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Abstract 

The relationship between human cytomegalovirus (HCMV) and glioblastoma 

(GBM) remains highly controversial. Consensus regarding both detection of 

HCMV and any potential oncogenic role within tumours has yet to be reached. 

Nevertheless, HCMV-directed immunotherapy can lead to GBM clearance, 

supporting a direct link. 

Detection of HCMV in GBM is predominantly within CD133+ stem-like cells, 

although infectious virus is seemingly absent. Adult neural progenitor cells (NP) 

are a likely cell of origin for GBM, yet unlike foetal and iPSC-derived neural 

progenitors, the behaviour of HCMV within genuine adult NP is unknown. 

Here I have shown that HCMV can infect adult NP cells in vitro, with virus 

detected up to 100 days post infection. Initial infection of adult NP’s in vitro results 

in lytic gene expression without infectious virion production. However, application 

of an in vitro differentiation protocol leads to detectable secreted infectivity. 

HCMV infection perturbs the differentiation seen in uninfected controls with cells 

retaining progenitor morphology rather than developing neuronal features. 

Additionally, infection post-differentiation appears to de-differentiate these cells 

as they lose their neuronal processes and regain PCNA and Ki67 expression.  

This work shows that several pathways associated with gliomagenesis are 

dysregulated during HCMV infection of NP including modulation of cell cycle, 

MAPK and PI3K-Akt, with TERT expression increased in HCMV+ NP post-

differentiation compared to a non-infected control. HCMV induces a stem cell 

phenotype in NP, including inducing expression of GBM stem cell marker CD133 

and stem cell factor KLF4. This is significant as these changes are all known to 

occur in GBM. 

HCMV appears to unlock phenotypic plasticity as it both impairs and seemingly 

reverses NP differentiation, consistent with a potential direct oncogenic role 

during GBM pathogenesis. This may be important in understanding the role of 

HCMV in GBM, specifically during gliomagenesis. 
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Chapter 1 – Introduction 

1.1 Herpesviruses 

1.1.1 Herpesviridae  

The Herpesviridae are a family of DNA viruses that infect and often cause 

disease in an array of hosts, including humans and are species specific. Of over 

100 known herpes viruses, nine primarily infect humans, leading to persistence 

for the lifetime of the host in a state known as latency during which the viral 

genome is maintained in cells, but viral gene expression is restricted and 

infectious particle production halts. However, particle production can be 

reactivated under specific conditions as further explained in section 1.2.4 

(Whitley, 1996, Ding, 2008).  

The herpes viruses specific to humans are; herpes simplex virus 1 and 2 (HSV-

1 and HSV-2), varicella-zoster virus (VZV), Epstein-Barr virus (EBV), human 

herpes virus 6A and B (HHV-6A and HHV-6B), human herpesvirus 7 (HHV-7), 

Kaposi’s sarcoma herpes virus (KSHV/HHV-8) and human cytomegalovirus 

(HCMV). Herpes viruses can be categorised into three main groups; α 

herpesviruses, β herpesviruses and γ herpesviruses. The α herpesviruses 

include HSV-1, HSV-2 and VZV, which are primarily distinguished from the other 

groups by their comparatively short replication cycles of several hours in culture, 

rapid destruction of host cells and the broad range of host cell types that are 

permissive to replication. HCMV, HHV-6 and HHV-7, belong to the β herpesvirus 

group. In contrast to the α herpesviruses, β herpesviruses have long replicative 

cycles over a number of days as opposed to hours. They have a restricted host 

range and characteristically cause cytomegaly, which is exemplified in HCMV 

infection. EBV and KSHV are γ herpesviruses, which have a more limited host 

cell range including B cells and epithelial cells, or epithelial cells, endothelial 

cells, B cells and monocytes, respectively (Sathiyamoorthy et al., 2016, 

Chakraborty et al., 2012).  

1.1.2 Latency and reactivation of herpesviruses 

Establishment of latency with the ability to reactivate is a hallmark of 

herpesviruses and results in lifelong infection of the host. Three widely accepted 

principles distinguish latency from both persistent and abortive infection 

(Weidner-Glunde et al., 2020). Firstly, during latency the entire viral genome 

persists. In herpesvirus infection this is via multiple circularised episomes 

maintained in host cell nuclei, except HHV-6, which integrates its genome into 
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the telomeres of host cell chromosomes (Arbuckle et al., 2010). Secondly, viral 

gene expression is limited and particle production ceases. Thirdly, the lytic cycle 

and particle production can be restored through a process known as reactivation. 

Whilst some aspects of latency are common to all herpesviruses, the 

mechanisms governing latency and reactivation vary between each virus. 

Several herpesviruses such as HCMV, KSHV, and EBV establish latency in 

dividing cells such as haematopoietic progenitor cells and thus tether their 

circular episomes to the host cell genome, ensuring the episomes are maintained 

in the daughter cells post-division (De Leo et al., 2019). The γ-herpesviruses 

encode origin binding proteins (OBPs) which tether the episomes through 

interacting with specific viral DNA sequences whilst simultaneously binding host 

cell chromatin binding proteins (Edwards et al., 1998). A similar mechanism has 

been shown to exist in the prototypic β-herpesvirus HCMV, though the specifics 

of this remain poorly understood (Mauch-Mücke et al., 2020). Conversely, α-

herpesviruses establish latency in terminally differentiated, non-dividing 

neuronal cells and so tethering to the genome is not required for maintenance of 

latency. Many human herpesviruses express a set of non-coding RNAs that play 

a role in the establishment of latency, for example α-herpesviruses express anti-

sense transcripts of lytic specific RNAs that contribute to the establishment of 

latency (Cohen, 2020). Both γ and β-herpesviruses also express several non-

coding RNA’s involved in establishing latency. 

The most comprehensively understood latency mechanisms are those of the γ-

herpesviruses. EBV infects naïve B cells and establishes latency during 

differentiation of these cells to memory B lymphocytes (Hatton et al., 2014). EBV 

has several distinct latency programs that have been shown to be specific to the 

different stages of B cell differentiation. Each of these is characterised by the 

expression of a specific viral transcriptional program. EBV induced tumours have 

also been shown to have specific latency gene expression programs specific to 

the tumour type. Epstein–Barr nuclear antigen 1 (EBNA1) tethers the episome 

and recruits host cell replication machinery to the viral genome, whilst other 

EBNA proteins are responsible for regulating expression of latency transcripts 

and proteins (Frappier, 2012). EBV also expresses up to three latent membrane 

proteins (LMP) during latency, including LMP-1, which belongs to the tumour 

necrosis factor (TNF) family of proteins and binds NF-κB, increasing NF-κB 

signalling, and LMP-2a which increases survival signalling in B cells through 

interaction with B cell receptors (BCR) (Jean-Pierre et al., 2021, Weidner-Glunde 

et al., 2020).  

KSHV can establish latency in a broader array of cell types including B cells, 

spindle cells and vascular endothelial cells (Chakraborty et al., 2012). KSHV has 
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its own distinct latency associated gene expression profile, however unlike EBV 

is not believed to have multiple latency programs. KSHV latency proteins are 

expressed from four open reading frames (ORF). ORF73, encodes latency-

associated nuclear antigen (LANA) and is required to tether the viral episome 

and ensure latent replication (Sun et al., 2014). LANA contributes to latency 

establishment and maintenance through several mechanisms, mainly by 

hijacking host epigenetic machinery, including recruiting host cell DNA 

methyltransferases to methylate and so silence large regions of the viral genome 

(Shamay et al., 2006). LANA also binds another transcriptional repressor, 

Krüppel-associated box-associated protein 1 (KAP1) which inhibits lytic gene 

transcription (Sun et al., 2014). ORF72 encodes a KSHV viral cyclin (vCyclin), 

which is a homologue of the cellular cyclin D2 (Chang et al., 1996). A viral Fas-

associated death domain-like interleukin-1β-converting enzyme (FLICE) 

inhibitory protein (vFLIP) is transcribed from ORF71 (Ballon et al., 2011). This is 

a homologue of human cFLIP. Both promote cellular survival through inhibition 

of caspase 8 and induction of NF-κB signalling. Finally, ORF K12 encodes 

kaposins A, B and C (Sadler et al., 1999). Kaposin A has been shown to induce 

cellular transformation through interaction with guanine nucleotide exchange 

factor cytohesin-1, which activates multiple signalling pathways (Yan et al., 

2019). Kaposin B increases the levels of multiple cytokines by preventing specific 

mRNA degradation and also regulates microRNA’s known to interact with c-Myc.  

Latency of α-herpesviruses is established in sensory nerve ganglia. All α-

herpesviruses encode latency associated transcripts (LATs), in HSV these 

originate from the ICP0 region of the viral genome and the other α-herpesviruses 

express LATs from their ICP0 homologue regions (Depledge et al., 2018). LATs 

include short non-coding RNAs and long non-coding RNAs which contribute to 

latency establishment through repressing lytic gene expression (Kwiatkowski et 

al., 2009). Additionally, LATs have been shown to inhibit apoptosis of host cells 

(Ahmed et al., 2002). During HSV latency, the chromatin associated with the viral 

genome becomes progressively repressed, but despite this repressive state, a 

very low level of lytic gene expression is maintained throughout (Sawtell and 

Thompson, 2021). 

Reactivation from latency is exhibited by all herpesviruses and can be triggered 

by a variety of physiological and environmental stimuli. For instance, γ-

herpesviruses can be triggered to reactivate through infection with other 

herpesviruses and other pathogens (Grinde, 2013). EBV is known to be 

periodically reactivated when latently infected B cells differentiate into plasma 

cells, infecting nearby resting B cells and once again establishing latency in a 

perpetual cycle of latency and reactivation (Hatton et al., 2014). EBV is also 



4 
 

known to be reactivated through B cell receptor activation during co-infection  of 

the host with other pathogens and can also be reactivated through toll like 

receptor (TLR) activation (Murata et al., 2013). EBV reactivation is mediated by 

by two immediate early (IE) proteins, known as Rta and Zta, which together lead 

to re-induction of the full lytic cascade of EBV gene expression (Li et al., 2016). 

Rta and Zta can activate both their own and each other’s promoters, leading to 

amplification of their effects on lytic gene transcription. The induction of Rta and 

Zta can occur through interaction with several host cell pathways including 

protein kinase C (PKC), phosphatidylinositide 3′-OH kinase (PI3K) and mitogen-

activated protein kinase (MAPK).    

KSHV reactivation is dependent on the expression of replication and 

transcription activator (RTA), which is the master switch for initiating lytic gene 

expression in latent infection. RTA is a transactivator of over 30 lytic genes and 

outcompetes LANA to bind its major cofactor, recombination signal binding 

protein for immunoglobulin kappa J (RBP-Jκ) (Guito and Lukac, 2015).  The 

suppression of LANA’s transcriptional repressive effects contributes to 

reactivation, along with transactivated RTA’s ability to induce continually 

increasing levels of lytic gene expression through a feed forward loop (Broussard 

and Damania, 2020). KSHV is also known to be reactivated through host pro-

inflammatory cytokines released in response to other infections, which stimulate 

RTA activation (Chang et al., 2000).  Additionally, hypoxia is known to reactivate 

latent KSHV through RTA activation and a similar response is seen in EBV 

(Davis et al., 2001, Jiang et al., 2006). Several chemical stimuli can reactivate 

latent herpesviruses in cell culture models. For example, histone deacetylase 

inhibitors (HDAC) such as sodium butyrate can be used to reactivate HCMV, 

KSHV and EBV and reactivate lytic expression through reduction of histone 

deacetylation. Phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA) 

reactivates KSHV and EBV through its ability to activate a broad range of host 

cell signalling pathways, which in turn stimulate viral reactivation (Gao et al., 

2001).  

Reactivation of β-herpesviruses is mediated by immune response, cytokine 

stimulation and host cell differentiation. These mechanisms are exemplified by 

HCMV and discussed further in section 1.2.4. HCMV, HHV-6 and HHV-7 can 

also be reactivated in cell culture through treatment with TPA (Prasad et al., 

2013). Clinical reactivation of the α-herpesvirus HSV can occur in response to 

several stimuli and can occur repeatedly for some of those infected. Sunlight, UV 

and local injury can all contribute to clinical HSV reactivation and the emergence 

of cold sores (Wilson et al., 2012). In neuronal cell culture models of latency, 

withdrawal of neuronal growth factor (NGF), dexamethasone and cyclic 
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adenosine monophosphate (cAMP) can also lead to reactivation of HSV 

(Camerena et al., 2010, Suzich and Cliffe, 2018). In these models, reactivation 

begins with a “relaxing” of chromatin structure, followed by transcription of lytic 

genes. VZV tends to clinically reactivate far less frequently than HSV and can be 

stimulated through immunosuppression, UV radiation and emotional stress 

(Lasserre et al., 2012). Similarly to VZV, lytic gene expression can be restored 

through disruption of NGF signalling (Cohrs and Gilden, 2003). 

 

1.1.3 Herpes viruses in cancer 

Currently two herpesviruses are recognised as being directly oncogenic in 

humans, namely, EBV and KSHV. Several other herpesviruses have been 

shown to have potential oncogenic effects, but there is currently no consensus 

on whether these viruses are truly oncogenic. Herpesviruses associated with 

cancer proposed to have potentially oncogenic effects include HCMV, VZV, 

HHV-6, HHV-7, HSV-1 and HSV-2 (Cobbs et al., 2002, Eliassen et al., 2016, 

Alibek et al., 2014).  

EBV was the first human tumour virus to be discovered and is associated with a 

several cancers, including malignant lymphoma, nasopharyngeal carcinoma and 

gastric cancer (Epstein et al., 1964, Teow et al., 2017, Chen et al., 2015). In the 

immunocompetent host, EBV establishes latency in naïve memory B cells in a 

non-pathogenic state, however if the host becomes immunocompromised, latent 

EBV infection can trigger oncogenesis in both epithelial and lymphoid cell types. 

EBV driven oncogenesis of the immunocompromised host is exemplified in the 

development of several types of B cell lymphoma in immunosuppressed 

transplant recipients and those infected with HIV. The type of lymphoma that 

develops is highly dependent on the latent transcriptional programme employed 

by EBV and, as discussed in section 1.1.2, the latency programme is determined 

by the stage of B cell differentiation/activation. The oncogenic effects of EBV can 

be recapitulated in vitro, where EBV infection can directly transform and 

immortalise human B lymphocytes, which cause lymphoma when grafted into 

immunodeficient mice (Dai et al., 2012, Zhang et al., 2016). The pathogenesis of 

EBV driven cancers is complex and varied, with an intricate interplay between 

the host immune landscape, viral gene expression and virus-induced cellular 

genetic changes contributing to oncogenesis. Just five EBV latency antigens are 

required for the efficient transformation of B cells, namely EBNA2, EBNALP, 

EBNA3A, EBNA3C, and LMP1, however several other viral antigens and RNAs 

can contribute to oncogenesis (Summarised in figure 1.1) (Saha and Robertson, 

2019). EBNA2 is a key viral transcription factor expressed immediately upon B 
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cell infection and throughout latency. Expression of EBNA2 contributes to 

oncogenesis by transcriptionally activating over 300 cellular genes, notably 

including proto-oncogene myelocytomatosis oncogene (MYC). Similarly to 

EBNA2, Epstein-Barr virus nuclear antigen leader protein (EBNALP), another 

EBV transcription factor, is also expressed immediately upon infection and 

throughout latency. EBNALP is a key co-activator of EBNA-2s transcriptional 

activity, which crucially enhances MYC expression (Portal et al., 2013). The 

EBNA3 family are also viral transcription factors that are known to regulate host 

cell transcription and B cell proliferation, particularly in the immunosuppressed 

(Bhattacharjee et al., 2016). EBNA3A and EBNA3C have been shown to interact 

with an array of host cell proteins, notably including RBP-Jk, a key downstream 

regulator of notch signalling which is essential for growth. All EBNA3 proteins are 

powerful transcriptional repressors, with EBNA3A repressing genes essential for 

B cell differentiation and epigenetically repressing proapoptotic BIM, senescence 

inducing p14, p15, p16, and a key regulator of B cell differentiation, p18 (Saha 

and Robertson, 2019). EBNA3C directly binds tumour suppressor p53 and is 

thought to inhibit its transactivation, transcriptional activities which subsequently 

inhibits apoptosis (Yi et al., 2009).  

EBV is known to activate oncogenes including B-cell lymphoma 2 (BCL-2) and 

cellular MYC, as well as modulating cell cycle progression including promoting 

G1/S phase transition and inhibiting apoptosis (summarised in figure 1.2)(Yin et 

al., 2018, Dheekollu et al., 2017). Several signalling pathways have been linked 

with EBV induced cell cycle modulation and oncogenesis including activation of 

Janus kinase/signal transducer and activator of transcription (JAK/STAT) and 

PI3K- protein kinase B (PI3K-Akt), all of which can be activated through direct 

interaction with LMP1 (Vaysberg et al., 2010, Chen 2012). EBV tegument protein 

BGLF2 is also known to contribute to cell cycle dysregulation and G1/S arrest 

through inducing p21 (Palladino et al., 2014). 
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EBV latent protein Function related to B-cell lymphomagenesis 

EBNA1 Regulates viral DNA replication and transcription of a 
number of viral and cellular genes; facilitates p53 
degradation and thereby promotes overall oncogenesis 

EBNA2 One of the key viral transcription factors; in association 
with EBNALP, EBNA2 regulates transcription of several 
viral and cellular gene expression levels; essential for B-
cell transformation 

EBNALP Transcriptional coactivator of EBNA2-mediated 
transcription of both viral and cellular genes; bypasses 
cell innate immune response; essential for B-cell 
transformation 

EBNA3A Along with EBNA3C, represses BIM and p14, p15, p16, 
and p18 gene transcription through epigenetic regulation; 
inhibits B-cell-to-plasma cell differentiation; essential for 
B-cell transformation 

EBAN3B Virus-encoded tumour suppressor protein 

EBNA3C Along with EBNA3A, represses BIM and p14, p15, p16, 
and p18 gene transcription through epigenetic regulation; 
facilitates G1-S and G2-M transitions of cell cycle; hijacks 
ubiquitin-proteasome pathway; inhibits p53-, E3F1-, and 
Bim-mediated apoptosis; activates autophagy; essential 
for B-cell transformation 

LMP1 Functionally mimics CD40 signaling pathway; one of the 
major transcriptional regulators; constitutively activates 
NF-kB, JAK/STAT, ERK MAPK, IRF, and Wnt signaling 
pathways; stimulates bcl-2 and a20 expression to block 
apoptosis; essential for B-cell transformation 

LMP2A Functionally mimics BCR signaling pathway; blocks 
apoptosis; EBV latency regulation 

LMP2B Regulates LMP2A functions 

EBERs Most abundant noncoding viral RNAs present in all form 
of latency programs; affects innate immune response and 
gene expression; blocks PKR-dependent apoptosis 

miRNAs Transcribed from BART and BHRF1 loci; maintains latently 
infected B cells through blocking cellular apoptosis 

Figure 1.1 Summary of EBV latent antigens associated with B cell  
lymphoma development 

Table of latently expressed EBV antigens that have been shown to be associated 

with development of B cell lymphomas and their function in relation to 

oncogenesis (Table adapted from Saha and Robertson, 2019). 
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Genes in latent expression Latency program   

Posttransplant B-
lymphoproliferative disorder 

EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, 
EBNALP, LMP1, LMP2A, LMP2B, EBER1, EBER2, 
and BHRF1 and BART miRNAs 

III 

HIV-linked B-
lymphoproliferative disorder 

EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, 
EBNALP, LMP1, LMP2A, LMP2B, EBER1, EBER2, 
and BHRF1 and BART miRNAs 

III 

Primary central nervous 
system lymphoma 

EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, 
EBNALP, LMP1, LMP2A, LMP2B, EBER1, EBER2, 
and BHRF1 and BART miRNAs 

III 

eBL EBNA1, EBER1, EBER2, and BART miRNAs I 

sBL EBNA1, EBER1, EBER2, and BART miRNAs I 

HIV-linked Burkitt’s 
lymphoma 

EBNA1, EBER1, EBER2, and BART miRNAs 
I 

cHL EBNA1, LMP1, LMP2A, EBER1, EBER2, and BART 
miRNAs II 

HIV-linked Hodgkin’s 
lymphoma 

EBNA1, LMP1, LMP2A, EBER1, EBER2, and BART 
miRNAs II 

DLBCL, NOS EBNA1, LMP1, LMP2A, EBER1, EBER2, and BART 
miRNAs or all transcripts 

II 
or 
III 

DLBCL, PAL EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, 
EBNALP, LMP1, LMP2A, LMP2B, EBER1, EBER2, 
and BHRF1 and BART miRNAs 

III 

DLBCL, HIV linked EBNA1, EBER1, EBER2, and BART miRNAs or 
EBNA1, LMP1, LMP2A, EBER1, EBER2, and BART 
miRNAs or all transcripts 

I, 
II, 
or 
III 

PEL EBNA1, EBER1, EBER2, and BART miRNAs I 

Plasmablastic lymphoma EBNA1, EBER1, EBER2, and BART miRNAs I 

 

Figure 1.2 EBV driven B cell lymphomas and their associated EBV latency 

program 

Summary of EBV driven B cell lymphomas and their associated latency gene 

expression program. eBL, endemic Burkitt’s lymphoma; sBL, sporadic Burkitt’s 

lymphoma; cHL, classical Hodgkin’s lymphoma (cHL); DLBCL, diffuse large B-

cell lymphoma; NOS, not otherwise specified; PAL, pyothorax-associated 

lymphoma; PEL, primary effusion lymphoma (table adapted from Saha and 

Robertson, 2019). 

KSHV is the aetiological agent of Kaposi’s sarcoma (KS), an angioproliferative 

neoplasm, originating in endothelial cells, with lesions usually found in the skin 

and visceral organs (Cesarman et al., 2019). Incidence of KSHV is increased in 

immunosuppressed transplant recipients (iatrogenic KS), and in individuals with 

human immunodeficiency virus (HIV) viraemia, particularly with worsening 

acquired immunodeficiency syndrome (AIDS) (Chang et al., 1994). Treatment 
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with antiretroviral therapies that reduce HIV viraemia dramatically reduce KS 

incidence via restoration of CD4+ cells (Portsmouth et al., 2003). Additionally, 

treatment using highly active antiretroviral therapy (HAART) can lead to clinical 

remission in AIDS-related KS, with suppression of HIV replication essential for 

this effect. KSHV infection can also lead to a rare B cell malignancy called 

primary effusion lymphoma (PEL) and multicentric Castleman disease (MCD), a 

lymphoproliferative disorder.  KSHV modulates many of the same host cell 

signalling pathways as EBV, including activation of nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-kB), PI3K-Akt and mammalian target of 

rapamycin (mTOR) to promote host cell proliferation and survival (Grossman et 

al., 2006, Tomlinson and Damania, 2004, Chang and Ganem, 2013). Similar to 

EBV, KSHV promotes oncogenesis through its ability to induce proliferation and 

prevent apoptosis of infected B cells, whilst evading the immune system 

(Goncalves et al., 2018).   

The KSHV latency locus (LL) includes several latently expressed viral products, 

including LANA, vCyclin, vFLIP and viral microRNAs (miRNAs) (Bravo-Cruz and 

Damania, 2019). The LL is under control of a single B-cell-specific promoter and 

the genes of this region are constitutively expressed. KSHV encoded LANA has 

a range of oncogenic properties that impact cell cycle progression, proliferation, 

and apoptosis and can transform primary cells in vitro. LANA binds and 

suppresses tumour suppressor protein 53 kDa, (p53) decreasing its 

transcriptional activity (Friborg et al., 1999). Additionally, LANA has been shown 

to lower the threshold for B cell activation, inducing continuous activation (Sin et 

al., 2010). Expression of KSHV vCyclin occurs in both lytic and latent KSHV 

infection and interacts with multiple host cyclin-dependent kinases (CDKs), 

including CDK6. Complexes formed with vCyclin and CDK’s have an increased 

number of substrates compared to CDK’s alone and are known to dysregulate 

cell cycle progression including through phosphorylation of retinoblastoma 

protein (Rb) (Godden-Kent et al., 1997). Additionally, vCyclin modulates both 

p53 and BCL-2 and induces the DNA damage response (Bravo-Cruz and 

Damania, 2019). Although expression of vCyclin is not essential for KSHV 

induced oncogenesis, it enhances it through preventing contact inhibition (Jones 

et al., 2014). KSHV also encodes a viral FLIP (as does EBV), which is expressed 

in PEL and KS and stimulates activation of NF-kB. KSHV vFLIP also inhibits 

apoptosis through preventing recruitment of caspase 8 (Sturzl et al., 1999). In 

vivo studies have shown vFLIP contributes to KSHV induced lymphomagenesis 

(Chugh et al., 2005, Ballon et al., 2011). Several KSHV lytic proteins have also 

been shown to have oncogenic effects, though lytic products are detected in far 

fewer cells within tumours than latent products, which are detected in all cells 
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(Cesarman et al., 2019). For example, the pro-inflammatory KSHV viral 

interleukin 6 (vIL6), which induces vascular endothelial growth factor (VEGF) 

expression can be detected in the sera of patients with KS, PEL and MCD (Aoki 

et al., 2001). KSHV G protein-coupled receptor (vGPCR), a homologue of a 

human chemokine transmembrane receptor, can induce constitutive activation 

of host cell signalling pathways, increasing VEGF and platelet-derived growth 

factor (PDGF) (Cavallin et al., 2018). The increase in such inflammatory and 

angiogenic factors is thought to contribute to development of KS. In mouse 

models, expression of KSHV vGPCR in a small number of cells is sufficient to 

induce vascular lesions (Cesarman et al., 2000).   

Whilst EBV and KSHV are considered directly oncogenic, other herpes viruses 

have been linked with cancer, though their potential role in oncogenesis is less 

clear. A 2017 study showed that seropositivity for HSV-2 is an independent 

predictor of cervical cancer (Wen and Li, 2017). Co-infection with HSV-2 has 

been shown to increase the oncogenic potential of human papilloma virus (HPV), 

increasing the risk of HPV induced cervical squamous cell carcinoma by 60 times 

(Smith et al., 2002). Similarly, HHV-6 has also been proposed to act as an 

enhancing co-factor to other oncogenic viruses, including HPV and EBV, with 

both HHV-6A and HHV-6B identified in an array of tumours, including glioma, 

oral cancer, cervical cancer, adrenocortical tumours, gastrointestinal cancer and 

lymphomas (Eliassen et al., 2018). It is currently unclear whether HHV-6A and 

HHV-6B are directly oncogenic. As with other viruses found in cancers, the high 

prevalence of infection makes it difficult to discern whether this is an associative, 

causative or modulatory relationship. Finally, HCMV has been detected in over 

90 % of epithelial cancers, including, but not limited to glioma, breast, colon, 

salivary gland, ovarian and prostate cancers (Cobbs et al., 2002, Harkins et al., 

2010, Samanta et al., 2003, Harkins et al., 2002, Rådestad et al., 2018). Whether 

or not HCMV is directly oncogenic remains controversial. The potential 

oncogenic effects of HCMV are discussed in section 1.5.2. 

1.2 Human Cytomegalovirus 

1.2.1 Prevalence and transmission 

HCMV is highly prevalent throughout the global human population, with 

estimates of seroprevalence ranging from 50 up to 100 % (figure 1.3) (Manicklal 

et al., 2013, Schottstedt et al., 2010). Socioeconomic environment is the most 

powerful predictive influence over prevalence, which is much higher in lower 

income countries (Mustakangas et al., 2000).  
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Figure 1.3 Estimates of mean HCMV seroprevalence by different World 
Health Organisation regions 

Estimates of mean HCMV seroprevalence % and 95 % uncertainty interval by 
different World Health Organisation regions, stratified by general population, 
women of reproductive age and blood and organ donors. Taken from Zahair et 
al. (2019). 

HCMV can be transmitted via several routes, including through contact with 

bodily fluids such as urine, saliva, cervical secretions, semen, breast milk and 

tears from infected individuals that are shedding virus (Cannon, Hyde and 

Schmid, 2011). HCMV can also be transmitted by blood, haematopoietic stem 

cell or organ transplantation and crucially through vertical transmission from 

mother to neonate either in utero or during delivery (Atabani et al, 2012). Infection 

of immunocompetent hosts is usually asymptomatic, accounting for over 90 % of 

primary infections (Whitley, 1996). However, HCMV infection of the 

immunocompromised and neonates leads to significant disease resulting in 

considerable morbidity and mortality (Emery, 2001, Peckham et al, 1987). In 

primary and recurrent infection of immunocompetent hosts, the immune system 

plays a key role in suppressing viral replication. HCMV elicits one of the largest 

cellular immune responses documented in humans, stimulating both adaptive 

and innate immune response (Rosa and Diamond, 2012).  In contrast, if the host 

immune system is compromised, such as in individuals with HIV or 

immunosuppressed organ transplant recipients, HCMV can replicate more 

effectively, leading to high viral loads and more severe pathology (Griffiths and 

Reeves, 2021). 

Mother to child transmission of HCMV can occur through in utero transmission 

via the placenta, during delivery where the neonate comes into contact with 

maternal blood and cervical fluid, and also through breast milk (Stagno et al., 

1986). In utero HCMV infection can occur by primary maternal infection during 

pregnancy, infection with a second strain or reactivation of latent maternal HCMV 
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infection. All three scenarios can lead to mother to foetus transmission via the 

placenta, yet primary HCMV infection carries a much higher risk of mother to 

foetus transmission and ensuing detrimental effects upon the developing foetus 

(Fowler et al.,1992). The transmission rate from infected mother to foetus 

increases with gestational age. The incidence in primary maternal infection being 

transmitted to the foetus for infection acquired at 3-12 weeks preconception, is 

9%, rising to 30% for infection in the first, 38% in the second and 72% in the third 

trimesters of pregnancy (Revello et al., 2001, Enders et al., 2011).  

Whilst the adult brain is usually protected from HCMV infection by the blood brain 

barrier, during neonatal infection, HCMV can infect the developing brain, which 

is susceptible to viral penetration due to its immature blood brain barrier. The 

magnitude of effect and subsequent neurological sequelae vary greatly 

depending on the gestational stage at which infection occurs, with the most 

detrimental sequelae correlating with infection in early stages of gestation, 

namely conception and first trimester (Buxmann et al., 2017).  

Mothers who are HCMV seropositive prior to conception can develop a 

secondary HCMV infection through reactivation of pre-existing latent virus or 

through reinfection with a different viral strain. Whilst the majority of secondary 

infections are asymptomatic for both mother and foetus, a small percentage (0.2 

– 2 %) of infants born to such mothers display congenital HCMV sequelae 

(Boppana et al., 2001). Although symptomatic congenital HCMV infection has 

been well characterised, it is estimated that around 90 % of congenital infections 

are clinically asymptomatic at birth (Ronchi et al., 2019). A 2019 study by Ronchi 

et al. found that 56 % of infants initially classified as asymptomatic should be 

reclassified as symptomatic after a more in-depth examination. Of those tested, 

45 % showed abnormalities of the brain by cranial ultrasound. In light of these 

findings, it is difficult to estimate how many cases of congenital HCMV infection 

go undiagnosed each year. 

HCMV infection in the first and second trimester of pregnancy is a leading cause 

of congenital neurological disability such as mental retardation, cerebral palsy, 

seizures, chorioretinitis and sensorineural hearing loss (Foulon et al., 2008). 

Damage to the brain and central nervous system during in utero HCMV infection 

is irreversible (Cheeran et al., 2009). Several regions and cell types of the 

developing brain are permissive to HCMV infection, including neural stem and 

progenitor cells (NSC, NPC) located within in the subventricular zone (SVZ) 

(Odeberg et al., 2006). HCMV infection of various cell types of the brain is further 

discussed in section 1.3.4. 
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1.2.2 Genome and structure 

HCMV is a large double stranded DNA (dsDNA) virus, maintained as an episome 

leading to lifelong infection of the host as further discussed in section 1.2.4. The 

HCMV genome is approximately 235 kb encoding over 200 proteins, making it 

the largest genome of the human herpesviruses (Dolan et al., 2004). The HCMV 

genome contains two unique regions known as the unique long (UL) and unique 

short (US) regions, which encode viral proteins. These two domains are flanked 

by a pair of non-coding inversely repeated sequences which facilitate genome 

isomerisation, in a configuration known as TRL-UL-IRL-IRS-US-TRS 

 

Figure 1.4 HCMV genome structure 

HCMV genomic structure depicting the following regions: terminal repeat long 
(TRL), unique long (UL), unique short (US), internal repeat long (IRL), internal 
repeat short (IRS), terminal repeat short (TRS), and internal repeat (IR). 

HCMV virions are enveloped and measure approximately 200 nm in diameter. 

The HCMV genome is encapsulated by an icosahedral capsid comprising 60 

asymmetrical subunits with a triangulation number of 16 (figure 1.5) (Chen et al., 

1999). The capsid is surrounded by tegument, consisting of an array of diverse 

tegument proteins and RNAs, which are unlikely to form a definitive structure 

(Wang and Zhao, 2020, Greijer, Dekker and Middlesdorp, 1999). Components 

of the tegument layer are delivered directly to the cytoplasm and include proteins 

such as pp65, pp71, pp150 and pp28 among many others, which have diverse 

effects on the host cellular environment. The tegument is encased in a lipid 

envelope, which is acquired when budding through host Golgi derived vacuole 

compartments and is studded with viral envelope proteins (Homman-Loudiyi, 

2003). Envelope proteins are primarily involved in binding host cells, viral entry 

and are also implicated in immune evasion by sequestering human chemokines 

(Frascaroli et al., 2006, Frascaroli et al., 2018).  

 

TRL UL IRL IRS US TRS
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Figure 1.5 HCMV virion structure 

Illustration of a HCMV virion showing the double stranded DNA genome inside 
the nucleocapsid, surrounded by the tegument layer and encapsulated by the 
viral envelope covered with glycoprotein complexes. Image taken from 
Tomtishen (2012). 

1.2.3 HCMV lytic life cycle 

As is characteristic of all herpes viruses, HCMV has both a lytic and latent life 

cycle. The lytic phase is characterised by the production of infectious virions, 

whilst in the latent phase, virion production ceases and viral gene expression is 

limited. The first step of the HCMV lytic life cycle is virus entry into host cells. The 

core entry membrane fusion machinery consists of surface glycoprotein complex 

gH/gL and gB (Vanarsdall and Johnson, 2012). HCMV gB has been shown to 

act as a viral fusogen as well as a host cell receptor binding protein, whilst gH/gL 

is thought to trigger gB membrane fusion, though the mechanism for this is 

unclear (Wille et al., 2013). The gH/g/L glycoprotein complex exists both in 

isolation and forms two distinct complexes with other glycoproteins to assist viral 

entry. One of these complexes is a trimer consisting of gH/gL/gO. The second 

complex is pentameric and consists of gH/gL/UL128/UL130/UL131. The 

pentameric complex promotes a form of cell-cell infectivity that resists 

neutralisation by host cell antibodies, whereas the trimer is required for cell free 

infectivity (Zhou et al., 2015). The presence of the pentameric complex 

dramatically expands the cell tropism of the virus and permits entry into epithelial 

and endothelial cell types in addition to fibroblasts (Wang and Shenk, 2005a, 
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Wang and Shenk, 2005b). It has also been shown that HCMV modulates its 

gH/gL complexes depending on the type of cell in which virions are produced.   

Multiple host cellular factors have been implicated as HCMV receptors, or as 

mediating entry, including; epidermal growth factor receptor (EGFR), integrins, 

platelet derived growth factor alpha (PDGFRα), bone marrow stromal 

antigen/tetherin (BST/tetherin), and neuropilin-2 (Nrp2) (Wang et al., 2003, 

Soroceanu et al., 2008, Viswanathan et al., 2011, Martinez-Martin et al., 2018). 

PDGFRα has been identified as a receptor for trimer, whereas Nrp2 is a known 

receptor for the pentamer (Kabanova et al., 2018, Martinez-Martin et al., 2018). 

EGFR and PDGFRα both bind gB. It is thought that the use of the EGFR receptor 

and integrins for entry primes CD34+ haematopoietic progenitor cells for the 

establishment of latency before the virus has even entered the cell through 

initiation of downstream signalling (Collins-McMillen et al., 2018). HCMV entry in 

fibroblasts occurs by pH independent fusion at the plasma cell membrane 

leading to micropinocytosis (Hetzenecker et al., 2016). However, for pentameric 

entry into epithelial and endothelial cells, acidification of endosomes is required 

and entry in to these cell types is mediated by genes from UL128 – UL150 

(Ryckman et al., 2006).  

Following fusion, viral capsids and free tegument proteins are deposited into the 

host cell cytoplasm. A subset of non-capsid bound tegument proteins including 

pp65 and pp71 migrate independently to the nucleus (Kalejta, 2008). It is thought 

that other tegument proteins such as pUL47, pUL48 and potentially pp150 

remain tightly bound to the genome containing viral capsids and play a role in 

manipulating host microtubule machinery to transport them into the nucleus 

(summarised in figure 1.6) (Bechtel and Shenk, 2002, Ogawa-Koto, 2002, 

Ogawa-Koto, 2003). HCMV pUL48 is a large tegument protein that is conserved 

across several herpesviruses. In HSV-1, pUL36 (HCMV pUL48 homologue) is 

essential for targeting the nuclear pore complex and proteolytic cleavage of 

pUL36 is required to release viral DNA from the capsid into the nucleus (Abaitua 

et al., 2012). HSV-1 UL36 deletion mutants are incapable of replication as the 

viral genome cannot enter the nucleus and capsids accumulate in the cytoplasm 

(Desai, 2000). 

Evidence suggests that pUL48 plays a very similar role in targeting capsids to 

the nucleus and releasing the viral genome (Brock et al., 2013). The immune 

adaptor protein stimulator of interferon genes (STING) is also required for HCMV 

nuclear entry, without it the interaction between the capsid and the nuclear pore 

complex is defective (Hong et al., 2021). Deposited viral genomes localise to 

nuclear domain 10 (ND10) bodies. 
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Figure 1.6 Tegument proteins assist in delivering capsids to the host cell 
nucleus 

During entry and translocation to the nucleus HCMV tegument proteins have 
several functions. A) capsids and free tegument proteins are released into the 
cytoplasm. B) pUL47, pUL48 and pp150 remain tightly bound to the capsid to 
direct them along host cell microtubules towards nuclear pore complexes. C) 
Free tegument proteins such as pp71 and pp65 independently migrate to the 
nucleus. D) pUL48 assists in capsid docking to nuclear pores and release of viral 
genomes into the nucleus. Adapted from Kalejta et al., 2008. 

During lytic infection HCMV genes are expressed as a tightly regulated temporal 

cascade. This begins with immediate early (IE), gene expression under control 

of the major immediate early promotor (MIEP). Expression of genes under 

control of the MIEP is essential for lytic infection. In cells such as CD34+ 

progenitor cells, which only support latent infection, the MIEP is silenced through 

transcriptional repressors and co-repressors which induce inhibitory chromatin 

structure including extensive histone acetylation (Murphy et al., 2002). The MIEP 

drives expression of a number of differentially spliced IE proteins acting primarily 

as transcriptional regulators (Awasthi et al., 2004). Hence, IE proteins play a vital 

role in controlling the subsequent expression of the early and late genes 

(Marchini et al., 2001). The MIE locus consists of five exons, IE proteins including 

exon four are known as IE1 (four have been identified) and those containing exon 

five are collectively known as IE2 (five have been identified).  

By far the two most abundant and arguably most important IE proteins are pp72, 

from now on referred to as IE1, and pp86, from now on referred to as IE2 (Akrigg 

et al., 1985). These two nuclear phosphoproteins share an identical region of 85 

amino acids at the amino terminus, but have different carboxyterminal structures; 

both are potent transcriptional regulators of HCMV early genes (Fortunato et al., 

1997). IE2 is a transcription factor that is a powerful transactivator of both human 
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genes, including several interleukin genes, myc and fos and also HCMV early 

and late genes which are essential for viral replication (Arend et al., 2016). IE2 

has several mechanisms for transcriptional regulation, including directly binding 

DNA, protein-protein interactions and blocking chain elongation during 

transcription (Ball et al., 2022). Whilst IE2 expression has been shown to be 

essential for progression of the virus life cycle and production of infectious virus 

particles, IE1-null viruses have been shown to replicate effectively in vitro at high 

multiplicity of infection (MOI) (Mocarski et al., 1996). However, replication of IE1-

null viruses is significantly diminished at low MOI. IE1 promotes viral gene 

expression as it inhibits HDACs which would otherwise limit the transcription of 

HCMV lytic genes through formation of repressive chromatin structure (Nevels 

et al., 2004).  

Additionally, both IE1 and IE2 have been shown to inhibit the expression of host 

genes with antiviral functions (Paulus and Nevels, 2009). IE1 does this through 

interacting with host cell STAT proteins. Whilst IE2 can be a powerful activator 

of many early and late HCMV genes, it also has repressive functions. By binding 

core promotor regions, IE2 can block transcription through preventing formation 

of preinitiation complexes, whereas binding nearby, but not directly to promotors 

can lead to transcriptional activation (Ball et al., 2022). Importantly, IE2 can 

negatively autoregulate its own promoter, the MIEP, through direct association 

with nucleosomes and TATA-binding protein, which is important for efficient 

production of virions as excessive IE2 is cytotoxic and therefore reduces viral 

production. IE2 has been shown to block interferon production and expression 

of some host chemokines. Whilst IE2 has the ability bind DNA directly in a 

sequence specific manner, IE1 has not been shown to directly bind DNA, but 

does interact with host cell chromatin (Macias and Stinski, 2003, Reinhardt et al., 

2005). 

Early gene expression requires expression of IE1 and IE2 to initiate transcription 

and early genes primarily code for proteins required for viral DNA replication 

(Isomura et al., 2011). Viral DNA synthesis is initiated from around 24 hr post 

infection (h.p.i), after early gene expression, but before late gene expression 

(Ishov and Maul, 1996). Replication of herpesvirus DNA begins at a lytic origins 

of replication (oriLyt) site, which in HCMV is located upstream of UL57, a gene 

encoding a single stranded DNA binding protein (Borst and Messerle, 2005). The 

HCMV oriLyt is notable for its large size and complexity and its obvious lack of 

homology to other viral DNA replication origins. UL84, UL83, IRS1 and IE2 are 

known to interact with oriLyt, though the full mechanism of the initiation of 

replication is poorly understood (Kagele et al., 2012). Viral replication machinery 

is recruited to the DNA replication compartment, which is formed from ND10. 
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This replication machinery includes a viral DNA processivity subunit, pp52, which 

interacts with cellular nucleolin and viral pUL114, and TRS1 to co-ordinate DNA 

replication (Strang et al., 2010). Viral pp52 forms a homodimer that can wrap 

around DNA to tether the catalytic subunit of the viral DNA polymerase encoded 

by UL54, to allow continuous elongation of the synthesised strand (Weiland et 

al., 1994). UL57, the single-stranded DNA binding protein downstream of oriLyt, 

pUL70 a primase, pUL102 a primase-associated factor, and pUL105 a viral 

helicase completes the DNA replication machinery. 

Newly synthesised HCMV genomes are tightly wrapped and packaged into 

capsids. The nucleocapsids are formed via interactions between the four main 

capsid components; the major capsid protein (MCP), the triplex dimer (Tri2), the 

triplex monomer (Tri1), and the smallest capsid protein (SCP) (Li et al., 2021). 

The nuclear egress complex (NEC), is a heterodimer formed of pUL50 and 

pUL53 which is responsible for transporting the nucleocapsids from the nucleus 

into the cytoplasm. Viral pUL97, a protein kinase, phosphorylates components 

of the nuclear lamina, disrupting the structure to allow emergence of the capsid 

from the inner nuclear membrane (Sharma et al., 2014). As the nucleocapsid 

passes through the inner nuclear membrane facilitated by a nuclear egress 

complex comprising pUL53 and pUL50, it acquires a primary envelope, which is 

subsequently shed as it passes through the outer nuclear membrane. The 

process of nucleocapsid envelopment and the ensuing de-envelopment are 

essential for successful nuclear egress (Mettenleiter, 2002). Viral proteins pUL96 

and pp150 cooperate to stabilise nucleocapsids as they translocate to the viral 

assembly compartment (AC). The AC is a juxtanuclear structure where final 

tegumentation and acquisition of the viral envelope occur to complete the 

formation of mature virions (Sanchez et al., 2000). The HCMV AC is a structure 

often as large as the cell nucleus, formed from multiple membranous elements 

derived from the host cell. The nature of formation of the HCMV AC remains 

unclear, though studies from MCMV indicate that rearrangement of Golgi as 

being the first step and is initiated as early as 6 h.p.i (Lucin et al., 2020). The AC 

also acts as a microtubule-organizing center, with HCMV promoting microtubule 

formation through recruitment of end binding proteins such as EB3 to the AC 

(Procter et al., 2018). As the AC forms it distorts the enlarged host cell nucleus, 

with microtubules pulling it around the AC into a distinctive kidney shape (Alwine, 

2012). Studies of the HCMV AC by electron microscopy have identified the 

displacement of Golgi stacks into a vacuolar ring surrounding an accumulation 

of aggregated vesicular, vacuolar, and tubular membranous structures. 

Immunofluorescent staining of the AC has revealed the presence of components 

derived from Golgi, early endosomes, and recycling endosomes (Homman-
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Loudiyi, 2003, Cepeda et al., 2010). Both pUL48 and pUL103 are thought to be 

key players in rearranging the cellular infrastructure to optimise virion production, 

in the absence of these proteins formation of the Golgi rings and the specifics 

localisation of markers of early and recycling endosomes to the centre of these 

rings is impaired(Das et al., 2014). HCMV pUL94 assists the localisation and 

accumulation of pp28 in the AC, a late protein essential for viral envelopment 

(Phillips et al., 2012). In order for envelopment to take place, a threshold amount 

of pp28 must accumulate and multimerise within the AC (Seo and Britt, 2008). 

The process of tegumentation and envelopment at the AC remains poorly 

understood, though pUL71, which contains a basic leucine zipper-like domain is 

thought to be important for efficient envelope acquisition. In the absence of 

pUL71, capsids accumulate at the AC, but very few obtain their envelope and go 

on to egress (Schauflinger et al., 2011). Within the AC vesicular membranes 

wrap around the capsid to form the viral envelope, in a process termed budding. 

This is followed by membrane scission, which results in the enveloped capsid 

contained within a vesicle. The complete assembled virions are then released 

into the extracellular space via fusion with the plasma membrane (Close et al., 

2018). During lytic infection, as well as production of infectious virions, two types 

of non-infectious particles are also produced. Dense bodies are the most 

common and are capsidless, non-infectious particles filled mainly with pp65 

(Tandon and Mocarski, 2012). Non-infectious enveloped particles (NIEP) are 

produced when particles that do have capsids, but lack viral genomes mature. 

The HCMV lytic life cycle is summarised in Figure 1.7. 
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Figure 1.7 Summary of HCMV life cycle  

Summary of HCMV life cycle showing viral entry mediated through virion 
glycoprotein interaction with host cell receptors and fusion at the plasma cell 
membrane. HCMV tegument proteins are released into the cytoplasm and 
capsids are transported to the nucleus through hijacking of host cell 
microtubules. Viral genome replication occurs in the nucleus, before being 
packaged into capsids and obtaining a primary envelope as it passes through 
the inner nuclear membrane, but is shed during passage through the outer 
membrane. Capsids translocate to the viral assembly compartment, where they 
undergo final tegumentation, acquire the viral envelope through budding from 
the assembly compartment and are subsequently contained within a vesicle. 
Complete virions are released into the extracellular space through fusion with 
the viral membrane. Image taken from Beltran and Christea, 2014. 

1.2.4 HCMV latency and reactivation 

The life cycle of HCMV is largely dependent on the type of cell that is infected. 

Whilst some cell types, such as fibroblasts are highly permissive to viral 

replication and therefore support a highly productive lytic infection, other 

infectable cell types are not. Some endothelial and epithelial cell types support a 

more “smouldering” chronic infection, in which low levels of virus are shed over 

several months or years (Jarvis and Nelson, 2007, Adler and Sinzger, 2009). 

The factors leading to chronic low-level virus production instead of highly 

productive lytic infection remain poorly understood.  

Infection of haematopoietic stem cells and cells of the myeloid lineage leads to 

latent HCMV infection (Mendelson et al., 1996, von Laer et al., 1995, Forte et al., 

2020). In these cells, there is an initial burst of productive, lytic gene expression, 
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before a significant decrease in transcription of viral genes via chromatin 

remodelling and histone acetylation, particularly of the MIEP (Reeves et al., 

2005). Latency is defined as the state where HCMV replication competent 

genomes are present, but no virions are produced. During latency, HCMV 

genomes are maintained as closed, circular episomes in the nuclei of infected 

cells. A recent study has shown that HCMV episomes tether to the host 

chromosomes, facilitating nuclear retention (Mauch-Mücke et al., 2020).  This is 

reminiscent of episome tethering in the two oncogenic human γ-herpesviruses, 

EBV and KSHV (Chiu and Sugden, 2018). Early studies suggested that during 

latency viral gene expression was almost completely repressed through 

heterochromatinisation of HCMV DNA (Reeves et al., 2005).  

Transcriptional analysis of latently infected cells found that several HCMV 

transcripts, including UL138 and latency unique nuclear antigen (LUNA) could 

be detected in the absence of IE expression (Goodrum et al., 2007, Bego et al., 

2005). UL138 has been shown to repress IE expression in CD34+ myeloid 

progenitor cells by enhancing the repressive methylation of H3K9 at the MIEP 

although interestingly, UL138 fails to repress IE expression in terminally 

differentiated cells (Lee et al., 2015).  Several transcripts expressed during lytic 

infection have also been widely detected during latency. These transcripts 

include: UL111A, which encodes a viral homologue of the immunosuppressive 

human interleukin, IL-10; US28, a G protein-coupled receptor that interacts with 

both CC and CX(3)C chemokines; transcripts from the IE region; and non-coding 

RNAs 2.7 and 4.9 (Jenkins, Abedroth and Slobedman, 2004, Beisser et al., 2001, 

Kondo and Mocarski, 2006, Forte et al., 2020). Recent studies utilising sensitive, 

high throughput, and unbiased analysis of the HCMV viral transcriptome have 

revealed that in fact, many lytic genes are transcribed at low levels during latency 

with no current consensus on a unique latency specific transcriptional profile 

(Cheng et al., 2017, Schwartz and Stern-Ginossar, 2019). Single cell analysis of 

infected monocytes showed a high level of heterogeneity in the cellular response 

to HCMV infection and revealed that many cells do express lytic genes in a 

similar pattern to late lytic infection in the absence of virus production (Shnayder 

et al., 2018, Shnayder et al., 2020). However, the number of viral genes 

expressed per cell decreased over time, consistent with an increase in 

transcriptional repression. Whilst it is difficult to determine exactly what 

constitutes a latent transcriptional profile, several studies have looked at relative 

expression of IE genes to latency genes (eg. LUNA, UL138) to determine latency 

(Krishna et al., 2019, Buheller et al., 2019). 

Although symptomatic disease usually only occurs in those in the acute phase 

of HCMV infection or in reactivation of latent infection in the immunosuppressed, 
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there is a wealth of evidence supporting frequent cellular reactivation of latent 

infection in healthy immunocompetent hosts, which is rapidly suppressed by T-

cell response (Wylie et al., 2014, Boeckh et al., 2003). It is important to 

differentiate between clinical reactivation, which is characterised by the 

recurrence of detectable viraemia, whereas cellular reactivation is the re-

initiation of viral replication within latently infected cells. Clinical reactivation of 

HCMV often occurs in patients with T-cell immunodeficiency and lymphopoenia, 

which is common in recipients of solid organ or haematopoietic stem cell 

transplants. CD34+ myeloid progenitors of the bone marrow are known to be a 

reservoir for latent HCMV infection in vivo (Hahn et al., 1998). In vitro, 

reactivation of latent HCMV occurs upon differentiation of these progenitors into 

mature dendritic cells (DC) (Taylore-Wiederman et al., 1994). This reactivation 

is associated with a significant increase in viral gene expression, in part due to 

chromatin remodelling (Reeves et al., 2005, Dupont et al., 2019). One of the 

drivers of this remodelling, a protein complex known as “facilitates chromatin 

transcription” (FACT), increases the accessibility of heterochromatin to RNA 

polymerase by repositioning histones. FACT binds to the MIE locus, both during 

latency and post-reactivation, and so is thought to be important for re-

establishing sufficient IE expression for viral replication (O’Conner et al., 2016).  

Expression of viral proteins, UL7, UL135 and certain isoforms of UL136 are 

required for reactivation to take place (Umashankar et al., 2014, Caviness et al., 

2016, Rak et al., 2018). HCMV encoded miRNA’s have also been implicated in 

reactivation, due to their modulation of host cell signalling pathways (Mikell et al., 

2019). Changes in levels of host cell transcription factors and modulation of their 

binding to the MIE region have also been associated with initiating reactivation. 

This is exemplified by host cAMP-response element binding protein (CREB), 

which drives expression of IE1 and IE2 during differentiation mediated HCMV 

reactivation from latency in both monocytes and Ntera2, a pluripotent human 

embryonal carcinoma cell line (Kew et al., 2014, Yuan et al., 2015). Recent 

findings support a model where IE expression in latently infected CD34+ 

haematopoietic progenitor cells is restored via switching to intronic MIE 

promotors, rather than de-repression of the MIEP (Collins-McMillen et al., 2019). 

However, in CD14+ monocytes treated with phorbol ester and other in vitro 

models of differentiation induced reactivation, MIEP driven IE expression is 

restored, suggesting HCMV may have multiple mechanisms for restoring IE 

expression (Mason et al., 2020).  
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1.2.5 HCMV and host immune response 

The severity of disease caused by HCMV infection is determined early in the 

initial infection, when a rapid host innate immune response is key. HCMV is 

detected through pattern recognition receptors (PRRs) including Toll-like 

receptors (TLRs), triggering an inflammatory response through release of pro-

inflammatory factors, including type 1 interferons (IFN), tumour necrosis factor 

alpha (TNF-α) and interleukin-6 (IL-6) (Boehme et al., 2006). Induction of an 

array of IFNs and cytokines leads to the nuclear translocation of NF-κB, an 

important regulator of host innate immune response which further upregulates 

production of inflammatory cytokines, subsequently recruiting and activating 

dendritic cells and natural killer (NK) cells (Babic et al., 2011). Neutrophils also 

play a role in the response to early HCMV infection (Jackson et al., 2019). The 

initial innate immune response dampens viral replication and primes for the host 

adaptive immune response, which plays a key role in the control of long-term 

HCMV infection (Isaacson et al., 2008).  

Once HCMV infection is established, virus particles and dense bodies are 

processed by antigen-presenting cells (APCs), stimulating a subsequent 

adaptive antigen specific response, which is one of the strongest ever-

documented in human hosts (Rosa and Diamond, 2012). Antibodies for several 

HCMV proteins are detected during primary infection, including tegument 

proteins with a structural function such as pp65, envelope glycoproteins 

(particularly gB, gH and gH/gL complexes), and non-structural proteins including 

IE1 (Gerna et al., 2008). This humoral response is important for restricting viral 

dissemination, particularly through neutralisation with antibodies specific to the 

gH/gL complexes. The magnitude of the T-cell response to HCMV is particularly 

notable, with HCMV-specific T-cell numbers much higher than those observed 

for many other viruses, including other herpesviruses (Sylwester et al., 2005). 

Interestingly, although HCMV-specific CD4+ and CD8+ T-cells comprise around 

10 % of the memory T-cells in seropositive individuals, this is seemingly not 

essential for protection from symptomatic disease as individuals with minimal T-

cell response can still be asymptomatic. 

 

1.2.6 HCMV immune evasion 

Whilst in the immunocompetent host, primary HCMV infection is often 

asymptomatic due to a robust initial innate and adaptive immune response, this 

is still insufficient to clear HCMV infection or prevent it from establishing latency 

and persisting for the lifetime of the host. HCMV has evolved a number of 

strategies to modulate and evade the host immune response, contributing to both 
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the establishment of infection and dissemination. HCMV encodes several 

proteins that modulate host NK cell activity, including UL135, UL141, UL142, 

UL148, UL18 and UL40 which all contribute to NK cell inhibition (Patel et al., 

2018). HCMV US2 and US11 have been shown to target the host major 

histocompatibility complex (MHC) class 1 molecules for degradation and US3 

and US6 inhibit translocation of MHC, which may diminish T-cell response 

(Gabor et al., 2020). HCMV infection decreases the transcription of MHC class 

II gene, HLA-DR, although the mechanism for this has not been elucidated 

(Sandhu and Buchkovic, 2020). This decrease in MHC class II transcription could 

potentially blunt the CD4+ T-cell response.  

Several virus-encoded human cytokine homologues and cytokine receptors are 

expressed during HCMV infection. Amongst the most important for host immune 

response modulation is UL111A. UL111A encodes a HCMV vIL-10 homologue, 

which mimics many of the functions of human IL-10 including inhibiting 

production of pro-inflammatory TNF-α and IL-6 (Nachtwey and Spencer, 2008). 

Additionally, vIL-10 also decreases MHC class I and II expression in monocytes, 

and inhibits DC maturation, amongst other immunosuppressive effects (Chang 

et al., 2004). HCMV US28 encodes a G-coupled receptor that has an array of 

pleiotropic functions, including immunomodulatory effects as well and being 

proposed as a potential oncogene. US28 binds several chemokines including 

RANTES/CCL5, MCP-1/CCL2, MCP-3/CCL7, MIP-1α/CCL3, MIP-1β/CCL4 and 

CX3CL1 (McSharry et al., 2012). Studies suggest that US28 binds and 

internalises a range of chemokines, limiting their effects on immune cells in the 

immediate environment and thus acting as an immunovasin (Bodaghi et al., 

1998).  

HCMV encodes a number of proteins known to block apoptosis in infected host 

cells. IE1 and IE2 both inhibit apoptosis through their effects on the host cellular 

kinase Akt-mediated pathway (Lukac and Alwine, 1999). UL36 encodes a protein 

that prevents apoptosis through binding to the pro-domain of caspase-8, 

inhibiting its activation (Skaletskaya et al., 2001). Additionally, HCMV pUL37x1 

sequesters the pro-apoptotic protein Bax and pUL38 also has anti-apoptotic 

effects (Arnoult et al., 2004, Terhune et al., 2007). 

 

1.2.7 HCMV therapy 

Whilst immunocompetent individuals with HCMV rarely require treatment, 

current gold standard treatment of immunocompromised patients is with 

intravenous antiviral ganciclovir (GCV) or its bioavailable orally administered 

derivative, valganciclovir (VGCV). VGCV can also be used as a prophylactic in 
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recipients of solid organ transplant (Lischker and Zimmerman, 2008). Both GCV 

and VGCV are nucleoside analogues that, when phosphorylated, preferentially 

inhibit the viral DNA polymerase UL54 inducing chain termination in viral DNA 

replication (Mar et al., 1985). The effects of GCV and VGCV are specific to 

HCMV infected cells due to their requirement of phosphorylation by a virus-

encoded serine/threonine kinase, UL97 (Biron et al., 1985). Dosage with GCV 

and VGCV is limited by cytotoxic side effects, which can lead to neutropenia and 

thrombocytopenia, putting patients at higher risk of bacterial and fungal infection 

(Nichols et al., 2002). Resistance to GCV and VGCV often develops through 

mutation in viral DNA polymerase pUL54 and the viral kinase UL97, which is 

essential for activation of these drugs (Limaye, 2002). Second-line antivirals 

against HCMV include cidofovir (CDV) and foscarnet, both of which inhibit viral 

replication by preferentially binding HCMV DNA polymerase over cellular 

polymerase (Lischker and Zimmerman, 2008). Acyclovir also requires UL97 for 

phosphorylation and terminates HCMV DNA replication through inhibiting its 

DNA polymerase.  

As CDV, foscarnet and acyclovir all target the same viral DNA polymerase as 

GCV and VGCV, acquired resistance to one of these drugs through UL54 

mutation usually leads to cross resistance of the other drugs in this category 

(Chaer et al., 2016). Due to this cross-resistance, the development of effective 

new antivirals with pUL54 independent activity is desperately needed. Letermovir 

inhibits pUL56, a key component of the HCMV terminase complex (pUL51, 

pUL56 and pUL89) which is responsible for packaging viral genomes into 

capsids (Goldner et al., 2011). As there is no human homologue of this target, 

its effects are virus specific and so fewer side-effects have been reported than 

with other HCMV antivirals (Kim, 2018). Resistance to Letermovir has been 

reported due to acquired mutations in UL56 (Marty et al., 2017). The HCMV 

pUL97 inhibitor Maribavir has shown promising results in clinical trials and has 

been shown to have activity in some GCV resistant strains with mutated UL97 

(Maertens et al., 2019, Drew et al., 2006). One of the major limitations with use 

of all these antivirals is that they all target viral DNA replication and so are unable 

to treat latent HCMV infections.  

The ability to reduce the number of latently HCMV infected cells could provide 

great clinical benefit, particularly in transplant recipients. A potential treatment 

for latent HCMV infection is the tubulin inhibitor vincristine which has antimitotic 

effects and is used in the treatment of various cancers (Škubník et al., 2021). In 

uninfected cells, vincristine is rapidly transported out of cells by multidrug 

resistance-associated protein 1 (MRP-1), however in latently HCMV infected 

cells, viral UL138 downregulates MRP-1 making cells susceptible to vincristine 
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cytotoxicity (Weekes et al., 2013). However, the toxicity of this drug may limit its 

suitability as a HCMV treatment, particularly in transplant recipients. A fusion 

toxin protein called F49A-FTP consists of the pseudomonas exotoxin (PE) fused 

to the soluble region of fractalkine (CX3CL1), a human chemokine that regulates 

inflammation and chemotaxis (Spiess et al., 2015). The fractalkine moiety allows 

binding to the latently expressed HCMV encoded chemokine receptor pUS28, 

which localises to the cell surface and internalises F49A-FTP. Following 

internalisation PE is cleaved and inhibits translation, inducing cell death. 

Unfortunately, HCMV does become resistant to F49A-FTP, through US28 

mutations, but this could be a promising treatment for combination use with other 

traditional HCMV antivirals such as GCV. The main advantage of this drug is its 

ability to target latently infected cells, although potential off-target effects upon 

the immune and nervous system may prohibit its clinical use.  

Another area of research with potential for treating latent HCMV infection is the 

so-called “shock and kill” method. Transcriptional repression of the MIEP is a key 

factor in maintaining HCMV latency. In contrast, reactivation from latency occurs 

in response to de-repression of the MIEP, which allows for transcription of lytic 

viral genes (Reeves et al., 2005). Histone deacetylase inhibitors (HDACi) can 

effectively reverse histone deacetylation of the MIEP, restoring lytic infection 

through MIEP de-repression and subsequent IE transcription (Krishna et al., 

2016). This restoration of lytic gene expression constitutes the “shock” portion of 

the shock and kill method. Lytic gene expression provides a target for circulating 

HCMV-specific cytotoxic T cells to “kill”. In healthy HCMV+ individuals it is 

estimated that ~10 % of peripheral blood cytotoxic T lymphocytes (CTLs) are 

specific to HCMV lytic antigens and effectively target cells with lytic HCMV 

infection (Sylwester et al., 2005). However, T-cell immunodeficiency would likely 

affect the efficacy of this treatment, which may make it unsuitable for many 

immunocompromised patients. Groves et al., (2021) recently showed that 

inhibitors of bromodomain and extraterminal (BET) proteins (I-BETs) may 

provide a more clinically useful option as a “shock” agent than HDACi. I-BET 

GSK726 was shown to have a more potent effect in restoring IE1 and IE2 

expression than HDACi in latently infected monocytes, without full reactivation of 

lytic HCMV infection, which is advantageous by minimising risk of viraemia 

patients. Expression of late proteins such as pp65 was also detected in the 

absence of viral DNA replication, showing that GSK726 initiates an alternative 

programme of lytic gene expression that does not follow the classical temporal 

cascade. Expression of immunogenic HCMV antigens such as pp65 and gB are 

particularly useful for stimulating the “kill” effect as ~70 % of neutralising 

antibodies in seropositive individuals target gB and pp65 is targeted by ~80 % of 
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HCMV specific CTLs (Britt and Mach, 1996, Wills et al., 1996). Further research 

is needed to determine if I-BET may be a viable treatment for latent HCMV 

infection as I-BETs have potentially broad off target effects.  

HCMV has previously been designated as the second highest priority for vaccine 

development by the Centers for Disease Control (CDC) due to its widespread 

prevalence, high disease burden and the limited success of currently available 

therapies. Attempts at HCMV vaccine development began in the 1970’s, but at 

present a successful candidate has yet to be identified. Live attenuated vaccines 

against strains such as Towne and Toledo have been developed, however they 

have proved unsuccessful in progressing through clinical trials, likely due to the 

large genetic differences between these laboratory passaged strains and 

circulating HCMV (Adler et al., 2016). So far, subunit vaccines comprising major 

HCMV antigens such as gB and pp65 have shown the most promise in clinical 

trials, eliciting a strong immune response and around 50 % protection. However, 

they have not yet been licenced for clinical use and antibodies from vaccinated 

patients have failed to neutralise HCMV in vitro (Anderholm et al., 2016). As 

HCMV has the ability to superinfect an already seropositive, latently infected 

host, vaccine development remains challenging and it is still unclear what 

immune response is required to protect against HCMV infection (Hansen et al., 

2010).  
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1.3 The brain 

1.3.1 Brain anatomy and function 

 

Figure 1.8 Adult brain anatomy 

Diagram summarising the structure of the adult brain (created with 
BioRender.com). The brain is made up of two hemispheres connected by the 
corpus callosum. The outer surface of the brain is made up of the cerebral cortex, 
made up of billions of neurons and glia and characterised by its folded 
appearance. The cerebellum sits at the back of the brain, behind the brainstem 
(including the midbrain, pons and medulla oblongata), which has the superior 
and inferior colliculus on its external surface. The pituitary gland is located in 
front of the midbrain, beneath the hypothalamus. The thalamus and pineal gland 
are situated in the centre of the brain, above the brainstem.  

The brain is one of the largest and most complex organs of the human body. It 

is responsible for many of the functions of the body, including control of motor 

function, breathing, vision, thought, temperature control and hunger (Hartmann 

et al., 1994). The cerebrum is the largest part of the brain and consists of the left 

and right hemispheres, divided by the great longitudinal fissure (anatomy 

summarised in figure 1.8). Each of these hemispheres consist of a frontal, 

temporal, parietal and occipital lobe and the two hemispheres are connected by 

the corpus collosum, which allows communication across the two sides 

(Ackerman, 1992). The surface of the cerebrum is made up of billions of neurons 

and glia which form the cerebral cortex, commonly known as the grey matter. 

The cerebral cortex is characterised by its folded appearance made up of 

numerous sulci (small grooves) and fissures (large grooves) on its surface, with 

the bulges between these grooves known as gyri. The ventricular system 

consists of four cavities within the brain, known as ventricles. The two lateral 
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ventricles are located within the cerebral hemispheres and are connected to the 

third ventricle by the Foramen of Munro. The third ventricle is situated in the 

middle of the brain and is connected to the fourth ventricle by the Aqueduct of 

Sylvius. The cerebellum sits under the back of the occipital lobes and serves to 

fine tune motor functions. The thalamus and hypothalamus sit in the core of the 

brain, just above the brainstem. The thalamus comprises two oval structures, 

containing nerve cell bodies, responsible for relaying sensory information to the 

cerebral cortex. Below the thalamus and just above the pituitary gland sits the 

hypothalamus, which is the main point of interaction for the CNS and the 

endocrine system. The hypothalamus also regulates body temperature, hunger, 

thirst, emotional response and sexual function. The pituitary and pineal glands 

interact with the hypothalamus to produce hormones. The pituitary gland 

produces human growth hormone, dopamine and thyroid-stimulating hormone 

amongst others and the pineal gland produces melatonin, a powerful regulator 

of the sleep-wake cycle (Zhu et al., 2007, Aulinas, 2019). The brainstem extends 

from the lower part of the brain, in front of the cerebellum and connects brain to 

spinal cord. It relays messages between the cerebral cortex and the rest of the 

body and is responsible for many primitive and essential functions such as 

breathing and heartbeat (Ackerman, 1992). On the external posterior surface of 

the brainstem are the superior and inferior colliculi, which function to orient the 

head and eyes to auditory and visual stimulus.  

1.3.2 Brain development 

Development of the embryonic brain begins with formation of the neural groove 

(18 postovulatory days), followed by initiation of neurulation two days later, 

during which the neural tube, the precursor of the brain and spinal cord, is formed 

from the neural plate (O’Rahilly and Müller, 1994). The inner cells of the neural 

tube go on to form the central nervous system (CNS) and the outer cells form 

the autonomic nervous system (ANS) (Tierney and Nelson, 2009). Once neural 

tube formation is complete, cells of the inner area of the tube, known as the 

ventricular zone (VZ) proliferate extensively. This extensive proliferation leads to 

the new-born brain containing more neurons than an adult brain. Subsequent 

genetically regulated apoptosis decreases the number of neurons by over 50 % 

to the number present in the adult brain (Mazarakis et al., 1997). Following 

proliferation, the resulting cells including neurons and glia migrate from the VZ 

outwards to the form cortical layers (Fritzsch and Northcutt, 1993, Herculano-

Houzel, 2009). At 25 weeks of gestation the 6 layers of the cortex are formed. 

Once neurons reach their final destination, they either differentiate to form 

mature neurons or undergo apoptosis. Once mature neurons have developed 
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axons and dendrites, synapses form via a process known as synaptogenesis 

(Molliver et al., 1973). 

 

1.3.3 Cell types of the brain 

Neural stem cells  

Neural stem cells (NSC) are multipotent progenitor cells that are capable of self-

renewal and generation of all types of neurons, astroglia and oligodendrocytes 

(Kempermann et al., 2015). These cells play a key role in both embryonic neural 

development and also in adult neurogenesis. There are several types of neural 

stem, and more committed progenitor, cells present in the developing brain, 

including neuroepithelial cells of the VZ of the neural tube and radial glia (RG) 

(Alvarez-Buylla et al., 2001). Both neuroepithelial and RG cells are capable of 

both symmetrical and asymmetric divisions. Asymmetric division of 

neuroepithelial NSCs can give rise to a more differentiated NSC such as RG, or 

a neuron, whereas RG give rise to more differentiated progenitor cells or neurons 

and are responsible for producing the majority of neurons in the developing brain 

(Noctor et al., 2008, Shitamukai et al., 2011).  

Neural progenitor cells 

Neural progenitor (NP) cells reside in both the embryonic and adult brain and 

give rise to both glial and neuronal cell types. It is thought that embryonic NP’s 

also give rise to adult NP’s (lineage summarised in figure 1.9) (Merkle et al., 

2004). Embryonic NP cells exist within two distinct niches. The VZ, which 

appears first during development and is located adjacent to the ventricle 

(Tramontin et al., 2003). Later in development the subventricular zone (SVZ) 

forms on the outside of the VZ. The ventricular zone contains RG, which appear 

through differentiation of the neuroepithelial cells of the neural tube (Aaku-

Saraste et al., 1996). RG initially undergo symmetrical division to increase the 

RG pool, before undergoing asymmetrical division to produce an RG and 

neuronal daughter cell (Takahashi et al., 1996, Malatesta and Götz). Asymmetric 

RG division can also produce NP daughter cells known as intermediate 

progenitors (IP), that migrate to the SVZ before symmetrical division resulting in 

two neurons (Noctor et al., 2004). IP can be distinguished from bipolar RG by 

their multipolar morphology and expression of a transcription factor called Tbr2 

(Englund et al., 2005). Adult NP cells also exist within two distinct niches, the 

“adult SVZ”, which surrounds the lateral ventricles of the cerebral cortex and the 

subgranular zone (SGZ) of the dentate gyrus. The adult NP cells of the SGZ 

have similar properties to those of embryonic RG and are therefore often referred 
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to as “RG-like” cells or type 1 cells (Martínez-Cerdeño and Noctor, 2018). These 

cells can give rise to IP cells, which share properties with embryonic IP, including 

expression of Trb2. NP cells of the adult SVZ exhibit astrocytic properties and 

can differentiate to form glia and neurons (Doetsch et al., 1999). Adult NP cells 

are responsible for adult neurogenesis, which occurs throughout adulthood and 

into old age in humans (Eriksson et al., 1998, Kempermann et al., 2018). The 

stimuli for neurogenesis and neuronal differentiation are vast and complex. 

Pathways that have been implicated include notch, hedgehog, MAPK, BMP, 

ERK and FGF among many others (Chuang et al., 2015). Adult human NP cells 

are highly expandable in vitro (Walton et al., 2006). 

Neurons 

There are an estimated 86 billion neurons in the adult brain, which are 

responsible for sending and receiving signals within the brain and the rest of the 

body, through electrical and chemical signalling (Ackerman, 1992, Azevedo et 

al., 2009). Neurons comprise three distinct structures, the soma (cell body), axon 

and dendrites. Action potentials are generated from the soma and travel down 

the long tail like projection of the axon, triggering release of neurotransmitters or 

electrical transmission across the synapse through direct contact between the 

pre-synaptic and post-synaptic neuron to perpetuate the signal to the next cell 

(Debanne et al., 2011). Action potentials are generated and propagated through 

changes in the cationic gradient across the cell membrane via adenosine 

triphosphate (ATP)-dependant pumps which transport sodium out of the cell and 

potassium in (Kole and Stuart, 2012). The opening of voltage gated ion channels 

allows ions to flow down their electrochemical gradients causing a shift in the 

neuronal membrane potential. The dendrites of neurons appear like small 

branches protruding from the soma and their function is to receive signals from 

nearby axons (Nimchinsky et al., 2002). Neurons are specialised according to 

their function and can be broadly split into four categories, sensory neurons, 

motor neurons, interneurons and neurons of the brain. Distinction and 

categorisation of the neurons within the brain is much more complex, with 

hundreds of named neuronal cell types within the human brain (Masland, 2004). 

Astrocytes 

Astrocytes are cells of the glial lineage with branched processes and star-like 

morphology that outnumber neurons by fivefold in the brain (Nedergaard et al., 

2003). Whilst initially it was thought that the role of astrocytes was simply to 

support neurons, more recent work has shown that they play a more crucial 

active role in the CNS and are now known to modulate neuronal behaviour as 

well as providing structural support and contributing to the blood brain barrier 
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(Halassa et al., 2010). One of the most important functions of astrocytes is the 

uptake and release of neurotransmitters such as gamma-aminobutyric acid 

(GABA), which is important for optimising synaptic function (Kinney et al., 2002). 

Astrocytes also play a key role in reacting to damaged brain tissue, during which 

time they undergo significant morphological and biochemical changes and are 

termed “reactive” astrocytes (Wilhelmsson et al., 2006). It is thought that 

astrocytes are responsible for guiding the neurorepair process, neurogenesis 

and re-establishment of homeostasis after injury (Acosta et al., 2017). Astrocytes 

respond to signalling from neurons and can in turn signal to neurons through 

calcium signalling and calcium dependant glutamate release (Fiacco et al., 

2009). 

Oligodendrocytes 

Oligodendrocytes are the myelinating cells of the CNS and are generated 

through the migration, proliferation and differentiation of oligodendrocyte 

progenitor cells (OPC) (Kuhn et al., 2019). Oligodendrocytes are critical for 

axonal myelination following damage through injury, particularly due to diseases 

that cause loss of myelin such as multiple sclerosis (Nave, 2010).  

Microglia 

Microglia account for around 10 % of the cells in the brain and are macrophages 

that reside throughout the CNS (Pelvig et al., 2008). As well as being the principal 

immune cells of the brain also play a key role in maintaining normal brain function 

(Kettenmann et al., 2011). Their functions include nourishing and supporting 

neurons and clearing cell debris. Resting microglia detect changes in their 

environment such as trauma, neurodegeneration and infection and respond to 

this by undergoing rapid changes in gene expression and morphology, resulting 

in microglial activation (Streit et al., 2004). Microglia detect nearby damage 

through the identification of neurodegeneration-associated molecular patterns 

(NAMPs), in a mechanism very similar to that of  the peripheral immune system’s 

pathogen- and damage-associated stress signals (PAMPs and 

DAMPs)(Deczkowska et al., 2018).Following activation, microglia migrate to the 

affected site where they undergo proliferation where they can release an array 

of cytokines depending on the specific stimuli and also perform phagocytosis 

(Kettenmann et al., 2011). 
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Figure 1.9 Neural progenitor cell lineage 

Diagram of neural progenitor cell lineage. Neural stem cells give rise to neural 
progenitor cells, which can subsequently give rise to neurons, astrocytes and 
oligodendrocytes through differentiation (created with BioRender.com). 

 

1.3.4 HCMV infection of the brain 

HCMV infection profoundly affects the neonatal brain, with resulting structural 

abnormalities observed as early as 28 weeks of gestation in foetal imaging 

studies (Barkovich and Girard, 2003, Malinger et al., 2003). Studies of neonatal 

HCMV CNS infection are mainly restricted to observational and histopathological 

findings, yet mouse models and clinical data show that the neonatal brain is more 

susceptible to MCMV and HCMV respectively, than the adult brain (van den Pol 

et al., 2002). Congenital HCMV infection is disseminated and penetrates the 

blood-brain barrier through carriage in mononuclear cells (Koontz et al., 2008). 

However, adult mice are resistant to MCMV invasion of the adult brain following 

peripheral infection and the same is thought to be true in the adult human brain 

in immunocompetent individuals, due to the lack of neurological sequelae 

(Reuter et al., 2004). However, in immunocompromised mice, CNS MCMV 

infection was observed in multiple cell types. HCMV infection of the adult brain 

is also seen in immunocompromised humans and is known to be the most 

frequent opportunistic infection in the CNS of AIDS patients (Setinek et al., 2005). 

In very rare cases HCMV associated encephalomyelitis has been reported in 
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immunocompetent adults, though why this occurs is unknown (Daida et al., 

2016). 

In vitro studies have shown that almost all brain derived cell types are susceptible 

to HCMV infection. Brain microvascular cells, astrocytes, neurons, 

oligodendrocytes, microglia, and both neural stem and progenitor cells can all be 

infected (summarised in figure 1.10) (Fish et al., 1998, Lokensgard et al., 1999, 

Poland et al., 1990, Spiller, Borysiewicz and Morgan, 1997, Pulliam, Moore and 

West, 1995, Cheeran et al., 2005, McCarthy, Auger, Whittemore, 2000). The 

ability to support full viral replication varies between these cell types, with neural 

stem and progenitor cells being more permissive. In histopathological analysis 

of acute HCMV infection in the neonatal brain, astrocytes have been found to be 

the predominant infected cell type and have been shown in vitro to be fully 

permissive an able to support HCMV replication (Teissier et al., 2014, 

Lokensgard et al., 1999). Brain resident immune cells, microglia, have been 

shown to be HCMV+ in congenital infection and can also be infected in vitro 

(Lecointe et al., 1999). HCMV+ neurons are detected in infected foetal brain 

tissue, though HCMV+ neurons are far less common than HCMV+ astrocytes 

(Gabrielli et al., 2012, Teissier et al., 2014). Opposing information about the 

permissiveness of neurons in vitro ranges from zero to fully permissive, with 

some suggestions that neurons could be a potential reservoir for HCMV latency 

(Luo et al., 2008, Cheeran et al., 2005). Characterisation of HCMV infection of 

oligodendrocytes is limited, although human oligodendroglioma cell lines support 

productive HCMV infection in vitro (Spiller and Morgan, 1997). Histopathology of 

congenitally HCMV infected foetal brains shows HCMV+ ependymal cells (the 

cells that line the ventricles), and ependymal cell lines are permissive to HCMV 

infection in vitro (Gabrielli et al., 2009, Abdi et al., 2018). Foetal NP cells are 

infected during congenital HCMV infection and are the most infected brain cell 

type in mouse models of congenital infection (Perlman and Argyll, 1992, Luo et 

al., 2010). Luo et al. (2008) showed that foetal NP cells were also permissive to 

HCMV in vitro and that infection leads to aberrant differentiation. Similarly, 

HCMV infection of NSCs also leads to abnormal differentiation (Roland et al., 

2016). In studies of embryonic stem cell derived NSCs, HCMV infection was non-

progressive due to a block in transition from IE to early gene expression. Whilst 

this block was partially reversed through differentiation, infection was still non-

productive, suggesting that such cells may be able to support latent infection 

(Belzile et al., 2014); HCMV genomes were detectable in NSCs for over one 

month post infection.  
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Figure 1.10 Summary of HCMV infection of brain cell types 

Summary of HCMV permissiveness of human neural stem cells, neural 
progenitor cells, neurons, oligodendrocytes, astrocytes, microglia and 
ependymal cells in vitro and in vivo. 

1.4 Glioblastoma 

1.4.1 Background and features 

Glioblastoma (GBM) is the most common type of malignant primary brain tumour 

in the adult population, representing ~45 % of all primary malignant brain 

tumours (Ostrom et al., 2013). GBM is a World Health Organisation grade IV, 

highly infiltrative and aggressive form of glioma (tumours derived from neuroglial 

cells), which is notoriously difficult to treat and no curative therapy is currently 

available (Louis et al., 2016). Incidence of GBM is rising, with rates in England 

more than doubling between 1995 and 2015 (Philips et al., 2018). Current 

survival rates are less than 5 % after five years, with an average survival of 12 – 

18 months from diagnosis (Tamimi and Juweid, 2017).  

Around 90 % of GBM arise as a primary de novo tumour, but can also occur as 

a secondary tumour developing from a lower grade lesion (Ohgaki and Kleihues, 

2012). Secondary GBM often arise through mutations in the IDH1 gene which 

encodes the metabolic enzyme isocitrate dehydrogenase (Bleeker et al., 2010). 

IDH1 mutations cause extensive metabolic reprogramming, epigenetic shift and 

therapeutic resistance (Dang et al., 2009, Grassian et al., 2014). One of the main 

difficulties in developing effective GBM treatments is the high level of both intra- 

and inter-tumour heterogeneity. 

 

1.4.2 Glioblastoma subtypes 

GBM can be classified into four molecular subtypes, namely: proneural, neural, 

classical, and mesenchymal (Verhaark et al., 2010). Proneural GBM often exhibit 

amplification or mutation in PDGFRα, which leads to activation of the 

phosphoinositide 3-kinases - protein kinase B (PI3K-Akt) and rat sarcoma virus 
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(RAS) pathways. Mutations in IDH1, as well as the tumour suppressor TP53, are 

also common in this subtype. Proneural tumours often express high levels of 

common oligodendrocytic markers such as NK2 Homeobox 2 (NKX2-2) and 

oligodendrocyte transcription factor 2 (OLIG2). This subtype is also associated 

with a cell cycle and proliferation gene signature.  

Neural GBM tumours express high levels of genes normally present in 

differentiated cell types, particularly those associated with neurons such as 

neurofilament light chain (NEFL), gamma-Aminobutyric Acid Type A Receptor 

Subunit Alpha1 (GABRA1), synaptotagmin 1 (SYT1) and solute carrier family 12 

member 5 (SLC12A5). Classical GBM is associated with amplification of 

chromosome 7 and chromosome 10 loss, with high-level epidermal growth factor 

receptor (EGFR) amplification and mutation. Classical GBM differ from the other 

subtypes in that they often lack TP53 mutations. By contrast, the stem cell 

marker nestin, notch pathway, and sonic hedgehog signalling genes are 

frequently expressed at high levels in this subtype. Classical GBM are astrocyte-

like in overall phenotype. Finally, the mesenchymal GBM subtype regularly 

display lower neurofibromatosis type 1 NF1 (NF1) expression levels, alongside 

mutations in this gene. This subtype is characterised by expression of both 

mesenchymal and astrocytic markers, including genes associated with epithelial 

to mesenchymal transition. High expression of NF-κB pathway genes is also 

associated with this subtype.  

 

1.4.3 GBM stem cells 

The cancer stem cell (CSC) model states that cancer cells are hierarchically 

organised within tumours and that a population of so-called “cancer stem cells” 

exists, which drives tumour growth and shares properties with normal stem cells 

(Kreso and Dick, 2014). CSCs have been reported in many common 

malignancies including leukaemia, breast cancer, colorectal cancer, liver cancer 

and brain tumours (Uckun et al., 1995, Al-Hajj et al., 2003, O’Brien et al., 2007, 

Singh et al., 2004). Similar to normal stem cells, CSCs are capable of self-

renewal, asymmetric division and differentiation, which is posited to drive intra-

tumour heterogeneity (Bao et al., 2013). GBM contains glioblastoma stem cells 

(GSC) identified via expression of cell surface markers including CD133 and 

CD44. However, the highly heterogeneous nature of GBM means that there is 

no universally expressed GSC marker (Clarke et al., 2003).  

It is currently unclear whether such cells originate from tissue-resident adult 

neural stem/progenitor cells, or through the de-differentiation of terminally 

differentiated cell types, such as astrocytes and oligodendrocytes. GSCs have 
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been shown to confer resistance to treatments such as chemotherapy and 

radiotherapy and following escape of such therapies, GSCs drive tumour 

recurrence, particularly in mesenchymal GBM (Wang et al., 2021). Due to the 

innate plasticity of GSCs, it is not unusual for recurrent tumours to be distinctly 

different to the primary tumour, including therapy induced switching of GBM 

subtype, particularly from proneural to treatment resistant mesenchymal (Wang 

et al., 2016, Halliday et al., 2014). GBM cells treated with the anti-GBM 

chemotherapeutic temozolomide in vitro acquired CD133 expression and 

exhibited a phenotypic switch gaining stem cell-like traits (Lee et al., 2016).  

 

1.4.4 GBM origins 

The cell of origin for GBM remains unclear, with some studies suggesting NSC 

in the SVZ and some suggesting OPC as the origin (Llaguno et al., 2009, Liu et 

al., 2011). Other studies have postulated that gliomagenesis begins in 

dedifferentiated neurons or astrocytes (Vitucci et al., 2017, Friedmann-Morvinski 

et al., 2012). Some research has suggested that rather than there being a 

universal cell of origin for GBM, that different cells of origin may give rise to 

different pathological subtypes. For example Lei et al. (2011) found that GBM 

originating from inducing transforming genetic lesions to glial progenitors in 

mouse brains led specifically to proneural GBM. Interestingly, ablation of Olig2 

can switch proneural, OPC derived tumours to a classical subtype, whereas 

over-expression of transcriptional coactivator with PDZ-binding motif (TAZ) or 

suppression of NF1 causes a switch to the mesenchymal subtype (Lu et al., 

2016, Bhat et al., 2011). The process of gliomagenesis remains poorly defined, 

largely due to the extensive genetic heterogeneity of GBM and the unknown cell 

of origin. It is likely that gliomagenesis is as heterogeneous as GBM itself, arising 

from a variety of cell types with many different mutations (Shao and Lieu, 2018).  

 

1.4.5 Signalling pathways in GBM 

The highly mutated genomes of GBM result in dysregulation of many signalling 

pathways that contribute to the aggressive nature of these tumours. Key 

signalling pathways that are modulated in GBM include those regulating growth, 

proliferation, survival and apoptosis (Mao et al., 2012). 

P53 signalling pathway 

The p53 pathway is commonly deregulated during the tumourigenesis of many 

cancers and is thought to be the most frequently mutated gene across all 

malignancies (Lawrence et al., 2014). P53 itself is a tumour suppressor that 
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responds to DNA damage and other cytotoxic stress by initiating cell cycle arrest 

and apoptosis (Baker et al., 1999). As well as its well characterised role in tumour 

suppression, p53 also functions as a transcription factor, regulating over 2500 

genes; p53 mutations can therefore contribute to tumourigenesis, tumour 

development and invasion (Sullivan et al., 2013). It is estimated that 85 % of 

GBM display p53 pathway dysregulation. (Brennan et al., 2013). The frequency 

of p53 mutations in GBM differs according to molecular subtype, with 54 % of 

proneural, 32 % of mesenchymal, 21 % of neural and 0 % of classical tumours 

having p53 mutation (Verhaark et al., 2010). Interestingly, while p53 mutations 

in primary GBM are varied and widely distributed, p53 mutations that occur in 

secondary GBM are predominantly located within two codons, namely 248 and 

273 (Ohgaki et al., 2007). Several p53 regulators including MDM2, MDM4 and 

ARF also modulate the p53 signalling pathway in GBM through mechanisms 

independent of direct p53 mutations (Riemenschneider et al., 1999, Labuhn et 

al., 2001).  

PI3K/Akt/mTOR signalling pathway 

The PI3K/Akt/mTOR signalling pathway regulates a variety of cellular functions, 

including proliferation, differentiation, migration, metabolism and survival 

(Engelman et al., 2006). PI3K alterations are present in ~70 % of GBM, 

predominantly through deletion of the tumour suppressive phosphatase and 

tensin homolog (PTEN). Constitutive pathway activation can also occur via 

amplification of receptors such as EGFR, vascular endothelial growth factor 

receptor (VEGFR) and PDGFR (Zhi et al., 2009). Constitutive PI3K activation is 

thought to play a key role during gliomagenesis, tumour development and is 

associated with increasing grade of glioma, decreased apoptosis and poor 

prognosis (Chakravarti et al., 2003). Importantly, PI3K activation dampens the 

effects of the standard GBM chemotherapeutic temozolomide and promotes 

therapeutic resistance (Stupp et al., 2005). mTOR functions as both a regulator 

and downstream effector of PI3K, making it a key pathway in GBM development 

(Akhavan et al., 2010). The mTOR protein complex itself comprises two sub-

complexes, mTORC1 and mTORC2. The oncogenic effects of mTORC1 include 

driving oncogene translation, autophagy inhibition, upregulation of hypoxia-

inducible factor 1α (HIF1α) and activation of sterol regulatory binding element 

protein 1C (SREBP1c). Similarly, mTORC2 also exerts oncogenic effects 

including stimulating glucose uptake via Akt activation and activating 

serum/glucocorticoid regulated kinase (SGK), which increases both proliferation 

and survival (Zoncu et al., 2011).  
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RAS/MAPK signalling pathway 

RAS genes are a related group of transforming oncogenes, belonging to the G-

protein family (Hurley et al., 1984). Activated RAS directly binds and activates 

rapidly accelerated fibrosarcoma (RAF) kinase, which subsequently regulates 

the downstream MAPK pathway that regulates cell proliferation, differentiation, 

motility, and survival (Moodie et al., 1993, Cargnello and Roux, 2011). Cellular 

effects of MAPK signalling are context dependent, with MAPK activation involved 

in several normal brain functions, including initiation of cortical neurogenesis. 

Around 88 % of gliomas have dysregulation of the MAPK signalling pathway 

which leads to a more invasive and proliferative phenotype (Gao et al., 2005). 

Many GBMs have high levels of phosphorylated MAPK, which correlates with 

poor overall survival and resistance to radiotherapy (Marwin et al., 2003, Pelloski 

et al., 2006).  

JAK/STAT signalling 

The JAK/STAT signalling pathway mediates downstream events including 

haematopoiesis, immune fitness, tissue repair, inflammation, apoptosis, and 

adipogenesis (Owen et al., 2019). JAK/STAT signalling is active in many cancers 

including GBM (Thomas et al., 2015). The STAT family of transcription factors is 

activated through phosphorylation as a downstream effect of other signalling 

pathways (Dekker and Kovarik, 2000). Whilst STAT1 was originally deemed a 

tumour suppressor, recent evidence shows that increased STAT1 signalling is 

associated with poor prognosis (Thota et al., 2014). STAT1 expression was 

initially thought to lead to decreased proliferation and increased apoptosis in 

GBM (Ju et al., 2013). However, other studies present contrasting evidence that 

STAT1 expression in GBM leads to increased growth, migration, invasion, and 

mesenchymal transition, suggesting that the effects of STAT1 may be context 

dependant (Meng et al., 2015, Duarte et al., 2012). STAT5 expression is linked 

to gliomagenesis, and confers increased proliferation and invasion in GBM 

(Liang et al., 2009, Cao et al., 2010). STAT3 is the best-known member of the 

STAT family, due to its oncogenic and immunosuppressive function. Whilst gain 

of function STAT3 mutations have not been reported in GBM, constitutive EGFR 

activation is common in GBM and leads to STAT3 signalling dysregulation (Lo et 

al., 2008). A lack of various negative regulation mechanisms of STAT3 has also 

been described in GBM (Veeriah et al., 2009, Martini et al., 2008). 
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1.4.6 Current GBM treatments 

Current treatment for GBM is usually a multimodal approach, which most 

commonly consists of a combination of tumour debulking surgery, chemotherapy 

and radiotherapy. The standard initial approach is to perform resection to remove 

as much tumour as it is safe to take out, which is sent for histopathological 

examination to determine the diagnosis. Upon diagnosis of GBM, resection is 

followed by 60 gray radiotherapy over a six week period with concomitant 

chemotherapeutic temozolomide. After the initial six weeks, six subsequent 

cycles of maintenance temozolomide are given (Tan et al., 2020). Antimitotic 

tumour treating fields (TTF), a non-invasive treatment, can also be employed 

alongside temozolomide for patients with disease in the upper parts of the brain 

and have been shown to prolong survival in eligible patients (Stupp et al., 2017). 

TTF deliver low intensity, alternating electric fields, which are delivered via 

transducer arrays applied to the scalp.  

After initial treatment, the majority of GBM patients face recurrence, at which 

point treatment regimens are less well defined, but often consist of alkylating 

chemotherapeutics such as lomustine and carmustine or rechallenge with 

temozolomide. Bevacizumab, a monoclonal antibody that targets VEGF is also 

used in some countries, although its efficacy is unclear due to lack of overall 

survival increase in clinical trials (Kreisl et al., 2008). Whilst immunotherapy has 

been successfully employed for many different types of cancer, there is yet to be 

a widely accepted immunotherapy for GBM despite extensive research (Tan et 

al., 2020). The CNS has a unique immune environment, making targeted 

immunotherapy of the brain and therefore GBM more difficult than other tissues 

and organs. For example, GBM have far lower levels of infiltrating lymphocytes 

than other tumour types and also exert an immunosuppressive effect within the 

tumour microenvironment (Li et al., 2016, Heimberger et al., 2007).  

1.5 HCMV in glioblastoma 

1.5.1 Detection of HCMV in GBM 

Cobbs et al. (2002) first reported the presence of HCMV in glioma, including 

GBM, detecting HCMV IE1 in 27 of 27 GBM samples by immunohistochemistry 

(IHC) and in situ hybridisation (ISH).  Following this initial observation, several 

groups have attempted to recapitulate the findings using a variety of detection 

methods with disparate results. A study conducted by Scheurer et al. (2008) 

addressed several factors that could attribute the conflicting evidence for the 

presence of HCMV in glioblastoma to technical variations Scheurer et al. discuss 

in detail several crucial steps in their optimised IHC and ISH protocols that can 
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be the difference between a positive and false negative result. The study 

detected HCMV in 21/21 GBM samples. Interestingly, only GBM samples 

showed cytoplasmic HCMV IE expression, whereas other low-grade tumours 

had purely nuclear IE as is expected for IE. One explanation for this is that minor 

IE isoforms could be present in the cytoplasm of GBM such as IE1x4, a smaller 

IE1 isoform that has been detected in latently infected haematopoietic 

progenitors and is associated with viral genome maintenance (Tarrant-Elorza et 

al., 2014). Ranganathan et al. (2012) note that fresh frozen tissue is better for 

detecting HCMV by polymerase chain reaction (PCR) than paraffin embedded 

samples which may also explain the disparity in detection of HCMV in GBM in 

other studies. Low viral copy number and high diversity in clinical specimens of 

HCMV could also account for high levels of variability in detection rates of HCMV 

genomes by PCR. Overall, it appears that HCMV protein was reliably detected, 

whereas detection of HCMV nucleic acids was less reliable. A systematic review 

by Peredo-Harvey et al. (2021) stated that HCMV was detected in 1391 (84.2%) 

of 1653 samples when studies employed optimised immunohistochemical 

techniques. Additionally, HCMV DNA and viral proteins have been detected in a 

multitude of other cancers including breast cancer, colorectal cancer, prostate 

cancer, mucoepidermoid carcinoma, medulloblastoma, and neuroblastoma, 

though viral particles have not been detected (Chen et al., 2014, Kumar et al., 

2018, Melnick et al., 2012, Baryawno et al., 2011, Wolmer-Solberg et al., 2013). 

HCMV seropositivity has been shown to be associated with a higher risk of all-

cancer mortality. However, the nature of this link remains unclear and may be 

associated with socioeconomic status or other risk factors rather than direct 

effects from HCMV infection (Okedele et al., 2020). HCMV positivity in ovarian 

adenocarcinoma has potential effects on patient survival with patients with 

HCMV pp65+ tumours having median overall survival of 18.2 months versus 54 

months in those with pp65- tumours (Carlson et al., 2018). Similarly, detection of 

HCMV IE and pp65 is common in epithelial ovarian cancer, with 82 % of tumours 

IE+ and 97 % pp65+. In benign ovarian tumours in the same study, 36 % were 

IE+ and 63 % pp65+ suggesting HCMV infection may increase the risk of ovarian 

cancer. Additionally, high IE expression was shown to indicate poor prognosis 

(Yin et al., 2020). Meta-analysis of data for 11 studies of HCMV detection is 

colorectal cancers found a statistically association between HCMV infection and 

an increased risk of colorectal cancer (Bai et al., 2016). 
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1.5.2 Potential oncogenic or oncomodulatory effects of HCMV in 

GBM 

Whilst it is now widely accepted that HCMV antigens are present in GBM and 

other gliomas, its potential role as an oncogenic versus a oncomodulatory agent 

remains unclear. Oncomodulation is defined as cancer cells acquiring enhanced 

malignant traits following viral infection, rather than undergoing direct viral 

transformation (Barami, 2010). The concept of oncomodulation implies that 

HCMV infects established tumour cells, where it modulates the malignant 

properties of the cells through effects on survival, proliferation, cell cycle and 

immunodetection amongst others. Many studies have investigated the role of 

HCMV in GBM pathogenesis, with an array of potential oncogenic effects 

identified. One such effect is activation of the PI3K-Akt pathway which is known 

to be hyperactivated in around 90 % of GBM (Fan et al., 2010). Activation of the 

PI3K-Akt by HCMV gB binding of EGFR is required initially for viral entry and 

later sustained activation by IE1 and IE2 is needed for optimal viral gene 

expression and viral DNA replication (Alwine et al., 2002). In the later stages of 

infection, activation of EGFR and PI3K by interaction with viral UL135 and UL138 

promotes latency (Buehler et al., 2016). Sustained PI3K-Akt activation in HCMV 

infected monocytes is crucial for their long-term survival (Cojohari et al., 2016). 

Infection of human astro-glial and glioma cells with HCMV led to rapid activation 

of the PI3K-Akt pathway and increased migration and invasion (Cobbs et al., 

2007).  

HCMV US28 encodes a chemokine receptor, which is posited as a potential viral 

oncogene (Maussang et al., 2006). US28 expression has been detected in 

around 60 % of GBM samples and it is known to bind multiple human 

chemokines, including CCL2, CCL5, and CX3CL1 (Slinger et al., 2010). US28 

expression promotes tumourigenesis through increased proliferation and 

angiogenesis in a mouse model (Maussang et al., 2006). This is likely due to the 

fact that US28 has been shown to constitutively activate NF-κB, increasing COX-

2 expression and activity and also enhances VEGF expression through IL-6 

mediated STAT3 activation (Maussang et al., 2009, Slinger et al., 2010). 

Additionally, activation of hypoxia inducible factor 1alpha/pyruvate kinase M2 

(HIF-1alpha/PKM2) by US28 also upregulates VEGF and increase proliferation 

(de Wit et al., 2016).  

HCMV infection has been shown to enhance the stem cell properties of glioma 

cells (Soroceanu et al., 2015). Soroceanu et al. (2015) demonstrated that HCMV 

IE proteins promote stemness and that HCMV IE is preferentially expressed in 

the stem-like cells within GBM samples. HCMV IE proteins have been shown to 
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colocalise with stem cell markers including CD133, nestin and Sox2. Further to 

this, RNAi against HCMV IE prevented tumoursphere formation, cell cycle 

progression and survival. The reverse was demonstrated in HCMV negative 

GBM cells infected with HCMV which increased self-renewal and proliferation. 

Fornara et al. (2016) also found that HCMV infection of GBM cells led to 

increased expression of stem cell markers Notch1, sex determining region Y box 

2 (Sox2), octamer-binding transcription factor 4 (Oct4) and Nestin and reported 

that high CD133 and HCMV IE expression correlated with poor prognosis in GBM 

patients. They also found that HCMV infection conferred the ability to form 

neurospheres to GBM cells, which was prevented through treatment with GCV. 

Importantly, GBM cells with IE expression failed to differentiate into neurons or 

astrocytes.  

Activation of telomerase by HCMV is potentially oncogenic, as telomerase 

activation expression through expression of the telomerase reverse transcriptase 

(TERT) gene is known to lead to immortalisation and transformation of cells (Lee 

et al., 2004). HCMV infection of TERT negative normal human fibroblasts was 

shown to induce constitutive TERT expression and subsequent telomerase 

activity due to IE1 interaction with the TERT promoter region, increasing Sp1 

binding (Straat et al., 2009). Further to this, GBM samples showed co-

localisation of HCMV IE and TERT, with TERT expression levels correlating with 

IE levels. 

HCMV suppresses apoptosis through increasing the expression of anti-apoptotic 

protein activating transcription factor 5 (ATF5) (Wang et al., 2014). ATF5 is 

abundantly expressed in GBM and is essential for glioma cell survival (Sheng et 

al., 2010). Additionally, it has been shown to inhibit apoptosis in both glioma and 

breast cancer (Monaco et al., 2007). Several HCMV products have been 

associated with inhibition of apoptosis, including IE1, IE2, pUL38 and RNA 2.7. 

The mechanisms through which IE1 and IE2 prevent apoptosis remain unclear, 

though it is known that they affect several key signalling pathways, particularly 

activation of PI3k-Akt, which is a well-known pro-survival signalling pathway in 

glioma (Cobbs et al., 2007). UL38 encodes a cell death inhibitory protein that 

blocks proteolytic cleavage of caspase 3 and poly(ADP-ribose) polymerase, two 

key enzymes involved in apoptosis (Terhune et al., 2007). Additionally, UL38 

expression can suppress the ER stress response, thus avoiding apoptosis (Qian 

et al., 2011). Reeves et al., (2005) showed that HCMV RNA β2.7 prevented 

apoptosis in HCMV infected neuronal cells. HCMV IE2 inhibits activity of the 

tumour suppressor p53 (Tsai et al., 1996). 
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HCMV employs a variety of immune evasion strategies, including inhibition of 

detection and activation of natural killer (NK) cells and inhibition the MHC class 

I and II pathways preventing the recognition of CD4+ and CD8+ T-cells (Hewitt, 

2003, Krough and Khanna, 2009). HCMV encoded IL-10 (vIL-10) also 

suppresses T-cell function (Vossen et al., 2002). HCMV has been shown to 

manipulate the tumour environment, with tumour associated macrophages 

(TAM) found in several cancers associated with HCMV, including GBM 

(Mantovani et al., 2017). TAM from HCMV+ GBM display the M2 phenotype, 

which responds to vIL10 by promoting angiogenesis and enhanced migration 

(Dziurzynski et al., 2011).  

Perhaps the most compelling evidence for an oncogenic role for HCMV comes 

not from GBM, but from breast cancer. HCMV infection of primary human 

mammary epithelial cells (HMECs) has been shown to transform them, leading 

to spheroid formation and development of fast growing triple negative tumours 

upon transplantation into mice (Kumar et al., 2018). HCMV transformed cells 

formed tumours with a distinct viral gene signature associated with long 

noncoding RNA 4.9 (lncRNA 4.9). This finding was supported by the presence 

of HCMV lncRNA 4.9 in tumour biopsies from breast cancer patients. Nehme et 

al. (2021), found HCMV to be capable of reprogramming HMECs through de-

differentiation to generate a polyploid giant cancer cell (PGCC) phenotype. 

PGCC’s exhibit stem cell-like features and are associated with metastasis, 

recurrence, drug resistance and overall poor prognosis (Zhang et al., 2014). 

Such cells are highly tumourigenic, with a single PGCC capable of forming a 

spheroid and subsequent tumour upon transplantation to immunodeficient mice. 

Notably, PGCC derived tumours are mesenchymal and express high levels of 

the cancer stem cell markers CD133 and CD44, which are also associated with 

GSCs. Interestingly, there exist both high and low risk clinical strains of HCMV 

and whilst infection of HMECs with high risk HCMV strains form tumours in vivo, 

low risk strains do not (Ahmad et al., 2021). High-risk strains confer several 

oncogenic properties to HMECs increased oncogene expression, cell survival, 

proliferation, and epithelial-mesenchymal transition.  

Whilst HCMV induces an array of oncogenic and oncomodulatory effects in 

multiple cell and tumour types, other studies have found HCMV infection to have 

the opposite effect. Notably, HCMV infection of two mesenchymal breast cancer 

lines, MDA-MB-231 and SUM1315, led to mesenchymal to epithelial transition 

and decreased migratory capacity (Oberstein and Shenk, 2017). Whilst some 

studies have suggested that HCMV enhances tumourigenicity in human liver 

cancer line, HepG2, one study found that HCMV+ HepG2 had less tumourigenic 
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capacity in vivo, than non-infected controls, suggesting HCMV is anti-

tumourigenic in this cell type (Kumar et al., 2016).  

 

Figure 1.11 Summary of HCMV proteins with oncogenic effects 

Summary of oncogenic effects attributed to specific HCMV proteins. Table 
adapted from Herbein et al., (2018). 

 

1.5.3 HCMV targeted therapeutics in the treatment of GBM 

Regardless of whether or not HCMV is oncogenic, HCMV is an effective 

therapeutic target in GBM patients. One study found that patients who received 

HCMV antiviral VGC as an add-on to standard GBM treatment had improved 

survival in a small sample group (Stragliotto et al., 2013). However, the study 

was inadmissible due to the method of post-hoc analysis used and suvivorship 

bias. The authors reanalysed their results to eliminate immortal time bias and still 

found a survival advantage in those receiving VGC for >6 months (Söderberg-

Naucler et al., 2014). Recent investigation of VGC as an add-on treatment 

specifically in secondary GBM found increased survival of 19.1 versus 12.7 

months (p = 0.0072) in those receiving the antiviral (Stragliotto et al., 2020). The 

small cohort and study design of these studies does not make them sufficient for 

introducing VGC as a treatment for GBM, however further clinical trials for VGC 

as an add on therapy for GBM patients with a larger cohort are ongoing until 

HCMV protein Biological function Oncogenic effect

IE1 Entry into S phase Cellular proliferation

Suppression of p53 and Rb activity Evading growth suppressors

Dysregulation of cyclin E expression Immortality

Activation of telomerase Inflammation

Induction of IL-1 Enhanced cell survival

Inhibition of apoptosis Genome instability and mutation

Induction of chromosomal aberrations

IE2 Entry into S phase Cellular proliferation

Binding to p53 Evading growth suppressors

Activation of PI3K/Akt pathway Enhanced cell survival

Induction of TGF-beta expression Increased immune suppression

pUS28 IL-6/JAK/STAT3 activation Cellular proliferation

Activation of RhoA dependent mobility of U373 cells Tumor growth

Induction of VEGF expression Enhanced angiogenesis

Enhanced cell survival

pUL111A (vIL10) NF–kB activation Cellular proliferation, migration and metastasis

STAT3 activation Telomerase activation

Production of homologs to immunosuppressive cytokines Increased immune suppression

pUL76 Chromosomal breaks Genome instability and mutation

Induction of chromosomal aberrations

pUL97 Phosphorylation and inactivation of pRb Evading growth suppressors

pUL82 (pp71) Rb downregulation Evading growth suppressors

Induction of E2F gene expression Cellular proliferation

Increased mutation frequency Genomic mutation

pUS2 Inhibition of the major histocompatility complex class I expression Escape of immune control

pUL16 Intracellular retention of NKG2D Escape of immune control

pUL83 (pp65) Increased mutation frequency Genomic mutation

Antagonizes the NKp30 activating receptor Escape of immune control

pUL36 (vICA) Inhibits caspase-8 activation and apoptosis Enhanced cell survival

pUL37x1 (vMIA) Inhibits mitochondrial-mediated apoptosis Enhanced cell survival

lncRNA4.9 Viral latency, binding to PRC2 Cellular proliferation and transformation
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2024 and may provide an answer as to whether VGC should be routinely used 

in GBM treatment. Whether the mechanism underlying the increased survival in 

VGC treated GBM patients is HCMV specific remains unclear, with criticism of 

these studies being used as evidence of HCMV in GBM due to the fact that a 

significant proportion of the participants were seronegative for HCMV. 

Several studies have investigated the use of HCMV targeted immunotherapy as 

a treatment for GBM. Adoptive T-cell therapy has been one approach used to 

target HCMV in GBM patients. Crough et al. (2012) expanded HCMV pp65 

specific T-cells ex vivo and then used them for adoptive transfer in a patient with 

recurrent GBM. Following four infusions, the patient displayed a significant 

reduction in the degree of enhancing tissue by MRI and remained clinically stable 

for the 17 months of the study. Schuessler et al. (2014) also used autologous T-

cell therapy for HCMV to treat recurrent GBM with four out of ten participants 

remaining progression free for the duration of the study. In addition to T-cell 

therapies, dendritic cell (DC) therapy targeted to HCMV has shown promise in 

GBM patients. A clinical trial using pp65 pulsed DC in a vaccine combined with 

tetanus diphtheria toxoid (which increases lymph node homing and efficiency) 

showed increased DC migration to draining lymph nodes and significantly 

increased overall survival of >36.6 months versus 18.5 months (Mitchell et al., 

2015). Reap et al., (2018) reported that DC vaccines improved the functionality 

of adoptively transferred HCMV targeted T-cells, which improved overall survival 

in a pilot study of GBM patients. It has not yet been determined whether the 

effects of HCMV targeted therapies for GBM work through a direct or indirect 

mechanism of action. The direct antigen specific hypothesis suggests that 

immunotherapies directly target and kill HCMV antigen expressing tumour cells, 

whereas the indirect targeting hypothesis suggests that in addition to the direct 

response, a robust activation of host immune response within the tumour 

microenvironment, including cytokines, NK cells, macrophages etc. also occurs 

(Rahman et al., 2019). 

1.6 Project rationale 

There is now an overwhelming amount of evidence that shows HCMV antigen is 

present in GBM cells, although there has been no definitive evidence that HCMV 

is oncogenic and causes GBM. The presence of HCMV antigens in GBM in the 

absence of infectious virus particles suggests that HCMV may be latently 

infecting cells within the adult brain. Evidence suggests that adult NSCs, NPs, 

OPC or dedifferentiated neurons or astrocytes are potential cells of origin for 

GBM (Wang et al., 2021). Whilst there is a wealth of research on the effects of 
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HCMV on embryonic NP cells, there is a distinct lack of research on HCMV in 

adult NP cells, which are distinct from embryonic NPs. Therefore, the first 

objective of this study was to determine whether adult NP cells could be infected 

with HCMV and to characterise the nature of this infection. Secondly, as 

neutralisation of differentiation is thought to be an early step in gliomagenesis 

and HCMV has previously been shown to disrupt the differentiation of embryonic 

NP cells, it was important to determine if HCMV infection of adult NP would 

perturb differentiation of NP cells (Hu et al., 2013, Luo et al., 2010). This first 

involved optimising an in vitro protocol for adult NP differentiation. Thirdly, we 

sought to use RNAseq to analyse gene expression changes associated with 

HCMV infection of adult NP cells, both before and after differentiation to screen 

for potentially oncogenic or oncomodulatory changes conferred by infection of 

these cells. 

 

Figure 1.12 Graphical summary project rationale and potential origin of 
glioblastoma 

Graphical summary of project rationale. HCMV antigens are widely found in 
GBM tumour samples, however the role of HCMV in gliomagenesis is unclear. 
Adult NP cells are a potential cell of origin for GBM and neutralisation of 
differentiation is an early step in gliomagenesis. Therefore the aim of this 
project is to investigate HCMV infection of adult NP cells and the subsequent 
effects this has on these cells and their ability to differentiate (created with 
BioRender.com). 
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Chapter 2 – Materials and methods 

2.1 Tissue culture maintenance and cell lines 

All cells were cultured in a humidified incubator in the presence of 5 % v/v CO2 

at 37 oC. Cells were maintained in vented cell culture flasks (Corning) of 25 cm2, 

75 cm2 or 150 cm2. All passaging and setting up of cell-based experiments took 

place in a class II Microbiology Safety Cabinet under aseptic conditions. 

Detachment of adherent cells was performed by removing the media, washing 

the cells twice with sterile phosphate buffered saline (PBS)(recipe in appendix), 

followed by application of an appropriate volume of Trypsin-EDTA (Sigma). Cells 

were incubated at 37 oC for one to five min under observation until they detached 

from the flask. Cells grown in foetal bovine serum (FBS) containing media 

enabled trypsin to be inactivated by the addition of serum-containing media. 

Cells grown in serum-free media were removed from the flask, pelleted by 

spinning at 5000 x g at room temperature in a 50 mL tube and the trypsin 

containing supernatant removed, before resuspension in an appropriate volume 

of media. The required number of cells were then transferred to a new flask. 

Viable cell counts were obtained by diluting equal volumes of cell suspension 

with 0.4 % w/v Trypan blue stain in PBS and transferring 10 µl to fill the counting 

chamber of an improved Neubauer haemocytometer (Marienfeld Superior). 

Trypan blue negative, viable cells were then counted using an inverted 

microscope at 100 x magnification to calculate the concentration of viable cells 

in the suspension. 

Human foetal foreskin fibroblast cells HFFF2 (ECACC 86031405) were cultured 

in fibroblast media (see appendix A). Cells were split 1:3, every three to four 

days when they reached approximately 80 % confluence, and were only used 

up to passage 20. 

Neural progenitor (NP1) cells were isolated from tissue removed from an adult 

brain during epilepsy surgery performed at Stanford University Medical Centre 

(Wurdak et al., 2010). NP1 have the capacity to proliferate (although for limited 

passages) and to differentiate into distinct cell types. NP1 were cultured in NP 

media (appendix A) and split 1:4 every 3-4 days. NP1 cells infected with HCMV 

were cultured in the same way.  

2.2 Generation of Merlin-IE2-GFP stocks 

Merlin-IE2-GFP HCMV was used for all experiments (obtained from Stanton lab, 

Cardiff) (Stanton et al., 2010). Merlin is a low passage strain derived from a 
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clinical isolate.  The GFP is a UL122 (IE2) GFP fusion, which allows facile 

identification of HCMV infected cells via GFP direct fluorescence. Merlin-IE2-

GFP has 2 mutations from wild-type Merlin, one in UL128 and another in RL13, 

which are both necessary for efficient cell culture propagation. RL13 contains a 

single nucleotide insertion at position 11363, which causes a frameshift mutation. 

This mutation was acquired by the Merlin strain during early passage and is 

obligatory for cell culture work as expression of wild-type RL13 severely impairs 

in vitro replication in fibroblast and epithelial cell cultures (Stanton et al., 2010). 

Merlin-IE2-GFP also contains a G to A (G → A) substitution at nucleotide 176311 

of UL128, which introduces an in-frame stop codon that leads to premature 

termination of the UL128 protein. The ablation of UL128 is also advantageous 

for culture in vitro using fibroblasts. Stanton et al., (2010) show that repair of the 

UL128 mutation results in growth defects of the virus in these cells.  

Fibroblasts are highly permissive to HCMV replication and so are commonly 

used for growing HCMV stocks. To generate HCMV stocks, flasks of 90 % 

confluent HFFF2 cells were infected at a multiplicity of infection (MOI) of 0.1 

plaque forming unit per cell (PFU/cell) using stocks obtained from the Stanton 

lab. Cells were monitored daily for GFP expression and cytopathic effect (CPE), 

including cytomegaly, rounding up and lifting off the flask, using an EVOS cell 

imaging system. Once ~80 % of cells displayed CPE, media was removed daily, 

spun at 5000 x g at room temperature in an Eppendorf 5810R centrifuge and the 

supernatant aliquoted and stored at -80 oC. Supernatants were then serially 

diluted onto naive HFFF2 cells to determine infectious titres by focus forming 

assay (see section 2.3.1). Merlin-IE2-GFP stock with defined titre generated as 

described here was then used for all future experiments.  

2.3 Determination of virus titre  

2.3.1 Supernatant titre by focus forming assay 

HFFF2 or NP1 cells were seeded at a density of 8000 cells per well in a black 

walled 96 well plate (Greiner cellstar). 11 µl of HCMV containing supernatant 

was added to the first well containing 100 µl media and then 5 10-fold serial 

dilutions were performed in triplicate. At 72 hr post infection (h.p.i), infected cells 

were fixed in 4 % w/v paraformaldehyde (PFA) and immunofluorescent staining 

for HCMV IE (antibody - MAB8131) was performed (as described in section 2.4). 

Immunofluorescence staining was used to count IE+ve cells instead of counting 

GFP+ve cells as it is a more sensitive method. The number of IE +ve cells per 

well was counted using the EVOS cell imaging system, to calculate a titre in focus 
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forming units per millilitre (FFU/ml). An uninfected control well was used to 

determine any non-specific background fluorescence. 

2.3.2 Intracellular titre by focus forming assay 

HFFF2 or NP1 were infected with HCMV at an MOI of 1 pfu/cell in a 25 cm2 cell 

culture flask and media replaced every third day for 10 days. Cell lysates were 

made by trypsinising the infected cells (see section 2.1) and pelleting them by 

centrifugation. Cells were resuspended in 200 µl of media (HFFF2 or NP media 

depending on the cell type to be inoculated) and subjected to 5 cycles of snap 

freezing in liquid nitrogen and thawing on a heat block set at 37 oC. HFFF2 cells 

were seeded at a density of 104 cells per well in a black walled 96 well plate. 10 

µl of lysate was added to the first well and 5 x 10-fold serial dilutions performed 

in triplicate. Cells were left for 72 hr before being fixed, stained and counted as 

described in section 2.3.1. 

2.3.3 Infectious centre assay 

HFFF2 or NP1 cells were infected at an MOI of 3 FFU/cell and left for 72 hr 

resulting in between 96 - 98 % GFP positivity, determined using an EVOS cell 

imaging system. Cells were detached and counted (as described in section 2.1), 

prior to serial dilution in HFFF2 media. A dilution corresponding to 100 HCMV 

infected NP1 or HFFF2 was introduced into each well of a black walled 96-well 

plate containing 8000 naïve HFFF2. Cells were allowed to settle overnight, 

before the number of GFP+ cells in each well were counted and recorded using 

the EVOS cell imaging system. After 72 hr the cells were fixed using 4 % w/v 

PFA and stained for HCMV IE (as per section 2.5). GFP+ and IE+ cells were 

counted to determine the increase in HCMV infected cells for each well recorded. 

Three technical repeats were performed and the average increase in infected 

cells per well calculated. 

2.4 Western Blotting 

Cells were lysed by removing media, washing cells and applying an appropriate 

volume of EBC or RIPA lysis buffer (for recipes see appendix A), for example 

150µl per well of a six well plate (9 cm2 area per well). Cells were then scraped 

off the plate into the lysis buffer and thoroughly resuspended by repeated 

pipetting using a p200 pipette tip. Lysates were clarified by pelleting the cell 

debris by spinning at 5000 x g at room temperature in an Eppendorf 5810R 

centrifuge and removing the cell lysate supernatant to a fresh 1.5 ml tube. Lysate 

protein concentration was determined by bicinchoninic acid (BCA) assay using 

the Pierce BCA Protein Assay kit (Thermo Fisher Scientific) as per kit 
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instructions, and protein concentration was normalised to the lowest 

concentration sample by addition of the appropriate volume of lysis buffer. 

Lysates were then mixed 1:1 with 2 x Laemmli buffer (for recipe see appendix A) 

and heated to 95 oC for 10 min. 5 µl of pre-stained Seeblue® Plus2 protein 

molecular weight markers (Invitrogen) were loaded into the first well followed by 

5 µg (up to 15 µl) of protein lysate/Laemmli per sample into adjacent wells of a 

polyacrylamide gel. Hand cast 8 %, 10 % or 12 % polyacrylamide gel (see 

appendix A), or 4–15 % Mini-PROTEAN® TGX™ Precast Protein Gels (Biorad) 

were used and proteins were resolved by sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE was performed 

using Tris-glycine running buffer (for recipe see appendix A) and run at 120-160 

V for 1-2 hr using the mini-PROTEAN system electrophoresis cells (Bio-Rad). 

The resolved proteins were transferred to methanol-activated polyvinylidene 

difluoride membrane PVDF (Immobilon-FL Merck Millipore) by semi-dry or wet 

transfer. Semi-dry transfer employed a TE77XP semi-dry transfer unit (Hoefer) 

as per manufacturer’s instructions, with Towbin buffer (for recipe see appendix 

A) and transferred for 2 hr. Wet transfer was performed using the Mini Trans-Blot 

Cell (Biorad) with Towbin buffer (for recipe see appendix A). Wet transfer was 

run at 70 V for 90 min on ice. Following transfer, PVDF membranes were blocked 

in 5 % w/v skimmed milk powder or 5 % bovine serum albumin (BSA) in TBS-T 

(See appendix A) for 1 hr at room temperature with gentle shaking. Following 

three x 10 min washes with TBS-T, primary antibodies were diluted to working 

concentrations (see appendix A) in 5 % (w/v) skimmed milk powder or BSA in 

TBS-T, applied to membranes and incubated overnight with shaking at 4 oC. 

Following another 3 x 10 min washes with TBS-T, horseradish peroxidase 

conjugated secondary antibodies (SIGMA) were diluted in 5 % BSA w/v in TBS-

T and membranes incubated for 1 hr at room temperature with shaking. 

Following a final series of 3 x 10 min washes with TBS-T, homemade enhanced 

chemiluminescence reagent (ECL) (for recipe see appendix A) or ECL prime 

western blotting detection reagent (Amersham, GE Healthcare Life Sciences) 

was applied to the membranes for 5 min. Chemiluminescence was imaged by 

exposure to x-ray film and development using medical film processor (SRX-

101A, Konica Minolta Medical & Graphic, Inc.) in a darkroom. X-ray films were 

scanned and saved as TIF files. Alternatively, chemiluminescence was imaged 

using a ChemiDoc (Biorad).  

2.5 Immunofluorescence (IF) 

Cells were seeded onto either black walled, flat bottom fluorescence-optimised 

plastic 96 well plates (Greiner cellstar) or autoclaved 12 mm glass cover slips in 
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a 24 well plate. NP1 cells were cultured on plates or coverslips coated with 0.5 

% poly-L-lysine/PBS (incubated at room temperature for 10 min before removal 

and washing with PBS) to improve adherence. Cells were washed 3 times in 

PBS prior to fixation using 4 % (w/v) PFA in PBS for 10 - 30 min (10 min for 

HFFF2, 30 min for NP1) at room temperature. Following fixation, cells were again 

washed 3 times with PBS before permeabilisation with 0.2 % (v/v) Trion X-

100/PBS at room temperature for 5 min, followed by 3 more PBS washes. 

Primary antibodies were diluted to working concentrations in 10 % (v/v) FBS in 

PBS, applied to cells and incubated overnight at 4 oC. Primary antibody solution 

was removed and cells were washed 3 times with PBS before incubation for 1 

hour at room temperature with fluorophore conjugated secondary antibody and 

Hoechst nuclear stain (1:20000) diluted in 5 % (v/v) FBS in PBS. Cells were 

washed 3 times in PBS before being left in PBS (96 well plates) or mounted on 

glass slides (coverslips) using ProLong Gold Antifade Mountant (Life 

Technologies). Images were taken using the EVOS and Nikon Ti-E microscopes. 

List of antibodies used in Appendix B. 

2.6 Differentiation of neural progenitor cells 

2.6.1 Serum titration 

NP1 cells were seeded at 8000 cells per well in a 96 well plate and allowed to 

settle overnight in NP media. NP media, which contains 5 % FBS was removed 

and replaced with media containing 2.5 %, 0.5 % or 0 % FBS. Cells were imaged 

and viability assessed by Trypan blue staining (as described in section 2.1) at 24 

hr post treatment. 

2.6.2 Differentiation using DMSO 

NP1 cells were seeded at 8000 cells per well in a 96 well plate and allowed to 

settle overnight in NP media. NP media was removed and replaced with 1.8 % 

DMSO in NP media (for recipe see appendix A). Cells were fixed at days 1, 3 

and 5 post-treatment in 4 % w/v PFA (as described in section 2.4) and imaged, 

using the EVOS cell imaging system. 

2.6.3 Differentiation using BMP4 

NP1 cells were seeded at 8000 cells per well in a 96 well plate and allowed to 

settle overnight in NP media. NP media was removed and replaced with BMP4 

differentiation media (for recipe see appendix A). Cells were fixed at days 1, 3, 5 

and 7 of treatment in 4 % w/v PFA (as described in section 2.4) and imaged 

using the EVOS cell imaging system. 
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2.6.4 Differentiation using Walton et al., (2006) protocol 

Cells were treated according to the seven day neuronal differentiation protocol 

described by Walton et al., (2006). NP1 were seeded at a 6 x 105 cells per well 

of a 6 well plate for protein lysate and RNA extraction or 1 x 105 on poly-l-lysine 

coated 8 mm glass coverslips in a 24 well plate for immunofluorescence. Cells 

were seeded in NP media and allowed to settle overnight. The NP media was 

removed and replace with NP differentiation media (appendix A). Differentiation 

media was made fresh each time and replaced every other day for up to 7 days. 

Cells were lysed in EBC or RIPA buffer for protein samples, whilst RNA was 

extracted using the Qiagen RNeasy kit according to manufacturer’s instructions 

(see 2.7). Coverslips were fixed at day 0, 1, 3, 5 and 7 in 4 % w/v PFA in PBS 

for 30 min for initial optimisation of differentiation. Later this was reduced to time 

points of day 0 and 5. To differentiate HCMV+ NP1, cells were grown to 90 % 

confluency and infected at an MOI of 3 FFU/cell. At 5 d.p.i, NP media was 

removed and differentiation media applied as described above.  

2.7 RNA extraction 

For RNA extraction, cells were plated at a density of 6 x 105 cells per well of a 6 

well plate and allowed to settle overnight. Cells were washed twice with PBS 

before extraction using TRIzol (Thermo Fisher Scientific) or RNeasy (Qiagen) as 

detailed below. 

2.7.1 RNeasy extraction 

350 µl of buffer RLT (lysis buffer) was added directly to the well and cells were 

scraped off using a cell scraper, mixed thoroughly by pipetting and transferred to 

a 1.5 ml tube. Lysates were vortexed briefly before being applied to a 

QIAshredder column (Qiagen) and centrifuged for 2 min at full speed in a 

microcentrifuge. The flow through of homogenised lysate was mixed with 350 µl 

of 70 % ethanol/RNase free water by repeated pipetting. The full volume was 

transferred to a spin column from the RNeasy kit and centrifuged at 8000 x g for 

15 s using a microcentrifuge, discarding the flow through.  

On-column DNA digest was performed using an RNase-Free DNase Set 

(Qiagen). First, 350 µl of buffer RW1 was applied to the column and centrifuging 

at 8000 x g for 15 s. The flow through was discarded and 80 µl of DNase digest 

mix (10 µl DNase I + 70 µl buffer RDD) was applied directly to the column 

membrane and left to incubate at room temperature for 15 min. Next, 350 µl 

Buffer RW1 was applied to the column and centrifuged again for 15 s at 8000 x 

g. The flow through was discarded and 500 µl of buffer RPE added to the column 
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before being spun again at again for 15 s at 8000 x g and the flow through 

discarded. A second 500 µl of buffer RPE was added and the column spun for 2 

minutes at 8000 x g. The column was then placed in a new 2 ml collection tube 

and centrifuged at full speed for 6 min to dry the membrane and remove any 

residual buffer contaminants. The RNeasy column was then placed in a new 1.5 

ml collection tube and 30 µl of RNase free water applied directly to the column 

membrane. The column was then centrifuged at 8000 x g for 1 min to elute the 

RNA and the column was then discarded. Following elution, the RNA solution 

absorbance at 260/280 nm and 260/230 nm were determined using a NanoDrop 

spectrophotometer (Thermo Fisher Scientific), to determine concentration and 

purity. RNA was stored as aliquots at -80 oC. 

2.7.2 TRIzol extraction 

1 mL of TRIzol reagent was added directly to three times PBS-washed cells in 

one well of a 6 well plate. The lysate was pipetted repeatedly to ensure full lysis 

of the cells before transferring to a 1.5 ml tube. Samples were stored at – 20 oC 

at this point until all time points from the experiment had been collected. 

Extractions were then performed in parallel for each sample of the same 

experiment. Frozen TRIzol lysates were thawed on ice and 200 µl of chloroform 

added before being vortex mixed and incubated at room temperature for 3 min. 

The lysate was centrifuged for 15 min at 12,000 × g at 4 °C for phase separation. 

The aqueous phase was transferred to a new 1.5 mL tube and 500 µl of 

isopropanol added and mixed by briefly vortexing before incubation for 10 min at 

room temperature. After incubation the samples were for centrifuged for 10 min 

at 12,000 × g at 4 °C. Supernatant was discarded taking care not to disturb the 

RNA pellet. The pellet was resuspended in 1 mL of 75 % EtOH, vortexed briefly 

and centrifuged for 5 min at 7500 × g at 4 °C. Supernatant was removed and the 

pellet air dried for 10 to 15 min. Once dried, the pellet was resuspended in 20 µl 

of nuclease free water and placed in a heat block set at 55–60 °C for 15 min. 

RNA concentration, 260/280 nm and 260/230 nm ratios were determined using 

the NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). RNA was 

stored at -80 oC. 

2.8 Real-time quantitative polymerase chain reaction (RT-

qPCR) 

2.8.1 Generation of cDNA by reverse transcription  

Reverse transcription was performed using the High-Capacity RNA-to-cDNA Kit 

(Applied Biosystems). The reaction was prepared by adding 10 µl of 2X RT Buffer 

Mix, 1 µl of 20X RT Enzyme Mix and 500 ng of RNA (up to 9 µl volume) were 
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added to a PCR tube and the volume made up to 20 µl with nuclease free water. 

Negative controls were also set up as described above, one without the 20X RT 

Enzyme Mix and one without RNA. The reverse transcription was performed by 

placing the PCR tubes into a Viriti 96 well thermocycler (Thermo Fisher Scientific) 

set to the following conditions; 37 oC for 60 min, 95 oC for 5 min and hold at 4 oC. 

cDNA was stored at -20 oC. 

2.8.2 SYBR Green  

SYBR Green PCR reactions were set up in a 384 well plate with the following 

components; 5 µl SYBR green mix (Quanta ROX), 0.15 µl of primer mix (each 

primer mixed together at 50 pmol / µl), 4 µl nuclease free water and 1 µl cDNA 

(1:5 dilution). The reaction mix was well mixed by repeated pipetting before 

sealing the plate with optical adhesive film and briefly centrifuging to bring the 

contents to the bottom of the wells and eliminate any bubbles. The plate was run 

on the QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific) 

using the following conditions: 3 min at 94 oC not repeated, followed by 40 cycles 

of 3 s at 94 oC then 30 s at 60 oC. A melt curve/dissociation was performed to 

check the specificity of the primers using the pre-programmed settings on the 

QuantStudio 7 Flex (Figure 2.1). Results were analysed using the ΔΔCT method 

(Rao et al., 2013). 

 

Figure 2.1 SYBR green melt curve protocol 

SYBR green melt curve protocol for real-time PCR run on the QuantStudio 7 
Real-Time PCR System. 

2.8.3 TaqMan 

TaqMan PCR was performed using the protocol supplied with the TaqMan® 

Advanced Master Mix (Applied Biosystems). Reactions were carried out in a 384 

well plate with each well containing the following: TaqMan Fast Advanced 

MasterMix (2X) 5.00 µl, nuclease free water 2.00 µl, TaqMan Advanced miRNA 

Assay (20X) 0.5 µl cDNA (1:5 dilution) 2.5 µl. The reaction mix was well-mixed 

by repeated pipetting before sealing the plate with optical adhesive film and 

briefly centrifuging the plate to bring the contents to the bottom of the wells and 

eliminate any bubbles. The plate was run on a QuantStudio 7 Flex Real-Time 

PCR System (Thermo Fisher Scientific). The conditions were set as follows; hold 
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at 95 oC for 20 s for polymerase activation, followed by 40 cycles of denaturation 

at 95 oC for 1 s and anneal/extend at 60 oC for 20 s. The QuantStudio was run 

on fast mode. Results were analysed using the ΔΔCT method.  

2.9 RNA sequencing 

NP1 infected with HCMV at an MOI of 3 FFU/cell for 5 days and mock infected 

controls were seeded at a density of 6 x 105 cells per well of a 6 well plate and 

allowed to settle overnight. Cells were then treated using the Walton et al., (2006) 

protocol (as described in section 2.6.4) and RNA was extracted on days 0 and 5 

of the differentiation (using RNeasy as described in section 2.7.1). RNA samples 

were stored at -80 oC and shipped to Novogene on dry ice for sequencing.  

2.9.1 Novogene RNA sequencing 

RNAseq was performed by Novogene and the workflow is summarised in figure 

2.2. To guarantee reliable data, quality control checks were performed at each 

step of the process. RNA samples were analysed using the LabChip GX Touch 

HT Bioanalyzer (Caliper Life Sciences) to ensure RNA quality and determine 

concentration. For cDNA library construction, purified messenger RNA was 

separated from the total RNA using poly-T oligo-attached magnetic beads. 

Messenger RNA was fragmented before synthesising the first strand cDNA using 

random hexamer primers. Second strand synthesis was executed using dTTP 

for non-directional library preparation. The non-directional library underwent end 

repair, A-tailing, adapter ligation, size selection, amplification, and purification. 

Libraries were checked utilising Qubit and real-time PCR for quantification. A 

bioanalyzer was used for detection of size distribution. Index-coded samples 

were pooled and the libraries were sequenced on an Illumina Novaseq 6000 

platform at effective library concentrations. Paired-end 150bp reads were 

generated. 

Raw reads in FASTQ format were processed through fastp. Clean reads were 

acquired by removing reads containing adapter and poly-N sequences and also 

reads of low quality. Downstream data analysis was based on the clean, high 

quality data. 

The reference genomes used for read mapping were Homo sapiens (GRCh38/ 

hg38) and Merlin HCMV AY446894. Paired-end clean reads were mapped to 

both reference genomes using HISAT2 software. To quantify the read numbers 

mapped to each gene, featureCounts software was employed. Reads per 

kilobase of exon model per million mapped read (RPKM) for each gene was 

calculated based on gene length and read count mapped to each gene. RPKM 
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is a commonly used method for estimating gene expression levels as it takes into 

account both sequencing depth and gene length.  

Differential expression analysis was implemented between two sample groups 

(with three biological replicates per condition) with the DESeq2 R package, which 

determines differential expression in gene expression data through a model 

based on the negative binomial distribution. P values were adjusted using the 

Benjamini and Hochberg’s procedure for controlling false discovery rate (FDR). 

Genes with an adjusted P value < 0.05 were designated as differentially 

expressed.  

Two types of enrichment analysis were employed to summarise the large gene 

lists and identify biological pathways. Gene Ontology (GO) annotates genes to 

biological processes, molecular functions, and cellular components presented in 

a directed acyclic graph structure. Kyoto Encyclopedia of Genes and Genomes 

(KEGG) annotates genes to a biological pathway.  

 

Figure 2.2 Novogene RNA sequencing method summary 

A) Novogene RNA sequencing service workflow summary. B) cDNA library 
construction method summary. 

  

A) B)
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Chapter 3 - Characterising HCMV infection of adult neural 

progenitor cells in vitro 

3.1 Introduction 

HCMV infection of the neonatal brain is the leading infectious cause of congenital 

disorders of the CNS. Intrauterine transmission of HCMV has an estimated 

worldwide incidence of 0.5 – 2.2%, with HCMV infected cells located primarily in 

the ventricular and subventricular zones of the neonatal brain (Becroft, 1981, 

Perlman and Argyle, 1992). Although several different cell types have been 

found to be infected, the highest degree of viral tropism is within neural progenitor 

cells (Teissier et al., 2014). Work by Sun et al., (2020) also suggests that HCMV 

predominantly targets neural progenitor cells of the SVZ during in vitro infection 

of human iPSC-derived brain organoids. 

Following primary HCMV infection, lifelong latency is established, with estimates 

of worldwide seroprevalence in the adult population ranging from 70 to 100 % 

(Söderberg-Nauclér and Nelson, 1999, Zuhair et al., 2019, Almaghrabi et al., 

2019). Hematopoietic progenitor cells and cells of the myeloid lineage are known 

to be reservoirs of latent HCMV infection in vivo. Latency is characterised by the 

presence HCMV genomes in the absence of virion production (Mendelson et al., 

1996, von Laer et al., 1995). These cells have been the focus of studies on 

HCMV latency and reactivation, however there is a distinct lack of research 

exploring the possibility of other cellular reservoirs of latency. Interestingly, 

Tsutsui et al., (2002) reported latent infection of MCMV in the brains of mice that 

were infected either as neonates or as young adults (Tsutsui et al., 2002). 

Reactivation in mice latently infected for over 180 days post infection was 

observed in multiple regions of the brain, with the highest degree of reactivation 

in the SVZ. The authors suggest that the cells in which MCMV reactivation is 

occurring are most likely NSCs or NPs due to their expression of nestin and glial 

fibrillary acidic protein (GFAP), together with Bromodeoxyuridine (BrdU) 

labelling, indicating proliferating cells. 

Several studies have reported the presence of HCMV antigen in GBM tumour 

samples, but not in the healthy surrounding brain tissue (Cobbs et al., 2002, 

Mitchell et al., 2008). Multiple groups have found a higher number of HCMV 

positive cells in GBM than in lower grade gliomas, linking HCMV with more 

aggressive tumours (Huang et al., 2015, Bhattacharjee et al., 2012). This notion 

is supported by research showing that HCMV seropositivity is linked with 

decreased survival in GBM patients (Foster et al., 2019). Despite an array of 

studies reporting the detection of HCMV in GBM, several studies also report a 
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complete absence of HCMV in GBM samples using the same detection methods 

(Priel et al., 2015, Garcia-Martinez et al., 2017). Due to the discrepancies in 

detection rates, the association between HCMV and GBM remains controversial. 

In recent years, the origins of GBM have begun to be elucidated, with similar 

findings from several papers, with most agreeing that GBM arises from stem or 

progenitor cells of the neural lineage. Lee et al., (2018) present genetic evidence 

from deep sequencing that show GBM likely originates from NSC, which migrate 

from the SVZ and form high grade gliomas in distant areas of the brain. 56.3% 

of GBM patients in the study had low level driver mutations in the normal SVZ 

tissue that were observed at high levels in the corresponding tumour (Lee et al., 

2018). The literature suggests that cells of neural lineage (including neural stem 

cells and neural progenitor cells) in the adult brain are the most likely cells of 

origin for GBM, with Llaguno et al., (2019) showing that cell of origin potential for 

GBM formation decreases with progression of neural lineage restriction. 

Various studies have investigated HCMV infection of foetal forebrain derived, 

and embryonic stem cell (eSC) derived NP cells. However, research into HCMV 

in adult NP cells is lacking, despite the well documented presence of HCMV in 

GBM tumours within the adult brain (Cheeran et al., 2005, Luo et al., 2008, 

Belzile et al., 2014).  

Given that adult NP cells originating from the SVZ are a likely cell of origin for 

GBM and several studies have detected HCMV antigen in GBM tumours, we 

sought to characterise in vitro HCMV infection of primary adult neural progenitor 

cells. We hypothesised that adult neural progenitors could be a potential 

reservoir of latent infection in the adult brain, with the potential for reactivation of 

lytic infection, similar to that seen in the adult mouse brain with latent MCMV 

infection. Previous studies of HCMV infection in NP cells have used high passage 

laboratory strains, namely Towne and TB40, which are both known to have lost 

virulence and acquired multiple mutations during cell culture passaging. For this 

work Merlin-IE2-GFP obtained from the Stanton lab was utilised as it contains an 

IE2-GFP fusion which allows easy identification of HCMV infected cells due to 

GFP expression, plus this cell culture-viable strain is maintained at low passage. 

Thus, it has just two changes from the wild-type clinical isolate: one in RL13 and 

another in UL128, which are both necessary for the virus to replicate and grow 

to high titres in vitro (Stanton et al., 2010). The predominant cells used for this 

work are NP1, a primary, non-transformed NP cell line derived from an adult 

brain during an epilepsy surgery as detailed in section 2.1. 
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3.2 Establishing HCMV culture and detection protocols 

 

Figure 3.1 HCMV infection of human foetal foreskin fibroblast cells 

A) Confluent HFFF2 were infected at an MOI of 0.1 FFU/cell and media 
replaced every third day until 100% CPE was visible. Supernatants were then 
collected daily, and cell debris removed by centrifugation. Collected 
supernatants were then titred by serial dilution onto naïve HFFF2 which were 
fixed in 4 % PFA at 72 h.p.i and stained for HCMV IE by immunofluorescence 
to count positive cells using the EVOS FL imaging system. N=3 technical 
repeats. B) Whole cell protein lysates of HCMV infected HFFF2 MOI=0.1 
FFU/cell were collected at 14 d.p.i. Lysates were separated by SDS-PAGE 
and then immunoblotted using antibodies specific to HCMV IE, pp52, pp28, 
pp65 and GAPDH. C) HFFF2 cells +/- HCMV MOI 1 FFU/cell at 5 d.p.i imaged 
260 x magnification using the EVOS FL imaging system showing viral GFP 
expression. 

An initial priority was to establish Merlin HCMV culture in human foetal foreskin 

fibroblast cells, HFFF2, a cell line known to be permissive to HCMV and 

commonly used to grow high titre HCMV stocks. Merlin-IE2-GFP stocks were 

used to infect naïve HFFF2 at an MOI of 1 FFU/cell. HCMV associated GFP 

expression at 5 d.p.i is shown in Figure 3.1C with the majority of cells strongly 
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expressing GFP at this time point. The infected cells show a high level of CPE, 

manifesting as cytomegaly, rounding up and detachment from the flask. 

To optimise detection of HCMV proteins, cell lysates were made at 14 d.p.i and 

western blotted (Section 2.4) using antibodies specific to HCMV IE, pp52, pp28, 

pp65 and GAPDH (see appendix B). The HCMV IE antibody detects both IE1 

and IE2 proteins. Figure 3.1B shows detection of both IE1 and IE2, with IE1 (72 

kDa) expression more abundant in HFFF2 at 14 d.p.i. HCMV early protein, pp52 

(52 kDa) is also detected by western blot in HCMV+ HFFF2. Late proteins pp28 

and pp65 are both also strongly expressed in HFFF2 at 14 d.p.i, indicating that 

HCMV is progressing through the IE, early and late phases of the lytic cycle. 

Taken together, the GFP expression seen at 5 d.p.i, the detection of HCMV IE 

proteins, early protein pp52 and late proteins pp28 and pp65 along with the 

supernatant titres in HCMV infected HFFF2 show that we have successfully 

generated infectious, replication competent Merlin-IE2-GFP  stocks to be used 

to infect NP1 cells. 

3.3 Characterising HCMV infection of adult neural progenitor 

cells 

3.3.1 Infection of NP1 with HCMV 

We have shown that adult neural progenitor cells, NP1 can be infected with 

HCMV infection in vitro. Figure 3.2.1A shows viral GFP expression in NP1 

infected at an MOI of 1 at 5 d.p.i. Similarly to HFFF2, at 5 d.p.i over 70 % of NP1 

cells were GFP positive. When infected at higher multiplicities of 5 and above 

(data not shown) a 99 % GFP+ population was observed repeatedly, suggesting 

that NP1 are universally susceptible to HCMV infection, despite being a highly 

heterogeneous cell type. When the same viral stocks were serially diluted onto 

NP1 and HFFF2 in a focus forming assay (detailed in section 2.5), a higher 

number of NP1 were infected (determined by GFP expression and 

immunofluorescence of HCMV IE) compared with HFFF2 (Figure 3.2.1C), 

supporting that NP1 are more permissive to HCMV infection. 
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Figure 3.2.1 HCMV infection adult neural progenitor cells in vitro 

A) Naïve NP1 cells and NP1 cells infected with HCMV at an MOI of 1 FFU/cell 
at 5 d.p.i. Viral GFP expression in green. Cells were imaged at 260 x 
magnification the EVOS cell imaging system. B) Western blots of protein lysates 
from mock NP1 and NP1 infected with HCMV at an MOI of 1 FFU/cell at 5 d.p.i. 
Membranes were probed for GAPDH (housekeeping), IE, pp52, pp65 and gB 
antibodies. C) HCMV viral stocks were generated from clarified supernatants of 
HFFF2 infected with HCMV at an MOI of 1 FFU/cell until 100 % CPE was 
observed. Stocks were titred by focus forming assay through serial dilution onto 
naïve NP1 and HFFF2 to compare relative permissibility. 

It was important to determine if HCMV infection of NP1 was progressing through 

the temporal cascade of immediate early, early and late protein expression as is 

seen during natural in vivo infection of the neonatal brain, ex vivo infection of 

foetal NP cells, and in vitro infection of neural progenitor-like cells derived from 

iPSC’s (Luo et al., 2008, D’Aiuto et al., 2012). Conversely, HCMV infection of 

embryonic stem cell (ESC) derived pre-rosette NSCs is non-progressive, with 

limited immediate early gene expression. However, when these cells were 

differentiated to neural progenitor cells transition to early gene expression 

occurred (Belzile et al., 2014). This is reminiscent of CD34+ progenitor cells 

which harbour latent HCMV infection that can be reactivated upon differentiation, 

suggesting that cells of the neural lineage may be a reservoir of HCMV infection 

in the brain. 
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Figure 3.2.2 Immediate early, early and late protein expression in HCMV 
infection of adult neural progenitor cells in vitro 

Immunofluorescence of HFFF2 and NP1 cells infected with HCMV at an MOI of 
1 FFU/cell, fixed in 4 % PFA in PBS at 24, 48 and 72 h.p.i. Cells were 
permeabilised and stained with DNA stain Hoechst (blue) and antibodies against 
HCMV IE, pp52 and pp65 with Alexa Fluor 594 conjugated secondary antibodies 
(red) and GFP expression (green). Images were taken using the 10x objective of 
the Nikon Eclipse Ti-E Widefield Fluorescent Inverted Microscope.  

 

We have shown that adult neural progenitor cells, NP1 can be infected with 

HCMV infection in vitro, but show very minimal CPE. Figure 3.2.1A shows viral 
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GFP expression in NP1 infected at an MOI of 1 FFU/cell at 5 d.p.i. Similarly, to 

IE1 and IE2 (immediate early), early and late proteins, including, pp52 (early), 

pp65, and gB (both late), were detected by western blot of NP1 at 5 d.p.i. This 

suggests that infection is progressing through the three phases of the HCMV 

gene expression temporal cascade (Figure 3.2.1B). This is supported by 

immunofluorescent staining for IE, pp52 and pp65 in figure 3.2.2. This shows 

nuclear IE expression at 24, 48 and 72 h.p.i in both HCMV infected NP1 and the 

control infected HFFF2. Early protein pp52 is visible in both the nucleus and 

cytoplasm of infected NP1 at 24, 48 and 72 h.p.i.  

The distribution of pp52 is similar in both NP1 and HFFF2 at the first 2 time 

points, however by 72 h.p.i pp52 in HFFF2 has moved away from the nucleus 

and is concentrated at the cell periphery, whereas in NP1 pp52 staining is still 

present in the nucleus and shows a more uniform distribution throughout the 

cytoplasm.  

The distribution of pp65 begins as bright cytoplasmic punctae in both infected 

HFFF2 and NP1, with some low-level nuclear staining in both cell types. By 48 

h.p.i pp65 staining shifted to being predominantly nuclear in both infected NP1 

and HFFF2. At 72 h.p.i the level of pp65 staining increased in both NP1 and 

HFFF2, with pp65 in both the nucleus and cytoplasm of both cell types. Notably 

HFFF2 display bright perinuclear foci of pp65, whilst NP1 do not.  

3.4 Are adult neural progenitor cells fully permissive to the 

complete HCMV replication cycle? 

Neural progenitor cells derived from neonatal autopsy tissue were shown to be 

fully permissive to in vitro HCMV infection with both Towne (laboratory adapted 

strain) and TR (a clinical isolate) (Luo et al., 2008). The study showed that the 

full complement of immediate early, early and late proteins were expressed in 

these cells with relatively high numbers of virions produced and development of 

CPE. Neural progenitor-like cells from iPSC’s were fully permissive to infection 

with HCMV laboratory-adapted strain Ad169, producing infectious virions in the 

supernatant that could be used to infect fibroblasts (D’Aiuto et al., 2012). 

Conversely Belzile et al., (2014) infected ESC derived neural progenitor-like cells 

with both Towne and TB40 and found that less than 1 % of cells could progress 

from IE to early gene expression, and very limited viral spread within an infected 

NP population could be detected by infectious centre assay. They also observed 

that the number of cells transitioning from IE to early expression increased when 

the cells were maintained in culture for more than 5 weeks.  
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3.4.1 Production of infectious HCMV particles from NP1 cells 

Having determined that HCMV infection of NP1 was progressing through the 

immediate early, early and late gene expression, we wanted to find out if these 

cells were fully permissive to HCMV and producing infectious virus particles. 

Initially we titred supernatants taken from infected NP1 cells on to naive HFFF2, 

alongside infectious HFFF2 supernatant as a positive control (as described in 

section 2.3.1). Figure 3.3.1A shows that no HFFF2 were infected when treated 

with supernatant from HCMV infected NP1. To determine if this was due to 

restricted tropism of particles produced by NP1, we also titred infected NP1 

supernatant back on to naïve NP1 and again saw no infectivity (3.3.1B). We next 

determined whether virions produced in NP1 were capable of cell-to-cell spread. 

To do this we utilised the infectious centre assay protocol (section 2.3.3), where 

HCMV infected NP1 (or HCMV infected HFFF2 as a positive control) were 

seeded on to naïve HFFF2 and the number of subsequently infected cells 

determined by their expression of GFP and IE (immunofluorescence detailed in 

section 2.5). Although a small increase in the number of infected cells was 

detected when infected NP1 were seeded onto HFFF2, this is not significant as 

shown by the large error bars in figure 3.3.1C. A final attempt to detect infectivity 

was to search for intracellular or cell associated virus by testing for infectious 

HCMV within infected NP1 lysate. Lysate from infected NP1 cells was serially 

diluted onto naïve HFFF2 cells and titred by focus forming assay (method in 

section 2.3.2).  Lysate from HCMV infected HFFF2 was used as a control. Figure 

3.3D shows that a low titre of just 15 FFU/ml of HCMV was detected in the NP1 

lysate. This is likely due to a limitation in this method due to transfer of intact 

NP1, rather than true detection of cell associated virus. 
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Figure 3.3.1 Detection of HCMV infectivity from HCMV infected NP1 

A) HCMV infected HFFF2 and NP1 supernatant titre on naïve HFFF2, displayed 
as focus forming units per ml. B) HCMV infected HFFF2 and NP1 supernatant 
titre on naïve NP1. C) Infectious centre assay of infected NP1 seeded on to a 
monolayer of 10000 naïve HFFF2 or NP1, results displayed as increase in 
number of HCMV+ cells per well after 72 hrs. D) Cell lysates made from freeze 
thawing HFFF2 and NP1 infected with HCMV at an MOI of 1 FFU/cell for 10 days 
applied to naïve HFFF2 and number of GFP+ cells counted after 72 hrs to 
calculate titre in focus forming units per ml. 

 

Figure 3.3.2 Localisation of pp65 in HCMV infected HFFF2 and NP1 

HFFF2 and NP1 infected with HCMV at an MOI of 1 FFU/cell for 72 hrs. Cells 
were fixed in 4 % PFA in PBS and permeabilised. Cells were stained with DNA 
stain Hoechst (blue) and antibodies against HCMV pp65 and Alexa Fluor 594 
conjugated secondary antibodies (red). Arrows indicating perinuclear 
concentration of pp65. Images were taken using the 10x objective of the Nikon 
Eclipse Ti-E Widefield Fluorescent Inverted Microscope. 
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3.4.2 Is the lack of virion production in HCMV infected NP1 due to 

lack of assembly compartment (AC) formation? 

A characteristic feature of HCMV infected fibroblasts (including HFFF2) is a 

kidney-shaped nucleus which curves around the distinct perinuclear body of the 

AC. The accumulation of HCMV tegument proteins, including pp28 and pp65, 

along with envelope glycoproteins gB and gH to a structure co-localizing with the 

trans-Golgi network (TGN) was first described by Sanchez et al., (2000). 

Nucleocapsids are formed in the nucleus before budding out through the nuclear 

membrane and releasing into the cytoplasm, where they must pass through the 

AC in order for efficient virion assembly to occur (Buser et al., 2007, Gibson, 

2008).  

 

Figure 3.3.3 Immunofluorescent staining of HCMV pp28 and gB localisation 
to assess AC formation in HCMV infected NP1 

NP1 infected with HCMV at an MOI of 1 FFU/cell fixed in 4 % PFA at 96 h.p.i. 
Cells were permeabilised and stained using primary antibodies against HCMV 
pp28 and gB with Alexa Fluor 594 (red) conjugated secondary antibodies, 
Hoechst DNA dye (blue) and viral GFP (green). Fluorescence was imaged at 
260 x magnification using the EVOS cell imaging system.  

 

Hoechst GFP pp28

Hoechst GFP gB
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Immunofluorescent staining for pp65, the most abundant HCMV tegument 

protein revealed a distinct pattern of localisation in NP1 compared to HFFF2 

(Figure 3.3.2). Firstly, Hoechst staining showed that nuclei of HCMV infected 

NP1 fail to adopt the classic kidney-shape morphology as seen in infected 

HFFF2. Secondly, pp65 in HFFF2 was present both in the nucleus of infected 

cells and throughout the cytoplasm, with an intensely stained perinuclear 

accumulation detected from 72 h.p.i consistent with pp65 localising to the AC 

during virion assembly. By contrast, infected NP1 retained pp65 present in both 

the nucleus and throughout the cytoplasm, although the perinuclear 

accumulation was not observed in these cells. This raised the question: “do NP1 

cells support the efficient formation of the HCMV AC”? 

To determine whether the lack of perinuclear staining was specific to pp65, or 

instead represented the lack of a viable AC, immunofluorescent staining of 

HCMV infected NP1 was performed for pp28 and gB, as these are both known 

to localise to the AC during virion assembly (Sanchez et al., 2000). Figure 3.3.3 

shows that bright perinuclear spots of fluorescence were present in HCMV 

infected NP1 stained for both tegument protein pp28 and envelope glycoprotein 

gB. This suggests that a perinuclear AC-like compartment is forming in these 

cells, yet this lacks pp65. Thus, a lack of pp65 localisation to the AC in NP1 cells 

may explain the lack of infectious virus production. 

3.5 Chronic infection of NP1 cells with HCMV 

One of the defining characteristics of herpes viruses is their ability to establish 

lifelong infection of the host. Primary HCMV infection in most cell types 

(discussed in section 1.2.3) is initially lytic, during which time the majority of viral 

genes are expressed in a temporal cascade leading to production of new 

infectious particles Wathen and Stinski, 1981). Following lytic infection, latency 

is established in some cell types (discussed in section 1.2.4), during which time 

viral gene expression decreases (Söderberg-Nauclér and Nelson, 1999). By 

limiting replication, HCMV avoids immune detection whilst maintaining viral 

episomes in host cells (Vossen et al., 2002). Haematopoietic progenitor cells and 

cells of the myeloid lineage are known to harbour latent HCMV (Mendelson et 

al., 1996 and Von Laer et al., 1995). Despite neural cell types being highly 

permissive to HCMV infection in vivo, studies of HCMV latency in the human 

brain are limited. Belzile et al., (2014) reported persistence of HCMV genomes 

in the absence of IE1 expression in primitive neural stem cells up to one month 

post infection in vitro. In contrast, Luo et al., (2008) suggest that neurons are 

more likely to be a reservoir for HCMV latency in the brain due to their prolonged 
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survival post infection compared to neural progenitors or astroglia.Tsutsui et al., 

(2002) studied in vivo infection of neonatal mice with MCMV and found neural 

stem cells or neural progenitor cells to be likely reservoirs of latency with 

reactivation in the SVZ of murine brains detected at over 180 days post infection. 

Having found NP1 can be infected with HCMV with the notable lack of detectable 

infectious particles and with less cell death than in HFFF2, we explored the 

possibility of NP1 supporting chronic or latent HCMV infection.  

NP1 were infected with HCMV at an MOI of 1 FFU/cell resulting in a population 

with 92% of cells expressing virus-encoded GFP at 3 d.p.i. The cells were split 

1:4 each time they reached around 80% confluency and GFP expression was 

monitored regularly (Figure 3.4A). GFP expression began to decrease from ~14 

d.p.i, being lost completely by 63 d.p.i (Figure 3.4B). Following a period of no 

detectable GFP, the GFP returned in discrete pockets of infected cells around 

85 d.p.i. GFP expression continued to appear and disappear sporadically for as 

long as the cells were maintained in culture (over 130 d.p.i), considerably longer 

than has been reported in similar cell types. 
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Figure 3.4 Long term HCMV infection of NP1 

A) Schematic showing GFP expression over time in long term infection of NP1 
infected with HCMV at an MOI of 1 FFU/cell (Made using Biorender). B) Viral 
GFP expression in NP1 infected with HCMV at an MOI of 1 FFU/cell, imaged at 
260 x magnification using EVOS FL cell imaging system at day 3, 14 and 85 days 
post infection. 

 

 

                       

A)

B)
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Figure 3.5.1 Isolation, expansion and longitudinal tracking of a 
chronically HCMV infected NP1 colony 

A) Schematic of isolation of chronically infected HCMV NP1 colonies and GFP 
expression over 110 days post infection. B) NP1 infected with HCMV at an MOI 
of 3 FFU/cell at 21 days post infection, before colony isolation. Images taken 
using 4 x and 10 x objective of EVOS cell imaging system. C) GFP expression 
of colony 2 infected NP1 cells at 48 and 104 d.p.i at 260 x magnification using 
EVOS FL cell imaging system. 

 

3.5.1 Isolation of individual HCMV infected cell clones 

Following HCMV infection of 90 % confluent NP1 at an MOI of 3 FFU/cell, cells 

were seeded at a very low density, with just 2 x 105 cells in a 25 cm2 flask, to 

generate colonies originating from single infected cells. At 21 d.p.i, 4 GFP+ 

colonies were identified and isolated using a sterile needle and pipette (figure 

3.5.1A). Each colony was resuspended in NP media and transferred to a new 

flask to be expanded and then maintained as per NP1, described in section 2.1. 

Colonies were monitored regularly for GFP expression, with all but colony 2 

losing GFP between isolation at 21 d.p.i and 46 d.p.i. Whilst GFP expression in 

colony 2 significantly decreased after 21 d.p.i, the proportion of GFP+ cells 

undulated over time, with GFP expression appearing and disappearing again, 

predominantly in secluded pockets of cells rather than distributed throughout the 

population, suggesting that NP1 can be chronically infected with HCMV (figure 

GFP

GFP

48 d.p.i 104 d.p.iGFP GFP

GFP GFP

A)

B) C)

21 d.p.i

21 d.p.i
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3.5.1). Supernatant titre, cell lysate titre and infectious centre assays at 46 d.p.i 

showed no infectious virus production could be detected from colony 2 cells (data 

not shown).  

Colony 2 cells were fixed in 4 % PFA at 60 d.p.i and immunofluorescence for 

HCMV IE, pp52 and pp65 performed as detailed in section 2.5. Figure 3.5.2 

shows IE expression (red) is detected both in cells that are GFP+ and in some 

that are GFP-. The IRES-eGFP is located downstream of UL122 (IE2), so it is 

assumed that GFP expression indicates expression of IE2. The IE antibody used 

binds both IE1 and IE2, so the absence of GFP expression in these IE+ cells 

could indicate that only IE1 is being expressed. Also notable is the cytoplasmic 

IE expression present in all the cells. IE expression in HCMV infected HFFF2 

and NP1 up to 72 h.p.i is strictly nuclear (shown in figure 3.2.2). Expression of 

early protein pp52 was also detected in colony 2 at 60 d.p.i, exclusively in cells 

also expressing GFP (Figure 3.5.2). Similarly, expression of late protein, pp65 

was also observed, solely in GFP+ cells. Expression of early and late proteins 

suggests lytic infection of these cells.  

Colony 2 cells that were frozen down in NP media containing 10 % DMSO were 

thawed at 37 oC and transferred to a 25 cm2 cell culture flask and allowed to 

settle. Figure 3.5.3A shows GFP expression in colony 2 cells at 24, 48, 120 and 

168 hrs post thaw. At the time of freezing ~3 % of cells were GFP+, but at 12 hrs 

post thaw 23 % of cells were expressing GFP (Figure 3.5.3B). We also observed 

an increase in cell death upon thawing Colony 2, compared to thawing non-

infected NP1 cells of a similar passage. 
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Figure 3.5.2 Immunofluorescence of colony 2 cells at 60 d.p.i stained for 
HCMV IE, pp52 and pp65 

Immunofluorescence of colony 2 cells at 60 days post infection fixed with 4% 
PFA, permeabilised and stained with Hoechst DNA stain (blue) and antibodies 
against HCMV IE, pp52 and pp65 with Alexa Fluor 594 conjugated secondary 
antibodies (red) and GFP (green). Images were taken at 520 x magnification of 
the EVOS FL cell imaging system. 

 

Figure 3.5.3 GFP expression in Colony 2 cells following freeze-thaw 

A) Colony 2 chronically HCMV infected NP1 cells frozen at -80oC in 10 % DMSO 
in NP media at 68 d.p.i, thawed and grown in NP media. Cells and GFP 
expression imaged at 12, 48, 120 and 168 hrs post infection at 260 x 
magnification using the EVOS FL cell imaging system. B) Percentage of GFP 
positive colony 2 cells before freezing and post-thaw. 
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3.6 Discussion 

To begin to investigate the potential link between HCMV and GBM, we needed 

to first explore HCMV infection of the likely cell of origin for these tumours, adult 

neural progenitor cells (Cobbs et al., 2002, Mitchell et al., 2008). The literature 

suggests that neural stem or progenitor cells originating in the SVZ of the brain 

are the most likely candidates for the cell of origin for GBM (Lee et al, 2018, 

Llaguno et al., 2019). Several studies have characterised HCMV infection of 

neural progenitor cells derived from foetal forebrain tissue and neural progenitor 

cells derived from embryonic stem cells (Cheeran et al., 2005, Luo et al., 2008, 

Belzile et al., 2014). However, as HCMV antigen is present in GBM tumours 

arising in adult brains, this suggests that HCMV can be present in the adult brain. 

HCMV has previously been detected in the brains of adults with HIV infection 

AIDS and HCMV encephalitis can occur in the immunosuppressed (Bell, 1998). 

Although very rare, HCMV encephalitis has been described in 

immunocompetent, HIV negative patients (Micallef et al., 2018). Our aim was 

therefore to establish if adult neural progenitor cells were permissive to HCMV 

infection and whether or not they could harbour long term, persistent infection. 

We determined that NP1, neural progenitor cells from an adult brain could be 

easily infected with HCMV in vitro with viral GFP expression detectable from 48 

h.p.i (Figure 3.2A). Notably, when HFFF2 and NP1 are infected at the same MOI, 

a higher number of NP1 become infected and express GFP (Figure 3.2A). 

Immunofluorescence for immediate early, early and late HCMV proteins showed 

that the progression through the temporal cascade of HCMV lytic gene 

expression was occurring in NP1 cells (Figure 3.2.2). Despite this, we could not 

detect any secreted infectivity in the supernatant of infected NP1 cells when it 

was applied to naïve HFFF2 (Figure 3.3.1A). This absence of secreted infectivity 

led us to question whether virions were indeed being produced in NP1, but their 

tropism had become restricted to neural cells, which could explain the lack of 

infectivity in HFFF2, a fibroblast cell line. However, when we repeated the same 

experiment, but applied the supernatant onto naïve NP1 rather than HFFF2, we 

still didn’t detect any infectivity, ruling out a restriction in tropism (Figure 3.3.1B). 

We also looked for cell to cell spread of virus from infected NP1, as Merlin HCMV 

has been shown to be capable of efficient cell to cell spread (Schultz et al., 2020). 

We investigated this possibility using the infectious centre assay protocol, but 

again didn’t see any robust detection of infectivity (Figure 3.3.1C). Although 

some wells did show a small increase in the number of infected cells, this can 

likely be attributed to variability in the counting the GFP+ and IE+ cells as is 

reflected by the large error bars. It is possible that some infected cells were 

missed during counting on day 1 of the experiment as GFP expression is not as 
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strong and less visible at day 1 as at the end point of the experiment. Our final 

attempt to detect virus production in NP1 was to investigate the possibility of cell 

associated virus being produced in these cells, by looking for infectious virus in 

HCMV infected NP1 whole cell lysates. Whilst a very low titre was detected by 

this method, which could indicate low level production of cell associated virus, 

this is more likely to be due to a limitation of the method (Figure 3.3.1D). The 

main limitation of the cell lysate method is that although a sample of the lysate 

was examined using the EVOS cell imaging system for remaining whole cells 

and none were visible, it is possible that not all the infected NP1 cells are being 

completely lysed and therefore a small number of GFP+ NP1 are being detected 

instead of GFP+ HFFF2. It is unlikely that HCMV produced by NP1 would be cell 

associated as the Merlin-IE2-GFP contains the mutation in UL128 which results 

in a stop codon and premature termination of the protein. Knockdown of UL128 

is known to lead to release of virus that was previously strictly cell associated 

(Murrell et al., 2017).  

The lack of infectious particle production despite the production of immediate 

early, early and late HCMV proteins in NP1, suggests that the block in virion 

production is likely to be during the late phase of the virus life cycle. The 

migration of pp65 from the nuclei into the cytoplasm of NP1 implies that capsids 

assembled in the nucleus are egressing through the nuclear membrane to reach 

the cytoplasm (Figure 3.2.2).  In fibroblasts and other permissive cell types, the 

assembly and subsequent transport of virions occurs by hijacking of host cell 

secretory machinery including endoplasmic reticulum (ER), Golgi apparatus, and 

endosomal network to form the viral AC (Moorman et al., 2010). The 

concentrated spots of perinuclear pp65 staining that were present in HCMV 

infected HFFF2 at 72 h.p.i, but absent in NP1, together with the absence of the 

classical kidney-shaped nuclei associated with HCMV infection led us to 

hypothesise that there could be a defect in the formation of the AC in neural 

progenitor cells (Figure 3.3.2). In contrast to pp65, immunofluorescence of two 

other AC localising HCMV proteins, namely pp28 and gB, showed distinct 

perinuclear spots at 96 h.p.i (Figure 3.3.3) (Sanchez et al., 2000). This suggests 

that the AC is forming in NP1 cells and that the lack of perinuclear localisation of 

pp65 is specific to that particular protein, not to all AC localising proteins. Further 

experiments would need to be done in order to elucidate why pp6  doesn’t 

concentrate at the AC in these cells. Although pp65 is one of the most abundant 

tegument protein, it is not essential for virion production, so lack of localisation 

to the AC does not fully explain the lack of infectious particle production in NP1 

(Malouli et al., 2014). It is possible that the requirement for pp65 could be cell 

type specific. Also notable at the 96 hr time point, is that a small number of 
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infected NP1 cells do show the kidney-shaped nuclei, although the vast majority 

of cells do not (Figure 3.3.3). This continues to be the case at later time points 

(data not shown). This variation in nuclei morphology in infected NP1 could 

reflect the highly heterogeneous nature of the NP1 population.  

The presence of HCMV antigen in tumours removed from adult GBM patients, 

denotes the presence of HCMV in the adult brain. Cobbs et al., (2002) originally 

postulated that the HCMV antigen in glioma could be attributable to reactivation 

of a latent infection of astrocytic or endothelial cell types, or alternatively due to 

de novo infection of glial cells. There is little evidence in the literature to support 

the notion of HCMV persistence in the adult brain of immunocompetent 

individuals. This deficiency of literature can be largely attributed to ethical 

considerations and practical difficulties associated with identification and 

longitudinal study of individuals infected with HCMV at an early age. However, 

there is evidence of in vivo persistence of MCMV in murine brains of adult mice 

that were congenitally infected as neonates (Tsutsui et al., 2002).  

Due to the lack of information about HCMV persistence in the brain, it was 

important to determine if NP1 could support long term infection with HCMV. A 

flask of HFFF2 infected even at an MOI as low as 0.01 FFU/cell show 100 % cell 

death by between 14 and 21 d.p.i. In stark contrast to this, we detected both GFP 

and HCMV protein expression in NP1 populations infected at an MOI of 1 and 3 

FFU/cell at over 130 and 110 d.p.i respectively (Figures 3.4 and 3.5.1). Although 

some initial cell death occurs in HCMV infected NP1, particularly at MOI of 3+ 

FFU/cell, the population as a whole continues to proliferate. We have not 

observed complete loss of detectable HCMV in these long-term infected cultures 

to date. Detection of HCMV was limited to 130 days due to time constraints on 

lab time, not due to loss of viral detection. This suggests that NP cells have the 

propensity to support long term infection. However, it is difficult to discern from 

the data whether this is a low level, chronic infection spreading slowly through 

the NP1 population or whether we are seeing latency with sporadic reactivation. 

The pattern of GFP+ cells appearing in close proximity to each other could be 

indicative of a very low-level chronic infection spreading to neighbouring cells 

(Figure 3.5.1C).  

It is also possible that latent HCMV is being reactivated and subsequently 

spreading to neighbouring cells. Immunofluorescence of colony 2 at 60 d.p.i 

showed IE expression in cells that were GFP negative (Figure 3.5.2). As the IE 

antibody used in this experiment detects both IE1 and IE2 proteins, this could 

indicate the presence of IE1 in the absence of IE2 detection as the IRES-eGFP 

is inserted downstream of IE2. Whilst traditionally it was thought that IE 
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expression was completely absent during latency due to repression of the MIEP, 

consensus is now shifting due to transcriptomic data in latent infection of 

haematopoietic cells showing that viral genes are broadly expressed at 

extremely low levels (Cheng et al., 2017, Shnayder et al., 2018). Reeves and 

Sinclair (2013) reported dendritic cells carrying HCMV genomes with IE 

expression, but no virion production in contrast to circulating monocytes which 

carry HCMV genomes without IE expression. Another explanation for the 

detection of IE in the absence of GFP in infected NP1 could simply be that IE 

immunofluorescence is more sensitive detection method than simply looking for 

GFP expression. The presence of cytoplasmic IE in colony 2 is reminiscent of 

that seen in GBM by Soroceanu et al., (2015). IE expression in fibroblasts is 

strictly nuclear and we found initial infection of NP1 also showed strictly 

expression. This cytoplasmic IE expression in the absence of detectable virion 

production demonstrates that long term infected HCMV infected NP1, share 

similarities to IE+ GBM tumour samples.  

In summary we have shown that adult neural progenitor cells (NP1) can be 

infected with HCMV and progress through the temporal cascade of viral gene 

expression. Despite being highly infectable, NP1 show minimal cell death and 

produce very little or no infectious particles when maintained in culture. NP1 can 

harbour long term HCMV infection with GFP expression disappearing and 

reappearing sporadically. Cytoplasmic IE expression is present in long term 

HCMV infected NP1, supporting the possibility of adult neural progenitors being 

a potential cell of origin for GBM.  
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Chapter 4 - The effects of HCMV infection on neural progenitor 

cell differentiation  

4.1 Introduction 

NP cells are defined by their ability to give rise to both glial and neuronal cell 

types in the brain including neurons, astrocytes and oligodendrocytes (Merkle at 

al., 2004, Kriegstein and Alvarez- Buylla, 2009). As well as being present in the 

embryonic brain where they play an important role in neural development, NPs 

also reside in the adult brain. Here they can be found in two distinct niches, the 

SGZ of the dentate gyrus, and the so-called “adult SVZ” which surrounds the 

lateral ventricles of the mature cerebral cortex (Martínez-Cerdeño and Noctor, 

2018). It is thought that adult NP cells have less potency than those found in the 

embryonic brain (Kriegstein and Alvarez- Buylla, 2009). Whilst adult NPs have 

the ability to proliferate, they do not possess the capability to self-renew like 

NSCs. Accordingly, it has long been known that neurogenesis occurs in the adult 

brain of mammals, including humans, where newly generated neurons integrate 

into existing circuits (Smart, 1961, Eriksson et al., 1998). Differentiation of NPs 

from both the SGZ and SVZ is the initial step of adult neurogenesis. Although 

the potential for neurogenesis decreases with age, human neurogenesis has 

been shown to occur far into old age (Boldrini et al., 2018).  

Several studies have investigated the effect of HCMV infection in foetal NP cells. 

Oderberg et al. (2006) reported that infection of foetal forebrain derived NPs 

using Towne and TB40 strains of HCMV led to a 55 % and 72 % inhibition of 

neuronal differentiation, respectively. Although the mechanism for this HCMV 

induced block in differentiation was unclear, it has been attributed to the 

expression of HCMV late genes. HCMV mediated induction of apoptosis was 

also observed in these cells. Luo et al. (2010) reported HCMV infection with 

Towne to induce premature and aberrant differentiation of neonatal NP cells. Liu 

et al., (2017) also found HCMV infection disrupted differentiation of NP cells and 

dysregulated cell fate via downregulation of Hes1, a key component of the notch 

signalling pathway.  

By contrast, research on the influence of HCMV infection on differentiation of the 

adult NP cells is distinctly lacking. As adult NP cells of the SVZ are a likely cell 

of origin for GBM and neutralisation of differentiation is thought to occur during 

the early stages of gliomagenesis, it was important to investigate the effects of 

HCMV infection on adult NP differentiation (Llaguno et al., 2019, Hu et al., 2013). 
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Figure 4.1 Phase images of NP1 treated with BMP4 

NP1 cells treated with 100 ng/ml of BMP4 in NP media and control NP1 without 
treatment at day 1 and day 3 of treatment. Images taken using the 20 x objective 
of the EVOS cell imaging system. Scale bar = 200 µm 

4.2 Establishing an in vitro model of neural progenitor cell 

differentiation 

Several published differentiation protocols were compared to establish a viable 

method for in vitro differentiation of adult-derived NP1 cells and investigating the 

effect of HCMV infection. BMP4 treatment is known to promote neuronal and 

glial differentiation in neural stem cells (Gross et al., 1996, Li, Cogswell and 

LoTurco 1998). Similarly, Cole, Murray and Xiao (2016), showed that BMP4 

plays a role in differentiation of NP cells into all 3 major neural lineages; neurons, 

astrocytes and oligodendrocytes. Bonaguidi et al. (2005) found BMP4 treatment 

of neural stem cells increased the number of GFAP+ astrocytes.  

Thus, NP1 cells were treated with 100 ng/ml BMP4 as described in section 2.6.3 

for up to seven days and phase images (figure 4.1) showed limited change in 

morphology, suggesting the cells were not differentiating. For neuronal 

differentiation we would expect to see elongation of the cells and development 

of neuronal processes, whereas astrocytic differentiation results in stellate cells 

with multiple processes.  

Control

BMP4

Day 1 Day 3
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Figure 4.2 GFAP immunofluorescence of NP1 treated with BMP4 

NP1 cells treated with 100ng/ml of BMP4 and untreated controls at day 1 and 
day 7 of treatment. Cells were fixed with 4% PFA and permeabilised before 
permeabilising and staining with a GFAP specific antibody (red) and Hoechst 
DNA stain (blue). Images were taken at 200 x magnification using the Nikon Ti-
E Widefield Fluorescent Inverted Microscope.  

To further investigate the possibility of astrocytic differentiation 

immunofluorescent staining using a specific antibody for GFAP was performed 

(figure 4.2). In the event of astrocytic differentiation, the number of GFAP+ cells 

would be expected to increase along with the overall level of GFAP expression. 

However, both the overall GFAP expression decreased, as did the number of 

GFAP+ cells in the population in the BMP4 treated cells compared to the control 

at day 7. This led us to discount BMP4 treatment as a viable differentiation 

method for NP1. 

Howard et al. (1993) found that serum starvation of neuroblasts resulted in either 

apoptosis or differentiation. To determine whether this could differentiate NP1 

we treated cells with serum free NP media. Removal of serum in our hands led 

to complete cell death in the cultures overnight. In an attempt to minimise cell 

death whilst inducing differentiation we performed a serum titration from 5 %, the 

concentration usually used for NP media, down to 0.5 %. Whilst NP1 treated with 

2.5 % maintained a high percentage of viable cells, they did not show changes 

in morphology consistent with differentiation. NP1 treated with lower serum 

Control

Day 1 Day 7

BMP4

Hoechst GFAP
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concentrations of 1 % or 0.5 % did show distinct changes in morphology with the 

development of processes consistent with neuronal or astrocytic differentiation. 

Unfortunately, the number of viable cells at these concentrations were too low 

for this to be a workable differentiation protocol to combine with HCMV infection. 

 

Figure 4.3 Serum starvation of NP1 cells 

A) Phase images of NP1 treated with 5 %, 2.5 %, 1 % or 0.5 % serum for 24 hrs. 
Images taken at 260 x magnification using the EVOS cell imaging system. B) 
Percentage of viable NP1 cells after 24 hr of treatment with 5 %, 2.5 %, 1 % or 
0.5 % serum. Viable cells counts were obtained by diluting equal volumes of cell 
suspension with 0.4 % Trypan blue in PBS and transferring to a haemocytometer 
for counting using an inverted microscope. 
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Figure 4.4 Summary of neural progenitor neuronal differentiation protocol 

Schematic summary of Walton et al. (2006) seven day differentiation method for 
neural progenitor cells. 

 

 

Figure 4.5 Neuronal differentiation of NP1  

Differentiation of NP1 cells using the Walton et al. (2006) method for in vitro 
differentiation of adult neural progenitor cells. Phase images were taken at 260 
x magnification using the EVOS FL cell imaging system at day 0,1,3,5 and 7 of 
differentiation treatment. 
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The Walton et al. (2006) paper describes a method for differentiation of adult NP 

cells derived from a 17 year old female undergoing surgery for intractable 

temporal lobe epilepsy that results in a predominantly neuronal population with 

a small proportion of astrocytic cells (detailed in section 2.6.4). When this 

protocol was applied to NP1 cells, they quickly developed a neuronal morphology 

with elongated processes and showed less cell death than previously tried 

methods (figure 4.5). After three days of differentiation, a transient subset of cells 

adopt a hybridised somato-dendritic morphology (cell body with dendrites) with 

astrocytic and neuronal markers. After five days of differentiation, maturing cells 

show a decrease in GFAP and continue to strongly express β-III-tubulin, 

displaying the morphology of immature neurons. In the original published study, 

this method of differentiating NP cells resulted in neuronal cells that had similar 

electrophysiological properties as immature neurons, including the ability to fire 

elicited action potentials.  

To compare the differentiation of our NP1 cells, to that of the adult NP cells 

investigated in the original paper, immunofluorescent staining for the astrocytic 

marker GFAP was performed at day three of differentiation as this marker was 

used in the original paper to discriminate astrocytic cells from neuronal or 

oligodendrocytic cells (Walton et al., 2006). Around 24 % of cells in the 

population were strongly expressing GFAP and display a multi-process 

morphology very similar to the “asteron” hybrid astrocytic/neuronal intermediate 

cell type shown in the Walton et al. 2006 paper. Similarly, immunofluorescent 

staining for the neuronal marker, β-III-tubulin, at day seven of differentiation 

(figure 4.6) is reminiscent of the β-III-tubulin immunofluorescence at day seven 

of differentiated NP cells in the Walton et al. paper. Taken together this data 

suggested we had successfully applied a differentiation protocol for hybrid 

neuronal/astrocytic differentiation of NP1 which could be taken forward to 

investigate the effects of HCMV upon NP differentiation. 
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  g      6               G A      β-III-tubulin immunofluorescence in 
neuronal differentiation of NP1 cells  

A) Immunofluorescence of NP1 cells stained for GFAP(green) and Hoechst DNA 
dye (blue) after 3 days of neuronal differentiation using the Walton et al. (2006) 
method. Image taken at 260 x magnification using the EVOS cell imaging 
system. B) Immunofluorescence of NP1 cells stained for β-III-tubulin (green) and 
Hoechst DNA dye (blue) at day 7 of neuronal differentiation using the Walton et 
al. (2006) method. Image taken at 260 x magnification using the EVOS cell 
imaging system.  

4.3 HCMV infection perturbs in vitro differentiation of NP1 

4.3.1 HCMV infection inhibits the development of neuronal 

morphology and disrupts neurite outgrowth during 

differentiation 

We next applied the in vitro differentiation protocol above to infected NP1 cells 

to investigate the effects upon differentiation. NP1 were infected at an MOI of 3 

FFU/cell which consistently led to ~95 % of cells expressing GFP at 72 h.p.i (data 

not shown). Differentiation media was applied to HCMV infected NP1 at 5 d.p.i 

with mock infected NP1 cultured for the same duration used as a control. From 

this point onwards, this will be referred to as differentiation protocol 1. Figure 4.7 

shows that at day 0 (5 d.p.i with HCMV), the morphology of NP1 changed 

distinctly; naïve NP1 have a ruffled membrane at the leading edge of the cell 

which is often associated with motile cells, yet after five days of HCMV infection 

this ruffled edge is lost and many of the cells display a more elongated 

morphology (Mahankali et al., 2011).  

Due to the change in morphology cells were stained using phalloidin-Alexa Fluor 

594 nm to visualise actin filaments and Hoechst DNA dye to stain nuclei (figure 

4.8). This revealed a distinct change in the actin organisation of HCMV infected 

cells. F-actin is most concentrated at the ruffled edge of NP1, however at five 

C

Hoechst GFAP Hoechst β-III-tubulin



85 
 

d.p.i the cells have lost the ruffled edges and the bright staining at the cell 

membrane is decreased. NP1 phalloidin staining also shows filopodia-like 

projections that are absent from HCMV-infected cells, which have a much 

smoother, more defined edge (figure 4.8). The HCMV infected NP1 have an 

elongated appearance and an area of concentrated speckled perinuclear 

phalloidin staining, consistent with the viral assembly compartment. At day one 

of differentiation, phase images of control NP1 (figure 4.7) show that the main 

body of the cells has shrunk and long neuronal processed have developed. In 

contrast, at day one of differentiation in HCMV infected cells, the main body of 

the cell remains much the same size and shape as at day 0, with far fewer 

neuronal projections. Where neurite outgrowth is present in the HCMV infected 

cells, the processes are generally shorter and have less branching. As 

differentiation progresses the difference in morphology between the mock and 

infected cells remains. Mock NP1 neurites become longer and thinner and 

establish contacts with those of neighbouring cells, whilst HCMV infected NP1 

fail to develop neuronal morphology and maintain a much larger cell body. Whilst 

around 18 % of NP1 cells die off during neuronal differentiation, over 30 % of the 

HCMV infected cells die when differentiation media is applied (data not shown). 

This is evident from phase images as bright rounded up cells that are lifting off 

the plastic (also Trypan-blue permeable); this is particularly evident from day 

three onwards. 
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Figure 4.7 Differentiation of HCMV and mock infected NP1 showing virus-
driven GFP expression 

NP1 were infected at an MOI of 3 FFU/cell for 5 days, before being differentiated 
using a method for adult NP differentiation (Walton et al., 2006). Phase images 
and GFP images were taken at day 0, 1, 3, 5 and 7 at 260 x magnification using 
the EVOS cell imaging system.  
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Figure 4.8 F-actin staining of Mock and HCMV infected NP1 

Mock and HCMV infected cells at 5 d.p.i fixed in 4 % PFA, permeabilised and 
stained using phalloidin-Alexa Fluor 594 nm (red) to visualise F-actin, Hoechst 
DNA dye (blue) and viral GFP expression (green). Cells were imaged at 1560 x 
magnification using the EVOS cell imaging system. 

Next, the neurite tracing function of the simple neurite tracer (SNT) plug-in for 

image J was used to quantify the differences in outgrowth between mock and 

HCMV infected NP1 cells. Neurite traces of mock vs HCMV infected NP1 at day 

5 of differentiation are shown (traces in purple) in figure 4.9A. Neurite tracing was 

used to determine the average number of neurites with NP1 having on average 

1.8 neurites per cell as opposed to HCMV infected NP1 which had only 0.4 

neurites per cell (figure 4.9B). The average branch length of the neurites was 

also calculated, with mock NP1 having longer branch length than HCMV infected 

NP1 at 133 µm versus 81 µm respectively (Figure 4.9C). Finally, the average 

total neurite length per cell was calculated with mock NP1 having an average of 

129 µm of neurite outgrowth per cell, compared to HCMV infected NP1 which 

had an average of just 31 µm per cell.  
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Figure 4.9 Neurite outgrowth at day 5 of differentiation in mock and HCMV 
infected NP1 

A) Neurite tracing images using the SNT plug-in for Image J using phase images 
of mock and HCMV infected cells at day 5 of differentiation. Neurites traced in 
purple. B) Average number of neurites per cell in mock and HCMV infected NP1 
at day 5 of differentiation quantified using ImageJ. C) Average branch length of 
neurites (µm) in mock and HCMV infected NP1 at day 5 of differentiation. D) 
Average total neurite length per cell (µm) in mock and HCMV infected NP1 at 
day 5 of differentiation (two-tailed student t-test, *p≤0.0 , **p≤0.01, ***p≤0.001, 
***p≤0.0001, n=3) 

 

4.3.2 The effect of HCMV infection on differentiation markers 

The expression of a panel of NP differentiation markers was assessed by 

western blotting. Whilst this experiment was repeated five times, changes in 

western blotting equipment and reagents and reducing timepoints from day 

0,1,3,5 and 7 to day 0 and 5 due to lab time restriction during the Covid-19 

pandemic meant that the densitometry was not comparable, so one 
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representative set of western blots is shown in Figure 4.10. The stem cell marker 

nestin is replaced by cell type specific intermediate filament proteins such as 

neurofilament and GFAP during neurogenesis and gliogenesis (the formation of 

non-neuronal cells of the brain) respectively (Lin et al., 1995). Nestin is 

expressed abundantly in NP1 cells, yet this decreased by 79% over the 7 day 

course of differentiation (figure 4.10A and B). At 5 d.p.i, (day 0 of differentiation), 

HCMV infection led to just a 21% decrease in nestin expression of mock-infected 

cells. However, unlike the incomplete decline in controls, nestin protein levels in 

HCMV infected NP decreased markedly throughout differentiation and were 

undetectable by day 7. Another stem cell marker, Sox2, a transcription factor 

essential for maintaining self-renewal in stem cells and many progenitor cells 

including NP, also decreased dramatically over the 7 day differentiation of NP1 

(Figure 4.10A and D) (Fong et al., 2008). However, after 5 days of HCMV 

infection Sox2 is undetectable and remains so throughout differentiation.  

Proliferating cell nuclear antigen (PCNA) is a processivity factor for DNA 

polymerase δ; PCNA expression is essential for cell cycle progression (Miyachi 

et al., 1978). During differentiation of control NP1 cells, PCNA expression 

decreases by 88% between day 0 and day 7 (Figure 4.10A and C). This decrease 

is expected during neurogenesis as mature neurons exit the cell cycle and so do 

not proliferate (Purves et al., 2001). Interestingly, whilst HCMV infected cells 

show a 51% decrease in PCNA compared to mock NP1 at day 0, they show an 

increase in PCNA expression over seven days of differentiation. By day 7, PCNA 

expression in HCMV infected cells has returned to virtually 100 % of that seen in 

mock NP1 at day 0.  

Unlike previous studies that report a decrease in GFAP by day 5 of differentiation 

of adult neural progenitor cells we instead observed increased levels of GFAP 

protein in NP1 cells by the same method (Walton et al., 2006). This could suggest 

that cells are differentiating towards a glial phenotype as opposed to a neuronal 

phenotype. It is also possible that NP1 cells are differentiated towards an 

“asteron” phenotype, where both astrocytic and neuronal markers are 

expressed. In HCMV infected NP1, GFAP expression more than doubled after 

five days of infection (HCMV 0). However, during five days of differentiation, 

GFAP decreases in HCMV infected cells, but increases in control NP1. This may 

indicate that whilst control cells are becoming more committed to an astrocytic 

phenotype, HCMV infected NP1 are becoming less astrocytic during 

differentiation. 
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Figure 4.10 Protein expression during neural progenitor cell differentiation 
in HCMV infected NP1 cells  

A) HCMV infected NP1 cells and mock infected controls were differentiated over 
7 days using the Walton et al. (2006) method. Approximately 1 x 106 cells were 
lysed for Western blot analysis on day 0, 1, 3, 5 and 7. Membranes were probed 
for GAPDH, nestin, PCNA, Sox2, β-III-tubulin and GFAP. B) Nestin C) PCNA D) 
Sox2 E) GFAP F) β-III-tubulin. Quantification for B – F was performed using the 
ImageJ densitometry function to determine western blot band intensities in 
arbitrary densitometry units (ADU) which were subsequently normalised to 
GAPDH expression and presented as normalised percentage expression 
compared to NP1 day 0.  

The neuronal marker, β-III-tubulin, fluctuates throughout NP1 differentiation. At 

day seven, β-III-tubulin levels are slightly higher than at day 0. This correlates 

with the expression seen in previous studies where newly generated neurons 

continued to express high levels of β-III-tubulin (Figure 4.10A and E) (Walton et 

al., 2006). Following a 5 day HCMV infection (HCMV 0), β-III-tubulin levels more 

than doubled compared to mock NP1. Expression of β-III-tubulin remains 

consistently far higher in HCMV+ NP1 than that in mock NP1. By day 7 of 

differentiation, β-III-tubulin expression in HCMV infected NP1 increased to 134 

% of that in HCMV 0.  

Due to the maintenance of PCNA throughout the differentiation of HCMV infected 

NP1, we also looked at Ki67 expression by immunofluorescence. Ki67 

expression is associated with specific stages of cellular DNA replication and cell 

division and is often used to identify highly proliferative (cancer) cells (Gerdes et 

al., 1984). During differentiation of NP1 cells the percentage of Ki67+ cells 
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decreased from 94 % at day 0 to just 17 % at day 5. Similarly, 95 % of HCMV 

infected NP1 are Ki67+ at day 0. However, a much smaller decrease occurs 

during differentiation with 89 % of cells maintaining Ki67 expression at day 5 

(Figure 4.11A and B). Notably, at day 5 of differentiation in the HCMV+ NP1 

population, only cells which are GFP+ are expressing Ki67, suggesting that 

individual cells must be infected to retain Ki67 expression during differentiation, 

rather than Ki67 being maintained by the population as a whole. 

4.4 CD133 expression is induced within HCMV infected NP1 

during differentiation 

CD133 (encoded by the Prom1 locus) is one of the most commonly used markers 

for cancer initiating cells and is essential for GBM stem cell maintenance (Brescia 

et al., 2013). Soroceanu et al. (2015) found that over 70 % of primary GBM cells 

from surgically resected tumours that expressed HCMV IE were also CD133+. 

In vitro HCMV infection of GBM cells has been shown to upregulate CD133 

expression, resulting in a stem cell phenotype capable of forming neurospheres 

(Fornara et al., 2016, Liu et al., 2017). To investigate CD133 expression in HCMV 

infected NP1, protein lysates taken at day 0,1,3,5 and 7 were western blotted 

with a CD133 specific antibody. CD133 was not reliably detected in NP1 at any 

time point during differentiation, however in HCMV infected cells at day 0 (i.e. 

five days post-infection), CD133 expression was clearly present (Figure 4.12). 

Moreover, levels of CD133 significantly increased in the presence of HCMV, 

despite a constant differentiation stimulus, which usually drives NP1 away from 

a progenitor phenotype towards a neuronal phenotype. This suggests that not 

only are these cells resisting differentiation, they are also showing an increase 

in a marker of stemness.  
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Figure 4.11 Ki67 expression in HCMV infected NP1 during differentiation 

A) NP1 cells were infected with HCMV at an MOI of 3 FFU/cell and treated with 
differentiation media for 5 days. Mock infected NP1 were used as a control.  Cells 
were fixed at day 0 and day 5 with 4 % PFA and permeabilised before 
immunofluorescence was performed with a Ki67 specific antibody (red) and 
Hoechst DNA stain (blue) and Viral GFP expression shown (green). Images were 
taken at 520 x magnification using the EVOS cell imaging system. B) Percentage 
of Ki67+ cells at day 0 and 5 of differentiation in mock NP1 and NP1 +HCMV. 
Cells were counted using the cell counting function on the EVOS cell imaging 
system with 3 fields of view per well quantified (two-tailed student t-test, *p≤0.0 , 
**p≤0.01, ***p≤0.001, ***p≤0.0001 n=3). 
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Figure 4.12 CD133 expression in HCMV infected NP1 cells during 
differentiation 

A) NP1 infected with HCMV at an MOI of 3 FFU/cell and treated with 
differentiation media for 5 days. Mock infected NP1 were used as a control.  
Immunofluorescent staining was performed with a CD133 specific antibody (red) 
and Hoechst DNA stain (blue) and Viral GFP expression shown (green). Images 
taken using EVOS live cell imaging system B). NP1 cells were infected with 
HCMV at an MOI of 3 FFU/cell and treated with differentiation media for 5 days. 
Mock infected NP1 were used as a control. Approximately 1 x 106 cells were 
lysed for Western blot analysis on day 0, 1, 3, 5 and 7. Membranes were probed 
with a CD133 specific antibody and GAPDH antibody as a housekeeping control. 
C) Densitometry of CD133 western blots using ImageJ, expressed as normalised 
arbitrary densitometry units (ADU) (two-tailed student t-test, *p≤0.0 , **p≤0.01, 
***p≤0.001, n=3). 
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4.5 Effects of differentiation on virus production 

 

Figure 4.13 Supernatant titre from differentiation of HCMV infected NP1 

NP1 were infected at an MOI of 3 FFU/cell for 5 days before being differentiated 
over 7 days. Supernatants were collected at day 0,1,3,5 and 7 and titres 
determined using focus forming assay by serial dilution of supernatants onto 
naïve NP1 cells. N=3. Two-tailed student t-test, *p≤0.0 , **p≤0.01, ***p≤0.001. 

 

Figure 4.14 HCMV IE and pp65 expression during differentiation of HCMV 
infected NP1 

A) HCMV infected NP1 cells and mock infected controls were differentiated over 
5 days. Approximately 1 x 106 cells were lysed for Western blot analysis on day 
0, and 5. Membranes were probed for GAPDH, HCMV gB, HCMV pp65 and 
HCMV IE (IE1 and IE2 specific). B) Quantification of IE1, IE2, pp65 and gB 
expression, normalised to GAPDH and expressed as percentage increase in 
normalised arbitrary densitometry units (ADU) (two-tailed student t-test, *p≤0.0 , 
**p≤0.01, ***p≤0.001, n=3).  

As well as investigating the effects of HCMV infection upon NP1 differentiation, 

we investigated whether the virus life cycle was altered compared with infection 
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of cycling NP1 cells. As previously discussed in section 3.4.1, HCMV infected 

NP1 did not secrete infectious virus into the supernatant. Given that 

differentiation of CD34+ progenitors is essential for the production of virus 

particles and causes reactivation of latent infection, we determined whether 

differentiation of HCMV infected NP1 could also lead to production of virus 

particles (Söderberg-Nauclér et al., 1997).  

Supernatants were collected at day 0, 1, 3, 5 and 7 of differentiation of HCMV 

infected NP1. Supernatant titres were determined by focus forming assay as 

detailed in section 2.3.1. Figure 4.13 shows that no virus was detected at days 0 

and 1 of differentiation, however by day 3 a measurable titre of ~103 FFU/mL 

was detected, which increased to ~4x103 FFU/mL by day 5, then decreased 

again to ~2x103 FFU/cell by day 5. In addition, expression of HCMV IE1, IE2, 

and the late proteins, pp65 and gB increased throughout differentiation relative 

to cycling cells (Figure 4.14).  
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Figure 4.15 NP1 cells +/- HCMV at day 5 of differentiation stained for TGN46 
and pp65  

A) NP1 infected with HCMV at an MOI of 3 FFU/cell and treated with 
differentiation media for 5 days. Mock infected NP1 were used as a control.  Cells 
were fixed at day 0 and day 5 with 4% PFA and permeabilised before 
immunofluorescence was performed with a TGN46 specific antibody (red) pp65 
specific antibody (cyan) and Hoechst DNA stain (blue), Viral GFP expression 
shown (green). Images taken at 1040 x magnification using EVOS cell imaging 
system. B) Normalised mean fluorescence intensity (MFI) of TGN46 
immunofluorecent staining, quantified using ImageJ (two-tailed student t-test, 
*p≤0.0 , **p≤0.01, ***p≤0.001, n=3) 
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During HCMV infection of NP1, immunofluorescence of the late protein, pp65 did 

not show concentration at the perinuclear AC, which is clearly visible in the lytic 

infection of HFFF2 (Figure 3.3.2). The increase in pp65 expression and the 

presence of infectious virus in the supernatant during differentiation, prompted 

investigation of pp65 localisation during differentiation. NP1+/- HCMV were fixed 

at day 0 and 5 of differentiation and immunofluorescence was performed, co-

staining with antibodies specific to TGN46 and pp65. The TGN46 antibody 

recognises a host cell TGN integral membrane protein known to localise to the 

HCMV assembly compartment (Proctor et al., 2018). Figure 4.15 shows an 

increase of TGN46 expression in HCMV+ NP1, which is present throughout the 

cytoplasm, but most concentrated in a bright perinuclear spot, a pattern 

consistent with the viral AC. HCMV pp65 is absent in the NP1 control, but is 

strongly expressed both in the nucleus and cytoplasm of HCMV infected cells at 

day 5 of differentiation. There is no bright perinuclear spot of pp65, suggesting 

that accumulation of pp65 at the AC does not occur in these cells, despite the 

release of infectious virions into the supernatant. As discussed previously 

(section 3.4.2) immunofluorescent staining for both pp28 and gB does localise in 

a bright perinuclear spot that is likely to be the viral AC. 

 

4.5.1 HCMV gene expression during NP1 differentiation 

To assess viral gene expression during differentiation, SYBR green RT-qPCR 

was performed on RNA extracted from HCMV infected cells at day 0 and day 5 

of differentiation (section 2.8.2). The RT-qPCR analysis showed a global 

increase in viral gene expression at day 5 of differentiation. Consistent with the 

increase in IE protein by western blot, RT-qPCR shows a significant log2fold 

increase in UL122 (IE2) gene expression. US28, a HCMV encoded chemokine 

receptor gene is also upregulated between day 0 and 5 of differentiation. 

UL111A, an orthologue of human IL-10, and UL44 (pp52) expression showed a 

marginal, non-significant increase in expression between day 0 and 5 of 

differentiation. Finally, gB, an abundant glycoprotein involved in viral entry, 

showed a significant increase in expression over 5 days of differentiation by RT-

qPCR which was supported by an increase in protein expression shown by 

western blot (Figure 4.14).  
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Figure 4.16 HCMV gene expression during differentiation of NP1 

NP1 infected at an MOI of 1 FFU/cell for 5 days were differentiated for 5 days. 
RNA was extracted at day 0 and 5 of differentiation and cDNA was made. SYBR 
green qPCR was performed using primers specific to 18S and HCMV UL122, 
US28, UL111A, UL44 and UL55. Delta-delta CT analysis was performed to 
calculate Log2fold change in expression between day 0 and day 5 of 
differentiation (two-tailed student t-test n=3, *p≤0.0 , **p≤0.01, ***p≤0.001). 

4.6 Infection of pre-differentiated NP1 

Several studies have shown that neurons are permissive to HCMV infection, both 

in vivo and in vitro, and have therefore been suggested as reservoirs of HCMV 

infection within the brain (Poland et al., 1994, Luo et al., 2008). However, 

Cheeran et al. (2005) found that neuronal differentiation of foetus-derived neural 

precursor cells led to a decrease in viral expression due to MIEP repression. 

Astrocytes have also been shown to be fully permissive to HCMV in vitro 

(Lokensgard et al., 1999). As the differentiation of NP1 results in a predominantly 

neuronal and astrocytic population, we wanted to determine if these cells could 

be infected post-differentiation and, if so, how the cells would be affected.  

NP1 were differentiated for 5 days, before being infected with HCMV at an MOI 

of 3 FFU/cell. From here on, this will be referred to as differentiation protocol 2. 

Figure 4.17 shows viral GFP expression at 72 h.p.i, indicating that NP1 can be 

infected with HCMV post differentiation. Protocol 2 caused infected NP1 cells to 

lose their neuronal morphology and adopt a morphology very similar to NP1 

HCMV+ (protocol 1) at day 5 and 7 of differentiation.  
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Figure 4.17 HCMV infection of differentiated NP1 

NP1 were differentiated for 5 days before being infected with HCMV at an MOI 
of 3 FFU/cell for 72 hrs. Images show viral GFP expression (green) and were 
taken using the EVOS cell imaging system. Scale bar = 200 µm 

 

Figure 4.18 Ki67 expression in NP1 infected with HCMV at day 5 of 
differentiation 

A) NP1 cells were differentiated for 5 days before being infected with HCMV at 
an MOI of 3 FFU/cell for 72 h.p.i. Cells were fixed at day 5 of differentiation and 
at 72 h.p.i with 4 % PFA and permeabilised before immunofluorescence was 
performed with a Ki67 specific antibody (red) and Hoechst DNA stain (blue) and 
Viral GFP expression shown (green). Images were taken using the EVOS cell 
imaging system. Scale bar = 200 µm B) The percentage of Ki67+ cells was 
calculated using the cell counter plug-in in ImageJ (two-tailed student t-test, 
*p≤0.0 , **p≤0.01, ***p≤0.001, n=3). C) Log2fold change in gene expression 
from taqman RT-qPCR for Ki67  in NP1 day 0, NP1 day 5 and HCMV 72 h.p.i 
(two-tailed student t-test, *p≤0.0 , **p≤0.01, ***p≤0.001, n=2).  
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4.6.1 Effects of HCMV infection post differentiation in NP1 cells 

At day 5 of NP1 differentiation, just 17% of cells are Ki67 positive . When these 

cells are then infected at an MOI of 3 FFU/cell, Ki67 expression is restored with 

96 % of cells Ki67 positive at 72 h.p.i (Figure 4.18). Accordingly, figure 4.19 

shows that PCNA expression is decreased during NP1 5 day differentiation, but 

similarly to Ki67 is restored when the cells are subsequently infected with HCMV 

for 72 hr. The Glioblastoma stem cell marker, CD133 is also increased when 

differentiated NP1 are subsequently infected with HCMV for 72 hr (Figure 4.20).  

 

 

Figure 4.19 PCNA expression in NP1 infected with HCMV post 
differentiation 

A) NP1 cells were differentiated over 5 days using the Walton et al. (2006) 
method before being infected with HCMV at an MOI of 3 FFU/cell for 72 hr. 
Approximately 1 x 106 cells were lysed for Western blot analysis on day 0 and 5. 
Membranes were probed for GAPDH and PCNA. B) Quantification of PCNA 
expression, normalised to GAPDH and expressed as arbitrary densitometry units 
(ADU). 
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Figure 4.20 Immunofluorescence of CD133 in NP1 infected with HCMV 
post-differentiation 

A) NP1 cells were differentiated for 5 days before being infected with HCMV at 
an MOI of 3 FFU/cell for 72 h.p.i. Cells were fixed at day 5 of differentiation and 
at 72 h.p.i with 4% PFA and permeabilised before immunofluorescence was 
performed with a CD133 specific antibody (red) and Hoechst DNA stain (blue) 
and viral GFP expression shown (green). Images were taken at 520 x 
magnification using of the EVOS cell imaging system. B) Mean fluorescence 
intensity (MFI) for CD133 was measured using ImageJ (two-tailed student t-test, 
*p≤0.0 , **p≤0.01, ***p≤0.001, n=2). 
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4.6.2 Does infection of differentiated NP1 with HCMV lead to 

productive infection? 

To determine whether differentiated NP1 were fully permissive to productive 

HCMV infection, supernatants were taken at day 0 and 5 of differentiation and at 

72 h.p.i and serially diluted onto naïve NP1 to determine titre (Section 2.3.1). At 

72 h.p.i of differentiated NP1 cells, supernatants contained an average titre of 

1.3 x 103 FFU/ml (Figure 4.2.1). This confirms that NP1 differentiated into a 

population of neurons and astrocytes are fully permissive and support production 

of HCMV particles, which are secreted into the supernatant. 

Immunofluorescence for pp65 (Figure 4.22), shows a brighter area of perinuclear 

pp65 which resembles the HCMV AC in HFFF2 (Figure 3.2.2). This localisation 

of pp65 is not seen for infected NP1 infected prior to differentiation or at day 5 of 

differentiation in NP1 differentiated from 5 d.p.i (Figure 4.15). 

 

 

Figure 4.21 Supernatant titre of NP1 infected with HCMV post-
differentiation 

NP1 were differentiated over 5 days before being infected with HCMV at an MOI 
of 3 FFU/cell for 72 hr. Supernatants were collected at day 0 and 5 of 
differentiation and at 72 h.p.i. Supernatants were serially diluted onto naïve NP1 
to determine titre using focus forming assay (two-tailed student t-test, *p≤0.0 , 
**p≤0.01, ***p≤0.001, n=2). 
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Figure 4.22 HCMV pp65 immunofluorescent staining in NP1 cells infected 
with HCMV post differentiation 

A) NP1 cells were differentiated for 5 days before being infected with HCMV at 
an MOI of 3 FFU/cell for 72 h.p.i, before being fixed using 4 % PFA and 
permeabilised before immunofluorescence was performed with a HCMV pp65 
specific antibody (red) and Hoechst DNA stain (blue) and viral GFP expression 
shown (green). White arrows indicate cells with clear bright perinuclear foci of 
pp65. 

4.7 Differentiation of colony 2 

As differentiation of latently infected myeloid cells leads to reactivation of HCMV 

and differentiation of HCMV infected NP1 leads to production of infectious virus 

particles being detected in the supernatant (Figure 4.13), we investigated the 

effects of differentiation of the chronically HCMV infected NP1 line, colony 2. As 

discussed in section 3.5.1, colony 2 maintained detectable GFP and IE 

expression up to 110 d.p.i. Colony 2 cells used for all differentiation experiments 

in this section were between 60 and 85 d.p.i and differentiated using the Walton 

et al. (2006) method.  

Differentiation of colony 2 over 5 days lead to an increased percentage of GFP+ 

cells from 10% to 55% (figure 4.23). This suggests that differentiation of colony 

2 is increasing viral IE expression. This is supported by the increase in IE 

expression detected by western blot (figure 4.24). Figure 4.24 also shows an 

increase in HCMV late proteins, pp65 and gB when colony 2 is differentiated.  

Hoechst GFP pp65
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Figure 4.23 GFP expression during differentiation of colony 2 

A) Colony 2 cells were differentiated over 5 days using the Walton et al. (2006) 
differentiation protocol. Phase and GFP images were taken at day 0 and 5 of 
differentiation using the EVOS cell imaging system. B) The percentage of cells 
expressing GFP was quantified using ImageJ cell counter plug-in (two-tailed 
student t-test, *p≤0.0 , **p≤0.01, ***p≤0.001, n=3) 
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Figure 4.24 HCMV protein expression during differentiation of colony 2 

A) Colony 2, HCMV+ NP1 at 5 d.p.i and mock infected NP1 controls were 
differentiated over 5 days using the Walton et al. (2006) method. Approximately 
1 x 106 cells were lysed for Western blot analysis on day 0 and 5. Membranes 
were probed for GAPDH, HCMV IE, pp65 and gB. Densitometry quantification of 
B) IE C) pp65). D) gB protein expression, normalised to GAPDH and expressed 
as normalised arbitrary densitometry units (ADU). 

SYBR green RT-qPCR showed significant increases in HCMV US28, UL44 and 

UL55 when colony 2 was differentiated (figure 5.25). Following 5 days of 

differentiation, US28 showed a significant increase in expression. UL55 (which 

encodes gB) showed a significiant increase and UL44 (which encodes pp52) 

showed a dramatic significant increase. This dramatic increase in UL44 

expression is important to note as it encodes pp52, which is a key component of 

the HCMV replication machinery, which may indicate an increase in viral DNA 

replication. The increase in HCMV viral chemokine receptor gene US28 is also 

particularly interesting as it has been highlighted as a potential viral oncogene 

with expression detected in around 60 % of GBM samples (Maussang et al., 

2006). UL122 showed a non-significant decrease in expression.  

As well as increased HCMV gene expression, 5 day differentiation of colony 2 

also led to detection of infectious HCMV in the supernatant, where none was 

detected prior to differentiation (figure 4.26). Although this increase in 

supernatant titre was not as dramatic as in the differentiation of 5 day infected 

NP1, it is particularly noteworthy as it could indicate a differentiation dependant 

reactivation of latent HCMV, particularly when considered together with the pan 

upregulation of HCMV genes. 
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Figure 4.25 HCMV gene expression during differentiation of colony 2 

Colony 2 cells between 60 and 80 d.p.i were differentiated for 5 days using the 
Walton et al. protocol. RNA was extracted at day 0 and 5 of differentiation and 
cDNA was made. SYBR green qPCR was performed using primers specific to 
18S and HCMV UL122, US28, UL111A, UL44 and UL55. Delta-delta CT analysis 
was performed to calculate Log2fold change in expression between day 0 and 
day 5 of differentiation (two-tailed student t-test, *p≤0.0 , **p≤0.01, ***p≤0.001, 
n=3). 

 

Figure 4.26 HCMV supernatant titres in differentiation of colony 2 

Colony 2 cells were differentiated over 5 days using a published protocol (Walton 
et al., 2006). Supernatants were collected at day 0 and day 5 and serially diluted 
onto naïve NP1 to determine titre through focus forming assay. Results displayed 
in focus forming units per ml (FFU/cell) (two-tailed student t-test, *p≤0.0 , 
**p≤0.01, ***p≤0.001, n=3). 
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Figure 4.27 Expression of differentiation markers GFAP and PCNA in 
differentiation of colony 2 

A) Colony 2 and NP1 at 5 d.p.i and mock infected NP1 controls were 
differentiated over 5 days using the Walton et al. (2006) method. Approximately 
1 x 106 cells were lysed for Western blot analysis on day 0 and 5. Membranes 
were probed for GAPDH, GFAP and PCNA. B) Quantification of GFAP 
expression, normalised to GAPDH and expressed as normalised arbitrary 
densitometry units (ADU). C) Quantification of PCNA expression, normalised to 
GAPDH and expressed as normalised arbitrary densitometry units (ADU). 

Expression of glial marker GFAP is increased in colony 2 cells compared to NP1 

at day 0 and it’s expression is maintained through day 5 of differentiation in 

colony 2 (Figure 4.27). Proliferation marker PCNA is increased in colony 2 

compared to NP1. By day 5 of differentiation, PCNA expression in the control 

NP1 has decreased by 70 % (Figure 4.27). However, PCNA expression in colony 

2 decreases by just 29 % by day 5 of differentiation. Day 5 PCNA expression in 

colony 2 is 91% of that seen in NP1 at day 0. 
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Figure 4.28 CD133 protein expression during differentiation of colony 2 

A) Colony 2, NP1 + HCMV at 5 d.p.i and mock infected NP1 controls were 
differentiated over 5 days using the Walton et al. (2006) method. Approximately 
1 x 106 cells were lysed for Western blot analysis on day 0 and 5. Membranes 
were probed for GAPDH and CD133. B) Quantification of CD133 expression, 
normalised to GAPDH and expressed as normalised ADU. 

Glioblastoma stem cell marker CD133 is not expressed in NP1 at day 0 or 5 of 

differentiation, however infection with HCMV leads to CD133 expression at day 

0 of differentiation and increases at day 5 (Figure 4.28). Colony 2 also retains 

CD133 expression at day 0, although it is lower than in recently HCMV infected 

cells. Similarly to the HCMV infected NP1 at 5 d.p.i, long term infected colony 2 

also shows an increase in CD133 expression when differentiated for 5 days.  

4.8 Discussion 

The method used for differentiation was chosen as it has previously been used 

to differentiate adult NPs as opposed to other methods which have only been 

validated in foetal derived NPs (Walton et al., 2006). Secondly, when optimising 

this protocol in our NP1 cells, we observed far less cell death with this method 

than in the serum starvation method, which drastically reduced cell viability with 

only 24 hr of treatment (Figure 4.3). It was important to choose a method that 

caused minimal cell death as it was to be combined with HCMV infection, which 

also causes some cell death in NP1. Thirdly, the distinct change in the 

morphology of NP1 seen using this method, along with consistently reproducible 

changes in markers of differentiation made it suitable to study the effects of 

HCMV on NP differentiation (Figure 4.5 and 4.10).  

Immunofluorescence for GFAP at day 3 of differentiation and β-III-tubulin at day 

7 strongly resembled the immunofluorescence for the same markers at the same 

time points shown previously, which indicated that differentiation of NP1 using 

this method was effective (Figure 4.6). We noted one discrepancy between our 
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NP1 differentiation and that documented in the paper the method was taken 

from. Where in the paper, there was a decrease in GFAP from day 5, 

differentiating NP1 show a slight increase in GFAP between day 5 and 7 (Figure 

4.10E). This could be attributed to the inherently heterogeneous nature of 

primary adult NP cells. As this differentiation method is known to differentiate NP 

cells into both neurons and astrocytes, it is possible that differentiation of NP1 

results in a population with a higher proportion of astrocytes compared to the 

predominantly neuronal population in the original paper. This is supported by the 

immunofluorescence for GFAP at day 3 of differentiation which shows that many 

of the cells are strongly expressing GFAP, a marker used for identifying 

astrocytes (Chiu et al., 1981).  

To ascertain the proportions of neuronal and astrocytic cells in the differentiated 

population, immunofluorescence co-staining for both GFAP and a mature 

neuronal marker such as NeuN, could be performed to discriminate between the 

two cell types. Another possibility is that NP1 are adopting the intermediate 

neuron/astocyte “asteron” hybrid phenotype described by Walton et al., in which 

case cells would co-express GFAP and neuronal marker, β-III-tubulin.  

Despite HCMV infection perturbing neurite outgrowth compared to mock infected 

NP1, increased levels of pan neuronal marker β-III-tubulin were observed and 

were sustained throughout differentiation. This increase in expression of β-III-

tubulin is the opposite of the decrease in β-III-tubulin seen when differentiating 

NSCs are infected with HCMV in vitro (Rolland et al., 2016). Notably, 

overexpression of β-III-tubulin is a hallmark of GBM. The level of β-III-tubulin 

expression correlates with increasing malignancy in glioma and has been 

suggested to play a role in gliomagenesis (Katesetos et al., 2009, Katesetos et 

al., 2001,).  

Ki67 is often used as a marker of proliferation as it is highly expressed in cycling 

cells, but significantly downregulated in G0 resting cells (Gerdes et al., 1984). 

Although it is regularly used as a marker of proliferation, Ki67 can also be 

expressed by cells that are arrested in G1/S or G2/M, so it is an indirect marker 

of proliferation. HCMV infection has long been known to disrupt the cell cycle at 

several points, a process mediated by multiple viral proteins (Jault et al. 1995, 

Bresnahan et al., 1996). As HCMV mostly infects quiescent cells, it pushes them 

towards G1 where it can hijack host cell replication mechanisms and bias them 

for viral DNA synthesis (Sarisky and Hayward, 1996). When cells are in the 

optimal G1 phase, multiple signalling pathways are modulated by HCMV to allow 

for efficient viral gene expression, but stopping the cell entering S phase where 
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the host cell DNA is replicated. HCMV IE2 expression in known to block cell cycle 

progression at the G1/S boundary (Wiebusch and Hagemeier, 2001).  

Although the cell cycle is usually arrested prior to host cell DNA synthesis in 

HCMV infection, an array of S/G2/M phase associated proteins accumulate. In 

HCMV infection of cells in G0/G1, IE expression begins immediately, however if 

cells are in S or G2, transcription of IE is repressed until the cells are in the 

favourable G0/G1 phase (Salvant, Fortunato and Spector, 1998). It is therefore 

possible that HCMV is maintaining Ki67 expression in NP1 throughout 

differentiation, through cell cycle arrest rather than by maintaining proliferation.  

All of the literature discussed above on the effects of HCMV on the cell cycle 

refers to HCMV infection of various types of fibroblast, with little known about the 

effects of HCMV on the cell cycle in the context of neural progenitor cell infection. 

Ki67 expression is also used when grading several types of cancer, due to its 

positive correlation with proliferation. (Gerdes et al., 1987, Dowsett et al., 2011). 

In glioma, Ki67 expression correlates with increasing WHO grade and overall 

patient survival (Dahlrot et al., 2021). The maintenance of Ki67 in HCMV+ NP1 

despite differentiation stimuli could be important in the context of GBM, where a 

higher number of HCMV+ tumour cells has been associated with higher grade 

gliomas and highly proliferative tumours which have elevated levels of Ki67 

(Huang et al., 2015). 

PCNA expression decreases in protocol 1 NP1 differentiation, but is maintained 

throughout differentiation in HCMV+ NP1, with expression at day 7 equivalent to 

that in non-differentiated, non-infected NP1 (Figure 4.10). PCNA is an essential 

factor for DNA replication and regulator of cell cycle control which aids DNA 

replication by acting as a sliding clamp inducing processivity of DNA polymerase 

(Jónsson and Hübscher, 1997, Shibahara et al., 1999). HCMV induction of both 

Ki67 and PCNA was first described by Mate et al. (1998), who noted increased 

PCNA and Ki67 in gastrointestinal, skin and kidney biopsy tissues that were 

HCMV+. However, HCMV induced PCNA expression in the presence of 

differentiation stimuli has not been described previously. PCNA is usually 

expressed in S phase, however HCMV induces synthesis of several S phase 

proteins, including PCNA, cyclins and thymidine kinases despite blocking G1/S 

transition (Dittmer and Mockarski, 1997, Estes and Huang, 1997). Interestingly, 

not only can HCMV infection of NP1 maintain expression of Ki67 and PCNA 

during protocol 1, but in protocol 2, HCMV infection post-differentiation can 

restore PCNA and Ki67 in cells that had exited the cell cycle during 

differentiation. This suggests that HCMV could be pushing differentiated NP1 

back into the cell cycle to a phase that is advantageous for virus production as 

previously documented in HCMV infected U373, a neuroblastoma cell line 
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(Murphy et al., 2000). In order to determine whether the maintenance of Ki67 

and PCNA during differentiation of HCMV+ NP1 is indicative of increased 

proliferation or simply a symptom of HCMV induced cell cycle arrest, further 

experiments such as proliferation assays would need to be conducted. In GBM 

and several other forms of malignant brain tumour, increasing PCNA labelling 

index values were found to significantly correlate with increasing grade as well 

as clinical outcome (Kayaselçuk et al., 2002). In a mouse model of glioblastoma, 

PCNA was significantly elevated in the tumours of mice that had been perinatally 

infected with MCMV (Price et al., 2018). Similarly, transduction of HCMV IE1 into 

glioma cell line U87 resulted in an increase of PCNA (Cobbs et al., 2008).  

Sox2 is a transcription factor associated with maintaining stemness and self-

renewal in stem cells and is widely expressed in neuroectoderm and in neural 

progenitor cells during development (Bowles et al.,2000, Masui et al., 2007). 

Although Sox2 is expressed in some adult neural progenitor cells, it is not 

expressed across all neural progenitor populations (Hutton and Pevny, 2011). 

NP1 do express Sox2, which decreases over the 7 day course of differentiation 

to very low levels at day 7. However, when NP1 are infected with HCMV Sox2 

expression is completely ablated by 5 d.p.i and is not expressed at all during the 

7 day differentiation process. The loss of Sox2 due to HCMV infection of foetal 

derived neural progenitor cells is documented in the literature by Wu et al. (2019) 

who ascribe the loss to modulation via HCMV IE1. IE1 increases nuclear 

accumulation of STAT3 a transcriptional activator of Sox2 expression and 

prevents its activation by inhibiting STAT3 phosphorylation. Soroceanu et al. 

(2015), report the opposite in a mouse model of glioma, where IE1 expression 

increased the expression of Sox2 along with another stemness marker, Nestin. 

IE1 was found to co-localise with both Sox2 and Nestin in HCMV+ cells in tumour 

tissue samples. Nestin is also expressed in NP1 and decreases during 

differentiation. NP1 cells infected with HCMV show a decrease in Nestin 

expression which continues to decrease throughout differentiation and is 

undetectable by day 7. Luo et al. (2010) also found that HCMV infection of foetal 

neural progenitor cells led to a decrease in Nestin and Sox2. Investigation into 

the effects of HCMV infection of primary GBM cells in vitro by Fornara et al. (2015) 

found that infection induced a stem cell phenotype with upregulation of both Sox2 

and Nestin along with other stem cell markers; Notch1, Oct4 and CD133, 

suggesting that HCMV has opposite effects on Sox2 and Nestin in GBM and 

healthy NP cells. 

CD133 is a pentaspan transmembrane glycoprotein, which is often described as 

a cancer stem cell marker in the literature, although the accuracy of CD133 as a 

biomarker in this context has been controversial (Corbeil et al., 2013). However, 
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there is consensus that CD133 can be used as a marker of GBM stem cells and 

can be used to identify GBM cells that are capable of forming neurospheres 

(Glumac and LeBeau, 2018). Fornara et al. (2016) found that a large proportion 

of CD133+ primary GBM cells also expressed HCMV IE. Additionally, higher co-

expression of these 2 proteins correlated with poor patient survival. This is 

supported by Soroceanu et al. (2015) who found over 70 % of IE+ primary GBM 

cells were also CD133+. They also report that treatment with siRNA targeting 

HCMV IE in CD133+ GBM cells significantly reduced the ability to form 

neurospheres. CD133 was not detected in NP1 cells by immunofluorescence or 

western blot, however following 5 days of HCMV infection CD133 was detected 

by both methods. Despite CD133 usually being associated with stem cells and 

therefore decreasing with increasing differentiation, in HCMV+ NP1 CD133 

expression actually increased in response to the differentiation stimulus. 

Additionally, HCMV infection of pre-differentiated NP1 cells also induced CD133 

expression. This could suggest that rather than HCMV simply preferentially 

infecting CD133+ cells in GBM, it could actually be responsible for inducing 

CD133 expression, a potentially oncomodulatory effect. Taken together, the 

increase in neuronal marker β-III-tubulin, the maintenance of proliferation 

markers Ki67 and PCNA, the decrease of stem cell markers Nestin and Sox2 

with the paradoxical induction of stem cell marker CD133 demonstrate that 

differentiation of NP1 is severely perturbed by HCMV infection. This disruption 

of differentiation in adult neural progenitor cells could be an important finding in 

terms of an oncomodulatory role for HCMV in GBM, particularly as neutralisation 

of differentiation is thought to be an early step in gliomagenesis and adult neural 

progenitors are a likely cell of origin for GBM (Hu et al., 2015).  

As differentiation of HCMV infected myeloid cells is known to be essential for 

lytic gene expression and virion production, it was important to determine 

whether NP1 differentiation would lead to production of virions (Chan et al., 2012, 

Stevenson et al., 2014). Infectious HCMV was detected in NP1 supernatants 

from day 3 of differentiation, peaking at day 5, supporting that differentiation 

induces virion production in HCMV+ NP1 (Figure 4.13). This peak in viral titre at 

day 5 is concurrent with an increase in HCMV gene expression as determined 

by qPCR (Figure 4.16). The pan-upregulation of HCMV genes is consistent with 

the ubiquitous increase in HCMV gene expression seen in differentiation induced 

reactivation from latency (Yee, Lin, Stinsky, 2007). Chromatinisation and 

epigenetic regulation of the HCMV genome is essential for restricting HCMV lytic 

gene expression, particularly IE genes and therefore maintaining latency 

(Reeves et al., 2005). Reactivation from latency is initiated by restoration of 

expression of the IE genes including UL122 (IE2), which is upregulated during 



113 
 

differentiation by protocol 1 of HCMV+ NP1 (Taylor-Wiedeman et al., 1994). It is 

well documented that differentiation in monocytes leads to changes in post-

translational modifications of histones around the MIEP and reactivation of MIEP 

activity leading to lytic gene expression, so it is possible a similar effect could 

take place in neural progenitor cells (Reeves and Sinclair, 2013). Western blot 

shows the expression of IE1, IE2 and late proteins pp65 and gB increases 

throughout differentiation, which is unsurprising given the increase in infectious 

virion production. The production of virions in the absence of an apparent 

accumulation of pp65 at the AC, suggests that this is not necessary for viral 

production in NP1 cells. 

Whilst it is likely that differentiation induced production of infectious virions from 

NP1 is due to changes induced by differentiation itself, it is also possible that 

components of the differentiation media could be having a direct effect on HCMV. 

The published differentiation protocol uses cAMP and 3-isobutyl-1-

methylxanthine (IBMX), which is known to induce cAMP production (Parsons et 

al., 1988). Multiple papers have found that treatment with cAMP or stimulation of 

the cAMP pathway induces reactivation of latent HCMV in vitro (Sadanari et al., 

1999, Keller et al., 2007, Cheng et al., 2017). However, none of these papers 

have satisfactorily determined whether this effect is differentiation independent. 

Keller et al. suggest that reactivation of IE expression in NT2 cells (a human 

pluripotent embryonal carcinoma cell line that can undergo neuronal 

differentiation in vitro) is due to effects on the MIEP and it’s enhancers and is 

therefore differentiation independent because the increase in IE transcription is 

rapid (from 2 hr post-treatment), though the only (de)differentiation marker they 

assessed in their study was Oct4, by western blot. It would be interesting to see 

if other differentiation markers were affected. It is also worth noting that despite 

an increase in HCMV gene expression, this particularly study did not detect a 

significant release of infectious progeny.  

Differentiation of long-term infected NP1, colony 2 also led to production of 

infectious virions in the supernatant, albeit at a lower level than in differentiation 

of NP1 at 5 d.p.i (Figure 4.26). Interestingly, qPCR revealed that differentiation 

of colony 2 resulted in a different viral gene expression pattern than that seen in 

differentiation of HCMV+ NP1 at 5 d.p.i (Figure 4.25). Notably, UL44 which 

encodes a DNA polymerase processivity subunit, showed an increase in 

expression in differentiation between day 0 and 5 of protocol 1 differentiated 

HCMV+ NP1, whereas in colony 2 differentiation, a far greater log2fold increase 

was observed. As this early gene is important for replication of viral DNA 

replication, it is likely that viral DNA replication is very limited in long term 

infection of colony 2, but is reinitiated by differentiation, similar to the 
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differentiation induced reactivation observed in latently infected monocytes 

(Sinigalia et al., 2012). Overall, a far greater fold-change increase was seen in 

US28, UL111A, UL44 (pp52) and UL55 (gB) in colony 2 differentiation compared 

to protocol 1 differentiation. This is probably due to the fact that HCMV gene 

expression in colony 2 starts at a much lower level at day 0, rather that the 

recently infected NP1 that were differentiated at 5 d.p.i. This lower expression of 

viral genes is reflected in lower HCMV protein expression by western blots, 

where IE, pp65 and gB are expressed at lower levels in colony 2 at day 0, than 

in 5 d.p.i HCMV+ NP1 at day 0. Similar to differentiation of 5 d.p.i NP1, colony 2 

also show an increase in IE, pp65 and gB protein expression at day 5, which is 

reflected in the increase in virion production and release in the supernatant. 

Whether colony 2 is true latent HCMV infection reactivated by differentiation or 

simply a low-level chronic infection remains to be determined. To further 

investigate this, RNAseq analysis of HCMV genes may help to elucidate whether 

the gene expression pattern is similar to the latent expression profiles seen in 

other latency models or simply low level, IE driven lytic expression. Cheng et al. 

(2017) provide detailed HCMV transcriptome analysis of latency and reactivation 

associated viral gene expression, which could be utilised to analyse RNAseq of 

colony 2 differentiation. Investigation of the chromatin structure of the MIEP in 

these cells may also help distinguish latency from low level lytic infection in 

colony 2. Either way, this differentiation induced increase in viral gene 

expression production of infectious virions could have important implications if a 

similar scenario arises during differentiation of HCMV infected neural progenitor 

cells in the adult brain. 

Colony 2 cells show an increase in GFAP expression compared to normal NP1 

which is maintained throughout differentiation (Figure 4.27). Overexpression of 

GFAP has previously been reported in GBM, with Ahmadipour et al. (2020) 

finding a correlation between higher GFAP expression and shorter patient 

survival time (Reifenberger et al., 1987). However, multiple studies have 

reported that in vitro HCMV infection of GBM cells leads to downregulation of 

GFAP in contrast to the upregulation seen in long term infected neural progenitor 

cells, colony 2 (Lee et al., 2005, Koh et al., 2009, Fornara et al., 2016). 

Expression of PCNA is also higher in colony 2 than in NP1 and shows a smaller 

decrease in expression over the course of differentiation. In protocol 1 

differentiation of HCMV+ NP1, PCNA is maintained throughout differentiation 

(Figure 4.10.A). As the decrease in PCNA is less than in NP1, but not maintained 

throughout differentiation of colony 2 as in protocol 1 HCMV+ NP1 this could 

indicate a mixed population where the HCMV+ cells are maintaining PCNA, but 

HCMV- cells are losing PCNA due to differentiation. To further explore this 
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Immunofluorescence for PCNA would help determine if PCNA expression is only 

in HCMV+ cells. A proliferation assay comparing colony 2 to NP1 could be used 

to determine if the increase in PCNA is accompanied by increased proliferation 

or if it is caused by HCMV mediated cell cycle dysregulation and induction of S 

phase associated proteins which support viral DNA replication.  

Finally, GBM stem cell marker CD133 is also expressed in colony 2, albeit at a 

lower level than in 5 d.p.i HCMV infection of NP1 (Figure 4.28). Colony 2 shows 

an increase in CD133 expression during differentiation, like that seen in 5 d.p.i 

HCMV infected NP1. Again, this similar pattern of increased expression, but at a 

lower level could be reflective of a mixed population of HCMV+/- NP1 where 

HCMV+ cells are also CD133+ as seen in GBM, where CD133+ cells are often 

also expressing HCMV IE (Soroceanu et al., 2015). Alternatively, this could 

indicate a population of latently infected NP1, with very low levels of viral gene 

expression and therefore decreased effect of CD133 expression when compared 

to the 5 d.p.i HCMV+ NP1 in protocol 1. In the context of HCMV in GBM, it is 

interesting that not only can adult neural progenitor cells harbour long term 

HCMV infection, but that this infection has long lasting effects on markers of 

stemness and proliferation as well as glial marker GFAP. It is also important that 

this long term infection continues to affect differentiation, with failure to adopt 

neuronal morphology and aberrant expression of GFAP, PCNA and CD133, long 

after the initial infection.  

Taken together, HCMV’s ability to perturb differentiation of adult neural 

progenitor cells both in recent and long-term infection and its ability to induce 

CD133 expression in both NP1 (including expression in long term infected colony 

2) and in differentiated NP1 (protocol 2) despite the presence of differentiation 

stimuli could represent a HCMV mediated de-differentiation phenotype. A recent 

study found HCMV could induce de-differentiation of mature human mammary 

epithelial cells leading to transformation and a cancer cell phenotype (Nehme et 

al., 2021). Induction of de-differentiation has also been demonstrated in other 

herpesviruses, namely the oncogenic EBV and KSHV (Xie et al., 2021. Liu et al., 

2010). Additionally, KSHV has been shown to induce CD133 expression in 

infected lymphatic endothelial cells and expression of EBV Latent Membrane 

Protein 2A (LMP2A) protein upregulates CD133 expression in HONE-1, an 

epithelial carcinoma line (Port et al., 2013). As CD133+ cells are also often 

HCMV IE+ in GBM samples, and oncogenic herpesviruses also induce CD133 

expression, our finding of CD133 expression in HCMV infected NP1 suggests 

that HCMV drives cells towards a stem-like phenotype and could explain why 

HCMV seropositivity is associated with more aggressive tumours and poor 

prognosis in GBM (Soroceanu et al., 2015, Foster et al., 2019).  
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Chapter 5 – RNAseq analysis of the effects of HCMV on the 

differentiation of neural progenitor cells 

5.1 RNAseq experimental design and quality control 

RNAseq analysis was used to understand the effects of HCMV infection upon 

NP1 differentiation at the gene expression level. RNAseq involves sequencing 

the whole transcriptome of a sample and enables global analysis of changes in 

gene expression, which allowed us to get an overview of the pathways affected 

by HCMV infection, whilst also looking at expression changes of specific genes 

of interest, including viral genes. NP1 were infected and differentiated as detailed 

in section 2.6.4 and the sampling conditions are summarised in figure 5.1.  

RNA was quantified and checked for purity in house using a NanoDrop and 

further sample QC performed by Novogene (Figure 5.2). All 12 samples passed 

quality control and RNAseq was performed by Novogene as detailed in section 

2.9. Sample groups were named NP1_0 (NP1 day 0), NP1_5 (NP1 day 5), 

HCMV_0 (NP1 +HCMV day 0) and HCMV_5 (NP1 +HCMV day 5). Initial 

bioinformatics analysis was carried out by Novogene with subsequent analysis 

in house.  

 

Figure 5.1 Experimental design for RNAseq analysis 

Schematic summary of differentiation of NP1 +/-HCMV (MOI of 3 FFU/cell at 5 
d.p.i) over 5 days using the Walton et al., (2006) protocol. RNA samples were 
obtained at day 0 and 5 of differentiation of NP1 +/- HCMV. 
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Figure 5.2 RNA sample quality control 

A) RNA sample quantification and quality control measured using NanoDrop 
1000 spectrophotometer (Thermo Fisher Scientific). Novogene RNA sample 
specifications require minimum concentration of 20 ng/µL and 260/280 and 
260/230 >2. B) RNA sample quantification and quality control carried out by 
Novogene using a LabChip GX Touch HT Bioanalyser (Caliper Life Sciences). 
Novogene RNA sample requirements state RIN should be >8. NP1_0 = 
untreated NP1. NP1_5 = NP1 differentiated over 5 days using Walton et al., 
(2006) protocol. HCMV_0 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 
days, HCMV_5 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 days and 
then differentiated over 5 days using Walton et al., (2006) protocol. 

 

 

 

 

Sample Sample code Conc (ng/μl) Vol (μl) 260/280 260/230

NP1 Day 0 NP1_0_1 178.2 20 2.11 2.30

NP1_0_2 129.4 20 2.12 2.19

NP1_0_3 120.0 20 2.11 2.32

NP1 + HCMV Day 0 HCMV_0_1 642.0 20 2.12 2.24

HCMV_0_2 584.9 20 2.13 2.24

HCMV_0_3 535.2 20 2.11 2.22

NP1 Day 5 NP1_5_1 178.5 20 2.04 2.33

NP1_5_2 204.3 20 2.05 2.31

NP1_5_3 173.7 20 2.06 2.40

NP1 + HCMV Day 5 HCMV_5_1 469.6 20 2.06 2.17

HCMV_5_2 686.5 20 2.12 2.08

HCMV_5_3 676.1 20 2.11 2.30

Sample Sample code Conc (ng/μl) RIN

NP1 Day 0 NP1_0_1 170 9.6

NP1_0_2 115 9.9

NP1_0_3 112 10

NP1 + HCMV Day 0 HCMV_0_1 469 9.5

HCMV_0_2 434 9.4

HCMV_0_3 396 9.3

NP1 Day 5 NP1_5_1 177 9.6

NP1_5_2 179 9.6

NP1_5_3 198 9.6

NP1 + HCMV Day 5 HCMV_5_1 512 8.9

HCMV_5_2 609 9.5

HCMV_5_3 552 9.5

A)

B)
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5.2 RNAseq correlation 

 

Figure 5.3 3D Principal component analysis (PCA) 

3D Principal component analysis of RNA samples used for RNAseq. Each of the 
four groups NP1_0, NP1_5, HCMV_0 and HCMV_5 comprised three individual 
RNA samples from three experimental repeats. 

 

Principal component analysis (PCA) reduces a gene expression dataset with 

multiple variables to 3 dimensions by constructing linear combinations of gene 

expression known as principal components (Jolliffe and Cadima, 2016). This 

analysis is used to increase interpretability of the data, whilst minimising loss of 

information. PCA is commonly used to identify patterns in large complex datasets 

and can therefore infer the quality of RNAseq data. PCA analysis of RNAseq 

data for sample groups NP1_0, NP1_5, HCMV_0 and HCMV_5 shows the gene 

expression profile for each group was distinct and that there was excellent 

overlap between the replicates of each group (Figure 5.3). Pearson correlation 

measures the strength of the linear relationship between two variables and is 

used to assess the similarity of pairs of RNA samples (Rovetta, 2020). For 

RNAseq it is recommended that all samples within a group display a correlation 

of >0.9. Figure 5.4 shows that all replicates within groups had a correlation of 

>0.97, indicating very high quality RNA sample replicates. 

A)

B)
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Figure 5.4 Pearson correlation between RNA samples 

Pearson correlation of individual RNA samples with three replicates within each 
treatment group. Pearson correlation coefficient is a measurement of the 
strength of the relationship between two variables and their association with each 
other with R2 of 1 indicating the strongest correlation. NP1_0 = untreated NP1. 
NP1_5 = NP1 differentiated over 5 days using Walton et al., (2006) protocol. 
HCMV_0 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 days, HCMV_5 = 
NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 days and then differentiated 
over 5 days using Walton et al., (2006) protocol. 
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5.3 RNAseq distribution 

 

Figure 5.5 Violin plot of RNAseq sample FPKM distribution 

Distribution of fragments per kilobase of transcript per million mapped reads 
(FPKM) for each RNA sample used for RNAseq. NP1_0 = untreated NP1. NP1_5 
= NP1 differentiated over 5 days using Walton et al., (2006) protocol. HCMV_0 
= NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 days, HCMV_5 = NP1 
+HCMV infected at an MOI of 3 FFU/cell for 5 days and then differentiated over 
5 days using Walton et al., (2006) protocol. 

Figure 5.5 shows the distribution of FPKM for all genes in a violin plot for each 

RNA sample used for RNAseq. The distribution pattern of FPKM is consistent 

between samples in the same groups and very similar between treatment 

groups, although groups with HCMV show higher maximum FPKM than the non-

infected control groups, indicating that the highest expression of individual genes 

occurs in the infected groups. The median and interquartile range is highly 

consistent between all samples.  

Figure 5.6 shows a heatmap of all statistically significant differentially expressed 

genes from all individual samples and groups. The cut offs applied to identify 

significantly differentially expressed genes were a Log2Fold change of >1 or <-

1 and padj of <0.01 (Koch et al., 2018). Genes within the same cluster show the 

same trends in expression levels under different conditions. Notable features 

include a cluster of genes upregulated in HCMV_0 compared to controls, that 

are further upregulated in HCMV_5. There are also large clusters unique to 

NP1_0 and to NP1_5. 

HCMV_5_1 HCMV_5_2 HCMV_5_3  NP1_0_1 NP1_0_2 NP1_0_1  HCMV_0_1 HCMV_0_2 HCMV_0_3  NP1_0_1 NP1_0_2 NP1_0_1 
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Figure 5.6 Heirarchical Clustering Heatmap of RNA-seq 

Heatmap shows the overall results of FPKM cluster analysis, clustered using the 
log2(FPKM+1) value. Red color indicates genes with high expression levels, and 
blue color indicates genes with low expression levels. The color ranging from red 
to blue indicates that log2(FPKM+1) values were from large to small. NP1_0 = 
untreated NP1. NP1_5 = NP1 differentiated over 5 days using Walton et al., 
(2006) protocol. HCMV_0 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 
days, HCMV_5 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 days and 
then differentiated over 5 days using Walton et al., (2006) protocol. Differentially 
expressed genes with a Log2Fold change of >1 or <-1 and padj of <0.01 were 
included in this analysis. 
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Figure 5.7 Volcano plots of RNAseq data 

Volcano plots of differentially expressed genes identified by RNAseq of RNA 
isolated from the following samples: NP1_0 = untreated NP1. NP1_5 = NP1 
differentiated over 5 days using Walton et al., (2006) protocol. HCMV_0 = NP1 
+HCMV infected at an MOI of 3 FFU/cell for 5 days, HCMV_5 = NP1 +HCMV 
infected at an MOI of 3 FFU/cell for 5 days and then differentiated over 5 days 
using Walton et al., (2006) protocol. Differentially expressed genes with a 
Log2Fold change of >1 or <-1 and padj of <0.01 were deemed significantly 
differentially expressed. 

 

Figure 5.7 shows volcano plots of all the differentially expressed genes identified 

through RNAseq analysis. Genes that did not satisfy the criteria of Log2Fold 

change of >1 or <-1 and padj of <0.01 are shown in blue, genes with significantly 

increased expression are shown in red and those with significantly decreased 

HCMV_0 v NP1_0 NP1_5 v NP1_0

HCMV_5 v HCMV_0 HCMV_5 v NP1_5
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expression are in green Figure 5.7. The spur of highly upregulated genes on the 

bottom right side of the plots for HCMV_0 v NP1_0 and HCMV_5 v NP1_5 

represent the HCMV genes due to the human and viral genes being analysed 

together. Interestingly, far fewer genes were differentially expressed during 

differentiation of HCMV infected NP1 HCMV_5 v HCMV_0, than in the control 

group NP1_5 v NP1_0. Also notable is that at day 0, far more genes are 

upregulated by HCMV infection than are downregulated. However, by day 5 of 

differentiation the balance between genes that are upregulated and down 

regulated is much more even. 

5.4 RNAseq analysis of neural progenitor differentiation 

markers 

 

Figure 5.8 RNAseq FPKM of differentiation markers 

RNAseq FPKM for NES, SOX2, MKI67, PCNA, GFAP and TUBB3. NP1_0 = 
untreated NP1. NP1_5 = NP1 differentiated over 5 days using Walton et al., 
(2006) protocol. HCMV_0 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 
days, HCMV_5 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 days and 
then differentiated over 5 days using Walton et al., (2006) protocol. 
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Figure 5.9 qPCR for differentiation markers 

Log2fold change in gene expression by qPCR, calculated by ΔΔCT using 
GAPDH as a housekeeping gene. Fold change in gene expression shown for 
differentiation markers MKI67, SOX2, GFAP and TUBB3. NP1_0 = untreated 
NP1. NP1_5 = NP1 differentiated over 5 days using Walton et al., (2006) 
protocol. HCMV_0 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 days, 
HCMV_5 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 days and then 
differentiated over 5 days using Walton et al., (2006) protocol (two-tailed student 
t-test, *p≤0.0 , **p≤0.01, ***p≤0.001, n=3). 

 

The effects of HCMV infection on the differentiation of NP1, specifically its effects 

on protein expression for differentiation markers including nestin, Sox2, Ki67, 

PCNA, GFAP and β-III-tubulin are described in section 4.3.2. To assess the 

changes in mRNA expression of these differentiation markers, FPKM from 

RNAseq was compared between groups (figure 5.8). The FPKM of stem and 

progenitor marker nestin (NES) showed a significant decrease between NP1_0 

and NP1_5. HCMV infection also caused a significant decrease in NES 

expression between NP1_0 and HCMV_0 with expression decreasing even 

further when the HCMV+ NP1 were differentiated (HCMV_5). This correlates 

with the same pattern of protein expression seen by western blot in figure 4.10. 

Stem and progenitor marker Sox2 (SOX2) showed significantly increased gene 

expression by RNAseq analysis of FPKM between NP1_0 and NP1_5. HCMV_0 

showed a marked decrease in SOX2 compared to NP1_0 and this decreased 

again between HCMV_0 and HCMV_5. Log2fold change from qPCR also shows 

NP1_5 as having the highest level of expression of SOX2 (figure 5.9), which is 

not reflected by western blot quantification of Sox2 protein. Western blot of Sox2 

showed a decrease in protein between day 0 and day 5 in NP1 and a complete 
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loss of Sox2 in HCMV infected HCMV at both day 0 and 5 (figure 4.10). Sox 2 is 

regulated by CUL4ADET1-COP1 and OTUD7B which exert opposite effects on 

protein stability at a post-translational level during neural progenitor cell 

differentiation, which could account for the difference between gene and protein 

levels of this marker (Chun-ping et al., 2018).  

MKI67 (Ki67) FPKM is highest in NP1_0, decreasing dramatically with 

differentiation (figure 5.8). HCMV_0 shows a significant reduction compared to 

NP1_0 and is further reduced in HCMV_5. This pattern of MKI67 gene 

expression is mirrored in the qPCR data in figure 4.9. Whilst 

immunofluorescence for Ki67 in figure 4.11 showed that the percentage of NP1 

cells expressing Ki67 falls from 94 % to 17 % between day 0 and 5, 89 % of 

HCMV+ NP1 were still Ki67+ at day 5. Ki67 expression is known to be 

underpinned by cell cycle regulation and Ki67 protein is known to be highly 

unstable throughout the cell cycle (Bruno and Darzynkiewicz, 1992). Whilst Ki67 

accumulates during S, G2, and M phases, it is continuously degraded during G0 

and G1 Miller et al., 2018). The stability and cell cycle dependent degradation 

may account for the difference between Ki67 gene and protein expression. 

Additionally, as HCMV is known to modulate cell cycle, this could also affect the 

rate of Ki67 protein accumulation/degradation.  

PCNA FPKM decreased between NP1_0 and NP1_5 which is reflected in a 

decrease in PCNA protein by western blot (Figure 5.8 and 4.10). HCMV_0 

showed lower gene expression of PCNA by FPKM than NP1_0 and this 

decreased further during differentiation (HCMV_5). However, protein levels of 

PCNA in HCMV_5 by western blot had returned to that seen in NP1_0. This could 

be due to post-transcriptional, translational or post-translational regulation of 

PCNA. For example, PCNA degradation is known to be regulated through 

degradation promoting acetylation by CREB-binding protein (CBP), and p300 as 

well as it’s binding to MutT homolog2 which prevents degradation (Yu et al., 

2009, Cazzalini et al., 2014). 

RNAseq and qPCR for astrocytic marker GFAP shows a very similar pattern of 

expression with higher expression in NP1_0 and NP1_5 than in HCMV_0 with 

lowest expression in HCMV_5 (figure 5.8 and 5.9). This pattern is reflected in 

protein expression by western blot, in which GFAP protein levels are higher 

throughout differentiation of NP1 and decrease through differentiation of HCMV+ 

NP1 (figure 4.10).  

Both RNAseq and qPCR show a non-significant increase in neuronal marker, 

TUBB3 gene expression between NP1_0 and NP1_5. TUBB3 is significantly 

increased between NP1_0 and HCMV_0 and also between NP1_5 and HCMV_5 
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(Figure 5.8). Whilst qPCR shows a similar pattern of expression for TUBB3, the 

increase between the control and HCMV infected groups is not significant (figure 

5.9). This general pattern of increased TUBB3 in HCMV+ NP1 is reflected in 

western blots for β-III-tubulin protein, which show higher levels in HCMV+ NP1 

throughout differentiation, compared to NP1 controls (figure 4.10).  

Notably, CD133 transcripts were were not detected by RNAseq,  

despite a strong increase in CD133 protein expression during differentiation of 

HCMV+ NP1 detected by western blot and IF, using two different antibodies 

(Figure 4.12). This discrepancy could be due to sample preparation for RNAseq 

or secondary structure formation of the RNA (Rachinger at al., 2021). 

Given the discrepancies between RNA and protein levels for some of the 

canonical markers used in chapter 4, we undertook orthogonal validation of 

RNA-seq data based upon commonly used neuronal and astrocytic markers. 

Markers included in this analysis were all identified from a well-regarded 

commercially available list of neural lineage markers and differentially expressed 

in at least one of the five differentially expressed gene lists (Abcam, 2016). All 

five neuronal markers (GPM6A, RBFOX3, MAP2, SYP and DLG4) increased in 

NP1_5 v NP1_0, which is reassuring, given that the Walton et al. (2006) 

differentiation protocol results in predominately neuronal cells (figure 5.10). 

Glycoprotein M6A (GPM6A) encodes a neuronal membrane glycoprotein 

involved in neuron development, specifically synapse formation and plasticity 

(Leon et al., 2021). Knockout of GPM6A in mice leads to impaired axon formation 

(Sato et al., 2011). Whilst G6PMA is increased between NP1_5 v NP1_0, its 

expression is decreased in all other comparisons, with the largest decrease seen 

between HCMV_5 v NP1_5, with a log2fold change of -6.8. This large reduction 

in GPM6A expression could contribute to the reduced number and length or 

neurites in HCMV_5 compared to NP1_5 and is further evidence of impaired 

differentiation (figure 4.9).  

However, whilst HCMV infection reduces expression of GPM6A, other neuronal 

markers were increased by HCMV infection. RNA Binding Fox-1 Homolog 3 

(RBFOX3) is a commonly used marker for post-mitotic neurons and is important 

for neuronal development and maturation (Duan et al., 2015). Expression of 

RBFOX3 is higher in HCMV infected NP1 than controls at both day 0 and day 5 

of differentiation with a log2fold change of 2.06 between HCMV_0 v NP1_0 and 

1.08 between HCMV_5 v NP1_5. RBFOX3 is known to be expressed in GSCs 

and has been shown to promote tumour growth in hepatocellular carcinoma due 

to its function as a TERT promoter-binding protein, promoting TERT expression 

(Marques et al., 2021, Liu et al., 2017).  



127 
 

Microtubule associated protein 2 (MAP2) is thought to be important for 

microtubule assembly, an integral process in neurogenesis (Dehmelt and 

Halpain, 2005). MAP2 expression is increased in NP1_5 v NP1_0, but also in 

HCMV_5 v NP1_5, though it is not differentially expressed in any of the other 

comparison groups.  

SYP encodes synaptophysin, a membrane glycoprotein found in presynaptic 

vesicles (Wiedenman et al., 1986). Synaptophysin (SYP) is increased in NP1_5 

v NP1_0, HCMV_5 v HCMV_0 and HCMV_5 v NP1_0. This suggests that SYP 

expression increases during differentiation of HCMV+ NP1 in a similar pattern to 

that of the control NP1.  

Finally, discs large MAGUK scaffold protein 4 (DLG4) forms part of the post-

synaptic architecture and is only differentially expressed between NP1_5 v 

NP1_0, where it increases by a log2fold change of 1.17 (Guang et al., 2018). 

HCMV infected NP1 do not show an increase in DLG4 during differentiation, 

suggesting that this is affected by HCMV infection.  

Overall, expression of several neuronal marker genes is dysregulated during 

differentiation of HCMV infected NP1. Whilst some genes such as RBFOX3 and 

MAP2 are increased in HCMV+ NP1, GPM6A expression is dramatically 

reduced. This disordered expression of neuronal markers is further evidence that 

HCMV infection profoundly disrupts differentiation of NP1.  
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Figure 5.10 Neuronal marker differential gene expression 

A) Differential gene expression of neuronal markers GPM6A, RBFOX3, MAP2, 
SYP and DLG4 from RNAseq analysis, expressed as Log2Fold change. NP1_0 
= untreated NP1. NP1_5 = NP1 differentiated over 5 days using Walton et al., 
(2006) protocol. HCMV_0 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 
days, HCMV_5 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 days and 
then differentiated over 5 days using Walton et al., (2006) protocol B) Table 
summarising differential expression of neuronal markers including Log2Fold 
change and padj.  
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GPM6A 2.57 1.18E-145 -1.93 1.18E-145 -6.80 0 -2.26 2.69E-53 -4.21 2.92E-276
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129 
 

 

Figure 5.11 Astrocyte marker differential gene expression 

A) Differential gene expression of astrocytic markers SLC1A3, SLC1A2, GLUL 
and S100B from RNAseq analysis, expressed as Log2Fold change. NP1_0 = 
untreated NP1. NP1_5 = NP1 differentiated over 5 days using Walton et al., 
(2006) protocol. HCMV_0 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 
days, HCMV_5 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 days and 
then differentiated over 5 days using Walton et al., (2006) protocol B) Table 
summarising differential expression of astrocyte markers including Log2Fold 
change and padj.  

Differential expression of astrocytic markers was also analysed as the 

differentiation protocol results in a mixed population of both neurons and 

astrocytes (Walton et al., 2006). All four of the astrocyte markers, solute carrier 

family 1 member 3 (SLC1A3), solute carrier family 1 member 2 (SLC1A2), 

glutamate-ammonia ligase (GLUL) and S100 calcium binding protein B (S100B) 

were increased in NP1_5 v NP1_0, supporting that differentiation of NP1 by this 

method leads to astrocytic differentiation as well as neuronal (figure 5.11). 

SLC1A3 encodes a glutamate transporter which is involved in transportation of 

glutamate into astrocytes (Anderson and Swanson, 2000). SLC1A3 expression 

is decreased in HCMV_0 v NP1_0, HCMV_5 v NP1_5, HCMV_5 v HCMV_0 and 

HCMV_5 v NP1_0, indicating that HCMV infection decreases SLC1A3 

expression in NP1 both with and without differentiation. SLC1A2 encodes the 

predominant glutamate transporter of the human brain, which clears glutamate 

from neuronal synapses to prevent excessive activation of glutamate receptors 
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(Stergachis et al., 2019). SLC1A2 expression increased between HCMV_0 v 

NP1_0, is not differentially expressed between HCMV_5 and HCMV_0, but 

decreased expression in HCMV_5 v NP1_5. This suggests that whilst infection 

of NP1 with HCMV initially increases SLC1A2 expression, it does not increase 

during differentiation and fails to reach the same expression seen in 

differentiated NP1 at day 5.  

Interestingly, decreased SLC1A3 and SLC1A2 expression has been associated 

with metastasis in GBM (Tong et al., 2015). GLUL encodes glutamine 

synthetase, a marker expressed by all astrocytes (Montgomery, 1994).  GLUL 

expression is increased in HCMV_0 v NP1_0, with a log2fold change of 1.54, 

however unlike the increase observed during differentiation of NP1, GLUL 

decreases during differentiation of HCMV+ NP1 with a log2fold change of -0.39 

in HCMV_5 v HCMV_0. By day 5 of differentiation there is no difference in GLUL 

expression between HCMV_5 and NP1_5. The final astrocytic marker, S100B, 

encodes a calciprotein expressed in mature astrocytes (Raponi et al., 2007). 

Whilst S100B expression increases during differentiation of NP1 and is not 

differentially expressed between HCMV_0 and NP1_0, its expression is 

decreased in HCMV_5 v NP1_5, HCMV_5 v HCMV_0 and HCMV_5 v NP1_0. 

At day 5 of differentiation, a log2fold change of -5.77 is seen in HCMV_5 v 

NP1_5. Taken together, the dysregulation of astrocytic markers in the 

differentiation of HCMV+ NP1, further supports the hypothesis that HCMV 

infection perturbs the differentiation of NP1.  

5.5 Enrichment analysis of differentially expressed genes 

Enrichment analysis uses libraries of annotated and curated gene sets to ascribe 

functional biological terms to lists of genes. Enrichr is a gene set search engine 

that enables searching of hundreds of thousands of annotated gene sets 

automatically (Enrichr, 2022, Chen et al., 2013). By inputting a list of genes, 

Enrichr identifies which annotated gene sets overlap with the input genes, using 

multiple databases including Kyoto Encyclopedia of Genes and Genomes 

(KEGG) (Chen et al., 2013, Kuleshov et al., 2016, Xie et al., 2021). The KEGG 

pathway analysis available through Enrichr utilises the KEGG pathway database 

to identify molecular interactions, reactions and relation networks associated with 

the input gene list. The KEGG database includes an array of pathways including 

those associated with metabolism, genetic information processing, 

environmental information processing, cellular processes, organismal systems 

and human diseases (KEGG, 2021). To gain further insight into the changes in 

gene expression between the different sample groups, gene lists for all 
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differentially expressed genes, all genes with increased expression and all genes 

with decreased expression were put into Enrichr to generate KEGG pathway bar 

graphs. For this analysis cut offs of padj of ≤0.01 and Log2Fold change of ≥1 or 

≤-1 were applied.  
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Figure 5.12 KEGG enrichment analysis of differentially expressed genes 
between NP1_5 and NP1_0 

Enrichment analysis of differentially expressed genes between NP1_5 and 
NP1_0 using KEGG 2021 via Enrichr. Results displayed for all genes 
significantly differentially expressed (all), genes with increased expression (up) 
and genes with decreased expression (down) with cut offs for padj of ≤0.01 and 
Log2Fold change of ≥1 or ≤-1. The bar chart displays the top 10 enriched terms 
(ranked by p-value) within the KEGG 2021 library with corresponding p-value, 
calculated using Fisher’s exact test. Blue bars indicate a p-value of <0.05 and an 
asterisk indicates the term also has a significant adjusted p-value of <0.05.  

NP1_5 v NP1_0 all

NP1_5 v NP1_0 down

NP1_5 v NP1_0 up
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Figure 5.13 KEGG enrichment analysis of differentially expressed genes 
between HCMV_0 and NP1_0 

Enrichment analysis of differentially expressed genes between HCMV_0 and 
NP1_0 using KEGG 2021 via Enrichr. Results displayed for all genes 
significantly differentially expressed (all), genes with increased expression (up) 
and genes with decreased expression (down) with cut offs for padj of ≤0.01 and 
Log2Fold change of ≥1 or ≤-1. The bar chart displays the top 10 enriched terms 
(ranked by p-value) within the KEGG 2021 library with corresponding p-value, 
calculated using Fisher’s exact test. Blue bars indicate a p-value of <0.05 and an 
asterisk indicates the term also has a significant adjusted p-value of <0.05.  

HCMV_0 v NP1_0 all

HCMV_0 v NP1_0 up

HCMV_0 v NP1_0 down
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Figure 5.14 KEGG enrichment analysis of differentially expressed genes 
between HCMV_5 and HCMV_0 

Enrichment analysis of differentially expressed genes between HCMV_5 and 
HCMV_0 using KEGG 2021 via Enrichr. Results displayed for all genes 
significantly differentially expressed (all), genes with increased expression (up) 
and genes with decreased expression (down) with cut offs for padj of ≤0.01 and 
Log2Fold change of ≥1 or ≤-1. The bar chart displays the top 10 enriched terms 
(ranked by p-value) within the KEGG 2021 library with corresponding p-value, 
calculated using Fisher’s exact test. Blue bars indicate a p-value of <0.05 and an 
asterisk indicates the term also has a significant adjusted p-value of <0.05.  

HCMV_5 v HCMV_0 all

HCMV_5 v HCMV_0 up

HCMV_5 v HCMV_0 down
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Figure 5.15 KEGG enrichment analysis of differentially expressed genes 
between HCMV_5 and NP1_5 

Enrichment analysis of differentially expressed genes between HCMV_5 and 
NP1_5 using KEGG 2021 via Enrichr. Results displayed for all genes 
significantly differentially expressed (all), genes with increased expression (up) 
and genes with decreased expression (down) with cut offs for padj of ≤0.01 and 
Log2Fold change of ≥1 or ≤-1. The bar chart displays the top 10 enriched terms 
(ranked by p-value) within the KEGG 2021 library with corresponding p-value, 
calculated using Fisher’s exact test. Blue bars indicate a p-value of <0.05 and an 
asterisk indicates the term also has a significant adjusted p-value of <0.05.  

HCMV_5 v NP1_5 all

HCMV_5 v NP1_5 up

HCMV_5 v NP1_5 down
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Figure 5.16 Differentially expressed calcium signalling genes in HCMV_0 v 
NP1_0 

Differentially expressed genes between HCMV_0 and NP1_0 associated with 
calcium signalling, identified through KEGG enrichment using Enrichr. NP1_0 = 
untreated NP1. NP1_5 = NP1 differentiated over 5 days using Walton et al., 
(2006) protocol. HCMV_0 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 
days, HCMV_5 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 days and 
then differentiated over 5 days using Walton et al., (2006) protocol. Differentially 
expressed genes with a Log2Fold change of >1 or <-1 and padj of <0.01 were 
included in this analysis. 

 

 

Figure 5.17 Differentially expressed PI3K-Akt genes between HCMV_0 v 

NP1_0  

Differentially expressed genes between HCMV_0 and NP1_0 associated with 
PI3K-Akt signalling, identified through KEGG enrichment using Enrichr. NP1_0 
= untreated NP1. NP1_5 = NP1 differentiated over 5 days using Walton et al., 
(2006) protocol. HCMV_0 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 
days, HCMV_5 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 days and 
then differentiated over 5 days using Walton et al., (2006) protocol. Differentially 
expressed genes with a Log2Fold change of >1 or <-1 and padj of <0.01 were 
included in this analysis. 

Differentially expressed Calcium signalling genes in HCMV_0 v NP1_0

Up RET, RYR1, RYR2, CHRM3, CHRM1, FLT4, CHRM5, ATP2A3, ATP2A1, 

SLC8A2, EDNRB, FGF9, BDKRB2, CD38, CAMK1D, NGF, PLCB4, AGTR1, 

CASQ1, PLCB2, SLC25A4, CAMK2B, PDE1B, CHRNA7, PTAFR, CAMK2A, 

PDGFB, CACNA1B, ADRB1, MST1R, ADCY1, ADRB2, CACNA1C, ADCY8, 

CACNA1E, CACNA1H, CACNA1G, CACNA1I, ERBB3, HRH2, PTK2B, DRD1, 

NTSR1, DRD5, FGF21, NTRK1, NOS, GRIN2C, MCOLN1, GRIN2D, GRIN1, 

FGF17, P2RX7, GNAL, GDNF, FGF19, P2RX1, FGF18, FGFR4, FGFR2

Down PTGFR, MYLK2, PDE1C, EGF, NTRK3, VEGFC, ITPR2, PRKCA, TACR1, 

GRPR, FGF2, SLC8A1, MYLK, FGF5, HTR7, ASPH, ADORA2B, PDGFD, 

CAMK4, PDGFC, KDR, MET

Differentially expressed PI3K-Akt genes in HCMV_0 v NP1_0

Up CDKN1A, CSF3, CHRM1, LAMC3, FLT4, ITGA2B, PIK3CG, COMP, 

GHR, CCND2, CREB3L3, FGF9, CREB3L1, JAK3, IL6R, IL4R, VWF, 

PPP2R5B, NGF, EREG, CCNE1, COL4A4, EIF4E1B, DDIT4, IL3RA, 

SGK3, SGK1, SGK2, CREB5, TNXB, PRKAA2, LAMA1, LPAR1, 

PDGFB, LPAR2, PIK3R3, EFNA5, RELN, BCL2L11, ERBB3, GNG7, 

PCK2, FGF21, NTRK1, NGFR, BDNF, NOS3, EPOR, EFNA1, 

FGF17, NR4A1, EFNA3, EFNA2, LPAR5, PPP2R2C, FGF19, FGF18, 

ITGA11, IL2RB, COL9A3, FGFR4, PIK3AP1, FGFR2

Down ITGB1, CSF1, ITGB5, ITGB3, LAMA4, TNC, LAMC1, THBS2, FGF2, 

THBS1, IGF1R, FGF5, CCND1, PDGFD, PDGFC, KDR, SPP1, 

ITGB8, ITGAV, ITGA4, ANGPT1, LAMB3, ITGA3, EGF, ITGA2, FN1, 

VEGFC, PRKCA, LAMB1, RBL2, COL1A2, CDK6, COL4A2, 

PPP2R2B, COL6A2, COL6A1, GNB4, COL6A3, ITGA7, IL7R, MET
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Figure 5.18 Differentially expressed axon guidance genes between 
HCMV_0 v NP1_0 and HCMV_5 v NP1_5 

Differentially expressed genes between HCMV_0 and NP1_0 associated with 
axon guidance, identified through KEGG enrichment using Enrichr. NP1_0 = 
untreated NP1. NP1_5 = NP1 differentiated over 5 days using Walton et al., 
(2006) protocol. HCMV_0 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 
days, HCMV_5 = NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 days and 
then differentiated over 5 days using Walton et al., (2006) protocol. Differentially 
expressed genes with a Log2Fold change of >1 or <-1 and padj of <0.01 were 
included in this analysis. 

Enrichment analysis utilising KEGG 2021 highlighted a number of potentially 

important pathways that are dysregulated by HCMV infection of NP1. Axon 

guidance was identified in both HCMV_0 v NP1_0 and HCMV_5 v NP1_5 (figure 

5.13 and 5.15). That this pathway is identified as being highly modulated by 

HCMV at both day 0 and day 5, makes it of particular interest. This change in the 

expression of 63/182 axon guidance genes at day 0 and 78/182 at day 5 

suggests extensive dysregulation of this process and could potentially explain 

the reduction in the number and length of neurites between HCMV_5 and NP1_5 

(figure 4.9). Figure 5.12 and 5.13 shows the differentially expressed genes 

HCMV_0 v NP1_0 and HCMV_5 v NP1_5 that are associated with axon 

guidance. Notably, SHH which encodes the morphogenetic sonic hedgehog 

protein (Shh), which is involved in both determining neuronal cell fate and also 

axon guidance was increased in HCMV_0 v NP1_0 and in HCMV_5 v NP1_5 

Differentially expressed axon guidance genes in HCMV_0 v NP1_0

EPHB6, CAMK2B, SEMA3D, SRC, CAMK2A, SEMA3B, LRRC4, PIK3R3, 

SEMA3F, EFNA5, GNAI1, RND1, EFNB1, SHH, ABLIM1, ABLIM2, RRAS, 

PLXNA2, RAC2, EPHB1, NEO1, PLXNA4, WNT4, EPHA4, SEMA6C, 

SEMA4A, EPHA7, SEMA6A, UNC5A, EPHA8, UNC5B, SEMA6D, PTCH1, 

L1CAM, BMP7, GDF7, NFATC4, EFNA1, EFNA3, EFNA2, NGEF

SEMA5A, NTNG1, ITGB1, NRP1, WNT5B, RYK, WNT5A, LIMK1, PRKCA, 

UNC5C, PTPN11, ROBO1, EFNB2, CXCL12, RASA1, CFL1, PLXNA1, SLIT2, 

EPHB2, LRRC4C, MET,EPHA3

Differentially expressed axon guidance genes in HCMV_5 v NP1_5

EPHB6, CAMK2B, SEMA7A, SRC, PIK3CB, EFNA5, NTN1, MYL12A, RND1, 

SHH, PARD6B, RGS3, PPP3CC, RRAS, PLXNA2, RAC2, SLIT1, PAK6, 

EPHB1, HRAS, NEO1, WNT4, EPHA7, UNC5A, SEMA4D, UNC5B, SEMA6D, 

NFATC3, NFATC2, L1CAM, BMP7, EFNA1, ENAH, EFNA2, FES, NGEF, 

EPHA2

SEMA5A, ITGB1, SEMA5B, NRP1, CAMK2D, SEMA3C, SEMA3A, LRRC4, 

NTN4, SEMA3G, PIK3CD, PIK3R1, ROBO1, GNAI2, EFNB2, EFNB3, 

DPYSL2, BOC, ABL1, SRGAP3, SLIT2, LRRC4C, PAK3, PLXNA4, EPHA5, 

SEMA6B, NTNG2, SEMA6A, LIMK1, SEMA4C, PRKCA, UNC5C, SEMA4F, 

RGMA, MYL5, CXCL12, SMO, PLXNB3, PLXNB1, BMPR1B, EPHA3
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(Charron et al., 2003). Importantly, CD133+ GSCs have been shown to have 

increased Shh expression, and inhibition of Shh leads to decreased proliferation 

and reduction in spheroid formation (Hung et al., 2020).  

The MAPK pathway was in the top 10 terms returned for lists of genes with 

significantly increased expression for both HCMV_0 v NP1_0 (69/294 genes 

upregulated) and HCMV_5 v NP1_5 (64/294 genes upregulated) (Figures 5.13 

and 5.15). Extracellular signal-regulated kinases (ERK)-MAPK is known to be 

activated by HCMV infection, mediated by HCMV gB, an interaction known to 

promote survival of latently HCMV infected cells (Boyle et al., 1999, Reeves et 

al., 2011). Hyperactivation of the MAPK signalling pathway is reported in GBM 

with over 80 % of GBM containing at least 1 mutation in the MAPK pathway 

(Krishna et al., 2021). It would be interesting to determine if MAPK 

hyperactivation in GBM is associated with HCMV+ tumours. 

The PI3K-Akt pathway is identified in the top 10 terms KEGG 21 from gene lists 

from HCMV_0 v NP1_0 (104/354 differentially expressed genes) and HCMV_5 

v HCMV_0 (65/354 differentially expressed genes) suggesting that this pathway 

is dysregulated by HCMV (figure 5.14 and 5.15). The PI3K-Akt pathway is known 

to be modulated by HCMV, mediated through interaction with HCMV IE1 and IE2 

(Yu and Alwine, 2002). Aberrant PI3K-Akt activation is reported in ~90 % of 

GBM’s (Langhans et al., 2017). 
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5.6 RNAseq co-expression analysis 

 

Figure 5.19 Venn diagram of RNAseq co-expression data 

Venn diagram of co-expressed and specific genes for each sample group 
(NP1_0, NP1_5, HCMV_0 and HCMV_5), identified from RNAseq quantification 
of gene expression. 

A Venn diagram of RNAseq co-expression was generated to identify genes that 

were uniquely expressed in each individual sample group (NP1_0, NP1_5, 

HCMV_0, HCMV_5) (Figure 5.19). To identify pathways associated with the 

gene lists generated from the Venn diagram, enrichment was performed using 

the Enrichr website to identify important pathways through the KEGG pathway 

database. Figure 5.19 shows 189 genes unique to NP1_0, 683 to NP1_5, 123 to 

HCMV_0 and 418 to HCMV_5. KEGG pathway bar charts associated with these 

gene sets are displayed in figure 5.20. Two particularly notable pathways 

identified in this analysis are the JAK-STAT signalling pathway and the MAPK 

pathway in HCMV_0. Four JAK-STAT genes were unique to HCMV_0, namely 

STAT5A and interleukins (IL) IL23A, IL24 and IL2RB, with 38/162 JAK-STAT 

genes differentially expressed between HCMV_0 and NP1_0. Five MAPK genes 

were unique to HCMV_0 calcium voltage-gated channel auxiliary subunit beta 1 

(CACNB1), IL1A, IL1R1, FGF19 and MAP3K8, with 90/294 MAPK associated 

genes differentially expressed between HCMV_0 and NP1_0. Particularly 

notable is the increase in expression of FGF19, with a Log2Fold change of 8.4 

between HCMV_0 and NP1_0. There is increasing evidence that FGF19 can 

increase proliferation and is known to play a role in tumorigenesis of cancers 

including hepatocellular carcinoma and colorectal cancer and is thus classified 

as an oncogene (Wu et al., 2010, Wang et al., 2019). 
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Figure 5.20 KEGG enrichment analysis of genes exclusive to NP1_0, 
NP1_5, HCMV_0 and HCMV_5 

Lists of genes unique to NP1_0, NP1_5, HCMV_0 and HCMV_5 were enriched 
using Enrichr .The bar chart displays the top 10 enriched terms (ranked by p-
value) within the KEGG 2021 library with corresponding p-value, calculated using 
Fisher’s exact test. Blue bars indicate a p-value of <0.05 and an asterisk 
indicates the term also has a significant adjusted p-value of <0.05. 

NP1_0

NP1_5

HCMV_0

HCMV_5
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Figure 5.21 KEGG enrichment analysis of genes exclusively co-expressed 
in HCMV_0 and HCMV_5 and genes exclusively co-expressed in 
NP1_0 and NP1_5 

Lists of genes exclusively co-expressed in HCMV_0 &HCMV_5 and NP1_0 & 
NP1_5 were enriched using Enrichr. The bar chart displays the top 10 enriched 
terms (ranked by p-value) within the KEGG 2021 library with corresponding p-
value, calculated using Fisher’s exact test. Blue bars indicate a p-value of <0.05 
and an asterisk indicates the term also has a significant adjusted p-value of 
<0.05. 

 

 

 

NP1_0 and NP1_5

HCMV_0 and HCMV_5
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Figure 5.22 Expression of MAPK signalling pathway genes identified as 
expressed in HCMV_0 and HCMV_5, but not in NP1_0 or NP1_5 

A list of genes identified as significantly expressed in HCMV_0 and HCMV_5, 
but not in NP1_0 or NP1_5 was enriched using Enrichr to identify associated 
KEGG terms. Genes associated with the MAPK signalling pathway as identified 
by KEGG enrichment plotted as Log2Fold change for HCMV_0 v NP1_0 and 
HCMV_5 and NP1_5.  

 

The Venn diagram (figure 5.19) was also used to identify genes that were co-

expressed in both control groups, NP1_0 and NP1_5, but not in infected 

HCMV_0 and HCMV_5 and vice versa. KEGG enrichment was again performed 

via Enrichr and the results displayed in figure 5.20. For genes co-expressed in 

NP1_0 and NP1_5, but not in HCMV_0 or HCMV_5, KEGG enrichment 

highlighted genes involved in D-glutamine and D-glutamate metabolism. This 

could indicate that HCMV+ NP1 are less astrocytic than non-infected controls as 

many of the markers for astrocytes are those involved in glutamine and 

glutamate metabolism (Anlauf and Enrouiche, 2013).  

Interestingly, the most significant KEGG term in genes co-expressed in HCMV_0 

and HCMV_5 was MAPK signalling pathway. 12 MAPK associated genes were 

identified as being expressed in HCMV_0 and HCMV_5, but not in NP1_0 and 

NP1_5 (Figure 5.22). Analysis of all differential expressed genes associated with 

the MAPK associated genes showed that between HCMV_0 and NP1_0 69/294 

MAPK genes were upregulated and 21/294 were downregulated and between 

HCMV_5 and NP1_5 64/294 were upregulated and 37/294 were downregulated. 
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This is further evidence of MAPK dysregulation in NP1 due to HCMV infection. 

Notably, both nerve growth factor (NGF) and NGF receptor (NGFR) are 

significantly upregulated in HCMV_0 v NP1_0 and HCMV_5 v NP1_5. NGF is 

known to stimulate GBM proliferation through dysregulation of notch1 signalling 

(Park et al., 2018). NGFR is highly expressed in GBM and has been shown to 

be oncogenic through inhibition of p53 (Zhou et al., 2016). The simultaneous 

upregulation of NGF and its receptor could indicate an autocrine loop. NGF is 

also known to activate the PI3K-Akt pathway, which was identified as a 

significant pathway in HCMV_0 v NP1_0 by KEGG enrichment analysis (figure 

5.13)(Chen et al., 2008). Nuclear factor of activated T cells 1 (NFATC1) is 

exclusively expressed in HCMV+ NP1 and has been shown to promote invasion 

in GBM cells through induction of COX-2 (Wang et al., 2015). Interestingly, 

PTSG2, which encodes COX-2 showed a log2fold change of 8.8 in HCMV_0 v 

NP1_0 and 5.7 in HCMV_5 v NP1_0. COX-2 expression is frequently elevated 

in GBM, correlates directly with tumour grade and is associated with shorter 

survival in GBM patients (Joki et al., 2000). COX-2 has been implicated in 

tumorigenesis, proliferation, apoptosis, invasion, angiogenesis, and 

immunosuppression in GBM (Prayson et al., 2002, Jiang and Dingledine, 2013, 

Hara and Okoyasu, 2004).  

The third most significant KEGG term associated with co-expressed genes 

exclusive to HCMV_0 and HCMV_5 was signalling pathways regulating 

pluripotency of stem cells. The log2fold change in expression of the seven genes 

associated with pluripotency are shown in figure 5.23. Six out of the seven genes 

were not significantly differentially expressed during differentiation of HCMV 

infected NP1 (HCMV_5 v HCMV_0) (Miyamoto et al., 2015). INHBE was the only 

gene of these seven to show a decrease in expression between HCMV_0 and 

HCMV_5 with a log2fold change of -1.1. Identification of these genes associated 

with the KEGG term “signalling pathways regulating pluripotency of stem cells” 

that were uniquely expressed by HCMV infected NP1 prompted analysis of the 

other differentially expressed genes associated with this term. HCMV infection 

of NP1 (HCMV_0 v NP1_0), resulted in differential expression of 33/143 genes, 

27 of which had increased expression and only six with decreased expression in 

HCMV_0 v NP1_0, which indicates that pluripotency regulation is significantly 

disrupted by HCMV infection in NP1 (figure 5.24).  

Krüppel-Like Factor 4 (KLF4) is a transcription factor that acts as an oncogene 

in GBM and is a key stemness marker in GSC’s (Ray, 2016). KLF4 expression 

was dramatically increased during HCMV infection with a log2fold change of 4.8 

in HCMV v NP1_0 and 5.1 in HCMV_5 v NP1_5. Two other pluripotency 

associated genes, OLIG2 and POU5F1, both known to be associated with GBM 
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and GSC’s also showed increased expression in HCMV infected NP1 (Ashizawa 

et al., 2013). OLIG2, a transcription factor ubiquitously expressed in GBM, which 

is thought to contribute to gliomagenesis and the phenotypic plasticity exhibited 

by GSC’s showed a log2fold change of 7.2 in HCMV_0 v NP1_0 and 7.3 in 

HCMV_5 v NP1_5 (Lu et al., 2001, Lu et al., 2016). POU5F1, which encodes 

Oct4, a transcription factor that regulates self-renewal and survival and plays a 

key role in tumour initiation, had a log2fold change of 3.5 in HCMV_5 v NP1_5, 

despite not being differentially expressed in HCMV_0 v NP1_0(Du et al., 2009, 

Wang and Herlyn, 2015).  

Jumonji And AT-Rich Interaction Domain Containing 2 (JARID2), a component 

of the polycomb repressive complex 2 (PRC2) expression is increased by a 

log2fold change of 1.1 in HCMV_0 v NP1_0. JARID2 expression has been shown 

to be implicated in GBM plasticity, particularly with resistance to treatment and 

recurrence, therefore this may be a key factor in HCMV reprogramming of NP1 

(Rippaus et al., 2019). Other pluripotency genes known to be expressed by GBM, 

namely, EGFR and NES, were expressed in all four sample groups, but did not 

show differential expression (Ashiwaza et al., 2013). This extensive 

dysregulation of pluripotency associated genes by HCMV may be important in 

the context of GBM and particularly GSC’s. 

One of the key oncogenic effects of HCMV reported in HMECs is maintained by 

increased TERT expression (Kumar et al., 2018). To examine whether TERT 

expression is increased in HCMV infection of NP1, the log2fold change of the 

TERT gene was analysed and is summarised in figure 5.25. In non-infected NP1 

TERT expression decreases with differentiation, with a log2fold change of -1.47. 

Prior to differentiation, HCMV_0 v NP1_0 showed a log2fold increase of 0.78, by 

day five of differentiation, a log2fold increase of 2.65 was seen in HCMV_5 v 

NP1_5, with HCMV_5 v NP1_0 showing a log2fold increase of 1.21.  
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Figure 5.23 Expression of genes associated with signalling pathways 
regulating pluripotency of stem cells, co-expressed in HCMV_0 and 
HCMV_5, but not in NP1_0 or NP1_5 

A list of genes identified as significantly expressed in HCMV_0 and HCMV_5, 
but not in NP1_0 or NP1_5 was enriched using Enrichr to identify associated 
KEGG terms. Genes associated with the MAPK signalling pathway as identified 
by KEGG enrichment plotted as Log2Fold change for HCMV_0 v NP1_0, 
HCMV_5 and NP1_5 and HCMV_5 v HCMV_0. NP1_0 = untreated NP1. NP1_5 
= NP1 differentiated over 5 days using Walton et al., (2006) protocol. HCMV_0 
= NP1 +HCMV infected at an MOI of 3 FFU/cell for 5 days, HCMV_5 = NP1 
+HCMV infected at an MOI of 3 FFU/cell for 5 days and then differentiated over 
5 days using Walton et al., (2006) protocol. Differentially expressed genes with 
a Log2Fold change of >1 or <-1 and padj of <0.01 were included in this analysis. 
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Gene Log2Fold change padj Log2Fold change padj Log2Fold change padj Log2Fold change padj Log2Fold change padj

ZFHX3 N/A N/A N/A N/A 1.17 9.58E-24 N/A N/A 1.20 7.97E-26

HOXD1 N/A N/A 3.19 4.13E-11 3.28 2.20E-11 N/A N/A 3.19 1.23E-10

HOXA1 N/A N/A 2.82 7.45E-13 2.69 6.47E-10 N/A N/A 2.50 7.36E-09

INHBB N/A N/A 6.43 1.18E-19 5.78 5.88E-20 N/A N/A 6.13 3.37E-17

WNT9A 1.01 2.91E-03 2.93 5.70E-41 1.97 1.54E-22 N/A N/A 3.00 1.29E-40

KLF4 N/A N/A 4.88 2.49E-179 5.14 8.37E-157 N/A N/A 4.71 1.35E-151

INHBE N/A N/A 6.61 7.04E-25 6.25 2.49E-14 -1.08 1.71E-06 5.52 1.52E-15
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Figure 5.24 Expression of differentially expressed genes associated with 
signalling pathways regulating pluripotency of stem cells. 

Table of differentially expressed genes associated with signalling pathways 
regulating pluripotency of stem cells in HCMV_0 v NP1_0, HCMV_5 v NP1_0, 
HCMV_5 v HCMV_0 and NP1_5 v NP1). NP1_0 = untreated NP1. NP1_5 = NP1 
differentiated over 5 days using Walton et al., (2006) protocol. HCMV_0 = NP1 
+HCMV infected at an MOI of 3 FFU/cell for 5 days, HCMV_5 = NP1 +HCMV 
infected at an MOI of 3 FFU/cell for 5 days and then differentiated over 5 days 
using Walton et al., (2006) protocol. Differentially expressed genes with a 
Log2Fold change of >1 or <-1 and padj of <0.01 were included in this analysis. 

 

Figure 5.25 Differential expression of TERT 

Differential expression of TERT from RNAseq analysis expressed as log2fold 
change with corresponding padj values for all comparisons with differential 
expression. 

5.7 Effects of differentiation on viral gene expression 

RNAseq reads were also mapped to the merlin genome assembly AY446894 to 

analyse HCMV gene expression during NP1 infection and subsequent 

differentiation. No HCMV gene expression was detected in NP1_0 or NP1_5, 

confirming that NP1 do not harbour endogenous HCMV infection. RNAseq 

analysis detected expression of 168 HCMV genes during infection of NP1 (figure 

HCMV_0 v NP1_0

Up WNT2B, HOXD1, ONECUT1, PIK3R3, WNT6, ACVR1C, WNT11, ZIC3, HOXA1, OTX1, 

JARID2, JAK3, WNT4, WNT10B, WNT10A, WNT7B, WNT7A, INHBB, AXIN2, WNT9A, 

KLF4, DUSP9, ACVR2A, INHBE, HAND1, FGFR4, FGFR2

Down SOX2, WNT5B, WNT5A, ID1, FGF2, IGF1R

HCMV_5 v NP1_5

Up HOXD1, TCF7, ONECUT1, PIK3CB, WNT6, ACVR1C, WNT11, ZIC3, PCGF1, HOXA1, 

OTX1, HRAS, JAK3, WNT4, WNT10B, WNT10A, ZFHX3, FZD5, WNT7B, AXIN1, WNT7A, 

LIFR, INHBB, WNT9A, WNT16, KLF4, ISL1, POU5F1, INHBE, MAPK11, HAND1, FGFR4, 

FGFR3

Down FZD1, SMAD2, FZD2, WNT2B, DLX5, FZD4, FZD6, FZD8, PIK3CD, PIK3R1, AXIN2, 

FGF2, ACVR2A, IGF1R, SOX2, MEIS1, AKT2, ID1, ID4, ID3, CTNNB1, BMPR1B, BMPR1A

HCMV_5 v HCMV_0

Up FGFR3, FGFR2, WNT4

Down SOX2, FZD1, FZD2, WNT5B, DLX5, WNT5A, FZD6, ID1, LIF, ID3, FGF2, INHBE

NP1_5 v NP1_0

Up FZD1, SMAD2, APC2, WNT2B, PIK3R3, WNT8B, PIK3R1, AXIN2, WNT9A, ACVR2A, 

MAPK13, SOX2, MEIS1, WNT11, ZIC3, CTNNB1, BMPR1B, FGFR4, FGFR2, FGFR1

Down ACVR1, PCGF6, SMAD3, WNT5B, FZD5, WNT7B, WNT5A, TCF7, LIF, WNT7A, LIFR, 

WNT16, POU5F1, TBX3, MYC, DVL1, ID1, IL6ST, SKIL, HRAS, WNT3

Log2fold change padj

NP1_5 v NP1_0 -1.47 1.40E-03

HCMV_0 v NP1_0 0.78 1.31E-02

HCMV_5 v NP1_5 2.65 9.32E-14

HCMV_5 v NP1_0 1.21 1.65E-04
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5.26 and 5.27), with 121 viral genes significantly differentially expressed between 

HCMV_5 v HCMV_0, all of which showed increased expression (figure 5.28). 

Cut offs for significantly differentially expressed viral genes were padj of ≤0.01 

and log2fold change of ≥1 or ≤-1. All genes with significant differential expression 

were increased between HCMV_5 v HCMV_0. This pan-increase in viral gene 

expression during differentiation is likely at least partly responsible for the 

dramatic increase in viral titre detected in HCMV+ NP1 supernatants throughout 

differentiation, though it is still unclear what is responsible for the switch from 

non-productive to productive infection when NP1 are differentiated (figure 4.13).  

The most highly expressed HCMV transcript in HCMV_0 and second in HCMV_5 

was RNA 2.7, which is known to be the most highly expressed HCMV transcript 

during lytic infection and is antiapoptotic (Gatherer et al., 2011). Another of the 

most highly expressed HCMV genes in both HCMV_0 and HCMV_5 was RNA 

4.9. HCMV RNA 4.9 is a long non-coding RNA that is involved in regulating viral 

DNA replication (Tai-Schmiedel et al., 2020). Interestingly, HCMV RNA 4.9 has 

been detected in triple negative breast cancer (Banerjee et al., 2015). Rosetto et 

al. (2013), showed that during latency RNA 4.9 interacts with the HCMV MIEP 

region, resulting in an increase of the repressive mark H3K27me3. Both RNA 2.7 

and RNA 4.9 are detected during natural and experimental latency of CD14+ 

monocytes or CD34+ progenitor cells (Rosetto et al., 2013).  

UL22A was the most abundantly expressed HCMV gene in HCMV_5 and the 

second most abundant in HCMV_0. UL122A encodes miR-Ul22A, which is 

known to interact with target genes for interferon 18 receptor precursor, histone 

3 and BMP4 (Meshesha et al., 2012, Lisboa et al., 2015). MiR-122A has also 

been shown to downregulate SMAD3 which leads to the reactivation of latent 

HCMV in CD34+ haematopoietic progenitor cells (Hancock et al., 2020).  

The third and fourth most abundantly expressed transcripts in both HCMV_0 and 

HCMV_5 were UL4 and UL5, both members of the RL11 gene family of which 

little is known about their function. UL4 encodes three transcripts, two of which 

display early kinetics and one late. UL4 is known to encode a 48 kDa virion 

glycoprotein (Chang et al, 1989). UL5 encoded protein pUL5 is expressed in the 

early phase of HCMV infection and despite localising to the viral AC is not 

incorporated into the virion. Additionally UL5 has been shown to interact with the 

cellular scaffold protein, IQ Motif Containing GTPase Activating Protein 1 

(IQGAP1) (Anselmi et al., 2020).  

In differential expression analysis of viral genes between HCMV_5 and HCMV_0 

the gene with the largest increase in expression was UL146, which encodes the 

protein vCXCL1, which has sequence similarity to CXC chemokines.  VCXCL1 
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is known to increase expression of PD-L1 through the activation of STAT3 

signalling and promote immune evasion (Hu et al., 2020). Whilst CD274, the 

gene encoding programmed death-ligand 1 (PD-L1) showed a log2fold change 

of -0.67 in HCMV_0 v NP1_0, at day 5 of differentiation HCMV_5 v NP1_5 

showed an increased expression with a log2fold change of 0.82. PD-L1 

expression is known to be increased in GBM compared to lower grade gliomas 

and is associated with immunosuppression in the tumour microenvironment 

(Zhang et al., 2017).  

The second and third most upregulated viral genes between HCMV_5 v 

HCMV_0, were UL11 and UL10 respectively, which are also known to exert 

immunosuppressive activity. UL11 protein has been shown to interact with the 

receptor tyrosine phosphatase CD45, which results in disruption to T-cell 

function (Gabaev et al., 2011). UL11 has also been linked with increased levels 

of the anti-inflammatory cytokine IL-10, which is known to be overexpressed in 

GBM and is associated with increased proliferation and motility, promoting 

invasion and tumour progression (Zhang et al., 2019). UL10 encodes a protein 

that is known to be dispensable for viral replication, but is known to modulate the 

host immune response through interaction with receptors ubiquitously expressed 

on the cell surface of leukocytes (Bruno et al., 2016).  
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Figure 5.26 Average FPKM of all HCMV genes in HCMV_0 

Average RNA-seq FPKM values for HCMV genes in all three samples of group 
HCMV_0 

 

Gene FPKM (average) Gene FPKM (average) Gene FPKM (average)

RNA2.7 64299.12 UL49 1044.09 UL52 523.95

UL22A 37193.72 RL11 1033.28 UL87 521.52

UL4 7047.17 US13 1027.92 UL45 519.33

UL5 6537.51 UL2 1027.10 UL29 513.76

UL40 5943.71 UL32 1025.36 UL14 508.52

RNA4.9 5845.93 UL135 1006.05 UL77 503.34

UL41A 4723.07 UL148C 996.57 UL20 493.29

UL82 4438.53 UL54 965.14 UL70 490.95

UL30A 3940.11 UL50 947.78 US29 465.75

UL83 3913.32 US20 924.57 UL86 445.31

UL132 3531.33 US32 921.75 UL95 445.20

UL145 3484.79 UL13 888.57 UL124 443.19

UL148 3457.34 UL53 873.89 UL120 436.81

UL141 3281.86 UL55 862.78 UL48 433.98

UL42 2992.37 UL75 816.26 US27 429.11

RL5A 2759.14 UL102 808.91 US16 425.50

UL144 2620.79 US33A 802.81 UL130 418.24

UL99 2436.16 UL147 793.49 UL6 407.81

UL43 2387.65 UL51 789.41 UL27 407.64

UL73 2257.97 UL114 787.51 UL74 404.63

RL13 2221.43 US31 785.52 UL19 398.10

UL44 2101.51 UL38 779.87 US24 388.15

UL17 2101.11 UL148A 769.86 UL103 383.30

US18 2088.10 UL24 750.94 UL79 383.08

UL138 2070.54 UL148B 738.40 UL80 373.84

UL111A 2003.38 UL133 738.16 UL15A 368.52

UL139 2000.22 US9 727.58 UL76 367.24

UL84 1959.54 UL21A 727.05 US17 342.05

UL30 1913.06 UL89 707.94 UL146 337.20

UL140 1800.04 UL16 677.94 UL37 333.86

UL115 1777.57 RL10 658.01 IRS1 321.19

RL12 1767.64 US15 656.79 UL46 315.10

UL147A 1697.61 UL97 650.35 UL104 314.36

UL100 1666.74 UL93 649.54 US23 311.22

UL25 1634.16 UL122 645.61 UL123 310.59

UL48A 1584.05 UL88 633.63 TRS1 286.48

UL78 1569.16 US28 633.36 RL1 277.81

UL74A 1553.82 UL23 628.15 UL10 259.78

UL31 1531.43 UL33 622.21 US10 253.72

UL136 1504.64 UL96 601.26 UL1 242.41

UL112 1500.22 US14 591.14 US2 236.43

US3 1462.93 RNA5.0 586.28 US11 228.72

UL148D 1398.01 US34 576.25 UL105 225.51

UL116 1397.94 UL35 564.46 UL150 224.87

UL34 1383.52 UL91 563.36 US26 224.52

UL119 1350.16 US30 556.15 US21 223.48

US12 1276.86 US8 550.07 UL131A 221.48

US1 1238.08 UL71 547.01 RL6 220.91

UL94 1176.49 US34A 542.91 UL121 217.79

UL85 1173.63 UL92 542.68 UL47 202.19

UL72 1169.04 UL142 541.61 UL57 201.46

UL69 1164.08 US6 541.36 US7 182.01

US19 1143.34 UL56 539.20 UL18 154.15

UL117 1142.78 UL11 531.53 UL9 116.81

UL98 1122.77 US22 531.37 RL9A 100.18

UL36 1062.75 UL26 530.02 UL8 64.70

HCMV_0 fpkm
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Figure 5.27 Average FPKM of all HCMV genes in HCMV_5 

Average FPKM values for HCMV genes in all three samples of group HCMV_0 

 

Gene FPKM (average) Gene FPKM (average) Gene FPKM (average)

UL22A 84060.38 RL11 2459.04 UL95 1161.44

RNA2.7 82535.59 UL135 2361.91 UL33 1138.27

UL4 14188.03 UL13 2359.43 US27 1134.46

UL5 12896.35 US32 2261.09 UL35 1117.24

UL82 12267.72 UL32 2259.37 UL56 1093.35

UL40 12239.31 UL54 2186.20 UL48 1074.52

UL83 10890.30 US19 2131.54 UL21A 1072.78

UL30A 10057.83 US13 2128.06 UL74 1067.05

UL41A 10053.43 UL55 2120.27 UL130 1037.52

RNA4.9 7629.61 US31 2082.59 UL103 1032.72

UL99 7308.17 UL11 2080.22 UL124 1016.34

UL132 6722.91 UL53 2064.64 UL36 996.92

UL42 6496.61 UL49 2053.67 UL10 993.88

UL148 6391.47 UL75 1993.18 UL46 972.53

UL145 5562.18 UL89 1932.73 US16 961.82

UL138 5516.75 UL148A 1897.42 US9 946.37

UL73 5463.95 UL114 1878.88 UL76 898.76

UL43 5408.18 UL50 1871.90 UL6 862.24

RL13 5190.90 UL133 1845.79 US17 852.66

UL111A 5032.31 UL88 1829.20 UL104 840.59

UL84 4924.04 UL148B 1823.37 US6 839.95

UL144 4882.83 RL10 1762.15 UL29 833.82

UL44 4663.86 UL51 1724.75 UL19 822.77

UL115 4600.88 UL24 1714.70 UL15A 821.20

UL30 4597.04 UL122 1702.27 UL1 819.37

UL100 4456.01 US20 1686.53 RL1 813.43

UL141 4354.08 UL93 1665.07 UL80 803.33

UL147A 4032.76 US33A 1664.40 UL79 788.02

UL78 3964.96 UL97 1653.19 UL20 774.03

UL74A 3961.46 US28 1625.61 US22 764.86

UL136 3842.34 UL102 1547.02 TRS1 748.70

RL5A 3807.70 US30 1544.09 UL27 722.82

UL148D 3801.46 UL146 1541.20 IRS1 672.80

UL25 3780.27 UL96 1536.51 UL37 669.22

RL12 3775.21 UL91 1528.23 US24 646.11

UL48A 3581.97 RNA5.0 1514.80 US8 638.73

UL17 3567.28 UL87 1485.40 UL150 604.77

US18 3510.36 UL45 1433.03 UL105 584.39

UL116 3480.60 UL92 1426.35 US21 583.15

UL69 3471.42 US15 1399.82 UL121 566.59

UL119 3409.18 UL38 1386.57 UL131A 545.73

UL139 3383.05 UL71 1332.62 UL47 522.51

UL34 3332.55 UL16 1310.53 US26 517.68

UL98 3209.06 US29 1291.57 US23 497.31

UL31 3192.60 UL70 1274.38 US2 452.24

UL140 3191.98 US14 1267.15 UL9 429.60

UL94 3085.19 UL26 1263.13 UL123 407.14

UL72 3075.67 US34A 1245.11 US10 405.72

UL2 3027.34 UL23 1238.66 UL142 400.15

UL85 2975.61 UL52 1238.55 RL6 389.56

UL112 2839.83 UL77 1236.77 US7 350.02

UL117 2782.50 UL14 1227.97 US11 337.47

US12 2597.69 US34 1198.71 UL57 316.96

UL147 2594.21 US3 1195.41 UL18 287.20

UL148C 2499.41 UL86 1192.45 RL9A 249.73

US1 2483.78 UL120 1185.79 UL8 215.59

HCMV_5 fpkm
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Figure 5.28 Differentially expressed HCMV genes during differentiation of 
HCMV infected NP1 

Differential expression of HCMV genes in RNAseq analysis of HCMV_5 v 
HCMV_0 with cut-offs applied for padj of ≤0.01 and log2fold change of ≥1 or ≤-
1. 

5.8 Discussion 

RNAseq analysis of NP1 +/- HCMV and +/- differentiation revealed the extent of 

the transcriptional changes associated with HCMV infection in NP1, both before 

and after differentiation treatment. Enrichment analysis revealed a multitude of 

pathways that could be involved in the perturbation of differentiation in HCMV+ 

NP1 and also may contribute to gliomagenesis. The significant disruption to gene 

expression related to axon guidance may explain how HCMV perturbs neurite 

Gene Log2Fold Gene Log2Fold Gene Log2FoldGene Log2Fold

UL146 2.18 UL13 1.40 US17 1.31 UL24 1.18

UL11 1.96 US31 1.40 RL9A 1.31 UL54 1.17

UL10 1.93 US27 1.40 UL116 1.31 UL43 1.17

UL9 1.87 UL74 1.39 UL130 1.30 UL48A 1.17

UL1 1.75 UL122 1.39 UL48 1.30 UL22A 1.17

UL8 1.73 UL72 1.39 UL148B 1.30 US16 1.17

UL147 1.70 UL92 1.39 UL148A 1.29 UL15A 1.15

UL46 1.62 UL94 1.38 UL131A 1.29 UL44 1.14

UL99 1.58 TRS1 1.38 UL77 1.29 UL32 1.13

UL69 1.57 UL95 1.38 UL55 1.29 UL51 1.12

UL2 1.55 US21 1.38 US32 1.29 UL42 1.11

RL1 1.54 UL121 1.37 UL76 1.28 UL80 1.10

UL88 1.52 UL70 1.37 UL75 1.28 US14 1.09

UL98 1.51 UL105 1.37 UL71 1.28 RL12 1.09

UL87 1.50 UL115 1.36 UL117 1.28 US15 1.08

UL83 1.47 RNA5.0 1.36 UL73 1.27 UL41A 1.08

US30 1.47 UL47 1.36 UL14 1.26 UL6 1.07

US29 1.46 US28 1.35 UL34 1.26 IRS1 1.06

UL82 1.46 UL93 1.35 UL30 1.26 UL31 1.05

UL45 1.46 UL96 1.35 UL114 1.25 US34 1.05

UL89 1.44 UL136 1.35 UL26 1.25 US33A 1.04

UL148D 1.44 UL30A 1.34 RL11 1.24 US13 1.04

UL120 1.43 UL74A 1.34 UL147A 1.24 UL19 1.04

UL91 1.43 UL97 1.34 UL52 1.23 UL40 1.03

UL103 1.42 UL85 1.33 UL53 1.23 UL79 1.03

UL150 1.42 UL78 1.33 UL135 1.22 US12 1.02

UL86 1.41 UL119 1.33 RL13 1.22 UL56 1.01

RL10 1.41 UL84 1.32 UL25 1.20 UL4 1.00

UL104 1.41 UL111A 1.32 US26 1.20

UL100 1.41 UL148C 1.32 US34A 1.19

UL138 1.41 UL133 1.31 UL124 1.19
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outgrowth (Figure 4.9 and 5.18). Han et al., (2017) showed that HCMV IE2 

transduced embryonic NP’s developed short neurites compared to control cells 

and also possessed nonradially oriented processes. They also noted that when 

IE2 transduced NP’s implanted into embryonic mouse brains, IE2+ callosal 

axons were unable cross the midline in leading to defects in the corpus callosum, 

indicating that HCMV perturbed neurite development has functional 

consequences within the brain.  

To determine whether IE2 is also responsible for the dysregulation of axon 

guidance and neurite formation in adult NP1’s, NP1 could be transfected with 

IE2 and differentiated using the Walton et al., (2006) protocol and neurite 

outgrowth measured. It would also be interesting to time-lapse the differentiation 

of IE2 transduced NP1, HCMV infected NP1 and control NP1 using the Incucyte 

Zoom to watch the differences in neurite development over time. Further work 

could determine if the disruption to neurite outgrowth has functional effects, such 

as the electrophysiology protocol used in the Walton et al. (2006) paper. Axon 

guidance molecules including semaphorins and slits have been shown to be 

present in many cancers, including cancers outside of the CNS and are thought 

to play a role in both migration and apoptosis (Chedotal et al., 2005). As RNAseq 

highlighted dysregulation of the expression of slit and semaphorin genes, this 

may be another area that requires further investigation. 

The calcium signalling pathway was the second most significantly influenced 

KEGG pathway in Enrichr analysis of all differentially expressed genes in 

HCMV_5 v HCMV_0 and the most significant pathway identified from the list of 

genes with increased expression in this group. Calcium signalling was also 

significantly dysregulated in KEGG analysis of HCMV_5 v NP1_5. HCMV has 

previously been shown to disrupt calcium signalling in NPs derived from iPSCs 

and this causes functional and developmental defects in organoid formation 

(Sison et al., 2019). HCMV genes that have been shown to play a role in the 

disruption of calcium signalling include US21, UL37, and US28 (Dunn and 

Munger, 2020). Interestingly, UL146 encodes a viral chemokine vCXCL1 and 

was the most upregulated viral gene in HCMV_5 v HCMV_0. The UL146 

encoded protein is known to act as an agonist to the human chemokines CXCR1 

and CXCR2 which are integral in intracellular calcium release (Penfold et al., 

1999). HCMV proteins including gB are also known to bind the human epidermal 

growth factor receptor (EGFR), initiating release of intracellular calcium in the 

same way the native ligand of this receptor, EGF does (Wang et al., 2003). EGF 

mediated calcium release has previously been reported to play a role in 

modulation of growth and migration in glioma cells as well as gliomagenesis 

(Bryant et al., 2004, Maklad et al., 2019). The effects of HCMV on calcium 
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signalling in NP1 warrants further in vitro investigation of protein expression and 

viral-host protein interactions due to the importance of this pathway in 

gliomagenesis and GBM progression.  

Significant dysregulation of genes involved in the PI3K-Akt pathway was 

associated with HCMV infection of NP1. Viral mediated activation of the PI3K-

Akt pathway is essential for HCMV entry and has previously been ascribed to 

HCMV gB binding PDGFRα, (Johnson et al., 2001, Cobbs et al., 2014). As gB 

was expressed in HCMV_0 and HCMV_5, with increased protein levels at day 5, 

this could therefore be involved in the dysregulation of the PI3K-Akt pathway. 

Interestingly, rapid PI3K-Akt activation via the interaction of UL135 and UL138 

with host (EGFR) is also seen in the early phase of establishment of latency by 

HCMV in CD34+ stem cells (Kim et al., 2017). Inhibition of PI3K has been shown 

to reactivate latent HCMV in the same cells (Buehler et al., 2016). With this in 

mind, it would be interesting to look at expression of genes within the PI3K-Akt 

pathway and specifically PI3K-Akt activation in the chronically HCMV infected 

colony 2. With PI3K-Akt activation reported in >90 % of glioblastomas and 

endogenous gB detected in GBM samples, this could be an important area for 

further research, particularly looking at interactions between HCMV proteins and 

elements of the PI3K-Akt pathway (Cobbs et al., 2014). Previous studies have 

failed to find viable GBM treatments using PI3K-Akt inhibitors due to the 

difficulties associated with getting such compounds across the blood brain 

barrier (Colardo et al., 2021).  

HCMV mediated disruption of MAPK signalling may also be key in understanding 

the role HCMV could play in GBM. The MAPK signalling cascade responds to an 

array of extracellular signals to regulate several fundamental cellular processes, 

including control of growth, proliferation, differentiation, migration and apoptosis 

(Sun et al., 2015). MAPK signalling pathway was identified as significantly 

affected in KEGG analysis of both HCMV_0 v NP1_0 and HCMV_5 v NP1_5 

(Figure 5.134 and 5.15) as well as being the most significant pathway in KEGG 

analysis of co-expressed genes unique to groups HCMV_0 and HCMV_5 (Figure 

5.18). Similarly to calcium signalling and PI3K-Akt, MAPK signalling can also be 

activated through binding of EGF to EGFR (Walker et al.,1998). MAPK has been 

shown to be activated by HCMV gB, leading to a pro-survival response and also 

playing a key role in the establishment of latency (Reeves et al., 2012). HCMV 

has been shown to increase the migration and invasion of GBM cells through the 

c-Jun N-terminal kinases pathway (JNK), which is one of the signalling pathways 

of the MAPK family (Zhu et al., 2020). Importantly, JNK is required for both 

gliomagenesis and maintenance of stemness in GSC’s (Kitanaka et al., 2019). 

Further to this, the inhibition of JNK leads to loss of tumour initiating capacity in 
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GCS’s. One particularly notable gene in both the classical and JNK pathways of 

MAPK signalling is FOS, a proto-oncogene that encodes c-Fos. Overexpression 

of c-Fos is associated with GBM and has been implicated in proliferation, 

differentiation, angiogenesis, invasion, and metastasis, with expression of this 

gene correlating with prognosis (Liu et al., 2016). FOS expression showed a 

log2fold change of 2.37 in HCMV_0 v NP1_0. Further analysis of MAPK 

signalling in HCM+ NP1 compared to NP1 and also GBM cells may elucidate if 

HCMV causes similar dysregulation to that seen in GBM.  

The cancer stem cell model suggests a population of stem-like cells with a 

number of driver mutations that have the propensity to both self-renew and give 

rise to differentiated progeny, thus explaining heterogeneity within tumours 

(Bonnet and Dick, 1997). This model of tumourigenesis was first described in 

acute myeloid leukaemia which originates from a haematopoietic progenitor and 

is now a widely accepted model of tumourigenesis. GSC’s are thought to arise 

from the SVZ and play a key role in the pathogenesis of GBM due to their 

capability for self-renewal and differentiation and are thought to drive both 

recurrence and resistance to treatment (Ignatova et al., 2002, Piper et al., 2021). 

The presence of GSC’s is also thought to contribute to the high levels of 

intratumour heterogeneity associated with GBM (Johnson et al., 2014). KEGG 

analysis of genes uniquely co-expressed in HCMV_0 and HCMV highlighted 

“signalling pathways regulating pluripotency of stem cells”. Of the seven genes 

identified as expressed in HCMV+ NP1, but not in controls, six did not have 

differential expression during differentiation. As pluripotency associated genes 

often show a decrease in expression as cells become more differentiated, this 

may signify that HCMV infection not only switches on expression of pluripotency 

genes, but also renders NP cells refractory to differentiation. A key gene 

identified as highly upregulated by HCMV infection of NP1 was KLF4. KLF4 is 

well-known as one of the four Yamanaka factors, which, together with the other 

factors, can reprogram terminally differentiated cells to induce pluripotency 

(Takahashi and Yamanaka, 2006). Expression of POU5F1, which encodes Oct4, 

and MYC (increased by a log2fold of 0.74, so not included in further analysis due 

to the cut offs applied) which encodes c-myc are also Yamanaka factors and 

were also increased in HCMV_5 v NP1_5. This increase in three of the four 

Yamanaka factors may indicate that HCMV is transcriptionally reprogramming 

NP1 through increasing expression of factors known to induce pluripotency. 

Crucially, aberrant expression of all three of these genes outside of their normal 

roles in development has been shown to be tumourigenic, thus all three being 

classified as oncogenes (Schmidt., 1999, Qi et al., 2018, Wang et al., 2013). 

However, SOX2, the fourth Yamanaka factor and arguably the one that is most 
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commonly associated with GBM and specifically HCMV infection in GBM showed 

significantly decreased gene and protein expression in HCMV infected NP1 

compared to controls (Soroceanu et al., 2015). It would be interesting to compare 

SOX2 expression in chronically infected colony2 to that in NP1 and HCMV+ NP1 

(5 d.p.i) to see if this changes with long term infection. HCMV has been shown 

to confer stem-like properties to GBM cells upon in vitro infection leading to 

enhanced growth as tumourspheres (Soroceanu et al., 2015). This increase in 

stem-like properties was attributed to HCMV IE proteins, with an IE1-deficient 

strain failing to lead to enhanced tumoursphere formation. Interestingly, the 

same study showed that RNAi mediated inhibition of IE expression in 

endogenously HCMV infected patient derived GSC’s was sufficient to prevent 

tumoursphere formation. Further investigation is needed to determine whether 

IE expression in NP1 has a similar effect on neurosphere formation. 

The increased expression of telomerase gene TERT in HCMV infected NP1 both 

prior to and post differentiation may be an important pro-oncogenic change in 

NP cells. Upregulation of telomerase is known to enable replicative immortality, 

a hallmark of cancer (Hanahan and Weinberg, 2011). The majority of GBM 

samples show telomerase activation (Hakin-Smith et al., 2003, Tchirkov et al., 

2003). In GBM samples HCMV IE1 has been shown to colocalise with TERT, 

with correlation in levels of expression (Straat et al., 2009). Expression of IE1 

alone was enough to increase TERT expression in GBM cells. This increased 

TERT activation may be a key finding in determining the role of HCMV in 

gliomagenesis. 

Early studies of HCMV latency proposed that latency was characterised by the 

majority of the viral genome being silenced through chromatin remodelling and 

repression of the MIEP leading to a limited subset of latency-associated genes 

being expressed in the absence of so-called lytic gene expression (Reeves et 

al., 2005). However, in recent years studies have refuted this model due to 

evidence of a much broader pool of viral transcripts expressed in both natural 

and experimental latency (Cheng et al., 2017, Schnayder et al., 2018). Recent 

evidence from meta-analysis of transcriptomic studies of naturally latently HCMV 

infected cells, suggests that HCMV does not have a defined latency specific 

transcriptional program as previously thought (Schwartz and Stern-Ginossar, 

2019). Instead, it was determined that such cells exhibit a transcriptional program 

very similar to that of lytic infection, albeit at a much lower level. Therefore, it 

would be interesting to further investigate the levels of HCMV transcripts in NP1 

infection. Whilst HCMV_5 v HCMV_0 shows a pan increase in viral gene 

expression, without a non-differentiated day 5 HCMV+ NP1 control, it is not 

possible to determine whether this increase is induced by differentiation or if viral 
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transcript accumulation would have occurred simply through five further days of 

infection. If indeed this increase is specific to differentiation, this together with 

the switch from non-productive to productive infection seen during HCMV+ NP1 

differentiation may imply that adult NP are a potential reservoir of HCMV latency 

and that differentiation dependant reactivation occurs in NP1. It would be useful 

to monitor levels of viral gene expression over a longer time course of infection, 

to get a better idea of how HCMV infection progresses in these cells. Comparison 

of viral gene expression levels between HCMV_0, HCMV_5 and colony 2 (+/- 

differentiation) may also be valuable in elucidating whether NP1 are indeed 

capable of supporting latency and reactivation of HCMV. 

One of the main limitations of the RNAseq experiment discussed in this chapter 

in terms of identifying potential oncogenic or oncomodulatory changes, is the 

relatively short time frame of infection. In patients, glioma development likely 

happens over weeks, months and even years, with Stensjøen et al. (2018) 

estimating that on average GBM development begins around 330 days prior to 

diagnosis. Additionally, if natural HCMV infection is driving gliomagenesis, the 

initial infection was likely acquired many years, even decades prior to 

gliomagenesis. Therefore, for future work, RNAseq of colony 2 would be a logical 

next step. Going forward, it will be important to determine whether the changes 

in transcription discussed in this chapter are reflected in both protein expression 

and phenotypic changes.  
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Chapter 6 – Final discussion 

This study has shown that HCMV can infect adult NP cells in vitro, leading to 

expression of IE, early and late protein expression, but lacking detectable 

infectious virion production. It remains unclear what causes this block in viral 

production in NP1, but could be important in explaining the fact that NP1 can 

support chronic infection with HCMV in vitro over a period of several months as 

seen in colony 2. Further work needs to be conducted to fully elucidate the nature 

of this long-term infection to determine if it is true viral latency, or simply a low-

level grumbling infection with minimal virion production. Single cell 

transcriptomics of colony 2 could be key in establishing the nature of this chronic 

HCMV infection of NP1. Firstly, it could reveal the proportion of cells that are 

expressing HCMV genes in the absence of detectable GFP expression and 

secondly, it may help to determine whether sporadic GFP expression is due to 

low level, chronic infection spreading slowly from cell to cell or due to latency and 

subsequent reactivation. Another possibility for further analysing the nature of 

HCMV infection in colony 2, would be to sort the GFP+ cells from the GFP- cells 

and RNAseq the two groups to see if the viral transcriptional profiles showed 

distinct patterns of viral gene expression and whether this is consistent with latent 

and reactivated gene expression. The ability of adult NP to support HCMV 

infection for several months post infection suggests that these cells are a 

potential reservoir for latent infection in the adult brain. This may be important in 

explaining how HCMV genomes, RNA and a limited subset of viral proteins are 

present in GBM tumours in the absence of infectious virions.  

Differentiation stimuli lifts the block in HCMV virion production in NP1 and leads 

to infectious virus in NP1 supernatants from day three of differentiation onwards. 

A similar effect is seen upon differentiation of long-term infected colony 2, which 

leads to increased GFP expression and production of virus in the supernatant. 

This phenomenon of differentiation dependent virus production is reminiscent of 

the differentiation dependant reactivation from latency that is seen in HCMV+ 

monocytes (Chan et al., 2012, Stevenson et al., 2014). Further work needs to be 

conducted to determine if this is a strictly differentiation dependant effect, or a 

direct effect of one of the reagents used in the differentiation protocol. Cheng et 

al. (2017), used dibutyryl cAMP and IBMX (both of which are used in the 

differentiation protocol), to reactivate latent HCMV infection of an in vitro infected 

GBM line. The study attributes the effects of dibutyryl cAMP/IBMX treatment to 

its effects on the PKA-CREB signalling pathway, however as this pathway is 

known to play a key role in regulation of neuronal differentiation, it remains 

unclear as to if Cheng et al. were also inducing differentiation of their GBM cells. 
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In light of this, it may be prudent to try other NP differentiation methods that do 

not include dibutyryl cAMP and IBMX to determine if this phenomenon is 

differentiation dependant. It would be interesting to differentiate GBM cells from 

GBM that have been shown to harbour HCMV antigens, to see if HCMV can be 

reactivated from these cells in a similar way to HCMV+ NP1.  

HCMV infection perturbs the differentiation of NP1 cells, resulting in failure to 

adopt neuronal or astrocytic morphology, dysregulation in the expression of 

several key differentiation markers including GFAP and β-III-tubulin. Increased 

β-III-tubulin is associated with GBM and is thought to contribute to tumour 

development and progression (Katsetos et al., 2011). Maintenance of PCNA and 

Ki67 throughout differentiation suggests dysregulation of the cell cycle by HCMV, 

which may potentially promote proliferation. HCMV has long been known to 

modulate the cell cycle to optimise conditions for viral gene expression (Salvant 

et al., 1998).  HCMV drives cells into G1, but prevents G1/S transition, despite 

the expression of several S-phase proteins including PCNA (Dittmer and 

Mockarski, 1997). The early stages of oncogenesis involve dysregulation of the 

cell cycle and this is seen in other oncogenic viruses including EBV, which 

promotes G1/S transition through a variety of latency associated viral genes and 

KSHV, which also promotes cell cycle progression, particularly through its 

oncogenic LANA (Paladino et al., 2014, Wei et al., 2016). To determine whether 

the HCMV dependant maintenance of Ki67 and PCNA does confer increased 

proliferation to NP1 cells, a proliferation assay could be performed. It would be 

interesting to compare the proliferation of NP1 at various stages of HCMV 

infection, including in colony 2.  Differentiating HCMV+ NP1 show induction of 

expression of CD133 protein, the expression of which is usually limited to stem 

cells. This is particularly notable as in GBM, HCMV IE expression is associated 

with a CD133+ subpopulation and in vitro infection of GBM led to increased 

CD133 expression (Fornara et al., 2016). Interestingly, oncogenic herpesviruses 

KSHV and EBV are also known to induce CD133 expression, through effects on 

the notch and hedgehog signalling pathways respectively (Liu et al., 2010, Lun 

et al., 2014). Induction of CD133 expression may indicate a HCMV mediated de-

differentiation of NP1. However, the lack of detection of CD133 transcripts in 

HCMV+ NP1 by RNAseq is concerning and thus requires further investigation.  

Enrichment analysis of RNAseq data highlighted HCMV mediated modulation of 

axon guidance and several key signalling pathways that may indicate an 

oncogenic or oncomodulatory effect in HCMV infection of adult NP cells. These 

include dysregulation of calcium signalling, PI3K-Akt signalling, MAPK signalling 

and signalling pathways regulating pluripotency of stem cells. The effects of 

HCMV infection on axon guidance may explain the deficiency in developing 
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neuronal processes during differentiation of HCMV+ NP1. Calcium signalling, 

PI3K-Akt signalling and MAPK signalling have been shown to be interconnected, 

including in astrocytic cells, so the simultaneous dysregulation of these three 

pathways by HCMV is unsurprising (Jiang et al., 2015). Calcium signalling 

disruption has been attributed to several HCMV proteins, including pUS28 and 

pUL146, the HCMV with moths upregulated expression during differentiation of 

HCMV+ NP1 (Dunn and Munger, 2020(Penfold et al., 1999). Calcium signalling 

is known to regulate neurogenesis and is extensively dysregulated in GBM, 

where it can promote growth and tumourigenesis (Toth et al., 2016, Maklad et 

al., 2019). Further experiments are required to determine if the changes in gene 

expression within the calcium signalling pathway associated with HCMV infection 

of NP1 lead to functional effects on calcium signalling and if so, how these 

changes affect differentiation of these cells. PI3K-Akt is known to be an important 

regulator of neuronal differentiation and so the dysregulation of this pathway by 

HCMV in NP1 may contribute to the perturbation of differentiation observed 

(Sánchez-Alegría et al., 2018). HCMV infection of GBM cells in vitro was found 

to induce PI3K activation which led to increased migration and invasion (Cobbs 

et al., 2007). Further investigation of the effects of HCMV infection on the PI3K-

Akt signalling pathway in NP1 are needed to determine whether HCMV does 

indeed activate this pathway in adult neural progenitor cells and what the effects 

of this activation are in terms of contributing to oncogenesis. MAPK signalling 

has been associated with GBM initiation and tumourigenesis (Krishna et al., 

2012). The effects of HCMV infection on MAPK signalling gene expression in 

NP1 highlighted by RNAseq analysis need to be further evaluated to determine 

if this is responsible for HCMV induced effects on differentiation and if this could 

possibly contribute to tumourigenesis in HCMV+ NP1.   

Whilst bulk RNAseq gives a good whole population overview of transcriptional 

changes associated with HCMV infection of NP1, single cell RNAseq may be 

useful to gain a deeper understanding of the changes occurring and to assess 

the heterogeneity across populations. Firstly, as NP1 are a primary derived cell 

type, there is likely to be significant heterogeneity within the population. It would 

be interesting to see if prior to differentiation, some individual cells are already 

exhibiting more stem cell, neuronal or astrocytic like transcriptional programs 

than the population as a whole.  As the differentiation protocol used is known to 

result in neuronal, astrocytic and hybrid so-called “asterons” it would be useful to 

look post differentiation for distinct gene expression patterns associated with 

each of these sub-populations. Single cell RNAseq gene set enrichment may be 

utilised to determine if the pathways highlighted by bulk RNAseq in this study are 

unique to sub-populations or common across the whole population. For example, 
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as GSC’s only represent a small number of cells within GBM, it could be 

important to understand if HCMV induced pluripotency gene expression is limited 

to a subset of NP1 cells or a population wide effect (Ahmed et al., 2015). Looking 

at single cell RNAseq analysis of HCMV infected NP1 may also reveal sub-

population of cells with different transcriptomic profiles that could perhaps be 

useful in determining why HCMV infection leads to cell death in some NP1, but 

not in all.  

KEGG enrichment analysis showed that HCMV infection of NP1 modulated gene 

expression linked with pluripotency signalling in stem cells. Several of the genes 

identified as having increased expression in this analysis are associated with 

GSCs, including OLIG2, POU5F1 (Oct4) and KLF4, all of which have been 

shown to be oncogenic (Du et al., 2009, Trépant et al., 2014, Ray et al., 2017). 

However, SOX2 gene and protein expression in NP1 actually decreased in 

response to HCMV infection. Sox2 expression is usually increased in GSCs and 

its expression has been shown to increase upon HCMV infection of GBM cells 

(Fornara et al., 2016). Despite this, the increased expression of JARID2, MYC, 

OLIG2, POU5F1 and KLF4 seen by RNAseq, combined with the increase in 

CD133 expression seen by IF and western blot may indicate that transcriptional 

reprogramming towards a more stem like phenotype is occurring in HCMV 

infection of NP1. This transcriptional reprogramming and potential de-

differentiation is reminiscent of the “unlocking phenotypic plasticity” hallmark of 

cancer recently described by Hanahan (2022). In order to determine whether the 

effects of HCMV modulated expression of pluripotency signalling genes 

identified in NP1 confers a similar effect that seen in HCMV+ GSC’s, a 

neurosphere formation assay with non-infected NP1 control would be an 

important experiment to conduct. Further to this, if HCMV does indeed increase 

neurosphere formation, HCMV+ NP1 could be used for an orthotopic transfer in 

vivo to establish whether or not such cells are tumourigenic, as one of the key 

features of GSC’s is their ability to form tumours upon in vivo transplantation 

(Lathia et al., 2015). It may also be interesting to compare the tumourigenic 

potential of newly infected NP1 against the chronically infected colony 2. It would 

also be useful to perform IF on HCMV+ NP1 to look at the distribution of the 

proteins of the genes identified in the KEGG “signalling pathways regulating 

pluripotency of stem cells” to see if their expression is consistently increased 

throughout the population or if the expression is limited to a subset of cells. Single 

cell RNAseq may also be useful in identifying if the increased transcription of 

pluripotency associated genes occurs throughout the population or in a discrete 

subpopulation of NP1. If future work indicates that increased pluripotency 

associated gene/protein expression is limited to a specific subpopulation of 
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HCMV+ NP1, it may also be necessary to isolate these cells using specific 

markers to determine if the subpopulation has greater tumourigenic potential 

than the population as a whole.  

Whilst this study has shown that HCMV can infect differentiated NP1 that have 

undergone differentiation via the Walton et al. (2006) protocol, very little has been 

done to characterise the consequence of HCMV infection in these cells. 

Evidence of Ki67 and PCNA restoration and induction of CD133 expression may 

indicate de-differentiation of these cells in response to HCMV infection, however 

thorough analysis of other differentiation markers is required to confirm this. If 

this is indeed the case, it is further evidence that HCMV can transcriptionally 

reprogram and unlock phenotypic plasticity of cells at several different stages of 

the neural cell lineage.  

In conclusion, this study has shown that HCMV can infect primary adult NP cells 

in vitro and that these cells can continue to proliferate whilst supporting a long-

term infection. HCMV infection of NP1 does not lead to robust production of 

infectious virions, but differentiation leads to virus being released into the 

supernatant. HCMV perturbs the differentiation of NP1 and induces expression 

of several stem cell markers that may indicate dedifferentiation and are also 

expressed in GSCs. Several signalling pathways are dysregulated by HCMV 

infection of NP1 that may play a key role in oncogenesis. Importantly, HCMV 

infection of NP1 increases TERT expression, which does not diminish with 

differentiation, which may confer replicative immortality Together, this may 

represent an oncogenic or oncomodulatory effect of HCMV in adult NP cells. 
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Appendix A - Recipes 

BMP4 differentiation media – DMEM/F12, 5 % FBS, 1 % B-27 supplement, 0.5 

% N-2 supplment, 1 % GlutaMax-1 Supplement, 100 ng/ml BMP4 

EBC lysis buffer - 50 mM Tris HCl pH 8.0, 140 mM NaCl, 100 mM NaF, 200 µm 

Na3VO4, 0.1 % (w/v) SDS, 1 % (v/v) Triton X100, 1 tablet protease inhibitor per 

50 ml (complete ULTRA tablets, Roche) 

ECL Reagent - Solution 1: 0.4 mM p-Coumaric acid, 2.5 mM Luminol, 0.1 Tris 

pH 8.5; Solution 2: 0.02 % (v/v) H2O2 0.1 mM Tris pH 8.5 

Fibroblast media – DMEM, 10 % FBS, 50 000 units Penicillin, and 50 mg 

Streptomycin (Sigma) 

Laemmli buffer - 100 mM Tris HCl pH 6.8, 4 % SDS, 20 % (v/v) Glycerol, 10 

mM DTT, 0.025 % (w/v) Bromophenol Blue 

NP media - DMEM/F12, 5 % FBS, 20ng/ml FGF, 20ng/ml EGF, 1 % B-27 

supplement, 0.5 % N-2 supplment, 1 % GlutaMax-1 Supplement. 

Tris-buffered Saline (TBS) -50 mM Tris HCl pH 7.5, 150 mM NaCl 

TBS-T - TBS with 0.1 % v/v Tween 20 

Running buffer - 25 mM Tris base pH 8.0, 250 mM Glycine, 0.1 % (w/v) SDS 

Towbin transfer buffer - 25 mM Tris base, 250 mM Glycine, 20 % (v/v) 

Methanol 

Walton differentiation media - DMEM/F12, 1 % B-27 supplement, 0.5 % N-2 

supplment, 1 % GlutaMax-1 Supplement, 0.5 mM 3-isobutyl-1-methylxanthine 

(IBMX), 0.5 mM 1-dibutyryl cAMP, and 25 ng/ml neuronal growth factor (NGF) 

Hand poured acrylamide gel recipe 

 Resolving gel - 8, 10, 12 or 15 % (v/v) Acrylamide 390 mM Tris (pH 8.8)  0.1 % 

(v/v) SDS 0.1 % (v/v) ammonium persulphate  0.04 % (v/v) 

Tetramethylethylenediamine    

Stacking gel - 5% (v/v) Acrylamide  130 mM Tris (pH 6.8)  0.1 % (v/v) SDS 0.1 

% (v/v) ammonium persulphate  0.1 % (v/v) Tetramethylethylenediamine 
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Appendix B – List of antibodies 

Primary antibodies 

 

Western blot secondary antibodies 

 

Immunofluorescence secondary antibodies 

 

 

 

 

 

 

 

 

 

 

Antibody Supplier and Code Species Clonality WB dilution IF dilution 

β III tubulin Biolegend 801202 Mouse Mono 1:1000 1:200

CD133 Biorbyt orb99113 Rabbit Poly 1:500 1:200

CD133 Cell Signalling 5860 Rabbit Mono 1:1000 1:250

GAPDH Ambion AM4300 Mouse Mono 1:20000 N/A

GFAP Agilent Z0334 Rabbit Poly 1:1000 1:200

HCMV pp28 Santa Cruz sc-56975 Mouse Mono 1:1000 1:200

HCMV pp52 Santa Cruz sc-69744 Mouse Mono 1:1000 1:200

HCMV pp65 Santa Cruz sc-56976 Mouse Mono 1:1000 1:200

HCMV pp72 Santa Cruz sc-69834 Mouse Mono 1:1000 1:200

HCMV gB Santa Cruz sc-69742 Mouse Mono 1:1000 1:200

HCMV IE MAB8131 Mouse Mono 1:1000 1:200

Ki67 Abcam Ab16667 Rabbit Mono 1:200 1:50

Nestin Millipore MAB5326 Mouse Mono 1:1000 1:200

PCNA Abcam Ab29 Rabbit Mono 1:1000 N/A

Sox2 Cell signalling 3579 Rabbit Mono 1:1000 1:400

TGN46 Abcam Ab50595 Rabbit Poly 1:200 1:100

Antibody Supplier and Code Species Clonality WB dilution

anti Mouse HRP Sigma A4416 Goat Poly 1/5000

anti Rabbit HRP Sigma A6154 Goat Poly 1/5000

Antibody Supplier Species Dilution

Anti-mouse 594 Invitrogen Goat 1:500

Anti-rabbit 594 Invitrogen Goat 1:500

Anti-mouse 594 Invitrogen Donkey 1:500

Anti-rabbit 594 Invitrogen Donkey 1:500
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