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Abstract  
 
The endothelial cells of the blood-brain barrier are essential for the maintenance of homeostasis in the 

central nervous system. These cells act as a physical and transport barrier, restricting the movement of 

systemic immune cells and blood components into the brain. The physical barrier is mediated by the 

formation of tight and adherens junctions, and the redistribution of these in disease states and systemic 

inflammation, and the consequent extravasation of immune cells provide valuable targets to reduce 

neuroinflammation. 

Multiple Sclerosis is an autoimmune disease in which autoreactive T cells mediate the destruction of the 

neuronal myelin sheath, leading to a reduction in the speed of neuronal processing, and numerous 

debilitating symptoms. Blood-brain barrier breakdown is essential to the development of MS, and 

endothelial cell morphology is vastly different within sites of active lesions and normal appearing white 

matter.  

This study attempted to determine the in vitro effect of MS patient serum on the integrity of the 

endothelial cell barrier and to identify barrier altering components. Individual cytokines which altered the 

endothelial cell barrier were further analysed to determine their effect on junctional protein expression and 

the pro-inflammatory secretome. Additionally, the effects of ligands of the toll-like receptor family, a 

family of innate immune pattern recognition receptors were also analysed, to simulate the effect of 

systemic bacterial or viral infection at the blood-brain barrier. 

Interestingly, it was found that the FDA-approved TLR7 ligand imiquimod could increase the endothelial 

barrier integrity and attenuate the effects of pro-inflammatory stimuli in a TLR7-independent manner. The 

pathways by which imiquimod was mediating these effects were interrogated, and it was observed that 

both a cAMP-dependent selective protein kinase A-activator and adenosine A2B receptor agonist could 

recreate these effects. However, an A2B receptor antagonist did not block the imiquimod-mediated effects. 

The endothelial cells of the blood-brain barrier are an essential interface between the systemic circulation 

and the brain. These findings provide novel insights into the effect of pro-inflammatory mediators at this 

interface and identify potential targets for the modulation of blood-brain barrier permeability and the 

attenuation of pro-inflammatory insults. 
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 : General Introduction  

 

1.1 The blood-brain barrier 

1.1.1 Overview 
Goldman first described the blood-brain barrier (BBB) in 1913 upon demonstrating that central nervous 

system (CNS) tissue cannot be stained by systemically delivered trypan blue (Goldmann, 1913). The BBB 

encompasses the cells of the neurovascular unit (NVU) that comprise the interface between the systemic 

circulation of the periphery, and the brain parenchyma (N. J. Abbott, A. A. K. Patabendige, D. E. M. 

Dolman, S. R. Yusof, & D. J. Begley, 2010). It is essential to the preservation of CNS homeostasis, and 

thus functions to regulate the movement of cells, ions and metabolites through the limitation of enzymatic 

activities, micropinocytosis and cellular efflux (N. J. Abbott, 2005). In addition to this, the cells of the 

NVU are essential to the communication between the CNS and the periphery and can facilitate this 

through the polarised secretions of neuroimmune modulators and the recruitment and extravasation of 

immune cells (W. A. Banks, Kovac, & Morofuji, 2017). 

Inflammation is an essential biological response to damage, and in the periphery, it is critical to the 

maintenance of tissue homeostasis (N. J. Abbott, 2000). The inflammatory response involves the 

production of cytokines, chemokines and cell adhesion molecules to direct leukocytes towards the areas of 

damage, and to phagocytose or alternatively deal with invading pathogens or areas of sterile damage 

(Greenwood & H, 2011).  The brain was previously believed to be ‘immune-privileged’ due to the 

presence of the blood-brain barrier, and the belief that the NVU inhibited the entrance of all pro-

inflammatory mediators, in particular, antigen presenting cells. Current thought is that the immune-

privilege of the brain is relative, and thus it is ‘immune-specialised’ with neuro-immune interactions 

occurring regularly but with an increased level of control compared to the peripheral immune system. 

This chapter summarises the current view of BBB breakdown in MS and during systemic inflammation, 

with a particular focus on BBB disruption, as shown by changes in tight and adherens junction proteins 

and consequently the permeability of the BEC monolayer.  

 

1.1.2 Blood-brain barrier; structure and function 
The human brain is a highly metabolic organ, utilising 20% of the total blood flow and glucose while 

making up just 2% of the overall mass. As a consequence of this, the brain is highly vascularised; the 

average adult has 12 to 18 m2 of vascular surface area (N. J. Abbott, A. A. Patabendige, D. E. Dolman, S. 

R. Yusof, & D. J. Begley, 2010). The BBB is essential to the maintenance of a chemical and physical 
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barrier between the systemic circulation and the brain and these barriers are formed by the cells of the 

NVU. The NVU is made up of specialised cerebrovascular endothelial cells (BEC), pericytes and 

astrocytic end-feet. The apical surface of the BECs is the primary point of contact with the systemic 

circulation and thus these cells function as a physical barrier, a transport barrier, and a metabolic barrier 

(N. Joan Abbott, Rönnbäck, & Hansson, 2006). 

Pericytes are multipotent stem which regulate blood flow, immune activation of endothelial cells and the 

movement of leukocytes following extravasation (Al Ahmad, Gassmann, & Ogunshola, 2009). They are 

integral to the development and maintenance of the BBB and are directly associated with the BEC 

basement membrane. Astrocytes also contribute to the development of the BBB, and astrocytic end-feet 

surround the pericyte, endothelial cell, basement membrane complex. Astrocytes contribute to the 

homeostasis of the BBB via numerous mechanisms, including inducing glucose transporter-1 (Glut1) and 

permeability glycoprotein (Pgp) transporter expression, and increasing BEC trans-endothelial electrical 

resistance (TEER) (N. J. Abbott, 2002; Lu et al., 2009). 

  
 
Figure 1.1: Depicting the cells of the NVU and the tight and adherens junctions’ 
proteins.   
Adapted from (Jackson et al., 2019). 

1.1.3 Brain endothelial cells 
Brain endothelial cells have a plethora of functions and display numerous characteristics which mediate 

the formation of a selectively permeable barrier. These include a reduced number of endothelial vesicles 

which results in a decrease in micropinocytosis, reduced fenestrae, low permeability to ions, and the 

expression of various efflux transporters such as the ATP-binding cassette (ABC) transporter family, 

limiting the movement of endogenous macromolecules into the brain (Butt, Jones, & Abbott, 1990; Crone 

& Olesen, 1982; Reese & Karnovsky, 1967; Smith & Rapoport, 1986). The cells also act as enzymatic 
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barriers which inhibit the passage of neuromodulators such as gamma-Aminobutyric acid (GABA) into 

and out of the brain. The focus of this project is the physical barrier created by the BEC. 

 

The physical barrier- BECs provide a physical barrier to the systemic circulation, in part through the 

specialised tight and adherens junctions (TJ and AJ respectively). These junctions are interlinked and 

complex, maintaining endothelial polarity in addition to regulating the selective paracellular permeability 

of polar solutes, macromolecules and circulating cells (N. Joan Abbott et al., 2010; Fukuhara et al., 2005; 

K. Takahashi et al., 1999). The TJ and AJ are also crucial to the development of BEC TEER, which have 

been shown to be as high as 1000 ohms cm-2 (Butt et al., 1990).  

 

Adherens junctions- AJs are expressed in endothelial and epithelial cells and are composed of highly 

organised strands of transmembrane proteins whose extracellular portions project into the intracellular 

cleft, thus binding in homo- and heterophilic apical interactions to the adjacent cell (Alan S. Fanning et 

al., 2006; Reese & Karnovsky, 1967). Linked to the intercellular portion of the transmembrane proteins 

are over 30 known cytoplasmic scaffolding and signalling proteins which bind the transmembrane 

proteins to the cell cytoskeleton. 

 

 CD144/ VE-cadherin - The cadherins are a conserved family of over 35 Ca2+ dependent transmembrane 

adhesion proteins, split into numerous subfamilies (Takeichi, 2018). CD144 is the dominant cadherin in 

cerebrovascular endothelial cells and is a member of the type II cadherins which dimerise and bind 

homotypically across the extracellular cleft. Cadherins are comprised of five equally sized tandem 

extracellular domains, and calcium ions are interspersed between the domains, inducing a rigid protein 

structure. CD144 on neighbouring cells bind by swapping β-strands on their extracellular N-terminals 

(Brasch et al., 2011).  

The extracellular domain of CD144 is anchored into the membrane by a single transmembrane domain 

linked to a short cytosolic COOH terminal (Hewat, Durmort, Jacquamet, Concord, & Gulino-Debrac, 

2007). The COOH terminal interacts with the armadillo family of proteins; specifically β-catenin, 

planoglobin and p120, the first two of which then bind to vinculin and α-catenin, thus mediating the 

interaction of CD144 with the actin cytoskeleton (Vestweber, 2008) (Figure 1.1). 

CD144 knockout mice (with either the complete deletion of the CD144 gene or expressing a mutant gene 

where the resulting protein cannot bind to β-catenin due to the lack of a cytoplasmic tail) do not survive 

gestation (Carmeliet et al., 1999). However, whilst the angioblasts do differentiate into endothelial cells, 

the majority of these cells are apoptotic indicating that CD144 signalling is essential for cell survival 
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(Carmeliet et al., 1999). The remaining junctional proteins, e.g. junctional adhesion molecules (JAM), 

platelet endothelial cell adhesion molecule (PECAM) and cytoplasmic proteins zonula-occludens-1 (ZO-

1) and cingulin are not upregulated in a compensatory mechanism; however, β-catenin is slightly reduced, 

redistributed, and associated with N-cadherin, a cadherin present on the endothelial cell surface (Brasch et 

al., 2011). CD144 knockout does not inhibit the formation of intercellular junctions, however there are 

multiple gaps in the junctions, with infrequent intercellular contacts indicative of increased barrier 

permeability (Carmeliet et al., 1999). Thus, CD144 is essential for the formation of AJs and cell-cell 

contacts. 

 

Catenins- Catenins are cytoplasmic AJ proteins which mediate the interaction of the transmembrane 

proteins with ZO-1, actin-binding proteins, and actin filaments (Mège & Ishiyama, 2017). β-catenin is a 

92 kDa protein which  links CD144 to the actin cytoskeleton and is a key protein in the Wnt signalling 

pathway during embryonic and post-natal development (McCrea, Turck, & Gumbiner, 1991; Tran Khiem 

et al., 2016). It contains 12 armadillo repeats which form a superhelical core region where over 20 binding 

proteins interact. However, it is the N-terminal of β-catenin which interacts with α-catenin thus linking 

(and regulating), the actin cytoskeleton (Hülsken, Birchmeier, & Behrens, 1994; Xing et al., 2008). In 

addition to α-catenin, β-catenin also interacts with multidomain adaptor  membrane-associated guanylate 

kinase with inverted domain structure (MAGI-1) which also binds to the TJ associated protein endothelial 

cell-specific adhesion molecule-1 (ESAM-1), thus indicating that AJs and TJs are highly inter-related 

(Mège & Ishiyama, 2017). 

 Recent research using a β-catenin endothelial cell-restricted inducible knockout mouse found that β-

catenin knockout in the adult mouse mediates increased BBB permeability (with a six to ten-fold increase 

in albumin flux) (Tran Khiem et al., 2016). This was hypothesized to be mediated by changes in claudin-1 

expression, which, in addition to claudin-3, was reduced in the brains of the knock-out mice (claudin-5 

and -12 expression remained the same). In addition to this (and perhaps as a result of increased 

permeability), β-catenin knockout mice exhibit increased neuroinflammation, indicated by an increase in 

CNS interleukin-6 (IL-6), tumour necrosis factor α (TNFα) and IL-1β messenger ribonucleic acid 

(mRNA), and leukocyte extravasation. Thus, β-catenin is hugely important to the development and 

maintenance of BBB permeability and CNS homeostasis (Tran Khiem et al., 2016). 

 

Tight junctions- TJs were first observed by electron microscopy in 1967 and have a very similar 

cytoarchitecture to AJs with transmembrane proteins binding either homo- or hetero-typically across the 
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extracellular cleft (N. Joan Abbott et al., 2010; Reese & Karnovsky, 1967). Similarly, the cytoplasmic 

portion of these molecules binds to scaffolding proteins, linking them to the actin cytoskeleton. 

 

Claudins- Claudins are a family of 20-24 kDa tetraspan transmembrane proteins, composed of a short 

intracellular N-terminus, two extracellular loops and a conserved C-terminal (Zlokovic, 2008). The 

extracellular loops regulate the paracellular movement of polar solutes through charge-selective channels 

(composed of conserved cysteine residues), and manage the physical paracellular space through 

homophilic interactions with neighbouring cells (Van Itallie & Anderson, 2004; Zihni, Mills, Matter, & 

Balda, 2016). The long-conserved C-terminal interacts with ZO proteins and other cytoplasmic 

scaffolding proteins through PDZ-domain-binding motifs, which also function to ensure the protein’s 

apical location (Itallie, Tietgens, & Anderson, 2017).  

There have been more than 24 isoforms of claudins identified, with claudin-5, -3, -12 and -1 considered 

integral to BBB formation (Berndt et al., 2019). Claudins-5 and -3 are constitutively expressed at the 

BBB, (with the mRNA of the former around 1000-fold higher than the latter), where they form an 

‘elliptical mesh’ which restricts the paracellular movement of macromolecules. Claudins -1 and -12 are 

inducible, with the latter upregulated in claudin-5 knock-out mice (Nitta et al., 2003). 

The importance of each of the claudins to BBB structure and function has been assessed using knock-out 

models; claudin-5 knock-out mice die at birth as small molecules (of up to 800 Da) leak through the BBB 

into the CNS causing fatal brain oedema (Nitta et al., 2003). However, the TJ structure in the knock-out 

mouse is normal, potentially due to the upregulation of claudin-12. In contrast, when  claudin-5 is 

overexpressed, the permeability of rat brain capillary cells to [14C]inulin, is significantly reduced (Ohtsuki 

et al., 2007). 

Similarly, the ectopic expression of claudin-1 in a murine model of MS, experimental autoimmune 

encephalomyelitis (EAE), reduced barrier permeability (to Hoescht and endogenous fibronectin), which 

resulted in the attenuation of symptoms of chronic EAE (Pfeiffer et al., 2011). This research, therefore, 

indicates that both claudin-1 and -5 are essential contributors to the selective permeability and TEER of 

the TJs.    

 

Occludin- Occludin was the first transmembrane protein to be identified in epithelial and endothelial TJs 

and is a 65 kDa transmembrane protein composed of a long COOH-terminal, a short NH2-terminal (both 

of which are located within the cytoplasm), and two extracellular loops (Furuse et al., 1993). The COOH-

terminal interacts with scaffolding proteins (ZO-1, -2,  F-actin, Vamp-associated protein 33 kDa (VAP-

33), coxsackievirus and adenovirus receptor-like membrane protein (CLMP), and junction enriched and 
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associated protein (JEAP)) through a coiled-coil PDZ domain, and is also responsible for protein 

localisation  at the TJ (A. S. Fanning, Jameson, Jesaitis, & Anderson, 1998; Feldman, Mullin, & Ryan, 

2005) . The NH2-terminal has been found to be integral to the generation of the TJ barrier, as an epithelial 

line transfected with occludin that lacks the NH2-terminal is significantly more permeable to FITC-

dextran, and has reduced trans-epithelial electrical resistance (TER) (Balda et al., 1996). The two equally 

sized 44- amino acid extracellular loops regulate selective paracellular resistance through interactions with 

claudin-5, and have roles in TJ localisation and anchoring (Cummins, 2012). 

In a murine occludin knock-out model, the number and structure of TJs is similar to wildtype (WT). 

Additionally, the barrier impedance of the knock-out murine epithelial cells is unchanged (Saitou et al., 

2000). However, small vessels exhibit localised calcium deposits, which indicates that a reduction in 

occludin mediates a functional effect on BBB permeability, leading to the accumulation of calcium 

(Saitou et al., 2000).  Previous to the development of the knock-out mouse, inducing occludin expression 

in normal rat kidney (NRK) and Rat-1 fibroblasts increased cell-cell adhesion, and thus an increase in 

occludin expression improves the function of TJs. Therefore, Occludin is an important contributor to TJ 

and AJ permeability (Van Itallie & Anderson, 1997). 

 

Junctional Adhesion Molecules (JAMs)- There are four highly-conserved 32-40 kDa JAMs; JAM-A, -B, -

C, and ESAM (L. Williams, Martin-Padura, Dejana, Hogg, & Simmons, 1999). JAMs are type I 

transmembrane proteins of the cortical thymocyte marker in Xenopus (CTX) subset of the 

immunoglobulin superfamily, and are composed of an extracellular N-terminus, two extracellular Ig 

domains and a short cytoplasmic C-terminal (L. Williams et al., 1999). The N-terminus and first Ig 

domain of JAM-A (previously known as JAM-1) are extracellular and involved in platelet aggregation and 

cell adhesion (Babinska et al., 2002). They both bind in either a homophilic or heterophilic manner, with 

the first Ig domain interacting with integrins and other members of the JAM family. As observed with the 

claudins; the PDZ type II binding domain is present in the cytoplasmic C-terminal of the JAMs and is 

essential for interaction with other tight junction molecules such as ZO-1 and PAR-3 (responsible for cell-

polarity and junctional localisation) (Itoh et al., 2001; Sobocki et al., 2006). While exogenous expression 

of the JAMs in L-fibroblasts does cause the molecule to localise at cell-cell junctions, in contrast to the 

claudins, this does not mediate the spontaneous formation of TJ strands (Itoh et al., 2001). 

ESAM is a 55 kDa protein which mediates homophilic interactions between neighbouring cells. The PDZ 

domain of ESAM does not interact with the known TJ associated PDZ domain proteins (ZO-1, ZO-2, ZO-

3, ALL1-fused gene from chromosome-6 (AF-6) or Agouti signalling peptide (ASIP)) but to membrane 

associated guanylate kinase-1 (MAGI-1) (Nasdala et al., 2002). MAGI-1 interacts with β-catenin, 
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synaptopodin and α-Actinin-4, thus facilitating the interaction between TJ proteins and the actin 

cytoskeleton (Wegmann, Ebnet, Du Pasquier, Vestweber, & Butz, 2004). 

 

Scaffolding proteins- Scaffolding proteins are essential regulators of the interactions between TJ proteins 

and the actin cytoskeleton. As mentioned previously, both the claudins and the JAMs interact with either 

the large membrane-associated guanylate kinase homologues (MAGUK) family of proteins through the 

PDZ domains on the cytoplasmic COOH terminus or to MAGI-1.  

 

Zonula Occludens proteins- ZO proteins are between 130-225 kDA and are present in the TJs of 

endothelial and epithelial cells, and the adherens junctions of cells that lack TJs (A. S. Fanning et al., 

1998; Alan S. Fanning et al., 2007). The sequence is highly conserved within the family and contains an 

actin binding region, a Src-homolgy-3 (SH3) domain preceding a C-terminal guanylate kinase (GK) motif, 

and three PDZ domains (Funke, Dakoji, & Bredt, 2005). The PDZ domains (80-100 amino acids long) are 

the key motifs which bind to the tight junction proteins; class I PDZ binding proteins contain a 

cytoplasmic COOH terminal with a tripeptide motif S/TXV, and class II PDZ binding proteins are 

composed of COOH-terminals with hydrophobic amino acids (Utepbergenov, Fanning, & Anderson, 

2006). PDZ domains allow the MAGUK proteins to anchor transmembrane molecules (and connexin-43) 

to the actin cytoskeleton, and to form clusters through homodimerization and hetero-oligomerisation of 

the second PDZ domain (González-Mariscal, Betanzos, & Ávila-Flores, 2000; Utepbergenov et al., 2006). 

The COOH region of ZO-1 binds to the SH3 domain of cortactin, cingulin and AF-6. ZO-1, ZO-2 and 

ZO-3 do not bind to occludin through PDZ domains but through the GK and acidic domains, however, as 

mentioned, occludin can also bind directly to F-actin (Itoh et al., 1999). A recent study used transcription 

activator-like effector nucleases (TALENs) to knock-out ZO-1 in Madin-Darby Canine Kidney (MDCK) 

cells (Tokuda, Higashi, & Furuse, 2014). ZO-1 knockout changes the shape of the cell-cell junctions 

(from the characteristic MDCK II zig-zag to straight) and increases the cytosolic expression of ZO-2 and 

ZO-3 (Tokuda et al., 2014). In addition to this, the ZO-1 knock-out cells display increased F-actin staining 

near the junctions, punctate staining of myosin heavy chain B which co-localises with occludin and alters 

claudin localisation. The TER and monolayer permeability to sodium phosphate (PNa), Chorine (Cl) and 

FITC-dextran were also measured in the ZO-1 knockdown cells; however, results were too variable to 

form conclusions. This research indicates that while knocking out ZO-1 has some obvious effects on cell 

morphology, it may not mediate a functional effect on the permeability of the cell monolayer, suggestive 

of functional redundancy (Tokuda et al., 2014).  
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In human dermal microvascular endothelial cells (HDMEC), siRNA mediated down-regulation of ZO-1 

induces the formation of actin stress fibres, a reduction in junctional claudin-5 and JAM-A, and increased 

trans-endothelial permeability at 24 and 48 hours (Tornavaca et al., 2015). These results therefore indicate 

that in human dermal endothelial cells, ZO-1 expression is integral to TJ function and cell permeability 

(Tornavaca et al., 2015). 

Gap junctions- In contrast to the adhesive characteristics of the AJs and TJs, gap junctions exist as a 

method of intercellular communication. Gap junctions are composed of homo- or hetero-hexamers of the 

connexin family (with CX37, CX40 and CX43 present within brain endothelial cells) aligned with a 

similar hexamer on the neighbouring cell, which creates a pore, permitting the movement of ions and 

small molecules (Stamatovic, Johnson, Keep, & Andjelkovic, 2016).  

 

The actin cytoskeleton- The actin cytoskeleton is composed of globular monomeric actin (G-actin) and 

double-helical strands of G-actin called filamentous polymeric actin (F-actin).  In addition to these are 

actin-binding proteins; vinculin, a-actinin-4, non-muscular myosin and microtubules, all of which interact 

with actin to induce assembly and cellular contraction (Milligan, Whittaker, & Safer, 1990). As noted 

previously, the transmembrane proteins of the BBB are either directly associated with F-actin (in the case 

of occludin) or indirectly associated through the PDZ domains (claudins and JAMs).  

Research into the effect of Interferon-γ (IFNγ) treatment on T84 human intestinal epithelial cell TJs 

observed that in addition to the complete loss of ZO-1 and the altered localisation of the ZO-2 and 

occludin, the TJ-associated actin cytoskeleton is also altered (Youakim & Ahdieh, 1999). These changes 

are concurrent with a reduction in TER values, indicating that changes in the actin cytoskeleton can have a 

significant effect on epithelial cell paracellular permeability. 

A further study into hypoxia-oxygenation induced changes in endothelial permeability measured the 

permeability of bovine brain microvascular endothelial cells (BBMECs) after 24 hours of hypoxia 

treatment. Following hypoxia treatment, the BBMEC are significantly more permeable to [14C] sucrose, 

actin stress fibres are formed, and the overall expression of actin is increased, indicating that cytoskeletal 

changes can also influence monolayer permeability in brain endothelial cells (Mark & Davis, 2002). 

Stress fibres are contractile actin bundles which have numerous roles in mechanostransduction, adhesion 

and morphogenesis (Wójciak-Stothard, Potempa, Eichholtz, & Ridley, 2001). Stress fibre formation is 

correlated with changes in endothelial permeability (and the establishment of vinculin-containing local 

contacts) and has been shown to occur very rapidly, within 3-5 minutes in human umbilical vein 

endothelial cells (HUVECs) treated with thrombin or histamine (Wójciak-Stothard et al., 2001). Upon 

treatment with the former, stress fibres initiate cell retraction and rounding which correlates with a 
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reduction in TEER and an increase in cell permeability to FITC-dextran. Rho and Rho kinase have been 

shown to regulate thrombin-induced permeability through their roles in inducing stress fibre formation 

and disassembly of the TJ and AJ (Wójciak-Stothard et al., 2001). Rho kinase activation by thrombin and 

histamine mediates the phosphorylation of myosin light chain which in turn causes actomyosin 

contraction and thus induces the formation of stress fibres and focal contacts, which together increase 

permeability. Thus, changes in the actin cytoskeleton through Rho and Rac signalling mediate significant 

changes in BBB permeability. 

1.1.4 Current brain endothelial models 
Research into the breakdown of the BBB, and the development of drugs designed to cross the BBB 

necessitates the use of both in vivo and in vitro BBB models. Thus, there are a number of models, all of 

which have inherent positive and negative characteristics. The choice of model is often determined by 

cost, throughput and the requirements for the experimental paradigm. There are numerous characteristics 

of the BBB which would be beneficial to reproduce, especially the multi-cell interaction of the 

neurovascular unit, and the high TEER. 

In vivo animal models of the BBB are commonly used when studying ischemia, due to the reproducibility 

of the MCAO model and the physiological relevance of using a whole system. These BBB models benefit 

from increased TEER (due to shear stress), cell-cell interaction and the ability to analyse monocyte rolling 

in real time amongst others (W. A. Banks, 2010; Hawkins & Egleton, 2007). Similarly, an extensively 

used murine brain endothelial cell line (b.End.3) is also used in animal work (R. C. Brown, Morris, & 

O'Neil, 2007; Shu Yang et al., 2017) 

For in vitro work, the difficulty of isolation, purification, and early senescence (by passage 6-9) of 

primary human brain endothelial cells ensures that, while they are the gold standard, primary human 

BECs are too limited for most experimental purposes (Smyth et al., 2018). Therefore, the majority of 

human BEC research is performed in endothelial cells immortalised by lentiviral vectors of the SV40 

large T antigen, or HPY16 E6E7 (Rahman et al., 2016). These lines include the SV40 large T antigen 

human capillary endothelial cells (SV-HCEC), the transfected human brain microvascular endothelial 

cells (THBMEC), and the human brain capillary line (BB19) (Diglio, Liu, Grammas, Giacomelli, & 

Joseph, 1993; S. Man et al., 2008; Muruganandam, Herx, Monette, Durkin, & Stanimirovic, 1997). The 

most commonly used line, the human cerebral microvascular endothelial cell/D3 (hCMEC/D3), was 

immortalised by Weksler et al., and has been extensively characterised; the TEER is around 50 ohms cm-2, 

and numerous tight junction and transporter proteins are expressed in this line (B. Weksler, Romero, & 

Couraud, 2013; B. B. Weksler et al., 2005). In addition to the use of immortalised BECs, immortalised 

systemic endothelial cells have been commonly utilised in BBB research.  
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HUVECs grown in astrocyte-conditioned media which confers some BEC characteristics (Adriani, Ma, 

Pavesi, Goh, & Kamm, 2015; Y. He, Yao, Tsirka, & Cao, 2014). 

The relatively recent method of inducing pluripotent stem cells (IPSCs) into the cell of choice has also 

been used to model the cells of the BBB. In 2012, Lippmann et al., differentiated human pluripotent stem 

cells into brain microvascular endothelial cells which (when cultured in astrocyte conditioned media) 

exhibited polarized efflux transporter activity, high levels of TEER, and expressed claudin-5, occludin, 

PECAM-1, Pgp and GLUT-1 (Lippmann et al., 2012).   Further optimisation has led to an increase in the 

use of this method, making it a viable option for both single-cell culture models and multi-cellular models 

of the NVU (Ribecco-Lutkiewicz et al., 2018).  

For the work in this thesis, an alternative human cerebral microvascular endothelial cell line (hCMVEC) 

was utilised as the inflammatory response, junctional protein expression (Table 1.1) and barrier 

impedance has been well characterised (O'Carroll et al., 2015). While it has been recently observed that 

these cells do not express junctional claudin-5, they do express multiple other claudins and, as the barrier 

impedance reading is similar to the hCMEC/D3 line (which do express junctional claudin-5), this 

indicates that alternative claudins may be upregulated in this model (Maherally et al., 2017). 

 

Table 1.1: Junctional protein expression in hCMVECs. 
 

Protein mRNA ICC Western blot 
⍺-catenin ✔ - - 
β-catenin ✔ ✔ - 
Cadherin-5 ✔ - - 
CD144 ✔ ✔ ✔ 
CD-31 ✔ ✔ - 

Claudin-1 ✔ ✔ ╳ 
Claudin-2 ╳ - - 

Claudin-3 ╳ - ╳ 
Claudin-5 ╳ ╳ ╳ 
Claudin-12 ✔ - - 
Occludin ✔ ✔ ✔ 
PECAM-1 ✔ - - 
ZO-1 - ✔ ✔ 

 

1.1.5 Methods of measuring BBB permeability  
There are multiple methods of measuring BBB resistance and permeability, however the most commonly 

used are the epithelial Volt/Ohm (TEER) meter (EVOM), the CellZscope and the electrical cell-substrate 
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impedance sensor (ECIS). Both the EVOM and the CellZscope are true measures of TEER, in that current 

passes between electrodes are placed on either side of a semi-permeable membrane, on which a monolayer 

of cells is grown. In contrast, in the ECIS Zθ system, cells are grown on a non-permeable substrate in 

which the electrodes are embedded, and the impedance that the cells offer to the current is measured. 

There are positive and negative aspects of both systems; the EVOM method can be highly variable as the 

‘chopstick’ electrodes are manually placed into the well, and thus the orientation of the electrode varies 

each time. In addition to this, the plate is removed from the incubator for manual resistance 

measurements, and the resulting change in temperature can have a substantial effect on the resistance. As 

the EVOM method requires manual placing of the electrodes, measurements cannot be taken at the same 

time across the plate, thus acute responses may be missed. Similarly, as the readings are taken manually, 

measuring temporal data over long periods of time is not feasible, thus most research utilising this 

technology will pick specific time-points for measurement, increasing the likelihood of missing important 

cell changes. However, as mentioned previously, EVOM measurements produce a truer measurement of 

the resistance across the monolayer, and thus TEER, and as the system requires a basolateral 

compartment, the polarised response of BEC to treatments, and the resistance of multi-cell models can be 

analysed. 

In contrast, the ECIS measures the real-time impedance mediated by a cell monolayer. There are multiple 

benefits of this system (including high through-put, continual measurement, reduced variability between 

experiments), however the resistances measured by ECIS and EVOM are not easily compared as the latter 

measures the paracellular resistance, and the former the impedance mediated by the monolayer as a whole.  

1.2 Leukocyte extravasation  
Leukocyte extravasation into the healthy CNS parenchyma occurs at very low levels (W. Banks, 2012; 

Filiano, Gadani, & Kipnis, 2017). T cells have been observed to cross the BBB at the post-capillary 

venules of the choroid plexus and meninges (where TJ proteins are lower) to complete immune 

surveillance in an organised manner (Bechmann et al 2007, Owens et al 2008). However during disease or 

systemic inflammation when the BBB is activated and inflamed/activated, neutrophils, monocytes, and 

lymphocytes can extravasate into the CNS parenchyma through a multifaceted process (W. Banks, 2012) 

(Banks et al 2012, Bohatschek et al 2001, Wang et al 2008). This process is highly regulated, with 

vascular dilation reducing the rate of blood flow, allowing leukocytes to move out of the fast-moving 

bloodstream, roll along and arrest on the endothelium and consequently migrate/extravasate through the 

endothelial paracellular and (less commonly) transcellular space (Muller, 2003; Schenkel, Mamdouh, & 

Muller, 2004).  
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Figure 1.2: Leukocyte rolling, firm adhesion and transmigration. 
Adapted from (L. Liu et al., 2013). 
 

1.2.1 Capture, rolling and arrest 
Following activation by systemic cytokines in response to infection, BBB endothelial cells upregulate P-

selectin to ‘capture’ the leukocytes by binding to the leukocyte-expressed P-selectin glycoprotein ligand 1 

(PSGL1) (Kerfoot & Kubes, 2002) (Figure 1.2) . E-selectin is then upregulated by the BEC, and both P- 

and E-selectin tether to, and consequently slow down the leukocytes, causing the leukocytes to roll along 

the apical surface. PSGL1 binding leads to the activation (via conformational change) and clustering of 

leukocyte cell surface integrins, e.g. lymphocyte function-associated antigen (LFA-1) on leukocytes, 

macrophage antigen 1 (MAC-1) on myeloid cells, and very late antigen 4 (VLA4) on lymphocytes and 

monocytes (Takeshita & Ransohoff, 2012; Xu et al., 2007). These bind to the BEC adhesion molecules; 

intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) which are 

upregulated on the endothelial apical surface and mediate slower rolling (Bö et al., 1996; Shumei Man et 

al., 2009; Rosenman, Shrikant, Dubb, Benveniste, & Ransohoff, 1995). P- and E-selectin are subsequently 

cleaved off the apical surface, and ICAM-1 and VCAM-1 mediate the arrest and firm adhesion of the 

leukocyte. Following arrest, ICAM-1, VCAM-1 and ICAM-2 (which binds to MAC-1), induce the 

leukocyte to spread along the apical surface with F-actin inducing cell polarisation to ensure movement in 

one direction. This causes leukocytes to crawl (sometimes up to 200 µm) along the endothelial monolayer, 

continually sending out protrusions so as to sense areas of reduced actin density, which indicates the 

position of  intracellular junctions where extravasation can occur (Halai, Whiteford, Ma, Nourshargh, & 

Woodfin, 2014). Endothelial cells then upregulate clusters of ICAM-1 to halt leukocyte crawling at an 

intercellular junction (Gorina, Lyck, Vestweber, & Engelhardt, 2014). Additionally, highly activated 

leukocytes have been shown to be halted by endothelial extensions of the HUVEC apical cell membrane 

(which expressed high levels of VCAM-1 and ICAM-1) which induced leukocyte ‘docking’ at the 

intracellular cleft (Barreiro et al., 2002). 
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1.2.2 Paracellular diapedesis 
Trans- or paracellular diapedesis; the migration of leukocytes either between or through the cells of the 

endothelial barrier, is dependent on both the cell type and the disease state. (Millan et al 2006, Gorine at al 

2014, Abadier et al 2015). Paracellular diapedesis occurs in numerous sequential steps, initiated by 

leukocyte mediated phosphorylation of CD144. Phosphorylation causes CD144 contacts to transiently 

loosen, allowing leukocytes (assisted by sequential interactions with JAM-A/C, PECAM-1 and CD99) to 

extravasate through the monolayer (Winger, Koblinski, Kanda, Ransohoff, & Muller, 2014). Once through 

the paracellular junction, leukocytes must then transmigrate across the basement membrane and pericyte 

‘sheath.’ 

In contrast, as transcellular diapedesis is mediated through the fusion of endothelial and leukocyte 

membranes, the TJs and AJs remain intact. Leukocyte docking and movement relies on the endothelial 

expression of ICAM-1, VCAM-1 and caveolin, and the extension of ‘protrusions’ which mediate the 

formation of a transcellular channel (C. V. Carman et al., 2007). While transcellular diapedesis may seem 

a more likely route of regulated leukocyte entry into the CNS, as it primarily occurs where endothelial 

junctions are very tightly adhered, recent work has found that 98% of leukocytes extravasate in a 

paracellular manner (Winger et al., 2014) . However  in experimental autoimmune encephalomyelitis 

(EAE), the murine model of MS, leukocytes have been shown to extravasate transcellularly, leaving TJ 

structure intact (Wolburg, Wolburg-Buchholz, & Engelhardt, 2005). With both trans- and paracellular 

diapedesis, analysis of ICAM-1 and VCAM-1 expression, and the expression and location of CD144 

allows for the in vitro assessment of inflammation and changes to the BEC barrier. 

1.3 BBB breakdown in Multiple Sclerosis 
 

Disruption of the BBB facilitates the entry of immune cells, pathogens and systemically derived pro-

inflammatory mediators, all of which can have a devastating affect within the confines of the highly 

regulated CNS. Thus, BBB breakdown is hypothesized to contribute to a multitude of diseases including 

neurodegenerative (Alzheimer’s disease; AD and Huntington’s disease; HD), autoimmune (Multiple 

Sclerosis; MS) and infectious (Bacterial meningitis and human immune-deficiency virus-1; HIV-1). While 

research into BBB disruption in AD and HD is in its infancy, BBB breakdown at the site of active lesions 

is a key pathological marker for MS and is thus one of the key areas of study in this field. 

1.3.1 MS epidemiology and symptoms 
Multiple Sclerosis is a severely debilitating disease of the central nervous system, affecting 1 in 1000 New 

Zealanders and two million people worldwide with an average age of onset of 30 years (Browne et al., 
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2014; Taylor et al., 2010). The symptoms of the disease are caused by the destruction of the 

oligodendrocyte-produced myelin sheath which surrounds axonal fibres. Loss of the myelin sheath 

reduces the speed at which information is relayed between neurons and can induce numerous neurological 

symptoms, dependent on the location of the demyelination and the severity of the disease.  These 

symptoms include paraesthesia’s, unilateral numbness, dysesthesias, ataxia, diplopia, bladder dysfunction 

and incontinence, and chronic neuropathic pain (Brownlee, Hardy, Fazekas, & Miller, 2017; Thompson et 

al., 2018).  

There are four clinical classifications of MS, the first of which is clinically isolated syndrome with 

symptoms indicative of demyelination, but no prognosis (Sand, 2015). The next stage is relapsing-

remitting MS (RRMS) which involves the random occurrence of neurological symptoms, or ‘relapse’ 

(RRMS-R) which then remit for a variable period. RRMS may then progress into secondary 

progressive MS (SPMS) where patients with RRMS do not experience periods of relief between 

symptoms, but the MS continually progresses causing further debilitation. An additional type of MS is 

primary progressive MS (PPMS) which accounts for between 10-15% of all MS cases. These patients 

experience gradually worsening neurological symptoms with no relapses or remittance but continual 

progression and debilitation (Sand, 2015).  

Pathological determination of the disease is through the presence of focal plaques (also known as 

inflammatory lesions) located within the white matter, demyelination, astrogliosis and perivascular 

cellular infiltrates (Vos et al., 2005). 

1.3.2 Causes of MS 
Multiple Sclerosis is thought to be caused by an autoimmune response to brain antigens, with 

autoimmunity arising either in the brain or the periphery (Drendou et al 2015). MS is considered an 

immune-mediated disease for many reasons. In the early stages of the disease CD4+ and CD8+ T cells are 

present within active lesions, and autoreactive T helper 17 (Th17) cells are found in the periphery of the 

lesion (Salou, Nicol, Garcia, & Laplaud, 2015). Wide-ranging genetic screens indicate that the genetic 

variants most associated with MS affect immune function, for example, the MHC II gene HLA-DRB1 

(Parnell & Booth, 2017). In addition to this, the predominant animal model of MS,  EAE, is induced 

by immunising rodents with myelin antigen, thus causing T cell autoreactivity to the cognate antigen 

(Slavin et al., 1998). However, while the current theory of immune-mediated MS is that of T cell 

autoactivation, the mechanism of Th cell pathogenicity is still unknown. For further information, please 

refer to the numerous extensive reviews on this topic (Lemus, Warrington, & Rodriguez, 2018). 
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1.3.3 Barrier breakdown in MS 
BBB breakdown is an essential prerequisite for the development of MS, and clinical severity is correlated 

with the extent of BBB disruption (Fabis, Scott, Kean, Koprowski, & Hooper, 2007). Barrier breakdown 

is thought to be in two phases; intense focal disruption and inflammation followed by diffuse chronic 

disruption which correlates with changes in the expression of endothelial cell receptors, basement 

membrane proteins and extracellular matrix proteins (Bennett et al., 2010). 

There are numerous methods by which BBB permeability is measured in MS patients, including dynamic 

gadolinium contrast-enhanced magnetic resonance imaging (MRI), positron emission tomography (PET) 

imaging, and more recently a radioactive matrix metallo-protease (MMP) ligand for use with PET 

imaging, (Gerwien et al., 2016; Harris, Frank, Patronas, McFarlin, & McFarland, 1991; Stankoff et al., 

2011). During MRI scanning, the presence of Gadolinium-diethylenetriamine penta-acetic acid (Gd-

DPTA) in the perivascular space is one of the first indicators of the formation of a new lesion. Using this 

technique and histopathological studies measuring the presence of fibrinogen in the post-mortem brain, it 

has been determined that inactive lesions and normal appearing white matter (NAWM) also have 

abnormal BBBs (Grossman, Gonzalez-Scarano, Atlas, Galetta, & Silberberg, 1986; Kirk, Plumb, 

Mirakhur, & McQuaid, 2003; Kwon & Prineas, 1994; Leech, Kirk, Plumb, & McQuaid, 2007; Padden et 

al., 2007). This research indicates that breakdown is likely to occur before auto-reactive T cell 

extravasation from the systemic circulation to the brain, and the subsequent axon demyelination. 

1.3.4. Changes to cerebrovascular endothelial cells in MS.  

Studies of neuropathologically confirmed cases of MS indicate that the vasculature is highly altered, with 

larger vessels and vastly different endothelial cell morphology (Kirk et al., 2003; Plumb, McQuaid, 

Mirakhur, & Kirk, 2002).  There is an increase in abnormal TJs in both inactive and active lesions 

compared to normal appearing white matter (NAWM) and healthy tissue, in all sizes of vessels (Leech et 

al., 2007). These TJs express punctate ZO-1 and occludin staining and the number of abnormal TJ vessels 

is correlated with increased fibrinogen staining in the perivascular white matter, indicative of an increase 

in BBB permeability. Active lesions have the highest levels of fibrinogen leakage; however, as mentioned 

previously, leakage is also observed in NAWM (Kirk et al., 2003). However, ZO-1 expression in MS 

patient autopsy tissue is somewhat controversial with reports of reductions in overall ZO-1 at micro-

vessels in active lesions, and reports of no change in the overall expression of ZO-1 but a change in 

localisation, from junctional to cytoplasmic (Kuruganti, Hinojoza, Eaton, Ehmann, & Sobel, 2002). 
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In addition to abnormal ZO-1, JAM-A is reduced in active and inactive lesions (but to a lesser extent than 

the reduction in ZO-1) while β-catenin is unaffected, leading to the hypothesis that it is TJs and not AJs 

that are altered in MS (Padden et al., 2007).  

A reduction/re-localisation of ZO-1 and actin is also observed in active lesions in the EAE model, and 

these precede an increase in lesion volume and the appearance of clinical symptoms.  Redistributed ZO-1 

has been correlated with an increase in measures of permeability in vitro (treated with myelin 

oligodendrocyte glycoprotein (MOG) peptide and pertussis toxin) to 3 kDa FITC-dextran, and this is 

concurrent with  an increase in in vivo permeability (Bennett et al., 2010). These EAE mice also express 

abnormal ZO-1 staining in non-lesion areas, in agreement with the expression in MS patient NAWM.  

The classification of MS is also a contributing factor to TJ and AJ expression. PPMS and SPMS patients 

exhibit similar levels of TJ abnormalities in the active lesions; however PPMS patients also have 

increased levels of TJ abnormalities in the inactive lesions (Leech et al., 2007).  

1.3.5 MS patient serum and the BBB 
BBB breakdown is an essential prerequisite in the development of MS, and numerous systemic pro-

inflammatory mediators may play a part in this (Floris et al., 2004). As cerebrovascular endothelial cells 

are in direct contact with the systemic circulation, analysis into the effect of MS patient blood fractions on 

these cells is integral to the understanding of initial barrier breakdown.  Previous research into the impact 

of MS patient sera on the integrity of the brain endothelial barrier has been carried out using the TY09 

brain microvascular endothelial cells (BMEC) (Shimizu et al., 2014). RRMS and SPMS patient sera 

causes a significant reduction in TEER (by around 20%) 24 hours following treatment, as measured by the 

EVOM. At the same time point, the sera mediate a decrease in claudin-5 expression but does not affect 

occludin. VCAM-1 is upregulated in all cells treated with sera regardless of the disease subtype, 

indicating that all MS sera may induce leukocyte extravasation (Shimizu et al., 2014).  

Reduced TEER has also been observed in an in vitro rat model. A co-culture model containing rat cortical 

neurons, astrocytes and endothelial cells exhibited significant reductions in TEER (as measured by 

EVOM) 24 hours following treatment with SPMS patient sera. In addition to this (and in contrast to the 

research using human BMEC), occludin was significantly reduced in the rat cerebrovascular endothelial 

cells at 24 hours (Proia et al., 2009). 

1.3.6 Cytokines and chemokines in MS 
Cytokines are small signalling molecules which confer information and mediate functions by activating 

cell surface receptors. The cytokine family includes chemotactic molecules; chemokines, type I and type 

II interferons, and the interleukin family. Neuroimmune modulators are secreted by the BEC in a polarised 

manner, activating either the cells of the systemic circulation, the CNS, or the BEC themselves (Otmishi 
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et al., 2008). Polarised secretion mediates the communication of information from the systemic circulation 

to the brain and vice versa (Sulekha Verma, Nakaoke, Dohgu, & Banks, 2006). 

Analysis of the cytokine/chemokine profile of MS patient sera allows for the discovery of components 

responsible for BBB breakdown. Multiple groups have attempted to determine the inflammatory cytokine 

profile of cerebrospinal fluid (CSF), and a smaller number have analysed sera obtained from different 

subsets of MS patients, with results differing perhaps due to differences in sampling methodology 

(Bartosik-Psujek & Stelmasiak, 2005; Bartosik‐Psujek, Belniak, Mitosek‐Szewczyk, Dobosz, & 

Stelmasiak, 2004; Y.-C. Chen et al., 2012; Dore-Duffy et al., 1995; Drulović et al., 1998; K. Hohnoki, A. 

Inoue, & C.-S. Koh, 1998; Losy, Niezgoda, & Wender, 1999; Martins et al., 2011; Mellergård, Edström, 

Vrethem, Ernerudh, & Dahle, 2010; Nicoletti et al., 1996; Stelmasiak et al., 2000).  

Analysis of sera, plasma or CSF of MS patients shows that the majority of detected cytokines are 

classified as Th1 and Th17 and are produced following an innate immune response. One study analysing 

the effect of Natalizumab (an MS treatment targeting the α4-integrin) on the presence of a broad array of 

CSF and serum cytokines and chemokines found that IL-1β, interleukin-8 (IL-8), interferon-gamma 

induced protein 10 (IP-10), C-X-C motif chemokine-11 (CXCL11) and C-C motif chemokine-22 (CCL22) 

were increased in the CSF of RRMS/SP patients compared to control (Mellergård et al., 2010). 

Granulocyte-macrophage colony stimulating factor (GM-CSF), IFNγ TNFα, interleukin-2 (IL-2), 

interleukin-4 (IL-4), interleukin-5 (IL5), interleukin-10 (IL-10) and CCL17 were found to be too low (the 

detection limit for the majority of these was below 1 pg/mL) to detect consistently in CSF, however IFNγ, 

IL-2, IL-5 and IL-8 could be observed in MS patient sera. Within the CNS, the concentration of IP-10 was 

higher than the other analytes, and no cytokine or chemokine was present at concentrations above 200 

pg/mL (Mellergård et al., 2010). 

Martins et al. (2011) performed the largest study to date, analysing the sera of 833 MS patients and 117 

controls, measuring 13 different pro- and anti-inflammatory cytokines and chemokines (Martins et al., 

2011). The MS patients were classified by both their type of MS (RR, secondary progressive, primary 

progressive) and their immunotherapy, either IFN-β1a or IFN-β1b, glatiramer acetate, immunosuppressive 

therapies or no treatment. MS patient sera contained significantly higher concentrations of the pro-

inflammatory TH1cytokines IFNγ, IL-2, IL-1β, TNFα, and the anti-inflammatory and down-regulating 

TH2 cytokines IL-4, IL-10 and interleukin-13 (IL-13); however, there were no significant differences 

between disease subgroups (Martins et al., 2011).  

The type of MS is a crucial classifier, as is the status of relapse or remission. GM-CSF and TNFα are 

primarily found in the CSF of patients experiencing a relapse, whereas the Th2 cytokine IL-10 and 
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transforming growth factor-β (TGFβ) are increased in the CSF of patients in remission (Carrieri et al., 

1998; Perrella, Carrieri, De Mercato, & Buscaino, 1993). 

Research into the effect of the individual cytokines found in MS sera on the integrity of the BBB has 

primarily focused on the impact of IL-1β and IFNγ, and thus there is much still to learn about the effect of 

the further cytokines and chemokine on BEC.  

 

IFNγ- IFNγ is a type II interferon and Th1 cytokine produced by Th17 and cytotoxic CD4+ T 

lymphocytes, which has been found to have both pathogenic and protective roles in MS and EAE 

(Krakowski & Owens, 1996; Peeters et al., 2017). IFNγ treatment mediates drastic changes in human 

BECs morphology and function. A study using primary human cells from the temporal lobe found that 

four days of IFNγ treatment mediates a morphological change from elongate and contact-inhibited, to 

spindle-like with long processes (Huynh & Dorovini-Zis, 1993). The cells overlap in a whorl-like 

arrangement and the morphological changes are concurrent with a reduction in intercellular contacts. 

However in contrast to this, research in the human BEC line HB2C2 found that IFNγ was unable to 

consistently affect BEC morphology, indicating that IFNγ may have a differential effect on BEC from 

different areas of the brain (Kuruganti et al., 2002). 

IFNγ has also been shown to mediate inconsistent changes in brain endothelial cell resistance and 

permeability. Concurrent application of IFNγ to both the apical and basolateral sides of the hCMEC/D3 

line caused a slight non-significant increase in TEER (as measured by EVOM) which returned to control 

levels by day 7 (Chaitanya et al., 2011). The metabolism of the cell monolayer decreased significantly 

during this time indicating that an increase in cell proliferation did not cause the increase in TEER.  

In contrast to the observed increase in TEER, work in primary human brain endothelial cells found that 

IFNγ treatment leads to a reduction in resistance as measured by a voltmeter at 4 and 18 hours; however, 

permeability returns to control levels by 24 hours (Wong, Dorovini-Zis, & Vincent, 2004). Besides the 

difference in measuring methodology and time-points, these studies also differ in the site of IFNγ 

treatment i.e. apical, basolateral or concurrent. Therefore, it may be that apical IFNγ treatment causes a 

characteristic change in shape, increase in permeability, adhesion molecules and pro-inflammatory 

cytokines and chemokines. In contrast, the addition of IFNγ to both the apical and basolateral 

compartments is indicative of both systemic and cerebral inflammation which, due to the polarised nature 

of brain endothelial cells, may have differential effects on the barrier. 

In the murine b.End.3 line, high concentrations of IFNγ mediates a transient decrease in electrical 

impedance (as measured by the xCELLigence RTCA) before a significant and sustained increase, 

indicative of an increase in TEER (C. Ni et al., 2014). Claudin-5 and ZO-1 are upregulated 4 hours post-
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treatment (claudin-5 is upregulated in both membrane fractions and whole cell lysates), and occludin is 

upregulated in both whole cell lysates and membrane fractions by 12- and 8-hours post-treatment 

respectively. Claudin-5 (but not occludin) was found to be essential to IFNγ mediated changes in barrier 

impedance (C. Ni et al., 2014).  

In addition to the changes in BEC morphology and TEER, IFNγ has also been shown to alter leukocyte 

migration into the parenchyma. A recent study using the b.End3 line found that IFNγ treatment mediated 

an increase in trans-endothelial migration of in-vitro activated CD4+ T cells, TH1 and TH17 cells. This 

occurred concurrent with the re-distribution of CD144, claudin-5 and ZO-1 and a signal transducer and 

activator of transcription-1 (STAT-1) dependent increase in ICAM-1 and VCAM-1 (Sonar, Shaikh, Joshi, 

Atre, & Lal, 2017). This research indicates that IFNγ in the serum of MS patients may mediate BBB 

breakdown and increased leukocyte extravasation. 

 

IL-1β- IL-1β is a potent pleiotropic 17.5 kDa pro-inflammatory cytokine which activates the IL-1R1 and 

IL-1RAcP complex (or IL-1R3). Activation brings together two Toll-interleukin receptor domains (TIR 

domains) and initiates the Myeloid differentiation factor 88 (MyD88) signalling cascade which ultimately 

induces nuclear translocation of the transcription factor nuclear factor kappa-light chain-enhancer of 

activated B cells (NF-кB) and activator protein-1 (AP-1) (Lopez-Castejon & Brough, 2011).  

IL-1β is present in the CSF of RRMS patients and its presence correlates with both the number and 

volume of lesions in newly diagnosed RRMS patients, and the severity of disease progression over the 

course of 5 years in patients in remission (Rossi et al., 2014; Seppi et al., 2014). IL-1β has also been found 

in the parenchyma of active and inactive lesions of MS patients (with no differences dependent on disease 

classification), and in microglial nodules hypothesised to be pre-active lesions (Burm et al., 2016). 

In addition to the presence in the CSF and MS lesions, IL-1β has been linked to MS through the use of IL-

1 p80 receptor knockout mouse models of EAE; knocking out this receptor mediates resistance to EAE 

induction (by MOG + PTX treatment) (Schiffenbauer et al., 2000). Partial resistance to EAE is also 

induced by knocking out components of the nucleotide-binding domain and leucine-rich repeat containing 

(NLR) protein-3 (NLRP3) inflammasome, an innate pattern recognition receptor which cleaves the 

inactive IL-1β precursor, pro-IL-1β, into the active state (Gris et al., 2010). 

In the EAE model, IL-1β is produced by CD4+ T cells, and a group of monocyte-derived macrophages (in 

the periphery and the CNS), neutrophils and meningeal mast cells following transmigration through the 

endothelial cells of the blood-spinal cord barrier (Lévesque et al., 2016; Lin & Edelson, 2017). 

CNS derived IL-1β is known to affect BBB permeability through the activation of astrocytes via multiple 

mechanisms including the downregulation of sonic hedgehog and the upregulation of hypoxia-inducible 
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factor -1, the transcription factor which mediates the production of vascular endothelial growth factor-A 

(VEGF-A) (Argaw et al., 2006; Yue Wang et al., 2014). Of interest, IFNγ treatment has been shown to 

potentiate the effects of IL-1β on astrocytes, thus indicating a synergistic effect of these two cytokines. In 

a murine in vivo model, striatal injection of IL-1β caused an increase in BBB permeability by 4 hours 

which returned to control levels by 24 hours. Permeability could be inhibited by neutrophil depletion 

indicating that neutrophil extravasation has an essential role in BBB permeability (Blamire et al., 2000). 

Microarray analysis and western blot of IL-1β treated HUVECs (modelling systemically applied IL-1β) 

indicates that claudin-1 is upregulated at 5 and 7 hours, while claudin-5 and occludin are downregulated at 

5, 7, and 12 hours post-treatment (M. R. Williams et al., 2008). Claudin-5 expression returns to control 

levels 24 hours post-treatment. In line with the downregulation of claudin-5 and occludin, HUVECs 

treated with IL-1β for 3 hours exhibit a reduction in junctional CD144 and are more permeable to albumin 

(however microvascular endothelial cells from different regions differ in the IL-1β mediated regulation of 

CD144 (Du et al., 2015)).  Actin stress fibres are also increased, which induce cell contraction and the 

formation of intercellular gaps (Puhlmann et al., 2005).  

In the rat model, brain microvascular endothelial cells treated for 2 hours with IL-1β display increased 

stress fibres, reduced cortical ZO-1 and are 60% more permeable to 10 kDa FITC-Dextran (Alluri et al., 

2016). These changes are partially attenuated by calpain (a family of proteases) inhibitors, indicating that 

IL-1β may mediate changes in permeability via the production of calpains.  

Previous research by the Graham group into the IL-1β-mediated inflammatory profile of a human brain 

microvascular endothelial cell line found that IL-1β treatment altered the raw electrical impedance of the 

cells at 4,000 ohms (the data was measured by the ECIS biosensors and was not modelled) (O'Carroll et 

al., 2015). Treatment with 5 ng/mL IL-1β mediated an immediate and transient 10% reduction in 

resistance which was followed by a dose-dependent increase, increasing above control for approximately 

50 hours post-treatment. 

IL-1β treatment of primary human brain endothelial cells mediates the production of G-CSF, GM-CSF, 

IL-6 (which induce the maturation of neutrophils, antigen-presenting cells (APCs) and monocytes), 

CXCL8 and CCL2, but not TNFα (Argaw et al., 2006). In addition to this, previous research by the 

Graham group using the hCMVEC line found that IL-1β upregulates E-selectin, ICAM-1, VCAM-1 (the 

latter two of which were cleaved 24 hours post-treatment) and induces the secretion of IL-8, IL-6, 

monocyte-chemoattractant protein-1 (MCP-1), IP-10, GCSF, basic fibroblast growth factor (bFGF), 

VEGF, GM-CSF, soluble tumour necrosis factor receptor I (TNFRI) and TNFRII (O'Carroll et al., 2015). 

Thus, systemically administered IL-1β is shown to activate brain endothelial cells to produce an array of 

cytokines, chemokines and cell adhesion molecules. In line with an increase in systemically secreted 
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cytokines, primary murine brain endothelial cells treated with IL-1β applied apically or basolaterally 

caused differential activation of microglia. These results indicate that apical or systemically derived and 

applied IL-1β can induce the secretion of pro-inflammatory mediators into the CNS parenchyma 

(Krasnow, Knoll, Verghese, Levasseur, & Marks, 2017). 

 

TNFα - TNFα is a pleiotropic pro-inflammatory cytokine found in the serum and CSF of MS patients and 

has been extensively used to model inflammation  (O'Carroll et al., 2015). TNFα is produced by numerous 

cells, including T and B cells, and by astrocytes and neurons in the CNS and these bind to two receptors; 

TNFR1 and TNFR2 which are activated by soluble or membrane-bound TNFα respectively (Sujuan Yang, 

Wang, Brand, & Zheng, 2018). TNFR1 is expressed constitutively on all cell types whereas TNFR2 is less 

widely expressed (S. J. Choi et al., 2005; Hijdra, Vorselaars, Grutters, Claessen, & Rijkers, 2012). Early 

research into the presence of TNFα in serum of MS patients mediated conflicting results (Franciotta et al., 

1989; Peter, Boctor, & Tourtellotte, 1991; Sharief, Noori, Ciardi, Cirelli, & Thompson, 1993; Sharief & 

Thompson, 1992). An in-depth study by Spuler et al., (1996) measuring monthly serum levels of TNFα 

and correlating this to MRI and clinical symptoms found that the presence of over 50 pg/mL TNFα in the 

serum was associated with an increase in the presence of Gd-DPTA enhancing lesions. However,  these 

lesions also appeared when TNFα was suppressed (Spuler et al., 1996). Of interest, TNFα has been found 

to be increased in the serum of RR-MS patients in remission, as opposed to relapse, and has been shown 

to mediate a protective role, (as anti-TNFα treatment leads to demyelination) (Kallaur et al., 2013; 

Kemanetzoglou & Andreadou, 2017). Thus, the role of TNFα in MS is relatively complex.  

 

 IL-4 - IL-4 is an 18 kDa glycoprotein and pleiotropic type I cytokine which primarily acts through the IL-

4 receptor. It is produced by mast cells, basophils, eosinophils and Th2 cells and is involved in B-cell 

differentiation and commitment, Immunoglobulin class switching and cell proliferation, and can affect 

multiple cell types (Bélanger & Crotty, 2016; Diny et al., 2017; Hussain et al., 2018; McLeod, Baker, & 

Ryan, 2015).  Both the presence of IL-4 in sera and polymorphisms in the gene and the gene of the IL-4 

receptor have been associated with multiple sclerosis (Zhang, Wang, Sun, Zhang, & Lu, 2016). 

IL-4 can act as a growth factor at human endothelial cells and induces a pro-inflammatory phenotype; 

upregulating adhesion molecules, cytokines and chemokines, increasing monocyte and T cell binding and 

increasing cell proliferation (Chalubinski et al., 2015; Junttila, 2018). Holes in the HUVEC monolayer are 

observed following IL-4 treatment, increasing in number and size over time until the cell monolayer is 

entirely disrupted, and small islands of cells remain. Within six hours, IL-4 treatment increases 

microvascular leakage of albumin (Karolena Kotowicz, Callard, Friedrich, Matthews, & Klein, 1996; K. 



 

 22 

Kotowicz, Callard, Klein, & Jacobs, 2004). A recent study found that IL-4 causes electrical 

hyperpermeability of human coronary artery endothelial cells via the formation of actin stress fibres, the 

subsequent disassembly of CD144 and the appearance of intercellular gaps (Skaria, Burgener, Bachli, & 

Schoedon, 2016). These changes are induced by Wnt5A signalling and the phosphorylation of LIM kinase 

(LIMK) and cofilin-1 (CFL1). If the same effects are observed in human brain endothelial cells, it could 

correlate with the presence of IL-4 in the sera of MS patients and barrier breakdown. 

  

IL-6 - IL-6 is secreted systemically by endothelia, macrophages, T and B cells and by microglia and 

neurons within the CNS as part of the acute phase response (Gadient & Otten, 1997; Jirik et al., 1989; 

Szeto et al., 2008). The membrane-bound receptor (IL-6Rα) is found on human brain endothelial cells in 

addition to leukocytes and microglia (Eskilsson et al., 2014). The soluble IL-6 receptor is thought to be 

responsible for the pro-inflammatory effects of IL-6, whereas the membrane-bound form is likely to be 

anti-inflammatory (Hurst et al., 2001; Tilg, Trehu, Atkins, Dinarello, & Mier, 1994). IL-6 has been found 

to be a prerequisite for the development of EAE, as IL-6 knock-out models of EAE (induced by MOG) 

lacked MOG-specific Th1 or Th2 effector cells indicating that IL-6 is required for the differentiation of 

naive T cells into the pathogenic pro-inflammatory Th17 cells (Samoilova, Horton, Hilliard, Liu, & Chen, 

1998). IL-6 elicits a pro-inflammatory response in human brain endothelial cells, and reduces the 

expression of TJ proteins, increasing permeability therefore an increase in IL-6 in MS sera may mediate 

BBB breakdown (Duchini, Govindarajan, Santucci, Zampi, & Hofman, 1996). 

GM-CSF- GM-CSF is a 14-35 kDa monomeric glycoprotein, haematopoetic growth factor and part of the 

colony stimulating factor superfamily (Masuda, Uzawa, Mori, & Kuwabara, 2015).  It is secreted by 

numerous cells and has various roles including priming monocytes to secrete cytokines, enhancing 

phagocytosis and antigen presentation by peripheral APCs and microglia, activating dendritic cells and 

mediating the maturation of granulocytes and monocytes, all through the activation of the janus-kinases-

signal transducer and activator of transcription proteins (JAK-STAT), NF-кB, mitogen-activated protein 

kinase (MAPK) and phosphoinositide 3-kinase- protein kinase B (PI3K-AKT) pathways (Hamilton, 2002; 

Morrissey, Bressler, Park, Alpert, & Gillis, 1987).  

GM-CSF has been found to be integral to the development of MOG peptide-induced EAE as GM-CSF 

knockout mice do not develop EAE, and exhibit minimal lesion formation and reduced cellular infiltration 

into the parenchyma (McQualter et al., 2001). GM-CSF knockout EAE mice have a diminished Th1 

response (with a reduction in IFNγ, IL-6 and IL-2 in cultured splenocytes) and the addition of 

recombinant GM-CSF restores the relapsing-remitting disease observed in this model. This research and 
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the presence in MS patient serum implicate GM-CSF as an important factor in MS. In untreated MS 

patients GM-CSF is produced by peripheral CD8+ and CD4+ T cells, and it is found in MS lesions 

(Rasouli et al., 2015). Of interest, IFNβ treated MS patients had normal levels of GM-CSF producing 

CD4+ and CD8+ T-cells. 

While there are limited studies on the impact of GM-CSF on brain endothelial cells, the presence of 

intracerebral GM-CSF has been found to facilitate the extravasation of monocytes in an AD mouse model 

(Shang et al., 2016). 

 

 1.4 Systemic inflammation and the BBB 
As previously mentioned, brain endothelial cells and the NVU are essential to the maintenance of CNS 

homeostasis and the inhibition of the extravasation of activated immune cells and pathogens from the 

periphery into the brain. As the interface between these two sites, endothelial cells may initiate an 

inflammatory response to pathogen associated molecular patterns (PAMPs) and danger associated 

molecular patterns (DAMPs) in the systemic circulation, mediating a change in brain endothelial cell 

phenotype. 

1.4.1 Blood-brain barrier breakdown in bacterial meningitis 

Bacterial meningitis affects 2-6 adults per 100,000 in developed countries and occurs when Streptococcus 

pneumoniae, Neisseria meningitidis or Haemophilus influenzae cross the BBB into the CNS 

(Kasanmoentalib, Brouwer, & van de Beek, 2013). S. pneumoniae is a gram-positive extracellular 

bacterium which colonises the nasopharyngeal space and causes two-thirds of all bacterial meningitis 

infections. Following bacteraemia, S. pneumoniae targets the endothelial cells of the BBB to gain access 

to the CNS. A rat model inoculated with S. pneumoniae exhibited nearly a 20% increase in TJ separation 

by 10 hours which was sustained until 18 hours post-inoculation (Quagliarello, Long, & Scheld, 1986). 

Once in the subarachnoid space of the CNS, S. pneumoniae causes a severe pro-inflammatory response 

which is a key contributor to neural damage and the 34% mortality and 52% morbidity rate (Quagliarello 

et al., 1986). Antibiotic treatment of bacterial meningitis does not ensure a good outcome, as the bacterial 

components still elicit an inflammatory response (De Gans & Van de Beek, 2002). 

S. pneumoniae crosses the BBB by several mechanisms including programmed cell death, the induction of 

inflammation and by directly binding and extravasating through the BEC. S. penumoniae has been shown 

to induce two morphologically distinct forms of programmed BEC death through the activation of toll-like 

receptor 2 (TLR2) by the pneumococcal cell wall,  and an alternate activation by the entire pneumococci 
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(Bermpohl et al., 2005). S. pneumoniae also produce toxins such as H202 and pneumolysin which have 

been shown to mediate apoptosis in human microglial cells and rat hippocampal neurons (Braun et al., 

2002). 

In addition to inducing apoptosis, the toxin pneumolysin also activates the innate immune system via the 

pattern recognition receptor TLR4 and the NLRP3 inflammasome. The activation of these mediates an 

innate inflammatory response which has been shown to contribute to BBB barrier breakdown but not 

programmed cell death (Bermpohl et al., 2005; McNeela et al., 2010). In addition to the known toxins, the 

pneumococcal cell wall, composed of peptidoglycans and teichoic acid has been shown to activate TLR2 

in rat BECs, inducing a pro-inflammatory response in addition to programmed cell death (Bermpohl et al., 

2005). The initiation of programmed cell death is in part through the production of TNFα as blocking this 

key cytokine reduces pneumococcal cell wall mediated programmed cell death by 10%. In addition to 

TLR2 and TLR4, TLR9 can recognise CpG in bacterial DNA, thus initiating an additional innate immune 

cascade (Tomlinson et al., 2014). TLR activation also mediates the production of IL-1β and many other 

pro-inflammatory cytokines and chemokines. Patients with bacterial meningitis have been found to have 

significantly higher levels of TNFα and IL-1β in the CSF, and high levels of intrathecal TNFα has been 

positively correlated with BBB disruption (Sharief, Ciardi, & Thompson, 1992).   

TNFα is also involved in the induction and activation of MMPs, which have been found in the CSF of 

bacterial meningitis patients (Leppert et al., 2000; Rosenberg, Estrada, Dencoff, & Stetler-Stevenson, 

1995). MMPs are endopeptidases which lyse the basolateral endothelial basement membrane (thus 

effectively disrupting the BBB) cleave cytokine precursors into their active forms and facilitate leukocyte 

extravasation across the BBB. MMP-3, MMP-7, MMP-8 and MMP-9 are upregulated in a rat model of 

bacterial meningitis and inhibition of MMP-9 has been found to attenuate brain damage, in addition to 

reducing concentrations of TNFα (Leib, Leppert, Clements, & Täuber, 2000). 

 In addition to TNFα and IL-1β, increased levels of IFNγ have been observed in the CSF of bacterial 

meningitis patients. Elevated plasma IFNγ levels have been associated with mortality in patients with 

sepsis (Mitchell et al., 2012). During bacterial meningitis, IFNγ is produced following NLRP3 

inflammasome activation, IL-18 production and subsequent IL-18R activation of Natural Killer cells. 

IFNγ knockout mice inoculated with S. pneumoniae exhibited reduced MCP-1 production and 

subsequently had reduced monocyte recruitment, in addition to a much lower bacterial load within the 

brain (Mitchell et al., 2012). These results therefore indicate that IFNγ has a role in increasing monocyte 
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recruitment to the brain and altering the clearance of bacteria from the brain. In contrast to this, IFNγ did 

not affect oedema formation or the production of cytokines or chemokines (with the exception of MCP-1). 

In contrast to the indirect barrier breakdown mediated by the innate immune response and bacterial toxins, 

S.pneuomoniae can also bind directly to endothelial cells. The bacteria enters cerebrovascular endothelial 

cells by binding to platelet-activating factor receptor, a G-protein coupled receptor on TNFα activated 

endothelial cells, which leads to bacterial internalisation (Cundell, Gerard, Gerard, Idanpaan-Heikkila, & 

Tuomanen, 1995). Group B streptococcus is also able to directly interact with human BEC through the 

pneumococcal cell wall protein, lipoteichoic acid, which facilitates entry into the cell via endocytosis, and 

can thus be inhibited through the inhibition of cytoskeletal rearrangement (Doran et al., 2005). This 

research indicates that there are multiple methods by which S. pneumoniae can breakdown or directly 

enter the BECs, with systemic inflammation a pivotal precursor to bacterial meningitis. Research into the 

effects of TLR agonists and pro-inflammatory cytokines on the BEC will allow us to better understand the 

impact of bacterial and viral infections on the BBB. 

1.4.2 Blood brain barrier breakdown during viral infection 
West Nile Virus (WNV) is an enveloped single-stranded RNA virus that infects Langerhan’s dendritic 

cells. Following systemic infection, WNV crosses the BBB, and causes encephalitis in 1- 2 % of infected 

patients (Debiasi & Tyler, 2006). Research into the method by which WNV gains access to the CNS has 

found that TLR3 knockout mice exhibit an increased survival rate following systemic WNV infection, 

with a reduction in BBB permeability to Evan’s blue dye (T. Wang et al., 2004). The reduction in 

permeability is concurrent with both a reduced viral load and reduced numbers of activated immune cells 

in the brain. WT mice treated with an intraperitoneal injection of the TLR3 agonist 

polyinosinic:polycytidylic acid (Poly(I:C), (a synthetic ssRNA) exhibit an increase in BBB leakiness by 

24 hours, indicating that WNV is activating TLR3, which mediates the production of TNFα, leading to 

BBB breakdown and facilitating the entry of activated leukocytes and monocytes into the CNS. However, 

a study using primary human brain endothelial cells exposed to WNV found that the cell-free virus did not 

mediate changes in TEER (as measured by EVOM) or permeability to FITC-Dextran. Additionally, the 

expression of TJ proteins was unchanged, with the exception of claudin-1, which was increased (both 

protein and mRNA) by day 4 post-infection. Of interest, VCAM-1 and E-Selectin expression did increase 

by day 2, indicating that the BEC were activated following WNV infection. Using a trans-well system, it 

was shown that the WNV migrated through the cells without barrier destruction. Further research using a 

murine model showed that CNS infection may occur prior to the observed increase in permeability and 

MMP-9 mediated reductions in ZO-1, claudin-1, occludin and JAM-A, as these changes were concurrent 

with a peak in viremia (Roe et al., 2012). An in vitro study found that MMP-1 and -9 are produced by 
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WNV activated astrocytes, and thus the WNV may be crossing the BBB without damage (but with some 

activation), activating TLR3 on the membrane and intracellular portion of astrocytes, and mediating the 

production of MMP-9 (Saguna Verma, Kumar, Gurjav, Lum, & Nerurkar, 2010). Astrocyte derived 

MMP-1 and -9 has been shown to mediate a reduction in human primary BEC ZO-1 and claudin-1 which 

coincides with a significant reduction in TEER and an increase in permeability to FITC-Dextran.  

Human Immunodeficiency virus (HIV) type-1 is a neurotropic virus that causes numerous neurological 

disorders, collectively known as HIV-associated neurological disorders (HAND). These disorders include 

dementia, encephalitis, asymptomatic neurocognitive impairment, and minor neurocognitive disorder. The 

primary route of HIV-1 entry into the brain is via the infection of CD4+ T cells and monocytes, which 

extravasate out of the periphery into the CNS where the virus replicates in microglia. However, HIV-1 has 

also been hypothesized to directly infect endothelial cells (Mankowski et al., 1994). 

Research into the effects of TLR3 agonists on the integrity and activation of the BEC will add to the 

current literature surrounding migration of systemic viruses into the CNS.  

1.5 Thesis outline and hypothesis 
Many cytokines and chemokines found in the sera of MS patients have unknown effects on the human 

BBB. It is hypothesized that RRMS-R sera will mediate disruption of the BEC monolayer, and that 

disruption can be attributed to the concentration of  individual cytokines and chemokines detected within 

the sera. In addition to this, this thesis will further explore the effect of systemic inflammation by 

analysing the impact of TLR agonists on the integrity of the human BEC monolayer. In particular, the 

novel finding that imiquimod, the TLR7/8 agonist induces anti-inflammatory, barrier strengthening effects 

via a TLR-independent mechanism will be further explored. Lastly, it describes the attempt to determine 

the receptor(s) through which imiquimod is exerting an anti-inflammatory profile and thus highlight a 

potential new target for barrier enhancing therapies. 
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 : Materials and Methods 
 

2.1 RRMS serum samples 
The RRMS patient serum samples used in this study were provided by the Human Brain and Spinal Fluid 

Resource Center (HBSFRC) at the University of California in Los Angeles. Once received from the 

HBSFRC the samples were aliquoted and kept at -80oC until use (all experiments were completed within 2 

months). Serum samples were utilised (as opposed to another blood fraction) as these were available 

through this collaboration. 

 
Table 2.1: Summary of the details of the RRMS serum samples used in this study. 
 

Experiment # HSB/Ext# 
Sample 
type Clinical Diagnosis/cause of death Age Gender 

1 11985 13 serum MS/relapsing/remitting in relapse 41 F 

2 12833 1 serum 
MS/relapsing/remitting in relapse, 
migraine 37 F 

3 12756 1 serum 

MS/relapsing/remitting in relapse, 
spondylosism cervical, lumbar, 
thoracic, degenerative disc disease 43 F 

4 12758 1 serum 
MS/relapsing/remitting in relapse, 
Depression, bipolar, asthma 45 M 

5 11858 9 serum MS/relapsing/remitting in relapse 51 M 

6 8893 14 serum MS/relapsing/remitting in relapse 52 M 

7 11535 14 serum MS/relapsing/remitting in relapse 34 M 

8 11917 3 serum MS/relapsing/remitting in relapse 51 M 

9 12008 2 serum MS/relapsing/remitting in relapse 41 F 

10 7817 15 serum MS relapsing/remitting in relapse 41 F 

11 11091 12 serum MS relapsing/remitting in relapse 41 M 
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12 11985 5 serum MS relapsing/remitting in relapse 36 F 

13 11904 4 serum MS relapsing/remitting in relapse 76 M 

14 8893 11 serum MS relapsing/remitting in relapse 49 M 

15 11364 6 serum MS relapsing/remitting in relapse 67 M 

16 11007 13 serum MS relapsing/remitting in relapse 45 M 

17 11738 8 serum MS relapsing/remitting in relapse 41 M 

18 5870 44 serum MS relapsing/remitting in relapse 52 M 

19 8817 15 serum MS relapsing/remitting in relapse 47 M 

20 13288 7 serum 
MS relapsing/remitting in relapse, 
Gerd neuropathy 33 M 

21 12359 15 serum 
MS relapsing/remitting in relapse, 
hyperlipidemia 57 F 

22 13038 6 serum 
MS relapsing/remitting in relapse, 
hypertrophy, benign prostate 34 M 

23 13479 0 serum MS relapsing/remitting in relapse 49 M 

24 13020 7 serum MS relapsing/remitting in relapse 32 F 

25 12410 12 serum MS relapsing/remitting in relapse 38 M 

26 13037 5 serum MS relapsing/remitting in relapse 28 M 

27 12988 4 serum MS relapsing/remitting in relapse 23 F 

28 13131 1 serum MS relapsing/remitting in relapse 33 M 

29 13071 1 serum MS relapsing/remitting in relapse 48 F 

30 13021 0 serum MS relapsing/remitting in relapse 22 F 
31 13728 0 PM serum Heart disease 73 M 
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32 13556 0 PM serum Normal 35 F 
33 12864 0 PM serum Cancer, oesophagus 78 M 
34 13108 0 PM serum Cancer, stomach 88 M 

35 13084 0 PM serum 
Chronic obstructive pulmonary 
disease 60 F 

36 7575 0 serum 
Chronic obstructive pulmonary 
disease  M 

37 7302 0 serum Middle cerebral artery thrombosis 60 M 
38 5926 A serum Normal 33 M 
39 5884 0 serum Normal 26 F 
40 5883 0 serum Normal 25 F 

 

2.2 Cell culture 
The human cerebral microvascular endothelial cell line (hCMVECs, referred to as BECs throughout the 

text) immortalized using the simian virus 40 large T antigen, was obtained from Applied Biological 

Materials Inc (cat# T0259, lot# VH0713, ABM http://www.abmgood.com). BECs were grown on Nunc 

T75 flasks (Thermofisher cat#156499) in M199 media (Life Technologies, Gibco cat# 1150-059) 

supplemented as per Table 2.2 (M199 media plus supplements referred to as ‘M199 media’ throughout the 

text). Cells were kept at 37 oC, 95% air, 5% CO2 and cell culture was performed aseptically in a cell 

culture fume hood. 

Primary human brain endothelial cells were kindly donated by Dr. Leon Smyth and isolated and 

characterised as in (Smyth et al., 2018). 

 
Table 2.2: Components of the BEC culture media 
 

Constituent Final concentration Source Catalogue # 
dibutryl cyclic-
AMP  80 µM Sigma-Aldrich  D0627  
FBS  10% Sigma-Aldrich  12203C-500ML  
Glutamax  2 mM Gibco  305050-061  
hEGF  10 ng/mL PeproTech  PTAF10015100  
Heparin  10 µg/mL Sigma-Aldrich  H-3393  
hFGF  3 ng/mL PeproTech  PTAF10018B50  
Hydrocortisone  1 µg/mL Sigma-Aldrich  H0888  
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2.3 Collagen coating 
All T75 flasks and 96 well plates (Nunc, Thermofisher Scientific) were coated in 1 µg/cm2 rat tail 

collagen I (Life Technologies, Gibco cat# A10483-01) in 0.02 M acetic acid. The plates/flask were 

incubated at room temperature for 1 hour, following which the solution was removed and the plates/flasks 

were thoroughly washed with phosphate buffered saline (PBS) (Life Technologies, Gibco, cat# 20012-

027), with the exception of the ECIS arrays (i.e. 96w20idf array) which were washed with autoclaved 

MilliQ water. 

 

2.4 Cell harvesting and plating 
To prepare cells for plating, media was aspirated from confluent flasks and cells were washed with PBS. 

Following aspiration, 2 ml of 0.5% Trypsin-EDTA (Life Technologies, Gibco cat# 253300-054) was 

added to the flask and incubated at 37 oC , 95% air, 5% CO2 for 2 minutes. Cerebrovascular endothelial 

cells are particularly adherent, therefore to facilitate detachment the flasks were gently tapped against the 

side of the hand.  Following detachment, trypsin was neutralized using M199 media (plus supplements) 

and centrifuged at 300 x g for 5 minutes. The supernatant was discarded, and cells were resuspended in 

M199 media. For continual cell growth, cells were split and re-plated at 1:4, for experiments cells were 

plated at a density of 60,000 cm-2 and were grown for at least 48 hours to reach confluence before being 

utilized. 

 

2.5 Recombinant protein and small molecule treatments 
BEC were plated at 60,000 cm-2 in 100 µL media onto either 96 well plates (Nunc, ECIS PET 96w20idf 

plates (Applied Biophysics), or the Xcelligence 96 well plate (ACEA Biosciences Inc., cat# 5232368001), 

which were coated with 1 µg/cm2 rat tail collagen I (as described in Chapter 2.3). After 48 hours or when 

BEC reached confluence, BEC were treated with 100 µL 2x the required recombinant protein/small 

molecule, to obtain a 1x final concentration. 
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Table 2.3: List of small molecules 
        
Name Source Catalogue # Target 

6-Bnz-cAMP Tocris 5255 
Selectively activates PKA 
pathways 

Bay60-6583 Tocris 4472 Adenosine A2B receptor  agonist 
CGS 15943 Tocris 1699/10 Adenosine receptor antagonist 
CGS 21680 Tocris 1063/10 Adenosine A2A receptor agonist 
CL294 Invivogen tlrl-c264e TLR7 agonist 
CL307 Invivogen tlrl-c307 TLR7 agonist 
gardiquimod Invivogen tlrl-gdqs TLR7 agonist 
H-89 LC Laboratories H-5239 Protein kinase A inhibitor 
imiquimod Invivogen tlrl-imq TLR7 agonist 
Loxoribine Invivogen tlrl-lox TLR7 agonist 

MyD88 inhibitor peptide set 
Novus 
Biologicals 

NBP2-
29328 MyD88 inhibitor 

Poly(I:C) Invivogen  tlrl-pic TLR3 agonist 

PSB-1115 Tocris 2009/10 
Adenosine A2B receptor  
antagonist 

PSB-603 Tocris 3198/10 
Adenosine A2B receptor  
antagonist 

SCH44-2416 Tocris 2463/1 
Adenosine A2A receptor 
antagonist 

 

2.6 Measurement of barrier resistance using ECIS Zθ technology 

2.6.1 Method 
The ECIS Zθ system (Applied Biophysics) was used to measure the barrier impedance of the BECs. The 

96W20idf ECIS arrays (used as the 40 interdigitating electrodes are the most sensitive to changes in cell 

morphology and barrier) were coated with 1 µg/cm2 collagen (as in Chapter 2.3 above) and 100 µL M199 

media was added to the wells. Wells were then electrically stabilized (a feature built into the ECIS 

software) to both clean the electrodes and to minimize impedance drift throughout the experiment. During 

the initial part of the project (for Chapter 3.2.1) BEC were harvested and seeded at 54,000 cells/well (or 

162,000 cm-2) following which they were treated at 24 hours. However, following cell density 

optimisation, BEC were seeded at 60,000 cm-2 in 100 µL of media. BEC were then treated when confluent 

(as indicated by a plateau in impedance measurements). Multi-frequency impedance data was collected 

(taking approximately 4 measurements per hour) so that the different aspects of the BEC barrier; 

specifically, Rb (paracellular resistance) and alpha (focal resistance) could be modelled. The resistance 

values were exported to GraphPad Prism software for data analysis, normalised 30 minutes prior to 
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treatment (100%), and the normalised resistance readings were represented as the mean ± SEM with 3 

replicates. 

 

Table 2.4: List of recombinant proteins 

     
Cytokine Source Catalogue # Concentration 

Fractalkine/CX3CL1 Primegene PRI203015µg 100 ng/mL - 10 
pg/mL 

GCSF Primegene PRI102022µg 100 ng/mL - 10 
pg/mL 

I-12 Primegene PRI101122µg 100 ng/mL - 10 
pg/mL 

IFN⍺ Primegene PRI1060120µg 100 ng/mL - 10 
pg/mL 

IFN𝛾𝛾 Primegene PRI1060620µg 100 ng/mL - 10 
pg/mL 

IL-17 Primegene PRI101175µg 100 ng/mL - 10 
pg/mL 

IL-1β Primegene PRI10101B10µg 1 ng/mL 

IL-4 Primegene PRI101045µg 100 ng/mL - 10 
pg/mL 

IL-6 Primegene PRI101065µg 100 ng/mL - 10 
pg/mL 

IL-8/CXCL8 Primegene PRI1018A5µg 100 ng/mL - 10 
pg/mL 

IP-10/CXCL10 Primegene PRI201105µg 100 ng/mL - 10 
pg/mL 

LPS (from Escherichia coli 
026:B6)  

Sigma 
Aldrich L4391 1 µg/mL- 100 ng/mL  

MIP-1a/CCL3 Primegene PRI204035µg 100 ng/mL - 10 
pg/mL 

RANTES/CCL5 Primegene PRI204055µg 100 ng/mL - 10 
pg/mL 

TNF⍺ Primegene NOVNBP23507610UG 1 ng/mL 

ICAM-1 BD 
Bioscience 560269 

10 ng/mL - 100 
pg/mL 

VEGF Primegene  #PRI10516Y2µg 100 ng/mL - 10 
pg/mL 
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Figure 2.1: ECIS theory. 
At low frequencies the current must travel in through the basolateral and paracellular space (alpha and Rb 
respectively). At high frequencies the current passes through the cell (Cm).  Adapted from (Robilliard et al., 2018). 

2.6.2 Theory 
ECIS theory is based on the concept of cells as capacitors in series on an electrode (in the 96w20idf plate), 

present on the base of the well. A weak alternating current is applied to a monolayer of cells, and the 

presence of the cells and their intercellular contacts impedes the movement of electrons (Giaever & Keese, 

1991). Prior to modelling, both the resistance and capacitance can be determined by the frequency of the 

AC current that is passed through the monolayer. At low frequencies the current cannot pass through the 

cell, as the cell membrane acts as a capacitor, thus the current must pass through the paracellular space 

between cells. An increase in the resistance of the paracellular space is indicative of a ‘tighter’ monolayer, 

and stronger or increased number of intercellular contacts. At higher frequencies the current is able to 

flow through the cell, reflecting changes in the area of the cellular membrane, described as capacitance 

(C). Thus, the impedance mediated by the cell monolayer can be broadly interpreted to be due to the 

resistance (R) of the cell monolayer (i.e. resistance mediated by the focal and paracellular contacts) and 

cell coverage of the electrode or changes in cell area (C) (Robilliard et al., 2018). 

While the raw impedance measurements can offer some information regarding the cell barrier, further 

mathematical modelling using the ECIS software allows the derivation of three different cellular 

parameters; Rb, or the contribution of the paracellular barrier to overall resistance, alpha, or the 

contribution of focal/basolateral adhesion of the cell to overall resistance, and Cm, the contribution of the 

capacitance of the cell membrane (i.e. the composition of the cell membrane). ECIS modelling is based on 

a number of assumptions; a) that there is a confluent monolayer, b) the cells are uniform in their radius 
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and distance from the electrode, c) the density of the current is constant and, d) that the current flows 

radially between the cells and electrode (Giaever & Keese, 1991; Robilliard et al., 2018). The modelling 

in this thesis is performed largely to examine the contributions of the focal and paracellular resistance to 

barrier changes. 

 

2.7 Soluble cytokine and cell adhesion molecule measurements using cytometric bead array 
A cytometric bead array (CBA, BD Biosciences) was performed to measure the concentration of soluble 

analytes present in either the RRMS patient serum or BEC conditioned media following treatment (Table 

2.3, Table 2.4). Conditioned media was aspirated and centrifuged at 400 x g for ten minutes to remove 

cells and debris, the supernatant was then stored at -20oC. The concentration of cytokines and soluble cell 

adhesion molecules, (described in Table 2.5) were analysed as per the manufacturer’s instructions, with 

the exception of the use of 25 µL of sample (as opposed to 50 µL), and 0.25 µL bead per sample (as 

opposed to 1 µL). The beads and samples were run on the BD Accuri C6 flow cytometer (BD 

Biosciences), and the mean fluorescence intensity for each bead cluster (minimum of 400 events per bead) 

was converted into analyte concentration using a 10-point standard curve (0-5 ng/mL) and FCAP Array 

software (BD version 3.1). The values were exported to GraphPad Prism® (7.06) software for data 

analysis and were represented as the mean ± SEM with 3 repeats per sample. 

 

2.8 Immunocytochemistry and image analysis 

2.8.1 Fixed cell immunocytochemistry 
BEC were plated into a 1 µg/cm2 collagen coated 96 well plate (Nunc) and treated at 48 hours. At end 

point the media was aspirated and 100 µL formalin (Sigma-Aldrich cat# HT5011-1CS) was added for 10 

minutes. Once aspirated the cells were washed once with PBS before PBS + 0.1% Triton-X (PBS-T) was 

added for 10 minutes to permeabilize the cells. The PBS-T was aspirated, and the BEC washed three times 

with PBS. Non-specific antibody binding was blocked by PBS + 1% BSA for 40 minutes, following 

which the BEC were washed three times with PBS-T for ten minutes each. 50 µL of the appropriate 

antibody (Table 2.6) diluted in PBS + 1% BSA was then added to the well and left at 4 degrees over-night. 

Following aspiration, the cells were washed with PBS-T three times for 10 minutes and 50 µL of the 

secondary antibody was added and left at 4oC overnight. The secondary antibody was aspirated and, if 

appropriate, Actin green ™ 488 ready probes ™ reagent (Thermofisher Scientific cat# R37110) was 

diluted (2 drops/mL) and the BEC incubated at room temperature for 30 minutes. 50 µL Nucblue Fixed 

Cell ReadyProbes ™ reagent (Thermofisher Scientific cat# R37606) in PBS + 1% BSA (diluted as per the 
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manufacturer’s instructions) was added to each well, the plates were incubated at room temperature for 5 

minutes. The antibody solution was aspirated, and cells washed three times in PBS before imaging. 

Table 2.5: Cytometric Bead Array BD™ Flex Sets (BD Biosciences)  

      
Antibody Catalogue # Bead position 
Fractalkine 560265 C6 
GCSF 558326 C8 
GM-CSF 558335 C9 
IFN⍺ 560379 B8 
IFN𝛾𝛾 558269 E7 
IL-10 558274 B7 
IL-12/p70 558283 E5 
IL-13 558450 E6 
IL-17A 560383 B5 
IL-1β 558279 B4 
Il-6 558276 A7 
IL-7 558334 A8 
IL-8 558277 A9 
IP-10 558280 B5 
MCP-1 558287 D8 
MIP-1⍺ 558325 B9 
RANTES 558324 D4 
sCD106/sVCAM-1 560247 D6 
sCD54/sICAM-1 560269 A4 
TNF⍺ 560112 C4 

 

 
Table 2.6: List of antibodies for immunocytochemistry 
 

Antigen 
Primary/ 
secondary Species Company Catalogue # Dilution 

A2A receptor  Primary Rabbit Novus NBP 1-3947455 1:500 
A2B receptor C-terminal Primary Rabbit Novus NBP 1-68953 1:500 
A2B receptor N-terminal Primary Rabbit Novus NBP 2-41312 1:500 
Anti-mouse Alexa 488 Secondary Goat Invitrogen A-11001 1:500 
Anti-mouse Alexa 594 Secondary Goat Invitrogen A-11005 1:500 
Anti-rabbit Alexa 488 Secondary Goat Invitrogen A-11008 1:500 
CD144 Primary Mouse Santa Cruz Sc-9989 1:500 
NF-κB p65 Primary Mouse Santa Cruz Sc-8008 1:500 
β-catenin Primary Mouse Invitrogen 13-8400  1:500 
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2.8.2 Cell-surface immunocytochemistry 
At end-point cells were washed with PBS, and 50 µL of antibody diluted in PBS + 1% FBS was added per 

well; cells were then incubated on ice on the rocker for 15 minutes. Following incubation, the antibody 

was aspirated, cells were washed once in PBS + 1% FBS, and fixed as above. Following fixation, the cells 

were stained with the secondary antibody, as above before imaging. 

2.8.3 Automated image analysis 
All images were captured in 96 well plates (Nunc) using the ImageXpress® Micro (IXM) XLS (Molecular 

Devices) with the 20 x (0.45 NA) CFI Super Plan Fluor ELWD ADM objective lens and Lumencor 

Spectra X configurable light engine source. Quantitative analysis was performed to determine cell number 

(using the cell scoring analysis module), nuclear or cytoplasmically located stain (using the translocation 

analysis module), and integrated intensity of a stain using a module developed as in (Grimsey, 

Goodfellow, Dragunow, & Glass, 2011). Due to the variation in antibody staining between experiments, 

all values were normalised to control before being exported to GraphPad Prism software for data analysis. 

Results were represented as the mean ± SEM with 3 repeats per sample, and all scale bars represent 

20µm.  

 

Table 2.7: Filter Parameters for the ImageXpress® Micro (IXM) XLS 
Cube Filters Lumencor 

Light engine 
Excitation 
range 

excitation 
peak 

Dichroic Emission 
Range 

Emission 
Peak 

Triple 4 DAPI UV (380-410) 381-399 390/18 436 445-469 457 

Triple 4 FITC 
Cyan (460-
490)  484-504 494/20 514 518-542 530 

Triple 4 TRED 
Green (535-
600) 561-590 575-25 604 612-643 628 

 

2.9 ATPLite assay 
BEC were plated at a density of 60,000 cm-2 into a 1 µg/cm2 collagen coated 96 well plate (Nunc) and 

treated at 48 hours. At end point the media was aspirated, and ATP measured as per the manufacturer’s 

instructions (Perkin-Elmer cat #6016941). In brief, 50 µL mammalian cell lysis solution was added to each 

well and placed on an orbital shaker for 5 minutes. 50 µL of the substrate buffer solution was then added 

to each well and placed on the orbital shaker for 5 minutes. The contents of each well were then aspirated 

and placed into a dark adapt plate for 10 minutes at room temperature before the luminescence was read 

by the VictorX light 2030 Luminescence reader (Perkin Elmer). The values were exported to GraphPad 

Prism software for data analysis and were represented as the mean ± SEM with 3 repeats per sample. 
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2.10 FITC-dextran 70 kDa endothelial permeability assay 
BEC were plated at a density of 60,000 cm-2 in 200 µL of media onto 1 µg/cm2 collagen coated 

polycarbonate Corning Transwell 6.5mm insert, with a 0.4 um pore (Sigma Aldrich cat# CLS3413). 1 ml 

of M199 supplemented media was added to the outer well. At 48 hours, the media in the outer well was 

aspirated and replaced with 1 ml fresh media, and the media in the inner well was aspirated and replaced 

with 200 µL media, 100 µg/mL FITC-dextran 70 kDa (Sigma Aldrich, MO USA) and the appropriate 

treatment (as noted in the figure legend). At 4, 24, and 48 hours, 50 µL media was collected from the outer 

well and transferred into Corning 96 Well White Polystyrene Microplates and kept at 4oC until analysis 

(Sigma Aldrich cat# CLS3610). Equivalent time-points from a cell-free well and 50 µL fresh media were 

also transferred to the microplates and fluorescent intensity was measured (495 nm excitation, 525 nm 

emission) using the CLARIOstar (BMG Labtech, Germany). The values were exported to GraphPad 

Prism software for data analysis and were represented as the mean ± SEM with 3 repeats per sample. 

 

2.11 xCELLigence Real-Time Cell analysis 
The xCELLigence 96 well plate was filled with 50 µL M199 media with cAMP following which the 

function of the electrodes was checked, and the cell-free impedance measured. BECs were seeded at 

60,000 cm-2 in an additional 50 µL media/well (each well totalling 100 µL) and were treated when the 

impedance measurement had plateaued, indicative of a stable barrier. Cells were then treated with 2x the 

appropriate drug concentration in 100 µL media (to equal 1x the concentration in 200 µL). The well 

impedance was then measured at the time intervals as shown in Table 2.8. 

The temporal Cell Index measurements (CI) were exported to GraphPad Prism software for data analysis, 

the readings were normalised to 30 minutes prior to treatment (100%) and the normalised CI readings 

were represented as the mean ± SEM with 3 replicates. 

 

Table 2.8: Frequency of xCELLigence measurements 
 

Time (hrs) Frequency of measurement 

0-48 15 minute intervals 

48-72 5 minute intervals 

72-200 10 minute intervals 
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2.12 Real time quantitative reverse transcription polymerase chain reaction 

2.12.1 RNA isolation 
BECs were harvested at 48 hours and cell lysates were collected for RNA isolation using the RNAqueous-

Micro total RNA isolation kit (Thermofisher Scientific, cat# AM1931), as per the manufacturer’s 

instructions; all solutions were added at 4oC unless specified. In brief, 100 µL Lysis solution was added 

across 5 wells, and vigorously titrated ten times to thoroughly lyse the cells.   

50 µL of 100% ethanol was added to the 100 µL lysate, briefly but thoroughly mixed and placed onto the 

filter of the Micro Filter Cartridge Assembly whereupon the cartridge was centrifuged at 120 x g for 15 

seconds. 180 µL of wash solution 1 was added to the filter cartridge which was then centrifuged at 120 x g 

for 15 seconds. 180 µL of wash solution 2/3 (room temperature) was added to the filter cartridge and 

centrifuged at 120 x g for 15 seconds, this step was then repeated. The waste solution in the bottom of the 

cartridge was then removed and the filter was centrifuged at 120 x g for 1 minute so as to thoroughly dry 

the filter. The dry filter was then placed in a new Micro Filter Cartridge and 10 µL elution solution (75oC) 

was added onto the filter which was then centrifuged at 120 x g for 30 seconds and this step was then 

repeated. The RNA isolate was then quantified using the Nano-drop. 

2.21.2 DNAse treatment 
The DNAse digest was performed using Deoxyribonuclease I, Amplification Grade (Invitrogen cat# 

18068-015) as per the protocol. In brief; 1 µg RNA was added to 1 µL 10x DNase I reaction buffer, 1 µL 

DNase I Amp Grade, 1 U/µL, with DEPC treated water added to make the volume up to 10 µL. This was 

then incubated at room temperature for 15 minutes. 1 µL of 25 mM EDTA was then added and the 

solution heated at 65oC for 10 minutes.  

cDNA synthesis- cDNA synthesis was performed using the High Capacity cDNA Reverse Transcription 

Kit (Thermofisher Scientific cat# 4368814), as per the manufacturer’s instructions. The 2x master mix 

was made for reverse transcription positive and reverse transcription negative reactions, per cDNA 

sample; 2 µL 10x RT buffer was added to 0.8 µL 25x dNTP mix, 2 µL Random Primers and 1 µL 

Multiscribe Reverse Transcriptase was added to the RT+ master mix. Both the RT+ and RT- mixes were 

then made up to 10 µL with DNase RNase free DEPC water. The mixtures were then gently titrated on ice. 

10 µL of DNase treated RNA was then added to 10 µL of RT+ or RT- master mix and titrated twice. The 

samples then underwent thermal cycling in the Kyratech Supercycler Trinity Gradient 96 well thermal 

(Kyratech cat# KYRSC300G). RNAse A was then added as per the manufacturer’s instructions to ensure 

the degradation of RNA (Thermofisher Scientific cat# EN0531).  



 

 39 

2.11.3 Real time quantitative reverse transcriptase polymerase chain reaction 
hCMVEC cDNA, no-cDNA (made with MilliQ water) and RT- cDNA were diluted 1:10 and added to 

PowerUp™ SYBR™ Green Master Mix (Thermofisher Scientific cat# A25742). Duplicates of primer 

pairs were designed and were added (at 200 nM, as shown in Table 2.9) to wells of a MicroAmp™ 

Optical 384-well reaction plate (Thermofisher Scientific cat# 4309849), followed by the cDNA/SYBR 

solution. qRT-PCR was performed using the Fast Real-Time PCR System (Model 7900 HT, Applied 

Biosystems) with 40 two-stage PCR cycles (95oC for 15 seconds and 60oC for 60 seconds; fluorescence is 

read at the end of this extension step). At the end of the run, a melt curve was performed for each primer 

to ensure there was no non-specific amplification. The ΔCT method was used to compare the presence of 

each gene to the house-keeping gene GAPDH, and these figures were exported to GraphPad Prism 

software for data analysis.  

 
Table 2.9: List of primers designed and used for qRT-PCR 

 
Gene Protein   Sequence Amplicon size 
ADORA2a Adenosine A2A Receptor Fwd CACGCAGAGCTCCATCTTCA 84 bp 

   Rv AAGCCATTGTACCGGAGCG  
ADORA2a Adenosine A2A Receptor Fwd TGCCTCTTCATTGCCTGCTT 84 bp 

   Rv AATGTAGCGGTCAATGGCGA  
ADORA1 Adenosine A1 Receptor Fwd CTCTCCGGTACAAGATGGTGG 100 bp 

   Rv CCAAACATAGGGGTCAGTCC  
ADORA1 Adenosine A1 Receptor Fwd GTCCTCATCCTCACCCAGA 97 bp 

   Rv CCACCATCTTGTACCGGAGA  
ADORA2b Adenosine A2B receptor Fwd CGCCCACCAACTACTTCCTG 84 bp 

   Rv TGATGGTGATGGCAAAGGGG  
ADORA2b Adenosine A2B receptor Fwd GACGCCCACCAACTACTTCC 83 bp 

   Rv TGGTGATGGCAAAGGGGATG  
ADORA3 Adenosine A3 receptor Fwd TTTACCCACGCCTCCATCAT 85 bp 

   Rv CCCTCTTGTATCTGACGGTAAGCT  
ADORA3 Adenosine A3 receptor Fwd TTACCCACGCCTCCATCATG 84 bp 

   Rv CCCTCTTGTATCTGACGGTAAGC  
GAPDH GAPDH Fwd ACCACAGTCCATGCCATCAC 97 bp 
    Rv CTCCTTCTGCATCCTGTCGG   
     

2.13 Cyclic adenosine monophosphate assay 
Cells were plated at 60,000 cm-2 onto collagen coated 96 well plates (Nunc). At 48 hours cells were serum 

starved (in M199 media plus 1 mg/ml BSA) for 30 minutes before being treated with 10 µM Forskolin, 5 

µg/mL imiquimod or vehicle control. Cyclic adenosine monophosphate (cAMP) was measured using the 
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LANCE® TR-FRET cAMP assay kit, as per the manufacturer’s instructions, with slight changes as 

detailed below (Perkin-Elmer cat# AD0262E) (Hunter & Glass 2014). 3-isobutyl-1-methylxanthine 

(IBMX), the phosphodiesterase inhibitor which acts as an adenosine receptor antagonist could not be used 

to inhibit cAMP breakdown, therefore  the cells were lysed with 30 µL assay buffer at 2, 4, 6, 8, 10, 12, 

14, 16, 18, and 20 minutes post-treatment and kept on ice (Daly, Bruns, & Snyder, 1981; Nicholson, 

Jackman, & Wilke, 1989; Smellie, Davis, Daly, & Wells, 1979). In brief, the cAMP standard solution was 

diluted in stimulation buffer to generate a 7-point standard curve, with a top concentration of 1 x 10-6 

mol/L. The Alexa Fluor 647-anti cAMP antibody was diluted 1:100 in detection buffer and incubated at 

room temperature for 30 minutes before 6 µL/well was added to a white OptiPlate-384. 6 µL of the cell 

lysate or cAMP standard was added to the anti-cAMP antibody dilution and incubated at room 

temperature in the dark for 30 minutes. The detection mixture was generated by adding Eu-W8044 labeled 

streptavidin, and b-cAMP at 1:125 to the detection buffer, which was then gently mixed and incubated for 

15 minutes at room temperature. Following this, 12 µL of the detection mixture was added to the wells 

and the plate was incubated at room temperature overnight. Fluorescence was then measured using the 

CLARIOstar (340 nm emission, 665 nm excitation) (BMG Labtech). 

 

2.14 Small interfering RNA (siRNA) transfection 
Cells were plated onto collagen coated 96 well plates (Nunc) at 18,000 cm-2. At 24 hours synthetic small 

interfering RNA (siRNA), as detailed in table 2.10 was diluted in Opti-MEM (ThermoFisher cat# 

51985091) for a final concentration of 20 nM, 10 nM or 5 nM.  Lipofectamine RNAiMAX transfection 

reagent (ThermoFisher cat# 13778030) was diluted in Opti-MEM at a final volume of with 0.3 µ𝐿𝐿/well, 

0.6 µ𝐿𝐿/well or 0.9 µ𝐿𝐿/well. These mixtures were then combined at a 1:1 ratio, shaken for 10 seconds and 

incubated for 20-30 minutes at room temperature. The cell media was aspirated and replaced with 90 µ𝐿𝐿 

of fresh media plus 10 µ𝐿𝐿 of the siRNA/lipofectamine solution. Fresh media was added 24 hours post 

treatment and was completely replaced 48 hours post-transfection.  The cells were fixed 24-, 48-, 72- and 

96-hours post-transfection, immunostained with the A2B receptor antibody (as in Chapter 2.7) and 

analysed using the automated fluorescent microscope ImageXpress®. 

As the above transfection was unsuccessful, a reverse transfection technique was also attempted. siRNA 

was diluted in Opti-mem for a final concentration of 20 nM and 10 nM. Lipofectamine RNAiMAX was 

diluted in Opti-mem for a final volume of 0.3 µL/well.  These mixtures were then combined at a 1:1 ratio, 

shaken for 10 seconds and incubated for 20-30 minutes at room temperature following which 10 µL of the 

siRNA/Lipofectamine mixture was plated into a collagen coated 96 well xCELLigence plate. Cells were 
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harvested as above and plated at 18,000 cm-2. The xCELLigence array was utilized as described 

previously (Chapter 2.10), only treatment groups that did not contain lipofectamine survived this method. 

 

Table 2.10: siRNA 
Gene Targeted Source Catalogue # siRNA 

ADORA2B Thermofisher 4427038 
Silencer™ Select Validated 
siRNA, siRNA ID: s1093 
(ADORA2B) 

ADORA2B Thermofisher 4427038 
Silencer™ Select Validated 
siRNA, siRNA ID: s1091 
(ADORA2B) 

Scrambled -VE 
control Thermofisher 4390843 Silencer™ Select Negative 

Control No. 1 siRNA 

GAPDH Thermofisher 4390849 Silencer™ Select GAPDH 
Positive Control siRNA 

 

2.15 Statistical analysis 
Data shown in the text and graphically are the mean ± the standard error of the mean (SEM) of a single 

experiment, representative of 3 independent repeats, unless otherwise stated. Statistical analysis was 

performed on individual experiments and is representative of the data shown graphically, unless otherwise 

stated. Analysis was performed using GraphPad Prism® 7.03 (GraphPad Software Inc) using either One-

way or Two-way ANOVA as described in the text, with Fischer’s LSD multiple comparison post-testing. 

As the data in figure 3.2 – 3.6 did not meet the assumptions of the ANOVA (exhibiting neither a normal 

distribution or homoscedasticity, the latter of which was unchanged following a log transformation), and 

there was not enough serum for technical repeats, this data did not undergo statistical analysis.   Graphical 

representations of P vales are as follows: *, p < 0.05, **, p < 0.01, ***, p < 0.001, **** p < 0.0001; ns, p 

> 0.05.  
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 : RRMS serum and the BBB 

3.1 Aim of this research 
The aim of this chapter was to determine the effect of serum from RRMS-R patients on the BEC barrier 

and identify any cytokines or chemokines in the sera that may affect barrier integrity.  These cytokines or 

chemokines were then further analysed to determine their individual contribution to changes in barrier 

resistance, junctional protein expression and the BEC pro-inflammatory secretome. 

3.2 Results 

3.2.1 A small proportion of RRMS patient sera mediate complete BEC barrier loss 
The RRMS classification of MS is characterized by the (relapse) formation and disappearance (remission) 

of white matter lesions. BBB dysfunction is a hallmark of these lesions and the milieu of inflammatory 

molecules in the sera of RRMS patients could contribute to BBB dysfunction. 

To understand more about barrier breakdown in RRMS patients, sera from 30 RRMS patients in relapse, 5 

controls (2 of whom had non-neurological diseases) and 5 post-mortem patients was added to confluent 

BEC on the ECIS Zθ array. Three of the RRMS cases caused rapid and complete barrier loss between 24 

and 48 hours post-treatment (Figure 3.1; MS sample 2, MS sample 3, MS sample 4). These three samples 

induced similar temporal resistance profiles with addition of the serum causing a rapid increase in 

resistance, followed by a decrease in impedance/resistance/Rb (Figure 3.1a, c, d). However, the rate of 

barrier loss was sample-dependent with MS sample 4 causing the fastest loss of barrier, which then did not 

recover, whilst MS samples 2 and 3 reduced barrier integrity at a slower rate. These samples also 

mediated a complete loss of focal resistance (alpha), paracellular resistance (Rb) and cell membrane 

capacitance (Cm) between 40 and 80 hours (Figure 3.1b, d, and f) which is indicative of cell death. The 

remaining MS samples did not have any effect on any of the measured BEC parameters. These results 

therefore indicate that around 10% of the serum samples cause complete barrier breakdown and cell death. 
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Figure 3.1: A subset of RRMS patient sera causes BEC barrier loss  
BEC were seeded onto 96W20idf plates and multi-frequency data was recorded every 12 minutes up to 100 hours. 
BEC were treated with RRMS patient sera at 24 hours. (a) impedance, (b) alpha, (c) resistance, (d) Rb, 
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(e) capacitance, (f) Cm. Data shows three normal controls (black lines) and 3 RRMS patient sera (red, blue and 
green lines).  

3.2.2 Multiple cytokines are increased in RRMS patient sera 
BEC barrier loss and cell death can be caused by numerous soluble pro-inflammatory mediators present 

within the sera, and these can be measured using multiplexed cytometric bead array. G-CSF, IL12/p40, 

IL-1β, IL-8, IP-10, MCP-1, macrophage inflammatory protein-1α (MIP-1α), RANTES and sICAM-1 were 

increased in the RRMS-R patient serum compared to the normal control (Figure 3.2 and Figure 3.3). 

Several cytokines that have previously been reported to be present (GM-CSF, IFNγ, IL-6, sVCAM-1, 

TNFα) were not present at detectable levels in the RRMS patient samples. 

The measurable analytes present in the sera of RRMS patients were normalised to the control sera and 

grouped into chemokines, pro-inflammatory cytokines, cell adhesion molecules, and anti-inflammatory 

cytokines to better compare the profiles of the individual patient samples (Figure 3.4). There were no 

obvious trends between the analytes, indicating that there is not a consistent RRMS sera profile and, 

interestingly, increased levels of numerous factors (as in the case of MS samples #5 and #12) did not 

correlate with barrier destructive properties as measured using the ECIS technology. 

3.2.3 Post-mortem sera mediated changes in barrier integrity. 
Sera from 5 patients collected post-mortem were also analysed. Interestingly the sera of the post-mortem 

samples caused complete loss of BEC barrier in 3 of the 5 cases, with only one case having no effect on 

barrier impedance (data not shown). IL-6, IL-8, MCP-1, sICAM-1, IL-10 and fractalkine were all 

increased in the sera of these patients (Figure 3.2 and Figure 3.3), and these cytokines/chemokines may 

contribute to barrier breakdown. That the sera of post-mortem patients can contain such a pro-

inflammatory milieu and has such adverse effects on the BEC barrier raises questions around the 

inflammatory status of post-mortem derived tissue and the effects of this on the experimental model.  
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Figure 3.2: RRMS sera contains numerous cytokines 
Concentrations of cytokines present in the sera of RRMS, normal control, and post-mortem patients were analysed 
using multiplexed cytometric bead array. Due to the lack of sera, data is taken from one experiment and did not 
undergo statistical analysis. 



 

 46 

 
 
Figure 3.3: RRMS sera contains numerous chemokines and cell adhesion molecules. 
Concentrations of chemokines and cell adhesion molecules present in the sera of RRMS, normal control, and post-
mortem patients was analysed using multiplexed cytometric bead array. Due to the lack of sera, data is taken from 
one experiment and did not undergo statistical analysis. 
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Figure 3.4: RRMS sera contains numerous cytokines and chemokines 
Concentrations of cytokines, chemokines and cell adhesion molecules present in the sera of RRMS 
patients were analysed using multiplexed cytometric bead array. Data shows fold change compared to 
control of MS samples #1-30. Due to the lack of sera, data is taken from one experiment and did not 
undergo statistical analysis. 
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3.2.4 IL-1ß is increased in barrier-affecting RRMS patient sera 
As three of the MS patient sera caused a complete loss of the BEC barrier, these ‘barrier-affecting’ sera 

were hypothesized to contain a different pro-inflammatory secretome than the non-barrier affecting 

RRMS sera. The multiplexed cytometric bead array data was further grouped into those that significantly 

changed the temporal profile of BEC impedance (as measured by ECIS; MS samples #2, #3 and #4) and 

those that did not (Figure 3.5 and Figure 3.6).  IL-1ß was significantly increased in the barrier affecting 

population compared to the remaining RRMS samples and the normal control (p < 0.0001), and thus could 

be responsible for the rapid loss of barrier mediated by a small proportion of the MS sera.  

RANTES was significantly increased compared to control in both the barrier affecting RRMS serum 

samples and the remaining MS samples (p < 0.05). In contrast, G-CSF was only significantly increased in 

the non-barrier affecting RRMS samples (p < 0.05). Interestingly sICAM-1 was increased in the non-

affecting RRMS samples as compared to the normal control sera (p < 0.05). In addition, the 

concentrations of some pro-inflammatory mediators were high in sera that did not affect the BEC barrier, 

indicating that the inflammatory secretome of individual patients is highly variable.  
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Figure 3.5: RRMS patient sera which mediated barrier loss has more IL-1ß than non-
changing RRMS sera. 
The sera of RRMS patients was grouped into those that mediated a significant change in barrier resistance and those 
that did not and the concentration of pro- and anti-inflammatory mediators analysed. Due to the lack of sera, data 
is taken from one experiment and did not undergo statistical analysis. 
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Figure 3.6: RRMS patient sera which mediated barrier loss has more RANTES than 
control. 
The sera of RRMS patients was grouped into those that mediated a significant change in barrier resistance and those 
that did not and the concentration of pro- and anti-inflammatory mediators analysed. Due to the lack of sera, data 
is taken from one experiment and did not undergo statistical analysis. 
 

 

3.2.5 IL-1ß treatment affects the BEC barrier  
The sera of RRMS patients and normal controls contains a complex milieu of cytokines, chemokines and 

cell adhesion molecules. Those that were present at high concentrations (or that had previously been found 

to be increased in the literature) were added to the BEC so as to better understand the effects of individual 

cytokines.  Additionally, factors that were not measured in the sera, but had been shown through previous 

research to affect the barrier or tight/adherens junction proteins of endothelial cells were also administered 

to BEC on the ECIS.  

IL-1ß was present at significantly higher concentrations in the barrier-affecting sera compared to the non-

barrier affecting sera. TNFα and IL-1ß have been shown to mediate a rapid reduction in BEC Cell Index 

(as analysed by xCELLigence) followed by a significant increase. IL-1ß was added to confluent BEC on 

the ECIS biosensor to determine which aspects of the monolayer (either cell coverage of the electrode; 

Cm, paracellular barrier resistance; Rb, or basolateral barrier resistance; alpha) were the most affected 

(Figure 3.7). 

BEC impedance (16,000 Hz) rapidly and transiently reduced following treatment with IL-1β, with the 

largest loss of resistance occurring at 10 hours post-treatment. At 4 hours post-treatment, the time point 

when cells were fixed to analyse changes in junctional molecules, the impedance were significantly lower 
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than control (p < 0.0001) (Figure 3.7a & b). 10 hours post-treatment the impedance of the BEC monolayer 

started to steadily increase and was significantly increased 24 and 48 hours post-treatment (24 hours: 

impedance; p < 0.01, 48 hours: p < 0.0001). This temporal profile is indicative of the BEC barrier opening 

due to either changes in morphology or junctional proteins, before closing and becoming less permeable. 

The total resistance of the BEC monolayer is made up of focal resistance, paracellular resistance, and cell 

membrane capacitance. Mathematical modelling can be used to determine the contributions of each of 

these to the overall resistance of the monolayer. IL-1β treatment caused an immediate but transient 

reduction in paracellular and focal resistance, however paracellular resistance reduced at a faster rate (p < 

0.0001 4 hours post-treatment) (Figure 3.7c-f). The reduction in focal resistance was more prolonged than 

the loss of paracellular resistance. 

 By 24 hours post-treatment the cells had recovered and both the focal resistance and paracellular 

resistance were significantly increased compared to control (p < 0.05); this increase was sustained for at 

least 48 hours post-treatment (p < 0.0001).  These results therefore indicate that whilst the paracellular 

junctions are primarily affected by IL-1β treatment, IL-1β also affects the focal resistance and thus cannot 

simply be reducing/increasing the expression or localization of junctional proteins. 
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Figure 3.7: IL-1β induces differential changes in the resistance of the BEC monolayer. 
BEC were seeded onto a 96w20ifd ECIS plate and were treated with 1 ng/mL IL-1β when confluent. The 
vertical red line at 67 hours indicates the time of treatment, black lines are indicative of times 4-, 24- and 
48-hours post-treatment. (a) cell monolayer impedance (b) impedance at 4-, 24-, and 48-hours post-
treatment, (c) alpha (d) alpha at 4, 24, and 48 hours post-treatment, (e) Rb, (f) Rb at 4-, 24- and 48-hours 
post-treatment. Data shows the mean ± SD (n = 3) of one independent experiment representative of 3 
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experimental repeats.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way 
ANOVA with Fischer’s post-test). 

3.2.6 IL-1ß alters junctional proteins and the actin cytoskeleton  
Pro-inflammatory cytokine and chemokine treatment has been shown to mediate changes in the 

localization and expression of a number of AJ and TJ proteins. The expression and localization of AJ 

proteins (CD144, ß-catenin) and scaffolding proteins (actin) were analysed at 4-, 24-, and 48-hours to 

understand the relationship between the changes in electrical impedance and key junctional molecules. 

IL-1ß treatment caused a change in BEC morphology within 4 hours, with cells becoming elongated 

perhaps due to the increase in transverse actin stress fibres (Figure 3.8, indicated with a white arrow). 

Actin stress fibres have been shown to be increased in endothelial cells in response to IL-1β, and can be 

distinguished from cortical actin encircling the cell due to their crossing through the endothelial cells 

(Millán et al., 2010). By 24- and 48-hours post-treatment, the elongated morphology and appearance of 

stress fibres were increased compared to control, and cortical actin was reduced. Automated image 

analysis showed that actin was significantly increased at 4 hours (p < 0.0001), and 24 hours (p < 0.0001) 

and non-significantly increased at 48 hours, in line with the observed increase in stress fibres (Figure 

3.8b). 

Control untreated BEC express junctional and linear CD144. IL-1β treatment caused CD144 to become 

jagged and diffuse within 4 hours, which some extending from the junction into the cytoplasm (Figure 3.8, 

indicated by a white arrow). At this timepoint CD144 intensity was significantly increased compared to 

control (p < 0.0001) (Figure 3.8c). By 24 hours CD144 expression lacked homogeneity, with groups of 

cells retaining linear junctional staining but densely clustered cells lacking junctional CD144. These cells 

exhibited broader junctional staining, and at this timepoint CD144 intensity was significantly reduced (p < 

0.0001).   By 48 hours, CD144 was observed to be diffuse, with numerous cells exhibiting an increase in 

the area of junctional staining. Overall CD144 expression was reduced compared to control (p < 0.0001) 

(Figure 3.8c).  

IL-1β treatment also alters the expression and localization of the AJ protein, ß-catenin; at 4 hours post-

treatment, BEC displayed more linear junctional expression than the control BEC (Figure 3.9a, indicated 

by a white arrow). By 24 hours and 48 hours, the area of β-catenin staining was increased at the junction 

(white arrows). Following image analysis, the integrated intensity of β-catenin was observed to be 

significantly increased at 4- (p < 0.01), 24- (p < 0.05), and 48-hours (p < 0.0001) (Figure 3.9b). 
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Figure 3.8: IL-1β induces temporal changes in the expression and organisation of actin 
and CD144. 
Cells were treated 48 hours post-seeding with 1 ng/mL IL-1β, and were fixed 4-, 24- and 48-hours post treatment. 
(a) Cells were immunostained for actin and CD144; representative images are shown. Intensity of (b) actin, (c) 
CD144 was determined by automated image analysis and normalised to cell number. Data shows the mean ± SD (n 
= 3) of one independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 
0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
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Figure 3.9: IL-1β induces temporal changes in the expression and organisation of β-
catenin. 
Cells were treated 48 hours post-seeding with 1 ng/mL IL-1β, and were fixed 4-, 24- and 48-hours post treatment. 
(a) Cells were immunostained for β-catenin; representative images are shown. (b) The I;pntensity of β-catenin was 
determined by automated image analysis and normalised to cell number. Data shows the mean ± SD (n = 3) of one 
independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** 
= p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
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3.2.7 IL-1β mediates an increase in cell number 
In addition to the changes in junctional proteins and morphology, an increase in cell number may explain 

the significant increase in impedance/resistance observed following IL-1β treatment. The cell number was 

analysed at 4-, 24-, and 48-hours following treatment using two different methods. ATP concentration as a 

function of total cell number was measured, and Image Xpress Meta-analysis (IXM) was used to estimate 

cell density (Figure 3.10). IL-1ß treatment mediated a significant increase in cell number at 48 hours, as 

measured by Image Xpress Meta analysis (p < 0.01), and cell number trended higher when measured by 

ATPlite assay, however the trend was non-significant. As the IXM calculations were performed on a 

larger number of replicates (n = 6), this indicates that the accuracy of the IXM cell measurement is likely 

to be higher than that of the ATPlite data. In addition to this, whilst the cell number was significantly 

increased at 48 hours, there was no change at 24 hours, which indicates that changes in cell number are 

not responsible for the observed increases in resistance at this time point. 

3.2.8 IL-1ß increases the secretion of numerous inflammatory mediators 
Secretions of cytokines, chemokines and the upregulation of cell adhesion molecules are all integral to cell 

signalling, inflammation, and leukocyte extravasation. To determine whether the impedance data was 

indicative of a pro-inflammatory environment, a multiplexed cytometric bead array was performed using 

the BEC cultured media. Previous research by our lab group has shown that at 72 hours post-treatment, 5 

ng/mL IL-1ß mediates a significant increase in pro-inflammatory cytokines, chemokines and cell adhesion 

molecules (O'Carroll et al., 2015). However, as ECIS measurements indicate that by 72 hours post-

treatment (with no additional or complete change in media), control untreated cells have a lower 

resistance, cultured media was removed 48 hours post-stimulation when resistance is still high, and 

control untreated cells are thus in optimal health. 

Unstimulated BECs secrete very low levels of sVCAM-1, sICAM-1, IL-6, MCP-1, RANTES and IP-10, 

with IL-8 present at a slightly higher concentration. Similarly to the measurements at 72 hours, IL-1ß 

treatment induced a significant increase in the cell adhesion molecules sICAM-1 (p < 0.0001), sVCAM-1 

(p< 0,0001), the pro-inflammatory cytokine IL-6 (p< 0.0001), the chemokines IL-8 (p < 0.0001), 

RANTES (p < 0.05) , MCP-1 (p < 0.0001) and a non-significant increase in IP-10 (Figure 3.11). This 

therefore indicates that although the overall barrier resistance at this timepoint is increased compared to 

control, indicative of a protective response to IL-1β treatment, the BEC are producing a range of pro-

inflammatory mediators and are in a pro-inflammatory environment. 

 



 

 57 

 

 
Figure 3.10: IL-1β significantly increases cell number at 48 hours. 
(a) Cells were treated at 48 hours with IL-1β 1 ng/mL, lysed at 4-, 24- and 48-hours post-treatment and the ATP 
concentration was measured. Data shows the mean ± SD (n = 3) of one independent experiment representative of 2 
experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with 
Fischer’s post-test). (b) Cells were treated at 48 hours post-seeding with IL-1β 1 ng/mL and were fixed at 4-, 24-, 
and 48-hours post-treatment. Nuclei were immunostained with Nucblue and cell number was determined by 
automated image analysis; Data shows the mean ± SD (n = 3) of at least 3 independent experiments.  * = p < 0.05, 
** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  

 

Figure 3.11 : IL-1β mediates the secretion of numerous pro-inflammatory mediators 
Cells were grown for 48 hours before treatment with IL-1β 1 ng/mL. 48 hours post-treatment the media was 
removed, and the concentration of soluble factors measured by multiplexed cytometric bead array. Data shows the 
mean ± SD (n = 3) of one independent experiment representative of 2 experimental repeats. * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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3.2.9 TNFα mediates changes in BEC barrier integrity 
TNFα was not detected in the RRMS sera measured in this study, however the presence of this key 

inflammatory cytokine has been observed previously in the sera of RRMS (low in relapse, high in inactive 

RRM-S) and SPMS patients (Kallaur et al., 2017; Kallaur et al., 2013; Martins et al., 2011). As 

mentioned, our lab has measured the impedance of TNFα treated BECs, however we did not determine the 

contributions of cell membrane coverage, paracellular, and focal resistance to overall resistance. 

BEC monolayer impedance was transiently reduced immediately following TNFα treatment and was 

significantly reduced at 4-hours post-treatment (impedance; p < 0.001) (Figure 3.12a & b). The reduction 

in resistance and impedance was maximal at around 6-hours post-treatment, following which there was a 

significant increase above control levels, (24 hours; p < 0.001) which was sustained until 48 hours post-

treatment (impedance; p < 0.0001). This therefore indicates that, similarly to the IL-1β treatment, TNFα 

causes a transient opening of the barrier prior to increasing the resistance in what could be a protective 

mechanism. 

The data was then modelled to determine whether changes in paracellular resistance or focal resistance 

were responsible for overall changes in resistance (Figure 3.12c-f). It is evident from the profile of 

paracellular resistance that the initial reduction in overall resistance is due to paracellular changes (Rb), 

whereas the focal resistance (alpha) is largely unchanged during the initial 10-hour period after TNFα 

treatment. There is a temporally equivalent increase in both paracellular and focal resistance occurring 

around 6-hours post-treatment. These increases are sustained for duration of the experiment and it is noted 

that the increase in paracellular resistance is proportionally greater than that of focal resistance. This 

implies that TNFα is having a greater effect on the paracellular barrier than on the focal barrier, but it is 

affecting both parameters. 
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Figure 3.12: TNFα induces differential changes in the resistance of the BEC monolayer. 
BEC were grown on a 96w20idf ECIS plate and were treated with 1 ng/mL TNFα when confluent. The vertical 
red line at 67 hours indicates the time of treatment, black lines are indicative of times 4-, 24- and 48-hours post-
treatment. (a) cell monolayer impedance, (b) impedance at 4-, 24-, and 48-hours post-treatment, (c) alpha, (d) alpha 
at 4-, 24-, and 48-hours post-treatment, (e) Rb, (f) Rb at 4-, 24- and 48-hours post-treatment. Data shows the mean ± 
SD (n = 3) of one independent experiment representative of 3 experimental repeats.  * = p < 0.05, ** = p < 0.01, 
*** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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3.2.10 TNFα treatment causes stress fibre formation 
The observed temporal changes in paracellular and focal resistance could be caused by changes in the 

expression and localization of junctional adhesion molecules, or alterations to the actin cytoskeleton. 

BECs were treated with TNFα and fixed at 4-, 24- and 48-hours post-treatment. By 4-hours post-

treatment, TNFα treated BEC had increased expression of actin stress fibres (indicated by a white arrow), 

which altered the morphology of some cells from the normal rounded cobblestone to a more elongated cell 

type (Figure 3.13a). By 24 hours post-treatment cortical actin was reduced, and stress fibres were 

increased across and between adjacent cells. Stress fibres were still present 48 hours post-treatment and by 

this timepoint BEC had entirely lost the rounded cobblestone morphology. Quantitative analysis indicated 

that there was a significant increase in actin (Figure 3.13b) at 4-, 24- (p < 0.05), and 48-hours (p < 0.01), 

in line with the increase in stress fibres. 

TNFα treatment also mediated a change in the localization and expression of BEC CD144. At 4-hours 

post treatment, CD144 seemed more jagged and discontinuous than the linear control CD144 expression 

(indicated by a white arrow, figure 3.13a). By 24-hours CD144 was expressed within the cytoplasm in a 

number of cells, with the remainder expressing diffuse junctional staining indicative of an increase in the 

area of the junctions. By 48-hours post-treatment there were numerous cells with diffuse junctional 

protein expression, or which had lost CD144. The integrated total intensity of CD144 expression was 

observed to be significantly increased at 4-hours (p < 0.01) but was significantly reduced at 24- (p < 0.01) 

and 48-hours (p < 0.01) (Figure 3.13c). Perhaps and more difficult to quantify is the apparent change in 

junctional shape, where TNFα treatment appears to increase the width of the paracellular junction where 

CD144 is located. This in turn could account for the increased paracellular barrier resistance measured by 

ECIS. 

The changes in ß-catenin localisation were similar to that of CD144, and by 4-hours following TNFα 

treatment BEC displayed jagged but diffuse junctional staining (Figure 3.14a, white arrow). By 24- and 

48hours as the cells became more clustered, the diffuse junctional expression remained but there was also 

an increase in cytoplasmic expression (Figure 3.14a). Image analysis showed that β-catenin expression 

was increased at 4-hours (p < 0.001), and 24-hours (p < 0.001), but returned to control levels by 48-hours 

post-treatment (Figure 3.14b).  
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Figure 3.13: TNFα induces temporal changes in the expression and organisation of 
actin and CD144. 

Cells were treated 48-hours post-seeding with 1 ng/mL TNFα, and were fixed 4-, 24- and 48-hours post-treatment. 
(a) Cells were immunostained for actin and CD144; representative images are shown. Intensity of (b) actin, (c) 
CD144 were determined by automated image analysis and normalised to cell number. Data shows the mean ± SD (n 
= 3) of one independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 
0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
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Figure 3.14: TNFα induces temporal changes in the expression and organisation of β-
catenin. 
Cells were treated 48-hours post-seeding with 1 ng/mL TNFα, and were fixed 4, 24 and 48 hours post treatment. (a) 
Cells were immunostained for β-catenin; representative images are shown. (b) The intensity of β-catenin was 
determined by automated image analysis and normalised to cell number. Data shows the mean ± SD (n = 3) of one 
independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** 
= p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
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3.2.11 TNFα does not significantly affect FITC-dextran permeability or cell number 
Previous research in BECs has found that TNFα mediates a reduction in BEC barrier integrity, and an 

increase in permeability (Y. Ni et al., 2017; O'Carroll et al., 2015; Smyth et al., 2018). To determine 

whether TNFα treatment causes an increase/decrease in permeability, and whether this correlates with the 

ECIS experiments, confluent BECs were grown on a semi-permeable membrane and treated with TNFα in 

the presence of 70 kDa FITC-dextran as a permeability tracer. There was no significant difference in BEC 

monolayer permeability at 4-, 24- and 48-hours following TNFα treatment (Figure 3.15a). This result is 

interesting as it may indicate that the observed increase in BEC resistance is not concurrent with a 

reduction on permeability. However, it may simply be that the changes in monolayer resistance are too 

small to have a noticeable effect on permeability, when measured only at 3 time-points. 

As the increase in BEC electrical resistance following TNFα treatment did not correlate with a 

increase/decrease in permeability, it was hypothesized that TNFα caused increased proliferation, the loss 

of contact inhibition, over-confluence and an increase in electrical resistance. Analysis of the 

concentration of ATP at 4-, 24-, and 48-hours (Figure 3.15b) indicated that there was no significant 

difference between control and TNFα treated cells at any of the time points, and this was confirmed by 

automated image analysis (Figure 3.15c). This implies that the TNFα mediated change in electrical 

resistance is not due to an increase in cell number. 

 

3.2.12 TNFα increases the secretion of numerous pro-inflammatory mediators 
As, similarly to IL-1β, TNFα mediated a potentially protective increase in BEC resistance (similar to IL-

1β), the pro-inflammatory secretome of TNF treated BEC was analysed. TNFα has been shown to induce 

the BEC to produce/upregulate various pro-inflammatory cytokines and chemokines (O'Carroll et al., 

2015). By 48-hours TNFα treated BECs secreted/cleaved significantly more sICAM-1 (p < 0.0001), 

sVCAM-1 (p < 0.0001), IL-6 (p < 0.0001), IL-8 (p < 0.0001), MCP-1 (p < 0.0001), and RANTES (p < 

0.0001), with an additional non-significant trend towards increased secretion of IP-10 (Figure 3.16).  This 

therefore implies that TNFα is mediating a pro-inflammatory effect on the BEC. 
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Figure 3.15: TNFα does not significantly affect FITC-dextran permeability or cell 
number. 
(a) Cells were treated at 48-hours with TNFα 1 ng/mL, lysed at 4-, 24- and 48-hours post-treatment and the ATP 
concentration was measured. Data shows the mean ± SD (n = 3) of one independent experiment representative of 2 
experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with 
Fischer’s post-test). (b) Cells were grown on transwells with pores of 0.4 µm diameter and were treated with 1 
ng/mL TNFα and 100 µ𝑔𝑔/𝑚𝑚𝐿𝐿 FITC-dextran 70kDa,  48 hours post-seeding. 100 µ𝐿𝐿 of media was removed from 
the lower transwell at 4-, 24- and 48-hours post-treatment and mean fluorescent intensity (MFI) was normalised to 
the cell-free well. Data shows the mean ± SD (n = 3) of one independent experiment representative of 3 
experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with 
Fischer’s post-test. (c) Cells were treated at 48-hours post-seeding with TNFα 1 ng/mL and were fixed at 4-, 24-, 
and 48-hours post-treatment. Nuclei were immunostained with Nucblue and cell number was determined by 
automated image analysis; data shows the mean ± SD (n = 3) of at least 3 independent experiments.  * = p < 0.05, 
** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
 
 

 
 
Figure 3.16: TNFα mediates the secretion of numerous pro-inflammatory mediators 
Cells were grown for 48 hours before treatment with 1 ng/mL TNFα. 48 hours post-treatment the media was 
removed and the concentration of soluble factors measured by multiplexed cytometric bead array (a). (b) Shows the 
fold change of each of the soluble factors. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 2 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way 
ANOVA with Fischer’s post-test). 
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3.2.13 Numerous pro-inflammatory cytokines and chemokines do not affect BEC barrier properties 
The multiplexed cytometric bead analysis of the RRMS patient sera showed that while only RANTES and 

G-CSF were significantly increased compared to control, numerous other analytes were present. BEC 

were treated with a range of concentrations of the individual factors found in RRMS sera, and the 

temporal impedance was measured (The top concentration of 10 ng/mL shown in Figure 3.17). 

Surprisingly, IL-12, IP-10, IL-17, Fractalkine, IL-6, IL-8, MIP-1a, G-CSF and RANTES did not mediate a 

change in BEC impedance. These were all assessed at a high concentration of 10 ng/mL, which would 

likely exceed the achievable concentrations in blood. G-CSF and RANTES were significantly increased in 

the MS patient sera therefore the lack of effect of these pro-inflammatory factors in isolation is in 

accordance with the majority of MS sera having no effect on BEC resistance. 

In contrast to this, BEC impedance following IL-4, IFNα and IFNγ treatment were significantly different 

to control (all p < 0.0001) and were therefore analysed further. 

 

 

Figure 3.17:  Numerous pro-inflammatory cytokines and chemokines do not affect BEC 
impedance 
BEC were grown on a 96w20idf ECIS plate and were treated with 10 ng/mL of the cytokine, chemokine or soluble 
cell adhesion molecule when confluent. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 2 experimental repeats. 
 

  



 

 66 

3.2.14 IL-4 treatment mediates a loss of BEC electrical resistance 
Treatment with IL-4 at 10 ng/mL was shown to reduce the BEC electrical impedance. This was thus 

investigated further using a greater concentration range. 100 ng/mL-100 pg/mL IL-4 mediated a 

significant and sustained reduction in BEC impedance (24-hours: 100 ng/mL, 10 ng/mL, 1 ng/mL; p < 

0.0001, 100 pg.ml; p < 0.001), 48-hours: 100 ng/mL, 10 ng/mL, 1 ng/mL, 100 pg/mL; p < 0.0001) (Figure 

3.18a & b). The response was maximal at 1 ng/mL, while 100 pg/mL was the lowest concentration to 

elicit an effect.  

In contrast to the raw data, the BEC focal resistance increased for four hours following IL-4 treatment 

(significantly reduced for BEC treated with 100 ng/mL; p < 0.05) (Figure 3.18 c& d). However, this is 

followed by a significant and sustained reduction (24-hours: 100 ng/mL; p < 0.05, 10 ng/mL, 1 ng/mL: p 

< 0.01, 48-hours: 100 ng/mL, 10 ng/mL; p < 0.001, 1 ng/mL; p < 0.0001). In contrast, IL-4 mediated a 

transient (1-2 hours) increase in paracellular resistance for all concentrations except the lowest (100 

pg/mL) immediately after treatment (Figure 3.18e & f). This was followed by a sharp drop and by 4-hours 

post-treatment and there was a significant difference between BECs treated with 10 ng/mL and 100 pg/mL 

IL-4 and control (both p < 0.05).  By 24- and 48-hours post-treatment, all concentrations of IL-4 mediated 

a significant reduction in paracellular resistance (24- and 48-hours: 100 ng.ml, 10 ng/mL, 1 ng/mL, 100 

pg/mL; p < 0.0001, 10 pg/mL; p < 0.05). While IL-4 treatment mediated reductions in both paracellular 

and focal resistance, the effect on paracellular resistance was much greater, and happened prior to the 

reduction in focal resistance.  
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Figure 3.18: IL-4 induces differential changes in the resistance of the BEC monolayer. 
BEC were grown on a 96w20idf ECIS plate and were treated with 100 ng/mL IL-4 (red), 10 ng/mL (blue), 1 ng/mL 
(green), 100 pg/mL (orange), 10 pg/mL (purple), when confluent. The vertical red line at 48 hours indicates the 
time of treatment , black lines are indicative of times 4-, 24- and 48-hours post-treatment. (a) cell monolayer 
impedance, (b) impedance at 4-, 24-, and 48-hours post-treatment, (c) alpha, (d) alpha at 4-, 24-, and 48-hours post-
treatment, (e) Rb, (f) Rb at 4-, 24- and 48-hours post-treatment. Data shows the mean ± SD (n = 3) of one 
independent experiment representative of 3 experimental repeats.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 
**** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
 



 

 68 

3.2.15 IL-4 induces temporal changes in the expression and organisation of actin and CD144. 
IL-4 was the only cytokine to induce a reduction in endothelial resistance, therefore the changes in 

expression and localisation of junctional proteins and the actin cytoskeleton were analysed. 4-hours 

following IL-4 treatment the actin cytoskeleton was unchanged compared to control, with cortical actin 

structures surrounding the cell and intense areas of actin at focal points (Figure 3.19a). By 24-hours, the 

cobblestone monolayer was similar to control, however stress fibres were increased, and by 48-hours 

BECs had an elongated morphology, caused by an increase in stress fibres and a reduction in cortical 

actin. At all time-points the actin expression was increased (4-hours = ns, 24-hours p < 0.05, 48-hours p < 

0.001) (Figure 3.19b) in line with the increase in stress fibres. 

In contrast to this, 4-hours of IL-4 treatment did not mediate an observable difference in BEC CD144 

staining (Figure 3.19a), however protein expression was increased (p < 0.01) (Figure 3.19c). By 24-hours, 

junctional CD144 expression was jagged, and there were gaps between the proteins, in accordance with 

the ECIS data. CD144 expression was significantly reduced by 24- and 48-hours (p < 0.0001) with 

clustered cells expressing cytoplasmic CD144.  In contrast to the change in junctional shape mediated by 

IL-1β and TNFα, there is little evidence for the junctional space being enlarged by IL-4. Rather CD144 

expression appears to decrease in line with the changes in Rb. 

In contrast to the CD144 localisation and expression, 4-hours of IL-4 treatment caused some cells to 

display ‘jagged’ β-catenin expression, however the majority of the cells exhibited linear junctional 

staining (Figure 3.20a).  24-hours of IL-4 treatment caused a reduction in linear protein expression, with 

protein becoming more diffuse. The diffuse expression only increases at 48 hours, when ß-catenin staining 

is very jagged, and gaps can be observed between proteins. Following quantification, β-catenin was 

observed to be significantly increased at 4- (p < 0.05), and 24- hours (p < 0.05) post-treatment however, it 

returned to control levels by 48-hours (Figure 3.20b). 
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Figure 3.19: IL-4 induces temporal changes in the expression and organisation of actin 
and CD144. 
Cells were treated 48-hours post-seeding with 10 ng/mL IL-4, and were fixed 4-, 24- and 48-hours post treatment. 
(a) Cells were immunostained for actin and CD144; representative images are shown. The intensity of (b) actin, (c) 
CD144 was determined by automated image analysis and normalised to cell number. Data shows the mean ± SD (n 
= 3) of one independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 
0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
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Figure 3.20: IL-4 induces temporal changes in the expression and organisation of β-
catenin. 
Cells were treated 48-hours post-seeding with 10 ng/mL IL-4, and were fixed 4-, 24- and 48-hours post treatment. 
(a) Cells were immunostained for β-catenin; representative images are shown. (b) The intensity of β-catenin was 
determined by automated image analysis. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way 
ANOVA with Fischer’s post-test).  
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3.2.16 IL-4 treatment significantly increases BEC permeability but not cell number 
The temporal profile of BEC resistance mediated by IL-4 treatment was different to both IL-1β and TNFα 

and was characterized by a sustained loss of electrical resistance. To determine whether this was 

indicative of increased permeability, BEC were exposed to a high concentration of FITC-dextran. IL-4 

mediated an increase in BEC permeability to 70 kDa FITC-dextran at 4- (p < 0.05), 24- (p < 0.05), and 48- 

(p < 0.01) hours post-treatment, in line with the electrical resistance data (Figure 3.21a). This therefore 

indicates that a sustained loss of resistance is able to predict an increase in BEC permeability. 

To ensure that the IL-4 mediated increased permeability was not caused by an increase in cell death, cell 

number was analysed by ATP concentration and automated image analysis at 4-, 24-, and 48-hours post-

treatment; neither of these were significantly different to control (Figure 3.21b & c). Therefore, IL-4 

reduces endothelial barrier integrity but in a manner independent of cell death. 

3.2.17 IL-4 treatment significantly increases IL-6 and MCP-1 secretion 
As IL-4 mediated a sustained reduction in barrier integrity, the secretome of BECs following treatment 

was analysed, to determine whether the cells were in a pro-inflammatory environment. BEC cultured 

media removed 48-hours following IL-4 treatment contained significantly more IL-6 (p < 0.0001) and 

MCP-1 (p < 0.0001) along with a non-significant increase in IL-8 (Figure 3.22). This therefore implies 

that IL-4 is acting as a pro-inflammatory stimulus on the BEC, and that the BEC resistance cannot be an 

indicator as to the pro-inflammatory environment of the cells.  
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Figure 3.21: IL-4 significantly increases monolayer permeability to FITC-dextran but 
does not increase cell number 
(a) Cells were grown on transwells with pores of 0.4 µm diameter and were treated with 10 ng/mL IL-4 
and 100 µ𝑔𝑔/𝑚𝑚𝐿𝐿 FITC-dextran 70kDa, 48-hours post-seeding. 100 µ𝐿𝐿 of media was removed from the 
lower transwell at 4-, 24- and 48-hours post-treatment and MFI was normalised to the cell-free well. Data 
shows the mean ± SD (n = 3) of one independent experiment representative of 3 experimental repeats. * = 
p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
(b) Cells were treated at 48-hours with 10 ng/mL IL-4, lysed at 4-, 24- and 48-hours post-treatment and 
the ATP concentration was measured. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 2 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 
(One-way ANOVA with Fischer’s post-test).  

 

 

Figure 3.22:IL-4 mediates the secretion of numerous pro-inflammatory mediators 
(a) Cells were grown for 48-hours before treatment with 10 ng/mL IL-4. 48 hours post-treatment the media was 
removed, and the concentration of soluble factors measured by multiplexed cytometric bead array. Data shows the 
mean ± SD (n = 3) of one independent experiment representative of 2 experimental repeats. * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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3.2.18 IFNα treatment affects the BEC barrier 
The type I interferon IFNα has not been observed in the sera of MS patients, however it has been linked to 

BBB breakdown in neuropsychiatric lupus erythematosus as it is upregulated in the serum of patients with 

the autoimmune disease systemic lupus erythematosus (SLE). Activation of the innate pattern recognition 

receptors TLR2/4, TLR5, TLR3, TLR7, TLR8 and TLR9 have been linked to an increase in type I IFNs 

and other pro-inflammatory mediators in SLE. 

BECs were treated with IFNα and the barrier resistance was measured. IFNα was maximally effective at 

10 ng/mL, and 1 ng/mL was the lowest concentration to elicit a measurable change in BEC monolayer 

impedance (Figure 3.23a & b). IFNα treatment caused the impedance of BECs to transiently decrease, 

followed by an increase, significant at 4-hours (100 ng/mL; p < 0.05, 10 ng/mL, 1 ng/mL; p < 0.001) and 

maximal by approximately 12-hours post-treatment. The resistance of the IFNα treated BEC then 

plateaued for 10 hours (significantly increased at 24 hours post-treatment: 100 ng/mL, 10 ng/mL; p < 

0.0001, 1 ng/mL; p < 0.01) before decreasing to control levels.  Extrapolation of this downward curve 

(beyond 100 hours) would result in a reduction in impedance to below that of control media-treated wells. 

Cells treated with 1 ng/mL displayed a similar pattern but had a lesser maximal increase in impedance 

(around 10% above that of control treated cells). These data indicate that IFNα does not cause significant 

BEC breakdown but rather the BEC transiently increase their barrier strength. 

IFNα treated BEC focal resistance had a similar temporal profile to that of raw impedance, indicating that 

the changes observed are due, at least in part, to altered BEC focal resistance (Figure 3.23c & d). The 

maximal focal resistance occurred 8-hours later than the maximal impedance; in contrast, the maximal 

paracellular resistance was far earlier than focal resistance. This therefore indicates that the changes in 

overall impedance are influenced by both the paracellular and focal resistance, and that changes in 

paracellular resistance precede those of focal resistance. Whilst these aspects of focal and paracellular 

resistance differ, both begin to decrease at the same time-point which may be an indicator of overall 

decline cellular health, for example, nutrient exhaustion. 

 

 

  



 

 74 

 
Figure 3.23: IFNα induces differential changes in the resistance of the BEC monolayer. 
BEC were grown on a 96w20idf ECIS plate, and were treated with 100 ng/mL IFNα (red), 10 ng/mL (blue), 1 
ng/mL (green), 100 pg/mL (orange), 10 pg/mL (purple), when confluent. The vertical red line at 48 hours 
indicates the time of treatment, black lines are indicative of times 4-, 24- and 48-hours post-treatment. (a) cell 
monolayer impedance, (b) impedance at 4-, 24-, and 48-hours post-treatment, (c) alpha, (d) alpha at 4-, 24-, and 48-
hours post-treatment, (e)  Rb, (f) Rb at 4-, 24- and 48-hours post-treatment. Data shows the mean ± SD (n = 3) of 
one independent experiment representative of 3 experimental repeats.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 
**** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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3.2.19 IFNα alters the actin cytoskeleton of BECs 
In accordance with cell impedance analysis, 4-hours following IFNα treatment the BEC morphology and 

actin localization seemed unchanged compared to control (Figure 3.24a), however the intensity of the 

staining was significantly increased (p < 0.001) (Figure 3.24b), indicative of an increase in overall actin. 

Cortical actin expression and morphology were unchanged following 24-hours of IFNα treatment, 

however there a slight reduction (p < 0.05) in actin intensity compared to control levels. By 48-hours 

BECs became more elongated and cells lost their rounded, cobblestone phenotype, however actin was still 

expressed cortically, and there was not a significant change in intensity compared to control. This later 

change in morphology could be indicative of a phenotype with reduced barrier resistance, as the resistance 

of the IFNα treated BEC was decreased at this time point. 

4-hours of IFNα treatment did not mediate a change in CD144 expression and localization compared to 

control (Figure 3.24a & c), however by 24- and 48 hours the junctional expression had become slightly 

more diffuse, in line with the hypothesis that the area of the junctions had increased which thus caused an 

increase in BEC resistance. 

In contrast to this, 4 hours of IFNα treatment caused BEC to exhibit less linear, more jagged junctional β-

catenin expression (Figure 3.25a) and by 24-hours, β-catenin staining was indicative of an increase in the 

area of the cell junction. By 48-hours all BEC expressed jagged and diffuse β-catenin. IFNα caused an 

increase in ß-catenin expression at 4- (p < 0.05) and 24-hours post-treatment (p < 0.01), however there 

was no difference compared to control at 48-hours (Figure 3.25b). 
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Figure 3.24: IFNα induces temporal changes in the expression and organisation of actin 
and CD144. 
Cells were treated 48-hours post-seeding with 10 ng/mL IFNα, and were fixed 4-, 24- and 48-hours post-treatment. 
(a) Cells were immunostained for actin and CD144; representative images are shown. The intensity of (b) actin, (c) 
CD144  was determined by automated  image analysis and normalised to cell number. Data shows the mean ± SD 
(n = 3) of one independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p 
< 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
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Figure 3.25: IFNα induces temporal changes in the expression and organisation of β-
catenin. 
Cells were treated 48-hours post-seeding with 10 ng/mL IFNα, and were fixed 4-, 24- and 48-hours post-treatment. 
(a) Cells were immunostained for β-catenin; representative images are shown. (b) The intensity of β-catenin was 
determined by automated image analysis. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way 
ANOVA with Fischer’s post-test).  
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3.2.20 IFNα does not alter cell number 
As temporal changes in electrical resistance can be affected by overall cell number, ATP concentration 

and automated image analysis were used to measure the number of BEC treated with IFNα for 4-, 24- and 

48-hours. There was no difference between the number of IFNα treated BEC compared to control (Figure 

3.26), indicating that a change in cell number was not responsible for the increase in BEC resistance. 

3.2.21 IFNα treatment does not induce the secretion of pro-inflammatory factors. 
As the temporal resistance profile of IFNα treated BECs was similar to that of IL-1β and TNFα treated 

BEC, the secretome was analysed to determine whether the profile was indicative of a pro-inflammatory 

state. Analysis of the BEC secretome found that IFNα does not induce the production or secretion of 

sVCAM-1, sICAM-1, IL-6, IL-8, MCP-1, RANTES, however IP-10 was significantly increased at this 

time-point (Figure 3.27). This therefore indicates that IFNα is inducing a very different secretome to that 

induced by TNFα and IL-1β and thus the temporal resistance profile induced by these cytokines does not 

occur only when the cells are in a pro-inflammatory environment. 
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Figure 3.26: IFNα does not alter cell number  
Cells were treated at 48-hours with 10 ng/mL IFNα, lysed at 4-, 24- and 48-hours post-treatment and the ATP 
concentration was measured. Data shows the mean ± SD (n = 3) of one independent experiment representative of 2 
experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with 
Fischer’s post-test). (b) Cells were treated at 48-hours post-seeding with IFNα 10 ng/mL and were fixed at 4-, 24-, 
and 48-hours post-treatment. Cell nuclei were stained with Nucblue and cell number was determined by automated 
image analysis; Data shows the mean ± SD (n = 3) of at least 3 independent experiments.  * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
 
 

 

Figure 3.27: IFNα mediates the secretion of IP-10. 
Cells were grown for 48-hours before treatment with 10 ng/mL IFNα. 48-hours post-treatment the media was 
removed, and the concentration of soluble factors measured by multiplexed cytometric bead array. Data shows the 
mean ± SD (n = 3) of one independent experiment representative of 2 experimental repeats. * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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3.2.22 IFNγ treatment affects the BEC barrier 
The type II interferon IFNγ was not present at measurable amounts in the sera of RRMS patients, however 

it has been found to be significantly elevated in the sera of patients with amyotrophic lateral sclerosis, and 

blood brain barrier breakdown does occur during the progression of this disease. IFNγ has previously been 

shown to increase BBB permeability and reduce the expression of tight junction proteins (Chai, He, Zhou, 

Lu, & Fu, 2014). 

100 ng/mL- 1 ng/mL IFNγ caused a transient reduction in BEC impedance and this was maximal 

following 10 hours of treatment (Figure 28a & b). Following this reduction, BEC impedance steadily 

increased and was significantly increased compared to control 24-hours following IFNγ treatment (IFNγ 

100 ng/mL; p <0.0001, IFNγ 10 ng/mL; p < 0.0001, IFNγ 1 ng/mL; p < 0.001) and until at least 48-hours 

post-treatment (IFNγ 100 ng/mL; p <0.0001, IFNγ 10 ng/mL; p < 0.0001, IFNγ 1 ng/mL; p < 0.001).  100 

ng/mL and 10 ng/mL of IFNγ induced similar increases in impedance, indicating that 10 ng/mL mediates 

a maximal effect on monolayer resistance/impedance. 

The data was modelled to determine the contributions of paracellular and focal resistance to overall BEC 

resistance. IFNγ caused an immediate and transient reduction (significant following 4-hours of treatment 

100 ng/mL; p < 0.01, 10 ng/mL; p < 0.05) in BEC paracellular resistance, however focal resistance did not 

change (Figure 3.28c-f). In contrast, both BEC paracellular and focal resistance increased 10 hours 

following IFNγ treatment, and these were significantly increased at 24-, and 48- hours post-treatment 

(Alpha 24 hours: 100 ng/mL, 10 ng/mL, 1 ng/mL p < 00001, 100 pg/mL; p < 0.05. Alpha 48 hours: 100 

ng/mL, 10 ng/mL; p < 0.0001, 1 ng/mL; p < 0.01. Rb 24 hours: 100 ng/mL, 10 ng/mL; p < 0.0001, 1 

ng/mL; p < 0.001. Rb 48 hours: 100 ng/mL, 10 ng/mL; p < 0.0001, 1 ng/mL; p < 0.001).  100 ng/mL – 1 

ng/mL IFNγ was observed to maximally induce (within the time limits of these experiments) a 30% 

increase in paracellular resistance, in comparison to a 20% increase in focal resistance. Thus, changes in 

paracellular resistance may have more of an impact on the overall BEC resistance than focal resistance. 

Alternatively, the difference in the magnitude of the response to IFNγ may indicate that there is increased 

capacity for change in paracellular resistance compared to changes in focal resistance. The overall 

increase in both paracellular resistance and focal resistance strongly suggest that the BEC are increasing 

barrier strength and perceive IFNγ as a danger signal. 
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Figure 3.28: IFNγ mediates differential changes in the resistance of the BEC 
monolayer. 
BEC were grown on a 96w20idf ECIS plate, and were treated with 100 ng/mL IFNγ (red), 10 ng/mL (blue), 1 
ng/mL (green), 100 pg/mL (orange), 10 pg/mL (purple), when confluent. The vertical red line at 48 hours 
indicates the time of treatment, black lines are indicative of times 4-, 24- and 48-hours post-treatment. (a) cell 
monolayer impedance, (b) impedance at 4-, 24-, and 48-hours post-treatment, (c) alpha, (d) alpha at 4-, 24-, and 48-
hours post-treatment, (e) Rb, (f) Rb at 4-, 24- and 48-hours post-treatment. Data shows the mean ± SD (n = 3) of 
one independent experiment representative of 3 experimental repeats.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 
**** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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3.2.23 IFNγ treatment affects cell morphology and junctional protein expression  
The location and expression of junctional and cytoskeletal proteins were analysed at 4-, 24- and 48-hours 

to determine the cause of the IFNγ mediated changes in BEC electrical resistance.  

BEC treated with IFNγ for 4-hours had an increase in the number of actin stress fibres, concurrent with a 

morphology change from the rounded cobblestone monolayer to an elongated phenotype, and an increase 

in protein expression levels (p < 0.05) (Figure 3.29a & b). Following 24- and 48-hours of IFNγ treatment 

cortical actin structures were still present however stress fibres were increased compared to control, which 

correlated with a significant increase (at 48-hours post-treatment) in actin intensity (p < 0.05). 

BEC CD144 expression was similar to control 4-hours following IFNγ treatment, however strands of 

CD144 were colocalised with the ends of actin stress fibres (indicated by a white arrow). By 24- and 48-

hours cells exhibited cytoplasmic and diffuse protein expression, diffuse junctional CD144, or retained 

linear junctional expression (Figure 3.29a). Total CD144 expression was non-significantly reduced at 4- 

and 24- hours (Figure 3.29c). Similar to the effects of IL-1β and TNFα, there is visible evidence that the 

volume or area of the paracellular junctions is increased following IFNγ treatment, and this would be 

consistent with an increase in paracellular resistance. 

Similarly, the majority of BEC treated with IFNγ for 4-hours exhibited junctional and linear β-catenin, 

however some cells expressed more diffuse junctional β-catenin (indicated by a white arrow) (Figure 

3.30a). By 24-hours, protein expression at the intercellular junctions was more diffuse, and by 48-hours 

cells expressed diffuse and jagged, less linear junctional staining. The total expression of β-catenin was 

significantly increased at 4- (p < 0.01), and 24-hours (p < 0.01), however by 48-hours it was present at 

control levels (Figure 3.30b). 

The changes observed in the expression and localization of BEC junctional proteins and the actin 

cytoskeleton following IFNγ treatment were similar to those mediated by IL-1β and TNFα. As the 

temporal resistance profiles of BECs treated with these cytokines were also similar, this indicates that the 

changes to the cell cytoskeleton and junctional proteins are likely to have caused these changes in 

resistance. 
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Figure 3.29: IFNγ induces temporal changes in the expression and organisation of actin 
and CD144. 
Cells were treated 48-hours post-seeding with 10 ng/mL IFNγ, and were fixed 4-, 24- and 48-hours post treatment. 
(a) Cells were immunostained for actin and CD144; representative images are shown. The intensity of (b) actin, (c) 
CD144 was determined by automated image analysis and normalised to cell number. Data shows the mean ± SD (n 
= 3) of one independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 
0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
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Figure 3.30: IFNγ induces temporal changes in the expression and organisation of β-
catenin. 
Cells were treated 48-hours post-seeding with 10 ng/mL IFNγ, and were fixed 4-, 24- and 48-hours post treatment. 
(a) Cells were immunostained for β-catenin; representative images are shown. (b) The intensity of  β-catenin was 
determined by automated image analysis. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way 
ANOVA with Fischer’s post-test).  
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3.2.24 IFNγ treatment does not mediate a change in cell number 
To determine whether cell number was affected by IFNγ treatment, the number of BEC following IFNγ 

treatment was measured at 4-, 24- and 48-hours. ATP was observed to be increased at 24-hours post-

treatment (p < 0.01) but returned to control levels 48-hours post-treatment (Figure 3.31a), indicating that 

IFNγ mediated a faster increase in cell number than control. In contrast to this, automated image analysis 

found that there was no significant difference in cell number at any of the time points (Figure 3.31b).  

3.2.25 IFNγ treatment increases the secretion of MCP-1, IP-10 and upregulates sICAM-1 
As the temporal resistance profile of IFNγ treated BEC was similar to that of TNFα and IL-1β treated 

BEC, the secretome was analysed. Cultured media of BEC treated with IFNγ for 48-hours contained 

significantly more sICAM-1 (p < 0.001), MCP-1 (p < 0.0001) and the IFNγ inducible IP-10 (p < 0.001) 

(Figure 3.32). This therefore indicates that IFNγ is mediating the production and secretion of pro-

inflammatory factors whilst also inducing a potentially protective increase in barrier resistance. 

3.2.26 BEC barrier modulators differentially alter the secretome at 48 hours. 
The pro-inflammatory secretomes of each pro-inflammatory mediator was compared (Figure 3.33).  This 

provides a novel overview of the respective secretomes and eloquently highlights the potency of IL-1β 

and TNFα in the induction of most of the cytokines measured here. It also highlights the relatively 

selective effect of IFNγ mediated secretion of the chemokine IP-10. Compared to these, IL-4 and IFNα 

had very little effect on BEC cytokine secretion, but notably each had a different and pronounced effect on 

barrier function. 
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Figure 3.31: IFNγ does not alter cell number  
(a) Cells were treated at 48 hours with 10 ng/mL IFNγ, lysed at 4-, 24- and 48-hours post-treatment and the ATP 
concentration was measured. Data shows the mean ± SD (n = 3) of one independent experiment representative of 2 
experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with 
Fischer’s post-test). (b) Cells were treated at 48-hours post-seeding with IFNγ 10 ng/mL and were fixed at 4-, 24-, 
and 48-hours post-treatment. Cell nuclei were stained with Nucblue and cell number was determined by automated 
image analysis; Data shows the mean ± SD (n = 3) of at least 3 independent experiments.  * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
  

 
Figure 3.32: IFNγ mediates the secretion of numerous pro-inflammatory mediators 
Cells were grown for 48-hours before treatment with 10 ng/mL IFNγ. 48-hours post-treatment the media was 
removed, and the concentration of soluble factors measured by multiplexed cytometric bead array. Data shows the 
mean ± SD (n = 3) of one independent experiment representative of 2 experimental repeats. * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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Figure 3.33: The inflammatory cytokines mediate different secretomes 
Cells were grown for 48-hours before treatment. 48 hours post-treatment the media was removed, and the 
concentration of soluble factors measured by multiplexed cytometric bead array. Secretion data is shown in radar 
charts, concentrations shown in pg/mL. 
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3.3 Discussion  

3.3.1 RRMS-R serum and the BBB 
Barrier breakdown is a crucial feature of MS lesions and has previously been correlated with clinical 

severity (Fabis et al., 2007). The effect of MS patient sera on BBB integrity has previously been studied in 

vitro using a human brain endothelial cell line and a co-culture of rat cortical neurons, astrocytes and 

endothelial cells (Proia et al., 2009) . Classical TEER (measured using the handheld EVOM instrument) is 

reduced 24-hours post-treatment in both models. In contrast to the single temporal measurement, the ECIS 

Zθ array allows the continuous measurement of cellular impedance which can be further modelled to 

extricate the contributions of focal resistance, paracellular resistance and the capacitance of the cell 

monolayer (D. Kho et al., 2015; Dan Ting Kho et al., 2017; D. T. Kho, Johnson, O’Carroll, Angel, & 

Graham, 2017). When using ECIS technology, cells are grown on polyethylene terephthalate (PET) plates 

as opposed to a transmembrane, and thus the modelled intercellular resistance is not a true measure of 

TEER. However, it does allow continuous, non-invasive measurement of monolayer resistance. Thus, 

using this technology, it was observed that 10% of the RRMS-R patient sera mediated a significant 

reduction in the raw barrier impedance and resistance. When modelled it was observed that the barriers 

were completely lost within 24-hours, indicative of cell death. In contrast to this, previous research found 

that the TEER of TY09 cells was significantly reduced (by around 30%) compared to control, following 

24 hours of treatment with RRMS-R patient serum (Shimizu et al., 2014). However, similarly to our 

study, there was a very limited number of serum samples (n = 6 for RRMS-R and healthy control), and the 

serum was taken during the first appearance of symptoms. In addition to this, this research found that 

there was a significant reduction in the expression of claudin-5, which is likely to have contributed to the 

observed reduction in TEER; as the BEC used in our research do not express claudin-5, this discrepancy 

may be responsible for the differences observed (Shimizu et al., 2014). 

A multiplexed cytometric bead array was used to determine the humoral factors in the sera which were 

hypothesised to mediate the loss of cell adhesion observed in 10% of the RRMS-R cases. As observed in 

previous studies, IL-1β, MCP-1, IL-8, IP-10, MIP-1α and RANTES were increased, in line with a pro-

inflammatory milieu. To my knowledge, this is the first observation of G-CSF, IL12/p40 and sICAM-1 in 

the sera of RRMS-R patients. G-CSF is a pleiotropic cytokine which can affect the adaptive immune 

response through the G-CSF receptor, found on endothelial cells, among other cells types (Demetri & 

Griffin, 1991; Franzke, 2006). Previous work has found no evidence of increased G-CSF in the serum or 

CSF of MS (and more specifically RRMS-R) patients (Matsushita et al., 2013; Naegele et al., 2012; 

Stoeck, Schmitz, Ebert, Schmidt, & Zerr, 2014), however, gene-microarray analysis has shown G-CSF to 
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be 13-fold higher in acute active plaques than chronic silent plaques of MS patients, and has been 

hypothesized to inhibit acute demyelinating attacks. 

In accordance with this, G-CSF therapy has been observed to reduce MS symptoms in the EAE model 

through a reduction in T cell recruitment and auto-immune related cytokines and chemokines (Zavala et 

al., 2002). 

Previous research into the presence of RANTES in MS patient sera has been inconclusive, with numerous 

studies observing high concentrations of RANTES in the sera and CSF during demyelinating attacks while 

further studies have been unable to observe the presence of this chemokine (Bartosik-Psujek & 

Stelmasiak, 2005; Mahad, Howell, & Woodroofe, 2002; Sørensen et al., 1999). A more recent study has 

observed the presence of RANTES in MS patients sera (RRMS in remission), however at levels 

comparable to control; in this study, the levels of RANTES in CSF were significantly increased compared 

to control (Bartosik‐Psujek et al., 2004). Therefore, the observed increase in RANTES is in line with some 

but not all research. 

Numerous analytes were hypothesised to be present (e.g. IFNγ, GM-CSF, IL-6, sVCAM-1) but could not 

be detected (Carrieri et al., 1998; Y.-C. Chen et al., 2012; K. Hohnoki, A. Inoue, & C. S. Koh, 1998). 

These were either not present or present at lower than detectable concentrations, and therefore future 

studies may decide to analyse the sera using methods with enhanced sensitivity <1 pg/mL. Additionally, 

while all care was taken with the serum once obtained from the Human Brain and Spinal Fluid Resource 

Centre, (i.e. only one freeze/thaw cycle), the methods used in serum preparation and storage are unknown 

to us and thus cannot be compared to the methodology of previous studies. 

The cytokine, chemokine and cell adhesion molecule data were combined for each RRMS-R serum 

sample, to determine whether patterns of expression could be observed a) overall and b) in the samples 

that mediated barrier breakdown. There were no apparent patterns of expression, and the samples all 

expressed varying levels of each cytokine and chemokine. Although all the samples are from RRMS 

patients in relapse, they may be at different stages of relapse which could affect the concentration, a 

phenomenon observed previously with the concentration of neurofilament light protein (Malmeström, 

Haghighi, Rosengren, Andersen, & Lycke, 2003). Of interest, the MS sample #5 expressed at least a five-

fold increase in Fractalkine, MCP-1, IP-10, IL-17A and IL-10 indicating that while the RRMS-R patient 

sera may contain a distinct pro-inflammatory milieu, numerous chemokines and cytokines may not affect 

BEC barrier integrity.  

The cytokine, chemokine and cell adhesion data were further grouped into barrier affecting sera and non-

affecting sera. Of these, G-CSF was increased in the non-changed MS sera compared to the barrier 
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affecting sera.  The increase in G-CSF observed in the MS non-changed sera would be in line with 

research suggesting a protective function in EAE. 

IL-1β was increased in the sera that mediated rapid barrier breakdown compared to both control and the 

non-barrier-altering MS sera, indicating that IL-1β may be a key component of BEC breakdown in 

RRMS-R. Previous research has shown that IL-1β can cause temporal BEC breakdown in these cells, at 

similar concentrations, however, it has not been shown to mediate substantial barrier loss and cell death as 

indicated by the loss of cell capacitance (O'Carroll et al., 2015). Therefore, it is likely that a multitude of 

factors mediates the loss of barrier integrity observed following treatment with MS Samples #2, #3 and 

#4.  

The serum of blood taken post-mortem was also analysed to determine the effect on the endothelial 

barrier, and the concentration of cytokines, chemokines and cell adhesion molecules. Of interest, the 

majority of these samples caused a reduction in barrier resistance (data not shown), indicative of 

breakdown. In addition to this, the serum contained higher concentrations of IL-8, IL-6, MCP-1 and IL-10 

than the serum of control patients. Whilst this is unsurprising due to the cell death that occurs post-

mortem, it is a relevant consideration for the culture of primary cells from post-mortem tissue. Whilst 

research into the inflammatory status of cells cultured from post-mortem derived tissue is scarce, previous 

research in to the impact of post-mortem delay on the expression of microglial activation markers CD45 

and CD11b did not detect a change when comparing a delay of 6 hours to that of 10 hours (Mizee et al., 

2017). However, during the consequent culture of these cells, numerous microglial markers and IL-10, 

TNFα and TGFβ were down-regulated, indicating that they may have been activated and in an 

inflammatory state as a result of the inflammatory milieu post-mortem. Thus, while the inflammatory 

status of the serum is not particularly surprising, it does have implications for the interpretation of 

experiments performed acutely following post-mortem isolation.  

3.3.2 Mechanisms of TNFα and IL-1β mediated reductions in barrier resistance 
As IL-1β was present at high concentrations in barrier affecting sera, the impact of this crucial cytokine on 

the barrier integrity, junctional proteins, BEC secretome and proliferation was analysed. As observed 

previously, IL-1β caused a transient reduction followed by an increase in the impedance of the BEC, 

mediated by changes in the paracellular resistance (O'Carroll et al., 2015). A similar pattern of resistance 

was observed in BEC treated with TNFα, IFNα and IFNγ.  

Analysis of key junctional and cytoskeletal proteins indicated that the initial transient reduction in 

paracellular resistance is likely to be mediated by an increase in actin stress fibres traversing the cell, a 

phenomenon that has been previously observed in numerous cell types following TNFα and IL-1β 

treatment (Partridge, Horvath, Vecchio, Phillips, & Malik, 1992; Vallenius, 2013). CD144 staining is also 
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co-localised with the ends of the stress fibre bundles instead of the cortical actin (Millán et al., 2010). 

Previous research using HUVECs found that actin stress fibres increased over the 8-hours following 

TNFα treatment. This mechanism involved activation of the RhoA pathway and MLC phosphorylation by 

p160 Rho-associated coiled-coil-containing protein kinase (ROCK) which mediates the contraction of 

actomyosin and the consequent loss of the distinct cobblestone morphology (Gilcrease, 2007). These 

changes are similar to the morphological changes observed in TNFα treated BEC, which similarly lost the 

cobblestone morphology and become elongated (McKenzie & Ridley, 2007). Increased actin stress fibre 

formation is correlated with an increase in permeability to FITC-dextran (size not shown), and that 

blocking the formation of stress fibres inhibited the formation of discontinuous AJs (Gilcrease, 2007). 

Similarly to TNFα mediated activation of the Rho/Rho kinase pathway, IL-1β has been shown to mediate 

the formation of actin stress fibres through the activation of RhoA and small GTPases of the Rho/ROCK 

pathway (Lapointe, O'connor, Jones, Menard, & Buret, 2010). Human gastric epithelial cells treated with 

IL-1 display actomyosin contraction mediated by the activation of the Rho/ROCK pathway and the 

consequent inhibition of myosin light chain (MLC) phosphatase.  In addition to this, IL-1 treatment 

mediates the re-distribution and overall loss of claudin-4 from TJs (Lapointe et al., 2010). The increase in 

actin stress fibres in the IL-1β, TNFα and IFNγ treated BEC is therefore hypothesised to mediate transient 

BEC contraction, intercellular gaps and a transient reduction in barrier resistance.  

The transient reduction in paracellular (and to some extent focal) resistance is followed by a significant 

and sustained increase in TNFα, IL-1β, and IFNγ treated BEC, and is very similar to the effect observed in 

thrombin treated HUVECs; initial contraction and an increase in barrier permeability followed by 

recovery (Marcos-Ramiro et al., 2016).  Thrombin mediates these changes via Rac1 inactivation and 

RhoA activation which occur in parallel with reductions in TER (trans-epithelial electrical resistance). The 

levels of both Rac1 and RhoA normalise 60 minutes post-treatment which mediates recovery of the barrier 

and a reduction in permeability (Marcos-Ramiro et al., 2016). 

3.3.3 Mechanisms of IFNγ mediated reduction in barrier resistance  
Whilst IFNγ has been shown to reduce endothelial barrier resistance in numerous systemic endothelial 

models, IFNγ increases monolayer resistance in the hCMEC/D3 and the human brain microvascular 

endothelial cell-3 (HMBEC-3) lines, when measured once per day using EVOM (Chaitanya et al., 2011). 

In contrast to this, IFNγ treated primary brain endothelial cell cultures exhibit a dramatic reduction in 

barrier permeability (as measured by volt-ometer) at 4 hours which peaked at a 35% reduction in 

resistance at 18 hours - 24 hours (Wong et al., 2004). A cytoskeletal mechanism of increased permeability 

has been elucidated using HUVECs, where IFNγ treatment activates p38 MAPK which induces a bi-

phasic change in permeability (as measured by FITC-dextran tracer assay) (Ng et al., 2015).  At 4-8 hours 
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post-treatment condensed F-actin induces cell rounding which causes gap formation in the monolayer. By 

16-24 hours post-treatment stress fibres form and the cells are elongated which also mediates intercellular 

gap formation. HUVEC CD144 forms discontinuous AJs in the first 8 hours, before forming linearised 

junctions, both of which are different from control CD144 expression (Ng et al., 2015).  

3.3.4 Mechanisms of IFNα mediated changes in barrier resistance 
Research into the impact of IFNα on brain endothelial cells is limited, perhaps due to research by Fasler-

Kan et al., in 2010 (Fasler-Kan et al., 2010) which found that the hCMEC/D3 line do not respond to IFNα 

treatment (as measured by a lack of phosphorylation of STAT1 or STAT3 and a lack of nuclear 

translocation of these in addition to a lack of MHC I upregulation). As the hCMEC/D3 line are used in the 

majority of brain endothelial cell research, their lack of response may explain the dearth of research in this 

area. The response of systemic endothelial cells to IFNα treatment has shown that treating HUVECs with 

IFNα reduced the flux of 70 kDa FITC-dextran compared to control (hypothesized to be due to the 

upregulation of CD73 which converts ATP to adenosine, which may mediate increases in cAMP which 

have been shown to increase barrier resistance) however flux was only measured for 100 minutes 

following treatment (Niemelä et al., 2004). A study on bovine retinal microvascular endothelial cells 

(BRCEC) measured the resistance of the monolayer every 2 days, in addition to permeability 

measurements using [3H] Inulin (Gillies & Su, 1995). Treatment of the monolayer with IFNα induced a 

significant increase in electrical resistance at 24 hours compared to control and this increase was sustained 

for 2 days. Similarly, the BRCEC monolayer was less permeable to Inulin following treatment, indicating 

that the paracellular pathways are affected by IFNα treatment (Gillies & Su, 1995). The research into the 

effect of IFNα on systemic cells is in line with our observations regarding the effect of IFNα on the BECs, 

however the methods used in these studies may have not been sensitive enough to observe the acute 

transient reduction in permeability we observed.  

3.3.5 Mechanisms of increased barrier resistance 
In the BEC, the observed increase in paracellular resistance may be mediated by an increase in the area of 

the BEC intercellular junctions. Analysis of the CD144 junctional staining indicates that the increase in 

resistance occurs in parallel with an increase in the width of CD144 and β-catenin staining. The change in 

protein localisation may indicate that the paracellular junctional space changes its shape and the edges of 

the endothelial cells overlap, thus allowing a larger area of intercellular adhesion (Figure 3.34).  

In line with this hypothesis, the paracellular resistance of IFNα treated BEC returns to control levels by 

48-hours. At 24-hours post-IFNα treatment, CD144 junctional expression is diffuse, indicative of an 

increase in the area of the intercellular junction, however by 48-hours CD144 expression is perpendicular 

to the junction, in accordance with the decrease in resistance. 
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Based on the barrier resistance and immunocytochemistry analysis it is hypothesised that IL-1β, TNFα, 

IFNγ and (to some extent) IFNα treatment initiates RhoA activation, mediating the formation of actin 

stress fibres and causing cellular contraction. The contraction of the BEC is hypothesised to increase 

barrier permeability acutely which is followed by cell recovery, perhaps mediated by Rac1 signalling 

which induces cell spreading and the overlap of intercellular junctions. The junctional overlap and 

increase in junctional area thus mediate an increase in junctional molecule interaction which increases the 

resistance of the cell monolayer. 

While previous research using these BECs has shown a temporary reduction in impedance in response to 

TNFα or IL-1β treatment, the recovery of the barrier is somewhat controversial. Previous research using 

primary human brain endothelial cells found that TNFα, IL-1β, and IFNγ mediated differing reductions in 

resistance 18-hours post-treatment which was either maintained (following TNFα treatment) or had 

partially recovered (IL-1β, IFNγ) by 24 hours (Wong et al., 2004). Though the time course and magnitude 

of the response differ, the trend in the resistance of these primary brain endothelial cells is similar to that 

observed with the BECs. However, in contrast to this, a recent study by Smyth et al., using primary human 

microvascular endothelial cells found that 10 ng/mL TNFα and IL-1β mediated a significant reduction in 

barrier integrity and cell death, 10-hours post-treatment (Smyth et al., 2018). In addition, the study did not 

observe a significant change in resistance following IFNγ treatment. The inflammatory profile of the 

commonly used hCMEC/D3 line developed by Weksler et al., has also been analysed with regards to 

TNFα response, and the TEER measured 8 hours post-treatment (Förster et al., 2008). TNFα significantly 

reduced TEER at this time point, and the expression of occludin and claudin-5 were also significantly 

reduced (Förster et al., 2008). Of interest, CD144 expression was increased at 8 hours, in line with the 

increase we observed 4 hours post-treatment. Based on this previous research, the recovery of the BEC 

barrier following TNFα or IL-1β treatment is relatively contentious.   
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Figure 3.34: Hypothesis of how a pro-inflammatory stimulus mediates an increase in 
paracellular resistance. 
Unstimulated BECs express linear intercellular junctions (a). However following stimulus (b), cells display an 
increase in the area of CD144 and β-catenin staining, which may be mediated by overlapping intercellular junctions. 
The increase in the area of cell junctions caused by an overlap increases the surface area available for AJ and TJ 
protein interactions, and thus may lead to a ‘tighter’ barrier and increased resistance. 
 

3.3.6 The pro-inflammatory secretome of IL-1β, TNFα, IFNγ and IFNα treated BEC 
The pro-inflammatory activation of brain endothelial cells by TNFα and IL-1β has been well studied, with 

previous data showing the differential production of sICAM-1, sVCAM-1, IL-6, IL-8, IP-10, MCP-1 and 

RANTES. As observed previously, at 48-hours post-treatment TNFα treated BEC secreted more sVCAM-

1, IL-8, IP-10 and RANTES than IL-1β treated cells. Conversely, IL-1β treated cells produce more IL-6 

and similar levels of MCP-1. Though IFNγ and IFNα treated BEC exhibit similar changes in paracellular 

resistance as IL-1β and TNFα treated BEC, the pro-inflammatory secretome is vastly different. IFNα 

stimulated cells to secrete significantly more IP-10 than control, and IFNγ secretes significantly more IP-

10, sICAM-1 and MCP-1. IFNγ induces IP-10 at far higher concentrations than any of other pro-

inflammatory cytokines. 

3.3.7 Mechanisms of IL-4 mediated reductions in barrier resistance 
BECs treated with IL-4 exhibit a very different BEC resistance profile than those treated TNFα, IL-1β, 

IFNα and IFNγ. IL-4 treatment was shown to mediate significant and sustained reductions in raw 

impedance and modelled paracellular permeability. While this has not been observed in brain endothelial 

cells, recent work using HUVECs found that IL-4 treatment mediates the formation of actin stress fibres 

and a reduction in CD144 at intercellular junctions resulting in the formation of intercellular gaps (Skaria 

et al., 2016).  The formation of stress fibres occurs via upregulation of the Wnt5A pathway, which induces 

the phosphorylation of LIMK2 and cofilin, thus reducing actin stabilization (Skaria et al., 2016). The 
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research in HUVECs corresponds to the observed effect of IL-4 on the BEC; at 4 hours post-treatment, 

when the paracellular barrier is not significantly reduced, actin remains in a cortical ring perpendicular to 

the cell junction. However, by 24 hours, when there is a 20% loss in paracellular resistance, there was a 

marked increase in stress fibres. Additionally, while intercellular gaps cannot be observed, CD144 is 

colocalised with the ends of actin stress fibres, indicative of ongoing cellular contraction.  

To confirm that the reduction in impedance was representative of a functional change, the permeability of 

the BEC to 70 kDa FITC dextran was analysed. By 4-, 24- and 48-hours post-treatment, BEC permeability 

was significantly increased compared to control, in line with the BEC impedance data. 

Recent research by Smyth et al., in human primary brain endothelial cells observed a similar (if more 

substantial) reduction in paracellular barrier resistance, with a 60% reduction between 0- and 5-hours 

post-treatment (Smyth et al., 2018). This reduction was sustained until 10 hours when the barrier began to 

recover; however, the experiment was ended 24-hours post-treatment, before any significant recovery. 

These results, therefore, indicate that the initial reduction in BEC paracellular permeability has also been 

observed in primary brain endothelial cells. 

The effect of IL-4 on the secretome of brain endothelial cells has not been previously analysed, however, 

the effect of IL-4 on peripheral endothelial cells has been studied (as mentioned previously). IL-4 

treatment induced the secretion sVCAM, IL-6 and MCP-1, to chemoattract monocytes and macrophages 

and promote extravasation. Previous research has shown that IL-4 dose-dependently upregulates IL-6 

mRNA and protein in human aortic endothelial cells, through the dihydronicotineamide-adenine 

dinucleotide phosphate (NADPH) oxidase-dependent generation of reactive oxygen species. Similarly, the 

production of MCP-1 and the upregulation of sVCAM-1 are in line with research performed using 

HUVECs (Y. W. Lee, Eum, Chen, Hennig, & Toborek, 2004; Rollins & Pober, 1991). While the increase 

in IL-8 secretion observed following IL-4 treatment was not significant, it is in line with previous research 

using equine pulmonary artery endothelial cells (however it is not increased in studies of HUVECs) (H. 

Huang, Lavoie-Lamoureux, Moran, & Lavoie, 2007). Recent work by Smyth et al. (2018)., using human 

primary brain endothelial cells found that IL-4 treatment induced the upregulation of ICAM-1 and 

VCAM-1 but did not mediate the production IL-6 or MCP-1, and did not affect any of the cytokines or 

chemokines measured (G-CSF, GM-CSF, CXCL1, IL-8, IP-10 and RANTES) (Smyth et al., 2018). While 

this differs from the results of our experiments, the conditioned media was analysed at 24 hours post-

treatment, and the secretion of the inflammatory mediators observed here, may have been below the 

detectable range.  
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3.4 Conclusions 
The results of this chapter indicate that a small proportion of RRMS-R patient sera contain unidentified 

bioactivity that drastically disrupts the barrier integrity of human BECs. Surprisingly there was no 

apparent pro-inflammatory cytokine-signature that could easily explain these barrier mediated effects and 

serum of the RRMS-R patients was highly variable. Most of the RRMS serum had elevated levels of one 

or more inflammatory cytokines and simple deduction implies that they had no effect on barrier function. 

While the majority of cytokines and chemokines analysed surprisingly did not affect the BEC barrier, IL-

1β, TNFα, IFNγ, IFNα and IL-4 all alter the resistance of the BEC barrier and mediate the differential 

secretion of cytokines, chemokines and cell adhesion molecules. 

IL-1β was significantly increased in the sera that mediated barrier breakdown, and interrogation of its 

effects suggested a clear pro-inflammatory response from the BEC. However, following a transient 

reduction in paracellular resistance, IL-1β treated cells exhibited increased barrier resistance as opposed to 

disruption. It may well be that in the autoimmune phase of RRMS where IL-1β is elevated there are other 

factors co-produced by the immune system, brain, blood vessels or damaged tissue that cause direct BBB 

disruption. IL-1β may represent a surrogate measure of their potential presence, but it is noted that it did 

not mediate barrier disruption. It is clear that MS is a complex disease and a myriad of other bioactive 

factors may be present in these sera including bacterial, viral, or drugs that cause direct damage to the 

BBB.  
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 : Toll-like receptors and the BBB 
 

4.1 Introduction 

4.1.1 Toll-like receptors 
Toll-like receptors (TLRs) are pattern recognition receptors, first identified in the mid-1990s and forming 

an essential part of the innate immune response (Govindaraj, Manavalan, Lee, & Choi, 2010; O'neill, 

Golenbock, & Bowie, 2013). Current research indicates that there are ten TLRs in humans, and 13 in mice 

all of which recognise specific, distinct and conserved components of microbes; pathogen-associated 

molecular patterns (PAMPs), or endogenous molecules; danger-associated molecular patterns (DAMPs) 

(Akira, Uematsu, & Takeuchi, 2006; Erridge, 2010).  Each specific TLR recognises a different DAMP or 

PAMP which can thus tailor the downstream release of cytokines, chemokines and anti-microbial peptides 

to the particular ligand in the context of the specific infection or tissue injury (Tang, Kang, Coyne, Zeh, & 

Lotze, 2012). The location of each TLR is related to how the respective ligands are processed by the cells. 

Receptors activated by conserved bacterial components are expressed on the cell membrane, whereas 

receptors activated by conserved viral components are intracellularly located (Chaturvedi & Pierce, 2009). 

The overall structure of the TLRs is that of a type I transmembrane glycoprotein with an N-terminal 

extracellular domain (for the intracellular receptors, this is a cytosolic domain) with 25 leucine-rich 

repeats and an intracellular (or intra-endosomal) C-terminal Toll-interleukin 1 receptor (TIR) signalling 

domain (Akira & Takeda, 2004; Botos, Segal, & Davies, 2011). Upon ligand binding the TLRs homo- or 

heterodimerize, thus bringing two TIR domains together, initiating the signalling pathway. 

Numerous TLRs are expressed in human BECs; Nagoyozi et al., (2010) found that hCMEC/D3 cells 

contain mRNA for TLR 2, 3 4 and 6, whilst Li et al., (2013) detected mRNA of TLR1, 2, 3, 4 and 6, with 

TLR4 mRNA the most abundant (J. Li et al., 2013; Nagyőszi et al., 2010). In contrast to this, my previous 

pilot research into the hCMVEC line has shown only the presence of TLR3 and TLR4 mRNA (conducted 

as part of a master’s Research project). Collectively this suggests that endothelial cells from different 

brain regions or different donors could express different profiles of TLRs.  

4.1.2 TLR3, Poly(I:C) and the blood-brain barrier 
Toll-like receptor 3 is a conserved endosomally located TLR which recognises double-stranded RNA (ds-

RNA) from ds-RNA viruses such as the rotaviruses, endogenous mRNA, and small interfering RNAs 

(siRNAs) (Botos, Liu, Wang, Segal, & Davies, 2009; Kariko, Ni, Capodici, Lamphier, & Weissman, 

2004; R. Zhou, Wei, Sun, & Tian, 2007) . Binding of the appropriate ligand mediates homodimerization 

and the subsequent activation of the MyD88-independent pathway, which ultimately results in interferon 

regulatory factor (IRF) -3 and NF-кB nuclear translocation (Y. Wang, Liu, Davies, & Segal, 2010). 
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Translocation leads to the production of numerous anti-viral type I IFNs and proinflammatory cytokines 

respectively (Lundberg et al., 2007).  

TLR3 is expressed extensively in the periphery, and human brain endothelial cells have been shown to 

express the TLR3 receptor constitutively (J. Li et al., 2013; Nagyőszi et al., 2010).  Poly(I:C) is a synthetic 

analogue of viral dsRNA, and the TLR3 ligand used most frequently to mimic viral infections 

(Vercammen, Staal, & Beyaert, 2008) . Activation of TLR3 on BEC by Poly(I:C) leads to an increase in 

IFNβ, IFNγ1 and IFNγ2/3 mRNA (Matsumoto & Seya, 2008).  

Poly(I:C) has been used to model the effect of systemic inflammation and sepsis on the BBB. In rat and 

murine models, systemic administration of Poly(I:C), ds-RNA or viruses which activate TLR3 reduce the 

junctional co-localisation of ZO-1 and claudin-5 by 6-hours. In line with this, TLR3 activation increases 

BEC permeability (to Evan’s blue dye) at 24-hours and reduces TEER (Daniels et al., 2014; T. Wang et 

al., 2004). 

 Previous research in human cells has found that Poly(I:C) treatment increases the permeability 

(electrically and to albumin) of human lung microvascular endothelial cells through a reduction in the 

expression of claudin-5 (at 6- and 24-hours) and an increase in actin stress fibres which leads to cellular 

elongation. In these cells, CD144 expression was reduced at 24 hours, but ZO-1 was unaffected (L.-Y. 

Huang, Stuart, Takeda, D’Agnillo, & Golding, 2016). Additionally, ds-RNA has been found to increase 

the permeability of human pulmonary artery endothelial cells (electrically and to FITC-dextran), with a 

similar elongation of the cells and rearrangement of actin. However while CD144 expression became 

similarly discontinuous/reduced, ZO-1 expression was affected, indicating that there may be small 

differences in the effect of TLR3 activation on endothelial cells from different locations, or by different 

ligands (Bálint et al., 2013). The changes in impedance observed in the BECs may, therefore, occur 

through similar changes in adhesion molecules and the actin cytoskeleton. 

4.1.3 TLR4, LPS and the blood-brain barrier 
TLR4 was the first TLR to be characterised and is a conserved cell membrane located TLR, recognising 

lipopolysaccharide/endotoxin (LPS), viral glycoproteins, taxol, envelope proteins, endogenous HSPs, 

hyaluronic acid, fibronectin, fibrinogen and extracellular matrix components (Cohen-Sfady et al., 2005; 

Ebid, Lichtnekert, & Anders, 2014; Y. Liu, Yin, Zhao, & Lu, 2014; Okamura et al., 2001). LPS is 

extensively used to model inflammation and patients with severe sepsis have been found to have a median 

blood endotoxin concentration of 300 pg/mL (Steven et al., 1999).   

TLR4 is extensively expressed systemically and in the CNS and is also found on human BECs (Duperray 

et al., 2015). 60% of in vivo studies of BBB disruption report increased barrier breakdown following 

systemic LPS administration, with a critical role for endothelial-produced prostanoids and nitric oxide 
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(Varatharaj & Galea, 2017; T. Zhou et al., 2014). The envelope protein of the MS-associated retrovirus, 

found in the plasma of 73% of MS patients, also activates TLR4 on human brain endothelial cells 

(Duperray et al., 2015; Perron et al., 2012).  

 

In rat and murine in vitro and in vivo models, LPS reduces resistance and increases brain endothelial 

permeability (the former electrically measured using EVOM, the latter using [14C] sucrose, 99mTc-

labelled albumin, sodium fluorescein, TMR-dextran and Evan’s blue dye) at 4-, 24- and 48-hours. LPS 

treatment also induces cell elongation and the re-localisation of β-catenin,  ZO-1 and occludin but does 

not have consistent effects on expression or localisation of claudin-5, with results ranging from no change 

to a dose-dependent reduction concurrent with punctate expression (W. A. Banks et al., 2015; Cardoso et 

al., 2012; Dohgu, Fleegal-DeMotta, & Banks, 2011; M. Hu & Liu, 2016; Jangula & Murphy, 2013). 

In a human in vitro model, LPS has been shown to reduce resistance and increase the permeability of the 

BEC monolayer (electrically using the Millicell-ERS and to FITC-dextran) over 24 hours which 

corresponds with a significant reduction in occludin and claudin-5 8-hours post-treatment (M. Hu & Liu, 

2016). Decreases in occludin expression at 24 hours have been correlated with the activation of p38 

MAPK and JNK phosphorylation which mediate an increase in MMP-2 mRNA. Conversely, reductions in 

ZO-1 expression at this time-point were not mediated by these mechanisms (Qin, Huang, Mo, Chen, & 

Wu, 2015). Of interest, S. enterica LPS and P. aeruginosa LPS have differential effects on claudin-5 

expression, with the former reducing expression by 28 hours and the latter mediating no effect, indicating 

again that different TLR ligands mediate very different downstream effects (Jin, Nation, Li, & Nicolazzo, 

2013).  

In contrast to these results, primary bovine brain endothelial cells treated with 1-10 ng/mL LPS exhibit a 

reduction in electrical resistance (measuring once an hour using the Millicell-ERS) that peaked 3-hours 

post-treatment before the barrier recovery. However, the measurement was stopped 5-hours post-

treatment, so whether the barrier fully recovered is unknown (Gaillard, de Boer, & Breimer, 2003). 

Recent research into the effect of LPS on a multi-cellular model of the BBB utilised an ‘NVU-on-a-chip’ 

system (J. A. Brown et al., 2016). When grown on this chip, human cells of the NVU treated with LPS 

exhibited increased permeability to FITC-dextran at 6-hours, with partial recovery occurring by 24 hours 

(permeability was still increased compared to pre-exposure diffusion levels). When measuring the 

resistance of the cells on the chip electrically (using multi-frequency impedance analysis), 6 hours of LPS 

treatment reduces the resistance of the NVU model, however, by 24-hours, resistance is increased 

compared to control, indicating a stronger/less disrupted barrier. These results were reflected in a 
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significant reduction in ZO-1 and claudin-5 at 6 hours, followed by an increase in these proteins at 24 

hours (J. A. Brown et al., 2016). 

This research indicates that in all models LPS mediates increased permeability/reduced BEC resistance, 

but that the recovery of the BEC is inconsistent between models. 

4.1.4 TLR7, imiquimod and the blood-brain barrier.  
TLR7 is another TLR present intracellularly within the endosome and is activated through the binding of 

uridine and guanosine-rich single-stranded RNAs (ssRNAs) (Crozat & Beutler, 2004). Once activated, 

TLR7 signalling occurs through the MyD88 signalling-adaptor pathway, culminating in the nuclear 

translocation of NF-кB, which mediates the production of pro-inflammatory cytokines and type I IFNs, 

and IRF3 and IRF7 which directly bind to the target DNA sequence of type I IFNs (Honda, Takaoka, & 

Taniguchi, 2006). Neither the hCMVEC line or the hCMEC/D3 is reported to express TLR7 mRNA, and 

the latter has also been shown to be unresponsive to the TLR7 ligand CL264 (Nagyőszi et al., 2010).  Pilot 

research during my master’s Research project found that treatment of BECs with the TLR7 ligand 

imiquimod can induce an increase in cell index and impedance (as measured by xCELLigence and ECIS) 

but does not induce the BECs to secrete pro-inflammatory mediators (measured 72-hours post-treatment). 

Further work into how imiquimod induces an increase in BEC barrier resistance is therefore necessary, as 

this is a potential protective effect of the TLR7 ligand.  

4.1.5 Aim of this research 
Previous pilot research (as part of a master’s research project) found that LPS and Poly(I:C) treatment 

both cause a transient reduction in Cell Index (as measured by the xCELLigence biosensor) of human 

BECs, followed by a sustained increase, indicative of barrier strengthening. In contrast, imiquimod 

treatment caused an immediate and sustained increase in Cell Index consistent with an immediate 

strengthening of the BEC barrier. 

Thus, further experiments were undertaken to a) attribute the changes in electrical impedance/cell index to 

paracellular, focal or capacitance changes, and b) to relate these to changes in junctional molecules and 

the secretion of pro-inflammatory cytokines/chemokines and cell adhesion molecules. 

 

4.2 Results 

4.2.1 LPS treatment affects the BEC barrier 
LPS has been used extensively as a model of systemic inflammation and has been observed to induce a 

significant increase in BEC barrier permeability over time by numerous research groups. BEC were 

treated with 1 µg/mL – 10 pg/mL LPS; where 1 µg/mL – 10 ng/mL caused a transient reduction (up to 
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10%) in impedance, indicative of an acute opening of the BEC barrier (Figure 4.1a & b). Following this, 

the impedance significantly increased and remained higher than control 24- and 48-hours post-treatment 

(24 hours: 1 µg/mL, 100 ng/mL; p < 0.0001, 10 ng/mL; p < 0.001. 48-hours: 1 µg/mL, 100 ng/mL; p < 

0.0001, 10 ng/mL; p < 0.001). It is interesting to highlight that the response to LPS was very similar to 

that observed previously to IFNγ, which is an important anti-viral and anti-bacterial interferon. 

After data modelling (Figure 4.1c-f) both paracellular resistance (Rb) and focal resistance (alpha) were 

transiently reduced (4 hours post-treatment; paracellular resistance;1 µg/mL, 100 ng/mL; p < 0.001, 10 

ng/mL; p < 0.01. Focal resistance; 1 µg/mL; p < 0.05), before increasing by 24-hours (Focal resistance; 24 

hours: 1 µg/mL; p < 0.0001, 100 ng/mL; p < 0.001. Paracellular resistance: 1 µg/mL, 100 ng/mL; p < 

0.0001, 10 ng/mL; p < 0.001). By 48 hours LPS treatment had caused a larger increase in paracellular 

resistance in comparison to focal resistance; however, both remained significantly increased compared to 

control (Focal resistance; 48 hours: 1 µg/mL, 100 ng/mL; p < 0.0001. Paracellular resistance; 48 hours; 1 

µg/mL, 100 ng/mL, 10 ng/mL; p < 0.0001).  Therefore, while both paracellular and focal changes 

contribute to the temporal changes in impedance, LPS treatment has a greater effect on BEC paracellular 

resistance. Again, it is worth drawing comparison to the effects of IFNγ observed previously. 

4.2.2 LPS affects cell morphology and junctional protein localisation 
LPS treatment mediated significant temporal changes in BEC electrical resistance, and this was concurrent 

with changes in cell morphology and junctional protein localisation and expression (Figure 4.2). LPS 

treatment increased the expression of actin stress fibres throughout the cell cytoplasm and caused a change 

in cell morphology from the rounded cobblestone monolayer to an elongated phenotype. (Figure 4.2a).  

Throughout the treatment, actin became increasingly disorganised and cortical actin structures juxtaposed 

to the cell membrane were reduced. The change in actin localisation was not reflected by a change in actin 

expression levels, although a slight non-significant increase was observed 4- and 48-hours following LPS 

treatment (Figure 4.2b). 

The increased expression of stress fibres correlated with changes in CD144 localisation; at 4- and 24-

hours post-treatment, CD144 colocalised with the ends of the actin stress fibres, and thus cell junctions 

were discontinuous due to the jagged and diffuse expression of CD144 (Figure 4.2a). By 48-hours post-

treatment, CD144 localisation was expressed diffusely at the junctions, indicative of an increase in the 

junctional area. CD144 expression was observed to be significantly reduced at 4- (p < 0.05), 24- (p < 

0.0001), and 48-hours (p < 0.0001) post-treatment (Figure 4.2c). 

LPS treatment mediated similar changes in β-catenin expression; by 4-hours post-treatment, junctional ß-

catenin was horizontal and jagged (Figure 4.3a). By 24- and 48- hours post-treatment, β-catenin was 

diffusely expressed at the junctions and was increased within the cytoplasm.  Following quantification, β-
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catenin was observed to be non-significantly increased at 4-hours post-treatment and significantly 

increased by 24- (p < 0.001) and 48- hours (p < 0.05) (Figure 4.3b). 

 

 
Figure 4.1: LPS induces differential changes in the resistance of the BEC monolayer. 
BEC were grown on a 96w20idf ECIS plate and were treated with 1 µg/mL LPS (red), 100 ng/mL (blue), 10 ng/mL 
(green), 1 ng/mL (orange), 100 pg/mL (purple), when confluent. The vertical red line at 67 hours  indicate time 
of treatment, black lines are indicative of times 4-, 24-, and 48-hours post-treatment. (a) cell monolayer impedance 
(b) impedance at 4-, 24-, and 48-hours post-treatment, (c) alpha, (d) alpha at 4-, 24-, and 48-hours post-treatment, 
(e) Rb (f) Rb at 4-, 24- and 48-hours post-treatment. Data shows the mean ± SD (n = 3) of one independent 
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experiment representative of 3 experimental repeats.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 
0.0001. (One-way ANOVA with Fischer’s post-test).  
 

 

Figure 4.2: LPS induces temporal changes in the expression and organisation of actin 
and CD144. 
Cells were treated 48-hours post-seeding with 100 ng/mL LPS, and were fixed 4-, 24- and 48-hours post-treatment. 
(a) Cells were immunostained for actin and CD144; representative images are shown. The intensity of (b) actin, (c) 
CD144 was determined by automated image analysis and normalised to cell number. Data shows the mean ± SD (n 
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= 3) of one independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 
0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
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Figure 4.3: LPS induces temporal changes in the expression and organisation of β-
catenin. 
Cells were treated 48-hours post-seeding with 100 ng/mL LPS, and were fixed 4-, 24- and 48-hours post-treatment. 
(a) Cells were immunostained for β-catenin; representative images are shown. (b) The intensity of β-catenin was 
determined by automated image analysis. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way 
ANOVA with Fischer’s post-test).  
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4.2.3 LPS does not increase cell number 
The observed increase in electrical resistance was hypothesised to be mediated by an increase in cell 

number. Temporal changes in cell number were measured using ATP concentration analysis and 

automated image quantification. LPS did not mediate a measurable increase in cell number (Figure 4.4 a 

& b), indicating that this was not the cause of the observed increase in electrical resistance. 

4.2.4 LPS induces the secretion of numerous pro-inflammatory mediators 
LPS is known to be highly pro-inflammatory; therefore, a multiplex cytometric bead assay was used to 

analyse the concentration of secreted inflammatory mediators in the cultured media of LPS treated BEC. 

These experiments were performed to determine, as with the previous pro-inflammatory cytokines, 

whether the ‘protective’ increase in barrier resistance was concurrent with a pro-inflammatory cell status. 

LPS induced a significant increase in all the measured pro-inflammatory mediators, sVCAM-1 sICAM-1, 

IL-6, IL-8, MCP-1, RANTES and IP-10 (p < 0.0001) (Figure 4.5). These data indicate that LPS/TLR4 

activation induces a pronounced pro-inflammatory response regarding cytokine production, and the 

concurrent increase in resistance of the endothelial paracellular barrier could be consistent with the 

protection of the neurovascular unit from a perceived microbial infection. 
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Figure 4.4: LPS does not alter cell number  
(a) Cells were treated at 48 hours with 100 ng/mL LPS, lysed at 4-, 24- and 48-hours post-treatment and the ATP 
concentration was measured. Data shows the mean ± SD (n = 3) of one independent experiment representative of 2 
experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with 
Fischer’s post-test). (b) Cells were treated at 48-hours post-seeding with LPS 100 ng/mL, and were fixed at 4-, 24-, 
and 48- hours post-treatment. Cell nuclei were stained with Nucblue and cell number was determined by automated 
image analysis; data shows the mean ± SD (n = 3) of at least 3 independent experiments.  * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 

 

Figure 4.5: LPS mediates the secretion of numerous pro-inflammatory mediators 
Cells were grown for 48 hours before treatment with 100 ng/mL LPS. 48 hours post-treatment the media was 
removed, and the concentration of soluble factors measured by multiplexed cytometric bead array. Data shows the 
mean ± SD (n = 3) of one independent experiment representative of 2 experimental repeats. * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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4.2.5 Poly(I:C) treatment affects the BEC barrier 
TLR3 is expressed in brain endothelial cells, and upon activation induces an anti-viral type I IFN 

response. BEC were treated with the TLR3 agonist Poly(I:C) across a concentration range of 100 ng/mL 

to 50 µg/mL, and the electrical impedance of the monolayer was measured (Figure 4.6a & b).  50 µg/mL  

– 5 µg/mL  Poly(I:C) caused a transient reduction in BEC barrier impedance consistent with a transient 

barrier opening (4 hours: 50 µg/mL , 25 µg/mL , 5 µg/mL ; p < 0.01) before the barrier impedance 

increased, which may be indicative of a protective reduction in monolayer permeability (24 hours: 50 

µg/mL , 25 µg/mL ; p < 0.0001, 5 µg/mL , 1 µg/mL ; p < 0.001. 48 hours: 50 µg/mL; p < 0.0001, 25 

µg/mL; p < 0.001, 1 µg/mL; p < 0.01).   

Analysis of the changes in paracellular and focal resistance showed that the initial transient reduction in 

total impedance was primarily caused by a significant reduction in paracellular resistance (50 µg/mL, 25 

µg/mL, 5 µg/mL; p < 0.01) (Figure 4.6c-f).  In contrast, the subsequent increase in barrier resistance was 

mediated by both paracellular and focal resistance (Focal resistance; 24 hours: 50 µg/mL; p< 0.0001, 25 

µg/mL; p < 0.01. Paracellular resistance; 24 hours: 50 µg/mL, 25 µg/mL; p < 0.0001, 5 µg/mL ; p < 0.01, 

1 µg/mL; p < 0.001) and this was sustained for at least 48 hours (Focal resistance 48 hours: 50 µg/mL ; p < 

0.0001, 25 µg/mL ; p < 0.05. Paracellular resistance 48 hours: 50 µg/mL, 25 µg/mL; p < 00001, 5 µg/mL , 

1 µg/mL ; p < 0.01). Lower concentrations of Poly(I:C) were able to increase the paracellular resistance 

but did not affect focal resistance indicating that BEC paracellular resistance (and thus junctional 

molecules) may be more sensitive to Poly(I:C) mediated change. 
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Figure 4.6: Poly(I:C) induces differential changes in the resistance of the BEC 
monolayer. 
BEC were grown on a 96w20idf ECIS plate, and were treated with 50 µg/mL Poly(I:C) (red), 25 µg/mL 
(blue), 5 µg/mL (green), 1 µg/mL (orange), 100 ng/mL (purple), when confluent. The vertical red line at 
67 hours indicates the time of treatment, black lines are indicative of times 4-, 24- and 48- hours post-
treatment. (a) cell monolayer impedance, (b) impedance at 4-, 24-, and 48-hours post-treatment, (c) alpha 
(d) alpha at 4-, 24-, and 48-hours post-treatment, (e) Rb, (f) Rb at 4-, 24- and 48-hours post-treatment. 
Data shows the mean ± SD (n = 3) of one independent experiment representative of 3 experimental 
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repeats.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with 
Fischer’s post-test). 

4.2.6 Poly(I:C) alters cell morphology and junctional protein localisation 
Similarly to the immediate changes in BEC resistance, Poly(I:C) treatment altered the morphology of the 

BEC within the first 4 hours. The borders of the cells became less linear and the number of visible actin 

stress fibres increased (Figure 4.7a). By 48-hours post-treatment, areas of high cell density displayed 

disorganised actin, and stress fibres were present throughout the monolayer. Following quantification, 

actin intensity was found to be significantly increased at 48 hours (p < 0.05) (Figure 4.7b). 

Poly(I:C) treatment caused CD144 to colocalise with the ends of actin stress fibres, with junctional 

proteins exhibiting horizontal and jagged expression (Figure 4.7a, indicated by a white arrow). These 

changes imply that the morphology or orientation of the paracellular junction (border) was altered 

considerably by Poly(I:C). By 48 hours, dense groups of cells expressed diffuse, non-junctional CD144 

and. CD144 intensity was reduced at 4-, 24- and 48-hours however it was only significantly reduced 24-

hours post-treatment (p < 0.05, Figure 4.7c). 

Similarly to CD144 expression, ß-catenin expression became horizontal and jagged at the junctions of 

some cells, however, the majority of cells retained a linear expression (Figure 4.8a). 24 hours of Poly(I:C) 

treatment caused cell borders to become increasingly diffuse, however by 48 hours β-catenin junctional 

expression was jagged at the borders of all cells. Following quantification, β-catenin was observed to be 

unchanged compared to control at 4- and 48-hours; however, expression was significantly increased 24-

hours post-treatment (p < 0.01) (Figure 4.8b). 

4.2.7 Poly(I:C) does not alter cell number 
As cell number seemed to increase following Poly(I:C) treatment, it was hypothesised that increases in 

cell number could be responsible for the increase in barrier resistance. Temporal changes in cell number 

were measured through ATP concentration analysis and automated image quantification however 

Poly(I:C) did not mediate a measurable increase in cell number (Figure 4.9 a & b). Thus, similarly to 

TNFα, IFNα, IFNγ and LPS treatment, increases in cell number were not related to changes in barrier 

resistance. 
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Figure 4.7: Poly(I:C) induces temporal changes in the expression and organisation of 
actin and CD144. 
Cells were treated 48-hours post-seeding with 5 µg/mL Poly(I:C), and were fixed 4-, 24- and 48-hours 
post-treatment. (a) Cells were immunostained for actin and CD144; representative images are shown. The 
intensity of (b) actin, (c) CD144 was determined by automated image analysis and normalised to cell 
number. Data shows the mean ± SD (n = 3) of one independent experiment representative of 3 
experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA 
with Fischer’s post-test).  
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Figure 4.8: Poly(I:C) induces temporal changes in the expression and organisation of β-
catenin. 
Cells were treated 48-hours post-seeding with 5 µg/mL Poly(I:C), and were fixed 4-, 24- and 48-hours post-
treatment. (a) Cells were immunostained for β-catenin; representative images are shown. (b) The intensity of β-
catenin was determined by automated image analysis. Data shows the mean ± SD (n = 3) of one independent 
experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 
0.0001. (One-way ANOVA with Fischer’s post-test).  
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Figure 4.9: Poly(I:C) does not alter cell number  
(a) Cells were treated at 48-hours with 5 µg/mL ng/mL Poly(I:C), lysed at 4-, 24- and 48- hours post-treatment and 
the ATP concentration was measured. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 2 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way 
ANOVA with Fischer’s post-test). (b) Cells were treated at 48-hours post-seeding with 5 µg/mL Poly(I:C) and were 
fixed at 4-, 24-, and 48-hours post-treatment. Cell nuclei were stained with Nucblue and cell number was 
determined by automated image analysis; data shows the mean ± SD (n = 3) of at least 3 independent experiments.  
* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 

 

 

Figure 4.10: Poly(I:C) mediates the secretion of numerous pro-inflammatory mediators 
Cells were grown for 48 hours before treatment with 5 µg/mL Poly(I:C). 48 hours post-treatment the media was 
removed, and the concentration of soluble factors measured by multiplexed cytometric bead array. Data shows the 
mean ± SD (n = 3) of one independent experiment representative of 2 experimental repeats. * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 

 

4.2.8 Poly(I:C) induces the secretion of MCP-1 and RANTES 
The secretome of Poly(I:C) treated BECs was analysed to ensure that the TLR3 agonist was mediating a 

pro-inflammatory, anti-viral effect. Poly(I:C) treatment induced a significant increase in the secretion of 

MCP-1 (p < 0.0001) and RANTES (p < 0.0001), with a non-significant increase also observed in IP-10 

(Figure 4.10). The levels of sICAM-1, sVCAM-1, IL-6 and IL-8 were also measured and detected basally, 
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however, Poly(I:C) did not affect the secretion of these analytes. Poly(I:C) treated BECs did not secrete 

IFNα or IFNγ as would be expected, indicating that these cells may not produce these type I IFNs (data 

not shown).  

4.2.9 Imiquimod treatment affects the BEC barrier 
The TLR7 ligand imiquimod has been previously shown to increase the Cell Index (CI) (as measured by 

xCELLigence) of BECs. In accordance with this, the impedance of the BEC monolayer increased 

immediately following imiquimod treatment (25 µg/mL -1 µg/mL) (Figure 4.11a). After 4 hours of 

treatment, 25 µg/mL  – 5 µg/mL  imiquimod had significantly increased the impedance of the monolayer 

(Impedance; 25 µg/mL : p < 0.0001, 5 µg/mL ; p < 0.01) however by 24 hours the top two concentrations 

(25 µg/mL  and 50 µg/mL ) caused a significant reduction in impedance, indicative of cell death and 

detachment from the electrode (p < 0.0001). 

Further analysis showed that BEC paracellular resistance was significantly increased immediately 

following imiquimod treatment. The maximum effect was an increase of ~35-45% over control (4 hours: 

50 µg/mL; p < 0.05, 25 µg/mL -1 µg/mL; p < 0.0001) (Figure 4.11e & f). The increase in paracellular 

barrier resistance was sustained in BEC treated with 5 µg/mL and 1 µg/mL  imiquimod (24 and 48 hours: 

5 µg/mL  and 1 µg/mL ; p < 0.0001) for at least 60 hours, indicating that these concentrations cause a 

prolonged strengthening of the paracellular barrier. In contrast to this, 50 µg/mL  imiquimod caused an 

immediate and transient loss of paracellular barrier strength which rebounded after approximately 10 

hours.  However, this concentration mediated complete loss of the paracellular barrier 48 hours following 

treatment (24 hours; p < 0.01, 48 hours; p < 0.0001). Interestingly, 25 µg/mL  imiquimod caused a 

significant increase in BEC paracellular resistance immediately following treatment (similar to that 

induced by 5 µg/mL  imiquimod); however, this concentration also caused total barrier loss by 48 hours. 

These data indicate that while the top concentration of imiquimod is toxic to BEC, 25 µg/mL  imiquimod 

exerts the barrier strengthening effect observed at lower concentrations before cell detachment and death. 

Analysis of the temporal changes in BEC focal resistance showed that this parameter had a lesser effect on 

the overall BEC resistance with only 5 µg/mL imiquimod treatment causing a significant increase at 24 

and 48 hours (Figure 4.11c & d, p < 0.05). Interestingly 50 µg/mL and 25 µg/mL  imiquimod treatment 

caused a loss of paracellular resistance before focal resistance, indicating that the paracellular barrier is 

lost between 10 and 20 hours prior to cell detachment from the electrodes. 
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Figure 4.11: Imiquimod increases the resistance and impedance of the BEC monolayer 
BEC were grown on a 96w20idf ECIS plate and were treated with 50 µg/mL imiquimod (red), 25 µg/mL (blue), 5 
µg/mL (green), 1 µg/mL (orange), 100 ng/mL (purple), when confluent. The vertical red line at 67 hours 
indicates the time of treatment, black lines are indicative of times 4-, 24- and 48-hours post-treatment. (a) cell 
monolayer impedance, (b) impedance at 4-, 24-, and 48-hours post-treatment, (c) alpha, (d) alpha at 4-, 24-, and 48-
hours post-treatment, (e) Rb, (f) Rb at 4-, 24- and 48-hours post-treatment. Data shows the mean ± SD (n = 3) of 
one independent experiment representative of 3 experimental repeats.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 
**** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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4.2.10 Imiquimod induces temporal changes in junctional adhesion molecules and the cell cytoskeleton 
The immediate increase in imiquimod-mediated paracellular resistance was hypothesised to be a result of 

changes in the localisation of junctional adhesion molecules, or the BEC cytoskeleton. BECs treated with 

5 µg/mL  imiquimod continued to display cortical actin throughout the experiment (Figure 4.12a) and 

there was a noticeable slight increase in stress fibres traversing the cells. The integrated actin intensity per 

cell was non-significantly reduced at 4 hours, and significantly reduced at 24 and 48 hours (24 hours; p < 

0.0001, 48 hours; p < 0.02) (Figure 4.12b), and this reduction was reflected in the actin stain. 

In contrast to this, CD144 expression was significantly increased 4 hours post-treatment (p < 0.0001) but 

returned to control levels by 24 and 48 hours (Figure 4.12c). At all the time points CD144 remained 

junctional, however it was less linear than control untreated cells and appeared more diffuse and expressed 

over a larger junctional area, similar to that observed in TNFα treated cells 24-hours post-treatment 

(Figure 4.12a).  

A similar trend was observed in the expression of β-catenin; however, the diffuse/broad junctional 

staining was not present until 24 hours following imiquimod treatment. The overall β-catenin intensity per 

cell was non-significantly increased 4 hours following imiquimod treatment, however by 24- and 48-

hours, expression was reduced compared to control (48 hours; p < 0.0001) (Figure 4.13a & b). 
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Figure 4.12: Imiquimod induces temporal changes in the expression and organisation of 
actin and CD144. 
Cells were treated 48-hours post-seeding with 5 µg/mL imiquimod, and were fixed 4-, 24- and 48-hours post-
treatment. (a) Cells were immunostained for actin and CD144; representative images are shown. The intensity of (b) 
actin, (c) CD144 was determined by automated image analysis and normalised to cell number. Data shows the mean 
± SD (n = 3) of one independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, 
*** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  



 

 118 

 

 

Figure 4.13: Imiquimod induces temporal changes in the expression and organisation of 
β-catenin. 
Cells were treated 48-hours post-seeding with 5 µg/mL imiquimod, and were fixed 4-, 24- and 48-hours post 
treatment. (a) Cells were immunostained for β-catenin; representative images are shown. (b) The intensity of  β-
catenin was determined by automated image analysis. Data shows the mean ± SD (n = 3) of one independent 
experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 
0.0001. (One-way ANOVA with Fischer’s post-test).  
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4.2.11 Imiquimod reduces cell number and monolayer permeability 
The immediate increase in BEC paracellular resistance observed following imiquimod treatment could not 

have been caused by an increase in cell number. However, cell number could contribute to the sustained 

increase in resistance. Analysis of the cellular ATP concentration 4-, 24- and 48-hours following 

imiquimod treatment showed that by 24- and 48-hours the concentration of ATP was significantly reduced 

compared to control (24 hours; p < 0.05, 48 hours; p < 0.01) (Figure 4.14b). These results were further 

confirmed by image analysis which showed a non-significant reduction in cell number at 24 hours and a 

significant decrease 48 hours post-treatment (p < 0.0001) (Figure 4.14a). These data indicate that 

imiquimod is inhibiting normal proliferation of the BEC and that an increase in cell number is not the 

cause of the observed increase in barrier resistance. 

As imiquimod was shown to increase the electrical resistance of the BEC monolayer, it was hypothesised 

that treatment would also reduce permeability. The permeability of the BEC monolayer to 70 kDa FITC-

dextran was measured 4-, 24- and 48-hours following imiquimod treatment (Figure 4.14c). Permeability to 

dextran was found to be significantly reduced at all the time points (p < 0.001). These results correlate 

with the ECIS data showing that, in this instance, the electrical resistance of the barrier is indicative of the 

permeability of the barrier to certain substrates.  These results show that imiquimod is strengthening the 

BEC paracellular barrier, reducing permeability and simultaneously inhibiting cell proliferation.  

 

4.2.12 Imiquimod does not increase the secretion any of the measured pro-inflammatory mediators 
The activation of TLR7 by imiquimod would typically be expected to exert a pro-inflammatory anti-viral 

effect. In stark contrast to this (and similarly to previous data measuring the secretome 72-hours post-

treatment), imiquimod treatment did not induce the secretion of any of the pro-inflammatory mediators 

measured (sICAM-1, sVCAM-1, IL-6, IL-8, MCP-1, RANTES or IP-10) (Figure 4.15) or the type I IFN, 

IFNα (data not shown). 
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Figure 4.14: Imiquimod inhibits cell number increases and reduces monolayer 
permeability 
(a) Cells were treated at 48-hours post-seeding with 5 µg/mL imiquimod and were fixed at 4-, 24-, and 48-hours 
post-treatment. Cell nuclei were stained with Nucblue and cell number was determined by automated image 
analysis. Data shows the mean ± SD (n = 3) of at least 3 independent experiments.  * = p < 0.05, ** = p < 0.01, *** 
= p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). (b) Cells were treated at 48 hours 
with 5 µg/mL imiquimod, were lysed at 4-, 24- and 48-hours post-treatment and the ATP concentration was 
measured. Data shows the mean ± SD (n = 3) of one independent experiment representative of 2 experimental 
repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-
test). (c) BEC were grown on transwells with pores of 0.4 µm diameter and treated with 5 µg/mL imiquimod and 
100 µg/mL FITC-dextran 70kDa, 48-hours post-seeding. 100 µL of media was removed from the lower transwell at 
4-, 24- and 48-hours post-treatment and MFI was normalised to the cell-free well. Data shows the mean ± SD (n = 
3) of one independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 
0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).   
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Figure 4.15: Imiquimod does not induce the production of any pro-inflammatory 
mediators 
Cells were grown for 48 hours before treatment with 5 µg/mL imiquimod. 48 hours post-treatment the media was 
removed, and the concentration of soluble factors measured by multiplexed cytometric bead array. Data shows the 
mean ± SD (n = 3) of one independent experiment representative of 2 experimental repeats. * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
 

 

4.3 Discussion 
This chapter aimed to determine the functional effect of TLR agonists on the BEC, through analysis of 

barrier resistance over time, changes in the junctional proteins and the actin cytoskeleton, and cytokine 

and chemokine secretion. 

4.3.1 LPS mediated changes in paracellular resistance 
Similarly to TNFα, IL-1β and IFNγ treatment in Chapter 3, LPS and Poly(I:C) caused an increase in actin 

stress fibres followed by an increase in the width of the junctional protein stain, concurrent with a 

reduction in paracellular resistance, and an increase in resistance respectively.  

LPS activates numerous pathways in many different cell types, and increased permeability is well 

documented in systemic endothelial cells, and brain endothelial cells. The reduction in barrier resistance 

occurs primarily through the activation of the Src family kinases which mediate the phosphorylation of 

ZO-1, CD144 and p120-catenin and can affect the actin cytoskeleton (Gong et al., 2008; G. Hu & 

Minshall, 2009). These changes occur in part through the activation of the Rho/ROCK signalling pathway 

which mediates the formation and contraction of stress fibres, (as mentioned previously) (Joshi et al., 

2014). In line with this research, actin stress fibres were observed 4-hours post-treatment, concurrent with 

the observed reductions in paracellular resistance. 

Similarly to TNFα and IL-1β treatment, 4-hours post-treatment CD144 was co-localised with the end of 

individual actin-stress fibres which indicates that LPS is mediating cell contraction and causing the AJs to 

become jagged and discontinuous. LPS has been shown to activate protein kinase C (PKC) and the RhoA 
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pathway in the murine brain endothelial b.end3 cells, and inhibition of these pathways reduced the LPS-

mediated disruption of the BEC monolayer (F. He et al., 2012). In line with this, inhibition of PKC and 

RhoA activity suppresses stress fibre formation and ZO-1 and claudin-5 downregulation (F. He et al., 

2012). Similarly to TNFα and IL-1β treatment, both Poly(I:C) and LPS treated BEC had a significant 

increase in paracellular resistance after 24 hours. As mentioned previously, there is very little research 

into the ‘recovery’ phase in BEC treated with a pro-inflammatory stimulus. By 24 hours both LPS and 

Poly(I:C) treated cells exhibited diffuse CD144 junctional staining, indicative of an increase in the area of 

the overlapping junctions and the complexity of the adherens junctions. Thus, it is likely that LPS is acting 

through a similar mechanism as TNFα and IL-1β, with the activation of PKC and RhoA inducing an 

increase in actin stress fibres and cell contraction. Contraction is followed by Rac1 activation which 

suppresses the RhoA mediated changes, initiates cell spreading and junctional overlap which leads to an 

increase in paracellular resistance. 

 

4.3.2 Poly(I:C) mediated changes in paracellular resistance 
In systemic endothelial and epithelial cells, Poly(I:C) has been shown to induce actin stress fibre 

formation, with fibres apparent at 24 hours post-treatment, when TEER is reduced (as measured by 

EVOM), and cell permeability to albumin is increased compared to control (Tian et al., 2017). In human 

lung epithelial cells TLR3 activates RhoA in an Src family kinase-dependent manner, upstream of NF-кB 

translocation (but not type I IFN) which may indicate that Poly(I:C) is mediating transient barrier 

disruption through a similar mechanism as LPS (Manukyan, Nalbant, Luxen, Hahn, & Knaus, 2009). 

Recent research into the effect of HIV-1 on human primary brain endothelial cells (HBMEC) has found 

that exposure to HIV-1 mediated an upregulation in TLR3 expression. When treated with Poly(I:C), the 

HBMEC exhibited reduced claudin-5, increased monocyte adhesion, and an increase in monocyte 

transendothelial migration, indicative of substantial barrier changes (Bhargavan & Kanmogne, 2018). 

Previous research into the effect of TLR3 on the BBB has focused on the mechanisms by which viruses 

such as HIV-1 and the WNV enter the CNS(T. Wang et al., 2004). TLR3 knockout mice infected with the 

WNV exhibit reduced BBB permeability to Evan’s blue dye and increased retention of vessel integrity 

compared to WT, indicating that TLR3 activation causes BBB disruption. Intraperitoneal administration 

of Poly(I:C) also increases BBB permeability at 24 hours (but not 0 and 6 hours), and this was 

hypothesised to be mediated by the release of TNFα (T. Wang et al., 2004). Further research into the 

WNV has found that infection causes TNFα-dependent RhoA activation in murine BECs concurrent with 

an increase in permeability (Daniels et al., 2014). However, a bi-phasic increase in resistance is observed 

following WNV treatment, which can be suppressed by Rac1 inhibition. This therefore indicates that the 
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WNV may mediate barrier recovery through a similar mechanism as hypothesized in the TNFα/IL-

1β/IFNγ/IFNα treated BEC of Chapter 1, i.e. Rac1 suppression of RhoA activity.  

 

4.3.3 LPS and Poly(I:C) pro-inflammatory secretome 
As expected, the activation of TLR3 and TLR4 by their cognate ligands mediated a pro-inflammatory 

response from the BEC. Treatment with Poly(I:C) mediated a significant increase in the production of 

RANTES, IP-10 and MCP-1, and non-significant increases in IL-6 and IL-8. Recent research has found 

that Poly(I:C) treatment mediates the production of IL-6 in human primary brain endothelial cells, and this 

is dependent on activation of the JNK/TAK1 pathways (Bhargavan & Kanmogne, 2018). 

Poly(I:C) has been shown to induce the production of IP-10, IL-6 and IL-8 in HUVECs (Lundberg et al., 

2007) and more recent research into the effect of Poly(I:C) on primary human lung endothelial cells found 

that Poly(I:C) mediates the production of IL-6, IL-8, MCP-1 and IFNβ (L.-Y. Huang et al., 2016; 

Lundberg et al., 2007). Additionally, in line with the anti-viral function of TLR3/Poly(I:C), Poly(I:C) 

mediated RANTES secretion has been found to be integral to regulating viral infection in airway epithelial 

cells (Crawford, Angelosanto, Nadwodny, Blackburn, & Wherry, 2011; Lever et al., 2015). 

While research into the effect of Poly(I:C) on the BEC secretome is limited, recent studies using the 

hCMEC/D3 line found that the mRNA of RANTES, ICAM-1 and IP-10 were increased following 

treatment (Arai et al., 2017; Imaizumi et al., 2018).  While the chemotactic environment is similar in the 

hCMEC/D3 line and the BEC, the latter did not express sICAM or sVCAM, which may indicate that 

either they had not yet been cleaved off the cell surface, or that they were not upregulated in response to 

Poly(I:C). This is in contrast to the recently observed increase in monocyte adhesion in a human primary 

brain endothelial cell line following Poly(I:C) treatment, however in this study Poly(I:C) was administered 

at a concentration of 50 µg/mL  as opposed to the 5 µg/mL  used here (Bhargavan & Kanmogne, 2018). 

BEC treated with LPS produced a significantly higher concentration of all of the pro-inflammatory 

cytokines, chemokines and cell adhesion molecules than the untreated control cells. Early research using 

animal model brain endothelial cells found that LPS mediates an increase in the production of IL-1 and 

IL-6 (Fabry et al., 1993; Reyes, Fabry, & Coe, 1999). More recent research into the polarisation of 

primary murine brain endothelial cells found that apically administered LPS mediates the production of 

IL-6, TNFα, IL-10 and GM-CSF (of these, our current study only measured IL-6) (Sulekha Verma et al., 

2006). 

The most comprehensive research has been performed in HUVECs, with multiple studies into the effect of 

LPS on the secretion of pro-inflammatory cytokines, chemokines and cell adhesion molecules. In this 
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model, LPS mediates the production of IL-6, IL-8, sICAM, MCP-1 (and E-selectin) in a time and dose-

dependent manner (Jang, Jung, Kim, Jho, & Yoon, 2017; Makó et al., 2010). 

In contrast to this, early research using primary human brain endothelial cells found that LPS (at the same 

concentration used in this study) treatment did not mediate the production of IL-1β, (or sICAM-1 and 

sVCAM-1),  however the production of MCP-1 has been observed (Chui & Dorovini-Zis, 2010; Frigerio 

et al., 1998). Similarly to the results of the data shown here, recent research by Smyth et al., found that 

LPS-treated primary human endothelial cells produced significantly more sICAM-1, sVCAM-1, IL-8, 

MCP-1, RANTES and IP-10, and trended towards more IL-6 than control cells (Smyth et al., 2018). Thus 

it seems that while LPS treatment induces a distinctly pro-inflammatory environment for the BEC in this 

study, it may have differential effects on primary human endothelial cells. 

 

4.3.4 Imiquimod mediated increases in paracellular resistance and permeability to FITC-dextran 
Imiquimod increases the paracellular resistance and permeability of the BEC monolayer at 4-, 24- and 48-

hours. The overall expression of CD144 is increased at 4 hours, and the area of the BEC junctions are 

increased at 4-, 24- and 48-hours. These results indicate that, similarly to BEC barrier recovery following 

TNFα or Poly(I:C) treatment, imiquimod is causing the cell junctions to overlap, thus increasing the 

resistance and reducing the permeability of the monolayer.  

Previous research into the effect of TLR7 activation on TEER has found that the TLR7 agonist CL264 can 

increase the TEER of primary murine brain endothelial cells in an IFNα-dependent manner (Daniels et al., 

2014). Information regarding the effect of imiquimod on the resistance of endothelial or epithelial cells is 

limited, with research into the effect of viral TLR agonists finding that imiquimod does not mediate a 

change in the TEER of primary human nasal epithelial cells (Ramezanpour, Bolt, Psaltis, Wormald, & 

Vreugde, 2018). Imiquimod activates TLR7 which acts through the MyD88-dependent pathway to induce 

the translocation of NF-кB and IRF3 (Bozrova, Levitsky, Nedospasov, & Drutskaya, 2013). Thus, if 

activating TLR7, imiquimod may be mediating an increase in paracellular resistance through the same 

mechanisms as LPS and Poly(I:C), hypothesised to be Rac1 activation. However, previous research during 

my Masters' project found that the BEC does not express the mRNA for TLR7, thus indicating that 

imiquimod is acting through an alternative receptor. The lack of pro-inflammatory cytokine secretion 

corresponded with the hypothesis of an alternate receptor as, if acting through NF-кB and IRF3, 

imiquimod would be assumed to induce the secretion of type I IFNs. Therefore, imiquimod is inducing a 

change in cell morphology that mediates an increase in junctional overlap in a TLR7-independent manner. 
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4.3.5 Imiquimod mediated changes in cell proliferation 
Imiquimod treatment inhibited the increase in cell number observed in control, LPS, and Poly(I:C) treated 

endothelial cells. Recent research into TLR mediated vascular dysfunction found that imiquimod, 

Poly(I:C) and LPS treatment inhibit the proliferation of human dermal microvascular endothelial cells 

through multiple pathways (type I IFN, TGF-β and endothelin-1) which converge to downregulate the 

friend leukaemia integration 1  (FLi1) transcription factor (Stawski, Marden, & Trojanowska, 2018). 

However, the researchers did not confirm TLR expression levels in this cell type, and TLR7 has been 

observed in primary and immortalised human dermal endothelial cells only following a pro-inflammatory 

stimulus. However, in contrast to the lack of expression data, the importance of type I IFN signalling in 

the inhibition of cell proliferation indicates that imiquimod is likely to be working through TLR7 in this 

model (Fitzner, Clauberg, Essmann, Liebmann, & Kolb-Bachofen, 2008). As mentioned previously, TLR7 

is not present in the BEC used in this study (or in the hCMEC/D3 line (Nagyőszi et al., 2010)) therefore it 

is unlikely that imiquimod is inhibiting proliferation in the BECs using this mechanism. 

4.4 Conclusions 
The research in this chapter indicates that Poly(I:C) and LPS treatment may be activating similar 

pathways in the BECS as TNFα and IL-1β, causing a transient increase in paracellular permeability and a 

change in cell morphology. In contrast to this, imiquimod treatment increases paracellular resistance, 

without increasing the production of pro-inflammatory cytokines, chemokines and cell adhesion 

molecules and thus may exert a protective effect on the BECs.  
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 : The protective actions of imiquimod 

5.1 Introduction 

5.1.1 Imiquimod mode of action and use as a therapy 
Imiquimod (R-837) is a synthetic imidazoquinolinone amine, and an FDA approved (now generic) drug 

produced under the brand-name Aldara in 1997. It is available for use worldwide as a topical cream (with 

minimal systemic absorption) for the treatment of genital warts, actinic keratosis, numerous types of basal 

cell carcinoma, invasive squamous cell carcinoma, cutaneous metastasis in breast cancer, mycosis 

fungoides and keratoacanthoma  (Dika et al., 2018; Gordon, Sluzevich, & Jambusaria-Pahlajani, 2015; 

Murray et al., 2018; Pancevski, Pepic, Idoska, Tofoski, & Nikolovska, 2018; Sharma, Sharma, Singh, & 

Katare, 2018; Shaw & Weinstock, 2018). When topically applied for the treatment of tumours, imiquimod 

acts both directly and indirectly to enhance the immune response. It acts directly by activating caspase-9 

within the apoptosome, in addition to upregulating Bcl-2 proteins both of which cause tumour cell 

apoptosis (S. W. Huang et al., 2010). It also acts indirectly via the NF-кB and IRF3/7 pathways, which 

leads to an increase in NK cells and cytotoxic T-cells, which also target tumour cells (Schon & Schon, 

2007). For treatment of actinic keratosis, imiquimod works through these actions and additionally has 

been found to upregulate E-selectins on the blood vessels within tumours, thus increasing cytotoxic T cell 

recruitment and extravasation at the tumour site (Bubna, 2015). 

5.1.2 Aim 
Imiquimod treated BECs had increased endothelial barrier resistance and did not secrete more than the 

basal levels of pro-inflammatory cytokines and chemokines.  It was therefore hypothesised that 

imiquimod might protect the BEC, and consequently the BBB from pro-inflammatory stimuli. To 

determine whether this was the case, BEC were co-treated with imiquimod and pro-inflammatory 

cytokines, and the changes in barrier resistance, junctional adhesion molecules and the pro-inflammatory 

secretome were assessed. 

 

5.2 Results 

5.2.1 Imiquimod increases the barrier resistance of BEC treated with pro-inflammatory cytokines and 
TLR ligands. 

The cytokines IL-1β, TNFα, IFNα, IFNγ and the TLR ligands LPS and Poly(I:C) have been previously 

shown to induce a pro-inflammatory environment for the BEC, while transiently opening the barrier 

before increasing the resistance in a potentially protective manner.  
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5.2.2 Imiquimod increases the barrier resistance of IL-1β-treated BEC 
Imiquimod/IL-1β co-treatment significantly increased the BEC impedance and paracellular resistance 

compared to IL-1β treated BECs (impedance, 4 hours; p < 0.001. Rb, 4 hours; p < 0.01, 24 hours; p < 

0.05), which remained around 5% higher than that of IL-1β treated BEC throughout the experiment 

(Figure 5.1). Interestingly, the co-treated BEC paracellular resistance did not merely increase (as observed 

in the imiquimod treated BEC); the resistance of the co-treated cells followed the same pattern as IL-1β 

treated cells; a temporary reduction followed by a sustained increase in resistance. These results, 

therefore, indicate that imiquimod treatment does not affect the mechanism by which the BEC barrier 

‘opens’, but it does increase the resistance during the ‘opening’ indicating that the mechanism is probably 

additive.   

In contrast to the paracellular resistance, the focal resistance was not altered immediately following 

imiquimod/IL-1β co-treatment, and there was only a very slight transient reduction in resistance, which 

was significantly less than in IL-1β treated BEC (4 hours; p < 0.05). These data indicate that (again) BEC 

paracellular resistance is more susceptible to acute changes than focal resistance in these brain endothelial 

cells. By 48-hours post-treatment, the focal resistance of imiquimod/IL-1β co-treated BEC was 

significantly increased, but the paracellular resistance was not. These results may indicate that while focal 

resistance is not affected immediately following treatment, it may be altered for longer than paracellular 

resistance. More importantly, these data imply that imiquimod can increase the barrier resistance of BEC 

undergoing a pro-inflammatory stimulus. 

5.2.3 Imiquimod increases the barrier resistance of TNFα treated BEC 
Similarly to imiquimod/IL-1β co-treated BEC, imiquimod/TNFα treated BEC impedance and paracellular 

resistance was increased immediately following imiquimod/TNFα co-treatment, with the latter peaking at 

20-30% above control (similarly to imiquimod treated BEC) (Figure 5.2). Interestingly the BEC focal 

resistance was also immediately increased (to a much lesser extent, non-significant at 4 hours) following 

imiquimod/TNFα co-treatment and remained between 5 and 10% higher than TNFα treated BEC. 

Imiquimod/TNFα co-treatment had a greater effect on paracellular resistance than focal resistance; 

however, both were significantly different to the resistance mediated by TNFα alone (Paracellular 

resistance: 4 and 24 hours; p < 0.0001, 48 hours; p < 0.001. Focal resistance: 24 hours; p < 0.01, 48 hours; 

p < 0.05). These results indicate that, again, paracellular resistance is the major contributor to the raw 

electrical resistance of the cells, and that imiquimod increases the paracellular and focal resistance of BEC 

when added alone, or with TNFα. The data also indicates that imiquimod may have a greater effect on 

TNFα treated BEC than IL-1β treated BEC, as the former has a greater effect on BEC paracellular 

resistance than the latter.  
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Figure 5.1: Imiquimod increases the barrier resistance of IL-1β treated BEC  
BEC were grown on a 96w20idf ECIS plate and were treated with imiquimod 5µg/mL (green), IL-1β 1 ng/mL 
(blue), imiquimod + IL-1β (light blue), or vehicle control (black), when confluent. The data was modeled using the 
ECIS Z θ software. The vertical red line at 67 hours indicates the time of treatment, black lines are indicative of 
times 4-, 24-, and 48-hours post-treatment. (a) impedance, (b) impedance at 4-, 24-, and 48- hours post-treatment, 
(c) alpha (d) alpha at 4-, 24-, and 48-hours post-treatment (e) Rb, (f) Rb at 4-, 24-, and 48-hours post-treatment. 
Data shows the mean ± SD (n = 3) of one independent experiment representative of 3 experimental repeats. * = p < 
0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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Figure 5.2: Imiquimod increases the barrier resistance of TNFα treated BEC 
BEC were grown on a 96w20idf ECIS plate and were treated with imiquimod 5µg/mL (green), TNFα 1 ng/mL 
(blue), imiquimod + TNFα (light blue), or vehicle control (black), when confluent. The data was modelled using the 
ECIS Zθ software. The vertical red line at 67 hours indicates the time of treatment, black lines are indicative of 
times 4-, 24-, and 48- hours post-treatment. (a) impedance, (b) impedance at 4-, 24-, and 48-hours post-treatment, 
(c) alpha (d) alpha at 4-, 24-, and 48-hours post-treatment (e) Rb, (f) Rb at 4-, 24-, and 48-hours post-treatment. 
Data shows the mean ± SD (n = 3) of one independent experiment representative of 3 experimental repeats. * = p < 
0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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5.2.4 I Imiquimod increases the barrier resistance of IFNα treated BEC 
Similarly to imiquimod/IL-1β and imiquimod/TNFα co-treated BEC, imiquimod/IFNα co-treatment 

caused a significant increase in BEC impedance, and paracellular and focal resistance compared to IFNα 

treated BEC (Figure 5.3). Paracellular resistance was primarily affected; however, both were significant 

(Paracellular resistance: 4 and 24 hours; p < 0.01, 48 hours; p < 0.001. Focal resistance: 4 and 48 hours p 

< 0.05). The temporal pattern of imiquimod/IFNα co-treated BEC paracellular and focal resistance 

mirrored that of IFNα treated BEC, thus indicating that imiquimod is changing an aspect of the cells that 

are unaffected by the IFNα treatment alone and is thus additive to the IFNα treatment. 

5.2.5 Imiquimod increases the barrier resistance of IFNγ treated BEC 
Similarly to the previous co-treatments, both paracellular and focal resistance of the imiquimod/IFNγ co-

treated BEC increased in concert (although the latter was affected to a lesser extent) with the imiquimod 

treated BEC before a transient reduction (which did not go below control) (Figure 5.4). At 4-hours post-

treatment both the paracellular and focal resistance of imiquimod/IFNγ co-treated BEC were significantly 

higher than that of IFNγ treated BEC (4 hours; paracellular resistance; p < 0.0001, focal resistance; p < 

0.001). However, by 48-hours post-treatment, the resistance of imiquimod/IFNγ co-treated BECs had 

reduced in line with imiquimod treated BECs and the paracellular and focal resistance were both 

significantly lower than IFNγ treated BEC (paracellular and focal resistance; p < 0.0001). These data 

again imply that imiquimod can act in an additive manner to pro-inflammatory cytokine treatment, and 

may thus alter the transient ‘barrier opening’ effect. However, imiquimod also inhibits the sustained 

barrier enhancing effects of IFNγ. 
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Figure 5.3: Imiquimod increases the barrier resistance of IFNα treated BEC 
BEC were grown on a 96w20idf ECIS plate and were treated with imiquimod 5µg/mL (green), IFNα 10 ng/mL 
(blue), imiquimod + IFNα (light blue), or vehicle control (black), when confluent. The data was modeled using the 
ECIS Zθ software. The vertical red line at 48 hours indicates the time of treatment, black lines are indicative of 
times 4-, 24-, and 48-hours post-treatment. (a) impedance, (b) impedance at 4-, 24-, and 48-hours post-treatment, 
(c) alpha (d) alpha at 4-, 24-, and 48-hours post-treatment (e) Rb, (f) Rb at 4-, 24-, and 48-hours post-treatment. 
Data shows the mean ± SD (n = 3) of one independent experiment representative of 3 experimental repeats. * = p < 
0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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Figure 5.4: Imiquimod increases the barrier resistance of IFNγ treated BEC. 
BEC were grown on a 96w20idf ECIS plate and were treated with imiquimod 5µg/mL (green), IFNγ 10 ng/mL 
(blue), imiquimod + IFNγ (light blue), or vehicle control (black), when confluent. The data was modelled using the 
ECIS Zθ software. Vertical red lines indicate time of treatment, black lines are indicative of times 4-, 24-, and 48- 
hours post-treatment. (a) impedance, (b) impedance at 4-, 24-, and 48-hours post-treatment, (c) alpha (d) alpha at 4-, 
24-, and 48-hours post-treatment (e) Rb, (f) Rb at 4-, 24-, and 48-hours post-treatment. Data shows the mean ± SD 
(n = 3) of one independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 0.01, *** 
=0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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5.2.6 Imiquimod increases the barrier resistance of LPS treated BEC 
LPS activates TLR4 on BEC to produce a myriad of cytokines and chemokines and mediates a transient 

opening of the barrier before causing a potentially protective strengthening. The paracellular resistance of 

the BEC was more changeable than the focal resistance, with the former fluctuating between 80-120% of 

the normalised value, and the latter fluctuating between 90-110% (Figure 5.5). The paracellular and focal 

resistance of imiquimod/LPS co-treated BECs were both significantly higher than LPS treated BEC at 4- 

and 24-hours (4 hours: paracellular and focal resistance; p < 0.01, 24 hours: paracellular resistance; p < 

0.0001, focal resistance; p < 0.01). However, by 48-hours post-treatment, when the paracellular resistance 

of the LPS treated BECs remained high, both the paracellular and focal resistance of imiquimod/LPS co-

treated BECs had reduced in concert with imiquimod treated BECs (paracellular resistance of 

imiquimod/LPS co-treated BECs compared to LPS treated BECs; p < 0.0001). The focal resistance of LPS 

treated BECs had reduced at this time point and so was not significantly different to imiquimod/LPS co-

treated BECs. 

These results indicate that, again, the paracellular barrier may have more capacity to change (given the 

more substantial fluctuation in electrical resistance values) than the focal barrier, and that imiquimod co-

treatment increases the electrical resistance of both the paracellular and the focal adhesive barriers. It is 

interesting that, with all the co-treatments, a reduction in the resistance of imiquimod treated BEC is 

concurrent with a reduction in the resistance of co-treated BEC. This may indicate that the changes to the 

barrier (and other unobserved changes) exerted by imiquimod are energy intensive, and thus the BEC are 

utilising the nutrients/energy in the media (which is not changed following treatment) at a faster rate, 

leading to earlier cell compromise. 

5.2.7 Imiquimod increases the barrier resistance of Poly(I:C) treated BEC 
As observed previously, the imiquimod/Poly(I:C) co-treated BEC paracellular resistance exhibited greater 

fluctuations than the focal resistance (75-110% vs 90-110% respectively) (Figure 5.6). While the temporal 

patterns of imiquimod/Poly(I:C) co-treated BEC paracellular and focal resistance were the same as the 

Poly(I:C) treated BEC, the actual paracellular resistance of the co-treated cells was at least 10% higher (4-

hours; p < 0.001, 24-hours; p < 0.05), and focal resistance was 5% higher (4-hours; p < 0.0001, 24-hours; 

p < 0.0001) than Poly(I:C) treated BEC. By around 30-hours post-treatment the paracellular and focal 

resistance of the imiquimod/Poly(I:C) treated BEC reduced in concert with imiquimod treated BEC, and 

the paracellular resistance was significantly lower than that of Poly(I:C) treated BEC by 48 hours (p 

<0.05).  

These results indicate that both paracellular and focal resistance contribute to the change in overall 

electrical resistance of the imiquimod/Poly(I:C) treated BEC. It also indicates that the resistance 
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increasing effect of imiquimod is retained when any of the measured pro-inflammatory stimuli are added, 

which is perhaps indicative of a global protective (or at least barrier enhancing) effect.  

5.2.8 Imiquimod inhibits IL-4 mediated barrier loss 
IL-4 was the only cytokine analysed previously that mediated an immediate and sustained loss of barrier 

resistance, and this was found to be consistent with an increase in BEC permeability to 70 kDa FITC-

dextran.  Focal resistance did not change following IL-4 treatment however it was significantly increased 

following imiquimod/IL-4 co-treatment (4 hours; p < 0.001, 24 hours; p < 0.0001), indicating that 

imiquimod can also alter the focal resistance of the cells while in the presence of IL-4 (Figure 5.7). In line 

with this, the focal resistance of the imiquimod/IL-4 co-treated BECs and the imiquimod treated BECs 

was almost identical. The paracellular resistance of imiquimod/IL-4 was significantly higher (4 hours; p < 

0.0001, 24 hours; p < 0.0001) than that of IL-4 treated BECs before reducing to control levels by 48-hours 

post-treatment.  

These results indicate that while IL-4 has almost no effect on focal resistance, imiquimod/IL-4 co-

treatment mediates a change in the resistance of both parameters. However, the paracellular resistance has 

a similar temporal pattern to the impedance (data not shown), indicating that imiquimod/IL-4 mediated 

changes in resistance occur primarily through changes in paracellular resistance.  
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Figure 5.5: Imiquimod increases the barrier resistance of LPS treated BEC 
BEC were grown on a 96w20idf ECIS plate and were treated with imiquimod 5µg/mL (green), LPS 100 ng/mL 
(blue), imiquimod + LPS (light blue), or vehicle control (black), when confluent. The data was modelled using the 
ECIS Zθ software. The vertical red line at 48 hours indicates the time of treatment, black lines are indicative of 
times 4-, 24-, and 48-hours post-treatment. (a) impedance, (b) impedance at 4-, 24-, and 48-hours post-treatment, 
(c) alpha (d) alpha at 4-, 24-, and 48-hours post-treatment (e) Rb, (f) Rb at 4-, 24-, and 48-hours post-treatment. 
Data shows the mean ± SD (n = 3) of one independent experiment representative of 3 experimental repeats. * = p < 
0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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Figure 5.6: Imiquimod increases the barrier resistance of Poly(I:C) treated BEC 
BEC were grown on a 96w20idf ECIS plate and were treated with imiquimod 5µg/mL (green), Poly(I:C) 5µg/mL 
(blue), imiquimod + Poly(I:C) (light blue), or vehicle control (black), when confluent. The data was modelled using 
the ECIS Zθ software. The vertical red line at 48 hours indicates the time of treatment, black lines are indicative 
of times 4-, 24-, and 48-hours post-treatment. (a) impedance, (b) impedance at 4-, 24-, and 48-hours post-treatment, 
(c) alpha (d) alpha at 4-, 24-, and 48-hours post-treatment (e) Rb, (f) Rb at 4-, 24-, and 48-hours post-treatment. 
Data shows the mean ± SD (n = 3) of one independent experiment representative of 3 experimental repeats. * = p < 
0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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Figure 5.7: Imiquimod increases the barrier resistance of IL-4 treated BEC 
BEC were grown on a 96w20idf ECIS plate and were treated with imiquimod 5µg/mL (green), IL-4 10 ng/mL 
(blue), imiquimod + IL-4 (light blue), or vehicle control (black), when confluent. The data was modelled using the 
ECIS Zθ software. The vertical red line at 48 hours indicates the time of treatment, black lines are indicative of 
times 4-, 24-, and 48-hours post-treatment. (a) impedance, (b) impedance at 4-, 24-, and 48-hours post-treatment, 
(c) alpha (d) alpha at 4-, 24-, and 48-hours post-treatment (e) Rb, (f) Rb at 4-, 24-, and 48-hours post-treatment. 
Data shows the mean ± SD (n = 3) of one independent experiment representative of 3 experimental repeats. * = p < 
0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
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5.2.9 Imiquimod and IL-1β co-treatment induces temporal changes in the expression and organisation of 
actin and CD144 

The BEC were imaged at 4, 24- and 48-hours post-treatment to determine whether the increase in 

paracellular resistance mediated by co-treatment with imiquimod was caused by a change in the 

expression or localisation of junctional proteins or the actin cytoskeleton. 

As observed previously, the actin cytoskeleton was altered following IL-1β treatment, with the 

development of actin stress fibres, which were hypothesised to contribute to the contraction of the cell, 

pulling apart the intercellular junctions and transiently opening the BEC barrier. At 4-hours post-

treatment, the imiquimod/IL-1β co-treated BEC exhibited similar actin localisation and expression as IL-

1β treated BEC ((Figure 5.8). By 24- and 48-hours post-treatment, the IL-1β treated BEC displayed 

increased stress fibres traversing the cell monolayer, and expression was increased compared to control 

(indicated by a white arrow). In contrast, imiquimod/IL-1β co-treated cells displayed far fewer stress 

fibres than the IL-1β treated BEC, and actin expression was also reduced. The expression and localisation 

of actin in the co-treated BEC was very similar to that of imiquimod treated BEC at these time-points. 

IL-1β treatment also mediated a change in CD144 expression; by 4-hours post-treatment, the majority of 

the BEC expressed jagged discontinuous protein expression. However, a minority expressed diffuse 

junctional staining indicative of hypothesized overlapping intercellular junctions. Similarly, the 

imiquimod/IL-1β co-treated BEC expressed ‘jagged’ and discontinuous junctional CD144; however, a 

higher number of BEC displayed diffuse junctional staining. By 24 -and 48-hours post-treatment the 

majority of BEC in both treatment groups expressed diffuse junctional CD144; however, a small number 

of IL-1β treated BEC also displayed thin linear junctions. CD144 localisation 48 hours after co-treatments 

displays clear evidence of widening and overlap of the junctional architecture. 
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Figure 5.8: Imiquimod and IL-1β co-treatment induces temporal changes in the 
expression and organisation of actin and CD144. 
Cells were treated 48 hours post-seeding with IL-1β 1 ng/mL, imiquimod 5 µg/mL, IL-1β + imiquimod or vehicle 
control, and were fixed 4-, 24- and 48-hours post treatment. Cells were immunostained for actin and CD144; 
representative images are shown of one independent experiment, representative of 3 experimental repeats.  

5.2.10 Imiquimod and TNFα co-treatment induces temporal changes in the expression and organisation 
of actin and CD144 

TNFα treated BECs displayed a slight increase in stress fibres and actin intensity 4-hours post-treatment, 

and imiquimod/TNFα co-treated BEC were very similar at this time point (Figure 5.9). By 24- and 48-

hours post-treatment, both TNFα and imiquimod/TNFα co-treated cells displayed stress fibres throughout 

the cell monolayer, and the cells were elongated compared to control. In contrast to this similarity in 

localisation and stress fibre expression, the overall actin expression in the imiquimod/TNFα co-treated 

BEC was less than in the TNFα treated BEC. These results indicate that imiquimod does not increase the 

resistance of the BEC through the inhibition of stress fibre formation; however, the reduction in the 

overall expression of actin may be a factor. 

In contrast to this, CD144 expression and localisation were affected by imiquimod/TNFα co-treatment. At 

4 hours post-treatment, the expression of CD144 was increased compared to TNFα treated BEC, along 

with an increase in the area of the intercellular junction staining (Figure 5.9).  After 24 and 48 hours of 
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treatment, CD144 remained junctional and diffuse in the imiquimod/TNFα treated BEC, and the area of 

the junctions was more extensive than that of TNFα treated BEC, with obvious cell overlap. These results 

are consistent with the hypothesis that imiquimod is causing an increase in the area of BEC intercellular 

junctions through cell spreading and increased overlap, which is thus responsible for the increase in 

paracellular resistance. 
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Figure 5.9: Imiquimod and TNFα co-treatment induces temporal changes in the 
expression and organisation of actin and CD144. 
Cells were treated 48 hours post-seeding with TNFα 1 ng/mL, imiquimod 5 µg/mL, TNFα + imiquimod or vehicle 
control, and were fixed 4-, 24- and 48-hours post treatment. Cells were immunostained for actin and CD144; 
representative images are shown of one independent experiment representative of 3 experimental repeats. 

5.2.11 Imiquimod and IFNα co-treatment induces temporal changes in the expression and organisation of 
actin and cd144 

The actin localisation of BECs treated with IFNα was unchanged compared to control BECs 4-hours post-

treatment; however, there was an increase in actin at focal points between cells (Figure 5.10). The actin 

localisation and expression of imiquimod/IFNα co-treated BECs did not seem very different to IFNα 

treated BECs however there may be a slight increase in the density of cortical actin and less actin at the 

focal points between cells. By 24-hours post-treatment, the actin localisation and expression of IFNα BEC 

are still similar to control; however, the increased expression at focal points has gone. The actin 

expression of imiquimod/IFNα co-treated BEC is very different to IFNα treated BEC, as the former 

exhibits an increased number of disorganised stress fibres, and overall expression is reduced. By 48 hours, 

IFNα treated cells have developed numerous stress fibres, and the cortical outline of the cell has been lost. 

Actin expression is comparable in imiquimod/IFNα co-treated cells; however, actin expression is again 
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reduced. The changes in the actin cytoskeleton indicate that imiquimod is affecting this key cellular 

component. 

Similarly to actin, CD144 expression and localisation do not appear to have changed in the IFNα, or 

imiquimod/IFNα treated BECs 4-hours post-treatment, with the exception of a slight increase in the area 

of junctional protein staining (Figure 5.10). In contrast, by 24 hours IFNα treated BEC have slightly 

increased CD144 staining at the junctions, similarly to  imiquimod/IFNα co-treated BEC, indicative of 

greater junctional overlap. By 48 hours post-treatment, IFNα treated BEC display diffuse CD144 staining, 

indicative of cell junctions overlapping and, while a minority of imiquimod/IFNα co-treated BEC display 

similarly diffuse junctions, numerous BEC have much thinner, linear and slightly jagged CD144 staining. 

This coincides with a reduction in resistance observed in the co-treated cells at this time-point.  

 

5.2.12 Imiquimod and IFNγ co-treatment induces temporal changes in the expression and organisation of 
actin and CD144. 

Following 4 hours of IFNγ treatment and imiquimod/IFNγ co-treatment, the beginnings of actin stress 

fibres could be observed within the BEC (Figure 5.11). 24 hours following IFNγ treatment, the BEC 

exhibited disorganised stress fibres traversing the monolayer. While the imiquimod/IFNγ co-treated BECs 

did display stress fibres, they were much reduced in number. By 48-hours post-treatment both the IFNγ 

and the imiquimod/IFNγ co-treated BEC displayed stress fibres throughout the BEC monolayer, however, 

similar to at 24 hours, the co-treated BEC expressed lower levels of actin. 

Similarly to the changes in actin, IFNγ treated BECs exhibited slight changes in CD144 4 hours following 

treatment. While the majority of cells displayed linear junctional CD144 expression, where actin stress 

fibres had formed, the CD144 was more jagged (and co-localised with the ends of actin stress fibres, as 

indicated by a white arrow), indicative of discontinuous adherens junctions. Similarly, imiquimod/IFNγ 

co-treated BEC had a slight increase in ‘jagged’ CD144 expression; however the CD144 was also 

increasingly diffuse, again indicative of BEC overlap (as indicated by a white arrow). By 24 hours post-

treatment, both of these phenotypes became more marked; a proportion of IFNγ treated BEC displayed 

jagged junctional CD144 whereas there were also diffuse areas, indicative of an increase in junctional 

area, whereas imiquimod/IFNγ co-treated BEC display only diffuse junctional CD144. The expression of 

CD144, if relating to an increase in the junctional area, would be consistent with the change in Rb 

observed with these treatments. By 48 hours post-treatment, both the IFNγ and imiquimod/IFNγ co-

treated BEC exhibit diffuse and jagged CD144, which is co-localised with the ends of the actin stress 

fibres (Figure 5.11). 
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Figure 5.10: Imiquimod and IFNα co-treatment induces temporal changes in the 
expression and organisation of actin and CD144. 
Cells were treated 48 hours post-seeding with IFNα 10 ng/mL, imiquimod 5 µg/mL, IFNα + imiquimod or vehicle 
control, and were fixed 4-, 24- and 48-hours post-treatment. Cells were immunostained for actin and CD144; 
representative images are shown of one independent experiment representative of 3 experimental repeats.  
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Figure 5.11: Imiquimod and IFNγ co-treatment induces temporal changes in the 
expression and organisation of actin and CD144. 
Cells were treated 48 hours post-seeding with IFNγ 10 ng/mL, imiquimod 5 µg/mL, IFNγ + imiquimod or vehicle 
control, and were fixed 4-, 24- and 48-hours post-treatment. Cells were immunostained for actin and CD144; 
representative images are shown of one independent experiment representative of 3 experimental repeats.  
 

5.2.13 Imiquimod and LPS co-treatment induces temporal changes in the expression and organisation of 
actin and CD144. 

At 4 hours post-treatment, when the barrier resistance is reducing, both LPS and imiquimod/LPS co-

treated BEC displayed actin stress fibres. By 24 hours the stress fibres are further increased in both 

groups, however actin expression is reduced in the imiquimod/LPS co-treated BEC (Figure 5.12). By 48 

hours, the stress fibres remain in both treatment groups; however, there is reduced actin in the 

imiquimod/LPS co-treated BEC. 

Similarly to the observed changes in actin, CD144 expression and localisation are very similar in LPS 

treated and imiquimod/LPS co-treated BEC at 4 hours post-treatment. CD144 in both groups is more 

jagged, indicative of discontinuous junctions, and co-localises with the ends of actin stress fibres 

(indicated by white arrows) (Figure 5.12). By 24- and 48-hours post-treatment, both the LPS and 
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imiquimod/LPS treated BEC displayed diffuse junctional CD144, indicative of junctional overlap 

(indicated by white arrows). As resistance measurements differ by 5-10%, it is unsurprising that there are 

no observable differences between the LPS and imiquimod/LPS treated BEC.   

5.2.14 Imiquimod and Poly(I:C) co-treatment induces temporal changes in the expression and 
organisation of actin and CD144. 

At 4 hours post-treatment (near the lowest point of Poly(I:C) mediated resistance, the actin cytoskeleton of 

the Poly(I:C) treated and imiquimod/Poly(I:C) co-treated BEC are very similar, with increased actin 

compared to control, and a slight increase in stress fibres in the co-treated group (as indicated by the white 

arrow) (Figure 5.13). By 24- and 48-hours, both the Poly(I:C) treated and the imiquimod/Poly(I:C) treated 

BEC display increased actin stress fibres throughout the monolayer, however, the overall expression of 

actin is reduced in the imiquimod/Poly(I:C) co-treated BEC at both time points (Figure 5.13). 

At 4 hours post-treatment, CD144 expression is similar in both the Poly(I:C) treated and 

imiquimod/Poly(I:C) co-treated BEC, with slightly more diffuse ‘overlapping’ CD144 in the latter 

(indicated by a white arrow). By 24- and 48- hours both the Poly(I:C) treated and imiquimod/Poly(I:C) 

co-treated BEC express fairly diffuse junctional CD144, and in the former this became more jagged by 

48-hours, co-localising with the actin stress fibres (indicated by white arrows) (Figure 5.13). 
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Figure 5.12: Imiquimod and LPS co-treatment induces temporal changes in the 
expression and organisation of actin and CD144. 
Cells were treated 48-hours post-seeding with LPS 100 ng/mL, imiquimod 5 µg/mL, LPS + imiquimod or vehicle 
control, and were fixed 4-, 24- and 48-hours post treatment. Cells were immunostained for actin and CD144; 
representative images are shown of one independent experiment representative of 3 experimental repeats.  
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Figure 5.13: Imiquimod and Poly(I:C) co-treatment induces temporal changes in the 
expression and organisation of actin and CD144. 
Cells were treated 48-hours post-seeding with Poly(I:C) 5 µg/mL, imiquimod 5 µg/mL, Poly(I:C) + imiquimod or 
vehicle control, and were fixed 4-, 24- and 48-hours post-treatment. Cells were immunostained for actin and 
CD144; representative images are shown of one independent experiment representative of 3 experimental repeats.  
 

5.2.15 Imiquimod and IL-4 co-treatment induces temporal changes in the expression and organisation of 
actin and CD144. 

imiquimod treatment increased the resistance of the BEC barrier, thus inhibiting the IL-4 mediated 

reduction in resistance to above the resistance mediated by control, untreated cells. By 4-hours post-

treatment, IL-4 treatment seemed to increase the cortical actin juxtaposed to the cellular junctions, with 

stress fibres increasing by 24 hours (Figure 5.14). In contrast, actin expression in imiquimod/IL-4, 

imiquimod and control cells remained the same at 4- and 24-hours. By 48 hours the number of stress 

fibres in IL-4 and imiquimod/IL-4 co-treated cells were increased, and the cortical actin ringing the cell 

was much reduced (Figure 5.14). 

Imiquimod/IL-4 co-treatment also affected the CD144 expression and localisation. IL-4 treatment 

mediated a change in CD144; by 4 hours the junctional proteins were more jagged, co-localising with the 
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ends of the (small number) of actin stress fibres (Figure 5.14). Imiquimod/IL-4 co-treated cells had a 

similarly jagged expression however more cells displayed increasingly diffuse junctions, with broader 

junctional areas indicative of overlap (Figure 5.14). By 24-hours post-treatment, IL-4 treated BEC 

expressed ‘jagged’ and discontinuous CD144; however, some cells displayed slightly larger more diffuse 

junctions. In contrast, the imiquimod/IL-4 co-treated BEC seemed larger and displayed diffuse protein 

expression without the jagged junctions. Following 48 hours of treatment, IL-4 treated BEC lost all linear 

CD144 expression, and gaps were present in the discontinuous junctions. The majority of imiquimod/IL-4 

co-treated BEC exhibited diffuse CD144, perhaps indicative of increase junctional overlap; however, a 

minority also expressed very thin linear junctions (Figure 5.14). 

5.2.16 Imiquimod and IL-1 β co-treatment induces temporal changes in the expression and organisation 
of β-catenin 

The expression and localisation of the junctional adhesion molecule β-catenin was altered following IL-1β 

treatment. 4-hours following IL-1β treatment, β-catenin expression was more diffuse, and present over a 

larger junctional area than control, with increased β-catenin within the cytoplasm (Figure 5.15) 

Imiquimod/IL-1β co-treatment caused BEC to express the broader, diffuse β-catenin phenotype; however, 

some linear junctions were retained. 

Additionally, there was far less cytoplasmic β-catenin in the imiquimod/IL-1β co-treated BEC than the IL-

1β treated BEC (Figure 5.15). By 24-hours post-treatment, the β-catenin in the IL-1β treated BEC was 

more diffuse than the control BEC, with broader junctional areas. Broad cell junctions were also observed 

in imiquimod/IL-1β co-treated BEC; however, the cells were larger, due to the lack of proliferation. Both 

the imiquimod/IL-1β co-treated and the IL-1β treated BEC displayed increased cytoplasmic β-catenin 

compared to control. By 48-hours post-treatment, the imiquimod/IL-1β co-treated cells displayed very thin 

junctional β-catenin which were in sharp contrast with the broader junctions observed in the IL-1β treated 

BEC. In line with this, the expression of β-catenin was reduced in the imiquimod/IL-1β treated BEC 

compared to the IL-1β treated BEC (Figure 5.15). These data indicate that imiquimod is altering the 

localisation and expression of β-catenin over the course of 48 hours and is thus able to alter the cellular 

response to a pro-inflammatory stimulus. 
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Figure 5.14: Imiquimod and IL-4 co-treatment induces temporal changes in the 
expression and organisation of actin and CD144. 
Cells were treated 48-hours post-seeding with IL-4 10 ng/mL, imiquimod 5 µg/mL, IL-4 + imiquimod or vehicle 
control, and were fixed 4-, 24- and 48-hours post treatment. Cells were immunostained for actin and CD144; 
representative images are shown of one independent experiment representative of 3 experimental repeats. 
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Figure 5.15: Imiquimod and IL-1β co-treatment induces temporal changes in the 
expression and organisation of β-catenin. 
Cells were treated 48-hours post-seeding with IL-1β 1 ng/mL, imiquimod 5 µg/mL, IL-1β + imiquimod or vehicle 
control, and were fixed 4-, 24- and 48-hours post treatment. Cells were immunostained for β-catenin; representative 
images are shown of one experiment, representative of 3 experimental repeats.  
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5.2.17 Imiquimod and TNFα co-treatment induces temporal changes in the expression and organisation 
of β-catenin  

Similarly to IL-1 β treated BEC, TNFα treatment mediated an increase in ‘jagged’ junctional β-catenin 

expression (Figure 5.16). Imiquimod/TNFα co-treated BEC also expressed jagged β-catenin extending 

into the cytoplasm, however the junctional staining was also more diffuse, indicative of a larger cell 

surface area in the intercellular space. By 24-hours post-treatment, both TNFα and imiquimod/ TNFα 

treated BEC expressed similarly jagged and diffuse junctional protein. However, by 48 hours, imiquimod/ 

TNFα co-treated BEC displayed the thin junctional staining observed in the 48-hour imiquimod/IL-1 β co-

treated BEC. The change in β-catenin expression at this time-point is in line with the concurrent reduction 

in the paracellular resistance. 

5.2.18 Imiquimod and IFNα co-treatment induces temporal changes in the expression and organisation of 
β-catenin  

In contrast to actin and CD144 expression and localisation, 4 hours of IFNα and imiquimod/IFNα co-

treatment mediated a change in β-catenin expression. In the former, a minority of BEC retained the linear 

expression observed in control untreated BEC; however the majority of the BEC express more horizontal 

and jagged protein expression (indicated by the white arrow), indicative of discontinuous junctions 

(Figure 5.17). In contrast, while imiquimod/IFNα co-treated BEC exhibit slightly more jagged protein 

expression, these BEC again display increasingly diffuse expression at the borders. By 24 hours post-

treatment, this phenotype is more pronounced however it is observed in both the co-treated and the IFNα 

treated BEC. These results strongly indicate that the increased barrier resistance observed at this time 

point can be at least partially attributed to an increase in BEC junction overlap. By 48 hours, the β-catenin 

expression in the IFNα treated BEC remains diffuse; however it is more jagged than at 24 hours. In 

contrast, while some imiquimod/IFNα co-treated BEC retain the more extensive junctions, the majority of 

cells exhibit thinner more linear β-catenin junctional staining. As mentioned previously, the thinner more 

linear CD144 and β-catenin expression coincide with a reduction in resistance in the imiquimod/IFNα co-

treated BEC.  
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Figure 5.16: Imiquimod and TNFα co-treatment induces temporal changes in the 
expression and organisation of β-catenin. 
Cells were treated 48-hours post-seeding with TNFα 1 ng/mL, imiquimod 5 µg/mL, TNFα + imiquimod or vehicle 
control, and were fixed 4, 24 and 48 hours post-treatment. Cells were immunostained for β-catenin; representative 
images are shown (n = 3). 
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Figure 5.17: Imiquimod and IFNα co-treatment induces temporal changes in the 
expression and organisation of β-catenin. 
Cells were treated 48-hours post-seeding with IFNα 10 ng/mL, imiquimod 5 µg/mL, IFNα + imiquimod or vehicle 
control, and were fixed 4, 24 and 48 hours post treatment.  Cells were immunostained for β-catenin; representative 
images are shown (n = 3).  
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5.2.19 Imiquimod and IFNγ co-treatment induces temporal changes in the expression and organisation of 
β-catenin  

In contrast to these changes, β-catenin expression did not seem altered following 4 hours of IFNγ or 

imiquimod/IFNγ co-treatment (Figure 5.18). By 24 hours, both the IFNγ and imiquimod/IFNγ co-treated 

BEC displayed diffuse junctional protein expression; however some junctions were still relatively thin and 

linear (indicated by white arrows). β-catenin expression was significantly increased in IFNγ treated BEC 

compared to imiquimod/IFNγ co-treated BEC at this time point. By 48-hours post-treatment, 

imiquimod/IFNγ co-treated BEC displayed very thin, junctional BEC, and the diffuse, overlapping 

phenotype had disappeared in the majority of the cells, which correlates with a reduction in BEC 

resistance at this time-point. 

5.2.20 Imiquimod and LPS co-treatment induces temporal changes in the expression and organisation of 
β-catenin  

Similarly to the observed changes in CD144, β-catenin localisation seems similar in the LPS treated and 

imiquimod/LPS co-treated BEC at all time points analysed (Figure 5.19). 

5.2.21 Imiquimod and Poly(I:C) co-treatment induces temporal changes in the expression and 
organisation of β-catenin 

In contrast to the similarities between Poly(I:C) treated and imiquimod/Poly(I:C) treated BEC CD144 at 

4-hours post-treatment, β-catenin expression in the former was more jagged than the latter, indicative of 

discontinuous junctions (Figure 5.20). By 24-hours post-treatment, the groups seemed more similar; both 

groups had diffuse junctional staining, indicative of the junctions of the BEC overlapping; however, the 

Poly(I:C) treated BEC still retained a slightly more jagged junctional protein expression, and the overall 

expression was increased (Figure 5.20). By 48 hours post-treatment, the junctions of the 

imiquimod/Poly(I:C) co-treated BEC were thin and linear, and β-catenin expression was reduced 

compared to BEC treated with Poly(I:C). 
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Figure 5.18: Imiquimod and IFNγ co-treatment induces temporal changes in the 
expression and organisation of β-catenin. 
Cells were treated 48-hours post-seeding with IFNγ 10 ng/mL, imiquimod 5 µg/mL, IFNγ + imiquimod or vehicle 
control, and were fixed 4-, 24- and 48-hours post treatment. Cells were immunostained for β-catenin; representative 
images are shown (n = 3). 
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Figure 5.19: Imiquimod and LPS co-treatment induces temporal changes in the 
expression and organisation of β-catenin. 
Cells were treated 48-hours post-seeding with LPS 100 ng/mL, imiquimod 5 µg/mL, LPS + imiquimod or vehicle 
control, and were fixed 4-, 24- and 48-hours post treatment. Cells were immunostained for β-catenin; representative 
images are shown (n=3). 
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Figure 5.20: Imiquimod and Poly(I:C) co-treatment induces temporal changes in the 
expression and organisation of β-catenin. 
Cells were treated 48-hours post-seeding with Poly(I:C) 5 µg/mL, imiquimod 5 µg/mL, Poly(I:C) + imiquimod or 
vehicle control, and were fixed 4-, 24- and 48-hours post treatment. Cells were immunostained for β-catenin; 
representative images are shown (n = 3).  
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5.2.22 Imiquimod and IL-4 co-treatment induces temporal changes in the expression and organisation of 
β-catenin  

The β-catenin expression and localisation in IL-4 treated BEC was comparable to control BEC 4-, and 24-

hours post-treatment, however the imiquimod/IL-4 co-treated BEC exhibited diffuse junctional β-catenin, 

indicative of a more substantial junctional overlap (Figure 5.21). By 48-hours post-treatment, both the IL-

4 and imiquimod/IL-4 treated BEC exhibited numerous gaps between β-catenin proteins, indicative of a 

discontinuous junction. 

5.2.23 Imiquimod inhibits proliferation in all treatment groups.  
An interesting aspect of imiquimod treatment is the inhibition of cell proliferation. Over the 48-hour 

culture period there is a modest level of cell proliferation, which is further increased by IL-1β treatment, 

but not by the other treatments. Treatment of the cells with imiquimod prevented both the basal 

proliferation and IL-1β induced proliferation (Figure 5.22a). IL-1β is a potent inflammatory cytokine, and 

these data reveal that imiquimod is capable of blocking IL-1β induced proliferation of these cells. 

In addition to blocking IL-1β mediated proliferation, imiquimod also inhibited the basal proliferation that 

occurred in all treatment groups (Figure 5.22 b-g). 
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Figure 5.21: Imiquimod and IL-4 co-treatment induces temporal changes in the 
expression and organisation of β-catenin. 
Cells were treated 48-hours post-seeding with IL-4 10 ng/mL, imiquimod 5 µg/mL, IL-4 + imiquimod or vehicle 
control, and were fixed 4-, 24- and 48-hours post treatment. Cells were immunostained for β-catenin; representative 
images are shown (n=3).  
  



 

 167 

 
Figure 5.22: Imiquimod co-treatment inhibits cell proliferation 
Cells were treated 48 hours post-seeding with (a) IL-1β 1ng/mL , (b) TNFα 1 ng/mL, (c) IL-4 10 ng/mL, (d) IFNα 
10 ng/mL (e) IFNγ 10 ng/mL (f) LPS 100 ng/mL (g) Poly(I:C) 5 µg/mL, imiquimod 5 µg/mL, treatment + 
imiquimod  or vehicle control, and were fixed 4, 24 and 48 hours post treatment. Nuclei were immunostained with 
NucBlu and cell number was measured using the IXM™. Data shows the mean ± SD of at least three independent 
experiments. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s 
post-test).  
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5.2.24 Imiquimod co-treatment alters the pro-inflammatory secretomes of all treatment groups. 
As imiquimod did not mediate a pro-inflammatory cytokine response, or increase the BEC barrier 

resistance, it was hypothesised that imiquimod treatment might alter the production of pro-inflammatory 

mediators in response to the range of cytokines and TLR ligands analysed previously.    

5.2.25 Imiquimod/IL-1β co-treatment increases IL-8 and MCP-1 but reduces RANTES and IP-10 
The IL-1β treated BEC secretome contained high levels of the cleaved cell adhesion molecules sICAM-1 

and sVCAM-1. When BEC were co-treated with imiquimod/IL-1β the concentration of these molecules, 

and the pro-inflammatory IL-6 remained the same (Figure 5.23a). In contrast, imiquimod/IL-1β co-

treatment altered the secretion of all the chemokines measured, with IL-8 and MCP-1 moderately but 

significantly increased (p < 0.05) and RANTES and IP-10 significantly reduced compared to IL-1β 

treatment alone (p < 0.01 and p < 0.05 respectively).  

However, as imiquimod treatment significantly reduced the cell number at end-point, the concentration of 

inflammatory mediators in the secretome was adjusted by cell number at 24 hours, to ensure that the 

observed decrease in RANTES and IP-10 concentration were not caused by differences in cell number 

(Figure 5.23b). When adjusted for cell number, sICAM-1 (p < 0.0001), sVCAM-1 (p < 0.0001), IL-6 (p < 

0.0001), IL-8 (p < 0.001) and MCP-1 (p < 0.0001) were significantly increased compared to BEC treated 

with IL-1β following normalization. However, IP-10 remained significantly reduced (p < 0.05), and 

RANTES was reduced, but this difference was no longer statistically significant. Although it is 

acknowledged that there is a range of issues associated with adjusting response to cell number, ignoring 

the differences in cell number does not seem suitable. 

These results indicate that imiquimod does alter the secretome of IL-1β treated BECs, potentially 

enhancing the production of numerous pro-inflammatory cell adhesion molecules and chemokines. 

However, the concentration of IP-10 and RANTES is reduced, which implies that imiquimod also has an 

anti-inflammatory activity biased towards specific factors increased by IL-1β, rather than globally 

blocking all the effects of IL-1β. 
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Figure 5.23: Imiquimod and IL-1β co-treatment alters the secretion of numerous pro-
inflammatory mediators 
Cells were grown for 48-hours before treatment with IL-1β 1 ng/mL, imiquimod 5 µg/mL, IL-1β + imiquimod or 
vehicle control. 48 hours post-treatment the media was removed and (a) the concentration of soluble factors was 
measured by multiplexed cytometric bead array. (b) data were normalised to the number of cells in the respective 
treatment group at 24-hours post-treatment. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 2 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way 
ANOVA with Fischer’s post-test). 
 

5.2.26 Imiquimod/TNFα co-treatment increases some cytokines and chemokines but reduces RANTES 
and IP-10 

Imiquimod/TNFα co-treatment did not alter the production of IL-6 or MCP-1, however sICAM-1 (p < 

0.0001), and IL-8 (p < 0.01) were increased compared to the secretome of TNFα treated BEC (Figure 

5.24a). In contrast, both IP-10 and RANTES were significantly reduced (p < 0.0001) following 

imiquimod/TNFα co-treatment. IP-10 and RANTES were suppressed by imiquimod following IL-1β 

treatment, which suggests a similar mechanism of action.  

As imiquimod inhibited cell proliferation, the concentration of cytokines, chemokines and cell adhesion 

molecules was then adjusted by cell number at 24 hours (Figure 5.24b). Following normalisation, the 

concentration of IP-10 (p < 0.001) and RANTES (p < 0.01) remained significantly lower in the cultured 

media of imiquimod/TNFα co-treated cells compared to BEC treated with TNFα alone. However, sICAM 

(p < 0.0001), sVCAM (p < 0.001), IL-6 (p < 0.0001), IL-8 (p < 0.0001) and MCP-1 (p < 0.0001) were 

significantly increased when measured per cell. Therefore, similarly to IL-1β treatment, on a ‘per cell’ 

basis, the co-treated cells produced significantly more pro-inflammatory mediators than TNFα treated 

BEC. However, again similarly to imiquimod/IL-1β co-treated BEC, IP-10 and RANTES are reduced. 
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Figure 5.24: Imiquimod and TNFα co-treatment alters the secretion of numerous pro-
inflammatory mediators 
Cells were grown for 48 hours before treatment with TNFα 1 ng/mL, imiquimod 5 µg/mL, TNFα + imiquimod or 
vehicle control. 48 hours post-treatment the media was removed, and (a) the concentration of soluble factors was 
measured by multiplexed cytometric bead array. (b) data were normalised to the number of cells in the respective 
treatment group at 24 hours post-treatment. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 2 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way 
ANOVA with Fischer’s post-test). 
 

5.2.27 Imiquimod/IFNα co-treatment exerts pro- and anti-inflammatory effects. 
IFNα treatment did not mediate an increase in the production of any of the cytokines, chemokines or cell 

adhesion molecules with the exception of IP-10. However, imiquimod/IFNα co-treated BECs produced 

significantly less sVCAM-1 (p < 0.001), IP-10 (p < 0.05) and MCP-1. RANTES and IL-8 were both non-

significantly reduced (Figure 5.25a). These results may have been due, in part to the change in cell 

number as imiquimod/IFNα co-treatment inhibited cell proliferation.  

The concentrations of each factor were thus normalised to the cell number (Figure 5.25b). Following 

normalization sVCAM-1 (p < 0.0001) and IP-10 (p < 0.05) were still significantly reduced, and RANTES 

and MCP-1 were non-significantly reduced. In contrast, sICAM-1 (p < 0.01) and IL-8 (p < 0.01) were 

now significantly increased, and IL-6 was non-significantly increased. These results show how important 

the imiquimod mediated change in cell number is, and how imiquimod is consistently reducing IP-10 and 

RANTES and increasing IL-8.  
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Figure 5.25: Imiquimod and IFNα co-treatment alters the secretion of numerous pro-
inflammatory mediators 
Cells were grown for 48 hours before treatment with IFNα 10 ng/mL, imiquimod 5 µg/mL, IFNα + imiquimod or 
vehicle control. 48 hours post-treatment the media was removed, and (a) the concentration of soluble factors was 
measured by multiplexed cytometric bead array. (b) data were normalised to the number of cells in the respective 
treatment group at 24 hours post-treatment. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 2 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way 
ANOVA with Fischer’s post-test). 
 

5.2.28 Imiquimod and IFNγ co-treatment alters the secretion of numerous pro-inflammatory mediators 
BECs treated with IFNγ cleaved/secreted significant concentrations of sICAM-1, IL-6, IP-10, IL-8, MCP-

1 and RANTES. In contrast, BEC co-treated with imiquimod/IFNγ secreted significantly less IP-10 (p < 

0.01), MCP-1 (p < 0.001), sVCAM-1 (p < 0.001), IL-6 (p < 0.05), IL-8 (p < 0.05),  and RANTES (p < 

0.01),  indicating that imiquimod treatment may inhibit the production of numerous pro-inflammatory 

mediators (Figure 5.26a). 

As imiquimod inhibited cell proliferation (and control and IFNγ treated cells continued to proliferate), the 

concentration of analytes was normalised to cell number at 24 hours (Figure 5.26b). Following 

normalisation, the cultured media of BEC co-treated with imiquimod/IFNγ contained slightly higher 

concentrations of sICAM-1 (p < 0.001), and IL-6 (p < 0.05). However, IP-10 (p < 0.01), MCP-1 (p < 

0.01), RANTES (p < 0.05) and sVCAM-1 (p < 0.01) were significantly reduced. The actual values of 

RANTES and sVCAM-1 were very low, and thus the reduction in these factors may not be 

physiologically relevant. This again indicates that imiquimod can attenuate the production of some pro-

inflammatory factors and has differential effects (i.e. the upregulation or downregulation of MCP-1) on 

different cytokines, chemokines and cell adhesion molecules.  However, the reduction in the production of 

RANTES and IP-10 seems to be conserved with all the co-treatments.  
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Figure 5.26: Imiquimod and IFNγ co-treatment alters the secretion of numerous pro-
inflammatory mediators 
Cells were grown for 48 hours before treatment with IFNγ 10 ng/mL, imiquimod 5 µg/mL, IFNγ + imiquimod or 
vehicle control. 48 hours post-treatment the media was removed, and (a) the concentration of soluble factors was 
measured by multiplexed cytometric bead array. (b) data were normalised to the number of cells in the respective 
treatment group at 24 hours post-treatment. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 2 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way 
ANOVA with Fischer’s post-test). 
 

5.2.29 Imiquimod and LPS co-treatment alters the secretion of numerous pro-inflammatory mediators 
LPS treatment caused a significant increase in the BEC secretion/cleaving of all the pro-inflammatory 

factors measured. Imiquimod/LPS co-treatment mediated a significant increase in sICAM-1 (p < 0.01), 

IL-8 (p < 0.01), and a significant reduction in the secretion of IP-10 (p < 0.05) and RANTES (p < 0.01) 

(Figure 5.27a). Imiquimod/LPS co-treatment did not alter the secretion/cleaving of IL-6, MCP-1 and 

sVCAM-1 compared to LPS treated BEC.  

However, as the number of cells present 48 hours following imiquimod/LPS co-treatment was 

significantly less than BECs treated with LPS, the concentration of soluble analytes was normalised to cell 

number (Figure 5.27b). When normalised to cell number, imiquimod/LPS co-treatment mediated a 

significant increase in sICAM-1 (p < 0.0001), sVCAM-1 (p < 0.001), IL-6 (p < 0.0001), IL-8 (p < 0.001) 

and MCP-1 (p < 0.0001) compared to BEC treated with LPS. In contrast, IP-10 was significantly reduced 

in BEC co-treated with imiquimod/LPS which indicates that imiquimod/LPS co-treatment is pro-

inflammatory when the data is adjusted for cell number, and the previously conserved reduction in 

RANTES production is not observed under these conditions.  
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Figure 5.27: Imiquimod and LPS co-treatment alters the secretion of numerous pro-
inflammatory mediators 
Cells were grown for 48 hours before treatment with LPS 100 ng/mL, imiquimod 5 µg/mL, IL-1β + imiquimod or 
vehicle control. 48 hours post-treatment the media was removed and (a) the concentration of soluble factors was 
measured by multiplexed cytometric bead array. (b) data were normalised to the number of cells in the respective 
treatment group at 24 hours post-treatment. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 2 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way 
ANOVA with Fischer’s post-test). 
 

5.2.30 Imiquimod and Poly(I:C) co-treatment alters the secretion of numerous pro-inflammatory 
mediators 

Poly(I:C) treatment caused a significant increase in the cleaving/secretion of sICAM-1, sVCAM-1, IL-6, 

IP-10, IL-8, MCP-1 and RANTES. In contrast, imiquimod/Poly(I:C) co-treatment significantly reduced 

the concentration of sVCAM-1 (p < 0.05), IP-10 (p < 0.01), IL-6 (p < 0.05), IL-8 (p < 0.05), RANTES (p 

< 0.01) and MCP-1 (p < 0.01) (Figure 5.28a). 

As the number of cells present 48 hours following imiquimod/Poly(I:C) treatment was significantly less 

than BECs treated with Poly(I:C), the concentration of soluble analytes was normalised to cell number 

(Figure 5.28b). When normalised, imiquimod/Poly(I:C) co-treatment did not change the 

secretion/cleaving of sVCAM-1, IL-6, IL-8, MCP-1 or IP-10, however the concentration of RANTES in 

the cultured media was significantly reduced compared to the cultured media of Poly(I:C) treated BEC (p 

< 0.05). Additionally, sICAM-1 was significantly increased in the media of BEC co-treated with 

imiquimod/Poly(I:C) compared to BEC treated with Poly(I:C) (p < 0.05). 

These data indicate that imiquimod has a lesser effect on the pro-inflammatory secretome of Poly(I:C) 

treated BEC than any other pro-inflammatory stimulus. sICAM-1 was increased in the cultured media, 

while RANTES was reduced, indicating again that a reduction in RANTES may be a conserved effect of 

imiquimod. 
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Figure 5.28: Imiquimod and Poly(I:C) co-treatment alters the secretion of numerous 
pro-inflammatory mediators 
Cells were grown for 48 hours before treatment with Poly(I:C) 5 µg/mL, imiquimod 5 µg/mL, Poly(I:C) + 
imiquimod or vehicle control. 48 hours post-treatment the media was removed, and (a) the concentration of soluble 
factors was measured by multiplexed cytometric bead array. (b) data were normalised to the number of cells in the 
respective treatment group at 24 hours post-treatment. Data shows the mean ± SD (n = 3) of one independent 
experiment representative of 2 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 
0.0001. (One-way ANOVA with Fischer’s post-test). 
 

5.2.31 Imiquimod reduces several IL-4 mediated pro-inflammatory factors 
As imiquimod treatment attenuated the effect of IL-4 on BEC resistance, it was hypothesised that co-

treatment would also reduce the secretion of pro-inflammatory cell adhesion molecules, cytokines and 

chemokines.  

Treatment of BEC with IL-4 resulted in a significant increase in the secretion of sVCAM-1, IL-6, IL-8, 

MCP-1 and RANTES. However, IL-4 does not induce the secretion of the chemokine IP-10, which was 

substantially increased by both IL-1β and TNFα. When BEC were treated with both imiquimod and IL-4, 

the concentrations of sVCAM-1 (p < 0.0001), IL-6 (p < 0.01), IL-8 (p < 0.05), RANTES (p < 0.05) and 

MCP-1 (p < 0.0001) were reduced (Figure 5.29a) in comparison to IL-4 alone. However, when the 

concentration of the analytes was adjusted for cell number, the secretion/cell-surface cleaving of sICAM-1 

(p < 0.001) was significantly increased in the imiquimod/IL-4 co-treated BEC (Figure 5.29b). sVCAM-1 

(p < 0.0001) and MCP-1 (p < 0.0001) were significantly reduced and RANTES was reduced, but again 

this effect was not significantly different. These results indicate that IL-4 has a different effect on the 

BECs and that imiquimod can differentially suppress the production of several key inflammatory 

molecules induced by IL-4 but does not mediate a global effect.  

5.2.32 Imiquimod does not alter IL-1β mediated NF-кB translocation 
IL-1β receptor activation induces the translocation of NF-кB from the cytoplasm to the nucleus, which 

mediates the production of pro-inflammatory cytokines and chemokines. As imiquimod altered the 

concentrations of a group of pro-inflammatory cytokines, chemokines and suppressed proliferation, it was 

hypothesised that imiquimod might be altering the IL-1β-activated pathways involving NF-кB.   

As expected, IL-1β mediates NF-кB translocation in the majority of cells (<90% Figure 5.30). However, 

when the BEC were co-treated with imiquimod/IL-1β, imiquimod did not alter NF-кB translocation as the 

proportion of nuclear located NF-кB was consistent with IL-1β treated BEC (Figure 5.30a & b).  This 

indicates that imiquimod is not altering NF-кB translocation in IL-1β treated BEC and it must thus be 

working via an alternative pathway to mediate the observed changes in proliferation, cytokines, 

chemokines and cell adhesion molecules. 
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Figure 5.29: Imiquimod and IL-4 co-treatment alters the secretion of numerous pro-
inflammatory mediators 
Cells were grown for 48 hours before treatment with IL-4 10 ng/mL, imiquimod 5 µg/mL, IL-4 + imiquimod or 
vehicle control. 48 hours post-treatment the media was removed, and (a) the concentration of soluble factors was 
measured by multiplexed cytometric bead array. (b) data were normalised to the number of cells in the respective 
treatment group at 24 hours post-treatment. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 2 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way 
ANOVA with Fischer’s post-test). 
 

 

Figure 5.30: Imiquimod treatment does not alter IL-1β mediated NF-kB translocation 
Cells were treated 48-hours post-seeding with IL-1β 1 ng/mL, imiquimod 5 µg/mL, IL-1β + imiquimod or vehicle 
control, and were fixed one-hour post-treatment. (a) Cells were immunostained for NF-kB; representative images 
are shown. (b) Percentage of translocated NF-kB was determined by automated image analysis. Data shows the 
mean ± SD (n = 6) of one independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).   
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5.2.33 Imiquimod reduces TNFα mediated NF-кB translocation 
TNFα also mediates a pro-inflammatory effect through the translocation of NF-кB. Therefore, 

translocation was analysed to determine whether imiquimod was mediating a reduction in RANTES and 

IP-10 through inhibition of this crucial pathway. Like the IL-1β response, TNFα induces NF-кB 

translocation in the majority of cells (>90%) (Figure 5.31). However, in this paradigm, imiquimod/TNFα 

co-treatment significantly reduced TNFα mediated translocation in BECs (p < 0.0001). Figure 5.31 

reveals that approximately 50% of the cells show a robust nuclear localisation of NF-кB when co-treated 

with imiquimod and TNFα. This result indicates that the TNFα-mediated activation of the NF-кB pathway 

has a component which is sensitive to imiquimod signalling and that this is different to IL-1β activation of 

NF-кB.  

5.2.34 Imiquimod does not alter LPS mediated NF-кB nuclear translocation 
LPS activates TLR4 which induces the nuclear translocation of NF-кB and the IRF transcription factors 

through the MyD88 and MyD88-independent pathways. As imiquimod/LPS treated BECs produced 

significantly higher levels of cytokines, chemokines and transcription factors, it was hypothesised that 

imiquimod was augmenting the LPS effect through activation of the NF-B pathway. Treated BEC were 

fixed one-hour post-treatment, and the proportion of NF-кB located within the nucleus was analysed 

(Figure 5.32). LPS mediated an increase in NF-кB translocation in approximately 40% of the BECs 

compared to control, and the addition of imiquimod did not significantly change translocation. Thus, 

imiquimod is not augmenting the inflammatory effect of LPS through an increase in NF-кB translocation. 

5.2.35 Imiquimod treatment slightly reduces Poly(I:C) mediated NF-кB translocation 
Poly(I:C) activates TLR3 on BEC, which leads to the translocation of IRF3 and NF-кB. As the 

concentration of RANTES present in the cultured media of imiquimod/Poly(I:C) treated BECs was 

reduced, while the concentration of sICAM-1 was increased, it was hypothesised that imiquimod might 

alter NF-кB translocation. BEC were fixed one-hour post-treatment, and the proportion of nuclear NF-кB 

was analysed (Figure 5.33). While Poly(I:C) only induced a small amount of translocation at this time 

point (approximately 10%), imiquimod co-treatment suppressed some of this translocation (p < 0.01). This 

result indicates that imiquimod has a direct effect on Poly(I:C) signalling through NF-кB which may 

account for some of the observed effects on cytokine and chemokine secretion. 
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Figure 5.31: Imiquimod treatment reduces TNFα mediated NF-kB translocation 
Cells were treated 48 hours post-seeding with TNFα 1 ng/mL, imiquimod 5 µg/mL, TNFα + imiquimod or vehicle 
control, and were fixed one-hour post -treatment. (a) Cells were immunostained for NF-kB; representative images 
are shown. (b) Percentage of translocated NF-kB was determined by automated image analysis. Data shows the 
mean ± SD (n = 6) of one independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
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 Figure 5.32: Imiquimod treatment does not alter LPS mediated NF-kB translocation 
Cells were treated 48-hours post-seeding with LPS 100 ng/mL, imiquimod 5 µg/mL, LPS + imiquimod or vehicle 
control, and were fixed one-hour post-treatment. (a) Cells were immunostained for NF-kB; representative images 
are shown. (b) Percentage of translocated NF-kB was determined by automated image analysis. Data shows the 
mean ± SD (n = 6) of one independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
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Figure 5.33: Imiquimod treatment slightly reduces Poly(I:C) mediated NF-kB 
translocation 
Cells were treated 48-hours post-seeding with Poly(I:C) 5 µg/mL, imiquimod 5 µg/mL, Poly(I:C) + imiquimod or 
vehicle control and were fixed one-hour post-treatment. (a) Cells were immunostained for NF-kB; representative 
images are shown.  (b)Percentage of translocated NF-kB was determined by automated image analysis. Data shows 
the mean ± SD (n = 6) of one independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p 
< 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
  



 

 187 

5.3 Discussion 
The research in this chapter focused on the ability of imiquimod to alter the pro-inflammatory status of 

BECs. BECs were treated with IL-1β, TNFα, IL-4, IFNα, IFNγ, LPS and Poly(I:C) to model different 

aspects of inflammation and the effect of co-treatment on barrier resistance, AJ proteins, the BEC 

secretome and cell proliferation. Imiquimod increased the barrier resistance of BEC treated with TNFα, 

IFNα, IFNγ, Poly(I:C) and IL-4. The resistance of BEC treated with IL-1β and LPS was increased 

following imiquimod treatment, however to a lesser extent than the other pro-inflammatory mediators. 

Imiquimod treatment affected the AJ of pro-inflammatory treated BEC in the same manner; the cortical 

actin expression appears to be increased, and there is a reduction in stress fibres. In summation, it is 

thought that imiquimod is exerting a suppressive effect on some aspects of the response to each of these 

key cytokines and danger signals. 

In terms of ECIS data, these results indicate that imiquimod is significantly increasing the barrier 

resistance of TNFα, IL-4, IFNα, IFNγ and Poly(I:C) treated BEC and may be mediating a small increase 

in the resistance of LPS and IL-1β treated BEC through alterations to actin stress fibre formation and AJs. 

These are the same mechanisms by which imiquimod treatment mediates an increase in barrier resistance, 

and thus this mechanism is unaffected by an additional pro-inflammatory stimulus. In reality it is difficult 

to accurately measure changes in junctional proteins especially where morphology and shape of the 

junction changes. It has been consistently observed that imiquimod treatment and cytokine treatment 

mediates an increase in the BEC junctional space where CD144 and β-catenin are located. It is 

hypothesized that this change relates to an increase in overlap of the endothelial junction which increases 

the barrier strength, and hence causes an increase in BEC electrical resistance. 

In contrast to the global effect of imiquimod on the barrier resistance of pro-inflammatory cytokine-

treated BEC, imiquimod mediated a differential effect on the BEC secretome. These data  however are 

complicated by the fact that imiquimod has an effect on cell number and therefore an adjustment for cell 

number is required. However, when comparing the raw data, imiquimod mediates a global reduction in IP-

10 and RANTES (with the exception of IL-4 treated BECs which do not secrete IP-10). In contrast, 

imiquimod reduces sVCAM-1 secretion in TNFα, IFNα, IFNγ, Poly(I:C) and IL-4 treated BEC but does 

not affect IL-1β and LPS treated BEC. The results of LPS and IL-1β treated BEC are of interest as 

imiquimod does not reduce sVCAM-1 secretion in these BEC. In addition to this, imiquimod treatment 

mediates an increase in IL-8 and MCP-1, indicating that the convergence of imiquimod signalling on LPS 

and IL-1β signalling can mediate a pro-inflammatory effect. The raw BEC secretome data, therefore, 

indicates that imiquimod affects common pathways resulting in a reduction in IP-10 and RANTES (and to 
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some extent sVCAM-1) secretion, but that it mediates differential effects on sICAM-1, IL-6, IL-8, MCP-1 

secretion.  

As imiquimod inhibits cell proliferation regardless of the pro-inflammatory stimulus, one limitation of the 

cytokine secretion data is the difference in cell number. As the number of cells has an impact on the 

concentration of secreted cytokines and overall cell health (due to slower nutrient depletion), cytokine 

secretion data was normalised to cell number 24 hours post-treatment. This number was considered more 

appropriate than cell number at 48 hours as the proliferation appears to stop 72 hours post-seeding (based 

on the ATP assay and IXM analysis). When the data were normalised, the trend in IP-10 and RANTES 

reduction was retained, and sVCAM-1 remained reduced in imiquimod-IFNα, -IFNγ and -IL-4 co-treated 

BEC. However, normalisation also increased cytokines and chemokines that were previously reduced or 

unchanged following imiquimod co-treatment. This then leads to the conclusion that IP-10 and RANTES 

are consistently reduced following imiquimod co-treatment. However, no definite conclusions can be 

drawn regarding the secretion of the remaining cytokines, chemokines and cell adhesion molecules due to 

the issues around cell number adjustment. Further research into this phenomenon using human primary 

brain endothelial cells which do not proliferate at the rate of immortalised cells in culture will enable us to 

understand the full effect of imiquimod on the pro-inflammatory secretome.  

TNFα, IL-1β, LPS and Poly(I:C) all mediate aspects of their pro-inflammatory effects through activation 

and translocation of the transcription factor NF-кB. Therefore, NF-кB nuclear translocation was analysed 

to determine the extent to which imiquimod affects this critical pathway. Imiquimod mediated a 50% 

inhibition of TNFα induced NF-кB translocation, and significantly reduced the (limited) Poly(I:C) 

induced NF-кB translocation. There was no effect on IL-1β or LPS mediated NF-кB translocation. This 

indicates that NF-кB inhibition could be the mechanism by which imiquimod is mediating differential 

effects on the pro-inflammatory secretome of the BEC by different cytokines but excludes its involvement 

in the effects of imiquimod on the IL-1β or LPS responses. 

Imiquimod has not previously been shown to exert an anti-inflammatory effect on any of the pro-

inflammatory cytokines measured, as it primarily acts through the innate immune receptor TLR7. In 

addition to this, preliminary data published from my Masters project did not find any evidence of TLR7 

mRNA in the BEC, in line with previous research (J. Li et al., 2013; Nagyőszi et al., 2010). 

As the common consensus is that imiquimod is primarily a TLR7/8 agonist, evidence of action at 

alternative receptors is relatively limited. One alternative mode of action is through activation of the 

adenosine receptors, a family of four G-protein coupled receptors; the A1 receptor, A2A receptor, A2B 

receptor and A3 receptor. These have been linked to imiquimod primarily in the field of cancer research 
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(M. Schön & Schön, 2008; Schon & Schon, 2007; M. P. Schön, Schön, & Klotz, 2006; Walter et al., 

2013).   

Schon et al., 2006 were the first to discover that imiquimod could partially antagonise the adenosine 

receptors in TLR7 and TLR8 negative peripheral blood mononuclear cells, melanoma cells and 

keratinocyte-derived tumour cells (M. P. Schön et al., 2006). Treatment of the latter with imiquimod 

caused the upregulation of IL-6, IL-8, IL-1β and TNFα mRNA and protein with little to no increase in 

IFNα, the anti-viral interferon upregulated following TLR7 activation. In the same study, imiquimod 

treatment of MyD88 deficient mice induced NF-кB translocation to the nucleus and cytokine upregulation 

independent of TLR7 activation.  Radio-ligand competitive binding experiments were performed 

following the observation that the imidazoquinolines have a similar chemical structure to adenosine; in 

transfected Chinese hamster ovary cells imiquimod was shown to bind antagonistically to A2A > A1 > A3 

(Ki = 2.16 uM, 2.94 uM and 14.6 uM respectively)(M. P. Schön et al., 2006). A2B receptor radioligands 

have only recently been created; therefore the antagonistic activity of imiquimod was measured through 

modulation of adenyl cyclase activity. Imiquimod-A2B receptor binding and antagonistic activity were 

found to be very low, however, TLR- and adenosine receptor-independent effects were observed in these 

cells. Later experiments using HaCaT cells focused on the A2A receptor and found that antagonism by the 

selective antagonist SCH 58261 was able to induce NF-кB translocation and the induction of TNFα, IL-6 

and IL-8, but not pro-apoptotic activity (M. P. Schön et al., 2006). Although these responses are quite 

different to those observed here for imiquimod, it is direct pharmacological evidence for alternative 

receptors for this presumptive TLR7 ligand. 

In concurrence with the research by Schon et al., Kan et al., 2012 found that 10 µg/mL imiquimod (but not 

the TLR7/8 agonist resiquimod) was also able to antagonise the A1 receptor in the human amnion cell line 

FL (Kan et al., 2012). TLR7 was present in this line but was non-functional as imiquimod did not mediate 

NF-кB translocation. A1 rceptor antagonism induced protein kinase A (PKA) mediated upregulation of 

Cystatin A, and these results were repeated in the SiHa, HeLa and CaSki cell lines, all of which expressed 

the A2B receptor. The study did not look into the agonistic or antagonistic activation of A2B receptor by 

imiquimod in these cell lines.   

More recently, research by Wolff et al., (2013) into the mechanism of action of imiquimod on basal cell 

carcinoma has found that imiquimod can reduce Hedgehog pathway activity in basal cell carcinoma lines 

that lack TLR7/8 and have had siRNA-mediated MyD88 knock-down (Wolff et al., 2013). Using the A2A 

receptor antagonist SCH442416 and agonist CGS21680, it was shown that the former inhibited the 

imiquimod-induced reduction in hedgehog pathway activity and the latter increased the activity of 

imiquimod, thus indicating that in these cells imiquimod can act as an agonist at the A2A receptor. 
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Additionally, the protein kinase A inhibitor H-89 was used to determine that imiquimod mediated 

reductions in hedgehog pathway activity were through A2A receptor-induced increases in PKA activity, 

which induced phosphorylation of the zinc finger transcription factor GLI2. This research, therefore, 

indicates that imiquimod may induce a TLR7-independent pro- or anti-inflammatory effect depending on 

activity (agonistic or antagonistic) at the receptors present in a given cell type (Wolff et al., 2013).  

Whether the BECs used in this study express these receptors is as yet unknown, and research into 

adenosine receptor expression in microvascular and umbilical vein endothelial cells is inconsistent, with 

multiple groups reporting the expression of different adenosine receptors on the same cell type. Feoktsitov 

et al. found that there is almost 10-fold the A2A receptor encoding mRNA compared to A2B receptor in 

HUVECs (Feoktistov et al., 2004). In contrast, dermal HMEC-1 cells have around 4-fold the level of the 

A2B receptor than the A2A receptor. Neither cell type had mRNA for A1 or A3 receptors. The differences 

in reported expression may be due to the culture of the cells as the brain hCMEC/D3 endothelial line has 

been found to express A1, A2A and A2B receptor proteins, with mRNA levels dependent on culture 

conditions (Mills et al., 2011). Growing cells contain mRNA for the A2A receptor and A2B receptor, and 

when confluent these receptors remain, along with A1 receptor mRNA. Once stressed (with media lacking 

serum and growth factors), the mRNA of all three receptors increases (Mills et al., 2011). 

Additionally, the cells were found to express CD73 (but not CD39) and thus can generate extracellular 

adenosine. Both the A2A and A2B receptors were found to be functional, generating increases in cAMP, 

and the A1 receptor agonist 2-Chloro-N(6)-cyclopentyladenosine was able to block A2A receptor induced 

increases in cAMP (Mills et al., 2011). In addition to this, the A2A receptor has been shown to be present 

on primary human brain endothelial cells; however, the levels of A2B receptor  mRNA were not measured 

(Bynoe, Viret, Yan, & Kim, 2015).  

5.4 Conclusion 
The research in this chapter shows that imiquimod can attenuate the activation of BECs following a pro-

inflammatory stimulus. While the observed increases in barrier resistance are stimulus-independent, 

imiquimod differentially affects the pro-inflammatory secretome of the BECs, which may partially occur 

(stimulus-dependent) through the inhibition of NF-кB translocation. The next logical step is to identify the 

receptor mediating these effects. It is hypothesised that imiquimod exerts these effects through either the 

agonism or antagonism of adenosine receptor(s). 
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 : Receptor identification 

6.1 Introduction 

6.1.1 Adenosine receptor signaling. 
Adenosine is a purine nucleoside produced intracellularly and extracellularly by a myriad of organs and 

cell types, through the conversion of extracellular ATP by CD39 and CD73. It has numerous functions 

throughout the periphery including the regulation of angiogenesis, wound healing and inflammation, and 

within the CNS adenosine is a crucial regulator of learning and memory, sleep, and vasodilation (Bjorness 

& Greene, 2009; Feoktistov, Biaggioni, & Cronstein, 2009; Singer, McGarrity, Shen, Boison, & Yee, 

2012). There is an estimated 20n nM - 300 nM of extracellular adenosine basally, and this concentration is 

maintained by both the passive nucleoside transporters and the Na2+-dependent nucleoside transporters 

(FREDHOLM, 2011). Extracellular adenosine has a half-life of 10 seconds however following hypoxia or 

ischemia the concentration can increase 100 fold, making it a vital regulator of the inflammatory cascade 

(Klabunde, 1983). 

Four receptors have (to-date) been identified as responsible for mediating the biological effects of 

adenosine, all of which are seven-transmembrane domain alpha-helical GPCRs with an extracellular N-

terminal (which locates the receptor to the plasma membrane) and an intracellular C-terminus (which 

couples the receptors to the G-proteins) (J.-F. Chen, Eltzschig, & Fredholm, 2013). The receptors can be 

broken down into two groups; those that couple to inhibitory Gi/o proteins; A1 and A3, and those that 

couple to Gs/olf proteins; A2A and A2B. The activation of the former leads to the inhibition of cAMP 

production through the suppression of adenyl-cyclase, leading to a downstream reduction in protein kinase 

A activity and consequently cyclic AMP response element binding protein (CREB) (A. J. Carman, Mills, 

Krenz, Kim, & Bynoe, 2011). In contrast, the activation of the A2A and A2B receptors leads the stimulation 

of adenyl cyclase, an increase in cAMP and cAMP-dependent PKA activity.  Both the A2A and A2B 

receptors can also induce PKC activity either directly through Gq protein coupling for the latter, or 

indirectly through cAMP signalling for the former (Campo et al., 2012). 

The affinities for adenosine differ with each receptor with A2A > A1 > A2B > A3, thus A2A and A1 receptors 

are likely to be physiologically relevant whereas the latter two subtypes are only activated by the 

pathophysiologically increased levels of adenosine (FREDHOLM, 2011). 

6.1.2 Adenosine receptors and permeability 
A2A receptor- The most extensive research into the effect of adenosine on permeability is in regards to 

activation of the A2a receptor activation. Using knockout models, A2A receptor knockout mice exhibited a 

reduction in MCAO-induced infarct volume compared to control, which correlates with significantly 
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reduced neurological deficit scores (J.-F. Chen et al., 1999). More recent research has found that A2A 

receptor activation in hCMEC/D3 cells induces RhoA activation which in turn mediates a rapid increase 

in actin stress fibre formation, a reduction in CD144 and claudin-5 expression, and a decrease in focal 

resistance protein phosphorylation (Bynoe et al., 2015). These TJ and AJ changes correlate with a rapid 

reduction in BBB electrical impedance (and an increase in paracellular permeability), within the first 10 

minutes. A2A receptor agonism also decreases Pgp and breakpoint cluster region pseudogene 1 (BCRP1) 

expression, which, in addition to the morphological changes allows for the movement of a 

chemotherapeutic through the endothelial monolayer (Kim & Bynoe, 2016). This indicates that A2A 

receptor agonists are likely to increase endothelial permeability and may have a use therapeutically as 

BBB permeability modulators. From this literature, it is unlikely that imiquimod is acting as an A2A 

receptor agonist. 

In contrast to this, A2A receptor antagonism has been found to be protective in models of MS, AD and 

ischemia. Mills et al.,  (2008) were the first to discover that CD73 knockout mice (who are therefore 

unable to convert ATP to extracellular adenosine) develop more severe EAE and that A2A receptor 

antagonism reduces leukocyte entry into the CNS (Mills et al., 2008). Recent research into BBB 

permeability in sleep-deprived mice found that antagonism of the A2A receptor was able to reduce 

permeability to 10 kDa and 70 kDa FITC-dextran in a dose-dependent manner and reduced permeability 

to Evan’s blue dye. Reductions in permeability were observed in conjunction with region-dependent 

increases in claudin-5, ZO-1, and occludin, whereas E-cadherin was unaffected by A2A receptor 

antagonism (Hurtado-Alvarado, Domínguez-Salazar, Velázquez-Moctezuma, & Gómez-González, 2016). 

As imiquimod has been shown to act as a partial antagonist at the A2A receptor the increase in barrier 

impedance and reductions in permeability observed in the BEC, may use the same mechanism. 

 

A1 receptor- A1 receptor activation has also been shown to increase BBB permeability to FITC-dextran in 

a murine model and to contribute to the increased in stress-fibre formation induced by NECA, the broad 

spectrum adenosine receptor agonist. Activation of the A1 receptor by NECA also mediates a reduction in 

occludin and claudin-5 expression in B.end 3 cells (Bynoe et al., 2011). However, the A1 receptor has not 

been observed in (basal) human brain endothelial cells (Mills et al., 2011).   

 

A2B receptor- In contrast to these receptors the A2B receptor has a lower affinity for adenosine, and is 

therefore likely to be activated when adenosine levels are increased, as in inflammation. Thus it is thought 

to play a critical role in this process (M. P. Schön et al., 2006). When the A2B receptor is knocked out, 

mice have a greater pro-inflammatory response to stimuli, in this case, LPS (D. Yang et al., 2006). A2B 
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receptor knockout mice also exhibit significant increases in hypoxia-induced vascular leak (and therefore 

increases in endothelial permeability) compared to WT mice (Eckle et al., 2008). Additionally, the 

hypoxia-induced permeability observed in WT mice can be reduced to normoxic levels in all systemic 

organs following treatment with the A2B receptor agonist BAY 60-6583; however, BBB permeability 

could not be reduced (Eckle et al., 2008).  

Research by Eckle et al., 2008 into hypoxia-induced vascular leak found that hypoxia-induced 

permeability (to 70 kDa FITC-dextran) was increased when the A2B receptor was knocked down in the 

dermal HMEC-1 line (Eckle et al., 2008). Similarly, upon administration of the selective A2B antagonist 

PSB1115, HMEC-1 cells became more permeable to FITC dextran, in contrast to when treated with the 

specific agonist BAY 60-6583, which reduced the paracellular flux of the tracer.  From this literature, 

there is a strong argument that A2B receptors can be expressed on endothelial cells and may serve a 

protective or anti-inflammatory role during states where excessive ATP is generated. 

6.1.3 Aim of this research 
This chapter aimed to ascertain whether the BECs used in this study express functional TLR7 receptors. 

Following this, the PKA pathway was analysed as a potential imiquimod-activated signalling pathway. 

Finally, BEC adenosine receptor expression and the effects of adenosine receptor activation were analysed 

in an attempt to identify whether this GPCR family are responsible for the effects mediated by imiquimod 

in this study.  

 

6.2 Results 

6.2.1 TLR7 agonists do not change BEC electrical impedance 
Imiquimod is well known for the activation of TLR7, which leads to a pro-inflammatory anti-viral 

immune response. To this end, it is utilised in numerous cancer treatments as a topical cream and is also 

the most-utilised small molecule targeting TLR7. However, there are multiple TLR7 agonists available, 

each with differing structures, potencies and Ki values. 

BEC were treated with a broad range of concentrations of the TLR7 agonists Loxoribine, CL307, 

Gardiquimod and CL097 and changes in cell monolayer impedance caused by alterations in the barrier or 

cell morphology was measured using the xCELLigence biosensor technology (Fig 6.1). In contrast to the 

significant increase in barrier resistance observed following imiquimod treatment, the alternative TLR7 

agonists did not exert any changes in barrier resistance compared to control over the course of 72 hours.  
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6.2.2 Imiquimod does not mediate the secretion of type I IFNs 
TLR3 and TLR7 both mediate an anti-viral response through the induction of the transcription factors 

IRF3/7, which directly bind to the DNA target sequence of type I IFNs (O'Brien, Fitzgerald, Rostami, & 

Gran, 2010). Analysis of the secretome of BEC treated with imiquimod for 48 hours found that IFNα was 

not secreted at this time point. However,  Poly(I:C) treatment did not induce the production of IFNα, 

indicating that it is likely that while human BEC has been shown to produce IFNβ and IFNλ, they do not 

produce IFNα (J. Li et al., 2013). 

 

 

Figure 6.1: TLR7 agonists do not change BEC electrical impedance.  
BEC were grown on an xCELLigence 96 well plate until confluent and treated 
with (a) 5 µg/mL, 1 µg/mL loxoribine, (b) 5 µg/mL, 1 µg/mL gardiquimod, (c) 5µg/mL, 1 µg/mL CL307 (d) 
5 µg/mL, 1 µg/mL CL097. In all, vehicle control is black. Data shows the mean ± SD (n = 3) of one independent 
experiment representative of 3 experimental repeats.   
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6.2.3 Imiquimod does not induce NF-кB translocation  
To further confirm a lack of TLR7 involvement, the classical TLR7 signalling pathway was analysed. 

Upon activation, TLR7 homo-dimerization induces the activation of the signalling protein MyD88 which 

subsequently leads to the nuclear translocation of NF-кB and the production of type I interferons 

(Kawasaki & Kawai, 2014). NF-кB is an essential protein complex composed of p65 and p50 subunits 

both of which translocate into the nucleus following TLR7 activation. As shown previously, 

immunocytochemistry was used to determine the location of NF-кB following imiquimod treatment. 

While IL-1β treatment was able to induce 89.56% ± 2.81 NF-кB translocation at 1 hour (p > 0.0001), 

imiquimod did not mediate the nuclear translocation of NF-кB at this time-point (Figure 6.2). This 

indicates that the near-immediate effect of imiquimod on BEC permeability/impedance is not due to the 

translocation of NF-кB. As TLR7 mRNA is not present in these cells (in line with previous research in the 

hCMEC/D3 line (J. Li et al., 2013; Nagyőszi et al., 2010)), there was no functional response to an array of 

TLR7 ligands, and the downstream mediators were neither translocated or secreted, it was concluded that 

imiquimod was acting via alternative receptors.   

 
 
Figure 6.2: Imiquimod does not induce NF-κB translocation   
Cells were treated 48-hours post-seeding with 1 ng/mL IL-1β or 5 µg/mL imiquimod and were fixed 1-hour post-
treatment. (a) Cells were immunostained for NF-κB; representative images are shown. (b) 
The percentage of positively translocated NF-κB was determined by automated image analysis. Data shows the 
mean ± SD (n = 6) of one independent experiment representative of 3 experimental repeats. * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test).  
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6.2.4 IBMX inhibits imiquimod  
As imiquimod did not signal via the traditional TLR-7 or cytokine methods (i.e. NF-кB signalling), it was 

hypothesised that imiquimod was mediating an elevation in cAMP through some alternative receptor. 

The relationship between cAMP and endothelial monolayer permeability has been well studied, as the 

addition of cAMP derivatives to endothelial cell culture has been found to improve in vitro morphology 

(by increasing F-actin, ZO-1), reduce paracellular permeability, and increase TEER in a PKA-dependent 

and independent manner (Beese, Wyss, Haubitz, & Kirsch, 2010; Ishizaki et al., 2003; Torok, Huwyler, 

Gutmann, Fricker, & Drewe, 2003).  

Changes in endothelial monolayer impedance are likely to be due to alterations in TJ and AJ protein 

expression and location.  Increases in cAMP and PKA activation induce a more uniform cell shape in 

HUVECs in addition to an increase in the linear continuity of the junctional expression of ZO-1, claudin-

5, JAM-A and occludin (Beese et al., 2010). Derivatives of cAMP also increase the mRNA and protein 

levels of claudin-5 and occludin in a PKA-dependent manner. In porcine BEC, cAMP increases claudin-5 

expression, and induces linear continuity in the junctional expression of ZO-1, ZO-2, claudin-5, occludin 

and CD144, in a PKA-dependent manner (Beese et al., 2010; Ishizaki et al., 2003).  

Stimulation of the cAMP pathway in endothelial cells has also been shown to inhibit increases in 

permeability by angiogenic compounds, with cAMP derivatives reducing thrombin-induced permeability 

in HUVECs, and forskolin and IBMX attenuating the thrombin-induced reduction in electrical impedance 

(Beese et al., 2010; J. Qiao, Huang, & Lum, 2003). 

Elevations in intracellular cAMP concentrations are commonly used to analyse the activation of the A2B 

and A2A receptors. However the cAMP assay commonly utilised depends on IBMX as a 

phosphodiesterase (PDE) inhibitor, required for the accumulation and subsequent measurement of cAMP. 

IBMX is known to be an adenosine receptor antagonist, and thus results using this method were 

inconsistent. Attempts were made to analyse the cAMP concentrations every 2 minutes following 

treatment (up to 20 minutes) without the addition of IBMX; however, these results were again inconsistent 

(data not shown).   

6.2.5 6-Bnz-cAMP increases BEC barrier impedance  
As PKA has been found to be the primary modulator of cAMP-dependent endothelial permeability, it was 

hypothesised that activation of this kinase would mimic the imiquimod-mediated changes in barrier 

impedance. To confirm PKA involvement in imiquimod-mediated barrier changes, a range of 

concentrations of 6-Bnz-cAMP, a cell-permeable cAMP analogue which selectively activates PKA, was 

administered to BEC. 6-BNZ cAMP increased BEC barrier impedance in a dose-dependent manner, with 
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500 µM inducing a similarly significant increase at 4-, 24- and 48-hours post-treatment as imiquimod (4 

hours; p < 0.001, 24 hours and 48 hours; p < 0.0001) (Figure 6.3 a & b). 

 

Figure 6.3: 6-Bnz-cAMP increases BEC barrier impedance   
BEC were grown on an xCELLigence 96 well plate, and, when confluent, treated with (a) 6-Bnz-cAMP 
500 µM (blue), vehicle (black) or imiquimod 5 µg/mL (green).  The vertical red line at 48 hours indicates 
the  time of treatment, black lines are indicative of times 4-, 24- and 48-hours post-treatment. (b) Normalised cell 
index at 4-, 24-, and 48-hours post-treatment. Data shows the mean ± SD (n = 3) of one independent experiment 
representative of 3 experimental repeats.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-
way ANOVA with Fischer’s post-test). 
 

6.2.6 H-89 blocks imiquimod mediated increases in BEC impedance 
H-89 has previously been observed to inhibit A2B receptor mediated increases in barrier function in human 

microvascular endothelial cells, indicating that the PKA pathway is a crucial modulator of endothelial 

barriers (Comerford, Lawrence, Synnestvedt, Levi, & Colgan, 2002). A concentration range of 1 µM to 20 

µM H-89 was administered to BECs prior to imiquimod treatment and the temporal changes in barrier 
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impedance measured with the xCELLigence biosensor. Administration of 20 µM and 10 µM H-89 

reduced monolayer impedance, and the former was significantly different to vehicle-treated BECs at 24- 

and 48-hours post-treatment (24 hours; p > 0.0001, 48 hours; p > 0.01) (Figure 6.4b). db-cAMP is added 

to the M199 endothelial growth media for the above-mentioned benefits in barrier function, and this may 

constitutively activate PKA. As H-89 may inhibit this constitutive function, there may well be adverse 

effects on junctional proteins and consequently barrier impedance. In addition to this, 20 µM H-89 

significantly inhibited imiquimod-mediated increases in monolayer impedance at 24- and 48-hours (p > 

0.0001), and the overall temporal cell index was not significantly different to H-89 treated BEC (Figure 

6.4 a & b). 10 µM H-89 also inhibited the imiquimod-mediated change in  BEC barrier impedance, to a 

lesser extent (Figure 6.10 c & d).   

 In contrast to this, 1 µM H-89 did not inhibit the imiquimod mediated increase in BEC cell index, and 1 

µM H-89/imiquimod co-treated BECs had a significantly higher cell index than 1 µM H-89 treated BECs 

(p < 0.001) (Figure 6.4 e & f). This indicates that H-89 can dose-dependently inhibit imiquimod-mediated 

increases in BEC impedance, and thus imiquimod may exert these effects through the PKA pathway. 

While H-89 has been extensively used as a potent PKA inhibitor; it has also been found to inhibit at least 

eight alternative kinases at the concentrations used above (Lochner & Moolman, 2006). 

Together with the PKA activation data, this indicates that the barrier-enhancing effects of imiquimod are 

(at least partially) effected through the PKA pathway. 
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Figure 6.4: H-89 dose-dependently blocks imiquimod mediated increases in BEC 
impedance  
BEC were grown on an xCELLigence 96 well plate, and, when confluent, were treated with (a) H-89 20 µM (c) H-
89 10 µM or (e) H-89 1 µM for 30 minutes. Cells were then either treated with vehicle (black) or imiquimod 5 
µg/mL (blue). The vertical red line at 67 hours indicates the time of treatment, black lines are indicative of 
times 24- and 48-hours post-treatment. (b, d and f) Normalised cell index at 0-, 24-, and 48-hours post-treatment. 
Data shows the mean ± SD (n = 3) of one independent experiment representative of 3 experimental repeats.  * = p < 
0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
  



 

 200 

6.2.7 6-Bnz-cAMP can attenuate the production of pro-inflammatory chemokines and cell-adhesion 
molecules 

Adenosine was first shown to attenuate the secretion of pro-inflammatory mediators in HUVECs in 1996, 

and inhibition or siRNA knockdown of PKA has been shown to increase VCAM-1 mRNA in  human 

aortic endothelial cells,  through the interaction of PKA with the transcription factor Fox01 (Bouma, 

Wildenberg, & Buurman, 1996; J.-W. Lee, Chen, Pullikotil, & Quon, 2011). 

As 6-Bnz-cAMP replicated the imiquimod-mediated increases in barrier impedance, it was hypothesised 

that this pathway could also be responsible for the attenuation of TNFα-induced inflammation. Treatment 

of BECs with the PKA selective 6-Bnz-cAMP did not induce the production or release of any of the 

measured analytes. The cultured media of BECs co-treated with TNFα/6-Bnz-cAMP contained 

significantly less sVCAM-1 (p < 0.001) and IP-10 (p < 0.01), and RANTES was non-significantly 

reduced (Figure 6.5). Interestingly, 6-Bnz-cAMP did not inhibit cell proliferation (as measured by nuclei 

stain and automated image analysis, data not shown); thus imiquimod is not acting through the PKA 

pathway in this instance. The reduction in sVCAM-1 and IP-10 are similar to that observed following 

imiquimod/TNFα co-treatment, indicating that imiquimod may be exerting these effects through 

activation of the PKA pathway. 

6.2.8 A2B mRNA is present at high levels in primary endothelial cells and BEC 
As the PKA signalling data indicated that imiquimod was acting through elevations in cAMP followed by 

PKA activation, it was hypothesized to be activating either the A2A or A2B receptor. BECs were grown for 

48 hours prior to RNA collection, to mimic the conditions when they were responsive to imiquimod. 

qPCR was conducted to determine the presence of adenosine receptor mRNA. The A1 and A3 receptors 

were not present in the BECs; however, the A2B receptor mRNA was present at significantly higher levels 

(around 1.5 fold higher, p < 0.05) than the A2A receptor (Figure 6.6a). Three cases of primary human brain 

endothelial cells were analysed for the presence of the A1, A2A and A2B mRNA and similarly, A1 mRNA 

was not present, and the A2B receptor mRNA was more abundant than A2A (however this result was not 

significant) (Figure 6.6b). This indicates that, of the known adenosine receptors, A2A and A2B receptors are 

present in brain endothelial cells and are therefore candidates for mediating the effects of imiquimod.  
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Figure 6.5: 6-Bnz-cAMP can attenuate the production of pro-inflammatory chemokines 
and cell-adhesion molecules  
Cells were grown for 48 hours before treatment with 500 µM 6-Bnz-cAMP, TNFα 1 ng/mL, 6-Bnz-cAMP 500 
µM + TNFα 1 ng/mL or vehicle. 48 hours post-treatment the media was removed, and the concentration of soluble 
factors were measured by multiplexed cytometric bead array. Data shows the mean ± SD (n = 3) of one independent 
experiment representative of 2 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 
0.0001. (One-way ANOVA with Fischer’s post-test). 
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Figure 6.6: A2A and A2B receptor mRNA is present in primary endothelial cells and 
BEC  
(a) BEC were grown for 48 hours prior to RNA extraction and cDNA synthesis. The levels of A1 receptor, A2A 
receptor, A2B receptor and A3 receptor mRNA was assayed by qRT-PCR. Data shows the mean ± SD (n = 3) of 
3 independent repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with 
Fischer’s post-test). (b) RNA was extracted from primary BEC and the levels of A1 receptor, A2A receptor and A2B 
receptor mRNA was assayed by qRT-PCR. Data shows the mean ± SD (n = 3) of 3 independent cases. * = p < 0.05, 
** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
 

6.2.9 Adenosine receptor expression 
 Immunocytochemistry was performed to support the qPCR observations.  There was minimal staining 

detected using the antibody against the A2A receptor in the BEC, however some signal was detected in the 

human primary brain endothelial cells (Figure 6.7a). 

In contrast antibodies for the N- and C-terminals of the A2B receptor showed that the BECs express this 

receptor. Live-labelling experiments were conducted where the N-terminal antibody, which detects the 

extracellular domain of the A2B receptor, detected abundant receptors on the surface of the BEC (Figure 

6.7b). Following fixation of the cells, antibody staining was still detected, but the antibodies were not as 

effective under these conditions (Figure 6.7c). These data indicate that the A2A receptor is detectable at the 

mRNA level, whereas A2B is detectable at both the mRNA and receptor level in the BECs. 
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Figure 6.7: Adenosine receptor expression   
Cells were grown for 48 hours (BECs)  or 96 hours (primary cells) fixed (a)  and (c), or live stained (b) with 
antibodies for the (a) A2A receptor, (b) A2B receptor  extracellular N-terminal, or the A2B receptor intracellular C-
terminal, (c)  the A2B receptor. Data shows images from one experiment, representative of 3 independent repeats. 
Primary cell data shows images representative of one case. 
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6.2.10 The A2B receptor agonist induces an increase in BEC resistance 
As the A2B receptor mRNA and protein expression, and A2A mRNA expression had been established, it 

was hypothesised the A2B receptor would induce an increase in barrier impedance, similar to that observed 

with imiquimod treatment. Additionally, it was hypothesised that A2A receptor agonists/antagonists would 

not mediate any changes in barrier impedance, in line with the observed lack of receptor expression.  

BECs were treated with a wide range of concentrations of the A2A and A2B receptor agonists and 

antagonists to ascertain (a) that the expressed receptors were functional, and (b) to identify which 

receptor-mediated a response similar to that of imiquimod. While the A2A receptor agonist did not mediate 

an effect, the A2A receptor antagonist mediated a slight increase in barrier resistance in the first 4 hours, 

however, in contrast to imiquimod-treated BEC, this was not sustained for the 24 hours period (Figure 

6.8a & b). This suggests that functional A2A receptors are indeed present.  

In stark contrast, the A2B receptor agonist (BAY60-6583) agonist caused an increase in BEC impedance, 

inducing an almost identical temporal profile as the imiquimod treated BEC (Figure 6.8c). Both 

imiquimod treated, and A2B receptor agonist treated temporal changes were significantly different to 

control (p < 0.05), but were not significantly different from each other as the profiles were almost 

indistinguishable. 

In contrast to this, the A2B receptor antagonist PSB1115 did not alter the BEC paracellular barrier 

resistance (Figure 6.8d).  

These responses confirmed that the hCMVEC BEC line expresses functional A2B receptors, and agonism 

of this receptor mediates an effect almost identical to imiquimod.  

6.2.11 The A2B receptor agonist does not induce the secretion of any pro-inflammatory mediators 
Previously it was found that imiquimod did not increase the secretion of any of the pro-inflammatory 

mediators produced by the BECS. Therefore, the BECS were similarly treated with the A2A and A2B 

receptor  agonists and antagonists and the secretome was analysed. Similarly to imiquimod, the A2B 

receptor agonist did not induce an increase in the secretion of any of the pro-inflammatory analytes, but 

reduced the secretion of MCP-1( p< 0.05) (Figure 6.9). In contrast, the A2A receptor antagonist 

significantly increased the production of IL-6 and RANTES, indicating that though the A2A receptor 

antagonist transiently increases barrier integrity, it is unlikely to be mediating the imiquimod-effects on 

the pro-inflammatory secretome. 
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Figure 6.8: The A2B receptor agonist induces an increase in BEC resistance 
BEC were grown on an ECIS 96W20idf plate and were treated with (a) 10 µM CGS21680 (red), (b) 10 
µM SCH442416 (red), (c) 10 µM Bay 60-6058 (red), (d) 10 µM PSB-603 (red). In all treatments control (black) and 
imiquimod 5 µg/mL (green). The vertical red line at 83 hours indicates the time of treatment. Data shows the 
mean ± SD (n = 3) of one independent experiment representative of 3 experimental repeats.  * = p < 0.05, ** = p < 
0.01, *** = p < 0.001, **** = p < 0.0001. (two-way ANOVA with Bonferroni post-test). 
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Figure 6.9: The A2B receptor agonist and A2A receptor antagonist alter the BEC 
secretome.  
Cells were grown for 48 hours before treatment with 10 µM CGS21680, 10 µM SCH44-2416, 10 µM BAY 60-
6058, 10 µM PSB1115, 10 µM BAY 60-6058, or vehicle. 48 hours post-treatment the media was removed, and the 
concentration of soluble factors measured by multiplexed cytometric bead array. Data shows the mean ± SD (n = 3) 
of one independent experiment representative of 2 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 
0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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6.2.12 The A2B receptor agonist alters the electrical impedance of TNFα treated BEC 
As the A2B receptor agonist and imiquimod caused almost identical increases in BEC electrical 

impedance, it was hypothesised that A2B receptor agonist/TNFα co-treatment would significantly increase 

BEC impedance compared to TNFα-treated BEC, in a manner similar to imiquimod.  

As expected the A2B receptor agonist Bay-60-6583/TNFα co-treated BEC had a significantly higher 

paracellular resistance than the TNFα treated BEC, 4 hours post-treatment (p < 0.0001) (Figure 6.10 a & 

b), before returning the TNFα-treated levels by 24 hours. A 2-way ANOVA analysis showed that the 

temporal impedance of the TNFα or TNFα/BAY-60-6583 co-treated BEC were significantly different (p < 

0.01). These data indicate again that the A2B agonist can increase paracellular resistance, and can increase 

the paracellular resistance when a pro-inflammatory stimulus is present, in an identical manner to 

imiquimod. 

 

 
Figure 6.10: The A2B receptor agonist alters the electrical impedance of TNFα treated 
BEC  
BEC were grown on a 96w20idf ECIS plate and were treated with (a) 10 µM BAY60-6058 (green), TNFα 1 ng/mL 
(red), BAY60-6058 10 µM + TNFα 1 ng/mL (blue) or vehicle control (black) when confluent.  The vertical red 
line at 52 hours indicates the  time of treatment, black lines are indicative of times 4- and 24-hours post-treatment. 
b) normalized Rb at 4- and 24-hours post-treatment. Data shows the mean ± SD (n = 3) of one independent 
experiment representative of 3 experimental repeats.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 
0.0001. (One-way ANOVA with Fischer’s post-test). 
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6.2.13 The A2B receptor agonist alters the secretome of TNFα treated BECs. 
As the A2B agonist mediated similar changes (or lack of changes) in the BEC paracellular resistance and 

secretome, the ability of this ligand to attenuate the production of TNFα-mediated pro-inflammatory 

factors was analysed. 

When BEC were co-treated with the A2B agonist BAY60-6583/TNFα, the secretion of IP-10 and 

RANTES were significantly reduced (p < 0.0001 and p < 0.001 respectively),  when compared to the 

secretome of TNFα treated BECs (Figure 6.11). This is in line with the effect of imiquimod on the TNFα 

induced secretome (when normalised to cell number), thus again indicating that imiquimod may be acting 

as an agonist at the A2B receptor. 

6.2.14 The A2B receptor antagonist partially inhibits the A2B receptor agonist activity but does not inhibit 
imiquimod 

As the A2B agonist mediated almost identical changes in the BEC paracellular resistance, secretome, and 

response to TNFα as imiquimod, it was hypothesised that the imiquimod response could be inhibited by 

an A2B receptor antagonist. Pre-treatment with a range of concentrations (only 50 µM and 10 µM shown 

here) of the A2B receptor antagonist PSB1115 mediated a small but significant reduction in the 

paracellular resistance of A2B agonist treated BEC (Figure 6.12a p < 0.001). In contrast to this, antagonist 

treatment did not alter the BEC paracellular response to imiquimod (Figure 6.12b). Similarly, the A2B 

receptor antagonist did not inhibit the effect of imiquimod on the TNFα secretome, as 

PSB1115/imiquimod/TNFα treated BEC secreted less RANTES and IP-10 compared to TNFα-treated 

BEC (Figure 6.13) 
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Figure 6.11: The A2B receptor agonist alters the secretome of TNFα treated BECs.  
Cells were grown for 48 hours before treatment with 10 µM BAY60-6058, 1 ng/mL TNFα, 10 µM BAY60-
6058 + TNFα or vehicle. 48 hours post-treatment the media was removed, and the concentration of soluble factors 
was measured by multiplexed cytometric bead array. Data shows the mean ± SD (n = 3) of one independent 
experiment representative of 2 experimental repeats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 
0.0001 (One-way ANOVA with Fischer’s post-test). 
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Figure 6.12: The A2B receptor antagonist slightly reduces the effect of the A2B receptor 
agonist, but not imiquimod. 
BEC were grown on an ECIS 96W20idf plate and were treated with (a) PSB1115 10 µM, PSB1115 50 µM or 
Vehicle for 30 minutes before Bay60-6058 10 µM or Vehicle. (b) PSB1115 10 µM, PSB1115 50 µM or Vehicle for 
30 minutes before imiquimod 5 µg/mL or Vehicle. The vertical red line at 88 hours indicates the time of the first 
treatment. (d)  Data shows the mean ± SD (n = 3) of one independent experiment representative of 3 experimental 
repeats.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (two-way ANOVA with Bonferroni post-
test). 

 
Figure 6.13: The A2B receptor antagonist does not alter the effect of imiquimod.   
Cells were grown for 48 hours before treatment with 10 µM PSB1115 or vehicle for 30 minutes. Cells were then 
treated with TNFα 1 ng/mL, imiquimod 5 µg/mL, TNFα + imiquimod or vehicle. 48 hours post-treatment the media 
was removed, and the concentration of soluble factors were measured by multiplexed cytometric bead array. Data 
shows the mean ± SD (n = 3) of one independent experiment representative of 2 experimental repeats. * = p < 0.05, 
** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (One-way ANOVA with Fischer’s post-test). 
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6.3 Discussion  
This chapter aimed to determine the possible mechanism by which imiquimod mediated an increase in 

paracellular barrier resistance, altered junctional protein expression, and cytokine and chemokine 

secretion. Imiquimod is primarily used for its function as a TLR7 agonist; thus, the functional activation 

of this receptor was studied. Previous research has indicated that these BEC do not express TLR7 mRNA 

and thus will not express the functional receptor. In addition to this, BECs were treated with numerous 

commercially available TLR7 selective agonists, which did not mediate an effect on barrier impedance. 

This indicates that not only do these potent and selective agonists not affect barrier impedance, but they 

also do not affect the morphology of the endothelial cells. In addition to this, NF-кB translocation was 

analysed 1-hour post-imiquimod treatment. As mentioned previously, TLR7 activation leads to NF-кB 

translocation via the MyD88 pathway; however, imiquimod did not induce NF-кB translocation 1-hour 

post-treatment. In addition to this, imiquimod did not mediate the production of the type I IFN, IFNα. 

However, Poly(I:C) treated BEC did not induce the secretion of this cytokine, as would be expected 

following TLR3 activation, indicating that these BEC may not secrete IFNα. When taken together these 

data indicate that imiquimod is not mediating the observed changes in BEC permeability and the 

attenuating effects on other pro-inflammatory cytokines or TLR agonists via activation of the TLR7 

receptor.  

As the ability of cAMP to increase TEER and barrier resistance is well documented, it was hypothesized 

that imiquimod was elevating the levels of intracellular cAMP through an unknown mechanism (Fukuhara 

et al., 2005; Noda et al., 2010; Patterson, Lum, Schaphorst, Verin, & Garcia, 2000). Initial attempts were 

made to analyse the levels of cAMP present intracellularly following stimulation; however, the 

phosphodiesterase inhibitor IBMX, used to inhibit the breakdown of cAMP, is an adenosine receptor 

inhibitor and thus would have altered the results (O. H. Choi, Shamim, Padgett, & Daly, 1988). Additional 

attempts to measure cAMP production in real time (without the use of a PDE inhibitor) were unsuccessful. 

Therefore BEC were treated with 6-Bnz-cAMP, which selectively activates the PKA pathway. This lead 

to the observation that PKA activation could mediate an increase in barrier resistance similar to 

imiquimod treated BEC. In line with this, inhibiting PKA using H-89 dose-dependently inhibited 

imiquimod mediated increases in barrier impedance.  

PKA activation is the principal method by which cAMP has been shown to mediate reductions in 

paracellular resistance and endothelial permeability (Anna A Birukova, Liu, Garcia, & Verin, 2004; 

Lorenowicz, Fernandez-Borja, Kooistra, Bos, & Hordijk, 2008; Lum et al., 1999). A study by Qiao et al., 

in the dermal HMEC-1 line found that forskolin-induced increases in cAMP inhibited thrombin-mediated 

RhoA activation via a PKA-dependent mechanism (Jing Qiao et al., 2008; J. Qiao et al., 2003). 
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EPAC signalling has also been shown to mediate reductions in barrier permeability; research using an 

alternative human dermal endothelial cell line showed that forskolin and O-Me-cAMP, which selectively 

activates EPAC, could increase TER (as measured by ECIS) over 60 minutes (Baumer, Drenckhahn, & 

Waschke, 2008). Forskolin induced an almost 80% increase in TER, whereas O-Me-cAMP induced a 40% 

increase, both of which were significant. In contrast to the imiquimod mediated changes in CD144, 

indicative of cellular overlap, un-treated dermal cells exhibited the distinctive CD144 cellular overlap 

phenotype, whereas treatment with forskolin or O-Me-cAMP led to a 50% loss of junctional width, 

mediating a more linear CD144 junctional arrangement. These changes were observed 1-hour post-

treatment, so it may be that by 4 hours, imiquimod treated cells have become less linear. Alternatively, 

this linearization of CD144 may be a factor of EPAC activation, distinct from PKA activation, which has 

not been analysed following imiquimod treatment.  

Previous research into Rac1 and RhoA activation found that elevations in cAMP and EPAC both mediate 

an increase in Rac1 and partial recruitment to the cell membrane, but do not affect RhoA under resting 

conditions (Baumer et al., 2008; Anna A. Birukova, Zagranichnaya, Alekseeva, Bokoch, & Birukov, 

2008). Downstream of Rac1, cAMP and EPAC activation has been shown to reduce the number of actin 

stress fibres, and increase cortical actin and the expression of cortactin at intercellular junctions (Cullere et 

al., 2005). Similarly to the observations that imiquimod attenuates the TNFα/IL-1β/IFNα/IFNγ/IL-4 

mediated changes in barrier impedance, increases in cAMP have been shown to attenuate thrombin-

induced barrier breakdown through the inhibition of Rac1 inactivation (thrombin may cause Rac1 

inactivation by reducing cAMP) and RhoA activation (Baumer et al., 2008; Anna A. Birukova et al., 

2008). This is hypothesised to be the mechanism by which imiquimod is attenuating the TNFα, IL-1β, 

IFNα, IFNγ and IL-4 mediated barrier breakdown.  

6.3.2 Cell proliferation, PKA activation and alterations in the BEC secretome 
Of interest, 6-Bnz-cAMP did not inhibit cell proliferation, thus indicating that imiquimod was acting via 

an alternative pathway. cAMP has been shown to regulate cell proliferation of human keratinocytes, 

inhibiting the proliferation of confluent cells in an extracellular-signal regulated kinases (ERK) 

phosphorylation and  Rap-1 dependent mechanism (H. Takahashi et al., 2004). Additionally, cAMP has 

been shown to inhibit the proliferation of rat aortic endothelial cells and HUVECs, independently of PKA 

activation and the consequent modulation of ERK1/2 (Torella et al., 2009). In line with this, β-adrenergic 

receptor activation may inhibit the proliferation of human airway smooth muscles cells through an EPAC-

dependent mechanism (Kassel, Wyatt, Panettieri Jr, & Toews, 2008). Recent research using neonatal rat 

cardiac fibroblasts found that A2B receptor activation and consequent increases in cAMP could inhibit 

endothelin-1 mediated increases in cell proliferation through the activation of EPAC1 and consequent 
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activation of the PI3K and AKT pathways (Phosri et al., 2017). It is hypothesised that imiquimod inhibits 

the proliferation of the confluent BECs through an increase in cAMP which promotes EPAC1 activation, 

PI3K and AKT pathways.  

While selective activation of the PKA pathway did not inhibit cell proliferation, 6-Bnz-cAMP treatment 

did mediate reductions in the secretion/cleaving of sVCAM-1, IP-10 and RANTES. The attenuation of the 

production of these pro-inflammatory factors was also observed following imiquimod and TNFα co-

treatment (prior to cell-number normalisation), indicating that this may occur through a PKA dependent 

mechanism. cAMP elevation has been previously observed to inhibit TNFα- induced VCAM-1 mRNA 

and protein expression in HUVECs, however, similarly to that observed in this study, it does not affect 

ICAM-1 expression (Pober, Slowik, De Luca, & Ritchie, 1993). In addition to this, later research observed 

that human airway smooth muscles cells pre-treated with forskolin or dibutyl cAMP attenuated the TNFα-

induced secretion of RANTES while increasing IL-6 secretion (Ammit et al., 2000). Research in human 

keratinocytes found that forskolin mediated increases in cAMP attenuated the IFNγ induced increases in 

IP-10 (Boorsma et al., 1999). This research indicates that imiquimod is attenuating the production of IP-

10, RANTES and sVCAM-1 in a PKA-dependent manner. 

One mechanism by which imiquimod and PKA may mediate these changes is through the inhibition of 

NF-кB translocation. As observed in chapter 3, imiquimod can partially inhibit TNFα induced NF-кB 

translocation. Increases in cAMP and subsequently PKA has been shown previously to inhibit NF-кB 

reporter gene expression in Jurkat T-lymphocytes and HeLa cells, through modification of the 

transactivation domain of the p65 subunit (N. Takahashi, Tetsuka, Uranishi, & Okamoto, 2002). 

Additionally, adenosine, cAMP and PKA have been shown to inhibit the phosphorylation and degradation 

of the NF-кB inhibitor in the chicken B cell lymphoma DT40 line (Minguet et al., 2005). 

However, as mentioned previously, imiquimod did not affect the BEC secretome equally. IP-10 and 

RANTES were consistently downregulated, while sICAM-1, sVCAM-1, MCP-1, IL-6 and IL-8 were 

differentially regulated. Similarly to this, imiquimod did not affect NF-кB translocation equally and did 

not inhibit translocation in LPS, and IL-1β treated BEC, and only partially in Poly(I:C) treated BEC.  

In line with this, cAMP regulation of NF-кB activity is considered to be cell type and treatment 

dependent, and it has not been analysed in endothelial cells (Gerlo et al., 2011). In HUVECs, Forskolin, 

Bt2cAMP, Cilostazol and adiponectin treatment increase cAMP which attenuates TNFα, thrombin and IL-

1β mediated NF-кB activity (Ghersa et al., 1994; Ollivier, Parry, Cobb, De Prost, & Mackman, 1996; 

Otsuki et al., 2001; Ouchi et al., 2000). 

As imiquimod does not alter NF-кB translocation in IL-1β or LPS treated BECs; cAMP elevation must be 

altering alternative pathways. The canonical signalling pathway of type I IFNs and thus IFNγ, is the JAK-
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STAT pathway, and IFNγ and IL-4 signal through the JAK-STAT and the PI3K/AKT pathways (Ivashkiv 

& Donlin, 2014). Forskolin mediated increases in cAMP have been shown to reduce the phosphorylation 

of STAT-1 and STAT-3 in HUVECs and increase the expression of SOCS-3, part of the negative 

feedback regulatory loop that inhibits JAK recruitment and phosphorylation of STAT proteins (Sands & 

Palmer, 2005).  EPAC has been found to activate the (SOCS-3) gene to inhibit the signalling of various 

receptors through JAK-STAT inhibition. Thus imiquimod may be acting through these mechanisms to 

alter the BEC response to IL-4, IFNα and IFNγ. 

6.3.3 Imiquimod-mediated activation of adenosine receptors 
There is a distinct lack of research into the activity of imiquimod at alternative receptors. Research has 

found that imiquimod acts as a partial antagonist and as an agonist at the A2A receptor and has 

pharmacology at the A2B, A1 and A3 receptors (M. P. Schön et al., 2006). The brain endothelial line 

hCMEC/D3  has been  analysed, and the mRNA for the A1, A2A, A2B receptors have been found, with the 

levels differing dependent on culture conditions (Mills et al., 2011). Therefore it was hypothesised that 

imiquimod was acting as either an agonist or an antagonist at one of the adenosine receptors. 

The BEC mRNA and protein expression were analysed to determine whether adenosine receptors are 

present in the BEC at the time of treatment. qPCR analysis showed that both the A2A and A2B receptor 

mRNA are present in the BEC 48 hours post-treatment, however, the A2B receptor mRNA is significantly 

higher than the A2A.  Of interest, a similar but non-significant trend was observed in primary brain 

endothelial cells.  Further, live, and fixed cell staining confirmed the expression of the A2B receptor at the 

BEC membrane, with A2a receptor expression at lower than detectable levels. This, therefore, leads to the 

hypothesis that imiquimod is acting either as an agonist or an antagonist at the A2B receptor, with the 

former more likely based on the PKA data. Addition of the A2A and A2B receptor agonists and antagonists 

showed that the A2B receptor agonist, Bay60-6583 mediated an almost identical increase in barrier 

impedance, and that the A2B receptor antagonist PSB1115 did not alter the BEC barrier resistance. An 

alternative A2B receptor antagonist PSB-603, thought to be a negative allosteric modulator mediated a 

sustained loss of barrier impedance (Goulding, May, & Hill, 2018). Similarly to imiquimod treatment, 

Bay60-6058 increased the paracellular resistance and attenuated the production of RANTES and IP-10 in 

TNFα-treated BEC. To my knowledge this is the first time that an A2B receptor agonist has mediated 

protective effects in human BECs. Additionally, these data indicate that imiquimod is acting as an agonist 

of the A2B receptor in the BECs.  

However, following the failure of siRNA-mediated A2B receptor knockdown, attempts to inhibit the 

imiquimod mediated effects on the BEC paracellular resistance also failed. The antagonist PSB1115 

partially (but significantly) inhibited the A2B receptor agonist effect.  
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There are a number of reasons why neither imiquimod or the A2B receptor are completely inhibited by 

high concentrations of the A2B antagonist, for example both ligands could be activating an (as yet 

unknown) alternative adenosine-like receptor that is not antagonised by the PSB1115 antagonist, but 

mediates elevations in cAMP and activates the PKA pathway.  

The pharmacology of imiquimod at the adenosine receptors is complex, with Schon et al., surmising that 

imiquimod acts as a partial antagonist with the highest affinity for A1 and A2A receptors (M. P. Schön et 

al., 2006). While the A2A receptor agonist did not mediate a change in BEC paracellular resistance, the 

antagonist did alter the basal levels of some pro-inflammatory mediators. The A2A receptor antagonist also 

mediated a transient increase in BEC paracellular resistance, indicating that there is endogenous activation 

of the receptor. Thus, imiquimod may be acting as an antagonist at this receptor, retaining activity when 

the A2B receptor is partially inhibited. Previous research has found that the A2A receptor agonist Lexiscan 

mediates a rapid, transient and slight reduction in the TEER of human primary brain endothelial, and thus 

antagonism (as shown in this chapter) would mediate an increase in barrier resistance (Kim & Bynoe, 

2015). However, if imiquimod is working in this manner, it would be expected that the A2B receptor 

antagonist would still alter the imiquimod-mediated changes in BEC paracellular resistance. Similarly, it 

would be expected that the A2A receptor agonist would mediate a reduction in barrier resistance, and this 

was not observed. 

An alternate hypothesis is that of receptor-receptor allosteric modulation. Recent research has found that 

co-expression of A2B and A2A receptors in rats can form a heterodimeric complex (Sonja Hinz et al., 

2018). This alters the pharmacology at the A2A receptor by blocking the binding of the A2A selective 

agonist CGS21680 and antagonist MSX. This was hypothesised to be a result of either A2B receptor-

mediated changes to the A2A receptor binding site or through the induction of A2B-like properties in A2A 

receptor signalling. The orthosteric binding sites of the receptors are nearly identical (with just one amino 

acid different), however the affinities for adenosine are very different. The discrepancy in affinity for 

adenosine could be caused by receptor-receptor allosteric modulation which thus affects the orthosteric 

site. Normal canonical signalling is observed when the A2A receptor is expressed at higher levels than the 

A2B receptor (Sonja Hinz et al., 2018).  

This hypothesis is in line with the lack of response observed in the A2B receptor agonist treated BEC, and 

may explain the presence of mRNA but the limited protein expression, if the antibody cannot reach the 

correct epitope. However, the A2A receptor antagonist did mediate a small increase in paracellular 

resistance; therefore signalling may not be entirely inhibited by a heterodimeric complex. 

The final hypothesis is that imiquimod is acting as a positive allosteric modulator at the A2B receptor, 

enhancing the effect of endogenous adenosine. As the measurable effects of imiquimod (i.e. paracellular 
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barrier changes and attenuation of pro-inflammatory cytokines) are induced by both the A2B receptor 

agonist, and by PKA, a mediator of the downstream pathway, it would seem likely that imiquimod is 

exerting it’s effects via agonism of this receptor. Human brain endothelial cells have previously been 

shown to express CD73, required for the production of endogenous adenosine. Similarly, recent research 

has identified several compounds that can act as both positive and negative allosteric modulators of the 

A2B receptor (Trincavelli et al., 2014). While knowledge of the pharmacology of imiquimod at the 

adenosine receptors is relatively limited, Bay60-6058 has been well characterised. However, the 

pharmacology of Bay60-6058 is also relatively complex, and has been found to have activity as a biased 

agonist, a partial agonist (antagonising the effects of NECA and adenosine) or an antagonist (in mouse 

pancreatic cells) (Gao, Balasubramanian, Kiselev, Wei, & Jacobson, 2014; S. Hinz, Lacher, Seibt, & 

Muller, 2014). Thus, while PSB1115 is a classical competitive antagonist, the interaction with Bay60-

6058 may be more complicated than a simple agonist/antagonist interaction. Therefore, while the above 

results of Bay60-6058 are reported as that of a classical A2B receptor agonism, the pharmacology at the 

A2B receptor in these BEC may be more complicated. 

6.4 Conclusion 
In summary, the BEC did not express functional TLR7 receptors, but do express the A2A and A2B 

receptors. PKA activation/inhibition were able to replicate/attenuate the effect of imiquimod on the BEC 

barrier respectively, and PKA activation also replicated the attenuation of TNFα-mediated RANTES and 

IP-10 secretion. Activation of the A2B receptor mediated a similar increase in paracellular barrier 

resistance as is induced by imiquimod treatment, and had similar effects on the TNFα-mediated BEC 

secretome. However, antagonism of the A2B receptor was unable to inhibit/attenuate any of the imiquimod 

mediated effects.  
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 : General Discussion  

7.1 Summary of Major Findings  
The initial aim of this thesis was to analyse the sera of RRMS patients to determine the effect on BEC 

resistance, identify barrier-altering factors present in the sera and look at the individual effect of these 

factors on BEC resistance and the pro-inflammatory secretome. Prior to this, there has been a substantial 

amount of research into the components of MS sera and the CSF (Bartosik-Psujek & Stelmasiak, 2005; 

Bartosik‐Psujek et al., 2004; Y.-C. Chen et al., 2012; Dore-Duffy et al., 1995; Drulović et al., 1998; K. 

Hohnoki et al., 1998; Kallaur et al., 2017; Losy et al., 1999; Martins et al., 2011; Stelmasiak et al., 2000). 

This thesis expands on the panel of measured analytes and attempts to determine which factors contribute 

to BBB breakdown. Only the concentration of IL-1β was increased in the small number of sera which 

induced barrier breakdown; however, IL-1β, TNFα, IFNα, IFNγ and IL-4 all mediated temporal changes 

in barrier resistance. IL-4 was the only cytokine to induce a sustained loss of resistance, in line with 

previous research in systemic endothelial cells. In contrast, IL-1β, TNFα, IFNγ and IFNα mediated a bi-

phasic change in barrier resistance, with the reduction in resistance hypothesised to be caused by the 

contraction of actin stress fibres, mediated by RhoA signalling. The increase in resistance was thus 

hypothesised to be a result of an expansion in the area of the cell-cell junction, caused by cell spreading 

and consequent overlap which could be mediated by activation of Rac1. Cellular overlap would increase 

the number of intercellular contacts, thus making the barrier ‘tighter’. Barrier recovery following exposure 

to inflammatory mediators has not been well researched, as the expectation is that the barrier does not 

recover following insult. While it would be expected that a high concentration of a pro-inflammatory 

cytokine would mediate barrier breakdown and cell death, physiologically it would be problematic if an 

increase in systemic cytokines caused significant BBB breakdown. The change in paracellular resistance 

observed in this thesis may be indicative of a reversible opening of the barrier followed by an increase in 

barrier ‘tightness’ designed to mitigate further insult. However, as these results are reasonably 

contentious, further research to repeat the effect, and analyse the RhoA and Rac1 signaling pathways 

using additional models of the BBB is required.  

A secondary aim of this thesis was to analyse the effect of TLR ligands on the BEC resistance and pro-

inflammatory secretome. While the TLR3 and TLR4 ligands mediated an effect similar to IL-1β and 

TNFα, imiquimod treatment immediately increased the paracellular resistance of a BEC line. Prior 

research using an alternative TLR7 agonist, CL264, has shown that TLR7 activation can increase the 

TEER in primary murine brain endothelial cells (Daniels et al., 2014). However, this is the first instance in 

which imiquimod has been shown to increase the paracellular resistance of a human brain endothelial cell 

line. The increase in paracellular resistance mediated by imiquimod treatment was hypothesised to be a 
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result of the expansion of the area of the cell-cell junction caused by increased cell overlap. This was very 

similar to that observed following TNFα and IL-1β treatment and is thus hypothesised to be mediated by 

an increase in the activation of Rac1. The ability of imiquimod to increase the paracellular resistance and 

thus the ‘tightness’ of the BBB could have implications for future therapies, through the attenuation of 

barrier breakdown in diseases such as MS, AD and HD, and during stroke. It is thus of particular 

importance that imiquimod treatment did not induce an increase in the production of any of the pro-

inflammatory analytes measured.  

The ability of imiquimod to increase the paracellular resistance of the BEC barrier, combined with the 

lack of inflammatory activation led to the hypothesis that imiquimod would protect and maintain the 

integrity of the BEC barrier in a pro-inflammatory environment. As the BEC response to TNFα, IL-1β, 

IFNγ, IFNα, IL-4, Poly(I:C) and LPS had been characterised, the effect of imiquimod co-treatment on 

these was assessed. Imiquimod treatment mediated differential effects on the cytokine/TLR ligand treated 

BEC, however, a global increase in paracellular resistance and a reduction in the secretion of RANTES 

and IP-10 was observed. Of interest, imiquimod may not mediate the effects on the pro-inflammatory 

secretome via the same mechanisms, as the nuclear translocation of the transcription factor NF-кB p65 

was reduced in TNFα and Poly(I:C) treated BEC, but not in IL-1β and LPS treated BEC. This is the first 

reported instance of imiquimod causing an anti-inflammatory/protective response in human brain 

endothelial cells.  

Previous research has found that the hCMEC/D3 line, and the BEC used in this study, do not express the 

TLR7 receptor, and experiments into TLR7 function confirmed this (J. Li et al., 2013; Nagyőszi et al., 

2010).  Further research into potential signalling pathways found that PKA activation mediated an 

increase in paracellular resistance and attenuated the production of TNFα-mediated pro-inflammatory 

factors. In concordance with this, PKA inhibition also prevented imiquimod-mediated increases in 

paracellular resistance. These results therefore indicate that imiquimod may mediate some effects through 

the activation of the PKA pathway.  

Imiquimod has been found to activate/partially antagonise the adenosine receptors on numerous cell types, 

and agonism of the A2A and A2B receptors leads to PKA signalling. Adenosine receptor activation on 

endothelial cells has been shown to mediate increases in TEER in addition to numerous other anti-

inflammatory effects (Eckle et al., 2008; Hassanian, Dinarvand, & Rezaie, 2014; Nagavedi S Umapathy et 

al., 2010; Nagavedi Siddaramappa Umapathy et al., 2013). Thus, it was hypothesised that imiquimod was 

mediating a barrier enhancing effect through the activation of one (or more) adenosine receptors. BECs 

expressed the A2B and A2A receptors; however, it was activation of the former that induced an increase in 

paracellular barrier resistance almost identical to imiquimod, indicating that imiquimod is acting as an 
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agonist at the A2B receptor.  Similarly to the barrier enhancing effects, the A2B receptor agonist was able to 

replicate the attenuating effect of imiquimod on the TNFα secretome, mediating a significant reduction in 

the production of RANTES and IP-10.  However, an A2B receptor antagonist was unable to inhibit the 

barrier effect of imiquimod and only partially inhibited the effects of the A2B receptor agonist. This is the 

first time that imiquimod has been shown to increase the paracellular resistance of human BECs through 

the activation of PKA, and through the activation of similar pathways as the A2B receptor agonist Bay60-

6583. Additionally, it is the first time that imiquimod and Bay60-6583 have been shown to attenuate the 

pro-inflammatory effect of TNFα on the BEC secretome.  

7.2 Considerations and Caveats  

7.2.1 In vitro studies 
The use of an in vitro model comes with inherent benefits and limitations. In this study, cells were grown 

in static conditions (i.e. no flow) in a single cell monolayer, on a solid collagen coated PET surface. In 

contrast, physiologically, cerebrovascular endothelial cells are present in vessels, attached to a basement 

membrane and receive paracellular cues from other cells of the NVU (N. J. Abbott, 2002; W. A. Banks et 

al., 2017). In addition to this, cells undergo shear stress due to blood flow (Siddharthan, Kim, Liu, & Kim, 

2007). The differences between the culture conditions may lead to appreciable differences in the results of 

the study, as the cells may function differently in vivo.   

However, while there are distinct benefits to in vivo work, there is a limited translation from rodent based 

studies to effective therapies for neurodegenerative diseases (Zeiss, 2017). As there are species-based 

differences in the inflammatory response of rodent and human cells (for example the TLRs differ, and 

therefore the innate immune response to different PAMPs will differ), and the molecular composition of 

their tight junctions, it is imperative to study human cells in vitro prior to moving to in vivo models 

(Berndt et al., 2019).   

7.2.2 Use of a cell line 
 The limited use of primary human brain endothelial cells in this study is indicative of the challenges of 

working with these cells. Isolation of primary BECs is only performed on epilepsy tissue (the surgery of 

which occurs infrequently) with small numbers of cells isolated and grown before becoming senescent by 

passage 6-9 (Smyth et al., 2018). Thus, a recently characterised commercially available immortalised 

human brain endothelial cell line was studied for the majority of this thesis. These immortalised BECs 

express lower levels of a range of claudins (notably claudin-5), and consequently, the barrier produces a 

lower electrical resistance, as measured by ECIS (Smyth et al., 2018). An alternative (and highly utilized) 

immortalized BEC line the hCMEC/D3 line, express claudin-5, however comparisons to the hBMEC line 

found that though the latter had far lower expression of claudin-5,  TEER was higher than in hCMEC/D3 
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cells (Eigenmann et al., 2013). Recent research has found that while claudin-5 dominates the tight 

junctions in vitro, in vivo, claudin-1, -11, -12, -25, and -27 are all highly expressed (Berndt et al., 2019). 

While a recent honours project has determined that the hCMVEC line used in this research does not 

express claudin-5, the alternative expressed claudins are likely to be physiologically relevant.    

Immortalisation mediates numerous changes, and the increase in the rate of cell proliferation (while 

significant when considering the number and rate at which experiments could be performed) was a 

significant impediment in this study. Continual proliferation caused the cells to deteriorate more rapidly 

than first thought, and thus the maximum length of an experiment was 48 hours post-treatment. As 

imiquimod treatment inhibited cell proliferation, the pro-inflammatory secretome data in Chapter 5 were 

challenging to analyse. Future studies that repeat the majority of these experiments in primary human 

BECs would allow us to determine whether imiquimod is upregulating or downregulating pro-

inflammatory cytokines and chemokines.  

7.2.3 Use of a single cell culture model 
 Analysing the results of endothelial cells is key to understanding the impact of systemic cytokines and 

chemokines on the blood-brain barrier. However, when using single cell culture as a model of the BBB 

breakdown, numerous additional components need to be considered. While TNFα, IL-1β, IFNα, IFNγ, 

LPS and Poly(I:C) mediate a transient reduction in barrier resistance (indicative of an increase in 

permeability), following transendothelial migration, leukocytes must also traverse both the basement 

membrane and encapsulating pericytes (Rustenhoven, Jansson, Smyth, & Dragunow, 2017; S. Wang et al., 

2012). Pericyte signalling has a direct impact on endothelial ‘tightness’, and the cytokines that can 

traverse the cell monolayer will mediate a pericyte response (Rustenhoven et al., 2017). However, while a 

multi-cell model is more physiologically relevant, the complexity of such a model would not allow us to 

ascertain the effects of individual cytokines. Additionally, the use of the ECIS biosensor would be 

relatively limited as the modelling parameters require a cell monolayer. Thus, all resistance/permeability 

experiments would have to be performed using either the EVOM or tracer assays, with the inherent 

problems as noted earlier.  

7.2.4 Limitations of ECIS and xCELLigence technology as a measurement of TEER 
 There are many benefits to the use of biosensor technology when studying changes in cellular 

morphology and intercellular permeability, not least the high throughput and continuous monitoring which 

allowed us to observe changes that may be missed when measuring at fixed time-points (D. Kho et al., 

2015; Dan Ting Kho et al., 2017; Dan T Kho et al., 2017; O'Carroll et al., 2015; Wiltshire et al., 2016). 

The use of the FITC-dextran permeability assay confirmed that the ECIS technology is a more sensitive 

measure of BBB resistance, and both IL-4 and imiquimod mediated changes in BEC paracellular 
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resistance that were reflected in the results of the permeability assay. However, the transient bi-phasic 

response of BEC to TNFα treatment could not be observed using the FITC-dextran assay which indicates 

that the ECIS should be used primarily to identify interesting time-points which can later be analysed 

using more functional/physiologically relevant methods.   

There are obvious limitations to the use of biosensor technologies, primarily the use of non-permeable 

plates, which thus inhibits the measurement of any basolateral secretions, treatment of the basolateral 

surface and the measurement of true TEER. A recent study comparing the xCELLigence, ECIS and 

permeability tracer methods of barrier integrity, found that both the biosensors are more sensitive than 

macromolecular permeability assays (as the latter method observes the cumulative effect over many 

hours) to transient and/or rapid changes in the barrier (Bischoff et al., 2016). However, the study also 

found that when using small molecules that are not known to affect permeability directly (in this case 

blebbistatin which inhibits actin-myosin attachment) the impedance-based measurements and 

macromolecular permeability results differ. The discrepancies in these results were hypothesised to be a 

result of different cell phenotypes induced by growth conditions, i.e. grown on either semi-permeable or 

non-permeable structures (Bischoff et al., 2016). This, therefore, indicates that treatments that alter the 

cell impedance on the ECIS or xCELLigence must be confirmed to have affected monolayer permeability 

using a semi-permeable structure. While tracer assays were used in this research to confirm the 

permeability associated with different patterns of resistance (i.e. TNFα was studied in place of IL-1β, 

IFNα, IFNγ, LPS and Poly(I:C)), further research into the effect of all the pro-inflammatory 

cytokines/DAMPs on permeability should be conducted.  

7.3 Further research 

7.3.1 Receptor identification 
 Imiquimod mediated increases in paracellular resistance and attenuated the production of RANTES and 

IP-10 through a non-TLR7 mediated mechanism. The imiquimod-mediated effect on the BEC resistance 

could be inhibited and recreated using PKA targeting ligands (H-89 and 6-Bnz-cAMP respectively), and 

the PKA specific 6-Bnz-cAMP also attenuated the TNFα-mediated increase in RANTES and IP-10. 

Following a literature search, the adenosine receptors were postulated as a potential target, and the 

presence/absence of these receptors was determined. Following mRNA and protein-based confirmation of 

expression, an agonist of the A2B receptor, Bay60-6583 was found to mediate similar effects on BEC 

resistance and cytokine production. However, while the effects of Bay60-6058 were partially inhibited by 

antagonist (PSB1115) pre-treatment, the effects of imiquimod were not. There are a number of hypotheses 

for which receptor(s) are mediating the effects of imiquimod.  The first is that imiquimod and Bay60-6583 

are either acting through different receptors (e.g. an alternate adenosine-like receptor) or that imiquimod is 
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acting as an agonist at the A2B receptor and an antagonist at the A2a receptor. Additionally the A2A and 

A2B receptors may be forming a heterodimeric complex which allows the imiquimod ligand to bind to an 

orthosteric site, but the competitive antagonist cannot bind (Sonja Hinz et al., 2018).  

To determine which (if any) of these hypotheses are correct would require tools that are not currently 

available. If imiquimod is binding to a single receptor as an orthostric or positive allosteric modulator, 

determination of the receptor would require a suitable heterologous expression system (with and without 

the receptor, and without alternative adenosine receptors and TLR7), a tagged antagonist that inhibits the 

(tagged) imiquimod effect, and a more sensitive method of measuring adenosine receptor activation 

(ideally cAMP accumulation with an alternative PDE). If the imiquimod is activating a heterodimeric A2A 

and A2B receptor complex, the heterologous expression system would require the co-expression of the A2A 

and A2B receptors in a heterodimeric complex.  

7.3.2 Imiquimod as a therapy 
Imiquimod is an FDA approved imidazoquinoline and is used in the treatment of superficial basal cell 

carcinoma among others (Beutner et al., 1998; Bubna, 2015; Dika et al., 2018; Kan et al., 2012; Murray et 

al., 2018; Pancevski et al., 2018). The research completed in this thesis shows the potential of imiquimod 

as a barrier enhancing treatment; however, if used as a therapy, imiquimod-mediated activation of TLR7 

would induce a potent pro-inflammatory response within the systemic circulation, and high concentrations 

are likely to be cytotoxic (as shown in chapter 2). Recent research into nano-particle mediated drug 

delivery has found that imiquimod encapsulated in polymeric nanoparticles can function in a 

chemopreventative manner in a murine model (Dias et al., 2018). Nanoparticles have been used to deliver 

a wide variety of antiretroviral drugs, peptides, proteins and nucleic acids to the BBB, and encapsulating 

them in this manner increases the stability, targeting and control with which drugs can be released. There 

is a plethora of research into the methods of encapsulation, endocytosis and transport of nanoparticles 

across the BBB (reviewed in (Y. Zhou, Peng, Seven, & Leblanc, 2018)), and thus this could be a method 

by which imiquimod is ‘hidden’ from the cells of the systemic circulation to act directly on the BBB. 

However further research is required into the specific receptor that imiquimod is targeting, and the 

mechanism(s) by which imiquimod is mediating changes in the barrier resistance and pro-inflammatory 

response of BECs.  

 7.3.3 Adenosine receptor agonists/antagonists as therapies 
Directly targeting the A2B receptor may be a more plausible therapy. The A2B receptor is expressed at low 

levels basally, and activation requires higher concentrations (in the micromolar range) of adenosine than is 

required at the A1, A2A and A3 receptors . However, despite this, the generation of knockout models has 

shown that the A2B receptor is essential in the maintenance of vascular integrity and the attenuation of 
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base-line inflammation.  Following a pro-inflammatory stimulus, hypoxia (through the hypoxia-inducible 

factor 1a on the A2B receptor promotor) or ischemia, A2B receptor expression and the concentration of 

endogenous adenosine is increased, and the consequent activation exerts some control over the attenuation 

of inflammation and additional protective functions (Kolachala et al., 2005; Schingnitz et al., 2010). This 

has made it a potential target for therapies aimed at cardioprotection and gastrointestinal, renal, and 

cerebral ischemia-reperfusion injuries (Busse et al., 2016; Eckle et al., 2007). Previous research has found 

that treatment with an A2B receptor agonist can reduce the paracellular flux of control and post-hypoxic 

HMEC-1 cells (Eckle et al., 2008). In a murine model of normobaric hypoxia, intraperitoneal treatment 

with the agonist Bay60-6583 mediates a vascular-A2B receptor-mediated reduction in pulmonary oedema 

and Evan’s blue dye leakage in all organs analysed, except the brain (Eckle et al., 2008). The ability of the 

A2B receptor agonist to protect against hypoxia-mediated endothelial barrier breakdown is in line with the 

ability of Bay60-6058 to protect against TNFα mediated changes observed in the BEC. However, as 

neither the A2B receptor agonist or antagonist affected Evan’s blue dye leakage into the brain of the 

murine model, there may be species differences in receptor expression or upregulation in hypoxia.  

As the A2B receptor is specifically upregulated due to the presence of HIF-1α on the promoter, there is a 

focus on the role of this receptor in ischemia. Recent work has found that rats treated with Bay60-6583 

following transient MCAO have a significant reduction in the size of the infarct and brain swelling, and 

exhibit improved rotarod test scores (Q. Li et al., 2017). With regards to BBB integrity, haemoglobin is 

reduced in the homogenates of the infarct area, extravasation of gadoteridol and albumin is reduced, and 

there is less ZO-1 degradation (Q. Li et al., 2017). The protective effects observed here are in line with the 

increased barrier resistance observed following treatment of BECs with Bay60-6058, and further research 

into the protective mechanisms of A2B activation on an in vitro model of ischemia would be of value.   

While the protective effects of A2B receptor activation are indicative of potential therapies, there are many 

inherent impediments when targeting adenosine receptors for therapeutic purposes. There have been 

numerous clinical trials involving adenosine receptor targeting compounds, however, due to the 

widespread expression of adenosine receptors, and their involvement in a plethora of physiological 

processes, many unintended side-effects can occur. Although there are numerous anti-inflammatory 

effects of A2B receptor agonism, the activation of the receptor on different cell types can be pro-

inflammatory. For example, activation of the A2B receptor on microglia mediates the secretion of IL-6 and 

consequently contributes to neuroinflammation (Merighi et al., 2015). Additionally, the adenosine 

antagonists MRS1754 and the negative allosteric modulator PSB603 prevent or delay anoxic 

depolarisation and reduce apoptosis of rat neurons in hippocampal slices following oxygen-glucose 

deprivation (Fusco et al., 2018). This, therefore, indicates that specificity in cell type targeting is hugely 
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important in the development of potential therapies.  To add to these complexities, there is a temporal 

parameter to A2B receptor signalling with acute and chronic activation mediating differing effects.   

7.4 Conclusions 
The research in this thesis contributes to the literature regarding the effect of systemic inflammation on 

BEC activation and inflammation. RRMS patient sera contains numerous cytokines, chemokines and cell 

adhesion molecules and these have differing effects on the BEC (Chapter 1). Additionally, systemic 

infection of viral or bacterial origin which activate innate pattern recognition receptors on the BECs also 

have differing effects on BEC activation (Chapter 2). These findings are important with respect to how 

systemic inflammation can influence BBB breakdown in health and disease. 

 This thesis expands significantly on the finding that the FDA-approved TLR7 ligand imiquimod can 

activate alternate receptors and is the first time that imiquimod has been shown to exert an anti-

inflammatory effect through any receptor. Imiquimod has been shown to mediate an increase in the 

paracellular resistance of human BECs and inhibit cell proliferation but does not induce the secretion of 

any pro-inflammatory mediators, in a TLR-7 independent manner (Chapter 2). Imiquimod can also exert a 

protective effect when administered to BEC with a pro-inflammatory stimulus, by globally increasing the 

BEC paracellular resistance. The effects of imiquimod on the BEC secretome differ according to stimulus 

(potentially through an inhibition of NF-кB translocation), however RANTES and IP-10 are globally 

reduced (Chapter 3). These findings are of particular importance, as further research into how imiquimod 

can protect against additional models of barrier breakdown (i.e. following ischemic insult) could influence 

future therapeutics.  

While this thesis attempted to discover the receptor by which imiquimod mediates the above effects, 

neither pharmacologically inhibiting the proposed receptor, or siRNA knockdown could confirm that 

imiquimod is an agonist at the A2B receptor (Chapter 4). However, for the first time (to my knowledge) the 

A2B receptor agonist was shown to increase human BEC paracellular resistance, and attenuate the effects 

of TNFα, in a similar manner to imiquimod. This research highlights the potential and contributes to the 

current literature of A2B receptor targeted therapies. 

 While the imiquimod effect could not be inhibited using an A2B receptor antagonist, it could be 

inhibited/replicated by targeting signalling pathways downstream of the A2B receptor. Further research 

into the receptor by which imiquimod is mediating protective effects, will be of significant value. 
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