

leading to platelet spreading, and hence platelet activation and aggregation.  

 

A critical feature of GPVI is not only its strong activation of platelets, but also its 

ability to remain ‘non-activated’. GPVI has been closely studied as a receptor which 

is able to limit its shedding to restrict GPVI-mediated platelet activation. Proteolytic 

cleavage of the GPVI ectodomain has demonstrated induction of GPVI signalling 

(Gardiner et al., 2004); shedding is induced by ligand binding. Interestingly, 

activation of ITAM receptors CLEC-2 and FcgRIIA also induces GPVI shedding. The 

strength, affinity and molarity of the ligand can regulate the rate of GPVI shedding, 
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which can be over minutes or even hours (Gardiner et al., 2007, Andrews et al., 

2007). Overall, the ability of GPVI to signal is regulated through metalloproteinases 

of the disintegrin and metalloproteinase (ADAM) family, specifically ADAM10 and 

ADAM17 (Bender et al., 2010).  ADAM17 contributes predominantly to GPIb and 

also to GPVI shedding; GPVI cleavage is more dominantly induced by ADAM10. 

Interestingly, soluble GPVI is found in the blood plasma of patients with thrombotic 

events, including ischaemic stroke, but also inflammatory events such as sepsis 

(Montague et al., 2018). G6b-B is a platelet protein which acts on GPVI to prevent its 

shedding through tyrosine phosphatases SHP1 and SHP2 in circulating platelets; 

prevention of GPVI shedding inhibits GPVI-induced platelet activation (Rayes et al., 

2019). Shedding has also been shown to be induced through high shear stress, 

similar to GPIba (Chen et al., 2015).  

 

GPVI has previously been thought to be strongly activated through collagen, and 

binding to laminins, albeit much weaker than collagen. More recently, Fibrin has also 

been demonstrated to bind monomeric GPVI (Alshehri et al., 2015a, Poulter et al., 

2017, Pallini et al., 2021). Collagen binds to dimeric, but not monomeric, GPVI 

through the D1 domain of the receptor’s short chain, through a glycine-proline-

hydroxyproline (GPO) sequence at micromolar affinity (Miura et al., 2002). 

Furthermore, fibrin and fibrinogen acts to promote thrombus growth and stabilisation 

through binding the GPVI D-region. However, fibrin activation of GPVI in 

physiological levels has recently been questioned, as inhibition of GPVI and GPVI-

signalling did not alter platelet coverage of plasma- or blood-fibrin (Zhang et al., 

2020). immobilised fibrinogen activates human, but not mouse platelets (Mangin et 

al., 2018).  
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Research suggests that GPVI promotes classical platelet functions, but also has 

roles in arthritis, macrophage activation and sepsis. Intriguingly, GPVI 

dysfunctionality has been described to be acquired in patients post-sepsis, whereby 

their washed platelets had no/reduced response to collagen ex vivo (Weiss et al., 

2021). 

 

1.5.2 FcgRIIA 

 

FcgRIIA is another ITAM receptor, which consists of 2 extracellular IgG sites, 

alongside a transmembrane domain, and an ITAM-bound intracellular tail. Similar to 

GPVI, its crosslinking and activation and downstream phosphorylation of SFKs 

results in platelet activation. The ITAM receptor is a platelet activator, and has been 

shown to be crosslinked by a wide range of bacteria (Arman et al., 2014); low affinity 

binding of immunoglobulin G (IgG) induce receptor clustering and integrin 

engagement (Brandt et al., 1995, Reilly et al., 2001).  FcgRIIA has also been 

demonstrated to co-stimulate platelets through its interaction with the GPIba-IX-V 

complex-vWF interaction. Interestingly, unlike monomeric IgG, IgG-expressing 

immune complexes bind FcgRIIA with high affinity, and leads to systemic shock 

through serotonin (Cloutier et al., 2018).  FcgRIIA has important roles beyond 

classical haemostasis and thrombosis, in immunomodulatory functions of platelet 

biology post-infection or trauma. Cloutier et al. demonstrated that post-immune 

complex-driven shock, ‘empty’ platelets (platelets lacking granules) were allowed to 

re-enter circulation so as not to initiate a secondary systemic shock in a FcgRIIA-

dependent manner. The role of FcgRIIA has been well described to be critical in 
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leukocyte immunoregulation through binding and internalisation of IgG-expressing 

cells (Worth et al., 2006). The 5000 copies of human platelet-FcgRIIA is not 

translated to mice, hence a transgenic, humanised mouse is required to research the 

contribution of FcgRIIA to immunoregulation; the receptor has been demonstrated to 

bind and internalise IgG-expressing complexes, similar to leukocytes (Capel et al., 

1994, Worth et al., 2006). Albeit deficient in mice, FcgRIIA is believed to be important 

in the inflammatory response through clearance of immune cell debris.  

 

The third platelet-ITAM receptor, CLEC-2, differs in its activation and functions 

through a hemITAM domain (Figure 1.4). CLEC-2 has major functions in both 

classical and non-classical platelet functions. 
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Figure 1.4 – ITAM and hemITAM platelet signalling pathways. Platelets receptors 

GPVI and FcgRIIA (ITAM), alongside CLEC-2 (hemITAM) signalling through a well 

conserved SFK-mediated Syk phosphorylation to initiate PLCg2 phosphorylation, 

and subsequent platelet activation. ITAM receptors have both classical and non-

classical platelet functions. Adapted from Rayes et al. (2019). Figure made using 

BioRender. 
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1.6 C-type Lectin-like receptor 2 

 

1.6.1 CLEC-2 Structure  

 

CLEC-2 is a type II transmembrane receptor with roles in thrombosis and 

haemostasis, but also highly critical roles in immunomodulation. The receptor 

contains 229 amino acids, and is primarily composed of an extracellular ligand-

binding C-type lectin-like domain, a transmembrane helix and stalk region, and a 

short cytoplasmic tail. Classified by solving the crystal structure of the extracellular 

domain, CLEC-2 is a member of subgroup V of the C-type lectin superfamily 

(Watson et al., 2007); categorisation is dependent on the extracellular domain fold. 

The fold is reliant on the trio of disulphide bridges amid residues, presenting a 

glycosylation site. The stalk region has another glycosylation site, and may contain 

an additional disulphide bond, although this is under speculation (Watson et al., 

2007, Martin et al., 2021). The CLEC-2-cytoplasmic tail of human CLEC-2 has a 33 

amino acid sequence, and unlike GPVI and FcgRIIA, contains a single conserved 

YxxL motif – this is defined as a hemITAM. Upstream of the hemITAM contains 

amino acids required for CLEC-2 receptor activation upon ligand-activation (Hughes 

et al., 2013). Unfortunately, the structure of CLEC-2 in mice is yet to be published, 

but is predicted to be similar to human CLEC-2 due to positional conservation of the 

N-linked glycosylation sites and disulphide bonds with c-type lectin-like domain to an 

84% similarity of sequence homology and residues between species (Martin et al., 

2021).  
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1.6.2 CLEC-2 signalling and clustering 

 

There is no evidence of the C-type lectin-like domain self-dimerising (Watson et al., 

2009), however in the presence of the stalk region of CLEC-2, the receptor is 

presented as a dimer. Whilst CLEC-2 is distinct from GPVI and FcgRIIA in its single, 

hemITAM domain-bound cytoplasmic tail, they signal in a similar way utilising the 

Syk-SH2 domains to bind the duo of activated, phosphorylated receptors (Rayes et 

al., 2019). CLEC-2 activation by its ligands begins a cascade of events through SFK 

and SH2 of Syk is recruited, causing the rapid phosphorylation of LAT through auto- 

and trans-phosphorylation by SFK, and subsequently, PIP3 recruitment (Rayes et 

al., 2019). As with the other ITAM receptors, PLCg2 is phosphorylated to instigate a 

positive feedback loop to further increase platelet activation and Ca2+ release in an 

IP3- and DAG-mediated fashion. This cascade induces dense and alpha granule 

release from intracellular stores, to activate platelet integrins a2b1 and aIIbb3, to 

instigate classical platelet activation (Figure 1.4).  

 

Interestingly, platelet aggregation through CLEC-2 has a characteristic ‘lag’ phase, 

which is proposed to be a result of necessary receptor clustering to induce 

aggregation (Pollitt et al., 2010). In fact, crosslinking CLEC-2 with its ligand, 

podoplanin, induces rapid clustering to the centre of the platelet, within 10nm of each 

other, to form a single unit (Pollitt et al., 2014). This mechanism occurs in a Syk/Src-

dependant manner, but is also dependant on translocation of receptor-agonist 

complexes to the signalling region in the membrane (Martyanov et al., 2020). 
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1.6.3 CLEC-2 expression 

 

CLEC-2, encoded by the C-type lectin domain family 1-member B (Clec1b), was first 

discovered in a C-type lectin genetic screen (Colonna et al., 2000), and 

subsequently found to be expressed on human and mouse platelets and 

megakaryocytes in the years later (Suzuki-Inoue et al., 2006, Suzuki-Inoue et al., 

2007). More recently, the receptor has also been demonstrated to be active on a 

small sub-population of myeloid cells at low levels (Lowe et al., 2015). Interestingly, 

research prior to Lowe et al. suggested an assortment of CLEC-2 expression across 

haematopoietic lineages (Tang et al., 2010). An altered clone (17D9) of a CLEC-2 

antibody demonstrated constitutive CLEC-2 expression in CD11bhiGr-1hi cells, 

splenic-B lymphocytes, -natural killer cells and -dendrites, bone marrow derived- and 

peripheral-dendrites (Kerrigan et al., 2009, Mourão-Sá et al., 2011). This particular 

clone also presented an upregulation of CLEC-2 in F4/80+ macrophages post-

thioglycolate-induced peritonitis, but not CD11bhiiGr-1hi cells. It was concluded, using 

the INU1 antibody clone, that CLEC-2 is expressed constitutively and exclusively on 

the megakaryocyte lineage and CD11bhiGr-1hi cells myeloid cells. Remarkably, 

CLEC-2 is shown to be acquired, but not produced, on peripheral B lymphocytes 

from an unknown source (Lowe et al., 2015). This acquired CLEC-2 appears to be 

lost upon entrance to secondary lymphoid organ, which is intriguing, as it is well 

accepted that, unlike GPVI, CLEC-2 is not shed (Gitz et al., 2014). Lowe et al also 

confirmed that a unique domain of mesenteric lymph node (MLN)-activated dendritic 

cells can acquire CLEC-2.  
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1.7 CLEC-2 ligands 

 

CLEC-2 is a powerful platelet-activating receptor, signalling in a Syk/Src-dependant 

manner through its hemITAM domain. Although CLEC-2-agonist binding induces 

platelet activation, the receptor has been demonstrated to have important roles in 

immunomodulation and inflammation driven thrombosis.   

 

1.7.1 Rhodocytin 

 

The first ligand to both mouse and human platelet-CLEC-2 to be discovered was a 

toxin from the venom of the Malayan pit viper (Calloselasma rhodostoma), 

rhodocytin. The non-glycosylated toxin is a powerful platelet activator, producing a 

so-called ‘all or nothing’ response, before inducing a classical lag phase and 

subsequent platelet aggregation. Interestingly, it was first thought that rhodocytin 

bound to platelet-activating receptors integrin a2b1 and/or GPIb-IX-V (Huang et al., 

1995), however rhodocytin-induced aggregation still occurred in response to 

deficiency in either receptor (Bergmeier et al., 2001, Suzuki-Inoue et al., 2001). 

Incidentally, CLEC-2 was discovered as the sole receptor to rhodocytin, which 

activated platelets in a Syk/Src-dependant manner (Suzuki-Inoue et al., 2006). 

Furthermore, deletion of PLCg2 or LAT reduced rhodocytin-induced platelet 

aggregation, leading to identification of CLEC-2 as the first C-type lectin to signal in 

this way on platelets. The snake venom was shown to bind through its C and N 

termini to the ‘non-canonical’ binding face of CLEC-2 (Nagae et al., 2014). Whilst this 

binding site may appear unique, it is interestingly simultaneously utilised by the 

endogenous CLEC-2-ligand, podoplanin. 
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1.7.2 Podoplanin 

 

Podoplanin is a type I, mucin-type transmembrane glycoprotein, which is relatively 

well conserved in a trans-cellular and -species fashion, with homologues in humans, 

mice and more.  The protein’s structure is yet to be solved, and sequential analysis 

does not reside similarities with known structures to date (Martin et al., 2021). It is 

made up of a heavily glycosylated extracellular region, a single transmembrane 

domain, and an extremely short, 9 amino acid long intracellular tail (Martín-Villar et 

al., 2005). In fact, despite the size of the tail, it is essential to the integrity of 

podoplanin expression in the cell membrane post-development, and inhibits its 

shedding (Haining et al., 2020). In spite of a lack of complete conservation of 

podoplanin, several residues have been identified to regulate its functionality. For 

example, motifs in the podoplanin intracellular are able to bind to ezrin and moesin of 

the ezrin, radixin, moesin (ERM) protein family – integral in actin cytoskeletal 

remodelling (Martín-Villar et al., 2006). The stalk is heavily glycosylated with up to 24 

sites in human podoplanin (Christou et al., 2008), which accommodate its interaction 

with transmembrane ligands such as CD44 and CD9 (Figure 1.5).  The extracellular 

region is constructed of specific repeats of platelet aggregation-stimulating (PLAG) 

domains; PLAGs are short sequences of amino acids. To date, 4 PLAG domains 

critical in podoplanin-induced platelet activation have been identified, conserved 

within mammals, but with varying contribution to platelet activation – PLAG1 (29-

EDDTETTG-36), PLAG2 (38-EGGVAMPG-45), PLAG3 (47-EDDVVTPG-54) and 

PLAG4 (81-EDLPT-85). Podoplain-CLEC-2 crosslinking has important implications in 

thromboinflammation and modulating the inflammatory response. 
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Figure 1.5 – The structure of podoplanin and its binding partners. Podoplanin 

contains a heavily glycosylated extracellular region with PLAG domains, a single 

transmembrane domain, and an extremely short, 9 amino acid long intracellular tail. 

Its structure accommodates binding to intracellular ligand (ERM proteins), 

transmembrane ligands (CD9 and CD44) and extracellular ligands (HSPA9, CCL21, 

Galectin-8 and CLEC-2).  Figure made using BioRender. 
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The expression of podoplanin in physiology resides outside of vasculature. Due to 

the vast nature and multi-functionality of podoplanin, it had multiple names 

throughout its discovery in early literature. The protein has been described as 

antigen E11 in lymphatic endothelial cells (LECs) (Wetterwald et al., 1996), gp38 in 

fibroblast reticular cells and specialised epithelial cells (Farr et al., 1992), T1a/rTI40 in 

alveolar type I epithelial cells (Rishi et al., 1995), PA2.26 unregulated on 

keratinocytes (Scholl et al., 1999), OTS-8 upregulated on osteoblasts (Nose et al., 

1990) and aggrus, a platelet-activating protein (Kato et al., 2003b). The name 

podoplanin was finally coined amongst its homologues for its expression on kidney 

podocytes, and its function of flattening (or ‘planing’) podocyte foot processes 

(Matsui et al., 1999). Podoplanin has also been shown to be upregulated on stromal 

and myeloid cells, monocytes and macrophages, alongside upregulation during 

cancer (Bourne et al., 2021).  

 

Beyond binding to ERM proteins, the small podoplanin intracellular tail has further 

functions through signalling with its transmembrane co-ligands. CD44 is a protein 

demonstrated to be critical in migration and adhesion in multiple cells types in 

humans and mice (Martín-Villar et al., 2010). Co-localisation and simultaneous 

upregulation of CD44 and podoplanin during cancer instigated discovery that these 

proteins bind in a glycosylation dependant-manner. Furthermore, a tumour 

suppressor, tetraspanin CD9, has been shown to mediate podoplanin-regulated cell 

migration; CD9 restricts podoplanin-induced migration (Nakazawa et al., 2008).  

Recently, podoplanin-induced fibroblast spreading and contractility has been shown 

to be CD44- and CD9-dependant (de Winde et al., 2021). These signalling 

pathways, although not entirely understood, have characterised podoplanin as a cell 
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migratory protein, presenting this phenotype in cancer, wound healing and leukocyte 

trafficking. Aside from CLEC-2, podoplanin has extracellular ligands Galectin-8, Heat 

shock protein (HSP)A-9 and CCL21. There are very few studies on the function of 

podoplanin expression on LECs, however podoplanin-Galectin-8 interaction is 

believed to promote LEC adhesion (Cueni and Detmar, 2009). HSPA-9 has been 

shown to be secreted by podoplanin-expressing oral squamous cell carcinomas, to 

crosslink cell surface-podoplanin and increase cell growth and invasiveness (Tsuneki 

et al., 2013). The function of podoplanin-CCL21 will be further discussed in Chapter 

5. 

 

Podoplanin was first discovered to bind to platelet-CLEC-2 due to the increasing 

description of platelet-contribution to cancer progression. In turn, there were further 

reports of tumour cell-induced platelet aggregation – specifically through aggrus 

(now podoplanin)-CLEC-2 interaction (Suzuki-Inoue et al., 2006). Similar to 

rhodocytin, podoplanin utilises the non-canonical binding face of CLEC-2 to crosslink 

the platelet-activating receptor. Crystallisation studies have revealed an interaction 

between a well conserved region of PLAG2 and 3 on podoplanin (EDXXXT/S) and 

four arginine regions of CLEC-2 (Nagae et al., 2014). The absence of podoplanin in 

healthy murine and human vasculature eludes a redundant or negligible role for the 

CLEC-2-podoplanin axis in classical haemostasis, however podoplanin upregulation 

during pathophysiological conditions, and platelet extravasation during inflammation 

to podoplanin-expressing tissue leads to inflammation driven thrombosis 

(thromboinflammation). 

 

 



 

 37 
 
 

1.7.3 Hemin 

 

Haem is an Fe3+ ion-containing protoporphyrin IX with an associated chloride ligand, 

which is rapidly converted to hemin immediately upon oxidisation. Hemin is integral 

to oxygen transfer in circulation by erythrocytes, making up a significant aspect of 

the 2 a- and b-subunits of haemoglobin (Hargrove et al., 1997). Despite its residency 

in the vasculature, hemin can be released post-trauma and is understood to be a 

strong platelet agonist, although the mechanism is not well understood. High dose 

hemin induces programmed platelet cell death induced by iron, coined ferroptosis. 

This is morphologically and biochemically dissimilar to classical apoptosis and 

necrosis. Ferroptosis occurs through the release of iron and free radicals mediated 

by haem-oxygenase-1 to induce hemin-facilitated lipid peroxidation and ROS 

generation (NaveenKumar et al., 2018, NaveenKumar et al., 2019). During 

pathophysiological conditions where haem is released from erythrocytes, hemin 

concentrations can range from 2 to 50 µM (Gouveia et al., 2017). Interestingly, 

thrombi are found at a range of severities of haemolytic disease, suggesting a 

mechanism distinct from ferroptosis regulating platelet activation at low-dose hemin.  

However, prior to this thesis, the mechanism through which hemin activates platelet 

at a low dose was yet to be discovered. This will be investigated in Chapter 4, 

whereby we demonstrate that hemin is a novel endogenous ligand to CLEC-2. 

 

1.7.4 Other endogenous and exogenous ligands 

 

Platelet-CLEC-2 has further ligands beyond CLEC-2 which are independent of 

classical ITAM signalling, and in fact do not utilise canonical platelet functions. 
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Human immunodeficiency virus (HIV)-1 was previously associated with platelet 

interaction in infected platelets, however HIV-driven thrombosis has not been 

described. Interestingly, Chaipan et al. (2006) reported that alongside fellow lectin, 

dendritic cell-specific intracellular adhesion molecule 3-grabbing nonintegrin (DC-

SIGN), platelet-CLEC-2 is able to bind and internalise HIV-1, without HIV-CLEC-2 

induced platelet activation; kinases downstream of the hemITAM domain are 

unchanged.  

 

There are further exogenous ligands beyond rhodocytin, such as diesel exhaust 

particles, the large polysaccharide, dextran sulfate and the complex polysaccharide, 

fucoidan (murine exclusive) (Alshehri et al., 2015b, Kardeby et al., 2019), but the 

functional relevance of these interactions is not known. CLEC-2-synthetic exogenous 

ligand binding is predominantly electrostatic; they have the ability to not only 

crosslink CLEC-2, but also to induce CLEC-2 receptor clustering on an individual 

platelet, as well as form a bridge between CLEC-2 and other membrane receptors 

(Rayes et al., 2019). These ligands also bind to GPVI, and facilitate formation of a 

CLEC-2-GPVI complex to induce platelet activation. 

 

1.8 The innate immune system 

 

Haematopoietic-derived innate immune cells are differentiated from a common 

myeloid progenitor cell (Figure 1.1). Upon recognition of a pathogen, neutrophils, 

representing approximately 70% of peripheral blood leukocytes, are generally the 

first responders during infection and are recruited to the localised site. Following 

microbial challenge, a specialised subset of tissue-resident macrophages, such as 
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(but not limited to) perivascular macrophages which line blood vessels, are rapid 

responders. They are able to alert circulating neutrophils through the release of 

chemokines such as CXCL1, CXCL2, CCL2, CCL3 and CCL4, which are strong 

neutrophil chemoattractants to promote their extravasation (Kim and Luster, 2015). 

These strong, pro-inflammatory neutrophils are believed to have short life-span to 

avoid excessive inflammation (Prame Kumar et al., 2018). 

 

Endothelial cells, which line and provide structure to vessels, upregulate the 

expression of 2 carbohydrate-binding c-type lectins upon inflammatory stimuli: P-

selectin and E-selectin. Selectins recognise a host of glycan epitopes on a 

lactosamine backbone, specifically the selectin-binding terminal tetrasaccharide, 

sialyl Lewis X (sLex) (Munro et al., 1992). Human circulating leukocytes express sLex 

within protein scaffolds including PSGL-1, CD43 and CD44 (Woodman et al., 1998, 

Huo and Xia, 2009, McDonald and Kubes, 2015). sLex-expressing leukocytes form 

weak, transient bonds with the endothelium through selectins, as they are pushed 

along the vessel through a force generated by the flow of erythrocytes; as old bonds 

break, new ones are formed. Upon activation as a result of infection-, lesion- or 

sterile-induced inflammation, constitutively expressed neutrophil integrins, Mac-1 

(CD11b/CD18) and lymphocyte function-associated antigen-1 (LFA-1; 

CD11a/CD18), undergo a conformational change to form strong bonds with selectins 

expressed on the endothelium to promote their firm adhesions and extravasation 

(Shamri et al., 2005, Hyun et al., 2019). Despite having the shortest half-life of the 

leukocytes (6 to 10 hours), they are equipped with potent anti-microbial activity and 

can quickly release NETs to ‘trap’ bacteria (McCracken and Allen, 2014). 
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Monocytes are derived from a common haematopoietic stem cell to neutrophils, and 

are generated and stored at low levels in bone marrow in response to growth-

stimulating cytokines IL-3, macrophage-colony stimulating factor (M-CSF) and 

granular (G)M-CSF, and during inflammation, factor increasing monocytopoeisis; 

stores are also kept in the spleen (Wolf et al., 2019).  Mice deficient in circulating 

neutrophils show a large reduction in migrating inflammatory monocytes at the site of 

infection (Soehnlein et al., 2008). Monocyte recruitment is delayed compared to 

neutrophils, but they persist for longer and can infiltrate tissues through their 

extravasation from vasculature, whereby they can differentiate into macrophages or 

dendritic cells. The ingestion of apoptotic neutrophils by inflammatory macrophages 

induces macrophage re-polarisation, which switches their phenotype from pro-

inflammatory, to one with anti-inflammatory and repair properties (Poon et al., 2014), 

and resolving the inflammatory response. 

 

1.8.1 Monocyte-derived macrophages 

 

Monocytes released into circulation with a half-life of less than 24 hours (McCracken 

and Allen, 2014). Alongside their presence in circulation, they can also be released 

form storage in the subcapsular red pulp in the spleen under pathological conditions, 

such as ischemic myocardial infarction, which promotes wound repair (Italiani and 

Boraschi, 2014). In the absence of inflammation, monocytes are cleared by stromal 

macrophages in the bone marrow, spleen, or liver. Following inflammation or 

infection, monocytes are recruited to the inflammatory site by chemoattractants 

(such as CCL2), adhere to the activated endothelium and migrate into tissue where 

they differentiate into macrophages or dendritic cells in situ. During inflammation, 
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infiltrating monocytes replenish the existing pool of tissue-resident macrophages. 

The maintenance of the balance between monocytes and macrophages in tissue is 

predominantly preserved through stromal-derived M-CSF (Italiani and Boraschi, 

2014).  

 

1.8.2 Macrophage activation and polarisation 

 

Macrophages have two classical sub-categories based on their inflammatory 

phenotype which each play specific roles in the immune response and its regulation. 

Activated M1 macrophages have pro-inflammatory properties, and alternatively M2 

macrophages have anti-inflammatory, pro-resolution and repair properties (Italiani 

and Boraschi, 2014). M1 and M2 macrophages can differentiate from circulating 

monocytes which have migrated to tissue in response to infection.  However, more 

recently, these categories have become accepted in the community to be a spectrum 

from pro- to anti-inflammatory phenotypes (Chávez-Galán et al., 2015). Macrophage 

differentiation from monocytes requires M-CSF binding to its receptor, colony-

stimulating factor 1 receptor (CSF1R), a homodimeric type III receptor tyrosine 

kinase constituently expressed on monocytes and hematopoietic stem cells 

(Hamilton, 2008). Although the exact mechanisms have not been fully understood, 

the M-CSF-CSF1R axis is thought to initiate a downstream phosphorylation cascade, 

leading to monocyte cytoskeletal remodelling. Pyk2, a non-receptor tyrosine kinase, 

has been shown to phosphorylate focal adhesion proteins expressed on 

macrophages, and may be downstream of CSF1R (Pixley and Stanley, 2004, Pixley, 

2012).  
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Tissue resident macrophages such liver Kupffer cells, peritoneal and alveolar 

macrophages, sufficiently reside and maintain a homeostatic balance in their 

respective tissue (the liver, peritoneum and lungs, respectively) at a steady state via 

self-proliferation (Hashimoto et al., 2013).  Tissue macrophages have an inherent 

anti-inflammatory phenotype, due to enrichment in interleukin (IL)-10, but undergo an 

immediate morphological change upon infection. Alongside vascular permeability at 

the site of infection, various cytokines (Inflammatory – TNF-α, IL-6; 

immunoregulatory – IL-12, IFN-g) and chemokines (Neutrophil recruitment – CXCL1, 

CXCL2, IL-1α) are produced to initiate a strong pro-inflammatory response 

(Dempsey et al., 2003). M2 macrophages have an anti-inflammatory phenotype, and 

express anti-inflammatory cytokines, chemokine and low quantities of organ 

damaging ROS and NO, unlike M1 macrophages (Table 1). 

 

Infiltrating M1 macrophages are produced in response to infection or inflammation. 

GM-CSF is a chemokine which is involved in the differentiation of pro-inflammatory 

macrophages. Unlike M-CSF, GM-CSF is differentially expressed in response to 

stimulation (such as infection), produced by many activated cell types including T-

cells and the activated endothelium (Fleetwood et al., 2005).  GM-CSF binds to the 

heterodimeric CSF2R receptor on monocytes (Hamilton, 2008). Activation of the GM-

CSF receptor has been shown to initiate several pathways: the Janus kinase-signal 

transducer and activator of transcription (JAK-STAT) pathway, the mitogen-activated 

protein kinase (MAPK) pathway and the PI3K pathway leading to the upregulation of 

proinflammatory genes (Fleetwood et al., 2005). M1 macrophages have a pro-

inflammatory phenotype and express CD80 and CD86, produce pro-inflammatory 

cytokines, chemokines and high quantities of ROS and NO (Table 1).  
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Table 1 – M1 vs M2 macrophages 

 

ROS – reactive oxygen species. NO – Nitric oxide.  

 

1.9 CLEC-2 beyond thrombosis and haemostasis 

 

1.9.1 CLEC-2 functionality during development  

 

CLEC-2 is understood to have only a minor or negligible role in haemostasis (Rayes 

et al., 2019, Rayes et al., 2020). That being said unlike GPVI-deficient patients 

identified in Chile, CLEC-2-deficient patients are yet to be described.  It has been 

speculated that this may be because of the critical function CLEC-2 has in 

lymphatic development (Haining et al., 2020).  The lymphatic vascular systems act 

in tandem to the blood vascular systems, which drain tissue interstitial fluid and 

supplies oxygen and nutrients to tissue, respectively. Removal of proteins, cells and 

Macrophage M1 M2 

Activation Classical Alternative 

Stimuli IFNg, LPS, GM-CSF 
IL-10, IL-4, M-CSF, 

Immune Complexes 

Inflammatory-cytokines High levels Low levels 

Antigen presentation Yes No 

ROS generation High Low 

NO generation Yes No 

Function Pathogen clearing Resolution and repair 
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fluids accommodates their relocation back to circulation, which necessitates a 

distinct separation between the two vascular systems. Lymphatic development 

begins early in murine embryos (day 10), whereby the circulatory system is already 

functioning (Uhrin et al., 2010). LECs lining the vasculature are distinct from blood 

vasculature endothelial cells, through the expression of markers Lyve-1 and 

podoplanin (Alitalo and Carmeliet, 2002).  That being said, deletion of Lyve-1 does 

not alter lymphatic development (Gale et al., 2007), but disruption of Syk resulted in 

a striking ‘leaky’ phenotype with non-distinct blood-lymphatic separation (Abtahian et 

al., 2003). Furthermore, the deletion of podoplanin or its receptor, CLEC-2, resulted 

in neonatal murine death (Uhrin et al., 2010, Suzuki-Inoue et al., 2010), associated 

with unsystematic, blood-filled lymphatics and severe oedema. Further studies have 

identified that deletion of signalling proteins downstream of CLEC-2, such as Syk, 

SLP-76 and PLCg2 mimics the effect of CLEC-2-deletion (Bertozzi et al., 2010, 

Finney et al., 2012). Observations through numerous methods of CLEC-2 or 

podoplanin depletion throughout various phases of murine development have 

demonstrated that CLEC-2-function is critical to lymphatic structure throughout life. 

However, Haining et al. (2020) concluded podoplanin signalling was not essential 

post-development. This suggests that the CLEC-2-podoplanin axis could safely be 

targeted in other functions of CLEC-2 in pathophysiology.  

 

Whilst CLEC-2 is not understood to have important roles in haemostasis, alongside 

lymphatic development, CLEC-2 has been demonstrated to have important thrombo-

inflammatory and immunomodulatory functions. ITAM receptors GPVI and FcgRIIA 

have not been described to have significant functions pre-development. 
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1.9.2 CLEC-2 functionality post-development  

 

1.9.2.1 Sterile inflammation 

 

Deep vein thrombosis (DVT) is a thrombo-inflammatory disease which can lead to 

vascular occlusion and cardiovascular dysfunction. Commonly developed in muscle 

fascia of peripheral limbs, DVT has also been observed in the major central arteries. 

Interestingly, the location, but not size, of the thrombus formed dictates clinical 

prognosis. It is thought this regulates the severity of the resulting pulmonary 

embolism, which is a common cause of DVT-induced mortality (Stone et al., 2017). 

Furthermore, thrombi from DVT scars the endothelium, which in turn, promotes the 

possibility of recurrent DVT; 5 % of patients have a second episode within 1 year, 

and up to 10 % within 2 years (Farzamnia et al., 2011). DVT models are well, and 

easily reproduced in mice through ligation (stasis or stenosis) of the inferior vena 

cava. Platelets initially bind to the endothelium as singlets or minor aggregates in a 

GPIba-dependant fashion (Li et al., 2020a) and neutrophils promote DVT through 

neutrophil extracellular trap release and inflammasomes assembly (Campos et al., 

2021). Unlike wild type controls, P-selectin-deficient mice do not form neutrophil 

extracellular traps (NETs), and hence have reduced DVT-driven thrombus growth 

(Etulain et al., 2015, Stark et al., 2016). Interestingly, podoplanin (albeit from an 

unknown source) is observed to be upregulated immediately below the endothelium 

of the vena cava post-stenosis, and its abundance correlated with the severity of 

DVT in mice. Mice deficient in CLEC-2 were protected from thrombus formation, 

suggesting podoplanin-CLEC-2-dependant platelet activation in this model (Payne et 

al., 2017). Mechanical thrombectomy is most effective in immediate limitation of 
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DVT-induced organ damage, however treatment is commonly reliant on anti-

coagulants such as warfarin, and anti-platelet drugs for effective long-term treatment 

to limit secondary incidents. 

 

During experimental autoimmune encephalomyelitis (EAE), a murine model for brain 

inflammation disease such as multiple sclerosis, the podoplanin-CLEC-2 axis has 

been shown to be neuroprotective. EAE is induced through sensitisation to myelin 

antigens to induce an autoimmune response, and hence echoing the human 

inflammatory demyelinating disease (Constantinescu et al., 2011). Podoplanin has 

been shown to negatively regulate CD4+ T cell and Th17 cell inflammatory response 

to post-EAE, whereby deletion of podoplanin or CLEC-2 increased EAE-induced 

inflammatory responses (Peters et al., 2015, Nylander et al., 2017). 

 

Intriguingly, podoplanin overexpression on Th17 cells during rheumatoid arthritis 

further promoted, and not limited, the inflammatory response through the secretion of 

pro-inflammatory cytokine, IL-17 (Noack et al., 2016). Furthermore, CLEC-2 is 

reported to limit liver recovery post-toxic injury, through inhibiting neutrophil 

recruitment and subsequent TNF-a production necessary (Chauhan et al., 2020). 

This elucidates the diversity and complexity of the CLEC-2-podoplanin axis across 

disease types, and how it could be exploited therapeutically. 

 

1.9.2.2 Infection-driven inflammation   

 

As well as critical roles in inflammation-driven thrombosis, and regulating leukocyte 

function, platelets can interact with bacterial-, fungal- or viral-pathogens directly. As 
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earlier described, HIV can bind and be internalised by hemITAM receptor, CLEC-2 

(also through DC-SIGN) (Chaipan et al., 2006). Also, previously mentioned ITAM 

receptor FcgRIIa has the ability to activate platelet through binding and 

internalisation of IgG-expressing cells, especially gram-negative and -positive 

bacteria (Watson et al., 2016). Interestingly, the platelet/megakaryocyte lineage 

express receptors for early immuno-recognition of pathogens, toll-like receptors 

(TLRs).  TLR 1-6 and 9 have been described to regulate platelet function and activity 

in response to infection, through a ‘sensory’ mechanism, but not classical activation 

(Semple and Freedman, 2010).  

 

Typhoid is a systemic, potentially fatal, infection induced by Salmonella 

Typhimurium. Whilst the systemic inflammatory response can lead to organ 

dysfunction, thrombosis is also observed in the spleen, liver and kidneys. 

Interestingly, the specialised liver macrophage Kupffer cell (alongside other 

macrophage sub-populations) is shown to upregulate podoplanin upon inflammatory 

stimuli – in this case Salmonella (Hitchcock et al., 2015). Deletion of haematopoietic-

lineage podoplanin or platelet-CLEC-2 presented decrease in liver thrombi, without 

altering homeostasis (Hitchcock et al., 2015).  

 

Sepsis is a complicated, dynamic disease which has a systemic inflammatory 

response syndrome (SIRS) and a compensatory anti-inflammatory response 

syndrome (CARS) phase. A blurred shift between these two indistinct stages leads 

to an exaggerated and sustained inflammatory response to stimuli, furthered through 

a cytokine storm and eventual sepsis-induced organ dysfunction. Platelet depletion 

has been shown to be detrimental during sepsis in mice (Rayes et al., 2017), 
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outlining not only the direct anti-microbial function of platelets, but also their 

immunomodulatory function during disease. Platelet reperfusions have been shown 

to limit pro-inflammatory cytokine concentration (such as TNF-a) in blood plasma to 

promote survival (Xiang et al., 2013). Platelet-CLEC-2, but not GPVI, has been 

demonstrated to be protective during murine sepsis models, through limiting the 

resultant cytokine storm. Furthermore, Platelet-CLEC-2 bound to podoplanin-

expressing monocytes have been demonstrated to limit inflammation through 

complement inhibition, whereby CLEC-2 deletion in mice exacerbated liver 

dysfunction post-sepsis (Xie et al., 2020). 

 

Acute respiratory distress syndrome (ARDS), the build-up of fluid in the alveolar 

space post-infection, currently has no therapeutic intervention.  More recently, 

severe acute respiratory syndrome (SARS), and SARS-CoV-2 have been 

demonstrated to induce sever inflammatory responses, resulting in alveolar 

dysfunction and endothelial permeability (Khan, 2021). Podoplanin- or CLEC-2-

deficienncy in haematopoietic cells and platelets, respectively, exacerbated lung 

function post intratracheal lipopolysaccharide instillations (Lax et al., 2017). As with 

sepsis and Salmonella infection, the CLEC-2-podoplanin axis has a protective 

immunomodulatory function in the lung through platelet-macrophage interaction.  

 

There are distinct ITAM mechanisms mediating platelet-leukocyte interaction which 

can be exploited to limit thrombo-inflammatory and inflammatory disease. It is clear 

that different platelet-leukocyte interactions contribute with differential efficacy 

dependant on disease, location, and inflammatory microenvironment. Furthermore, 
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mechanisms mediating the cellular response upon podoplanin-CLEC-2 crosslinking 

is yet to be elucidated, and will be further explored in chapter 5.  

 

1.10 Aims of the thesis 

 

Antiplatelet therapy is an aged and overused strategy to limit thrombosis and 

thromboinflammation. Severe off-target effects with excess bleeding, and 

inflammatory-driven bleeding outline a clear desire for more specific targeting. 

HemITAM receptor, CLEC-2, has been well reported to play a minor role in 

hemostasis, and has simultaneously been shown to modulate various platelet 

thromboinflammatory and immunomodulatory functions.  To date, investigation into 

platelet-CLEC-2 in the context of arterial thrombosis has been limited to antibody 

inhibition of the receptor, or its genetic depletion using a PF4-Cre recombinase 

mouse; once believed to be specific to the megakaryocyte lineage, has now been 

reported to expressed in various haematopoietic cells. Furthermore, the podoplanin-

CLEC-2 axis is well reported to drive platelet activation and inflammation-driven 

thrombosis, albeit implications of CLEC-2-podplanin crosslinking on leukocyte 

function is yet to be elucidated. These queries will be addressed through: 

 

1. Characterisation of a novel, megakaryocyte lineage-specific CLEC-2-deficient 

mouse using a GPIb-Cre recombinase model in arterial thrombosis by 

intravital microscopy and ex vivo flow adhesion models. 

 

2. Investigation into the mechanism through which platelet-agonist, hemin, is 

able to bind and activate platelets in a mechanism distinct from ferroptosis. 
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This will be furthered using hemin-binding compound, hydroxychloroquine as 

a drug to limit thrombus growth post-ferric chloride induces thrombosis and 

visualised by intravital microscopy. 

 

3. Studying the implications of CLEC-2 on leukocyte trafficking, specifically 

investigating podoplanin-expressing inflammatory macrophage migration and 

their fate in the resolution of inflammation. 

 

Platelet receptor CLEC-2 have been demonstrated to have classical functions in 

platelet activation and aggregation through its known ligands, podoplanin and 

rhodocytin. Due to the absence of a known ligand in human vasculature during 

physiology, we hypothesise that platelet-CLEC-2 will not contribute to arterial 

thrombosis. We also hypothesise that there is a mechanism beyond ferroptosis 

through which hemin aggregates platelets. CLEC-2 has also been shown to have 

non-classical, immunomodulatory functions during inflammation. We hypothesise 

that crosslinking podoplanin-expressing inflammatory macrophages with CLEC-2 

increase macrophage migratory activity. 
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Chapter 2 

2. Methods and materials 
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2.1 Materials 

 

All antibodies, secondary antibodies, agonists, inhibitors, and cytokines (including 

ELISAs) are outlined in Table 2.1, 2.2, 2.3, 2.4 and 2.5, respectively. Gifted reagents 

are outlined, and we thank Dr Farndale (university of Cambridge) and Dr Eble 

(University of Münster) for these.  

 

Table 2.1 – Primary antibodies 

Primary antibody 
(Clone number) 

Host or conjugated 
fluorophore 

Use: working 
concentration Source 

AnnexinV  APC Whole Blood:1/100 
ICF: 1/100 BD Pharmingen 

CCL21 (polyclonal) Biotinylated IHF: 1/200 R&D 

CD11b (m1/70) Biotin ICF: 1/100 eBioScience 

CD11c (N418) FITC ICF: 1/100 eBioScience 

CD16/32 (93) Rat ICF: 1/200 eBioScience 

CD19 (eBio1D3) APC-Cy7 ICF: 1/100 eBioScience 

CD3 (145-2C11) PE-Cy7 ICF: 1/100 eBioScience 

CD4 (RM4-5) PE-Cy5.5 ICF: 1/100 eBioScience 

CD41 (MWReg30) 

PE ICF: 1/100 invitrogen 

BV421 ICF: 1/100 BioLegend 

FITC ICF: 1/100 BioLegend 

Rat ICF: 1/200 IHF:1/100 BD Bioscience 

DyLight488 in vivo: 01µg/kg Emfret 

CD44 (IM7) AF647 ICF: 1/100 BioLegend 
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Rat ICF: 1/200 Tonbo 
Bioscience 

CD45 (30-F11) 
APC ICF: 1/100 Tonbo 

Bioscience 

APC-Cy7 ICF: 1/100 Invitrogen 

CD80 (16-10A1) FITC ICF: 1/100 Tonbo 
Bioscience 

CD8a (53-6.7) PE ICF: 1/100 eBioScience 

CLEC-2 (17D9) FITC ICF: 1/100 Internally sourced 

Egr-2 (erongr2) PE ICF: 1/100 Invitrogen 

ERM (Polyclonal) Rabbit ICF:1/50 Cell Signalling 

F4/80 (BM8) 

eFluor450 ICF: 1/100 eBioScience 

Rabbit ICF: 1/200 IHF:1/100 abcam 

APC ICF: 1/100 eBioScience 

Fibrinogen (Polyclonal) FITC Whole Blood: 1/100 Dako 

GPIb (Polyclonal)  
depleting antibody Rat in vivo: 0.1mg/kg Emfret 

iNOS (CXNFT) AF488 ICF: 1/100 eBioScience 

Ly6C (HK1.4) 
Rat ICF: 1/200 BioLegend 

PERCP-Cy5.5 ICF: 1/100 eBioScience 

Ly6G (1A8) V450 ICF: 1/100 BD Horizon 

P-Selectin (RMP-1) PE Whole Blood: 1/100 BioLegend 

PAC-1 (MA5-28564) FITC ICF: 1/100 Invitrogen 

Pan Syk (4D10) Mouse WB: 1/200 Santa Cruz 

Phospho-PLC𝛾2 
(Y1217) Rabbit WB: 1/50 Cell Signalling 

Phospho-Syk (pY525/6) Rabbit WB: 1/100 Cell Signalling 

Phospho-PKA 
(RRXS*/T*) Rabbit WB: 1/100 Cell Signalling 
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PLC2𝛾2 (B-10) Mouse WB: 1/200 Santa Cruz 

Podoplanin (8.1.1) 
PE ICF: 1/100 BioLegend 

Syrian Hamster ICF: 1/200 IHF:1/100 
 WB:1/100 IP:1/100 eBioScience 

SytoxRed TxRed ICF: 1/800 ThermoFisher 

Ter119 (TER119) Rat ICF: 1/200 BioLegend 

β-Actin (polyclonal) Rabbit WB: 1/500 abcam 

 

Primary antibodies used for experiments involving whole blood, in vivo studies, 

immunocytofluorescent (ICF) imaging and analysis, immunohistofluorescent (IHF) 

imaging and western blotting (WB). Company-recommended immunoglobulin isotype 

controls for each antibody were used for flow cytometry analysis and 

immunofluorescent imaging as required.  

 

Table 2.5 – Secondary antibodies and stains 

Secondary antibody 
(Clone number) 

Host or conjugated 
fluorophore 

Use: working 
concentration Source 

Anti-biotin AF568 Streptavidin ICF: 1/1000 
IHF:1/200 BioLegend 

Anti-biotin AF647 Streptavidin ICF: 1/1000 
IHF:1/200 BioLegend 

Anti-hamster AF488 Goat ICF: 1/1000 
IHF:1/200 Invitrogen 

Anti-hamster AF568 Goat ICF: 1/1000 
IHF:1/200 Invitrogen 

Anti-hamster AF647 Goat ICF: 1/1000 
IHF:1/200 Invitrogen 

Anti-hamster HRP Goat WB: 1/10000  Jackson Immuno 
Research 

Anti-rabbit AF405 Goat ICF: 1/1000 
IHF:1/200 Invitrogen 

Anti-rabbit AF488 Goat ICF: 1/1000 
IHF:1/200 Invitrogen 
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Anti-rabbit AF568 Goat ICF: 1/1000 
IHF:1/200 Invitrogen 

Anti-rabbit AF647 Goat ICF: 1/1000 
IHF:1/200 Invitrogen 

Anti-rabbit HRP Donkey WB: 1/10000  ThermoFisher 

Anti-rat AF405 Goat ICF: 1/1000 
IHF:1/200 Invitrogen 

Anti-rat AF488 Goat ICF: 1/1000 
IHF:1/200 Life Technology 

DiOC6  Whole Blood: (2µM) Sigma 

 

Secondary antibodies used in experiments with immunocytofluorescent (ICF) imaging 

and analysis, immunohistofluorescent (IHF) imaging and western blotting (WB).  

 

Table 2.6 - Agonists 

Agonist Target Source 

Collagen III GPVI 
Integrins Sigma 

CRP GPVI 
Integrins 

Dr Farndale 
(University of Cambridge) 

E Coli Bioparticles Phagocytes Incucyte 

Hemin TLR-4  
CLEC-2 Frontier Scientific 

Horm Collagen GPVI 
Integrins Takeda 

Lipopolysaccharide O55:B5 TLR-4 Sigma 

PAM3CSK4 TLR-1/2 InvivoGen 

PGN-SA TLR-2 InvivoGen 

Rhodocytin CLEC-2 Dr Eble  
(University of Münster) 

Thrombin PAR-1 (human) 
 PAR-3 (mouse) PAR-4 (both) Sigma 

Zymosan TLR-2/Dectin-1 InvivoGen 
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Table 2.7 - Inhibitors 

Inhibitor Target Source 

AEBSF Serine Proteases Calbiochem 

Aprotinin Serine Proteases Sigma 

AYP-1 CLEC-2 Internally generated 

Cangrelor P2Y12 The Medicines Company 

Citrate Calcium chelation BD 

EDTA Calcium chelation Acros Organics 

Eptifibatide (Integrilin) GPIIb/IIIa GSK 

Heparin Thrombin 
Factor Xa BD 

Hydroxychloroquine Heme Sigma 

Ibrutinib BTK Stratech Scientific 

Leupeptin Cysteine-     serine- 
threonine-proteases  Enzo Life Science 

NAC Oxidants Sigma 

Pepstatin Aspartyl Proteases Sigma 

PP2 Src Kinase Tocris 

PPACK Thrombin Cambridge Biosciences 

Prostacyclin PKA Cayman Chemicals 

PRT-060318 Syk Kinase Portola Pharmaceuticals 
Inc. 

Sodium Orthovanadate Tyrosine phosphatases Sigma 

TAK-242 TLR-4 EMD Millipore Corp. 
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Table 2.8 – Cytokines, chemokines and ELISAs 

 
Cytokines, chemokines and 

ELISAs Source 

Angiopoetin-2 R&D 

C5a PeproTech 

CCL2 PeproTech 

CCL21 PeproTech 

CCL4 PeproTech 

CCL5 PeproTech 

CXCL1 PeproTech 

CXCL2 PeproTech 

GM-CSF PeproTech 

IL-10 PeproTech 

IL-2 PeproTech 

IL-6 PeproTech 

Lactate dehydrogenase abcam 

M-CSF PeproTech 

MMP-9 R&D 

TNF-α PeproTech 

 
 

 

 



 

 58 
 
 

2.1.1 Recombinant protein generation 

 

Recombinant (murine and human) CLEC-2-Fc (rCLEC-2-Fc) was designed by 

cloning the extracellular domain region of CLEC-2 into mammalian expression vector 

pFuse-rIgG-Fc (InvivoGen), an Fc-fusion protein expression plasmid (rabbit). The 

construct was used to stable transfect HEK-293T cells by polyethylenimine (PEI) 

MAX 4K (PolySciences). The stable line was established by antibiotic, Zeocin 

(ThermoFisher), selection and functional screening. rCLEC2-Fc was then purified 

from the cell culture supernatant by protein-A affinity beads using chromatography, 

followed by validation utilising sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and western blotting to confirm expected molecular 

weights. Protein production, isolation and validation was performed in house and 

carried out my Mrs Ying Di (University of Birmingham).  

 

2.1.2 Mice and genetic alterations 

All murine in vivo experiments were performed in accordance with UK law (Animal 

Scientific Procedures Act 1986) with approval of the local ethics committee and UK 

Home Office approval under PPL P2E63AE7B, PP9677279 and P0E98D513 granted 

to the Birmingham Platelet Group (University of Birmingham). Wild type (WT) 

C57BL/6 mice (8-14 weeks; males and females) were purchased from Harlan 

Laboratories (Oxford, UK). Platelet-specific CLEC-2-deficient mice were generated 

using a lox-Cre recombination, by crossing mice on a C57BL/6 background with 

CLEC1b flox sites, with a mouse containing a novel, platelet-specific GPIbCre site 

(CLEC1bfl/flGPIbCre) (Nagy et al., 2019, Haining et al., 2020).  Cre-negative, CLEC-

2-floxed mice were used in Chapter 3 as littermate controls. GPVI-deficient mice 
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used in Chapter 3 had a global GPVI knockout (Lockyer et al., 2006), which were 

crossed with CLEC1bfl/flGPIbCre mice; Cre-negative mice had normal CLEC-2 

expression, but deficient in GPVI (GPVI-/- CLEC1bfl/flGPIbCre). Throughout Chapter 

5, haematopoietic-specific podoplanin-deficient mice were used, using lox-Cre 

recombination through Vav-iCre (PDPNfl/flVav-iCre) (Siegemund et al., 2015).  Cre-

recombinase was confirmed by polymerase chain reaction and SDS-PAGE; 

genotyping performed by Dr Beata Grygielska. LifeAct-GFP mice were also used for 

fluorescent microscopy of F-Actin, tagged with green fluorescent protein (GFP) in 

Chapter 5 (Riedl et al., 2010). 

2.1.3 Human Tissue and plaque processing 

Pooled plaque homogenate material used in Chapter 3 was obtained through Dr 

Mark Thomas (UHB and SWBH NHS trust) from patients with atherosclerotic 

disease, and its use was approved by the North-West Haydock Research Ethics 

Committee (ref: 20/NW/0001). Homogenate was embedded in optical cutting 

temperature (OCT) gel, snap frozen in liquid nitrogen, and stored at -80 oC. 10 

atherosclerotic plaque samples were collected from patients with coronary artery 

diseases who underwent surgery for high-grade carotid artery stenosis and stored at 

-80 °C after sampling. Cryo-sections were taken from each atherosclerotic plaque 

specimen for histological analysis purposes. Specimens were placed in a single 500 

ml borosilicate glass laboratory reagent bottle immersed in liquid nitrogen (-160 °C) 

and crushed with glass mortar to a fine powder. 20 ml of PBS was then added to the 

glass containing atherosclerotic plaque homogenate, thawed at 37 °C for 3 min, 

transferred into 50 ml Falcon tube. Atherosclerotic plaque homogenate was 

sonicated (10 times, 5 s at 12 % amplitude) on ice for tissue dispersal, followed by 

centrifugation (500 xg, 1 min). The supernatant was retrieved, and protein 
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concentration measured with a standard bicinchoninic acid protein assay. Plaque 

material was then spotted onto a Maastricht flow chamber. 

 

2.2 Human and murine blood 

 

2.2.1 Human blood  

 

Venous blood was drawn from healthy, consenting, drug-free volunteers using a 25-

guage butterfly needle into 3.2 % trisodium citrate BD Vacutainers (Becton 

Dickinson, Oxford, UK). Ethical approval for use of human blood was granted by the 

University of Birmingham Research Ethics Committee to the Birmingham Platelet 

Group (ref: UHSP/22/BTVR/07). 

 

2.2.2 Human washed platelet isolation 

 

10 % acid citrate-dextrose (ACD) (Sigma) was added to the 9 ml blood-filled 

vacutainer within 1 h of drawing, before centrifugation at 200 xg for 20 min at room 

temperature (RT) with reduced brake deceleration (7/10) and a swinging bucket. The 

top section of plasma (PRP) was taken, avoiding erythrocytes and the buffy coat 

(leukocyte) layer. Potent platelet activation inhibitor, PGI2, was added to the PRP at 

1 µg/ml, prior to inversion and centrifugation at 1000 xg for 10 min at RT. The 

platelet pellet was then isolated by removal of the platelet-poor plasma (PPP), before 

pellet resuspension in 25 ml Modified Tyrode’s buffer (1 mg/ml glucose anhydrous, 

pH 7.3) with 10 % ACD; supernatant was disposed of as biological waste. PGI2 was 

again added (1 µg/ml) to the platelet mixture, before centrifugation at 1000 xg for 10 
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min at RT. Supernatant was discarded, and the pellet was resuspended to 2x108 

platelets per ml, counted using a Coulter Z2 Particle Count and Size Analyser 

(Beckman Coulter Ltd.). Platelets were rested for at least 30 min before use, to allow 

for PGI2 degradation, as described (Suzuki-Inoue et al., 2006). 

 

2.2.3 Murine blood  

 

2.2.3.1 Blood collection for washed platelet preparation 

 

Prior to blood collection, mice were anaesthetised using isofluorane in a scavenging 

chamber.  Mice were then terminally narcosed using a nasal CO2 mask, and the 

inferior vena cava (IVC) was isolated through the peritoneum. Blood was slowly 

drawn using a 25-gauge needle and 1 ml syringe, containing 10 % ACD. Once 

drawn, blood was added to a 1.5 ml Eppendorf containing 200 µl Modified Tyrode’s 

buffer. Mice were terminally bled and confirmed by cervical dislocation. 

 

2.2.3.2 Whole blood collection for flow adhesion 

 

Blood was drawn as described in 2.2.3.1, however heparin (20 U/ml) was used as 

the anti-coagulant in the 1 ml syringe. 800 µl of heparinised blood was added to 400 

µl Modified Tyrode’s buffer with 2 mM calcium. Mice were terminally bled and 

confirmed by cervical dislocation. 
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2.2.3.3 Whole blood collection for daily platelet quantification 

 

Mice were restrained using a restraint tube, minimising stress on the animal. The 

hind left or right leg (alternated daily) was extended and immobilised by pinching the 

thigh immediately above the knee. Hair around the area was clipped and skin was 

cleaned, before piercing the lateral saphenous vein using a 26-gauge needle. 50 µl 

blood was collected using a heparinised glass capillary tube into 5 µl 

ethylenediaminetetraacetic acid (EDTA; 0.5 M). Bleeding was ceased by gentle 

pressure.   

 

2.2.3.4 Blood collection for inflammation assays 

 

Prior to blood collection, mice were anaesthetised using isofluorane in a scavenging 

chamber. The mouse was held by the scruff, adding pressure to bulge the eye, 

inserting a heparinised capillary tube laterally. 200 µl blood was collected into 5 µl 

EDTA (0.5 M) in a 1.5 ml Eppendorf. Mice were terminally bled and confirmed by 

cervical dislocation. Cells in whole blood were quantified using an ABX Pentra 80 

automated haematology analyser (HORIBA). 

 

2.2.4 Murine washed platelet isolation 

 

Blood collected in 2.2.3.1 was centrifuged using a Microcentaur (Sanyo) at 2,000 

rotations per minute (rpm), for 5 min at RT. The PRP and upper third of erythrocytes 

was collected, and transferred to a new Eppendorf. PRP was further isolated from 

erythrocytes by centrifugation at 200 xg for 6 min at RT with reduced brake (7/10) in 
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a swinging bucket. PRP was collected, avoiding the erythrocytes, and added to a 

new Eppendorf. To increase yield, the remaining erythrocytes and small amount of 

PRP were washed with a further 200 µl Modified Tyrode’s buffer, and centrifuged at 

200 xg for 6 min at RT with reduced brake (7/10) in a swinging bucket. The PRP was 

again collected, alongside the platelet ring immediately above the erythrocytes, 

which was pooled with the first collected PRP; remaining cells were discarded. PRP 

was made up to 1 ml using Modified Tyrode’s buffer, and treated with PGI2 (1 µg/ml), 

before inversion and centrifugation at 1000 xg for 6 min at RT. Supernatant was 

discarded, and the platelet pellet was resuspended in 400 µl Modified Tyrode’s 

buffer. Cells were normalised to 2x108 platelets/ml, after quantification using a 

Coulter Z2 Particle Count and Size Analyser. Platelets were rested for at least 30 

min before use, as described (Suzuki-Inoue et al., 2006). 

 

2.3 Cell culture 

 

2.3.1 General technique 

 

Cell lines were cultured in a humidified incubator at 5 % CO2 and 37 oC. RAW264.7 

cells and bone marrow-derived macrophages (BMDMs) were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) (ThermoFisher), and L929 cells were cultured in 

Roswell Park Memorial Institute Medium (RPMI)-1640 (ThermoFisher); both 

(complete) mediums contained 10 % heat-inactivated foetal bovine serum (FBS), 1 

% penicillin-streptococcus (Sigma) and 2.5 mM L-Glutamine (Sigma). Human 

umbilical vein endothelial cells (HUVECs; Promocell) were cultured using Endothelial 

Cell Growth Media (ECGM; Promocell) with 1 % penicillin-streptococcus. HUVECs 
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were cultured up to passage 6. All cells were passaged (1:4) using Trypsin-EDTA 

solution at 80 % confluency, and media was changed every 2-3 days.  

 

2.3.2 Bone marrow isolation from mice 

 

Wild type mice were culled by cervical dislocation, and the hind legs were excised 

above the pelvic-hip joint. The tibia was isolated from the femur by bending around 

the knee, dislocating and cutting through the joint. Skin was peeled from the muscle, 

and muscle was cleaned from the bones using scissors and sterile paper towels. 

Bones were sterilised using sterile 70 % ethanol solution, and were cut on one end 

of the femur and tibia under a laminar flow hood. Both bones were added to a 0.6 ml 

Eppendorf tube, which has been punctured at its bottom using a 21-guage needle. 

The bone-containing 0.6 ml Eppendorf tube was inserted to a 1.5 ml Eppendorf 

containing 100 µl DMEM. Eppendorfs were centrifugated at 1000 xg for 10 s (RT) to 

flush bone marrow from the femur and tibia. Supernatant was removed, and cells 

were used for experimentation.  

 

2.3.3 Macrophage media preparation from fibroblasts 

 

Murine fibroblast cell line, L929, were cultured in an T175 cm2 cell culture flask until 

complete confluence was achieved. Upon confluence, cells were cultured in 50 ml of 

complete DMEM for 7 days, which was then removed and centrifugated at 500 xg for 

5 min (RT) and filtered through a 0.22 µm sterile filter, before storage in 10 ml 

aliquots at -20 oC. This technique generates a rich solution containing M-CSF and IL-

3, promoting macrophage differentiation (Weischenfeldt and Porse, 2008).  
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2.3.4 BMDM generation 

 

Complete macrophage media was created using complete DMEM, supplemented 

with 20 % L929 supernatant. The bone marrow pellet (described in 2.3.2) was 

resuspended in 20 ml complete macrophage media, and cells were seeded in a 15 

cm petri dish for 7 days to generate BMDMs. On day 5, cells were supplemented 

with 5 ml of complete macrophage media. On day 7, cell media was removed and 

cells were treated with 10 ml ice-cold phosphate buffered saline (PBS)-

ethylenediaminetetraacetic acid (EDTA; 1 mM), before gentle agitation using a cell 

scraper.  

 

2.4 Molecular biology – qPCR 

 

Cells were incubated in 1 ml TRIzol (TRI-reagent, Invitrogen) in 6-well plates, before 

200 μl chloroform was added, collected in a 1.5 ml Eppendorf, shaken, and 

incubated at RT for 10 min before centrifugation (12000 xg for 15 min at 4 oC). The 

upper, cleared fraction was taken and mixed with 500μl of isopropanol. This was 

shaken for 15 s and incubated at RT for 10 min before centrifugation (12000 xg for 

10 min at 4 oC). The supernatant was drained, and the resultant pellet was washed 

in 75 % ethanol, before brief vortex and centrifugation (7500 xg for 5 min at 4 oC). 

The supernatant was removed, and the pellet was air-dried before being suspended 

in 20 μl nuclease-free water. Ribonucleic acid (RNA) was quantified using Nanodrop 

2000 (ThermoFisher) and complementary DNA was transcribed from messenger 

RNA using PrimeScript (Clontech, Takara. 3 μl cDNA was added to 5 μl PCR-grade 
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water, 10 μl Lightcycler 480 SYBR Green 1 mastermix (Roche) and 2 μl murine 

podoplanin primers (Sino Biological). GAPDH (Origene) was used as a 

housekeeping control for 𝜟𝜟CT calculations, which has been shown to be 

consistently expressed across multiple conditions in RAW264.7 cells (Bao et al., 

2019). Using a PCR thermocycler, the following program was performed: pre- 

incubation (5 min, 95 oC), amplification (10 s, 95 oC; 10 s, 60 oC; 10 s, 72 oC), 

melting curve (5 s, 95 oC; 1 min, 65 oC) and cooling (30 s, 40 oC). PCRs were 

performed in triplicate, and a 𝜟𝜟CT value was calculated and normalised to 

unstimulated control (Livak and Schmittgen, 2001).  

 

2.5 Cell biology  

 

2.5.1 Western blotting 

 

Cells in 6-well plates were washed in PBS, before incubation in 100 µl ice-cold NP-

40 cell lysis buffer (300 mM NaCl, 20 mM Tris, 2 mM EGTA, 2 mM EDTA, 2 % NP-

40), supplemented with protease inhibitors 2.5 mM Na3VO4, 100 µg/ml AEBSF, 5 

µg/ml leupeptin, 5 µg/ml aprotinin and 0.5 µg/ml pepstatin (pH 7.4). Protein 

concentration was estimated by Bradford reagent (Biorad) using bovine serum 

albumin (BSA) at known concentrations (1.5-0.03 mg/ml) as a standard curve, and 

absorbance was calculated in duplicate (750 nm). Protein electrophoresis of 20 µg 

protein was performed in Tris-Glycine SDS running buffer (Biorad) alongside a 

molecular weight ladder (ThermoFisher). Protein was transferred to a PVDF 

membrane by electroblotting, before blocking with 5 % BSA-Tris-buffered saline with 

0.1 % Tween 20 (TBS-T) for 1 h at RT, and incubating in primary antibody (Table 
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1.1) overnight at 4 oC. The membrane was thrice washed, before incubation in 

secondary antibody (Table 2.2) 1 h at RT, before thrice washing and revealing by 

ECL Western Blotting Substrate (ThermoFisher) and imaging by an Odyssey 

Imaging System (LI-COR Biosciences). 

 

2.5.2 Immunoprecipitation  

 

Immunoprecipitation was performed in whole cell lysate using anti-podoplanin 

antibody (clone 8.1.1) bound to protein A-sepharose beads, as described by 

Krishnan et al. (2013). 400 µg protein (extracted and quantified as in 2.5.1), was 

precleared with 30 µl beads in 1 ml NP-40 lysis buffer for 1 h at 4 oC in rotation. 

Supernatant was taken post-centrifugation for 15 min at 1000 xg at 4 oC, and added 

to 30 µl beads containing 2 µg anti-podoplanin antibody. Mixture was incubated 

overnight at 4 oC, before centrifugation for 15 min at 1000 xg at 4 oC. Supernatant 

was discarded and beads were thrice washed in ice-cold NP-40 lysis buffer. 

Immunoprecipitated protein was quantified by western blot (2.5.1). 

 

2.5.3 Flow cytometry 

 

Cells were scraped in ice-cold 1ml PBS-EDTA (1mM), and pelleted by centrifugation 

(500 xg, 5 min at RT) in polystyrene test tubes. Major macrophage Fc-receptors 

were blocked (anti-CD16/CD32, 1:100) in 100µl 10 % mouse serum-PBS for 1 h at 4 

oC, before washing in 1 ml PBS and centrifugation (500 xg, 5 min at RT) and 

resuspension in 100 µl primary antibody mix (Table 2.1) for 30 min at 4 oC. Cells 

were washed in 1 ml PBS and centrifugated (500 xg, 5 min at RT), before 
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resuspension in 200 µl PBS. Receptor surface expression was assessed by an 

Accuri C6 Plus flow cytometry (BD Bioscience, Oxford, UK), a CyAn ADP Analyzer 

(Beckman) or a CytoFLEX Flow Cytometer (Beckman). Median fluorescence 

intensity (MFI) or percentage of positive expression compared to isotype control was 

quantified using FlowJo v8.  Fluorescence compensation was calculated using either 

fluorescence beads, or cells with a known positive protein marker for each colour.  

 

2.5.4 Cytokine and chemokine quantification 

 

Cytokines and chemokines were taken from cell media supernatant, or peritoneal 

lavage, and quantified by sandwich-enzyme-linked immunosorbent assay (ELISA; 

Peprotech). Supernatant/peritoneal lavage fluid (PLF) was aliquoted to avoid 

repetitive freeze-thawing. 96-well, half area microplates were coated with capture 

antibodies (1 µg/ml) in 50 µl PBS overnight (RT). Plates were thrice washed in TBS-

T, and supernatant/PLF was added to the plate, alongside a standard curve (2000 – 

31.25 pg/ml) – all in duplicate for 1 h at 37 oC. The plate was thrice washed in TBS-

T, and incubated with an avidin-bound detection antibody (1 µg/ml) for 1 h 37 oC. 

The plate was again thrice washed in TBS-T, and incubated with HRP-conjugated 

streptavidin at 1:4000 (ThermoFisher) for 30 min at RT. Cells were thrice washed 

with TBS-T, before treatment with 100 µl ABTS (PeproTech), and absorbance 

quantification after 15 min incubation at 405 nm by a Microplate Reader 

(ThermoFisher). 
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2.5.5 Surface plasma resonance and absorbance spectroscopy 

 

Real-time interaction profiles were obtained after injection of increasing 

concentrations of hemin (19.5–625 nM) over recombinant CLEC-2-Fc immobilized 

on a CM5 sensor chip (Cytiva) to calculate plasma surface resonance. The 

association and dissociation phases were followed for 5 min, each. Data was 

quantified using a Langmuir global analyses model. UV-vis absorbance 

spectroscopy was performed using differential spectra generated of CLEC-2-Fc 

(2 μM) with increasing concentrations of hemin (0.5–16 μM). The differential 

spectra were obtained after subtraction of the spectra of hemin at a given 

concentration from the spectra of the same concentration of hemin in the presence 

of the protein. The measurements were done at 25 °C in optical cell with 10 mm 

light path. Experimentation and quantification of surface plasma resonance and 

absorbance spectroscopy was performed by Dr Jordan Dimitrov (University of 

Paris).  

 

2.6 Immunostaining 

 

2.6.1 Immunohistochemistry 

 

Paraffin embedding and sectioning was performed on murine lungs, livers and 

kidneys post-endotoxemia. Organs were washed in ice-cold PBS, before being fixed 

overnight in 4 % paraformaldehyde (PFA) overnight. Organs were dehydrated using 

increasing concentrations of ethanol for 30 min each (70 %, 80 %, 90 % and 100 %) 

followed by 2 h Histoclear (National Diagnostics). Organs were paraffin embedded, 
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and oriented and mounted onto blocks. Tissues were sectioned at 6 microns and 

collected onto polylysine adhesion slides (ThermoFisher). 

 

For antibody staining, sections were de-waxed and rehydrated in xylene (twice for 2 

min) and then ethanol (100 %, 90 %, 75 %, 50 %, 30 %; 30 s each) before water (5 

min). Antigens were retrieved in citrate buffer for 15 min in the microwave, cooled 

and washed in PBS-T. Samples were blocked with 3 % endogenous peroxidase 

(Dako) for 10 min, before blocking in 3 % BSA-PBS-T for 1 h (RT). Primary antibody 

was incubated in block solution overnight at 4 oC, before thrice washing in PBS-T, 

and incubation with a biotinylated secondary antibody in block (30 min at RT). 

Sections were incubated with phosphatase-conjugated streptavidin for 30 min at RT, 

before thrice washing with PBS-T. IMPACT DAB substrate chromogen solution 

(VectorLab) was added, and observed by a brightfield microscope, and was rinsed 

with water once revealed. Slides were dehydrated 3 min each in ethanol (75 %, 90 

%, 100 %), before xylene overnight. Slides were mounted using Hydromount 

(National Diagnostics) and imaged using an Axioscan 7 Slide Scanner Microscope 

(Zeiss). 

 

2.6.2 Immunohistofluorescent staining 

 

Murine lungs, livers and kidneys were snap frozen in OCT post-endotoxemia using 

liquid nitrogen. Lungs were not inflated, and the kidney capsule was removed. 

Organs were sectioned at 6 microns, and stored at -80 oC. Slides were allowed to 

dry for 30 min, circled using a hydrophobic pen and washed in PBS-T (5 min). Slides 

were incubated in ammonium chloride (20 mM) to quench auto-fluorescence for 15 
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min, RT. After a 5 min PBS-T wash, sections were 1 % BSA blocked with 5 % goat 

serum for 1 h at RT. Primary antibody (Table 2.1) was incubated overnight at 4 oC, 

before thrice washing in PBS-T and a 1 h incubation with a secondary antibody 

(Table 2.2). Slides were thrice washed before mounting using Hydromount and 

imaged using an Axioscan 7 Slide Scanner Microscope. 

 

2.7 Microscopy 

 

2.7.1 Confocal microscopy 

 

Cells were cultured on sterilised, 13 mm round glass coverslips (ThermoFisher), and 

washed with PBS post-experimentation. Cells were fixed in 4 % PFA for 10 min, 

before blocking in 1 % BSA-PBS. Cells were incubated in primary antibody in block 

buffer overnight at 4 oC, before thrice washing with PBS-T, and incubating with 

secondary antibody for 1 h at RT. Coverslips were flat-mounted using Hydromount, 

and imaged using a Zeiss LSM780 confocal microscope (Zeiss). Images were 

acquired using an inverted confocal microscope (Zeiss LSM 780) using a 1.49 NA 

64X oil- immersion objective. Argon-ion lasers 405 nm, 457-514 nm and 561 nm 

were used to excite fluorophores. Z-stack images were acquired, and were 

compressed upon analysis for maximum fluorescence intensity. 

 

2.7.2 diSPIM microscopy 

 

BMDMs derived from LifeAct-GFP mice were allowed to spread on collagen-coated 

#1.5H slides. Murine platelets were stained using CellMask Deep Red (Invitrogen). 
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Cells were imaged in phenol red free DMEM supplemented with 2 % FBS at 37 °C 

and 5 % CO2. Fluorescence was acquired on a Marianas LightSheet (Intelligent 

Imaging Innovations, Denver, CO, USA), a dual inverted Selective Plane Illumination 

Microscope (diSPIM) fitted with two perpendicular 0.8 NA, 40x water immersion 

objectives and ORCA-Flash4.0 V3 sCMOS cameras (Hamamatsu), driven by 

SlideBook software (Intelligent Imaging Innovations). Volumes were captured every 

minute in slice scan mode, with a step size of 0.5 μm and 488 nm and 640 nm 

excitation wavelengths. Time lapse images of maximal intensity projections were 

visualised using Arivis. Images were acquired by Dr Malou Zuidscherwoude 

(University of Birmingham). 

 

2.7.3 SIM microscopy 

 

BMDMs were allowed to spread on collagen-coated #1.5H glass coverslips for 2 h. 

Cells were then fixed in prewarmed 4 % PFA in PEM buffer (0.8M PIPES, 4 mM 

EGTA, 1 mM MgSO4) for 15 min, before autofluorescence quenching by ammonium 

chloride (50 mM), and permeabilisation by 0.1 % Triton X-100 (10 min, RT). Cells 

were blocked in 1 % BSA, 2 % goat serum in PBS for 1h (RT), before incubating with 

primary antibody overnight (Table 2.1) at 4 oC. Cells were thrice washed, and 

incubated with secondary antibodies (Table 2.2) for 1 h at RT.  Coverslips were flat-

mounted with VECTASHIELD antifade mounting medium (Vector Labs). SIM 

imaging was performed on a Nikon N-SIM-S system with Nikon Perfect Focus in 3-D 

SIM mode, using a Nikon 1.49x Na oil Objective, Chroma ET525/50m and 

ET595/50m excitation filters, and an ORCA Flash4.0 sCMOS camera (Hamamatsu). 

Illumination was with 488 nm and 561 nm lasers. Capture and subsequent 
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reconstruction was performed in Nikon NIS Elements 5 – stack and a maximum 

score of less than 8 were discarded. Composite Images were visualised and 

adjusted for figures using ImageJ. Images were acquired by Miss Evelyn Garlick 

(University of Birmingham). 

 

2.7.4 Electron microscopy 

 

BMDMs were allowed to spread on collagen-coated #1.5H glass coverslips for 1 h in 

the presence or absence of platelets. Cells were PBS washed, before fixation in 2.5 

% glutaraldehyde. Cells were treated with osmium tetroxide, and imaged using a 

Philips XL30 FEG ESEM in high vacuum mode at 20 kV and 2500 x magnification.  

 

2.7.5 Microscopy analysis 

 

Images acquired were obtained and exported using Zeiss Zen Black microscope 

software and analysed using Image J software. Macros were constructed using 

ImageJ to quantify cell size and circularity. 

 

2.8 Functional biology 

 

2.8.1 Platelet lumi-aggregometry 

 

Washed platelets (2.2.2 and 2.2.3.1) normalised at 2x108 /ml were incubated at 37 

oC for 2 min, before recalcification with CaCl2 (2 nM), inhibitor treatment (1:100) and 

incubating for 1 min during stirring conditions at 1200 rpm using a Chrono-Log Lumi-



 

 74 
 
 

aggregometer (Havertown). Platelets were then stimulated with an agonist (1:100) 

and measurement began. Percentage of aggregation was quantified by 

measurement of final aggregation after 6 min (unless otherwise stated) compared to 

starting point, relative to the baseline. In some cases, inhibitor treatment was for 

longer time periods which are outlined in relevant legends. 

 

2.8.2 Flow adhesion assays 

 

µ-slide VI 0.1 and 0.4 (Ibidi) – Whole blood was flown over Horm collagen (surfaces 

coated with 100 µg/ml) or HUVECs through a µ-slide VI 0.1 or 0.4, respectively. For 

HUVEC seeding, flow chambers were coated with 0.5 % pre-warmed gelatin for 1 h, 

before washing with sterile PBS. HUVECs were cultured to complete confluence in a 

T75 cell culture flask, pelleted and resuspended in 200 µl ECGM. 30 µl of cell 

suspension was added to each of the channels in the chamber, and allowed to 

adhere for 1 h. Cells were washed and allowed to culture overnight, before 1 % BSA-

PBS blocking. Blood was perfused at arterial flow rate (1000 s-1) and shear stress 

(10 dyn.s/cm2) unless specified. Blood was treated with 2 µM DioC6 (ThermoFisher, 

USA) and 40 µM PPACK. Maastricht flow chamber – Whole blood was flown over 

Horm collagen (surfaces coated with 100 µg/ml; Nycomed Pharma GmbH), Human 

collagen III (Sigma Aldrich), or pooled plaque homogenate (500 µg/ml) through a 

Maastricht parallel flow chamber at arterial shear rate (1000 /s). Blood was treated 

with 40 µM PPACK and recalcified. P-Selectin (anti-CD62P, BioLegend), active 

aIIbb3 (anti-Fibrinogen, Dako), phosphatidylinositol (PS)-exposure (Annexin V, 

ThermoFisher) and brightfield images were taken post-flow.  Images were acquired 
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using an EVOS M5000 Imaging system by fluorescence and transmitted light 

imaging (20X lens). Images were analyzed using ImageJ (van Geffen et al., 2019).  

 

2.8.3 Macrophage chemotaxis migration 

 

Lipopolysaccharide (LPS; O55:B5)-treated (1 µg/ml, 24 h) BMDM were incubated for 

1 h with rCLEC-2-Fc (10 µg/ml) or IgG isotype (10 µg/ml). Cells were scraped and 

seeded onto the upper layer of an 8µm pore polycarbonate inserts transwell 

(Corning) (Boyden, 1962). Migration of BMDM towards CCL21 (30 ng/ml) was 

assessed after 4 h at 37 oC. The top layer of the insert was scraped, and cells on the 

lower side were fixed with 4 % PFA for 10 min. Cells were immunostained with 

Hoechst 33342 (1:10000) for 10 min, before mounting with Hydromount, and 

migrated cell nuclei counted by using an EVOS M5000 Imaging system. 

 

2.8.4 Macrophage wound healing 

 

Confluent, LPS-treated BMDM (1 µg/ml, 24 h were washed and scratched using a 

96-pin 800 µm-wide mechanical WoundMaker. Cells were thrice washed (until no 

cells were visible in the wound) and were then co-cultured in the absence or 

presence of platelets or recombinant murine CLEC-2-Fc for 96 h at 37 oC. Cells were 

imaged every 2 h using an Incucyte SX-5 Live-Cell microscope (Satorius). Wound 

closure was quantified using ImageJ, and calculated as percentage of closure at 

each timepoint by: 

100 − &	
𝑤𝑜𝑢𝑛𝑑	𝑠𝑖𝑧𝑒

𝑤𝑜𝑢𝑛𝑑	𝑠𝑖𝑧𝑒	𝑡 = 03 
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2.8.5 Phagocytosis assay 

 

LPS-treated BMDM were incubated in the absence or presence of platelets for 1 h. 

pH sensitive, AlexaFluor488-conjugated, Escherichia Coli covered (K-12 strain) 

BioParticles (3x106 beads/condition) were added for an additional 4 h at 37 oC. Total 

green fluorescence was quantified by a mask generated by Incucyte Systems on 

images taken using an Incucyte SX-5 Live-Cell microscope (Satorius).  

 

2.9 In vivo murine assays 

 

2.9.1 Lipopolysaccharide-induced peritonitis 

 

Male and female mice (20-25 g) were challenged with LPS (O55:B5) at 10 mg/kg in 

200 µl sterile saline solution for 22 h (Frimodt-Møller, 1993). After 18 h, mice were 

treated with 100 µg recombinant murine CLEC-2-Fc or IgG isotype control for 4 h 

(Figure 2). Mice were monitored for clinical severity throughout. After 22 h, mice 

were anaesthetised by isofluorane, and bled retro-orbitally (2.2.3.4). A peritoneal 

lavage was then performed by infecting 2 ml of ice-cold PBS-EDTA (1 mM) into the 

peritoneum, and retrieving 1 ml after 1 min. Organs were then taken, and prepared 

for either immunostaining (2.6) or for flow cytometry (2.5.3) after homogenisation 

using a 25-guage needle, and filtration using a 22-micron filter. Mesenteric lymph 

nodes were taken and prepared for either flow cytometry, immunostaining, or culture 

ex vivo after homogenisation, and subsequent stimulation with low-dose LPS (10 

ng/ml). 
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Figure 2 – Methodology to induce peritonitis by LPS. Mice were challenged with 

LPS (10 mg/kg) for 18 h before treatment with rCLEC-2-Fc or IgG Isotype control 

(100 µg) for 4 h.  Mice were culled 22h post-challenge and tissue was processed. 
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2.9.2 in vivo thrombosis models 

 

2.9.2.1 Preparation for surgery 

 

Mice (20-25 g) were anaesthetised intraperitoneally by avertin (2,2,2-

Tribromoethanol; Sigma), before securing to a heated pad and performing a 

tracheostomy using trachea tubing secured by suture. An anti-GP1bβ X488 at 0.1 

µg/kg (Emfret, Germany) was administered for platelet detection by cannulation of 

the jugular vein. Further anaesthetic was maintained via the cannula throughout 

surgery. 

 

2.9.2.2 Ferric chloride-induced thrombosis 

 

The carotid artery was exposed by blunt dissection using sterile black plastic, and 

thrombi was generated by administration of 10 % FeCl3-soaked filter paper (1 mm x 

2 mm) for 3 min. The injury site was imaged for 25 min by time-lapse microscopy (Li 

et al., 2016). 

 

2.9.2.3 Laser-induced thrombosis 

 

The cremaster muscle was isolated in male mice by cutting the scrotum, and 

dissecting the muscle using a thermocautery over a glass coverslip. Thrombi was 

generated by laser injuries of the arterioles during constant perfusion of warmed 0.9 

% saline buffer. Thrombus was observed for 3 min by time-lapse microscopy of 

simultaneous fluorescence and bright field images (Stalker, 2020). 
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2.9.2.4 Platelet-depletion 

 

Mice were challenged with an anti-GPIba, platelet depleting antibody at 0.1 mg/kg by 

intraperitoneal injection (Rayes et al., 2017); platelet count was analysed by 

saphenous bleed (2.2.3.3) daily and quantified by an ABX Pentra 80 automated 

haematology analyser. 

 

2.9.2.5 Analysis 

 

Images were acquired using an Olympus, upright spinning disk confocal microscope 

and 4X Nikon air lens or 40X Nikon water-immersed lens for FeCl3 and laser injuries, 

respectively). Images were analysed using Slidebook6 software (Intelligent Imaging 

Innovations),  

 

2.10 Statistical analysis 

 

All data is presented as mean±SD, unless otherwise stated. The statistical 

significance between 2 groups was analyzed using an unpaired t-test and the 

statistical difference between multiple groups in vitro using one-way ANOVA with 

Tukey’s multiple comparisons test. The statistical significance for in vivo experiments 

were determined by a Kruskal-Wallis test, unless otherwise stated, using Prism 8 

(GraphPad Software Inc, USA). Statistical significance was represented by stars: 

*p < 0.05 **p < 0.01 ***p < 0.001 ****<0.0001 
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Chapter 3 

3. Platelet-CLEC-2 in models of arterial 

thrombosis in humans and mice 
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3.1 Aim 

 

The aim of this chapter was to investigate the role of platelet-ITAM receptor, CLEC-

2, in arterial thrombosis in humans and mice. This was investigated in vivo using a 

recently generated, megakaryocyte lineage-specific GPIb recombinase mouse (Nagy 

et al., 2019) for specific deletion of platelet-CLEC-2. Furthermore, human CLEC-2-

blocking antibody, AYP1, which blocks CLEC-2-podoplanin interaction, was used to 

investigate the role of human platelet-CLEC-2 in ex vivo functional assays.  

 

3.2 Introduction 

 

Platelets critically limit blood loss post-injury. Conversely, undesired vascular 

occlusion resulting from common cardiovascular disorders such as atherosclerotic 

plaque rupture can be fatal. Whilst current anti-platelet therapeutics are effective in 

unwanted vascular occlusion, they are commonly coined ‘blood thinners’, elucidating 

unwanted and often detrimental bleeding characteristics in patients upon trauma.  

 

3.2.1 Modern anti-coagulant drugs 

 

Current anti-thrombosis therapeutics can be categorised into anti-coagulant, and 

anti-platelet targeting. Anti-coagulants commonly used in patients at high risk of 

deep vein thrombosis, or a prior history of blood clotting, include warfarin and 

heparin. First described in 1918 extracted from dried powdered liver with ether, 

heparin is the most commonly prescribed anti-coagulant globally (Hemker, 2016). 

Modern unfractionated heparin is derived from porcine intestinal- or bovine lung-
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mucosal tissue, and works through binding, and subsequently activating plasma 

resident glycoprotein, antithrombin III (Nutescu et al., 2016). Through antithrombin 

III-heparin complexes, Factors IXa-XIIa are inhibited, therefore preventing the 

generation of GPCR agonist, thrombin, from prothrombin (described in 1.3.1). 

Furthermore, fibrin generation from fibrinogen is also inhibited, therefore removing 

two pro-coagulant stimuli from circulation. Warfarin is a vitamin K antagonist, and 

through interference with enzyme vitamin K reductase, reduces the activity of g-

glutamyl carboxylase to inhibit the activation of Factors VII, IX and X, alongside 

thrombin generation (Ageno et al., 2012). Anti-platelet drugs are prescribed to 

patients with arterial diseases, post-coronary surgery, or that are currently having a 

heart attack. Amazingly described in 1500 BC Egyptian medical records, 

acetylsalicylic acid (aspirin) is derived from the willow tree. Mechanistically, the anti-

platelet drug is a non-selective cyclooxygenase (COX) inhibitor, and 

pharmaceutically inhibits COX-1 and -2 activity. COX-1 is essential for TxA2 

biosynthesis (Patrignani et al., 1999); TxA2 induced platelet activation is described in 

1.3.1. Another target for patients with thrombosis is fibrinolysis. Anti-fibrinolytic 

drugs prevent fibrin breakup to promote clot stability (Hoylaerts et al., 1981), 

however this strategy merely limits symptoms, without treating the cause. 

 

Whilst anti-coagulant, anti-platelet and anti-fibrinolytic therapeutics are effective, they 

have 6-8 days of activity, and induce severe haemostatic defects. Furthermore, 

patients can become refractory, or in severe haemolytic disease, platelet activation 

cannot be blocked by classical drugs. There is a clear demand for anti-thrombotic 

therapeutics without detriment to platelet-regulated homeostasis.  
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3.2.2 CLEC-2 in arterial thrombosis 

 

Platelets express ITAM receptors, which are critical in classical and non-classical 

platelet functions (Rayes et al., 2019). GPVI-deficient mice present small, non-

occlusive thrombi with mild bleeding phenotypes (Nieswandt et al., 2000, Nieswandt 

et al., 2001b). Furthermore, CLEC-2 has been demonstrated to contribute to 

thrombus stability during in vivo FeCl3-induced thrombosis models in mice (May et 

al., 2009, Suzuki-Inoue, 2011, Bender et al., 2013). Interestingly, discrepancy in the 

field has led to ambiguity to the contribution of platelet CLEC-2 to thrombus 

formation, as it was shown that CLEC-2 was not required at arterial shear flow rates 

(1700s-1) (Hughes et al., 2010a). Furthermore, an endogenous, vascular-resident 

ligand to CLEC-2 was not described, hence imploring further mystery to how CLEC-2 

supports thrombus growth and vascular occlusion.    

 

Endogenous CLEC-2-ligand, podoplanin, is constitutively expressed on alveolar 

epithelial cells, fibroblasts, lymphatic endothelial cells and podocytes in physiology 

(Quintanilla et al., 2019). However, the glycoprotein is also upregulated during 

inflammation on macrophages, TH17 cells and fibroblasts, and is also expressed on 

cancer cells; podoplanin is absent in healthy vasculature (Quintanilla et al., 2019). 

Podoplanin could potentially activate platelets following lesion of advanced 

atherosclerotic plaque (Hatakeyama et al., 2012). Atherosclerosis is a thrombo-

inflammatory disease which results from a culmination of inflammatory response to 

oxidised lipids and endothelial dysfunction, which leads to a plaque formation. 

Platelet-leukocyte interaction has been demonstrated to be critical in disease 

progression, as depletion of platelets, neutrophils or monocytes drastically reduces 
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plaque size post-rupture (Ylitalo et al., 1994, Massberg et al., 2002, Drechsler et al., 

2010). GPVI-laminin interaction promotes atherosclerotic progression, through 

platelet activation and spreading, which builds on an intact plaque (Inoue et al., 

2006). The role of GPVI is switched upon the separation of plaque material to be 

collagen-driven, as a result of endothelial breach and sub-endothelial exposure. 

Interestingly, platelet-driven atheroprogression also occurs independently of classical 

platelet-activating receptors (Rayes et al., 2020). Platelets encourage monocyte 

and/or macrophage uptake of oxidised low-density lipoproteins (OxLDLs), and their 

recruitment to the inflamed endothelium (Badrnya et al., 2014) directly through 

PSGL-1, CD40L and through secretion of RANTES and PF4. Murine models 

targeting these axes demonstrated promising targets to treat atherosclerosis, albeit 

translation to humans have been disappointing (Rainger et al., 2015). Interestingly, 

podoplanin was co-localised to smooth muscle cells and macrophages, with 

increased expression within advanced lesions (Hatakeyama et al., 2012). This could 

provide justification for CLEC-2 as a therapeutic target for patients with, or at high 

risk of atherosclerotic plaque.  

 

In the absence of a vascular-resident ligand, Haining et al. (2017) generated a novel 

mouse with normal CLEC-2 expression, but with a Y7A knock-in at the first exon of 

clec1b, to inhibit CLEC-2 signalling through its hemITAM domain. Interestingly, 

thrombus size in these mice were non-occlusive and smaller versus wild type 

controls, suggesting that CLEC-2 contributes to thrombus formation independently of 

its signalling domain. Furthermore, bleeding defects were not observed in the Y7A 

mice, providing further justification to progress CLEC-2 as a therapeutic target in 

thrombosis and haemostasis.  
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3.2.3 The ‘leaky’ PF4-Cre recombinase mouse 

 

Research on murine platelet-CLEC-2 in thrombosis and haemostasis models has 

previously relied on antibody inhibition-induced downregulation by INU1, or genetic 

deletion by platelet factor PF4-Cre recombinase in mice (Tiedt et al., 2007). The 

PF4-Cre was the gold-standard in platelet specificity, with >99.9 % genetic deletion, 

due to the early presentation of PF4 in development. More recently, PF4 has been 

shown to be expressed in mast cells, microglia, monocytes and T cells (Calaminus et 

al., 2012, Abram et al., 2014, Pertuy et al., 2015), and not specifically to the 

megakaryocyte lineage. The ‘leaky’ PF-4-Cre, alongside potential antibody inhibition 

of CLEC-2 on other cell types, may have contributed to a phenotype nonspecific to 

platelet-CLEC-2 in thrombus formation in mice. It is evident that a mouse with a 

higher specificity to platelet-receptor deletion is required to characterise CLEC-2 in 

thrombosis and haemostasis.  

 

In this chapter, we investigate the role of CLEC-2 during murine in vivo and in vitro 

models of thrombosis and haemostasis using megakaryocyte lineage-specific GPIb-

Cre mice for genetic deletion of CLEC-2 (Nagy et al., 2019). The CLEC1bfl/flGPIb-

Cre+ mouse exhibits a 98.7 % deletion of platelet-specific CLEC-2, without deletion in 

myeloid cells (Nagy et al., 2019, Haining et al., 2020). We have also investigated the 

role of CLEC-2 in human blood using Fab and F(ab)2 fragments of CLEC-2-blocking 

antibody, AYP1, which blocks CLEC-2-podoplanin interaction, and through the use 

of human dimeric recombinant CLEC-2 (hFc-CLEC-2) during an ex vivo model of 

thrombosis by whole blood flow adhesion on immobilised matrix or inflammatory 

endothelial cells at various shear rates.  
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3.3 Results 

 

3.3.1 Platelet-CLEC-2-deficient mice have reduced platelet and erythrocyte 

counts but a normal leukocyte count 

 

Previous studies investigating the role of CLEC-2 on platelets in arterial thrombosis 

in mice have used a CLEC1bfl/fPF4-Cre model to selectively delete the hemITAM 

receptor on platelets. However, several groups have shown that the PF4-Cre 

transgene also deletes CLEC-2 on a sub-population of myeloid cells (Pertuy et al., 

2015, Calaminus et al., 2012, Abram et al., 2014), thereby making it unclear if the 

phenotype is due solely to deletion on platelets. In view of this, we have extended 

this work to CLEC1bfl/flGPIb-Cre mice, as expression of GPIb-Cre transgene is 

restricted to the megakaryocyte/platelet lineage (Fujita et al., 1998, Nagy et al., 

2019), and compared the result to both wild type mice and to GPVI-deficient mice. 

We have previously reported that CLEC1bfl/flGPIb-Cre are born at a Mendelian ratio 

with a mild reduction in platelet count, possibly as a result of a defect in blood-

lymphatic separation (Haining et al., 2020). Here, we report a 20.7±4.6 % reduction 

in circulating platelet count (Figure 3.1A), but unchanged mean platelet volume and 

erythrocyte and white blood cell (monocyte, neutrophil and lymphocyte) counts 

(Figure 3.1B-G) in CLEC-2fl/flGPIbCre+ mice, compared to the Cre- littermates. 
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Figure 3.1 - Platelet-CLEC-2-deficiency leads to a reduction in platelet count. 

Whole blood from wild type (WT; CLEC1b/flGPIb-Cre-) or platelet-CLEC-2-deficient 

(CLEC-2-/-; CLEC1bfl/flGPIb-Cre+) mice was analysed for (A) Platelet count, (B) mean 

platelet volume (MPV), (C) erythrocyte count, (D) white blood cell (WBC) count, (E) 

monocyte count, (F) neutrophil count and (G) lymphocyte count (n=6). The statistical 

significance between 2 groups was analysed using an unpaired t-test. *p < 0.05 

**p<0.01 
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3.3.2 Platelet-CLEC-2 contributes to thrombus formation in FeCl3 and laser 

injury models in the arterial circulation 

 

Using the FeCl3-induced thrombosis model of the carotid artery (Li et al., 2016, 

Haining et al., 2017, Smith et al., 2018), we show that thrombus growth post-injury is 

mildly impaired in the absence of platelet-CLEC-2, and more substantially in the 

absence of GPVI. The CLEC1bfl/flGPIb-Cre mouse did not present carotid artery 

occlusion 25 min post-injury (Figure 3.2A), and presented a 47.3±19 % decrease in 

thrombus size, versus littermate controls (Figure 3.2B, C). GPVI-deficient mice also 

had non-occlusive thrombi post-injury, but presented a more substantial 76.0±23 % 

decrease in thrombus size over 25 min (Figure 3.2A-C).  Interestingly, the initiation 

of thrombus formation was not dependant on either CLEC-2, nor GPVI (Figure 

3.2D), which has been previously reported (May et al., 2009).  Together, these data 

are in line with reports using the PF4-Cre mouse, and those utilising CLEC-2-

blocking mouse antibody INU1, reporting that CLEC-2 is important for vascular 

occlusion and thrombus growth. However, previous investigation into CLEC-2 has 

been somewhat limited to the carotid artery, a microenvironment with low shear flow 

rates compared to microcirculation throughout the peripheral circulatory system. 
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Figure 3.2 - Platelet CLEC-2-deficiency results in non-occlusive thrombus 

formation post-FeCl3 injury in arterial thrombosis in mice. (A-D) Wild type (WT; 

CLEC1bfl/flGPIb-Cre-), Platelet-CLEC-2-deficient (CLEC-2-/-; CLEC1bfl/flGPIb-Cre+) or 

GPVI-deficient (GPVI-/-CLEC1bfl/flGPIb-Cre-) mice were challenged with FeCl3-

soaked filter paper (10%, 3 min) on the carotid artery. (A) Representative images are 

shown at 25 min post-injury, and (B) thrombus size was quantified over 25 min by 

GPIbb-antibody fluorescence using confocal microscopy; (C) the area under the 

curve (AUC) was calculated (a.u.=arbitrary units). (D) The time taken for a thrombus 

to reach 1x105 µm2 was calculated  (n=19 WT; n=17 CLEC-2-/-; n=9 GPVI-/-).  The 

statistical difference between multiple groups using one-way ANOVA with Tukey’s 

multiple comparisons test. *p < 0.05 **p < 0.01 
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3.3.3 Platelet-CLEC-2 contributes to thrombus stability in the arterial 

microcirculation post-laser injury of the cremaster 

 

In order to assess whether the role of CLEC-2 is maintained across locations at high 

shear flow rates, as well as previously reported larger arteries, with medium shear 

flow rates, we used a laser-injury model of arterioles in the cremaster muscle. The 

thrombus size over 3 min was notably smaller in injuries in the absence of platelet-

CLEC-2 (Figure 3.3A, B). Although the initiation and the time to peak thrombus 

formation was not dependant on platelet-CLEC-2 compared to littermate controls 

(Figure 3,3C), the peak thrombus size was significantly reduced (Figure 3.3D). 

These results show a defect in arterial thrombus formation in mice deficient in 

platelet-CLEC-2, in line with previous results in a PF4-Cre mouse model (Bender et 

al., 2013, Haining et al., 2017). This demonstrates a contribution for CLEC-2 in 

arterial thrombosis in mice in two models at medium and high shear flow.  
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Figure 3.3 - Platelet CLEC-2-deficiency results in unstable thrombus formation 

in cremaster arterioles in mice. (A-D) WT or Platelet-CLEC-2-/- mice were 

challenged by a laser injury in arterioles of the cremaster muscle. (A) Representative 

images are shown at 30 s post-injury (median peak time with images shown of the 

median injury). (B) Thrombus size was observed over 3 min by GPIbb-antibody 

fluorescence using confocal microscopy; (C) the peak thrombus size and (D) time to 

reach peak thrombus size was calculated. (n=4; median of 8-10 injuries/mouse are 

presented). The statistical significance between 2 groups was analysed using an 

unpaired t-test. *p < 0.05  
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3.3.4 Platelet-CLEC-2 regulation of thrombus stability is not dependant on a 

lower platelet count in GPIb-Cre+ mice 

 

The decrease in thrombus formation could be due to the loss of CLEC-2 and/or the 

decrease in platelet count. To address this, C57BL/6 mice were treated with an 

intraperitoneal injection with a GPIba platelet-depleting antibody, and the recovery in 

platelet count monitored. The FeCl3-injury model was then performed in mice in 

which the platelet count had been lowered by >95 % and ~50 % at 24 and 72 h, 

respectively (Figure 3.4A).  A 50 % reduction in platelet count was used to mirror the 

reduced platelet count observed in CLEC1bfl/flGPIb-Cre mice. Thrombus formation 

was abolished in mice with a >95 % reduction in platelet count but unaltered in mice 

with a ~50 %, relative to saline-treated mice (Figure 3.3A-C). This shows that the 36 

% reduction in platelet count in CLEC1bfl/flGPIb-Cre mice, compared to littermate 

controls, is not the cause of the reduction in thrombus formation. 

 

Together, data from Figures 3.2-3.4 confirm earlier reports that platelet-CLEC-2 

plays an important role in the formation of thrombi in the arterial circulation, and that 

this is independent of the reduction in platelet count. 
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Figure 3.4 - Platelet CLEC-2-deficiency reducing thrombus size is independent 

of platelet count. (A-D) C57BL/6 mice were treated intraperitoneally with 200 µl 

saline, or a platelet-depletion antibody (0.1 mg/kg), and challenged 24 h, or 72 h 

post-treatment (>95 % and 50 % depletion, respectively) with FeCl3-soaked filter 

paper (10 %, 3 min) on the carotid artery. (A) Platelet count was monitored over 72 h 

by saphenous bleed. (B) Representative images are shown at 25 min post-injury, (C) 

thrombus size was observed over 25 min by GPIbb-antibody fluorescence using 

confocal microscopy and (D) the area under the curve (AUC) was calculated 

(a.u.=arbitrary units). The statistical difference between multiple groups was 

analysed using a one-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05  
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3.3.5 CLEC-2 contributes to thrombus formation over collagen ex vivo in mice 

 

The contribution of CLEC-2 to thrombus formation was further investigation ex vivo, 

using an Ibidi µ-Slide VI 0.1 flow chamber coated with Horm collagen (100 µg/ml). 

The platelet count of platelet-CLEC-2-deficient mice was normalised to the WT 

littermate control using washed CLEC-2-deficient platelets in whole blood (Figure 

3.5A). Blood perfused at 1000 s-1 presented a decrease in thrombus surface 

coverage by 38±11 % after 4 min in platelet-CLEC-2-/- mice compared to WT controls 

(Figure 3.5B-E). There was no change in surface coverage between the genotypes 

until 2 min into perfusion, suggesting a distinct role for CLEC-2 in thrombi growth, but 

not in thrombus initiation (Figure 3.5B-D). 

 

These data show that CLEC-2 contributes to the growth and/or stability of thrombi at 

arterial rates of shear in mice. 
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Figure 3.5 - Platelet-CLEC-2 promotes thrombus stability at arterial shear in 

mice ex vivo. (A) Washed platelets from a CLEC1bfl/flGPIb-Cre mouse was donated 

to CLEC1bfl/flGPIb-Cre whole blood ex vivo to match WT platelet counts. (B) 

Thrombus surface coverage over 4 min, measured using DioC6 fluorescence (2 µM) 

(C) subsequent area under the curve (AUC) was calculated (a.u.=arbitrary units) and 

thrombus formation after (D) 2 and 4 min. (E) Representative images shown after 4 

min (n=5); arrow indicates direction of flow. The statistical significance between 2 

groups was analysed using an unpaired t-test and the statistical difference between 

multiple groups was analysed using a one-way ANOVA with Tukey’s multiple 

comparisons test. *p < 0.05, **p<0.01, ***p < 0.001  
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3.3.6 CLEC-2 inhibition by AYP1-F(ab) does not reduce thrombus generation 

on collagen and plaque at arterial shear in human blood in vitro 

 

Studies were designed to investigate the contribution of CLEC-2 to thrombus 

formation using F(ab) fragments of the human CLEC-2-blocking antibody, AYP1. 

The mAb AYP1 F(ab) (10 µg/ml) blocked and markedly reduced rhodocytin- (Figure 

3.6A, B) and podoplanin-expressing HEK-293T cell-induced (Figure 3.6C, D) 

platelet aggregation. 

 

We used an Ibidi µ-slide 0.1 and Maastricht flow chamber models to study the effect 

of AYP1 F(ab) on thrombus formation. F(ab) (10 µg/ml) did not alter thrombus 

generation (surface area and thrombus height) (Figure 3.7A-C), nor platelet 

activation (phosphatidylserine (PS) expression, P-selectin (CD62P) presentation and 

aIIbb3 activation) (Figure 3.7D-F), when perfused over Horm collagen at arterial 

shear rate (1000 s-1) in the Maastricht flow chamber. Similarly, neither F(ab), nor 

F(ab)2 fragments of AYP1 (10 µg/ml) significantly altered thrombus generation over 

Horm collagen in the Ibidi µ-Slide VI 0.1flow chamber at 1000 s-1 (Figure 3.8A-D).  
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Figure 3.6 - Fragments of CLEC-2-blocking antibody AYP1 inhibit rhodocytin 

and podoplanin-induced platelet aggregation. (A-D) Washed platelet aggregation 

was assessed by light transmission aggregometry, in the presence or absence of 

AYP1 fragment, F(ab)2 (10 µg/ml). (A) Representative platelet aggregation trace 

induced by rhodocytin (100 nM) and (B) final aggregation (n=3). (C) Representative 

platelet aggregation trace induced by HEK-293T cells and (D) final aggregation 

(n=3). The statistical significance between 2 groups was analysed using an unpaired 

t-test with Mann Whitney correction. ***p < 0.001, ****p<0.0001. 
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Figure 3.7 - CLEC-2 inhibition by AYP1 fragments does not alter thrombus 

formation, nor platelet activation in human blood perfused Horm collagen.  

(A-F) Whole blood from healthy volunteer donors was perfused through a Maastricht 

flow chamber at 1000 s-1, in the presence or absence of F(ab) (10 µg/ml) 10 min 

prior to perfusion. The flow chamber was coated with Horm collagen (100 µg/ml). (A) 

Thrombus surface coverage and (B) and multi-layered thrombi after 4 min. (C) 

Representative images shown after 4 min (n=3; arrow indicates direction of flow).  

(D) Phosphatidylserine (PS) exposure, (D) P-selectin expression (CD62P) and (D) 

Integrin aIIbb3 activation was calculated from fluorescent images as shown. The 

statistical significance between 2 groups was analysed using an unpaired t-test with 

Mann Whitney correction. 
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Figure 3.8 CLEC-2 inhibition by AYP1 fragments does not alter thrombus 

formation in human blood perfused over Horm collagen. Whole blood from 

healthy volunteer donors was perfused over Horm collagen-coated (100 µg/ml) in an 

Ibidi µ-Slide VI 0.1 flow chamber at 1000 s-1, in the presence or absence of F(ab) (10 

µg/ml), F(ab)2 (10 µg/ml) for 10 min prior to perfusion. (A) Thrombus surface 

coverage over 4 min, measured using DioC6 fluorescence (2 µM), (B) subsequent 

area under the curve (AUC) was calculated (a.u.=arbitrary units) and (C) thrombus 

formation after 4 min. (D) Representative images shown after 4 min (n=5; arrow 

indicates direction of flow). The statistical significance between multiple groups was 

analysed using one-way ANOVA with Tukey’s multiple comparisons test.  
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The subendothelium is composed of collagens type I and type III; horm collagen is 

predominantly equine type I collagen. For this reason, we extended the studies in the 

Maastricht flow model to collagen type III.  AYP1 F(ab) (10 µg/ml) did not alter 

thrombus surface coverage, height, or activation (Figure 3.9A-F).  Atherosclerotic 

plaque contains a variety of extracellular matrix proteins and debris of various cells 

including podoplanin-positive macrophages (Hatakeyama et al., 2012), which may 

be critical in driving atherosclerosis-induced arterial disease. To replicate plaque-

driven thrombosis in a large-artery intima, plaque homogenate was pooled and 

sectioned to allow blood perfusion over the material in a Maastricht flow chamber at 

arterial sheer rate (1000 s-1). Platelets adhered to the plaque homogenate after 4 

min, and platelet coverage, thrombus height, nor platelet activation was altered in the 

presence of AYP1 F(ab) (10 µg/ml), compared to the untreated control (Figure 

3.10A-F). 

 

These results demonstrate that blockade by AYP1 has no effect on thrombus 

formation when human blood is perfused over collagen types I and III, and 

atherosclerotic plaque at arterial shear in two widely used flow models. 
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Figure 3.9 - CLEC-2 inhibition by AYP1 fragments does not alter thrombus 

formation, nor platelet activation in human blood perfused over collagen III.  

(A-F) Whole blood from healthy volunteer donors was perfused through a Maastricht 

flow chamber at 1000 s-1, in the presence or absence of F(ab) (10 µg/ml) 10 min 

prior to perfusion. The flow chamber was coated with collagen III (100 µg/ml). (A) 

Thrombus surface coverage and (B) and multi-layered thrombi after 4 min. (C) 

Representative images shown after 4 min (n=3; arrow indicates direction of flow).  

(D) Phosphatidylserine (PS) exposure, (E) P-selectin expression (CD62P) and (F) 

Integrin aIIbb3 activation was calculated from fluorescent images. The statistical 

significance between 2 groups was analysed using an unpaired t-test with Mann 

Whitney correction. 
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Figure 3.10 - CLEC-2 inhibition by AYP1 fragments does not alter thrombus 

formation, nor platelet activation in human blood perfused over plaque 

material. (A-F) Whole blood from healthy volunteer donors was perfused through a 

Maastricht flow chamber at 1000 s-1, in the presence or absence of F(ab) (10 µg/ml) 

10 min prior to perfusion. The flow chamber was coated with collagen III (100 µg/ml). 

(A) Thrombus surface coverage and (B) and multi-layered thrombi after 4 min. (C) 

Representative images shown after 4 min (n=3; arrow indicates direction of flow).  

(D) Phosphatidylserine (PS) exposure, (E) P-selectin expression (CD62P) and (F) 

Integrin aIIbb3 activation was calculated from fluorescent images. The statistical 

significance between 2 groups was analysed using an unpaired t-test with Mann 

Whitney correction. 
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3.3.7 CLEC-2-ligand inhibition by recombinant human CLEC-2-Fc does not 

alter thrombus surface coverage  

 

The ligand for CLEC-2 that supports thrombus formation in mice, and potentially in 

human, is not known; the only candidate is hemin, which is formed from lysed red 

blood cells. Interestingly, AYP1 does not block hemin-induced aggregation (Data 

shown in Figure 4.3) (Bourne et al., 2020). Therefore, we utilised recombinant 

human dimeric CLEC-2 (hFc-CLEC-2) to block a potential role of hemin, or an 

unknown CLEC-2-ligand that binds to a distant binding site to AYP1. hFc-CLEC-2 

(10 µg/ml) blocked rhodocytin- (Figure 3.11A, B) and podoplanin-expressing HEK-

293T cell-induced (Figure 3.11C, D) platelet aggregation. 

 

We have demonstrated that hFc-CLEC-2 inhibits hemin-induced platelet aggregation 

(Data shown in Figure 4.3) (Bourne et al., 2020). Interestingly, blood treatment with 

hFc-CLEC-2 did not alter thrombus formation when perfused over Horm collagen in 

an Ibidi µ-slide VI 0.1 flow chamber, or the Maastricht flow chamber (3.12A-D). 

 

These results provide further evidence against a role for CLEC-2 in thrombus 

formation on collagen at arterial shear in humans. 

 

 

 

 

 



 

 104 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 – Recombinant CLEC-2-Fc inhibits rhodocytin and podoplanin-

induced platelet aggregation. (A-D) Washed platelet aggregation was assessed by 

light transmission aggregometry, in the presence or absence of recombinant human 

CLEC-2-Fc (hFc-CLEC-2) (10 µg/ml). (A) Representative platelet aggregation trace 

induced by rhodocytin (100 nM) and (B) final aggregation (n=3). (C) Representative 

platelet aggregation trace induced by HEK-293T cells and (D) final aggregation 

(n=3). The statistical significance between 2 groups was analysed using an unpaired 

t-test with Mann Whitney correction. ****p<0.0001. 
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Figure 3.12 - Recombinant human CLEC-2-Fc does not alter thrombus 

formation in human blood perfused over Horm collagen. (A-D) Whole blood from 

healthy volunteer donors was perfused over Horm collagen-coated (100 µg/ml) in a 

µ-Slide VI 0.1 flow chamber at 1000 s-1, in the presence or absence of hFc-CLEC-2 

for 10 min prior to perfusion. (A) Thrombus surface coverage over 4 min, measured 

using DioC6 fluorescence (2 µM), (B) subsequent area under the curve (AUC) was 

calculated (a.u.=arbitrary units) and (C) thrombus formation after 4 min. (D) 

Representative images shown after 4 min (n=3; arrow indicates direction of flow). 

The statistical significance between 2 groups was analysed using an unpaired t-test 

with Mann Whitney correction.  
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3.3.8 AYP1-F(ab)2 inhibition of CLEC-2 does not alter platelet adherence or 

leukocyte recruitment in blood perfused over endothelial cells 

 

The endothelium is essential in thrombus formation during inflammatory events; 

adhesion receptors drive leukocyte recruitment, and vWF-GPIb interaction at high 

shear drives platelet recruitment to potentiate their aggregation (Kroll et al., 1991). 

We investigated if CLEC-2 plays a role in either leukocyte recruitment through 

platelet-leukocyte interaction, or in platelet adhesion to the endothelium through 

vWF. To model human vasculature, a monolayer of HUVECs were cultured in an 

Ibidi µ-slide VI 0.4 and TNF-a activated to promote the expression of intercellular 

adhesion molecule 1 (ICAM1) and vascular cell adhesion molecule (VCAM-1) (Zhou 

et al., 2007). The Maastricht flow chamber was not used in this assay due to 

limitations in live cell imaging. Surface coverage after 3 min of blood perfusion was 

significantly increased over TNF-a-activated EC versus the unstimulated control 

(Figure 3.13A, B). CLEC-2-inhibition at venous shear stress by F(ab)2 did not alter 

leukocyte recruitment (Figure 3.12C, D), nor surface coverage over activated EC 

(Figure 3.13E-G). Surface coverage was also unchanged in the presence of F(ab)2 

at arterial shear (Figure 3.13H-J). 

 

As a whole, our data suggests that CLEC-2 does not contribute to leukocyte 

recruitment, nor platelet adhesion at arterial or venous shear rates over TNF-a-

activated EC. Importantly, these EC are human umbilical vein EC, therefore the 

contribution of CLEC-2 to thrombus formation on other vascular beds requires further 

elucidation.  
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Figure 3.13 - CLEC-2 inhibition by F(ab)2 does not alter thrombus formation or 

leukocyte recruitment over activated endothelial cells. (A-B) Whole blood from 

healthy volunteer donors was perfused in a µ-Slide VI 0.4 flow chamber over 24 h-

TNF-a activated (10 ng/ml), or unstimulated, human umbilical vein endothelial cells 

(HUVEC) for 3 min. (A) Thrombus surface coverage over 3 min, measured using 

DioC6 fluorescence (2µM), (B) subsequent area under the curve (AUC) was 

calculated (a.u.=arbitrary units). (C-G) Whole blood from healthy volunteer donors 

was perfused at venous shear stress (5 dyn.s/cm2) over 24 h-TNF-a activated (10 

ng/ml) HUVEC for 3 min in the presence or absence of F(ab)2 (10 µg/ml) for 10 min 

prior to perfusion. (C) Leukocyte recruitment and (D) representative images were 

taken post-perfusion. (E) Thrombus surface coverage over 3 min, measured using 
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DioC6 fluorescence (2 µM), (F) subsequent area under the curve (AUC) was 

calculated (a.u.=arbitrary units). (G) Representative images shown after 4 min (n=3; 

arrow indicates direction of flow). (H-J) Whole blood from healthy volunteer donors 

was perfused at arterial shear stress (10 dyn.s/cm2) over 24 h-TNF-a activated (10 

ng/ml) HUVECs for 3 min in the presence or absence of F(ab)2 (10 µg/ml) for 10 min 

prior to perfusion. (H) Thrombus surface coverage over 3 min, measured using 

DioC6 fluorescence (2 µM), (I) subsequent AUC was calculated. (J) Representative 

images shown after 4 min (n=3; arrow indicates direction of flow). The statistical 

significance between 2 groups was analysed using an unpaired t-test with Mann 

Whitney correction. *p < 0.05 
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3.4 Discussion 

 

In this chapter, we have used a novel CLEC1bfl/flGPIb-Cre mouse to confirm previous 

reports that CLEC-2 contributes to thrombus stability following a FeCl3 injury of the 

carotid artery. This confirms and extends previous observations with the 

CLEC1bfl/flPF4-Cre mouse which deletes CLEC-2 on platelets and on a limited number 

of myeloid cells, and therefore strengthens the argument that the defect in thrombus 

formation is due to deletion of CLEC-2 on platelets. In addition, we provide evidence 

against a role for CLEC-2 in thrombus formation of human platelets on collagen under 

arterial rates of flow. Through the use of F(ab) and F(ab)2 fragments of the CLEC-2 

blocking antibody AYP1. This conclusion extends to multiple surfaces, namely Horm 

collagen, human collagen III, atherosclerotic plaque and activated (inflammatory) 

HUVECs. This suggests that CLEC-2 may not contribute to arterial thrombosis in 

humans consistent with the absence of an identified ligand for CLEC-2 in human 

blood. 

 

Endogenous CLEC-2 ligand, podoplanin, has not been shown to exist in human 

vasculature during physiology, but is critical during inflammatory driven thrombosis 

(Payne et al., 2017, Hitchcock et al., 2015). Absent in tissue-resident, anti-

inflammatory M2 macrophages, podoplanin is transcriptionally upregulated on pro-

inflammatory, monocyte-derived M1 macrophages during inflammatory conditions 

(Bourne et al., 2021).  Atherosclerosis is a leading cause of morbidity globally, 

whereby critical vasculature is occluded by plaque material; M1 and M2 

macrophages are reported to contribute to progressing and regressing 

atherosclerotic plaques, respectively (Bobryshev et al., 2016). Initiated by low 
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density, lipoprotein (LDL)-cholesterol trapping through endocytosis of the 

endothelium and subsequent endothelial cell activation, activated mononuclear 

leukocytes enter the endothelium.  Upon migration into the sub-endothelial space 

(intima), monocytes differentiate to phagocytic macrophages, which uptake OxLDLs 

and form foam cells – a tissue-specialised macrophage. OxLDLs have been 

demonstrated to upregulate adhesion markers on the endothelial, leukocytes and 

smooth muscle tissue (Guyton et al., 1990). Interestingly, podoplanin presentation in 

advanced atherosclerotic plaque lesions has been correlated with disease severity in 

human aortas – expression was localised to macrophages and smooth muscle cells 

(Hatakeyama et al., 2012). Despite thought that the podoplanin-CLEC-2 axis may 

prove a promising anti-thrombotic target, it has been shown that platelet-adhesion to 

recombinant podoplanin only occurs through CLEC-2 at venous shear rates to 

stabilise platelet adhesion in a src/syk-dependant manner (Navarro-Núñez et al., 

2015). There was no role for podoplanin at arterial shear, perhaps due to the low 

CLEC-2-podoplanin affinity in humans (4 µM) compared to mice (15 nM) (Watson et 

al., 2007, Christou et al., 2008, Lombard et al., 2018). This echoes our observation 

of a limited role for CLEC-2 when healthy human blood was perfused over pooled 

plaque homogenate.  

 

Unlike ITAM receptors GPVI and FcγRIIa, CLEC-2 expression is maintained upon 

activation and is not shed (Gitz et al., 2014). Interestingly, initial research into the 

role of CLEC-2 in arterial thrombosis utilised murine CLEC-2 irreversibly-binding 

antibody, INU1, or CLEC-2-/- chimeras (May et al., 2009, Suzuki-Inoue, 2011). Both 

groups reported a reduction in arterial thrombus formation, however antibody 

inhibition of CLEC-2 increased tail bleeding time. This was furthered by the 
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introduction of the PF4-cre mouse, then thought to induce platelet-specific deletion of 

CLEC-2. Similar to previous investigations, a reduction in thrombus size, without 

arterial occlusion is described in these mice (Bender et al., 2013). This concurs with 

phenotypes we observe in this study using the novel GPIb-Cre mice to generate 

platelet-specific, CLEC-2-deficient mice. That being said, any contribution of CLEC-2 

to arterial thrombosis has been accepted to be independent of classical ITAM 

signalling, confirmed through the generation of CLEC-2-presenting, ITAM-defective 

Y7A mice (Haining et al., 2017, Hughes et al., 2010a). This suggests that in mice, 

CLEC-2 acts as an adhesion receptor, and not a platelet-activating receptor; albeit 

the CLEC-2-binding ‘anchor’ remains under speculation. It has been suggested that 

CLEC-2 may bind to itself in both humans and mice with an affinity of 278 nM and 

499 nM, respectively (Suzuki-Inoue, 2011), however this requires further 

investigation.  

 

The crystal structure of murine CLEC-2 is unsolved, but is predicted to be similar to 

human CLEC-2 due to positional conservation of the N-linked glycosylation sites and 

disulphide bonds within the c-type lectin-like domain (Martin et al., 2021). In this 

study, we observe a key role for CLEC-2 in thrombus stability, regulating vascular 

occlusion in mice, but not humans. Irrespective of structure similarities, phenotypic 

disparities may be a result in the vast difference of receptor expression levels 

between the species. Human platelets have been described to have 2000-3700 

copies of CLEC-2 receptor expression on the cell surface (Gitz et al., 2014), whereas 

murine platelets express around 40,000 copes (Dunster et al., 2020, Zeiler et al., 

2014). Concurrently, there are large variations in ligand binding affinities trans-

species; podoplanin binds a 100-fold higher affinity in mice (Lombard et al., 2018), 
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whereas hemin binds at an indifferent molarity (data shown in chapter 4.6) (Bourne 

et al., 2020).  Copy number and/or ligand-binding affinity may explain the large 

difference observed in the significant way CLEC-2 contributes the thrombus growth 

in mice, but not humans.  

 

Whilst we observe a limited role for CLEC-2 in human arterial thrombosis, this may 

provide exciting prospects for targeting fellow ITAM receptor GPVI as an anti-

thrombotic target. GPVI is platelet specific, and using mice with a global GPVI-

knockout (alongside CLEC-2-/-GPIb-Cre-) in this study significantly delayed the 

initiation and growth of thrombi post-ferric chloride injury. It is likely that any delayed 

thrombus formation observed in this mouse is thrombin-dependant. Alongside no 

haemostatic defects (Bender et al., 2011, Bender et al., 2013), GPVI inhibition is 

platelet specific and could prove to be the future in artery anti-thrombotic therapy. 

 

In this study, whilst in vivo studies were blinded throughout procedures, presentation 

of blood-filled lymph nodes was evident in platelet-CLEC-2-deficient mice (Haining et 

al., 2017); to combat bias, analysis was blinded. A drawback of our studies in 

humans in the simplicity of the flow adhesion models – flowing over collagen does 

not accurately represent vasculature as the in vivo models do. In an attempt to battle 

simplicity, we perfused blood over TNF-a-activated HUVECs (Tull et al., 2006, 

Kuckleburg et al., 2011). However, vascular beds other than that performed in our 

study, such as pulmonary or hepatic sinusoidal endothelial cells, may induce 

discrepancy in CLEC-2 contributions to thrombosis (Jambusaria et al., 2020); this 

requires further elucidation. In the future, it may also be interesting to perform in vivo 
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thrombosis models in mice with humanised CLEC-2 and GPVI to observe if the copy 

number of CLEC-2 dictated the receptor’s contribution to thrombus stability. 

 

To conclude, we observe a clear role for CLEC-2 during murine thrombosis in major 

arteries and arterioles, as well as in ex vivo flow adhesion models. Inhibition of 

CLEC-2 by CLEC-2-blocking F(ab) fragments of AYP1, nor ligand inhibition by hFc-

CLEC-2 modified thrombus surface coverage at arterial shear flow rates. Altogether, 

data shows that CLEC-2 does not contribute to arterial thrombosis in humans. 
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Chapter 4 

4. Hemin induces platelet aggregation 

through CLEC-2 and is blocked by 

hydroxychloroquine 

 

 

 

 

Data from this chapter has been published: 

 

BOURNE, J. H., COLICCHIA, M., DI, Y., MARTIN, E., SLATER, A., ROUMENINA, L. 

T., DIMITROV, J. D., WATSON, S. P. & RAYES, J. 2020. Heme induces human and 

mouse platelet activation through C-type-lectin-like receptor-2. Haematologica. 

 

Publication available in Appendix 1 
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4.1 Aims 

 

The aim of this chapter was to explore the mechanism through which human and 

mouse platelets are activated by hemin, the oxidised form of haem. Using FeCl3-

induced arterial thrombosis, a model known to release free haem following injury. 

We aimed to pharmaceutically target arterial thrombus generation in vivo in a ferric 

chloride-induced model of arterial thrombosis using anti-malarial drug, 

hydroxychloroquine (HCQ).  

 

4.2 Introduction 

 

4.2.1 Intravascular haemolysis 

 

Haemolysis involves the lysis of red blood cells, which releases their content into the 

neighbouring liquid or tissue, and can be categorised as intravascular or 

extravascular haemolysis. This process can be constructive, as it promotes the 

removal of damaged or senescent (biologically inactive) erythrocytes from 

circulation, hence allowing fresh cells to enter circulation in their 120-day cycle 

(Dhaliwal et al., 2004). Removal of erythrocyte debris largely occurs in the liver, 

through monocyte and macrophage (specifically Kupffer cell)-dependant 

phagocytosis, but can also occur in the spleen (Theurl et al., 2016). Conversely, 

erythrocyte lysis can also be detrimental in exacerbating the inflammatory response 

to infection or trauma and promoting thrombo-inflammation, subsequently leading to 

organ dysfunction in disease. Proteins which are classically critical during 

physiology, such as haemoglobin, suddenly become highly toxic to the circulatory 
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microenvironment upon release into circulation. The presence of intracellular 

erythrocyte proteins in blood plasma is associated with nitric oxide and ROS 

imbalance, haem-induced activation of neutrophils and monocytes, alongside 

platelet activation. Furthermore, haem and haemoglobin can be found to be 

extravasated to tissue post-haemolysis, which further drives organ damage. Unlike 

intravascular haemolysis, intracellular erythrocyte content is not found in plasma 

post-extravascular haemolysis, as protein is contained by phagocytosing, tissue-

resident macrophages, and stored as ferritin deposits (Rapido et al., 2017). During 

physiology, defence mechanisms are in place to accommodate the inevitable 

presence haemoglobin and haem in blood plasma, and to limit their toxicity; notably 

haptoglobin and haemopexin. 

 

4.2.2 Scavenging system 

 

Alongside pro-thrombotic mediators such as ADP and arginase, haem and 

haemoglobin are drivers in haemolysis-dependant thrombus generation. Erythrocyte 

destruction is somewhat inevitable, as a results of high shear flow rates in the 

microcirculation (Sohrabi and Liu, 2017).  Furthermore, haemolysis can occur during 

pathogen-driven infection, or as a result of trauma, such as crush syndrome (Orf and 

Cunnington, 2015, Okubo et al., 2018). Haem is detected following rhabdomyolysis, 

which is the destruction of muscles whereby haem is released from myoglobin. With 

this in mind, means are required to remove toxic intracellular components released 

as a result of haemolysis. There are both extracellular and intracellular mechanisms 

in plasma to limit haemolysis-induced injury. Extracellular plasma glycoprotein, 

haptoglobin, is produced in the liver which functions to limit kidney injury through 
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irreversibly binding to free haemoglobin. The highly stable haptoglobin-haemoglobin 

binding has a high affinity, and the physiological concentration of haptoglobin (38-

208 mg/dL) is sufficient to clear 3 g of haemoglobin (Sadrzadeh and Bozorgmehr, 

2004). Upon binding, the haptoglobin-haemoglobin complex is cleared by Kupffer 

cells in the liver, CD164+ macrophages or hepatocytes (Schaer et al., 2006, 

Kristiansen et al., 2001). The complex clearance removes the prospect for the iron 

contained within haemoglobin to be oxidised. Upon internalisation from the 

phagocytosing cells, hemin is released from haemoglobin post-degradation to be 

further processed by secondary clearance proteins haem-oxygenase 1 (HO-1) and 

haemopexin.  

 

Second extracellular plasma protein, haemopexin, is also upregulated during 

inflammatory conditions. Interestingly, the glycoprotein produced in the liver has the 

highest, and irreversible binding affinity for free haem (<1 pM) (Lin et al., 2015). The 

haemopexin-haem complex is recognised by hepatocytes and macrophages in the 

liver through the low-density lipoprotein receptor-related protein-1 and are 

subsequently phagocytosed (Immenschuh et al., 2017). Upon cellular internalisation, 

hemin is released into the cell cytoplasm, whereby it can either by catabolised by 

HO-1, or can be recycled and repurposed into haem-based proteins such as 

haemoglobin. Haemopexin is immunoprotective during multiple inflammatory 

diseases (Hahl et al., 2013, Poillerat et al., 2020), and has been shown to limit the 

sepsis-induced cytokine storm during sepsis through inhibiting complement 

activation (Immenschuh et al., 2017, Poillerat et al., 2020). Furthermore, mice 

deficient in haemopexin have severe acute kidney post-haemolytic stress, which was 

blocked with haemopexin treatment in these mice (Ofori-Acquah et al., 2020). 
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HO-1 is an intracellular enzyme which is able to catabolise free hemin into free iron, 

alongside by-products biliverdin and carbon monoxide (Chung et al., 2008). 

Subsequent to binding to free haem in plasma, HO-1 accelerates its oxidative 

degradation through cleaving haem at the a-methene carbon bridge (Tenhunen et 

al., 1969). Its expression is relatively low during physiology (with the exception of the 

spleen), unlike its constituently expressed isoform HO-2, but is upregulated during 

pathophysiological conditions (Maines et al., 1986). HO-1 is immunosuppressive and 

immunoprotective during haemolytic diseases, such as sepsis, whereby the enzyme 

is rapidly upregulated (Immenschuh et al., 2017). Mice deficient in HO-1 accelerates 

FeCl3- and hemin-induced vascular occlusion in vivo and clot size ex vivo in 

perfusion models (Peng et al., 2004). Not only is HO-1 protective through removing 

free, pro-inflammatory haem, but bilirubin, a product of metabolised biliverdin 

released from haem catalysis, has been shown to act as an antioxidant in vitro, 

protecting endothelial cells from oxidation-driven inflammation (Ziberna et al., 2016). 

Secondary biproduct, carbon monoxide, also has vasodilatory and anti-inflammatory 

properties.  

 

In physiology extracellular mechanisms are sufficient to limit free haem. Failing that, 

intracellular HO-1 acts as a backup to reduce free haem. Together, they inhibit 

haem-induced inflammation. 
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4.2.3 Haemolysis in congenital and infectious disease 

 

Haemolytic disorders arise upon chronic and sustained lysis of red blood cells, 

premature to their 120-day life expectancy.  Genetic predisposition can lead to 

diseases, such as sickle cell disease and haemolytic uremic syndrome (HUS), or 

otherwise diseases are acquired, such as sepsis-induced autoimmune haemolytic 

anaemia (Chaplin and Zarkowsky, 1981). Patients can display early signs of 

haemolytic disease through anaemia, as a result of erythrocyte lysis at a higher rate 

than their production. However more generally, patients present later with acute 

renal injury, and eventual organ dysfunction, which can lead to haemolytic-induced 

mortality (Qian et al., 2010).  

 

Sickle cell disease is an inherited single point mutation, which leads to 

morphological modifications in red blood cell structure and reduces oxygen affinity. 

Sickle erythrocytes have an altered membrane rigidity, as a result of modifications in 

their lipid bilayer, alongside subsequent cellular dehydration (Allan and Raval, 1983, 

Kuypers, 2014).   These alterations in morphology leads to a high probability of 

haemolysis premature to their expected life span, which is reduced by >75 %, 

compared to healthy erythrocytes (Quinn et al., 2016). Furthermore, 2, 3-

diphosphoglycerate is upregulated in sickle erythrocytes, which interacts with the b-

globin subunit to reduce oxygen-binding affinity for haemoglobin (Rogers et al., 

2013). As in physiology, erythrocyte lysis leads to the release of intracellular proteins 

such as haem and haemoglobin. However, the overwhelming and sustained rate of 

haemolysis in patients with sickle cell disease completely exhausts the scavenging 

mechanisms of HO-1, haemopexin and haptoglobin, and hence they are no longer 
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sufficient to metabolise these proteins. This results in large quantities of free haem, 2 

to 50 µM, in blood plasma (Gouveia et al., 2017), inducing a crisis in patients. 

Together, these characteristics induce varying severity of unpredictable symptoms of 

pain and widespread organ damage. The complexities and multidimension of sickle 

cell disease makes treatment of acute and chronic symptoms challenging, whereby 

life expectancy in patients in reduced by 3 decades (Kato et al., 2018). HCQ is used 

to induce foetal haemoglobin expression and reduce leukocyte count, hence 

increasing oxygen affinity and simultaneously reducing the inflammatory response 

(McGann and Ware, 2015). Other, more invasive treatments include haematopoietic 

stem cell transplantations and erythrocyte transfusions, to replenish circulating red 

blood cell count. However, these methods are somewhat futile, and further 

replenishment is necessary in succession of the 120-day life cycle of a red blood 

cell. 

 

Sepsis and other systemic inflammatory events have demonstrated extraordinary 

levels of free haem, following haemolysis, relative to the severity of inflammation 

(Adamzik et al., 2012, Janz et al., 2013). The pathogenesis and leukocyte-driven 

inflammatory events of sepsis will be explored in Chapter 5, but ultimately sepsis-

induced inflammation is exacerbated by resultant haemolysis and free haem and 

haemoglobin. The presence of free haem during sepsis has been shown to detriment 

clinical outcome (Larsen et al., 2010). LPS has been shown to bind to haemoglobin 

during inflammatory events, which induces morphological changes and subsequently 

generates “microbicidal free radicals” – a molecule with dual toxicity in circulation 

(Bahl et al., 2011). The mechanisms through which sepsis induces intravascular 

haemolysis is somewhat ambiguous, perhaps due to the complex and dynamic 
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nature of the pro- and anti-inflammatory events in septic patients. It has been 

speculated that lysis could be a result of disseminated intravascular coagulation 

(DIC) (Bahl et al., 2014), complement-induced immune haemolysis (Stowell et al., 

2012), microvascular stasis (Koch et al., 2001) or LPS-induced manipulation of the 

erythrocyte membrane (Poschl et al., 2003, Nagel et al., 2015). Whilst the direct 

origin of haemolysis if unknown, it is likely to be a combination of the listed causes, 

adding to the complexities of the disorder and hence the difficultly to treat. There is 

currently minimal treatment for sepsis. More recently inhibition of the complement 

system during paroxysmal nocturnal haemoglobinuria has limited inflammation-

driven haemolysis (Schubert and Roth, 2015), although this unfortunately was not 

translated to sepsis, due to the multifactorial nature of haemolysis in septic patients. 

 

4.2.4 Haemolytic disease-induced hypoxia 

 

Hypoxia (low tissue oxygen level) is induced by hypoxemia (low blood oxygen level), 

and is a common symptom of severe haemolytic disease. The cause of hypoxia in 

these patients is often multifactorial (Machogu and Machado, 2018), hence highly 

difficult to treat, but is generally a result of cardio-respiratory dysfunction and 

hypoventilation. Hypoxia is commonly associated with episodes of crisis and 

increased haemolysis. This could be explained through hypoxia-induced red blood 

cell membrane dysfunction by modulation of blood viscosity, and hypoxia-regulated 

erythrocyte-ATP release (Dietrich et al., 2000, Wang et al., 2005a, Huang et al., 

2011).  ATP induces the activation of endothelial cells through P2Y receptors, and 

NO production (Wang et al., 2005a). Furthermore, alongside promoting haemolysis, 
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hypoxia has been shown to downregulate HO proteins, hence inducing a positive 

feedback loop of increasing severity.  

 

4.2.5 Haem and platelet ferroptosis 

 

Haem is an Fe3+ ion-containing protoporphyrin IX with an associated chloride ligand, 

which is rapidly converted to hemin immediately upon oxidisation (Camejo et al., 

1998). Haem is integral to multiple haemoproteins, most importantly haemoglobin, 

which is critical to oxygen storage and transfer in circulation by erythrocytes, and 

makes up a significant aspect of the 2 a- and b-subunits of haemoglobin, therefore is 

essential in all aerobic bodily functions. The iron-containing compound consists of a 

tetrapyrrole ring, and is used for the catalysis of oxidoreduction systemically 

(Roumenina et al., 2016) In physiology, haem exclusively resides in vasculature, and 

is beneficial when contained within erythrocytes. Its toxicity upon exhaustion of the 

haem and haemoglobin scavenging systems during haemolytic disease not only 

induces high levels of inflammation through oxidative stress and lipid peroxidation 

(Chiabrando et al., 2014), but also is understood to be a strong platelet agonist, 

although the mechanism is not well understood.  

 

Classical cell death is categorised into apoptosis (programmed cell death) and 

necrosis (unplanned, externally-modulated cell death), however new mechanisms 

with distinct characteristics such as autophagy have been described (Glick et al., 

2010). First described in 2012, a mechanism distinct from previously described death 

pathways was identified – ferroptosis (Dixon et al., 2012).  This iron-dependant cell 

death was characterised by a build-up of ROS, and is both morphologically and 
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biologically dissimilar to previously described pathways. Specifically, cells do not 

swell as in necrosis, shrink as in apoptosis, nor have a canonical membrane bilayer 

as in autophagy (Li et al., 2020b). Interestingly, ferroptosis induces mitochondrial 

shrinkage through dissemination of the mitochondrial cristae, in turn inducing cell 

death (Yang and Stockwell, 2008, Dixon et al., 2012). The mechanism for this event 

is well understood, and includes classical death regulator, P53, but also GPX4, 

which mediates cellular lipid peroxidation. Iron-containing haem is an inducer of 

ferroptosis in cells (NaveenKumar et al., 2018). 

 

Free haem in patients undergoing haemolytic crisis induces severe DIC. Platelet 

ferroptosis occurs through the release of iron and free radical ions post-haemolysis, 

normally mediated by HO-1, to induce hemin-facilitated lipid peroxidation and ROS 

generation (NaveenKumar et al., 2018, NaveenKumar et al., 2019). During 

haemolytic diseases such as sickle cell disease, platelets express high levels of 

activation markers, P-selectin and activated integrin aIIbb3 (Zhang et al., 2016). 

Interestingly, thrombi are found at a range of severities of haemolytic disease, 

suggesting that the concentration of haem may dictate the number of aggregates 

found in patients. ADP was initially thought to be contributing to vaso-occlusive crisis 

during sickle cell disease, however the DOVE (Determining effects of platelet 

inhibition on vaso-occlusive events) study showed blocking P2Y12 did not improve 

outcome, suggesting another mechanism for platelet activation must exist (Hoppe et 

al., 2016). This may explain aggregation formation in patients with a lower 

concentration of free haem.   
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4.2.6 Haem-induced neutrophil and endothelial activation 

 

Further to platelet activation, haem interacts with other cells in vasculature to 

promote additional inflammation and thrombus generation. Haem can directly 

activate endothelial cells through TLR4, and induce vascular occlusion during 

haemolytic disease through rapid upregulation of vWF and P-selectin on endothelial 

surfaces (Belcher et al., 2014).  This rapid induction of endothelial activation 

promotes platelet adhesion to the endothelium, and hence indirectly promotes 

thrombus growth. Interestingly, sickle erythrocytes express an arsenal of unusually 

upregulated adhesion molecules, integrin a4b1, platelet glycoprotein 4 and basal cell 

adhesion molecule to promote their adhesion to the endothelial wall (Wagner et al., 

2004). This combination of haem-induced platelet adhesion and erythrocyte 

adhesion to the endothelium promote vaso-occlusion in haemolytic disease. 

 

Neutrophils have specialised pattern recognition receptors to isolate and respond to 

lethal pathogens/compounds which are categorised to damage- (DAMPs) and 

pathogen-associated molecular patterns (PAMPs). Haem, recognised as a DAMP, is 

able to directly induce neutrophil infiltration and activation, characterised by 

increased ROS and pro-inflammatory cytokine, IL-8 (Graca-Souza et al., 2002). 

Interestingly, haem-induced neutrophil activation promotes the production of NETs  

(Kono et al., 2014, Chen et al., 2014). Whilst NETs are classically associated with 

pathogen capture to promote the resolution of inflammation, they are associated with 

vascular occlusion in haemolytic disease. Moreover, platelet-neutrophil aggregates 

are observed in patients with haemolytic disease, which further promotes neutrophil 
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activation through haem-activated, P-selectin expressing platelets (Polanowska-

Grabowska et al., 2010).  

 

4.2.7 Hydroxychloroquine 

 

HCQ (C18H26CIN3) is an alkylated 4-aminoquinoline and has precursors dating back 

to the 1600’s by the Jesuits of Chile who discovered that the bark of the cinchona 

tree could cure malaria, coined ‘quinine’ in the 1900’s (Fox, 1993). Wars and 

invasions led to extinction of the natural supply of the drug, hence the generation of 

synthetic alternatives with progressively decreasing side effects led to the 

development of HCQ. The drug is widely accepted, and a highly effective 

antimalarial; the mechanism through which the drug functions is not well understood. 

It has been speculated that the drug may function through modulating lysosomal 

activity, autophagy and/or inhibition of TLR-mediating signalling pathways 

(Schrezenmeier and Dorner, 2020). Interestingly, another mechanism has been 

described, speculating the antimalarial properties of HCQ through modulation of 

haem. Malaria is characterised by parasitic invasion of erythrocytes, whereby they 

digest the intracellular haemoglobin, which eventually leads to cerebral oxygen-

deprivation (Fitch, 1998).  Interestingly, parasites release intracellular haem post-

haemoglobin digestion. To avoid the toxicity of free haem, parasites cleverly store 

haem in crystallised deposits, haemozoin. It has been shown that HCQ can bind to 

haem to form a complex which is free from haemozoin, and is hence toxic to 

parasites (Ginsburg and Geary, 1987, Martin et al., 2009, Combrinck et al., 2013). 

Although HCQ has been repurposed for use in patients with rheumatoid arthritis, the 

HCQ-haem complex has not been studied outside of malaria. We predict that the 
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drug may scavenge free haem in the context of haemolytic disease, and could be 

exploited therapeutically. 

 

In this chapter, we investigate a novel mechanism of platelet activation through 

which haem can activate human and mouse platelets which can be exploited 

therapeutically. Furthermore, we utilise antimalarial HCQ in an attempt to limit free 

haem in circulation in an in vivo model of thrombosis by FeCl3. Analysis extends to 

the aggregation and activation of human and mouse platelets by hemin in the 

presence of HCQ. Should this be effective, the drug could be applied to haemolytic 

disease to limit free haem, and hence reduce symptoms in patients. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 127 
 
 

4.3 Results 

 

4.3.1 Hemin activates platelets in a dose-dependent manner 

 

Haemolytic disease exhausts the scavenging system leading to free hemin in 

patients’ blood plasma in concentrations ranging from 2 to 50 µM (Maeda et al., 

2006, Gouveia et al., 2017) This is associated with haem-induced thrombosis, 

although the mechanism is not well understood. Here, we show that hemin induces 

swift platelet aggregation at a low concentration (3.12-12.5 µM) which is interestingly 

slow with reduced maximum aggregation at high dose (>25 µM), suggesting two 

distinct mechanisms (Figure 4.1A, B). Hemin-induced aggregation in this fashion 

was associated with an increase in platelet activation, demonstrated by increased P-

selectin upregulation and GPIIb/IIIa activation (Figure 4.2A-D). Interestingly, annexin 

V was significantly upregulated upon activation by high dose hemin (>25µM), but not 

mid- or low-dose hemin (Figure 4.2E), supporting a toxic effect of high doses on 

platelets. Hemin induced the phosphorylation of syk and PLCg2 at all concentrations, 

without altering total protein expression of syk or PLCg2, but to a lesser extent at 

50µM (Figure 4.2F). Syk phosphorylation suggests the inclusion of an ITAM 

receptors in hemin-mediated platelet activation, independent of ferroptosis. 

 

 

 

 

 

 



 

 128 
 
 

 

 

 

 

 

Figure 4.1 – Hemin-induced washed platelet aggregation. Washed platelet 

aggregation was assessed by light transmission aggregometry for 6 min under 

stirring conditions at 37 oC. (A) Representative platelet aggregation traces induced 

by hemin (2.12-50 µM) shown and (B) maximum aggregation was calculated (n=6). 

The statistical difference between multiple groups was analysed using a paired one-

way ANOVA with Tukey’s multiple comparisons test, *p < 0.05 **p < 0.01 ***p < 

0.001. 
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Figure 4.2 – Hemin-induced washed platelet activation and apoptosis. Washed 

platelets were incubated in the presence of hemin (0.75-50 µM) for 30 min. (A-E) 

Protein surface expression was quantified by flow cytometry, using a (A) gating 

strategy to identify live and single cells, for (B, C) P-selectin, (D) PAC-1 and (E) 

Annexin V versus an IgG isotype control (n=4). (F) Phosphorylated syk (pY525/6) 

and PLCg2 (Y759) were assessed in whole platelet lysate post-hemin stimulation, 

alongside total syk and PLCg2 controls. Western blot representative of 4 

independent experiments. The statistical difference between multiple groups was 

analysed using a one-way ANOVA with Tukey’s multiple comparisons test, *p < 0.05 

**p < 0.01 ***p < 0.001 ****p < 0.0001. 
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4.3.2 Hemin activates human and mouse platelets through CLEC-2 

 

To identify the receptor involved in hemin-mediated platelet activation, we screened 

extracellular and intracellular inhibitors for platelet receptors. Platelet activation by 

hemin (6.25 µM) was not altered by inhibition of the classical hemin receptor, TLR4, 

assessed using TAK-242, or by classical anti-platelet drugs targeting COX 

(indomethacin) or P2Y12 (Cangrelor). Platelet activation by hemin (6.25 µM) was 

inhibited by Src family kinase inhibitor PP2 (20 μM), syk inhibitor PRT-060318 (20 

μM) or BTK inhibitor, Ibrutinib (500 nM) suggesting an implication of platelet-ITAM 

receptors. Addition of recombinant hFc-CLEC-2 (10 µg/ml), but not recombinant 

GPVI (hFc-GPVI; 10 µg/ml), inhibited platelet activation by hemin, identifying 

CLEC-2 as the receptor for hemin on platelets. CLEC-2 monoclonal antibody 

AYP1, which inhibits podoplanin-CLEC-2 interaction failed to inhibit platelet 

activation, suggesting that CLEC-2 does not share the same binding site with 

podoplanin (Figure 4.3A, B). Interestingly mouse platelets were less sensitive to 

hemin, compared to human platelets. Hemin induced mouse platelet aggregation 

at concentrations higher than 12.5 µM (Figure 4.4A, B). Mirroring humans, 

aggregation was induced to a lesser extent at 50 µM, compared to lower doses of 

hemin. As with human platelets, hemin-induced murine platelet activation was 

inhibited by PP2, PRT-060318, Ibrutinib and murine recombinant dimeric CLEC-2 

(mFc-CLEC-2) and Integrilin (Figure 4.4D). CLEC-2-blocking antibody, AYP1 failed 

to block hemin-induced aggregation. CLEC-2 specificity was further confirmed, as 

hemin does not aggregate CLEC-2-deficient murine platelets (Figure 4.5A, B). This 

demonstrates that low- and mid-dose hemin activates platelets through CLEC-2. 
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Figure 4.3 – Low-dose hemin activates human platelets in a syk-dependant 

manner. Washed platelet aggregation was assessed by light transmission 

aggregometry for 6 min under stirring conditions at 37 oC. (A) Representative 

aggregation traces of washed platelets activated by 6.25µM hemin and were pre-

incubated with Ibrutinib (500 nM), PP2 (20 μM), PRT-060318 (20 μM), TAK-242 

(10 μM), AYP1 (10 µg/ml), hFc-CLEC-2 (10 µg/ml), hFc-GPVI (10 µg/ml) or 

Cangrelor (10 μM) for 5 min at 37 oC shown. (B) Maximum aggregation was 

calculated (n=5). The statistical difference between multiple groups was analysed 

using a one-way ANOVA with Tukey’s multiple comparisons test, ***p < 0.001 ****p < 

0.0001. 
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Figure 4.4 – Hemin activates and aggregates mouse platelets through CLEC-2. 

Washed platelet aggregation was assessed by light transmission aggregometry for 6 

min under stirring conditions at 37 oC. (A) Representative platelet aggregation traces 

induced by hemin (1.56-50 µM) shown and (B) maximum aggregation was 

calculated (n=5). (C) Representative aggregation traces of washed platelets 

activated by 12.5µM hemin, with pre-incubated of Ibrutinib (500 nM), PP2 (20 μM), 

PRT-060318 (20 μM), TAK-242 (10 μM), or Cangrelor (10 μM) for 5 min at 37 oC 

shown and (D) maximum aggregation was calculated (n=6). The statistical difference 

between multiple groups was analysed using a one-way ANOVA with Tukey’s 

multiple comparisons test, ***p < 0.001 ****p < 0.0001. 
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Figure 4.5 – CLEC-2-deficient platelets are not aggregated in response to 

hemin. Washed platelet aggregation from wild type (WT) or CLEC-2-deficient 

(CLEC-2 KO) mice was assessed by light transmission aggregometry for 6 min 

under stirring conditions at 37 oC. (A) Representative platelet aggregation traces 

induced by hemin (12.5 µM) are shown and (B) maximum aggregation was 

calculated (n=5). The statistical significance between 2 groups was analysed using 

an unpaired t-test, ****p<0.0001. 
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4.3.3 Hemin directly binds to human and mouse recombinant CLEC-2 

 

The fact that recombinant CLEC-2 inhibits hemin mediated platelet aggregation 

suggests a direct interaction between hemin and CLEC-2. Using a surface 

plasmon resonance-based technique, we show hemin binding to both murine and 

human recombinant CLEC-2, both of which binding with a high affinity ~200nM 

(Figure 6A, B). Similar values of kinetic rate association and dissociation of hemin 

binding to mFc-CLEC-2 and hFc-CLEC-2. The interaction of hemin with human 

and mouse CLEC-2 was further confirmed by UV-vis absorbance spectroscopy 

(Figure 6C, D). The differential absorbance spectra profiles presented spectra 

shifts of hemin by human and mouse CLEC-2, demonstrating direct binding.  
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Figure 4.6 – Hemin binds to human and mouse hFc-CLEC-2. (A, B) Surface 

plasma resonance presented real-time interaction profiles obtained with increasing 

concentrations of hemin (5, 20, 50, 100, 250, 500nM) over (A) murine CLEC-2-Fc 

and (B) human hFc-CLEC-2 immobilised on a CM5 sensor chip. The association 

and dissociation phases were followed for 5 min. KD was calculated using a 

Langmuir global analyses model. (C, D) UV-vis absorbance spectroscopy 

generated differential spectra post-titration of (C) mCLEC-2 or (D) hFc-CLEC-2 (2 

μM) with increasing concentrations of hemin (0.5–16 μM). The differential spectra 

were obtained after subtraction of the spectra of hemin at a given concentration, 

from the spectra of the same concentration of hemin in the presence of the 

protein. The measurements were done at 25 °C in optical cell with 10 mm light 

path. 

B 
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4.3.4 Hydroxychloroquine limits hemin-induced murine platelet activation 

through CLEC-2 

 

HCQ is used in malaria to bind to haem, which increases its toxicity to parasite-

containing erythrocytes. Its toxicity to platelets has not been reported, hence we 

wanted to investigate if the drug-hemin complex could be exploited therapeutically 

post-haemolysis. Interestingly, low- and mid-dose hemin-induced mouse platelet 

aggregation (10 and 25µM, respectively) was inhibited by pre-treatment with HCQ 

(50 µM) (Figure 4.7A-D). This was translated to an in vivo model which has been 

shown to release haem, the FeCl3-induced thrombosis model of the carotid artery. 

we show that thrombus growth and vascular occlusion post-injury is impaired with 

HCQ treatment (10 mg/kg), compared to saline-treated mice (Figure 4.8A, B).  

Treatment presented a 69.5 % decrease in thrombus size, calculated by AUC and 

final thrombus size versus saline controls (Figure 4.8C, D). To further understand 

how thrombus size was reduced, and if it was a result of hemin toxicity to platelets, 

we analysed platelet death and activation markers ex vivo. HCQ treatment of 

washed mouse platelets was associated with a significant decrease in P-selectin and 

annexin V presentation post low-, mid- and high-dose hemin (10, 25 and 50 µM, 

respectively) (Figure 4.9A, B). It was also necessary to assess the specificity of 

HCQ inhibitory activity on hemin-induced platelet activation and aggregation. CRP-, 

thrombin-, nor rhodocytin-induced platelet aggregation was reduced when platelets 

were treated with HCQ (Figure 4.10A-C). This demonstrates a specific role for the 

drug in inhibiting hemin-platelet-CLEC-2 binding to induce platelet activation, in mice. 
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Figure 4.7 – Hydroxychloroquine inhibits hemin-induced mouse platelet 

aggregation. Washed mouse platelet aggregation was assessed by light 

transmission aggregometry for 6 min under stirring conditions at 37 oC. Platelets 

were pre-incubated with hydroxychloroquine (HCQ), or buffer for 5 min pre-

aggregation at 37 oC. (A) Representative platelet aggregation traces induced by 

hemin (10 µM), in the absence or presence of HCQ (10-50 µM) are shown and (B) 

maximum aggregation was calculated (n=5). (C) Representative platelet aggregation 

traces induced by hemin (25 µM), in the absence or presence of HCQ (10-50 µM) 

are shown and (D) maximum aggregation was calculated (n=5).  The statistical 

significance between 2 groups was analysed using a paired one-way ANOVA with 

Tukey’s multiple comparison test, *p<0.05, ***p<0.001, p<0.0001. 
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Figure 4.8 – Hydroxychloroquine reduces thrombus size post-FeCl3 injury of 

the carotid artery in mice. Wild type mice were treated with hydroxychloroquine 

(HCQ; 10 mg/kg), or 200µl saline for 30 min prior to FeCl3-soaked filter paper-

challenge (10%, 3 min) on the carotid artery. (A) Representative images are shown 

at 25 min post-injury, and (B) thrombus size was quantified over 25 min by GPIbb-

antibody fluorescence using confocal microscopy. (C) The area under the curve 

(AUC; a.u.=arbitrary units) and (D) final thrombus size was calculated (n=10). The 

statistical difference between multiple groups using one-way ANOVA with Tukey’s 

multiple comparisons test. *p < 0.05 **p < 0.01 
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Figure 4.9 – Mouse platelet activation and apoptosis is inhibited by 

hydroxychloroquine. Washed platelets were incubated in the presence of hemin 

(10 µM), with or without hydroxychloroquine (HCQ) for 30 min. Protein surface 

expression was quantified by flow cytometry, for (A) P-selectin and (B) Annexin V 

(n=6). The statistical difference between multiple groups was analysed using a 

paired one-way ANOVA with Tukey’s multiple comparisons test, *p < 0.05 **p < 0.01 

****p < 0.0001. 
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Figure 4.10 – CLEC-2, GPVI nor PAR-3/4 are inhibited by hydroxychloroquine 

in mice. Washed mouse platelet aggregation was assessed by light transmission 

aggregometry for 6 min under stirring conditions at 37 oC. Platelets were pre-

incubated with hydroxychloroquine (HCQ), or buffer for 5 min pre-aggregation at 37 

oC. Maximum aggregation was calculated induced by (A) CRP (10 µg/ml), (B) 

thrombin (0.1 U/ml) and (C) rhodocytin (100 nM), in the absence or presence of HCQ 

(50 µM) are shown (n=6). The statistical significance between 2 groups was 

analysed using a paired t-test.  
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4.3.5 Hydroxychloroquine inhibits hemin-induced platelet activation and 

aggregation by CLEC-2 

 

If the specific inhibition of hemin-induced aggregation could be translated to human, 

it could provide a promising drug during haemolytic disease. Low- and mid-dose 

hemin-induced human platelet-aggregation (5 and 10 µM, respectively) was inhibited 

by 100 µM HCQ in a dose-dependent manner (Figure 4.11A-D). This was 

associated with a decrease in P-Selectin and annexin V presentation in the presence 

of HCQ, post-hemin stimulation, compared to controls (Figure 4.12A, B). 

Importantly, CLEC-2 and GPIb (CD42b) receptor levels were unchanged in the 

presence of HCQ, post-hemin stimulation (Figure 4.12C, D). 

  

It was necessary to assess the specificity of HCQ inhibitory activity on hemin-

induced human platelet activation and aggregation. Aggregation induced by 

rhodocytin (100 nM) nor thrombin (0.1 U/ml) was altered by HCQ (100 µM) (Figure 

13A, B). Furthermore CRP-induced (3 and 10 µg/ml) human platelet aggregation 

was not altered, alongside no alterations in P-Selectin or annexin V presentation 

(Figure 13C-E). This was echoed by unaltered TRAP-induced (100 µM) platelet 

aggregation and activation in the presence of HCQ post-hemin stimulation.  

 

The clear specificity and translation quality of HCQ in limiting platelet aggregation 

and activation in response to hemin makes for an exciting drug and therapeutic 

target for patients with haemolytic disease. 
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Figure 4.11 – Hydroxychloroquine inhibits hemin-induced human platelet 

aggregation. Washed platelet aggregation was assessed by light transmission 

aggregometry for 6 min under stirring conditions at 37 oC. Platelets were pre-

incubated with hydroxychloroquine (HCQ), or buffer for 5 min pre-aggregation at 37 

oC. (A) Representative platelet aggregation traces induced by hemin (5 µM), in the 

absence or presence of increasing concentrations of HCQ (50 and 100 µM) are 

shown and (B) maximum aggregation was calculated (n=6). (C) Representative 

platelet aggregation traces induced by hemin (10 µM), in the absence or presence of 

HCQ (50 and 100 µM) are shown and (D) maximum aggregation was calculated 

(n=6).  The statistical difference between multiple groups was analysed using a 

paired one-way ANOVA with Tukey’s multiple comparisons test, *p < 0.05 

***p<0.001. 
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Figure 4.12 – Human platelet activation and apoptosis is inhibited by 

hydroxychloroquine. Washed platelets were incubated in the presence of hemin 

(10 µM), with or without hydroxychloroquine (HCQ) for 30 min. Protein surface 

expression was quantified by flow cytometry, for (A) P-selectin (n=6), (B) Annexin V 

(n=6), (C) CLEC-2 (n=4) and (D) CD42b (n=3). The statistical difference between 

multiple groups was analysed using a paired one-way ANOVA with Tukey’s multiple 

comparisons test, *p < 0.05 ***p < 0.001. 
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Figure 4.13 – CLEC-2, GPVI nor PAR-1/4 are inhibited by hydroxychloroquine 

in humans. (A-C, F) Washed mouse platelet aggregation was assessed by light 

transmission aggregometry for 6 min under stirring conditions at 37 oC. Platelets 

were pre-incubated with hydroxychloroquine (HCQ), or buffer for 5 min pre-

aggregation at 37 oC. Maximum aggregation was calculated, induced by (A) 

rhodocytin (100 nM), (B) thrombin (0.1 U/ml), (C) CRP (3 µg/ml or 10 µg/ml) or 

TRAP (100 µM), in the absence or presence of HCQ (100 µM) are shown (n=3). (D, 
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E, G, H) Washed platelets were incubated in the presence of (D, E) CRP (10 µg/ml), 

or (G, H) TRAP (100µM) with or without hydroxychloroquine (HCQ) for 30 min. 

Protein surface expression was quantified by flow cytometry, for (D, G) P-selectin 

(n=6), (E, H) Annexin V (n=6). The statistical significance between 2 groups was 

analysed using an paired t-test.  

 

 

4.3.6 Hydroxychloroquine does not inhibit hemin-induced ROS generation 

 

Hemin can induce inflammation through not only platelet aggregation, but also 

through oxidation, specifically of lipoproteins (Camejo et al., 1998). Oxidation, in the 

context of platelets, can be assessed through ROS generation. As expected, low-

dose hemin induces ROS generation, however this was not limited by HCQ (Figure 

4.14). Furthermore, ROS generation was not decreased by hFc-CLEC-2, PP2, 

Ibrutinib or PRT-060318, suggesting that hemin-mediated platelet activation in 

independent of ROS generation and is dependent on CLEC-2 activation. 
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Figure 4.14 – Hydroxychloroquine treatment on hemin-induced ROS 

generation. Washed platelets were incubated in the presence of hemin (10 µM), 

with or without hydroxychloroquine (HCQ), hFc-CLEC-2 (10 µg/ml), Ibrutinib (500 

nM), PP2 (20 μM) or PRT-060318 (20 μM) for 30 min. Using a FITC-conjugated 

DCFDA dye, reactive oxygen species (ROS) generation was detected by flow 

cytometry (n=3). The statistical difference between multiple groups was analysed 

using a one-way ANOVA with Tukey’s multiple comparisons test. 
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4.4 Discussion 

 

It is evident that the unpredictable nature of haemolytic disease makes therapeutic 

intervention challenging, therefore a specific mechanism for platelet activation is 

desired. In this chapter, we describe hemin as a novel ligand for platelet receptor, 

CLEC-2, inducing platelet activation and aggregation. During haemolytic events, the 

haem scavenging system becomes exhausted (Roumenina et al., 2016), leading to 

increased free haem in blood plasma (2-50 µM). We show that anti-malarial drug, 

HCQ, inhibits human and mouse platelet activation by hemin and limits thrombus 

formation in mice. The anti-malarial drug could be repurposed for use in haemolytic 

disease. 

 

Platelet activation by hemin has previously been described through ferroptosis, but 

the receptors and mechanisms involved are not well known (NaveenKumar et al., 

2018). In this study, we observe that platelets agglutinate at high dose hemin (50 

µM), which is the extremity of haem detected during sickle cell crisis. Although, the 

dose of haem detected in patients cannot discriminate between free haem and haem 

bound with low affinity to plasma proteins like albumin. It is predicted that free hemin 

levels range between 2 and 8µM, which are relative to the low doses used in this 

study. We observed high levels of platelet death, and a mechanism with reduced 

PLCg2-dependance, but allows platelet agglutination. Interestingly, a lower dose of 

hemin is here shown to be CLEC-2-dependant, which signals through its hemITAM 

domain in a syk-dependant manner to initiate PLCg2 phosphorylation. Interestingly, 

platelet aggregation by hemin in the presence of CLEC-2-blocking antibody, AYP1 

was not altered. Surface plasmon resonance demonstrates a very high affinity for 
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hFc-CLEC-2 and hemin (∼200 nM) in human and mice. Furthermore, AYP1 blocks 

the interaction of CLEC-2 with its ligands podoplanin and rhodocytin, inhibiting 

platelet activation and aggregation (Gitz et al., 2014). Together, this suggests that 

hemin has a bind site on CLEC-2, distinct from its previously known ligands. 

Intriguingly, cobalt-hematoporphyrin, a compound which is structurally parallel to 

hemin aside from its cobalt core, has been shown block podoplanin and rhodocytin 

induced platelet aggregation (Tsukiji et al., 2018). It could be expected these 

compounds have similar binding sites, however cobalt-hematoporphyrin does not 

activate platelets, therefore suggesting distinct binding sites. It is important to note, 

that platelet aggregation is not completely abolished in CLEC-2-deficient platelets 

(7% aggregation). This suggests a second platelet receptor inducing a low level of 

aggregation in mice (or indeed a supportive role), which has been described as 

GPVI (Oishi et al., 2021). However, we observed this was not the case in humans, 

through using hFc-GPVI.  Aggregation in human platelets is almost entirely 

abolished using hFc-CLEC-2, suggesting an almost exclusive mechanism for hemin-

induced platelet activation. 

 

Hemin has been demonstrated to induce lipid peroxidation, a process through which 

oxidants (including free radicals or ROS) attack lipids to induce inflammation (Ayala 

et al., 2014). The porphyrin ring of hemin is lipophilic (Kumar and Bandyopadhyay, 

2005), which induces hemin binding to cellular lipids and subsequently inducing an 

impairment of the lipid bilayer. Although we demonstrate that HCQ limits platelets 

activation and aggregation in vitro and thrombus formation in vivo, the drug does not 

limit ROS generation post-stimulation with low-dose hemin. Iron-induced ROS is 

observed during multiple vascular diseases, including haemolytic anaemia, 
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atherosclerosis and vasculitis and reperfusion injury (Kumar and Bandyopadhyay, 

2005). In these diseases, effective therapeutics are natural sources of antioxidants, 

such as vitamin E or resveratrol (Petrovic et al., 2020). Our data supports multiple 

mechanisms by which hemin alters platelet function, including CLEC-2-dependent 

platelet activation and aggregation and CLEC-2-independent oxidative stress and 

ROS generation. Therefore, dual therapies targeting CLEC-2 and oxidative stress 

might be required to limit thrombosis and inflammation in haemolytic diseases and 

reduce vascular occlusion 

 

We demonstrate that HCQ limits thrombus growth post FeCl3-injury.  

Arterial topical application of FeCl3 causes major oxidative stress through free-

radical-dependant lipid peroxidation and endothelial damage. However, it has also 

been shown, through transmigration of the ferric ion through pores in the 

endothelium, that FeCl3 can induce erythrocyte haemolysis directly (Tseng et al., 

2006). This may hint that hemin released by haemolysed red blood cells can 

contribute to thrombus formation post-FeCl3 injury. That being said, the 

concentration of free haem in this model is unknown; the haem scavenging system is 

not exhausted as it is in haemolytic disease presentation such as sickle cell crisis, 

and it is likely free haem is rapidly scavenged by hemopexin. Ex vivo investigation 

suggests that HCQ inhibits hemin-CLEC-2 platelet aggregation, and induces syk 

phosphorylation. However, the role of CLEC-2 during murine arterial thrombosis was 

shown to be independent of ITAM signalling (Haining et al., 2017). It is possible that 

not only does hemin induce platelet activation through CLEC-2, but also provides a 

basis for a role for CLEC-2 as an adhesion receptor, acting through hemin. This 

could be further investigated through the use of the laser-induced thrombosis model 
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in arterioles. In spite of early users of the laser injury-induced thrombosis model 

reporting erythrocyte lysis (Hovig et al., 1974), modern uses observe no red blood 

cell damage, and simply laser-activated endothelial-driven fibrin formation (Stalker, 

2020). This could show a role for haemopexin, specific to thrombosis involving 

haemolysis. Furthermore, the specificity of HCQ to limit platelet activation by hemin 

needs to be confirmed, for example, hemin classically activates the endothelium 

through TLR4, which likely contributes to thrombus growth through an upregulation 

of vWF generation and release (Belcher et al., 2014). Research into HCQ treatment 

of endothelial cells challenged with hemin is ongoing. 

 

In this study, we investigated the interaction specifically between hemin and 

platelets, inhibited by HCQ. However, hemin has been shown to activate and induce 

inflammation through neutrophils, monocytes and various vascular beds  (Graca-

Souza et al., 2002, Wagner et al., 2004). In order to fully understand the and 

replicate hemin activity, an in vitro model must be created, perhaps using flow 

adhesion chambers or through the use of organoids. This way haemolysis 

occurrence on varied vascular beds can be investigated. Furthermore, the 

implication of HCQ treatment on hemin-induced endothelial activation can be 

observed in situ.  

 

In conclusion, we provide evidence that hemin is a novel ligand to platelet-activating 

receptor, CLEC-2. We speculate that CLEC-2 may be promoting thrombotic events 

during haemolytic disease, which could be limited by anti-malarial drug, HCQ. The 

dual nature of haem-induced lipid peroxidation suggests a role for an anti-oxidant, 
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alongside HCQ, in a dual therapy to limit haemolytic disease symptoms. This 

combination of treatment may be of benefit in patients with haemolytic disease. 
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Chapter 5 

5. CLEC-2 prevents accumulation and 

retention of inflammatory macrophages 

during peritonitis 

 

 

 

Data from this chapter has been published: 

 

BOURNE, J. H., BERISTAIN-COVARRUBIAS, N., ZUIDSCHERWOUDE, M., 

CAMPOS, J., DI, Y., GARLICK, E., COLICCHIA, M., TERRY, L. V., THOMAS, S. G., 

BRILL, A., BAYRY, J., WATSON, S. P. & RAYES, J. 2021. CLEC-2 Prevents 

Accumulation and Retention of Inflammatory Macrophages During Murine Peritonitis. 

Front Immunol, 12, 693974. 

 

Publication available in Appendix 2 
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5.1 Aims 

 

Podoplanin-expressing macrophages have been demonstrated to activate, and 

aggregate platelets through ITAM receptor, CLEC-2. Furthermore, platelet-CLEC-2 

has been shown to have important immunomodulatory functions during 

inflammation, however the mechanism is not well understood. In this chapter, we aim 

to establish how CLEC-2 regulates the inflammatory response during ongoing 

inflammation by interacting with podoplanin upregulated on inflammatory 

macrophages. 

 

5.2 Introduction 

 

During infection, the development of an adequate inflammatory response is critical to 

contain pathogen growth and spreading. Innate immune cells are recruited to the site 

of infection to clear pathogens through multiple mechanisms including the secretion 

of cytokines and anti-microbial molecules, phagocytosis and through release of 

extracellular traps (Campos et al., 2021). Following pathogen clearance, the 

resolution of the inflammation is critical to restore tissue homeostasis. 

 

Alongside their role in thrombosis and haemostasis, platelets are emerging as vital 

regulators of the inflammatory response under sterile and infectious conditions 

(Morrell et al., 2014). The immunoregulatory functions of platelets, independent of 

thrombosis and haemostasis, are tightly regulated by the nature of the insult, the 

tissue and local microenvironment. Interestingly, distinct platelet receptors are 

engaged in different vascular beds and differentially regulate vascular integrity, 
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thrombosis and inflammation (Ho-Tin-Noé et al., 2018). Platelet-immune cell 

interactions play a pivotal role in balancing the immune response, however little is 

known on the functional relevance of these interaction during ongoing inflammation, 

and how it regulates the resolution of the inflammation. Therapeutic intervention of a 

sterile- or pathogen-induced inflammatory response through regulating platelet-

leukocyte interaction by a specific axis could be a promising target for patients with 

chronic inflammatory disease, such as metabolic disorders, atherosclerosis or 

SARS-CoV-2. 

 

5.2.1 Monocyte/macrophage migration and trafficking 

 

During bacterial peritonitis, macrophage migration is critical for bacterial clearance.  

Macrophages are capable of migrating large distances and can move as fast as 10 

µm/min in response to chemoattractants (Grabher et al., 2007). Dissimilar to 

fibroblasts, which utilise actin bundle anchorage points to migrate, macrophages 

form countless dot-like points of contacts to form temporary focal complexes and 

focal adhesions of varying phosphopaxillin contents (Grabher et al., 2007, Zaidel-Bar 

et al., 2007). Importantly, macrophages do not mature into large focal contacts with 

stress fibres attached, hence allowing them to manoeuvre through tissue. In addition 

to point and focal complexes, macrophages have podosomes which are short actin-

rich adhesion molecules, accommodating migration (Wiesner et al., 2014). These 

qualities allow macrophages to respond to chemoattractants, not just within tissue, 

but allow tissue-resident macrophages to leave, and re-enter organs.  

 



 

 155 
 
 

Resident macrophages are the initiators of the inflammatory response, and act as 

the ‘patrollers’ in tissue. Upon pathogen detection, they secrete neutrophil 

chemoattractants such as IL-1b, CXCL1, CXCL2 and CCL2 (Beck-Schimmer et al., 

2005, Barry et al., 2013). Extravasation of neutrophils and monocytes by 2-D 

(through the endothelium) and then 3-D (through the endothelial matrix) migration in 

response to inflammation is critical to macrophage recruitment and retention (Cui et 

al., 2018). Macrophages have mechanisms to accommodate their migration through 

2-D and 3-D structures: the amoeboid and mesenchymal systems. Amoeboid 

migration is an integrin-independent mechanism utilised by rapidly migrating 

leukocytes, such as dendritic cells and lymphocytes, which utilises ‘flowing and 

squeezing’ (Lämmermann et al., 2008). Interestingly, it has recently been shown that 

a moderate, but not high expression of integrins is required on M2 or tissue-resident 

macrophages to accommodate amoeboid migration (Cui et al., 2018). Mesenchymal 

migration is a much slower migratory mechanism generally utilised by M1 

inflammatory macrophages, which is a classical adhesion-mediated process (Guiet 

et al., 2012, Čermák et al., 2018). Integrins are integral to macrophage 

mesenchymal migration, and of particular note is the family of b2 subfamily: aM and 

aD are of particular note in macrophages (Cui et al., 2018). Interestingly Cui et al. 

(2018) demonstrated that integrin aDb2 promotes inflammatory macrophage retention 

post-inflammation. 

 

Leukocyte migration is dictated by a careful balance of chemotactic gradients 

through chemokine which are generated by specific tissues under inflammatory 

conditions. CCL2 is a strong chemoattractant for monocytes (also known as 

monocyte chemoattractant protein-1), and part of the C-C chemokine family. It is 
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secreted by a variety of cell types, such as endothelial, epithelial, smooth muscle 

cells and fibroblasts, either constituently, or upon oxidative stress or cytokine 

stimulation (Deshmane et al., 2009). Chemokines signal through GPCRs to induce 

strong intracellular kinase-mediate phosphorylation (Neel et al., 2005). The receptor 

for CCL2, CCR2, is expressed constituently on monocytes and macrophages. 

Interestingly, CCL2-CCR2 binding induces rapid CCR2 internalisation via arrestin in 

caveosomes (Garcia Lopez et al., 2009, Berchiche et al., 2011). From here, CCR2 

can be either recycled or degraded in lysosomes. This careful balance of CCR2 

expression regulates monocyte recruitment, and then retention during inflammation.  

 

Upon neutrophil cell death during inflammation, macrophages (resident and 

monocyte-derived) engulf the apoptosed debris, coined ‘efferocytosis’ (Greenlee-

Wacker, 2016). Neutrophil internalisation by macrophages induces the release of 

anti-inflammatory cytokines and chemokines, in turn repolarising the macrophage 

(Serhan and Savill, 2005). Furthermore, these macrophages are now able to repair 

or emigrate (Prame Kumar et al., 2018). The fate of these macrophages is unclear, 

as it has been shown both that they die locally or emigrate to draining lymph nodes 

(Bellingan et al., 1996, Cao et al., 2005, Gautier et al., 2013). However, it is clear 

that this mechanism is vital to the resolution of inflammation.  

 

During inflammation, 3-D macrophage migration is dictated by chemokines, which 

differentially regulates the movement of M1 and M2 macrophages. There are 41 

known chemokines which bind to 20 chemokine receptors on macrophages, 7 of 

which are specific to driving M1 macrophage migration through MEK1, ERK1/2 and 

PI3K cascades (Amin et al., 2003, Xuan et al., 2015). Differential effects of 
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chemokines on M1/M2 macrophage migration can be explained by increased 

expression of their ligand on the respective population, with the exception of CCR7. 

Interestingly CCR7 expression is conserved in M1 and M2 populations, but its ligand, 

CCL21 only induces M1 macrophage chemotaxis (Xuan et al., 2015). This suggests 

a mechanism involving CCL21, distinct from CCL21-CCR7 which is promoting 

inflammatory macrophage chemokine-induced migration. 

 

5.2.2 Platelet-leukocyte interaction 

 

Platelet-leukocyte interaction is a common occurrence during inflammation, due to 

upregulation and conformational changes of various inflammatory proteins on both 

platelets and myeloid cells. Platelet activation and subsequent recruitment to a site 

of inflammation-induced vascular permeability leads to extravasation of platelet-

bound leukocytes, beyond the endothelium. Leukocyte recruitment is common in 

postcapillary venules, as a result of increased density of cell adhesion molecules and 

wall shear rate (Petri et al., 2008). Platelet-leukocyte aggregates are observed in the 

blood during sterile inflammation and following bacterial, viral and fungal infections 

(Assinger et al., 2019, Koupenova et al., 2019, Deppermann and Kubes, 2016, 

Speth et al., 2014). Activated platelets bind to neutrophils and monocytes, regulating 

both thrombosis and inflammation.  
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Platelets interact with neutrophils and monocytes in the blood through several 

mechanisms including:  

 

Platelet-leukocyte 

• P-selectin – PSGL-1 

• CD40 Ligand (CD40L) – CD40 

• GPIbα – Macrophage antigen-1 (MAC-1)  

• GPIIb3a – MAC-1 (via fibrinogen or vWF)  

 

The initial unstable interaction between P-selectin and PSGL-1 induces the 

subsequent activation and clustering of integrin aMb2 (MAC-1) on immune cells and 

firm adhesion through its interaction with GPIb-α and GPIIb/IIIa (Frenette et al., 

2000, Wang et al., 2005b, Schwarz et al., 2002, Inwald et al., 2003). Whilst both 

MAC-1 and GPIbα are constituently expressed on their respective cell types, MAC-1 

is believed to undergo a conformational modification to bind to GPIba (Pluskota et 

al., 2008).  Platelet-leukocyte interactions are further potentiated by CD40L 

interaction with CD40 on immune cells. Platelet binding to neutrophils initiates the 

release of various chemokines and cytokines, promotes ROS generation and the 

formation of NETs to promote pathogen clearance (Kim and Jenne, 2016).  

 

Platelet secretion also plays a key role in promoting their interaction with monocytes 

and neutrophils. Platelets are an important source of chemokines in particular PF4 

and RANTES (CCL5). Platelet activation leads to the deposition of these 

chemokines on the endothelium promoting neutrophil and monocyte recruitment to 

the endothelium (von Hundelshausen et al., 2005). PF4 is the most abundant protein 
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in α-granules, and is able to interact with neutrophils through LFA-1 to initiate 

neutrophil granular release.  PF4 also interacts with monocytes, inhibiting their 

apoptosis and promotes their differentiation to macrophages (Scheuerer et al., 

2000). Therefore, platelet interaction with leukocytes in the blood promotes the 

recruitment of both platelets and leukocytes at the site of inflammation and regulates 

inflammation and thrombosis. 

 

Interestingly, although these receptor axes have been well researched, the 

contribution and significance of the platelet-leukocyte interaction through each 

receptor-ligand in varied inflammatory conditions, organs and/or vascular beds is not 

well elucidated.  

 

5.2.3 Platelet-macrophage interaction 

 

While most of the macrophages reside in tissues and are not in contact with the 

blood, the liver specialized macrophage Kupffer cells line the walls of the sinusoids 

and are constantly exposed to the blood flow. Under physiological conditions, 

platelets transiently interact with intravascular Kupffer cells via GPIbα-vWF and this 

interaction is stabilized during bacterial infection regulating endothelial permeability 

and host response against bacteria (Chimen et al., 2020). Platelets have been 

shown to protect against septic shock and decrease subsequent organ damage in 

LPS-challenged mice by regulating the inflammatory phenotype of macrophages 

(Xiang et al., 2013). It is currently not known how platelets enter the tissues during 

inflammation and infection and how this interaction occurs in vivo. In vitro, at low 

doses of LPS, platelets promote TNF-α secretion from bone-marrow derived 
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macrophages, whereas in the presence of high doses of LPS, platelets inhibit 

macrophage-dependent inflammation (Xiang et al., 2013). In human monocyte-

derived macrophages, activated platelets promote LPS-mediated inflammatory 

cytokine release, which is largely dependent on platelet secretion (Scull et al., 2010). 

 

Under inflammatory conditions, CLEC-2 was shown to interact with podoplanin 

upregulated on inflammatory macrophages (Kerrigan et al., 2012). The interaction of 

CLEC-2 with podoplanin induces platelet activation in a Src/Syk/PLCγ2-dependent 

manner. The structure, expression and function of podoplanin in Chapter 1.7.2. Of 

particular note, podoplanin binds to the ERM proteins through its intracellular tail 

(Krishnan et al., 2013, Krishnan et al., 2015). The ERM proteins are well understood 

to guide cellular migration through reorganisation of the actin cytoskeleton (Arpin et 

al., 2011).  

 

5.2.4 Podoplanin function in myeloid cells 

 

Podoplanin expression has been described in multiple myeloid cells, including 

murine macrophage cell line RAW264.7 cells, murine primary BMDMs, peritoneal 

macrophages (post-peritonitis), tumour-associated macrophages, and monocyte-

derived macrophages in the inflamed lung, liver and skin (Kerrigan et al., 2012, 

Rayes et al., 2017, Lax et al., 2017, Hitchcock et al., 2015, Wichaiyo et al., 2019, 

Bieniasz-Krzywiec et al., 2019, Xie et al., 2020, Eisemann et al., 2019). However, 

little is known on the function of podoplanin in myeloid cells. Podoplanin is well 

reported to promote epithelial cell migration and subsequent metastasis during 

cancer (Quintanilla et al., 2019), but recent reports have identified a role for myeloid-
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podoplanin during mouse models of breast cancer and gliomas (Eisemann et al., 

2019, Bieniasz-Krzywiec et al., 2019). Podoplanin-expressing tumour-associated 

macrophages were shown to promote lymphangiogenesis through binding to LECs, 

specifically through LEC-derived galectin 8, in turn promoting cancer progression. 

Furthermore, podoplanin-expressing myeloid cells were identified to mediate glioma-

induced immunosuppression (Eisemann et al., 2019). Alas, whilst it was suggested 

that podoplanin-expressing myeloid cell targeting could present a novel anti-cancer 

therapy, it could prove counterintuitive due to the high inflammation throughout 

cancer. During Sepsis, podoplanin-expressing macrophages and monocytes are 

anti-inflammatory, with the latter protecting liver function through complement 

inhibition (Rayes et al., 2017, Xie et al., 2020).  

 

5.2.5 The CLEC-2-podoplanin axis during inflammation 

 

A key role for the CLEC-2-podoplanin axis was shown to drive thromboinflammation 

in murine models of DVT and Salmonella infection-mediated thrombosis in the liver 

(Payne et al., 2017, Hitchcock et al., 2015). In the model of DVT, podoplanin was 

upregulated in the subendothelium triggering thrombosis at the site of vascular 

breaches in a CLEC-2-dependent manner. Following salmonella infection, an 

upregulation of podoplanin on macrophages in the liver is observed, forming 

inflammatory foci. At the site of endothelial damage, podoplanin induces thrombosis 

in the liver with limited capacity in containing bacteria.  

 

Beside the role of CLEC-2-podoplanin in thromboinflammation, the CLEC-2-

podoplanin axis has been shown to regulate the inflammatory response in multiple 
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models of inflammation. Interestingly, the axis has been shown to be both beneficial 

and detrimental. CLEC-2 is protective post-lung injury through podoplanin-

expressing alveolar macrophages (Lax et al., 2017) and during murine models of 

multiple sclerosis (Nylander et al., 2017). However, CLEC-2 is detrimental and 

promotes inflammation in rheumatoid arthritis, as well as limiting liver regeneration 

(Takakubo et al., 2017, Chauhan et al., 2020).  

 

Using a mouse model of sepsis induced by caecal ligation and puncture, CLEC-2 

was shown be immunoprotective (Rayes et al., 2017). Deletion of CLEC-2 using a 

PF4-Cre mouse (CLEC1bfl/flPF4-Cre) or deletion of podoplanin from haematopoietic 

cells (PDPNfl/flVAVi-Cre), increased sepsis severity and exacerbated the cytokine 

storm in mice. The deleterious effect was associated with impaired macrophage 

recruitment to the infected peritoneum, increased bacterial load and dissemination 

and multiple organ damage. The mechanism by which platelet CLEC-2 regulates 

macrophage activation and migration is not known. Moreover, it was recently shown 

that PF4-Cre-generated KO mice have additional inflammatory and immunological 

anomalies as a result of nonspecific deletion in other hematopoietic lineages. 

Whether crosslinking podoplanin can regulate macrophage phenotype, fate or 

resultant tissue inflammation is not known. This is highly relevant in diseases 

describing platelet-bound podoplanin-positive macrophages such as atherosclerosis, 

rheumatoid arthritis and breast cancer (Inoue et al., 2015, Takakubo et al., 2017, 

Hatzioannou et al., 2016). 

 

In this chapter, we investigate the mechanisms by which CLEC-2 regulates 

macrophage activation, accumulation and fate during ongoing inflammation. Our 
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study shows a key role for CLEC-2 in macrophage trafficking from inflamed tissues. 

This provides a rational to use recombinant CLEC-2-Fc as a therapeutic protein to 

limit macrophage accumulation in inflamed tissues and progression to chronic 

inflammation.  
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5.3 Results 

 

5.3.1 LPS induces the expression of podoplanin on macrophages through 

TLR-4 

  

Podoplanin expression was previously shown to be upregulated on LPS-treated 

RAW264.7 (RAW) cells, as well as on peritoneal macrophages during polymicrobial 

sepsis and skin macrophages during immune complex-mediated inflammation 

(Kerrigan et al., 2012). We first screened stimuli which significantly upregulates 

podoplanin on macrophages, using murine leukaemia-derived cell line, RAW264.7 

macrophages. We investigated the effect of different TLR agonists from bacterial and 

fungal wall proteins on the expression of podoplanin. LPS (TLR-4 agonist from gram-

negative bacteria), PGN-SA (TLR-2 agonist from gram-positive bacteria), 

PAM3CSK4 (TLR-1 and -2 agonist found in gram-negative and -positive bacteria) 

and Zymosan (TLR-2 agonist from fungus) upregulate podoplanin expression on the 

surface of RAW264.7 cells in a dose-dependent manner (Figure 5.1A-D), and total 

podoplanin protein in the cell (Figure 5.1E). Cells stimulated with other pro-

inflammatory stimuli, such as hypoxia, pro-inflammatory cytokines (TNF-a) or 

staurosporine (an inducer of apoptosis) did not induce podoplanin expression (data 

not shown). Podoplanin is not expressed on naïve macrophages, and is 

transcriptionally upregulated post-LPS stimulation (Figure 5.1F). These podoplanin-

expressing macrophages express classical inflammatory M1 macrophage markers 

CD80 and CD86 (Figure 5.1G, H) (Italiani and Boraschi, 2014). Podoplanin 

upregulation by LPS occurs in a TLR-4 dependant manner, observed by treating 

RAW264.7 cells with TLR-4 small molecule inhibitor, TAK-242, which do not express 
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podoplanin post-LPS-stimulation (Figure 5.1I, J). Our results suggest that during 

infection, TLR-4 activation by LPS, and to a lesser extent other TLRs, upregulate 

podoplanin expression on macrophages. Going forward, LPS is used to induce 

podoplanin expression on inflammatory macrophages, due to the large and 

consistent upregulation. 
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Figure 5.1 - LPS upregulates podoplanin on RAW264.7 cells through TLR-4. 

RAW264.7 cells were incubated with increasing concentrations of (A) LPS, (B) 

Zymosan A, (C) PAM3CSK4 or (D) PGN-SA for 24 h. (A-D) Surface podoplanin 

expression assessed by flow cytometry and compared to non-stimulated cells (NS; 

n=3). (E) Total podoplanin levels were assessed in RAW264.7 lysates by western blot 

(image representative of 3 independent experiments). (F) Podoplanin transcription from 

isolated mRNA relative to NS control was quantified by qPCR (n=4). (G, H) RAW264.7 

cells were stimulated with LPS (1 µg/ml) for 24 h. Macrophage maturation markers (G) 
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CD80 and (H) CD86 were quantified by flow cytometry (n=3). (I, J) RAW264.7 cells 

were treated with TAK-242 (1 µM), before stimulation with LPS (1 µg/ml) for 24 h. 

Podoplanin expression was quantified by (I) flow cytometry (n=3) and (J) western blot 

(image representative of 3 independent experiments). The statistical significance 

between 2 groups was analysed using a paired t-test and the statistical difference 

between multiple groups was tested using a one-way ANOVA with Tukey’s multiple 

comparisons test, *p < 0.05 **p < 0.01 ****p < 0.0001. 
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5.3.2 Platelet-CLEC-2 upregulates podoplanin on podoplanin-expressing 

inflammatory macrophages and promotes spreading 

 

Podoplanin-expressing inflammatory macrophages have been demonstrated to 

induce platelet aggregation in a CLEC-2-specific manner (Kerrigan et al., 2012). 

Whilst CLEC-2-podoplanin crosslinking is known to activate and aggregate platelets, 

the implications of the axis on macrophages is not known. Resting, washed platelets 

incubated with naïve RAW264.7 cells did not induce podoplanin expression.  

However, incubation of podoplanin-expressing RAW264.7 cells with platelets for 1h 

increased podoplanin expression two-fold (Figure 5.2A). Incubation of CLEC-2-

deficent platelets did not alter podoplanin expression, compared to control, without 

loss of platelet-binding (Figure 5.2B, C). Interestingly, WT, nor CLEC-2-deficient 

platelets increased podoplanin expression in whole cell lysate (Figure 5.2D). The 

rapid upregulation of podoplanin surface expression in the presence of platelets, 

alongside the absence of upregulation in lysate suggests a distinct role for CLEC-2 

in releasing podoplanin from intracellular stores in macrophages.  
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Figure 5.2 – Platelet CLEC-2 induces an upregulation of podoplanin surface 

expression on RAW264.7 cells.  (A-D) RAW264.7 cells were challenged with LPS 

(1 µg/ml) for 24 h, before washing, and then incubated in the presence or absence of 

wild type (WT) or CLEC-2-deficient (CLEC-2-/-) platelets (100 platelets:1 RAW264.7 

cell) for 1 h. (A) Podoplanin surface expression was detected by flow cytometry 

(n=3). (B) Gating strategy for CD41 (platelet)-positive RAW264.7 cells. (C) 

Podoplanin surface expression was detected by flow cytometry (n=3). (D) 

Podoplanin expression was detected in RAW264.7 cell lysate by western blot (image 

representative of 3 independent experiments). The statistical significance between 2 

groups was analysed using a paired t-test and the statistical difference between multiple 

groups was tested using a one-way ANOVA with Tukey’s multiple comparisons test, 

*p < 0.05 **p < 0.01 ***p < 0.001. 
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To assess the distribution of podoplanin on macrophages post-LPS stimulation and 

upon incubation with platelets, RAW264.7 cells were imaged using 

immunofluorescence. LPS-stimulated macrophages appear to have intracellular 

stores of podoplanin in the cytoplasm, perhaps in lysosomes or endosomes. In fact, 

podoplanin was localized on the pseudopods of RAW264.7 cells in the presence of 

WT, but not CLEC-2-deficient platelets (Figure 5.3A). This was associated with 

increased cell spreading, measured by cell size and loss of circularity (Figure 5.3B, 

C). The podoplanin intracellular tail contains 2 serines, 167 and 171, that are 

constitutively phosphorylated and are critical for the association with the ERM 

proteins and cell migration (Krishnan et al., 2013, Krishnan et al., 2015). 

Immunoprecipitation of podoplanin post-LPS-stimulation demonstrated a reduction in 

the presence of podoplanin phospho-serine residues in the presence of WT but not 

CLEC2-/- platelets, which has been shown to promote podoplanin association with 

the ERM proteins (Figure 5.3D). 

 

 

 

 

 

 



 

 171 
 
 

 

 

Figure 5.3 – Platelet-CLEC-2 increases macrophage spreading through 

podoplanin. (A-C) RAW264.7 cells were cultured and allowed to spread on glass 

coverslips in the presence of LPS (1 µg/ml) for 24 h (Mf). Cells were washed and 

cultured in the presence or absence of wild type (WT) or CLEC-2-deficient platelets 

(100:1) for 1 h, before fixation and staining for platelets (CD41, green), DAPI (blue) 

and podoplanin (red). (A) Fluorescence was detected by confocal microscopy, and 

images were quantified for (B) size and (C) circularity using scripts on ImageJ (n=3). 

(D) Podoplanin from 24 h LPS-stimulated (1 µg/ml) RAW264.7 cells were 

immunoprecipitated with anti-podoplanin antibody (8.1.1), and immunostained with anti-

phospho-PKA substrate antibody (representative western blot of 3 independent 

experiments). The statistical difference between multiple groups was analysed using a 

one-way ANOVA with Tukey’s multiple comparisons test, *p < 0.05 **p < 0.01 

***p < 0.001. 
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In order to more closely replicate the signalling events, functionality and platelet-

macrophage interaction observed during inflammation in vivo, we utilised BMDMs 

Furthermore, we investigate the interaction of podoplanin with its intracellular ligand, 

CD44, which has been shown to regulate podoplanin-induced migration in squamous 

stratified epithelia (Martín-Villar et al., 2010). Similar to the cell line, RAW264.7, 

addition of WT, but not CLEC-2-deficient platelets for 1 h to LPS-stimulated BMDMs 

potentiates podoplanin and, also CD44 expression, as assessed by flow cytometry 

(Figure 5.4A-C). The distribution of podoplanin and CD44 was also altered by 

CLEC-2, associated with increased BMDM spreading, measured by increased cell 

area and loss of circularity (Figure 5.4D-F). Platelet-mediated cell spreading and cell 

spreading and pseudopods formation was confirmed using scanning electron 

microscopy (Figure 5.4G). 

 

In order to confirm the role of platelets on actin remodelling, we observed LifeAct-

GFP-derived inflammatory BMDMs spreading in the presence of platelets using 

diSPIM LightSheet microscopy for 1 h. As expected, inflammatory macrophages are 

sessile, and addition of WT platelets to LPS-activated BMDMs increased pseudopod 

formation, actin remodelling and mobility, compared to control (Video 1 and 2). In 

contrast, actin remodelling, spreading and pseudopod formation decreased after the 

phagocytosis of platelets, showing distinct mechanism of cell-cell interaction and 

platelet phagocytosis on actin remodelling.  
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These results show that platelet CLEC-2 binding to podoplanin on inflammatory 

BMDM, or RAW264.7 cells, increases the expression and distribution of podoplanin 

and its transmembrane ligand CD44, to promote actin remodelling and cell mobility.  
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Figure 5.4 – Platelet-CLEC-2 upregulates podoplanin and CD44 expression on 

LPS-stimulated BMDMs. (A) BMDMs were incubated in the presence or absence of 

LPS (1 µg/ml) for 24 h. (B, C) LPS-stimulated BMDMs were co-cultured in the 

absence or presence of WT or CLEC-2-deficient platelets (100:1). (A-C) Median of 
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fluorescence intensity (MFI) of podoplanin (n=4) and CD44 (n=3) was detected by 

flow cytometry. (D) 24 h LPS-stimulated (1 µg/ml) BMDMs (Mf) were cultured on 

glass, and WT or CLEC-2-deficient platelets were added for 1 h. Platelets (CD41, 

green), podoplanin (red) and CD44 (cyan) were detected using confocal microscopy. 

Images are representative of 4 independent experiments. (E) Cell area and (F) 

circularity were analysed using ImageJ. (G) Mf were cultured on glass in the 

presence or absence of WT platelets (red) for 1 h, before fixing and imaging by 

electron microscopy. The statistical significance between 2 groups was analysed using 

an unpaired t-test and the statistical difference between multiple groups was analysed 

using a one-way ANOVA with Tukey’s multiple comparisons test, *p < 0.05 **p < 0.01 

***p < 0.001 ****p<0.0001. 
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5.3.3 Platelet-CLEC-2 reduces the pro-inflammatory phenotype of the M1 

BMDM and promotes wound closure  

 

In numerous cell types and tissue environments, podoplanin regulates cell migration, 

however the CLEC-2-podoplanin axis is little explored. Furthermore, how and the 

extent which CLEC-2 dictates macrophage inflammatory function is unknown. Here, 

we show that addition of WT, but not CLEC-2-deficient platelets, to LPS-challenged 

BMDMs delayed the uptake of pH-sensitive fluorescent E. Coli-bound bioparticles 

compared to control, as assessed by Incucyte systems for live-cell microscopy (Figure 

5.5A, B). However, the final uptake of the beads was not affected (Figure 5.5C). 

Crosslinking podoplanin by CLEC-2 expressed on WT platelets significantly reduced 

pro-inflammatory cytokine, TNF-α, secretion from BMDMs, whereas the levels of TNF-α 

were not altered by the addition of CLEC2-deficient platelets, compared to control 

(Figure 5.5D). No significant change in anti-inflammatory cytokine, IL-10, was observed 

following platelet addition (Figure 5.5E). In a wound scratch assay, addition of WT 

platelets to a scratched monolayer of inflammatory BMDMs accelerated wound closure 

by two-fold (36±7.4 % wound closure for control versus 86±12.6 % closure in the 

presence of WT platelets) (Figure 5.5F-H). Wound closure was also partially 

accelerated in the presence of CLEC2-/- platelets, although the maximal coverage did 

not exceed 66±18.2 %. 
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Figure 5.5 - Platelet CLEC-2 delays inflammatory BMDM phagocytic capacity 

and reduces TNF-α secretion. (A-C) pH sensitive Alexa Fluor-488 conjugated 

Escherichia Coli bioparticles (3x106 beads/condition) were added to LPS-treated 

BMDMs in the absence or presence of (A) WT platelets or (B) CLEC-2-deficient 

platelets (100:1) for 4 h. (A, B) Phagocytosis was visualised and quantified by time 

lapse-imaging using an Incucyte Live-cell analysis system. (C) Phagocytosis profiles 

were quantified at 4 h by detecting fluorescence /mm3 using area under the curve 

(AUC; a.u. = arbitrary units; n=3). (D) TNF-α and (E) IL-10 secretion from LPS-

treated BMDMs (24 h at 1 µg/ml) in the presence or absence of WT or CLEC-2-

deficient platelets was quantified in the supernatant by ELISA (n=4). (F-H) Scratch 

wound migration of LPS-treated BMDMs (Mf) was monitored every 2 h for 96 h 
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using an Incucyte ZOOM system. Following wound scratch, (F) WT or CLEC-2-

deficient platelets (100:1) were added to Mf. (G) Wound closure was quantified as 

percentage of closure using ImageJ. (H) Total wound closure was quantified by AUC 

at 96 h (n=3). The statistical significance between 2 groups was analysed using a 

paired t-test and the statistical difference between multiple groups was tested using a 

one-way ANOVA with Tukey’s multiple comparisons test, *p < 0.05 **p < 0.01 

***p < 0.001. 

 

 

To further assess the CLEC-2-podoplanin axis, we utilised macrophages derived 

from the bone marrow of mice with a haematopoietic-specific deletion of podoplanin. 

In the presence of LPS, these macrophages expressed significantly less podoplanin 

than WT controls, although were not completely podoplanin-deficient (Figure 5.6). 

Interestingly, podoplanin deficiency from BMDMs did not affect their phagocytic activity 

(Figure 5.7A, B) suggesting a distinct role for podoplanin-crosslinking by CLEC-2. 

Podoplanin deficiency did not significantly alter wound closure, compared to WT BMDM 

(Figure 5.7C-E), nor did the addition of WT or CLEC-2-/- platelets (Figure 5.7C, F, 

G), showing a clear role for podoplanin in macrophage migration. 
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Figure 5.6 – Podoplanin expressed on BMDMs from PDPNfl/flVavi-Cre+ mice. 

Wild type (WT) or podoplanin-deficient (Vav-iCre+) BMDMs were cultured in the 

presence, or absence of LPS (1 µg/ml) for 24h. Podoplanin expression was 

assessed by flow cytometry. The statistical difference between multiple groups was 

analysed using a one-way ANOVA with Tukey’s multiple comparisons test, *p < 0.05 

**p < 0.01 ***p < 0.001. 
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Figure 5.7 - Podoplanin deficiency does not reduce BMDM phagocytic capacity 

but inhibits platelet-induced wound closure. (A-G) Wild type (WT) or podoplanin-

deficient BMDMs were LPS-stimulated (1 µg/ml) for 24 h (Mf).  (A, B) Phagocytosis of 

pH sensitive Alexa Fluor-488 conjugated Escherichia Coli bioparticles (3x106 

beads/condition) by WT or podoplanin-deficient (PDPN-/-) Mf was visualized for 4 h and 

analysed using Incucyte SX-5 Live-Cell microscopy. (n=4). (C-G) Scratch wound 

migration of PDPN-/- Mf was monitored every 2 h for 96 h using an Incucyte ZOOM 

system. Following wound scratch, (C) WT or CLEC-2-deficient platelets (100:1) were 

added to Mf. (D, F) Wound closure was quantified as percentage of closure using 

ImageJ. (E, G) Total wound closure was quantified by area under the curve (AUC; a.u. = 

arbitrary units) at 96 h (n=3). The statistical significance between 2 groups was 



 

 181 
 
 

analysed using an unpaired t-test and the statistical difference between multiple groups 

was tested using a one-way ANOVA with Tukey’s multiple comparisons test. 

 

 

5.3.4 The immunomodulatory function of CLEC-2 on macrophages is 

independent of platelet activation and secretion 

 

Platelet activation has been shown to drive leukocyte recruitment and migration 

during inflammatory conditions, majorly through PF4 and RANTES secretion.  In 

order to assess whether the immunomodulatory function of CLEC-2 was a result of 

platelet biology, or if it was a result of specific CLEC-2-podoplanin crosslinking, we 

used recombinant dimeric CLEC-2 (rCLEC-2-Fc) and IgG isotype controls. Addition 

of rCLEC-2-Fc to LPS-stimulated RAW264.7 cells or LPS-treated BMDM for 1 h 

increased podoplanin expression similar to WT platelets (Figure 5.8A-B). 

Crosslinking podoplanin with rCLEC-2-Fc decreased TNF-α secretion (Figure 5.8C).  

 

Similar to WT platelets, rCLEC-2-Fc induced LPS-stimulated BMDM elongation along 

collagen fibres, compared isotype IgG control (Figure 5.8D) and accelerated wound 

closure (Figure 5.8E-G), confirming the role of podoplanin crosslinking on macrophage 

migration. Podoplanin has been shown to bind to ERM proteins to regulate cell 

migration (Martín-Villar et al., 2006). We therefore investigated the interaction and 

distribution of the ERM proteins and podoplanin in inflammatory macrophages using 

3D-SIM microscopy. Surprisingly, podoplanin did not colocalize with the ERM 

proteins in LPS-treated BMDM. However, addition of rCLEC-2-Fc increased the 
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association of ERM proteins with podoplanin (Figure 5.8H), with an enrichment on 

the filopodia and migrating edges of the cell. 

 

As expected, the addition of rCLEC-2-Fc to podoplanin-deficient BMDM did not induce 

wound closure (Figure 5.9A-C), further confirming a distinct role for the CLEC-2-

podoplanin axis. In line with this, rCLEC-2-Fc reduced the levels of iNOS, a marker of 

M1 inflammatory macrophages, without altering Early Growth Response Gene-2 (Egr-

2), a marker of M2 anti-inflammatory macrophages (Figure 5.10A, B). Furthermore, the 

expression of co-stimulatory receptor, CD80, was not modified in the presence of 

rCLEC-2-Fc (Figure 5.10C). This suggests a distinct mechanism for the CLEC-2-

podoplanin axis to decrease the BMDM inflammatory phenotype without altering its re-

polarization. 

 

Altogether, our results show that crosslinking podoplanin by CLEC-2, rather than 

platelet activation and secretion, is responsible for the immunomodulatory effect of 

CLEC-2 regulating macrophage inflammatory phenotype and their migration. 
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Figure 5.8 - Figure 3: rCLEC-2-Fc upregulates podoplanin expression, and 

promotes macrophage spreading and migration in vitro. (A, B) Surface 

podoplanin expression was detected by flow cytometry. 24 h LPS-stimulated (1 

µg/ml) (A) RAW264.7 cells (n=3) or (B) BMDMs (Mf; n=4), were washed and 

incubated with recombinant CLEC-2-Fc (rCLEC-2-Fc; 10 µg/ml) or IgG isotype 
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control (10 µg/ml) for 1h. (C) Mf were washed, and cultured with rCLEC-2-Fc (10 

µg/ml) or IgG isotype control (10 µg/ml) for 2 h before TNF-α secretion was quantified 

in the media supernatant by ELISA (n=4). (D) LifeAct-GFP-derived Mf were spread 

on collagen in the presence of rCLEC-2-Fc or IgG isotype control (10 µg/ml) for 2 h 

and measured with immunofluorescence by confocal microscopy. (E-G). Scratch 

wound migration of Mf in a monolayer was monitored every 2h for a total of 96h 

using an Incucyte ZOOM system. Following wound scratch, (E) rCLEC-2-Fc (10 

µg/ml) was added to Mf. (F) Wound closure was quantified as percentage of closure 

compared to initial scratch size using ImageJ. (G) Total wound closure was 

quantified using area under the curve (AUC) at 96 h (a.u.= arbitrary units; n=3). (H) 

Mf were cultured on collagen in the presence of rCLEC-2-Fc or IgG isotype control 

(10 µg/ml) for 2 h. Podoplanin (red) and ERM protein (green) localisation was 

visualised using immunofluorescence by 3D-structured illumination microscopy (3D-

SIM). The statistical significance between 2 groups was analysed using a paired t-test 

and the statistical difference between multiple groups was tested using a one-way 

ANOVA with Tukey’s multiple comparisons test, *p < 0.05 ***p < 0.001. 
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Figure 5.9 - BMDM podoplanin deficiency inhibits rCLEC-2-FC-induced wound 

closure. (A-C) Podoplanin-deficient BMDMs were LPS-stimulated (1 µg/ml) for 24 h 

(Mf). Scratch wound migration of podoplanin-deficient Mf was monitored every 2 h 

for 96 h using an Incucyte ZOOM system. Following wound scratch, (A) Isotype IgG 

(10 µg/ml), or rCLEC-2-Fc (10 µg/ml) was added to Mf. (B) Wound closure was 

quantified as percentage of closure using ImageJ. (C) Total wound closure was 

quantified by area under the curve (AUC) at 96 h (n=3). The statistical significance 

between 2 groups was analysed using a paired t-test. 
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Figure 5.10 – CLEC-2 does not alter macrophage polarization. 24 h LPS-activated 

BMDMs (1 µg/ml) were cultured with rCLEC-2 (10 µg/ml) or IgG isotype control (10 µg/ml). 

Median of fluorescence intensity (MFI) for (A) iNOS, (B) Egr-2 and (C) CD80 was detected 

by flow cytometry (n=4). The statistical difference between multiple groups was tested using 

a one-way ANOVA with Tukey’s multiple comparisons test. **p < 0.01  
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5.3.5 rCLEC-2-Fc treatment reduces macrophage accumulation and 

inflammation in the peritoneum post-LPS-induced peritonitis 

 

Inflammation is a critical process which allows the body to process trauma or 

pathogen infection. However, inflammation can equally be detrimental to bodily 

function, and can lead to organ dysfunction. Macrophage accumulation has been 

observed in peritonitis, ARDS, inflammation of the liver, and atherosclerosis (Rayes 

et al., 2017, Lax et al., 2017, Hitchcock et al., 2015, Hatakeyama et al., 2012). We 

have described a role for CLEC-2 in dampening the inflammatory macrophage 

phenotype, and inducing actin cytoskeletal remodelling in vitro, which may provide a 

promising therapeutic target. To address this, we investigated the use of rCLEC-2-Fc 

therapeutically during an in vivo model of ongoing inflammation, LPS-induced 

peritonitis, and assessed the accumulation of inflammatory macrophages and their 

activity. Mice were challenged intraperitoneally (IP) with LPS at 10 mg/kg for 18 h, 

before IP treatment with rCLEC-2-Fc (100 µg) or an isotype IgG (100 µg) for 4 h 

(Figure 2).  

 

Myeloid and lymphoid immune cell populations were detected after 22 h in the 

peritoneal lavage by flow cytometry. The gating strategy to identify F4/80+ 

macrophages is shown in Figure 5.11A. At 22h post LPS, no significant change in 

the total number of cells in the peritoneum was observed in LPS-treated mice, 

compared to control mice (Figure 5.11B). Endotoxemia did not significantly alter 

CD45+ cell count in the PLF, compared to saline-treated mice. However, a significant 

reduction in CD45+ was observed in the group treated with rCLEC-2-Fc (Figure 

5.11C), more specifically CD11b+ F4/80+ (Figure 5.11D, E). The reduction in 
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inflammatory F4/80+ cells was not due to increased cell apoptosis or death, 

measured by AnnexinV and Sytox staining (Figure 5.11F). Podoplanin expression 

on F4/80+ cells detected in the peritoneum was increased in the LPS groups 

compared to control, with no significant changes between rCLEC-2-Fc and IgG 

treatment (Figure 5.11G). LPS increased platelet-macrophage complexes in the 

PLF, but this was not altered by rCLEC-2-Fc (Figure 5.11H). However, a significant 

increase in F4/80+CLEC-2+ macrophages and the expression of CLEC-2 on F4/80+ 

macrophages was observed following rCLEC-2-Fc treatment, confirming the binding 

of rCLEC-2-Fc to podoplanin on macrophages, without alteration in platelet-

macrophage interactions (Figure 5.11I, J).  

 

These observations were shown to be specific to macrophages, as rCLEC-2-Fc did 

not alter neutrophil (CD45+CD11b+Ly6G+), monocyte (CD45+CD11b+Ly6C+), T cells 

(CD45+CD11b-CD3+CD4+ and CD8+), B cells (CD45+CD11b-CD3-CD19+) or dendritic 

cells (CD45+CD11b-CD3-CD11c+) in the PLF (Figure 5.12A-F). rCLEC-2 treatment 

did not induce bleeding in the peritoneum, measured using red blood cell marker, 

Ter 119 (Figure 5.12G). 
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Figure 5.11 - rCLEC-2-Fc decreases macrophage number in the peritoneum 

following endotoxemia. Mice were intraperitoneally injected with LPS (10 mg/kg) 

for 18 h followed by rCLEC-2-Fc or IgG isotype control (100 µg) for 4 h (n=11). 

Immune cell and platelet infiltration in the peritoneal lavage (PLF) were measured 

using flow cytometry. (A) Gating strategy to identify A: macrophages 

(CD11b+F4/80+), B: monocytes (CD11b+Ly6C+) and C: neutrophils (CD11b+F4/80-

Ly6C-). (B) Total number of cells from the peritoneal lavage, (C) leukocytes (CD45+), 

(D) myeloid cells (CD45+CD11b+) and (E) macrophages (CD45+CD11b+F4/80+) were 

measured in the PLF. (F) F4/80+ macrophage viability was quantified using 

SytoxRed and AnnexinV staining. (G) Median fluorescence intensity (MFI) of 
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podoplanin expressed on the surface of macrophages was quantified. (H) The 

percentage of platelet-macrophage complexes in the peritoneum (F4/80+CD41+), (I) 

the percentage of CLEC-2-positive macrophages and (H) the MFI of CLEC-2 

expression on macrophages was assessed. The statistical difference between 

multiple groups was tested using a one-way ANOVA with Tukey’s multiple 

comparisons test, *p<0.05 **p < 0.01 ***p<0.001. 

 

 

 

 

 

 

 

 

 

 



 

 191 
 
 

 

Figure 5.12 - rCLEC-2-Fc treatment does not alter immune cell accumulation 

aside from macrophages during peritonitis. Mice were intraperitoneally injected 

with LPS (10 mg/kg) for 18 h followed by rCLEC-2-Fc or IgG isotype control (100 µg) 

for an additional 4 h (n=11. Total count of (A) monocytes (CD45+CD11b+Ly6C+) and 

(B) neutrophils (CD45+CD11b+Ly6G+), (C) CD4+ and (D) CD8+ T cells 

(CD45+CD11b-CD3+), (E) B cells (CD45+CD11b-CD3-CD19+), (F) dendritic cells 

(CD45+CD11b-CD3-CD11c+) and (G) erythrocytes (CD45-Ter119+) in the peritoneum 

was acquired by flow cytometry. The statistical difference between multiple groups 

was tested using a one-way ANOVA with Tukey’s multiple comparisons test. 
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We assessed whether the change in macrophage accumulation in the inflamed 

peritoneum is accompanied by an alteration in cytokine and chemokine release. 

Similar to our in vitro observations, rCLEC-2-Fc decreased TNF-α secretion in the 

PLF of LPS-treated mice (Figure 5.13A) and increased the levels of the anti-

inflammatory cytokine IL-10 (Figure 5.13B). Furthermore, chemokines CCL2, CCL5 

and CXCL1 were also significantly increased (Figure 5.13C-E). Interestingly, 

CCL21, a soluble ligand for podoplanin (Tejchman et al., 2017), was not significantly 

altered in the peritoneum in rCLEC-2-Fc-treated mice (Figure 5.13F). Alongside 

previous observation that increased Ter119+ cells were not detected in the 

peritoneum in the group treated with rCLEC-2-Fc, we saw that the emigration of 

macrophages was not associated with increased vascular permeability, as measured 

by angiopoietin-2 secretion (Figure 5.13G). There was no change in MMP-9, 

CXCL2, CCL4, C5a, IL-6 or IL1-b secretion following rCLEC-2-Fc treatment (Figure 

5.13H-L).  

 

Together, these results show that rCLEC-2-Fc preferentially reduces inflammation 

through multiple mechanisms. Not only does rCLEC-2-Fc reduce podoplanin-positive 

inflammatory macrophage accumulation and retention in the inflamed peritoneum, 

but we observe that this is associated with an alteration in the inflammatory 

environment, in particular a reduction in pro-inflammatory TNF-α levels and increase 

in anti-inflammatory IL-10. However, the fate of the macrophages which have 

emigrated from the peritoneum is unknown.  
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Figure 5.13 – rCLEC-2-Fc reduces inflammation in the peritoneum during 

endotoxemia. Mice were intraperitoneally injected with LPS (10 mg/kg) for 18 h 

followed by rCLEC-2-Fc or IgG isotype control (100 µg) for an additional 4 h (n=11). 

Chemokine and cytokine secretion in the peritoneal lavage fluid (PLF) of (A) TNF-α, 

(B) IL-10, (C) CCL2, (D) CCL5, (E) CXCL1, (F) CCL21 (G) angiopoietin-2, (H) MMP-

9, (I) CXCL2, (J) CCL4, (K) C5a, and (L) IL-6 was measured by ELISA. The 

statistical difference between multiple groups was tested using a one-way ANOVA 

with Tukey’s multiple comparisons test. *p < 0.05 **p < 0.01 ***p < 0.001  



 

 194 
 
 

5.3.6 rCLEC-2-Fc treatment during endotoxemia increases inflammatory 

macrophage emigration from the spleen and lung 

 

The decrease in macrophage count in the peritoneum could be explained by increased 

cell death, increased adhesion or emigration to secondary sites. Since rCLEC-2-Fc did 

not increase macrophage death and our in vitro experiments suggests accelerated 

migration, we investigated the infiltration of macrophage in the draining lymphoid 

organs. No significant increase in spleen weight or CD45+ cell count was observed post-

LPS-challenge (Figure 5.14A, B). However, LPS injection increases the total number of 

myeloid CD11b+ cells, in particular F4/80+, in the spleen compared to control (Figure 

5.14C, D), which was abrogated in rCLEC-2-Fc-treated mice. Despite that LPS-

challenge induced podoplanin expression on splenic F4/80+, it was not significantly 

altered by rCLEC-2 compared to control (Figure 5.14E). Although, a significant increase 

in F4/80+podoplanin+CLEC-2+ is observed (Figure 5.14F, G). Immunofluorescent 

imaging shows a decrease in platelet-positive macrophages in the spleen compared to 

IgG control (Figure 5.14H).  
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Figure 5.14 - rCLEC-2-Fc treatment induces macrophage emigration from the 

spleen during endotoxemia. Mice were intraperitoneally injected with LPS (10 mg/kg) 

for 18 h followed by rCLEC-2-Fc or IgG isotype control (100 µg) for an additional 4 h 

(n=11). Total splenocytes were collected, red blood cells lysed and immune cell 

populations were detected by flow cytometry. Cell number was normalised to (A) spleen 

weight. (B) Total count of immune cells (CD45+), (C) myeloid cells (CD45+CD11b+) and 

(D) macrophages (CD45+CD11b+F4/80+) were analysed, alongside (E) median 
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fluorescent intensity (MFI) of podoplanin expressed on the surface of macrophages, (F) 

CLEC-2-positive macrophages (%) and (G) F4/80+CLEC-2 expression was assessed 

using flow cytometry. (H) Immunofluorescent staining of platelets (CD41; purple) and 

macrophages (F4/80; green) in frozen spleen sections was imaged by a Zeiss Axioscan 

7. The statistical difference between multiple groups was tested using a one-way 

ANOVA with Tukey’s multiple comparisons test. **p < 0.01 ***p < 0.001 ****p < 

0.0001. 

 

As rCLEC-2 did not induce F4/80+ migration to the spleen, and were not found in the 

peritoneum, we investigated the presence of macrophages in the liver, kidney and lungs 

(Figure 5.15A-C) and quantified by F4/80+ thresholding (Figure 5.15A-C). We 

observed resident macrophages (Kupffer cells) in the liver of unchallenged mice, with an 

infiltration of F4/80+ macrophages upon LPS-challenge, unchanged by rCLEC-2-Fc 

treatment (Figure 5.15A, D).  There were few kidney resident macrophages in 

unchallenged mice, again with an infiltration of F4/80+ cells upon LPS-challenge, 

unchanged by rCLEC-2-Fc treatment (Figure 5.15B, E). Finally, we observed alveolar 

macrophages in the lungs of unchallenged mice, but interestingly, whilst we observe 

F4/80+ lung infiltration upon LPS-challenge, there was macrophage emigration from the 

lungs with rCLEC-2-Fc treatment (Figure 5.15C, F). 

 

Our results demonstrate that macrophages do not emigrate to organs upon rCLEC-2-Fc 

treatment, but in fact show a loss of macrophages in the lung. This does not explain the 

loss of macrophages observed in the spleen or peritoneum. 
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Figure 5.15 - rCLEC-2-Fc treatment induces macrophage emigration from the 

lungs during endotoxemia. Mice were intraperitoneally injected with LPS (10 mg/kg) 

for 18 h followed by rCLEC-2-Fc or IgG isotype control (100µg) for 4 h. (A-C) F4/80-

DAB stained paraffin embedded organs: (A) liver, (B) kidney and (C) lungs were imaged 

using a Zeiss Axioscan 7. (D-F) F4/80+ cells were quantified per high power field (HPF) 

using an ImageJ script: (D) liver, (E) kidney and (F) lungs. The statistical difference 

between multiple groups was tested using a one-way ANOVA with Tukey’s multiple 

comparisons test. **p < 0.01 
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5.3.7 Macrophages emigrate to draining mesenteric lymph nodes upon 

rCLEC-2-Fc treatment during endotoxemia to prime T cells 

 

We next investigated the infiltration of inflammatory peritoneal macrophages to the 

draining lymph nodes. F4/80+ population was detected in the mesenteric lymph 

nodes (MLN) by flow cytometry and immunofluorescence. A significant increase in 

myeloid cells, in particular F4/80+ cells, was observed in rCLEC-2-Fc treated mice 

compared to IgG control (Figure 5.16A-C). There was also a notable increase in 

CLEC-2-bound F4/80+ cells in rCLEC-2-Fc-treated mice (Figure 5.16D). The 

increase in CLEC-2 MFI might be due to the enhanced podoplanin expression, 

increasing the binding sites for CLEC-2. The increase in CLEC-2 density on F4/80+ 

cells positively correlated with F4/80+ frequency in the MLN (r2=0.67, p=0.0011; 

Figure 5.16E), demonstrating that rCLEC-2-Fc binding to inflammatory peritoneal 

macrophages promotes their emigration from the inflamed peritoneum to the MLN.   

 

In order to assess whether emigrated macrophages prime T cells in the draining 

lymph nodes, we first assessed the location of these macrophages. Unchallenged 

lymph nodes showed platelets were localised in the medulla, and around the 

medullary chords. Following LPS challenge, there was no significant staining for 

F4/80+ cells. However, following rCLEC-2-Fc treatment, a significant influx of F4/80+ 

cells was observed in the draining lymph nodes, with a concentration of cells in the 

medulla, in close contact with T cells (Figure 5.16F). We did not detect 

macrophages bound to platelets in this zone, however macrophages localised in the 

lymph nodes post-rCLEC-2-Fc are seen to be CLEC-2- and podoplanin-positive 

compared to IgG control (Figure 5.16G).  
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Figure 5.16 - Peritoneal macrophage emigration to mesenteric lymph nodes 

during endotoxemia is induced by rCLEC-2-Fc treatment. Mice were 

intraperitoneally injected with LPS (10 mg/kg) for 18 h followed by rCLEC-2-Fc or 

IgG isotype control (100µg) for an additional 4 h (n=4). (A-E) Mesenteric lymph node 

(MLN) cells were collected and immune cell population detected by flow cytometry. 

(A) Percentage of myeloid cells (CD45+CD11b+), (B) macrophages 

(CD45+CD11b+F4/80+), (C) CLEC-2-positive macrophages and (D) the MFI of CLEC-

2 expression on macrophages were detected by flow cytometry. (E) The correlation 

between the percentage of macrophages in the MLN and the MFI of CLEC-2 

expression on macrophages by is shown by simple linear regression. (F) 
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Immunofluorescent staining of macrophages (F4/80; purple) and platelets (CD41; 

green) and (G) macrophages (F4/80; blue), CLEC-2 (green) and podoplanin 

(orange) in frozen MLN sections was imaged using a Zeiss Axioscan 7. The 

statistical significance was analysed using a Kruskal-Wallis multiple comparisons 

test. *p < 0.05. 

 

Macrophage influx to the MLN is likely a result of a response to a chemoattract 

gradient generated. We investigated CCL21, a chemoattractant secreted from LECs 

and soluble ligand for podoplanin (Farnsworth et al., 2019). However, similar to the 

peritoneum, we did not observe an alteration of CCL21 expression in MLN upon 

rCLEC-2-Fc treatment (Figure 5.17A). In order to assess whether increased 

podoplanin expression and actin remodelling upon CLEC-2-crosslinking increases 

macrophage chemoattraction towards CCL21, we evaluated inflammatory BMDM 

migration towards CCL21 in vitro using a Boyden chamber. Addition of rCLEC-2-Fc 

to LPS-treated BMDM increased the number of macrophages migrating towards 

CCL21 (Figure 5.17B). This was not due to an increase in CCL21 receptors, CCR4 

and CCR7 (Figure 5.17C, D). This suggests that CLEC-2-dependent podoplanin and 

CD44 upregulation, associated with accelerated actin rearrangement, was 

responsible for increased migration towards CCL21. 

 

We observed macrophages in the medulla post rCLEC-2-Fc treatment during 

peritonitis, whereby they can interact with lymphoid cells. This hinted that 

macrophages may be migrating to the MLN to prime T cells. We investigated this by 

stimulating homogenised MLN ex vivo with low-dose LPS (10 ng/ml) for 24 h. IL-2 

secretion, a marker for T cell priming, was not detected post-low-dose LPS in MLN 
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cells isolated from saline- or LPS-treated mice (Figure 5.17E). In contrast, a 

significant increase in IL-2 levels was observed in rCLEC-2-Fc treated mice, 

suggesting that increased macrophage efflux to the medulla T zone promotes T cell 

priming.   

 

Altogether, these results suggest that rCLEC-2-Fc alters the expression of 

podoplanin and its interaction with ligands CD44, ERM and CCL21. This accelerates 

the removal of inflammatory macrophages from the inflamed peritoneum, reducing 

macrophage inflammation and promotes macrophage emigration to mesenteric 

lymph nodes to promote T cell priming. Overall this reduces inflammation in the 

peritoneum, and may initiate the adaptive immune system to promote the resolution 

of inflammation. 
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Figure 5.17 - Inflammatory macrophages migrate toward CCL21 during 

endotoxemia and primes T cells in mesenteric lymph nodes. Mice were 

intraperitoneally injected with LPS (10 mg/kg) for 18 h followed by rCLEC-2-Fc or 

IgG isotype control (100µg) for an additional 4 h (n=4). (A) Immunofluorescent 

staining of CCL21 (purple) in frozen sections of MLN, and images taken using a 

Zeiss Axioscan 7. (B-D) 24 h LPS-stimulated (1 µg/ml) BMDMs were treated with 

rCLEC-2-Fc or IgG isotype control (10 µg/ml) for 4 h. (B) The migration of 

inflammatory BMDMs with rCLEC-2-Fc or IgG Isotype control (10 µg/ml) toward 

CCL21 (30 ng/ml) was analysed using a Boyden chamber for 4 h (n=3). Surface 

expression of (C) CCR4 and (D) CCR7 median fluorescence intensity (MFI) was 

detected by flow cytometry (n=4). (E) IL-2 secretion from MLN cells in vitro culture 

with LPS (10 ng/ml) for 16 h was quantified by ELISA. The statistical significance 

between 2 groups was analysed using an unpaired t-test and a one-way ANOVA with 

Tukey’s multiple comparisons test for multiple groups, *p < 0.05 ****p < 0.0001. 
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5.4 Discussion 

 

In this study, we report that crosslinking podoplanin expressed on inflammatory 

macrophages using rCLEC-2-Fc limits the inflammatory environment by reducing 

inflammatory macrophage accumulation in the inflamed tissue and directly reducing 

their inflammatory phenotype. During ongoing peritonitis induced by LPS, rCLEC-2-

Fc accelerates the removal of inflammatory macrophages from the site of 

inflammation to a draining lymph node and primes T cells. CLEC-2-podoplanin 

crosslinking inflammatory macrophages promotes their mobility through (i) the 

dephosphorylation of podoplanin intracellular serine residues, (ii) upregulation and 

rearrangement of podoplanin and CD44 expression on macrophage membrane 

protrusions, (iii) reorganisation of the actin cytoskeleton through ERM protein 

distribution on cell protrusions and (iv) inflammatory macrophage interaction with 

CCL21. Simultaneously, CLEC-2 reduces TNF-a secretion from inflammatory 

macrophages and delays their phagocytic activity without changing macrophage 

polarisation, in a podoplanin-dependant manner. We propose that during ongoing 

inflammation, CLEC-2-podoplanin crosslinking reduces tissue inflammation by 

reducing accumulation and retention of inflammatory macrophages and promotes 

their emigration to draining lymph nodes.  

 

During inflammation, macrophages play three main functions: phagocytosis of debris 

and dead/apoptotic cells and pathogens, antigen presentation and immunoregulation 

by secreting an arsenal of cytokines and chemokines. After the first inflammatory 

phase subsides, macrophages also play a role in tissue repair and wound healing 

(Duffield et al., 2005). Alteration in the acute or repair phases can lead to chronic 
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inflammation and pathogenic fibrosis. Recent studies showed that platelet interaction 

with macrophages can alter macrophage function, dependant on the receptor, insult, 

organ and disease progression (Scull et al., 2010, Linke et al., 2017, Carestia et al., 

2019, Barrett et al., 2019, Rolfes et al., 2020, Heffron et al., 2021). Using acute 

inflammatory models, we and others have shown a significant upregulation of 

podoplanin on inflammatory macrophages. Although many studies have shown that 

platelet secretion is the main regulator of macrophage function, partly through 

Prostaglandin E2 (Xiang et al., 2013, Heffron et al., 2021), we show for the first time 

that CLEC-2 immunomodulation independent of platelet activation and secretion. 

Deletion of CLEC-2 from platelets did not alter the binding of platelets to 

inflammatory macrophages, suggesting that CLEC-2 is not involved this heterotypic 

interaction, but exerts an immunomodulatory effect. GPIb, CD40L, P-selectin or 

other receptors might be responsible for binding and differentially regulate 

macrophage functions (Carestia et al., 2019, Inwald et al., 2003, Ye et al., 2019).  

 

The use of rCLEC-2-Fc overcomes the limitation of using platelets during ongoing 

inflammation, as the variety of platelet receptors have both pro- and anti-

inflammatory roles which limit clinical translation. CLEC-2 induces a rapid (<1 h) 

translocation of podoplanin from intracellular stores to the surface of inflammatory 

macrophages. This is associated with a loss of phosphorylation of the serine 

residues in the intracellular podoplanin tail, which has been demonstrated to promote 

fibroblast migratory activity (Krishnan et al., 2013, Krishnan et al., 2015). Classically, 

macrophages migrate through actin polymerisation-driven elongation of the leading 

edge towards a gradient, followed by integrin mediated adhesion to matrix proteins 

and finally actomyosin contraction and trailing edge de-adhesion (Pixley, 2012). 
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CLEC-2 induced the reorganisation of the actin cytoskeleton and increased 

podoplanin interaction with ERM proteins and CD44, promoting macrophage 

migration. Furthermore, CD44 expression is required for podoplanin-induced 

migration in squamous stratified epithelia (Martín-Villar et al., 2010). This provides 

evidence for a signalling pathway linking podoplanin serine phosphorylation, ERM 

proteins and CD44 association to dictate cell migration. This cell- and protein-

specific strategy to promote inflammatory macrophage migration, without inducing 

inflammatory bleeding or thrombosis, avoids major complications associated with 

platelet targeting in inflammation. 

 

The induction of macrophage removal is unclear, although it has previously been 

speculated that it could be through local death and/or increased migration to draining 

lymph nodes (Bellingan et al., 1996, Cao et al., 2005, Gautier et al., 2013). Here, we 

show the absence of macrophages from the inflamed peritoneum is not secondary to 

macrophage local death or increased macrophage adherence through integrin aDb2 

and aMb2 (Mac-1) upregulation, but rather due to macrophage emigration to a 

secondary site. Furthermore, the increase in macrophage emigration was not due to 

matrix metalloprotease 9 secretion, dysregulated vascular integrity, or by increase in 

other chemotactic molecules such as complement C5a levels, as previously 

described (Gong et al., 2008, Xie et al., 2020). Peritoneal macrophages are 

comprised of 2 functionally and phenotypically distinct subsets, the large (LPM) and 

small peritoneal macrophages (SPM) (Cassado Ados et al., 2015). LPM 

(F4/80highCD11bhighLy6C-) largely outnumber SPM (F4/80lowCD11blowLy6C+), and are 

responsible for phagocytosis of cell debris and apoptotic cells and mediate tissue 

repair (Cassado Ados et al., 2015). During a sterile liver injury, a sub-population of 
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resident peritoneal macrophages, GATA-6+, is rapidly mobilised to the injured liver in 

CD44-dependent manner, expressing M2 macrophage markers and promoting 

tissue repair (Wang and Kubes, 2016). Following inflammation, LPM rapidly migrates 

to draining lymph nodes, whereas SPM numbers increases with monocyte influx 

from the circulation into the peritoneum.  Combining our in vitro and in vivo data 

suggests a role for the strong chemoattractant and podoplanin ligand released from 

the draining lymph node LECs, CCL21 (Farnsworth et al., 2019). CCL21 has 

previously been described as a key regulator of podoplanin+ dendritic cells migrating 

to lymph nodes (Lira, 2005, Manzo et al., 2007). Dendritic cell emigration to draining 

lymph nodes by a CCL21 gradient during inflammation was shown to be regulated 

by CCR7 upregulation on the cell surface (Luster et al., 2005). However, here we 

show CCL21 receptors, CCR4 and CCR7, had indifferent expression with rCLEC-2-

Fc treatment, demonstrating a distinct role for podoplanin-CCL21. This directed 

migration and retention in lymph nodes represents advantages, through limitation of 

peritoneal inflammation and potential development of an adaptive immune response. 

 

CLEC-2-mediated macrophage migration to draining lymph nodes was not restricted 

to reduce peritoneal inflammation and macrophage accumulation, but also increased 

T cell priming in the lymph nodes. Macrophages are not solely innate immune cells 

but can also process and present antigens to naïve T cells in secondary lymphoid 

organs, driving CD4+ T helper cell activation and polarisation to Th1, Th2 or Th17 

effector cells (Muntjewerff et al., 2020). Macrophage presence in the medulla, 

alongside IL-2 secretion, indicates T cell priming. Whether macrophages function as 

antigen presenting cells, express co-stimulatory molecules or release activating 

cytokines to prime T cells needs further investigation. Moreover, T cell priming, 
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polarisation and survival following clonal expansion requires further investigation. 

The beneficial targeting of macrophage emigration to lymph nodes is dependent on 

the disease, as the association of podoplanin-positive macrophages with tumour 

lymphatic vessels in mammary tumour model correlates with increased lymph node 

and distant organ metastasis (Bieniasz-Krzywiec et al., 2019).   

 

We have previously shown that platelet-CLEC-2-deficiency in mice exacerbated the 

cytokine storm during endotoxemia and caecal ligation and puncture, associated with 

impaired macrophage number in the peritoneum. Complex alterations in the 

inflammatory response in these mice limited the use of rCLEC-2-Fc treatment during 

endotoxemia, due to a drastic early increase in the clinical severity. Therefore, the 

mechanisms driving the dysregulated inflammatory response in CLEC-2-deficient 

mice require further investigation. 

 

In conclusion, we show a novel, key immunomodulatory role for CLEC-2-podoplanin 

interaction to limit the accumulation and retention of highly inflamed macrophages in 

tissues, a major complication observed in many sterile thromboinflammatory 

diseases such as atherosclerosis and metabolic syndrome. rCLEC-2-Fc may present 

a novel pathway to reduce the accumulation of inflammatory macrophages, limiting 

tissue inflammation and subsequent progression a to chronic inflammatory state.  
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Chapter 6 

6. General Discussion 
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6.1 Summary of Results 

 

The work presented in this thesis describes the dynamic characteristics of CLEC-2 in 

thrombosis, thromboinflammation and inflammation. We identified: (i) a role for 

CLEC-2 in thrombus growth and stability in mice, but not humans, (ii) a novel 

platelet-activating ligand for CLEC-2, hemin, which is limited by anti-malarial drug, 

hydroxychloroquine, (iii) a mechanism for CLEC-2 in promoting macrophage 

emigration during ongoing inflammation, through podoplanin. This data supports 

therapeutic interventions to either block CLEC-2-mediated thrombosis or to use 

recombinant CLEC-2 to reduce tissue inflammation. This data also supports a 

disease- and organ-dependent function of CLEC-2, which will require to be adjusted 

to the disease and organ involved. 

 

6.2 A negligible role for CLEC-2 in thrombosis and haemostasis 

 

The role of platelet CLEC-2 in arterial thrombosis until now was ambiguous. It had 

been suggested that CLEC-2 could be a novel anti-thrombotic target to replace 

P2Y12 or COX inhibitors, after promising observations in mice (May et al., 2009, 

Suzuki-Inoue, 2011, Bender et al., 2013, Haining et al., 2017). However, here we 

observe that the role of platelet-CLEC-2 to thrombus growth in arterial thrombosis in 

mice is not translated to humans. Whether this is the result of a ligand which does 

not exist in humans which is seen in mouse blood, or if it is due to dissimilar CLEC-2 

copy numbers, it is not clear. This theory needs to be confirmed using a humanised 

platelet-CLEC-2 mouse model, which may elude to an answer. However, based on 

research to date, we can conclude that platelet-CLEC-2 inhibition in humans will not 
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detriment thrombosis and haemostasis, therefore making it a promising therapeutic 

target in other diseases. 

 

6.3 Targeting CLEC-2 in thromboinflammation  

 

CLEC-2 has well established roles in thromboinflammation, and has been described 

to contribute to venous thrombus formation in both sterile- and infection-driven 

thrombosis in a podoplanin-dependent manner (Hitchcock et al., 2015, Payne et al., 

2017). However, no clinical trials targeting CLEC-2 in thromboinflammatory are 

ongoing, perhaps due to concern surrounding the contribution of CLEC-2 to 

haemostasis (Harbi et al., 2021). Our data demonstrating its negligible role in 

thrombus growth in humans provides justification to inhibit CLEC-2 to limit thrombus 

growth. Alternatively, CLEC-2 ligands could be targeted to limit 

thromboinflammation. Here, we show that HCQ limits hemin-induced platelet 

aggregation through CLEC-2 by scavenging hemin, similar to its mechanism of 

action as an anti-malarial. Hitchcock et al. demonstrated that a deletion of 

haematopoietic-podoplanin impaired thrombus generation post-Salmonella infection, 

similar to platelet-CLEC-2-deletion. However, targeting podoplanin therapeutically 

may be challenging, due to its expression on a wide variety of cell types, unlike 

CLEC-2, which is restricted to platelets and CD11bhiGr-1hi cells (Lowe et al., 2015). 

That being said, whilst inhibiting CLEC-2 during sterile thromboinflammation (such 

as DVT) may be without risk, impairment of the immunomodulatory function of 

CLEC-2 to regulate the inflammatory response during pathogen-induce thrombosis 

may prove counterintuitive. 
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6.4 Intracellular and Extracellular inhibition of CLEC-2 

 

Classically, antibodies are used to inhibit receptor-ligand binding due to their high 

affinity, however they are not orally available. There are very few effective CLEC-2-

blocking reagents. Cobalt hematoporphyrin blocks podoplanin and rhodocytin-

induced aggregation (Tsukiji et al., 2018). Furthermore, non-cytotoxic 5-

nitrobenzoate compound, 2CP, was shown to limit FeCl3-induced vascular occlusion 

in mice, and podoplanin, but not rhodocytin-induced platelet aggregation (Chang et 

al., 2015). The drugs’ toxicity, low potency and lack of oral availability has led to their 

discard from clinical trial pursuit. We show that monoclonal antibody, AYP1, blocks 

podoplanin and rhodocytin-induced platelet aggregation. The bioavailability, stability 

and efficacy of this antibody in vivo is the subject of ongoing research. Issues using 

extracellular inhibitors provide justification for CLEC-2 inhibition by other methods. 

 

Intracellular targeting by downstream kinases linked to CLEC-2 hemITAM domain is 

effective. Specific kinases such as Bruton (BTK), syk and src, are essential to CLEC-

2-regulated platelet activation (Outlined in Figure 1.4), and are approved for 

treatment of solid tumours, haematological malignancies and immuno 

thrombocytopaenia (Harbi et al., 2021). Syk inhibitor, Fostamatinib, is clinically 

approved to treat immune thrombocytopaenia, but has also been shown to inhibit 

CLEC-2- and GPVI-mediated platelet activation. Alternatively, BTK inhibitors have 

been developed and are in clinical trial such as Ibrutinib, which binds to the BTK H3 

domain (Byrd et al., 2013, Byrd et al., 2015, Wen et al., 2021). Interestingly, low-

dose BTK inhibitors have been shown to selectively inhibit CLEC-2- and not GPVI-

induced platelet activation (Nicolson et al., 2021). This could be particularly 
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promising for treatment of thromboinflammatory, CLEC-2-mediated disease, without 

detriment to GPVI-mediated platelet activation. 

 

A novel and exciting method for receptor blocking is nanobodies. They have the 

same specificity and affinity of antigen binding, but are 1/10th of the size, which 

allows for much greater tissue infiltration (Yang and Shah, 2020).  In our lab, we 

have recently generated more than 50 different nanobodies to GPVI, some of which 

have been characterised to block ligand-induced platelet activation (Slater et al., 

2021). There is currently no published nanobody to CLEC-2, however this could be 

an exciting, highly specific prospect for CLEC-2-specific inhibition in humans. 

 

6.5 Difficulties in targeting CLEC-2 during inflammation 

 

Inflammation is dynamic, and during major inflammatory diseases such as sepsis, 

can range from SIRS phase to the polar opposite CARS phase. The lack of 

distinction between these phases, alongside patient immune heterogeneity, makes 

treatment challenging. Whereas patients during the SIRS phase would benefit from 

anti-inflammatory therapy (Vincent et al., 2013), an immune adjuvant treatment 

would be more beneficial in immune suppressed patients, such as GM-CSF or IL-7 

therapies (Marshall, 2014).  Here, we have demonstrated a cell-specific axis which 

limits the inflammatory response during LPS-induced peritonitis, which limited local 

inflammation (Figure 6). Utilisation of this therapeutic target depends on the stimuli, 

location and timepoint of inflammation. 
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Figure 6 – The reduction of the pro-inflammatory phenotype of M1 

macrophages during a mouse model of LPS-induced peritonitis by CLEC-2. 

Podoplanin crosslinking by rCLEC-2-Fc or platelet-CLEC-2 in vitro reduces 

macrophage TNF-a secretion and phagocytic activity, but increases their migration. 

Treatment using rCLEC-2 in vivo reduces inflammatory macrophage accumulation 

by increasing their emigration to lymph nodes, to reduce tissue inflammation. Figure 

made using BioRender. 
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The podoplanin-CLEC-2 axis has been demonstrated to benefit and detriment 

inflammation. The axis is protective during ARDS; deletion of podoplanin- or CLEC-2 

exacerbated lung function post-intratracheal LPS instillations (Lax et al., 2017). Their 

deletion during sepsis exacerbates the cytokine storm and limited macrophage 

recruitment/secretion (Rayes et al., 2017). During EAE, it is neuroprotective, 

whereby deletion of podoplanin or CLEC-2 increased EAE-induced inflammatory 

responses (Constantinescu et al., 2011, Peters et al., 2015, Nylander et al., 2017). 

Interestingly, during a mouse model of ischaemic stroke, the podoplanin-CLEC-2 

axis was shown to promote neurodegeneration, contradictory to that observed during 

EAE – both cortical inflammatory events (Meng et al., 2021). Furthermore, 

overexpression of podoplanin on Th17 cells during rheumatoid arthritis promoted the 

inflammatory response (Noack et al., 2016). CLEC-2 also limits liver recovery post-

toxic injury by inhibiting neutrophil recruitment (Chauhan et al., 2020). This 

demonstrates that an organ, alongside the stimuli can dictate the activity of the 

CLEC-2-podoplanin axis determining its benefit or detriment.  

 

During acute infectious disease, inflammatory macrophages are critical in clearing 

pathogens, and also removing inflammatory/dead neutrophils and debris. However, 

during chronic inflammatory diseases such as obesity or metabolic disorders, 

inflammatory macrophage accumulation and retention can harm tissue (Zheng et al., 

2016). Therefore, promoting macrophage emigration by crosslinking CLEC-2 and 

podoplanin may benefit patients in reducing both the inflammatory phenotype of M1 

macrophages, and reducing tissue inflammation. It is clear that patient stratification 

is crucial for a treatment success, and a specialised identification of stimuli, location 
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and timepoint is necessary to utilise the CLEC-2-podoplanin axis as a therapeutic 

target during inflammation. 

 

6.6 Future work – Crosslinking CLEC-2 

 

Although we have shown that CLEC-2-podoplanin crosslinking induces macrophage 

emigration from the site of inflammation, due to animal licensing, we have not been 

able to assess the subsequent adaptive immune response. We can predict that 

rCLEC-2-Fc-induced T cell priming may initiate the resolution of inflammation, 

however this is speculative. Should this be the case, delivery of recombinant proteins 

to crosslink podoplanin in patients during chronic inflammatory disease could be 

promising. This could be achieved using pH sensitive nanoparticles, which are in 

development to treat cancer, but could be applied to selectively target the acidic 

microenvironment within inflammatory tissue (Lv et al., 2016).  

 

6.7 Conclusion 

 

Data and discussion in this thesis identify CLEC-2 as a therapeutic target in 

thromboinflammation and inflammatory disease. The negligible contribution of 

CLEC-2 to arterial thrombosis and haemostasis allows targeting without inducing 

bleeding defects. This could be accomplished specifically through low-dose BTK 

inhibition, or perhaps in the future through nanobody generation. Targeting hemin-

induced platelet activation by CLEC-2 using hydroxychloroquine could remove the 

need for invasive treatment during haemolytic disease.  Furthermore, crosslinking 

CLEC-2 during chronic inflammatory disease, with consideration for inflammatory 
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stimuli, tissue and timescale, could limit inflammation. Future research into 

synthetically crosslinking CLEC-2 has a prospect for therapeutic use in patients. 
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8. Appendix 1  –  Heme induces human and mouse platelet activation 
through C-type lectin-like receptor 2. Haematologica. 

    

 

Heme induces human and mouse platelet activation
through C-type-lectin-like receptor-2

Intravascular hemolysis is a serious complication devel-
oped in many severe infections such as malaria, sepsis,1

typical hemolytic uremic syndrome2 and congenital dis-
eases such as sickle cell disease.3 Hemolysis is accompa-
nied by thrombocytopenia, platelet activation, platelet-
leukocyte aggregates, inflammation, vascular obstruction
and organ damage. During hemolysis, red blood cell
destruction leads to the release of molecules such as ADP,
hemoglobin and heme which exert potent prothrombotic
and proinflammatory actions. 

Under physiological conditions, free heme is scavenged
by the plasma protein hemopexin, and is subsequently
catabolized by heme oxygenase-1 into carbon monoxide,
biliverdin and ferrous iron (Fe2+). However, acute or/and
chronic hemolysis exhausts the scavenging system lead-
ing to an increase in free heme in the blood. Upon
release, reduced heme is rapidly and spontaneously oxi-
dized in the blood into ferric (Fe3+) form, hemin, with
increased levels observed in hemolytic diseases. It was
recently shown that hemin induces human platelet acti-
vation and platelet death through ferroptosis, an intracel-
lular iron-mediated cell death.4 However, the mecha-
nisms and receptors involved in platelet activation by
hemin are not known. 

In this study, we investigated hemin-mediated human
and mouse platelet activation in vitro. An increase in labile
(i.e., weakly bound and free) heme/hemin is detected in
patients with hemolytic diseases with plasma concentra-
tions ranging between 2 µM and 50 µM.5,6 Similar con-
centrations of heme are detected in mice with chronic or
acute hemolysis such as sickle cell mice or Escherichia
coli-induced hemolysis.1,7 In this study, we show that
hemin (2-12 µM) induces rapid aggregation of human
washed platelets, while aggregation is slower and
reduced in magnitude at higher (≥ 25 µM) concentrations
(Figure 1A, B). Platelet aggregation was associated with
increased P-selectin expression and GPIIbIIIa activation
as measured by flow cytometry (Figure 1C, D). High (≥25
µM) but not lower concentrations of hemin significantly
increased phosphatidylserine (PS) exposure on platelets
as assessed using Annexin V staining (Figure 1E).
Moreover, high concentrations of hemin induced toxicity
as measured by increased levels of lactate dehydrogenase
(LDH) in the supernatant of activated platelets (Figure
1F). Recent data have shown that a high concentration of
hemin (25 µM) triggers lipid peroxidation and human
platelet death through ferroptosis but not apoptosis or
necroptosis.4 Whether the increase in PS exposure modu-
lates the contribution of platelets to the coagulopathies
observed in hemolytic diseases requires further investiga-
tion. 

Hemin is known to bind to Toll-like receptor (TLR)
TLR4 on endothelial cells resulting in endothelial cell
activation including secretion of Weibel-Palade bodies.3

However, blocking TLR4 signaling in platelets using
TAK-242 did not alter activation by hemin, suggesting a
TLR-4-independent pathway of activation (Figure 1H). At
low concentrations, human platelet aggregation by
hemin was blocked by inhibitors of Syk (PRT-060318),
Src family kinases (PP2) and Btk (Ibrutinib), and partially
by GPIIbIIIa inhibitor eptifibatide (Integrilin) (Figure 1G,
H). These results suggest that hemin induces human
platelet activation via an immunoreceptor-tyrosine-based
activation-motif (ITAM) receptor-based pathway.8

Indeed, low concentrations of hemin provoked phospho-

rylation of Syk and PLCγ2 (Figure 1I). In order to identify
the receptor triggering platelet activation by hemin, we
used recombinant dimeric forms of C-type-lectin-like
receptor-2 (CLEC-2) and collagen receptor glycoprotein
VI (GPVI) (hFc-CLEC-2 and hFc-GPVI, respectively) as a
blocking strategy. Pre-incubation of hemin with hFc-
CLEC-2 but not hFc-GPVI abolished platelet aggregation
by hemin identifying CLEC-2 as the receptor mediating
human platelet activation by hemin (Figure 1G, H). These
results also suggest a direct interaction between hemin
and CLEC-2. However, while we believe that the inhibi-
tion is likely the result of competition between recombi-
nant and platelet CLEC-2, we cannot rule out that recom-
binant CLEC-2-hemin complex may interfere with
CLEC-2 clustering thereby inhibiting platelet activation.
Platelet aggregation was not altered by AYP1, 9, an anti-
body that blocks the interaction between CLEC-2 and
podoplanin, providing indirect evidence that hemin binds
to a distinct site on CLEC-2 to podoplanin (Figure 1H).
Protoporphyrin IX, the precursor of heme, and cobalt
hematoporphyrin were shown to bind to CLEC-2 and
inhibit podoplanin-CLEC-2 interaction without inducing
platelet activation.10 The type of interactions by which
different porphyrins selectively bind to CLEC-2 and
induce platelet activation requires further investigation.
Platelet aggregation mediated by low concentrations of
hemin (6.25 µM) was not altered by cyclooxygenase
(COX) (indomethacin) or P2Y12 (cangrelor) inhibitors,
showing that, in contrast to podoplanin, secondary medi-
ators are not required for hemin-mediated platelet activa-
tion (Figure 1G, H). This may reflect the ability of hemin
to induce higher oligomers of CLEC-2 increasing signal
transduction. Platelet aggregation does not depend on
oxidative stress as hemin-mediated platelet aggregation
was not altered by the antioxidant N-acetyl cysteine
(NAC) (Figure 1H; Online Supplementary Figure S1). At
higher concentrations (>25 µM), platelet aggregation was
not inhibited by integrilin or inhibitors of Src, Syk and
Btk, suggesting that higher concentrations of hemin
induce agglutination (Online Supplementary Figure S2).
Increasing the concentrations of inhibitors did not alter
platelet agglutination/aggregation (not shown). The dis-
tinct mechanisms of platelet activation by low and high
concentrations of hemin might be related to formation of
hemin aggregates at high concentrations, which might
exert different activities as compared to monomeric or
dimeric hemin present at low concentrations. 

Hemin induces mouse platelet aggregation, albeit at a
slightly higher concentration (Figure 2A). Similar to
human platelets, aggregation by low concentrations of
hemin was inhibited by inhibitors of Src, Syk and Btk
tyrosine kinases, recombinant mouse Fc-mCLEC-2 and
GPIIbIIIa blockade (Figure 2B, C). In contrast, inhibitors
of TLR4, COX and P2Y12 had no effect on platelet aggre-
gation by hemin (Figure 2C). Platelet aggregation by
hemin was significantly reduced in CLEC-2-deficient
platelets confirming a key role for CLEC-2 (Figure 2D, E).
However, deletion of CLEC-2 did not inhibit platelet
shape change suggesting that one or more other recep-
tors support platelet activation by hemin in mice.  

The fact that recombinant CLEC-2 inhibits hemin-
mediated platelet aggregation suggests a direct interac-
tion between hemin and CLEC-2. Using surface plasmon
resonance-based technique, we demonstrated that hemin
binds to both murine and human recombinant CLEC-2
with KD values of ~200 nM in both cases (Figure 3A, C).
Hemin binding to mouse CLEC-2 was characterized by
kinetic rate association (ka) and dissociation (kd) constants
of ka=2.77±0.08×104 mol-1 s-1 and 5.76±0.09×10-3 s-1.
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Similar values of kinetic rate constants were determined
for hemin binding to human CLEC-2, ka=2.65±0.09×104

mol-1 s-1 and kd=5.06±0.05×10-3 s-1. The interaction of
hemin with human and mouse CLEC-2 was further con-
firmed by UV-vis absorbance spectroscopy (Figure 3B, D).
The differential absorbance spectra profiles revealed sig-
nificant shifts of the spectra of hemin towards higher
wavelength by human and mouse CLEC-2 demonstrat-
ing a direct binding. The differences in the spectral

changes of hemin in the presence of human and mouse
CLEC-2 can be explained by distinct residues coordinat-
ing heme’s iron. The blue shift in the Soret region
observed with mCLEC-2 suggests the involvement of sul-
fur containing amino acid (cysteine)11 whereas the red
shift observed with human CLEC-2 suggests histidine
coordination. 

Altogether, these results show that hemin is an
endogenous agonist for CLEC-2 leading to platelet activa-

haematologica | 2021; 106(2) 627

Letters to the Editor

Figure 1. Hemin mediates human platelet activation through C-type-lectin-like receptor-2. (A, B) Human washed platelets (2x108/mL) were incubated with
increasing concentrations of hemin in the presence of Ca2+ (2 mM). Platelet aggregation was assessed for 6 minutes (min) using light transmission aggregom-
etry (n=5). (C, D) For flow cytometry analysis, 1x106 platelets were incubated with different concentrations of hemin for 20 min at 37ºC. Platelet activation was
determined by flow cytometry using (C) anti-P-selectin and (D) GPIIbIIIa PAC-1 antibodies (n=4). Data is shown as fold increase of median of fluorescence (MFI)
of treated platelets over control (absence of hemin). (E) Phosphatidylserine exposure was assessed using Annexin V staining. (F) Lactate dehydrogenase (LDH)
levels were measured in the supernatant following platelet aggregation (6 min). Platelet lysate was used to detect the total level of LDH in platelets. (G, H)
Platelet aggregation by hemin was assessed using Btk inhibitor Ibrutinib (500 nM), Src family kinase inhibitor PP2 (20 µM), Syk inhibitor PRT-060318 (20 µM),
TLR4 inhibitor TAK-242 (10 µM), P2Y12 inhibitor Cangrelor (10 µM) or cyclooxygenase inhibitor indomethacin (10 µM). Platelets were pre-incubated with different
inhibitors for 5 min at 37 ºC prior to the addition of hemin. Dimeric C-type-lectin-like receptor-2 (CLEC-2)  (hFc-CLEC-2, 20 µg/mL) or dimeric collagen receptor
glycoprotein VI (GPVI) (hFc-GPVI, 20 µg/mL) were pre-incubated with hemin for 20 min at 37 ºC prior to addition to platelets (n=5). (H) Histogram data are shown
as mean ± standard deviation. (I) Protein levels of the phosphorylation of Syk and PLCγ2, and total Syk and PLCγ2 in platelet lysates were determined by western
blotting after 6 min aggregation. Western blots are representative of five independent experiments. The statistical significance was analyzed using a one-way
ANOVA with Tukey’s multiple comparisons test using Prism 8 (GraphPad Software Inc, USA). Significance is shown compared to control (absence of hemin), 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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Figure 2. Hemin induces mouse platelet aggregation. (A) Mouse washed platelets (2x108/mL) were incubated with increasing concentrations of hemin in the
presence of Ca2+ (2 mM). Platelet aggregation was assessed using light transmission aggregometry. (B, C) Hemin-mediated platelet aggregation (12.5 µM
hemin) was assessed in the presence of Ibrutinib (2 µM), PP2 (20 µM), PRT-060318 (20 µM), TAK-242 (10 µM), Cangrelor (10 µM), recombinant mouse C-type-
lectin-like receptor-2 (CLEC-2) (Fc-mCLEC-2, 10 µg/mL) (n=4). (D, E) Washed platelets from wild-type (WT) or Clec-2 deficient (Clec-1bfl/fl PF4cre, Clec-2 KO)
were incubated with hemin (12.5 µM) in the presence of Ca2+ (2 mM) (n=5). (E) Histogram data are shown as mean ± standard deviation. The statistical signif-
icance was analyzed using a one-way ANOVA with Tukey’s multiple comparisons test using Prism 8. Significance is shown compared to control ****P<0.0001.

Figure 3. Hemin binds to mouse
and human recombinant C-type-
lectin-like receptor-2. (A, C) For
surface plasma resonance, real-
time interaction profiles were
obtained after injection of
increasing concentrations of
hemin (19.5–625 nM) over
recombinant mouse (A) and
human (C) C-type-lectin-like
receptor-2 (CLEC-2) immobilized
on CM5 sensor chip. The associa-
tion and dissociation phases
were followed for 5 minutes,
each. The black lines show the
experimental data, the grey lines
depict the fit obtained using
Langmuir global analyses model.
(B, D) For UV-vis absorbance
spectroscopy, differential spectra
were generated after titration of
(B) mouse or (D) human dimeric
CLEC-2 (2 µM) with increasing
concentrations of hemin (0.5–16
µM). The differential spectra
were obtained after subtraction
of the spectra of hemin at a given
concentration from the spectra of
the same concentration of hemin
in the presence of the protein.
The measurements were done at
25°C in optical cell with 10 mm
light path. 

A                                                             B                                                  C
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tion through activation of integrin GPIIbIIIa at low con-
centrations and agglutination at high concentrations.
Recombinant CLEC-2 inhibits platelet activation by both
mechanisms suggesting that this may represent a novel
form of therapeutic intervention to inhibit platelet activa-
tion in hemolytic disease. 

Ethical approval for collecting blood from healthy vol-
unteers was granted by Birmingham University Internal
Ethical Review (ERN_11-0175). Mice experiments were
performed in accordance with UK laws (Animal
[Scientific Procedures] Act 1986) with approval of the
local ethical committee and UK Home Office approval
(PPL P0e98D513).

Human and mouse washed platelets were prepared as
previously described.12,13 Platelet aggregation was
assessed using light transmission aggregometry for 6
minutes (ChronoLog, Havertown, PA, USA). Fresh syn-
thetic hemin solution was freshly prepared (Frontiers
Scientific, USA) for each experiment. PP2
(Tocris/Biotechne Ltd), PRT-060318 (Caltag medsys-
tems), indomethacin (Sigma-Aldrich), cangrelor (The
Medicines Company), Ibrutinib (Stratech Scientific), N-
Acetyl-L-cysteine (Sigma-Aldrich) and TAK-242 (Sigma-
Aldrich) were preincubated for 5 minutes (min) at 37ºC
with platelets prior to addition of hemin. Human (h) and
mouse (m) CLEC-2 and GPVI were produced as Fc fusion
proteins (hFc-CLEC-2, hFc-GPVI, Fc-mCLEC-2) in human
embryonic kidney HEK293 cells and purified using chro-
matography affinity. Recombinant human and mouse
CLEC-2 were preincubated with hemin for 15 min at
37ºC before addition to platelets. Following aggregation,
platelets were centrifuged at 1,000g for 10 min and LDH
was measured in the supernatant using CyQUANT™
LDH Cytotoxicity Assay (ThermoFisher Scientific). Clec-
2 deficient mice (Clec-1bfl/fl PF4cre) and littermate con-
trols were previously described.14

Platelet activation (106 platelets) by different concen-
trations of hemin (20 min at 37ºC) was assessed by flow
cytometry with antibodies against CD62P (PE/Cy5 anti-
human CD62P antibody, biolegend) and activated
GPIIbIIIa (Alexa Fluor® 647 anti-human CD41/CD61
antibody PAC1, Biolegend) using BD Accuri C6 Plus flow
cytometer (BD Bioscience). For western blotting,
Phospho-Syk (Tyr525/526) (C87C1) Rabbit mAb (#2710),
Phospho-PLCγ2 (Tyr759) antibody (#3874), Syk antibody
(#2712) and PLCγ2 antibody (#3872) were used (Cell sig-
nalling). Protein phosphorylation was assessed after 6
min of aggregation as previously described.12

The binding of human and mouse dimeric CLEC-2 to
hemin was performed at 25°C and assessed using surface
plasma resonance and UV-spectroscopy methods.15
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9. Appendix 2  –  CLEC-2 prevents accumulation and retention of 
Inflammatory macrophages during murine peritonitis 

 

 

CLEC-2 Prevents Accumulation
and Retention of
Inflammatory Macrophages
During Murine Peritonitis
Joshua H. Bourne1, Nonantzin Beristain-Covarrubias1, Malou Zuidscherwoude1,2,
Joana Campos1, Ying Di1, Evelyn Garlick1,2, Martina Colicchia1, Lauren V. Terry3,
Steven G. Thomas1,2, Alexander Brill 1,4, Jagadeesh Bayry5,6, Steve P. Watson1,2

and Julie Rayes1,2*

1 Institute of Cardiovascular Sciences, College of Medical and Dental Sciences, University of Birmingham, Birmingham,
United Kingdom, 2 Centre of Membrane Proteins and Receptors (COMPARE), Universities of Birmingham and Nottingham,
The Midlands, United Kingdom, 3 Institute of Immunology and Immunotherapy, University of Birmingham, Birmingham,
United Kingdom, 4 Department of Pathophysiology, Sechenov First Moscow State Medical University (Sechenov University),
Moscow, Russia, 5 Institut National de la Santé et de la Recherche Médicale, Centre de Recherche des Cordeliers, Equipe -
Immunopathologie et Immunointervention Thérapeutique, Sorbonne Université, Université de Paris, Paris, France, 6 Biological
Sciences and Engineering, Indian Institute of Technology Palakkad, Kerala, India

Platelets play a key role in the development, progression and resolution of the
inflammatory response during sterile inflammation and infection, although the
mechanism is not well understood. Here we show that platelet CLEC-2 reduces tissue
inflammation by regulating inflammatory macrophage activation and trafficking from the
inflamed tissues. The immune regulatory function of CLEC-2 depends on the expression
of its ligand, podoplanin, upregulated on inflammatory macrophages and is independent
of platelet activation and secretion. Mechanistically, platelet CLEC-2 and also recombinant
CLEC-2-Fc accelerates actin rearrangement and macrophage migration by increasing the
expression of podoplanin and CD44, and their interaction with the ERM proteins. During
ongoing inflammation, induced by lipopolysaccharide, treatment with rCLEC-2-Fc
induces the rapid emigration of peritoneal inflammatory macrophages to mesenteric
lymph nodes, thus reducing the accumulation of inflammatory macrophages in the
inflamed peritoneum. This is associated with a significant decrease in pro-inflammatory
cytokine, TNF-a and an increase in levels of immunosuppressive, IL-10 in the peritoneum.
Increased podoplanin expression and actin remodelling favour macrophage migration
towards CCL21, a soluble ligand for podoplanin and chemoattractant secreted by lymph
node lymphatic endothelial cells. Macrophage efflux to draining lymph nodes induces T
cell priming. In conclusion, we show that platelet CLEC-2 reduces the inflammatory
phenotype of macrophages and their accumulation, leading to diminished tissue
inflammation. These immunomodulatory functions of CLEC-2 are a novel strategy to
reduce tissue inflammation and could be therapeutically exploited through rCLEC-2-Fc, to
limit the progression to chronic inflammation.

Keywords: CLEC-2, podoplanin, macrophage, inflammation, platelet
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INTRODUCTION

Alongside their role in thrombosis and haemostasis, platelets are
emerging as vital regulators of the inflammatory response under
sterile and infectious conditions (1, 2). Platelet immunoregulatory
functions are tightly regulated by the nature of the insult and the
environment. Interestingly, distinct platelet receptors are engaged
in different vascular beds and differentially regulate vascular
integrity, thrombosis and inflammation (3, 4). Platelet-innate
immune cell interactions play a pivotal role in balancing the
immune response, however little is known on the functional
relevance of these interaction during ongoing inflammation, and
how it regulates the resolution of the inflammation. Platelet-
leukocyte aggregates are observed in the blood during sterile
inflammation and following bacterial, viral and fungal infections
(5–8). Platelets are also found in inflamed tissues, such as the lung
and peritoneum, primarily in complexes with monocytes,
neutrophils and macrophages (3, 9–14). Among the receptors
reported to regulate the inflammatory response, the adhesion

receptors glycoprotein I (GPIb) and C-type lectin-like receptor 2
(CLEC-2) were shown to differentially regulate macrophage
polarization and activation in the inflamed peritoneum, with
distinct receptors engaged during the time course of the
inflammatory response (10, 12, 13). An increase in macrophage
recruitment and activation, drives tissue inflammation observed in
atherosclerosis and metabolic disorders, as well as non-resolved
infection-driven inflammation (15).

CLEC-2 is a hemi-immunoreceptor tyrosine-based activation
motif (hemi-ITAM) receptor constitutively expressed on
platelets and a sub-set of dendritic cells. CLEC-2 induces
platelet activation through its interaction with its endogenous
ligands podoplanin or heme (16, 17). Podoplanin is a small,
transmembrane O-glycosylated mucin-type protein
constituently expressed on type I lung epithelial cells,
fibroblastic reticular cells, lymphatic endothelial cells and
podocytes, and is upregulated on inflammatory macrophages,
TH17 cells, fibroblasts and cancer cells (18, 19). Beside the role of
CLEC-2-podoplanin in thrombosis (20, 21), deletion of platelet-
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CLEC-2 or haematopoietic-podoplanin increases the cytokine
storm and bacterial growth and spreading during caecal ligation
and puncture-mediated peritonitis (10, 22). Whether
crosslinking podoplanin can regulate macrophage phenotype,
fate or resultant tissue inflammation is not known. This is highly
relevant in diseases describing platelet-bound podoplanin-
positive macrophages such as atherosclerosis (23), rheumatoid
arthritis (24), and breast cancer (25).

In this study, we investigate the mechanisms by which CLEC-2
regulates macrophage activation, accumulation and fate during
ongoing inflammation. Our study shows a key role for CLEC-2 in
macrophage trafficking from the inflamed tissues. This provides a
rational to use recombinant CLEC-2-Fc as a therapeutic protein to
limit macrophage accumulation in inflamed tissues and progression
to chronic inflammation.

METHODS

Mice
Wild type (WT) C57BL/6 mice (12-14 weeks; males and females)
were purchased from Harlan Laboratories (Oxford, UK).
Platelet-specific CLEC-2-deficient (26) (CLEC1bfl/flGPIbCre),
haematopoietic-specific podoplanin deficient (10) (PDPNfl/fl

Vav-iCre) and LifeAct-GFP (27) mice were used. All
experiments were performed in accordance with UK law
(Animal Scientific Procedures Act 1986) with approval of the
local ethics committee and UK Home Office approval under PPL
P2E63AE7B, PP9677279 and P0E98D513 granted to the
University of Birmingham.

Cell Culture
RAW264.7 cells (Sigma Aldrich) were cultured as previously
described (28). Bone marrow cells were isolated from WT mice
or PDPNfl/flVav-iCre+ (tibias and femurs) and differentiated into
bone marrow-derived macrophages (BMDM) with L-929
conditioned medium for 7 days (29). RAW264.7 cells and
BMDM were maintained in Dulbecco’s Modified Eagle Media
(DMEM, Thermofisher) supplemented with 10% heat-inactivated
foetal bovine serum (FBS), 1% penicillin-streptomycin and 2mM L-
glutamine in a humidified incubator at 5% CO2 and 37°C.

Platelet Preparation
Mouse platelets were prepared as previously described (28).

Lipopolysaccharide (LPS)-Induced
Endotoxemia in Mice
LPS (Escherichia Col i 055:B5, Sigma) was injected
intraperitoneally (IP) to age- and sex-matched C57BL/6 mice
in 200µl saline (10mg/kg). 18h post-LPS-challenge, mice received
an intraperitoneal injection of rCLEC-2-Fc or IgG isotype
control (100µg/mouse) for an additional 4h. EDTA-treated
blood was used to assess blood haematological parameters.
Lymph nodes were homogenised, ammonium-Chloride-
Potassium (ACK) treated (5mM) and Fc-receptors blocked
before antibody staining. Peritoneal cells were collected in 2ml

of PBS-EDTA (10mM). Peritoneal lavage fluid (PLF), lymph
node cell populations were measured using a CyAn ADP High-
Performance Flow Cytometer.

Immunofluorescent Tissue Staining
Organs were snapped frozen and 6 microns sections used for
immunofluorescent staining as previously described (10). Sections
were flat-mounted with VECTASHIELD antifade mounting
medium (Vector Labs). Antibody mixes are shown in
Supplementary Table 1. Images were acquired using a Zeiss
AxioScan.Z1 microscope and analysed using ZEN software.

STATISTICS

All data is presented as mean±SEM. The statistical significance
between 2 groups was analyzed using a student’s paired t-test and
the statistical difference between multiple groups in vitro using
one-way ANOVA with Tukey’s multiple comparisons test.
The statistical significance for in vivo experiments were
determined by a Kruskal-Wallis test using Prism 8 (GraphPad
Software Inc, USA). Statistical significance was represented by
stars: *p < 0.05 **p < 0.01 ***p < 0.001 ****<0.0001.

DATA SHARING STATEMENT

For original data, please contact the corresponding author.
Additional methodology available in supplemental methods.

RESULTS

Platelet CLEC-2 Delays Inflammatory
Macrophage Phagocytic Capacity,
Reduces TNF-a Secretion and Accelerates
Wound Closure In Vitro
Upregulation of podoplanin is observed on inflammatory mouse
macrophage cell line, RAW264.7, primary macrophages such as
bone marrow-derived macrophages (BMDM), peritoneal
macrophage following peritonitis, tumour-associated
macrophages and monocyte-derived macrophages in the
inflamed lung, liver, skin and other organs (3, 10, 12, 20, 28,
30–32). The expression of podoplanin is associated with
macrophage migration. In this study, we assessed the effect of
crosslinking podoplanin by platelet CLEC-2 on macrophage
function and migration.

Using BMDM, we show that addition of wild type (WT), but
not CLEC-2-deficient platelets (CLEC2-/-), to LPS-challenged
BMDM delayed the uptake of pH-sensitive fluorescent E. Coli-
bound bioparticles compared to control, as assessed by Incucyte
systems for live-cell microscopy (Figures 1A–C). Podoplanin
deficiency in BMDM generated from hematopoietic-specific
podoplanin-deficient mice was confirmed in the presence on
LPS (Supplementary Figure 1A). Podoplanin deficiency from
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BMDM did not affect their phagocytic activity (Supplemental
Figures 1B–C) suggesting a distinct role for podoplanin-
crosslinking by CLEC-2. Crosslinking podoplanin by CLEC-2
expressed on WT platelets inhibited TNF-a secretion from
BMDM, whereas the levels of TNF-a were not altered by the
addition of CLEC2-/- platelets compared to control (Figure 1D).
No significant change in IL-10 was observed following platelet
addition (Figure 1E). In a wound scratch assay, addition of WT
platelets to a scratched monolayer of inflammatory BMDM
(Figures 1F–H) accelerated wound closure by two-fold (36% ±
7.4 wound closure for control versus 86% ±12.6 closure in the
presence of WT platelets) (Figures 1F–H). Wound closure was
also accelerated in the presence of CLEC2-/- platelets, although
the maximal coverage did not exceed 66% ±18.2. Podoplanin
deficiency did not significantly alter wound closure, compared to

WT BMDM (Supplementary Figures 1D–F), nor did the
addition of WT or CLEC-2-/- platelets (Supplementary
Figures 1D, G–H).

Together these data suggest that platelet CLEC-2 binding to
inflammatory BMDM decreased their inflammatory phenotype
and regulated their migration.

Platelet CLEC-2 Upregulates the
Expression of Inflammatory Macrophage-
Podoplanin to Drive Actin Remodelling
We assessed the effect of CLEC-2 on the expression and
distribution of podoplanin, and podoplanin transmembrane
and intracellular ligands CD44 and ezrin-radixin-moesin
(ERM) proteins, respectively. Addition of WT, but not
CLEC2-/- platelets for 1h to LPS-stimulated BMDM potentiates

A B

D E

G H

F

C

FIGURE 1 | Platelet CLEC-2 delays inflammatory BMDM phagocytic capacity and reduces TNF-a secretion (A–C) pH sensitive Alexa Fluor-488 conjugated
Escherichia Coli bioparticles (3x106 beads/condition) were added to LPS-treated BMDM (Mf) in the absence or presence of (A) WT platelets or (B) CLEC-2-deficient
platelets (100 platelets: 1 Mf) for 4h. (A, B) Phagocytosis was visualised and quantified by time lapse-imaging using an Incucyte Live-cell analysis system. (C)
Phagocytosis profiles were quantified at 4h by detecting fluorescence/mm3 using area under the curve (AUC; a.u. = arbitrary units; n=3). (D) TNF-a and (E) IL-10
secretion from control Mf or in the presence of WT or CLEC-2-deficient platelets was quantified in the supernatant by ELISA (n=4). (F–H) Scratch wound migration
of Mf was monitored every 2h for 96h using an Incucyte ZOOM system. Following wound scratch, (F) WT or CLEC-2-deficient platelets (100 platelets:1 Mf) were
added to Mf. (G) Wound closure was quantified as percentage of closure using ImageJ. (H) Total wound closure was quantified by AUC at 96h (n=3). The statistical
significance between 2 groups was analyzed using a student’s paired t-test and the statistical difference between multiple groups using one-way ANOVA with
Tukey’s multiple comparisons test. *p < 0.05 **p < 0.01. NS, non-stimulated.
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podoplanin and CD44 expression, as assessed by flow cytometry
(Figures 2A–C). The expression of classical activation markers,
such as CD80 and CD86, were not altered (not shown). The
distribution of podoplanin and CD44 was also altered by CLEC-
2, associated with increased BMDM spreading, measured by
increased cell area and loss of circularity (Figures 2D–F).
Platelet-mediated cell spreading and pseudopods formation

was confirmed using scanning electron microscopy
(Figure 2G). Podoplanin and CD44 colocalized on the
pseudopod of BMDM in the presence of WT but not CLEC2-/-

platelets. Similar effects on podoplanin expression, distribution
and spreading was observed in RAW264.7 cells (Supplementary
Figures 2A–C). The podoplanin intracellular tail contains 2
serines, 167 and 171, that are constitutively phosphorylated

A D

B

C

G

E F

FIGURE 2 | Platelet CLEC-2 upregulates podoplanin and CD44 expression on LPS-stimulated BMDM. (A) BMDM were incubated in the presence or absence of
LPS (1µg/ml) for 24h. (B, C) LPS-stimulated BMDM (Mf) were co-cultured in the absence or presence of WT or CLEC-2-deficient platelets (100 platelets: 1 Mf).
(A–C) Median of fluorescence intensity (MFI) of podoplanin (n=4) and CD44 (n=3) was detected by flow cytometry. (D) Mf were cultured on glass, and WT or CLEC-
2-deficient platelets were added for 1h. Platelets (CD41, green), podoplanin (red) and CD44 (cyan) were detected using confocal microscopy. Images are
representative of 4 independent experiments. (E) Cell area and (F) circularity were analysed using ImageJ. (G) Mf were cultured on glass in the presence or absence
of WT platelets (red) for 1h, before fixing and imaging by electron microscopy. The statistical significance between 2 groups was analyzed using a student’s paired t-
test and the statistical difference between multiple groups using one-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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and are critical for the association with the ERM proteins and cell
migration (33, 34). Immunoprecipitation of podoplanin
demonstrated a reduction in the presence of podoplanin
phospho-serine residues in the presence of WT but not
CLEC2-/- platelets, which promotes podoplanin association
with the ERM proteins (Supplementary Figure 2D).

In order to confirm the role of platelet on actin remodelling,
we imaged LifeAct-GFP-derived inflammatory BMDM in the
presence of platelets using diSPIM LightSheet microscopy for 1h.
As expected, inflammatory macrophages are sessile, and addition
of WT platelets to LPS-activated BMDM increased pseudopod
formation, actin remodelling and mobility, compared to control
(Supplementary Video 1, 2). In contrast, actin remodelling,
spreading and pseudopod formation decreased after the
phagocytosis of platelets, showing distinct mechanism of cell-
cell interaction and platelet phagocytosis on actin remodelling.

These results show that platelet CLEC-2 binding to
podoplanin on inflammatory BMDM, or RAW264.7 cells,
increases the expression and distribution of podoplanin and its
transmembrane ligand CD44, promoting actin remodelling and
cell mobility.

CLEC-2-Mediated Platelet Activation and
Secretion Are Dispensable for the
Immunomodulatory Functions of CLEC-2
In order to assess whether CLEC-2-dependent platelet activation
and secretion, or crosslinking podoplanin is responsible for the
immunomodulatory functions of CLEC-2, we performed similar
experiments using recombinant dimeric CLEC-2 (rCLEC-2-Fc)
and IgG control (17). Addition of rCLEC-2-Fc to LPS-stimulated
RAW264.7 cells or LPS-treated BMDM for 1h increased
podoplanin expression similar to WT platelets (Figures 3A, B).
Crosslinking podoplanin with rCLEC-2-Fc decreased TNF-a
secretion (Figure 3C). In line with this, rCLEC-2-Fc reduced the
levels of iNOS, a marker of M1 inflammatory macrophages,
without altering Early Growth Response Gene-2 (Egr-2), a
marker of M2 anti-inflammatory macrophages (Supplementary
Figures 3A, B), suggesting a decrease in BMDM inflammatory
phenotype without altering their polarization.

rCLEC-2-Fc induced LPS-stimulated BMDM elongation
along collagen fibres compared isotype IgG control
(Figure 3D) and accelerated wound closure (Figures 3E–G),
confirming the role of podoplanin crosslinking on macrophage
migration. The addition of rCLEC-2-Fc to podoplanin-deficient
BMDM did not induce wound closure (Supplementary
Figures 4A–C). Podoplanin was shown to bind to ERM
proteins to regulate cell migration. We therefore investigated
the interaction and distribution of the ERM proteins and
podoplanin in inflammatory macrophages using 3D-SIM
microscopy. Surprisingly, podoplanin did not colocalize with
the ERM proteins in LPS-treated BMDM. However, addition of
rCLEC-2-Fc increased the expression of the ERM proteins and
their colocalization with podoplanin (Figure 3H), with an
enrichment on the filopodia and migrating edges of the cell.

Altogether, our results show that crosslinking podoplanin
by CLEC-2, rather than platelet activation and secretion,

is responsible for the immunomodulatory effect of CLEC-2
regulating macrophage inflammatory phenotype and
their migration.

rCLEC-2-Fc Decreases Inflammatory
Macrophage Accumulation in the
Peritoneum During Ongoing Inflammation
Induced by LPS
The accumulation of podoplanin-positive macrophages is
observed in many infectious and inflammatory diseases such as
peritonitis, lung inflammation, liver infection and atherosclerosis
(10, 12, 20, 23, 30). We assessed the relevance of crosslinking
podoplanin using rCLEC-2-Fc during ongoing peritonitis
induced by LPS on the accumulation of inflammatory
macrophages in the inflamed peritoneum. WT mice were
intraperitoneally injected with LPS or saline for 18h to allow
inflammatory macrophage accumulation in the inflamed
peritoneum, and rCLEC-2-Fc or IgG isotype control were
injected for an additional 4h.

Myeloid and lymphoid immune cell populations were detected
in the peritoneal lavage using flow cytometry. Gating strategy to
identify F4/80+ macrophages is shown in Figure 4A. At 22h post
LPS, no significant change in the total number of cells in the
peritoneum was observed in LPS-treated mice compared to
control mice (Figure 4B). LPS injection did not significantly
alter CD45+ cell count in the PLF compared to saline-treated
mice. However, a significant reduction in CD45+ was observed in
the peritonitis group treated with rCLEC-2-Fc (Figure 4C), more
specifically CD11b+ F4/80+ (Figures 4D, E). The reduction in
inflammatory F4/80+ cells was not due to increased cell apoptosis
or death, measured by AnnexinV and Sytox staining
(Supplementary Figure 5A). Podoplanin expression on F4/80+

cells detected in the peritoneum was increased in the LPS groups
compared to control, with no significant changes between rCLEC-
2-Fc and IgG treatment (Figure 4F). LPS increased platelet-
macrophage complexes in the PLF, but this was not altered by
rCLEC-2-Fc (Supplementary Figure 5B). However, a significant
increase in F4/80+CLEC-2+ macrophages was observed following
rCLEC-2-Fc treatment, confirming the binding of rCLEC-2-Fc to
podoplanin on macrophages, without alteration in platelet-
macrophage interactions (Figures 4G, H). rCLEC-2-Fc did
not alter neutrophil, monocyte, T cells (CD4+ and CD8+),
CD19+ or CD45+CD11b-CD11c+ in the PLF (Supplementary
Figures 5C–H), suggesting a preferential effect of rCLEC-2-Fc
on inflammatory F4/80+ cells. rCLEC-2 treatment did not induce
bleeding in the peritoneum as measured using red blood cell
marker Ter 119 (Supplementary Figure 5I).

These results show that rCLEC-2-Fc preferentially alters
peritoneal podoplanin-positive inflammatory macrophage
accumulation and retention in the inflamed peritoneum.

rCLEC-2-Fc Treatment Reduces TNF-a
and Increases IL-10, CCL2, CCL5 and
CXCL1 Levels in the Inflamed Peritoneum
We assessed whether the change in macrophage accumulation in
the inflamed peritoneum is accompanied by an alteration in
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FIGURE 3 | rCLEC-2-Fc upregulates podoplanin expression, and promotes macrophage spreading and migration in vitro. (A, B) Surface podoplanin
expression was detected by flow cytometry using a conjugated anti-podoplanin antibody. 24h LPS-stimulated (1µg/ml) (A) RAW264.7 cells (n=3) or
(B) BMDM (Mf; n=4), were washed and incubated with recombinant CLEC-2-Fc (rCLEC-2-Fc; 10µg/ml) or IgG isotype control (10µg/ml) for 1h. (C) Mf were
washed, and cultured with rCLEC-2-Fc (10µg/ml) or IgG isotype control (10µg/ml) for 2h before TNF-a secretion was quantified in the media supernatant by
ELISA (n=4). (D) LifeAct-GFP-derived Mf were spread on collagen in the presence of rCLEC-2-Fc or IgG isotype control (10µg/ml) for 2h and measured with
immunofluorescence by confocal microscopy. (E–G) Scratch wound migration of Mf was monitored every 2h for a total of 96h using an Incucyte ZOOM
system. Following wound scratch, (E) rCLEC-2-Fc (10µg/ml) was added to Mf. (F) Wound closure was quantified as percentage of closure compared to
initial scratch size using ImageJ. (G) Total wound closure was quantified using area under the curve (AUC) at 96h (a.u.= arbitrary units; n=3). (H) Mf were
cultured on collagen in the presence of rCLEC-2-Fc or IgG isotype control (10µg/ml) for 2h. Podoplanin (red) and ERM protein (green) localisation was
visualised using immunofluorescence by 3D-structured illumination microscopy (3D-SIM). The statistical significance between 2 groups was analyzed using a
student’s paired t-test and the statistical difference between multiple groups using one-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05
***p < 0.001.
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cytokine and chemokine release. Similar to our in vitro
observations, rCLEC-2-Fc decreased TNF-a secretion in the
PLF of LPS-treated mice (Supplemental Figure 6A) and
increased the levels of the anti-inflammatory cytokine IL-10
(Supplementary Figure 6B) and the chemokines CCL2, CCL5
and CXCL1 (Supplementary Figures 6C–E). The level of
CCL21, the soluble ligand for podoplanin, was not significantly
altered in the peritoneum in rCLEC-2-Fc-treated mice
(Supplemental Figure 6F). The emigration of macrophages
was not associated with increased vascular permeability, as
measured by angiopoietin-2 secretion (Supplementary
Figure 6G). There was no change in MMP-9, CXCL2, CCL4,
C5a, IL-6 or IL1-b secretion following rCLEC-2-Fc treatment
(Supplementary Figures 6H–L).

Together, our results show that reduction in macrophage
accumulation is associated with an alteration in the

inflammatory environment, in particular a reduction in TNF-a
levels and increase in IL-10.

rCLEC-2-Fc Promotes Peritoneal
Macrophage Emigration to Mesenteric
Lymph Nodes
We next investigated the infiltration of inflammatory
peritoneal macrophages to the draining lymph nodes. F4/
80+ population was detected in the mesenteric lymph nodes
(MLN) by flow cytometry and immunofluorescence. A
significant increase in myeloid cells, in particular F4/
80+CLEC2+, was observed in rCLEC-2-Fc treated mice
compared to IgG control (Figures 5A–D). The increase in
CLEC-2 MFI might be due to the enhanced podoplanin
expression, increasing the binding sites for CLEC-2
(Figure 5D). The increase in CLEC-2 density on F4/80+

A

B C D

F G H

E

FIGURE 4 | rCLEC-2-Fc decreases macrophage number in the peritoneum following endotoxemia. WT mice were intraperitoneally injected with LPS (10mg/kg) for
18h followed by rCLEC-2-Fc or IgG isotype control (100µg/mouse) for and additional 4h (n=11). Immune cell and platelet infiltration in the peritoneal lavage (PLF)
were measured using flow cytometry. (A) Gating strategy to identify A: macrophages (CD11b+F4/80+), B: monocytes (CD11b+Ly6C+) and C: neutrophils (CD11b+F4/
80-Ly6C-). (B) Total number of cells from the peritoneal lavage, (C) leukocytes (CD45+), (D) myeloid cells (CD45+CD11b+) and (E) macrophages (CD45+CD11b+F4/
80+) were measured in the PLF. (F) MFI of podoplanin expressed on the surface of macrophages. (G) Percentage of CLEC-2-positive macrophages and (H) the MFI
of CLEC-2 expression on macrophages. The statistical significance was analyzed using a Kruskal-Wallis multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001.
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cells positively correlated with F4/80+ frequency in the MLN
(r2 = 0.67, p=0.0011; Figure 5E).

These results show that rCLEC-2-Fc binding to inflammatory
peritoneal macrophages promotes their emigration from the
inflamed peritoneum to the MLN.

rCLEC-2-Fc-Driven Macrophage Migration
to Mesenteric Lymph Nodes Prime T Cells
In order to assess whether emigrated macrophages prime T cells in
the draining lymph nodes, we first assessed the location of these
macrophages. MLNs were collected 22h post-LPS challenge and
macrophages (F4/80+) and platelets (CD41+) localisation in the
lymph nodes was assessed using immunofluorescence (Figure 5F).
In unchallenged lymph nodes, platelets were localised in the medulla

and around the medullary chords. Following LPS challenge, there
was no significant staining for F4/80+ cells. However, following
rCLEC-2-Fc treatment, a significant influx of F4/80+ cells was
observed in the draining lymph nodes with a concentration of cells
in the medulla, in close contact with T cells. We did not detect
macrophages bound to platelets in this zone, however macrophages
localised in the lymph nodes post-rCLEC-2-Fc are seen to be CLEC-
2- and podoplanin-positive compared to IgG control (Figure 5G).

We next investigated whether increased macrophage influx in
the MLN is due to an increase in CCL21, a chemoattractant
secreted from lymphatic endothelial cells (LECs) and soluble
ligand for podoplanin (35). However, we did not observe
alteration in CCL21 expression in MLN was observed upon
rCLEC-2-Fc treatment (Figure 6A). In order to assess whether

A B

D

F

E

C G

FIGURE 5 | rCLEC-2-Fc increases peritoneal macrophage migration to mesenteric lymph nodes during endotoxemia. WT mice were intraperitoneally injected with
LPS (10mg/kg) for 18h followed by rCLEC-2-Fc or IgG isotype control (100µg/mouse) for an additional 4h (n=4). (A–E) Mesenteric lymph node (MLN) cells were
collected and immune cell population detected by flow cytometry. (A) Percentage of myeloid cells (CD45+CD11b+) and (B) macrophages (CD45+CD11b+F4/80+).
(C) CLEC-2-positive macrophages and (D) the MFI of CLEC-2 expression on macrophages in MLN. (E) Correlation between the percentage of MLN macrophages
and the MFI of CLEC-2 expression on macrophages by Simple Linear Regression. (F) Immunofluorescent staining of macrophages (F4/80; purple) and platelets
(CD41; green) in frozen MLN sections. (G) Immunofluorescent staining of macrophages (F4/80; blue), CLEC-2 (green) and podoplanin (orange) in frozen MLN
sections. The statistical significance was analyzed using a Kruskal-Wallis multiple comparisons test. *p < 0.05.
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increased podoplanin expression and actin remodelling increases
macrophage chemoattraction towards CCL21, we evaluated LPS-
treated macrophage migration towards CCL21 in vitro using a
Boyden chamber. Addition of rCLEC-2-Fc to LPS-treated
BMDM increased the number of macrophages migrating
towards CCL21 (Figure 6B). This was not due to an increase
in CCL21 receptors CCR4 and CCR7 (Figures 6C, D). This
suggested that CLEC-2-dependent podoplanin and CD44
upregulation, associated with accelerated actin rearrangement,
was responsible for increased migration towards CCL21.

In order to assess whether macrophage infiltration into lymph
node medulla primes T cells, we stimulated homogenised lymph
nodes from different groups ex vivo with low-dose LPS (10ng/ml)
for 24h. IL-2 secretion, as a readout of T cell priming, was measured
in the supernatants by ELISA (Figure 6E). Low-dose LPS did not
induce IL-2 secretion in MLN cells isolated from saline- or LPS-
treated mice. In contrast, a significant increase in IL-2 levels was
observed in rCLEC-2-Fc treated mice, suggesting that increased
macrophage efflux to the medulla T zone promotes T cell priming.

Altogether, these results suggest that rCLEC-2-Fc alters the
expression of podoplanin and its interaction with ligands CD44,

ERM and CCL21. This accelerates the removal of inflammatory
macrophages from the inflamed peritoneum and their
emigration to mesenteric lymph nodes to promote T cell
priming, reducing peritoneal inflammation.

DISCUSSION

In this study, we report that crosslinking podoplanin using
recombinant CLEC-2-Fc limits the inflammatory environment by
reducing inflammatory macrophage accumulation in the inflamed
tissue and reduces their inflammatory phenotype. During ongoing
peritonitis induced by LPS, rCLEC-2-Fc accelerates the removal of
inflammatory macrophages from the site of inflammation to the
draining lymph nodes and induces T cell priming. The interaction
of CLEC-2 with podoplanin upregulated on inflammatory
macrophages promotes their mobility through (i) the
dephosphorylation of podoplanin intracellular serine residues, (ii)
upregulation and rearrangement of podoplanin and CD44
expression on macrophage membrane protrusions, (iii)
reorganisation of actin cytoskeleton and ERM protein distribution

A

B

C D E

FIGURE 6 | rCLEC-2-Fc increases inflammatory macrophage migration towards CCL21 and primes T cells in mesenteric lymph nodes. WT mice were
intraperitoneally injected with LPS (10mg/kg) for 18h followed by rCLEC-2-Fc or IgG isotype control (100µg/mouse) for an additional 4h (n=4). (A) Immunofluorescent
staining of CCL21 (purple) in frozen MLN taken from LPS-challenged mice. (B, C) 24h LPS-stimulated (1µg/ml) BMDM were treated with rCLEC-2-Fc (10µg/ml) or
IgG isotype control (10µg/ml) for 4h. Surface expression of (B) CCR4 and (C) CCR7 median fluorescence intensity (MFI) was detected by flow cytometry (n=4).
(D) Migration of inflammatory BMDM co-cultured with rCLEC-2-Fc or IgG Isotype control (10µg/ml) toward CCL21 (30ng/ml) was analysed using a Boyden chamber
assay for 4h (n=3). (E) IL-2 secretion from MLN cells isolated from different mice cultured in vitro with LPS (10ng/ml) for 16h was quantified by ELISA.The statistical
significance was analyzed using a Kruskal-Wallis multiple comparisons test. *p < 0.05, ****p < 0.0001.
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on cell protrusions and (iv) inflammatory macrophage interaction
with CCL21 secreted by lymphatic endothelial cells (LECs). In
parallel, CLEC-2 crosslinks podoplanin and reduces TNF-a
secretion from inflammatory macrophages and delays their
phagocytic activity without changing macrophage polarisation,
suggesting a reduction in their inflammatory phenotype. We
propose that during acute, ongoing inflammation, CLEC-2-
podoplanin crosslinking reduces tissue inflammation by reducing
accumulation and retention of inflammatory macrophages and
promotes their emigration to draining lymph nodes.

During inflammation, macrophages play three main functions:
phagocytosis of debris and dead/apoptotic cells and pathogens,
antigen presentation and immunoregulation by secreting an
arsenal of cytokines and chemokines. After the first inflammatory
phase subsides, macrophages also play a role in tissue repair and
wound healing (36). Alteration in the acute or repair phases can lead
to chronic inflammation and pathogenic fibrosis. Recent studies
showed that platelet interaction with macrophages can alter
macrophage function, dependant on the receptor, insult, organ
and disease progression (13, 14, 37–40). Using acute inflammatory
models, we and others have shown a significant upregulation of
podoplanin on inflammatory macrophages (10, 12, 28, 30, 31). Here
we show that podoplanin expressed on inflammatory macrophages
can be targeted to regulate local inflammation and macrophage
trafficking from the site of inflammation. Although many studies
have shown that platelet secretion is the main regulator of
macrophage function, partly through Prostaglandin E2 (11, 40), we
show for the first time that the immunomodulatory effect of CLEC-2
is not dependent on platelet activation and secretion, but rather
through crosslinking podoplanin. Deletion of CLEC-2 from platelets
did not alter the binding of platelets to inflammatory macrophages,
suggesting that CLEC-2 is not involved this heterotypic interaction,
but exerts an immunomodulatory effect. GPIb (13), CD40L (41), P-
selectin (42) or other receptors might be responsible for binding and
differentially regulate macrophage functions.

Our study describes a novel mechanism by which
crosslinking podoplanin with CLEC-2 reduces tissue
inflammation. The use of rCLEC-2-Fc overcomes the
limitation of using platelets during ongoing inflammation, in
particular due the differential roles of platelet receptors and
secretory repertoire in inflammation which can limit clinical
translation. Platelet CLEC-2, as well as rCLEC-2-Fc, induces a
rapid translocation of podoplanin from intracellular stores to the
surface of inflammatory macrophages. This is associated with a
loss of phosphorylation of the serine residues in the intracellular
podoplanin tail, which has been demonstrated to promote
fibroblast migratory activity (33, 34). Classically, macrophages
migrate through actin polymerisation-driven elongation of the
leading edge towards a gradient, followed by integrin mediated
adhesion to matrix proteins and finally actomyosin contraction
and trailing edge de-adhesion (43). CLEC-2 induced the
reorganisation of the actin cytoskeleton and increased
podoplanin interaction with ERM proteins and CD44,
promoting macrophage migration. Indeed, CD44 expression is
required for podoplanin-induced migration in squamous
stratified epithelia (44), suggesting that CLEC-2 may increase

podoplanin and CD44 expression and their association, leading
to macrophage migration. This cell-specific strategy to limit the
accumulation of highly inflamed macrophages in tissues does not
induce inflammatory bleeding or thrombosis, which are the
major complications associated with platelet-targeting.

Peritoneal macrophages are comprised of 2 functionally and
phenotypically distinct subsets, the large and small peritoneal
macrophages (LPM and SPM). LPM (F4/80highCD11bhighLy6C-)
largely outnumber SPM (F4/80lowCD11blowLy6C+), and are
responsible for phagocytosis of cell debris and apoptotic cells and
mediate tissue repair (45). In a model of liver sterile injury, in a
recent study showed that a sub-population of resident peritoneal
macrophages, GATA-6+, is rapidly mobilised to the injured liver in
CD44-dependent manner, expressing M2macrophage markers and
promoting tissue repair (46). Following intraperitoneal
inflammation, LPM rapidly migrate to draining lymph nodes,
whereas SPM numbers increases with monocyte influx from the
circulation into the peritoneum. These monocytes clear apoptotic
neutrophils and subsequently differentiate into macrophages or
dendritic cells. Monocyte-derived inflammatory macrophages
upregulate podoplanin in response to inflammatory stimuli such
as Zymosan and LPS. During the resolution of inflammation,
monocytes infiltration and macrophage removal regulates
peritoneal inflammation. Macrophage removal could be through
local death and/or increased migration to draining lymph nodes
(47–49). Here we show that the expression of podoplanin on
peritoneal inflammatory macrophages can be targeted to
accelerate their removal from the peritoneum. Crosslinking
podoplanin using recombinant CLEC-2 induces a series of
intracellular changes and receptor redistribution on the cell
membrane, increasing their migration. The absence of
macrophages from the inflamed peritoneum is not secondary to
(i) macrophage local death (49), (ii) increased macrophage
adherence through integrin aDb2 and aMb2 (Mac-1) upregulation
(50) but rather due to macrophage emigration to a secondary site
(48), in particular draining lymph nodes. The increase in
macrophage emigration was not due to matrix metalloprotease 9
secretion (51), or dysregulated vascular integrity, neither by increase
in other chemotactic molecules such as complement C5a levels (22).
Combining our in vitro and in vivo data suggests that a
chemoattractant released from the draining lymph nodes is
responsible for the directed migration. The directed migration to
the draining lymph nodes suggests a potential role for CCL21,
constituently secreted by LECs (35) and soluble ligand for
podoplanin. CCL21 has previously been described as a key
regulator of podoplanin+ dendritic cells migrating to lymph nodes
(52, 53). This directed migration and retention in lymph nodes
represents advantages, including limitation of local peritoneal and
potential development of an adaptive immune response.

rCLEC-2-mediated macrophage migration to draining lymph
nodes was not restricted to reduce peritoneal inflammation and
macrophage accumulation, but also increased T cell priming in the
lymph nodes. Macrophages are not solely innate immune cells but
can also process and present antigens to naïve T cells in secondary
lymphoid organs, driving CD4+ T helper cell activation and
polarisation to Th1, Th2 or Th17 effector cells. The co-
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localisation of macrophages with T cells in the medulla increases
antigen presentation and T cell priming, observed by increased IL-
2 secretion from MLN cells isolated from rCLEC-2-Fc-treated
mice. These results suggest that rCLEC-2 not only limits the
accumulation of inflammatory macrophages in the peritoneum,
but can also direct macrophages to the draining lymph nodes and
prime T cell activation. Whether macrophages function as antigen
presenting cells, express co-stimulatory molecules or release
activating cytokines to prime T cells needs further investigation.
Moreover, T cell priming, polarisation and survival following
clonal expansion requires further investigation. The beneficial
targeting of macrophage emigration to lymph nodes is
dependent on the disease, as the association of podoplanin+

macrophages with tumour lymphatic vessels in mammary
tumour model correlates with increased lymph node and distant
organ metastasis (32).

We have previously shown that platelet-CLEC-2-deficiency inmice
exacerbated the cytokine storm during endotoxemia and caecal
ligation and puncture (10); this is associated with impaired
macrophage number in the peritoneum. Complex alterations in the
inflammatory response in these mice limited the use of rCLEC-2-Fc
treatment during endotoxemia, due to a drastic early increase in the
clinical severity. Therefore, the mechanisms driving the dysregulated
inflammatory response in CLEC-2-deficient mice require
further investigation.

In conclusion, we show a novel, key immunomodulatory role for
CLEC-2-podoplanin interaction to limit the accumulation and
retention of highly inflamed macrophages in tissues, a major
complication observed in many sterile thromboinflammatory
diseases such as atherosclerosis and metabolic syndrome. rCLEC-
2-Fc may present a novel pathway to reduce the accumulation of
inflammatory macrophages, limiting tissue inflammation and
subsequent progression a to chronic inflammatory state.
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