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Abstract
Introduction: The platelet receptor CLEC‐2 is believed to play a key role in many of the newly
emerging roles of platelets, such as development and inflammation. The aim of this thesis was
to look further into the interaction of CLEC‐2 and podoplanin and to investigate the role these
proteins play in inflammation.
Methods: In‐vitro flow experiments using recombinant podoplanin and whole blood were used
to investigate the interaction of CLEC‐2 and podoplanin under shear stress. The role of CLEC‐2 in
inflammation was investigated using a range of mouse models such as LPS induced peritonitis
model, DSS induced colitis and a mouse model of atherosclerosis.
Results: Mouse podoplanin induces platelet aggregation under arterial rates of shear through the
receptor CLEC‐2. The aggregation is likely due to the high affinity interaction between mouse
CLEC‐2 and podoplanin. The results of role of CLEC‐2 in inflammation revealed a lack of CLEC‐2
from inception causes a more acute inflammatory reaction to LPS. CLEC‐2 (removed post
development) also plays a protective role in an acute model of ulcerative colitis. Mice lacking
CLEC‐2 do not upregulate podoplanin on lymphatic endothelial cells and epithelial cells in the
colon to the same degree as their wildtype counterparts following induction of colitis. CLEC‐2 is
also protective against atherosclerosis however there was a greater upregulation of podoplanin
in the plaques of atheroprone platelet CLEC‐2 deficient mice. The results of this thesis highlight
the complicated role of CLEC‐2 in inflammatory disorders. There is also a clear difference in the

affinity of mouse and human forms of CLEC‐2 and podoplanin which has important consequences
for the interpretation of mouse models examining the role of these proteins in human diseases.
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Chapter 1
1.1 Platelet anatomy and function
1.1.1 What are platelets?
Platelets are small cell fragments derived from megakaryocytes in the bone marrow. They
circulate in the blood in high numbers of between 150,000 – 350,000/µl, and are crucially
important in haemostasis as well as in maintaining vascular integrity. These anucleated cell
fragments are 2‐3µm in diameter and remain alive for between 5‐9 days. Platelets are composed
of three types of secretory organelles, dense granules, α‐granules and lysosomes. Dense granules
contain molecules such as serotonin, ADP, ATP, and polyphosphate, α‐granules containing over
100 bioactive proteins including clotting factors (e.g. fibrinogen and von Willebrand Factor (VWF)
and growth factors (e.g. vascular endothelial growth factor (VEGF)), and lysosomes contain
enzymes such as hydrolases. Platelets have an open canicular system which allows for efficient
transport of substances into and out of the platelets which is especially important during release
of granule contents.
1.1.2 Platelet production
Megakaryocytes, the producers of platelets, derive from multipotent haematopoietic stem cells
which give rise to all circulating blood cells (Kondo et al., 2003) (Figure 1.1). Platelets are released
through megakaryocyte cytoplasmic processes known as pro‐platelets which extend through
bone marrow sinusoid epithelial cells to reach the blood system. The cytokine thrombopoietin
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(TPO) is a critical regulator of megakaryocyte number and maturation (Machlus and Italiano,
2013).

Figure 1.1: Haematopoietic stem cell lineages.
Hematopoietic stem cells (HSCs) are multi‐potent cells whose self‐renewal is critical to the maintenance
of numbers of all cells in the blood system. Within the bone marrow these cells are directed to either a
myeloid or lymphoid lineage, which differentiate to further cell type lineages. Image modified from
(Kondo et al., 2003).
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1.1.3 Platelet function in haemostasis
Haemostasis involves several different physiological processes working together in order to arrest
bleeding. It is generally described to happen in three stages: firstly primary haemostasis or
platelet plug formation, followed by coagulation where stable clots are formed from the
conversion of fibrinogen to fibrin and lastly clot dissolution by the process of fibrinolysis. Platelets
play an integral role in the initial stages of haemostasis by adhering firmly to a damaged vessel
wall. In resting conditions, nitric oxide and prostacyclin released by the endothelium of blood
vessels and the expression of ectonucleotidase CD39 on platelets maintains these cells inactive
while marginalized to the endothelial surface in flowing blood. However, upon vascular injury
subendothelial collagen is exposed which captures plasma VWF and in turn tethers platelets
through the GPIb‐V‐IX complex (Savage et al., 1998). This enables clustering of the low affinity
immunoglobulin receptor, GPVI, by collagen and activation of platelet integrins including α2β1
(also known as GPIa‐IIa) and αIIbβ3 (also known as GPIIb‐IIIa), which bind to collagen and VWF
respectively, strengthening adhesion (Ni and Freedman, 2003). The adherence of platelets to the
damaged vessels causes “platelet spreading” namely formation of filopodia and lamellipodia
which are triggered by mobilisation of intracellular Ca2+ and activation of small G proteins. The
release of ADP from dense granules acts alongside the formation and release of thromboxane A2
(TxA2) to reinforce platelet activation. Further recruitment of platelets happens through tethering
of non‐activated platelets captured by VWF and further release of ADP and TxA2 from α‐granules.
The formation of thrombin via the coagulation cascade mediates the conversion of fibrinogen to
fibrin and leads to the formation a platelet‐rich clot. The haemostatic plug which subsequently
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develops is vital to the wound healing process (Figure 1.2) (Sachs and Nieswandt, 2007, Varga‐
Szabo et al., 2008). The pathological counterpart of haemostasis is the formation of occlusive
thrombi which obstruct the flow of blood in the circulatory system and thereby deprive a tissue
of oxygen (hypoxia). For example, the formation of a thrombus in cerebral arteries causing stroke
while in coronary arteries it causes myocardial infarction. Platelet aggregation is therefore one of
the leading causes of mortality, and is estimated to account for 25% of deaths globally (Ho‐Tin‐
Noe et al., 2011).
The importance of platelets is not limited to their role in haemostasis. A growing body of research
has identified biological roles of platelets in development, vascular integrity, innate immunity
and in cancer metastasis (Ware et al., 2013). Some of these roles appear to require only a fraction
of circulating platelet numbers (e.g. vascular integrity) which may explain why they have been
missed in the past (Ghoshal and Bhattacharyya, 2014).
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Figure 1.2: Platelet aggregation and thrombus formation
Stages involved in platelet capture, aggregation and thrombus formation in haemostasis. Initial platelet
tethering under high shear stress via the VWF receptor GPIb‐IX‐V, leads to engagement of the collagen
receptor GPVI. Inside‐out signalling triggers an active confirmation change in αIIbβ3 and α2β1 and release
of platelet mediators which trigger the activation of other further platelets. Fibrinogen is converted to
fibrin, leading to formation of stable clot. Image modified from (Varga‐Szabo et al., 2008) and (Sachs and
Nieswandt, 2007).
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1.1.4 Roles of platelets outside of haemostasis and thrombosis
The role of platelets stretches beyond their well‐studied haemostatic role. Platelets have been
shown to be key players in the immune system and inflammation, as well as in development and
in the maintenance of vascular integrity. Data supports the idea that platelets can play both a
supporting and detrimental role in the immune system. Platelets express many different types of
receptors which are common on immune cells such as Toll‐like receptors, CD40 and CD40L and
intercellular adhesion molecule 2 (ICAM‐2). They also have the ability to release various
chemokines and cytokines, which are critical to the recruitment of immune cells to a site of injury
(Ware et al., 2013).
Platelets have been shown to be important in the initiation and development of a number of
thrombo‐inflammatory disorders such as atherosclerosis, ischaemic stroke and inflammatory
bowel disease (McNicol and Israels, 2008). Platelets also play a critical role in immune defence by
trapping bacteria within thrombi thereby preventing their dissemination throughout the body
and facilitating immune cell targeting. However, in the case of secondary metastasis it is thought
that platelets aid the extravasation of tumour cells into the blood stream while protecting these
cells from immune cell capture (Ghoshal and Bhattacharyya, 2014, Lowe et al., 2012).

Platelet immunoreceptor tyrosine‐based activation motif (ITAM) receptors such as GPVI and the
C‐type lectin‐like receptor CLEC‐2 are believed to be involved in many of the newly emerging non‐
haemostatic roles of platelets. For example, CLEC‐2 has been shown to play a critical role in the
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separation of blood and lymphatic vasculatures during development (Finney et al., 2012). CLEC‐2
has also been shown to be a key player in the maintaining the structural integrity of blood vessels
(vascular integrity) particularly during an inflammatory reaction (Boulaftali et al., 2013).

1.2 CLEC‐2
Determining the role that CLEC‐2 plays in platelet physiology, and how it contributes to the role
of platelets in immunity and infection is a major focus of this thesis. The following section focuses
on the discovery of CLEC‐2 and how it mediates platelet activation.
1.2.1 Discovery of CLEC‐2
Rhodocytin (also termed aggretin) is a powerful human and mouse platelet agonist that was
isolated from the venom of the Malayan pit viper, Calloselasma rhodostoma (Huang et al.,
1995).In the original studies, Rhodocytin was proposed to activate platelets through the collagen
integrin receptor α2β1 due the inhibitory effect of a monoclonal antibody (Huang et al., 1995,
Inoue et al., 1999). Rhodocytin induced platelet aggregation was later suggested to involve GPIbα
(Navdaev et al., 2001). This hypothesis was later proved incorrect when Rhodocytin was shown
to activate platelets deficient in either of these receptors and failed to bind to recombinant α2β1
(Bergmeier et al., 2001). CLEC‐2 was originally discovered in a transcriptomics study on
chromosome 12 of the human genome alongside six other C‐type lectin‐like receptors (Colonna
et al., 2000). Thereafter it was identified by mass spectrometry following affinity purification using
rhodocytin (Suzuki‐Inoue et al., 2006). The presence of CLEC‐2 mRNA was shown to be restricted
with the highest expression in the megakaryocyte/platelet lineage of the mouse genome (Suzuki‐
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Inoue et al., 2006, Senis et al., 2007). CLEC‐2 was also believed to be expressed by neutrophils
when tested using an antibody to CLEC‐2 but has since been confirmed to be only expressed on
megakaryocytes, platelets and subsets of myeloid suppressor cells and activated dendritic cells
when using tissues from CLEC‐2 deficient mice as a control (Kerrigan et al., 2009, Lowe et al.,
2015b).
1.2.2 CLEC‐2 Signalling
CLEC‐2 is a type II transmembrane glycoprotein with a single YxxL motif (single animo acid code)
downstream of a conserved triacidic amino acid sequence in a short cytoplasmic tail. The
extracellular portion of the protein lacks the residues needed for binding to carbohydrate
moieties suggesting that it binds to a protein ligand and is hence classed as a C‐type lectin‐like
receptor (Watson et al., 2007). The single YxxL sequence in CLEC‐2 is termed a hemITAM because
it differs to the dual YxxL sequence in immunoglobulin (ITAM) receptors, such as the collagen
receptor GPVI‐Fc receptor γ‐chain complex (Hughes et al., 2010). Upon ligand engagement, it is
thought that the tyrosine kinase Syk is phosphorylated by Src family kinases (SFKs) (Hughes et al.,
2010, Severin et al., 2011). Activated Syk then phosphorylates the YxxL motifs of dimerised CLEC‐
2 and binds to these via its tandem SH2 domains (Severin et al., 2011). The events that follow
mirror the signalling cascade of a typical ITAM receptor and involve further phosphorylation of
adaptor proteins such as LAT and SLP‐76 and activation of PLCγ2 which allows for an increase in
intracellular Ca2+ and platelet activation (Figure 1.3).
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Figure 1.3 CLEC‐2 –Podoplanin signalling axis.
CLEC‐2 interacts with podoplanin resulting in its phosphorylation by Syk and Src family kinases.
Phosphorylation initiates a signalling cascade involving the adaptor proteins LAT, SLP‐76, Grb2, Tec family
kinases and the Vav family of guanine exchange factors which support activation of the effector enzyme
PLCγ2 and Ca2+ release, culminating in platelet activation. Podoplanin signals through ERM proteins and
influences actin cytoskeletal rearrangements.
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1.3 Podoplanin
1.3.1 Podoplanin – Discovery of a CLEC‐2 ligand
Podoplanin was first identified on osteoblasts and named as OTS‐8 (Nose et al., 1990). It was
later identified on lymphatic endothelial cells (LECs), fibroblastic reticular cells (FRCs), and on
alveolar type 1 epithelial cells under a range of different names based on its location or function
(Astarita et al., 2012) (Table 1.1). The final decided name of podoplanin was given due to its
expression on kidney podocytes and its’ in involvement in maintaining kidney structure
(Breiteneder‐Geleff et al., 1997). Notably podoplanin has not been found to be expressed by
blood vascular endothelial cells. Both colorectal tumour cells and lung squamous carcinoma cells
expressing podoplanin have been shown to be potent mediators of platelet aggregation (Kato et
al., 2008, Suzuki‐Inoue et al., 2007). The activation was identified to be through CLEC‐2
stimulation due to the similar signalling cascade and kinetics seen following platelet activation by
the exogenous CLEC‐2 ligand rhodocytin. The interaction was confirmed using expressing Chinese
hamster ovary cells (CHO) cells transfected to express podoplanin (Suzuki‐Inoue et al., 2007).
Human embryonic kidney (293T) cells which express podoplanin were later shown to bind and
activate platelets and the paper also confirmed an interaction of human CLEC‐2 and podoplanin
using surface plasmon resonance (Christou et al., 2008). It has also been shown that
endogenously expressed podoplanin on mouse and human lymphatic endothelial cells can cause
platelet aggregation in a CLEC‐2 dependant manner (Finney et al., 2012, Navarro‐Nunez et al.,
2015).
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1.3.2 Binding partners and other endogenous ligands of Podoplanin
Podoplanin is known to associate with transmembrane domains of the tetraspanin CD9. CD9 is a
tumour suppressor and has been shown inhibit some of podoplanin functions such as cell motility
and its platelet aggregating ability (Nakazawa et al., 2008). However, podoplanin has also been
shown to associate with the major hyaluronan receptor lyve‐1 which is upregulated in cancer cell
lines and thought to increase cell migration and motility (Noda et al., 2010, Bono et al., 2004).
Podoplanin has been shown to have a vast expression pattern so it is unsurprising that studies
have proposed additional podoplanin ligands. Galectin‐8 expressed on LECs is believed to interact
with podoplanin to support the adhesion of LECs to surrounding extracellular matrix (Cueni and
Detmar, 2009). LECs and FRCs also express the lymphatic chemokine CCL21 which binds to
podoplanin with high affinity and may play a role in trafficking dendritic cells (DCs) to the T zone
of lymph nodes (Kerjaschki et al., 2004, Astarita et al., 2012). Podoplanin has been found to be
expressed on range of cell types and tissues (see Table 1.1).
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Tissue

Alternative Name

Reference

Lymphatic endothelial cells (LECs) E11

E11

(Wetterwald et al., 1996)

Fibroblastic Reticular cells (FRCs)

Gp38

(Farr et al., 1992)

Alveolar type 1 cells

T1α

(Williams et al., 1996)

Kidney Podocytes

Podoplanin

(Breiteneder‐Geleff et al., 1997)

Thymic Epithelial cells

Gp38

(Farr et al., 1992)

T1α/Podoplanin

(Williams et al., 1996, Lowe et

Choroid

Plexus

(throughout

brain

in

development)

al., 2015a)

Ciliary Epithelium

T1α

(Williams et al., 1996)

Oesophagus and Intestine

T1α/podoplanin

(Williams et al., 1996, Scholl et
al., 1999)

Osteoblasts

E11/OTS‐8

(Wetterwald et al., 1996, Nose
et al., 1990)

Mucosal Epithelium of Salivary glands and

Podoplanin

Tongue
Myocardium, pericardium and epicardium

(Hata et al., 2010, Noda et al.,
2010)

Podoplanin

of the heart

(Mahtab

et

al.,

2008,

Gittenberger‐de Groot et al.,
2007)

Skin Keratinocytes

T1α/podoplanin

(Scholl et al., 1999)

TH17 cells

Gp38

(Peters et al., 2011)

Macrophages

Podoplanin/Gp38

(Kerrigan et al., 2012, Hou et al.,
2010)

Colorectal and lung squamous carcinoma

Aggrus/T1α/Podoplanin

cells tumour cells

(Kato et al., 2003, Kato et al.,
2005, Suzuki‐Inoue et al., 2007)

Table 1.1: Tissue Expression of podoplanin
List of cell types discovered to express podoplanin and the names used for the protein. Highlighted bold
are cells which can be induced to express podoplanin during development or in response to an
inflammatory stimulus.
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1.3.3 Podoplanin Signalling
Podoplanin consists of a single transmembrane (TM) domain, a short cytoplasmic tail consisting
of 9 amino acids and a heavily glycosylated extracellular domain (Astarita et al., 2012). There are
homologues of podoplanin in many species including humans, mice, rats, dogs and hamsters. The
TM and cytoplasmic tail are highly conserved between species (Martin‐Villar et al., 2005). The
amino acid sequence in the platelet aggregation stimulation domain (PLAG) of the ED is largely
similar between podoplanin homologues in humans, mice and rats (Kaneko et al., 2006).
However, in the sequence of the PLAG domain it was found that T52 is critical to the platelet
aggregating capacity of human podoplanin, whereas T34 is critical in mouse podoplanin (Kaneko
et al., 2006, Kato et al., 2003). Crystallography experiments confirmed the T52 (attached to an o‐
glycan) binds directly the extracellular domain of CLEC‐2 in the same region as rhodocytin (Nagae
et al., 2014).
Intracellularly podoplanin is known to colocalise with ezrin, radixin and moesin (ERM) family
proteins (Martin‐Villar et al., 2006). A conserved motif of three basic residues in the cytoplasmic
tail of podoplanin is needed for the direct association with ezrin and moesin and overexpression
of podoplanin was shown to result in phosphorylation of ERM proteins (Martin‐Villar et al., 2006,
Wicki et al., 2006). ERM proteins are the connectors between integral membrane proteins and
the actin cytoskeleton. Phosphorylation of ERM leads the activation of Rho GTPases which in turn
exposes binding sites for actin and other cytoskeletal proteins (Fehon et al., 2010). Podoplanin
signalling is therefore believed to increase cell motility and its expression is often found on the
leading edge of tumours where it can enhance tumour metastasis (Takagi et al., 2013). Podoplanin
13

has been proposed to influence tumour biology through the induction of epithelial‐mesenchymal
transition (EMT). EMT causes cells to lose polarity and cell‐cell adhesion allowing for a more
invasive phenotype which is believed to be necessary in wound healing as well as secondary
metastasis (Martin‐Villar et al., 2006, Wicki et al., 2006). However, the validity of the ability of
podoplanin to cause this shift has been questioned as well as groups reporting differences on the
influence podoplanin has on the activity levels of GTPases such as RhoA, Rac‐1 and Cdc‐42
(Navarro et al., 2011, Wicki et al., 2006). It is possible that podoplanin has different effects
depending on the cell type in which it is expressed.
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1.4 Role of CLEC‐2 and Podoplanin in embryonic development
1.4.1 Development of lymphatic system
The lymphatic system is a complex network of vessels connected by hundreds of lymph nodes
(~450) in the human body. It serves many functions including the return of protein rich fluid back
to the blood, lipid absorption and immune cell trafficking. The development of this system begins
during week 6‐7 in human embryonic development and at E9.5 in mice after the blood vascular
system is fully formed (Tammela and Alitalo, 2010, Schulte‐Merker et al., 2011). It was proposed
in the early 1900s to develop from the venous system and later studies tracing the fate of
venous/endothelial cells (Tie2‐Cre‐based lineage tracing) revealed that the majority of lymphatic
progenitor cells are of venous origin (Srinivasan et al., 2007). However, there was some lymphatic
progenitor cells which did not follow the same path of origin which indicates that the
development of the lymphatic system also stems from an undetermined non‐venous origin
(Martinez‐Corral et al., 2015). Briefly described the lymphatic system develops from lymphatic
progenitor cells are induced to express Prox‐1 by the transcription factor Sox18 and can be
detected at the cardinal vein at E10.0 in mice (Francois et al., 2008, Wigle et al., 2002). These
prox‐1 expressing cells are stimulated to migrate to the dorsal side of the cardinal vein by vascular
endothelial growth factor 3 (VEGFR‐3), axon guidance receptor neuropilin‐2 (Nrp‐2) and the
vascular endothelial growth factor C (VEGF‐C) (Xu et al., 2010, Dumont et al., 1998, Karkkainen et
al., 2004). At this stage the immature LECs are expressing podoplanin which co‐insides with the
development of superficial lymph vessels and dermal lymphatic at E12.0. At the same time the
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thoracic duct, an integral draining point of lymph to the venous system, develops alongside the
cardinal vein from a subset of aggregating LECs (Hagerling et al., 2013, Yang et al., 2012).
1.4.2 The role of CLEC‐2 and Podoplanin in lymphatic vasculature development
One of the first discovered functions for platelet CLEC‐2 interaction with a podoplanin expressing
cells was its role in the development of the lymphatic system. The first indications of this function
came from the discovery that mice deficient in proteins necessary for CLEC‐2 downstream signal
propagation, such as Syk, SLP‐76 and PLCy2, presented with subcutaneous haemorrhaging in the
skin and oedema during embryonic development (Turner et al., 1995, Cheng et al., 1995,
Clements et al., 1999, Clements et al., 1998, Wang et al., 2000). The phenotype was subsequently
explained to be from erroneous connections between the blood and lymphatic systems within
these mice (Ichise et al., 2009, Abtahian et al., 2003). Podoplanin deficient mice, which were
separately discovered to die shortly after birth from respiratory failure, also present with
lymphedema and blood filled lymphatic vessels in their skin and intestines (Schacht et al., 2003,
Uhrin et al., 2010). It was later discovered that CLEC‐2 deficient mice phenocopied the defects
seen in podoplanin deficient mice (Bertozzi et al., 2010, Finney et al., 2012, Suzuki‐Inoue et al.,
2010).
Further studies into the mechanism of this phenotype highlighted a requirement for podoplanin
expressed on an endothelial cell type is required for normal lymphatic development to occur (Fu
et al., 2008). It was also shown that mice lacking T‐synthase which is responsible for the
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glycosylation of the extracellular domain of podoplanin is also necessary for normal lymphatic
development (Fu et al., 2008, Xia et al., 2004).
The PF4‐Cre mouse model is used to specifically delete genes from cells of
megakaryocyte/platelet specific origin (Tiedt et al., 2007). This mouse model demonstrated that
lack of CLEC‐2 in platelets present with a blood lymphatic mixing phenotype (Bertozzi et al., 2010,
Finney et al., 2012). The same mixing phenotype was also present in PF4‐ Cre models lacking the
tyrosine kinase Syk or adaptor protein SLP‐76. It is believed to be platelet specific due to the
inhibitory effects which platelets have on LEC behaviour and the lack of a mixing phenotype in
megakaryocyte specific CLEC‐2 deficient mice (Finney et al., 2012, Nakamura‐Ishizu et al., 2015).
1.4.3 Mechanism behind the blood lymphatic mixing phenotype
The question of how podoplanin expressing LECs interact with platelets to mediate correct
separation of the blood and lymphatic system remains to be conclusively answered. Many
different proposal have been put forward, including direct platelet and LECs interaction and the
release of growth factors from platelets (Bertozzi et al., 2010, Uhrin et al., 2010, Suzuki‐Inoue et
al., 2010). The research done in this area has also demonstrated that platelet CLEC‐2 is needed in
order to maintain blood‐lymphatic separation. This is evidenced by the presence of blood‐
lymphatic shunts which are visible in radiation chimeric mice reconstituted with CLEC‐2 or Syk
deficient bone marrow whose lymphatic system is fully developed. There is also blood‐lymphatic
mixing present in platelet specific CLEC‐2 deficient mice (PF4‐Cre.CLEC‐2fl/fl) around mesenteric
vessels and the chylous fluid of the intestine (Finney et al., 2012).
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It has also been proposed that CLEC‐2 stimulated thrombus formation at the junction between
the thoracic duct and subclavian vein is necessary to prevent lymphatic fluid backflow into the
venous system throughout development and adulthood (Hess et al., 2014). This study however,
failed to explain how the thrombus prevents backflow without affecting flow through from the
lymphatic system. The mechanism behind how the separation of the blood‐lymphatic system is
maintained by CLEC‐2 and podoplanin remains to be answered.
1.4.4 Role of CLEC‐2 and Podoplanin in lymph node function
Studies on the hemITAM receptor CLEC‐2 has revealed that it is involved in the regulation of the
immune system and inflammation in many settings. Lack of platelet CLEC‐2 has also been
demonstrated to result in the development of blood filled lymph nodes and fibrosis as well as a
reduced number of naïve CD4 T cells and B cells within the lymph nodes following repeated
immunisations (Benezech et al., 2014). It has been demonstrated that platelet CLEC‐2 secures the
integrity of high endothelial venules (HEV) during lymphocyte trafficking to lymph nodes through
interaction with podoplanin expressing fibroblastic reticular cells. Loss of either platelet CLEC‐2
or podoplanin leads to bleeding in MAdCAM1 expressing mucosal lymph nodes (Herzog et al.,
2013). Platelet CLEC‐2 binding on FRCs was shown to induce the release of sphingoshine 1
phosphate (S1P) from platelets which induces VE‐cadherin expression needed to maintain
adherens junctions in HEVs. Podoplanin expression on LECs and FRCs has been shown to aid the
entry and trafficking of CLEC‐2 expressing DCs to lymph nodes in mice (Astarita et al., 2012). Later
work revealed that podoplanin expression on FRCs is needed to maintain lymph node architecture
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and CLEC‐2 expressing DCs allow for reduced stiffness of this architecture during an immune
reaction (Astarita et al., 2015).
1.4.4 The role of CLEC‐2 and Podoplanin in cerebral vasculature development
A lack of CLEC‐2 and podoplanin has been reported to result in the development of cerebral
haemorrhages during embryonic development. The first report of this phenotype using CLEC‐2
deficient mice was in Tang et al. 2010 who reported multiple haemorrhages in the midbrain
parenchyma at E12.0 (Tang et al., 2010). Syk deficient mice also display brain haemorrhages at
E14.0 (Cheng et al., 1995). It was later observed that megakaryocyte/platelet CLEC‐2 and Syk
deficient mice similarly developed brain haemorrhages although they were less severe (Finney et
al., 2012). The development of these brain haemorrhages was studied in detail by Lowe et al 2015
(Lowe et al., 2015a). This study found that platelet interaction with podoplanin expressing
neuroepithelium is necessary to prevent haemorrhage. Podoplanin is expressed throughout the
brain during development and becomes localized to the choroid plexus. The involvement of
pericytes and platelet released mediators such as S1P was also postulated to play a role. The study
proposed that podoplanin induces platelet aggregation through the receptor CLEC‐2 which
supports the integrity and maturation of the developing vasculature in the brain based on the fact
haemorrhaging was also seen in mice deficient in the integrin subunit αIIb.
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1.5 Infection and immunity
The presented thesis deals in part with the involvement of platelet CLEC‐2 and its ligand
podoplanin in infection, inflammation and the immune system. As such the sections below
explain the general principles of the immune system, in particular the innate response, the role
of the lymphatic system and immune cell recruitment.
1.5.1 Innate and adaptive immune system
The innate immune system is the first line of defence against an immune stimulus. The system
includes skin and mucosal barriers to prevent entry and well as phagocytic cells designed to “eat”
and destroy an invader. There are many types of tissue resident cells such as dendritic cells (DCs)
and mast cells which can stimulate recruitment of phagocytes such as monocytes and neutrophils
through release of inflammatory signals such as cytokines. If these initial lines of defence fail to
rid the body of the stimulus, the adaptive immune response begins to respond. The adaptive
immune system recognises a pathogen specifically and responds with the release of antibodies
by B lymphocytes and specific recognition and destruction by T lymphocytes.
1.5.2 Inflammation and Sepsis
Inflammation is a protective response by the body to a harmful stimulus which allows for the
rapid recruitment of immune cells to a site of injury. The response helps ensure the removal of
damaging agents as well as aiding in the healing process. Inflammation can be caused by a range
of factors including tissue damage or pathogenic infection. Macroscopic effects of inflammation
such as tissue swelling are due to increased vascular endothelium permeability which allows for
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serum leakage and extravasation of immune cells. The response is normally tightly regulated to
prevent damage from persistent inflammation. However, in recent years uncontrolled chronic
inflammation is believed to be a factor in the pathogenesis of many diseases such as sepsis,
atherosclerosis, and inflammatory bowel disease with elevated blood levels of C‐reactive protein
and other markers of inflammation seen in these patients (Laveti et al., 2013, Takeuchi and Akira,
2010).
Sepsis is a host’s overwhelming response to infection and shock that triggers a dangerously
uncontrolled inflammatory response. In fact, the mortality rates of patients who develop sepsis
range between 30 to 70% with very little success by pharmaceutical companies to develop
effective treatment. The lack of success is thought to be due to the involvement of not just
classical inflammatory mediators such as cytokines and chemokines but the triggering of systems
such as the coagulation cascade which can result in disseminated intravascular coagulopathy
(DIC) and excess release reactive oxygen species which both cause tissue damage and eventually
organ failure. The persistence activation of the immune system later leads to excess anti‐
inflammatory signals and immune paralysis that make re‐infection likely in patients (Riedemann
et al., 2003, Schouten et al., 2008). A schematic of the stages of sepsis can be seen in Figure 1.4.
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Figure 1.4: Inflammatory responses during sepsis
The initiation of sepsis is caused by an excess production of inflammatory mediators and activation of the
coagulation and complement systems. Platelets also contribute to the pathology through DIC, the release
of cytokines, recruitment of immune cells and activation of NETs. Leukocytes release a large amount of
reactive oxygen species (ROS) and there is an upregulation of adhesion molecules on endothelial cells.
Thus, there is increased vascular permeability, tissue damage and organ failure and essential innate
immune functions become ineffectual leading to an inability for patients to recover. Image adapted from
Riedemann et al (Riedemann et al., 2003).
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1.5.3 Pattern Recognition receptors
For the body to respond to an unwanted invader such as bacteria, its presence must first be
recognised. Pattern recognition receptors (PRRs) play an integral part in innate immune sensing
which is necessary to mount the initial immune response. These receptors function to recognize
pathogen‐associated molecular patterns (PAMPs) such as lipopolysaccharide (LPS) found on the
surface of gram negative bacteria or danger associated molecular patters (DAMPs) which are
signals released by damaged endogenous cells. PRRs can be expressed intracellular
compartments, on the cell surface or secreted in the blood stream and intercellular spaces. There
are four classes of PRR families, including the transmembrane Toll‐like receptors (TLRs) and C‐
type lectin receptors (CLRs) as well as cytoplasmic proteins such as the Retinoic acid‐inducible
gene (RIG)‐I‐like receptors, and NOD‐like receptors (Takeuchi and Akira, 2010).
TLR4 is once such receptor which is expressed on many different cells of the innate system
including epithelial cells, macrophages and platelets. Ligand stimulation ultimately causes the
NF‐κB transcription factor to translocate to the nucleus and drives the expression of pro‐
inflammatory cytokine genes critical for the recruitment of immune cells to the site of infection.
Many of the other TLRs follow a similar downstream signalling pathway (Janeway and Medzhitov,
2002).
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1.5.4 Cytokines and chemokines
The type of immune cells and their relative numbers recruited to a site of inflammation has been
shown to vary considerably depending on the immune stimulus. Small peptide molecules known
as cytokines and chemokines mediate the immune cell recruitment and trigger complex
intracellular signalling that characterizes inflammation. Chemokines tend to be involved in the
orchestration of leukocyte trafficking in many tissues. These chemotactic agents signal through G
protein coupled receptors. They are spilt into two major subfamilies, CXC and CC based on their
structural properties with several that belong to neither family. In general, CXC chemokines
attract neutrophils whereas CC chemokines mainly attract monocytes. Cytokines however have
more wide ranging functions. The families of cytokines tend to be broken down into interleukins
(IL), tumour necrosis factors (TNF), interferons (IFN) and colony stimulating factors. Key pro‐
inflammatory cytokines are TNFα, IL‐1 and IL‐6. They signal through structurally distinct type 1
cytokine receptors which are often found to be upregulated in a range of inflammatory disorders.
The biological effects of cytokines range from phagocytic cell activation to immune cell
production from stem cells. Anti‐inflammatory cytokines such as IL‐10 are equally important in
dampening the responses of immune cells following clearance of an infection (Turner et al., 2014).
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1.5.5 Immune cell recruitment
Cells of the innate system include myeloid cells such as monocytes, macrophages, dendritic cells,
mast cells and granulocytes (neutrophils, eosinophils and basophils). The system also includes
innate lymphoid cells (ILCs) such as NK cells which derive from lymphoid progenitor cells like T
and B cells (Figure 1.1) but lack antigen specific receptors. Tissue resident cells such as embryonic
progenitor cell derived macrophages can produce chemokines which recruit monocytes and
neutrophils to a site of infection. These macrophages are common near sites of primary exposure
such as the lungs and intestines and are critical for the initiation of the inflammatory response.
One study demonstrated that trafficking of neutrophils to an inflamed uroepithelium was only
possible following the stimulation of chemokine CXCL2 release from tissue resident macrophages
by monocyte derived Ly6C+ macrophages (Schiwon et al., 2014). It has also been shown that
tissue resident mast cells aid in the recruitment of recruitment of neutrophils by the CXC
chemokine macrophage inflammatory protein 2 through their release of the cytokine TNFα
(Wang and Thorlacius, 2005). In particular, intraperitoneal mast cells are a main source of TNFα
and implicated in early neutrophil recruitment (Malaviya et al., 1996).
The short‐lived effector cells, neutrophils, are among the first cells to be called to an inflammatory
site. As well their ability to phagocytose foreign matter and dead debris in the body, neutrophils
also regulate the immune response through the recruitment of other types of immune cells. The
type of cytokines that neutrophils release depends on the stimulus they receive. For example,
neutrophils express IL‐12 in response to LPS, whereas they release IL‐13 and IL‐33 in response to
helminth infection. Neutrophils have also been found to influence macrophage activity such as
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during Leishmania infection in which neutrophils enhance macrophage activity via TNFα and
superoxide production. Macrophage response can also vary depending on the environment. M1
macrophages are highly phagocytic and associated with antimicrobial nitric oxide production,
whereas M2 which can be stimulated during helminth infections have immunoregulatory
functions through their ability to metabolise the local arginine supply needed by effector T cells
to function (Rivera et al., 2016). In recent years, studies have highlighted the role of platelets as
immune cells and how they might influence immune cell recruitment through interaction with
cells such as neutrophils and influence the body’s response to infection (Deppermann and Kubes,
2016). As this is an integral part of my thesis I will discuss it in more detail in a later section (Section
1.6.1).
1.5.6 Adhesion and transmigration of recruited cells
Another key part of immune cell function are the molecules utilized to tether immune cells to the
endothelium and allow them to roll along the surface before arresting firmly at injured sites. Once
arrested the cells can then leave the vasculature and migrate to the site of infection. For cells of
the innate immune system this process is driven by expression of complementary trafficking
receptors on leukocytes and endothelial cells. Selectin adhesion molecule such as P‐selectin and
E‐selection are expressed by inflamed endothelium and allow for the initial tethering and rolling
of cells such as neutrophils in the post capillary venules of the peripheral vasculature. (Hickey and
Kubes, 2009). The lymphatic system is key to the recruitment and activation of lymphocytes as
well as immune system surveillance and will be discussed in the following section.
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1.5.7 Secondary lymphatic organs
The lymphatic system is involved in immune cell trafficking and surveillance. The system is
integral to the mounting an adaptive immune response. Most of the activity of the lymphatic
system happens within secondary lymphoid organs. These organs include lymph nodes localized
all around the body, the spleen and gut‐associated lymphoid tissue (GALT) which includes the
tonsils and the Peyer’s patches of the small intestine, which each connected by blood and
lymphatic vasculatures.
Lymphatic vessels begin as blind ended valve containing tubes which collect DCs and excess
interstitial fluid from surrounding tissues. These initial lymphatic vessels drain into collecting
vessels that converge at lymph nodes. The lymph fluid flows into the node through afferent
lymphatic vessels and travels through the sinuses of the node to bring DCs in contact with naïve
lymphocytes such as B and T cells. Lymphocytes enter lymph nodes from the circulatory system
through specialized blood vessels known as high endothelial venules (HEV). These entry sites are
located within a fibroblastic reticular cell network (FRC) in the T lymphocyte rich paracortex
(Figure 1.5). The FRC network is lined with antigen presenting cells (APCs) such as macrophages
which T lymphocytes can survey in search of a “non‐self” antigen. Following recognition of a
foreign antigen, APCs will stimulate a T lymphocyte to proliferate, or if none are encountered
the T cell will leave the re‐enter the blood system through efferent lymphatics to make their
way to other lymphatic organs. Surrounding the paracortex are follicles where follicular DCs are
the main APCs and present to B lymphocytes. Recognition of an antigen by a B lymphocyte will
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cause it to rapidly clone itself, and these cells further transform into antibody secreting plasma
cells upon secondary stimulation by helper T cells (Girard et al., 2012).
The spleen is arranged differently to lymph nodes but is also separated into zones arranged to
maximize the interaction between APCs and lymphocytes as well as an environment for B and T
cell maturation. The spleen also differs in that it does not contain HEVs. Instead lymphocytes
enter into the marginal zone through the afferent artery. B lymphocytes are directed to B cell
follicles while T cells migrate to the T cell zone, directed by chemokines. DCs can then activate T
lymphocytes which then surround the periphery of B cell follicles to activate B lymphocytes.
Similar to lymph nodes these B lymphocytes can then produce specific antibodies to opsonize an
invader and aid its removal from the body (Mebius and Kraal, 2005).
1.5.8 Immune cell recruitment to Gut Associated Lymphoid Tissue (GALT).
The intestines are an area of the body which is continuously exposed to foreign antigens in food
as well having a thriving population of commensal bacteria believed to be essential for its
function. As such the immune environment needs to be tightly regulated to prevent unwarranted
immune system reactions while stopping the entry of a pathogen through this exposed organ
system. The secondary lymphoid organ of the intestines, GALT, consists of both isolated and
aggregated lymphoid follicles and contains up to 70% of the body’s immunocytes. The largest of
the lymphoid follicles are the Peyer’s patches (PP) of the small intestines which are surrounded
by specialized epithelium known as follicle–associated epithelium (FAE) that is the interface
between the GALT and the luminal environment (Jung et al., 2010).
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Similar to lymph nodes, naïve and memory lymphocytes are recruited to the GALT through HEVs.
However, GALT HEVs are dissimilar in that they express high levels of mucosal vascular addressin
cell adhesion molecule 1 (MAdCAM1). Migratory retinoic acid–presenting DCs travel from the
intestinal lamina propria to the mesenteric lymph nodes (MLNs) once presented with an antigen.
These DCs then upregulate integrin α4β7, the ligand for MAdCAM1, ligand on lymphocytes. This
integrin allows for activated B and T lymphocytes specific for gut antigens to travel towards the
GALT or the intestine lamina propria itself. The HEVs specific adhesion molecule L‐selectin and
the B‐cell lectin CD22 are also believed to be ligands of MAdCAM1 and bind to its mucin domain
which is linked with O‐linked carbohydrates. Peripheral lymph node (PLNs) express peripheral
lymph node addressin which consists of branched high‐affinity, high‐avidity L‐selectin binding
sites. In contrast, PP HEVs have lower affinity L‐selectin binding sites as well as a reduced number
of sites. Consequently, this form of L selectin supports loose and rapid rolling of lymphocytes and
the engagement of MAdCAM1 with integrin a4B7 is required to arrest the rolling cells sufficiently
to allow chemokine signals to trigger integrin α4β7 and lymphocyte function–associated antigen‐
1 intercellular adhesion molecule‐1 (ICAM1)‐dependent arrest (Habtezion et al., 2016). These
details are important because platelet CLEC‐2 has been shown to maintain the vascular integrity
of HEVs (Herzog et al., 2013). However, the bleeding has been shown to spontaneously occur in
MAdCAM‐1 expressing lymph nodes and therefore CLEC‐2 may influence the immune cell
recruitment to these areas.
Another unique aspect of PPs is the existence of specialized enterocytes called M‐cells which
form part of their specialized epithelium cap. The M‐cells work to transport luminal antigens
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and bacteria towards the underlying lymphoid aggregate resulting in the activation or inhibition
of the immune response. PPs also highly express PRR receptors, such as Nod2 on follicle
associated cells. Nod2 recognises component of the peptidoglycan bacterial wall present in
most Gram positive and Gram negative bacteria known as muramyl dipeptide (MDP). Studies of
shown that lack of Nod2 in mice leads to a strong immune reaction to the commensal bacteria
in the gut and NOD2 variants are associated with Crohn’s disease. PPs are therefore critical to
determining whether an intestinal luminal antigen will trigger either tolerance or a systemic
immune response (Jung et al., 2010).
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Figure 1.5: Immune cell trafficking to lymph nodes and the intestines.
A. Immune cells enter lymph nodes through afferent lymphatic vessels and travel through the
parenchymal tissue lined with phagocytic macrophages before entering the B cell rich follicles or
T cell rich paracortex. Lymphocytes enter through high endothelial venules in the paracortex
where they come into contact with APCs with the fibroblastic reticular cell network. Platelet CLEC‐
2 has been shown to be integral in the maintaining the vascular integrity of high endothelial
venules through interaction with podoplanin expressing fibroblastic reticular cells. Immune cells
leave lymph nodes through the efferent lymphatics and can continue to the body for foreign
bodies.
B. Arterial blood enters the spleen into the “red pulp” where aged erythrocytes can be phagocytosed
by macrophages. B and T lymphocytes enter into the marginal zone from afferent blood vessels.
B cells mature in the germinal centres of the spleen to become antibody producing plasma cells.
The spleen acts as an immune survelliance organ similar to lymph nodes, screening for foreign
antigens and providing an environment for the adaptive system to mount an attack.
C. Intestinal APCs can sample the microbial environment of the intestine and display these antigens
to tissue resident dendritic cells (DCs). Dendritic cell then travel to mesenteric lymph nodes (MLN)
to stimulate lymphocytes such T cells to express the integrin α4β7 allowing the cells to
transmigrate into the intestinal tissue. Peyer’s patches (PP) also serves as immune sensors of the
intestine and contain germinal centres for B cell proliferation. Modified from (Habtezion et al.,
2016) and (Girard et al., 2012).
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1.6 Platelets in disease
1.6.1 Platelets in acute infection
Over the last number of years there has been an increasing body of evidence indicating that
platelets play an active role in the immune system as well as mediators of haemostasis. Within
the three types of platelet granules, α‐granules, dense granules and lysosomes, platelets contain
proteins such as chemokines and mitogenic factors. Platelets are also said to contain a limited
amount of mRNA and the translational machinery to synthesise proteins. Proteomic analysis
revealed that platelets can secrete up to 300 different proteins following activation including
interleukin‐1 (IL‐1), monocyte chemotactic protein‐1 (MCP‐1) and transforming growth factor β
(TGFβ) which do not play a role in blood clotting but are instead believed to be involved in
inflammation and tissue repair processes (Coppinger et al., 2007).
Platelets are thought to interact with immune cells during an infection to influence their
behaviour and promote their recruitment. For instance, platelets can bind to LPS through TLR4
and present it to neutrophils to stimulate their activation (Clark et al., 2007). This neutrophil
activation was shown to cause degranulation and release of DNA in mice which forms structures
known as neutrophil extracellular traps (NETs) which trap and isolate the infecting bacteria. It
was also found that plasma from septic patients leads the formation of NETs through promotion
of platelet‐neutrophil interaction (Clark et al., 2007). Trapping bacteria this way may be beneficial
in stopping the spread of the infection but the by product release of substances such as reactive
oxygen species may be damaging to the underlying tissue (Brinkmann et al., 2004).

33

One of the common consequences in patients with sepsis is the development of
thrombocytopenia, and this is strongly associated with increased mortality. During sepsis,
platelets as well as leukocytes become activated which contributes to DIC, decreased blood and
oxygen delivery and eventual multi‐organ failure. Activated platelets are also thought to release
platelet microparticles which express various molecules found on platelets such as integrin αIIbβ3
(Ogura et al., 2001). These microparticles can readily interact and adhere to endothelial cells,
leukocytes or other platelets. They therefore may be responsible for increasing the inflammatory
signals during sepsis (Ogura et al., 2001, Mause et al., 2005). There is also a disruption of the
endothelial barrier in septic patients with thrombocytopenia which results in increased vascular
permeability. Platelets may be responsible in maintaining this barrier through direct contact with
the endothelium or the release of stabilising factors. It is not yet clear whether platelets
contribute to death by sepsis or are if they are one of the main causes of mortality (Li et al., 2011,
Semple et al., 2011).
Platelets have been shown to interact with certain bacteria strains directly via receptors such as
glycoprotein GPIb and integrin αIIbβ3. In fact, the absence of the GPIb‐IX‐V complex was shown
recently to lead to reduced platelet–neutrophil and platelet–monocyte interactions and
evaluated serum cytokine levels using the cecal ligation mouse model of sepsis (Corken et al.,
2014). It has also been shown that Staphylococcus epidermis can induce human platelet
aggregation via direct interaction with αIIbβ3 (Brennan et al., 2009).
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As well as the involvement platelets have in releasing inflammatory mediators and interacting
with leukocytes, multiple studies have shown that they are critical to the maintenance of vascular
integrity during inflammation (Boulaftali et al., 2013, Goerge et al., 2008). Models of dermatitis
and LPS induced lung inflammation revealed the development of haemorrhages at the site of
inflammation in thrombocytopenic mice (Goerge et al., 2008). Later studies have since revealed
that platelet ITAM signalling is critical in securing vascular integrity during leukocyte recruitment,
as mice transfused with platelets lacking signalling through GPVI, CLEC‐2 or SLP‐76 developed
haemorrhages in the skin and lungs following inflammatory stimulus (Boulaftali et al., 2013). The
collagen receptor GPVI has since been revealed to be critical in preventing bleeding caused by
neutrophil transmigration during immune complex mediated inflammation (Gros et al., 2015). A
depiction of the varying roles that platelets play in infection and inflammation can be seen below
in Figure 1.6.
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Figure 1.6: Role of platelets in infection
Platelets play a multi‐faceted role in the innate immune system. As well the direct release of mediators
such as cytokines and defensins, platelets interact and support the function of innate leukocytes. Platelets
also activate leukocytes through supporting formation of thrombin and aid the adaptive immune response
through interaction with DCs. Image adapted from (Mantovani and Garlanda, 2013).
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1.6.2 Role of CLEC‐2 and Podoplanin in infection and inflammation
Podoplanin and CLEC‐2 interaction have been demonstrated to directly affect a range of
inflammatory diseases and infections. However, the influence which CLEC‐2 and podoplanin play
in these different conditions, whether beneficial or deleterious, is highly dependent on the
specific infection, inflammatory state and nature of the interaction. It was first discovered in 1990
that the Human Immunodeficiency Virus (HIV‐type1) is internalised by megakaryocytes and
platelets (Zucker‐Franklin et al., 1990). Later it was discovered that platelet CLEC‐2 mediates this
internalisation through an interaction with a macrophage cell line expressing podoplanin and C‐
type lectin receptor DC‐SIGN, which in turn facilitates the spread of infection (Chaipan et al.,
2006). In a very different manner to HIV, CLEC‐2 on platelets has also been shown to influence
the pathology of salmonella infection. A recent study demonstrated that the infection leads to an
upregulation of podoplanin within the liver driven by TLR4 and IFNγ dependant inflammation.
This inflammation driven upregulation causes the formation of occlusive thrombi. The potentially
life threatening venous thrombosis is inhibited in the absence of CLEC‐2 expressing platelets or
macrophages, which are suspected to be the podoplanin expressing cell (Hitchcock et al., 2015).
The influence these molecules have in inflammatory disorders is also variable. Rheumatoid
arthritis (RA) is a chronic systemic inflammatory disease which leads to progressive degradation
of the articular cartilage and bone. Platelet CLEC‐2 has been shown to interact with synovial
fibroblasts during this disease and increase the levels of proinflammatory IL‐6 and IL‐8. Platelet
microvesicles from RA patients have also been shown to express CLEC‐2 and are thought to have
pro‐inflammatory effects within the synovial fluid (Gitz et al., 2014). Coinciding with this discovery
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is the presence of podoplanin expression in areas of inflammation, and synovial fibroblast
activation and transformation (Del Rey et al., 2014). CLEC‐2 and podoplanin may therefore be
interacting and causing the progression of the pathology of this disease.
However, in the case of multiple sclerosis (MS), which is an inflammatory disease of the central
nervous system (CNS), podoplanin has been suggested to enhance the resolution of
inflammation. Using a mouse model of MS, known as spontaneous experimental autoimmune
encephalomyelitis (EAE), it was shown that podoplanin is expressed on a subset of CD4+ effector
T cells known as Th17 cells. A T cell specific deletion of Pdpn leads to exacerbated EAE due to an
increase in the number of effector T cells within the CNS. Podoplanin was shown to increase
expression of other inhibitory molecules and downregulate survival factors and is therefore
believed to promote tissue tolerance (Peters et al., 2015). However, podoplanin expression has
not been found the lymphocytic infiltrates of glioblastoma multiforme (GBM), an aggressive
malignant primary brain tumour indicating that the upregulation is dependent on the
autoimmune environment of MS.
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1.7 Platelets in chronic inflammatory diseases
1.7.1 Atherosclerosis and platelets
Atherosclerosis is a chronic inflammatory disease of blood vessels and is one the main risk factors
of cardiovascular disease, a leading cause in mortality worldwide. In this section I will discuss how
platelets are involved in the development of atherosclerosis as well as in in potential plaque
rupture.
For many years, it was believed that atherosclerosis was caused by a passive accumulation of
cholesterol on the vessel wall. It is now appreciated that the disease involves many complex
factors involving the innate and adaptive immune system. The lesions start as “fatty streaks” of
subendothelial deposition of lipids such as low density lipoprotein (LDL) and macrophages filled
with cholesterol known as foam cells. These lesions develop over time into atherosclerotic
plaques containing an infiltration of immunocytes such as macrophages, T cells, and mast cells
usually contained within a fibrous cap. The fibrous cap is mainly made up of collagen and is
generated from vascular smooth cells, whose numbers increase during plaque formation. As
plaques grow they can cause a narrowing of the lumen that leads to ischemia of the surrounding
tissue. Overtime the fibrous cap of a plaque can become thinner and lead to unstable plaques.
The exposure of collagen as well as the inflammatory cells and signals within the plaque is what
leads to platelet aggregation and clot formation. These clots can then embolise to different areas
of the body such as the coronary arteries or the arteries of the brain and result in cardiac arrest
or stroke (Hansson and Hermansson, 2011).
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Research has found that platelets are also involved in the development of atherosclerosis. Platelet
activation, as defined by P‐selectin expression, can be found at different stages of atherosclerosis.
It is unclear what contributes to platelet activation during the early stages of atherosclerosis but
it may be factors such as an increase in pro‐thrombotic and pro‐inflammatory mediators such as
tissue factor and chemokines or a decrease in endothelial antithrombotic factors such as nitric
oxide and prostacyclin production. Studies have shown that platelet activation is a key influence
in plaque development. Inhibition of platelets through the use of aspirin, indomethacin or
inhibition of thromboxane A2 receptors have all shown to drastically reduce the formation of
atherosclerotic lesions (Huo and Ley, 2004).
As mentioned previously in this chapter, platelets can release a large range of adhesive and pro‐
inflammatory substances. For instance, activated platelet can bind to and regulate monocyte
functions which may be promoting their recruitment to plaques. Also the platelets can release
the chemokine PF‐4 which enhances the binding of oxidised LDL to vascular endothelium and
smooth muscle cells and platelets are also capable of depositing the strong monocyte and
memory T lymphocyte chemokine CCL5 (also known as RANTES) on the surface of atherosclerotic
plaques (Lievens and von Hundelshausen, 2011, Weber, 2005).
Interestingly for this thesis, the CLEC‐2 ligand podoplanin has been found to be expressed in
advanced atherosclerotic lesion from human aortic samples on both macrophages and smooth
muscle cells (Hatakeyama et al., 2012).
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1.7.2 Inflammatory bowel disease and platelets
Inflammatory bowel disease (IBD) is a chronic relapsing inflammatory disease of the intestine. It
is classified into two forms: Crohn’s disease (CD) which happens throughout the entire
gastrointestinal tract (GI) focused mainly in the terminal ileum and colon and ulcerative colitis
(UC) which displays as mucosal inflammation of the colon and rectum. These diseases result in
similar symptoms cause by epithelial injury and recurring intestinal inflammation. The underlying
causes of this disease are believed to stem from a mixture of several factors such as genetic
predisposition and other environmental factors such as diet or mediations which initiates
disturbances in the epithelial lining of the gut. The lack of a robust epithelial barrier allows for
luminal antigens, such as antigens from commensal bacteria, to enter the intestinal tissue. Failure
to resolve the acute inflammation that ensues, results in chronic inflammation that further
damages the intestinal tissue (Neurath, 2014).
Many platelet abnormalities have been found in patients with IBD. Similar to the case of
atherosclerosis, platelets from IBD patients are often found in an activated state regardless of the
disease activity. It has also been reported that IBD platelets are reduced in size and circulate in
higher numbers. Platelet count has in fact been suggested as a method of distinguishing between
IBD and infectious diarrhoea. IBD platelets are also capable of spontaneous aggregation and are
more sensitive to platelet agonist such as ADP and collagen. It is also important to note that
intravascular microthrombi are frequently found with the intestinal mucosa of CD and UC patients
but rarely if ever found in healthy tissue (Danese et al., 2004).
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A recent paper has also reported a role for platelets in the lymphangiogenesis seen in IBD (Sato
et al., 2016). It has long been reported that lymphatic remodelling occurs during active IBD and
blocking lymphangiogenesis results a worsening of murine colitis (Alexander et al., 2010). Sato et
al. also demonstrated that more lymphatic vessels are present in samples from inflamed
ulcerative colitis patients and a mice model of colitis treated with dextran sulfate sodium.
However depleting platelets was shown to increase lymphangiogenesis in the colons of these
mice and resulted in a less severe colitis phenotype. Platelets are seen within the mucosal layer
of DSS treated mice and in a colitis model in rats, and the hypothesis that they cause the inhibition
of lymphatic vessel formation was backed up by in vitro data showing platelets inhibiting LEC
proliferation. The interaction between platelets and LECs has been previously shown to be
dependent on CLEC‐2 and podoplanin (Finney et al., 2012, Bertozzi et al., 2010).
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1.8 Aims
In recent years, there has been an increase in research into the role of platelets beyond their
involvement in classical haemostasis and thrombosis. Studies have shown that the platelet
receptor CLEC‐2 is involved in many of these newly emerging roles. In this thesis, I investigated
the interaction of platelet CLEC‐2 with its ligand podoplanin using in vitro and in vivo models.
An in vitro flow model was used to investigate the interaction of the mouse forms of these
proteins under the conditions of shear stress. Previous work in our lab using this model using
human platelets lead us to believe that mouse platelets would interact with recombinant mouse
podoplanin solely under the conditions of venous shear rates.
The role of the CLEC‐2‐podoplanin axis was also investigated using in vivo mouse models of
inflammation. Recent studies highlighted that CLEC‐2 is involved in maintaining vascular integrity
during inflammation. CLEC‐2 has also been shown to play a role in inflammatory disorders such
as rheumatoid arthritis and multiple sclerosis. Interestingly, the CLEC‐2 ligand podoplanin has
been shown to upregulated on cells such as macrophages following an inflammatory stimulus.
The role of platelet CLEC‐2 was previously investigated and found to play a role in atherosclerosis.
I further investigated how podoplanin may be involved in this phenotype. I also focused on the
hypothesis that CLEC‐2 may influence acute inflammation using a sterile inflammatory stimulus
(LPS peritonitis) and a model of ulcerative colitis.
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The specific aims were:
1.

To investigate the interaction of recombinant mouse podoplanin with mouse platelets

under the conditions of shear stress.
2.

To investigate the influence of platelet CLEC‐2 in a sterile of acute inflammation, in

particular, a potential influence on early immune cell recruitment.
3.

To investigate the role of platelet CLEC‐2 using a non‐sterile form of acute inflammation,

namely DSS induced ulcerative colitis.
4.

To investigate the influence of the CLEC‐2 ligand podoplanin in an atherosclerosis mouse

model.
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Chapter 2
Materials and Methods
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2.1 Antibodies
Table 2.1 Antibodies
Antibody

Clone number
PRIMARY

Host species

Dilution

Source

Podoplanin

8.1.1

Hamster

CLEC‐2
His tag

17D9
‐

Rat
‐

IF ‐1/200, WB ‐
1/200
WB ‐1/1000
WB ‐1/1000

CD45

OX‐1

Rat

IF ‐1/200

CD68

KP‐1

Mouse

IF ‐1/200

EBioscience
(Hatfield,UK)
Biolegend (USA)
Cell Signaling
Technology, USA
BioRad
(Hertfordshire)
Abcam
(Cambridge, UK)

Smooth Muscle
Actin

1A4

Mouse

IF ‐1/200

Abcam
(Cambridge, UK)

F4/80

BM8

Rat

IF ‐1/200

Lyve‐1 Biotin

ALY7

Rat

IF ‐1/200

CD326 (EpCAM)

G8.8

Rat

IF ‐1/200

Rat IgG

‐

Rat

WB‐ 1/1000

Rabbit IgG

‐

Rabbit

WB‐ 1/1000

Hamster IgG

‐

Hamster

Mouse IgG

‐

Mouse

IF‐ 1/200 WB‐
1/200
IF ‐1/200

Podoplanin‐ PE

8.1.1

Hamster

FC‐ 1/100

CD45‐FITC

2D1

Rat

FC‐ 1/100

CD45‐APC

2D1

Rat

FC ‐1/100

EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
Santa Cruz
Biotechnology
(Santa Cruz, US)
Santa Cruz
Biotechnology
(Santa Cruz, US)
EBioscience
(Hatfield,UK)
Santa Cruz
Biotechnology
(Santa Cruz, US)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
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CD45‐ APCCy7

2D1

Rat

FC ‐1/100

CD11b‐Biotin

M1/70

Rat

FC ‐1/2000

CD31‐ Biotin

390

Rat

FC ‐1/2000

F4/80‐FITC

BM8

Rat

FC ‐1/100

F4/80‐APC

BM8

Rat

FC ‐1/100

Ly6G‐APCCy7

RB6‐8C5

Rat

FC ‐1/100

Ly6C‐PerCP‐Cy5.5

HK1.4

Rat

FC ‐1/100

CD11c‐PECy7

3.9

Rat

FC‐ 1/200

CD4‐ PECy5.5

GK1.5

Rat

FC ‐1/100

CD8‐PB

SK1

Rat

FC ‐1/100

CD19‐PECy7

1D3

Rat

FC ‐1/100

MHCII‐PB

M5/114.15.2

Rat

FC‐ 1/50

CD206‐FITC

MR6F3

Rat

FC ‐1/100

CLEC‐2‐FITC

17D9

Rat

CD41‐ APC

MWReg30

Rat

Hamster IgG‐PE

‐

Hamster

FC‐1/30*for
platelet
microvesicles
FC‐1/30*for
platelet
microvesicles
FC‐ 1/200

Rat IgG‐PB

‐

Rat

FC‐ 1/200

EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
BioRad
(Hertfordshire)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)

SECONDARY
Anti‐Rat HRP

‐

Goat

WB‐ 1/10,000

Anti‐Rabbit HRP

‐

Goat

WB‐ 1/10,000
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Santa Cruz
Biotechnology
(Santa Cruz, US)
Santa Cruz
Biotechnology
(Santa Cruz, US)

Anti‐Human HRP

‐

Goat

WB‐1/10,000

Anti‐Hamster HRP

‐

Goat

WB‐1/10,000

IgG‐H&L‐Cy3®
(Hamster)
AlexaFluor® 488
(Rat)
AlexaFluor® 488
(Mouse)
AlexaFluor® 647
(Mouse)
AlexaFluor® 488
(Hamster)
Streptavidin‐PE

‐

Goat

IF ‐1/500

‐

Goat

IF ‐1/500

‐

Goat

IF ‐1/500

‐

Goat

IF ‐1/500

‐

Goat

IF ‐1/500

‐

Goat

FC ‐1/400

‐

Goat

FC ‐1/400

Streptavidin‐FITC

Santa Cruz
Biotechnology
(Santa Cruz, US)
Santa Cruz
Biotechnology
(Santa Cruz, US
Invitrogen
(Paisley,UK)
Invitrogen
(Paisley,UK)
Invitrogen
(Paisley,UK)
Invitrogen
(Paisley,UK)
Invitrogen
(Paisley,UK)
EBioscience
(Hatfield,UK)
EBioscience
(Hatfield,UK)

Table 2.1: Antibodies
Details of all antibodies used in the methods described in this thesis. WB= Western Blotting
HRP=Horseradish peroxidase IF= Immunofluorescence, FC= Flow Cytometry
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2.2 Mice
2.2.1 Mice strains
All animal experimentation was performed under approved licenses from the UK Home Licence.
Conditional deletion of CLEC‐2 was generated first by insertion of loxP sites flanking exons 3 and
exons 4 of the CLEC‐2 (Clec1b) gene (CLEC‐2fl/fl). The mice were then bred with PF4‐Cre
recombinase mice bought from Jackson Laboratories (C57BL/6‐Tg(Pf4‐icre)Q3Rsko/J) which
deleted CLEC‐2 expression from cells of platelet and megakaryocyte lineage (PF4‐Cre.CLEC‐2fl/fl).
An inducible CLEC‐2 deficient mouse model (ERT2‐Cre.Clec‐2fl/fl) was generated by the breeding of
Clec‐2fl/fl mice to mice expressing ERT2 Cre recombinase driven by the ROSA26 locus bought from
Jackson Laboratories (B6.129‐Gt(ROSA)26Sortm1(cre/ESR1)Tyj/J) and backcrossed 8 times onto a
C57BL/6 background.
ApoE‐/‐ mice (B6.129P2‐Apoetm1Unc/J) were purchased from Charles River. ApoE‐/‐ mice were
crossed to ERT2‐Cre.Clec‐2fl/fl to generate an inducible CLEC‐2‐deficient mouse model on an
athero‐prone background.
Mice with a conditional deletion of podoplanin (Pdpnfl/fl) were generated by Taconic Artemis on
a C57BL/6 background. These Pdpnfl/fl were then crossed to mice expressing Cre recombinase
driven by the Vav promotor (Vav‐iCre) from Jackson Laboratories (B6.Cg‐Tg(Vav1‐icre)A2Kio/J)
used for conditional deletion from haematopoietic cells and their progenitors. Vav‐iCre mice were
also crossed to R26‐stop‐EYFP mice which results in a mouse with Vav promotor directed EYFP
expression (Vav‐iCre. R26‐stop‐EYFP) mice previously described in (Siegemund et al., 2015).
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2.2.2 Tamoxifen induced depletion of CLEC‐2
ERT2‐Cre.Clec‐2fl/fl and CLEC‐2fl/fl control mice were aged to 6‐8 weeks old before being placed on
TAM 400 diet (contains 40mg/kg tamoxifen) for 2 weeks and weighted every day to check that
the weight of the mice did not drop below 20% of the original weight. The mice were then put on
normal diet for 4 weeks due to the anti‐inflammatory effects of tamoxifen before being treated
with DSS or LPS as later described.
2.2.3 Systemic Inflammatory Challenge
Different mice strains were aged to 12 ‐13 weeks old (to accommodate for the tamoxifen induced
depletion described above) before being treated with an intraperitoneal (IP) injection of 50µg
lipopolysaccharide (LPS O11:B4) diluted in sterile PBS. The mice were kept at 37oC for 6 or 24
hours after the injection. The mice were then anaesthetised using isoflurane gas followed by a
lethal dose of C02 gas. The Home Office licence used for this work allowed for a moderate severity
limit. As such, animals were humanely killed if they show signs of ill health, such as continued
piloerection, intermittent hunched posture and reduced activity. In addition, any animal that
loses >20% of its body weight during an experiment was culled immediately. Peritoneal lavage
fluid was collected by injection of 2ml of ice cold PBS 2mM EDTA into the peritoneal cavity and
subsequently withdrawn. The spleens, small intestines and colons from these mice were also
collected from these mice for flow cytometry analysis. Mouse injections and collection of organs
was carried out by Dr. Sian Lax.
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2.2.4 DSS Induced Colitis
Following a diet of tamoxifen and a 4 week interim period as described, the water supply of ERT2‐
Cre.Clec‐2fl/fl and CLEC‐2fl/fl control mice was replaced with a 3% dextran sodium sulphate (DSS)
solution for 6 days. The clinical score limits which were used for these mice are described in Table
2.2.
Table 2.2: Clinical Score measurements for DSS treated mice.
Weight loss (from baseline)

Stool consistency

Bleeding

Appearance

No weight loss or increase
Weight loss of 1‐5%
Weight loss of 6‐10%
Weight loss of 11‐15%
Weight loss of >15%
Well‐formed pellets
Semi‐formed pellets (no anal adherence)
Liquid stools (with anal adherence)
No blood by hemoccult
Positive by hemoccult
Gross bleeding
Normal
Ruffled coat
Hunched
Lethargic

0
1
2
3
4
0
1
2
0
1
2
0
1
2
3

Table 2.2: Clinical Score measurements for DSS treated mice.
Table and scores adapted from (Fattouh et al., 2013).

Mice will be weighed daily and any animal that has a cumulative clinical score of > 9 will be
humanely killed. The mice were anaesthetised using isoflurane gas followed by a lethal dose of
C02 gas and colons of these mice collected. Blood measurement within the stool of the mice was
done using the Hemoccult test as per instructions on the kit (Hemoccult 40, Point of Care Testing
Ltd, Angus). This work was done by Sian Lax.
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2.2.5 Atherosclerotic mice
ApoE‐/‐ mice were aged to 10 weeks old on normal chow diet before being placed on a high fat
western diet for 6 weeks. Mice were then anaesthetised and culled using C02 gas. Hearts and
aortas were removed for sectioning and RNA analysis respectively. Aortic sinus sections from
ApoE‐/‐ x ERT2‐Cre.Clec‐2fl/fl were provided by Matt Harrison and Marie Lordkipanidze. These mice
were aged similarly to ApoE‐/‐ and subjected to tamoxifen injections at 9 weeks old before being
put on high fat western diet for 6 weeks.
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2.3 Recombinant protein expression and protein biochemistry
2.3.1 Recombinant Podoplanin expression
Fc mPodoplanin (mPdpn Fc) ‐The extracellular domain of mouse Podoplanin was amplified from
cDNA

generated

from

a

C57BL/6

kidney

(GATCAAGCTTATGTGGACCGTGCCAGTGTTG)

with

the
and

primers

mPodoHindFor
mPodoFcRev

(GATCGGATCCACTTACCTGTCAGGGTGACTACTGGCAAGCC). The PCR product was cloned into IgFc
vector pcDNA3Ig to yield a construct encoding the extracellular domain of Podoplanin fused at
the C terminus to the Fc region of human IgG1. For the expression and purification of the protein
the expression vector was transfected into 293T cells using the polyethylenimine transfection
method. The fusion protein was then purified by affinity chromatography using protein A‐
Sepharose. mPdpn Fc containing fractions were dialysed into PBS. Purity was confirmed by
sodium dodecyl sulfate‐polyacrylamide gel electrophoresis and western blot using an anti‐ mouse
Podoplanin antibody (Table 2.1).
His‐tagged hPodoplanin (hPdpn‐His) and His‐tagged mPodoplanin (mPdpn‐His)‐ The vector
pHLsec was used for expression of these recombinant proteins and was designed by Maria
Hoellerer. The primers used for hPdpn‐His were hPDPNFor (GTACGAATTCGCCACCATGTGAAGGTG
TCAGCTCTGC) and hPDPNRev (GATCAGGTACCGGTCACTGTGACAAACCATCTTTC). The primers used for

mPdpn‐His were mPDPNFor (GTACGAATTCGCCACCATTGGACCGTGCCAGTGTTG) and mPDPNRev (GAT
TCAGGTACCGGTGATACTGGCAAGCCATC). The PCR products was cloned into the pHLSec vector and

the expression vectors were transfected into 293T cells using the polyethylenimine transfection

53

method. The fusion proteins were purified from culture supernatants by affinity chromatography
using Qiagen Ni‐NTA beads, eluted with imadazole and dialyzed into phosphate‐buffered saline
(PBS). Purity was confirmed by sodium dodecyl sulfate‐polyacrylamide gel electrophoresis and
western blot using anti‐ His tag antibody and anti ‐mouse or anti human Podoplanin antibodies
(Table 2.1). All three proteins were produced by the Protein Expression Facility in the University
of Birmingham.
2.3.2 Recombinant CLEC‐2 expression
A fusion protein of amino acids 55‐229 of the ECD of mCLEC‐2 fused to an N terminal 6xHIS tag
was

generated

using

the

amplification

primers

GGAACCGGTCATCATCACCATCACCATCACCATACACAGCAAAAGTATCTA

and

CGTGGTACCTTAAAGCAGTTGGTCCACTCT, designed by Alice Pollitt. The PCR product was cloned
into the expression vector pHLsec and expressed in 293T cells using polyethylenimine transfection
method. The fusion protein was purified from culture supernatants by affinity chromatography
using a 1ml HisTrap HP (GE Healthcare) and eluted using imidazole. Fusion protein purity was
confirmed by sodium dodecyl sulfate‐polyacrylamide gel electrophoresis and western blot using
an anti‐His antibody and an anti‐Clec‐2 antibody. The fusion protein was dialyzed into PBS.
2.3.3 SDS‐PAGE and Western blotting
In the process of making recombinant proteins, unpurified and purified supernatant from
transfected cells were tested. These protein samples were heated to 100oC for 5 min and
centrifuged at 8600g for 5 min, before being run on a 4‐12% gradient BOLT gel (Invitrogen, UK).
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Pre‐stained molecular weight marker (Bio‐Rad, Hemel Hempstead, UK) were run alongside the
spun down samples to determine molecular weights of the proteins of interest. Following the
sample separation by SDS‐polyacrylamide gel electrophoresis, the gel was then stained using
Instant Blue (Expedeon, Cambridge, UK) to visualise the protein separation or proteins were
transferred onto a polyvinylidene difluoride (PVDF) membrane. Membranes were then blocked
in 3%BSA in TBS‐T (Tris‐buffered saline (200mM Tris, 1.37M NaCl; pH 7.6) containing 0.2%
Tween20 and 0.1% w/v sodium aside) for 1 hr at RT or overnight at 4oC depending on antibody
used. Membrane were subsequently incubated with primary antibody diluted in 3% BSA‐TBS‐T
for 1 hr at RT or overnight at 4oC. Primary antibodies used for western blotting are outlined in
Table 2.1. Membrane were washed 3 times for 10 min in TBS‐T before incubation with a HRP‐
conjugated antibody with the specificity to bind to the primary antibody for 1 hr at RT. Primary
antibodies and secondary (HRP‐conjugated) used for western blotting are outlined in Table
2.1.The membranes were then washed 3 times in TBS‐1 before being incubated with an enhanced
chemiluminescence reagent (ThermoScientific Paisley, UK) and then imaged on autoradiographic
film or imaged with the Licor Odyssey‐FC imager (Chemiluminescence channel; Cambridge, UK)
for band quantitation.

2.3.4 Dotblot
Purified protein sample from transfected cells such as His‐tagged mCLEC described in section
2.3.2 were spotted onto PVDF membrane and left to dry at RT. The membranes were then blocked

55

using either 5% milk powder in TBS‐T for 1 hr at RT. The secondary binding protein diluted in 5%
milk powder in TBS‐T was incubated with the membranes for 1hr at RT. Following incubation the
membranes were washed 3 times for 10 min in TBS‐T followed by incubation with a diluted
sample of primary antibody specific to the secondary binding protein. Following washing in TBS‐
T 3 times for 10 min, the membranes were subsequently incubated with a secondary HRP
antibody, again diluted in 5% milk powder in TBS‐T. The membranes were then washed 3 times
in TBS‐T for 10 min before being incubated with an enhanced chemiluminescence reagent
(ThermoScientific Paisley, UK) and then imaged on autoradiographic film or imaged with the Licor
Odyssey‐FC imager (Chemiluminescence channel; Cambridge, UK).
2.3.5 Surface plasmon resonance
Surface plasmon resonance binding studies were conducted using a Biacore T200 machine
(Biacore GE, Sweden). Proteins were attached to the carboxymethylated dextran‐coated surface
of CM5 biosensor chips, using amine coupling chemistry. Experiments were performed in 10mM
Hepes pH 7.4; 150mM NaCl; 3mM EDTA and 0.005% polysorbate 20 surfactant. Non‐specific
interactions were controlled for by subtraction of the signal from a reference blank flow cell. To
avoid avidity effects with podoplanin which was expressed as a dimeric Fc‐fusion protein,
experiments were only performed with podoplanin immobilized on the chip surface. Raw data
was analysed using Scrubber2 (BioLogic Software Pty Ltd, Australia), and KD values were obtained
by nonlinear curve fitting using Graphpad Prism 5.
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2.3.6 Protein quantitation
Following blood perfusion and washing with Tyrode’s buffer, cell lysates were collected using 50µl
lysis buffer (150mM NaCl, 10mM Tris, 1mM EGTA, 1mM EDTA, 5mM Na3VO4, 1mM AEBSF,
10µg/ml leupeptin, 10µg/ml aprotinin, 1µg/ml pepstatin). The protein was determined using a
Bio‐Rad Protein Assay kit (Bio‐Rad laboratories, Germany) using a BSA gradient for the standard
curve. Protein measurement from the peritoneal lavage fluid supernatant of challenged and
unchallenged mice was determined was also determined using the Bio‐Rad Protein Assay kit using
a BSA gradient for the standard curve. Haemoglobin measurement of the peritoneal lavage fluid
before red blood cell lysis was carried out using a bovine haemoglobin protein (Sigma, Poole, UK)
standard curve. All the assays were measured using the Versa Max Microplate reader (Molecular
Devices, CA, USA).
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2.4 In vitro flow assay and platelet spreading experiments
2.4.1 Mouse and Human blood preparation
Mouse blood was drawn from the inferior vena cava of anaesthetized and then CO2‐asphyxiated
mice into 5 U/mL heparin and 40μM PPACK, stained with 2μM DiOC6. This work was authorised
under UK Home office licences. Ethical approval for blood donation from healthy volunteers was
granted by Birmingham University Internal Ethical Review (ERN_11‐0175). Venous blood was
collected from consenting, healthy drug free volunteers. Blood was drawn into 3.2% trisodium
citrate BD vacutainers (Becton Dickinson, Oxford, UK). The blood was used for washed platelet
preparation and for in‐vitro flow experiment described in sections 2.4.3 and 2.4.4. Blood was
incubated with inhibitors for 10 min before perfusion. Inhibitors used were dasatinib (Sigma,
Poole, UK), Cangrelor (Medicines company, Place, UK), indomethacin (Sigma, Poole, UK), p0p/B
antibody (Emfret, Germany), Eptifibatide (Queen Elizabeth Hospital pharmacy, UK). Fab
fragments (mAb) (10µg/ml) were added to the human blood to block Fc receptor.
2.4.2 Washed platelet preparation and platelet spreading
Anti‐coagulated mouse blood was centrifuged at 2000 rpm for 5 min in a microcentrifuge
(ThermoScientific, Paisley, UK). The platelet rich plasma (PRP) along with the top third of
erythrocytes were taken and placed in a fresh tube before centrifugation at 200 g for 6 min (Sanyo
Harrier). Modified Tyrode’s buffer was added to the PRP extracted above to give a total volume
of 1 ml. Prostacyclin (PGI2; 1 µg/ml) was added to the sample before centrifugation at 1000 g for
6 min. Supernatant was removed, and platelet pellet was resuspended with Modified Tyrode’s
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buffer (with 5 mM glucose, and 1 mM MgCl2; pH 7.3). Washed platelets were then resuspended
to the required platelet concentration of 2x107/ platelet spreading.
Human washed platelets were prepared by adding 10% acid citrate dextrose (ACD) to citrated
blood before centrifugation at 200 g for 20 min. The top layer of PRP was removed, avoiding the
buffy coat layer. Prostacyclin (PGI2; 1 µg/ml) was added before centrifugation at 1000 g for 10
min. The supernatant was discarded and the platelet pellet was resuspended in Modified Tyrode’s
buffer (with 5 mM glucose, and 1 mM MgCl2; pH 7.3). The pellet was then washed in Modified
Tyrode’s buffer containing ACD and PGI2 (1 µg/ml) and again centrifuged at 1000 g for 10 min.
washed platelets were then resuspended to the required platelet concentration; 2x107/ platelet
spreading. Both human and mouse washed platelets were rested for 30 min before experiments.
Coverslips (13 mm) were coated with 200µl of agonist (collagen 10µg/ml, Fc‐mPdpn 100µg/ml,
PBS control) were coated overnight before use. Protein coated coverslips were washed 3 times
with PBS and then blocked with heat inactivated BSA (5 mg/ml) blocking buffer for 1h at room
temperature. The coverslips were then washed with PBS before incubation with 200 μl washed
platelets (2x107/ml). The platelets were then allowed to spread for 45 min at 37oC. The coverslips
were then gently washed using Modified Tyrode’s buffer and the remaining platelets were fixed
using formalin (10 min at RT). The coverslips were washed with PBS and then mounted onto glass
coverslips using hydromount (National Diagnostics, Atlanta, USA). The coverslips were imaged
using a differential interference contrast (DIC) microscope (Zeiss Axiovert 200, 63x oil immersion)
with at least 10 fields of view per condition.
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2.4.3 Capillary Flow assay
Glass capillaries tubes used were from Camlab, Cambridge UK. The glass capillaries with internal
dimensions of 1 x 0.1mm were coated with 100μg/ml fibrillar Horm collagen or 100μg/ml mPdpn‐
Fc overnight at 4oC rotating slowly and followed by blocking using 5mg/ml heat denatured BSA in
phosphate buffered saline (PBS). Blood was incubated with the fluorescent dye DiOC6 and
inhibitors for 10 min at 37oC. Blood was placed in a syringe and perfused through a capillary at
the desired shear rate for up to 10 min at 37oC using a syringe pump (Harvard Apparatus Ltd,
Kent, UK). The pump flow rate is calculated by the equation:

6
The capillary was perfused with Tyrode’s buffer for 5 mins at the same shear rate and
temperature. Live imaging of the capillary was done using was an inverted stage microscope (DM
IRB, Leica Microsystems Ltd, Milton Keynes UK) equipped with a digital camera (CoolSnap ES,
Photometrics, Huntington Beach, CA) under fluorescent light for the duration of the experiment.
The videos from these experiments were analysed by masked the fluorescence created from
platelet aggregation to calculate a percentage area coverage. This analysis was done using Image
J. The capillary was perfused with Tyrode’s buffer for 5 mins at the same shear rate and
temperature and imaged using a DIC (Zeiss Axiovert 200M) microscope. The images taken using
the DIC microscope were analysed using software on the Zeiss Axiovert 200M which masked the
fluorescence created from platelet aggregation to calculate an area coverage in µm2.
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2.5 Microscopy
2.5.1 Organ preparation
Hearts are first flushed with PBS by needle insertion through the bottom half of the heart before
removal. Hearts are then placed in 10% formalin for up to 1 hour before embedding in optimum
cutting temperature (O.C.T) media (Tissue‐Tek®, Thermo Fisher Scientific Loughborough, UK) and
snap freezing using a container of 2‐methylbutane in liquid nitrogen. The hearts are then cut for
sections of the aortic sinus using a Cryostat (Bright Instruments, Huntington, UK) onto Polylysine®
coated adhesion slides (VWR, Leicestershire, UK). The slides were then dried for 30 min at 37oC
before storing at ‐80oC.
Colons were first flushed with PBS using a round headed needle to remove any faeces. The colons
were then cut open to create a flat structure and from there the organ was rolled into a “swiss
roll” shape with the anus lying in the centre of the structure and pinned to keep the shape. The
prepared colon was then left in 30% sucrose overnight at 4oC before embedding in O.C.T media
(Tissue‐Tek®, Thermo Fisher Scientific Loughborough, UK) and snap freezing using a container of
2‐methylbutane in liquid nitrogen. Samples were cut using a Cryostat (Bright Instruments,
Huntington, UK) onto Polylysine® coated adhesion slides. The slides were then dried for 30 min
at 37oC before storing at ‐80oC.
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2.5.2 Haematoxylin and Eosin staining
Slides were dried at room temperature for 30 min before fixing in formalin for 10 min. The slides
were then washed in PBS before being washed in deionised water. Following this the slides were
stained in Harris Haematoxillin (Sigma, Poole, UK) for 2.5 min, followed by a short wash in 0.3%
acid alcohol (0.3% HCl in 70% ethanol) and then submerged in deionised water until a blue colour
on the tissue sections was visible. The slides were then stained in Eosin (Sigma, Poole, UK) for 2.5
min and then back of the slides were washed in running tap water. The sections were then put
through a series of dehydration steps, first in 75% ethanol, then 90% ethanol, and finally 100%
ethanol, each for 3 min at a time. Finally, the slides were incubated in Histoclear overnight and
then mounted using DPX Mountant (Sigma, Poole, UK) and coverslips. The histology of the DSS
treated colons were scored blindly by Dr. Sian Lax. The method of scoring considers architectural
derangements, epithelium changes, goblet cell depletion, ulceration, and degree of inflammatory
cell infiltrates. scoring system was used to quantify the degree of colitis. The total histologic score
ranged from 0 to 12, which represented the sum of scores from 0 to 3 for loss of epithelium (0 =
none; 1=mild, 2=moderate and 3 =severe), for crypt damage (0 = none; 1=mild, 2=moderate and
3 =severe) for depletion of goblet cells (0 = none; 1=mild, 2=moderate and 3 =severe) and for
infiltration of inflammatory cells (0 = none; 1=mild, 2=moderate and 3 =severe).
2.5.3 Immunofluorescence
Slides were dried at room temperature for 30 min before fixing in ice cold acetone for 15 min.
Sections were then circled with an ImmEdge™ hydrophobic pen and incubated with a 20mM
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ammonium chloride solution for 15 mins at room temperature (RT). The sections were
permeabilised through immersion in 0.1% Tween‐20 PBS (PBST) before blocking with 1% BSA 5%
goat serum in PBST for 1 hour at RT. In the case of the smooth muscle actin and CD68 antibody
an extra blocking step using Goat Anti‐Mouse IgG (H+L) Fab fragments (Jackson ImmunoResearch
Inc, USA). Primary antibody incubation was done in a solution of 1% BSA PBST and left overnight
at 4oC followed by washing in PBST. Secondary antibodies were diluted in PBST and incubated on
slides for 1 hour at RT followed by washing in PBST. DNA staining was done using either TO‐PRO‐
3 Iodide (Invitrogen, Paisley, UK) or Hoechst 33342 (Thermo Fisher Scientific Loughborough, UK)
at a dilution of 1/1000 or 1/10,000 in PBS respectively, each left for 10 min at RT. Slides were then
washed in PBS before mounting using Hydromount (National Diagnostics, Georgia, USA). Slides
were imaged either by confocal microscopy or using a Leica SP2 confocal microscope or by wide
field fluorescence imaging using Axio Scan Z1 (Zeiss). Quantification of fluorescence was done
using the imaging software of the Axio Scan Z1 (Zeiss). The software allows for an area of interest
(eg. plaques in the aortic sinus) to be outlined and the software generates a mean fluorescence
intensity for each fluorescent channel. Slides stained using isotype control antibodies, along with
the appropriate secondary antibody were used to find the base level mean fluorescent intensity
of a channel of interest (eg. Podoplanin control = Anti‐Hamster primary control and Alexa 647).
This value was then used to calculate the true mean fluorescence intensity for the fluorescent
channel. The same method was used to calculate the mean fluorescent intensity on
immunofluorescent stained colons.
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2.6 Flow Cytometry
2.6.1 Organ digestion
In order to stain organs and lavage fluid for flow cytometry analysis, a single cell suspension
needed to be prepared. Peritoneal lavage fluid (PLF) cells were treated with ACK lysis buffer
(ThermoFisher Scientific Loughborough, UK) for 1 min to lyse red blood cells, then suspended in
cold PBS followed by centrifugation at 400g for 10 min. Supernatant was removed and the cells
were resuspended in 2% BSA PBS. Spleen were macerated onto a 70µM cell strainer and
suspended in cold PBS. Spleen cells were then spun down at 400g for 10 min followed by
treatment with ACK buffer for 5 min, then suspended in cold PBS followed by centrifugation at
400g for 10 min. Supernatant was removed and the cells were resuspended in 2% BSA PBS. Both
small intestine and colons were prepared by first flushing with PBS using a round headed needle
to remove any faeces and undigested material. The tissue was then cut open to create a flat
structure and cut into 2 cm segments. The tissue was then incubated in a solution of 5mM EDTA
2% FBS in RPMI media (All from Sigma, Poole) 25 min in a shaking 37oC incubator. Following this,
the tissue was washed 3 times with cold PBS and then cut up further. The tissue was then
incubated with a digestion media containing 50µg/ml DNAase I (Roche Diagnostics, Burgess Hill,
UK) and 0.4Wunsch units/ml Liberase™ TM Research Grade (Roche Diagnostics, Burgess Hill, UK)
in RPMI media in a shaking 37oC incubator for 40 min, stopping to mix the solution by pipetting
every 10 min. The tissue was then put through a 70µM cell strainer to get a single cell solution
followed by centrifugation at 400g for 10 min. The supernatant was then removed and cell
suspended in 2%BSA PBS.
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2.6.2 Cell Staining and Analysis
Once cell suspension of the tissues and lavage fluid was prepared, the cells were suspended in a
blocking solution containing 5% mouse serum and a 1/100 dilution of Anti Mouse CD16/CD32
(EBioscience Hatfield,UK) in 2%BSA PBA for 15 min at RT. The cells were then washed once with
PBS before being incubated with diluted primary conjugated antibodies and streptavidin (exact
dilution vary depending on the antibody in question) for 15 min at RT. The cells were washed and
fixed using 1/8 dilution of formalin in PBS. Between each step the cells were centrifuged at 400g
for 4 mins and supernatant removed. Cell samples were then placed in CyAn specific flow
cytometry tubes and analysed using CyAn™ ADP Analyser (Beckman Coulter, UK). The gating
strategy used for tissue stained for the LPS peritonitis experiments (Chapter 4) is as follows: The
cells were first gated on their forward scatter and side scatter on a log scale with the low value
readings removed. The cells were then gated for single cells only using pulse width and side
scatter. Leukocytes were selected using CD45, (leukocytes =CD45+) and all other cells were
selecting through using CD45 and another molecule of specific expression for the cell type of
interest ‐ B cells (CD19+), Helper T cells (CD4+), Cytotoxic T cells (CD8+), Dendritic cells (CD11c+
MHCII+) Neutrophils (ly6G+ high), Monocytes (Ly6C+ high, F4/80+ low), Macrophages (F4/80+),
Pdpn+ Macrophages (F4/80+ Pdpn+), M1 Macrophages (F4/80+ MHCII+), M2 Macrophages
F4/80+ CD206+). Podoplanin expression was analysed by setting the gate at <1% using a Syrian
hamster IgG isotype
For the flow cytometry experiment done using DSS treated mice (Chapter 5) done by Sian Lax cells
were gated as follows: Epithelial cells (CD45‐EpCAM+), Blood endothelial cells (CD45‐EpCAM‐
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CD31+Pdpn‐), and Lymphatic endothelial cells (CD45‐EpCAM‐CD31+Pdpn+). The gating protocol
for both types of experiments was modified from (Fasnacht et al., 2014).
2.6.3 Cytokine and Chemokine Measurement
The concentration of a range of different cytokines and chemokines were tested for using the
peritoneal lavage fluid supernatant of challenged and unchallenged mice were measured using
the Firefly® mulitiplex assay (Abcam, Cambridge, UK) following the kit instructions. Samples were
run through the Accuri™ C6 flow cytometer (BD Biosciences, CA, USA) and analysed using a
Firefly® analysis software provided by Abcam or using the Luminex system (R&D Systems, MN,
USA) and detected and analysed using the Luminex 200™ system (R&D Systems, MN, USA). The
cytokines and chemokines measured were TNF‐α, IL‐6, IL‐1β, IL‐10, MCP‐1/CCL2, MIP‐2/CxCL2,
IFN‐γ, RANTES/CCL5, IL‐4, CXCL1, GM‐CSF, MIP1α, MIP1β.
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2.7 Quantitative Real‐Time PCR (qRT‐PCR)
Aortic Arch from WT mice (C57BL/6) on normal diet, ApoE‐/‐ fed on high fat diet for six weeks,
ERT2‐Cre.Clec‐2fl/fl and Vav‐iCre.Pdpnfl/fl

on normal diet were used for mRNA extraction.

Nucleospin RNA isolation kit (Macherey Nagel, Duren, Germany) was used for mRNA extraction
and kit instructions followed. cDNA was prepared from 200ng RNA and prepared using a kit called
the High Capacity cDNA Reverse Transcription kit (ThermoFisher Scientific, Loughborough, UK).
Taqman cDNA fluorescent probes for B‐Actin (housekeeping control) and podoplanin were run
separately (ThermoFisher Scientific, Loughborough, UK) in the Stratagene Mx3000P RT‐PCR
machine (Agilent Technologies, Cheshire, UK). The thermal cycle used for the experiments is
outline in Table 2.2. The fold change in podoplanin mRNA levels was done using the following
formula:

2
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Table 2.2:
Temperature (oC)

Time (secs)

Cycles

50

120

1

95

600

1

95

15

40

60

60

Table 2.2: Thermal cycle used for RT‐qPCR experiments.
Temperatures, time and number of cycles used in real‐time quantitative PCR experiments.

2.8 Statistical Analysis
Statistical analysis was performed as appropriate to the data distribution in each experiment
described in this thesis. Details are described in individual methods sections or in figure legends.
Where data did not show any significant difference, it is either referred to as not significant or
not stated
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Chapter 3

Mouse podoplanin supports adhesion and aggregation of platelets
under arterial shear
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3.1 Introduction
Since the discovery of podoplanin as the endogenous ligand for the platelet receptor CLEC‐2
(Suzuki‐Inoue et al., 2007), many years of research has gone into studying the influence of the
interaction on the behaviour of platelets and podoplanin‐expressing cells as well as the wider in
vivo influence. Early work demonstrated that endogenously expressed podoplanin as well on a
transfected cancer cell line, has the capacity to cause platelet activation including aggregation
(Christou et al., 2008, Kerrigan et al., 2012, Suzuki‐Inoue et al., 2007). Knockout mouse models
demonstrated the necessity of the interaction of platelet CLEC‐2 with podoplanin expressing
lymphatic endothelial cells (LECs) in the development of the lymphatic system (Finney et al.,
2012). Lack of podoplanin or CLEC‐2 in a developing mouse embryo causes the appearance of
subcutaneous bleeding because of blood‐lymphatic mixing by E12.5 onwards (Suzuki‐Inoue et al.,
2010, Bertozzi et al., 2010, Finney et al., 2012, Uhrin et al., 2010). Intracranial haemorrhages are
seen in CLEC‐2 and podoplanin deficient mice by E12.5 (Lowe et al., 2015a). Further investigation
into the development of this phenotype revealed that podoplanin is expressed throughout the
brain up to E12.5 before becoming restricted to the choroid plexus and brain lymphatic vessels
by E14.5 (Lowe et al., 2015a). Mouse models with a neuroepithelial specific deletion of
podoplanin (Nes‐Cre.PDPNfl/fl), or platelet specific deletion of CLEC‐2 (PF4‐Cre.CLEC‐2fl/fl)
generated embryos with brain haemorrhaging similar to the constitutive knockout mice.
Haemorrhaging was also found in mice deficient in the αIIb‐subunit of the major platelet integrin
αIIbβ3 demonstrating that the phenotype is due to a loss in platelet aggregation (Lowe et al.,
2015a).
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It is currently unclear if this discovery has relevance to the fact that 25–31% of preterm human
infants born with a birthweight of below 1500 g exhibit a high rate of intraventricular hemorrhage
(IVH) (Horbar et al., 2002). The main cause for this pathology is the presence of cardiovascular
and respiratory instability. However, these infants often have a thrombocytopenic comorbidity
and close temporal association between low platelet counts and the occurrence of clinical

bleeding has been reported (Stanworth, 2012, Ferrer‐Marin et al., 2013).
High shear rates ranging between 1000s‐1 and 5000s‐1 are present within healthy cerebral
arterioles of neonatal and adult mice brains (Wang et al., 1992, Rovainen et al., 1992). It is
speculated that high shear rates also exist in the cerebrovasculature of humans (Seymour et al.,
2016). It is currently unclear how podoplanin on neuroepithelial cells is able to support platelet
aggregation and prevent intracranial bleeding.
Previous work has shown the ability of both human and mouse podoplanin to induce platelet
aggregation when using an aggregometer which is a low shear environment. Studies using an in
vitro flow system highlighted that recombinant human podoplanin and podoplanin expressing
human LECs can initiate human platelet aggregate formation solely at venous shear rates ranging
from 50s‐1 to 450s‐1 (Navarro‐Nunez et al., 2015). A similar finding of platelets forming aggregates
on human LECs but not blood endothelial cells (BECs) at a low shear rate was also reported by
Bertozzi et al. (Bertozzi et al., 2010). The reported affinity between human podoplanin and CLEC‐
2 is also relatively low at 24.5µM (Christou et al., 2008).
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The interaction of mouse podoplanin and platelets under a high shear environment had not been
investigated previously. Therefore, the aim of this chapter was to characterise the interaction of
a recombinant form of mouse podoplanin with mouse platelets under a range of shear stress
rates found in the developing brain. The results show that in contrast to human podoplanin,
mouse podoplanin can support platelet adhesion and platelet aggregation at both venous and
arterial rates of shear. Following this discovery, a further aim of this chapter was to characterise
other platelet receptors involved in the formation of the aggregates and to further investigate
the affinity between mouse podoplanin and CLEC‐2 using surface plasmon resonance. The
molecular basis of the aggregation is due to a much higher affinity between mouse CLEC‐2 and
mouse podoplanin relative to human CLEC‐2 and human podoplanin.
In this chapter figures 3.1, 3.3 and 3.5 formed part of my Masters qualification (MRes in
Biomedical research).
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3.2 Results
3.2.1 Fc mPodoplanin supports the aggregation of mouse platelets at high shear
To investigate a possible role of podoplanin in platelet adhesion in the vasculature, we looked at
the effect of a dimerised form of podoplanin in an in vitro blood flow system. Mouse blood was
perfused over an immobilized monolayer of mPdpn‐Fc, which is a recombinant Fc fusion of the
mouse podoplanin extracellular domain. A range of venous and arterial shear rates were used,
ranging from 100s‐1 to 1000s‐1 (Figure 3.1A). A recombinant Fc control did not support platelet
adhesion (Figure 3.1B). Mouse platelets adhere and form small aggregates on the podoplanin‐
coated surface at a flow rate of 100s‐1. At the greater shear rate of 500s‐1, platelets form fewer
but larger, distinct aggregates. At a higher, arterial rate of shear of 1000s‐1, immobilized
podoplanin supported the formation of large aggregates. There was no adhesion at flow rates of
2000s‐1 (Figure 3.1B). Platelet coverage was quantified by calculation the percentage field of
platelet after 4 min of perfusion. The calculated differences demonstrate a significant increase in
percentage coverage at 1000s‐1 compared with both 100s‐1 and 500s‐1 (Figure 3.1Ci). However,
when adhesion was normalized to the percentage of coverage per ml of blood perfused, it was
found that there was no significant difference in the level of adhesion between the shear rates
(Figure 3.1Cii).
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Figure 3.1
A

B

C
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Figure 3.1: Fc mPodoplanin supports the aggregation of mouse platelets at high shear
A. Anticoagulated blood from wild‐type mice was perfused over mPdpn‐Fc ‐coated capillary tubes at the
indicated shear rates. Platelets were fluorescently labelled with DiOC6 before being perfused for 4
min. Representative images were taken in real time by fluorescence microscopy. Arrow indicates the
direction of flow. Scale bar 20μm. Images are representative of 4 independent experiments.
B. Anticoagulated blood from wild‐type mice was perfused over an Fc‐protein control‐coated capillary
at 1000s‐1 and over mPdpn‐Fc ‐coated capillary at 2000s‐1. Platelets were fluorescently labelled with
DiOC6 before being perfused for 4 min. Representative images were taken in real time by fluorescence
microscopy. Arrow indicates the direction of flow. Scale bar 20μm. Images are representative of 3
independent experiments.
C. (i) Quantitation of mouse platelet area coverage following blood perfusion. Statistical analysis was
performed using a one way ANOVA followed by a Dunnett's multiple comparisons test (*=p<0.05,
**=p<0.01). (ii) Quantitation of mouse platelet area coverage normalised to the volume of blood
perfused. Statistical analysis was performed using a one way ANOVA followed by a Dunnett's multiple
comparisons test. Error bars represent standard deviation. This work formed part of my MRes in
Biomedical Research qualification.
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3.2.2 Platelet spreading on a mPdpn‐Fc coated surface
One of the key characteristics of platelet activation is the change in shape from a discoid structure
to a flat irregular shape with extending filopodia. We allowed washed platelets to adhere to a
mPdpn‐Fc coated surface to test if podoplanin can induce shape change (Figure 3.2). The platelets
clearly spread in the presence of mPdpn‐Fc (some marked with white asterisks for
demonstration). Platelet adhesion was markedly reduced in the absence of mPDPN‐Fc (PBS
control), but the platelets that adhered failed to spread (marked with white arrows for
demonstration).
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Figure 3.2

Figure 3.2: Mouse platelets spread on a podoplanin coated surface
Washed mouse platelets were incubated on coverslips coated with 100µg/ml mPDPN‐Fc or PBS control.
White arrows point to adhered platelet and white asterisks point to spread platelets. Scale bar 20μm.
Images are representative of 3 independent experiments.
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3.2.3 Platelet adhesion to Fc mPodoplanin is dependent on the platelet receptor CLEC‐2
The PF4‐Cre transgenic mouse model is an established technique for the generation of
megakaryocyte and platelet specific knockout mice (Tiedt et al., 2007). A previous described CLEC‐
2 megakaryocyte/platelet specific knockout model was used to investigate if the platelet
adhesion and aggregation seen in the in vitro flow system is dependent on CLEC‐2. Blood from
these mice (PF4‐Cre.CLEC‐2fl/fl) was perfused over the mPdpn‐Fc coated capillaries for 4 min at
high and low shear rates. Lack of CLEC‐2 expression on platelets abolished all platelet adhesion
to mPdpn‐Fc at both 100s‐1 and 1000s‐1 compared with the adhesion seen using blood from the
Cre‐negative littermates (Figure 3.3A). Quantification of platelet adhesion revealed that there is
a significant difference at both 100s‐1 and 1000s‐1 between the CLEC‐2 deficient platelets (PF4‐
Cre.CLEC‐2fl/fl) and their littermate controls (Figure 3.3Bii). Blood from both PF4‐Cre.CLEC‐2fl/fl
mice and CLEC‐2fl/fl was also tested by perfusion over a collagen coated capillary, and shown to
aggregate normally (Figure 3.3A and 3.3Bi).
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Figure 3.3
A

B
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Figure 3.3: Fc mpodoplain mediated platelet aggregation is dependent on the platelet
receptor CLEC‐2
A.

Anticoagulated blood from PF4‐Cre.CLEC‐2fl/fl mice and CLEC‐2fl/fl littermates was perfused
through mPDPN‐Fc ‐coated capillary tubes at the indicated shear rates for 4 min. Anticoagulated
blood PF4‐Cre.CLEC‐2fl/fl mice was perfused over horm collagen coated capillaries to test platelet
functionality. Platelets were fluorescently labelled with DiOC6 before being perfused through the
capillaries. Representative images were taken in real time by fluorescence microscopy. Arrow
indicates the direction of flow. Scale bar 20μm. Images are representative of 3 independent
experiments.

B.

(i) Quantitation of platelet coverage following blood perfusion over collagen coated capillaries.
(ii) Quantitation of platelet coverage following blood perfusion over mPdpn‐Fc coated capillaries.
Statistical analysis was performed using an unpaired one tailed t test (***=p<0.001). Error bars
represent the standard deviation. This work formed part of my MRes in Biomedical Research
qualification.
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3.2.4 Effect of inhibitors on platelet aggregation on podoplanin under shear
Pharmacological inhibitors were used to investigate the role of platelet signalling pathways and
receptors in CLEC‐2 dependent platelet adhesion to immobilized podoplanin. Both the
contribution of molecules previously implicated in the CLEC‐2 signalling pathway and other
receptors involved in the haemostatic role of platelets were assessed. The Src family kinase
inhibitor dasatinib markedly reduced platelet aggregation on podoplanin (Figure 3.4 A, Bi),
consistent with a critical role for Src kinases in CLEC‐2 signalling as previously reported (Pollitt et
al., 2014). CLEC‐2 signalling is also dependent on feedback agonists thromboxane A2 and ADP
(Pollitt et al., 2010, Borgognone et al., 2014). In line with this, a combination of the
cyclooxygenase inhibitor indomethacin and the P2Y12 receptor antagonist, Cangrelor, blocked
aggregation on mouse podoplanin at 1000s‐1 (Figure 3.4A, Bi).
The platelet integrin αIIbβ3 mediates the formation of stable platelet aggregates. Inhibition of
αIIbβ3 using eptifibatide blocked platelet aggregation on podoplanin at 1000s‐1. Blocking of the
GpIb subunit of the VWF receptor (GPIb‐IX‐V) using the antibody p0p/B also significantly reduced
platelet aggregation compared to vehicle control (Figure 3.4A, Bi). Protein quantification of the
capillary contents following blood perfusion revealed a significant difference in the presence of
eptifibatide but not in the presence of the other inhibitors tested (Figure 3.4Bii). The lack of
difference may be due to experimental variation or to single platelet adhesion which is still visible
(Figure 3.4A). These results indicate that platelet aggregation on podoplanin is dependent on the
interaction of CLEC‐2 and podoplanin and involves Src kinase‐driven platelet activation and
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classical mediators of aggregation including the secondary platelet agonists ADP and TxA2,
integrin αIIbβ3 and GPIb‐IX‐V complex.
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Figure 3.4
A

B
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Figure 3.4: Effect of inhibitors on platelet aggregation on podoplanin under shear
A. Anticoagulated wild type (WT) mouse blood was perfused through mPdpn‐Fc ‐coated capillary
tubes at 1000s‐1 for 4 min. Platelets were fluorescently labelled with DiOC6 before being perfused
and ten representative images where taken post blood perfusion. Representative images were
taken following 4 min of mouse blood perfusion with and without the indicated inhibitors at 1000s‐
1
, Vehicle control image (Veh: DMSO), Dasatinib (Das: 10µM), eptifibatide (Eptifib: 9µM),
Indomethacin (Indo: 10µM) and Cangrelor (Cang: 1µM), p0p/B antibody (50µg/ml). Scale bar
20µm. Images are representative of 4 independent experiments.
B. (i) Quantitation of platelet coverage following blood perfusion. (ii) Quantification of protein
concentration within capillaries following perfusion. Statistical analysis was performed using a
one‐way ANOVA followed by a Dunnett's multiple comparisons test to the vehicle control, error
bars represent standard deviation. *=p<0.05, **=p<0.01, ***=p<0.001.
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3.2.5 Fc mPodoplanin supports the aggregation of human platelets at venous rates of shear
Human blood was perfused over the immobilized monolayer of mPdpn‐Fc to investigate binding
and aggregation of human platelets in the in vitro system. Human platelets were shown to form
small aggregates on the mPdpn‐Fc coated surface at the low shear rate of 100s‐1 (Figure 3.5A).
Inhibition of Src family kinases by dasatinib abolished formation of the aggregates on mPdpn‐Fc
coated surface at this shear rate, although adhesion of single platelets was preserved. Inhibition
of integrin αIIbβ3 using eptifibatide demonstrated a critical role of the integrin. There was no
adhesion at a higher shear rate of 300s‐1 (not shown). Quantification of platelet coverage
confirmed a significant reduction caused by dasatinib and eptifibatide at 100s‐1 (Figure 3.5B).
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Figure 3.5
A

B

Figure 3.5: Fc mPodoplanin supports the aggregation of human platelets at low shear
A. Anticoagulated blood from humans was perfused through Fc mpodoplanin (mPdpn‐Fc)‐coated
capillary tubes at the indicated shear rates for 4 min. Platelets were fluorescently labelled with DiOC6
before being perfused. Representative images were taken in real time by fluorescence microscopy at
100s‐1, Vehicle control (Veh: DMSO), Dasatinib (Das: 10µM), eptifibatide (Eptifib: 9µM). Arrow
indicates the direction of flow. Scale bar 20μm. Error bars represent standard deviation. Images are
representative of 3 independent experiments.
B. Quantitation of human platelet coverage following blood perfusion. Statistical analysis was
performed using a one‐way ANOVA followed by a Dunnett's multiple comparisons test (*=p<0.05,
**=p<0.01). Error bars represent standard deviation. This work formed part of my MRes in Biomedical
Research.
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3.2.6 Cloning and sequencing of recombinant mCLEC‐2
Following the discovery of the ability of mouse podoplanin to induce platelet capture and
aggregation under high rates of shear, I set out to determine the binding affinity between mouse
podoplanin and mouse CLEC‐2 in order to investigate if it was consistent with a direct effect. In
order to do this, we needed to produce a recombinant form of mCLEC‐2. Primers for the
extracellular domain of mCLEC‐2 where used with the addition of a N terminal 6xHIS tag to aid in
the later process of protein purification. The amplified product was first cloned into a pGEMTeasy
vector and the mCLEC‐2‐His band was cut from an agarose gel following restriction enzyme
digestion (Figure 3.6Ai). The DNA was then extracted from the gel and cloned into the mammalian
vector pHLsec (Figure 3.6Aii).
The pHLsec vector contains a secretory signal peptide allowing the expressed protein to be
translocated across the endoplasmic reticulum membrane and into the supernatant in which
transfected cells grow which simplifies the purification process. The pHLsec vector containing
mCLEC‐2 was sequenced and the reads compared against the known mRNA mCLEC‐2 sequence
(Figure 3.6Bi). Following this confirmation, the Signal P4.0 software was used to predict the amino
acid sequence of the secreted mCLEC‐2 sequence (Petersen et al., 2011).
The Signal P4.0 is a software program that is trained to distinguish between hydrophobic
transmembrane regions and secretory signal peptide. The recognition of where the signal peptide
is located is then used to predict the length of the secreted peptide. The results come in the form
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of three prediction scores, which are the C‐score or predicted cleavage site, S score showing the
predicted signal peptide value and the Y score represents a combination of the C+S score.
The software program predicted a peptide of 183 amino acids long, containing the desired N
terminal 6xHIS tag followed by amino acid number 55‐229 of the mCLEC‐2 sequence which
encompasses the extracellular domain of mCLEC‐2 (Figure 3.6Bii).
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Figure 3.6
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Figure 3.6: Cloning and sequencing of recombinant mCLEC‐2 protein (mCLEC‐2‐His)
A. (i) The DNA sequence of the ECD (extracellular domain) of mCLEC‐2 fused to an N terminal 6xHIS
tag was amplified and cloned into the vector pGEMTeasy. The vector was then digested and
mCLEC‐2 sequence cut from an agarose gel. (ii) The mCLEC‐2 was cloned into the pHLsec vector
which contains a mammalian peptide secretion signal. Restriction digest was carried out to
confirm DNA insertion into the vector.
B. (i) The forward and reverse sequence reads of the cloned vector was compared to the mRNA
sequence of mCLEC‐2 and confirmed the vector contained the correct sequence for the
extracellular domain of mCLEC‐2. (ii) Sequence was entered in SignalP 4.0 server which is a
prediction software for cleavage site of a protein. C‐score is the predicted cleavage site, S score
represents the predicted signal peptide value and the Y score represents a combination of the C+S
score. The software predicted that the secreted peptide would be from a total of 182 amino acids
long. The peptide consists of an N terminal 6xHIS tag and amino acids 55‐229 of the coding
sequence of mCLEC‐2.

90

3.2.7 Expression and purification of recombinant mCLEC‐2
The confirmed pHLsec vector containing mCLEC‐2 was transfected into HEK 293T cells for protein
expression and later purification. The supernatant was taken after 4 days and purified through a
HIS column. A band at around 32kDa was visible on a coomassie gel from an elution concentration
of 60mM imidazole (Figure 3.7A). The eluted samples were then tested by western blot using an
anti‐mCLEC‐2 and an anti‐His tag antibody, confirming the identity of the purified protein (Figure
3.7Bi and ii). The predicted weight of the secreted protein from sequence alone is approximately
22kDa, however the presence of smears on the western blot point to glycosylation of the protein
which may account for the added weight. The functionality of the purified protein was then
tested using a dotblot. It was found that mCLEC‐2‐His can successfully bind to both mPdpn‐Fc and
mPdpn‐His (Figure 3.7C). Isotype controls did not show any binding confirming the specificity.
Significantly, no binding was seen to hPdpn‐His (3.7C).
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Figure 3.7: mCLEC‐2 expression and confirmation of functionality
A. The cloned and sequence vector containing the ECD of mCLEC‐2 within the pHLsec vector was
transfected into HEK 293T cells. The supernatant was collected and put through a HIS tag column
for purification. The coomassie gel indicates concentrations of imidazole tested to elute the
protein
B. The elution fractions were examined by western blot. (i) HIS tag antibody used to detect the
protein (ii) Mouse CLEC‐2 antibody used to detect the protein.
C. Dotblots used to test the functionality of 6xHIS mCLEC‐2 purified protein through its capability to
bind to recombinant forms of mpodoplanin. (i) Fc mpodoplanin (mPDPN‐Fc) binding to His tagged
mCLEC‐2 (mCLEC‐2‐His) on the membrane (ii) mCLEC‐2‐His binding to mPDPN‐Fc on the
membrane (iii) His tagged mpodoplanin (mPDPN‐His) binding to mCLEC‐2‐His on the membrane
(iv) mCLEC‐2‐His binding to mPDPN‐His on the membrane. No binding of His tagged hpodoplanin
(hPDPN‐His) to mCLEC‐2‐His (v) or mCLEC‐2‐His to hPDPN‐His was seen. No binding seen using
isotype controls for each combination (not shown).
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3.2.8 Mouse CLEC‐2 and mouse podoplanin interact with high affinity
The results of the experiments discussed so far indicate that an interaction between mouse CLEC‐
2 and podoplanin is sufficient to trigger platelet adhesion and aggregation at arterial shear. To
investigate these findings further, we determined the binding affinity between mouse CLEC‐2 and
mouse podoplanin using surface plasmon resonance (Figure 3.8). Surface plasmon resonance is a
method used to detect the interaction between two molecules without the use of labels. A light
source is passed through a sensor chip surface and light energy is absorbed by an interaction
causing a change in the energy of the reflected beam. This change can be detected and used to
calculate the affinity between the molecules. Human podoplanin has a 46% protein sequence
identity with mouse podoplanin (Figure 3.8A) and was also tested to investigate the cross‐species
interaction between mouse CLEC‐2 and human podoplanin. Monomeric His‐mCLEC‐2 was bound
to the surface and podoplanin was perfused over at increasing concentrations ranging from
5.6nM to 4.5µM. Two forms of recombinant podoplanin were tested, the previously described
dimerized mPdpn‐Fc and a single extracellular domain of podoplanin connected to a His tag
(mPdpn‐His). Both forms of mouse podoplanin showed a similar strong affinity to mCLEC‐2‐His of
15.3 ± 3.2 nM for mPdpn‐Fc and 10.6 ± 1.3 nM when using mPdpn‐His. The human form of
monomeric podoplanin, expressed as a His tag (hPdpn‐His) did not bind specifically to mCLEC‐2‐
His coinciding with the results from the dotblot (Figure 3.8A). The result confirmed a specific high
affinity interaction between mouse CLEC‐2 and mouse podoplanin.
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Figure 3.8: Mouse CLEC‐2 and mouse podoplanin interact with high affinity
A. Blast protein sequence comparison between human podoplanin (Query 1) and mouse podoplanin
(Sbject 1) showing a 46% sequence identity.
B. Sensorgram from equilibrium–based binding experiment after subtraction of the signal from a
control flow cell surface. Increasing concentrations of CLEC‐2 (ranging from 5.6nM to 4.5µM) were
injected over surfaces coupled with Fc mpodoplanin (mPDPN‐Fc), His tagged mpodoplanin
(mPDPN‐His) and His tagged hpodoplanin (hPDPN‐His).
C. Plot of the equilibrium binding response from the sensorgram of mPDPN‐Fc, mPDPN‐His and
hPDPN‐His as a function of CLEC‐2 concentration. The curve is the best fit to the experimental data
as calculated by GraphPad Prism 5. The affinity between mouse CLEC‐2 and mouse podoplanin
was calculated to be 15.3nM ± 3.2nM when using mPDPN‐Fc and 10.6nM± 1.3nM when using
mPDPN‐His. Plots and calculations taken from one experiment.
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3.3 Discussion
The results of this chapter demonstrate the ability of immobilised dimeric mouse podoplanin to
initiate platelet adhesion and aggregation at arterial and venous rates of shear blood flow.
Platelet adhesion and subsequent aggregation is dependent on the platelet receptor CLEC‐2. The
dimerised form of podoplanin is also likely to reflect the in vivo situation as there is evidence to
suggest that podoplanin is expressed as a dimer and higher oligomers (Martin‐Villar et al., 2010).
Platelet aggregation on immobilized podoplanin is dependent on integrin αIIbβ3, the VWF
receptor complex GPIb‐IX‐V, and the feedback mediators ADP and thromboxane A2 indicating that
it involves classical hemostasis. Inhibition of Src family tyrosine kinases, which initiate CLEC‐2
signalling, also blocks aggregate formation consistent with aggregation being initiated by the C‐
type lectin‐like receptor. In contrast, mouse podoplanin can only capture and induce aggregation
in human platelets at venous rates of shear. These aggregates are also dependent on Src kinase
activation and the integrin αIIbβ3.
We have determined that the affinity between mouse podoplanin and mouse CLEC‐2 to be within
the nanomolar range. Human podoplanin did not show any specific affinity to mouse CLEC‐2.
However, CLEC‐2 clustering has previously been reported to increase the avidity of platelets to
podoplanin which may account for the in vitro flow adhesion of human platelets (Pollitt et al.,
2014). Clustering is mediated through Src (and Syk) family kinases which would explain the
inhibitory effect of dasatinib.
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The involvement of integrin αIIbβ3, GPIb‐IX‐V and ADP and thromboxane A2 indicates a classical
pattern of platelet aggregation. The process generally involves several stages. Firstly, platelets
interact via GPIb with VWF immobilized to collagen and in turn collagen triggers platelet
activation through the collagen GPVI. VWF is integral to the capture of platelets in the high shear
environment in arteries and arterioles (Du, 2007, Lopez and Dong, 1997, Savage et al., 1996). The
feedback agonists ADP and thromboxane A2 reinforce platelet activation (Ren et al., 2008, Reed
et al., 2000). A process of “inside out” signalling leads to activation of αIIbβ3 to an active
confirmation and platelet‐platelet interaction mediated through binding of fibrinogen to the
activation integrin (Coller and Shattil, 2008, Shattil et al., 2010). It has been demonstrated that
CLEC‐2 signalling triggers similar steps in platelet activation to GPVI, including the activation of
Src and Syk tyrosine kinases. CLEC‐2 signalling also relies on the release of the secondary
mediators ADP and thromboxane A2 to sustain receptor phosphorylation, although previous work
highlighted these mediators are less important in mouse platelet signalling than in human platelet
signalling to CLEC‐2 (Borgognone et al., 2014). The work presented demonstrates that podoplanin
can capture mouse platelets under high shear stress, and trigger platelet aggregation through
CLEC‐2 in a pathway that is dependent on granule secretion and thromboxane A2 formation.
Additionally, the interaction between GPIb and VWF plays a key role in podoplanin‐mediated
platelet aggregation in vitro, suggesting that VWF may bind to the sialylated protein or to adhered
platelets and in this way, initiate the recruitment of additional platelets into the aggregate as the
initial stage of adhesion is lost.
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A significant difference in protein quantification from the capillaries was only seen in the presence
of eptifibatide. However, this may be due to the single platelets still visible in the presence of all
the inhibitors tested. Taken together, this data points to podoplanin acting as an adhesion
receptor which subsequently set off the series of events discussed above necessary in the classical
pattern of platelet aggregation. Experiments using washed platelets also highlighted the ability of
the dimerised form of podoplanin to trigger platelet activation and spreading which additionally
adds to this hypothesis that podoplanin acts as an adhesion receptor.
Podoplanin is not present in adult blood vessels but is expressed on the neuroepithelium lining
the blood vessels in mid‐gestation (Lowe et al., 2015a). We speculate that neuroepithelial cells
expressing podoplanin come in to contact with platelets under these conditions in the high shear
forces of the developing brain (Wang et al., 1992, Rovainen et al., 1992). Loss of podoplanin
expression on neuroepithelial cells at this stage of development phenocopies loss of CLEC‐2 on
platelets and leads to haemorrhaging. It has been proposed that platelet aggregation, initiated
through a podoplanin‐CLEC‐2 interaction, is needed to prevent haemorrhaging in the rapidly
growing vessels (Lowe et al., 2015a). Mice lacking the αIIb‐subunit of the integrin αIIbβ3 also
develop brain haemorrhages although it is noticeable that they are not as severe as those in mice
deficient in CLEC‐2 or podoplanin. It is possible that that this difference reflects a non‐haemostatic
role for CLEC‐2 in development of the cerebral vasculature.
There are homologues of podoplanin in many organisms including humans, mice, rats, dogs, and
hamsters. The sequence similarity between human and other primates is well conserved,
however there is only a 46% protein sequence similarity between humans and mice. The
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divergence in sequence similarity may explain the reported lower affinity between human
podoplanin and CLEC‐2, of 24 ± 3.7µM (Christou et al., 2008), which is three orders of magnitude
weaker than our calculated affinities for the interaction of the two mouse proteins. Previous work
also demonstrated that human platelets interact with podoplanin‐expressing human lymphatic
endothelial cells or a recombinant form of human podoplanin at low shear rates, but not at
intermediate or high shear rates (Navarro‐Nunez et al., 2015).
The difference between mouse and human podoplanin leads to uncertainty as to whether the
findings in the present study can be extrapolated to the development of the cerebrovasculature
in humans where high shear rates are also likely (Seymour et al., 2016). IVH is however a common
pathology in preterm neonatal babies who often exhibit low platelet counts (Horbar et al., 2002,
Stanworth, 2012, Ferrer‐Marin et al., 2013). It is possible that platelet CLEC‐2 is important for the
development of the human cerebrovasculature in a similar way to mice, but it may involve
additional platelet agonists and receptors along with podoplanin to exert its effects in view of the
lower affinity of interaction.
In conclusion, this study demonstrates the novel ability of mouse podoplanin to initiate formation
of stable platelet aggregates at high shear. It is likely that podoplanin acts as the initial platelet
adhesion and activation receptor triggering a classical pattern of platelet activation. We speculate
that this aggregation is important during the development of the cerebrovasculature when
triggered by podoplanin on neuroepithelial cells under conditions of arterial shear rates which
accounts for the haemorrhaging in developing brains of podoplanin and CLEC‐2 deficient mice.
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Chapter 4
The role of platelet CLEC‐2 and podoplanin in a model of acute
inflammation
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4.1 Introduction
The most extensively studied aspect of platelet function has been their integral role in
haemostasis. However, a growing number of studies have begun to shed light on the role that
platelets play in inflammatory processes ranging from acute infection to chronic inflammatory
diseases such as atherosclerosis (Morrell et al., 2014).
Platelets have been shown to play a role in leukocyte recruitment and activation through the
release of factors such as chemokines and growth factors as well as in the presentation of
antigens to leukocytes such as T cells (Chapman et al., 2012, Smyth et al., 2009). Platelets
therefore can function as immune cells as well as haemostatic regulators. Their role in the body’s
response to an infection is highlighted by the occurrence of thrombocytopenia following the
development of an uncontrolled response to a systemic infection which is known as sepsis or
septic shock. Studies have shown that unresolved thrombocytopenia is associated with an
increase in mortality (Venkata et al., 2013).
Studies have revealed that platelets maintain haemostasis during inflammation, albeit in a
different manner to classical haemostasis. An inflammatory reaction which triggers mass
movement of leukocytes to the site of infection or injury and to lymph nodes for activation
Leukocytes therefore need to transmigrate and pass through blood vessel and the maintenance
of vascular integrity while this occurs is critical. Data suggest that platelets, through the ITAM
receptors GPVI and CLEC‐2, prevent the development of haemorrhages in the skin and lungs after
an inflammatory trigger (Boulaftali et al., 2013). Platelet CLEC‐2 has also been shown to maintain
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high enodothelial venule (HEV) vascular integrity through its interaction with fibroblastic reticular
cells (FRCs) which express podoplanin (Herzog et al., 2013).
The CLEC‐2 ligand podoplanin is upregulated during many inflammatory conditions and on many
cell types. For instance, macrophages upregulate podoplanin following an inflammatory stimulus
such as lipopolysaccharide (LPS) and have the ability to induce platelet aggregation through a
CLEC‐2‐podoplanin interaction (Kerrigan et al., 2012). Other studies have highlighted a role for
platelet CLEC‐2 interacting with podoplanin‐expressing cells and effecting the auto‐inflammatory
disease rheumatoid arthritis. Podoplanin expression has been found to be upregulated on
synovial fibroblasts of rheumatoid arthritis patient samples; it was shown that platelet CLEC‐2
interaction with synovial fibroblasts induces a higher expression of the pro‐ inflammatory
cytokines IL‐6 and IL‐8 (Del Rey et al., 2014).
This chapter focuses on the role of CLEC‐2, and its binding partner podoplanin, in a model of
systemic inflammation. For this model, we used a major component of the outer membrane of
Gram‐negative bacteria, LPS, to trigger an immune reaction through an intraperitoneal injection.
The reactions of two different types of CLEC‐2 transgenic models, a platelet specific CLEC‐2
deficient model, and an inducible CLEC‐2 deficient model were used to investigate the role of the
C‐type lectin receptor in inflammation. CLEC‐2 was depleted from the inducible model once the
mice were past development through treatment with tamoxifen whereas the platelet specific
mouse model lacked platelet CLEC‐2 from inception. Importantly previous work performed in our
lab by Dr. Kate Lowe has shown that two weeks of tamoxifen diet given to the ERT2‐Cre.CLEC‐2fl/fl
mouse is sufficient to delete CLEC‐2 solely from platelets and not from other CLEC‐2 expressing
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cell such as dendritic cells. The immune cell recruitment to the peritoneal lavage, spleen, and
intestines of these mice were examined and compared to littermate controls. Blood counts and
cytokine and chemokine quantities in the peritoneal lavage fluid of both models were examined.
Additionally, a haematopoietic specific podoplanin deficient model was also examined using the
same inflammatory trigger.
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4.2 Results
4.2.1 Summary of the reaction of a platelet specific CLEC‐2 knockout mouse model (PF4‐
Cre.CLEC‐2fl/fl), an inducible CLEC‐2 knockout mouse model (ERT2‐Cre.CLEC‐2fl/fl) and a
haematopoietic cell specific knockout mouse model (Vav‐iCre.PDPNfl/fl) to LPS‐induced
systemic inflammation
Before any inflammatory stimulus, PF4‐Cre.CLEC‐2fl/fl mice present with thrombocytopenia and
splenomegaly (Figure 4.1B and 4.2). Both ERT2‐Cre.CLEC‐2fl/fl mice (after two weeks of tamoxifen
diet) and Vav‐iCre.PDPNfl/fl mice do not present with any phenotypic different in comparison to
their corresponding littermate control.
All three mouse models were injected with 50µg of LPS into the peritoneum and reactions were
compared to their corresponding floxed littermate controls. Table 4.1 shows a comparison of all
parameters measured in these mice. PF4‐Cre.CLEC‐2fl/fl mice present with blood accumulation
within the peritoneal lavage fluid and in the Peyer’s patches of the small intestine (Figure 4.1).
These mice also show a significant increase in spleen size and a significant drop in platelet count,
although this is likely due to the thrombocytopenia and splenomegaly present in unchallenged
PF4‐Cre.CLEC‐2fl/fl as previously mentioned. PF4‐Cre.CLEC‐2fl/fl also present with a significant
increase of a range cytokines and chemokines within their peritoneal lavage fluid compared to
littermate controls (Figure 4.3). However, this increase did not translate to a significant increase
in leukocytes recruited to the peritoneum of PF4‐Cre.CLEC‐2fl/fl mice and there was in fact a
downward trend in the recruitment of neutrophils, monocytes and macrophages (Figure 4.4)
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ERT2‐Cre.CLEC‐2fl/fl mice present with blood accumulation within the peritoneal lavage fluid and
in the Peyer’s patches of the small intestine after 6 hours of LPS stimulation in a similar manner
to PF4‐Cre.CLEC‐2fl/fl mice (Figure 4.7). However, haemoglobin levels were not significantly
different in the ERT2‐Cre.CLEC‐2fl/fl mice compared to littermate controls when the mice were
culled 24 hours after the LPS stimulus suggesting that the phenotype is recoverable over time.
PF4‐Cre.CLEC‐2fl/fl and Vav‐iCre.PDPNfl/fl mice could not be examined at a similar time point
because both mice models reached a moderate severity level 6 hours post‐LPS and therefore had
to be culled within the terms of the animal licence. Blood filled Peyer’s patches were still present
after 24 hours in ERT2‐Cre.CLEC‐2fl/fl mice (Figure 4.7). In contrast to PF4‐Cre.CLEC‐2fl/fl mice, ERT2‐
Cre.CLEC‐2fl/fl mice did not present with a significant difference in cytokine and chemokine levels
within their lavage fluid at the same time point (Figure 4.9). However downward trend in the
recruitment of neutrophils and monocytes to the peritoneum was found in ERT2‐Cre.CLEC‐2fl/fl
mice (Figure 4.10).
Vav‐iCre.PDPNfl/fl mice presented with blood in their peritoneum 6 hours post‐LPS in a similar
manner to the CLEC‐2 deficient models (Figure 4.12). Beyond this phenotype, no other significant
differences were found in the phenotype of the Vav‐iCre.PDPNfl/fl mice. No significant differences
were seen in the leukocyte recruitment to the spleen, colon, or small intestine of PF4‐Cre.CLEC‐
2fl/fl, ERT2‐Cre.CLECfl/fl or Vav‐iCre.PDPNfl/fl mice before or after LPS (Table 4.1).
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Table 4.1

Table 4.1: Summary of all three mouse models used following LPS‐induced systemic
inflammation.
Non‐significance (NS) denotes a lack of difference between the reaction of the floxed littermate controls
and the knockout mice in question at the time points noted. NT= Not tested, PLF= Peritoneal lavage fluid,
PPs=Peyer’s patches, Nφ= Neutrophils, MO= Monocytes, Mφ= Macrophages. The cytokines and
chemokines measured were TNF‐α, IL‐6, IL‐1β, IL‐10, MCP‐1/CCL2, MIP‐2/CxCL2, IFN‐γ, RANTES/CCL5, IL‐
4, CXCL1, GM‐CSF, MIP1α, MIP1β.
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4.2.2 Splenomegaly and the presence of blood in the peritoneal lavage, lymph nodes and
Peyer’s patches in platelet specific CLEC‐2 knockout mice (PF4‐Cre.CLEC‐2fl/fl) compared to
littermate controls after LPS treatment
The first notable difference in the phenotype of platelet specific CLEC‐2 deficient mice (PF4‐
Cre.CLEC‐2fl/fl) compared to littermate controls was the development of blood filled inguinal and
mesenteric lymph nodes post‐LPS (Figure 4.1A). This finding correlates with studies that
demonstrated the role of platelet CLEC‐2 in lymph node vascular integrity during development
and after an immune stimulus (Benezech et al., 2014, Herzog et al., 2013). However, a novel
finding is the presence of blood filled Peyer’s patches in all PF4‐Cre.CLEC‐2fl/fl mice (Figure 4.1B).
The peritoneal fluid also presented with blood not seen in the floxed littermate controls (Figure
4.1B) and measured by a haemoglobin assay in Figure 4.1C. No significant difference was
measured in the weight loss induced by LPS but a significant difference is seen in spleen weight
in the CLEC‐2 platelet specific knockout mice compared to littermate controls. This difference
however is likely due to the splenomegaly seen in untreated PF4‐Cre.CLEC‐2fl/fl mice.
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Figure 4.1
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Figure 4.1: Phenotype of platelet specific CLEC‐2 deficient mice (PF4‐Cre.CLEC‐2fl/fl) and
littermate controls following LPS treatment.
A. PF4‐Cre.CLEC‐2fl/fl and their littermate controls were culled 6 hours after an injection of 50µg LPS.
Pictures display a representative comparison of the internal phenotype following the LPS stimulus.
Arrows point to area of blood accumulation within the mesenteric and inguinal lymph nodes of
PF4‐Cre.CLEC‐2fl/fl mice.
B. Representative peritoneal lavage fluid (PLF) samples and small intestines of PF4‐Cre.CLEC‐2fl/fl and
the CLEC‐2fl/fl littermate controls after 6 hours of LPS treatment. Blood accumulation was observed
in the peritoneal lavage (i) and Peyer’s patches of the small intestine (ii) following LPS treatment
in PF4‐Cre.CLEC‐2fl/fl and not in control mice (arrows). Some PF4‐Cre.CLEC‐2fl/fl present with more
severe blood accumulation within the small intestine than others.
C. Graphs display the percentage weight loss 6 hour post‐ LPS treatment in PF4‐Cre.CLEC‐2fl/fl and
CLEC‐2fl/fl littermate controls as well as spleen weight (normalised to body weight) and PLF
haemoglobin quantification. Statistical analysis performed by two way ANOVA followed by a
Bonferroni multiple comparison test for comparison between the untreated and LPS treated
groups and Mann Whitney U test for a two sample group comparison, * =p<0.05
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4.2.3 Lower platelet count in untreated and LPS‐treated platelet specific CLEC‐2 knockout mice
(PF4‐Cre.CLEC‐2fl/fl) compared to littermate controls.
Figure 4.2 displays the platelet and white blood cell (WBC) count as well as the percentage of
lymphocytes, monocytes and neutrophils in the blood of untreated and LPS treated platelet
specific CLEC‐2 deficient mice (PF4‐Cre.CLEC‐2fl/fl) compared to littermate controls. In the
untreated mice, the only significant difference noted is the previously reported lower platelet
count in the PF4‐Cre.CLEC‐2fl/fl mice. The lower platelet count is the untreated PF4‐Cre.CLEC‐2fl/fl
is believed to be the result of blood lymphatic mixing present in these mice (Bender et al., 2013).
Following LPS treatment the PF4‐Cre.CLEC‐2fl/fl and CLEC‐2fl/fl mice follow the known trajectory
blood cell count changes which is reported in (Copeland et al., 2005). Most circulating cells in
mouse blood are lymphocytes and after an LPS immune stimulus there is a significant drop WBC
count and percentage of lymphocytes and an increase in the percentage of neutrophils which can
been seen in Figure 4.2. There is also a significant drop in platelet count. However, the LPS treated
platelet specific CLEC‐2 knockout mice experienced a significantly greater in platelet count
compared to the littermate controls, which is most probably due to the lower count present in
these mice before treatment.
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Figure 4.2:

Figure 4.2: Blood count measurements of untreated and LPS‐treated platelet specific CLEC‐2
knockout mice (PF4‐Cre.CLEC‐2fl/fl) compared to littermate controls
Graphs display the platelet count, red blood cell count (RBC), white blood cell (WBC) count and
lymphocyte, neutrophil and monocyte percentage in the blood of untreated and 6 hour LPS treated PF4‐
Cre.CLEC‐2fl/fl and CLEC‐2fl/fl mice. Statistical analysis performed using a two way ANOVA followed by a
Bonferroni multiple comparison test for comparison between the untreated and LPS treated groups and a
Mann Whitney U test for a two sample group comparison * =p<0.05, ** = p<0.01, *** =p<0.001. Lines
above two sample groups indicate a statistical comparison of both groups together with another group.
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Table 4.2

Table 4.2: Key cytokines and chemokines involved in LPS‐induced inflammation.
Blue boxes represent the generalised function or cell type which the molecules can cause behaviour
modification to, recruit or increase cell production.
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4.2.4 Significantly higher quantity of protein and cytokine and chemokine levels in LPS‐treated
platelet specific CLEC‐2 knockout mice (PF4‐Cre.CLEC‐2fl/fl) compared to littermate controls
The quantity of protein and the levels of a range of cytokines and chemokines (Table 4.2) were
measured in the peritoneal lavage of untreated and LPS treated platelet specific CLEC‐2 deficient
mice (PF4‐Cre.CLEC‐2fl/fl) and is compared to littermate controls in Figure 4.3. No differences are
seen between the knockout and littermate controls before LPS treatment but significant
differences are seen between the two groups following LPS treatment. An increase in protein
levels and many the cytokines and chemokines in the PLF was observed in littermate controls as
would be expected to occur following an injection of LPS. However, the levels of protein and both
anti‐inflammatory (eg. IL‐10) and pro inflammatory (eg. IL‐1β) cytokines were significantly greater
in the platelet specific CLEC‐2deficient mice (Figure 4.3). There was also a significant increase seen
in many of cytokines and chemokines involved in the recruitment of specific leukocytes such as
neutrophils, monocytes and macrophages. These data could indicate a role for platelet CLEC‐2 in
regulating the immune response by preventing the production of excess cytokines which has been
referred to as a ‘Cytokine storm’ (Tisoncik et al., 2012).
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Figure 4.3

Figure 4.3: Analysis of total protein and inflammatory mediators present in the peritoneal
lavage of unchallenged and 6 hour LPS‐treated platelet specific CLEC‐2 knockout mice and
littermate controls
Graphs display the protein and cytokine and chemokine quantification from the peritoneal lavage of
untreated and 6 hour LPS treated PF4‐Cre.CLEC‐2fl/fl and CLEC‐2fl/fl mice. The cytokines and chemokines
measured were TNF‐α, IL‐6, IL‐1β, IL‐10, MCP‐1/CCL2, MIP‐2/CxCL2, IFN‐γ, RANTES/CCL5, IL‐4, CXCL1, GM‐
CSF, MIP1α, MIP1β. Non‐significant cytokines and chemokines which were quantified are not shown.
Protein was measured using a protein assay and cytokine and chemokines were measured using a Firefly
or Luminex assay. Statistical analysis performed using a two way ANOVA followed by a Bonferroni multiple
comparison test for comparison between the untreated and LPS treated groups and a Mann Whitney U
test for a two sample group comparison, * = p<0.05, ** = p<0.01, ***=p<0.001. Lines above two sample
groups indicate a statistical comparison of both groups together with another group.
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4.2.5 No significant difference found in leukocyte recruitment to the peritoneal lavage, spleen
or colons of untreated and LPS‐treated platelet specific CLEC‐2 knockout mice (PF4‐Cre.CLEC‐
2fl/fl) compared to littermate controls
Despite the finding that there are greater quantities of a range of cytokines and chemokines
present in the peritoneum of LPS‐treated platelet specific deficent mice, no significant differences
were found in the percentage or number of leukocytes in the peritoneal lavage fluid (PLF), spleen
or colons of these mice (Figure 4.4 and Figure 4.5). There was in fact evidence of a trend towards
a lower number of leukocytes in the PLF of the knockout mice compared to littermate controls
but remained non‐significant. The number of leukocytes found in the PLF can be variable
therefore the testing of greater number of mice may show this trend to be significant. Despite
the increase in spleen weight no significant increase in leukocytes was seen (percentage and
number) when comparing the untreated mice to each other or the LPS treated mice groups to
each other (Figure 4.5). The proportional percentage of the different leukocyte groups (B cells, T
cells, macrophages etc) also remained the same (not shown). Equally no significant shifts were
seen in the leukocyte percentage and numbers collected from the colons of these mice.
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Figure 4.4

Figure 4.4: Leukocyte recruitment to the peritoneal lavage of untreated and LPS treated mice
of a platelet specific CLEC‐2 knockout mouse model (PF4‐Cre.CLEC‐2fl/fl ) compared to
littermate controls
Graphs display the percentage and number of leukocytes (CD45+ cells) in the peritoneal lavage (PLF) of
untreated and LPS treated PF4‐Cre.CLEC‐2fl/fl and CLEC‐2fl/fl mice. The numbers of quantified neutrophils
(CD11b+ Ly6G+), monocytes (CD11b+ Ly6C+) and macrophages (CD11b+ F4/80+) in the PLF of these mice
is also shown. Statistical analysis performed using a two way ANOVA followed by a Bonferroni multiple
comparison test for comparison between the untreated and LPS treated groups and a Mann Whitney U
test for a two sample group comparison, * = p<0.05, ** = p<0.01, *** =p<0.001.
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Figure 4.5

Figure 4.5: Leukocyte recruitment to the spleens and colons of untreated and LPS treated
mice of a platelet specific CLEC‐2 knockout mouse model (PF4‐Cre.CLEC‐2fl/fl) compared to
littermate controls
Graphs display the percentage and number of leukocytes (CD45+ cells) in the spleen and colons of
untreated and LPS treated PF4‐Cre.CLEC‐2fl/fl and CLEC‐2fl/fl mice. Statistical analysis performed using a two
way ANOVA followed by a Bonferroni multiple comparison test for comparison between the untreated
and LPS treated groups and a Mann Whitney U test for a two sample group comparison.
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4.2.6 Blood accumulation in the peritoneal lavage and Peyer’s patches of inducible CLEC‐2
knockout mice (ERT2‐Cre.CLEC‐2fl/fl) compared to littermate controls after LPS treatment
Lack of platelet CLEC‐2 during development has been shown to result in incomplete separation in
the blood and lymphatic system. This defect is present in PF4‐Cre.CLEC‐2fl/fl mice and we therefore
wanted to compare the immune reaction of a CLEC‐2 deficient mouse model which can develop
normally before removal of CLEC‐2 expression. Any significant differences seen in this inducible
CLEC‐2 knockout mouse model can therefore be attributed to the involvement of platelet CLEC‐2
in the reaction of the immune system and not due to an underlying developmental defect. Figure
4.6 displays the phenotypic differences seen in the ERT2‐Cre.CLEC‐2fl/fl mice compared to the CLEC‐
2fl/fl littermate controls. The mice were given two weeks of tamoxifen diet to induce the removal
of CLEC‐2 from their genome, and subsequently placed on normal chow diet for four weeks to
prevent the anti‐inflammatory effects of tamoxifen from affecting the results (Tapia‐Gonzalez et
al., 2008, Suuronen et al., 2005). These ERT2‐Cre.CLEC‐2fl/fl mice did not reach the moderate
severity until 24 hours post‐LPS which is the same time limit as wild type mice. However, they
presented with blood within their peritoneal lavage fluid (PLF) 6 hours post‐LPS injection similar
to PF4‐Cre.CLEC‐2fl/fl mice (Figure4.6Ai). This phenotype was no longer visible or measurable 24
hour post LPS (Figure 4.6Ai, B). Blood filled Peyer’s patches were visible in the small intestines of
the knockout mice both 6 hour and 24 hour post LPS (Figure 4.5ii). There were no differences
seen in the weight loss or spleen weight at each time point between the knockout mice and their
littermate controls. However, the spleen weight of the ERT2‐Cre.CLEC‐2fl/fl mice was seen to be
seen be significantly greater 24 hour post LPS than untreated mice. This difference could be an
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indication that these mice develop larger spleen than their littermates in a similar way to the PF4‐
Cre.CLEC‐2fl/fl mice but the change does not occur until a later time point.
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Figure 4.6
A

B
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Figure 4.6: Phenotype of inducible CLEC‐2 knockout mice (ERT2‐Cre.CLEC‐2fl/fl) and littermate
controls following LPS treatment
A. Representative peritoneal lavage fluid (PLF) samples and small intestines of ERT2‐Cre.CLEC‐2fl/fl and
the CLEC‐2fl/fl littermate controls 6 and 24 hours after an injection of 50µg LPS. These mice were
given two weeks of tamoxifen diet to induce the remove of CLEc‐2 expression followed by four
weeks of normal diet before LPS treatment. Blood accumulation was observed in the peritoneal
lavage (i) and following 6 hours LPS treatment but not after 24 hours of LPS treatment. Blood
accumulation was also seen in Peyer’s patches of the small intestine (ii) following both 6 and 24
hours of LPS treatment
B. Graphs displays the percentage weight loss 6 and 24 hours post‐LPS treatment in ERT2‐Cre.CLEC‐
2fl/fl and the CLEC‐2fl/fl littermates, as well as body weight normalised spleen weight (6 and 24 hour)
and peritoneal lavage fluid (PLF) haemoglobin quantification (24 hour) between untreated and LPS
treated ERT2‐Cre.CLEC‐2fl/fl and the CLEC‐2fl/fl. Statistical analysis performed by two way ANOVA
followed by a Bonferroni multiple comparison test for comparison between the untreated and LPS
treated groups and a Mann Whitney U test for a two sample group comparison, * = p<0.05, ** =
p<0.01, *** =p<0.001. Lines above two sample groups indicate a statistical comparison of both
groups together with another group.
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4.2.7 No significant differences in the blood count of untreated and LPS‐treated inducible CLEC‐
2 knockout mice (ERT2‐Cre.CLEC‐2fl/fl) compared to littermate controls.
As previously discussed in reference to the platelet specific CLEC‐2 deficient mice (PF4‐Cre.CLEC‐
2fl/fl) there are changes in the blood cell counts in mice post‐LPS. The inducible CLEC‐2 knockout
mice (ERT2‐Cre.CLEC‐2fl/fl) and littermate controls were seen to exhibit similar changes (Figure
4.7). One notable difference is the ERT2‐Cre.CLEC‐2fl/fl mice did not show a significant difference
in platelet count until 24‐hour post LPS. This lack of difference however may be due to low n
numbers. The graphs show that the percentage of neutrophils begin to drop 24 post LPS
whereas the monocyte percentage increases. This change is likely due to neutrophils begin to
extravagate into the bodies’ tissues.
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Figure 4.7:

Figure 4.7: Blood count measurement of untreated and LPS treated mice of an inducible CLEC‐
2 knockout mouse model (ERT2‐Cre.CLEC‐2fl/fl) compared to their littermate controls
Graphs display the platelet counts, red blood cell count (RBC), white blood cell count (WBC) and
lymphocyte, neutrophil and monocyte percentage in the blood of untreated and 6 and 24 hour LPS treated
ERT2‐Cre.CLEC‐2fl/fl and the CLEC‐2fl/fl. Statistical analysis performed using a two way ANOVA followed by a
Bonferroni multiple comparison test for comparison between the untreated and LPS treated groups and a
Mann Whitney U test for a two sample group comparison, ***=p<0.001. Lines above two sample groups
indicate a statistical comparison of both groups together with another group.
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4.2.8 No significant differences in the quantity of protein or levels of cytokines and chemokines
in the peritoneal lavage fluid between inducible CLEC‐2 knockout mice and littermate controls.
The quantity of protein was measured in the peritoneal lavage fluid of untreated, and LPS
treated inducible CLEC‐2 knockout mice and littermate controls 6 and 24 hours post‐LPS (Figure
4.8). A range of cytokines and chemokines levels were also measured in the peritoneal lavage
fluid inducible CLEC‐2 knockout mice and littermate controls 6 hours post‐LPS. No significant
differences were seen in the quantity of protein between the knockout and littermate controls
at any of the time points measured. In addition and in contrast to the platelet specific CLEC‐2
knockout mice (PF4‐Cre.CLEC‐2fl/fl), no significant increases in cytokines and chemokines were
measured 6 hours post‐LPS.
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Figure 4.8

Figure 4.8: Peritoneal lavage protein and cytokine measurements from LPS treated mice of an
inducible CLEC‐2 knockout mouse model (ERT2‐Cre.CLEC‐2fl/fl).
The above graphs display the protein quantification from the peritoneal lavage of untreated, 6 and 24 hour
LPS treated ERT2‐Cre.CLEC‐2fl/fl and the CLEC‐2fl/fl mice and cytokine and chemokine measure from 6 hour
LPS treatment of the same mice. Cytokine and chemokine graph measurement shown of the same
molecules displayed in Figure 4.5 for comparison to the platelet specific CLEC‐2 mouse model. Protein was
measured using a protein assay and cytokine and chemokines were measured using a Firefly or Luminex
assay. Statistical analysis performed using a two way ANOVA followed by a Bonferroni multiple comparison
test for comparison between the untreated and LPS treated groups and a Mann Whitney U test for a two
sample group comparison, * = p<0.05, ** = p<0.01, *** =p<0.001. Lines above two sample groups indicate
a statistical comparison of both groups together with another group.
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4.2.9 No significant difference in leukocyte recruitment to the peritoneal lavage between
inducible CLEC‐2 knockout mice and littermate controls
Figure 4.9 shows the leukocyte recruitment to the peritoneal lavage of untreated and LPS treated
inducible CLEC‐2 knockout mice compared to littermate controls. No significant differences were
seen between the knockout mice and controls at each time point. The numbers of cells were
variable at all time points. However, a significant increase in neutrophil and monocyte numbers
was seen in the littermate controls 24 hours post‐LPS compared to the untreated mice, while the
same increase in not seen in the inducible CLEC‐2 deficient mice. There is also a notable increase
in number of podoplanin expressing macrophages recruited to the peritoneum 24 hours post‐LPS
but no significant differences were seen between the inducible CLEC‐2 knockout mice and
littermate controls.

127

Figure 4.9:

Figure 4.9: Leukocyte recruitment to the peritoneal lavage of untreated and LPS treated mice
of an inducible CLEC‐2 knockout mouse model (ERT2‐Cre.CLEC‐2fl/fl) compared to their
littermate controls
Graphs display the percentage and number of leukocytes (CD45+ cells) in the peritoneal lavage (PLF) of
untreated and 6 and 24 hour LPS treated ERT2‐Cre.CLEC‐2fl/fl and the CLEC‐2fl/fl mice. The numbers of
quantified neutrophils (CD11b+ Ly6G+), monocytes (CD11b+ Ly6C+) and macrophages (CD11b+ F4/80+)
and podoplanin positive macrophages (CD11b+ F4/80+ PDPN+) in the PLF of these mice is also shown.
Statistical analysis performed using a two way ANOVA followed by a Bonferroni multiple comparison test
for comparison between the untreated and LPS treated groups and a Mann Whitney U test for a two
sample group comparison * = p<0.05, ** = p<0.01, *** =p<0.001
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4.2.10 No significant difference seen in leukocyte recruitment to the spleen, colons or small
intestines between LPS treated inducible CLEC‐2 knockout mice and littermate controls.
Leukocyte percentage and numbers in the spleen, colon and small intestine of untreated and LPS
treated inducible CLEC‐2 deficient mice were compared to littermate controls. Spleen and colons
were examined in untreated mice and in mice 6 and 24 hours post‐LPS while small intestines were
examined only in untreated mice and in mice 24 hours post‐LPS (Figure 4.10). The changes in
leukocyte numbers in the spleen and colon of these mice were not significantly different between
the knockout mice and littermate controls. No fluctuations were seen in the percentage or
number of leukocytes in the small intestine after LPS.
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Figure 4.10

Figure 4.10: Leukocyte recruitment to the spleens, colons and small intestines of untreated
and LPS treated mice of an inducible CLEC‐2 knockout mouse model (ERT2‐Cre.CLEC‐2fl/fl)
compared to littermate controls
Graphs display the percentage and number of leukocytes (CD45+ cells) in the spleen, colon and small
intestine of untreated and 6 (excluding small intestine) and 24 hour LPS treated ERT2‐Cre.CLEC‐2fl/fl and the
CLEC‐2fl/fl mice. Statistical analysis performed using a two way ANOVA followed by a Bonferroni multiple
comparison test for comparison between the untreated and LPS treated groups and a Mann Whitney U
test for a two sample group comparison, * = p<0.05, ** = p<0.01, *** =p<0.001. Lines above two sample
groups indicate a statistical comparison of both groups together with another group.
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4.2.11 Blood accumulation in the peritoneal lavage fluid of LPS treated haematopoietic lineage
specific podoplanin knockout mice (Vav‐iCre.PDPNfl/fl) compared to littermate controls
To compare to the results using the two CLEC‐2 knockout mouse models, a haematopoietic
lineage specific podoplanin deficient mice (Vav‐iCre.PDPNfl/fl) was treated with the same amount
of LPS and compared to its littermate controls. Similar to the CLEC‐2 knockout models, blood was
present in the peritoneal lavage fluid of Vav‐iCre.PDPNfl/fl and the quantity of haemoglobin was
significantly greater than littermate controls 6 hours post‐LPS (Figure 4.11Ai, and B). However, in
contrast to the CLEC‐2 knockout models, no obvious accumulation of blood within the Peyer’s
patches of the LPS treated haematopoietic podoplanin specific knockout mice was seen (Figure
4.11Aii). No significance differences were seen in weight loss and a similar significant increase in
spleen weight was seen in both in the Vav‐iCre.PDPNfl/fl mice and PDPNfl/fl littermate controls. No
significant differences were seen in any other parameters measured as described in Table 4.1.
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Figure 4.11
A

B
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Figure 4.11: Phenotype of haematopoietic specific podoplanin knockout mice (Vav‐
iCre.PDPNfl/fl) and littermate controls following LPS treatment.
Representative peritoneal lavage fluid (PLF) samples and small intestine of Vav‐iCre.PDPNfl/fl and
PDPNfl/fl littermate controls 6 hours after an injection of 50µg LPS. Blood accumulation within the
peritoneum was observed in the peritoneal lavage (i) following LPS treatment in Vav‐iCre.PDPNfl/fl
mice but not in control mice. Peyer’s patches appeared normal after LPS treatment (arrows).
B. Graphs displays the percentage weight loss 6 hours post‐LPS treated Vav‐iCre.PDPNfl/fl and the
PDPNfl/fl littermate controls, as well as the body weight normalised spleen weight and peritoneal
lavage fluid (PLF) haemoglobin quantification. Statistical analysis performed using a two way
ANOVA followed by a Bonferroni multiple comparison test for comparison between the untreated
and LPS treated groups and a Mann Whitney U test for a two sample group comparison, * = p<0.05.
Lines above two sample groups indicate a statistical comparison of both groups together with
another group.

A.
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4.3 Discussion
The results presented in this chapter indicate an important role for platelet CLEC‐2 in endotoxin
induced peritonitis. Importantly however, there are clear differences in the reactions between
the platelet specific CLEC‐2 deficient mice and the inducible CLEC‐2 deficient mice. These
differences suggest that the blood lymphatic mixing caused by lack of platelet CLEC‐2 during
development results in an increased susceptibility to sepsis.
The similarities between the CLEC‐2 deficient mouse models include blood accumulation within
the peritoneum sometime in the first 6 hours of immune stimulation. There was also a significant
presentation of blood within the small intestine Peyer’s patches of both CLEC‐2 deficient models.
It has been shown that interaction of platelet CLEC‐2 with podoplanin expressing FRCs maintains
HEV vascular integrity (Herzog et al., 2013). The study showed that spontaneous bleeding in
platelet specific CLEC‐2 deficient mice or FRC specific podoplanin specific deficient mice only
occurred in MAdCAM‐1 expressing mucosal lymph nodes. After immune challenge using
ovalbumin/complete Freund’s adjuvant, MAdCAM‐1 becomes upregulated on peripheral lymph
nodes and results in blood accumulation within peripheral lymph nodes also. HEVs present in
Peyer’s patches have been shown to also express high levels of MAdCAM‐1 (Ikeda et al., 2003).
The peritoneum contains its own HEVs as part of an area of the body known as the greater
omentum (Buscher et al., 2016). It has been shown that MAdCAM‐1 expressing HEVs are more
permeable due to reduced levels of VE‐cadherin, an important component of endothelial
adherens junctions and barrier function (Herzog et al., 2013). The presence of blood in the
peritoneum and Peyer’s patches of both CLEC‐2 deficient models emphasises the role of platelet
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CLEC‐2 in maintaining vascular integrity with MAdCAM‐1 expressing HEVs seeming to be
particularly vulnerable.
It is however more difficult to explain presence of blood in the peritoneum of the haematopoietic
lineage specific podoplanin deficient mice and their corresponding lack of blood accumulation
within the Peyer’s patches of these knockout mice. The study which focused on the role of platelet
CLEC‐2 and podoplanin FRCs maintaining HEV integrity also revealed that lack of lymphocytes
prevented the development of bloody muscosal lymph nodes (Herzog et al., 2013). It may be that
podoplanin expression on lymphocytes, such as T cells (Peters et al., 2011), could be involved in
maintaining the vascular integrity of peritoneal HEVs along with FRC and is resulting in the blood
accumulation seen the Vav‐iCre.PDPNfl/fl following LPS immune stimulation. Mass transmigration
of lymphocytes therefore would be a key part in the loss of vascular integrity and a longer time
period of immune stimulus may result in blood filled Peyer’s patches within these mice also.
This hypothesis is supported by the lack of blood seen in the peritoneal lavage fluid in the
inducible CLEC‐2 knockout mice after 24 hours when it’s possible that lymphocyte migration to
this area may have reduced. There is also persistence of blood accumulation in the Peyer’s
patches of the inducible CLEC‐2 knockout mice after 24 hours where lymphocytes are likely to still
be accumulating in order for the immune system to begin to mount an adaptive response to the
stimulus.
The platelet specific CLEC‐2 knockout mice presented with other signs of an aggravated immune
response that were not present in the inducible CLEC‐2 knockout mouse model. An increase in
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spleen size through the stimulation of erythropoiesis occurs after Salmonella infection and is likely
to occur following the injection of the gram negative toxin LPS (Jackson et al., 2010). However,
platelet specific knockout mice have a significantly larger spleen than their littermate controls
after LPS, without any change in the leukocyte populations. This phenotype can be explained by
the presence of splenomegaly within untreated PF4‐Cre.CLEC‐2fl/fl mice which has been shown to
be due to an increase in extramedullary haematopoiesis (Nakamura‐Ishizu et al., 2015).
The platelet specific CLEC‐2 knockout mice showed a significant increase in a wide range of
cytokines and chemokines in the peritoneal lavage fluid. The PF4‐Cre.CLEC‐2fl/fl mice have been
shown to have incomplete separation of the blood and lymphatic systems (Finney et al., 2012).
This mixing may be causing an inefficiency in the transport of leukocytes through the body and
the large increase in cytokine and chemokine signals may be a compensatory mechanism. This
hypothesis is supported by the lack of a significant difference in leukocyte recruitment to the
peritoneum, spleen or colon. However, the large increase in cytokines and chemokines meant
that the mice showed signs of illness at a much earlier stage than their wildtype littermate
controls.
The speculation that the PF4‐Cre.CLEC‐2fl/fl are compensating for blood lymphatic mixing is also
supported by the fact that the inducible CLEC‐2 knockout mice, whom do not possess this
developmental defect, did not show any significant changes in the cytokine and chemokine levels.
Interestingly however, both mouse models possess a trend of lower number of neutrophils and
monocytes within their peritoneum. The numbers of leukocytes recruited to the peritoneum is
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variable and therefore a greater number of mice would need to be examined to test if it would
reach a significant difference.
Interestingly, changes in spleen size, chemokine and cytokines level or leukocyte numbers were
not seen in Vav‐iCre.PDPNfl/fl mice, which means that any possible differences in early leukocyte
recruitment is not likely to be due to an interaction of platelet CLEC‐2 with a podoplanin
expressing leukocyte population such as inflammatory macrophages.
Also, a difference in leukocyte recruitment may only be possible to find following a longer
incubation time of immune stimulation or a model which is most useful to examine the adaptive
immune response rather than the innate response. The changes in the vascular integrity to lymph
nodes caused by a lack of CLEC‐2 may possible disrupt the development of adaptive immune
response and would be an interesting area for further research.
The results of this chapter indicate a key role for platelet CLEC‐2 in maintaining haemostasis
following an inflammatory stimulus. The results also show that lack of platelet CLEC‐2 from
development leads to an over active immune response in these mice. The causes and
consequence of the high levels of cytokines and chemokines remain to be investigated.
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Chapter 5
The role of platelet CLEC‐2 and podoplanin in mouse models of
atherosclerosis and inflammatory bowel disease
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5.1 Introduction
The data within this chapter focuses on the role of platelet CLEC‐2 and its ligand podoplanin in
two mouse models of inflammatory disorders: atherosclerosis and colitis. As such I will introduce
the information for these sections separately.
5.1.2 Platelet CLEC‐2 and Atherosclerosis
Atherosclerosis is a vascular disease in which the artery‐wall thickens due to the accumulation of
leukocytes and proliferation of intimal smooth muscle cells (Huo and Ley, 2004). Studies into
atherosclerosis were initially done by increasing the fat content in the diet of mice. However the
lesions that developed within these mice were restricted to the aortic root (Paigen et al., 1985).
This discovery lead to development of genetically engineered mouse models which are more
susceptible to the development of atherosclerosis. Mice deficient in apolipoprotein ApoE were
first generated in 1992 (Plump et al., 1992) and found to spontaneously develop severe
atherosclerosis when on a high fat diet similar to human with an ApoE deficiency (Ohashi et al.,
2004). ApoE is an important ligand for the uptake of lipoproteins throughout the body and a
deficiency leads to the accumulation of cholesterol ester‐enriched particles. The role of platelets
in atherosclerosis has been studied for over 30 years. They have been shown to be involved in
many stages of the disease from initial plaque growth to eventual plaque rupture which can lead
to stroke or myocardial infraction (Huo and Ley, 2004).
In recent years there has been a greater appreciation of atherosclerosis as an inflammation driven
disorder. Leukocytes such as macrophages, dendritic cells and lymphocytes have all been shown
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to accumulate within atherosclerotic plaque and contribute to the pathology of the disease
(Swirski and Nahrendorf, 2013). However, platelets are also believed to contribute to
inflammation within blood vessel through activation of the endothelium and release of
inflammatory mediators (Nording et al., 2015).
Recent work by Dr. Marie Lordkipandize and Dr. Matthew Harrison in the University of
Birmingham showed an important involvement of the platelet receptor CLEC‐2 in atherogenesis
(unpublished). For this study a double knockout mouse model (ApoE‐/‐ x ERT2‐Cre.CLEC‐2fl/fl) was
generated. As previously discussed CLEC‐2 expression can be deleted from the ERT2 Cre model by
treatment with tamoxifen following development. These mice were placed on high fat diet for 6
weeks and the development of atherosclerosis were compared to ApoE‐/‐ littermate control. The
results of this study revealed that lack of platelet CLEC‐2 leads to an increase in the plaque size.
Platelet CLEC‐2 is therefore protective against the development of atherosclerosis. The results in
this chapter show further investigation into the plaques of the double knockout mice compared
to ApoE‐/‐ mouse model, in particular the expression of the CLEC‐2 ligand podoplanin.
5.1.2 Inflammatory Bowel Disease
Inflammatory bowel diseases (IBD), which includes Ulcerative Colitis and Crohn’s disease are
chronic inflammatory disorders of the gastrointestinal tract. Mouse models of colitis have been
developed in order to study these complex diseases. The results in this chapter focus on the use
of dextran sodium sulphate (DSS) to induce an acute model of colitis.
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High platelet counts have long been noted as a feature of IBD and have been shown to correlate
with disease severity and levels of serum orosomucoid which is a marker of systemic
inflammation (Harries et al., 1983, Shah et al., 1989). Platelets are believed to play several roles
in the pathogenesis of colitis. For instance, platelets from IBD patients have shown to express
high levels of CD40L which upregulates molecules such as vascular adhesion molecule (VCAM)‐1,
and intercellular cell adhesion molecule (ICAM)‐1 on leukocytes thereby increasing adhesion to
the intestine (Danese et al., 2003, Danese et al., 2004).
Increased lymphangiogenesis is a common feature in IBD (Rahier et al., 2011). A recent paper
focuses on the influence of platelets on lymphangiogenesis in a colitis model (Sato et al., 2016) .
The study demonstrated an increase in lymphatic vessels in colon tissue and that inhibiting
lymphangiogenesis results in a worsening of the intestinal inflammation. Furthermore, activated
platelets within the intestinal muscosa were shown to inhibit lymphangiogenesis. In line with this
platelet depleted mice given DSS experienced a reduction in the degree of inflammation in the
colon (Sato et al., 2016).
In this chapter I have investigated the role of platelet CLEC‐2 in acute colitis using the DSS model
using clinical measurements and evaluation of histology including expression of podoplanin.
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5.2 Results Part 1: Role of platelet CLEC‐2 and its ligand podoplanin in
atherosclerosis
5.2.1 Expression of podoplanin in aortic plaques of atherosclerosis prone mice
ApoE‐/‐ mice spontaneously develop plaques on normal diet, while a high fat western diet
accelerates the process (Meir and Leitersdorf, 2004). The aortic sinus section from ApoE‐/‐ x ERT2‐
Cre.CLEC‐2fl/fl (generated by from Dr. Matthew Harrison) are from mice who were placed on
tamoxifen diet for 2 weeks, followed by 4 weeks of normal diet before being placed on high fat
diet for 6 weeks. The ApoE‐/‐ described in this chapter were aged similarly before being placed on
high fat diet for 6 weeks.
Figure 5.1 displays immunofluorescent images of the aortic sinus of atherosclerosis prone (ApoE‐
/‐

) mice and inducible CLEC‐2 deficient atherosclerosis prone mice (ApoE‐/‐ ERT2‐Cre.CLEC‐2fl/fl)

mice. Plaque areas in both mice models show the presence of podoplanin expressing cells.
However, using quantification of the mean fluorescent intensity of the podoplanin signal within
the plaques indicates a higher level of expression in ApoE‐/‐ ERT2‐Cre.CLEC‐2fl/fl mice. There is also
evidence to suggest not only a greater intensity but also an increase in the number of cells
expressing podoplanin. This result would suggest that platelet CLEC‐2 may be playing a role in
supressing podoplanin expressing in atherosclerotic plaques.
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Figure 5.1
A

B

Figure 5.1: Podoplanin expression in the aortic sinus plaques of atherosclerosis prone CLEC‐2
sufficient and inducible CLEC‐2 deficient mice
A. Representative fluorescent images display podoplanin expression in the aortic sinus plaques of
both ApoE‐/‐ and ApoE‐/‐ x ERT2‐Cre.CLEC‐2fl/fl mice. Outlined white area indicates plaques regions
within the image. Representative of 4 mice of each genotype. Scale bar = 100µm.
B. The mean fluorescent intensity of podoplanin within the plaque regions of both ApoE‐/‐ and ApoE‐
/‐
x ERT2‐Cre.CLEC‐2fl/fl mice, calculated using immunofluorescent images. Calculation taken from
sections of 4 mice from each genotype. Statistical analysis was preformed using an unpaired t test,
***=p<0.001.

143

5.2.2 Leukocytes and smooth muscle cells within aortic plaques express podoplanin
Following the discovery of podoplanin within the plaques of both mouse models, we next wanted
to investigate what cell types are expressing the CLEC‐2 ligand. The aortic plaques of ApoE‐/‐ and
ApoE‐/‐ x ERT2‐Cre.CLEC‐2fl/fl were stained using immunofluorescence with either podoplanin and
smooth muscle actin (SMA) or podoplanin and CD45 (Figure 5.2). Smooth muscle actin is a marker
for smooth muscle cells and CD45 is a marker for leukocytes (Lai et al., 1998, Hughes and Chan‐
Ling, 2004). These images show a co‐localisation of podoplanin staining with both smooth muscle
cells and with leukocytes within the plaques of both mouse models (Figure 5.2B).
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Figure 5.2
A

B

Figure 5.2 Podoplanin co‐localisation with smooth muscle cells and leukocytes in aortic sinus
plaque regions of atherosclerosis prone mice compared the mice of an inducible CLEC‐2
deficient atherosclerosis prone mouse model
A. Representative fluorescent images of podoplanin and smooth muscle actin (SMA) expression
within aortic sinus plaques of both ApoE‐/‐ and ApoE‐/‐ x ERT2‐Cre.CLEC‐2fl/fl mice. White scars
indicate areas of co‐localisation. Representative of 4 mice of each genotype. Scale bar = 50µm.
B. Representative fluorescent images of podoplanin and CD45 expression within aortic sinus plaques
of both ApoE‐/‐ and ApoE‐/‐ x ERT2‐Cre.CLEC‐2fl/fl mice. White scars indicate areas of co‐localisation.
Representative of 4 mice of each genotype. Scale bar = 50µm.
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5.2.3 No significant difference in podoplanin mRNA levels in the aortic arch of atherosclerosis
prone mice, inducible CLEC‐2 deficient mice or podoplanin haematopoietic specific deficient
mice compared to wild type mice.
Podoplanin mRNA levels were measured in the aortic arches of wildtype mice (C57BL/6) and
ApoE‐/‐ mice on a high fat diet. The mRNA levels in an inducible CLEC‐2 deficient mice
(ERT2Cre.CLEC‐2fl/fl) and podoplanin haematopoietic lineage specific deficient mice (Vav‐
iCre.PDPNfl/fl) on normal diet were also measured. The mRNA levels from ApoE‐/‐, ERT2Cre.CLEC‐
2fl/fl and Vav‐iCre.PDPNfl/fl mice were then normalised to the levels measured in C57BL/6 mice to
investigate if there was any significant fold change. No significant difference was found between
any of the mouse models tested.
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Figure 5.3

Figure 5.3: Fold changed difference in podoplanin mRNA level within the aortic arch
Graph displays podoplanin mRNA levels in the aortic arch of ApoE‐/‐, ERT2‐Cre.CLEC‐2fl/fl and Vav‐
iCre.PDPNfl/fl mice compared to wildtype (C57BL/6) mice. Data representative of 5 WT and ApoE‐/‐ mice
and 2 ERT2‐Cre.CLEC‐2fl/fl and Vav‐iCre.PDPNfl/fl mice. HFD= mice given high fat diet for 6 weeks. ND=normal
diet. Fold change in podoplanin mRNA levels was calculated using the 2ΔΔCT method detailed in Chapter
2. Statistical analysis was performed using a one way ANOVA followed by a Tukey multiple comparison
test.

147

5.3 Results Part 2: Role of platelet CLEC‐2 and its ligand podoplanin in Colitis
5.3.1 DSS treated inducible CLEC‐2 deficient mice have a significantly worse clinical score
compared to littermate controls.
Dextran sodium sulphate (DSS) induces colitis in mice. The compound has a highly negative charge
and is believed to be toxic to the colonic epithelium. Over time it compromises the epithelial
barrier integrity in the colon and increases inflammation within the tissue (Chassaing et al., 2014).
CLEC‐2 inducible knockout mice (ERT2‐Cre.CLEC‐2fl/fl) and their littermate controls (CLEC‐2

fl/fl

)

both received tamoxifen diet for 2 weeks before being placed on normal diet for 4 week and this
was followed by exposure to 6 days of water containing 3% dextran sodium sulphate (DSS). The
length and dose of DSS given is known to induce an acute form of colitis (Chassaing et al., 2014).
The clinical signs of colitis of these mice were then monitored daily and scored as described in
Figure 5.4A. The weight loss and appearance of the knockout mice did not significantly differ from
their littermate controls (not shown). The bleeding score, as measured by a haemocult kit, and
stool consistency however was significantly worse in the inducible CLEC‐2 knockout mice
compared to littermate controls by day 6 (Figure 5.4B). All of the measurements taken together
also show a significantly worse difference in in the inducible CLEC‐2 knockout mice compared to
littermate controls by day 6 indicating that lack of platelet CLEC‐2 leads to a worsening of the
colitis phenotype in DSS treated mice.
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Figure 5.4

Figure 5.4: Clinical score comparison between an inducible CLEC‐2 knockout model and
littermate controls over the course of 6 days of DSS administration.
ERT2‐Cre.CLEC‐2fl/fl and CLEC‐2fl/fl littermate controls were exposed to 6 days of water containing 3% dextran
sodium sulphate (DSS). Clinical signs of weight loss, appearance, stool consistency and blood loss were
monitored. The graphs above display the clinical attributes which showed significant differences in the
inducible CLEC‐2 knockout mice. Overall clinical score, incorporating all clinical signs measured is also
shown. Statistical analysis was performed using a two way ANOVA followed by a Bonferroni multiple
comparison test **= p<0.01, *** = p<0.001, n=8 for each genotype. This work was done by Dr. Siân Lax.
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5.3.2 DSS treated inducible CLEC‐2 deficient mice have a significantly worse colon histological
score compared to littermate controls
The colons from inducible CLEC‐2 knockout mice (ERT2‐Cre.CLEC‐2fl/fl) and their littermate controls
(CLEC‐2

fl/fl

) were sectioned and stained using haemotocylin and eosin (H&E) following 6 days

exposure to water containing 3% dextran sodium sulphate (DSS) (Figure 5.5A). These sections
were then scored blinding using a method described in Chapter 2 with results shown in Figure
5.5B. Colons from both the knockout mice and the littermate controls display evidence of colitis
but the overall histological score was significantly worse in the inducible CLEC‐2 deficient mice.
Taking the individual soring parameters, there was a significantly worse crypt damage score in
the inducible CLEC‐2 knockout mice compared to littermate control. This finding correlates with
the result seen in the clinical scoring indicating that lack of platelet CLEC‐2 leads to a worsening
of the colitis phenotype in DSS treated mice (Figure 5.5C).
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Figure 5.5
A

B
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Figure 5.5: Histological comparison of the colons of an inducible CLEC‐2 knockout model and
littermate controls following 6 days of DSS administration.
A. Haematoxylin and Eosin (H+E) images of ERT2‐Cre.CLEC‐2fl/fl and CLEC‐2fl/fl littermate controls
following 6 days of DSS administration. Black asterisk points to area of inflammatory cell
infiltration and arrows point to goblet depletion and crypt damage.
B. Graphs displays the scoring of H+E images from the colons of these mice (8 mice of each
genotype). Statistical analysis was performed using an unpaired t test *= p<0.05. Scoring was
performed blindly by Dr. Siân Lax.
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5.3.3 Podoplanin is expressed in DSS treated colons but not in untreated colons
Colons from untreated and DSS treated inducible CLEC‐2 deficient mice (ERT2‐Cre.CLEC‐2fl/fl) and
their littermate controls (CLEC‐2 fl/fl) were sectioned and stained for podoplanin expression.
Figure 5.2 shows that without DSS treated the colons of both CLEC‐2 deficient mice and
littermate controls do not show any podoplanin expression. However, following 6 days of DSS
treatment both genotypes show a pattern a similar increase and podoplanin expression. This
result correlates with previous findings of podoplanin expression within the colon of colitis
patients (Geleff et al., 2003).
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Figure 5.6

Figure 5.6: Podoplanin expression in the colon of untreated and DSS treated mice comparing
inducible CLEC‐2 knockout and littermate control mice.
Representative images from the colons of untreated and DSS treated ERT2‐Cre.CLEC‐2fl/fl and CLEC‐2fl/fl
littermate controls. Untreated images are representative of 4 mice and DSS images are representative of
8 mice from each genotype. Scale bar = 200µm.
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5.3.4 Podoplanin expression on lymphatic vessels and epithelial cells of the colon in DSS treated
mice
Following the discovery of podoplanin expression within the colons of DSS treated mice, we
wanted to investigate the cell types expressing podoplanin. Figure 5.7A shows
immunofluorescent images of podoplanin co‐stained with the lymphatic endothelial cell marker
lyve‐1 (Podgrabinska et al., 2002). The images demonstrate clear co‐localisation of podoplanin
with lyve‐1. Flow cytometry staining also reveals that there is a significant decrease in the median
fluorescent intensity of podoplanin on the lymphatic endothelial cells in the colons of DSS treated
inducible CLEC‐2 knockout mice (ERT2‐Cre.CLEC‐2fl/fl) compared to their littermate controls (CLEC‐
2

fl/fl

). Podoplanin staining was also found in the untreated colons by flow cytometry but the

median fluorescent intensity was low and not significantly different between the inducible CLEC‐
2 knockout mice and littermate controls. Interestingly there was also a significant decrease in the
LEC:BEC ratio of the DSS treated inducible CLEC‐2 deficient mice compared to littermate controls
highlighting a possible difference in the number of lymphatic vessels in these mice.
Figure 5.8A shows immunofluorescent images of podoplanin co‐stained with epithelial cell
staining using EpCAM on the colons of DSS treated mice (Trzpis et al., 2007). These images show
no apparent co‐localisation of podoplanin staining with epithelial cells. However, flow cytometry
analysis of the colon revealed that there is weak podoplanin expression on the epithelial cells of
DSS treated mice and that there is a significant decrease in the median fluorescent intensity of
podoplanin on epithelial cells in the colons of DSS treated inducible CLEC‐2 knockout mice (ERT2‐
Cre.CLEC‐2fl/fl) compared to littermate control (Figure 5.8B).
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Figure 5.7
A

B

Figure 5.7: Podoplanin expression on lymphatic endothelial cells in the colons of untreated
and DSS treated mice of an inducible CLEC‐2 knockout mouse model and littermate controls
A. Representative images of podoplanin and lyve‐1 co‐localisation within the colons of DSS treated
mice. Scale bar = 50µm.
B. Podoplanin median fluorescent intensity on lymphatic endothelial cells (LECs) and ratio of LECs to
blood endothelial cells (BECs) within the colons treated and untreated ERT2‐Cre.CLEC‐2fl/fl and
CLEC‐2fl/fl littermate controls analysed by flow cytometry. Statistical analysis was performed using
an unpaired t test *= p<0.05. Flow cytometry analysis performed by Dr. Siân Lax.
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Figure 5.8
A:

B:

Figure 5.8: Podoplanin expression on epithelial cells in the colons of untreated and DSS treated
mice of an inducible CLEC‐2 knockout mouse model and littermate controls
A.
B.

Representative images of podoplanin and EpCAM within the colons of DSS treated mice.
Podoplanin does not appear to co‐localise within these images. Scale bar = 50µm.
Podoplanin median fluorescent intensity on epithelial cells within the colons treated and
untreated ERT2‐Cre.CLEC‐2fl/fl and CLEC‐2fl/fl littermate controls analysed by flow cytometry.
Statistical analysis was performed using an unpaired t test *= p<0.05. Flow cytometry analysis
performed by Dr. Siân Lax.
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5.4 Discussion
The results presented in this chapter support a role of platelet CLEC‐2 in mouse models of both
atherosclerosis and colitis. In both inflammatory models, a lack of platelet CLEC‐2 results in a
more detrimental phenotype. The inducible CLEC‐2 deficient model was used to ensure that any
differences seen were not due to the development defects seen in the platelet specific CLEC‐2
knockout mouse model. In the case of the atherosclerosis model, a lack of platelet resulted in
larger atherosclerotic plaques (Dr. Marie Lordkipanidze and Dr. Matthew Harrison unpublished)
and podoplanin expression was increased in aortic plaques of CLEC‐2 deficient atherosclerosis
prone mice compared to CLEC‐2 sufficient atherosclerosis prone mice. In the case of a colitis
model, a lack of CLEC‐2 results in a worse clinical score in the mice and the histology of the colon
was also scored and seen to be significantly worse. Podoplanin expression was increased within
the colon tissue of DSS treated mice, but the levels of expression on the lymphatic endothelial
cells and epithelial cells of CLEC‐2 deficient mice were significantly lower than their wildtype
floxed counterparts.
Many research studies have demonstrated the role of platelets in contributing both to the
development of atherosclerosis and as the cause of potential mortality through plaque rupture
(Nording et al., 2015, Badimon and Vilahur, 2014). However recent unpublished work
(Lordkipanidze and Harrison) has demonstrated that platelet CLEC‐2 plays a protective role in the
development of atherosclerosis in mice. The platelet CLEC‐2 ligand podoplanin has been
previously reported to be expressed in the plaques localised in the abdominal aorta of human
patients (Hatakeyama et al., 2012). This study found that podoplanin was expressed on smooth
158

muscle cells and leukocytes within the plaques. Podoplanin mRNA levels were the lowest in areas
of diffuse intimal thickening (DIT) which characterise the initial stages of atherosclerosis
development whereas advanced lesions showed the highest mRNA levels (Hatakeyama et al.,
2012).
Podoplanin expression on synovial fibroblasts has been shown to contribute to inflammation in
synovial joints through an interaction with platelet CLEC‐2 which results in an upregulation of
cytokine IL‐6 and IL‐8 (Del Rey et al., 2014). The high level of podoplanin expression seen in the
aortic sinus plaques of CLEC‐2 deficient atherosclerosis prone mice, and in advanced
atherosclerotic human lesions, leads us to speculate that podoplanin within the plaques also
contributes to the inflammatory environment of plaques. Podoplanin is expressed on the plaques
of both inducible CLEC‐2 deficient and CLEC‐2 sufficient atherosclerosis prone mice, where it is
found on leukocytes and smooth muscle cells. There are also other cells types within the plaques
which are expressing podoplanin which remain to be discovered. Unfortunately, the podoplanin
mRNA levels within the aortic arch of inducible CLEC‐2 deficient atherosclerosis prone mice could
not be tested and no significant differences were found in podoplanin mRNA levels between
wildtype or ApoE‐/‐ mice on high fat diet or in the ERT2‐Cre.CLEC‐2fl/fl and Vav‐iCre.PDPNfl/fl mice
on a normal diet which were used as negative controls.
Taking these results together, they are suggestive of platelet CLEC‐2 playing a protective role in
atherosclerosis. The increase of podoplanin expression in mice lacking platelet CLEC‐2 suggest
raises the possibility that podoplanin may contribute to the growth of atherosclerotic plaques
although the basis of this remains to be established. Further investigation into how platelet CLEC‐
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2 influences podoplanin expression on leukocytes and smooth muscle in plaques and how
expression of this glycoprotein leads to more advanced atherosclerosis will be an interesting area
of further research.
Platelet CLEC‐2 is also shown in this chapter to be protective in an acute model of ulcerative
colitis. The model demonstrated that a lack of CLEC‐2 leads to a worse clinical outcome,
predominantly due to an increase in bleeding in stool samples. This result points to involvement
of CLEC‐2 in maintaining vascular integrity following an immune stimulus, which has been
previously shown (Boulaftali et al., 2013). The histology of the colon of the inducible CLEC‐2
deficient mice was also worse than their wildtype littermates. The damage seen to the histology
of the colon may be a contributing factor to the higher bleeding score and stool consistency of
these mice.
Studying the expression of podoplanin within the colon of DSS treated mice revealed that it is
expressed at a high level on LECs. The expression on LECs was also confirmed by flow cytometry
which revealed upregulation of podoplanin in both CLEC‐2fl/fl and ERT2‐Cre.CLEC‐2fl/fl mice
following treatment with DSS. There was also an increase in LEC:BEC ratio in both mice following
treatment with DSS which suggests an increase in lymphangiogenesis. An increase in
lymphangiogenesis has been reported previously in mouse models of IBD and evidence of an
increase has been found in human samples of IBD (Rahier et al., 2011, D'Alessio et al., 2014). It is
thought that the increase in lymphatic vessels aids the resolution of inflammation by providing
both bacterial antigens and immune cells a route of exit from the colon tissue (D'Alessio et al.,
2014). Interestingly however, both podoplanin expression on LECs and the LEC:BEC ratio in the
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inducible CLEC‐2 deficient mice is significantly lower than their littermate controls. This results
suggests that platelet CLEC‐2 is involved in the process of lymphangiogenesis in the colon
following the induction of colitis.
A recent paper demonstrated that platelet reduction in mice leads to a less severe DSS initiated
colitis phenotype. The study presented evidence that platelets lead to an increase in
lymphangiogenesis which can help in the resolution of inflammation in the muscosal layer of the
colon as previously discussed (Sato et al., 2016). Work done in our lab by Finney et el
demonstrated that migration of LECs and lymphatic vessel formation is reduced in the presence
of platelets (Finney et al., 2012). Interestingly, the inhibition of transmigration and lymphatic
vessel formation also occurred in the presence of CLEC‐2 deficient platelets, albeit to a lesser
extent. Our data would suggest that CLEC‐2 on platelets acts to reduce lymphangiogenesis,
possibly through the interaction with podoplanin expressing LECs, which in turn aggravates the
inflammatory phenotype in vivo in the colitis mouse model. Human podoplanin expressing
monocytes have also been suggested to increase lymphangiogenesis; however there was no
significant expression of podoplanin on monocytes in our mouse model (Hur et al., 2014).
Evidence of podoplanin expression was also found on colon epithelial cells by flow cytometry. It
is unclear why this was not seen by immunofluorescence but it may be due to levels of podoplanin
expression being lower in comparison to lymphatic endothelial cells and therefore difficult to
distinguish using this technique. Using the result from flow cytometry the upregulation of
podoplanin on epithelial cells within the colons of DSS treated inducible CLEC‐2 deficient mice
was significantly lower than that in littermate controls. Podoplanin is believed to be involved in
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maintaining the shape of glomerular epithelial cells and been shown to change the shape of
keratinocytes in which its expressed (Gandarillas et al., 1997, Matsui et al., 1998). The lower level
of podoplanin on epithelial cells may be an influencing factor changing the morphology of colon
epithelial cells and causing the damage to the colons that is seen in DSS treated inducible CLEC‐
2 deficient mice. However, this is purely speculative and needs further investigation.
Previous work has also found evidence of CLEC‐2 expression in the mucosa of the colon which
was shown to suppress tumour progression and invasiveness (Wang et al., 2016). It is possible
that CLEC‐2 expression on colon epithelial cells is being removed in the inducible CLEC‐2 deficient
mice after two weeks of tamoxifen diet; however this was not investigated at the time.
Podoplanin and CLEC‐2 may therefore may be co‐expressed on epithelial cells or be interacting
with each other on different types of epithelial cells and a lack of CLEC‐2 on these cells may be
influencing the colitis phenotype. It has been shown that platelet can be activated by DSS
specifically through the hemITAM receptor CLEC‐2 and the ITAM receptor GPVI (Alshehri et al.,
2015). The lack of platelet CLEC‐2 may be influencing the level of platelet activation over the
course of DSS treatment given to the mice and contributing to the clinical worse phenotype seen
in these mice.
In conclusion, evidence from an atherosclerosis and colitis mouse models suggests the
involvement of platelet CLEC‐2 in both diseases. Lack of platelet CLEC‐2 leads to the upregulation
of podoplanin within atherosclerotic plaques in comparison to a platelet CLEC‐2 expressing
counterpart whereas lack of platelet CLEC‐2 in a colitis mouse model leads a lesser degree of
podoplanin upregulation in colon tissue in comparison to littermate controls. However, in both
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cases lack of platelet CLEC‐2 results in a worsening in the pathology of the diseases and is likely
causing an increase in the inflammatory status. Further investigation into the influence of platelet
CLEC‐2 into inflammation and how it may be influencing podoplanin expression in different type
of inflammatory diseases is an area which needs further investment and research

163

Chapter 6
General Discussion
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6.1 Summary of Results:
I have shown that mouse podoplanin is an adhesion receptor, through its interaction with mouse
platelet CLEC‐2, under conditions of high shear stress. Using an in vitro flow model, I have shown
that platelet aggregation occurs at arterial shear rates and that it follows a similar pattern of
platelet activation and aggregation as classical haemostasis, involving integrin αIIbβ3, GPIbα and
P2Y12. The affinity of interaction between mouse podoplanin and CLEC‐2 is in the nanomolar
range (10‐15nM) which is three orders of magnitude greater than between human podoplanin
and CLEC‐2 and is in the range expected for an adhesion receptor.
Using a mouse model of acute sterile inflammation, I have shown that lack of platelet CLEC‐2 from
inception results in an enhanced response that leads to increased levels of cytokine and
chemokines in the peritoneum of the mice. The increase did not impact immune cell recruitment
to the peritoneum, spleen or colon of these mice. The same increase was not found in mice in
which CLEC‐2 is depleted following development suggesting that it is secondary to the
developmental changes rather than loss of CLEC‐2 on platelets. A previous study has shown that
CLEC‐2 is also expressed by a subset of activated dendritic cells and neutrophils and that B cells
express exogenously derived CLEC‐2 which is lost upon entry into lymph nodes (Lowe et al.,
2015b). Leukocytes expressing CLEC‐2 may also be contributing to the phenotype seen in the
PF4‐Cre.CLEC‐2fl/fl as studies have shown a fraction of CD45 positive cells undergo recombination
in this transgenic mouse model (Pertuy et al., 2015).
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Blood accumulation was found in the peritoneum and Peyer’s patches of both mouse models,
consistent with a role for platelet CLEC‐2 in maintaining vascular integrity following an
inflammatory reaction as previously shown (Boulaftali et al., 2014, Herzog et al., 2013). Blood
accumulation was also found in the peritoneum of haematopoietic specific podoplanin deficient
mice suggesting that the role of CLEC‐2 in vascular integrity is mediated through its interaction
with podoplanin expressing leukocytes. A loss in vascular integrity does not occur in the Peyer’s
patches of the haematopoietic specific podoplanin deficient mice likely since podoplanin is still
expressed by FRCs which is critical in maintaining HEV vascular integrity (Herzog et al., 2013).
I also investigated the influence of platelet CLEC‐2 on a non‐sterile form of acute inflammation,
namely DSS induced colitis. The absence of CLEC‐2 results in a more severe clinical phenotype in
mice. Following the induction of colitis there is an increase in podoplanin expression in the colons
of mice. The increase is seen in both lymphatic endothelial cells (LECs) and epithelial cells.
However, there is a significantly lower increase in podoplanin expression in both cells types in the
colons of platelet CLEC‐2 deficient mice.
In the case of a chronic form of vascular inflammation, namely atherosclerosis, it was previously
shown that platelet CLEC‐2 caused an increased in plaque size. My work demonstrated that
podoplanin is expressed within the plaque of atheroprone mice but there is a significantly greater
increase in podoplanin expression in the plaques of platelet CLEC‐2 deficient mice. A summary of
the results for three mouse models examined can been seen in Figure 6.1.
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Figure 6.1: Role of Platelet CLEC‐2 in inflammatory disorders

Figure 6.1: Role of Platelet CLEC‐2 in inflammatory disorders
The results presented in this thesis demonstrate that platelet CLEC‐2 plays a protective biological role in
the development of acute and chronic inflammatory disorders. The mechanisms through which it protects
the body against inflammatory is not yet clear. There is evidence that podoplanin is involved in the process
but the cell expressing the CLEC‐2 ligand varies depending on the condition.
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6.2 Podoplanin and CLEC‐2 interaction in specialised vascular beds
Previous work has shown that a lack of platelet CLEC‐2, or podoplanin on the developing
neuroepithelium causes the appearance of brain haemorrhages in a developing mouse embryo
(Lowe et al., 2015a). It was hypothesised that platelet aggregation through the interaction of
CLEC‐2 and podoplanin was necessary for the normal development of the cerebral vasculature.
Data presented in this thesis demonstrates that mouse podoplanin causes platelet aggregation,
dependant interaction with platelet CLEC‐2, under arterial rates of shear which are likely to be
present in the developing brain (Wang et al., 1992, Rovainen et al., 1992). It is also likely that high
shear rates exist in the developing human brain.
The impact that podoplanin has on platelet aggregation under high shear rates may also impact
metastasis in podoplanin expressing tumours. Post development podoplanin expression in the
brain becomes restricted to the choroid plexus. However it has been shown that podoplanin
becomes upregulated in patients with glioblastoma and affects tumour cell migration and
therefore development of secondary metastasis (Grau et al., 2015, Peterziel et al., 2012). Patients
with primary and metastatic brains tumours are known to be particularly highly predisposed to
thromboembolism and many are treated with antiplatelet therapies to prevent this complication
from occurring (Gerber et al., 2006). It is possible that these migrating podoplanin expressing
tumour cells are effecting the coagulable state of these patients through interaction with platelet
CLEC‐2 priming the platelets for activation.

168

Interestingly however this interaction may have more importance in mice than in humans, as the
affinity of the interaction is much higher. Previous work using the same in vitro flow system
described in this thesis revealed that recombinant human podoplanin causes human platelet
aggregation solely at venous shear rates. Human lymphatic endothelial cells which express
podoplanin also cause platelet aggregation at venous but not arterial shear rates (Navarro‐Nunez
et al., 2015). This discovery correlates with the binding affinity reported for human CLEC‐2 and
podoplanin which was found to be 24.5 +/‐ 3.7 µM (Christou et al., 2008). These results together
may indicate that other, as yet undiscovered, CLEC‐2 ligands are involved in the platelet
aggregation needed during cerebrovasculature development. It could also mean that the
mechanisms behind human and mouse cerebrovasculature development differ significantly and
it does not rely on platelet aggregation.
The clear difference in the affinity between the mouse forms of CLEC‐2 and podoplanin and the
human forms of the proteins also has implications for the interpretation of mouse models looking
at the involvement of podoplanin and CLEC‐2 in homeostasis and disease. As well as
cerebrovasculature development, CLEC‐2 and podoplanin interaction has an accepted role in
mouse lymphatic system development (Finney et al., 2012, Bertozzi et al., 2010, Uhrin et al., 2010,
Suzuki‐Inoue et al., 2010). However, the difference in the affinity may mean that CLEC‐2 and
podoplanin does not have the same importance in the development of the human lymphatic
system and may involve other CLEC‐2 ligands that exist in humans but not mice. Mouse models
have also been used to show an involvement of podoplanin and CLEC‐2 in diseases such as
rheumatoid arthritis and cancer as well as colitis and atherosclerosis discussed in this thesis. In
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studying these diseases using mouse models, it is hoped that the results can be extrapolated to
human disease and be possible later targets for treatment. However, knowing that the strength
of interaction between human CLEC‐2 and podoplanin is weaker than in mice bring into question
the validity of mouse models in studying the involvement of this receptor‐ligand pair in human
disease.

6.3 Platelet CLEC‐2 and inflammation
It is now widely accepted that platelet function goes far beyond their role in ‘haemostatic plug’
formation and these anucleate cells have biological roles in areas such as embryonic development
and in the functioning of the immune system (Ware et al., 2013). Platelet CLEC‐2 has been shown
in studies to impact blood‐lymphatic development (Finney et al., 2012), brain development (Lowe
et al., 2015a), and vascular integrity following an immune stimulus (Bertozzi et al., 2010, Herzog
et al., 2013) as well as an involvement in the pathogenesis of inflammatory diseases such as
rheumatoid arthritis (Del Rey et al., 2014). The data presented in this thesis suggests that platelet
CLEC‐2 is intimately involvement in directing platelet activity during both acute and chronic
inflammation in particular in colitis and atherosclerosis (Figure 6.1).
Mice lacking platelet CLEC‐2 from inception have an over responsive immune reaction in response
to a sterile inflammatory stimulus i.e. LPS induced peritonitis. The significantly higher cytokine
and chemokine levels may be a compensatory mechanism due to the presence of blood‐
lymphatic mixing which impedes the transport or effectiveness of cytokines and chemokines
released to protect the body against the threat of systemic infection. This result emphasises
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importance of platelet CLEC‐2 in lymphatic development. The absence of CLEC‐2 during
development therefore impinges on the functionality of the immune system which heavily relies
on a fully separated lymphatic system.
Platelet CLEC‐2 is shown in this thesis to be protective in an acute form of colitis. The results in
this thesis suggest that platelet CLEC‐2 prevents excessive bleeding and helps to maintain healthy
colon tissue structure. In contrast, a recent study has found that platelets have been shown to
aggravate colitis through the suppression of lymphangiogenesis (Sato et al., 2016). A lack of CLEC‐
2 resulted in a decrease in lymphangiogenesis, as seen by the lower LEC:BEC ratio in these mice
which suggest that platelet CLEC‐2 is protective by increasing lymph vessels within the colon.
Higher podoplanin expression is often co‐insides with an increase in lymphangiogenesis in both
colitis and cancer (Geleff et al., 2003, Jankowska‐Konsur et al., 2016). The lower levels of
podoplanin expressing LECs in CLEC‐2 deficient mice therefore agree with the hypothesis that
platelet CLEC‐2 influences lymph vessel growth. The lack of CLEC‐2 is therefore likely resulting in
a more severe phenotype due to less lymph vessel growth in the colon necessary to traffic the
leukocytes away from the inflamed tissue. Additionally there is increased bleeding in the tissue
further perpetuating the severity of the disease.
Platelet CLEC‐2 has also been shown to be protective in a mouse model of atherosclerosis (Dr.
Marie Lordkipandize and Dr. Matthew Harrison unpublished). The exact mechanism as to how
platelet CLEC‐2 is protective in atherosclerosis is unclear. Platelets are generally believed to be
detrimental in atherogenesis by contributing to the inflammatory environment (Nording et al.,
2015), but platelet CLEC‐2 seems to have prevent the growth of plaques. A lack of CLEC‐2 seem
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to result in an increase in podoplanin expression within the plaques of mice. It is possible that
platelet CLEC‐2, directly or indirectly, prevents an increase in podoplanin expression on
leukocytes and other cells which are recruited to a plaque. How exactly podoplanin may be
contributing to the growth of plaques is unknown but it could be linked with the shape or
movement of the cells in the plaques, as podoplanin is believed to communicate with the cell’s
cytoskeleton (Martin‐Villar et al., 2006).
In both models therefore, platelet CLEC‐2 is having the opposite effect in the disease compared
to the effect of platelets as a whole. Further investigation into how platelet CLEC‐2 is effecting
platelet behaviour and the influence of platelets in disease is warranted. In both cases a lack of
platelet CLEC‐2 has an impact on podoplanin expression within colon tissue and atherosclerotic
plaques respectively. The decrease in podoplanin expression in colitis and increase in
atherosclerotic may be due to the difference in the time period in of persistence inflammation
i.e. DSS given to the mice for 6 days, atheroprone mice on high fat diet for 6 weeks. Looking into
how platelet CLEC‐2 regulates podoplanin expression, and how this in turn is impacting disease,
will be an interesting area of further research.
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6.4 Future Work
Further research is needed to understand the mechanism behind the role of platelet CLEC‐2 in
inflammation. An investigation into the adaptive immune system using the CLEC‐2 deficient
mouse models could facilitate greater potential understanding of how CLEC‐2 is involved in aiding
the immune system. CLEC‐2 helps prevent blood accumulation within lymph nodes following an
immune stimulus. Blood accumulation caused by a lack of CLEC‐2 may therefore effect the
trafficking and efficacy of adaptive immune cells, eg. B cells and T cells, to lymph nodes and
therefore hinder important adaptive response such as the production of antibodies
Secondly, it is not yet clear how CLEC‐2 may be influencing podoplanin expression on cells such
as lymphatic epithelial cells and leukocytes. The effect may be a direct or indirect influence of
platelet CLEC‐2. Further investigation of the interaction of platelets and cells expressing
podoplanin, rather than the protein alone, could yield interesting results. Using cell culture
models would also allow for a comparison between mouse and human cells. Shear flow models
or 3D cells matrix models may reveal more physiologically relevant answers
Lastly, similar mouse models of acute and chronic inflammation could be performed using cell
type specific podoplanin deficient mice, eg a podoplanin myeloid deficient mouse crossed with
an ApoE‐/‐ deficient model and put on high fat diet, or a podoplanin endothelial deficient mouse
(Tie2‐Cre) treated with DSS. Further investigation into all podoplanin expressing cells which may
be involved in a specific model may be necessary before performing these experiments.
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6.5 Final Considerations:
The role of platelet CLEC‐2 is likely to continue to be heavily researched in the future as more
evidence emerges on its involvement in directing the role of platelets beyond that of haemostasis.
A greater understanding of the role of podoplanin in health and disease is also needed to better
understand its impact on cell behaviour in cells which constitutively express this protein and the
growing variety of cells capable of podoplanin expression following an inflammatory stimulus. An
important consideration in studies looking into platelet CLEC‐2 and podoplanin interaction is the
difference in affinity between that of mouse CLEC‐2 and podoplanin and human CLEC‐2 and
podoplanin. This difference impacts the extrapolation of findings in mouse models, particularly in
arterial shear rate environments, and its use as a potential clinical target for the treatment of
human disease.
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