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Abstract 

Pneumococcal meningitis has a mortality rate of >20% despite antibiotic treatment and 

50% of survivors have persistent neurodisability.  The disease is associated with the 

marked infiltration of neutrophils into the brain, and the cytopathic inflammatory 

responses mediated by these cells results in severe tissue damage.  The diminution of 

neutrophil recruitment, alongside antibiotic treatment, therefore represents a novel 

therapeutic opportunity.   

The interaction of perivascular macrophages (PVMs), pericytes and endothelial cells has 

been described to play an important role in neutrophil recruitment in mouse models of soft 

tissue infection.   The cerebral vasculature has the highest density of pericytes in the body, 

as well as uniquely located perivascular macrophages.   The role of pericytes in the response 

to cerebral infection has not been described.  We hypothesized that cerebral pericytes play 

a central role in orchestrating the inflammatory response in pyogenic meningitis. 

I used an in vitro transwell model of the blood-brain barrier (BBB) involving the coculture 

of primary human brain pericytes (HBVP) and a cerebromicrovascular endothelial cell line 

(hCMEC/D3), along with conditioned media from human monocyte-derived macrophages 

(MDMs) to model PVM responses, to investigate the interaction of these cells in 

orchestrating the inflammatory response at the BBB in response to infection with 

S. pneumoniae. 

Neutrophil recruitment was enhanced by the presence of HBVP under all conditions tested, 

most potently in response to S. pneumoniae-stimulated macrophages.  HBVP were shown to 

be sensitive to signalling by many of the pro-inflammatory mediators secreted by MDMs in 

response to S. pneumoniae.  HBVP secreted a broad repertoire of chemokines in response to 

these mediators, most potently neutrophil chemokines.  These chemokines were shown to 

be actively transported across the endothelial barrier, most likely by atypical chemokine 

receptor 1, enabling them to interact with circulating leukocyte populations.   

I propose a model whereby cerebrovascular tissue resident innate immune cells act as 

sentinels of neuroinfection, activating the endothelial and pericyte layer of the blood-brain 

barrier, with the pericytes markedly amplifying neutrophil recruitment to the site of 

infection via secretion of neutrophil chemokines.   
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Impact Statement 

In this thesis I have identified a novel function for brain pericytes in amplifying neutrophil 

recruitment across the blood-brain barrier in response to S. pneumoniae infection, both 

through alterations in the autonomous endothelial inflammatory response to the pathogen, 

and via the secretion of pro-inflammatory mediators in response to signalling by canonical 

innate immune cells.   

Outcomes in patients with S. pneumoniae meningitis remain poor and the incidence 

significant, in spite of the existence of effective antibiotic therapy, use of adjunctive steroids 

and widespread vaccination.  Given the role of CNS neutrophil recruitment in the 

pathogenesis of S. pneumoniae meningitis this suggests that HBVP could be targeted to 

reduce CNS neutrophil recruitment, diminishing CNS inflammation and reducing the 

cytopathic neuronal damage this causes.  The work presented in this thesis suggests two 

novel targets in neuroinfection which could be targeted to inhibit neutrophil recruitment 

into the brain: the HBVP inflammatory response and chemokine translocation across the 

blood-brain barrier  
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1. INTRODUCTION 

 Pneumococcal Meningitis 

Streptococcus pneumoniae, a Gram positive encapsulated bacterium,  is a globally significant 

cause of meningitis and accounts for the majority of cases of bacterial meningitis in Europe 

(1,2).  In spite of the existence of effective antibiotic treatment, pneumococcal meningitis 

continues to be associated with extremely poor outcomes with a mortality rate of around 

20% even in the context of optimal clinical management (1–4).  In addition, approximately 

50% of survivors are left with long-term sequalae, most commonly hearing loss but also 

seizure disorders, focal neurological deficits or cognitive impairment (5,6).  Increasing the 

understanding of the pathogenesis of this condition, and the development of novel 

therapeutics, are therefore of considerable importance. 

Histopathological analysis of post mortem specimens has shown the CNS parenchymal 

damage is attributable to (7–10):  

1. Cerebral oedema, which leads to increased intracranial pressure and 

cerebral herniation,  

2. Leukocyte recruitment resulting in tissue inflammation and abscess 

formation 

3. Coagulopathies resulting in intravascular coagulation and cerebral 

ischaemia 

The host immune response to the presence of S. pneumoniae in the CNS plays a role in of all 

of these processes and the exuberant inflammatory response triggered by the infection 

mediates significant cerebral damage and is associated with poor outcomes (11–13), 

described in more detail below.    

Not only does the host immune response mediate considerable CNS damage in this context, 

it is also only poorly effective.  As an encapsulated organism, an effective immune response 

to S. pneumoniae requires opsonization with complement and other soluble opsonins to 

enable effective phagocytosis, and these factors are found only at extremely low levels in 

the CNS (14).  In addition, phagocytes function only inefficiently in the fluid compartment 

of the subarachnoid spaces (15), which show the greatest density of bacteria (16), and as a 

result these cells are not effectively able to control the infection in the absence of antibiotic 

therapy. 
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 Streptococcus pneumoniae invasion of the CNS 

In most cases of bacterial meningitis, bacteria are thought to have translocated the vascular 

endothelial barrier from the blood into the CNS during high grade bacteraemia, although 

direct infection of the CNS following trauma, surgery or extension of local infections of the 

head and neck also occur (16,17).   

The principle site of translocation of S. pneumoniae in meningitis is not known and several 

anatomical sites have been proposed: from the blood into the parenchymal perivascular 

space in the post capillary venules of the brain and hence to the meninges, or from the blood 

into the CSF via the postcapillary venules of the meningeal vessels of the subarachnoid 

space, and hence into the brain via the Virchow-Robins spaces, or via the choroid plexus in 

the cerebral ventricles, and hence to the brain and meninges (18).  The contributions of each 

of these is not known and remains controversial (18–21), and there appear to be 

spatiotemporal differences in the sites of bacterial translocation during the course of the 

disease (21).   

The translocation of S. pneumoniae across the vascular endothelium requires a set of 

molecular interactions between the pathogen and an endothelial cell receptor.  Firstly an 

adhesion step binds the bacteria to the endothelial layer via binding to the endothelial 

laminin receptor (22).  Binding to endothelial platelet activating factor receptor then 

mediates vacuolar uptake of the bacteria (23,24), and finally β-arrestin mediated 

cytoskeletal changes transfer the pathogen-containing vacuole to the endothelial abluminal 

surface (25,26), with subsequent exocytosis of the bacteria into the parenchyma, or 

perivascular space (17,18).  S. pneumoniae is also able to bind CD31 (PECAM-1) at the 

endothelial cell-cell junctions (27,28), and although the significance of this is not yet known, 

it does raise the possibility that S. pneumoniae may able to translocate both trans- and para-

cellularly across the BBB.   

It has been described that brain microvascular endothelial cells (BMECs) must be activated 

by inflammatory mediators in order to allow bacterial translocation (26) and it appears that 

S. pneumoniae neuraminidase A is able to induce an inflammatory response in BMECs, 

facilitating the subsequent translocation of bacteria across the endothelial barrier (29).   

Once across the endothelium S. pneumoniae must traverse the basement membrane (BM), 

the anatomy of which is discussed in detail in 1.4.2.2.  S. pneumoniae uses surface receptors 

to bind host plasminogen, a protease able to cleave BM components (30) and bacterial 

meningitis patients show evidence of plasminogen activation products in their CSF, with a 

strong correlation between the levels of these products and BBB permeability  (31).   The 
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bacteria also express hyaluronan lyase (32), which is able to degrade constituents of the 

extracellular matrix (ECM) and which has been shown to facilitate invasion (20).  The 

importance of this enzyme in mediating invasiveness is highlighted by the fact that clinical 

S. pneumoniae meningitis isolates show higher levels of expression than carriage isolates 

(33).  

Once in the CNS, S. pneumoniae is described to cause apoptosis of neurons and the brain 

microvascular endothelial cells (BMECs) that line the cerebral vasculature.  This apoptosis 

occurs in two temporally distinct waves, with the initial wave mediated directly by 

pneumococcal toxins, with a second wave mediated by the host inflammatory response 

(17,34,35).   In addition, antibiotic treatment causes rapid bacterial lysis, releasing potently 

pro-inflammatory bacterial fragments into the CNS (36–39) and potentially mediating a 

third inflammatory wave.  

 Pneumococcal Toxins 

Recruited leukocytes are central to the pathogenesis of S. pneumoniae meningitis through 

cytopathic immune responses that mediate host tissue damage (discussed in 1.1.3.2), 

however, a proportion of neuronal loss is also caused by the direct action of bacterial toxins 

(34,40).  During the course of the disease, damage to BMECs results in disruption to the 

blood-brain barrier (BBB), the structure and function of which is examined in 1.4 (41).  

Pneumolysin directly  forms pores in the endothelial barrier (42,43) and induces 

endothelial apoptosis (44,45), undermining BBB integrity.  Pneumococcal α-

glycerophosphate oxidase produces H2O2 (46), causing further barrier damage through the 

loss of junctional complex proteins at the cell-cell junction, as well as the induction of 

endothelial cell apoptosis (47).  S. pneumoniae toxins therefore exert their CNS effects 

through several mechanisms. 

S. pneumoniae deficient in pneumolysin, or the enzyme α-glycerophosphate oxidase, and 

hence unable to produce H2O2, cause reduced neuronal damage in animal models of the 

disease (35,48).  In patients with S. pneumoniae meningitis, pneumolysin is implicated in 

the pathogenesis of hearing loss (49), and persistence of pneumolysin in the CSF is 

associated with mortality (50). 

 The CNS Inflammatory Response in Pneumococcal 

Meningitis 

The presence of S. pneumoniae in the CNS is highly inflammatory and has been described to 

generate ‘some of the most powerful inflammatory responses known in medicine’ (17,18).  
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As the CNS is highly intolerant of cytopathic inflammatory responses (51) and exists within 

a anatomically closed compartment, it is highly vulnerable to oedema, which drives raised 

intracerebral pressure and tissue ischaemia (36). This potent inflammatory response is 

central to the pathogenesis of pneumococcal meningitis.   

The inflammatory response is in fact sufficient to induce the full clinical meningitis 

syndrome. Intracisternal injection of dead S. pneumoniae into the brains of rabbits 

replicates the clinical phenotype of S. pneumoniae meningitis in full (52). The degree of 

hearing loss experienced by animals with experimental S. pneumoniae meningitis has also 

been shown to correlate with the degree of CNS inflammation rather than density of 

bacterial infection  (53–55).   

Neutrophils, while central to the defence against bacterial infection, play a key role in 

driving pathogenesis in this context.  Intrathecal administration of TNF alone is  sufficient 

to produce phenotypically indistinguishable cochlear damage to that seen in S. pneumoniae 

meningitis through the induction of leukocyte infiltration into the cochlea (53–55).  

Similarly, in humans, the high rates of sensorineural hearing loss observed in S. pneumoniae 

meningitis is attributed to the massive inflammatory response seen in the cochlea, with 

reactive oxygen species released by neutrophils particularly implicated in this pathology 

(56). 

 Detection of Invasive Streptococcus pneumoniae 

It is not yet clear which cells initiate the CNS immune response in pneumococcal meningitis.  

In general terms, S. pneumoniae has been described to trigger signalling via several toll like 

receptors (TLRs), particularly through TLR2 detection of bacterial cell wall lipoteichoic acid 

and lipoproteins (57–59).  TLR2 deficient mice are highly susceptible to S. pneumoniae 

meningitis. They show impaired bacterial clearance driving enhanced CNS inflammation 

and increased mortality (59,60).   

In addition, pneumolysin has been described to act as a TLR4 ligand, however, deletion of 

this receptor alone does not impair responses to invasive infection with S. pneumoniae (61).  

TLR2/4 deficient mice show increased disease severity compared to either type of single 

knockout mice, suggesting these receptors may act in concert.  S. pneumoniae has also been 

described to be able to trigger TLR9 signalling, although triple knockout TLR2/4/9 -/-/- 

mice do not show a worse phenotype than the double knockout, suggesting that TLR9 plays 

only a small role in the detection of S. pneumoniae  in the CNS (61,62).    

Following TLR receptor stimulation, an intracellular signalling cascade is initiated leading 

to the production of inflammatory mediators, principally cytokines and chemokines, see 
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Figure 1.1.  Deficiencies in several of these downstream pathways are associated with 

increased risk of S. pneumoniae meningitis (9); the best described of these are deficiencies 

in the TLR - IRAK4 – MyD88 signalling pathway, where deficiency in IRAK4 or MyD88 

produce indistinguishable phenotypes, with marked predisposition to invasive 

pneumococcal disease, particularly in early childhood, and a notably increased risk of 

S. pneumoniae meningitis  (63–66). 

NOD-like receptors (NLRs) are also involved in sensing the presence of S. pneumoniae.  

NOD2 plays a role in detecting both peptidoglycan muramyl peptides and pneumolysin, and 

NOD2 deficient mice show less CNS inflammation in response to cerebral infection with 

S. pneumoniae (67,68).   

 

 

Figure 1.1 Pattern recognition receptor signalling cascades, from (69) 
TLR2 is key to the response to S. pneumoniae infection, with possible additional roles for TLR 
4 and/or 9. 

Inflammasomes are innate immune sensor complexes that induce inflammatory responses 

through the activation of caspase-1.  These complexes involve several families of pattern 

recognition receptors including NLRs, which, upon stimulus-binding, oligomerize and 

activate caspase-1, leading to the cleavage of IL-1 into its active forms (70).  Inflammasome 
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activation by S. pneumoniae also plays a role in the response to S. pneumoniae (71) and in 

murine pneumococcal meningitis models inflammasome activation is associated with 

worsening clinical disease scores (68).  

NLRP3 is the best characterized inflammasome, consisting of the sensor NLRP3, adaptor 

ASC and caspase-1.  Mice deficient in ASC show lower cytokine levels in both brain and blood 

(72) while caspase 1 knockout mice show lower levels of IL-1β and improved disease scores 

(73).  Inhibition of the cytokines downstream of the inflammasome, IL-1β and IL-18, has 

been reported to improve outcomes in murine models (68).  Inflammasome-dependent 

secretion of interferon gamma (IFN-γ) also plays a role in the pathogenesis of S. pneumoniae 

meningitis, perhaps via the induction of nitric oxide synthase 2 (NOS2), which results in 

damage to the BBB integrity , and IFN-γ -/- mice are protected against severe disease (74–

77), 

 The CNS Inflammatory Milieu in Streptococcus pneumoniae 

Meningitis 

The significance of the inflammatory milieu in the pathogenesis of S. pneumoniae meningitis 

is highlighted by the fact that the hippocampus is prominently damaged in spite of the lack 

of either bacteria or infiltrating leukocytes seen in this region, with the damage mediated 

by the inflammatory components of the interstitial fluid which contains both toxic bacterial 

products as well as many inflammatory mediators (7). 

Pneumococcal meningitis is associated with a potent cytokine response, with high levels of 

IFN-γ, IL-1β, IL-2, IL-6, IL-10, IL-12, TGF-β and TNF detected in the CSF of patients early in 

the course of the disease and at higher levels than those seen in other bacterial meningitides 

(18,78–82). In animal models the level of CNS cytokines has been shown to rise prior to BBB 

breakdown, supporting a role for CNS resident cells in their generation (83).    

Matrix metalloproteinases are a group of enzymes that play a key role in extracellular 

matrix (ECM) degradation in tissue growth and repair.  These proteinases also modulate 

extracellular signalling cascades and have been shown to participate in tissue homeostasis, 

angiogenesis and the immune response (84,85).  MMP-8 and MMP-9 have  been shown to 

be present at high level in the CSF of bacterial meningitis patients, with high levels of MMP-

9 a risk factor for the development of neurological sequalae in patients (81) while in rat 

models of meningococcal meningitis MMP inhibition has been shown to improve outcomes 

(86,87).   

TNF is also detected in the CSF of patients with pneumococcal meningitis at high levels (82) 

and in animal models the expression of TNF is rapid, principally occurring during the first 
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6-24 hours after cerebral infection with S. pneumoniae (88,89).  The level of TNF in the CSF 

has also been shown to correlate with the degree of BBB leak in bacterial meningitis (82), 

whether this is causative or mediated via intermediaries such as MMPs is not known.   

IL-1β, whose secretion is triggered by inflammasome activation, is also rapidly identified in 

the CSF in in animal models of S. pneumoniae meningitis (90).  In human S. pneumoniae 

meningitis CSF levels of IL-1β correlate with both S. pneumoniae serotype and the likelihood 

of systemic complications (72).  Unlike TNF, levels of IL-1β levels do not correlate with BBB 

leak (82). 

Likewise, macrophage migration inhibitory factor (MIF) is detected in the CSF of patients, 

and associated with disease severity (91,92).  IL-6 is described to have both pro- and anti-

inflammatory properties in S. pneumoniae meningitis (93) while IFN-γ is increased in the 

CSF of patient (80,94) but its cellular source and role in pathogenesis is not known.   

The roles of the anti-inflammatory cytokines IL-10 and TGF-β also remain unclear. 

Overexpression or intravenous administration of IL-10 improved disease outcomes in 

mouse and rat models of S. pneumoniae meningitis (95,96), however intrathecal IL-10 does 

not have this effect and IL10 knockouts do not have altered bacterial loads or survival 

(96,97).  TGF-β is described to supress macrophage activation and to inhibit the production 

of cytokines by microglia (98,99). In mouse models however, TGF-β is associated with the 

development of cerebral vasculitis, a common complication of bacterial meningitis 

(100,101) and TGF-β receptor knockout mice show decreased BBB disruption and cerebral 

oedema, as well as lower rates of cerebral vasculitis (101).   

 Neutrophils and Streptococcus pneumoniae Meningitis 

Neutrophils are terminally differentiated innate immune cells that are central to the acute 

inflammatory response, rapidly initiating multiple mechanisms to clear pathogens and dead 

or damaged host cells (102).  The neutrophil armoury includes phagocytosis, the 

respiratory burst, the formation of extracellular traps and the production of antimicrobial 

peptides and cytolytic enzymes, as well as the production of chemokines and cytokines to 

modulate the ongoing inflammatory response (102–104). 

Whilst originally neutrophils were thought to form a homogeneous population of short-

lived cells, it has become apparent that the population actually exhibits considerable 

phenotypic diversity, with differences in TLR expression and cytokine production 

mediating differential modulation of host immune responses  (105,106).   The relevance of 

this to CNS infection is not known. 
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Neutrophils make up the majority of the cellular immune response to S. pneumoniae 

meningitis, accounting for around 90% of the leukocyte infiltrate, with the remaining 10% 

monocytes (60,107,108).  These cells are rapidly recruited into the CNS in response to the 

detection of infection with S. pneumoniae (37),  Once recruited into the CNS, neutrophils 

attempt to control the replication of S. pneumoniae through the phagocytosis of opsonized 

bacteria (9), however, their efficacy is limited, both by the limited opsonization seen in the 

CNS, due to low availability of opsonins (14), and the fact that S. pneumoniae possess 

multiple strategies to evade neutrophil phagocytosis. 

 Evasion of neutrophil phagocytosis by S. pneumoniae 

The S. pneumoniae capsule is an essential virulence factor and key to the evasion of 

neutrophil phagocytosis.  

Opsonophagocytosis with complement is central to the innate immune response to 

S. pneumoniae, and consequently S. pneumoniae has evolved many strategies to evade this.  

The pneumococcal polysaccharide capsule impairs bacterial opsonization with complement 

factors by mechanically impairing their binding, as well as inhibiting their conversion into 

active components (109).  In addition, the capsule masks subcapsular antigens, limiting 

antibody binding, and inhibits CRP binding (109).    

Other S. pneumoniae surface proteins: PspA, PspC, PsaA and PhpA also limit complement 

deposition on the bacterial surface (110–113).  Likewise, pneumolysin has been shown to 

decrease complement-mediated opsonisation by depleting complement factors away from 

the bacterial surface (112,114).   

Together these factors impair the ability of neutrophils to phagocytose S. pneumoniae, 

limiting their ability to effectively control the infection. 

 Neutrophils in the pathogenesis of S. pneumoniae Meningitis 

Not only does S. pneumoniae have multiple pathways to evade neutrophil phagocytosis 

reducing the efficacy of this branch of the inflammatory response, the recruitment of 

neutrophils is also central to the pathogenesis of S. pneumoniae meningitis.  

In animal models of S. pneumoniae meningitis, blockade of neutrophil endothelial adhesion 

using antibodies against ICAM-1 or the integrin CD18, or fucoidin to inhibit L-selectin, has 

been shown to decrease leukocyte influx into the CNS with a concomitant decrease in both 

inflammation and tissue damage (40,115,116).  Experimental delay in neutrophil apoptosis 

has also been shown to prolong CNS inflammation resulting in greater disease severity 

(117).   
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Activated neutrophils secrete a repertoire of toxic mediators, including the reactive oxygen 

species implicated in cochlear damage, as well as reactive nitrogen species, 

myeloperoxidase, matrix metalloproteinases (MMPs) and endopeptidases.  These damage 

pathogen and host alike, and in the context of the CNS mediate direct damage to the delicate 

parenchyma, particularly significantly to the non-replicative neurons (9). This neuronal 

damage precipitates the release of excitatory amino acids, causing tissue metabolic 

derangement and oedema, as well as vasoconstriction leading to cerebral ischaemia and 

further damage (18,118).   

Neutrophil cytopathic inflammatory responses also damage the integrity of the BBB.  

Disruption of the BBB is a central event in the pathophysiology of bacterial meningitis and 

facilitates the influx of both further leukocytes and bacteria (118).  Neutrophil recruitment 

itself has a profound effect on the permeability of the vascular endothelium (119–121), with 

multiple constituents on the neutrophil armoury damaging the endothelial integrity 

(122,123), and this may contribute to the feed-forward loop of neutrophil recruitment, 

mediating greater CNS damage. 

 Host-Directed Immunomodulatory Therapies 

Given the evidence of the role of the host inflammatory response in the pathogenesis of 

pneumococcal meningitis, anti-inflammatory therapy is usually given alongside antibiotic 

treatment, most commonly the corticosteroid dexamethasone (9).   Results of clinical trials 

of dexamethasone in S. pneumoniae meningitis have varied according to context. Whilst a 

prospective cohort study in the Netherlands estimated a reduction in mortality from 30 to 

20% (124), a large meta-analysis of 5 studies showed no mortality or morbidity benefit 

conferred by dexamethasone treatment (125).  Subsequently the Cochrane review of 

published literature concluded the corticosteroid treatment ‘significantly reduced hearing 

loss and neurological sequalae, but did not reduce overall mortality’ (126).  

The mechanisms by which dexamethasone exerts its effects are not known and are likely to 

be varied.  In general terms, dexamethasone has been shown to reduce the secretion of 

inflammatory cytokines by monocytes, dendritic cells, astrocytes, microglia and neutrophils  

(127–132), perhaps by inhibition of the TLR signalling cascade (133–135).  Dexamethasone 

treated rat BMECs show reduced upregulation of both TNF and ICAM-1 on stimulation with 

pneumococcal cell wall products (136), while astrocytes also show reduced TNF, and nitric 

oxide production in this context (137–139).  In patients with bacterial meningitis 

dexamethasone treatment has been associated with a reduction in CSF levels of CXCL8, IL-
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1, IL-6 and TNF and increased CSF IL-10, and with faster normalisation of CSF biochemistry 

(140,141). 

The evidence of a benefit with corticosteroid treatment supports the hypothesis that host-

directed immunomodulatory therapies might be of therapeutic utility, and the persisting 

poor outcomes have led to considerable interest in the possibility of alternative anti-

inflammatory adjuvant therapies (142).  Several novel immunomodulatory therapies have 

been trialled in animal models of S. pneumoniae but none have been tested in patients to 

date (142).  In animal models blockade of either TNF or IL-6 has been shown to decrease 

CNS pleiocytosis and enhance survival (143–145).  Inhibition of MIF has also been shown 

to improve outcomes in sepsis due to S. pneumoniae and has therefore been suggested as a 

novel therapeutic target (146).   

As already detailed, the breakdown of BBB integrity is central to the pathogenesis of S. 

pneumoniae meningitis.  One of the key culprits in this process are the MMPs, which also 

function to cleave inflammatory mediators such as TNF into their active form, and inhibition 

of MMPS in animal models improved both mortality and morbidity (87,147).  Likewise, 

inhibition of IFN-γ, another mediator of BBB breakdown via the activation of NOS2 and 

resultant production of nitric oxide, is protective in mouse models of S. pneumoniae 

meningitis (74,75,148). 

The classical complement cascade is key for the opsonization of S. pneumoniae (109,149).  

It is also central to bacterial lysis by the initiation of the formation of the membrane attack 

complex, which forms transmembrane channels in the outer surface of S. pneumoniae  

(150).  The activation of the complement cascade is, however highly pro-inflammatory, 

particularly through the production of anaphylatoxins such as C5a (9).  In animal models, 

knock out or inhibition of several complement factors: C1q, C3 and C5, have all been shown 

to decrease CNS inflammation, and in some cases enhance survival (151–153).  However, 

both congenital and acquired complement deficiencies in humans are associated with both 

an increased predisposition to, and worse outcomes from, bacterial meningitis (154–156), 

so complement appears to be key to the host defence against CNS infection and any 

therapeutic targeting would therefore need to be highly specific (142). 

The use of bactericidal antibiotics that do not cause bacteriolysis also represent an indirect 

mechanism to reduce the host inflammatory response by decreasing the release of 

inflammatory mediators into the CNS.  Daptomycin in particular shows promise in the 

treatment of S. pneumoniae meningitis, both clearing bacteria from the CSF more rapidly 

than ceftriaxone and decreasing the levels of proinflammatory cytokines in the CSF in 

experimental studies (157,158). 
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There are challenges to the development of novel host-directed therapeutics for this 

disease, not least the need for good CNS penetration and the requirement for functionality 

in a highly dynamic and complex environment, with many bidirectional interactions.  

Several agents identified in animal studies have limited tractability, principally due to the 

required timing and route of administration – often needing to be administered 

intrathecally concomitantly with the bacteria.  In addition, the translation of animal studies 

to humans remains challenging, especially when the human pathogenesis is not fully 

understood.  Several host-directed therapies appear to have promise, acting on targets that 

have been demonstrated to correlate with clinical outcome (142), and would represent 

useful additions to our limited arsenal in the treatment of this disease.  In order to improve 

the likelihood of the development of successful agents targeting the host mediated 

immunopathogenesis of S. pneumoniae infection, greater understanding of the 

pathophysiological processes is required.   

 

 Neutrophil Recruitment 

Neutrophil recruitment into the brain is central to the pathology of S. pneumoniae 

meningitis, as described in 1.1.3.2, and as such represents a novel adjunctive therapeutic 

target.   

Neutrophil recruitment from the blood into the tissue can be triggered by the detection of 

pathogen- or damage-associated molecular patterns (PAMPs/DAMPs) (159).  This process 

is central to the innate immune response to invasive bacterial infection and is complex and 

dynamic, involving the interaction of multiple cell types, tissue chemoattractants and 

chemorepellents and tissue structural scaffolds.  It also requires complex neutrophil 

behaviour involving the sensing and interpretation of the tissue milieu, phenotypic 

adaptation and inter-neutrophil communication via secreted mediators (160).  The site of 

inflammation, particularly which tissue is involved, and the nature of the insult both also 

influence the pathways by which the recruitment of neutrophils is regulated (161).   

Neutrophil recruitment is initiated via a well described multi-step process termed the 

‘leukocyte adhesion cascade’ (162).  Once this has occurred neutrophils must then traverse 

across the endothelial layer, the pericyte layer, the BM(s) and finally navigate the 

interstitium to the site of infection or damage (160), see Figure 1.3.  These interstitial 

interactions are much less well understood than those occurring in the vessel lumen and 

necessitate sequential alteration of neutrophil phenotype, particularly modifications in 
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surface receptor expression and adoption of a polarized cellular shape (163), enabling 

amoeboid migration through the interstitium (164).   

Although the mechanics by which neutrophils adhere to and then traverse the endothelial 

vascular lining is relatively well understood, aspects remain poorly described, limiting our 

ability to target this process in S. pneumoniae meningitis: 

1. The upstream regulation of neutrophil recruitment in the context of 

neutrophil recruitment into infected tissue is not well elucidated.  In order 

to modulate this process, and to limit it in the context of antibiotic therapy 

and inflammation in response to bacterial lysis, greater understanding of the 

tissue response and regulation of the vascular response is needed. 

2. Most of the work investigating leukocyte recruitment has been done in 

mouse models of easily accessible vascular areas: the skin, mesentery and 

cremaster muscle, however there is known to be considerable tissue-

specificity in this process (161), so the applicability of this to other tissue 

niches is unclear.  The CNS is immunologically unique, as is its vascular 

anatomy, discussed in 1.4, therefore, there are likely to be unique features 

in the trafficking of neutrophils in this tissue.  Human data on leukocyte 

recruitment across the BBB is, understandably, virtually absent. 

 The Post-Capillary Venule 

 

Figure 1.2 The anatomical structure of the post-capillary venule 

The peripheral circulation is segmentally organised and regulated, with arteries and 

arterioles regulating blood flow, feeding into capillaries that regulate gas and nutrient 

exchange, which then merge into collecting post-capillary venules (165).  Neutrophil 
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adhesion, and subsequent extravasation, principally occurs in the post-capillary venule, 

with arterioles and capillaries supporting minimal or no leukocyte adhesion (166–168).   

The structure of the wall of the post-capillary venule in most tissues consists a layer of 

endothelial cells, supported underneath by a tough basement membrane, embedded within 

which are pericytes.  Perivascular macrophages are also found in close association with 

these vessels but are outside the basement membrane.  In order to extravasate neutrophils 

must first adhere to, and then traverse, the endothelial layer, before crossing the basement 

membrane and then navigating the parenchyma to the site of infection. 

 The Leukocyte Adhesion Cascade 

The leukocyte adhesion cascade is initiated by the endothelial selectins E-selectin and P-

selectin (169), which interact with neutrophil P-selectin glycoprotein ligand (170).  Basally 

the BBB expresses only very low levels of leukocyte adhesion molecules (171) and on the 

basis of data from mouse models of EAE it was initially suggested that selectins were not 

involved in leukocyte recruitment into the CNS (172,173) however intravital microscopy 

was able to demonstrate that the CNS vasculature does indeed upregulate expression of P-

selectin early in the EAE inflammatory process, with a concomitant increase in leukocyte 

rolling (174–176).  It has since been demonstrated that stimulation of the mouse cerebral 

vasculature with tumour necrosis factor (TNF), either superfusion in vivo or of murine 

BMECs in vitro, induces increased cerebral expression of both E- and P-selectin, and both 

were required for neutrophil recruitment into the CNS  (177,178). 

Loosely adherent neutrophils roll along the endothelial surface through the formation of 

tethers and slings, with increasing force of the cell-cell interactions (179).  Neutrophil arrest 

is then mediated by the chemokine-induced activation of neutrophil integrins, which are 

able to bind the endothelial cell surface glycoproteins: intercellular adhesion molecule 1 

(ICAM-1), vascular cell adhesion molecule 1 (VCAM-1) or mucosal vascular addressin cell 

adhesion molecule 1 (MADCAM1) (180).  The vascular endothelium is highly heterogeneous 

(181) and the repertoire of endothelial cell-surface receptors used by neutrophils in this 

process varies between tissues (161).  

Following their arrest, adherent neutrophils crawl along the vessel’s endothelial surface 

searching for an optimal extravasation site (182) with chemokines and lipid 

chemoattractants providing chemotactic cues, influencing this crawling behaviour and 

ultimate site of extravasation (180).   
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Activation of the endothelial layer, resulting in increased expression of neutrophil adhesion 

molecules, is a key mediator of these luminal interactions, and is mediated via two types of 

activation (180,183): 

1. Rapid, protein-synthesis-independent activation leading to cell-surface 

expression of preformed leukocyte adhesion molecules, such as P-selectin, 

within minutes in response to inflammatory stimuli such as histamine or 

platelet-activating factor (PAF).  These changes promote the binding and 

activation of neutrophils and enhance their recruitment to the site of 

inflammation. 

2. Slower, transcriptionally induced, activation leading to expression of many 

leukocyte adhesion molecules, particularly E-selectin, integrin ligands and 

chemokines, principally in response to cytokine signalling, promoting the 

transition from neutrophil recruitment to the recruitment of monocytes and 

T cells. 

 Crossing the Endothelium 

The endothelial cell layer represents the first tissue barrier to the extravasating neutrophil 

(161) and the transendothelial migration of neutrophils, and their subsequent navigation 

into the interstitium, is regulated by the endothelial cells and the perivascular structures: 

(160).  Interestingly, transmigrated leukocytes show enhanced survival and pathogen 

killing: the process of extravasation itself primes the neutrophil inflammatory response 

(166,184).   

Transmigration across the endothelial layer can occur either paracellularly, at the cell-cell 

endothelial junctions, or transcellularly, through the formation of cytoplasmic vacuoles 

(162).  Leukocyte crawling along the endothelial cell surface induces both transient 

weakening of endothelial cell junctions and the formation of intracellular pores, facilitating 

paracellular and transcellular migration respectively (166).  The endothelium actively 

participates in leukocyte transendothelial migration by both mechanisms and endothelial 

junctional molecules play a particularly important role in mediating neutrophil 

transmigration, both via endothelial remodelling to facilitate paracellular migration and via 

direct interaction with leukocytes (185–187), with chemokines concentrated on cell-cell 

junctional proteins (188), Figure 1.3.   
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Figure 1.3 Neutrophil extravasation from the systemic circulation into the tissues in the postcapillary venules occurs in a well-defined multistep 
process 
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In paracellular migration the endothelial cytoskeletal changes in response to neutrophil 

binding cause VE-cadherin to dissociate from the actin cytoskeleton at the cell-cell 

junctions, while simultaneously driving contraction of the endothelial cell body, increasing 

the space available for leukocyte migration (166).  The lateral border recycling complex of 

the lateral endothelial membrane then surrounds the transmigrating leukocyte, recycling 

adhesion molecules to the junctional surface and allowing the leukocyte to traverse the 

junction (189).  In most tissues the majority of leukocytes extravasate paracellularly 

(190,191).  

In transcellular migration, leukocyte adhesion molecules ICAM-1 and VCAM-1 aggregate in 

rings around adherent leukocytes on the endothelial luminal membrane (192) leading to 

the formation of a cup-like docking structure on the endothelial surface (190,193–195), 

creating a platform for firm adhesion and subsequent force-transduction. In vivo, microvilli 

like projections have then been observed to extend up the neutrophil surface, forming a 

dome over the leukocyte, sequestering the neutrophil away from the circulation while 

minimizing endothelial disruption (195,196).  The neutrophil remains separate from the 

endothelial cell, and at no point enters the intracellular compartment (179).   

Migration across the endothelial barrier primes neutrophils to then interact with pericytes 

in the subendothelial layer: neutrophils that have transmigrated across in vitro endothelial 

monolayers are better able to transmigrate a pericyte monolayer than neutrophils that have 

not transmigrated an endothelial layer (197).  The mechanisms by which this effect is 

mediated have not been elucidated but may be mediated by the endothelial 

chemoattractant-neutrophil interaction inducing neutrophil TNF secretion (198), which in 

turn leads to increased pericyte expression of ICAM-1 (184), and upregulation of neutrophil 

β2-integrins, which can then bind the pericyte ICAM-1, facilitating migration across the 

pericyte layer (199). 

 The Pericyte Layer 

Pericytes are found throughout the vasculature, immediately apposed to the vascular 

endothelium.  Their origins and function are discussed in more detail in 1.4.2.1.  In mouse 

models of sterile muscle or skin inflammation, these cells have been shown to play a role in 

the regulation of neutrophil extravasation (161,184,188,200), perhaps via the secretion of 

chemokines and pro-inflammatory cytokines, discussed in 1.2.4.1.  

Once neutrophils enter the sub-endothelial space they crawl along the pericyte processes 

of the venular neuronal glial peptide 2 - (NG2-) pericytes, in a pericyte-derived CXCL1  and 
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ICAM-1 dependent manner towards regions with low pericyte coverage (188,200),  seeking 

an optimal location for the next stage of their traversal of the vessel wall.  Human pericytes 

have been described to express VCAM-1 (201) in addition to ICAM-1 (184), which may 

further facilitate neutrophil migration along the pericyte surface.  The pericyte layer is 

highly dynamic and in the context of inflammation pericytes undergo morphological 

changes resulting in enlargement of the gaps between them, additionally reducing the tissue 

barrier to neutrophil extravasation (200). 

In a mouse model of sterile skin inflammation pericyte-secreted macrophage migration 

inhibitory factor (MIF) was demonstrated to provide chemotactic signals in the interstitium, 

directing extravasating leukocytes towards NG2+ pericyte regions in arteriolar and 

capillary vessel walls.  This interaction of extravasated neutrophils with NG2+ arteriolar or 

capillary pericytes provided the neutrophils with both pattern-recognition and motility 

programs, as well as enhancing their survival, with neutrophils that had been in contact 

with pericytes migrating faster and with more targeted directionality towards sites of 

sterile inflammation (184).   

 

 The Pericyte Secretome 

Pericytes are able to secrete a broad repertoire of molecules, including ECM constituents, 

microvesicles, growth factors, leukocyte adhesion molecules and inflammatory cytokines, 

including many chemokines, notably the potent neutrophil chemokine CXCL8 (202–204).  

Complicating the picture, pericyte populations in different tissues are heterogeneous and 

the basal secretome appears to vary between these populations (184,204,205).  In addition, 

almost all the existing data describing this comes from in vitro stimulation of cultured 

pericytes. 

Expression of the basal pericyte secretome is upregulated in response to stimulation, along 

with the induction of the expression of a novel, stimulus-specific, secreted repertoire, 

shown in Figure 1.4 (204).  HBVP have been described to potently upregulate the gene 

expression of cytokines IL1α, IL1β and IL6 and chemokines CCL2, CCL5, CCL17, CXCL1, 

CXCL2, CXCL6, CXCL8 and CXCL10 in response to LPS stimulation or infection with CMV 

(202,203,206,207).  They also upregulate expression of the leukocyte adhesion molecules 

ICAM1, VCAM1 and SELE, which has been shown to result in enhanced leukocyte adhesion 

to pericyte monolayers (203).  TNF has also been shown to induce MMP-9 expression by 

BMECs, pericytes and astrocytes, but the secretion by pericytes is at a much higher level 

than the other cell types, with MMP-9 involved in the induction of pericyte migration (208). 
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Many of the constituents of the pericyte secretome interact with neutrophils, and a 

considerable proportion are directly chemotactic.  These may be released directly or as 

microvesicles into the interstitium (207), where they can interact with the vascular 

endothelial cells and other perivascular cells. 

 

 

Figure 1.4 The pericyte secretome, adapted from (204). Chemokines in bold. 

 The Basement Membrane 

The venular BM represents a ‘formidable barrier’ to transmigrating cells (180) and the 

mechanism by which leukocytes breach this layer has not been fully elucidated.   

The regions of the BM between pericytes have been shown to be most permissive to 

neutrophil extravasation; the BM in these regions has a lower density of matrix proteins 

reducing the mechanical barrier to neutrophil transmigration; these areas are termed low 

expression regions (LERs), (200,209,210).  Given the role of pericytes in BM synthesis, it 

has been hypothesized that pericytes may play an active role in the generation of the LERs, 

with the size of these regions increasing in response to cytokine signalling (162,200,210).   

It has also been proposed that mechanical forces exerted by endothelial cells and pericytes 

contracting during neutrophil recruitment might directly mediate changes in the BM 
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architecture (211,212),  Endothelial cells involved in leukocyte trafficking experience 

increased cytoskeletal tension, which exerts traction on the BM, which has been proposed 

to alter the barrier’s mechanical properties (213).   Pericytes also undergo considerable 

changes in morphology both in response to inflammatory mediators and secondary to their 

interactions with neutrophils, and likewise this has been suggested to exert mechanical 

traction on the BM, leading to membrane thinning and reducing the mechanical barrier to 

leukocytes (198,212). 

In addition, neutrophils themselves are able to remodel the BM, acquiring membrane 

components on their surface during transmigration (209,210).  Activated neutrophils 

secrete MMP-8 and MMP-9 which selectively cleave components of the BM, with the 

cleavage products generated potently chemotactic to neutrophils (214,215), driving 

additional neutrophil recruitment.  Neutrophil proteases are also capable of degradation of 

the BM although given the observed tightly regulated process of neutrophil transmigration 

it is debated whether this effect could be mediated by enzymatic digestion of the BM 

(211,216). 

 Tissue Resident Innate Immune Cells 

As well as pericytes, perivascular macrophages (PVMs) are found in immediate association 

with the abluminal surface of the vascular endothelium (161), although unlike pericytes 

they are outside the BM.  Almost all tissues also possess a ‘dense network’ of tissue-resident 

macrophages (217) derived from embryonic progenitors rather than haematopoietic cells 

(218).  PVMs play a role in neutrophil extravasation, while macrophages found within 

tissues have been implicated in their onward migration (217,219).   

PVMs and/or tissue-resident macrophages have been shown to be key for neutrophil 

recruitment in response to skin infection and urinary tract infection in mice (217,219).  In 

mouse skin infection with Staphylococcus aureus  PVMs act as an important source of 

neutrophil chemokines and modulate both the adhesive and transmigratory activity of 

circulating neutrophils, which preferentially extravasate in close proximity to a PVM (219).    

Tissue-resident Ly6C- macrophages found immediately under the bladder epithelium 

mediate the recruitment of both neutrophils and monocytes in response to urinary tract 

infection through the secretion of CXCL1, MIF and CCL2.  The recruited and newly 

differentiated Ly6C+ monocyte-derived macrophages then secrete TNF which in turn 

induces the tissue-resident Ly6C- macrophages to switch to CXCL2 secretion, driving 

onward neutrophil recruitment across the uroepithelium into the bladder (217). 
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The communication between neutrophils and tissue macrophages is bidirectional 

(220,221).  Macrophage-secreted chemokines bind neutrophil CXCR1, and are capable of 

triggering the neutrophil respiratory burst and release of α-defensins (222,223).  In turn, 

neutrophil activation, in particular the release of NETs, can modulate macrophage 

responses, priming them for cytokine release leading to amplification of the inflammatory 

response (224). 

In addition to macrophages, mast cells are the other prototypic population of tissue-

resident innate immune cells (180,225), and they are described to be involved in an array 

of inflammatory processes via a mast cell-endothelial axis (226).  Mast cells are able to 

respond rapidly to stimuli through degranulation and release of several preformed 

inflammatory mediators and have been described to interact with an array of immune cells 

(227).  Mast cells are able to both induce neutrophil chemotaxis and enhance neutrophil-

mediated pathogen killing through the secretion of an array of cytokines, including 

interleukin 6 (IL-6) and TNF, leukotrienes and chymase (228–231) . 

Tissue resident mast cells and macrophages are able to act in concert. In LPS-elicited 

peritonitis in mice the cooperation of mast cells and tissue resident macrophages has been 

shown to be key to neutrophil recruitment into the peritoneum, with the secretion of 

preformed CXCL1 and CXCL2 from mast cells triggering the initial phases of neutrophil 

extravasation and macrophage chemotactic cues then determining their ongoing migration 

into the peritoneum (232).  It therefore appears that tissue resident innate immune cells 

may collaborate to guide neutrophils towards sites of infection. 

 The Role of Neutrophils in their own Trafficking 

Neutrophils possess surface receptors for a range of chemoattractants, such as chemokines, 

complement component C5a, n-formylated peptides, platelet-activating factor or 

leukotriene B4 (233) and the process of interstitial migration exposes neutrophils to 

multiple gradients of these chemoattractants, acting in concert or competition.  Neutrophils 

are able to integrate and prioritize these signals, moving from one chemoattractant to the 

next serially or in combination, with crosstalk between chemokine receptors (234–236).  

There is a hierarchy of chemoattractants with prioritization of ‘end target’ chemoattractants 

over ‘intermediary endogenous’ chemoattractants (237), for example the chemotactic 

response to N-formyl peptides, released by invasive bacteria and dead cells, supersedes the 

response to CXCL8, (235), ensuring ultimately neutrophils reach the nidus of infection.     

The activation of neutrophil G-protein-coupled receptors by the binding of 

chemoattractants induces changes in surface receptor expression, with intracellular stores 
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of integrins transported to the cell surface(238), and ligand-affinity, with conformational 

changes in neutrophil integrins enhancing binding to endothelial leukocyte adhesion 

molecules (182,238–240). Together these changes enable neutrophil adhesion to the vessel 

wall, and as the neutrophils are exposed to further endothelial-bound chemokines, crawling 

and arrest. 

Neutrophils ‘engage in multidimensional crosstalk’, communicating both with other 

neutrophils, homotypic communication, as wells as with other leukocyte populations and 

the cells of the interstitium, heterotypic communication (102).  The interactions between 

members of the neutrophil population plays a significant role in their accumulation at the 

site of infection.  In mouse models, neutrophil-derived chemokines have themselves been 

shown to play a role in neutrophil extravasation, with CXCL2 secreted by adherent and 

crawling neutrophils facilitating their own extravasation and onward migration (188).   

Scarce ‘scouting’ neutrophils initially accumulate at the inflammatory focus and through a 

feed-forward signalling loop involving multiple inflammatory mediators these cells then 

attract further influxes of neutrophils, amplifying the inflammatory response (102,160).  

This amplification can lead to neutrophil swarming, where groups of neutrophils migrate 

en masse, with chemotaxis coordinated across the population (241).   

As well as amplificatory signals the pioneer scouting neutrophils play a role in determining 

how successive leukocytes navigate the interstitium: transmigrating neutrophils have 

preferentially follow the tracks of preceding extravasated cells, showing less meandering 

motility, and often extravasating at the same site (200).  It is not clear how this effect is 

mediated but directional decision making appears to be modulated by chemotactic and 

chemorepellent gradients, and some of these may be generated by the scouting neutrophils, 

as well as involving physical guidance structures, including pericyte processes (160).   

 

 Chemokines 

Chemokines, chemotactic cytokines, play a role in multiple biological processes, including 

in tissue homeostasis, as well as acting as key chemoattractants in directing leukocytes 

towards sites of inflammation (188).  In neutrophil trafficking, chemokines play a pivotal 

role in both neutrophil arrest on the vessel endothelial surface, enabling extravasation, and 

providing directional guidance (242,243).   

The production of chemokines has been described to be induced by a broad range of stimuli, 

including directly by microbial products and by cytokines, and the chemokine repertoire is 
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stimulus-specific (179,244).  Stimuli act in a synergistic fashion, with multiple stimuli 

required for a maximal chemokine response (245).   

In humans 48 chemokines have been identified (246), and these are classified based on their 

amino terminal cysteine residues into four subfamilies: CXC, CC, C and CX3C.  The CXC 

subfamily is further subdivided into those that have a glutamate-leucine-arginine (ELR) 

motif before the CXC domain (ELR-CXC), and those that do not (247).  ELR-CXC chemokines: 

CXCL1-3 and 5-8 (248), particularly CXCL8, play a key role in neutrophil extravasation 

(244,247), signalling via CXCR1/2 to both activate neutrophils and promote their adhesion 

to the vascular endothelium (233,249).   

Classically, chemokines act on their target cells through G protein-coupled receptor (GPCR) 

binding and the ability of a chemokine to attract a leukocyte population is determined by 

the existence of a suitable receptor on the cells’ surface.  There is considerable chemokine 

promiscuity and perhaps redundancy, with the 48 human chemokines binding around 20 

receptors (246).  Many chemokines share receptors and most chemokine receptors able to 

bind multiple ligands, see Figure 1.5.  In addition, the expression of chemokine receptors is 

not cell-type specific, see Table 1.1.  However, chemokines targeting the same receptor 

show ‘biased agonism’, with differences in signalling efficacy and rates of receptor 

internalization, generating ‘qualitatively distinct patterns of signalling via the same 

receptor in response to different endogenous ligands’ (250).   

In addition to the conventional GPCRs, there exists a family of atypical chemokine receptors 

(ACKRs), which are structurally related to G protein coupled chemokine receptors but lack 

the ability to interact with G proteins and therefore ‘do not transmit conventional  

intracellular signals’ (251,252).  Whilst these receptors are not thought to mediate 

signalling events, they have been described to be involved in chemokine sequestration, 

degradation and transport, as well as regulation of G protein coupled chemokine receptors 

(252,253), with particular importance in the resolution of inflammatory responses (254).  

The role of these receptors in chemokine transcytosis and leukocyte recruitment is 

discussed further in 1.3.2. 

In vivo large numbers of different neutrophil chemoattractants are often found to coexist at 

sites of inflammation, which was hypothesized to mediate signalling redundancy (244) 

however, it has become apparent that spatial or temporal alterations in chemokine 

expression within the tissue environment both modify neutrophil migration patterns 

(255,256).  This diversity of downstream signalling, stimulus specificity and the significance 

of the spatiotemporal dynamics of expression suggests that far from representing 
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redundancy the complexity of this system creates a signalling network that can be precisely 

and intricately modulated. 

 

 

Figure 1.5 Human chemokines and their receptors, from (257).  
Solid lines denote agonistic relationships, dashed lines, antagonistic. The dot-dash line 
between CXCR3 and CCL11 represents a nonagonistic-nonantagonistic binding relationship.  
The bars next to each chemokine represent the colours of their receptors. 
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Receptor Immune cell expression Key immune function 

CXCR1 Neutrophil > monocyte, NK, mast 
cell, basophil, CD8+ TEFF 

Neutrophil trafficking 

CXCR2 Neutrophil > monocyte, NK, mast 
cell, basophil, CD8+ T 

B cell lymphopoiesis, neutrophil 
egress from bone marrow, neutrophil 
trafficking 

CXCR3 Th1, CD8+ TCM and TEM, NK, NKT, 
pDC, B cell, Treg, Tfh 

Th1-type adaptive immunity 

CXCR4 Most (if not all) leukocytes Haematopoiesis, organogenesis, bone 
marrow homing 

CXCR5 B cell, Tfh, Tfr, CD8+ TEM B and T cell trafficking in lymphoid 
tissue to B cell zone/follicles 

CXCR6 Th1, Th17, γδ T, ILC, NKT, NK, 
plasma cell 

ILC function, adaptive immunity 

CCR1 Monocyte, macrophage, 
neutrophil, Th1, basophil, DC 

Innate immunity, adaptive immunity 

CCR2 Monocyte, macrophage, Th1, iDC, 
basophil, NK 

Monocyte trafficking, Th1-type 
adaptive immunity 

CCR3 Eosinophil > basophil, mast cell Th2-type adaptive immunity, 
eosinophil distribution and trafficking 

CCR4 Th2, skin- and lung-homing T, 
Treg > Th17, CD8+ T, monocyte, B 
cell, iDC 

Homing of T cells to skin and lung, 
Th2-type immune response 

CCR5 Monocyte, macrophage, Th1, NK, 
Treg, CD8+ T, DC, neutrophil 

Type 1 adaptive immunity 

CCR6 Th17 > iDC, γδ T, NKT, NK, Treg, 
Tfh 

iDC trafficking; GALT development, 
Th17 adaptive immune responses 

CCR7 naive T, TCM, TRCM, mDC, B cell mDC, B cell, and T cell trafficking in 
lymphoid tissue to T cell zone, egress 
of DC and T cells from tissue 

CCR8 Th2, Treg, skin TRM, γδ T, 
monocyte, macrophage 

Immune surveillance in skin, type 2 
adaptive immunity, thymopoiesis 

CCR9 Gut-homing T, thymocytes, B, DC, 
pDC 

Homing of T cells to gut, GALT 
development and function, 
thymopoiesis 

CCR10 Skin-homing T cell, IgA-
plasmablasts 

Humoral immunity at mucosal sites, 
immune surveillance in skin 

XCR1 Cross-presenting CD8+ DC, 
thymic DC 

Antigen cross-presentation by 
CD8+ DCs 

CX3CR1 Resident monocyte, macrophage, 
microglia, Th1, CD8+ TEM, NK, γδ 
T cell, DC 

Patrolling monocytes in innate 
immunity, microglial cell and NK cell 
migration, type 1 adaptive immunity 

Table 1.1 Chemokine receptor binding by chemokines, from (258) 
Abbreviations: DC, dendritic cell; GALT, gut-associated lymphoid tissue; iDC, immature 
dendritic cell; ILC, innate lymphoid cell; LEC, lymphatic endothelium; NK, natural killer; NKT, 
natural killer T; RBC, red blood cell; TCM, central memory T cell; TEFF, effector T cell; TEM, effector-
memory T cell; Tfh, T follicular helper cell; Tfr, follicular regulatory T cell; Th, T helper; TRCM, 
recirculating memory T cell; Treg, regulatory T cell; TRM, resident-memory T cell; > indicates 
higher relative level of receptor expression. 
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 The Tissue-Chemokine Interface 

Chemokines do not only exist in solution but also bind to both the cell surface and ECM, and 

leukocytes migrate via chemotaxis: directional motility towards soluble chemoattractants, 

or haptotaxis: directional motility towards substrate-bound chemoattractants.  Haptotaxis 

is key in the migration of leukocytes across the vessel wall and through the interstitium 

(160).  

Glycosaminoglycans (GAGs), particularly heparan sulphate, expressed on cell membranes 

and the ECM bind chemokines, stabilizing their presence on the vessel wall and in the 

interstitium (259–263).  In zebrafish, gradients of tissue glycan-bound CXCL8 have been 

identified towards sites of bacterial infection, influencing both the speed and direction of 

travel of neutrophils (264).  The interaction of chemokines with GAGs is highly specific, with 

different chemokines exhibiting differences in both the affinity and the kinetics with which 

they interact with GAGs (265–268), altering the speed with which chemokine gradients are 

both established and removed , facilitating temporal and spatial variation in GAG expression 

enabling ‘selective and sequential display of different chemokines to migrating cells’ (269).  

Relatively little interstitial ECM exists in the CNS, with the majority contributed by the BM 

of the vasculature, which likely contributes the major reservoir of ECM-bound chemokine  

(270). 

In addition to the production of chemokines, venular endothelial cells are able to sequester 

chemokines on their surface via heparan sulphate binding (260).  This leukocyte-

chemokine-endothelial cell interaction is insufficient alone to initiate leukocyte diapedesis: 

a chemokine gradient across the vessel wall itself, with high extravascular chemokine 

concentrations, is also required (271).  Heparan-sulphate expression is highly enriched on 

the abluminal compared to luminal endothelial surface, favouring the creation of  a steep 

chemokine gradient across the endothelial cells (272), and enabling leukocyte 

extravasation.   

Given the requirement for a marked transmural chemokine gradient in leukocyte 

extravasation, perivascular cells are ideally positioned to act as a significant source of 

chemokines in inflammation.  Neutrophil extravasation occurs in hotspots in a spatially-

specific fashion, with neutrophils preferentially extravasating the vessel at the surface 

facing the inflammatory insult (163) and  in close proximity to the locations of perivascular 

macrophages (219).  This effect has been proposed to be modulated by perivascular 

macrophage-secreted chemokines (160), forming focal areas of chemokine binding on the 

luminal surface.  Pericytes have also been described to both secrete chemokines (204) and 

also to express and secrete high levels of heparan-sulphate (273), theoretically enabling 
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them to participate in the formation of these hotspots both by the generation of chemokines 

and their subsequent binding on their cell surface, as well as potentially modulating the 

nearby ECM to favour chemokine sequestration, facilitating leukocyte migration. 

 Endothelial Chemokine Translocation 

For parenchymally-derived chemokines to interact with circulating leukocytes they must 

transcytose across the vascular endothelial barrier.  Parenchymal chemokines were initially 

thought to be able to diffuse paracellularly across the endothelial barrier, however, skin 

venular endothelial cells were instead shown to actively bind CXCL8 injected into the 

parenchyma abluminally and to then transcytose it to the luminal surface, where it bound 

endothelial surface GAGs (274) in a process dependent on endothelial heparan-sulphate 

moieties (261), supporting the abluminal-luminal transport of chemokines as an active 

inflammatory process.  Atypical chemokine receptor 1 (ACKR1), describe below, is 

implicated in playing a central role in this process. 

 Atypical Chemokine Receptor 1 

ACKR1 was first identified as an erythrocyte blood group antigen, Duffy antigen (275), and 

is alternatively known as Duffy antigen receptor for chemokines (DARC), or CD234.  

Erythroid ACKR1 modulates the bioavailability of circulating chemokines (276), as well as 

serving as an entry receptor for Plasmodium vivax and Plasmodium knowlesii (277,278).  The 

ACKR family exhibit highly promiscuous ligand binding, see Figure 1.6, and the role of 

ACKR1 as an erythroid chemokine sink is predicated on this ability bind a wide repertoire 

of both CXC and CC chemokines, preferentially binding most inflammatory but not 

homeostatic chemokines (279). 

 

 

Figure 1.6 The atypical chemokine receptors show highly promiscuous ligand binding, 
from (252).  Includes the chemokines known to bind mouse or human ACKRs. 
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Subsequently ACKR1 was found to be expressed on the vascular endothelium 

(249,274,280), where its function was initially contentious (249).  It was proposed that 

endothelial ACKR1 might mediate chemokine scavenging, in a form of homeostatic 

regulation of chemokine signalling, however it was then demonstrated that upon ligand 

binding ACKR1 internalizes bound chemokines and transcytoses them from the abluminal 

to luminal apical surface, where they are retained (249).  Furthermore, this transport was 

shown to play a role in the recruitment of leukocytes, with overexpression of ACKR1 

mediating increased monocyte recruitment in vitro, and increased neutrophil 

transmigration in response to CXCL1 injection in mice (249), whilst ACKR1 knockout mice 

show reduced neutrophil recruitment in response to CXCL8 or LPS in the lung (281,282).  

The mechanism by which ACKR1 transcytoses chemokines across the endothelial barrier 

has not been fully elucidated, with suggestions it is involved in caveolae-dependent 

vesicular transport (274,283) or a caveolin-independent micropinocytic-like process (284). 

 

 

Figure 1.7 Endothelial ACKR1 translocates chemokines across the vascular 
endothelium and concentrates them at the cell-cell junctions 
 

As already described, the peripheral circulation is segmentally organised and there are 

embryologically established distinctions in endothelial phenotype between these segments 

(285,286).  The expression of ACKR1 varies between different tissues (249) but has recently 

been shown to be restricted to post-capillary and small collecting venules throughout the 

murine circulation (165), while in humans it has been shown to delineate venules in both 

the kidney and spleen (287,288).  This anatomical restriction of ACKR1 expression 

concentrates chemokines to the postcapillary microvessels and  contributes to the 

preferential extravasation in these vascular segments (165).   

In addition, while ACKR1 can be detected across the endothelial surface of the postcapillary 

venules, its expression is greatest at the cell-cell junctions (165).  This junctional 

concentration of ACKR1 enables the concentration of chemokines in these regions, creating 
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‘chemokine depots’ and facilitating the paracellular migration of neutrophils across the 

endothelial barrier in mouse models of muscle inflammation (188), see Figure 1.7. 

To date none of the other ACKRs have been shown to play a role in chemokine transcytosis 

(252). 

 

 The Blood-Brain Barrier 

In the CNS, the BBB separates the tissue parenchyma and the systemic circulation, and 

hence the circulating leukocytes.  The BBB limits the movement of molecules and cells, both 

into and out of the CNS, and therefore imposes tissue-specific challenges to signalling by 

parenchymally derived chemokines, as well as to the extravasation of neutrophils in 

response. 

The blood-brain barrier (BBB) exists throughout the central nervous system (CNS) 

vasculature and serves to functionally isolate the brain from the systemic circulation, and 

hence the rest of the body, including the immune system, allowing only minimal leukocyte 

trafficking from the circulation into the CNS (289).  The existence of this barrier, along with 

the absence of draining lymphatics and conjectured lack of resident parenchymal immune 

cells were thought to confer the property of CNS ‘immune privilege’, however all three of 

these features have since been called into question: basal leukocyte trafficking is not non-

existent but tightly regulated by the BBB (290–292), a functional deep lymphatic system 

has been identified and CNS-derived antigens found in the deep cervical lymph nodes (293–

296), and several CNS resident cells have been shown to be either immunocompetent or 

immunoregulatory (297).  As a result the CNS is now often, and perhaps more accurately, 

termed ‘immune specialized’ , with the BBB central to this property through the regulation 

of the CNS-immune system interaction (289,297,298). 

The BBB is composed of the brain microvascular endothelial cells (BMECs) that form the 

vessel lining along with the perivascular structures that surround them: the basement 

membrane and its embedded pericytes, plus the surrounding sheath of astrocyte endfeet 

(29,299).  There are structural distinctions in different anatomical regions, significantly the 

existence of a perivascular space in the post-capillary venule which enables leukocyte 

trafficking into the CNS (300,301).  The integrity of the barrier is a function of both its 

composition and the intercellular communication of the constituent cells of the 

neurovascular unit (302): the vessel and perivascular structures plus the surrounding 

neurons, myocytes, astrocytes and microglia (303,304). 
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 The Cerebrovascular Endothelial Barrier 

The BMECs are highly specialized, with unique cell-cell junctions, an absence of fenestrae 

and low levels of pinocytosis (270), all contributing to the observed extremely low level of 

permeability of the BBB.  Of particular note, BMECs possess both tight and adherens 

junctions at their contacts (118) which serve to regulate barrier permeability, as well as a 

multitude of additional functions including endothelial stabilization, the maintenance of cell 

polarity, and roles in cell signalling and the modulation of transcription (305).   

 

Figure 1.8 BMEC junctions structurally link cells, creating an impermeable barrier 
BMECs are joined at their lateral borders by tight and adherens junctions.  There are two 
major transmembrane constituents of tight junctions, occludens and claudins (306,307), both 
of which interact with cytoplasmic zonula occludens (ZO) proteins (308,309), which in turn 
can interact with the actin cytoskeleton as well as downstream signalling molecules (310).  
Several other proteins associate with BMEC tight junctions particularly junctional adhesion 
molecules (JAMs) and endothelial selective adhesion molecules (ESAMs).  The major 
constituent of adherens junctions is VE-cadherin (311,312), while platelet endothelial cell 
adhesion molecule (PECAM-1 or CD31) (313,314) also associates with these junctions.  
Adherens junctions also interact with the cell cytoskeleton. 

The BMEC tight junctions are key to creating the  zona occludens (closed zone) of the CNS 

(315), constructing a continuous seal around the apical regions of the lateral membranes of 

the BMECs (310),  preventing the movement of virtually all molecules, except those that are 

very small and gaseous or lipophilic (118,316).  The adherens junctions were originally not 

thought to play a significant role in limiting paracellular permeability but it has become 

apparent that they are involved in the both the establishment and regulation of tight 
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junctions through the modulation of claudin expression via Wnt signalling 

(305,311,312,317).  Together the tight and adherens junctions enable the maintenance of a 

consistent, tightly regulated CNS environment, protecting the highly sensitive and non-

regenerating neurons from injury and optimizing their function (171,318).   

At the parenchymal-circulatory interface, BMECs play a central role in transmission of 

signals both from the circulation to the CNS, and from the CNS to the circulation.  They are 

responsive to signalling by circulating inflammatory mediators, although their effects are 

less potent and shorter lived than those seen in the rest of the vasculature (319), and also 

to cerebral parenchymal signalling via their abluminal surface (316).  The BBB is not static, 

the endothelial structure changes in response to the binding of signalling mediators 

conditions or conditions of cellular stress, triggering alterations in the expression and 

function of both tight junction proteins (320) and transcellular transporters (321).  The 

BMEC layer is therefore able to respond to signals from both the circulation and the CNS 

and mediate downstream effects which alter the CNS environment and as such are of 

interest as a therapeutic target in several neurological conditions (322–324).   

 The Perivascular Structures 

 

 

Figure 1.9 The perivascular structures of the CNS capillaries 
The BMEC layer is bounded by the basal lamina, within which are pericytes.  The lamina is 
reinforced by encircling astrocyte endfeet. 
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 Pericytes in the CNS 

Pericytes are cells of mesenchymal origin found throughout the circulation (325,326), but 

at particularly high density in the CNS with a 1:1-1:3 pericyte to endothelial cell ratio (327), 

covering up to 70% of the abluminal BMEC surface (270,328).  HBVP are found within the 

basement membrane (BM)  between the BMECs and the encircling layer of astrocyte endfeet 

and the CNS parenchyma (204).   

Pericytes are highly heterogeneous, with surface marker expression varying both spatially 

along the vascular tree (184,329) and temporally (330) and no pericyte-specific marker has 

yet been described.  Because of this variability pericytes are usually defined using a 

combination of their anatomical location within the BM, morphology and gene/protein 

expression (330).  It is likely that there are biological differences between these 

subpopulations and the human brain vascular pericyte (HBVP) population is thought to be 

functionally specialized, or alternatively that BMECs respond distinctly to pericyte 

signalling (326,331,332) 

Pericytes extend long processes over the vessel wall  and there are multiple contacts 

between each pericyte and the vascular endothelium (333,334).  Gap junctions enable 

pericytes to communicate with endothelial cells through the direct exchange of ions and 

small molecules, while peg-and-socket arrangements on pericyte processes penetrate the 

basal lamina in multiple places and contact multiple endothelial cells, allowing 

communication between multiple cells in anatomically distinct locations (334).  There are 

also adhesion plaques formed between the cell surface membranes, enabling the 

transmission of tensile forces  (335–339).  HBVPs are therefore optimally positioned and 

connected to disseminate signals in response to changes in the CNS microenvironment 

(333).  Multiple signalling axes have been described to exist between endothelial cells and 

pericytes including transforming growth factor beta (TGFβ), platelet derived growth factor 

beta (PDGFβ) and angiopoietin,  (330,331,340). 

Pericytes have many described functions, particularly playing a central role in angiogenesis 

and the regulation of blood flow, while the interaction of pericytes and endothelial cells has 

been shown to modulate endothelial cell proliferation and barrier permeability (341–343) 

as well as being involved in the regulation of leukocyte trafficking (325), discussed in more 

detail in 1.2.4. The density of pericyte coverage correlates with the extent of the endothelial 

barrier properties, with brain>lung>muscle (330), and sufficient HBVP coverage is essential 

to the development of the CNS vasculature and the maintenance of an intact, impermeable 

BBB, with pericytes inducing endothelial tight junction formation and decreasing 

expression of molecules that mediate vascular permeability (326,331,344).  Mice lacking 
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pericyte coverage of their CNS vasculature both develop CNS microaneurysms and display 

BBB defects (326,345).   

Whilst HBVP undergo phenotypic changes under conditions of stress, particularly migrating 

towards or away from stimuli and proliferating (333).  They are also contractile, regulating 

CNS capillary diameter (346,347) and have been described to be able to differentiate along 

both mesenchymal and neural lineages (348,349) in response to cellular stress (333).  

Pericytes have been described to be capable of responding to a broad range of inflammatory 

mediators, including IFN-γ, IL-1β, IL-6 and TNF (184,197,204,350–352), which may enable 

them to sense and respond to signals secreted by canonical innate immune cells, the CNS 

populations of which are described in 1.4.3. In their position between the parenchyma and 

the vascular endothelium, pericytes are uniquely positioned to signal between the tissues 

and, via the vessel endothelium, circulating cells, modulating the inflammatory cascade.  

Pericytes have been described to be involved in the pathogenesis of many human diseases, 

particularly pathological angiogenesis, fibrosis and ischaemia (330) and there is increasing 

evidence of a role for HBVPs in a range of CNS diseases, with hypothecated roles in cerebral 

ischaemia and stroke, angiogenesis in diabetic retinopathy and impaired amyloid clearance 

in Alzheimer’s disease  (353).  In CADASIL, an inherited angiopathy caused by a mutation in 

the NOTCH3 gene, poor pericyte vessel coverage causes cerebral vessel permeability 

defects, vessel wall hypotonia and watershed hypoperfusion (311).  With regards to 

cerebral infection, HBVP have been shown to express TLRs and to be immunoactive in 

culture (203), as well as exhibiting phagocytic activity (354), potentially enabling them to 

play a role in the response to pathogens.  HBVP are known to be infected by cytomegalovirus 

(CMV), Japanese Encephalitis virus and human immunodeficiency virus (HIV) infection, 

with downstream effects on BBB integrity (202,355–357).  Their role in other cerebral 

infections, including meningitis, has not yet been described.   

 The CNS Vascular Basement Membrane 

CNS microvessels possess a specialised highly proteinaceous double BM, further limiting 

the permeability of the BBB and posing a formidable barrier  to the movement of cells 

(358,359).  The endothelial layer of the BM engulfs the pericytes while the parenchymal 

layer separates away in the postcapillary venules, creating the perivascular space (360), see 

Figure 1.10.  The parenchymal layer of the BM is contiguous with the lining of the Virchow 

Robbin spaces, and hence the pia mater layer of the meninges and meningeal vessels 

penetrating the brain acquire tight junctions and a BBB phenotype at this point of transition 

across the pia mater (298). 
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Figure 1.10 The postcapillary venule basement membrane is split into two layers 
bounding the perivascular space. 
Higher up the vascular tree the basement membrane is fused into a single layer, which is 
continuous with the pia mater and bounds the Virchow-Robin spaces, which are contiguous 
with the subarachnoid space.  Diagram based on (298), with zoomed in area shown in yellow. 

The pericyte-endothelial interaction regulates BM assembly (361,362) and HBVPs 

contribute proteins to the formation of the endothelial layer of the basal lamina (197).  As 

with the endothelial and pericyte layers, the basal lamina is highly dynamic and is modified 

by pericyte proteases in response to cellular stress, leading to alterations in barrier 

permeability and the mechanics of CNS leukocyte trafficking (339,363–365). 

 Astrocytes 

Although beyond the scope of the experimental work presented here, astrocytes also play a 

role in BBB structure and function.  While the astrocyte cell bodies exist outside of the BM 

their endfeet provide structural support to the barrier and they form an intermediary layer 

between the vasculature and CNS parenchyma (316).  The presence of astrocytes induces 

endothelial barrier properties, tight junction organization and the polarisation of 

endothelial luminal transporters in vitro, and it is thought that they play a role in BBB 
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maintenance and the modulation of BBB permeability (331,366), as well as a role in the CNS 

inflammatory responses (316) 

 CNS Tissue-Resident Innate Immune Cells 

The CNS possesses a unique repertoire of innate immune sentinel cells, enabling the 

induction of local inflammatory responses in a tightly regulated manner that attempts to 

preserve neuronal integrity (51).  

The most abundant CNS innate immune sentinels are microglia, which are found within the 

CNS parenchyma (51) and are populated at birth from yolk sac progenitors and maintained 

for life without replenishment from bone-marrow derived cells (367).  Under basal 

conditions, microglia are stationary with cellular processes that dynamically extend into the 

CNS parenchyma, continuously surveying the tissue environment (368,369).  Microglia are 

rapidly activated by environmental changes, sensing ATP released from damaged cells 

(368,370) and adopting an amoeboid phenotype (51).  However, in vitro microglia are poor 

antigen presenters compared to bone marrow derived macrophages (371,372), and several 

populations of bone marrow derived macrophages exist in the CNS: the meninges, choroid 

plexus and perivascular spaces are all populated with specialized macrophages (373), 

which may serve as more potent activators of the inflammatory cascade.   

 

 

Figure 1.11 The neurovascular unit and the CNS tissue resident innate immune cells 
The cerebral microvasculature forms part of the neurovascular unit, which also includes 
surrounding neurons and astrocytes.  In addition, the CNS parenchyma hosts several resident 
innate immune cell populations, including perivascular macrophages and microglia. 
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CNS perivascular macrophages (PVMs) are located distinctly compared to PVMs in other 

tissues, being found within the perivascular space between the endothelial and 

parenchymal layers of the BM (374); this anatomical positioning place perivascular 

macrophages in the prime position to respond to blood-derived stimuli (51).  These cells 

are the only constitutively phagocytic cells of the CNS  (375) and are replenished from 

circulating myeloid cells, which appear to be able to cross the BBB and then differentiate 

into perivascular macrophages (376,377), wrapping around the vessel wall and 

continuously scanning the perivascular space  (51), responding to PAMPs and cytokines 

(378,379) and scavenging molecules that have traversed the  BBB (375,380–382). 

A specialized population of juxtavascular microglia also exist in association with the vessels.  

Whilst not a constituent part of the blood-brain barrier these cells are in close proximity to 

the BBB and in direct contact with the astrocyte endfeet (328,383,384) and may play a role 

in sampling blood components (385).  It also appears that the meninges and choroid plexus 

contain a population of dendritic-like (CD11c+, bone marrow derived) cells (386); the 

choroid plexus is the only anatomical region of the CNS with a fenestrated vascular 

endothelium, and may therefore require additional immunological surveillance (32) and 

resident dendritic cells may also play a significant role in antigen presentation in this 

context. 

 Neutrophil Recruitment into the CNS 

As already described, neurons are intolerant of the cytopathic inflammatory responses that 

are seen in most tissues.  Neutrophil recruitment into the CNS is therefore tightly regulated 

(51) and neutrophils are not found in the cerebral parenchyma under basal conditions and 

are rarely found in the cerebrospinal fluid (CSF) of healthy humans (291), however, in 

response to infection the immune system is able to gain access to the CNS compartment 

(387) and in the context of pneumococcal meningitis there is a marked infiltration of the 

CNS by neutrophils (18).    

There are several distinct possible portals of entry for leukocytes into the CNS: from the 

blood into the parenchymal perivascular space in the post capillary venules of the brain 

parenchyma or the spinal cord, or from the blood into the CSF via the postcapillary venules 

of the meningeal vessels of the subarachnoid space or of the choroid plexus in the cerebral 

ventricles (388).  These potential portals are regulated by the BBB and/or the blood-CSF 

barrier, with the relative contributions of each to leukocyte recruitment not yet known 

(291,387,389).   
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Transmigration into the CNS therefore requires overcoming specific anatomical barriers 

which pose challenges for both parenchymal signalling to circulating leukocytes, and 

leukocyte extravasation.  The difficulties in accessing this tissue has made the elucidation of 

the tissue-specific features of CNS leukocyte recruitment challenging, even in animal 

models, and impossible in vivo in humans.  In addition, most of the published literature 

examining this is investigating T cell recruitment in EAE in mice.  CNS neutrophil 

recruitment remains poorly described. 

 Unique Anatomical Features 

The CNS BMEC barrier imposes specific challenges to the extravasating leukocyte.  The 

BMECs constitutively express only low levels of leukocyte adhesion molecules.  This 

property is dependent on multicellular interactions and HBVP have been shown to basally 

suppress the expression of leukocyte adhesion molecules by BMECs (331,390), limiting 

levels of leukocyte trafficking.   

As described in 1.2.3, elsewhere in the vasculature, the majority of leukocytes extravasate 

paracellularly.  In contrast to this, in mouse EAE it has been observed that the majority of T 

cells extravasate the cerebral vasculature transcellularly, likely due to the tight junctions 

between endothelial cells, which limit the paracellular movement of cells (391). 

Once across the BMEC barrier, neutrophils infiltrating the CNS must traverse both the two 

layers of the double BM and also navigate the perivascular space (1), providing additional 

mechanical challenges to their tissue migration.   However, the perivascular macrophages 

of the CNS are uniquely located anatomically within the perivascular space between the two 

layers of the BM and in response to inflammatory stimuli CNS PVMs secrete matrix 

metalloproteinases which degrade the parenchymal layer of the BBB, facilitating the 

leukocyte infiltration of the CNS (392).   

The population of CNS PVMs is expanded in response to inflammation by the recruitment of 

circulating monocytes across the BBB, which then differentiate and adopt a tissue resident 

phenotype, amplifying these responses (393).   

Mast cells also exist on the parenchymal side of the blood-brain barrier and although they 

are found in relatively small numbers circulating mast cells are also capable of 

transmigrating across the BBB in response to inflammation, again increasing the pool of 

cells (394).  Mast cells have been shown to be an important initial source of TNF in 

neuroinflammation (395) although their role in CNS infection is not known and beyond the 

scope of the experimental work presented here. 
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Microglia also possess many of the properties of tissue-resident macrophages, although 

they are less efficient antigen presenters than canonical macrophages (367,396), secreting 

both cytokines and chemokines, particularly CXCL10, CCL1, CCL2 and CCL5, in response to 

stimulation (397), and they may therefore also play a role in the trafficking of extravasated 

leukocytes within the tissue.   

 CNS Chemokines & Other Chemoattractants 

CNS chemokines have been shown to play a role in several CNS infections (398–401) and 

immature rodents, who like human children (402), are at particular risk of neurological 

damage following cerebral infection, show significantly greater neutrophil recruitment in 

response to CNS chemokines than adults, in spite of the equivalence of the chemokine 

concentrations (403).  It has also been proposed that, in addition to their core role in 

leukocyte trafficking, chemokines may have direct effects on BBB permeability (404) and 

this effect may also be particularly pronounced in youth (403), but the relative significance 

of this in the  pathogenesis of neuroinflammation is not clear. 

The specific mediators stimulating the neutrophil influx seen in S. pneumoniae meningitis 

are not known.  In animal models, the intrathecal injection of recombinant TNF is sufficient 

to induce CNS leukocyte recruitment (405).  However, the concomitant intrathecal 

administration of anti-TNF antibodies alongside S. pneumoniae only diminishes the CSF 

leucocytosis induced by the infection, it does not entirely abrogate it (405).   

Unlike TNF, intrathecal administration of IL-1β does not cause CSF pleiocytosis in rabbits 

(405).  In spite of this, caspase 1 knockout mice show lower levels of IL-1β and reduced 

leukocyte recruitment and cerebral oedema (73) and the intrathecal administration of anti- 

IL-1β antibodies reduces CNS leukocyte recruitment in response to intrathecal TNF (405).  

In contrast, IL-6 may play a role in inhibiting CNS leukocyte recruitment.  IL-6 knockout 

mice demonstrate reduced CSF pleiocytosis in response to CNS infection with S. pneumoniae 

(93).  

The complement system also plays a role as a CNS neutrophil chemoattractant (153,406).  

Under unstimulated conditions mouse BMECs have been described to produce factor H, a 

complement inhibitor, which might help counter complement-mediated neutrophil 

chemotaxis under unstimulated conditions, and administration of recombinant factor H has 

been shown to reduce leukocyte recruitment in response to antibody-mediated CNS 

inflammation (407).    Several CNS parenchymal cell populations have been identified to be 

able to produce complement factors (408–411).  It is also hypothesized that tissue-resident 
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macrophage populations in the CNS may act to produce complement locally in response to 

CNS infection (9).   

1.4.4.2.1 CNS Chemokine Receptors 

In the CNS, as already described, the BBB allows only minimal movement of molecules 

across its surface, and chemokines are not able to move passively across the barrier but 

must be actively transported from the abluminal to luminal surface if they are to function in 

leukocyte recruitment from the circulation.  As elsewhere in the circulation this process 

appears to be principally mediated by atypical chemokine receptor 1 (ACKR1)  (251).   

ACKR1 has been demonstrated to be upregulated on the BBB in EAE in mice and multiple 

sclerosis (MS) in humans in vivo (251).  The recruitment of T cells into the CNS is central to 

the pathogenesis of both of these diseases, and this process has been shown to be dependent 

on CNS chemokines produced by the cells of the CNS parenchyma, rather than the BMECs 

(412–417) and the translocation of chemokines across the BBB by ACKR1 plays a key role 

in the recruitment of leukocytes in this context (251).   

It is, however, possible that classical G-protein coupled chemokine receptors also play a role 

in the translocation of chemokines; CCL2 has also been demonstrated to be transported 

across the BBB by binding CCR2 in a caveolae-dependent process (418,419).  Although they 

may not transcytose chemokines, there is increasing evidence that other ACKRs may be 

involved in leukocyte trafficking in the CNS, with considerable evidence that they are 

involved in the pathogenesis of EAE.   

Whilst not known to play a role in chemokine transcytosis, other atypical chemokine 

receptors appear to be involved in neuroinflammation.  ACKR2 (D6) is involved in the 

priming of T cells and their recruitment into the CNS in EAE, via the suppression of dendritic 

cell migration to the lymph nodes (420), and a role in T cell polarization (421).   

ACKR3 (CXCR7) scavenges CXCL12, a chemokine which is normally polarized to the 

abluminal surface of the BBB and which restricts the entry of CXCR4 expressing leukocytes 

into the CNS by constraining them to the perivascular space (422,423).  In EAE, ACKR3 

expression is increased resulting in the internalization of abluminal CXCL12 into the BMECs, 

reducing its polarization and facilitating the escape of leukocytes from the perivascular 

space into the CNS parenchyma.  Accordingly the blockade of ACKR3 has been shown to 

reduce the entry of leukocytes into the CNS (424).  In EAE, ACKR3 also plays a role in 

preserving neuron integrity and the migration of activated microglia (424,425).   

ACKR4 has also been implicated in the pathogenesis of EAE through an unknown 

mechanism, with ACKR4 deficient mice experiencing faster onset, and more severe, disease 
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(426).  Together this has led to the postulation that ACKRs may represent a therapeutic 

target in neuroinflammation (253). 

 Neutrophil Recruitment in Response to S. pneumoniae in the CNS 

Given the unique cell populations and anatomical structures, there is likely to be tissue-

specifity in the recruitment of neutrophils into the CNS in response to S. pneumoniae, 

although the specifics of this have not yet been elucidated.  

Rodent BMECs have been described to be responsive to pneumococcal cell wall components 

(136).  Expression of leukocyte adhesion molecules on the BMECs of mice has been 

described to be upregulated in response to infection, with ICAM-1 upregulated in response 

to Semliki Forest virus (398,399,427), while both ICAM-1 and VCAM-1 are upregulated in 

response to CNS infection Trypanosoma cruzi (428).  It therefore appears that the 

cerebromicrovascular endothelial layer may itself be responsive to infectious pathogens 

and may be able to directly recruit neutrophils in response to S. pneumoniae. 

Meningeal or perivascular macrophages, microglia, astrocytes and CNS mast cells have all 

been proposed to play a role in leukocyte trafficking in response to S. pneumoniae.  In animal 

models of S. pneumoniae meningitis, astrocytes and microglia have been shown to be 

activated by the presence of S. pneumoniae (17,21). Neurons, however, cannot respond 

directly to the presence of S. pneumoniae, (429).  The role of HBVP in this infection has not 

been described and the intercellular interactions that likely underpin leukocyte recruitment 

in this context are also unknown. 

Many chemokines have been detected in the CSF of patients with S. pneumoniae meningitis: 

CCL2, CCL3, CCL4 CCL8, CCL15, CCL18,  CCL20, CXCL1, CXCL5, CXCL7, CXCL8 and MIF have 

all been found at elevated levels (78,89,430–433), but the roles and relative contributions 

of these is not yet clear (9).   

CXCL8 in the CSF is chemotactic for neutrophils (431), and the blockade of CNS leukocyte 

recruitment in rabbits has been shown to stimulate a further increase in CSF CXCL8 levels, 

indicating both local production and feedback regulation of expression  (434).  However, in 

patients, CSF CXCL8 level and white cell count do not correlate (431), and in rabbits it is the 

systemic, rather than CSF, level of CXCL8 that appeared to be central to the development of 

CSF pleiocytosis (434).  This has been taken to suggest the CXCL8 is regulating CNS 

leukocyte recruitment from the systemic compartment (9), however, given that there is 

chemokine translocation from the brain parenchyma into the vasculature, discussed in 

1.3.2 & 1.4.4.2, this may be a false distinction.   
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CXCL8 is not the only significant chemokine in this context.  CXCL5 has been demonstrated 

to act in concert with CXCL8 to induce neutrophil chemotaxis in bacterial meningitis (432) 

and intracisternal inoculation of recombinant CXCL2 or CCL3 has also been shown to be 

sufficient to induce CNS leukocyte recruitment and BBB breakdown in rabbits (405).  

Meanwhile the addition of antibodies to CCL2, CCL3 CCL4 to the CSF of patients with S. 

pneumoniae meningitis inhibits its monocyte chemotactic properties (431).  Genetic 

polymorphisms associated with increased expression of MIF have also been demonstrated 

to be associated with both risk of S. pneumoniae meningitis and worse morbidity and 

mortality in patients (11,435). 

The sources of CNS chemokines in S. pneumoniae are not yet known.  In animal models of S. 

pneumoniae meningitis, the depletion of tissue-resident macrophage populations results in 

decreased CSF leukocyte counts in spite of greater expression of both leukocyte adhesion 

molecules on the BBB and increased levels of CXCL2 in the CSF (108).  Other cells of the CNS 

parenchyma may also play significant roles, CCL3 is secreted by astrocytes stimulated with 

pneumococcal cell wall products in vitro (436), supporting an additional role for the CNS 

parenchyma in chemokine production.   

In patients with S. pneumoniae meningitis, high levels of CSF complement correlate with 

disease severity and mortality, although interestingly this relationship seems to be reversed 

in meningococcal meningitis (437).  It therefore appears that a broad repertoire of 

chemoattractants is expressed in response to CNS infection with S. pneumoniae, which, 

along with the inflammatory cytokines, interact to mediate leukocyte recruitment into the 

CNS.   

The challenges in disentangling the relative contributions of the different cell populations 

and inflammatory mediators in the pathogenesis S. pneumoniae meningitis has led to 

interest in both intravital microscopy and in vitro models of the disease. 

 Modelling the BBB 

The inaccessibility of the BBB makes it a difficult tissue to study, with only post mortem 

tissue available in human studies, and until the recent development of intravital imaging 

techniques (438,439) there were limited modalities to study leukocyte recruitment across 

the BBB in vivo even in animal models.  Whilst intravital microscopy does enable direct 

visualization of the BBB there remain limits to its utility, both in the requirement for live 

animals and the challenges it poses in disentangling cellular responses within tissues.  As a 

result, several in vitro models have been developed of differing complexity that allow the 

exploration of BBB biology and/or leukocyte recruitment in an experimentally tractable 
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fashion.  There is rapid progress in this field but there remains little consensus as to optimal 

techniques or the requisite features, in part due to limitations in our knowledge of the in 

vivo BBB, and the ideal cell culture model of the BBB is yet to be developed (440).   

In static culture systems BMECs, are cultured on the upper surface of a permeable 

membrane in a transwell support.  Other cell types can be added to create co-culture 

models, typically astrocytes or pericytes are added either alone or in combination, in- or 

out-of-contact with the endothelial monolayer (441–443) see Figure 1.12.  Models using 

primary BMECs isolated from the cerebral vasculature of several species are well 

characterised (441,444–447), and this approach has been applied to models of the human 

BBB (448), however primary human BMECs are difficult to obtain, expensive and limited in 

quantity and in order to overcome these challenges immortalised human 

cerebromicrovascular cells have been created (449).   

The hCMEC/D3 cell line is used in this work; this cell line was derived from human temporal 

lobe microvessels excised during epilepsy surgery, immortalised via lentiviral transduction 

with the human telomerase catalytic subunit and SV40 large T antigen (450).  These cells 

exhibit a stable normal karyotype and grow indefinitely without phenotypic 

dedifferentiation.  Importantly for this work, they also demonstrate BBB characteristics, 

including the expression of tight junction proteins, the expression of chemokine receptors 

and the upregulation of the expression of leukocyte adhesion molecules in response to 

inflammatory cytokines (449), and have been successfully used in  in vitro BBB models 

(443). 

 

 

Figure 1.12 Transwell BBB models 
An endothelial monolayer is cultivated on a permeable transwell support, either alone (a) or 
with additional cell types added either in-contact (b), out-of-contact (c), or both (d). 

Both primary and transformed BMECs show decreased barrier properties in monoculture 

in vitro compared to those seen in vivo (451–453), and this property has been shown to be 

enhanced by including other cells of the neurovascular unit: pericytes, astrocytes or 

neurons (441,454–457).  Recently, human pluripotent stem cells have been used to derive 

BMECs, neurons, astrocytes and pericyte-like cells (458,459) enabling the creation of 

(a) (b) (c) (d) 
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isogenic coculture modules of the neurovascular unit, overcoming some of the 

disadvantages of using cell lines (458–461).   

Shear stress, mediated by flow across the endothelial surface, is also known to be important 

to the development of the BBB phenotype and this is also integrated into some more 

complex models (462–466).  Self-organizing approaches that mimic angiogenesis have also 

been developed, enabling recreation of multicellular cerebral microvascular networks 

(467).  These novel models are not yet well characterised but together may allow the 

creation of BBB models that recapitulate the in vivo barrier phenotype, enabling the fine 

dissection of the nature of cellular interactions in the neurovascular unit. 

These models have been used to explore leukocyte recruitment in certain contexts.  In 

porcine co-culture models pig cerebral pericytes were shown to secrete CXCL8 after 

stimulation with TNF, IL-1β or LPS and to stimulate increased neutrophil recruitment 

across the endothelial barrier (350,468).   

Here I adopted coculture BBB models to investigate the interaction of the cells of the BBB 

in the orchestration of neutrophil recruitment in response to S. pneumoniae. 
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2. RESEARCH OBJECTIVES 

In this thesis I sought to address gaps in our understanding of how the CNS vasculature 

detects the presence of infection with S. pneumoniae and how this process results in the 

recruitment of neutrophils across the BBB.  My aim was to further our understanding of the 

mechanisms underpinning the marked neutrophil influx into the brain seen in 

S. pneumoniae meningitis, with a view to enabling specific therapeutic targeting of this 

process. 

My research objectives for this thesis are listed below, and expanded upon in each results 

chapter: 

1. To develop an in vitro BBB model and use this to investigate the 

recruitment of neutrophils in response to infection with S. pneumoniae. 

2. Characterize the hCMEC/D3 and HBVP response to stimulation with 

S. pneumoniae and the effect of the interaction of the cell types on these 

responses. 

3. Examine the effect of the MDM response to S. pneumoniae on neutrophil 

recruitment across the BBB 
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3. METHODS 

 Reagents 

 

Cell Type Medium Culture Conditions 

hCMEC/D3 Supplemented EBM-2 37°, 5% CO2 

HBVP Complete HBVP Medium 37°, 5% CO2 

HeLa Complete Dulbecco’s modified 
Eagle’s medium (DMEM) 

37°, 5% CO2 

HEK293T Complete DMEM 37°, 10% CO2 

Neutrophils Transmigration medium 37°, 5% CO2 

MDMs MDM differentiation & maintenance 
medium 

37°, 5% CO2 

Table 3.1 Cell types & culture conditions 

 

Medium Composition 

Supplemented EBM-2 EBM-2, Il (Lonza), 50ml FBS, 500µl (Biosera) 1mg/ml 
hydrocortisone (Sigma), 10ml lipid concentrate (Thermo 
Fisher Scientific), 5ml 1mg/ml ascorbic acid solution 
(Sigma), plus 1ml of 1ng/ml BFGF (Thermo Fisher 
Scientific) added per 200ml supplemented EBM-2 at time 
of use 

Complete HBVP medium HBVP medium (Sciencell) supplemented with pericyte 
growth supplement (Sciencell), as supplied. 

Transmigration, 
stimulation & MDM 
maintenance medium 

RPMI-1640 (Invitrogen) supplemented with 10% FCS 
(Biosera) 

MDM: Differentiation 
Medium 

RPMI-1640 (Invitrogen) supplemented with 10% 
autologous heat-inactivated serum and M-CSF (20ng/ml, 
R&D systems) 

Complete DMEM Dulbecco’s modified Eagle’s medium supplemented with 
10% FBS 

Table 3.2 Cell culture medium 
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Solution Composition 

Phosphate-buffered saline (PBS) 950mg/l phosphate (as sodium 
phosphate), 201mg/l potassium chloride, 
8120mg/l sodium chloride 

 

Non-sterile purposes: 1 tablet (Gibco) in 
500ml dH2O 

Sterile purposes: pre-formulated (Gibco), 
with or without calcium and magnesium 

PBS-Tween PBS, as above, with 0.05% Tween-20 
(Fisher Scientific) 

hCMEC/D3 freezing buffer 95% heat-inactivated FBS (Biosera), 5% 
DMSO (Sigma) 

HBVP freezing buffer Cryo-SFM (Promocell) 

FACs buffer 500ml PBS, 0.5%BSA, 0.01% sodium azide 

Table 3.3 Buffers & solutions 

 

Stimulus Diluent 

TNF (Life Technologies) Stimulation medium, 0.1-100 ng/ml 

LPS (LPS-EB Ultrapure, Invivogen) 

PAM-2-CSK4 (Bio Techne) 

Streptococcus pneumoniae: TIGR4 Stimulation medium, MOI 1-100 

CCL2 (Cambridge Bioscience) Stimulation medium, 0.1-1000 ng/ml 

CCL2 – biotinylated (Generon) Stimulation medium, 0.1-1000 ng/ml 

CSF2 (GM-CSF) (Peprotech) Stimulation medium, 5 ng/ml 

CXCL8 (Generon) Stimulation medium, 0.1-1000 ng/ml 

CXCL8 - biotinylated (Generon) Stimulation medium, 0.1-1000 ng/ml 

IFNγ (Peprotech) Stimulation medium, 5 ng/ml 

IL-1α (Peprotech) Stimulation medium, 50 pg/ml 

IL-1β (Peprotech) Stimulation medium, 50 pg/ml 
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IL-6 (Life Technologies) Stimulation medium, 50 pg/ml 

OSM (Insight) Stimulation medium, 5 ng/ml 

Table 3.4 Stimuli 

 

Target Species Product 
Code 

Dilution Manufacturer 

NFkB Rabbit Sc-372 1:100 Santa Cruz 

αSMA Mouse M085129-2 1:100 Dako 

CD31 Mouse M082329-2 1:100 Dako 

CD146 Mouse 550314 1:100 BD 

NG2 Mouse sc-53389 1:100 Santa Cruz 

PDGFRβ Rabbit ab32570 1:100 Abcam 

VE-Cadherin Mouse 555661 1:100 BD 

ZO-1 Mouse PA5-21965 1:100 Life Technologies 

JAM-A Mouse 1H2A9 1:100 Santa Cruz 

ACKR1 Rabbit PA5-20360 1:100 Life Technologies 

CD66b (PE 
conjugated) 

Mouse 392903 1:100 BioLegend 

Table 3.5 Primary antibodies 

 

Target Species Product 
Code 

Dilution Manufacturer 

Mouse Goat  1:500 Invitrogen 

Rabbit Goat  1:500 Invitrogen 

 
Table 3.6 Secondary antibodies 
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 Statistical Analysis of Data 

Statistical analysis of results was performed using GraphPad Prism V8 software with the 

tests used indicated in the relevant figure legends. 

 

 Modelling the Blood-Brain Barrier 

  hCMEC/D3 

hCMEC/D3 cells were seeded on vessels coated with rat collagen I (10μg/cm2) (Cultrex) at 

a density of 25 000/cm2 and maintained in supplemented EBM-2 medium, as per 1.1.1.3.  

Cells were passaged using trypsin (Invitrogen) once confluent and used until passage 35. 

 HBVP 

HBVP cells (Sciencell) were seeded on poly-l-lysine (Sciencell) coated vessels (2μg/cm2) at 

a density of 4000/cm2 and maintained in complete pericyte medium (Sciencell).  Cells were 

passaged using pericyte detachkit (Promocell) as required and used until passage 10. 

 BBB Models 

 

Figure 3.1 The Transwell Models: Endothelial monoculture (E), endothelial and pericyte 
coculture in contact (EPIC), endothelial and pericyte coculture out of contact (EPOC) 
 

 The Endothelial Monoculture Model, E 

6.5mm diameter polycarbonate membrane transwells with 3μm pores (Corning) were 

coated with 100μl of 75μmg/ml rat collagen-I (Cultrex) solution for 2 hours, then washed 

with PBS.  400ul of supplemented EBM-2 was introduced into each basal chamber and 

hCMEC/D3 cells were then seeded at 50 000/cm2 onto the apical surface of the transwell 

membrane.   
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For imaging experiments, polyethylene (PET) membrane transwells were substituted, other 

specifications as described. 

 Other Monoculture Models 

HELA or HEK293T cell lines, or primary HBVP were seeded onto the transwell membranes 

as described in 3.3.3.1, and maintained in the culture conditions described in Table 3.1. 

 The Endothelial & Pericyte In-Contact Co-Culture (EPIC) Model 

The apical surfaces of 6.5mm diameter polycarbonate membrane transwells (Corning) with 

3μm pores were coated with 100μl of 75μg/ml rat collagen-I solution for 2 hours, then 

washed with PBS.  The basal surfaces were coated with 100ul of 15μg/ml poly-l-lysine 

(ScienCell) overnight, then washed with PBS.  The transwells were then inverted and HBVP 

seeded at 5000/cm2 in a 50μl drop on each basal membrane surface.  The HBVP were 

adhered for 2 hours; the membranes were then righted and gently lowered into 400ul of 

complete EBM-2 in each basal chamber.  hCMEC/D3 cells were then seeded at 50 000/cm2 

onto the apical surface of the transwell membrane. 

 The Endothelial & Pericyte Out-of-Contact Co-Culture (EPOC) 

Model 

The surface of basal chambers were coated with 400ul of 15μg/ml poly-l-lysine overnight, 

then washed with PBS.  HBVP were seeded onto the surface of the basal chambers at 

5000/cm2 and allowed to adhere for 24 hours.   

6.5mm diameter polycarbonate membrane transwells with 3μm pores were coated with 

100μl of 75μg/ml rat collagen-I solution for 2 hours, then washed with PBS.  The HBVP 

seeding solution was then replaced with 400ul of complete EBM-2 in each basal chamber 

and hCMEC/D3 cells were seeded at 50 000/cm2 onto the apical surface of the transwell 

membrane.   

In all models, the media was replenished at day 3 and experiments performed at day 6, 

unless otherwise described. 
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 Modelling Infection/Inflammation at the BBB 

 Cultivation of Streptococcus pneumoniae 

TIGR4 strain Streptococcus pneumoniae was expanded from the stock of the Brown Group, 

UCL.  Stock bacteria were streaked onto blood agar plates and incubated overnight at 37°, 

5% CO2. A colony was collected and inoculated into 15ml THY media, which was then 

incubated at 37°, 5% CO2 until an optical density of 0.4 was achieved.  Glycerol was then 

added to achieve a concentration of 10%, and the stock frozen in small volume aliquots at -

80°.  For use in experiments, the stock aliquots were defrosted and collected by 

centrifugation at 13000RPM for 10 minutes.  The bacterial pellet was then resuspended in 

PBS to the required concentration. 

TIGR4 was chosen as a clinically-derived strain, isolated from a case of invasive 

pneumococcal disease which is now a well established and characterized lab strain.  It was 

used in initially experiments at a range of MOIs, and 1/5/10 chosen to allow for a detectable 

cellular response, while minimizing cell death within the timeframe of the experiments.  In 

coculture experiments, due to the different densities of the cell populations an MOI had to 

be chosen that would be within this range for both cell types: 1 for hCMEC/D3 and 10 for 

the HBVP, as the hCMEC/D3 are at an approximately 10x greater density. 

 Stimulation of the Transwells 

Stimuli were made up as per Table 3.4 and introduced into the basal chamber of the 

transwells, which were then incubated at 37° for 6 hours.  This time point was chosen in 

order to allow for transcriptionally mediated changes in the endothelial cells to occur, and 

the resultant effects on cell phenotype to be evident. 

 Leak Assays 

 Evans Blue Leak Assay 

Evans Blue (Sigma) was diluted in complete EBM-2 to a concentration of 0.1% and warmed 

to 37°.  100μl of Evans Blue solution was then added to the apical chamber of the transwell 

and the transwells incubated for 30 minutes.  The transwells were then discarded and the 

absorbance of the basal media read at 650nm using an ELISA plate reader 
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 FITC Leak Assay 

FITC-Dextran 4kDa (Sigma) was diluted in PBS +Ca/M to 5mg/ml.  25ul of 5mg/ml FITC 

solution was added to the transwell apical chamber and the transwells incubated for 3 

hours.   100μl samples of the basal chamber were then placed into an ELISA plate and read 

on a fluorescence plate reader.  The transwells could then be used in other experiments.   

Standard curves were constructed so the absolute concentration of FITC-Dextran could be 

interpolated. 

 Sodium Fluorescein Leak Assay 

The apical chamber media was removed from the transwells and the transwells were then 

gently places into new basal chambers containing 400μl 37° phosphate buffered saline with 

calcium and magnesium (PBS+/+).  100μl of 37° 10μg/ml sodium fluorescein (Fisher) in 

PBS+/+ was then introduced to the apical chambers and the plate incubated for 15 minutes.  

100μl samples of the basal chamber were then placed into an ELISA plate and read on a 

fluorescence plate reader.  The transwells could then be used in other experiments.  

Standard curves were constructed so the absolute concentration of sodium fluorescein 

could be interpolated. 

 Calculation of Permeability Coefficient 

The permeability coefficient for the endothelial barrier, Papp, was calculated as below: 

  𝑃𝑎𝑝𝑝 =
𝐶𝑏

𝑑𝑇
∗

𝑉𝑏

(𝐴∗𝐶0)
 

Cb = Concentration in basal chamber 
Vb = Volume of basal chamber 
dT = Incubation time 
A = Surface area of transwell 
C0 = Initial apical chamber concentration 
 

 Induction of leak 

EDTA and staurosporin were used to confirm the induction of leak was detectable using this 

assay.  Both induced detectable leak in a dose-dependent fashion. 
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Figure 3.2 Induction of endothelial barrier leak by EDTA or staurosporin 

Bars represent the mean of 3 experiments with error bars showing the standard deviation 

 Leukocyte Isolation and Transmigration 

10-30ml of blood, donated by healthy volunteers was collected per leukocyte prep.  Written 

informed consent was obtained from all blood donors. 

EDTA anti-coagulated blood was layered onto Polymorphprep (Axis-Shield) in equivalent 

volumes, typically 5ml blood onto 5ml Polymorphprep.  The layers were then centrifuged 

at 500g at 20° for 40 minutes with minimum break.  The mononuclear leukocyte (PBMC) 

and polymorphonuclear leukocyte (PMN) populations isolate into separate bands following 

centrifugation and were collected using a Pasteur pipette. 

If required, the PBMC fraction were treated as below and either transmigrated or 

differentiated into MDMs. 

The PMN fraction was suspended in transmigration medium then centrifuged at 400G for 

10minutes.   5ml 1x red blood cell lysis buffer (BioLegend) was added to the cell pellet and 

the cell suspension was incubated at 37° for 7 minutes.  The cells were then centrifuged at 

400G for 5 minutes, counted and resuspended in transmigration medium to a density of 

5x106/ml. 

PBMC were resuspended in PBS +/+ and collected by centrifugation at 400G for 5 minutes.  3 

PBS +/+ washes performed, centrifuging at 400g for 5 mins following each wash.   
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 Monocyte differentiation into MDMs 

Cells were counted and resuspended in RPMI + 5% pooled human AB serum (Sigma) and 

were plated at a density of 2x106/cm2.  The PBMC were then incubated at 37° for 1 hour to 

allow the monocytes to adhere, then the non-adherent cell fraction was removed, and the 

adherent cells washed three times with PBS +/+.  The cells were then culture for 3 days in 

MDM differentiation medium.  The media was then replaced with RPMI + 5% pooled human 

AB serum, and experiments performed on day 6. 

 Transmigration assays 

 

Figure 3.3 Neutrophil transmigration assay 

Leukocytes were resuspended in transmigration media to a density of 5x106/ml.  100μl of 

leukocyte suspension was introduced into each transwell apical chamber.  The plates were 

then incubated for 1 hour at 37° to allow the cells to transmigrate. After one hour the apical 

media/cell solution was removed and the basal surface of each transwell membrane rinsed 

with 20μl 0.5M EDTA, which was allowed to run into the corresponding basal chamber.  The 

plates were then incubated at room temperature for 10 minutes, to detach any adhered 

neutrophils.  The transwells were then discarded.  Paraformaldehyde was added to the 

basal chamber to a final concentration of 1%, and the plates incubated for 15 minutes at 

room temperature, see Figure 3.3.   

 FACs strategy 

 Neutrophil Quantitation 

At the end of each experiment, the fixed contents of each basal chamber was transferred to 

a FACs tube, and the tubes spun at 500g for 5 minutes.  The cells were then resuspended in 

FACs buffer and 10μl Precision Count Beads (BioLegend) were added to each tube.  The 

samples were then analysed using the FACsCalibur flow cytometer, with beads identified by 

size and FL-1 fluorescence, (Figure 3.4).  The leukocyte and bead count were calculated 

using FlowJo and the cell:bead ratio calculated for each sample.   In order to minimize inter-

experiment variability, the results were then normalised to the mean leukocyte:bead ratio 

in the unstimulated E transwells. 
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Figure 3.4 PBMC and beads separate by light scatter properties and FL1 fluorescence 

Scatter plot of flow cytometry of neutrophil and counting bead mixture 

 PBMC vs. PMN Populations 

To confirm the purity of the PMN and PBMC populations, the cells were incubated in PBS 

10%FCS for 15 minutes at room temperature, then collected by centrifugation at 400g for 5 

minutes.  The cells were then counted and up to 1 x 106 cells/100μL was aliquoted per FACS 

tubes.  PE-conjugated anti-CD66b antibody was then added at 10 μL/106 cells, and the cells 

were incubated for 30 minutes at room temperature in the dark.  The cells were then 

collected by centrifugation at 400g for 5 minutes, then fixed in 0.1% paraformaldehyde for 

15 minutes, then washed twice in PBS, then stored and analysed in FACs buffer.   

Flow cytometry was performed (BD FACsCalibur), using forward and side scatter to 

separate the two leukocyte populations, and then assessed for CD66b expression, a 

granulocyte marker, using fluorescence in the FL3 channel. The PBMC fraction was 

confirmed to be CD66b low, while the PMN fraction was CD66b high, see (Figure 3.5).  

 This supports the PMN fraction as consisting of granulocytes, but does not exclude that 

there are some residual basophils or eosinophils within this cell population.  There are 

many more circulating neutrophils (2-7.5 x109/l) than eosinophils (0-0.4 x109/l) or 

basophils (0-0.1 x109/l), so within the normal range of granulocyte populations around 5% 

of the CD66b positive cells would be expected to be non-neutrophil granulocytes. 
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Figure 3.5 PBMC and PMN populations isolated using Polymorphprep separate by light 
scatter characteristics and show differential expression of the granulocyte marker 
CD66b 

Scatter plot of flow cytometry of the PMN and PBMC fractions from a single leukocyte isolation 

preparation using Polymorphprep 

 PMN Populations vs HBVP and hCMEC/D3 

To ensure the basal chamber contents could be analysed and the cell population separated 

by forward scatter/side scatter using FACs, HBVP and hCMEC/D3 cells were cultured, 

passaged and collected by centrifugation, and neutrophils were isolated as described.   The 

cells were then fixed in 0.1% paraformaldehyde for 15 minutes, then washed twice in PBS, 

then stored and analysed in FACs buffer (PBS, 0.5%BSA, 0.01% sodium azide).  Flow 

cytometry was performed (BD FACsCalibur) and the populations overlaid using FlowJo to 

ensure separation by light scatter characteristics alone, (Figure 3.6). 
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Figure 3.6 PMN, hCMEC/D3 and HBVP populations separate by light scatter 
characteristics alone 

Scatter plot of flow cytometry of a mixture of hCMEC/D3, HBVP and PMN cell populations 

 

 Chemokine translocation 

Biotinylated chemokines (Generon) were introduced into the basal transwell chamber, and 

100μl transmigration medium into the basal chamber.  The plates were incubated for 6 

hours at 37° to replicate the conditions used in the neutrophil transmigration experiments.  

The medium was then aspirated from the apical chamber and frozen, (Figure 3.7).   

 

Figure 3.7 Basal-apical translocation of biotinylated chemokines 

The apical chamber medium was then assessed by ELISA using the eBioscience Ready-Set-

Go! Kits.  The ELISA plates were coated and the samples added according to manufacturer 

instructions.  No secondary antibody was used, instead following the wash step the kit 

streptavidin-HRP was added directly to the bound samples on the plate, enabling binding 

directly to the biotin on the bound chemokines, (Figure 3.8).  The plate was then developed 

as per kit instructions. 



65 
 

Supernatants were diluted 1:50, except the 0.1 and 1ng/ml concentrations of biotinylated 

chemokines, which were diluted at 1:5.  

 

 

Figure 3.8 ELISA kit approach (A) versus process adapted for biotinylated chemokines 

(B) 

 

 Inhibition of Transcription 

Actinomycin-D (Generon) was made up to a stock of 2.5mg/ml in DMSO.  Endothelial barrier 

transwells were incubated in RPMI with 10% FCS plus actinomycin-D 10μg/ml for one hour.  

They were then moved into pericyte-conditioned media with actinomycin-D 10μg/ml for  6 

hours to inhibit transcription, as per manufacture recommendation.  Neutrophil 

transmigration assays were then performed at 1 and 3 hours using neutrophils for the same 

donor, with blood drawn and neutrophils isolated immediately prior to each 

transmigration. 

To confirm this was effective, hCMEC/D3 were treated with actinomycin-D as above, and 

then stimulated with TNF +/- actinomycin-D μg/ml.  RNA was then isolated as described in 

3.6.2 and a qPCR was performed for CXCL8, see (Figure 3.9). 

(A) (B) 
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Figure 3.9  Transcription of CXCL8 in hCMEC/D3 is inhibited by actinomycin-D 

qPCR of CXCL8 expression in response to TNF +/- actinomycin-D, ΔΔCT vs GAPDH expression. 

 

 

 Exploring Cell Responses 

 Generating conditioned media 

For both HBVP and MDM conditioned media, on day 6 the cell media was removed and the 

cells were stimulated with stimuli in RPMI/10% FCS for 6 hours to allow time for 

transcriptional changes and resultant protein expression.  The conditioned media was then 

collected and frozen.  Once the experiment had been replicated at least three times, the 

conditioned media was thawed, batched and sterile-filtered.  This was then used at a 1:1 

dilution in RPMI/10% FCS as a stimulus in the leukocyte transmigration assay. 

 Etanercept & Polymixin-B 

In the TNF neutralisation experiments, etanercept was made up to 20μg/ml in 

RPMI/10%FCS, which was then mixed 1:1 with the conditioned media, to achieve a final 

concentration of 10μg/ml. 
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 Immunofluorescence & NFkB Nuclear Translocation 

Assays 

hCMEC/D3 and HBVP cells were seeded onto optical dishes and maintained as described.   

Once the cells were confluent, if required they were stimulated as per table 1.1.1.4 for 1 

hour and then the cells were fixed with 3.7% paraformaldehyde and washed in PBS. 

The cells were permeabilised using 0.2% Triton X100 in PBS and then incubated with 

blocking buffer (10% normal goat serum in PBS) for 30 mins, and then overnight with 

primary antibody, as per 1.1.1.5.  After washing, the cells were incubated with goat anti-

rabbit or anti-mouse antibodies conjugated with AF dyes (Invitrogen) used at 1/500 in 

blocking buffer for 1 hour, then washed again and stained with DAPI (2 μg/ml) in PBS.                

The cells were then imaged using a Hermes WiScan wide-field fluorescence microscope 

system, with at least 50 000 cells imaged per condition. For scatter plots, 10 000 values 

were selected at random from the total population to minimize over-plotting 

For the NFκB translocation assay, the images generated were analysed using Metamorph 

image analysis software to calculate the ratio of nuclear to cytoplasmic NFκB staining. 

 qPCR 

qPCR was performed using an Applied Biosystems 7500 FAST qPCR machine, using the 

Taqman reaction system (Applied Biosystems).   Reactions consisted of: 5μl of reaction mix, 

1μl primer and 1μl cDNA, 3μl dH2O. Inventoried assays are detailed below in Table 3.7. 

GAPDH was quantified using a custom primer-probe set as per Table 3.8, with 2.4μl of 

GAPDH primer, 0.4μl probe and 7.2μl H2O d per 10μl reaction 

Quantification was performed using comparative CT relative to GAPDH. 

Gene Target Applied Biosystem Assay ID 

ACKR1 
Hs01011079_s1 

CCL2 Hs00234140_m1 

CXCL8 Hs00174103_m1 

Table 3.7 Inventoried qPCR assays 

 



68 
 

Component Sequence 

GAPDH forward 
primer  

GGC TGA GAA CGG GAA GCT T 

GAPDH reverse 
primer  

 

AGG GAT CTC GCT CCT GGA A 

GAPDH probe  TCA TCA ATG GAA ATC CCA TCA CCA 

Table 3.8 Control primers for TaqMan Assays 

 ELISAs 

Cytokine ELISAs were performed using the eBioscience Ready-Set-Go! kits according to 

manufacturer instructions.  Supernatants were diluted 1:50. 

 Luminex 

A custom Procartaplex assay was created by Thermofisher, including CCL2, CCL7, CX3CL1, 

CSF2, CXCL1, CXCL5, CXCL8, IFNγ, IL1α, IL1β, IL6, OSM and TNF.  Cell culture supernatants 

were diluted 1:2, 1:5 and 1:20 and the kit used in collaboration with Liku Tezera of Paul 

Elkington’s group at Southampton University as per manufacturer’s instructions. 

 

 RNA Sequencing Analysis 

 Cell Lysate Collection 

For the monoculture cell transcriptome experiments, the cells were cultivated in 6 well 

plates and stimulated for 4 hours with stimuli as per Table 3.4.  A 4 hour time point was 

chosen to reflect the acute cellular response to the stimulus, without secondary effects of 

the proteins secreted downstream of this initial response.  The supernatants were then 

removed, and the stimulated cells lysed with 600μl of buffer RLT (Qiagen). This was stored 

at -80°C until extraction. 
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 Process for cocultured cells 

 

Figure 3.10 Collection of RNA from cocultured cells 

  

For the cocultured cells, endothelial cells and pericytes were seeded and cultivated as per 

3.3, using 6.5mm diameter 3μm pore polycarbonate transwells (Corning), with the cell 

numbers adjusted to the larger growth areas.  The cells were stimulated as per Table 3.4.  

After 4 hours the transwells were moved into new plates and the pericyte and endothelial 

cells lysed separately as per Figure 3.10. 

 RNA isolation 

RNA samples in buffer RLT were thawed and extracted using RNeasy Mini Spin Columns 

according to the manufacturer’s instructions. RNA was eluted in 30μl of molecular grade 

water (Sigma) and quantified using a Nanodrop 2000 spectrometer. 

Contaminating DNA was removed through treatment with Turbo DNA-Free (Thermo), as 

per the manufacturer’s instructions. 

 Sequencing 

RNA samples were provided to the PGU facility at UCL for library preparation and RNA 

sequencing using the Kappa Hyperprep kit (Roche) with polyA selection of mRNA and 

fragment size of 300-350 base pairs.   During this process a unique index adapter sequence 

is added to each sample to enable multiplexing and then identification and sorting of 

libraries during computational analysis. 

Sequencing was performed using the Illumina Nextseq 75 cycle High Output 75 cycle kit on 

a NextSeq500 instrument according to manufacturers’ instructions, giving 15-20 million 

41bp paired-end reads per sample. 
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 RNAseq Data Analysis and Representation 

 Generation of Output Data Matrices 

For every cycle of a sequencing run the NextSeq software generates a binary base call (BCL) 

file containing the base calls and quality scores.  These files were converted into FASTQ files 

using the Illumina bcl2fastq software, which simultaneously demultiplexes the samples.  

FASTQ is the standard format for storing Illumina sequencing data, and these files were 

used as the input files for downstream analysis. 

The sequences were then mapped to the Ensembl reference transcriptome, which contaians 

all the cDNA sequences corresponding to Ensembl gene predictions for actual and possible 

genes, including pseudogenes.  Kallisto software was then used to map sequence reads to 

transcripts and to quantify transcript abundance, which was recorded as raw counts and as 

transcripts per million (TPM). 

Transcripts from the Kallisto output are then annotated to genes using BioMart, which 

associated Ensembl transcript identifications with Ensembl gene identifications.  The data 

was then summarized at a gene level by summing the associated TPM values for each gene 

using Tximport.  Transcripts with overlapping coding sequence are considered as belonging 

to the same gene, although they may differ in transcription start and end sites, splice events 

and exons.  Transcripts with no overlapping coding sequence are annotated as belonging to 

separate genes, as are those where the only overlap is within non-coding intronic sequence. 

In addition to the gene-level counts and TPM values, the total number of counts mapped per 

sample was calculated, as were the counts per million (CPM) values: the number of counts 

for each gene/total number of counts multiplied by 1,000,000.   

The data was then log2 transformed, with values <0.001 set at 0.001 to make this possible, 

and annotated with gene symbols using BioMart. 

 Determining Differential Gene Expression 

Raw count matrices were uploaded onto the Degust web server and analysed using EdgeR 

software on the Degust web server: http://degust.erc.monash.edu/.   This software was 

chosen due to its particular ability to account for biological and technical variation and 

therefore to calculate differential gene expression between groups with small sample 

numbers (469).   

http://degust.erc.monash.edu/
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Genes differentially expressed between the samples with a false discovery rate of <0.05 

were considered statistically significant.  All genes differentially expressed in response to 

stimulation were identified at the whole genome level.   

Mean expression values were determined using the log2 transcript per million (TPM) 

expression values and the fold change in expression was determined by subtracting the 

mean expression values of the conditions of interest. 

 Pathway analysis in XGR 

Pathway over-representation was analysed using XGR (eXploring Genomic Relations) from 

Galahad in R, considering only genes upregulated with a TPM fold change of >1 Log2 against 

a background of all genes from all samples of that cell-type.  This software was chosen due 

to its ability to work with multiple ontologies and hierarchies, including custom ontologies 

(470), and it’s ability to be integrated into bespoke R code as an R package, versus 

proprietary software which can not be modified or integrated into custom analysis tools.   

Over-represented pathways were compared by Jaccard index.  In order to do this, the 

differentially expressed genes annotated to each pathway were compared and the genes in 

common to the two pathways divided by the total number of differentially expressed 

annotated genes.  For example if genes a, b, c and d were differentially expressed and 

annotated as involved in pathway 1, and genes c, d, e and f were differentially expressed and 

annotated as involved in pathway 2, then the Jaccard index of pathway 1 and 2 would be 

0.33, as it would be calculated as 2 genes in common/6 genes in total. 

 Genes of interest 

To identify differentially expressed genes that were potentially of interest, text filters were 

used in Excel to identify those genes that had annotations of interest. 

‘Immune system’ genes were defined by the Gene Ontology annotation of the biological 

process ‘immune response’ GO:006955, with the complete list of genes with this annotation 

obtained via AmiGO. 

The ‘neutrophil chemotaxis’ GO biological process was used as a gene expression module.  

This gene list was not optimal for interrogating the endothelial and pericyte response as it 

describes only the genes relevant to the extravasating neutrophil, not the tissue mediating 

their recruitment, so excluded several potential genes of interest, and also included genes 

relevant only to the neutrophil rather than tissue response.   
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There is no current GO biological process that describes the tissue response that drives 

leukocyte extravasation.   The ‘neutrophil recruitment’ gene list was therefore manually 

curated.  This list includes genes described to be involved in the leukocyte adhesion cascade  

that therefore might mediate neutrophil recruitment by tissues.  This specifically  included 

all human leukocyte chemokines and their receptors, cytokines that are described to 

interact with neutrophils (identified using ImmunEspresso) and the receptors described to 

allow leukocyte adhesion to the vessel wall.   

To allow greater depth of interrogation, the chemokines included in the ‘neutrophil 

recruitment’ gene list, were also subdivided into CCL and CXCL chemokines (with CX3CL1 

and the XCL chemokines excluded from these lists).  PF4 is the gene name for CXCL4, PPBP 

for CXCL7.  Chemokines were also subdivided into those that are described to interact with 

neutrophils in the published scientific literature, and those that are not. 

The microvascular endothelial TNF response module was created using a published data set 

GDS1543 available on the Gene Expression Omnibus.  This was a transcriptional array 

analysis of human microvascular endothelial cells stimulated with TNF.  The genes most 

upregulated, those with a fold change in mean expression value of >3, were included in the 

module. 

For gene lists used as gene modules, the geometric mean of the mean TPM expression value 

+10 of all the constituent genes of the module was calculated. 
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Module Constituent Genes 

Neutrophil 
Chemotaxis 

C1QBP, C3AR1, C5AR1, C5AR2, CAMK1D, CCL1, CCL11, CCL13, CCL14, CCL15, 
CCL15-CCL14, CCL16, CCL17, CCL18, CCL19, CCL2, CCL20, CCL21, CCL22, 
CCL23, CCL24, CCL25, CCL26, CCL3, CCL3L1, CCL4, CCL4L1, CCL5, CCL7, CCL8, 
CCR7, CD300H, CD74, CKLF, CSF3R, CX3CL1, CXADR, CXCL1, CXCL10, CXCL11, 
CXCL13, CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, CXCL9, CXCR1, CXCR2, DAPK2, 
DYSF, EDN1, EDN2, EDN3, FCER1G, GBF1, IL1B, IL1F10, IL1RN, IL23A, IL36A, 
IL36B, IL36G, IL36RN, IL37, ITGA1, ITGA9, ITGB2, JAML, LBP, LGALS3, 
MOSPD2, NCKAP1L, PDE4B, PDE4D, PF4, PF4V1, PIK3CD, PIK3CG, PIP5K1C, 
PLA2G1B, PPBP, PREX1, RAC1, RAC2, RIPOR2, S100A12, S100A8, S100A9, 
SAA1, SLIT2, SYK, TGFB2, THBS4, TIRAP, URS00000B7E30_9606, VAV1, 
VAV3, XCL1, XCL2 

Neutrophil 
Recruitment  

ACKR1, ACKR2, ACKR3, ACKR4, C1QA, C1QB, C1QC, C1R, C1S, C2, C3, C3AR1, 
C4A, C4B, C4BPA, C4BPB, C5, C5AR1, C5AR2, CCL1, CCL10, CCL11, CCL12, 
CCL13, CCL14, CCL15, CCL16, CCL17, CCL18, CCL19, CCL2, CCL20, CCL21, 
CCL22, CCL23, CCL24, CCL25, CCL26, CCL27, CCL28, CCL3, CCL4, CCL5, CCL6, 
CCL7, CCL8, CCL9, CCR1, CCR10, CCR11, CCR12, CCR2, CCR3, CCR4, CCR5, 
CCR6, CCR7, CCR8, CCR9, CCRL2, CD40LG, CKLF, CKLF-CMTM1, CSF1, CSF2, 
CSF3, CX3CL1, CX3CR1, CXCL1, CXCL10, CXCL11, CXCL12, CXCL13, CXCL14, 
CXCL15, CXCL16, CXCL17, CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, CXCL9, 
CXCR1, CXCR2, CXCR3, CXCR4, CXCR5, CXCR6, CXCR7, EPO, FGF1, FN1, 
GLYCAM1, HGF, ICAM1, ICAM2, IFN1, IFNA, IFNB1, IFNG, IFNL2, IL1, IL10, 
IL12, IL12B, IL15, IL17, IL17A, IL17B, IL17F, IL18, IL1A, IL1B, IL1RN, IL2, 
IL21, IL22, IL23, IL23A, IL3, IL32, IL33, IL34, IL4, IL5, IL6, IL9, MADCAM1, 
MIF, PECAM1, PF4, PPBP, RETN, SELE, SELP, SPP1, TGFB, TGFB1, TNF, 
TNFSF13B, TNFSF8, TNFSF9, VCAM1, XCL1, XCL2, XCR1, S100A8, S100A9 

CCL 
Chemokines 

CCL1, CCL10, CCL11, CCL12, CCL13, CCL14, CCL15, CCL16, CCL17, CCL18, 
CCL19, CCL2, CCL20, CCL21, CCL22, CCL23, CCL24, CCL25, CCL26, CCL27, 
CCL28, CCL3, CCL4, CCL5, CCL6, CCL7, CCL8, CCL9,  

CXCL 
Chemokines 

CXCL1, CXCL11, CXCL10, CXCL11, CXCL12, CXCL13, CXCL14, CXCL15, CXCL16, 
CXCL17, CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, CXCL9, PF4, PPBP 

Neutrophil 
Chemokines 

CCL2, CCL20, CCL23, CCL3, CCL4, CCL5, CCL7, CXCL1, CXCL12, CXCL14, 
CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, PF4, PPBP, CX3CL1,  

Non-
neutrophil 
Chemokines 

CCL1, CCL10, CCL11, CCL12, CCL13, CCL14, CCL15, CCL16, CCL17, CCL18, 
CCL19, CCL21, CCL22, CCL24, CCL25, CCL26, CCL27, CCL28, CCL6, CCL8, 
CCL9, CXCL10, CXCL11, CXCL13, CXCL15, CXCL16, CXCL17, XCL1, XCL2,  

Microvascular 
endothelial 
TNF response 

CCL20, CCL5, CSF2, CXCL5, CXCL8, ICAM1, ICAM1, IL32, ISG20, KCNJ15, 
MMP1, SERPINB2, TNFAIP3, TNFAIP6, TNFRSF11B, TRAF1, UBD, VCAM1,  

Table 3.9 Gene name filters and module lists 
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 Heatmaps & Similarity Matrices 

Gene expression heatmaps and similarity matrices were generated using Morpheus 

software from The Broad Institute (https://software.broadinstitute.org/morpheus/) 

 Principle Component Analysis 

Clustering analysis by principle component analysis (PCA) (471) was performed using the 

prcomp function in R.  This enable the assessment of variance across large data sets and 

identifies components in which the variation of the data is at its maximum.  Each principal 

component describes variation in a particular direction and PCA can therefore be used to 

describe the patterns of variation between samples.  Each sample is assigned a numerical 

value, a principle component score, for each principle component, allowing each sample to 

be represented by a single value for each component, facilitating visual representation of 

the data. 

 Upstream analysis 

Upstream regulator analysis was performed using Ingenuity Pathway Analysis (Qiagen).  

Genes upregulated following stimulation with MDM conditioned-media with a fold change 

of at least one were included in the analysis.  Suggested upstream regulators were filtered 

to include only cytokines. 

Transcriptional array data of unstimulated MDMs and MDMs stimulated with S. 

pneumoniae were derived from previously published data   

In the functional experiments to assess the HBVP response to these mediators the 

concentrations used were determined on the basis of manufacturers’ ED50 values, as listed 

in Table 3.4, TNF used at 50ng/ml. 
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4. MODELLING NEUTROPHIL RECRUITMENT 

ACROSS THE BBB IN REPONSE TO INFECTION 

WITH S. PNEUMONIAE 

 Introduction 

While the interactions of neutrophils and endothelial cells in the leukocyte adhesion 

cascade are well described, the immunological pathways upstream of the activation of this 

are less clearly understood.  The perivascular cells: pericytes (184,188,200) and 

perivascular macrophages (219,376) play an important role in the inflammatory response 

and recruitment of neutrophils.  Given that the CNS has the highest density of pericytes of 

any vascular bed in the body (327), and that CNS perivascular macrophages are 

prominently and uniquely located within the perivascular space (374), I hypothesized that 

the interplay of these cells may play a key role in the recruitment of neutrophils in response 

to CNS infection with S. pneumoniae. 

The brain is anatomically difficult to study, and human tissue specimens are almost entirely 

obtained post mortem, so the molecular mechanisms underpinning the cerebral 

inflammatory response process in human CNS infection have proven difficult to disentangle. 

As described in 1.4, the BBB acts as a key site in the regulation of leukocyte recruitment into 

the CNS, and this recruitment is central to the pathogenesis of S. pneumoniae meningitis. 

Several well characterized in vitro BBB models have been developed (440) to enable the 

study of both BBB physiology and disease, and to enable the intercellular communication 

between different cell populations to be interrogated. 

In this chapter I sought to develop in vitro transwell models that recapitulate the human 

BBB phenotype and to then test the hypothesis that pericytes are able to modulate 

neutrophil recruitment across the BBB endothelium, 

The objectives of this chapter are: 

1. Develop an in vitro BBB model that recapitulates the in vivo BBB phenotype 

2. Investigate the capacity of hCMEC/D3 BBB endothelial cells to mediate neutrophil 

recruitment and the impact of the presence of pericytes in this process 

3. Explore how the effect of pericytes on neutrophil recruitment is mediated 

 



76 
 

 Results 

To model the BBB in vitro a well characterized BMEC cell line, hCMEC/D3, was used, 

alongside primary HBVPs.  Both of these cell populations were originally isolated from 

surgically resected human brain specimens, removed in the treatment of epilepsy.  

hCMEC/D3 were then immortalized, while primary HBVP can be maintained in culture for 

several passages (1,2) 

 hCMEC/D3 and HBVP express characteristic markers 

BMECs and BVPs express characteristic surface markers.  I first sought to confirm that 

hCMEC/D3 cells and HBVPs in culture in vitro recapitulate the expression of these in vivo 

markers.  

 

 
Figure 4.1 HBVP and hCMEC/D3 cells were stained for characteristic cerebrovascular 
pericyte surface markers and analysed by immunofluorescence 

Cells were fixed, permeabilised and stained for CD146, NG2 and PDGFRβ, then imaged using 

the Hermes WiScan wide-field fluorescence microscope system.  Representative images shown. 

50μm 50μm 
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I first examined the expression of the pericyte markers described in the CNS blood vessels 

of mice and humans.  In mice, neuronal glial 2 (NG2) and platelet derived growth factor 

receptor beta (PDGFRβ) are mostly used to identify cerebral pericyte populations (472).  

NG2 is a chondroitin sulphate proteoglycan (473) that plays a role in angiogenesis and CNS 

development (474,475).  It has been suggested that NG2 is not constitutively expressed in 

the adult CNS, and is upregulated only in response to pericyte activation (473), however 

human brain pericytes have been found to express NG2 in adult post mortem brain samples 

(476).  Variable NG2 immunoreactivity has also been described on human BMECs (477).  

Accordingly, HBVP in culture show marked expression of NG2, with some evidence of 

reactivity on hCMEC/D3 cells, see (Figure 4.1 (i)). 

PDGFRβ surface expression has been shown to be central to pericyte survival in the CNS, 

and to be essential for BBB function (332,478).  It is also hypothesized to play a role in 

pericyte inflammatory responses, potentially via IFN-γ signalling (479).  Like NG2, PDGFRβ 

expression by HBVP in vivo has been confirmed in post mortem human brain samples (476).  

Again, consistent with both the mouse and human post-mortem data, HBVP in vitro showed 

pronounced PDGFRβ immunoreactivity, with no evidence of expression by hCMEC/D3, 

(Figure 4.1 (ii)).CD146 has also been described to be expressed by the pericytes the mouse 

cerebral microvasculature, mediating pericyte recruitment to the endothelial layer during 

angiogenesis (480).  The expression of CD146 on human brain vascular pericytes has also 

been confirmed on post-mortem tissue samples (476) and similarly here HBVP in culture 

showed pronounced CD146 expression, with only minimal evidence of expression by 

hCMEC/D3, see  (Figure 4.1 (iii)). 

As described in 1.4.1, the expression of both tight and adherens junctions is unique to, 

BMECs, and central to their function (118).  Consistent with this, hCMEC/D3 show polarized 

expression of tight junction associated proteins zonal occludens 1 (ZO-1) and junctional 

adhesion molecule A (JAM), as well as the adherens junction proteins CD31 (PECAM-1) and 

vascular endothelial cadherin (VE-cadherin), with all of these proteins concentrated at the 

cell-cell junctions, see (Figure 4.2).  Conversely, HBVP either showed no expression, or no 

polarization of these molecules.   

The BMEC cell-cell junctional complexes interact with the actin cytoskeleton.  hCMEC/D3 

and HBVP were stained with αSMA antibody as it is described to be variably expressed by 

cerebral pericytes in mice, dependent on their morphology (481), and consistent with this 

HBVP in vitro appear to have variable αSMA expression, see (Figure 4.2).  The antibody 

used appears to be poorly specific, and also stained the f-actin filaments at the cell-cell 

junctions, and the hCMEC/D3 cells showed polarized actin expression, see section 4.3. 
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Figure 4.2 HBVP and hCMEC/D3 cells were stained for junctional complex proteins and 
analysed by immunofluorescence 

Cells were fixed, permeabilised and each cell type stained for CD146, NG2 and PDGFRβ, then 

imaged using the Hermes WiScan wide-field fluorescence microscope system.  Representative 

images shown. 

 

50μm 50μm 
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 hCMEC/D3 form impermeable barriers in vitro 

One of the principle functions of BMEC tight junctions is to limit the passive movement of 

almost all molecules, except those that are very small and either gaseous or lipophilic (118).  

Having demonstrated that hCMEC/D3 express the typical tight and adherens junctional 

proteins at their cell-cell interfaces, I next sought to examine whether this conferred the 

impermeable phenotype seen in vivo.   

In order to address this, I used a transmembrane leak assay to calculate the permeability of 

the endothelial barrier to diffusion.  I introduced small molecule dyes of different sizes, (i) 

Evans blue, 961 Da/69kDa albumin-bound (ii) FITC Dextran, 40 kDa and (iii) Sodium 

fluorescein, 376Da, into the apical transwell chamber. The resultant alteration in the 

fluorescence or absorbance of the basal chamber media was quantitated, enabling 

calculation of the permeability coefficient, see 3.4.3.4.  At day 3 permeability to small 

molecule dyes was variable, and often high.  However, by day 6 the endothelial transwell 

barriers showed very low permeability coefficient, consistent with the development of 

junctional complexes and acquisition of a BBB phenotype see (Figure 4.3(A)). 

This observation is consistent with the requirement for cell maturation and polarization in 

both the development and localization of junctional proteins (482) and this process was 

confirmed using immunofluorescence.  At day 3 CD31 (PECAM-1) expression by hCMEC/D3 

is both variable and only polarized at a small minority of contact points between cells, while 

by day 6 it is highly expressed and concentrated at the cell-cell junctions, see (Figure 

4.3(B)). 

In order to confirm that the observed reduction in permeability was indeed a function of 

tight junction expression, and not simply a function of increasing cell density, I then 

performed leak assays using a variety of cell types.  I hypothesized that only vascular 

endothelial or epithelial cells would be capable of forming impermeable barriers in vitro, as 

the ability to form tight junctions is limited to these cell types (483).  I therefore seeded 

transwell barriers with the same number of either HBVP, hCMEC/D3, HEK 293T or HeLa 

cells.  As hypothesized, only the epithelial HeLa cells and endothelial hCMEC/D3 cells 

showed inhibition to the movement of FITC-Dextran, while neither HBVP or HEK 293T cells 

obstructed the movement of FITC-Dextran or showed much change in permeability over 

time, confirming that this barrier property is contingent on the formation of tight junctions, 

see (Figure 4.3(C)). 
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Figure 4.3 hCMEC/D3 (A) permeability was assessed using small molecule leak assays 
and (B) cell polarization was assessed using immunofluorescence. (C) The barrier 
permeability of different cell types was assessed. 

In (A) Small molecule dyes were introduced into the apical transwell chamber at days 3 and 

6, allowed to diffuse into the basal chamber and the permeability coefficient calculated.  

Dashed line denotes published value, from (484) 

In (B) Cells were fixed, permeabilized and stained for CD31 (PECAM-1) expression at day 3 or 

day 6 and imaged as per (Figure 4.2) 

(C) Permeability to FITC-Dextran was measured across a variety of cell barriers 

Data points in (A) and (C) represent individual experiments.  Median indicated by black line.  

Significance determined in (A) by Mann-Whitney U test. 

 

50μm 50μm 
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The presence of pericytes in co-culture has been described to induce the formation of the 

BBB phenotype by BMECs (441–443).  Therefore, I next examined the effect of the presence 

of HBVP on the development of the BBB phenotype by hCMEC/D3 in the transwell model.  

Consistent with the published literature, the presence of HBVP, either in-contact (EPIC) or 

out-of-contact (EPOC), induced the faster formation of an impermeable barrier phenotype 

by the hCMEC/D3 layer, see (Figure 4.4).   By day 6 all the models show equivalent 

permeability, suggesting that although they accelerate the development of an endothelial 

barrier phenotype, HBVP are not essential to the formation of an impermeable endothelial 

barrier in vitro.  HBVP monolayers do not themselves pose a significant barrier to diffusion, 

suggesting that the pericyte layer itself is not mediating the observed difference in 

permeability in EPIC, (Figure 4.3(C)).  In addition, as the out-of-contact HBVP in EPOC were 

equally able to mediate this effect it appears that the pericyte secretome is sufficient: cell-

cell contact between the pericytes and endothelial cells is not necessary.   

 

Figure 4.4 The effect of the presence of HBVP in coculture with the hCMEC/D3 
barrier, either in-contact (EPIC) or out-of-contact (EPOC), on the permeability of the 
endothelial barrier was assessed at days 3 and 6 

hCMEC/D3 cells were grown or transwell membranes either in monoculture (E), or in 

coculture with pericytes, either with pericytes on the abluminal membrane surface and hence 

in-contact (EPIC), or on the surface of the basal chamber, out-of-contact (EPOC).  The 

permeability of the barriers to sodium fluorescein was then assessed at day 3 and again at day 

6 as detailed in Figure 4.3. 

Data points represent individual experiments with the median indicated by line.  Significance 

determined by Mann-Whitney U test. 
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 BBB responses induce neutrophil recruitment 

Having ascertained that the endothelial layer in the model was impermeable to small 

molecules, and therefore could only be crossed by cells in active manner, I next examined 

the effect of the cell autonomous endothelial response to S. pneumoniae on driving 

neutrophil recruitment across the BBB.   

Transformation of cells into cell lines can reduce their capacity for TLR signalling (485), and 

I hypothesized that the process of malignant transformation may have limited the sensing 

capacity of hCMEC/D3 and that these cells would not respond to S. pneumoniae directly, 

relying instead on tissue resident innate immune cells for sentinel and signalling functions, 

which would mediate endothelial activation.  However, hCMEC/D3 have been described to 

express both TLR2 and 4, and to have the capacity for TLR signalling (486), suggesting they 

may have some capacity to detect the presence of S. pneumoniae.   

hCMEC/D3 have been demonstrated to express TNF receptors and to respond to TNF 

signalling (487,488), which has also been described to play a role in neutrophil recruitment 

across the BBB (177,178,489).  I therefore adopted TNF as a positive control. 

 

 

 
Figure 4.5 The recruitment of neutrophils across the endothelial barrier in 
response to stimulation with TNF or Streptococcus pneumoniae (Spn), was measured 
and compared to the unstimulated condition (U) 

hCMEC/D3 monoculture barriers (E) were stimulated for 6 hours with TNF 10ng/ml or 

Streptococcus pneumoniae MOI 1.  Neutrophils were then introduced into the apical transwell 

chamber and allowed to transmigrate for 1 hour, then fixed and quantitated by FACs.  Data 

points represent individual experiments.  Lines at the median.  Significance determined by 

Mann-Whitney U test. 
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Stimulation with either TNF or S. pneumoniae induced statistically significant neutrophil 

transmigration, suggesting that, contrary to my hypothesis, hCMEC/D3 do have the capacity 

to sense and respond to S. pneumoniae, and this response is sufficient to induce the 

recruitment of neutrophils, see (Figure 4.5).  Quantitatively, the recruitment of neutrophils 

in response to S. pneumoniae was less than that seen in TNF stimulation, however, the 

maximal possible response to each stimulus may not be equivalent, and the physiologically 

relevant or equivalent doses are not known. Therefore, I have not compared the neutrophil 

recruitment induced by each stimulus. 

 

Figure 4.6 The effect of the presence of HBVP in co-culture with the hCMEC/D3 cells, 
in- (EPIC) or out-of contact (EPOC), on the recruitment of neutrophils in response to TNF 
and Spn was examined, comparing both the culture models and the dose response to 
these stimuli 

Neutrophil recruitment assay as described in (Figure 4.5) in response to (i) TNF or (ii) S. 

pneumoniae, MOI relative to hCMEC/D3.     

(A) data points represent individual experiments, line at the median.  Statistical significance 

determined by Mann-Whitney U test.   

(B) Median of 6 experiments, bars represent the interquartile range.  Statistical significance 

determined by 2 way ANOVA, p value for concentration effect shown. 
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Given the published effects of HBVP in modulating neutrophil recruitment in other tissues 

(184,188,200), I next examined the effect of the presence of pericytes on neutrophil 

recruitment in response to stimulation with TNF or S. pneumoniae.  The presence of 

pericytes, either in- or out-of-contact, increased the recruitment of neutrophils across the 

endothelial barrier in all conditions tested, including in the unstimulated models, Figure 

4.6(A).  Interestingly. the out-of-contact EPOC model mediated more potent effects than the 

in-contact EPIC model, the reasons for which are examined in 4.2.5. Neutrophil recruitment 

increased in response to both of these stimuli in a dose-dependent fashion, see (Figure 

4.6(B)), with the effect of the presence of pericytes becoming increasingly evident as the 

stimulus concentration increased. 

 

 Inflammatory stimuli do not induce detectable barrier 

leak over short timescales 

Any alteration in endothelial barrier permeability could alter the permissivity of the barrier 

to neutrophil transmigration.  TNF has been described to induce vascular endothelial leak 

(490,491), however, the in vitro work describing this effect in hCMEC/D3 cells uses long 

time points, typically 24 or 48 hours of exposure (452,488), while I modelled the early 

inflammatory response and used a 6 hour stimulation.  Similarly, S. pneumoniae toxins cause 

cytolytic damage to the endothelium (42,43)  that could undermine the endothelial barrier 

integrity.   

I hypothesized that the effects of TNF and S. pneumoniae in inducing neutrophil recruitment 

in the model were not mediated by the induction of barrier leak.  In order to address this, I 

examined whether stimulation with TNF 100ng/ml, or S. pneumoniae MOI10/1 (relative to 

HBVP/hCMEC/D3) induced the development of barrier leak over the timescale of the 

experiments.  The stimuli were introduced into the basal transwell chamber and leak assays 

performed at 0, 3, 6 and 9 hours, demonstrating no increase in permeability over a relevant 

timescale, see Figure 4.7. 
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Figure 4.7 Endothelial permeability is not increased by stimulation over a relevant 
timespan in response to TNF 10ng/ml or S. pneumoniae MOI 1 relative to hCMEC/D3. 

Leak assays using sodium fluorescein as described in Figure 4.3.  Data points and error bars 

show the mean and standard deviation of 8 experiments.  Statistical significance determined 

using 2-way ANOVA with Geisser-Greenhouse correction 

 

 The HBVP secretome is sufficient to induce neutrophil 

recruitment in a concentration-dependent fashion 

As shown in Figure 4.6, the effect of HBVP in increasing neutrophil recruitment was 

significantly greater in EPOC than EPIC.  This suggests that a secreted factor(s) is sufficient 

to mediate the effect of HBVP in increasing the recruitment of neutrophils.  In addition, the 

HBVP growth area on the transwell membrane in EPIC is 0.33cm2, compared to the 1.9cm2 

basal chamber surface in EPOC, hence in EPOC more HBVP were seeded, and greater growth 

could be supported.  I therefore hypothesized that the effect of HBVP was mediated by a 

secreted factor in a concentration-dependent manner, with the difference in potency 

between EPIC and EPOC a result of the lower number of HBVP in EPIC compared to EPOC.   

In order to assess this, I generated conditioned media (CoM) by stimulating HBVP with TNF 

10ng/ml or Spn MOI 5, collecting the supernatants, pooling at least 3 experiments and 

filtering it to ensure the media was acellular.  I then used the CoM to stimulate endothelial 

monoculture barriers.   

Consistent with my hypothesis, CoM from TNF stimulated HBVP induced the migration of 

neutrophils: HBVP-secreted factors were sufficient to mediate neutrophil recruitment 

across the endothelial barrier in this context, (Figure 4.8(A)). However, CoM from HBVP 

(A) (B) (C) 



86 
 

stimulated with S. pneumoniae, did not induce statistically significant neutrophil 

recruitment: the HBVP secreted response to S. pneumoniae was not sufficient to induce 

neutrophil recruitment alone.  This suggests that the increased neutrophil recruitment seen 

in the S. pneumoniae stimulated coculture EPOC model was not simply due to the additive 

effect of the hCMEC/D3 and HBVP responses, given that the HBVP response has minimal 

effect.  Instead, it appears that the presence of both cells is required during the 

S. pneumoniae stimulation, with the hCMEC/D3-HBVP interaction mediating increased 

neutrophil recruitment in response to S. pneumoniae.  This is explored in chapter 5. 

To assess the effect of HBVP cell number on neutrophil recruitment, doubling numbers of 

HBVP were seeded into the basal chamber, and the effect of this on neutrophil recruitment 

in EPOC in response to a fixed dose stimulus, TNF 10ng/ml, was examined.   As the number 

of pericytes increased the number of neutrophils transmigrating across the endothelial 

barrier increased, Figure 4.8 (B).  Together this supports a model whereby HBVP-secreted 

factors mediate neutrophil recruitment in a concentration-dependent manner. 

As TNF has been shown here to mediate neutrophil recruitment in the E model, see ( 

Figure 4.5), I hypothesized that HBVP-secreted factor mediating the recruitment of 

neutrophils in the EPOC model might be TNF, and that this may also account for the effect 

of the TNF stimulated HBVP CoM.  In order to investigate this, I first confirmed that the TNF 

neutralizing antibody Etanercept was able to abrogate the effect of TNF in mediating 

neutrophil recruitment in the E model, see (Figure 4.8(C)), and then used Etanercept to 

neutralize any TNF in the CoM from TNF-stimulated HBVP, before using it to stimulate 

hCMEC/D3 in the E model, see (Figure 4.8(D)).  Contrary to my expectations, this resulted 

in no difference in the recruitment of neutrophils so whilst TNF was sufficient to induce 

neutrophil recruitment across the endothelial barrier it was not necessary, and the HBVP 

secretome must contain additional relevant inflammatory mediators. 

Together these results demonstrate that the HBVP secretome is sufficient to induce 

neutrophil recruitment in a concentration-dependent fashion, and this effect is not 

mediated by TNF alone.   
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Figure 4.8 (A) HBVP conditioned media (CoM) was used to assess the effect of the 
HBVP pericyte secretome on neutrophil recruitment, (B) the effect of increasing HBVP 
density in response to a fixed dose stimulus was examined. (C) Etanercept was used to 
neutralize TNF in the coculture system to explore the role of TNF 

Neutrophil recruitment as described in (Figure 4.5)  

(A) in E in response to stimulation with HBVP CoM, data points in represent individual 

experiments with line at the median 

(B) in EPOC in response to stimulation with TNF 10mg/ml in the presence of an increasing 

number of pericytes seeded onto surface of basal chamber in EPOC, represent the mean and 

SEM of 6 experiments.   

(C)  in E in response to TNF +/- Etanercept, data points represent the median of 2 experiments, 

with bars representing the range 

(D) in E in response to HBVP CoM +/- Etanercept, data points represent individual experiments 

with bars at the median 

Statistical significance in both (A) and (B) determined by Kruskal-Wallis test  
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 Discussion 

In this chapter, I first developed an in vitro blood-brain barrier model using the hCMEC/D3 

human cerebromicrovascular endothelial cell line and human brain vascular pericytes, that 

was able to approximate the in vivo BBB phenotype.  I was then able to use this model to 

explore the recruitment of neutrophils across the vascular barrier.  Given that most of the 

hypothesized mechanisms of CNS neutrophil recruitment in humans are extrapolated from 

experimental data examining neutrophil recruitment in other tissues in mice, this enabled 

me to interrogate aspects of CNS neutrophil recruitment that can not be addressed currently 

in vivo. 

I demonstrated that primary HBVP in culture in vitro expressed the expected characteristic 

surface markers: NG2, PDGFRβ and CD146, and also showed variable α-SMA expression.  I 

also showed that hCMEC/D3 in vitro express the characteristic junctional complex proteins 

of the BBB endothelium: CD31/PECAM-1, JAM, VE-cadherin and ZO-1.  These complexes are 

involved in tight and adherens junctions, central to the creation of the CNS zona occludens 

(306–315).  These junctional complexes interact with the F-actin filaments of the cell 

cytoskeleton (310), enabling them to be involved in cell cytoskeletal remodelling, and thus 

to play a role in both trans- and para-cellular leukocyte transmigration (166,189,190,193–

195).  I stained the cells for α-SMA, which is described to be expressed by cerebrovascular 

pericytes but not by endothelial cells (481).  Unexpectedly this stained the hCMEC/D3 cells 

specifically at the cell surface.  This likely represents non-specific staining, with the 

antibodies cross reacting with F-actin filaments associated with the junctional complexes. 

Junctional complexes seal the lateral membranes of the BMECs, excluding the movement of 

almost all molecules across the vascular barrier (305,310–312,316,317), resulting in low 

permeability of the vascular barrier, as well as increasing the transendothelial electrical 

resistance (TEER).  The TEER readings obtained using hCMEC/D3 cells have been reported 

to be both low and variable, particularly in monoculture and in the absence of shear stress 

mediated by flow (450,492,493).  Consistent with this I found TEER readings of hCMEC/D3 

monolayers to be low and inconsistent.  Reassuringly, the formation of junctional complexes 

by the hCMEC/D3 cells resulted in low levels of permeability to the passage of small 

molecules across the hCMEC/D3 barriers in vitro, as observed in vivo.   

The interaction of HBVP and BMECs has been described to play a role in the development 

of the BBB endothelial phenotype (441,492).  Several signalling pathways have been 

suggested in the published literature to potentially play a role in the interaction of pericytes 

and endothelial cells in the formation of the BBB, particularly TGFβ, PDGFβ and angiopoietin 
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(330,331,494,495).  The mediators of the interactions between endothelial cells and 

pericytes are not yet fully elucidated and are beyond the scope of the experimental work 

here.  Both direct cell-cell communication via gap junctions (336), as well as paracrine 

interactions via secreted mediators have been proposed to mediate the effect of HBVP on 

BMECs (204), with exosomes identified as possible mediators of intercellular 

communication (207,496).  Exosomes are able to transmit information in the forms of 

proteins, lipids and genetic material and to cross both the BBB and the blood-CSF barrier, 

and would therefore be excellent candidates for transmission of signals amongst the cells of 

the NVU (497).   

Consistent with the published role of HBVP in the development of a barrier phenotype by 

BMECs, the presence of HBVP accelerated the development of an impermeable phenotype 

by the endothelial layer.  As this effect was seen in the out-of-contact EPOC model as well as 

the in-contact EPIC mode, the HBVP secretome must be sufficient to mediate this effect, and 

cell-cell contact is not necessary in this model.  This supports the capacity of hCMEC/D3 and 

HBVP to model the cerebromicrovascular endothelial barrier and surrounding perivascular 

pericyte layer in vitro, and to interact in a physiologically meaningful way.  Given the 

difficulty of accessing the human BBB in vitro, and the limitations of these studies in mice, 

this may facilitate the investigation of both developmental and inflammatory processes in 

the CNS vasculature.  The EPOC model may prove an experimentally tractable way to 

explore the interaction of HBVP and BMECs and enable further characterisation both of the 

secreted molecules themselves but also the mechanics of how these signals are transmitted. 

Once I had established the in vitro model, I next demonstrated that the hCMEC/D3 barriers 

were able to mediate neutrophil recruitment in response to stimulation with S. pneumoniae 

or TNF in a dose-dependent fashion, and this effect was independent of barrier leak.  This 

was contrary to my hypothesis that endothelial activation would be contingent on upstream 

signalling by canonical innate immune cells in order to mediate neutrophil recruitment in 

response to S. pneumoniae and suggests the capacity for autonomous inflammatory 

responses in these cells.  This is explored in chapter 5.  It is not possible to exclude from 

the experimental work presented here that the S. pneumoniae, or their secreted products, 

in the pneumococcal model are translocating, or diffusing, basally-apical across the 

endothelial barrier and directly interacting with the neutrophils, resulting in neutrophil 

transmigration.   

I then showed that the presence of HBVP in either the EPIC or EPOC model increased 

neutrophil recruitment across the endothelial in response to either S. pneumoniae or TNF.  

Again, this effect was not the result of changes in endothelial barrier permeability.  The 

effect of HBVP on increasing neutrophil migration across the endothelial barrier was seen 
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even in the unstimulated conditions.  Across the experiments, neutrophil recruitment in the 

unstimulated EPOC model was significantly greater than that in both the unstimulated E 

model, p <0.0001, and the unstimulated EPIC model,  p <0.0001, by Mann-Whitney U test, 

see Figure 4.6. The difference between the neutrophil recruitment seen in the unstimulated 

EPIC and E models was not statistically significantly different.  This suggests that the basal 

HBVP secretome exerts chemotactic effects, mediated either through changes in the 

phenotype of the endothelial barrier, or via interactions with the neutrophils  Direct 

interaction would require transport of pericyte-secreted mediators across the endothelial 

barrier, but less direct effects could also be mediated via the generation of luminal-

abluminal signalling gradients across the endothelial barrier through the adhesion of 

pericyte-secreted signalling mediators onto the endothelial abluminal surface.  This 

suggests that HBVP play an important role in neutrophil recruitment the cerebral 

microvasculature in response to inflammatory stimuli, and hence in orchestrating the early 

inflammatory response, consistent with observations in mouse skin and soft tissue infection 

models, 

Interestingly, the effect of HBVP was significantly greater in the EPOC model than the epic 

model.  In the EPIC model the HBVP are seeded onto the abluminal surface of the transwell 

membrane, with a 0.33cm2 growth area, whilst in EPOC they were seeded onto the surface 

of the lower chamber, with a 1.9cm2 growth area.  As the cells were seeded at the same 

density, 4000/cm2 as per manufacturer’s recommendation, this means that there was a 

nearly 6-fold greater number of HBVP seeded in the EPOC model and suggests that the effect 

of HBVP is dependent on the number of cells in the system.  Consistent with this hypothesis, 

increasing the number of HBVP in the EPOC system increased the number of neutrophils 

recruited in response to a fixed dose stimulus, see Figure 4.8 (B). 

Given the capacity for HBVP to induce increased neutrophil recruitment in the EPOC model, 

the HBVP secretome must be sufficient to mediate this effect and cell-cell contact is not 

required.  Consistent with this, CoM from TNF stimulated HBVP was sufficient to induce 

significant neutrophil recruitment.  Intriguingly however, in spite of there being 

significantly more neutrophil recruitment in the EPOC model in response to stimulation 

with S. pneumoniae compared to the E model, CoM from S. pneumoniae stimulated HBVP did 

not induce significant neutrophil recruitment compared to CoM from unstimulated HBVP.  

Given that the CoM was generated by HBVP stimulated in isolation, it therefore appears that 

the interaction of hCMEC/D3 and HBVP is required to induce the additional neutrophil 

recruitment in response to S. pneumoniae in the EPOC model.  The synergistic interaction of 

hCMEC/D3 and HBVP in pathogen sensing has not previously been described. 
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The effect of HBVP-CoM does not simply represent TNF signalling: as TNF-neutralisation 

had no effect other pro-inflammatory mediators must be secreted by HBVP.  Pericytes in 

other contexts have been described to be capable of secreting multiple pro-inflammatory 

mediators, including chemoattractants, and I explore the nature of the HBVP secretory 

response to inflammatory stimuli and how this might mediate neutrophil recruitment in 

chapter 6. 

Together this supports a model whereby the BMECs and HBVP interaction both augments 

the development of an impermeable vascular endothelial barrier and alters the endothelial 

inflammatory response.  In addition, the perivascular HBVP secretory response is able to 

mediate direct effects on circulating leukocytes, and to increase neutrophil recruitment in 

response to inflammatory stimuli.  In the context of infection with S. pneumoniae, it appears 

that BMECs are able to sense the pathogen and their response results in neutrophil 

transmigration across the vascular endothelium, and this process is enhanced by the 

presence of HBVP.  The nature of this interaction is the focus of the next chapter. 
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5. THE ENDOTHELIAL, PERICYTE AND 

S. PNEUMONIAE INTERACTION 

 Introduction 

In my first results chapter I established that hCMEC/D3 and HBVP show typical phenotypic 

characteristics in vitro, including the formation of low permeability endothelial barriers by 

hCMEC/D3.   

At the outset of this work I hypothesized that hCMEC/D3 cells would show limited ability to 

sense and respond to infection with S. pneumoniae.  Instead I hypothesized that, given the 

evidence of the role of perivascular macrophages and pericytes in neutrophil recruitment 

in response to sterile inflammation and skin infection with S. aureus (184,200,219), the 

pathogen would be detected by the pericytes and/or perivascular macrophages 

surrounding the vascular endothelial layer, which would then mediate endothelial 

activation.   

Contrary to this hypothesis, stimulation of the endothelial monoculture model (E) with 

S. pneumoniae induced neutrophil recruitment, Figure 4.5.  In rodent models cerebral 

endothelial cells respond to S. pneumoniae cell wall products, which induce the production 

of TNF and lead to an escalating inflammatory response due to a TNF autocrine feedback 

loop  (136).  My in vitro BBB data suggest that hCMEC/D3 cells may be able to mount a 

functionally relevant inflammatory response to S. pneumoniae, which is sufficient to result 

in neutrophil transmigration. 

Importantly however, the neutrophil recruitment seen in the in vitro BBB models in 

response to S. pneumoniae was amplified by the presence of HBVP in coculture with the 

hCMEC/D3 cells, supporting a role for pericytes in the inflammatory response to this 

pathogen, Figure 4.6.  Interestingly, in spite of this, conditioned media from HBVP 

stimulated with S. pneumoniae in monoculture did not induce significant neutrophil 

recruitment in the E model.  This suggests that the interplay of the two cell populations is 

required to mediate the increased neutrophil recruitment seen in the EPOC model 

compared to the E model, rather than the HBVP mediating a separate, additive effect. 

In this chapter I examine the hCMEC/D3 and HBVP responses to S. pneumoniae, and 

characterize the effect of coculture on the cells, both with and without stimulation using 

S. pneumoniae and TNF, included as a prototypic inflammatory stimulus.  I focused 

particularly on host cell transcriptional changes as cellular activation in innate immune and 

proinflammatory responses are often mediated by transcriptional reprogramming and 
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because the application of genome-wide transcriptomic analysis offers the opportunity to 

make unbiased and comprehensive assessments at the level of individual genes and at the 

level of molecular systems. 

The objectives of this chapter are: 

1. Characterize the response of hCMEC/D3 and HBVP to stimulation with 

S. pneumoniae 

2. Explore the basal effect of coculture on each cell type 

3. To test the hypothesis that coculture of hCMEC/D3 and HBVP modulates the 

transcriptional response of each cell type to stimulation with S. pneumoniae 

 

 Results 

 hCMEC/D3 and HBVP show limited responses to 

stimulation with S. pneumoniae 

 

The neutrophil recruitment seen in the BBB models in response to S. pneumoniae was 

significantly greater in the coculture EPOC model compared to the monoculture E model.  

The leukocyte adhesion cascade is core to the recruitment of neutrophils and is mediated 

by the vascular endothelium.  I therefore hypothesized that cocultured hCMEC/D3 might 

show an enhanced response to S. pneumoniae compared to monocultured cells, with greater 

upregulation of genes involved in the leukocyte adhesion cascade.  Given the inability of 

CoM from HBVP stimulated with S. pneumoniae to induce neutrophil recruitment, but the 

marked effect of HBVP in inducing enhanced neutrophil recruitment in the EPOC model, I 

also hypothesized that the response of HBVP to stimulation with S. pneumoniae was 

increased in the context of coculture. 

I first investigated the transcriptional response of hCMEC/D3 and HBVP to stimulation with 

S. pneumoniae by RNA-seq, using TNF stimulation as positive control.  Consistent with my 

original hypothesis that these cells in isolation would show minimal ability to sense and 

respond to stimulation with S. pneumoniae, the transcriptional response of each cell type in 

monoculture to S. pneumoniae was limited: only 19 genes were differentially expressed with 

a false discovery rate <0.05 in hCMEC/D3 and 5 in HBVP, see (Figure 5.1(i)).  Conversely, 

stimulation with TNF induced marked differential gene expression, with 3993 genes 

differentially expressed in hCMEC/D3 and 5133 in HBVP, see (Figure 5.1(ii)).   See 
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Appendix table 1,  Appendix table 2, Appendix table 12 and Appendix table 13 for gene 

list tables. 

 

Figure 5.1 The transcriptional response of hCMEC/D3 and HBVP to TNF and Spn in 
monoculture was examined using RNAseq to identify genes differentially expressed 
with and FDR<0.05 

Cells were stimulated with S. pneumoniae MOI5 or TNF 10ng/ml for 4 hours 

Differentially expressed genes between the stimulated and unstimulated samples determined 

using edgeR on the Degust web application, with a false discovery rate cut off of 0.05.  Data 

points represent mean transcript per million expression values of individual genes across 3 

samples. 

 

Accordingly, there were no significantly over-represented pathways amongst the genes 

upregulated in response to S. pneumoniae stimulation in either cell type whereas multiple 

pathways were over-represented amongst genes differentially expressed in response to 

TNF stimulation.  These pathways almost entirely consisted of pathways involved in the 

immune response, (Figure 5.2), demonstrating the capacity of both cell types to mount a 

relevant transcriptional response and that the lack of response to S. pneumoniae stimulation  

was likely due to the failure of innate immune recognition by either cell type alone. 
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Figure 5.2 Pathway analysis was performed on the genes differentially expressed by 
hCMEC/D3 or HBVP in response to stimulation with TNF or Spn, and these pathways 
then clustered to describe the likely function of the differentially expressed genes 

Enriched pathways determined using XGR, considering only the genes with a mean fold change 

in expression of >1.  Pathways were then clustered hierarchically on the basis of the Jaccard 

index of the genes upregulated within the pathways.   

Data points represent pathway clusters and are named after the largest pathway by total 

number of annotated genes.  The size represents the number of genes annotated to that 

pathway, the colour the z score of that pathway. 
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To further support my conclusion that each cell type by itself may not sense and respond to 

S. pneumoniae, I investigated activation of the canonical NFkB signalling pathway involved 

in innate immune responses in each cell type. Both cell types showed clear dose-dependent 

nuclear translocation of NFkB RelA in response to TNF.  hCMEC/D3 only showed NFkB 

translocation in response to very high doses of S. pneumoniae, well above those used in the 

neutrophil transmigration experiments., while  HBVP showed only non-significant NFkB 

RelA in response to S. pneumoniae, see (Figure 5.3).  

 

Figure 5.3 The translocation of NFkB in hCMEC/D3 and HBVP in response to TNF and 
Spn was measured using immunofluorescence and high throughput microscopy 

Data points represent 10 000 randomly selected individual cells from 3 experiments, with the 

horizontal line at the median, box representing interquartile range, and vertical line from 5th 

to 95th centile.  Statistical significance determined by one-way ANOVA with test for linear-

trend. 
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 The interaction of pericytes and endothelial cells has 

marked transcriptional effects in both cell types 

In Figure 4.4. the presence of HBVP induced the faster development of a barrier phenotype 

by hCMEC/D3, while in Figure 4.6 the presence of HBVP drove increased neutrophil 

recruitment in both the EPIC and EPOC models, even in the unstimulated conditions, as well 

as in response to stimulation with S. pneumoniae or TNF.  I hypothesized that the coculture 

of HBVP and hCMEC/D3 may result in transcriptional differences in both cell populations.   

Therefore, I used the EPOC model to investigate the effect of coculture on the transcriptome 

of each cell type.  Comparison of the transcriptome of unstimulated hCMEC/D3 cells in 

monoculture and in the EPOC model showed statistically differential expression in 1068 

genes that were upregulated in the coculture model and 864 genes that were down-

regulated in the coculture model (Figure 5.4(A)), see Appendix table 3 and Appendix 

table 4 for the most significantly up- and down-regulated gene lists.  Similarly, in HBVP, 

2558 genes that were upregulated in the coculture model and 3079 genes that were down-

regulated in the coculture model.  I therefore next sought to investigate these differences in 

more detail. 

 

 

Figure 5.4 The basal transcriptome of hCMEC/D3 and HBVP in coculture was compared 
to that of monocultured cells using RNAseq, identifying genes differentially expressed 
in cocultured cells compared to monocultured cells with and FDR <0.05 

Differentially expressed genes between the cocultured and monocultured samples determined 

using edgeR on the Degust web application, with a false discovery rate cut off of 0.05.  Data 

points represent mean transcript per million expression values of individual genes across 3 

samples. 
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 hCMEC/D3 in coculture 

In the hCMEC/D3 cells, a diverse range of pathways are significantly over-represented 

amongst the genes differentially expressed between the culture conditions.  Amongst the 

upregulated differentially expressed genes, statistically over-represented pathways are 

mostly metabolic, whilst amongst those downregulated statistically over-represented 

pathways are mostly involved in cell surface interactions, represented by the ‘haemostasis’ 

cluster below, and developmental pathways, consistent with the known role of this 

interaction in vascular development and physiology, see (Figure 5.5). 

 

Figure 5.5 Pathway analysis was performed on the genes differentially expressed by 
hCMEC/D3 in coculture compared to monoculture, and these pathways then clustered 
to describe the likely function of the differentially expressed genes 

Enriched pathways determined using XGR, considering only the genes with a mean fold change 

in expression of >1 (Up) or <1 (Down).  Pathways were then clustered hierarchically on the 

basis of the Jaccard index of the genes upregulated within the pathways.  Data points represent 

pathway clusters and are named after the largest pathway by total number of annotated 

genes.  The size represents the number of genes annotated to that pathway. 

Given the evident transcriptional differences between the mono- and co-cultured 

hCMEC/D3 cells even in the absence of stimulation, and the greater neutrophil recruitment 

seen in the unstimulated EPOC model compared to unstimulated E model, I next 

hypothesized that cocultured hCMEC/D3 may constitutively express relevant immune 

response genes, particularly genes involved in the leukocyte adhesion cascade, at a higher 

level, than monocultured hCMEC/D3. 
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In order to investigate this I filtered the genes statistically significantly differentially 

expressed by unstimulated cocultured hCMEC/D3 compared to unstimulated 

monocultured hCMEC/D3 to include only those annotated as involved in the Gene Ontology 

biological process of ‘immune response’, GO:0006955 (Figure 5.6(A)(i)).  Many of these 

‘immune response genes’ were indeed differentially expressed between the two culture 

conditions, with 203 expressed at a significantly higher level in coculture than monoculture, 

and 146 at a lower level. 

 

 

 

Figure 5.6 The genes differentially expressed by hCMEC/D3 in coculture compared to 
monoculture were interrogated to identify those annotated as involved in the ‘immune 
response or neutrophil recruitment (A).  The average expression level of the neutrophil 
recruitment genes in the two culture systems was then compared (B). 

 (A) Differentially expressed genes determined as per Figure 5.1.  Data points represent mean 

log2 transcript per million (TPM) expression values of individual genes across the 3 samples. 

(i) filtered to include only those annotated as involved in the Gene Ontology biological process 

of ‘immune response’, GO:0006955, (ii) includes only genes involved in curated ‘neutrophil 

recruitment’ gene list.  Line at 1, to delineate equivalent expression. 

(B) Mean TPM expression of genes significantly upregulated in cocultured compared to 

monocultured hCMEC/D3 and annotated as involved in neutrophil recruitment. Spokes 

represent log2 TPM values, from -10 to 15 with concentric lines at intervals of log2 5. 
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To examine the potential relevance of this to neutrophil recruitment, I curated a list of 

‘neutrophil recruitment genes’, containing all putative candidates that might be directly 

involved in the leukocyte adhesion cascade.  This included all human leukocyte chemokines 

and their receptors, cytokines that are described to interact with neutrophils, constituents 

of the complement cascade and leukocyte adhesion molecules, detailed in 3.6.3.4.  I then 

compared the expression of these ‘neutrophil recruitment genes’ between the unstimulated 

cocultured and monocultured hCMEC/D3, see (Figure 5.6(A)(ii)), demonstrating that 18 

of these genes were expressed at a significantly higher level in unstimulated cocultured 

hCMEC/D3 compared to monocultured cells, with 5 expressed at a lower level. 

Within the 18 ‘neutrophil recruitment’ genes differentially expressed at a statistically 

significant higher level in unstimulated cocultured hCMEC/D3 cells compared to the 

monocultured cell were several pro-inflammatory cytokines, including chemokines, as well 

as chemokines receptors and complement factors, see (Figure 5.6(B)).  The most potent 

neutrophil chemokines, notably CXCL8 and CXCL1, are not upregulated by coculture, nor 

are the prototypic neutrophil adhesion molecules ICAM-1 and VCAM-1, however S100A8 

and S9 are both expressed at a higher level, and have been described to form a neutrophil 

chemoattractive heterodimer (498). 

 HBVP in Coculture 

I then repeated this approach to examine the effect of coculture with hCMEC/D3 on the 

HBVP transcriptome.  Again, there are multiple pathways significantly over-represented 

amongst the genes differentially expressed between the culture conditions.  Amongst the 

genes differentially expressed and upregulated, statistically over-represented pathways 

include ‘immune system’ and ‘cytokine signalling’ (also part of the immune system cluster), 

as well as pathways involved in cell-cell communication.  Amongst the downregulated 

differentially expressed genes, pathways involved in ‘extracellular matrix organisation’ and 

‘collagen formation’ (part of the same cluster) were both downregulated, see (Figure 5.7). 

Given the statistically significantly over-representation of ‘immune system’ and ‘cytokine 

signalling’ pathways amongst the genes differentially expressed between the culture 

conditions, and the differences in expression of these genes I had already demonstrated in 

hCMEC/D3, I next sought to investigate the differences in expression of ‘immune response’ 

genes between the unstimulated culture condition.  I again filtered the genes differentially 

expressed between unstimulated hCMEC/D3 in coculture and monoculture to examine the 

expression of only those genes those annotated as involved in the Gene Ontology biological 

process of ‘immune response’, GO:0006955(Figure 5.8(A)(i)).  460 of the differentially 
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expressed ‘immune response’ genes are upregulated in the context of coculture, whilst 412 

are downregulated. 

 

 

Figure 5.7 Pathway analysis was performed on the genes differentially expressed by 

HBVP in coculture compared to monoculture, and these pathways then clustered to 

describe the likely function of the differentially expressed genes 

Enriched pathways determined and represented as per Figure 5.5 

Again, I next interrogated the differentially expressed genes for evidence of differences that 

might mediate the observed increase in neutrophil recruitment in the coculture EPOC model 

compared to the monoculture E model.  I therefore filtered the differentially expressed 

genes to include only the ‘neutrophil recruitment’ genes, described in 5.2.2.1.  This 

demonstrated 18 ‘neutrophil recruitment’ genes to be differentially expressed at a higher 

level in cocultured unstimulated HBVP compared to the equivalent monocultured cells, 

while 7 were expressed at a lower level (Figure 5.8(A)(ii)). 

Examining the specific neutrophil recruitment genes differentially expressed by HBVP 

between the culture conditions, revealed that several chemokines, including potent 

neutrophil chemokines, were significantly differentially expressed between the culture 

conditions, as were several pro-inflammatory cytokines, see (Figure 5.8 (B)(i)&(ii)).   

Together this suggests that cocultured hCMEC/D3 and HBVP constitutively express genes 

that could mediate neutrophil recruitment at a higher level than the same cells in 

monoculture, which may explain the higher levels of neutrophil recruitment seen in the 

unstimulated EPOC model compared to the E model. 
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Figure 5.8 The genes differentially expressed by HBVP in coculture compared to 
monoculture were interrogated to identify those annotated as involved in the ‘immune 
response or neutrophil recruitment (A).  The average expression level of the neutrophil 
recruitment genes in the two culture systems was then compared (B). 

(A) Differentially expressed genes between the cocultured and monocultured unstimulated 

samples determined using edgeR on the Degust web application, with a false discovery rate cut 

off of 0.05, shown in darker circles.  Data points represent mean log2 transcript per million 

expression values of individual genes across the 3 samples. (i) Includes all differentially 

expressed genes, while (ii) includes genes involved in neutrophil recruitment. 

(B) Mean TPM expression of genes significantly upregulated in cocultured compared to 

monocultured hCMEC/D3 and annotated as involved in neutrophil recruitment. 
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 The pericyte-endothelial interaction increases the 

hCMEC/D3 transcriptional response to S. pneumoniae 

Greater neutrophil recruitment is also seen in response to S. pneumoniae stimulation in the 

EPOC model compared to the E model.  Given the differences in expression of genes involved 

in the leukocyte adhesion cascade between the cocultured and monocultured cells even in 

the absence of stimulus, I postulated that coculture may result in differences in the 

transcriptional response to stimulation with S. pneumoniae compared to monoculture.   

Therefore, I sought to test the hypothesis that the induction of expression of genes involved 

in the immune response, and particularly in neutrophil recruitment, following 

pneumococcal stimulation would be augmented in coculture compared to monoculture 

conditions. In order to address this, I compared the transcriptional response of each cell 

type to S. pneumoniae or TNF in the EPOC coculture model, with their response to the stimuli 

in monoculture.  

 

Figure 5.9 The frequency distribution of fold change in differential expression of genes 
by hCMEC/D3 in mono- and co-culture was calculated 

Histogram of the fold changes in expression of stimulus-specific differentially expressed genes 

in hCMEC/D3 either in the monoculture E model, or the coculture EPOC model. Fold change 

calculated for each gene as (log2 TPM value in the stimulated cells) – (log2 TPM value in the 

unstimulated cells) 
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Cocultured hCMEC/D3 did indeed show a markedly increased transcriptional response to 

stimulation with S. pneumoniae, with 2123 genes differentially expressed in response to 

stimulation compared to 19 in monocultured cells. Conversely the number of genes 

differentially expressed by hCMEC/D3 in response to TNF is reduced from 3956 in 

monoculture to 2862 in coculture, (Figure 5.9) & (Table 5.1). See Appendix table 5 and 

Appendix table 8 for lists of the genes most significantly upregulated in response to both 

stimuli. 

  

Table 5.1 Summary table of number of genes differentially expressed with a false 
discovery rate <0.05 by hCMEC/D3 cells in all relevant comparisons 

 

Not only is the number of genes differentially expressed quantitatively different between 

the two culture conditions, the transcriptional responses to both stimuli are also 

qualitatively different between the culture conditions, with different genes differentially 

expressed.  This is particularly evident in the TNF response, with many differentially 

expressed genes unique to each culture condition: 5561 genes are differentially expressed 

in response to TNF by hCMEC/D3 in either culture condition, of these, 1257 are 

differentially expressed by both mono- and co-cultured cells stimulated with TNF, while 

2699 are unique to the TNF stimulated monoculture cells, and 1605 unique to TNF 

stimulated cocultured cells, see (Figure 5.10 (B)).  Similarly, despite the upregulation of 

many more genes in coculture in response to stimulation with S. pneumoniae compare to 

monoculture, of the 19 genes differentially expressed in monoculture only 4 are also 

differentially expressed in coculture. see (Figure 5.10 (A)). 
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Figure 5.10 The repertoire of genes differentially expressed by hCMEC/D3 and HBVP in 
the mono- and co-culture systems were compared, considering the presence or absence 
of the genes and their relative ranks 
Differentially expressed genes upregulated in response to each stimulus in each culture 
condition were ranked by FDR and then the positions of these genes were then compared 
between the culture conditions. Genes upregulated in both mono- and co-culture conditions 
are tracked by black lines, those present only in mono-culture by the lighter colour, and those 
present only in co-culture by the darker colour. 
 

I next examined whether the genes differentially expressed in the context of S. pneumoniae 

stimulated coculture represent an endothelial inflammatory response.  To address this, I 

filtered the genes differentially expressed by hCMEC/D3 under either culture condition in 

response to TNF or S. pneumoniae, including only those annotated as involved in the Gene 

Ontology biological process of ‘immune response’, GO:0006955.  This enabled me to define 

a set of ‘hCMEC/D3 immune response repertoire genes’ that were transcriptionally 

differentially expressed in hCMEC/D3 response to inflammatory signalling.   I then 

examined the expression of these genes in response to S. pneumoniae or TNF in 

monocultured and cocultured hCMEC/D3. 

While only 6 the ‘hCMEC/D3 immune response genes' were significantly differentially 

expressed in monocultured cells stimulated with S. pneumoniae compared to unstimulated 

monocultured cells, 315 were differentially expressed in the cocultured cells in response to 

S. pneumoniae, and none of these were differentially expressed in both culture conditions.  

Conversely, 481 ‘hCMEC/D3 immune response’ genes were differentially expressed in 

response to stimulation with TNF in the context of coculture, compared to 743 in 

monoculture, see (Figure 5.11(A)&(B)). 
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Figure 5.11 The expression of genes differentially expressed by hCMEC/D3  in response 
to stimulation and annotated as involved in the immune system was compared between 
the mono- and co-culture systems to identify genes significantly differentially expressed 
both in response to stimulation and between the culture systems 

Genes differentially expressed under at least one stimulus condition, with an FDR0.05 as 

identified by EdgeR, and annotated as involved in the ‘immune response’ (GO:0006955) on the 

Gene Ontology Database.  Data points represent mean transcript per million expression values 

of individual genes across 3 samples.   

Comparing the expression of these stimulation-induced ‘hCMEC/D3 immune response 

repertoire genes’ between the cocultured and monocultured hCMEC/D3 showed that many 

of these genes are also statistically significantly differentially expressed between the two 

stimulated culture conditions.  Of the 321 ‘hCMEC/D3 immune response repertoire genes’ 

differentially expressed in response to stimulation with S. pneumoniae under any condition, 

230 are expressed at statistically significantly different levels between the two 

S. pneumoniae stimulated culture conditions, while 426 of the 948 ‘hCMEC/D3 immune 

response repertoire genes’ differentially expressed in response to stimulation with TNF 
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under any condition are also differentially expressed between the TNF stimulated culture 

conditions, see (Figure 5.12).  

 

Figure 5.12 The expression of genes differentially expressed by hCMEC/D3 or HBVP in 
response to stimulation and annotated as involved in the ‘immune system’was then 
compared between the mono- and co-culture systems. 

The genes identified in Figure 5.11 was then filtered to identify those annotated as involved in 

the immune response and compared between the cocultured and monocultured stimulated cell 

populations using EdgeR. Data points represent mean transcript per million expression values 

of individual genes across 3 samples.   

To investigate which cellular processes might be altered in the context of stimulated 

coculture, I performed pathway over-representation analysis, comparing the stimulated 

cocultured cells to the unstimulated cocultured cells.  As S. pneumoniae induced only 

relatively small fold changes in gene expression, even amongst those statistically 

significantly differentially expressed, a 0.5 fold change cut off was applied: a 1 fold cut off 

excludes almost all differentially expressed genes in this context.  Interestingly, whilst 

amongst the genes differentially expressed and upregulated in coculture in response to TNF, 

there are many statistically over-represented pathways involved in the immune response, 

many of those statistically over-represented in response to S. pneumoniae are metabolic or 

involved in transcription and protein translation, see (Figure 5.13). 

The marked differences in the pathways upregulated in S. pneumoniae stimulated 

hCMEC/D3 in coculture compared to monoculture suggest that the presence of HBVP 

functionally alters the hCMEC/D3 response to S. pneumoniae.  Given the observed 

differences in neutrophil recruitment in the EPOC model compared to the E model, I 

hypothesized that these transcriptional differences might include differential expression of  
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Figure 5.13 Pathway analysis was performed on the genes differentially expressed by 

hCMEC/D3 or HBVP in response to stimulation with TNF or Spn and differentially 

expressed in coculture compared to monoculture, and these pathways then clustered to 

describe the likely function of the differentially expressed genes 

Enriched pathways determined using XGR, considering only the genes with a mean fold change 

in expression of >1.  Pathways were then clustered hierarchically on the basis of the Jaccard 

index of the genes upregulated within the pathways.   

Data points represent pathway clusters and are named after the largest pathway by total 

number of annotated genes.  The size represents the number of genes annotated to that 

pathway 
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genes relevant to the recruitment of neutrophils.  To assess this holistically, I created a gene 

module, containing all genes annotated by the Gene Ontology Database as involved in the 

biological process of ‘neutrophil chemotaxis’, GO:0030593. I then calculated the geometric 

mean of the expression of these genes in all conditions, using this to create a score for this 

process, see (Figure 5.14(A)).  While there was no difference in the expression of this gene 

module between cocultured and monocultured cells stimulated with TNF, there was a 

statistically significant difference in its expression between the culture populations 

stimulated with S. pneumoniae. 

I next interrogated the expression of the genes specifically involved in the leukocyte 

adhesion cascade, the ‘neutrophil recruitment genes’ described in 5.2.2.  As described for 

the ‘hCMEC/D3 immune response repertoire genes’, I filtered the genes differentially 

expressed by hCMEC/D3 under either culture condition in response to TNF or 

S. pneumoniae, including only those involved in the leukocyte adhesion cascade, defining a 

set of ‘hCMEC/D3 neutrophil recruitment repertoire genes’ that were transcriptionally 

differentially expressed in hCMEC/D3 response to inflammatory signalling.    

As per my hypothesis that relevant genes would be upregulated in cocultured hCMEC/D3 

stimulated with S. pneumoniae, many of these ‘hCMEC/D3 neutrophil recruitment 

repertoire genes’ were expressed at a statistically significantly higher level in cocultured 

hCMEC/D3 stimulated with S. pneumoniae compared to monocultured cells, see (Figure 

5.14(B)(i)).   

As already shown in Figure 5.6(A)(ii), many genes involved in the leukocyte adhesion 

cascade are upregulated in cocultured hCMEC/D3 compared to monocultured hCMEC/D3 

without stimulation, as well as being differentially expressed at a higher level in the context 

of stimulation with S. pneumoniae, see (Figure 5.14(B(i))).  Together this suggests that the 

genes involved in the recruitment of neutrophils by endothelia are operating in a higher 

expression range in the context S. pneumoniae stimulation in cocultured hCMEC/D3 

compared to monocultured hCMEC/D3.  In contrast most of the expression of the 

‘hCMEC/D3 neutrophil recruitment repertoire genes’ was similar between the TNF 

stimulated culture conditions, which given the higher expression level of these genes prior 

to stimulation, would suggest a dampened expression range of these genes in response to 

TNF stimulation in coculture. 

To confirm this, I next looked at the fold change in expression of the ‘hCMEC/D3 neutrophil 

recruitment repertoire genes’.  Consistent with the increased basal expression of these 

genes but equivalent expression in the context of TNF stimulation, the fold change in 

expression in response to TNF stimulation was statistically significantly reduced.  In 
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response to stimulation with S. pneumoniae, however, the fold change in expression was 

statistically significantly greater in cocultured hCMEC/D3 compared to monoculture 

hCMEC/D3.  Therefore, it appears that ‘hCMEC/D3 neutrophil recruitment repertoire genes’ 

are indeed both constitutively expressed at a higher level prior to stimulation but also 

significantly more upregulated in response to S. pneumoniae in the presence of HBVP. 

 

Figure 5.14 The expression of a ‘Neutrophil chemotaxis’ gene module was compared 
between the stimuli and culture conditions (A), as was the expression of genes 
postulated to be involved in the leukocyte adhesion cascade (B). The fold change in 
expression of these genes was then compared between the mono- and co-culture 
systems 

(A) Data points represent the geometric mean of the log2 transcript per million expression 

values of genes annotated as involved in neutrophil chemotaxis (GO:0030593) on the Gene 

Ontology Database. Significance determined by multiple t tests with a false discovery rate 

approach, using the Benjamini correction 

(B) Data points represent mean transcript per million expression values of individual genes 

involved in the leukocyte adhesion cascade across 3 samples, line denotes equivalent 

expression 

(C) Data points represent the difference in the fold change in expression of individual genes 

involved in the leukocyte adhesion cascade across 3 samples in the coculture compared to 

monoculture models.  Significance determined using Wilcoxon test. 
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I next examined which ‘‘hCMEC/D3 neutrophil recruitment repertoire genes’ were 

upregulated by cocultured hCMEC/D3 in response to stimulation with S. pneumoniae and 

also differentially expressed compared to monocultured hCMEC/D3 stimulated with 

S. pneumoniae.  This revealed that several chemokines and pro-inflammatory cytokines are 

both upregulated by cocultured hCMEC/D3 in response to stimulation with S. pneumoniae 

and also expressed at a significantly higher level compared to monocultured hCMEC/D3. 

see (Figure 5.15).  This included the potent neutrophil chemokine CXCL8, as well as CXCL1, 

CXCL3, CCL2 and CCL20, all of which are chemotactic to neutrophils, as well as the 

endothelial leukocyte adhesion molecule E-selectin (SELE).  

These transcriptional differences therefore suggest that the differences in the endothelial 

response to S. pneumoniae in coculture compared to monoculture could be mediating the 

increased neutrophil recruitment seen in response to stimulation with S. pneumoniae in the 

EPOC model compared to the E model. 

 
Figure 5.15 The mean absolute expression level of chemokines and cytokines predicted 
to interact with neutrophils and differentially expressed between the co- and mono-
cultured hCMEC/D3 cells were compared 

Data points represent the log2 transcript per million expression values of genes annotated as 

involved in neutrophil recruitment, upregulated on stimulation and differentially expressed 

between coculture+Spn and monoculture+Spn, with an FDR <0.05, as determined by EdgeR.  

The spoke axes run from -10 to +15 with concentric lines at intervals of log2 5.. 

 The pericyte-endothelial interaction does not alter the 

HBVP transcriptional response to S. pneumoniae 

Given the marked transcriptional differences in unstimulated cocultured HBVP compared 

to monocultured HBVP, and the differences in cocultured stimulated hCMEC/D3 compared 
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to monocultured stimulated hCMEC/D3, I hypothesized that cocultured HBVP would 

similarly show a differential response to S. pneumoniae in the context of coculture.  Again, 

to assess this, I stimulated the cells in the EPOC model, using TNF as a positive control, and 

separately isolated and sequenced the cells’ RNA.  I then compared the RNA sequenced from 

stimulated cocultured cells to that from stimulated monocultured cells.   

Contrary to my hypothesis, cocultured HBVP do not show an increased transcriptional 

response to stimulation with S. pneumoniae compared to monocultured HBVP, and the TNF 

transcriptional response appears markedly constrained in the context of coculture, with 

many fewer genes differentially expressed, see (Figure 5.16).   

 

Figure 5.16 The frequency distribution of fold change in differential expression of genes 
by HBVP in mono- and co-culture was calculated 

Histogram of the fold changes in expression of stimulus-specific differentially expressed genes 

in HBVP either in the monoculture E model, or the coculture EPOC model. Genes differentially 

expressed on stimulation were determined using edgeR to compare stimulated versus 

unstimulated cells in each culture condition, with a false discovery rate cut off of 0.05.  

Fold change calculated for each gene as (log2 TPM value in the stimulated cells) – (log2 TPM 

value in the unstimulated cells) 
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To examine if these differences included altered expression of genes involved in the immune 

response, I filtered the list of differentially expressed genes as already described in 5.2.2.1, 

and then examined the expression of these genes between the culture conditions, revealing 

that not only is there no transcriptional evidence of differential expression of immune 

response genes by HBVP in response to stimulation with S. pneumoniae in co-culture, but 

that also the expression of ‘immune response genes’ in response to TNF stimulation is 

markedly diminished, see (Figure 5.17) 

Figure 5.17 The expression of genes differentially expressed by HBVP  in response to 
stimulation and annotated as involved in the immune system was compared between 
the mono- and co-culture systems to identify genes significantly differentially expressed 
both in response to stimulation and between the culture systems 

Genes differentially expressed under at least one stimulus condition, with an FDR0.05 as 

identified by EdgeR, and annotated as involved in the ‘immune response’ (GO:0006955) on the 

Gene Ontology Database.  Data points represent mean transcript per million expression values 

of individual genes across 3 samples.   

 



114 
 

 

Table 5.2 Summary table of number of genes differentially expressed with a false 
discovery rate <0.05 by HBVP cells in all relevant comparisons 

In the transwell model, significantly more neutrophil recruitment was observed in the EPOC 

model than the E model following stimulation with S. pneumoniae (p = 0.028 by Mann-

Whitney test), Figure 4.6. In spite of this, HBVP CoM from monocultured HBVP stimulated 

with S. pneumoniae did not induce significant neutrophil recruitment, see Figure 4.8(A).  

The lack of a transcriptional response in either mono- or co-cultured HBVP suggest that the 

HBVP response to direct stimulation with S. pneumoniae is not mediating the difference in 

neutrophil recruitment seen in the EPOC model compared to the E model, which is instead 

mediated by HBVP-induced changes in the endothelial barrier, augmenting the hCMEC/D3 

response to S. pneumoniae. 

 

 A TNF signalling axis underlies the effect of HBVP in 

enhancing neutrophil recruitment in response to 

stimulation with S. pneumoniae 

S. pneumoniae cell wall products have been described to induce TNF production by cerebral 

endothelial cells, and that this mediates further TNF release via an autocrine loop (136).  I 

hypothesized that stimulation with S. pneumoniae might induce a TNF autocrine loop in the 

hCMEC/D3, and this effect might be amplified by the presence or HBVP or potentiated by 

the changes they induce in the hCMEC/D3 cells. 
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To investigate this, I compiled a list of all the genes differentially expressed on TNF 

stimulation by hCMEC/D3 either in mono- or co-culture.  I then performed a principle 

component analysis of these TNF-induced genes to investigate if there was a plane by which 

the TNF stimulated samples separated, and to see if the S. pneumoniae samples showed 

evidence of a response in this plane.   

Principle component 1 did indeed separate the TNF-stimulated samples from the 

unstimulated samples, and while monocultured hCMEC/D3 stimulated with S. pneumoniae 

grouped with the unstimulated monocultured cells, cocultured hCMEC/D3 stimulated with 

S. pneumoniae grouped with TNF stimulated cocultured cells in this component, see (Figure 

5.18).  I therefore hypothesized that coculture potentiated the hCMEC/D3 TNF response to 

S. pneumoniae, which is then itself able to mediate an inflammatory response that drives 

additional neutrophil recruitment. 

 

Figure 5.18 Principle component analysis of genes differentially expressed by 
hCMEC/D3 in response to stimulation 
Principle component scores in (A)(i) monocultured endothelial cells and (ii) cocultured 
endothelial cells.  (B) All samples in PC1 versus PC2 
Points represent the score in that principle component for an individual sample.   
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To investigate this, I next used an external data set (499) to create a TNF-stimulation gene 

expression module.  I calculated the geometric mean of the expression values of the genes 

within this module to create a module score for each sample, see (Figure 5.19(A)).  While 

there was no difference in the expression of the module score between the culture 

conditions in the unstimulated or TNF-stimulated conditions, there were differences 

between the cocultured and monocultured hCMEC/D3 stimulated with S. pneumoniae, 

although this did not reach statistical significance, in three experimental replicates. 

  

Figure 5.19  (A) A TNF gene module was derived and used to calculate a TNF module 
expression score for each sample, (B) Etanercept was used to neutralize to the TNF in 
the monoculture and coculture systems during stimulation with Spn and neutrophil 
transmigration then measured 
 (A) Data points represent the geometric mean of the transcript per million expression values 
+10 of the genes upregulated with a fold change >3 in a published data set of the 
transcriptional response of microvascular endothelial cells to TNF stimulation (499) 
(B) Etanercept was added to the stimulation media, along with Spn in addition to S. 
pneumoniae.  Neutrophil transmigration was performed after 6 hours of stimulation as 
previously described.  Data points represent individual experiments with line at the median. 
 

To examine the role of TNF in the coculture response to S. pneumoniae experimentally, I 

stimulated the EPOC transwell model with S. pneumoniae in the presence or absence of the 

TNF-neutralising antibody Etanercept.  Consistent with previous experiments, the presence 

of HBVP in the EPOC model induced greater neutrophil recruitment even in the absence of 

stimulation, and S. pneumoniae stimulation induced neutrophil recruitment in both models, 

more potently in the EPOC model compared to the monoculture E model.  The addition of 

Etanercept abrogated the effect of the presence of HBVP, returning the neutrophil 

recruitment in response to S. pneumoniae to the level seen in the monoculture model, 
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supporting the hypothesis that a TNF-signalling axis underlies the effect of HBVP on the 

hMCEC/D3 response to S. pneumoniae, see (Figure 5.19(B)). 

 

 Discussion 

In this chapter I found that hCMEC/D3 and HBVP showed a minimal transcriptional 

response to S. pneumoniae in isolation from each other.  However, the coculture of these 

cells together resulted in marked changes in their transcriptome, and in hCMEC/D3 an 

enhanced transcriptional response to stimulation with S. pneumoniae. 

Interestingly, of the small number of genes upregulated by monocultured hCMEC/D3 in 

response to S. pneumoniae, 6 are annotated as involved in the immune system: ANGPT2, 

FOS, KDM6B, KLF10, NFATC1, NFATC2, see Appendix table 2.  NFATC proteins have been 

described to be upstream of angiopoietin signalling in lung endothelium (500), although 

this pathway is not represented on the Reactome Pathway Database so it is not possible to 

statistically assess if it is over-represented.  An angiopoietin signalling axis has been 

described to exist between endothelial cells and vascular pericytes (330), as well as 

influencing recruitment of perivascular macrophages to the CNS vasculature (393).  The 

possibility that signalling via this pathway might be modulated in response to 

S. pneumoniae, raises interesting possibilities for coordination of the perivascular 

inflammatory response in this context. 

Two of the five genes upregulated by monocultured HBVP stimulated with S. pneumoniae 

are annotated as involved in the immune response: CXCL10 and CXCL11, see Appendix 

table 13.  These chemokines are not directly chemotactic to neutrophils and conditioned 

media from HBVP stimulated with S. pneumoniae in monoculture was not sufficient to 

induce neutrophil recruitment.  However, CXCL10 and 11 have been described to form an 

axis which, along with CXCL9, ‘regulates immune cell migration, differentiation, and 

activation’ (501) and the presence of HBVP in coculture during the stimulation of 

hCMEC/D3 resulted in both significant transcriptional differences and greater neutrophil 

recruitment.  It is therefore possible that while the HBVP response to stimulation with S. 

pneumoniae is not sufficient to induce significant neutrophil recruitment in isolation, it is 

not irrelevant to the inflammatory process. 

The coculture of these cells together results in marked changes in their transcriptome, even 

in the absence of stimulation. Consistent with the in vivo data, the in vitro transcriptome of 

the cells in coculture supports a role for the interplay of endothelial cells and pericytes in 

endothelial barrier formation and vascular physiology (341–343).   It is of note that the RNA 
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sequencing of the monocultured and cocultured cells was not performed 

contemporaneously and were conducted in different cell culture vessels (monoculture in 

plates, coculture in transwells), which may add additional variation.  Reassuringly, 

examining the expression of the lowest variance expressed genes from the monoculture 

hCMEC/D3 cells, the TPM expression levels are consistent in cocultured hCMEC/D3, see 

Figure 5.20. 

 

 

 

 

 

 

 

 

 

Figure 5.20 The lowest variance genes in the monocultured (A) hCMEC/D3 and (B) 
HBVP were identified, and then the expression level of these genes compared across 
unstimulated samples generated at different times and different culture vessels 
Variance of all genes calculated across all monocultured hCMEC/D3 or HBVP samples, and the 
transcripts per million of the 10 lowest variance genes then compared across the culture 
conditions. 

Examining the whole transcriptome, in unstimulated cocultured hCMEC/D3, pathways 

involved in cell junction organisation, cell-extracellular matrix interactions as well as cell 

surface interactions are all statistically over-represented amongst genes differentially 

expressed compared to monoculture.  Interestingly these are over-represented amongst 

down-regulated genes.  In addition, pathways involved in contractility were over-

represented in the genes differentially expressed at lower levels in unstimulated coculture, 

as were platelet adhesion and activation pathways, see Appendix 9.1.3. 

In HBVP, cell-cell communication is over-represented amongst genes upregulated in 

unstimulated coculture.   Within this, platelet derived growth factor signalling is 

upregulated, and this is known to mediate pericyte-endothelial signalling (330).  Growth 

factor and type 1 interferon signalling pathways are also both over-represented and have 

been described to play roles in angiogenesis (502), see Appendix 9.2.3.  
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In addition, published literature suggests a role of pericytes in basement membrane 

formation and maintenance (162,200,209,210).  In both hCMEC/D3 and HBVP there were 

notable differences in the expression of genes involved in extracellular matrix organisation 

and collagen formation in coculture compared to monoculture, see Appendix 9.1.3 & 9.2.3, 

supporting an additional role for the interplay of hCMEC/D3 and HBVP in ECM formation 

and maintenance. 

The transcriptomic differences between the cocultured and monocultured cells also 

included differential expression of several genes potentially involved in neutrophil 

recruitment.  13 ‘neutrophil recruitment genes’ were expressed at a higher level basally by 

unstimulated cocultured hCMEC/D3, notably several chemokines and chemokine receptors.  

This includes the atypical chemokine receptor ACKR1 and this may be of relevance in 

mediating the effect of HBVP in response to inflammatory stimuli, discussed in 6.2.5.1.  

S100A8 and S100A9, which form a chemoattractive heterodimer, and the pro-inflammatory 

cytokines IL-1β and IL-6 are also transcribed at significantly higher levels in unstimulated 

cocultured hCMEC/D3 cells. 

 

ensembl gene ID Gene 
Name 

Monoculture 
MEV 

Coculture 
MEV 

Fold Change FDR 

ENSG00000107562 CXCL12 6.762486 8.743781 1.981295 6.09E-09 

ENSG00000184451 CCR10 -0.15305 2.006641 2.159692 1.37E-06 

ENSG00000276409 CCL14 2.080219 5.170537 3.090318 6.71E-06 

ENSG00000081041 CXCL2 2.491804 5.961023 3.46922 2.22E-05 

ENSG00000213088 ACKR1 2.295557 3.518482 1.222924 5.97E-05 

ENSG00000163220 S100A9 -0.51822 2.801235 3.319454 9.29E-05 

ENSG00000108342 CSF3 -1.59054 1.717591 3.308129 0.000302 

ENSG00000125538 IL1B -2.05599 0.308104 2.36409 0.002327 

ENSG00000143546 S100A8 -4.76177 1.360804 6.122569 0.006626 

ENSG00000112486 CCR6 -5.11005 -2.07285 3.037201 0.013318 

ENSG00000180871 CXCR2 -4.4149 -1.96455 2.450347 0.0259 

ENSG00000168329 CX3CR1 -8.32398 -2.9002 5.423775 0.038359 

ENSG00000108700 CCL8 -9.96578 -2.56956 7.396225 0.042357 

ENSG00000115414 FN1 10.18974 8.705319 -1.48442 8.96E-07 

ENSG00000162692 VCAM1 3.348975 1.678943 -1.67003 0.000148 

ENSG00000008517 IL32 7.085614 6.030024 -1.05559 0.000395 

ENSG00000006210 CX3CL1 1.474451 0.177094 -1.29736 0.004491 

Table 5.3Genes differentially expressed between unstimulated cocultured and 
monocultured hCMEC/D3 cells and annotated as involved in ‘neutrophil recruitment 
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Similarly, multiple ‘neutrophil recruitment genes’ were expressed at a higher level in 

cocultured HBVP compared to monocultured HBVP, including multiple chemokines: notably 

the potent neutrophil chemokine CXCL8, along with CXCL1, CXCL2, CXCL3, CXCL5 and 

CXCL6, as well as CCL2 and CCL20, all of which are chemotactic to neutrophils.  Several 

cytokines known to interact with neutrophils, complement factor C3 and the neutrophil 

adhesion molecule genes ICAM1 and SELE were also expressed at a significantly higher level 

in cocultured HBVP compared to monocultured HBVP, see Table 5.4.   

Together, these differences may explain the higher level of neutrophil recruitment seen in 

the unstimulated EPOC model compared to the E model.   

ensembl gene ID Gene Name Monoculture 
MEV 

Coculture 
MEV 

Fold 
Change 

FDR 

ENSG00000169429 CXCL8 5.604491 9.314556 3.710065 3.48E-16 

ENSG00000240972 MIF 8.836274 7.355686 -1.48059 6.65E-16 

ENSG00000124875 CXCL6 3.075081 5.745205 2.670125 2.74E-12 

ENSG00000136244 IL6 3.490984 7.719467 4.228483 1.10E-10 

ENSG00000105329 TGFB1 7.424819 6.302248 -1.12257 2.35E-10 

ENSG00000115009 CCL20 3.159503 5.984332 2.824829 2.96E-10 

ENSG00000163734 CXCL3 2.001957 4.420107 2.418151 5.41E-09 

ENSG00000163739 CXCL1 5.187381 8.197371 3.009989 5.36E-08 

ENSG00000115414 FN1 12.40157 14.00926 1.607684 2.32E-06 

ENSG00000006210 CX3CL1 -0.07598 -3.86457 -3.7886 2.50E-05 

ENSG00000157368 IL34 0.567244 -1.80449 -2.37174 4.44E-05 

ENSG00000081041 CXCL2 2.641982 4.393845 1.751864 4.73E-05 

ENSG00000163735 CXCL5 2.612687 3.791783 1.179096 6.78E-05 

ENSG00000108342 CSF3 -4.21558 0.28825 4.503831 0.000528 

ENSG00000164400 CSF2 -7.61735 0.080485 7.697832 0.001337 

ENSG00000151882 CCL28 -1.11876 0.72343 1.842192 0.002038 

ENSG00000007908 SELE -1.71193 1.060418 2.772348 0.003087 

ENSG00000118785 SPP1 0.951992 -1.05118 -2.00317 0.00422 

ENSG00000184451 CCR10 1.001305 -0.99845 -1.99975 0.004564 

ENSG00000108691 CCL2 5.155902 6.817006 1.661103 0.006298 

ENSG00000115008 IL1A -1.0088 0.742783 1.751582 0.010623 

ENSG00000125730 C3 1.076307 3.269953 2.193646 0.015189 

ENSG00000106952 TNFSF8 -9.96578 -2.30584 7.659949 0.018884 

ENSG00000090339 ICAM1 6.112625 6.878193 0.765568 0.019671 

ENSG00000145824 CXCL14 4.219849 3.314407 -0.90544 0.034848 

Table 5.4 Genes differentially expressed between unstimulated cocultured and 
monocultured HBVP cells and annotated as involved in ‘neutrophil recruitment 
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In hCMEC/D3 coculture with HBVP markedly increased the cells’ transcriptional response 

to stimulation with S. pneumoniae.  This includes greater transcriptional upregulation of 

genes involved in neutrophil recruitment, particularly multiple neutrophil chemokines.  

CXCL1, CXCL3, CXCL8, CCL2 and CCL20, and also the cytokine MIF, which has been 

described to play a central role in the leukocyte adhesion cascade (503), are all transcribed 

at higher levels in response to stimulation with S. pneumoniae in cocultured hCMEC/D3 

compared to monocultured hCMEC/D3, see Table 5.5.  It therefore appears that coculture 

with HBVP results in changes in the endothelial transcriptional response to S. pneumoniae 

that result in an increased ability to recruit neutrophils.  TNF neutralization abrogated the 

additive effect of HBVP on the recruitment of neutrophils in response to S. pneumoniae in 

coculture, suggesting this signalling pathway may play a relevant role in this interaction. 

Conversely, coculture HBVP did not show an enhanced response to S. pneumoniae 

stimulation.  In fact, the HBVP inflammatory response appears to be constrained in the 

context of coculture, with a markedly reduced TNF response in this context as well as a 

minimal response to S. pneumoniae, with several genes involved in neutrophil recruitment 

expressed at a lower level in cocultured HBVP stimulated with S. pneumoniae compared to 

monocultured HBVP stimulated with the same stimulus, see Table 5.6.   

It therefore appears that the interaction of hCMEC/D3 and HBVP results in transcriptional 

differences in response to inflammatory stimuli, and this interaction enables the greater 

recruitment of neutrophils in response to S. pneumoniae. 

This work considers only the genes differentially expressed at four hours, a time point 

chosen to detect the early transcriptional response of the cells to the experimental stimuli.  

These changes will themselves have downstream effects on the cells, as well as there being 

likely to be further stimulus effect, both of which are beyond the scope of this work.  In 

future work it would be interesting to explore later timepoints to examine the gene 

expression, and phenotypic, changes the cells undergo, and whether these are altered in the 

context of coculture. 
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ensembl gene ID Gene Name Monoculture 
MEV 

Coculture 
MEV 

Fold 
Change 

FDR 

ENSG00000184451 CCR10 -0.0666 1.903011 1.969606 1.06E-09 

ENSG00000163734 CXCL3 -0.39474 2.078635 2.473379 9.65E-09 

ENSG00000276409 CCL14 1.940167 4.792347 2.85218 1.04E-08 

ENSG00000007908 SELE -1.4429 0.53669 1.979586 1.53E-08 

ENSG00000169429 CXCL8 3.331658 4.524748 1.193091 8.89E-07 

ENSG00000115009 CCL20 -1.05539 1.282331 2.337725 1.16E-06 

ENSG00000240972 MIF 8.3752 9.475481 1.100281 1.74E-06 

ENSG00000081041 CXCL2 3.192354 4.806357 1.614003 2.70E-06 

ENSG00000108622 ICAM2 6.48811 7.142412 0.654303 2.90E-06 

ENSG00000136244 IL6 3.129893 4.400057 1.270165 9.09E-06 

ENSG00000108342 CSF3 -0.86108 1.34216 2.203244 1.13E-05 

ENSG00000107562 CXCL12 6.822159 7.474862 0.652703 1.16E-05 

ENSG00000163739 CXCL1 5.218731 6.456548 1.237816 1.51E-05 

ENSG00000108691 CCL2 4.641017 5.431655 0.790638 6.94E-05 

ENSG00000171855 IFNB1 -9.96578 -1.12863 8.837153 0.000101 

ENSG00000275718 CCL15 -5.6357 -1.5077 4.127997 0.000216 

ENSG00000105329 TGFB1 7.56165 7.868634 0.306983 0.000328 

ENSG00000125538 IL1B -2.01866 -0.02879 1.989871 0.000448 

ENSG00000163220 S100A9 -4.32362 0.5749 4.898523 0.003387 

ENSG00000108700 CCL8 -9.96578 -2.92507 7.040714 0.005283 

ENSG00000124875 CXCL6 0.11651 0.324307 0.207797 0.006462 

ENSG00000151882 CCL28 2.495999 1.207902 -1.2881 0.007136 

ENSG00000115008 IL1A -1.25866 -0.57831 0.680358 0.011473 

ENSG00000159403 C1R 6.637838 6.609281 -0.02856 0.015297 

ENSG00000102524 TNFSF13B -0.24761 1.56451 1.812121 0.015633 

ENSG00000254788 CKLF-
CMTM1 

2.968956 0.633625 -2.33533 0.028117 

ENSG00000106804 C5 2.516633 1.40323 -1.1134 0.029044 

ENSG00000150782 IL18 -0.20596 0.678082 0.884044 0.037808 

ENSG00000006210 CX3CL1 1.36131 -0.03234 -1.39365 0.040916 

ENSG00000129048 ACKR4 1.03467 -0.39446 -1.42913 0.04357 

Table 5.5 Genes differentially expressed between cocultured and monocultured 
hCMEC/D3 cells stimulated with S. pneumoniae and annotated as involved in 
‘neutrophil recruitment 
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ensembl gene ID Gene Name Monocultur
e MEV 

Coculture 
MEV 

Fold 
Change 

FDR 

ENSG00000240972 MIF 8.461112 7.339347 -1.12177 1.05E-07 

ENSG00000105329 TGFB1 7.402272 6.309122 -1.09315 6.04E-07 

ENSG00000169245 CXCL10 1.583169 -1.34208 -2.92525 0.000173 

ENSG00000186810 CXCR3 -4.03648 -9.96578 -5.9293 0.001288 

ENSG00000172724 CCL19 2.091095 -7.6449 -9.736 0.001697 

ENSG00000157368 IL34 0.384117 -1.63273 -2.01685 0.003382 

ENSG00000145824 CXCL14 4.737518 3.29659 -1.44093 0.004669 

ENSG00000006210 CX3CL1 0.372374 -2.75198 -3.12436 0.007545 

ENSG00000169248 CXCL11 -2.85968 -4.98586 -2.12618 0.011626 

ENSG00000181374 CCL13 -2.93204 -9.96578 -7.03375 0.014844 

ENSG00000138755 CXCL9 -0.51896 -5.01953 -4.50057 0.015702 

ENSG00000206372 C2 -1.18491 -2.46254 -1.27763 0.021809 

ENSG00000173372 C1QA -2.27931 -7.71745 -5.43814 0.024505 

ENSG00000163220 S100A9 2.286219 0.203735 -2.08248 0.030408 

ENSG00000159189 C1QC -1.91663 -5.56106 -3.64443 0.03413 

ENSG00000173578 XCR1 -1.90435 -9.96578 -8.06143 0.035941 

ENSG00000143546 S100A8 -0.55073 -3.12709 -2.57636 0.043367 

ENSG00000136689 IL1RN -0.38385 -4.89832 -4.51446 0.04714 

ENSG00000160791 CCR5 -3.8751 -8.02773 -4.15263 0.048863 

Table 5.6 Genes differentially expressed between cocultured and monocultured HBVP 
cells stimulated with S. pneumoniae and annotated as involved in ‘neutrophil 
recruitment 
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6. THE PERICYTE-MACROPHAGE AXIS 

 Introduction 

In the previous chapters I have shown that while hCMEC/D3 and HBVP show a minimal 

transcriptional response to stimulation with S. pneumoniae, the coculture of these cells 

together enables the hCMEC/D3 population to respond much more potently to 

S. pneumoniae.  Accordingly, greater neutrophil transmigration occurs in response to 

S. pneumoniae infection in the context of coculture system compared to monoculture, 

potentially through amplified TNF signalling.   

In addition to endothelial cells and pericytes, macrophages are the only other cell 

population resident within the perivascular space and are found at densities between 2 and 

6 cells per mm2 of the cerebrovasculature (504). These  perivascular macrophages (PVM) 

are the only constitutively phagocytic cells of the CNS (375).  CNS PVMs are derived from 

circulating monocytes (376,377) and constantly sample the environment of the 

perivascular space (51,375,380–382).   

PVMs are responsive to both PAMPS and inflammatory cytokines (378,379) and are 

therefore both anatomically located and equipped to respond to inflammatory stimuli 

entering the CNS from the systemic circulation (51,374), and there is increasing evidence to 

support a role for PVMs in several CNS disease processes including Alzheimer’s disease, 

neuroinflammatory diseases and amyloidosis (504,505). 

In the context of skin infection with S. aureus, PVMs have been shown to play a role in the 

recruitment of neutrophils, acting as the focus of neutrophil extravasation hotspots.  This 

effect has been hypothesized to be mediated by PVM  secretion of chemokines, forming 

localised areas of high chemokine concentration (160,163,219).   

Monocyte-derived macrophages principally respond to infection with S. pneumoniae via toll 

like receptors (TLRs), particularly TLR2 signalling in response to detection of bacterial 

lipoproteins (57–59).  This results in the production of pro-inflammatory cytokines, 

including TNF (506,507). 

Given the close anatomical proximity of HBVP and perivascular macrophages, the 

responsivity of MDMs to S. pneumoniae, which includes the secretion of TNF, and the 

sensitivity of HBVP to TNF signalling, which I have shown to mediate increased neutrophil 

recruitment across the BBB in vitro, I hypothesized that the MDM response to S. pneumoniae 
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would activate HBVP, and this would in turn result in augmented neutrophil recruitment 

across the endothelial barrier. 

The objectives of this chapter are: 

1. Examine the effects of the MDM response to S. pneumoniae on neutrophil 

recruitment, and the effect of the MDM-HBVP axis in this process 

2. To test the hypothesis that signalling by S. pneumoniae stimulated MDMs would 

induce pro-inflammatory transcriptional changes in hCMEC/D3 and HBVP 

3. Explore the nature of the MDM-HBVP signalling axis and describe which pro-

inflammatory mediators secreted by macrophages in response to infection are able 

to induce pericyte inflammatory responses 

4.  Investigate what mediates the effect of HBVP in inducing neutrophil recruitment 

across the endothelial barrier 

 

 Results 

 The MDM response to S. pneumoniae drives the 

recruitment of neutrophils, and this process in enhanced 

in the presence of HBVP 

I showed in Figure 4.5. that TNF stimulation is sufficient to induce the transmigration of 

neutrophils across the endothelial barrier, and that this neutrophil recruitment was 

potently amplified by the presence of HBVP.  Given that MDMs stimulated with 

S. pneumoniae have been described to secrete TNF  (506,507), I hypothesized that 

macrophages secrete inflammatory mediators in response to S. pneumoniae that induce 

neutrophil transmigration across the endothelial barrier , and that this neutrophil 

recruitment would be increased in the presence of HBVP. 

Human CNS PVMs are not accessible. Therefore, it was not experimentally feasible to use 

them in the model.  However, PVMS are derived from circulating monocytes and I therefore 

used M-CSF differentiated monocyte-derived macrophages from the peripheral blood of 

healthy donors (507)  to model the PVM effect.  In order to do this, I stimulated monocyte-

derived macrophages with S. pneumoniae, or TNF as a prototypic inflammatory mediator, 

for 6 hours and collected the supernatants.  I pooled the supernatants of macrophage 

cultures from at least 4 different donors in order to minimise any donor to donor variability, 
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and sterile filtered them, generating MDM-conditioned media to model the PVM secreted 

repertoire.   

 

Figure 6.1 Recruitment of neutrophils was measured in response to conditioned media 
from monocyte-derived macrophages stimulated with TNF or Spn in the E and EPOC 
models, and the dose response to the MDM-Spn CoM assessed 

(A) Neutrophil recruitment over a 1 hour period following a 6 hour stimulation with sterile-

filtered conditioned media from monocyte-derived macrophages, stimulated for 6 hours with 

TNF 100ng/ml or S. pneumoniae MOI 5 

(B) MDM S. pneumoniae CoM diluted in RPMI/FCS to the listed ratio 

Data points represent individual experiments with line at the median.  Statistical significance 

determined in (A) by Mann-Whitney test and in (B) by two way ANOVA, p value for 

combination of culture condition and dilution factor. 

As hypothesized, conditioned media from MDMs stimulated with S. pneumoniae 

(MDM+Spn-CoM) stimulated neutrophil recruitment, and this effect was significantly 

increased by the presence of HBVP in coculture, see (Figure 6.1(A)). The effect of 

MDM+Spn-CoM on endothelial cells was dose dependent. 1 in 50 dilution of the MDM+Spn-

CoM did not significantly increase neutrophil transmigration in the absence of HBVP, but 

did support neutrophil transmigration in the presence of HBVP and this effect was even 
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preserved at 1 in 100 dilution of the MDM+Spn-CoM. These data suggest that the HBVP are 

able to augment neutrophil recruitment in response to low levels of inflammatory signalling 

(Figure 6.1(B)). 

 The MDM response to S. pneumoniae induces a marked 

transcriptional response in HBVP 

Given the ability of MDM+Spn-CoM to induce neutrophil recruitment, and the enhancement 

of this process by the presence of HBVP, I next sought to investigate the nature of the 

hCMEC/D3 and HBVP response to the MDM secretome.  I hypothesised that MDM+Spn-CoM 

would induce pro-inflammatory transcriptional changes in both cell types. 

 

Figure 6.2 The frequency distribution of fold change in differential expression of genes 
by hCMEC/D3 and HBVP in response to stimulation with MDM-Spn CoM was calculated 
Histogram of the fold changes in expression of stimulus-specific differentially expressed genes.  
Fold change calculated for each gene as (log2 TPM value in the stimulated cells) – (log2 TPM 
value in the unstimulated cells),  all differentially expressed genes, or including only genes 
annotated as involved in the ‘immune response’ (GO:0006955) 
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Figure 6.3 Pathway analysis was performed on the genes differentially expressed by 
hCMEC/D3 or HBVP in response to stimulation with MDM-Spn CoM, and these pathways 
then clustered to describe the likely function of the differentially expressed genes 

Enriched pathways determined using XGR, considering only the genes with a mean fold change 

in expression of >1.  Pathways were then clustered hierarchically on the basis of the Jaccard 

index of the genes upregulated within the pathways.   

Data points represent pathway clusters and are named after the largest pathway by total 

number of annotated genes.  The size represents the number of genes annotated to that 

pathway, the colour the z score of that pathway. 
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In order to address this, I stimulated the cells with CoM from unstimulated MDMs or 

MDM+Spn-CoM, and then performed RNA-seq.  Both cell types showed a marked 

transcriptional response to MDM+Spn-CoM both at the level of the whole genome (Figure 

6.2(i)) and amongst and a priori defined list of immune response genes (Figure 6.2(ii)).  

The frequency distribution of log2 fold-increase in transcripts in HBVPs was shifted to the 

right by comparison to the response in endothelial cells suggesting that magnitude of 

transcriptional changes was greater in HVBP.  

In the whole genome analysis, pathway over-representation analysis showed many 

inflammatory response pathways to be statistically over-represented amongst the genes 

upregulated by both cell types in response MDM+Spn-CoM, see (Figure 6.3).  In both cell 

types the most statistically over-represented pathways included ‘cytokine signalling in 

immune system and ‘interferon signalling’, both of which clustered with ‘immune system’, 

as well as ‘chemokine receptors bind chemokines’, which formed part of the ‘GPCR ligand 

binding’ cluster.   

Given the recruitment of neutrophils across the endothelial barrier in response to 

MDM+Spn-CoM, and the augmentation of this by HBVP, I hypothesized that the hCMEC/D3 

and HBVP transcriptional response to MDM+Spn-CoM would include the upregulation of 

the ‘neutrophil recruitment genes’ described in 5.2.2.1.  I therefore filtered the genes 

differentially expressed by hCMEC/D3 or HBVP in response to MDM+Spn-CoM to look 

specifically at these genes.   

 

Figure 6.4 The absolute expression level of genes differentially expressed in response to 
MDM-Spn COM and  hypothesized to be involved in  ‘neutrophil recruitment’ was 
compared 
 Data points represent mean transcript per million expression values of individual genes, 
differentially expressed on stimulation with MDM+Spn-CoM versus stimulation with 
conditioned media from unstimulated MDMs, including only ‘neutrophil recruitment’ genes  
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This revealed a marked upregulation of relevant ‘neutrophil recruitment genes’, with a 

much more dynamic response in HBVP compared to hCMEC/D3.  This gene lists contain all 

genes hypothesized to be involved in the leukocyte adhesion cascade, including all 

chemokines, cytokines described in the published literature to interact with neutrophils, 

complement factors and leukocyte adhesion molecules, which can also be secreted in 

soluble form. 

39 ‘neutrophil recruitment genes’ were differentially expressed by hCMEC/D3 in response 

to MDM+Spn-CoM, however only 1, CXCL10, was upregulated more than 2 fold.   

Interestingly CXCL10 has been shown to be central to the recruitment of leukocytes, 

including neutrophils, in response to retinal injury, an area protected by a similar 

endothelial barrier (508).  In contrast 30 ‘neutrophil recruitment genes’ were differentially 

expressed by HBVP in response to MDM+Spn-CoM, but all of these were upregulated more 

than two fold, and 19 were upregulated more than eight fold, see (Figure 6.4). 

Almost all of the ‘neutrophil recruitment genes’ upregulated in response to MDM+Spn-CoM 

are unique to that stimulus and are not differentially expressed in response to direct 

stimulation with S. pneumoniae itself.  Of the 39 ‘neutrophil recruitment genes’ differentially 

expressed by hCMEC/D3 in response to MDM+Spn-CoM, 8 were also differentially 

expressed by hCMEC/D3 in coculture stimulated directly with S. pneumoniae, while a 

further 10 genes were uniquely upregulated in cocultured hCMEC/D3 directly stimulated 

with S. pneumoniae and not in response to MDM+Spn-CoM see (Figure 6.5(A)).  Of the 30 

‘neutrophil recruitment genes’ differentially expressed by HBVP in response to MDM+Spn-

CoM, 2 were shared with S. pneumoniae stimulated monocultured HBVP, with 28 unique to 

MDM+Spn-CoM see (Figure 6.5 (B)). 
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Figure 6.5 Neutrophil recruitment genes differentially expressed by (A) hCMEC/D3 or 
(B) HBVP in response to any S. pneumoniae stimulation condition  
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 HBVP are responsive to multiple constituents of the MDM 

secretome 

In light of the marked differential expression of ‘neutrophil recruitment genes’ by HBVP in 

response to MDM+Spn-CoM, and the potency of the effect of HBVP in inducing neutrophil 

recruitment in response this stimulus at low concentrations, see (Figure 6.1 & Figure 6.4), 

I next sought to explore which components of the MDM-secretome might be mediating this 

effect.  I hypothesized that the HBVP response to MDM+Spn-CoM might be mediated by TNF, 

as I had demonstrated TNF to induce potent neutrophil recruitment, amplified by the 

presence of HBVP, see (Figure 4.5 & Figure 4.6). 

To address whether the effect of  MDM+Spn-CoM on HBVP is dependent on TNF effect, I 

neutralised TNF using the chimaeric soluble TNF receptor Etanercept to the MDM+Spn-CoM 

and repeated the neutrophil recruitment experiments, using MDM+TNF-CoM as a positive 

control, see (Figure 6.6).  Etanercept had no effect on the recruitment of neutrophils in 

response to MDM+Spn-CoM. Therefore, TNF is sufficient to induce neutrophil recruitment 

in this model but is not necessary in the context of MDM+Spn-CoM, suggesting there may be 

signalling redundancy.  In contrast, Etanercept entirely abrogated the effect of MDM+TNF-

CoM.  This suggests that the MDM response to TNF stimulation does not include any relevant 

signalling molecules beyond TNF, or that the effect of MDM+TNF-CoM simply represents 

the effect of the residual TNF. 

 

 

Figure 6.6 Etanercept was added to the MDM-CoM, neutralising the TNF, and the 
residual effect of the MDM-CoM in inducing neutrophil recruitment measured 
Neutrophil recruitment in the EPOC model over a 1 hour period following a 6 hour stimulation 
with CoM from MDMs stimulated for 6 hours with TNF 100ng/ml or S. pneumoniae MOI 5, with 
or without Etanercept to neutralise TNF.  Bars represent median of 6 experiments, with bars 
to the 95% confidence intervals. 
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To explore this further I next performed an upstream regulator analysis using Ingenuity 

Pathway Analysis to predict the cytokines that could cause the observed transcriptional 

changes in HBVP in response to MDM+Spn-CoM.  I then used published transcriptional array 

data  of MDMs stimulated with S. pneumoniae  (498, 500) to identify those that are 

upregulated by MDMs in response to S. pneumoniae, see (Figure 6.7). 

This identified multiple cytokines that are both predicted to be upstream of the HBVP 

response to MDM+Spn-CoM and are transcriptionally upregulated by MDMs stimulated 

with S. pneumoniae.  Amongst these CSF2, IFNγ, IL1A, IL1B, IL6, OSM and TNF were notably 

transcriptionally upregulated by S. pneumoniae stimulated MDMs and predicted to be 

upstream of many constituents of the HBVP response; I therefore focused on these 

cytokines in subsequent analyses.  

To assess which of these cytokines might be mediating (part of) the MDM+Spn-CoM effect, 

I analysed the MDM+Spn-CoM using a custom Luminex assay to measure the levels of the 7 

candidate cytokines of interest, alongside the MDM+TNF-CoM as a positive control, see 

(Figure 6.8(A)).   

All of the cytokines of interest were detected in at least one MDM-CoM condition, bar IL1β 

which was not detected in the supernatant in spite of its marked transcriptional 

upregulation in MDMs stimulated with S. pneumoniae.  In addition to the potent induction 

of TNF secretion, oncostatin M (OSM), IL-6 and IL1α were secreted at high level, whilst 

interferon gamma (IFN-γ) was also detected.  This is consistent with the pathway analysis 

data and suggests that MDMs use multiple signalling axes to exert pro-inflammatory effects 

in response to infection with S. pneumoniae. 

In light of this, and the fact neutrophil recruitment was still seen in MDM+Spn-CoM in which 

the TNF had been neutralised, I hypothesized that HBVP would respond to some of these 

MDM inflammatory mediators other than TNF.   
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Figure 6.7 IPA predicted upstream regulators of the HBVP response to MDM+Spn-CoM, 
includes only cytokines with a p value <0.05 
FC column denotes the fold change in expression in that gene in MDMs stimulated with 
S. pneumoniae 
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To investigate this, I stimulated HBVP with the candidate cytokines, doses listed in Table 

3.4, and measured the induction of the transcription of CCL2 and CXCL8, two chemokines 

involved in neutrophil recruitment, transcriptionally upregulated in response to MDM+Spn-

CoM.  IPA predicted CCL2 to be downstream of all of the candidate cytokines.  CXCL8 does 

not appear in the IPA interactome at all in this analysis but it was included due to its marked 

transcriptional upregulation and potency in neutrophil recruitment.   

 
Figure 6.8 (A) The level of several cytokines predicted by IPA to be upstream of the HBVP 
response was measured in the MDM-CoM by Luminex assay. (B) The ability of these 
cytokines to induce chemokine expression by HBVP was then assessed using qPCR 

(A) MDM-CoM: sterile-filtered batched supernatants from monocyte-derived macrophages 

from 4 healthy donors stimulated for 6 hours with S. pneumoniae MO1 5 or TNF 100ng/ml, 

was analysed by Luminex, with the measured concentrations of cytokines shown. Data points 

represent the values measured in the batched CoM 

(B) HBVP were stimulated with the hypothecated mediators of the MDM effect for 4 hours, and 

then the RNA collected and analysed by qPCR for expression of CCL2 and CXCL8: 2 constituents 

of the HBVP inflammatory response.  Points represent the median and 95% confidence interval 

of from 4 experiments 

Cytokine 
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Expression of both CCL2 and CXCL8 was induced by all of the stimuli tested, see (Figure 

6.8).  The relative expression of each chemokine varied according to the specific stimulus, 

with the potential for this to bias the recruitment of leukocytes towards different cell 

populations in response to different cytokines.  The relative potency of each stimulus cannot 

be compared here, as dose ranges were not performed. 

 HBVP are a potent source of neutrophil chemokines in 

response to MDM signalling 

In light of the marked effect of the HBVP secretome on increasing neutrophil recruitment 

across the endothelial barrier, the over-representation of chemokine signalling pathways 

amongst differentially expressed genes, and the marked upregulation of CCL2 and CXCL8 

expression in response to multiple pro-inflammatory cytokines, I hypothesized that the 

effect of HBVP in increasing neutrophil recruitment in response to MDM-signalling might 

be mediated by the secretion of chemokines.  In the model we see the effect of HBVP on 

neutrophil transmigration in coculture, I therefore first examined the expression of 

chemokine genes by HBVP in coculture, either stimulated with TNF, S. pneumoniae or with 

MDM+Spn-CoM.   

 

 

Figure 6.9 . CCL and CXCL gene modules were created and the expression score of these 
modules calculated for each sample 
Data points represent the geometric mean of the TPM+10 value for all CXCL or CCL 
chemokine genes in each sample, including all chemokines differentially expressed under at 
least one stimulus condition.  Statistical significance determined by t test. 
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In order to investigate HBVP chemokine expression as a whole, I created CCL and CXCL 

chemokine gene modules containing all the CCL or CXCL chemokine genes differentially 

expressed by HBVP in response to any of the stimuli tested.  I then was able to calculate a 

module score for each condition, see 3.6.3.  This revealed upregulation of expression of both 

groups of chemokines, with particularly marked upregulation of CXCL chemokines, with 

MDM+Spn-CoM inducing statistically significant upregulation of CXCL chemokine 

expression compared to the direct stimulation of cocultured HBVP with S. pneumoniae, see 

(Figure 6.9). 

 

Figure 6.10 (A) Average HBVP TPM levels for 6 of the chemokines differentially 
expressed in response to stimulation with TNF and/or Spn was calculated, (B) these 
chemokines were then quantitated in supernatants from HBVP stimulated with Spn or 
TNF using a custom Lumixnex assay 

(A) Data points represent median and 95% confidence intervals of transcript per million level 

for the listed genes in monoculture HBVP 

(B) Data points represent median and 95% confidence intervals of chemokine levels detected 

in 3 HBVP conditioned media batches, each pooled from 3 stimulation experiments, 

determined by custom Luminex assay 

To confirm that these transcriptional differences correspond to secretion of chemokines, I 

analysed HBVP conditioned media from HBVP stimulated with either TNF or Spn.  I used a 

custom Luminex to assess for the concentration of 6 selected chemokines whose genes are 

differentially expressed by HBVP in response to stimulation with TNF and/or MDM+Spn-
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CoM: CCL2, CCL7, CX3CL1, CXCL1, CXCL5 and CXCL8.  The levels of chemokine detected did 

indeed correspond closely to the transcript levels detected by RNA-seq, see (Figure 6.10) 

Having confirmed both that there was an HBVP chemokine transcriptional response to 

stimulation with MDM+Spn-CoM and that the HBVP chemokine transcriptome and 

secretome correspond closely, I examined the effect of MDM+Spn-CoM on the expression of 

individual chemokine genes by HBVP in order to describe the full HBVP chemokine 

response to S. pneumoniae stimulated macrophages in detail.   

I first defined the whole HBVP chemokine repertoire, including chemokine genes 

differentially expressed by HBVP in response to any stimulus tested.  I then compared the 

expression of these genes in HBVP stimulated with unstimulated-MDM-CoM or MDM+Spn-

CoM.  Consistent with my hypothesis, the expression of many of the genes was upregulated 

in response to MDM+Spn-CoM compared to unstimulated MDM-CoM.  22 chemokine genes 

were differentially expressed by HBVP in response to any of the stimuli tested in either 

culture condition, 13 of these were significantly differentially expressed by HBVP 

stimulated with MDM+Spn-CoM compared to unstimulated-MDM-CoM, see (Figure 6.11). 

 

 

Figure 6.11 The average expression levels of chemokines differentially expressed by 
HBVP in response to any of the stimuli tested were compared between the culture 
conditions 

Axes represent TPM expression, running from -12 to +12.  Data points represent the mean TPM 

expression value.    

* denotes gene statistically significantly upregulated in response to MDM+Spn-CoM compared 

to unstimulated-MDM-CoM  

# denotes gene statistically significantly differentially expressed between MDM+Spn-CoM and 

coculture stimulated with S.  pneumoniae 
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To characterize the nature of the HBVP chemokine repertoire, I examined the expression of 

all chemokines in all HBVP RNA-seq sample, and clustered the samples, both by stimulus 

and by chemokine, see (Figure 6.12).  This revealed distinct clusters of chemokine genes, 

with two main branches, one with limited expression and minimal evidence of a 

transcriptional response in response to stimulation, and another with evidence of a 

stimulus response.  This latter group subdivides into two main sub-branches, a group of 

chemokines expressed at baseline at relatively high levels and showing at very high levels 

following stimulation, and a group that is expressed at lower levels prior to stimulation and 

only markedly upregulated in response to MDM+Spn-CoM, or TNF in monoculture.  

Henceforth these groups are termed ‘highly expressed’ and ‘moderately expressed’ 

respectively. 

I then looked at which leukocyte populations the HBVP chemokine repertoire would be 

predicted to interact with on the basis of the published literature on (246,257,510–512).  

This revealed that all HBVP ‘highly expressed’ chemokines are chemoattractive to 

neutrophils, as are many of the ‘moderately expressed’ chemokines, see (Figure 6.13). 

Together this supports a role for HBVP as a potent source of neutrophil chemokines, and 

that an MDM-HBVP axis can induce the expression of these chemokines in response to 

S. pneumoniae.   
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Figure 6.12 (A) Average expression levels of all chemokines by HBVP under all stimulus 
conditions tested and (B) clustered for similarity of expression levels 

m = monoculture, c = coculture, MCoM= MDM conditioned media.  Heatmap generated using 

Morpheus software.  Values are mean TPMs.  Includes all chemokines with a transcript 

detected in at least one replicate, clustered by Euclidean distances in (B).   
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Figure 6.13 The HBVP chemokine clusters were mapped to the cells they are reported 
to interact with in the published literature 
(A) Heatmap is as per Figure 6.12.  The solid line separates the two main tree branches, and 
the dotted lines separates the two subgroups.  (B) Red squares indicate a published 
chemotactic interaction 
 

Given the upregulation of neutrophil chemokine genes by HBVP in response to MDM+Spn-

CoM, I hypothesized that the HBVP response might itself be sufficient to induce neutrophil 

recruitment, independently of any transcriptional response by endothelial cells..   

In order to investigate this, I used HBVP+TNF-CoM to model the HBVP chemokine response 

as TNF is sufficient to induce a potent chemokine response in monoculture HBVP, see 

(Figure 6.10).  I used the HBVP+TNF-CoM in the endothelial monoculture E model with or 

without actinomycin-D to inhibit any endothelial transcriptional response: any neutrophil 

recruitment should therefore be mediated by the HBVP-secretome, although it is not 

possible to control for non-transcriptionally mediated endothelial responses.   

This experiment yielded two important insights.  Firstly, actinomycin D did not significantly 

reduce neutrophil recruitment in response to HBVP+TNF-CoM, indicating that the 

endothelial transcription is not necessary in this process, see (Figure 6.14). Secondly the 

effect of HBVP+TNF-CoM could be seen at 1 hour, a timescale at which precludes endothelial 

transcription as a driver. 
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Figure 6.14 To examine the role of hCMEC/D3 transcriptional responses in mediating 
the effect of HBVP, actinomycin-D was used to inhibit endothelial transcription and the 
ability of HBVP CoM to induce neutrophil transmigration was then assessed 
All transwells were monocultured hCMEC/D3 cells only.  In the actinomycin-D conditions, 
hCMEC/D3 were incubated with actinomycin-D 10μgml for 1 hour, then moved into HBVP-
CoM plus actinomycin-D 10μgml for a further 1 or 3 hours.  In the negative control conditions, 
cells were not pre-treated and were stimulated with HBVP-CoM without the addition of 
actinomycin-D for 1 or 3 hours.  All wells were then moved into plain RPMI, and neutrophil 
transmigration performed as previously described. 
Data bars represent the median of 6 experiments, with bars to the 95% confidence intervals. 

To prove that it would be possible for HBVP-derived chemokines to induce neutrophil 

transmigration, I performed chemokine dose response experiments.  I introduced 

recombinant CXCL8 or CCL2 into the basal chamber of the monoculture E model to mimic 

the secretion of chemokines by perivascular cells.  I then quantitated neutrophil 

transmigration from the apical to basal chamber, demonstrating that the presence of 

chemokines in the basal transwell chamber is indeed sufficient to induce neutrophil 

recruitment, see (Figure 6.15), with CXCL8 inducing significant neutrophil recruitment and 

CCL2 able to induce some neutrophil transmigration, although the trend across the dose 

range was not statistically significant. 

 Chemokines are transported across the endothelial 

barrier 

The ability of CXCL8 in the basal chamber to drive neutrophil transmigration raised 

interesting questions about how this effect might be mediated, given the chemokines and 

neutrophils were separated by the endothelial barrier.  I therefore hypothesized that 

chemokines might be translocated across the endothelial barrier, enabling them to interact 

with the neutrophils. 
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Figure 6.15 CXCL8 or CCL2 were introduced to the basal chamber of the E transwell 
model and the resultant neutrophil transmigration was measured 

Chemokines were introduced to the basal transwell chamber and incubated for 6 hours.  

Neutrophil transmigration was then performed over one hour.  Data points represent 

individual experiments with line at the median. Significance determined by Kruskal-Wallis test 

 

To address this, I introduced biotinylated CXCL8 or CCL2 into the basal transwell chamber 

and then incubated the plates for 6 hours, before collecting the supernatants from the apical 

chambers.  I then analysed these by ELISA without the use of a biotinylated secondary 

antibody, allowing direct detection of the biotinylated chemokine, (3.5.4).  This revealed 

that as the concentration of biotinylated chemokine in the basal chamber was increased the 

concentration detected in the apical chamber also increased, demonstrating the movement 

of chemokines across the endothelial layer from the basal to apical surface, see (Figure 

6.16(A)). 

I hypothesized that this chemokine translocation was an active process, and not mediated 

by barrier leak in response to chemokines, which would allow the passive diffusion of 

chemokines across the endothelial barrier.  To examine this, I introduced chemokines into 

the basal transwell chamber and incubated the plates as above, and then performed sodium 

fluorescein leak assays, calculating the barrier permeability to the small molecule dye 

(Figure 6.16(B)).  This demonstrated no barrier leak in response to chemokine stimulation, 

excluding the possibility that chemokines are inducing barrier leak and passively diffusing 

into the apical chamber.  Given the lack of detectable movement of sodium fluorescein, 

chemokines must be actively translocated across, a process that has been described in the 

BBB in mouse models of EAE (251), and in blood vessels elsewhere (274). 
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Figure 6.16 (A) Biotinylated chemokines were introduced to the basal transwell 
chamber and then quantitated in the apical chamber, (B) the ability of these 
chemokines to induce endothelial leak was assessed using the leak assay previously 
described 
(A) Biotinylated chemokines were introduced into the basal transwell chamber, the plates 
were then incubated for 6 hours and the apical chamber contents analysed by ELISA, without 
the use of a biotinylated secondary antibody, allowing direct quantitation of the biotinylated 
chemokine.   

(B) Recombinant chemokines were introduced into the transwell basal chamber for 6 hours 

and sodium fluorescein permeability then calculated as described in 3.4.3.4 in response to 

chemokine stimulation 

 Data points in (A) represent individual experiments with bar at the median; in (B) median 

and 95% confidence interval of 6 experiments. 

 

In order to be translocated across the endothelial barrier, chemokines would have to 

interact with a putative receptor.  I hypothesized that the mediator of this chemokine 

translocation must be a chemokine receptor expressed on the hCMEC/D3 cells.  I therefore 

examined both the HBVP and hCMEC/D3 RNA-seq data, examining which chemokine 

receptors the HBVP chemokine repertoire would be predicted to interact with on the basis 
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of the published literature  (246,257,510–512), and then if these receptors are expressed 

by the hCMEC/D3 cells.   

 

 

 
 
Figure 6.17 The HBVP chemokine clusters were mapped to the receptors they are 
reported to interact with in the published literature 
(A) Heatmap is as per Figure 6.12.  The solid line separates the two main tree branches, and 
the dotted lines separate subgroups.   
(B) Red squares indicate a published interaction of the chemokine and receptor (257)   
(C) Heatmap of hCMEC/D3 mean expression of the relevant chemokine receptors 
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Many HBVP secreted chemokines were found to interact with CXCR2, a chemokine receptor 

expressed on neutrophils and at low levels by hCMEC/D3, and/or Atypical Chemokine 

Receptor 1 (ACKR1), which was expressed by the hCMEC/D3 at higher levels, and induced 

in the presence of HBVP, (Figure 6.17). 

 Atypical Chemokine Receptor 1 

ACKR1 is the chemokine receptor most highly transcribed by hCMEC/D3.  This receptor, 

also known as the Duffy Antigen Receptor for Chemokines (DARC), has been described to 

promiscuously bind a huge range of chemokines (279).  It lacks a G-protein coupled 

signalling motif and was initially thought to function as a chemokine sink, negatively 

regulating chemokine signalling (513).   

Whilst this may well be the principle function of erythrocyte ACKR1, in the mouse vascular 

endothelium ACKR1 has been shown to translocate chemokines from the basal to apical 

surface, seemingly without triggering intracellular signalling (251).  It has also recently 

been shown to participate in the concentration of chemokines at the cell-cell junctions 

(188), facilitating paracellular neutrophil transmigration  see (Figure 6.18).   

 

 

Figure 6.18 ACKR1 has been described to transcytose chemokines from the basal to 
apical endothelial surface in the mouse brain, and to localize chemokines to the cell-to-
cell junctions in mouse muscle vasculature. 

The expression of ACKR1 by hCMEC/D3 is statistically significantly upregulated in coculture 

with HBVP, although it was not statistically significantly differentially expressed in 

response to inflammatory stimuli (Figure 6.17).  The expression of ACKR1 in the mouse 

cerebral vasculature has been described to be induced by stimulation with TNF (251), I 

therefore hypothesized that the expression of ACKR1 by hCMEC/D3 might also be 

upregulated by TNF.   
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To examine the expression of ACKR1 by hCMEC/D3 I therefore stimulated the cells with 

TNF and then quantitated ACKR1 gene expression by qPCR and receptor expression by 

immunofluorescence, demonstrating ACKR1 to be both transcriptionally upregulated and 

expressed at a higher level in response to TNF signalling, see (Figure 6.19).   

 

Figure 6.19 hCMEC/D3 transcription of ACKR1 in response to TNF was measured using 
qPCR (A) and immunofluorescence (B)  
(A) Data points represent the median and 95% confidence interval of 4 experiments  
(B) Boxes represent the interquartile range of the integrated cell intensity of all the cells in 6 
experiments, with line at the median and bars from 5th-95th centile 
Statistical significance in (A) determined by t test, in (B) by one way ANOVA 

How ACKR1 functions to translocate chemokines is not known, which limited my ability to 

attempt to inhibit its function in vitro.  In addition, its role at the human BBB has not been 

described.  Given the evidence of its role at the mouse BBB, and its expression by human 

cerebromicrovascular cells and upregulation in response to TNF, it appears it may also play 

a role in the human BBB inflammatory response and function to translocate parenchymal 

chemokines across the endothelium in the context of the perivascular inflammatory 

response to infection with S. pneumoniae. 

 Discussion 

In this chapter I showed that the MDM response to S. pneumoniae is able to induce 

neutrophil transmigration across the endothelial barrier, and this process is enhanced by 

the presence of HBVP, even at very low concentrations of the MDM secretome.  Given the 

fact that HBVP are anatomically interpolated between the PVMs and the vascular 
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endothelial layer, and are found in much greater number than the PVMS themselves, this 

sensitivity might enable the pericyte layer to detect PVM signalling and disseminate and 

amplify it across the endothelial barrier. 

Due to the technical challenges of introducing additional cell types into the model, MDM-

conditioned media was used to mimic the PVM secretome and to model the effect of PVMs 

experimentally.  The use of MDMs itself is not without limitations, and PVMs, while 

monocyte-derived, are not phenotypically identical to MDMs and their biology remains very 

incompletely described (504,505).  The density of MDMs used in vitro to generate the CoM 

was considerably greater than that seen in vivo, and the concentrations of cytokines 

achieved may therefore be supraphysiological, although it was noteworthy that the HBVP 

appeared to be sensitive to the MDM-CoM even when highly diluted and therefore seem to 

be responsive to the MDM secretome even at low concentrations.   

In addition, there is likely to be bi-directional intercellular communication, and using CoM 

does not model this.  This could be replicated by the addition of MDMs into the model in a 

triculture system.  However, this would not be without technical challenges, given the 

unique culture requirements of each cell type, as well as the additional difficulty of inter-

donor variability in the MDMs and the possibility of this affecting the other cells within the 

system.  As increasingly complex multicellular BBB models are characterized it may be 

possible to explore this in future work, particularly if isogenic systems become possible.   

Both hCMEC/D3 and HBVP showed a transcriptional response to MDM+Spn-CoM, and 

within this ‘immune system’ pathways were statistically over-represented.  Qualitatively 

the hCMEC/D3 and HBVP responses to MDM+Spn-CoM are similar.  26 ‘neutrophil 

recruitment genes’ are upregulated by both.  This includes many chemokines, listed below, 

the leukocyte adhesion molecules ICAM1, SELE and VCAM1, as well as the proinflammatory 

cytokines CSF1, 2 and 3, IL1α, IL1β, IL6, IL15, IL23A, IL32 and IL34.  Both cell types also 

upregulate the atypical chemokine receptor ACKR3, (CXCR7), which binds CXCL11 and 

CXCL12 and whose function has not well understood (514,515).   

They both also show unique differentially expressed genes hCMEC/D3 differentially 

expressed several complement factors C1S, C3 and C3 and the complement receptors C1R 

and C3AR1.  They also differentially expressed the chemokines CCL8, CXCL9, CXCl9, CXCL12 

and CXCL16, and the pro-inflammatory cytokines IFNB1 and TNF.  HBVP show a smaller 

repertoire of uniquely differentially expressed genes.  However, the HBVP response showed 

a much more potent induction of the expression of genes involved in the recruitment of 

neutrophils, with a greater number of genes upregulated with a bigger fold change.   
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HBVP therefore appear to be both particularly sensitive to MDM signalling, and to have a 

particularly potent response.  I showed HBVP to be sensitive to many of the cytokines 

secreted by MDMs in response to S. pneumoniae, and to mount a pro-inflammatory response 

following stimulation.  Consistent with this, neutralization of TNF if the MDM secretome 

does not abrogate its effect: there is signalling redundancy.   

Downstream of MDM signalling, HBVP secrete a broad repertoire of chemokines in response 

to MDM+Spn-CoM: CCL2, CCL5, CCL7, CCL20, CX3Cl1, CXCL1, CXCL3, CXCL5, CXCL6, CXCL8, 

CXCL10 and CXCL11.  Many of these are chemotactic to neutrophils. Clustering the HBVP 

chemokine transcriptome revealed that the most highly expressed of these are all 

neutrophil chemokines.   

The HBVP secretome is sufficient to induce neutrophil recruitment, independent of an 

endothelial transcriptional response.  This may be mediated, at least in part, by the 

translocation of HBVP-derived chemokines across the endothelial barrier as biotinylated 

chemokines appear to be able to move from the basal to apical chambers.  This would enable 

the chemokines to move from the parenchyma into the vessel, where they can interact with 

circulating leukocytes.  It is not possible from the experimental work presented here to 

conclude that this truly represents the transcytosis of chemokines: the leak assays used are 

imperfect and it may be that a level of endothelial leak was present and not detected that 

allowed passive movement of the chemokines.  In order to explore this further it would be 

interesting to replicate the experiments at low temperature, to impair any active transport 

mechanisms, and with a similarly sized biotinylated inert molecule to examine if this 

movement is specific to chemokines.  It is also possible that the chemokines have direct 

signalling effects on the endothelial barrier and this would also be interesting to examine. 

ACKR1 has been shown to translocate chemokines across the BBB in mice via an unknown 

mechanism, as well as concentrating them at the cell-cell junctions (188,251,274).  Here 

hCMEC/D3 cells were shown to express ACKR1 at higher levels than that seen for other 

chemokine receptors.  This expression was upregulated in the presence of HBVP and also 

induced by stimulation with TNF.  I therefore hypothesize that in the context of early 

infection, ACKR1 may serve as the interface between the CNS parenchyma and the 

circulating leukocytes. Given the potent secretion of TNF by MDMs in response to 

stimulation with S. pneumoniae (Figure 6.8(A)) it is likely that the MDM response to 

S. pneumoniae induces ACKR1 expression by hCMEC/D3 and I plan to explore this in future 

work. 

Together this supports a model whereby PVMs act as the principle sentinels in CNS infection 

with S. pneumoniae, which triggers the secretion of multiple pro-inflammatory cytokines, 
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potently activating the HBVP layer.  This results in the secretion of multiple neutrophil 

chemokines, as well as the upregulation of leukocyte adhesion molecules and pro-

inflammatory cytokines.  These chemokines then exert downstream effects, and may be 

actively translocated across the BBB endothelium, interacting with circulating neutrophils, 

which are then recruited in to the CNS parenchyma.   

It is likely that several cell types, significantly microglia, play a role in this process.  I was 

not able to include these cells in my experimental work during my PhD, due to limitations 

in time and resources.  These cells are particularly abundant and are likely to play a central 

role in CNS inflammatory responses, and their addition would likely increase the 

physiological relevance of the experimental findings.  However, as with MDMs/PVMs, the 

addition of each additional cell type adds both variability and brings additional technical 

challenges and may reduce the reproducibility and experimental tractability of the model. 

Given the rapid rate of progress in tissue modelling and increasing description and 

characterization of multicellular BBB models, in future work it would be interesting to 

explore the interaction of BMECs, HBVP, PVMs and microglia in the response to CNS 

infection. 
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7. GENERAL DISCUSSION 

The role of HBVP the recruitment of neutrophils in cerebral infection has not previously 

been described.  I investigated the role of these cells using in vitro BBB models, describing 

the interaction of macrophages, pericytes and endothelial cells in driving neutrophil 

recruitment in response to S. pneumoniae infection. 

The function of the BBB is contingent on the impermeable phenotype of the endothelial 

layer.  In this work I demonstrated that the presence of HBVP alters the endothelial 

phenotype, inducing the development of an impermeable barrier phenotype.  This occurred 

even in the absence of contact between the cell types: the HBVP paracrine repertoire alters 

the endothelial phenotype towards that seen at the BBB. 

In this work I showed that endothelial inflammatory response to S. pneumoniae was 

sufficient to induce the recruitment of neutrophils across the endothelial barrier, through 

mechanisms that do not appear to be transcriptionally regulated, given the minimal 

endothelial transcriptional response to S. pneumoniae.  This is consistent with the type 1 

endothelial inflammatory response, which includes non-transcriptionally regulated 

increased expression of factors involved in the leukocyte adhesion cascade (180). 

I have shown that the recruitment of neutrophils across the endothelial barrier in response 

to S. pneumoniae process is enhanced by the presence of HBVP.  Again, HBVP paracrine 

signalling was sufficient to mediate this effect.  This effect was not mediated by the HBVP 

response to S. pneumoniae, which I showed to be minimal, and HBVP+Spn CoM was unable 

to induce significant neutrophil recruitment.  Instead this effect is the result of HBVP-

mediated differences in the endothelial response to S. pneumoniae, with a markedly 

increased endothelial transcriptional response to S. pneumoniae in the presence of HBVP, 

including upregulation of many genes involved in the leukocyte adhesion cascade.  It 

therefore appears that the presence of HBVP profoundly alters the cerebral endothelial 

phenotype, both in the absence and presence of inflammatory stimuli.  This seems to be 

mediated, at least in part, by the amplification of the hCMEC/D3 TNF response in the 

presence of HBVP. 

Conversely the HBVP response to TNF exerted an independent effect, with HBVP+TNF CoM 

sufficient to induce neutrophil recruitment, even if the TNF was neutralized.  This suggests 

that the HBVP response to TNF, which I showed to include the upregulation of expression 

of many neutrophil chemokines, is sufficient to induce the recruitment of neutrophils across 

the endothelial barrier.  This is achieved through the active transport of chemokines across 
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the endothelial barrier, enabling parenchymal chemokines to interact with circulating 

leukocytes. 

TNF is potently produced by macrophages in response to S. pneumoniae (507).  At the BBB, 

HBVP and perivascular macrophages exist in close proximity and I have shown here for the 

first time that the MDM response to S. pneumoniae, used to model the MDM response, 

induces a potent pericyte response, including the secretion of pro-inflammatory cytokines 

and chemokines.  I showed that this occurs even at low concentrations of the MDM 

secretome, and that this may be due to the fact that HBVP are responsive to many of its pro-

inflammatory constituents. 

Given the high numbers of HBVP at the BBB, their contact with multiple endothelial cells, 

and their exquisite sensitivity to the MDM secretome, this signalling cascade may serve to 

amplify the downstream recruitment of neutrophils in response to MDM signalling and/or 

to disseminate inflammatory signals through the BBB. 

 

 The Model 

 

Figure 7.1 Hypothesized model of neutrophil recruitment across the BBB in response 
to S. pneumoniae  

1 2 

3 4 

5 6 
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1. Perivascular macrophages act as the principle sentinels in CNS infection 

with S. pneumoniae, most potently detecting its presence 

2. PVMs secrete a broad repertoire of pro-inflammatory cytokines into the 

perivascular space in response to the detection of the presence of 

S. pneumoniae. 

3. The PVM secretome stimulates an inflammatory response in both the 

pericyte and endothelial layers, particularly potently in the pericytes 

4. Stimulated HBVP secrete high levels of neutrophil chemokines, which 

are translocated across the endothelial barrier, most likely by ACKR1 

5. Translocated HBVP-derived chemokines interact with circulating 

neutrophils, triggering leukocyte arrest 

6. Arrested neutrophils transmigrate into the CNS, contributing to the 

pathogenesis of S. pneumoniae meningitis through their cytotoxic 

inflammatory responses 

This suggests two potential novel therapeutic opportunities: the pericyte inflammatory 

response and the translocation of parenchymal-derived chemokines across the BBB, which 

is most likely mediated by ACKR1.  

 

 Limitations 

The work presented here was all conducted in invitro models, that cannot fully recapitulate 

the entire complexity of in vivo physiology.  However, the BBB is a challenging tissue to 

study in vivo, as detailed in 1.4.5, and in vitro models therefore remain a mainstay of BBB 

research, alongside increasing use of intravital microscopy.   

The model I adopted did not include every cell type found in the neurovascular unit, notably 

not including astrocytes, microglia or neurons.  It also used a cell line for the endothelial cell 

component, which may not fully replicate the in vivo phenotype, and MDMs to model PVMs, 

which although monocyte-derived, likely acquire tissue-resident characteristics in situ.  It 

was also a static model, and it is known that flow, through the shear-stress it exerts, plays a 

role in enhancing endothelial barrier properties.  However, the major advantage of the use 

of models is their simplicity and tractability, and whilst this model may not represent the 
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full biological complexity, it has allowed dissection of the interaction of the cells within the 

basement membrane and perivascular space. 

With regards to the possibility of therapeutic targeting the pericyte inflammatory response, 

the signalling redundancy amongst the pro-inflammatory mediators secreted by tissue 

resident innate immune cells may limit the tractability of this approach.  Neutralisation of 

any one of the pro-inflammatory mediators is unlikely to be of use if there are many others 

that can mediate the same effect.  However, the downstream effects of these mediators on 

HBVP is poorly described and it is possible that there is considerable convergence in their 

downstream signalling and in the HBVP response, which might mitigate some of these 

challenges. BBB chemokine translocation may also represent a therapeutic opportunity, 

particularly if it is performed by a single molecule, perhaps ACKR1.  One of the major 

challenges to targeting ACKR1 is its presence on circulating erythrocytes, which creates a 

huge reservoir that could bind any drug targeting the receptor.   

 

 Summary & Future Work 

Overall my results suggest that HBVP, anatomically interpolated between the brain 

parenchyma and the vascular endothelial barrier, and in immediate proximity to the CNS 

perivascular macrophages, act as intermediary amplifiers of pro-inflammatory cytokines, 

secreting chemokines that are translocated across the endothelial barrier to interact with 

circulating leukocytes, driving leukocyte recruitment into the brain.  In the case of 

S. pneumoniae meningitis, the disease modelled here, it appears the pathogen is potently 

detected by macrophages, driving pericyte activation through paracrine signalling, and then 

the recruitment of neutrophils via the secretion of potent neutrophil chemokines.  

There is huge scope for the development of this work, in particular for the advancement of 

our understanding of what the specific mediators of MDM-driven HBVP inflammatory 

response are, and also in understanding the process by which HBVP-derived chemokines 

exert their effect. 

With regards to the effect of MDMs on HBVP, many of the constituents of the MDM 

secretome were shown to be able to induce chemokine secretion by HBVP, but the relative 

contribution of each was not known.  In the work presented here I simply chose 

concentrations of cytokines determine by published ED50 values, however it would be 

interesting to explore the dynamics of the HBVP response to these signals, particularly the 

dose ranges, and their relative potency in inducing chemokine expression. 
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Downstream of the activation of HBVP by cytokines, is the secretion of chemokines.  

Interestingly the relative expression of CCL2 and CXCL8, the two chemokines whose 

expression was quantitated by qPCR downstream of the pro-inflammatory mediators tested 

experimentally, varied depending on the specific stimulus tested.  This raises the possibility 

that HBVP may express differing patterns of chemokines, and hence bias the leukocyte 

populations recruited, in response to different pro-inflammatory mediators.  It would be 

interesting to explore the chemokine expression profiles of HBVP stimulated with different 

pro-inflammatory mediators, and also to explore the downstream effects of this on 

recruitment of different leukocyte populations.  In experimental work not presented here I 

found the HBVP secretome to be chemotactic to monocytes, an effect not yet described, 

supporting the possibility that HBVP may also be involved in the recruitment of other 

leukocyte populations. 

I showed that chemokines did not induce endothelial barrier leak and instead appear to be 

actively transported across the endothelial barrier from the basal to luminal transwell 

chambers, possibly by ACKR1. The experimental work exploring the translocation of 

chemokines is limited by lack of knowledge of the possible mechanism, or how ACKR1 might 

function.  Further work would be necessary to prove active translocation is occurring, and 

how this is mechanistically achieved. 

ACKR1 has been described to undertake this role in the mouse BBB, and to play a role in 

concentrating chemokines at the cell-cell junctions elsewhere in the mouse vasculature 

(188,251).  The role of ACKR1 in the human BBB or vasculature more broadly has not yet 

been described.  There is therefore considerable scope for the study of the role of this 

receptor in the human vasculature in general, as well as specifically in the context of its role 

in the translocation of HBVP-derived chemokines.   

Towards the end of my time in the lab, I had created 3 CRISPR edited ACKR1 knockout 

hCMEC/D3 cell lines and was beginning experimental work with these.  I had also 

collaborated with Antal Rot at QMUL, who provided ACKR1 knockout mice, which we 

infected intraperitoneally with S. pneumoniae in order to establish a bacteraemia and 

meningitis.  The histopathological analysis of the brains of these animals are currently 

undergoing analysis.  If there is a phenotype in the ACKR1 knock out mice with evidence of 

reduced neutrophil CNS infiltration this will provide the first evidence of a role for ACKR1 

in the inflammatory response to infection and would support ACKR1 as a potential novel 

therapeutic target.  
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9. APPENDICES 

 The hCMEC/D3 Transcriptome 

 The hCMEC/D3 transcriptional response to TNF in 

monoculture 

Appendix table 1 The top 100 upregulated genes differentially expressed by 
monocultured hCMEC/D3 in response to stimulation with TNF 10ng/ml for 4 hours 
Filtered to include only those with a fold change (FC) >2 (log2 FC >1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for 
unstimulated, U, and TNF stimulated, TNF, hCMEC/D3 cells 

 

ensembl gene ID Gene name U MEV TNF MEV log2 FC FDR 

ENSG00000023445 BIRC3 3.228 7.238 4.009 3.72E-167 

ENSG00000169429 CXCL8 2.902 9.012 6.109 3.53E-142 

ENSG00000137462 TLR2 3.636 7.615 3.979 1.31E-113 

ENSG00000056558 TRAF1 2.217 6.316 4.1 1.65E-111 

ENSG00000185101 ANO9 -0.379 4.894 5.273 3.86E-101 

ENSG00000104856 RELB 3.279 7.068 3.789 1.53E-98 

ENSG00000162692 VCAM1 3.349 9.359 6.01 1.65E-98 

ENSG00000118503 TNFAIP3 4.169 8.3 4.132 1.56E-93 

ENSG00000007908 SELE -0.788 6.373 7.161 5.36E-88 

ENSG00000163661 PTX3 7.777 10.993 3.216 1.49E-84 

ENSG00000152229 PSTPIP2 1.573 5.592 4.018 2.27E-78 

ENSG00000178882 RFLNA 1.518 5.291 3.773 1.11E-76 

ENSG00000135919 SERPINE2 5.801 9.109 3.308 1.54E-76 

ENSG00000160326 SLC2A6 3.113 6.297 3.184 2.66E-73 

ENSG00000108691 CCL2 4.588 9.637 5.049 3.16E-72 

ENSG00000131979 GCH1 4.43 7.73 3.3 1.10E-67 

ENSG00000169245 CXCL10 2.96 8.422 5.462 2.12E-67 

ENSG00000003989 SLC7A2 6.447 9.243 2.796 1.90E-66 

ENSG00000077150 NFKB2 4.753 7.964 3.211 8.06E-66 

ENSG00000163347 CLDN1 4.983 8.136 3.153 9.92E-66 

ENSG00000112096 SOD2 8.255 12.033 3.778 1.04E-61 

ENSG00000163735 CXCL5 1.213 4.508 3.295 4.89E-61 

ENSG00000166920 C15orf48 1.111 6.723 5.613 1.44E-60 

ENSG00000123689 G0S2 3.343 7.116 3.774 3.35E-60 

ENSG00000160223 ICOSLG 1.667 5.057 3.391 1.74E-57 

ENSG00000166348 USP54 4.965 6.795 1.83 1.70E-56 

ENSG00000171223 JUNB 5.206 7.285 2.079 2.38E-56 

ENSG00000083799 CYLD 4.179 7.059 2.88 1.31E-53 

ENSG00000196878 LAMB3 2.734 5.153 2.419 1.66E-53 
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ENSG00000164181 ELOVL7 -1.83 3.226 5.056 1.67E-53 

ENSG00000090339 ICAM1 6.189 9.918 3.729 1.67E-53 

ENSG00000146232 NFKBIE 3.982 6.828 2.846 2.85E-52 

ENSG00000185215 TNFAIP2 3.172 8.416 5.244 6.24E-52 

ENSG00000151014 NOCT 2.856 5.349 2.493 8.92E-51 

ENSG00000104312 RIPK2 4.435 7.398 2.963 4.28E-50 

ENSG00000163082 SGPP2 -0.918 4.308 5.226 5.89E-50 

ENSG00000124875 CXCL6 0.022 3.653 3.631 7.72E-50 

ENSG00000134363 FST 1.713 5.841 4.128 1.55E-49 

ENSG00000120337 TNFSF18 0.019 4.18 4.161 1.99E-49 

ENSG00000263528 IKBKE 2.993 5.095 2.103 8.01E-49 

ENSG00000187957 DNER 4.019 6.133 2.114 1.46E-48 

ENSG00000104951 IL4I1 0.379 4.376 3.997 1.61E-46 

ENSG00000110330 BIRC2 5.568 6.752 1.183 2.69E-46 

ENSG00000163545 NUAK2 3.961 5.947 1.986 2.73E-46 

ENSG00000168685 IL7R 1.427 4.104 2.677 9.05E-46 

ENSG00000134070 IRAK2 3.413 6.121 2.708 8.45E-45 

ENSG00000122641 INHBA 5.01 6.812 1.802 1.88E-44 

ENSG00000169946 ZFPM2 3.82 5.459 1.639 5.65E-44 

ENSG00000134954 ETS1 5.855 7.826 1.971 9.62E-44 

ENSG00000153721 CNKSR3 4.189 6.659 2.47 7.00E-43 

ENSG00000184371 CSF1 4.853 7.778 2.925 6.70E-42 

ENSG00000008517 IL32 7.086 9.559 2.473 1.11E-41 

ENSG00000006210 CX3CL1 1.474 6.212 4.738 5.16E-41 

ENSG00000187193 MT1X 6.215 10.208 3.993 7.37E-41 

ENSG00000025708 TYMP 6.023 7.977 1.954 1.16E-40 

ENSG00000146072 TNFRSF21 3.198 5.064 1.866 1.40E-40 

ENSG00000109320 NFKB1 5.051 7.368 2.317 1.47E-40 

ENSG00000163739 CXCL1 4.69 7.78 3.09 2.41E-39 

ENSG00000125148 MT2A 10.818 12.782 1.965 2.47E-39 

ENSG00000136048 DRAM1 5.756 7.92 2.164 1.58E-38 

ENSG00000115009 CCL20 -1.622 3.909 5.531 9.13E-38 

ENSG00000101670 LIPG 3.871 6.496 2.625 9.71E-38 

ENSG00000128342 LIF 0.432 4.165 3.733 1.97E-37 

ENSG00000169715 MT1E 9.123 11.662 2.539 2.13E-37 

ENSG00000145779 TNFAIP8 5.125 6.867 1.742 4.69E-37 

ENSG00000129667 RHBDF2 4.67 6.281 1.611 6.33E-37 

ENSG00000176170 SPHK1 4.709 6.564 1.855 2.03E-36 

ENSG00000105639 JAK3 1.444 3.442 1.997 3.12E-36 

ENSG00000153823 PID1 3.508 5.572 2.063 6.74E-36 

ENSG00000006118 TMEM132A 5.162 6.758 1.596 2.10E-35 

ENSG00000114270 COL7A1 2.425 4.763 2.337 4.57E-35 

ENSG00000090776 EFNB1 4.668 6.216 1.548 1.01E-34 

ENSG00000104635 SLC39A14 5.448 6.991 1.543 1.32E-34 

ENSG00000015475 BID 5.103 6.547 1.444 1.56E-34 

ENSG00000081041 CXCL2 2.492 5.096 2.604 2.33E-34 

ENSG00000196136 SERPINA3 -0.501 5.331 5.833 6.80E-34 

ENSG00000138675 FGF5 3.827 5.734 1.907 8.16E-34 

ENSG00000183722 LHFPL6 3.988 5.636 1.648 1.10E-33 
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ENSG00000146457 WTAP 6.94 8.886 1.946 1.63E-33 

ENSG00000132003 ZSWIM4 2.86 4.724 1.864 5.15E-33 

ENSG00000140464 PML 6.303 7.947 1.644 9.35E-33 

ENSG00000123610 TNFAIP6 -4.484 4.777 9.261 2.35E-32 

ENSG00000167207 NOD2 -0.655 3.498 4.153 3.06E-32 

ENSG00000117228 GBP1 6.295 9.181 2.886 5.09E-32 

ENSG00000205502 C2CD4B 3.344 5.831 2.487 7.39E-32 

ENSG00000110218 PANX1 3.852 5.367 1.514 1.02E-31 

ENSG00000170525 PFKFB3 3.73 5.107 1.377 1.88E-31 

ENSG00000173918 C1QTNF1 2.839 5.624 2.785 1.98E-31 

ENSG00000177989 ODF3B 4.753 6.441 1.688 6.16E-31 

ENSG00000144802 NFKBIZ 1.743 4.113 2.37 7.83E-31 

ENSG00000167034 NKX3-1 1.855 4.665 2.81 2.52E-30 

ENSG00000166886 NAB2 3.906 5.309 1.403 2.52E-30 

ENSG00000100906 NFKBIA 6.925 9.252 2.327 2.81E-30 

ENSG00000086062 B4GALT1 6.753 8.802 2.05 1.01E-29 

ENSG00000166401 SERPINB8 5.003 6.269 1.266 1.07E-29 

ENSG00000145901 TNIP1 6.839 9.532 2.693 1.23E-29 

ENSG00000173334 TRIB1 2.723 4.336 1.613 1.70E-29 

ENSG00000168394 TAP1 5.861 7.696 1.835 5.26E-29 

ENSG00000125347 IRF1 5.389 8.028 2.639 1.36E-28 

ENSG00000101017 CD40 2.026 4.81 2.784 1.64E-28 

ENSG00000169248 CXCL11 1.439 5.202 3.763 1.84E-28 
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 The hCMEC/D3 transcriptional response to Spn in 

monoculture 

Appendix table 2 All upregulated genes differentially expressed by monocultured 
hCMEC/D3 in response to stimulation with Spn MOI 5 for 4 hours, ranked by FDR 
MEV represents the mean expression value in transcripts per million across 3 samples for 
unstimulated, U, and Spn stimulated, TNF, monocultured hCMEC/D3 cells 

ensembl gene ID Gene name U MEV Spn MEV log2 FC FDR 

ENSG00000091879 ANGPT2 1.576402 2.68854 1.112139 6.04E-05 

ENSG00000111799 COL12A1 4.497135 5.155633 0.658498 0.011303 

ENSG00000170345 FOS 0.634142 3.013495 2.379352 5.64E-08 

ENSG00000125740 FOSB -0.5398 2.258836 2.798632 8.57E-13 

ENSG00000132510 KDM6B 1.485044 2.561203 1.076158 0.016579 

ENSG00000155090 KLF10 5.037628 5.584633 0.547005 0.014834 

ENSG00000185022 MAFF 5.172578 5.774216 0.601638 0.011231 

ENSG00000179820 MYADM 6.582522 7.444607 0.862085 0.000153 

ENSG00000131196 NFATC1 3.196689 3.96319 0.766501 0.001671 

ENSG00000101096 NFATC2 -2.33768 0.022095 2.359772 4.40E-05 

ENSG00000123358 NR4A1 2.290687 3.509524 1.218837 4.35E-05 

ENSG00000015568 RGPD5 4.123132 4.248185 0.125054 0.010165 

ENSG00000159167 STC1 -1.23346 0.692667 1.926124 0.045017 

ENSG00000159713 TPPP3 -5.45234 -0.216 5.23634 0.014395 

ENSG00000173334 TRIB1 2.723458 3.495877 0.772419 0.011303 

ENSG00000132481 TRIM47 5.097038 5.654051 0.557013 0.000326 
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 The hCMEC/D3 transcriptional response to coculture with 

HBVP in the absence of stimulation 

Appendix table 3 Top 100 upregulated genes differentially expressed by cocultured 
unstimulated hCMEC/D3 compared to monocultured unstimulated hCMEC/D3 
Filtered to include only those with a fold change (FC) >2 (log2 FC >1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for 
monocultured, Mono, and cocultured, Co, unstimulated hCMEC/D3 cells 

ensembl gene ID Gene name Mono MEV Co MEV log2 FC FDR 

ENSG00000120738 EGR1 2.224782 6.241417 4.016635 1.04E-17 

ENSG00000108551 RASD1 1.265583 4.42937 3.163787 1.04E-17 

ENSG00000171223 JUNB 5.205985 6.896228 1.690242 4.22E-15 

ENSG00000069399 BCL3 4.654357 6.64468 1.990322 1.53E-14 

ENSG00000184557 SOCS3 3.370414 6.944201 3.573787 3.60E-14 

ENSG00000266086 AC015813.2 1.42901 3.592045 2.163035 3.57E-13 

ENSG00000104899 AMH 2.53097 4.957156 2.426186 1.30E-12 

ENSG00000170345 FOS 0.634142 3.367935 2.733793 1.30E-12 

ENSG00000175832 ETV4 0.974229 3.032892 2.058663 3.68E-12 

ENSG00000174348 PODN 2.509921 4.299434 1.789513 3.85E-12 

ENSG00000171951 SCG2 0.639591 4.079967 3.440376 1.09E-11 

ENSG00000140451 PIF1 3.911729 5.344051 1.432321 1.17E-11 

ENSG00000167680 SEMA6B 5.693934 7.173284 1.47935 1.47E-11 

ENSG00000197774 EME2 1.288409 3.034762 1.746353 9.62E-11 

ENSG00000100429 HDAC10 3.893617 5.246725 1.353108 1.56E-10 

ENSG00000133048 CHI3L1 -0.10912 4.599361 4.708483 1.64E-10 

ENSG00000136859 ANGPTL2 3.842668 5.477003 1.634335 1.79E-10 

ENSG00000173530 TNFRSF10D 3.121811 4.430401 1.308589 2.61E-10 

ENSG00000203896 LIME1 1.572517 3.661223 2.088706 3.84E-10 

ENSG00000243509 TNFRSF6B 4.852065 6.989708 2.137644 5.80E-10 

ENSG00000272916 AC022400.6 0.659608 2.500526 1.840918 2.17E-09 

ENSG00000172889 EGFL7 8.226648 9.454927 1.22828 3.59E-09 

ENSG00000105639 JAK3 1.444246 3.705798 2.261552 5.45E-09 

ENSG00000153012 LGI2 -5.66847 0.662322 6.330787 5.47E-09 

ENSG00000187961 KLHL17 3.047465 4.92939 1.881925 5.50E-09 

ENSG00000107562 CXCL12 6.762486 8.743781 1.981295 6.09E-09 

ENSG00000188488 SERPINA5 1.57759 3.16404 1.58645 6.73E-09 

ENSG00000099326 MZF1 2.331707 3.856349 1.524642 1.07E-08 

ENSG00000126217 MCF2L 0.603297 3.611784 3.008487 1.13E-08 

ENSG00000131584 ACAP3 4.32313 5.444911 1.121781 1.92E-08 

ENSG00000116852 KIF21B -0.04824 2.54186 2.590104 2.16E-08 

ENSG00000250067 YJEFN3 0.54816 2.59975 2.05159 3.15E-08 

ENSG00000163814 CDCP1 0.202143 1.731025 1.528881 4.45E-08 

ENSG00000137507 LRRC32 4.591771 6.157218 1.565448 4.78E-08 

ENSG00000177374 HIC1 2.605165 3.774777 1.169611 5.32E-08 

ENSG00000171236 LRG1 1.783179 3.872443 2.089265 5.62E-08 

ENSG00000185324 CDK10 5.581779 6.58832 1.00654 5.68E-08 

ENSG00000100918 REC8 1.672453 3.295818 1.623365 6.10E-08 
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ENSG00000138834 MAPK8IP3 4.15318 5.725042 1.571862 8.71E-08 

ENSG00000187479 C11orf96 0.566406 2.536086 1.96968 9.06E-08 

ENSG00000225828 FAM229A 0.57292 3.026655 2.453735 9.60E-08 

ENSG00000214456 PLIN5 0.006372 2.267396 2.261024 9.60E-08 

ENSG00000139636 LMBR1L 4.590801 6.056562 1.46576 1.08E-07 

ENSG00000169660 HEXDC 3.991857 5.096359 1.104502 1.19E-07 

ENSG00000180902 D2HGDH 3.145593 4.49446 1.348867 1.21E-07 

ENSG00000187678 SPRY4 1.937678 3.747865 1.810187 2.07E-07 

ENSG00000205307 SAP25 0.210466 2.663746 2.453279 2.10E-07 

ENSG00000285589 AC010422.8 0.473142 2.069854 1.596712 2.18E-07 

ENSG00000104267 CA2 7.471025 9.597519 2.126494 2.18E-07 

ENSG00000119535 CSF3R 0.854155 3.886708 3.032552 2.18E-07 

ENSG00000142102 PGGHG 3.146438 4.847386 1.700947 2.52E-07 

ENSG00000154734 ADAMTS1 1.350106 3.59497 2.244864 2.74E-07 

ENSG00000108773 KAT2A 4.959377 6.079242 1.119865 2.75E-07 

ENSG00000140398 NEIL1 3.293727 4.825063 1.531336 2.81E-07 

ENSG00000141524 TMC6 3.785002 4.949274 1.164272 3.71E-07 

ENSG00000284976 BX255925.3 3.592069 4.735903 1.143833 4.40E-07 

ENSG00000146826 C7orf43 3.155463 4.380462 1.224999 4.86E-07 

ENSG00000224383 PRR29 1.645554 3.161922 1.516367 5.09E-07 

ENSG00000107281 NPDC1 5.601873 6.944017 1.342145 5.58E-07 

ENSG00000164877 MICALL2 4.144616 5.267534 1.122918 5.68E-07 

ENSG00000106404 CLDN15 1.626412 3.142732 1.516319 6.11E-07 

ENSG00000065618 COL17A1 -1.81007 0.869327 2.679395 7.22E-07 

ENSG00000091879 ANGPT2 1.576402 4.535676 2.959274 7.26E-07 

ENSG00000148948 LRRC4C -1.9605 1.087138 3.047638 7.57E-07 

ENSG00000188766 SPRED3 0.767362 3.272568 2.505207 7.96E-07 

ENSG00000106688 SLC1A1 -0.83973 1.481825 2.321551 8.28E-07 

ENSG00000159167 STC1 -1.23346 3.386565 4.620022 8.69E-07 

ENSG00000105559 PLEKHA4 2.130931 3.626903 1.495972 8.93E-07 

ENSG00000178773 CPNE7 5.166448 6.285906 1.119458 1.07E-06 

ENSG00000127586 CHTF18 5.228481 6.528047 1.299566 1.11E-06 

ENSG00000167615 LENG8 5.088559 6.771938 1.683379 1.22E-06 

ENSG00000010327 STAB1 4.832673 7.117585 2.284912 1.26E-06 

ENSG00000101955 SRPX 3.703655 5.839581 2.135926 1.27E-06 

ENSG00000184451 CCR10 -0.15305 2.006641 2.159692 1.37E-06 

ENSG00000198467 TPM2 4.600712 5.679316 1.078605 1.46E-06 

ENSG00000103326 CAPN15 5.451897 6.463153 1.011256 1.48E-06 

ENSG00000008516 MMP25 -0.29365 2.030366 2.324014 1.83E-06 

ENSG00000121716 PILRB 4.619099 6.286974 1.667874 1.87E-06 

ENSG00000215788 TNFRSF25 1.780379 3.388474 1.608095 2.26E-06 

ENSG00000147689 FAM83A -1.76932 0.850862 2.620187 2.29E-06 

ENSG00000130511 SSBP4 6.420652 7.625229 1.204576 2.29E-06 

ENSG00000177542 SLC25A22 3.983577 5.110123 1.126546 2.35E-06 

ENSG00000121310 ECHDC2 5.711014 6.801433 1.090419 2.54E-06 

ENSG00000132510 KDM6B 1.485044 2.845627 1.360582 2.54E-06 

ENSG00000249992 TMEM158 0.038311 2.08879 2.05048 2.75E-06 

ENSG00000102890 ELMO3 0.650973 2.140956 1.489983 3.09E-06 

ENSG00000145335 SNCA 4.545141 5.659324 1.114183 4.21E-06 
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ENSG00000187908 DMBT1 -2.04143 0.385505 2.426939 4.47E-06 

ENSG00000140400 MAN2C1 6.282692 7.352734 1.070042 4.53E-06 

ENSG00000167676 PLIN4 -2.11619 0.122719 2.238912 5.15E-06 

ENSG00000146067 FAM193B 4.957657 6.023067 1.06541 5.92E-06 

ENSG00000167470 MIDN 4.945397 6.08465 1.139253 6.22E-06 

ENSG00000163239 TDRD10 2.072271 3.813882 1.741611 6.22E-06 

ENSG00000257108 NHLRC4 1.973521 3.582867 1.609346 6.30E-06 

ENSG00000258674 AC011448.1 1.243819 3.126432 1.882613 6.54E-06 

ENSG00000276409 CCL14 2.080219 5.170537 3.090318 6.71E-06 

ENSG00000103168 TAF1C 4.615267 5.623146 1.007878 6.88E-06 

ENSG00000152760 TCTEX1D1 -1.30663 2.179107 3.485739 8.48E-06 

ENSG00000212123 PRR22 0.347287 2.265661 1.918375 8.52E-06 

ENSG00000258839 MC1R 1.650135 2.95795 1.307815 9.06E-06 

 

 

Appendix table 4 Top 100 downregulated genes differentially expressed by cocultured 
unstimulated hCMEC/D3 compared to monocultured unstimulated hCMEC/D3 
Filtered to include only those with a fold change (FC) <-2 (log2 FC <-1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for 
monocultured, Mono, and cocultured, Co, unstimulated hCMEC/D3 cells 

ensembl gene ID Gene name Mono MEV Co MEV log2 FC FDR 

ENSG00000140092 FBLN5 7.159394 4.8306 -2.32879 1.42E-30 

ENSG00000156049 GNA14 5.632966 3.393214 -2.23975 1.98E-20 

ENSG00000119280 C1orf198 6.403096 4.543578 -1.85952 3.07E-19 

ENSG00000113389 NPR3 5.327308 2.985966 -2.34134 3.68E-19 

ENSG00000109846 CRYAB 7.497539 3.021639 -4.4759 4.69E-18 

ENSG00000087245 MMP2 3.653996 1.94794 -1.70606 3.36E-17 

ENSG00000119681 LTBP2 5.428737 3.898798 -1.52994 7.39E-17 

ENSG00000170214 ADRA1B 5.551319 3.293814 -2.25751 1.14E-15 

ENSG00000117595 IRF6 2.835821 0.269275 -2.56655 4.68E-15 

ENSG00000151892 GFRA1 3.947507 1.549792 -2.39772 7.96E-14 

ENSG00000050165 DKK3 7.224923 5.704202 -1.52072 2.33E-13 

ENSG00000169184 MN1 3.237473 1.822289 -1.41518 3.57E-13 

ENSG00000205978 NYNRIN 3.943545 2.884803 -1.05874 5.42E-13 

ENSG00000124212 PTGIS 3.297345 1.277659 -2.01969 5.73E-13 

ENSG00000130707 ASS1 7.50578 6.045255 -1.46053 1.30E-12 

ENSG00000176532 PRR15 4.246174 1.688275 -2.5579 5.93E-12 

ENSG00000162551 ALPL 3.569369 1.372639 -2.19673 1.46E-11 

ENSG00000153162 BMP6 8.131985 6.818039 -1.31395 1.58E-11 

ENSG00000143869 GDF7 4.752953 2.581887 -2.17107 2.45E-11 

ENSG00000151617 EDNRA 4.145438 2.640238 -1.5052 9.25E-11 

ENSG00000076356 PLXNA2 6.372874 5.337873 -1.035 1.16E-10 

ENSG00000187189 TSPYL4 5.056031 4.006031 -1.05 1.23E-10 

ENSG00000198542 ITGBL1 4.613958 3.350768 -1.26319 1.56E-10 

ENSG00000183087 GAS6 6.37097 5.172348 -1.19862 1.79E-10 
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ENSG00000176658 MYO1D 2.938771 1.569783 -1.36899 3.26E-10 

ENSG00000011028 MRC2 6.053458 4.500072 -1.55339 3.39E-10 

ENSG00000136383 ALPK3 0.672909 -0.33152 -1.00442 3.96E-10 

ENSG00000156675 RAB11FIP1 3.226764 2.03816 -1.1886 3.98E-10 

ENSG00000136153 LMO7 7.519198 5.3317 -2.1875 4.13E-10 

ENSG00000104081 BMF 4.458058 3.08331 -1.37475 6.90E-10 

ENSG00000198732 SMOC1 8.796462 7.718026 -1.07844 6.90E-10 

ENSG00000158445 KCNB1 1.466981 -0.00535 -1.47233 8.94E-10 

ENSG00000134243 SORT1 7.011218 5.868217 -1.143 1.27E-09 

ENSG00000170962 PDGFD 4.09822 2.293256 -1.80496 1.57E-09 

ENSG00000135926 TMBIM1 7.422942 6.420427 -1.00251 1.57E-09 

ENSG00000172260 NEGR1 5.245681 2.502069 -2.74361 1.86E-09 

ENSG00000147394 ZNF185 4.94126 3.136541 -1.80472 3.16E-09 

ENSG00000126878 AIF1L 6.845561 5.780905 -1.06466 5.47E-09 

ENSG00000106366 SERPINE1 10.51356 8.770347 -1.74322 5.50E-09 

ENSG00000178726 THBD 6.02304 4.597622 -1.42542 5.50E-09 

ENSG00000146411 SLC2A12 2.87725 1.04306 -1.83419 6.09E-09 

ENSG00000008256 CYTH3 5.846138 4.527222 -1.31892 6.73E-09 

ENSG00000170017 ALCAM 9.165791 8.13637 -1.02942 7.38E-09 

ENSG00000127083 OMD 1.097581 -2.30483 -3.40241 8.50E-09 

ENSG00000155850 SLC26A2 6.028802 4.62065 -1.40815 1.22E-08 

ENSG00000166510 CCDC68 4.502792 2.796339 -1.70645 1.28E-08 

ENSG00000013297 CLDN11 7.84396 6.753676 -1.09028 1.47E-08 

ENSG00000162444 RBP7 5.915234 4.297567 -1.61767 1.53E-08 

ENSG00000150764 DIXDC1 4.996845 3.398415 -1.59843 1.71E-08 

ENSG00000102760 RGCC 5.523829 4.171061 -1.35277 1.78E-08 

ENSG00000164692 COL1A2 6.086373 4.410609 -1.67576 1.97E-08 

ENSG00000183775 KCTD16 0.128646 -2.60439 -2.73303 2.10E-08 

ENSG00000156804 FBXO32 4.997334 3.54299 -1.45434 2.16E-08 

ENSG00000277758 FO681492.1 5.498357 4.232061 -1.2663 2.16E-08 

ENSG00000091986 CCDC80 6.450226 4.170068 -2.28016 2.93E-08 

ENSG00000198846 TOX 5.709524 4.396123 -1.3134 3.90E-08 

ENSG00000167642 SPINT2 4.742901 2.402706 -2.3402 4.96E-08 

ENSG00000185070 FLRT2 2.995052 0.661573 -2.33348 4.97E-08 

ENSG00000146555 SDK1 2.464563 1.358727 -1.10584 7.26E-08 

ENSG00000182253 SYNM 3.967383 2.763123 -1.20426 7.68E-08 

ENSG00000163815 CLEC3B 3.488424 0.789269 -2.69916 8.71E-08 

ENSG00000124249 KCNK15 3.899335 0.488414 -3.41092 9.19E-08 

ENSG00000138772 ANXA3 8.647655 7.392581 -1.25507 9.25E-08 

ENSG00000128567 PODXL 7.798867 6.551818 -1.24705 1.21E-07 

ENSG00000115718 PROC 1.996841 -1.13744 -3.13428 1.29E-07 

ENSG00000119950 MXI1 5.336089 3.943136 -1.39295 2.20E-07 

ENSG00000122641 INHBA 5.009982 3.774068 -1.23591 2.49E-07 

ENSG00000111110 PPM1H 4.928474 3.60294 -1.32553 2.49E-07 

ENSG00000152377 SPOCK1 2.904264 0.546502 -2.35776 3.95E-07 

ENSG00000149596 JPH2 2.848544 1.259721 -1.58882 4.32E-07 

ENSG00000196814 MVB12B 4.578764 3.577043 -1.00172 4.67E-07 

ENSG00000117115 PADI2 -0.04336 -2.32882 -2.28545 4.76E-07 

ENSG00000136404 TM6SF1 6.081308 4.976659 -1.10465 5.09E-07 
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ENSG00000138131 LOXL4 0.701107 -1.43887 -2.13998 5.26E-07 

ENSG00000154175 ABI3BP 7.292855 4.81649 -2.47637 7.96E-07 

ENSG00000115414 FN1 10.18974 8.705319 -1.48442 8.96E-07 

ENSG00000095739 BAMBI 3.980856 2.23533 -1.74553 1.16E-06 

ENSG00000157680 DGKI 0.599552 -1.79558 -2.39513 1.17E-06 

ENSG00000074416 MGLL 5.166562 3.504845 -1.66172 1.18E-06 

ENSG00000070526 
ST6GALNAC
1 2.84201 1.460401 -1.38161 1.22E-06 

ENSG00000109743 BST1 5.087235 3.380657 -1.70658 1.23E-06 

ENSG00000101160 CTSZ 8.629106 7.491959 -1.13715 1.40E-06 

ENSG00000121769 FABP3 3.366825 1.773344 -1.59348 1.49E-06 

ENSG00000235387 SPAAR 5.130835 3.879237 -1.2516 1.52E-06 

ENSG00000146038 DCDC2 2.559095 0.54811 -2.01098 1.58E-06 

ENSG00000162496 DHRS3 4.103574 2.665821 -1.43775 1.66E-06 

ENSG00000102996 MMP15 3.947127 2.813087 -1.13404 1.77E-06 

ENSG00000167552 TUBA1A 7.072172 5.537542 -1.53463 1.77E-06 

ENSG00000043591 ADRB1 3.725966 2.667565 -1.0584 1.87E-06 

ENSG00000164684 ZNF704 3.024449 1.490227 -1.53422 1.87E-06 

ENSG00000108370 RGS9 5.162612 3.181035 -1.98158 1.90E-06 

ENSG00000164574 GALNT10 6.30396 5.045536 -1.25842 2.41E-06 

ENSG00000155324 GRAMD2B 3.806586 2.564789 -1.2418 2.81E-06 

ENSG00000145632 PLK2 7.529867 6.452229 -1.07764 4.32E-06 

ENSG00000185483 ROR1 4.198376 3.087629 -1.11075 4.40E-06 

ENSG00000078098 FAP 0.863016 -1.0416 -1.90462 4.87E-06 

ENSG00000140044 JDP2 5.26942 4.203017 -1.0664 5.03E-06 

ENSG00000211455 STK38L 5.234145 3.916222 -1.31792 5.71E-06 

ENSG00000162745 OLFML2B 2.072901 0.022659 -2.05024 6.26E-06 

ENSG00000108239 TBC1D12 4.321868 3.321033 -1.00084 6.71E-06 
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 The hCMEC/D3 transcriptional response to stimulation 

with TNF in the context of coculture with HBVP  

Appendix table 5 Top 100 upregulated genes differentially expressed by cocultured 
hCMEC/D3 stimulated with TNF 10ng/ml compared to cocultured unstimulated 
hCMEC/D3. 
Filtered to include only those with a fold change (FC) >-2 (log2 FC >/-1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for U, 
unstimulated, and TNF, TNF stimulated, cocultured hCMEC/D3 cells 

ensembl gene ID Gene name U MEV TNF MEV log2 FC FDR 

ENSG00000007908 SELE -0.54538 3.631278 4.176657 6.50E-49 

ENSG00000056558 TRAF1 2.116045 4.90705 2.791005 3.51E-43 

ENSG00000008517 IL32 6.030024 9.122364 3.092339 7.16E-41 

ENSG00000108691 CCL2 4.94374 9.202189 4.258449 1.95E-39 

ENSG00000104856 RELB 4.140856 6.750185 2.609329 2.03E-39 

ENSG00000187479 C11orf96 2.536086 5.382149 2.846063 9.72E-38 

ENSG00000146232 NFKBIE 3.505298 6.598064 3.092766 3.07E-36 

ENSG00000169429 CXCL8 3.620796 8.026972 4.406177 1.56E-35 

ENSG00000090339 ICAM1 6.389904 8.583051 2.193146 1.54E-31 

ENSG00000123689 G0S2 4.113231 7.759841 3.646609 1.80E-30 

ENSG00000145901 TNIP1 6.61813 8.992626 2.374496 2.10E-29 

ENSG00000023445 BIRC3 3.344804 6.245029 2.900224 1.12E-28 

ENSG00000169245 CXCL10 2.720811 6.785215 4.064404 1.16E-27 

ENSG00000162692 VCAM1 1.678943 6.289232 4.610289 2.48E-27 

ENSG00000160223 ICOSLG 1.749333 4.287695 2.538362 3.13E-27 

ENSG00000160326 SLC2A6 2.972739 5.362189 2.38945 5.43E-27 

ENSG00000125347 IRF1 5.627618 7.074072 1.446454 1.20E-25 

ENSG00000196878 LAMB3 3.016354 5.24992 2.233566 1.27E-25 

ENSG00000166920 C15orf48 2.545526 6.460235 3.91471 1.73E-24 

ENSG00000185215 TNFAIP2 3.186833 6.343981 3.157148 8.43E-24 

ENSG00000006210 CX3CL1 0.177094 2.871778 2.694684 3.98E-23 

ENSG00000173918 C1QTNF1 3.294163 5.205761 1.911598 9.90E-23 

ENSG00000100906 NFKBIA 7.063836 9.180522 2.116686 3.70E-22 

ENSG00000123610 TNFAIP6 -5.15633 1.823733 6.98006 8.79E-20 

ENSG00000077150 NFKB2 5.485683 7.234874 1.749191 9.85E-20 

ENSG00000162645 GBP2 4.93568 6.823279 1.887599 1.16E-19 

ENSG00000120337 TNFSF18 -0.14607 3.569462 3.71553 1.86E-19 

ENSG00000109320 NFKB1 5.063386 6.447744 1.384359 2.01E-18 

ENSG00000173432 SAA1 4.060698 6.165853 2.105155 8.92E-17 

ENSG00000104312 RIPK2 4.325131 5.70891 1.383779 3.37E-16 

ENSG00000198832 SELENOM 6.590242 8.053448 1.463206 6.13E-16 

ENSG00000118503 TNFAIP3 4.440456 7.010547 2.57009 1.07E-15 

ENSG00000010030 ETV7 2.511669 4.535976 2.024306 1.69E-15 

ENSG00000214530 STARD10 4.283215 5.848316 1.565101 3.07E-15 

ENSG00000163545 NUAK2 3.248873 4.708209 1.459336 3.67E-15 

ENSG00000152229 PSTPIP2 1.656357 3.753922 2.097565 5.66E-15 

ENSG00000263528 IKBKE 3.027159 4.74347 1.716311 1.38E-14 
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ENSG00000131669 NINJ1 6.194941 7.999999 1.805058 1.61E-14 

ENSG00000163121 NEURL3 -2.03998 1.870142 3.910118 2.09E-14 

ENSG00000123240 OPTN 6.586362 7.676826 1.090463 3.29E-14 

ENSG00000119917 IFIT3 7.380755 8.725582 1.344828 6.75E-14 

ENSG00000136048 DRAM1 5.527054 6.601998 1.074944 2.12E-13 

ENSG00000163132 MSX1 2.523265 4.389902 1.866637 2.31E-13 

ENSG00000145779 TNFAIP8 4.409051 5.352177 0.943126 3.32E-13 

ENSG00000122641 INHBA 3.774068 5.844799 2.070731 3.63E-13 

ENSG00000015475 BID 5.178016 6.32579 1.147774 4.52E-13 

ENSG00000188015 S100A3 -0.08314 3.066453 3.149597 5.64E-13 

ENSG00000150630 VEGFC 3.642742 5.30193 1.659188 6.30E-13 

ENSG00000163661 PTX3 8.654894 10.0939 1.439008 1.08E-12 

ENSG00000168394 TAP1 6.332082 7.781741 1.449659 1.28E-12 

ENSG00000134070 IRAK2 3.587503 5.092509 1.505006 1.40E-12 

ENSG00000185101 ANO9 0.813148 3.98708 3.173932 3.19E-12 

ENSG00000128274 A4GALT 5.986774 7.081602 1.094829 3.81E-12 

ENSG00000176907 TCIM -1.39888 2.549703 3.948586 3.90E-12 

ENSG00000136514 RTP4 3.048762 4.520499 1.471737 4.51E-12 

ENSG00000164736 SOX17 3.867768 5.109317 1.241548 7.56E-12 

ENSG00000179826 MRGPRX3 -1.53278 1.916358 3.449137 1.61E-11 

ENSG00000178078 STAP2 4.295984 5.600263 1.30428 2.39E-11 

ENSG00000125148 MT2A 10.63903 12.23382 1.594789 3.08E-11 

ENSG00000178882 RFLNA 0.432367 3.665292 3.232924 3.59E-11 

ENSG00000179862 CITED4 5.836352 6.98536 1.149008 3.60E-11 

ENSG00000105327 BBC3 3.920626 5.254295 1.333669 4.50E-11 

ENSG00000025708 TYMP 6.665777 8.175457 1.50968 4.50E-11 

ENSG00000128335 APOL2 6.116425 7.030284 0.91386 1.28E-10 

ENSG00000172602 RND1 0.384297 2.293536 1.909239 2.84E-10 

ENSG00000135919 SERPINE2 5.617324 7.162588 1.545264 3.13E-10 

ENSG00000125538 IL1B 0.308104 2.12726 1.819156 3.21E-10 

ENSG00000159261 CLDN14 2.615767 4.610588 1.994821 3.70E-10 

ENSG00000110446 SLC15A3 6.503821 7.841902 1.338081 4.36E-10 

ENSG00000163082 SGPP2 0.163456 2.558173 2.394717 4.42E-10 

ENSG00000104825 NFKBIB 3.612197 4.841438 1.229242 4.93E-10 

ENSG00000169248 CXCL11 1.804546 4.003704 2.199158 5.06E-10 

ENSG00000115009 CCL20 0.440614 3.289532 2.848918 5.53E-10 

ENSG00000205220 PSMB10 5.840177 7.090527 1.25035 7.64E-10 

ENSG00000131979 GCH1 4.592334 5.98113 1.388796 7.87E-10 

ENSG00000164400 CSF2 -4.4836 1.721101 6.204701 1.10E-09 

ENSG00000137462 TLR2 3.69455 5.882671 2.188121 1.10E-09 

ENSG00000188290 HES4 6.272482 7.118005 0.845522 1.16E-09 

ENSG00000104951 IL4I1 0.899359 2.896414 1.997054 1.23E-09 

ENSG00000088826 SMOX 3.930254 5.180899 1.250645 2.40E-09 

ENSG00000167996 FTH1 11.90562 13.18947 1.283852 2.52E-09 

ENSG00000163347 CLDN1 3.780904 5.950479 2.169575 2.71E-09 

ENSG00000176788 BASP1 7.687727 8.486116 0.798389 4.87E-09 

ENSG00000206208 TAPBP 5.434522 6.765759 1.331237 8.69E-09 

ENSG00000167207 NOD2 -0.73841 1.011111 1.749525 8.91E-09 

ENSG00000169291 SHE 5.146559 3.474583 -1.67198 1.01E-08 
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ENSG00000277443 MARCKS 5.905187 6.993773 1.088586 1.18E-08 

ENSG00000124875 CXCL6 0.093537 2.678855 2.585319 1.63E-08 

ENSG00000107562 CXCL12 8.743781 5.857285 -2.8865 1.66E-08 

ENSG00000172183 ISG20 7.055369 8.46238 1.407011 1.74E-08 

ENSG00000102524 TNFSF13B 1.527819 3.778218 2.250398 1.77E-08 

ENSG00000196159 FAT4 3.71629 0.941798 -2.77449 2.14E-08 

ENSG00000128342 LIF -0.02911 1.716225 1.745336 2.19E-08 

ENSG00000173926 Mar-03 4.330001 4.893409 0.563409 2.45E-08 

ENSG00000105246 EBI3 0.800713 3.570456 2.769743 2.50E-08 

ENSG00000106366 SERPINE1 8.770347 10.39683 1.626479 2.62E-08 

ENSG00000185862 EVI2B 4.147897 1.370144 -2.77775 2.81E-08 

ENSG00000060491 OGFR 6.339833 7.218706 0.878872 2.95E-08 

ENSG00000285259 AC270285.8 5.158975 -6.46869 -11.6277 3.04E-08 

ENSG00000103187 COTL1 6.865034 8.030948 1.165914 3.06E-08 

 

 

Appendix table 6 Top 100 genes, differentially expressed by cocultured or 
monocultured hCMEC/D3 stimulated with TNF 10ng/ml and expressed at a 
significantly higher level in cocultured hCMEC/D3 stimulated with TNF, compared to 
monocultured hCMEC/D3 stimulated with TNF 
Filtered to include only those with a fold change (FC) >-2 (log2 FC >-1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for TNF 
stimulated monocultured, Mono- TNF, and TNF stimulated cocultured, Co-TNF, hCMEC/D3 
cells 

 
ensembl gene ID Gene name Mono-TNF 

MEV 
Co-TNF 
MEV 

log2 FC FDR 

ENSG00000172889 EGFL7 7.737299 9.529363 1.792063 4.34E-23 

ENSG00000176435 CLEC14A 5.381664 6.921711 1.540047 2.85E-22 

ENSG00000120738 EGR1 0.75788 4.156323 3.398444 9.92E-21 

ENSG00000167772 ANGPTL4 4.643647 7.505678 2.862031 1.07E-14 

ENSG00000107738 VSIR 4.014066 5.05968 1.045614 1.94E-13 

ENSG00000109321 AREG 1.14208 3.467785 2.325705 2.69E-13 

ENSG00000215183 MSMP 2.192531 4.612535 2.420004 3.03E-13 

ENSG00000090447 TFAP4 2.046648 3.110718 1.06407 5.55E-13 

ENSG00000175832 ETV4 1.393492 2.977893 1.5844 9.92E-13 

ENSG00000101955 SRPX 2.393354 4.64852 2.255166 1.80E-12 

ENSG00000108551 RASD1 3.563294 5.456685 1.893391 6.35E-12 

ENSG00000145335 SNCA 4.12442 5.433656 1.309237 3.18E-11 

ENSG00000185551 NR2F2 4.884386 6.045034 1.160648 7.77E-11 

ENSG00000276409 CCL14 -0.06982 4.180013 4.249832 1.12E-10 

ENSG00000168209 DDIT4 6.591675 7.926834 1.335158 3.91E-10 

ENSG00000139318 DUSP6 3.907931 5.041601 1.13367 7.55E-10 

ENSG00000187479 C11orf96 4.137537 5.382149 1.244612 2.29E-09 

ENSG00000185201 IFITM2 9.899822 11.04073 1.14091 3.33E-09 

ENSG00000227231 IER3 -9.96578 -6.43068 3.535104 5.82E-09 

ENSG00000186352 ANKRD37 1.817915 3.452088 1.634174 7.64E-09 

ENSG00000149798 CDC42EP2 4.805103 5.86119 1.056087 9.50E-09 
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ENSG00000099800 TIMM13 6.111256 7.235825 1.124569 1.01E-08 

ENSG00000187051 RPS19BP1 5.736958 6.847333 1.110375 2.02E-08 

ENSG00000122026 RPL21 9.186462 10.2325 1.046034 2.12E-08 

ENSG00000170345 FOS 0.207738 1.704444 1.496707 2.17E-08 

ENSG00000108622 ICAM2 5.660144 6.747196 1.087052 2.45E-08 

ENSG00000081181 ARG2 2.124514 3.455425 1.330911 5.14E-08 

ENSG00000171951 SCG2 0.472693 2.512657 2.039964 5.45E-08 

ENSG00000184113 CLDN5 3.663005 5.784816 2.121811 6.20E-08 

ENSG00000168497 CAVIN2 2.799234 4.166911 1.367677 6.72E-08 

ENSG00000159167 STC1 0.301387 3.72525 3.423863 6.94E-08 

ENSG00000138722 MMRN1 1.039839 3.626114 2.586275 7.90E-08 

ENSG00000114315 HES1 3.818093 5.372021 1.553928 1.17E-07 

ENSG00000111341 MGP 8.433491 9.918186 1.484696 1.17E-07 

ENSG00000116285 ERRFI1 6.494229 7.863804 1.369575 2.14E-07 

ENSG00000244165 P2RY11 3.101233 4.347199 1.245965 2.60E-07 

ENSG00000184557 SOCS3 3.605253 5.267818 1.662565 2.75E-07 

ENSG00000249992 TMEM158 0.993926 2.526671 1.532745 4.68E-07 

ENSG00000130755 GMFG 2.767199 4.207619 1.440419 5.92E-07 

ENSG00000104903 LYL1 4.323657 5.455071 1.131414 9.67E-07 

ENSG00000108342 CSF3 1.402933 3.770569 2.367636 1.06E-06 

ENSG00000095303 PTGS1 0.265017 1.731838 1.466821 1.32E-06 

ENSG00000228300 C19orf24 5.415491 6.446532 1.031042 1.39E-06 

ENSG00000127129 EDN2 1.153719 3.375213 2.221494 1.52E-06 

ENSG00000102010 BMX -1.22506 0.36424 1.5893 1.54E-06 

ENSG00000185955 C7orf61 -0.06444 1.883231 1.947671 2.97E-06 

ENSG00000124019 FAM124B -0.40448 0.896923 1.301406 3.76E-06 

ENSG00000025434 NR1H3 1.992664 3.122488 1.129824 3.81E-06 

ENSG00000125968 ID1 7.743473 8.822119 1.078646 4.56E-06 

ENSG00000099821 POLRMT 4.11595 5.294064 1.178114 5.88E-06 

ENSG00000177721 ANXA2R 1.056053 2.08193 1.025877 6.32E-06 

ENSG00000139874 SSTR1 -2.03022 -0.23454 1.795682 1.31E-05 

ENSG00000061656 SPAG4 2.174825 3.680369 1.505544 1.32E-05 

ENSG00000269823 AL513523.9 2.013439 4.310695 2.297256 1.41E-05 

ENSG00000010327 STAB1 4.284489 6.402772 2.118283 1.90E-05 

ENSG00000267303 AC011511.4 2.8056 4.825101 2.019501 2.03E-05 

ENSG00000130751 NPAS1 0.605872 2.296666 1.690793 2.77E-05 

ENSG00000086696 HSD17B2 -0.40678 1.597062 2.003842 3.11E-05 

ENSG00000065618 COL17A1 0.122278 1.333986 1.211708 3.19E-05 

ENSG00000142046 TMEM91 2.441643 3.49788 1.056236 5.90E-05 

ENSG00000119630 PGF 5.812156 7.243585 1.431429 5.99E-05 

ENSG00000164056 SPRY1 4.306873 5.763789 1.456916 8.55E-05 

ENSG00000205078 SYCE1L 3.199315 4.266812 1.067497 9.87E-05 

ENSG00000171115 GIMAP8 0.48097 1.899318 1.418348 0.000102 

ENSG00000243207 
PPAN-
P2RY11 -9.96578 -1.3547 8.611087 0.000126 

ENSG00000140961 OSGIN1 2.126557 3.161943 1.035386 0.000126 

ENSG00000120875 DUSP4 1.522612 2.595237 1.072625 0.000163 

ENSG00000115602 IL1RL1 5.258948 6.571317 1.312369 0.000169 

ENSG00000184451 CCR10 0.836045 1.951054 1.115009 0.000171 
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ENSG00000099937 SERPIND1 -0.31136 1.099683 1.411038 0.000216 

ENSG00000128917 DLL4 -1.10293 0.67228 1.775213 0.00022 

ENSG00000174236 REP15 -0.82195 1.279371 2.101322 0.000229 

ENSG00000171408 PDE7B -1.73236 -0.45082 1.281536 0.000232 

ENSG00000129521 EGLN3 -1.75699 0.424226 2.181215 0.000233 

ENSG00000265817 FSBP -1.13899 0.97895 2.117942 0.00025 

ENSG00000146021 KLHL3 -1.91849 -0.1986 1.719893 0.000287 

ENSG00000197061 HIST1H4C -0.02454 2.500608 2.525153 0.000301 

ENSG00000259132 AL132780.3 -9.96578 0.645586 10.61137 0.000382 

ENSG00000174529 TMEM81 0.565319 1.875172 1.309853 0.000393 

ENSG00000133574 GIMAP4 1.859143 3.118359 1.259216 0.000411 

ENSG00000196329 GIMAP5 0.017091 1.91061 1.893519 0.000421 

ENSG00000185838 GNB1L 2.320586 3.61805 1.297465 0.000462 

ENSG00000105371 ICAM4 0.877645 2.044399 1.166754 0.000482 

ENSG00000138640 FAM13A -0.42379 0.926185 1.349977 0.000486 

ENSG00000214954 LRRC69 0.426183 1.987765 1.561582 0.000537 

ENSG00000073737 DHRS9 -1.00454 0.137218 1.141759 0.000541 

ENSG00000186919 ZACN -1.57923 0.963105 2.542335 0.000559 

ENSG00000153012 LGI2 -5.80832 -1.97792 3.830406 0.000567 

ENSG00000125965 GDF5 1.010464 2.197389 1.186925 0.000665 

ENSG00000186951 PPARA 4.68327 5.752178 1.068907 0.00071 

ENSG00000122035 RASL11A -1.0795 1.142894 2.222389 0.000739 

ENSG00000115657 ABCB6 2.90249 3.966217 1.063727 0.000886 

ENSG00000196565 HBG2 -8.10148 0.107386 8.208862 0.001095 

ENSG00000004799 PDK4 0.317426 1.864938 1.547511 0.001352 

ENSG00000170122 FOXD4 -9.96578 -2.38074 7.585045 0.001493 

ENSG00000157388 CACNA1D 1.276454 4.234487 2.958032 0.001532 

ENSG00000104490 NCALD 4.06911 5.569304 1.500194 0.001532 

ENSG00000248751 AC004997.1 -8.6613 -3.23703 5.424274 0.001569 

ENSG00000120658 ENOX1 -3.17785 -1.07775 2.100101 0.001771 

ENSG00000110799 VWF 4.784106 6.217525 1.433419 0.001774 

 

Appendix table 7 Top 100 genes, differentially expressed by cocultured or 
monocultured hCMEC/D3 stimulated with TNF 10ng/ml and expressed at a 
significantly lower level in cocultured hCMEC/D3 stimulated with TNF, compared to 
monocultured hCMEC/D3 stimulated with TNF. 
Filtered to include only those with a fold change (FC) <-2 (log2 FC <-1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for U, 
unstimulated, and TNF, TNF stimulated, cocultured hCMEC/D3 cells 

ensembl gene ID Gene name Mono-TNF 
MEV 

Co-TNF 
MEV 

log2 FC FDR 

ENSG00000173546 CSPG4 4.014436 1.627901 -2.38653 5.45E-24 

ENSG00000155324 GRAMD2B 5.203233 1.979244 -3.22399 1.11E-22 

ENSG00000259207 ITGB3 5.927286 2.667099 -3.26019 2.85E-22 

ENSG00000138735 PDE5A 4.182724 1.636062 -2.54666 5.73E-21 

ENSG00000113389 NPR3 4.470254 1.311932 -3.15832 3.27E-20 

ENSG00000182253 SYNM 3.815792 1.42242 -2.39337 5.07E-20 
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ENSG00000111799 COL12A1 5.108935 2.801012 -2.30792 3.32E-19 

ENSG00000129116 PALLD 7.943365 4.486087 -3.45728 7.38E-19 

ENSG00000006210 CX3CL1 6.212024 2.871778 -3.34025 1.73E-18 

ENSG00000166348 USP54 6.7951 4.11994 -2.67516 1.73E-18 

ENSG00000153071 DAB2 6.811671 4.729607 -2.08206 5.22E-18 

ENSG00000184384 MAML2 4.109393 1.581016 -2.52838 2.55E-17 

ENSG00000104368 PLAT 6.047993 3.971186 -2.07681 3.09E-17 

ENSG00000112972 HMGCS1 7.272608 4.268785 -3.00382 3.51E-17 

ENSG00000130635 COL5A1 4.91901 2.470701 -2.44831 4.58E-17 

ENSG00000119681 LTBP2 4.872366 2.634243 -2.23812 5.25E-17 

ENSG00000162551 ALPL 3.131014 -0.61545 -3.74647 6.58E-17 

ENSG00000172575 RASGRP1 2.662259 0.057662 -2.6046 1.03E-16 

ENSG00000117595 IRF6 4.444221 0.979414 -3.46481 1.10E-16 

ENSG00000164181 ELOVL7 3.226158 -0.47954 -3.7057 2.17E-16 

ENSG00000165434 PGM2L1 3.245533 1.284057 -1.96148 7.30E-16 

ENSG00000156804 FBXO32 5.890721 3.344469 -2.54625 8.20E-16 

ENSG00000107249 GLIS3 5.818825 3.06268 -2.75615 1.46E-14 

ENSG00000105339 DENND3 6.046656 4.280992 -1.76566 2.90E-14 

ENSG00000074527 NTN4 6.210702 4.006179 -2.20452 3.84E-14 

ENSG00000058668 ATP2B4 4.739509 2.887135 -1.85237 5.23E-14 

ENSG00000007908 SELE 6.373232 3.631278 -2.74195 6.94E-14 

ENSG00000134243 SORT1 6.434468 4.48461 -1.94986 1.43E-13 

ENSG00000206538 VGLL3 3.619254 0.940004 -2.67925 2.69E-13 

ENSG00000119280 C1orf198 5.735748 3.624726 -2.11102 6.92E-13 

ENSG00000183496 MEX3B 2.646299 -0.06253 -2.70883 9.45E-13 

ENSG00000065534 MYLK 5.780837 4.03276 -1.74808 1.44E-12 

ENSG00000140092 FBLN5 6.556758 4.430163 -2.1266 2.05E-12 

ENSG00000186480 INSIG1 6.948184 4.501586 -2.4466 2.36E-12 

ENSG00000151014 NOCT 5.348657 3.256965 -2.09169 2.46E-12 

ENSG00000128567 PODXL 7.549641 5.317467 -2.23217 3.68E-12 

ENSG00000166923 GREM1 4.030455 -0.65762 -4.68808 4.11E-12 

ENSG00000165801 ARHGEF40 4.09456 2.694542 -1.40002 9.70E-12 

ENSG00000136848 DAB2IP 3.093221 1.002937 -2.09028 9.70E-12 

ENSG00000164930 FZD6 7.546559 5.336796 -2.20976 1.14E-11 

ENSG00000156140 ADAMTS3 2.030692 -2.04965 -4.08035 2.78E-11 

ENSG00000182957 SPATA13 3.38771 1.218736 -2.16897 3.11E-11 

ENSG00000180182 MED14 5.499161 4.063194 -1.43597 4.04E-11 

ENSG00000277758 FO681492.1 4.780445 2.734845 -2.0456 4.99E-11 

ENSG00000104635 SLC39A14 6.99071 5.21151 -1.7792 4.99E-11 

ENSG00000169174 PCSK9 1.908806 -1.56961 -3.47841 5.29E-11 

ENSG00000118985 ELL2 6.218757 4.203601 -2.01516 6.29E-11 

ENSG00000156535 CD109 5.077224 2.531297 -2.54593 8.38E-11 

ENSG00000101109 STK4 5.294053 3.612906 -1.68115 1.06E-10 

ENSG00000122420 PTGFR 1.997905 -0.48995 -2.48785 1.14E-10 

ENSG00000106665 CLIP2 4.031415 2.367094 -1.66432 1.52E-10 

ENSG00000162520 SYNC 3.14158 0.383244 -2.75834 1.63E-10 

ENSG00000164692 COL1A2 5.401102 3.486942 -1.91416 1.68E-10 

ENSG00000096968 JAK2 4.399364 1.84971 -2.54965 2.15E-10 

ENSG00000104549 SQLE 6.933139 5.115613 -1.81753 3.10E-10 
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ENSG00000164976 MYORG 3.231916 1.59633 -1.63559 3.35E-10 

ENSG00000121769 FABP3 4.27755 1.563518 -2.71403 4.31E-10 

ENSG00000166073 GPR176 6.787642 4.980205 -1.80744 4.52E-10 

ENSG00000185215 TNFAIP2 8.416227 6.343981 -2.07225 4.52E-10 

ENSG00000111110 PPM1H 3.876561 1.987163 -1.8894 5.24E-10 

ENSG00000139304 PTPRQ -0.09858 -3.86325 -3.76468 6.87E-10 

ENSG00000143869 GDF7 3.963474 1.51305 -2.45042 7.11E-10 

ENSG00000083799 CYLD 7.058811 5.2311 -1.82771 9.09E-10 

ENSG00000169184 MN1 2.721249 0.940564 -1.78068 9.22E-10 

ENSG00000166689 PLEKHA7 3.660199 2.259431 -1.40077 9.84E-10 

ENSG00000204262 COL5A2 4.12618 1.899577 -2.2266 1.01E-09 

ENSG00000157680 DGKI 1.693313 -1.62163 -3.31495 1.43E-09 

ENSG00000144959 NCEH1 4.858593 2.878929 -1.97966 1.44E-09 

ENSG00000123983 ACSL3 7.295218 5.938772 -1.35645 1.83E-09 

ENSG00000011028 MRC2 5.0411 3.471597 -1.5695 2.29E-09 

ENSG00000162692 VCAM1 9.358717 6.289232 -3.06949 2.29E-09 

ENSG00000139132 FGD4 4.330531 2.416198 -1.91433 2.38E-09 

ENSG00000101871 MID1 5.463414 3.077002 -2.38641 2.40E-09 

ENSG00000284099 AC008393.2 5.900968 -9.96578 -15.8668 3.29E-09 

ENSG00000134250 NOTCH2 5.322316 3.112716 -2.2096 3.94E-09 

ENSG00000164659 KIAA1324L 4.79376 3.228155 -1.5656 4.35E-09 

ENSG00000184014 DENND5A 7.414622 5.791024 -1.6236 4.36E-09 

ENSG00000057294 PKP2 5.485048 3.979417 -1.50563 4.95E-09 

ENSG00000133805 AMPD3 2.306319 0.524027 -1.78229 5.33E-09 

ENSG00000116675 DNAJC6 4.395069 2.07537 -2.3197 5.33E-09 

ENSG00000278550 SLC43A2 6.210766 4.393893 -1.81687 5.33E-09 

ENSG00000187189 TSPYL4 4.083858 2.507623 -1.57624 5.41E-09 

ENSG00000134198 TSPAN2 3.575324 0.570263 -3.00506 7.08E-09 

ENSG00000087303 NID2 4.651808 2.511752 -2.14006 7.12E-09 

ENSG00000136153 LMO7 6.469273 4.218443 -2.25083 7.43E-09 

ENSG00000147650 LRP12 3.12874 0.922207 -2.20653 9.52E-09 

ENSG00000151176 PLBD2 5.117588 3.510106 -1.60748 1.05E-08 

ENSG00000173402 DAG1 6.182468 4.538643 -1.64382 1.10E-08 

ENSG00000064042 LIMCH1 3.112654 1.079948 -2.03271 1.12E-08 

ENSG00000099194 SCD 7.956874 5.655874 -2.301 1.18E-08 

ENSG00000169946 ZFPM2 5.458584 3.267108 -2.19148 1.22E-08 

ENSG00000070961 ATP2B1 4.579276 2.480508 -2.09877 1.48E-08 

ENSG00000102781 KATNAL1 4.191204 2.365735 -1.82547 1.48E-08 

ENSG00000131979 GCH1 7.730188 5.98113 -1.74906 2.12E-08 

ENSG00000136826 KLF4 5.666859 3.822458 -1.8444 2.15E-08 

ENSG00000254087 LYN 5.730742 3.384262 -2.34648 2.17E-08 

ENSG00000198846 TOX 5.012404 3.134662 -1.87774 2.24E-08 

ENSG00000137962 ARHGAP29 6.87492 5.051753 -1.82317 2.26E-08 

ENSG00000118762 PKD2 5.254598 3.129898 -2.1247 2.32E-08 

ENSG00000160285 LSS 6.469992 4.256282 -2.21371 2.34E-08 
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 The hCMEC/D3 transcriptional response to stimulation 

with Spn in the context of coculture with HBVP  

Appendix table 8 All upregulated genes differentially expressed by cocultured 
hCMEC/D3 stimulated with Spn MOI5l compared to cocultured unstimulated 
hCMEC/D3. 
Filtered to include only those with a fold change (FC) >-2 (log2 FC >/-1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for U, 
unstimulated, and Spn, Spn stimulated, cocultured hCMEC/D3 cells 

ensembl gene ID Gene name U MEV Spn MEV log2 FC FDR 

ENSG00000187479 C11orf96 2.536086 4.033628 1.497542 7.76E-11 

ENSG00000127129 EDN2 2.972246 4.505727 1.533481 1.12E-06 

ENSG00000122641 INHBA 3.774068 5.356231 1.582162 3.05E-05 

ENSG00000176907 TCIM -1.39888 0.92154 2.320423 0.000274 

ENSG00000007908 SELE -0.54538 0.53669 1.082069 0.000482 

ENSG00000267303 AC011511.4 3.281407 5.190464 1.909057 0.000486 

ENSG00000167772 ANGPTL4 5.872826 7.325749 1.452924 0.001328 

ENSG00000258984 UBE2F-SCLY -9.96578 -3.40773 6.558055 0.002015 

ENSG00000123689 G0S2 4.113231 5.145528 1.032297 0.002015 

ENSG00000147145 LPAR4 6.477386 7.856784 1.379398 0.004125 

ENSG00000227231 IER3 -9.96578 -6.79183 3.173949 0.004221 

ENSG00000165478 HEPACAM 1.415382 2.578294 1.162912 0.004221 

ENSG00000186919 ZACN -4.08114 -1.60157 2.47957 0.004585 

ENSG00000175315 CST6 0.997651 2.692016 1.694365 0.005611 

ENSG00000187193 MT1X 6.848806 7.905364 1.056558 0.006214 

ENSG00000243449 C4orf48 4.833911 5.913596 1.079686 0.006811 

ENSG00000072133 RPS6KA6 -0.41028 0.793981 1.204262 0.007092 

ENSG00000257390 AC023055.1 -4.1737 0.853899 5.027599 0.00714 

ENSG00000124766 SOX4 1.369482 2.672435 1.302953 0.008006 

ENSG00000135480 KRT7 9.578022 10.60248 1.024459 0.008184 

ENSG00000269823 AL513523.9 2.038605 4.399105 2.3605 0.008289 

ENSG00000248871 
TNFSF12-
TNFSF13 -5.38923 0.204716 5.593946 0.008291 

ENSG00000278516 LENG1 -9.159 -6.39743 2.761567 0.008291 

ENSG00000156298 TSPAN7 -1.24533 0.298657 1.543985 0.00862 

ENSG00000267697 LUZP6 3.435407 5.840809 2.405401 0.009085 

ENSG00000178776 C5orf46 1.262851 3.31649 2.053639 0.009647 

ENSG00000163734 CXCL3 0.673389 2.078635 1.405246 0.009647 

ENSG00000268083 AC008982.1 -9.96578 -2.87049 7.095295 0.009765 

ENSG00000282832 AC008982.3 -9.96578 -2.87049 7.095295 0.009765 

ENSG00000256349 AP002748.4 -9.71568 -6.104 3.611682 0.009765 

ENSG00000149300 C11orf52 -7.43871 -0.87332 6.565398 0.010452 

ENSG00000267360 AC012309.1 -7.67904 -0.28497 7.39407 0.011586 

ENSG00000149591 TAGLN 5.243075 7.049564 1.806488 0.012121 

ENSG00000011465 DCN -2.53464 0.718818 3.253462 0.012849 

ENSG00000179304 FAM156B 2.401891 3.627684 1.225793 0.012892 

ENSG00000205362 MT1A 3.892781 5.009778 1.116997 0.012911 
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ENSG00000138653 NDST4 -9.96578 -2.89838 7.067404 0.01389 

ENSG00000125144 MT1G 0.366837 2.322948 1.956111 0.014448 

ENSG00000159251 ACTC1 -0.1031 1.685244 1.788344 0.015373 

ENSG00000225528 Z82206.1 -9.96578 -2.5051 7.46068 0.015683 

ENSG00000275793 RIMBP3 -9.96578 -5.39554 4.570247 0.016052 

ENSG00000272772 AC104109.3 -9.96578 -3.09999 6.865793 0.01742 

ENSG00000122728 TAF1L -8.4349 -3.9183 4.5166 0.017966 

ENSG00000124225 PMEPA1 0.401341 2.088255 1.686913 0.018012 

ENSG00000168000 BSCL2 4.557505 5.668478 1.110973 0.018012 

ENSG00000211448 DIO2 0.444479 2.182814 1.738334 0.018597 

ENSG00000128594 LRRC4 -2.20129 -0.67962 1.52167 0.019162 

ENSG00000270249 AC093668.1 -9.96578 -3.07587 6.889917 0.019217 

ENSG00000164400 CSF2 -4.4836 -0.43319 4.050407 0.019401 

ENSG00000213145 CRIP1 5.418605 6.422671 1.004066 0.019499 

ENSG00000167644 C19orf33 5.461816 6.597493 1.135676 0.019771 

ENSG00000109846 CRYAB 3.021639 4.400741 1.379102 0.01989 

ENSG00000278637 HIST1H4A 1.811535 3.328758 1.517223 0.020131 

ENSG00000256861 AC048338.1 -9.96578 -6.53323 3.43255 0.020396 

ENSG00000183971 NPW 2.240235 3.671189 1.430954 0.020604 

ENSG00000158050 DUSP2 0.78698 2.096601 1.309621 0.021666 

ENSG00000148826 NKX6-2 -9.96578 -0.8187 9.147082 0.023201 

ENSG00000130176 CNN1 0.456132 1.471813 1.015681 0.023579 

ENSG00000169583 CLIC3 1.630644 3.215202 1.584559 0.023605 

ENSG00000226704 HSPA1L -9.96578 -1.77503 8.190758 0.025287 

ENSG00000133134 BEX2 -9.96578 -1.88456 8.081229 0.025895 

ENSG00000205809 KLRC2 -9.96578 -1.49911 8.466677 0.026358 

ENSG00000153266 FEZF2 -5.77952 -1.82851 3.951013 0.026717 

ENSG00000185972 CCIN -1.9242 -0.51888 1.405324 0.027104 

ENSG00000196754 S100A2 1.946536 3.278987 1.332451 0.027269 

ENSG00000187634 SAMD11 1.099326 2.955714 1.856388 0.027375 

ENSG00000115844 DLX2 -1.11568 0.260965 1.376643 0.027507 

ENSG00000168280 KIF5C -9.96578 -7.88884 2.076943 0.027854 

ENSG00000101306 MYLK2 -1.07588 0.394082 1.469967 0.028486 

ENSG00000163017 ACTG2 -7.36769 -0.59262 6.775074 0.03298 

ENSG00000156427 FGF18 -3.61764 -1.69458 1.923069 0.034979 

ENSG00000236177 HLA-DPA1 -9.96578 0.282128 10.24791 0.035578 

ENSG00000129521 EGLN3 -0.07874 0.933875 1.012616 0.03667 

ENSG00000285779 AL358472.7 -9.96578 -6.45796 3.507826 0.03704 

ENSG00000284755 AL049557.1 -6.13645 0.634894 6.771348 0.03757 

ENSG00000198417 MT1F 3.663328 4.686817 1.023489 0.037692 

ENSG00000285330 AC126283.2 -9.96578 -4.4684 5.497384 0.038698 

ENSG00000061656 SPAG4 3.297428 4.352617 1.055189 0.039171 

ENSG00000235396 NOTCH4 -0.88424 0.280235 1.16448 0.039524 

ENSG00000101335 MYL9 5.713861 6.843596 1.129735 0.040175 

ENSG00000178821 TMEM52 -0.82885 0.687868 1.516714 0.040176 

ENSG00000268643 AC006486.1 -8.79472 -3.45699 5.337736 0.042886 

ENSG00000248235 AC037459.1 -9.96578 -4.41937 5.546416 0.043128 

ENSG00000187556 NANOS3 -4.09167 0.48599 4.577658 0.04392 

ENSG00000272617 AC026464.6 -2.31123 2.763568 5.074803 0.044116 
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ENSG00000274600 RIMBP3B -9.96578 -7.66761 2.298176 0.046427 

ENSG00000108825 
PTGES3L-
AARSD1 -9.96578 -4.59248 5.373309 0.047031 

ENSG00000124469 CEACAM8 -2.96746 -1.6637 1.303756 0.047447 

ENSG00000170262 MRAP -9.96578 -1.41396 8.551821 0.04772 

ENSG00000237918 SAPCD1 -2.69554 0.256011 2.951549 0.04858 

ENSG00000160318 CLDND2 -0.31166 1.555652 1.867309 0.048642 

ENSG00000113578 FGF1 -2.08114 0.551933 2.633075 0.049888 

ENSG00000150782 IL18 -0.67198 0.678082 1.350064 0.04989 

 

Appendix table 9 Top 100 genes, differentially expressed by cocultured or 
monocultured hCMEC/D3 stimulated with Spn MOI5 and expressed at a significantly 
higher level in cocultured hCMEC/D3 stimulated with Spn, compared to monocultured 
hCMEC/D3 stimulated with Spn 
Filtered to include only those with a fold change (FC) >-2 (log2 FC >-1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for Spn 
stimulated monocultured, Mono- Spn, and Spn stimulated cocultured, Co-Spn, hCMEC/D3 cells 

 
ensembl gene ID Gene name Mono-Spn 

MEV 
Co-Spn 
MEV 

log2 FC FDR 

ENSG00000108551 RASD1 1.502113 5.291378 3.789265 1.07E-33 

ENSG00000187479 C11orf96 0.770817 4.033628 3.26281 1.22E-29 

ENSG00000172889 EGFL7 8.239259 9.610875 1.371616 1.52E-18 

ENSG00000171223 JUNB 5.576037 6.941014 1.364977 1.54E-18 

ENSG00000243509 TNFRSF6B 4.97378 7.251364 2.277584 5.78E-18 

ENSG00000177374 HIC1 2.756485 3.824939 1.068454 1.64E-15 

ENSG00000227231 IER3 -9.96578 -6.79183 3.173949 6.37E-15 

ENSG00000134419 RPS15A 10.49556 11.6946 1.19904 5.22E-14 

ENSG00000140451 PIF1 3.67086 4.822703 1.151843 6.66E-14 

ENSG00000213741 RPS29 10.50868 11.78857 1.279885 1.33E-13 

ENSG00000133321 RARRES3 3.217967 4.94621 1.728243 1.41E-13 

ENSG00000183696 UPP1 5.668217 6.670586 1.002368 1.58E-13 

ENSG00000185201 IFITM2 9.598234 11.17915 1.580913 5.68E-13 

ENSG00000137507 LRRC32 4.66463 6.703527 2.038897 6.44E-13 

ENSG00000284976 BX255925.3 3.61538 4.684872 1.069493 8.07E-13 

ENSG00000171951 SCG2 0.681235 3.358119 2.676884 1.22E-12 

ENSG00000102265 TIMP1 8.544485 10.00984 1.465355 1.57E-12 

ENSG00000069399 BCL3 5.20917 6.31997 1.110801 1.61E-12 

ENSG00000229117 RPL41 11.51358 12.69061 1.177038 3.90E-12 

ENSG00000125968 ID1 7.141064 9.110855 1.969791 4.54E-12 

ENSG00000242114 MTFP1 5.80182 6.81786 1.016041 7.82E-12 

ENSG00000167772 ANGPTL4 4.997751 7.325749 2.327998 8.68E-12 

ENSG00000277273 CDK7 2.723987 4.690382 1.966394 9.54E-12 

ENSG00000223367 RPS18 8.512362 9.773906 1.261544 1.06E-11 

ENSG00000131469 RPL27 10.28163 11.33289 1.051262 1.73E-11 

ENSG00000184557 SOCS3 3.689144 5.87082 2.181676 1.88E-11 

ENSG00000249992 TMEM158 0.244058 2.49073 2.246672 5.52E-11 
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ENSG00000142046 TMEM91 2.416832 4.265104 1.848272 7.41E-11 

ENSG00000171236 LRG1 1.758327 3.279155 1.520828 7.51E-11 

ENSG00000215183 MSMP 3.295598 5.108448 1.81285 1.13E-10 

ENSG00000176731 C8orf59 6.098644 7.181861 1.083217 1.28E-10 

ENSG00000128228 SDF2L1 5.609752 6.62121 1.011459 1.64E-10 

ENSG00000182899 RPL35A 10.06914 11.1528 1.083654 1.78E-10 

ENSG00000142694 EVA1B 5.364374 6.588988 1.224614 1.82E-10 

ENSG00000130751 NPAS1 -0.74673 2.195328 2.942054 3.13E-10 

ENSG00000124614 RPS10 10.14322 11.48651 1.343282 3.41E-10 

ENSG00000112306 RPS12 9.913294 11.47622 1.562928 3.70E-10 

ENSG00000130255 RPL36 10.37179 11.57832 1.206528 4.81E-10 

ENSG00000105372 RPS19 11.27232 12.4597 1.187378 5.16E-10 

ENSG00000166741 NNMT 8.619666 9.960557 1.340891 5.96E-10 

ENSG00000081181 ARG2 2.492581 3.88655 1.393968 7.14E-10 

ENSG00000163584 RPL22L1 5.791956 7.308507 1.516551 1.02E-09 

ENSG00000184451 CCR10 -0.0666 1.903011 1.969606 1.06E-09 

ENSG00000188488 SERPINA5 1.549081 2.871744 1.322663 1.35E-09 

ENSG00000129521 EGLN3 -5.98242 0.933875 6.916298 1.36E-09 

ENSG00000164587 RPS14 9.725401 11.29331 1.567909 1.73E-09 

ENSG00000127129 EDN2 2.169099 4.505727 2.336628 1.79E-09 

ENSG00000109475 RPL34 9.34462 11.2827 1.93808 1.93E-09 

ENSG00000189171 S100A13 7.500378 8.712651 1.212273 2.09E-09 

ENSG00000203896 LIME1 2.067485 3.247458 1.179973 4.36E-09 

ENSG00000104899 AMH 2.698684 3.796142 1.097457 4.38E-09 

ENSG00000083457 ITGAE 4.131594 5.340832 1.209238 5.09E-09 

ENSG00000102890 ELMO3 0.484025 1.902023 1.417998 5.54E-09 

ENSG00000119705 SLIRP 7.504241 8.513005 1.008764 5.55E-09 

ENSG00000244165 P2RY11 3.079996 4.183787 1.103791 5.84E-09 

ENSG00000143947 RPS27A 9.689671 11.18708 1.497407 5.89E-09 

ENSG00000145425 RPS3A 10.12247 11.3374 1.214934 5.99E-09 

ENSG00000167565 SERTAD3 3.954947 5.29887 1.343923 6.11E-09 

ENSG00000142937 RPS8 10.55352 11.62001 1.066488 6.18E-09 

ENSG00000063177 RPL18 10.37 11.54753 1.177531 7.03E-09 

ENSG00000187961 KLHL17 2.994119 4.063615 1.069496 7.60E-09 

ENSG00000175832 ETV4 1.466809 2.59176 1.124951 8.43E-09 

ENSG00000105640 RPL18A 10.76913 12.05921 1.290077 8.48E-09 

ENSG00000198918 RPL39 9.975556 11.83824 1.862686 8.57E-09 

ENSG00000163734 CXCL3 -0.39474 2.078635 2.473379 9.65E-09 

ENSG00000130332 LSM7 6.919122 7.973468 1.054345 9.74E-09 

ENSG00000276409 CCL14 1.940167 4.792347 2.85218 1.04E-08 

ENSG00000284753 EEF1AKMT4 2.050038 3.297881 1.247843 1.42E-08 

ENSG00000133048 CHI3L1 0.334803 2.999586 2.664783 1.44E-08 

ENSG00000007908 SELE -1.4429 0.53669 1.979586 1.53E-08 

ENSG00000123689 G0S2 3.772942 5.145528 1.372586 1.55E-08 

ENSG00000115268 RPS15 10.57439 11.77977 1.20539 1.55E-08 

ENSG00000071082 RPL31 10.12561 11.72144 1.595836 1.69E-08 

ENSG00000083845 RPS5 9.568701 10.72575 1.157048 1.73E-08 

ENSG00000186468 RPS23 10.57928 11.67425 1.094968 1.87E-08 

ENSG00000172922 RNASEH2C 5.571418 6.607686 1.036269 2.41E-08 
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ENSG00000267368 UPK3BL1 1.365652 4.351489 2.985837 2.42E-08 

ENSG00000178449 COX14 5.394411 6.642087 1.247676 2.76E-08 

ENSG00000262814 MRPL12 6.579143 7.781574 1.202431 3.40E-08 

ENSG00000136942 RPL35 11.00107 12.02218 1.021115 3.67E-08 

ENSG00000171858 RPS21 9.813832 11.76837 1.95454 3.79E-08 

ENSG00000123179 EBPL 5.018608 6.482387 1.463779 4.56E-08 

ENSG00000109321 AREG 2.45187 3.869102 1.417232 4.88E-08 

ENSG00000186352 ANKRD37 2.550255 3.730998 1.180743 5.53E-08 

ENSG00000142544 CTU1 2.253383 3.53324 1.279858 6.11E-08 

ENSG00000132432 SEC61G 6.627608 7.973985 1.346377 6.91E-08 

ENSG00000163132 MSX1 1.398308 3.081658 1.683349 6.93E-08 

ENSG00000061656 SPAG4 2.555885 4.352617 1.796732 6.99E-08 

ENSG00000117318 ID3 6.486035 7.918045 1.432009 8.38E-08 

ENSG00000185955 C7orf61 0.799946 2.780153 1.980207 8.75E-08 

ENSG00000149499 EML3 4.972585 6.000308 1.027723 9.08E-08 

ENSG00000187051 RPS19BP1 6.043107 7.051329 1.008222 9.67E-08 

ENSG00000270188 MTRNR2L11 3.467301 4.79294 1.325639 9.68E-08 

ENSG00000131495 NDUFA2 6.435698 7.545487 1.109789 1.08E-07 

ENSG00000197019 SERTAD1 3.605756 5.354232 1.748476 1.20E-07 

ENSG00000127540 UQCR11 6.639621 8.383395 1.743774 1.42E-07 

ENSG00000169627 BOLA2B 7.069954 8.112374 1.04242 1.44E-07 

ENSG00000221869 CEBPD 5.380708 6.91384 1.533132 1.66E-07 

ENSG00000188243 COMMD6 6.954457 8.072475 1.118018 1.77E-07 

ENSG00000176973 FAM89B 4.070435 5.078665 1.00823 2.16E-07 

 

Appendix table 10 Top 100 genes, differentially expressed by cocultured or 
monocultured hCMEC/D3 stimulated with Spn MOI5 and expressed at a significantly 
lower level in cocultured hCMEC/D3 stimulated with Spn, compared to monocultured 
hCMEC/D3 stimulated with Spn. 
Filtered to include only those with a fold change (FC) <-2 (log2 FC <-1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for Spn 
stimulated monocultured, Mono- Spn, and Spn stimulated cocultured, Co-Spn, hCMEC/D3 cells 

ensembl gene ID Gene name Mono-Spn 
MEV 

Co-Spn 
MEV 

log2 FC FDR 

ENSG00000113389 NPR3 5.395837 1.998092 -3.39774 1.33E-24 

ENSG00000140092 FBLN5 7.342275 4.631867 -2.71041 3.96E-24 

ENSG00000143869 GDF7 4.705367 0.935696 -3.76967 6.52E-23 

ENSG00000151617 EDNRA 4.21411 1.106012 -3.1081 7.35E-22 

ENSG00000155850 SLC26A2 6.236899 3.293768 -2.94313 1.39E-21 

ENSG00000173546 CSPG4 3.640506 1.475254 -2.16525 1.80E-19 

ENSG00000134243 SORT1 7.144973 4.868732 -2.27624 9.22E-19 

ENSG00000173706 HEG1 7.111392 4.551083 -2.56031 1.14E-18 

ENSG00000111799 COL12A1 5.155633 3.011987 -2.14365 7.27E-18 

ENSG00000138735 PDE5A 3.451232 1.610999 -1.84023 3.00E-17 

ENSG00000119280 C1orf198 6.286883 3.865205 -2.42168 7.65E-17 

ENSG00000205978 NYNRIN 3.807326 1.825393 -1.98193 8.85E-17 

ENSG00000164692 COL1A2 6.54666 3.783417 -2.76324 1.59E-16 
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ENSG00000119681 LTBP2 5.392426 3.248282 -2.14414 1.93E-16 

ENSG00000146122 DAAM2 3.729949 0.728605 -3.00134 2.70E-16 

ENSG00000182253 SYNM 4.041176 1.930349 -2.11083 4.26E-16 

ENSG00000162551 ALPL 3.50042 0.115106 -3.38531 1.38E-15 

ENSG00000011028 MRC2 6.17577 3.858368 -2.3174 1.64E-15 

ENSG00000173083 HPSE 5.38447 3.7104 -1.67407 3.98E-15 

ENSG00000112419 PHACTR2 6.774749 4.028311 -2.74644 6.49E-15 

ENSG00000173402 DAG1 6.718147 4.801938 -1.91621 1.17E-14 

ENSG00000111110 PPM1H 4.959833 2.6131 -2.34673 2.36E-14 

ENSG00000172575 RASGRP1 1.92286 -1.15386 -3.07672 4.81E-14 

ENSG00000153162 BMP6 8.06182 6.026766 -2.03505 5.22E-14 

ENSG00000154930 ACSS1 3.910783 1.720315 -2.19047 9.60E-14 

ENSG00000151690 MFSD6 5.157156 3.414639 -1.74252 1.87E-13 

ENSG00000117595 IRF6 3.404621 0.077092 -3.32753 2.57E-13 

ENSG00000169184 MN1 3.448739 1.401658 -2.04708 3.13E-13 

ENSG00000170214 ADRA1B 5.595591 2.91714 -2.67845 4.06E-13 

ENSG00000277758 FO681492.1 5.200381 2.955176 -2.2452 4.76E-13 

ENSG00000182158 CREB3L2 6.184244 4.285333 -1.89891 4.81E-13 

ENSG00000259207 ITGB3 5.007903 2.500837 -2.50707 5.12E-13 

ENSG00000156804 FBXO32 5.451261 3.309038 -2.14222 1.06E-12 

ENSG00000203668 CHML 3.858601 1.718874 -2.13973 1.61E-12 

ENSG00000065534 MYLK 5.183662 3.067422 -2.11624 1.61E-12 

ENSG00000184384 MAML2 3.164807 0.855104 -2.3097 1.74E-12 

ENSG00000196917 HCAR1 2.122955 -0.0412 -2.16415 2.70E-12 

ENSG00000150938 CRIM1 2.587476 -9.96578 -12.5533 3.36E-12 

ENSG00000187189 TSPYL4 5.010994 3.267929 -1.74307 3.36E-12 

ENSG00000197077 KIAA1671 4.322853 2.602737 -1.72012 4.54E-12 

ENSG00000105339 DENND3 5.293751 3.739028 -1.55472 5.98E-12 

ENSG00000205213 LGR4 3.668779 1.381209 -2.28757 7.00E-12 

ENSG00000156535 CD109 5.32135 2.839039 -2.48231 7.18E-12 

ENSG00000138771 SHROOM3 4.807446 2.934248 -1.8732 7.86E-12 

ENSG00000076356 PLXNA2 6.522774 4.866198 -1.65658 8.47E-12 

ENSG00000139793 MBNL2 5.673447 3.363434 -2.31001 9.36E-12 

ENSG00000108239 TBC1D12 4.18024 2.255536 -1.9247 9.36E-12 

ENSG00000176438 SYNE3 3.476625 1.533683 -1.94294 9.89E-12 

ENSG00000272410 AC022384.1 2.05876 -5.1745 -7.23326 1.06E-11 

ENSG00000146411 SLC2A12 2.534158 -0.3199 -2.85406 1.47E-11 

ENSG00000052795 FNIP2 4.285484 2.157275 -2.12821 1.51E-11 

ENSG00000130635 COL5A1 4.74452 2.518813 -2.22571 2.10E-11 

ENSG00000138756 BMP2K 5.077858 3.311223 -1.76663 2.14E-11 

ENSG00000136153 LMO7 7.3545 4.365686 -2.98881 2.36E-11 

ENSG00000147475 ERLIN2 5.258229 3.24277 -2.01546 3.07E-11 

ENSG00000188211 NCR3LG1 3.339932 0.958494 -2.38144 4.38E-11 

ENSG00000011405 PIK3C2A 6.505304 4.483637 -2.02167 4.38E-11 

ENSG00000168672 FAM84B 4.351047 2.633708 -1.71734 5.63E-11 

ENSG00000104549 SQLE 6.497444 4.589337 -1.90811 6.18E-11 

ENSG00000111859 NEDD9 6.61686 4.923121 -1.69374 6.34E-11 

ENSG00000128567 PODXL 7.835817 5.54142 -2.2944 6.34E-11 

ENSG00000112972 HMGCS1 6.07352 3.793562 -2.27996 7.83E-11 
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ENSG00000116675 DNAJC6 4.866076 2.364119 -2.50196 1.21E-10 

ENSG00000118762 PKD2 5.894353 3.236929 -2.65742 1.28E-10 

ENSG00000139132 FGD4 4.751476 2.520579 -2.2309 1.40E-10 

ENSG00000123104 ITPR2 4.501641 2.343661 -2.15798 1.59E-10 

ENSG00000164930 FZD6 7.046795 4.837736 -2.20906 1.78E-10 

ENSG00000010404 IDS 5.190625 3.315634 -1.87499 1.87E-10 

ENSG00000075391 RASAL2 3.482289 1.147239 -2.33505 1.95E-10 

ENSG00000165244 ZNF367 5.54388 3.846254 -1.69763 2.05E-10 

ENSG00000284099 AC008393.2 6.755362 -9.96578 -16.7211 2.10E-10 

ENSG00000055813 CCDC85A 1.562259 -0.8584 -2.42066 2.87E-10 

ENSG00000171451 DSEL 2.107267 0.226382 -1.88089 3.20E-10 

ENSG00000274726 ARHGEF10 4.795677 3.349924 -1.44575 3.94E-10 

ENSG00000197256 KANK2 7.389248 5.754782 -1.63447 3.94E-10 

ENSG00000135362 PRR5L 5.162972 3.011245 -2.15173 4.94E-10 

ENSG00000107249 GLIS3 4.595686 2.24153 -2.35416 6.25E-10 

ENSG00000164659 KIAA1324L 5.281617 3.51243 -1.76919 6.31E-10 

ENSG00000178726 THBD 6.134641 4.046196 -2.08845 6.55E-10 

ENSG00000134250 NOTCH2 4.602797 2.525721 -2.07708 6.59E-10 

ENSG00000091409 ITGA6 5.225681 3.204622 -2.02106 8.48E-10 

ENSG00000249624 AP000295.1 3.229303 -0.93634 -4.16564 8.87E-10 

ENSG00000140526 ABHD2 6.017344 3.711403 -2.30594 9.57E-10 

ENSG00000166348 USP54 5.07375 2.982259 -2.09149 9.83E-10 

ENSG00000151176 PLBD2 5.113934 3.471589 -1.64235 1.10E-09 

ENSG00000198846 TOX 5.643435 3.586499 -2.05694 1.10E-09 

ENSG00000124212 PTGIS 2.785074 0.346068 -2.43901 1.13E-09 

ENSG00000149639 SOGA1 4.201381 2.613756 -1.58763 1.19E-09 

ENSG00000127603 MACF1 7.262173 5.818501 -1.44367 1.31E-09 

ENSG00000170832 USP32 5.016756 3.82112 -1.19564 1.43E-09 

ENSG00000164142 FAM160A1 1.131045 -2.97376 -4.10481 1.52E-09 

ENSG00000162104 ADCY9 4.783272 3.171245 -1.61203 1.64E-09 

ENSG00000248672 LY75-CD302 0.021277 -9.96578 -9.98706 1.91E-09 

ENSG00000164976 MYORG 3.465964 1.923476 -1.54249 2.16E-09 

ENSG00000083097 DOP1A 3.239323 1.11699 -2.12233 2.26E-09 

ENSG00000177119 ANO6 5.760867 3.802857 -1.95801 2.50E-09 

ENSG00000187079 TEAD1 6.42971 3.873434 -2.55628 2.52E-09 

ENSG00000197603 CPLANE1 3.133348 1.453541 -1.67981 2.53E-09 

ENSG00000147459 DOCK5 4.69658 3.14623 -1.55035 2.53E-09 

ENSG00000087245 MMP2 3.482017 1.577104 -1.90491 2.65E-09 
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 The hCMEC/D3 transcriptional response to Spn-

stimulated MDMs 

Appendix table 11 The top 100 upregulated genes differentially expressed by 
cocultured hCMEC/D3 in response to stimulation with CoM from Spn-stimulated MDMs 
for 4 hours, compared to cocultured hCMEC/D3 stimulated with CoM from unstimulated 
MDMs for 4 hours. 
Filtered to include only those with a fold change (FC) >2 (log2 FC >1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for 
cocultured hCMEC/D3 stimulated with CoM from unstimulated MDMs, MDM U CoM, or with 
CoM from Spn stimulated MDMs, MDM Spn CoM 

ensembl gene ID Gene name MDM U 
CoM MEV 

MDM Spn 
CoM MEV 

log2 FC FDR 

ENSG00000008517 IL32 -0.40904 0.689208 1.098249 3.84E-56 

ENSG00000007908 SELE 5.269083 6.380501 1.111418 8.45E-52 

ENSG00000023445 BIRC3 5.080758 6.27879 1.198033 1.16E-49 

ENSG00000146232 NFKBIE 3.05298 4.068964 1.015985 2.12E-48 

ENSG00000125347 IRF1 3.125746 5.983439 2.857694 3.52E-45 

ENSG00000169429 CXCL8 -0.32383 3.993648 4.317477 7.73E-45 

ENSG00000145901 TNIP1 -0.06983 4.582149 4.651979 4.15E-43 

ENSG00000160223 ICOSLG 6.14954 9.241887 3.092347 1.22E-40 

ENSG00000006210 CX3CL1 3.403686 6.010582 2.606896 7.25E-40 

ENSG00000077150 NFKB2 4.832902 6.751873 1.918971 3.55E-36 

ENSG00000162645 GBP2 6.117307 8.226102 2.108795 3.69E-33 

ENSG00000120337 TNFSF18 1.992442 4.480148 2.487706 8.00E-32 

ENSG00000100906 NFKBIA 4.642303 7.394358 2.752056 2.30E-31 

ENSG00000263528 IKBKE -4.3241 -1.21453 3.109565 6.71E-30 

ENSG00000104951 IL4I1 2.861032 4.09124 1.230208 8.98E-30 

ENSG00000118503 TNFAIP3 3.267834 6.459491 3.191657 1.07E-29 

ENSG00000169245 CXCL10 4.68533 8.115822 3.430491 2.48E-28 

ENSG00000086062 B4GALT1 4.412965 5.879893 1.466928 1.41E-25 

ENSG00000145779 TNFAIP8 -0.61379 3.555778 4.16957 2.39E-24 

ENSG00000135919 SERPINE2 9.326072 11.37523 2.049155 2.94E-24 

ENSG00000119917 IFIT3 5.78063 7.672795 1.892165 5.96E-24 

ENSG00000167207 NOD2 2.915591 4.337713 1.422122 2.93E-23 

ENSG00000123610 TNFAIP6 3.674038 7.996265 4.322227 2.16E-21 

ENSG00000185101 ANO9 -0.79835 1.010947 1.809299 2.96E-20 

ENSG00000115009 CCL20 5.126097 10.4409 5.314799 3.13E-20 

ENSG00000169248 CXCL11 3.716852 8.458646 4.741794 5.72E-20 

ENSG00000124875 CXCL6 1.651887 4.751792 3.099905 3.32E-19 

ENSG00000159261 CLDN14 4.443336 6.838742 2.395407 5.35E-19 

ENSG00000166949 SMAD3 4.021837 5.274418 1.252581 6.70E-19 

ENSG00000196136 SERPINA3 -7.08802 -1.76789 5.320128 7.57E-19 

ENSG00000132003 ZSWIM4 -1.59702 -0.07559 1.521433 1.46E-18 

ENSG00000134339 SAA2 5.042549 7.86243 2.819881 2.29E-16 

ENSG00000167996 FTH1 4.780757 5.863217 1.08246 5.61E-16 

ENSG00000125538 IL1B -0.79599 1.995553 2.791542 9.10E-16 
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ENSG00000153721 CNKSR3 6.986044 8.784432 1.798388 1.27E-15 

ENSG00000168685 IL7R 3.9542 6.936164 2.981963 1.83E-15 

ENSG00000167100 SAMD14 -4.64467 2.33661 6.981281 1.85E-15 

ENSG00000015475 BID 1.006521 2.261324 1.254803 2.62E-15 

ENSG00000179630 LACC1 -0.6318 2.413511 3.045309 4.51E-15 

ENSG00000025708 TYMP -0.84596 0.668653 1.514613 5.29E-15 

ENSG00000140105 WARS -3.07871 -1.23845 1.840264 6.48E-15 

ENSG00000128335 APOL2 6.341904 7.597537 1.255633 1.71E-14 

ENSG00000140464 PML 5.53174 6.568947 1.037207 2.25E-14 

ENSG00000133313 CNDP2 5.744349 7.378636 1.634287 5.68E-14 

ENSG00000117226 GBP3 5.211753 7.38962 2.177867 6.41E-14 

ENSG00000119922 IFIT2 7.778455 9.365107 1.586652 1.57E-13 

ENSG00000162654 GBP4 2.374785 4.125287 1.750502 1.68E-13 

ENSG00000026508 CD44 2.361001 4.114847 1.753846 2.87E-13 

ENSG00000116514 RNF19B -1.56576 2.359445 3.925204 6.10E-13 

ENSG00000214530 STARD10 4.201393 5.445812 1.244419 6.10E-13 

ENSG00000108551 RASD1 0.312494 2.344 2.031507 2.35E-12 

ENSG00000163739 CXCL1 0.005634 4.260431 4.254797 4.86E-12 

ENSG00000227231 IER3 -2.03396 0.367872 2.401828 7.11E-12 

ENSG00000115008 IL1A 3.187172 5.446826 2.259654 1.12E-11 

ENSG00000128342 LIF 3.622011 4.987335 1.365325 1.80E-11 

ENSG00000090776 EFNB1 7.448712 9.24908 1.800369 2.51E-11 

ENSG00000164736 SOX17 9.014668 12.46513 3.450461 2.65E-11 

ENSG00000073282 TP63 4.232525 5.556648 1.324122 3.64E-11 

ENSG00000113504 SLC12A7 3.702865 4.858428 1.155563 5.20E-11 

ENSG00000157368 IL34 5.871817 9.299708 3.427891 5.72E-11 

ENSG00000135114 OASL 6.869433 8.104219 1.234786 1.67E-10 

ENSG00000106366 SERPINE1 -1.64416 0.956527 2.600691 4.31E-10 

ENSG00000105327 BBC3 1.349507 2.623238 1.273731 4.80E-10 

ENSG00000185745 IFIT1 6.298077 8.269986 1.971909 5.25E-10 

ENSG00000271503 CCL5 0.243431 4.419444 4.176013 7.24E-10 

ENSG00000003402 CFLAR 4.513535 6.822617 2.309081 7.85E-10 

ENSG00000146072 TNFRSF21 -2.55534 0.715144 3.270482 7.88E-10 

ENSG00000135587 SMPD2 3.258288 4.745469 1.487181 1.04E-09 

ENSG00000163131 CTSS 4.892352 5.897855 1.005503 1.06E-09 

ENSG00000002549 LAP3 6.182694 7.829173 1.64648 1.10E-09 

ENSG00000146648 EGFR 4.573979 6.611355 2.037377 1.16E-09 

ENSG00000163735 CXCL5 0.313166 2.657301 2.344136 1.90E-09 

ENSG00000013374 NUB1 3.493626 4.980531 1.486904 2.14E-09 

ENSG00000134470 IL15RA -0.38518 0.955603 1.340787 2.28E-09 

ENSG00000183486 MX2 9.15576 10.25129 1.095532 5.57E-09 

ENSG00000109079 TNFAIP1 -9.96578 -6.49857 3.467212 6.86E-09 

ENSG00000113739 STC2 1.201232 3.527611 2.326379 7.38E-09 

ENSG00000186827 TNFRSF4 2.622968 4.532226 1.909258 8.39E-09 

ENSG00000100342 APOL1 3.640799 4.733103 1.092304 1.18E-08 

ENSG00000136244 IL6 -0.17416 3.860551 4.034709 1.42E-08 

ENSG00000154451 GBP5 4.404265 6.829728 2.425463 1.51E-08 

ENSG00000161011 SQSTM1 6.577038 7.741281 1.164243 2.40E-08 

ENSG00000143321 HDGF 0.489452 1.700518 1.211065 2.43E-08 
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ENSG00000177606 JUN 1.446336 2.642857 1.196521 2.86E-08 

ENSG00000178882 RFLNA -0.31139 0.82672 1.138114 3.17E-08 

ENSG00000138755 CXCL9 3.822947 8.685278 4.862331 3.61E-08 

ENSG00000110330 BIRC2 4.907448 6.375546 1.468098 4.21E-08 

ENSG00000108688 CCL7 3.302961 4.752133 1.449172 6.37E-08 

ENSG00000100234 TIMP3 4.727136 6.420356 1.69322 9.56E-08 

ENSG00000102524 TNFSF13B 5.679529 7.689544 2.010015 1.13E-07 

ENSG00000148965 SAA4 -5.20143 1.478905 6.68034 1.17E-07 

ENSG00000117298 ECE1 -1.07724 4.381156 5.458398 1.56E-07 

ENSG00000108700 CCL8 -2.07113 2.000553 4.071683 1.61E-07 

ENSG00000205502 C2CD4B 2.368279 4.079071 1.710792 1.63E-07 

ENSG00000255071 SAA2-SAA4 3.195478 7.023871 3.828393 1.65E-07 

ENSG00000121060 TRIM25 6.769515 8.093752 1.324238 2.14E-07 

ENSG00000156140 ADAMTS3 -0.03848 1.563478 1.601958 2.53E-07 

ENSG00000101236 RNF24 6.938745 8.07569 1.136945 2.56E-07 

ENSG00000196116 TDRD7 0.020593 3.939926 3.919334 2.92E-07 

ENSG00000198832 SELENOM -0.75458 5.305618 6.060195 3.08E-07 
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 The HBVP Transcriptome 

 The HBVP transcriptional response to TNF in monoculture 

Appendix table 12 The top 100 upregulated genes differentially expressed by 
monocultured HBVP in response to stimulation with TNF 10ng/ml for 4 hours 
Filtered to include only those with a fold change (FC) >2 (log2 FC >1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for 
unstimulated, U, and TNF stimulated, TNF, HBVP cells 

 

ensembl gene ID Gene name U MEV TNF MEV log2 FC FDR 

ENSG00000163735 CXCL5 2.612687 7.232265 4.619578 3.25E-67 

ENSG00000125347 IRF1 3.778229 6.834481 3.056252 5.98E-52 

ENSG00000167034 NKX3-1 1.373297 6.024198 4.650901 3.09E-51 

ENSG00000090339 ICAM1 6.112625 9.530873 3.418248 4.71E-43 

ENSG00000050730 TNIP3 -0.44757 4.508546 4.956116 2.01E-41 

ENSG00000198796 ALPK2 2.77882 5.414073 2.635252 1.15E-40 

ENSG00000133805 AMPD3 1.86519 5.772726 3.907536 1.46E-38 

ENSG00000023445 BIRC3 0.422773 6.242101 5.819328 4.04E-38 

ENSG00000115919 KYNU -1.31355 4.616683 5.930237 5.76E-37 

ENSG00000104312 RIPK2 4.337729 6.546348 2.208619 2.56E-36 

ENSG00000136048 DRAM1 5.017232 7.23286 2.215627 2.05E-35 

ENSG00000166920 C15orf48 0.736003 4.905184 4.169181 2.11E-34 

ENSG00000112096 SOD2 6.119451 10.29928 4.179833 2.11E-34 

ENSG00000145901 TNIP1 6.162817 8.607389 2.444572 3.30E-34 

ENSG00000164761 TNFRSF11B 3.443377 6.882216 3.438839 1.25E-33 

ENSG00000169429 CXCL8 5.604491 11.39932 5.794827 1.39E-33 

ENSG00000116514 RNF19B 3.145143 5.507766 2.362622 5.56E-33 

ENSG00000147883 CDKN2B 4.023841 6.60789 2.584049 2.92E-32 

ENSG00000124875 CXCL6 3.075081 7.639302 4.564222 4.95E-32 

ENSG00000077150 NFKB2 4.581025 6.932322 2.351297 2.11E-30 

ENSG00000137216 TMEM63B 4.464249 6.088545 1.624296 4.86E-30 

ENSG00000010818 HIVEP2 2.277128 5.292038 3.01491 1.27E-29 

ENSG00000115009 CCL20 3.159503 8.195507 5.036004 1.91E-29 

ENSG00000131979 GCH1 2.840839 6.061504 3.220665 5.97E-29 

ENSG00000118503 TNFAIP3 4.319628 8.031965 3.712337 6.81E-28 

ENSG00000163734 CXCL3 2.001957 6.708724 4.706768 1.48E-27 

ENSG00000120910 PPP3CC 3.897066 5.816418 1.919351 2.65E-27 

ENSG00000112137 PHACTR1 0.684043 3.535135 2.851092 9.35E-27 

ENSG00000182541 LIMK2 3.568977 5.769802 2.200825 1.05E-26 

ENSG00000261115 TMEM178B -4.24455 2.145426 6.389975 1.05E-26 

ENSG00000185215 TNFAIP2 4.1709 8.848065 4.677165 3.69E-26 

ENSG00000165029 ABCA1 2.831584 6.063563 3.231979 1.68E-25 

ENSG00000197903 HIST1H2BK 4.815043 8.050766 3.235723 7.02E-25 

ENSG00000153071 DAB2 6.570773 8.822885 2.252112 8.19E-25 
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ENSG00000164823 OSGIN2 3.297995 5.816728 2.518732 1.20E-24 

ENSG00000164181 ELOVL7 -2.38109 2.424861 4.805946 1.68E-24 

ENSG00000100647 SUSD6 3.4189 5.594271 2.175371 2.29E-24 

ENSG00000134070 IRAK2 1.068648 5.205637 4.136989 4.08E-24 

ENSG00000065923 SLC9A7 2.249052 4.751448 2.502397 9.98E-24 

ENSG00000170340 B3GNT2 3.379181 5.351048 1.971867 2.70E-23 

ENSG00000049249 TNFRSF9 -1.50922 2.720049 4.229271 7.04E-23 

ENSG00000185022 MAFF 3.835472 5.937857 2.102386 1.31E-22 

ENSG00000108691 CCL2 5.155902 10.15273 4.996828 8.91E-22 

ENSG00000104856 RELB 3.949271 6.161766 2.212494 1.65E-21 

ENSG00000184371 CSF1 5.211345 7.247506 2.036161 1.83E-21 

ENSG00000003402 CFLAR 5.742113 7.108824 1.366711 1.09E-20 

ENSG00000005238 FAM214B 4.251619 5.774601 1.522982 1.19E-20 

ENSG00000104763 ASAH1 5.876188 7.537247 1.661059 1.29E-20 

ENSG00000151014 NOCT 3.453361 5.848693 2.395332 1.45E-20 

ENSG00000115008 IL1A -1.0088 4.842625 5.851424 4.77E-20 

ENSG00000187688 TRPV2 5.100964 6.627071 1.526107 7.66E-20 

ENSG00000056558 TRAF1 0.054586 5.051612 4.997026 1.23E-18 

ENSG00000160223 ICOSLG -1.26256 2.631131 3.893686 1.33E-18 

ENSG00000056972 TRAF3IP2 3.012783 4.761122 1.748338 1.66E-18 

ENSG00000053747 LAMA3 -1.44156 1.159935 2.601497 3.48E-18 

ENSG00000128342 LIF 3.781356 7.890107 4.108751 3.48E-18 

ENSG00000168394 TAP1 3.804833 5.817313 2.01248 4.90E-18 

ENSG00000198517 MAFK 3.711877 5.471715 1.759838 5.57E-18 

ENSG00000140379 BCL2A1 -0.75164 3.868914 4.62055 9.66E-18 

ENSG00000109320 NFKB1 4.542813 6.908505 2.365692 3.10E-17 

ENSG00000103044 HAS3 -0.95408 4.270997 5.225077 4.11E-17 

ENSG00000172403 SYNPO2 2.227753 5.035661 2.807908 5.64E-17 

ENSG00000147027 TMEM47 4.371339 6.150251 1.778913 7.81E-17 

ENSG00000155324 GRAMD2B 3.932242 5.692923 1.760681 9.38E-17 

ENSG00000115963 RND3 6.224577 8.612055 2.387478 9.48E-17 

ENSG00000146232 NFKBIE 3.475124 5.756045 2.280921 9.87E-17 

ENSG00000131711 MAP1B 5.823375 7.7918 1.968426 1.72E-16 

ENSG00000197081 IGF2R 5.235816 7.020136 1.784321 2.79E-16 

ENSG00000135766 EGLN1 4.051592 5.897438 1.845846 3.83E-16 

ENSG00000095739 BAMBI 3.163549 6.265358 3.101809 5.01E-16 

ENSG00000027697 IFNGR1 4.783155 6.291175 1.50802 5.01E-16 

ENSG00000271503 CCL5 -1.53124 4.621033 6.152274 7.53E-16 

ENSG00000083799 CYLD 3.475428 5.500479 2.025051 1.09E-15 

ENSG00000108342 CSF3 -4.21558 4.11998 8.335561 1.13E-15 

ENSG00000167202 TBC1D2B 4.045647 5.617804 1.572157 1.22E-15 

ENSG00000110330 BIRC2 5.148304 6.879021 1.730717 1.34E-15 

ENSG00000113163 COL4A3BP 3.449224 4.798836 1.349612 1.98E-15 

ENSG00000102996 MMP15 2.414761 4.446826 2.032065 2.23E-15 

ENSG00000041353 RAB27B 2.471739 5.188807 2.717067 2.33E-15 

ENSG00000146457 WTAP 6.118885 7.675772 1.556887 2.76E-15 

ENSG00000115183 TANC1 3.161704 5.023308 1.861604 6.48E-15 

ENSG00000158406 HIST1H4H 0.827906 4.228697 3.40079 7.96E-15 

ENSG00000196396 PTPN1 5.61118 7.562577 1.951397 8.13E-15 
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ENSG00000159348 CYB5R1 4.915596 6.382296 1.4667 9.45E-15 

ENSG00000136244 IL6 3.490984 8.767037 5.276053 1.05E-14 

ENSG00000103642 LACTB 4.572031 6.106018 1.533987 1.05E-14 

ENSG00000164400 CSF2 -7.61735 4.493102 12.11045 1.34E-14 

ENSG00000179630 LACC1 2.203684 4.931799 2.728116 1.38E-14 

ENSG00000149289 ZC3H12C 1.414809 4.025715 2.610906 1.48E-14 

ENSG00000173846 PLK3 4.520728 5.783427 1.262699 1.58E-14 

ENSG00000124201 ZNFX1 3.82166 5.794847 1.973187 1.58E-14 

ENSG00000122641 INHBA 4.844959 8.362556 3.517597 1.83E-14 

ENSG00000058668 ATP2B4 5.448286 7.146985 1.698699 1.85E-14 

ENSG00000179826 MRGPRX3 -5.05555 2.612859 7.668405 1.85E-14 

ENSG00000104722 NEFM 2.645099 5.430851 2.785753 2.59E-14 

ENSG00000131669 NINJ1 5.229532 7.431381 2.20185 3.55E-14 

ENSG00000108861 DUSP3 5.328025 6.602027 1.274002 3.85E-14 

ENSG00000083857 FAT1 5.075891 6.820488 1.744596 3.96E-14 

ENSG00000171867 PRNP 7.210201 9.045645 1.835444 5.99E-14 

ENSG00000186088 GSAP 0.84848 2.879526 2.031046 8.87E-14 
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 The HBVP transcriptional response to Spn in monoculture 

Appendix table 13 All upregulated genes differentially expressed by monocultured 
HBVP in response to stimulation with Spn MOI 5 for 4 hours, ranked by FDR 
MEV represents the mean expression value in transcripts per million across 3 samples for 
unstimulated, U, and Spn stimulated, TNF, monocultured HBVP cells 

ensembl gene ID Gene name U MEV Spn MEV log2 FC FDR 

ENSG00000169245 CXCL10 -5.70581 1.583169 7.288976 1.36E-05 

ENSG00000177144 NUDT4B -9.96578 0.64927 10.61505 1.36E-05 

ENSG00000163635 ATXN7 1.659093 3.004087 1.344995 0.000193 

ENSG00000169248 CXCL11 -8.01934 -2.85968 5.159653 0.026601 

ENSG00000170145 SIK2 3.212635 3.859115 0.64648 0.026601 
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 The HBVP transcriptional response to coculture with 

hCMEC/D3 in the absence of stimulation 

Appendix table 14 Top 100 upregulated genes differentially expressed by cocultured 
unstimulated HBVP compared to monocultured unstimulated HBVP 
Filtered to include only those with a fold change (FC) >2 (log2 FC >1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for 
monocultured, Mono, and cocultured, Co, unstimulated HBVP cells 

ensembl gene ID Gene name Mono MEV Co MEV log2 FC FDR 

ENSG00000137959 IFI44L 0.420584 6.205417 5.784833 3.88E-45 

ENSG00000089127 OAS1 1.977599 6.219938 4.242339 1.95E-34 

ENSG00000148634 HERC4 4.936651 6.451161 1.51451 4.44E-32 

ENSG00000147650 LRP12 3.463163 5.695707 2.232544 8.95E-26 

ENSG00000137965 IFI44 2.913548 6.360793 3.447245 6.56E-24 

ENSG00000181744 C3orf58 3.04699 4.197293 1.150304 1.16E-20 

ENSG00000157601 MX1 1.457663 6.320746 4.863083 2.57E-19 

ENSG00000283738 AC241640.1 -3.21157 2.618065 5.82964 8.07E-19 

ENSG00000164251 F2RL1 3.988229 5.352846 1.364617 7.23E-18 

ENSG00000111335 OAS2 0.602695 6.710969 6.108273 1.94E-17 

ENSG00000083857 FAT1 5.075891 6.698705 1.622814 6.08E-17 

ENSG00000187950 OVCH1 -9.96578 -1.67046 8.295321 1.61E-16 

ENSG00000127947 PTPN12 6.073865 7.179509 1.105643 2.98E-16 

ENSG00000124875 CXCL6 3.075081 5.745205 2.670125 3.48E-16 

ENSG00000177409 SAMD9L 2.754253 4.921468 2.167215 6.29E-16 

ENSG00000198160 MIER1 3.893521 4.944922 1.051401 6.65E-16 

ENSG00000156671 SAMD8 3.05788 4.389362 1.331482 6.94E-16 

ENSG00000144357 UBR3 3.250618 4.329632 1.079014 1.23E-15 

ENSG00000115267 IFIH1 0.974528 3.799398 2.82487 1.24E-15 

ENSG00000179593 ALOX15B -5.39798 -0.31587 5.082107 2.31E-15 

ENSG00000162601 MYSM1 2.777181 4.388925 1.611744 3.15E-15 

ENSG00000102780 DGKH 1.518217 2.976059 1.457842 3.29E-15 

ENSG00000047932 GOPC 4.574622 5.640049 1.065427 4.39E-15 

ENSG00000133858 ZFC3H1 3.621311 5.173769 1.552458 1.24E-13 

ENSG00000146648 EGFR 3.35407 4.937738 1.583668 1.28E-13 

ENSG00000175106 TVP23C 2.914398 4.378386 1.463987 1.49E-13 

ENSG00000205413 SAMD9 2.738309 5.095589 2.35728 3.28E-13 

ENSG00000059804 SLC2A3 6.10636 7.729833 1.623472 3.68E-13 

ENSG00000278087 NOMO3 4.33466 5.709992 1.375332 5.10E-13 

ENSG00000091972 CD200 3.346955 4.825434 1.478478 1.25E-12 

ENSG00000136381 IREB2 4.208001 5.405059 1.197059 1.63E-12 

ENSG00000164532 TBX20 2.069607 3.778151 1.708544 1.74E-12 

ENSG00000156273 BACH1 4.021866 5.821752 1.799886 1.86E-12 

ENSG00000118058 KMT2A 2.753114 3.880796 1.127681 1.90E-12 

ENSG00000197386 HTT 3.549471 4.680181 1.13071 2.31E-12 

ENSG00000117335 CD46 6.603227 7.683896 1.080669 2.50E-12 

ENSG00000163735 CXCL5 2.612687 3.791783 1.179096 2.74E-12 

ENSG00000137628 DDX60 2.005779 4.755657 2.749878 2.74E-12 
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ENSG00000197614 MFAP5 1.328529 3.334145 2.005616 2.85E-12 

ENSG00000110987 BCL7A 0.915419 2.355904 1.440485 3.09E-12 

ENSG00000023445 BIRC3 0.422773 2.707316 2.284543 3.60E-12 

ENSG00000198625 MDM4 1.931251 3.281863 1.350612 4.32E-12 

ENSG00000188994 ZNF292 2.41545 3.458186 1.042736 4.38E-12 

ENSG00000145375 SPATA5 1.001706 2.331514 1.329808 6.32E-12 

ENSG00000146242 TPBG 3.973008 5.120148 1.14714 7.10E-12 

ENSG00000180611 MB21D2 2.666113 3.722077 1.055965 7.81E-12 

ENSG00000249931 GOLGA8K -9.96578 -4.2789 5.686882 8.59E-12 

ENSG00000111817 DSE 5.03284 6.084663 1.051823 1.08E-11 

ENSG00000153317 ASAP1 5.191104 6.647876 1.456772 1.10E-11 

ENSG00000107077 KDM4C 2.294418 3.494479 1.200062 1.27E-11 

ENSG00000059378 PARP12 3.148266 5.133664 1.985398 1.71E-11 

ENSG00000131941 RHPN2 1.046147 2.430907 1.38476 2.22E-11 

ENSG00000165650 PDZD8 3.585073 4.680131 1.095058 3.29E-11 

ENSG00000126709 IFI6 5.24037 10.42332 5.182945 4.39E-11 

ENSG00000198146 ZNF770 3.677567 4.802816 1.125249 6.29E-11 

ENSG00000149289 ZC3H12C 1.414809 3.069809 1.655 7.45E-11 

ENSG00000181458 TMEM45A 5.196002 6.284071 1.088069 9.92E-11 

ENSG00000081148 IMPG2 -5.8954 -3.5622 2.333204 1.16E-10 

ENSG00000147124 ZNF41 1.896734 2.988161 1.091427 1.46E-10 

ENSG00000117525 F3 5.704865 8.973137 3.268272 1.77E-10 

ENSG00000198286 CARD11 0.131135 1.743981 1.612846 1.83E-10 

ENSG00000111880 RNGTT 3.320027 4.350795 1.030768 2.07E-10 

ENSG00000166532 RIMKLB 3.531077 4.869846 1.338769 2.41E-10 

ENSG00000127311 HELB 0.036405 1.311862 1.275458 2.58E-10 

ENSG00000108691 CCL2 5.155902 6.817006 1.661103 2.96E-10 

ENSG00000020577 SAMD4A 3.267753 4.683687 1.415934 4.99E-10 

ENSG00000169641 LUZP1 4.795877 6.185316 1.389438 5.83E-10 

ENSG00000079308 TNS1 4.592791 6.309835 1.717044 6.86E-10 

ENSG00000065534 MYLK 4.195653 5.294179 1.098526 7.44E-10 

ENSG00000183347 GBP6 -8.32432 -3.13905 5.185274 8.53E-10 

ENSG00000095951 HIVEP1 2.803083 4.587346 1.784263 9.35E-10 

ENSG00000183091 NEB -2.54494 -0.67686 1.868082 9.62E-10 

ENSG00000143367 TUFT1 2.380346 4.183408 1.803062 1.11E-09 

ENSG00000138641 HERC3 2.253236 3.99429 1.741054 1.26E-09 

ENSG00000064042 LIMCH1 -0.38814 1.212684 1.600821 1.45E-09 

ENSG00000126773 PCNX4 4.993213 6.179344 1.186131 1.78E-09 

ENSG00000164830 OXR1 3.702329 4.793848 1.09152 1.96E-09 

ENSG00000106617 PRKAG2 3.903543 4.970814 1.067271 2.36E-09 

ENSG00000144724 PTPRG 4.559241 5.89965 1.340409 2.50E-09 

ENSG00000138411 HECW2 2.412297 3.880117 1.467821 3.53E-09 

ENSG00000158987 RAPGEF6 1.415498 2.863355 1.447857 3.73E-09 

ENSG00000147408 
CSGALNACT
1 0.748998 2.538266 1.789269 4.18E-09 

ENSG00000151882 CCL28 -1.11876 0.72343 1.842192 4.65E-09 

ENSG00000134318 ROCK2 3.943439 5.367315 1.423876 4.81E-09 

ENSG00000187123 LYPD6 -1.33539 0.519412 1.854801 5.11E-09 

ENSG00000116191 RALGPS2 2.769664 4.150325 1.380661 5.37E-09 
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ENSG00000081041 CXCL2 2.641982 4.393845 1.751864 5.41E-09 

ENSG00000132549 VPS13B 2.050565 3.241709 1.191143 6.38E-09 

ENSG00000145780 FEM1C 3.560153 4.839324 1.279171 6.74E-09 

ENSG00000130150 MOSPD2 3.458705 4.505373 1.046668 6.78E-09 

ENSG00000248905 FMN1 -2.7192 0.022845 2.742043 6.94E-09 

ENSG00000185278 ZBTB37 0.112863 1.666971 1.554108 7.43E-09 

ENSG00000204524 ZNF805 0.873963 2.258742 1.384779 7.50E-09 

ENSG00000120256 LRP11 4.514611 5.600464 1.085853 8.47E-09 

ENSG00000100592 DAAM1 3.568397 4.690428 1.12203 8.62E-09 

ENSG00000116539 ASH1L 2.730199 3.945756 1.215558 1.14E-08 

ENSG00000033867 SLC4A7 4.151766 5.396738 1.244972 1.19E-08 

ENSG00000117228 GBP1 4.866194 5.954732 1.088538 1.30E-08 

ENSG00000184925 LCN12 -9.96578 -1.2355 8.730283 1.32E-08 

ENSG00000136051 WASHC4 4.505902 5.825487 1.319585 1.88E-08 

 

Appendix table 15 Top 100 downregulated genes differentially expressed by cocultured 
unstimulated HBVP compared to monocultured unstimulated HBVP 
Filtered to include only those with a fold change (FC) <-2 (log2 FC <-1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for 
monocultured, Mono, and cocultured, Co, unstimulated HBVP cells 

ensembl gene ID Gene name Mono MEV Co MEV log2 FC FDR 

ENSG00000145536 ADAMTS16 -3.3989 -4.49852 -1.09962 1.24E-24 

ENSG00000173530 TNFRSF10D 5.830092 4.65185 -1.17824 6.94E-22 

ENSG00000184232 OAF 5.786073 4.673161 -1.11291 8.16E-22 

ENSG00000173272 MZT2A 7.228334 5.59489 -1.63344 3.68E-19 

ENSG00000161714 PLCD3 5.008833 3.91331 -1.09552 4.74E-18 

ENSG00000157570 TSPAN18 -0.21196 -2.43375 -2.22179 1.06E-17 

ENSG00000198794 SCAMP5 1.397137 0.130901 -1.26624 2.82E-17 

ENSG00000166206 GABRB3 -1.20109 -3.51278 -2.3117 4.70E-17 

ENSG00000167508 MVD 7.70598 6.229304 -1.47668 2.16E-16 

ENSG00000114270 COL7A1 3.442627 1.539257 -1.90337 3.29E-16 

ENSG00000198523 PLN -1.40634 -5.86325 -4.45691 1.23E-15 

ENSG00000131435 PDLIM4 6.693511 5.630801 -1.06271 5.12E-15 

ENSG00000120913 PDLIM2 7.266204 6.025732 -1.24047 1.32E-14 

ENSG00000156298 TSPAN7 -4.52372 -9.96578 -5.44207 1.67E-14 

ENSG00000137285 TUBB2B 3.697769 2.689473 -1.0083 1.81E-14 

ENSG00000148357 HMCN2 -2.78507 -6.26343 -3.47837 2.38E-14 

ENSG00000183628 DGCR6 1.618428 0.540272 -1.07816 2.87E-14 

ENSG00000104435 STMN2 -0.84846 -7.3803 -6.53184 3.04E-14 

ENSG00000101940 WDR13 5.930292 4.862198 -1.06809 4.09E-14 

ENSG00000129946 SHC2 1.239923 0.002791 -1.23713 1.28E-13 

ENSG00000151136 BTBD11 -1.65454 -4.34877 -2.69423 1.35E-13 

ENSG00000134323 MYCN -2.20501 -7.68711 -5.4821 2.91E-13 

ENSG00000106123 EPHB6 0.378515 -2.73209 -3.11061 4.96E-13 

ENSG00000205810 KLRC3 -4.05314 -9.96578 -5.91264 5.51E-13 

ENSG00000130255 RPL36 10.95668 9.929334 -1.02734 9.86E-13 
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ENSG00000212864 RNF208 0.841863 -1.1359 -1.97776 1.15E-12 

ENSG00000177685 CRACR2B 2.176592 -3.96325 -6.13984 1.29E-12 

ENSG00000174332 GLIS1 -0.19575 -1.3943 -1.19855 1.55E-12 

ENSG00000137825 ITPKA 1.538067 -1.20191 -2.73998 2.12E-12 

ENSG00000258429 PDF 3.200858 1.895947 -1.30491 2.12E-12 

ENSG00000115107 STEAP3 5.27069 4.045388 -1.2253 3.04E-12 

ENSG00000164850 GPER1 -0.33 -2.00395 -1.67395 4.97E-12 

ENSG00000236609 ZNF853 0.440783 -2.26452 -2.7053 4.99E-12 

ENSG00000102935 ZNF423 -0.13209 -1.78363 -1.65154 9.71E-12 

ENSG00000063241 ISOC2 6.223194 5.104064 -1.11913 1.07E-11 

ENSG00000115286 NDUFS7 6.531725 5.236985 -1.29474 1.18E-11 

ENSG00000167106 FAM102A 3.552831 2.224733 -1.3281 1.67E-11 

ENSG00000204103 MAFB 0.633323 -1.18682 -1.82014 2.06E-11 

ENSG00000277079 
AC012314.2
9 7.616166 6.551856 -1.06431 2.16E-11 

ENSG00000278081 
AC012314.3
7 7.616166 6.551856 -1.06431 2.16E-11 

ENSG00000176125 UFSP1 2.20062 0.557215 -1.6434 2.51E-11 

ENSG00000006638 TBXA2R 4.281243 2.92807 -1.35317 2.79E-11 

ENSG00000106511 MEOX2 -4.65138 -9.96578 -5.31441 3.84E-11 

ENSG00000196468 FGF16 -3.46319 -9.96578 -6.50259 3.97E-11 

ENSG00000125954 
CHURC1-
FNTB 2.851808 -6.74669 -9.59849 1.01E-10 

ENSG00000168398 BDKRB2 0.075534 -4.08474 -4.16028 1.09E-10 

ENSG00000157368 IL34 0.567244 -1.80449 -2.37174 1.10E-10 

ENSG00000275326 NOSTRIN 1.09391 -0.4209 -1.51481 1.59E-10 

ENSG00000137818 RPLP1 11.57242 9.980524 -1.5919 1.73E-10 

ENSG00000176971 FIBIN 2.910358 1.077521 -1.83284 1.83E-10 

ENSG00000213853 EMP2 2.658494 1.065785 -1.59271 2.46E-10 

ENSG00000179922 ZNF784 2.495395 1.0862 -1.4092 2.60E-10 

ENSG00000148344 PTGES 2.820768 1.345116 -1.47565 2.90E-10 

ENSG00000158747 NBL1 6.462615 4.939572 -1.52304 5.83E-10 

ENSG00000161682 FAM171A2 1.481548 -0.40544 -1.88699 1.19E-09 

ENSG00000123500 COL10A1 -1.2828 -6.29419 -5.01139 1.27E-09 

ENSG00000205544 TMEM256 5.566476 4.403688 -1.16279 1.40E-09 

ENSG00000126243 LRFN3 4.441488 3.440259 -1.00123 1.44E-09 

ENSG00000180340 FZD2 4.269219 2.320426 -1.94879 1.54E-09 

ENSG00000167965 MLST8 5.602332 4.337826 -1.26451 1.55E-09 

ENSG00000062822 POLD1 4.045218 2.989153 -1.05606 1.65E-09 

ENSG00000185838 GNB1L 2.893842 1.720776 -1.17307 1.91E-09 

ENSG00000154134 ROBO3 4.23799 2.806364 -1.43163 1.99E-09 

ENSG00000188223 AD000671.1 3.240026 0.908931 -2.33109 2.32E-09 

ENSG00000162992 NEUROD1 -2.80037 -7.94034 -5.13997 2.63E-09 

ENSG00000167968 DNASE1L2 -0.40366 -2.25561 -1.85195 2.67E-09 

ENSG00000203685 STUM -1.39798 -9.96578 -8.5678 3.09E-09 

ENSG00000116035 VAX2 1.544417 0.10311 -1.44131 3.12E-09 

ENSG00000277117 FP565260.3 -2.56733 -4.00831 -1.44098 3.36E-09 

ENSG00000052850 ALX4 -5.3662 -8.31592 -2.94973 4.17E-09 

ENSG00000131095 GFAP 0.633336 -1.92692 -2.56025 4.17E-09 

ENSG00000064692 SNCAIP -1.92609 -3.87026 -1.94417 4.18E-09 
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ENSG00000261459 AC002310.5 -0.06369 -9.96578 -9.9021 4.48E-09 

ENSG00000131831 RAI2 -0.8412 -3.45311 -2.61191 4.57E-09 

ENSG00000105404 RABAC1 8.141334 6.999532 -1.1418 4.66E-09 

ENSG00000106992 AK1 6.528969 5.493157 -1.03581 5.15E-09 

ENSG00000180730 SHISA2 0.366468 -1.32436 -1.69083 6.84E-09 

ENSG00000163060 TEKT4 -3.21656 -9.96578 -6.74923 7.43E-09 

ENSG00000167178 ISLR2 -0.6143 -3.09689 -2.48258 7.58E-09 

ENSG00000163762 TM4SF18 2.092779 0.658381 -1.4344 7.66E-09 

ENSG00000140459 CYP11A1 -2.16606 -6.05514 -3.88908 7.76E-09 

ENSG00000257108 NHLRC4 -0.15073 -2.62803 -2.4773 7.95E-09 

ENSG00000105605 CACNG7 2.022638 0.328559 -1.69408 9.09E-09 

ENSG00000089472 HEPH 0.879334 -1.96187 -2.8412 9.81E-09 

ENSG00000278488 NAPRT 4.190083 2.397325 -1.79276 9.92E-09 

ENSG00000110717 NDUFS8 7.174548 5.998522 -1.17603 1.02E-08 

ENSG00000184524 CEND1 0.111025 -1.49659 -1.60761 1.03E-08 

ENSG00000260238 
PMF1-
BGLAP 2.710016 1.277888 -1.43213 1.03E-08 

ENSG00000160345 C9orf116 2.774063 1.464999 -1.30906 1.04E-08 

ENSG00000283243 SHANK3 1.396042 0.065683 -1.33036 1.11E-08 

ENSG00000167874 TMEM88 4.64418 2.720963 -1.92322 1.12E-08 

ENSG00000144057 ST6GAL2 -0.53667 -2.76803 -2.23135 1.22E-08 

ENSG00000182916 TCEAL7 3.222678 2.119833 -1.10285 1.30E-08 

ENSG00000169738 DCXR 6.272858 5.061112 -1.21175 1.57E-08 

ENSG00000133265 HSPBP1 5.453128 4.393052 -1.06008 1.74E-08 

ENSG00000188763 FZD9 0.257926 -1.65005 -1.90797 1.91E-08 

ENSG00000109917 ZPR1 11.60742 10.55412 -1.05329 1.94E-08 

ENSG00000103449 SALL1 -2.6627 -6.16257 -3.49987 1.95E-08 

ENSG00000183690 EFHC2 -3.36384 -9.96578 -6.60195 2.12E-08 

ENSG00000261236 BOP1 4.849387 3.83975 -1.00964 2.18E-08 
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 The HBVP transcriptional response to stimulation with 

TNF in the context of coculture with hCMEC/D3 

Appendix table 16 Top 100 upregulated genes differentially expressed by cocultured 
HBVP stimulated with TNF 10ng/ml compared to cocultured unstimulated HBVP. 
Filtered to include only those with a fold change (FC) >-2 (log2 FC >/-1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for U, 
unstimulated, and TNF, TNF stimulated, cocultured HBVP cells 

ensembl gene ID Gene name U MEV TNF MEV log2 FC FDR 

ENSG00000166920 C15orf48 2.685126 5.85795 3.172824 1.92E-27 

ENSG00000090339 ICAM1 6.878193 9.485444 2.607251 1.92E-27 

ENSG00000140379 BCL2A1 -1.02177 4.202737 5.224507 2.71E-21 

ENSG00000049249 TNFRSF9 -0.56085 3.577036 4.13789 2.71E-21 

ENSG00000077150 NFKB2 5.015826 6.702124 1.686299 6.87E-21 

ENSG00000050730 TNIP3 -0.02219 3.36849 3.390676 1.35E-20 

ENSG00000056558 TRAF1 -0.94345 4.456244 5.399691 4.02E-20 

ENSG00000023445 BIRC3 2.707316 6.653193 3.945877 8.69E-20 

ENSG00000125347 IRF1 3.570179 5.202927 1.632748 2.20E-18 

ENSG00000164181 ELOVL7 -0.87355 2.748581 3.622135 3.70E-17 

ENSG00000185215 TNFAIP2 3.967183 7.613287 3.646104 9.10E-17 

ENSG00000145901 TNIP1 6.538117 8.147221 1.609103 3.61E-16 

ENSG00000163735 CXCL5 3.791783 5.844196 2.052413 3.73E-16 

ENSG00000167034 NKX3-1 2.141374 4.418191 2.276817 1.39E-15 

ENSG00000146232 NFKBIE 2.700636 5.091087 2.390451 3.93E-15 

ENSG00000134070 IRAK2 1.788321 4.808414 3.020093 4.92E-15 

ENSG00000112096 SOD2 7.718746 10.32011 2.601368 5.86E-15 

ENSG00000184371 CSF1 5.140251 6.856728 1.716477 1.36E-14 

ENSG00000131669 NINJ1 4.266603 6.418302 2.151699 2.29E-14 

ENSG00000104856 RELB 3.219682 5.161955 1.942273 2.43E-14 

ENSG00000109320 NFKB1 5.108453 7.142208 2.033756 4.05E-14 

ENSG00000105371 ICAM4 0.089505 4.542118 4.452613 6.25E-14 

ENSG00000131979 GCH1 3.777006 5.826085 2.049079 4.66E-13 

ENSG00000118503 TNFAIP3 6.702176 9.208128 2.505953 5.84E-13 

ENSG00000117228 GBP1 5.954732 7.402021 1.447289 5.60E-12 

ENSG00000136048 DRAM1 5.73389 6.863382 1.129492 6.17E-12 

ENSG00000108691 CCL2 6.817006 10.14625 3.329248 1.78E-11 

ENSG00000162692 VCAM1 6.205034 8.334711 2.129677 3.77E-11 

ENSG00000262795 IFNGR2 6.663076 7.79856 1.135484 4.85E-11 

ENSG00000159110 IFNAR2 4.734363 5.788267 1.053904 4.89E-11 

ENSG00000115009 CCL20 5.984332 8.808912 2.82458 6.17E-11 

ENSG00000100906 NFKBIA 5.669757 7.454715 1.784958 3.90E-10 

ENSG00000112149 CD83 -1.43942 2.226409 3.665829 7.59E-10 

ENSG00000179826 MRGPRX3 -7.87026 0.971329 8.841587 9.15E-10 

ENSG00000104312 RIPK2 5.069234 6.105643 1.036409 3.75E-09 

ENSG00000116514 RNF19B 3.567167 4.776217 1.20905 4.01E-09 

ENSG00000168394 TAP1 5.114574 6.490823 1.37625 8.69E-09 

ENSG00000115008 IL1A 0.742783 3.951856 3.209074 1.16E-08 
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ENSG00000145365 TIFA 2.548591 4.449241 1.90065 1.71E-08 

ENSG00000100647 SUSD6 4.298617 5.5057 1.207083 1.88E-08 

ENSG00000146457 WTAP 6.495846 7.59116 1.095314 2.09E-08 

ENSG00000110330 BIRC2 6.108661 7.394746 1.286086 5.94E-08 

ENSG00000169429 CXCL8 9.314556 11.83019 2.515637 1.26E-07 

ENSG00000123689 G0S2 5.715585 8.118753 2.403168 2.64E-07 

ENSG00000133805 AMPD3 3.018558 4.385683 1.367126 2.82E-07 

ENSG00000123610 TNFAIP6 5.041651 7.211555 2.169903 4.61E-07 

ENSG00000070961 ATP2B1 5.891019 7.207738 1.316719 5.31E-07 

ENSG00000147454 SLC25A37 5.214409 6.385056 1.170647 6.43E-07 

ENSG00000083799 CYLD 4.535038 5.731378 1.19634 8.91E-07 

ENSG00000112137 PHACTR1 1.27877 2.541549 1.262779 1.05E-06 

ENSG00000119917 IFIT3 5.151226 7.555391 2.404164 3.43E-06 

ENSG00000160326 SLC2A6 3.081459 4.356893 1.275434 3.43E-06 

ENSG00000010818 HIVEP2 4.339811 5.662938 1.323127 3.46E-06 

ENSG00000115919 KYNU 1.392949 3.495114 2.102165 3.91E-06 

ENSG00000124508 BTN2A2 2.074914 3.369257 1.294343 4.87E-06 

ENSG00000115267 IFIH1 3.799398 5.730734 1.931336 4.87E-06 

ENSG00000160223 ICOSLG -1.07899 0.772477 1.851465 5.80E-06 

ENSG00000170873 MTSS1 2.497148 4.408554 1.911406 8.60E-06 

ENSG00000145779 TNFAIP8 2.592195 4.100352 1.508157 9.21E-06 

ENSG00000137462 TLR2 -0.59872 1.995057 2.593776 9.26E-06 

ENSG00000277117 FP565260.3 -4.00831 -0.37116 3.637152 9.78E-06 

ENSG00000271503 CCL5 -0.69484 2.752742 3.447577 1.38E-05 

ENSG00000112297 CRYBG1 1.884325 3.625997 1.741672 2.77E-05 

ENSG00000166016 ABTB2 0.95207 3.013754 2.061684 3.60E-05 

ENSG00000162654 GBP4 1.002437 2.626151 1.623714 3.60E-05 

ENSG00000162645 GBP2 2.389499 4.518531 2.129032 5.47E-05 

ENSG00000164761 TNFRSF11B 6.297145 7.60464 1.307495 5.86E-05 

ENSG00000169245 CXCL10 -7.48482 3.031294 10.51611 6.56E-05 

ENSG00000029153 ARNTL2 4.796104 6.088364 1.29226 7.05E-05 

ENSG00000136514 RTP4 -0.0936 2.672113 2.765715 7.52E-05 

ENSG00000166592 RRAD 0.281681 3.729563 3.447882 7.67E-05 

ENSG00000007908 SELE 1.060418 4.820201 3.759783 8.77E-05 

ENSG00000119714 GPR68 0.002557 2.036592 2.034035 0.000172 

ENSG00000173193 PARP14 5.320439 6.455589 1.13515 0.000174 

ENSG00000183018 SPNS2 -1.2698 1.078385 2.348188 0.000361 

ENSG00000107201 DDX58 4.879379 6.26992 1.390541 0.000483 

ENSG00000104635 SLC39A14 6.686297 7.746983 1.060686 0.000508 

ENSG00000138944 SHISAL1 0.262691 1.86277 1.600079 0.000514 

ENSG00000165685 TMEM52B -0.35067 2.288404 2.639074 0.000514 

ENSG00000145777 TSLP 1.90332 4.79841 2.89509 0.00073 

ENSG00000168685 IL7R 4.563253 6.146021 1.582768 0.000832 

ENSG00000152784 PRDM8 1.804912 3.158268 1.353356 0.000846 

ENSG00000124201 ZNFX1 5.211013 6.226247 1.015234 0.000963 

ENSG00000221963 APOL6 3.223721 4.419432 1.195711 0.001045 

ENSG00000177409 SAMD9L 4.921468 6.078403 1.156935 0.001118 

ENSG00000145911 N4BP3 -4.60694 -0.88508 3.721865 0.001189 

ENSG00000134326 CMPK2 1.255174 3.816058 2.560883 0.001276 
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ENSG00000173391 OLR1 3.61888 6.12399 2.505111 0.001622 

ENSG00000100678 SLC8A3 -3.73068 -0.30747 3.423206 0.001622 

ENSG00000144218 AFF3 -0.26688 0.761296 1.028176 0.001771 

ENSG00000119922 IFIT2 1.909873 4.861247 2.951374 0.001829 

ENSG00000104951 IL4I1 -1.24349 1.104522 2.348015 0.001969 

ENSG00000160161 CILP2 -4.19052 -0.85554 3.334982 0.002907 

ENSG00000249624 AP000295.1 1.309925 3.155599 1.845674 0.002941 

ENSG00000178860 MSC 4.028224 5.680751 1.652527 0.003032 

ENSG00000196739 COL27A1 3.04398 4.168247 1.124267 0.003037 

ENSG00000132481 TRIM47 2.154955 3.274503 1.119548 0.003037 

ENSG00000120337 TNFSF18 0.054424 2.574567 2.520143 0.003726 

ENSG00000178607 ERN1 2.726414 3.864706 1.138292 0.003955 

ENSG00000177294 FBXO39 -0.97691 1.440573 2.417482 0.004071 

 

 

Appendix table 17 Top 100 genes, differentially expressed by cocultured or 
monocultured HBVP stimulated with TNF 10ng/ml and expressed at a significantly 
higher level in cocultured HBVP stimulated with TNF, compared to monocultured HBVP 
stimulated with TNF 
Filtered to include only those with a fold change (FC) >-2 (log2 FC >-1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for TNF 
stimulated monocultured, Mono- TNF, and TNF stimulated cocultured, Co-TNF, HBVP cells 

 
ensembl gene ID Gene name Mono-TNF 

MEV 
Co-TNF 
MEV 

log2 FC FDR 

ENSG00000126709 IFI6 5.864348 10.15142 4.287074 5.04E-35 

ENSG00000205413 SAMD9 2.235801 5.679038 3.443237 5.04E-35 

ENSG00000132530 XAF1 3.427558 7.017059 3.589501 8.28E-30 

ENSG00000137965 IFI44 3.518417 7.18007 3.661653 9.44E-30 

ENSG00000089127 OAS1 1.83983 6.739449 4.899619 3.68E-29 

ENSG00000137628 DDX60 2.714306 5.310272 2.595966 1.20E-26 

ENSG00000111335 OAS2 2.264534 7.177411 4.912877 1.73E-24 

ENSG00000138642 HERC6 1.952823 5.608715 3.655892 2.68E-23 

ENSG00000185633 NDUFA4L2 3.283251 7.022854 3.739603 3.81E-23 

ENSG00000188313 PLSCR1 4.795443 7.721996 2.926553 3.81E-23 

ENSG00000185885 IFITM1 4.674744 9.285732 4.610989 7.99E-23 

ENSG00000128567 PODXL 2.560544 6.316681 3.756137 1.21E-22 

ENSG00000185745 IFIT1 3.583945 7.591877 4.007932 3.82E-22 

ENSG00000120217 CD274 4.10679 6.040683 1.933893 3.36E-21 

ENSG00000169499 PLEKHA2 3.7625 5.565892 1.803392 1.01E-20 

ENSG00000049192 ADAMTS6 3.174031 4.863003 1.688972 2.38E-20 

ENSG00000197381 ADARB1 4.479595 6.882108 2.402513 3.29E-20 

ENSG00000133106 EPSTI1 3.49381 6.568704 3.074894 3.29E-20 

ENSG00000184979 USP18 2.262674 5.324374 3.0617 3.29E-20 

ENSG00000055332 EIF2AK2 4.469979 6.64509 2.175111 3.64E-19 

ENSG00000172716 SLFN11 2.682817 5.337322 2.654505 3.64E-19 

ENSG00000137959 IFI44L 1.88489 6.885285 5.000394 5.82E-19 
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ENSG00000280641 CDH4 -2.18003 0.979498 3.159529 3.04E-18 

ENSG00000124440 HIF3A 0.842138 3.502412 2.660274 4.34E-18 

ENSG00000112414 ADGRG6 2.42247 4.979429 2.556959 1.09E-17 

ENSG00000138496 PARP9 3.380317 5.683299 2.302982 1.94E-17 

ENSG00000173193 PARP14 4.314789 6.455589 2.140799 9.74E-17 

ENSG00000120156 TEK 2.482228 5.550346 3.068118 4.36E-16 

ENSG00000173597 SULT1B1 3.721545 6.857696 3.136151 1.13E-15 

ENSG00000183486 MX2 1.465915 6.306301 4.840386 1.23E-15 

ENSG00000143815 LBR 3.296321 5.198098 1.901777 2.65E-15 

ENSG00000163714 U2SURP 4.873636 6.087469 1.213832 3.72E-15 

ENSG00000168906 MAT2A 6.280157 7.784561 1.504404 4.51E-15 

ENSG00000088205 DDX18 5.135293 6.189003 1.05371 8.52E-15 

ENSG00000164307 ERAP1 4.539694 5.722802 1.183107 9.08E-15 

ENSG00000165512 ZNF22 2.660247 4.167076 1.506829 1.35E-14 

ENSG00000109107 ALDOC 3.416251 6.146624 2.730373 1.66E-14 

ENSG00000138035 PNPT1 3.862301 5.549622 1.687321 2.77E-14 

ENSG00000103404 USP31 1.904902 3.207028 1.302126 3.71E-14 

ENSG00000163655 GMPS 5.209023 6.279321 1.070297 4.53E-14 

ENSG00000165949 IFI27 4.054899 9.902135 5.847236 5.69E-14 

ENSG00000077684 JADE1 2.920766 4.403598 1.482831 7.21E-14 

ENSG00000197714 ZNF460 -0.04352 2.226847 2.270364 7.79E-14 

ENSG00000106785 TRIM14 3.549416 5.169809 1.620393 1.75E-13 

ENSG00000177200 CHD9 4.168917 5.187758 1.018841 1.82E-13 

ENSG00000188994 ZNF292 1.644345 3.178075 1.53373 1.84E-13 

ENSG00000174197 MGA 2.017399 3.562362 1.544963 2.30E-13 

ENSG00000118482 PHF3 2.893802 4.222207 1.328405 2.89E-13 

ENSG00000170160 CCDC144A 0.182336 1.672133 1.489797 4.70E-13 

ENSG00000168813 ZNF507 1.95992 3.582612 1.622692 5.64E-13 

ENSG00000125384 PTGER2 2.176236 4.87958 2.703344 7.86E-13 

ENSG00000075407 ZNF37A 2.757102 3.931811 1.174708 9.28E-13 

ENSG00000283738 AC241640.1 -9.96578 2.998121 12.96391 9.36E-13 

ENSG00000157601 MX1 3.235348 7.055965 3.820617 1.08E-12 

ENSG00000143127 ITGA10 0.685203 3.622956 2.937753 1.17E-12 

ENSG00000116191 RALGPS2 2.281222 4.15636 1.875138 1.33E-12 

ENSG00000135913 USP37 1.182371 2.754771 1.5724 1.84E-12 

ENSG00000145012 LPP 4.439796 5.89819 1.458394 2.26E-12 

ENSG00000118412 CASP8AP2 1.863821 3.239174 1.375352 2.44E-12 

ENSG00000083642 PDS5B 3.172952 4.312896 1.139943 3.47E-12 

ENSG00000059378 PARP12 3.638358 5.648931 2.010572 3.66E-12 

ENSG00000177707 NECTIN3 5.186404 6.826776 1.640372 3.93E-12 

ENSG00000152193 RNF219 2.327508 3.734612 1.407105 4.85E-12 

ENSG00000067066 SP100 6.801305 7.902235 1.10093 8.36E-12 

ENSG00000116984 MTR 3.465529 4.874776 1.409247 1.14E-11 

ENSG00000033030 ZCCHC8 2.780391 4.024489 1.244098 1.17E-11 

ENSG00000117000 RLF 2.533764 3.856021 1.322257 1.22E-11 

ENSG00000196159 FAT4 2.423442 4.323729 1.900287 1.29E-11 

ENSG00000115267 IFIH1 2.981032 5.730734 2.749702 1.30E-11 

ENSG00000148677 ANKRD1 7.780316 10.01801 2.237697 1.45E-11 

ENSG00000128059 PPAT 2.875897 4.255319 1.379422 1.57E-11 
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ENSG00000130303 BST2 3.437317 8.455687 5.018371 1.64E-11 

ENSG00000167842 MIS12 3.173437 4.302955 1.129518 1.94E-11 

ENSG00000126070 AGO3 2.762414 3.998595 1.236181 2.51E-11 

ENSG00000096433 ITPR3 2.546976 4.188835 1.641859 2.54E-11 

ENSG00000115942 ORC2 2.855051 4.14664 1.291589 2.99E-11 

ENSG00000183808 RBM12B 2.829177 4.283716 1.454539 2.99E-11 

ENSG00000113649 TCERG1 4.477638 5.998882 1.521244 3.02E-11 

ENSG00000151466 SCLT1 2.514635 3.778782 1.264147 3.62E-11 

ENSG00000132334 PTPRE 1.594995 3.60739 2.012395 3.68E-11 

ENSG00000197969 VPS13A 3.094237 4.488454 1.394217 3.91E-11 

ENSG00000151693 ASAP2 4.710624 6.346775 1.636151 4.00E-11 

ENSG00000111331 OAS3 2.413575 5.457969 3.044394 4.52E-11 

ENSG00000130396 AFDN 4.44231 5.507293 1.064983 6.14E-11 

ENSG00000101347 SAMHD1 4.313185 6.561956 2.24877 6.63E-11 

ENSG00000163840 DTX3L 4.177894 5.829989 1.652095 6.71E-11 

ENSG00000080345 RIF1 3.050431 4.667112 1.616681 6.74E-11 

ENSG00000198146 ZNF770 3.56323 4.755687 1.192457 6.88E-11 

ENSG00000143797 MBOAT2 4.656371 5.819901 1.16353 7.17E-11 

ENSG00000198862 LTN1 3.047906 4.520597 1.472691 8.17E-11 

ENSG00000165288 BRWD3 0.950643 2.759235 1.808592 1.18E-10 

ENSG00000101596 SMCHD1 3.722399 5.139616 1.417217 1.44E-10 

ENSG00000134987 WDR36 3.882245 5.349521 1.467276 1.44E-10 

ENSG00000125630 POLR1B 3.021004 4.324715 1.303711 1.48E-10 

ENSG00000185278 ZBTB37 -0.01948 1.491524 1.511005 1.73E-10 

ENSG00000164151 ICE1 3.280476 4.583278 1.302801 1.85E-10 

ENSG00000055609 KMT2C 2.519434 3.934815 1.415381 2.07E-10 

ENSG00000197016 ZNF470 1.452134 3.041859 1.589725 2.15E-10 

ENSG00000135372 NAT10 3.773537 4.814553 1.041017 2.17E-10 

ENSG00000157106 SMG1 3.827213 5.124823 1.29761 2.42E-10 

 

Appendix table 18 Top 100 genes, differentially expressed by cocultured or 
monocultured HBVP stimulated with TNF 10ng/ml and expressed at a significantly 
lower level in cocultured HBVP stimulated with TNF, compared to monocultured HBVP 
stimulated with TNF. 
Filtered to include only those with a fold change (FC) <-2 (log2 FC <-1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for U, 
unstimulated, and TNF, TNF stimulated, cocultured HBVP cells 

ensembl gene ID Gene name Mono-TNF 
MEV 

Co-TNF 
MEV 

log2 FC FDR 

ENSG00000130881 LRP3 4.613737 2.361608 -2.25213 1.27E-43 

ENSG00000105647 PIK3R2 5.978505 4.461455 -1.51705 5.25E-34 

ENSG00000142694 EVA1B 7.394792 4.943605 -2.45119 7.34E-32 

ENSG00000102996 MMP15 4.446826 1.548598 -2.89823 1.23E-31 

ENSG00000104490 NCALD 4.995305 1.480768 -3.51454 1.29E-29 

ENSG00000104722 NEFM 5.430851 1.898937 -3.53191 1.98E-25 

ENSG00000103260 METRN 6.319682 3.81497 -2.50471 2.78E-25 

ENSG00000103249 CLCN7 6.380518 4.92134 -1.45918 1.08E-24 
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ENSG00000123989 CHPF 7.220747 4.883648 -2.3371 2.98E-24 

ENSG00000162144 CYB561A3 5.550602 3.7675 -1.7831 4.48E-24 

ENSG00000176973 FAM89B 5.905107 3.745417 -2.15969 1.70E-23 

ENSG00000177666 PNPLA2 6.382903 4.816186 -1.56672 1.70E-23 

ENSG00000187688 TRPV2 6.627071 4.99048 -1.63659 1.70E-23 

ENSG00000185883 ATP6V0C 9.03154 7.435962 -1.59558 2.68E-23 

ENSG00000149541 B3GAT3 6.243833 4.476497 -1.76734 3.10E-23 

ENSG00000106665 CLIP2 5.963032 4.713405 -1.24963 7.43E-23 

ENSG00000147883 CDKN2B 6.60789 4.43903 -2.16886 8.27E-23 

ENSG00000125534 PPDPF 9.227626 7.514803 -1.71282 3.54E-22 

ENSG00000100300 TSPO 8.492466 6.886848 -1.60562 3.82E-22 

ENSG00000099624 ATP5F1D 7.539938 6.036018 -1.50392 4.28E-22 

ENSG00000177700 POLR2L 9.257543 7.111993 -2.14555 5.40E-22 

ENSG00000138193 PLCE1 2.663457 1.498566 -1.16489 1.35E-21 

ENSG00000095321 CRAT 5.461045 4.061114 -1.39993 4.41E-21 

ENSG00000166165 CKB 5.628442 2.8543 -2.77414 1.10E-20 

ENSG00000204673 AKT1S1 7.025849 5.509244 -1.51661 1.46E-20 

ENSG00000181649 PHLDA2 8.348929 6.622057 -1.72687 3.59E-20 

ENSG00000174903 RAB1B 7.788508 6.394917 -1.39359 7.49E-20 

ENSG00000159792 PSKH1 4.884275 3.654405 -1.22987 7.66E-20 

ENSG00000129925 TMEM8A 6.632055 5.449866 -1.18219 1.28E-19 

ENSG00000171222 SCAND1 6.089739 4.056019 -2.03372 1.29E-19 

ENSG00000185340 GAS2L1 5.370244 3.565077 -1.80517 1.59E-19 

ENSG00000107281 NPDC1 7.120229 5.552979 -1.56725 1.88E-19 

ENSG00000020129 NCDN 5.46152 4.205311 -1.25621 2.16E-19 

ENSG00000115649 CNPPD1 5.184366 3.467252 -1.71711 2.75E-19 

ENSG00000090674 MCOLN1 5.082872 3.436743 -1.64613 2.89E-19 

ENSG00000129932 DOHH 3.995023 2.045865 -1.94916 3.51E-19 

ENSG00000131435 PDLIM4 7.402462 5.874081 -1.52838 4.21E-19 

ENSG00000099814 CEP170B 5.284951 4.049922 -1.23503 4.64E-19 

ENSG00000142459 EVI5L 4.771166 3.206369 -1.5648 5.87E-19 

ENSG00000103266 STUB1 7.66164 6.498657 -1.16298 5.95E-19 

ENSG00000032444 PNPLA6 6.600142 5.418608 -1.18153 2.54E-18 

ENSG00000005238 FAM214B 5.774601 4.500846 -1.27376 2.99E-18 

ENSG00000137216 TMEM63B 6.088545 4.897091 -1.19145 4.34E-18 

ENSG00000197903 HIST1H2BK 8.050766 5.742978 -2.30779 7.40E-18 

ENSG00000243449 C4orf48 6.290398 2.955973 -3.33442 1.07E-17 

ENSG00000172725 CORO1B 6.583256 5.480503 -1.10275 1.23E-17 

ENSG00000104763 ASAH1 7.537247 6.222199 -1.31505 1.25E-17 

ENSG00000181029 TRAPPC5 7.262663 5.757508 -1.50515 1.25E-17 

ENSG00000106266 SNX8 6.393858 5.307857 -1.086 1.31E-17 

ENSG00000214063 TSPAN4 6.994731 5.739521 -1.25521 1.31E-17 

ENSG00000145022 TCTA 5.501793 4.049092 -1.4527 1.48E-17 

ENSG00000106367 AP1S1 7.697657 6.237074 -1.46058 1.82E-17 

ENSG00000147145 LPAR4 6.798365 3.628454 -3.16991 4.06E-17 

ENSG00000242802 AP5Z1 5.70184 4.020163 -1.68168 6.72E-17 

ENSG00000167965 MLST8 5.421565 4.179681 -1.24188 8.47E-17 

ENSG00000258947 TUBB3 7.948297 6.289355 -1.65894 8.47E-17 

ENSG00000117410 ATP6V0B 7.460621 6.241135 -1.21949 9.46E-17 
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ENSG00000109736 MFSD10 6.202451 4.739379 -1.46307 1.34E-16 

ENSG00000182154 MRPL41 6.347889 4.852929 -1.49496 1.34E-16 

ENSG00000165915 SLC39A13 6.91798 5.553317 -1.36466 1.43E-16 

ENSG00000213563 C8orf82 4.23669 2.122467 -2.11422 1.79E-16 

ENSG00000148411 NACC2 5.146019 3.940146 -1.20587 2.57E-16 

ENSG00000089335 ZNF302 8.531076 6.005343 -2.52573 3.15E-16 

ENSG00000116871 MAP7D1 7.884921 6.760049 -1.12487 3.39E-16 

ENSG00000125347 IRF1 6.834481 5.202927 -1.63155 3.48E-16 

ENSG00000106009 BRAT1 4.184968 2.461259 -1.72371 3.59E-16 

ENSG00000078804 TP53INP2 5.81639 4.31442 -1.50197 3.62E-16 

ENSG00000166925 TSC22D4 6.339773 4.968355 -1.37142 3.62E-16 

ENSG00000219200 RNASEK 9.116296 7.735013 -1.38128 4.38E-16 

ENSG00000129968 ABHD17A 6.575951 4.834824 -1.74113 6.11E-16 

ENSG00000059122 FLYWCH1 5.437102 4.263862 -1.17324 6.11E-16 

ENSG00000128524 ATP6V1F 8.037645 6.756931 -1.28071 7.94E-16 

ENSG00000100258 LMF2 6.664501 5.31658 -1.34792 7.94E-16 

ENSG00000042445 RETSAT 5.566222 4.486175 -1.08005 1.31E-15 

ENSG00000126005 MMP24OS 7.117833 5.457066 -1.66077 1.49E-15 

ENSG00000159720 ATP6V0D1 7.448959 6.135717 -1.31324 1.83E-15 

ENSG00000106683 LIMK1 5.918351 4.817434 -1.10092 1.90E-15 

ENSG00000159069 FBXW5 6.789839 5.505457 -1.28438 2.68E-15 

ENSG00000160877 NACC1 6.624304 5.600575 -1.02373 3.40E-15 

ENSG00000169727 GPS1 6.691926 5.494149 -1.19778 4.12E-15 

ENSG00000159348 CYB5R1 6.382296 5.040111 -1.34218 5.02E-15 

ENSG00000105402 NAPA 7.183252 6.033406 -1.14985 5.74E-15 

ENSG00000109501 WFS1 4.69774 3.504403 -1.19334 6.27E-15 

ENSG00000227500 SCAMP4 6.159342 5.095518 -1.06382 6.70E-15 

ENSG00000198715 GLMP 6.812559 5.496097 -1.31646 6.88E-15 

ENSG00000179431 FJX1 5.555361 4.195222 -1.36014 1.15E-14 

ENSG00000197858 GPAA1 6.433143 5.269974 -1.16317 1.15E-14 

ENSG00000167700 MFSD3 4.041861 1.808834 -2.23303 1.22E-14 

ENSG00000275035 CCDC92 6.456212 5.256713 -1.1995 1.40E-14 

ENSG00000099795 NDUFB7 7.575894 6.044441 -1.53145 1.40E-14 

ENSG00000107521 HPS1 6.02202 4.927759 -1.09426 1.81E-14 

ENSG00000103502 CDIPT 6.557819 5.242494 -1.31533 2.12E-14 

ENSG00000186111 PIP5K1C 6.207145 5.096104 -1.11104 2.49E-14 

ENSG00000168936 TMEM129 4.787394 3.269759 -1.51764 2.99E-14 

ENSG00000128185 DGCR6L 5.533656 3.866717 -1.66694 3.84E-14 

ENSG00000130005 GAMT 4.915648 3.304004 -1.61164 4.74E-14 

ENSG00000007520 TSR3 6.591349 5.31379 -1.27756 6.73E-14 

ENSG00000141349 G6PC3 6.583948 5.164032 -1.41992 7.13E-14 

ENSG00000115129 TP53I3 6.201666 4.466996 -1.73467 7.85E-14 

ENSG00000165804 ZNF219 4.609477 2.351082 -2.2584 8.09E-14 
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 The HBVP transcriptional response to stimulation with 

Spn in the context of coculture with hCMEC/D3  

Appendix table 19 All upregulated genes differentially expressed by cocultured HBVP 
stimulated with Spn MOI5l compared to cocultured unstimulated HBVP. 
Filtered to include only those with a fold change (FC) >-2 (log2 FC >/-1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for U, 
unstimulated, and Spn, Spn stimulated, cocultured HBVP cells 

ensembl gene ID Gene name U MEV Spn MEV log2 FC FDR 

ENSG00000162772 ATF3 2.746653 5.211937 2.465284 4.78E-05 

ENSG00000140403 DNAJA4 2.755171 3.880977 1.125805 0.028682 

ENSG00000164949 GEM 1.5111 2.984115 1.473015 0.028682 

ENSG00000212866 HSPA1B 5.477865 6.636296 1.158431 0.038873 

ENSG00000173110 HSPA6 0.483927 2.379393 1.895466 0.028682 

ENSG00000115738 ID2 2.614161 4.436385 1.822224 0.011896 

ENSG00000166592 RRAD 0.281681 2.180224 1.898543 0.040739 

 

Appendix table 20 Top 100 genes, differentially expressed by cocultured or 
monocultured HBVP stimulated with Spn MOI5 and expressed at a significantly higher 
level in cocultured HBVP stimulated with Spn, compared to monocultured HBVP 
stimulated with Spn 
Filtered to include only those with a fold change (FC) >-2 (log2 FC >-1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for Spn 
stimulated monocultured, Mono- Spn, and Spn stimulated cocultured, Co-Spn, HBVP cells 

 
ensembl gene ID Gene name Mono-Spn 

MEV 
Co-Spn 
MEV 

log2 FC FDR 

ENSG00000126709 IFI6 5.134618 10.22022 5.0856 1.41E-46 

ENSG00000169499 PLEKHA2 3.575077 5.471693 1.896616 4.52E-31 

ENSG00000049192 ADAMTS6 2.734068 4.873035 2.138967 9.42E-31 

ENSG00000148677 ANKRD1 6.030508 9.472863 3.442355 4.64E-27 

ENSG00000138642 HERC6 1.20906 4.991103 3.782042 4.64E-27 

ENSG00000111335 OAS2 1.37388 6.544932 5.171052 1.20E-26 

ENSG00000137628 DDX60 2.464033 4.843651 2.379619 8.17E-26 

ENSG00000137965 IFI44 3.271332 6.416531 3.145199 8.17E-26 

ENSG00000115415 STAT1 5.912474 7.827278 1.914804 8.76E-24 

ENSG00000089127 OAS1 2.388999 6.060262 3.671263 2.48E-21 

ENSG00000117525 F3 6.065419 9.350494 3.285075 9.62E-21 

ENSG00000111859 NEDD9 3.109474 5.388563 2.27909 1.04E-20 

ENSG00000067066 SP100 6.102192 7.63245 1.530258 2.84E-19 

ENSG00000165949 IFI27 2.195428 9.900445 7.705017 2.89E-19 

ENSG00000276886 AC243948.1 7.462743 9.720378 2.257635 4.92E-18 

ENSG00000157680 DGKI 1.680286 3.673629 1.993343 4.92E-18 

ENSG00000137959 IFI44L 1.287652 6.124033 4.836381 5.27E-18 

ENSG00000185745 IFIT1 2.929787 6.339315 3.409528 1.17E-17 
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ENSG00000164761 TNFRSF11B 3.916398 6.032776 2.116378 5.42E-17 

ENSG00000187608 ISG15 5.504083 7.971815 2.467732 8.20E-17 

ENSG00000169429 CXCL8 6.176873 9.529226 3.352353 1.60E-16 

ENSG00000131018 SYNE1 3.321424 5.152028 1.830604 3.53E-16 

ENSG00000272414 
FAM47E-
STBD1 1.26669 3.702747 2.436057 4.12E-16 

ENSG00000197714 ZNF460 -0.08152 2.443311 2.524836 1.29E-15 

ENSG00000157601 MX1 2.232654 6.415482 4.182828 3.50E-15 

ENSG00000133106 EPSTI1 3.142104 5.879336 2.737232 6.10E-15 

ENSG00000198796 ALPK2 2.963514 4.483863 1.520349 7.38E-15 

ENSG00000100311 PDGFB 2.955257 4.936139 1.980882 1.06E-14 

ENSG00000120217 CD274 4.06465 5.520916 1.456266 2.08E-14 

ENSG00000185022 MAFF 4.034861 5.645007 1.610145 2.23E-14 

ENSG00000083857 FAT1 5.539581 6.803835 1.264254 4.54E-14 

ENSG00000065809 FAM107B 4.391567 5.698867 1.307301 4.95E-14 

ENSG00000127481 UBR4 4.578047 5.697756 1.119708 5.79E-14 

ENSG00000183486 MX2 0.977625 5.487042 4.509416 9.65E-14 

ENSG00000152952 PLOD2 8.790354 11.15887 2.368518 1.56E-13 

ENSG00000150630 VEGFC 5.505622 7.068273 1.562651 1.58E-13 

ENSG00000143367 TUFT1 2.25315 4.197167 1.944017 2.15E-13 

ENSG00000132530 XAF1 3.495322 5.984581 2.489258 2.76E-13 

ENSG00000113739 STC2 6.032731 7.817718 1.784987 3.45E-13 

ENSG00000107201 DDX58 2.572481 4.92913 2.35665 4.80E-13 

ENSG00000115009 CCL20 3.163704 5.94717 2.783466 3.95E-12 

ENSG00000166923 GREM1 5.266351 7.635599 2.369248 5.68E-12 

ENSG00000118985 ELL2 5.490024 6.909813 1.419789 5.70E-12 

ENSG00000120279 MYCT1 3.797857 5.795626 1.997768 7.07E-12 

ENSG00000166073 GPR176 5.161175 6.3937 1.232525 2.06E-11 

ENSG00000166920 C15orf48 1.090633 3.56864 2.478007 2.52E-11 

ENSG00000176697 BDNF 4.518656 6.426559 1.907903 2.57E-11 

ENSG00000133858 ZFC3H1 4.177796 5.287638 1.109842 2.58E-11 

ENSG00000055332 EIF2AK2 4.580144 6.249113 1.668969 3.26E-11 

ENSG00000123352 SPATS2 5.169915 6.413979 1.244064 3.56E-11 

ENSG00000181381 DDX60L 2.820003 4.724218 1.904215 5.08E-11 

ENSG00000023445 BIRC3 0.846253 3.687665 2.841412 5.44E-11 

ENSG00000144810 COL8A1 7.066012 9.037191 1.971179 5.69E-11 

ENSG00000101347 SAMHD1 3.740864 6.06235 2.321486 5.69E-11 

ENSG00000163110 PDLIM5 6.691179 7.839645 1.148466 6.00E-11 

ENSG00000118503 TNFAIP3 5.004405 7.419944 2.415539 6.18E-11 

ENSG00000283738 AC241640.1 -9.96578 2.403049 12.36883 9.14E-11 

ENSG00000079482 OPHN1 1.569785 2.852164 1.282379 9.50E-11 

ENSG00000205413 SAMD9 3.27557 4.930549 1.654979 1.14E-10 

ENSG00000162772 ATF3 2.069167 5.211937 3.14277 1.34E-10 

ENSG00000111790 FGFR1OP2 5.103119 6.129362 1.026243 2.23E-10 

ENSG00000115267 IFIH1 1.67283 4.003002 2.330173 2.50E-10 

ENSG00000050405 LIMA1 6.713027 7.816452 1.103425 2.50E-10 

ENSG00000197969 VPS13A 2.847142 4.009667 1.162525 3.15E-10 

ENSG00000145012 LPP 4.438837 5.64004 1.201203 3.42E-10 

ENSG00000147027 TMEM47 4.573044 5.813392 1.240348 4.01E-10 
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ENSG00000111331 OAS3 1.475512 4.443075 2.967563 7.25E-10 

ENSG00000138496 PARP9 3.618699 5.148673 1.529974 8.58E-10 

ENSG00000177409 SAMD9L 3.125551 4.928252 1.8027 8.86E-10 

ENSG00000138685 FGF2 5.358708 7.233082 1.874374 1.05E-09 

ENSG00000168394 TAP1 3.87364 5.334056 1.460416 1.14E-09 

ENSG00000081923 ATP8B1 3.070027 5.23219 2.162163 1.16E-09 

ENSG00000173193 PARP14 3.940317 5.477758 1.537441 1.24E-09 

ENSG00000135766 EGLN1 4.553364 6.158068 1.604704 1.55E-09 

ENSG00000124942 AHNAK 6.638146 8.076509 1.438363 1.62E-09 

ENSG00000115963 RND3 6.368754 7.93034 1.561586 1.82E-09 

ENSG00000184979 USP18 2.320409 4.324806 2.004396 1.97E-09 

ENSG00000105810 CDK6 4.248522 5.665849 1.417328 2.32E-09 

ENSG00000132432 SEC61G 8.093301 9.446169 1.352868 2.80E-09 

ENSG00000152104 PTPN14 4.681108 5.834197 1.153088 3.00E-09 

ENSG00000282684 ZC3H3 -7.71747 2.012628 9.730099 3.18E-09 

ENSG00000144583 Mar-04 3.208029 4.678174 1.470144 3.43E-09 

ENSG00000110330 BIRC2 5.287587 6.415697 1.128111 4.62E-09 

ENSG00000115548 KDM3A 3.272925 4.626329 1.353404 4.71E-09 

ENSG00000003402 CFLAR 5.887912 7.023366 1.135454 5.21E-09 

ENSG00000173821 RNF213 4.487371 5.900865 1.413494 6.16E-09 

ENSG00000180998 GPR137C 1.225602 3.032552 1.806949 6.42E-09 

ENSG00000170160 CCDC144A -0.14494 1.616889 1.761827 7.52E-09 

ENSG00000197971 MBP 3.456577 4.543025 1.086448 7.52E-09 

ENSG00000256087 ZNF432 2.841226 4.244224 1.402998 7.58E-09 

ENSG00000163840 DTX3L 3.75325 5.102645 1.349395 9.13E-09 

ENSG00000113070 HBEGF 3.412977 5.567286 2.154309 9.95E-09 

ENSG00000113083 LOX 8.967857 10.43912 1.471262 1.25E-08 

ENSG00000283154 IQCJ-SCHIP1 3.541701 5.006489 1.464788 1.28E-08 

ENSG00000055609 KMT2C 2.70905 3.762145 1.053095 1.41E-08 

ENSG00000142871 CYR61 8.570233 9.821203 1.250969 1.58E-08 

ENSG00000153904 DDAH1 5.842389 7.027379 1.184991 1.83E-08 

ENSG00000185088 RPS27L 8.297254 9.450308 1.153054 2.08E-08 

ENSG00000172939 OXSR1 4.653652 5.695896 1.042245 2.63E-08 

ENSG00000101782 RIOK3 5.257164 6.404192 1.147029 2.77E-08 

 

Appendix table 21 Top 100 genes, differentially expressed by cocultured or 
monocultured HBVP stimulated with Spn MOI5 and expressed at a significantly lower 
level in cocultured HBVP stimulated with Spn, compared to monocultured HBVP 
stimulated with Spn. 
Filtered to include only those with a fold change (FC) <-2 (log2 FC <-1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for Spn 
stimulated monocultured, Mono- Spn, and Spn stimulated cocultured, Co-Spn, HBVP cells 

ensembl gene ID Gene name Mono-Spn 
MEV 

Co-Spn 
MEV 

log2 FC FDR 

ENSG00000104490 NCALD 5.074711 1.687367 -3.38734 6.81E-26 

ENSG00000142694 EVA1B 7.190604 4.952705 -2.2379 6.82E-25 

ENSG00000138193 PLCE1 2.857317 0.920003 -1.93731 3.55E-24 
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ENSG00000130881 LRP3 4.057133 2.343552 -1.71358 4.92E-18 

ENSG00000243449 C4orf48 6.047182 2.819244 -3.22794 9.86E-16 

ENSG00000176973 FAM89B 5.629748 3.799258 -1.83049 2.82E-15 

ENSG00000105647 PIK3R2 5.690602 4.634923 -1.05568 9.09E-15 

ENSG00000147145 LPAR4 6.840746 4.007213 -2.83353 5.79E-14 

ENSG00000235173 HGH1 4.401744 2.981561 -1.42018 9.20E-14 

ENSG00000123989 CHPF 6.867286 5.074324 -1.79296 2.70E-13 

ENSG00000125534 PPDPF 9.066517 7.671702 -1.39481 2.70E-13 

ENSG00000110921 MVK 4.900007 3.258978 -1.64103 3.32E-13 

ENSG00000111077 TNS2 5.939423 4.403283 -1.53614 5.52E-13 

ENSG00000129968 ABHD17A 6.363695 4.889892 -1.4738 2.14E-12 

ENSG00000129932 DOHH 3.859321 2.240573 -1.61875 3.36E-12 

ENSG00000184232 OAF 5.846587 4.543712 -1.30287 3.36E-12 

ENSG00000119574 ZBTB45 3.978342 2.481611 -1.49673 4.54E-12 

ENSG00000103260 METRN 5.70341 3.955346 -1.74806 4.95E-12 

ENSG00000150625 GPM6A 7.395613 5.305458 -2.09016 9.29E-12 

ENSG00000197457 STMN3 5.998033 3.985161 -2.01287 1.71E-11 

ENSG00000167965 MLST8 5.367056 4.244113 -1.12294 2.52E-11 

ENSG00000261221 ZNF865 3.48806 1.842276 -1.64578 2.57E-11 

ENSG00000020129 NCDN 5.246685 4.216197 -1.03049 2.64E-11 

ENSG00000089335 ZNF302 8.373513 6.278671 -2.09484 3.83E-11 

ENSG00000130511 SSBP4 7.223712 5.974258 -1.24945 6.05E-11 

ENSG00000213563 C8orf82 4.111778 2.383237 -1.72854 1.05E-10 

ENSG00000162804 SNED1 3.629732 1.597134 -2.0326 1.07E-10 

ENSG00000065268 WDR18 6.042176 4.869787 -1.17239 1.79E-10 

ENSG00000109501 WFS1 4.93152 3.82358 -1.10794 4.91E-10 

ENSG00000149823 VPS51 6.492544 4.836964 -1.65558 6.27E-10 

ENSG00000181649 PHLDA2 7.852474 6.604839 -1.24763 9.96E-10 

ENSG00000247596 TWF2 6.45858 5.283528 -1.17505 1.27E-09 

ENSG00000047648 ARHGAP6 2.058424 -0.13684 -2.19526 2.02E-09 

ENSG00000146834 MEPCE 5.488586 4.263501 -1.22508 2.80E-09 

ENSG00000152082 MZT2B 8.075665 6.84438 -1.23129 4.62E-09 

ENSG00000109066 TMEM104 4.658178 3.644568 -1.01361 4.93E-09 

ENSG00000258947 TUBB3 8.069132 6.832949 -1.23618 5.95E-09 

ENSG00000132386 SERPINF1 6.687262 3.534873 -3.15239 6.16E-09 

ENSG00000185338 SOCS1 4.488566 1.547605 -2.94096 9.47E-09 

ENSG00000203685 STUM -0.82681 -8.26658 -7.43978 1.80E-08 

ENSG00000183160 TMEM119 2.460555 -0.12244 -2.58299 3.02E-08 

ENSG00000169100 SLC25A6 9.325167 7.898012 -1.42716 3.11E-08 

ENSG00000162595 DIRAS3 6.185338 2.995846 -3.18949 3.61E-08 

ENSG00000125901 MRPS26 5.534256 4.196642 -1.33761 3.68E-08 

ENSG00000160767 FAM189B 4.582993 3.244137 -1.33886 4.10E-08 

ENSG00000240184 PCDHGC3 6.206383 5.167371 -1.03901 4.84E-08 

ENSG00000179271 
GADD45GIP
1 6.107155 5.058734 -1.04842 4.91E-08 

ENSG00000128185 DGCR6L 5.355761 4.033111 -1.32265 5.09E-08 

ENSG00000063245 EPN1 7.295526 6.201046 -1.09448 5.09E-08 

ENSG00000105364 MRPL4 6.12107 5.106157 -1.01491 5.49E-08 

ENSG00000167508 MVD 7.391077 5.970101 -1.42098 6.32E-08 
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ENSG00000170604 IRF2BP1 4.338754 3.087701 -1.25105 6.57E-08 

ENSG00000099795 NDUFB7 7.394881 6.251832 -1.14305 7.12E-08 

ENSG00000167470 MIDN 6.389063 5.280549 -1.10851 7.67E-08 

ENSG00000136490 LIMD2 5.178633 3.12317 -2.05546 7.69E-08 

ENSG00000174791 RIN1 5.014512 3.551417 -1.46309 8.32E-08 

ENSG00000161847 RAVER1 5.259643 4.255755 -1.00389 8.49E-08 

ENSG00000171222 SCAND1 5.656417 4.358042 -1.29838 9.88E-08 

ENSG00000142634 EFHD2 5.838202 4.792484 -1.04572 1.02E-07 

ENSG00000240972 MIF 8.461112 7.339347 -1.12177 1.05E-07 

ENSG00000106009 BRAT1 3.850885 2.606682 -1.2442 1.13E-07 

ENSG00000130203 APOE 6.580988 2.573208 -4.00778 1.14E-07 

ENSG00000238227 TMEM250 5.163975 4.117096 -1.04688 1.42E-07 

ENSG00000168056 LTBP3 6.102755 4.570277 -1.53248 1.44E-07 

ENSG00000267697 LUZP6 4.833008 -9.96578 -14.7988 1.69E-07 

ENSG00000188486 H2AFX 6.383494 4.91777 -1.46572 1.83E-07 

ENSG00000007376 RPUSD1 4.998141 3.527276 -1.47086 2.31E-07 

ENSG00000108947 EFNB3 1.667376 -1.39998 -3.06735 2.35E-07 

ENSG00000177700 POLR2L 8.46084 7.207552 -1.25329 2.59E-07 

ENSG00000107719 PALD1 0.396891 -4.58461 -4.9815 2.65E-07 

ENSG00000175130 MARCKSL1 7.62424 6.253983 -1.37026 2.69E-07 

ENSG00000007237 GAS7 3.54754 1.189931 -2.35761 2.72E-07 

ENSG00000112787 FBRSL1 5.560759 4.437803 -1.12296 2.81E-07 

ENSG00000166925 TSC22D4 5.793936 4.782095 -1.01184 3.01E-07 

ENSG00000106333 PCOLCE 8.174496 5.132886 -3.04161 3.19E-07 

ENSG00000168268 NT5DC2 7.813523 6.599555 -1.21397 3.49E-07 

ENSG00000105655 ISYNA1 4.832011 3.018017 -1.81399 3.58E-07 

ENSG00000161714 PLCD3 5.087265 3.729697 -1.35757 3.77E-07 

ENSG00000196497 IPO4 4.467062 3.035321 -1.43174 3.94E-07 

ENSG00000197483 ZNF628 2.893954 1.204195 -1.68976 4.04E-07 

ENSG00000160113 NR2F6 5.214617 3.946347 -1.26827 4.29E-07 

ENSG00000100726 TELO2 4.264009 3.140009 -1.124 4.29E-07 

ENSG00000166250 CLMP 5.501625 4.453896 -1.04773 4.64E-07 

ENSG00000178605 GTPBP6 5.389047 4.374164 -1.01488 4.84E-07 

ENSG00000132481 TRIM47 3.564332 2.27081 -1.29352 4.93E-07 

ENSG00000105329 TGFB1 7.402272 6.309122 -1.09315 6.04E-07 

ENSG00000099822 HCN2 4.016119 1.784841 -2.23128 7.37E-07 

ENSG00000100092 SH3BP1 4.377226 3.287498 -1.08973 7.58E-07 

ENSG00000110400 NECTIN1 3.854022 2.811054 -1.04297 7.61E-07 

ENSG00000168061 SAC3D1 3.70567 2.116667 -1.589 7.68E-07 

ENSG00000162076 FLYWCH2 5.907668 4.783334 -1.12433 8.39E-07 

ENSG00000130005 GAMT 4.599845 3.38265 -1.21719 8.48E-07 

ENSG00000139428 MMAB 6.149991 4.837501 -1.31249 8.72E-07 

ENSG00000179922 ZNF784 2.352733 0.456955 -1.89578 8.72E-07 

ENSG00000179965 ZNF771 3.289679 1.431554 -1.85812 9.39E-07 

ENSG00000137331 IER3 -6.40891 -9.96578 -3.55688 9.50E-07 

ENSG00000183153 GJD3 2.905072 0.441429 -2.46364 1.01E-06 

ENSG00000166189 HPS6 4.42553 3.366564 -1.05897 1.01E-06 

ENSG00000130193 THEM6 2.884801 1.197784 -1.68702 1.36E-06 

ENSG00000103254 FAM173A 4.244268 3.007779 -1.23649 1.37E-06 
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 The HBVP transcriptional response to Spn-stimulated 

MDMs 

Appendix table 22 The top 100 upregulated genes differentially expressed by 
cocultured HBVP in response to stimulation with CoM from Spn-stimulated MDMs for 4 
hours, compared to cocultured HBVP stimulated with CoM from unstimulated MDMs for 
4 hours. 
Filtered to include only those with a fold change (FC) >2 (log2 FC >1) and ranked by false 
discovery rate (FDR) 
MEV represents the mean expression value in transcripts per million across 3 samples for 
cocultured HBVP stimulated with CoM from unstimulated MDMs, MDM U CoM, or with CoM 
from Spn stimulated MDMs, MDM Spn CoM 

ensembl gene ID Gene name MDM U 
CoM MEV 

MDM Spn 
CoM MEV 

log2 FC FDR 

ENSG00000163735 CXCL5 3.336688 8.259617 4.922929 4.66E-82 

ENSG00000166920 C15orf48 3.442817 8.102163 4.659346 5.39E-65 

ENSG00000163734 CXCL3 1.929021 9.208541 7.27952 5.73E-55 

ENSG00000140379 BCL2A1 0.444984 7.647737 7.202752 4.34E-51 

ENSG00000115009 CCL20 4.09295 10.64772 6.554768 2.03E-45 

ENSG00000081041 CXCL2 1.338827 7.649986 6.311159 1.23E-41 

ENSG00000164181 ELOVL7 -3.26095 3.683586 6.944541 5.87E-41 

ENSG00000049249 TNFRSF9 -0.6159 4.58799 5.203889 2.14E-40 

ENSG00000125347 IRF1 3.57138 5.999699 2.428319 1.31E-37 

ENSG00000077150 NFKB2 4.928611 6.989602 2.060991 3.46E-36 

ENSG00000112096 SOD2 7.255352 11.34812 4.092767 1.45E-35 

ENSG00000090339 ICAM1 7.365748 10.21322 2.847471 4.35E-35 

ENSG00000050730 TNIP3 0.779854 4.844855 4.065001 2.99E-34 

ENSG00000108342 CSF3 -3.56717 7.662842 11.23001 2.43E-33 

ENSG00000131979 GCH1 3.085604 6.297875 3.21227 3.21E-32 

ENSG00000145901 TNIP1 6.634455 8.749628 2.115173 7.90E-32 

ENSG00000124875 CXCL6 3.882147 8.171894 4.289747 3.16E-31 

ENSG00000185215 TNFAIP2 3.24789 8.628501 5.380611 3.91E-31 

ENSG00000116514 RNF19B 3.697515 5.705394 2.007879 1.55E-28 

ENSG00000118503 TNFAIP3 5.44471 9.015539 3.570829 1.90E-28 

ENSG00000104312 RIPK2 5.231468 6.901147 1.669679 2.31E-28 

ENSG00000167034 NKX3-1 1.928632 5.061362 3.132729 2.70E-28 

ENSG00000023445 BIRC3 2.315547 6.596307 4.28076 5.64E-28 

ENSG00000136048 DRAM1 5.759193 7.459876 1.700684 8.59E-28 

ENSG00000146457 WTAP 6.3671 8.241101 1.874 1.07E-27 

ENSG00000169429 CXCL8 7.742143 12.67247 4.930331 2.49E-27 

ENSG00000123610 TNFAIP6 4.50402 9.011021 4.507001 4.74E-27 

ENSG00000147454 SLC25A37 4.888443 6.959398 2.070956 7.98E-26 

ENSG00000117228 GBP1 6.050397 7.858688 1.808291 1.48E-23 

ENSG00000108691 CCL2 5.811544 10.89439 5.082842 1.79E-23 

ENSG00000115919 KYNU 2.807309 5.919606 3.112297 3.26E-23 

ENSG00000131669 NINJ1 4.847126 7.478411 2.631285 6.66E-23 

ENSG00000163739 CXCL1 5.676819 11.52937 5.852549 1.59E-22 

ENSG00000100906 NFKBIA 5.363036 7.820529 2.457493 4.85E-21 
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ENSG00000162654 GBP4 -0.41081 3.36409 3.774897 8.69E-21 

ENSG00000164761 

TNFRSF11
B 5.325091 7.83509 2.509999 8.69E-21 

ENSG00000117226 GBP3 6.034777 7.397233 1.362456 4.50E-20 

ENSG00000271503 CCL5 -0.94821 5.690397 6.638604 4.57E-20 

ENSG00000184371 CSF1 5.553986 7.376986 1.823 1.55E-19 

ENSG00000104635 SLC39A14 6.299069 8.400807 2.101738 2.03E-19 

ENSG00000128271 ADORA2A -2.05244 4.452752 6.505188 2.87E-19 

ENSG00000104856 RELB 3.408467 5.392542 1.984075 8.94E-19 

ENSG00000106665 CLIP2 4.263048 5.317575 1.054527 1.75E-18 

ENSG00000133805 AMPD3 3.200899 5.302093 2.101195 1.85E-18 

ENSG00000160223 ICOSLG -1.06211 2.528991 3.591104 2.92E-18 

ENSG00000173391 OLR1 0.965484 7.158416 6.192931 3.59E-18 

ENSG00000007908 SELE -2.38579 5.834384 8.220178 4.14E-18 

ENSG00000168394 TAP1 5.402356 7.199835 1.797478 6.72E-18 

ENSG00000103044 HAS3 -0.52393 4.542197 5.066125 1.44E-17 

ENSG00000126561 STAT5A 1.179311 4.557674 3.378363 2.51E-17 

ENSG00000197122 SRC 3.763442 5.136748 1.373306 5.87E-17 

ENSG00000056558 TRAF1 -0.78861 4.090817 4.87943 5.87E-17 

ENSG00000173451 THAP2 3.287242 5.964361 2.677119 9.12E-17 

ENSG00000057657 PRDM1 0.243574 2.763998 2.520424 9.95E-17 

ENSG00000160326 SLC2A6 3.34871 5.206355 1.857645 1.35E-16 

ENSG00000159110 IFNAR2 4.545623 5.776521 1.230898 4.24E-16 

ENSG00000115008 IL1A 2.000238 6.536633 4.536396 1.07E-15 

ENSG00000122641 INHBA 6.487286 9.922385 3.435099 1.84E-15 

ENSG00000100647 SUSD6 4.107756 5.582274 1.474518 2.32E-15 

ENSG00000163874 ZC3H12A 2.739359 6.301631 3.562271 3.08E-15 

ENSG00000136244 IL6 5.951582 11.41484 5.463254 9.09E-15 

ENSG00000187479 C11orf96 -0.00205 5.182514 5.184561 1.11E-14 

ENSG00000134070 IRAK2 1.869205 4.79603 2.926825 1.41E-14 

ENSG00000179826 MRGPRX3 -2.91201 2.454824 5.366836 3.57E-14 

ENSG00000173193 PARP14 5.057867 6.859465 1.801598 5.89E-14 

ENSG00000163638 ADAMTS9 0.861649 4.810105 3.948456 6.52E-14 

ENSG00000073756 PTGS2 4.215581 9.230129 5.014548 1.30E-13 

ENSG00000262795 IFNGR2 6.788256 7.938957 1.150701 2.69E-13 

ENSG00000109320 NFKB1 4.646722 6.480525 1.833803 4.54E-13 

ENSG00000003989 SLC7A2 5.315713 8.529685 3.213972 9.73E-13 

ENSG00000162645 GBP2 2.647939 5.530128 2.88219 9.83E-13 

ENSG00000070961 ATP2B1 5.807499 7.47184 1.66434 1.53E-12 

ENSG00000184588 PDE4B 0.605144 3.848893 3.243748 1.68E-12 

ENSG00000140519 RHCG -3.24305 4.438691 7.681743 1.77E-12 

ENSG00000112149 CD83 -2.07042 2.013955 4.084374 1.78E-12 

ENSG00000110330 BIRC2 6.064993 7.519601 1.454608 3.37E-12 

ENSG00000182541 LIMK2 4.264442 5.564168 1.299726 3.37E-12 

ENSG00000138821 SLC39A8 3.335958 5.164965 1.829007 3.42E-12 

ENSG00000146232 NFKBIE 3.309705 5.312085 2.00238 5.51E-12 

ENSG00000140332 TLE3 4.20876 5.435602 1.226842 7.14E-12 

ENSG00000013619 MAMLD1 1.701177 3.373942 1.672765 7.83E-12 

ENSG00000068366 ACSL4 6.452421 7.872558 1.420137 9.74E-12 



241 
 

ENSG00000128342 LIF 4.971931 7.993161 3.02123 1.37E-11 

ENSG00000107968 MAP3K8 2.493032 4.867233 2.3742 1.83E-11 

ENSG00000168685 IL7R 4.213274 6.567475 2.354201 2.19E-11 

ENSG00000056972 TRAF3IP2 3.305596 4.793311 1.487715 2.19E-11 

ENSG00000125538 IL1B 4.829091 10.43403 5.604944 2.41E-11 

ENSG00000221963 APOL6 2.893146 4.759247 1.866102 5.16E-11 

ENSG00000089351 GRAMD1A 5.427421 6.561796 1.134375 5.63E-11 

ENSG00000010818 HIVEP2 3.277159 5.475113 2.197954 5.98E-11 

ENSG00000277117 

FP565260.
3 -5.34823 1.613521 6.961751 8.56E-11 

ENSG00000115267 IFIH1 3.886486 6.324186 2.437701 1.05E-10 

ENSG00000060642 PIGV 3.564061 4.774553 1.210492 2.04E-10 

ENSG00000135604 STX11 0.465307 2.585402 2.120094 2.04E-10 

ENSG00000135766 EGLN1 5.464349 6.685389 1.22104 2.64E-10 

ENSG00000155287 SLC25A28 5.256991 6.581187 1.324196 6.02E-10 

ENSG00000138378 STAT4 0.742481 3.268002 2.525521 6.02E-10 

ENSG00000160058 BSDC1 5.163598 6.342598 1.179001 7.02E-10 

ENSG00000145777 TSLP 2.548243 6.792842 4.244599 7.58E-10 

ENSG00000162407 PLPP3 1.940354 4.777535 2.837181 8.13E-10 

 

 

 


