
   

Copyright  and  Reuse:  Copyright  and  Moral  Rights  remain  with  the  author(s)  and/or

copyright  holders.  Copies  of  full  items  can  be  used  for  personal  research  or  study,

educational, or not-for-profit purposes without prior permission or charge, unless otherwise

indicated,  provided  that  the  authors,  title  and  full  bibliographic  details  are  credited,  a

hyperlink and/or URL is given for the original metadata page and the content is not changed

in any way. For full details of reuse please refer to City Research Online policy.

City Research Online:            http://openaccess.city.ac.uk/            publications@citystgeorges.ac.uk

Citation:  Kirwan, D. E. (2022). The role of platelets in the innate inflammatory 
response to TB. (Unpublished Doctoral thesis, St. Georges, University of London) 

This is the accepted version of the paper.

This version of the publication may differ from the final published version. To cite 
this item please consult the publisher's version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/37090/

 

City Research Online
City St George’s, University of London

https://openaccess.city.ac.uk/policies.html
mailto:publications@citystgeorges.ac.uk
http://openaccess.city.ac.uk/


 

 

 

 

The role of platelets in the innate 

inflammatory response to TB 
 

 

Dr. Daniela Elisa Kirwan 

 

 

Institute for Infection and Immunity 

St. George’s, University of London 

 

 

 

 

 

Thesis submitted for the degree of Doctor of 

Philosophy (PhD) 

February 2022 



1 
 

Declaration of Authenticity 

 

I confirm that I am the sole author of this thesis and the work to which it refers. All 

referenced studies have been appropriately cited and included in the bibliography. This 

thesis has not been previously submitted, in part or in whole, to any university or 

institution.  

 

 

Daniela E. Kirwan 

 

 

 

 

 

Copyright Declaration 

 

The copyright of this thesis rests with the author and is made available under a Creative 

Commons Attribution Non-Commercial No Derivatives licence. Researchers are free to 

copy, distribute or transmit the thesis on the condition that they attribute it, that they do 

not use it for commercial purposes and that they do not alter, transform or build upon it. 

For any reuse or redistribution, researchers must make clear to others the licence terms 

of this work. 

 

 

 

 

 



2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Revolution will free society of its afflictions, while science will free the individual of his.” 

- Mario Vargas Llosa 

  



3 
 

Abstract 

Introduction: Platelets are increasingly recognized for their roles in infection. Tuberculosis (TB) is 

characterized by excessive inflammation leading to disease and long-term sequelae. Platelets may 

be key drivers of immunopathology in TB, but the mechanisms involved are poorly understood. 

My hypothesis is that platelets regulate innate immune responses to TB.  

Methods:  An in vitro model of M.tb-infected monocytes co-cultured with autologous platelets 

was interrogated using specific inhibitors and recombinant proteins. Gene expression of matrix 

metalloproteinases (MMPs) was assessed using quantitative PCR, and secretion using ELISA.  

Pulmonary TB patients, healthy controls, and patients undergoing diagnostic bronchoscopy were 

prospectively recruited. Agonist-induced platelet aggregation was quantified using light 

transmission aggregometry, and platelet activation and platelet-leukocyte binding measured 

using flow cytometry. Concentrations of cytokines, MMPs, and platelet-associated factors were 

assessed in bronchoalveolar lavage fluid (BALF) and plasma using Luminex multiplex analysis. 

Inflammatory responses were compared with those identified in a separate cohort of SARS-CoV-

2-infected patients using multiplex analysis.  

Results: Platelets respond to M.tb-secreted antigens. Co-culture with platelets increases MMP 

gene expression and secretion by M.tb-stimulated monocytes. Platelets enhance M.tb-induced 

upregulation of monocyte phosphorylated phosphatidylinositol 3-kinase (PI3K) and mitogen 

activated protein kinase (MAPK) pathways through a combination of direct receptor-mediated 

and indirect secretory stimulation. 

Platelets from TB patients display a pro-inflammatory phenotype with decreased agonist-induced 

aggregation. Platelet-monocyte aggregation is increased in patients with TB and non-TB lung 

disease compared to healthy controls, but platelet-granulocyte aggregation was increased in TB 

patients only. Increased levels of inflammatory mediators including IP-10, platelet markers 

including von Willebrand factor (vWF), and MMPs were seen in both TB and SARS-CoV-2 infection; 

others including IL-8 showed divergent responses.  

Conclusions: This study presents cellular and clinical evidence that platelets adopt a TB-specific 

pro-inflammatory phenotype in pulmonary TB. This will inform the development of therapeutic 

agents aiming to limit harmful platelet-driven inflammation in TB. 
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Chapter 1 Introduction 

1.1 Immunopathology and Tissue Destruction in Tuberculosis 

1.1.1 Tuberculosis remains a significant public health concern 

Tuberculosis (TB) is one of the most important infectious diseases of our time. In 2019 10.0 million 

people developed symptomatic disease and 1.2 million died(1) with little change in these figures 

over the preceding decade. Although many patients are never diagnosed or treated, a significant 

proportion of deaths occur in individuals who have received appropriate anti-TB treatment(2). 

This is largely due to the inflammatory immune response to Mycobacterium tuberculosis (M.tb), 

the causative agent of TB. This response is highly complex encompassing both the innate and 

adaptive immune systems, resulting in severe disease manifestations and facilitating onwards 

transmission(3). In addition, the co-evolution of M.tb and humans has led to bi-directional 

adaptations that enable the bacteria to persist in a semi-dormant state, and consequently current 

treatment regimens require a minimum of six months of therapy to ensure eradication of all viable 

bacilli within the patient(4). Treatment is further complicated by the rise of single-, multi- and 

extensively drug-resistant disease which require longer and yet more complex regimens, 

associated with higher cost and worse side effect profiles. 

 

1.1.2 Tuberculosis leads to impaired lung function and reduced quality of life in 

survivors   

In TB, excess inflammation causes tissue destruction that resolves with fibrosis, so even when 

successfully treated patients often suffer long-term sequelae including impaired lung function and 

quality of life(5-11). TB survivors have a shortened life expectancy with one model predicting an 

average loss of 3.6 years of life(12). This has been well documented in the literature for over a 

century(13-18).  

Residual damage following TB includes fibrosis, emphysema, and bronchiectasis(19). TB is a risk 

factor for developing chronic obstructive pulmonary disease (COPD)(20) independent of smoking 

status(21, 22) and in a large South African study was the strongest predictor of chronic bronchitis 
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(men: odds ratio (OR) 4.9 [95% confidence interval (CI) 2.6-9.2]; women: OR 6.6 [95% CI 3.7-

11.9])(23).  

Lung function can be objectively assessed using spirometry, which is commonly used to evaluate 

patients with chronic lung diseases and is useful for quantifying the degree of functional lung 

damage post TB. Following TB treatment lung function can range from normal to severely 

impaired, and patients can have restrictive, obstructive, or mixed abnormalities(24, 25). Studies 

conducted across a variety of geographical locations have identified rates of impairment following 

TB of up to 68% (8, 24, 26-28). The Burden of Obstructive Lung Disease (BOLD) study, a large, 

population-based study, investigated the association between history of TB and airflow 

obstruction in 18,664 adults aged 40 years or older from 27 sites. Participants underwent a 

questionnaire and pulmonary function testing, and a history of TB was associated with a 

restrictive spirometric pattern (adjusted odds ratio 2.13, 95% CI 1.42-3.19) and with airflow 

obstruction (adjusted OR 2.51, 95% CI 1.83-3.42)(8). Similarly, the PLATINO study evaluated 5,571 

adults aged 40 years or older from five Latin American metropolitan areas, and found a prevalence 

of airflow obstruction (defined as a forced expiratory volume in 1 second (FEV1)/ forced vital 

capacity (FVC) ratio post bronchodilator of <0.7) of 30.7% in individuals with a history of TB and 

13.9% in those without; the difference was greater for males than for females(26). A retrospective 

cohort study of South African gold miners also found that previous TB was associated with 

symptomatic breathlessness and a loss of lung function which was greater in those with more 

severe disease at presentation(27).  

The degree of radiological severity at diagnosis has been shown to be the most important 

determinant of residual pulmonary function post treatment(27-29). Patients with chronic 

pulmonary disease following TB are affected at a younger age than patients with other 

aetiologies(7) and this may lead to cumulative lung damage when subsequently exposed to other 

insults. Loss of lung function also accumulates with repeated episodes of TB. Hnzido et al elegantly 

demonstrated this in a series of 27,660 South African gold miners at ongoing risk of re-exposure. 

Loss of lung function was greatest within six months of diagnosis and stabilised by 12 months, and 

the average deficit in FEV1 was 153ml, 326ml, and 410ml, and deficits in FVC were 96ml, 286ml 

and 345ml after one, two, or three or more episodes of TB, respectively. In these groups the 

percentage who had a FEV1 <80% of predicted was 18.4%, 27.1%, and 35.2% respectively(19).  
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This substantial burden of disease has significant public health and economic implications. Given 

that TB primarily affects young adults within the economically active age group and residing in 

low- and middle-income countries, these countries are disproportionately affected. It is important 

to identify patients with post-TB sequelae so that they can be appropriately managed: loss of 

pulmonary function can be mitigated with interventions including pulmonary rehabilitation(30), 

and therapies that can reverse or prevent progression of sequelae including lung fibrosis are in 

development and may be shortly available for use in this patient group. 

 

1.1.3 Pulmonary TB is associated with a matrix degrading phenotype  

Pulmonary TB is characterised by pathophysiology that is disproportionate to the mycobacterial 

load, and even in paucibacillary disease severe inflammation of the lung may occur. It is commonly 

understood that following inhalation M.tb are phagocytosed by macrophages, the main innate 

immune effector cells and hosts for bacterial replication. Macrophages become activated and 

recruit other innate immune cells including neutrophils(31) which are important early responders 

to TB infection, involved in both pathogen elimination and in inflammation(32). A secondary cell-

mediated immune reaction involving cross-presentation and priming of CD8+ T cells occurs days 

after initial antigen exposure(33), known as delayed-type hypersensitivity. These processes may 

lead to the formation of a granuloma whereby lymphocytes and neutrophils surround infected 

macrophages to isolate and contain the bacteria, often for decades; if this containment is 

unsuccessful, bacterial replication, disease, and dissemination occur.  

A classic feature of pulmonary TB that is often present at diagnosis is cavitation of the lung. Here, 

lung parenchymal destruction leads to the formation of large, air-filled spaces that provide 

relatively immunoprivileged sites where M.tb can proliferate exponentially. Cavitating disease is 

associated with treatment failure(34) and drug resistance(35), and patients are highly contagious 

and represent the main drivers of transmission(36). Despite a high burden of viable bacteria 

within the cavities patients can remain relatively well for years or decades, existing in a state of 

symbiosis with the bacterium. For example, George Orwell who is thought to have caught TB in 

1937 during the Spanish civil war(37) suffered several severe exacerbations, and finally died of 

the disease in 1950; some of his most distinguished works were written during this time.  
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Cavity formation results from the activity of enzymes called matrix metalloproteinases (MMPs) 

that are the final effectors of the host innate inflammatory response(38, 39). MMPs are a family 

of zinc-dependent proteases that collectively degrade all components of the extracellular matrix 

(ECM), and also have immunological functions including modulating cytokine and chemokine 

activity, activating defensins, and cleavage of proteinase-activated receptors(40, 41). They are 

tightly regulated through gene expression, secretion as proenzymes, compartmentalisation, 

enzymatic inactivation, and by specific tissue inhibitors of metalloproteinases (TIMPs). MMPs are 

responsible for the turnover of healthy tissues, but if produced in excess they cause tissue 

damage. They are produced by many different cell types including epithelial cells, macrophages, 

and other cells, and their production is induced in response to specific stimuli(42). MMPs are 

secreted by leukocytes and stromal cells during M.tb infection(43, 44) and in pulmonary TB MMP-

1, interstitial collagenase, is the rate limiting step in the degradation of type I collagen(45) and is 

the main effector of lung degradation and cavity formation(39, 46). High levels of MMP-1 are also 

found in other lung diseases involving loss of pulmonary architecture including emphysema(47-

49). Different MMPs have distinct roles and are active at different stages in TB pathology: for 

example, MMP-1 drives early macrophage-dependent collagen degradation, MMP-8 (neutrophil 

elastase) may predominate in advanced cavitary disease where there is marked neutrophil 

infiltration(50), and MMP-9 is involved in macrophage recruitment and granuloma formation(51) 

and predominates in TB meningitis(52).  

MMP concentrations have consistently been shown to be elevated in patients with acute TB, and 

correlate with clinical and radiological disease severity(46, 53-55). In one study, concentrations of 

MMP-1 and -3 were significantly higher in induced sputum and bronchoalveolar lavage fluid from 

patients with TB compared to respiratory symptomatics (increased by 15.6-fold and 3.6-fold 

respectively), whilst concentrations of TIMP-1 and TIMP-2 were reduced by 4.7-fold and 138-fold 

respectively(54). Separately, sputum samples from patients with TB had high levels of MMP-1, -

2, -3, -8, and -9(46, 55) and sputum MMP-1 concentrations correlated with radiological evidence 

of tissue destruction(55). These levels reduce markedly within the first 2 weeks of anti-TB 

treatment(46). Raised pleural fluid concentrations of MMP-1, -8 and -9 have also been found in 

patients with TB pleuritis compared to those with other causes of pleural effusions(56). Using 

immunohistochemistry, MMP-1 and -7 have been demonstrated within epithelioid macrophages 

and Langhans giant cells within lung granulomas(57) and MMP-9 has been identified in 

multinucleate giant cells in lymph node tissue(58). Gene expression profiling of macrophages has 
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shown that among patients with pulmonary TB the most highly upregulated gene was mmp-1 

compared to people with latent TB(59) and genetic predispositions have also been shown as risk 

factors for developing fibrosis following TB(60).  

 

1.2 Platelets as Immune Cells 

Platelets, small, anucleate cells, are the second most abundant cell type in the circulation. 

Traditionally known as effectors of haemostasis and thrombosis, they also have important 

functions in immunity and inflammation for which they are increasingly gaining recognition. 

Although platelets do not contain any genomic DNA, they have functional non-coding and coding 

RNAs and translational machinery which they acquire from the parent megakaryocytes in a highly 

regulated manner. This enables platelets to synthesise proteins, and also enables post-

transcriptional gene regulation(61).  This is thought to occur primarily through miRNAs binding to 

the 3’-UTR of the target transcript and thus regulating RNA degradation and protein translation, 

as well as through RNA-binding proteins (RBPs) which mediate transport of RNA from 

megakaryocytes to platelets and within the platelet itself can modify RNA translation, splicing, 

transport, decaying, and editing(62, 63).  

Platelets circulate in a resting state maintained by nitric oxide (NO) and prostacyclin 

(Prostaglandin I2) released from the vascular endothelium, and upon contact with a stimulant they 

rapidly activate and exert a range of effects. Despite their small size they contain a number of 

structures including three types of granules: alpha, dense, and lysosomal. Alpha granules are the 

most abundant, storing over 300 different proteins which are rapidly released during platelet 

activation through degranulation. Proteomics studies have found many of these to be involved in 

the regulation of inflammation and tissue repair(64) including, among others, RANTES, IL-1β, 

monocyte chemoattractant factor (MCP-1), platelet factor 4 (PF4), and platelet activating factor 

(PAF). Some of these proteins are acquired from the megakaryocyte, and others including 

fibrinogen and albumin are obtained from the plasma through endocytosis(65). Following 

stimulation platelets also express functional immune receptors which facilitate intracellular 

interactions. Some receptors are externalised from the alpha granule membrane, such as P-

selectin which is involved in leukocyte tethering and migration; others including integrins are 

already present on the platelet surface and undergo conformational change to an active state(66).  
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Following insults such as endothelial injury, platelets are well placed to respond and to initiate 

inflammation. They recruit, activate and influence the differentiation of cells of the innate system, 

including monocytes, macrophages, natural killer (NK) cells, and dendritic cells(67), and they form 

a bridge between the innate and adaptive immune systems for example through the secretion of 

soluble CD40 ligand (sCD40L) which influences antibody class switching, cell maturation, and cell 

adhesion(68), and by acting as antigen presenting cells to recruit T-cells(69). 

 

1.3 Platelets in Infection 

Platelet directly target and eliminate viral and bacterial pathogens. At sites of microbial entry into 

the body such as a wound or cut, platelets are the first to arrive and initiate a response. As well 

as limiting blood loss and closure of the defect, the process of thrombosis allows platelets to 

entrap pathogens, and to kill them directly by secreting anti-microbial peptides(70) or indirectly 

through complement factors such as C5a(71). Platelets sense pathogens directly via expressed 

Toll-like receptors (TLRs) such as TLR2 and TLR4(72, 73) leading to activation and release of 

reactive oxygen species(74) and pro-inflammatory cytokines(75). Most notably, platelet TLR4 

binds to lipopolysaccharides (LPS) from Gram-negative bacteria, which induces secretion of pro-

inflammatory cytokines including tumour necrosis factor alpha (TNF-α), soluble CD40 ligand 

(sCD40L), and interleukin 1 beta (IL-1β)(75). This is a sophisticated system, able to distinguish 

different LPS moieties to induce distinct secretory profiles(76). TLR2 stimulation, more frequently 

by Gram-positive organisms, can lead to bacterial phagocytosis by the platelets(74, 77). 

While platelet-mediated killing of the pathogens is ongoing, platelets also recruit other immune 

cells to sites of infection. They do this through chemokine secretion and by interacting with other 

immune cells via a number of surface receptors forming platelet-leukocyte aggregates, which can 

enhance the anti-pathogen function of these other cells for example by enhancing neutrophil 

extracellular trap (NET) formation or enhancing the phagocytic abilities of monocytes and 

macrophages(78, 79).  

 

Whilst these responses are effective in the eradication of microbes and repair damaged tissues, 

uncontrolled inflammation can result in over-activity of platelets and coagulation factors as well 

as downregulation of anticoagulant mechanisms. This can in turn lead to disseminated 
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intravascular coagulation (DIC) characterised by microthrombi formation, consumption of 

coagulation factors and platelets, and bleeding(80). Immunocoagulation, a relatively recent 

addition to the immunology lexicon, describes the combination of these processes and is 

considered a pathologic response in sepsis(81). Hence, platelets are implicated both in 

coagulopathy itself as well as in modulating coagulation and inflammation in sepsis(82) and 

indeed, platelets may form a powerful link between thrombosis and inflammation(83).  

 

1.4 Platelets in Tuberculosis 

1.4.1 Clinical and pre-clinical evidence for the involvement of platelets in TB 

immunopathology 

Thrombocytosis (elevated platelet count) has repeatedly been reported in patients with 

tuberculosis (84-89). This has been shown to correlate with severity of tuberculosis and with levels 

of acute phase reactants such as C-reactive Protein (CRP)(89-92) and this response may be absent 

in patients with community acquired pneumonia(93). Other studies have identified 

thrombocytopaenia (low platelet count) instead, and it has been postulated that this may occur 

where there is disseminated tuberculosis involving marrow infiltration(94).  

Platelet-associated gene transcripts have been found to be upregulated in TB patients(95). As 

platelet RNA is formed in the megakaryocyte prior to platelet formation, the megakaryocyte itself 

may be influenced by the disease state and platelets may be pre-programmed to respond 

specifically to TB. This has been identified in other diseases such as cancer, where the platelet 

transcriptome can be used to accurately diagnose different types of cancer and in some situations 

to inform on prognosis(96).  

Changes in platelet structure and function have been described in TB patients. In acute TB there 

are increased numbers of alpha granules(97) which contain pro-inflammatory mediators such as 

TNF and IL-1, which are elevated in the serum of TB patients(98). In contrast, patients with 

chronic TB have elongated platelets and in addition to alpha granules also have large numbers of 

dense granules which contain a range of mediators including adenosine diphosphate (ADP), 

adenosine triphosphate (ATP), serotonin, and ionized calcium, involved in the coagulation 

cascade(97). These differences may reflect distinct functional roles at different disease stages, 
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with a predominantly pro-inflammatory phenotype in acute TB and a mixed inflammatory-

thrombotic state in chronic disease.  

Functionally, this may translate to a hypercoagulable state in TB. Kutiyal et al found that APTT was 

deranged in 18% of patients with TB, Factor VII levels in 35%, fibrinogen levels in 57%, and D-

dimers were positive in 57.8%, alterations that are all in keeping with hypercoagulability(94). 

Schoeman et al also identified a hypercoagulable state occurring in children with advanced TB 

disease, with a higher risk of developing thrombosis and stroke(99). This is also described in 

patients with HIV-associated TB in whom it was associated with increased risk of death(100). 

Thrombosis frequently occurs in cerebral TB(101), although the pathophysiology of cerebral 

tuberculosis is different from that of pulmonary disease.  

Increased platelet activity can be detected by quantifying markers released from platelet 

granules. Elevated plasma concentrations of Platelet Factor 4 (PF4; CXCL4), a component of alpha 

granules specific to platelets, have been identified in patients with pulmonary TB and correlate 

with radiological disease severity(102). To see whether we could find any evidence of platelet 

activity in patients with TB, our group recruited 50 adult patients with newly diagnosed, drug-

sensitive smear positive pulmonary TB, and 50 age- and sex-matched controls in Lima, Peru. At 

diagnosis, levels of platelet factor 4 (PF4), platelet-derived growth factor (PDGF)-BB, C-C motif 

chemokine ligand 5 (CCL5; RANTES), MMP-9, soluble CD40 ligand (sCD40-L), and Pentraxin-3 (PTX-

3; TNF-stimulated gene (TSG)-14) were elevated compared to age- and sex-matched controls, but 

levels of soluble P-selectin were not. Among the TB patients there was a strong correlation 

between several of these factors, in particular PDGF-BB, PF4 and RANTES, which is in keeping with 

co-secretion of these factors. 50% of these patients were followed up during their anti-TB 

treatment, and the plasma concentrations of all markers increased at Day 14 and then decreased, 

returning to normal by Day 60(103). Levels of platelet-derived mediators such as PF4 have been 

shown to correlate with disease progression and severity in other chronic inflammatory 

conditions including inflammatory bowel disease(104), atherosclerosis(105), and rheumatoid 

arthritis(106). Platelet-derived mediators may also drive inflammatory processes in TB, and could 

be important in the resolution of inflammation and/or development of fibrosis.  

Finally, there is evidence that platelets are present at the site of disease, either as a result of 

extravasation and localisation to the lesion, or secondary to platelet biogenesis within the lung 

itself; megakaryocytes have been identified within the lungs and may have the capacity to scale 
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up platelet generation in response to specific stimuli(107). Concentrations of PDGF-BB, P-selectin 

and RANTES were elevated in samples of human broncho-alveolar lavage fluid (BALF) collected 

from patients with TB compared to controls with non-TB respiratory disease(103). Platelet 

aggregations and platelet-neutrophil adhesions have been observed within pulmonary lesions 

and M.tb have been visualised within the platelets, located mainly along the edges of the 

mitochondria(97). We stained sections of M.tb-infected and uninfected mouse lung for CD41, a 

ubiquitous platelet marker, and observed staining in infected but not uninfected lung tissue. This 

was seen predominantly within the alveoli and, although most of the staining occurred in 

association with anucleate cells consistent with the morphology of platelets, we also noted some 

staining of nucleated cells which indicates platelet phagocytosis and/or adherence to 

leukocytes(103). Similarly, Feng et al observed platelet-specific marker CD42b within epithelioid 

cells and multinuclear giant cells in granulomas within lung biopsies from human TB patients(108), 

and microthrombi occur around tuberculosis cavities and have been proposed to prevent 

dissemination(109). 

 

1.4.2 Platelet-leukocyte signalling and cellular interactions in TB 

Although little is known about platelet-leukocyte signalling in TB, much can be inferred from 

mechanisms known to be important in response to other micro-organisms. During infection, 

activated platelets interact directly with leukocytes to facilitate cellular recruitment towards the 

site of infection(110). These adhesive interactions can form platelet-monocyte aggregates (PMA) 

and platelet-neutrophil aggregates (PNA) which lead to cell activation and enhance immune 

function such as cytokine or MMP production. Platelets can stimulate neutrophils to release 

neutrophil extracellular traps (NETs)(111), which are increased in the plasma of TB patients(112) 

and have been associated with severe TB-associated lung damage and subsequent sequelae(113). 

These adhesive interactions are mediated by the two main families of cell adhesion molecules, 

selectins and integrins.  

Selectins are single transmembrane glycoproteins that initiate leukocyte tethering and rolling 

along inflamed endothelium prior to transmigration(114). Platelets express P-selectin (CD62P), 

which is translocated from alpha granules to the surface membrane in response to stimulation. 

P-selectin ligation can activate platelets leading to aggregation, enhanced adhesion, and 
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activation of other platelet expressed integrins such as GPIIb/IIIa(115). It is also sheared into the 

circulation; levels of soluble P-selectin are higher in TB patients compared to healthy controls(103, 

116). Moreover, P-selectin on platelets can interact with P-selectin glycoprotein ligand-1 (PSGL-

1) expressed on leukocytes to form PMA(117), an important process in the pathology of chronic 

inflammatory diseases including atherosclerosis(118) and heart disease(119). Increased 

circulating PMA are found in TB patients compared to healthy controls(120), and treatment of 

M.tb-infected whole blood with anti-P-selectin antibody decreases PMA(120). 

Following rolling and tethering, integrins facilitate platelet binding to inflamed endothelium or 

leukocytes. Platelets express three families of integrins, 1 (CD29), 2 (CD18), and 3 (CD61). 

IIb3 is the most dominant integrin expressed on platelets(121) and can recognise arginine-

glycine-aspartic acid (RGD)-containing ligands such as fibrinogen and fibrin(122). Ligation of 

integrins on platelets initiates “inside-out” or “outside-in” signalling pathways to result in 

functional outcomes such as cell activation, adhesion, or degranulation(123). Other important 

adhesive interactions demonstrated between platelets and leukocytes include the binding of 

surface expressed glycoprotein-Ib (GPIb, CD42a), part of a receptor complex that binds von 

Willebrand factor (vWF), to M2 (CD11b/CD18, Mac-1) on monocytes(124). In atherosclerosis 

platelet-derived CD40L (CD154) can interact with CD40 (TNF receptor) expressed on leukocytes 

to form platelet-leukocyte aggregates(125). Whilst these cellular interactions have been observed 

in vitro or in animal models, the specific interactions important in TB patients remain unclear. 

In TB, cellular networks involving resident and influxing leukocytes, stromal cells, and other cells 

enable amplification of initial responses, leading to secretion of MMPs and other pro-

inflammatory mediators(126). Cross-talk between platelets and leukocytes, particularly 

monocytes, may be key to driving TB immunopathology: platelets have been shown to 

significantly upregulate MMP secretion from M.tb-infected monocytes(103) and are important in 

the development of granulomas and macrophage differentiation in TB(108). Although the effect 

of platelets on inflammatory responses in TB depends upon the stage, site, and severity of TB 

infection, they appear to predominantly steer monocyte differentiation towards an anti-

inflammatory phenotype.   

What remain unexplored are the mechanisms by which platelets induce leukocyte activation 

during M.tb infection to cause reported cellular responses. Data from in vitro studies utilising 

uninfected cells show that following engagement of platelet expressed P-selectin and PSGL-1 on 
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leukocytes, signal transduction pathways are initiated to enhance tyrosine phosphorylation and 

activation of mitogen-activated protein kinase (MAPK)(127). MAPK are phosphorylation-

dependent signal-transducing enzymes involved in immune responses and cellular 

regulation(128). The p38 and extracellular signal-related kinase (ERK)/MAPK pathways are key in 

regulating MMP and cytokine secretion during M.tb infection(129-133). Therefore, we 

hypothesize that P-selectin-PSGL-1 binding between platelets and leukocytes in M.tb infection 

could lead to MMP and pro-inflammatory cytokine gene and protein production via MAPK 

signalling. In contrast, phosphatidyl inositol 3-kinase (PI3K) signalling negatively regulates MMP-

1 secretion from M.tb-infected macrophages(134). PSGL-1 activation can induce signalling via 

PI3K(135) and activation of mTOR and Rho-associated kinases (ROCKs) in macrophages to 

facilitate cell motility and phagocytosis(136). Whether platelets interacting with macrophages 

during M.tb infection also utilise PSGL-1-PI3K/mTOR signalling is unknown.  

Taken together, these studies indicate that platelets have a key role in directing cellular outcomes 

in response to M.tb through interactions with cell adhesion molecules and by manoeuvring 

intracellular signalling pathways. These interactions are summarised in Figure 1.1.  A better 

understanding of these cellular interactions may reveal which signalling mechanisms could be 

targeted to decrease TB immunopathology. 

 

 

Figure 1.1  Hypothesized platelet-monocyte signalling in M.tb infection. 

Figure courtesy of Dr. Deborah Chong.  (137) 
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1.4.3 Anti-platelet agents for the treatment of TB 

Imbalances in eicosanoids have been associated with the development of TB(138, 139). 

Eicosanoids are lipid mediators derived from the activity of the enzymes cyclooxygenase (COX)-1 

and -2 on arachidonic acid, which enter either the cyclooxygenase or the lipoxygenase pathway. 

The cyclooxygenase pathway leads to prostaglandins D, E and F, prostacyclin, and thromboxane 

A2 (TXA A2) production. Prostaglandins are powerful vasodilators, inhibit platelet aggregation, 

and act as signalling molecules linking the innate immune system to acute inflammatory 

pathways(140), whereas thromboxanes are vasoconstrictors that trigger platelet 

aggregation(141). The lipoxygenase pathway causes the production of lipoxins, which reduce pro-

inflammatory cytokine production and neutrophil recruitment(142). Non-steroidal anti-

inflammatory drugs (NSAIDs) inhibit COX-1 and -2, and include aspirin (Acetylsalicylic acid, ASA), 

the most commonly prescribed anti-platelet agent. Aspirin irreversibly inhibits both COX enzymes 

and displays powerful anti-thrombotic effects at low doses as well as anti-inflammatory activity 

at higher doses.  

Repurposing anti-platelet and anti-inflammatory NSAIDs for use in TB is attractive because they 

are already approved for use and have well-established safety profiles. Data indicate they may be 

effective at enhancing TB control(143); animal and human studies are presented in the Appendix 

(Table 13).  Although NSAIDs have some direct anti-mycobacterial activity(142, 144-149), their 

main effect in TB is likely to be due to their action on the host immune system, particularly by 

modulating inflammatory pathways that are active in TB disease(142, 144, 150-152). 

Administration of ibuprofen to TB-infected C3HeB/FeJ mice led to fewer and smaller lung lesions, 

decreased neutrophil infiltration, reduced bacillary load, and enhanced survival(153). Whether 

the effects of NSAID treatment are protective, by enabling effective clearance of pathogens, or 

harmful by causing tissue destruction, will depend upon multiple factors including timing, route 

of administration, and dose, all of which must be considered when proposing NSAIDs as a 

potential adjunctive treatment. 

Data from TB patients suggest that anti-platelet agents can be beneficial. One of the first drugs in 

use for TB, P-amino-salicylic acid (PAS), is an aspirin homologue that was deemed effective despite 

an unknown mechanism of action when it was first given to a patient in 1944. It has been shown 

that PAS modulates anti-inflammatory immune activity, and suppresses MMP-1 secretion through 

a PGE2-dependent mechanism without affecting M.tb replication(130). PAS therefore may 
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represent the first example of a host-directed therapy used to treat TB. More recently, a 

Taiwanese population-based study of patients with drug-sensitive TB found that use of 

antiplatelet drugs was associated with significantly improved overall survival and a lower 12-

month mortality rate, as well as lower rates of smear positivity and fewer cavities. Benefits were 

greater with aspirin compared to non-aspirin antiplatelet agents such as clopidogrel(154). In a 

randomised controlled trial, giving 100mg aspirin to diabetic patients with pulmonary TB resulted 

in decreased secretion of inflammatory mediators including ESR and CRP, a higher sputum-

negative conversion rate (87% versus 54%), and fewer and smaller cavities following treatment, 

compared to placebo-treated control patients(155). In TB meningitis, both inflammation and 

thrombosis are associated with higher mortality and complications including stroke in survivors; 

randomised controlled trials of aspirin have shown benefits in morbidity and mortality(156, 157). 

Further studies are currently underway to evaluate NSAIDS including meloxicam and ibuprofen as 

adjuncts to standard TB treatment regimens(158-160).   

Drugs blocking other platelet signalling pathways are potentially important in the management of 

TB. ADP is the endogenous ligand for P2Y12 and P2Y13 receptors, which are implicated in platelet 

aggregation. ADP induces MCP-1 expression to enhance macrophage migration, and P2Y13 

expression is increased in TB patients(161). Ticagrelor and clopidogrel, both P2Y12 inhibitors, given 

to healthy volunteers significantly reduced inflammatory and prothrombotic mechanisms 

including PMA formation and pro-inflammatory cytokine release following endotoxin 

challenge(162). In a double-blind placebo-controlled study a single dose of oral ticagrelor reduced 

PMA formation in healthy volunteers, and this was associated with an increase in pro-

inflammatory cytokines in blood exposed to the TLR2 ligand Pam3CSK4 and a decrease in blood 

exposed to TLR4 ligand LPS, suggesting that platelets may differentially modulate cytokine 

responses depending upon the receptors involved(163).  

 

1.5 Conclusions and aims of this study 

The data above provide evidence that platelets are a key component of the innate immune 

system, and likely to be important in the response to tuberculosis. Both observational and 

experimental data show that the administration of anti-platelet agents in patients with TB may 

be effective at limiting disease manifestations and improving long-term outcomes in patients who 
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are successfully treated. However, much remains to be understood about the exact mechanisms 

of platelet engagement with mycobacteria and with other cells in the orchestration of the 

complex immune response to M.tb.  

 

Hypothesis:  Platelets regulate the innate immune response to TB.   

 

Objective 1: To investigate the mechanisms by which platelets upregulate M.tb-driven 

monocyte activation in a cellular model.  This was investigated using an in vitro cell 

culture model. Signalling pathways known to be important in TB were interrogated using 

specific inhibitors. The contribution of platelets and their secreted products to the 

activation of M.tb-infected monocytes was investigated.  

 

Objective 2: To investigate whether platelet activation and activity are increased in 

patients with pulmonary TB.  A prospective clinical study was conducted.  Platelet activity 

was evaluated in patients with pulmonary TB compared to healthy controls and to 

respiratory symptomatic controls. This was done using light transmission aggregometry, 

flow cytometry, and measurement of plasma concentrations of soluble mediators using 

Luminex.  

 

Objective 3: To determine whether platelets manifest a unique phenotype in M.tb 

compared to other pulmonary infections.  This was evaluated first by the incorporation 

of respiratory symptomatic controls into the clinical study design, and also by comparing 

findings in TB patients with inflammatory responses seen in patients with COVID-19.  

 

1.5.1 Experimental approach 

The first aspect of this study was to evaluate whether any direct effect of M.tb on platelet activity 

could be demonstrated, using bacterial lipopolysaccharide (LPS) as a control.  Next, the effect of 

the presence of platelets on M.tb-driven monocyte activation was investigated.  A platelet-

monocyte co-culture model was developed, and after confirmation that platelets enhance M.tb-

driven monocyte activation, the model was manipulated using specific inhibitors to evaluate 

which signalling pathways were important in this process.  Platelets were found to enhance well 



28 
 

established mechanisms of M.tb-associated monocyte activation including via the PI3 Kinase and 

MAP-Kinase pathways.  Therefore, the effect of contact-dependent and -independent 

interactions between monocytes and platelets were investigated in this model.  Finally, a clinical 

study was set up to investigate whether evidence of differential platelet activity could be 

identified in patients with pulmonary tuberculosis.  

 

The information presented in this thesis and in planned future work will facilitate the 

identification of specific targets for therapeutic intervention, bringing us closer to the eventual 

goal of interruption of harmful tissue destructive processes whilst preserving, or even enhancing, 

the immune system’s anti-infective properties. 
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Chapter 2 Materials and Methods 

2.1 M.tb culture 

All work involving M.tb was carried out in a Category 3 laboratory following standard operating 

procedures.  A stock of Mycobacterium tuberculosis H37Rv Pasteur (M.tb) was maintained stored 

at -80 degrees in 30-50% glycerol.  A working stock was prepared by defrosting an aliquot and 

immediate centrifugation and resuspension of the bacterial pellet in fresh media.  The bacteria 

were grown in Middlebrook 7H9 medium supplemented with 0.2% glycerol, 0.02% Tween 80, and 

10% OADC enrichment medium (BD Diagnostics, Oxford, UK).  Volumes of approximately 2ml 

were incubated at 37°C with agitation at 120 rotations per minute (RPM).  Sub-culture was 

performed weekly, when the optical density (O.D.), which was measured with a Biowave cell 

density meter (WPA, Cambridge, UK), reached approximately 1.0.  For monocyte culture 

infections, M.tb was used at an O.D. of 0.6, representing mid-log growth phase, at pre-determined 

volumes to achieve a final multiplicity of infection (MOI) of 1.   

 

2.2 Preparation of soluble M.tb-secreted antigens 

To obtain soluble M.tb-secreted antigens, M.tb at an O.D. of 0.6 were transferred to an Eppendorf 

and centrifuged at 12,000 x g for 2 minutes.  The supernatant was removed, leaving the pelleted 

M.tb undisturbed, and added to a 0.22µm Durapore PVDF centrifugal filter unit (Merck Millipore, 

UK) and centrifuged at 12,000 x g for 2 minutes.  This process removed any remaining M.tb from 

the media which contained soluble factors secreted by the bacteria.  This enabled the now sterile 

preparation to be removed from the Category 3 suite.  M.tb-secreted antigens were prepared in 

large batches, aliquoted, and stored at -20°C until further use in order to ensure consistency 

across experiments.   
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2.3 Platelet isolation 

Whole blood was collected in 10% sodium citrate (BD Vacutainer® Sodium Citrate tubes) using a 

vacutainer system.  The first tube was partially filled and discarded to avoid activation of platelets 

by venepuncture and to ensure maximal heterogeneity between the tubes; although this is no 

longer recommended practice(164), it is still considered advisable for certain investigations 

involving platelets(165).  Blood was poured into 15ml Falcons and spun for 15 minutes at 200 x g 

at room temperature with slow acceleration and deceleration.  Platelet rich plasma (PRP) was 

gently removed with a Pasteur pipette avoiding the Buffy coat layer. 1mM Prostaglandin E1 

(PGE1) was added at a dilution of 1 in 500 (i.e. final concentration of 2µM), and the PRP was 

centrifuged for 15 minutes at 1200 x g at room temperature.  The platelet-poor plasma (PPP) was 

discarded and the pellet resuspended in 10mls of platelet wash buffer and rested in an incubator 

at 37°C.  Platelet wash buffer comprised HEPES (10mM), glucose (5mM), KCl (5mM), MgSO4 

(1mM), KH2PO4 (1mM), and NaCl (145mM) adjusted to a pH of 7.4 and then filter sterilised with 

a 0.2µm filter.  

To perform a cell count, an aliquot of platelets was diluted 1 in 100 and 20µl added to a Neubauer 

haemocytometer chamber incubated for 3 minutes after which the cells were counted.  After the 

platelets had been rested for approximately 30 minutes, 1mM PGE1 was added at a dilution of 1 

in 500 and the platelets were centrifuged for 10 minutes at 1200 x g at room temperature.  The 

resulting pellet was resuspended to the desired concentration in the appropriate media and used 

immediately.  Staining with Trypan blue confirmed that >95% of platelets isolated using this 

method are viable by visual estimation.   

 

2.4 Preparation of platelet releasate 

Platelets were isolated as described above.  They were suspended at a concentration of 2.5x108 

cells/ml and incubated at room temperature with platelet agonists at the desired concentration 

for 15 minutes.  The platelet suspensions were then centrifuged at 12,000 x g for 1 minute to 

pellet the cells, then the supernatant transferred to a 0.22µm Durapore PVDF centrifugal filter 

unit (Merck Millipore, UK) and centrifuged at 12,000 x g for 1 minute to remove any residual 

platelets.  Supernatants were then frozen at -20°C if not being used immediately.   
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2.5 Monocyte isolation 

Monocytes were isolated through density centrifugation and adherence purification.  Whole 

blood was collected in lithium heparin (BD Vacutainer® lithium heparin tubes) using a vacutainer 

system.  This was diluted 2:1 with HBSS then gently layered onto Histopaque in 50ml Falcon tubes 

and spun at 500 x g at room temperature for 30 minutes with the brake off.  The cell layer was 

removed into a separate Falcon tube, topped up to 50ml with HBSS, and washed three times at 

300 x g for 5 minutes with the brake on.  After the third wash a cell count was performed, and the 

pellet was resuspended in a final volume of DMEM at a concentration of 5 x 105 cells/ml.  Cells 

were plated in a 24- or 12-well plate at 2.5 x 105 cells/cm2.  The plate was incubated at 37°C, 5% 

CO2 for 1 hour, after which the wells were washed 3 times with HBSS to remove non-adherent 

cells, then DMEM supplemented with 10% fetal calf serum (FCS) and 10µg/ml ampicillin was 

added.   

 

2.6 Platelet-monocyte co-culture 

Autologous monocytes and platelets were isolated as described above from whole blood taken 

from the same donor.  Platelets were resuspended in DMEM supplemented with 10% FCS and 

10µg/ml ampicillin to the appropriate concentration and added to the monocytes.  Unless 

otherwise specified, platelets were added at a ratio of 25:1.  The final volume in the well was 

400µl for a 24 well plate or 760µl for a 12 well plate.  After 24 hours, cell supernatants and/or cell 

lysates were collected and stored at -20°C or -80°C respectively.   

 

2.7 M.tb infection of platelet-monocyte co-culture model 

Monocytes were infected with Mycobacterium tuberculosis at an O.D. of 0.60, representing the 

mid-log growth phase, or an equal volume of control 7H9 media.  Infection was performed at a 

multiplicity of infection (MOI) of 1, which corresponds to 1 x 108 – 2 x 108 colony forming units 

(CFU)/ml. 
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2.8 Sterilisation of cell culture supernatants  

M.tb-infected cell culture supernatants were transferred to 0.22µm Durapore PVDF centrifugal 

filter units (Merck Millipore, UK) and centrifuged at 12,000 x g for 1-3 minutes, then removed 

from the Category 3 suite and stored at -20°C until further use.  This technique has been validated 

as a reliable method of removal of M.tb without binding MMPs(166).   

 

2.9 Chemical inhibition and recombinant proteins 

A list of inhibitors is supplied in Table 1.   

Table 1  Chemical inhibitors and recombinant proteins used in co-culture experiments 

Reagent Target action Company supplier Catalogue 

number 

Working 

concentration 

LY294002 Pi3-kinase p110 subunit inhibition Sigma Aldrich, UK 440202 1-10 µM 

SB203580 Selective p38 MAPK inhibition Enzo Life Sciences, 

Exeter, UK 

BML-EI286 10 µM 

PD98059 Inhibits MEK/ERK pathway by 

preventing activation of MEK1 and 

MEK2 by upstream kinases.  

Calbiochem, Merck 

Millipore, Watford, UK 

 

513000 10 µM 

Rapamycin mTORC1 and mTORC2 inhibition Calbiochem, Merck 

Millipore, Watford, UK 

553210 0.5-5 µM 

Recombinant  

P-selectin 

Binds to PSGL-1 receptor Bio-Techne ADP3 1-2 µg/ml 

Anti-P-selectin 

antibody 

(BBA30) 

Binds to Human P-Selectin/CD62P. 

Monoclonal Mouse IgG1 Clone  

#9E1 

R&D Systems, UK BBA30 10 µg/ml 

Anti-P-selectin 

antibody 

(Psel.KO2.12) 

Binds to Human P-Selectin/CD62P. 

Monoclonal mouse IgG1, clone  

#Psel.KO2.12 

eBioscienceTM 16-0622-

81 

10 µg/ml 

Anti-PSGL-1 

antibody  

Ligates P-Selectin Glycoprotein 

Ligand-1 (PSGL-1) receptor 

Sigma-Aldrich MAB4092 10 µg/ml 
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For reagents targeting monocyte signalling pathways, monocytes were incubated with the 

corresponding reagent for 1 hour prior to addition of platelets and/or infection with M.tb.  For 

reagents targeting platelet pathways, the platelets were incubated with the corresponding 

reagent for 15 minutes (unless otherwise specified) prior to incorporation with monocytes 

followed by infection with M.tb.  Timings of monocyte and platelet extraction were adjusted 

accordingly to ensure both cell types were ready for use simultaneously.    

 

2.10 Enzyme-linked immunosorbent assay (ELISA) 

Concentrations of the required marker were measured in cell supernatants using the Duoset ELISA 

Development System (R&D Systems, Abingdon, UK) according to the manufacturer’s protocol.  

Briefly, transparent flat-bottomed 96-well plates (Costar, Sigma-Aldrich, UK) were coated with 

100µl of capture antibody in PBS overnight at room temperature, then washed 3 times with wash 

buffer (PBS/0.05% v/v Tween).  The plates were then blocked with reagent diluent (PBS/1% w/v 

BSA) for 1 hour at room temperature, then washed 3 times. Standards in serial 1 in 2 dilutions 

were loaded in duplicate, and samples loaded at dilutions appropriate for the assay.  The plates 

were incubated for 2 hours at room temperature, then washed 3 times.  100µl of detection 

antibody was added per well, the plate was incubated for 2 hours at room temperature.  After 

washing, 100µl streptavidin-HRP was added to each well and the plate was incubated in the dark 

at room temperature for 20 minutes.  The plate was washed one final time, then 100µl 

tetramethylbenzidine (TMB, Sigma-Aldrich, Poole, UK) substrate solution was added to each well 

and the plate incubated in the dark for up to 20 minutes.  Once a satisfactory colour change had 

taken place, the reaction was terminated with 50µl of 2M sulphuric acid.  The plate was read on 

a Tecan Infinite® 200 PRO Life Sciences microplate reader at an absorbance of 450nm with a 

reference wavelength of 560nm.  The results were downloaded on Excel and analysed using 

GraphPad PRISM v9.1.2 software.  
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2.11 Luminex bead array 

Samples were processed using custom designed human premixed muti-analyte kit Luminex 

Discovery assays from BioTechne.  These highly sensitive assays use magnetic microbeads coated 

with target analyte antibodies labelled with fluorophores, and enable measurement of multiple 

analytes from a single small volume of sample.  Samples were processed following the 

manufacturer’s instructions with minor modifications that reduce the proportion of microbeads 

in the assay and have been found by our group to obtain comparable results(167).  

Thawed samples were centrifuged at 16,000 x g for 4 minutes to remove any residue, then diluted 

in calibrator diluent RD6-52 at the recommended dilution factors.  Serial 1 in 3 dilutions of 

standards were prepared in calibrator diluent RD6-52.  50µl of standards and samples were 

loaded in duplicate to a 96 well plate, and 50µl of resuspended microparticle cocktail was added 

to each well.  The plates were covered with a foil plate sealer and incubated for 2 hours at room 

temperature on a horizontal orbital microplate shaker set at 800 rpm.  The plates were then 

washed three times with wash buffer using a magnetic device to keep the microbeads in the wells, 

then 50µl diluted Biotin-antibody cocktail added to each well.  The plates were covered with a foil 

sealer and incubated for 1h at room temperature on the shaker.  The plates were washed three 

times, then 50µl diluted Streptavidin-PE was added to each well and the plates were incubated 

for 30 mins at room temperature on the shaker before being washed again.  The microparticles 

were resuspended by adding 100µl wash buffer to each well, incubated with shaking for 2 

minutes, and read using a Bio-Plex 200 analyser (Bio-RadTM Laboratories, Inc.).   

Results were downloaded in Excel format.  Concentrations were interpolated from standards 

fitted with a five parameter logistic regression (5PL) curve.  Samples with a coefficient of variation 

(%CV) across duplicates of over 30% were excluded from analysis.  Results that fell below the limit 

of detection were replaced with a value equal to half of the lower limit of detection for that 

analyte, and samples with results that were above the limit of detection were re-run at a higher 

dilution factor until the value was within range.  
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2.12 RNA extraction, cDNA synthesis, and RT-PCR 

Immediately following collection of supernatants, cells were washed with sterile PBS and lysed 

using Tri-Reagent® RNA isolation reagent (Sigma-Aldrich, Poole, UK).  Cell lysates were stored at -

80°C until further use.   

RNA extraction was performed using the Direct-zolTM RNA Miniprep Kit (ZymoResearch, Irvine, 

California, USA) according to the manufacturer’s instructions.  Cell lysates were defrosted on ice, 

then mixed with equal volumes of 100% ethanol and vortexed.  The mixture was inserted into 

ZymoSpinTM columns and centrifuged for 1 minute at 12,000 x g. The liquid from the collection 

tube was discarded, 400µl Direct-zol RNA PreWash added to the column which was centrifuged 

for 1 minute at 12,000 x g. This step was repeated, then 700µl RNA Wash Buffer added to the 

column and centrifuged twice to ensure dryness of the membrane.  The spin columns were then 

inserted into pre-labelled clean eppendorfs, 30µl DNase/RNase free water added, and centrifuged 

for 1 minute at 12,000 x g. The amount and purity of RNA was quantified by spectrophotometry 

(Nanodrop ND 1000, ThermoFisher Scientific, UK).  The samples were stored at -80°C if not 

proceeding to cDNA synthesis immediately.   

cDNA was synthesized from RNA using the Quantitect® Reverse Transcription Kit (Qiagen, 

Manchester, UK).  Samples were defrosted on ice.  RNA was diluted up to 12µl with DNase/RNase-

free water and 2µl of wipeout buffer was added, the samples mixed then placed in a heat block 

at 42°C for 2 minutes.  They were then returned to the ice bucket and 6µl reverse transcription 

mastermix (comprising 1µl Quantiscript® reverse transcriptase, 1µl RT primer mix, and 4 µl 

Quantiscript® RT buffer 5x per sample) was added.  Samples were heated at 42°C for 15 minutes 

to facilitate primer annealing and strand extension then at 95°C for 3 minutes to stop the reaction, 

after which they were immediately returned to ice and stored at -20°C if not proceeding to RT-

PCR straight away.   

To perform real-time polymerase chain reaction (RT-PCR), synthesized cDNA was diluted 1:25 to 

a total volume of 200 µl in nuclease-free water.  PCR master mix was made up comprising Brilliant 

II (Agilent Technologies, USA) and the primer and probes for the gene of interest and 

housekeeping gene (18S rRNA). 15 µl mastermix and 10µl samples or standards prepared in serial 

1:10 dilutions were added to a 96 well plate (ThermoFisher Scientific, UK) which was carefully 

covered with plate sealant and loaded onto a CFX Connect Real-Time System Instrument (Bio-Rad 
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Laboratories, UK).  The RT-PCR thermal profile was 95°C for 10 minutes followed by 40 cycles of 

95°C for 30 seconds then 60°C for 1 minute.   

 

2.13 Platelet light transmission aggregometry  

Platelet aggregometry has conventionally been performed using cuvette-based systems, regarded 

as the gold standard for the assessment of platelet function(168).  However, this approach is 

cumbersome and limited by the rapid deterioration of platelet functions ex vivo.  Thus, newer 

methods have been developed using multiple recording wells to enable the measurement of a 

range of responses simultaneously(169).  The protocol below uses a 96 well plate to assess 

platelet responses to three different agonists over time.  

Whole blood was collected in blue-top citrate vacutainer tubes.  1ml collected into the first tube 

was discarded to avoid inclusion of platelets activated by venepuncture.  The blood was decanted 

into two 15ml Falcon tubes and centrifuged for 15 mins at 150 x g at room temperature, with slow 

acceleration and deceleration (centrifuge settings 3 and 1 respectively).  Platelet rich plasma (PRP) 

was then transferred using a Pasteur pipette to a new 15ml Falcon tube, taking care to avoid 

disrupting the cell layer, and this was inverted gently four times.  PRP was incubated in a ratio of 

2:1 with M.tb-secreted antigen preparation (see methods section 2.2), bacterial 

lipopolysaccharide (LPS, 0111:B4, from  Sigma Aldrich #L2630) diluted in 7H9 to give a final 

concentration of 100 µg/ml, or 7H9 control for 30 minutes at room temperature.  90µl of the 

sample was then added to a 96 well plate that had been pre-loaded with serial dilutions of platelet 

agonists ADP, TRAP-6, and collagen using a multichannel pipette and a reverse pipetting 

technique to corresponding wells as quickly as possible whilst avoiding the formation of bubbles. 

Control wells containing PRP and PPP (platelet poor plasma, prepared by centrifugation of 1ml 

PRP at max speed and separation of the plasma) were included.  The plate was immediately 

inserted into a TECAN SunriseTM plate reader and absorbance read at 595nm every 20 seconds at 

37°C and with shaking for a total of 40 cycles.  Data were downloaded in Excel format.   
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2.14 Flow cytometry 

Whole blood was collected in 10% sodium citrate (BD Vacutainer® Sodium Citrate tubes) using a 

vacutainer system.  The first tube was partially filled and discarded to avoid activation of platelets 

by venepuncture, and the sample was processed immediately to minimize post-venepuncture 

phenotypic changes(170).   

25µl whole blood was incubated with binding buffer (1% w/v BSA), antibody mastermix, and any 

stimulants, to a final volume of 100µl.  The antibodies used are listed in Table 2, and the 

concentrations of each were selected following a process of antibody titration (see Results section 

3.1.3).  The samples were incubated for 20 minutes in the dark and at room temperature.  500µl 

1x eBioScienceTM 1-step fix/lysis solution (ThermoFisher Scientific, UK) was then added and the 

samples mixed by pipetting.  The samples were incubated for a further 15 minutes in the dark, 

and then 1ml PBS was added to terminate any reactions.  Samples were stored at 4°C until 

analysis, which was performed ideally the same day, or within a maximum of 72 hours.  Analysis 

was performed on a BD FACSCaliburTM flow cytometer (BD Biosciences) in Peru or a CytoFLEX S 

analyser (Beckman Coulter Life Sciences, UK) in the UK.  Data were analysed using FlowJoTM v10 

software.  

 

Table 2  Antibodies used for flow cytometric analysis 

Antibody Clone Isotype Catalogue number Manufacturer 

CD14-PerCP MϕP9 Mouse BALB/c IgG2b, 

κ 

340585 BD PharmingenTM 

CD42b-PE HIP1 Mouse IgG1, κ 555473 BD PharmingenTM 

CD62P-APC AK-4 Mouse BALB/c IgG1, κ 550888 BD PharmingenTM 

PAC-1-FITC PAC-1 Mouse BALB/c IgM, κ 340507 BD PharmingenTM 
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2.15 Clinical studies 

To assess platelet activity in patients with TB, a prospective clinical study was performed in Peru.  

Details of the study design and methods are described in Chapter 4.   

A separate prospective study of patients with COVID-19 was performed, the methods of which 

can be found in Chapter 5. 

 

2.16 Statistics 

Data were mainly attained in Excel format and analysed using GraphPad PRISM v9.1.2 or R 

statistical software package version 4.0.5. Numerical values were tested for a normal distribution 

using the Pearson-D’Agostino test. PCR data were analysed in Excel using the Delta-Delta CT 

method to generate fold change. Continuous variables were compared using a t-test (parametric 

distribution) or a Mann-Whitney U test (non-parametric distribution), and multiple observations 

were compared using a one- or two- way ANOVA with Šídák’s correction for multiple comparisons, 

or with a Kruskall-Wallis test with Dunn’s post hoc correction for multiple comparisons. 

Correlations were assessed using the Spearman’s test.  

Specific approaches towards statistical analysis are described in more detail in the relevant 

chapters.   
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Chapter 3  Platelets regulate monocyte responses 

to M.tb in a cellular model of infection 

3.1 Investigating the effect of M.tb on platelet activation and 

functional responses      

As discussed in the introduction, platelets exert direct anti-infective functions that are largely 

underappreciated.  This begins with the detection of pathogens, leading to platelet activation, the 

recruitment and mobilisation of immune effector cells, and ultimately control of the pathogen.  

Platelets detect pathogens via a range of receptors, including Toll-like receptors (TLR) and C-type 

lectin receptors (CLR), which recognize pathogen-associated molecular patterns (PAMPs) 

including bacterial cell wall components (171, 172).  For example, the Gram-positive bacterium 

Streptococcus pneumoniae causes platelet aggregation following interactions between bacterial 

peptidoglycan and TLR-2 and αIIbβ3 receptors(173). Lipopolysaccharide (LPS), a major component 

of the cell wall of many gram-negative bacteria, binds to platelet TLR-4. 

The effect of LPS on platelets has been widely studied and is well characterised in the 

literature(174-176).  Following binding to TLR-4, LPS induces rapid secretion of soluble mediators, 

potentiates platelet aggregation initiated by platelet agonists, even at sub-threshold agonist 

concentrations(177), and enhances platelet-leukocyte aggregation enabling bacterial trapping 

through the production of neutrophil extracellular traps (NETs)(79, 178).  LPS has also been shown 

to lead to increased expression of platelet P-selectin(179), and P-selectin and TLR-4 co-localise on 

the surface of thrombin-activated platelets(180).  The secretory profile is known to include IL-1-

β, TNF-α, and sCD40L(181), and moreover different LPS moieties are known to lead to differential 

patterns of cytokine secretion(73, 75, 76, 174, 182-184).  

M.tb signalling in innate immune cells is known to occur through toll-like receptors(185), 

therefore it is plausible that M.tb may also activate platelets through this mechanism.  However, 

a literature search did not yield any data in this area.  Therefore, LPS was utilised to first establish 

reliable methods of demonstrating platelet activation in vitro, and subsequently to use as a 

positive control in experiments involving M.tb.   
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3.1.1 The effect of LPS on platelet activation and functional responses 

To verify that platelet responses to LPS could be demonstrated, platelets were isolated (see 

methods section 2.3) then incubated with or without 100µg/ml LPS in the presence of increasing 

concentrations of thrombin for 30 minutes. Supernatants were then collected and stored at -20°C.  

Concentrations of platelet factor 4 (PF4), one of the predominant platelet secretory components, 

were later measured by ELISA.   

As shown in Figure 3.1, platelet PF4 secretion increased in the presence of LPS, and this was 

augmented by the addition of thrombin.   A very high concentration of 100µg/ml was selected for 

this experiment in order to determine whether a response to LPS could be seen.  A dose-response 

to LPS was also subsequently demonstrated (data not shown).   
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Figure 3.1  Secretion of platelet factor 4 (PF4) by platelets incubated in the presence or absence 

of thrombin and lipopolysaccharide (LPS). 

LPS increased PF4 secretion from thrombin-stimulated platelets in a dose dependent manner. 

Figure representative of three separate experiments, each carried out in triplicate.  Data 

compared with one-way ANOVA with Šídák’s correction for multiple comparisons; **p<0.01, 

****p<0.0001. 

 

To evaluate functional platelet aggregation in response to LPS, platelet rich plasma (PRP) was 

isolated from whole blood.  This was incubated with 1µg/ml LPS, 10µg/ml LPS, 100µg/ml LPS, or 

phosphate buffered saline (PBS) control for 30 minutes before being added to a 96 well plate that 
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had been pre-prepared with serial dilutions of adenosine diphosphate (ADP), collagen, and 

thrombin receptor activator peptide 6 (TRAP-6).  The plate was immediately inserted into a plate 

reader for kinetic analysis (see methods section 2.13).   

Inclusion of three agonists enables the assessment of different mechanisms of platelet 

aggregation.  ADP is considered a gentle platelet agonist.  It acts on the G-protein coupled 

purinergic receptor P2Y12 which inhibits adenylyl cyclase and cyclic AMP (cAMP) production and 

thereby mediates platelet aggregation.  P2Y12 is the target of antiplatelet drugs used in clinical 

practice to prevent clotting, including clopidogrel and ticagrelor.  ADP is also released from 

platelet dense granules, leading to a gradual potentiation of its effect(186).  Collagen is important 

to platelet adhesion and aggregation.  It acts through GP1a/IIa (α2β1 integrin) receptors, which 

are involved in adhesion, and GPVI receptors resulting in formation of thromboxane A2 

(TxA2)(187).  Thrombin is generally considered the most potent of the platelet activators, acting 

via platelet protease-activating receptor (PAR) -1 and PAR-4.  However, its experimental use is 

complicated by the fact that in addition to activating platelets it is also involved in fibrinogen 

cleavage in the plasma leading to fibrin clot formation.  Thrombin receptor activator peptide 6 

(TRAP-6) is a six amino acid synthetic peptide that is analogous to the new amino acid terminus 

following cleavage of PAR-1 which acts as a tethered ligand.  TRAP-6 mimics the effect of thrombin 

through the activation of PAR-1 but does not cleave fibrinogen, leading to a more specific receptor 

effect.  Like thrombin, platelet stimulation with TRAP-6 requires a critical dose threshold to be 

met, upon which it elicits a very strong activation response(188).   

 

Figure 3.2 shows an example of a real-time plot of platelet aggregation in response to increasing 

concentrations of ADP, in the presence of LPS; Figure 3.3 and Figure 3.4 show platelet aggregation 

in response to increasing concentrations of collagen or TRAP-6 respectively, also in the presence 

of LPS.   

These graph series clearly demonstrate the different effects that each agonist has on the platelets: 

ADP-induced platelet aggregation commences immediately and steadily increases, with a 

plateauing occurring after around 100-300 seconds.  Collagen gives a delayed initiation with a 

more erratic output.  On microscopic observation of the wells following completion of the assay, 

clumps of platelets were visible that were not observed in wells stimulated with ADP or TRAP-6; 
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these clumps are responsible for the irregularity of light passing through the wells, giving rise to 

the jagged curves seen below.  Platelet stimulation with TRAP-6 showed a rapid and intense 

response in wells that crossed a critical threshold for activation.   

 

 

Figure 3.2  Platelet aggregation over time in response to increasing concentrations of adenosine 

diphosphate (ADP). 

Experiment performed in the presence of (A) no LPS, (B) 1µg/ml LPS, (C) 10µg/ml LPS, (D) 

100µg/ml LPS.  Graphs show a characteristic smooth and gradual response to ADP, which is dose-

responsive.  This response is enhanced by increasing concentrations of LPS.     
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Figure 3.3  Platelet aggregation over time in response to increasing concentrations of collagen. 

Experiment performed in the presence of (A) no LPS, (B) 1µg/ml LPS, (C) 10µg/ml LPS, (D) 

100µg/ml LPS.  Graphs show a characteristic erratic response, which is enhanced by increasing 

concentrations of LPS.  Col = collagen.    
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Figure 3.4  Platelet aggregation over time in response to increasing concentrations of thrombin 

receptor activator peptide 6 (TRAP-6). 

Experiment performed in the presence of (A) no LPS, (B) 1µg/ml LPS, (C) 10µg/ml LPS, (D) 

100µg/ml LPS.  Graphs indicate an all-or-nothing response that is characteristic of platelet 

responses to TRAP-6.   

 

The above graphs can more usefully be converted into a measure of maximal platelet aggregation, 

as presented in Figure 3.5.  The addition of LPS augmented agonist-induced maximum aggregation 

in a dose-dependent manner (Figure 3.5 A); again, the difference in mechanisms of activation can 

be clearly visualised, with the smoothest and most gradual dose response seen in response to 

ADP, a similar but less clear picture seen in response to collagen, and a threshold response seen 

in response to TRAP-6.  This effect was further enhanced by the pre-incubation of PRP with LPS 

prior to addition to agonists (Figure 3.5 B) and occurred even in the absence of stimulation of the 

platelet with any agonist (Figure 3.5 C-D).   
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Figure 3.5  Maximal platelet aggregation in response to stimulation with ADP, Collagen, or 

TRAP-6. 

Agonist-induced platelet aggregation is enhanced by LPS in a dose-dependent manner in response 

to all agonists (A).  This is further potentiated by the incubation of platelets with LPS for 30 

minutes prior to addition to the plate (B).  Platelet aggregation in the presence of LPS occurs in a 

dose dependent manner even in the absence of any agonists (C) after immediate addition of PRP 

+/- LPS to plate pre-loaded with agonists or (D) after incubation of platelets with LPS for 30 

minutes prior to addition to the plate.   Graphs representative of three independent experiments.   
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3.1.2 The effect of M.tb on platelet activation and functional responses 

Having established this methodology using LPS, these techniques were next applied to M.tb in 

order to investigate whether M.tb activates platelets, about which there are no published data in 

the international literature to date.  High concentration LPS was included as a positive control 

against which responses observed to M.tb could be compared.     

Platelets were isolated as described and suspended in platelet buffer at 1 x 108 cells/ml.  They 

were then taken into the Category 3 laboratory.  M.tb at an O.D. of approximately 0.6 was 

centrifuged at 11,000 rpm for 5 minutes. The supernatant was collected and sterile-filtered, and 

the pellets were resuspended in fresh 7H9 media.  Platelets were incubated with washed M.tb, 

the filtered supernatant containing M.tb-secreted mediators, or 7H9 control, in the presence or 

absence of 0.1IU/ml thrombin.  1IU/ml thrombin was included as a positive control.  After 

incubation for 30 minutes, the platelets were centrifuged at 4,000rpm for 1 minute to pellet the 

platelets then sterile-filtered.  The supernatants were evaluated by ELISA.   

 

 

Figure 3.6  Secretion of platelet factor 4 (PF4) by platelets incubated with or without thrombin, 

washed M.tb, or M.tb-secreted antigens. 

M.tb-secreted antigens, but not washed M.tb, significantly upregulated platelet PF4 secretion in 

the presence of thrombin after incubation for (A) 30 minutes or (B) 45 minutes.  Data compared 

with one-way ANOVA with Šídák’s correction for multiple comparisons.  Representative of three 

separate experiments. 
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In the presence of thrombin, incubation of platelets for 30 minutes with washed M.tb did not 

affect PF4 secretion, however incubation with M.tb-secreted antigens significantly upregulated 

PF4 secretion compared to platelets incubated with 7H9 control (255.8 +/- 23.8 vs 141/8 +/- 11.4 

ng/ml, p=0.0053).  (Figure 3.6 A).  A similar effect was observed after incubation for 45 minutes 

(Figure 3.6 B).   

 

To further investigate platelet reactivity to M.tb-derived antigens, dilution of M.tb-secreted 

antigens in fresh 7H9 media were prepared at a ratio of 1 in 3, 2 in 3, and neat.  Platelets were 

incubated with M.tb-secreted antigens at increasing concentrations for 30 minutes in the 

presence of 0.1IU/ml thrombin, before supernatants were sterile-filtered and PF4 and soluble 

CD40-ligand (sCD40-L) concentrations measured by ELISA.   

Enhanced platelet secretion of both PF4 and sCD40L in response to M.tb-secreted antigens was 

found to occur in a dose-dependent manner (Figure 3.7).   

 

Figure 3.7  Platelet factor 4 (PF4) and soluble CD40 ligand (sCD40L) secretion by platelets after 

incubation with M.tb-secreted antigens and thrombin for 30 minutes. 

Secretion of both PF4 (A) and sCD40L (B) increased in a dose-responsive manner in response to 

M.tb-secreted antigens.  1 IU/ml thrombin was included as a positive control.  M.tb-secreted 

antigens used at preparations of a 1 in 3 dilution (+), 2 in 3 dilution (++), or neat (+++). Data 

compared with one-way ANOVA with Šídák’s correction for multiple comparisons; *p<0.5, 

***p<0.001. Graphs representative of two separate experiments.  
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Finally, the effect of M.tb-secreted antigens on functional aggregation responses in platelets was 

investigated.  Our group does not have access to a plate reader capable of kinetic measurements 

within a Category 3 laboratory and thus platelet aggregometry performed with live, virulent M.tb 

is not possible in our laboratory. The establishment that M.tb-secreted antigens, rather than the 

M.tb themselves, lead to platelet activation enabled the subsequent investigation of M.tb on 

functional responses in platelets.   

4mls platelet rich plasma (PRP) was incubated for 30 minutes with 2mls M.tb-secreted antigen 

preparation (see Section 2.2), 1ml M.tb-secreted antigen preparation and 1ml 7H9 control media, 

or LPS in 7H9 media at a final concentration of 100µg/ml as a positive control.  The PRP was added 

to a 96 well plate pre-loaded with serial dilutions of platelet agonists adenosine diphosphate 

(ADP), collagen, or thrombin receptor activator protein 6 (TRAP-6), and read immediately. 

M.tb-secreted antigen enhanced agonist-induced maximal platelet aggregation in a dose-

dependent manner.  This was comparable to aggregation enhancement by LPS.  M.tb-secreted 

antigen enhanced platelet aggregation is seen most clearly in the presence of ADP (Figure 3.8 A) 

where high concentrations of M.tb secreted antigens increased platelet aggregation to a greater 

extent than 100µg/ml LPS, the positive control.  A less marked effect was seen with collagen 

(Figure 3.8 B).  In the presence of TRAP-6, M.tb-secreted antigens again enhanced maximal 

platelet aggregation; this was most evident at intermediate concentrations of TRAP-6, and this 

did not reach the level induced by LPS (Figure 3.8 C).   

 

 

Figure 3.8  Maximal agonist-induced platelet aggregation following stimulation with LPS. 

Maximal platelet aggregation in response to reducing concentrations of (A) ADP, (B) collagen, or 

(C) TRAP-6 following pre-incubation for 30 minutes with 7H9 control (grey bars), low (light green 

bars) or high (dark green bars) concentrations of M.tb-secreted antigens, or 100µg/ml LPS (black 
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bars). M.tb-secreted antigens enhanced agonist-induced platelet aggregation in a dose-

dependent manner. This was comparable to enhancement induced by LPS.  Graphs representative 

of four separate experiments.  

 

Pooled data from maximal ADP-induced platelet aggregation in the presence of LPS M.tb secreted 

antigens are presented in Figure 3.9 A and B respectively.  Aggregation induced by LPS was 

significantly greater only at an ADP concentration of 0.3µM (maximal aggregation of 56.6% vs 

26.2% respectively, p=0.0084).  M.tb-secreted antigens induced significantly higher maximal 

aggregation at 0.3µM ADP (maximal aggregation induced by low concentration M.tb-secreted 

antigens of 47.3% vs 26.2% by 7H9 control, p=0.0052; and by high concentration M.tb-secreted 

antigens 60.1% vs 26.2% by 7H9 control, p<0.0001) and also at 1µM ADP (maximal aggregation 

induced by high M.tb-secreted antigens 86.4% vs 67.7% by 7H9 control, p=0.024).   

 

Figure 3.9  Maximum platelet aggregation in response to ADP following stimulation with LPS 

and M.tb-secreted antigens. 

(A) Maximal platelet aggregation was significantly greater in the presence of LPS (blue line) than 

7H9 control (black line) at an ADP concentration of 0.3µl.  (B) Maximal platelet aggregation was 

significantly greater in the presence of high concentration M.tb-secreted factors (dark green line) 

than 7H9 control (black line) at an ADP concentration of both 0.3µl and 1µl, and by low 

concentration M.tb-secreted antigens (light green line) at an ADP concentration of 0.3µl only.  

Graphs show pooled data from four independent experiments.  Data shown are median, lines 

represent 95% confidence intervals; data compared using a two-way ANOVA with Šídák’s 

correction for multiple comparisons.  
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There was no significant difference in maximal TRAP-6- or collagen-induced platelet aggregation 

in the presence of either LPS or M.tb-secreted antigens (data not shown).  

 

In summary, these findings indicate that platelets can be functionally activated by M.tb-

secreted antigens leading to both secretion of platelet factors and agonist-induced platelet 

aggregation. These responses are comparable to those observed in response to 

lipopolysaccharide (LPS).  This is a novel finding, as platelet responses to M.tb have not been 

published in the literature.  However, the concentrations of both LPS and M.tb-secreted antigens 

used in these experiments are not physiologically applicable, and whether this effect occurs in 

vivo remains unknown.   

 

3.1.3 Optimisation of a flow cytometry protocol for the evaluation of platelet 

activation and platelet-leukocyte interactions in whole blood 

3.1.3.1 Rationale 

Traditional methods of evaluating platelet phenotype and function such as aggregometry and 

thromboelastography are limited by their complexity, requirement for large volumes of blood, 

and ability to only examine one aspect of platelet activity at a time.  More recently, approaches 

employing whole blood flow cytometric analysis have been developed(170).  

Flow cytometry is a tool that is able to rapidly analyse suspended single particles or cells.  Basic 

light scatter enables quantification of particle size through forward scatter parameters (FSC) or 

internal complexity or granularity through 90 degree side-scatter (SSC).  The incorporation of 

lasers enables the detection of cell surface markers or internal components using fluorescently 

conjugated antibodies or dyes.  Flow cytometry can be applied to both pure cell populations and 

to mixed populations sourced from blood or tissues, and is used widely in a multitude of 

disciplines including immunology, infectious diseases, and cancer biology(189).  

When applied specifically to platelets, flow cytometry is advantageous as it enables simultaneous 

and detailed evaluation of various aspects of platelet function including platelet phenotype, 

activation state, reactivity to agonists, and interaction with other cell types.  Clinically it is used 
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for the evaluation of platelet reactivity in cardiovascular disease, pre-eclampsia, and the detection 

of inherited platelet disorders, amongst other uses(190-192).  The incorporation of different 

platelet agonists allows each pathway to be investigated independently, and the utilisation of 

protocols involving minimal sample manipulation also allow avoidance of pre-activation and thus 

gives an accurate representation of true platelet phenotype.  This can all be performed using as 

little as 5µl blood, and cell fixation allows storage of samples prior to evaluation on a flow 

cytometer, enabling batch analysis.   

These characteristics made flow cytometric analysis an attractive tool for both in vitro exploration 

of platelet activity and function, and also desirable for future application to clinical studies.  The 

flexibility of the technology enabled the optimization of the protocol detailed below.  This was 

designed to include the minimum possible number of steps, specifically avoiding any 

centrifugation to prevent platelet activation or shearing through manipulation and to maximise 

reproducibility.   

 

3.1.3.2 Fixation step  

A combined fix-lysis buffer applied immediately after staining was found to give cleaner readouts 

compared with a dual strategy of either first lysing erythrocytes and then fixing the cells, or vice 

versa.   

 

3.1.3.3 Determination of antibody concentrations for use in whole blood flow cytometry 

Optimal antibody concentrations were determined through titration experiments performed for 

each antibody separately.  The stain, or separation, index (SI), is the ratio of separation between 

the positive and negative population, divided by twice the standard deviation of the negative 

population(193).  This was calculated as follows: 

                                               SI   =     (Median positive   -   Median negative)     

                                                                       (2 x Robust SD negative) 

A combination of the optimal stain index and ease of visualisation of distinct plots was used to 

select the antibody concentration.  
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3.1.3.4 Determining the lifespan of stained and fixed samples 

Samples were prepared and stored at 5°C.  Serial analysis demonstrated that samples were stable 

for 72 hours, after which cells began to degrade.   

 

3.1.3.5 Choice of vacutainer for collection of whole blood for platelet evaluation 

Platelets are widely understood to be activated when in contact with glass(194, 195) and for this 

reason many laboratory protocols used in the evaluation of platelets recommend avoiding glass 

tubes.  To assess whether the material of the vacutainer tubes affected platelet activation, flow 

cytometric analysis was performed using blood obtained in both glass and plastic tubes.   

Whole blood was taken in glass or plastic vacutainers containing 10% sodium citrate (both BD 

Vacutainer® sodium citrate tubes).   A 500µl aliquot of whole blood was separated from each, and 

the remaining blood underwent platelet extraction (see section 2.3).  Platelets were resuspended 

in platelet wash buffer to 1 x 108 cells/ml, and incubated with thrombin (none, 0.01U/ml, and 

0.025U/ml) for 6 minutes.  1mM PGE1 was then added at a dilution of 1 in 500, and platelets were 

washed then resuspended in platelet buffer.  Whole blood and washed platelets were then 

processed for flow cytometry (see methods section 2.14).  Only anti-CD41b and anti-CD62P were 

used for this analysis.  Platelets were identified according to characteristic FSC/SSC and CD41b 

positivity, and the percentage of platelets that expressed CD62P, and median fluorescence 

intensity (MFI) of CD62P on the platelet population, were calculated. No significant difference in 

platelet CD62P expression was observed in either whole blood or washed platelets collected in 

glass versus plastic tubes (Figure 3.10).  
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Figure 3.10  Platelet CD62P expression in thrombin-stimulated platelets isolated from whole 

blood taken in glass compared to plastic tubes. 

There was no difference observed in the percentage of CD41+ events expressing CD62P (A) or in 

median fluorescence intensity (MFI) of CD62P among CD41+ events (B) in response to thrombin 

stimulation in whole blood isolated from glass compared to plastic tubes.   

 

Platelet activation was also assessed by measurement of PF4 in response to thrombin stimulation.  

Whole blood was taken in glass or plastic vacutainers containing 10% sodium citrate (both BD 

Vacutainer® sodium citrate tubes).  Platelets were isolated (see section 2.3), resuspended in 

platelet wash buffer to 1 x 108 cells/ml, and divided into aliquots which were incubated with 

thrombin (none, 0.01U/ml, 0.025U/ml, 0.05U/ml, and 0.1U/ml) for 6 minutes.  Supernatants were 

collected and PF4 measured using a PF4 Duoset ELISA Development System (R&D Systems, 

Abingdon, UK) according to the manufacturer’s protocol.   

Platelets obtained from both glass and plastic vacutainers stimulated with 0.05 and 0.1U/ml 

thrombin were noted to have clotted during activation.  Contrary to expectations based on the 

literature and common perception, PF4 concentration was higher in supernatants obtained from 

blood collected in plastic tubes stimulated with a thrombin concentration of 0.025U/ml and 

0.05U/ml compared to blood collected in glass tubes (p<0.0001) (Figure 3.11).  
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Figure 3.11  Platelet factor 4 (PF4) secretion from thrombin-stimulated platelets isolated from 

whole blood taken in glass or plastic tubes. 

Experiment performed in duplicate.  Data compared with one-way ANOVA with Šídák’s correction 

for multiple comparisons; ****p<0.0001.  

 

In summary: the material of the vacutainers used to obtain whole blood in citrate for flow 

cytometric analysis was not found to appreciably affect platelet activation.  Glass tubes were used 

for all further experiments, as the volume contained in glass tubes (4.5ml, vs 2.7ml in plastic 

tubes) was more convenient as it required fewer tubes to be taken during venepuncture.  
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3.2 Investigating the effect of platelets on gene expression and 

secretion of matrix metalloproteinases by M.tb-stimulated 

monocytes 

   

3.2.1 Optimisation of the monocyte-platelet co-culture model.  

Previous published research that employed a monocyte-platelet co-culture model utilise a wide 

range of methodologies, including whether or not platelets are pre-activated with either 

thrombin(196, 197), other platelet agonists such as ADP(198), or unactivated(199, 200) prior to 

use.  Human thrombin is the most common agent used. Generated as part of the coagulation 

cascade, thrombin interacts with protease-activated receptors to potently activate platelets. 

However, inclusion of thrombin in experimental models can be problematic for a number of 

reasons.  The potency of the thrombin is highly batch-dependent; use of the same batch of 

thrombin for all experiments provides a degree of standardization, but may make the data difficult 

to reproduce.  Platelets are highly reactive to thrombin with a tendency to clot, and as 

susceptibility to clotting varies between donors this can occur abruptly leading to inability to 

proceed with the experiment.  Moreover, thrombin acts on components of the plasma including 

fibrinogen which may interfere with the assay.  This can be avoided by using thrombin receptor 

activator peptide 6 (TRAP-6), a synthetic compound that selectively activates the protease-

activated receptor-1 (PAR-1), the target of thrombin.  Other agonists such as ADP or collagen may 

also have a more uniform effect on platelet activation than thrombin.  However, stimulation of 

platelets with different agonists is known to lead to differential intracellular pathway activation 

and subsequently to different platelet phenotypes(201, 202).  In addition, the monocyte and/or 

M.tb themselves may also activate platelets to a greater or lesser extent than the agonist.  The 

impact of choice of platelet agonist on downstream effects in co-culture is unknown.   

Our group has previously used thrombin-activated platelets in monocyte-platelet co-culture(103).  

In order to establish whether this affects downstream results, monocytes were cultured with 

platelets that were unstimulated or had been stimulated with a range of thrombin concentrations.  
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3.2.1.1 Platelets secrete platelet factor 4 in response to stimulation with thrombin in a 

concentration-dependent manner.  

To first assess whether platelets are activated in vitro by thrombin, platelets were isolated from 

whole blood taken in 10% sodium citrate (BD Vacutainer® sodium citrate tubes) and resuspended 

in platelet wash buffer to 1 x 108 cells/ml (see methods section 2.3).  The platelet suspension was 

then divided into aliquots which were incubated with increasing concentrations of thrombin for 

6 minutes, then supernatants were collected.  Platelet factor 4 (PF4) and soluble CD40 Ligand 

(sCD40L), both major components of platelet alpha granules, were measured using a Duoset ELISA 

Development System (R&D Systems, Abingdon, UK) according to the manufacturer’s protocol.   

Platelets secreted PF4 and sCD40L following stimulation with thrombin in a dose-dependent 

manner (Figure 3.12).  This is consistent with co-secretion of these molecules during platelet 

degranulation.  

 

Figure 3.12  Platelet secretion of (A) platelet factor 4 (PF4) and (B) soluble CD40 ligand (sCD40L) 

increased in response to thrombin stimulation in a dose-dependent manner. 

Bars represent mean +/-SD of three separate experiments, each performed in duplicate. Data 

compared with one-way ANOVA; *p<0.05, **p<0.001. 
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3.2.1.2 Thrombin activation of platelets prior to incorporation into a monocyte co-culture 

model does not affect monocyte MMP-1 or TIMP-1 secretion.  

Prior to addition to monocytes, isolated platelets were divided into four aliquots and activated 

with 0.01U/ml, 0.025U/ml, and 0.1U/ml thrombin, or no thrombin as a control for 6 minutes at 

room temperature.  1mM Prostaglandin E1 (PGE1) was added at a dilution of 1 in 500, and the 

platelets were washed and suspended in DMEM supplemented with 10% FCS and 10µg/ml 

ampicillin.  Suspended platelets or equal volumes of control media were added to the monocytes 

which were then infected with M.tb or an equal volume of 7H9 control media, and incubated for 

24 hours at 37°C prior to collection of the supernatants.  

Thrombin concentrations of 0.025U/ml or higher consistently caused platelets to clot, rendering 

them unusable for further experimentation.  Therefore, platelets activated with 0.01U/ml 

thrombin were used in co-culture.  

Platelet activation with thrombin prior to addition to monocytes did not affect monocyte 

secretion of either MMP-1 or TIMP-1, in the presence or absence of M.tb. (Figure 3.13).  

 

Figure 3.13  Secretion of (A) MMP-1 and (B) TIMP-1 from M.tb-infected and uninfected 

monocytes cultured in the presence of platelets was unaffected by prior platelet activation with 

thrombin. 

(A) Bars represent mean +/-SD of two experiments, each performed in duplicate. (B) Bars 

represent mean +/-SD, single experiment performed in duplicate.  Data compared with one-way 

ANOVA with Šídák’s correction for multiple comparisons.  
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It is likely that any prior activation of platelets is relatively insignificant compared with activation 

following contact with monocytes; therefore, for subsequent experimentation, unactivated 

platelets were used for all co-culture experiments.   

 

3.2.2 Co-culture with platelets increases MMP-1 secretion by M.tb-stimulated 

monocytes.  

Monocytes and autologous platelets were isolated and co-cultured with/without M.tb for 24 

hours prior to collection of supernatants for analysis by ELISA (see methods section 2.6).   

The addition of M.tb to monocytes increased MMP-1 secretion from 124.8 +/- 88.3 pg/ml to 1,298 

+/- 990 pg/ml (p=0.12).  This was substantially increased by the additional presence of platelets 

to 3,479 +/- 1,720 pg/ml (p=0.0018).  Platelets alone increased MMP-1 secretion by monocytes 

from 124.8 +/- 88.3 pg/ml to 475 +/- 293.8 pg/ml (p=0.90, Figure 3.14 A).  Findings were similar 

for MMP-10 (Figure 3.14 B). 

 

 

Figure 3.14  Co-culture with platelets enhances (A) MMP-1 and (B) MMP-10 secretion by M.tb-

stimulated monocytes. 

Platelet:monocyte ratio of 25:1. Graphs represent pooled data from seven separate experiments; 

each experiment performed in duplicate. Data compared with one-way ANOVA with Šídák’s 

correction for multiple comparisons; **p<0.01, ***p<0.001.  
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3.2.3 Platelet augmentation of M.tb-infected monocyte MMP-1 secretion 

increases with an increasing platelet:monocyte ratio 

M.tb-infected monocytes and platelets were co-cultured at platelet:monocyte ratios ranging from 

10:1 to 100:1 for 24 hours at 37°C, before supernatants were collected for evaluation using ELISA.   

MMP-1 secretion from monocytes co-cultured with platelets increased in a dose-dependent 

manner with an increasing platelet:monocyte ratio.  This effect was further enhanced by the 

presence of M.tb  (Figure 3.15).  Contribution from platelet-only controls was negligible.  Based 

on these data, a platelet:monocyte ratio of 25:1 was used in all subsequent experiments.  

 

 

Figure 3.15  MMP-1 secretion by M.tb-infected and uninfected monocytes cultured in the 

presence or absence of platelets for 24 hours. 

MMP-1 secretion increased with increasing platelet:monocyte ratio in a dose-dependent manner 

in uninfected monocytes, and this effect was further enhanced by the addition of M.tb.  Bars 

represent mean +/- standard deviation (SD).  Pooled data from four independent experiments, 

each experiment performed in duplicate. Data compared with one-way ANOVA with Šídák’s 

correction for multiple comparisons; **p<0.01, ****p<0.0001.  
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3.2.4 MMP-1 secretion and mmp-1 gene expression from M.tb- and platelet-

stimulated monocytes increases over time 

To evaluate kinetics of platelet- and M.tb-stimulated monocyte secretion and gene expression, 

M.tb-infected and uninfected monocytes were cultured with/without autologous platelets.  

Supernatants and cell lysates were collected after 4, 8, 18, and 24 hours; cultures were not 

extended beyond 24h in order to avoid monocyte maturation or differentiation during culture.   

Both MMP-1 secretion and mmp-1 expression were negligible after 4h incubation and increased 

significantly over time.  By 24 hours, monocyte MMP-1 secretion had increased from 29.8 pg/ml 

to 192.6 pg/ml, and in the presence of platelets this increased further to 1,751 pg/ml (Figure 3.16 

A), and monocyte mmp-1 gene expression increased 17.5-fold by the addition of M.tb, and 207.2-

fold by the addition of both M.tb and platelets (Figure 3.16 B).   

 

Figure 3.16  MMP-1 secretion and mmp-1 expression from M.tb-infected monocytes over time. 

Both MMP-1 (A) secretion and mmp-1 expression (B) from M.tb-infected and uninfected 

monocytes cultured with or without autologous platelets progressively increased over time after 

incubation for 4, 8, 18, and 24 hours and were maximal after 24 hours.  Experiment performed in 

duplicate.   
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3.2.5 Co-culture with platelets increases Mmp-1 gene expression in M.tb-

infected monocytes.  

Monocytes and autologous platelets were isolated and co-cultured with/without infection with 

M.tb for 24 hours at 37°C.  After collection of supernatants, cell lysates were collected and stored 

in Tri-Reagent for later analysis by qPCR (see methods sections 2.6 and 2.12).   

 

Platelets alone did not significantly increase mmp-1 secretion from uninfected monocytes.  

Infection of monocytes with M.tb increased mmp-1 expression 26.6-fold, and the addition of 

platelets increased this further to 125.4-fold compared to monocytes alone (Figure 3.17 B).   

 

 

Figure 3.17  Expression of mmp-1 from M.tb-infected monocytes co-cultured with or without 

platelets for 24hours. 

Mmp-1 expression was significantly increased in M.tb-infected monocytes co-cultured with 

platelets. Graph shows pooled data from four separate experiments.  Bars represent mean +/- SD, 

all experiments performed in duplicate.  Data compared using one-way ANOVA with Šídák’s 

correction for multiple comparisons; **p<0.01.  
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3.2.6 Investigation of the impact of platelets on M.tb-induced activation of 

monocyte signalling pathways  

 

3.2.6.1 Phosphoinositide 3 (Pi3) Kinase pathways 

Phosphoinositide 3 (Pi3) kinases signal through Akt and activate mTOR, leading to cell growth and 

proliferation.  LY294002 is a potent inhibitor of class I Pi3Ks, by inhibiting the p110 subunit which 

acts on the ATP binding site of the catalytic subunit(203).  This results in the induction of apoptosis 

and suppression of growth of tumour cells both in vitro and in vivo(204), as well as blocking 

autophagosome formation and thereby inhibiting autophagy(205).   

Monocytes and platelets were isolated from autologous whole blood as described above (see 

methods sections 2.3 and 2.5).  Monocytes were incubated with LY294002 (1 or 10uM) for one 

hour prior to addition of platelets and infection with M.tb.  The cells were incubated for 8, 18, or 

24 hours at 37°C, 5% CO2.  Cell supernatants were collected and sterile-filtered prior to evaluation 

by ELISA, and cell lysates were collected in Tri-Reagent and stored at -80 prior to evaluation by 

qPCR.  

Secretion of MMP-1 and MMP-10 at 8h was low, and no difference in the presence of LY294002 

was found (Figure 3.18 A-B).  At 18h, the addition of LY294002 reduced MMP-1 secretion by M.tb-

infected monocytes from 2,629 +/- 264.5 pg/ml to 506.1 +/- 55 pg/ml, and of M.tb-infected 

monocytes cultured with platelets from 5,533 +/- 947.9 pg/ml to 1,087 +/- 43.0 pg/ml (p<0.0001).  

Similarly, the concentration of MMP-10 secreted by M.tb-infected monocytes was reduced from 

500.2 +/- 137.3 pg/ml to 136.0 +/- 4.83 pg/ml (p=0.032), and in the presence of platelets from 

1,184 +/- 362.2 pg/ml to 216.4 +/- 43.54 pg/ml (p<0.0001) (Figure 3.18 C-D).  Peak secretion 

occurred at 24h, and the presence of LY294002 reduced MMP-1 and MMP-10 secretion from 

M.tb-infected monocytes both with and without co-culture with platelets in a dose-dependent 

manner (Figure 3.18 E-F).   
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Figure 3.18  Pi3K inhibitor LY294002 downregulates MMP-1 and MMP-10 secretion by M.tb-

infected monocytes in the presence or absence of autologous platelets. 

LY294002 downregulated MMP-1 and MMP-10 secretion by M.tb-infected monocytes incubated 

with or without autologous platelets after incubation for 8h (A, B), 18h (C, D), or 24h (E, F).  Graphs 

representative of at least three separate experiments. Data compared using one way ANOVA with 

Šídák’s correction for multiple comparisons.  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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To investigate monocyte gene expression, RNA was extracted from cell lysates, converted to 

cDNA, and expression of mmp-1 and mmp-10 quantified using qPCR (see methods section 2.12).  

After 8h there was no effect from addition of LY294002 but by 18h expression of both mmp-1 and 

mmp-10 was downregulated by LY294002.  After 24h incubation, the expression of mmp-1 by 

M.tb-infected monocytes increased by 41.1 fold +/- 13.3 fold relative to monocytes alone, and 

with the addition of LY294002 this decreased to  21.4 fold +/- 7.5 fold (p=0.038).  mmp-1 

expression by M.tb-infected monocytes cultured in the presence of platelets increased by 105.1 

fold +/- 11.2 fold relative to monocytes alone, and this reduced to 22.04 fold +/- 1.2 fold with 

LY294002 (p<0.0001) (Figure 3.19 E).  LY294002 increased mmp-10 gene expression by M.tb-

infected monocytes, and decreased expression by M.tb-infected monocytes co-cultured with 

platelets (Figure 3.19 F).   
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Figure 3.19  The effect of LY294002 on expression of mmp-1 and mmp-10 by M.tb-infected 

monocytes in the presence or absence of autologous platelets. 

Pi3K inhibition using LY294002 did not significantly affect mmp-1 or mmp-10 gene expression by 

M.tb-infected monocytes incubated with or without platelets after incubation for 8 hours (A, B), 

but downregulated mmp-1 and mmp-10 gene expression after 18 hours (C, D) and 24 hours (E, F).  

Data compared using one way ANOVA with Šídák’s correction for multiple comparisons.  *p<0.05, 

** p<0.01, ****p<0.0001. 
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3.2.6.2 Inhibition of the mammalian target of rapamycin (mTOR) signalling pathway 

The mammalian target of rapamycin (mTOR) signalling pathway is an important regulator of cell 

growth and metabolism, and consists of two functionally distinct complexes, mTOR complex 1 

(mTORC1) and mTOR complex 2 (mTORC2).  mTORC1 responds to signals from a wide range of 

stimuli including soluble growth factors, cytokines, and amino acids to regulate processes integral 

to cellular proliferation and growth, whereas mTORC2 regulates cellular structure and survival. 

Rapamycin potently inhibits mTORC1, and to a lesser extent mTORC2(206).    

Monocytes and platelets were isolated from autologous whole blood as described above (see 

methods sections 2.3 and 2.5).  Monocytes were incubated with 0.5uM Rapamycin for one hour 

prior to addition of platelets and infection with M.tb.  The cells were incubated for 24 hours at 

37°C, 5% CO2, then cell supernatants were collected and sterile-filtered prior to evaluation by 

ELISA.  

0.5uM Rapamycin reduced MMP-1 secretion from M.tb-infected monocytes co-cultured with 

platelets from 3,324 +/- 888.3 pg/ml to 2,023 +/- 613.0 pg/ml (p=0.045, Figure 3.20).   
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Figure 3.20  The effect of Rapamycin on MMP-1 secretion by M.tb-infected monocytes in the 

presence or absence of autologous platelets. 

mTOR inhibition with Rapamycin downregulated MMP-1 secretion from M.tb-infected monocytes 

co-cultured with autologous platelets for 24 hours.  Data compared using one way ANOVA with 

Šídák’s correction for multiple comparisons.  *p<0.05. 
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The experiment was repeated multiple times, and results were found to be very variable and 

difficult to reproduce.  This was attributed to the many off-target effects of Rapamycin(206), and 

for this reason this line of experimentation was not taken any further.   

 

 

3.2.6.3 Mitogen-activated protein kinase (MAPK) inhibition  

PD98059 inhibits the ERK pathway by selectively binding to inactive MEK1, preventing its 

activation by upstream activators including c-RAF, and thereby preventing ongoing activation of 

the MAP kinase cascade.  It also prevents MEK2 activation to a lesser extent.  The inhibitor 

SB203580 selectively inhibits p38 MAPK.   

 

Monocytes and platelets were isolated from autologous whole blood as described above (see 

methods sections 2.3 and 2.5).  Monocytes were incubated with PD98059 (10µM) or SB203580 

(10µM) for one hour prior to addition of platelets and infection with M.tb.  The cells were 

incubated for 24 hours at 37°C, 5% CO2. Cell supernatants were collected and sterile-filtered prior 

to evaluation by ELISA, and cell lysates were collected in Tri-Reagent and stored at -80 prior to 

evaluation by qPCR. 

PD98059 downregulated MMP-1 secretion in M.tb-infected monocytes co-cultured with platelets 

at 8, 18, and 24h (Figure 3.21 A, C, E ) and downregulated MMP-10 secretion at 18 and 24h (Figure 

3.21 B, D, F).  

 



68 
 

 

Figure 3.21  The effect of PD98059 on secretion of MMP-1 and MMP-10 by M.tb-infected 

monocytes in the presence or absence of autologous platelets. 

PD98059 significantly downregulates MMP-1 and MMP-10 secretion by M.tb-infected monocytes 

co-cultured with platelets. Graphs representative of at least three separate experiments after 

incubation for 8h (A, B), 18h (C, D), or 24h (E, F). Data compared using one way ANOVA with 

Šídák’s correction for multiple comparisons.  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Similarly, SB203580 downregulated MMP-1 secretion in M.tb-infected monocytes co-cultured 

with platelets at 8, 18, and 24h (Figure 3.22 A, C, E ) and downregulated MMP-10 secretion at 18 

and 24h (Figure 3.22 B, D, F).  

 

Figure 3.22  The effect of SB203580 on secretion of MMP-1 and MMP-10 by M.tb-infected 

monocytes in the presence or absence of autologous platelets. 

SB203580 significantly downregulates MMP-1 and MMP-10 secretion by M.tb-infected 

monocytes co-cultured with platelets after incubation for 8h (A, B), 18h (C, D), or 24h (E, F). Graphs 

representative of at least three separate experiments. Data compared using one way ANOVA with 

Šídák’s correction for multiple comparisons.  **p<0.01, ****p<0.0001. 
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Figure 3.23  The effect of PD98059 on expression of mmp-1 and mmp-10 by M.tb-infected 

monocytes in the presence or absence of autologous platelets. 

After incubation for 8h (A, B), 18h (C, D), or 24h (E, F), a trend towards downregulation by 

PD98059 of mmp-1 and mmp-10 expression by M.tb-infected monocytes cultured with or without 

autologous platelets was observed. Data compared using one way ANOVA with Šídák’s correction 

for multiple comparisons.  *p<0.05, **p<0.01, ****p<0.0001. 
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Figure 3.24  The effect of SB203580 on expression of mmp-1 and mmp-10 by M.tb-infected 

monocytes in the presence or absence of autologous platelets. 

SB203580 did not significantly affect mmp-1 or mmp-10 gene expression by M.tb-infected 

monocytes +/- platelets after 8 hours (A,B) or 18 hours (C,D), but significantly downregulated 

mmp-1 and mmp-10 gene expression by M.tb-infected monocytes co-cultured with platelets for 

after 24 hours (E,F). Data compared using one way ANOVA with Šídák’s correction for multiple 

comparisons.  *p<0.05, **p<0.01, ****p<0.0001. 

 

A

0

2

4

6

m
m

p
1
,

fo
ld

 c
h

a
n

g
e

Platelets -  +  -   -    +    +
M.tb -  -   +  + + +
SB203580 (μM) - -   - 10  - 10

✱ ✱

B

0

5

10

15

20

m
m

p
1
0
,

fo
ld

 c
h

a
n

g
e

ns✱✱

Platelets -  +  -   -    +    +
M.tb -  -   +  + + +
SB203580 (μM) - -   - 10  - 10

 

C D

1

10

100

1000

m
m

p
1
0
,

fo
ld

 c
h

a
n

g
e

ns ns

Platelets -  +  -   -    +    +
M.tb -  -   +  + + +
SB203580 (μM) - -   - 10  - 10

 

E

0.1

1

10

100

1000

m
m

p
1

, 
fo

ld
 c

h
a

n
g

e

ns ✱✱

Platelets -  +  -   -    +    +
M.tb -  -   +  + + +
SB203580 (μM) - -   - 10  - 10

F

0.1

1

10

100

1000

m
m

p
1
0
, 

fo
ld

 c
h

a
n

g
e

ns ✱✱✱✱

Platelets -  +  -   -    +    +
M.tb -  -   +  + + +
SB203580 (μM) - -   - 10  - 10

 



72 
 

At the level of gene expression, there was a trend towards downregulation of mmp-1 and mmp-

10 gene expression following MAP-K inhibition with PD98059 (Figure 3.23).  SB203580 reduced 

mmp-1 gene expression by M.tb-infected monocytes from an 132.4-fold increase compared to 

monocytes alone to a 50.5-fold increase compared to monocytes alone (p=0.0078, Figure 3.24 E), 

and reduced mmp-10 gene expression from M.tb-infected monocytes from an 102.3-fold increase 

compared to monocytes alone to a 25.1-fold increase compared to monocytes alone (p<0.0001, 

Figure 3.24 F). 
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3.2.7 The contribution of P-selectin-PSGL-1 interactions to platelet-induced 

activation of M.tb infected monocytes 

P-selectin Glycoprotein Ligand 1 (PSGL-1) is an important regulator of monocyte function.  

Notably, its interactions with L-selectin lead to rolling and adhesion, enabling monocyte migration 

in inflammation(207).  It also binds with platelet P-selectin which leads to downstream signal 

transduction and modulation of monocyte activity(208).  The following experiments were 

conducted to investigate the importance of PSGL-1-P-selectin interactions in the context of M.tb.  

3.2.7.1 Anti-PSGL-1 antibody prevents platelet-monocyte aggregation without affecting 

platelet receptor activation  

The specific anti-PSGL-1 monoclonal antibody KPL1 has been shown to mimic PSGL-1 stimulation 

with its physiological ligand, P-selectin, leading to inhibition of proliferation and induction of 

apoptosis in CD34+CD38- haemopoietic stem cells(209), initiation of PSGL-1-mediated neutrophil 

rolling(210), and enhanced leukocyte adhesion(211).  

 

Whole blood taken in 10% sodium citrate was stimulated with 10µg/ml anti-PSGL-1 antibody, or 

PBS control, for 10 minutes.  25µl blood was then incubated with anti-CD14, anti-CD42b, anti-

CD62P, and anti-PAC-1 antibodies, with or without 10uM TRAP-6 or 5uM ADP, and binding buffer 

(1% w/v BSA) to a final volume of 100µl in the dark for 20 minutes, before 500µl 1x fix/lysis 

solution (ThermoFisher Scientific, UK) was added for 15 minutes and a final addition of 1ml PBS.  

Samples were then analysed using a CytoFLEX S analyser (Beckman Coulter Life Sciences, UK) and 

data were entered into FlowJoTM v10 software.  

ADP and TRAP-6 led to an increase in platelet-monocyte aggregation from 4.3% +/- 0.4% to 14.3% 

+/- 1.5% and 47.5% +/- 1.4% respectively (Figure 3.25).  This effect was removed in the presence 

of anti-PSGL-1 antibody (platelet-monocyte aggregation 3.3% +/- 0.2% in unstimulated blood 

versus 3.6% +/- 0.8% and 5.5% +/- 0.2% respectively, both p<0.0001).  Anti-PSGL-1 antibody also 

reduced TRAP-6 induced platelet-granulocyte aggregation from 5.91% +/- 0.5% to 2.32% +/- 

0.007% (p<0.0001); no effect was observed in the presence of ADP.  Anti-PSGL-1 antibody did not 

affect platelet expression of CD62P or PAC-1.  
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Figure 3.25  The effect of anti-PSGL-1 antibody on ADP- or TRAP-6-induced platelet-monocyte 

aggregation, platelet-granulocyte aggregation, and platelet activation, evaluated using flow 

cytometry. 

Anti-PSGL-1 antibody significantly reduced ADP- and TRAP-6-induced upregulation of platelet-

monocyte aggregation (A) and TRAP-6-induced platelet-granulocyte aggregation (B), but did not 

affect agonist-induced upregulation of CD62P (P-selectin, C-D) or PAC-1 (E-F).  Bars represent 

mean +/- SD.  Data compared using one-way ANOVA with Šídák’s correction for multiple 

comparisons.  ****p<0.0001.  Graphs representative of two independent experiments.   
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3.2.7.2 Ligation of monocyte PSGL-1 receptors increases secretion of MMP-1  

Monocytes and platelets were isolated from autologous whole blood as described above (see 

methods sections 2.3 and 2.5).  Monocytes were incubated with the ligating anti-PSGL-1 KPL1 

antibody (10µg/ml) for one hour prior to addition of platelets and infection with M.tb.  The cells 

were incubated for 24 hours at 37°C, 5% CO2, then cell supernatants were collected and sterile-

filtered prior to evaluation by ELISA.  

PSGL-1 ligation increased MMP-1 and MMP-10 secretion from M.tb infected monocytes both with 

and without co-culture with platelets (Figure 3.26).  There was no difference in mmp-1 or mmp-

10 gene expression (Figure 3.27).  

 

 

 

Figure 3.26  The effect of PSGL-1 ligation on MMP secretion by M.tb-infected monocytes in the 

presence or absence of autologous platelets. 

PSGL-1 ligation significant increased secretion of MMP-1 (A) and MMP-10 (B) both in the presence 

and absence of platelets. Data compared using one way ANOVA with Šídák’s correction for 

multiple comparisons.  **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 3.27  The effect of PSGL-1 ligation on expression of mmp-1 and mmp-10 by M.tb-infected 

monocytes in the presence or absence of autologous platelets. 

PSGL-1 ligation did not significantly affect expression of either mmp-1 (A) or mmp-10 (B) by M.tb-

infected monocytes cultured in the presence or absence of platelets. Data compared using one 

way ANOVA with Šídák’s correction for multiple comparisons.  *p<0.05. 
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with anti-P-selectin antibody (Figure 3.28 A).  Platelet-granulocyte aggregation was under 3% in 

all conditions and was unaffected by addition of anti-P-selectin antibody (Figure 3.28 B).  

Fluoroscopic detection of anti-CD62P antibody on platelets was significantly increased in response 

to both ADP and TRAP-6, and this was significantly diminished with addition of anti-P-selectin 

antibody, which is in keeping with blockade of the P-selectin receptor(Figure 3.28 C-D); there was 

no impact on ADP- or TRAP-6-induced PAC-1 expression indicating that this antibody did not in 

fact affect platelet activation (Figure 3.28 E-F).   
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Figure 3.28  The effect of anti-P-selectin antibody on ADP- or TRAP-6-induced platelet-monocyte 

aggregation, platelet-granulocyte aggregation, and platelet activation, evaluated using flow 

cytometry. 

Anti-P-selectin antibody significantly reduced ADP- and TRAP-6-induced upregulation of platelet-

monocyte aggregation (A); ADP and TRAP-6 did not significantly increase platelet-granulocyte 

aggregation so no effect on this output caused by addition anti-P-selectin antibody was observed 

(B).  Anti-P-selectin antibody significantly reduced agonist-induced increases in CD62P (P-selectin) 

detection on the surface of platelets (C-D) but did not affect agonist-induced PAC-1 upregulation 

(E-F).  Bars represent mean +/- SD.  Data compared using one-way ANOVA with Šídák’s correction 

for multiple comparisons.  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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3.2.7.4 Blockade of platelet P-selectin may downregulate MMP production by M.tb-infected 

monocytes co-cultured with platelets.  

Having demonstrated that anti-P-selectin antibody prevents monocyte-platelet aggregation, the 

effect of blocking this interaction on M.tb-induced monocyte activation in monocyte-platelet co-

culture was investigated.   

Monocytes and autologous platelets were isolated as per Methods section 2.3 and 2.5.  Platelets 

were incubated with or without anti-P-selectin antibodies at a concentration of 10µg/ml for 

15mins, then added to monocytes with the respective antibody at a final concentration of 

10µg/ml.  These were infected with M.tb at a MOI of 1 or 7H9 control, and cultured for 24h before 

collection of supernatants for analysis by ELISA.  

Two different antibodies were used: Human P-Selectin/CD62P Antibody Monoclonal Mouse IgG1 

Clone # 9E1 (product BBA30), and Invitrogen CD62P (P-Selectin) Monoclonal Antibody 

(Psel.KO2.12) from eBioscience.  After results were obtained using the BBA30 antibody were 

found to be variable, the Psel.KO2.12 antibody was acquired and data using this antibody were 

found to be more reliably reproducible.  

The concentration of MMP-1 in supernatant collected from M.tb-infected monocytes co-cultured 

with platelets was 1,818 +/- 140.5 pg/ml. When platelets were pre-incubated with anti-P-selectin 

antibody there was a non-significant trend towards a reduction in MMP-1 concentration: pre-

incubation with anti-P-selectin antibody (BBA30) gave a measured MMP-1 concentration of 1,442 

+/- 511 pg/ml, and pre-incubation with anti-P-selectin antibody (Psel.KO2.12) gave an MMP-1 

concentration of 1,330 +/- 20.9 pg/ml (p=0.19). Data were similar for MMP-10 (Figure 3.29).  

There was no difference in mmp-1 or mmp-10 gene expression in the presence of either antibody 

(Figure 3.30). 
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Figure 3.29  The effect of platelet P-selectin receptor inhibition on monocyte secretion of MMP-

1 and MMP-10 following co-culture with platelets and M.tb. 

Platelet pre-incubation with both BBA30 and Psel.KO2.12 anti-P-selectin antibodies prior to 

addition to monocytes, M.tb infection, and culture for 24h led to a non-significant trend towards 

reduced monocyte secretion of (A) MMP-1 and (B) MMP-10. Graph represents single experiment 

using anti-P-selectin BBA30 antibody and three separate experiments using Psel.KO2.12 antibody. 

Data compared using one way ANOVA with Šídák’s correction for multiple comparisons.   

 

Figure 3.30  The effect of platelet P-selectin receptor inhibition on expression of mmp-1 and 

mmp-10 following co-culture with platelets and M.tb. 

Pre-incubation of platelets with BBA30 or Psel.KO2.12 anti-P-selectin antibodies prior to addition 

to monocytes, infection with M.tb, and culture for 24 hours did not affect monocyte expression 

of either (A) mmp-1 or (B) mmp-10.  Data compared using one way ANOVA with Šídák’s correction 

for multiple comparisons.   

A 

0

500

1000

1500

2000

2500

[M
M

P
-1

],
 p

g
/m

l

M.tb -    +  +  +   +
Platelets  -  -  + +   +
Anti-P-sel(BBA30)    -  -  -    +   -
Anti-P-sel(KO2)    -  -  -  -        +

ns

ns

B 

0

200

400

600

800

[M
M

P
-1

0
],

 p
g

/m
l

ns

ns

M.tb -    +  +  +   +
Platelets  -  -  + +   +
Anti-P-sel(BBA30)    -  -  -    +   -
Anti-P-sel(KO2)    -  -  -  -        +

 

A

0

20

40

60

80

m
m

p
1

, 
fo

ld
 c

h
a

n
g

e

M.tb -    +  +  +   +

Platelets  -  -  +       +   +

Anti-P-sel(BBA30)    -  -  -    +   -
Anti-P-sel(KO2)    -  -  -  -        +

ns

ns

B

0

50

100

150

m
m

p
1
0

, 
fo

ld
 c

h
a

n
g

e

M.tb -    +  +  +   +

Platelets  -  -  +       +   +

Anti-P-sel(BBA30)    -  -  -    +   -
Anti-P-sel(KO2)    -  -  -  -        +

ns

ns

 



81 
 

3.2.7.5 Recombinant P-selectin partially upregulates MMP secretion by M.tb-infected 

monocytes 

To investigate the effect of platelet stimulation of monocyte PSGL-1 receptors, recombinant P-

selectin (Bio-TechneTM) was added to monocytes with or without autologous platelets.  Cells were 

then infected with M.tb and incubated for 8, 18, or 24 hours, then supernatants and cell lysates 

in Tri-Reagent were collected for later analysis.   

After 8h the addition of 1µg/ml recombinant P-selectin, 2µg/ml recombinant P-selectin, or 

platelets increased secretion of MMP-1 by similar amounts (from 462.4 pg/ml to 656.1 pg/ml, 

650.0 pg/ml, and 646.9 pg/ml respectively, all p<0.05, Figure 3.31 A).  Secretion of MMP-10 was 

unaffected (Figure 3.31 B).  After 18h, the addition of 1µg/ml or 2µg/ml recombinant P-selectin 

upregulated both MMP-1 and MMP-10 secretion to a lesser extent than the addition of platelets 

(Figure 3.31 C-D).  At 24h, the addition of 1µg/ml recombinant P-selectin to M.tb-infected 

monocytes upregulated MMP-1 secretion from 713.7 +/- 45.35 pg/ml to 1,346 +/- 94.6 pg/ml 

(p=0.044).  The addition of recombinant P-selectin to M.tb-infected monocytes co-cultured with 

platelets upregulated MMP-1 secretion from 4,072 +/- 568 pg/ml to 4,919 +/- 530.1 pg/ml 

(p=0.0076).  Data were similar for MMP-10 (Figure 3.31 E-F). These differences were not reflected 

at the level of gene expression (Figure 3.32). 
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Figure 3.31  The effect of recombinant P-selectin (Rec P-sel) on secretion of MMP-1 and MMP-

10 by M.tb-infected monocytes. 

After incubation for 8h both platelets and recombinant P-selectin increased secretion of MMP-1 

but not MMP-10 from M.tb-infected monocytes (A and B). After 18h, recombinant P-selectin 

upregulated MMP-1 and MMP-10 secretion to a lesser extent than platelets themselves (C and 

D). After 24h, the addition of recombinant P-selectin increased secretion of both MMP-1 and 

MMP-10 from M.tb-infected monocytes alone and in the presence of platelets (E and F).  24 hour 

timepoints representative of at four separate experiments. Data compared using one way ANOVA 

with Šídák’s correction for multiple comparisons.  *p<0.05, **p<0.01, ****p<0.0001. 
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Figure 3.32  The effect of recombinant P-selectin (Rec P-sel) on expression of mmp-1 and mmp-

10 by M.tb-infected monocytes. 

The addition of recombinant P-selectin did not appreciably affect expression of mmp-1 or mmp-

10 by M.tb-infected monocytes after 8 hours (A, B), 18 hours (C, D), or 24 hours (E, F). Data 

compared using one way ANOVA with Šídák’s correction for multiple comparisons.  *p<0.05, 

**p<0.01. 
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3.2.8 The contribution of platelet-secreted mediators to platelet-induced 

activation of M.tb-stimulated monocytes 

Having studied the effect of contact-dependent activation of monocytes by platelets via P-

selectin-PSGL-1 receptor interactions, it was pertinent to next investigate the indirect activation 

of monocytes via secreted mediators.  One of the hallmarks of platelet activation is the rapid and 

substantial release of over 300 different mediators hitherto stored in granules.  These are 

recognized to be important in a range of functions including platelet aggregation and adhesion to 

other cells, antimicrobial activity, clotting, thrombo-inflammation, and wound healing(212, 213).  

To investigate indirect activation of monocytes by platelets via the platelet secretome, monocytes 

and autologous platelets were extracted from whole blood (see methods sections 2.3 and 2.5).  

Platelets were resuspended in DMEM supplemented with FCS and ampicillin to a concentration 

of 2.5 x 108 cells/ml and divided into three aliquots.  0.5U/ml thrombin was added to one aliquot 

and incubated at room temperature for 10 minutes.  Thrombin-activated and control platelets 

were spun at 10,000 x g for 1 minute to pellet the platelets, then the supernatant sterile filtered 

to remove any residual platelets, to generate thrombin-activated platelet supernatant (SN) and 

unactivated platelet SN respectively.  Platelets (1.25 x 108 cells/ml), or platelet SN or thrombin-

activated platelet SN (1:4 final volume), were then added to monocytes which were infected with 

M.tb or inoculated with an equal volume of 7H9 control media.  The cells were incubated for 24 

hours at 37°C, 5% CO2 for 24 hours before collection of supernatants, which were stored at -20°C 

until evaluation using ELISA.   

Platelets increased MMP-1 secretion from M.tb-infected monocytes from 406.0 +/- 24.1 pg/ml to 

3,301 +/- 32.7 pg/ml (p=0.0009).  Platelet supernatant from unstimulated platelets also increased 

MMP-1 secretion to 2,554 +/- 34.7 pg/ml (p=0.0029), but the increase in MMP-1 secretion in 

response to platelet supernatant from thrombin-activated platelets was significantly greater 

(5,684 +/- 455.8 pg/ml, p<0.0001, Figure 3.33).   
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Figure 3.33  The effect of supernatant (SN) from unstimulated and thrombin-stimulated 

platelets on secretion of MMP-1 from M.tb-infected monocytes. 

Platelets, platelet supernatant, and supernatant from thrombin-activated platelets all significantly 

increased MMP-1 secretion from M.tb infected monocytes. Data compared using one way ANOVA 

with Šídák’s correction for multiple comparisons.  **p<0.01, ***p<0.001, ****p<0.0001. 

 

To investigate the effect of platelet agonists other than thrombin, platelet supernatant was 

obtained by incubating platelets suspended in DMEM supplemented with 10% FCS and 10µg/ml 

ampicillin at a concentration of 2.5 x 108 cells/ml with thrombin (0.1 or 0.5U/ml), ADP (5 µM or 

10µM), or TRAP-6 (5 µM or 10µM) for 15 minutes.  Platelets were then pelleted by centrifugation, 

and the supernatants filtered through a 0.22 µm filter to remove any residual platelets.  

Supernatants from unactivated or activated platelets, or platelets at a final concentration of 1.25 

x 108 cells/ml, were added to M.tb-infected or uninfected monocytes which were cultured for 24 

hours before collection of the cell supernatants.    

MMP-1 secretion from M.tb-infected monocytes was not increased by the addition of 

supernatant obtained from unstimulated platelets, but was increased significantly by supernatant 

from platelets stimulated by each of the agonists used, with higher levels of MMP-1 secretion 

associated with higher concentrations of platelet agonists used (Figure 3.34 A).  Platelets 
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themselves were included as a positive control.  MMP-10 secretion followed a similar pattern 

although the differences were less marked (Figure 3.34 B). 

 

Figure 3.34  The effect of supernatant from unstimulated and stimulated platelets on secretion 

of MMP-1 and MMP-10 from M.tb-infected monocytes. 

(A) MMP-1 secretion by M.tb-infected monocytes was not affected by incubation with 

supernatant from unstimulated platelets, but increased significantly after incubation with 

supernatant from platelets activated with thrombin, ADP, and TRAP-6.  Platelets included as a 

positive control.  (B) MMP-10 secretion followed a similar, but less pronounced, pattern.  

Thrombin units of concentration: U/ml.  ADP and TRAP-6 units of concentration: µM. Graphs 

representative of two separate experiments, each performed in triplicate.  Data compared using 

one way ANOVA with Šídák’s correction for multiple comparisons.  *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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3.3 Discussion 

The data presented above have demonstrated, for the first time to my knowledge, that M.tb can 

activate platelets.  This effect was not seen following contact with the mycobacteria themselves, 

but rather as a result of activation by M.tb-secreted antigens.  The order of magnitude of 

activation was similar to that observed using LPS as a positive control.  This effect may be M.tb 

strain-dependent as the bacterial secretory profile varies, and it is not clear which of these 

products are important in immunogenicity or which may interact with platelets(214-217).  It may 

also prove not to be an important effect in vivo, as few bacilli are generally present in infection 

and it is unlikely that the concentrations of M.tb antigens used in this work would be achieved in 

a patient.   

Applying a range of techniques enabled a holistic investigation of platelet activity, encompassing 

surface receptor upregulation, secretion, and functional responses including aggregation and 

adherence to other cells.  The use of multiple platelet agonists also enabled different signalling 

mechanisms to be explored.  This approach identified that, of the agonists interrogated, ADP was 

the most responsive both to LPS and to M.tb.  It was also found that incorporation of platelet 

agonists into experimental design is important and without these often no effect was seen, 

reflecting the frequent requirement for co-stimulation of platelets in order to exert an effect.    

The platelet-monocyte co-culture model was able to reliably corroborate the finding that platelets 

augment M.tb-stimulated MMP secretion previously reported by our group(103) and others(108).  

Further refinement of the protocol to remove a step involving thrombin activation of platelets 

circumvented problems associated with inadvertent over-stimulation of platelets which can lead 

to clotting mid-experiment. Manipulation of this optimized model using specific inhibitors of 

monocyte signalling pathways showed that platelets enhance monocyte activation through the 

signalling pathways already understood to be important in M.tb infection, including PI3 

Kinase(134, 218) and MAP Kinase(130, 219) pathways. Confirmation of these findings using 

Western Blot and/or siRNA techniques to rule out any off-target effects of the inhibitors used was 

not possible within the time frame of this study, but would be the next step in this analysis.  In 

addition, the possibility of Fc receptor activation influencing these results should be investigated 

using targeted blocking antibodies. Moreover, further work needs to be done to develop an 

understanding of the role of mTOR, as the results obtained using rapamycin were not consistent; 
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experimentation using alternative inhibitors that have a more targeted activity would be useful. 

It would also be important to investigate the role of the signalling pathways described on gene 

expression and secretion of other MMPs and tissue inhibitors of matrix metalloproteinases 

(TIMPs), as these are known to be differentially regulated by different signalling 

mechanisms(126).  

Finally, to evaluate the mechanisms involved in platelet activation of monocytes, experimentation 

initially focused on P-selectin-PSGL-1 interactions, known to be important in platelet-monocyte 

interactions in other inflammatory diseases.  While this receptor interaction does contribute to 

monocyte activation, platelet-secreted factors were shown to have a greater impact.  Further 

work in this area could involve generation of different phenotypic platelet supernatants following 

activation with different agonists, characterization of the components of theses secretomes using 

Luminex and/or a proteomics approach, and exploration of how these each affect monocyte 

activation.  This may lead to the identification of specific secreted products that may be useful for 

the later development of therapeutic targets to tackle platelet over-activity in tuberculosis.  

In summary: platelets can be activated by secreted factors from M.tb, but not by contact with the 

bacteria themselves, although the biological relevance of this is uncertain.  Platelets enhance 

M.tb-induced monocyte responses, leading to upregulation of MMP secretion.  This occurs 

through well established pathways in the monocyte.  The mechanisms by which platelets are able 

to achieve this remain poorly defined but have been shown to involve secretion of 

immunologically-active mediators as well as direct cell to cell contact.   
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Chapter 4 Platelet activity in patients with 

pulmonary tuberculosis 

4.1 Rationale behind the clinical study 

The data presented in Chapter 3 are insightful in terms of mechanisms of cellular interactions; 

however, what is really of interest to clinicians is what is happening in the patient.  Platelets, 

monocytes, and other inflammatory cells each have enormously complex and wide-ranging 

functions, each affected by dynamic interactions and feedback mechanisms.  A simple cellular 

model cannot encompass the complexities of this cross-talk and as such any in vitro findings must 

be confirmed in vivo.  

Peru presents an ideal location for the clinical component of this project for a multitude of 

reasons.  It has a high burden of TB and therefore good access to potentially eligible participants, 

and our group has a good track record of completing patient-focused studies within the chosen 

study sites.  In addition, facilities at the university are comparable to those in resource-rich 

settings whereas costs including staffing are lower, enabling high quality research to be conducted 

within a limited research budget.  

 

4.2 Peru and Tuberculosis  

4.2.1 Peru 

The third largest country in South America and 21st largest country worldwide, Peru is highly 

biodiverse, with the climate varying from tropical in the Amazon basin of the east, temperate 

climate in the central Andean highlands, and arid desert on the Western pacific coast.  Situated 

along the Pacific Ring of Fire, it is prone to natural disasters including earthquakes, tsunamis, and 

flooding.   
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In July 2021 the population of Peru was estimated at 32,201,224, making it the 45th most 

populated country worldwide(220).  78.3% of the total population are urban, and over ten million 

people, a third of the national population, live in the metropolitan coastal capital city, Lima.  

Ethnically, approximately 60% of the Peruvian population are classed as mestizo (mixed white and 

Amerindian), around 25% Amerindian, and the remaining 15% comprise white, African 

descended, and other ethnicities.  Life expectancy at birth is 72.8 years for men and 77.2 years 

for women, and HIV prevalence among adults is estimated at 0.3%(220).  

 

The 1980s saw economic instability as the country was caught up in regional waves of 

hyperinflation and economic volatility.  Peru also suffered a violent internal conflict, which led to 

political, economic, and social destabilisation the effects of which are still widely felt.  The capture 

of Shining Path leader Abimael Guzman in 1992 effectively signalled the end of the civil war.  The 

past two decades have been characterized by greater stability and economic growth, with Peru 

boasting one of the fastest growing economies in Latin America.  Peru is rich in natural resources 

and the country’s economy depends largely on the exportation of metals including copper, zinc, 

and gold, as well as other minerals.  Although the natural resources are distributed throughout 

the country, as is common in rapidly growing economies, wealth is centered in cities, particularly 

Lima.  Recent governments have endeavoured to champion social inclusion and a more equitable 

income distribution, yet economic gains have still mostly benefited the urban and coastal 

populations, with little change in living standards among minority populations including Afro-

Peruvians and indigenous Amerindian populations.   

 

Such heavy dependence on the exportation of metals and other minerals leaves the country’s 

economic position vulnerable to fluctuations in global prices.  Between 2009 and 2013 the 

Peruvian economy grew steadily by an average of 5.6% per year.  The rate of poverty (individuals 

living below $5.5 per day) fell from 52.2% in 2005 to 26.1% in 2015, and extreme poverty, defined 

as living below $3.2 per day, fell from 30.9% to 11.4%(221). This growth rate slowed between 

2014 and 2017 due to a drop in the global metal market, and then recovered, and by 2019 per 

capita GDP was estimated at $7,028.  Sadly, the COVID-19 pandemic and the strict and prolonged 

quarantine imposed by the government have had a devastating impact, and in 2020 the per capita 

GDP dropped to $6,127(222).   
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The SARS-CoV-2 virus struck Peru with merciless ferocity.  Peru has suffered the highest rate of 

deaths worldwide, with 626.72 deaths per 100,000 population, and the second highest case 

fatality rate at 7.5%(223).  Peru was quick to respond to the pandemic, implementing a strict 

lockdown on March 16th 2020, only ten days after the first reported case of SARS-CoV-2 infection 

in the country.  However, this failed to contain the spread of the virus, and in addition severely 

affected the national economy.  This experience revealed Peru’s economic gains to be superficial, 

leaving the country exposed during a crisis such as the pandemic.  With over 70% of working adults 

engaged in the informal economy, with no contracts, social protection, or worker benefits(224), 

it was impossible for the majority of the population to adhere to the strict measures.  

Compounded with other factors including multigenerational living and fragility of the health 

system, whose crumbling infrastructure and limited critical care facilities became quickly 

overwhelmed, this led to an inevitable but devastating crisis.  It is expected that the COVID-19 

pandemic has sent the economy into a deep recession which will last for years to come.   

 

 

4.2.2 Tuberculosis in Peru 

M. tuberculosis DNA has been identified in mummified remains dating back over 1,000 years, 

informing us that TB has existed in Peru since the pre-colonial era(225).  Peru has continued to 

hold the unfortunate status of having one of the highest rates of TB in the region, and of being a 

hot spot for the development and transmission of drug-resistant strains.  During the 1980s, 

neoliberal restructuring as well as terrorism, causing a flux of internally displaced persons into 

poor urban areas and loss of access to large areas of the country, led to the collapse of the public 

health system in Peru(226).  Only 30% of patients diagnosed with TB between 1980 and 1985 

were started on treatment, and 41% of these did not complete their course(227).  This culminated 

in a national crisis and in 1991 Peru declared TB a widespread public health problem.  Funding to 

the national tuberculosis programme was increased, WHO global targets were adopted, a mass 

training scheme for doctors was implemented, drugs were made free to the patient, and regional 

TB laboratories were expanded from 13 in 1991 to 57 in 1996(226).  The number of cases notified 

peaked due to an increase in case finding, then dropped significantly, such that by 1996 the 

national TB programme received international recognition as a model programme(228). However, 
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rates remain high and, with more recent increases in transmission of drug-resistant strains, the 

control of TB remains a significant challenge.   

 

In 2019 there were 32,970 cases of TB notified nationally, including 28,892 new cases, of which 

16,452 were sputum smear positive.  This equated to 101.4 cases per 100,000 population, 

including 88.8 new cases and 50.6 smear-positive cases per 100,000 population (see Figure 4.1).  

Among these patients were 992 with rifampicin-resistant TB, 303 patients with isoniazid-resistant 

TB, 1,464 patients with multi-drug resistant (MDR) TB, and 89 cases of extensively drug resistant 

(XDR) TB (Figure 4.2).   
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Figure 4.1  Peruvian national trends in notified tuberculosis cases. 

Graphs indicating total cases (black circles), new cases (blue squares), new smear-positive cases 

(green triangles), and deaths during treatment (red diamonds) overall (A) and per 100,000 

population (B).  Data adapted from Peruvian National Ministry of Health’s National Tuberculosis 

Programme, URL: www.tuberculosis.MINSA.gob.pe.  Accessed 08th January 2022.   
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Figure 4.2  Peruvian national trends in drug resistance among notified TB cases. 

Total number of cases of Rifampicin (Rif) mono-resistant TB (green triangles), Isoniazid (INH) 

mono-resistant TB (red diamonds), multi-drug resistant (MDR) TB (black circles), and extensively 

drug resistant (XDR) TB (blue squares) overall (A) and as a percentage of total notified cases (B).  

Data adapted from Peruvian National Ministry of Health’s National Tuberculosis Programme, URL: 

www.tuberculosis.MINSA.gob.pe.  Accessed 08th January 2022.   

 

 

In 2020 the official figures presented above show a striking reduction to a total of 75.3 patients 

per 100,000 population being diagnosed with TB, including 65.7 new cases per 100,000 population 

which included 39 smear-positive cases per 100,000.  Similarly, the number of patients with drug-

resistant TB was also noted to have fallen in 2020 overall, although as a proportion of total cases 

this was unchanged or increasing.  Data from the next few years will demonstrate the real effect 

of the COVID-19 pandemic both on TB incidence and on rates of drug resistant TB in Peru.  This is 

thought to be due to a sharp decline in case detection and treatment enrolment due to the 

pandemic, and this is anticipated to have adverse long-term consequences on the burden of TB 

with a forthcoming increase in cases presenting with more severe pathology predicted(228).  
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4.3 Study Design 

4.3.1 Ethical approval 

The study protocol was approved by the Institutional Review Boards at the Peruvian Ministry of 

Health (MINSA), Universidad Peruana Cayetano Heredia (UPCH), Hospital Cayetano Heredia 

(HCH), and the Asociación Benéfica PRISMA, and written informed consent was obtained from all 

patients prior to any study-related procedures.  All study staff have undergone training in Human 

Subjects Research prior to working with patients.  

 

4.3.2 Study design 

This was a prospective study that comprised a cross-sectional component comparing patients 

with TB with healthy controls and symptomatic controls (patients with respiratory disease other 

than TB), and a longitudinal follow-up component to assess responses in the group of TB patients.  

 

Patients with newly diagnosed smear-positive pulmonary TB (group 1) and healthy controls 

(group 2) were recruited in a case-control design.  In addition, patients undergoing a 

bronchoscopy (group 3) were recruited as a cohort that was followed up prospectively, and 

patients were classified as either tuberculosis or non-tuberculosis once further information was 

available.  Patients in Group 1 and those diagnosed with TB in Group 3 were followed up at 7 days, 

14 days, 28 days, 2 months, and 6 months following initiation of TB treatment.  Patients in Group 

2 and those not diagnosed with TB in Group 3 were followed up by telephone consultation at 2 

months to review whether they had subsequently been diagnosed with TB elsewhere and, for 

patients in Group 3, to obtain the diagnosis of their presenting illness.  A summary of inclusion 

and exclusion criteria, as well as a participation schedule, is shown in Figure 4.3.  HIV status was 

self-reported by potential participants; where HIV status was not known, a test was offered to the 

patient, in line with national policy.   
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4.3.3 Study sites 

Laboratory work was undertaken at the Universidad Peruana Cayetano Heredia (UPCH), and 

patients were recruited from the Hospital Cayetano Heredia (HCH) which is adjacent to UPCH.  

HCH includes the Centro de Excelencia de Neumología (CENEX), a three storey centre purpose-

built in 2014 for the diagnosis and management of pulmonary TB and other respiratory diseases, 

and comprising an outpatient department, bronchoscopy suite, on-site laboratory for the rapid 

processing of diagnostic samples, and 15 bed inpatient facility.  

 

Patients referred to the CENEX for investigation for TB undergo a clinical evaluation including a 

chest x-ray, and are required to submit three or more sputum samples for microscopy and culture.  

Patients found to have a new positive result are contacted by a TB nurse or technician and asked 

to return to the clinic whereupon they are given their result by one of the TB doctors and, unless 

there is a contra-indication or other concern, commenced on standard quadruple anti-TB 

treatment.  The majority of patients are then referred for ongoing therapy and monitoring at their 

local community TB centre, depending to some extent upon patient accessibility and preference.  

In 2019, a total of 685 patients were diagnosed with TB at HCH, including 191 smear-positive 

pulmonary TB outpatients and 72 smear-positive pulmonary TB inpatients; 144 smear-negative 

pulmonary TB outpatients and 50 smear-negative pulmonary TB inpatients; 41 extrapulmonary 

TB outpatients and 187 extrapulmonary TB inpatients(229).  

 

The CENEX was attractive as the primary site for patient recruitment as its proximity enabled the 

processing of blood samples as soon after venepuncture as possible, to prevent platelet activation 

in transit.  However, its location within a large public hospital compounded by the decentralisation 

of TB services in Lima in the last few years has meant that a large proportion of patients who are 

diagnosed and treated at the CENEX have multiple co-morbidities, in particular HIV co-infection, 

and did not meet inclusion/exclusion criteria for this study.  Recruitment was thus slower than 

desirable.  The study sites were subsequently expanded to include TB patients attending health 

centres from the Lima North region and which were under 20 minutes from UPCH by taxi.   
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Figure 4.3  Patient participation schedule. 

 

4.3.4 Role of Dr. Kirwan 

Dr. Kirwan devised the study design, obtained the necessary permissions, and implemented and 

optimised all relevant laboratory techniques prior to initiation of the study.  She consented 

patients, obtained biological samples, and processed and/or stored them in the laboratory.  As 

the study progressed Dr. Kirwan trained four laboratory technicians in the laboratory procedures, 

and two study nurses to consent the patients, obtain data and biological samples, and arrange 

follow-up.  Dr. Kirwan supervised the storage of samples and data, and compiled and analysed 

the data sets.  After the study ended she arranged shipment of plasma and bronchoalveolar lavage 

fluid (BALF) samples at -80°C to London, UK where she performed further laboratory work 

including Luminex assays.  
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4.3.5 Recruitment 

4.3.5.1 Group 1: pulmonary TB patients 

Sputum samples from patients with suspected TB attending the pulmonology medicine 

department (CENEX) at the Hospital Cayetano Heredia are processed in the hospital’s onsite 

laboratory.  Microscopy results are delivered to a team of nurses and technicians who 

immediately contact the patient and request that they attend the centre to receive their results 

from one of the physicians.  Sputum samples from patients presenting to their local health centres 

are sent to the National TB Centre’s laboratory for processing.  Results are communicated as soon 

as they become available to the health centre who then contact the patient and arrange 

treatment.   

 

Our team were in daily contact with the nurses and/or technicians at the hospital and in each of 

the participating health centres, in person or by telephone.  The clinical team (doctors, nurses, 

and/or technicians) identified any patients who may be eligible for the study and delivered the 

diagnosis as per usual procedures, and afterwards informed the patients about the study and 

invited them to meet the study team.  If they agreed, the study team were informed immediately, 

and approached the patient to explain the study and invite them to participate.   

 

4.3.5.2 Group 2: Healthy controls 

Healthy controls were identified from relatives of patients attending the outpatient clinic at the 

CENEX with non-TB respiratory disease.  At the end of the consultation, the clinician informed the 

relatives of the study and invited them to participate.  If they agreed, the study nurses then 

approached the relative to explain the study and obtain informed consent.    

 

4.3.5.3 Group 3: Bronchoscopy patients 

Bronchoscopies are performed in a designated suite within the respiratory department at the 

Hospital Cayetano Heredia (CENEX).  Patients scheduled for a bronchoscopy were approached 

prior to their procedure and, if inclusion/exclusion criteria were met, were invited to participate 

in the study.   
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4.3.6 Procedures  

After the participant provided written informed consent, the study nurse or doctor conducted a 

questionnaire.  Patients in Group 1 were asked to provide a sputum sample to confirm diagnosis 

by smear microscopy in our TB lab at UPCH.  For patients undergoing a bronchoscopy, a sample 

of bronchoalveolar lavage fluid (BALF) was obtained from the clinical team immediately after the 

procedure was completed.  Bloods were taken from all patients and transported immediately to 

the laboratory at UPCH.  This was the final procedure, and the time of venepuncture was noted.   

 

Participants from Groups 1 and those who were diagnosed with TB in group 3 were followed up 

prospectively, with visits scheduled to take place at 7 days, 14 days, 28 days, month 2, and month 

6 of treatment, as our preliminary data are suggestive of an initial inflammatory response that 

peaks at Day 14 then resolves. At each visit a follow-up questionnaire was completed and blood 

sampling and processing repeated.  In addition, participants from Group 2 were scheduled to have 

a purified protein derivative (PPD) test performed at the respiratory department at the Hospital 

Cayetano Heredia and lung function testing was also scheduled as soon as was convenient for 

them.  Patients with TB (Groups 1 and 3) were scheduled to have lung function testing performed 

following their final visit at treatment completion (6 months).    

 

4.3.6.1 Questionnaire   

A questionnaire was completed at all visits and collected demographic information and clinical 

data, microbiology, including results of sputum smear and mycobacterial culture, and date and 

result of HIV test if known.  

 

4.3.6.2 Blood samples 

The following were collected at each visit: (1) 10mls (2 tubes) in EDTA for measurement of 

immunological markers including cytokines and MMPs, and for storage of platelet RNA, (2) 20mls 

(5 x 4ml tubes) in citrate to evaluate platelet activity by flow cytometry and LTA, (3) 4mls in 

heparin for measurement of immunological markers including cytokines and MMPs.  
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4.3.6.3 Measurement of secreted factors in plasma 

Whole blood collected in EDTA were centrifuged and the supernatant frozen within 30mins. 

Samples were stored at -80°C and shipped to SGUL at the end of the study, where analysis was 

later performed using custom Luminex arrays (see methods section 2.11).   

 

4.3.6.4 Flow cytometry 

Whole blood was stained with monocyte and platelet markers and platelet/monocyte aggregation 

and platelet activation assessed (see section 2.14).  25ul aliquots of whole blood were with 

antibodies and/or stimulants to give a total volume of 100ul.  Samples were processed both 

without agonists, to detect changes in resting platelet status, and with TRAP-6 or ADP to 

investigate platelet reactivity, and this was performed in the presence or absence of 25ul M.tb-

secreted antigens (see section for preparation) or 7H9 control. Each condition was performed in 

duplicate.  These samples were incubated in the dark for 20 minutes, after which fix-lysis solution 

was added.  After a further 15 minutes in the dark, 1ml PBS was added.  The samples were kept 

in the dark at 4°C until evaluation using a BD FACSCantoTM II flow cytometer, within 72h.  

Compensation across channels was performed for each combination of fluorophores, and slow 

flow rates were used to minimize false-positive aggregates. Data were analysed using FlowJo v10 

operating software and GraphPad PRISM v9.1.2.   

 

4.3.6.5 Light transmission aggregometry (LTA) 

Whole blood collected from patients was transported immediately to the laboratory and was 

processed immediately upon arrival.  The blood was centrifuged for 15 mins at 150 x g at room 

temperature to obtain platelet rich plasma (PRP) which was incubated in a ratio of 2:1 with M.tb-

secreted antigens (see methods section 2.2), LPS diluted in 7H9 to give a final concentration of 

100 µg/ml, or 7H9 control for 30 minutes at room temperature.  90µl of the sample was then 

added to a 96 well plate pre-loaded with serial dilutions of platelet agonists ADP, TRAP-6, and 

collagen.  The plate was immediately inserted into a TECAN SunriseTM plate reader and absorbance 

read at 595nm every 20 seconds at 37°C and with shaking for a total of 40 cycles.  Data were 

downloaded in Excel format.  (See methods section 2.13).   
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4.3.6.6 Bronchoalveolar lavage fluid (BALF) 

To investigate immunopathology at the site of disease itself, bronchoalveolar lavage fluid (BALF) 

samples were obtained from respiratory symptomatic patients undergoing bronchoscopy (Group 

3). These patients were retrospectively defined as TB or non-TB respiratory symptomatics once 

results became available.  

 

BALF samples were transported into the Category 3 laboratory at UPCH and processed inside a 

hood.  Following removal of an aliquot for culture using the MODS method(230, 231), the sample 

was poured through a 70µl filter into a sterile 50ml Falcon tube to remove cellular debris.  It was 

then placed in a sealed bucket and centrifuged at 13,000 x g for 10 minutes, then the supernatant 

filtered through a 0.22µl filter to remove any M.tb(166).  The sterile supernatant was then 

aliquoted and stored at -80°c.  Samples were shipped to SGUL at the end of the study, where 

analysis was later performed using custom Luminex arrays (see methods section 2.11).   

 

4.3.6.7 Spirometry 

Pulmonary function testing was performed using a standard spirometer in collaboration with 

colleagues at a private clinic in Lima (Clínica La Luz). Our group has used this technique in both 

rural and urban settings in Peru. Measured parameters include forced expiratory volume-one 

second (FEV1), forced vital capacity (FVC), FEV1/FVC(%), and % predicted FEV1 and FVC. This was 

performed both without, and ten minutes after bronchodilatation with 2 puffs of salbutamol.   

 

4.4 Results: Patient demographics and clinical data 

4.4.1 Patient demographics at enrolment 

Patient enrolment to the study was carried out between 30th April 2019 and 13th March 2020.  The 

country declared a National State of Emergency due to COVID-19 with strict lock-down measures 

on 15th March 2020(232) at which point the study was closed abruptly.  No further patients were 

recruited, and no further follow-up visits took place.  

Patient demographic and clinical data are presented in Table 3.  11 patients with smear-positive 

pulmonary TB were recruited from the hospital, including one from the emergency department 
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and one from an inpatient ward, and 6 from local health centres.  Median age was 37 years and 

just over half were males.  We also evaluated 14 healthy controls who were older (median age 45 

years) and more likely to be female (71%) although these differences did not reach significance 

(p=0.093 and p=0.28, respectively).   

Mean age of the bronchoscopy patients was 55 years, and 44% were males.  Eight bronchoscopy 

patients were classified as having TB and 17 were classified as TB-negative respiratory 

symptomatic controls (see Section 4.4.3 below).  The bronchoscopy patients who were diagnosed 

with TB were significantly younger than those who were not (median age 23 years vs 60 years 

respectively, p=0.0085).  Accordingly, when these patients were combined with the pulmonary 

TB patients from Group 1 to give a total of 25 TB patients, this group of patients was younger than 

both the healthy controls (median age 28 years vs 48 years, p=0.026) and also the respiratory 

symptomatic controls (median age 28 years vs 60 years, p=0.0004).     

Body mass index (BMI) was lower for TB patients than non-TB patients (23.3 vs 25.97, p=0.028, 

two-tailed Mann-Whitney test).   

The majority of TB patients (66.7%) reported either a family member or other known contact with 

TB, whereas among non-TB patients this was 35.5%.   

Five pulmonary TB patients and four bronchoscopy patients were taking antibiotics at the time of 

enrolment.  Six patients in the pulmonary TB group were already taking anti-TB medications at 

the time of enrolment, for a median of 2 and a maximum of 5 days.  All bronchoscopy patients 

had their baseline evaluation and blood sample taken on the day of the bronchoscopy.  Of the 

eight bronchoscopy patients who were diagnosed with TB, one had already started treatment 7 

days prior to her bronchoscopy; her MODS culture was negative.  Two patients commenced 

treatment the day after their bronchoscopy, three patients two days later, and one patient four 

days later.  The final patient, a 22 year old student, was lost to follow-up to the clinic and so 

information on whether or not he was treated is not available.  He had been made aware of his 

positive MODS result and his diagnosis, and may have been treated elsewhere.  

11 healthy controls had PPD tests done for latent TB, of which 7 were positive, defined as a lesion 

measuring ≥10mm.  These patients were defined as having latent TB.  There was no difference in 

age, sex, or BMI in healthy controls with or without latent TB (median age 48 vs 45 yrs, p=0.56; 

males comprised 14.3% vs 42.9%, p=0.56, BMI was 27.9 vs 26.0, p=0.10).    
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Table 3  Demographics of all patients enrolled to the study 

 

 Pulmonary TB 

(N=17)¥ 

Bronchoscopy, 

TB-positive 

(N=8) 

Bronchoscopy, 

TB-negative 

(N=17) 

Healthy 

controls 

(N=14) 

Age, median (IQR) 37 (23-45) 23 (19-32) 60 (47-71) 45 (33-53) 

No. of males (%) 9 (52.9%) 4 (50%) 7 (41%) 4 (28.6%) 

BMI, median (IQR)* 23.3 

(21.2-27.5) 

20.7 

(22.9-24.2) 

23.9 

(22.2-29.3) 

27.1 

(25.7-27.8) 

Marital status 

    Single (%) 8 (47.1%) 7 (87.5%) 7 (41.2%) 5 (35.7%) 

    Married or co-habiting (%) 9 (52.9%) 1 (12.5%) 6 (35.3%) 8 (57.1%) 

    Separated or divorced (%) 0 0 1 (5.9%) 1 (7.1%) 

    Widowed (%) 0 0 2 (11.8%) 0 

    Unknown (%) 0 0 1 (5.9%) 0 

Education 

    Incomplete primary 

education (%) 

0 1 (12.5%) 1 (5.9%) 1 (7.1%) 

    Completed primary 

education (%) 

3 (17.6%) 0 4 (23.5%) 1 (7.1%) 

    Completed secondary 

education (%) 

6 (35.3%) 4 (50%) 3 (17.6%) 5 (35.7%) 

    Higher education (%) 8 (47.1%) 3 (37.5%) 9 (52.9%) 7 (50%) 

Site of recruitment 

  CENEX (%) 9 (52.9%) 8 (100%) 16 (94.1%) 14 (100%) 

  Emergency department (%) 1 (5.9%) 0 0 0 

  Hospital inpatient (%) 1 (5.9%) 0 1 (5.9%) 0 

  Health centre (%) 6 (35.3%) 0 0 0 

Smoking and alcohol history 

Current smoker (%) 2 (12.5%) 1 (12.5%) 1 (5.9%) 0 

Ex-smoker (%) 8 (50%) 2 (25%) 4 (23.5%) 0 



103 
 

Current alcohol consumption 

    Never (%) 7 (43.8%) 1 (12.5%) 7 (71.2%) 5 (35.7%) 

    0-1 times per month (%) 7 (43.8%) 5 (62.5%) 9 (52.9%) 9 (64.3%) 

    2-4 times per month (%) 1 (6.3%) 2 (25%) 1 (5.9%) 0 

    2-4 times per week (%) 0 0 0 0 

    >4 times per week (%) 1 (6.3%) 0 0 0 

Recent HIV test (%) 6 (37.5%) 3 (37.5%) 10 (58.8%) 8 (57.1%) 

History of family member with 

TB (%) 

8 (50%) 5 (62.5%) 5 (29.4%) 2 (14.3%) 

Other known TB contact (%) 3 (18.8%) 0 1 (5.9%) 3 (21.4%) 

Past medical history 

Asthma (%) 2 (12.5%) 2 (25%) 3 (17.6%) 1 (7.1%) 

COPD (%) 1 (6.3%) 0 0 0 

Hypertension (%) 1 (6.3%) 0 2 (11.8%) 1 (7.1%) 

Hypercholesterolaemia (%) 0 0 2 (11.8%) 3 (21.4%) 

Myocardial infarction (%) 0 0 0 0 

Angina (%) 0 0 0 0 

Heart failure (%) 0 0 0 0 

Stroke (%) 0 0 0 0 

TIA (%) 0 0 0 0 

Vasculitis (%) 0 0 0 0 

Diabetes (%) 3 (18.8%) 0 0 1 (7.1%) 

Cancer (%) 0 0 1 (5.9%) 0 

Chronic renal disease (%) 0 0 0 0 

Current medications 

Antibiotics (%) 5 (31.3%) 2 (25%) 2 (11.8%) 0 

Anti-TB treatment (%) 6 (35.3%) 1 (12.5%) 0 0 

    Days on anti-TB therapy, 

median (IQR) 

2 (1.25-3.5) 7 N/A N/A 

¥data other than basic demographics not available for one patient from the pulmonary TB group  

*data missing from 2 pulmonary TB patients and 1 healthy control 
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4.4.2 Clinical features 

Clinical features at diagnosis are presented in Table 4.  Patients with smear-positive pulmonary 

TB reported a median symptom duration of 8 weeks prior to diagnosis (IQR 4-14 weeks), whilst 

bronchoscopy patients reported a median duration of 4 weeks (IQR 3-12 weeks).  There was no 

difference in symptom duration between patients diagnosed with TB and TB-negative 

bronchoscopy patients (median 6 vs 8 weeks, p=0.95, two-tailed Mann Whitney test).   

Figure 4.4 shows the distribution of symptoms across the different patient groups.  This graph 

indicates that it is not possible to differentiate the groups based on symptoms alone.  One or more 

of the main triad of TB symptoms of fever, cough, and weight loss was reported in all of the TB 

patients and 70.6% of the bronchoscopy patients who were not diagnosed with TB.  All three 

symptoms were reported in 9 patients with pulmonary TB, 1 bronchoscopy patient with TB, and 

4 bronchoscopy patients who did not have TB.   
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Figure 4.4  Distribution of symptoms in all participants at baseline assessment. 

Percentage of patients with smear-positive pulmonary TB (dark green bars), TB diagnosed 

following bronchoscopy (light green bars), or non-TB bronchoscopy patients (black bars) reporting 

symptoms at recruitment. Graph indicates that symptoms do not cluster and it is not possible to 

assign patients to a group based on symptoms alone.   



105 
 

62.5% of patients with smear-positive pulmonary TB and 75% of TB-positive bronchoscopy 

patients reported weight loss in the past year, compared to 47.1% of TB-negative bronchoscopy 

patients (Table 4).  Two TB patients reported weight loss greater than 10kg.   

Appetite was assessed at recruitment using the simplified nutritional appetite questionnaire 

(SNAQ), which is included in the appendix (Section 7.2), and has been validated and applied in a 

range of populations and settings(233) including Bolivian(234) and Peruvian(103, 235) patients 

with TB.  A SNAQ score of <14 is considered to represent poor appetite and is predictive of 

significant weight loss in the next six months(236).  Total SNAQ scores were lower for TB patients 

than non-TB patients (median 13.5 vs 15.0, p=0.0008, two-tailed Mann-Whitney test) indicative 

of poorer appetite in this group and a risk of further weight loss.   

The modified CES-D score is included in the appendix (Section 7.3) in both English and Spanish.  

The Spanish version of this five-item score has previously been validated in a Peruvian 

cohort(237).  It has a minimum score of 5 and a total score of 20; a score of 6 or above has been 

associated with major depressive episodes(238).  Total modified CES-D scores were higher for TB 

patients than non-TB patients (median 7.5 vs 5.0, p=0.0069), and 18 patients with TB had scores 

of 6 or above, compared with 10 patients without TB (75% vs 32.3%, p=0.0026, two-sided Fisher’s 

exact test).   
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Table 4  Clinical data from all participants at baseline 

 Pulmonary  

TB 

(N=16) 

Bronchoscopy, 

TB-positive 

(N=8) 

Bronchoscopy, 

TB-negative 

(N=17) 

Healthy 

controls 

(N=14) 

Symptoms 

Duration of symptoms, weeks. 

Median (IQR) 

8 (4-14) 4 (3-6) 8 (4-12) 0 

Weight loss in the last year (%) 10 (62.5%) 6 (75%) 8 (47.1%) 0 

    ≤5kg (%) 3 (18.8%) 5 (62.5%) 5 (29.4%) 0 

    6-10kg (%) 3 (18.8%) 0 3 (17.6%) 0 

    11-20kg (%) 1 (6.3%) 0 0 0 

    >20kg (%) 1 (6.3%) 0 0 0 

    Unknown (%)  2 (18.8%) 1 (12.5%) 0 0 

    N/A (%) 6 (37.5%) 2 (25%) 9 (52.9%) 0 

Malaise (%) 13 (81.3%) 3 (37.5%) 12 (70.6%) 0 

Fever (%) 13 (81.3%) 4 (50%) 7 (41.2%) 0 

Rigors (%) 13 (81.3%) 3 (37.5%) 7 (41.2%) 0 

Night sweats (%) 11 (68.8%) 4 (50%) 5 (29.4%) 0 

Cough for ≥15 days (%) 16 (100%) 4 (50%) 10 (58.8%) 0 

Sputum (%) 14 (87.5%) 5 (62.5%) 8 (47.1%) 0 

Haemoptysis (%) 7 (43.8%) 6 (75%) 4 (23.5%) 0 

Dyspnoea (%) 11 (68.8%) 4 (50%) 8 (47.1%) 0 

Abdominal pain (%) 5 (31.3%) 2 (25%) 2 (11.8%) 0 

Nausea and/or vomiting (%) 7 (43.8%) 1 (12.5%) 3 (17.6%) 0 

Diarrhoea (%) 2 (18.8%) 1 (12.5%) 1 (5.9%) 0 

Constipation (%) 1 (6.3%) 0 4 (23.5%) 0 

Urinary problems (%) 2 (18.8%) 0 2 (11.8%) 0 

Enlarged lymph nodes (%) 3 (18.8%) 1 (12.5%) 2 (11.8%) 0 

Back pain (%) 8 (50%) 6 (75%) 7 (41.2%) 0 

Headache (%) 10 (62.5%) 2 (25%) 4 (23.5%) 0 

Confusion or neurology (%) 2 (18.8%) 0 1 (5.9%) 0 
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Appetite: SNAQ questionnaire 

1  Appetite, median (IQR) 2 (2-3) 3 (3-4) 3 (3-4) 3 (3-4) 

2  Satisfaction, median (IQR) 3 (2-4) 4 (4-4) 4 (4-4) 4 (4-4) 

3  Flavour, median (IQR) 3 (2-3) 3 (3-3) 3 (3-3) 3 (3-4) 

4  Meals, median (IQR) 4 (4-4) 4 (4-5) 4 (4-4) 5 (4-5) 

Total SNAQ score, median 

(IQR) 

12 (11-14) 15 (14-15) 14 (14-15) 15 (14-16) 

Depression: modified CES-D score 

1  Sadness, median (IQR) 2 (1-3) 2 (1-2) 1 (1-2) 1 (1-1) 

2  Depression, median (IQR) 2 (1-2) 2 (1-2) 1 (1-2) 1 (1-1) 

3  Failure, median (IQR) 1 (1-2) 1 (1-1) 1 (1-1) 1 (1-1) 

4  Loneliness, median (IQR) 1 (1-2) 1 (1-1) 1 (1-2) 1 (1-1) 

5  Sadness, median (IQR) 2 (2-3) 1 (1-1) 1 (1-2) 1 (1-1) 

Total modified CES-D score, 

median (IQR) 

9 (6-10) 7 (5-8) 6 (5-8) 5 (5-5) 

No. of patients with score ≥6 

(%) 

13 (81.3%) 5 (62.5%) 9 (52.9%) 1 (7.1%) 

 

4.4.3 Microbiological data and definition of TB diagnosis 

All of the patients in group 1 had been AFB-positive according to samples processed at the 

hospital’s microbiology laboratory as per the inclusion criteria.  In addition, sputum samples were 

obtained by the study for Auramine microscopy and MODS culture in our own laboratory at UPCH.  

BALF samples from all 25 bronchoscopy patients also underwent Auramine microscopy and MODS 

culture in the UPCH laboratory.  Microbiological data are presented in Table 5.  

12 of 14 sputum samples obtained from the pulmonary TB patients were positive on Auramine 

microscopy, and 13 were positive according to MODS culture.  11 patients had fully susceptible 

strains.  One demonstrated rifampicin mono-resistance and one patient’s isolate was resistant to 

both rifampicin and isoniazid.  This information was relayed to the clinical team and both patients’ 

treatment regimens were modified accordingly; they were excluded from further participation in 

the study.   
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Of the bronchoscopy patients, 6 had a positive BALF MODS culture in our laboratory, all of whom 

had strains sensitive to both rifampicin and isoniazid.  One patient had a paucibacillary Auramine 

smear and an indeterminate MODS result.  Results of all other TB investigations for this patient 

were negative; the clinicians determined that he did not have TB so he was classed as negative 

for the purposes of the study.  18 patients had negative MODS results.  An additional two patients, 

females aged 19 and 22 years, were commenced on anti-TB therapy based on clinical and/or 

radiological findings.  Therefore 8 bronchoscopy were classified as having TB and 17 were 

classified as not having TB (i.e. respiratory symptomatic controls).   

 

Table 5  Results of microbiological data performed as part of study 

 Pulmonary TB 

 

(N=17) 

Bronchoscopy,  

TB-positive 

(N=8) 

Bronchoscopy,  

TB-negative 

(N=17) 

Sputum sample provided 14 0 0 

BALF sample provided 0 8 17 

Auramine result 

  Negative (%) 2 (14.3%) 5 (62.5%) 16 (94.1%) 

  Paucibacillary (%) 5 (35.7%) 1 (12.5%) 1 (5.9%) 

  1+ (%) 5 (35.7%) 2 (25%) 0 

  2+ (%) 0 0 0 

  3+ (%) 2 (14.3%) 0 0 

MODS result 

   Positive, fully sensitive (%) 11 (78.6%) 6 (75%) 0 

  Positive, rifampicin mono-

resistant (%) 

1 (7.1%) 0 0 

  Positive, rifampicin- and 

isoniazid-resistant (MDR; %) 

1 (7.1%) 0 0 

  Indeterminate (%) 0 0 1 (5.9%) 

  Negative (%) 1 (7.1%) 2 (25%) 16 (94.1%) 
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4.4.4 Longitudinal follow-up of TB patients  

Follow-up dates were calculated based on the date of treatment initiation.  Two of 17 patients 

from group 1 completed the six month follow-up period as scheduled.  Of the remaining 15 

patients, three completed their two month visit, three completed their 4 week visit, one 

completed their two week visit, and eight completed their baseline visit only.  Two patients were 

found to have MDR-TB after their baseline visits so were excluded from further participation, one 

patient had a drug-induced hepatotoxicity and was admitted to hospital and did not participate 

further.  Six patients’ participation terminated because their subsequent visit was scheduled for 

after March 15th 2020.  The remaining six patients were lost to follow-up due to lack of time to 

complete follow-up visits (n=1), no longer wishing to have blood taken for the study (n=1), or 

unspecified reasons (n=4).    

Of the eight bronchoscopy patients with a diagnosis of TB, none completed the full six months.  

Two completed a two month visit, and one completed their four week visit; the remaining five 

were evaluated at baseline only.  Three patients were lost from the study because their 

subsequent visit was scheduled for after March 15th 2020, and five were lost to follow-up, of 

whom two specified that this was due to a lack of time.   

Pulmonary function testing was performed on one patient, after completion of their six-month 

treatment regimen, and ten healthy controls.  As this is insufficient for analyses, these data shall 

not be discussed further.   
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4.5 Platelet aggregation 

To investigate the functional activity of platelets in TB, light transmission aggregometry was 

performed as described in Methods Section 2.13.  Whole blood collected from participants in 

blue-top citrate vacutainer tubes was transported promptly to the laboratory at UPCH and 

processed immediately.  The blood was decanted into two 15ml Falcon tubes and centrifuged for 

15 mins at 150 x g at room temperature, with slow acceleration and deceleration (centrifuge 

settings 3 and 1 respectively), to obtain platelet rich plasma (PRP).  This was transferred to a new 

15ml Falcon tube, inverted gently, and three aliquots separated.  These were incubated in a ratio 

of 2:1 with M.tb-secreted antigen preparation (see Methods Section 2.2), LPS diluted in 7H9 to 

give a final concentration of 100 µg/ml, or 7H9 control, for 30 minutes at room temperature.  90µl 

of the sample was then added to wells of a 96 well plate that had been pre-loaded with serial 

dilutions of platelet agonists ADP, collagen, and TRAP-6. Control wells containing PRP and PPP 

(platelet poor plasma, prepared by centrifugation of 1ml PRP at max speed and separation of the 

plasma) were included.  The plate was immediately inserted into a TECAN SunriseTM plate reader 

and absorbance read at 595nm every 20 seconds at 37°C and with shaking for a total of 40 cycles.  

Data were downloaded in Excel format and analysed in GraphPad PRISM v9.1.2.   

Platelet aggregation data are available for all patients. The time from venepuncture to sample 

centrifugation was consistently short: a median of 25 minutes (IQR 21 to 30 minutes) for Group 

1, 17.5 minutes (IQR 15.25 to 19.75 minutes) for Group 2, and 21 minutes (IQR 17.3 to 30 minutes) 

for Group 3.   

 

4.5.1 The effect of pulmonary tuberculosis on platelet aggregation  

4.5.1.1 Platelets obtained from patients with tuberculosis displayed an altered tendency to 

aggregate in response to stimulation with platelet agonists.   

Aggregation of platelets obtained from sputum smear-positive TB patients (n=17) was reduced 

compared to the aggregation of platelets obtained from healthy controls (n=14) in the presence 

of ADP at concentrations of 30µg/ml (69.0% vs 79.9%, p=0.033), 10µg/ml (59.7% vs 75.6%, 

p=0.0005), and 3µg/ml (44.8% vs 57.5%, p=0.0079), but not at the three lower concentrations 

used (Figure 4.5 A).  In response to collagen, platelet aggregation was reduced at a concentration 
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of 3µg/ml only in patients with smear-positive pulmonary TB versus healthy controls (54.8% vs 

40.2%, p=0.0044, (Figure 4.5 B); there was no difference in response to stimulation with TRAP-6 

(Figure 4.5 C).  

 

Figure 4.5  Maximum agonist-induced platelet aggregation in patients with smear-positive 

pulmonary TB versus healthy controls. 

Data show maximal platelet aggregation in response to stimulation with increasing 

concentrations of ADP (A), collagen (B), or TRAP-6 (C), in patients with newly diagnosed smear-

positive pulmonary TB (red circles, n=17) compared to healthy controls (navy circles, n=14).  

Agonist-induced maximal platelet aggregation was reduced in patients with smear-positive 

pulmonary TB compared to healthy controls, particularly in response to ADP. Data points 

represent median value and error bars show interquartile ranges.  Data compared using a two-

way ANOVA with Šídák’s correction for multiple comparisons.  * p<0.05 , ** p<0.01, *** p<0.001. 

 

Similarly, platelet aggregation was reduced in bronchoscopy patients who were diagnosed with 

TB following their procedure (n=8) compared to those who were not (n=17) in the presence of 

ADP at concentrations of 1µg/ml (22.2% vs 33.4%, p=0.049) and 0.3µg/ml (11.7% vs 15.3%, 

p=0.051, Figure 4.6 A).  There was a trend towards reduced collagen- and TRAP-6-induced 

aggregation of platelets from bronchoscopy patients with TB versus those without, although these 

did not reach statistical significance (Figure 4.6 B and C).  
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Figure 4.6  Maximum agonist-induced platelet aggregation in patients who underwent 

bronchoscopy and were diagnosed with TB compared to those who were not. 

Graphs show platelet aggregation in response to stimulation with increasing concentrations of 

ADP (A), collagen (B), or TRAP-6 (C), in patients who underwent bronchoscopy and were 

subsequently diagnosed with TB (red circles, n=8) compared to bronchoscopy patients who were 

not diagnosed with TB (light blue, n=17).  There was a trend towards reduced agonist-induced 

maximal platelet aggregation in patients who underwent a bronchoscopy and were subsequently 

diagnosed with TB compared to those who were not. Data points represent median value and 

error bars show interquartile ranges.  Data compared using a two-way ANOVA with Šídák’s 

correction for multiple comparisons.  * p<0.05. 

 

Findings were similar when these patient groups were combined to represent all TB patients 

(n=25) compared against healthy controls (Figure 4.7 A-C).  More strikingly, when all TB patients 

were compared against all non-TB participants (n=31) there was a notable decrease in platelet 

aggregation in the TB patient group compared to the non-TB group, particularly in response to 

ADP (30µg/ml 71.1% vs 80.0%, p=0.0087; 10µg/ml 61.5% vs 74.9%, p<0.0001; 3µg/ml 45.5% vs 

57.9%, p<0.0001; 1µg/ml 24.1% vs 32.0%, p=0.031, Figure 4.7 D-F).   
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Figure 4.7  Maximum agonist-induced platelet aggregation in TB patients compared to TB-

negative controls.  

Maximum platelet aggregation in response to stimulation with increasing concentrations of ADP 

(A,D), collagen (B,E), or TRAP-6 (C,F).  Graphs show data from all patients with a diagnosis of TB 

(red circles, n=25) compared healthy controls (open circles, n=14, A-C) and also compared to all 

TB-negative patients, i.e. healthy controls plus bronchoscopy patients who were not diagnosed 

with TB (navy circles, n=31, D-F).  Agonist-induced maximal platelet aggregation was lower in 

patients with TB compared to patients without TB, particularly in response to ADP; a lesser 

difference was seen following stimulation with collagen, and there was no significant difference 

in maximal aggregation following stimulation with TRAP-6. Data points represent median value 

and error bars show interquartile ranges.  Data compared using a two-way ANOVA with Šídák’s 

correction for multiple comparisons.  p<0.05 , ** p<0.01, *** p<0.001, **** p<0.0001. 

 

Of note, there was no difference between platelet aggregation in samples from healthy controls 

and non-TB bronchoscopy patients in response to any of the three agonists used (Figure 4.8). 
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Figure 4.8  Maximal agonist-induced platelet aggregation in participants without TB. 

Maximum platelet aggregation in response to stimulation with increasing concentrations of ADP 

(A), collagen (B), or TRAP-6 (C).  Graphs show data from healthy controls (open circles, n=14) 

compared to plus bronchoscopy patients who were not diagnosed with TB (navy circles, n=17).  

There was no difference in aggregation in response to any of the agonists used in these two groups 

of participants.  Data points represent median value and error bars show interquartile ranges.  

Data compared using a two-way ANOVA with Šídák’s correction for multiple comparisons.   

 

Taken together, these data indicate that pulmonary TB, but not other pulmonary disease, leads 

to a reduced tendency of platelets to aggregate in response to stimulation with platelet agonists, 

in particular ADP.  

  

4.5.1.2 Platelet aggregation in response to stimulation with LPS was not affected by a diagnosis 

of tuberculosis or by non-TB respiratory disease.  

The addition of LPS and M.tb-secreted antigens enabled evaluation of whether ex vivo platelets 

from patients with tuberculosis had altered responsiveness to these antigens compared to 

platelets obtained from participants without tuberculosis.   

Aggregation responses were compared in PRP incubated with or without 100µg/ml LPS prior to 

addition to a 96-well plate pre-loaded with agonists.   

There was a trend towards increased platelet aggregation in PRP pre-incubated with LPS 

compared to addition of PRP pre-incubated with 7H9 control.  However, this did not reach 

statistical significance for any of the three agonists used in either patients with smear-positive 
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pulmonary TB or bronchoscopy patients diagnosed with TB (not shown), or when these two 

groups were combined (Figure 4.9).   In TB-negative patients, a difference was only observed in 

response to 10µM TRAP-6; this difference was observed in healthy controls but not TB-negative 

bronchoscopy patients (not shown), and persisted these two groups were combined (maximal 

aggregation 57.2% without LPS vs 66.3% with LPS, p=0.011, Figure 4.10 C).    
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Figure 4.9  The effect of LPS on maximal agonist-induced platelet aggregation in TB patients. 

There was no difference in maximal platelet aggregation in PRP incubated with (turquoise circles) 

compared to PRP incubated without (red circles) LPS in response to stimulation with platelet 

agonists (A) ADP, (B) collagen, or (C) TRAP-6.  Data from all patients diagnosed with TB, n=25.  

Data points represent median value and error bars show interquartile ranges.  Data compared 

using a two-way ANOVA with Šídák’s correction for multiple comparisons.    
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Figure 4.10  The effect of LPS on maximal agonist-induced platelet aggregation in TB-negative 

patients. 

Maximal platelet aggregation in PRP incubated with LPS (turquoise circles) compared to PRP 

incubated with 7H9 control media (black circles) in response to stimulation with platelet agonists 

(A) ADP, (B) collagen, or (C) TRAP-6.  LPS-stimulated maximal platelet aggregation was only 
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significantly higher in the presence of 10µM TRAP-6.  Data from all patients without TB (healthy 

controls plus respiratory symptomatic controls), n=31.  Data points represent median value and 

error bars show interquartile ranges.  Data compared using a two-way ANOVA with Šídák’s 

correction for multiple comparisons.  *p<0.05.    

 

Differences observed in platelet responses in TB vs non-TB patients were preserved, albeit less 

obvious, when LPS was added (Figure 4.11).   
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Figure 4.11  Maximum aggregation of platelets pre-incubated with 100µg/ml LPS in response to 

stimulation with increasing concentrations of ADP (A,D), collagen (B,E), or TRAP-6 (C,F). 

Graphs show data from all patients with a diagnosis of TB (red circles, n=25) compared healthy 

controls (open circles, n=14, A-C) and also compared to all TB-negative patients, i.e. healthy 

controls plus bronchoscopy patients who were not diagnosed with TB (navy circles, n=31, D-F).  

Agonist-induced maximal platelet aggregation was lower in patients with TB compared to patients 

without TB, particularly in response to ADP; a lesser difference was seen following stimulation 

with collagen, and there was no significant difference in maximal aggregation following 

stimulation with TRAP-6. Data points represent median value and error bars show interquartile 

ranges.  Data compared using a two-way ANOVA with Šídák’s correction for multiple comparisons.  

* p<0.05 , ** p<0.01, *** p<0.001, **** p<0.0001. 
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There was no difference when TB-negative bronchoscopy patients were compared with healthy 

controls (Figure 4.12).  
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Figure 4.12  Maximum aggregation of platelets pre-incubated with 100µg/ml LPS in participants 

without TB. 

  

There was no difference in aggregation responses to stimulation with increasing concentrations 

of ADP (A), collagen (B), or TRAP-6 (C) in healthy controls (open circles, n=14) compared to 

bronchoscopy patients who were not diagnosed with TB (navy circles, n=17).  Data points 

represent median value and error bars show interquartile ranges.  Data compared using a two-

way ANOVA with Šídák’s correction for multiple comparisons. 

 

 

4.5.1.3 Platelet aggregation in response to stimulation with M.tb-secreted antigens was not 

affected by a diagnosis of tuberculosis or by non-TB respiratory disease.  

Aggregation responses were next compared in PRP incubated with M.tb-secreted antigens, 

compared to addition of PRP incubated with 7H9 control media, prior to addition to a 96-well 

plate pre-loaded with platelet agonists ADP, collagen, and TRAP-6.   

There was no difference in platelet aggregation in PRP pre-incubated with M.tb-secreted antigens 

compared to addition of PRP pre-incubated with 7H9 control in TB-positive patients (Figure 4.13).  

In TB-negative patients, maximal platelet aggregation was only reduced when PRP was pre-

incubated with M.tb-antigen then stimulated with 10µM TRAP-6 (maximal aggregation 46.2% vs 

57.2% respectively, p=0.0018, Figure 4.14 C), otherwise no difference was observed.  There was 
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no difference observed between healthy controls and TB-negative bronchoscopy patients (Figure 

4.16).   
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Figure 4.13  The effect of M.tb-secreted antigens on maximal agonist-induced platelet 

aggregation in TB patients. 

There was no difference in maximal platelet aggregation in PRP incubated with M.tb-secreted 

antigen (green circles) compared to PRP incubated with 7H9 control media (red circles) in 

response to stimulation with platelet agonists (A) ADP, (B) collagen, or (C) TRAP-6.  Data from all 

patients diagnosed with TB, n=25.  Data points represent median value and error bars show 

interquartile ranges.  Data compared using a two-way ANOVA with Šídák’s correction for multiple 

comparisons.    
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Figure 4.14  The effect of M.tb-secreted antigens on maximal agonist-induced platelet 

aggregation in TB-negative patients. 

Maximal platelet aggregation in PRP incubated with M.tb-secreted antigens (green circles) 

compared to PRP incubated with 7H9 control media (black circles) in response to stimulation with 

platelet agonists (A) ADP, (B) collagen, or (C) TRAP-6.  Maximal platelet aggregation was 
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significantly higher in the presence of M.tb-secreted antigens compared to 7H9 control only when 

stimulated with 10µM TRAP-6; no other significant difference was found.  Data from all patients 

without TB (healthy controls plus respiratory symptomatic controls), n=31.  Data points represent 

median value and error bars show interquartile ranges.  Data compared using a two-way ANOVA 

with Šídák’s correction for multiple comparisons.  **p<0.01.    

 

Differences observed in platelet responses in patients with versus those without TB were largely 

unchanged following incubation with M.tb-secreted antigens (Figure 4.15).  There was no 

difference in platelet aggregation in healthy controls compared to TB-negative respiratory 

symptomatic controls following exposure to M.tb-secreted antigens (Figure 4.16).  
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Figure 4.15  Maximum aggregation of platelets pre-incubated with M.tb-secreted antigens in 

response to stimulation with increasing concentrations of ADP (A,D), collagen (B,E), or TRAP-6 

(C,F). 

Graphs show data from all patients with a diagnosis of TB (red circles, n=25) compared healthy 

controls (open circles, n=14, A-C) and also compared to all TB-negative patients (navy circles, 

n=31, D-F).  Agonist-induced maximal platelet aggregation in the presence of M.tb-secreted 

antigens was lower in patients with TB compared to patients without TB only in response to ADP.  

A non-significant trend towards a reduction in aggregation was observed following stimulation 
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with collagen and TRAP-6. Data points represent median value and error bars show interquartile 

ranges.  Data compared using a two-way ANOVA with Šídák’s correction for multiple comparisons.  

** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 4.16  Maximum aggregation of platelets pre-incubated with M.tb-secreted antigens in 

participants without TB. 

When PRP was pre-incubated with M.tb-secreted antigens, there was no difference in aggregation 

responses to stimulation with increasing concentrations of ADP (A), collagen (B), or TRAP-6 (C) in 

healthy controls (open circles, n=14) compared to bronchoscopy patients who were not 

diagnosed with TB (navy circles, n=17).  Data points represent median value and error bars show 

interquartile ranges.  Data compared using a two-way ANOVA with Šídák’s correction for multiple 

comparisons. 

 

4.5.1.4 Longitudinal analysis of aggregometry data 

Due to interruptions to recruitment owing to the COVID-19 pandemic and/or patient loss to 

follow-up, three or more longitudinal samples were only available for nine of 25 TB patients, and 

thus a comprehensive analysis has not been possible.   

For these nine patients, maximum platelet aggregation was plotted over time.  A tendency 

towards reduced aggregation at weeks 2 and 4 was seen, with a return to normalisation by 6 

months.  Responses to ADP were more consistent than responses to collagen or to TRAP-6, as was 

also seen in the data above.  An example for one of the patients with a full data set is shown in 



121 
 

Figure 4.17.  For this patient, maximal percentage aggregation in response to ADP decreased from 

baseline to 2 weeks, and further from 2 weeks to 4 weeks, before increasing again at 2 months 

and then at six months.  A similar pattern occurred in response to TRAP-6, and also to collagen, 

although the latter was less clearly defined.   

 

30.0 10.0 3.0 1.0 0.3 0.1

0

20

40

60

80

100

[ADP], μM

%
 a

g
g

re
g

a
ti

o
n

30
.0

10
.0 3.

0
1.

0
0.

3
0.

1

0

20

40

60

80

100

[Collagen] (μg/ml)

%
 a

g
g

re
g

a
ti

o
n

30
.0

10
.0 3.

0
1.

0
0.

3
0.

1

0

20

40

60

80

100

[TRAP-6] (μM)

%
 a

g
g

re
g

a
ti

o
n

Baseline

2 weeks

4 weeks

2 months

6 months

 

Figure 4.17  Changes in ADP-, Collagen-, and TRAP-6 induced platelet aggregation in a single 

patient with smear-positive pulmonary tuberculosis TB over time. 

Maximal agonist-induced aggregation is presented at diagnosis (baseline, pale circles) and after 2 

weeks, 4 weeks, 2 months, and 6 months of treatment (increasingly dark red circles).   

 

When all available patient data were cumulated, a similar pattern is perceptible in the data 

although the small sample size and substantial variations in individual patients’ responses meant 

statistical comparison difficult (Figure 4.18).  Nevertheless, a mixed effects analysis was 

performed to compare changes in platelet aggregation over time, during anti-TB treatment.  ADP-

induced maximal platelet aggregation was significantly different in TB patients compared to 

healthy controls when stimulated with 30µm, 10µm, 3µm, 1µm, and 0.1µm ADP but not 0.3µm 

ADP.  When stimulated with 0.3µm ADP, maximal platelet aggregation was reduced after 2 weeks 

treatment compared to baseline (median 9.3% vs 10.7% respectively, p-0.033).  No such 

differences were found when platelet aggregation was induced by stimulation with collagen or 

with TRAP-6.   
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Figure 4.18  Changes in ADP-, Collagen-, and TRAP-6 induced platelet aggregation in serial blood 

samples obtained from patients with TB over time. 

Maximal agonist-induced aggregation is presented at diagnosis (baseline, pale circles, n=24) and 

after 2 weeks (n=10), 4 weeks (n=10), 2 months (n=6), and 6 months of treatment (n=2); later 

timepoints indicated by increasingly dark red circles.  Healthy controls are included for 

comparison (n=14, open circles).    

 

Similar patterns were preserved when the assays were performed in the presence of M.tb-

secreted antigens (Figure 4.19) and LPS (Figure 4.20).   
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Figure 4.19  Changes in ADP-, Collagen-, and TRAP-6 induced platelet aggregation in serial blood 

samples obtained from patients with TB over time and stimulated with M.tb-secreted antigens. 

Maximal agonist-induced aggregation is presented at diagnosis (baseline, pale circles, n=24) and 

after 2 weeks (n=10), 4 weeks (n=10), 2 months (n=6), and 6 months of treatment (n=2); later 

timepoints indicated by increasingly dark green circles.  Healthy controls are included for 

comparison (n=14, open circles).    
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Figure 4.20  Changes in ADP-, Collagen-, and TRAP-6 induced platelet aggregation in serial blood 

samples obtained from patients with TB over time and stimulated with lipopolysaccharide 

(LPS). 

Maximal agonist-induced aggregation is presented at diagnosis (baseline, pale circles, n=24) and 

after 2 weeks (n=10), 4 weeks (n=10), 2 months (n=6), and 6 months of treatment (n=2); later 

timepoints indicated by increasingly dark blue circles.  Healthy controls are included for 

comparison (n=14, open circles).    

 

4.5.2 Discussion 

Maximal agonist-induced platelet aggregation was consistently reduced in patients with newly 

diagnosed TB in two distinct cohorts: those with sputum smear positive pulmonary TB versus 

healthy controls; as well as bronchoscopy patients who were diagnosed with TB and commenced 

on anti-TB therapy compared to those who were not.  As these were independent cohorts, this is 

likely to represent a genuine finding.  All patient groups were recruited in parallel, which controls 

for any drift in the protocol or flow cytometer settings.  Although the sample sizes were smaller 

than the planned study, the difference was sufficient to reach statistical significance.  This effect 

was most pronounced in the presence of the platelet agonist ADP, and was also present in the 

presence of collagen, but no statistical difference was found with the addition of TRAP-6.  Of note, 

there was no difference in maximal aggregation between healthy controls and symptomatic 

controls (patients who underwent a bronchoscopy, without a diagnosis of TB). 

The addition of LPS led to a non-significant increase in aggregation responses in the presence of 

ADP and TRAP-6, but not collagen; this is surprising as the literature shows a significant increase 

with LPS, even at much lower doses(175). M.tb-secreted antigens made no discernible difference.  

In the presence of both of these additional stimuli the responses to agonists were preserved.   



124 
 

On longitudinal follow-up there was a trend towards an initial dip in maximal platelet aggregation 

at weeks 2 and 4, with a normalisation by the end of treatment; however, the small number of 

patients who underwent follow-up combined with the large inter-individual variation means that 

this infrequently reached statistical significance.  
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4.6 Evaluation of patient activity in patients using flow 

cytometry  

Flow cytometric analysis was performed using samples of whole blood collected from patients in 

10% citrate, as described in section 2.14 and section 4.3.6.4 as above: whole blood was stained 

with monocyte and platelet markers, and platelet/monocyte aggregation and platelet activation 

were assessed.  This was performed in the presence of M.tb-secreted antigens or 7H9 control, 

and in the presence or absence of platelet agonists TRAP-6 and ADP.  Data were acquired using a 

BD FACSCanto flow cytometer at UPCH.  Due to a fault in the equipment at the start of the project, 

data are only available for samples processed after 27th August 2019.  Results were analysed using 

FlowJo v10 operating software and GraphPad PRISM v9.1.2.   

Data from flow cytometric analysis are available for 10 patients with newly diagnosed smear-

positive pulmonary TB at diagnosis, 6 patients who underwent bronchoscopy and were later 

diagnosed with TB, 14 healthy controls, and 14 patients who underwent bronchoscopy and were 

not diagnosed with TB (respiratory symptomatic controls).  The 16 TB cases were considered as a 

single group for the purposes of analysis.  Data were also available from 7 TB patients at 2 weeks 

post treatment initiation, from 8 TB patients at 8 weeks, from 4 at 2 months, and from 2 at 6 

months post treatment initiation.   

 

4.6.1 Platelet activation 

Platelet activation was assessed by comparing the presence of platelet activation markers CD62P 

(P-selectin) and PAC-1 on the surface of platelets.  The most commonly studied platelet activation 

markers are P-selectin, activated alpha2b-beta3 complex, and lysosomal associated membrane 

protein (CD63).  As there was only space for two in the panel, two were selected.  These two 

receptors behave differently: CD62P is present in the membranes of granules and is externalised 

during degranulation as the granule becomes incorporated into the outer cellular membrane.  The 

alpha2b-beta3 complex is already present on the surface of the platelet and undergoes 

conformational change upon platelet activation.  It can be detected using PAC-1, a mouse 

monoclonal antibody that detects the active form only(239).   
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Platelets were defined as events that fell within the characteristic region of the FSC/SSC plot, and 

upon which CD42b, a ubiquitous platelet marker, could be detected, and platelet activation was 

assessed through the quantification of anti-CD62P antibody or anti-PAC-1 antibody among this 

population. An example showing the gating strategy is presented in Figure 4.21.  

 

 

Figure 4.21  Example of gating strategy used to evaluate platelet activation. 

Flow cytometric analysis of whole blood reveals characteristic distribution of cells based on 

forward scatter (FSC, indicating size) and side scatter (SSC, indicating cellular complexity) as 

shown in the first box.  Events falling within the population in the left lower region of the plot 

indicate small cells, including platelets.  These are selected and assessed for staining of CD42b, as 

shown in the second box; CD42b positive events within this population are defined as ‘platelets’.  

This population is then evaluated based on detection of fluorophores against platelet activation 

markers CD62P and PAC-1.  The example presented here shows CD62 positivity in platelets in the 

absence (third box) or presence (fourth box) of platelet agonist ADP.  Both the percentage of 

platelets that are positive for CD62P, and the median fluorescence intensity (MFI) of CD62P 

among the platelet population, can then be calculated.   

 

CD62P expression, defined as the percentage of platelets that were positive for CD62P, was 8.34% 

in patients with TB compared to 8.13% in healthy controls and 8.07% in symptomatic controls 

(Figure 4.22 A). Similarly, there was no difference in median fluorescence intensity (MFI) of CD62P 

among CD42b positive platelets in the three groups (Figure 4.22 B). In the presence of ADP and 

TRAP-6 there was a dose dependent increase in both the percentage of platelets expressing 

CD62P as well as the CD62P MFI, as expected; in the presence of 1uM TRAP-6 this was greater in 

TB patients compared to healthy controls; no other difference was observed (Figure 4.22 C-F).   
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Figure 4.22  CD62P expression by CD42b+ platelets in the whole blood of patients with TB, 

symptomatic controls, and healthy controls. 

Graphs represent the percentage of CD42b+ platelets that were positive for CD62P (A) and 

median fluorescence intensity (MFI) of CD62P in CD42b+ platelets (B) in unstimulated whole 

blood, and in the presence of ADP (C-D) and TRAP-6 (E-F) from patients with TB (red circles), 

symptomatic controls (blue circles), and healthy controls (black circles).  Data presented as 

median +/- interquartile range.  Comparisons with one-tailed Mann-Whitney U test. *p<0.05.   
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Similarly, there was no difference in rates of positivity for PAC1 in unstimulated platelets, or in 

PAC1 MFI (Figure 4.23 A and B).  In the presence of 0.3µM ADP both the percentage of platelets 

that were positive for PAC1, and the PAC1 MFI in CD42b+ platelets, were higher in symptomatic 

controls than in patients with TB; there was no difference between patients with TB and healthy 

controls in the presence of ADP or TRAP-6 (Figure 4.23 C-F).   

 

 

Figure 4.23  PAC1 expression by CD42b+ platelets in the whole blood of patients with TB, 

symptomatic controls, and healthy controls. 

Graphs represent the percentage of CD42b+ platelets that were positive for PAC1 (A) and median 

fluorescence intensity (MFI) of PAC1 in CD42b+ platelets (B) in unstimulated whole blood, and in 
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the presence of ADP (C-D) and TRAP-6 (E-F) from patients with TB (red circles), symptomatic 

controls (blue circles), and healthy controls (black circles).  Data presented as median +/- 

interquartile range.  Comparisons with one-tailed Mann-Whitney U test.  *p<0.05. 

 

4.6.2 Platelet-monocyte aggregation 

Monocytes were identified by first selecting events that fell within the characteristic region of the 

FSC/SSC plot, and among which CD14, a ubiquitous monocyte marker, could be detected.  The 

percentage of monocytes which were positive for platelet marker CD42b was taken to indicate 

platelet-monocyte aggregation (PMA).  An example is shown in Figure 4.24. 

 

 

Figure 4.24  Example of gating strategy used to evaluate platelet-monocyte aggregation. 

Events falling within the characteristic region in the FSC/SSC plot associated with monocytes were 

selected: these are relatively large cells, as indicated by the relatively high value on the x axis, with 

relatively low complexity, as indicated by the low position on the y axis.  Events within this region 

that were positive for CD14, defined using a histogram as indicated in the second box, were 

defined as ‘monocytes’.  This population is then evaluated based on detection of fluorophores 

against platelet marker CD42b.  The example presented here shows detection of CD42b in the 

monocyte population in the absence (third box) or presence (fourth box) of platelet activation 

marker ADP.  The addition of a platelet activation marker has caused a significant proportion of 

monocytes to express CD42b, indicating the presence of platelets adhered to the monocyte 

surface.  The detection of CD42b did not significantly change the size or complexity of the 

monocytes, in keeping with the much smaller size of platelets compared to monocytes.   
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In peripheral blood from patients with TB at diagnosis, the percentage of PMA was 26.1%, which 

was significantly higher than the percentage of PMA in peripheral blood from healthy controls 

(12.4%, p=0.035) but no different from the rate among symptomatic controls (32.0%, p=0.48; 

Figure 4.25 A).   There was no difference in median fluorescence intensity (MFI) of the platelet 

marker CD42b among CD14+ monocytes between the three groups (17.3, 18.4, and 14.1, 

respectively; Figure 4.25 B).  

In the presence of low and high doses of ADP and TRAP-6, both PMA and CD42b MFI were higher 

in samples from patients with TB than from healthy controls (Figure 4.25 C-F).   

Percentage PMA was found to correlate positively with P-selectin expression on platelets, 

consistent with both being measures of platelet activation (Figure 4.26).     
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Figure 4.25  Platelet-monocyte aggregation in patients with TB (red circles) compared to 

symptomatic controls (blue circles) or healthy controls (black circles). 

(A) The percentage of monocytes that were positive for platelet marker CD42b (platelet-

monocyte aggregates, PMA).  (B) Median fluorescence intensity (MFI) of platelet marker CD42b 

among CD14+ monocytes.  The percentage of PMA in the presence of ADP (C) or TRAP-6 (D).  

Median fluorescence intensity (MFI) of platelet marker CD42b among CD14+ monocytes in the 

presence of ADP (E) or TRAP-6 (F). Data presented as median +/- IQR.  Results compared using 

one-tailed Mann-Whitney U test.  *p<0.05, **p<0.01. 
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Figure 4.26  Correlation between platelet-monocyte aggregation (PMA) and CD62P positivity on 

platelets. 

The percentage of monocytes that were positive for platelet marker CD42b (platelet-monocyte 

aggregates, PMA, x axis) plotted against the percentage of free platelets that were CD62P+ (y axis) 

for samples that were unstimulated (A) or in the presence of 0.3uM or 3uM ADP (B-C) or 1uM or 

10uM TRAP-6(D-E).  Data from patients with TB (red circles), symptomatic controls (blue circles), 

and healthy controls (black circles).  r calculated using Spearman’s non-parametric coefficient of 

correlation.   
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4.6.3 Platelet-granulocyte aggregation 

Platelet-granulocyte aggregation was evaluated using the gating strategy presented in Figure 

4.27.  Although it is not possible to categorically state that this represents a pure neutrophil 

population, gating strategies incorporating anti-CD45 antibody (a pan-leukocyte marker) and/or 

anti-CD16 antibody (a neutrophil-specific marker) did not significantly change the outcome of this 

analysis (data not shown).   

 

 

Figure 4.27  Example of gating strategy used to evaluate platelet-granulocyte aggregation. 

As cells that are abundant, large, and containing numerous granules and intracellular structures, 

granulocytes typically fall within the region on a FSC/SSC plot indicated in the first box.  To exclude 

CD14 positive granulocytes such as eosinophils, any events that expressed CD14 were removed, 

and the remaining population was defined as ‘granulocytes’.  Granulocytes that were positive for 

the platelet marker CD42b were taken to represent platelet-granulocyte aggregates.  The example 

presented here shows detection of CD42b in the granulocyte population in the absence (third 

box) or presence (fourth box) of platelet activation marker ADP.  The addition of a platelet 

activation marker has caused a significant proportion of granulocytes to show detectable CD42b, 

increasing from 1.51% to 12.2%, and indicative of the presence of platelets adhered to the 

granulocyte surface.   

 

The percentage of CD14-negative granulocytes that expressed platelet marker CD42b was greater 

in TB patients than in healthy controls (11.7% versus 7.12%, p=0.032, Figure 4.28 A) and was 6.27% 

in symptomatic controls (p=0.051).  There was no difference in CD42b MFI across the three groups 

(Figure 4.28 B).  The increased rate of platelet-granulocyte aggregates in TB patients compared to 

healthy controls was maintained in the presence of ADP and of 1µM TRAP-6; in the presence of 
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10µM TRAP-6 the rate of platelet granulocyte aggregates was significantly higher in TB patients 

than in symptomatic controls (Figure 4.28 C-D). There was no difference in CD42b MFI, apart from 

in the presence of 10µM TRAP-6 where it was higher in patients with TB than in symptomatic 

controls (Figure 4.28 E-F).   

 

 

Figure 4.28  Platelet-granulocyte aggregation in patients with TB (red circles) compared to 

symptomatic controls (blue circles) or healthy controls (black circles). 

A) The percentage of CD14- granulocytes that were positive for platelet marker CD42b (platelet-

granulocyte aggregates).  B) Median fluorescence intensity (MFI) of platelet marker CD42b among 

CD14- granulocytes.  The percentage of platelet-granulocyte aggregates in the presence of ADP 
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(C) or TRAP-6 (D).  Median fluorescence intensity (MFI) of platelet marker CD42b among CD14- 

granulocytes in the presence of ADP (E) or TRAP-6 (F). Data presented as median +/- IQR.  Results 

compared using one-tailed Mann-Whitney U test.  *p<0.05.   

 

4.6.4 Longitudinal evaluation of platelet activity by flow cytometry 

Longitudinal flow cytometric data were available from 16 TB patients at baseline, 7 patients after 

2 weeks of initiation of anti-TB treatment, 8 patients after 4 weeks, 4 patients after 2 months, and 

2 patients after completion of treatment at six months.  Data are presented in Figure 4.29 to 

Figure 4.32.  Although numbers were too small to permit a rigorous statistical analysis, it can be 

clearly seen from the graphs that there is a trend towards reductions in platelet-monocyte 

aggregation and in CD62P positivity of platelets over time.   
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Figure 4.29  Longitudinal evaluation of percentage of CD62+ platelets in unstimulated whole 

blood, and in blood stimulated with 0.3µM and 3µM ADP, and with 1µM and 10µM TRAP-6. 

Data show median and interquartile range (left), and lines linking individual patients over time 

(right).  
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Figure 4.30  Longitudinal evaluation of percentage of PAC-1+ platelets in unstimulated whole 

blood, and in blood stimulated with 0.3µM and 3µM ADP, and with 1µM and 10µM TRAP-6. 

Data show median and interquartile range (left), and lines linking individual patients over time 

(right).  
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Figure 4.31  Longitudinal evaluation of platelet-monocyte aggregation (PMA) in unstimulated 

whole blood, and in blood stimulated with 0.3µM and 3µM ADP, and 1µM and 10µM TRAP-6. 

Data show median and interquartile range (left), and lines linking individual patients over time 

(right).  
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Figure 4.32  Longitudinal evaluation of platelet-granulocyte aggregation in unstimulated whole 

blood, and in whole blood stimulated with 0.3µM and 3µM ADP, and 1µM and 10µM TRAP-6. 

Data show median and interquartile range (left), and lines linking individual patients over time 

(right).  
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4.6.5 Discussion 

The data presented here showed an increase in platelet-monocyte aggregates in TB patients 

compared to healthy controls.  This is in keeping with other studies which have shown increased 

platelet-monocyte or platelet-leukocyte aggregates in patients with other inflammatory disorders 

including heart disease(240), rheumatological disorders(241), and dengue(242).  Platelet-

monocyte aggregation was also found to be elevated in patients with non-TB lung disease 

suggesting that this effect may be part of a generalised lung inflammatory process.  Conversely, 

platelet-granulocyte activation was elevated in TB patients but not in the respiratory symptomatic 

group, which indicates that this may be a more TB-specific effect.  The longitudinal analysis also 

gave an indication that these findings normalised over time while patients took their anti-TB 

medication.   

Although there was no observed difference in CD62P or PAC-1 expression between TB patients 

and either healthy or symptomatic controls, we found strong correlation between CD62P 

expression and PMA indicating that any difference in CD62P expression may have been too small 

to detect with our sample size but may in fact have been detectable with the original planned 

sample size of 40 in each group.  Future studies will be needed to determine whether increased 

platelet activation in the form of increased surface receptor expression can in fact be 

demonstrated in patients with TB.   

 

Platelet-leukocyte aggregations are recognized markers of inflammation, and there are some data 

from the literature that shed light on possible implications.  In COVID-19, both monocyte-platelet 

aggregates and neutrophil-platelet aggregates were found to be elevated in patients compared 

to healthy donors; these markers were higher in patients with severe disease, and also correlated 

with markers of inflammation C-reactive protein and IL-6, and the authors postulated that these 

aggregates may have mechanistic roles in pathological lung inflammation(243).  Hottz et al 

showed that in Dengue infection, formation of platelet-monocyte aggregates modulates 

monocyte activation and cytokine release(244).  In this study, the binding of activated and 

apoptotic platelets from patients with dengue increased monocyte secretion of IL-1β, IL-8, IL-10, 

and MCP-1, whereas platelets from healthy volunteers increased secretion of MCP-1 only.  
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Cytokine release was shown to be dependent on P-selectin-mediated adhesion, as well as 

recognition of apoptotic platelets.   

 

The data presented in this chapter are limited by the small sample size of the patients, and also 

by the lack of follow-up data on the participants evaluated at baseline.  A larger study with robust 

measures to enable longitudinal monitoring of patients would be useful to confirm and strengthen 

the findings presented above.   
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4.7 Soluble mediators of inflammation, tissue destruction, and 

platelet activity in the lungs and blood of patients with and 

without TB.  

The next analysis sought to investigate evidence of inflammation and platelet activity both in the 

blood and at the site of disease in the lung itself.  Nineteen soluble mediators were measured in 

plasma and bronchoalveolar lavage fluid (BALF) samples from all patients at baseline.  These 

mediators were divided into three panels: markers associated with inflammation, lung tissue 

destruction (matrix metalloproteinases), and platelet activity (see Table 6).  

 

Table 6  Soluble factors measured in clinical samples 

Inflammatory markers Matrix metalloproteinases  Platelet associated factors 

Interleukin (IL) 1 alpha (IL-1 α) 

IL-1 beta (IL-1 β) 

IL-6 

IL-8 

IL-10 

IL-12 

Tumour necrosis factor alpha (TNF-α) 

MCP-1 (CCL-2) 

Interferon inducible protein 10 (IP-10) 

MMP-1 

MMP-3 

MMP-7 

MMP-8 

MMP-10 

 

Soluble CD40 Ligand (sCD40-L) 

Soluble P-selectin (sP-selectin) 

Von Willebrand factor A2 (vWF-A2) 

Vascular epithelial growth factor (VEGF) 

Phospholipase A2 Group 7 (PLA2G7) 

 

 

 

Concentrations were measured using custom-designed Luminex multiplex arrays (see methods 

section 2.11).  Data were downloaded in Excel and analysed in GraphPad PRISM v9.1.2 software.  

A coefficient of variation (CV) of <30% was considered acceptable.  The CV of one measurement 

(0.0005%) was over 30% and was excluded.  4 (0.002%) measurements were in the range of 20-

30% and 26 (0.013%) measurements had a CV of 15-20%.   

Values that fell below the lower limit of detection were substituted with a value equal to half of 

the lower limit of detection, taking into consideration the dilution factor of the sample.  No values 

were above the limit of detection.   
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4.7.1 Correlation between concentrations of soluble mediators in 

bronchoalveolar lavage fluid (BALF) 

To evaluate the relationship between markers of inflammation and platelet activity measured in 

the BALF, a Spearman’s correlation matrix was constructed (Figure 4.33).  Soluble mediators 

measured in all BALF samples were found to correlate strongly, with the exception of vascular 

endothelial growth factor (VEGF) which correlated negatively with CCL-2 (r = -0.14) and with 

PLA2G7 (r = -0.22) and weakly or not at all with all others.   
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Figure 4.33  Spearman’s nonparametric correlation matrix of soluble markers measured in 

bronchoalveolar lavage fluid (BALF) samples from all patients who underwent bronchoscopy. 

Data show correlation between concentrations of inflammatory markers, matrix 

metalloproteinases (MMPs), and platelet associated factors in all patients who underwent 

bronchoscopy (n=25).  Significant correlation was observed between all markers apart from VEGF 

which correlated negatively with CCL-2 and with PLA2G7 and weakly or not at all with all others.  

Values indicate Spearman’s r co-efficient of correlation.   
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When these data were disaggregated according to whether or not the patient was diagnosed with 

TB, it was observed that among patients with TB, concentrations of all soluble markers measured 

in BALF showed a very strong positive correlation, with the exception of VEGF which showed a 

strong negative correlation with all other markers (Figure 4.34).  Non-TB patients, on the other 

hand, demonstrated a much more variable picture (Figure 4.35).   
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Figure 4.34  Spearman’s nonparametric correlation matrix of soluble markers measured in 

bronchoalveolar lavage fluid (BALF) samples from bronchoscopy patients with tuberculosis. 

Data show correlation between concentrations of inflammatory markers, matrix 

metalloproteinases (MMPs), and platelet associated factors in patients who underwent 

bronchoscopy and were subsequently diagnosed with TB (n=8).  Significant correlation was 

observed between all markers apart from VEGF which demonstrated strong negative correlation 

with other markers.  Values indicate Spearman’s r co-efficient of correlation.   
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Figure 4.35  Spearman’s nonparametric correlation matrix of soluble markers measured in 

bronchoalveolar lavage fluid (BALF) samples from bronchoscopy patients without tuberculosis. 

Data show correlation between concentrations of inflammatory markers, matrix 

metalloproteinases (MMPs), and platelet associated factors in patients who underwent 

bronchoscopy who were not diagnosed with tuberculosis (n=17).  Correlation was found to be 

variable.  Strong correlation was observed between many of the pro-inflammatory markers and 

MMPs.  Values indicate Spearman’s r co-efficient of correlation.   

 

 

4.7.2 Characterisation of soluble mediators in bronchoalveolar lavage fluid 

(BALF) in patients with and without TB  

Concentrations of mediators measured in the BALF were compared in patients who underwent 

bronchoscopy and were subsequently diagnosed with TB versus those who were not.  Levels of 

IL-1α were significantly higher in patients with TB than in those with other respiratory diseases 
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(median concentration 9.47 pg/µl [IQR 0.5-36.0 pg/µl] vs 0.47 pg/µl [IQR 0.47-2.02 pg/µl] 

respectively, p=0.035).  There was a trend towards higher levels in TB patients in many of the 

other pro-inflammatory mediators measured but these did not reach statistical significance 

(Figure 4.36).   
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Figure 4.36  Soluble inflammation-related mediators measured in bronchoalveolar lavage fluid 

(BALF) in patients who underwent bronchoscopy and were diagnosed with TB (n=8) versus 

those who were not (n=17). 

Although a trend towards higher concentrations of measured pro-inflammatory markers was 

observed in the majority of markers evaluated, a significant difference was only seen for IL-1α.  

Data compared using Kruskall-Wallace test, *p<0.05.   

 

Concentrations of MMPs were found to be elevated in the BALF of patients with TB versus those 

without (Figure 4.37).  This was significant for MMP-1 (median 1,328 pg/µl [IQR 67.3-5,523 pg/µl] 

vs 67.4 pg/µl [IQR 10.2-254.9 pg/µl], p=0.027) and MMP-3 (median 549.8 pg/µl [IQR 75.1-1,845 

pg/µl] vs 82.0 pg/µl [IQR 37.0-161.9 pg/µl], p=0.028) but not for MMP-7, MMP-8, or MMP-10. 
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Figure 4.37  Soluble matrix metalloproteinases (MMPs) measured in bronchoalveolar lavage 

fluid (BALF) from bronchoscopy patients who were diagnosed with TB (n=8) versus those who 

were not (n=17). 

Concentrations of MMP-1 and MMP-3 were significantly elevated in BALF samples from patients 

with TB compared to samples from those with other respiratory diseases.  Data compared using 

Kruskall-Wallace test, *p<0.05.   

 

Finally, platelet-associated factors were evaluated in the lung (Figure 4.38).  Only PLA2G7 had 

significantly higher levels in BALF from TB patients compared to respiratory symptomatic controls 

(median 5,888 pg/µl [IQR 278-21,238 pg/µl] vs 278.0 pg/µl [IQR 278-3,044 pg/µl] respectively, 

p=0.031). VEGF, which had been found to display a strong negative correlation with all of the 

other markers measured in the BALF, was no different in patients with TB versus those without.   
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Figure 4.38  Soluble platelet-related mediators measured in bronchoalveolar lavage fluid (BALF) 

in patients who underwent bronchoscopy and were diagnosed with TB (n=8) versus those who 

were not (n=17). 

Concentrations of PLA2G7 in BALF samples were significantly elevated in patients with TB 

compared to samples from those with other respiratory diseases.  Data compared using Kruskall-

Wallace test, *p<0.05.   
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4.7.3 Correlation between plasma concentrations of soluble mediators  

The same three panels of soluble mediators were measured in plasma taken from patients at their 

baseline evaluation.  Correlation between concentrations of the mediators in all patients was 

evaluated using a Spearman’s correlation matrix (Figure 4.39).  Many of the mediators were found 

to correlate strongly, particularly those associated with an inflammatory response.  sCD40L and 

sP-selectin were found to correlate strongly with IL-1α (r = 0.69 and 0.77 respectively) and IL-6 (r 

= 0.77 and 0.79 respectively).  Conversely, PLA2G7 correlated negatively with both IL-1α and IL-6 

(r = -0.12 and r = -0.38, respectively).   
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Figure 4.39  Spearman’s nonparametric correlation matrix of soluble markers measured in 

plasma samples from all patients. 

Data show correlation between concentrations of inflammatory markers, matrix 

metalloproteinases (MMPs), and platelet associated factors in all patients recruited to the study 

(n=56).  Correlation was strongest between pro-inflammatory markers.  Values indicate 

Spearman’s r co-efficient of correlation.   
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Correlation between plasma concentrations of soluble mediators followed quite distinct patterns 

when evaluated separately for patients with TB, respiratory symptomatic controls, and healthy 

controls.   In TB patients, strong correlations were preserved between pro-inflammatory 

mediators (Figure 4.40).  Strong correlations were also present within platelet-associated 

mediators and also between these and pro-inflammatory markers.  MMP-1 was found to correlate 

weakly with a number of mediators and negatively with some, including CCL-2 (r = -0.29), IL-1β (r 

= -0.17), and IL-10 (r = -0.15).   
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Figure 4.40  Spearman’s nonparametric correlation matrix of soluble markers measured in 

plasma samples from patients with tuberculosis (n=25). 

Data show correlation between concentrations of inflammatory markers, matrix 

metalloproteinases (MMPs), and platelet associated factors in patients with tuberculosis (n=25).  

Values indicate Spearman’s r co-efficient of correlation.   
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Correlation matrices for plasma concentrations of soluble mediators in samples obtained from 

respiratory symptomatic controls showed a much broader range of correlations, including many 

strong negative associations (Figure 4.41).  This was even more pronounced in healthy controls 

(Figure 4.42).   
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Figure 4.41  Spearman’s nonparametric correlation matrix of soluble markers measured in 

plasma samples from respiratory symptomatic controls. 

Data show correlation between concentrations of inflammatory markers, matrix 

metalloproteinases (MMPs), and platelet associated factors in patients with non-tuberculosis lung 

disease (n=17).  Values indicate Spearman’s r co-efficient of correlation.   
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Figure 4.42  Spearman’s nonparametric correlation matrix of soluble markers measured in 

plasma samples from healthy controls. 

Data show correlation between concentrations of inflammatory markers, matrix 

metalloproteinases (MMPs), and platelet associated factors in healthy controls (n=14).  Values 

indicate Spearman’s r co-efficient of correlation.   

 

 

4.7.4 Characterisation of soluble mediators in plasma obtained from patients 

with TB compared to healthy controls and patients with non-TB respiratory 

disease.  

Concentrations of inflammation-associated mediators in all patients are presented in Figure 4.43.   

Concentration of IP-10 was significantly elevated in patients with TB compared to healthy controls 

(median 468.9 pg/µl [IQR 164.5-781.4 pg/µl] vs 82.1 pg/µl [IQR 69.1-112.2 pg/µl] respectively, 

p<0.0001).  IP-10 concentrations were also significantly higher in patients with TB compared to 
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respiratory symptomatic controls (median 468.9 pg/µl [IQR 164.5-781.4 pg/µl] vs 139.1 pg/µl [IQR 

27.4-196.5 pg/µl], p=0.029).  No other differences were identified.   

 

TB HC SC

10

100

1000

10000

[C
C

L
-2

] 
p

g
/μ

l

ns

ns

ns

TB HC SC

50

60

70

80

90

100

[I
L

-1
α

],
 p

g
/μ

l

ns

ns

ns

TB HC SC

60

80

100

120

140

160

[I
L

-1
β

],
 p

g
/μ

l

ns

ns

ns

TB HC SC

0

50

100

150

[I
L

-6
],

 p
g

/μ
l

ns

ns

ns

TB HC SC

0

20

40

60

80

[I
L

-8
],

 p
g

/μ
l

ns

ns

ns

TB HC SC

0

10

20

30

40

50

[I
L

-1
0

],
 p

g
/μ

l

ns

ns

ns

TB HC SC

0

2000

4000

6000

8000

[I
L

-1
2

],
 p

g
/μ

l

ns

ns

ns

TB HC SC

0

50

100

150

[T
N

F
-α

],
 p

g
/μ

l

ns

ns

ns

TB HC SC

10

100

1000

10000

[I
P

-1
0

],
 p

g
/μ

l

✱✱✱✱

✱

ns

 

Figure 4.43  Soluble inflammation-related mediators measured in plasma samples from patients 

with TB (blue circles, n=25), healthy controls (HC, red circles, n=25), and respiratory 

symptomatic controls (SC, black circles, n=17). 

A trend towards elevated plasma concentrations of measured pro-inflammatory markers in 

patients with TB compared to healthy controls was observed.  Plasma levels of IP-10 were 

significantly higher in TB patients than in both healthy controls and respiratory symptomatic 

controls.   Data compared using Kruskall-Wallace test with Dunn’s correction for multiple 

comparisons, *p<0.05, ****p<0.0001.   

 

When plasma levels of MMPs were evaluated, patients with TB were found to have significantly 

elevated levels of MMP-1, MMP-8, and MMP-10 compared to healthy controls (Figure 4.44).  

Concentrations of MMP-10 were also elevated in respiratory symptomatic patients compared to 

healthy controls, with no difference between patients with TB and respiratory symptomatic 
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patients, indicating that this marker may be elevated in all patients with lung disease regardless 

of aetiology.   
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Figure 4.44  Concentrations of matrix metalloproteinases (MMPs) in plasma samples from 

patients with TB (blue circles, n=25), healthy controls (HC, red circles, n=25), and respiratory 

symptomatic controls (SC, black circles, n=17). 

Plasma concentrations of MMP-1, MMP-8, and MMP-10 were elevated in patients with TB 

compared to healthy controls.  Plasma levels of MMP-10 were also higher in respiratory 

symptomatic controls compared to healthy controls.   Data compared using Kruskall-Wallace test 

with Dunn’s correction for multiple comparisons, *p<0.05, **p<0.01, ***p<0.001.   

 

Finally, evaluation of plasma concentrations of platelet mediators identified elevated levels of 

sCD40L, vWF-A2, and VEGF in plasma from patients with TB compared to healthy controls; vWF-

A2 was also elevated in patients with non-TB lung disease compared to healthy controls with no 

difference between patients with TB and those with other causes of lung disease (Figure 4.45). 
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Figure 4.45  Concentrations of platelet-related factors in plasma samples from patients with TB 

(blue circles, n=25), healthy controls (HC, red circles, n=25), and respiratory symptomatic 

controls (SC, black circles, n=17). 

Plasma concentrations of sCD40L, vWF-A2, and VEGF were elevated in patients with TB compared 

to healthy controls.  Plasma levels of vWF-A2 were also higher in respiratory symptomatic controls 

compared to healthy controls.   Data compared using Kruskall-Wallace test with Dunn’s correction 

for multiple comparisons, *p<0.05, ***p<0.001.   

 

4.7.5 Discussion 

In summary, these data indicate some important differences in characteristics between patients 

with TB and both healthy and symptomatic controls.  Correlation between concentrations of 

soluble mediators in BALF was strong, and this was particularly striking when evaluated only in 

patients with TB, which is indicative of strong inflammatory responses in the lungs.  Despite the 

relatively small sample size and the broad range of measured concentrations between individuals, 

these data identified that concentrations of IL-1α, MMP-1, MMP-3, and PLA2G7 were significantly 

elevated in patients with TB, with an overall trend towards a pro-inflammatory response in the 

TB patients.   

It is interesting that there was such a strongly negative correlation between BALF levels of VEGF 

and all other markers in the bronchoscopy patients with TB.  BALF concentrations of VEGF were 

not higher in TB patients than those without TB overall, and this negative correlation was not seen 

in the plasma, where it correlated positively with a number of markers and plasma concentrations 

were in fact higher in TB patients than in healthy controls.  VEGF, as its name implies, is important 

in angiogenesis and mainly targets endothelial cells.  With fibroblast growth factor (FGF) and 
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hepatocyte growth factor (HGF) it is considered one of the direct proangiogenic markers, with 

transforming growth factor-beta (TGF-β), IL-6, IL-8, and platelet-derived growth factor (PDGF) 

acting as indirect proangiogenic markers(245).  VEGF-mediated pathogenic effects in cancers and 

other diseases have been attributed to its effect on permeability and neoangiogenesis(246).  In 

the lung, VEGF is released in response to hypoxia and causes inflammation and remodelling of the 

airways(245).  Data from cellular studies suggest that VEGF secreted from M.tb-infected 

macrophages may facilitate spread from the primary site of infection, and in animal studies M.tb 

dissemination was reduced following anti-VEGF treatment(247).  In patients with pulmonary TB it 

has been associated with fibrous remodelling in cavities (248), and in pleural TB with fibrosis (249).  

Unfortunately, radiological data are not available for the patients in our cohort so it has not been 

possible to assess whether levels were higher in patients who had evidence of radiological 

changes including cavitation.  It is possible that reduced concentrations of VEGF may help to limit 

dissemination and this could be a protective response to pulmonary M.tb infection, and 

treatment of TB patients with anti-VEGF agents such as bevacizumab has been suggested(250).   

A recent meta-analysis identified significant heterogeneity of VEGF levels across different clinical 

presentations of TB, as well as compartmentalisation(251).  A single study was identified that 

measured VEGF in BALF, in which VEGF levels were elevated in BALF from patients with pleural 

TB compared to healthy controls(252). No studies comparing BALF levels in pulmonary TB 

compared to non-TB lung disease were found. Further investigation is needed in this area, 

specifically quantification of VEGF levels at different anatomical sites in patients with TB, and 

evaluation of changes in VEGF concentrations over time during anti-tuberculous treatment and 

how this relates to other processes in the lung.   

Concentrations of MMPs were significantly higher in the lung in patients with TB compared to 

those without.  This is in keeping with findings reported previously(46).  

 

In the plasma, correlations were less strong than in the BALF.  Nevertheless, correlations were 

much more skewed towards positivity among TB patients than in respiratory symptomatic 

controls and healthy controls.  This is significant particularly if we view the data from the healthy 

control groups as the ‘normal’, and in whom correlations were highly variable and with a broader 
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distribution between positive and negative correlations.  Notably, MMPs were found to correlate 

negatively with many of the pro-inflammatory mediators, notably IL-6 and IL-10.   

It is interesting that MMPs correlated weakly even with one another, and in fact correlations 

between MMPs were stronger in patients with non-TB respiratory symptomatic disease than in 

those with TB. When concentrations were compared across the groups, however, there were 

significantly higher levels of MMPs in plasma from TB patients compared to both healthy controls 

and symptomatic controls.  This was significant for MMPs 1, 8, and 10, and also reflects findings 

in the BALF.  These findings were expected.  MMP-1 is known to be highly important in pulmonary 

TB: it degrades type 1 collagen leading to inflammation and pathological processes including 

cavitation, and MMP-1 concentrations have been found previously to correlate with the extent of 

disease in pulmonary TB(54).  Similarly, MMP-8 has been mechanistically linked with neutrophil-

associated tissue destructive processes in the M.tb-infected lung(253).  

Finally, the data showed that levels of platelet-associated markers were also higher in the plasma 

of patients with TB compared to healthy controls and to respiratory symptomatic controls.  Von 

Willebrand factor was also elevated in the plasma of patients with non-TB lung disease.  To our 

knowledge, this study represents the first time that von Willebrand factor has been evaluated in 

patients with pulmonary TB.  In pleural disease, vWF has been found to be elevated in patients 

with an empyema caused by tuberculosis than in patients with cancer or heart failure(254), and 

in a study of contacts of Ugandan patients with TB, vWF was identified as a blood-based biomarker 

of early M.tb infection(255).  vWF is involved in a wide variety of processes in addition to 

coagulation, including angiogenesis, cellular proliferation, and inflammation; it assists the 

adhesion of platelets to sites of vascular injury, playing a role in modulating inflammatory 

responses to vascular insults and in tissue repair(256).  It may provide an important link between 

leukocytes and platelets in pulmonary inflammation, and this may be an effect that is not specific 

to TB.   
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Chapter 5 Clinical features and inflammation in a 

cohort of SARS-CoV-2 infected patients in 2020   

5.1 Introduction 

The clinical spectrum of disease associated with SARS-CoV-2 infection ranges from entirely 

asymptomatic to acute respiratory distress syndrome (ARDS) and septic shock, which can lead to 

multi-organ dysfunction (MOD) and death.  Epidemiological data have highlighted that some 

groups are particularly at risk of poor outcomes, including the elderly, male sex, deprivation, those 

with pre-existing health conditions, and individuals from certain ethnic groups(257, 258).  

However, the specific mechanisms involved in progression to ARDS or MOD, and why some 

individuals are more at risk than others, remain poorly understood.   

Early in the pandemic excessive inflammation including uncontrolled cytokine release was 

identified as a key component of the immunopathological damage and subsequent clinical 

deterioration occurring in some patients with SARS-CoV-2 infection.  Cytokines are released in 

response to infection, whereupon they effect a multitude of functions including activation and 

coordination of immune responses that are useful in clearing pathogens from the site of infection. 

In addition, they concurrently initiate compensatory-repair processes that restore tissue and 

organ function. However, cytokine release can sometimes be disproportionate to the insult, 

leading to a “cytokine storm” that is detrimental to the host and can lead to significant and even 

fatal end organ damage.   

This study aimed to characterise a cohort of patients with SARS-CoV-2 infection, and to explore 

patient factors relating to immune responses, levels of serum inflammation-associated 

biomarkers, and disease severity and outcomes.  
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5.2 Methods 

5.2.1 Participants 

The study population comprised patients with RT-PCR-confirmed SARS-CoV-2 infection and a 

blood sample sent for biochemistry analysis at the South West London Pathology (SWLP) 

laboratory. The SWLP laboratory provides a regional service for microbial diagnostics and is 

located within St. George’s Hospital NHS Foundation Trust, a tertiary teaching hospital in London, 

UK. RT-PCR testing was performed on nasopharyngeal swab samples using Roche RNA extraction 

kits (Magnapure, West Sussex, UK) followed by Altona Diagnostics RealStar® SARS-CoV-2 RT-PCR 

Kit (S and E genes, Hamburg, Germany) or Roche cobas® SARS-CoV-2 Test (E and ORF targets).  

 

5.2.2 Procedures 

Each weekday a list of patients with positive SARS-CoV-2 RT-PCR tests and a blood sample in the 

last 72 hours was generated. Excess diagnostic material (EDM), comprising surplus serum from 

samples taken for clinical management, was obtained from the laboratory. Once included in the 

cohort, patients were sampled longitudinally; if samples became unavailable from one patient, a 

new patient was added to the cohort. A maximum of 30 samples per day were collected due to 

limitations in processing capacity. This thus represents a convenience sample. In addition, clinical 

and demographic information were collected from the patients’ electronic medical records.   

 

Aliquots of serum were anonymised and stored at 4°C. They were then used to measure antibody 

levels using the OMEGA IgG ELISA and Mologic Lateral Flow Assay, before being stored at -80°C.  

 

Stored aliquots were batch tested for cytokine levels using high performance 

electrochemiluminescence multiplex immunoassay kits (Meso Scale Discovery (MSD), Rockville, 

MD, USA) as per the manufacturer’s instructions. Samples with sufficient volume remaining after 

antibody testing had been completed were selected chronologically until the capacity of the 

multiplex kits was reached.   
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5.2.3 Scoring of severity of illness 

A variety of different scoring systems have been developed to help stratify patients with SARS-

CoV-2 infection according to severity and to predict outcome.  The large number of scores 

available, the poor definition of variables and outcomes, and applicability in specific settings such 

as emergency departments or intensive care units, have made it difficult to compare severity 

across studies (259, 260).  Moreover, many available severity indexes include markers that are 

not readily available or routinely gathered from patients(261-264) or use an unmanageably large 

number of variables(265, 266).  Some severity scores, including the 4C Mortality Score which was 

developed based on data from the ISARIC study(267) aim to stratify patients according clinical 

information at initial presentation, which for the purposes of this study may be misleading as they 

depend upon the stage in their illness that the patient presents to hospital.   

We opted for a simple score of 0 to 5 based on maximal oxygen requirements during the patient’s 

illness, shown in Box 1 below.  These data could easily and reliably be obtained from the patient’s 

clinical record.  This is similar to scores used elsewhere(268). 

 

Box 1  Severity scoring system applied to patients with PCR-confirmed SARS-CoV-2 infection 

 

 

5.2.4 Laboratory assays 

 

5.2.4.1 Enzyme-linked immunosorbent assay (ELISA) for human IgG against SARS-CoV-2 

The COVID-19 IgG ELISA assay, developed by Mologic (Bedford, UK) and manufactured by Omega 

(Omega Diagnostics, Cambridge UK), was used according to the manufacturer’s instructions and 

contained spike 2 and nucleoprotein SARS-CoV-2 antigens.  

0 Asymptomatic, no oxygen requirement 

1 Symptomatic at time of swab, no oxygen requirement 

2 Received oxygen via nasal cannulae for ≥12h 

3 Received oxygen via face mask for ≥12h 

4 Received non-invasive ventilation for ≥12h 

5 Intubated and ventilated for ≥12h 
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5.2.4.2 Lateral flow test for human IgA, IgM, and IgG against SARS-CoV-2 

The lateral flow assay was also developed by Mologic (Bedford, UK) and samples were processed 

according to the manufacturer’s instructions.  Briefly, 5ul of patient serum was loaded onto the 

sample pad, followed by 80ul chase buffer. After ten minutes, the presence or absence of three 

lines, indicating presence of IgA, IgM, and IgG, was noted, and for each line, a score was given on 

a scale of 0-10 with 0 being negative and 10 a strong positive.  The presence of a red control line 

indicated that the test was successful. All tests were read by two independently trained readers 

and average scores were obtained.  

 

5.2.4.3 Multiplex assays 

Bespoke MSD V-plex, R-plex and U-plex assays were used to measure serum concentrations of 

cytokines interleukin (IL) -6 (IL-6), Il-7, IL-8, IL-10, interferon gamma-induced protein 10 (IP-10), 

and tumour necrosis factor alpha (TNF-α); eosinophil chemotactic protein Eotaxin; marker of 

inflammation C-reactive protein (CRP); platelet-associated factors platelet-derived growth factor 

B (PDGF-B) and von Willebrand factor (vWF); and matrix metalloproteinases 8 and 9 (MMP-8 and 

MMP-9 respectively). Assays were performed in accordance with the manufacturer’s instructions.  

Briefly, electrochemiluminescence plates were pre-coated with a capture antibody and incubated 

with shaking at 700 rpm for 1 hour or at 500 rpm overnight. The plates were washed, then loaded 

with samples or standards prepared in a 1:4 dilution series.  Sample dilutions ranged from 1:2 to 

1:10,000 depending on the analyte, as per the manufacturer’s instructions. The plates were 

incubated with shaking at room temperature then washed, prior to addition of a detection 

antibody.  After a final incubation step the plates were washed, read buffer was added to each 

well, and the plates were placed on the MSD platform and read according to a standard protocol.  

Data were downloaded in Excel and analysed in GraphPad PRISM v9.1.2 and R statistical software 

package version 4.0.5..      
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5.2.5 Multiple logistic regression modelling 

To assess the effect of clinical and demographic features at diagnosis on outcome, multiple logistic 

regression was performed.  For this analysis, data were restricted to patients who had been 

admitted to hospital (n=288).   

 

5.2.5.1 Variable selection 

Outcomes 

The following outcomes were evaluated:  

 Oxygen requirement defined as a severity score ≥ 2 

 Administration of non-invasive or invasive ventilation defined as a severity score ≥ 4 

 Admission to intensive care (ITU) 

 28-day mortality defined as death within 28 days of a first positive SARS-CoV-2 PCR test 

  

Explanatory variables 

Explanatory variables were selected based on a priori knowledge or evidence of a likely 

association with the outcome under investigation. Variables that were included are described 

below.  

Age was converted into a binary category of either below or equal to or above the median 

age of participants (63.5 years).   

Obesity was defined as a body mass index (BMI) of 30 or greater.  This was calculated 

from each patient’s height and weight documentation in their electronic patient record 

on the date that was closest to the result of their first positive swab.   

Ethnicity data are collected routinely by the NHS and classified according to values set by 

the Office for National Statistics as per the 2001 census.  Ethnic category is defined as the 

ethnicity of a person as specified by the person(269). Categories were grouped into 

White, which included categories A (White – British), B (White – Irish), and C (White – Any 
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other White background); Non-White (categories D-R), and Other or unknown, which 

comprised categories S (Other ethnic groups – any other ethnic group) or Z (not stated).    

Co-morbidity data were collected from each participant’s electronic patient record.  Any 

illness listed in their past medical history on admission to hospital and/or subsequent 

clinical entries was included.  Co-morbidities deemed important based on reports in the 

literature and clinical opinion were defined as listed in Figure 5.2.   For the purposes of 

this analysis, an additional category of ‘any other significant co-morbidity’ category was 

generated.  This was subjective, based on whether any concurrent illnesses may have 

affected a patient’s immune response to an infection, and as defined by two physicians.  

36 participants (12.5%) had an illness that was considered significant but did not fall into 

one of the pre-specified groups.    

Wave was defined as first or second wave depending on whether the patient’s first 

positive PCR test was taken prior to or after 1st August 2020 (see Figure 5.1).  This was 

considered important because of the likelihood that the virus itself, its associated clinical 

features, the management of patients with SARS-CoV-2 infection, and hospital capacity 

including availability of ITU beds will have changed over time.   

Oxygen requirement was defined as no oxygen received by the patient (none), oxygen 

delivered via a nasal cannula or simple face mask for a minimum of 12 hours (non-

invasive), or oxygen delivered via non-invasive ventilation (NIV) or mechanical ventilation 

for a minimum of 12 hours (invasive).   

It is not possible to exclude the possibility of important co-variates for which data are were not 

available, such as receipt of corticosteroids or other medications.   

 

5.2.5.2 Model Selection 

Interactions between the explanatory variables were evaluated based on their scientific 

plausibility. To maintain model interpretability, only a single interaction term was allowed in a 

model at any one time.  The Akaike information criterion (AIC) value was used to evaluate model 

fit and the model with the lowest AIC was selected.  To give an objective measure of fit, 
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McFadden's adjusted pseudo-R2 was calculated(270).  This was selected as a summary measure 

of predictive power as a true R2 cannot be calculated from logistic regression models(271).    

 

5.2.6 Statistical analyses 

Acute outcomes were defined as: severity of illness; Intensive Therapy Unit (ITU) stay; death 

within 28 days of the first positive swab (28-day mortality); and a composite outcome of death 

within 28 days and/or ITU admission.  Data were analysed using GraphPad PRISM version 9.2.1 

and R statistical software package version 4.0.5. Two-tailed parametric and non-parametric tests 

were used as appropriate.  Multiple logistic regression was performed to determine the 

relationship between demographic characteristics and clinical outcomes.  Correlation between 

concentrations of serum biomarkers was evaluated using Spearman’s analysis, and associations 

between serum biomarker levels and outcomes were explored using Mann-Whitney tests, or 

Kruskall-Wallis test with Dunn’s post hoc correction for multiple comparisons.   

 

 

5.2.7 Ethics 

Ethical approval was obtained from the NHS Health Research Authority (Development and 

Assessment of Rapid Testing for SARS-CoV-2 Outbreak, DARTS - IRAS project ID: 282104; REC 

reference: 20/SC/0171) and the trial is registered at clinicaltrials.gov (NCT04351646). 
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5.3 Results 

5.3.1 Clinical cohort 

We evaluated data from 312 patients. Dates of first positive swabs ranged from 3rd March to 30th 

December 2020; distribution over time is indicated in Figure 5.1.  

 

Figure 5.1  Histogram showing distribution cases over time. 

Participants were recruited between 3rd March and 30th December 2020.  Individual participants 

were classified as pertaining to the first or second wave of the pandemic depending on whether 

their first positive SARS-CoV-2 result was before or after 1st August 2020.  Blue denotes patients 

for whom biomarker data are available (n=194); patients for whom red denotes biomarker data 

are not available (n=118).  All samples that underwent biomarker analysis were taken from 

patients in the first wave, but some samples were omitted because there was insufficient volume 

available for complete analysis.   

 

Demographics are presented in Table 7. Median age was 64 years (IQR 49-76) and 177 (56.7%) 

were males.  107 (34.3%) were white, 105 (33.7%) were non-white, and 100 (32.1%) were of 

unknown or other ethnicity. Height and weight at the time of the swab were available for 300/312 

patients; median BMI was 25.2 (IQR 22.1-30.4), and 44 patients had a BMI greater than 30. 
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Data on whether individuals were symptomatic at the time of the swab were available for 302 

patients (97.1%), of whom 267 patients (88.4%) were symptomatic at the time of their swab. We 

were able to establish the approximate date of symptom onset for 261 patients, among whom 

the median number of days from onset of symptoms to the first positive swab was 5 days (IQR 2-

8 days).  
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Table 7  Demographic and clinical characteristics of study participants. 

 Total 

 

N = 312 

Biomarker data 

available 

N=194 

Biomarker data 

not available 

N=118 

p-value 

Age, years, median (IQR) 64  

(49-76) 

64  

(52-77) 

62.5  

(44.75-72.25) 
0.29 

No. of males (%) 177 (56.7%) 108 (55.7%) 69 (58.5%) 0.64 

BMI, median (IQR) (N = 287)* 25.2 (22.1-30.4) 25.1 (21.9-29.8) 22.6 (25.3-31.1) 0.36 

Ethnicity 

White 107 (34.3%) 64 (33%) 43 (36.4%) 

0.76 Non-white 105 (33.7%) 68 (35.1%) 37 (31.4%) 

Other/not known 100 (32.1%) 62 (32%) 38 (32.2%) 

Relevant co-morbidities¥ 

None 92 (29.5%) 66 (34%) 26 (22%) 

0.0063 
1 co-morbidity 92 (29.5%) 52 (26.8%) 40 (33.9%) 

2 co-morbidities 79 (25.3%) 54 (27.8%) 25 (21.2%) 

3 or more co-morbidities 49 (15.7%) 22 (11.3%) 27 (22.9%) 

Date of diagnosis  

Median date of diagnosis (range) 10/04/2020 

(03/03/2020 – 

30/12/2020) 

06/04/2020 

(03/03/2020 – 

18/10/2020) 

18/10/2020 

(10/03/2020 – 

30/12/2020) 

 

Symptoms  

Symptomatic (N=302)* 267 (88.4%) 176/190 (92.6%) 91/112 (81.3%) 0.0028 

Median time from symptoms to 

RT-PCR swab, days (IQR) 
5 (2-8) 5 (2-8) 4 (1-8) 0.16 

Severity 

  0 (asymptomatic, no oxygen 

requirement) 
41 (13.1%) 18 (9.3%) 23 (19.5%) 

0.0019 

  1 (symptomatic at time of swab, 

no oxygen requirement) 
68 (21.8%) 41 (21.1%) 27 (22.9%) 

  2 (received oxygen via nasal 

cannulae for ≥12h) 
57 (18.3%) 36 (18.6%) 21 (17.8%) 

  3 (received oxygen via face 

mask for ≥12h) 
54 (17.3%) 36 (18.6%) 18 (15.3%) 

  4 (received non-invasive 

ventilation for ≥12h) 
12 (3.8%) 3 (1.5%) 9 (7.6%) 

  5 (intubated and ventilated for 

≥12h) 
80 (25.6%) 60 (30.9%) 20 (16.9%) 
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Serological testing for SARS-CoV-2 infection 

IgG ELISA positive (%) 275/308 (89.3%) 181/194 (93.3%) 94/114 (82.5%) 0.004 

     Peak normalised optical 

density (NOD), median (IQR) 
1.25 (0.62-1.6) 1.28 (0.73-1.6) 1.05 (0.34-1.6) 0.049 

     No. of samples per patient, 

median (IQR) 
3 (1-6) 4 (2-8) 1 (1-2) <0.0001 

     Days post swab of first 

positive ELISA, median (IQR)  
14 (9-24) 13 (9-23) 15 (8-36.5) 0.27 

     Days post swab of peak NOD, 

median (IQR) 
20 (12-46.75) 23 (14-48) 16.5 (10-41.25) 0.052 

LFA positive (%) 271/301 (90%) 190/194 (97.9%) 81/107 (75.7%) <0.0001 

     IgA positive on LFA (%) 188/301 (62.5%) 146/194 (75.3%) 42/107 (43.9%) <0.0001 

     IgM positive on LFA (%) 159/301 (52.8%) 129/194 (66.5%) 30/107 (28%) <0.0001 

     IgG positive on LFA (%) 270/301 (89.7%) 189/194 (97.4%) 81/107 (75.7%) <0.0001 

     No. of samples per patient, 

median (IQR) 
3 (1-6) 4 (2-8) 1 (1-2) <0.0001 

     Days post swab of first 

positive LFA, median (IQR)  
14 (9-27) 15 (8.5-39) 14 (9-24.25) 0.18 

Treatment location and Outcome 

Occupational health 9 (2.9%) 4 (2.1%) 5 (4.2%) 0.31 

Outpatient 7 (2.2%) 5 (2.6%) 2 (1.7%) 0.71 

Seen in ED only 8 (2.6%) 4 (2.1%) 4 (3.4%) 0.48 

Hospitalised (%) 288 (92.3%) 181 (93.3%) 107 (90.7%) 0.39 

     Admitted to ITU (%) 105/288 (36.5%) 68/181 (37.6%) 37/107 (38.3%) 0.70 

          28-day mortality (%) 29/105 (27.6%) 20/68 (29.4%) 13/37 (35.1%) 0.66 

     Discharged (%) 203/288 (70.5%) 125/181 (69.1%) 78/107 (72.9%) 0.51 

          Length of stay, days, 

median (IQR) 
19.9 (10.1-40.0) 19.7 (10.9-39.9) 21.5 (8.6-40.3) 0.44 

     Deceased (%) 87/288 (30.2%) 56/181 (30.9%) 31/107 (29%) 0.79 

          Length of stay, days, 

median (IQR) 
19.3 (14.6-31) 21 (15.3-75.3) 23 (16-37) 0.61 

          28-day mortality (%) 46/288 (16.0%) 29/181 (16.0%) 17/107 (15.9%) >0.99 

     Deceased ≤28 days after first 

positive swab and/or ITU 

admission (%) 

123/288 (42.7%) 78/181 (43.1%) 45/107 (42.1%) 0.90 

* Height unavailable for 25 patients and symptom data unavailable for 10 patients 

¥ Relevant co-morbidities defined as: Hypertension, diabetes, chronic kidney disease, chronic lung disease, and 

malignancy.  

P-values calculated using two-tailed Mann Whitney test for continuous data, two-tailed Fisher’s exact test for 

categorical data, and Chi squared for multiple categories data.  
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Patient co-morbidities are shown in Figure 5.2.  Hypertension, diabetes, chronic kidney disease, 

chronic lung disease, and malignancy were selected a priori as relevant co-morbidities for this 

study, as they have been associated with worse outcomes in SARS-CoV-2 infection(272-276).  Of 

the co-morbidities listed, the median number was 1 (IQR 0-2); 92 patients had none of the co-

morbidities listed, 92 had one, 79 had two, and 49 had three or more (Table 7).   

 

Figure 5.2  Frequency of patient co-morbidities. 

CKD = chronic kidney disease, COPD = chronic obstructive pulmonary disease.   

 

Data on clinical features at the time of the swab were available for 262/267 symptomatic patients 

(98.1%). Three patients had been transferred from elsewhere and details of their illness prior to 

transfer were absent, one was seen as part of a vaccine study and notes were stored elsewhere, 

and the fifth was seen in ED but documentation was minimal.   

Symptomatic patients presented with a median of 3 different symptoms (IQR 2-5 symptoms).  

Frequencies of individual symptoms are shown in Figure 5.3. The most common presenting 

symptom was fever (72.9%) followed by cough (71.8%), dyspnoea (56.9%) and lethargy (41.6%).  

75 patients (28.6%) presented with gastrointestinal symptoms, including 50 with diarrhoea, 32 

with vomiting, and 20 with abdominal pain. 246 patients (93.9%) presented with one or more of 

the classic triad of cough, fever, or dyspnoea, with 93 patients reporting all three. 28 patients 

(9.0%) were found to be positive on incidental testing, for example on a swab performed upon 

admission for an unrelated presentation, or performed prior to discharge to a rehabilitation or 
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care-providing institution. 11 patients (3.5%) were swabbed due to contact with a positive patient 

in the hospital.  

 

Figure 5.3  Symptoms at presentation. 

 

Patients were classified by severity depending on their maximal oxygen requirements, according 

to a scale of 0-5 (Table 7). 109 (34.9%) patients did not require any oxygen at all (severity 0-1, 

mild), 111 (35.6%) patients required oxygen supplementation via nasal cannulae or a face mask 

for at least 12 hours (severity 2-3, moderate), and 92 (29.5%) patients received either NIV or 

mechanical ventilation for at least 12 hours (severity 4-5, severe).   

Serological testing was performed for 308 patients using ELISA and 301 patients using LFA.  275 

(89.3%) of patients were positive for IgG according to ELISA, and 271 (90%) were positive 

according to the LFA. 13 patients were positive according to LFA and negative according to ELISA, 

all of whom had a positive score for IgG on the LFA, and ten patients were positive according to 

ELISA and negative according to the LFA.   

In our cohort, the majority of patients (92.3%) were hospitalised; 8 were seen in ED and not 

admitted, 7 were seen as outpatients, and 9 were tested through occupational health services.  

Of the patients who were hospitalised, 105 (36.5%) were admitted to the intensive therapy unit 

during their admission, including 39 patients who eventually died (29 who died within 28 days of 

their first positive swab).  203 patients were ultimately discharged from hospital after a median 
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length of stay of 19.4 days (IQR 10.6-36.1 days).  87 patients (27.9%) died during the follow-up 

period, after a median length of stay of 19.3 days (IQR 14.6-31 days).  The median duration from 

the date of the first positive swab to death was 21 days (IQR 16-47 days), and this included 46 

patients who died within 28 days of their first positive swab.  Two patients died soon after being 

discharged from hospital.   

There was no difference in age, sex, BMI, or ethnicity between the 194 patients for whom cytokine 

data are available, and the 118 patients for whom these measurements were not taken (Table 7).  

Those with cytokine data had more co-morbidities, were more likely to be symptomatic, and had 

more severe disease.  They were also more likely to be positive according to ELISA (93.3% vs 

82.5%, p=0.004), with higher median peak NOD values (1.3 vs 1.05 respectively, p=0.049), and 

also more likely to be positive according to LFA (97.9% vs 75.7%, p<0.0001).  There was no 

difference in rates of hospitalisation, admission to intensive care, death, or length of stay.   

 

 

5.3.2 Associations between explanatory variables and outcomes 

Multiple logistic regression models were generated to assess whether clinical and demographic 

features at diagnosis were associated with outcomes among hospitalised participants (n=288) as 

described above.   

Explanatory variables associated with receiving any oxygen therapy are presented in Table 8.  

Obesity was found to be associated with an odds ratio of 2.05 (95% CI 1.06 – 4.15) of requiring 

any oxygen therapy compared to having a BMI <30.  No other factors were found to be significant, 

although it is worth noting that the presence of significant co-morbidities was associated with a 

trend towards a lower likelihood of receiving oxygen therapy compared to not having any co-

morbidities (odds ratio 0.40, 95% CI 0.14-0.98).    
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Table 8  Output of logistic regression model exploring associations between explanatory 

variables and oxygen requirement among hospitalised participants. 

Characteristic Odds Ratio 95% CI p-value 

Age    

   <63.5 years — —  

   ≥63.5 years 0.71 0.41, 1.23 0.2 

Obesity    

   No — —  

   Yes 2.05 1.06, 4.15 0.039 

Gender    

   Female — —  

   Male 1.03 0.60, 1.77 >0.9 

Ethnicity    

   White — —  

   Non-white 1.75 0.92, 3.36 0.088 

   Other/unknown 1.34 0.71, 2.55 0.4 

Significant co-morbidities 0.40 0.14, 0.98 0.060 

Wave    

   First — —  

   Second 0.83 0.44, 1.56 0.6 

Adjusted McFadden’s R2 value 0.068 

CI = Confidence Interval 

 

Factors associated with receiving non-invasive ventilation (NIV) or intubation and mechanical 

ventilation are presented in Table 9.  Older adults were less likely to be ventilated (odds ratio 0.4, 

95% CI 0.22-0.71) compared to adults whose age was below the median age of 63.5 years.  

Significant co-morbidities were also associated with a lower likelihood of receiving non-invasive 

or invasive ventilation (odds ratio 0.26, 95% CI 0.12-0.55).   
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Table 9  Output of logistic regression model exploring associations between explanatory 

variables and receiving non-invasive or invasive ventilation among hospitalised participants. 

Characteristic Odds Ratio 95% CI p-value 

Age    

   <63.5 years — —  

   ≥63.5 years 0.40 0.22, 0.71 0.002 

Obesity    

   No — —  

   Yes 1.73 0.93, 3.21 0.081 

Gender    

   Female — —  

   Male 1.14 0.64, 2.03 0.7 

Ethnicity    

   White — —  

   Non-white 1.71 0.86, 3.45 0.13 

   Other/unknown 1.69 0.84, 3.45 0.14 

Significant co-morbidities 0.26 0.12, 0.55 <0.001 

Wave    

   First — —  

   Second 1.49 0.79, 2.78 0.2 

Adjusted McFadden’s R2 value 0.159 

CI = Confidence Interval 

 

Similarly, factors associated with admission to ITU, presented in   
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Table 10, indicate a lower likelihood of admission to ITU in older people (odds ratio 0.36, 95% CI 

0.20-0.64) and in those with significant co-morbidities (odds ratio 0.16, 95% CI 0.06-0.39).  Non-

white ethnicity was associated with higher likelihood of admission to ITU compared to white 

ethnicity (odds ratio 2.02, 95% CI 1.02-4.08).  Obesity was again borderline associated with a trend 

towards greater likelihood of admission to ITU although this did not reach statistical significance 

(odds ratio 1.73, 95% CI 0.92-3.23).   

Whether the patient was admitted to hospital with SARS-CoV-2 infection in the first or the second 

wave did not affect their likelihood of admission to ITU. However, a significant interaction was 

identified between having one or more significant co-morbidities and wave, with an odds ratio of 

7.95 (95% CI 1.17-58.2) for patients with significant co-morbidities admitted in the second wave 

versus patients without co-morbidities admitted in the first wave.  The inclusion of this interaction 

in the model improved the AIC from 321.49 to 319.02.  None of the other interactions that were 

considered affected the AIC or were deemed to be of interest.   
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Table 10  Output of logistic regression model exploring associations between explanatory 

variables admission to intensive care among hospitalised participants. 

Characteristic Odds Ratio 95% CI p-value 

Age    

   <63.5 years — —  

   ≥63.5 years 0.36 0.20, 0.64 <0.001 

Obesity    

   No — —  

   Yes 1.73 0.92, 3.23 0.084 

Gender    

   Female — —  

   Male 1.09 0.61, 1.93 0.8 

Ethnicity    

   White — —  

   Non-white 2.02 1.02, 4.08 0.046 

   Other/unknown 1.98 0.98, 4.05 0.058 

Significant co-morbidities 0.16 0.06, 0.39 <0.001 

Wave    

   First — —  

   Second 0.28 0.04, 1.72 0.2 

Interactions    

   Significant co-morbidities 

and Second wave 
7.95 1.17, 58.2 0.034 

Adjusted McFadden’s R2 value 0.198 

CI = Confidence Interval 

 

Finally, likelihood of death within 28 days of a first positive SARS-CoV-2 PCR result is presented in 

Table 11.  The likelihood of death within 28 days was positively associated with age over 63.5 

years (odds ratio 3.69, 95% CI 1.65-8.73).  It was also associated with having received non-invasive 

or invasive forms of oxygen delivery (odds ratio 6.99, 95% CI 1.85-45.8, and odds ratio 31.1, 95% 
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CI 7.95-209, respectively), as expected.  Notably, the presence of significant co-morbidities was 

not associated with likelihood of death within 28 days, and neither was whether the patient was 

unwell during the first or the second wave.   

 

Table 11  Output of logistic regression model exploring associations between explanatory 

variables and 28-day mortality among hospitalised participants. 

Characteristic Odds Ratio 95% CI p-value 

Age    

   <63.5 years — —  

   ≥63.5 years 3.69 1.65, 8.73 0.002 

Obesity    

   No — —  

   Yes 1.13 0.49, 2.51 0.8 

Gender    

   Female — —  

   Male 1.29 0.62, 2.77 0.5 

Ethnicity    

   White — —  

   Non-white 1.33 0.55, 3.27 0.5 

   Other/unknown 0.89 0.35, 2.26 0.8 

Significant co-morbidities 2.15 0.72, 7.45 0.2 

Oxygen requirement    

   None — —  

   Non-invasive 6.99 1.85, 45.8 0.012 

   Invasive 31.1 7.95,209 <0.001 

Wave    

   First — —  

   Second 0.90 0.36, 2.14 0.8 

Adjusted McFadden’s R2 value 0.219 

CI = Confidence Interval 
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5.3.2.1 Interpretation of findings 

This analysis shows clearly that younger age was associated with receipt of oxygen therapy and 

admission to ITU, whereas older age was associated with 28 day mortality.  Obesity was identified 

as associated with poor outcomes, and similarly, a trend towards being male and of non-white 

ethnicity being associated with negative outcomes was observed.  Although these did not always 

reach statistical significance, this is a biologically plausible result and is in keeping with findings 

published elsewhere in the literature(277, 278).   

The unexpected lack of a positive association between co-morbidities and likelihood of death 

within 28 days may be accounted for by the lack of granularity within these data.  Patients with 

any co-morbidities were grouped together in this binary classification, masking any difference in 

outcomes between patients with simple co-morbidities such as tablet-controlled hypertension 

versus multimorbidity.   

It is important that these findings are interpreted in the context of clinical reasoning, as well as 

the lived experience during the pandemic.  The negative association between age and presence 

of co-morbidities and negative outcomes, including receipt of oxygen therapy and admission to 

ITU, may be explained by a multitude of factors leading to a difference in the management of 

patients with SARS-CoV-2 infection over time.  It is notable that an association was found between 

presence of co-morbidities and whether the patient was admitted to hospital during the first or 

the second wave of the pandemic.  The second wave may have been characterized by different 

prevalent strains of the virus, with associated different clinical phenotypic effects.  Although 

vaccines were not yet available, immunity from past infection may have contributed to changes 

in clinical severity over time.  We certainly saw an improvement in the management of patients 

arising from greater collective experience of the disease, as well as the rapid and immense 

emergence of available resources including observational studies and clinical trials leading to the 

routine use of medications such as corticosteroids and Remdesivir which have been shown to be 

highly effective(279, 280).  It is lamentable that information on medication use from this cohort 

of patients is not available as it would be of interest to evaluate whether we could demonstrate 

improved outcomes associated with receipt of specific medications.  Moreover, hospital capacity, 

including availability of ITU beds, may have influenced decisions on which patients were eligible 

for, and/or received, high level support(281, 282).   



177 
 

Other limitations of the data include the large proportion of patients for whom data on ethnicity 

were not available.  Moreover, the retrospective nature of this study meant that the collection of 

data on clinical features was dependent on the quality of the medical notes, which was affected 

by multiple factors including mode of presentation to the hospital, time of day, and grade of the 

doctor admitting the patient.  Data on co-morbidities in particular was often minimal or absent; 

for example, if a patient was transferred from another hospital a detailed list of past medical 

history may not have been available on our records.   
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5.3.3 Serum biomarkers in patients with SARS-CoV-2 infection 

Serum biomarkers were measured in stored serum samples from study participants as detailed 

above.  Patients whose samples underwent evaluation were all pertaining to wave 1, as 

represented by the blue bars in Figure 5.1. 

 

5.3.3.1 Correlation between concentrations of serum biomarkers in SARS-CoV-2 infection 

Crude correlation between all of the measured markers is shown in Figure 5.4.  MMP-8 correlated 

strongly with MMP-9 (0.79), IL-6 (0.54), IL-8 (0.54), and CRP (0.45).  IP-10 correlated strongly with 

IL-6 (0.51), CRP (0.46), and vWF (0.47).  A strong correlation was also observed between CRP and 

IL-6 (0.52), as expected, and also with IP-10 (0.46).   

PDGF-B, TNFα, IL-7, and Eotaxin were noted to have correlated negatively or weakly positive with 

some of the other markers evaluated.  PDGF-B correlated strongly with IL-7 (0.50) but none of 

these other markers correlated well with each other.   

 

Figure 5.4  Correlation between serum biomarkers measured in all samples. 

Correlation matrix computed using Spearman’s analysis.  N=720.  Values indicate Spearman 

correlation coefficients (r).   
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Correlation between peak values is presented in Figure 5.5.  Different values may have peaked at 

different times in the patient’s clinical trajectory.  All of the markers were positively correlated, 

with weak correlations between IL-7 and PDGF-B and the other markers; none were negatively 

correlated.  This is in keeping with COVID-19 being associated with a strong inflammatory 

response.    

 

Figure 5.5  Correlation between peak serum biomarker concentrations for each participant. 

Correlation matrix computed using Spearman’s analysis. N=194. Values indicate Spearman 

correlation coefficients (r).   

 

5.3.3.2 Association between levels of serum biomarkers and disease severity in SARS-CoV-2 
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Peak concentrations of serum biomarkers according to severity on the scale of 0 to 5 described 

above are presented in Figure 5.6 and Figure 5.7.  There was a positive association between 

maximal severity of illness and concentration of the majority of the markers; there was no 

difference in concentrations of eotaxin, IL-10, or PDGF-B.  None of the markers were negatively 
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correlated.  Differences were predominantly observed between categories 0 (asymptomatic, no 

oxygen requirement) and 5 (receiving invasive ventilation).    

 

 

Figure 5.6  Maximal serum cytokine and chemokine levels according to severity score. 

A positive relationship can be observed between severity score and peak serum concentrations 

of cytokines and chemokines.  This was most prominently seen for IL-8, CRP, and IP-10.  Data 

compared using Kruskall-Wallis test with Dunn’s post hoc correction for multiple comparisons.  

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 5.7  Maximal serum levels of platelet-associated factors platelet derived growth factor B 

(PDGF-B) and von Willebrand factor (vWF), Matrix metalloproteinase (MMP) -8 (MMP-8), and 

MMP-9, according to severity score. 

Serum concentrations of vWF, MMP-8, and MMP-9, but not PDGF-B, increased with increasing 

severity score.  Data compared using Kruskall-Wallis test with Dunn’s post hoc correction for 

multiple comparisons.  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 5.8  Maximal serum cytokine and chemokine levels according to severity category. 

Serum concentrations of all markers of inflammation, apart from eosinophil chemokine eotaxin, 

increased with severity category.  Data compared using Kruskall-Wallis test with Dunn’s post hoc 

correction for multiple comparisons.  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 5.9  Maximal serum levels of platelet-associated factors platelet derived growth factor B 

(PDGF-B) and von Willebrand factor (vWF), Matrix metalloproteinase (MMP) -8 (MMP-8), and 

MMP-9, according to severity category. 

Serum concentrations of vWF, PDGF-B, MMP-8, and MMP-9 increased with increasing severity 

category.  Data compared using Kruskall-Wallis test with Dunn’s post hoc correction for multiple 

comparisons.  *p<0.05, **p<0.01, ****p<0.0001. 
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(Figure 5.10).  The most striking difference was found in concentrations of IL-6 (109.8 pg/ml vs 

14.1 pg/ml respectively, p<0.0001) and CRP (344 µg/ml vs 87.5 µg/ml respectively, p<0.0001).   
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Figure 5.10  Associations between maximal serum cytokine and chemokine levels and 28-day 

mortality. 

Serum concentrations of IL-6, IL-10, CRP, and IP-10 were significantly higher in patients who died 

within 28 days of a first positive SARS-CoV-2 PCR test (red circles) compared to those who did not 

(black circles).  There was no difference in concentrations of IL-7, IL-8, TNF-α, or Eotaxin.  Data 

compared using Mann-Whitney test, error bars show median +/- interquartile range.   **p<0.01, 

****p<0.0001. 

 

 

When associations between platelet-associated factors and 28-day mortality were evaluated, 

intriguingly, PDGF-B was lower in the patients who died (2.48 pg/ml vs 3.44 pg/ml respectively, 

p=0.03) whereas vWF was higher in this group (61.1 µg/ml vs 41.3 µg/ml respectively, p=0.0007, 

Figure 5.11).   Concentrations of both MMP-8 and MMP-9 were higher in the patients who died 

than in those who survived the first 28 days (Figure 5.11).   
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Figure 5.11  Association between maximal serum levels of platelet-associated factors platelet 

derived growth factor B (PDGF-B) and von Willebrand factor (vWF), Matrix metalloproteinase 

(MMP) -8 (MMP-8), and MMP-9 and 28-day mortality. 

Serum concentrations of vWF, MMP-8, and MMP-9 were higher, and PDGF-B was lower, in 

patients who died within 28 days of their first positive SARS-CoV-2 PCR result (red circles) 

compared to those who did not (black circles).  Data compared using Mann-Whitney test, error 

bars show median +/- interquartile range.  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

 

A composite outcome of death within 28 days of a first positive PCR test and/or ITU admission 

was next evaluated.  This was considered to be a more useful outcome than admission to ITU 

alone, as it accounts for any bias arising from selection of patients who are considered to be 

suitable for admission to ITU.  The observed associations between levels of biomarkers and crude 

28-day mortality were found to be enhanced when this composite outcome was used.  Seven of 

the eight markers within the cytokine/inflammatory profile were positively associated with death 

within 28 days and/or ITU admission; there was no difference found in concentrations of eotaxin 

(Figure 5.12).  Concentrations of vWF, MMP-8 and MMP-9 were also elevated in patients who 

died within 28 days and/or were admitted to ITU; there was no difference found in levels of PDGF-

B (Figure 5.13). 
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Figure 5.12  Association between maximal serum cytokine and chemokine levels and death 

within 28 days of a first positive SARS-CoV-2 PCR test and/or admission to ITU. 

Serum concentrations of all markers apart from eotaxin were significantly higher in patients who 

died within 28 days of a first positive SARS-CoV-2 PCR test and/or were admitted to ITU (blue 

circles) compared to those who survived 28 days and did not go to ITU during their illness (black 

circles).  Data compared using Mann-Whitney test, error bars show median +/- interquartile 

range.   **p<0.01, ***p<0.001, ****p<0.0001.  
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Figure 5.13  Association between maximal serum levels of platelet-associated factors platelet 

derived growth factor B (PDGF-B) and von Willebrand factor (vWF), Matrix metalloproteinase 

(MMP) -8 (MMP-8), and MMP-9 and death within 28 days of a first positive SARS-CoV-2 PCR 

test and/or admission to ITU. 

Serum concentrations of vWF, MMP-8, and MMP-9 but not PDGF-B were higher in patients who 

died within 28 days of a first positive SARS-CoV-2 PCR test and/or were admitted to ITU (blue 

circles) compared to those who survived 28 days and did not go to ITU during their illness (black 

circles).  Data compared using Mann-Whitney test, error bars show median +/- interquartile 

range.  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

5.4 Discussion 

This work presents an in depth look at a prospective cohort of patients evaluated in the first eight 

months of the pandemic, and from which many valuable insights can be gained.  The 

demographics of our patient cohort, with just over half being males, a broad age range with a 

median age of 63 years, and a heterogenous ethnic make-up is reflective of the population served 

by a large teaching hospital in a highly diverse area of London.   

Clinical features showing a predominance of fever, cough, and shortness of breath were typical 

of the presenting features of COVID-19 at the time of the study(283).  The clinical presentation of 

infected individuals has changed significantly over time, with variation in both the genetics of the 

circulating virus, including changes in trophism towards cells of the upper versus lower respiratory 

tract(284), and host immunity in the post vaccination era leading to differing clinical features and 

outcomes in the second and subsequent waves(285, 286).  In the UK whilst the prevalent strain 
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Omicron is spreading widely through the population at the time of writing, the risk of 

hospitalisation is approximately half for patients infected with the Omicron variant compared to 

the Delta variant (hazard ratio 0.53, 95% confidence intervals 0.50 to 0.57)(287).  As such, a similar 

study carried out today would be expected to identify a much higher rate of incidental positive 

testing.   

Serial testing for the presence of anti-SARS-CoV-2 antibodies found that the majority of patients 

in this cohort had detectable antibodies according to IgG ELISA and/or lateral flow testing for IgA, 

IgM, and IgG.  This patient cohort was ideal for this type of study as it enabled collection of serum 

samples from almost the very start of the pandemic in the UK, meaning that prior infection rates 

would have been low.  Moreover, the intense follow-up of the study protocol enabled detailed 

examination of antibody-based immune responses over time.  These data have been invaluable 

for both the development of diagnostic tools, which we have seen have been key to control and 

management of the pandemic, as well as an understanding of immune responses to the 

virus(258).    

The longitudinal nature of the study also enabled correlation of immune responses with acute 

clinical outcomes.  A multivariate logistic regression model allowed the identification of risk 

factors for adverse outcomes including obesity, older age, male sex, and non-white ethnicity, all 

of which have been reported elsewhere(275, 277, 278).  We also identified a number of 

associations that are of interest as part of the narrative of the evolution of the pandemic and in 

particular of our capacity and ability to manage infected patients.  Older people and those with 

co-morbidities were found to be less likely to be admitted to ITU, and an interaction between 

presence of co-morbidities and whether the patient was admitted to hospital during the first or 

the second wave was identified.  It is notable that the presence of co-morbidities did not affect 

28-day mortality.  As discussed above, the first and second waves differed in terms of relative 

infectivity and pathogenicity of prevalent circulating viral strains, varying rates of immunity from 

past infection, changes in our understanding of optimal patient management, as well as hospital 

capacity.  Our understanding of the prognosis of COVID-19 as well as the availability and 

effectiveness of therapeutic interventions is likely to have affected decision making with respect 

to admission to ITU over time(281, 282).  A more in-depth evaluation of how these variables 

affected outcomes individually as well as how they interacted with each other is needed.   
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Evaluation of serum markers of inflammation and immune activity found that many of the 

markers measured correlated strongly with each other.  When correlations of peak 

concentrations of the different markers were evaluated, these were found to be much stronger.  

These data must be interpreted with caution as these markers did not necessarily reach their 

maximum concentrations at the same time, and each of the markers may have peaked at different 

times during the disease process depending upon the dynamics of the various pathological 

processes that follow infection.   

All of the markers evaluated apart from eotaxin were found to correlate positively with increasing 

disease severity.  It is plausible that a bias may be present in these data, as patients with more 

severe disease are likely to have been in hospital for longer and therefore to have had more serum 

samples evaluated; however, the association between disease severity and increases in 

inflammatory mediators is so extensively documented in the literature that such a bias is not likely 

to be responsible for the differences observed.   

Strong associations were also found between peak concentrations of these markers and clinical 

outcomes, notably 28-day mortality and a composite variable comprising 28-day mortality and/or 

ITU admission.  It is notable that the markers of inflammation that most strongly correlated with 

28 day mortality were IL-6, IL-10, IP-10, and CRP, confirming these as highly implicated in SARS-

CoV-2 infection (288-290) and predictive of severity (290-295) and outcome (273, 274, 288, 296) 

as reported previously.  These markers remained highly significant when the composite outcome 

of 28-day mortality and/or ITU admission was considered.   

The early recognition of the prominence of elevated pro-inflammatory cytokines such as IL-6 in 

patients with severe COVID-19 led to the use of specific anti-cytokine agents as therapeutics. 

Tocilizumab is a humanised anti-IL-6 receptor antibody that effectively blocks IL-6 signalling and 

is used in other inflammatory diseases including rheumatoid arthritis, Castleman’s disease, and in 

cytokine release syndromes occurring in chimeric antigen receptor (CAR) T-cell therapy, a 

phenomenon that closely resembles cytokine storms in COVID-19. One of the earlier drugs to be 

employed against IL-6 in COVID-19, Tocilizumab is associated with lower 28-day all-cause 

mortality(297). Other approaches targeting cytokine activity, including anti-TNFα (infliximab, 

adalimumab, etanercept), anti-IFN-γ (emapalumab), anti-IL-17 (secukinumab, ixekizumab), and 

anti-IL-1 (canakinumab, anakinra) have also been considered(298).  
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It is notable that IL-8 was also found to be significantly elevated in this group, but not in the pure 

28-day mortality analysis.  The association between IL-8 and SARS-CoV-2 infection itself as well as 

increased severity of infection has been previously reported (288, 290).  IL-8 is a cytokine that 

activates neutrophils, which are phagocytic innate immune cells more commonly associated with 

bacterial than with viral infections.  Elevated neutrophil count has been reported in COVID-

19(290, 299) and has been associated with severity and ITU admission(292), and neutrophil 

activation, including formation of neutrophil extracellular traps (NETs), has been implicated in the 

immunopathology of severe COVID-19(300, 301).  It is plausible that elevated IL-8 levels may be 

indicative of a protective innate immune response in patients who survived an ITU admission.   

 

The evaluation of longer-term outcomes was outside the scope of this study, yet some key insights 

can be gained from the findings presented above.  The long-term impact of prior SARS-CoV-2 

infection on the health and quality of life of survivors will become increasingly important over 

time as the nature of infection changes towards endemnicity and we begin to move towards 

looking at the societal impact of the virus on the surviving population rather than focusing on 

acute disease and deaths.   

A proportion of patients who survive the acute illness do not recover fully, in a condition known 

as long COVID, or post-COVID-19 syndrome.  According to guidelines jointly produced by the 

National Institute for Health and Care Excellence (NICE), Scottish Intercollegiate Guidelines 

Network (SIGN), and Royal College of General Practitioners (RCGP), post-COVID-19 syndrome can 

be defined as “signs and symptoms that develop during or after an infection consistent with 

COVID-19, continue for more than 12 weeks, and are not explained by an alternative 

diagnosis”(302).  Symptoms are variable and can fluctuate, and in addition to respiratory and 

generalised symptoms, radiological changes(303, 304) as well as abnormalities in lung function 

testing(304) have been reported in survivors.   

Extensive lung inflammation often involving both lungs is a key feature of COVID 

pneumonitis(305) and, as in other lung infections, aberrant healing processes can result in 

fibrosis(306, 307) which may explain some of the clinical features of post-COVID-19 syndrome.  A 

series of 81 COVID-19 patients with serial cross-sectional imaging from Wuhan showed an 

evolution of changes from focal unilateral to bilateral ground glass opacities as patients became 
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symptomatic, at 2 weeks post symptom onset 9 of 28 patients had radiological evidence of 

organizing pneumonia, and reticulation suggesting established fibrosis was present by 3 weeks in 

5 of 15 patients(308). However, it is difficult to predict how inflammatory changes seen in acute 

infection will resolve, whether inflammation will give way to fibrosis, and whether such fibrosis 

will be progressive once the initial insult, SARS-CoV-2, has been removed.  

 

Much COVID-19 related research has focused on B- and T-lymphocyte mediated immune 

responses, but the often-overlooked innate immune system is of importance in the control and 

resolution of lung inflammation.  Activation of monocytes and macrophages occurs in COVID-19 

patients with poor outcomes: an Italian study identified increased levels of monocyte activation 

associated biomarkers such as MCP-1/CCL2, MIP-1B/CCL4 in patients who died, as well as 

phenotypic cellular changes including extensive vacuolisation of peripheral blood 

monocytes(274).  The authors also found elevation of neutrophil associated biomarkers.  In other 

pulmonary infections such as tuberculosis it is well established that lung inflammation can be 

extensive and aberrant healing can lead to pulmonary fibrosis.  This process is understood to be 

driven by matrix metalloproteinases (MMPs)(309), enzymes which can degrade components of 

the extracellular matrix, in particular collagen, and are involved in remodelling and repair of 

inflammation-damaged tissues(42).  In pulmonary tuberculosis, concentrations of MMPs in the 

blood and the lung have been shown to correlate with clinical and radiological measures of 

disease(46).   

In COVID-19, increased concentrations of MMPs have also been identified in patients.  

Concentrations of MMP-9 have been shown to correlate both with mortality(274) and with 

progression to post-COVID-19 syndrome(310).  A study that undertook the challenging task of 

differentiating a broad systemic inflammatory response from inflammatory processes related 

specifically to respiratory failure found that, after evaluation of multiple markers of inflammation 

initially found to be elevated, MMP-9 was the only marker that was convincingly able to 

distinguish patients with and without respiratory failure(311).  Additionally, there are cellular and 

animal studies to support a role for MMP-driven disease in SARS-CoV-2 infection: a 2007 study of 

Cov-229E-infected monocytes found that monocytes may be reservoirs of this less pathogenic 

coronavirus, and that infection triggered secretion of a number of mediators including MMP-

9(312).  More recently, a Mexican group found that the administration of MMP inhibitors in a 
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mouse model of COVID-19 ameliorated SARS-CoV-2 induced lung inflammation and progression 

to severe disease(313).  Our data showed that MMP-8 and MMP-9 concentrations were highly 

associated with disease severity as well as clinical outcomes, in keeping with these findings; it 

remains to be seen whether elevated MMP levels in acute disease also relate to poorer long-term 

outcomes.   

Since early in the pandemic a case has been made for the use of anti-fibrotics in COVID-19 to 

prevent progression to pulmonary fibrosis in the future(306).  More research is needed in this 

field: mechanisms leading to fibrosis are not fully understood in lung diseases that have been 

extensively studied, let alone in an illness as novel as COVID-19 for which there are no follow-up 

data beyond two years.  Experience from other diseases may offer an opportunity to repurpose 

existing antifibrotic agents such as Nintedanib, a tyrosine kinase inhibitor of PDGF, VEGF and FGF, 

or Pirfenidone, whose precise mechanism of action is unclear but is thought to be an inhibitor of 

TGFβ-induced fibrosis, both of which are licensed for use in idiopathic pulmonary fibrosis. 

However, there is currently no certainty that pulmonary fibrosis post COVID-19 is either 

progressive or likely to benefit from such treatments. The administration of antifibrotic drugs in 

COVID-19 would be greatly facilitated by the identification of biomarkers early in the disease that 

could predict patients who are likely to progress to pulmonary fibrosis.  Extensive studies into 

post-COVID-19 syndrome are underway in the UK and elsewhere(314-316).   

 

In summary:  this study characterised a prospective cohort of 312 patients with SARS-CoV-2 

infection during the first eight months of the pandemic.  Clinical and demographic patient factors 

that were associated with poorer outcomes were identified and immune responses were 

characterised, with potentially important implications on our understanding of the 

pathophysiology of COVID-19.   
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Chapter 6  Discussion and Future Work 

6.1 Discussion 

6.1.1 Platelet activity and phenotype in TB 

This research project was designed to investigate the importance of platelets in innate immune 

responses to pulmonary tuberculosis, combining in vitro experimentation with a patient-centric 

clinical component.  Evaluating a spectrum of platelet characteristics has enabled a 

comprehensive picture to be assembled.  The data presented in this thesis demonstrate that 

platelets are capable of responding to M.tb-secreted antigens, adhere to and interact with 

leukocytes including monocytes to drive tissue-damaging inflammatory responses, while showing 

a reduced tendency to aggregate.  This leads to a conclusion that platelets adopt a pro-

inflammatory phenotype in pulmonary tuberculosis.   

 

The in vitro component of this study presents novel findings that antigens secreted by M.tb are 

capable of activating platelets.  Signalling mechanisms within the platelet identified as of potential 

importance include those induced by ADP-P2Y12 interactions.  Adenosine diphosphate (ADP) is 

stored within platelet dense granules and is released during activation, particularly following 

contact with the sub-endothelial layer of damaged blood vessel walls.  Acting upon Gq-coupled 

P2Y1 and Gi-coupled P2Y12 receptors, ADP potentiates further dense granule release and 

recruitment of additional platelets, and P2Y12 receptor signalling amplifies platelet activation via 

PI3 Kinase, Akt, ERK, Rap1b, and Src family kinases(317).  PI3Kβ activity results in activation of the 

αIIbβ3 integrin (fibrinogen receptor) causing fibrinogen to bind and cross-link platelets in the 

formation of a platelet plug(318).  This receptor is the target of antithrombotic thienopyridine 

agents such as clopidogrel(319), and patients with defects in the gene encoding the P2Y12 receptor 

have been found to show impaired ADP-induced platelet aggregation(320).  These same pathways 

are also involved in inflammatory activation of the platelet; P2Y12 receptor antagonism reduces 

inflammation as well as thrombosis in animal models(321). 
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The work presented in Chapter 3 also confirms prior studies showing that the combination of 

platelets and M.tb when added to cultured monocytes exceeds the effect of either of these 

alone(103, 108), and advances our understanding of the mechanisms underlying this effect.  

Interactions between platelet P-selectin and monocyte P-selectin glycoprotein ligand-1 (PSGL-1) 

receptors were shown to be indispensable to cellular attachment using a whole blood flow 

cytometry assay in which blocking either of these receptors prevented platelet-leukocyte 

aggregation.  Yet, in the cell culture model, the effect of inhibiting this interaction on monocyte 

activation was modest compared to the effect of adding platelet-secreted factors to the 

monocytes.  The juxtaposition between platelets and monocytes in the co-culture model does not 

reflect that which occurs in vivo, and it is plausible that in the circulation and/or infected tissues 

the binding of platelets to monocytes facilitates reach of platelet-secreted mediators to the 

monocytes by proximity. P-selectin-PSGL-1 interactions lead to initial tethering between platelets 

and monocytes, and this is followed by integrin-mediated binding to strengthen the cellular 

bond(322).  Meanwhile, PSGL-1 associates inside the cell with cytoskeletal proteins as well as the 

tyrosine kinase Syk, leading to Src family kinase phosphorylation and PI3K activation, which in turn 

results in upregulation of gene transcription and secretion of pro-inflammatory cytokines and 

chemokines(196).  Use of inhibitors in my cell co-culture model showed that platelets do indeed 

augment M.tb-induced monocyte activation via pathways including PI3Kinase and MAP Kinases, 

which have previously been shown to be upregulated by M.tb(130, 134, 218, 219).   

 

The clinical component of this study was highly insightful, despite interruption by the COVID-19 

pandemic resulting in a smaller than anticipated sample size and a paucity of follow-up data.  The 

demographics were representative of the population, and the predominance of young adult 

males in the TB patient group was similar to the demographics observed in other studies of 

pulmonary TB(46, 55, 103).  Clinical features were varied, and the lack of clustering of symptoms 

across the different patient groups serves to underline the impossibility of diagnosing TB by 

history alone and to highlight the need for accurate diagnostic tests and for active case finding.   

TB was associated with significant weight loss.  A well-documented feature of the disease, weight 

loss in TB is multifactorial, and reduced appetite associated with deranged appetite hormones 

such as ghrelin and peptide YY (PYY) have been previously reported(234).  The inclusion in the 

baseline data collection form of the simplified nutritional appetite questionnaire (SNAQ), 
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designed to assess appetite as a risk factor for weight loss, identified that appetite was 

significantly affected in the TB patients compared to controls.  Assessment for depression using 

the modified CES-D score was also performed, and patients with TB were shown to have higher 

scores than patients without TB (median 7.5 vs 5.0, p=0.0069) indicating a higher risk of a major 

depressive episode(238).  Increased rates of depression and other mental health problems have 

been found in TB patients(323), although surprisingly little research has focused on this area; it is 

not known whether there may be a biological basis for this finding, similar to the identification of 

deranged gut hormones associated with poor appetite, rather than merely a result of illness as 

has been largely assumed in the past.  

 

An inflammatory platelet response in patients with TB was indicated by both the flow cytometry 

and secretion data.  Evaluation of platelet activation and platelet-leukocyte aggregation by flow 

cytometry identified a divergent response in patients with TB compared to respiratory 

symptomatic controls and to healthy controls: platelet-monocyte aggregation increased in both 

patients with TB and respiratory controls compared to healthy controls, whereas the increase in 

platelet-granulocyte aggregates occurred in TB patients only, suggesting that the former may be 

a non-specific feature of lung inflammation whereas the latter may be TB-specific. Longitudinal 

data are suggestive of a normalisation over the six month follow-up period, although the small 

sample size did not permit a meaningful quantitative analysis.  

The incorporation of bronchoalveolar lavage fluid (BALF) analysis into this study enabled 

evaluation of inflammatory and platelet activity at the site of disease itself; this is important as 

there may be compartmentalisation of immune responses to infection.  The majority of the 

soluble mediators measured in BALF correlated strongly, which may reflect varying dilutions of 

the samples; however, correlation coefficients among the TB positive patients were strikingly high 

compared to those among the TB-negative group which cannot be solely explained by this effect.  

Vascular endothelial growth factor (VEGF) was unique in its negative correlation with the other 

measured markers among the TB patients.  The reason for this remains unknown and warrants 

careful consideration: as was discussed in Section 4.7.5 above, lower concentrations of VEGF may 

be associated with protective responses to pulmonary M.tb infection.  The group of patients with 

non-TB respiratory lung disease also demonstrated a strong correlation between pro-
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inflammatory markers, which also correlated well with MMP-1 and MMP-8, as well as sCD40L 

which may indicate platelet activity as part of a generalised inflammatory response in the lungs.   

The comparative analyses were again limited by the sample size and high variability.  Nonetheless, 

a convincing increase in pro-inflammatory markers was seen in BALF samples obtained from TB 

patients compared to those with non-TB respiratory disease.  Concentrations of MMPs were also 

elevated, most notably MMP-1 and -3, in keeping with other studies.  Concentrations of MMP-1, 

-2, -3, -8 and -9, but not MMP-7, have been shown to be significantly elevated in induced sputum 

from patients with pulmonary TB compared to healthy controls and normalised during 

treatment(46).  A study of 73 Indian patients with pulmonary TB found elevated neutrophils in 

BALF from patients with cavities compared to those without, and identified an association 

between BALF concentrations of IP-10 and IL-6 and non-cavitary lung disease(324), which is 

interesting given that elsewhere IP-10 has been associated with protection against the 

development of lung cavities in pulmonary TB in HIV co-infected patients(325).  IL-10 was 

significantly raised in TB patients in my cohort, but it is not known which patients, if any, had 

cavitating lung disease.  Elsewhere, analysis of lung biopsies from patients with pulmonary TB 

identified neutrophils in the inner walls of lung cavities, and these cells co-localised with MMP-8 

(neutrophil collagenase), particularly in central necrotic areas of granulomas, suggesting that 

MMP-8 may be pathogenically implicated in necrosis(253).   

The evaluation of platelet-associated mediators in the lungs of TB patients showed significantly 

higher levels of PLA2G7 and a trend towards increased concentrations of sCD40L and vascular 

endothelial growth factor (VEGF) compared to non-TB respiratory symptomatic patients.  This 

provides evidence that platelets are active in the lungs of TB patients. Our group has previously 

shown increased concentrations of P-selectin, PDGF-BB, and RANTES, but not PF4 in BALF from 

patients with pulmonary TB compared to respiratory controls, and that P-selectin levels 

correlated well with MMP concentrations(103). These findings would be strengthened by 

identification of platelets themselves within the BALF, perhaps using flow cytometry.   

 

Plasma levels of pro-inflammatory markers correlated less well than in the lung.  sCD40L and P-

selectin showed similar patterns of correlation with pro-inflammatory cytokines and good 
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correlation with each other, consistent with co-secretion from alpha granules.  In TB, pro-

inflammatory markers again correlated well with one another.   

 

Aggregation responses were reduced in patients with TB compared to both healthy and 

respiratory symptomatic controls.  This was a surprise finding, and is indicative of a divergence of 

platelet functional responses perhaps caused by differential usage of specific signalling pathways.  

This effect was seen in two independent cohorts, in smear-positive pulmonary TB patients 

compared to healthy controls and also in bronchoscopy patients with and without TB, which 

strengthens the validity of the finding.  It is interesting that the symptomatic controls did not show 

altered aggregation responses, suggesting that this may be reduced or absent in other pulmonary 

diseases.   

Clinically, this unexpected finding does not fit well with what we know about TB.  Pulmonary 

haemorrhage is a recognized complication of TB, and has been called “the most appalling 

manifestation of pulmonary tuberculosis”(326). Prevalence varies with setting: in Indian study of 

patients with haemoptysis found tuberculosis to be the most common cause, responsible for 39% 

of cases(327), and a Turkish study of 203 patients admitted to hospital with haemoptysis found 

that TB was the cause in 89 (43.8%)(328), although in industrialised countries other causes such 

as malignancy and bronchiectasis tend to predominate.  Haemoptysis in pulmonary TB can be 

catastrophic, and associated risk factors include male sex, younger age, first episode of TB, 

sputum smear positive disease, and presence of cavities(329). Mechanistically, however, it is 

usually associated with erosion of blood vessels in or adjacent to inflammatory lesions rather than 

disorders of coagulation(330). 

Conversely, an increased risk of thromboembolism associated with tuberculosis has been 

repeatedly reported(331-333).  A multivariate analysis of over 27.5 million admissions identified 

venous thromboembolism (VTE) in 2.07% of patients with active tuberculosis (95% CI 1.62%-

2.59%), and the odds ratio of developing VTE was 1.55 (95% CI 1.23-1.97) in adults with active 

TB  compared to those without(334).  A systematic review and meta-analysis of 16,190 patients 

with active TB identified a similar prevalence of VTE of 3.5% (95% CI 2.2-5.2%) and of pulmonary 

embolism of 5.8% and deep vein thrombosis of 1.3%, also with raised odds ratios compared to 

adults without TB(335).  These rates are similar to the risk of VTE associated with malignancy and 
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are suggestive of a hypercoagulable state in TB.   Thromboembolism may occur at any point in the 

disease process(336) and recognized risk factors include raised plasma concentrations of 

fibrinogen and Factor VIII, endothelial dysfunction, and external compression of the vasculature 

by tissue enlargement such as lymphadenopathy(84, 86).  Additionally, anti-TB drugs such as 

rifampicin may also play a role in inducing a hypercoagulable state(336).  Cerebral thrombosis is 

a well-recognized complication of TB affecting the central nervous system, and will not be 

discussed further as the inflammatory environment in the brain differs substantially from that in 

the lung leading to quite distinct pathology.   

There are several possible explanations for the apparent discrepancy between my findings of 

reduced agonist-induced platelet aggregation, suggestive of a hypocoagulable state, and 

published reports of hypercoagulability.  In TB a spectrum of abnormalities in thrombotic 

pathways may exist, and multiple mechanisms may interact to produce a disordered 

coagulopathy.  Shear-mediated platelet activation, as occurs in patients on mechanical circulatory 

support, has been shown to reduce surface expression of the αIIbβ3 integrin alongside a reduction 

in ADP- and TRAP-6 induced aggregation, which may explain why these patients can exhibit both 

thrombosis and bleeding(337); a less extreme effect may be seen in patients with TB.  The 

presenting phenotype may depend upon factors such as patient genetics, relevant co-morbidities, 

and severity of disease.  Variations in the soluble components of the coagulation pathway may 

contribute, although my experimental design used PRP rather than washed platelets precisely to 

include soluble mediators in the plasma and thus be as representative of in vivo effects as 

possible.  Timing may also be important: more numerous alpha granules, with largely pro-

inflammatory contents, have been found in patients with both acute and chronic disease whereas 

increased numbers of dense granules, which contain mediators involved in the coagulation 

cascade, were seen only in patients with chronic TB(97) suggestive of a predominantly pro-

inflammatory phenotype in acute manifestations of disease transitioning towards a mixed 

inflammatory-thrombotic state in chronicity.  A clearer understanding of coagulation parameters 

alongside inflammatory platelet activity in patients with TB is necessary for the consideration of 

potential targets for platelet modulation.  The complexity of multiple stimuli, some activating and 

others inhibitory, affecting the platelet is recognized and a sophisticated model of platelet activity 

which allows for crosstalk between different signalling pathways would be useful for the 

development of antiplatelet therapies and assessment of their effect(338). 
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There may be confounders such as age and sex(339), both known to affect platelet aggregation, 

particularly as the demographics across my clinical groups were not well matched in this study.  

The predominance of women among the healthy controls could be explained by men being more 

likely to attend clinic with their wives, and/or by greater uptake of the study by women.  There 

had been a plan to review the age and gender composition of the pulmonary TB and healthy 

control patients after recruitment had reached 50% to endeavour to correct differences between 

the groups; however, the study was interrupted before this could happen.  The surprisingly low 

age of the TB-positive bronchoscopy patients contributed to the skewed age distribution; it is not 

clear whether this trend would have continued with a larger sample size.  The possibility of a bias 

in the data caused by differences in age and sex cannot be excluded without repeating the study 

with a larger sample size (as originally planned) and with better matching between cases and 

controls.   

The data in my study were also limited by lack of routine laboratory bloodwork including a full 

blood count and clotting profile at baseline, and these parameters must be included in any future 

project further exploring platelet activity.  A lack of radiological data also precluded any 

correlation between measured parameters and radiological severity of disease, and imaging 

should also be included.  In addition, my study was performed in a primarily outpatient 

population, and I may have found markedly different effects had I recruited patients with disease 

sufficiently severe to require hospitalisation.   
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6.1.2 SARS-CoV-2 versus Mycobacterium tuberculosis  

Although it is not possible to perform a comprehensive analysis comparing findings in the TB and 

COVID-19 data sets presented in this thesis as the study designs differed, as summarized in Table 

12, some useful comparisons can be drawn.   

 

Table 12  Differences between TB and COVID-19 study designs 

 TB study COVID-19 study 

Study location Lima, Peru London, UK 

Median age of participants 28 years (TB), 51 years (non-

TB) 

64 years 

Setting Primarily outpatient Primarily inpatient 

Analyses Cases vs control groups Cohort; stratified according 

to severity and clinical 

outcome 

Samples Plasma Serum 

Sample processing Luminex platform MSD platform 

 

Glancing at the correlation matrices in the pulmonary TB group compared to the COVID-19 cohort, 

it is apparent that correlation between pro-inflammatory markers was overall stronger among 

the TB patients than in the COVID-19 cohort.  Surprisingly, MMPs correlated poorly in TB, with the 

exception of MMP-1 and MMP-10 for which Spearman’s coefficient of correlation r was 0.57.  In 

the COVID-19 cohort, correlation between MMP-8 and MMP-9 was excellent (r = 0.79 overall, and 

r = 0.82 among peak values).   

Review of the pro-inflammatory mediators evaluated in the two studies identifies IP-10 as highly 

significant in both: plasma concentrations in TB patients were significantly higher than in healthy 

controls and also compared to respiratory symptomatic controls, and of the inflammation panel 

assessed in the TB patient group this was the only marker that differed between the groups.  In 

the COVID-19 study, IP-10 concentrations were highly associated with increasing severity and with 

adverse outcomes including 28-day mortality.  In TB, elevated IP-10 levels have been well 
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described and it has been evaluated as a marker for diagnosis(340), discrimination between active 

and latent disease, and prognosis(341).  IP-10 (interferon gamma-induced protein 10, CXCL-10) is 

a chemokine that is released by M.tb-infected alveolar macrophages and attracts Th1 cells to the 

site of infection(342), and interestingly has been associated with non-cavitating rather than 

cavitating TB(324).  In SARS-CoV-2 infection IP-10 has been associated with increasing 

severity(290).  Elevated IP-10 may represent a non-specific inflammatory response to pulmonary 

infection or disease.  

In COVID-19 a triad of IP-10, IL-10, and IL-6 was shown to predict progression and adverse 

outcomes(290).  In our data IL-6 was highly associated with disease severity and outcome, and IL-

10 less markedly so.  Correlation between concentrations of IL-6 and IP-10 were stronger (r = 0.51) 

than correlations between IL-6 and IL-10 or between IL-10 and IP-10 (r = 0.29 and r = 0.40 

respectively).  Although IL-6 was not significantly associated with pulmonary TB in the Kruskall-

Wallis analysis when the Dunn’s test was adjusted for multiple comparisons, in an unadjusted 

analysis levels were significantly higher in patients with TB than in healthy controls (median 

concentrations 75.3 pg/µl (IQR 57.5-85.0 pg/µl) vs 57.6 pg/µl (IQR 51.3-71.7 pg/µl) respectively, 

p=0.034).  A statistically important difference may have been attained had a larger sample size 

been used, as was initially planned for this analysis.   

In contrast, IL-8 responses were different in patients with TB compared to those with COVID-19. 

In the TB study there was no difference in IL-8 concentrations between the groups, but in COVID-

19 it was strongly associated with disease severity, and with the composite outcome variable of 

28-day mortality and/or ITU, but not with 28-day mortality alone.  As discussed earlier, IL-8 is 

strongly linked with neutrophil activity and this may indicate a strong, and protective, 

inflammatory response in the lung that associates with survival rather than mortality.  It would 

be interesting to evaluate IL-8 responses in TB patients with severe disease requiring 

hospitalisation.  

MMPs emerged as highly significant in both data sets.  As aforementioned, MMPs are well known 

to be related to disease severity in TB.  The predominant MMP both in the literature and in the 

data presented above was MMP-1, a collagenase that degrades Type 1 collagen, the main 

structural component of the lung.  MMP-8 and MMP-10 were also higher in TB patients than in 

controls, but the differences were less marked.  Only MMP-8 and MMP-9 were evaluated in the 
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COVID-19 cohort; both were strongly associated with severity and with 28-day mortality, and this 

difference was more marked for MMP-8 than for MMP-9.   

vWF was found to be elevated in patients with both TB infection and with non-TB lung disease 

and was also strongly associated with increasing severity and outcome in COVID-19.  A search of 

the literature yields no information on vWF in pulmonary TB, although it has been associated with 

pleural TB(254) and as a biomarker of early M.tb infection in contacts of TB patients(255).  In 

contrast, despite having emerged only two years ago, there is a body of literature describing vWF 

in COVID-19.  Early in the pandemic SARS-CoV-2 infection was linked with coagulopathies(343-

345) and an increased risk of venous thromboembolism(346), and recommendations were made 

for venous thromboprophylaxis in hospitalised patients(347).  Platelet activity is increased in 

COVID-19, as evidenced by increased serum concentrations of P-selectin(348) and biomarkers for 

coagulation including D-dimers, fibrinogen(349), and vWF(350) have been found in large 

concentrations and associated with COVID-19 severity.    

vWF is a multimeric glycoprotein that is stored in endothelial Weibel-Palade bodies and platelet 

alpha granules, from which it is secreted during inflammation. Following cleavage and activation 

by the metalloproteinase ADAMTS-13, exposed sites bind to platelet GP1bα or integrin αIIbβ3 

surface receptors initiating thrombogenesis(351).  vWF binding to GP1bα causes activation of 

tyrosine protein kinases belonging to the Src kinase family, causing tyrosine phosphorylation 

of FcRγ or FcγRIIa receptors which associate physically with GPIb(352) whilst αIIbβ3 receptors are 

involved in platelet aggregation and interact with fibrinogen leading to clot formation(353).  In 

COVID-19, the vWF:ADAMTS-13 axis is tilted towards hypercoagulability and an increased risk of 

thrombosis(354).   

Taking this together, it is unsurprising that vWF levels were elevated in the patients with severe 

disease and/or adverse clinical outcomes in our cohort, and it is of interest that these levels were 

also significantly elevated in patients with pulmonary TB given the weaker association of this latter 

infection with coagulopathies and thrombosis.  It would be interesting to perform a quantitative 

comparison of vWF levels in the two patient groups.   

In many of the markers assessed in the COVID-19 cohort, including MMP-8 and MMP-9, statistical 

significance was most pronounced between patients with a severity score of 5, i.e. those who 

were intubated and mechanically ventilated, compared to those with severity scores of 0-4.  This 
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warrants caution due to the potential confounder of ventilator-induced lung injury (VILI), whereby 

mechanical ventilation leads to a proinflammatory response. This is characterized by increases in 

mediators such as TNF-α and IFN-γ, which normalise during healing, and other mediators 

including MMP-2, MMP-9, and macrophage inflammatory protein-2 (MIP-2) which remained 

elevated(355-357).  This persistence of high concentrations of MMPs is associated with improved 

recovery, indicating that inflammatory responses and extracellular matrix remodelling are 

necessary.  In my data, the analysis grouping severity scores into mild, moderate, and severe 

identified that there were also significant differences between both the mild and moderate and 

the moderate and severe groups, indicating that VILI-related inflammation cannot be solely 

responsible for these findings.  

Neither study enabled the collection of long-term outcome data including residual symptoms or 

deficits in lung function following resolution of the infective insult.  It would be interesting to see 

how markers of platelet activity and of inflammation, including MMP levels, relate to the 

development of fibrosis and/or symptomatic long COVID following SARS-CoV-2 infection, and 

fibrosis and impaired lung function following TB, and how this compares in the two diseases.   

 

6.2 Future work 

The in vitro model used in this study is effective for the interrogation of signalling pathways and 

mechanisms underpinning intercellular interactions. Having shown that platelets enhance 

utilisation of signalling pathways upregulated by M.tb infection, the next step would be to confirm 

this using Western Blot and/or siRNA techniques. However, the real challenge lies in identifying 

the mechanisms of platelet-leucocyte communication, and how modulation of these cellular 

interactions may influence monocyte phenotype.   

My experiments crudely showed that pre-activation of platelets with thrombin did not grossly 

impact monocyte output, suggesting that activation may occur during co-culture on a much larger 

scale that would overwhelm any effect of a platelet agonist. However, other studies indicate that 

the platelet stimulus is important in defining its response. For example, Rex et al showed that 

thrombotic versus inflammatory stimuli affect different platelet pathways: the PI3K/Akt signalling 

pathway is known to be involved in Pam4CSK4-induced platelet stimulation via toll-like receptors, 
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but not in thrombin-induced platelet activation(202). This line of investigation could be pursued 

by conducting a more finely tuned series of experiments to investigate the effect of different 

agonists on platelet phenotype, and how this affects monocyte activation.  The aim would be to 

first define the platelet secretome generated by activation with different agonists by incubating 

platelets with ADP, TRAP-6, and collagen, collecting the supernatant, and characterizing its 

contents using Luminex.  This would then be added to M.tb-infected monocytes and, similarly, 

the monocyte supernatant would be characterised to assess whether distinctive effects upon the 

monocyte can be detected.  If so, the important components of the platelet secretome could be 

identified through a proteomics approach and confirmation with recombinant proteins.  One 

would also wish to characterize cellular interactions in more detail by exploring integrins and 

other receptors as co-receptors in P-selectin-PSGL-1 signalling and also in their own right.   

This study did not take into consideration the contribution of microparticles to the cell processes 

investigated.  Microparticles are small vesicles between 0.1 and 1µm that are formed during 

cellular processes including activation and apoptosis.  They are important in intercellular 

communication both in physiological processes and notably in inflammatory(358, 359) and 

infectious(360, 361) diseases; circulating microparticles have been associated with COVID-19 

associated coagulopathy(362, 363).  Microparticles originate from most, if not all, cell types, with 

their contents and consequently effects depending upon the cell from which they are 

derived(364). Most microparticles found in the circulation originate from platelets, and there has 

been increasing interest in their role in disease processes and even for therapeutic purposes(360).  

Microparticles can be isolated using centrifugation and characterized according to characteristics 

acquired from the parent cell e.g. expression of cell surface receptors using flow cytometry(365).   

Whilst this was outside the scope of this project, the quantification and characterization of 

circulating platelet-derived microparticles in patients with TB, as well as their incorporation into 

cell culture assays, would add a novel dimension to this study.  

 

The clinical study presented here represents an exploration of platelet activity in patients with TB, 

and these findings are useful in the design and refinement of a follow-up study.  I intend to return 

to Peru and implement a more robust and targeted study design.   
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Having observed trends towards reduced platelet aggregation despite the literature pointing 

towards a pro-thrombotic phenotype in TB, it is important to firstly confirm this observation, and 

then to probe more deeply into why this may be the case. I am curious about the inverse 

correlation between vWF and the other markers measured in the patients’ BALF. A complete 

assessment should include quantification of soluble markers of thrombosis and haemostasis as 

well as a full clotting profile.    

The practical experience of recruiting patients in a busy public hospital within a fragmented 

healthcare system and serving a chaotic population has taught me valuable lessons. It is not 

possible to assume that, even if patients have had baseline blood and radiological investigations 

during investigations for TB, it will be easy to access this information. In Peru patients are the 

custodians of their medical records, and paper copies of laboratory results as well as physical x-

rays can get lost, damaged, or left at home during appointments.  It would be advantageous for 

any follow-up study to support the patients to have these investigations done, thereby 

guaranteeing a copy of the data for the study as well as benefitting the patients themselves.  

Radiological data in particular would be of value in terms of associating platelet and MMP activity 

with the presence or absence of cavities and/or fibrosis.   

Another important question that needs answering is whether a characteristic platelet phenotype 

occurs in pulmonary TB as a result of changes at the level of the pre-platelet and megakaryocyte.  

Megakaryocytes are highly polyploid cells that reside primarily in the marrow from where they 

release thousands of platelets into the circulation(366). Each platelet contains an abundance of 

granules as well as pre-mRNA, mRNA, and miRNA which are used for protein synthesis and 

regulation of platelet function(367). The platelet transcriptome is altered in inflammatory 

diseases including myocardial infarction, systemic lupus erythematosus, and cancer(96, 368-370).  

To test the hypothesis that TB is associated with a specific platelet transcriptomic signature, 

platelet RNA collected from patients with and without TB could be sequenced to define a platelet 

transcriptome for TB.   

  

The ultimate aim of clinical research is to benefit patients. This work is building towards the 

development and evaluation of a host directed therapy aiming to limit lung damage in TB 

survivors. I anticipate that through the work described above we shall arrive at a detailed 
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understanding of platelet activity in TB patients. This knowledge will be invaluable in the 

development of animal studies followed by clinical trials of anti-platelet agents, guiding 

parameters for evaluation including measures of inflammation, risk of bleeding and thrombosis, 

and outcomes.   

 

6.3 Final conclusions 

In summary, this thesis has done much to elucidate the role of platelets in the pro-inflammatory 

response to TB, and has indicated clear lines for further research.   
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Chapter 7 Appendices 
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7.1 Published evidence for benefits of anti-platelet agents in TB. 

Table 13  Animal and human studies investigating the effects of anti-platelet agents in tuberculosis. 

Reference Anti-platelet 
agent(s) tested 

Host species /patients 
studied 

Intervention Summary of findings 

Animal studies 

Shroff et al, 
1990 (371) 

Indomethacin  Swiss white mice  Six intraperitoneal injections 
of indomethacin, 50µg per 
mouse, given at 12 hour 
intervals; immunization with 
intraperitoneal M. vaccae 12 
hours after the last dose 

Indomethacin-treated mice showed a delayed type 
hypersensitivity response, whereas non-treated 
mice did not.  

Hernández-
Pando et al, 
1995 (152) 

Indomethacin Male 6-8 week old BALB/c 
mice immunized with culture 
filtrate proteins (CFP) from 
H37Rv M.tb delivered via 
endotracheal route 

20mg/kg cyclophosphamide 
or 5mg/kg indomethacin 
given by intraperitoneal 
injection one day prior to 
endotracheal challenge with 
CFP 

Induction of granulomas with sepharose beads 
coated with CFP reduced antibody production and 
delayed-type hypersensitivity responses to 
mycobacterial antigens; this was reversed with the 
administration of cyclophosphamide and 
indomethacin.  

Rangel 
Moreno et 
al, 2002 
(372) 

Niflumic acid Male 6-8 week old BALB/c 
mice infected with H37Rv 
M.tb via endotracheal route 

500µg/ml niflumic acid given 
by intragastric cannula twice 
per day 

Mice treated with niflumic acid early in infection 
produced greater expression of TNF-α, IL-1α, and 
IFN-γ, with a reduction in inhaled nitric oxide 
synthase (iNOS) expression and an increased 
bacterial load. Mice treated after 60 days of 
infection showed increased pro-inflammatory 
cytokine concentrations, a striking increment of 
iNOS expression, and reduced bacillary load.  

Dutta et al, 
2004 (145) 

Diclofenac sodium 45 mycobacterial strains 
including drug-sensitive and -
resistant strains in Kirchner’s 
liquid culture medium; male 
Swiss Albino mice infected 
via intraperitoneal route 
with M.tb H37Rv102 

Mycobacteria were tested 
with increasing 
concentrations of diclofenac 
sodium. Infected mice were 
injected with 10mg/kg 
diclofenac sodium daily for 6 
weeks 

Diclofenac sodium exhibited bactericidal activity in 
most mycobacterial strains at a range of 15-
25µg/ml. Diclofenac sodium treatment of infected 
mice resulted in reduced macroscopic lesions and a 
reduction in mycobacterial load.  



209 
 

Hernández-
Pando et al, 
2006 (373) 

Niflumic acid (a 
COX-2 inhibitor) 
and soluble 
betaglycan (an 
anti-TGF-β agent) 

Male 6-8 week old BALB/c 
mice infected with H37Rv 
M.tb 

30µg soluble betaglycan 
administered twice a week by 
intraperitoneal route from 30 
days post infection, 
with/without 500µg niflumic 
acid administered twice a day 
by intragastric cannulation, or 
pan-specific TGF-β antibodies. 
Mice euthanised at 15, 30, 45, 
and 60 days 

Compared to control animals, treatment produced 
higher expression of TNF‐α, IFN‐γ, IL‐2, iNOS and 
lower expression of IL‐4, with decreased lung 
fibrosis and bacillary load; there was a higher 
inflammatory response manifested as a greater area 
of lung affected by pneumonia. The addition of 
niflumic acid was synergistic, with reduced bacillary 
load and increased TNF‐α.  

Byrne et al, 
2007 (151) 

Aspirin and 
ibuprofen 

BALB/c mice infected with 
M.tb H37Rv by aerosol 
administration 

Oral treatment of aspirin (10, 
20, 40 mg/kg) and ibuprofen 
(10, 20, 40 mg/kg) +/- 
pyrazinamide (150 mg/kg) 
daily for 1 month 

Aspirin and ibuprofen had no effect alone, but 
increased bactericidal activity of pyrazinamide when 
given in combination.  

Byrne et al, 
2007 (374) 

Aspirin and 
ibuprofen 

Four week old BALB/c mice 
infected with M.tb H37Rv by 
aerosol administration 

Aspirin or ibuprofen (10-
40mg/kg) with or without 
isoniazid (25mg/kg) 
administered by oral gavage 
five times per week for one 
month. Mice were euthanized 
one day after treatment 
completion 

Co-administration of aspirin and isoniazid 
antagonized the antimycobacterial activity of 
isoniazid. Ibuprofen had no interaction with 
isoniazid.  

Dutta et al, 
2007 (146) 

Diclofenac Male Swiss Albino mice 
infected via intraperitoneal 
route with M.tb H37Rv 

Infected mice treated with 
diclofenac 10µg/g or 
streptomycin 150µg/g, alone 
or in combination, daily for 4 
weeks 

Diclofenac and streptomycin both resulted in 
improved survival, reduced bacillary count, and 
reduced splenic weight. The two drugs acted 
synergistically 

Peres-
Buzalaf et al, 
2011 (375) 

Celecoxib and MK-
886 (5-LO 
activation protein 
inhibitor) 

Male 5-8 week old BALB/c 
mice infected intratracheally 
with M.tb H37Rv strain  

Oral treatment with celecoxib 
5mg/kg/0.5ml, and/or MK-
886 5mg/kg/0.5ml, 1h prior to 
infection with M.tb and again 
every 24h for 60 days 

Celecoxib enhanced 60-day survival from 86% to 
100% and reduced lung bacterial burden; 
conversely, MK-886 reduced 60-day survival from 
86% to 43% and increased lung bacterial load.  
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Vilaplana et 
al, 2013 
(153) 

Ibuprofen C3HeB/FeJ pathogen-free 
mice infected intravenously 
with M.tb H37Rv 

Ibuprofen 80mg/kg given 
orally 3 or 4 weeks post 
infection.  

Ibuprofen treated animals had a reduction in size 
and number of lung lesions, bacillary load, and 
improved survival.  

Marzo et al, 
2014 (144) 

Aspirin and 
ibuprofen  

C3HeB/FeJ and C3H/HeN 
pathogen-free mice infected 
intravenously with M.tb 
H37Rv 

Aspirin 3mg/kg, sodium 
heparin 20 UI/kg, ibuprofen 
80mg/kg orally 

Aspirin administration reduced bacterial load, 
attenuated the severity of histopathological 
changes, and improved survival. Aspirin and 
ibuprofen-treated C3HeB/FeJ and C3H/HeN mice 
had lower levels of pro-inflammatory mediators 
including TNF-a, IL-6, IL-17 and CXCL5 than 
untreated C3HeB/FeJ mice.   

Kroesen et 
al, 2018 
(142) 

Aspirin C3HeB/FeJ infected with 
M.tb H37Rv Pasteur strain 

Aspirin 3mg/kg given alone or 
in combination with anti-TB 
treatment 

Low-dose aspirin reduced bacterial load and 
increased survival, reduced lung pathology, 
decreased production of pro-inflammatory 
cytokines and delayed neutrophil recruitment and T 
cell responses. In combination with anti-TB 
treatment aspirin enhanced survival and reduced 
lung pathology.  

Hortle et al, 
2019 (150) 

Aspirin, and 
tirofiban and 
eptifibatide 
(specific inhibitors 
of glycoprotein 
IIb/IIIa–fibrinogen 
binding) 

Zebrafish infected with 
M. marinum 

Infected zebrafish treated 
with 10µg/ml aspirin, 20µg/ml 
tirofiban, 10uM eptifibatide, 
or 5uM warfarin, or control 

Mycobacterial burden correlated with thrombocyte 
density. Aspirin, tirofiban, and eptifibatide reduced 
mycobacterial burden by inhibiting thrombocyte-
granuloma interactions.  

Mortensen 
et al, 2019 
(376) 

Celecoxib and 
ibuprofen 

CB6F1 mice infected with 
M.tb Erdman strain via 
aerosol or intravenous (IV) 
routes 

Celecoxib or ibuprofen 
administered orally in mouse 
feed 4-12 weeks post 
infection 

Aerosol-infected mice treated with celecoxib or 
ibuprofen had higher bacillary burdens in lung and 
spleen and there was no difference in pulmonary 
immune cell infiltration or cytokine levels measured 
in plasma or lung homogenates. Celecoxib led to 
increased bacterial burden and altered 
function/differentiation of Type 1 helper T cells in 
mice re-infected following antibiotic treatment. IV-
infected mice had reduced inflammation and 
bacterial burden following ibuprofen treatment. 
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Human Studies 

Misra et al, 
2010 (157) 

Aspirin Patients with TB meningitis 
diagnosed based on clinical, 
magnetic resonance imaging 
(MRI), and cerebrospinal 
fluid (CSF) criteria 

118 patients randomized to 
receive 150mg aspirin per day 
or placebo. All patients 
received standard treatment 
with rifampicin, isoniazid, 
pyrazinamide and ethambutol 
with/without corticosteroids 

Aspirin resulted in insignificantly fewer strokes 
(24.2% versus 43.3%, OR 0.42, 95%CI 0.121-1.39) 
and significantly reduced mortality (21.7% versus 
43.4%, p=0.02) compared to placebo. Aspirin was 
well tolerated.  

Schoeman et 
al, 2011 
(377) 

Aspirin Children with TB meningitis 146 children randomized to 
placebo, low-dose aspirin 
(75mg/day), and high-dose 
(100mg/kg/day) aspirin, 
alongside standard treatment 
plus prednisolone for the first 
month of treatment 

There was no benefit in morbidity or mortality.  

Mai et al, 
2018 (156) 

Aspirin HIV-uninfected adults with 
TB meningitis 

120 patients randomized to 
aspirin (81mg/day or 
1000mg/day) or placebo 
added to the first 60 days of 
anti-tuberculosis drugs plus 
dexamethasone 

There was no difference in rates of gastro-intestinal 
or cerebral bleeding, new brain infarction, or death 
by 60 days. There was a reduction in new infarcts 
and deaths by day 60 in aspirin-treated participants 
with microbiologically confirmed TBM compared to 
placebo.  

Lee et al, 
2019 (154) 

Antiplatelet 
agents including 
aspirin 

Retrospective cohort study 
of incident TB cases in the 
Taiwan National Tuberculosis 
Registry between 2008 and 
2014 

9,497 antiplatelet users 
(including 7,764 aspirin users) 
compared to 8,864 non-users 

After 1:1 propensity score matching, antiplatelet use 
was associated with longer survival (adjusted hazard 
ratio (HR): 0.91, 95% confidence interval (CI): 0.88-
0.95, p < 0.0001) but no increase in major bleeding 
risk (p=0.604). 

Wang et al, 
2020 (155) 

Aspirin Patients with pulmonary TB 
and type 2 diabetes mellitus 

348 patients randomized to 
aspirin (100mg/day) or 
placebo. 168 patients 
completed the trial and were 
included in analysis 

Erythrocyte sedimentation rate and C-reactive 
protein levels were lower (p=0.000), the sputum-
negative conversion rate was higher (86.7% versus 
53.8%, p=0.031), and the number and size of 
cavities was smaller in the aspirin-treated than the 
placebo-treated group.  
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7.2 Simplified nutritional appetite questionnaire (SNAQ) 

 
Administration Instructions: Ask the subject to complete the questionnaire by circling the correct 
answers and then tally the results based upon the following numerical scale: a 1, b 2, c 3, d 4, e 5. 
The sum of the scores for the individual items constitutes the SNAQ score. SNAQ score 14 
indicates significant risk of at least 5% weight loss within six months. 
 
1. My appetite is: 

a. very poor 
b. poor 
c. average 
d. good 
e. very good 

 
2. When I eat 

a. I feel full after eating only a few mouthfuls 
b. I feel full after eating about a third of a meal 
c. I feel full after eating over half a meal 
d. I feel full after eating most of the meal 
e. I hardly ever feel full 

 
3. Food tastes 

a. very bad 
b. bad 
c. average 
d. good 
e. very good 

 
4. Normally I eat 

a. less than one meal a day 
b. one meal a day 
c. two meals a day 
d. three meals a day 
e. more than three meals a day 
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7.3 Modified CES-D questionnaire 

(To be filled out by the patient) 

 

You are going to read some sentences that describe how you might have felt. Please tell me how 

often you have felt this way, in the last week, that is, in the last 7 days: 

 

1. I felt like I couldn't get rid of the sadness even with the help of my family or friends. 

a. Rarely or not at all (less than a day) 

b. Sometimes or a few times. (1-2 days) 

c. Occasionally or a good part of the time (3-4 days) 

d. Most of the time or all of the time (5-7 days) 

 

2. I was feeling depressed. 

a. Rarely or not at all (less than a day) 

b. Sometimes or a few times. (1-2 days) 

c. Occasionally or a good part of the time (3-4 days) 

d. Most of the time or all of the time (5-7 days) 

 

3. I thought my life had been a failure. 

a. Rarely or not at all (less than a day) 

b. Sometimes or a few times. (1-2 days) 

c. Occasionally or a good part of the time (3-4 days) 

d. Most of the time or all of the time (5-7 days) 

 

4. I was lonely. 

a. Rarely or not at all (less than a day) 

b. Sometimes or a few times. (1-2 days) 

c. Occasionally or a good part of the time (3-4 days) 

d. Most of the time or all of the time (5-7 days) 

 

5. I felt sad. 

a. Rarely or not at all (less than a day) 

b. Sometimes or a few times. (1-2 days) 

c. Occasionally or a good part of the time (3-4 days) 

d. Most of the time or all of the time (5-7 days) 
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Cuestionario CES-D en Español 

(Para ser llenado por el paciente) 

Va a leer unas frases que describen como usted se podría haber sentido. Por favor dígame con 

qué frecuencia se ha sentido de esta manera, durante la última semana, o sea,  en los últimos 7 

días:  

1. Sentía que no podía quitarme de encima la tristeza aún con la ayuda de mi familia o amigos. 

a. Rara vez o ninguna vez  (menos de un día) 
b. Alguna vez o pocas veces.(1-2 días) 
c. Ocasionalmente o una buena parte del tiempo (3-4 días) 
d. La mayor parte del tiempo o todo el tiempo (5-7 días) 

 

2. Me sentía deprimido. 

a. Rara vez o ninguna vez  (menos de un día) 
b. Alguna vez o pocas veces.(1-2 días) 
c. Ocasionalmente o una buena parte del tiempo (3-4 días) 
d. La mayor parte del tiempo o todo el tiempo (5-7 días) 

 

3. Pensaba que mi vida había sido un fracaso. 

a. Rara vez o ninguna vez  (menos de un día) 
b. Alguna vez o pocas veces.(1-2 días) 
c. Ocasionalmente o una buena parte del tiempo (3-4 días) 
d. La mayor parte del tiempo o todo el tiempo (5-7 días) 

 

4. Me sentía solo. 

a. Rara vez o ninguna vez  (menos de un día) 
b. Alguna vez o pocas veces.(1-2 días) 
c. Ocasionalmente o una buena parte del tiempo (3-4 días) 
d. La mayor parte del tiempo o todo el tiempo (5-7 días) 

 

5. Me sentía triste. 

a. Rara vez o ninguna vez  (menos de un día) 
b. Alguna vez o pocas veces.(1-2 días) 
c. Ocasionalmente o una buena parte del tiempo (3-4 días) 
d. La mayor parte del tiempo o todo el tiempo (5-7 días) 
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7.4 Conference Proceedings 

 

Platelets regulate monocyte collagenase-driven morbidity in tuberculosis through diverse 

signalling pathways.  Kirwan DE, Gilman RH, Friedland JH.  Abstract 03409  European Congress of 

Clinical Microbiology and Infectious Diseases (ECCMID) 2022, Lisbon, Portugal, 25th April 2022. 

(Accepted for oral presentation.) 

El rol de las plaquetas en la respuesta inmunológica a la tuberculosis pulmonar.  Kirwan DE. VII 

Jornada Científica Internacional “Investigación Peruana para el Control de la Tuberculosis en el 

Perú”, MINSA (Ministry of Health), Lima, Peru. 11th October 2019. (Oral presentation.) 

Direct contact with platelets modulates monocyte responses to Mycobacterium tuberculosis. 

Kirwan DE, Fox K, Whittington A, Porter JC, Gilman RH, Friedland JS. 21st BIA Annual Scientific 

Meeting, London, UK. 17th May 2018. (Oral presentation. First Prize) 

The role of platelets in modulating innate inflammatory responses in tuberculosis.  Imperial 

College Wellcome Centre for Global Health Annual Scientific Meeting, London, UK. 20th November 

2017. (Oral presentation.) 

 

Platelets drive pro-inflammatory platelet-leukocyte interactions in patients with pulmonary 

tuberculosis.  Kirwan DE, Ugarte-Gil C, Gayoso O, Gilman RH, Friedland JS.  European Congress of 

Clinical Microbiology and Infectious Diseases (ECCMID) 2021, Virtual only. 9th July 2021 (ePoster 

3776.) 

IgG antibody dynamics in a cohort of SARS-CoV-2 positive patients in London, UK.  Staines H, 

Kirwan DE, Clark D, Augustin Y, Eckersley N, Davies B, Hadcocks L, Monahan I, Fitchett J, Krishna 

S, Planche T. ESCMID Conference on Coronavirus Disease (ECCVID) 2020.  Virtual only.  23rd 

September 2020. (ePoster P103.) 

TB-secreted antigens drive platelet-controlled tissue destruction in pulmonary tuberculosis.  

Kirwan DE, Whittington AM, Fox K, Gilman RH, Taylor K, Emerson M, Friedland JS.  EUPLAN 2018 

(European Platelet Network Meeting), Bruges, Belgium. 19-21 September 2018. (Poster.) 

Platelets and the regulation of tissue destruction in tuberculosis. Kirwan DE, Whittington A, Fox 

K, Gilman RH, Taylor K, Emerson M, Friedland JS.  European Congress of Immunology, Amsterdam, 

The Netherlands. 2-5 September 2018. (Poster.) 

Platelets drive inflammatory mediator gene expression, secretion, and activity in tuberculosis. 

Fox K, Kirwan DE, Whittington A, Brilha S, Lopez JW, Porter JC, Gilman RH, Friedland JS.  British 

Society of Immunology annual conference, Brighton, UK. 4-7 December 2017. (Poster.) 
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