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Abstract 

Beyond their role in haemostasis, platelets have been shown to be strongly 

immunomodulatory, particularly in type 1 inflammatory responses to bacteria 

and viruses.  However, the role of platelets in type 2 inflammation, that 

characterises helminth infection and allergy is poorly understood.  More than 

200 million people globally are chronically infected with schistosome parasites 

which has a massive burden of >3 million disability adjusted life years.  Despite 

large (~1cm long) worms residing in the vasculature for 5-10 years, they do 

not induce severe inflammation or coagulation.  However, infected individuals 

display a plethora of debilitating symptoms including hepatosplenomegaly and 

intestinal haemorrhaging due to thousands of schistosome eggs transiting 

through and lodging within host tissues.  This thesis aims to assess the 

haemostatic alterations and functional consequences of platelet-immune cell 

cross-talk in schistosomiasis.   

We used a murine model of chronic Schistosoma mansoni infection to 

examine specific platelet-leukocyte interactions and the effect these have on 

inflammation.  Chronic schistosome infection induces thrombocytopenia 

(~500x103/mm3) that persists after drug-mediated worm clearance.  In vivo 

platelet tracking revealed accelerated hepatic and splenic platelet clearance 

in schistosome infection, and this occurred in an FcγR-independent manner.  

Furthermore, there was a significant increase in platelets aggregating with 

specific hepatic macrophage subsets (Ly6CloMHCIIloRELMαhi).  Live cell 

imaging in vitro experiments revealed that platelets enhanced the phagocytic 

ability of M2 macrophages without altering MHCII or RELMα expression.  

Surprisingly, platelets from schistosome-infected mice spontaneously 

aggregated in the absence of exogenous agonists despite not having an 

activated platelet phenotype, yet show prolonged clotting time.  We used 

multiple experimental strategies to deplete or increase platelet numbers in 

schistosome infection, and this highlighted the challenges of separating the 

haemostatic and immunological roles of platelets in vivo.  Work in this thesis 

demonstrates how schistosome infection disrupts platelet lifespan and 

functionality, whilst promoting enhanced interactions with immune cells.    
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1. Introduction 

1.1 Schistosomiasis 

1.1.1 Epidemiology 

Schistosomiasis, also known as bilharzia, is a chronic parasitic disease that is 

caused by infection with the platyhelminth parasite Schistosoma (1).  In 2019, 

the WHO estimated there were over 250 million people infected with the 

parasite and requiring treatment, with at least 90% of those being in Africa (2).  

Transmission has been identified in more than 78 countries and after malaria, 

schistosomiasis is one of the major causes of morbidity and mortality 

throughout many African countries (3).  The poor and rural communities, 

reliant on the agricultural and fishing trades are predominantly affected as a 

result of inadequate hygiene and recurrent exposure to infested water (4).  The 

morbidity of this disease is a major problem, with over 3.3 million disability-

adjusted life years being attributed to schistosome infections annually (3).   

There are two main forms of schistosomiasis, caused by three major 

schistosome species; intestinal schistosomiasis associated with Schistosoma 

mansoni (S. mansoni) and Schistosoma japonicum (S. japonicum), and 

urogenital schistosomiasis associated with Schistosoma haematobium (S. 

haematobium).  S. haematobium and S. mansoni both occur in Africa and the 

Middle East, with S. mansoni also present in the Americas, whereas S. 

japonicum is primarily localised to Asia (5).   

1.1.2 Parasite lifecycle 

The disease is transmitted through exposure to water containing the infective 

parasite.  Individuals can become infected when cercariae are released by 

schistosome species-specific freshwater snails. S. mansoni and S. 

haematobium require freshwater Biomphalaria and Bulinus snail hosts 

respectively, with S. japonicum using the amphibious freshwater Oncomelania 

species (5).  Released cercariae are capable of penetrating human skin, and 

at the point of entering the body they shed their tails and become 

schistosomula.  Once within the human host, the parasites migrate around the 

body in the venous circulation, passing through the heart and lungs, before 

eventually residing and maturing in the liver.  On average, schistosomes are 
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able to survive in the circulation for 5-10 years and can directly take up 

nutrients across their body surface as well as by ingestion of blood into the 

gut, lysing erythrocytes as they pass down the parasite’s specialised 

oesophagus (6).  As schistosomes lack an anus, potentially toxic degradation 

products, such as haem, are expelled via regurgitation.  Mature male and 

female worms copulate, and as paired adult schistosomes, they migrate within 

the portal system, against the blood flow, towards the mesenteric veins of the 

gut (7).  S. haematobium is an exception to this, finally colonising the vessels 

of the bladder wall instead of the gut mesentery (5).  However, in both cases, 

upon maturation and pairing the schistosomes start laying fertilised eggs.  In 

the case of S. mansoni and S. japonicum (mesentery colonising 

schistosomes), eggs transit from the blood, across intestinal tissue, to reach 

the lumen of the intestine and are excreted.  However, many eggs become 

lodged in the host liver resulting in granulomatous inflammation (8).  Within an 

egg a miracidium develops and is released upon contact of the egg with fresh 

water.  Released miracidium swim in search of a specific snail which acts as 

an intermediate host.  Within the snail the miracidium transforms into a 

sporocyst, which undergoes asexual reproduction, ultimately releasing 

infective cercariae (9) (Figure 1.1).   
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Figure 1.1 Schistosoma mansoni lifecycle 

Illustration of the multiple S. mansoni lifecycle stages including the fresh water and 

intermediate host stage, as well as within a human-host.  Based on (10).   
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1.1.3  Pathology/immunology of infection 

Initial penetration and circulation of the schistosomula stimulates an early 

acute response in the host, primarily against specific cell surface antigens 

and/or worm secretions in the first 3-5 weeks, characterised by a mixed T 

helper 1 (Th1) and Th2-like response.  Inflammatory cytokines such as IL-1, 

IL-6 and tumour necrosis factor (TNF)α, associated with Katayama Fever, are 

elevated (11).  Individuals living in endemic regions rarely display signs of 

febrile illness, potentially as a result of in utero sensitisation, thereby reducing 

the development of a strong pro-inflammatory Th1 response (12).  However, 

following the start of parasite egg laying, around 5-6 weeks post-infection, the 

Th1 response recedes and is replaced by a dominant Th2-like response 

(raised levels of IL-4, IL-5 and IL-13) (11).  The presence of schistosomes and 

their eggs induces the differentiation of Th2 cells which promotes B cell class 

switching, favouring IgE production.  Schistosome eggs are highly 

immunogenic and also release a multitude of immunomodulatory secretory 

products (13,14).  Alpha-1 (α1) is a 38-40kDa dimeric glycoprotein, secreted 

by schistosome eggs, which has subsequently been named IL-4 inducing 

principle of S. mansoni eggs (IPSE).  Schramm et al. (2007) demonstrated 

that IPSE is vital for IL-4 production by basophils in the liver, and that IPSE/α-

1-depleted egg antigen did not result in cytokine production (14).  Human 

eosinophils express both FcɛRI and II (murine eosinophils only express FcɛRI) 

that binds IgE, promoting their activation and degranulation upon antigen 

binding (15).  In the absence of IL-4, and the associated Th2 response to 

dampen the pro-inflammatory response, schistosome infection in mice is lethal 

by 9 weeks post-infection (16–18).  This mortality is associated with over-

expression of pro-inflammatory mediators such as IFNγ, TNFα and inducible 

nitric oxide synthase (iNOS). 

The Th2 response leads to formation of granulomas containing large numbers 

of alternatively activated macrophages and eosinophils around eggs that have 

become trapped within the liver and intestine (S. mansoni, S. japonicum) or in 

the bladder and urogenital system (S. haematobium) (19–22).  As adult worms 

are long-lived in the vasculature, female worms continue producing hundreds 

of eggs per day resulting in the chronic state of infection (11).  Despite the 
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requirement for a Th2 response in modulating infection progression, it is a 

double-edged sword as this mechanism is responsible for hepatic fibrosis and 

portal hypertension causing chronic morbidity and can itself be life threatening.  

Interestingly, between 8 and 20 weeks of infection, hepatic granulomas reduce 

in size which suggests a degree of hypo-responsiveness develops during 

chronic infection (23).  The formation of granulomas around parasite eggs has 

beneficial effects for both the host and parasite as intestinal granulomas 

facilitate egg translocation to the lumen but as a consequence the gut wall 

becomes perforated which increases bacterial entry into host circulation (24–

26).  However, this mechanism remains controversial as some studies have 

not seen any increase in endotoxin levels of schistosome-infected individuals 

(27).  Nevertheless, by trapping eggs within granulomas, host tissue is 

protected from exposure to highly antigenic eggs and hepatotoxic 

inflammatory egg components e.g. omega 1, which supports host survival and 

in turn parasite survival as well (23).   

1.1.4 Treatment  

Praziquantel (PZQ), developed in the 1970s by Bayer, has been the 

anthelminthic drug of choice, delivered by mass drug administration for the 

past 10 years (28,29).  PZQ is effective against all forms of schistosomiasis, 

however it is less effective at killing parasites in their juvenile life-cycle stage 

compared with mature adult worms (29).  Despite being used to treat millions 

of people, the mode of action is poorly understood, but studies of PZQ-

resistant worms are providing crucial information about the mechanism of 

action (30,31).  There are three, non-mutually exclusive, proposed 

mechanisms, i.e. inhibition of calcium influx into the worm, blocked muscle 

contraction and tegumental surface modifications (32–41).  Ultimately, PZQ 

treatment results in death of adult worms, which stops schistosome egg 

production and limits infection progression.  However, PZQ does not affect the 

existing immunogenic eggs that are lodged within tissues or directly reverse 

existing pathology and it also does not offer high levels of resistance against 

re-infection (42,43).  Although, there are studies that suggest PZQ treatment 

does offer a low level of immunity by driving the switching of host 

immunoglobulin (Ig) production from IgA to a predominantly IgG1 response 
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(44,45).  Unfortunately, over recent years the efficacy of PZQ has diminished 

with “hotspots” emerging where mass drug administration is not working, most 

notably in endemic areas within Africa, including Egypt, Senegal, Uganda, 

Ivory Coast and Kenya (46–48).  This may be as a result of intense infection 

transmission and the development of drug resistance (29,49).  The limited 

prevention of re-infection is problematic given people living in endemic rural 

areas often cannot avoid contact with infected water, either due to poor 

sanitation or necessity for their livelihood (1).  People travelling to endemic 

areas are not given PZQ as a prophylactic due to its lack of effectiveness 

against juvenile schistosomula and its short half-life (1).  The anti-malarial drug 

artemisinin has been shown to be effective against juvenile schistosomula and 

therefore could be used as a prophylactic treatment for both travellers and 

high-risk groups such as fishermen and flood relief workers (50).  

Oxaminiquine, is a pro-drug that is enzymatically activated by schistosome 

parasites and has also been used as a treatment, primarily in Brazil, but it is 

only effective against S. mansoni (51).  For both PZQ and oxaminiquine to be 

effective, the infected individual must have a functioning immune system (52–

54).   

There is currently no vaccine publicly available for protection against any of 

the Schistosoma spp.  Over the past decade more than a hundred potential 

vaccine candidates have been explored and shown promising results in vivo, 

however relatively few have progressed to human clinical trials (55).  Many 

studies have shown older children and adults living in endemic areas to 

develop a degree of schistosome resistance to re-infection during their lifetime 

and this has been mimicked in mouse models.  Mice treated with irradiated 

cercariae conferred up to an 80% protection against infection (42,56,57).  

However, the mechanism of this protection is poorly understood and therefore 

difficult to elicit through immunisation.  One of the difficulties of vaccine 

development is the inherent ability of schistosomes to evade the host immune 

system and remain in the circulation for years.  One potential vaccine target 

has been parasitic intestinal enzymes.  These have had limited prior exposure 

to the immune system, and therefore infected individuals are unlikely to have 

pre-existing antibodies against these proteins.  It is proposed that a vaccine 
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based on these intestinal enzymes will stimulate neutralising antibody 

production, meaning when the parasite feeds on the blood, antibodies will also 

be ingested and hopefully interfere with parasite digestion resulting in their 

death (58).  An alternative approach has been to target the excretory/secretory 

(ES) products which are crucial for modifying the environment, enabling 

immune cell evasion (59).  However, the high degree of redundancy in 

parasitic ES products means a combination of multiple factors may be required 

to drive sufficient immunity (58).  The newest approach has been to target 

extracellular vesicles (EV) which are released in the ES products.  These lipid-

bound vesicles contain both proteins and small RNAs and have significant 

immunomodulatory effects (60).  Despite vaccination with EV isolated from 

helminth ES products showing promise in murine models, it is not currently 

feasible to scale up the bioprocessing derivation of specific ES-containing EV.  

Therefore, focus is now on identifying specific EV antigens which can be 

produced and incorporated into a vaccine and elicit the same response as 

isolated EV.   

The only three vaccine candidates currently in clinical trials are against S. 

haematobium 28-kDa glutathione S-transferase (rSh28GST), S. mansoni 14-

kDa fatty acid-bind protein (Sm14) and S. mansoni tetraspanin, 9-kDa surface 

antigen (Sm-TSP-2)(61).  The constant advancement of genetic and 

proteomic screening is being utilised to examine large numbers of surface 

tegument proteins of parasites at different stages of their lifecycle that are 

functionally important but also accessible as potential targets (62).  A 

promising candidate that has been the focus of much research for 22 years is 

Sm-p80, this is the large subunit of a schistosome calcium-activated neutral 

protease calpain (63).  Next generation RNA-sequencing and transcriptomic 

analysis has allowed the identification of immune signatures from different 

vaccine strategies with Sm-p80 as the target and helps build up a big picture 

about the mechanism of action (63).   

1.1.5 Specific immune cell response to type 2 inflammation 

Eosinophils: In healthy mice, eosinophils contribute less than 5% of all blood 

leukocyte populations and are relatively short-lived in the circulation (~18hr) 

before migrating to, and residing in the thymus, gastrointestinal tract, lung, 
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mammary glands or adipose tissue (~6 days) (64,65).  However, following a 

helminth infection or allergic inflammation, numbers dramatically increase both 

in circulation and within tissues (66).  IL-5 and the eotaxin chemokines 

(CCL11, CCL24, CCL26) activate eosinophils, promoting their differentiation 

and survival in the peripheral tissues, promoting eosinophilia.  Furthermore, 

thymic stromal lymphopoietin (TSLP), which is expressed by many leukocytes 

(including dendritic cells (DC), T cells and B cells), as well as IL-25, which can 

be produced by Th2 cells and epithelial cells, also promote eosinophilia 

through the induction of IL-5 (67).  IFNγ and eotaxins are just some of the 

signals that can also stimulate eosinophil degranulation and the release of a 

multitude of cationic proteins, cytokines, chemokines, growth factors and 

enzymes into the surrounding tissues (68).  Cross-talk between eosinophils 

and different immune cells has been demonstrated in many different contexts.  

In adipose tissue eosinophils are the major source of IL-4 which maintains 

alternatively activated macrophage survival and maintenance of glucose 

homeostasis (69).  Furthermore, in the context of allergic lung inflammation, 

alternatively activated macrophages enhance eosinophil recruitment to the 

tissue through the release of Ym1 (70).  In the case of granulomatous 

inflammation, following schistosome egg injections, eosinophils contribute 

over 25% of the immune cells present in the granulomas (71).  However, 

depleting eosinophils by treating mice with neutralising IL-5 monoclonal 

antibodies or using eosinophil lineage depleted mice (ΔdblGATA) does not 

reduce schistosome egg excretion in the faeces, liver granuloma size or 

fibrosis (72,73).  In humans, ongoing clinical trials are being performed to test 

the efficacy and safety of drugs such as Benralizumab which is an IL-5Rα–

directed cytolytic monoclonal antibody, in the treatment of uncontrolled asthma 

with eosinophil inflammation (74).  So far, these eosinophil-depletion 

treatments appear to be well tolerated and effective with no apparent 

association with increased infections or malignancies (74).   

T cells: Granulomatous inflammation in schistosome infection is reliant on a 

strong CD4+ T cell response.  CD4+ T cells become activated following 

recognition of specific schistosome egg antigen (SEA) peptides presented on 

MHCII molecules of professional antigen presenting cells (75).  As mentioned 
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previously, during the initial phase of infection, prior to egg deposition there is 

a mixed Th1/Th2 response.  Egg deposition drives a strong Th2 response 

which gradually is dampened as the immune response is modulated in the 

chronic stages of infection, during which anti-inflammatory cytokines, such as 

IL-10 are elevated (11).  CD4+ T cells isolated within days of an initial infection 

express high levels of IFNγ, whereas those isolated from hepatic granulomas 

8 weeks post-infection express high levels of IL-4, IL-13 and IL-5, and very 

little IFNγ (76).  The depletion of CD4+ T cells and the infection of T cell 

deficient mice both significantly reduce schistosome egg excretion, 

demonstrating the importance of T cells in granulomatous inflammation 

(17,54).  Moreover, co-infection of individuals with S. mansoni and human 

immunodeficiency virus (HIV) show the same trend of fewer CD4+ T cells and 

lower faecal egg counts (77).  In both mice and humans, other subsets of T 

cells, such as regulatory T cells (Tregs) also expand during chronic infection.  

Tregs suppress DC activity and inhibit granuloma development and fibrosis 

(78–84).  In this thesis we examine the interaction of immune cells and 

platelets in schistosome infection, in this regard the interactions between 

platelets and T cells are poorly understood.  In vitro studies show T cell-platelet 

interactions can occur through contact-dependent and -independent 

mechanisms and these interactions can inhibit CD4+ T cell proliferation 

(85,86).  However, even in healthy individuals the effects of platelets on T cell 

differentiation and cytokine production is less clear, with the studies on human 

blood showing platelets can either enhance or inhibit IFNγ and TNFα 

production (85–87), which may reflect differences in starting cell populations, 

e.g. peripheral blood mononuclear cells or isolated CD4+ T cells.  Moreover, 

the complexity of T cell-platelet interactions is further complicated by the 

inflammatory context/disease state.  For example, in patients with immune 

thrombocytopenia, platelets express auto-antigen driving enhanced 

production of IFNγ and IL-2 by CD4+ T cells (88).  The interaction of platelets 

and T cells in murine models is also complex and context specific.  One 

example of this is murine cerebral malaria where platelets enhance CD8+ T 

cell cytokine production and survival, whereas in murine polymicrobial sepsis 

platelets have the opposite effect (89).   
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B cells: The role of B cells in the regulation of schistosome infection is not 

fully clear as Hernandez et al. (1997) showed B cells are essential for Th2 

polarisation (but not granuloma formation), whereas Jankovic et al. (1998) 

showed B cell deficient mice do not have any significant changes in T cell 

proliferation or differentiation (90,91).  In mice the hepatic B cell population 

expands over the course of schistosome infection, particularly from 10 weeks 

post-infection (92).  This correlates with a contraction of B cells in the 

mesenteric lymph nodes.  The expansion of B cells in infection is polyclonal, 

resulting in increased antigen-specific and non-specific antibody production 

(93,94).  SEA-specific antibody production is initiated following schistosome 

egg deposition and persists throughout infection, with IgM levels peaking at 

12-16 weeks and IgG at 20 weeks post-infection (95).  Studies culturing 

peripheral blood mononuclear cells from active schistosome-infected patients 

with serum from chronically infected patients or with immune-complexes with 

SEA resulted in reduced granuloma formation in vitro, suggestive of a 

protective and immunosuppressive effect on granulomatous inflammation 

(96).   

Macrophages/monocytes: Mills et al. (2000) defined two distinct activation 

phenotypes of macrophages that develop in response to cytokine stimulation 

or pathogen molecules (97). These are commonly referred to as M1 

(classically activated) and M2 (alternatively activated) macrophages.  

However, it is also well appreciated that in vivo the spectrum of macrophage 

activation is complex and additional activation states exist (98,99).     

Understanding the mechanisms and stimuli required for macrophage 

polarisation in vivo has led to the development of more realistic and biologically 

relevant in vitro models.  Polarisation to M1 macrophages requires two steps: 

firstly a “priming” step, then a ligand-toll-like receptor (TLR) interaction.  IFNγ 

is thought to be the best primer of macrophages and is usually produced, and 

maintained at high levels by the activation of natural killer (NK), innate 

lymphoid cell (ILC)-1 and Th1 cells (100).  The second step of ligand-TLR 

interactions usually occur in the presence of microbial organisms expressing 

pattern associated molecular patterns (PAMP).  In vitro, the polarisation of 

murine macrophages to an M1-like phenotype is usually achieved by the 
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overnight culture of macrophages with a combination of lipopolysaccharide 

(LPS) and IFNγ (100).  As M1 macrophages express iNOS to metabolise 

arginine to citrulline and nitric oxide, iNOS is commonly used as a marker of 

classical activation (98).  In contrast, M2 macrophages develop in response to 

Th2-associated cytokines, IL-4 and IL-13 (101,102).  In murine macrophages, 

this causes activation of STAT6 and upregulates the transcription of genes 

including: arginase 1 (Arg1), resistin-like molecule alpha (RELMα) (Retlna) 

and chitinase-like protein Ym1 (Chil3) (103–105).  Of note, there are no human 

homologues of Retlna and Chil3, and Arg1 is not produced in human 

macrophages in response to IL-4/IL-13.  Instead, dual staining of 

transglutaminase 2 and mannose receptor C type 1 (CD206) are commonly 

used for identification of M2-like macrophages in humans (106).   

Hepatic macrophages in both mice and humans originate from the yolk sac 

during embryonic development and also from blood monocytes.  The majority 

of tissue resident macrophages (Kupffer cells) are produced from early 

embryonic progenitors in the yolk sac before definitive haematopoiesis from 

haematopoietic stem cells (HSC) in the bone marrow (BM) takes over (107).  

Lineage tracking experiments in mice have shown that macrophages 

produced as early as E8.5 persist into adulthood (108).  Under steady-state 

conditions Kupffer cells undergo self-renewal (107).  Kupffer cells are primarily 

located along sinusoids and act as the first line of defence for the liver; 

removing blood-borne pathogens (109).  Moreover Kupffer cells are vitally 

important for the removal of desialylated, aged platelets through the 

macrophage galactose lectin (110).   

As  haematopoiesis shifts from the foetal liver to the BM during development, 

macrophages arise from HSC along the differentiation hierarchy (107).  

Following Kupffer cell depletion, it appears that recruited monocyte derived-

macrophages are able to differentiate and become fully functional Kupffer cells 

(109).  However, the liver microenvironment has a massive effect on the 

differentiation process of monocyte derived macrophages (111).  There are 

two main murine populations of monocytes: Ly6Chi (classical) and Ly6Clo (non-

classical or patrolling).  Different pathogens induce specific cytokine and 

inflammatory mediators that drive distinct differentiation and maturation of BM 
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derived monocytes (112,113).  Schistosome infection gives rise to a Th2 

response and results in elevated monopoiesis in the BM and the release of 

classical monocytes, also called inflammatory monocytes (Ly6Chi, CX3CR1lo, 

CCR2+), and non-classical or patrolling monocytes (Ly6Clo, CX3CR1hi, CCR2lo 

) into the circulation (114).  Schistosome eggs activate classical monocytes 

and CCL2 mediates recruitment of inflammatory monocytes into tissues, such 

as the liver, during schistosome infection.  The microenvironment within 

granulomas gives rise to macrophage alternative activation through the 

upregulation of many genes including Chi3l3, Pdl2, Arg1 and Retlna which 

trigger transforming growth factor (TGF)-β production and the deposition of 

collagen (114).  Moreover, the M2 differentiation and IL-10 production has 

been shown to suppress M1-like activation (114).   

Girgis et al. (2014) showed by adoptive transfer of Ly6Clo and Ly6Chi 

monocytes, that Ly6Chi monocytes are precursors for M2 macrophages that 

predominate in schistosome infection (115).  Furthermore, Gundra et al. 

(2014) showed that monocyte-derived macrophages are the primary 

contributors to M2 macrophages within S. mansoni egg granulomas (103).  It 

has since been shown that monocyte recruitment to liver is IL-4Rα 

independent and that resident Kupffer cells are almost completely lost by 8 

weeks of infection (116).  

 

1.2 Platelets and haemostasis 

1.2.1 Megakaryopoiesis and Thrombopoiesis 

Platelets are small, disc-shaped cell fragments produced from 

megakaryocytes (MK) with a lifespan of 8-10 days in humans and ~5 days in 

mice (117).  In 1906, James Homer Wright proposed that “blood plates are 

detached portions of the cytoplasm of those giant cells of the BM and spleen” 

which Howell named “megakaryocytes” (118,119).  The process of 

megakaryopoiesis and thrombopoiesis has since been extensively studied. 

Platelet membrane glycoproteins are coated with terminal sialic acids, which 

protect against clearance and destruction.  As platelets age they become 

desialylated by sialidases, which are produced endogenously, as well as 
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exogenously by many bacteria and viruses.  These cleave terminal sialic acid 

residues exposing β-galactose sugars which are recognised by the Ashwell-

Morrell receptor (AMR) on hepatocytes, resulting in platelet clearance (120).    

MK are large (30-100μm – human, 20-30μm – murine diameter) cells that are 

rare (~0.01-0.05%) compared with other haematopoietic populations in human 

BM (121–123).  For decades, it was believed that MK arise from the sequential 

differentiation and lineage restriction along the myeloid arm from HSC.  HSC 

give rise to multipotent progenitors (MPP) and the MPP2 population 

preferentially differentiates towards the common myeloid progenitors (CMP) 

that can produce either the granulocyte/monocyte progenitors (GMP) or the 

megakaryocyte/erythroid progenitors (MEP).  There are two major drivers of 

CMP differentiation in mice and humans, PU.1 (SPI1) which favours GMP 

development and GATA-1 which regulates MEP (124).  Both MK and 

erythrocytes can arise from the shared MEP population, with Cannabinoid 

receptor interacting protein (CNRIP1), Krüppel-like factor (KLF1), and 

Lymphoid enhancer-binding factor 1 (LEF1) becoming upregulated in erythro-

biased cells and CD41, CD61, CD42, nuclear factor 1B (NF1B), and von 

Willebrand factor (vWF) increasing in MK-destined cells (125–127).  However, 

a new dogma is emerging, recently reviewed by Leila et al. (2019), that 

identifies a population of long-term HSC and MPP2 that are capable of directly 

differentiating into MK (121,128,129).  Sanjuan-Pla et al. (2013) identified that 

vWF+ HSC were strongly biased (~60%) towards the production of MK and 

platelets, and were in fact above vWF- HSC in the tree of haematopoietic 

differentiation (129).  It was then shown that these murine HSC could 

differentiate directly into CMP-, MEP- or MK-biased HSC whilst  retaining  self-

renewal capacity (129,130).  

As MK mature, they become polyploid (up to 128N) by undergoing 

endomitosis.  Endomitosis was believed to be characteristic of late anaphase 

failure (131,132).  However, it is now thought that endomitosis is due to a 

failure in cytokinesis and the formation of the contractile ring and spindle 

elongation (133).  Once mature, MK extend pseudopodia-like projections, 

known as proplatelets.  These processes extend from the BM into the 

vasculature where thousands of platelets bud-off and enter the circulation 



28 
 

(134–136).  The complete mechanism behind proplatelet and mature platelet 

formation is not yet fully understood, however it is believed that the MK 

cytoskeleton and associated machinery drives platelet production (137).  The 

contents of MK, including the organelles and granules are also transported to 

the proplatelet tips and are included during platelet budding (138).  Recent 

studies using live cell imaging and super resolution microscopy of primary 

mouse MK have shown how MK differentially sort and package the contents 

of α-granules into the platelets produced (139).   

There are many cytokines involved in MK maturation and platelet production, 

with thrombopoietin (TPO) regarded as being the most important.  In 1994, 

TPO and its receptor c-MPL were discovered, leading to a dramatic increase 

in the number of groups investigating their role in megakaryopoiesis and 

thrombopoiesis (139–145).  TPO is primarily produced by hepatocytes in the 

liver and secreted into circulation (145,147).  In healthy individuals, TPO binds 

to MPL on circulating platelets and is sequestered (148).  This sponge theory 

of TPO ensures that when platelet numbers are low more TPO becomes 

available to bind to MPL on MK (149,150).  This results in receptor-ligand 

complex internalisation and the intracellular signalling cascade involving 

Janus kinase (JAK)2 and signal transducer and activator of transcription 

(STAT)3/5, ultimately causing the upregulation of MK specific genes (151).  In 

both mice and humans, TPO has been identified as a critical regulator of 

platelet production through its role in supporting MK survival, proliferation and 

differentiation from progenitors (152). 

Traditionally, the BM has been identified as the major site of platelet 

production, however there have been several studies exploring pulmonary 

platelet production (153–155).  Aschoff (1893) was the first to show MK in lung 

blood vessels and a greater number of platelets in the blood exiting the lung 

compared with that entering (154,156).  The controversy surrounding the 

theories of platelet production occurring in the lung, is primarily due to the lack 

of direct evidence of lung MK being functionally able to produce platelets (157).  

However, in the last decade, Lefrancais et al. (2017) performed intravital 

microscopy and showed large numbers of MK circulating through the lung and 

producing ~10 million platelets per hour (~50% total platelets) into the 
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circulation (158).  Moreover, recent single-cell RNA sequencing studies have 

also shown lung MK to express more immune-associated molecules than BM 

MK, suggesting not only do lung MK contribute to platelet production but also 

contribute in the response to pathogenic challenge (159). 

Extramedullary haematopoiesis may occur in response to infections, 

myeloproliferative neoplasms and some leukaemias (160).  Severe BM stress 

can result in progenitor and precursor cells localising to peripheral organs, 

such as the liver and spleen (161–163).  For example, in sepsis 

megakaryocyte-erythroid progenitors traffic from the BM to the spleen where 

they differentiate to platelet-producing MK with immune-protective roles in the 

acute inflammatory state (164).  As megakaryopoiesis and thrombopoiesis rely 

on specific cues from the extracellular matrix, such as type I collagen 

promoting MK differentiation but inhibiting proplatelet formation, it is still not 

clear whether all extramedullary MK are functional in producing platelets (165).  

Therefore, in response to some infections like S. mansoni where there is a lot 

of fibrosis and collagen deposition, MK functionality may be impacted (161).                    

1.2.2 Haemostasis  

Historically, the majority of platelet research has focussed on their involvement 

in haemostasis and their ability to bind rapidly and aggregate at sites of 

vascular injury, ultimately forming an insoluble thrombus and reducing the risk 

of excessive bleeding (166).  There are two main stages to the formation of 

the stable thrombus; primary and secondary haemostasis.  Primary 

haemostasis is the process of vasoconstriction, platelet rolling, aggregation 

and plug formation on exposed sub-endothelial tissue (167).  Secondary 

haemostasis is the process that results in the deposition and crosslinking of 

fibrin, ultimately stabilising the platelet plug and forming an insoluble thrombus 

(167).  It can be broken down into 2 converging pathways, the intrinsic and 

extrinsic pathways which culminate in the production of activated factor X (Xa) 

(168).  The intrinsic pathway can be stimulated by the presence of negatively 

charged surfaces or molecules, and the extrinsic pathway is triggered by the 

exposure of platelets to tissue factor (TF) following vascular damage 

(169,170).  In addition, platelets also interact with exposed collagen and 

extracellular matrix proteins which causes platelet activation, the expression 
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of numerous surface molecules including active conformation integrin αIIb/β3 

(also known as GPIIbIIIa or CD41/CD61) and P-selectin (CD62P), as well as 

the degranulation and release of soluble factors e.g. adenosine diphosphate 

(ADP), thromboxane A2 and serotonin (Figure 1.2).  These pathways were 

first described as a waterfall of clotting factors sequentially converted to 

enzymatically active forms (Figure 1.2).   

In combination, these activation responses drive platelet-platelet and platelet-

fibrinogen interactions aiding platelet plug formation and stimulating 

secondary haemostasis and the coagulation cascade (117,171–173).  All 

these pathways are tightly regulated, closely connected and critical in 

converting mechanical information, in the form of vascular damage, into 

biochemical signals that allow the rapid plugging of the damaged site through 

a stable fibrin thrombus (174).  
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Figure 1.2 Coagulation cascade 

Summary of the blood coagulation cascade, highlighting the converging intrinsic (green) and 

extrinsic (orange) pathways which result in the activation of Factor X and the common pathway 

(blue).  Activation of the common pathway gives rise to the formation of a stable fibrin clot.  

Under steady-state conditions a fibrin clot is degraded by the process of fibrinolysis (pink).  

Blunt arrow (Ͱ) represents inhibition, sharp arrow (←) represents activation.   
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1.2.3 Thrombocytopenia and ITP  

In humans, immune thrombocytopenia (ITP) is defined as reduced platelet 

number (<100 x109/L, whereas normal range 150-450 x109/L).  Primary ITP is 

idiopathic, whereas secondary ITP arises as a result of underlying 

conditions/treatments, such as systemic autoimmune disorders, drug-

mediated, or infectious diseases (175).  Despite significantly depleted platelet 

numbers, patients with platelet counts >30x109/L rarely display severe 

bleeding phenotypes, which only occurs with platelets <10x109/L (176).  The 

reduction in platelets can be caused by accelerated platelet clearance, 

reduced platelet production or a combination of both of these factors.   

Studies in the 1950s by Harrington et al. identified the mechanism of antibody-

mediated platelet destruction through the transfusion of plasma from ITP 

patients resulting in thrombocytopenia in healthy individuals (177).  The 

majority of auto-antibodies are IgG (particularly IgG1), however IgM class 

antibodies have also been detected and appear to be responsible for fixing 

complement and facilitating platelet clearance (178,179).       

Macrophages are the major phagocytes responsible for steady-state splenic 

platelet clearance, and in response to inflammatory cytokines activated 

macrophages drive clearance of auto-antibody-opsonised platelets.  Activated 

macrophages may also increase expression of major histocompatibility 

complex (MHC)-II to enhance auto-antigen presentation, contributing to a 

persistent “feed-forward” loop (180).  Auto-antibodies against platelet 

GPIIb/IIIa are the most common (~70%), but auto-antibodies against the GPIb-

IX-V complex, GPIa-IIa and GPVI are also found (181).  A recent study 

demonstrated that the more antibodies patients had against different antigenic 

targets on the platelets, the more severe the thrombocytopenia (182).  

Through clinical studies and murine models, the best understood mechanism 

of platelet destruction is via the recognition of fragment crystallisable (Fc) 

regions on auto-antibody-opsonised platelets by FcγRI, FcγRIIa (human only) 

and FcγRIIIa on tissue resident macrophages in the spleen (183–185).   

As the platelet-producing pre-cursors, MK also express on their surface many 

of the same glycoproteins as platelets, auto-antibodies bind MK as well as 
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platelets thereby inhibiting MK production and maturation (186).  MK 

autophagy is also suppressed resulting in impaired MK formation and 

differentiation, which gives rise to larger, but fewer platelets (187–189).  

In ITP patients without auto-antibodies, increased levels of cytotoxic CD8+ T 

cells have been detected.  These cytotoxic CD8+ T cells directly lyse platelets, 

induce platelet apoptosis and inhibit thrombopoiesis by MK (190,191).  In 

addition, cytotoxic T cells can also drive platelet desialylation resulting in 

accelerated platelet clearance by hepatocytes (192).   

1.2.4 Thrombocytopenia in liver disease 

Thrombocytopenia is seen in ~60-80% of chronic liver disease (CLD) patients 

(193).  Unlike ITP, CLD often causes a reduction in TPO secretion into the 

circulation as hepatocytes are the primary producers of this factor, and low 

circulating TPO prevents the stimulation of MK to produce more platelets 

(149,150).  Furthermore, platelet production can be inhibited as a result of BM 

progenitor cell suppression, which can be caused by viruses, excess alcohol 

and iron overload which is a result of red blood cell lysis and reduced hepcidin, 

also produced by the liver (194).   

Splenomegaly often accompanies CLD due to portal hypertension, and this 

redirection of blood circulation causes platelet sequestration within the spleen 

(195).  As the platelets are still present, they are still able to “sponge” 

circulating TPO, thereby preventing MK stimulation and the production of more 

platelets into the circulation.     

Thrombocytopenia in CLD can also occur due to platelet destruction caused 

by increased shear stresses, immunological mechanisms, increased 

fibrinolysis, bacterial translocation and infection (194).  Shear stress enhances 

platelet aggregation through the  conformational change of ultra-large von 

Willebrand factor to an extended chain form (196).  Finally, auto-antibodies 

against both platelets and MK can arise as a result of autoimmune- and 

chronic-hepatitis (194,197).  In many CLD patients there is also an enhanced 

production of clotting factors as well as reduction of inhibitory factors which 

leads to accelerated intravascular coagulation and fibrinolysis, and ultimately 

enhanced platelet consumption (198).  Liver cirrhosis can cause endotoxemia 
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which can enhance pro-inflammatory cytokine production which reduces MK 

differentiation.  This can also promote B cell production of auto-antibodies 

which drives platelet opsonisation and clearance, contributing to enhanced 

platelet-monocyte aggregates (199–202).   

 

1.3 Platelets and immunomodulation 

More recently, platelet function has been shown to extend beyond their 

classical role in haemostasis and they are now known to function as immune 

cells during inflammation and infection (203–205).  In this regard, platelets 

express cytokine and chemokine receptors, TLR and many other adhesion 

molecules (206) (Figure 1.3).   

 

 

Figure 1.3 Immunological features of murine platelets 
Simplified illustration of some of the receptors, molecules and secreted compounds that 

contribute towards the immune-modulatory role of platelets. PSGL1 - P-selectin glycoprotein 

ligand-1, TLR – Toll-like receptors, PAMPS - pathogen-associated molecular patterns, TSP-1 

– thrombospondin-1, oxPL – oxidised phospholipids, vWF – vonWillebrand Factor, MHCI – 

major histocompatibility complex, TCR – T cell receptor, ADP - Adenosine diphosphate, PF4 

– platelet factor 4, RANTES - Regulated upon Activation, Normal T Cell Expressed and 

presumably Secreted. Based on (207)   

Ox-PL, TSLP 
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1.3.1 Platelets in non-infectious disease  

Cancer: Cancer development is typically associated with cellular immortality, 

evasion of the immune system, cell death signals and growth suppressors.  

Moreover, cancer cells have sustained proliferative signals and are able to 

reprogramme energy metabolism as well as induce angiogenesis to support 

survival (208).  Platelets can become activated in response to both the pro-

inflammatory tumour environment as well as activation molecules like ADP 

released directly from tumour cells.  Furthermore, C-type lectin-like immune 

receptor 2 (CLEC-2) and TLR4 on platelets can directly interact with 

podoplanin which is expressed at the invasive front of many tumours and the 

high-mobility group box 1 (HMGB1) released from dying tumour cells 

respectively (209).  Together the activated platelets release a multitude of 

growth factors (e.g. VEGF, PDGF and TGF-β) which in turn cause an 

upregulation of IL-8, CCL2 and CXCL12 by the tumour cells.  These cytokines 

drive tumour proliferation, angiogenesis and chemoresistance.   

Tumours also induce platelet aggregation which provides a physical, 

protective barrier around the tumour cells, thereby protecting them from shear 

stress as well as shielding them from immune surveillance by NK cells (209).  

Ultimately, tumour cell-induced platelet aggregation aids metastatic spreading 

and tumour growth.  The tumour associated platelet aggregates also 

contribute to the risk of cancer-related thrombosis and associated conditions 

like strokes and pulmonary embolisms (210).  Therefore, inhibiting these 

aggregates is a potentially important therapeutic intervention for cancer 

patients (Figure 1.4).  

Despite the pro-tumour roles of platelets, the close interactions associated with 

platelets and tumour cells can be harnessed for drug delivery and immune cell 

re-programming to reduce tumour growth and tumour relapse after surgical 

treatment.  Recently, mouse models have been used to genetically engineer 

MK to produce platelets that express programmed cell death (PD)-1 and are 

loaded with the chemotherapeutic drug cyclophosphamide (211).  These 

modified platelets can be transplanted into tumour-induced mice post-tumour 

removal and naturally migrate to the site of surgery due to the very nature of 

platelets patrolling the vasculature.  Platelet PD-1 will bind any remaining 
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tumour PD-L1, driving the release of cyclophosphamide from the platelets.  

Cyclophosphamide activates CD8+ cytotoxic T cells by killing Treg cells 

thereby removing their inhibitory signals.  This allows CD8-mediated killing of 

any remaining tumour cells not excised during surgery and ultimately reducing 

the risk of relapse.  In this study, mice treated with cyclophosphamide-loaded, 

PD-L1-expressing platelets showed significantly supressed tumour growth 

and improved survival (211).   

Atherosclerosis: Atherosclerotic lesions occur from the repeated exposure 

to injurious stimuli which damage the vessel wall and result in complex cellular 

interactions and signalling.  Sustained elevations in plasma low-density 

lipoproteins (LDL) molecules results in accumulation in the sub-endothelium, 

where they aggregate and undergo a variety of modifications (e.g. oxidation, 

enzymatic cleavage) (212).  As a consequence of chemotactic secretions and 

adhesion receptor expression, leukocytes and monocytes are recruited (213).  

These recruited immune cells form plaques which perpetuate the inflammatory 

response and drive vascular remodelling and thrombus formation.  

Hypercholesterolemia induces platelet activity, thereby driving circulating 

platelet-monocyte aggregates (214).  Platelets also drive the recruitment of 

monocytes into atherosclerotic plaques, resulting in enhanced platelet-

macrophage aggregates (215,216).  Furthermore, platelets skew plaque 

macrophages to a pro-inflammatory phenotype through the upregulation of 

suppression of cytokine signalling 3 (SOCS3).  As a consequence of the 

platelet interactions the macrophages are less able to perform efferocytosis, 

which drives lesion growth (Figure 1.4) (217).     

Allergy: It has been known for more than 50 years that allergic individuals 

display platelet abnormalities (218,219).  Platelets are activated in allergy, 

resulting in platelet degranulation and release of platelet-specific products 

such as platelet factor (PF4) and β-thromboglobulin (220).  The mechanism of 

platelet activation in allergy has been linked to pro-inflammatory/stimulatory 

molecules (e.g. platelet activating factor and thromboxane A2), IgE and direct 

activation by allergens (220).  Both experimental animal models and patient 

samples have shown the involvement of platelets in leukocyte recruitment to 

allergen exposed tissues.  Eosinophil recruitment to the airways requires their 
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activation and this has been positively associated with platelets due to  the 

interaction of platelet P-selectin and eosinophil PSGL-1 (206,221).  Activated 

airway eosinophils release inflammatory mediators which cause mucus 

overproduction, airway remodelling and broncho-restriction (220).  In multiple 

different animal models, platelet depletion using anti-platelet antibodies 

causes a significant reduction in eosinophil infiltration and decreased 

hyperresponsiveness after allergen exposure (Figure 1.4) (206,222).    

Whilst targeting platelet-eosinophil interactions for pharmacological benefits 

using existing anti-platelet drugs has not been extensively studied, some 

studies have shown that treatment with P2Y12 antagonists have only limited 

effect on pulmonary leukocyte recruitment.  This suggests that the response 

of platelets to inflammatory stimuli in the process of host defence may be 

different from that associated with platelet aggregation following vessel 

damage (223).     
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Figure 1.4 Summary of the immunological role of platelets in non-infectious diseases 
Platelets play an important role in many non-infectious diseases.  In cancer platelets have 

been shown to become activated following the release of molecules such as HMGB1 and ADP 

as well as direct contact e.g. through CLEC-2 – podoplanin interactions.  Platelet activation 

results in degranulation and the release of a plethora of signalling molecules which can drive 

tumour proliferation and angiogenesis.  Moreover, platelets can coat tumour cells thereby 

shielding them from immune cell recognition and killing.  In atherosclerosis, 

hypercholesterolemia drives platelet activation and recruitment of macrophages/monocytes 

which perpetuates inflammation.  Platelets also skew monocytes towards a pro-inflammatory 

phenotype through the upregulation of SOCS3 which exacerbates plaque formation.  In allergy 

platelets are activated and interact with immune cells such as eosinophils through P-selectin 

– PSGL-1 dependent interactions.  This drives a feedforward activation loop and exacerbates 

the inflammation.  In addition, platelets drive leukocyte recruitment to the inflamed tissue such 

as the lung in allergic asthma. TLR – Toll-like receptor, HMGB - High mobility group box, 

CLEC - C-type lectin-like type, ADP – Adenosine diphosphate, NK – Natural killer, SOCS - 

Suppressor Of Cytokine Signalling, PSGL – p-selectin glycoprotein ligand.  
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1.3.2 Platelets in infectious disease 

Bacterial infections: Platelets have a plethora of roles in bacterial infections 

from directly interacting with the invading bacterial pathogen, orchestrating the 

inflammatory response, and forming thrombi in response to activation and 

endothelium damage (224).  There are multiple platelet surface receptors such 

as GPIIb/IIIa and FcγRIIa, which facilitate platelet-bacterium interactions.  As 

a result of these interactions, platelets directly internalise bacterium as well as 

enhance their destruction by other components of the immune system 

including complement (225).   

Platelets are also important in the recruitment and polarisation of specific 

immune subsets at different stages of infection.  For example, Rossaint et al. 

(2021) demonstrated in a Klebsiella pneumonia infection, that platelets drive 

the recruitment of neutrophils into the lungs to stimulate bacterial killing.  

During the resolution phase of infection, platelets form platelet-Treg 

aggregates, enhancing the production of IL-10 and TGFβ, which re-program 

macrophages to an anti-inflammatory, wound-healing phenotype that is 

essential for inflammatory resolution (226).  Interestingly, the platelet response 

to infection appears context-specific as Carestia et al. (2019) showed in an in 

vivo model of sepsis that platelets actually promote a pro-inflammatory 

macrophage phenotype which enhances bacterial clearance and increases 

infection survival (227).  In both these murine infection models, platelet counts 

negatively correlated with disease severity, with low platelet levels being 

associated with reduced host survival. 

Bacterial infections typically induce endothelium damage and increase the 

exposure of TF on endothelial cells as well as circulating monocytes and 

neutrophils (228).  Moreover, bacterial infection drives platelet and coagulation 

factor activation as well as activated factor cleavage, together these 

haemostatic changes cause disseminated intravascular coagulation (DIC), 

where fibrin clots are deposited in the microvasculature (229).  This impairs 

oxygen delivery to vital organs and can be fatal (Figure 1.5).  

Viral infections: During the SARS-CoV2 pandemic, extensive research 

uncovered the complex two-sided relationship between platelets and viruses 
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during infection.  It had previously been shown that platelets can endocytose 

viruses such as enteroviruses, influenza A and HIV type-1, through the 

interaction of viruses with dendritic cell-specific intercellular adhesion 

molecule-3-grabbing nonintegrin (DC-SIGN) and CLEC-2 on the surface of 

platelets (215,230).  Conversely, despite their lack of nucleus and their ability 

to directly kill viruses, other studies have shown platelets serve as hosts for 

viral replication (231).  This can favour viral survival and dissemination as they 

are protected from immune detection.   

As well as direct antimicrobial effects, activated platelet-leukocyte interactions 

and platelet secretions can be beneficial for viral clearance, highlighting the 

complex double-edged sword associated with platelet-virus interactions 

(Figure 1.5) (215,232).  For example, viral activation of platelets stimulates 

the release of monocyte chemoattractant protein 1 and granulocyte-

macrophage colony stimulating factor, both of which are important for 

leukocyte recruitment and viral targeting (215).  Activated platelets also 

release pro-thrombotic molecules such as serotonin, which drives a 

hypercoagulable pathological state and DIC (216,233,234).  Elevated platelet-

leukocyte aggregates and thrombi also contribute to thrombocytopenia seen 

in response to severe infection which correlates with poorest infection 

prognosis and haemorrhaging risk (215,216).    

Protozoal infections: Similar to bacterial and viral infections described 

above, platelets can both directly kill some protozoa (e.g. Plasmodium spp.) 

but also contribute to disease progression through the development of 

microvascular occlusions and thrombocytopenia (235).  In a P. falciparum 

infection, platelets directly bind to infected erythrocytes which can both 

mediate erythroid clumping and microvascular occlusion but also allow platelet 

factor 4-mediated killing of the parasites (236).  Interestingly, TPO levels are 

significantly elevated in patients with severe P. falciparum malarial infections 

but reduced in people with visceral leishmaniasis (VL) (237).  VL induces a 

strong type 1 inflammatory response with abundant IFNγ, IL-12 and TNF.  A 

complex array of haematological and immune perturbations are found in the 

clinic and mouse models, including anaemia and thrombocytopenia (238).  

Interestingly, in one  murine model, Rani et al. (2021) demonstrated that 
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despite no change in MK number, morphology was altered and maturation was 

reduced by infection (238).  Moreover, the expansion of highly active, pro-

inflammatory splenic macrophages was shown to contribute to elevated 

platelet clearance.   Despite the many differences in these two protozoal 

infections (malaria and leishmaniasis), in both cases mAb platelet depletion 

did not significantly affect parasite burden (Figure 1.5) (239).   

 

Figure 1.5 Summary of the immunological roles of platelets in infectious diseases 

Platelets have many different effects in a range of infectious diseases.  In bacterial infections 

platelets have a range of responses from directly interacting with the invading bacterial 

pathogen, orchestrating the inflammatory response, and forming thrombi in response to 

activation and endothelium damage.  The platelet response appears to be context specific 

with platelets having differing roles throughout the progression of a K. pneumonia infection 

which differs from the pro-inflammatory response in an E. coli model of sepsis.  In viral 

infections platelets can directly interact with invading viruses via a range of receptors, resulting 

in their internalisation and platelet activation.  Platelet activation and degranulation drives 

immune cell recruitment and activation which in turn drives platelet activation and release of 

pro-thrombotic molecules which give rise to thrombus formation in the vasculature. Again, in 

protozoal infections such as malaria and leishmaniasis the role/impact on platelets is context 

specific.  With platelets driving the aggregation and clearance of infected erythrocytes in a P. 

falciparum infection or platelets being cleared more rapidly in an L. donovani infection.  LPS 

– Lipopolysaccharide, TLR – Toll-like receptor, PAR - Protease-activated receptors, vWF – 
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Von Willebrand factor, HCMV – Human cytomegalovirus, EBV – Epstein–Barr virus, HIV - 

Human immunodeficiency virus, SARS-CoV2 - Severe acute respiratory syndrome 

coronavirus 2, CLEC - C-type lectin-like type, ACE - Angiotensin-converting enzyme, DIC – 

Disseminated intravascular coagulation, PF4 – platelet factor 4. 

 

1.3.3 Platelets involvement in schistosome infection 

Human studies: Over the past 50 years there has been a growing interest in 

platelet number and functionality in S. mansoni infection (240–247).  In all 

human studies examining blood parameters during infection, a degree of 

thrombocytopenia has been observed in a subset of patients, with some 

studies reporting thrombocytopenia (platelet count < 100 x 109/L) in as many 

as 95% of individuals with hepatosplenic schistosomiasis (241).    Impaired 

coagulation and haemostatic functions were also observed alongside the 

reduced platelet counts.  International normalised ratio (INR), partial 

thromboplastin time (PTT), D-dimer levels and fibrin degradation products are 

all elevated in S. mansoni infected individuals (240,242,246).  This indicates 

impaired thrombus formation, consistent with internal bleeding pathologies 

being associated with schistosome infection (21).  Due to the prevalence of 

thrombocytopenia and loss of haemostatic equilibrium in schistosome 

infections, it was investigated whether platelet levels are predictive of disease 

pathology.  Most studies have shown there to be a negative correlation 

between platelet number and faecal egg count, as well as platelet number and 

spleen size (240,242,244,246).  The haemostatic changes that occur in 

schistosome infection are summarised in Table 1.   
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Table 1: Haemostatic changes in human schistosome infection 

Plt – platelet, TPO – Thrombopoietin, PT – prothrombin time, aPTT – activated partial 

thromboplastin time, MPV – Mean platelet volume 

Platelet production/destruction: It is not well understood how schistosome 

infection leads to thrombocytopenia.  Serum TPO levels do not correlate with 

platelet numbers in human studies, and therefore the focus has shifted 

towards enhanced clearance of platelets in the periphery instead of deficient 

platelet production (244,245).  In 2003, Stanley et al. proposed 

schistosomiasis leads to immune-dependent thrombocytopenia.  Infection of 

athymic, T cell depleted, mice did not lead to significant reductions in platelet 

number (256).  The authors suggested that schistosomes and platelets share 

cross-reactive antigens, and so infection leads to auto-antibodies against 

platelets.  In support of this, non-infected rabbits immunised with human or 

mouse platelets produce cross-reactive antibodies capable of recognising 

schistosome molecules (256).  However, this does not prove antibodies 

elicited by S. mansoni infection cross-react with platelet antigens and induce 

Haemostatic changes                

S. mansoni infection 

Range  Fold change 

(mean ± 2SD) 

References 

Thrombocytopenia  

(Significant reduction 

compared with controls) 

Plt count (x103/μl) 

Healthy: 229.6 - 277 

Sm:        55.9 – 244 

1.26 (0.79) (240–246, 

248–250) 

Normal platelet range 150-450 (x103/μl) - (251) 

Circulating TPO unaffected   (244,245, 

252) 

Reduced serum TPO   (253) 

Spleen size negatively 

correlates with platelet 

count 

  (236–238, 

240,243, 

248,249) 

Spleen size does NOT 

correlate with platelet count 

  (241) 

Increased clotting time PT (s) 

Healthy: 11.9 – 13.9 

Sm:        13.8 – 17.1 

aPTT (s) 

Healthy: 23.4 – 31.2 

Sm:        34.3 – 37.9 

PT 

1.15 (0.18) 

 

aPTT 

1.31 (0.54) 

(240,242, 

246,248) 

Reduced MPV Healthy: 8.69 – 9.7 

Sm:        6.05 – 8.39 

(μm3) 

1.32 (0.80) (248,250) 
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their clearance from circulation.  More recently, it has been shown that human 

platelets display a more activated phenotype in S. mansoni infection, with 

increased expression of surface P-selectin negatively correlating with platelet 

number (257).  In a murine model of essential thrombocythaemia they 

demonstrated that activated platelets are cleared by monocytes and 

neutrophils in both a P-selectin dependent and independent manner.  This 

ultimately results in fewer platelets in circulation and the accumulation of 

activated platelets in the spleen (258).  Whether this is occurring in 

schistosome infection, is yet to be examined.     

Effects on haemostasis:  One of the main mysteries concerning platelets in 

S. mansoni infection is that despite the presence of the large worm pair (~1cm 

long and 1mm in diameter) in the vasculature, they can survive in the 

circulation for decades without inducing coagulation (259).  This evasion of the 

coagulation cascade is surprising given that schistosomes induce both stasis 

and endothelial activation, two of the three factors of Virchow’s triad that 

stimulate thrombosis (9,259).  As such, several groups have investigated 

components of schistosomes that may prevent haemostasis (259). 

Three phosphatases have been uncovered that provide a degree of anti-

thrombotic activity.  S. mansoni ectonucleotide pyrophosphatase-

phosphodiesterase (NPP) 5 is a tegument phosphatase, most highly 

expressed by adult worms (260).  SmNPP5 inhibits platelet aggregation in 

response to ADP agonists and to a lesser extent with collagen, by promoting 

ADP hydrolysis so preventing platelet activation and the coagulation cascade 

(261).  The same group also showed another S.mansoni tegument 

phosphatase, alkaline phosphatase (AP), highly expressed by adult worms, 

can cleave adenosine monophosphate (AMP) to adenosine (262,263).  As 

adenosine is an immunosuppressant, SmAP supports parasite survival and 

evasion of the immune system as well as inhibiting thrombus formation (263).  

SmAP has also been shown to cleave polyphosphate (PolyP) (262), which is 

released by immune cells and activated platelets leading to inflammation and 

pro-thrombotic pathways (264).  Therefore, SmAP cleavage of PolyP, inhibits 

inflammation and thrombosis (262).     
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Finally, S. mansoni ATP-diphosphohydrolase (SmATPDase), expressed by 

both larval and adult worms, is the primary phosphatase responsible for ATP 

and ADP hydrolysis (6,265,266).  Together, these studies show the worm 

surface contains at least three phosphatases with overlapping functionality 

which can reduce platelet activation and coagulation, as well as promoting 

immune evasion.   

Direct platelet-schistosome interactions: Platelets can directly interact with 

different schistosome lifecycle stages, and this can have both pro- and anti-

parasite consequences.  Platelets can bind directly to parasite eggs and this 

has been shown to promote both faecal egg excretion and enhance the 

attachment of eggs to vascular surfaces (267–270).  As described above, 

platelets do not often associate with live intact worms due to the different 

tegumental phosphatases, however platelets do directly interact with damaged 

or dead adult worms as well as schistosome eggs (268).  In vitro experiments 

with purified platelets from healthy people cultured with isolated S. mansoni 

eggs, cercariae, schistosomula and adult stages demonstrate that platelets 

adhere to schistosome eggs.  It appears that platelet-egg interactions are 

required for egg excretion as mice treated with rabbit anti-mouse platelet 

serum have a significant reduction in faecal egg excretion.  Interestingly, the 

later this was given in schistosome infection i.e. 42 compared with 32 days 

post-infection, the greater the reduction in egg excretion but also the increase 

in mortality (269).  Moreover, the injection of schistosome eggs alone induced 

acute thrombocytopenia in vivo (269).  These data suggest that platelet 

adherence to schistosome eggs is favourable in protecting them from the 

immune system (as described in bacterial and viral infections) but also in 

aiding the adherence and migration across the endothelium (267).  However, 

in a similar way to the tegument phosphatases, eggs possess many proteins 

which prevent the full coagulation cascade.  Doenhoff et al. (2003) showed 

that schistosome egg proteins possess fibrinolytic activity, in a similar manner 

to plasmin, thereby preventing the formation of stable, potentially life-

threatening, fibrin thrombi (271).   

There is a small collection of papers from ~30 years ago that have shown 

platelets are directly responsible for schistosome killing and clearance (272–
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275).  The transfer of platelets from infected rats into naive recipients resulted 

in reduced worm burdens (275).  From in vitro cytotoxicity assays with rat and 

mouse platelets, the killing of S. mansoni schistosomula is enhanced in the 

presence of platelets which has been linked to IgE mediated killing, and 

platelet activation with C-reactive protein and TNF (273–275).    

Together these studies reveal that platelet counts are lower both in 

schistosome-infected individuals in endemic areas as well as in murine models 

of infection.  Due to the intravascular localisation of adult worms it is clear that 

they have had to evolve ways in which to evade the immune system and 

thrombus formation through a specialised tegument which contains 

tegumental phosphatases capable of inhibiting the coagulation cascade.  

Given the liver is the primary site of pathology in S. mansoni infection, and the 

importance of this organ in the production of haematopoietic growth factors, 

coagulation factors and steady-state platelet clearance, highlights multiple 

ways in which platelets and their production, clearance and functionality may 

be impacted during an infection.  However, it is unclear as to how a 

schistosome infection is affecting platelets or what role, if any, platelets are 

specifically performing in fighting infection.   

 

1.4 Hypothesis and Aims 

The central hypothesis of this thesis is that schistosome infection promotes 

platelet-leukocyte interactions which drives thrombocytopenia.  Moreover, 

these platelet-leukocyte interactions lead to cross-talk that regulates immune 

cell phenotypes. 

 

In this thesis I aim to: 

1) Assess the impact of schistosome-induced type 2 inflammatory 

immune responses on platelet production and immune cell interactions 

2) Assess the haemostatic consequences of schistosome infection 

3) Assess the immunomodulatory capacity of platelets on macrophages 

4) Assess the role of platelets in schistosome infection using in vivo 

models where platelet numbers have been increased or depleted  
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2. Materials and Methods 

2.1 Ethics statement  

Ethical approval for the study was obtained from the Animal Welfare and 

Ethical Review Board of the Department of Biology, University of York. All 

procedures were performed under the authority of United Kingdom Home 

Office Project Licenses PFB579996, PP5712003 and P49487014. 

2.2 Infection of mice with S. mansoni  

C57BL/6, MPL-/- and FcRγ-/- mice 6 to 12 weeks of age, bred and maintained 

at the Biological Services Facility, University of York, were used for all 

experiments. The mice were housed in individually ventilated cages under 

specific pathogen-free conditions and provided with food and water ad libitum.  

Mice (7-12 weeks old at start of experiment) were infected with S. mansoni 

cercariae (25-100) for 30min under anaesthesia via percutaneous penetration 

of the shaved abdomen.  Cercariae were freshly shed from Biomphalaria 

glabrata snails exposed to a light source.  Mice were weighed before the start 

of the experiments and regularly after infection (weekly for 6 weeks and then 

three times per week) to monitor for infection-induced weight loss.  No animal 

was allowed to lose 20% starting body weight.  As discussed in the results, 

mice were sacrificed at different time points following infection and tissues 

harvested.  

2.3 In vivo platelet tracking  

C57BL/6 mice were injected intravenously (IV) with 0.05μg/g of body weight 

of anti-GPIb-V-IX conjugated DyLight 649 or 488 (Emfret X649 or X488) in 

200μl phosphate buffered saline (PBS).  Saphenous bleeds or tail bleeds were 

taken at 1, 24, 48, 72 and 96hr after injection and 5μl of blood was collected 

into 50μl acid-citrate-dextrose (ACD) buffer (13.2g/L sodium citrate dihydrate, 

4.8g/L anhydrous sodium citrate, 14.7g D-Glucose, pH 7.4).  Blood samples 

were co-stained with 0.2μg CD41-phycoerythrin (PE) (BioLegend 133906) for 

30min and diluted in sterile-filtered 1x PBS before acquiring on a BD-

LSRFortessa X-20 flow cytometer. 
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2.4 ITP 

To assess acute ITP mice were injected intraperitoneally (IP) with anti-mouse 

CD41 (MwReg30, Biolegend 133901) or IgG1κ (Biolegend, 400402) at 

0.2mg/kg of mouse in PBS and harvested 12-24hr later.  To assess the effects 

of sustained ITP in infection, at 6 weeks post S. mansoni infection mice were 

injected with α-CD41/IgG1 three times a week for 1 week and then 0.4mg/kg 

for a further 1 week.     

2.5 Tissue preparation  

Single cell suspensions of spleen were produced by passing them through a 

70μm cell strainer in FACS buffer (PBS with 0.5% BSA(w/v) and 0.05% 

azide(v/v)) before being centrifuged at 450 xg, 4oC for 5min.  Livers and lungs 

were finely chopped in Hank’s balanced salt solution (HBSS) (HyClone 

SH30030-02) and incubated at 37oC for 45min with 160U/ml DNase and 

0.8U/ml Liberase TL (Roche Diagnostics 492430).  Digestion was stopped by 

adding final concentration 10mM Ethylenediaminetetraacetic acid (EDTA) and 

diluted with Dulbecco's Modified Eagle Medium (DMEM) (Gibco 21969-035) 

supplemented with 10%(v/v) foetal calf serum (FCS), 2mM L-glutamine, 

100U/ml penicillin G, and 100µg/ml streptomycin (cDMEM).  Samples were 

passed through a 100μm cell strainer, and centrifuged twice at 450 xg, 4oC for 

5min.  Pellets were re-suspended in 8ml of 33% isotonic percoll (GE 

Healthcare 17-0891-01) / PBS and centrifuged at 700 xg, room temperature 

for 12min without brake or acceleration.  Blood was collected in FACS buffer 

supplemented with 10mM EDTA and was centrifuged at 450 xg, 4oC for 5min.  

Red blood cells were lysed in single cell suspensions using Ammonium-

Chloride-Potassium (ACK) (BioWhittaker 10-548E) red cell lysis buffer (5min 

at room temperature) and counted using a haemocytometer with trypan blue 

exclusion to identify live cells before resuspension.  2x106 cells per sample 

were subsequently stained for flow cytometric analysis.  

2.6 Intracellular cytokine stimulation  

Liver cells (1-4x106 /well) were stimulated in 96 well plates with 100ng/ml LPS 

(Sigma L2880) and 10μg/ml Brefeldin A (Sigma B7651) and incubated at 37oC 

for 3hr.  Non-adherent cells were collected before recovering adherent cells 
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by incubating with macrophage detachment buffer (3mM EDTA, 10mM 

glucose in PBS, 37oC for 10min).  Collected cells were stained for flow 

cytometry.  To assess T cell cytokine production, 1-4x106 cells/well were 

stimulated with 1μg/ml Ionomycin (Sigma I0634), 0.5μg/ml Phorbol 12-

myristate 13-acetate (PMA) (Sigma P8139) and 10μg/ml Brefeldin A (Sigma 

B7651) and incubated at 37oC for 4hr.  Cells were collected and stained for 

flow cytometry.   

2.7 CD64 enrichment and cell sorting 

Liver single cell suspensions were prepared as in Section 2.5 and blocked 

with 0.5μg anti-CD16/32 (Clone 93, Biolegend, 101301) for 10min at 4oC.  

Cells were stained with 1.5μg anti-CD64-biotin (Clone X54-5/7.1, Biolegend, 

139318) for 10min at 4oC before being washed in 10ml of MACS buffer (PBS 

+ 0.5% BSA) and centrifuged at 450 xg, 5min at 4oC.  The cell pellet was re-

suspended in 30μl anti-biotin MicroBeads (Miltenyi Biotec, 130-090-485) in 

70μl MACS buffer and incubated at 4oC for 15min.  Samples were thoroughly 

washed in 10ml MACS buffer and re-suspend in 1ml MACS buffer.  LS 

columns (Miltenyi Biotec, 130-042-401) were prepared by washing with 3ml 

MACS buffer before adding all the labelled liver samples to the column.  The 

flow-through was collected for quality control.  A further 3ml MACS buffer was 

added to the column before removing the column from the magnet.  The 

column was transferred to a fresh tube and flushed with 5ml MACS buffer to 

collect the enriched fraction.  Both the flow-through and enriched fractions 

were passed over fresh columns to improve enrichment and yield.  Both the 

flow-through and enriched samples were counted using trypan blue exclusion 

on a haemocytometer.  Samples were stained for sorting.   

2.8 Flow cytometry  

For flow cytometry staining, cells were washed with 1x PBS and stained with 

live-dead Zombie Aqua (Biolegend 423101).  Subsequently, Fc receptors were 

blocked with 3µl rat IgG (2mg/ml stock, Sigma).  Samples were stained with 

fluorescently conjugated antibodies for flow cytometric analysis (Table 2).  

Cells were first stained for surface markers before fixation.  Cells stained with 

surface markers alone were fixed with 4% formaldehyde (PFA)/PBS (Fisher 



50 
 

bioreagents BP531), 20min on ice.  The combination of surface markers used 

for immune cell population identification is displayed in Table 3 and an 

example of the gating strategy employed on both liver and spleen tissue is 

shown in Figure 2.1.  All axes are displayed as biexponential apart from FSC-

A which is shown on a linear scale.  For intracellular staining, cells were either 

treated with Foxp3 Transcription Factor Fixation/ permeabilisation buffer 

(eBiosciences 00-5223-56, 00-5123-43, for RELMα, iNOS and Ym-1 

expression) or IC Fixation/permeabilisation buffer (BD 554722, for intracellular 

cytokines).  Intracellular markers were stained following permeabilisation with 

1x Permeabilisation wash buffer (eBiosciences 00-8333-56 or BD 554723) 

(Table 4).  Samples were acquired on a BD-LSRFortessa X-20 flow cytometer 

and analysed using FlowJo V10.6.1.   
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Figure 2.1 Gating strategy used to identify the immune populations  

Example gating is shown in the liver, but the same gating strategy was also applied to spleen 

tissue.  The axes are presented as biexponential apart from FSC-A.  Each step allows 

identification of distinct populations 1) live cells, 2) singlets, 3) intact cells, 4) CD45+ 

leukocytes, 5) eosinophils, 5a) RELMα+ eosinophils, 6) neutrophils, 6a) Ym1+ neutrophils, 7) 

CD64+ myeloid cells, 8) macrophages and monocytes.  Macrophages (Ly6C-) were then 

classified based on a) Ym1 RELMα, b) Ym1 iNOS and c) MHCII.  Monocytes (Ly6C+) could 

also be classified based on d) Ym1 RELMα, e) Ym1 iNOS and f) MHCII.   
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Table 2 Extracellular flow cytometry antibodies 

 

  

Extracellular 
marker 

Clone Fluorochromes Supplier Dilution 

CD11b M1/70 PB, PerCP-
Cy5.5 

Biolegend 1:500 

F4/80 BM8 FITC Biolegend 1:500 
CD64 X54-5/7.1 PE, PE-Cy7 Biolegend 1:500 
CD41 MWReg30 FITC, PE, APC, 

A700 
Biolegend 1:500 

CD61 2C9.G2 PE Biolegend 1:500 
SiglecF 1RNM44N PerCP-e710 eBioscience 1:500 
Ly6G 1A8 APC-Cy7, FITC Biolegend 1:500 
Ly6C HK1.4 BV605 Biolegend 1:1000 

CD115 AFS98 PE-dazzle Biolegend 1:1000 
CD4 RM4-5 PerCP-Cy5.5, 

BV650 
Biolegend 1:500 

CD8α 53-6.7 APC Biolegend 1:500 
TCRβ H57-597 PE-Cy7 Biolegend 1:500 
CD19 6D5 APC-Cy7 Biolegend 1:500 

CD45.2 104 BV785 Biolegend 1:500 
NK1.1 PK136 FITC Biolegend 1:500 
MHCII M5/114.15.2 A700, BV650 Biolegend 1:500 
CD45 30-F11 PE, APC, 

BV785 
Biolegend 1:200 

EPCR 1560 PE StemCell 1:100 
Sca1 D7 APC Biolegend 1:100 
CD48 HM48-1 PE-Cy7 Biolegend 1:100 
CD150 TC15-12F12.2 BV605 Biolegend 1:100 
CD44 IM7 FITC Biolegend 1:500 

CD62L MEL-14 PE Biolegend 1:500 
JON/A JON/A PE Emfret 1:250 
CD62P RMP-1 PE-Cy7 Biolegend 1:250 
CD29 HMβ1-1 A488 Biolegend 1:250 

CD42d 1C2 AP\c Biolegend 1:250 
CD49b HMα2 A488 Biolegend 1:250 
CD140a APA5 PE-Cy7 eBiosciences 1:250 
CD154 MR1 PE Biolegend 1:250 
CD88 20/70 PE-Cy7 Biolegend 1:250 
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Table 3: Surface marker identification of immune cell subsets for different experiments 

 

 

  

Figure(s) Tissue Population Markers 

3.1C-D 
3.18C-D 
3.26B 
6.2D 

Blood 

Eosinophils CD11b+SiglecF+SSC-Ahi 
Neutrophils CD11b+SiglecF-Ly6G+ 
Classical 

monocytes 
CD11b+SiglecF-Ly6G-

CD115+Ly6C+ 
Non-classical 

monocytes 
CD11b+SiglecF-Ly6G-

CD115+Ly6C- 
B cells CD11b-SiglecF-Ly6G-TCRβ-

CD19+ 
CD4 T cells CD11b-SiglecF-Ly6G-CD19-

TCRβ+CD4+ 
CD8 T cells CD11b-SiglecF-Ly6G-CD19-

TCRβ+CD4- 

3.3B-C 
3.5A-D 
3.19A-C 
3.20A-C 
3.26D-F 
6.2E-F 
6.7D-G 

6.12D-G 
6.20A-D 
6.25A-D 

Liver 
Spleen 

Eosinophils CD11b+SiglecF+ 
Neutrophils CD11b+SiglecF-Ly6G+ 
Monocytes CD11b+SiglecF-Ly6G-

CD64+Ly6C+ 
Macrophages CD11b+SiglecF-Ly6G-CD64-

Ly6C- 
B cells CD11b-SiglecF-Ly6G-TCRβ-

CD19+ 
CD4 T cells CD11b-SiglecF-Ly6G-CD19-

TCRβ+CD4+ 
CD8 T cells CD11b-SiglecF-Ly6G-CD19-

TCRβ+CD4- 

3.16A-B 
Liver 

Spleen 

Eosinophils CD11b+SiglecF+ 
Neutrophils CD11b+SiglecF-Ly6G+ 
Monocytes CD11b+SiglecF-Ly6G-

F4/80+Ly6C+ 
Macrophages CD11b+SiglecF-Ly6G-F4/80-

Ly6C- 
B cells CD11b-SiglecF-Ly6G-TCRβ-

CD19+ 
T cells CD11b-SiglecF-Ly6G-CD19-

TCRβ+CD4+ 



54 
 

Table 4: Intracellular flow cytometry antibodies and conjugates 

  

Intracellular 
antibodies 

Clone Fluorochrome Supplier Dilution 

IL-10 JE55-16E3 PE Biolegend 1:250 
IL-4 11B11 PE-dazzle, 

APPC 
Biolegend 1:250 

IFNγ XMG1.2 FITC, e450 Biolegend 1:250 
IL-13 W17010B PE Biolegend 1:250 
TNFα MP6-XT22 BV421 Biolegend 1:250 
iNOS CxNF7 e610 Biolegend 1:1000 
Ym1 BAF2446 Biotinylated R&D 

Biosystems 
1:125 

RELMα Peprotech Unconjugated H1717 1:200 

     

Secondary/ 
conjugate 

Species Fluorochrome Supplier Dilution 

Anti-rabbit IgG Polyclonal 
goat 

A647 Invitrogen 1:400 

Streptavidin NA PE-Cy7 Biolegend 1:400 
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2.9 Confocal microscopy  

Liver and spleen samples were frozen in optimal cutting temperature (OCT) 

compound (CellPath Ltd. KMA-0100-00A) in a dry ice/ethanol slurry and stored 

at -80oC.  Femurs were fixed overnight in 4% PFA/PBS(v/v), decalcified in 10% 

EDTA/PBS(w/v) for 2 days, and cryopreserved in 20% sucrose/PBS(w/v) for 1 

day, with all incubations carried out at 4oC.  Bones were then frozen as the 

livers were in OCT.  Tissue cryosections (8-10μm) were made with a Leica 

CM 3050S cryostat, transferred to SuperFrost PlusTM slides, air-dried and 

stored at -20oC.  For staining, slides were fixed in ice-cold acetone (5min), 

washed in wash buffer (0.5% BSA/PBS(w/v)), and blocked in wash buffer + 5% 

rat serum (30min).  Samples were avidin-biotin blocked (Lab Vision™ Avidin 

biotin Blocking Solution, ThermoFisher, TA-0150BB), washed x3 in wash 

buffer before incubating with primary antibodies for 1hr at room temperature 

(Table 5).  Unbound primary antibody was washed twice prior to samples 

being incubated for 45min with secondary antibodies (Table 5) and/or 

streptavidin conjugated fluorophores.  Unbound secondary antibody was 

washed twice.  Finally, samples were stained with 4′,6-diamidino-2-

phenylindole (DAPI) (1μg/ml, 5min, Sigma) and coverslips were mounted with 

ProLongTM Gold (ThermoFisher P10144).  Tissues were imaged on a Zeiss 

LSM780 confocal microscope and analysed using Zen software and Fiji 

ImageJ.  

For imaging cultured/single cell suspensions, cells were centrifuged at 450 xg, 

5min at 4oC and Fc receptors were blocked as described previously (Section 

2.8) using 3μl Rat IgG (2mg/ml stock).  Samples were stained with antibodies 

for surface markers for 30min on ice then washed and stained with the 

appropriate secondary antibodies/streptavidin for a further 30min on ice.  

Samples were washed and re-suspended in 200μl 4% PFA/PBS(v/v) for 10-

15min on ice.  Following fixation and permeabilisation cells were washed and 

nuclei stained in 100μl DAPI (1μg/ml)/PBS for 5min on ice.  Cells were washed 

and re-suspended at ~2x104–1x106 /200μl in wash buffer.  The cell suspension 

was loaded into a cytofunnel-filter paper cassette (Thermo Scientific) and spun 

onto Superfrost plus microscope slides (Thermo scientific) using a Cytospin 4 

(Thermo Shandon) at low acceleration, 500rpm for 5min.  Samples were 
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allowed to air-dry before being mounted with ProLongTM Gold and a coverslip.  

Slides were imaged on a Zeiss LSM880 Airyscan microscope using a 63x oil 

objective, 4x zoom and z-stacks were generated with images taken every 

0.2μm.  Images were analysed using Zen software.   

 
Table 5: Primary and secondary antibodies used for confocal microscopy 

 

2.10  Wax embedding  

Liver sections were fixed in 4ml 4% PFA/PBS(v/v) solution overnight at 4oC 

before being transferred and stored in 70% ethanol at 4oC.  For wax 

embedding, tissues were dehydrated in an ethanol series, 1x 30min in 70%, 

80%, 95% ethanol, 3x 30min in 100% ethanol with agitation.  Samples were 

cleared in Histoclear (National Diagnostics HS202) 3x 30min with agitation and 

then paraffin wax embedded in molten wax, 3x 1hr at 65oC.  Wax embedded 

samples were then transferred to moulds and left to set and stored at room 

temperature.  

2.11  Masson’s trichrome staining  

Paraffin wax embedded samples were sectioned at 10μm thickness on a Leica 

Microtome onto SuperFrost PlusTM slides, air-dried and stored at room 

temperature.  Slides were deparaffinized in Histoclear for 10min and 

equilibrated in an ethanol series (100%, 95%, 70%) for 3min each.  Samples 

were washed with dH2O for 3min before being stained overnight at room 

temperature in Bouin’s solution (Sigma HT10132).  Slides were washed in 

running water to remove yellow colouration and stained in Weigert’s iron 

Primary Species Conjugate Clone Supplier Dilution 

Thpo Rabbit Unconjugated EPR14948 eBioscience 1:100 
CD68 Rat  A647 FA-11 Abcam 1:200 
CD41  Rat  Biotin MWReg31 Biolegend 1:200 
B220 Rat  A488 RA3/6B2 Biolegend 1:200 
F4/80 Rat  A647 BM8 Biolegend 1:200 
SiglecF Rat A488 1RNM44N eBiosciences 1:100 
CD31 Rat Biotin 390 Biolegend 1:100 
RELMα Rabbit Unconjugated H1717 R&D 

Biosystems 
1:100 

Laminin Rabbit Unconjugated Polyclonal Sigma 1:200 

      

Secondary Species Conjugate Clone Supplier Dilution 

α-rabbit IgG Chicken A647 NA Invitrogen 1:400 
α-rabbit IgG Goat A647 NA Invitrogen 1:400 
Streptavidin NA A546 NA Biolegend 1:400 
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haematoxylin working solution i.e. equal parts Solution A (0.01g/ml 

Haematoxylin in 95% ethanol) and Solution B (29% ferric chloride, 32% HCl in 

H2O) for 5min.  Slides were washed in running water for 5min and finally 

stained in Trichrome AB (Sigma HT10516) for 5min.  They were transferred to 

0.5% acetic acid for 1min to allow for contrasting colour dye staining and rinsed 

in tap water.  Finally, samples were equilibrated in 95% then 100% ethanol for 

3min before being cleared in Histoclear for 3min and mounted using Eukitt 

mounting medium (Fluka 03989).  Slides were imaged using an Axio Scan.Z1 

slide scanner and analysed using Zen software and Fiji ImageJ. 

2.12  Parasitology  

To determine parasite egg counts, weighed samples of liver, lung, small and 

large intestine were digested in 4%(w/v) KOH overnight at 37oC.  Small and 

large intestines were cleaned prior to digestion to prevent the inclusion of 

faecal eggs.  After digestion, 50-100μl of digested tissue solution was added 

to a gridded container and eggs were counted using a dissecting microscope.  

2.13  L929 cell culture  

L929 murine fibroblastic cell-line (a gift from Dr. Elmarie Myburgh, University 

of York) was cultured in cDMEM.  Cells were initially grown in T25 and T75 

flasks before transfer into T175 (8.75x107 cells/T175 flask in 50ml media).  

Cells were cultured in T175 for 7 days before media was removed and 

replaced with fresh media for 7 more days.  Supernatants were collected at 7 

and 14 days, filtered through a 0.22μm filter, and frozen at -80oC.  

2.14  Generation of bone marrow derived macrophages  

Femurs and tibias were harvested from C57BL/6 mice into cDMEM media.  

Intact bones were briefly sterilised (~30 seconds) with 70% ethanol and 

returned to fresh complete media.  Bones were flushed with cDMEM using a 

25G needle until all BM was removed.  To remove cell clumps, the BM solution 

was slowly passed through a 25G needle before being centrifuged 450 xg, 

10min at 4oC.  Red blood cells were lysed in ACK buffer for 5min, washed, 

counted on a haemocytometer and re-suspended in macrophage media 

(DMEM+30%(v/v) L929 supernatant + 20%(v/v) FCS, 2mM L-glutamine, 100U/ml 

penicillin G, 100µg/ml streptomycin) and 5x106 cells were seeded in 10cm 
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dishes (10ml media).  Cells were supplemented with fresh macrophage media 

3 days later.  On days 5-6, media was replaced with cDMEM without L929 

supernatant.  BM macrophages (BM-Mϕ) were harvested day 6-7 after initial 

seeding by adding ice-cold cDMEM and scraping.  Cells were counted and re-

plated at the desired concentration.  

2.15  Thioglycollate elicited macrophages  

Peritoneal macrophages were harvested 3-5 days after an IP injection with 

200µl of 4%(v/v) thioglycollate solution.  For termination, mice were given an 

overdose of anaesthetic (medetomidine and ketamine) and exsanguinated by 

the brachial artery to limit blood in the peritoneal cavity.  The peritoneal cavity 

was flushed twice with 5ml cDMEM.  

2.16  Platelet characterisation from whole blood 

Blood was obtained from either a free-flowing tail or saphenous vein into a 

Microvette® CB 300 K2 EDTA, capillary blood collection tube (Sarstedt, 

16.444.100).  For Annexin V staining, 5-10μl of blood was transferred into 

100μl PBS.  As a positive control, some samples were stimulated with PMA 

(final concentration 25nM) and incubated at 37oC for 1hr.  All subsequent steps 

were performed at room temperature unless otherwise stated and spins were 

at 350 xg for 5min.  All samples were washed in 900μl PBS and stained with 

CD41-PE (0.2μg) in PBS for 30min.  Unbound antibody was washed in PBS 

and then in 900μl 1x Annexin V Binding Buffer (eBioscience 88-8007-74).  

Cells were then re-suspended in 100μl Binding Buffer, with 5μl Annexin V - 

APC/sample.  These were incubated in the dark for exactly 15min, washed in 

Binding Buffer, re-suspended in 450μl Binding Buffer and immediately run on 

the BD- LSRFortessa.   

For assessing desialylation, a positive control was generated from a pooled 

blood sample (5-10μl) that was digested with neuraminidase (5U/ml Roche 

11585886001) for 30min at 37oC.  All samples were then washed with 900μl 

PBS and spun at 350 xg for 5min before being stained with CD41-APC (0.2μg) 

in PBS for 30min.  All samples were stained with the 5μg biotinylated lectin 

Ricinus Communis Agglutinin I (RCA-I) (Vector laboratories B-1085-5) in 

MACS buffer (0.5% (w/v) BSA/PBS) for 30min at 37oC.  Samples were washed 
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and stained with 50ng PE-Cy7 conjugated streptavidin (Biolegend 405206), 

for 30min at room temperature.  All samples were washed, re-suspended in 

MACS buffer and immediately run on the BD-LSRFortessa.  

2.17  Platelet isolation  

Blood was obtained from terminally anaesthetised (overdose of pentobarbital) 

donor C57BL/6 mice by direct cardiac puncture and collected into ACD buffer 

-coated tubes.  An equal volume of wash buffer (2%(v/v) FCS/PBS) was added 

to blood samples before centrifugation at 60 xg for 7min at room temperature 

without break or acceleration.  Platelet rich plasma (PRP) was collected and 

500µl wash buffer was added before being centrifuged at 240 xg for 10min at 

room temperature without acceleration or break in order to pellet the platelets 

from the plasma.  Platelets were re-suspended in 500µl wash buffer and 

counted on a cell counter.   

2.18  Isolated platelet function and characterisation 

For macrophage-platelet co-culture, BM-Mϕ were seeded at 1x106 cells/well 

in a 24-well plate and left to adhere for 1-4hr.  Macrophages were treated with 

LPS/IFNγ (100ng/ml, 10ng/ml), IL-4 (20ng/ml) or media alone and platelets 

were added at a 1:100 ratio (macrophages:platelets).  Plates were pulse-spun 

to aid platelet settling and incubated overnight at 37oC.   

For platelet activation, 5x107 platelets in wash buffer were treated with PMA 

or Protease-Activated Receptor 4 (PAR4) agonist (Fisher Scientific 15450997) 

for 10-30min at room temperature at a final concentration of 30μM and 150μM 

respectively.  Platelet wash buffer was added, and samples centrifuged 240 

xg, 10min at room temperature without break or acceleration for subsequent 

flow cytometry staining.   

2.19  Live cell phagocytosis imaging  

BM-Mϕ were seeded in 96 well plates (Corning 3603) at 1x104 cells/well, 

allowed to adhere for 1-4hr, then treated with stimuli and platelets and cultured 

overnight at 37oC.  To assess the ability of macrophages to phagocytose E. 

coli, pHrodo® Green E. coli Bioparticles (Incucyte 4616) were added to the 

desired wells at 1-10μg/well in 1x PBS and imaged using a Phase Focus 

LiveCyte microscope.  Imaging began within 1hr of the addition of bioparticles.  
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An arbitrary fluorescent threshold of mean green intensity was set individually 

for every independent experiment based on control wells to identify cells that 

never became fluorescent from those that subsequently lost signal.   

To assess the phagocytosis of platelets, cells were re-suspended in PBS/1μM 

Prostaglandin E1 and labelled with pHrodo™ Red, succinimidyl ester 

(Thermo, P36600) for 20min.  Labelling was quenched by washing cells in 

PBS/2% FCS and labelled cells were added to the culture at a 1:100 ratio 

(macrophage:platelets).  

2.20  Whole blood impedence aggregometry 

Blood was collected as described in Section 2.17 and diluted 1:2:2, blood : 

0.9%(w/v) saline : Ringers buffer, supplemented with 2mM CaCl2.  Impendence 

was measured for 10min, 37oC, with constant stirring on a Chronolog-700 

aggregometer.  

2.21  Coagulometry 

Blood samples (40μl) were pipetted directly from a free-flowing saphenous 

vein bleed under isoflurane anaesthesia.  Samples were immediately 

transferred to either prothrombin (PT) (06-12895-01) or activated partial 

thromboplastin time (aPTT) (06-12901-01) cartridge and inserted into an 

IDEXX Coag Dx* analyser.    

2.22  Megakaryocyte ploidy 

Femurs were removed from naive and infected mice and collected into ice cold 

PBS.  A single femur from each mouse was carefully cleaned with 70% ethanol 

and both ends removed.  The BM was spun out at 2500 xg for 40s into 100μl 

ice-cold PBS and gently re-suspended in 5ml ice-cold PBS.  Samples were 

passed through a 100μm cell strainer to remove any bone fragments.  

Samples were centrifuged at 300 xg, 5min at 4oC.  The pellet was re-

suspended in 1ml ACK red blood cell lysis buffer for 5min at room temperature.  

The washed samples were fixed in 150μl ice-cold absolute ethanol for 30min 

at 4oC.  Samples were washed in PBS and re-suspended in 100μl MACS-

EDTA buffer (0.5%(w/v) BSA/PBS +2mM EDTA) containing CD41-APC (0.2μg 

final), propidium iodide (100μg/ml final) (Biolegend 421301) and RNase A 

(1mg/ml final) (Sigma R6513) for 40min on ice.  After staining the cells were 
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washed in MACS-EDTA buffer and re-suspended in 400μl of MACS-EDTA 

buffer before being run immediately on the flow cytometer.   

2.23  Colony forming unit assays 

Femurs and tibias were obtained from naive and infected mice, flushed with a 

25G needle before being passed through a 70μm filter and centrifuged at 300 

xg for 5min.  Red blood cells were lysed as described previously and re-

suspended in 2%(v/v) FCS/PBS.  For lineage depletion, samples up to 1x108 

cells/ml were incubated with 20μl/ml EasySepTM mouse Haematopoietic 

Progenitor Cell Isolation Cocktail (StemCell technologies, 19856) on ice for 

15min.  Thoroughly vortexed RapidSpheres were added at 50μl/ml and 

incubated on ice for 15min.  Samples were diluted in 2%(v/v) FCS/PBS and 

added to the EasySep magnet unit for 3min.  Enriched flow-through samples 

were stained for flow cytometry (CD45, EPCR, Sca1, CD48, CD150, 7AAD) 

as described previously.  1200 ESLAM cells were sorted into 0.1ml 

StemSpanTM (StemCell Technologies, 09650). 100 ESLAM cells were added 

to individual wells of a 6-well plate and treated with the appropriate stimulants 

and added to Methocult before plating out for 10 days culture (StemCell 

Technologies, 03434) at 37oC.  At the assay end-point, plates were imaged 

using STEMvisionTM, before colonies were randomly selected for flow 

cytometry staining and analysis.   

2.24 RNA isolation and quantitative reverse transcription-

PCR (qRT-PCR) 

BM-Mϕ cultures were washed with 1x PBS, re-suspended in 700μl QIAzol 

(QIAGEN) and incubated at room temperature for 5min before being stored at 

-80oC.  Small liver tissue samples (~5mm3) were frozen in QIAzol and stored 

at -80oC.  Prior to RNA extraction, tissue samples were homogenised using 

metal beads in a TissueLyser (QIAGEN).  RNA was extracted using the 

miRNeasy RNA extraction kit (QIAGEN) following the manufacturer’s 

instructions and eluted in 30μl of RNase free water.  Superscript III 

(ThermoFisher) and random hexamer primers (Promega) were used for cDNA 

production.  mRNA amplification was detected using Fast SYBR Green Master 

Mix (ThermoFisher) on a StepOnePlus Real Time PCR System 
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(ThermoFisher) with conditions 95oC for 20s followed by 45 cycles at 95oC for 

3s and 60oC for 30s (Table 6).  Relative transcript levels of genes were 

calculated using the ΔΔCT method and mRNA expression was normalised to 

the Hprt/U6 gene (276). 

2.25 Enzyme linked immunosorbent assay (ELISA) 

TPO ELISA was performed as described by the manufacturer’s instructions 

(R&D systems MTP00) on mouse serum.  Briefly, mice were overdosed with 

anaesthesia (medetomidine and ketamine) before blood collection from the 

brachial artery.  Blood was left to clot at 4oC for 1-5hr before being centrifuged, 

5min, at progressively increasing speeds (1000, 5000, 10000 xg), each time 

transferring the serum to a fresh tube.  Serum samples were stored at -20oC 

and diluted 1 in 5 for use in the ELISA.   

2.26 RNA-sequencing analysis 

Unprocessed fastq files from RNA sequencing data that has been re-analysed 

in this thesis is publicly available in the European Nucleotide Archive, 

accession numbers SAMEA2668137-2668182.  We re-analysed the 

differential expression analysis data from Costain et al. (2022) comparing 

naive and infected mice at 12 week post-infection, available in Supplementary 

Data (277).  Using R 4.2.1 and R Studio 2022.07.1 we filtered the differentially 

expressed genes for those included in the Mouse gene set, Gene Ontology 

(GO) biological processes (BP)_BLOOD_COAGULATION_INTRINSIC 

_PATHWAY (GO:0007597) and GOBP_BLOOD_COAGULATION_FIBRIN 

_CLOT_FORMATION (GO:0072378).  Genes were considered significantly 

differentially expressed in schistosome-infected mice when the adjusted p 

value (padj) was < 0.05.  The log2fold change in gene expression was plotted 

or used to express differences.  
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Table 6: List of primers used for qPCR analysis 

* Unless stated all primers were designed and optimised by previous Hewitson lab 
members 
 
 
 
 
 
 

 

 

  

Gene Primer Sequence (5’ – 3’) or catalogue number 

Hprt Forward 
Reverse 

GCGTCGTGATTAGCGATGATGAAC  
ATCTCCTTCATGACATCTCGAGCAAGTC 

U6 Forward 
Reverse 

CGCTTCGGCAGCACATATAC 
TTCACGAATTTGCGTGTCAT 

Cxcl12 Forward 
Reverse 

GGTTCTTCGAGAGCCAC  
TTCTTCAGCCGTGCAACA  

Retlna Forward 
Reverse 

TATGAACAGATGGGCCTCCT  
GGCAGTTGCAAGTATCTCCAC  

Nos2 Forward 
Reverse 

CCCGGAAGGTTTGTACAGC  
AAGGGGACGAACTCAGTGG  

Arg1 Forward 
Reverse 

CAGAAGAATGGAAGAGTCAG  
CAGATATGCAGGGAGTCACC  

Ym1 Forward 
Reverse 

CATCTCTTCAGTGTTCTGGTGAA  
GGGATCTTGTACCCAGACTTG  

Tnf Forward 
Reverse 

CTGTAGCCCACGTCGTAG  
TTGAGATCCATGCCGTTG  

Il6 Forward 
Reverse 

GCTACCAAACTGGATATAATCAGG  
CCAGGTAGCTATGGTACTCCAGAA  

Cd16 Forward 
Reverse 

CTATGTACGGAGAAATCTTCAAACC 
GCCTGGTGCTTTCTGATTG 

Cd32 Forward 
Reverse 

TGCTGTCACTGGGATTGCT 
GCTTTTTCTTGAGATAGACCAAGG 

Cd64 Forward 
Reverse 

TGCTGGATTCTACTGGTGTGA 
AAACCAGACAGGAGCTGATGA 

Cxcl10 Forward 
Reverse 

ATCATCCCTGCGAGCCTATCCT 
GACCTTTTTTGGCTAAACGCTTTC 

Il10 Forward & 
Reverse 

Mm_IL10_1_SG; QT00106169  
 

Tpo Forward &  
Reverse 

Mm00437040_m1; 4331182 
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3. Assessment of the impact of schistosome-induced 

type 2 immune responses on platelet production 

and immune cell interactions  

3.1 Introduction 

Schistosome-induced inflammatory immune responses, and the associated 

granulomatous pathology is well understood.  However, less well studied are 

the effects on haematopoiesis and infection associated thrombocytopenia.  

Thrombocytopenia has been observed in S. mansoni infected humans and a 

number of mouse models (249,278).  Whether this feature is caused by 

elevated platelet clearance because of infection-induced hepatosplenomegaly 

and increases in macrophages, a reduction in platelet production due to 

changes in megakaryocytes as a result of peripheral inflammation, or a 

combination of both is not known (278,279,265).     

Platelets are best understood for their involvement in haemostasis and their 

ability to rapidly bind and aggregate at sites of vascular injury, ultimately 

forming insoluble clots that prevent excessive bleeding (166).  However, 

platelets also express and contain a multitude of surface molecules and 

cytokines.  These have most likely been acquired from their original MK or 

scavenged from the circulation.  Together these molecules contribute to their 

immune cell function and signalling and ultimately drive their role in 

inflammation and infection (205,280–282,203).   

Studies into how platelets regulate immune cell function have mostly focused 

on pro-inflammatory responses to bacterial and viral agonists or inflammatory 

stimuli in vitro.  How platelets regulate type 2 immune responses that 

characterise allergic inflammation, wound healing, metabolic homeostasis and 

immune responses to helminth parasites are poorly understood.  With platelets 

having an emerging role in host immune responses, regulating monocyte and 

macrophage activation predominantly in type 1 inflammation (226,217,283), 

this chapter aims to assess how schistosome infection impacts on platelet 

levels and if platelets interact with type 2 immune cells.  This is particularly 

relevant to a schistosome infection, given the intravascular localisation of adult 

worms and infection-induced thrombocytopenia. 
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A small number of human studies of schistosome infection have demonstrated 

that serum TPO levels do not correlate with platelet numbers, and therefore 

enhanced platelet clearance in the periphery has been explored more closely 

as a mechanism behind depleted platelet numbers (244,245).  Murine models 

of infection have identified potential antibody cross-reactivity between 

schistosome products and platelets, promoting immune clearance and 

subsequent thrombocytopenia (278).  The majority of murine schistosome 

studies to date that have assessed thrombocytopenia or platelet function 

during infection have used very high cercarial doses (100-200 cercariae) and 

as a result have terminated their experiments at 6-8 weeks post infection, i.e. 

1-3 weeks after egg production starts (284,272,285).  However, this represents 

a very acute and indeed fatal infection and does not reflect well the chronic 

nature of schistosomiasis in infected people.  We have instead used a lower 

dose of cercariae and focused on timepoints that better reflect chronic disease 

i.e. 10-16 weeks to explore the chronic effects on inflammation and platelet 

production and clearance.   

 

3.2 Aims 

1) To determine the effects of schistosome infection on platelet and MK 

numbers and their localisation in vivo 

2) To determine the effects of adult worm clearance on platelet parameters in 

vivo 

3) To determine whether platelet production and/or clearance is altered in 

schistosome infection 

4) To determine whether platelets interact with immune cells during 

schistosome infection 

 

3.3 Results 

3.3.1 Does infection dose affect platelet parameters? 

Multiple human studies have shown that a diverse range of infections cause 

thrombocytopenia (238,286,287), including the helminth parasite S. mansoni 

(240–246).  However, neither the mechanistic basis nor functional 

consequences of this reduction in circulating platelets is known.  To investigate 
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this, we used a mouse model of chronic schistosome infection.  Mice were 

infected with varying numbers of infective cercariae (25, 50 or 100) and platelet 

numbers and platelet-immune cell interactions compared to naive controls 

(Figure 3.1A).  In the host, parasites mature into adult worms, and females 

begin to produce eggs ~5 weeks post initial infection (288).  C57BL/6 mice 

have been shown capable of tolerating this dose range for 8-11 weeks (289–

292).  In our experiments, mice infected with 100 cercariae became sick 

(hunched appearance, weight loss) around 8 weeks post-infection and two 

animals had to be culled due to ill health, so this group was harvested at this 

point.   The remaining infections were allowed to proceed for the full 12 weeks 

duration.  A significant increase in liver and spleen weight was observed with 

the 25 cercarial infection dose which was further increased in the 50 cercariae 

infection (Figure 3.1B-C).  The 100 cercarial infection dose also had elevated 

liver and spleen sizes, albeit at an early end point.  Liver egg counts were also 

elevated in the 50 cercariae infection compared with 25 cercariae (Figure 

3.1D).  Platelet counts were significantly reduced compared with naive mice 

across all infection doses, and there was no difference in platelet count 

between 25, 50 and 100 cercariae (Figure 3.1E).  Interestingly, mean platelet 

volume (MPV) increased with infection burden even up to 100 cercariae and 

MPV was significantly greater after treatment with 100 cercariae compared 

with 25 cercariae (Figure 3.1F).  There was a significant negative correlation 

between platelet count and MPV (Figure 3.1G), however there was no trend 

between platelet count and the number of schistosome eggs in the liver 

(Figure 3.1H).     

Platelet glycoprotein IIb (CD41) is a subunit of the glycoprotein IIbIIIa 

heterodimer primarily expressed on platelets and MK and therefore was used 

to assess leukocyte interactions with platelets by flow cytometry, as it is not 

expressed on leukocytes (293).  This showed an increase in the percentage 

of CD41+ CD45+ leukocytes in the liver and spleen, but not the blood of 

schistosome-infected mice (Figure 3.2A-B).  Whilst closer examination of the 

different immune populations in the blood revealed a significant increase in 

eosinophils, CD4+ and CD8+ T cells during infection (Figure 3.2C), the 
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percentage of platelet-leukocyte aggregates (PLA) in the circulation showed 

minimal difference during infection (Figure 3.2D).   

Consistent with previous studies (284,294,295) there was a significant 

increase in immune cell number in the liver during infection with the eosinophil 

population increasing approximately 100-fold (Figure 3.3A-B).  There was 

also a significant increase in the percentage of eosinophils and neutrophils 

with bound platelets in the liver of mice infected with 50 cercariae compared 

with naive mice (Figure 3.3C).  When considering the absolute number of 

PLA, there was a significant increase in platelet interactions with all examined 

cell populations, but little difference between mice infected with 25 or 50 

cercariae (Figure 3.3D-E).  Moreover, there was no significant correlation 

between the number of schistosome eggs in the liver and the percentage of 

PLA (Figure 3.3F). 

Together, these experiments demonstrated that increased schistosome 

infection burden enhanced hepatosplenomegaly and the number of liver eggs.  

Moreover, there was a significant increase in hepatic PLA in schistosome 

infection, however there was not a significant difference between infection with 

25 or 50 cercariae.    
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Figure 3.1: Thrombocytopenia in schistosome infection 

C57BL/6 mice were percutaneously infected with 25-100 cercariae.  A) Experimental 

schematic showing mice infected with 100 cercariae (n=10) were harvested 8 weeks post 

infection due to 2 mice being euthanised due to sickness.  Mice infected with 25 (n=10) and 

50 (n=10) cercariae were harvested at 12 weeks post infection.  Naive mice were harvested 

at both time-points (n=4, n=6).  Post-mortem B) liver and C) spleen weights.  D) Post-mortem 

liver tissue from schistosome-infected mice was digested for schistosome egg.  E) Platelet 

count and F) mean platelet volume (MPV) from terminal brachial bleeds.  Correlative analysis 

of G) platelet counts and MPV or H) platelet count and total schistosome liver eggs pooled 

from the 25 and 50 cercariae infected groups.  Data pooled from 2 independent experiments. 

Statistical significance was determined using one-way ANOVA with post-hoc Tukey’s test on 

the mean of each treatment group.  Non-significance (p >0.05) not shown.  Simple linear 

regression was performed to assess any correlation.   
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Figure 3.2 Assessment of platelet-leukocyte aggregates (PLA) in schistosome infection 

with varying infection dose 

A) Flow cytometry quantification of CD41+ leukocytes (CD45+) in the blood (n=10, n=10, n=10, 

n=8), liver (n=10, n=10, n=10, n=8) and spleen (n=5, n=10, n=5, n=5) of C57BL/6 mice 

infected with 25-100 cercariae.  B) Representative CD41+ FACS staining of leukocytes from 

blood, liver and spleen.  Flow cytometry quantification of C) different immune cell populations 

as a percentage of total blood leukocytes and D) percentage of CD41 expression on the 

different immune populations.  Naive-light grey, 25 cercariae-light blue, 50 cercariae-blue, 100 

cercariae-dark blue.  Data pooled from 2 independent experiments (blood and liver). Statistical 

significance was determined using one-way ANOVA with post-hoc Tukey’s test on the mean 

of each treatment group.  Non-significance (p >0.05) not shown.   
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Figure 3.3 Schistosome infection significantly increases the number of PLA in the liver 

A) Scaled pie charts, with area proportional to the total immune cell number in the liver at the 

point of harvest.  B) Total number of CD45+ cells in the liver.  Flow cytometry quantification of 

C) the percentage and D) number of CD41+ leukocytes (CD45+) in the liver of C57BL/6 mice 

infected with 25 or 50 cercariae.  E) Representative CD41+ FACS staining on Ly6Clo 

macrophages. F) Correlative analysis of percentage CD41+ leukocytes in the liver and the 

total number of schistosome liver eggs pooled from the 25 and 50 cercariae infected groups. 

(Naive n=10 (grey), 25 cercariae n=10 (light blue), 50 cercariae n=10 (blue)).  Data pooled 

from 2 independent experiments. Statistical significance was determined using one-way 

ANOVA with post-hoc Tukey’s test on the mean of each treatment group. Simple linear 

regression was performed to assess correlation. Non-significance (p >0.05) not shown.   
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3.3.2 Does thrombocytopenia persist in chronic schistosome infection 

after worm clearance? 

We next asked whether platelet alterations remained following treatment with 

the clinically-used chemotherapeutic drug PZQ.  PZQ kills adult worms and so 

prevents continued egg production and worsening of pathology (29).  Mice 

were infected for 12 weeks with 40 cercariae to establish robust platelet 

changes, treated with PZQ, and then assessed 3-4 weeks later (Figure 3.4A).  

As expected, PZQ treatment led to the clearance of adult worms (Figure 

3.4B).  Furthermore, both the liver and spleen weights of PZQ-treated mice 

were significantly lower than the infected-untreated group yet had not returned 

to naive baseline weights (Figure 3.4C-D).  Pairwise comparisons showed 

mice treated with PZQ had a range of platelet counts, with ~40% (5/12) 

showing an increase in platelet counts (≥ 2x SD of the mean at each time point) 

between 12 weeks (pre-PZQ treatment) and 16 weeks (post-PZQ treatment) 

(Figure 3.4E, Appendix  1).  Similarly, 75% of PZQ treated mice showed a 

reduction in MPV between 12 and 16 weeks (Figure 3.4F, Appendix  1).   

Further analysis of the liver clearly showed PZQ treatment led to a reduction 

in the number of immune cell populations, particularly eosinophils, Ly6Chi 

monocytes and lymphocytes (CD4+ and CD8+ T cells, B cells) compared with 

the infected-untreated group, with the exception of Ly6Clo macrophages which 

were unaltered (Figure 3.5A-B).  The percentage of PLA in the liver was highly 

variable and showed no significant differences between the infected and PZQ-

treated groups (Figure 3.5C), however the absolute number of PLA 

(eosinophils, neutrophils, Ly6Clo macrophages and B cells) were significantly 

reduced following PZQ treatment (Figure 3.5D-E).  With the loss of adult worm 

production of schistosome eggs, we wanted to assess whether there was a 

reduction in inflammation.  In the liver, we showed a modest, but significant 

reduction in eosinophil RELMα expression, as well as Ly6Clo macrophage 

Ym1 expression (Figure 3.6A-C).  In contrast, there was no significant 

difference in MHCII or RELMα expression by macrophages or monocytes 

between infected and infected-PZQ treated groups (Figure 3.6C-D).  When 

considering liver CD4+ T cells, PZQ treatment led to a reduction in intracellular 



72 
 

IL-4, IFNγ and IL-10, with the latter two cytokines significantly decreasing 

(Figure 3.7A-C).   

Together these experiments showed the clearance of adult worms by PZQ 

treatment reduced liver and spleen pathology however, the same 

improvement was not seen in platelet parameters.  The percentage of hepatic 

PLA did not decrease after PZQ treatment but the total number of PLA did 

reduce.  

 

Figure 3.4 Sustained thrombocytopenia after drug-induced worm clearance 

C57BL/6 mice were percutaneously infected with 35 cercariae.  A) Experimental schematic 

showing 12 weeks post infection mice were treated with 250mg/kg praziquantel (PZQ) in 10% 

kolliphor® EL by oral gavage for 3 consecutive days, and all mice were harvested 4 weeks 

later (16 weeks total post-infection).  B) Confirmation of effective treatment regime by worm 

counts following tissue perfusion of schistosome-infected (n=5) and PZQ treated (n=5) mice.  

Post-mortem C) liver and D) spleen weights.  E) Platelet count and F) mean platelet volume 

(MPV) from terminal brachial bleeds. Data in C-F) pooled from 2 independent experiments 

(Naive n=10, Sm n=12, PZQ n=12).  Statistical significance was determined using one-way 

ANOVA with post-hoc Tukey’s test on the mean of each treatment group.  Non-significance 

(p >0.05) not shown.   
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Figure 3.5 PZQ treatment reduces the number of PLA in the liver 

Flow cytometry quantification of A) the percentage and B) number of leukocytes (CD45+), C) 

percentage and D) number of CD41+ leukocytes in the liver.  E) Representative CD41+ FACS 

staining on Eosinophils, Ly6Clo macrophages and Ly6Chi monocytes. Data pooled from 2 

independent experiments, Naive (grey) n=10, Sm (blue) n=12, PZQ (pink) n=12.   Statistical 

significance was determined using one-way ANOVA with post-hoc Tukey’s test on the mean 

of each treatment group. Simple linear regression was performed to assess correlation. Non-

significance (p >0.05) not shown.   
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Figure 3.6 PZQ treatment has variable impact on infection-induced myeloid immune cell 

activation 

Flow cytometry quantification and representative FACS staining of A) eosinophil RELMα and 

B) neutrophil Ym1.  Percentage and representative FACS staining for RELMα, Ym1 and 

MHCII by C) Ly6Clo macrophages and D) Ly6Chi monocytes in the liver. Data representative 

of 2 independent experiments, Naive (grey) n=4, Sm (blue) n=8, PZQ (pink) n=7.   Statistical 

significance was determined using one-way ANOVA with post-hoc Tukey’s test on the mean 

of each treatment group. Non-significance (p >0.05) not shown.   
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Figure 3.7 PZQ treatment reduces IFNγ and IL-10 by CD4+ T cells in the liver 

Single cell suspensions (2-4x106 cells) from liver isolation processing were cultured ex vivo 

with Ionomycin, PMA and Brefeldin A.  Flow cytometry quantification and representative FACS 

staining of CD4+ T cells for A) IFNγ, B) IL-4 and C) IL-10.  Data pooled from 2 independent 

experiments, Naive (grey) n=10, Sm (blue) n=12, PZQ (pink) n=12.   Statistical significance 

was determined using one-way ANOVA with post-hoc Tukey’s test on the mean of each 

treatment group. Non-significance (p >0.05) not shown.   
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3.3.3 Does schistosome infection impair megakaryopoiesis? 

To investigate the mechanisms of thrombocytopenia, we asked if infection 

reduces thrombopoiesis.  The main cytokine that regulates platelet production 

is TPO.  TPO is primarily produced by hepatocytes and promotes MK 

differentiation, maturation and survival (151,145).  The liver is the major site of 

granulomatous inflammation in schistosomiasis, which results in marked 

hepatomegaly.  Confocal analysis of liver sections revealed higher cercarial 

doses were associated with both greater hepatocyte disorder and also 

extensive CD41+ staining.  As the CD41 staining was larger than a single 

platelet and also lacked a nuclei, this suggested micro-thrombi formation 

(Figure 3.8A).  We also noted that S. mansoni granulomas were devoid of 

TPO+ cells i.e. hepatocytes (Figure 3.8A-B).  Higher magnification analysis 

revealed the presence of MK as well as micro-thrombi in the liver of 

schistosome-infected mice, and these were distinguished based on the 

presence or absence of a nucleus and their size (<150µm in diameter) (121) 

(Figure 3.8B-C).  MK were also evident in the livers of mice infected with the 

protozoan parasite Leishmania donovani (L. donovani) previously shown to 

induce thrombocytopenia (Figure 3.8B-E; (238)).  Consistent with reduced 

TPO+ hepatocytes, Tpo mRNA levels were substantially lower in schistosome 

livers (Figure 3.8F) and circulating TPO protein was also markedly reduced 

even after PZQ treatment (Figure 3.8G).  This reduction in circulating TPO 

was a similar magnitude to that seen in L. donovani infection.  Despite reduced 

hepatic TPO production capacity, CD41+ MK were also identified in the spleen 

(particularly in the red pulp) as well as in the liver, suggestive of extramedullary 

haematopoiesis (Figure 3.8H-J).   

Given the BM has been thought of as the primary site of MK production of 

platelets (121), we next looked to see whether MK number in this location was 

affected by the reduction in hepatic and circulating TPO.  Surprisingly, MK 

numbers were unchanged (Figure 3.9A-B), but schistosome infection led to a 

small yet significant decrease in CD41+ MK diameter, whereas L. donovani 

increased MK size as in previous studies (Figure 3.9C, (238)).  Despite no 

change in the number of BM-resident MK in schistosome infection there was 

marked reductions in BM CD68+ macrophages, which appeared to start to 
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revert following PZQ treatment (Figure 3.9D).  We next explored whether 

schistosome infection skews the functional programming of MK in the BM.  

Sun et al. (2021) characterised three functionally and phenotypically unique 

MK populations in the BM: immune (2-8N), HSC-niche maintenance (8-32N) 

and platelet generating (8-32N) (296).  Given the slight reduction in MK size, 

we wanted to investigate whether this was a result of altered 

megakaryopoiesis.  MK ploidy analysis of BM from naive and schistosome-

infected mice showed there was an increase in 4N low-ploidy MK, previously 

linked to immune roles and a decrease in the higher 8-16N population, 

associated with HSC-niche maintenance as well platelet production (Figure 

3.9E-F).  There was no significant difference in the percentage of 32N+ MK in 

BM from naive and infected mice.   

Finally, we tested whether schistosome infection affects the differentiation 

potential of these platelet-producing cells.  Endothelial Protein C Receptor 

(EPCR+) HSC were cell-sorted from the BM of naive and schistosome-infected 

mice for methylcellulose colony formation assays.  This revealed that HSC 

from naive and infected mice generated a similar number of colonies (Figure 

3.10A-B), and there was no difference in CD41+ expression, which suggests 

prior schistosome infection does not alter MK lineage bias (Figure 3.10C).  In 

contrast, exogenous IL-4 reduced the overall number of colonies and strongly 

inhibited CD41+ cell differentiation which is consistent with other reports 

(297,298).  This indicates that whilst exogenous IL-4, characteristic of type 2 

immune responses as occurs in schistosome infection, can inhibit 

megakaryopoiesis, this does not occur with HSC isolated from infected mice. 
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Figure 3.8 Extramedullary haematopoiesis and reduced systemic TPO in schistosome 

infection 

A) Representative fluorescent images of liver tissue from C57BL/6 mice infected with 25 or 50 

cercariae (10 weeks) or 100 cercariae (8 weeks) stained for TPO (red), CD41 (yellow) and 

DAPI (blue) and imaged with a 10x objective.  White arrowheads indicate schistosome eggs 

within granulomas.  C57BL/6 mice were infected with 40 S. mansoni cercariae for 10 weeks 

or 5x107 LV9 (Ld) for 4 weeks.  B) Representative fluorescent images of liver tissue stained 
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for TPO (red), CD41 (yellow) and DAPI (blue) using a 10x objective with 0.6x zoom. Top left - 

naive, top right – S. mansoni, bottom left – L. donovani, bottom right identification of MK (solid 

white box) from platelet cluster (dotted white box).  High magnification image inserts were 

obtained using a 63x oil-immersion lens.  C) Quantification of the number of MK per field of 

view (Naive n=5, Sm n=5, Ld n=5).  Post-mortem D) liver weight and E) platelet counts (Naive 

n=13, Sm n=15, Ld n=10), pooled from 3 independent experiments.  F) Hepatic Tpo mRNA 

assessed by qPCR normalised to Hprt housekeeping gene (Naive n=11, Sm n=20) pooled 

from 4 independent experiments.  G) Serum TPO levels assessed by ELISA (Naive n=19, Sm 

n=25, PZQ n=12, Ld n=8), pooled from 4 independent experiments. H) Representative 

fluorescent images of spleen tissue stained with F4/80 (red), CD41 (yellow), B220 (green) and 

DAPI (blue) and imaged using a 10x objective lens with 0.6x zoom.  High magnification inserts 

(white boxes) were images using a 63x oil-immersion lens. Quantification of I) all MK and J) 

distribution of MK in the red (R) and white (W) pulp of the spleen (Naive n=12 (grey), Sm n=10 

(blue), Ld n=9 (orange)), pooled from 2 independent experiments.  Statistical significance was 

determined using one-way ANOVA with post-hoc Tukey’s test on the mean of each treatment 

group (C-E, G and I), unpaired student’s t-test (F) and paired t-test (J).  Non-significance (p 

>0.05) not shown.   
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Figure 3.9 Sustained megakaryopoiesis, but lower ploidy MK in schistosome infection 

A) Representative fluorescent images of decalcified femurs from C57BL/6 mice infected with 

~35 S. mansoni cercariae for 16 weeks (Sm), PZQ treated schistosome-infected mice at 12 

weeks and harvested 4 weeks later (PZQ) or infected with 5x107Leishmania donovani LV9 

strain for 4 weeks (Ld).  Bones were stained with CD68 (red), CD41 (yellow) and DAPI (blue) 

and imaged using 10x objective or 63x oil-immersion lens (white box inserts).  Quantification 

of B) MK per field of view, C) MK diameter (count Naive=1826, Sm= 774, Ld=945) and D) 

CD68+ cells (Naive n=12, Sm=11, Ld=9).  E) Flow cytometry quantification of BM MK ploidy 

analysis and F) representative histograms (Naive (grey) n=12, Sm (blue) n=19), pooled from 

3 independent experiments.  Statistical significance was determined using one-way ANOVA 

with post-hoc Tukey’s test on the mean of each treatment group (B-D) and unpaired student’s 

t-test (E).  Non-significance (p >0.05) not shown.   
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Figure 3.10  Schistosome infection does not alter the production of CD41+ colonies 

from cultured HSC 

Bones were isolated from C57BL/6 naive and schistosome-infected mice (~35 cercariae) at 

12 weeks post-infection.  100 ESLAM (Lin-cKit+EPCR+Sca1+CD48-CD150+) cells were sorted 

into each well and cultured for 10 days in the absence or presence of 10ng/ml IL-4.  A) 

Representative images of individual wells after 10 days of culture for each treatment group.  

Quantification of B) the number of colonies per well (5 wells per condition) and C) percentage 

of all cells CD41+ per colony (each symbol represents individual colonies.  Data from a single 

experiment, representative 3 independent experiments.  Statistical significance was 

determined using unpaired student’s t-test (B-C).  Non-significance (p >0.05) not shown.   
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3.3.4 Does schistosome infection enhance platelet clearance?  

Having shown that there may be a reduction in platelet-producing 8-16N MK 

in schistosome infection which may be contributing to the thrombocytopenia, 

we wanted to assess whether platelet clearance is also accelerated.  Initially, 

we tried to fluorescently label exogenously isolated platelets with a range of 

markers (acridine orange, Carboxyfluorescein succinimidyl ester and 5-

chloromethylfluorescein diacetate), before transferring these back into 

recipient mice.  However, after testing a broad range of dye concentrations, 

transfer ratios and sampling times we were unable to consistently detect the 

transferred population to allow monitoring of platelet clearance.  Therefore, we 

tried labelling platelets directly in vivo.  Here we used a fluorescently 

conjugated antibody (DyLight649, Emfret X649) which binds the GPIbβ 

subunit of the platelet/megakaryocyte-specific GPIb-V-IX complex (vWF 

receptor), from here on referred to as X649.  X649 specifically labelled 

platelets in circulation without driving immune-mediated platelet clearance 

(Appendix  2), thereby allowing us to measure platelet turnover (299).  

Longitudinal bleeds were taken from schistosome and L. donovani infected 

mice 1hr, 24hr and 48hr post injection of X649 (Figure 3.11A).  Whole blood 

was co-stained for CD41, and expression of X649 was normalised to the 1hr 

time-point.  This showed the significant thrombocytopenia and elevated MPV 

in both schistosome and L. donovani infected mice are, at least in part, a result 

of accelerated platelet clearance (Figure 3.11B-F).  Increased platelet size 

may reflect enhanced platelet clearance as it ensures there are proportionally 

more “newer” larger platelets present in the circulation.  Alternatively, infection 

may cause platelet activation, resulting in larger cells; at this stage we are 

unable to distinguish between these two possibilities.  The half-life of platelets 

in naive mice was estimated to be ~51hr and this shortened to 39hr and 26hr 

in schistosome and L. donovani infections respectively.   

To explore the mechanism of accelerated platelet clearance in schistosome 

infection, we first asked whether platelets were being opsonised with auto-

antibodies which act as “eat-me” signals for phagocytes in immune-mediated 

thrombocytopenia (300).  We used FcRγ-/- mice which lack activating cell 

surface Fcγ receptors, FcγRI (CD64), FcγRIII (CD16) and FcγRIV, as well as 
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FcεRI and FcαRI, to assess whether thrombocytopenia could still occur in 

schistosome-infected mice in the absence of FcRγ-antibody complexes.  In a 

pilot experiment we confirmed that FcRγ-/- mice treated with anti-CD41 IgG 

antibodies did not become thrombocytopenic compared with wild type (WT) 

controls (Figure 3.12A).  In schistosome infection, a significant reduction in 

platelets and elevated MPV were still observed in FcRγ-/- mice indicating 

platelet clearance in schistosome infection is not mediated by activating Fc 

receptors (Figure 3.12B-C).  There was also no difference in the pathology in 

terms of liver weight, eggs (Figure 3.12D-E) and granuloma formation 

(Appendix  3) between the WT and FcRγ-/- groups.  Moreover, the percentage 

and number of PLA in the blood, liver, spleen and lung (Figure 3.12F) and the 

activation of the different immune populations showed no difference between 

the WT and FcRγ-/- infected groups (Appendix  4).   
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Figure 3.11 Accelerated platelet clearance in schistosome and L. donovani infected 

mice 

A) Schematic showing C57BL/6 mice were infected with 40 S. mansoni cercariae (Sm) for 10 

weeks or 5x107 LV9 (Ld) for 4 weeks.  Tail bleeds were taken prior to IV injection (0.05μg/gram 

of body weight) of anti-GPIb-V-IX conjugated DyLight 649 (X649).  Tail vein blood samples 

were harvested 1, 24 and 48hr post-injection.  Terminal bleed B) platelet count and C) mean 

platelet volume (MPV).  D) Representative FACS staining on platelets at 24hr from a naive 

mouse.  E) Quantification of the percentage of platelets CD41+X649+ from tail bleeds, 

normalised to the 1hr time-point and F) representative histograms of X649 staining at different 

time points for naive (black), Sm (blue) and Ld (orange) platelets.  Data pooled from 3 

independent experiments (Naive n=15, Sm n=10, Ld n=10).  Statistical significance was 

determined using one-way ANOVA with post-hoc Tukey’s test on the mean of each treatment 

group (B-C) at each time point (E).  Non-significance (p >0.05) not shown.   
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Figure 3.12 No difference in platelet numbers between WT and FcRγ-/- schistosome- 

infected mice 

WT and FcRγ-/- (KO) mice were given a single IP injection with 0.2mg/kg anti-CD41 

(MWReg30) antibody or IgG control. A) Terminal bleed platelet count.  Representative of a 

single experiment (WT control n=2, WT anti-CD41 n=5, FcRγ-/- control n=2, FcRγ-/- anti-CD41 

n=5) (Pre anti-CD41 treatment = white, post anti-CD41 treatment = pink). WT and FcRγ-/- mice 

were infected with 40 S. mansoni cercariae and harvested 11 weeks later.  Terminal B) platelet 

count and C) mean platelet volume (MPV).  Post-mortem liver tissue was D) weighed and E) 

a section was digested in 4% KOH and schistosome liver eggs were counted.  F) Flow 

cytometry quantification of the percentage of CD41+ leukocytes in different tissues (blood, liver 

and spleen).  Data from a single experiment, representative of 2 independent experiments 

(WT Naive n=3, WT Sm n=5, FcRγ-/- Naive n=3, FcRγ-/- Sm n=7).  Statistical significance was 

determined using paired t-test (A), one-way ANOVA with post-hoc Tukey’s test on the mean 

of each treatment group (B-D, F) and unpaired student’s t-test (E).  Non-significance (p >0.05) 

not shown.   
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3.3.5 Are platelets surface-bound or phagocytosed by immune cells in 

schistosome infection? 

X649 labelling not only allows us to assess platelet clearance dynamics in vivo, 

but it also indicates cell types that interact with platelets and potentially receive 

immunomodulatory signals from them (301).  We hypothesised that X649+ 

leukocytes (CD45+) that were also CD41+ (i.e. X649+CD41+), had surface-

bound platelets, whereas leukocytes that had internalised platelets were 

CD41- (i.e. X649+CD41-) as the platelet glycoprotein IIb was no longer 

accessible to the antibody (Figure 3.13A).  In order to test this hypothesis, we 

isolated platelets from naive mice and labelled them with X649 in vitro before 

culturing them for 24hr with BM-derived macrophages at a 100:1 ratio 

(platelet:macrophage).  At multiple time-points we washed plate-bound 

macrophages to remove platelets in suspension, detached the macrophages 

and stained the cells for CD11b, CD64 and CD41 to detect the macrophages 

and any surface-bound platelets.  Flow cytometric analysis clearly showed 

after a short time in culture (<1hr) there was a relatively small percentage of 

macrophages interacting with platelets (i.e. X649+), but the majority of these 

were CD41+ representing surface-bound platelets (i.e. X649+CD41+).  In 

contrast, as culture progressed, whilst the proportion of macrophages that 

were interacting with platelets increased (X649+), these were predominantly 

CD41-, suggesting platelet internalisation (Figure 3.13B-C).   

We next wanted to visually confirm our hypothesis of platelet internalisation 

based on flow cytometry staining.  Using Airyscan microscopy we were able 

to successfully label and detect platelets labelled with X649 and CD41, which 

displayed a high degree of co-localisation as anticipated (Figure 3.14A).  We 

also confirmed that macrophage cell morphology was maintained after 

cytospinning onto slides which would enable us to determine the localisation 

of platelets within, or on the surface of cells (Figure 3.14B).   A similar co-

culture was set up as described previously and cells were stained and 

harvested at 4hr for both flow cytometry and imaging, in the hope of capturing 

platelets at all stages of internalisation.  3D reconstruction of z-stacked images 

and manual orthogonal examination was performed to assess whether the 

pink X649 signal was located within the yellow, CD45 surface boundary.  In 
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support of our hypothesis, we identified macrophages with cell surface 

platelets that were X649+CD41+, and macrophages with internalised platelets 

that were X649+CD41- (Figure 3.15A-C).   

In order to confirm our finding from in vitro co-culture assays we sorted 

macrophages and monocytes from the livers of 12 week schistosome-infected 

mice which had been injected with X649 24hr prior to harvesting.  However, 

prior to sorting cells from infected livers we needed to enrich for the population 

of interest to increase sort efficiency and purity.  Initially, we tried F4/80 cell 

positive-selection on naive liver and spleen samples, however despite 

enriching monocytes in the liver ~3-fold there was also significant enrichment 

of the eosinophil population (Appendix  5).  Given eosinophils are the most 

abundant cell population in schistosome infection, further enrichment of this 

population was an issue.  We therefore tried CD64 enrichment on naive liver 

and spleen samples, which showed successful (~4-fold Mɸ, ~7-fold Mono) 

enrichment and the depletion of eosinophils, B and T cells (Figure 3.16A-B).  

To obtain sufficient cell numbers for downstream imaging and analysis, 

CD11b+SiglecF-Ly6G-F4/80+ cells were sorted based on being X649- or X649+.  

Given panel complexity and limited cell numbers, we chose not to separate 

Ly6Clo macrophages and Ly6Chi monocytes in this experiment.  After sorting, 

cells were stained with CD45 and CD41 as in the in vitro macrophage 

experiments, samples were then cytospun and imaged (Figure 3.17).  This 

demonstrated that we could distinguish between surface-bound and 

internalised platelets using in vivo X649 labelling and co-staining with 

fluorescently labelled CD41 ex vivo.  Double positive (X649+CD41+) 

monocytes/macrophages had surface-bound platelets, whereas single 

positive (X649+CD41-) monocytes/macrophages had platelets internalised.   

Having demonstrated that we could differentiate between surface-bound and 

internalised platelets, we were interested to dissect which immune cells were 

interacting with platelets and whether there was any tissue specificity.  

Following the same infection and staining regimen as described in Figure 

3.11A we showed that negligible levels of X649+ immune cells were detected 

in the blood of L. donovani infected mice, which is consistent with the severe 

thrombocytopenia seen in these animals (Figure 3.11B and Figure 3.18A).  
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In contrast, X649+ leukocytes were more readily detectable in the blood of 

naive and schistosome-infected mice, although there was no significant 

difference between these two groups.  Notably, X649+ leukocytes were 

elevated in blood compared to liver and spleen (Figure 3.18A-B).  We did 

detect a significant increase in liver X649+ leukocytes in schistosome infection 

compared with naive animals.  Examination of individual immune populations 

in the blood showed the majority of platelets were surface-bound 

(X649+CD41+) rather than internalised (X649+CD41-).  Whilst infection was 

associated with an increased proportion of Ly6Clo non-classical blood 

monocytes internalising platelets (Figure 3.18C), this population was a 

relatively minor one as infection skews towards the classical Ly6Chi 

monocytes.  As such, we calculated absolute cell numbers and found infection 

led to a significant increase in the number of surface-bound platelets on 

classical monocytes and eosinophils (Figure 3.18D-E).  

In contrast to the blood, the majority of platelets had been internalised by 

immune cells in the liver and there was a significantly lower percentage of 

X649+ leukocytes in L. donovani infection compared with naive, and 

schistosome-infected mice (Figure 3.19A).  Again, when considering the 

absolute number of cells that were X649+, there was a significant increase in  

schistosome infection in multiple cell types (monocytes, eosinophils, CD8+ T 

cells and B cells) (Figure 3.19B-D).  The monocyte and eosinophil populations 

predominated and also showed a significantly greater number of surface-

bound, as well as internalised platelets.    

Finally, in the spleen, which is the primary site of platelet clearance in ITP 

(302), there was a reduction in the percentage of monocytes X649+ in both 

infections compared with the naive mice (Figure 3.20A).  In L. donovani 

infection, there was a significant increase in absolute number of immune cells 

(particularly monocytes, neutrophils, B cells and CD4+ T cells) in the spleen 

(Figure 3.20B).  It appeared that the majority of platelets were internalised by 

monocytes and eosinophils in the spleen during L. donovani infection, which 

complements previous data (Figure 3.20C-D, (238)).  In contrast, there was 

little difference in platelet interactions with immune cells in the spleen between 
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naive and schistosome-infected mice, with the exception of an expanded 

X649+ B cell population in schistosome infection.    

Together, these data show that there is an increase in surface-bound platelets 

on multiple blood immune cells in schistosome infection with very little 

internalisation.  However, in the liver of schistosome-infected mice, there is 

significant platelet internalisation by monocytes and eosinophils, which 

contrasts with significant platelet internalisation in the spleen in L. donovani 

infection.   

 

 

Figure 3.13 Reduction of surface-bound platelets on BM-Mɸ over 24hr 

1x106 BM-Mφ were co-cultured with 1x108 isolated murine platelets labelled with X649.  

Macrophages were detached at 30min, 1hr, 2hr, 4hr, 8hr and 24hr, and stained for CD11b, 

CD64 and CD41. A) Hypothesised mechanism of identifying platelet localisation.  B) 

Representative FACS staining of co-cultures at 30min and 24hr. Pink box – percentage of all 

X649+ macrophages (CD11b+CD64+).  Green box – percentage of all X649+ macrophages 

that are also CD41+.  C) Quantification of FACS stained co-cultures over 24hr. Pink line – 

percentage of macrophages that are X649+.  Green line – percentage of X649+ macrophages 

that are CD41+. Data from a single experiment, with 6 technical replicates for each condition 

at every time point.  Bars represents mean with standard error.   
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Figure 3.14 Visualisation of platelets and macrophages by confocal microscopy 

A) Cytospun isolated murine platelets stained with X649 (pink) and CD41 (green).  B) 

Cytospun BM-Mφ stained for CD45 (yellow) and DAPI (blue).  Z-stack 3D reconstruction 

orthogonal projection from 0.2μm slices.  Images were taken using a 63x oil-immersion lens, 

with 4x zoom.  Images represent a single experiment and >10 FOV.   
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Figure 3.15 Confirmation of surface-bound and internalised platelets by BM-Mɸ in vitro 

1x106 BM-Mφ were co-cultured with 1x108 isolated murine platelets labelled with X649 (pink).  

Macrophages were detached at 1hr and stained for DAPI (blue), CD45 (yellow), and CD41 

(green).  Samples were either A) run on the flow cytometer, or cytospun and imaged using the 

Zeiss-LSM780 microscope to show B) surface-bound or C) internalised platelets.  Black 

arrows – example fluorescent images corresponding to flow cytometry staining. Pink arrows 

– surface-bound platelets X649+CD41+. Grey arrows – internalised platelets X649+CD41-.  

Representative of 2 independent experiments with 3 technical replicates in each, >10 FOV 

were imaged for each condition.   
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Figure 3.16 Successful enrichment of macrophages and monocytes in the liver and 

spleen 

A liver and spleen were isolated from a C57BL/6 mouse and processed to generate single cell 

suspensions.  Samples were enriched using LS-columns CD64-biotin positive selection.  

Samples were stained for flow cytometry analysis.  Quantification of flow cytometry staining 

and representative FACS plots of the macrophage/monocyte population in A) the liver and B) 

the spleen.  Black – samples removed pre-CD64 enrichment, grey – samples obtained in the 

negative column fraction, red – samples positively enriched for CD64 expressing cells.  

Representative of 3 independent experiments. 

 

  



93 
 

 

Figure 3.17 Identification of internalised and surface-bound platelets on hepatic 

macrophages isolated from schistosome-infected mice 

Monocytes/macrophages (CD11b+SiglecF-Ly6G-F4/80+) isolated from the liver of x2 C57BL/6 

mice infected with ~35 S. mansoni cercariae for 12 weeks.  24hr prior to tissue harvest mice 

were iv injected with X649 (0.05μg/gram of body weight).  Sorted monocytes/macrophages 

stained with CD45 (yellow), CD41 (green) and DAPI (blue) before cytospin.  Samples were 

imaged using Zeiss LSM-880 Airyscan, 63x oil objective with 4x magnification.  Grey arrow – 

internalised platelet, Pink arrow – surface-bound platelets.  Representative of a single 

experiment with cells from 2 infected mice and >20 FOV.    
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Figure 3.18 Enhanced numbers of PLA in the blood of schistosome-infected mice 

C57BL/6 mice were infected with 40 S. mansoni cercariae (Sm) for 10 weeks or 5x107 LV9 

(Ld) for 4 weeks.  Mice were IV injected with 0.05μg/gram of body weight of anti-GPIb-V-IX 

conjugated DyLight 649 (X649) 48hrs prior to harvest. A) Quantification of the percentage of 

X649+CD45+ leukocytes in the blood, liver and spleen and B) representative FACS plots.  

Quantification of C) the percentage and D) number of X649+ and CD41+ immune populations 

in the blood.  E) Representative FACS staining of classical and non-classical monocytes in 

the blood.   Data pooled from 3 independent experiments (Naive n=15, Sm n=10, Ld n=10).  

Statistical significance was determined using one-way ANOVA with post-hoc Tukey’s test on 

the mean of each treatment group (A) and student’s unpaired t-test for each cell type (C-D).  

Grey: CD41-X649+, Pink: CD41+X649+. Error bars represent standard error of the mean, pink 

comparing CD41+X649+ populations and grey comparing CD41-X649+ groups.  Non-

significance (p >0.05) not shown.   
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Figure 3.19 Enhanced platelet internalisation in the liver of schistosome-infected mice 

C57BL/6 mice were infected with 40 S. mansoni cercariae (Sm) for 10 weeks or 5x107 LV9 

(Ld) for 4 weeks.  Mice were IV injected with 0.05μg/gram of body weight of anti-GPIb-V-IX 

conjugated DyLight 649 (X649) 48hr prior to harvest.  Quantification of A) the percentage of 

X649+ and CD41+ leukocytes, B) number of specific immune populations and C) the number 

of X649+ and CD41+ leukocytes in the liver.  D) Representative FACS plots of monocytes and 

macrophages in the liver.  Grey - Naive, Blue - Sm and Orange - Ld.  Data pooled from 3 

independent experiments (Naive n=15, Sm n=10, Ld n=10).  Statistical significance was 

determined using one-way ANOVA with post-hoc Tukey’s test on the mean of each treatment 

group (B) and student’s unpaired t-test for each cell type (A, C).  Grey: CD41-X649+, Pink: 

CD41+X649+.  Error bars represent standard error of the mean, pink comparing CD41+X649+ 

populations and grey comparing CD41-X649+ groups.  Non-significance (p >0.05) not shown.   
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Figure 3.20 Enhanced platelet internalisation in the spleen of L. donovani infected mice 

C57BL/6 mice were infected with 40 S. mansoni cercariae (Sm) for 10 weeks or 5x107 LV9 

(Ld) for 4 weeks.  Mice were IV injected with 0.05μg/gram of body weight of anti-GPIb-V-IX 

conjugated DyLight 649 (X649) 48hr prior to harvest.  Quantification of A) the percentage of 

X649+ and CD41+ leukocytes, B) number of specific immune populations and C) the number 

of X649+ and CD41+ leukocytes in the spleen.  D) Representative FACS plots of monocytes 

and macrophages in the spleen.  Grey - Naive, Blue - Sm and Orange - Ld.  Data pooled from 

3 independent experiments (Naive n=15, Sm n=10, Ld n=10).  Statistical significance was 

determined using one-way ANOVA with post-hoc Tukey’s test on the mean of each treatment 

group (B) and student’s unpaired t-test for each cell type (A, C).  Grey: CD41-X649+, Pink: 

CD41+X649+. Error bars represent standard error of the mean, pink comparing CD41+X649+ 

populations and grey comparing CD41-X649+ groups.  Non-significance (p >0.05) not shown.   
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3.3.6 Do platelets interact with specific subsets of immune cells in 

schistosome infection? 

The consequence of platelet-immune cell interactions appears to be context 

specific, with little research into how platelets impact type 2 immune cells in a 

helminth infection.  In schistosome infection, Ly6Clo macrophages showed 

increased MHCII, RELMα and Ym1 expression (Figure 3.21A-D).   We 

performed pairwise comparisons of the phenotype of CD41- and CD41+ cells 

in the liver of naive and infected mice, and showed CD41+ macrophages in 

schistosome infection were predominantly MHCIIlo RELMαhi Ym1hi compared 

with CD41- macrophages (Figure 3.21E-G).   Interestingly, in naive livers, the 

CD41+ subset of macrophages was MHCIIhi, which was the opposite to that 

seen in schistosome infection.  Similarly, the monocyte population also 

showed an increase in the percentage of MHCIIhi RELMαhi and Ym1hi cells 

(Figure 3.22A-D), but here CD41+ monocytes were MHClo RELMαhi, with no 

difference in Ym1 expression between CD41- and CD41+ populations (Figure 

3.22E-G).  In contrast to both the macrophages and monocytes, CD41+ 

eosinophils were predominantly RELMαlo (Figure 3.22H-K).   

In schistosome infection, CD4+ T cells in the spleen were predominantly 

CD62L-CD44+ (TE/M, T effector/memory) cells and produced significantly more 

IL-10, IL-4 and IFNγ than naive CD4+ T cells (Figure 3.23A-C).  Pairwise 

comparison again demonstrated CD41+ CD4+ T cells were predominantly TE/M 

cells with positive expression of IL-10, IL-4 and IFNγ (Figure 3.23D-G).   A 

similar trend was seen in naive CD4+ T cells, however to a lesser extent due 

to fewer TE/M and lower cytokine production.   

We were interested to explore the differences between the CD41+ and CD41- 

macrophage subsets further and therefore sorted schistosome liver samples 

which had been enriched for CD64+ cells (Figure 3.24A-B).  As discussed 

previously in Section 3.3.5, we did not distinguish between Ly6Clo and Ly6Chi 

cells in order to obtain sufficient sample.  As the monocyte/macrophage 

populations had different auto-fluorescence with respect to the CD41 

fluorophore, a tight gate was drawn to encompass the CD41+ populations from 

both the Ly6Clo and Ly6Chi populations (Figure 3.24C-D).  After sorting, RNA 

was extracted, and reverse transcribed for qPCR analysis.  For each mouse 
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liver sample, the relative gene expression between CD41- and CD41+ 

macrophage/monocyte subsets was assessed for a range of type 1 and type 

2 inflammatory molecules (Figure 3.25).  We assessed the transcript level of 

various genes associated with macrophage activation or which had previously 

been shown to change on exposure to platelets. We found CD41+ liver 

macrophages showed an unusual phenotype comprising elevated pro- (Il6) 

and anti-inflammatory factors (Retlna) alongside downregulation of other 

facets of pro-inflammatory macrophages (reduced Tnf).  Moreover, CD41+ 

liver macrophages/monocytes also expressed more Cxcl12, which is highly 

expressed by perivascular macrophages in some tumours (303).  Whilst we 

lack a global understanding of platelet-induced transcriptomic changes in 

these macrophages, this experiment provided a strong justification for 

functional studies examining the consequences of platelet-macrophage 

interactions (Chapter 5).     

Sanin et al. (2022) have recently shown that monocyte-derived macrophages 

transition through a RELMαhi phenotype (304).  As we have shown that CD41+ 

monocytes and macrophages in the liver are RELMαhi compared with their 

CD41- counterparts, we hypothesised that platelets in schistosome infection 

are primarily interacting with the newest monocyte-derived macrophages that 

have most recently exited the platelet-rich circulation.  To test this, we first 

wanted to assess the vascularisation within an infected liver and the 

granulomas themselves as previous studies in tuberculosis granulomas have 

shown that granulomas are highly hypoxic (305,306).  Whilst we did not 

directly assess hypoxia in schistosomiasis, we did find formation of a network 

of CD31+ blood vessels (CD31 staining-white) within the egg-induced 

granulomas (Figure 3.26).  Due to the small size of platelets (~5µm diameter), 

the magnification used for image acquisition and the intensity of CD41 staining 

from MK and platelet aggregates, it was difficult to visualise the localisation of 

individual PLA in these images.  However, the larger platelet aggregates and 

MK did not solely co-localise with the endothelial stain, suggesting that the 

PLA were present deeper within tissues.   

Having established granulomas had extensive vascularisation, we performed 

an in vivo CD45 labelling experiment to test whether the 
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macrophage/monocyte-platelet aggregates were those proximal to circulation 

(Figure 3.27A).  We reasoned labelling CD45+ cells in vivo for 15min (i.e. 

extended compared with standard 1-3min labelling (307) prior to sacrificing the 

animals), would enable strong labelling of both circulating immune cells 

alongside those close to blood vessels, but would show less penetration into 

deeper tissues further away from the blood supply (and so labelling cells in 

these positions less).  As expected, we observed >95% CD45 labelling (hi or 

lo) of blood immune cells (Figure 3.27-C), with the hi and lo populations 

potentially reflecting immune cells exiting and re-entering the circulation during 

the prolonged 15min labelling period.  Despite this, and even with enhanced 

vascularisation within hepatic tissue, there still appeared to be a reduction in 

leukocyte labelling in schistosome livers (i.e. cells stained CD45+ ex vivo that 

displayed CD45lo or CD45- in vivo staining) compared with naive animals, and 

this was observed within all immune cell subsets tested (Figure 3.27D-E).  We 

next tested whether CD41+ cells showed any difference in the extent of in vivo 

CD45 labelling and found, contrary to our expectations, that CD41+ monocytes 

and macrophages displayed reduced CD45 labelling than their CD41- 

counterparts.  Together, this suggested that, far from being in the process of 

extravasation and monocyte-macrophage transition, CD41+ monocytes/ 

macrophages were actually deeper within tissues and so were potentially more 

mature than their RELMαhi MHCIIlo phenotype would suggest (Figure 3.27F-

H).   
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Figure 3.21 Platelets specifically interact with MHCIIlo RELMαhi Ym1hi macrophages in 

the liver in schistosome infection 

C57BL/6 mice were infected with 35-50 S. mansoni cercariae (Sm) for 8-12 weeks.  

Quantification and representative FACS plots of liver macrophages stained for A) CD41, B) 

MHCII, RELMα and Ym1. Red-CD41 FMO, Grey-Naive, Blue-Sm. Data pooled from 4 

independent experiments (Naive n=16, Sm n=30). Paired analysis of CD41+ and CD41- 

macrophages and their expression of E) MHCII, F) RELMα and G) Ym1.  H) Representative 

FACS staining of CD41+ and CD41- liver macrophages. Open circles: CD41-, Orange circles: 

CD41+. Data pooled from 3 independent experiments (Naive n=8, Sm n=14).  Statistical 

significance was determined using Student’s unpaired (A-D) and paired t-test for each 

treatment group (E-G). Non-significance (p >0.05) not shown. 
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Figure 3.22 Platelets specifically interact with MHCIIlo RELMαhi monocytes in the liver 

C57BL/6 mice were infected with 35-50 S. mansoni cercariae (Sm) for 8-12 weeks.  

Quantification of liver monocytes stained for A) CD41, B) MHCII, C)RELMα and D) Ym1. Data 

pooled from 4 independent experiments (Naive n=19, Sm n=30). Paired analysis of CD41+ 

and CD41- monocytes and their expression of E) MHCII, F) RELMα and G) Ym1. Data pooled 

from 3 independent experiments (Naive n=12, Sm n=25).  Quantification of liver eosinophils 

stained for H) CD41 and I) RELMα. Paired analysis of CD41+ and CD41- eosinophils their 

expression of I) RELMα. K) Representative FACS staining of CD41+ and CD41- liver 

eosinophils. Data pooled from 3 independent experiments (Naive n=12, Sm n=25).  Open 

circles: CD41-, Orange circles: CD41+. Statistical significance was determined using Student’s 

unpaired (A-D, H-I) and paired t-test for each treatment group (E-G, J). Non-significance (p 

>0.05) not shown. 
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Figure 3.23 Platelets primarily interact with TE/M in the spleen 

C57BL/6 mice were infected with 35-50 S. mansoni cercariae (Sm) for 8-12 weeks. Single cell 

suspensions (2-4x106 cells) from spleen isolation processing were cultured for 4hrs at 37oC 

with 1μg/ml Ionomycin, 10μg/ml PMA and 10μg/ml Brefeldin A.  Flow cytometry quantification 

of CD4+ T cells for A) CD41, B) T cell subpopulations, naive T cells Tnaive-CD44-CD62L+, 

effector/memory TE/M-CD44+CD62L- and central memory TCM-CD44+CD62L+ and C) T cell 

activation (IL-10, IL-4 and IFNγ). Paired analysis of CD41+ and CD41- CD4 T cells their 

expression D) subpopulation markers and E) cytokine expression.  Representative FACS plots 

of F) naive and infected CD4 T cell subpopulation markers and G) infected CD4 T cell 

expression of IL-10. IL-4 and IFNγ. Data pooled from 2 independent experiments (Naive n=10, 

Sm n=10).  Open circles: CD41-, Orange circles: CD41+. Statistical significance was 

determined using Student’s unpaired (A-C) and paired t-test for each marker (E).  Non-

significance (p >0.05) not shown.  
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Figure 3.24 Sorted liver macrophages from schistosome-infected mice based on CD41 

expression 

C57BL/6 mice were infected with 35 S. mansoni cercariae (Sm) for 12 weeks.  Whole livers 

were processed to generate single cell suspensions.  Samples were enriched using LS-

columns and CD64-biotin positive selection and CD45+CD11b+SiglecF-Ly6G-F4/80+ cells 

were sorted for CD41- or CD41+.  Example FACs staining of A) sorting gating strategy and 

comparison pre- and post-enrichment, B) CD41+ cell population gating compared with the 

CD41 control and C) liver macrophages and monocytes and their differing autofluorescence.  

D) Summary table of sorting output from 5 separate animals from 2 independent experiments.   

 

  

Enriched sample 
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Enriched sample 
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Figure 3.25 Differential gene expression between CD41+ and CD41- monocytes/ 

macrophages from schistosome-infected livers 

RNA was extracted from the sorted CD41- and CD41+ populations, reverse transcribed and 

analysed by qPCR.  RNA levels were normalised to the average U6 transcript level from all 

samples.  Gene expression ratio was calculated as CD41+ cell transcript level / CD41- cell 

transcript level.  RNA samples from 6 mice, from 2 independent experiments.  Significance 

determined by paired Student’s t-test between CD41- and CD41+ transcript levels. Non-

significance (p >0.05) not shown. 

 

 

Figure 3.26 Increased vasculature in schistosome-infected livers 

Representative fluorescent images of liver tissue from C57BL/6 mice infected with 35-50 

cercariae for 10-12 weeks stained for DAPI (blue), TPO (red), CD41 (yellow) and CD31 (white) 

and imaged with a 10x objective.  Data representative of 3 independent experiments.   
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Figure 3.27 Tissue PLA do not represent a population of cells most recently exited from 

circulation 

A) Schematic of C57BL/6 mice infected with 35-50 cercariae for 12 weeks were injected IV 

with 0.075mg/kg anti-CD45 PE for 15min before being harvested.  B) Quantification of FACS 

staining of the blood showing the percentage of different leukocyte populations that are 

CD45(-), CD45(lo) or CD45(hi).  C) Representative FACS staining of naive and Sm classical 

monocytes (Ly6C+) in the blood.  D) Quantification of FACS staining from the liver showing 

the percentage of different leukocyte populations that are CD45(-), CD45(lo) or CD45(hi).  E) 

Representative FACS staining of naive and Sm eosinophils in the liver. Percentage of CD41+ 

leukocyte populations in the liver.  G) Percentage of the myeloid populations in the liver that 

are CD41- and CD41+ in terms of their expression of CD45(-)(black), CD45(lo)(peach) and 

CD45(hi)(red).  G) Representative FACS gating of naive and Sm Ly6Chi monocytes in the 

liver. (Naive n=3, Sm n=3).  Data representative of 2 independent experiments. Error bars 

represent standard error of the mean.    
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3.4 Discussion 

S. mansoni infection characteristically leads to a type 2 immune response, 

associated with elevated IgE, mast cell production, eosinophilia, and specific 

cytokines, i.e. IL-4, IL-13 and IL-5 predominate (308).  With platelets having 

an emerging role in regulating type 1 immune responses, this study set out to 

investigate the role of platelets in type 2 immunity (217).  Whilst platelet 

function in type 2 immune responses following helminth infection is poorly 

characterised, there is some evidence for platelets playing a role in type 2 

allergic reactions.  Allergen sensitisation induces transient thrombocytopenia 

immediately after stimulation (206).  In addition, following allergen exposure in 

asthma patients, elevated PLA in the lungs have been observed and platelets 

drive immune cell recruitment and extravasation into inflamed tissues (309).  

Disruption of platelet-eosinophil aggregates appears beneficial in reducing the 

airway hyperresponsiveness and inflammation (220,310).  Despite this, there 

is limited understanding of the mechanisms of thrombocytopenia and 

functional consequences of PLA in type 2 immune responses to helminth 

infections.   

We first assessed the effect of infection burden on pathology and platelet 

parameters.  Thrombocytopenia and elevated MPV was observed in mice 

infected with as few as 25 cercariae and there was a significant negative 

correlation between platelet number and size.  This may suggest infection-

induced BM and haematopoietic stress, which is driving the release of more 

immature, larger platelets into circulation (311,312).  Alternatively, increased 

clearance of mature, smaller platelets may also give rise to fewer, yet larger 

platelets in circulation.  

Platelet-mediated immune cell infiltration into particular tissues has been 

reported in allergy, pulmonary inflammation and cardiovascular disease and is 

dependent on platelet activation by sCD40L and P-selectin interactions 

(226,313–315).  We next explored whether infection burden impacted on PLA 

formation in schistosome infection (206).  Whilst we did not see an overall 

increase in PLA in the blood of infected mice, we did observe an increase in 

the liver and spleen at higher infection doses.  Due to the blood, liver and 

spleen being composed of a heterogenous mixture of different immune cell 
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types each with distinct intrinsic auto-fluorescence, we were concerned about 

missing subtle shifts in individual immune populations with respect to CD41 

staining.  We therefore gated and examined these populations separately 

which again revealed minimal differences in the proportion of blood leukocytes 

with CD41 staining.  However, this did not take into consideration the changes 

in the immune composition of the blood (i.e. more eosinophils) and so we also 

recorded the absolute number of blood leukocytes that were CD41+.  This 

showed there was a significant increase in absolute number of PLA in the 

blood in schistosome infection.  With the liver being the major site of pathology 

in S. mansoni infection it was interesting to see a significant increase in both 

the percentage of multiple leukocyte populations, and the absolute number of 

the majority increase in CD41+ expression.  An increase in platelet-eosinophil 

and platelet-macrophage interactions in infection may be facilitating immune 

cell infiltration into tissues to promote parasitic clearance and orchestrate the 

inflammatory response (316).  As we did not see any correlation between 

platelet count or percentage PLA and liver egg counts, this suggests that PLA 

may not be driving egg excretion,  instead schistosome eggs may be 

entrapped by platelet-rich thrombi which aids their expulsion (269).  However, 

more functional studies that specifically disrupt PLA would be required to 

confirm this. 

PZQ is effective at killing adult schistosomes and we have shown that immune 

cell numbers in the liver were also significantly reduced.  We wanted to 

understand whether the haematological changes to platelet number and size 

were also reversed after treatment.  Here we have shown that platelet number 

and MPV started to return to naive levels, however the percentage of PLA in 

the liver did not fall to naive levels.  The decrease in number of CD41+ immune 

cells is most likely explained by there being fewer immune cells in total in the 

liver following PZQ treatment.  Therefore, high percentages of PLA suggest 

that platelet activation or morphology changes that occur during infection 

facilitate their interaction with leukocytes.  Notably, this is sustained even after 

parasite clearance and a reduction of activated myeloid and lymphoid cells.  

Interestingly, the only reported treatment regimen given to schistosome-

infected mice that prevented thrombocytopenia was 18mg/kg/day PZQ for 28 
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consecutive days (317).  This protection may be due to reduced parasite 

burden and inflammatory cell infiltration in the liver and spleen thereby 

reducing platelet sequestration and the resultant thrombocytopenia (317).  

Future experiments examining a longer period (>4 weeks) post-PZQ treatment 

and different treatment regimens would enable us to determine whether 

platelet numbers and size completely return to baseline levels post-PZQ 

treatment and how this affected PLA formation.   

As schistosomiasis causes a peripheral, multi-organ inflammatory response, 

it was important to establish whether this influenced the production of cells 

from the BM.  Unpublished work in the Hewitson lab, in conjunction with the 

recent pre-print by Wijshake et al. (2023), demonstrate a variety of short- and 

long-term changes to the BM composition (including massive eosinophilia, 

reduction of CD68+ macrophages, changes to stem and progenitor 

populations and alterations to the stem cell stromal niche) (284).  Whilst we 

cannot exclude that in vivo BM IL-4 levels are sufficient to prevent CD41+ cell 

generation, our results suggest this has no long-term consequences on MK 

potential as equivalent numbers of CD41+ cells were generated in vitro from 

BM from naive and infected mice.  Here we have shown using 

immunofluorescent imaging that, despite a significant and sustained reduction 

in TPO production thought essential for MK-biased HSC development (318), 

there was sustained BM megakaryopoiesis alongside infection-associated 

extramedullary haematopoiesis.  Our observation of hepatic extramedullary 

haematopoiesis complements the work by Francisco et al. 2022 (161).  TPO 

is a key regulator of megakaryopoiesis and can act in a feedback loop with 

platelets sequestering circulating TPO.  Therefore, low platelet counts result 

in increased circulating TPO which stimulates BM HSCs and MK production 

(148,151).  However, given that TPO-/- and MPL-/- mice can still produce ~10% 

of normal WT platelet levels, this suggests alternative mechanisms of platelet 

production exist (319).  TPO-independent megakaryopoiesis may involve IL-

1β and insulin-like growth factor 1 stimulating MK production of platelets to 

maintain homeostatic levels even when TPO levels are low (121,319).   

Individuals can have abnormal platelet counts for a multitude of reasons and 

display a variety of changes in MK number, size and ploidy in the BM 
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(122,320).  Given the subtle, yet significant change in MK size seen in 

schistosome-infected mice, we next used ploidy analysis as a proxy marker of 

MK functionality in the BM.  Consistent with the reduced MK diameter there 

was an increase in 4N and reduction in 8 and 16N MK, suggestive of more 

inflammatory MK and reduced stem cell supporting- and platelet-producing 

MK (296).  A skewing towards inflammatory MK which are involved in immune 

surveillance and antigen presentation in schistosome infection may be 

reducing the number of platelets released into circulation, thereby contributing 

to the thrombocytopenia.  This could be assessed by performing single cell 

RNA-seq on MK sorted from naive and infected mice and humans in the future.   

We next assessed whether platelet clearance was accelerated in schistosome 

infection, contributing to platelet depletion.  Using our novel in vivo platelet 

tracking system, we demonstrated that platelets were cleared more rapidly in 

schistosome infection, albeit less dramatically than in L. donovani infection.  

Despite schistosome infection causing high levels of antibody production  and 

Stanley et al. (2003) demonstrating there to be a degree of cross-reactivity 

between schistosome egg antigens and platelet antigens, platelet clearance 

was not mediated by activating Fc receptors as thrombocytopenia still 

developed in FcRγ-/- mice (278,321).  Phenotypic and functional changes to 

platelets that may act as “eat-me” signals will be explored in more detail in 

Chapter 4.   

Having shown there to be increased PLA and accelerated platelet clearance 

in schistosome infection, we wanted to identify whether the leukocytes were 

internalising the interacting platelets, thereby contributing to platelet 

clearance.  We were interested to differentiate between surface-bound and 

internalised platelets because phagocytic uptake may elicit different signals 

than simply binding to the cell surface, as seen in tumour associated 

macrophages (322).   To visually confirm platelet localisation, we used in vitro 

BM-derived macrophages and sorted liver macrophages/monocytes co-

stained for platelets with X649 and CD41.    

In vivo platelet tracking in schistosome-infected mice revealed specific PLA 

occurred during infection.  The notable increase in the number of PLA, 
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particularly by classical monocytes in the blood is characteristic of a pseudo-

thrombocytopenia.  The co-staining for surface CD41 clearly showed 

enhanced platelet clearance in the liver by Ly6Chi monocytes in schistosome 

infection.  This observation contrasts with that seen in L. donovani infection 

where PLA (X649+ cells) were difficult to detect by flow cytometry in the blood 

(still detectable in complete blood cell counts) but very low in the liver.  

However, monocytes in the spleen were internalising platelets,  which is 

consistent with previous studies (238) – characteristic of immune-mediated 

platelet clearance.   

Across multiple experiments we saw that Ly6Clo macrophages and Ly6Chi 

monocytes in the liver represented the greatest percentage and/or number of 

CD41+ leukocytes compared with other immune cell types.  Consistent with 

previous studies, Ly6Clo macrophages and Ly6Chi monocytes showed 

elevated expression of MHCII, RELMα and Ym1 following schistosome 

infection, suggestive of alternative activation and roles in the suppression of 

pro-inflammatory mediator production and preventing excessive tissue 

remodelling (114,115,323).  The platelet-bound subset of macrophages in 

schistosome infection expressed less MHCII, and more RELMα and Ym1 

compared with the platelet-free subset.  In contrast, the CD41+ macrophages 

in naive mice were MHCIIhi, suggesting platelet-macrophage interactions may 

be context specific and dictated by the inflammatory environment.  This may 

facilitate the trafficking of specific macrophage subsets to sites of inflammation 

or may contribute to their activation.  The CD41+ monocytes similarly 

interacted preferentially with a different subset compared with those in a naive 

liver.  Specific analysis at the mRNA level of CD41+ and CD41- 

macrophages/monocytes from infected livers also showed significant 

differences, with CD41+ populations with higher transcript levels of Il6, Cxcl12 

and Retlna, but lower Ym1 and Tnf.  Interestingly, the CD41+ 

macrophage/monocyte population had a range of both pro- and anti-

inflammatory mRNA elevated, which is consistent with the liver macrophages 

displaying hallmarks of both classical and alternate activation, e.g. elevated 

Nos2 and Tnf, even in a strong Type 2, IL-4 rich environment (324).  This 

mixed response may also represent the complex inflammatory response and 
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the presence of additional pro-inflammatory stimuli and TLR activation as a 

result of intestinal perforation and bacterial leakage (11).  In the case of 

eosinophils, the CD41+ subset was the same in both naive and infected livers, 

however due to the enhanced RELMα expression in schistosome infection 

there was a far more marked difference with platelets interacting with less-

activated eosinophils (RELMαlo).  In a similar manner, platelets interacted with 

specific subsets of activated, effector/memory CD4+ T cells.  TEM cells primarily 

reside in the mucosa and circulation enabling rapid migration to sites of 

inflammation, facilitating rapid antigen recognition and pathogen elimination 

(325).  Furthermore, in vitro, platelets have been shown to persistently 

enhance the responses of TEM cells through a PF4-dependent mechanism 

(326).   

Together, the formation of specific platelet-myeloid interactions raises the 

questions whether platelets enhance or decrease the expression of these 

specific activation molecules or alternatively whether platelets preferentially 

interact with cells that display these activation phenotypes.  We will explore 

this in Chapter 5.  However, as Sanin et al. (2022) have recently shown that 

all monocyte-derived macrophages transition through a RELMαhi phenotype 

we wanted to test whether platelets were interacting with the newest 

monocyte-derived macrophages, that had most recently exited the platelet-

rich circulation (304).  Having shown increased vascularisation in schistosome 

-infected livers consistent with Francisco et al. 2022 (161), we were surprised 

to see that there was still poorer circulation in tissues of infected mice 

compared with their naive controls.  It would be of great interest to assess the 

degree of hypoxia within granulomatous tissue in vivo using a reagent such as 

EF5, which is an injectable compound which labels hypoxic cells and can then 

be directly targeted with a specific monoclonal antibody (327).  This would 

provide us with a better understanding of the vascularisation and blood supply 

within these inflammatory environments.  Moreover, it has been shown that 

there are more platelets in the lungs of hypoxic mice and hypoxia induces 

platelet activation (328).  Surprisingly, we showed the CD41+ immune 

populations were not those most recently exited from circulation, and in fact 

appeared to represent cells deeper within tissues (i.e. less accessible to in 
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vivo anti-CD45 antibody labelling).  This is consistent with platelets facilitating 

the migration of immune cells within tissues, potentially aiding recruitment and 

reprogramming of immune cells closer to schistosome eggs, which offers the 

exciting potential of mediating the inflammatory response and immune cell 

trafficking within a specific inflammatory environment.  Alternatively, platelets 

may preferentially interact with particular subsets of leukocytes that are more 

phagocytic, more active, with a unique inflammatory profile, deeper within 

tissues.  In both scenarios, platelets could be used to carry cargo, such as 

chemotherapeutic drugs to specific immune cells as is starting to be developed 

in some cancers (329).   

In this chapter we have shown that the thrombocytopenia observed in 

schistosome infection is multi-faceted.  Reduced platelet numbers remain 

even after drug-mediated worm clearance.  Platelet production may be 

impeded due to fewer 8 and 16N MK in the BM, however the number of MK 

remain constant despite low systemic TPO.  Furthermore, we have shown 

accelerated platelet clearance by liver Ly6Chi monocytes occurs in an 

activating FcR-independent manner.  Finally, our work reveals PLA-mediated 

pseudo-thrombocytopenia also contributes to schistosome-induced 

thrombocytopenia.   
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4. Assessment of the haemostatic consequences of 

schistosome infection 

4.1 Introduction 

Platelets are the second most abundant cell type in the blood and are crucial 

mediators of thrombosis and haemostasis (301).  Platelets bind to exposed 

sub-endothelial matrix proteins, primarily collagen or vWF, following vessel 

injury via membrane glycoproteins.  These interactions initiate changes in 

platelet shape and activate downstream signalling cascades that result in 

further recruitment and activation of platelets via granule release (166).  

Together, this facilitates the activation of the coagulation cascade via 

proteolytic cleavage of coagulation factors and ultimately the generation of an 

insoluble fibrin thrombus. 

Over recent years, inflammation-associated haemostasis has been identified 

as a mechanism by which platelets prevent bleeding as a result of leukocyte 

extravasation and infiltration (330).  For example, choriomeningitis virus 

infection of mice causes haemorrhagic anaemia, thrombocytopenia and 

dysfunctional platelet aggregation which is at least partially GPIbα, and CD40 

ligand dependent (331).  Platelet depletion in these mice results in fatal 

haemorrhaging and a reduced viral-specific cytotoxic T cell response.   

Treatment with the anticoagulant warfarin, which significantly elongates the 

prothrombin time, does not worsen haemorrhaging suggesting platelets can 

prevent vasculature bleeding in infection independently of the coagulation 

cascade (331).  Moreover, inflammatory haemostasis does not solely rely on 

integrin αIIbβIII -dependent platelet aggregation, instead GPVI and C-type 

lectin-like type II transmembrane receptors (CLEC2) can be the main drivers 

as shown in LPS-induced lung inflammation following neutrophil migration 

(332).   

As shown in Chapter 3, there is a very close interplay between platelets and 

immune cells and this is extended further with the inflammatory driven 

activation of coagulation in order to limit systemic pathogenic dissemination 

(333).  The formation of neutrophil extracellular traps (NETs) are some of the 

most well characterised examples of immune-thrombosis.  Circulating 
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platelets can scavenge bacteria and present them to neutrophils, which in turn 

stimulates their activation and the formation of NETs (334).  To clear the 

entrapped bacteria, neutrophils then undergo the cell death process of 

NETosis (335).   

Thrombosis results in the formation of an insoluble thrombus that blocks 

circulation.  Thrombo-inflammation highlights the tight interdependency behind 

thrombus driven inflammation and inflammation driven thrombosis, it can also 

be described as excessive activation of immune-thrombosis (333,336).  DIC is 

an example of exaggerated immune-thrombosis, commonly seen in sepsis 

and stroke patients (337).  DIC causes excessive micro-thrombi, consisting of 

fibrin deposits, platelets and NETs, to form in the microvasculature resulting in 

oxygen starvation to surrounding cells.  This highlights the double-edged 

sword of immune thrombosis, being good for trapping bacteria, however risks 

causing fatal thrombi.   

The endothelium is an important regulator of thrombo-inflammation through its 

anticoagulant properties e.g. expression of ecto-adenosine diphosphatase 

CD39 and production of NO.  CD39 converts the platelet stimulatory ATP to  

adenosine which itself regulates platelet stimulation and aggregation (338), 

and NO decreases chemokine expression and the transcription of adhesion 

molecules such as VCAM-1 and ICAM-1 on the endothelial cell surface (336).  

Pathogenic challenge disrupts these regulatory pathways.  In sepsis, bacterial 

cell surface components bind pattern recognition receptors on the endothelium 

and stimulate cytokine production, in addition to this endotoxins damage the 

endothelial surface and drive TF (CD142) expression (339).  As mentioned 

previously, thrombosis can also potentially trigger inflammation through 

thrombin-mediated cleavage of pro-IL-1α which is expressed on the surface of 

multiple different cell types including macrophages, keratinocytes and 

platelets (340).  Cleavage of pro-IL-1α causes activation and release of IL-1 

into circulation which drives multiple pro-inflammatory effects including 

increased vascular permeability, leukocyte recruitment and the upregulation 

of MHC and co-stimulatory molecules (340).  This activation of an immune 

response during coagulation is likely to protect against infection during wound 

healing.    
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The intravascular localisation of schistosome parasites, the transit of eggs 

across endothelium from the blood into the surrounding tissues and the 

immune cell recruitment, activation, and expansion together highlight three 

key processes of haemostatic involvement in parasite infection.  However, we 

lack a full understanding of the impact of chronic schistosome infection on 

coagulation and haemostasis due to the use of short-term, acute infection 

models and few longitudinal functional studies.  As described in Chapter 1.3.3, 

some S. mansoni infected individuals have a prolonged clotting time 

(240,242,246,248).  The only whole blood or PRP aggregometry performed on 

non-human samples were from healthy dogs co-cultured with isolated 

parasite-associated proteins ex vivo to explore the anticoagulant properties of 

specific schistosome tegument proteins (261).  To the best of our knowledge 

there has only been one murine study of coagulation in schistosome infection, 

using thromboelastography (TEG) rather than aggregometry, which revealed 

7 week-infected blood clotted significantly faster than control blood, but 

thrombi were far less stable (341).  Interestingly, in vitro culture of blood with 

adult schistosomes caused significantly prolonged clotting times and no 

difference in thrombus stability.   

 

4.2 Aims 

1) To assess the functional capacity and phenotypic changes of platelets from 

schistosome-infected mice 

2) To determine the effects of schistosome infection on the coagulation 

cascade 

 

4.3 Results 

4.3.1 Does schistosome infection affect the functional capacity of 

platelets? 

To date, assessment of platelet aggregation in schistosome-infected mice by 

whole blood aggregometry has not been performed and we wanted to assess 

whether schistosome infection altered platelet function.  This could be caused 

by the anticoagulant properties of schistosome tegumental phosphatases, 

which may have a sustained, systemic effect on platelet aggregation. In 
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addition, the presence of large intravascular worms disturbing blood flow and 

potentially damaging the endothelium may alter platelet function.   Blood was 

harvested from direct cardiac puncture of mice infected for 12 weeks with ~35 

cercariae, or age-matched controls in order to minimise platelet activation and 

account for changes in platelet activity and immunomodulatory function 

associated with ageing (342,343).  Only blood obtained from first attempt 

draws was used for whole blood impedance aggregometry analysis to 

minimise platelet activation through excessive heart endothelial damage.  

Interestingly, we showed there to be spontaneous platelet aggregation of 

blood from schistosome-infected animals in the absence of any exogenous 

agonist (Figure 4.1A-B).  In some cases, blood from schistosome-infected 

mice clotted prior to aggregometry analysis even after a successful blood draw 

(<2 min after sample collection) (Figure 4.1C).  In contrast, platelets from 

naive mice were only activated and aggregated following the addition of ADP 

(Figure 4.1D-E).  The addition of ADP to infected blood samples did not further 

increase aggregation (data not shown), but similar aggregates could be seen 

on the aggregometer probes from infected and activated naive samples 

(Figure 4.1F).   

We next asked whether schistosome infection causes platelet activation that 

leads to spontaneous platelet aggregation.  To test this we stained platelets 

for the active conformation of integrin αIIbβ3 (JON/A) and P-selectin (CD62P) 

which is usually contained within α-granules but is mobilised to the surface 

upon activation (344,345).  There was no difference in the expression of 

activation markers between platelets from naive and infected mice, and 

stimulation with PAR4 agonist induced a similar increase in expression of both 

markers in both groups (Figure 4.2A-C).  As there was no significant increase 

in these activation markers with infection, we next looked at a range of other 

surface glycoproteins, receptors and ligands which have all been shown to 

play a role in platelet-platelet and platelet-leukocyte aggregation (CD29, 

CD42d, CD49b, CD61, CD40L, C5aR) (346–348).  However, these also 

showed no significant difference in their expression between naive and 12 

week-infected schistosome mice (Figure 4.3A-B).   
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Experiments in Chapter 3 showed platelets were cleared faster in 

schistosome infection, and so we were interested to test whether this was a 

result of accelerated ageing.  To investigate this we examined the expression 

of terminal galactose residues using the biotinylated lectin Ricinus Communis 

Agglutinin I (RCA-I) as a surrogate marker of platelet desialylation (349).  

There was elevated expression of terminal galactose residues on platelets 

from schistosome-infected mice compared with uninfected controls (Figure 

4.4A-B).  Interestingly, this did not consistently correlate with liver egg counts 

although there was considerable inter-experiment and intra-group variation 

(Figure 4.4C).  Another mechanism of platelet clearance may be due to 

elevated “eat-me” signals on the platelet surface.  We were particularly 

interested in the exposure of phosphatidylserine (PS) as this not only signals 

to phagocytes to be cleared but can also drive the intrinsic and common 

pathway of the coagulation cascade (350–352).  Here we showed there was 

a significant increase in PS exposure on the surface of platelets from infected 

mice compared with the naive group (Figure 4.5A).  Moreover, both platelets 

from naive and infected animals showed significantly greater PS exposure on 

their surface after Phorbol 12-myristate 13-acetate (PMA) stimulation, but after 

stimulation the infected group showed a significantly higher exposure 

compared with the stimulated naive platelets (Figure 4.5B-C).  There was also 

a significant positive correlation between annexin V staining and desialylation, 

so those platelets with more PS on their surface were also more desialylated 

(Figure 4.5D).   

Together these experiments showed that platelets from schistosome infected 

mice spontaneously aggregated in the absence of exogenous agonist, 

however platelets did not display an overtly activated phenotype in terms of 

surface marker expression.  There was a consistent finding that platelets from 

infected mice were more desialylated and did have greater PS exposure on 

their surface than their naive counterparts.   
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Figure 4.1 Spontaneous platelet aggregation in schistosome infection 

C57BL/6 mice were infected with 35-50 S. mansoni cercariae and harvested 12 weeks later.  

A) Whole blood aggregometry following direct cardiac bleed in the absence of exogenous 

stimulation, B) quantification of the area under the curve of the impedance and C) example 

blood samples of naive and infected mice at the assay endpoint in the absence of agonist.  

Arrows indicate clots that formed not on the probe (Naive n=6 (grey), Sm n=8 (blue)).  D) 

Whole blood aggregometry from naive mice in the absence (grey) or presence of ADP (30μM) 

(pink) and E) the area under the curve (Control n=2, ADP n=4).  F) Representative images of 

the aggregometry probe at the end of the assays.  Significance determined by unpaired t-test 

(B, E).   

 

  

4.1      
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Figure 4.2 No difference in activation markers between platelets from naive and infected 

mice 

C57BL/6 mice were infected with 40 cercariae and 12 weeks post infection blood was 

harvested by cardiac puncture.  Isolated platelets were A) directly stained or B) stimulated 

with AYPGKF-NH2 (PAR4 agonist) for 20min and then stained for integrin αIIbβ3 (JON/A) 

and CD62P (Naive n=10, Sm n=12).  C) Representative FACS plots of naive and infected 

platelets with and without stimulation.  Data pooled from 3 independent experiments.  

Significance determined by unpaired t-test of the mean (A-B).  Non-significance (p>0.05) not 

shown. 

 

 

 

Figure 4.3 No difference in the expression of multiple surface molecules on platelets 

from naive and infected mice 
Whole blood from the peripheral tail vein of naive and 12 weeks schistosome-infected mice.  

A) Expression of multiple molecules on CD41+ platelets were examined and normalised to the 

mean MFI of the naive group for each marker.  B) Representative histograms for each marker 

(Naive n= 12, Sm n= 15).  Data pooled from 3 independent experiments.  Naive – grey outline, 

Sm – blue outline, Isotype – filled grey histogram. Significance determined by unpaired t-test 

of the mean raw MFI (A).  Non-significance (p>0.05) not shown. 

4.2      

4.3     
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Figure 4.4 Greater exposure of terminal galactose sugars on platelets from 

schistosome-infected mice 

Whole blood from the peripheral tail vein of naive and 12 weeks schistosome-infected mice 

was stained with anti-CD41 antibody and biotinylated lectins RCA-I.  A) MFI of RCA-I+ cells 

normalised to the mean of naive mice and B) representative histogram with neuraminidase 

(5U/ml) positive control (red) (Naive n=10 (blue), Sm n=16 (grey outline)).  C) Correlative 

analysis of relative RCA-I MFI (desialylation) and total liver egg counts from schistosome-

infected mice.  Coloured symbols represent 5 independent experiments.  Significance 

determined by unpaired t-test of the mean (A).  Non-significance (p>0.05) not shown.  Simple 

linear regression was performed to assess correlation.   

 

  

4.4     
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Figure 4.5 Elevated phosphatidylserine expression on the surface of platelets from 

schistosome-infected mice 

Whole blood from the peripheral tail vein of naive and 12 week schistosome-infected mice 

was stained with anti-CD41 antibody and fluorescently labelled Annexin V.  A) Percentage of 

Annexin V+ platelets (Naive n=8, Sm n=11).  B) Paired comparison of Annexin V expression 

following PMA (green) stimulation (25nM, 1hr, 37oC) (Naive n=5, Sm n=7) and C) 

representative FACS plots.  Data pooled from 2 independent experiments.  D) Correlation 

analysis of desialylation and Annexin V staining.  Significance determined by unpaired t-test 

of the mean (A) and N vs Sm (B) or paired t-test +/- PMA (B).  Simple linear regression was 

performed to assess correlation (D).   

 

  

4.5  
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4.3.2 Is the coagulation cascade affected by schistosome infection? 

Given platelets from schistosome-infected mice spontaneously aggregated in 

the absence of platelet activation and had more PS on their surface, we were 

interested to explore changes that may be occurring to the coagulation 

cascade.  As the liver is the site for production of the majority of coagulation 

factors and is also the main site of pathology in S. mansoni infection we first 

re-analysed a publicly available bulk RNA-sequencing dataset of livers from 

naive and 12 week schistosome-infected mice.  We filtered the differentially 

expressed genes for those associated with coagulation (GO: (BP) 

BLOOD_COAGULATION_ INTRINSIC_ PATHWAY and BLOOD_ 

COAGULATION_FIBRIN_CLOT_FORMATION and showed there were 

considerably more genes upregulated (87/183, 48%) in schistosome infection 

compared with those downregulated (24/183, 13%), with 38% remaining 

unchanged (Figure 4.6).  Of those upregulated, more than 79% (69/87) had a 

padj <0.01 and a log2fold change >1.  We next looked at specific genes 

encoding components of the coagulation cascade as shown in Figure 4.7 to 

establish whether they showed significant differential gene expression (padj 

<0.05).  Individual genes encoding components of the intrinsic pathway were 

either up- or down-regulated following schistosome infection, however the only 

significant changes in components of the extrinsic and common pathways 

were the downregulation of genes encoding Factor VII, V and XIII.  This 

contrasted with the fibrinolytic pathway which only had the upregulation of 

genes encoding urokinase and tissue plasminogen activators which ultimately 

drive the degradation of a fibrin clot (Figure 4.7).   Finally, we systematically 

assessed the remaining significantly differentially expressed genes as to their 

role in the coagulation cascade and direction of regulation (Figure 4.8 - Figure 

4.9).  Despite there being more activating than inhibitory genes upregulated in 

schistosome-infected livers, the complexity and tightly regulated coagulation 

cascade has its own inhibitory pathways (Figure 4.8).  For example, an 

upregulation of the gene encoding the protein C receptor is likely to promote 

greater thrombomodulin signalling, more activated protein C, which in turn 

inhibits the activation of FVIII and progression to the common pathway.  

Moreover, in terms of the genes downregulated, there is almost an equal 

proportion of activating and inhibitory genes (Figure 4.9), but their log2fold 
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change is generally less marked than seen for up-regulated genes.  Together 

this shows that whilst schistosome infection has a significant impact on 

expression of genes associated with all stages of the coagulation cascade, the 

downstream consequences of this are difficult to predict given the multitude of 

activating and inhibitory factors that control this cascade.   

To dissect the coagulation cascade more closely we developed the first 

protocol, to the best of our knowledge, for measuring changes to the intrinsic 

and extrinsic pathway longitudinally in mice.  We carried out saphenous bleeds 

on naive and schistosome-infected mice and measured the prothrombin time 

(PT), to assess the extrinsic pathway, and activated partial thromboplastin time 

(aPTT) to assess the intrinsic pathway.  Interestingly, as infection progressed 

both the PT and aPTT were prolonged, with the PT showing significant 

elongation by 10 weeks and the aPTT by 12 weeks (Figure 4.10).  This 

revealed that whilst neither PT nor aPTT were changed in acute infection (8 

weeks), there was a progressive increase in both these parameters as 

infection progressed. Together, this shows that despite platelets being more 

capable of aggregation in schistosome infection the coagulation cascade was 

significantly impeded.   
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Figure 4.6 Many significant changes in genes associated with coagulation in schistosome infection 

Differentially expressed genes were filtered based on the genes found in the GOBP_blood_coagulation_intrinsic_pathway and blood_coaguation_ 

fibrin_clot_formation.  Individual bar colours represent significance based on adjusted p-value, genes were considered significantly differentially expressed in 

schistosome infection when padj <0.005. 

4.6  
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Figure 4.7 Significantly upregulated and downregulated genes in the liver encoding 

components of the coagulation cascade 

Significantly upregulated genes highlighted in yellow and downregulated genes highlighted in 

purple.  Significance determined as padj<0.05 and >log2fold change. 

  

4.7  
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Figure 4.8 Significantly upregulated genes in schistosome infection encoding 

molecules which both drive and inhibit coagulation 

Font size represents log2fold change of gene expression in schistosome infection. 

 

 

  

4.8 
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Figure 4.9 Significantly downregulated genes in schistosome infection encoding 

molecules which both drive and inhibit coagulation 

Font size represents log2fold change of gene expression in schistosome infection. 

 

  

4.9 
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Figure 4.10 Prolonged clotting times from 10 weeks post-schistosome infection 

C57BL/6 mice were infected with 40 S. mansoni cercariae.  Mice were bled from the 

saphenous vein and 40ul blood directly transferred into A) prothrombin time (PT) or C) 

activated partial thromboplastin time (aPTT) coagulometry cassette. Schematic of B) extrinsic 

and common pathway assessed by PT and D) intrinsic and common pathway assessed by 

aPTT.  (Naive, n=5, Sm n=6).  Significance determined by unpaired t-test of the mean. Non-

significance (p>0.05) not shown.    

  

4.10 
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4.4 Discussion 

The haemostatic role of platelets is tightly regulated to ensure platelet 

activation and coagulation are supressed until they are required following 

vascular injury.  However, loss of this regulation, for example in the case of 

infection can be severe and result in either insufficient aggregation or 

exaggerated activation (353).    

We first observed that schistosome infection led to spontaneous platelet 

aggregation in the absence of any exogenous stimuli.  Despite this, the 

platelets themselves did not appear to be overtly activated yet maintained their 

propensity to become activated following stimulation with a PAR4 agonist.  We 

therefore hypothesised that schistosome infection was driving the coagulation 

cascade leading to a hypercoagulable phenotype.  It was surprising that 

schistosome-infected mice displayed a hypocoagulable phenotype with 

prolonged PT and aPTT as infection progressed.  Spontaneous platelet 

aggregation has been associated with cardiovascular disease, however the 

underlying mechanism remains unclear (354).  We looked at a range of 

surface molecules associated with platelet activation (including activated 

integrin αIIbβ3, CD62P and multiple integrins and glycoproteins involved in 

platelet adherence) but none showed any significant difference in schistosome 

infection.  This was not an exhaustive list as such, other molecules may be 

driving spontaneous aggregation.  In humans, FcγRIIA (CD32A) has been 

shown to drive spontaneous platelet aggregation, but FcγRIIA is not present 

in mice so is not a driver here (355).  Moreover, increased GPVI has also been 

linked to spontaneous platelet activation in diabetes and stroke patients, 

however we have not assessed levels in our mouse model (356).  One 

potential explanation for spontaneous platelet aggregation in both mouse and 

humans is a result of erythrocyte fragility.   In whole blood aggregometry, the 

blood sample is subjected to constant stirring which can cause erythrocyte 

lysis and release of ADP/ATP.  Elevated ADP/ATP then activates platelets by 

binding P2Y1 and P2X1 receptors, which in turn stimulates intracellular Ca2+ 

influx, granule release and a positive feedback loop leading to platelet-platelet 

aggregation (357).  Moreover, as red blood cells lyse and are broken down 
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they may release free haem which has recently been shown to induce platelet 

activation through CLEC-2 in both mice and humans (358).   

In schistosome infection, mature adult worms perform haematophagy as their 

primary source of nutrient acquisition.  During this process, erythrocytes are 

degraded and release their contents, such as the highly toxic haem which is 

immediately converted to less toxic hemozoin crystals, released into host 

circulation and cleared by macrophages and neutrophils that are then released 

into host circulation (359,360).  An in vitro study has shown that platelets drive 

neutrophil-mediated clearance of hemozoin which may mean in the cases of 

thrombocytopenia (as occurs in schistosome infection) that there is a higher 

concentration of hemozoin in circulation, especially given increased 

production due to worm feeding (361).  It is not known what effect hemozoin 

has on platelets and whether this binds to CLEC-2 like haem causing platelet 

activation.  To assess the intrinsic aggregatory capacity of platelets from 

schistosome-infected mice, in the absence of any erythrocyte lysis or extrinsic 

signalling molecules, washed platelet aggregometry could be performed.  To 

further dissect the mechanism of action, in vitro transfer of isolated platelets 

from naive mice into the platelet poor plasma of infected mice and vice versa 

would demonstrate whether spontaneous aggregation was directly platelet-

driven or a result of plasma components.   

The prolonged coagulation times are consistent with infected patient samples 

(240,242,246,248).  Importantly, our coagulometry assays of PT and aPTT 

consider all the procoagulant and anticoagulant factors due to the use of whole 

blood (362).  However, they do not provide any information about the stability 

of the thrombus as they only measure fibrogenesis and not fibrinolysis.  

Analysis of publicly available data also showed a significant reduction in 

multiple genes encoding coagulation factors such as FIX, FVIII, FVII, FV and 

FXIII as well as an increase in the genes encoding thrombomodulin and 

protein S, both of which contribute to inhibition of the coagulation cascade.  

Interestingly, Da’dara et al. (2016) used TEG to show blood from schistosome-

infected mice clotted faster than naive animals, however the thrombi were 

rapidly degraded  (341).  The differences with our experiments showing 

prolonged clotting time, may be as a result of the other studies’ earlier time-
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point of blood collection (7 weeks) compared with our more chronic stages 

(prolonged at 10-12 weeks), lack of differentiation between intrinsic and 

extrinsic coagulation pathways and/or the higher cercarial infection dose and 

associated excessive pathology (~125 compared with 40 cercariae) (341).  

Whilst we did not measure clot stability directly, our analysis of an existing 

RNA-seq dataset of schistosome liver did show an increase in gene 

expression of urokinase and tissue plasminogen activators, both of which 

promote fibrinolysis (277).   

Prolonged coagulation may also be caused by impeded production of 

coagulation factors from the liver due to granulomatous inflammation during 

schistosome infection or excessive consumption of coagulation factors or a 

combination of both processes (363).  DIC often manifests with prolonged PT 

and aPTT alongside micro-thrombi in tissues (364).  In Chapter 3 we found 

enhanced CD41+ staining in the liver of schistosome-infected mice 

representing both micro-thrombi and MK.  Micro-thrombi may have formed in 

the liver in response to vascular damage following schistosome egg and 

immune cell migration.  This in turn could have induced excessive activation 

of the extrinsic pathway and thrombin production which drives a feed-forward 

loop and coagulation factor consumption (364).  If this was the case, it may 

explain the faster coagulation time observed by Da’dara et al. (2016) at 7 

weeks, i.e. prior to severe coagulation factor consumption, and may also be 

contributing to thrombocytopenia as platelets are consumed within these 

micro-thrombi (341).  To understand these changes occurring in coagulation 

better, longitudinal analysis of individual coagulation factors in the liver at the 

protein level would be required, i.e. unbiased serum proteomics or more 

targeted western blotting could be used to assess protein expression in naive 

mice, prior to schistosome egg laying as granulomatous inflammation 

develops and eventually leads to liver fibrosis.  In addition, other markers of 

DIC could be tested e.g. circulating D-dimer levels as a measure of fibrin 

degradation.  Vasculature damage/activation and exposure of TF on both 

immune cells and endothelium can drive DIC initiation and therefore it would 

be interesting to assess this by fluorescence microscopy and flow cytometry 

looking for both TF as well as inflammatory markers such as ICAM-1 and 
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VCAM-1 (365).  Indeed, our own pilot studies and previously published 

literature suggest there is an increase in the expression of ICAM-1 and VCAM-

1 in the liver of schistosome-infected mice which would be consistent with the 

initiation of DIC (366–368).   

An interesting finding was that platelets from schistosome infection expressed 

more PS on their cell surface.  PS is known to have pro-coagulant properties 

through driving the activation of FVIII and generation of FXa, and the 

subsequent activation of FV (369).  Despite PS driving coagulation, if there 

was less FVIII and FV (as shown by RNA-seq at the mRNA level) it would 

have fewer binding partners and would have less of a pro-coagulant effect.  

However, it may still drive platelet aggregation (370).  Expression of PS also 

acts as an “eat-me” signal for phagocytes and therefore is likely to contribute 

and provide a potential mechanism for the accelerated platelet clearance 

described in Chapter 3 (350).  Given the FcR-independent thrombocytopenia 

we have observed in schistosome infection (Chapter 3), we were also 

interested to explore whether platelets expressed any other “eat-me” signals 

which would enhance their clearance.  Here we showed there was enhanced 

desialylation in infected animals which is likely to contribute further to platelet 

clearance as the terminal galactose sugars can be recognised by Ashwell-

Morell receptors on hepatocytes (371).  Whether schistosome infection 

impacts on platelet phagocytosis will be tested in Chapter 5.   

In summary, we have highlighted the complex relationship and tight balance 

between aggregation and coagulation and the multitude of factors that feed 

into these interdependent pathways.  Platelets from schistosome-infected 

mice spontaneously aggregate in the absence of exogenous agonist and do 

not possess an overtly active phenotype.  Thus, the increased propensity to 

aggregate may be, at least in part, a result of additional blood factors rather 

than an intrinsic ability of the platelets to aggregate.  Alongside this, infected 

mice displayed a prolonged coagulation time for both the intrinsic and extrinsic 

pathways suggesting a multi-faceted coagulopathy which may be due to 

inflammation and fibrosis impeded coagulation factor production, and/or a 

result of DIC-induced coagulation factor consumption.  We have also identified 

that schistosome infection increases both platelet PS exposure and 
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desialylation that likely contribute to accelerated clearance.  As we were only 

able test a fraction of the potential molecules that may change during 

schistosome infection, global transcriptomic, proteomic and metabolomic 

analysis of isolated platelets from naive and schistosome-infected mice could 

be performed to identify more broadly the molecules responsible for 

spontaneous platelet aggregation and clearance.   
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5. Assessment of the immunomodulatory capacity of 

platelets on macrophages  

5.1 Introduction 

Our studies have revealed that schistosome infection results in an increase of 

platelet-leukocyte interactions, particularly with monocytes and macrophages 

(Chapter 3).  In this chapter, an in vitro approach was used to better 

understand the downstream consequences of these interactions.  

Increased PLA have been observed both in clinic and in many in vivo animal 

models of infection and disease (372,373).  The consequences of these 

interactions are complex and often contradictory, which may reflect context-

specific roles of platelets (217,227,283,374–376).  Several groups have shown 

platelets promote survival in mouse models of sepsis, although there is 

controversy over the mechanism.  Xiang et al. (2013) proposed platelets limit 

macrophage activation, with excessive macrophage activation being 

associated with poor sepsis survival (283).  Conversely, Carestia et al. (2019) 

showed platelets actually promote the polarisation of macrophages towards a 

pro-inflammatory phenotype, thereby enhancing phagocytosis and bacterial 

clearance (227).  Other studies have shown platelets variously induce 

macrophage expression of CD16 (374,375), reduce phagocytosis of E. coli 

and apoptotic Jurkat cells (217), and decrease macrophage pro-inflammatory 

cytokine and chemokine production (377).  Some of these discrepancies may 

be explained by differences in the exact cell types used, for instance mouse 

or human cells, BM-derived or thioglycollate-elicited macrophages and 

characterisation using distinct activation markers (e.g. CD16, CD64, iNOS, 

CD163, CD206 as well as cytokines such as IL-6 and IL-10).  Notably, despite 

BM-derived and thioglycollate-elicited macrophages both being of BM origin, 

they exhibit distinct responses following activation with cytokines or microbial 

products (376).  

Given the elevated macrophage-platelet interactions observed in our murine 

S. mansoni infection model, in this chapter we test whether platelets from 

naive or infected mice affect the polarisation and activation of BM-derived 

macrophages.  As schistosome infection leads to thrombocytopenia (Chapter 
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3), we also investigate phagocytosis of platelets by macrophages of different 

origins and after stimulation with pro- and anti-inflammatory stimuli.     

 

5.2 Aims 

1) To determine whether platelets affect macrophage polarisation  

2) To determine whether platelets affect macrophage phagocytosis  

3) To determine whether platelets from naive or infected mice have distinct 

effects on macrophage activation and phagocytosis 

 

5.3 Results 

5.3.1 Do platelets modulate macrophage polarisation? 

In Chapter 3 we showed platelets interact with a specific subset of liver 

macrophages and monocytes (MHCIIlo RELMαhi) in schistosome infection.  

Our aim here is to take a reductionist in vitro approach to probe the 

consequences of platelet-macrophage interactions.  We initially tested two 

well characterised murine macrophage populations, thioglycollate-elicited 

peritoneal macrophages (Thio-Mɸ) and in vitro BM-derived macrophages 

generated by culture of BM cells with L929-supplemented media (BM-Mɸ) 

(378).  Our initial experiments demonstrated that BM-Mɸ were a more 

homogeneous final population compared with Thio-Mɸ, with a higher 

proportion of live intact cells and CD11b+F4/80+ cells (Figure 5.1).  Both 

populations were treated overnight with LPS/IFNγ to generate classically 

activated (M1-like) cells, or IL-4 which favours alternative (M2-like) activation.  

We used iNOS, an enzyme required for arginine metabolism to citrulline and 

NO, as the main marker for classical activation (98).  Ym1 and RELMα were 

used as markers of alternative activation (103–105) (Figure 5.2).  Despite both 

macrophage populations being of BM origin they expressed different facets of 

M2 activation in response to IL-4, with BM-Mɸ producing significantly more 

RELMα than Thio-Mɸ, and Thio-Mɸ producing significantly more Ym1 than 

BM-Mɸ (Figure 5.3).  We focused on BM-Mɸ as IL-4 treatment induced high 

levels of RELMα that is shared with liver macrophages that interact with 

platelets in vivo (Chapter 3).  Additionally, BM-Mɸ generated a greater yield 
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which offered the potential to freeze down excess macrophages from each 

experiment.   

To assess the effects of platelets on macrophages, we co-cultured BM-Mɸ 

overnight +/- platelets from naive mice at 100:1 (platelet:macrophage) ratio 

that mimics physiological levels (379).  Macrophages were left either 

unpolarised (no further treatment) or with M1 or M2 stimuli.  Across four 

independent experiments, platelets did not impact on iNOS expression by 

LPS/IFNγ induced M1 macrophages (Figure 5.4A).  In contrast, platelets had 

much less consistent effects on IL-4-dependent Ym1 and RELMα expression 

i.e. in two experiments platelets promoted Ym1 and inhibited RELMα, yet had 

no effect in two other repeats (Figure 5.4B-C).  Since we were able to 

generate and freeze excess macrophages from BM cultures, we were able to 

re-test these, culturing them with a single, common, naive platelet sample. 

This revealed platelets from naive mice had only marginal inhibitory effects on 

IL-4 stimulated RELMα expression (1 of 4 macrophage cultures) and instead 

suggests the strong immune modulatory effects of platelets observed in 

experiments 1 and 2 reflects differences in starting platelet population, 

perhaps as a result of differences in platelet activation or purity during the 

isolation process (Figure 5.4D).  There were also no consistent differences 

observed at the mRNA level in the presence or absence of platelets with 

respect to Retlna, Ym1, Nos2, Cd16, Cd32, Cd64, Tnf and Cxcl10 (Figure 

5.5).  These markers encompass the majority of those investigated in the 

literature to explore the effects of platelets on both human and murine 

macrophage polarisation and activation (227,375).  Together, this 

demonstrates that naive resting platelets do not consistently affect 

macrophage polarisation with respect to RELMα or Ym1.   

We next investigated whether activated platelets affected macrophage 

polarisation.  The PAR4 agonist triggers intracellular G-protein signalling (380) 

in platelets (Chapter 4), resulting in inside-out signalling and granule release, 

measured here by the activated conformation of integrin αIIbβIII (detected by 

JON/A mAb reactivity) and P-selectin (CD62P) expression (Figure 5.6A).  

Phillips et al. (1991) and Lee et al. (2021) have shown that activated platelets 

cause human CD14+ monocytes to upregulate CD16 and decrease CXCL10 



137 
 

and TNF.  In our BM-Mɸ co-cultures, initial experiments suggested activated 

platelets reduced RELMα and Ym1, whilst iNOS levels were unaffected 

(Figure 5.6B-D).  However, we carried out a control experiment using the 

PAR4 agonist treatment in the absence of platelets (at the same concentration 

present in the washed platelet samples) and found the same changes.  This 

suggested that the altered RELMα and Ym1 expression was caused by a 

direct effect of PAR4 agonist on the macrophages, rather than specifically via 

the activated platelets (Figure 5.6) (381,382).  Introducing additional platelet 

washing steps after PAR4 agonist stimulation caused the loss of any platelet-

induced changes to classical or alternative activation markers by flow 

cytometry (Figure 5.7) and qPCR (Retlna, Ym1, Nos2, Cd16, Cd32, Cd64, Tnf 

or Cxcl10 not shown).   

Having established that neither resting nor activated platelets from naive mice 

consistently altered macrophage polarisation, we next wanted to test whether 

platelets from infected mice were immunomodulatory.  As discussed in 

Chapter 4, platelets from 9-12 week infected mice did not express elevated 

surface activated integrin αIIbβIII or CD62P (Figure 5.8A).  Co-culture of 

platelets from infected mice with BM-Mɸ caused a reproducible increase in 

CD64 MFI in the presence of LPS/IFNγ but did not cause a change in iNOS 

levels (Figure 5.8B-C).  IL-4 stimulated macrophages co-cultured with 

platelets from infected mice showed a small but consistent reduction in 

RELMα, although this did not reach statistical significance (Figure 5.8D).  

Transcript analysis was very variable with no reproducible differences in Cd64 

and Retlna, in contrast to protein level changes (Figure 5.9). 

We next assessed whether platelets would have stronger immunomodulatory 

effects at suboptimal concentrations of M1/M2 stimuli as high concentrations 

of stimuli may mask more subtle changes.  Having normalised expression 

levels to the highest IL-4 concentrations (10ng/ml) in the absence of platelets, 

we found that platelets from infected mice induced subtle, yet significant, 

increases in Ym1 expression when macrophages were stimulated with 1-

3ng/ml IL-4 (Figure 5.10).  Initially, 4 half-log dilutions of LPS/IFNγ were 

tested, however even with the lowest concentration (1ng/ml LPS, 0.1ng/ml 

IFNγ) ~80% BM-Mɸ were iNOS+ (Figure 5.11).  To allow for any changes in 
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iNOS to be observed, a lower concentration range was tested.  This 

demonstrated that M1 differentiation, with respect to iNOS was an “all or 

nothing” response with iNOS expression increasing from <5% in 0.3ng/ml 

LPS, 0.03ng/ml IFNγ to ~60% iNOS+ with 1ng/ml LPS, 0.1ng/ml IFNγ.  

Platelets did not have any effect on any M1 markers (including CD68 and 

MHCII not shown) even at the lower concentrations (Figure 5.11).   

In Chapter 3, we showed that CD41+ macrophages in the liver of naive mice 

are MHCIIhi RELMahi Ym1hi compared with MHCIIlo RELMahi Ym1hi in 

schistosome-infected mice.   However, our in vitro co-culture assays did not 

show consistent, significant, down- or up-regulation of these markers following 

exposure to platelets.  Therefore, we hypothesised that rather than directly 

promoting macrophage polarisation, platelets instead preferentially bound to 

these activated macrophages.  To test this, we differentially polarised BM-Mɸ 

in vitro to M1 or M2-like populations using sub-optimal concentrations of stimuli 

in order to generate both polarised (i.e. M1 iNOS+, M2 RELMa+ Ym1+) and 

non-polarised cells.  We then assessed whether X649-labelled platelets 

preferentially bound to the polarised cells compared with non-polarised cells 

in vitro (Figure 5.12A-D).  After 20hr of co-culture of platelets with polarised 

macrophages, more platelets had been internalised (i.e. X649+CD41-, grey) 

than remained surface-bound (X649+CD41+, pink) and M1-like macrophages 

had internalised significantly more than unpolarised M0 or IL-4 treated M2 

macrophages (Figure 5.12E-F).  Importantly, regardless of the nature of 

stimulation (IL-4 or LPS/IFNγ), polarised macrophages internalised more 

platelets than their unpolarised counterparts (Figure 5.12G-I).  This finding is 

consistent with platelets preferentially binding to (or being phagocytosed by) 

activated macrophages, rather than platelets directly driving macrophage 

polarisation.  
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Figure 5.1 Greater heterogeneity in thioglycollate-elicited macrophages compared with 

BM-cultured macrophages 

Example FACS plots of murine peritoneal macrophages harvested 3 days after injection with 

4% thioglycollate broth (Thio-Mɸ) and BM cells cultured in L929-supplemented media for 6 

days (BM-Mɸ).  Representative of 4 independent experiments with 3 technical replicates in 

each.    

 

 

 

 

 

Figure 5.2 Identification of polarised macrophages gating strategy 

Example flow cytometry gating and staining associated with BM-Mɸ stimulated overnight with 

IL-4 (20ng/ml) or LPS/IFNγ (100ng/ml 10ng/ml).   
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Figure 5.3 Thio-Mɸ and BM-Mɸ respond differently to IL-4 stimulation 

Thio-Mɸ and BM-Mɸ stimulated with LPS/IFNγ (100ng/ml 10ng/ml) or IL-4 (20ng/ml) overnight 

and analysed by flow cytometry for A) Ym1, B) RELMα and C) iNOS.  Representative FACS 

plots following D) LPS/IFNγ or E) IL-4 stimulation.  Statistical significance was determined 

using unpaired t-tests between BM-Mɸ and Thio-Mɸ groups.  Non-significance (p>0.05) not 

shown.  Symbols indicate technical replicates, representative of 3 independent experiments. 
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Figure 5.4 Naive platelets do not affect expression of RELMα by IL-4 stimulated BM-Mɸ 

BM-Mɸ stimulated with LPS/IFNγ (100ng/ml 10ng/ml) or IL-4 (20ng/ml) and co-cultured 

overnight with naive platelets (1:100 macrophages : platelets).  Flow cytometry analysis from 

4 independent experiments of the percentage expression of A) iNOS, B) Ym1 and C) RELMα. 

Percentage expression of RELMα by IL-4 stimulated BM-Mɸ in the presence (blue) or absence 

(black) of naive platelets (1:100) from frozen stock samples of BM-Mɸ from the 4 independent 

experiments and co-cultured with the same murine platelet sample. Statistical significance 

was determined using unpaired t-tests between BM-Mɸ with/without platelets with each 

stimulation.  Symbols indicate technical replicates, representative of 4 independent 

experiments.  Non-significance (p>0.05) not shown. 
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Figure 5.5 No reproducible differences in expression of markers at the transcriptional 

level in the presence of platelets 

BM-Mɸ stimulated with LPS/IFNγ (100ng/ml 10ng/ml) or IL-4 (20ng/ml) and co-cultured 

overnight with naive platelets (1:100 macrophages : platelets).  Relative mRNA transcript 

levels of A) Retlna, B) Ym1, C) Nos2, D) Cd16, E) Cd32, F) Cd64, G) Tnf and H) Cxcl10 

normalised to Hprt housekeeping gene.  Representative of 2 independent experiments with 

the exception of Cd16 which showed no significant difference upon repetition.  Statistical 

significance was determined using unpaired t-tests between BM-Mɸ with/without platelets with 

each stimulation.  Symbols represent technical replicates.  Non-significance (p>0.05) not 

shown.   

 

  



143 
 

 

Figure 5.6 PAR4 agonist inhibits RELMα and Ym1 expression by IL-4 stimulated BM-

Mɸ 

A) Isolated murine platelets activated with 150µM PAR4 agonist for 30min before analysis by 

flow cytometry. BM-Mɸ stimulated with LPS/IFNγ (100ng/ml 10ng/ml) or IL-4 (20ng/ml) and 

co-cultured overnight with naive resting or PAR4 activated platelets (1:100 macrophages : 

platelets).  Percentage expression of B) iNOS, C) RELMα, and D) Ym1 on BM-Mɸ.  No 

platelets (black), resting platelets (blue), activated platelets (pink), agonist only (grey). 

Statistical significance was determined using one-way ANOVA with post-hoc Tukey’s test on 

the mean of each stimulation group.  Representative of a single experiment.  Symbols indicate 

technical replicates.  Non-significance (p>0.05) not shown.   
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Figure 5.7 Activated platelets do not affect polarisation of BM-Mɸ 

A) Isolated murine platelets activated with 150µM PAR4 agonist for 30min before analysis by 

flow cytometry. BM-Mɸ stimulated with LPS/IFNγ (100ng/ml 10ng/ml) or IL-4 (20ng/ml) and 

co-cultured overnight with naive resting or PAR4 activated platelets (1:100 macrophages : 

platelets).  Activated platelets were thoroughly washed prior to addition to BM-Mφ. No platelets 

(black), resting platelets (blue), activated platelets (pink), agonist only (grey). Representative 

of 2 independent experiments. Statistical significance was determined using one-way ANOVA 

with post-hoc Tukey’s test on the mean of each stimulation group.  Non-significance (p>0.05) 

not shown.  Symbols indicate technical replicates.   

 

  

5.7
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Figure 5.8 Infected platelets do not significantly affect the polarisation of IL-4 

stimulated BM-Mɸ 

A) Isolated platelets from naive and 10-12 week schistosome-infected mice analysed for 

activation by flow cytometry. BM-Mɸ stimulated with LPS/IFNγ (100ng/ml 10ng/ml) or IL-4 

(20ng/ml) and co-cultured overnight with naive or infected platelets (1:100 macrophages : 

platelets).  Mean fluorescent intensity of B) CD64 and percentage expression of C) iNOS and 

D) RELMα from 3 independent experiments.  Symbols indicate technical replicates.  Statistical 

significance was determined using one-way ANOVA with post-hoc Tukey’s test on the mean 

of each stimulation group.  Non-significance (p>0.05) not shown. 
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Figure 5.9 No reproducible differences of markers at the transcriptional level in the 

presence of platelets 

BM-Mɸ stimulated with LPS/IFNγ (100ng/ml 10ng/ml) or IL-4 (20ng/ml) and co-cultured 

overnight with naive or infected platelets (1:100 macrophages : platelets) from 2 independent 

experiments (#1 and #2).  Relative mRNA levels of A) Retlna, B) Ym1, C) Nos2, D) Cd16, E) 

Cd32, F) Cd64, G) Tnf and H) Cxcl10 normalised to Hprt housekeeping gene.  Symbols 

indicate technical replicates.  Statistical significance was determined using one-way ANOVA 

with post-hoc Tukey’s test on the mean of each stimulation group.  Non-significance (p>0.05) 

not shown.    
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Figure 5.10 Naive and infected platelets have minimal effect on BM-Mɸ polarisation 

following stimulation with a range of IL-4 concentrations 

BM-Mɸ stimulated with varying concentrations of IL-4 (0.1-10ng/ml) and co-cultured overnight 

with naive or infected platelets (1:100 macrophages : platelets).  Protein expression of RELMα, 

Ym1 and MHCII from 2 independent flow cytometry experiments normalised to 10ng/ml IL-4, 

no platelet control group.  No platelets (black), Naive platelets (blue outline), Sm platelets 

(blue), circles (experiment #1), squares (experiments #2).  Symbols indicate technical 

replicates.  Statistical significance was determined using one-way ANOVA with post-hoc 

Tukey’s test on the mean at each IL4 concentration.  Non-significance (>0.05) not shown.    

 

 

Figure 5.11 No effect of platelets on LPS/IFNγ-induced iNOS by macrophages 

BM-Mɸ stimulated with varying concentrations of LPS/IFNγ, [High] – 1ng/ml LPS 0.1ng/ml 

IFNγ or [Low] 0.01ng/ml LPS 0.001ng/ml.  0.1-10ng/ml IFNγ.  Samples co-cultured overnight 

with naive or infected platelets (1:100 macrophages : platelets).  Percentage and MFI of iNOS.  

Representative of 2 independent experiments. No platelets (black), Naive platelets (blue 

outline), Sm platelets (blue).  Symbols indicate technical replicates.   Statistical significance 

was determined using one-way ANOVA with post-hoc Tukey’s test on the mean at each 

LPS/IFNγ concentration.  Non-significance (p>0.05) not shown.    
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Figure 5.12 Platelets are preferentially internalised by activated macrophages 

regardless of polarisation signal 

1x106 BM-Mɸ were stimulated with 1ng/ml LPS, 0.1ngml IFNγ, or 10ng/ml IL-4 overnight. 

1x108 platelets from naive mice were cultured for 20hr and samples assessed by flow 

cytometry.  Percentage expression of A) RELMα, B) Ym1, C) MHC II and D) iNOS.  E) 

Percentage expression and F) representative FACS plots of X649 and CD41 expression on 

detached macrophages. (Grey – internalised X649+CD41-, Pink – surface-bound X649+ 

CD41+) Percentage expression and representative FACS plots of G) IL-4, H) media alone and 

I) LPS/IFNγ stimulated macrophages.  Statistical significance was determined using one-way 

ANOVA with post-hoc Tukey’s test on the mean for each treatment group (A-E) and paired t-

test (G-I).  Symbols represent 5 technical replicates from a single experiment.  Non-

significance (p>0.05) not shown.   
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5.3.2 Do platelets affect the ability of differentially polarised 

macrophages to phagocytose E. coli? 

Having shown that platelets from naive and schistosome-infected mice had 

subtle effects on macrophage polarisation in terms of their expression of 

markers such as iNOS, Ym1 and RELMα, we next explored whether platelets 

affected the phagocytic capacity of differentially polarised macrophages.  Our 

in vivo experiments showed there to be increased platelet-macrophage 

interactions in schistosome infection, thereby offering multiple opportunities 

for platelets to modulate macrophage activity.  Altered phagocytosis in vivo 

during infection could be both beneficial and detrimental.  For example, if 

macrophages were able to phagocytose opportunistic pathogens as a result 

of intestinal breach following egg transit, this would support host survival by 

reducing excessive inflammation and immunopathology (227).  However, 

enhanced phagocytosis of cells/debris as a result of inflammation may “switch-

off” macrophages preventing their anti-microbial capacity and ability to attack 

parasites or limiting their tissue-repair and wound healing response (322).   

In initial experiments, we used FITC-conjugated latex beads to measure 

macrophage phagocytosis (Figure 5.13).  However, this approach is not 

suitable for longitudinal studies, and it is difficult to distinguish between beads 

binding to the macrophage surface versus beads internalised by phagocytosis.  

To circumvent these problems we switched to using pH-sensitive E. coli 

bioparticles (383).  We first optimised the concentration of E. coli bioparticles 

in macrophage co-cultures to identify a level of bioparticles that gave clear 

signal to noise ratio for quantification (Figure 5.14).  Despite the strongest 

green-fluorescent signal being detected with 10µg of E. coli bioparticles 

(50μg/ml), segmentation analysis was difficult at this high bioparticle 

concentration due to the settling and aggregation of un-phagocytosed 

bioparticles.  As a consequence, clumps of bioparticles were mis-identified as 

macrophages and due to the neutral pH of the media, and lack of phagocytosis 

they did not show any green fluorescence.  This gave rise to a bimodal green-

fluorescent intensity.  As such, we used 5µg of bioparticles in all subsequent 

experiments to ensure a strong fluorescent phagocytic signal, but with less 

background noise.  Of note, LPS/IFNγ-stimulated macrophages phagocytosed 
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to a greater degree than IL-4-stimulated populations in these initial 

optimisation experiments.   

In order to examine the phagocytic capacity of individual cells over the 20hr 

time-course, we looked at single-cell fluorescent trajectories.  We established 

an experiment-specific fluorescent threshold using E. coli-only and 

macrophage-only control wells (Figure 5.15A-C).  Cells that passed this 

threshold were classed as having phagocytosed a sufficient number of 

bioparticles to be detected as fluorescent.  Using this gating strategy, we were 

also able to identify a number of cells that passed the threshold but 

subsequently fell below it, as well as those that never passed the threshold 

(Figure 5.15D-F).  This revealed that 10µg E. coli bioparticles was potentially 

too high for the more-phagocytic LPS/IFNγ-stimulated macrophages which 

showed the greatest percentage of cells that passed the threshold but then fell 

below it (Figure 5.15G).  Interestingly, it demonstrated that with bioparticles in 

excess (10μg), more than 90% of all cells passed the fluorescent threshold at 

some point during the time course (Figure 5.15H-J).  With all concentrations 

of E. coli bioparticles M2-like macrophages being the slowest to reach 

maximum phagocytic capacity. 

We next explored whether platelets affected the ability of macrophages to 

phagocytose E. coli bioparticles.  Macrophages were stimulated and cultured 

overnight with platelets (100:1 platelets:macrophages) before adding E. coli 

bioparticles and imaging longitudinally (Figure 5.16A-D).  We observed a 

large degree of variation in both mean green intensity and percentage passing 

the fluorescent threshold across four independent experimental replicates 

(Figure 5.17).  The macrophages, particularly those lacking additional 

cytokine stimulation, failed to survive as well in experiments 3 and 4, and there 

was significantly less phagocytosis.  This was the case despite fresh reagents 

(including new bioparticles) being used.  However, taking all the experiments 

into consideration, it can be concluded that both M1 and M2 polarised 

macrophages phagocytosed E. coli bioparticles to a greater extent than the 

control M0 population, with M1 being more phagocytic than M2-like 

macrophages.  Direct comparisons of mean green intensity and percentage of 

macrophages passing the fluorescent threshold in the presence or absence of 
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platelets showed a minor, yet significant increase in phagocytic capacity of M0 

macrophages in the presence of platelets (Figure 5.17A, D).  In contrast, 

platelets did not alter phagocytosis of M1 macrophages (Figure 5.17B, E).  

Importantly, co-culture of IL-4 stimulated macrophages with platelets 

consistently resulted in significantly enhanced phagocytosis of bioparticles, 

showing that platelets did indeed alter the activity of M2 macrophages (Figure 

5.17C, F).  Individual cell trajectories for the different treatments and conditions 

were compared with respect to cells passing a fluorescent threshold, but this 

did not reveal significant differences (data not shown).   

Having shown that platelets could significantly increase the ability of M2 

macrophages to phagocytose targets, we next asked whether platelets from 

infected mice had similar effects to those from naive mice.  We reasoned this 

could result in enhanced phagocytic activity in a schistosome infection where 

platelet-macrophage interactions are elevated.  As before, macrophages were 

polarised to M1-like or M2-like phenotypes, this time in the presence or 

absence of platelets from naive and infected mice prior to bioparticle addition 

(Figure 5.18A-C).  The three experimental repeats showed there was very 

little difference in the phagocytosis of bioparticles by media and LPS/IFNγ 

treated macrophages in the presence of platelets from naive or infected mice 

(Figure 5.18D-E).  Whilst we again found enhanced phagocytosis by IL-4 

stimulated macrophages in the presence of platelets from naive mice, platelets 

from schistosome-infected mice did not enhance phagocytosis of M2-like 

macrophages to the same extent, so revealing an important difference 

between platelets from naive and schistosome-infected animals (Figure 

5.18F).   

Given both phagocytosis and motility involve cytoskeletal reorganisation, we 

next wanted to explore whether changes in phagocytic ability -/+ platelets from 

naive and infected mice were coincident with altered macrophage motility.  

Single cell analysis of macrophage displacement over the 20hr, within each 

well after normalisation to the origin (0,0) was assessed (each cell represented 

by a different coloured line) (Figure 5.19A-C).  This showed M0 macrophages 

to be more motile than both M1- and M2-like populations.  In the case of both 

the media alone and IL-4 stimulation conditions, the presence of platelets 
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inhibited the displacement of macrophages over the time-course, however 

platelets had no effect on LPS/IFNγ-stimulated macrophage motility (Figure 

5.19D). 

 

 

 

 

 

Figure 5.13 M1-like macrophages phagocytose latex beads to the greatest extent 

1x106 BM-Mɸ stimulated with LPS/IFNγ (100ng/ml 10ng/ml) or IL-4 (20ng/ml) overnight.  FITC-

latex beads (2µm) added at a ratio of 1:10 (macrophages:beads) for 1.5hr.  A) Percentage of 

bead uptake and B) example flow cytometry histograms of bead uptake.  Gates were drawn 

from trough to trough.  Data representative of 3 independent experiments.  Symbols indicate 

technical replicates.  Statistical significance was determined using one-way ANOVA with post-

hoc Tukey’s test on the mean for each peak between stimulation treatments.  Non-significance 

(p>0.05) not shown.   
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Figure 5.14 10µg E. coli bioparticles was too high for phagocytosis quantification 

1x104 BM-Mɸ stimulated with LPS/IFNγ (100ng/ml 10ng/ml) or IL-4 (20ng/ml) overnight.  

Varying concentrations (1-10μg) of E. coli  bioparticles were added per well and immediately 

imaged every 15min on the LiveCyte for 18hrs.  A) Representative end-frame still images from 

IL-4 stimulated macrophages.  Mean green intensity and treatment well variation were 

calculated for B) 0μg, C) 1μg, D) 3μg and E) 10μg E. coli bioparticles. Representative of a 

single experiments.  Line represents mean and dotted lines represent SE of the mean for 4 

technical replicates.  Statistical significance was determined using one-way ANOVA with post-

hoc Tukey’s test on the area under the curve.  Non significance (p>0.05) not shown.   
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Figure 5.15 Individual cell fluorescent trajectories over 18hr 

Mean green intensity of every cell within a well for each frame of the 18hr time-course following 

A) no, B) LPS/IFNγ or C) IL-4 treatment.  This allowed for calculation of percentage cells 

passing fluorescent threshold over the time course.  Example trajectories of cells which D) 

never pass the threshold, E) pass the threshold but fall below it, or F) cells which pass the 

threshold and remain above it.  G) Percentage of cells falling within the three threshold 

categories after stimulation.  Comparison of cells which pass the threshold and remain above 

it when cultured with H) 1µg, I) 3µg or J) 10µg E. coli  bioparticles.  Representative of a single 

independent experiment with 4 technical replicates for each condition.   
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Figure 5.16 Polarised macrophages phagocytose E. coli to a greater extent than M0 

populations 

1x104 BM-Mɸ stimulated with LPS/IFNγ (100ng/ml 10ng/ml) or IL-4 (20ng/ml) overnight 

followed by treatment with 5μg E. coli bioparticles.  Wells imaged every 15min on the LiveCyte 

for 20hr.  Representative end-frame still images from 4 independent experiments in the 

presence or absence of platelets (A-D).   
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Figure 5.17 Platelets enhance IL-4 polarised macrophages phagocytosis of E. coli 

bioparticles 1.5 fold 

1x104 BM-Mɸ stimulated with LPS/IFNγ (100ng/ml 10ng/ml) or IL-4 (20ng/ml) overnight 

followed by treatment with 5μg E. coli bioparticles.  Wells imaged every 15min on the LiveCyte 

for 20hr. Mean green intensity and normalised mean green intensity for A) media, B) LPS/IFNγ 

and C) IL-4 treated macrophages from 4 independent experiments.  Percentage passing 

threshold and normalisation for D) media, E) LPS/IFNγ and F) IL-4-treated macrophages.  

Solid line represents mean of 3-4 technical replicates with standard error (dotted line).  

Statistical significance was determined using unpaired t-tests, assuming unequal variance on 

the area under the curve.  Non significance (p>0.05) not shown.   
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Figure 5.18 Both naive and infected platelets enhance IL-4 polarised macrophages 

phagocytosis of E. coli bioparticles 

1x104 BM-Mɸ stimulated with LPS/IFNγ (100ng/ml 10ng/ml) or IL-4 (20ng/ml) and co-cultured 

with 1x106 naive or schistosome infected platelets overnight followed by treatment with 5μg 

E. coli bioparticles.  Wells were imaged every 15min on the LiveCyte for 20hr. Representative 

end-frame still images of A) media, B) LPS/IFNγ and C) IL-4 treated macrophages.  Mean 

green intensity normalised to the no platelet control group from 3 independent experiments, 

from D) media, E) LPS/IFNγ and F) IL-4 treated macrophages.  Solid line represents mean of 

3-4 technical replicates with standard error (dotted line). Statistical significance was 

determined using one-way ANOVA with post-hoc Tukey’s test on the area under the curve.  

Non-significance not shown (p>0.05).   
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Figure 5.19 Subtle differences in macrophage displacement 

Mean green intensity normalised to media control treatment from each of the 4 independent 

experiments.  Solid line represents mean of 3-4 technical replicates with standard error (dotted 

line).  Statistical significance was determined using one-way ANOVA with post-hoc Tukey’s 

test on the area under the curve.  Non-significance not shown (p>0.05).   
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5.3.3 Do differentially polarised macrophages phagocytose platelets? 

Having observed the impact of platelets on the ability of M2 macrophages to 

phagocytose E. coli bioparticles, we wanted to assess whether this was a 

result of differences in platelet uptake by the M2-like population.  To do this, 

we again used live-cell imaging to examine whether specifically polarised 

macrophage subsets had a different propensity for phagocytosing platelets.  

To visualise the phagocytosis of platelets over time, and to differentiate 

between internalised platelets compared with those adhered to the surface, 

we labelled platelets with a pH sensitive rhodamine fluorescent (pHrodo) dye.  

As with pH-sensitive E. coli bioparticles, pHrodo-labelled platelets do not 

fluoresce at neutral pH in culture media, but a fluorescent signal is detected 

following entry into the acidic phagolysosome of the macrophages (384).   

Initial experiments revealed platelet labelling with the pHrodo dye caused a 

significant shift in FSC-A and SSC-A (Figure 5.20A).  Lower pHrodo dye 

concentrations and DMSO controls (0.2-1% (v/v)) were tested to reduce these 

morphological changes.  In addition, markers of activation (activated integrin 

αIIbβIII (JON/A) and CD62P) were also included to check for platelet activation 

as an artefact of the isolation and labelling process.  This showed that even 

half the initial concentration (0.1mM pHrodo dye) resulted in a significant 

upregulation of JON/A and CD62P (Figure 5.20B-D).  As these changes in 

size and activation were not observed in the DMSO control (Figure 5.20B), it 

suggested the incorporation of pHrodo dye itself was causing platelet 

activation.  To avoid this, we labelled with a further 5-fold reduced 

concentration of pHrodo dye (0.02mM) and included prostaglandin E1 during 

labelling to minimise the risk of platelet activation occurring at any other stages 

throughout the process.  Together, this resulted in  minimal platelet activation.  

Notably, whilst platelets labelled in this way exhibited substantial fluorescence 

even at neutral pH when measured by flow cytometry (blue histogram peak), 

there was still a substantial shift at lower pH with MFI increasing 6-fold (blue 

to red histogram peaks) (Figure 5.20E-F).  This fluorescence detected in 

neutral conditions likely reflects the greater sensitivity of flow cytometry 

compared with LiveCyte microscopy used for longitudinal live-cell imaging 

assays (384). 
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A preliminary platelet phagocytosis assay was performed comparing the 

phagocytosis of resting versus PAR4-activated platelets.  It is known that 

exogenously activated platelets express more surface PS (352,385), which is 

recognised by macrophages and drives phagocytosis (386).  Here we showed 

that all subsets of macrophages phagocytosed platelets and this was 

enhanced when cultured with activated platelets (Figure 5.21A-B).  

Interestingly, the percentage of macrophages passing the red fluorescent 

threshold (<15%) was less than the percentage phagocytosing E. coli 

bioparticles (up to 100%).  In Chapter 4, we showed schistosome infection did 

not cause any changes in platelet activated integrin αIIbβIII, CD62P, or 

multiple other surface markers, but did cause a moderate increase in PS 

alongside desialylation.  Moreover, in Chapter 3 we found that platelets were 

cleared more rapidly during schistosome infection.  As such, we wanted to test 

whether platelets from infected mice were cleared faster than platelets from 

naive mice, and whether this was impacted by differential macrophage 

polarisation.  Here, M1-like macrophages took up platelets from naive and 

infected mice significantly more than resting or M2-like macrophages (Figure 

5.22A).  There was no significant difference in uptake of platelets from naive 

and infected mice for M0 and M1-like macrophages, but despite experiment-

to-experiment variation, data normalised across multiple experiments revealed 

a significant increase in uptake of platelets from infected mice compared with 

naive platelets by M2-like macrophages (Figure 5.22B).   

Finally, we were interested to look at the effects of platelets and their 

phagocytosis on macrophage motility.  In these experiments we showed IL-4-

stimulated macrophages to be the most motile in all platelet conditions and 

platelets from naive or infected mice did not affect macrophage motility during 

the 20hr imaging time-course (Figure 5.23).  Visual inspection of the individual 

cells in M1 conditions revealed that despite M1-like macrophages having 

minimal displacement, cells were still motile and moved small distances back 

and forth which was not accounted for by displacement analysis.  However, 

there was no significant difference in the total track length over 20hr between 

different macrophage populations in the presence or absence of platelets from 

naive or infected mice (Figure 5.24A).  We also confirmed that after 
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phagocytosing platelets and “becoming red” the track length remained 

unchanged (Figure 5.24B).  Together, indicating that platelet phagocytosis did 

not alter macrophage motility. 

 

 

Figure 5.20 Reduced pHrodo concentration and PGE1 allows for labelling in the 

absence of platelet activation 

Whole blood harvested by cardiac puncture and platelets isolated by sequential centrifugation.  

A) Example FACS staining of 1x108 isolated platelets stained 20min with 0.2mM pHrodo™ 

Red, succinimidyl ester (pHrodo).  Example FACS plots of B) DMSO treated platelet control 

and C) 0.1mM pHrodo-stained platelets.  D) Example histogram overlay of pHrodo-stained 

platelets at neutral and acidic pH.  E) Example FACS plots of platelets stained 20min RT with 

0.02mM in PBS/1μM Prostaglandin E1 (PGE1) and F) histogram overlay of pHrodo-stained 

platelets at neutral and acidic pH. 
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Figure 5.21 All macrophage populations phagocytose activated platelets to a greater 

extent than resting platelets 

1x104 BM-Mɸ stimulated with LPS/IFNγ (100ng/ml 10ng/ml) or IL-4 (20ng/ml) overnight.  1x106 

naive platelets, activated with 150μM PAR4 agonist, labelled with 0.02mM pHrodo dye and 

added to the macrophages.  Wells were imaged every 15min on the LiveCyte for 20hr.  A) 

Representative end-frame still images.  B) Mean red intensity and percentage passing 

fluorescent threshold for resting or activated platelets.  C) Direct comparison of phagocytosis 

of resting and activated platelets by the differentially polarised macrophages.  Representative 

of 2 independent experiments.  Solid line represents mean of 3-4 technical replicates with 

standard error (dotted line). Statistical significance was determined using unpaired t-tests, 

assuming unequal variance on the area under the curve.  Non significance (p>0.05) not 

shown. 
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Figure 5.22 Minimal difference in the ability of polarised macrophages to phagocytose 

naive platelets 

1x104 BM-Mɸ stimulated with LPS/IFNγ (100ng/ml 10ng/ml) or IL-4 (20ng/ml) overnight.  1x106 

naive platelets, labelled with 0.02mM pHrodo dye and added to the macrophages.  Wells were 

imaged every 15min on the LiveCyte for 20hr.  A) Representative end-frame still images.  B) 

Mean red intensity and percentage passing fluorescent threshold normalised to naive platelet 

control treatment from each of the 5 independent experiments.  Solid line represents mean of 

3-4 technical replicates with standard error (dotted line). Statistical significance was 

determined using unpaired t-tests, assuming unequal variance on the area under the curve.  

Non significance (p>0.05) not shown. 
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Figure 5.23 Macrophage displacement remains unchanged after co-culture with 

platelets 

Representative displacement plots of individual macrophages, normalised to the origin 0,0 

within a well after A) no treatment, LPS/IFNγ, or C) IL-4 treatment.  D-E) Mean macrophage 

displacement in the presence of naive or infected platelets.  Solid line represents mean of >50 

individual cells, representative of 5 independent experiments with SE (dotted line).  Statistical 

significance was determined using one-way ANOVA with post-hoc Tukey’s test on the mean 

for each macrophage stimulation.  Non-significance (p>0.05) not shown. 
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Figure 5.24 No significant difference in macrophage movement after platelet 

phagocytosis 

A) Total track length of individual macrophages in the presence of naïve, or infected platelets.  

B) Total track length of macrophages which have not phagocytosed a platelet (black mean 

line), or one that have phagocytosed a platelet (red mean line).  Bold line represents mean 

track length of >50 individual cells, dotted lines representative of upper and lower quartile.  

Representative of 3 independent experiments. Statistical significance was determined using 

one-way ANOVA with post-hoc Tukey’s test on the mean for each macrophage stimulation.  

Non-significance (p>0.05) not shown. 
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5.4 Discussion 

Since platelets have been shown to have immunomodulatory functions 

alongside their roles in haemostasis, several groups have investigated their 

direct interactions with more traditional immune cells (predominantly 

macrophages and monocytes) using different in vitro models.  However, the 

production and functionality of monocytes and macrophages is highly 

heterogeneous (387).  De Sousa et al. (2019), showed that the inflammatory 

environment can result in completely different macrophage fates (325).  

Furthermore, the classification of M1 and M2 macrophages is far less “black 

and white” and is now better understood as a long, continuous spectrum of 

macrophages with subtle differences in phenotype and functionality (388).  

The M1-M2 paradigm also does not reflect the full spectrum of macrophage 

activation, for example Mreg cells respond to TLR agonists, immune 

complexes and apoptotic cells; and M4 respond to CXCL4 (389,99,390).  

Together, the differences in methods for macrophage/monocyte generation 

and isolation, culture conditions and the markers used for classification has 

resulted in a lack of consensus regarding the effects of platelets on these 

immune cells. 

As we have already shown that platelets primarily interacted with MHCIIlo 

RELMαhi macrophages in the liver in schistosome-infected mice and that 

platelets were cleared more rapidly during infection (Chapter 3), we firstly 

wanted to assess whether platelets drove differential macrophage polarisation 

and secondly to determine if platelets from infected mice were preferentially 

phagocytosed compared with naive controls. 

During schistosome infection the resident Kupffer cell macrophage population 

is replaced by inflammatory monocyte-derived macrophages that derive from 

BM precursors (391).  We therefore chose to use BM-derived macrophages 

for our in vitro experiments.  In agreement with other studies, we found Thio-

Mɸ to be highly heterogeneous (392).  Furthermore, as has been explored 

previously, Thio-Mɸ and BM-Mɸ responded in distinct manners to polarising 

stimuli (376).  We observed IL-4 treated BM-Mɸ to express high levels of 

RELMα, whilst Thio-Mɸ to have high levels of Ym1.  The functional significance 

of this divergent expression of differential facets of M2 activation is not known, 
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but it suggests that macrophage phenotype is controlled by extrinsic factors in 

addition to cytokines, including environmental and tissue specific cues that 

may be missing in vitro.  As Chapter 3 revealed RELMα expression 

distinguished CD41+ and CD41- liver macrophages, we primarily used BM 

cells differentiated with L929-supplemented media given their higher 

expression of RELMα in response to IL-4 treatment compared with Thio-Mɸ.  

Our results demonstrated that platelets from naive or schistosome-infected 

mice did not cause consistent changes in macrophage activation or 

polarisation.  

The lack of reproducible changes in macrophage polarisation following co-

culture of macrophages with platelets in vitro may indicate that platelets are 

not driving the changes in liver macrophage phenotypes in schistosome 

infection.  Instead, platelets may be preferentially binding to the specific subset 

of macrophages i.e. RELMαhi MHCIIhi in vivo in naive mice and RELMαhi 

MHCIIlo in schistosome infection.  Our in vitro binding assay, with M0 

macrophages and platelets from naive mice, is consistent with this hypothesis 

of preferential binding to activated macrophages.  In our IL-4 stimulated 

macrophage cultures used to mimic M2 macrophages found during 

schistosome infection, we continued to see preferential platelet interactions 

with polarised macrophages.  These differences between our in vitro and in 

vivo experiments may reflect the reductionist nature of these cultures and 

highlight the need for more complex communication between multiple cell 

types in a particular inflammatory environment.  Minutti et al. (2017), showed 

the important role of tissue-specific factors, such as surfactant protein A and 

C1q to drive the most effective type 2 macrophage response in the lung to 

Nippostrongylus brasiliensis (393).  More recently, and in a different type 1 

inflammatory environment, Rossaint et al. (2021) showed that following 

Klebsiella pneumonia infection the composition of platelet-leukocyte 

aggregates varies during infection progression and resolution i.e. platelets 

interact with neutrophils at the onset of infection, and then Treg cells during 

the resolution phase of infection (226).  Furthermore, they also showed that 

Treg-platelet aggregation was required for the transcriptional reprogramming 

of macrophages towards a more wound healing-like phenotype.  Therefore, 
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our in vitro macrophage cultures may be lacking signals from other immune or 

non-immune cells.  We considered sorting macrophages from naive and 

schistosome-infected hepatic tissue and performing similar in vitro assays (as 

shown in Chapter 3) but we could only isolate limited cell numbers (~1-4x106) 

from infected mice and naive livers would be substantially less, meaning this 

was not practical. 

In chronic schistosome infections, individuals sometimes present with high 

levels of circulating endotoxins and can suffer from endotoxemia as a result of 

damage to the intestinal walls following the transit of schistosome eggs into 

the gut (24,394).  We wanted to explore whether the increased platelet-

macrophage aggregates observed in schistosome infection were potentially 

beneficial or detrimental to bacterial clearance.  Previously, studies have 

shown that peritoneal macrophages isolated from schistosome-infected mice 

were less capable of phagocytosing Salmonella typhimurium compared with 

cells from naive mice (395).  Consistent with these findings we have shown 

that M2-like macrophages (IL-4-stimulated), as observed in schistosome 

infection, were less able to phagocytose the pH sensitive E. coli bioparticles 

compared with the LPS/IFNγ-stimulated cells.  Despite substantial 

experimental variation, IL-4 treated BM-Mɸ polarised in the presence of 

platelets consistently showed an enhanced ability to phagocytose E. coli 

bioparticles compared with M2 macrophages cultured without platelets.  This 

is consistent with Carestia et al. (2019) who showed enhanced M2-like human 

macrophage phagocytosis of GFP-E. coli in the presence of platelets (227).  

Given the results of Muniz-Junqueira et al. (1992), who showed macrophages 

from schistosome-infected mice were less capable of phagocytosing bacteria, 

we tested whether platelets from infected mice were still able to enhance M2-

like macrophage phagocytosis of E. coli (395).  We demonstrated that these 

platelets did enhance M2-like macrophage phagocytosis, albeit to a lesser 

extent than naive platelets, thereby highlighting important differences between 

these platelet populations in naive and schistosome-infected mice.  It appears 

that platelets may be involved in maintaining the M2-like phenotype, 

associated with tissue repair following damage to the intestinal wall whilst 

enhancing the macrophage phagocytic capacity which minimises the risk of 
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sepsis.  The interaction of platelets, even in schistosome infection, are able to 

enhance the phagocytic ability of macrophages to clear any pathogenic 

material that does leak through, without impeding the beneficial tissue repair 

function associated with RELMα and Ym1 expression (288).  Moreover, 

platelets preferentially interacted with activated macrophages, rather than 

directly promoting their polarisation.  However, it may be the case that platelets 

are promoting other facets of macrophage activation that we did not assess in 

these experiments.  For example, the adhesion and phagocytosis of platelets 

from naive and infected mice may induce metabolic reprogramming which 

drives the enhanced ability to phagocytose E. coli bioparticles.  This has been 

shown in tumour associated macrophages after phagocytosis of neoplastic 

cells (322).  

In Chapter 4 we showed that platelets in schistosome infection did not show 

any significant differences in expression of a wide range of surface molecules, 

including those for activated integrin αIIbβIII and CD62P.  However, in vivo 

platelet tracking revealed that platelets were cleared faster during infection.  

We hypothesised that M2-like macrophages may have an increased 

propensity to phagocytose platelets from schistosome-infected animals given 

elevated PS and desialylation.  Here we have shown that polarised 

macrophages phagocytosed platelets to a greater degree than M0 cells, and 

that M2-like macrophages did in fact phagocytose platelets from schistosome-

infected mice to a significantly greater degree than platelets from naive mice.  

Translating this in vivo to schistosome infection suggests there is greater 

platelet phagocytosis due to both M2 polarisation and infection-induced 

increases in macrophage numbers.  We could use intravital microscopy to 

visualise the interactions between fluorescently labelled circulating platelets 

within a GFP-macrophage mouse (e.g. CX3CR1-GFP, CD68-GFP)(396,397).  

This would allow us to assess the differences in macrophage-platelet 

interactions and clearance in situ with all the inflammatory cytokines and 

molecules (e.g. IL-4, IL-10, schistosome egg antigen) associated with 

schistosome infection.  We could also assess platelet surface adherence 

versus internalisation by dual labelling platelets with pH-sensitive dyes as with 

our in vitro experiments.  A further in vitro experiment could be performed 
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using pHrodo-labelled platelets and pHrodo E.coli bioparticles, this would 

allow the identification of macrophages that have phagocytosed platelets (i.e. 

“red” macrophages) or not and then assess whether they have phagocytosed 

E. coli bioparticles (i.e. “turned green”).  These different macrophage 

populations could be sorted and analysed for behavioural, phenotypic or 

metabolomic changes.   

Together, these in vitro experiments have shown significant differences in the 

way platelets from naive and schistosome-infected mice interact with M2-like 

macrophages.  Naive platelets significantly enhance the ability of M2-like 

macrophages to phagocytose E. coli bioparticles, however platelets from 

infected mice are less able to enhance the levels of phagocytosis.  

Furthermore, we have shown that all three macrophage populations (M0, M1 

and M2) are capable of phagocytosing platelets but M2-like populations 

phagocytose platelets from schistosome-infected mice to a greater extent than 

naive platelets.  Interestingly, these changes in macrophage activity in 

response to platelets are not associated with significant changes in the 

activation markers examined.  This is in contrast to Carestia et al. (2019), Lee 

et al. (2021), Barrett et al. (2019) and Uchiyama et al. (2021) who all show 

platelets induce macrophage polarisation either to pro- or anti-inflammatory 

phenotypes in vitro (217,227,375,377).  Whilst these studies used cells from 

different origins i.e. human monocytes/macrophages or Thio-Mɸ, as well as 

different subtype classification parameters, our results clearly show that 

platelets do not strongly impact on BM-Mɸ polarisation in multiple in vitro 

assays, but they do enhance the ability of M2 macrophages to phagocytose 

which is consistent with Carestia et al. (2019) and Lee et al. (2021) (227,375). 
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6. Assessment of the effect of modulating platelet 

number in murine schistosomiasis   

6.1 Introduction 

Experiments in Chapter 3 revealed schistosome infection caused enhanced 

platelet clearance, formation of platelet-macrophage aggregates, and that 

platelet-associated macrophages showed a distinct maturation profile.  

Despite this, in vitro studies using a range of assays in Chapter 5 indicated 

platelets had only limited impact on macrophage phenotype.  To address this 

discrepancy, in this chapter we experimentally manipulated platelet levels in 

vivo to test the immunomodulatory capacity of platelets directly in schistosome 

infection.  We wanted to assess whether platelet depletion or enhancement 

altered the immune response to schistosome infection given the context 

specific effects of platelets in other inflammatory diseases.   

For instance, PLA (primarily platelet-eosinophil aggregates) drive leukocyte 

recruitment to the lung in type 2 inflammation that occurs in allergic asthma 

(206).  Here, activated platelets interact with leukocytes in a P-selectin – 

PSGL-1 dependent manner (313).  In both mouse and rabbit models, antibody-

mediated platelet depletion reduces eosinophil lung infiltration and 

hyperresponsive airway inflammation (398,222).  However, there is minimal 

clinical evidence suggesting anti-platelet drugs such as aspirin, or the P2Y12 

antagonist clopidogrel have any beneficial effects on asthma patients (206).  

This may reflect that these drugs reduce platelet activation rather than 

numbers e.g. low-dose aspirin treatment in thrombocythaemia patients with 

any microvasculature disturbances (399).   

Platelets also control immune responses to Klebsiella pneumoniae infection in 

the lung.  Rossaint et al. (2021) demonstrate that platelets help in the 

recruitment of neutrophils to the lung during the initial stages of infection (226).  

Subsequently, platelets switch binding partners to interact primarily with Tregs 

which reduce pathological inflammation and support M2 macrophage-

mediated wound-healing and tissue repair.  Platelet depletion using anti-

GPIbα antibodies results in a sustained pro-inflammatory alveolar neutrophil 

response (226).  Moreover, use of inducible platelet deficient mouse models 
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(Pf4Cre; RosaiDTR) allows platelet depletion at different times during 

infection.  These models have revealed platelet depletion prior to bacterial 

infection causes mouse death due to the lack of neutrophil recruitment to the 

lung at the onset of infection, whereas platelet depletion after bacterial 

clearance prevents M2 macrophage-mediated tissue remodelling (226).   

To the best of our knowledge, the only previous study to manipulate platelet 

levels in schistosomiasis involved platelet depletion in CBA mice infected with 

a high dose of cercariae (150-200 per mouse).  Mice treated with rabbit anti-

mouse platelet serum at 5 weeks post-infection had significantly reduced 

schistosome egg excretion, whereas similar treatment at 6 weeks post-

infection resulted in death of 2 out of 3 mice in the group (269).  In this chapter 

we will assess the impact of platelet depletion in the more chronic stages of 

schistosome infection as well as identifying specific immunomodulatory roles 

of platelets which have not previously been explored.   

An alternative approach to assess the immune regulatory role of platelets is to 

boost their numbers by enhancing TPO signalling using recombinant TPO or 

TPO receptor agonists, of which three are clinically approved for 

administration to ITP patients: Romiplostim, Eltrombopag and 

Avatrombopagelon (400).  As described in Chapter 1.2, TPO acts through 

binding to its cognate MPL receptor on HSC, MK and platelets themselves.  

Detection by MK  results in signalling via the JAK2/STAT3/5 pathway and 

increases MK number (151).   Recombinant TPO drives MPL receptor 

dimerization and an increase in platelet count, however this can also lead to 

the development of anti-TPO antibodies that cross-react with and neutralise 

native TPO, leading to reduced platelet levels (401).  In contrast, TPO peptide 

mimetics do not share sequence homology with endogenous TPO which 

minimises the risk of cross-reactivity of anti-TPO auto-antibodies (401).     

Whilst platelet depletion reduces allergic lung inflammation (222,398), 

enhancing platelet levels with romiplostim leads to significant increases in lung 

inflammation and mortality in mouse models of allergy (402).  To date, there 

are very few studies examining the efficacy of treating bacteria, virus or 

parasite-induced thrombocytopenia with TPO receptor agonists (287,403).  
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Instead, TPO mimetics are primarily given to the most severe 

thrombocytopenic patients, when there is a high risk of bleeding and they have 

not responded to other treatments (404).  In this regard, whilst platelet 

depletion causes bleeding phenotypes, raising levels can promote thrombosis 

(166).  As such, these potentially detrimental haemostatic complications must 

also be considered if platelet levels are manipulated to modulate immune 

responses.  In order to test the immunomodulatory capacity of platelets during 

in vivo type 2 immune responses, we trialled multiple experimental strategies 

to deplete or increase platelet numbers in schistosome infection, and 

subsequently measured both immunological and parasitological parameters.   

 

6.2 Aims 

1) To determine the effects of platelet depletion in schistosome infection 

2) To determine whether enhanced TPO signalling can restore platelet 

numbers and impact the immune response in schistosome infection 

 

6.3 Results 

6.3.1 Does platelet depletion affect the immunological response to 

schistosome infection – antibody-mediated platelet depletion? 

Previous studies have shown platelet depletion causes extensive mortality 

following infection with high doses of schistosome cercariae (269).  To reduce 

this risk and permit assessment of the role of platelets in immune cell function 

in chronic schistosomiasis, we reduced our standard infective dose (upper limit 

35 vs. standard limit of 40 cercariae) and harvested infections at earlier time 

points (10 weeks vs. standard 12 weeks) (Figure 6.1A).  We treated naive and 

infected mice with increasing concentrations of anti-CD41 mAb (MWReg30) 

or isotype control three times a week with 0.2mg/kg anti-CD41 and increased 

to 0.4mg/kg for a further week, corresponding to weeks 8 and 9 post-infection 

to induce sustained and severe thrombocytopenia (405).  Given the lower 

infection dose and earlier time-point we observed only a relatively mild 

thrombocytopenia (700-800x103/mm3) in the schistosome IgG control group in 

these experiments (Figure 6.1B).  However, there was still a significant 

increase in MPV with schistosome infection (Figure 6.1C).  Naive mice treated 
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with anti-CD41 showed substantial reductions in platelet number over the first 

week, but platelet depletion was significantly impaired in schistosome-infected 

mice (Figure 6.1B).  Anti-CD41 treatment increased MPV in naive animals as 

well as schistosome-infected mice which already had an elevated MPV 

(Figure 6.1C).  Despite our precautions and only partial platelet depletion, 

50% of mice given anti-CD41 (3/6 vs 1/7 in the IgG group) developed 

symptoms of severe disease (weight loss, hunched appearance, pallor) and 

needed to be culled prior to experimental harvest (Figure 6.1D).  Even with 

the earlier time-point and lower infection dose there was significant 

hepatosplenomegaly and egg deposition which was not exacerbated by 

platelet depletion (Figure 6.1E-F).   

Having used anti-CD41 MWReg30 mAb to deplete platelets in vivo, we 

decided it would be problematic to identify PLA in the isolated cell suspensions 

with fluorescently labelled MWReg30.  This would also be the case with other 

anti-CD41 mAb clones that may target overlapping epitopes.  Instead, 24hr 

prior to tissue harvesting we fluorescently labelled the remaining platelets in 

vivo with X649 as described in Chapter 3.  Unfortunately, this meant we were 

unable to distinguish between internalised and surface-bound platelets in 

different tissues.  There was no significant difference in the percentage of 

X649+ leukocytes in the blood, liver or spleen, however in both the spleen and 

liver of naive mice there was a general trend of increase with anti-CD41 

treatment, and this was not observed in schistosome infection (Figure 6.2A).  

Whilst there was an increase in the total number of X649+ leukocytes in 

schistosome infection in both liver and spleen compared with naive mice, there 

was no difference +/- anti-CD41 treatment (Figure 6.2B-C).  When 

considering individual cell populations, there was a significant increase in the 

percentage of X649+ neutrophils and classical monocytes in the blood in naive 

mice treated with anti-CD41, but this was not seen in schistosome infection 

(Figure 6.2D).  There was no difference in X649+ staining in the liver with or 

without anti-CD41 treatment (Figure 6.2E).  In the spleen, anti-CD41 

treatment caused a significant increase in X649+ macrophages and B cells in 

naive mice, but again this was not seen in schistosome infection (Figure 6.2F).  
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In Chapter 3 we showed platelets interacted with specific subsets of hepatic 

monocytes/macrophages (MHCIIlo RELMαhi) and eosinophils (RELMαlo) in 

vivo in schistosome infection.  In vitro experiments in Chapter 5 indicated that 

platelets do not strongly drive macrophage polarisation and instead bind 

preferentially to cells that have an activated phenotype.  Consistent with 

platelets not directly modulating immune cell activation, anti-CD41-mediated 

platelet depletion did not impact on eosinophil RELMα (Figure 6.3A) or 

macrophage/monocyte MHCII expression following schistosome infection, 

both of which were elevated compared with naive mice (Figure 6.3B-C).  

Conversely, anti-CD41 treatment led to a reduction in RELMα expression by 

monocytes, and to a lesser extent macrophages in schistosome-infected mice.  

Although, this was not significant potentially due in part to the small group size 

due to culling 3/6 anti-CD41 treated mice (Figure 6.3B-C).  Pairwise analysis 

of X649+ and X649- immune populations showed no difference after anti-CD41 

treatment, however in this experiment the X649+ macrophages and monocytes 

were MHCIIhi in schistosome infection compared with the MHCIIlo CD41+ 

populations previously shown in Chapter 3 (Figure 6.4).   

In ITP, antigen presenting cells (APC) such as macrophages, monocytes and 

DC present integrin αIIbβIII peptides to CD4+ T cells which then drive B cell 

production of more anti- integrin αIIbβIII IgG (406).  As such we wanted to 

assess whether the APC in this model were impacting the CD4+ T cell 

response.  Splenic CD4+ T cells showed an increase in the production of IL-4, 

IL-10 and IFNγ in schistosome infection and this was not affected by anti-CD41 

treatment (Figure 6.5A-C).   
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Figure 6.1 Partial platelet reduction in schistosome infection with anti-CD41 treatment 

A) C57BL/6 were infected with 30-35 S. mansoni cercariae (Sm) at 8 weeks post-infection 

mice were injected with 0.2mg/kg anti-CD41 (MWReg30) or IgG control IP 3 times per week 

and then with 0.4mg/kg for a further week.  24hr prior to tissue harvesting all mice were 

injected IV with X649 (0.05μg/g of body weight).  Longitudinal tail bleed B) platelet count and 

C) mean platelet volume.  # represents significance to pre-bleed within each treatment group, 

* represent significance between treatment groups at different time-points. (*# p<0.05, **## 

p<0.01, ***### p<0.001, ****#### p<0.0001). D) Survival curve during infection, dashed line 

represents start of anti-CD41 treatment (Naive IgG n=3 (white), Naive anti-CD41 n=3 (black), 

Sm IgG n=7(6)(light blue), Sm anti-CD41 n=6(3)(dark blue)) Post-mortem E) hepatic 

schistosome eggs from KOH digested livers and F) liver, spleen and lung weights.  Data 

representative of 2 independent experiments.  Statistical significance determined by one-way 

ANOVA with post-hoc Tukey’s test on the mean of each group (B-D, C) or unpaired Student’s 

unpaired t-test (E).  Non-significance (p>0.05) not shown.   

 

6.1 
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Figure 6.2 No significant difference in PLA in schistosome infected mice after anti-CD41 

treatment 

C57BL/6 were infected with 30-35 S. mansoni cercariae (Sm) at 8 weeks post-infection mice 

were injected with 0.2mg/kg anti-CD41 (MWReg30) or IgG control IP 3 times per week and 

then with 0.4mg/kg for a further week.  24 hours prior to tissue harvesting all mice were 

injected IV with X649 (0.05μg/g of body weight).  A) Percentage and B) number of X649+ 

CD45+ cells in the liver, spleen and blood and C) representative FACS plots.  Percentage of 

X649+ individual immune cell populations in the D) blood, E) liver, and F) spleen. (Naive IgG 

n=3 (white), Naive anti-CD41 n=3 (black), Sm IgG n=6 (light blue), Sm anti-CD41 n=3 (dark 

blue)).  Statistical significance determined by unpaired Student’s unpaired t-test (A-B) and 

one-way ANOVA with post-hoc Tukey’s test (D-F) on the mean of each group.  Non-

significance (p>0.05) not shown.   

6.2 
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Figure 6.3 No significant difference in activation markers on eosinophils, macrophages 

and monocytes in schistosome-infected mice after anti-CD41 treatment 

C57BL/6 were infected with 30-35 S. mansoni cercariae (Sm) at 8 weeks post-infection mice 

were injected with 0.2mg/kg anti-CD41 (MWReg30) or IgG control IP 3 times per week and 

then with 0.4mg/kg for a further week.  24hr prior to tissue harvesting all mice were injected 

IV with X649 (0.05μg/g of body weight).  A) Percentage of RELMα and representative FACS 

plots in hepatic eosinophils.  Percentage of RELMα and MHCII and representative FACS plots 

by B) hepatic Ly6Clo macrophages and C) hepatic Ly6Chi monocytes. (Naive IgG n=3 (grey), 

Naive anti-CD41 n=3 (black), Sm IgG n=6 (light blue), Sm anti-CD41 n=3 (dark blue)).  

Statistical significance determined by one-way ANOVA with post-hoc Tukey’s test (A-C) on 

the mean of each group.  Non-significance (p>0.05) not shown.   

6.3 
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Figure 6.4 No difference in X649 pairwise comparisons after anti-CD41 treatment 

C57BL/6 were infected with 30-35 S. mansoni cercariae (Sm) at 8 weeks post-infection mice 

were injected with 0.2mg/kg anti-CD41 (MWReg30) or IgG control IP 3 times per week and 

then with 0.4mg/kg for a further week.  24hr prior to tissue harvesting all mice were injected 

IV with X649 (0.05μg/gram of body weight).  A) Pairwise comparison of RELMα expression by 

X649+ (pink) and X649- (white) eosinophils in the liver.  Pairwise comparison of RELMα and 

MHCII by X649+ (pink) and X649- (white) B) macrophages and C) monocytes in the liver. 

(Naive IgG n=3, Naive anti-CD41 n=3, Sm IgG n=6, Sm anti-CD41 n=3).  Statistical 

significance determined by paired t-test between X649+ and X649- subsets (A-C).  Non-

significance (p>0.05) not shown.   

 

6.4 
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Figure 6.5 No significant difference in cytokine production by CD4+ T cells in 

schistosome infected mice after anti-CD41 treatment 

C57BL/6 were infected with 30-35 S. mansoni cercariae (Sm) at 8 weeks post-infection mice 

were injected with 0.2mg/kg anti-CD41 (MWReg30) or IgG control IP 3 times per week and 

then with 0.4mg/kg for a further week.  24hr prior to tissue harvesting all mice were injected 

IV with X649 (0.05μg/g of body weight). Single cell suspensions (2-4x106 cells) from spleen 

isolation processing were cultured for 4hr at 37oC with 1μg/ml Ionomycin, 10μg/ml PMA and 

10μg/ml Brefeldin A.  Percentage of A) IL-4, B) IL-10 and C) IFNγ by CD4+ T cells and 

representative FACS plots.  (Naive IgG n=3 (grey), Naive anti-CD41 n=3 (black), Sm IgG n=6 

(light blue), Sm anti-CD41 n=3 (dark blue)).  Statistical significance determined by one-way 

ANOVA with post-hoc Tukey’s test (A-C) on the mean of each group.  Non-significance 

(p>0.05) not shown.   

 

  

6.5 
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6.3.2 Does platelet depletion affect the immunological response to 

schistosome infection – MPL-/- mice? 

Given we were only able to partially reduce platelet numbers in schistosome 

infection with anti-CD41 treatment and monoclonal antibody treatment drives 

immunological activation (407), we turned to an alternative approach for 

assessing the impact of platelet depletion in schistosome infection.  MPL-/- 

mice lack the TPO receptor resulting in severe thrombocytopenia 

(148,151,152,408).  Due to health concerns with platelet-deficient mice, we 

again infected with a lower dose of parasites and harvested at an earlier time-

point of 7.5 weeks post-infection (Figure 6.6A).  Whilst this did not lead to 

infection-induced thrombocytopenia in WT mice, MPV was still significantly 

elevated (Figure 6.6B-C).  As expected, MPL-/- mice were severely 

thrombocytopenic, and platelets were slightly, but non-significantly reduced 

further after infection (p=0.053) (Figure 6.6B).  In all parameters measured 

there were no differences observed between male and female mice and 

therefore the data from these two independent experiments were pooled for 

all analysis.  Infected MPL-/- mice also displayed marked reductions in 

circulating red blood cells and elevated red cell distribution width, suggestive 

of infection-induced anaemia (Figure 6.6D-E). This may reflect a failure to 

stem intestinal bleeding caused by parasite egg transit across the tissue, 

consistent with intestinal haemorrhaging observed in some infected MPL-/- 

mice (Figure 6.6F).  As MPL is also expressed on a range of HSC and 

progenitor cells (409), we wanted to assess whether these were also impacted 

after schistosome infection.  We showed a significant infection-induced 

expansion of LSK (Lin-Sca1+cKit+) cells in schistosome infection compared 

with naive mice.  As previously reported, the naive MPL-/- mice had a very 

small LSK population and in schistosome infection there was a failure of the 

LSK population to expand (Figure 6.7A-B, (410)).  This was due to a reduction 

in all progenitor populations between schistosome-infected WT and MPL-/- 

mice, from the most immature LT-HSC to the MPP2 population which gives 

rise to the MK and erythroid lineages (Figure 6.7C-D). 

Despite the low infection dose and early time-point harvest, both WT and   

MPL-/- infected mice developed hepatosplenomegaly to a similar extent 
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(Figure 6.8A-B).  Similarly, there was no difference in schistosome egg levels 

in the liver (Figure 6.8C).  Despite the reduction in all MPP populations and 

LT-HSC populations, there was no significant difference in the frequency or 

absolute number of immune cells in the liver (Figure 6.8D-E).  Consistent with 

reduced circulating platelet counts, myeloid cells from MPL-/- mice showed 

reduced (but not absent) CD41 expression, consistent with fewer PLA (Figure 

6.8F-H).  

Next, we assessed whether platelet depletion in MPL-/- mice affected the 

immune response, particularly the expression of RELMα and MHCII.  The 

expression of RELMα by eosinophils in MPL-/- mice was higher compared with 

WT animals, however this was not significant given the spread of data and 

group size (Figure 6.9A).  Schistosome infection also induced a significant 

increase in RELMα expression in eosinophils, macrophages and monocytes 

in both WT and MPL-/- animals compared with their naive counterparts (Figure 

6.9A-C).  Interestingly, there was significantly less MHCII expression by both 

macrophages and monocytes in schistosome-infected MPL-/- mice compared 

with their WT counterparts (Figure 6.9B-C).  Given these changes in 

activation, we next explored whether differential MHCII expression by myeloid 

cells influenced the T cell response in the liver and spleen.  This revealed liver 

CD4+ T cells from MPL-/- mice had a similar capacity to their WT counterparts 

to produce IL-4, IL-10 and IFNγ in response to schistosome infection (Figure 

6.10A-B).  In contrast, splenic CD4+ T cells from infected MPL-/- mice had an 

overall trend towards elevated cytokine production compared with WT animals 

but this was only significant (p<0.05) for IFNγ (Figure 6.10B).  

Together, our platelet depletion experiments reveal that platelets play an 

important haemostatic role in schistosome infection by stemming intestinal 

bleeding after schistosome eggs transit the gut wall.  Moreover, severe 

thrombocytopenia in our MPL-/- mice resulted in fewer PLA alongside lower 

MHCII expression by macrophages and monocytes but an elevated pro-

inflammatory CD4+ T cell response.       
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Figure 6.6 Signs of anaemia in schistosome-infected MPL-/- mice 

A) C57BL/6 and MPL-/- mice were infected with 30-35 S. mansoni cercariae (Sm) and 

harvested at 7.5 weeks (open circles = male, closed circles = female).  Terminal brachial tail 

bleed B) platelet count, C) mean platelet volume, D) red blood cell count and E) percentage 

red cell distribution width.  F) Representative images of Sm WT and MPL-/- mice post-mortem, 

intestinal bleeding identified by green arrow. (WT Naive n=5, KO Naive n=5, WT Sm n=9, KO 

Sm n=9).  Data pooled from 2 independent experiments, representative of 3 independent 

experiments.  Statistical significance determined by one-way ANOVA with post-hoc Tukey’s 

test on the mean of each group (B-E).  Non-significance (p>0.05) not shown.   
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Figure 6.7 Failure of BM stem cell expansion in schistosome-infected MPL-/- mice 

C57BL/6 and MPL-/- mice were infected with 30-35 S. mansoni cercariae (Sm) and harvested 

at 7.5 weeks (open circles = male, closed circles = female). A) Representative FACS staining 

and B) percentage of LSK cells in the BM.  C) Representative FACS staining and D) flow 

cytometry quantification of multipotent progenitor (MPP) cell subsets (MPP2-CD48+CD150+, 

MPP3/4-CD48+CD150-, LT-HSC-CD48-CD150+, ST-HSC-CD48-CD150-). (WT Naive n=5, KO 

Naive n=5, WT Sm n=9, KO Sm n=9).  Data pooled from 2 independent experiments, 

representative of 3 independent experiments.  Statistical significance determined by one-way 

ANOVA with post-hoc Tukey’s test on the mean of each group (B, D).  Non-significance 

(p>0.05) not shown.   
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Figure 6.8 Fewer hepatic PLA in schistosome-infected MPL-/- compared with WT mice 

C57BL/6 and MPL-/- mice were infected with 30-35 S. mansoni cercariae (Sm) and harvested 

at 7.5 weeks (open circles = male, closed circles = female).  Postmortem A) liver, B) spleen 

weights and C) hepatic schistosome egg counts.  D) Percentage and E) number of leukocyte 

populations in the liver and F) percentage and G) number of CD41+ leukocyte populations. H) 

Representative FACS plots of macrophage CD41 staining.  (WT Naive n=5 (grey), KO Naive 

n=5 (black), WT Sm n=9 (light blue), KO Sm n=9 (dark blue)).  Data pooled from 2 independent 

experiments, representative of 3 independent experiments.  Statistical significance 

determined by one-way ANOVA with post-hoc Tukey’s test on the mean of each group (A-B, 

D-G) or unpaired Student’s t-test (C).  Non-significance (p>0.05) not shown.   

6.8 
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Figure 6.9 Reduction of MHCII on hepatic macrophages and monocytes in 

schistosome-infected MPL-/- compared with WT mice 

C57BL/6 and MPL-/- mice were infected with 30-35 S. mansoni cercariae (Sm) and harvested 

at 7.5 weeks (open circles = male, closed circles = female). A) Percentage of RELMα and 

representative FACS plots in hepatic eosinophils.  Percentage of RELMα and MHCII and 

representative FACS plots by hepatic B) Ly6Clo macrophages and C) Ly6Chi monocytes. (WT 

Naive n=5 (grey), KO Naive n=5 (black), WT Sm n=9 (light blue), KO Sm n=9 (dark blue)).  

Data pooled from 2 independent experiments, representative of 3 independent experiments.  

Statistical significance determined by one-way ANOVA with post-hoc Tukey’s test on the 

mean of each group (A-C).  Non-significance (p>0.05) not shown.   

6.9 
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Figure 6.10 Elevated IFNγ production by CD4+ T cells in MPL-/- infected mice 

C57BL/6 and MPL-/- mice were infected with 30-35 S. mansoni cercariae (Sm) and harvested 

at 7.5 weeks (open circles = male, closed circles = female). Single cell suspensions (2-4x106 

cells) from liver and spleen isolation processing were cultured for 4hr at 37oC with 1μg/ml 

Ionomycin, 10μg/ml PMA and 10μg/ml Brefeldin A.  Percentage of IL-4, IL-10 and IFNγ by 

CD4+ T cells and representative FACS plots in the A) liver and B) spleen. (WT Naive n=5 

(grey), KO Naive n=5 (black), WT Sm n=9 (light blue), KO Sm n=9 (dark blue)).  Data pooled 

from 2 independent experiments, representative of 3 independent experiments.  Statistical 

significance determined by one-way ANOVA with post-hoc Tukey’s test on the mean of each 

group (A-B).  Non-significance (p>0.05) not shown.   
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6.3.3 Do elevated platelet counts effect the immune response in 

schistosome infection - rTPO? 

Both our models of platelet depletion in schistosome infection resulted in ill-

health, likely reflecting a bleeding phenotype.  Given the caveats and lack of 

specificity of both these models as well as the ethical implications of increased 

mortality in further platelet depletion systems, we decided to take an 

alternative approach and look at the role of platelets in schistosome infection 

by enhancing platelet numbers.   

In our experiments we used both recombinant mouse TPO (rTPO) and 

Romiplostim to enhance platelet production.  Romiplostim is a 60-kDa 

molecule peptidbody that has four 14-amino acid peptides attached to an Fc 

heavy chain that enables a 10,000-fold increase in activity, greater stability 

and a longer half-life than rTPO (411).  Romiplostim, unlike Eltrombopag and 

Avatrombopagelon competes with endogenous TPO at the distal region of the 

MPL receptor (Figure 6.11)(401). 

To test the importance of platelets in vivo in anti-schistosome immune 

responses, we treated mice with rTPO three times a week for 2 weeks at 

weeks 9 and 10 post-infection based on a previously optimised dosing regimen 

(Hitchcock lab, data not shown) (Figure 6.12A).  Surprisingly, these repeated 

rTPO injections only led to a subtle and non-significant increase in circulating 

platelets in both naive and 11 week schistosome-infected mice, and did not 

reverse infection-induced thrombocytopenia (Figure 6.12B).  Our rTPO 

regimen also did not influence platelet size judged by MPV (Figure 6.12C).  

As platelet numbers only subtly increased, we next looked in the BM at the 

number of MK and their ploidy.  We showed rTPO significantly enhanced both 

2N and >32N MK in naive mice, whilst decreasing 16N MK (Figure 6.12F-G).  

Whereas rTPO only significantly enhanced 32N MK in schistosome-infected 

mice.   

We next looked at whether enhanced rTPO affected the gross pathology 

associated with schistosome infection.  We observed no significant difference 

in hepatosplenomegaly or liver egg burdens in the presence or absence of 

rTPO (Figure 6.13A-C).  There were also no significant changes in the 
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percentage of immune cell populations in the liver between control and rTPO-

treated mice (Figure 6.13D).  However, there was a general increase in the 

number of all immune cell populations after rTPO treatment in schistosome 

infection with the eosinophil population reaching significance (p<0.05) (Figure 

6.13E).  Similarly, there was no difference in the percentage of CD41+ 

aggregates after rTPO treatment but the total number of eosinophil and 

macrophage PLA was significantly increased in schistosome-infected mice 

treated with rTPO (Figure 6.13F-G).  Despite the increase in total number of 

platelet aggregates there was no difference in RELMα or MHCII expression by 

eosinophils, macrophages or monocytes in the liver (Figure 6.14A-C).  As 

there were more PLA following rTPO treatment we were able to perform 

pairwise comparison of CD41+ and CD41- populations.  Consistent with our 

findings in Chapter 3, CD41+ eosinophils in schistosome infection were 

RELMαlo compared with the RELMαhi CD41- sub-population, and this was also 

the case in the presence of rTPO (Figure 6.15A).  Moreover, when 

considering the CD41+ macrophage populations in schistosome infection with 

rTPO treatment, these showed a similar trend with the CD41+ macrophages 

being RELMαhi MHCIIlo (Figure 6.15B).  In this experiment there was little 

difference between the CD41+ and CD41- subsets of hepatic monocytes in 

terms of their RELMα and MHCII expression in the presence or absence of 

rTPO (Figure 6.15C).  We also looked at the CD4+ T cell populations in the 

liver and spleen to see whether enhanced PLA with APC impacted on T cell 

activation.  However, this did not appear to be the case as no difference was 

seen in CD4+ T cell production of IL-4, IL-10 and IFNγ in the presence of rTPO 

(Figure 6.16A-B).   
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Figure 6.11 TPO and TPO mimetic signalling via MPL receptor 

Simplified representation of TPO (green), Romiplostim (red) and Eltrombopag/ 

Avatrombopagelon (orange) interactions at different sites of the MPL receptor and one of the 

downstream signalling pathways that is stimulated.  Based on (412). 
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Figure 6.12 Partial platelet enhancement with rTPO treatment 

A) C57BL/6 mice were infected with ~35 S. mansoni cercariae (Sm), at 9 weeks mice were 

injected IP with 10ug/mouse recombinant mouse TPO or PBS 3 times per week for 2 weeks.  

Mice were harvested at 11 weeks post-infection.  Terminal brachial tail bleed B) platelet count, 

C) mean platelet volume.  D) Representative ploidy histograms and E) quantification of CD41+ 

MK in the BM of 1 femur. (Naive PBS n=4 (grey), Naive rTPO n=4 (light pink), Sm PBS n=7 

(blue), Sm rTPO n=9 (pink)).  Data representative of 2 independent experiments.  Statistical 

significance determined by one-way ANOVA with post-hoc Tukey’s test on the mean of each 

group (B-C, G).  Non-significance (p>0.05) not shown.   
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Figure 6.13 Significant increase in the number of PLA in the liver in schistosome 

infection with rTPO 

C57BL/6 were infected with ~35 S. mansoni cercariae (Sm), at 9 weeks mice were injected IP 

with 10ug/mouse recombinant mouse TPO or PBS 3 times per week for 2 weeks.  Mice were 

harvested at 11 weeks post-infection. Post-mortem A) liver, B) spleen weights and C) 

schistosome egg counts in the liver.  D) Percentage and E) number of leukocyte populations 

in the liver and F) percentage and G) number of CD41+ leukocyte populations.  (Naive PBS 

n=4 (grey), Naive rTPO n=4 (light pink), Sm PBS n=7 (blue), Sm rTPO n=9 (pink)).  Data 

representative of 2 independent experiments. Statistical significance determined by one-way 

ANOVA with post-hoc Tukey’s test on the mean of each group (A-B, D-G) or unpaired 

Student’s t-test (C).  Non-significance (p>0.05) not shown.   
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Figure 6.14 No difference in activation marker expression in the presence or absence 

of rTPO 

C57BL/6 were infected with ~35 S. mansoni cercariae (Sm), at 9 weeks mice were injected IP 

with 10ug/mouse recombinant mouse TPO or PBS 3 times per week for 2 weeks.  Mice were 

harvested at 11 weeks post-infection. A) Percentage of RELMα in hepatic eosinophils.  

Percentage of RELMα and MHCII by hepatic B) Ly6Clo macrophages and C) Ly6Chi 

monocytes. (Naive PBS n=4, Naive rTPO n=4, Sm PBS n=7, Sm rTPO n=9).  Data 

representative of 2 independent experiments. Statistical significance determined by one-way 

ANOVA with post-hoc Tukey’s test on the mean of each group (A-B, D-G) or unpaired 

Student’s t-test (C).  Non-significance (p>0.05) not shown.  
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Figure 6.15 Eosinophil, macrophage and monocyte subsets interact with platelets to 

the same extent in the presence or absence of rTPO 

C57BL/6 were infected with ~35 S. mansoni cercariae (Sm), at 9 weeks mice were injected IP 
with 10ug/mouse recombinant mouse TPO or PBS 3 times per week for 2 weeks.  Mice were 
harvested at 11 weeks post-infection. A) Pairwise comparison of CD41-/+ hepatic eosinophils 
with respect to RELMα expression. Pairwise comparison of CD41-/+ hepatic B) Ly6Clo 
macrophages and C) Ly6Chi monocytes with respect to RELMα and MHCII. (Naive PBS n=4, 
Naive rTPO n=4, Sm PBS n=7, Sm rTPO n=9).  CD41--white, CD41+-orange. Data 
representative of 2 independent experiments. Statistical significance determined by paired t-
test of the mean between CD41-/+ groups (A-C). Non-significance (p>0.05) not shown.  
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Figure 6.16 No difference in hepatic or splenic CD4+ T cell responses after rTPO 

treatment 

C57BL/6 were infected with ~35 S. mansoni cercariae (Sm), at 9 weeks mice were injected IP 

with 10ug/mouse recombinant mouse TPO or PBS 3 times per week for 2 weeks.  Mice were 

harvested at 11 weeks post-infection. Single cell suspensions (2-4x106 cells) from liver and 

spleen isolation processing were cultured for 4hr at 37oC with 1μg/ml Ionomycin, 10μg/ml PMA 

and 10μg/ml Brefeldin A.  Percentage of IL-4, IL-10 and IFNγ by CD4+ T cells in the A) liver 

and B) spleen.  (Naive PBS n=4, Naive rTPO n=4, Sm PBS n=7, Sm rTPO n=9).  Data 

representative of 2 independent experiments. Statistical significance determined by one-way 

ANOVA with post-hoc Tukey’s test on the mean of each group (A-B).  Non-significance 

(p>0.05) not shown.  
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6.3.4 Do elevated platelet counts affect the immune response in 

schistosome infection - Romiplostim? 

Having observed only a subtle increase in platelet number in vivo following 2 

weeks treatment with rTPO we next tried sustained treatment with the TPO 

mimetic Romiplostim.  Here naive and schistosome-infected mice were given 

Romiplostim once a week for 4 weeks beginning at week 6 post-infection 

based on pilot optimisation experiments (Figure 6.17A, Appendix  6).  We 

wanted to examine whether elevated platelet counts from the point of 

schistosome egg laying (~6 weeks post-infection) to the more chronic stages 

impacted on infection-induced immune response and pathology.  Platelets and 

MPV were significantly and substantially elevated from as early as 1 week of 

treatment in both naive and schistosome-infected mice given Romiplostim 

(Figure 6.17B-C).  Interestingly, at all time-points the platelet count in 

schistosome-infected mice treated with Romiplostim was lower than that in 

naive Romiplostim controls, but the MPV was significantly higher.   

In Chapter 3 we showed that despite a significant reduction in circulating and 

hepatic TPO there was still sustained numbers of MK in the BM, but that these 

were skewed towards lower ploidy (predominantly 4N).  Here we see that 

Romiplostim massively increased the number of MK in the BM to the same 

extent in both naive and schistosome-infected mice (Figure 6.17D-E).  

Moreover, the percentage of CD68+ macrophages was depleted in the BM of 

infected mice regardless of Romiplostim treatment (Figure 6.17D, F).  In naive 

mice most notably, Romiplostim caused a significant reduction in 16N MK but 

increased 4N and 32N MK (Figure 6.17G-H).  However, in schistosome 

infection Romiplostim did not significantly increase 32N MK but increased 2N, 

4N and 8N populations alongside reduced 16N (Figure 6.17G-H).   

With Romiplostim being a TPO mimetic and having significant effects on BM 

MK we were interested to assess whether other stem cell and progenitor 

populations were also impacted.  Romiplostim caused a significant increase in 

the percentage of LSK cells in the BM which was further increased in 

schistosome infection (Figure 6.18A-B).  This was primarily a result of 

expanded MPP2, MPP3 and LT-HSC populations, and was consistent with the 
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reverse phenotype (i.e. reduced numbers of LSK cells) seen before in MPL-/- 

mice (Figure 6.18C and Figure 6.7D).   

Given the significant changes at the BM level and in circulating platelet 

number, we next assessed gross pathological changes.  Whilst there was no 

difference in hepatomegaly, the spleen was significantly larger in schistosome-

infected mice treated with Romiplostim (Figure 6.19A-B).  There was no 

significant difference in schistosome egg counts in the liver or intestines, 

however there were trends of elevation in the liver (Figure 6.19C-D).  There 

was also no difference in the percentage of granuloma coverage or in the 

average granuloma diameter in the liver indicating boosting platelet numbers 

did not substantially impact on disease pathology (Figure 6.19E-G).  

Treatment of both naive and schistosome-infected mice with Romiplostim led 

to an increase in liver CD41+ MK compared with their untreated counterparts, 

although this was only significant for naive mice (Figure 6.20A-B).  Perhaps 

surprisingly given that infection caused elevated liver MK numbers, 

Romiplostim treatment led to significantly more MK in the liver of naive mice 

compared with infected mice.  These differences in hepatic MK number may 

reflect the higher platelet levels in naive mice following Romiplostim treatment 

compared with schistosome infection (Figure 6.20B).    

As circulating platelets increased over 3-fold with Romiplostim treatment we 

next examined whether this led to increased PLA and altered the recruitment 

of inflammatory cells to the liver, as has been observed in other tissue sites 

(206,222,226,313,398).   Romiplostim did not alter the proportion or number 

of liver eosinophils following infection but did lead to increases in neutrophils 

and monocytes in both naive and infected animals (Figure 6.21A-B).  In terms 

of PLA, Romiplostim increased the percentage of CD41+ leukocytes of all 

myeloid cells in naive and infected animals and reached significance (p<0.05) 

for eosinophils and macrophages (Figure 6.21C).  Moreover, there were 

significantly more CD41+ macrophages, monocytes and B cells in 

Romiplostim-treated schistosome-infected mice compared with those that 

were untreated (Figure 6.21C, E).  This was also reflected in total cell number 

with there being significantly more CD41+ eosinophils, neutrophils and 

monocytes (Figure 6.21D-E).   
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As there were more PLA, we next assessed the phenotype and activation of 

these immune cell populations.  Here we showed eosinophils, macrophages 

and monocytes expressed RELMα to the same extent in the presence or 

absence of Romiplostim (Figure 6.22A-C) and this was also the case for 

MHCII expression by macrophages.  In contrast, Romiplostim treatment of 

infected mice led to reduced monocyte MHCII expression compared with 

control infected mice (Figure 6.22C).  Furthermore, monocyte/ macrophages 

that were CD41+ from infected, Romiplostim-treated mice were no longer 

MHCIIlo compared with their CD41- MHCIIhi counterparts, instead there was no 

difference between the CD41+/- subsets and MHCII expression.  We also 

tested whether macrophages and monocytes responded similarly to LPS 

stimulation.  We were only able to examine schistosome-infected liver samples 

because of the low cell numbers recovered from naive mice.  This showed that 

Romiplostim did not affect the ability of macrophages or monocytes to produce 

IL-10, IL-6 or TNFα following LPS stimulation (Figure 6.23A, C).  We also 

performed pairwise comparisons of the CD41+ and CD41- populations and 

showed that even though there were more PLA after Romiplostim treatment 

the direction of the immune response by monocytes and macrophages 

remained unchanged with respect to IL-10, IL-6 and TNFα (Figure 6.23B, D).  

There was a relatively high degree of variation between samples due to low 

cell numbers that were analysed because some platelet interactions were lost 

during the detachment process of the monocytes and macrophages.  Despite 

this, when we examined the macrophage and monocyte populations together 

CD41+ cells were IL-6hi TNFαlo, and there was no difference in IL-10 

expression (Appendix  7).  This was consistent with qPCR transcript level 

analysis in Figure 3.25.   

Although we saw no significant increase in aggregates between T cells and 

platelets after Romiplostim treatment, we were again interested to see whether 

platelet binding to myeloid cells that can be MHCIIhi offers a mechanism by 

which platelets can influence the T cell response.  Moreover, as platelets have 

now been shown to express MHCII and present antigen to T cells in some 

pathological states we next examined the lymphoid response in these mice, 

focusing primarily on CD4+ T cells which predominate during schistosome 
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infection (413).  Again, due to limited cell numbers we only assessed 

schistosome-infected samples and showed liver CD4+ T cells from 

Romiplostim-treated mice responded the same extent to PMA/Ionomycin 

stimulation with respect to IL-4, IL-10, IL-13 and IFNγ (Figure 6.24A).  

Pairwise comparisons of CD41+/CD41- populations demonstrated how 

platelets were interacting with specific subsets of CD4+ T cells i.e. IL-4lo, IL-

10lo, IL-13lo and IFNγhi and this was unchanged after Romiplostim treatment 

(Figure 6.24B-C).  We next assessed whether the surface phenotype of 

activation markers in CD4+ T cells was impacted by Romiplostim treatment.  

Schistosome infection induced a marked expansion of TE/M (CD44+CD62L-) 

cells, and these were also expanded in schistosome-infected mice treated with 

Romiplostim (Figure 6.24D-E).  Whilst Romiplostim did not alter the response 

in infection it did cause changes in the surface phenotype of CD4+ T cells from 

naive mice, with loss of CD62L- CD44- cells and replacement with TE/M cells 

(Figure 6.24D-E).  There was a lot of sample variation and little difference was 

seen in the interaction of platelets and the different populations of CD4+ T cells 

(Figure 6.24F).       

Having examined the pathological and immunological changes occurring in 

the liver, we next wanted to assess whether the spleen had become a reservoir 

for excess platelets and whether this was contributing to the enhanced 

splenomegaly following schistosome infection and Romiplostim treatment 

(Figure 6.19B).  Fluorescence microscopy of the spleen from both naive and 

schistosome-infected mice treated with Romiplostim showed a significant 

increase in CD41+ staining, with the majority being nucleated, suggestive of 

MK (Figure 6.25A-D).  All MK were localised within the red pulp and infection 

did not further increase the number of MK associated with Romiplostim 

treatment.  Given the significant increase in MK in the spleen and their 

potential immunological roles we looked to see whether the immune cell 

fractions of the spleen were impacted by Romiplostim treatment.  In naive 

mice, Romiplostim increased the percentage of neutrophils, macrophages and 

monocytes in the spleen, but this was not seen in schistosome infection or 

reflected in total cell number (Figure 6.26A-B).  However, in schistosome 

infection Romiplostim caused a significant reduction in both percentage and 
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number of B cells as well as a reduction in the number of CD4+ T cells (Figure 

6.26A-B).  Romiplostim significantly increased the percentage of CD41+ 

eosinophils, macrophages and monocytes in naive mice, and this extended to 

all immune cell populations except neutrophils in schistosome infection 

(Figure 6.26C).  The total number of CD41+ immune cells was also elevated 

in all cell populations after Romiplostim treatment of schistosome-infected 

mice, with eosinophils, monocytes, B cells and CD4 T cells reaching 

significance (p<0.05) (Figure 6.26D).  In Chapter 3.23 we showed platelets 

preferentially interacted with a specific subset of spleen TE/M cells that were IL-

4hi IL-10hi IL-13hi and IFNγhi.  Given the significant increase in platelet 

interactions after Romiplostim treatment we wanted to assess whether these 

impacted on immune cell activation.  We showed splenic CD4+ T cells still 

produced elevated IL-4, IL-10 and IL-13 in schistosome infection after 

Romiplostim treatment, however the previously observed increase in IFNγ 

production was less marked after Romiplostim suggesting the immune 

response may be more strongly type 2-polarised (Figure 6.27A).  

Comparisons of the CD41+ and CD41- subsets were consistent with our 

findings in Figure 3.23 showing that platelets preferentially interacted with 

cytokine-producing CD4+ T cells in the spleen and this remained the case for 

all cytokines, even IFNγ production that was lower after Romiplostim treatment 

(Figure 6.27B).  Given the significant difference in T cell surface phenotype in 

the liver with Romiplostim treatment it was surprising to see that this was not 

the case in the spleen and that there were no significant differences in naive 

versus activated T cell populations in the presence or absence of Romiplostim 

(Figure 6.27C-D).  It was however, more evident in the spleen that CD41+ T 

cells were primarily TE/M or TCM (Figure 6.27E).   

Our “platelet-boosting” experiments have shown that mice do not die 

prematurely as a result of excessive spontaneous thrombus formation.  

Moreover, schistosome-infected mice showed less of an increase in circulating 

platelets after treatment but enhanced PLA.  Whilst platelet boosting did not 

induce profound changes in immune cell phenotype, together these 

experiments have highlighted infection-induced PLA that arise in the liver and 

spleen.   
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Figure 6.17 Infected mice respond less well to Romiplostim than naive mice 

A) C57BL/6 mice were infected with ~35 S. mansoni cercariae (Sm), at 6 weeks mice were 

injected subcutaneously with 2.2μg/mouse Romiplostim or PBS once a week for 4 weeks, with 

weekly tail bleed monitoring.  Mice were harvested at 10 weeks post-infection.  Terminal 

6.17 
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brachial tail bleed B) platelet count, C) mean platelet volume.  D) Representative fluorescent 

images and quantification of the E) number of MK per field of view and F) percentage of CD68+ 

macrophages in the BM.  G) Representative ploidy histograms and H) quantification of CD41+ 

MK in the BM of 1 femur. (Naive PBS n=3 (grey), Naive Romiplostim n=4 (light pink), Sm PBS 

n=4 (blue), Sm Romiplostim n=6 (pink)).  Data representative of a single experiment.  

Statistical significance determined by one-way ANOVA with post-hoc Tukey’s test on the 

mean of each group (B-C, E-F G).  Non-significance (p>0.05) not shown.   

 

 

 

 

 

Figure 6.18 Expansion of LSK cells and progenitor populations after Romiplostim 

treatment 

C57BL/6 mice were infected with ~35 S. mansoni cercariae (Sm), at 6 weeks mice were 

injected subcutaneously with 2.2μg/mouse Romiplostim or PBS once a week for 4 weeks, with 

weekly tail bleed monitoring.  Mice were harvested at 10 weeks post-infection. A) 

Representative FACS staining and B) percentage of LSK cells in the BM.  C) Flow cytometry 

quantification of progenitor cell subsets (MPP2-CD48+CD150+, MPP3/4-CD48+CD150-, LT-

HSC-CD48-CD150+, ST-HSC-CD48-CD150-).  (Naive PBS n=3, Naive Romiplostim n=4, Sm 

PBS n=4, Sm Romiplostim n=6).  Data representative of a single experiment.  Statistical 

significance determined by one-way ANOVA with post-hoc Tukey’s test on the mean of each 

group (B-C, E-F G).  Non-significance (p>0.05) not shown.   
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Figure 6.19 Enhanced splenomegaly in schistosome mice treated with Romiplostim 

C57BL/6 mice were infected with ~35 S. mansoni cercariae (Sm), at 6 weeks mice were 

injected subcutaneously with 2.2μg/mouse Romiplostim or PBS once a week for 4 weeks, with 

weekly tail bleed monitoring.  Mice were harvested at 10 weeks post-infection.  Postmortem 

A) liver, B) spleen weights and C) hepatic schistosome egg counts.  E) Representative images 

of Masson’s Trichrome stained infected livers and quantification of F) the percentage of 

granuloma coverage and G) the average granuloma diameter.  (Naive PBS n=3, Naive 

Romiplostim n=4, Sm PBS n=4, Sm Romiplostim n=6).  Data representative of a single 

experiment.  Statistical significance determined by one-way ANOVA with post-hoc Tukey’s 

test on the mean of each group (A-B) or student’s unpaired t-test (C-D, F-G).  Non-significance 

(p>0.05) not shown.   
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Figure 6.20 Fewer MK in the liver of schistosome-infected mice with Romiplostim 

compared with naive mice 

C57BL/6 mice were infected with ~35 S. mansoni cercariae (Sm), at 6 weeks mice were 

injected subcutaneously with 2.2μg/mouse Romiplostim or PBS once a week for 4 weeks, with 

weekly tail bleed monitoring.  Mice were harvested at 10 weeks post-infection.  A) 

Representative fluorescent staining of livers with DAPI (blue), TPO (red) and CD41 (yellow).  

Images taken using 10x objective and 0.6x zoom.  B) Quantification of fluorescent images of 

the number of MK per field of view.  (Naive PBS n=3, Naive Romiplostim n=4, Sm PBS n=4, 

Sm Romiplostim n=6).  Data representative of a single experiment.  Statistical significance 

determined by one-way ANOVA with post-hoc Tukey’s test on the mean of each group (B). 

Non-significance (p>0.05) not shown.   
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Figure 6.21 Romiplostim significantly increases the percentage and number of PLA in 

the liver 

C57BL/6 mice were infected with ~35 S. mansoni cercariae (Sm), at 6 weeks mice were 

injected subcutaneously with 2.2μg/mouse Romiplostim or PBS once a week for 4 weeks, with 

weekly tail bleed monitoring.  Mice were harvested at 10 weeks post-infection.  A) Percentage 

and B) number of leukocyte populations in the liver and C) percentage and D) number of 

CD41+ leukocyte populations.  E) Representative CD41 staining of macrophages and 

monocytes.  (Naive PBS n=3 (grey), Naive Romiplostim n=4 (light pink), Sm PBS n=4 (blue), 

Sm Romiplostim n=6 (pink)).  Data representative of a single experiment.  Statistical 

significance determined by one-way ANOVA with post-hoc Tukey’s test on the mean of each 

group (A-D). Non-significance (p>0.05) not shown.   
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Figure 6.22 Significantly lower MHCII expression by hepatic monocytes after 

Romiplostim treatment 

C57BL/6 mice were infected with ~35 S. mansoni cercariae (Sm), at 6 weeks mice were 

injected subcutaneously with 2.2μg/mouse Romiplostim or PBS once a week for 4 weeks, with 

weekly tail bleed monitoring.  Mice were harvested at 10 weeks post-infection.  A) Percentage 

of RELMα in hepatic eosinophils and pairwise analysis of CD41+/- subsets.  Percentage of 

RELMα and MHCII by hepatic B) Ly6Clo macrophages and C) Ly6Chi monocytes and pairwise 

analysis of the CD41+/- subsets. (Naive PBS n=3, Naive Romiplostim n=4, Sm PBS n=4, Sm 

Romiplostim n=6).  CD41--white, CD41+-orange.  Data representative of a single experiment.  

Statistical significance determined by one-way ANOVA with post-hoc Tukey’s test on the 

mean of each group and paired t-test of the mean between CD41+ and CD41- populations (A-

C). Non-significance (p>0.05) not shown.   
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Figure 6.23 No difference in the response of macrophages and monocytes to LPS 

between Romiplostim and untreated mice 

C57BL/6 mice were infected with ~35 S. mansoni cercariae (Sm), at 6 weeks mice were 

injected subcutaneously with 2.2μg/mouse Romiplostim or PBS once a week for 4 weeks, with 

weekly tail bleed monitoring.  Mice were harvested at 10 weeks post-infection.  Single cell 

suspensions (2-4x106 cells) from liver isolation processing were cultured for 3hr at 37oC with 

1μg/ml LPS and 10μg/ml Brefeldin A. A) Percentage of IL-10, IL-6 and TNFα and B) pairwise 

analysis of CD41+/- subsets of Ly6Clo macrophages. C) Percentage of IL-10, IL-6 and TNFα 

and D) pairwise analysis of CD41+/- subsets of Ly6Chi monocytes.  (Sm PBS n=4 (blue), Sm 

Romiplostim n=6 (pink)).  CD41--white, CD41+-orange.  Data representative of a single 

experiment.  Statistical significance determined by Student’s unpaired t-test (A, C) and paired 

t-test of the mean between CD41+ and CD41- populations (D, D-E). Non-significance (p>0.05) 

not shown.   
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Figure 6.24 Romiplostim enhances hepatic CD44+CD62L- T cells in naive mice but not 

in schistosome infection 

C57BL/6 mice were infected with ~35 S. mansoni cercariae (Sm), at 6 weeks mice were 

injected subcutaneously with 2.2μg/mouse Romiplostim or PBS once a week for 4 weeks, with 

weekly tail bleed monitoring.  Mice were harvested at 10 weeks post-infection. Single cell 

6.24 
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suspensions (2-4x106 cells) from liver isolation processing were cultured for 4hr at 37oC with 

1μg/ml Ionomycin, 10μg/ml PMA and 10μg/ml Brefeldin A A) Percentage of cytokine 

production and B) pairwise analysis of CD41+/- subsets.  C) Representative FACS plots and 

D) quantification of CD4+ T cell activation markers CD44 and CD62L.  E) Pairwise analysis of 

CD41+/- subsets with respect to CD44 and CD62L expression.  (Naive PBS n=3 (grey), Naive 

Romiplostim n=4 (light pink), Sm PBS n=4 (blue), Sm Romiplostim n=6 (pink)).  CD41+-white, 

CD41+-orange. Data representative of a single experiment.  Statistical significance determined 

by Student’s unpaired t-test (A), paired t-test between CD41+/- groups (B, E) and one-way 

ANOVA with post-hoc Tukey’s test on the mean of each group.  Non-significance (p>0.05) not 

shown.   
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Figure 6.25 Significantly more MK in the spleen of both naive and infected mice with 

Romiplostim treatment 

C57BL/6 mice were infected with ~35 S. mansoni cercariae (Sm), at 6 weeks mice were 

injected subcutaneously with 2.2μg/mouse Romiplostim or PBS once a week for 4 weeks, with 

weekly tail bleed monitoring.  Mice were harvested at 10 weeks post-infection.  A) 

Representative fluorescent staining of spleens with DAPI (blue), B220 (green), CD41 (yellow) 

and F4/80 (red) and B) isotype controls.  Images taken using 10x objective and 0.6x zoom.  

Quantification of fluorescent images of C) the number of MK per field of view and D) 

percentage coverage of CD41 staining.  (Naive PBS n=3, Naive Romiplostim n=4, Sm PBS 

n=4, Sm Romiplostim n=6).  Data representative of a single experiment.  Statistical 

significance determined by one-way ANOVA with post-hoc Tukey’s test on the mean of each 

group (C-D). Non-significance (p>0.05) not shown.   
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Figure 6.26 Romiplostim significantly increases the percentage and number of PLA in 

the spleen 

C57BL/6 mice were infected with ~35 S. mansoni cercariae (Sm), at 6 weeks mice were 

injected subcutaneously with 2.2μg/mouse Romiplostim or PBS once a week for 4 weeks, with 

weekly tail bleed monitoring.  Mice were harvested at 10 weeks post-infection.  A) Percentage 

and B) number of leukocyte populations in the spleen and C) percentage and D) number of 

CD41+ leukocyte populations. (Naive PBS n=3 (grey), Naive Romiplostim n=4 (light pink), Sm 

PBS n=4 (blue), Sm Romiplostim n=6 (pink)).  Data representative of a single experiment.  

Statistical significance determined by one-way ANOVA with post-hoc Tukey’s test on the 

mean of each group (A-D). Non-significance (p>0.05) not shown.   
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Figure 6.27 Romiplostim reduced IFNγ production by splenic CD4+ T cells in 

schistosome infection 

C57BL/6 mice were infected with ~35 S. mansoni cercariae (Sm), at 6 weeks mice were 

injected subcutaneously with 2.2μg/mouse Romiplostim or PBS once a week for 4 weeks, with 

weekly tail bleed monitoring.  Mice were harvested at 10 weeks post-infection. Single cell 

suspensions (2-4x106 cells) from spleen isolation processing were cultured for 4hr at 37oC 

with 1μg/ml Ionomycin, 10μg/ml PMA and 10μg/ml Brefeldin A A) Percentage of cytokine 

production and B) pairwise analysis of CD41+/- subsets.  C) Representative FACS plots and 

D) quantification of activation markers CD44 and CD62L.  E) Pairwise analysis of CD41+/- 

subsets with respect to CD44 and CD62L expression.  (Naive PBS n=3 (grey), Naive 

Romiplostim n=4 (light pink), Sm PBS n=3 (blue), Sm Romiplostim n=6 (pink)).  CD41+-white, 

CD41+-orange.  Data representative of a single experiment.  Statistical significance 

determined by Student’s unpaired t-test (A), paired t-test between CD41+/- groups (B, E) and 

one-way ANOVA with post-hoc Tukey’s test on the mean of each group.  Non-significance 

(p>0.05) not shown.   
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6.4 Discussion 

Schistosome infection induced enhanced PLA with specific subsets of hepatic 

macrophages and monocytes (RELMαhi MHCIIlo).  However, platelets did not 

modulate these molecules in vitro and instead platelets preferentially 

interacted with activated macrophages.  Therefore, we were interested to test 

whether enhancing or decreasing these interactions in vivo would impact on 

the immunological response to schistosome infection.  As we have not 

identified receptor-ligand pair(s) responsible for PLA formation, we chose to 

examine the impact of systemic platelet depletion and enhancement in vivo.   

We first utilised the well-characterised model of monoclonal antibody-

mediated platelet depletion.  Here, we only observed a partial platelet 

reduction in schistosome infection which may reflect infection-induced 

impairments in phagocytic capacity of macrophages and monocytes that 

mediate ITP, as is the case in HIV (414).  This is also consistent with our data 

in Chapter 5 that showed M2-like macrophages in isolation were less able to 

phagocytose E. coli particles than M1-like macrophages.  An alternative 

explanation for partial depletion may be due to poorer drainage and circulation 

of the IP-injected anti-CD41 antibody in infected mice with 

hepatosplenomegaly.  However, platelet counts began to rise even in the naive 

anti-CD41 group by day 14, highlighting the challenges associated with 

repeated treatments of immunogenic rat antibodies.  Host antibodies against 

the administered anti-CD41 mAb may be promoted by the relatively high dose 

of antibody (0.4mg/kg) given from day 9, however similar dosing regimens 

have been shown to sustain platelet depletion for up to 28 days (405).  As 

anticipated, we observed an increase in MPV with anti-CD41 treatment and 

this was further enhanced in our schistosome-infected group.  This contrasted 

with a similar study performed in mice infected with L. donovani where anti-

CD41 treatment actually reduced the infection-induced high MPV, thus 

highlighting the context specificity of platelet responses (238).  As schistosome 

infection has a greater bleeding phenotype compared with L. donovani 

infection, depleting platelets in schistosomiasis may cause more bleeding 

which causes greater BM stress and results in the higher MPV.  Despite only 

partial platelet depletion, anti-CD41 treatment caused substantially reduced 
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survival in schistosome-infected mice, consistent with that observed by 

findings from Ngaiza et al. (1990) (269).  Interestingly, we did not observe an 

increase in hepatic schistosome egg burden in platelet-depleted mice as 

shown by Ngaiza et al. but this may reflect the lower cercarial infection dose 

used in our study (~30 cercariae vs 150-200 cercariae), the difference in 

mouse strain (C57BL/6 vs CBA), and/or the mechanism of platelet depletion 

(anti-CD41 antibodies vs rabbit anti-mouse platelet serum).  It is unclear what 

is driving platelet-depletion associated death in infected animals as there were 

no overt changes in multiple pathological parameters and immune cell 

responses including no difference in haematocrit, red blood cell number or 

size.  One hypothesis is that as injection of anti-CD41 antibodies drives the 

immune recognition of Fc regions by immune cells such as macrophages and 

monocytes this binding and internalisation drives metabolic reprogramming or 

changes the cytokine milieu to that which is unfavourable for an anti-

schistosome response (415).   

In order to assess the effect of sustained low platelet count on schistosome 

infection through a different route we moved to using MPL-/- mice.  Despite the 

absence of TPO signalling these mice had very low platelet counts 

~100x103/mm3 (normal ~1000x103/mm3),  the presence of this TPO-

independent population highlights that other cytokines can promote some level 

of platelet production (121,319).  Schistosome infection led to a further 

decrease in platelet counts, although this was not significant (p=0.053).  If we 

were able to continue this experiment to a later time-point in schistosome 

infection or with a higher cercarial burden it would be interesting to see 

whether platelet counts continued to fall or whether they would plateau at a 

low level.  As platelets were still detectable in circulation of these mice it 

suggests alternative, emergency platelet-producing mechanisms are 

occurring.  The MPV in schistosome-infected MPL-/- mice was significantly 

higher than in WT mice which again may reflect the production of platelets by 

TPO-independent mechanisms such as IL-1α-stimulated thrombopoiesis 

which results in platelets with a greater MPV compared with those from TPO-

stimulated MK (311).  In this platelet depletion model, we saw severe sickness 

and were forced to harvest at the early 7.5 week time-point.  This was most 
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likely because of BM failure, anaemia and intestinal haemorrhaging.  Given 

the low infection dose and early time-point we were surprised to see signs of 

intestinal haemorrhaging which is normally associated with high infection 

burden during later stages of infection.  This suggests there were insufficient 

platelets in these MPL-/- mice to stem bleeding in the vascular wall following 

schistosome egg transit across the gut.  Moreover, we observed a complete 

failure of all the BM stem and progenitor cell populations to respond to 

infection.  TPO has been shown as an important regulator of stem cell 

quiescence, it can activate HIF1α to drive a feedback loop to reduce oxidative 

stress and mediate glycolytic metabolism (416).  Therefore, in MPL-/- mice, 

they are unable to receive TPO signals and self-renewal proliferation is 

impeded leading to BM exhaustion (409).  In this regard, transplanted BM from 

MPL-/- mice failed to reconstitute in competition assays with WT cells even 

when given in 10-fold excess (409).  Given these significant BM changes, it 

was surprising that infected MPL-/- animals still had the same number of 

leukocytes in the liver after schistosome infection.  This may suggest that the 

extramedullary HSC found in the liver in schistosome infection are functional 

and sufficient to compensate for the BM failure (284).  It would therefore be 

interesting to isolate the extramedullary stem and progenitor cells and perform 

colony formation or transplant experiments to characterise their functionality.  

When we performed a pilot experiment using Fgd5-reporter mice 

(Fgd5ZsGreen•ZsGreen/+) to look for stem and progenitor cells in the liver in our 

model of chronic schistosome infection (417) we saw very few LT-HSC 

(ESLAM+) but did observe LSK progenitor populations, predominantly 

CD48+CD150- MPPs.         

In the future it would be of great value to perform schistosome infection in 

platelet specific conditional depletion mouse models.  For example the PF4-

DTR mouse line would allow longer periods of platelet depletion compared 

with antibody-mediated depletion and it would be specific to platelets and 

megakaryocytes rather than HSC (418,419).   

Given some of the challenges and caveats associated with platelet depletion 

we tried the complementary approach of enhancing platelet numbers using 

rTPO.  Here we observed minimal platelet elevation despite following a 
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treatment regimen previously optimised by members of the Hitchcock lab 

(unpublished data).  We also performed a repeat experiment using 

recombinant human TPO, instead of recombinant mouse TPO and this gave 

very similar results to those shown in Figure 6.12 - Figure 6.16.  Despite only 

a subtle increase in circulating platelets, a significant increase in high ploidy 

(>32N) MK in the BM was observed which was consistent with that described 

in the literature (420).  High-MK ploidy was also increased in schistosome 

infection with rTPO treatment, which along with the subtle enhancement of 

platelets, may suggest that MEP in schistosome infection are still capable of 

generating platelet-producing MK as TPO itself does not drive the proplatelet 

formation and release of platelets into circulation (420).  This may also indicate 

that TPO-independent mechanisms of megakaryopoieis occur in schistosome 

infection due to depleted hepatic and circulating TPO, and these are less-able 

to support the generation of platelet-producing MK.   

In contrast to rTPO, Romiplostim treatment induced a far more striking 

increase in total platelet count, MPV as well as MK number in the spleen and 

BM.  Infected mice treated with Romiplostim responded less well having lower 

platelet counts than their naive counterparts, which is consistent with 

accelerated platelet clearance in schistosome infection, pseudo-

thrombocytopenia due to more PLA and potentially MK that are less able to 

produce platelets in the BM.   

In these Romiplostim experiments there was a significant increase in the 

percentage of LSK cells in the BM in both naive and schistosome-infected 

mice (421).  This is consistent with the known stimulatory TPO signalling 

pathway and also with our results in MPL-/- mice that lack TPO signalling and 

had significantly reduced LSK levels.          

In the future it would be logical to look in sites such as the liver and spleen for 

extramedullary stem and progenitor populations.  This is of particular interest 

because in sepsis there are more MEP in the spleen that are capable of 

differentiating into MK whilst the total number of MK in the BM remained 

unchanged (164).  Moreover, Valet et al. (2022) identified a range of 

chemoattractant molecules such as stem cell factor that are reduced in the BM 
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during infection but are enhanced in the circulation.  This chemoattractant 

gradient then drives the egress of progenitor cells out of the BM to 

extramedullary sites (164).  It would therefore be interesting to assess whether 

a similar situation is occurring in schistosome infection which is contributing to 

the extramedullary MK that we have observed in the liver and spleen in 

Chapter 3.  A cytokine bead array assay performed by the Hewitson lab 

showed no change in stem cell factor in BM aspirates between naive and 

infected mice, suggesting stem cell factor might not be the cytokine involved 

here.  However, further chemokine arrays have shown other molecules such 

as CCL5 were elevated in BM aspirates in schistosome infection.  Consistent 

with previous reports, here we have shown that Romiplostim significantly 

increased the number of MK in the spleen as well as in the BM (422).  We also 

noted an increase of MK in the liver after Romiplostim treatment.  Surprisingly, 

there were actually fewer MK in the liver of schistosome-infected mice than in 

naive animals that had received Romiplostim.  This may be due to the altered 

inflammatory environment within the liver following schistosome egg 

deposition.  This could mean there was no longer such a favourable 

concentration gradient to drive the egress of MEP from the BM to the liver.  

However, due to the absence of schistosome eggs in the spleen the migration 

of stem and progenitor cells could still occur to the same extent as in the 

absence of schistosome infection. 

Regular platelet transfusions could be performed from naive animals at 

different time-points during infection as an alternative approach to assess 

whether having more platelets in circulation is beneficial.  This would minimise 

the modulation of other HSC through TPO-MPL signalling.  However, ensuring 

platelets remained completely inactive during the isolation and purification 

process would be challenging.  It would be of great interest to perform these 

infection studies and platelet transfusions in humanised mouse models given 

some of the differences in platelet surface receptors e.g. mice do not express 

FcγRIIA or the PAR1 receptor (423).  Moreover, humanised mouse models 

(423,424) would enable the transfusion of human platelets which can be 

isolated from venepuncture rather than a terminal cardiac bleed on a mouse 

which makes this a more ethically appealing model.     
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When considering the platelet-leukocyte interactions, there were minimal 

differences in the presence or absence of anti-CD41 treatment.  There were 

more platelet-neutrophil, and platelet-monocyte interactions in naive blood but 

this was not seen to the same extent in the liver or spleen.  This may reflect 

the different method of detecting platelets required in this experiment.  As 

shown in Chapter 3, in vivo X649 platelet labelling marks both platelets that 

have been internalised as well as those that are surface-bound.  In these ITP 

experiments, we were unable to determine whether platelets were inside or 

outside cells which may be responsible for the differences seen.  In a future 

experiment, isolated immune samples could be co-stained for anti-rat IgG to 

detect injected rat anti-CD41 antibody opsonised platelets which may also be 

adhering to leukocytes.  This would enable the distinction between surface-

bound and internalised platelets.   

There was a significant reduction in both circulating platelets (7-fold) and PLA 

(e.g. ~4-fold reduction in platelet-macrophage aggregates) in MPL-/- mice 

compared with their WT counterparts.  The formation of PLA potentially 

reduces the circulating pool of free platelets that can prevent bleeding, e.g. in 

the intestine.  Alternatively, PLA may be beneficial in schistosome infection as 

they can promote the trafficking of immune cells or platelets themselves to the 

right place to aid the anti-schistosome response (226).  Although rTPO 

treatment only caused a small increase (~1.3 fold) in circulating platelets, this 

was sufficient to induce a significant increase in PLA in the liver of 

schistosome-infected mice e.g. 3-fold more platelet-eosinophil aggregates 

than untreated controls.  This suggests schistosome infection and the 

associated inflammatory environment intrinsically alters platelets to drive 

enhanced leukocyte adhesion and/or the phenotype of leukocytes in 

schistosome infection favours platelet adhesion e.g. activated eosinophils are 

more “sticky” for platelets.  As anticipated given the significantly elevated 

platelet counts, there were significantly more PLA after Romiplostim treatment.  

As the percentage of CD41+ cells was highest in the macrophage and 

monocyte populations in Romiplostim treated infected mice, this supports our 

findings in Chapter 3 that platelets preferentially interact with hepatic 

monocytes and macrophages.  Furthermore, eosinophils were the second 
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most abundant CD41+ cell type, reflecting the large total number of these cells.  

However, despite there being ~10-fold fewer total monocytes in the liver than 

eosinophils in schistosome infection, monocytes were still the cell population 

which contributed most to the PLA.   

To explore these interactions further and better understand whether platelets 

were indeed preferentially interacting with particular subsets of immune cells 

i.e. RELMαlo eosinophils and RELMαhi MHCIIlo macrophages/monocytes, we 

analysed the expression of these molecules in both our platelet depletion and 

enhancement models.   

In MPL-/- mice there was a general trend of higher RELMα expression in liver 

eosinophils, although this was non-significant.  Increased RELMα in platelet-

deficient mice would be consistent with CD41+ eosinophils being RELMαlo as 

shown in Chapter 3 and may suggest that platelets do in fact modulate 

eosinophil RELMα expression.  This could be answered through in vitro 

experiments with BM-derived eosinophils (425).  However, whilst both rTPO 

and Romiplostim enhanced platelet numbers there was no significant 

difference in eosinophil RELMα expression, which is instead consistent with 

platelets not modulating expression but rather preferentially interacting with 

the RELMαlo subset of eosinophils.   

RELMα expression by monocytes and macrophages in MPL-/- mice as well as 

after rTPO and Romiplostim treatment also showed no consistent differences 

compared with their respective controls, which is consistent with platelets not 

modulating the production of RELMα by macrophages as shown in Chapter 

5.  In Chapter 3 we showed that CD41+ monocytes and macrophages were 

primarily MHCIIlo.  As such, if platelets were responsible for this down-

regulation we would have expected to see an overall increase in MHCII 

expression by monocytes and macrophages in the MPL-/- platelet depletion 

model and conversely decreased MHCII after rTPO and Romiplostim 

treatment.  We were surprised then that both MPL-/- and Romiplostim treated 

infected mice showed reduced monocyte and/or macrophage MHCII 

expression compared with controls, whereas there was no difference in anti-

CD41 or rTPO treated mice.  This may suggest the differences in 
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monocyte/macrophage MHCII expression are driven by other confounding 

factors which themselves impact the activation of these cells in schistosome 

infection rather than any direct platelet effect.  For example, the greatest HSC 

changes were seen in the MPL-/- and Romiplostim groups, so the changes in 

myeloid MHCII may reflect these earlier haematopoietic alterations, rather 

than differences in platelet number.   

Although platelet-T cell aggregates contribute far less than myeloid cells 

towards the total PLA count, we were interested to assess whether T cell 

responses were altered by platelet interactions either directly or indirectly via 

APC.  We focused primarily on the CD4+ T cell response as Th2 and broader 

type 2 responses characterise the host response to schistosomes and other 

helminths (75,76).  We found platelets preferentially interacted with cytokine-

producing (IL-4, IL-10, IL-13 and IFNγ) splenic CD4+ T cells.  Consistent with 

this, platelet-interacting CD4+ T cells were enriched for the activated 

CD44+CD62L- subsets.  Given TE/M CD4+ T cells migrate to peripheral tissues 

it would be interesting to assess upon entry into peripheral tissues, such as 

the liver whether platelets switch to primarily interacting with hepatic 

macrophage and monocyte populations rather than the TE/M cells.  This may 

also explain the low frequency of platelet-T cell interactions in the liver.  

Moreover, it would be interesting to investigate whether platelets facilitate the 

migration of TE/M cells to peripheral tissues or whether platelets utilise this T 

cell characteristic in order to reach a particular destination.  Given platelet 

depletion or enhancement resulted in minimal changes to liver immune cells, 

it suggests platelets may be harnessing the migratory capacity of these T cells 

rather than directly driving TE/M migration.   

Splenic CD4+ T cells produced more IFNγ when platelets were low (i.e. MPL-

/- mice) and less IFNγ when platelets were boosted with Romiplostim.  This 

may indicate platelets directly regulate CD4+ T cell IFNγ production.  

Alternatively, it may reflect the importance of platelets in plugging vascular 

damage in the intestines following schistosome egg transit across the 

intestinal wall.  We hypothesise that egg-induced intestinal bleeding in platelet-

depleted MPL-/- mice allowed pathogenic bacteria to translocate across the gut 

wall thereby enhancing the pro-inflammatory immune response and IFNγ 
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production by CD4+ T cells.  Consistent with this idea, in schistosome-infected 

mice treated with Romiplostim there were 3-fold more platelets, thereby 

reducing intestinal bacterial leakage, ultimately reducing IFNγ production by 

CD4+ T cells in these mice.  To test this hypothesis mice could be orally 

inoculated with fluorescently-labelled bacteria which could be tracked and 

imaged by fluorescence microscopy and flow cytometry along with the 

inflammatory response of immune cell populations (426).  Unfortunately, since 

this experiment was performed we have discovered considerable 

immunological differences that have arisen in the CD45.1 line of this C57BL/6 

mouse strain and therefore, these experiments need to be repeated in mice 

that have been fully screened.   

Together our complimentary approaches of manipulating platelet numbers in 

vivo in schistosome infection have demonstrated that platelets are 

preferentially interacting with specific subsets of hepatic monocytes and 

macrophages in schistosome infection but do not appear to modulate the 

expression of RELMα and MHCII within the time frames studied.  Depletion of 

platelets in schistosome infection, as a result of infection-induced 

thrombocytopenia (and exaggerated in platelet-deficient models), may result 

in intestinal bleeding due to an inability to plug vascular damage following the 

transiting of schistosome eggs.  As a consequence, there is a stronger pro-

inflammatory response which may result in the metabolic reprogramming of 

immune populations, impeding their function in the anti-schistosome 

response.  Therefore, boosting platelet numbers might be able to reverse 

bacterial translocation and immune cell metabolic reprogramming.  The 

immune consequences of egg-induced intestinal damage, bacterial 

translocation, and the role of platelets in stemming these processes must now 

be considered.   
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7. Discussion 

7.1 Key findings 

l 

 

Figure 7.1 Graphical summary of the key results shown in this thesis 

Thrombocytopenia observed in schistosome infection may be result of fewer platelet-

producing MK in the BM, accelerated platelet clearance and PLA.  There are multiple 

haemostatic changes in schistosome infection.  Platelet depletion resulted in ill-health of 

schistosome-infected mice and enhanced platelet numbers increased the number of PLA.   

 

7.1.1 Schistosome infection induces thrombocytopenia through 

multiple mechanisms  

We have used a murine model of chronic schistosomiasis to assess the impact 

of schistosome-induced type 2 immune responses on platelet production and 

immune cell interactions.  We have shown thrombocytopenia in schistosome 

infection to be multifaceted and partially sustained after elimination of adult 

worms.  Despite significantly reduced hepatic and circulatory TPO, the number 

of BM MK remained unchanged.  However, the reduction in high ploidy, 

platelet-producing MK would suggest there were fewer MK present that are 

able to produce platelets.  In addition, there is a significant increase in PLA in 
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schistosome infection, with enhanced surface-bound platelets in the blood 

(pseudo-thrombocytopenia) and platelet internalisation in the liver (immune-

mediated thrombocytopenia).  Platelet clearance was accelerated in 

schistosome infection but occurred in an FcRγ-independent manner and was 

coincident with enhanced platelet membrane asymmetry and exposure of “eat-

me” signals such as PS and platelet desialylation.   

Hepatic monocytes and macrophages were the major populations interacting 

with platelets.  Given that platelets are now known to be highly 

immunomodulatory, we dissected the consequences of these interactions.  

Platelet(+) monocytes/macrophages were primarily MHCIIlo RELMαhi 

compared with their platelet(-) counterparts.  Moreover, platelet(+) monocytes/ 

macrophages also expressed more Il6, Cxcl12 and Retlna but less Tnf at the 

transcript level compared with platelet(-) cells.  We have shown that this 

specific subset of monocyte/macrophages was found deeper within tissues 

and so likely do not represent a population of cells that has recently exited 

from the circulation.   

7.1.2 Schistosome infection has broad haemostatic consequences  

We are the first group to have explored the haemostatic changes in a murine 

model of schistosomiasis using whole blood aggregometry and longitudinal 

coagulometry.  The development of these two assays revealed schistosome 

infection induces spontaneous platelet aggregation in the absence of 

exogenous agonists or an overtly active platelet phenotype.  However, infected 

mice also have a prolonged clotting time with respect to both the intrinsic and 

extrinsic pathways as infection progressed to the chronic stages (10-12 

weeks).  This again highlights the idea that the intravascular adult worms, the 

highly immunogenic eggs and resultant systemic type 2 granulomatous 

response affects the complex haemostatic pathways at multiple levels.     

7.1.3 Platelets both preferentially interact with polarised macrophages 

and drive changes in macrophage phagocytosis 

Given the enhanced PLA with specific subsets of hepatic 

monocytes/macrophages, we used in vitro experiments with BM-Mɸ to reveal 

that rather than modulating macrophage polarisation, platelets instead 
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preferentially interact with polarised macrophages.  However, platelets also 

enhance the ability of M2-like macrophages to phagocytose E. coli 

bioparticles, although this is reduced when platelets from infected mice are 

used.  Furthermore, M2-like macrophages were the only population to show 

enhanced phagocytosis of platelets from infected mice compared with naive 

controls.  Together these experiments demonstrated the functional changes of 

M2-like macrophages that occur as a result of interactions with platelets from 

naive and infected mice.   

7.1.4 In vivo modulation of platelet levels reveals potential for their dual 

role in haemostasis and immune modulation  

Using multiple in vivo models of platelet depletion and enhancement we have 

shown the interconnected role of platelets in both haemostasis and immune 

modulation.  Platelet deficient mice, both MPL-/- and WT treated with anti-CD41 

mAb failed to survive schistosome infection.  Additional factors such as 

suspected BM failure and altered immune cell responses respectively make it 

difficult to definitively identify platelets as the drivers of the enhanced mortality.  

Therefore, an alternative approach of enhancing platelet counts was used to 

assess their importance in schistosome infection inflammatory environment.  

Recombinant mouse TPO treatment caused only subtle increases in 

circulating platelet numbers, although it did significantly increase PLA 

compared with infection alone.  However, there were no overt changes in 

pathology or immune responses.  To achieve a more robust increase in 

platelets, we treated mice with Romiplostim which caused a significant 

increase in circulating platelets, PLA and platelet-platelet aggregates in 

multiple tissues.  Surprisingly, given the extensive literature showing platelets 

are immunomodulatory (Chapter 1.3), PLA caused relatively small changes in 

the immune response.  Liver egg counts and granuloma diameter showed an 

upwards trend with Romiplostim treatment, however this was not significant.  

There was an enhanced pro-inflammatory CD4+ T cell response in the spleen 

of schistosome-infected MPL-/- mice and Romiplostim treatment caused a 

moderate (non-significant) decrease in IFNγ-producing CD4+ T cells.  

Together, this may indicate platelets stem intestinal bleeding after schistosome 

egg migration, and their absence causes greater commensal translocation.  
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Notably, this experiment also showed that schistosome-infected mice 

responded less well to Romiplostim treatment with lower platelet counts than 

their naive counterparts which is consistent with MK in schistosome infection 

being less able to produce platelets alongside infection-induced increases in 

platelets clearance.   

7.2 Future work and applications 

Global transcriptomic, proteomic and metabolomic analysis of isolated 

platelets from naive and schistosome-infected mice would provide great 

insight not only into the haemostatic pathways but also help to identify the 

surface molecules responsible for enhanced PLA.  Moreover, sequencing 

FACS sorted hepatic CD41+ and CD41- monocytes/macrophages would help 

elucidate some of the functional changes that occur as a result of these 

interactions.  This would allow us to assess whether the changes we observed 

in vitro with BM-Mɸ (e.g. enhanced ability to phagocytose in the presence of 

platelets) can be mapped onto metabolomic changes like in the case of tumour 

associated macrophages following phagocytosis of neoplastic cells (322).   

Identifying the receptor-ligand pair or pairs responsible for the PLA is crucial 

in dissecting the effects of these aggregates in vivo in schistosome infection.  

Once identified, antibodies can be used to block the respective candidates, 

potentially alongside platelet-specific receptor/ligand knock-out animals.  This 

would allow for mechanistic examination of the effects of platelets on immune 

cell function in schistosome infection to assess whether they were beneficial 

or detrimental to pathology progression.  For example, blocking P-selectin in 

allergic asthma significantly reduced eosinophil activation, recruitment and 

overall hyperactivation (314).  As we have shown that P-selectin expression 

on platelets did not change with schistosome infection it is unlikely to be the 

receptor responsible for PLA.  However, identification of the receptor-ligand 

pair would provide a novel therapeutic target for schistosomiasis.  Although 

inhibiting or boosting PLA and platelet numbers is unlikely to prevent 

schistosome infection, if boosting platelet numbers reduces the pro-

inflammatory response and re-programmes immune cells, this may offer an 

alternative therapeutic option to PZQ.  We have shown that thrombocytopenia 

was sustained 4 weeks after PZQ treatment and adult worm clearance, and 
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this poses the interesting question as to how long infection-induced platelet 

changes are sustained.  This extends to other work performed by the Hewitson 

lab which is exploring the extent to which BM HSC/progenitors are impacted 

by the systemic inflammatory response and how this affects the immune 

response to subsequent infections or other challenges.  In a mouse model of 

chronic ITP, whilst stromal changes that occur in the BM revert back to normal 

after platelet counts recover, the vascular remodelling persists (405).  

Following PZQ treatment the number of PLA in the liver reduced, mirroring 

changes in total cell number.  However, the percentage frequency of PLA did 

not change, suggesting schistosome infection has re-programmed platelets 

and/or immune cells, resulting in changes to cell surface and/or intracellular 

components e.g. as has been shown by platelets response to dengue virus 

(427).   

Once it has been confirmed if there is an intrinsic change in platelets from 

schistosome-infected mice and that this is responsible for the spontaneous 

aggregation, it would be of great value to perform longitudinal aggregometry 

and coagulometry alongside PZQ treatment.  This would provide crucial 

information as to whether liver hepatocytes repair and restore production of 

TPO and the multiple haemostatic and clotting factors as the inflammatory 

response wanes.  It would be interesting to examine whether these changes 

are specific to schistosome infection or whether it is a more general feature of 

type 2 inflammation.  As intestinal schistosomiasis causes severe liver 

pathology, analysis of other helminth infections such as hookworm or other 

intestinal nematodes would be interesting.  These organisms induce strong 

type 2 inflammatory responses and may still cause BM changes but in the 

absence of liver pathology, therefore enabling the separation between 

pathology and the type 2 immune response.  We performed preliminary 

experiments treating mice with IL4-complex intraperitoneally for 2 weeks prior 

to harvesting the tissue.  We observed a similar increase in hepatic and splenic 

PLA, however the CD41+ monocytes/macrophages were RELMαhi and 

MHCIIhi, and therefore did not show the same platelet interactions with specific 

(RELMαhi and MHCIIlo) hepatic monocyte/macrophage populations as in 

schistosome infection.   
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TPO production by hepatocytes is fine-tuned by platelets and MK, and it has 

been shown that as platelets age they become desialylated.  Binding of 

exposed terminal galactose to the Ashwell-Morrel Receptor on hepatocytes 

subsequently drives TPO production (371).  Recently as yet unpublished work 

suggests Kupffer cells are essential intermediaries that enable platelet 

communication with hepatocytes.  Clodronate depletion of Kupffer cells in mice 

results in a significant reduction of TPO that could not be rescued even after 

transfusion of desialylated platelets (428).  This provides a potential new 

explanation for reduced hepatic and circulating TPO in schistosome infection.  

Despite increased numbers of desialylated platelets in schistosome infection, 

there are low levels of liver-resident Kupffer cells due to recruitment of BM-

derived monocytes and macrophages (116,115).  This would mean 

hepatocytes are less able to detect the desialylated platelets so would not 

produce additional TPO.  This hypothesis would depend on the BM-derived 

monocytes and macrophages in schistosome infection being unable to fulfil 

the role of Kupffer cells despite being educated in the liver environment.  

Similar chlodronate liposome experiments could be performed in schistosome 

infection to deplete BM-derived monocytes and macrophages, and TPO could 

be measured to see if it was further reduced.  In addition, desialylated platelets 

could also be transfused both before and after chlodronate depletion to test 

whether these could stimulate hepatic TPO production.   

Despite reduced TPO, there were still the same number of MK in the BM of 

naive and schistosome-infected mice which may be due to compensation by 

emergency megakaryopoiesis.  IL-1α, IGF-1, LIF, IL-6, IL-11 and CCL-5 have 

all been shown to play a role in emergency megakaryopoiesis (429) and there 

is evidence to suggest that both IL-6 and CCL-5 are also upregulated in 

schistosome infection (430–432).  Of note, IL-6 is thought to act by stimulating 

hepatic production of TPO and driving a positive feedback loop, whereas CCL-

5 is thought to act in a TPO-independent manner and signals via CCR-5 to 

inhibit MK apoptosis via the Akt pathway, ultimately driving megakaryopoiesis 

and pro-platelet formation (433,434).  Together, these data suggest the 

systemic inflammatory response present during schistosome infection is also 

having a significant impact on HSC development and differentiation in the BM.  
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Unpublished work in the Hewitson lab is continuing to dissect the long-term 

changes that are occurring in the BM using transplantation assays, in vitro 

single cell HSC cultures and transcriptomic approaches.  As observed in a 

recent pre-print by Wijshake et al. (2023), we have demonstrated a variety of 

short- and long-term changes to the BM composition (including massive 

eosinophilia, reduction of CD68+ macrophages, changes to stem and 

progenitor populations and alterations to the stem cell stromal niche) (284).  

The implications of an altered BM microenvironment are likely to have resulted 

in extramedullary MK in the liver and spleen in schistosome infection.  Key 

questions that remain include whether extramedullary MK are functionally 

capable of producing platelets, but this remains challenging due to their small 

number, large size and fragility.  Using the recently reported protocol of Sun et 

al. (2021), we could perform single-cell RNA sequencing on MK isolated from 

BM, as well as the extramedullary MK found in the liver and spleen in 

schistosome infection, to phenotype the sub-populations.  With MK now shown 

to secrete CXCL4, TGF-β, fibroblasts growth factor 1 and IGF-1 in the BM, the 

potential immunomodulatory roles of MK in the liver and spleen is very likely 

(429).  Moreover, assessing the lung MK population would be extremely 

valuable, given that it is now widely accepted that platelet production is at least 

in part carried out by lung MK (157–159).  This would be of particular relevance 

in severe cases of schistosomiasis which cause portal shunting and leads to 

schistosome eggs becoming lodged within the lung (435).  In some 

schistosome infections we isolated lung tissue as well as the spleen and liver.  

Preliminary findings suggest there is also enhanced PLA in this tissue, 

however further imaging and analysis would be required to identify MK and 

any changes that may be occurring.  As it has been suggested that lung MK 

share features of macrophages (including pathogen internalisation and 

antigen presentation (159)), it would also be interesting to use intra-vital 

microscopy to assess interactions between MK and schistosome eggs to 

determine whether they are involved in granuloma formation in a similar 

manner to alternatively activated macrophages.  An alternative approach for 

studying the lung would be to intravenously inject schistosome eggs into mice, 

this would enable us to dissect specific platelet interactions and MK changes 
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in the lung in a type 2 inflammatory environment in the absence of severe liver 

fibrosis (436–438).   

We have concentrated exclusively on schistosome infection using a mouse 

model to better understand the specific mechanisms and interactions that are 

occurring.  However, human infections are much more complicated due to both 

repeated exposure to schistosomes and the potential for co-infection with 

other pathogens.  Many clinical studies have described the frequency and 

complexities of co-infection alongside schistosomiasis.  Whilst prior 

schistosome infection reduces the severity of subsequent infections by 

Helicobacter pylori (H. pylori) (439), it can also worsen infections such as, 

Plasmondium spp, Leishmania spp. and Salmonella spp.(439,440).    

Salmonella is a water borne bacterium that tends to reside within monocytes 

and macrophages in the liver and spleen of infected hosts (439).  This induces 

a Th1, IFNγ-dominated immune response which contrasts with the strong Th2, 

IL-4 mediated response in a chronic schistosome infection.  Salmonella 

induces severe thrombocytopenia and thrombus formation in the liver 

following platelet activation through the upregulation of podoplanin on 

macrophages which binds its cognate receptor CLEC-2 on platelets (441).  

Given the close association between platelets and macrophages in both 

infections it would be interesting to assess whether these interactions are 

altered in a co-infection and contributing to the increased severity of infection.  

H. pylori is another bacterium that induces a strong Th1 inflammatory 

response.  Bhattacharjee et al. (2019) identified T cell misdirection as one 

mechanism for the protective effect on both infections in a murine model (442).  

As we have shown that platelets enhance the ability of M2-like BM-Mɸ to 

phagocytose E. coli bioparticles in vitro, a co-infection model would be a good 

way to assess whether this is a similar case in vivo and whether this was also 

contributing to the improved bacteraemia.   

Currently schistosomiasis is diagnosed through the direct detection of 

schistosome eggs in the stool or urine or through immunological assays for 

antibodies against egg or adult worm antigens (443).  The limitation of egg 

detection is that adult worms have fully matured and the eggs being produced 
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will already be driving an inflammatory response.  All these assays fail to 

reliably detect low-level infection resulting in false negative test results.  

Moreover, the immunological assays are unable to distinguish between past 

and current infections.  We have shown platelet count decreases, MPV 

increases and platelets spontaneously aggregate in murine schistosome 

infection.  If this also reflects human infection, all of these could be used in 

combination for the diagnosis and prediction of schistosomiasis instead of just 

using one parameter alone which has shown variable success as a predictor 

(444).   

In recent years due to the abundance of platelets in the blood and their 

accessibility they have become an appealing bio-source for liquid biopsies.  In 

the context of cancer, platelets have been identified as a novel repository of 

multiple RNA biomarkers (mRNA, long noncoding RNA and mitochondrial 

RNA) (445).  Platelets acquire this material through their direct interaction with 

tumour cells and/or from their ability to scavenge tumour derived EV and 

releasates from circulation (446).  Platelets are anucleate cells but do possess 

functional translational machinery enabling them to process the acquired 

transcripts.  Isolated platelets can be analysed not only to assess their number, 

size and activation but also their tumour genetic material content.  This can be 

identified through a range of omics approaches using next generation 

sequencing, mass spectrometry, qPCR and microarrays (445).  This type of 

analysis has potential implications for infectious diseases such as 

schistosomiasis.  We have shown increased PLA in circulation and therefore 

it would be interesting to assess whether platelets in schistosome infection 

acquire genetic material from the monocytes/macrophages or eosinophils they 

interact with and whether this could be used for diagnosis at earlier stages of 

infection, prior to egg laying.  Furthermore, as schistosomes release a plethora 

of different excretory/secretory products at different lifecycle stages it would 

be of great interest to find out whether platelets scavenge any of this material 

(447) (Figure 7.2).  This could facilitate early detection prior to worm 

maturation and egg laying from a single blood test.  Moreover, as platelets 

have a relatively short half-life it may mean only current infections are 
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detected.  As schistosomiasis is endemic in many low-income countries the 

development of fast and easy, low-cost tests is essential.   

We have shown in this thesis that separating the haemostatic and 

immunological roles of platelets in schistosome infection is challenging given 

that a lack of platelets drives a bleeding phenotype, ill health, potential 

bacterial translocation, BM stress which together result in indirect effects on 

the immune response.  Therefore, directly targeting specific platelet-immune 

cell interactions would be the logical alternative option.  However, targeting 

specific genes or blocking specific immune receptors on platelets may result 

in impeded aggregation and impact on the haemostatic cascade.  These 

interdependencies make it difficult to determine whether platelets are 

specifically modulating immune cell responses in schistosome infection.  

However, we have clearly identified accelerated immune-mediated platelet 

clearance alongside a pseudo-thrombocytopenia.  We have also identified 

schistosome-specific platelet interactions with hepatic macrophages and 

monocytes which provides an exciting focus for future work.    

 

Figure 7.2 Potential use of platelets for liquid biopsy detection of schistosome infection 

Blood samples taken from a peripheral vein of patients who potentially have schistosomiasis.  

Platelets can be isolated and nucleic acid extracted from the cells.  Isolated nucleic acid could 

then be used to identify a range of cells and schistosome lifecycle stages that platelets have 

scavenged from circulation or acquired through their aggregation.     
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Abbreviations 

ACD Acid-citrate-dextrose 

ACE Angiotensin-converting enzyme 

ACK Ammonium-Chloride-Potassium 

ADP Adenosine diphosphate 

AMP Adenosine monophosphate 

AMR Ashwell-Morrell Receptor 

ANOVA Analysis of Variance 

AP Alkaline phosphatase 

aPTT Activated partial thromboplastin time 

BM Bone marrow 

BM-Mϕ Bone marrow-derived macrophages 

C57BL/6 
Common laboratory-bred strain of mice, often referred 
to as C57 black 6, C57, black 6 or B6 

CCL Chemokine ligand 

CCR Chemokine receptor 

CD Cluster of Differentiation 

CD62P P-selectin 

Cercs Cercariae 

CLD Chronic liver disease 

CLEC C-type lectin-like immune receptor 

CMP Common myeloid progenitor 

CNRIP Cannabinoid receptor interacting protein  

CXCR C-X-C motif chemokine receptor 

DAPI 4′,6-diamidino-2-phenylindole 

DC Dendritic cell 

DC-SIGN 
Dendritic cell-specific intercellular adhesion molecule-
3-grabbing nonintegrin 

DIC Disseminated intravascular coagulation 

DMEM Dulbecco's Modified Eagle Medium 

EBV Epstein-Barr virus 

E. coli Escherichia coli 

ELISA Enzyme linked immunosorbent assay 

EPCR Endothelial Protein C Receptor 

ES Excretory/Secretory 

EtOH Ethanol 

EV Extracellular vesicle 

FACS Fluorescence-activated cell sorter 

FCS Foetal Calf Serum 

FOV Field of View 

GMP Granulocyte/monocyte progenitor 
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GP Glycoprotein 

HBSS Hank’s balanced salt solution 

HCMV Human cytomegalovirus 

HIV Human immunodeficiency virus 

HMGB1 High-mobility group box 1 

H. pylori Helicobacter pylori  

HSC Haematopoietic stem cell 

ICAM Intracellular adhesion molecule 

IFN Interferon 

Ig Immunoglobulin 

IL Interleukin 

ILC Innate lymphoid cell 

iNOS Inducible nitric oxide synthase 

INR International normalised ratio 

IP Intraperitoneally 

IPSE IL-4 inducing principle of S. mansoni eggs 

ITP Immune thrombocytopenia 

IV Intravenously 

JAK Janus kinase 

KLF Krüppel-like factor 

kDa Kilo Dalton 

Ld Leishmania donovani (L. donovani) 

LDL Low-density lipoproteins 

LEF1 Lymphoid enhancer-binding factor 1 

LPS Lipopolysaccharide 

LSK Lineage(-) Sca-1(+) c-Kit(+) 

mAb Monoclonal antibody 

MEP Megakaryocyte/erythroid progenitor 

MHC Major histocompatibility complex 

MK Megakaryocytes 

MPP Multipotent progenitor 

MPV Mean platelet volume 

NET Neutrophil extracellular traps 

NFB Nuclear factor B 

NK Natural killer cell 

NO Nitric oxide 

NPP Ectonucleotide pyrophosphatase-phosphodiesterase 

OCT Optimal cutting temperature compound 

oxPL Oxidised phospholipids 

PAMP Pattern associated molecular patterns 



234 
 

PAR Protease-activated receptors 

PBS Phosphate Buffered Saline 

PDGF Platelet-derived growth factor 

PD-L1 Programmed Cell Death Ligand 1 

PE Phycoerythrin 

PF4 Platelet-factor 4 

PFA Paraformaldehyde 

pHrodo pH sensitive rhodamine  

PLA Platelet-leukocyte aggregates 

PMA Phorbol 12-myristate 13-acetate 

PolyP Polyphosphate 

PRP Platelet Rich Plasma 

PSGL-1 P-selectin glycoprotein ligand 1 

PT Pro-thrombin time 

PTT Partial thromboplastin time 

PZQ Praziquantel 

qRT-PCR 
Quantitative Reverse Transcription- Polymerase Chain 
Reaction 

RANTES 
Regulated upon activation normal T cell expressed and 
presumably secreted 

RCA-1 Ricinus Communis Agglutinin-1 

RELMα Resistin-like molecule α 

RNA Ribonucleic acid 

S. haematobium Schistosoma haematobium 

S. japonicum Schistosoma japonicum 

S. mansoni Schistosoma mansoni 

SARS-CoV2 Severe acute respiratory syndrome coronavirus 2 

SEA Schistosome/soluble egg antigen 

SOCS Suppressor of cytokine signalling 

STAT Signal transducer and activator of transcription 

TCR T cell receptor 

TE/M T effector/memory 

TF Tissue factor 

TGF Transforming growth factor 

Th  T helper 

Thio-Mφ Thioglycollate-elicited macrophages 

TLR Toll-like receptor 

TNF Tumour Necrosis Factor 

TPO Thrombopoietin 

Tregs Regulatory T cells 

TSLP Thymic stromal lymphopoietin 
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TSP Thrombospondin 1 

VEGF Vascular endothelial growth factor 

VCAM Vascular cell adhesion molecule 1 

VL Visceral leishmaniasis 

vWF Von Willebrand Factor 

WHO World Health Organisation 

WT Wild Type 
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Appendix 

 

Appendix  1 

 

C57BL/6 mice were percutaneously infected with 35 cercariae.  12 weeks post infection 

infected mice were tail bled and platelet count and MPV measured.  Mice were subsequently 

treated with 250mg/kg praziquantel (PZQ) in 10% kolliphor® EL by oral gavage for 3 

consecutive days and harvested 4 weeks later (16 weeks total post-infection).  Tail blood was 

collected at the harvest end point of the PZQ-treated mice.   

 

 

 

 

Appendix  2 

 

Tail bleeds were taken prior to IV injection (0.05μg/gram of body weight) of anti-GPIb-V-IX 

conjugated DyLight 649 (X649) and then 24hr post injection and platelet count was measured.  

(n=3) Significance determined by paired t-test.  Non-significance (p>0.05) not shown.   
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Appendix  3 

 

WT and FcRγ-/- mice were infected with 40 S. mansoni cercariae and harvested 11 weeks 

later.  Post-mortem liver tissue was stained with Masson’s Trichrome, and granulomas 

manually quantified.  A) Representative liver sections of schistosome infected WT and FcRγ-

/- livers.  Quantification of B) the percentage coverage of granulomas and B) granuloma 

diameter.  Solid line represents media and dotted lines represent inter-quartile range. Data 

from a single experiment, representative of 2 independent experiments (WT N n=3, WT Sm 

n=5, FcRγ-/- N n=3, FcRγ-/- Sm n=7).  Statistical significance was determined by Student’s t-

test (B-C) on the mean of each treatment group.  Non-significance (p >0.05) not shown.   

 

 

 

 

 

 

Appendix  4 

 

WT and FcRγ-/- mice were infected with 40 S. mansoni cercariae and harvested 11 weeks 

later.  Quantification of the percentage of RELMα and MHCII expression in hepatic 

macrophages and monocytes.  Data from a single experiment, representative of 2 

independent experiments (WT N n=3, WT Sm n=5, FcRγ-/- N n=3, FcRγ-/- Sm n=7).  Statistical 

significance was determined by one way ANOVA and post-hoc Tukey test on the mean of 

each treatment group.  Non-significance (p >0.05) not shown.   
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Appendix  5 

 

A liver and spleen were isolated from a C57BL/6 mouse and processed to generate single cell 

suspensions.  Samples were enriched using LS-columns F4/80-biotin positive selection.  

Samples were stained for flow cytometry analysis.  Quantification of flow cytometry staining 

and representative FACS plots of the macrophage/monocyte population in the liver and the 

spleen.  Black – samples removed pre-F4/80 enrichment, grey – samples obtained in the 

negative column fraction, red – samples positively enriched for F4/80 expressing cells.  

Representative of 3 independent experiments. 

 

 

 

Appendix  6 

 

A) C57BL/6 mice were injected subcutaneously with 2.2μg/mouse Romiplostim or PBS once 

a week for 3 weeks, with weekly tail bleed monitoring.  B) C57BL/6 mice were injected 

subcutaneously with 2.2μg/mouse Romiplostim once (white) or twice (red) a week for 4 weeks, 

with weekly tail bleed monitoring.   
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Appendix  7 

 

C57BL/6 mice were infected with ~35 S. mansoni cercariae (Sm), at 6 weeks mice were 
injected subcutaneously with 2.2μg/mouse Romiplostim or PBS once a week for 4 weeks, with 
weekly tail bleed monitoring.  Mice were harvested at 10 weeks post-infection. Single cell 
suspensions (2-4x106cells) from liver isolation processing were cultured for 3hr at 37oC with 
1μg/ml LPS and 10μg/ml Brefeldin A.  Pairwise analysis of CD41+/- subsets of 
monocytes/macrophages (CD11b+CD64+).  (N PBS n=3, N Romiplostim n=4, Sm PBS n=4, 
Sm Romiplostim n=6).  Data representative of a single experiment.  Statistical significance 
determined by Student’s paired t-test of the mean between CD41+ and CD41- populations. 
Non-significance (p>0.05) not shown.   
 


