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Abstract

Vaccine-induced immune thrombocytopenia with thrombosis (VITT) and heparin-induced
thrombocytopenia (HIT) are disorders mediated by antibodies against platelet factor 4 (PF4),
an abundant, positively charged, platelet-derived chemokine. In VITT, immune complexes
consisting of PF4 and anti-PF4 antibodies form and activate platelets through the low-affinity
immune receptor FcyRIIA whereas in HIT, the immune complexes also contain the
anticoagulant heparin. Both heparin and PF4 are known to activate platelets independently.
Heparin acts through platelet endothelial aggregation receptor 1 (PEAR1) but the mechanism

of activation by PF4 is unknown.

The aims of this thesis were therefore to firstly ascertain the mechanism of platelet activation
by PF4 and then to investigate whether PF4 and heparin play a role in directly activating
platelets in VITT and HIT. A third, separate aim was to investigate endothelial activation in
VITT and HIT to elucidate any differences that may contribute to the common occurrence of

cerebral venous sinus thrombosis in VITT but not in HIT.

Herein, PF4 is shown to lead to platelet aggregation, a-granule release, and spreading in a
dose-dependent manner starting at 10 ug/mL (1.28 uM). This occurs through binding to the
thrombopoietin receptor c-Mpl and signalling through Janus kinase 2 (JAK2), a process that
can be blocked by the JAK2 inhibitor, ruxolitinib, and a c-Mpl blocking antibody. Next, it was
shown that blockade of the PF4-c-Mpl interaction and downstream signalling could reduce
platelet aggregation to sera and isolated immunoglobulin G from patients with VITT. There
was no such clear effect with HIT sera and antibodies. However, blockade of the heparin-
PEARL interaction with an inhibitory anti-PEAR1 nanobody did lead to reduction in platelet
aggregation and a-granule release to HIT sera and antibodies. These findings may have
therapeutic relevance when developing targeted therapies for use in these disorders.
Endothelial cell work showed no direct induction of endothelial activation by VITT or HIT sera

or antibodies, nor did they lead to platelet recruitment.
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Fc gamma receptor lla

Fibroblast growth factor 2

Galactose

N-acetylated galactosamine
Glycosaminoglycan

GATA-binding protein 3

Glucuronic acid

N-acetylated glucosamine

N-sulfated glucosamine

Glycoprotein 130

Glycoprotein VI

Growth factor receptor-bound protein 2
Genome wide association study

Human dermal microvascular endothelial cells
Heparin-induced platelet activation
Heparin-induced thrombocytopenia

Heparan sulfate

Haematopoietic stem cell

Human umbilical vein endothelial cells
Inhibitory concentration 50%

Intercellular adhesion molecule 1

Insulin-like growth factor receptor 1
Immunoglobulin

IkappaB kinase

Interleukin 8

Interleukin 1 receptor type 1
Immunoreceptor tyrosine-based activation motif
Janus kinase 2

c-Jun N-terminal kinase

Dissociation constant

Lateral flow immunoassay

Latex gel immunoassay

Low-density lipoprotein receptor-related protein 1
Light transmission aggregometry
Mitogen-activated protein kinase

Multiplate electrode aggregometry
Megakaryocyte

Monoclonal gammopathy of uncertain significance
3-(Morpholin-4-yl)propane-1-sulfonic acid
Monoclonal antibody

Mammalian target of rapamycin

Mammalian target of rapamycin complex

Not done

Neutralising dose 50

Neutrophil extracellular trap
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NETosis
NETs
NIHR
NHS
NHSBT
oD
PaGIA/PIFA
PBS
PDGF
PDK1
PF4
PF4v
PI3K
PKCd
PLCy2
POSTN
PRP

PS
PTGDS
RT
SARS-CoV-2
SDS-PAGE
SHC
SOS
SPR
SRA
STAT
STAT3/5
Syk
TBK
Thl

Th2
Tiam1
TLR
TNFa
TPO
TRAP
TXA2
TULA-2
TYK?2
VCAM-1
VEGF
VITT
vVWF
B2-GPI

Neutrophil extracellular trap formation

Neutrophil extracellular traps

National Institute for Health and Care Research
National Health Service

National Health Service Blood and Transplant
Optical density

Particle gel immuno and immunofiltration assay
Phosphate buffered saline

Platelet-derived growth factor
Phosphoinositide-dependent kinase 1

Platelet factor 4

PF4 variant

Phosphoinositide 3-kinase

Protein kinase C delta type

Phospholipase C gamma 2

Periostin

Platelet rich plasma

Phosphatidylserine

Prostaglandin D2 synthase

Room temperature

Severe acute respiratory syndrome coronavirus 2
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Src homology 2 domain-containing protein

Son of sevenless

Surface plasmon resonance

Serotonin release assay

Signal transducer and activator of transcription
Signal transducer and activator of transcription 3/5
Spleen tyrosine kinase

TANK-binding kinase

T helper cell 1

T helper cell 2

T-cell ymphoma invasion and metastasis 1
Toll-like receptor

Tumour necrosis factor a

Thrombopoietin

Thrombin receptor activating peptide
Thromboxane A2

T-cell ubiquitin ligand-2

Tyrosine kinase 2

Vascular cell adhesion molecule 1

Vascular endothelial growth factor
Vaccine-induced immune thrombocytopenia with thrombosis
Von Willebrand factor
B2-Glycoprotein |
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1. General introduction

On 29" December 2021, the UK became the first country in the world to issue emergency
approval for the ChAdOx1 nCoV-19 vaccine against Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) (Medicines and Healthcare products Regulatory Agency, 2020).
This approval was based on a global trial that randomised over 30,000 participants in a 2:1
ratio to vaccination or placebo, reporting a significant reduction in symptomatic and severe
Coronavirus Disease 2019 (COVID-19) (Falsey et al., 2021). Over the ensuing months and
years, billions of individuals were vaccinated worldwide, and it has been estimated that in the
first year of vaccination, 14.4 million lives were saved, which represents the single biggest

public health achievement in the history of humanity (Watson et al., 2022).

However, in March 2021 reports began to emerge of rare patients presenting to hospitals
across Europe who had a sudden onset of unexplained blood clots in the context of a low
platelet count. The combination of thrombocytopenia and thrombosis is unusual and has a
short differential diagnosis. Moreover, the blood clots were often at unusual sites such as the
veins that drain blood from the brain and bowel. It was soon recognised that these patients,
who had recently received ChAdOx1 nCoV-19, were afflicted with a disorder that closely
resembled heparin-induced thrombocytopenia (HIT), an infrequent, idiosyncratic adverse
effect of treatment with the anticoagulant heparin (Schultz et al., 2021; Greinacher et al., 2021;
Scully et al., 2021). The new disorder, termed vaccine-induced immune thrombocytopenia
with thrombosis (VITT), was associated with high morbidity and mortality (Pavord et al., 2021),
and for survivors the physical and psychological effects are profound and long-lasting (Bennett

et al., 2023a, 2023b).

In response to the urgent need for research into VITT, a grant was awarded by the UK National
Institute for Health and Care Research (NIHR) to a consortium of academics across the

UK.(National Institute for Health and Care Research, 2021) The work in this thesis, which
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focuses on platelet activation in VITT and HIT, initially stemmed from this funding and was

later supported by funding from the British Heart Foundation (BHF).
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1.1. Platelets

Platelets are small, anucleate cells, 2-4 ym in diameter that are key components of the
haemostatic system and contribute to numerous physiological and pathological processes.
They are key players in thrombotic diseases where they mediate blood clot formation by
responding to vessel injury, aggregating with other platelets and provide a surface for the
activation of clotting factors. As such, antiplatelet drugs are vital therapies that are proven to

save lives (Antithrombotic Trialists’ Collaboration, 2002; Stanger et al., 2023).

Platelets are produced in the bone marrow from megakaryocytes, specialised myeloid cells
that in a healthy human adult produce 2,000 to 3,000 platelets each, and collectively 100 billion
platelets per day (Carminita et al., 2024). The process of platelet production is highly
dependent on thrombopoietin (TPO), a hormone that is produced at constant rate in the liver
and drives megakaryocyte differentiation and maturation (Hitchcock and Kaushansky, 2014).
TPO binds to the cellular myeloproliferative leukaemia protein (c-Mpl) on megakaryocytes
which leads to signalling through the Janus kinase and signal transducer and activator of
transcription (JAK-STAT) pathway and induction of megakaryocyte transcriptional

programmes (Hitchcock et al., 2021).

1.1.1. Platelet activation

Platelets circulate in the bloodstream in a quiescent state until they become activated by a
range of stimuli including fixed, membrane-bound ligands, soluble ligands, and biomechanical
forces. At sites of vascular injury, platelets adhere to proteins either on endothelial cells or on
the subendothelial matrix. A key protein in this process is subendothelial collagen which is
exposed at sites of injury. Multimers of von Willebrand factor (vWF) anchor to exposed
collagen and subsequently bind platelets through the glycoprotein 1b-V-IX complex (Lenting et
al., 2024). Collagen also directly activates platelets through glycoprotein VI (GPVI) and integrin
a2B1 (Nuyttens et al., 2011; Perrella et al., 2021). Numerous other interactions of activating

ligands and respective receptors on platelets trigger various downstream signalling pathways
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that lead to, and reinforce, platelet activation. Generally, fixed ligands such as collagen and
VWEF signal through phosphorylation cascades involving Src family kinases and phospholipase
C gamma 2 (PLCy2) whilst soluble activators such as thrombin and adenosine diphosphate

(ADP) interact with G protein coupled receptors (Offermanns, 2006).

Whilst there are numerous signalling pathways, a key convergence downstream of the various
activatory signals is the mobilisation of calcium ions (Ca?*), which contributes to shape
change, granule secretion, and integrin activation leading to aggregation (Varga-Szabo et al.,
2009). Shape change can be measured investigationally by microscopic examination of

platelet spreading on agonist-coated coverslips (Khan et al., 2020).

1.1.2. Platelet granules

Platelets contain three types of granules, a-granules, dense granules, and lysosomes, and the
release of a granules and dense granules is an important step in platelet activation (Gremmel
et al.,, 2024; Yao and Kahr, 2024). Selected constituents and functions of a- and dense

granules are summarised in Table 1.1.

Dense granules are acidic, membrane associated, intracellular compartments measuring 150
nm in diameter, each platelet containing 3-8 (Heijnen and van der Sluijs, 2015). They contain
relatively few different molecules, each at high concentrations including ADP, adenosine
triphosphate (ATP), Ca?", pyrophosphate, polyphosphates, magnesium ions (Mg?") and
potassium ions (K*) (Heijnen and van der Sluijs, 2015). These molecules are released quickly
on platelet activation and are crucial in positively reinforcing platelet activation (Heijnen and
van der Sluijs, 2015). Platelet activation is further reinforced by de novo synthesis and
secretion of thromboxane A, (TXA;) from arachidonic acid via the cyclooxygenase pathway.
TXA: acts in both an autocrine and a paracrine manner via the thromboxane A2 receptor

(TxA2R) (Mumford et al., 2010).

Within a single platelet, there are also 50-80 a-granules, (Heijnen and van der Sluijs, 2015)

which contain a much larger range of proteins with diverse biological roles. These include
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those with roles in haemostasis such as factor V, fibrinogen, vVWF, proteins that are both pro-
and anti-angiogenic, growth factors, proteases, necrotic factors, and other cytokines (Yao and

Kahr, 2024).

Granule release is an experimental marker of platelet activation. A well-established assay is
flow-cytometry for P-selectin, which on release from a-granules, incorporates into the platelet
membrane where it can be detected by antibody binding (Jourdi et al., 2023). This is a method
used for the diagnosis of VITT and HIT, and is used in this thesis. Dense granule secretion
can be quantified by measuring ATP-mediated oxidation of luciferin by luciferase and resultant
fluorescence (Dawood et al., 2007). Dense granule and lysosome secretion can also be
assessed by flow cytometry for CD63 (Jourdi et al., 2023). Secretion from dense granules is
also measured as a marker of platelet activation for the diagnosis of HIT in the serotonin
release assay (SRA) which detects release of serotonin containing #C after pre-incubation

and uptake of *C-serotonin into platelets (Warkentin et al., 2015).
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Table 1.1. Major constituents of platelet a and dense granules.

5-HT: 5-hydroxytryptophan; ADP: adenosine diphosphate; ATP: adenosine triphosphate;
CDA40L: CD40 ligand; CXCL: CXC motif chemokine ligand; EGF: epidermal growth factor;
MCP-1: monocyte chemoattractant protein-1; MIP-la: macrophage inflammatory protein-1
beta PAI-1: plasminogen activator inhibitor; PDGF: platelet-derived growth factor; PF4:
platelet factor 4; RANTES: regulated upon activation, normal T cell expressed and secreted,;
TGF: transforming growth factor B; VEGF: vascular endothelial growth factor; vWF: von
Willebrand factor.

a granules Dense granules
Molecule Function Molecule Function
Adhesion proteins Feeback mediators
Fibrinogen Platelet adhesion, ADP Compounding
VWF thrombus formation | ATP platelet activation
P-selectin Cell adhesion 5-HT (serotonin) and thrombus
Thrombospondin-1 | Thrombus formation = Ca?" and Mg?* formation

, . Platelet adhesion
Fibronectin

and tissue repair
Cell adhesion and

Vitronectin ; .
migration
Regulation of fibrinolysis Polyphosphates
PAI-1 I . Inorganic
Alpha-2-antiplasmin Antifibrinolytic pon%hosphate Procoagulant
Chemokines
PF4 (CXCL4) Multiple
CD40L Inflammation
CXCL1 (GRO-0)
CXCL5
CXCL7 (NAP-2) Leukocyte
CXCLS8 (IL-8) recruitment and
CCL2 (MCP-1) activation,
CCL3 (MIP-la) inflammation
CCL4 (MIP-IB)
CCL5 (RANTES)
Cytokines
VEGF Proangiogenic
TGFB Inflammation
EGF Cell proliferation
PDGFB and wound healing
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1.1.3. Aggregation and procoagulant platelets

Following platelet adhesion and activation, the membrane protein, integrin ai,s undergoes a
conformational change mediated by “inside-out” signalling. Integrin a3 is the dominant
platelet integrin with each cell containing ~100,000 copies (Janus-Bell and Mangin, 2023).
This leads to crosslinking of platelets through the binding of fibrinogen and vWF leading to the
formation of stable platelet aggregates (Janus-Bell and Mangin, 2023). Aggregation can be
measured in platelet rich plasma (PRP) or isolated washed platelets by light transmission
aggregometry whereby platelets are exposed to agonists whilst being stirred. Aggregated
platelets clump together allowing more light transmission which can be measured by a
detector (Cattaneo et al., 2013). Aggregation can also be measured in whole blood by
impedence where platelets adhere to and aggregate around electrodes in response to
agonists (Morel-Kopp et al., 2016). Both methods can be used in the diagnosis of HIT
(Arachchillage et al., 2023). Integrin a3 can also be measured in its active form by flow

cytometry as a surrogate for the functional readout of aggregation (Savi et al., 2005).

Very strong activating signals can result in the formation of procoagulant platelets. These are
platelets that expose phosphatidylserine (PS) on the extracellular surface of the plasma
membrane which allows the binding of coagulation factors leading to thrombin generation and
fibrin deposition (Agbani and Poole, 2017). Procoagulant platelet formation can be measured
by flow cytometry for PS exposure using fluorophore-labelled Annexin-V, a protein that can
bind PS at high affinity in a Ca?* manner (Boersma et al., 2005; Jourdi et al., 2023). Again,

this can be used as a marker of platelet activation in the diagnosis of HIT.
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1.2. Chemokines

Chemokines are immune molecules that function through controlling the circulation, adhesion,
and activation of immune cells in tissues (Schulz et al., 2016). From a single proto chemokine
that first emerged in evolution 650 million years, they have expanded in number through gene
duplication (DeVries et al., 2006) and humans possess over 40 distinct genes coding for
individual proteins (Hughes and Nibbs, 2018). These proteins and their receptors form a
complex network where many individual chemokines can bind to several receptors and vice-

versa (Hughes and Nibbs, 2018).

Chemokines are classified into four main subfamilies: C, CC, CXC, and CX3C, names that
refer to the presence and distribution of conserved cysteine residues; all chemokines possess
two conserved cytokine bridges, except C chemokines which contain only one (Hughes and
Nibbs, 2018). CXC chemokines (which include PF4) are characterised by two N-terminal
cysteine residues separated by a single amino acid and are further subclassified by the
presence or absence of an N-terminal ELR motif (Glu-Leu-Arg) which precedes the first N-
terminal cysteine. ELR positive chemokines including interleukin-8 (IL-8, a.k.a. CXCL8) are
pro-angiogenic and potent neutrophil attractants whereas ELR negative chemokines are very

weakly neutrophil attractant and generally angiostatic (Rollins, 1997).

1.3. Platelet factor 4 (PF4)

First purified in the 1950s, PF4, also known as CXC motif ligand 4 (CXCL4), was the first
chemokine discovered. It is an abundant protein that is stored in, and released from, platelet
a-granules upon activation. PF4 is expressed only by eutherian (placental) mammals
(Nomiyama et al., 2013) and evolutionary aspects are further discussed in section 6.2. A
timeline of key discoveries in the understanding of PF4 and its biology is presented in Figure

1.1.

Although PF4 can be expressed in other cell types including mast cells, microglia (De Jong et

al., 2008), monocytes (Schaffner et al., 2005; Vandercappellen et al., 2007), T cells (Shi et al.,
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2014), and dendritic cells (Maier et al.,, 2009; van Bon et al., 2014), it is predominantly
associated with platelets (Barber et al., 1972). It is stored in platelet a-granules in complex
with the intracellular proteoglycan, serglycin which, in platelets, is decorated with the
negatively charged glycosaminoglycan (GAG), chondroitin sulfate (CS) (Woulfe et al., 2008).
After platelet activation, PF4 is released from a-granules into the endoluminal space where it
can then interact with glycans that coat the surface of platelets, other cellular blood
components, and endothelial cells, as well as with other molecules. These interactions are

discussed below.
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Figure 1.1. Timeline of key discoveries concerning PF4.

Magenta: purification and biological location; purple: clinical implications; red: functional effects; yellow: genetics; green: receptors; blue: structural
biology; dark blue: structure of interaction with polyanions. GAG: glycosaminoglycan, HIT: heparin-induced thrombocytopenia, LRP1: low-density
lipoprotein receptor-related protein-1, MK: megakaryocyte, VITT: vaccine-induced immune thrombocytopenia with thrombosis. See Appendix 1

for references.
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1.3.1. Structure of PF4

The PF4 gene, which sits on chromosome 4 in a cluster of 12 other CXC chemokines
(Tunnacliffe et al., 1992), codes for a 101 amino acid protein which includes a leader-
sequence that is cleaved to yield a 70-amino acid chain. This forms a 7.8 kDa protein that
combines as two homodimers to form an asymmetric tetramer (Zhang et al., 1994; Poncz et
al., 1987). A striking characteristic of tetrameric PF4 is the equatorial ring of positive charge
formed by a lysine-rich KKVIKK C-terminus sequence that facilitates binding to negatively

charged GAGs and which is key to its diverse biological roles (Figure 1.2A).

In some primates (humans, great apes, and old-world monkeys), the PF4 gene has been
duplicated and altered giving rise to another chemokine, PF4 variant (PF4v or CXCL4L1)
(Struyf et al., 2004). The mature amino acid sequence of PF4v differs by only three amino
acids: P58L, K66e, and L67H (Eisman et al., 1990) but this has a major effects on the structure
of the tetramer such that the a-helices swing out into the aqueous space, leading to a loss of
the globular structure of PF4 (Kuo et al., 2013) (Figure 1.2B). Functionally, this results in
weaker binding to GAGs but much stronger inhibition of endothelial cell migration (Dubrac et
al., 2010). In addition to these changes, the cleaved leader sequence is markedly different.
Lasagni et al. transfected a range of human cells including endothelial, arterial smooth muscle,
monocytes, T cells and various cancer cell lines with PF4 and PF4v and compared their
synthesis, storage and release (Lasagni et al., 2007). Whilst PF4 was stored in electron-dense
cytoplasmic granules and released following stimulation, PF4v was constitutively synthesised

and released. It has not been confirmed whether this is the case in platelets.
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A
PF4: EAEEDGDLQCLCVKTTSQLVRPRHITSLEVIKAGPHCPTAQLIATLKNGRKLCLDLQAPLYKKIIKKLLES

KKIIKK
sequences

Figure 1.2. The structure of tetrameric PF4 (A) and PF4 variant (B) with associated
amino acid sequences of one monomer.

Denoted in blue are positively charged amino acids and denoted in green are the three amino
acid substitutions in PF4 variant compared with PF4. For PF4, the positively charged C-
terminus KKIIKK sequence is marked on one alpha helix. Figure created in PyMOL using
structural information from (A) (Zhang et al., 1994) and (B) (Kuo et al., 2013)
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1.3.2. Functions of PF4

The biological functions of PF4 are diverse. Itis known to be involved in immune cell activation,
thromboinflammation, haemostasis and thrombosis, negative regulation of haematopoiesis,
prevention of haematopoietic stem cell ageing, and negative regulation of angiogenesis (Table
1.2). PF4 acts through numerous receptors including CXC chemokine receptor 3b (CXCR3b)
(Lasagni et al., 2003), CC chemokine receptor 1 (CCR1) (Fox et al., 2018), LRP1 (Lambert et
al., 2009), and cluster of differentiation (CD)11b (Lishko et al., 2018) but most functions are
dependent on interactions with negatively charged GAGs such as chondroitin and heparan
sulfate (HS) that coat the surfaces of cells in the blood and the endoluminal vasculature. Of
note is a 40-year-old observation that PF4 can potentiate the activation of platelets to low dose
thrombin which has been proposed to be due to an interaction with GAGs (Capitanio et al.,
1985; Kowalska et al., 2010). However, although a mechanism by which PF4 may induce
intracellular signalling in cells through the crosslinking of GAGs has been theorised (Petersen
et al., 1998, 1999; Kasper et al., 2007), this has not been shown experimentally. Considering
its role in coagulation more widely, PF4 has been reported to have both pro-
haemostatic/thrombotic and anti-haemostatic/thrombotic roles depending on context. In
addition to neutralisation of HS-induced enhancement of antithrombin activity, which is
discussed further in section 1.3.3.1, PF4 activates protein C and decreases activation of
thrombin activatable fibrinolysis inhibitor (Slungaard and Key, 1994; Slungaard et al., 2003;
Kowalska et al., 2007; Mosnier, 2011), demonstrating anticoagulant properties. In contrast, it
is known to reduce activated protein C-mediated activation of protein S (Preston et al., 2009),
bind to VWF and inhibit its cleavage and inactivation by a disintegrin and metalloproteinase
with thrombospondin type 1 motif, member 13 (ADAMTS13) (Nazy et al., 2020) and contribute
to the formation of stable fibrin clots (Amelot et al., 2007). The functions of PF4, receptors,

and reliance on GAG interactions are presented in Table 1.2.
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Table 1.2. Categorised functions of PF4.

The table highlights the most pertinent, functional roles of PF4 and includes information on the affected tissue, receptor and intracellular signalling
mediating the function (if known), and whether this role is glycosaminoglycan-dependent. ADAMTS13: a Disintegrin and Metalloproteinase with
a Thrombospondin Type 1 motif, member 13; cAMP: cyclic adenosine monophosphate; CCL: Chemokine (C-C motif) ligand;CCR: C-C chemokine
receptor; CD: cluster of differentiation; CHO cells: Chines hamster ovary cells; CXCL: C-X-C motif ligand; CXCR: C-X-C motif receptor; FGF2:
fibroblast growth factor 2; GAG: glycosaminoglycan; GATA-3: GATA-binding protein 3; HS: heparan sulfate; HUVEC: human umbilical vein
endothelial cells; IFNy: interferon gamma; IKK: IkappaB kinase; IL-2: interleukin 2; IRF; interferon regulator factor; JAK2: Janus kinase 2; LDLR:
low density lipoprotein receptor; LRP1: lipoprotein-related receptor 1; Mac-1: Macrophage-1 antigen; MAPK: mitogen-activated protein kinase;
MPN: myeloproliferative neoplasm; NA: not applicable; NETs: neutrophil extracellular traps; pDC: plasmacytoid dendritic cell; PF4: platelet factor
4; PI3K: Phosphoinositide 3-kinase; STAT: signal transducer and activator of transcription; TBK; TANK-binding kinase; Thl: T helper cell 1; Th2:
T helper cell 2; TLR: toll-like receptor; VEGF: vascular endothelial growth factor; VITT: vaccine-induced immune thrombocytopenia and
thrombosis; VWF: von Willebrand factor.

Function

Cell type / tissue

Receptor/binding
partner

Signalling

GAG/polyanion-dependent?

Reference

Endothelial proliferation and angiogenesis

Inhibition of angiogenesis

Endothelial cells

Not reported

Not reported

Yes - activity associated with heparin-binding

(Maione et al., 1989)

region
In_th_e a_\b_sence _of its he_pann binding domain, PF4 Endothelial cells Not reported Not reported No - PF4 lacking heparin binding site still had (Maione et al., 1991)
still inhibits angiogenesis an effect
Inhibits mitogenic activity of VEGF in cancer by . Yes - PF4 interferes with VEGF121-heparin (Gengrinovitch et al.,
inhibiting binding to receptor Endothelial cells Not reported Not reported binding

Impaired HUVEC proliferation

Endothelial cells

Not reported

Impaired downregulation of p21Cip1/WAF1

No - GAG independent mechanism

(Gentilini et al., 1999)

Inhibits FGF2-induced endothelial cell proliferation
via an intracellular mechanism

Endothelial cells

Not reported

Decreased ERK phosphorylation

No - same effect in HS-neg CHO cells

(Sulpice et al., 2002)

Inhibition of endothelial growth

Endothelial cells

CXCR3b

Increased cAMP and p21 transcription

Not reported

(Lasagni et al., 2003)

Inhibits VEGF synthesis + disrupts KDR-mediated
signal transduction

Endothelial cells

Not CXCR3b

Inhibits MAPK signalling

Not reported

(Sulpice et al., 2004)

PF4 heterodimerisation with CXCL8 inhibits
endothelial activation and proliferation

Endothelial cells

PF4 + CXCL8 blocks CXCL8
interaction with CXCR2

Not reported

Not reported

(Nesmelova et al.,
2005)

Haematopoiesis

Binds to CD34+ HPCs and enhances binding to
stroma. PF4 binds to and blocks IL-8 mediated
activation.

Haematopoietic
progenitor cells

Suggested - chondroitin-sulfate-

containing moiety

Not reported

Yes - lack of binding after chondroitinase

(Dudek et al., 2003)

Inhibition of megakaryocyte terminal differentiation

Megakaryocytes

LRP1

Not reported

Not reported

(Lambert et al., 2009)

Megakaryocyte PF4 secretion leads to

Haematopoietic stem

Not reported

Not reported

Not reported

(Bruns et al., 2014)

maintenance of HSC quiescence cells

Inhibition of HSC ageing Haemat?:zzlnlfuc stem CXCR3, LDLR Not reported Not reported (Zhang et al., 2024)
Haemostasis & thrombosis

Platelet activation and potentiation Platelets Not reported Not reported Not reported (Capitanio etal,

1985)

Enhancement of protein C generation by binding
glycanated forms of thrombomodulin and protein
C

Endothelial cells

NA

NA

Yes

(Dudek et al., 1997)
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Neutralises heparan sulfate enhanced

(Fiore and Kakkar,

antithrombin inactivation of factor Xa Endothelial cells NA NA Yes

Pt no bleeding diatheas NA NA NA NA (Esin etal., 2004)
Alters structure of fibrin - seals blood clots Blood vessels NA NA Yes - fibrin is a glycoprotein (Amelot et al., 2007)
Binds to VWF and inhibits ADAMTS13 activity Blood vessels NA NA Not reported (Nazy et al., 2020)
Platelet activation and potentiation Platelets Not reported Not reported Yes (Dickgggi)et al,
Platelet activation and potentiation + signalling Platelets e-Mpl JAK2 Not reported (Buka etal,, 2024)

role in platelet activation in VITT

Thromboinflammation

Retention of low-density lipoprotein on endothelial
cell surface

Endothelial cells

Low density lipoprotein receptors

Not reported

Yes - effect lost with PF4 variants that lacked

heparin binding

(Sachais et al., 2002)

PF4 knockout reduces atherosclerosis in mice

NA

Not reported

Not reported

Not reported

(Sachais et al., 2007)

Downregulates atheroprotective haemoglobin
receptor CD163

Macrophages

Not reported

Not reported

Yes

(Gleissner et al.,
2010a)

Stabilises NETs and prevents degradation Neutrophils - NETs NA NA Yes (chromatin/DNA) (Ngo et al., 2023)
Immunity & inflammation

Neutrophil activation Neutrophils GAGs Not reported Yes (Pete:[sgzré)et al,
Monocyte survival and differentiation Monocytes Not reported Not reported Inferred (Schegg(r)%r) etal,
iegiizzllﬁglr: proliferation, IFNy production, and T cells GAGs Not reported Yes (FIeis;ggé)et al.,
Phagocytosis Phagocytes Not CXCR3b Not Gi proteins or increased intracellular calcium Not reported (Pervufggf)l etal,
Endothelial activation: increases endothelial E- Endothelial cells LRP1 NF-kappa-8 Inferred (Yu et al., 2005)

selectin expression

Induces regulatory T cell proliferation T cells Not reported Not reported Yes - inhibited by heparin (Liu et al., 2005)
leferen_tlal effects of PF4 on Tl and Th2 cytokine T cells CXCR3 Downregulation of Tbet, L_Jpr_egulauon of GATA-3 Not reported (Romagnani et al.,
production transcription 2005)
Intracellular calcium release and T cell migration T cells CXCR3 Not reported Yes (Mueller et al., 2008)
PF4 and CCL5 heterophilic interaction - monocyte (Von Hundelshausen
arrest on endothelium Monocytes Not reported Not reported Yes et al., 2005)
Monocyte respiratory burst, survival, cytokine Monocytes Not reported Rapid activation of PI3K, Syk, and p38 MAPK and Yes (Kasper et al., 2007)

expression

delayed activation of Erk

Monocyte differentiation - M4 phenotype

Monocyte-derived

Not reported

Not reported

Not reported

(Gleissner et al.,

macrophages 2010b)
Neutrophil lung infiltration associated with CCL5- . (Grommes et al.,
PF4 heterotetramers Lung / neutrophils Not reported Not reported Not reported 2012)
Kills malarial parasites Red cells Duffy antigen Not reported Yes — Duffy antigen is glycoprotein (McMggfg)et al,

Predominant protein secreted by pDCs in
systemic sclerosis and drives fibrosis

pDCs (production)

Not reported

Not reported

Not reported

(van Bon et al., 2014)

Differential effects of PF4 and PF4 variant

Monocytes

Not reported

Not reported

Not reported

(Gouwy et al., 2016)

Induces CD4+ T cells to secrete IL-17 +
differentiation of naive CD4+ T to Th17-cytokine
producing cells. Unknown whether direct or
indirect.

T cells, monocytes, pDCs

Not reported

Not reported

Not reported

(Affandi et al., 2018)

Drives monocyte migration

Monocytes

CCR1

Not reported

Yes

(Fox etal., 2018)

Monocyte receptor

Monocytes

Mac-1 (CD11b) integrin

Not reported

Yes. Also, Mac-1 PF4 binding mediated by

positively charged amino acids

(Lishko et al., 2018)
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Produced by pDCs -> promotion of fibrosis by

Secretion under control of PI3K. Potentiates TLR8- but

(Ah Kioon et al.,

potentiation of TLR9-induced IFN pDCs Not reported also TLR9-induced IFN production Not reported 2018)
Differentiation of pro-fibrotic monocyte-derived . o

DCs — sensitizes monocyte-derived DCs to TLR- pDCs NA Not reported but > T\;)Legille::;r} of CD83, CD86 and Not reported (Silva C;éi(;§° etal,
ligand responsiveness

Organizes “self” and microbial DNA into liquid

crystalline immune complexes - amplify TLR9- pDCs GAGs; independent of CXCR3 Not reported Yes (Lande et al., 2019)

mediated pDC-hyperactivation and interferon-a
production.

Contributes to fibrosis in MPN

Megakaryocytes, stromal

Not reported

JAK/STAT and profibrotic pathways in macrophages

Not reported

(Gleitz et al., 2020)

cells
Drives fibrosis Endot_hellal cells and Not reported Not reported Not reported (Affandi et al., 2022)
fibroblasts
_Regulatlon of TLR8 responses, superinduction of Monocytes Not reported MAPK & IRF pathways, TBK1/IKKe-IRF5 axis (Yang et al., 2022)
inflammatory genes
Widespread recruitment of immune cells .
independent of chemokine receptors Endothelium GAGs Not reported Yes (Gray et al., 2023)
Other
Heterotetramerization with CXCL12 inhibits
CXCR4-CXCL12-mediated migration of breast Breast cancer cells CXCR4 Not reported Not reported (Nguyen et al., 2022)

cancer cells

Cognition-enhancing effects of exercise are
mediated by PF4 which reverses cognitive decline
in aged mice.

Immune cells - indirect
effects on brain

Not reported

Not reported

Not reported

(Leiter et al., 2023)
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1.3.3. Interaction of PF4 with glycans

Cell surface glycans (sugars) exist in two main forms bound to proteins: proteoglycans and
glycoproteins. Proteoglycans are heavily glycosylated proteins consisting of a core protein
with long, covalently attached glycosaminoglycan (GAG) chains. These GAGs are made up
of repeating disaccharide units (up to ~80 sugar residues) consisting of various combinations
of an alternating amino sugar and a uronic acid (Falet et al., 2022). These combinations
produce four main families of GAG: chondrotin sulfate (CS), heparin or heparan sulfate,
keratan sulfate, and hyaluronic acid (Table 1.3). Uronic acids impart negative charge and

additional sulfation of the amino sugar adds further negative charge and complexity.

Another term, “glycoprotein”, refers to proteins that contain short chain, branching
polysaccharides termed N- and O-glycans (consisting of ~10 sugar residues). These are
linked to nitrogen atoms of asparagine, and oxygen atoms of serine or threonine residues in
the protein backbone respectively. Glycans can be further modified with the addition of
negatively charged sialic acid residues which are incidentally important for preventing platelets
being removed from the circulation by the hepatic Ashwell-Morrell receptor (Lee-Sundlov et
al., 2022). The differential expression of the enzymes that produce and attach GAGs and
glycans, and those that bring about sulfation and sialylation allows for highly tuneable tissue,

and cell-specific patterns, which in turn regulates chemokine activity.
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Table 1.3 Predominant constituents of glycosaminoglycans (GAGSs).

Each glycosaminoglycan is made up of repeating disaccharide units consisting of a uronic
acid and an amino sugar. N-sulfation and N-acetylation further modify the amino sugars with
sulfation imparting negative charge. GalNAc: N-acetylated galactosamine; GIcNAc: N-
acetylated glucosamine, GIcNS: N-sulfated glucosamine, GIcA: glucuronic acid, IdoA: iduronic
acid, Gal: galactose. *Subtypes of chondroitin sulfate depend on position of sulfation of
GalNAc: CSA: chondroitin 4-O-sulfate, CSC: chondroitin 6-O-sulfate, CSD: chondroitin 2,6-O-
sulfate, CSE: chondroitin 4,6-O-sulfate. CSB: form of chondroitin 4-O-sulfate with 1doA (L-
iduronic acid) instead of GICA as the uronic acid. NK: not known.

Glvcosaminoalvean Amino Predominant Ko (uM) for
y gy sugar uronic acid PF4 binding
Chondroitin sulfate*
CSA GalNAc GlcA 4.4 (Loscalzo et al., 1985)
CsC GalNAc GlcA 4.4 (Loscalzo et al., 1985)
CsD GalNAc GlcA 0.6 (Loscalzo et al., 1985)
CSE GalNAc GlcA 0.3 (Loscalzo et al., 1985)
(C'geBr)mata“ sulfate o iNAc IdoA 2.9 (Loscalzo et al., 1985)
Heparin/heparan
sulfate
Heparan sulfate GIcNAC GlcA 2.3 (Loscalzo et al., 1985)
0.16-0.04 (Loscalzo et al., 1985;
Heparin GIcNS IdoA Dudek et al., 1997; Stringer and
Gallagher, 1997; Lord et al., 2017)
Hyaluronic acid GIcNAC GlcA NK
Keratan sulfate GIcNAc Gal NK

1.3.3.1. Heparin

The strongest interaction of PF4 with a GAG is with heparin as it is the most negatively charged
GAG (Loscalzo et al., 1985; Petersen et al., 1999) (Table 1.3). Heparin is widely used in
medicine as an anticoagulant and is the drug of choice for numerous indications thanks to its
rapid onset, predictable pharmacokinetics, and reversibility. The mechanism of
anticoagulation of heparin is by binding positively charged lysine residues on antithrombin via
a distinctive pentasaccharide sequence (containing a middle 3-O-sulfated glucosamine) that
is found on about one third of heparin chains (de Agostini et al., 1990). This leads to major
enhancement of antithrombin’s activity and its ability to inactivate thrombin, factor 1Xa, factor

Xa, and factor Xla (Mulloy et al., 2016).
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Despite its medical use, anticoagulation is not heparin’s physiological role; its principal function
is to control the correct formation of secretory granules in mast cells (Humphries et al., 1999;
Forsberg et al., 1999). Heparan sulfate (HS), the major GAG that covers the endoluminal
surface in the vasculature (Reitsma et al., 2007) is structurally similar to heparin but is less
heavily sulfated and less negatively charged (Xu and Esko, 2014). Nevertheless, a small
proportion of HS chains also contain the aforementioned antithrombin-binding
pentasaccharide sequence and bind antithrombin, albeit to a lesser extent than heparin
(Mertens et al., 1992). HS therefore functions as a natural anticoagulant through enhancement

of antithrombin activity.

PF4 has been shown to effectively neutralise the anticoagulant effect of heparin in rats and in
a human phase | trial (Cook et al., 1992; Dehmer et al., 1995). Fiore and Kakkar showed that
20 nM PF4 inhibited 75% of factor Xa inactivation by antithrombin on HS (Fiore and Kakkar,
2003). They found that this occurred by interference with the formation of the factor Xa-
antithrombin complex on the HS chain. These findings demonstrate that PF4 could be
deployed as a reversal agent for heparin although protamine sulfate, another positively
charged molecule is used clinically and is widely accepted (Levy et al., 2023). The interaction
between PF4 and other GAGs aside from heparin manifests in the presentation of HIT where
the risk of thrombosis can persist after stopping heparin, and where the disease can also
present spontaneously without the patient ever being exposed to heparin (Greinacher et al.,

2017). This is discussed in more detail in Chapter 4.

GAGs are not only important for PF4’s activity. Although it was previously accepted that PF4
forms tetramers at physiological pH and concentration (Mayo and Chen, 1989; Moore et al.,
1975; Deuel et al.,, 1977), using native mass spectrometry, Niu et al. found a near-total
absence of tetramers under such conditions (Niu et al., 2020). Although a few tetramers
emerged at higher ionic strength, only the addition of short chain polyanions permitted
tetramers at physiological ionic strength. This important observation essentially suggests that

PF4 cannot act as a tetramer without the presence of polyanions and is consistent with prior
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observations that GAGs can also stabilise or induce chemokine oligomerisation (Lau et al.,
2004; Salanga et al., 2014). In some studies, anti-angiogenic properties of PF4 have been
shown to not be dependent on GAG-binding (Maione et al., 1991; Gentilini et al., 1999; Sulpice
et al.,, 2002). Furthermore, C-terminus peptides of PF4 have been shown to conserve
functionality to inhibit megakaryopoiesis (Gewirtz et al., 1989; Lebeurier et al., 1996) and
inhibit angiogenesis (Maione et al.,, 1991; Jouan et al., 1999; Hagedorn et al., 2001;
Vandercappellen et al., 2010). Together, these data suggest that not all activity of PF4 is
dependent on negative charge, and, given the findings from the native mass spectrometry
work of Niu et al. this suggests that there is some monomeric activity. This is consistent with
the knowledge that other chemokines activate their receptors as monomers (Crijns et al.,

2020).
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1.4. Anti-PF4 mediated immunothrombotic syndromes

1.4.1. Heparin-induced thrombocytopenia (HIT)

Heparin entered clinical practice in the 1930s but it was not until 1958 that a surgical case
series documented the occurrence of recurrent arterial thrombosis in patients treated with
heparin (Weismann and Tobin, 1958). This condition, now known as HIT, is characterised by

heparin-dependent anti-PF4 antibodies that activate platelets.

In HIT, long, negatively charged heparin polysaccharide molecules bind to the positively
charged equatorial region of two or more PF4 tetramers. This neutralises positive charges and
facilitates close approximation of these PF4 molecules, the merging of their hydrophobic
surfaces, and the formation of a single charge cloud and a stable structure (Greinacher et al.,
2006). The assembly of these complexes is exothermic, and the energy produced facilitates
structural rearrangement of PF4 that exposes neoepitopes (Kreimann et al., 2014; Nguyen et
al., 2015). This altered PF4 is then bound by anti-PF4/heparin antibodies to form large immune
complexes that activate platelets and leukocytes by crosslinking the low-affinity immune
receptor Fc gamma receptor 1A (FcyRIIA) (Kelton et al., 1988). FcyRIIA is discussed in more

detail in section 1.5.1.

Classically, HIT presents with a fall in a patient’s platelet count 5-10 days after heparin
exposure and this is accompanied by a high risk of thrombosis (Arachchillage et al., 2023).
Anti-PF4/heparin antibodies are in fact very common in patients treated with unfractionated
heparin and become detectable in between 8 to 50% of patients treated with unfractionated
heparin, rates differing with medical or surgical context (Warkentin et al., 2000; Everett et al.,
2007; Sokolovic et al., 2016; Vayne et al., 2019). These antibodies are also infrequently
detected in patients treated with low molecular weight heparin and the synthetic
pentasaccharide, fondaparinux (Warkentin et al., 2005a). However, the development of
platelet activating anti-PF4/heparin antibodies, and therefore HIT, is much rarer.
Unfractionated heparin exposure during cardiac surgery is associated with the highest risk of

HIT where it occurs in ~0.5% (Dhakal et al., 2018; Aguayo et al., 2018), with HIT occurring to
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a lesser extent in other surgical and medically unwell patients. HIT can also occur rarely in

patients exposed to low molecular weight heparin (Martel et al., 2005).

Anti-PF4/heparin antibodies are also readily detectable in patients with intercurrent illness,
who have not received heparin. In patients with sepsis, antibodies are frequently detectable
by enzyme-linked immunosorbent assay (ELISA) although the majority are of low optical
density (OD < 1.0) (Maharaj and Chang, 2018) indicating that the potential for them to activate
platelets in vitro is low. Furthermore, in this study, the ELISA method used detected not only
immunoglobulin (1g)G, but IgM, and IgA as well, which is known to decrease the specificity of
the assay as these latter two subclasses are not often associated with platelet activation (Juhl
et al., 2006). Severe COVID-19 infection is also associated with a high frequency of anti-
PF4/heparin antibodies, and that their presence is associated with disease severity (Ueland
et al., 2022; Liu et al., 2022), however these studies also focused on IgG, IgM, and IgA, and
did not measure the platelet activating potential of these antibodies. Anti-PF4/heparin
antibodies are also detectable in 1-5% of healthy individuals, but the majority of these
antibodies are again of low optical density and positivity varies according to the different
commercially available assays (Arepally and Hursting, 2008). Further, where tested, these
antibodies are not platelet-activating and likely reflect immune responses to common
infections (Hursting et al., 2010; Nicolson et al., in press a). These observations are consistent
with the theory that the anti-PF4/heparin immune response allows the adaptive immune
system to sense and target negative charge with PF4 forming a bridge between the innate
and adaptive immune system (Greinacher and Warkentin, 2023). However, Zhu et al. noticed
that antibodies targeting the COVID-19 receptor binding domain had the same unusual
molecular characteristics as anti-PF4/heparin antibodies (Zhu et al., 2024). They found that of
130 patients who were hospitalised with COVID-19, 80% had these cross-reacting 1gG
antibodies and 41% activated platelets in a PF4-dependent manner. Notably however, this
study did not see thrombocytopenia in these patients. It is unclear which is the driving immune

response in this situation — is the anti-COVID response first generating appropriate antibodies
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that are cross-reacting, is the opposite true, or are both these possibilities playing a role?
However, what these data do demonstrate is an additional mechanism by which anti-
PF4/heparin antibodies can be generated, and a possible further explanation for the

prothrombotic phenotype of COVID-19 (Zhu et al., 2024).

As discussed previously, PF4 not only binds to heparin, but also to other negatively charged
GAGs (Okayama et al., 1986; Loscalzo et al., 1985). These non-heparin GAGs can induce
the same conformational change in PF4 as caused by heparin binding, leading to epitope
exposure and binding of anti-PF4/heparin antibodies to form immune complexes. As such,
immune complexes can form at the surface of platelets and leukocytes even in the absence
of heparin. Although this is known to happen on the surface of platelets (Rauova et al., 2006),
PF4 forms antigenic complexes on monocytes more efficiently than on platelets (Rauova et
al., 2010) as monocytes express heparan sulfate and dermatan sulfate which have higher
binding affinities for PF4 than chondroitin sulfate, the predominant platelet surface GAG

(Okayama et al., 1986; Loscalzo et al., 1985).

Importantly, Krauel et al. showed that PF4 binds to gram-negative bacteria via lipid A at the
cell surface, a process that exposes PF4-heparin epitopes (Krauel et al., 2011, 2012). PF4
has also been shown to bind to other pathogens including adenovirus (Baker et al., 2021),
human immunodeficiency virus 1 (Parker et al., 2016), and SARS-Cov2 (Nguyen et al., 2024).
Bacteria are strongly negatively charged, more so than eukaryotic cells (Wilson et al., 2001),
and thus negative charge can act as a danger signal for the immune system. However, effector
molecules of the adaptive immune system including antibodies and T cell receptors only
recognise structure, not charge. Thus, it has been proposed that the binding of PF4 to
pathogens, induction of conformational change in PF4, and binding of anti-PF4 antibodies,
leads to recognition of these immune complexes by Fc receptors on innate immune cells and

thus plays a role in host defence (Greinacher and Warkentin, 2023).

So, the evidence demonstrates that the generation of anti-PF4/heparin antibodies is a

physiological immune response, but it is perturbed in HIT where heparin therapy floods the
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system with more negative charge than would be seen in nature. Still, spontaneous HIT-like
syndromes in individuals with no prior heparin exposure have been reported (Greinacher et
al., 2017) demonstrating that there is an evolutionary trade-off for this immune response, and

that it can sometimes go wrong.

1.4.2. Vaccine-induced immune thrombocytopenia with
thrombosis

VITT is also characterised by platelet activating anti-PF4 antibodies but in contrast to HIT,
most of these antibodies are not dependent on the presence of negatively charged GAGs to
recognise PF4 (Greinacher et al., 2021; Huynh et al., 2021). Instead, high-affinity, monoclonal
or oligoclonal antibodies bind to the heparin-binding region of PF4, themselves overcoming
the repellent positive charges of PF4 molecules and forming immune complexes (Huynh et
al., 2021; Kanack et al., 2022; Greinacher et al., 2022). Although PF4 has been shown to bind
to the surface of ChAdOx1 and form stable complexes (Baker et al., 2021) the sequence of

events leading to the generation of VITT antibodies is uncertain.

The clinical presentation of VITT is discussed in more detail in section 1.4.4.2 but one of the
most striking features is the high frequency of thrombosis in the cerebral veins, large avalvular
veins that drain the brain. An otherwise very rare site of thrombosis in the general population,
about 50% of all patients with VITT had cerebral venous sinus thrombosis (CVST). In this
context, Huynh et al. found that patients with CVST were much more likely to have anti-PF4
antibodies that bind in similar regions to HIT antibodies in addition to VITT antibodies targeting
the heparin-binding regions (Huynh et al., 2023), Similarly, sera from some patients with HIT
can activate platelets independent of heparin and have also been shown to have VITT-like
antibodies targeting the heparin-binding region (Warkentin, 2023b; Nguyen et al., 2017;
Warkentin et al., 2023a). In contrast to HIT, the addition of low, therapeutic concentrations of
heparin disrupts immune complex formation and blocks platelet activation in vitro (Cines and
Greinacher, 2021; Warkentin et al., 2023a). Heparin-independent reactivity is typical of the so-

called “autoimmune” HIT-like syndromes which have atypical clinical characteristics and are
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summarised in Table 1.4. The differences in antibody binding regions on PF4 in relation to
positively charged amino acids and heparin binding sites are summarised in Figure 1.3. Still,
as discussed, it should be noted that the binding sites shown in Figure 1.3. are a simplification.
Labelling a case as HIT- or VITT-like based on antibody binding epitopes is therefore not
straightforward and there is cross-over (Huynh et al., 2023; Warkentin, 2023b; Nicolson et al.,

2025).

45



(A) Positively charged residues (C) Binding sites of HIT antibodies

EAEEDGDLQCLCVKTTSQLVRPRHITSLEVIKAGPHCPTAQLIATLKNGRKLCLDLQAPLYKKIIKKLLES EAEEDGD ©/CL_VKTTSQLVRPRHITSLEVIK GPH_PTACLATLKNGRKLLD! QAPLYKKIIKK | ES

(B) Heparin binding sites (D) Binding sites of VITT antibodies

EAEEDGDLQCLCVKTTSQLVRPRHITSLEVIKAGPHCPTAQLIATLKNGRKLCLDLQAPLYKKIIKKLLES EAEEDGDLQCLCVKTTSQLVRPRHITSLEVIKAGPHCPTAQLIATLKNGRKLCLDLQAPLYKKIIKKLLES

Figure 1.3. Anti-PF4 antibody binding sites in anti-PF4 mediated immunothrombotic
disorders.

Adapted from Buka and Pavord, 2024. (A) positively charged amino acids shown in blue, (B)
heparin binding sites shown in orange, (C) Typical HIT antibody binding sites in yellow, (D)
Typical VITT antibody binding sites shown in green — based on n=5 VITT cases, (Huynh et al.
2021). It should be noted that there is however overlap as patients with atypical HIT
syndromes can have VITT-like antibodies and HIT-like antibodies are also detected in some
patients with VITT.

Table 1.4. Anti-PF4 immunothrombotic syndromes.

HIT: heparin-induced thrombocytopenia; VITT: vaccine-induced immune thrombocytopenia
with thrombosis. *Considered autoimmune (aHIT) as both heparin-dependent and heparin-
independent PF4 antibodies are present. Clinical outcomes of aHIT are often more severe.
**Up to 42 days if isolated DVT/PE

HIT and HIT-like syndromes

Classic HIT Usually occurs 5-10 days after first heparin exposure
Autoimmune HIT
Rapid onset HIT Immediate reaction with use of heparin after recent exposure
Delayed onset HIT* Platelet count fall begins or worsens after stopping heparin
Persisting (refractory) HIT* Persistent thrombocytopenia >1 week from stopping heparin
Spontaneous HIT Occurs without exposure to heparin

Fondaparinux induced HIT* Occurs with exposure to fondaparinux

VITT and VITT-like syndromes
VITT Occurs 5-30** days after adenoviral vaccination
Spontaneous VITT Occurs without vaccine exposure
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1.4.3. Spontaneous anti-PF4 immunothrombotic syndromes

In addition to the classical presentations of HIT and VITT, it is now clear that clinically
significant anti-PF4 antibodies can occur spontaneously in the absence of heparin or vaccine
exposure. Both acute VITT-like and HIT-like syndromes have been reported often connected
to mild, intercurrent infection particularly adenovirus (Warkentin et al., 2023b; Uzun et al.,
2023; Dimopoulou et al., 2024; Lambert and Warkentin, 2025) but also cytomegalovirus
(Nicolson et al., 2025) and after human papilloma virus vaccination (Johansen et al., 2022).
Look-back exercises have identified patients with recurrent thrombosis who on further
assessment have been found to have platelet activating anti-PF4 antibodies (Schénborn et
al.,, 2023). Population-based studies have shown that individuals with monoclonal
gammopathy of uncertain significance (MGUS), a pre-malignant condition with a small risk of
progression to multiple myeloma, have a high risk of thrombosis (Kristinsson et al., 2010).
Recently patients with MGUS have been shown to have paraproteins formed of anti-PF4
antibodies and one patient required systemic anti-myeloma therapy to successfully prevent
recurrent thrombotic events (Kanack et al., 2024; Salmasi et al., 2024). Rather than a rare,
isolated patient, Padmanabhan has also reported that of 134 patients with MGUS and a history
of thrombosis, four had PF4 and heparin-dependent, platelet activating antibodies that were
inhibitable with high concentrations of heparin and blockade of FcyRIIA (Pabmanabhan et al.,
2024). This novel data suggests that the anti-PF4 immune response may be an important
driver of MGUS and therefore multiple myeloma, as well as thrombosis in these conditions.
Notably, these patients tested negative on anti-PF4 ELISA, and two tested negative by the
serotonin-release assay (discussed below) suggesting atypical VITT-like antibody epitopes on

PF4 that are not detected by this assay (Pabmanabhan et al., 2024).
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1.4.4. Clinical aspects

1.441. HIT

HIT should be suspected in any patient who has recently received heparin and has a decrease
in their platelet count (Arachchillage et al., 2023). It is classically characterised by the onset of
thrombocytopenia 5 to 10 days after the first exposure to heparin. Notably, it is a fall in platelet
count, typically 230%, rather than absolute thrombocytopenia (<150x10°%mL) that is important;
patients may have platelet counts in the normal range. Clinically, even though HIT generally
occurs in hospitalised, monitored patients, 50% of patients have thrombosis at diagnosis
indicating its intensely prothrombotic phenotype as well as delayed diagnosis (Arepally and
Padmanabhan, 2021). Less commonly, patients with HIT may also display skin necrosis or

experience acute systemic reactions to injections of heparin (Warkentin et al., 2005b).

Several scoring systems have been developed to assess the likelihood of HIT in order to
streamline and reduce unnecessary laboratory testing (Lo et al., 2006; Cuker et al., 2010;
Nilius et al., 2022). Of these pre-test probability scores, the 4Ts score, which is the most widely
used, assigns a score of between 0 and 8 based on the degree of Thrombocytopenia, Timing
of platelet count fall, presence of Thrombosis or other sequelae, and the presence of other
causes for Thrombocytopenia (Lo et al., 2006). The parameters of the 4Ts score are

summarised in Table 1.5.

Patients can then be categorised as either low (< 3), intermediate (4 to 5), or high (6 to 8) risk
of HIT. A low score is reliably predictive of the patient not having HIT (negative predictive
value: 0.998) whilst ~14% and ~64% patients with intermediate and high-risk scores have HIT
(Cuker et al., 2012). It is recommended that in patients with an intermediate or high-risk score,
heparin should be stopped and an alternative non-heparin anticoagulant started whilst the

patient is investigated (Cuker et al., 2018; Arachchillage et al., 2023).
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Table 1.5. The 4Ts score.

The 4Ts score is a clinical scoring system that can be used to assess the pre-test probability
of HIT. Patients are assigned a score of between 0 and 8 categorising them as either low (0-
2), intermediate (3-6) or high (7-8) risk of having HIT (Lo et al., 2006). Patients with an
intermediate or high risk score should have heparin stopped, be started on an alternative, non-

heparin anticoagulant, and referred for diagnostic testing.

Score

0

1

2

Thrombocytopenia

Platelet count fall <30%
OR platelet nadir <10

Platelet count fall 30—
50% OR platelet nadir
10-19

Platelet count fall >50%
AND platelet nadir 220

Timing of platelet
count fall

Platelet count fall <4
days without recent

Consistent with days 5—
10 fall, but not clear;
onset after day 10 OR
fall =1 day (prior

Clear onset between
days 5-10 OR platelet
fall =1 day (prior

exposure heparin exposure 30— heparin ;(;(ggsg;e within
100 days ago) y
Progressive OR New thrombosis OR
. recurrent thrombosis; skin necrosis; acute
Thrombosis or . . : ;
None non-necrotizing skin systemic reaction post-
other sequelae o . ;
lesions; suspected intravenous heparin
thrombosis (not proven) bolus
Other causes for
thrombocytopenia Definite Possible None apparent

There are numerous diagnostic tests that can be broadly subcategorised as (1) qualitative
screening tests, (2) semi-quantitative tests that detect anti-PF4 antibodies, and (3) functional
assays that determine the ability of patient serum to activate platelets in the presence of low
concentration heparin (0.1 to 0.5 IU/mL). The semi-quantitative and functional assays also
incorporate a “heparin neutralisation step” whereby the assay is repeated in the presence of
high concentration heparin (10 to 100 IU/mL) with the expectation that this will block reactivity
as this higher concentration disrupts immune complex formation. These assays are

summarised in Table 1.6.
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Table 1.6. Assays used in the diagnosis of heparin-induced thrombocytopenia.

Test
Screening tests
Lateral flow immunoassay (LFIA)
Particle gel immuno and immunofiltration assay (PaGIA/PIFA)
Latex gel immunoassay (LIGam)
Semi-quantitative immunoassays
Enzyme linked immunosorbent assay (ELISA)
Chemiluminescence immunoassay (CLIA)
Functional platelet activation assays
Flow cytometry-based platelet activation
Heparin-induced platelet activation (HIPA)
Light transmission aggregometry (LTA)
Multiplate electrode aggregometry (MEA)
Serotonin release assay (SRA)

Generally, patient serum is first subjected to a screening test and/or a semi-quantitative
antibody test which exhibit high sensitivity but lower specificity. Positive samples are then
referred for testing by a functional platelet activation assay which have high specificity
(Arachchillage et al., 2023). As described above, anti-PF4/heparin antibodies are frequently
found in unwell individuals but platelet activating antibodies are much rarer and diagnostic of
HIT. This said, the results of pre-test probability scoring in combination with the magnitude of
an immunoassay result can be used in a Bayesian calculator to assign a probability of HIT.
For example, a high-risk 4Ts score with an ELISA OD >2.39 yields a 96% probability of HIT
(Nilius et al., 2022). Another approach along the same lines is the algorithm suggested Table
1.7 which does not mandate functional testing where the probability is high (Cuker, 2014;

Raschke et al., 2017).

Nonetheless, it is optimal to perform a functional platelet assay in all patients with a positive
semi-quantitative test. The gold-standard functional assay is the serotonin release assay
(SRA) which has a sensitivity and specificity of over 95%. However, this assay detects release
of serotonin containing a radioactive isotype of Carbon - Carbon-14 (**C) and as such requires

specialised equipment and training. As such, other widely used methods have been
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developed. Flow cytometry based assays can either measure P-selectin expression after

release from platelet a-granules or annexin-V binding which is a measure of
phosphatidylserine exposure. This is the method used by the UK reference laboratory at
National Health Service (NHS) Blood and Transplant (NHSBT), Filton (National Health Service
Blood and Transplant, 2023). Flow cytometry has been shown to have sensitivity and
specificity similar to the SRA (Tardy-Poncet et al., 2021). The heparin-induced platelet
activation (HIPA) assay also has good concordance with the SRA (Gonthier et al., 2021) but

although LTA has comparable specificity, its sensitivity is lower (Brodard et al., 2020).

Table 1.7. Algorithm for interpretation of ELISA optical density in the context of pre-test

probability score.

Based on (Cuker, 2014) and (Raschke et al., 2017).

4Ts score
Pre-test probability

ELISA result (OD)

Low risk (0-3)
<1% probability

Intermediate (4-5)
~10% probability

High risk (6-8)
~50% probability

Negative
Anti-PF4 <0.6
Likelihood ratio ~0.04

0% probability HIT
HIT is excluded

0% probability HIT
HIT is excluded

~10% probability
Functional assay
Stop heparin
?7? Empiric tx for HIT

Indeterminate
Anti-PF4 0.6-1.5
Likelihood ratio ~1.2

<2% probability
HIT unlikely
Consider functional assay

~12% probability
Functional assay
Stop heparin
?? Empiric tx for HIT

~55% probability

Functional assay
Stop heparin

Empiric tx for HIT

Positive
Anti-PF4 1.5-2
Likelihood ratio ~7

~7% probability HIT
Functional assay
Stop heparin
?7? Empiric tx for HIT

~50% probability

Functional assay
Stop heparin

Empiric tx for HIT

~90% probability
HIT largely ruled in
Stop heparin
Empiric tx for HIT

Strongly positive
Anti-PF4 (>2)
Likelihood ratio ~70

~42% probability

Functional assay
Stop heparin

Empiric tx for HIT

91% probability
HIT largely ruled in
Stop heparin
Empiric tx for HIT

99% probability
HIT is ruled in.
Stop heparin
Empiric tx for HIT
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1.442. VITT

VITT should be suspected in patients with platelets <150x10%mL or >50% decrease in platelet
count who have new thrombosis or severe persistent headache presenting 5-30 days post
vaccination, or up to 42 days if only presenting with deep vein thrombosis or pulmonary
embolism (Schonborn et al., 2024). Characteristically, D-dimer is 28 times the upper limit of
normal and fibrinogen is low. Thrombosis can occur at any site but as stated previously, over
half of all patients had CVST with other unusual sites of thrombosis such as the portal vein
also common (Pavord et al., 2021). Possible mechanisms for the preponderance of CVST in
VITT are discussed in more detail in section 5.1.1. In contrast to HIT, as patients are previously
well and are not in hospital being monitored, almost all present with thrombosis, although
several cases of so called “pre-VITT” in patients presenting with headache, thrombocytopenia
but no thrombosis, have been reported (Salih et al., 2021). Although estimates vary, the
incidence of VITT after the first dose of ChAdOX1 is likely to be between 1 in 25,000 and 1 in
70,000 with rates higher in younger people (Schultz et al., 2021; Medicines and Healthcare
products Regulatory Agency, 2022). In the UK, a seminal case series of 220 patients showed
that 85% of affected individuals were younger than 60 years of age (Pavord et al., 2021).
Cases of VITT have also been reported after vaccination with the two other adenoviral vector
vaccines, Ad26.COV2.S, and Gam-COVID-Vac/Sputnik V, but at much lower rates (See et
al., 2022; Herrera-Comoglio and Lane, 2022). There have also been scattered reports of
possible VITT following vaccination with mRNA-based vaccines, but these patients did not
have complete diagnostic work-up, or had results not wholly consistent with VITT (Sangli et

al., 2021; Lin et al., 2023).

In the UK, one third of patients with VITT died but early recognition and aggressive treatment
with intravenous immunoglobulin, plasma exchange, and anticoagulation is effective (Pavord
et al.,, 2021). In Australia, the vaccination programme was delayed by several weeks

compared to Europe, so by the time patients started presenting with VITT, it had already been
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described. Thus, patients with VITT in Australia were recognised sooner and treated more

quickly with a resultant mortality of only 5% (Tran et al., 2023).

In patients with clinical suspicion for VITT, the diagnosis can be confirmed using similar
principles to HIT — the demonstration of platelet activating, anti-PF4 antibodies (Handtke et
al., 2021). Typically, rapid screening tests designed for the diagnosis of HIT are negative in
VITT and semi-quantitative immunoasssays are positive. Low dose heparin that is expected
to enhance platelet functional responses in HIT has an abrogating effect in VITT, thus
functional HIT tests require adapting for VITT. Instead of heparin, low concentration PF4 can

be used to enhance responses (Handtke et al., 2021; Schénborn et al., 2023).
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1.5. Relevant platelet receptors

1.5.1. Fc-gamma receptor IIA (FcyRIIA)

FcyRIIA (CD32a) mediates platelet activation in anti-PF4 immunothrombotic syndromes. It is
a platelet immunoreceptor tyrosine-based activation motif (ITAM) receptor that becomes
activated when crosslinked by IgG molecules such as those contained in immune complexes
or in other contexts as discussed below. Platelets contain two other ITAM receptors,
glycoprotein VI (GPVI) and C-type lectin-like receptor 2 (CLEC-2) and all three have shared
downstream signalling pathways (Lee and Bergmeier, 2016). ITAM receptors are
characterised by the presence of a conserved amino acid sequence in the cytoplasmic tail of
the receptor: a tyrosine followed by two amino acids then a leucine or an isoleucine (YxxL/I),
with two of these patterns usually separated by 6-8 amino acids: Yxx(I/L)x(6-12)Yxx(l/L) (Rayes
et al., 2019). This sequence is important for signal transduction and is found in a variety of

immune cells.

Fcy receptors are a group of receptors that recognise IgG. This class includes six receptors,
five are activating: FcyRI, FcyRIIA, FcyRIIC, FcyRIIIA, and FcyRIIIB, and one is inhibitory,
FcyRIIB (Bournazos et al., 2020). They are differentially expressed on a range of myeloid and
lymphoid cells, but platelets only express FcyRIIA and FcyRIIB. FcyRIIA is also expressed on
neutrophils, monocytes, eosinophils, macrophages, and dendritic cells (Bournazos et al.,
2020). Human platelets express about 1,000 copies of FcyRIIA (Huang et al., 2021; Burkhart
et al., 2012) which structurally comprises two extracellular Ig-like domains, the second of

which mediates binding to IgG.

All Fcy receptors, aside from FcyRI, are low-affinity receptors that cannot be activated by
monomeric IgG (Bournazos et al., 2020). Thus, they require IgG that is multimeric in order to
provide sufficient avidity to enable cellular activation (Arman and Krauel, 2015). The
physiological role of these receptors is to bind to the Fc regions of immunoglobulins that have
opsonised pathogens. In this context, multivalent binding leads to crosslinking of the Fc

receptors and, in the case of the activatory receptors, activation of the FcR-expressing cell.
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Crosslinking of platelet FcyRIIA induces robust and rapid platelet activation resulting in
aggregation and granule release (Arman and Krauel, 2015). Pathological FcyRIIA activation
occurs in response to immune complexes such as those seen in anti-PF4 immunothrombotic
syndromes (Kelton et al., 1988) systemic lupus erythematosus (Duffau et al., 2010; Berlacher
et al., 2013) and with drug-dependent antibodies (Meyer et al., 2009; Gao et al., 2009). The
receptor also facilitates clearance of immune complexes which, in contrast contributes to
reducing inflammation thus illustrating a balance between pro- and anti-thromboinflammatory
activity (Huang et al., 2011). These known ligands for FcyRIIA are listed in Table 1.8 in addition
to other non-naturally occurring ligands that have been developed as either research tools or

therapeutics.

It should be noted that FcyRIIA is only present in higher order primates; murine platelets do
not express any Fc receptor (Trist et al., 2014; Hogarth et al., 2014; Lejeune et al., 2019). In
the context of HIT, whilst mice can generate anti-PF4/heparin antibodies (Zheng et al., 2013)
these do not activate mouse platelets, and mice do not develop HIT. Thus, in murine models
of HIT, double knock-in of human FcyRIIA and PF4 is required to successfully recapitulate the

phenotype of HIT (Reilly et al., 2001).
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Table 1.8. Known ligands for FcyRIIA.

CDA40L: cluster of differentiation 40 ligand; HIT: heparin-induced thrombocytopenia; GP:
glycoprotein; 1gG: immunoglobulin G; mAb: monoclonal antibody; VITT: vaccine-induced

immune thrombocytopenia with thrombosis.

Naturally occurring

References

Physiological

IgG-opsonised bacteria

Many, reviewed: (Arman and
Krauel, 2015)

IgG-opsonised influenza

(Boilard et al., 2014)

Pathological

Immune complexes containing anti-PF4 antibodies
HIT sera / isolated antibodies
VITT sera / isolated antibodies

(Kelton et al., 1988)
(Smith et al., 2021)

Drug-dependent antibodies

(Meyer et al., 2009; Gao et al.,
2009)

Immune complexes in systemic lupus
erythematosus

(Duffau et al., 2010; Berlacher et
al., 2013)

Non-naturally occurring

Mouse anti-human FcyRIIA antibody, 1V.3,
crosslinked by anti-mouse IgG

(Arman et al., 2014; Zhou et al.,
2016)

IgG coated beads

(Antczak et al., 2011)

Aggregated IgG

(Worth et al., 2006)

Antibodies against other platelet membrane
receptors

Anti-CD9 mAb

Anti-GPVI mAb
Anti-CD151 mAb

Anti-GPIX mAb

(Taylor et al., 2000; Stolla et al.,
2011)

(Gardiner et al., 2008)
(Gardiner et al., 2008)

(Stolla et al., 2011; Taylor et al.,
2000; Zhou et al., 2016)

Monoclonal anti-PF4 antibodies (KKO, 5B9, 1E12).

KKO HIT-like mAb
5B9 HIT-like mAb
1E12 VITT-like mAb

(Arepally et al., 2000)
(Kizlik-Masson et al., 2017)
(Vayne et al., 2021a)

Tetravalent llama anti-human FcyRIIA nanobody

(Martin et al., 2024)

Immune complexes containing anti-CD40L mAb
and CD40L

(Robles-Carrillo et al., 2010;
Langer et al., 2005; Amirkhosravi
et al., 2014)
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1.5.1.1.1. FcyRIIA polymorphisms

FcyRIIA exists in human populations in two common allelic forms that are defined by either an
arginine or histidine at position 131 (R131 or H131) of the amino acid chain (Warmerdam et
al., 1990). In Caucasians, ~25% of individuals are H131 homozygous, ~35% R131
homozygous, and the remainder heterozygous (van Schie and Wilson, 2000). This is a
clinically important polymorphism and R131 homozygotes are at higher risk of severe sepsis
(Vidarsson et al., 2014; Endeman et al., 2009; Beppler et al., 2016), nephritis in systemic lupus
erythematosus (Duits et al., 1995; Haseley et al., 1997), and thrombosis in HIT (Carlsson et
al., 1998). FcyRIIA R131 has a lower affinity for IgG2 than H131 (Bruhns et al., 2009) resulting
in reduced 1gG2 antibody-dependent immune responses (Vidarsson et al.,, 2014), thus
explaining the higher risk of sepsis as IgG2 antibodies are produced in a T cell independent
manner in response to bacterial polysaccharide antigens and individuals homozygous for
R131 therefore mount a weaker immune response against these infections. In HIT, anti-
PF4/heparin antibodies are predominantly of IgG1 subclass (Arepally et al., 1997). In R131
individuals, reduced binding of IgG2 (which makes up ~30% of all plasma IgG (Vidarsson et
al., 2014)) increases the availability of binding sites for IgG1 and IgG3-containing immune

complexes (Rollin et al., 2015).

A study involving nearly 100 patients with HIT and over 300 controls reported that
polymorphisms in the protein tyrosine phosphatase CD148, a protein that regulates Src (a
pivotal kinase in FcyRIIA downstream signalling) were associated with frequency of HIT (Rollin
et al., 2012). 276P and 326Q polymorphisms were protective against the development of HIT,
and detailed in vitro work found hyporesponsiveness and decreased phosphorylation of
effectors downstream of FcyRIIA in platelets from these individuals in after crosslinking of
FcyRIIA (Rollin et al., 2012). Zhou et al. screened 147 healthy individuals for responsiveness
to FcyRIIA activation and performed gene expression profiling. They identified downregulation
of the protein phosphatase, T cell ubiquitin ligand-2 (TULA-2) as being independently

associated with hyper-responsiveness to FcyRIIA activation (Zhou et al., 2015). They further
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showed that knockdown and knockout of TULA-2 in human FcyRIIA-expressing mice
enhanced FcyRIIA mediated platelet activation, and worsened thrombocytopenia and
increased thrombin generation in a model of HIT (Zhou et al., 2015, 2016). These studies
demonstrate that complex, interacting processes govern responsiveness to FcyRIIA-induced
stimulation. However, in the study of CD148 polymorphisms, the controls were heparin-
exposed cardiac surgery patients who either did not have any anti-PF4/heparin antibodies, or
who had detectable antibodies that were non-platelet activating (Rollin et al., 2012). Therefore,
it is unclear why patients who are higher responders to FcyRIIA stimulation are more likely to
develop platelet activating anti-PF4/heparin antibodies (as defined by the ability of patient
serum to activate platelets from high responding healthy donors) rather than just being more
prone to thrombosis when these antibodies develop. Genetic factors that govern the
generation of anti-PF4/heparin antibodies as well as those that activate platelets have not

been elucidated.
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1.5.2. Platelet endothelial aggregation receptor-1

Platelet endothelial aggregation receptor-1 (PEARL1) is a type-1 transmembrane protein that
belongs to the multiple epidermal growth factor (EGF)—like domain family of proteins (Nanda
et al., 2005). Principally expressed on endothelial cells and platelets, it comprises one
extracellular elastin microfibril interface (EMI) domain and 15 extracellular EGF-like repeats
(Nanda et al., 2005). The intracellular component contains five proline-rich regions, which
facilitate docking of SH3 domain-containing proteins such as Src family kinases and
phosphoinositide-3 kinase (PI3K), and four tyrosine residues (Nanda et al., 2005). Human
platelets contain ~1800 copies of PEAR1 (Burkhart et al., 2012; Huang et al., 2021) but cell
surface expression is increased by release of PEAR1 from a-granules on activation (Kauskot

et al., 2012).

PEAR1 was first shown to become activated during platelet aggregation to other agonists, and
that this activation could be blocked by the integrin a3 inhibitor eptifibatide which abrogates
platelet aggregation (Nanda et al., 2005). However, it was also shown that PEARL1 activation
could occur during platelet centrifugation, but this was not blocked by eptifibatide. It was later
demonstrated that this process occurs through the binding of an unidentified platelet surface
ligand to the EMI domain of PEAR1 leading to rapid phosphorylation and signalling through

PI3K which results in enhancement of integrin aunBs activation (Kauskot et al., 2012).

1.5.2.1. PEARL1in the context of HIT

Prior to, and independently of, the work on PEAR1 described above, it was known that
therapeutic administration of heparin in humans leads to transient thrombocytopenia and to
detectable increases in markers of platelet activation and renders platelets hyperresponsive
to activation by ADP and thrombin receptor activating peptide (TRAP) (Xiao and Théroux,

1998). It was also shown that heparin potentiates integrin a3 signalling (Gao et al., 2011).

More recently, sulfated polysaccharides belonging to the dextran and fucoidan families have

been shown to induce robust platelet activation through interaction with the 13" EGF repeat
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of PEAR1 (Kardeby et al., 2019). Kardeby subsequently showed that heparin sulfate
conjugated to an albumin core could stimulate aggregation of washed platelets, platelet rich
plasma (PRP) and whole blood. Unconjugated heparin and low molecular weight heparin both
also stimulated aggregation in washed platelets but not in PRP or whole blood, and there was
significant inter-donor variability in responses. Aggregation to all three agonists was blocked
by a llama-derived nanobody to the 13" EGF-like repeat of PEAR1 (Kardeby et al., 2023).
This nanobody, nanobody 138 (Nb138) is used in this thesis and nanobodies are further

introduced later. The ligands and activating stimuli for PEAR1 are summarised in Table 1.9.

Table 1.9. Known ligands and activating stimuli for PEARL in platelets.

EGF: epidermal growth factor; EMI: elastin microfibril interface; FceR1a: Fc epsilon receptor
1 alpha.

Naturally occurring

PEARL1 binding

Reference

Platelet contact — ligand unknown

EMI domain

(Nanda et al., 2005)

FceR1a

13" EGF-like repeat

(Sun et al., 2015)

Fucoidan

13" EGF-like repeat

(Kardeby et al., 2019)

Heparin sulfate

13" EGF-like repeat

(Kardeby et al., 2023)

Non-naturally occurring

Centrifugation — ligand unknown

EMI domain

(Nanda et al., 2005)

Synthetic glycopolymers

13" EGF-like repeat

(Kardeby et al., 2019)

Albumin-linked heparin sulfate

13" EGF-like repeat

(Kardeby et al., 2023)

Low molecular weight heparin

13" EGF-like repeat

(Kardeby et al., 2023)

Trivalent nanobodies

13" EGF-like repeat

(Martin et al., 2024)

Single nucleotide polymorphisms (SNPs) in PEAR1 have been associated with variability in
healthy donors’ platelet responses to range of agonists. Herrea-Galeano et al. screened 1,486
healthy individuals from families with a history of premature coronary artery disease for PEAR1
variants (Herrera-Galeano et al., 2008). They found that a SNP in the promoter region of
PEARL1 (rs2768759) was correlated with increased platelet aggregation to ADP, collagen, and
adrenaline and increased resistance to aspirin. Numerous other studies have reported
associations between SNPs in PEAR1 (particularly in intron 1) and platelet function and

resistance to antiplatelets (Ansari et al., 2021). Furthermore, Stimpfle et al. demonstrated that,
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in a large cohort of patients undergoing percutaneous coronary intervention, homozygous
carriers of the PEAR1 minor allele rs12566888 had significantly worse outcomes (Stimpfle et

al., 2018).

Despite the pivotal role for heparin in HIT, the role of the heparin-PEARL1 interaction has never
been investigated. Healthy donors’ platelet responses to HIT sera are characteristically
variable (Warkentin et al., 1992) and it is unknown whether PEAR1 has any role in in this.
Further, it is unknown whether variants in PEAR1 have any role in the pathogenesis of
thrombosis in HIT; PEAR1 variants were not reported as disease maodifiers in the largest
genome wide association study (GWAS) of HIT which involved 1,269 patients with proven HIT
(Karnes et al., 2015). However, given the relatively small sample size, and low sensitivity for
GWAS in detecting associations, particularly when effect sizes are small, this does not rule
out an association (Stringer et al., 2011). Thus, the role of PEARL in HIT has not previously
been evaluated and it may contribute to platelet activation through the heparin-PEAR1
interaction as well as contact-induced integrin a1 activation. To elucidate the relative
contribution, novel tools are required to specifically inhibit these different processes. Camelid-
derived nanobodies have been developed in the Birmingham Platelet Group and are

introduced in section 1.6.

1.5.3.  Cellular myeloproliferative leukaemia protein (c-Mpl)

c-Mpl is a JAK-associated receptor found on haematopoietic stem cells, megakaryocytes and
platelets (Hitchcock et al., 2021). Platelets contain several JAK-associated receptors including
the IL-6 receptor subunit glycoprotein 130 (GP130), insulin-like growth factor receptor 1
(IGFR1), and the TPO receptor, c-Mpl (Burkhart et al., 2012; Huang et al., 2021). These
proteins are named after the dual-faced Roman god of doors, gates and transitions, Janus,
reflecting their dual phosphate transferring domains. One domain is active as a kinase, and
the other as a negative regulator of the first domain’s kinase activity (Seavey and Dobrzanski,

2012). JAKs are a family of four kinases: JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2).
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They are significant in many physiological and disease processes and mediate cellular
activation downstream of receptors of the type | and type Il cytokine receptor superfamily (Hu
et al., 2021). This is a group of receptors that includes those that bind interferons, many
interleukins, colony stimulating factors, and hormones including erythropoietin and TPO. JAKs
are constitutively associated with cytoplasmic domains of cytokine receptors and on ligand-
receptor binding become phosphorylated and activated. Active JAKs then phosphorylate the
cytoplasmic tail of the receptor which leads to binding and phosphorylation of effectors
including the STATs (Hu et al.,, 2021). There are seven STATs: STAT1, STAT2, STAT3,
STAT4, STAT5a, STAT5b, and STAT6 and various combinations of JAKs and STATs are

found in different cell types (Casanova et al., 2012).

In megakaryocytes, the binding of TPO to c-Mpl and induction of downstream signalling is the
key driver of platelet production (Hitchcock and Kaushansky, 2014). Inherited mutations that
render c-Mpl dysfunctional result in congenital amegakaryocytic thrombocytopenia which is
characterised by profound thrombocytopenia and a propensity for leukaemia (Van Den
Oudenrijn et al., 2000). Similarly, activating mutations in c-Mpl and JAK2 can drive abnormal
proliferation of myeloid cells as seen in myeloproliferative neoplasms (Cross et al., 2021). The
TPO molecule has two distinct binding sites for c-Mpl — one low-affinity and one high-affinity
— through which it binds to and dimerises c-Mpl (Tsutsumi et al., 2023). This results in JAK2
activation which induces phosphorylation of STAT3 and STAT5, mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinases (ERK), and PI3K (Miyakawa et al., 1995;
Yamada et al., 1995; Miyakawa et al., 1996, 2000; Sattler et al., 1995; Ezumi et al., 1995;
Drachman et al., 1999; Tsutsumi et al., 2023). These pathways drive the activation of
megakaryocyte-specific  transcriptional programmes resulting in  expression  of

megakaryocyte-specific genes.

TPO is produced in the liver at a constant rate and circulating TPO binds to c-Mpl which is
retained on mature platelets (Hitchcock and Kaushansky, 2014). Here, it becomes

internalised, reducing TPO levels and thus reducing the amount that reaches the bone marrow
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(Fielder et al., 1996). As such, the higher the platelet count, the less TPO that reaches the
bone marrow, and the fewer platelets that are produced (Kuter, 2013). A second negative
regulatory mechanism is the activation of a second receptor Casitas B-lineage lymphoma
protein (c-Cbl), also by TPO which is an E3 ubiquitin ligase that ubiquitinates c-Mpl and marks

it for degradation (Saur et al., 2010).

In addition to this role, TPO has been shown to potentiate platelet activation (Ezumi et al.,
1995, 1999; Van Willigen et al., 2000; Moore et al., 2019; Pasquet et al., 2000) and at high
concentrations has been shown to induce platelet aggregation (Hammond et al., 1998;
Pasquet et al., 2000). At lower concentrations, TPO can support platelet adhesion to VWF
(Van Os et al., 2003). Although TPO has been reported to contribute to platelet activation in
several disease states (Lupia et al., 2006, 2009, 2022), the true physiological relevance of this
is debatable. Indeed, the physiological relevance of JAK signalling in platelets in general is

unclear.

1.5.3.1. JAK2in platelets

There is evidence of JAK/STAT activation in platelets in response to platelet stimulation by
thrombin (Rodriguez-Lifiares and Watson, 1994) and through GPVI (Parra-lzquierdo et al.,
2022; Babur et al., 2020) and CLEC-2 (lzquierdo et al., 2020). However, JAK2 is not crucial
to any of the key mechanisms of platelet activation, either through ITAM-receptors, or G-
protein coupled receptors. Inhibition of JAK2 kinase activity is reported to diminish platelet
activity (Lu et al., 2014; Parra-lzquierdo et al., 2022) although when used in patients, JAK2
inhibitors do not significantly increase the risk of bleeding; indeed, some increase the risk of
thrombosis (Mehta et al., 2020). Conversely, patients with myeloproliferative disorders, who
often have activating mutations in JAK2, have an increased risk of thrombosis. However, in
some patients, especially those with more extreme thrombocytosis, there is a risk of bleeding
due to acquired von Willebrand syndrome which is caused by vVWF consumption (Barbui et
al., 2013). JAK2 knockout mice have severe thrombocytosis due to dysregulated TPO turnover
(Meyer et al., 2014). These mice also show a bleeding diathesis and impaired thrombus
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formation with impaired responses through GPVI and CLEC-2 but not through G-protein

coupled receptors (Eaton et al., 2021).

Much of the role of JAK2 in platelets has been studied in the context of the activating V617F
mutation which is pathognomic for myeloproliferative neoplasms. Humans with JAK2 V617F
mutated essential thrombocythaemia have been shown to have hypoactive platelets with
impaired signalling through the PI3K/Rapl pathway resulting in loss of the potentiating effect
of TPO (Moore et al., 2013). Several groups have investigated the effects of the activating
JAK2 V617F mutation in murine knock-in models. Hobbs et al. reported the phenotype of
JAK2V617F mice, under the control of a Mx1-Cre system induced by polyinosinic-polycytidylic
acid (plpC) treatment administered at 10 days of age, which targets JAK2 V617F to
haematopoietic cells (Hobbs et al., 2013). These mice had thrombocytosis (~1,600x10°/L),
enhanced responsiveness to platelet agonists independent of platelet count, enhanced
thrombus formation in vitro, and reduced tail bleeding. Another murine model of JAK2 V617F
using non-inducible Tie2-Cre mice which targets the mutation to haematopoietic and
endothelial cells also described mice with thrombocytosis but compared to Mx1-Cre mice,
platelet counts were much higher (>2,500x10%L) (Etheridge et al., 2014). Platelets from these
mice showed no difference in their aggregaton responses but counterintuitively, in vivo
thrombus formation was significantly attenuated. Wild type mice, transplanted with HSCs from
Tie2-Cre mice had thrombocytosis but no observed difference in thrombus formation or
bleeding. In contrast, Tie-Cre mice transplanted with wild-type HSCs (and thus only
expressing JAK2 V617F in endothelial cells had no thrombocytosis but did have delayed and
unstable thrombus formation (Etheridge et al., 2014). Lamrani reported findings from a murine
polycythaemia/myelofibrosis model where haematopoietic stem cells from JAK2 V617F Vav-
Cre or SCLCreER knock-in mice were transplanted into lethally irradiated wild type mice so
as to remove any contribution of endothelial V617F expression (Lamrani et al., 2014). The
study reported hyporesponsive platelets, increased tail bleeding, and attenuated thrombosis

after injury. These conflicting reports indicate the complex and context-dependent role
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specifically of the JAK2 V617F mutation in thrombosis and haemostasis. However, the wider

physiological importance of JAK2 in physiological platelet activation is still unclear.

1.6. Nanobodies

Conventional antibodies (immunoglobulins) are composed of two light chains and two heavy
chains linked together by a disulfide bridge (Figure 1.4A) The immunoglobulin classes, A, D,
E, G, and M are determined by the heavy chain fragment crystallisable (Fc) region and this is
responsible for the effector functions of antibodies including binding to and activation of Fc
receptors. Antigen recognition is mediated by the fragment antigen-binding (Fab) regions,
which consist of the variable domains of both the heavy (Vu) and light (V) chains (Gutierrez
and Desiderio, 2024). In camelid species such as camels, llamas and alpacas, whilst their
IgG1 antibodies are also composed of light and heavy chains, their IgG2 and 1gG3 antibodies
are heavy chain only (Hamers-Casterman et al., 1993). Thus the antigen recognition domain
is formed of a variable heavy chain-only domain (Vur) but these remain high affinity for target
antigens. In the same manner as conventional antibodies, heavy chain-only antibodies can be
raised against a wide range of antigens and these services are available commercially
(Harmsen and De Haard, 2007). The Vun domain can be easily expressed alone to produce
single domain antibodies — nanobodies — which have a molecular weight of only 15 kDa
compared to 150 kDa for a full IgG molecule. The differences between conventional

antibodies, heavy chain antibodies, and nanobodies are represented in Figure 1.4.

In research, nanobodies have numerous advantages over conventional antibodies including
their ease of expression in a variety of systems, stability, and ease of engineering for various
purposes (Harmsen and De Haard, 2007). For example, whilst monovalent nanobodies can
be used as inhibitors of platelet receptors, linkers can be inserted into the constructs to
produce polyvalent nanobodies that can cluster and activate receptors (Martin et al., 2024).
The size of nanobodies allows more precise targeting of regions within larger proteins to inhibit

specific functions related to those regions. For example, caplacizumab is a nanobody that
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targets the A1 domain of VWF inhibiting the interaction between VWF and the platelet receptor
GPIb and is used to excellent therapeutic effect in thrombotic thrombocytopenic purpura
(Scully et al., 2019). In this thesis, nanobody technology is utlised to specifically block the

heparin-binding 13" EGF like repeat of PEARL1 and these studies are described in Chapter 4.

Variable
region

Fab region

4

Fc region

B Lightchain ~ Conventional Heavy-chain only Nanobody
[ Heavy chain antibody antibody

Figure 1.4. Schematic showing of the difference between conventional antibodies
heavy-chain only antibodies, and nanobodies.

Conventional antibodies are composed of two light chains (red/pink) and two heavy chains
(purple) linked by a disulfide bridge. Both light chains and heavy chains are composed of
variable (V) and constant domains. The antigen binding site is formed by the variable regions
of the heavy and light chains (V4 and V.). Heavy-chain only antibodies are composed of only
heavy chains linked by a disulfide bridge and an antigen binding site formed by only the
variable heavy chain only domain (Vun). Nanobodies, formally known as single-domain
antibodies, consist of a single variable heavy chain only domain.
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1.7, Aims of the thesis

It has been known since the 1980s that platelets are activated in HIT through binding of Fc
regions of antibodies in immune complexes to FcyRIIA (Kelton et al., 1988). As discussed
above, it is also known that both PF4 and heparin activate platelets but their contributions to
platelet activation in HIT and VITT have not been investigated. The mechanism of heparin-
induced platelet activation is now understood but PF4’s mechanism of activation is yet to be
elucidated. Here, it is hypothesised that both free, and immune complex-bound PF4 contribute

to platelet activation in VITT as do PF4 and heparin in HIT.

Finally, a key mystery in the pathophysiology and presentation of VITT is the preponderance
for cerebral venous sinus thrombosis. This is introduced in more detail in Chapter 5. It was
hypothesised that differential interactions of platelets and endothelial cells in response to
stimulation with combinations of PF4, heparin, HIT and VITT antibodies, in this anatomical

location may contribute to the observed phenomena.
Thus, the aims are to:

1. Characterise and investigate the mechanism of platelet activation to PF4.

2. Investigate the role of PF4-mediated platelet activation in VITT and HIT.

3. Investigate the role of heparin-mediated platelet activation in HIT.

4. Investigate the interactions between platelets, endothelial cells, PF4, heparin, HIT and

VITT antibodies and sera.
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2. Methods

2.1. Materials

2.1.1. Agonists

Reagent Source

1E12 VITT-like monoclonal antibody

Dr Jéréme Rollin, Prof Yves Gruel (Tours,
France)

5B9 HIT-like monoclonal antibody

Dr Jérbme Rollin, Prof Yves Gruel (Tours,
France)

Collagen (equine tendon)

Takeda (Linz, Austria).

Collagen-related peptide, cross-linked
(CRP)

CambCol Laboratories (Cambridge, UK)

Crosslinked 1V.3
V.3
Goat anti-mouse IgG secondary antibody

Ying Di, (University of Birmingham, UK)
Invitrogen (Thermo Fisher Scientific,
Waltham, USA)

Heparin (PL 29831/0111)

Wockhardt (Wrexham, UK)

KKO HIT-like monoclonal antibody (MA5-
17641)

Thermo Fisher Scientific (Waltham, USA)

Platelet factor 4, purified from human blood

Chromatec (Greifswald, Germany)

Platelet factor 4, purified from human blood

Prof Doug Cines (Philadelphia, USA)

Platelet factor 4, purified from human blood

Dr Simon Abrams, Dr Guozheng Wang
(Liverpool, UK)

Recombinant thrombopoietin (HZ-1248)

Proteintech (Rosemont, USA)

VITT IgG isolated from patient plasma

Dr Luis Moran, Dr Samantha Montgaue, Dr
Margaret Goodall (University of Birmingham,
UK)

2.1.2. Inhibitors
Reagent Target Source
Dasatinib Src Sigma-Aldrich (Merck, Darmstadt, Germany).
Eptifibatide Integrin cunBs GSK (Brentford, UK)
Goat anti-human c-Mpl | c-Mpl Invitrogen (Thermo Fisher Scientific, Waltham,
(PA5-47042) USA)
KU-0063794 mTOR Selleckchem (Houston, USA)
Niclosamide STAT3, mTOR Selleckchem (Houston, USA)
PRT-030618 Syk Sigma-Aldrich (Merck, Darmstadt, Germany)
Ruxolitinib JAK1 JAK2 Stratech Scientific (Ely, United Kingdom)
SH4-54 STAT3 STATS Selleckchem (Houston, USA)
STATS inhibitor STAT5S Cayman Chemicals
Stattic STAT3 Cayman Chemicals
TGX-221 PI3BK p110B Selleckchem (Houston, USA)
Wortmannin PI3K Selleckchem (Houston, USA)
WYE-354 mTOR Selleckchem (Houston, USA)
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2.1.3. Antibodies

All anti-human unless stated. AF: Alexa Fluor; APC: allophycocyanin; Cy5: cyanine5; Cy7:
cyanine7; ELISA: enzyme-linked immunosorbent assay; FC: flow cytometry; FITC: fluorescein
isothiocyanate; HRP: horseradish peroxidase; IP: Immunoprecipitation; M: Microscopy; PE:
phycoerythrin; WB: Western Blot.

Reagent Host Use Source
species

AF-488 PAC1 (activated | Mouse FC: 1/100 Santa Cruz (Dallas, USA)

integrin aupPs)

AF-488-PF4 (sc-398979) | Mouse M: 1/100 Santa Cruz (Dallas, USA)

AF-488-phalloidin Mouse M: 1/750 (Thermo Fisher Scientific,
Waltham, USA)

AF-647-PF4 (sc-398979) | Mouse M: 1/100 Santa Cruz (Dallas, USA)

AF-647-phalloidin Mouse M: 1/750 (Thermo Fisher Scientific,
Waltham, USA)

Anti-mouse IgG HRP Rabbit WB: 1/3000 Amersham Biosciences (GE

conjugate secondary to 1/10000 Healthcare, Buckinghamshire, UK)

antibody

Anti-rabbit IgG HRP Goat WB: 1/3000 Amersham Biosciences (GE

conjugate secondary to 1/10000 Healthcare, Buckinghamshire, UK)

antibody

Anti-thrombopoietin Rabbit ELISA Antibodies.com (Cambridge, UK)

APC anti-CD62P (P- Mouse FC: 1/100 Biolegend (San Diego, USA)

selectin), Clone AK4

APC-Cy7-CD62P (P- Mouse FC: 1/100 Biolegend (San Diego, USA)

selectin), Clone AK4.

APC-Cy7-1gG1k isotype | Mouse FC: 1/100 Biolegend (San Diego, USA)

(clone MOPC-21)

APC-Cy7-VCAM1 Mouse FC: 1/100 Biolegend (San Diego, USA)

(CD106) FAB5649A

APC-IgG1k isotype Mouse FC: 1/100 Biolegend (San Diego, USA)

(clone MOPC-21)

FITC-CD31 (11-0311- Mouse M: 1/100 Thermo Fisher Scientific

82) (Waltham, USA)

FITC-CD41 (5B12) Mouse FC: 1/100 Dako (Agilent, Santa Clara, USA)

FITC-ICAM1 (CD54) Mouse FC: 1/100 Biolegend (San Diego, USA)

(322720)

FITC-IgG1k isotype Mouse FC: 1/100 Biolegend (San Diego, USA)

(clone MOPC-21)

Hoechst 33342 (62249) | NA M: 1/10000 Thermo Fisher Scientific
(Waltham, USA)

JAK2 (D2E12) Rabbit IP: 1/100 Cell Signaling Techology
(Danvers, USA)

PE-Cy5-1gG1k isotype Mouse FC; 1/100 Biolegend (San Diego, USA)

(clone MOPC-21)

PE-Tissue factor Mouse FC: 1/100 Biolegend (San Diego, USA)

Phospho-c-Mpl (06-944) | Rabbit WB: 1/1000 Sigma-Aldrich (Merck, Darmstadt,
Germany)

Phospho-STAT3 (D3A7, | Rabbit WB: 1/1000 Cell Signaling Techology

Tyr705) (Danvers, USA)
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Phospho-STAT5a/b (05- | Mouse WB: 1/1000 Sigma-Aldrich (Merck, Darmstadt,
495Ab, Tyr694/699) Germany)
Phosphotyrosine (4G10, | Mouse WB: 1/1000 Sigma-Aldrich (Merck, Darmstadt,
05-1050) Germany)
Syk (4D10, sc-1240) Mouse WB: 1/1000 Santa Cruz Biotechnology (Dallas,

USA)

2.1.4. Recombinant proteins

ELISA: enzyme linked immunosorbent assay; LTA: light transmission aggregometry; SPR:

surface plasmon resonance,

Reagent Species Target | Use Source

c-Mpl (TpoR) Recombinant, NA SPR, ELISA | Biotechne (R&D

(4444-TR) human-derived Systems, Minneapolis,
USA)

Nanobody 138 | Recombinant PEAR1 | FC,LTA Developed by

(Nb138) llama-derived

Birmingham Platelet
Group. Batch produced
by Dr Eleyna Slater, Dr
Rachel Lamerton, and
Hugo Lagonotte
(University of
Birmingham, UK)

2.1.5. Endothelial cell culture

Reagent Source

Human dermal microvascular endothelial cells (C-12212) | Promocell (Heidelberg,
Germany)

Human umbilical vein endothelial cells Promocell (Heidelberg,
Germany)

Endothelial cell growth medium (C-22020) Promocell (Heidelberg,
Germany)

Endothelial growth medium supplement mix (C-39211) Promocell (Heidelberg,

Germany)

Opti-MEM™ Reduced Serum Medium

Gibco™, Thermo Fisher
Scientific (Waltham, USA)

Trypsin / EDTA 0.03% / 0.04% (C-41010)

Promocell (Heidelberg,

Germany)

Trypsin neutralising solution (C-41110) Promocell (Heidelberg,
Germany)

Freezing medium cryo-SFM (C29912) Promocell (Heidelberg,
Germany)

Glass bottom 20 mm centre confocal dishes (734-2906) | VWR (Avantor, Lutterworth,

UK).
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2.1.6. Other reagents

Reagent/material Source

Immun-Blot polyvinylidene fluoride Biorad (Hercules, USA)

membrane

Non-fatty acid free Bovine Serum Albumin First Link (UK) Ltd (Birmingham, UK).

(BSA)

Novex NuPAGE Bis-Tris Protein Gels 4 to Invitrogen (Thermo Fisher Scientific

12%, Mini, 1.5 mm — 10-15 lanes (Waltham, USA)

Nunc™ MicroWell™ 96-Well Microplates Thermo Scientific (Thermo Fisher Scientific
(Waltham, USA)

NuPAGE™ MOPS (3-(N- Invitrogen (Thermo Fisher Scientific

morpholino)propanesulfonic acid) SDS (Waltham, USA)

Running Buffer

Protein A sepharose Fastflow beads GE Healthcare (Chicago USA)

SuperSignal™ West Pico PLUS Thermo Fisher Scientific (Waltham, USA)

Chemiluminescent Substrate (34580)

Transblot Turbo western blotting buffer Biorad (Hercules, USA)

TMB (3,3',5,5'-Tetramethylbenzidine) Sigma-Aldrich (Merck, Darmstadt Germany)

substrate

2.1.7. VITT IgG

IgG was isolated from the plasma of a patient with VITT collected after plasma exchange.
Work included in this thesis using this reagent is published (Buka et al., 2024). Plasma was
passed through protein A columns after which IgG collected on columns was eluted, collected
and concentrated. Eluate was dialysed into phosphate buffered saline (PBS) and protein
concentration measured by NanoDrop (Thermo Fisher Scientific, Waltham, USA). Control IgG
was isolated from the plasma of a healthy donor previously known to be a high responder to
FcyRIIA stimulation. These reagents were produced by Dr Luis Moran, Dr Samantha
Montague, and Dr Margaret Goodall, University of Birmingham. Approval for this was included
in the project ethical approval via the University of Birmingham Human Bioresource Centre as

detailed in section 2.4.

2.1.8. Nanobody 138
Nanobody 138 against the 13" EGF repeat of PEAR1 was generated in collaboration with VIB
Nanobody Core (Ixelles, Belgium). This nanobody was produced, developed, and

characterised in the Birmingham Platelet Group as part of programme of work that included
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development of nanobodies against PEARL, glycoprotein VI (GPVI), C-type lectin-ike receptor
2 (CLEC-2) and FcyRIIA (Martin et al., 2024). The work has been led by Dr Eleyna Slater (née
Martin) and Prof Steve Watson, with extensive testing by Ying Di and significant academic
development also done by Dr Joanne Clark. Dr Caroline Kardeby first established Nb138 as
a research tool (Kardeby et al., 2023). The nanobody used in this thesis was made in-house

by Dr Eleyna Slater, Dr Rachel Lamerton, and Hugo Lagonotte.

2.1.8.1. Nanobody production

A llama was immunised by VIB by subcutaneous injection with 100 to 150 pg of soluble
recombinant PEAR1 EGF-like repeat 12-13 on days 0, 7, 14, 21, 28, and 35. Following this,
blood was collected on day 40 and lymphocytes isolated. Lymphocytes were used to construct
a variable domain of heavy chain only antibody (VHH) library which consisted of over 100
million unique VHH clones which were selected for those that contained appropriately sized
inserts in the phagemid vector. Three rounds of selection were conducted using a receptor-
specific antigen immobilised on a solid surface (concentration: 100-200 pg/mL), with
enrichment for phages displaying antigen specificity evaluated after each cycle. Following this,
colonies identified as positive were tested using ELISA to detect receptor antigen-specific

nanobodies within crude periplasmic extracts.

2.1.8.2. Expression and purification of Nb from bacterial E. coli WK6 cells

Nanobody constructs containing an N-terminal PelB signal sequence were received from VIB
in a pMECS-GG vector. The PelB sequence directs the expressed nanobody to the
periplasmic space of E. coli which facilitates their extraction. Monovalent Nb138 was
expressed using the WK6 E. coli strain (VIB Nanobody Core, Belgium) as follows. Nanobody
constructs received in the pMECS-GG vector contain an N-terminal PelB signal sequence that
targets the nanobody to the perisplasmic space of E. coli allowing their extraction from the
periplasm. Divalent nanobodies were expressed using the WK6 E. coli strain (provided by VIB)

as follows. WK6 E. coli colonies that had been transformed with Nb138 construct where
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incubated for 16-24 hours in Luria-Bertani broth supplemented with ampicillin 100 pg/mL. A
1:300 dilution of the overnight cultures was prepared in 1 L of Terrific Broth (TB) medium (2.3
g/L KH,PO,, 16.4 g/L K,HPO,-3H,0, 12 g/L tryptone, 24 g/L yeast extract, 0.4% v/v glycerol),
supplemented with 100 ug/mL ampicillin. These cultures were agitated at 180 rpm at 37°C
until the optical density at 590 nm was between 0.6 and 0.9. 1 mM B-D-thiogalactoside (IPTG)
was added to induce nanobody expression and cultures were incubated for a further 16 hours,
agitated at 180 rpm at 28°C. Cultures were centrifuged for 15 min at 3,000 rpm to pellet E. coli
cells that contained nanobody. Supernatant was discarded and cells resuspended in TES
buffer (0.2 M tris pH 8, 0.5 mM EDTA, 0.5 M sucrose) and gently agitated at 4°C for one hour
following which the cell suspension was further two times diluted in a 4x dilution of TES buffer
and incubated for another hour at 4°C. Soluble proteins were isolated by centrifugation at 8000
rpm for 30 min at 4°C, removing insoluble protein and cell debris, and producing supernatant
containing nanobody and other proteins that had been extracted from the periplasmic.
Nanobody was purified using nickel-affinity column chromatography. Nanobody was
expressed with C-terminal Hiss-HA tags which was removed by on-column cleavage of a
thrombin recognition sequence by addition of thrombin to nanobody bound to nickel-
nitrilotriacetic acid beads (1-2 units thrombin per mg protein). Columns were incubated
overnight in cleavage buffer (20 mM Tris pH 8.4, 150 nM NaCl, 2.5 mM Ca?") at room
temperature (RT) to achieve near 100% cleavage. Residual thrombin was removed by passing
the untagged nanobody solution through a 1 mL benzamidine column (Cytiva). Subsequently,
the sample was dialysed into PBS or subjected to further purification using size exclusion
chromatography on a HiLoad 26/600 Superdex 75 pg column (Cytiva) when necessary, to
achieve highly pure nanobody samples. The concentration of the purified nanobody was
guantified using a NanoDrop spectrophotometer (ND-1000, Geneflow), measuring

absorbance at 280 nm as per the manufacturer’s instructions.

Nb138 was previously tested for binding to PEAR1 by SPR (Martin et al., 2024) and for the

ability to block binding of FceR1a to PEAR1 using avidity-based extracellular interaction
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screening (Kardeby et al.,, 2023). Nb138 was also previously shown to inhibit platelet

aggregation to fucoidan (Kardeby et al., 2023).

2.2. Protein purity

PF4 formulations were assessed for purity using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing conditions. 5 to 20 ug of each PF4 formulation
at 1 mg/mL (mass according to the manufacturer’s labelling), dissolved in PBS was added to
5X SDS-reducing buffer (supplemented with dithiothreotol [DTT]). Protein was loaded into
individual wells of a 10-lane graduated 4-12% gel along with a molecular weight marker (5
uL). Electrophoresis was carried out in NUPAGE™ MOPS (3-(Morpholin-4-yl)propane-1-
sulfonic acid) SDS running buffer (Invitrogen, Thermo Fisher Scientific, Waltham, USA) first at
80 V for 10 min then at 120 V until the molecular weight marker showed optimal separation.
The gel was removed from the casing and covered with Coomassie blue, microwaved 4 times
(1200 kW) for 30 s and then placed on a rocker for 1 h. The gel was rinsed with water and left
on the rocker overnight after which it was imaged using an Odyssey XF Imager (Li-COR

Biosciences, Cambridge, UK).

2.3. Blood collection and platelet preparation

Blood was taken from consenting patients or healthy, drug-free volunteers, into vacutainers
containing 3.2% sodium citrate or into serum separator tubes (Becton, Dickinson and
Company, Franklin Lakes, USA). Platelet rich plasma (PRP) was obtained by centrifugation
at 200 g for 20 min at RT in the presence of acid citrate dextrose (ACD — 120 mM sodium
citrate, 110 mM glucose, 80 mM citric acid, 10% final volume). Washed platelets were obtained
by centrifugation of PRP at 1,000 g for 10 min using 0.2 pg/mL PGI, and resuspended in
modified Tyrode’s-HEPES buffer (134 mM NacCl, 0.34 mM Na;HPO., 2.9 mM KCI, 12 mM
NaHCOs;, 20 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 5 mM
glucose, 1 mM MgCly; pH 7.3). Platelet poor plasma (PPP) was then removed and the pellet

resuspended in 25 mL modified Tyrode’s-HEPES buffer and centrifuged again at 1000 g for
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10 min in the presence of 3 mL ACD and 0.2 yg/mL PGl.. Platelets were resuspended in 2
mL modified Tyrode’s-HEPES buffer and counted after dilution of 8 puL in 192 pL PBS (1 in 25)
using a XP-300™ Automated Hematology Analyzer (Sysmex, Irvine, USA). Platelet
concentration was adjusted to 2x107/mL, 1, 2, or 4x108/mL depending on the experiment and
rested for at least 30 min to allow the effect of PGI, to wear off prior to any functional

experiments.

2.4. Approvals and ethics

Blood was acquired from healthy donors under approval from the University of Birmingham
Science, Technology, Engineering and Mathematics Ethical Review Committee (ERN_11-
0175AP21). Serum and plasma samples from patients with VITT and HIT were acquired from
University Hospitals Birmingham NHS Foundation Trust and NHS Blood and Transplant and
this collection was authorised by the University of Birmingham Human Bioresource Centre

(15/NW/0079). All samples were obtained in accordance with the Declaration of Helsinki.

2.5. Platelet function testing

2.5.1. Lighttransmission aggregometry

Platelet aggregation was measured by light transmission aggregometry (LTA) at 37°C, stirring
at 1200 rpm using a Model 700 or Model 490 4+4 aggregometers (ChronoLog, Havertown,
USA). Washed platelets were used at a concentration of 2x108/mL in a reaction volume of
250-300 pL. Platelets were warmed to 37°C for at least 5 min prior to the addition of agonists.
Before stirring, platelets were pre-incubated sequentially with inhibitors or buffer controls
(dimethyl sulfoxide [DMSO] or PBS) for at least 5 min each. After incubation with inhibitors,
potentiators including PF4, TPO, and heparin, or buffer control (PBS) were added
(sequentially where applicable) and again incubated for 5 min. Details of the concentrations
used are described in the figure legends. After completion of pre-incubation steps, platelets
were stirred for 1 min before the addition of agonists. Aggregation data was generated using

Aggrolink 8 software (Chronolog, Havertown, USA). Quantitation of platelet aggregation data
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is presented as area under curve (AUC) per minute (AUC min™?) as this incorporates both
magnitude and dynamics of the response. AUC compared to maximum aggregation is visually

represented in Figure 2.1.

A Maximum aggregation Area under curve

% aggregation
% aggregation

1 Time l Time
Area under curve incorporates both

5% 80% magnitude and timing of aggregation

Loss of information

Figure 2.1. Comparison of quantitation of platelet aggregation by maximum
aggregation and area under curve.

(A) Example aggregation trace showing delayed aggregation with 5% aggregation at the
earlier time point and 80% aggregation at the later time point, hence loss of information. (B)
The same aggregation trace showing area under curve which incorporates both magnitude
and speed of aggregation.

2.5.2. Flow cytometry

For experiments assessing the effect of inhibitors on platelet activation to PF4 and TPO,
washed platelets were used at 2x108/mL. Platelets at RT, were added to wells of a round-
bottom 96 well plate and pre-incubated with inhibitors or vehicle controls (DMSO or PBS) for
5 min before addition of PF4 50 pg/mL, TPO 100 ng/mL, or vehicle control (PBS). The final
reaction volume was 50 pL. Platelets were incubated at RT for 45 min before addition of 50
pL PBS containing mouse anti-human APC-CD62P (P-selectin) antibody or isotype control
(final concentration: 1/100). Platelets were incubated in the dark for 20 min after which 200 pL

PBS was added. The plate was analysed on a CytoFLEX LX flow cytometer (Beckman
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Coulter, Indianapolis, USA). Percentage positive values were defined according to the isotype

control.

For experiments using HIT-like monoclonal antibodies (5B9 and KKQO) or patient sera, *
heparin 0.5 IU/mL, £ Nb138 100 nM, reagents were added to PBS to yield a final volume of
25 pL in wells of a round bottom 96-well plate. 25 uL washed platelets at 2x108/mL were
added, and the plate was agitated on a shaker (350 rpm) for 60 min at RT. After this, 50 pL
PBS containing mouse anti-human APC-CD62P (P-selectin) antibody, mouse-PAC1 (FITC-
anti-human integrin ayBs antibody) (final concentrations: 1/100), or relevant isotype controls

were added, incubated, and analysed as above.

2.5.3. Platelet spreading

Glass coverslips were placed in wells of a 24 well flat bottom plate and coated with PF4 (10
to 100 pg/mL), TPO (10 to 100 ng/mL), or collagen 50 pg/mL at RT for 60 min. Wells were
then blocked with heat denatured, filtered bovine serum albumin (BSA) 5 mg/mL (in PBS) for
60 min at RT and washed three times in PBS. 300 uL platelets at 2x107/mL were pre-incubated
with inhibitors or vehicle controls (DMSO or PBS) for 5 min then added to each well and plates
incubated at 37°C for 45 min. Liquid was then aspirated and plates washed once with modified
Tyrode’s-HEPES buffer and then fixed with formalin for 10 min after which wells were washed
three times with PBS. Platelets were stained for 20 min in the dark at RT with AF488-phalloidin
or AF-647 phalloidin made up at 1/750 concentration in 1% bovine serum albumin (BSA) and
2% goat serum. Wells were once again washed three times with PBS and then mounted onto
glass slides for imaging. Platelets were imaged using a Zeiss Axio Observer 7 microscope
(Carl Zeiss AG, Oberkocken, Germany) at 63X magnification using fluorescence intensity

emitted at 520 nm.

Analysis was conducted by Dr Steve Thomas, University of Birmingham, using a customised
Cellpose 2.0 model to segment images of adhered platelets (Pachitariu and Stringer, 2022).

Analysis was conducted after finetuning of the cyto2 model on a subset of the data following
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which the model was run on all images. Using a Random Forest supervised machine learning
model, segmented cells were classified as follows: (1) unspread, (2) spikey/noduly, and (3)
fully spread. The Random Forest model parameters were: Tree depth = 3, Number of trees =
100, trained with the Napari Accelerated Pixel And Object Classification (APOC) plugin
(Pachitariu and Stringer, 2022). To train the model, the following object features were used:
mean intensity, minimum intensity, maximum intensity, sum intensity, standard deviation
intensity, pixel count and shape. To support the training process, a tailored Jupyter notebook
was employed to generate a single tiled image from the training dataset, which included both
raw data and Cellpose segmentations saved as .npy files. The image was subsequently
annotated using Napari before the classifier was trained with APOC. Another Jupyter notebook
was utilized to perform predictions on the complete dataset and compute additional cell-level
measurements, such as area and circularity. Both notebooks can be accessed at

https://github.com/JeremyPike/cell-classification.

2.6. Protein phosphorylation
2.6.1. Western blotting

Washed platelets at 4x108/mL were incubated at RT with eptifibatide 9 uM for 10 min. Platelets
were further pre-incubated sequentially with inhibitors or vehicle controls and/or potentiators
or vehicle controls as described in section 2.5.1. Reactions were terminated with the addition
of 5X SDS reducing sample buffer. The buffer consisted of 4% SDS, 0.5 M Tris buffer, 30%
glycerol, 1 M 2-mercaptoethanol, and bromphenol blue titrated to colour. Samples were placed
on ice, transferred to Eppendorf tubes and stored at -20°C until use. Prior to western blotting,
samples were heated at 100°C for 5 min then loaded onto lanes of 4-12% SDS-PAGE gels.
Protein was separated by electrophoresis in NUPAGE™ MOPS (3-(Morpholin-4-yl)propane-
1-sulfonic acid) SDS running buffer (Invitrogen, Thermo Fisher Scientific, Waltham, USA) at
between 80 and 120 V then transferred to methanol-activated polyvinylidene fluoride
membranes using a Biorad Transblot Turbo in transfer buffer. Membranes were then blocked
in 4% BSA in TBS-T (Tris-buffered saline [200 mM Tris, 1.37 M NaCl; pH 7.6] with 0.2%
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Tween20) for 60 min on a rocker at RT before being incubated in antibodies made up in 4%
BSA in TBS-T for 16-24 hours at 4°C on a rocker. Membranes were then rinsed three times
in TBS-T before three 10 min washes in TBS-T and stained with HRP-conjugated anti-mouse
or anti-rabbit 1gG secondary antibodies for 60 min at RT on a rocker. Secondary antibodies
were used at 1:10000 apart from anti-phospho STAT3/5 (1:5000) and anti-JAK2 (1:2000).
Membranes were once again rinsed three times and washed three times and developed using
SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific,
Waltham, USA). Blots were imaged using an Odyssey XF Imager (Li-COR Biosciences,
Cambridge, UK) and band quantification was performed in Li-COR Image Studio version 6.0

(Li-COR Biosciences, Cambridge, UK).

2.6.1.1. Membrane stripping

To probe for loading controls, membranes were stripped using stripping buffer containing 2%
SDS + 1% 2-mercaptoethanol. Membranes first incubated in stripping buffer containing 2-
mercaptoethanol for 20 min at 65°C then in stripping buffer without 2-mercaptoethanol, again
for 20 min at 65°C. Membranes were washed 3 times in TBS-T, blocked for 60 min in 4% BSA

then processed as described above.

2.6.2. Immunoprecipitation

Platelets at 4x108/mL were prepared as described in section 2.6.1 but reactions were instead
halted by the addition of ice-cold 2X Nonidet P-40 lysis buffer containing protease inhibitors
4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride) (AEBSF) (200 pug/mL), aprotinin (10
Mg/mL), leupeptin (10 pg/mL), pepstatin (1 pg/mL), and sodium orthovanadate (5 uM).
Samples were incubated overnight at 4°C on rotation with 1.5 pg/mL JAK2 antibody followed
by 2 hours with protein A Sepharose beads. Samples were eluted in 3X SDS reducing sample

buffer and boiled for 5 min. Lysates were western blotted as described in section 2.6.1.
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2.6.3. Mass spectrometry

Mass spectrometry for phosphorylated proteins in platelets induced by PF4 50 pg/mL (12.8
UM) was performed by Dr Jinglei Yu and Dr Todd Mize of the Advanced Mass Spectrometry
Facility, College of Life and Environmental Sciences, University of Birmingham, UK. Surface

plasmon resonance

Surface plasmon resonance (SPR) experiments were conducted by Eleyna Slater, University
of Birmingham and performed using a Biacore T200 instrument (GE Healthcare, Chicago,
USA). Recombinant c-Mpl (Bio-Techne, Minneapolis, USA) was conjugated onto a CM5 chip
using amine-coupling to the surface coated with carboxymethylated dextran. Reference
surfaces were blocked using ethanolamine 1 M, pH 8. Sensorgrams were double reference
subtracted with two technical replicates injected per cycle in addition to 3 experimental
replicates. The experiments were performed at 25°C with PF4 and TPO flowed over at a rate
of 30 uL/min in HBS-EP running buffer (0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA,
0.005% v/v surfactant P20). Multi-cycle kinetic assays were used with at least five
concentration points between 0.1 and 10 times the estimated Kp. Each concentration of the
analytes, PF4 and TPO, was run as follows; 120 s injection, 900 s dissociation, 30 s
regeneration with 10 mM Glycine pH 1.5 and a 300 second stabilisation period. Kinetic
analysis was performed using Biacore T200 Evaluation Software version 3.2 and used a global

fitting to a 1:1 binding model. Methods are also published previously (Buka et al., 2024).

2.7. Enzyme-linked immunosorbent assay (ELISA)

These experiments were conducted by Samantha Montague, University of Birmingham. TPO
binding to c-Mpl and subsequent interference by PF4 was measured with a c-Mpl-TPO ELISA.
Nunc MaxiSorp 96-well plates were coated with recombinant c-Mpl 1 yg/mL by incubation at
4°C for 16-24 hours. Wells were washed in PBS-T (PBS with 0.2% Tween) four times then
blocked with 1% BSA-PBS at RT for 60 min. Wells were then washed four times with PBS
before addition of TPO (1, 10, 100 ng/mL) and incubated for 60 min at RT. To test the effect
of PF4 on TPO binding, wells were pre-incubated with increasing concentrations of PF4 (1-
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100 pg/mL) for 15 min at RT before the addition of TPO. Wells were then washed again and
incubated with anti-c-Mpl antibody (0.1 pg/mL) for 60 min at RT. Wells were then washed and
incubated with anti-rabbit-HRP antibody (1/5000) for 60 min at RT. Wells were then washed
again after which 100 uL TMB (3,3',5,5'-tetramethylbenzidine) substrate was added for 15 min,
before stopping the reaction with H.SO4 1 M. Plates were read at 450 nm using a plate reader.

Results are representative of 3-4 experimental replicates.

2.8. 3D protein structure prediction

3D structures of firstly a PF4 tetramer with c-Mpl, and secondlyTPO with c-Mpl were modelled
using AlphaFold 3.0 (Jumper et al., 2021) using the user-friendly online interface, AlphaFold
Server Beta (Google DeepMind, n.d.). Predicted local distance difference test (pLDDT)
scores, a per-residue measure of the confidence in the predicted structure, were used to rank
the predictions. The scores are interpreted as follows: >90 indicates high accuracy, 70-90
suggests good modelling, 50-70 indicates low confidence and should be treated with caution,
and <50 suggests a ribbon-like appearance unsuitable for interpretation. To merge structure
predictions, files were loaded into the PyMOL Molecular Graphics System, version 3.1

(Schrédinger, New York, USA) and aligned by c-Mpl.

2.9. Endothelial cell assays

2.9.1. Endothelial cell culture

500,000 cryopreserved human dermal microvascular endothelial cells (HDMECs) or human
umbilical vein endothelial cells (HUVECS) (Promocell, Heidelberg, Germany) were thawed in
sterile conditions at 37°C for 2 min. The cryovial was rinsed in 70% ethanol and opened under
a laminar flow bench. Cells were transferred to a T25 flask containing 10 mL pre-warmed
endothelial growth media and incubated overnight at 37°C. After 16-24 h, media was replaced
and then every 2-3 days thereafter until 90% confluency was reached. Media was aspirated
and cells were then detached using trypsin / EDTA 0.04% / 0.03% for at least 2 min at RT until

detachment could be visualised, with the process assisted by manual agitation. 2 mL trypsin
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neutralising solution was added and liquid containing cells was poured into a 15 mL falcon
tube. Cells were centrifuged at 200 g for 5 min after which supernatant was aspirated and 10
mL fresh endothelial growth medium added. Cells were then seeded in two T25 flasks and
again incubated at 37°C until 90% confluency reached, changing media every two days. For
the second passage, cells were split into two T75 flasks, and for the third and fourth passage,
each T75 flask was split into three T75 flasks. Cells were then cryopreserved by detachment
and centrifugation as described above before resuspension of the contents of one T75 flask
in 1.5 mL freezing medium, cryo-SFM. Cells were frozen in cryovials at -80°C overnight and
then transferred to liquid nitrogen. For experiments, one cryovial was thawed at 37°C for 2
min, washed in 5 mL endothelial growth media and resuspended in 5 mL media. Cells were
then incubated in a T25 flask for 1-2 days before detaching, washing and counting using a
haemocytometer. HMDECs were seeded at 180,000 cells per dish in gelatine-coated glass-
bottom confocal dishes overnight. HUVECs were seeded at between 25,000 and 100,000 cells
per well of a 24 well flat bottom plate depending on when experiments were due to take place,
timed for cells to arrive at >90% confluence on the day of experiments. Cell culture and
seeding of HMDECs was performed by Dr Jenefa Begum, Prof Asif Igbal’s group, University

of Birmingham.

2.9.2. Microscopy

Glass-bottom dishes containing confluent endothelial cells were washed once with 500 L
serum free endothelial growth media after which PF4 10, 50 or 100 pg/mL in 400 pyL serum
free endothelial growth media was added (or media only control). Cells were incubated at
37°C for 60 min after which they were washed once in 500 pyL serum free media. Anti-PF4
and anti-CD31 antibodies were added at 1:100 dilution in 400 uL media and incubated at 37°C
for 30 min. Cells were washed again as above and then fixed in 4% paraformaldehyde for 10
min. Paraformaldehyde was removed and cells covered with 400 yL media containing 0.01%
Hoechst 33342 for 3 min at RT after which they were washed once with 1 mL PBS and re-

covered with PBS for imaging. Cells were imaged using a Zeiss Axio Observer 7 microscope

82



(Carl Zeiss AG, Oberkocken, Germany) at 60X magnification and Zen imaging software
version 3.11 (Carl Zeiss AG). Fields where endothelial cells were >95% confluent were imaged
with the user blinded to the PF4-channel. Ten fields from five distinct areas of the dish were
imaged. Images were processed using the open source image processing package Fiji (Image
J), version 1.54f (Schindelin et al., 2012) and quantitation of PF4 binding to endothelial cells

performed by ‘Analzye Particles’ analysis using a consistent colour threshold.

For assessment of platelet adherence to PF4-treated endothelial cells, HMDECs were
incubated with PF4 10-200 ug/mL for 3 hours at 37°C and washed three times in serum-free
endothelial growth media. Platelets at 2x10’/mL in 50% modified Tyrode’s-HEPES buffer and
50% serum free endothelial cell growth media were added and incubated for 30 min at 37°C
after which dishes were washed in warm endothelial growth media and incubated with anti-
AF647-CD31 and FITC-CD41 antibodies for 20 min. Dishes were again washed then fixed in
4% paraformaldehyde, washed and stained with Hoechst 33342 for 3 min. Cells were washed
and covered with PBS ready for visualisation by microscopy as described above. For these

experiments, the user did not observe the FITC-CD41 channel when taking images.

2.9.3. Flow cytometry

HUVECs were prepared as described in section 2.9.1 and used when >90% confluent.
Supernatant was removed and wells were washed once with Opti-MEM low serum media.
Cells were then stimulated with combinations of PF4 10-100 pg/mL, heparin 0.5 IU/mL, VITT
I9gG 100 pg/mL, KKO 20 pg/mL, VITT, HIT, or control sera 3-10% final concentration, in Opti-
MEM low serum media for 4 hours at 37°C. Tumour necrosis factor a (TNFa) (100 ng/mL) was
used as a positive control. Cells were then covered with 200 pL RT trypsin / EDTA 0.04% /
0.03%, for 2-3 min until detached at which point 200 pL trypsin neutralising solution was
added. Suspended cells were then collected into Eppendorf tubes at centrifuged at 200 g for
3 min. Supernatant was removed and cells were resuspended in ice cold PBS containing 10%

foetal calf serum (FCS) and blocked on ice for 15 min. Tubes were once again centrifuged at
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200 g for 3 min after which supernatant was removed and cells were resuspended in 100 L
ice cold 1% FCS in PBS containing antibodies against ICAM1, VCAM1, P-selectin, and tissue
factor. Cells were incubated on ice for 20 min after which they were transferred to a 96 well
round bottom plate and analysed by flow cytometry using a CytoFLEX LX flow cytometer
(Beckman Coulter, Indianapolis, USA). Compensation was achieved using individually stained
compensation beads and applied to the data in FlowJo version 10.3 (BD Biosciences,

Ashland, USA). Percentage positive values were defined according to the isotype control.

For experiments that aimed to detect platelets adhered to HUVECs by flow cytometry,
HUVECSs were pre-activated with low dose TNFa (1 ng/mL) in Opti-MEM for 3 hours at 37°C.
Cells were then washed once with Opti-MEM, and stimulants and platelets (2x108/mL) added
together in 50% modified Tyrode’s-HEPES buffer and 50% Opti-MEM. The plate was
incubated at 37°C for 30 min to allow for platelet attachment after which wells were washed
three times with Opti-MEM. Cells were trypsinised, processed, and analysed as described

above.

2.10. Statistical analysis

Quantitative data are presented as mean + standard deviation with the threshold for statistical
significance set at P < 0.05. Prior to significance testing, data were tested for normality using
the Shapiro-Wilk test with alpha set at 0.05. All data was paired unless indicated. For testing
the significance of differences between two groups, the paired t-test and Wilcoxon matched-
pairs signed rank test were used for normally, and non-normally distributed data respectively.
For testing the significance of differences between more than one group, one-way analysis of
variance (ANOVA) with Bonferroni post-test and the Friedman test were used for normally and
non-normally distributed data respectively. On occasions where the presence of missing data
precluded use of the one-way ANOVA, a mixed effects analysis was used. On the one
occasion that data was unpaired, statistical testing of difference between groups was
conducted using a t-test. Statistical testing of correlation was performed by Spearman’s rank

correlation coefficient. Missing data was treated as missing at random. Statistical testing of

84



differences was conducted on all histograms unless stated and for each, all groups (bars) that
are shown in the graph were included in the analyses. Statistical significance was defined as
p < .05 and significance labelled with asterixis according to the following thresholds: *< .05,
**< 01, ***< .001, ***< ,0001. All bars were compared with every other bar in the graphs, but
only statistically significant comparisons are displayed. Statistical analyses were performed
using GraphPad Prism 9.5.1 (San Diego, California USA). Biorender (www.biorender.com,
Toronto, Canada) and PyMOL Molecular Graphics System, version 3.1 (Schrodinger, New

York, USA) were used for illustrations.
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3. PF4 activates platelets through c-Mpl and
JAK?2 signalling

3.1. Acknowledgements

Some of the data detailed in this Chapter and in Chapter 4 are included in the published study,
Buka RJ and Montague SJ et al., PF4 activates the c-Mpl-Jak2 pathway in platelets, Blood.
2024 Jan 4;143(1):64-69. Some of the experiments were performed by other members of the

Birmingham Platelet Group and these contributions are indicated throughout.

3.2. Introduction

The key observation that preludes this chapter is that, as mentioned in Chapter 1, PF4 is
known to potentiate platelet activation to low dose agonists such as thrombin and collagen
(Capitanio et al., 1985). It has been proposed that this could be due to charge effects — PF4
binding to negatively charged GAGs on the platelet surface neutralising the repellent negative
force between platelets, facilitating apposition, agglutination, and aggregation (Kowalska et
al., 2010). However, it is known that other chemokines including CCL17, CCL22, CXCL12,
and CXC3L1, can activate platelets via receptor-dependent mechanisms (Gleissner et al.,
2008). Thus, PF4 may also act through a receptor-dependent mechanism with associated
downstream signalling. Supporting this possibility is the observation that PF4 at micromolar
concentrations can induce platelet aggregation and a-granule secretion (Dickhout et al., 2021)
demonstrating the propensity of PF4 to induce or support activating signalling cascades rather

than simply facilitating platelet apposition.

Given that PF4 activates and potentiates platelets, is implicated in thrombosis, and is central
to the pathophysiology of anti-PF4 immunothrombotic syndromes, investigating the
mechanism by which PF4 has its effects on platelets is a valid endeavour. The addition of PF4
is known to enhance platelet activation in diagnostic assays of HIT and VITT which is assumed

to be mediated by increased immune complex formation (Padmanabhan et al., 2016).
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However, | hypothesised that in addition to being a focus of immune complex formation, PF4
might also contribute to the pathogenesis of HIT and VITT through direct platelet activation.
As such, the aim of this chapter was to characterise platelet activation by PF4 and investigate

the mechanism by which this might occur.
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3.3. Results

3.3.1. 10 pg/mL (1.28 uM) PF4 is required to potentiate platelet
responses to VITT serum

The addition of PF4 to functional diagnostic assays of VITT enhances platelet reactivity and
hence the sensitivity of these assays (Warkentin and Greinacher, 2022). Indeed, functional
assays for HIT have been adapted for VITT through replacement of exogenous heparin with
PF4 although the precise amount of PF4 added is variable (Handtke et al., 2021; Greinacher
et al., 2021; Smith et al., 2021). The Birmingham Platelet Group has previously used PF4 at
a standard concentration of 10 pg/mL (1.28 uM) in LTA (Smith et al., 2021; Montague et al.,
2022). Using serum from a patient with VITT that was previously shown not to activate
platelets without additional PF4 (48 year old female, 203 days post vaccination, patient 7 in
(Montague et al., 2022)), at least 10 ug/mL PF4 was required to result in platelet aggregation

Moreover, weak aggregation was seen with PF4 alone (Figure 3.1).
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Figure 3.1. Potentiation of platelet aggregation to VITT serum requires at least 10 ug/mL
PF4.

Platelet activation to PF4 and VITT serum was assessed by LTA. Pre-warmed platelets
(2x108/mL) at 37 °C were pre-incubated with PF4 1-30 pg/mL for 5 min, then stirred at 1200
rpm for 1 min before addition of VITT serum (6.7% final concentration). (A) Representative
aggregation traces, (B) Quantification of aggregation (area under curve per minute [AUC min-
1] for 30 min, n=3). Statistical testing of differences by one-way ANOVA. *P < .05, **P < .01.
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3.3.2. PF4 induces platelet aggregation in a dose-dependent
manner

Thus, the ability of PF4 to induce platelet aggregation alone was investigated further. In
washed platelets, aggregation to PF4 alone occurred in a dose-dependent manner, first
occurring in some donors at 10 uyg/mL and peaking at 50 pg/mL (1.28 to 12.8 pM) (Figure
3.2A). In some donors, the aggregation trace was biphasic, characterised by a gradual initial
slope followed by a more rapid second phase of robust aggregation after about 10-15 min.
Whilst the first phase occurred in all donors, the second phase, leading to over 50%
aggregation, only occurred in about one third of donors (Figure 3.2Aii). Donors where the
second phase occurred are hereon referred to as responders. The dose response relationship
was bell-shaped; increasing the dose to 100 yg/mL had limited additional effect, and in 3/4
donors where full aggregation had occurred at 50 ug/mL, aggregation was reduced or absent
(Figure 3.2A). Increasing concentrations of PF4 resulted in a faster onset of the second phase
of aggregation rather than marked increase in the percentage maximum aggregation. There
was no aggregation across this concentration range in PRP from healthy volunteers who were

responders in washed platelets (Figure 3.2B) suggestive of PF4 binding to plasma proteins.
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Figure 3.2. PF4 induces dose-dependent platelet aggregation in washed platelets but

not in platelet rich plasma.

Adapted from (Buka et al., 2024). (A) Dose response to PF4 in washed platelets was assessed
by LTA. Pre-warmed platelets (2x108/mL) at 37 °C were stirred at 1200 rpm for 1 min before
addition of PF4 (1-100 pug/mL). (Ai) Representative aggregation traces, (Aii) Quantification of
aggregation (area under curve per minute [AUC min] for 30 min, n=4-13). Statistical testing
of differences by Friedman test. (B) As for A but platelet rich plasma used instead of washed

platelets and n=3 for Bii. *P < .05, **P<.001.
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Pre-treatment of platelets for 10 min with the integrin ausBs inhibitor, eptifibatide 9 uM,
abrogated aggregation to PF4 50 pg/mL in five responders. As integrin auBs is the key
receptor that mediates platelet aggregation, this demonstrates that the observed response

was indeed aggregation (Figure 3.3).

A PF4 + B
eptifibatide *

=~ 607
£
E
S 4o
<
c
)
s 20
o
e
=]
o

25% < o

agg PF4 +

: PF4 Eptifibatide -  +
5 min

Figure 3.3. Platelet response to PF4 is integrin dependent.

Unmodified from (Buka et al., 2024). Platelet activation was assessed by LTA. Pre-warmed
platelets (2x108/mL) at 37 °C were pre-incubated with eptifibatide 9 uM or vehicle control
(PBS) for 5 min then stirred at 1200 rpm for 1 min before addition of PF4 (50 pug/mL). (A)

Representative aggregation traces, (B) Quantification of aggregation (area under curve per
minute [AUC min*] for 30 min, n=5). Statistical testing of differences by paired t-test. *P < .05.

To check that the observed effects were not due to impurities or contamination of PF4, three
formulations were analysed by SDS-PAGE and Coomassie blue staining (Figure 3.4A).
Compared to PF4 sourced from Prof. Doug Cines (University of Pennsylvania, USA), the
formulation used in the initial functional experiments (Chromatec Gmbh, Greifswald,
Germany), shows improved purity (Figure 3.4Ai). PF4 from collaborators in Liverpool, which
was isolated from healthy volunteers, was of insufficient quality (Figure 3.4Ai) and required a
four-fold increase in the amount loaded onto the gel for similar band intensity, but with
additional impurities (Figure 3.4Aii). To compare ChromaTec and Doug Cines formulations
further, functional activity was assessed. Both formulations led to platelet a-granule release,

as measured by flow cytometry for platelet surface P-selectin expression in a dose-dependent
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manner with the ChromaTec formulation slightly more potent. Collagen-related peptide (CRP)
was used as a positive control (Figure 3.4B). Both PF4 formulations led to platelet aggregation
but again, the ChromaTec formulation appeared to be more potent (Figure 3.4C); in one donor
(Figure 3.4ii, open triangles) the strong aggregation seen with ChromaTec PF4 was not
recapitulated with Doug Cines PF4. As PF4 was readily available from Chromatec on an on-
going basis, all future work was conducted with this reagent. Furthermore, the bell-shaped
dose-response curve seen in LTA was not apparent in flow cytometry, with responses

increasing in all three donors from 50 to 100 pg/mL PF4.
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Figure 3.4. Comparison of composition and activity of formulations of PF4.

(A) Three formulations of PF4, ChromaTec, Liverpool, and Doug Cines, were separated by
SDS-PAGE and stained with Coomassie blue. (A i) 5 ug of each formulation loaded. (A ii) 10
and 20 pg of Liverpool PF4 loaded. (B) Platelets (2x108/mL) were incubated at RT with either
ChromaTec or Doug Cines PF4 (10, 50, or 100 ug/mL), or CRP 1 pg/mL as a positive control,
before being stained with anti-P-selectin antibody and analysed by flow cytometry.
Quantification by median fluorescence intensity. Statistical testing of differences by one-way
ANOVA. (C) Pre-warmed platelets (2x108/mL) at 37 °C were stirred at 1200 rpm for 1 min
before addition of either ChromaTec or Doug Cines PF4 (50 pg/mL). (Ci) Representative
aggregation traces (donor represented by open squares in Cii), (Cii) Quantification of
aggregation (area under curve per minute [AUC min] for 30 min, n=3-5), open square
represents donor with comparable response to Chromatec and Doug Cines PF4, open triangle
represents donor with high response to Chromatec but low response to Doug Cines PF4.
Other donors represented by closed black circles (and are all different donors). Statistical
testing of differences by t-test. *P < .05, ns = not significant.
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3.3.3.  PF4 binds c-Mpl and activates JAK2

To investigate the mechanism of platelet activation to PF4, platelets were first stimulated with
PF4 50 ug/mL, lysed at increasing time points, and western blotted for pan-phosphotyrosine
(4G10). Results of this time-course analysis (which was done in only one healthy platelet
donor) show that phosphorylated bands at ~95 kDa appear after 180 s, peaking at 600 s
(Figure 3.5). 600 s was therefore chosen as the stirring time for future experiments
investigating phosphorylation-dependent signalling.
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Figure 3.5. PF4 induces phosphorylated bands at 95 kDa after 180 s, peaking at 600 s.

Protein phosphorylation to PF4 was assessed by western blot for panphosphotyrosine.
Washed platelets (4x108/mL) were pre-incubated with eptifibatide (9 uM) for 10 min, warmed
to 37°C then stirred at 1200 rpm before addition of PF4 50 pug/mL. After 0 to 3600 s, platelets
were lysed. Protein was separated by sodium dodecyl sulfate (SDS) gel electrophoresis,
transferred to a polyvinylidene fluoride membrane, and analysed for phosphotyrosine (4G10).
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To investigate the signalling mechanism further, following electrophoresis, a small region of
SDS-polyacrilamide gel electrophoresis (PAGE) gels at 95 kDa containing lysates from PF4-
stimulated platelets taken from two donors were sent for phosphoproteomic analysis by mass
spectrometry. The analysis detected 586 and 646 proteins for platelet donor 1 and 2
respectively. Of these, two and five proteins respectively were unique, tyrosine-
phosphorylated proteins and are shown in Table 3.1. The original mass spectrometry data are
deposited to the PRoteomics IDEntifications Database (PRIDE) and are available
via www.ProteomeXchange.org (identifier PXD043558).

Table 3.1. Tyrosine phosphorylated proteins identified in mass spectrometry of
proteins at 95 kDa as separated by SDS-PAGE.

Samples from two healthy responders to PF4 were sent for mass spectrometry which identified
seven tyrosine-phosphorylated proteins. Signal transducer and activator of transcription 5a

and 5b, (STAT5a and STAT5hb) were identified as the most likely proteins to be involved in
signalling downstream of PF4-induced platelet activation.

Molecular weight Tyrosine

Protein of whole protein  phosphorylation

(kDa) site
Donor 1
Ectonucleoside triphosphate diphosphohydrolase 5 48 Y65
Solute carrier family 2, facilitated glucose 54

Y141

transporter member 3
Donor 2
Armadillo repeat-containing X-linked protein 2 66 Y417
Homeobox protein engrailed-1 40 Y378
Protein kinase C delta type 77 Y514
Signal transducer and activator of transcription 5a 92 Y699
Signal transducer and activator of transcription 5b 90 Y694

The identification of signal transducer and activator of transcription 5A (STAT5a) and 5B
(STAT5b) was of particular interest as these proteins are activated downstream of Janus
kinase (JAK proteins) and it was thus hypothesised that PF4 may signhal through a JAK-

dependent mechanism (Figure 3.6).
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Figure 3.6. Hypothesised JAK2-dependent signalling mechanism for activation of
platelets by PF4.

STAT5a and STAT5b are two highly homologous proteins but STAT5b has an additional six
amino acid sequence at position 687 (Maurer et al., 2019). Thus, identical peptides are
detected by mass spectrometry for STAT5a phosphorylated at Y694 and for STAT5b at Y699.
Protein kinase C delta type (PKC®) may also be of interest as it is activated downstream of
diacylglycerol but has been reported to be activated by a range of agonists including the
protease-activated receptor (PAR) 4 agonist, AYPGKF, the PAR1 agonist, SFLLRN and the
GPVI agonist, convulxin (Bhavanasi et al., 2010). The JAK/STAT pathway was therefore

focused on as it was considered most likely to lead to the identification of a receptor.

To confirm the findings of mass spectrometry, washed platelets were stimulated with
increasing concentrations of PF4 for 600 s, lysed, western blotted, and stained for pan-
phosphotyrosine, phosphorylated STAT5a, and phosphorylated STAT5b (pSTAT5a/b), the
latter two using an antibody that recognises the same phosphorylated sequence in STAT5a
and STAT5b. As STATS3, a closely related protein to STAT5, has also been reported to play a
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role in platelet activation (Zhou et al., 2013; Vassilev et al., 2002), western blots were also
probed for phosphorylated STAT3 (pSTAT3). Figure 3.7Ai shows results of protein
phosphorylation in response to increasing concentrations of PF4. Bands at 95 kDa appear at
3 pug/mL PF4 but intensify at 10 pg/mL which is reflected in the staining for pSTAT3 and
pPSTATS (Figure 3.7Aii). As STAT3 and STAT5a/b phosphorylation are dependent on Janus
kinase 2 (JAK2) in megakaryocytes (Drachman et al., 1999; Hitchcock et al., 2021), JAK2 was
next immunoprecipitated and western blotted using pan-phosphotyrosine antibody 4G10,

again showing dose-dependent increase in band intensity (Figure 3.7Aiii and Figure 3.7B).

As previously mentioned, in platelets, there are three receptors that have major signalling
through JAK: the TPO receptor, c-Mpl, insulin-like growth factor receptor 1 (IGFR1), and the
IL-6 receptor subunit glycoprotein 130 (GP130) (Burkhart et al., 2012; Huang et al., 2021). It
was hypothesised that one of these receptors would be the PF4 receptor and that the most
likely candidate was c-Mpl which is expressed at ~1,600 copies per platelet (Burkhart et al.,
2012; Huang et al., 2021). Western blots were therefore stained for phosphorylated c-Mpl (p-
c-Mpl) which was found to be present, again, with band intensity increasing concentration of
PF4 (Figure 3.7Aiv and Figure 3.7B). For all four proteins, STAT3, STAT5, JAK2 and c-Mpl,
phosphorylation was detectable at PF4 10 ug/mL and peaked at 50 ug/mL (Figure 3.7B) which
was consistent with the functional LTA data. Spleen tyrosine kinase (Syk) was used as a
relevant loading control due to its role in platelet signalling and quantitative data were

normalised to the band intensity of the loading control.
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Figure 3.7. PF4 activates platelets through the c-Mpl-JAK2-STAT3/5 pathway.

Adapted from (Buka et al., 2024). Western blot analysis of platelet lysates showing dose-
dependent phosphorylation of STAT3, STAT5a/b, JAK2, and c-Mpl by PF4. Platelets
(4x108/mL) were pre-incubated with eptifibatide (9 uM) for 10 min, warmed to 37°C then stirred
at 1200 rpm before addition of PF4 (1 to 100 pg/mL). Platelets were lysed after 10 min and
protein was separated by SDS-PAGE. Protein was transferred to a polyvinylidene fluoride
membrane, and stained for phospho-STAT3, phospho-STATS5, and phospho-c-Mpl. For JAK2,
samples were immunoprecipitated prior to western blotting and staining for pan-
phosphotyrosine (4G10). (Ai) Representative western blot of whole platelet lysate using 4G10;
(Aii) Representative western blots using antibodies to phospho-STAT3 and phospho-
STAT5a/b; (Aiii) Representative western blot using 4G10 after immunoprecipitation for JAK2;
(Aiv) Representative western blot using an antibody to phospho-c-Mpl. Membranes were
stripped and reprobed for Syk as a loading control. (B) Quantification of pixel lane intensities
for phosphorylation of the four proteins as indicated, presented as % change from resting and
normalised for loading controls. Statistical analysis by one-way ANOVA with no significance
of difference observed.
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To further investigate the interaction between PF4 and c-Mpl, surface plasmon resonance
(SPR) experiments were undertaken by Dr Eleyna Slater, University of Birmingham. With c-
Mpl bound to the chip and PF4 flowed over the surface, SPR showed a direct interaction
between PF4 and c-Mpl with a dissociation constant (Kp) of 744 nM (5.8 ug/mL) (Figure 3.8A).
This contrasted with a Kp for the interaction between TPO and c-Mpl of 3.5 nM (201 ng/mL;
based on mass spectrometry analysis of mature, glycosylated protein (Hoffman et al., 1996))
(Figure 3.8B). Both exhibit a high on-rate but as stated above, TPO interacts at a much lower
molar concentration than PF4. Both show a high off-rate, although dissociation of PF4 appears
faster than for TPO. Furthermore, the interaction of PF4 with c-Mpl is over two orders of
magnitude weaker than that of PF4 with heparin. The sensorgrams and Kp for TPO are similar

to those that have been previously reported (Tsutsumi et al., 2023), validating the findings with

PF4.
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Figure 3.8. Surface plasmon resonance showing direct interaction of PF4 TPO receptor
c-Mpl and compared with TPO.

(A) Surface plasmon resonance (SPR) showing binding of PF4 to c-Mpl. c-Mpl was conjugated
onto the chip and PF4 flowed over. (B) c-Mpl was conjugated onto the chip and TPO flowed
over. Sensorgrams are double reference subtracted, and at least two replicates were injected
per cycle with experimental replicates of n=3. RU: response units.
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3.3.4. Healthy donor platelet responses to PF4 and TPO show
inter- and intra-donor variability

Given that TPO has also been reported to potentiate platelet activation to agonists such as
collagen and thrombin (Pasquet et al., 2000; Moore et al., 2019), the effect of TPO alone on
washed platelet aggregation was assessed. As for PF4, TPO induced dose-dependent
aggregation beginning at 30 ng/mL (0.8 nM) and peaking at 50-100 ng/mL (1.4 — 2.8 nM)
(Figure 3.9A). 100 ng/mL was the maximum concentration used as this is the level at which
functional proliferative responses to TPO plateau (Proteintech, n.d.). and is, in any case far

higher than TPO levels reach in blood (Lupia et al., 2009, 2022; Makar et al., 2013).

Similar to aggregation to PF4, aggregation to TPO occurred in a biphasic manner with a slow
first wave followed by a rapid second phase (Figure 3.9A). Next, aggregation responses to
PF4 and TPO were compared and it was observed that aggregation responses to PF4 and
TPO in individual donors were not correlated (Figure 3.9B); donors who were high responders

to PF4 (responding at 10 ug/mL) were not necessarily responders to TPO and vice-versa.
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Figure 3.9. Healthy donor platelet aggregation to TPO is not correlated with aggregation
to PF4.

(A) TPO induces platelet aggregation in a dose-dependent manner. Pre-warmed platelets
(2x108/mL) at 37°C were stirred at 1200 rpm for 1 min before addition of TPO (10 to 100
ng/mL). (Ai) Representative aggregation traces (Aii) Quantification of aggregation (area under
curve per minute [AUC mint] for 30 min, n=3-14). Statistical testing of differences by Friedman
test. (B) Correlation of aggregation responses to PF4 and TPO. (Bi) Quantification of
aggregation responses (AUC min for 30 min, n=11) to increasing concentration of TPO (10
to 100 ng/mL) according to responder status to PF4. PF4 responders are those who had >50%
aggregation to 50 ug/mL and to 10 pg/mL. (Bii) As for Bi but results displayed as responses
to increasing concentration of PF4 according to responder status to TPO. TPO responders
are those who had >50% aggregation to 100 ng/mL and TPO high responders to 50 ng/mL.
(Biii) Quantification of aggregation responses (AUC min for 30 min, n=11) to PF4 10 ug/mL
(y-axis) plotted against response to TPO 50 ng/mL (x-axis). (Biv) As for Biii but TPO 100 ng/mL
on y-axis. (Bv) As for Biii but PF4 50 pg/mL on y-axis. (Bvi) As for Bv but TPO 100 ng/mL on
x-axis. Statistical testing of correlation by Spearman’s rank correlation coefficient. *P < .05.
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3.3.5. Inhibitors of c-Mpl and JAK2 block platelet aggregation to
PF4

Only one reagent to block the c-Mpl receptor, a polyclonal goat anti-human IgG (Thermo
Fisher Scientific, Waltham, USA), was available commercially. Product literature showed an
ND50 (“neutralising dose 50", concentration of antibody required to inhibit 50% of the target
activity) of 0.5-2.5 pg/mL to block proliferation of a megakaryocytic leukaemia cell line to TPO
10 ng/mL (Thermo Fisher Scientific, n.d.). Thus, 10 uyg/mL was chosen as an initial
concentration to assess blockade. Figure 3.10A shows that although the antibody did, in some
donors, block platelet aggregation responses to PF4 50 yg/mL and TPO 100 ng/mL, this
blockade was not consistent and in one donor each for PF4 and TPO, the antibody in fact
enhanced aggregation (red and blue circles). The antibody also did not reduce
phosphorylation of c-Mpl, STAT3, or STAT5a/b in response to PF4 50 ug/mL or TPO 100

ng/mL (Figure 3.10B)

Given the evidence of enhancement of activation, the concentration of anti-c-Mpl antibody was
not escalated. Instead, the effect of the antibody at 10 ug/mL concentration was assessed
against PF4 10 pg/mL in responsive donors which resulted in consistent abrogation of both

the first and second waves of aggregation (Figure 3.10C).
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Figure 3.10. Anti-c-Mpl antibody does not consistently block platelet aggregation or
phosphorylation of STAT3 or STAT5a/b to higher concentrations of TPO or PF4, but
does block aggregation to a lower concentration of PF4.

(A) Platelet aggregation to high dose PF4 and TPO is not blocked by anti-c-Mpl antibody. Pre-
warmed platelets (2x108/mL) at 37°C were incubated with anti-c-Mpl antibody 10 pg/mL or
vehicle control (PBS) for 5 min, then stirred at 1200 rpm for 1 min before addition of PF4 50
pg/mL or TPO 100 ng/mL. Quantification of aggregation (area under curve per minute [AUC
min-1] for 30 min, n=6, colours represent individual donors). Statistical testing of differences
by Friedman test. (B) Anti-c-Mpl antibody does not block STAT3, STAT5, or c-Mpl
phosphorylation to PF4 or TPO. Washed platelets (4x108/mL) were pre-incubated with
eptifibatide (9 uM) for 10 min, warmed to 37°C then stirred at 1200 rpm before addition of PF4
50 pg/mL or TPO 100 ng/mL. After 600 s, platelets were lysed. Protein was separated by SDS-
PAGE, transferred to a polyvinylidene fluoride membrane, and analysed for pan-
phosphotyrosine (4G10), phospho-c-Mpl (pc-Mpl) phospho-STAT3 (pSTATS3), phospho-
STAT5a/b (pSTAT5a/b), and Syk (loading control). (Bi) Representative western blots. (Bii)
Quantification of pixel lane intensities for phosphorylation of pc-Mpl, pSTAT3 and pSTAT5a/b
measured as fold change relative to resting (n=3). Values are normalized for loading controls.
Statistical analysis by one-way ANOVA. (C) Anti-c-Mpl antibody blocks platelet aggregation to
low-concentration PF4. As for A but PF4 10 ug/mL added instead of 50 pg/mL, n=4. Statistical
testing of difference by one-way ANOVA. *P < .05.

Next, the effect of JAK2 inhibition using the JAK1 and JAK2 inhibitor, ruxolitinib was
investigated. Ruxolitinib is a widely used, effective therapeutic agent for myeloproliferative
disorders and graft-versus host disease and has an IC50 (inhibitory concentration 50%) of 3.3
nM and 2.8 nM for JAK1 and JAK2 respectively (Quintas-Cardama et al., 2010). Ruxolitinib
was selected over other inhibitors as although it is not specific for JAK2, it is more specific for
JAK proteins than other JAK2 inhibitors. For example, although fedratinib is 30 times more
potent at inhibiting JAK2 than JAK1 (IC50 3 nM versus 105 nM), is it reported to have more
non-JAK inhibiting activity (Zhou et al., 2014a). To define a concentration of ruxolitinib that
could specifically block JAK2 signalling in platelets whilst limiting any off-target effects,
platelets were activated with low dose thrombin (0.4 U/mL) and the effect of increasing
concentration of ruxolitinib was assessed. Ruxolitinib was observed to inhibit thrombin-
mediated platelet activation at concentrations = 300 nM but 100 nM had no effect (Figure
3.11A). Ruxolitinib 10 pM has previously been shown to have an inhibitory effect on platelet
aggregation to the activation of GPVI by collagen (Parra-lzquierdo et al., 2022), but 100 nM

had no effect on the activation induced by low concentrations of CRP (Figure 3.11B).
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Figure 3.11. Ruxolitinib 100 nM has no effect on platelet aggregation to thrombin or
CRP.

Adapted from (Buka et al., 2024). (A) The effect of ruxolitinib on platelet activation by PF4 was
assessed by LTA. Pre-warmed platelets (2x108/mL) at 37°C were incubated with ruxolitinib
100-1000 nM (Rux) or vehicle control (DMSO 0.01%) for 5 min, then stirred at 1200 rpm for 1
min before addition of thrombin 0.4 U/mL (Thr). (Ai) Representative aggregation traces. (Aii)
Quantification of aggregation (area under curve per minute [AUC min*] for 10 min, n=3).
Statistical testing of differences by one-way ANOVA. (B) As for A but after platelets pre-
incubated with Rux 100 nM only and CRP 1 ug/mL added. Statistical testing of difference by
paired t-test.
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Ruxolitinib 100 nM, but not lower concentrations, consistently blocked aggregation to PF4 50
pug/mL (Figure 3.12A) and this was also shown to block aggregation to TPO 100 ng/mL (Figure
3.12B). This led to blockade of both the first and second waves of aggregation (Figure 3.12Ai)
Furthermore, ruxolitinib blocked STAT3 and STAT5a/b phosphorylation to PF4 in a
concentration-dependent manner, maximal at 100 nM which was mirrored in the blockade of

phosphorylation in response to TPO 100 ng/mL (Figure 3.12C).
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Figure 3.12. Ruxolitinib blocks PF4- and TPO-mediated platelet aggregation and
phosphorylation of STAT3 and STATS.

(A) Platelet aggregation to PF4 50 pg/mL is blocked by ruxolitinib 100 nM. Pre-warmed
platelets (2x108/mL) at 37°C were incubated with ruxolitinib 10-100 nM (Rux) or vehicle control
(DMSO 0.01%) for 5 min, then stirred at 1200 rpm for 1 min before addition of PF4 50 pg/mL.
(Ai) Representative aggregation traces (Aii) Quantification of aggregation (area under curve
per minute [AUC min?] for 30 min, n=3-8). Statistical testing of differences by one-way
ANOVA. (B) As for A but only Rux 100 nM used and TPO 100 ng/mL added instead of PF4,
n=5. Statistical testing of difference by paired t-test. (C) Phosphorylation of STAT3 and STAT5
is reduced by Rux. Platelets (4x108/mL) were pre-incubated with eptifibatide (9 uM) for 10 min,
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Rux 10-100 nM for 5 min, warmed to 37°C, then stirred at 1200 rpm before addition of PF4 50
pg/mL or TPO 100 ng/mL. After 600 s, platelets were lysed. Protein was separated by SDS-
PAGE, transferred to a polyvinylidene fluoride membrane, and analysed for pan-
phosphotyrosine (4G10), phospho-STAT3 (pSTAT3), phospho-STAT5a/b (pSTAT5a/b), and
Syk (loading control). (Bi) Representative western blots. (Bii) Quantification of pixel lane
intensities for phosphorylation pSTAT3 and pSTAT5a/b measured as fold change relative to
resting (n=3). Values are normalised for loading controls. Statistical analysis by one-way
ANOVA. **pP < 001, ***P < .0001

As a later aim of this thesis is to assess the role of PF4-mediated platelet activation in VITT
and HIT, the effect of inhibitors of ITAM signalling on PF4 were tested. As described in section
1.5.1, ITAM receptors include the collagen receptor GPVI and FcyRIIA. Two well-established
inhibitors of ITAM signalling were used: the SRC family kinase inhibitor, dasatinib (1 uM) and
the Syk inhibitor, PRT-060318 (10 puM). These concentrations abrogate platelet aggregation

to the GPVI agonist CRP (Figure 3.13A) but not to PF4 (Figure 3.13B).
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Figure 3.13. Inhibitors of Syk and Src at concentrations that block CRP have no effect
on platelet aggregation to PF4.

Unmodified from (Buka et al., 2024). (A) The effect of inhibitors on PF4-mediated platelet
activation were assessed by LTA. Pre-warmed platelets (2x108/mL) at 37°C were incubated
with dasatinib 1 uM (Das), PRT-060318 10 uM (PRT), or vehicle control (DMSO 0.01%) (Veh)
for 5 min, then stirred at 1200 rpm for 1 min before addition of CRP 1 pg/mL. (Ai)
Representative aggregation traces. (Aii) Quantification of aggregation (area under curve per
minute [AUC min] for 10 min, n=4-5). Statistical testing of differences by one-way ANOVA.
(B) As for A but PF4 50 pg/mL added instead of CRP and aggregation measured for 30 min
(n=3). *P < .01, ***P < .0001.
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It was previously reported that PF4 potentiates platelet aggregation responses to subthreshold
doses of thrombin, arachidonic acid, and ADP (Capitanio et al., 1985). Furthermore, as TPO
also potentiates responses to thrombin as well as collagen (Moore et al., 2019; Pasquet et al.,
2000), it was hypothesised that PF4 would also potentiate platelet responses to stimulation
through an ITAM receptor. This is of course of interest in the context of HIT and VITT.
Aggregation to subthreshold concentration CRP (which activates platelets through GPVI) was
indeed potentiated by PF4 10 ug/mL and this was blocked by ruxolitinib 100 nM A). As
expected, the previously described enhancing effect, of TPO (Pasquet et al., 2000) was also
confirmed to occur with TPO 10 ng/mL and this was also blocked with ruxolitinib (Figure
3.14B). The anti-c-Mpl antibody had some effect on aggregation, in some donors blocking
completely (Figure 3.14Ci), but did not significantly block the potentiation of CRP by PF4

(Figure 3.14Cii).
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Figure 3.14. Ruxolitinib blocks PF4 and TPO-mediated potentiation of platelet
aggregation to subthreshold concentration of CRP.

Adapted from (Buka et al., 2024). (A) Platelet activation was assessed by LTA. Pre-warmed
platelets (2x108/mL) at 37°C were incubated with ruxolitinib 100 nM (Rux) for 5 min, PF4 for
5 min, then stirred at 1200 rpm for 1 min before addition of CRP 0.03 pg/mL. (Ai)
Representative aggregation traces. (Aii) Quantification of aggregation (area under curve per
minute [AUC min!] for 10 min, n=5). Statistical testing of differences by one-way ANOVA. (B)

As for A but TPO 10 ng/mL added instead of PF4. (C) As for A but anti-c-Mpl antibody 10
pg/mL (Ab) added instead of Rux. *P < .05, ***P < ,0001
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3.3.6. Inhibitors of PI3K, STAT3/5 and mTOR have variable effects
on platelet aggregation to PF4 and TPO

The following sections further investigate the signalling pathways downstream of PF4 and
TPO-induced platelet activation. The possible signalling pathways investigated in the following
experiments are summarised in Figure 3.15 along with the targets of the various inhibitors that

are used.

TPO/PF4

PLCy2

PIPS
l GEFs -----------------
« Scaffold for

PIP2
Y ‘ /(PDKT)
tini P 3 { Sl P13k )
Syk-PLCY2 o
SHC interaction

oRB2 / -’
: ! A Wortmanni
S0S { snasa STAT3 oy ortmannin

! Niclosamide STATS ‘ . mTORC2 /7
* '__-’ - S "'

Niclosamide ———

WYE-354 mTORC1
------------ KU-006379

Calcium PKCE]

|" \_,
mobilisation Apoptoms GSK3

Rl RAF1
ERK1/2
Granule a7 L i

MAPK - secretion *
T » i .‘. @ - allbp3
va ®ee o ©
.

Figure 3.15. Receptors, signalling molecules, pathways, and inhibitors that may be
involved in signalling downstream of PF4- and TPO-c-Mpl binding.

Bad: Bcl-2-associated agonist of cell death; ERK1/2: extracellular signal-regulated kinases 1
and 2; GSK3: glycogen synthase kinase 3; GRB2: growth factor receptor-bound protein 2;
JAK2: Janus kinase 2; MAPK: mitogen-activated protein kinase; MEK: mitogen-activated
protein kinase kinase; mTORC1/2: mammalian target of rapamycin complex 1/2 PDKZ1:
phosphoinositide-dependent kinase 1; PF4: platelet factor 4; PI3K: phosphoinositide 3-kinase;
PKC&: protein kinase C delta; PLCy2: phosphatidylinositol-4,5-bisphosphate
phosphodiesterase gamma-2; Racl: ras-related C3 botulinum toxin substrate 1; Raf: rapidly
accelerated fibrosarcoma kinase; Rapl: ras-related protein 1; Ras: rat sarcoma virus
oncogene; SHC: Src homology 2 domain containing protein; S6K1: ribosomal protein S6
kinase beta-1; SOS: son of sevenless; STAT3/5: signal transducer and activator of
transcription 3/5; Tiaml1: T-cell lymphoma invasion and metastasis 1; TPO: thrombopoietin
TxA2: thromboxane A2.
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STAT3 and STATS are transcription factors that mediate the downstream effects of c-Mpl
stimulation by TPO in megakaryocytes by dimerising and translocating to the nucleus where
they act to drive megakaryocytic transcriptional programming (Bacon et al., 1995; Hitchcock
et al., 2021). Thus, as transcription factors, one may hypothesise that they do not have a role
in platelet activation and that their observed phosphorylation downstream of c-Mpl and JAK2
is merely a bystander effect. However, STAT3 has been shown to regulate collagen-induced
platelet activation where it serves as a so-called protein scaffold to facilitate the catalytic
interaction between Syk and PLCy2 (Zhou et al., 2013). Still, as PF4-mediated platelet
activation does not appear to involve Syk (as shown by lack of blocking activity by PRT-
060318), the question remains as to whether STAT3 and or STAT5a/b may have an additional
role. Secondly, there is also evidence that after TPO-mediated activation, STAT3 can bind to
the regulatory D-loop of mitochondrial DNA in platelets (Vassilev et al., 2002) demonstrating

an additional possible mechanism.

3.3.6.1. Inhibitors of STAT3 and STAT5

The LTA experiments in this section were performed by final year BMedSc student, Mitchell

Hall, under my supervision.

Four inhibitors of STAT3 and/or STAT5 were selected based on reported selectivity and
potency (Schust et al., 2006; Muller et al., 2008; Yin et al., 2023; Ren et al., 2010) (Table 3.2,
page 130). High concentrations of Stattic 10 uM (a selective STAT3 inhibitor) and “STAT5
inhibitor” 100 M (a selective STAT5 inhibitor) did not block aggregation to PF4 50 pug/mL
(Figure 3.16A). The combined STAT3 and STATS5 inhibitor SH4-54 blocked at 10 uM (Figure
3.16B) and niclosamide, a STAT3 inhibitor, blocked at 1 pM. Both SH4-54 and niclosamide

inhibited the second wave of aggregation but not the first (Figure 3.16Bi and Figure 3.16Ci).
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Figure 3.16. Effect of STAT3 and STATS5a/b inhibitors on PF4-induced platelet
aggregation.

(A) Pre-warmed platelets (2x108/mL) at 37°C were incubated with stattic 10 pM, STAT5
inhibitor 100 uM (STATS5i) or vehicle control (DMSO 0.01%) (Veh) for 5 min, then stirred at
1200 rpm for 1 min before addition of PF4 50 pug/mL. (Ai) Representative aggregation traces.
(Aii) Quantification of aggregation (area under curve per minute [AUC min] for 30 min, n=3).
Statistical testing of differences by one-way ANOVA. (B) As for A but SH4-54 1-30 pM used
instead of stattic or STATSI. (C) As for B but niclosamide 0.1-1 pM (Nic) used instead of SH4-
54 and n=3-6. *P < .05, **P < .01, ***P < .001.
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3.3.6.2. Inhibition of mammalian target of rapamycin (mMTOR)

As niclosamide was the only inhibitor to block PF4-mediated aggregation at a low
concentration (=1 pyM), the mechanism was investigated further. As well as inhibiting STAT3,
niclosamide is also reported to be an inhibitor of mammalian target of rapamycin (MTOR).
MTOR is a kinase that forms two different complexes, mTORC1 and mTORC2 which are
distinguished by unique associated proteins, Raptor and Rictor (Kim et al., 2017). Both
complexes are present in platelets and roles in platelet activation, spreading, and the
maintenance of stable platelet aggregate formation under flow have been described (Aslan et
al., 2011). Two inhibitors of mTOR, KU-0063794 and WYE-354 were selected as unlike the
clinically used drug, rapamycin, which only blocks the activity of mTORCL1, they inhibit both
MTORC1 and mTORC2 (Garcia-Martinez et al., 2009; Yu et al., 2009). Further, in a previous
study, both inhibited aggregation in apyrase-treated platelets at 10 uM concentration (Aslan

et al., 2011; Yu et al., 2009).

Neither WYE-354 nor KU-0063794 significantly blocked platelet aggregation to PF4, although
there was some evidence of a dose-dependent effect of WYE-354 peaking at 10 uM but then
rebounding at 30 pM (Figure 3.17Aii). KU-0063794 did appear to have some effect in one
donor which peaked at 30 uM (Figure 3.17Bi) but no consistent blockade was seen (Figure

3.17Bii)
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Figure 3.17. Effects of mTOR inhibitors on PF4-induced platelet aggregation.

(A) Pre-warmed platelets (2x10%/mL) at 37°C were incubated with WYE-354 1-100 uM (WYE)

or vehicle control (DMSO 0.01%) (Veh) for 5 min, then stirred at 1200 rpm for 1 min before

addition of PF4 50 pg/mL. (Ai) Representative aggregation traces. (Aii) Quantification of

aggregation (area under curve per minute [AUC min] for 30 min, n=3). Statistical testing of
differences by one-way ANOVA. (B) As for A but KU-0063794 1-100 uM used instead of WYE.

Next, the effects of niclosamide, SH4-54, WYE-354 and KU-0063794 on TPO-mediated
aggregation were assessed. The concentrations selected were those that had been observed
to have an effect on PF4-mediated aggregation. Figure 3.18A shows that only niclosamide
blocked TPO-mediated aggregation although there were some reductions in aggregation due
to a delayed second phase observed with the other inhibitors, particularly WYE-354. However,

if these are true effects the relatively high concentrations of 210 uM may indicate off-target
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activity. However, all four inhibitors had no effect on CRP-mediated aggregation (Figure

3.18B).
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Figure 3.18. Effects of STAT3, STAT5, and mTOR inhibitors on TPO- and CRP-mediated
platelet aggregation.

(A) Pre-warmed platelets (2x108/mL) at 37°C were incubated with niclosamide 1 pM (Nic),
WYE-354 10 uM (WYE), or KU-0063794 30 pM (KU), SH4-54 10 uM, or vehicle control
(DMSO 0.01%) (Veh) for 5 min, then stirred at 1200 rpm for 1 min before addition of TPO 100
ng/mL. (Ai) Representative aggregation traces. (Aii) Quantification of aggregation (area under
curve per minute [AUC min] for 30 min, n=3-7), grey circles represent additional donors for
Nic. Statistical testing of differences by one-way ANOVA. (B) As for A but CRP 1 pg/mL added
instead of TPO and aggregation measured for 10 min, n=3.
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Finally, the role of the PI3K pathway was investigated as it has previously been shown to be
essential in mediating the priming effect of TPO on platelets (Moore et al., 2019). PI3Ks are a
family of enzymes that phosphorylate phosphoinositide lipids on the intracellular surface of
the plasma membrane. In platelets, class | PI3Ks phosphorylate phosphatidylinositol 4,5-
bisphosphate (PIP2) to produce phosphatidylinositol 3,4,5-trisphosphate (PIP3). AKT (protein
kinase B) then binds to PIP3 and is phosphorylated by phosphoinositide-dependent kinase 1
(PDK1) and mTORC2 (Figure 3.15). As such, the effect of the pan-PI3K inhibitor, wortmannin,
on platelet aggregation to PF4 was assessed. Wortmannin 100 nM, which is an established
inhibitor concentration in platelets (Moore et al., 2019) blocked both the first and second wave

of aggregation (Figure 3.19).
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Figure 3.19. Wortmannin blocks platelet aggregation to PF4 and TPO.

(A) Pre-warmed platelets (2x108/mL) at 37°C were incubated wortmannin 100 nM (Wort), or
vehicle control (DMSO 0.01%) (Veh) for 5 min, then stirred at 1200 rpm for 1 min before
addition of PF4 50 pg/mL. (Ai) Representative aggregation traces. (Aii) Quantification of
aggregation (area under curve per minute [AUC min] for 30 min, n=3). Statistical testing of
difference by paired t-test. (B) As for A but TPO 100 ng/mL added instead of PF4. *P < .05.
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3.3.7. Inhibitors of PI3K, STAT3/5 and mTOR have variable effects
on P-selectin expression and integrin aipB3 activation in
response to PF4 and TPO stimulation

To further investigate the effect of these inhibitors on platelet activation to PF4 and TPO, flow
cytometry experiments were performed. After pre-incubation with concentrations of inhibitors
that blocked platelet aggregation in the above experiments (or where there was a trend
towards blockade), washed platelets were stimulated with PF4 50 pg/mL and TPO 100 ng/mL
for 45 min before being analysed by flow cytometry for P-selectin and activated integrin apBs.
45 min was chosen as a time point to ensure maximal and stable expression of these p-
selectin thus minimising variability. Figure 3.20 shows change in percentage positive cells
relative to vehicle control although statistical analyses were performed on the raw percentage
positive data. For each activation marker, for both PF4 and TPO, the results in Figure 3.20
are displayed separately for ruxolitinib, wortmannin, and niclosamide compared to the other
inhibitors. This is because seven donors were used for these inhibitors (which significantly
blocked aggregation at concentrations < 1 ug/mL) compared to three for the other inhibitors
and as the data did not pass normality testing for all the conditions, a non-parametric test of

significance of difference was required, which cannot handle missing data.

For PF4, in some donors, there were notable, but not statistically significant reductions in P-
selectin expression with ruxolitinib and wortmannin although the magnitude of reduction with
wortmannin was greater than that for ruxolitinib (Figure 3.20Ai). Additionally, WYE-354
appeared to reduce P-selectin expression in 2/3 donors (Figure 3.20Aii). Dasatinib did
however significantly reduce P-selectin expression to PF4. Similar findings were observed
with flow cytometry for integrin a3 activation and the reduction with wortmannin was
statistically significant (Figure 3.20Bi). Surprisingly, although niclosamide reduced integrin
aipPBs activation (Figure 3.20Bi), consistent with the aggregometry data, it appeared to enhance
P-selectin expression (Figure 3.20Ai). With TPO 100 ng/mL, the magnitude of P-selectin
expression was lower than that for PF4 50 pug/mL but even so, the effects of the inhibitors
mirrored those for PF4 (Figure 3.20C and Figure 3.20D). Wortmannin significantly reduced P-
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selectin expression and both wortmannin and ruxolitinib significantly reduced integrin oinBs
activation (Figure 3.20Ci and Figure 3.20Cii). Once again, niclosamide enhanced P-selectin
expression (Figure 3.20Ci) but reduced integrin ausPs activation (Figure 3.20Di). Thus,
although ruxolitinib completely abrogates platelet aggregation to PF4, the above experiments
show only an incomplete (and statistically non-significant) effect on a-granule release and
integrin activation. The effect of wortmannin is similarly non-significant (although more
pronounced) for p-selectin expression but is significant for integrin activation. This perhaps

suggests an additional mechanism of PF4-induced a-granule release.

122



n

P-selecti

PF4

<

r T
(=] [=] o
< o~

[ ]
eo|®
& o

L

g%

L - g D

-20

|oJ3uod 3|21yaA-f4d Woly

annisod o, ul abueysn

T T
= =] o o
<t o~

|043U02 BI2IYaA-f4d WOy
aanisod ¢, ui abueysn

activated integrin a8,

PF4:
Bi

o,
[] o
%

2
|©‘§
- 4,

A
|@.\&¢%
% D

5,

T T T
o o
~N

m (=] (=]
o ¥ ©

= |0JJU0D J2IYSA-FAd WO
m  eanisod ¢, ulabueyn

ok k

ok kk

I
o
o™

- 9,
] «F
o2
()
%
. -,
&
ﬁ ) -o@&
- G P
Ll T T GA
o o o
b hi

|o43u0d 3|2IYaA-p4d Woly
aanpisod 9o ul abueys

-60

TPO: P-selectin

o
¥

L o,
|\0
8,
L, 0
2,
|@‘§
oy
|¢v\‘%®
L o %
: ] k]
m o

|0J3U02 3|21IY2A-0Od L Wouy
aanisod ¢, ui abueyn

Cii

. ....u“u\
luoo
l+$

- K%
l&..\\b’o
lv )
(=] o (=] o
< N N

_  1013u02 B2IYdA-Od L WOy
O aanisod ¢, ul abueyn

in a,,B;

ted integri

TPO: activa
Di

*kk

ol
&
&

I T
=] o o =3
~ (] I @
b ;

|043U02 3|2IY3A-0Od L WOodj
aanisod ¢ ul abueys

*k

-60

o
o b

|013U02 3|21Y3A-Od 1 Wody
annisod o, ul abueyn

123



Figure 3.20. Effect of inhibitors on PF4 and TPO-mediated P-selectin expression and
integrin aypPsactivation as measured by flow cytometry.

50 pL platelets (2x108/mL) were incubated with ruxolitinib 100 nM (Rux), wortmannin 100 nM
(Wort), niclosamide 1 uM (Nic), SH4-54 10 uM, WYE-354 10 uM (WYE), KU-0063794 10 uM
(KU) dasatinib 1 pM (Dasat), anti-c-mpl antibody 10 pg/mL (Ab) or vehicle control (DMSO
0.01%) (Veh) for 5 min. Platelets were then stimulated with PF4 50 pg/mL or TPO 100 ng/mL
for 45 min at RT after which 50 yL PBS containing anti-P-selectin antibody and PAC-1
antibody (for activated integrin ais33), or isotype controls were added for 20 min at RT. 200 pL
PBS was then added and platelets analysed by flow cytometry. Percentage positive cells were
calculated according to the relevant isotype control and data transformed to show change in
percentage positive cells from PF4 + vehicle or TPO + vehicle controls. (A) PF4-induced P-
selectin expression. (A i) Effect of Rux, Wort, and Nic (n=7). Statistical testing of difference by
Friedman test. (B i) Effect of SH4-54, WYE, KU, Dasat, and Ab (n=3). Statistical testing of
difference by one-way ANOVA. (B) As for A, but platelets stained for activated integrin aypBs.
(C) As for A but platelets stimulated with TPO. (D) As for B but platelets stained for activated
integrin cPs.
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3.3.8.  Ruxolitinib, wortmannin, dasatinib, and anti-c-Mpl antibody
but not niclosamide, block platelet spreading on PF4

The previous data has shown PF4’s effect on two facets of platelet activation, namely the
ability to induce aggregation, integrin activation, and a-granule release. Cytoskeletal
reorganisation, as measured by microscopy for platelet spreading is another component of
platelet activation and the ability of PF4 to induce this has not been investigated. First, a dose
response using coverslips coated with PF4 10, 50, and 100 pg/mL was performed in three
donors who were previously known to have responded to PF4 50 pg/mL in LTA. This showed
that at 10 pg/mL, there was platelet adherence in all 3 donors and spreading in 2 donors. In
contrast to LTA and flow cytometry, the spreading response was maximal at 10 pg/mL (Figure
3.21A) which is explained as reagents in coating solution settle and concentrate onto a
surface. This reflects the expected biology of PF4 where it binds to cellular surfaces,
concentrating it at the site of receptor interactions. Compared to collagen, which was used as
a positive control, fewer platelets adhered and spread on PF4-coated coverslips, and of those
that did, spreading was less pronounced and maximal at 10 pg/mL. Platelets did not spread
on coverslips coated with TPO 10, 50, or 100 ng/mL (Figure 3.21B). A possible reason for
platelet spreading on PF4 and not TPO is that PF4 would be expected to bind to platelet
surface GAGs through charge interactions, thus aiding recruitment of platelets. Of course,
platelets may not be spreading on PF4 but may be becoming activated by PF4 and then

spreading.

Pre-treatment of platelets with ruxolitinib, wortmannin, dasatinib, and the anti-c-Mpl antibody
reduced platelet spreading on PF4 10 pug/mL although these differences were not statistically
significant (Figure 3.22B). In two donors, niclosamide enhanced spreading, similar to the

effects on P-selectin expression. Again, collagen was used as a positive control.

The results of the effects of the various inhibitors on platelet aggregation, P-selectin

expression, integrin aupPs activation and spreading are summarised in Table 3.2.
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Figure 3.21. Platelets spread on PF4-coated glass coverslips.

Glass coverslips in wells of a 24-well plate were coated with PF4 10-100 pg/mL, TPO 10-100
ng/mL, or collagen 50 pg/mL (Coll). Platelets (2x107/mL) were added and incubated for 45
min at 37°C after which they were washed with PBS, fixed, stained with FITC-conjugated
phalloidin, and imaged by epifluorescent microscopy. Number of adhered, partially spread,
and fully spread platelets were counted. (A) Representative images of platelet spreading on
PF4 10-100 pg/mL, TPO 100 ng/mL, or Coll (B) Quantification of (Bi) adhered, (Bii) non-
spread, (Biii) partially spread, (Biv) spread, and (Bv) percentage spread platelets (of all
adhered platelets).
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Figure 3.22. Effects of inhibitors on platelet spreading on PF4-coated glass coverslips.

Glass coverslips in wells of a 24-well plate were coated with PF4 10 pg/mL or collagen 50
ug/mL) as a positive control. Platelets (2x107/mL) were incubated for 5 min with ruxolitinib 100
nM (Rux), wortmannin 100 nM (Wort), dasatinib 1 pM (Das), niclosamide 1 pM (Nic), anti-c-
mpl antibody 10 pg/mL (Ab) or vehicle control (Veh, DMSO 0.01%). Then, platelets were
added to the wells and incubated for 45 min at 37°C after which they were washed with PBS,
fixed, stained with FITC-conjugated phalloidin, and imaged by epifluorescent microscopy.
Number of adhered, partially spread, and fully spread platelets were counted. (A)
Representative images of platelet spreading on PF4 with inhibitors as labelled or collagen. (B)
Quantification of (Bi) adhered, (Bii) non-spread, (Biii) partially spread, (Biv) spread, and (Bv)
percentage spread platelets (of all adhered platelets) as mean numbers of 20 high powered
(x63) fields. Statistical testing of differences by one-way ANOVA. N=3 healthy donors.

129



Table 3.2. Effects of inhibitors of JAK2, PI3K, STAT3/5, mTOR, Src and anti-c-Mpl antibody on aggregation, P-selectin and activated
allbB3-integrin expression, and platelet spreading.

| significant inhibition, v non-significant reduction suggestive of inhibition, <> no effect, 7 non-significant increase suggestive of enhancement, 1
significant enhancement. *Blocks PF4 10 pg/mL at antibody concentration of 10 pug/mL. ND: not done. ATP: adenosine triphosphate c-Mpl: cellular
myeloproliferative leukemia protein, JAK1: Janus kinase 1, JAK2: Janus kinase 2, mTOR: mechanistic target of rapamycin, mTORC1: mechanistic
target of rapamycin complex 1, mTORC2: mechanistic target of rapamycin complex 2, PF4: platelet factor 4, PI3K: phosphoinositide 3-kinase,
SH2: src homology 2, STAT3: signal transducer and activator of transcription 3, STAT5: signal transducer and activator of transcription 5, TPO:
thrombopoietin.

Inhibitor . P-selectin Activated
. Aggregation . . .
concentration expression integrin oiPs

PF4 TPO PF4 TPO PF4 TPO PF4 TPO

Inhibitor Target Mechanism of action Spreading

Polyclonal antibody (Thermo Fisher

c-Mpl antibody c-Mpl Scientific, n.d.) 10 pg/mL * \ “ VRN PN ! \ NA
Blocks ATP binding site, thus kinase
Dasatinib Src activity (Olivieri A and Manzione L, 1um - NA ! 1 N \ N NA
2007)
Blocks kinase activity of mTORC1 and
KU-0063794 mTOR  mTORC2, suppressing Akt activation 30 uM — s - “ - — NA NA

(Garcia-Martinez et al., 2009)
Inhibits phosphorylation and nuclear
STAT3 translocation, independent of SH2
domain (Ren et al., 2010)
Niclosamide 1pum ! ! 7 1 \ \ 1 NA
Acidification of cytoplasm leading to

mTOR selective mTORC1 inhibition (Fonseca
et al., 2012)
o JAK1 Blocks ATP binding site, thus kinase
RO JAK2 activity (Zhou et al.. 2014b) 100 nM ! l S N S ! v NA
STAT3 Targets SH2 domain, inhibiting
SH4-54 activation and dimerisation (Ali et al., 10 uM 1 > VRN PN PN > NA NA
STATS
2016)
Targets SH2 domain, inhibiting
STAT5 inhibitor STAT5  activation and dimerisation (Mller et 100 uM > NA NA NA NA NA NA NA
al., 2008)
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Targets SH2 domain, inhibiting

Stattic STAT3 activation, dimerisation, and nuclear 10 pM NA NA NA NA NA NA NA
translocation (Schust et al., 2006)
. Blocks ATP binding site, thus kinase
Wortmannin PI3K activity (Wymann et al., 1996) 100 nM l N l \ i} N NA
Blocks ATP-binding site thus kinase
WYE-354 MTOR  activity of mMTORC1 and mTORC2 (Yu 10 uM - — — - - NA NA

et al., 2009)
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3.3.9. PF4 partially blocks TPO binding to c-Mpl

PF4 is a known inhibitor of megakaryopoiesis, and a previous study reported that the effected
is mediated through binding to LRP1 on megakaryocytes (Lambert et al., 2009). However, this
protein is only expressed briefly in the latter stages of megakaryocyte differentiation (Lambert
et al.,, 2009) and a signalling mechanism by which PF4 mediates its effects through the
receptor has not been described. As it is now known that PF4 binds to c-Mpl, the key receptor
through which TPO drives megakaryopoiesis, a clear question is whether PF4 can interfere
with TPO binding to its receptor. The question is further complicated by the fact that both are

agonists of c-Mpl in platelets.

First, the effect of combining TPO and PF4 were assessed using LTA. As expected, there was
a small, non-significant additive effect leading to enhancement of platelet aggregation when
platelets were pre-incubated with PF4 10 pg/mL prior to stimulation with TPO ng/mL (Figure
3.23A). A competitive binding ELISA was then performed; c-Mpl was bound to the plate and
incubated with increasing concentrations of PF4 before addition of TPO. Figure 3.23B shows
that TPO-c-Mpl binding was decreased with PF4 plateauing at 1 pg/mL producing a reduction
to ~50% TPO binding. The binding ELISA experiments were performed by Dr Samantha

Montague.

132



z
>

PF4

— 80+
<
£
T 60+
-
<
c 401
=)
:g ®
o .
25% g 200 7° |||
agg TPO + PF4 =4
TPO < olLe .
5 min . o o
€ & R
™
- QQ
Bi B ii
0.8 -
3 £ 1004 .
& 0.6 >
g T TPO (ng/mL)
0.4 ‘3
8 2 s0- 1
Io- Q
g 0.2 Eb + 10
< 3 + 100
. o 0-
00 rr T T T T 1 - rr T T T T 1
0 0.01 0.1 1 10 100 0 0.01 01 1 10 100
PF4 (pg/mL) PF4 (pg/mL)

Figure 3.23. PF4 does not block TPO-induced platelet aggregation but partially blocks
TPO binding in competitive binding ELISA.

Part B appears as a standalone figure in (Buka et al., 2024). (A) Pre-warmed platelets
(2x108mL) at 37°C were incubated with PF4 10 pg/mL for 5 min or vehicle control (PBS) before
stirring for 1 min followed by addition of TPO 100 ng/mL. (Ai) Representative aggregation
traces; (Aii) Quantification of aggregation. (Aii) Quantification of aggregation (area under curve
per minute [AUC mint] for 30 min, n=3). Statistical testing of difference by one-way ANOVA.
(B) Competitive binding ELISA. Recombinant c-Mpl was coated onto an ELISA plate then
incubated with increasing concentrations of PF4 (0.01 — 100 pg/mL) or vehicle control (PBS).
Wells were then incubated with TPO (1, 10, or 100 ng/mL) followed by washing and then
detection using an anti-TPO antibody and anti-rabbit secondary HRP. (Bi) Absorbance (a.u.)
read at 450 nm; (Bii) % change in TPO-c-Mpl binding (n=3).
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Finally, AlphaFold (Jumper et al., 2021) modelling of the binding of PF4 to c-Mpl was
performed. The cryo-electron microscopy (EM) structure of TPO binding to dimeric c-Mpl was
published in 2023 (Tsutsumi et al., 2023) and this structure (PDB: 8G04) was used to inform
the modelling of PF4-c-Mpl. Figure 3.24A shows the cryo-EM structure of c-Mpl and TPO. The
AlphaFold predicted structure of PF4 with dimeric c-Mpl (Figure 3.24B) is unlikely to be correct
as PF4 is not folded correctly and appears to straddle the binding pocket of c-Mpl with its a-
helices on the outside and the (B-pleated sheets facing towards c-Mpl. Iterations where the
PF4 tetramer was entered into AlphaFold as one molecule (rather than the monomer and
telling AlphaFold that there should be four copies), did not change the outcome. Next,
therefore, a predicted structure of PF4 binding to one c-Mpl monomer was generated and
aligned to the known structure of the TPO-c-Mpl dimer complex but just showing one monomer
(Figure 3.24C). In Figure 3.24D, the second c-Mpl monomer is overlaid showing impossible
overlap between PF4 and the second monomer, indicating that this predicted structure is also
not correct. Next, a predicted structure of a PF4 dimer binding to c-Mpl (Figure 3.24F) which
showed high similarity to the AlphaFold predicted structure of c-Mpl-TPO (Figure 3.24E) was
overlaid with the cryo-EM structure of c-Mpl-TPO (Figure 3.24A). The PF4 dimer was then
replaced with the known crystal structure of PF4 (PDB: 1RHP (Zhang et al., 1994)) by aligning
to the dimer (Figure 3.24G). This final model demonstrates PF4 protruding from the binding
pocket and is somewhat consistent with the observation of blockade of TPO binding by PF4.
Ultimately, formal structural and functional studies in megakaryocytes will be required to
further investigate whether PF4 blocking of TPO binding to c-Mpl leads to functional effects in

these cells.
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A) c-Mpl dimer (CEM) B) c-Mpl dimer (AF) C) c-Mpl monomer (CEM) D) c-Mpl dimer (CEM)
+ TPO (CEM) + PF4 tetramer (AF) + PF4 (AF) + PF4 (AF)

E) c-Mpl dimer (AF) F) c-Mpl dimer (AF) G) c-Mpl dimer (AF)
+ TPO (AF) + PF4 dimer (AF) + PF4 (CEM)

. ¢c-Mpl monomer
- c-Mpl monomer

B tro
B Fr4

Figure 3.24. PF4 is not predicted to bind to c-Mpl in the same manner as TPO.

Cryo-electron microscopy (CEM) and AlphaFold (AF) predicted structures of PF4 (blue) or
TPO (magenta) binding to c-Mpl (green and brown representing two monomers forming a
dimer). (A) CEM structure of TPO binding to dimeric c-Mpl (PDB: 8G04). (B) A predicted
binding of PF4 tetramer to c-Mpl dimer. (C) AF predicted binding of PF4 tetramer to one c-Mpl
monomer aligned to CEM c-Mpl structure (inter-chain predicted template modelling score
[i(pTM]: 0.21, predicted template modelling score [pTM]: 0.5). (D) As for C but aligned to CE c-
Mpl dimeric structure. (E) AF predicted structure of TPO binding to dimeric c-Mpl (ipTM 0.57,
pTM 0.56). (F) AF predicted structure of PF4 dimer binding to and dimerising c-Mpl dimer
(ipTM 0.491 pTM 0.6). (G) As for F but with PF4 dimer substituted for crystal structure of PF4
(PDB: 1RHP) aligned to the AF predicted structure of the PF4 dimer in F.
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3.4. Discussion

The key findings in this chapter are:

1. PF4 induces platelet aggregation which is mediated through binding to c-Mpl and
signalling through JAK2.
2. PF4-mediated platelet aggregation can be blocked by a c-Mpl blocking antibody, and

inhibitors of JAK2, and PI3K.

3.4.1. PF4 activates platelets

These results show that PF4 can stimulate platelet aggregation across a concentration range
of 10-100 pg/mL (1.28-12.8 uM), with a peak at 50 pg/mL. It does so through the TPO receptor,

c-Mpl, with a Kp for this interaction of 744 nM - 200 times weaker than TPO.

The established function of c-Mpl on platelets is to act as a sink for TPO and negatively
regulate platelet production (Hitchcock et al., 2021). TPO is produced constitutively in the liver
and is the key hormone driving megakaryopoiesis and platelet production in the bone marrow
(Hitchcock and Kaushansky, 2014). With more platelets in circulation, more TPO can be taken
up by platelets, thus preventing it exerting effects in the bone marrow, and decreasing platelet
production to maintain a steady state platelet count. However, it has been known for 30 years
that TPO (=5 ng/mL) potentiates platelet activation to low-dose agonists including thrombin,
collagen, and ADP (Ezumi et al., 1995, 1999; Pasquet et al., 2000; Moore et al., 2019) with
this priming occurring by signalling through PI3K (Moore et al., 2019). There are also reports
that TPO at high doses (=100 ng/mL) can induce platelet aggregation alone (Hitchcock and
Kaushansky, 2014) but the above experiments show aggregation to TPO alone at
concentrations as low as 30 ng/mL. This increased sensitivity may be due to the purity of the
recombinant formulation that we have used and/or the washed platelet preparation technique.
Nevertheless, these are still very high concentrations of TPO when viewed in the context of

plasma levels of ~50 pg/mL (Makar et al., 2013). Even in severe disease states such as sepsis,
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burns, and COVID-19, plasma TPO levels reach only as high as 400 pg/mL (Lupia et al., 2009,
2022), an order of magnitude lower than the at least 5 ng/mL required to prime platelets. Still,
Lupia et al. showed that plasma from patients with unstable angina and COVID-19 had raised
TPO levels, and that this plasma could enhance platelet aggregation to ADP and epinephrine
in PRP even though levels of TPO in these samples were only 50-400 pg/mL (Lupia et al.,
2006, 2022). Addition of soluble c-Mpl (in the form of a “TPOR-Fc chimera”) blocked this
enhancing effect leading to the conclusion that this was TPO-dependent. In fact, the
observations in this chapter may provide an explanation for the paradox of such low plasma
TPO levels resulting in priming that has not otherwise been shown at such low concentrations;
unmeasured PF4 may be contributing to the platelet priming in these conditions. Given the
blood concentrations of TPO, the physiological relevance of TPO-induced platelet priming is

guestionable and PF4-induced platelet priming is more plausible.

The data in this chapter show that PF4 can induce JAK/STAT phosphorylation at
concentrations 23 pg/mL (0.38 pM) with functional effects seen at 10 pg/mL (1.28 uM). PF4 is
present in plasma at low concentration but is greatly elevated in serum, reflecting its controlled
release from platelets upon activation (Chesterman et al., 1978). Exactly how much PF4 is
present in blood is a matter of debate as studies give wildly different values — from between 1
and 20,000 ng/mL in serum (Table 3.3); these different measurements clearly cannot all
represent the truth. Mass spectrometry has shown that there are ~500,000 copies of PF4 per
platelet (Burkhart et al., 2012; Huang et al., 2021), which, using a typical platelet count of 250
x 10%L works out as 1.6 pug per millilitre of whole blood (Figure 3.25). Thus, it is plausible that
with a high availability of PF4 at sites of platelet activation and PF4 release, local
concentrations would reach and exceed 10 pg/mL. PF4 had no effect on aggregation in PRP
which likely indicates binding of PF4 to abundant, negatively charged plasma proteins such
as abumin. This calls into question the physiological relevance of this chapter’s observations
but again, at sites of thrombus formation, the initial platelet plug will limit the entry of plasma

components into the local area. The bell-shaped nature of the dose response curve, which
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peaks at 50 pg/mL and is slightly reduced at 100 ug/mL may also reflect a negative feedback
mechanism whereby extensive platelet activation results in very high local concentrations of
PF4. It has been previously suggested that as PF4 binds to the negatively charged GAGs on
the platelet surface, at optimal concentrations, it will neutralise repellent negative charge
between cells perhaps enhancing interaction and aggregation. However, at higher
concentrations, excess positive charge may lead to repulsion (Kowalska et al., 2010). Itis also
likely that just as TPO dimerises c-Mpl (Tsutsumi et al., 2023), then PF4 also does so. Thus,

at higher concentrations PF4 may saturate c-Mpl monomers, preventing dimerisation.

Mass of 1 molecule of PF4 in g:
Molecular mass of one PF4 molecule = 7.8 kDa
1kDaing=1.66x102"g
7.8kDax 1.66x 10" g/kDa=1.3x10% g

PF4 molecules per mL of whole blood:
PF4 molecules per platelet: 500,000
Platelets per mL of whole blood: 250,000,000
500,000 x 250,000,000 = 125 x 102

Mass of PF4 per mL of whole blood
Mass of one PF4 molecule x molecules per mL of whole blood
1.3x 1020 g x 125x 10" molecules/mL = 162.5 x 10 g¢/mL
162.5/1x 10° = 1.625 ug/mL

Figure 3.25. Calculation of amount of PF4 per mL of whole blood based on mass
spectrometry data.
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Table 3.3. PF4 levels in plasma and serum is highly variable across different publications.

Anticoagulant for plasma samples is reported where available. *Range of values given as study describes levels after different blood preparation
protocols. CPB: cardiopulmonary bypass; SD: standard deviation; EDTA: ethylenediaminetetraacetic acid; SSc: systemic sclerosis; ND; not done;
SLE: systemic lupus erythematosus, AS: ankylosing spondylitis; ELISA: enzyme-linked immunosorbent assay; UC: ulcerative colitis; CD: Crohn’s

disease; ECMO: extracorporeal membranous oxygenation;
thrombocytopenia.

RT: room temperature; VITT vaccine-induced immune thrombosis and

Subjects Plasma Serum Technique Reference
By Median 7.4 ng/mL (range 4-24) Radioimmunoassay in EDTA-  (Chesterman et al.,
S0 RgL (20 1222 theophylline-PGE 1978)
CPB 1079-1560 ng/mL (n=2) !
’I:fnaétr?g/a%fncan ND 18098 ng/mL (SD +10796) Single-plex assay kit (Meso (Bhatnagar et al.,
Healthy (White) 20285 ng/mL (SD +£19480) Scale Discovery) 2012)
Healthy 0.09 ng/mL (SD £0.08)
SSc 25.7 ng/mL (SD 2.6) (van Bon et al
SLE 1.3 ng/mL (SD £1.0) ELISA (R&D Systems) 2014) "
AS 1.4 ng/mL (SD #1.1
Liver fibrosis 1.7 ng/mL (SD £1.3)
Healthy ND 1.4 ng/mL (IQR 0.2-2.7) Fluorescence-based (Valentini et al.,
SSc 4.8 ng/mL (IQR 1.8-10.8) immunoassay (Merck Millipore) 2017)
Healthy 1.0 ng/mL (0.02-11.8) Fluorescence-based .
Sjogren’s ND 1.8 ng/mL (0.02 14.4) immunoassay (Merck Millipore) sty Gt el 2oie)
Mean EDTA: 79 ng/mL (SD 66) (R&D Systems
Healthy Mean Heparin: 292 ng/mL (SD 8965 ng/mL (SD 2144) ELISA (R&D Systems) 20%6) '
227)
Onice: 12-39 ng/mL On ice 72 ng/mL (SD +43) : : .
Healthy (SD + 11/35)* Room temp: 130 ng/mL~ E-1SA (Amerl'ﬁ‘z‘;’ Diagnostica g et al., 2017)
RT: 35-262 ng/mL (SD +22-199)* (SD £69)
Healthy 20 mg/mL
UC (active) ND 26 mg/mL ELISA (R&D Systems) (Yeetal., 2017)
CD (active) 34 mg/mL
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Healthy

ECMO

Med 0.03 ug/mL (range 0.01-
0.13)

Med 0.21 ug/mL (range 0.09-
0.25)

ND

ELISA (Thermo-Fisher)

(Mazzeffi et al.,
2021)

Healthy
VITT (diagnosis)
VITT (follow-up)

ND

14 ng/mL (SD 10-16.5)
7 ng/mL (SD 4-10)
16 ng/mL (SD 15-18)

ELISA (Invitrogen)

(Montague et al.,
2022)
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3.4.2. PF4 and mechanisms of platelet activation

The data in this chapter show that PF4 mediates platelet aggregation by binding c-Mpl and
signalling through JAK2 and PI3K. This is shown by surface plasmon resonance, receptor
blockade, and the blocking effect of various inhibitors of downstream sigalling. The mechanism
is broadly consistent with the mechanism by which TPO exerts its effects in megakaryocytes
and platelets (Ezumi et al., 1995; Hitchcock et al., 2021). However, the data show that
responsiveness of healthy donor platelets to PF4 and TPO do not correlate; high responders
to PF4 are not necessarily high responders to TPO and vice-versa. Also, the shape of the
aggregation curves with TPO and PF4 are subtly different whereby the initial slope with PF4
is steeper than that for TPO. The effects of inhibitors of JAK2, PI3K, STAT3, STAT5, and
mTOR on PF4 and TPO are broadly similar, but these studies are challenging to interpret as

some of these inhibitors are poorly characterised and off-target effects are likely.

In the above studies, STAT3 and STAT5 are prominent as identification of phosphorylated
STATS5 was the first step in identifying c-Mpl as the PF4 receptor. In megakaryocytes, these
proteins translocate to the nucleus and drive transcription but as platelets do not have a
nucleus, it was also hypothesised that they could also have a functional role. In this chapter,
four inhibitors of STAT3 and/or STAT5 were used, SH4-54, Stattic, STAT5 inhibitor, and
niclosamide. All work by blocking the SH2 domain, which is essential for STAT
phosphorylation, activation and dimerisation but whilst SH4-54 is active against both STAT3
and STATS5, Stattic is specific for STAT3 and STATS5 inhibitor for STATS. Interestingly, only
SH4-54 was found to have an effect, blocking PF4- but not TPO-mediated aggregation albeit
at a high concentration of 10 pM. Given that the reported effective concentration in cell
cytotoxicity assays is ~ 0.1-1 uM (Selleckchem, n.d.), off-target effects are likely at this
concentration and cannot be discounted. Still, Zhou et al. have previously shown that STAT3
can act as a scaffold protein facilitating the interaction of Syk and PLCy2 downstream of GPVI
(Zhou et al., 2013). However, the above data demonstrate that the Syk inhibitor PRT-060318

does not block platelet aggregation to PF4, so it is unlikely that this mechanism is prominent.
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Vassilev et al. showed a second possible mechanism is through translocation and binding to
the regulatory region of mitochondrial DNA thus affecting mitochondrial transcription and
function (Vassilev et al., 2002). So, there is evidence that STAT3 does have non-
transcriptional, functional roles in platelets, and it is plausible that it plays a supporting role in

activation.

The effect of niclosamide was also investigated as this is a STAT3 inhibitor and this was found
to significantly inhibit both PF4- and TPO-mediated aggregation at the lower concentration of
1 uM. Niclosamide is reported to inhibit STAT3 by inhibition of phosphorylation and nuclear
translocation independent of the SH2 domain (Ren et al., 2010). As an effect was seen with
niclosamide and not with stattic, it was hypothesised that the inhibitory effect of niclosamide
on mTOR may be the mechanism by which it blocks PF4- and TPO-mediated aggregation.
Niclosamide is reported to selectively inhibit mMTORC1 (compared to mTORC?2) by inhibiting
proton flux leading to cytoplasmic acidification which in platelets may be associated with a
reduction in activation of Akt, a downstream effector of PI3K (Fonseca et al., 2012). A second
generation mTOR inhibitor, WYE-354, that inhibits both mTORC1 and mTORC2 did cause a
non-significant, yet noticeable reduction in PF4- but not TPO-mediated platelet aggregation.
A second, similar inhibitor, KU-0063794 had no effect on either although in a previous study,
WYE-354 did show greater potency than KU-0063794 in blocking collagen-mediated
aggregation in apyrase-treated platelets (Aslan et al., 2011). Apyrase degrades ADP thus
preventing ADP-mediated secondary platelet activation and was used in the previously
referenced study to eliminate effects of inhibitors on secondary platelet activation. In the
present study, this was not done as the steeper part of the aggregation curve in PF4-activated

platelets is likely due to secondary activation.

The data are therefore inconclusive. Ruxolitinib and wortmannin convincingly block platelet
aggregation to PF4 and TPO but ruxolitinib and wortmannin show incomplete blockade of P-

selectin expression and non-significant blockade of spreading. Evidently, JAK2 and PI3K are
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important in mediating aggregation but additional mechanisms that bring about a-granule

release are possible.

The data do not clearly demonstrate a key role for STAT3, STAT5, or mTOR in mediating
platelet aggregation downstream of c-Mpl. The significant effect of niclosamide in blocking
aggregation is intriguing but it is not possible to rule out effects on other processes not
involving STAT3 or mTOR. It is also intriguing that although niclosamide blocked aggregation
to PF4 and TPO, it significantly enhanced a-granule secretion and platelet spreading on PF4.
A possible mechanism for this could be that the inhibition of mMTORC1 leads to reduced
activation of PKCd, which inhibits granule secretion and filopodial formation (Pula et al., 2006).
Tyrosine phosphorylated PKCd was, incidentally, detected in its phosphorylated form in the
mass spectrometry analysis described in section 3.3.3. Further investigation using inhibitors
of PKC®& as well as other pathways downstream of JAK2 such as the MAPK pathway is needed
to further understand these processes. However, the complex network of activating and
inhibitory signals, and feedback loops make this a challenging task, one that is perhaps better
suited to proteomics-based methods. An approach using the high throughput technique of

phospho-flow cytometry may also be more fruitful.

143



3.4.3. Blockade of c-Mpl-TPO interaction by PF4

The mechanisms by which TPO exerts its effects in in megakaryocytes are well described
(Hitchcock et al., 2021). It was anticipated that in platelets, the signalling pathways triggered
by PF4 would be similar, if not identical to those triggered by TPO. However, although PF4
and TPO are both agonists of platelets, PF4 has the opposite effect to TPO in
megakaryocytes, inhibiting megakaryocyte differentiation and platelet production (Xi et al.,
1996) which has been attributed to an interaction with low density lipoprotein receptor-related
protein 1 (LRP1). However, as mentioned previously, this receptor is expressed only
transiently, late in megakaryopoiesis (Lambert et al., 2009). Furthermore, secretion of PF4
from megakaryocytes has been shown to maintain haematopoietic stem cell (HSC)
guiescence through unknown mechanisms (Bruns et al., 2014). As HSCs express c-Mpl,

binding to this receptor is a possible mechanism.

A simple mechanism by which PF4 could inhibit TPO-induced differentiation and proliferation
of megakaryocytes is through directly blocking TPQO’s binding with c-Mpl. In the binding ELISA
PF4 reduced, but did not eliminate, TPO binding to c-Mpl. The AlphaFold modelling is
interesting as it is consistent with the hypothesis that PF4 would block TPO-binding, but it is

inconclusive and further, in-depth structural studies are needed.

Erhardt et al. reported that whilst TPO leads to phosphorylation of AKT and STAT1, STATS3,
and STATS5, the TPO receptor agonist eltrombopag does not induce AKT phosphorylation nor
prime platelet responses to low-dose agonists (Erhardt et al., 2009). Notably, Akt is a
downstream effector of PI3K and is essential for platelet priming by TPO (Moore et al., 2019).
In their paper describing the crystal structure of TPO dimerising c-Mpl, Tsutusmi et al.
contributed important explanations about the relationship between c-Mpl agonist structure,
induction of differential signalling, and corresponding functional effects (Tsutsumi et al., 2023).
They reported that TPO has a low- and a high-affinity binding site for c-Mpl and bridges two

monomers to form a dimer by binding to one using its low-affinity site, and the other using its
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high affinity site. Substitutions of basic amino acids in the low-affinity site altered dimerisation
and downstream signalling, and they were able to demonstrate decoupling of the two
phenotypic outputs of TPO binding to c-Mpl: megakaryopoiesis and platelet production versus
HSC proliferation. They showed that these mutations in TPO were associated with subtle
changes in signalling patterns, which varied with increasing concentrations (0-100 ng/mL) and
over time (0-240 min). This study sets a precedent that different ligands of the same c-Mpl
receptor can induce different downstream signalling and functional effects in megakaryocytes.
One possible mechanism could be that compared to TPO, PF4 may differentially stimulate the
activation of the E3 ubiquitin ligase c-Cbl, which is known to be activated as a product of c-
Mpl activation (Saur et al., 2010). Of course, this does not discount the interaction with LRP1

and the possibility of the existence of other, as yet unidentified receptors and pathways.
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4. The role of PF4 and heparin in the
activation of platelets in anti-PF4
Immunothrombotic syndromes

4.1. Introduction

4.1.1. Mechanisms of thrombosis in anti-PF4 immunothrombotic
syndromes

As discussed previously, in anti-PF4 immunothrombotic syndromes, immune complexes
activate platelets by binding to FcyRIIA (Kelton et al., 1988). Platelet activation results in
granule release, shape change, and aggregation which promotes thrombus formation. a-
granule release results in the translocation of P-selectin to the platelet surface facilitating
interplay with monocytes and neutrophils to form leukocyte-platelet aggregates (Khairy et al.,
2001, 2004). Direct activation of neutrophils and monocytes, also through Fc receptors, further
contributes to the pathophysiology through release of inflammatory mediators, neutrophil
extracellular trap (NET) formation (NETosis) (Perdomo et al., 2019; Leung et al., 2022), and
activation of the coagulation cascade through tissue factor expression (Perdomo et al., 2019;
Leung et al., 2022) (Kasthuri et al., 2012). Further complexity is added by the interaction of
PF4 with many negatively charged molecules other than heparin including cell surface GAGs
(Okayama et al., 1986; Loscalzo et al., 1985; Visentin et al., 1994; Rauova et al., 2006),
polyphosphates (Cines et al., 2016), VWF (Nazy et al., 2020), fibrin (Carr et al., 1987), and

DNA in NETs (Gollomp et al., 2020; Ngo et al., 2023).

The data presented in Chapter 3 showing that PF4 can bind to c-Mpl and activate platelets
(Buka et al., 2024), coupled with the knowledge that heparin activates platelets through
PEARL1 (Kardeby et al., 2023), raises the question of whether these mechanisms are relevant
in anti-PF4 immunothrombotic syndromes. Free heparin and PF4, as well as heparin and PF4
bound in immune complexes could contribute to platelet activation. As such, immune

complexes could in fact not only be multivalent ligands of FcyRIIA; the binding of c-Mpl and
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PEAR1 may also contribute by increasing the avidity of the entire complexes in addition to

direct activation through induction of signalling.

It was therefore hypothesised that PF4-mediated platelet activation could play a role in the
pathophysiology of the anti-PF4 immunothrombotic syndromes. Secondly, it was
hypothesised that in HIT, heparin, may also contribute to platelet activation. These hypotheses

are summarised in Figure 4.1.

VITT HIT

JAK2)

" v

\ Priming
Activation =~

Priming

b Anti-PF4 Giony YIS
Activation 0 Y a %
e
-

g Ein
Anti-PF4 i {

|gG 7 ‘\\
=~ -

FCYRIIA
cross-linking

FCYRIIA
cross-linking

Heparin 3

Figure 4.1. Hypothesised additional mechanisms of platelet activation in VITT and HIT.

c-Mpl: c-myeloproliferative leukaemia protein; FcyRIIA: Fc gamma receptor IIA; HIT: heparin-
induced thrombocytopenia; 1gG: immunoglobulin; JAK2: Janus kinase 2; P: phosphorylation;
PF4: platelet factor 4; STAT: signal transducer of activation; VITT: vaccine-induced immune
thrombocytopenia with thrombosis.
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4.2. Results
42.1. VITT: Patient details

Patients with VITT were recruited from University Hospitals Birmingham by Dr Pip Nicolson.
In total, 12 patients were recruited, and plasma and sera were saved from presentation and
follow-up visits. However, this was a scare resource and by the time that the present studies
took place, many of these samples, particularly diagnostic samples, had been used. Thus, the
following experiments make use of samples from three patients whose presentation is
summarised in Table 4.1. This study leverages the extensive, longitudinal characterisation of
the patient samples by Dr Samantha Montague, University of Birminhgam. The full case
histories of these patients are published (Montague et al., 2022) and the identifying numbers
of these patients in that publication are denoted in parentheses in the first column of the table.
Table 4.1. Basic demographics and presenting characteristics of patients with VITT
whose material is used in this chapter.

*Numbers of patients in (Montague et al., 2022). CVST: cerebral venous sinus thrombosis;
ELISA: enzyme linked immunosorbent assay; F: female; M: male; OD: optical density.

. Presentation Presentation . Sample — . .
T hee ser depot pldcelewnt gomboss  depost "Gy 00
Diagnosis  Sample
1 (P4) 43 F 14 11 CVST 15 0.92 1.66
2(P2) 21 M 10 113 'Scs?gire"'c 221 2.58 1.41
3 (P6) 47 F 20 78 CVST 109 2.37 1.34

4.2.2. Testing of isolated VITT IgG

Patient 1 underwent plasma exchange and as such, several litres of plasma were collected
and stored. This enabled isolation of IgG from plasma, which was performed by Dr Luis Moran,
Dr Samantha Montague, and Dr Margaret Goodall, University of Birmingham. Dr Samantha
Montague first characterised the reagent and established optimal concentrations for platelet
activation in LTA. This reagent, termed ‘VITT IgG’ was tested for its platelet activating potential
by LTA. VITT IgG did not cause platelet activation alone, but when combined with PF4, rapid,

strong activation was observed (Figure 4.2). Consistent with the known phenomenon of
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significant inter-donor variability in responses to HIT sera (Warkentin et al., 1992), not all
healthy donor platelets responded robustly to VITT 1gG with PF4. In this section, any donors
that did not reach >50% aggregation to VITT IgG or sera in the presence of PF4 within 30 min
were deemed to be low-responders and were excluded. The Src inhibitor, dasatinib, and the
Syk inhibitor, PRT-060318, are both known to block FcyRIIA-mediated platelet activation in
VITT and HIT (Smith et al., 2021; Reilly et al., 2011), and PRT-060318 has also shown efficacy
in an animal model of HIT (Reilly et al., 2011). Figure 4.2A shows that aggregation to VITT
IgG + PF4 is blocked by dasatinib 1 uM and PRT-060318 10 uM. As expected, aggregation
to VITT IgG was also blocked by the mouse anti-human FcyRIIA monoclonal antibody 1V.3 10
pHg/mL, a well-established inhibitor of in vitro FcyRIIA activation at this concentration (Arman
et al., 2014; Smith et al., 2021; Lee et al., 2024). Together, these results demonstrate that

VITT IgG activates platelets in a PF4-dependent manner through FcyRIIA.
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Figure 4.2. Isolated IgG from a patient with VITT (VITT IgG) activates platelets in a PF4-

dependent manner through FcyRIIA.

(A) Inhibitors of Syk and Src block platelet aggregation to VITT I1gG and PF4. Pre-warmed
platelets (2x108/mL) at 37°C were incubated with dasatinib 1 pM (Das), PRT-060318 10 uM
(PRT) or vehicle control (DMSO 0.01%) for 5 min, then PF4 10 pg/mL for 5 min, then stirred
at 1200 rpm for 1 min before addition of VITT 1gG (100 pg/mL). (Ai) Representative
aggregation traces. (Aii) Quantification of aggregation (area under curve per minute
[AUC min] for 30 min, n=3). Statistical testing of difference by one-way ANOVA. (B) As for A
but 1V.3 10 pug/mL or vehicle control (PBS) added instead of Das or PRT. *P< .05, **P < .01.
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4.2.3. Blockade of the PF4-c-Mpl-JAK2 pathway reduces platelet
activation to VITT IgG

In Chapter 3 it was shown that ruxolitinio 100 nM does not affect platelet aggregation to
collagen-related peptide (CRP) 1 pg/mL. In the context of VITT, this is important as the
signalling downstream of GPVI is shared by FcyRIIA. Nevertheless, the effects of ruxolitinib
100 nM on FcyRIIA-mediated platelet aggregation were assessed. Ruxolitinib had no effect
on platelet aggregation to stimulation of FcyRIIA by crosslinked IV.3 (IV.3 + anti-mouse 1gG)
nor a VITT-like monoclonal antibody, 1E12 (Vayne et al., 2024) (Figure 4.3). The experiments

with 1E12 were carried out by Dr Samantha Montague.

Ruxolitinib 100 nM was then used in combination with VITT IgG and PF4 to assess the
contribution of the PF4-c-Mpl-JAK2 pathway to aggregation with these reagents. As before,
VITT IgG had no effect on its own, but in the presence of PF4 strong aggregation was
observed (Figure 4.4). However, there was donor variability, with some weaker responses,
and donors where >50% aggregation did not occur within 30 min were excluded. When
platelets were pre-incubated with ruxolitinib, aggregation was significantly reduced (Figure
4.4Aii) typically through reduction in the maximum amplitude of aggregation rather than speed
of aggregation (Figure 4.4Ai). A similar reduction was seen with the anti-c-Mpl antibody in
platelets from some healthy donors although the effect was not as pronounced as that seen
with ruxolitinib and the reduction was not statistically significant (Figure 4.4B). Several of the
replicate experiments investigating the effect of c-Mpl antibody on aggregation to VITT IgG

with PF4 were performed by Dr Samantha Montague.
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Figure 4.3. Ruxolitinib does not inhibit platelet aggregation to agonists of FcyRIIA.

(A) Ruxolitinib does not inhibit platelet aggregation to crosslinked 1V.3. (A) Pre-warmed
platelets (2x108/mL) at 37°C were incubated with ruxolitinib 100 nM (Rux), or vehicle control
(DMSO 0.01%) (Veh) for 5 min, then IV.3 1 ug/mL for 5 min, then stirred at 1200 rpm for 1 min
before addition of goat anti-mouse 1gG (30 pug/mL). (Ai) Representative aggregation traces.
(Aii) Quantification of aggregation (area under curve per minute [AUC min] for 30 min, n=3).
Statistical testing of difference by one-way ANOVA. (B) As for A but no IV.3 added and 1E12
10 yg/mL added instead of goat anti-mouse IgG. Statistical testing of difference by paired t-

test.
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Figure 4.4. Blockade of the c-Mpl-JAK2 pathway reduces platelet aggregation to VITT
IgG with PF4.

Adapted from (Buka et al., 2024). (A) Ruxolitinib reduces platelet aggregation to VITT IgG with
PF4. Pre-warmed platelets (2x108/mL) at 37°C were incubated ruxolitinib 100 nM (Rux), or
vehicle control (DMSO 0.01%) (Veh) for 5 min, then PF4 10 pg/mL or vehicle control (PBS)
for 5 min, then stirred at 1200 rpm for 1 min before addition of VITT IgG (100 pg/mL). (Ai)
Representative aggregation traces. (Aii) Quantification of aggregation (area under curve per
minute [AUC min] for 30 min, n=7). Statistical testing of differences by one-way ANOVA. (B)
As for A but anti-c-Mpl antibody (10 pug/mL) or vehicle control (PBS) used instead of Rux.
Statistical testing of differences by Friedman test. *P < .05, *P < .01, **P < .001.
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Next, the experiments were repeated with sera from two other patients with VITT. These two
sera were selected as they had been previously characterised as moderately activating at the
specific time points used (Montague et al., 2022). Serum from patient 2 (P2) was from 221
days post-vaccination and patient 3 (P3) was from 109 days post-vaccination. At this time the
ELISA OD for both samples remained above 1.3, well above the positive cut-off for the test of
0.4 (clinical details and OD values shown in Table 4.1). These two sera and time points were

also chosen because there was plentiful volume of stored sample.

To account for healthy donor variation in responses to VITT sera, for each healthy donor, a
dose response to serum alone was first conducted (between 0.67% and 3% final volume of
serum in the aggregation cuvette) to determine a volume of serum that resulted in an initial
aggregation trace of ~45° that could be both enhanced with PF4 and potentially blocked with
ruxolitinib. There were no donors that did not respond to at least 3% serum. With P2 serum,
ruxolitinib reduced aggregation to serum alone as well as aggregation to serum in the
presence of PF4 10 pg/mL (Figure 4.5A). With P3 serum, a significant reduction in aggregation

was only observed where exogenous PF4 had been added (Figure 4.5B).
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Figure 4.5. JAK2 inhibition reduces platelet aggregation to VITT sera.

Adapted from (Buka et al., 2024). (A) Pre-warmed platelets (2x108/mL) at 37°C were
incubated ruxolitinib 100 nM (Rux), or vehicle control (DMSO 0.01%) (Veh) for 5 min, then
PF4 10 pg/mL or vehicle control (PBS) for 5 min, then stirred at 1200 rpm for 1 min before
addition of P2 VITT serum. Serum was added at between 0.67% to 3% final concentration
depending on an initial dose-response for each individual platelet donor (see text). (Ai)
Representative aggregation traces. (Aii) Quantification of aggregation (area under curve per
minute [AUC min™] for 30 min, n=7). Statistical testing of differences by one-way ANOVA. (B)
As for A but P3 serum added instead P2 serum. *P < .05, **P < .01.
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The canonical understanding of how PF4 enhances platelet activation to HIT and VITT sera
is through enhancement of immune complex formation. However, these data raise the
guestion of the relative contribution by exogenous PF4 of signalling through c-Mpl and
increased immune complex formation to the enhancement of platelet activation in diagnostic
assays. To this end, the effect of TPO 10 ng/mL (a low dose that does not activate platelets
alone) instead of PF4 in the LTA assays described above, was investigated. The addition of
TPO to isolated VITT IgG had no effect, whilst in the same donors, VITT 1gG with PF4 led to
robust aggregation (Figure 4.6A). The same experiment was repeated using P3 serum and
although this was only repeated in three donors due to low serum availability, TPO was
observed to enhance aggregation to serum which was non-significantly reduced with

ruxolitinib (Figure 4.6B).

Together these experiments show that in serum, there is adequate PF4 present for immune
complex formation and that activation is enhanced by c-Mpl activation. Further experiments
could be done with combinations of low concentration PF4, TPO and VITT IgG to investigate
the relative contributions of enhancement of immune complex formation, signalling through c-

Mpl, and signalling through FcyRIIA.
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Figure 4.6. TPO does not facilitate aggregation to VITT IgG but does enhance platelet
aggregation to VITT serum which is reduced with ruxolitinib.

(A) Pre-warmed platelets (2x108/mL) at 37°C were incubated ruxolitinib 100 nM (Rux), or
vehicle control (DMSO 0.01%) (Veh) for 5 min, then TPO 10 ng/mL or vehicle control (PBS)
for 5 min, then stirred at 1200 rpm for 1 min before addition of VITT IgG. (Ai) Representative
aggregation traces. (Aii) Quantification of aggregation (area under curve per minute
[AUC min] for 30 min, n=3). Statistical testing of differences by one-way ANOVA. (B) As for
A but P2 serum added instead of VITT IgG. Serum was added at between 1.5 to 3% final
concentration depending on an initial dose-response for each individual platelet donor (see
text). *P < .01. **P < .001.
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There are four possible mechanisms by which PF4 contributes to platelet activation in the
above experiments. As shown by the data in this section, exogenous PF4 enhances activation
through contribution to immune complex formation (no activation seen with VITT IgG alone
nor VITT IgG with TPO), and through signalling (activation partially blocked with ruxolitinib and
TPO enhances aggregation to VITT sera). It is probable that free PF4, binding to c-Mpl leads
to potentiation of activation but also possible that PF4 within the immune complex can activate
c-Mpl, as shown in Figure 4.1. The additional interaction of PF4 with c-Mpl is also expected to
increase the avidity of the entire immune complex to the platelet surface and therefore
enhance the interaction of Fc regions of anti-PF4 antibodies with FcyRIIA. A fourth possible
mechanism is binding of PF4 to platelet surface GAGSs, neutralising negative charge, and

enhancing platelet apposition.

To explore this further, a pilot experiment was performed whereby platelets activated by PF4,
and/or VITT IgG and/or the VITT-like monoclonal antibody 1E12 were lysed and examined for
tyrosine phosphorylation by Western blot. The results of this experiment are shown in Figure
4.7. As expected, with PF4 10 ug/mL and 50 ug/mL, phosphorylated bands were visible at
~95 kDa (indicated by arrows) consistent with STAT3, STAT5 and c-Mpl phosphorylation. With
the addition of VITT IgG, the bands intensified with donor 1 but reduced in intensity with donors
2 and 3. These bands also reduced in intensity with control IgG with all three donors. VITT
IgG with PF4 did not generate clear phosphorylated bands at between 40 and 50 kDa which
is where FcyRIIA is expected (Cell Signalling Technology, n.d.) but the bands visible in
platelets activated with 1E12, indicating weaker FcyRIIA stimulation with VITT IgG compared
to 1E12. Further, 1E12 did not require exogenous PF4 to lead to this phosphorylation, which
is consistent with earlier findings and published reports (Vayne et al., 2021b), presumably
relying on its high affinity to efficiently form immune complexes with the small amount of PF4
that is available. Further investigation of the possible mechanisms requires more extensive
analysis of phosphorylation including c-Mpl and FcyRIIA the latter of which requires

immunoprecipitation.
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Figure 4.7. Platelet phosphorylation in response to PF4 and VITT IgG.

Washed platelets (4x108mL) from three healthy donors were pre-incubated with eptifibatide
for 10 minutes (9 pM) and warmed at 37°C for 5 minutes. Platelets were pre-incubated with
PF4 10 or 50 pg/mL or vehicle (PBS). Platelets were then stirred at 1200 rpm for one minute
after which control IgG (100 pg/mL), VITT IgG (100 pg/mL), 1E12 (10 pug/mL) or vehicle control
(PBS) was added. After 10 min, platelets were lysed. Protein was separated by sodium
dodecyl sulfate (SDS) gel electrophoresis, transferred to a polyvinylidene fluoride membrane,
and analysed for pan-phosphotyrosine (4G10). Arrows mark bands of interest at 95 kDa likely
associated with phosphorylation of STAT3, STAT5a/b and c-Mpl.

159



4.2.4. Ruxolitinib does not affect platelet aggregation to HIT-like
monoclonal antibody, KKO with PF4.

As HIT is very similar in pathophysiology to VITT, it was hypothesised that platelet activation
by PF4 may also play a role in HIT. To investigate this further, a commercially available,
mouse-derived HIT-like anti-PF4/heparin antibody, KKO 10 pg/mL (133 nM), was used
(Arepally et al., 2000). 10 pg/mL was previously established as the minimum concentration
that induces aggregation in washed platelets in the presence of PF4 (Samantha Montague,
unpublished). As expected, KKO did not induce platelet aggregation alone but stimulated
strong aggregation when combined with PF4 10 pug/mL (Figure 4.8A). The combination of KKO
and PF4 in the presence and absence of heparin has previously been shown (as expected) to

act through FcyRIIA and to be blocked by 1V.3 (Nevzorova et al., 2019; Arepally et al., 2000).

Ruxolitinib 100 nM had no effect on aggregation to KKO with PF4 (Figure 4.8A). Although
KKO does behave like a HIT-like antibody, it is of the IgG2b subclass which is not present in
humans (Bruhns and Jonsson, 2015). Thus, a second monoclonal antibody, 5B9 (Kizlik-
Masson et al., 2017), was acquired from collaborators (Jerdbme Rollin and Yves Gruel,
Université de Tours, France) and the experiments repeated. As for KKO, 5B9 with PF4 in the
presence and absence of heparin has also been shown to be blocked by IV.3 (Kizlik-Masson
etal., 2017). 5B9 20 pg/mL (67 nM) alone had no effect on platelet aggregation but the addition
of PF4 led to strong aggregation (Figure 4.8B). 20 ug/mL was used as this is the minimum
concentration required to result in aggregation in the presence of PF4 (Kizlik-Masson et al.,

2017). Again, ruxolitinib had no clear effect on aggregation to 5B9 with PF4 (Figure 4.8B).

160



>
>

*%

PF4 + Rux < 1007 '
KKO £ **
I 1
€ 80- .
O o0
-
< 60
: °:
o i [
PF4 = 40 L
o
KKO + PF4 + Rux @ |
25% ‘ KKO + PF4 L 20 :
agg o o050 I,{q L
- < 0 * T T T T
5 min KKO + - - + +
PF4 - + - +
Rux - - + + +
% 3k %k ¥k
I 1
* %k k
[ 1
dkkkk
I 1
*okk
Bi B ii f 1
%k %k k
PF4 + Rux - —
PF4 < 1004 ook
5B9 £ —
£ i
g v 5 ¥
2 .
< 60 .
= .
'g 40 *
5B9 + PF4 + Rux >
25% 5B9 + PF4 = 204
a (o]
a9 =
< [ ]
5 min O'W T T
5B9 & . . + N
PF4 - + - +
Rux - - + + +

Figure 4.8. Ruxolitinib does not inhibit platelet aggregation to the HIT-like monoclonal
antibodies KKO or 5B9 with PF4.

(A) Pre-warmed platelets (2x108/mL) at 37°C were incubated with ruxolitinib 100 nM (Rux), or
vehicle control (DMSO 0.01%) for 5 min, PF4 10 pg/mL or vehicle control (PBS) for 5 min,
then stirred at 1200 rpm for 1 min before addition of KKO 10 pg/mL. (Ai) Representative
aggregation traces. (Aii) Quantification of aggregation (area under curve per minute
[AUC min?] for 15 min, n=6). (B) As for A but 5B9 20 pug/mL added instead of KKO, n=7.
Statistical testing of differences by one-way ANOVA. **P < .01, *P < .001 ***P <0.0001.
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4.2.5. Characterisation of platelet aggregation by HIT sera

The above experiments are limited as in the presence of PF4, these monoclonal antibodies
produce very strong aggregation. As HIT is characterised by polyclonal rather than monoclonal
antibodies, sera from patients with HIT was next evaluated. As samples from patients with HIT
had not been previously collected and stored locally, we explored other options for acquisition
of sera from patients who had been tested for HIT. In England, clinical grade, functional
diagnostic testing for HIT only takes place in the NHSBT laboratory in Bristol and it was
arranged that 11 samples that had been collected from patients in local hospitals could be
transferred back to Birmingham via the University of Birmingham Human Bioresource Centre.
These sera are labelled 1 to 11 in descending order of anti-PF4/heparin ELISA optical density
measurement which is expected to generally correlate with platelet activation in functional
studies (Table 4.2) (Warkentin et al., 2008b). Clinical details were not available for these
patients.

Table 4.2. Sera from 11 patients with HIT.

Samples were acquired from National Health Service Blood and Transplant (NHSBT) and are
ordered in descending order of anti-PF4/heparin ELISA optical density measurement.

Optical
density
3.4
3.2
3.1
3.1
2.8
2.6
2.3
1.2
0.9
0.7
0.6

Patient

O oOoO~NO O, WNPEF

R
= O

The sera were screened for their platelet activating activity by LTA using platelets from four
healthy donors. These donors were randomly selected; whether they were ‘responsive’ donors
to HIT reagents was unknown prior to this screening. Figure 4.9 shows the results of this

screening whereby platelets were stimulated with either serum alone, serum with PF4 10
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pg/mL, serum with heparin 0.5 IU/mL, or serum with PF4 and heparin. As expected, platelet
activation was generally strongest for sera with the higher ELISA OD values apart from serum

1 which was only weakly activating Figure 4.9.
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Figure 4.9. Characterisation of platelet aggregation responses to 11 serum samples
from patients with HIT.

Platelet aggregation was assessed by LTA. Pre-warmed platelets (2x108/mL) at 37°C were
incubated with heparin 0.5 IU/mL (Hep) or vehicle control (PBS) for 5 min then PF4 10 pg/mL
or vehicle control (PBS) for 5 min. Platelets were then stirred at 1200 rpm for an additional
minute before addition of serum (3.3% final concentration). The first three columns on the left
(unfilled bars), Hep, PF4, and Hep + PF4 controls, were run without the addition of serum. The
first, unlabelled column for each patient sample is serum alone, and in subsequent columns,
serum was added in the presence of Hep, PF4, or Hep + PF4. (A) Representative aggregation
traces for one donor (open squares in B). Quantification of aggregation (area under curve per
minute [AUC min!]) for 10 min. Responses for individual donors are denoted by consistent
shapes (e.g. open squares), n=4.
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4.2.6. Ruxolitinib has occasional effects on platelet aggregation to
HIT sera

Only serum 2, in the presence of PF4, led to strong aggregation in all four donors but there
were moderate responses in at least one donor to serum 3, 4, 5, 6, and 7 in the presence of
PF4 or PF4 + heparin (Figure 4.9). As it was the strongest activating serum, serum 2 was first
used to further investigate the role of PF4 in platelet activation in HIT. To conserve serum, the
final concentration of serum was decreased to 1% which still produced strong aggregation in
the presence of PF4 (Figure 4.10). In most donors, ruxolitinib, had no effect (Figure 4.10Ai
and Aiii) apart from in one donor where there was a substantial reduction in aggregation
(Figure 4.10Aii and Aiii open squares). The next strongest activating serum was serum 3
although with PF4 alone, serum 5 appeared to be stronger. However, as there was insufficient
volume of serum 5 to carry out extensive replicates, the effects of ruxolitinib on serum 3 were
instead investigated. However, as serum 3 with PF4 alone was not strongly activating, the
effect of ruxolitinib on serum with PF4 and heparin was investigated. Again, ruxolitinib had an
occasional inhibitory effect (Figure 4.10B), reducing aggregation to serum + PF4 in one donor
(Figure 4.10Bi and Biii open diamonds), and to serum + PF4 + heparin in two donors (Figure
4.10Bii and Biii open circles). After these initial investigations, samples from a patient
diagnosed with HIT locally were acquired. This patient had a clinical history consistent with
classical HIT and an ELISA OD of 3.3 measured in the clinical laboratory. Serum from this
patient (hereby referred to as patient 12) was found to be strongly activating and in some
donors, there was evidence of heparin-independent activation. Ruxolitinib had no effect on

aggregation to this serum in the presence of PF4 (Figure 4.10C).
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Figure 4.10. The effect of ruxolitinib on platelet aggregation to HIT sera.

Platelet aggregation was assessed by LTA. (A) Pre-warmed platelets (2x10%/mL) at 37°C were
incubated with ruxolitinib 100 nM (Rux) or vehicle control (DMSO 0.01%) for 5 min, then PF4
or vehicle control (PBS) for 5 min, then PF4 10 ug/mL or vehicle control (PBS) for 5 min.
Platelets were then stirred at 1200 rpm for an additional minute before addition of serum (1%
final concentration). (Ai and Aii) Representative aggregation traces for two donors (Ai: open
triangles in Aiii; Aii: open squares in Aiii). (Aiii) Quantification of aggregation (area under curve
per minute [AUC min?]) for 15 min (n=4). Responses for individual donors are denoted by
consistent shapes (e.g. open squares). (B) As for A but platelets also pre-incubated with
heparin 0.5 IU/mL or vehicle control (PBS) for 5 min after incubation with PF4 or vehicle
control, and serum 3 used instead of serum 2. (C) As for A but serum 12 used instead of serum
2). Statistical testing of differences by one-way ANOVA (A) and Friedman test (B) and (C). *P
< .05, *P < .01, **P < .001.
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4.2.7. Inhibition of heparin-PEARL1 interaction reduces platelet
aggregation to HIT antibodies and sera

Clearly, a key component of immune complexes in HIT is heparin. Heparin is formed of heavily
sulphated repeating disaccharide units and is known to activate platelets directly through
interaction with PEAR1 (Kardeby et al., 2023). Thus, it was hypothesised that this interaction

may also have a role in platelet activation in HIT.

In order to study the additive effect of heparin, it was necessary to identify a way to block only
the heparin-PEAR1 component whilst having no effect on FcyRIIA-mediated activation. The
ligation of PEAR1 by heparin induces signalling through PI3K p1108 isoform which can be
blocked by the inhibitor TGX-221 (Kardeby et al., 2023). However, PI3KB also mediates
platelet activation via FcyRIIA and TGX-221 was observed to abrogate platelet aggregation to
crosslinked 1V.3 (Figure 4.11). Moreover, this would also be expected to have an effect on
activation of c-Mpl by PF4 as the pan-PI3K inhibitor wortmannin blocks activation to PF4, and
TPO-induced platelet potentiation has been previously reported to be mediated by PI3Kf

(Moore et al., 2019).
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Figure 4.11. Inhibition of PI3KB with TGX-221 blocks platelet aggregation to an agonist
of FcyRIIA.

Pre-warmed platelets (2x108/mL) at 37°C were pre-incubated with TGX-221 500 nM (TGX),
or vehicle control (DMSO 0.01%) (Veh) for 5 min, then 1V.3 1 pg/mL for 5 min, then stirred at
1200 rpm for 1 min before addition of goat anti-mouse IgG (30 pg/mL). (A) Representative

aggregation traces. (B) Quantification of aggregation (area under curve per minute [AUC
min] for 10 min, n=3). Statistical testing of difference by paired t-test. *P < .05.

Raising antibodies against the whole PEAR1 receptor would be expected to be an
inadequately targeted reagent as PEARL1 is also activated by platelet-platelet contact through
its small, extracellular EMI domain (Kauskot et al., 2012). Thus, the Birmingham platelet group
has developed a nanobody (Nb138) which was raised against the heparin binding 13" EGF-
like domain of PEARL. This was previously shown to block activation of platelets to a heparin-
sulfate proteoglycan molecule (Martin et al., 2024; Kardeby et al., 2023) and was therefore
used in the following experiments. The nanobody was produced in-house by Dr Eleyna Slater,
Dr Rachel Lamerton, University of Birmingham and visiting medical student Hugo Lagonotte

(Université de Tours, France).

On its own, heparin (0.5 IU/mL) induces aggregation, which is characterised by a slow initial
phase, then in some donors, a more rapid, second phase leading to >50% aggregation (Figure
4.12A). This is consistent with the pattern of aggregation that has been previously described
(Kardeby et al., 2023). Nb138 did not induce platelet aggregation on its own and reduced

aggregation to heparin at low nanomolar concentration, with significant blockade at 100 nM
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(Figure 4.12A). Nb138 had no effect on platelet aggregation to cross-linked V.3
demonstrating, as expected, no effect on platelet activation through FcyRIIA (Figure 4.12B).
Previously, Nb138 was also shown to have no effect on platelet aggregation to collagen and
reduced Akt phosphorylation downstream of heparin-induced PEAR1 activation (Kardeby et
al., 2023). Further evidence that Nb138 specifically binds PEARL1 is detailed in a previous
manuscript showing strong binding of monovalent Nb138 to PEAR1 by surface plasmon

resonance (Kp 14.2 nM) (Martin et al., 2024).
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Figure 4.12. PEAR1 inhibitory nanobody 138 blocks heparin-induced aggregation but
not FcyRIIA mediated aggregation by crosslinked IV.3.

(A) Pre-warmed platelets (2x108/mL) at 37°C were incubated with nanobody 138 100 nM
(Nb138), or vehicle control (PBS) (Veh) for 5 min, then stirred at 1200 rpm for 1 min before
addition of heparin 0.5 IU/mL. (Ai) Representative aggregation traces. (Aii) Quantification of
aggregation (area under curve per minute [AUC min] for 30 min, n=3). Statistical testing of
difference by one-way ANOVA. (B) As for A but after pre-incubation with nanobody, platelets
were incubated with IV.3 1 pg/mL for 5 min, then stirred at 1200 rpm for 1 min before addition
of goat anti-mouse 1gG (30 pg/mL) (crosslinked 1V.3 [XL IV.3]). Aggregation measured for 10
min. Statistical testing of difference by paired t-test. **P < .01.
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Thus, experiments were conducted using healthy donors’ platelets, Nb138, heparin, 5B9, and
patient sera to investigate the role of the heparin-PEAR1 interaction in platelet activation in
HIT. Given the well described variation in healthy donors’ platelet responses to HIT sera
(Warkentin et al., 1992), only donors where the combination of 5B9 or serum with heparin 0.5
IU/mL resulted in >50% aggregation within 30 min were included (each donor assessed
separately for each unique agonist — 5B9, and various sera). The other HIT-like monoclonal
antibody (mAb), KKO, does not activate platelets in the presence of heparin, without

exogenous PF4, and so was not used for these experiments.

In the following experiments, quantification of aggregation is shown in Figure 4.13. Given the
marked variability in responses of donor platelets in these experiments, aggregation traces for
all 7 donors are shown separately in Figure 4.14. As previously described, 5B9 alone does
not stimulate platelet aggregation but does so when combined with heparin (Figure 4.13Ai and
Figure 4.14A). Unlike with 5B9 and PF4, aggregation to 5B9 in the presence of heparin is
often delayed by several minutes (Figure 4.13Ai and Figure 4.14A). Pre-incubation of platelets
with Nb138 led to a non-significant reduction in aggregation as measured by AUC min* (Figure
4.13Ai). In the seven donors, Nb138 blocked aggregation completely in two, delayed
aggregation by > 20 min in one and delayed by 2-4 min in three. Aggregation in one donor
was unaffected. To better quantify the delay in aggregation, time to 50% aggregation was
calculated and results are shown in Figure 4.13Aii which shows a significant delay in time to
50% aggregation. Next, serum 3 was used instead of 5B9 with similar results. Pre-incubation
of platelets with Nb138 led to a block of aggregation in four donors and delay of about 5 min
in the remaining three (Figure 4.13B and Figure 4.14B). With serum 12, Nb138 did not block
aggregation in any donors but did significantly delay aggregation, with a delay of over 2 min
observed in 6 of 7 donors (Figure 4.13C and Figure 4.14C). Notably, there was no effect of
Nb138 in the 3 donors where serum 12 alone resulted in aggregation over 50% (Figure

4.13Cii).
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Figure 4.13. Blockade of the PEAR1-heparin interaction with nanobody 138 reduces
platelet aggregation to a HIT-like mAb and HIT sera.

(A) Pre-warmed platelets (2x108/mL) at 37°C were incubated with nanobody 138 100 nM
(Nb138), or vehicle control (PBS) for 5 min, heparin 0.5 IU/mL (Hep) or vehicle control (PBS)
for 5 min, then stirred at 1200 rpm for 1 min before addition of 5B9 20 pg/mL. (Ai) Quantification
of aggregation (area under curve per minute [AUC min] for 30 min, n=7). Statistical testing
of differences by Friedman test. (Aii) Quantification of speed of aggregation as measured by
time to 50% aggregation in min showing change in responses for individual donors as joined
circles. Statistical testing of difference by paired t-test. (B) As for A but serum 3 (3.3% final
concentration) used instead of 5B9. (C) As for B but serum 12 (1%) final concentration used
instead of serum 3. For C, points are shown in filled grey circles to show separation as points
are closely overlaid. *P < .05, *P < .01, ***P < .001.
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all donors. Aggregation measured over 30 min. N=7 for each agonist.
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4.2.8. Inhibition of heparin-PEARL1 interaction reduces platelet
activation in a flow-cytometry based HIT assay

Whilst LTA is a recognised diagnostic test for HIT, it is not as sensitive as other methods
(Arachchillage et al., 2023). As discussed in Chapter 1, the gold standard functional assay is
the serotonin release assay (SRA) but has technical challenges and is not established in
England (Arachchillage et al., 2023). Flow-cytometry based assays do however have similar
sensitivity and specificity as the SRA (Tardy-Poncet et al., 2021) and as such, this approach
is used by the UK reference laboratory for diagnosis of HIT (National Health Service Blood
and Transplant, 2023). The effect of Nb138 on platelet activation in a flow cytometry-based
assay was therefore investigated. The assay was based on the volumes of methods of the
commercially available HITAlert assay (IQ Products, n.d.). In the in-house assay, P-selectin
expression was used as a marker of a-granule release and thus platelet activation. The assay
was however modified to use reduced volumes of sera to conserve this resource and used
washed platelets instead of PRP to increase the sensitivity given the reduced volume of
serum. The heparin concentration used in the following assays, 0.5 IU/mL, is the same as that
used in the HITAlert assay, mirrors the concentration used in LTA above, and is consistent
with the ranges used and recommended by others (Vayne et al., 2020; Arachchillage et al.,
2023). An hour incubation at RT under gentle agitation was also used to reflect the protocol

of the HITAlert assay.

First, Nb138 100 nM was shown to have no activating effect on platelets consistent with the
observations in LTA. Heparin 0.5 IU/mL stimulated P-selectin expression which was

significantly reduced by Nb138 (Figure 4.15).
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Figure 4.15. Nanobody 138 reduces P-selectin expression in response to heparin.

Platelets (1x108/mL) were gently agitated at RT for an hour with Nanobody 138 100 nM
(Nb138) or vehicle control (PBS) and/or heparin 0.5 IU/mL (Hep) or vehicle control (PBS), then
stained with APC-anti-P selectin antibody and analysed by flow cytometry. (A) Representative
histogram. (B) Quantitation of P-selectin expression by percentage positive cells relative to
isotype control. Statistical testing of differences by one-way ANOVA. *P < .05, **P < .001.
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To investigate the effect of Nb138 on platelet activation in the HIT flow cytometry assay,
platelet donors were excluded if they did not have a greater than two-fold change from
baseline in median fluorescence intensity with 5B9 or sera in the presence of heparin. In
contrast to LTA where 5B9 alone was never observed to cause any aggregation (Figure 4.13),
stimulation with 5B9 alone led to a small but significant increase in P-selectin expression
(mean increase from unstimulated: 15 percentage points, Figure 4.16A). This was markedly
increased with the addition of heparin (mean increase from unstimulated: 40 percentage
points) and the increased activation was significantly reduced by Nb138 (mean decrease from
5B9 + heparin: 15 percentage points, Figure 4.16A). Similar findings were observed with
serum 3 which, without additional heparin, led to a mean increase of 21 percentage points
from unstimulated (Figure 4.16B). Serum with heparin resulted in a mean 30 percentage points
increase from unstimulated and there was a 12 percentage points mean reduction in this with
Nb138 (Figure 4.16B). With serum 12, there was a mean 33 percentage points increase from
unstimulated, a mean 45 percentage points increase with serum + heparin, and a mean 18
percentage points reduction from serum + heparin with the addition of Nb138 although this

reduction was not statistically significant (Figure 4.16C).
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Figure 4.16. Nanobody 138 reduces P-selectin expression in response to HIT-like mAb
and HIT sera in the presence of heparin.

Platelets (1x108/mL) were gently agitated at RT for 1 hour with nanobody 138 100 nM (Nb138)
or vehicle control (PBS) and/or heparin 0.5 IU/mL (Hep) or vehicle control (PBS) and/or 5B9
20 pg/mL or vehicle control PBS, then stained with APC-anti-P selectin antibody and analysed
by flow cytometry. (Ai) Representative histograms showing difference between unstimulated
control, 5B9 + Hep and 5B9 + Hep + Nb138. (Aii) Quantification of activation by percentage
of cells positive for P-selectin relative to isotype control. Statistical testing of differences by
one-way ANOVA. (B) As for A but using serum 3 (3.3% final concentration) instead of 5B9.

(C) As for B but using serum 12 (1%) final concentration instead of serum 3. *P < .05, **P <
.01, ***p < .001, ****P < .0001.

The above findings demonstrate a role for heparin-induced activation of platelets via PEAR1
in diagnostic HIT assays. As inhibitors of FcyRIIA and downstream signalling are proposed as
therapies for HIT (Muller et al., 2024) this additional mechanism of platelet activation may
need to be accounted for when developing and deploying novel therapies. The mouse anti-
human FcyRIIA antibody 1V.3 is well-described to block FcyRIIA-mediated aggregation at 10
pg/mL concentration (Arman et al., 2014; Smith et al., 2021; Lee et al., 2024) but as this would
not be expected to block the heparin component of the activation, blockade of PEAR1 might
also be required for maximal inhibition. This was further investigated by both LTA and flow
cytometry using the assays and reagents (5B9, serum 3, serum 12 and heparin) described

above.

With 5B9 and 0.5 IU/mL heparin, IV.3 led to a reduction in aggregation but only with the
addition of Nb138 was this reduction significant (Figure 4.17Aii). The additional effect was
most marked in three donors, one of which is shown as a representative aggregation trace in
Figure 4.17Ai. This finding was mirrored when platelet activation was measured by flow
cytometry (Figure 4.17Aiii). With 1V.3 alone, there was a mean reduction of 11 percentage
points from 5B9 with heparin but with the addition of Nb138, there was a significant reduction
(mean reduction 26 percentage points). With serum 3, there was no significant additional effect
of nanobody, although in one donor there was a marked effect in LTA (Figure 4.17Bi). With
serum 12, there was again no significant effect in LTA but in flow cytometry, only IV.3 with

Nb138 (not IV.3 alone) showed a significant reduction from serum with heparin (mean
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reduction 40 percentage points). These data suggest that in some circumstances, blockade
of FcyRIIA is insufficient to fully inhibit platelet activation, an observation that may have

translational implications that are discussed later.
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Figure 4.17. Maximal blockade of platelet activation to some HIT reagents requires both
inhibition of FcyRIIA and PEAR1.

(Ai-ii) Pre-warmed platelets (2x108/mL) at 37°C were incubated with 1V.3 10 pg/mL or vehicle
control (PBS) and nanobody 138 100 nM (Nb138) or vehicle control (PBS) for 5 min, heparin
0.5 IU/mL (Hep) for 5 min, then stirred at 1200 rpm for 1 min before addition of 5B9 20 pg/mL.
(Ai) Representative aggregation trace for donor denoted by open squares in Aii. (Aii)
Quantification of aggregation (area under curve per minute [AUC min?] for 30 min, n=7).
Statistical testing of differences by one-way ANOVA. (Aiii) Platelets (1x108/mL) were gently
agitated at RT for 60 min with 1V.3 10 pg/mL or vehicle control (PBS), nanobody 138 100 nM
(Nb138) or vehicle control (PBS) heparin 0.5 IU/mL (Hep) or vehicle control (PBS) and 5B9
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20 pg/mL or vehicle control (PBS), then stained with APC-anti-P selectin antibody and
analysed by flow cytometry. Quantification of activation by percentage of cells positive for P-
selectin according to comparison with isotype control. Statistical testing of differences by one-
way ANOVA. (B) As for A but serum 3 (3.3% final concentration) used instead of 5B9. (C) As
for B but serum 12 (1%) final concentration used instead of serum 3 and n=6. *P < .05, **P <
.01, ***p < .001, ****P < .0001.
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4.3. Discussion

The key findings in this chapter are:

1. The PF4-c-Mplinteraction contributes to platelet activation in VITT and can be blocked
by JAK2 inhibition.

2. Blockade of PF4-c-Mpl interaction does not significantly reduce platelet activation in
HIT.

3. The heparin-PEARL interaction contributes to platelet activation in HIT and can be

blocked by an inhibitory PEAR1 nanobody.

The activation of platelets by HIT sera has been known to occur through FcyRIIA since 1988
(Kelton et al., 1988) and although several other mechanisms of thrombosis including activation
of neutrophils and monocytes, NETosis, and prevention of VWF cleavage have been identified,
until now, no other direct mechanism of platelet activation by immune complexes has been
demonstrated. Although platelets are vital in the pathophysiology of HIT and VITT, leukocyte
activation and NETosis is a key driver of thromboinflammation (Arepally and Padmanabhan,
2021; Gollomp et al., 2018). Nevertheless, the demonstration of platelet activation is crucial in
diagnostic assays of HIT and VITT, and as such the findings in this chapter could at least be
considered as variables in these assays and may contribute to the well-described
phenomenon of significant variability in healthy donors’ platelet responses to FcyRIIA agonists

(Warkentin et al., 1992).

4.3.1. PF4-c-Mpl interaction contributes to platelet activation in
VITT

The data in the first section of this chapter demonstrate that the signalling role of PF4 through
c-Mpl can contribute to platelet activation. However, these experiments were carefully
designed to increase the likelihood of finding an effect. The sera that were used were selected
as they were moderately activating (Montague et al., 2022) and the experiments were further
refined by using a bespoke concentration of serum for each healthy donor such that weak-
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moderate aggregation could be induced and that both enhancement by PF4 and blockade by

ruxolitinib could be observed.

Although care was taken to use the lowest possible concentration of ruxolitinib, high
concentrations of JAK2 inhibitors have been previously shown to impact collagen-mediated
platelet activation (Parra-lzquierdo et al., 2022). Thus, an effect of ruxolitinib on the signalling
downstream of FcyRIIA remains a possibility. Ruxolitinib at 100 nM had no effect on
aggregation to crosslinked V.3 but this is a powerful stimulus that could feasibly overcome
any weak inhibitory effect. The polyclonal anti-c-Mpl antibody recapitulated the effect of
ruxolitinib on aggregation to VITT 1gG with PF4 but due to the scarcity of VITT sera, the effects

of this on sera was not tested.

Nevertheless, the findings may have physiological relevance as the potentiating effect of PF4
could extend the effective window of concentration through which VITT antibodies can cause
platelet activation. As antibody levels rise in the early stages of the disease, this could bring
forward in time the occurrence of platelet activation and extend the window as levels recede.
Still, isolated VITT IgG, in the presence of PF4, results in rapid, strong aggregation and
ruxolitinib reduces aggregation. However, although it induces robust functional responses, the
isolated VITT IgG is probably still a much weaker FcyRIIA agonist than crosslinked 1V.3 and
the VITT-like monoclonal antibody 1E12. 1E12 stimulates platelets without additional PF4
presumably as its high affinity (Vayne et al., 2021a) enables significant complex formation with
the low level of PF4 bound to the surface of platelets. Subsequent work performed in the group
which is as yet unpublished, has shown that PF4 potentiates platelet activation to lower
concentrations of 1E12, but this is not blocked by ruxolitinib. Although it is possible that
another unknown mechanism is involved, a reasonable interpretation is that as long as there
is enough PF4 and 1E12 to form sufficient immune complexes, the activation occurs solely
through FcyRIIA with this reagent. Supporting this, 1E12 induces clear phosphorylation of
bands at ~45 kDa consistent with FcyRIIA phosphorylation (Figure 4.7), whilst this is not visible

with lysates from platelets stimulated with VITT IgG and PF4. Of course, immunoprecipitation
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of FcyRIIA and western blotting for tyrosine phosphorylation would be needed to confirm these
findings. Another possible reason for the weaker effect of isolated VITT IgG is that the
presence of other bystander immunoglobulins could bind to and block FcyRIIA. Isolation of
anti-PF4 antibodies from patients with VITT is an approach that should be considered for
further investigations, although the use of a whole I1gG fraction better reflects

pathophysiological reality.

4.3.2. Involvement of PF4 and heparin in platelet activation in
heparin-induced thrombocytopenia

The findings discussed above were next applied to HIT where it was hypothesised that PF4
would similarly contribute to platelet activation. Although there was no consistent effect of
ruxolitinib, there was a noticeable effect in occasional donors across all three HIT sera that
were used. The use of LTA in these experiments has both strengths and limitations. On one
hand it provides granular information on the timing, and thus strength, of response — and
therefore differentiates well between activating sera. But, on the other hand, it is poorly
sensitive — strongly activating sera are required to produce aggregation, particularly in HIT
without the presence of additional PF4. The flow cytometry-based assay that was used with
Nb138 for the investigation of the role of heparin could have been deployed here but this was
not explored due to the lack of convincing signal of an effect of ruxolitinib in the LTA assays.
Another limitation is the use of ruxolitinib as the inhibitor as this does not inhibit any possible
enhancement of avidity that is imparted by the PF4-c-Mpl interaction. To disrupt this, blockade
of the c-Mpl receptor is required but this was not pursued due to the shortcomings in the

available c-Mpl blocking antibody. Again, this could be a focus of future studies.

Immune complexes in HIT obviously differ from VITT as they contain heparin and as such,
there is an additional interaction to consider. Heparin is known to activate platelets through
PEAR1 (Kardeby et al., 2023) a platelet ITAM receptor, against which the laboratory has
previously generated nanobodies (Martin et al., 2024). Nanobodies are versatile tools that can

be linked to produce multivalent ligands that activate platelets but monovalent nanobodies are
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extremely useful as specific inhibitors of receptors (Martin et al., 2024). In the above studies,
monovalent Nb138 was used to investigate the role of the heparin-PEARL interaction in
platelet activation in HIT. Although PEAR1 and c-Mpl are present in platelets at similar
amounts (1,600 to 1,800 copies per platelet), only two agonists of c-Mpl are known. TPO and
PF4 — and both induce slow aggregation and, whilst heparin-induced platelet aggregation
curve is similar in shape to that of PF4 and TPO, other agonists of PEAR1 such as fucoidan
are capable of inducing rapid and strong aggregation (Kardeby et al., 2019). Furthermore,
PEARL1 has been reported to become tyrosine phosphorylated on platelet contact and is thus
a platelet aggregate-stabilising receptor (Nanda et al., 2005; Kauskot et al., 2012). Finally, as
heparin is a long, flexible ligand, it may have more chance of interacting with PEAR1 whilst
bound in an immune complex than PF4 would do with c-Mpl. For these reasons, the heparin-

PEARL interaction could be considered more likely than PF4-c-Mpl to play a role in activation.

The data demonstrate that heparin may well be an underappreciated variable in functional,
diagnostic HIT assays and this may also contribute to the variation in donor platelet responses
in these assays. In two distinct assays, there was a clear effect, most marked with the HIT-
like monoclonal antibody, 5B9, whereby pre-incubation of platelets with Nb138 reduces
platelet activation. This was also shown with two HIT sera, one of which exhibits heparin-
independent activity. The results in LTA are most illuminating. Unlike the effect of inhibiting
the PF4-c-Mpl interaction which never completely blocked, but limited the amplitude of
aggregation, blockade of PEAR1 seems to either completely block aggregation or delay its
onset. This is a curious finding indicating that the mechanisms by which PF4 and heparin

potentiate activation are different with combinations of the aforementioned mechanisms at

play.

There are however several limitations to the findings. Firstly, these experiments have all been
conducted in washed platelets whilst diagnostic assays including the HITAlert flow-cytometry
based assay use PRP. Further, only P-selectin was used as a readout for activation; other

markers such as annexin-V binding for PS exposure are also used clinically and effects on
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this could be assessed. It was recently reported that imaging flow cytometry could also be
used in the diagnosis of HIT with high sensitivity and specificity (Carré et al., 2024) and it
would be interesting to investigate the effects of blocking the various pathways on platelet
morphology. The reason for the use of washed platelets in the present study was to increase
the sensitivity of the assays, increasing the likelihood of seeing reasonable platelet activation
that could then be inhibited with Nb138. This enhanced sensitivity also means that less serum
could be used — these were extensive experiments using a finite amount of strongly activating
patient sera and thus the experiments were optimised to conserve this precious resource. The
use of washed platelets also better standardises the assays and importantly the gold-standard
diagnostic SRA also uses washed platelets. It would therefore be interesting to assess the
effect of Nb138 in the SRA and HIPA as well as in assays such as flow cytometry and LTA
using PRP. One may anticipate that performing the same experiments with PRP may quench
the effect of heparin and is a line of investigation that could be pursued. A further limitation of
the experiments is that a single concentration of “low-dose” heparin of 0.5 lU/mL is used which
is on the upper limit of the recommended concentration range for HIT assays (Arachchillage
et al., 2023). This is also higher than the 0.1 to 0.3 IU/mL range used in the SRA (Warkentin
et al., 2015) but remains consistent with the concentration used in the HITAlert, flow-cytometry
based assay (IQ Products, n.d.). It is unknown whether using lower concentrations of heparin
would negate the findings. However, rather than there being a simple linear dose relationship
between heparin and platelet activation in HIT, the variability in the construction and
stoichiometry of HIT immune complexes means that the highest heparin concentration may
not in fact be strongest. Indeed, activation to 5B9 is reported to be maximal with heparin 0.1
IU/mL (Kizlik-Masson et al., 2017) and repeating the experiments at a range of heparin
concentrations would be beneficial. However, the scarcity of reagents meant the experiments
had to be rationalised. Nonetheless, 0.5 IU/mL is within the target therapeutic range of 0.3 to
0.7 IU/mL (Olson et al., 1998) suggesting that the findings may have pathophysiological

relevance.
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Finally, it was shown that blockade of aggregation by IV.3 is not always enough to maximally
inhibit platelet activation in HIT. This may be of translational significance, as it suggests that
in the early stages of the disease, when heparin is present, any treatment aimed at stopping
platelet activation would also need to block heparin-induced platelet activation via PEARL. A
limitation to these experiments is that only one concentration of 1V.3 is used and the effect of
increasing the concentration was not assessed, but this is an established concentration used
in vitro (Padmanabhan et al., 2015; Smith et al., 2021) and is far in excess of doses that have
been used in vivo (Leung et al., 2024). Further assessment of healthy donors’ platelet PEAR1
surface expression and activating responses to a range of PEAR1 stimuli would also be
beneficial to ascertain whether there is any correlation between levels and responsiveness to

agonists of FcyRIIA.

4.3.3. Mechanisms of contribution by PF4 and heparin to platelet
activation

Further work could focus further on the mechanisms by which PF4 and heparin have their

effects in HIT and/or VITT. Both may contribute to activation in several ways.

1. Addition of exogenous PF4 and/or heparin contributes to enhanced immune complex
formation.

2. Free PF4 binds to and signals through c-Mpl and free heparin binds to and signals through
PEAR1 leading to platelet activation, or potentiation of activation through FcyRIIA.

3. PF4 and/or heparin contained in immune complexes activate c-Mpl and PEAR1
respectively.

4. Immune complex-bound PF4 and/or heparin binding to c-Mpl and PEAR1 respectively
enhance the avidity of the entire complexes, enhancing platelet activation through FcyRIIA.

5. As previously suggested, PF4 may neutralise repellent negative charge endowed by

platelet surface GAGs enabling closer approximation of platelets (Kowalska et al., 2010).
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Given that without PF4, VITT IgG could not induce platelet aggregation and that TPO
enhanced aggregation to VITT sera but not VITT IgG, the first mechanism is clearly important.
Similarly, in HIT, as addition of high concentration heparin classically blocks platelet activation,

adding heparin in the right ratio clearly enhances immune complex formation.

The observations that PF4 alone and heparin alone in the concentrations used to enhance
activation to HIT and VITT agonists, activate platelets in some donors and lead to
phosphorylation of downstream signalling pathways (Kardeby et al., 2023; Buka et al., 2024)
suggest that the second mechanism also plays a role, although it is plausible that the
additional PF4 and heparin could all be incorporated into immune complexes. However, the
observations that PF4 10 pg/mL also potentiates platelet aggregation to low dose CRP
provides additional evidence of this mechanism. The ability of PF4 to enhance activation of
FcyRIIA by other agonists such as nanobodies, crosslinked V.3 or anti-CD9 antibody was not

explored in this thesis.

The data in this chapter do not provide evidence to specifically support or refute mechanisms
3 or 4 but both are plausible and logical. The additional interactions of PF4 and heparin with
their receptors, in addition to the interaction of PF4 with platelet surface GAGs would be
expected to enhance the avidity of the entire immune complex binding to platelets. Clearly, as
ruxolitinib reduces aggregation, this is not the sole mechanism, but it may contribute.
Unfortunately, it is not currently possible to selectively block the downstream signalling of
heparin-PEAR1, as TGX-221, which inhibits PI3K p110B, also blocks FcyRIIA-induced

activation.

The results of a pilot experiment where lysates from platelets stimulated with VITT IgG and
PF4 were Western blotted and stained for phosphotyrosine were shown in Figure 4.7. In the
first donor, there was a suggestion of enhancement of bands at 95 kDa (consistent with
STATS3, STATS5, and c-Mpl phosphorylation) with the addition of VITT 1gG to PF4 but this was
not seen in lysates from two additional donors. This suggests that c-Mpl signalling may be

strengthened by the immune complex-FcyRIIA interaction, but further work is needed. To
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pursue this further, it would be necessary to optimise experimental conditions and stain for
phosphorylated c-Mpl, STAT3, STAT5, as well as phosphorylation of immunoprecipitated
JAK2 and FcyRIIA in multiple donors. Another option would be to investigate using phospho-
flow cytometry either in platelets or transfected cells, which would have the advantage of being

higher throughput with the option to have readouts at multiple time points.

There is precedent for activation of multiple receptors by multivalent immune complexes
although this area is not well explored. In antiphospholipid syndrome, autoantibodies dimerise
B2-Glycoprotein | (B2-GPI, also known as apolipoprotein H [APOH)]), a plasma protein. These
dimers have been shown to activate platelets through glycoprotein Iba and apolipoprotein E
receptor 2 - two distinct pathways, both of which are required for platelet activation (Urbanus
et al., 2008). Coll et al. showed in a conference abstract that anti-B2-GPI antibodies can also
activate platelets through FcyRIIA suggesting three possible mechanisms of platelet activation
from one immune complex (Coll et al., 2017). This is consistent with another report showing
that anti-prothrombin antibodies, another class of antibodies involved in antiphospholipid

syndrome, also activate platelets through FcyRIIA (Chayoua et al., 2021).

Further experiments would also require the development of better tools, particularly an
inhibitor of c-Mpl tailored to block PF4 binding, as the polyclonal anti-c-Mpl antibody that was
used in the above experiments is not well characterised, does not effectively block higher
doses of PF4 or TPO, and occasionally appeared to contribute to platelet activation.
Nanobodies could be raised against c-Mpl and tested for inhibitory activity against PF4 and
TPO. Additionally, multivalent nanobody constructs could be developed as has been done
previously for FcyRIIA and PEAR1 to assess for activating potential. More intriguingly,
multivalent constructs consisting of nanobodies against two or three receptors could be
developed. It is already known that whilst a trivalent FcyRIIA nanobody (three monomers
connected by a linker) did not activate platelets, the tetravalent nanobody did (Martin et al.,

2024). It would be intriguing to investigate whether a monovalent PEAR1 nanobody linked to
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monovalent, divalent, or trivalent FcyRIIA nanobody could activate platelets. Downstream

signalling could also be assessed and these nanobodies could also be useful imaging tools.

In conclusion, the data in this chapter demonstrate further complexity in the pathophysiology
of the anti-PF4 immunothrombotic syndromes. Synergistic platelet activating effects through
c-Mpl and PEAR1 seem to have relevance for diagnostic assays but may also be
physiologically relevant mechanisms that should be considered when developing novel

therapies.
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5. Endothelial activation in HIT and VITT

5.1. Introduction

5.1.1. VITT and cerebral venous sinus thrombosis

When patients began to present with VITT, the frequent occurrence of thrombosis in the
cerebral veins was striking (Pavord et al., 2021). In the general population, CVST is rare,
occurring at an incidence of 3 to 15 per million people per year (Capecchi et al., 2018).
Although most cases are idiopathic, hormonal exposure in oral contraceptives, hormone
replacement therapy or pregnancy increases the risk (Bousser and Crassard, 2012). However,
in VITT, half of all patients had CVST and in two thirds, this was complicated by secondary
haemorrhage with the presence of CVST corresponding with over a doubling of mortality risk
(Pavord et al., 2021). In contrast, CVST has been reported to occur in only 1.6% of patients

with HIT despite the similar pathophysiology (Aguiar de Sousa et al., 2022).

Since the recognition of VITT, only one manuscript has presented data that has shown
pathophysiological differences between patients with VITT and CVST compared to those
without CVST. Huynh et al. showed that of 39 patients with VITT, 17 required exogenous PF4
to achieve platelet activation in vitro (termed PF4-dependent) and 22 had reactivity without
additional PF4 (termed PF4-independent) (Huynh et al., 2023). The study found that CVST
occurred in 11 of 22 patients with PF4-independent antibodies and in only 1 patient with PF4-
dependent antibodies. The authors further showed that patients with PF4-independent
antibodies had, in addition to VITT antibodies that bound to the heparin-binding site of PF4,
additional antibodies that were typical of HIT and bound the poles of PF4. These patients also
had significantly stronger binding to PF4 indicative of a higher antibody titre but also
suggesting that targeting two sites on PF4 may contribute to stronger binding (Huynh et al.,
2023). The term PF4-independent is misleading as these antibodies do require PF4 to work,
it is just that additional PF4 is not required to be added to the assay to achieve platelet

activation. This is presumably because the antibodies can efficiently make use of the little PF4
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that is already present within the assay — in the patient serum, and on the surface of donor
platelets. As shown previously (Vayne et al., 2021a) and in Chapter 4, the anti-PF4 VITT-like
monoclonal antibody, 1E12, can also activate washed platelets in the absence of serum or

exogenous PF4 suggesting that residual PF4 on the platelet surface is sufficient.

However, this data only explores why some patients with VITT develop CVST, not why CVST
is common in VITT but rare in HIT. Thus, the mechanism that links the presence of these PF4-
independent antibodies, anti-PF4 antibody epitopes, and CVST is still a mystery. It has been
proposed that antibodies against both PF4 epitopes could lead to the formation of larger
immune complexes or immune complexes that incorporate more IgG — which can crosslink
more Fc receptors (Huynh et al., 2023). Again though, it is unclear how this translates to CVST.
Moreover, antibodies targeting two regions on PF4 are seen in autoimmune HIT which is
associated with higher rates of thrombosis, but CVST is still uncommon (Warkentin, 2023a),

although more reports are required to confirm this.

One further clue stems from observations made by Stegner et al. who treated mice with a
monovalent anti-CLEC2 F(ab), INU1-fab (Stegner et al., 2022). Although this did not cause
platelet activation in vitro, when INU1l-fab was infused into mice it led to a rapid onset
thrombosis, within minutes, specifically affecting the cerebral veins and accompanied by
thrombocytopenia. This was in contrast to bivalent INU1 antibody which produced platelet
activation in vitro and platelet consumption in vivo but no such cerebral venous thrombosis.
Heparin had a very limited effect on this phenotype but platelet depletion, knockout of CLEC2,
and blockade of platelet aggregation by inhibition of integrin a3 prevented cerebral venous
thrombosis and death. In anti integrin aupBs-treated mice, INU1-fab was still detectable at the
platelet surface. The authors suggested that these findings indicated that INU1-fab may alter
the conformation of CLEC-2 causing it to interact with an unknown ligand in the cerebral veins,
and that this process is dependent on integrin a3 to facilitate this interaction. It is difficult to

apply these observations directly to VITT, but the findings do show how a platelet-driven
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thrombotic process can specifically affect the cerebral veins demonstrating that there is

something unique about this anatomic location.

Given the above data, it was hypothesised that characteristics of the cerebral venous

endothelium would hold the key for elucidating the mechanisms of CVST in VITT.

5.1.2. Endothelium

The endothelium is a monolayer, consisting of specialised, adaptable endothelial cells that
cover all intravascular surfaces in the body. It performs an abundance of critical functions
including the maintenance of vascular integrity and control of movement of molecules,
regulation of vascular tone, control of haemostasis and thrombosis, control of inflammation,
attraction and migration of immune cells, and angiogenesis, among others (Trimm and Red-
Horse, 2023). The phenotype of endothelial cells is highly variable with clear differences in
gene expression between venous and arterial endothelial cells, and further differences
depending on the exact anatomical location. A key influence on endothelial phenotype is shear
stress. For example, at arterial shear, shear-induced Notch signalling leads to upregulation of
Connexin37 and then p27-induced cell cycle arrest leading to the expression of genes that
lead to arterial specification of the cells (Fang et al., 2017). Recently, high-throughput, single-
cell omics has revealed the rich diversity of vascular endothelial cells and defined specific
marker genes for human organ-specific subtypes (Kalucka et al., 2020; Garcia et al., 2022;
Winkler et al., 2022). These have been elegantly summarised previously (Trimm and Red-
Horse, 2023) and for the cerebral vein, the markers include atypical chemokine receptor 1
(ACKR1), interleukin 1 receptor type 1 (IL1R1), teashirt zinc finger homeobox 2 (TSHZ2),
prostaglandin D2 synthase (PTGDS), periostin (POSTN), and deoxyribonuclease | (DNASE1)

(Trimm and Red-Horse, 2023).

In venous thrombosis, stagnation of blood flow is a key initiating event. This is clinically
apparent in the massive increase in the risk of venous thrombosis in individuals with acute

immobility. Normal blood flow stimulates the constitutive production of a range of
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antithrombotic factors including PGI,, nitric oxide, and thrombomodulin which inhibit platelets
and thrombin generation thus preventing unsolicited thrombosis and regulating physiological
clot formation (Wang et al., 2018; Rayes and Brill, 2024). Perturbation of blood flow culminates
in endothelial activation characterised by release of Wiebel-Palladi bodies that contain vVWF,
and upregulation of adhesion molecules leading to capture and activation of platelets and
leukocytes resulting in activation of the clotting cascade and ultimately fibrin deposition (Rayes

and Brill, 2024).

5.1.2.1. Endothelial activation in anti-PF4 immunothrombotic syndromes

Although venous thrombosis and endothelial activation caused by perturbed flow is relatively
well understood, this is clearly not the mechanism of thrombosis in HIT and VITT (nor in
unprovoked venous thrombosis). FcyRIIA is not expressed on endothelial cells (apart from
dermal microvascular cells) (Groger et al., 1996) and no study has shown direct endothelial
activation by anti-PF4/heparin antibodies. However, Herbert et al. showed that, in the
presence of platelets, sera from patients with HIT led to in vitro expression of intercellular
adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (ICAM-1) and tissue factor,

amongst other markers (Herbert et al., 1998).

Endothelial cells express GAGs, predominantly heparan sulfate to which PF4 can bind and
form antigenic complexes that can be recognised by anti-PF4/heparin antibodies (Visentin et
al., 1994). In an endothelialised microfluidic model of HIT, Hayes et al. showed that PF4
released from platelets binds to endothelial cells adjacent to photochemical induced, injured
endothelium (Hayes et al., 2017). Furthermore, PF4 binds to vWF and forms antigenic
complexes that can be recognised by anti-PF4/heparin antibodies contributing to thrombus
propagation at these sites (Johnston et al., 2020). PF4 and anti-PF4/heparin antibodies also
prevent cleavage of VWF by ADAMTS13, further compounding the prothrombotic state (Nazy

et al., 2020).
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Patients with VITT have been shown to have elevated vWF activity (De Michele et al., 2022)
and increased levels of soluble ICAM-1 and E-selectin in peripheral blood (Abrams et al.,
2024). Treatment of human umbilical vein endothelial cells (HUVECS) with VITT patient sera
or plasma mixed with recalcified whole blood in a microfluidic system at venous shear, led to
P-selectin and tissue factor expression, the latter of which was increased by additional PF4
(Dupuy et al., 2022). These data do provide evidence that, as expected, the endothelium is
inflamed in VITT, but the sequence of events is unclear. Moreover, differences between HIT

and VITT have not been studied.

Although there is conflicting data, PF4 is not generally considered to be directly chemotactic
(Petersen et al., 1996; Clark-Lewis et al., 1993; Pervushina et al., 2004; Graca et al., 2023),
which is consistent with it being an ELR-negative chemokine. However, using an in vivo
cellular migration model, Gray et al showed that PF4, injected into an air pouch on the dorsal
aspect of mice led to the recruitment of a broad range of cells including neutrophils,
monocytes, eosinophils, dendritic cells, T cells, and natural killer cells (Gray et al., 2023).
These results suggest that PF4 itself may play a role in promoting thromboinflammation at the
endothelial surface besides its role as a nidus for immune complex formation. It was thus
hypothesised that anti-PF4 antibodies might enhance recruitment and retention of PF4 itself

and thus enhance PF4-mediated inflammatory effects at the endothelial surface.

The aims of this chapter were therefore to:

1. Visualise PF4 at the endothelial cell surface.
2. Investigate whether VITT sera and antibodies can directly activate endothelial cells.
3. Investigate differences between VITT and HIT sera-induced endothelial activation and

platelet recruitment.
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5.2. Results

5.2.1. PF4 can beimaged binding to endothelial cells

Although PF4 is known to bind to endothelial cells, this has not previously been directly
imaged. As such, it is not clear whether this binding is uniform or localised. A further aim was
to, in addition to assessing endothelial activation, determine whether VITT and HIT reagents

differentially led to increased PF4 deposition at the endothelial surface.

First, two fluorophore-conjugated anti-PF4 antibodies (Alexa Fluor 488 and Alexa Fluor 647)
were tested on platelets that had spread on collagen 50 ug/mL to determine which should be
used in further experiments. Both antibodies stained PF4 which was observed concentrated
in the interior of the cell (Figure 5.1). However, as the intention was to stain surface PF4 on
endothelial cells, and PF4 is clearly present in lower amounts on surfaces, peripheral staining
of platelets was examined to differentiate the two antibodies. Peripheral staining was more
clearly visible with the Alexa Fluor 488 antibody, suggestive of PF4 on the platelet surface. As

such, this antibody was used in future experiments. This experiment was only performed once.
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Figure 5.1. Anti-PF4 monoclonal antibody conjugated to Alexa Fluor 488 visualises PF4

better than when conjugated to Alexa Fluor 647

Washed platelets (2x107/mL) were added to coverslips coated with fibrinogen (100 pg/mL)
and incubated at 37°C for 30 min to adhere and spread. Platelets were then fixed and
permeabilised, then stained with (A) Anti-PF4-Alexa Fluor 488 (1:100) or isotype control and
phalloidin-Alexa Fluor 647 (1:50) or (B) Anti-PF4-Alexa Fluor 647 (1:100) or isotype control
and phalloidin-Alexa Fluor 488 (1:750). Top panel: isotype controls, middle panel: anti-PF4
antibodies, bottom panel: magnified images of area contained within white boxes in middle

panel. Scale as indicated.
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Next, human dermal microvascular endothelial cells (HDMECSs), that were cultured by Dr
Jenefa Begum, University of Birmingham, were incubated with PF4 10 or 50 pg/mL for 45 min
then imaged. However, no PF4 could be visualised after three replicate experiments. The
methods were scrutinised, and it was determined that the likely cause for this was that PF4
was being added to endothelial cells in media containing serum. Thus, the experiments were
repeated in serum-free media showing that a dose-dependent increase in PF4 deposition

could be detected by imaging (Figure 5.2).
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Figure 5.2. Uneven PF4 deposition detected on endothelial cells.

Human dermal microvascular endothelial cells were cultured until >90% confluent and then
incubated for 30 min with PF4 10-100 pg/mL or vehicle control (PBS) in serum-free media.
Cells were stained using Alexa Fluor (AF)-488-anti-PF4 or isotype control, AF-647-anti-CD31
antibodies and DNA stain, Hoechst 33342 and imaged using epi-fluorescent microscopy. (A)
Representative images. (B) Quantitation of PF4 staining based on 10 fields of view at x63
magnification from distinct areas of the dish. (Bi) Results of four replicate experiments with
each filled black circle corresponding to one field of view. (Bii) Mean values for each of the
four experimental replicates. Statistical testing of difference by one way ANOVA. Unstim:
unstimulated.
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5.2.2. PF4 does not recruit platelets to endothelial cells

As discussed above, PF4 has been shown to induce migration of a wide range of immune
cells but it is not known whether PF4 is able to recruit platelets to the endothelial surface. To
investigate further, HDMECs were incubated with PF4 for three hours in serum free media
followed by incubation with washed platelets for 30 min. Three hours was chosen as it is the
minimum time required for synthesis and expression of adhesion molecules but kept short to
limit the time that cells are starved of serum. The intention was that, if PF4 were observed to
recruit platelets, then it would be possible to stain for both PF4 and platelets to ascertain
whether PF4 directly facilitates platelet binding or whether this is due to an indirect
mechanism. The exploratory conditions of low dose heparin (0.5 IU/mL) and heparin with low
dose PF4 (10 pg/mL) were also included. Heparin was included here as endothelial cells
express PEAR1 (Nanda et al., 2005) but the effect of an interaction between heparin and
PEARL1 on endothelial cells is unknown. As shown in Figure 5.3, no discernible effect of PF4,

nor heparin, nor the combination of PF4 with heparin was demonstrated.
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Figure 5.3. PF4 does not recruit platelets to endothelial cells.

Human dermal microvascular endothelial cells were cultured until >90% confluent and then
incubated for three hours with PF4 10 or 50 pg/mL, heparin 0.5 IU/mL (Hep), PF4 + Hep, or
vehicle control (PBS) in serum-free media. Cells were stained using Alexa Fluor 647-anti-
CD31 antibody which stains endothelial cell surfaces, DNA stain Hoechst 33342, and FITC-
anti-CD41 antibody which stains platelet surfaces, and imaged using epifluorescent
microscopy. (A) Representative images. (B) Quantitation of platelet staining based on 10 fields
of view (FoV) at x63 magnification from distinct areas of the dish. (Bi) Mean platelets per FoV;
(Bii) Mean endothelial cell-bound platelets per FoV; (Biii) Mean platelets per endothelial cell
per FoV. Unstim: unstimulated.
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5.2.3.  VITT and HIT antibodies do not directly activate endothelial
cells

As HMDECSs are unusual in their expression of FcyRIIA, HUVECs were used for the remaining
experiments. To study endothelial cell inflammation, rather than using epifluorescent
microscopy, a more sensitive, quantitative technigue using flow cytometry was used. These
techniques have been optimised and protocolised by Dr Julie Rayes and her team, University
of Birmingham. In short, cultured HUVECs were transferred to low-serum media (Opti-MEM)
and incubated for four hours with VITT serum (P3 in Chapter 4, day +54 from presentation),
HIT serum (P12 in Chapter 4, day +1 from presentation), isolated VITT IgG (P1 in Chapter 4,
day +1 from presentation), or the HIT-like mAb KKO, in various combinations with PF4 and/or
heparin. Endothelial cell activation was assessed by flow cytometry for ICAM-1, VCAM-1, P-
selectin, and tissue factor. It was further hypothesised that these reagents may contribute to

increased binding of PF4 to the endothelial cells and thus, PF4 was also stained for.

Figure 5.4 (for clarity set across two pages) shows that TNFa results in detectable ICAM-1,
VCAM-1, and P-selectin expression. However, there was no clear, consistent effect of any
sera, or antibodies, with or without heparin or PF4. This was consistent with previous
observations that HIT sera do not directly activate endothelial cells without platelets (Herbert
et al.,, 1998). There was similarly no enhanced binding of PF4 to either TNFa-treated
endothelium or endothelium that had been incubated with VITT or HIT reagents. However, the

anti-PF4 staining had a high background.
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A Representative image of confluent HUVECs

B ICAM-1
500000
(]
gA 250000-“ II\
§ '-E 50000 T
5 =  40000-
sz
i @ 30000
&£ 200009 | |°
==
8~ 10000 [, . .ﬁﬁlll’l’ ’_I_‘
= 0 ° .lﬁl%lr;]%&ﬁ;loo ooﬁl{][}lr;"rﬁ.
\\@‘&Q «\“ S <<°‘ °\ <<‘>‘ o\ qb‘ Se Qb‘Qb‘ e th e\e@‘(<
\50 Q\z@v (\’o \x c,,& \x,<\0 \x eg} \ Q‘Ox«(’e} quro@\ Qx Ox
0 o\ \ o\ o\0 o\o Y‘ & &
‘\eQ C}‘be}'b ¢ @\Q LG %Q}%A\ e}\g\\é D xS Qg\ & ‘l“&
QS Q <\°—' g\ \@\°
O C} Q\ A\ %é é
& %

ﬁﬁ---.;wﬁm;

C VCAM-1
500000-
8 250000- IIT
g = 1 o
§§ 500007 |,
S 40000-
EEa
G 30000
&€ 200001
S €
q, -
2 10000 |
o T 1
S
ox
&

o o> o X oo o™X o X X o M o A
«\°\<< \<< \Q<< \Q«Q« 5° &S0 &

‘ x

‘90

<>
s \"’Qo\x 22 o & Qx £ 0
S 0«6‘ SF & I A
a2 & = ¢ & s\ oo
o o J Q & <
A\ &2 P
SONRN

203



D P-selectin
30000+
[}
(8]
S =
O < L
32 20000+ .
el S’
S& . .
ol .
[ . .
.§E10000 s ol o] |® Sl LIRTLIT
5=
(3}
=
0 1 1
\% (o“ Q% \(\ <(b‘ 0\0 Qb& o\o QD‘ o\ <<b\ << \OQQ\X o\ Qb‘ QQD‘
N Qp x x x Q; X \ x
\ o\° o o\ ? e é”o\° 0 &P R RO
& Q\"\e}fb o '\QA\éQ,\n’ POV AN AN
A & & SEE e e
N
Q\ 46 «%‘?} c,e’\
E Tissue factor
300004
8
: [
o=
O L.
82 20000+
o : . e
s e ¢ ¢
E 2 o e o
gﬁ 10000+
- O o |o . ° .
T — b o lo| |o| |®] |®] o] |®] [®] |® ol |o] |o
Q
=
04
& X & ™ oe RN X o o ™ ol [
SEE LS E LS E AL
O« \\e’e\ox rgé S\o «'ﬂe c\e q,e\ a\b ‘Ox «%QQQX & Q)Q 0
V\?G < *%0,6\\\6 <\tzf‘b\ &\Q&&v‘»x\(\ é>< ‘l‘{_
< Q7 & @ 4«%@ N S e
o R 4'\& S & N
N & 2
A &@
S
F PF4
500000+
Q
g 250000
SI  s00007 T, PR
T =
=
-~ _
g‘? 40000 ol
T g 30000+
&€ 20000
5=
g 10000 |* el ]® ol lo| (o] [®]| [®f [ |® ol |®] |®] |e] |®
0 T T T T T T T T T T T T T T T T T
é\‘ ('9<<Qe QQV «\Q o\o Qb( n\ ((b‘ \ (< Qe\ QQV Qb‘ o\ Qb( c\o Qb& QQb‘
\5(\0& \239(\\%@ Q\o Q}Q\ x,<& e,{g\ x& o\o 0 < a @Q «(OQ} q,Q J\.O
«$ O\ C}- Q}’\ A\«@ (o ,é ‘3‘\ {-
s o T S
& e

204



Figure 5.4. VITT and HIT sera and antibodies do not directly activate endothelial cells
as measured by ICAM-1, VCAM-1, tissue factor, or P-selectin expression.

Human umbilical vein endothelial cells (HUVECSs) were cultured until >90% confluent and then
incubated for four hours with PF4 10 pg/mL, heparin 0.5 IU/mL (Hep), control serum (Ctrl ser),
VITT serum (VITT ser), HIT serum (HIT ser) 3% or 10%, KKO 20 pg/mL, all + PF4 10 pg/mL
+ Hep 0.5 IU/mL. After four hours, cells were detached using trypsin 0.04% / EDTA 0.03%,
pelleted, resuspended, blocked, and stained for 20 min on ice with FITC-ICAM-1, PE-Cy5-
VCAM-1, APC-Cy7-P-selectin, PE-tissue factor, and AF-647-PF4 antibodies, or isotype
controls, and analysed by flow cytometry using a CytoFLEX LX flow cytometer (Beckman
Coulter, Indianapolis, USA). (A) Representative image of confluent HUVECs at the time of
experiments (x10 magnification). (B-F) Quantification of median fluorescence intensity for (A)
ICAM-1, (B) VCAM-1, (C) tissue factor, (D) P-selectin, and (E) PF4. Values are normalised for
isotype controls where the cells in the isotype well had been treated with PF4 10 pg/mL and
appropriate compensation settings applied.
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5.2.4. Assessment of recruitment of platelets to endothelial cells
by VITT and HIT reagents by flow cytometry.

As platelets are reported to be important for inducing endothelial inflammation in response to
HIT sera (Herbert et al., 1998), the ability of platelets to be recruited to endothelium in the
presence of HIT and VITT reagents was assessed. Anti-PF4 immunothrombotic syndromes
are characterised by a proinflammatory state with a milieu of circulating cytokines and NETS.
In prior studies in HIT, this situation has been reflected in the use of low dose TNFa to pre-
activate the endothelial cells (Witzemann et al., 2023). Thus, in the following experiment,
HUVECs were primed with TNFa 1 ng/mL for three hours followed by addition of washed
platelets and HIT or VITT reagents for 45 min after which cells were washed, detached, fixed,
stained, and analysed by flow cytometry. The VITT patient serum was from VITT patient 3 at
the same time point as used in Chapter 4 (patient details in Table 4.1 - patient presented with
CVST) and the HIT patient serum was from HIT patient 12 (also Chapter 4) who did not have
CVST. A further diagnostic serum sample from a patient who presented with a spontaneous
anti-PF4 disorder was also tested. This patient presented with portal vein thrombosis and
ischaemic stroke, and thrombocytopenia. ELISA OD was >3.0 and functional assays showed
FcyRIIA-dependent platelet activation but with hallmarks of both HIT and VITT. Further details

of this patient and extensive laboratory work-up are published elsewhere .

First, endothelial cells were gated on by forward and side scatter (Figure 5.5Ai) and gating
confirmed by staining for CD31 (Figure 5.5Aii and Aiii). Next, endothelial cells were gated on
positivity for CD41 indicating bound platelets (Figure 5.5Aiv). Figure 5.5B shows the results of
four repeat experiments using washed platelets from four different healthy donors. Although
there was evidence of increased platelet attachment compared to endothelial cells that had
only been treated with low dose TNFa, there was no clear pattern or condition where this was
markedly heightened. This likely reflects platelet donor variation in response to HIT and VITT
reagents, the small sample size, and the small number of HIT and VITT reagents used, all
compounded by a technically challenging assay with multiple steps. As such, although there
are interesting and important questions that should be addressed in future, no further
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experiments in this sub-project were performed due to the limited volumes of patient samples

that were available and other associated costs.
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Figure 5.5. VITT and HIT reagents do not lead to platelet recruitment to endothelial cells.

HUVECs were cultured in 24 well plates to 290% confluence then washed and recovered in
Opti-MEM low serum media containing TNFa 1 ng/mL and incubated for three hours at 37°C.
Cells were then washed and platelets (1x108/mL final concentration) were added in the
presence of serum from a healthy control (Ctrl), a patient with VITT (VITT ser), a patient with
HIT (HIT ser) or a patient with spontaneous VITT (spVITT) (3% final concentration), KKO 20
pg/mL, VITT IgG 100 pg/mL, or 1E12 for 45 min. Cells were then washed, detached, fixed,
and stained with FITC-CD41 antibody and analysed by flow cytometry. (A) Gating strategy:
(Ai) Endothelial cells identified by forward and side scatter; (Aii) Cells identified by gating on
forward and side scatter were confirmed as CD31 positive; (Aiii) Cells gated in Ai are CD31
positive; (Aiv) Proportion of endothelial cells positive for CD41 were assessed according to
isotype control (not shown). (B) Quantification of % endothelial cells with bound platelets
assessed by positivity for CD41.
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5.3. Discussion

The key findings in this chapter are:

1. PF4 binds to endothelial cells in an uneven, patchy manner.
2. PF4 does not recruit washed platelets to endothelial cells.

3. VITT and HIT reagents do not directly activate endothelial cells, nor is there evidence
of platelet recruitment in leukocyte-free conditions.

5.3.1. PF4 binds to endothelial cells in a patchy manner

PF4 is well-described to bind to GAGs (Lord et al., 2017; Stringer and Gallagher, 1997; Handin
and Cohen, 1976; Loscalzo et al., 1985) and by logical extension, GAGs on the surface of
endothelial cells (Rybak et al., 1989; Sachais et al., 2004; Dai et al., 2018). However, to my
knowledge, this binding has not been visualised. The present study clearly demonstrates the
binding of PF4 to endothelial cells in a concentration-dependent manner. At the resolution
displayed in Figure 5.2, the staining is patchy rather than diffuse and is characterised by
numerous clumps of intense fluorescence. This may be artefactual but may reflect
geographically heterogeneous display of GAGs or GAG sulfation on the surface of endothelial
cells. 1t would be interesting to evaluate the binding of PF4 to endothelial cells from other

anatomical locations.

5.3.2.  VITT and HIT antibodies do not directly activate endothelial
cells

The direct effect of HIT sera on endothelial cells has been described in the literature where no
effect was observed. However, this was only one study, the direct effects of VITT sera have
not been described, and possible differential effects of HIT and VITT have never been
investigated. As such, HUVECs were treated with HIT and VITT sera, the monoclonal HIT-like
antibody, KKO, and isolated VITT IgG, in the presence or absence of PF4 (and heparin in the
case of HIT reagents). Although TNFa activated the endothelial cells as measured by ICAM-

1, VCAM-1 and P-selectin expression, no clear effect was seen with the HIT and VITT
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reagents. The very limited mechanistic evidence for the aetiology of CVST described in section
5.1.1, is suggestive of a platelet-driven process and as such, the ability of VITT and HIT
reagents to drive platelet attachment and therefore thrombosis formation at the endothelial
surface, was next assessed. The experiment was inconclusive with evidence of platelet
attachment to endothelial cells but the responses to the different reagents were highly variable

and not significantly increased above baseline.

5.2.3. Limitations of these experiments

These pilot experiments are very limited in their scope and potential to show differences
between baseline, HIT, and VITT reagents. The next logical experiment to perform would be
to look at endothelial markers of activation in the presence of platelets and HIT and VITT
reagents to try and recapitulate findings from an earlier study (Herbert et al., 1998). One could
then add other blood components in a stepwise manner to investigate the relative contribution
of different cell types, an interplay which is known to influence thrombosis in HIT (Dai et al.,

2018).

Throughout the course of these experiments, it became clear that to truly establish differences
between HIT and VITT, one would need many more patient samples, tested on many more
donor platelets. These experiments would also need some degree of standardisation of these
reagents, for example only using diagnostic specimens, and/or isolating anti-PF4 antibodies
from plasma and using the same concentrations. Another key limitation is the use of HUVECs
which, while an established tool in endothelial cell biology, are different to cerebral vein
endothelial cells. Furthermore, cerebral vein endothelial cells are not commercially available
and therefore one has to question the validity of this approach to addressing the question of
CVST in VITT. Another consideration is that whilst flow cytometry is sensitive for changes in
expression of selected markers of inflammation, it is limited in its scope. Measuring ICAM-1,
VCAM-1, P-selectin and tissue factor expression will detect large scale differences in

inflammation but possible differences between HIT and VITT may be subtle. Omics
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approaches including RNA sequencing may be more likely to yield results but again would

require a drastic increase in sample size and replicate experiments.

Another important limitation is the lack of flow in these models. For simplicity, the experiments
were begun in static conditions in order to become familiar with the techniques but ideally flow
at venous shear rates should be incorporated. Consideration should also be given to culturing
the endothelial cells under venous shear as flow alters their phenotype (Dessalles et al., 2021).
There are countless options to account for factors such as topography, curvature, stiffness,
flow velocity, flow dynamics, and pressure. A further limitation of many flow models is that they
do not generate occlusive thrombi as seen in CVST in VITT which could be overcome by

parallel arm models (Berry et al., 2021).

So, there are countless options for developing models of CVST but a lack of basic knowledge
about the cerebral veins is hampering progress. We lack key information such as quantification
of cerebral vein flow rates and understanding of the composition of blood flow exiting the brain.
We also lack key tools to facilitate these studies including access to primary cerebral vein

endothelial cells.

Thus, one may conclude that this line of investigation is highly unlikely to elucidate
mechanisms of CVST in VITT. The approach is hampered by the rarity of sufficient quantities
of samples from patients with VITT and HIT and is perhaps destined to fail due to the sheer
number of possible variables at play. These include, but are not limited to, characteristics of
anti-PF4 antibodies, amount of anti-PF4 antibodies, characteristics and responsiveness of
donor/patient platelets, timing of patient sample acquisition, endothelial cell characteristics
including anatomical derivation, endothelial pre-activation, presence of flow and flow rate,
presence of other triggers including ChAdOx1, and techniques used to measure endothelial

cell activation.

Perhaps a fruitful path forward would be to use transgenic mice expressing human FcyRIIA,

human PF4, and knocked out mouse PF4 (Reilly et al., 2001). This would allow sequential
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hypothesis testing. For example, as suggested by Huynh et al. (2023), exposure of these mice
to combinations of antibodies targeting different epitopes on PF4 may produce CVST in some

mice.
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0. General discussion

6.1. Summary of results

This study has investigated the nature and mechanism of platelet activation by PF4 and its
role in the pathogenesis of VITT and HIT. The studies of ancillary pathways of platelet
activation in VITT and then HIT were extended to evaluate the role of heparin on platelet
activation in HIT. Finally, pilot studies to investigate differential effects of VITT and HIT

reagents on endothelial cells were performed.
The key findings in this thesis are:

1. PF4 activates platelets through the TPO receptor, c-Mpl with associated signalling
through JAK2.
2. PF4 contributes to platelet activation in VITT.

3. Heparin contributes to platelet activation in HIT.

6.2. Platelet factor 4

Over the last 70 years, research on PF4 has shown it to have multiple, disparate biological
roles across a 1000-fold concentration range seemingly allow it to fine tune biological
processes in context-dependent ways. This is represented in Figure 6.1 which shows the
strength of interactions of PF4 and functional effects across the concentration range. The
majority of these effects are dependent on charge-mediated binding to GAGs with the

exception of some of its anti-angiogenic properties (Table 1.2).

The amino acid sequences of PF4 across example species in orders of mammals for which
data is available are shown in Figure 6.2. There is marked variation in N-terminal sequences,
but the ELR negative status is maintained in a variety of ways. Further, the maintenance of
positive charge over tens of millions of years of mammalian evolution (Goswami et al., 2022)
particularly at the C-terminus is striking. Across the entire molecule, where substitutions in

positively charged amino acids occur, these are usually conservative e.g. lysine to arginine or
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are shifted as denoted in orange for tiger (Panthera tigris) and horse (Equus ferus). In the
latter scenario, presumably either a positively charged residue was lost then re-evolved
adjacent, or a positive charged residue was gained followed by an adjacent loss. As discussed
previously, the physiological role of anti-PF4/heparin antibodies has been proposed as a
mechanism by which the immune system can recognise negative charge. Mice with
polymicrobial sepsis and no heparin exposure have been shown to generate anti-PF4/heparin
antibodies demonstrating that this is an evolutionarily conserved immune mechanism (Krauel
et al., 2011). However, as mentioned earlier, only primates have FcyRIIA, and therefore, only
primates have an Fc receptor on their platelets (Lejeune et al., 2019). As such, although mice
can generate anti-PF4/heparin antibodies, they do not develop HIT (Trist et al., 2014; Hogarth
et al., 2014). At some point in primate evolution, the acquisition of FcyRIIA by platelets would
likely have provided a selective advantage in response to infection. Although the anti-PF4
response is clearly physiological, HIT is an unfortunate consequence of this whereby the
normal physiology is perturbed by the infusion of more negatively charge than would ever be
seen in nature. The spontaneous HIT- and VITT-like syndromes are further examples of the
evolutionary trade-off between this innovative response to infection balanced against the risks

of directing a powerful immune response against a self-protein.
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Figure 6.1. PF4 has interactions and functions across a four-log concentration range - from 2 nM to 12.8 pM.

Above the line (red) are measurements of PF4’s interactions with other molecules including GAGs and receptors. Below the line (blue) are
concentrations inducing PF4’s observed functional effects. CXCR3b: CXC motif chemokine receptor 3b; NETs: neutrophil extracellular traps; CS:
chondroitin sulfate; CSA: chondroitin sulfate A; CSB: chondroitin sulfate B; CSC: chondroitin sulfate C; DS: dermatan sulfate; APC: activated
protein C; HUVEC: human umbilical vein endothelial cells; JNK: c-Jun N-terminal kinase; aPTT: activated partial thromboplastin time. Created

with Biorender.com.
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N-terminus 1 3 57 9 111315 171921232527 2931 3335373941434547 4951535557 596163656769

Primate - Homo sapiens (Human) EA EE  DGD LacLcVRT TsQ | TsLEV | KacPBcPTAQL | ATLRNGRK | cLDLQAPLYRR | | KRL LES
Rodentia - Mus musculus (Mouse) E DGD LscvevkTils SB1 HllkH | TSLEV | KAGRHCEVBQL 1 ATLKNGRK | CLDRQAPLYKKV I KK LES
Lagomorpha - Ochofona princeps (American Pika) EeeReED LHCVCVKT TSRVRARQVTSLEL | KAGPHCPTAQL LATLKNGRKLCLDBKAPLYNKMIKKL LEG
Chiroptera Myotis brandtii (Brandt's Bat) EEEDGD LQCMCVKT SSRVHPKH | TSLEV | RAGLHCPTSAMI ATLKNGKK | CLDBHAP 1 YKK | | KKLMKS KIEIEIND
Artiodactyla - Bos faurus {Cow) SE E‘ LacveLKT TSBINPRHIsSLEVIBAGLHCPSBAL | ATLKEGRK | CLDBQRPLYKK | | KRLLKS
Perissodactyla - Equus ferus (Horse) LHCLCVKT PLYLKKI | KL LESGEIEEE

NAPLYLKK | LRKLES
TPLHKK | | KKLLEN
P1YKK I | KKLLKN
VYKK | | KKLVKS
LYKK | | KKLLEN
PMYKK | | RKL LEN

Carnivora - Panthera tigris (Tiger) E
Pholidata - Manis javanica (Pangolin) E

E
E
Afrosoricida - Chrysochloris asiatica (Cape Golden Mole) E
Cingulata - Dasypus novemcinctus (Nine-Banded Armadillo) SE E
E
E

Probiscidea - Loxodonta africana (Elephant) a

Sirenia - Trichechus manatus latirostris (Florida Manatee)
Figure 6.2. Amino acid sequences of PF4 in species representative of all orders of mammals for which data is available.

TTRVHPKQVISLEVI KAGLHCPTPQV I AT | RDGEK | CVD
L RCVCVKT TSEVRPKY I SLEVN'AIVHCP MI ASLKNGRK I CLD
TSRVRPKHVTSLEV | KAGLHCPTEQL | ASLKNGEKLCLD
LHCLCVRT TSIVHPKHaSLEVI RAGLHC QL IATLKNGRK | CLD!

L RCMCL TSRVHPKHVNSVEV | KAGLHC | IATLKNGIKI CLD
LRCLCVET TSIxHPKH SLEV | KAGLHC QL IATLKNGRK | CLD!
LHCMCVKT TSHVHPKHVTSLEMIKSGLHC QMIATLKNGRKICLD

The amino acid sequence of human PF4 is given in the top row with positively charged residues highlighted in blue. One representative species
per mammalian order is listed in order of evolutionary distance from humans (closest topmost). In rows other than for human PF4, amino acids
that are unchanced are highlighted in dark green, resides where there are conservative or semi-conservative substitutions are highlighted in
lighter green and light green respectively. Residues with non-conservative substitutions or where there are insertions are highlighted in red.
Amber highlighted residues show where positively charged residues have been conserved but are shifted by one amino acid.
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6.2.1. PF4and TPO

Chemokines are in general, promiscuous molecules, binding and signalling through numerous
receptors (Hughes and Nibbs, 2018). However, PF4 also interacts with receptors that are
seemingly unrelated to immune function such as LRP1 (Lambert et al., 2009), the red cell
Duffy antigen (McMorran et al., 2012), and now c-Mpl. From the data presented, c-Mpl
appears to be the principal receptor that mediates platelet activation to PF4 although this is
not known definitively. The anti-c-Mpl blocking antibody that was used is a poorly
characterised reagent designed to inhibit TPO-induced megakaryocyte proliferation rather
than PF4-induced platelet activation; it is plausible that other JAK2-associated receptors could
be involved. Furthermore, PF4 may also bind to other platelet receptors, particularly where

there is heavy glycosylation.

The “low” 5-10 ng/mL concentration of TPO that primes platelets is at least 10-fold higher than
the upper limit of reported plasma levels in disease states such as infection, burns, and
aplastic anaemia (Lupia et al., 2009, 2022; Zhao et al., 2018; Makar et al., 2013). However,
PF4 seems to activate platelets at physiologically relevant concentrations. The data therefore
show that both PF4 and TPO activate platelets through c-Mpl but only PF4 does so at
physiologically relevant concentrations. Thus, the previously observed priming effect of TPO
(Moore et al., 2019) may be a smoking gun for the more physiologically relevant effect of PF4

which occurs through a similar mechanism.

The data does however generate a contradiction. Whilst TPO is well-described to promote
haematopoietic stem cell maintenance, megakaryocyte differentiation, and platelet production,
and PF4 and TPO both activate platelets, PF4 has an opposite effect in the bone marrow
where it inhibits megakaryocyte colony formation, limits platelet production, maintains
haematopoietic stem cells in a quiescent state, and prevents haematopoietic stem cell ageing
(Lambert et al., 2009; Bruns et al., 2014; Zhang et al., 2024). The effects on megakaryocytes
have been reported to occur through LRP1 but other mechanisms are possible particularly as

LRP1 is only expressed at a late stage of megakaryocyte differentiation. PF4 may block TPO-
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induced signalling through c-Mpl but the mechanism by which an agonist could do this is
unclear. Further work on megakaryocytes and high throughput evaluation of signalling

downstream of c-Mpl is required.
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6.3. Novel mechanisms of platelet activation in VITT
and HIT

The understanding of how thrombosis occurs in anti-PF4 immunothrombotic syndromes has
now advanced far beyond a simple recognition of platelet activation by PF4-containing
immune complexes through FcyRIIA. As discussed in section 4.1.1, PF4 binds to many other
negatively charged molecules than heparin which can be recognised by anti-PF4/heparin
antibodies and there is complex interplay between numerous cell types leading to
thromboinflammation. Although there is less data, these processes must be different in VITT
compared to HIT given that antibodies bind to the heparin binding site and would thus be
expected to displace negatively charged polyanions. Nevertheless, the core process is platelet
activation - thrombosis in both VITT and HIT is a platelet-initiated process which does not

occur without the presence of FcyRIIA.

The data in this thesis demonstrate two further mechanisms by which platelets may be
activated in these disorders. First, PF4 can activate platelets via c-Mpl, and second, heparin
can activate platelets through PEARL. Although the data do not prove physiological relvance
of these observations, the concentrations of reagents used in these assays reflect those found
in vivo. The findings may have some relevance for the study of the high degree of inter-
individual variation that is seen in the platelets of healthy individuals. This variation has long
been recognised (Warkentin et al., 1992) and is a limitation of functional diagnostic platelet
assays for HIT and VITT, but its biological underpinning is not understood. Polymorphisms in
FcyRIIA have been demonstrated to increase susceptibility to thrombosis in HIT (Rollin et al.,
2015) but have not been correlated with FcyRIIA ligand reactivity in vitro. The present study
raises questions about whether heparin-PEAR1 and possibly PF4-c-Mpl interactions may

modulate donor platelet responsiveness.

Finally, the data may have some therapeutic relevance. Novel treatment strategies including
therapies that target signalling downstream of FcyRIIA are attractive options. The Bruton

tyrosin kinase inhibitor, ibrutinib has good evidence of in vitro efficacy in blocking platelet
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activation in both HIT and VITT (Goldmann et al., 2019; Smith et al., 2021) and has been
successfully used to treat a patient with a chronic anti-PF4 immunothrombotic disorder
(Lindhoff-Last et al., 2023). Given the data in this thesis, a drug that can block signalling
through FcyRIIA, PEARL, and c-Mpl, such as a PI3K inhibitor could be an attractive option.
Alternatively, combination therapy blocking all three pathways could be considered but the
contribution of the PEAR1 and c-Mpl pathways in vivo is probably minor. However, all potential
treatments require careful pre-clinical evaluation. HIT and VITT are thromboinflammatory
disorders and whilst platelets are clearly required at the onset, activation of leukocytes, release
of inflammatory mediators, and endothelial inflammation are key drivers in pathogenesis
(Arepally and Padmanabhan, 2021). Thus, these therapies require testing in more complex in
vitro assays and in vivo. Additionally, there may be limiting toxicities particularly with PI3K
inhibitors (Hanlon and Brander, 2020). Emerging therapies for HIT and VITT have been
recently reviewed (Miller et al., 2024). Ultimately, novel therapies should if at all possible be
evaluated in clinical trials. Although HIT is relatively rare, moderately sized prospective studies
have been performed including single arm studies of the direct thrombin inhibitors, argatroban
(Lewis et al., 2001, 2003), lepirudin (Greinacher et al., 2000), and a small, randomised study
of danaparoid versus dextran 70 (Chong et al., 2001). Another, larger, randomised trial studied
patients with suspected HIT and compared argatroban with desirudin (Boyce et al., 2011).
These publications demonstrate that running trials in HIT is feasible and given the on-going
high mortality and high complication rate, there is much scope for improvement. Intervention
at an early stage with targeted therapy that does not increase the risk of bleeding and
otherwise has a good safety profile would be very attractive. Future trials focusing on this
larger group of patients with intervention delivered as soon as HIT is suspected, or even
prophylactically to high risk receipients of heparin may have a good chance of leading to

improved outcomes.

Even without the development of novel treatments, there is still much room for improvement

in the diagnosis, management, and outcomes of patients with HIT and suspected HIT. HIT is
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relatively rare, poorly understood by non-specialists, and difficult to diagnose. The 4Ts score
has good negative predictive value, but it suffers from underuse and inter-observer variability
(Crowther 2014). Other scoring systems are available but are not widely used (Cuker et al.,
2010; Nilius et al., 2022). Testing is also fraught with difficulties in access and interpretation,
again adding to diagnostic delays. Finally, treatment consisting of switching thrombocytopenic
patients to unfamiliar non-heparin anticoagulants at intensive doses in patients who are
already often critically ill and who may require invasive procedures, is associated with harm.
Pishko et al. reported a 36% incidence of major bleeding in patients with HIT, but this was
even higher at 44% in patients with suspected HIT treated with anticoagulation who were
subsequently found not to have HIT (Pishko et al., 2019). Thus, although novel therapeutic
options should be evaluated, there are several systems issues that could be addressed to
speed up identification and diagnosis or rule-out of HIT. For example, simple measures to
reduce unnecessary heparin use have been shown to reduce the incidence of HIT (McGowan
et al.,, 2016). Technology such as artificial intelligence-powered systems to flag and test
patients may improve results (Zon et al., 2024) but given the patchwork of electronic health
records used throughout the world, these will often need local innovation to implement.
Artificial intelligence may also be able to improve the diagnosis of the rare presentations of
spontaneous anti-PF4 immunothrombotic syndromes, prompting general clinicians to consider
these diagnoses and of course other rare diseases such as thrombotic thrombocytopenic

purpura early in the disease course.

6.4. The conundrum of CVST in VITT

As discussed previously, the only data showing biological differences between patients with
VITT who did or did not have CVST is that those with CVST have additional detectable anti-
PF4 antibodies that target regions of PF4 away from the heparin binding site. The key
observation that facilitates critical thinking about this problem is the low incidence of CVST in

HIT. This means that factors that are the same between the two disorders, such as blood flow
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velocity, or lack of valves and muscular walls in the CVS are unlikely to (fully) explain the

phenomenon.

An important difference is the triggers of these disorders. Adenovirus can rarely affect the
central nervous system (Schwartz et al., 2019), ChAdOx1 was associated with increased
incidence of post-vaccination headache than the mRNA vaccine, BNT162b2 (Menni et al.,
2021), and there have been reports of VITT presenting as headache before the onset of any
thrombosis (Salih et al., 2021). In VITT, it is plausible that adenoviral particles or even one or
more of the other hundreds of (mostly human) proteins that contaminate the vaccine product
could exert some effect on the cerebral veins or even the brain leading to local inflammation,

priming the cerebral veins for thrombosis.

Perhaps a more compelling line of thought is to consider the anti-PF4 antibody epitopes. In
VITT, antibodies target the heparin-binding region of PF4 (Huynh et al., 2021) and addition of
heparin at low-doses that would enhance platelet activation to HIT antibodies, has the effect
of disrupting immune complex formation and preventing platelet activation (Warkentin and
Greinacher, 2022). This implies that these antibodies need to displace cellular surface GAGs
in order to bind PF4 and form immune complexes. This in turn suggests that surfaces may not
be as important in VITT as they may be in HIT. However, Huynh et al. showed that in addition
to VITT-like antibodies, patients with CVST had HIT-like antibodies (Huynh et al., 2023). The
authors proposed that more than one binding site could result in larger immune complexes, or
at least complexes that contain more immunoglobulin molecules which could therefore
activate platelets and leukocytes more strongly. The fact that the CVS is indeed a rare site for
thrombosis suggests that intense thrombotic drive is required to overcome its protective
barriers. The observations of Huynh et al. may imply that there is the opportunity for immune
complex formation in suspension as well as at surfaces, which could give the required

prothrombotic force.

222



6.5. Final conclusions

VITT emerged suddenly as a completely unexpected, rare, idiosyncratic side effect of
adenoviral vector vaccination against COVID-19. For the individuals affected, it was a
catastrophic, life-threatening event either leading to death or causing substantial morbidity,
disability, loss of earnings, and loss of quality of life. However, the emergence of VITT has
accelerated understanding of immunothrombosis and the work contained in this thesis is a
small contribution to the field. It is now clear that VITT is part of a spectrum of anti-PF4
immunothrombotic disorders and future work to interrogate how subtle differences in
pathophysiology manifest as thrombosis at different sites will offer further insights into human

health and disease.
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Appendix 1

References for information events described in Figure 1.1.

1948:
1957:
1958:
1976:
1976:
1977:
1978:
1985:
1986:
1987:
1989:
1990:
1991
1994:
1998:
2003:
2008:
2009:
2010:
2012:
2014:
2015:
2021:
2023:
2023:

Existence first postulated as heparin neutralising agent (Conley et al., 1948)
First purification (Deutsch et al., 1957)

First report of HIT (Weismann and Tobin, 1958)

Tetrameric form discovered (Handin and Cohen, 1976)

GAG binding properties described (Handin and Cohen, 1976)

Amino acid sequence identified (Deuel et al., 1977)

Discovered in platelet alpha granules (Witte et al., 1978)

Potentiates platelet activation (Capitanio et al., 1985)

Structure of PF4 with heparin (Cowan et al., 1986)

Gene cloned (Poncz et al., 1987)

First crystal structure (bovine) (St Charles et al., 1989)

Comparison with PF4alt gene (Eisman et al., 1990)

Amino acids for heparin binding confirmed (Maione et al., 1991)

Structure of human PF4 (Zhang et al., 1994)

Neutrophil activation by PF4 dependent on GAGs (Petersen et al., 1998)
CXCR3b identified as an endothelial PF4 receptor (Lasagni et al., 2003)
First description of autoimmune HIT (Warkentin et al., 2008a)

LRP1 identified as a megakaryocyte PF4 receptor (Lambert et al., 2009)
Structural basis for difference between PF4 and PF4var (Kuo et al., 2013)
Binding to bacterial lipid A exposes HIT epitopes (Krauel et al., 2012)

MK secretion of PF4 regulates stem cell quiescence (Bruns et al., 2014)
Atomic description of HIT immune complex (Cai et al., 2015)

First reports of VITT (Schultz et al., 2021; Greinacher et al., 2021; Scully et al., 2021)
c-Mpl identified as platelet PF4 receptor (Buka et al., 2024)

Endothelial GAG binding recruits leukocytes (Gray et al., 2023)
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