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Thesis abstract 
 
 
Varicella zoster virus (VZV) associated vasculopathy has long been identified as 

a major risk factor for arterial ischaemic stroke (AIS) in both adults and children. 

The exact mechanisms of VZV-induced pathological vascular remodelling 

leading to AIS have however not been fully elucidated, thus hampering current 

therapeutic approaches for AIS prevention. Previous immunohistochemical 

analysis of the morphology and composition of the arterial wall, and the location 

of viral antigen in the adventitia of patients with early VZV cerebral vasculopathy 

suggested that human brain vascular adventitial fibroblasts (HBVAF) may be the 

point of VZV entry into the cerebral arterial wall.  

In this thesis, I explored the hypothesis that VZV exerts direct pathogenic effects 

affecting different cells of the vasculature that could result in occlusive cerebral 

vasculopathy. I showed that following infection in vitro, VZV promotes HBVAF 

transdifferentiation to myofibroblasts, with subsequent proliferation and migration 

as identified by induction of α-SMA and EdU expression, and scratch assay 

repair. RNAseq profile analysis of VZV-infected HBVAF revealed significant 

upregulation of a number of genes in the infected cells, highlighting pathways 

possibly underlying the morphological changes described. I also examined the 

interaction of VZV-infected HBVAF with endothelial cells, and showed activation 

and dysfunction in cultured endothelial cells induced by conditioned media from 

VZV-infected HBVAF. Further experiments revealed that VZV-infected HBVAF 

release proinflammatory cytokines and chemokines that could contribute to the 

pathogenesis of cerebral arteriopathy. Lastly, I explored whether some of these 
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effects on endothelial cells could be mediated by microparticle (MP) release. MP 

are membrane vesicles that are released from cells upon activation or during 

apoptosis, and are key inflammatory  and endothelial dysfunction mediators in 

several vascular diseases. I showed that MP derived from VZV infected HBVAF 

contain VZV particles as detected by flow cytometry, electron microscopy and 

mass spectrometry. These MP-VZV complexes could infect healthy HBVAF, and 

might  suggest a completely novel mechanism of VZV infectivity with potential 

relevance to viral induced changes locally in the cerebral vasculature. 

In conclusion, these novel findings suggest that in the context of VZV related 

cerebral arteriopathy, HBVAF are important players for initiation and propagation 

of vascular inflammation and remodelling, and that MP act as key facilitators of 

cross talk an viral propagation between endothelial cells and neighbouring 

HBVAFs. These observations suggest an entirely novel mechanism of VZV 

vasculopathy that furthers our understanding of the pathogenesis of AIS. 
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Impact statement 

 

 

One in five patients with AIS and cerebral arteriopathy will have a stroke 

recurrence. To date epidemiological studies linked VZV with AIS but the exact 

mechanism is unknown, limiting the therapeutic approaches to stop progression 

and secondary stroke prevention. The diagnosis of VZV vasculopathy is based 

on the clinical features and history of chickenpox; cerebrospinal fluid analysis for 

VZV IgG was advocated but it is still not part of the routine clinical practice. 

Treatment with aciclovir and steroids has been suggested in adults, but the 

addition of steroids to the treatment of childhood VZV related AIS is not routine 

due to the lack of delineation if inflammation plays a role in this condition.  

 

The findings of this study suggest that VZV related AIS is the effect of 

progressive vascular remodeling as a result of productive viral infection of 

arteries initiated from the adventitial fibroblast. Changes in these cells in 

response to infection trigger a change in the local microenvironment with the 

development of a proinflammatory profile of these cells. This in turn leads to an 

aberrant cross talk between these cells and endothelial cells to trigger a 

proinflammatory and procoagulant endothelial phenotype, with decreased 

capacity of repair, potentially further contributing to the arterial changes leading 

to the development of AIS. Although limited by the fact that this is an in vitro not 

in vivo model, these discoveries contribute to the understanding of the role of 
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antiviral treatments and use of steroids for the treatment of patients with VZV 

arteriopathy. My model could also impact on the development of further studies 

to investigate the potential of reversing these pathological changes perhaps also 

with the use of other novel agents. The transcriptomic data will also assist in the 

identification of pathways of relevance to vascular remodeling in this condition. 

This can contribute to identification of novel therapeutic approaches to target the 

vascular remodeling and inflammatory changes in VZV-related cerebral 

arteriopathy, to be further confirmed in other models.  

 

The development of a diagnostic or prognostic biomarker would be a useful tool 

for the clinicians looking after these patients. A pilot analysis suggests that 

plasma microparticles from patients with VZV vasculopathy carry VZV proteins, 

triggering a large prospective study to confirm if this could be a diagnostic 

biomarker.  

 

AIS occurs at up to 12 months post VZV infection. It is useful in a prospective 

study to stratify the patients according to the proximity of the AIS to the VZV and 

also with regards to recurrence and investigate if any differences in the MP 

profiles (numbers, origin, viral signature, functional role in transmitting infection, 

proinflammatory phenotype). This could assist with identification of patients at 

risk of progression and enable the development of treatment according to the MP 

profile displayed. 
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This study identified the association of VZV with microparticles and this discovery 

is of potential relevance for other VZV related conditions. Rich data was 

generated for further research in VZV vasculopathy with a particular focus in 

deepening the understanding of clinical and therapeutic implications. 
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1 Introduction 
 

1.1. Varicella zoster virus (VZV)  
 

VZV belongs to the Herpesviridae family, Alphaherpesviridae subfamily (along 

with Herpes simplex viruses 1 and 2), and is an exclusively human DNA 

neurotropic virus (Abendroth et al. 2010). The virus can cause two distinct 

diseases: varicella (chickenpox) and herpes zoster (shingles). The primary 

infection (varicella) presents with a vesicular rash which varies from a few 

vesicles to a widespread confluent rash, with or without fever and malaise. The 

virus is spread via respiratory droplets or contact with fluid, and the incubation 

period is 10-21 days (Gershon et al, 2015). This pattern and length of incubation 

period likely reflect the time required for the virus to spread after infecting the 

epithelial cells of the respiratory mucosa to the tonsils and other lymphoid tissue. 

Subsequently, infected T-cells carry the virus via the blood stream to the skin 

sites of replication and possibly other organs (Gershon et al, 2015). However, 

lack of an animal model has limited the understanding of the exact mechanisms 

of VZV infection and virus propagation (Breuer and Whitley, 2007). During 

primary infection VZV establishes lifelong latency in neurons of cranial nerve 

ganglia, dorsal root ganglia, and autonomic ganglia along the entire neuraxis by 

gaining access to the neuronal bodies either by retrograde transport from skin or 

via T-cell viraemia. The virus can reactivate from latency and travel by 

anterograde transaxonal transport from the neuronal bodies to the skin, and 

cause herpes zoster, characterized by a vesicular dermatomal rash and pain 
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(Gershon et al, 2015).  

When intact, VZV viral particles have a diameter of 80–120 nm (sometimes up to 

200 nm) and a spherical or pleomorphic morphology (Zerboni et al. 2014, Harson 

et al, 1995). The herpesviruses share a common virion morphology, and a group 

of approximately 40 conserved genes that play key roles during viral replication 

(Owen et al, 2015).  Similar to all herpesviruses, the VZV virion has four distinct 

components: envelope, tegument, and capsid core with the genome (Zerboni et 

al. 2014). The linear 125000 bp double-stranded DNA genome encodes at least 

71 open reading frames (ORF), with an electron-dense core packaged into an 

icosahedral nucleocapsid that is made up of proteins (Cohen et al., 2010). It is 

believed that all the VZV genes are expressed during lytic replication of the virus 

which results in productive infection, whilst a number of studies have reported 

that only a restricted number of VZV genes are expressed during latency 

(Abendroth et al. 2010, Steiner et al, 2007, Ambadala et al, 2007). Sixty four of 

the 71 VZV ORF have homologs in human simplex virus (HSV). Capsids are 

surrounded by a tegument layer comprised of proteins including the IE62, IE63, 

IE4, ORF9, ORF10, ORF47 and ORF66 proteins, several of which function in 

regulating viral gene expression (Arvin and Gilden, 2013). The outer component 

of the virus is a lipid-rich envelope derived from cellular membranes with 

incorporated viral glycoproteins, including major ones such as: gE, the most 

abundant VZV glycoprotein which facilitates the virus entry to the cell; and gH, 

the major fusogen again with a role in virus entry to the cell (Zerboni et al. 2014). 

In addition, VZV requires gE for viral replication in contrast to other 
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alphaherpesviruses which replicate in the absence of gE (Montalvo et al, 1985, 

Cohen et al, 2007).  

Cryo-electron tomography showed the herpes simplex virus-1 capsid to be 

asymmetrically placed inside the viral envelope, with the tegument layer ranging 

in thickness from approximately 5 nm at the “proximal” pole to around 35 nm at 

the “distal” pole (Grünewald et al, 2003). As HSV-1 and VZV have a very similar 

ultrastructure, this is likely the case for VZV also.  

According to the most widely-accepted model, the lytic phase of VZV infection 

commences with virus particle entry to the cells, a process poorly understood, 

presumed either by fusion of the virion envelope with the plasma membrane or 

by endocytosis. The tethering of the virions to the cells likely occurs after 

reversible interaction of viral glycoproteins with heparan sulphate proteoglycans, 

abundantly expressed on the cell surface of almost all cells (Owen et al, 2015). 

After cell entry, the virions uncoat, and then the inner tegument proteins, such as 

the immediate-early protein 62 (IE62) major viral protein that functions as a 

transcription factor, are released and transported to the nucleus along with the 

nucleocapsid before de novo protein synthesis occurs. As has been 

demonstrated in cells infected by HSV, VZV gene transcription is believed to 

occur in an order that results in the synthesis of viral proteins categorised as 

immediate-early (transcription regulators), early (replication factors), and late 

(structural proteins), based on the kinetics of their expression after virus entry to 

the cell (Reichelt et al. 2009). Viral gene transcription, translation and new viral 

DNA synthesis is followed by assembly of new virions, enveloping and egress 
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(Zerboni et al. 2014). IE62, the major viral transactivator has been shown to be 

localized to the nucleus early in infection (Reichelt et al., 2009) and initiates 

immediate early gene expression (Arvin and Gilden, 2013), to be later moved to 

the cytoplasm for incorporation into the tegument of newly produced virions 

(Lynch et al., 2002). Reichelt and colleagues have studied the VZV replication 

cycle and kinetics of virion assembly in human embryonic lung fibroblast (HELF), 

demonstrating that one complete single cell replication cycle ending with the 

generation of infectious VZV particles takes between 9 and 12 hours (Reichelt et 

al. 2009). 

 

1.2. Varicella zoster virus-related vasculopathy 
 
 

1.2.1. Varicella zoster virus-related arterial ischemic stroke 
 
 

1.2.1.1. Arterial ischemic stroke definition  
 
 
In 1970 the World Health Organization introduced a definition of stroke as: 

“rapidly developing clinical signs of focal (or global) disturbance of cerebral 

function, lasting more than 24 hours or leading to death, with no apparent cause 

other than that of vascular origin” (Aho et al. 1980). In view of recent advances in 

modern brain imaging which showed that permanent injury can occur sooner 

than the 24 hour inclusion criterion, this definition is now considered suboptimal. 

In recognition of this, the American Heart Association and American Stroke 

Association have jointly provided an expert consensus “updated definition of 



 31 

stroke for 21st century” as follows: “central nervous system infarction in brain, 

spinal cord, or retinal cell death attributable to ischaemia, based on pathological, 

imaging, or other objective evidence of cerebral, spinal cord, or retinal focal 

ischaemic injury in a defined vascular distribution; or clinical evidence of cerebral, 

spinal cord, or retinal focal ischaemic injury based on symptoms persisting ≥24 

hours or until death, and other aetiologies excluded” (Sacco et al. 2013).  

Stroke can occur in all age groups, and despite advances in diagnosis and 

treatment, is still associated with significant morbidity and mortality (Ganesan et 

al. 2000, Ferro et al, 2010). 

The subtypes of stroke are ischaemic stroke (including arterial ischaemic stroke 

and cerebral sinovenous thrombosis), and haemorrhagic stroke (which includes 

intra-cerebral and subarachnoid haemorrhage) (Amlie-Lefond et al. 2008, Ferro 

et al, 2010). Paediatric stroke can also be subdivided according to age of onset 

into ischaemic perinatal stroke (with presentation up to the 28th postnatal day); 

and later childhood stroke (>28 days of age) (Amlie-Lefond et al. 2008).  

Arterial ischaemic stroke (AIS) is defined as a focal neurological deficit with 

acute- onset, attributable to cerebral infarction in an arterial distribution (Mackay 

et al. 2011). The focus of this study will be AIS as defined above, in the context 

of Varicella zoster virus associated vasculopathy.  
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1.2.1.2. Arterial ischaemic stroke epidemiology  

 
 
AIS is the second leading cause of death behind ischemic heart disease; is the 

leading case of disability in adults; and is one of the top ten causes of death in 

children (Benjamin et al, 2017). Two-thirds of children who survive a stroke will 

experience significant lifelong impairment (Mallick and O’Callaghan. 2010). 

Stroke at all ages thus represents a catastrophic event from the patient’s 

perspective. 

The incidence of stroke in the general adult population is 88 - 149 per 100,000 

adults per year (Lee et al, 2011; Rothwell et al, 2004; Hippisley-Cox et al, 2004; 

Poisson et al, 2014). Data have consistently suggested a decline in stroke 

incidence and mortality over the recent decades, in association with increased 

use of preventive treatments, improving understanding of the risk factors and 

improvement in cardiovascular risk factor modification (Benjamin et al, 2017; 

Rothwell et al, 2004). Most adult AIS epidemiological studies focus on patients 

older than 50 years of age, with the majority having mean ages in the 60s 

(Poisson et al, 2014; Rothwell et al, 2004; Hippisley-Cox et al, 2004). A minority 

of studies have suggested an incidence of AIS in young adults (ages between 

15- 20 through 40-50 years) between 3 and 11 per 100,000 (Naess et al, 2002; 

Putaala et al, 2009). Interestingly, even if overall there has been a significant 

decline in stroke incidence and mortality rates, age-adjusted stroke death rates 

have remained higher in black populations than in white populations; and the 

former also have higher stroke incidence (Howard VJ, 2013). The higher 

prevalence of risk factors in black populations, particularly hypertension and 
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diabetes mellitus, have been recognized as potential contributing factors. 

 A number of studies have investigated the incidence of stroke in children. The 

overall incidence of childhood stroke (ischaemic and haemorrhagic), ranges from 

1.3 to 13 per 100,000 children per year, with rates for ischaemic stroke ranging 

from 0.2 to 7.9 per 100,000 children per year (Mallick and Ganesan. 2014; 

Mallick and O’Callaghan. 2010; Fullerton et al, 2003; DeVeber 2000; Earley et al. 

1998; Giroud et al. 1995; Satoh et al, 1991). The large differences in the reported 

study incidence rates likely reflect differences in the design of the studies, 

inclusion criteria, methodology, size of the study, as well as geographical regions 

or ethnicity of the study population.  

An analysis of data from the Canadian Pediatric Ischemic Stroke Registry 

reported on an estimated incidence of 3.3 per 100,000 children per year for 

childhood ischaemic stroke (DeVeber et al. 2000), whilst a later retrospective 

study of a Californian-wide paediatric population estimated an overall incidence 

of stroke of 2.3 per 100,000 children per year, and a rate of ischaemic stroke of 

1.2 per 100,000 children per year (Fullerton et al. 2003).  

Recently a UK study, the largest prospective population-based study of childhood 

AIS until now, reported an incidence of AIS of 1.6 per 100,000 children per year 

(Mallick, Ganesan et al. 2014). A Californian study and a later International 

Paediatric Stoke Study both found a small but statistically significant AIS higher 

incidence in boys (Fullerton et al. 2003; Golomb et al. 2009). In contrast with the 

above studies, a recent UK prospective study did not detect a difference in the 
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risk of AIS between sexes, although this latter study was relatively small and 

possibly underpowered to detect a significant difference between the sexes (96 

children with AIS).  

In terms of ethnicity, both the Californian and UK studies mentioned above 

identified that black children were at higher risk of AIS than were white children, a 

finding largely reflecting the increased prevalence of sickle-cell disease in the 

black population (Mallick et al. 2014; Fullerton et al. 2003). A UK-based study 

also found that Asian children are at increased risk of stroke, in contrast with the 

study from Fullerton et al (Mallick et al, 2014). This may be explained by the 

ancestral differences of the Asian populations in England and California (Mallick 

et al. 2014; Fullerton et al. 2003).  

Of note, in both adult and paediatric populations, approximately 20% of patients 

with AIS will have stroke recurrence (Benjamin et al, 2017; Fullerton et al, 2016; 

Ganesan et al. 2006; Fullerton et al. 2003).   

 

1.2.1.3. Clinical presentation of AIS  
 

Sudden onset of hemiparesis, aphasia, ataxia, hemianopia and/or the loss of 

consciousness are common and well recognised symptoms of arterial ischemic 

stroke in adults (Rivkin et al, 2016).  

Both adults and children experience strokes that affect very similar vascular 

territories in the brain. However, children may present differently depending on 
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their age, making the diagnosis of paediatric stroke more challenging than in 

adults, particularly for younger children, who may present with atypical signs.  

Focal features, in particular hemiparesis, are the most common presenting 

feature of AIS in children, but diffuse features (such as seizures or reduced 

conscious level) also may occur, albeit more rarely (Fox et al. 2012). A number of 

patients have transient ischaemic attacks (TIA), with signs resolving within 24 

hours. However they may still have cerebral infarction on imaging (Ganesan V. 

2010; Ganesan et al. 2003). Seizures can also be a presenting features of stroke 

in children, along with diffuse features like a decreased level of consciousness 

(Abend et al, 2011; Zimmer et al. 2007).  

Other clinical features at presentation include visual disturbance; facial 

weakness; speech disturbance; headache or vomiting (Mallick, Ganesan et al. 

2014; Ganesan 2010; Ganesan et al. 2003). Signs of raised intracranial pressure 

or coma in children with large infarcts have also been described at presentation 

of AIS, and these patients may require hospitalization in paediatric intensive care 

units (Fox et al. 2012). Posterior circulation stroke in childhood can present with 

ataxia, vertigo, or vomiting (Ganesan et al. 2002).  

The clinician facing a child with acute focal neurological deficit is often 

challenged to rule out other conditions which can present in a similar way with 

ischaemic stroke: infectious causes of encephalitis, brain tumors, hemiplegic 

migraine, haematoma, posterior reversible encephalopathy syndrome, venous 

sinus thrombosis, demyelinating disorders; or mitochondrial encephalopathy with 
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stroke-like episodes (Kirkham, 1999; Shellhaas et al. 2006), amongst other 

metabolic causes.  

 

1.2.1.4. Arterial ischaemic stroke imaging  
 

In terms of localization, the majority of events in AIS occur within the anterior 

cerebral circulation, commonly involving the middle cerebral artery territories 

(Jones et al. 2010). The posterior circulation is involved more frequently in 

cranio-cervical arterial dissection (Ganesan et al. 2002; Mackay et al. 2010).  

Imaging is the cornerstone for the diagnosis of ischaemic stroke, and can 

delineate acute, subacute and chronic ischaemic brain lesions. In AIS, it is also 

crucial for considering treatment strategies for AIS in the young. In recent years, 

a major focus of research in this field has focussed on improving accuracy and 

speed of diagnosis using imaging techniques, in order to facilitate optimal and 

timely patient management. For example, imaging may identify which patients 

will be benefit more from revascularization therapies, thus permitting 

personalised therapeutic decisions and improving individual patient outcoms. 

Computed tomography (CT) / CT angiography or magnetic resonance (MR) / MR 

angiography imaging are used to identify arterial occlusion, to exclude 

haemorrhage and stroke mimics, and to define the extent of brain infarct (Vilela 

and Rowley, 2017).  

In the acute ischemic stroke assessment by MRI and CT imaging, essential 
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evaluations include that of the brain parenchyma (to detect the AIS and exclude 

haemorrhage and stroke mimics); and of the vascular tree to detect the 

presence, nature, site, and extent of arterial occlusion. Additional evaluation is 

directed towards assessment of the collateral circulation status, clot 

type/extension and potential viable brain tissue assessment (Vilela and Rowley, 

2017). In adults, posterior circulation strokes and patients with good arterial 

collateral circulation may have a longer time window for treatment.  

MRI, due to a greater sensitivity and specificity for the diagnosis of stroke or 

conditions mimicking stroke, is now the gold standard for the investigation of AIS. 

However, there are often limitations in the clinical practice with regard to access 

to MRI. Computed tomography (CT) scanning is still performed in some adult and 

paediatric centres, as it is generally more widely available as the initial 

investigation modality, and in addition has a role in excluding conditions such as 

intracerebral haemorhage (Vilela and Rowley, 2017; Jones et al. 2010). There is 

no doubt about the superiority of MRI over CT as an investigation modality of 

AIS, however. In a study in which the appearance of acute cerebral infarction 

was evaluated on MR images and CT scans obtained in 31 patients within 24 

hours of the event, Bryan et al. demonstrated that acute infarcts are easier to 

detect on MRI than CT, with 82% of MRI positive within the first 24 hours 

compared with only 58% visible on CT (Bryan et al. 1991). In addition, in 

comparison to CT, MRI is particularly superior for the detection of infarcts within 

the posterior circulation where CT is limited by beam hardening artifact from the 

skull base (Jones et al. 2010; Bryan et al. 1991). Also, lacunar infarcts are better 
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visualized on MRI (Wardlaw et al. 2001).  

MR imaging usually includes standard T2-weighted axial images that show tissue 

contrast well and sagittal and coronal T1 weighted images that maximize contrast 

between the cerebral tissue and cerebrospinal fluid (CSF) and provide 

morphological information (Jones et al. 2010; Baird et al. 1998). In addition fluid-

attenuated inversion recovery (FLAIR) suppression of the signal from the CSF 

increases the visibility of periventricular lesions (Jones et al. 2010; Schaefer et al. 

2002). Of note, diffusion weighted imaging (DWI) is able to detect ischaemic 

regions of the brain before any changes are detectable on conventional MRI 

(Jones et al. 2010; Gadian et al. 2000).  

Catheter angiography (CA) is the gold standard when evaluating for a medium- 

and small-vessel vasculopathy, but is associated with risk of stroke itself, and 

requires specialist facilities and trained operators (Jones et al. 2010); it remains 

the investigation of choice for detection of equivocal cases of arteriopathy (Aviv e 

t al. 2007).  In addition, time of flight magnetic resonance angiography (TOF- 

MRA) has been shown to be as sensitive as conventional angiography in many 

cases for the detection of vasculopathy of the internal carotid artery (ICA) and the 

proximal segments of the middle and anterior cerebral arteries (Jones et al. 

2010). Of note, TOF-MRA can overestimate the severity and length of a stenosis 

(Jones et al. 2010). Contrast-enhanced MRA also has a role, although the spatial 

resolution of MRA makes accurate interrogation of medium and small-calibre 

intracranial arteries difficult (Ishimaru et al. 2007; Yang et al. 2002).  
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High-resolution intracranial vessel wall MR imaging (vwMRI) is an adjunct to 

conventional angiographic imaging with CTA, MRA, or digital substraction 

angiography and is already used on a clinical basis in many centers worldwide. 

Vessel wall MR imaging could have multiple potential academic and clinical uses 

for the assessment of ischemic stroke and intracranial hemorrhage (Mandell et 

al, 2017).  vwMRI has emerged in recent years with the goal of evaluating 

vascular pathology of the intracranial  arteries (de Havenon et al, 2016), and 

vwMRI sequences have high spatial resolution and directly image the vessel wall 

by suppressing blood signal. With vwMRI, it is also possible to identify distinct 

morphologic and enhancement patterns of atherosclerosis that can provide 

important information about stroke aetiology and recurrence risk in adults (de 

Havenon et al, 2017). 

 

1.2.1.5. Risk Factors for arterial ischemic stroke  
 

In adults, the TOAST (trial of ORG 10172 in acute stroke treatment) 

aetiological classification of stroke is the most widely used system for 

establishing the cause of ischemic stroke (Adams et al, 2012). It categorizes 

stroke etiology into one of five subtypes: large-artery atherothromboembolic, 

cardioembolic, small-vessel thrombotic, other etiology, or undetermined etiology 

(Madden et al, 1995).  

In the TOAST system, the stroke could be attributed to large artery 
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atherosclerosis if the patient had clinical findings consistent with an infarction 

affecting the cerebral cortex or both deep and cortical structures, the brain stem, 

or cerebellum. There should be an evidence for risk factors for accelerated 

atherosclerosis or symptomatic atherosclerotic disease (coronary artery disease, 

aortic disease, and peripheral arterial disease) in other anatomic locations 

(Adams and Biller 2015). Supportive imaging findings would be detection of a 

branch or large hemispheric, brain stem, or cerebellar infarction. Vascular 

imaging would demonstrate either intracranial or extracranial stenosis or 

occlusion at the usual sites for atherosclerosis such as the origin of the internal 

carotid artery. Subsequently, evidence of atherosclerotic disease as seen on 

magnetic resonance arteriography or computed tomographic angiography also 

was added. Patients with one of the traditional lacunar syndromes, such as pure 

motor hemiparesis, would be considered as having the subtype of stroke 

secondary to small artery occlusion. These patients should have evidence of 

arterial hypertension or diabetes mellitus, which are recognized risk factors for 

this arterial cause of stroke in adults (Adams and Biller 2015).  

The neurological findings among patients with stroke attributed to 

cardioembolism would be similar to those with strokes secondary to large artery 

atherosclerosis. In addition, the patient would have evidence of heart disease. 

The brain imaging findings also would be similar to those found among patients 

with thromboembolism secondary to large artery atherosclerosis but in addition, 

brain imaging findings consistent with acute ischemic lesions in multiple vascular 

territories would be supportive of the diagnosis of cardioembolic stroke (Adams 
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and Biller 2015).   The category of stroke of other determined cause is a small 

group in most studies of stroke in adults with a higher rate in young adults and 

includes nonatherosclerotic vasculopathies, including cervical artery dissection 

and hypercoagulable states (Madden et al, 1995). The last category includes 

patients with undetermined cause of stroke, reflecting the difficulty in making a 

aetiological diagnosis in a small number of cases.  

A number of criticisms have been raised regarding the reliability and validity of 

the TOAST causative classification of stroke (Landau and Nassief, 2005; 

Amarenco et al, 2009). The overall inter-rater agreement for the TOAST system 

is now regarded as moderate, and reliability is reported as high for 

atherosclerosis and cardioembolism (κ = 0.80) but low for small vessel disease 

(κ = 0.53) and strokes of undetermined cause (κ = 0.40) (Meschia et al, 2006). 

In young adults (aged between 18 and 49 years), risk factors such as and 

smoking, hypertension, diabetes, hyperlipidemia are highly prevalent, with 

substance abuse, carotid/vertebral artery dissections, arteriopathies, use of 

contraceptive drugs, migraine, pregnancy, and rare genetic conditions among 

others also included (Stark and Cole, 2017). Historically, the aetiological features 

for AIS in young adults have been regarded as different from the ‘traditional’ risk 

factors in older adults, but a recent increase in stroke incidence in young adults 

has been found to be associated with an increase in the prevalence of important 

risk factors including hypertension, hypercholesterolaemia, diabetes mellitus and 

obesity (Maaijwee et al, 2014).  

http://www.sciencedirect.com/topics/medicine-and-dentistry/atherosclerosis
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In contrast, the risk factors for AIS in children are markedly different from those in 

adults (Ganesan et al. 2003; DeVeber 2003; Lo et al. 2009). A large proportion of 

children with AIS have another medical diagnosis that predisposes them to 

stroke, for example sickle cell disease, congenital heart disease, acute systemic 

diseases or genetic disorders (Mallick et al. 2014; Ganesan et al. 2003; Mackay 

et al. 2011). Several studies have proposed a large number of factors that are 

associated with childhood AIS. The term ‘risk factor’ has been widely used in the 

literature to describe these factors; however, there is not enough evidence to 

prove direct causality in many instances, and it has been suggested that these 

risk factors are ‘presumptive’ rather than ‘definite’ (Mallick et al. 2014).  

Additional data on risk factors for childhood AIS have emerged from large cohort 

studies. A study which included more than 200 children conducted at Great 

Ormond Street Hospital identified arteriopathies in more than 80% of cases, and 

emphasized possible roles for chickenpox, and trauma in the development of AIS 

in previously healthy children (Ganesan et al. 2003). In contrast, Sträter et al. 

found a lower rate of arteriopathy (18 %) and a markedly higher rate of 

thrombophilia in a German study. This was suggested to be explained by the 

genetic traits of that population and the extent of investigation of the cases 

included in the study. Infection was identified in around 10% of cases (Sträter et 

al. 2002).  A recent epidemiological study of paediatric stroke conducted in an 

area which gathers around 50% of the UK paediatric population identified 

arteriopathies as the major risk factor for AIS (Mallick et al. 2014). In this study, 
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an infectious trigger was reported in 28% cases of AIS. These findings are in 

keeping with the results of a large study which extracted data from the 

International Paediatric Stroke Study (IPSS) registry (Mackay et al. 2011) 

discussed in more detail below.  

The IPSS was initiated in 2002 by a group of Paediatric neurologists from 

Canada, the US, and UK with further participation from over 30 countries, 

“enabling standardized data collection on the diagnosis, investigation, treatment 

and outcome assessment of children with stroke” to permit international 

multicenter stroke studies based on large cohorts of children. A limitation of the 

IPSS is, as with many other international data collection studies, the variability in 

the clinical approach and investigation in individual collaborating centers. In the 

IPSS study mentioned above, which included 676 children from 30 centers in 10 

countries to analyse the AIS risk factors, the main categories identified were 

arteriopathies (in more than 50%), infection (in around 25%), acute head and 

neck disorders, cardiac disorders, acute systemic conditions, and chronic 

systemic conditions (sickle cell disease and connective tissue disorders) (Mackay 

et al. 2011). Of note, in less than 10% of cases no risk factors were found. In 

summary, these studies have all identified cerebral arteriopathy and infection as 

major risk factors of paediatric AIS.  

Of note, cerebral arteriopathy was significantly associated with AIS recurrence in 

a number of studies. VIPS (Vascular effects of Infection in Pediatric Stroke) was 

an international prospective case control study which enrolled 357 children with 

AIS and 355 children with no stroke from 37 countries on 5 continents, with AIS 
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within 3 weeks of enrolment and ages above 28 days (Fullerton et al. 2016). The 

study was completed in 2014. In this study, infection in the week prior to AIS 

conferred a 6.3 fold increase in risk for AIS (Fullerton et al. 2015). In the VIPS 

study, the cumulative stroke recurrence rate was 6.8% at one month and 12% at 

one year, despite treatment of cases at tertiary centers with paediatric stroke 

expertise, and initial use of antithrombotic medications for secondary stroke 

prevention (Fullerton et al. 2016). The only predictor of recurrence was the 

presence of an arteriopathy, with one in five children with a definite arteriopathy 

presenting with recurrence by 1 year, and 75% of recurrences occurring within 

the first 12 weeks after the index stroke. Two other studies have investigated the 

recurrence of paediatric AIS. In a Northern Californian population-based study 

the cumulative recurrence rate was 15% at one year, whilst in a mixed 

prospective and retrospective study conducted at Great Ormond Street Hospital 

which included 212 children with AIS, the 5-year cumulative recurrence rate was 

18% (Ganesan et al. 2006; Fullerton et al. 2007).  

Viral infections have also emerged as risk factors for stroke. VZV, human 

immunodeficiency virus (HIV) and cytomegalovirus (CMV), amongst others, have 

all been linked with stroke in adults and in children (Nagel et al, 2010). 

 

1.2.1.6. Cerebral arteriopathies in arterial ischemic stroke  
 

As shown in the above section, the current evidence suggests that cerebral 
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arteriopathies are a leading risk factor of childhood AIS and are associated with a 

high rate of stroke recurrence. They are less studied in adults, where the 

‘traditional’ risk factors for stroke are prevalent.  

Cerebral arteriopathies are currently defined and categorized on the basis of 

MRA findings. The majority of radiological findings are intracranial, although in up 

to 25% of cases extracranial cervical disease is identified (Ganesan et al. 2011). 

IPSS developed the Childhood AIS Standardized Classification and Diagnostic 

Evaluation (CASCADE) classification system which is based on the anatomic 

location of the abnormality, in an attempt to improve consistency in terminology 

and enable comparisons between prospective studies and clinical trials (Bernard 

et al. 2012). Sebire et al. proposed a classification system of cerebral 

arteriopathies including moyamoya (occlusive disease of the terminal internal 

carotid arteries with basal collaterals), vasculitis, arterial dissection, transient 

cerebral arteriopathy (TCA) and post-varicella angiopathy (PVA) (Sebire et al. 

2004).  

TCA, the most common arteriopathy described in the context of pediatric AIS, is 

a focal occlusive disease of the terminal internal carotid or proximal 

middle/anterior cerebral artery, which has been initially characterized as having a 

course showing stabilization or resolution on vascular imaging within an arbitrary 

defined interval of 6 months of the index AIS case (Sebire et al. 2004; Chabrier et 

al. 1998). However, cases have been described which show improvement after 

periods longer than 6 months (Danchaivijitr et al. 2006; Braun et al. 2009). Since 

the above definition of TCA is based on radiological documentation of the lesion 
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evolution, and many children with AIS are not re-imaged, in 2009 the IPSS 

coined the term focal cerebral arteriopathy of childhood (FCA) (Amlie-Lefond et 

al 2009). FCA is defined as TCA, but without the requirement to show evolution 

with re-imaging. When FCA is preceded by VZV infection in the 12 months prior 

to AIS, these children are considered to have post-varicella arteriopathy (PVA) 

(Sebire et al. 1998; Sebire et al. 1999; Askalan et al. 2001; Lanthier et al. 2005). 

There is confusion in the literature between FCA and PVA, which are both 

considered monophasic inflammatory arteriopathies and in fact radiologically 

indistinguishable.  

One more aspect of controversy in the literature is the possible overlap between 

FCA and childhood primary angiitis of the central nervous system (cPACNS) 

(Elbers et al. 2008; Eleftheriou et al. 2009). The clinical presentation and 

radiological features are often similar, and further confusion arises from the fact 

that patients with FCA fulfil the Calabrese et al. criteria for cPACNS (Calabrese 

et al. 1988), and also from the lack of sensitivity of the investigations available for 

cPACNS and the difficulty of obtaining tissue for histologic diagnosis.  

A recent prospective international study has shown that the presence of an 

arteriopathy increased the risk of recurrence 5-fold when compared with an 

idiopathic AIS (Fullerton et al, 2016). The 1-year recurrence rate in this study was 

around 25% for transient cerebral arteriopathy (Fullerton et al, 2016). 
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1.2.1.7. Epidemiological studies linking Varicella zoster virus with arterial 

ischemic stroke 

 

Chickenpox was the first infection linked in the literature with AIS, and in the 

recent years other viral infections have emerged as risk factors for stroke. The 

first description of VZV vasculopathy seems to come from Cravioto and Feigin 

more than 50 years ago (Cravioto and Geigin, 1959).  

The incidence and prevalence of VZV-related AIS is unknown. Estimates 

extrapolated from previous studies in children revealed that 7 to 31% of AIS is 

related to VZV (Askalan et al, 2001; Amlie-Lefond et al, 2009). Studies also 

showed that 1 in 15,000 cases of Varicella is associated with stroke (Askalan et 

al, 2001), and that in FCA stroke is preceded by varicella in 44% of cases (Braun 

et al, 2009). In adults, VZV vasculopathy is more common in 

immunocompromised than in immunocompetent individuals (Nagel et al, 2010), 

with VZV infection of the CNS detected in 1.5 to 4.4% of autopsy cases of 

immunocompromised patients (Petito et al, 1986;  Grey et al, 1994).  

In a case- control study, in 1999, Sebire and colleagues compared 11 children 

with AIS to 44 healthy controls, and showed that 64% versus 9% of children in 

the AIS and control group, respectively, had varicella at a median of 6 weeks 

prior to the stroke (Sebire et al. 1999). Two years later, a prospective cohort 

study which recruited 70 consecutive children presenting with AIS at two 

Canadian institutions reported that 1 in 3 cases of AIS followed varicella (Askalan 
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et al. 2001).  

In 2014, 2 large studies confirmed the link between VZV and AIS (Thomas et al. 

2014; Breuer et al. 2014). Thomas and colleagues found a 4- fold increased risk 

of stroke in children within 6 months of chickenpox in a self-controlled case 

series analysis of data from 4 general practice databases in the UK (Thomas et 

al. 2014). Breuer and colleagues conducted a retrospective cohort study of a 

large number of herpes zoster cases and matched controls which showed that 

herpes zoster is an independent risk factor for vascular disease under 40 years 

of age in the UK population (Breuer et al. 2014). In this study, the risk of stroke 

and transient ischemic attacks was 1.74 and 2.42-fold increased, respectively, in 

patients under 40 years of age with zoster (Breuer et al. 2014). In the same year, 

a UK based self-controlled case series study showed demonstrated a 1.23-fold 

increased risk of stroke over time at 1–26 weeks after zoster, and no increase at 

later times  (Langan et al., 2014).  In the same study, a stronger effect was 

observed for patients with ophthalmic zoster, rising to a >3-fold increase in the 

risk of stroke at 5-12 weeks after zoster (Langan et al., 2014).                                              

Two studies, conducted in Taiwan and Denmark, observed a 17-30% increase in 

the risk of stroke in adults within 1 year following zoster (Kang et al., 2009; 

Sreenivasan et al., 2013).  In a US-based community cohort study of older 

patients, the risk of stroke within 3 months of zoster was found to be 1.53-fold 

increased (Yawn et al, 2016).  

The results of the VIPS study with regards to the role of herpesviruses 
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specifically in the development of childhood AIS were recently published (Elkind 

et al, 2016). These results confirm the findings of previous studies in a large 

international prospective study, showing that herpesviruses could act as a trigger 

for paediatric AIS, even if the symptomatology of infection was subclinical (Elkind 

et al. 2016). Elkind and colleagues included in this study 326 cases of AIS and 

115 trauma controls with no stroke, with acute blood samples, of which 187 AIS 

cases had serological testing on paired convalescent samples. There was no 

difference between cases and controls in terms of serological evidence of past 

herpesvirus infection (IgG positive and IgM negative). However, serologic 

evidence of acute herpesvirus infection doubled the odds of childhood AIS, even 

after adjusting for confounding factors. Of the cases with acute herpesvirus 

infection, 32% had Herpes  simplex virus (HSV) infection, and 18% had VZV 

infection (Elkind et al. 2016).  

Taken together, these studies provide significant epidemiological evidence to 

demonstrate that VZV (and other herpesviruses) infection increases risk of AIS in 

children and adults.  

 

1.2.1.8. Clinical features and investigation of Varicella zoster virus-related 

arteriopathy  

 

VZV-related AIS  typically presents with  acute contralateral hemiplegia weeks to 

months following (usually) ophthalmic distribution zoster in adults or chickenpox 
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in children (Reshef et al, 1985; Nagel et al, 2010). 

The literature, mainly concerning adult patients, describes patients with VZV-

related vasculitis. VZV cerebral vasculitis and VZV-related arteriopathy are 

regarded as two distinct populations, based on clinical presentation and 

neuroimaging. These adult cases present with more diffuse features such as 

headache and changes in mental status, typically after herpes virus infection. A 

progressive or recurrent course is not uncommon, in contrast with the 

monophasic course of PVA described in children (Gilden et al. 2009). It has been 

reported that in adults VZV vasculopathy can involve both large and small 

arteries resulting in ischaemic or haemorrhagic strokes, and clinical presentation 

may also include aphasia, ataxia, hemisensory loss, hemianopsia or rarely 

monocular visual loss (Gilden et al, 2002; Hall et al, 1983; Venugopal, 2017). 

Adult patients also experience transient ischaemic attacks with protracted 

neurological symptomatology (Nagel et al, 2008). Nagel and colleagues have 

reported that 37% of adult patients with VZV vasculopathy do not have history of 

the characteristic varicella or zoster rash (Nagel et al, 2008).  Rare associations 

of VZV vasculopathy include cranial neuropathies, vascular dissection, 

aneurysm, haemorrhage (subarachnoid or intracerebral) (Gilden et al, 2002). 

VZV vasculopathy has been reported to coexist with meningitis, myelitis or 

radicultits (Miyazaki et al, 2008). 

The angiographic findings of VZV vasculopathy are more variable, often with 

multifocal vessel involvement (Figure 1.2). Cerebrospinal fluid (CSF) findings 

may be helpful diagnostically but are not always conclusive. CSF pleocytosis can 
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be present in up to two thirds of the cases but is not specific for VZV infection 

(Reis et al, 2014). VZV DNA is detected in CSF in a third of cases of adults with 

VZV vasculopathy. The presence of VZV antibodies in CSF appears to be a 

more sensitive diagnostic test  in adults, being positive in >90% (Nagel et al. 

2008), but there are still insufficient data in the paediatric population regarding 

this finding. Steroids and aciclovir are recommended in the treatment of adults 

with VZV vasculitis but are not yet routinely advocated in children with PVA.  

A longitudinal study conducted at Great Ormond Street Hospital between 1990-

2004 looked at the clinical features of children presenting with VZV- related AIS 

(Miravet et al. 2007). This study revealed a common pattern of presentation: 

patients tended to be younger children, between 6 months and 2 years of age, 

previously healthy, with a monophasic stroke clinical course. The median time 

from VZV infection and AIS was 4 months (Miravet et al. 2007). Figure 1.2. 

illustrates the clinical phenotype of VZV-associated AIS. These children 

demonstrate an arteriopathy with radiological features of a focal, unilateral, 

proximal occlusive arteriopathy, indistinguishable from FCA, most often involving 

the initial portion of the middle cerebral artery, typically causing a basal ganglia 

stroke.  

In terms of laboratory investigations, perhaps surprisingly, extensive 

microbiological investigations or lumbar punctures in children with AIS are not yet 

part of routine clinical practice. Many of the published cases reported that VZV 

DNA is not detected in the CSF (Miravet et al. 2007), and data on VZV antibodies 

or other infectious biomarkers is scarce. More systematic screening using these 
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indices could provide more evidence of a direct causal role for the viral infection 

in AIS, however. A recent brief review paper (in French) by Monteventi and Fluss 

has summarized 26 published and 3 unpublished cases of VZV-related paediatric 

AIS (Monteventi et al. 2013). The clinical and radiological features were similar 

with the ones described in the UK study. Lumbar puncture with VZV DNA 

detection by PCR was performed in 14 of the 29 cases, and VZV DNA was 

detected in 6. The intrathecal production of anti-VZV IgG antibodies was 

analysed in only 8 cases, but was positive in 4 cases, of which 2 had 

concomitant presence of VZV DNA and intrathecal anti-VZV IgG. CSF 

examination was performed in only 11 cases  and revealed moderate CSF 

pleiocytosis in 3 cases, and isolated increase in CSF protein in 2 cases.  

It terms of the radiological course of VZV cerebral arteriopathy, the most 

common course in children is monophasic with subsequent resolution of the 

vascular stenosis (Figure 1.1.). However, the literature in children and in adults 

also describes improvement without complete resolution of arterial stenosis, and 

absence of a clear regression despite neurological improvement (Reis et al, 

2014; Miravet et al, 2007; Bartolinin et al, 2011; Braun et al, 2009; Nagel et al, 

2008).  Progressive arteriopathy may also occur, with associated increased risk 

of recurrent stroke, especially in the first months after the acute episode (Miravet 

et al, 2007; Braun et al, 2009; Chabrier et al, 2013).  
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Figure 1.1. Radiological phenotype of post-varicella arteriopathy in 

childhood (Adapted from Moraitis and Ganesan, 2014) 

This case illustrates the radiological phenotype of varicella-associated arterial 

ischaemic stroke (AIS). Images from a 17 month old boy who presented with an 

acute left hemiparesis, and history of chickenpox 8 months prior to the onset of 

the symptoms. Brain imaging (a) Coronal FLAIR images showing high signal in 

the basal ganglia (caudate and lentiform nuclei) on the right (arrowed). (b) 2D 

time of flight magnetic resonance imaging showing reduced flow in the distal right 

M1 segment of the middle cerebral artery (arrowed). No other AIS risk factors 

were identified despite extensive investigation, including echocardiography. He 

was considered to have post-varicella cerebral infarction and cerebral 

arteriopathy. He was treated with aspirin and followed-up until the age of 12 

years with no recurrence and an excellent recovery with minimal residual left 

sided motor signs.  



 54 

          

Figure 1.2. Radiological phenotype of varicella vasculitis in children 

(Adapted from Moraitis and Ganesan, 2014).  

This case illustrates the clinical presentation and imaging findings of varicella 

vasculitis. Images from a 7 year old girl who presented with transient weakness 

of the right arm 3 months after chickenpox, and no previous neurological 

symptoms. Axial T2 weighted MRI scans (a-c) show infarcts involving the right 

periventricular white matter and posterior borderzone region, which had restricted 

diffusion (a and b) and an additional lesion with free diffusion in the head of the 

left caudate (c), suggesting an older clinically undetected event. 2D time of flight 

MRA (d) showed a focal area of signal drop-out in the M1 segment of the left 
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MCA. A lumbar puncture was performed, and CSF was acellular and negative for 

VZV DNA. A diagnosis of FCA was made and she was treated with aspirin. 

Three weeks later she presented with a further episode of transient right-sided 

weakness. Brain imaging did not show any further infarcts but catheter cerebral 

angiography (e) demonstrated progression, with more severe and extensive 

stenosis of the L middle cerebral artery (MCA), and bilateral A1 stenoses and 

unilateral P1 stenosis. CSF examination was repeated; the CSF remained 

acellular, on this instance CSF was positive for VZV DNA low titer, and VZV IgG 

intrathecal production was demonstrated. She was treated with a short course of 

oral steroids and 3 months of aciclovir.  
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1.2.1.9. The mechanism of Varicella zoster virus-related arteriopathy  
 
 
The mechanism by which VZV causes vasculopathy is yet to be fully established. 

Recent adult studies have indicated that VZV-related arteriopathy could be 

caused by productive virus infection in cerebral arteries (Mayberg et al. 2011; 

Nagel et al. 2013). Mayberg and colleagues examined cerebral and temporal 

arteries from 3 patients with VZV-related disease histologically and by 

immunochemistry, during early or late disease, and compared the findings with a 

single control normal cerebral artery. VZV antigen was detected in the adventitia 

in the case with early disease, in contrast with the 2 cases with late disease, 

where VZV antigens were found in the arterial media and intima (Mayberg et al. 

2011). These findings suggest that the virus spreads in the vascular wall with 
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point of entry via the adventitia possibly after transaxonal transport from 

ganglionic neurons after reactivation, and moves towards the media and intima in 

an “outside in” fashion. The authors also showed that the VZV-infected arteries 

displayed a thickened intima especially in the late disease cases, with cellular 

expression alpha-smooth muscle actin (α-SMA) and smooth muscle myosin 

heavy chain (SM-MHC) indicative of cells with a smooth muscle origin, or cells 

expressing a-SMA but not SM-MHC best characterized as myofibroblasts. In 

addition, the internal elastic lamina was disrupted.  

In another study, the same research group analysed the inflammatory cell 

content and distribution in 6 normal arteries, and 2 VZV-infected arteries from 

subjects with early or late disease (Nagel et al. 2013). T cells, activated 

macrophages, and rare B cells were detected in the adventitia and intima of the 

VZV-infected arteries in both early and late disease. In the artery of early 

disease, adventitia contained numerous neutrophils and VZV antigen, and the 

hyperplastic intima displayed inflammatory cells in the vessels of vasa vasorum, 

findings suggestive of virus-induced inflammation and remodeling in the vessel 

wall. Intima and media of late VZV disease contained viral antigen, but not 

inflammatory cells. Taken together, the findings of the two above small adult 

studies support the theory that after reactivation and transaxonal spread from the 

ganglia to the arterial adventitia, VZV spreads transmurally to produce vascular 

remodeling in an inflammatory fashion. Studies in cats have identified afferent 

fibers from trigeminal and dorsal root ganglia to both intracranial and extracranial 

blood vessels (Langer et al. 1981), therefore suggesting that this could be a 
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possible anatomic pathway for transaxonal spread of virus from the ganglia 

following viral reactivation.  

In paediatric cases in particular, the interval between acute infection and AIS in 

can be as long as 12 months, suggesting an ongoing silent process which could 

potentially have two mechanisms: 1. reactivation of latent VZV neuronal infection 

and subsequent infection of brain arteries from the external layer to the intima; 

and/or 2. an ongoing process of persistent silent infection in the brain arteries 

after the primary infection/ viraemia and direct invasion of the arterial wall by the 

virus.  

Other mechanisms proposed include immune mediated vascular reaction 

secondary to distant infection (Bartolini et al, 2011; Ganesan and Kirkham, 

1997); sympathetic stimulation due to the local irritant effect of the chickenpox 

lesions in the region of the superior cervical ganglion (Ganesan et Kirkham, 

1997); thrombotic vascular occlusion by virus mediated direct endothelial 

damage (Losurdo et al, 2006; Ganesan et al, 1997); and acquired transient 

deficiencies of protein S and/or protein C (Losurdo et al, 2006; Alehan et al, 

2002).  

As far as the pathways involved in the pathogenesis of VZV vasculopathy are 

concerned, a recent study by Nagel and Gilden investigated a model of VZV 

persistence in cerebral arteries (Nagel et al. 2014).  This study has shown 

inhibition of phosphorylated-STAT1 nuclear translocation and Mx1 antiviral 

protein expression in human brain vascular adventitial fibroblasts infected with 
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VZV, suggesting that VZV can interfere with the type I interferon pathway (an 

important anti-viral host response) as a mechanism of virus persistence in the 

brain arteries (Nagel et al. 2014).  

The same group have shown differential regulation of matrix metalloproteinases 

in VZV-infected human brain vascular adventitial fibroblasts, suggesting that this 

mechanism could contribute to the aneurysm formation which has been reported 

in the context of VZV vasculopathy in adults (Nagel et al. 2014).  A later study by 

the same research group showed that VZV infection of human brain vascular 

adventitial fibroblasts perineural cells downregulates the expression of 

programmed death ligand 1 (PD-L1) and MHC-I within 72 hours post infection.  

PD-L1 can be expressed on virtually all nucleated cells and suppresses the 

immune system by interacting with the programmed cell death protein receptor 1, 

found exclusively on immune cells (Jones et al, 2016). Therefore downregulation 

of PD-L1 may promote inflammation. This study provided insights into the 

mechanism by which inflammatory cells persist in VZV-infected arteries and 

therefore foster persistent inflammation in vessels, leading to pathological 

vascular remodeling during VZV vasculopathy (Jones et al, 2016).  

An additional interesting aspect is highlighted by a number of studies showing 

that asymptomatic VZV reactivation occurs under stressful conditions, even in 

immunocompetent individuals (Mehta et al. 2004; Cohrs et al. 2008; Gilden et al. 

2009; Papaevangelou et al. 2013). In a study which included children in the 

intensive care unit setting, Papaevangelou et al. detected VZV DNA more 

commonly in those who had subclinical primary VZV infection (Papaevangelou et 
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al. 2013). These results lead to the speculation that subclinical chickenpox could 

be associated with lower levels of viraemia and associated cellular immunity, 

therefore predisposing these children to greater risk of viral reactivation under 

stress. Similarly, the VIPS study identified a number of cases with herpesvirus-

related AIS with serological evidence of acute infection in the absence of clinical 

symptoms (Elking et al. 2016). It is suggested therefore that VZV infection can be 

subclinical, but still contribute to childhood AIS where there is no previous history 

of VZV. This hypothesis, whilst attractive, currently lacks strong supporting 

evidence.  

A contribution of the host genetic predisposition is also suspected but still 

unproven.  

 

1.2.1.10. The structure of arteries: characteristics of systemic  and cerebral 

arteries 

 

The arterial wall consists of three layers: tunica intima, the innermost layer, 

comprised of endothelial cells, tunica media comprised of smooth muscle cells, 

elastin and collagen, and the outermost layer, tunica adventitia, composed of 

fibroblasts and collagen fibers (Figure 1.3). The intima is separated from the 

media by the internal elastic lamina, whilst the media is separated from the 

adventitia by the external elastic lamina (Tedgui, 1999). There are three types of 

arteries: the elastic arteries (aorta, pulmonary arteries) which receive blood 
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directly from the heart, muscular arteries which deliver blood to different parts of 

the body, and arterioles, which are small arteries which carry blood to capillaries. 

The muscular arteries, such as cerebral arteries have less elastic fibers and a 

well-defined tunica media compared to the elastic arteries. In contrast with the 

systemic arteries, cerebral arteries have no external elastic lamina (Lee. 1995). 

Also, unlike systemic arteries, cerebral arteries are poor in elastic fibers in the 

tunica media, and have a very thin adventitia (Cipolla. 2009). In addition, the 

tunica media of middle cerebral arteries has been reported to be relatively thinner 

compared other muscular arteries (Idowu. 2008).  

The wall of the systemic arteries is nourished by diffusion of luminal blood to the 

the innermost arterial layers; and by a network of microvessels named vasa 

vasorum, supplying the outermost arterial layers. The vasa vasorum penetrates 

the adventitia and sometimes extends to the media. In contrast with systemic 

arteries, intracranial arteries generally lack vasa vasorum, apart from the 

proximal segments of the internal carotid artery where they are seen frequently 

with aging or atherosclerosis, and sometimes with other pathological processes 

(Portanova et al. 2013). A study in which human intracranial arteries from adults, 

children and newborns, and control systemic arteries were compared reported no 

vasa vasorum in children (Aydin et al. 1998). The lack of vasa vasorum in the 

intracranial arteries could be the result of structural features of cerebral arteries, 

such as thinner adventitia and media compared to extracranial arteries. These 

features could permit the vessel to be completely nourished by diffusion from 

luminal blood, with an additional contribution from the cerebrospinal fluid which 
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bathes the outermost layer (Portanova et al. 2013).  

 

 

 

  

 

 
Adapted from: Histology Guide © Faculty of Biological Sciences, University of 
Leeds  

Figure 1.3.  Histological aspects of the arterial wall. Histology demonstrating 

the layers of a muscular artery. The arterial wall is composed of three layers: 

intima, media and adventitia, separated by two elastic membranes: internal 

elastic lamina and external elastic lamina. Cerebral arteries lack an elastic 

lamina.  
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1.2.2. Varicella zoster virus and extracranial vasculopathy 

 

In the past few years, the clinical spectrum of VZV vasculopathy has expanded to 

include not only intracranial vasculopathy, but also vasculopathy involving 

extracranial arteries presenting as giant cell arteritis (GCA) and granulomatous 

arteritis of the aorta.  GCA is the most common systemic vasculitis in the elderly 

and presents with persistent headache, scalp tenderness and vision loss, as well 

as a history of jaw claudication, polymyalgia rheumatica, fever, night sweats, 

weight loss, fatigue and elevated inflammatory markers (Nagel et al, 2017). 

The diagnosis of GCA is usually made based on clinical findings correlated with 

histopathological findings of temporal arteries biopsy which reveal the presence 

of transmural inflammation, medial smooth muscle cell damage, and 

multinucleated giant or epithelioid cells in non-contiguous skip lesions of 

temporal artery (GCA-pathology positive) (Nagel et al, 2017). However, in a 

number of cases the temporal artery biopsy is negative and the diagnosis and 

decision to treat is based on clinical suspicion (GCA- pathology negative) (Nagel 

et al, 2013). Treatment includes prompt initiation of corticosteroids to prevent 

vision loss. However up to 50% cases have been described to relapse after 
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discontinuation of therapy, or show progression to vision loss or stroke despite 

treatment (Nagel et al, 2017).  

The aetiology of GCA is unclear, and previous  studies have proposed as an 

early mechanism of disease progression the activation of vascular dendritic cells 

in the arterial wall possibly triggered by an unknown antigen (Ma-Krupa et al, 

2014).  

Recently, a series of studies done by a research group at the University of 

Denver, Colorado, using immunohistochemistry (IHC) and PCR performed on 

formalin-fixed, paraffin-embedded (FFPE) temporal arteries demonstrated the 

presence of VZV antigen or nucleic acid in the vessel walls of more than one 

hundred temporal arteries of patients with GCA-pathology positive. The analyses 

for the possible role of VZV in GCA pathogenesis were triggered by the similar 

changes at the histopathological level seen in patients with intracerebral VZV 

vasculopathy and GCA, and also by case reports describing an overlap between 

features of GCA and VZV vasculopathy (Salazar et al, 2011; Mathias et al, 2013; 

Nagel et al, 2013). These studies of virological analyses of temporal arteries from 

GCA-pathology positive and GCA-pathology negative patients detected VZV 

antigen in a significantly higher (p=0.0001) number of GCA-pathology positive 

arteries and GCA-pathology negative arteries compared to control normal 

temporal arteries: 73/104 (70%) GCA-pathology positive arteries, 58/100 (58%) 

GCA-pathology negative arteries, to 11/61 (18%) normal temporal arteries 

(Gilden et al, 2016; Nagel et al, 2013; Gilden et al, 2015). Adventitial 

inflammation and GCA pathology was observed in areas adjacent to the skip 
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areas were VZV antigen was detected, and no inflammation was seen in normal 

arteries containing VZV antigen (Nagel et al, 2013, Gilden et al, 2015). The 

presence of VZV in the normal temporal arteries was interpreted as most likely 

reflecting subclinical reactivation in some elder people.  

Interestingly, similar to the studies of cerebral arteries, the presence of VZV 

antigen was detected in adventitia in most of the cases, followed by a lower 

frequency of detection in media and intima (Gilden et al, 2016). Taken together, 

these observations could support a viral spread from adventitia towards intima 

after transaxonal transport to the temporal arteries after reactivation from the 

ganglia.  

In contrast, a recent small study investigated for the presence of VZV DNA by 

PCR in 11 snap frozen temporal arteries from 5 patients with GCA and compared 

with arteries from healthy controls. This study could not detect the presence of 

VZV in either temporal arteries from patients with GCA or healthy controls 

(Procop et al, 2017).  

Aortitis (inflammation of the aorta) is characterized by granulomatous 

inflammation with inflammatory infiltrates composed of lymphocytes and plasma 

cells, along with epithelioid macrophages with or without multinucleated giant 

cells, as well as vessel wall damage (Stone et al, 2015).  The same research 

group exploring VZV as an infectious trigger for GCA, also studied the potential 

role of VZV in the aortas of patients with pathologically verified granulomatous 

arteritis (Gilden et al, 2016). The rationale of the study was based on the 
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similarity of histopathological findings between intracerebral VZV vasculopathy, 

extracranial GCA, and large-vessel disease involving the aorta in granulomatous 

arteritis. Having identified VZV as involved in the pathogenesis of cerebral 

vasculopathy and GCA, the question was whether this infectious agent could be 

also the cause of the changes noted in granulomatous aortitis.  

The Gilden lab used IHC and PCR to investigate the presence of the VZV 

antigen and VZV DNA in 11 FFPE aortas from patients with pathologically 

verified aortitis, and 18 FFPE control aortas obtained from intervening non-

inflamed aortic repairs or routine autopsy (Gilden et al, 2016). The investigators 

detected abundant VZV antigen in all of 11 aortas that exhibited the 

characteristic pathology of granulomatous arteritis, and in 28% (5/18) control 

aortas from subjects with no symptoms or signs of aortitis (p<0.0001). VZV DNA 

was also present in most VZV antigen–positive aortas.  

Consistent with the findings in the VZV cerebral vasculopathy and GCA, the VZV 

antigen was detected in the three aortic wall layers, with a predominance in the 

adventitia. Similarly to VZV cerebral arteriopathy and GCA, for granulomatous 

aortitis the mechanisms by which the VZV infects the arteries and trigger the 

abnormalities remain unknown. VZV infection of the aorta could follow viral 

reactivation of virus from latency from thoracic sensory ganglia and autonomic 

ganglia (Mahalingam et al, 1992; Nagel et al, 2014) and transaxonal spread to 

the aortic adventitia followed by transmural spread to the media and intima 

(Gilden et al, 2016).  
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In summary, all the histopathological and epidemiological studies highlighted in 

the above sections suggest a link between VZV and vasculopathy progression. 

However, the mechanisms are yet to be fully understood and therefore targets for 

slowing the progression of vasculopathy or even primary prevention are not yet 

identified. 

1.3. Hypothesis and Aims  
 

Epidemiological studies have suggested a link between VZV and childhood and 

adult AIS, however the mechanism of VZV arteriopathy is unknown.  

Previous histological studies in adults suggest that direct viral invasion of 

cerebral, temporal arteries and possibly of aorta could cause changes in arterial 

caliber and contractility, produced in part by abnormal accumulation of smooth 

muscle cells and myofibroblasts causing thickened neointima and disruption of 

the tunica media.  

The central hypothesis of this study is that the primary arterial target for VZV is 

the cell(s) residing in the adventitia (vascular fibroblasts). Following infection, 

changes/signals in these cells could promote vascular remodeling (VZV 

arteriopathy).  

The aims of this project were to examine: 

(i) whether following VZV infection in vitro, human brain vascular adventitial 

fibroblasts (HBVAF) differentiate into myofibroblasts with changes in their 

proliferating and migratory capacity; 
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(ii)  whether VZV-infected HBVAF interact with endothelial cells or other 

nearby cells  to promote progressive cerebral arteriopathy theorizing that 

the interaction could be partly mediated by the release of microvesicles 

(introduced in section 4.2.2.). 

 

2 General methods and materials 
 
 
This section contains predominantly materials and methods that are used in 

more than one chapter. Methods applicable to one chapter only will be discussed 

in detail in the relevant chapter.  

 

2.1. Varicella zoster virus (VZV)  
 

2.1.1. Virus strains  

 
 
Infection experiments were carried out using the VZV virus strain THA, at 

passage 11 clinical isolate, of plaque forming units (pfu) 2x105/ml, generously 

provided by Professor Breuer, UCL. The virus was cultured and titred in MeWo 

cells (as described in a later section in this report).  

In addition, the VZV-GFP23 (green fluorescent protein; GFP fused to the N 

terminus of ORF23) tagged strain at passage 13, pfu 4.6x105/ml, kindly provided 

by Professor Paul Kinchington, Pittsburgh, USA, was used in a series of 

experiments. The virus was cultured and titred using the same protocol as for the 
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untagged strain.  

2.1.2. Viral proteins  

 
 
Table 2-1. summarizes the viral proteins targeted with monoclonal antibodies or 

for GFP tagging in the series of experiments described in this report.  

 

Table 2-1. Varicella zoster viral proteins 

 

Protein 

 

Localization 

 

Role 

 

Category 

 

Kinetics of expression 

(Reichelt et al. 2009) 

IE62 Tegument 

protein 

Major viral protein, 

helps to regulate 

transcription early in 

infection; essential for 

virus replication. 

Immediate-

early 

Nuclear localization at 

2-4 hours post 

infection. 

Limited cytoplasmatic 

localization at 12 

hours post infection. 

gE Membrane 

glycoprotein 

Essential for virus 

replication and virus 

fusion. 

Late Cytoplasmic and 

membrane expression 

at 9-12 hours post 

infection. 

gH Membrane 

glycoprotein 

Virus fusion and cell to 

cell spread 

Late Expression 12-24 

hours post infection. 

ORF 23 Nucleocapsid Viral capsid assembly Late Expression at 9 hours 
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post infection. 

 

 

 

 
 

2.2. Cells  
 
 
2.2.1. Human brain vascular adventitial fibroblasts (HBVAF) were purchased 

from Sciencell, Carlsbad, CA, USA. These cells are isolated from human brain, 

cryopreserved at passage one and delivered frozen. HBVAFs used in the series 

of experiments presented in this report were sub-cultivated and used at 

passages 2 to 5. 

2.2.2. Human umbilical vein endothelial cells (HUVEC) were purchased from 

PromoCell (single donor, Heidelberg, Germany). They were used at passages 2-

5.  

2.2.3. Malignant melanoma cells (MeWo; Sigma-Aldrich) were kindly provided 

by Ms Helena Tutill, Research Assistant in the Breuer laboratory at UCL, Division 

of Infection and Immunity. MeWo cells are granular fibroblasts derived from a 

human melanoma by Professor C Grose in 1978. These cells  multiply rapidly 

and have an unlimited life span. They are widely used for growth of VZV isolates. 

They were used to initiate the virus production at passage 46.  
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2.3. Tissue culture media  
 
 
The following tissue culture media were used.  

For HBVAF either complete media or quiescent media was used. The complete 

media comprised of basal fibroblast media supplemented with 2% fetal bovine 

serum (FBS), 1% fibroblast growth factor and 100x Penicillin/Streptomycin, 

(Sciencell, Carlsbad, CA, USA); media used to induce quiescence or for the 

absorption incubation during infection experiments contained basal fibroblast 

medium supplemented with 0.1% FBS, 100x Penicillin/Streptomycin and no 

growth factors. 

For HUVEC: Endothelial Cell Growth Medium 2 (EGM-2, Promocell) comprised 

of basal endothelial growth medium supplemented with 2% FBS, 5ng/ml of 

epidermal growth factor, 10 ng/ml of basic fibroblast growth factor, 10 ng/ml of 

insulin growth factor, 0.5 ng/ml of Vascular Endothelial Growth Factor (VEGF), 1 

μg/ml of ascorbic acid, 0.2 μg/ml of hydrocortisone and 90 μg/ml of heparin as 

per manufacturer’s instructions. 

For MeWo cells: Complete growth media consisting of Eagle’s Minimum 

essential medium (MEM; Sigma-Aldrich) supplemented with 1% Non-Essential 

Amino Acids (NEAA) and 10% FBS, apart from the virus attachment incubation 

when MEM with 2% FBS was used. 
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2.4. Antibodies  
 
 
The primary antibodies used for flow cytometry or immunohistochemistry in this 

study are listed in table 2-2. All antibodies were titrated by plotting a dilution 

curve against median fluorescence index, the relevant dilution for each antibody 

corresponding to the shoulder of the curve. Each antibody was also checked 

against an appropriate isotype-control antibody with the same protein 

concentration, as per manufacturers’ recommendation.  
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Table 2-2. Primary antibodies for flow cytometry and 

immunohistochemistry 

 

Specificity  Isotype Conjugate Clone 

number 

Dilution/Application 

 

Company 

VZV gE Goat 

IgG 

Unconjugated vN-20 1:200 

flow cytometry 

Santa Cruz 

Biotechnology 

VZV IE62 Goat 

IgG 

Unconjugated vC-20 1:200 

flow cytometry 

Santa Cruz 

Biotechnology 

VZV gH Mouse 

IgG1 

Unconjugated 6A6 1:200 

flow cytometry 

Abcam 

VZV 

(mixture) 

Mouse 

Mixed 

Unconjugated  1:2000 

immunohistochemistry 

Meridian Life 

Sciences 

CD54 Mouse 

IgG1 

PE LB-2 1:50 

flow cytometry 

BD PharminGen 
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Alpha-

Smooth 

muscle actin 

Mouse 

IgG2A 

APC 1A4 1:50 

flow cytometry 

R&D Systems 

Alpha-

Smooth 

muscle actin 

Mouse 

IgG2A 

PERCP 1A4 1:50 

flow cytometry 

R&D Systems 

 

Secondary antibodies used in this study are summarized in table 2-3.  

 
          
 

Table 2-3: Secondary antibodies for flow cytometry and 

immunohistochemistry. 

 
Antigen Conjugate Host 

species 

Target 

species 

Dilution/ 

Application 

Compan

y 

Immunoglobulin 

 

RPE Goat Mouse 1:50 

flow cytometry 

Dako 

Immunoglobulin FITC Rabbit Goat 1:50 

flow cytometry 

Dako 

Immunoglobulin Biotinylated Goat Mouse 1:1000 

immunohistochemistry 

Vector  

Labs 
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2.5. Protein(s) used for flow cytometry and 

immunohistochemistry  

 
 
The following fluorochrome conjugated proteins were used:  

1. Annexin V (PE or PERCP labeled; 1:50 dilution, for flow cytometry, BD)    

2. Streptavidin (Alkaline Phosphatase labeled, 1:400, for 

immunohistochemistry, Jackson ImmunoResearch)    

 

2.6. Cell preparation  
 

2.6.1. HBVAF  
 
In the experiments described in this report HBVAF were used after reaching 

quiescence, in order to closely replicate the state of the vascular adventitial 

fibroblasts in vivo. After establishing a new culture, the cells were subcultured 

when they were 80-90% confluent, and seeded at a density of 5000-10000 

cells/cm2 (depending on the requirements of the experiment) in basal fibroblast 

medium supplemented with 2% fetal bovine serum, 1% fibroblast growth factor 
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and 100x Penicillin/Streptomycin, (Sciencell, Carlsbad, CA,USA). Quiescence 

was achieved by shifting after 24h and for 7 days to basal fibroblast medium 

supplemented with 0.1% FBS, 100x Penicillin/Streptomycin and no growth 

factors, following published methods (Nagel et al. 2014). The medium was 

replenished every 48 hours.  

2.6.2. HUVEC  

 
The HUVECs were seeded at 5000 cells/cm2 (recommended plating density by 

the manufacturer) in EGM-2 (PromoCell), and passaged after reaching 80- 90% 

confluency.  

2.6.3 MEWO cells  

 
MeWo cells were seeded at 2-4x10000 cells/cm2, and sub-confluent cultures (70-

80%) where split at a ratio of 1:2 to 1:4.  

 

2.7. Cell subculture  
 
 
When initiating a culture from cryopreserved cells, the vial was thawed in a 370C 

water bath and cells returned to culture in poly-L-lysine-coated culture vessel 

(T75 flask) as quickly as possible with minimal handling. The culture medium was 

refreshed the next day to remove residual DMSO and unattached cells, then 

every other day thereafter. To subculture the cells, the medium was aseptically 

removed from the flask and rinsed using a gently rocking motion with appropriate 

volumes of sterile Ca2+- and Mg2+-free DPBS (10 mls per T75 flask, 1 ml per well 
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in 12 well culture plates; Gibco Life Technologies, Paisley, Scotland, UK). DPBS 

was discarded, and appropriate volume of Trypsin/EDTA 0.025%/0.01% (3-5 mls 

per T75 flask, 300-500 μL per well in 12 well plate; PromoCell) added. HBVAF 

and HUVEC were detached at room temperature, while MeWo cells were 

incubated at 370C while observing the cells every 1-2 minutes.  

The cells were examined under an inverted microscope, and when they rounded 

up and started to detach, I gently tapped the side of the vessel to loosen the 

remaining cells, and added Trypsin Neutralization Solution (0.05 % trypsin 

inhibitor, 0.1 % BSA); same volume as the volume of Trypsin/EDTA added; 

PromoCell) was added to the culture vessel and gently agitated. The cell 

suspension was carefully aspirated after gently pipetting up and down to obtain a 

single cell suspension, and transferred to a centrifugation tube. The cells were 

counted, and after adding appropriate volume of fresh growth medium they were 

seeded to new culture dishes at a split ratio of 1:2 -1:4 for MeWo cells, 1:3 for 

HUVEC and HBVAF, or appropriate seeding density for relevant experiments. 

 

2.8. Cell counting  
 
 
10μl of the cell suspension was mixed with 10μl of trypan blue. 10μl of this mix 

was placed in a Neubauer counting chamber. Unstained live cells were counted 

in the specified 25 box field and the total calculated according to the formula 

below:  
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unstained cells × dilution factor × 10
4 

= viable cells/ml 

 

2.9. Freezing cells  
 
 
Processed cells were cryopreserved in liquid nitrogen for long-term storage. After 

counting, cells were centrifuged and re-suspended at a concentration of 2x106/ml 

in freezing media (FBS supplemented with 10% v/v dimethyl sulphoxide from 

Sigma). One ml aliquots were transferred into individual cryovials which were 

placed into a freezing pot with isopropanol coolant for 24 hours at -800 C 

(allowing slow cooling) over night before transfer to liquid nitrogen storage.  

 

2.10. Recovery of frozen cells  
 
 
Cryopreserved cells were removed from liquid nitrogen and rapidly thawed in a 

370C water bath. Cells were then transferred to a T75 flask in 15mls of fresh 

culture media at room temperature, and moved to a 370C 5% CO2 incubator.  

 

2.11. Cytokines  
 
 
Recombinant TNF-α (Sigma-Aldrich) at a concentration of 10 ng/mL was used for 

HUVEC treatment (positive control condition for upregulation of CD54 surface 

expression). Recombinant Human TGF-β1 (PeproTech, USA) at 5 ng/mL was 
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used for HBVAF stimulation. TGF-β1, the most abundant isoform of TGF-β, was 

originally identified for its ability to induce phenotypic transformation of 

fibroblasts. TGF-β is multifunctional cytokine that regulates cell proliferation, 

growth, differentiation and motility, as well as synthesis and deposition of the 

extracellular matrix, and it was used to induce HBVAF transdifferentiation to 

myofibroblasts.  

 

2.12. Varicella zoster virus stock production  
 
 
The THA strain of VZV was propagated in MeWo cells as described previously 

(Grose and Brunell. 1978; Eisfeld et al. 2007). A MeWo culture was initiated in 

MEM supplemented with 1% NonEssential Amino Acids (NEAA) and 10% FBS. 

Two T75 flasks of Mewo cells 60-70% confluent were taken, media removed, and 

the cells inoculated with 250 μL (approximately 25x105pfu) in each flask. Briefly, 

the content of the virus vial was diluted into 5mls MEM with only 2%FBS, and 2.5 

mls added to each flask. The inoculum was left on for 1hour at 370C, gently 

swirling the culture vessels every 15minutes to facilitate uniform distribution and 

virus attachment to the cells. After one hour, the media was topped up with 

7.5mls MEM with 10%FBS and 1%NEAA, cells moved to 340C incubator, and 

cytopathic effect monitored daily. Edmond and colleagues have shown that 

incubation of MeWo and guinea-pig embryo cells with VZV at 360C and 320 

results in higher yield of infection when propagated at 320C. This suggests that 

VZV may be a temperature-sensitive virus whose optimal temperature for growth 
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is below 360C, and that a shift in the incubation temperature would improve viral 

replication (Edmond et al. 1981).  

Cytopathic effect or cytopathogenic effect (CPE) refers to the morphological 

changes in the host cell resulting from viral invasion. When cytopathic CPE was 

present in about 80% of cells (day 4-5 post infection), the culture media was 

decanted, cells scrapped and inoculated to 4 T175 flasks of 80% confluent 

MeWo cells, in 5 mls MEM 2% FBS for each flask. After one hour incubation at 

370C, a volume of 20mls MEM supplemented with 10% FBS and 1% NEAA was 

added to each flask, and transferred to 340C incubator.  When cytopathic effect 

was evident in 80% of cells (5 days post inoculation), the virus was ready to 

harvest. To harvest the cells, the media was removed, cells scraped and 

resuspended in a total of 8 mls freezing media for the 4 T175 flasks (freezing 

media is was comprised of 45% MEM, 45% FBS and 10% DMSO). 250 μL 

aliquots were transferred into individual cryovials which were placed into a 

freezing pot with isopropanol coolant for 24 hours at -80oC overnight before 

transfer to liquid nitrogen storage.  

Prior to freezing, the cells were treated with mitomycin C (0.05 mg/ml for 3 hours) 

to mitotically inactivate the Mewo cells to allow me to use cell associated virus in 

my experiments (Markus et al. 2011). Varicella zoster virus is highly cell 

associated in culture. Whilst cell free virus can be obtained by scraping that 

induces mechanical disruption of the cell monolayer and sonication followed by 

low speed centrifugation, these methods don’t usually provide high titer of cell 

free virus (Carpenter et al. 2009; Grose et al. 1979; Weller et al. 1953), and the 
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virus obtained is highly unstable. (Harper et al. 1998). Therefore studies using 

cell free virus are extremely difficult to perform and were not chosen for this 

study.  

 

 

2.12.1. Varicella zoster virus stock titration  

 
 
After growing the VZV stock, the virus was titrated following an optimized 

protocol kindly provided by Dr Meleri Jones, at the time a Research fellow in 

Professor Breuer‘s laboratory at UCL, Division of Infection and Immunity.  

In brief, MeWo cells were grown in one 24-well plate; when reaching 50% 

confluence, 10-fold dilutions of the virus from 10-1
 

to 10-6 were performed in MEM 

supplemented with 2% FBS. After removing the media culture, a volume of 100 

μL per well was added in triplicates to enhance accuracy of the experiment, and 

the same volume of neat virus and media with no virus as negative control was 

also added in triplicates. The plate was incubated for 1 hour in a 370C incubator 

gently shaking it every 15 minutes, followed by topping up with 400 μL of MEM 

supplemented with 10% FBS and 1% NEAA, and moving it to a 340C incubator 

for 5 days. After 5 days the cell monolayer was rinsed once with 0.5 mL PBS per 

well, fixed in 4% Paraformaldehyde (PFA; 0.25 mL/well; Sigma-Aldrich) for 20 

minutes, rinsed with PBS and proceeded to indirect immunohistochemical (IHC) 

staining to measure the viral pfu.  
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Methods for virus quantification can be divided into traditional methods and more 

modern methods. Traditional methods (virus plaque assay, fluorescent focus 

assay, tissue culture infective dose assay) are well-established methods that 

measure viral infectivity, but are time and labor intensive and can produce results 

that vary widely between replicates. Viral quantification based on the 

immunohistochemical staining for anti-VZV antibodies and automated reading of 

number of viral foci is quicker and improves the data reproducibility.  

For IHC, the wells were emptied, 500 μL blocking solution (PBS + 10% FBS) was 

added to each well and the plate was incubated at room temperature for 30 

minutes. The blocking solution was decanted and 250 μL primary antibody added 

to each well (mAb to VZV mixed; Meridian Life Sciences; 1:2000 dilution in PBS 

+ 1%FBS), followed by incubation at room temperature for 60 minutes. The 

monolayer was washed twice by incubating for 5 minutes in 1 mL PBS per well, 

and 250 uL of Biotinylated anti-mouse IgG (H+L) affinity purified made in goat 

(1:1000 dilution in PBS + 1% FBS; VectorLabs) added per well and incubated at 

room temperature for 30 minutes. The cell monolayer was rinsed once with PBS 

as above, followed by a further 5 minutes incubation in 1 mL TBS per well (Tris 

buffered saline pH 7.6; Sigma-Aldrich) to obtain cleaner background. From this 

point onwards all the washing steps and antibody dilutions were performed with 

TBS. The TBS was decanted and the wells incubated at room temperature for 30 

minutes in 250 μL per well of anti-mouse Alkaline Phosphatase-conjugated 

Streptavidin (1:400 dilution in TBS + 1%FBS; Jackson ImmunoResearch), 

washed twice in TBS, and 250 μL per well of Fast Red substrate was dispensed 
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and plate incubated at room temperature until the plaques became a strong red 

colour (approximately 5 minutes). Fast Red substrate was freshly prepared 

before use by dissolving 2mg Napthol AS-MX phosphate (Sigma-Aldrich) and 20 

mg Fast Red TR salt (Sigma-Aldrich) to 10 mL 0.1M Tris (Trizma hydrochloride 

solution; pH 8; Sigma-Aldrich) by vortexing vigorously and passing through a 

0.45μm syringe filter. When the plaques changed to a strong red colour, the 

reaction was stopped by filling the wells with distilled water, and wells emptied 

and air dried before counting the plaques.  

Plaques were counted one week later using an automated ELISPOT reader. The 

AID ViruSpot Reader (Autoimmun Diagnostika) has full optical zoom integrated, 

permitting to read and interpret viral plaque assays in 6,12, 24, 48 or 96 well 

plates. To interpret the results, the number of plaques in each well were taken (to 

minimize error, only wells with between 20 and 100 plaques were included) and 

the average calculated. The average was then divided by the dilution factor to get 

the number of plaque forming units/100 μL neat virus, and multiplied by 10 to 

obtain pfu/mL neat virus. The pfu of the VZV THA strain I have grown and used 

in the experiments described in this report was therefore calculated to 200 000 

pfu/mL.  

 

2.12.2. Assessment of cellular changes in response to VZV infection using 

microscopy  
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As briefly mentioned earlier in this chapter, CPE refers to structural changes in 

host cells that are caused by viral invasion. Not all viruses are cytopathogenic, 

and the degree of CPE depends on the virus, the host cell type, multiplicity of 

infection (MOI) and other factors. In general, CPE is best observed in cultures 

infected at a low MOI where it develops gradually. In contrast, at a high MOI and 

depending on the virus used, the CPE can appear in the severe form including 

the destruction of the cell monolayer with cells relatively rapidly detaching from 

the culture vessel surface (Enders et al. 1954; Knipes and Howley. 2001). 

Culture dishes with VZV infected cells were observed every 1-2 days on Nikon 

TMS inverted microscope, in parallel with control mock infected cultures, to 

document the presence, degree and extent of cytopathic effect. In the same 

manner, the presence and extent of green fluorescence for experiments using 

the GFP tagged virus was assessed using a fluorescence microscope.  Both 

CPE and green fluorescence were verified by two observers, myself and Dr Ying 

Hong, Research associate in our group.  

 

2.13. Varicella zoster virus infection of HBVAF 
 
 
VZV was propagated in culture using published methods, similar to the methods 

used for VZV propagation in MeWo cells (Grose and Brunell. 1978; Eisfeld et al. 

2007).  
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2.13.1. HBVAF direct infection with mitotically inactivated MeWo cells 

associated VZV  

 
 
Virus infection of cell cultures was achieved by incubating cells with a small 

volume of virus containing medium for certain time to allow relatively quick virus 

adsorption to the cells, prior to topping up with fresh media and continuing the 

incubation. In order to reach the target cell, the virus must traverse the distance 

to it. When inoculating virus to a cell monolayer, a series of factors are 

particularly important: the number of infectious viral particles added per cell 

(MOI), the concentration of viral particles in the total volume of media in which 

the virus is diluted during the attachment period, the length of time in which virus 

and cells and exposed to each other in a minimal volume of media, and the 

temperature during their interaction (Klasse et al. 2015).  

HBVAF were seeded at 7000-10000 cells/cm2 in appropriate culture vessels, in 

basal fibroblast media supplemented with 2% fetal bovine serum, 1% fibroblast 

growth factor and 100x Penicillin/Streptomycin (full media). When the culture 

reached 70-80% confluence, the media was removed and VZV was added at a 

MOI 0.002 (2000pfu per 1x106cells) in a small volume of basal fibroblast media 

(the standard volume used for the virus attachment incubation in all the infection 

experiments was 2 mL/T75 flask, 700 μL/T25 flask, 300 μL/well in 6-well plate or 

150 μL/well in 12-well plate) supplemented with only 0.1% FBS, 

100xPenicillin/Streptomycin and no growth factors.  

The culture dish was moved to a 370C incubator and gently swirled every 15 
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minutes; after one hour, the media was topped up to the recommended volume 

for each culture dish (15 mL for T75 flask, 5 mL for T25 flask, 2 mL/well in 6-well 

plate, 1 mL/well in 12-well plate), the culture vessel was moved to a 340C 

incubator, and CPE +/- fluorescence when the case was observed every 1-2 

days to monitor the spread of the infection. The first signs of CPE appear at 

around 48 hours post infection in approximately 10% or less of the monolayer. 

After 6-7 days, when CPE/fluorescence was present in approximately 40% of the 

monolayer, the cells were harvested by trypsinization and used for HBVAF cell to 

cell infection.  

The MOI of 0.002 was used based on prior infection optimization experiment. 

Serial 2-fold dilutions of the virus were used for infection, and the 

appearance/extent of CPE was observed, with additional confirmation of infection 

efficiency indicated by increase in percentage of cells expressing VZV gE and gH 

proteins (shown in Figure 2.1.).  
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Figure 2.1. Flow cytometric analysis of VZV protein expression in virus-

infected HBVAF shown at different serial dilutions of the virus. 

 This figures shows VZV gE and VZV gH protein expression on day 9 p.i. in 

HBVAF infected at different multiplicities of infection (MOI). Samples were 

stained in parallel with anti-VZV gE or anti-VZV gH antibodies and results are 

presented as percentage of positive cells (single experiment). A plaque forming 

units (pfu) of 2000 per 1x106 cells was selected to use in future experiments. 

In the experiments described in this thesis, I have used HBVAF cell to cell 

infection as a more representative in vitro model of the in vivo infection. Following 

reactivation from latency in neurons, in vivo the virus already replicates when 

reaches the adventitial fibroblasts of the cerebral artery.  

When directly infecting HBVAF with the VZV strains, for most of my experiments 

unless otherwise stated in the specific methods, my aim was not to specifically 

achieve a high infection efficiency in a short period of time. So I used  a modest 

MOI to infect at a MOI which would permit the virus to gradually spread from cell 

to cell in less than 7 days and without being too low to allow the uninfected cells 

to multiply (HBVAF are rapidly growing cells) and overtake the culture limiting the 

propagation of the virus in the set time frame.  

 

2.13.2. HBVAF cell to cell infection  
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HBVAF were seeded at 5000 cells/cm2 in 12-well or 6-well plates and 

quiescence induced by serum restriction and growth factors starvation as 

described in section 2.6.1. In parallel with the quiescent culture, proliferating 

HBVAF were directly infected with VZV-MeWo associated or uninfected MeWo 

(stock grown under the same experimental conditions as VZV- associated MeWo 

cells) referred to as mock-infection from here after. When resting HBVAF were 

fully quiescent (day 8), infected HBVAF (either VZV or mock) were inoculated to 

the quiescent culture at a ratio of 1 cell from the infected culture to 3 uninfected 

cells (Figure 2.2.).  

 

Figure 2.2. Schematic representation of experiments inducing VZV HBVAF 

cell to cell infection. 
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Extrapolating from the above ratio and taking into account the extent of 

CPE/fluorescence observed in the inoculum cells (approximately 40% on day 7 

post infection), gives an estimate of 1 infected cell to 7.5 uninfected cells. Prior to 

infection, cells from 1 well of each condition were detached and counted to 

ensure ratio accuracy and minimize variation between experiments. The spread 

of infection and appearance of culture were monitored daily at a microscope and 

cells harvested at different time points post infection. In addition to observing the 

CPE, cells were stained with anti-VZV protein antibodies to assess infection 

efficiency (figure 2.3.).  

 

 

Figure 2.3.  Time course of VZV protein expression in VZV infected HBVAF 

following cell to cell infection.  
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of 1:3 cells from infected culture to uninfected cells.  Samples were stained in 

parallel with anti -VZV IE62 or anti-VZV gE antibodies at 2 d.p.i. and 6 d.p.i. and 

analysed by flow cytometry. The percentage of cells expressing VZV IE62 and 

VZV gE is presented as mean and SEM for n=3 independent experiments. 

 

 

2.14. Statistical analysis  
 
 
All vitro experiments were completed in triplicates at least and results  are 

expressed as mean ± SEM. Statistical significance between experimental  

groups was determined using unpaired Student t tests. P-values of less than 0.05 

(two sided) were regarded as significant. Statistical analysis was performed using 

GraphPad Prism (San Diego, CA) version 6.0h. Data are presented using 

GraphPad Prism (San Diego, CA). 
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3. Human brain vascular adventitial fibroblast 

differentiation, proliferation and migration in response 

to VZV infection  

 

3.1. Summary 
 

Background: Previous studies exploring vascular remodeling mechanisms in a 

number of vascular disorders have suggested an important role for vascular 

adventitial fibroblasts.  Histological studies outlined in previous chapters have  

also indicated  that cerebrovascular adventitial fibroblasts may also play a key 

role in vascular remodelling associated with VZV vasculopathy.  To date however 

limited studies have examined the exact changes induced in these cells in 

response to VZV infection.  

Objectives: The aim of this part of my study was to develop an in vitro model of 

VZV-induced HBVAF infection and study the changes in the proliferation, 

differentiation and migration of these cells in response to VZV.  
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Methods: Flow cytometry analysis of α-SMA, a marker of myofibroblast 

differentiation, and EdU expression, a marker of cell division of VZV-infected 

HBVAF compared to mock-infected HBVAF. Standard scratch assay was used to 

assess the migratoy capacity of HBVAF in response to VZV-infection.  

Results: A significantly higher number of cells expressed α-SMA and Edu in the 

HBVAF cultures VZV-infected compared to the cultures mock-infected. A 

significantly higher number of cells migrated in the marked field in the HBVAF 

cultures infected by VZV, compared to the cultures mock-infected, as shown by 

the standard scratch assay.  

Conclusions: In this chapter, I show for the first time in a series of in vitro 

experiments that VZV infection promotes HBVAF proliferation, transdifferentiation 

to myofibroblasts, and enhances their migratory capacity.  Taken together, these 

findings provide insight into the mechanisms of vascular remodeling in the 

context of VZV related arteriopathy.  

 

3.2. Introduction 
 

3.2.1 Adventitial vascular fibroblast as regulators of vascular wall structure 

and function  

 

The outermost layer of the arterial wall, the adventitia, exerts roles as an 

extracellular matrix (ECM) rich generator. The adventia is also a component of 

the vascular wall that contains conduits for nutrient supply and removal, the vasa 
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vasorum in addition to containing endothelial cells and pericytes, lymphatic 

vessels, trophic nerves, resident cells (mainly fibroblasts) but also 

immunomodulatory cells (dendritic and macrophages) and progenitor cells 

(Pugliese et al, 2015). It is recognized that the vascular adventitia is, indeed, the 

most heterogeneous layer of the vascular wall.  

 

Previous studies in other vascular conditions have shown that the adventitia 

responds to pathological changes in the microenvironment by initiating a cascade 

of processes leading to vascular remodeling. In humans and animal models of 

pulmonary hypertension (PH), in response to hypoxia, the adventitia undergoes 

substantial thickening due to a remarkable increase in collagen and ECM protein 

deposition, expansion of the vasa vasorum, proliferation of resident fibroblasts, 

as well as recruitment of circulating immune and progenitor cells (Pugliese et al, 

2015; Mitzner et al, 2014). The highly proliferatory phenotype of the adventitial 

vascular fibroblasts in PH has prompted associations with cancer pathology due 

to similarities in the abnormal cell growth that favors the emergence of an 

apoptosis-resistant phenotype (Mc Murtry et al, 2005).  

Growing experimental evidence now suggests that, in response to vascular 

stresses, including hypoxia and mechanical stress, the adventitial vascular 

fibroblast is the first cell in the adventitia to become activated. Cells subsequently 

release molecules that can directly affect nearby smooth muscle cells tone and 

growth, cause upregulation of contractile and ECM proteins, as well as lead to 

enhancement of recruitment of inflammatory cells (Wilcox et al, 2001; Li et al, 
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2011). These studies have also provided evidence that hypoxia induced changes 

in adventitial fibroblasts lock these into an activated phenotype and perpetuate 

chronic vascular inflammation most likely through epigenetic mechanisms (Li et 

al, 2011; Wang et al, 2014; El Kasmi et al, 2014). 

 

In turn these activated fibroblasts have either direct or indirect effects on the 

overall vascular function and structure and this mediated by the secretion of a 

variety of cytokines, chemokines, growth factors, and proteins (Stenmark et al, 

2013). Several signaling pathways have been suggested as important regulators 

of hypoxia-induced proliferation of adventitial fibroblasts in PH. These include 

activation of Gαi and Gαq family members, perhaps in a ligand-independent 

fashion, with subsequent stimulation of PKC and mitogen-activated protein 

(MAP) kinase family members, as well as activation of PI3K, and synergistic 

interaction with Akt, mTOR, and p70 ribosomal protein S6 kinase (Stenmark et 

al, 2013).  

Another appealing aspect of the model of vascular remodeling of PH is the 

marked increase in the numbers of myofibroblasts observed the adventitia not 

only in the model of hypoxia-induced PH, but also in other vasculopathies 

(Wilcox et al, 2011). These myofibroblasts originate from activation and 

differentiation of fibroblasts in response to a variety of stimuli. Myofibroblasts are 

usually identified by expression of α-SMA not present in undifferentiated 

fibroblasts. Myofibroblasts have been shown to be implicated in tissue 

remodeling due to their ability to perform multiple physiologic functions in 
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response to change in the local environment. Some of these functions include: 

production of collagen and other extracellular matrix proteins (elastin, 

fibronectin), as well as matricellular proteins including tenascin-C and 

osteopontin; and production of a variety of growth factors, cytokines, and reactive 

oxygen species that have paracrine effects on the nearby cells (Stenmark et al, 

2013). Myofibroblasts also exhibit marked contractile effects.  

 

In summary, the current growing body of experimental data mainly in relation to 

PH demonstrates that the adventitia acts as a key regulator of vascular wall 

function and structure in an  “outside-in” manner. Resident adventitial fibroblasts 

have been shown to be the first cellular target to be activated and reprogrammed 

ultimately influencing the constitution of the arterial wall, initiating and 

perpetuating chronic vascular inflammation. 

Given that the previous literature on the histology of VZV infected arteries from 

affected humans also suggests that there are similar vascular remodeling 

processes contributing to the cerebral arteriopathy, it is possible that VZV 

infection of adventitial cells might lead to cerebrovascular wall remodeling in a 

similar manner. 

 

3.3. Aims 
 
 
In this chapter the hypothesis that VZV is capable of directly infecting HBVAF 

and inducing changes to the HBVAF phenotype such as increased differentiation, 

proliferation and enhanced migratory capacity,  was investigated. 
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3.4. Methods 
 

3.4.1. Fluorescent activated cell sorting for HBVAF differentiation and 

proliferation  

 

3.4.1.1. Surface and intracellular marker identification  
 

To analyse HBVAF for expression of VZV gE/gH surface proteins and VZV IE62 

or α-SMA intracellular proteins, quiescent HBVAF (plated in 12-well plates) were 

harvested by trypsinisation, transferred to Eppendorf tubes, washed in PBS 500 

μL/well and pelleted by centrifugation at 3500g for 3 minutes. The supernatant 

was removed, the cell pellet dislodged and incubated for 5 minutes at room 

temperature in 1% BSA in PBS. The cells were pelleted by centrifugation at 

3500g for 3 minutes, supernatant removed, and the unconjugated antibodies to 

the surface markers were added at the respective dilutions (listed in table 2-2) in 

1% BSA in PBS 50 μL per tube. The cells were incubated with the primary 

antibodies for 20 minutes at room temperature in the shaker. At the end of the 

incubation the cells were washed in 1% BSA in PBS as described above, and the 

secondary antibodies were added in 1% BSA in PBS 50 μL/tube (dilutions listed 

in table 2-3) and incubated for 20 minutes at room temperature, in a shaker, 

protected from light. The cells were washed twice in 1%BSA in PBS and fixed by 
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incubating with 4% Paraformaldehyde 100 uL/tube for 15 minutes at room 

temperature. The cells were washed in 1% BSA in PBS and incubated for 15 

minutes at room temperature, protected from light, in 100 uL/tube 

permeabilisation solution (1:10 dilution in 1% BSA in PBS; Invitrogen). The 

antibodies to intracellular molecules (VZV IE62, unconjugated or conjugated 

antibody to alpha-SMA) were added to the permeabilisation solution at relevant 

dilutions (listed in table 2-2) and incubated for 20 minutes at room temperature. 

The cells were washed in the permeabilisation and wash reagent and the 

secondary antibodies were added at relevant dilutions in permeabilisation and 

wash reagent, 50 μL/tube, and incubated at room temperature for 20 minutes. 

The cells were washed twice in permeabilisation and wash reagent, pelleted by 

centrifugation, and further steps completed for the proliferation assay prior to 

fixation in 500 μL/tube CellFix (BD; 10x concentrate diluted in deionized water) 

and flow cytometric analysis.  

 

3.4.1.2. Proliferation assay  
 
 
Cell proliferation in response to VZV infection was assessed with flow cytometry 

using Click-iT Plus EdU flow cytometry assay kit Alexa Fluor 647 picolyl azide 

(Invitrogen). EdU is a nucleoside analog to thymidine and is incorporated into 

DNA during active DNA synthesis. Detection is based on a click reaction a 

copper catalyzed covalent reaction between an azide and an alkyne. In this 

application, the alkyne is found in EdU, while the azide is coupled to Alexa 

Fluor® 647 dye. Standard flow cytometry methods are used for determining the 
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percentage of proliferating cells in the population. The EdU assay allows for 

detection of the incorporated EdU using mild conditions without requiring DNA 

denaturation, and was multiplexed with intracellular and surface staining as 

described in the above subsection. 

 

The cells were stimulated with full media and labeled with 1 μL/well of EdU 

solution (prepared by adding 20 mg EdU to 8 mL PBS) 16 hours and 2 hours 

prior to harvesting the cells, respectively. It is recommended that the length of the 

incubation time with EdU and incubation conditions are decided subject to the 

cell type, growth rate and proliferation parameters of interest. In this case, I was 

interested in the population of highly proliferative cells, and therefore a shorter 

stimulation period with full medium was desired. The 2 hours incubation time with 

EdU was determined after optimization experiments, where I compared the 

detection rate of proliferating cells using 2 hours or 4 hours incubation time. 

There was no significant increase in the detection rate of proliferating cells, and 

therefore I selected the 2 hour incubation time (Figure 3.1.).  
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Figure 3.1.  Flow cytometric plots for detection of proliferating HBVAF 

using Click-iT Plus EdU flow cytometry assay. 

 Figure (A) shows quiescent unstained HBVAF. Figure (B) shows minimal 

proliferation in the quiescent population not stimulated with full media. There was 

increased proliferation rate for quiescent HBVAF stimulated with full media for 24 

hours and labeled with EdU 2 hours (C) prior to harvest. There was no significant 

increase in the detection rate of proliferating cells when increasing the incubation 

time with EdU to 4 hours (D).  
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Further to staining for the VZV proteins and α-SMA, the cells were washed twice, 

permeabilised by adding 100 μL/tube saponin-based permeabilisation reagent, 

200 μL/tube of EdU reaction cocktail added and mixed well. The samples were 

incubated with the reaction cocktail for 30 minutes at room temperature, washed, 

and fixed in 500 μL CellFix (BD) per sample prior to flow cytometric analysis.  

The EdU reaction cocktail was prepared as per manufacturer’s instructions, 

including: PBS, copper protectant, fluorescent dye picolyl azide and buffer 

additive.  

 

3.4.1.3. Flow cytometry data analysis  
 

Flow cytometric data were collected on a FACS Calibur flow cytometer. 10x103 

events were collected for each condition and cells gated based on their forward 

scatter properties. A representative set of flow cytometric plots, and the gating 

strategy are shown in figure 3.2. Unstained samples were used to identify 

positivity, and samples stained with only secondary antibodies were used as 

negative controls. Data were analysed using FlowJo (Treestar Inc, Ashland, OR).  
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Figure 3.2. Flow cytometry for EdU and VZV IE 62 detection in HBVAF.  

HBVAF were stained for EdU Alexa Fluor 647 and VZV IE62-FITC. The live cells 

were gated initially on their FSC and SSC characteristics (A). Unstained samples 

were used to identify positivity for  EdU or IE62-FITC (B). Cells positive for EdU 

Alexa Fluor 647 and/or VZV IE62 were then identified in mock infected and VZV-

infected  HBVAF  (C,D respectively ).  
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3.4.2. Scratch assay  

 

A number of assays are used to investigate cell migration including: in vitro 

scratch assay, transwell assay, electric cell impedance sensing, and a 

microfluidics-based system assay. The in vitro scratch assay is probably the 

simplest method: it is inexpensive, and mimics to some extent the cell migration 

in vivo. It also has the advantage of being particularly suitable for microscopy, 

live imaging and study of the regulation of migration by cell-cell interaction (Liang 

et al. 2007).  

HBVAF migratory capacity was assessed using the scratch assay method, 

following published methods in Nature Protocols by Liang and colleagues (Liang 

et al. 2007).  

In summary, the method involved generating a scratch in a cell monolayer with a 

pipette tip, recording images at the start and at regular intervals during cell 

migration to close the scratch, and quantifying the migration rate of the cells by 

comparing the images.  

The assay was performed in 12-well plate using quiescent HBVAF mock-infected 

or VZV infected at approximately 80% confluence. Additional wells with quiescent 

HBVAF were treated with TGF-beta (5ng/mL; Peprotech) and used as a positive 

control. Prior to performing the scratch, the cells were treated with mitomycin C 

(0.01 mg/ml for 2 hours) to inhibit mitosis of the cells and allow us to distinguish 

migration from proliferation (Di J et al, 2015). 
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In brief, the media was removed, and the external surface of the bottom of the 

well was etched with a razor blade with the aid of a ruler, creating 3 parallel 

symmetric horizontal lines – to produce reference marks so that the same field is 

obtained when acquiring the images.  

The cell monolayer was scraped using a P200 sterile pipette tip in a vertical line 

which meets the external horizontal marks at the center of the well. It is important 

to produce scratches of approximately same width between control and the 

assessed population, to minimize any possible variation in results due to the 

different size of the scratches. It is particularly important to achieve smooth 

edges of the scratch and this can be generally achieved by increasing the speed 

of scraping. In addition, in the case of fibroblasts which are cells that start 

growing in layers when reaching full confluence, ideally the scratch is performed 

when the cells are close to confluence but not overcrowded. Moreover, for the 

VZV infected wells, it is important that the CPE is not severe when the scratch is 

completed because unscratched parts of the cell monolayer would detach. With 

this in mind, after optimization experiments I chose to perform the scratch assay 

at 2 days post infection (at the infection ratio I used, CPE not severe), based on 

literature showing that the expression of α-SMA in TGF-beta stimulated 

fibroblasts peaks at 72 hours post treatment (Grotendorst et al. 2014), therefore 

the cells differentiated to myofibroblasts would possess migratory activity. I also 

based this decision on my own results of differentiation experiments shown in a 

later section of this thesis.  
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Following the scratch, the wells were gently washed twice in 1 mL PBS to 

remove cell debris and smoothen the edges of the scratch, fresh media 

supplemented with 0.1% FBS and antibiotics added (not full media, to minimize 

proliferation). Baseline photos of the marked field were taken and the plate 

moved to a 370C incubator and examined periodically.  

The length of the incubation time for the scratch assay was determined 

empirically for the cell type used. Generally, the time frame for incubation should 

be selected to allow the population under the quickest migration condition to just 

reach the complete closure of the area. In my experiments, the migration rate 

was extremely low in the first 12 hours, and complete closure was achieved at 

approximately 36-40 hours.  

During the incubation, the plate was taken under a phase-contrast microscope, a 

reference point aligned and subsequent images of the same fields as baseline 

taken.  Migration was quantified by counting the cells that crossed into the 

scratch area from the reference point defined at baseline.  
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3.5. Results 
 

3.5.1. HBVAF are permissive to Varicella zoster virus infection in vitro 
 

No animal model exists for stroke caused by VZV vasculopathy, therefore in this 

study I have used primary human cerebrovascular cells i.e. HBVAF to infect with 

VZV.  

First, I needed to confirm the ability of VZV to infect HBVAF in my in vitro model. 

Since VZV is highly cell associated, and cell free virus difficult to produce, I 

infected HBVAF cultures with MeWo cells infected with either VZV (strain THA) 

or GFP- expressing VZV. MeWo cells were treated with mitomycin C to block cell 

division before using them to infect HBVAF cultures (Markus et al. 2011). This 

approach prevented MeWo cells from overgrowing the HBVAF and still allowed 

efficient cell-mediated viral infection of the cells of interest. Quiescent HBVAF 

were then co-cultured with VZV-infected fibroblasts as per above.  

As mentioned earlier in this thesis, CPE refers to the morphological changes in 

the host cell resulting from viral invasion. Not all viruses are cytopathogenic; 

however, VZV has been shown to produce CPE in various permissive cells 

(Grose et al. 1979; Harper et al. 1998).  

The culture dishes with VZV infected cells were observed every 1-2 days on an 

inverted microscope and fluorescence microscope (Figure 3.3.) in parallel with 

control mock-infected cultures, to document the presence, degree and extent of 

CPE and fluorescence. Healthy HBVAF are flat, adherent, spindle-shaped cells. 

In response to VZV infection, the appearance of the monolayer changed, with 
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foci of HBVAF characterized by alteration of the cell shape specifically rounding. 

CPE was present in HBVAF infected with VZV as early as day 2 post infection 

(p.i.) at the MOI 0.002 or cell to cell ratio used, and extended gradually in a 

concentric manner from the initial foci. Such changes were not present in mock 

infected cultures.  

At high MOI the CPE involved destruction of the cell monolayer, with cells 

detaching from the culture vessel surface (figure 3.3). Similar results were 

observed in separate experiments using GFP tagged VZV too. 
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Figure 3.3. HBVAF are susceptible to infection by VZV in vitro. Phase contrast microscopy images (100x 

magnification) of human brain vascular adventitial fibroblasts (HBVAF) inoculated with VZV-infected THA strain or mock-

infected. (A). Mock infection on day 3 post infection (d.p.i.). show no  cytopathic effect (CPE) (B) CPE in VZV infected 
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HBVAF at a multiplicity of infection (MOI) 0.002, day 3 p.i. (C) Severe cytopathic effect with cell lysis and destruction of 

the monolayer present 2 d.p.i. in VZV-infected HBVAF at MOI 0.01. (D,E) Phase contrast and fluorescence microscopy 

images (200x magnification) of HBVAF co-cultured with VZV GFP ORF23 infected HBVAF at a ratio of 1:3 infected to 

uninfected cells, obtained on day 6 post infection. Figure D. shows morphological changes of infection in phase contrast 

microscopy, and Figure E. shows in the same field green fluorescence representing GFP ORF 23 tagged infected 

HBVAF. 
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Next, I looked at VZV related protein expression (IE62, gH, GFP ORF23) using 

flow cytometry. At 48 hours post cell to cell infection, a mean of 9.95% (SEM 

0.43%) and 11.42% (SEM 1.66%) of VZV-infected HBVAF expressed VZV IE62 

protein (immediate-early protein) and VZV gH protein (late protein), respectively 

(n=3 experiments). At 6 days post infection, 20.71% (SEM 5.15%) of VZV-

infected HBVAF expressed VZV IE62 protein, 24.94% (SEM 2.03%) expressed 

VZV gH protein (Figure 3.4, n=3 experiments). No expression of VZV proteins 

was detected in mock-infected HBVAF. These data provide further confirmatory 

evidence that HBVAF are permissive to VZV infection in vitro. 

I was also interested to examine whether the detection of cells expressing VZV 

gH proteins correlates well with the detection of VZV GFP ORF23 using flow 

cytometry, as in my experiments I have used both these methods to identify the 

infected cells. A good correlation between the detection rate of infected cells 

using VZV gH and VZV GFP ORF23 expression was identified (Figure 3.4)  
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Figure 3.4.  Flow cytometric analysis of GFP VZV ORF23, VZV gH and VZV 

IE62  protein expression on VZV-infected HBVAF. (A) Infection efficiency in 

VZV cell to cell viral propagation in HBVAF. VZV IE62 and VZV gH protein 

expression in HBVAF infected cell to cell at a ratio of 1:3 cells infected to 

uninfected cells.  Samples were stained in parallel with anti-VZV IE62 (immediate 

early viral protein) or anti-VZV gH (late viral protein) antibodies at 48h .p.i. and 6 

d.p.i. . The percentage of cells expressing VZV IE62 and VZV gH  (shown as 

mean and SEM; n=3) was analysed by flow cytometry. At 48 hours post cell to 

cell infection, a mean of 9.95% (SEM 0.43%) and 11.42% (SEM 1.66%) of VZV-

infected HBVAF expressed VZV IE62 protein and VZV gH protein, respectively 

(n=3 experiments). At 6 days post infection, 20.71% (SEM 5.15%) of VZV 

infected HBVAF expressed VZV IE62 protein, 24.94% (SEM 2.03%) expressed 
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VZV gH protein (B,C) Representative flow cytometric plot of GFP ORF23 (B) and 

VZV gH protein expression (C) in mock-infected and VZV-infected on day 6 post 

infection. In the VZV-infected population, 28.86% of HBVAF express gH protein, 

and 35.7% express GFP ORF23, demonstrating a good correlation between the 

detection rate of infected cells using VZV gH and VZV GFP ORF23 expression. 

 

3.5.2. HBVAF activation and differentiation in response to VZV infection  
 

 

In order to confirm my hypothesis that resident cerebrovascular fibroblasts in 

response to VZV infection differentiate into myofibroblasts and therefore may be 

the source of myofibroblast induced changes seen on histology of VZV infected 

arteries in humans (Nagel et al. 2013), I then studied the potential of VZV to 

activate HBVAF and induce myofibrolast differentiation.  

The fibroblasts present within the ECM of the connective tissue of vascular 

adventitia constitutively express vimentin and fibroblast- specific protein 1, 

however no fibroblast specific marker has been identified as yet. In response to a 

variety of stimuli generated when tissue injury occurs, normal fibroblast can 

acquire an activated phenotype and differentiate into myofibroblasts. 

Myofibroblasts are a form of fibroblastic cells that have differentiated partially 

towards a smooth muscle phenotype, and possess contractile and migratory 

activity by using in particular alpha-smooth muscle actin, a cytoskeletal protein 

found in smooth muscle cells (Hinz et al. 2007).  



 112 

A-smooth muscle actin is a widely used as a marker of myofibroblasts. Alpha- 

smooth muscle actin expression in VZV- and mock-infected HBVAF was 

therefore investigated by flow cytometry.  

There was a significant fold percentage increase detected in HBVAF expressing 

α-SMA following VZV infection compared to mock infection, 9.79 fold (SEM 2.80 

fold) and 19.53 fold (SEM 3.38 fold) for VZV-infected, compared with 1.24 fold 

change (SEM 0.56 fold) and 8.24 fold (SEM 1.37 fold) in mock-infected cells, 

p=0.04 and p=0.03 at 48 hours and 6 d.p.i. respectively  (Figure 3.5). Fold 

increase in the percentage of α-SMA positive cells was calculated compared to 

resting quiescent fibroblast expression analysed on the day of infection, and was 

expressed as mean and SEM for n=3 independent experiments.  
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Figure 3.5. VZV induces HBVAF differentiation to myofibroblasts. (A) 

Representative flow cytometry plots demonstrating expression of α-SMA in mock 

and VZV-infected cells on day 6 post infection. (B) Detection of α-SMA in HBVAF 

infected by VZV presented as fold increase in the percentage of α-SMA positive 

cells for mock infected and VZV-infected cultures compared to resting baseline 

expression on HBVAF. The VZV-infected cultures exhibited significantly higher 

increase in the percentage of cells expressing α-SMA suggesting myofibroblast 

differentiation of these cells compared to mock-infected cells, at 2 days post 

infection (p=0.04) and 6 days post infection (p=0.03), n=3 experiments. Unpaired 

t test; *P<0.05, **P< 0.001, ***P< 0.001.  
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Two subsets were identified in terms of α-SMA in the VZV-infected HBVAF: one 

subset co-expressing VZV proteins and α-SMA, and one subset of cells 

expressing α-SMA but not VZV proteins (figure 3.6). Even when taken 

individually, the latter percentage was higher than the total percentage of α-

SMA+ in the mock-infected cultures.  

 

 

 

 

 

 

 

 

 

Figure 3.6. Co-staining of HBVAF for detection of α-SMA and VZV gE proteins. 

Representative flow cytometry plots demonstrating co-expression of α-SMA and VZV gH  

in VZV-infected HBVAF on day 6 post infection. 

 

3.5.3. HBVAF proliferation in response to VZV infection  
 

The proliferative responses of HBVAF were assessed using EDU expression by 

flow cytometry. VZV infection also enhanced the proliferative potential of HBVAF 

in vitro as assessed using EDU expression. 
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There was a significant increase in the percentage of EdU+ cells observed in 

VZV-infected cultures compared to mock-infected cultures expressed as fold 

change in relation to resting quiescent HBVAF EdU expression: 18.38 fold (SEM 

3.22 fold) and 25.38 fold (SEM 3.37 fold) in VZV-infected cultures, compared with 

1.72 fold (SEM 0.35 fold) and 3.31 fold (SEM 0.09 fold) in mock-infected cultures 

(p=0.03 and p=0.01) at 48 hours and 6 d.p.i., respectively, (Figure 3.7). 

 

 

 

Figure 3.7. VZV infection enhances HBVAF proliferation (A) Representative 

flow cytometric plots demonstrating expression of EdU in mock- and VZV-

infected cells at 48 hours post infection (B) Detection of EdU in HBVAF infected 

by VZV presented as fold increase in the percentage of EdU positive cells for 

mock-infected and VZV-infected populations compared to compared to resting 

quiescent fibroblasts analysed on the day of infection. The VZV-infected cultures 

exhibited significantly higher increase in the percentage of proliferating cells 

compared to mock-infected cultures: 18.38 fold (SEM 3.22 fold) and 25.38 fold 
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(SEM 3.37 fold) in VZV-infected cultures, compared with 1.72 fold (SEM 0.35 

fold) and 3.31 fold (SEM 0.09 fold) in mock-infected cultures (p=0.03 and p=0.01, 

unpaired t test) at 48 hours and 6 d.p.i., respectively (n=3 experiments). *P<0.05, 

**P< 0.001, ***P< 0.001. 

 

Similarly to the findings with regards to the α-SMA, two subsets were also 

identified in terms of and EdU expression in the VZV-infected HBVAF: one 

subset co-expressing VZV proteins and EdU, and one larger subset of cells 

expressing a-SMA or EdU but not VZV proteins (figure 3.2. C,D) . 

 

3.5.4. Migratory capacity of human brain adventitial fibroblasts in response 

to Varicella zoster virus infection  

 

Next, I explored whether the migratory capacity of HBVAF had changed in 

response to VZV infection, using the standard scratch assay. 

Scratch assay was performed on culture monolayers of mock-infected and VZV-

infected HBVAF on day 2 post infection. Cells treated with TGF-β were used as 

positive control. The number of cells which migrated into the scratch area from 

the reference marks at baseline was quantified at 17 hours post scratch. 

Increased cell migration into the marked field was observed in the HBVAF 

cultures VZV-infected compared to mock-infected (Figure 3.8): a mean of 136.70 

(SEM 21.47) cells migrated into the marked area in the VZV-infected cultures, 



 117 

compared to 48.33 cells (SEM 7.12) in the mock-infected cultures (n=3 

experiments, p=0.01,). These results  showed that in response to VZV-infection, 

the HBVAF acquire increased migratory capacity. This is in keeping with the 

previous results which demonstrated enhanced differentiation in the VZV-infected 

populations. As discussed earlier in this thesis, the presence of α-SMA confers to 

the fibroblast increased contractile function, therefore increased migration 

capacity. 
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Figure 3.8. Migratory potential of HBVAF in response to VZV infection.  A 

scratch assay was performed on culture monolayers of mock-infecte.  (A) and 

VZV-infected HBVAF (C) on day 2 post infection. Cells treated with TGF-β were 

used as positive control (B). The number of cells which migrated into the scratch 

area from the reference marks at baseline was quantified at 17 hours post 

scratch. Increased cell migration into the marked area was observed in the 

HBVAF cultures VZV-infected compared to mock-infected culture.  (D) A mean of 

136.70 (SEM 21.47) cells migrated into the marked area in the VZV-infected 

cultures, compared to 48.33 cells (SEM 7.12) in the mock-infected cultures (n=3 

experiments, p=0.01).   Unpaired t test. *P<0.05, **P< 0.001, ***P< 0.001. 
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3.6. Discussion 
 

I was able to show that HBVAF are permissive to VZV infection in vitro, and 

following infection a number of  changes in HBVAF were observed. At the start of 

this project, only a single conference abstract had reported work on VZV-infected 

HBVAF. While my studies were ongoing, Nagel et al. published on some 

additional work on HBVAF in two studies (Nagel et al. 2015; Nagel et al. 2014). 

My  results now also confirm the susceptibility of HBVAF to VZV infection.  

 

My work suggests for the first time that VZV can trigger changes in HBVAF that 

could be of relevance to vascular remodeling: increased HBVAF proliferation, 

cellular activation and differentiation to myofibroblasts, and increased migratory 

activity. There was a significant difference between the number of proliferating 

cells and cells expressing α-SMA in the population infected with VZV, compared 

to mock infection. Interestingly, two subsets were identified in terms of α-SMA 

and EdU expression in the VZV-infected HBVAF: one subset co-expressing VZV 

proteins and α-SMA or EdU, and one larger subset of cells expressing α-SMA or 

EdU but not VZV proteins. This indicates two subgroups of cells in the infected 

population: one subgroup of HBVAF VZV-infected and differentiated to 

myofibroblasts or proliferating cells, and one larger subgroup of uninfected cells 

which were activated and differentiate to myofibroblasts or have increased 

proliferation. This possibly reflects an alteration in the differentiation and 

proliferation behavior of nearby uninfected cells through paracrine effects from 

VZV-infected cells.  
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A number of studies on arterial hypertension have indicated a role for fibroblasts 

in vascular remodeling processes. Adventitial fibroblasts have been shown to 

proliferate (Arribas et al. 1997; Das et al. 2000; Chatelain et al. 1988), and some 

differentiate towards myofibroblasts (Chatelain et al. 1988). Activated fibroblasts 

have been found in the neointima of injury-induced lesions (Siow et al. 2003; Shi 

et al. 1996), suggesting migration of fibroblasts from the adventitia towards the 

lumen. The findings of the migration experiments  described here also show that 

cells in the VZV-infected population migrated at a higher rate than mock-infected 

cells. This is in keeping with the experiments of cell differentiation that also 

showed a higher rate of differentiated cells (hence capable to migrate) in the 

VZV-infected population compared to mock-infected cells.  

 

In conclusion, the results of this chapter support a possible “outside in” model of 

cerebral arteriopathy in response to VZV infection. VZV infection promotes 

HBVAF differentiation into myofibrolasts, and contributes to enhancement of their  

migratory capability. Myofibroblast accumulation can directly contribute to 

changes in the tone and structure of the vessel wall under pathophysiologic 

conditions (Das et al, 2002). In addition, myofibroblasts could also migrate and 

accumulate in the media and intima thus further enhancing the vascular 

pathologic remodeling in the context of VZV vasculopathy. These changes could 

lead to occlusion of blood flow and ischaemic stroke.  
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A limitation of this model arises from the fact that it is an in vitro and not in vivo 

model. Numerous efforts have been made to develop adequate animal models of 

VZV infection, but these models remain limited (Haberthur et al, 2013). The 

rhesus macaque model of Simian varicella virus infection recapitulates key 

clinical and virological features of VZV infection, however reactivation has not yet 

been experimentally induced in the rhesus macaque model (Haberthur et al, 

2013).  

Also, background cellular changes and positive selection of adherent cells that 

survive are also potential limitations of my in vitro findings. In addition, an 

important question yet to be answered is what the therapeutic implications of 

these findings could be, and the relevant clinic impact, especially in terms of 

possible prevention or regression of the vascular changes shown.  

 

Taken in the context of the past histological studies of VZV-infected brain arteries 

my data now support the previously speculated important role of brain adventitial 

fibroblasts as a portal of entry for VZV. These processes could contribute to 

arterial remodeling, and the remaining work of this thesis concentrated on 

investigating the potential mechanism for the pathogenesis of VZV cerebral 

arteriopathy. It is important to add that despite by best efforts, I have not been 

able to obtain and use human brain arteries from paediatric or adult patients with 

VZV vasculopathy. BRAIN UK is a network of National Health System and 

academic centres working together to provide CNS tissue for research. BRAIN 

UK provides a matching service for researchers requiring human tissue from 
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disorders affecting the brain and neuromuscular system. No relevant tissue from 

adults or children was found in the BRAIN UK brain bank following my 

application, and no brain arteries from children with VZV related arteriopathy 

were found in the Histopathology department at GOSH.  
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4. Microparticles and their role in Varicella zoster virus 

vasculopathy 

 

4.1. Summary 
 

Background: Previous studies in several vascular disorders have shown that 

fibroblast activation in response to mechanical stretch or hypoxia upregulates 

chemokine production and triggers inflammatory pathways in vitro, contributing to 

vascular remodeling (Lindner et al. 2014; Stenmark et al. 2006; Stenmark et al. 

2006). The interplay between various cell types occurs either through direct cell 

contact (gap junctions or adhesion molecules) or via paracrine and autocrine 

effect (Stastna et al, 2012). Microparticles (MP) are membrane vesicles rich in 

phosphatidylserine, with important functions in intercellular communication, and 

have been shown to be elevated in a number of vascular disorders including 

systemic vasculitis  and paediatric AIS (Hong et al, 2012, Eleftheriou et al, 2012). 

There is limited knowledge however regarding the potential interplay between 

vascular cells in the context of cerebral vascular remodeling, and whether MP 

play a role in facilitating these processes.  

Objectives: The aim of this study was to assess the functional significance of the 

brain adventitial fibroblast activation in the context of VZV-infection demonstrated 

in the previous chapter, particularly in relation to potential paracrine effects on 

endothelial cells.  
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Methods: Endothelial activation and endothelial dysfunction, two processes that 

interact to trigger an inflammatory and prothrombotic phenotype in endothelial 

cells, were assessed using flow cytometry for expression of CD54 and reactive 

oxygen species (ROS). The secretome (containing the MP population) of VZV-

infected HBVAF was evaluated using flow cytometry, mass spectrometry and 

electron microscopy. A particular focus was relinquished to the role of MP in the 

fibroblast to endothelial communication in the particular context of VZV 

vasculopathy, their potential to transport viral the pathogen, and the implications 

of this.  

Results: There was activation in cultured HUVEC as indicated by upregulation of 

CD54 and increased ROS, induced by both conditioned media and MP from 

VZV-infected HBVAF. Further experiments revealed that VZV-infected HBVAF 

release proinflammatory cytokines and chemokines (IL-6, IL-8, TNF-a, IL-10, 

MCP-1). The possibility that some of these effects on endothelial cells could be 

mediated by MP release was examined. MP released by the VZV-infected 

HBVAF were found to express viral proteins by proteomic analysis and flow 

cytometry which showed increased expression of VZV gH protein and VZV GFP 

ORF23 when the GFP-tagged virus strain was used to infect. Transmission 

electron microscopy of MP released by HBVAF in response to VZV infection 

evidenced the pathogen cloaked in the MP. I also showed that MP induced lytic 

infection when incubated with healthy HBVAF. 
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Conclusions: Signals from infected HBVAF interact with HUVEC and contribute 

to endothelial activation and dysfunction, of relevance to the biology of VZV 

associated AIS. 

 

4.2. Introduction 
 

4.2.1. The interplay between endothelial activation and endothelial 

dysfunction in vascular disease 

 

The endothelium, the innermost layer of the arterial wall, plays an intricate role in 

vascular biology being involved in vascular haemostasis, neutrophil recruitment, 

mediation of the vascular tone, hormone trafficking, and fluid filtration (Gimbrone 

et al, 1997). With a strategic anatomic position between blood and tissues, the 

endothelium is a dynamic interface exposed to various biochemical and also 

biomechanical stimuli originating from the circulating blood and/or nearby cells.  

 

The healthy luminal endothelium is a relatively non-adhesive and non-

thrombogenic surface, while specialized adhesive molecules present at the 

lateral cell–cell junctions influence the transendothelial permeability and the 

migration of leukocytes from the blood into the body tissues (Gimbrone et al, 

1997). In health, at the basal aspect of the endothelium, transmembrane 

integrins and associated intracellular proteins link the extracellular matrix to 

cytoskeletal elements, providing stability and plasticity to the vascular lining 
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(Gimbrone et al, 1997).  In disease, these interactions have been shown to 

undergo significant changes.  

 

Studies at cellular and molecular levels support two paradigms of endothelial 

activation: biochemical and biomechanical, with the biochemical model probably 

more extensively studied (Liao KJ, 2013). Humoral factors, such as cytokines 

and bacterial products such as gram-negative endotoxins were shown to act 

directly on cultured endothelial cells and modulate their phenotype by modifying 

their adhesive properties for blood leukocytes resulting in enhanced firm 

attachment and transmigration of leukocytes in various in vitro model systems 

(Bevilacqua  et al, 1986; Pober et al, 1985, Gimbrone et al, 1997). The two 

paradigms of endothelial dysfunction and endothelial activation have been shown 

to intersect and play complex roles in the pathogenesis of a number of diseases 

such as atherosclerosis, hypercholesterolemia, coronary artery disease, 

hypertension, diabetes, vascular injury and repair (De Caterina et al, 1995).  

Endothelial activation is defined by the increased expression of cell-surface 

adhesion molecules, such as Intercellular Adhesion Molecule-1 (CD54; 

ICAM-1), vascular cell adhesion protein 1 (VCAM-1; CD106),  PECAM-1 (CD31) 

and endothelial leukocyte adhesion molecule (E-selectin; CD63E) that 

subsequently facilitate extravasation of leukocytes from the blood vessels to 

inflammatory sites in the peripheral tissues (Haraldsen et al. 1996; Liao et al. 

1997). In brief, increased endothelial expression of these molecules is a marker 

of vascular inflammation, vascular permeability, and endothelial activation.  
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In addition, proinflammatory cytokines such as TNF-α and interleukin-6 have 

been shown to induce activation of endothelial cells since 1980s (Bevilacqua  et 

al, 1986). Moreover, biomechanical stimuli such as fluid shear stress and 

hydrostatic pressure lead to endothelial activation (Gimbrone et al, 1997). The 

humoral factors (cytokines, growth factors, bacterial products) that lead to the 

activation of endothelial cells can originate from the blood, and/or are released 

locally from endothelial cells or other nearby cells and can act in an autocrine or 

paracrine manner.  

 

Endothelial dysfunction is defined by a lack of Nitric Oxide (NO). NO has been 

shown to be a vascular protective factor that limits activation of the endothelial 

cells and prevents leukocyte adhesion to the vessel wall (Kubes et al, 1991; Liao 

et al, 1995).  

Endothelial dysfunction and endothelial activation are linked (Figure 4.1.). 

Endothelial dysfunction has been shown to induce endothelial cell activation in 

the absence of cytokines. In a study by De Caterina and colleagues, suppression 

of basal endothelial NOS activity by l-NG-arginine methyl ester led to increased 

VCAM-1 expression and increased monocyte adhesion, indicating that 

endogenous endothelium-derived NO could basally inhibit endothelial cell 

activation (DeCaterina et al, 1995).  Kuhlencordt and colleagues have shown that 

mice with a deletion of eNOS develop atherosclerosis and vascular inflammation 

(Kuhlencordt et al, 2001).  These results also suggested that vascular areas with 
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turbulent and not laminar blood flow which would have less endothelium-derived 

NO, would be more prone to endothelial cell activation (Liao KR, 2013). 

 

NO and ROS dynamically interplay to maintain the vascular homeostasis. ROS 

production and NO generation are closely linked and high levels of ROS lead to 

low NO bioavailability, as observed in endothelial cells exposed to irregular flow 

(Hsyue-Jen Hsieh et al, 2014).  

ROS are oxygen metabolites that are highly active in terms of oxidative 

modifications of cellular macromolecules including proteins, lipids, and 

polynucleotides (Wang et al, 2013). ROS have both physiological and 

pathological functions. Homeostatic ROS maintain an optimal environment for 

the biochemical cellular activities. When ROS are produced in excess or when 

the endogenous antioxidant capacity is lowered, increased oxidation elicits 

harmful effects, resulting in “oxidative stress”. There is now an increasing body of 

evidence linking oxidative stress and malignancy, ischaemic injury, 

neurodegenerative disorders, and chronic inflammatory processes (Halliwell et 

al, 2001; Moskovitz et al, 2001; Valko et al, 2007; Newsholme et al, 2007; Chinta 

et al, 2008; Wells et al, 2009).  

 

In summary, a healthy endothelium not only arbitrates endothelium-dependent 

vasodilation, but also inhibits thrombosis, vascular inflammation, and 

hypertrophy. It displays a vasodilatory phenotype consisting of high levels of 

vasodilators such as NO and low levels of ROS, an anti-coagulative phenotype 
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consisting of low levels of plasminogen activator inhibitor, von Willebrand factor, 

and P-selectin. Minimal inflammation may be present, as indicated by low levels 

of soluble VCAM-1, ICAM-1, E-selectin, TNF-α, and IL-6 (Rajendran et al, 2013). 

In contrast, a dysfunctional endothelium is characterized by impaired 

vasodilation, increased oxidative stress, and a procoagulant and pro-

inflammatory phenotype with decreased vascular repair capacity.  

 

 

Figure 4.1. The role of endothelial activation and endothelial dysfunction in 

vascular disease. (Adapted from Liao KJ, 2013). Oxidative stress mediates 

endothelial dysfunction. Proinflammatory cytokines, and turbulent flow are 

important mediators of endothelial cell activation via the activation of the 

transcription factor, NF-κB. NO reduces endothelial cell activation through 

inhibition of NF-κB. Loss of NO increases the endothelial cell activation. 

Endothelial activation can lead to endothelial dysfunction, and both processes 
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lead to vascular disease by increasing vasoconstriction, smooth muscle cell 

proliferation with vascular remodeling, platelet aggregation, leukocyte adhesion, 

low density lipoprotein oxidation, and activation of matrix metalloproteinases.  

 

 

4.2.2. Cellular microparticles  
 
 

Cells release into the extracellular environment diverse types of membrane 

vesicles of endosomal and plasma membrane origin called extracellular vesicles 

(EV)  (Raposo et a, 2013). This generic term of EV has been used to describe all 

forms of secreted vesicles: exosomes, microvesicles, MP, apoptotic bodies and 

other subsets (Burger et al, 2015). Definitions of EV subsets vary between 

studies and there is currently no consensus regarding the nomenclature (Gould 

et al, 2013).  

 

MP have been described as a heterogeneous in size (100-1000 nm) population 

of membrane vesicles rich in phosphatidylserine, that are released from cells 

through budding of the plasma membrane (ectocytosis) upon conditions of 

stress, injury, cellular differentiation, senescence, or apoptosis (Mause et al. 

2010; Torrecilhas et al. 2012; Horstman et al. 1999). The above characterization 

enable differentiation from exosomes, vesicles of less than 100 nm in size, which 

are stored in multivesicular bodies in the cytoplasm to be released from cells 
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when these endosomal compartments fuse with the plasma membrane (Simons 

et al. 2009).  

In the recent years, the term of microvesicles has also been introduced, referring 

to EV released from the cells by blebbing of the plasma membrane as described 

for MP but with a smaller size below 200 nm (Souza et al, 2015). The distinction 

between microvesicles and MP is subtle, and other authors refer to the MP as 

microvesicles (Burger et al, 2015). In this thesis I used the term MP to describe 

the EV with a size above 100 nm as confimed microscopically or by flow 

cytometry data which detects larger particles above 300 nm.  

 

The normal cell membrane has two layers rich in phosphatidylserine and 

phosphatidylethanolamine, which are supported by enzymes flippase, floppase 

and scramblase (Mause et al, 2010). When MP are formed, flippase is 

inactivated and floppase and scramblase are activated, leading to a loss of the 

normal architecture of the membrane and producing an outward facing 

phosphatidylserine enriched layer (Zahra et al, 2011; Bern MM, 2017; Beyer et 

al, 2010).  

MP express antigens indicative of their parental cells. They have been detected 

in plasma and other body fluids in various physiological and disease states. Their 

contents depend on their cells of origin and can include tissue factor, mRNA, 

microRNA, double stranded DNA, P-selectin glycoprotein ligand-1 (PSGL-1), 

growth factors, adhesion integrins, protease inhibitors, and ceramides (Bern MM, 

2017; Ratajczak et al, 2006; Hunter et al, 2008).   
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Of note, it has been suggested that MP released upon cellular activation or 

apoptosis of the same cell type differ in terms of numbers and phenotype 

(Jimenez et al. 2003). Their number and their size distribution have been shown 

to be influenced by gender, age, and disease (Gustafson et al, 2015; Rautou et 

al, 2013).  

 

MP contribute to a number of physiologic pathways, the complexity of which is 

still being investigated. Although originally regarded as inactive cellular debris, in 

the recent years a number of studies have highlighted the role of MP as vectors 

of biological information and protagonists of intercellular communication. This 

intercellular communication leads to activation of receptors on the target cell via 

presentation of membrane-expressed molecules, or direct transfer of MP 

components including proteins, lipids or genetic information to the target cell, 

potentially leading to cell activation, phenotypic changes and reprogramming of 

cell function (Mause et al. 2009; Kahn et al, 2017; Muralidharan-Chari et al, 

2010). Some cytoplasm is engulfed during MP release by membrane blebbing, 

and so the MP have been shown to also carry cytokines and chemokines, growth 

factors, enzymes, and signaling proteins (Garcia et al, 2005; Dean et al, 2009; 

Mause et al, 2010).  

As described above, in both physiological conditions and disease, MP can induce 

in the target cell profound changes, and the responding cell can in turn release 

molecules, which can act locally or systemically. The ability of MP and exosomes 
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to deliver molecules to target cells introduces the compelling possibility of their 

use for drug delivery, but also for the pathogenesis of diseases, including (of 

relevance to this thesis) the potential for MP to be mediators/vehicles for viral 

propagation. 

 

There is very limited knowledge of the role of MP and/or exosomes in infectious 

diseases. MP released from cells in response to an infection can originate from 

either the pathogen or host cell.  Gram negative bacteria and mycobacteria have 

been shown to release outer-membrane vesicles which can convey pathogen 

molecules ultimately serving as antigens to induce host defense and immunity. 

Bacteria can also release membrane vesicles that act as agonists of innate 

immune receptors and serve as regulators of host defense and mediators of 

immune evasion (Schwechheimer et al, 2015; Prados-Rosales et al, 2011; 

Prados-Rosales et al, 2014). Less is known of the vesicles released from the 

host cells in response to infection.  

 

Exosomes are the most studied cellular particles that are used by viruses.  It has 

been shown that in response to viral exposure cells release exosome populations 

with distinct molecular profiles (Meckes et al, 2013). Exosomes released from 

virus-infected cells have been studied in HIV and some herpesviruses, and more 

recently hepatitis C virus (HCV), hepatitis A virus, human papilloma virus. HIV 

induces release of MP from infected cells (Kadiu et al. 2012). Epstein-Barr virus-

infected B cells have been shown to secrete exosomes that contain virally 



 134 

encoded miRNA (Pegtel et al, 2010). A role of exosomes in the transfer of 

infectious agents between cells has been postulated, however this has still not 

been extensively demonstrated. Ramakrishnaiah and colleagues have shown 

that exosomes contain viral envelope proteins and viral genomes and facilitate 

transmission of HCV between human hepatoma Huh7.5 cells (Ramakrishnaiah et 

al, 2013). Hepatitis A (HAV), a non-enveloped virus, was shown to be released 

from cells surrounded by host-derived membranes which protected the virus from 

antibody-mediated neutralization (Feng et al, 2013). These enveloped HAV 

viruses resembled exosomes. Encapsulation of viral genomes by hijacking the 

host cell membranes may be a strategy of the virus to protect itself from 

antibody-mediated neutralization. Studies on herpes simplex virus (HSV) 

exosomes, have shown that these particles contain viral tegument proteins and 

can increase the infectivity of viral DNA (Meckes DG, 2015).  

 

A strong case for cellular vesicles having a role in facilitating viral infections is 

that the particles released by virus-infected cells have modified physiological 

characteristics, and interfere with, rather than trigger, antiviral immunological 

responses (Robbins et al, 2014; Meckes DG, 2015; van Dongen et al, 2016). 

Studies in mice have suggested that the signalling of cellular vesicles could 

function not only locally, but also extend systemically  (Batra et al, 2015; Peinado 

et al, 2012).  

In vasculitides, MP have been shown to induce endothelial changes and 

contribute directly to the vasculopathy aetiopathogenesis (Hong et al. 2012).  
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Therefore these studies suggest that MP are important mediators of vascular 

pathology, and may also contribute to viral infection propagation. The role of MP 

in the mechanism of VZV related arteriopathy thus far have not been explored.  

 

4.3. Hypothesis 
 
 
In this chapter the hypothesis explored was that VZV-infected HBVAF interact 

with nearby cells such as endothelial cells through MP, and trigger inflammatory 

responses.  

 

4.4. Methods 
 

4.4.1. Fluorescence activated cell sorting of HBVAF-derived microparticles  
 

4.4.1.1. Isolation of MP from HBVAF 
 

MP were harvested from HBVAF culture supernatants by sequential 

centrifugation according to published methods, as follows: culture supernatants 

were collected in sterile Eppendorf tubes and centrifuged at 3500g at 4oC for 5 

minutes to remove detached cells. The supernatant was collected and further 

centrifuged at 5000g and 4oC for 5 minutes to remove cell debris, prior to a last 

centrifugation step at 15000g, 4oC, for 60mins. The supernatant was carefully 

decanted and aliquoted in sterile Eppendorf tubes using a 200 μl pipette, for use 

in experiments as described in a later section. This is referred to as the MP free 



 136 

fraction of the supernatant, or the soluble fraction. The MP pellets, usually 

invisible, were left in a small amount of approximately 20 μL in the tube and used 

immediately for staining for flow cytometry in HBVAF infection experiments or 

HUVEC stimulation experiments as described in the relevant sections.  

 

4.4.1.2. Preparation of monoclonal antibodies and labelling of MP with 
Annexin V  
 

The labelling of MP was achieved as follows: 5 μL of a 1 in 5 dilution Annexin V 

conjugated with phycoerythrin (PE; BD Pharmingen) or PERCP (BD, 

Pharmingen) in Annexin V buffer (Annexin V buffer diluted as per instructions 

1/10 in distilled water) was added to each Eppendorf tube. 5 μL of cell marker 

unconjugated antibodies: goat anti-gE VZV monoclonal antibody (Santa Cruz 

Biotechnology) or mouse anti-gH VZV monoclonal antibody (Abcam) 1 in 20 

dilution in Annexin V buffer were also added when required, according to the 

experiment plan. All antibodies were titrated to ascertain their optimal working 

dilution, and used at final dilutions listed in table 2-2 in the general methods 

section.  Forty μL of gently aliquoted MPs were incubated with the Annexin V and 

antibodies when required for 20 minutes at room temperature in the dark with 

gentle shaking.  

For the experiments in which VZV-GFP ORF23 strain was used and no co- 

staining with the above VZV monoclonal antibodies was performed, the 

incubation was then terminated by adding 200 μl of Annexin V buffer to each 

well, and the samples transferred to small FACS tubes prior to flow cytometry. If 
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staining with unconjugated antibodies was performed, one additional washing 

step in Annexin V buffer was required, followed by 20 minutes incubation of the 

pellets at room temperature in the dark with 50 μL of respective secondary 

antibody FITC or PE conjugated (final dilutions as listed in Table 2-3).  

 

4.4.1.3. Flow cytometric analysis of MP 
  

Flow cytometry is the most commonly used method for MP analysis. The 

advantages of flow cytometry include that large MP numbers may be analysed 

rapidly, size gating provides a way for excluding cellular debris from the analysis, 

and that numerous antigen markers can be detected simultaneously on a single 

MP. Annexin V has been used in numerous studies to identify the MP as they 

bind phosphatidylserine, a negatively charged phospholipid exposed on the 

plasma membrane during vesiculation (Thiagarajan ET AL, 1990). Lactadherin 

has also been used as a probe to detect the MP by flow cytometry, as it is 

reported to be sensitive to phosphatidylserine and is compatible with calcium 

chelators such as EDTA (Latham et al, 2015). However, reports have also 

described that some phosphatidylserine-low MP do not bind annexin V or 

lactadherin, therefore raising concerns for the use of these labels in MP detection 

and analysis (Latham et al, 2015). Other disadvantages of MP identification by 

standard flow cytometry are that this method offers a lower detection limit of only 

300–500 nm, and is unable to distinguish coincident events.  
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All analysis was performed on a FACScalibur flow cytometer (Becton Dickinson). 

MP samples were run at medium flow rate for 30 seconds.  

A representative set of flow cytometric plots, and the gating protocol are shown in 

figure 4.2. When analysing FACSCalibur flow cytometry plots of MP, size was 

defined using forward scatter. MP were defined first as <1μm in diameter when 

compared to 1μm diameter polystyrene beads (Sigma, UK), and then positive for 

Annexin V. 1μm diameter polystyrene beads were used to define the MP gate, 

with anything classed as a MP if it showed forward scatter less than these beads, 

but to exclude the first forward scatter channel containing maximal noise. 3μL of 

the bead stock was diluted in 2mL sterile filtered PBS, then 10μL of this working 

solution was diluted in 190μL sterile filtered PBS. This sample was acquired for 

15-20s. The same protocol was performed using 0.3μm diameter polystyrene 

beads to show the size resolving capability of the flow cytometer used.  

Data were analysed using FlowJo (Treestar Inc, Ashland, OR).  
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Figure 4.2. Flow cytometric detection of MP released from HBVAF. (A) 

Figure indicates that 0.3, 1.1 and 3 μm beads are distinguishable from the 

background noise within the system. The HBVAF MP gate was defined by 

forward-scatter characteristics corresponding with a size < 1.1 µm and positive 

annexin V labeling.  (B). Annexin V is a protein and not an antibody and thus no 

isotype control antibody exists. The threshold for annexin V binding was 

therefore determined by using the fluorescence threshold established for MP in 

the absence of labeled annexin V.  Representative flow cytometry plot showing 

release of MP from VZV-infected HBVAF as annexin V-PERCP positive events. 

 

 

In order to enumerate the MP, a suspension of 3μm diameter polystyrene beads 

(Sigma, UK) was run in addition. The beads were provided in a stock at 
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6.667x109/mL. 6μL of bead stock was diluted in 2mL sterile filtered PBS, giving 

the working solution (2x107/mL). 10μL of working solution was diluted in 190μL 

sterile filtered distilled H2O, giving a total of 200,000 beads. The absolute number 

of Annexin V binding MP per mL of media was then determined by using the 

proportion of beads counted and the exact volume of media from which the MP 

were analysed, as described by Brogan et al. (Brogan et al. 2004).  The equation 

to calculate the absolute number of MP is shown in figure 4.3.  

 

 

Total number of MP/mL media= 

200 000 / (number of beads counted) x (number of MP counted per well) x n 

                                  Number of mL of supernatant 

 

 

 

 

Figure 4.3. Conversion equation for calculation of MP number per mL of 

media from flow cytometer counts.  
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4.4.2. Quantification of soluble cytokines and chemokines in HBVAF 

culture supernatants  

 

The Meso Scale Discovery (MSD) electrochemiluminescence assay was used for 

measurement of the cytokine levels released in the culture supernatants from 

mock- infected and VZV-infected HBVAF, at several time points post infection. 

MSD provides a plate pre-coated with capture antibodies, and the user adds the 

sample and a solution containing detection antibodies conjugated with 

electrochemiluminescent labels over the course of one or more incubation 

periods. Analytes in the sample bind to the capture antibodies, to then recruit the 

detection antibodies. An MSD buffer is then added to the wells to create the 

appropriate chemical environment for electrochemiluminescence. The plates are 

loaded to the reader, where a voltage applied to the plate electrodes causes the 

captured labels to emit light. The reader measures the intensity of emitted light.  

 

The assay was performed according to the manufacturer’s instructions. Samples 

were collected at different times post infection, stored in -80C freezer and 

processed in batches. All standards and samples were measured in duplicate. 

The cytokines measured were IL-6, IL-8, IL-10, TNFα and MCP- 1. In brief, 

samples were defrosted to room temperature and 25 μl was added to the 

appropriate well of the MSD plate, and incubated at room temperature in the 

shaker for 2 hours. 25 μl of the appropriate detection antibody was added to each 

well, and plates incubated for 1 hour at room temperature. Plates were washed, 
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and 150 μl per well of 2x MSD Read Buffer diluted in deionised water was added 

to the plates. Plates were analysed within 30 minutes of the addition of Read 

Buffer on the MSD imager.  

 

4.4.3. Fluorescence activated cell sorting for human umbilical vein 

endothelial cell activation and dysfunction in response to Varicella zoster 

virus infection  

 

4.4.3.1. Production of HBVAF culture conditioned media  

 
Media was collected in sterile Eppendorf tubes from VZV- and mock-infected 

HBVAF at approximately 48 hours post infection, centrifuged at 3500g at 4oC for 

5 minutes to remove detached cells, the supernatant collected and further 

centrifuged at 5000g, 4oC for 10 minutes to remove cell debris. The samples 

were stored in -80C freezer and used within 1 month.  

 

4.4.3.2. HBVAF conditioned media fractionation  
 

Samples of conditioned media prepared as above were thawed and further 

centrifuged at 15000 g, 4oC, for 60mins, in 1.5 mL sterile Eppendorf tubes. The 

supernatant was carefully decanted and aliquoted in Eppendorf tubes using a 

200 μl pipette, and the MP pellet left in approximately 20 μl. Next, the pellet was 

diluted in 0.5 mL of fresh media and used immediately in HUVEC stimulation 

experiments as outlined in the next section.  
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4.4.3.3. HUVEC incubation with conditioned media/MP /MP-free fractions 

harvested from VZV -infected HBVAF culture 

 

HUVEC (PromoCell, Heidelberg, Germany) at passage 4 were seeded at 5000 

cells/cm2 in EGM-2 (PromoCell), and 12-well plates. When reaching confluence, 

the media was removed and cells washed twice in 1 mL PBS. 0.5 mL of full 

conditioned media, or MP fraction diluted in 0.5 mL fresh basal HBVAF media, or 

0.5 mL of MP fraction free conditioned media from VZV- or mock-infected 

HBVAF. The media was collected at approximately 48 hours post infection (at the 

start of day 3 post infection), and was added to the relevant HUVEC culture 

wells. The MP pellets and MP free fractions were separated from equal volumes 

of conditioned media collected from quiescent fibroblasts seeded at the same 

density. When incubating with MP, for each HUVEC well from the 12 well plate, I 

added the MP pelleted from the supernatant of a 6 well plate. The media was 

topped up with 0.5 mL fresh EGM-2 (1:1 ratio conditioned media to fresh media) 

and plates moved to 37oC incubator. Next, the cells were harvested by 

trypsinization and used for the above mentioned flow cytometry experiments.  

 

4.4.3.4. Fluorescent activated cell sorting for human umbilical vein 

endothelial cell CD54 expression  
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HUVEC (passage 2, PromoCell, Heidelberg, Germany) were incubated for 6 

hours with conditioned media from mock-infected or VZV-infected HBVAF and 

the surface expression of CD54 was analysed by flow cytometry after staining 

with anti CD54-PE antibody (BD PharminGen, dilution listed in table 2-2). 

HUVEC treated with TNF-α (100 ng/mL) were used as positive control. Unstained 

samples were used to identify positivity, and samples stained with only 

secondary antibody were used as negative controls. A minimum of 10x103 cells 

per sample were acquired. Results were analyzed with FlowJo 10.0.8 software. 

 

4.4.3.5. Reactive oxygen species detection by Flow Cytometry.  
 

2’, 7’-Dichlorodihydrofluorecin (H2DCF-DA) is a widely used probe for detecting 

intracellular H2O2 and oxidative stress. H2DCF-DA diffuses into the cell where 

esterases cleave the acetate group and the resulting molecule is trapped into the 

cell where intracellular ROS products such as Nitric Oxide, peroxyl products and 

peroxyl radicals oxidises H2DCF to the fluorescent compound dichlorofluorescein 

(DCF; Jakubowski et al. 1997). This can be detected in the FL1 channel of the 

flow cytometer. This dye is often used to measure the general level of oxidative 

stress inside the cell, (Amir et al. 2008). It is important to keep in mind that there 

are several limitations in terms of the interpretation of the results: the oxidation 

reaction may be accelerated by peroxidases and inhibited by glutathione levels 

(Garcia-Ruiz et al. 1997), cytochrome c, a heme protein that is released from the 

mitochondria to the cytosol during apoptosis can oxidise Dichlorodihydrofluorecin 

directly via a perodidase-type mechanism to form DCF  (Kalyanaraman et al, 
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2012).  Indeed the accumulating DCF may also oxidise H2DCF amplifying the 

signal (Johnson et al, 2010). 

ROS production was studied in HUVEC at approximately 70% cell confluence 

plated at 2x104 in 12-well plates and cultured for 3-4 days. The culture medium 

was removed, and HUVEC were incubated in the dark for 30 minutes with 10 µM 

H2DCF-DA (Molecular Probes, USA). Next, they were washed twice in serum 

free basal media to remove extracellular H2DCF-DA, and incubated for 1 hour 

with conditioned media harvested from mock- or VZV-infected cultures prior to 

flow cytometry analysis. Caution was taken to minimize light exposure during the 

experiment because H2DCF-DA is susceptible to photo-oxidation (therefore 

increasing DCF fluorescence) or photo-bleaching (loss of DCF fluorescence) 

(Wang et al, 2013).  

Cells treated with 200 µM H2O2 and 0.1 µM tBHP were used as positive controls. 

Cells without labeling were used as negative control.  

 

4.4.4. Qualitative mass spectrometric analysis of the proteomic profile of 

MP released by HBVAF in response to VZV infection 

 

 4.4.4.1. Sample preparation  
 

HBVAF were cultured in T225 flasks  in basal fibroblast medium supplemented 

with 2% FBS 1% fibroblast growth factor and 100x Penicillin/Streptomycin, 

(Sciencell, Carlsbad, CA,USA). Quiescence was achieved by shifting after 24 
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hours and for 7 days to basal fibroblast medium supplemented with 0.1% FBS, 

100x Penicillin/Streptomycin and no growth factors. Quiescent fibroblasts were 

infected cell to cell with fibroblasts infected with VZV GFP ORF23 or mock-

infected as described in the general methods, by adding one T75 flask of infected 

cells to the T225 flasks. At the time of cell to cell infection, around 75% green 

fluorescence was present in the infected flasks, indicating that more than half of 

the culture monolayer was infected. Each of the two conditions, VZV-infected or 

mock-infected HBVAF was prepared in triplicates in a total of 6 samples.  

The proteomic profiling of the cells secretome is difficult to study in vitro due to 

contamination issues by serum proteins such as FBS that is a critical component 

of most cell culture media. With this in mind, when designing the methods for this 

experiment’s samples preparation, a challenge that I anticipated was to minimize 

the media FBS content for cells that would already be in a stressful environment 

due to infection. In addition, because MP are small particles compared to cells, 

and therefore a large pellet is required to enable extraction of enough protein for 

the mass spectrometry analysis, I decided to avoid repeated media changes in 

order to not lose any MP released. Not changing media and maintaining the 

infected cells in FBS free media could cause great damage to the cells. 

Published studies showed that a stringent wash treatment of the cells prior to 

changing the media to serum free media for 24 hours prior to sample collection 

allowed the confident identification of a larger portion of the secretome by liquid 

chromatography tandem-mass spectrometry (LC–MS/MS) (Pellitteri-Hahn et al, 

2006). However, these studies were not conducted on infected cells.  
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I therefore concluded that it would be particularly challenging to maintain the 

infected cells in FBS-free media while infection is propagating. HBVAF were 

cultured after cell to cell infection in quiescent media with reduced 0.1%FBS, with 

a focus to infect them at a high MOI to facilitate viral spread in a shorter period of 

time rather than maintain them in culture for 6-7 days without changing the 

media.  

At 24 hours after cell to cell infection, the media was removed, and the cells were 

washed twice in PBS, and once in serum-free media, followed by replacement of 

the media with serum-poor media.  The cultures were monitored daily using 

fluorescence microscopy for the extent of infection. On day 4 post infection, 80% 

fluorescence was present in the flasks of VZV-infected cells, concurrently with 

CPE. The supernatants were collected and the MP pelleted as described 

previously. The pellets were washed twice and transferred fresh to the mass 

spectrometry facility in  20-30 μl PBS.  

 

4.4.4.2. Liquid chromatography tandem-mass spectrometry  
 

Mass spectrometry has emerged as the primary tool for protein identification and 

is the cornerstone of proteomics. In brief, the protein identification process using 

mass spectrometry is presented in Figure 4.4., from Cottrell et al, 2011.   
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Figure 4.4. Basic schematic representation of a typical experimental 

workflow for protein identification and characterisation using liquid 

chromatography tandem-mass spectrometry (LC-MS/MS) (From J Cottrell, 

2010). An enzyme, often trypsin, digests the proteins from the sample to 

peptides. One or more chromatography are used to regulate the flow of peptides 

into the mass spectrometer. 1D or 2D gel electrophoresis may also be used for 

separation followed by a single step of chromatography. Peptides are selected 

one at a time using the first stage of mass analysis (MS1). Each isolated peptide 

is then induced to fragment, and the second stage of mass analysis (MS2) used 

to capture an LC-MS/MS spectrum. Individual peptide sequences are identified. 
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Then the set of peptide sequences is used to deduce which proteins may have 

been present by comparing with databases of known proteins. 

 

 

Liquid chromatography tandem-mass spectrometry (LC-MS/MS) was performed 

on triplicate samples of MP from VZV-infected and control mock-infected HBVAF 

with assistance from Mr Ivan Doykov, Research Assistant in the Mass 

Spectrometry Unit at University College of London and Great Ormond Street 

Hospital. In-gel digestion of proteins was performed according to published 

methods (Mills et al, 2001). All analyses were performed as described previously 

(Heywood et al, 2012) using a nano-Acquity UPLC and QTOF Premier mass 

spectrometer (Waters Corporation, Manchester, UK). Data were analysed using 

ProteinLynx Global Server (PLGS) version 2.4 (Waters Corporation, Manchester, 

UK) with a downloaded Uniprot Human Proteome database. Search settings 

allowed a minimum three ion matches per peptide, seven ion matches and three 

peptides matches per protein. At the center of all protein identification methods is 

the scoring system. Mass spectrometry data arisen from the unidentified protein 

are compared with theoretical data from known proteins, and a score is assigned 

according to how well the two sets of data compare. Any score above an 

arbitrary confidence threshold, usually 95%, is termed a “hit” (McHugh and 

Arthur, 2008). The top such hit is expected to identify the unknown protein. If 

there are no scores above this threshold (“no hits”), then the protein remains 

unidentified. The limiting factor on all protein identification algorithms is the 
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compromise between false positives and false negatives (McHugh and Arthur, 

2008). It is essential to keep false positives to a minimum during protein 

identification because identifying the wrong protein, and at the same time, it is 

desirable to identify as many proteins as possible to achieve the greatest benefit 

from the experimental data. The capacity of a tool to identify a protein is termed 

its sensitivity, and its capacity to discriminate between true positives from false 

positives is termed its specificity. Sensitivity and specificity are incorporated in 

the confidence level, a numerical threshold above which proteins are defined as 

identified. 

In this study, only proteins with a PLGS confidence score > 95% confidence, 

“definite hits” were considered. Viral protein identification including number of 

peptides and coverage from the LC-MS/MS analysis for each protein are 

provided in the results section. 

 

4.4.5. Transmission electron microscopy (TEM) of MP and MP-free pellets  
 
 

For the electron microscopy experiments, the supernatant collected after 

isolation of the MP pellets was subjected to a further ultracentrifugation step, to 

isolate the smallest particles with diameter under 100 nm. The volume of 

supernatant used to concentrate the pellets was approximately 12 mL for each 

sample, collected from T75 flasks of HBVAF cultures mock-infected or VZV GFP 

ORF23-infected displaying green fluorescence on approximately 50% or more of 

the culture dish, on day 6 post infection. The MP free supernatants were 
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transferred in ultracentrifugation clear tubes, and the volume was topped up with 

PBS to 38.5 mL which is the maximum volume required by each tube. The tubes 

were transferred to an Optima XPN (Beckman Coulter) preparative 

ultracentrifuge with a SW 32 Ti Rotor, swinging bucket, and centrifuged at 131 

000 g, 4oC for 1 hour. The supernatant was discarded gently, and the pellets left 

in approximately 100 μl PBS, transferred to Eppendorf tubes and transported on 

ice to the electron microscopy facility where they were negatively stained within 1 

hour.  

 

The samples were kindly prepared by uranyl acetate negative-staining in 

assistance by Mark Turmaine, Experimental officer in the Electron microscopy 

facility at University College of London, using standard published methods (von 

der Malsburg et al, 2011). An aqueous solution of 2% uranyl acetate was 

prepared using uranyl acetate dehydrate powder (Merck, KGaA, Darmstadt, 

Germany) dissolved in double distilled water. A 20 µL sample drop was placed 

on a 400-mesh carbon-coated grid for 2 minutes at room temperature.  Excess 

sample was gently removed with a filter paper. The sample was rinsed by 

swiping the grid on a drop of PBS, excess solution was blotted. To negatively 

stain the sample, the grid was placed, film side down, on a fresh 20 µL drop of 

2% uranyl acetate for 2 minutes, followed by blotting and air drying.  

Next, the samples were analysed using a JEOL JEM-1010 electron microscope, 

using its room temperature sample holder. As the manufacturer describes, JEOL 

JEM-1010 is a highly integrated compact transmission electron microscope with 
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advanced features and functions. The operating voltage ranges from 40kV to 

100kV which is ideal for life science as well as material science applications. 

JEM-1010 is a high-contrast TEM because of low operating voltage and the 

design of the objective pole piece. In addition, it is equipped with a camera for 

digital image acquisition. The images were acquired at magnifications between 

60000 and 135000x.  

The samples were analysed fresh, to avoid artifacts described in the literature 

associated with sample freezing, such a perturbed architecture due to the 

development of ice crystals.  

The samples I studied on the transmission electron microscope were: MP pellets 

from mock-infected HBVAF used as control; MP pellets from VZV-infected 

HBVAF; and pellets obtained after ultracentrifugation from mock-infected or VZV-

infected HBVAF.  

 

4.4.6. HBVAF incubation with MP harvested from infected cultures 
 
 

For the infection experiments using MP/MP-free fraction harvested from HBVAF 

culture supernatants (either VZV- or mock-infected), the healthy quiescent 

fibroblasts were prepared as described in the general methods chapter, in a 6-

well plate.  

Supernatants were collected from HBVAF cultures infected similarly to the 

samples for proteomic analysis, with inoculum cells from cultures with extended 

green fluorescence. When approximately 70-80% of the cells displayed green 
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fluorescence, supernatants were removed and MP and MP free fractions were 

separated from conditioned media by sequential centrifugation as described 

previously. MP pellets were washed twice in quiescent fibroblast media before 

being added to the healthy cells. MP and MP-free fractions were used fresh in 

the same experiments. In brief, the principle of infection was the same: after 

removing the media, the resting cells were incubated with the inoculum for 1 hour 

in a 37oC incubator in a minimum volume of media to promote the adsorption of 

the MP or free virus particles if present in the MP-free fraction, gently shaking the 

plates every 15 minutes. For the 1 hour incubation time, the MP pellet was 

diluted in 300 μL of basal media supplemented with 0.1% FBS and antibiotics, 

and from the MP free fraction 1 mL was added per well in the 6-well plate. For 

each well of a 6 well plate I added the MP pelleted from the media of a T25 flask.  

At the end of the 1 hour attachment incubation time, the media was topped up to 

1 mL per well, plates moved to a 34oC incubator, 16 hours later the media was 

topped up to 2 mL, and CPE and fluorescence observed daily. The controls used 

were HBVAF mock-infected, and HBVAF infected cell to cell. In additional 

experiments, HBVAF were incubated as above in the presence or absence of 

heparin 10 μg/ml (Sigma-Aldrich). Previous studies showed that heparin inhibits 

VZV and HSV infection in cultures, by interfering with the viral attachment (Zhu et 

al, 1995; Nahmias et al, 1964).  
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4.4.7. Circulating MP in children with VZV-related AIS 
 

4.4.7.1. Patients  

 
Children > 28 days old presenting to Great Ormond Street Hospital with VZV-

related AIS between October 2013 and February 2017 were recruited to the 

study. Patients were identified by the Neurology team and recruited during the 

acute AIS episode and blood samples were collected. VZV-related AIS was 

defined as AIS occurring within 12 months post Varicella infection.  

Informed consent was obtained from all parents/guardians and participants with 

local ethics approval.  

4.4.7.2. Healthy controls and disease controls  
 

Blood samples were obtained from healthy adult volunteers, staff from within the 

Infection, Inflammation and Immunity Programme at the Institute of Child Health, 

University College London (UCL). 

A disease control group was included comprising of children with a new 

presentation of AIS and cerebral arteriopathy of other aetiology. These patients 

were identified at presentation to the neurology services at Great Ormond Street 

Hospital.  

 

4.4.7.3. Isolation of MP from platelet poor plasma  
 

One to 3 mls of whole blood was collected into bottles containing 3.2% trisodium 

citrate (Becton Dickinson). Platelet poor plasma (PPP) was obtained by 
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immediate centrifugation of the whole blood at 5000g for 5 minutes twice. Plasma 

was then stored at –80oC analysis. Prior to analysis PPP was thawed rapidly in a 

370C water bath. Exact volumes of plasma (200-400μl) were then centrifuged at 

17000 g for 60 minutes and the supernatant decanted to obtain the MP pellet. 

The MP were then reconstituted in Annexin V binding buffer (BD PharMingen, 

UK), divided into 40 μl aliquots and plated onto the wells of a 96 well U-bottomed 

plate prior to staining with Annexin V and anti-VZV protein antibodies.  

 

4.5. Results 
 

4.5.1. Assessment of endothelial cell activation in response to stimulation 

with conditioned media derived from VZV-infected HBVAF 

 
HUVEC activation was measured by endothelial surface expression of CD54. 

After incubation of HUVEC for 6 hours with conditioned media from mock-

infected or VZV-infected HBVAF (collected at 48 hours post infection), I analysed 

the surface expression of CD54 by flow cytometry.  

The conditioned media contains a soluble fraction comprising of peptides and 

proteins including cytokines and chemokines, and a pelletable unsoluble fraction 

comprising of protein aggregates and extracellular particles. I postulated that if 

an effect of the conditioned media on HUVEC was identified, it is highly likely that 

the soluble fraction of it was responsible. With this in mind, I selected the 48-hour 

time point for collection of culture supernatants based on previously published 
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work suggesting that cytokine release peaks relatively quickly, often within hours 

to 24 hours after stimulating a cell population (Carlquist et al. 1994). In general, 

the intracellular production of cytokines is detected earlier than the cytokine 

secretion. The kinetics of cytokine production depends on the cell type and 

stimulus. VZV-infected cultures are a mixture of cells at different stages of 

infection, and VZV is propagated gradually in the cell cultures from cell to cell. 

Therefore, in terms of cytokine release as a first point to start, I theorized that if 

every single infected cell peaked in the secretion of cytokines at around 24 hours 

or less, and the virus propagates gradually, it is likely that a more representative 

peak would be beyond the 24-hour time-point when infection would have spread. 

Therefore a time point of 48 hours for collection of culture supernatants seemed 

reasonable for these experiments.  

 

The results are presented in Figure 4.5.   There was a significant difference in the 

CD54 median fluorescence intensity (MFI) between HUVEC treated with 

conditioned media derived from VZV-infected or mock-infected populations: 9.93 

(SEM 1.34) for co-incubation with supernatants from mock-infected cells 

compared with 21.44 (SEM 2.75) for VZV-infected, p=0.002, n=9 independent 

experiments (Figure 4.5, B).  

In summary, I detected upregulation of CD54 expression in cultured HUVEC 

treated with conditioned media derived from VZV-infected cultures.  
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Figure 4.5. Effect of conditioned media from VZV-infected HBVAF on 

HUVEC CD54 expression.  

Human umbilical vein endothelial cells (HUVEC) were incubated for 6 hours with 

equal volumes of conditioned media from mock-infected or VZV-infected HBVAF 

(collected at 48 hours post infection) and the expression of CD54 adhesion 

molecule was analysed by flow cytometry. (A) Flow cytometry histogram 

CD54-PE MFI n=9 experiments 

A. B. 
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Control unstimulated 
Control stimulated   
TNF- a  
VZV GFP23 
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demonstrating increased CD54 expression in HUVEC treated with conditioned 

media collected from VZV-infected HBVAF (shown in red) compared to HUVEC 

treated with conditioned media collected from mock-infected HBVAF (shown in 

orange). (B) Data are expressed as mean and SEM (n=9); there was a significant 

difference in CD54 expression on HUVEC stimulated with conditioned media 

from VZV-infected HBVAF compared to HUVEC stimulated with conditioned 

media from mock-infected HBVAF (p=0.002, determined using unpaired t test).  

 

 

4.5.2. Assessment of endothelial cellular oxidative stress in response to 

stimulation with conditioned media derived from VZV-infected HBVAF 

 

Having shown that media derived from VZV-infected HBVAF induce HUVEC 

activation with enhanced expression of CD54, I went on to investigate if this 

could also trigger endothelial dysfunction. Cellular oxidative stress was assessed 

by measuring the production of ROS. 2',7'-dichlorodihydrofluorescein diacetate 

(H2DCF; DCFH-DA)  is a well-established compound to detect intracellular 

peroxylated proteins, which are a marker of the overall level of oxidative stress 

within the cell.  

Upon cleavage of the acetate groups by intracellular esterases and oxidation, the 

nonfluorescent cell-permeant H2DCFDA is converted to the highly fluorescent 

2',7'-dichlorofluorescein (DCF), which is detected by flow cytometry. In this thesis 
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ROS were detected by flow cytometric detection of DCF. The methods are 

outlined in section 4.4.3. 

There was a significant difference in the DCF MFI between HUVEC treated with 

conditioned media derived from VZV-infected or mock-infected populations, in 

relation to untreated HUVEC: 8.48% (SEM 0.18 %) for co-incubation with 

supernatants from VZV-infected cells compared with 5.60% (SEM 0.62 %) for 

mock- infected (p=0.01, n=3 experiments, unpaired t test) (Figure 4.6.).  

 

 

 

 

 

Figure 4.6. Conditioned media harvested from VZV-infected HBVAF  

induces ROS production in endothelial cells. HUVEC were loaded with 

DCFH-DA and exposed for 60 minutes to conditioned media derived from VZV or 

mock-infected HBVAF, or H2O2 and tBHP (positive controls). Oxidation-

dependent fluorescence of DCF was determined by flow cytometry, and the 
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results are expressed as mean and SEM of DCF median fluorescence intensity 

(MFI). (A) Flow cytometry histogram demonstrating increased DCF median 

fluorescence intensity (MFI) in HUVEC treated with conditioned media collected 

from VZV-infected HBVAF (solid black line) compared HUVEC treated with 

conditioned media collected from mock-infected HBVAF (dotted black line). (B) 

There was a significant difference in DCF MFI on HUVEC stimulated with 

conditioned media from VZV-infected HBVAF compared to HUVEC stimulated 

with conditioned media from mock-infected HBVAF: 8.48 (SEM 0.18) and 5.60 

(SEM 0.62), respectively (p=0.01, n=3 experiments, unpaired t test). *P<0.05, 

**P< 0.001, ***P< 0.001      

 

 

4.5.3. Assessment of the soluble factors in conditioned media harvested 

from VZV-infected HBVAF 

 
 
Next, I wondered what could be mediating these effects on endothelial cells. 

Could it be the soluble factors of the media? Could the insoluble fraction also 

have a contribution?  

 

4.5.3.1. Quantification of proinflammatory cytokine and chemokine 

secretion released by VZV-infected HBVAF 

 
To address this, first I profiled the cytokine production from VZV-infected HBVAF.  
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I examined the pattern of cytokine release by VZV infected fibroblasts to 

establish whether VZV infection promotes release of proinflammatory cytokines 

and chemokines that in turn could contribute to the pathogenesis of cerebral 

arteriopathy through a modification in the phenotype of endothelial cells as 

shown in the above results sections.  

 

Conditioned media collected at 48 hours, 4 days and 6 days post infection from 

mock-infected and VZV-infected HBVAF was fractionated as described in the 

methods section of this chapter, and the soluble fraction was analysed using the 

MSD cytokine assay, assessing: IL-8, IL-6, IL-10, TNF-α and MCP-1. 48 hours 

post infection, VZV-infected HBVAF released several cytokines/chemokines 

(Figure 4.7.).  that could contribute to the pathogenesis of cerebral arteriopathy 

either through exerting a paracrine effect on vascular endothelial cells triggering 

a switch in their phenotype to a proinflammatory one, or through a paracrine 

effect on other nearby HBVAF or other cells, such as vascular smooth muscle 

cells. IL-6 and TNF-α are cytokines known to promote leucocyte adhesion to 

endothelial cells (Luckett and Galluci. 2007; Galluci et al. 2006; Galluci et al. 

2007; Fredi et al. 2005; Wung et al. 2005). IL-8 is known to enhance fibroblast 

migration and endothelial cell proliferation, activation (Dunlevy and Couchman. 

2002). MCP-1 promotes leucocyte adhesion and inflammation, and 

compensatory IL-10 is suppressive of vascular remodelling (Viedt et al. 2002).  
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Figure 4.7. Analysis of cytokine and chemokine levels released by VZV-

infected and mock-infected HBVAF, 48 hours post infection. 

Data are presented as mean and SEM of n=6 experiments. At 48 hours post 

infection, the levels of cytokines were significantly higher for IL-8 (Figure A; 

p=0.01), IL-6 (Figure B; p=0.0005), IL-10 (Figure C; p=0.09), TNF-a (Figure D; 

p=0.005). Figure E shows the analysis of MCP-1 levels at 48 hours and 4 days 

post infection; the MCP-1 levels in the fraction of the media from VZV-infected 

HBVAF were higher at 48 hours compared to mock-infected HBVAF, without 

reaching statistical significance (p=0.05). At 4 days post infection, the MCP-1 

levels were significantly higher in the VZV-infected population (p=0.002). 

Unpaired t test. *P<0.05, **P< 0.001, ***P< 0.001  ns P>0.5 

 

The mean and SEM of cytokine levels of 6 experiments, as well as the results of 

statistical analyses used to compare the levels of cytokines secreted by VZV- 

infected and mock-infected HBVAF are listed in table 4-1. 
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Table 4-1. Comparison of mean cytokine levels secreted by VZV-infected 

HBVAF and mock-infected HBVAF.  

Cytokine Cells 
Time post 

infection 

Level 

(mean, 

pg/mL) 

SEM 
Statistical significance for comparison 

between VZV and mock-infected cells 

IL-8 

VZV 

48h 

4661 1454 

p=0.01 

Mock 131.7 24.92 

IL-6 

VZV 

48h 

932.3 149.2 

p=0.0005 

Mock 167.3 22.1 

IL-10 

VZV 

48h 

6.52 1.91 

p=0.09 

Mock 0.33 0.24 

TNF-a 

VZV 

48h 

4.73 1.18 

p=0.005 

Mock 0.23 0.06 

MCP-1 

VZV 

48h 

822.1 220.6 

p=0.05 (ns) 

Mock 323.3 59.94 

VZV 4 days 811.4 142.2 p=0.002 
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Mock 206.1 61.18 

 

A time course of cytokine release from mock- and VZV-infected HBVAF was also 

examined  (Figure 4.8.). The highest levels of cytokines were present in the 

fraction of the media collected at 48 hours post infection.  

 

 

 

Figure 4.8. Time course of cytokine secretion in VZV-infected HBVAF.  

Fold increase in the levels of IL-8, IL-6, IL-10, TNF-α and MCP-1 cytokines and 

chemokines secreted by VZV-infected HBVAF compared to mock-infected 

HBVAF at 48 hours, 4 days and 6 days post infection. Fold increase is expressed 

as mean and SEM of n=6 experiments for 48 hours and 4 days post infection, 

and n=3 experiments for 6 days post infection time point. Conditioned media was 
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stored in -80C freezer and samples analysed in batches using the Meso Scale 

Discovery cytokine assay. The maximal signal was identified at 48 hours.  

 

 

Assessment of the pelletable factors in conditioned media harvested from 

VZV-infected HBVAF 

 

Studies in cancer have shown that both soluble factors and the extracellular 

vesicles secreted by the tumour cells work together to establish metastatic 

disease. Jung and colleagues used the rat pancreatic adenocarcinoma as a 

model system and have demonstrated that the exosomes are the driving force of 

metastasis, but they required the help of the soluble factors (Jung et al, 2009).  

Aliotta and colleagues have demonstrated that extracellular vesicles are capable 

of inducing pulmonary vascular remodeling and also of reversing the pulmonary 

vascular responses in monocrotaline-induced pulmonary hypertension in mice 

(Aliotta et al, 2013; Aliotta et al, 2016).  

 

I therefore next hypothesized that some of the phenotypic modulation of HUVEC 

could be part-mediated by MP release.  To test this hypothesis I explored 

whether VZV induces MP release from infected fibroblasts, and the possibility 

that fibroblast MP contribute to endothelial cell activation. 

 

4.5.4. Flow cytometry study of MP derived from HBVAF 
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4.5.4.1. HBVAF release MP in response to VZV infection 

 
Supernatants from mock- and VZV-infected HBVAF were collected on day 6, and 

subjected to differential centrifugation as described in methods section of this 

chapter. to separate MP with size between 0.1 and 1μm.  After isolation, the 

pellets were used immediately for staining with Annexin V (AnV) and analysed by 

flow cytometry. HBVAF derived MP were defined as particles less than 1.1 μm in 

size and binding AnV (Figure 4.2.) 

The flow cytometry analysis confirmed MP release from VZV- and mock-infected 

HBVAF.  The supernatants from cultured VZV-infected cells contained a 

significantly higher number of AnV+ particles per mL compared to control mock-

infected cultures (Figure 4.9.): 70.16 x 104 (SEM 87.2 x 103), and 7.02 x 104 

(SEM 1.3 x 103), respectively (n=3, p=0.001, unpaired t test). 
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Figure 4.9. Enumeration of MP in culture supernatants of infected 

fibroblasts. Culture supernatants collected on day 6 post infection  with VZV or 

mock from HBVAF were subjected to centrifugation to separate the MP pellets. 

The pellets were stained with Annexin V-PERCP protein-fluorochrome and 

analysed by flow cytometry. In order to enumerate the MP, a suspension of 3μm 

diameter polystyrene beads was run in addition, and MP were defined as AnV + 

particles of less than 1μm in size. The supernatants of VZV-infected HBVAF 

contained a significantly higher number of MP compared to the supernatants of 

mock-infected HBVAF: 70.16 x 104 (SEM 87.2 x 103), and 7.02 x 104 (SEM 1.3 x 

103), respectively (n=3, p=0.001, unpaired t test). *P<0.05, **P< 0.001, ***P< 

0.001      

 

 

 

Mock VZV 
0

200000

400000

600000

800000

1000000

A
n

n
e
x
in

 V
 +

 e
v
e
n

ts
/m

L
 

Mock 

VZV 

**



 169 

4.5.4.2. Study of endothelial activation and cellular oxidative stress in 

response to stimulation with MP derived from VZV-infected HBVAF 

 

Having previously shown that media derived from VZV-infected HBVAF induce 

HUVEC activation and dysfunction, and having also confirmed the release of MP 

from infected HBVAF, I wished to further investigate the potential functional role 

of MP, and in the first instance to ascertain whether they could also induce  

endothelial changes. 

As in the previous experiments of HUVEC stimulation with conditioned media, I 

now used MP suspended in media to stimulate HUVEC as outlined in the 

methods section of this chapter.  Cellular oxidative stress was assessed by 

measuring the production of ROS, and endothelial activation was measured by 

assessing expression of CD54 using flow cytometry. The analysis showed that at 

6 hours post incubation with MP, there was a significant difference in the CD54 

MFI between HUVEC treated with MP isolated from VZV-infected or mock-

infected populations: 8.04 (SEM 0.51) for co-incubation with MP from mock-

infected cells compared with 15.70 (SEM 2.31) for VZV- infected, p=0.04, n=5 

experiments (Figure 4.10).  In addition, HUVEC treated for 30 minutes with MP 

derived from VZV-infected cells displayed an increased ROS production as 

demonstrated by a significantly increase in the mean DCF MFI (13.06, SEM 

2.12), compared to HUVEC treated with MP isolated from mock-infected HBVAF 

(5.09, SEM 0.38), n=3 experiments, p=0.02 determined using t test (Figure 4.11).  
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With the knowledge derived from previous experiments that conditioned media 

contains cytokines and chemokines known to have effects on endothelial CD54 

upregulation and increased oxidative stress, I wished to establish whether the 

MP pellets used to treat the HUVEC could possibly be contaminated by the 

cytokines from the media, and therefore confounding the results. In the next 

experiment, MP pellets harvested from supernatants of VZV-infected cells were 

separated, washed twice and next re-suspended in a small volume of fresh 

culture media as per methods used in the HUVEC stimulation experiment.  

TNF-α, IL-6 and IL-8 were next measured using the MSD cytokine assay, and 

the results are presented in Figure 4.12. As controls I used conditioned media, 

and the fraction of the conditioned media obtained after centrifugation of MP. The 

levels of TNF-α, IL-6 and IL-8 were undetectable in the suspension of MP 

therefore excluding contamination of the pellets from the conditioned media.  
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Figure 4.10. MP from VZV-infected HBVAF induce CD54 upregulation in 

HUVEC. The MP fraction was harvested from conditioned media of VZV- and 

mock-infected HBVAF  at 48 hours post infection by centrifugation, washed twice 

and incubated with HUVEC for 6 hours at 37oC, in parallel with the control MP 

free fraction of the conditioned media, and with full conditioned media. The 

expression of CD54 adhesion molecule was analysed by flow cytometry. A 

significant increase in the mean CD54 MFI was detected by flow cytometry in the 

HUVEC treated with VZV-infected HBVAF derived MP compared to mock-

infected HBVAF derived, with a mean CD54 MFI 8.04 (SEM 0.51) for co-

incubation with MP from mock-infected cells compared with 15.70 (SEM 2.31) for 

VZV- infected (p=0.04, n=5  experiments, unpaired t test). *P<0.05, **P< 0.001, 

***P< 0.001      
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Figure 4.11. MP harvested from VZV-infected HBVAF stimulate ROS 

production in endothelial cells. HUVEC were loaded with DCFH-DA and 

exposed for 60 minutes to MP and control MP-free fractions and full conditioned 

media derived from either VZV- or mock-infected HBVAF, or H2O2 and tBHP 

(positive controls). Oxidation-dependent fluorescence of DCFH-DA was 

determined by flow cytometry, and the results are expressed as mean and SEM 

of DCFH-DA MFI (n=3 experiments). There was a significant increase in the 

DCFH-DA MFI in HUVEC treated with MP harvested from VZV-infected HBVAF 

compared to HUVEC treated with MP harvested from mock-infected HBVAF: 

13.06 (SEM 2.12) and 5.09 (SEM 0.38), respectively (n=3 experiments, p=0.02 

determined using unpaired t test.  
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Figure 4.12. Study to assess for potential cytokine contamination of MP 

pellets isolated from culture supernatants of VZV-infected HBVAF. 

 No cytokine contamination was observed in the MP pellets obtained from culture 

supernatants of VZV-infected HBVAF. MP pellets isolated from culture 

supernatants of VZV-infected HBVAF at 48 hours post infection were washed 

twice in phosphate buffered saline and resuspended in fresh culture media. 

Cytokine levels (IL-6, IL-10, TNF-α) were analysed by electrochemiluminescence 

in three conditions: control conditioned media, the fraction of the conditioned 

media obtained after isolation of the MP pellet, and in the MP pellets samples 

prepared as above. The levels of IL-6, IL-8 and TNF-α in the MP samples were 

very low, suggesting no cytokine contamination (summary of n=3 experiments, 

data presented as mean and SEM). Mean IL-6 levels: conditioned media 336.9 
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pg/ml (SEM 287.5 pg/ml), MP pellets 3.19 pg/ml (SEM 3.93 pg/ml). Mean IL-8 

levels: conditioned media 4830 pg/ml (SEM 894.9 pg/ml), microparticle pellets 

23.3 pg/ml (SEM 9.59 pg/ml). Mean TNF-α levels: conditioned media 8.70 pg/ml 

(SEM 3.88 pg/ml), microparticle pellets 0.14 pg/ml (SEM 0.13 pg/ml). 

  

In order to gain insight into the possible mechanisms by which HBVAF MP can 

alter the phenotype of endothelial cells in first instance and also contribute to the 

development of vasculopathy, I investigated the intriguing possibility that MP 

harbor VZV. 

 

4.5.4.3. Flow cytometry analysis of MP derived from VZV-infected HBVAF 

 

Emerging evidence suggests a role of extracellular vesicles in the transfer of 

pathogen-derived antigens and virulence factors. However, it is still unclear 

whether the release of extracellular vesicles from infected cells contributes to 

immune control and clearance of infection by the host or it could be a strategy 

employed by the pathogens for immune evasion.  

 

As a first step towards ascertaining if the VZV was associated with the MP 

released from HBVAF, I used flow cytometry to  analyse MP harvested from 

mock and VZV-infected cells for VZV protein detection. The MP were pelleted 

from equal volumes of media collected from mock and VZV-infected HBVAF 

seeded at the same densities. The analysis revealed that of the particles of size 

< 1000 nm pelleted from VZV-infected supernatants, a mean of 5.4 % (SEM 
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0.6032 %)  co-expressed AnV and VZV GFP-ORF23 compared to a mean of 

0.3082% (SEM 0.0572%) in the particles collected from mock-infected 

supernatants in n=5 experiments, p=0.001 (Figure 4.13, A). MP were 

enumerated and the absolute number per mL of culture supernatant was 

calculated. The culture media collected from VZV-infected cells contained a 

mean of 37.8 x 103 (SEM 4.7 X 103) MP, compared with 0.2 x 103 (SEM 0.004 x 

103), p=0.001. This finding suggested that MP contained VZV proteins as 

indicated by detection of VZV GFP ORF23 viral protein.  

The relatively low detectable percentage of VZV protein-expressing MP might 

reflect the fact that the total MP population is a mixture of MP released by the 

infected cells and by the uninfected cells, as not all the cells in the culture were 

infected at the time of the analysis. The uninfected cells may release MP in 

response to activation by the cytokines secreted by the infected cells, therefore 

diminishing the relative percentage of MP VZV+. However, when calculated, the 

absolute numbers of MP per mL released in response to VZV infection 

expressing viral antigens was increased 2-fold compared to the total number of 

MP/mL released by the uninfected cells.  
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Figure 4.13. MP released from VZV-infected HBVAF harbour viral proteins. 

(A) Microparticles were harvested by sequential centrifugation from supernatants 

collected from mock- or GFP-ORF23 VZV-infected HBVAF and analysed using 

flow cytometry. A mean of 5.4 % (SEM 0.6032 %) of particles of size < 1000 nm 

collected from VZV-infected supernatants co-expressed AnV and GFP-ORF23 

compared to a mean of 0.3082% (SEM 0.0572%) in the particles collected from 

mock-infected supernatants, n=5 experiments, p=0.001. (B) The absolute 

number of MP VZV GFP+ per mL of culture supernatant was calculated. The 

culture media collected from VZV-infected cells contained a mean of 37.8 x 103 

(SEM 4.7 X 103) MP, compared with 0.2 x 103 (SEM 0.004 x 103), p=0.001. 

(C) Flow cytometry dot plot demonstrating release of MP from VZV-infected 

HBVAF and the gating strategy. Representative flow cytometry plots of VZV GFP 

ORF23/Annexin V co-expression in MP harvested from mock (C) and VZV-

infected HBVAF (D) at 4 days post infection with VZV GFP ORF23, 

demonstrating detection of VZV GFP ORF23 in the events Annexin V positive 

harvested from VZV- infected cells. *P<0.05, **P< 0.001, ***P< 0.001      
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4.5.5. Mass spectrometric analysis of MP derived from VZV-infected HBVAF 

 
 
MP are comprised by a plasma membrane surrounding a small amount of cytosol 

and contain a subset of cellular proteins. The proteome of MP may provide 

important pieces of information with regard to the condition of the original parent 

cells, such as what stimulated the cells and how the cells responded.  

To confirm the presence of VZV proteins in the MP derived from the infected 

HBVAF, a mass spectrometric analysis was carried out to determine their protein 

composition. 

 

72 proteins were identified in the MP pellets harvested from VZV-infected 

HBVAF, and 85 proteins in the pellets from mock-infected HBVAF. Also identified 

were 41 proteins unique to control MP from mock-infected cells, and 54 proteins 

unique to MP from VZV-infected  cells. 31 proteins were detected as overlapping 

between the two experimental conditions (Figure 4.14.).  
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Figure 4.14. Venn diagram of number of proteins identified in MP from 

control mock-infected HBVAF and MP from VZV-infected HBVAF. A total of 

157 proteins were identified between the triplicates, of which 41 were unique to 

control MP, 54 were unique to MP derived from VZV-infected cells, and 31 were 

common between the two conditions. Proteins were identified in each MP 

population by liquid chromatography–mass spectrometry (LC/MS-MS) methods 

(n = 3 independent samples MP collected from mock-infected supernatants; n = 

3 independent samples MP from VZV-infected supernatants).  

As shown in Table 4-2, the qualitative proteomic analysis of MP confirmed the 

presence of 10 VZV proteins in 3 independent samples collected from VZV-

infected HBVAF. Viral proteins were not present; nor were they identified in the 

MP populations derived from 3 control mock-infected samples.  

 

The 10 viral proteins identified in the pellets derived from the infected cells 

originated from all of three virion components: envelope (glycoprotein E, 

  

41 

31 

54 

VZV Mock  

72 
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glycoprotein I, glycoprotein B), tegument (IE62, VP22, UL47, cytoplasmic 

envelopment protein 2, serine/threonine-protein kinase UL13 homolog, tegument 

protein VP16 homolog), and nucleocapsid (major capsid protein) (Zerboni et al, 

2014). These proteins are known to be abundant and possess important 

regulatory functions. For instance the IE62 is a  major viral trans-activating factor 

encoded by ORF62 (Kinchington et al, 1992). gE is the most abundant envelope 

glycoprotein and together with glycoprotein I have been shown to boast a role 

essential for the spread of the infection (Howard et al, 2014). Lastly the tegument 

protein VP16 homolog encoded by ORF10 is an activator of lytic infection 

(Kinchington et al, 1992).  
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Table 4-2. Viral proteins identified in microparticle pellets derived from Varicella zoster virus-infected human 

brain vascular adventitial fibroblasts by mass spectrometry  
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Protein 

accession 

Protein name Gene Function Localization Peptides 

number 

(median) 

 

 

Coverage  (median) 

P09272 

 

 

Tegument 

protein VP22 

ORF 9 Participates in both the accumulation of viral 

mRNAs and viral protein translation at late 

time of infection. Modulates the RNase 

activity of the virion host shutoff protein 

ORF17 probably to ensure necessary levels 

of key cellular mRNAs and proteins. Plays a 

role in microtubule reorganization that occurs 

after viral infection by stabilizing microtubule 

network. 

Tegument 

 

 

One of the most 

abundant 

tegument protein 

(about 2000 

copies per virion) 

.   

 

 

17 (range 13-

24)
 

detected in 3 

samples 

56.29% (range 51.32% - 

77.48%) 

P09310 

 

Immediate-early 

protein 62 

 

 

 

 

 

ORF62 Transcriptional transactivator. May interact 

with and recruit specific components of the 

general transcription machinery to viral 

promoters and stabilize their formation for 

transcription initiation. Negatively regulates its 

own transcription. This immediate early (IE ) 

protein may be necessary in virion for viral 

pathogenesis 

Tegument 38 (25-65)
 

detected in 3 

samples 

32.98% (29.39% - 59.47%) 
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Major viral 

transcription 

factor ICP4 

homolog 

P09259 

 

Envelope 

glycoprotein E 

gE 

ORF68 

Envelope glycoprotein that binds to the 

potential host cell entry receptor IDE. 

In epithelial cells, the heterodimer gE/gI is 

required for the cell-to-cell spread of the virus, 

by sorting nascent virions to cell junctions. 

Once the virus reaches the cell junctions, 

virus particles can spread to adjacent cells 

extremely rapidly through interactions with 

cellular receptors that accumulate at these 

junctions. Implicated in basolateral spread in 

polarized cells. In neuronal cells, gE/gI is 

essential for the anterograde spread of the 

infection throughout the host nervous system. 

Together with US9, the heterodimer gE/gI is 

involved in the sorting and transport of viral 

structural components toward axon tips (By 

similarity).By similarity 

The heterodimer gE/gI serves as a receptor 

for the Fc part of host IgG. Dissociation of 

gE/gI from IgG occurs at acidic pH. May thus 

be involved in anti-VZV antibodies bipolar 

bridging, followed by intracellular endocytosis 

and degradation, thereby interfering with host 

IgG-mediated immune responses (By 

similarity). 

Envelope 

 

 

 

14 (12-16) 

detected in 2 

samples
 

37.96% (33.87% - 42.05%) 

P09258 

 

Envelope 

glycoprotein I 

gI In epithelial cells, the heterodimer gE/gI is 

required for the cell-to-cell spread of the virus, 

by sorting nascent virions to cell junctions. 

Envelope 11.5 (7-16) 

detected in 2 

25.56% (17.51% - 33.62%) 
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Once the virus reaches the cell junctions, 

virus particles can spread to adjacent cells 

extremely rapidly through interactions with 

cellular receptors that accumulate at these 

junctions. Implicated in basolateral spread in 

polarized cells. In neuronal cells, gE/gI is 

essential for the anterograde spread of the 

infection throughout the host nervous system. 

Together with US9, the heterodimer gE/gI is 

involved in the sorting and transport of viral 

structural components toward axon tips (By 

similarity).By similarity 

The heterodimer gE/gI serves as a receptor 

for the Fc part of human IgG. Dissociation of 

gE/gI from IgG occurs at acidic pH. May thus 

be involved in anti-VZV antibodies bipolar 

bridging, followed by intracellular endocytosis 

and degradation, thereby interfering with host 

Ig-mediated immune responses (By similarity) 

samples 

P09263 

 

Tegument 

protein UL47 

homolog 

ORF11 Tegument protein that can bind to various 

RNA transcripts. Plays a role in the 

attenuation of selective viral and cellular 

mRNA degradation by modulating the activity 

of host shutoff RNase ORF17/VHS. Plays 

also a role in the primary envelopment of 

virions in the perinuclear space, probably by 

interacting with two nuclear egress proteins 

ORF24 and ORF27 

Tegument 

 

 

Major tegument 

protein of the 

virion. Undergoes 

nucleocytoplasmic 

shuttling during 

infection. 

Localizes to the 

major sites of 

transcription in the 

31 

detected in 1 

sample 

36.62% 
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infected cell 

nucleus. 

P09257 

 

Envelope 

glycoprotein B 

gB Envelope glycoprotein that forms spikes at 

the surface of virion envelope. Essential for 

the initial attachment to heparan sulfate 

moieties of the host cell surface 

proteoglycans. Involved in fusion of viral and 

cellular membranes leading to virus entry into 

the host cell. Following initial binding to its 

host receptors, membrane fusion is mediated 

by the fusion machinery composed at least of 

gB and the heterodimer gH/gL. May be 

involved in the fusion between the virion 

envelope and the outer nuclear membrane 

during virion egress. 

Envelope 22 (18-26) 

detected in 2 

samples 

24.81% (20.09% 0 29.54%) 

P09293 

 

Cytoplasmic 

envelopment 

protein 2 

ORF44 Plays a critical role in cytoplasmic virus 

egress. Participates in the final step of 

tegumentation and envelope acquisition 

within the host cytoplasm by directly 

interacting with the capsid. Upon virion 

binding to target cell, a signaling cascade is 

triggered to disrupt the interaction with the 

capsid, thereby preparing capsid uncoating. 

Tegument 

 

 

Localizes in the 

host nucleus up to 

18 hours post-

infection, but at 

later times 

localizes to 

punctate, 

cytoplasmic 

structures. 

5 

detected in 1 

sample 

24.79% 

P09245 

 

Major capsid 

protein 

MCP Self-assembles to form an icosahedral capsid 

with a T=16 symmetry, about 200 nm in 

diameter, and consisting of 150 hexons and 

12 pentons (total of 162 capsomers). Hexons 

capsid 25 

detected in 1 

29.15% 
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form the edges and faces of the capsid and 

are each composed of six MCP molecules. In 

contrast, one penton is found at each of the 

12 vertices. Eleven of the pentons are MCP 

pentamers, while the last vertex is occupied 

by the portal complex. The capsid is 

surrounded by a layer of proteinaceous 

material designated the tegument which, in 

turn, is enclosed in an envelope of host cell-

derived lipids containing virus-encoded 

glycoproteins. 

sample 

P09296 

 

Serine/threonine-

protein kinase 

UL13 homolog 

ORF47 Multifunctional serine/threonine kinase that 

plays a role in several processes including 

egress of virus particles from the nucleus, 

modulation of the actin cytoskeleton and 

regulation of viral and cellular gene 

expression. Regulates the nuclear localization 

of viral envelopment factor proteins 24 and 

27, by phosphorylating the protein kinase 

ORF66, indicating a role in nuclear egress. 

Disrupts host nuclear lamins, including LMNA 

and LMNB1. Phosphorylates the viral Fc 

receptor composed of glycoproteins E (gE) 

and I (gI) (By similarity). Phosphorylation of 

glycoprotein E (gE) by UL13 alters its 

subcellular localization, from the host early 

endosome to the plasma membrane. 

Participates in the transcriptional regulation of 

cellular and viral mRNAs mainly by 

phosphorylating the viral transcriptional 

regulator IE63 

Tegument 7.5 

detected in 1 

sample 

20% (16.86% - 23.14%) 

 Tegument 

protein VP16 

ORF10 Transcriptional activator of immediate-early 

(IE) gene products (alpha genes). Acts as a 

key activator of lytic infection by initiating the 

Tegument 8 

detected in 1 

26.10% 
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  homolog lytic program Host nucleus sample 
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Moreover, MP as vesicles transferring biological signals and information should 

contain proteins playing a role in essential biological processes. Among the 

proteins, for example, there were proteins (Tubulin alpha-1AC, actin cytoplasmic 

1) involved in cell adhesion, cell junction or leukocyte trans-endothelial migration, 

which are key proteins in the processes of endothelial high permeability and 

capillary leak. Human Annexin A2 was one of the top proteins identified in all 

samples, both mock-infected and VZV-infected. Information from UniProt 

Knowledgebase reveals that Annexin A2 may cross-link plasma membrane 

phospholipids with actin and the cytoskeleton and be involved with exocytosis, 

and that it positively regulates the vesicle fusion.  Reflecting this role, HBVAF MP 

with Annexin A2 will tend to fuse with other cells and may have play biological 

roles. In addition, it was confirmed that annexin A2 is capable of assembling 

plasminogen and has a positive effect on vascular fibrinolysis (Dasah et al, 2009; 

He et al, 2010).  

 

Research on platelet MP has shown that the mechanism of production and 

release of MP concerns the alteration of the cytoskeleton (Hugel et al, 2005). 

Three proteins associated with cytoskeletal structure (vimentin, actin cytoplasmic 

1 and tubulin β chain) were identified amongst the top hits in my dataset. Human 

fibronectin was another protein present amongst the top hits in all samples. 

Fibronectins are involved in cell adhesion, cell motility, opsonization, wound 

healing, and maintenance of cell shape (UniProt KnowledgeBase). 
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Interestingly, amongst the proteins identified exclusively in the MP derived from 

VZV-infected HBVAF were the human histones H4, H3 and H2. Noubouossie et 

al have recently shown that single histone proteins such as Human histone H3 

and H4 purified from normal human neutrophils induce thrombin generation in a 

platelet-dependent manner and promote coagulation activation (Noubouossie et 

al, 2017). This finding suggested that therapeutic strategies could be directed 

against specific structures such as histone proteins. 
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4.5.6. Transmission electron microscopy study of MP shed by VZV-infected 

HBVAF  

 
To gather morphological information on the structure of MP released from VZV-

infected HBVAF and investigate whether they harbor VZV virions as suggested 

by flow cytometry and mass spectrometry findings, I next progressed to direct 

imaging of the MP pellets using transmission electron microscopy (TEM).  

  

Due to their nanometric size, MP are at the lower limit of resolution for confocal 

or fluorescence microscopy, which cannot detect the details of these particles, 

but can (in the best case scenario) detect larger particles above 200 nm. TEM 

and scanning electron microscopy (SEM) have both been used to visualise MP 

(Heijnen et al, 1999; Coombes et al, 1999; Pisitkun et al, 2004). However, TEM is 

the only technique which delivers clear images of viruses due to their small size. 

TEM has been used in clinical virology for discovery of many viruses and the 

diagnosis of various viral infections, although over time has gradually been 

replaced by PCR in routine clinical practice.  In research, TEM continues to 

contribute to studies of viral assembly and investigations of virus—host cell 

interactions (Roingeard P, 2008).  

 

MP pellets were prepared for microscopy as outlined in the methods of this 

chapter, and in addition the MP free supernatants were subjected to 

ultracentrifugation to obtain control pellets possibly containing viral particles. 

Samples were transferred to the electron microscopy facility on ice and examined 
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fresh, after negative staining. Negative staining is an easy and rapid method for 

examining the structure of individual organelles and viruses at the electron 

microscopy level. However, the method does not allow a high resolution 

examination of samples. Also, because negative staining involves deposition of 

heavy atom stains, structural artefacts such as flattening of spherical structures 

are common. The staining and drying procedures in preparing the specimens 

probably alter much of the particles dimensions (Issman et al, 2013).  

Nevertheless, negative staining is a very useful technique because it requires no 

specialized equipment other than that found in a regular TEM laboratory.  

MP pellets were collected from culture supernatants of VZV- and mock-infected 

HBVAF following sequential centrifugation as previously published and detailed 

in the methods. In addition, the conditioned media removed after pelleting the MP 

and prior to the MP washing step was collected and subjected to a further 

ultracentrifugation step to collect the structures with a size below 100 nm, and 

the pellets were analysed fresh unfixed by TEM for the presence of free virions. 

In summary, three materials were visualized using TEM: MP derived from VZV-

infected HBVAF, control MP derived from mock-infected HBVAF, and control 

pellets of structures below 100 nm obtained from the supernatants of VZV-

infected HBVAF.  

 

Overall, 80 electron micrographs were examined from 3 sets of infection cycles.  

Most of the particles were collapsed donut shaped, with dimensions of 100–400 

nm (Figure 4.15 A). As expected in light of the flow cytometry findings, the 
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material collected from mock-infected HBVAF had a lower number of MP 

compared to the material collected from VZV-infected HBVAF, and this was 

evident in all the electron micrographs obtained at 93000x magnification, where 

more MP  were captured in each field. A very low number of VZV particles were 

identified in the material obtained after ultracentrifugation, however the TEM 

study of these few particles enabled me to familiarize with the EM appearance of 

the virus and also establish a control for the identification of the virus in the MP 

material. In these images, the viral particles had a diameter of around 80 nm, and 

on close inspection had the appearance of a hexagon with surface projections. 

No envelope was seen, therefore it is possible that these structures are viral 

nucleocapsids.  

 

The EM MP material obtained from VZV-infected HBVAF contained a majority of 

MP with an appearance identical to that of the MP visualized in the control 

samples. In addition, in these samples, a group of MP were identified with 

entrapment of virus inside MP membrane coats (Figure 4.15, B,C). The viral 

particles were discernible in the MP structures partially penetrated by the stain.  

 

In summary, the ultrastructural analysis of MP released by VZV-infected HBVAF 

revealed that a fraction of them contained virus cloaked in MP. VZV particles 

were observed by electron microscopy with negative staining using uranyl 

acetate closely associated with pelleted MP. With regards to this finding, my next 

question was whether VZV could take advantage of MP to facilitate its spread. 
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These experiments, however, are not without limitations. Other than negative 

staining of the MP, the generation of ultra-thin sections and TEM analysis could 

have provided additional extremely valuable details. In an initial attempt to pellet 

the MP on filters and generate sections, the analysis proved very challenging as 

many MP were lost, and sectioning the filter proved difficult.  
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Figure 4.15. Representative transmission electron micrographs of MP in 

mock or VZV-infection experiments 

MP pellets were collected from culture supernatants of VZV- and mock-infected 

HBVAF following sequential centrifugation to remove apoptotic bodies and cell 

debris, and further centrifuged at 15000G with one washing step. The 

conditioned media collected after centrifugation of MP was subjected to 

ultracentrifugation, and the pellets were examined for the presence of VZV 

particles. The TEM images were obtained with the JEOL 1010 microscope at 

135000 X Mag (A,B,D) and 95000 X Mag (C). Scale bar 100nm. 



 195 

Figure A shows the appearance of a MP shed by mock-infected HBVAF. The 

staining and drying likely altered the MP dimensions, and they appear collapsed, 

donut shaped, with a diameter of approximately 100 nm as shrinkage may have 

occurred. Figure B represents an MP (arrow) harvested from VZV-infected 

HBVAF and closely associated with a viral particle. The MP is likely penetrated 

by the stain therefore making the presence of VZV virions distinguishable. Figure 

C. MP with a diameter of 400 nm reveals a central spherical structure of 

approximately 80 nm diameter likely with surface spikes, surrounded by a 

membrane which is possibly the viral envelope. Figure D. Very few free viral 

particles were identified in the pellets obtained after ultracentrifugation of 

conditioned media collected after pelleting the MP, of which the nanostructure 

was studied and images obtained as control. Representative TEM image of a 

free VZV particle measuring approximately 80 nm in diameter, partially 

penetrated by the stain, with the appearance of a hexagon with surface 

projections (viral nucleocapsid). No envelope was identified outlining the 

nucleocapsid.  
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4.5.7. Productive infection of HBVAF by MP from VZV-infected cells  
 
 

To investigate the functional role of MP in the transmission of infection, I isolated 

MP from VZV-infected cells and incubated them with naive HBVAF cells.  The 

experiments were performed using MP derived from HBVAF cultures infected 

with GFP VZV ORF23 or VZV wild type. Infection was assessed by flow 

cytometry, looking at the expression of GFP ORF23 or VZV IE23 protein when 

infected with the wild type virus, in addition to monitoring for cytopathic effect and 

green fluorescence. 

 

As shown in Figure 4.16, 4-6 days after exposure to VZV-positive MP, HBVAF 

stained positive for VZV IE62 protein by flow cytometry, in addition to displaying 

cytopathic effect and/or green fluorescence when infected with MP derived from 

cultures infected with GFP VZV ORF23-tagged virus. When the cultures were 

visualized within hours post infection, no fluorescence was seen. On day 2 post 

infection, a few small areas of green fluorescence were identified, and within the 

next 3-4 days the fluorescence in the areas previously identified started 

spreading locally suggesting that the infected cells spread the infection to the 

nearby cells. In addition, new small but discernible areas of fluorescence became 

visible at distance from the ones previously identified, suggesting that these 

areas could possibly be secondary focuses of infection. On day 6 post infection, I 

estimated the green fluorescence as less than 10% of the culture dish area. 
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The flow cytometry analysis showed that on day 6 post infection, a mean of 

4.94% (SEM 1.1) cells expressed GFP ORF 23 in the cultures incubated with MP 

derived from VZV-infected HBVAF, compared to 0.23% (SEM 0.06) in the 

cultures incubated with MP derived from mock-infected HBVAF; summary of 5 

experiments, p=0.005 (Figure 4.16). 

The small percentage of infected cells found was not unexpected. The extent of 

in vitro VZV infection is dose-dependent; we know that the larger the dose of the 

inoculated virus is introduced, the more extensive infection it elicits. When 

incubating the cultures with MP pellets derived from VZV-infected HBVAF 

(therefore mixed population of MP shed by infected and uninfected cells), the 

viral pfu could not be estimated and therefore the MOI was unknown. From the 

previous experiments, approximately 5% of MP expressed viral proteins and 

similarly less than 10% of the MP visualized by TEM contained virus cloaked in 

their membranes. Therefore it is likely that a larger inoculum of MP pellets 

(therefore associated with a higher number of viral particles) might have 

produced a more extensive infection.  

In additional experiments I incubated the MP collected from VZV-infected HBVAF 

with healthy HBVAF in the presence or absence of heparin, an inhibitor viral 

attachment to the cells, as described in the methods of this chapter.  These 

experiments showed no difference in the infection efficiency between HBVAF 

cultures infected with MP in the presence or the absence of heparin. 
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In conclusion, I demonstrated that MP can facilitate productive infection in 

HBVAF in addition to entrapping viral particles.  
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Figure 4.16. MP derived from VZV-infected HBVAF can facilitate infection of healthy cells. (A-I). Phase contrast and 

fluorescence microscopy images (200x magnification) of quiescent HBVAF co-cultured with MP harvested on day 5 post 

infection (p.i.) from VZV GFP ORF23 infected HBVAF (images obtained on day 6 p.i.). The MP free media obtained after 

the separation of MP fraction was incubated with HBVAF under the same experimental conditions and used as a control. 

Figures B, C and D demonstrate green fluorescence representing GFP ORF 23 tagged VZV-infected HBVAF, while 

Figures E and F show in the same fields’ cytopathic effect in phase contrast microscopy, confirming infection. No 

fluorescence was detected in HBVAF incubated with MP harvested from mock-infected HBVAF, or MP free fractions of 

conditioned media from mock or VZV-infected HBVAF (Figure A). (G-I). Flow cytometry plots of VZV GFP ORF23 

expression at 4 days post infection in quiescent HBVAF incubated with MP derived from supernatants of mock-infected 

HBVAF (G), VZV infected HBVAF (H). VZV GFP ORF23 positive cells were detected in the population incubated with MP 

harvested from VZV-infected HBVAF, and no VZV GFP ORF 23 positive cells were identified in the population incubated 

with mock-derived MP. (I).  Histogram demonstrating comparable VZV IE62 expression levels in HBVAF infected with MP 

collected from VZV infected HBVAF (red) and by cell to cell infection (black dotted line). (J) The graph summarises the 

results of 5 flow cytometry experiments which investigated the expression of VZV GFP ORF23 in HBVAF incubated with 

MP from mock- or VZV-infected cultures. The cells were analysed on day 6 post infection; a mean of 4.94% (SEM 1.18%) 

cells expressed VZV GFP ORF 23 in the cultures incubated with MP derived from VZV-infected HBVAF, compared to 
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0.23% (SEM 0.06) in the cultures incubated with MP derived from mock-infected HBVAF; summary of 5 experiments, 

p=0.005. *P<0.05, **P< 0.001, ***P< 0.001      
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4.5.8. Circulating MP in plasma from children with VZV-related AIS 
 
 

Low levels of circulating MP in blood help maintain homeostasis, whereas 

increased MP generation of cell-derived MP is linked to many pathological 

conditions such as cardiovascular, rheumatic, diabetes, arterial ischaemic stroke 

and other (Eleftheriou et al, 2012; Thulin et al, 2016; Deng et al, 2016). 

Subpopulations of MP are promising biomarkers for improving risk prediction, as 

well as monitoring treatment.  

 

Punyadee et al demonstrated that MP provide a novel biomarker to predict 

severe clinical outcomes of Dengue virus infection (Punyadee et al, 2016). In this 

study, elevated levels of red blood cell-derived MP directly correlated with 

disease severity, whereas a significant decrease in platelet-derived MP was 

associated with a bleeding tendency. 

 

In a preliminary study MP were analysed by flow cytometry for the presence of 

VZV gH protein, in children with VZV-related AIS, children with other 

arteriopathies and healthy adult controls. VZV-related AIS was defined as AIS 

occurring within 12 months post Varicella infection. Acute phase plasma samples 

from 3 children with VZV-related AIS, 5 children with other arteriopathies were 

analysed, together with 10 samples from adult controls. The median time from 

Varicella to AIS was 8 months (range 5-11 months). Two patients had 

monophasic disease with MCA stenosis, and one had involvement of MCA and 
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posterior cerebral artery (PCA) with recurrence of symptoms shortly after the 

initial presentation. All samples were stored in the -80C freezer prior to analysis. 

MP were identified according to their standard size and AnV labeling as 

described in methods, and duplicates of each sample were prepared and 

analysed.  

 

The samples were thawed, MP isolated and stained for the detection of AnV and 

VZV gH protein as outlined in the methods section. 

 

Circulating MP levels in the plasma of children with VZV-related AIS or other 

arteriopathies and healthy adult controls were compared. Total AnV+ MP were 

higher in the 3 children with stroke recurrence, at 491 x 103 /mL (n=3) compared 

to those children with AIS in the context of other arteriopathies 362.01  x 103 /mL 

(n=5) and healthy controls 97.33 x 103 /mL (n=10); p=0.14 and p=0.07, 

respectively, by Mann Whitney  test (Figure 4.17). 

When co-stained for the detection of VZV gH, a significantly higher number of 

AnV/gH MP were present in plasma from children with VZV-related AIS 14.48 x 

103 (n=3), compared to children with other arteriopathies 1.54 x 103 (n=5) or 

healthy adult controls 0.87 x 103 (n=10); p=0.03 and p=0.007, respectively, Mann 

Whitney test. 
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Figure 4.17. Circulating MP in children with VZV-related AIS. (A)Total 

Annexin V+ microparticles (MP) were elevated in children with VZV related AIS 

compared to those with other arteriopathies (p=0.14) and healthy adult controls 

(p=0.07) (B) A significantly higher number of AnV/gH + events were detected in 

the group of children with VZV-related AIS compared to children with other 

arteriopathies (P=0.03) and healthy adult controls (p=0.007). 

 *P<0.05, **P< 0.001, ***P< 0.001 with Mann Whitney test.  
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4.6. Discussion 
 

 

To determine whether VZV infection induces changes in HBVAF that in turn 

affect neighbouring cells such as endothelial cells, I undertook a number of 

experiments and was able to demonstrate that conditioned media from mock-

infected or VZV-infected HBVAF (collected at 48 hours post infection) induced 

upregulation of CD54 expression and ROS production in cultured HUVEC. Next, 

I showed that VZV-infected HBVAF released several cytokines/chemokines that 

could contribute to the pathogenesis of cerebral arteriopathy. I then explored 

whether some of these effects could be part mediated by MP release; flow 

cytometry analysis of MP released by VZV-infected HBVAF revealed that they 

express VZV proteins, and the presence of viral antigens in MP was also 

confirmed by mass spectrometry. These MP were also able to induce infection 

when co-incubated with healthy HBVAF, and TEM confirmed the presence of 

viral particles associated with MP in supernatants harvested from VZV-infected 

cells.  

 

The cytokine secretion profiling of infected HBVAF strongly indicated an 

increased secretion of proinflammatory cytokines by the VZV-infected cells, with 

potential implications for cell-to-cell interactions. It has been shown that 

myofibroblasts exhibit a secretory phenotype, and are capable of producing 
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proinflammatory chemokines and prostaglandins (Eyden et al. 2001). IL-6 has 

been shown to modulate fibroblast differentiation and motility in dermal 

fibroblasts from IL-6-deficient mice in a number of studies (Luckett and Galluci. 

2007; Galluci et al. 2006; Galluci et al. 2007) possibly by inhibition of matrix 

metalloproteinases (MMP) function, and the induction of TGF-beta genes. 

Another study demonstrated that IL-6 influences cardiac fibroblast proliferation in 

a paracrine manner (Fredi et al. 2005). IL-6 signaling also increases the 

expression of endothelial leukocyte adhesion molecules like CD54 further 

promoting leukocyte accumulation (Wung et al. 2005). In a small study. Tang XL 

et al. showed that IL-6 upregulates the expression of tissue factor on HUVEC, 

with potential implications on coagulation disorders (Tang et al. 2006). IL-6 also 

induces smooth muscle cell migration and proliferation (Nabata et al, 1990), 

which could contribute to myofibroblast accumulation in the thickened intima of 

VZV-infected cerebral arteries. In addition, IL-8 is a potent chemoattractant for 

neutrophils, leukocytes, and has been shown to reduce the focal adhesions and 

promote a motile behavior in primary fibroblasts. Moreover, TNF- α stimulates IL-

8 secretion in fibroblasts (Dunlevy and Couchman. 2002). This could explain the 

observation regarding abundance of neutrophils in cerebral arteries in early VZV 

vasculopathy (Nagel et al, 2013) and in the CSF of patients with VZV 

inflammatory brainstem disease (Haug et al, 2010). 

 

In a recently published study, Jones et al. measured the levels of cytokines and 

matrix metalloproteinases in the CSF of adult patients with confirmed VZV-
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related vasculopathy, and found that the levels of IL-8, IL-6 and MMP-2 were 

significantly elevated compared to the levels detected in healthy controls or 

patients multiple sclerosis (Jones et al, 2016).  My results in this experimental in 

vitro set up are also in keeping with their findings in these human studies. In 

addition, levels of IL-8 were recently shown to be elevated in the circulation of 

patients with GCA during corticosteroid taper or active GCA. Also MMP-2 was 

shown to be elevated in temporal artery biopsies and in the aorta of patients with 

GCA, a disease that has recently emerged as a possible extracranial VZV 

vasculopathy (Nagel et al, 2013). So all these studies show a similar cytokine 

profile in human studies to the specific cytokine profile I identified in my in vitro 

experiments in association with VZV-induced HBVAF activation and 

differentiation. 

 

Notably, infected HBVAF may be interacting with neighboring uninfected HBVAF 

or endothelial cells, and change their profiles towards inflammation and vascular 

remodeling, perhaps unsurprising since fibroblasts in general are known to exert 

immunomodulatory influence in a paracrine fashion. Smith et al. defined 

fibroblasts as “sentinel cells”, capable of switching to a proinflammatory 

phenotype by secreting proinflammatory cytokines and controlling leukocyte 

infiltration (Smith et al. 1997).  Paracrine inflammatory signalling from infected 

HBVAF may therefore stimulate endothelial cells to intensify inflammation 

through the production of cytokines/chemokines and upregulation of adhesion 

molecules such CD54.  
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Endothelium is also an important active participant in inflammation as well as the 

target of inflammatory triggers. In healthy resting states, endothelial cells prevent 

leukocyte adhesion and “unwanted”, unnecessary inflammatory responses. 

However, external triggers can initiate the expression of adhesion molecules on 

endothelial cells, mediating leukocyte recruitment and adhesion to the arterial 

wall. Monocyte chemotactic protein-1 (MCP-1) is a chemokine that regulates the 

migration and infiltration of monocytes and macrophages into the site of 

inflammation. In addition, MCP-1 has been shown to increase proliferation and 

IL-6 production by vascular smooth muscle cells (Viedt et al. 2002), which could 

be relevant in the context of vascular remodeling. MCP-1 can also stimulate 

collagen expression and upregulate TGF-β expression in fibroblasts, with 

potential implications for fibroblast differentiation (Gharaee- Kermani et al. 1996), 

and hence, in this context, arterial inflammation and remodelling. Taken together, 

these data suggest that VZV-infected HBVAF can switch to a proinflammatory 

phenotype and trigger endothelial activation through a paracrine fashion, in line 

with other studies that have reported that fibroblasts induce inflammatory 

responses in a paracrine manner.  

 

The aforementioned inflammatory mediators are of course are not the only 

relevant cytokines that may contribute to the pathogenesis of VZV related 

cerebral arteriopathy. Type I and type II interferons; and macrophage 

inflammatory protein 1-alpha (MIP-1-α) are also likely to be highly relevant in the 
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crosstalk between endothelium and fibroblasts in other disease states 

(Steinhauser et al. 1998; Zimmerman et al. 1999; Maiellaro et al. 2007; 

McGettrick et al. 2009; McGettrick et al. 2009).  

 

Having demonstrated that the conditioned media from VZV-infected HBVAF 

elicits a switch to a pathological proinflammatory phenotype in HUVEC, the next 

step was to examine individually, the relative contribution of the soluble and 

insoluble fractions of this conditioned media. Of particular interest was to 

characterize the role of HBVAF-derived MP in the communication between the 

VZV-infected HBVAF and endothelial cells.  

 

Very few studies had examined the role of MP as potential mediators of infection 

propagation. Kadiu et al demonstrated that MP and exosomes facilitate transfer 

of HIV and viral components from infected macrophages to nearby uninfected 

cells (Kadiu et al. 2012). In other studies, constituents of Mycobacterium 

tuberculosis and Toxoplasma gondii were located within exosomes after 

microbial infection (Sweet et al. 2008; Singh 2011; Bhatnagar et al. 2007; 

Schorev and Bharnagar. 2008; Schorev et al. 2008).  

 

As MP have been shown to transfer important biological information from cell to 

cell, I considered exploring their possible role in the crosstalk between VZV-

infected HBVAF with endothelial cells. I therefore explored whether some of the 

effects I could see detect in HBVAF could be part-mediated by MP release.  I 
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was able to show, for the first time, that supernatants from cultured VZV cells 

contained a significant number of AnV+ MP compared to control.  MP released 

by VZV-infected HBVAF were shown to stimulate CD54 upregulation and ROS 

production in endothelial cells. 

One other particularly interesting and novel observation I have made is that MP 

released by VZV-infected HBVAF are associated with viral particles that are 

capable to productively infect healthy cells. This could suggest an entirely new 

model of VZV cell to cell viral dissemination, of considerable relevance to the 

pathogenesis of cerebral arteriopathy and other VZV-associated vasculopathies, 

but also of primary VZV infection and virus propagation as well.  

 

VZV is recognized as a highly cell-associated virus in culture, which expresses a 

range of glycoproteins that have a role in cell–cell fusion and syncytia formation 

(gH/gL complex, gE, gB), regarded as the hallmark of cell-to-cell transmission of 

virus. Studies have suggested that fusion-induced VZV cell-to-cell spread is 

significantly affected by a variety of factors including cell type. Cole and Grose 

demonstrated that there was a significant difference between syncytia formation 

in cultures of human foreskin fibroblasts, and epidermal cells isolated from 

human neonatal foreskins in which a highly fusogenic strain of VZV was 

propagated under the same experimental conditions. Very little fusion occurred in 

the fibroblast population in contrast with the epidermal cells (Cole and Grose. 

2003). In addition, Reichelt and colleagues have shown that in human embryonic 

lung fibroblasts VZV infection was initiated without cell-cell fusion (and amplified 
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later on by cell-to-cell fusion), a mechanism that the authors attributed to the 

transfer of extracellular virions on surfaces of uninfected cells in proximity to the 

infected cell, possibly promoted by VZV gE protein which enhances the junction 

formation between the plasma membranes (Reichelt et al. 2009). In this study, 

they labeled with different fluorescent dyes the inoculum infected cells and 

healthy output cells, and tracked the events on confocal microscopy and electron 

microscopy.  

 

It was important to establish whether the infective potential I could detect was 

truly due to MP associated virus, and not free virus. As VZV is highly cell-

associated, often free virus is not released in the culture media. I showed that 

when analysed on TEM, the pellets obtained after ultracentrifugation from media 

of the VZV-infected HBVAF which was MP depleted, contained barely a few virus 

particles. It is important to also emphasize that MeWo cells do not release free 

virus in the culture media. Also, cell-free VZV released from MeWo cells by 

mechanical disruption of the monolayer includes many defective particles unable 

to infect permissive cells (Carpenter et al. 2009).  

 

In contrast, media from VZV infected neuronal cultures has been shown to 

initiate productive infection in susceptible cells, dependent on infectious viral 

dose (Gowrishankar et al. 2007; Markus et al. 2011; Lee et al. 2012; Sloutskin et 

al. 2013). Therefore, I specifically explored the question whether the MP pellets 
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used to inoculate the monolayer of healthy HBVAF could be contaminated with 

free VZV.  

 

Firstly, the VZV enveloped particle has been reported to have a diameter of 80–

120 nm, and 1.21g/mL particle density, similar to the characteristics of cellular 

exosomes (approximately 50-100nm diameter and 1.19g/mL particle density). In 

contrast, MP are larger particles with a diameter between 100-1000 nm 

(Abendroth et al. 2010; Zerboni et al. 2014; György et al. 2011). The speeds of 

centrifugation I used to pellet MP from culture were between 15000- 20000g, and 

thus were extremely unlikely to have pelleted any free virus. Exosomes and free 

viruses require much higher ultracentrifugation forces, typically forces of 

100,000–200,000g (György et al. 2011). Based on the methodology I used to 

separate MP pellets, it seemed unlikely that any significant amount of free virus 

(if HBVAF capable of releasing free virions in culture) was pelleted with the MP. 

Even if that were to be the case, extracellular VZV virions are very unstable and 

often defective, lacking capsid thus significantly impairing infective capacity 

(Carpenter et al. 2009).  

 

Interestingly, in the initial neuron VZV infection studies, when using cell-

associated infection productive infection was observed, whereas using cell-free 

virus preparation as inoculum resulted in non-productive infection (Pugazhenthi 

et al. 2011; Yu et al. 2012). Later studies reported on successful infection of 

neurons using cell-free VZV using a significantly higher viral dose (Gowrishankar 



 213 

et al. 2007; Markus et al. 2011; Lee et al. 2012; Sloutskin et al. 2013). Whilst 

neuronal cells are of course different cells from HBVAF and endothelium, and 

hence have different susceptibility to VZV infection, these studies in general 

suggest that a high dose of infectious extracellular virus is required to achieve 

productive infection in permissive cells.  

Markus et al showed by transmission electron microscopy that neurons infected 

with VZV displayed virions adjacent to the external aspect of the cell membrane. 

Based on this finding, they investigated whether these virions were released into 

the culture media, and if they retained their capacity to infect other cells (Makus 

et al. 2011). In their experiments, culture media (which was subjected to  

centrifugation at 3000g for 15 minutes to remove the cell debris) was used 

successfully to infect MeWo cells or human foreskin fibroblasts, but this required 

a very high dose of concentrated culture medium containing large numbers of 

free virus in order to do so.  

 

In my experiments, I achieved infection by adding MP pellets to uninfected cells, 

with very few (if any) free virus. Therefore, if MP pellets were contaminated by 

free virus the dose was very low and unlikely to produce infection, strongly 

suggesting that it was indeed the MP component that was responsible for viral 

transfer. In addition, as a control for these experiments, I used the MP free 

fraction of conditioned media from GFP tagged VZV to try to infect healthy 

HBVAF: no infected cells were observed this way. This could mean that no free 

complete virions are released into the media from VZV infected HBVAF. 
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However, there are some caveats to this: infection with cell-free virus is highly 

dose dependent (as detailed above), and in these control experiments I 

deliberately did not attempt to concentrate the MP free fraction of media (since I 

was trying to compare infectivity directly with experimental conditions using MP 

fractions). I was able to therefore conclude that even if intact free virus was 

present, the virion dose was too low to cause infection.  

 

To finally prove that infection in these experiments was the result of the MP 

fraction, in additional experiments I incubated the MP harvested from VZV-

infected HBVAF with healthy HBVAF in the presence or absence of heparin, an 

inhibitor of cell free virus entry to the cells (Markus et al. 2011).  These 

experiments showed no difference in the infection efficiency between HBVAF 

cultures infected with MP in the presence or the absence of heparin, thereby 

proving beyond doubt that the productive infection was mediated by MP-VZV 

complexes, and not free VZV. 

 

Flow cytometry analysis of MP revealed that they contain VZV proteins as 

demonstrated by co-staining for Annexin V/GFP ORF23 and Annexin V/gH. In 

addition, the presence of viral antigens in MP was confirmed by mass 

spectrometry. The qualitative proteomic profiling revealed the presence of 10 

VZV proteins with important functions in the MP pellets derived from VZV-

infected HBVAF that were absent in the control mock-infected MP.  
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Lastly, the electron microscopy studies I performed demonstrated that a group of 

MP were identified with entrapment of virus inside MP membrane coats, 

providing further evidence to support the notion that VZV employs MP released 

in response to infection to propagate the infection. These MP-virus complexes 

may also exert further pathological effects that remain to be established, and 

open up a new chapter in the VZV life-cycle that could be fruitful for future study 

regarding the pathogenesis of disease in humans.  

 

In the context of VZV vasculopathy, this novel finding could have immediate 

implications for disease pathogenesis. VZV could use MP to disseminate and 

accelerate infection, perhaps evading detection by the immune system by being 

packaged in the MP by host cellular membrane, thus facilitating viral propagation 

within the host. Moreover, HBVAF may exploit this pathway to transmit virus 

locally within brain arteries to neighbouring cells, contributing to the remodelling 

observed in VZV vasculopathy. 

 

In support of this, another promising, albeit preliminary observation, is my 

discovery of MP expressing viral proteins in the plasma of paediatric patients with 

VZV-related cerebral vasculopathy and stroke. The diagnosis of VZV 

vasculopathy is often confirmed by the presence of intrathecal production of VZV 

antibodies or VZV PCR of the CSF following lumbar puncture, an invasive 

procedure that carries potential complications. MP-VZV complexes could 

therefore represent a potential novel diagnostic biomarker for this disease. These 



 216 

interesting findings would certainly warrant further investigation, but require 

validation in a larger prospective cohort of patients.  

 

It would also be interesting to characterize the cellular of origin of these 

circulating MP-VZV complexes, using combinations of flow cytometry, 

proteomics, and electron microscopy as described in this chapter. For example, 

further electron microscopy analysis of these particles may identify if they only 

express viral proteins/whole virus on the surface, or alternatively if viral 

components are completely packaged within the MP. If the latter as the case, this 

could have implications for dissemination of infection to distant sites, as 

described above.  

 

An important limitation in relation to the clinical component of the results in this 

chapter was that there was limited clinical information available regarding past 

VZV infection in the healthy adult controls recruited. In addition, due to lack of 

availability and therefore purely on a practical basis, no child healthy control 

samples were available for use in these experiments. Therefore this is an 

immediate and obvious avenue for future study before beginning to contemplate 

the potential for this approach as a biomarker for VZV arteriopathy. Extremely 

low numbers of VZV gH+ MP were found in the plasma of adult controls; this 

could reflect a low level of subclinical reactivation in healthy individuals, an 

interesting concept which could be further investigated in larger patient numbers 

including children, and with carefully documented VZV infection histories.  
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In conclusion, signals from infected HBVAF interact with endothelial cells and 

alter important patho-physiological endothelial cell properties, of relevance to the 

biology of VZV associated AIS.  Moreover, a novel mechanism of paracrine VZV 

propagation of inflammation or infection has been described which could be 

highly relevant in this disease context, and may have implications for other VZV 

associated diseases of humans.  
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5. Analysis of the gene expression profile in human 

brain vascular adventitial fibroblasts in response to 

Varicella zoster virus infection 

 

5.1. Summary 
 

 
Background: Viral infection depends on a complex interplay between host and 

viral factors. Viruses have acquired mechanisms by which they efficiently evade 

the host defences in order to propagate. Virus cellular entry, and the way the 

virus then interacts with the host often requires multiple signaling pathways, often 

of individual cell type specificity. 

Objective: The aim of this part of my study was to ascertain gene expression 

profile changes that associate to the phenotypic changes of HBAVF observed in 

vitro in response to VZV infection, and also identify possible pathways that allow 

VZV cellular entry and virus propagation in these cells. 

Methods: Transcriptional changes in cultured HBVAF following VZV infection 

were compared to those seen in mock-infected HBVAF using RNA-sequencing 

(RNAseq).  

Results: I present here the results of experiments that demonstrate significant 

changes in the transcriptomic profile of HBVAF in response to VZV infection, with 

the expression of a total of 6911 altered genes (up- or down-regulated). Of the 

top genes found to be altered, preliminary analyses identified AREG, FMO2, and 
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CKS2 as interesting candidates for further work given their involvement in 

fibroblast activation. More than 60 pathways were identified as significantly 

altered.  

Conclusions: Further work will be needed to validate these findings using RT-

qPCR and to ascertain the contribution of these differences to the virus-host 

interaction in the context of pathogenesis of VZV vasculopathy.  

 

5.2. Introduction 

 
 
The interaction between viruses and host cells is an intricate process, which can 

vary between different cell types due to the different composition of cell 

components such as the membrane, cellular organelles, and other factors. 

Microarrays, and more recently RNAseq, in which mRNA transcription patterns 

can be determined simultaneously for thousands of genes, have emerged as a 

new method for evaluating virus-host cell interactions (Browne et al, 2001;  

Chang et al, 2000; Cuadras et al, 2002; Jones et al, 2003; Markus et al, 2014). 

RNAseq uses next-generation sequencing to reveal the presence and quantity of 

RNA in a biological sample at a given moment in time. Both RNAseq and 

microarrays are established tools for transcriptome analysis. RNAseq has now 

become the gold standard for whole-transcriptome gene expression 

quantification. With the advent of next generation DNA sequencing technologies, 

RNAseq has become feasible and affordable. RNAseq first sequences 

complementary DNA (cDNA) in short fragments and this is followed by mapping 
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of such short sequence fragments (reads) against  reference genome expression 

data. 

RNAseq provides advantages over microarray based approaches (Everaert et al, 

2015; Zhao et al, 2015): 

1. higher sensitivity for the detection of very low or very high abundance 

transcripts, lower technical variation and higher levels of reproducibility  

2. no limitation by prior knowledge about the content of the transcriptome is 

required, thus providing an unbiased view on the ensemble of transcripts 

in a sample 

3.  excellent detail about transcriptional features, such as novel transcribed 

regions, alternative splicing and allele-specific expression 

 

Microarrays are subject to cross-hybridisation bias while RNA-seq is considered 

unbiased. However, RNAseq sequencing technology is more expensive than 

microarray and analysis is more complex (Zhao et al, 2015). 

 

Like other viruses, VZV must subvert the internal antiviral defences of 

differentiated human cells by co-opting the cell machinery and resources to make 

viral gene products and produce lytic infection. This process takes place through 

complex interactions with the host. Little is known about the effects of VZV 

infection on host cells at a molecular level. However recent studies have started 

to add to our knowledge, showing that VZV radically modifies the transcription of 

cellular genes upon infection (Jones and Arvin, 2003, 2005, 2006). The 

https://www.ebi.ac.uk/training/online/glossary/cross-hybridisation
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transcriptional changes seen in lytic VZV infection of T cells, human foreskin 

fibroblasts and neurons have been studied and partly delineated (Jones and 

Arvin, 2003; Markus et al, 2014), however no studies have examined the 

transcriptional changes in HBVAF in response to VZV.  

 

It has been shown that VZV decreases cell surface expression of major 

histocompatibility complex class I (MHC-I) molecules in T cells and fibroblasts by 

causing their retention in the Golgi complex (Abbendroth et al, 2001). VZV also 

interferes with the Jak/Stat signal transduction pathway, inhibiting cell surface 

expression of MHC-II in response to gamma interferon (Abbendroth et al, 2000).  

The signaling pathways triggered by viruses in the host cells appear complex. 

Delineation of these pathways and mechanisms for virus entry and use of the 

host cell are important areas of study, however, as this may reveal targets for 

drug development as specific anti-viral treatments. 

 
 

5.3. Aims 
 

 
The aim of this part of my study was to identify the gene expression profile 

changes observed in HBVAF in response to VZV infection. This approach could 

help establish pathways that facilitate virus entry and propagation, and could 

explain some of the phenotypic changes I observed in vitro (chapter 3), and 

ultimately may broaden our understanding of the pathogenesis of VZV-related 

vasculopathy.  
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5.4. Methods 
 
 

5.4.1. Cell preparation for RNA extraction 

 

 
HBVAF at passage 3 were infected with VZV GFP ORF23 or mock-infection cell 

to cell as described in the general methods, in 6 well plates. As in the proteomic 

experiments, a higher virus dose was used. On day 5 post infection and when 

CPE and green fluorescence were present in 80% of the cultures VZV-infected, 

Trizol was added and the cells saved in -800C freezer.  

 

5.4.2. RNA extraction  
 
 
A RNA free zone with RNase was established. RNA was isolated following the 

below protocol.  Media was removed from cells and 1ml of TRIzol (Life 

technologies) was added per 5-10x106 cells, and pipetted to lysed the cells. This 

was incubated at room temperature for 5 minutes. The samples in TRIzol were 

stored at -80°C for RNA extraction. 

For RNA extraction, 0.2mL chloroform was added per 1mL TRIzol, and this was 

shaken vigorously for 15s and incubated for 2-3min at room temperature. This 

was followed by centrifugation at 12 000g for 15 min at 2-8°C. The upper 

colourless aqueous phase was transferred to a fresh tube. RNA was precipitated 

by mixing with isopropanol, 0.5ml/original 1ml TRIzol and incubated at 4°C 

overnight, to increase the yield of RNA relative to the standard protocol. Next, the 

samples were centrifuged at 12 000g for 10 min. The RNA pellet forms a gel like 
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pellet on the bottom and side of the tube. This was washed with 75% ethanol, at 

least 1mL to each 1mL of starting reagent, by vortexing and spinning at 7500g for 

5 min at 2-8°C. The pellet was air dried for approximately 10 min and dissolved in 

RNase free water by pipetting. This was incubated for 10 min at 55-60°C, quality 

control done using nanodrop, stored at -80oC overnight and samples transferred 

the next day to the UCL Pathogen Genomics laboratory for the RNA sequencing.  

 

5.4.3. cDNA library preparation, quality control and RNA sequencing 

 
 
UCL Pathogen Genomics team assisted with the sequencing, quality control and 

read alignment. In brief, the library prep protocol used the KAPA Stranded 

mRNA-Seq kit (Illumina, UK). to process the samples. As per technical data 

provided by the manufacturer, the KAPA Stranded mRNA-Seq Kit is designed for 

both manual and automated next generation sequencing library construction from 

100 ng – 4 μg of intact, total RNA. The protocol is applicable to a wide range of 

RNA-seq applications, including gene expression.  This kit provides all of the 

enzymes and buffers required for mRNA enrichment, cDNA synthesis, and library 

construction and amplification.  

 

An input of 500ng and 12 cycles of PCR was used.  Libraries were validated 

using the DNA D1000 TapeStation kit and were quantified using the Qubit 

dsDNA HS assay. Libraries were then normalised and pooled to 4nM, and 

loaded onto the sequencer at 1.8pM. The samples were sequenced on an 

Illumina NextSeq 500. PhiX control was loaded at 1%. 
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5.4.4. Read alignment, count conversion and gene set enrichment analysis 
 

Dr Cristina Venturini, bioinformatician postdoctoral fellow at UCL Pathogen 

Genomics, assisted with generating the read count table and differential gene 

expression analysis. 

 

Data was de-multiplexed using bcl2fastq v 2.17. Paired end reads were mapped 

to the Ensembl human transcriptome reference sequence (Homo sapiens 

GRCh38 (v 84). Mapping and generation of read counts per transcript were done 

using Kallisto (Everaert et al, 2017). Tximport was used to import the mapped 

counts data and summarise the transcripts-level data into gene level as 

described by Soneson and colleagues (Soneson et al, 2015).   

 

5.4.5. Statistical analysis 
 

Further analyses were run using DESeq2 (Anders et al, 2010; Love et al, 2014) 

and the SARTools packages developed at PF2 - Institute Pasteur. Normalization 

and differential analysis were carried out according to the DESeq2 model and 

package. Normalization and differential analysis were carried out according to 

the DESeq2 model by use of negative binomial generalized linear model. The 

estimates of dispersion and logarithmic fold changes incorporate data-driven 

prior distributions.  SARTools is an R pipeline based on DESeq2 which was used 
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to generate lists of differentially expressed genes and diagnostic plots for quality 

control.  

Gene expression heatmaps were generated using the MEV software suite 

(http://www. tm4.org/mev.html) with assistance from Ebun Omoyinmi, Senior 

research associate at UCL. Functional classification of genes was performed 

using the xGR online database (http://galahad.well.ox.ac.uk:3020). 

 

 
 

5.5. Results 
 
 

5.5.1. Description of raw data 
 
 

The total read counts were expected to be similar within similar experimental 

conditions. The total read counts sometimes vary significantly between replicates 

for several reasons, including: different rRNA contamination levels between 

samples (even between experimental replicates), and slight differences between 

library concentrations, since they may be difficult to measure with high precision. 

The number of reads was over 10 x 105 for each of the samples, and the total 

number of reads was similar between the triplicates of each of the two conditions 

(Figure 5.1.) confirming good quality in my hands. 
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Figure 5.1 Total number of mapped and counted reads for each sample  for 

gene expression profiles of HBVAF: VZV- or mock-infected. Colors refer to 

the experimental condition of the sample: Blue, mock-infected HBVAF; red, VZV-

infected HBVAF. The number of reads was over 10 x 105 for each of the 

samples, and the total number of reads was similar between the triplicates of 

each of the two conditions.  

 

5.5.2. Principal component analysis 
 

Commonly, variability in transcriptomic analyses stems from experimental 

differences between samples processed. One way of visualizing experimental 

sample variability is to look at the first components of the principal component 
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analysis (PCA), as shown on the figure 5.2. The PCA revealed that the principal 

component (PC1) separated samples based on two separate experimental 

conditions (VZV and mock infection) in my experiments, meaning that 

experimental variability was the main source of variance my data set. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. Principal Component Analysis, with percentages of variance 

associated with each axis for gene expression profiles of HBVAF: VZV- or 

mock-infected. Colors refer to the biological condition of the sample: Blue, 

mock-infected HBVAF; red, VZV-infected HBVAF.  In this figure, the first principal 

component (PC1) separates the samples from the different biological conditions, 

meaning that the biological variability is the main source of variance in these 

data. 
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5.5.3. Data normalization 
 
 

Normalization aims at correcting systematic technical biases in the data, in order 

to make read counts comparable across samples. The normalization proposed 

by DESeq2 relies on the hypothesis that most genes are not differentially 

expressed. The software computes a scaling factor for each sample. Normalized 

read counts are obtained by dividing raw read counts by the scaling factor 

associated with the sample they belong to. Scaling factors around 1 mean 

(almost) no normalization is performed. Scaling factors lower than 1 will produce 

normalized counts higher than raw ones, and the other way around. Boxplots are 

often used as a qualitative measure of the quality of the normalization process, 

as they show how distributions are globally affected during this process. We 

expect normalization to stabilize distributions across samples. Figure 5.3. shows 

boxplots of raw (left) and normalized (right) data respectively. 
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Figure 5.3. Boxplots of raw and normalized read counts for gene 

expression profiles in HBVAF VZV- or mock-infected. Colors refer to the 

experimental condition of the sample: Blue, mock-infected HBVAF; red, VZV-

infected HBVAF. Raw data is presented in the boxplot on the left, and normalized 

data on the boxplot on the right. 

 

5.5.4. Visualisation of  RNAseq results 
 
 

A p-value adjustment is performed to take into account multiple testing and 

control the false positive rate to a chosen level α. For this analysis, a false 

discovery rate (FDR) p-value adjustment was performed (Benjamini et al, 2001) 

and the level of controlled false positive rate was set to 0.05. This means the 

generated list of significant hits has in expectation at most 5 % false positives.  

Figure 5.4. shows the volcano plots for the comparisons performed and 

differentially expressed features are still highlighted in red. The volcano plot 

represents the log of the adjusted P value as a function of the log ratio of 

differential expression. A volcano plot typically plots some measure of effect on 
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the x-axis (typically the fold change) and the statistical significance on the y-axis 

(typically the -log10 of the p value). Genes whose expression is highly 

dysregulated are far to the left and right sides, while highly significant changes 

appear higher on the plot.  

 

 

 

Figure 5.4. Volcano plot of the comparison between gene expression 

profiles of HBVAF: VZV- or mock-infected. Red dots represent significantly 

differentially expressed features. 

 

Full results of the raw data with lists of differentially expressed features were 

provided in a spreadsheet. 
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5.5.5. Overview of transcriptomic data analysis  
 
 

With a FDR cutoff of 0.05, a total of 6911 differentially expressed genes were 

identified across the comparison of interest. Of the total of 6911 altered genes, 

the expression of 3465 (50%) was up-regulated, and 3446 (50%) were down-

regulated. When filtering the data to include only the genes with cutoffs cutoff of 

2-fold changes with a significance of 0.05, the expression of 3364 genes was 

modified in VZV-infected HBVAF, with 481 (14%) of genes up-regulated and 

2887 (86%) genes down-regulated, therefore a skew towards downregulation.  

 

Given the high number of differentially expressed genes, I focused my attention 

on the top 20 highly differentially expressed genes in VZV-infected HBVAF 

relative to mock-infected HBVAF. A zoomed heatmap including only the top 20 

differentially expressed genes was generated, to illustrate the expression pattern 

between the two conditions (Figure 5.5.). 

 

Of these genes, 16 were identified with up-regulation of expression in VZV-

infected HBVAF: IL11, TFPI2, NR4A1, TMSB4XP6, AREG, STC1, DEDD2, 

HSPA1B, MT2A, H2AFX, HSPA1A, CKS2, AHSA1, CXCL8, NAMPT, MT1L; 4 

genes were identified with down-regulation: FMO2, CORIN, CCDC80, TIMP2. 

(Table 5-1) 

 



 232 

Table 5-1. List of top 20 altered genes identified with altered expression in 

VZV-infected HBVAF by RNAseq 

 

Gene Description Summary Up- or down-

regulated  

IL11 Interleukin 11 Encodes protein member 

of the gp130 family of 

cytokines. This cytokine is 

shown to stimulate the T-

cell-dependent 

development of 

immunoglobulin-producing 

B cells. Supports support 

the proliferation of 

hematopoietic stem cells 

and megakaryocyte 

progenitor cells.  

Up 

TFPI2 Tissue Factor Pathway 

Inhibitor 2 

Encodes a member of the 

Kunitz-type serine 

proteinase inhibitor family. 

May play a role in the 

regulation of plasmin-

mediated matrix 

remodeling. Inhibits factor 

VIIa/tissue factor, factor 

Xa, plasmin, trypsin, 

chymotryspin and plasma 

kallikrein. Gene identified 

as a tumor suppressor 
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gene in several types of 

cancer. 

NR4A1 Nuclear Receptor 

Subfamily 4 Group A 

Member 1 

Encodes a member of the 

steroid-thyroid hormone-

retinoid receptor 

superfamily. Expression is 

induced by 

phytohemagglutinin in 

human lymphocytes and 

by serum stimulation of 

arrested fibroblasts. The 

encoded protein acts as a 

nuclear transcription 

factor. Translocation of 

the protein from the 

nucleus to mitochondria 

induces apoptosis. 

Up 

TMSB4XP6 Thymosin Beta 4, X-

Linked Pseudogene 6 

Pseudogene Up 

AREG Amphiregulin Encodes protein member 

of the epidermal growth 

factor family. It is an 

autocrine growth factor as 

well as a mitogen for 

astrocytes, Schwann cells 

and fibroblasts. It is 

related to epidermal 

growth factor and 

transforming growth factor 

Up 
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alpha. 

STC1 Stanniocalcin 1 Encodes a secreted, 

homodimeric glycoprotein 

that is expressed in a 

wide variety of tissues. 

The protein may play a 

role in the regulation of 

renal and intestinal 

calcium and phosphate 

transport, cell metabolism, 

or cellular 

calcium/phosphate 

homeostasis.  

Up 

DEDD2 Death Effector Domain 

Containing 2 

Encodes protein which 

may regulate the 

trafficking of caspases 

and other proteins into the 

nucleus during death 

receptor-induced 

apoptosis. 

Up 

HSPA1B Heat Shock Protein Family 

A Member 1B 

Encodes protein which 

works in conjuction with 

other heat shock proteins, 

to stabilize existing 

proteins against 

aggregation and mediate 

the folding of newly 

translated proteins in the 

cytosol and in organelles 

Up 
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during cellular stress  

MT2A Metallothionein 2A Proteins encoded 

interacts with the protein 

encoded by the 

homeobox containing 1 

gene in some cell types, 

controlling intracellular 

zinc levels, affecting 

apoptotic and autophagy 

pathways. 

Up 

H2AFX H2A Histone Family 

Member X 

Encodes a histone with 

central role in transcription 

regulation, DNA repair, 

DNA replication and 

chromosomal stability.  

Up 

HSPA1A Heat Shock Protein Family 

A (Hsp70) Member 1A 

Encodes protein which 

works in conjuction with 

other heat shock proteins, 

to stabilize existing 

proteins against 

aggregation and mediate 

the folding of newly 

translated proteins in the 

cytosol and in organelles 

during cellular stress. 

In case of rotavirus A 

infection, serves as a 

post-attachment receptor 

for the virus to facilitate 

Up 
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entry into the cell. and 

degradation. 

 

CKS2 CDC28 Protein Kinase 

Regulatory Subunit 2 

Encodes protein which 

inds to the catalytic 

subunit of the cyclin 

dependent kinases and is 

essential for their 

biological function. 

Up 

AHSA1 Activator Of HSP90 

ATPase Activity 1 

Protein coding 

GO annotations related to 

this gene include 

chaperone binding and 

ATPase activator activity. 

Up 

CXCL8 Interleukin 8 Encodes IL8 protein, 

chemotactic factor that 

attracts neutrophils, 

basophils, and T-cells, but 

not monocytes. It is also 

involved in neutrophil 

activation. It is released 

from several cell types in 

response to an 

inflammatory stimulus. 

Up 

NAMPT Nicotinamide 

Phosphoribosyltransferase 

Encodes protein of the 

nicotinic acid 

phosphoribosyltransferase 

family, thought to be 

Up 
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involved in many 

important biological 

processes, including 

metabolism, stress 

response and aging. 

MT1L Metallothionein 1L Psueodogene Up 

FMO2 Flavin Containing 

Monooxygenase 2 

Encodes a flavin-

containing 

monooxygenase family 

member. 

Emerging roles in 

atherosclerosis and 

cardiovascular disease, 

aging, neurodegenerative 

diseases, and metabolic 

pathways (Rossner et al, 

2017) 

Down 

CORIN Corin, Serine Peptidase Encodes serine-type 

endopeptidase involved in 

atrial natriuretic peptide 

hormone processing. 

Converts through 

proteolytic cleavage the 

non-functional propeptide 

natriuretic peptide 

hormone into the active 

hormone, regulating blood 

pressure in heart and 

promoting natriuresis, 

Down 
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diuresis and vasodilation.  

Role in female pregnancy 

by promoting trophoblast 

invasion and spiral artery 

remodeling in uterus. 

CCDC80 Coiled-Coil Domain 

Containing 80 

Encodes protein 

Promotes cell adhesion 

and matrix assembly.  

 

Down 

TIMP2 TIMP Metallopeptidase 

Inhibitor 2 

Encodes natural inhibitors 

of the matrix 

metalloproteinases, 

involved in degradation of 

the extracellular matrix. 

Encoded protein may be 

critical to the maintenance 

of tissue homeostasis by 

suppressing the 

proliferation of quiescent 

tissues in response to 

angiogenic factors, and by 

inhibiting protease activity 

in tissues undergoing 

remodelling of the 

extracellular matrix. 

Down 
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Figure 5.5. Heatmap illustrating hierarchical clustering analysis of the top 

20 significantly altered genes in VZV-infected and mock-infected HBVAF. 

Clustering analysis was performed with meV. The blue colour represents down-

regulated genes and the yellow up-regulated genes. In the heatmaps, each 

column represents a sample and each row represents a gene. The 3 columns on 

the left represent triplicates of mock-infected HBVAF, and the 3 columns on the 

right triplicates of experiments for VZV-infected HBVAF. The figure demonstrates 

that there is virtually no overlapping patterns between the two conditions. Genes 

with significant increase (>2fold) in expression in VZV-infected HBVAF: IL11, 

TFPI2, NR4A1, TMSB4XP6, AREG, STC1, DEDD2, HSPA1B, MT2A, H2AFX, 

HSPA1A, CKS2, AHSA1, CXCL8, NAMPT, MT1L; genes with significant 

decrease (fold<0.5): FMO2, CORIN, CCDC80, TIMP2. 

Mock VZV 
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A table with the summary of the 20 differentially expressed genes and the read 

counts for comparison is presented below (Table 5-2).  

 

Table 5-2. Top differentially expressed genes with read counts in VZV-

infected HBVAF by RNAseq 

 

 

 
 
 
 
A common approach to interpreting gene expression data is gene set enrichment 

analysis based on the functional annotation of the differentially expressed genes. 

This is useful for finding out if the differentially expressed genes are associated 

with a certain biological process or molecular function. For the gene set 

enrichment analysis, I have used XGR, a web-based free software for enhanced 

interpretation of genomic summary data. The basic concepts behind XGR is that 

the user provides an input list of genes and XGR, available as both an R 
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package and a web-app and is then able to run enrichment, network, similarity, 

and annotation analyses based on this input. The analyses themselves are run 

using a combination of ontologies, gene networks, gene/SNP annotations, and 

genomic annotation data (built-in data). The output comes in various forms, 

including bar plots, directed, circos plots, and network relationships. Furthermore, 

the web-app version provides interactive tables, downloadable files, and other 

visuals. As part of XGR, enrichment analysis (or ‘Enricher’) which I have used, is 

based on conventional statistical tests (Fisher’s exact test, hypergeometric or 

binomial test) to identify enriched ontology terms using either built-in or custom 

ontologies.  

I provided separately the list of genes the expression of which was down-

regulated or up-regulated, and I chose the ontology option of 

“Canonical/KEGG/REACTOME/BioCarta pathways to analyse this. The software 

analyses the input data and displays the results as table and barplots. The top 

enrichments found as up-regulated or down-regulated are presented in Figures 

5.6 and 5.7, respectively.   
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Figure 5.6. Top pathways that were found to be significantly upregulated in 

VZV-infected HBVAF. This plot displays the top enrichments. Where a vertical 

line indicates the FDR cutoff at 0.05. This plot displays the top enrichments 

down-regulated. Where a vertical line indicates the FDR cutoff at 0.05. 

Enrichment analysis (or ‘Enricher’) was used in XGR to identify enriched ontology 

terms with the input of a list of up-regulated genes (>2fold). The 

“Canonical/KEGG/REACTOME/BioCarta pathways was chosen. The software 

analysed the input data and displayed the result is displayed as barplot. 
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Figure 5.7. Top pathways that were found to be significantly down-

regulated in VZV-infected HBVAF. This plot displays the top enrichments 

down-regulated. Where a vertical line indicates the FDR cutoff at 0.05. 

Enrichment analysis (or ‘Enricher’) was used in XGR to identify enriched ontology 

terms with the input of a list of down-regulated genes (<0.5fold). The 

“Canonical/KEGG/REACTOME/BioCarta pathways was chosen. The software 

analysed the input data and displayed the result is displayed as barplot. 
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The top pathways that were found to be significantly enriched are presented in 

table 5-3.  

Table 5-3. Top pathways that were found to be significantly altered in VZV-

infected HBVAF. 

Pathway Up- or 

down-

regulation 

Genes Number of 

genes 

overlapping 

Amyloids Up APOA1, H2AFX, H2AFZ, H3F3B, 

HIST1H2AB, HIST1H2AE, HIST1H2BB, 

HIST1H2BC, HIST1H2BD, HIST1H2BE, 

HIST1H2BF, HIST1H2BG, HIST1H2BH, 

HIST1H2BJ, HIST1H2BK, HIST1H2BN, 

HIST1H2BO, HIST1H3A, HIST1H3B, 

HIST1H3D, HIST1H3E, HIST1H3H, 

HIST1H3J, HIST1H4D, HIST1H4E, 

HIST1H4H, HIST1H4J, HIST2H2AA3, 

HIST2H2AA4, HIST2H2BE, HIST2H3A, 

HIST2H3C, HIST3H2BB, HIST4H4, IAPP, 

LYZ, TGFBI 

37 

Systemic lupus 

erythematosus 

Up C3, C8G, FCGR2A, H2AFJ, H2AFX, 

H2AFZ, H3F3B, HIST1H2AB, HIST1H2AE, 

HIST1H2AG, HIST1H2AH, HIST1H2AI, 

HIST1H2AL, HIST1H2AM, HIST1H2BB, 

HIST1H2BC, HIST1H2BD, HIST1H2BE, 

HIST1H2BF, HIST1H2BG, HIST1H2BH, 

HIST1H2BJ, HIST1H2BK, HIST1H2BN, 

47 
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HIST1H2BO, HIST1H3A, HIST1H3B, 

HIST1H3D, HIST1H3E, HIST1H3H, 

HIST1H3J, HIST1H4D, HIST1H4E, 

HIST1H4H, HIST1H4J, HIST2H2AA3, 

HIST2H2AA4, HIST2H2AB, HIST2H2BE, 

HIST2H3A, HIST2H3C, HIST3H2A, 

HIST3H2BB, HIST4H4, IL10, SNRPB, 

SNRPD1 

Integrins in 

angiogenesis 

Down ADGRA2, CDKN1B, COL11A1, COL12A1, 

COL14A1, COL15A1, COL16A1, COL1A1, 

COL1A2, COL3A1, COL4A5, COL5A1, 

COL5A2, COL6A1, COL6A2, COL6A3, 

COL8A1, COL8A2, CSF1, EDIL3, FN1, 

ILK, IRS1, ITGAV, MFGE8, PI4KA, PI4KB, 

PIK3C2A, PIK3CA, PIK3R1, PTPN11, 

PXN, ROCK1, TGFBR2, TLN1, VCL 

36 

Ensemble of 

genes encoding 

core extracellular  

Down ABI3BP, AEBP1, ASPN, BGN, BMPER, 

CHAD, CILP, COL11A1, COL12A1, 

COL14A1, COL15A1, COL16A1, COL1A1, 

COL1A2, COL21A1, COL3A1, COL4A2, 

COL4A5, COL5A1, COL5A2, COL6A1, 

COL6A2, COL6A3, COL8A1, COL8A2, 

CRIM1, CTHRC1, DCN, DPT, ECM1, 

ECM2, EDIL3, EFEMP1, EFEMP2, ELN, 

EMILIN1, FBLN1, FBLN2, FBLN5, FBN1, 

FBN2, FN1, GAS6, HSPG2, IGFBP3, 

IGSF10, INTS6L, LAMA2, LAMA4, LAMB1, 

83 
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LAMB2, LAMC1, LTBP2, LTBP3, LTBP4, 

LUM, MATN2, MFAP2, MFAP4, MFGE8, 

MGP, MXRA5, NID1, NID2, NTN4, OGN, 

OMD, PAPLN, PCOLCE, PODN, POSTN, 

PRELP, PXDN, RSPO2, SPARC, 

SPARCL1, SPON2, SVEP1, THBS1, 

THBS2, THBS3, THSD4, WISP2 

Focal adhesion Down ACTB, ACTN1, ACTN4, AKT2, AKT3, 

ARHGAP35, BIRC2, CAPN2, CAV1, 

CAV2, CCND2, CDC42, CHAD, COL11A1, 

COL1A1, COL1A2, COL3A1, COL4A2, 

COL5A1, COL5A2, COL6A1, COL6A2, 

COL6A3, DOCK1, EGFR, ERBB2, FLNA, 

FLNC, FN1, ILK, ITGA1, ITGA11, ITGA4, 

ITGA8, ITGAV, ITGB1, ITGB8, JUN, 

LAMA2, LAMA4, LAMB1, LAMB2, LAMC1, 

MET, MYL9, MYLK, PARVA, PDGFC, 

PDGFD, PDGFRA, PDGFRB, PIK3CA, 

PIK3R1, PIK3R2, PIP5K1C, PPP1CA, 

PPP1CB, PRKCA, PXN, RAF1, RAP1A, 

RAP1B, RAPGEF1, ROCK1, ROCK2, 

SHC2, SOS1, SOS2, THBS1, THBS2, 

THBS3, TLN1, VCL, VEGFB, VEGFD 

75 

Axon guidance Down ABL1, ALCAM, AP2B1, AP2M1, 

ARHGAP35, ARHGEF12, CACNB3, 

CAP2, CDC42, CLTC, CNTNAP1, 

COL1A1, COL1A2, COL3A1, COL4A2, 

83 
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COL4A5, COL5A1, COL5A2, COL6A1, 

COL6A2, COL6A3, CRMP1, DLG1, DNM1, 

DOCK1, DPYSL2, DPYSL3, EGFR, 

ERBB2, EVL, EZR, FGFR1, GFRA1, 

GPC1, ITGA1, ITGAV, ITGB1, LAMB1, 

LAMC1, LIMK1, MET, MSN, MYH10, 

MYH9, MYL6, MYL9, MYO10, NCK2, 

NEO1, NRAS, NRCAM, NRP2, NTN4, 

PIP5K1C, PLXNA1, PLXNB1, PLXNC1, 

PLXND1, PRNP, RAF1, RDX, RGMA, 

RHOC, ROBO1, ROBO2, ROCK1, 

ROCK2, RPS6KA2, RPS6KA4, RRAS, 

SCN2A, SCN7A, SDCBP, SEMA5A, 

SHTN1, SOS1, SOS2, SPTBN1, SRGAP1, 

TLN1, TRIO, WASL, YWHAB 

Beta 1 integrin 

cell surface 

interactions  

Down CD81, COL11A1, COL1A1, COL1A2, 

COL3A1, COL4A5, COL5A1, COL5A2, 

COL6A1, COL6A2, COL6A3, FBN1, FN1, 

ITGA1, ITGA11, ITGA4, ITGA8, ITGAV, 

ITGB1, LAMA2, LAMA4, LAMB1, LAMB2, 

LAMC1, NID1, THBS1, THBS2, VCAM1 

28 

 

These results are preliminary and further research/analysis into these pathways 

will be necessary. Further PCR validation of the expression of these proposed 

interesting candidate genes is required.  
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5.6. Discussion 
 

 
 
The enrichment analysis identified a high number of differentially expressed 

genes in the VZV-infected HBVAF compared to mock-infected, with over 6000 

altered genes. The analysis of this dataset is complex. In a preliminary analysis I 

have identified the top 10 genes whose expression was altered in HBVAF in 

response to VZV infection. With a candidate gene approach based of a brief 

literature review, I identified AREG, FMO2, and CKS2 as important candidate 

genes to study further.  

 

Amphiregulin (AREG), an epidermal growth factor receptor (EGFR) ligand, is 

implicated in tissue repair and fibrosis and mediates its biologic function through 

the EGFR (Shoyab et al, 1978; Kimura et al, 1990). AREG is expressed in 

multiple cell populations, including fibroblasts, epithelial cells, leukocytes, 

dendritic cells, keratinocytes, group 2 innate lymphoid cells and Tregs (Zaiss et 

al, 2015). AREG functions to orchestrate immunity, inflammation and tissue 

repair, and mediates resistance to helminth infection (Zaiss et al., 2015).  

AREG is also known to modulate cell proliferation, apoptosis and migration in 

different cell types (Berasain et Avila, 2014) and to play an essential role in the 

pathogenesis of TGFβ1-induced pulmonary fibrosis (Zhou et al, 2012). AREG 

expression is also associated with increased fibroblast proliferation and motility 

by inducing telomerase reverse transcriptase (Ding et al, 2016). AREG deficiency 
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in knockout (KO) mice significantly diminished pulmonary fibrosis (Zhou et al, 

2012). 

The findings outlined above demonstrate that activated fibroblasts upregulate 

expression of AREG causing increased cells proliferation, and fibroblast 

differentiation to myofibroblasts. This therefore makes AREG a top candidate for 

further studies in light of the HBVAF phenotypical changes observed in chapter 3 

of this thesis.  A myriad of factors are known to regulate fibroblast proliferation, 

motility and activation, and the role of the specific factors such as AREG remain 

largely unknown with respect to their significance in the context of individual 

conditions such as VZV vasculopathy. 

 

Flavin-containing monooxygenase 2 (FMO2) is part of the 5 FMOs, primarily 

studied as a xenobiotic metabolizing enzyme with a prominent role in drug 

metabolism. Endogenous functions of FMO2 are less well understood, but a 

growing body of recent evidence suggests a role of FMO in atherosclerosis and 

cardiovascular disease, aging, neurodegenerative diseases, and metabolic 

pathways (Rossner et al, 2017). The nature of FMO involvement in these 

diseases remains largely undefined, and FMO2 is the less studied of the 5 

Flavin-containing monooxygenases. In this analysis, FMO2 was identified as the 

most significant downregulated gene, and the emerging roles of the FMO make 

this gene an interesting candidate to be further evaluated in the context of VZV-

related vasculopathy.  
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Cyclin-dependent kinase subunit 2 (CKS2), has been identified as a cancer gene 

and is implicated in the processes of cell cycle and cell proliferation, so therefore 

is another interesting gene for the pathogenesis of VZV vasculopathy. The CKS2 

upregulation observed in cancers is most likely due to its ability to promote 

cancer cell growth, invasion and migration. The effects gene expression of CKS2 

may have on other regulatory genes, might be relevant in the context of VZV 

vasculopathy.   

 

Other host cell genes have been identified as significantly altered in response to 

VZV infection in this study, such as: IL11, TFPI2, NR4A1, TMSB4XP6, STC1, 

DEDD2, HSPA1B, MT2A, H2AFX, HSPA1A, AHSA1, CXCL8, NAMPT, MT1L, 

CORIN, CCDC80, TIMP2, although their significance remains to be fully 

established in this context.  

 

To obtain better insight into the molecular mechanisms underlying different 

changes demonstrated in this model, I started analyzing the gene set for 

identification of possible pathways that might have a contribution. The preliminary 

analysis suggest that over 50 pathways are altered in response to VZV infection 

of HBVAF, likely reflecting a combination of the alteration of cellular environment 

by the virus and also potential compensatory mechanisms which in turn affect 

other pathways. The analysis is complex and ongoing.  
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KEGG systemic lupus erythematosus pathway, currently marked as specific to 

systemic lupus erythematosus and lung cancer, amyloids, cytokine-cytokine 

receptor interaction, genes encoding secreted soluble factors were the most 

significantly upregulated pathways.  

 

Transcripts related to integrins in angiogenesis, ensemble of genes encoding 

core extracellular associated proteins including ECM-affiliated proteins, ECM 

regulators and secreted factors, focal adhesions and axon guidance pathways 

were detected with the most significant downregulation.  

 

JAK-STAT and mitogen-activated protein kinases (MAPK) signaling pathways 

were also detected as affected.  

 

The MAPK pathway is exploited by a number of viruses to manipulate the host 

cellular environment for optimal virus replication, cell transformation, and 

prevention of apoptosis HIV, influenza virus, human hepatitis viruses, rotavirus 

activate MAPK to enhance virus replication (XueQiao et al, 2012). Human 

herpesviruses, such as Epstein-Barr virus (EBV), herpes simplex virus (HSV), or 

Kaposi's sarcoma-associated herpesvirus, target the MAPK pathway for cell 

transformation, prevention of apoptosis, or induction of reactivation (XueQiao et 

al, 2012). VZV has been shown to activate the MAPK pathway (Rahaus et al, 

2005; Rahaus et al, 2006).  
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The activation of JAK STAT signaling by interferons leads to the upregulation of 

hundreds of interferon stimulated genes for which, many have the ability to 

rapidly kill viruses within infected cells. VZV has been shown to interact with and 

inhibit the interferon-stimulated JAK-STAT signaling (Verweij et al, 2015). Nagel 

and colleagues have detected decreased levels of beta interferon (IFN-β,) 

STAT1, and STAT2 transcripts as well as STAT1 and STAT2 protein were 

decreased in VZV-infected HBVAF (Nagel et al, 2014). In this study, IFN-α 

transcript levels were increased but no IFN-α was detected, suggesting that 

phosphorylated STAT1 did not translocate to the nucleus, resulting in impaired 

downstream expression of interferon-inducible antiviral Mx1. This pathway 

analysis highlighted the JAK STAT pathway as significantly upregulated in 

response to VZV infection. These findings now require validation with RT-qPCR.  
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6. Analysis of gene expression profile changes in 

HUVEC in response to activation by MP derived from 

VZV-infected HBVAF 

 

6.1. Summary 
 
 
Background: In previous chapters I showed that in the context of VZV infection 

MP derived from HBVAF can activate HUVEC and induce a proinflammatory 

phenotype.  

Objectives: The aims of this part of my study were to: (i) identify the changes at 

gene expression level in HUVEC that could underlie the phenotypical changes 

observed in the HUVEC in response to incubation with MP from VZV-infected 

HBVAF or conditioned media alone (i.e MP removed), and (ii) establish other 

possible pathways involved in the interaction of MP derived from VZV infected 

HBVAF and endothelial cells. 

Methods: Transcriptional changes following 6 hours incubation of HUVEC with 

MP or media from VZV-infected HBVAF were compared to those in HUVEC 

incubated with MP from mock-infected HBVAF using RNAseq, to gain insight into 

the direct effects of these components on endothelial function.  

Results: The first steps of the analysis focused on the transcriptomic profile of 

HUVEC following incubation with MP. Preliminary results showed changes in the 

gene expression profile of several genes, with changes in the expression of a 

total of 100 genes (up- or down-regulated when using FDR<0.05), and in the 
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expression of 55 genes when using a more stringent FDR<0.01. Of the genes 

whose expression was found to be altered, ADAMTS18 and LAMP3 were 

identified as biologically relevant candidates to further study, considering their 

established general role in vasculopathy pathogenesis. A number of additional 

pathways were identified to also be altered, the significance of which remains to 

be established.  

Conclusion: Further work will be needed to validate these preliminary findings 

using RT-qPCR and provide more in depth analysis of this rich dataset.  

 

6.2. Introduction 
 
 

Within the complex pathological picture of this model of vascular remodeling 

associated with VZV-vasculopathy, the interaction of HBVAF and endothelial 

cells appears to play an important role, and MP appear as key players.  

 

As described in an earlier chapter, the regulation of endothelial barrier and 

function is essential for maintaining circulatory homeostasis and the physiological 

function of blood vessels and different organs. The dysregulation of the 

endothelial barrier represent a key event in the development of a variety of 

disease processes, such as ischaemia–reperfusion injury, diabetic vascular 

complications and tumor metastasis (Kumar et al, 2009).   
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In this thesis, I have shown that the dysregulation of vascular endothelial cells 

induced by MP derived from HBVAF in response to VZV infection could play a 

role in the development of a VZV vasculopathy. MP can trigger important cellular 

processes via delivery of virus and other molecules to the endothelial cells. 

However, transcriptional regulation of vascular endothelial cells by these MP is 

not understood and it could reveal important pathways implicated in this 

interaction. 

 

6.3. Aims 
 
 

The aim of this part of my study was to (i) identify the changes at gene 

expression level in HUVEC that could underlie the phenotypical changes 

observed in the HUVEC in response to incubation with MP from VZV-infected 

HBVAF or conditioned media alone (i.e MP removed), and (ii) establish other 

possible pathways involved in the interaction of MP derived from VZV infected 

HBVAF and endothelial cells. 

 

6.4. Methods 
 

 
HUVEC at passage 4 were prepared and incubated for 6 hours with conditioned 

media or MP collected from VZV- or mock-infected HBVAF on day 3 post 

infection, as described in section 4.4.6. Each condition was prepared in 

triplicates, therefore a total of 12 samples was used: HUVEC treated with 
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conditioned media from VZV- or mock-infected HBVAF, and HUVEC incubated 

with MP pellets harvested from VZV- or mock-infected HBVAF (figure 6.1).  

 

 

 

 

Figure 6.1. Schematic summary of RNAseq experiments examining gene 

expression profile changes in HUVEC incubated with MP or conditioned 

media derived from VZV-infected HBVAF: grouped samples and comparisons 

are highlighted.  

 

 

The methods for RNA extraction, cDNA library preparation, quality control and 

RNA sequencing, read alignment, count conversion and gene set enrichment 

analysis and statistical analysis were identical to the ones described in section 

5.4 and used for the HBVAF RNAseq analysis.  
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6.5. Results 
 
 

6.5.1. Description of raw data 
 
 

The number of reads was over 10 x 105 for each of the samples, and the total 

number of reads was similar between the triplicates of each of the two conditions 

(Figure 6.2.) confirming good quality in my samples. 

 

 

 
 
Figure 6.2.  Total number of mapped and counted reads for each HUVEC 

sample processed following incubation with MP or conditioned media.  

Colors refer to different experimental conditions of the sample: Blue, mock-

infected media; red, mock-infected MP; purple, VZV-infected media; green, VZV-
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infected MP. The number of reads was over 15 x 105 for each of the samples, 

and the total number of reads was similar between the triplicates of each of the 

two conditions.  

 

6.5.2. Principal component analysis 
 
 

The main variability within samples in this experiment is expected to come from 

experimental differences between the processed samples. As discussed 

previously, one way of visualizing experimental variability is to look at the first 

principal components of the PCA, as shown on the figure 6.3.  Samples from 

different experimental conditions cluster together with the exception of one 

outlier, which was identified with lower quality of RNA compared to the other 

samples.  
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Figure 6.3: Principal Component Analysis, with percentages of variance 

associated with each axis for HUVEC gene expression profiles examined 

under different conditions. Colors refer to the experimental condition of the 

sample: Blue, mock-infected media; red, mock-infected MP; purple, VZV-infected 

media; green, VZV-infected MP. In this figure, samples from different biological 

conditions cluster together with the exception of one outlier (sample incubated 

with mock-infected media, which was identified with lower quality of RNA 

compared to the other samples).  

 

6.5.3. Data normalization 
 
 

Normalization aims at correcting systematic technical biases in the data, in order 

to make read counts comparable across samples. We expect normalization to 
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stabilize distributions across samples. Figure 6.4. shows boxplots of raw (left) 

and normalized (right) data respectively. 

 

 

 

 

Figure 6.4. Boxplots of raw and normalized read counts for HUVEC gene 

expression profiles examined under different conditions. Colors refer to the 

biological condition of the sample: Colors refer to the biological condition of the 

sample: Blue, mock-infected media; red, mock-infected MP; purple, VZV-infected 

media; green, VZV-infected MP. Raw data is presented in the boxplot on the left, 

and normalized data on the boxplot on the right. 

 

6.5.4. Visualisation of the RNAseq results 

 
 

Figure 6.5. shows the volcano plots for the six possible comparisons performed 

between the 4 conditions, and differentially expressed genes are still highlighted 

in red. The volcano plot represents the log of the adjusted P value as a function 
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of the log ratio of differential expression. A volcano plot typically plots some 

measure of effect on the x-axis (typically the fold change) and the statistical 

significance on the y-axis (typically the -log10 of the p value). Genes whose 

expression is highly dysregulated are far to the left and right sides, while highly 

significant changes appear higher on the plot.  

 

 

 

Figure 6.5. Volcano plot of the comparison between gene expression 

profiles of HUVEC incubated with conditioned media or MP derived from 

VZV-infected HBVAF. Red dots represent significantly differentially expressed 

features. The 6 plots were generate for the possible comparisons between the 4 
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conditions: VZV MP to mock MP, VZV MP to VZV media, VZV MP to control MP, 

VZV MP to mock media, mock MP to mock media, mock MP to VZV media,  

 

Full results with lists of differentially expressed features were provided in a 

spreadsheet. 

 

6.5.5. Overview of the transcriptomic analysis  
 
 

With an FDR cutoff of 0.05, the total number of differentially expressed genes 

were identified, as summarized in table 6-1. The expression of 1992 genes was 

altered in response to HUVEC treatment with culture media derived from VZV-

infected HBVAF, when compared to media derived from mock-infected HBVAF, 

with expression of 1305 genes up-regulated (65.5%) and expression of 687 

genes down-regulated (34.5%). This comparison revealed the most striking 

differences. Transcriptomic changes of a smaller extent where identified in 

response to incubation with MP, with 62 genes up-regulated and 38 genes down-

regulated.  The expression of 43 genes (55% up-regulated, 44% down-regulated) 

was found to be altered in the HUVEC incubated with MP derived from VZV-

infected HBVAF compared to those treated with conditioned media. 
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Table 6-1. Number of genes differentially expressed in response to 

incubation of HUVEC with MP or culture media from VZV-infected HBVAF 

 Total number Up Down 

VZV MP vs Mock MP 100 62 38 

VZV media vs mock 

media 

1992 1305 687 

VZV MP vs VZV 

media 

43 24 19 

 

 

 

Using a more stringent FDR cutoff of 0.01, the number of genes whose 

expression was altered reduced to 614 altered in response to HUVEC treatment 

with culture media derived from VZV-infected HBVAF, when compared to media 

derived from mock-infected HBVAF; expression of 55 genes in response to 

incubation with MP; and expression of 18 genes in the HUVEC incubated with 

MP derived from VZV-infected HBVAF compared to those treated with 

conditioned media (Figure 6.6). 
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Figure 6.6. Number of significant differentially expressed genes across 4 

comparisons. The Venn diagram indicates the number of significant 

(FDR<0.001) differentially expressed genes across the four key comparisons and 

the overlap between each set of genes.  

 

 

Future work will complete this analysis, starting with a comparison of the  

transcriptomic profile of HUVEC incubated with MP. A preliminary analysis has 

shown that expression of 55 genes was dysregulated in HUVEC in response to 

incubation with MP derived from VZV-infected HBVAF, when being more 

stringent and using an FDR<0.01. Of these genes, I have identified ADAM 

metallopeptidase with thrombospondin type 1 motif 18 (ADAMTS18) and 

lysosome-associated membrane protein 3 (LAMP3) genes as possible 



 265 

candidates to study further, both found to have increased expression in response 

to stimulation of HUVEC with VZV infected cell-derived MP.  

 

ADAMTS18 is a plasma metalloprotease that interacts with thrombin. A recent 

conference abstract at the European Society for Paediatric Infectious Diseases 

meeting in 2017 highlighted this gene as playing a key role in the coagulopathy 

of meningococcal disease (abstract ESP17-1368, Klobassa et al, ESPID 2017).  

 

LAMP3 was first identified as a cell surface marker of mature dendritic cells 

specifically expressed in lung tissues, endothelial cells (Kobayashi et al, 2000). 

Recent studies demonstrated that LAMP3 plays a critical role in several cancers, 

is regulated by hypoxia, and also has a potential role in cardiac remodeling in the 

context of cardiomyopathy. LAMP3 is also considered a possible novel 

therapeutic target for pathological cardiac remodeling (Ding-Sheng Jiang, 2016). 

This could make LAMP3 an attractive regulating gene to study further in the 

setting of VZV-vasculopathy vascular remodeling. 

 

A heatmap of differentially expressed genes was generated including the altered 

genes with FDR<0.05, to illustrate the expression pattern between the four 

conditions (Figure 6.7.). 
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Figure 6.7. Heatmap illustrating hierarchical clustering analysis of the 

significantly altered gene expression in endothelial cells incubated with MP 

or media from VZV - and mock-infected HBVAF. Cluster analysis was 

performed with meV. The green colour represents down-regulated genes and the 

red colour up-regulated genes (FDR<0.05). In the heatmap, each column 

represents a sample and each row represents a gene. Each experimental  

condition is represented  triplicates, making a total of 12 columns for 4 conditions 

as marked on the figure. The replicates are similar. Focusing on the comparison 

between HUVEC treated with MP from VZV- or mock-infected human brain 

fibroblasts, the figure demonstrates that the less degree of overlapping patterns 

is identified in cluster 2 and cluster 5. Cluster 2 contains 60 genes, and cluster 5 

contains 100 genes.  
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For the gene set enrichment analysis I used XGR and I have provided the list of 

genes that appear down-regulated or up-regulated (FDR<0.05) in clusters 2 and 

5 between HUVEC treated with MP, and I have chosen the ontology option of 

“Canonical/KEGG/REACTOME/BioCarta” to identify possible pathways altered. 

The top enrichments found as altered (up-regulated or down-regulated) are 

presented in Figures 6.8 and 6.9, respectively.  The significance of these findings 

remains to be explored in further analyses, an area of future work.  
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Figure 6.8. Pathways that were found to be significantly altered in HUVEC 

incubated with MP from infected HBVAF- cluster 2. The 

“Canonical/KEGG/REACTOME/BioCarta pathways was chosen. Those terms 

with FDR<0.05 are highlighted in dark green. 
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Figure 6.9. Pathways that were found to be significantly altered in HUVEC 

incubated with MP from infected HBVAF - cluster 5. The 

“Canonical/KEGG/REACTOME/BioCarta pathways was chosen. Where those 

terms with FDR<0.05 are highlighted in dark green. 

 

6.6. Discussion 
 

In this chapter I present a preliminary analysis of gene expression profile 

changes in HUVEC in response to MP derived from infected HBAVFs. These 

data need further analyses, but may provide broader and deeper insights into 

transcriptional regulation of vascular endothelial function in response to MP 

derived from the VZV-infected brain vascular fibroblasts. 

 

RNAseq analysis identified that the expression of a large number of genes was 

altered in response to VZV infection but with small fold changes. The Venn 

diagram generated based on the altered gene expression using a stringent FDR 



 270 

of <0.001 showed that there was very little overlap between the 4 key 

experimental conditions examined: HUVEC treated with MP or media derived 

from VZV-infected or mock-infected HBVAF.  

 

The heatmap showed that the detected gene expression changes in replicates 

were similar. The initial steps of the analysis focused on the comparison between 

the gene expression profile of HUVEC stimulated with MP.  The heatmap 

showed that 2 clusters of genes appeared up- or down-regulated in response to 

MP from VZV-infected cells. When these clusters of genes were analysed 

through XGR for gene ontology and pathway analysis, 22 pathways were  

highlighted. These findings now require validation by RT-qPCR. More in-depth 

analysis of other pathways and genes of interest is also required to fully 

understand the importance of the wealth of data I generate herein. 

 

This preliminary analysis also suggests that altered expression of LAMP3 and 

ADAMTS18 may contribute to the development of pathological changes leading 

to vascular remodeling in the context of VZV-related AIS.  

 

There are limitations of RNAseq and it is important that the results of the are 

interpreted in this context. Several issues have been described to cause 

difficulties in accurately estimating gene expression using RNAseq (Han et al, 

2015; Hirsch et al, 2015). It is important to note that the preparation and 

fragmentation of RNA and the library construction can be biased. Small 
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transcripts can be more difficult to count due to the standard size selection 

implemented during construction of RNAseq libraries (Han et al, 2015). In some 

cases two different genes have overlapping transcripts and it is difficult to 

determine to which gene the read should be assigned (Hirsch et al, 2015). Also, 

there are related issues in precisely estimating the abundance of different 

transcripts from the same gene (Trapnell et al.,2010). 
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7 General discussion and future directions  
 

 
 
 
Primary VZV infection typically results in varicella, followed by establishment of 

viral latency in neurons of the cranial nerve, dorsal root and autonomic ganglia 

along the entire neuraxis, as well as of the adrenal glands (Nagel et al., 2017). 

The virus reactivates from one of more ganglia, travels peripherally to skin and 

produces herpes zoster in the corresponding dermatome. During reactivation, 

VZV could also travel centrally via the anatomical pathways described above, to 

produce other neurological and ocular diseases with or without associated rash. 

One such disease is VZV vasculopathy, first described in 1919 (Baudouin and 

Lantuejoul, 1919) and referred to cases of varicella or zoster temporally 

associated with stroke, particularly when zoster occurred in the ophthalmic 

division of the trigeminal nerve. Since the first description, growing 

epidemiological evidence strongly linked VZV with AIS, but the mechanisms 

remained unclear until 2011 when a research group very active in neurovirology 

research led by Don Gilden and Maria Nagel carried out of body of work 

examining the histology of cerebral arteries from adult patients with VZV 

vasculopathy. They were able to detect the presence of VZV DNA, and also VZV 

antigen detected by immunohistochemical analyses in the vascular adventitia of 

cerebral arteries from patients at the early stages of their disease. VZV DNA and 

antigens were detected in media and intima of cerebral arteries from patients at a 
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later stage of their disease (Mayberg et al, 2011). These findings suggested that 

VZV vasculopathy was due to productive virus infection of arteries, with the 

adventitia as a likely port of entry for the virus to the cerebral circulation. 

Recently, the clinical spectrum of VZV vasculopathy has expanded to include 

extracranial vasculopathy presenting as GCA, the most common systemic 

vasculitis in the elderly, and granulomatous aortitis (Gilden et al, 2015; Gilden et 

al, 2016). The pathogenesis of these conditions remains unknown but it has been  

suggested that viral triggers such as VZV may play a role, and that the adventitia 

is the portal for viral entry, similar to VZV-related vasculopathy. 

 

In 2013 when I started the work on this project, only a single conference abstract 

by Nagel et al described work that attempted to elucidate the mechanisms of 

VZV-related AIS. Since then, this research group published the results of a 

number of small research studies contributing to our knowledge of the 

pathogenesis of this disease.  

In 2014, Nagel and Gilden investigated a model of VZV persistence in cerebral 

arteries (Nagel et al. 2014). They demonstrated inhibition of phosphorylated-

STAT1 nuclear translocation and Mx1 antiviral protein expression in HBAVF 

infected with VZV, suggesting that VZV can interfere with the type I interferon 

pathway as a mechanism of virus persistence in the brain arteries (Nagel et al. 

2014).  In the same year, this group demonstrated differential regulation of matrix 

metalloproteinases in varicella zoster virus-infected HBAVF, suggesting that this 

mechanism could contribute to the aneurysm formation which has been reported 
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in the context of VZV vasculopathy in adults (Nagel et al. 2014).  

In 2016, the Nagel group showed that VZV infection of HBVAF and perineural 

cells downregulates the expression of programmed death ligand 1 (PD-L1) and 

MHC-I within 72 hours post infection, and promotes inflammation (Jones et al, 

2016). This latest study provided insights into the mechanism by which 

inflammatory cells persist in VZV-infected arteries, and therefore foster persistent 

inflammation in vessels leading to pathological vascular remodeling during VZV 

vasculopathy.   

Other than the work of this very active research group, not much is available in 

the literature on the mechanisms on VZV-related vasculopathy. Earlier studies 

proposed immune mediated vascular reaction secondary to distant infection 

(Bartolini et al, 2011; Ganesan and Kirkham, 1997); sympathetic stimulation due 

to the local irritant effect of the chickenpox lesions in the region of the superior 

cervical ganglion (Ganesan et Kirkham, 1997); thrombotic vascular occlusion by 

virus mediated direct endothelial damage (Losurdo et al, 2006; Ganesan et al, 

1997); and acquired transient deficiencies of protein S and/or protein C (Losurdo 

et al, 2006; Alehan et al, 2002).  

 

In this thesis, I attempted to provide the first comprehensive insight into the 

mechanisms of VZV vasculopathy, creating a  hypothetical model and identifying 

HBVAF as the key player. 
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My results support an “outside in” model of cerebral arteriopathy in response to 

VZV infection, with vascular remodeling processes that could lead to arterial 

obstruction triggered by the activated HBVAF in response to viral infection. I was 

able to also show a proinflammatory switch of the endothelium in response to 

soluble and insoluble stimuli released by the infected fibroblasts (figure 7.1.).  

 

I also identified a key role for MP released by the infected adventitial fibroblasts 

in facilitation cross talk between HBVAF and endothelial cells. I showed for the 

first time that MP induce endothelial activation and ROS production and also 

carry virus that can productively infect neighbouring cells. I examined in detail the 

proteins contained in the MP and that could mediate this process. In addition, 

preliminary work examined the changes in the transcriptomic profile of HBVAF 

and endothelial cells in response to VZV infection.  
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Figure 7.1. VZV-induced changes in HBVAF: an in vitro model of cerebral arteriopathy. 
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In more detail in my proposed model, VZV infection activates HBVAF and 

triggers differentiation of HBVAF into myofibrolasts, causing proliferation of these 

cells and enhancing their migratory capability. Myofibroblasts derived from 

HBVAF could then theoretically migrate and accumulate in the innermost layers 

of the vascular wall inducing changes in the caliber of the artery and leading to 

occlusive vasculopathy, as seen in AIS. In addition, I showed that HBVAF show 

an increased proliferative potential in response to infection, and this could further 

worsen the pathological arterial remodeling.  

 

The infected and differentiated fibroblasts could migrate through the arterial wall 

spreading the infection by direct infection, or as shown here for the first time, by 

release of MP containing viral particles. It is also possible, as suggested by my in 

vitro model, that these activated HBVAF and myofibroblats exert paracrine 

effects on other nearby cells due to their potential to release cytokines. These 

results from my in vitro experiments are in keeping with the histological findings 

from studies  examining VZV-infected brain arteries (Mayberg et al, 2011).   

 

I also examined the effects that infected HBVAF could have on endothelium, and 

demonstrated that the can cause endothelial activation and dysfunction via 

cytokine and MP release. The cytokine secreting profile of VZV-infected HBVAF 

included several proinflammatory cytokines such as IL-8, IL-6, TNF- α and MCP-

1. All these cytokines can act in an autocrine fashion further enhancing the 

migration of differentiated myofibroblasts, or in a paracrine fashion exacerbating 
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the pathological proliferation, differentiation and migration of other nearby 

fibroblasts. These chemokines and cytokines may also act as chemoattractants 

for other inflammatory cells such as neutrophils and other leukocytes (Luckett 

and Galluci. 2007; Galluci et al. 2006; Galluci et al. 2007; Fredi et al. 2005; 

Gharaee- Kermani et al. 1996; Nabata et al, 1990). Nagel et al showed that the 

neutrophils are abundant in cerebral arteries in early VZV vasculopathy (Nagel et 

al, 2013). Jones et al have recently measured the levels of cytokines and matrix 

metalloproteinases in the CSF of adult patients with confirmed VZV-related 

vasculopathy, and found the levels of IL-8, IL-6 and MMP-2 were significantly 

elevated compared to the levels detected in healthy controls or patients with 

multiple sclerosis (Jones et al, 2016). These additional publications provide 

support  from human studies to my proposed in vitro model. 

 

Of particular and novel interest was to explore the potential role of HBVAF-

derived MP in the communication between the VZV-infected HBVAF and 

endothelial cells and other neighboring HBVAF, in the wider context of emerging 

evidence suggesting that MP can carry pathogens such as HIV, Dengue, 

Mycobacterium tuberculosis, and Toxoplasma gondii (Kadiu et al. 2012; Sweet et 

al. 2008; Singh 2011; Bhatnagar et al. 2007; Schorev and Bharnagar. 2008; 

Schorev et al. 2008). I showed that  VZV-infected HBVAF released AnV+ MPs 

and that these MP stimulated CD54 upregulation and ROS production in 

endothelial cells, compatible with endothelial activation and stress. 
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One particularly interesting and novel observation I made is that MP released by 

VZV-infected HBVAF harbor viral particles which are capable of inducing lytic 

infection in healthy fibroblasts. This could suggest an additional model of VZV 

cell-to-cell viral propagation, which may be of relevance to the pathogenesis of 

cerebral arteriopathy, and to other conditions. This is an exciting finding which I 

plan to further investigate in experiments (outside this PhD), for example by 

further studying the ultrastuctural characterization of MP derived from VZV-

infected HBVAF using TEM ultrathin sections.  

 

I have shown that MP contain/are associated with viral particles through a 

number of different experiments: 1) flow cytometric detection of VZV proteins 

within the MP population; 2) protein profiling of MP with mass spectrometry 

confirming the presence of viral proteins within the MP; 3) EM images showing 

the viral particles were associated with MP and lack of presence of free virus:  

and 4) MP were able to induce infection in healthy fibroblasts confirmed with 

CPE and detection of viral antigens.  

 

Excitingly, I was also able to detect VZV antigens in circulating MP obtained from 

the plasma of paediatric patients with VZV-related cerebral vasculopathy and 

stroke, not present in children with other vasculopathies, nor in adult controls. 

These pilot data would support a larger prospective biomarker study of children 

with VZV associated vasulopathy and AIS.  MP VZV+ could be an attractive non-
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invasive diagnostic or prognostic biomarker that might in the future eliminate the 

need for invasive tests as such sampling of CSF, or brain biopsy.  

 

It would also be of considerable interest to establish the cellular origin of these 

circulating MP. They could be released from  fibroblasts, endothelial cells, or also 

infected T-cells during the viraemia phase.   

 

The recruitment of appropriate controls, both healthy and disease including 

patients with acute chickenpox is also needed to establish the specificity of my 

findings. Electron microscopic analysis of MP particles isolated from patients with 

VZV-related AIS in the acute phase could be done after sorting VZV+ MP to 

confirm if these particles truly carry the VZV virus in vivo. 

 

Finally, in the last part of my PhD, I started a study exploring the transcriptomic 

profile of VZV-infected HBVAF and also of HUVEC activated by MP derived from 

VZV-infected HBVAF. This analysis has generated a huge amount of data which 

will form the basis of many future studies. Preliminary analyses identified AREG, 

FMO2, and CKS2 as interesting candidate genes to study further in VZV-infected 

HBVAF.  

 

LAMP3 and ADAMTS18 were identified in the series of RNAseq experiments of 

HUVEC as interesting candidates to study further. Validation studies with qPCR 

of the expression of all these identified genes is now needed to confirm the 
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results of RNAseq. In addition, I generated data that could be used for further 

molecular studies in my proposed model of VZV vasculopathy, although it is too 

early to speculate on the potential translatable benefit for patients at this stage.  

 

8 Publications from this thesis 
 
 

Moraitis E, Ganesan V. Childhood infections and trauma as risk factors for 

stroke. Curr Cardiol Rep. 2014 Sep;16(9):527. 
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