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Summary 
	
	
Human cytomegalovirus (HCMV) is a clinically important human pathogen that can 

cause severe disease in immunologically deficient individuals. Studies into the virus 

are hindered by the rapid and reproducible mutations that occur in vitro, resulting in 

viruses which behave differently from those found in vivo. Mutations rapidly occur in 

the RL13 and UL128L gene regions, leading to increased growth kinetics and altered 

cellular tropism respectively.  

 

In order to work with genetically intact HCMV, genomes have been BAC cloned, and 

repaired to genetically match the original clinical sample. This does not, however, 

prevent the emergence of new mutants. To overcome this, RL13 and UL128L are 

conditionally suppressed during virus growth using a tetracycline repressor based 

system. Although effective, this requires the genome to be available as a BAC clone, 

preventing their use with primary clinical isolates.  

 

This thesis aimed to generate cell lines to enable work with genetically stable clinical 

isolates without the need for BAC cloning, to produce an indicator cell line for the 

rapid detection of replicating virus, and to convert existing laboratory-adapted viruses 

to more closely represent wild-type isolates.  

 

As an alternative to tet repression, cell lines expressing shRNA targeting 

RL13/UL128L were used to suppress protein expression during infection, however 

these attempts were unsuccessful. Indicator cell lines were produced that expressed 

GFP following infection, however the level of GFP induction was too weak for these 

lines to be used reliably. 

 

However, a UL128 expressing cell line was successfully produced, which 

complemented the loss of this gene from our existing bank of lab-adapted viruses. As 

a result, it became possible to infect a range of cell types with existing viruses, 

therefore enabling studies into viral dissemination, pathogenesis and disease 

prevention, without the need to re-generate existing constructs in new virus 

backgrounds. 
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Chapter 1 - Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



	 2	

1.1 Human Cytomegalovirus (HCMV) 
 

Human cytomegalovirus, also referred to as human herpes virus 5 (HHV-5), is 

a prevalent betaherpes virus with global distribution (1). Infection is typically 

asymptomatic during primary infection in healthy individuals, progressing into 

a latent infection, with intermittent reactivation throughout the lifetime of the 

host (1-2). HCMV is an opportunistic pathogen that can cause severe disease 

in individuals with an impaired (e.g. HIV patients), diminished (e.g. solid organ 

transplant patients) or under developed (e.g. neonates) immune system (1-5). 

Disorders from HCMV infection range from pneumonia, sensorineural hearing 

loss, cerebral palsy and death (3-7). With HCMV affecting almost 1 in every 

1000 births in the UK (7), the economic and social burden of treating the long-

term effects associated with infection is vast. No licensed HCMV vaccine 

currently exists, making it a major health priority worldwide. (1, 8)  

	

1.1.1 Herpesvirus family 
 

Derived from the Greek herpein, meaning ‘to creep’, the family Herpesviridae, 

in the order Herpesvirales,encompasses a large number of DNA viruses that 

replicate in the nucleus of cells from a broad range of hosts including birds, 

mammals and reptiles (9, 10). Alloherpesviridea, that include the 

herpesviruses of fish and amphibians, and Malacoherpesviridea, which 

contain a herpesvirus capable of infecting oysters, also belong to the order 

Herpesvirales. The family Herpesviridae comprises three subfamilies: 

Alphaherpesvirinae, Betaherpesvirinae (of which HCMV belongs), and 

Gammaherpesvirinae (11). Betaherpesviruses have narrow host ranges and 

are well adapted to their host. As a result, they exhibit long replication cycles 

and cell-associated modes of infection, which may help evade the host 

immune system (12). 

 

Herpesvirus virions are composed of a complex architecture that defines the 

family. The structure is composed of a relatively large, double-stranded, linear 

DNA genome enclosed by an icosahedral (T = 16) capsid, which itself is 

coated by a protein rich layer termed the tegument. Encompassing the entire 
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structure is the viral envelope, embedded with viral glycoproteins that are 

necessary for binding to the host cell (1, 11).  

 

Viral phenotypic characteristics such as replication strategy, morphology, host 

range and the type of disease caused, define the subfamily to which a virus is 

assigned (12, 13). There are currently 25 species within the 

Betaherpesvirinae subfamily, distributed among the four genera; 

Cytomegalovirus, Muromegalovirus, Proboscivirus and Roseolovirus, with two 

species as yet unassigned to a particular genus (1, 14). At the time or writing, 

eleven species have been assigned to the Cytomegalovirus genus (1, 14). 

 

1.1.2 Discovery and isolation of HCMV 
 

German pathologist, Dr Hugo Ribbert was the first to describe the appearance 

of enlarged cells with intranuclear inclusions from sections of a kidney from a 

stillborn infant in a meeting at the Natural History Society of Prussian 

Rhineland and Westphalia, Germany, 1881 (15). In 1904, Jesionek and 

Kiolemenoglou reported similar observations in the kidneys, liver and lungs of 

an 8 month old fetus suffering from hereditary syphilis (16). Löwenstein later 

reported identical observations in four infants, and concluded that the 

inclusions were either protozoan in origin, or due to syphilitic induced changes 

(17). Goodpasture and Talbot provided evidence in 1921 that these abnormal 

cell structures could be due to chronic inflammation, as a similar phenotype 

was observed in the salivary glands of guinea pigs. These structures were 

given the name cytomegalia (large cell) (18). Later that year, Lipschütz noted 

the similarity of the intranuclear inclusion to that seen in herpetic lesions, and 

proposed a viral origin for the disease (19). Von Glahn et al reiterated this 

proposal in 1925 (20), but it wasn’t until a year later that the first experimental 

evidence to support this idea was provided by Cole and Kuttner (21). They 

successfully induced inclusion body formation in young guinea pigs following 

injection of matter from the salivary gland of older guinea pigs. The pair also 

noted the lack of pathogenesis when the injected material was injected into 

other species, but the significance of this observation was not fully realized at 

the time.  



	 4	

 
The term ‘Cytomegalic inclusion disease (CID)’ was coined in 1950 by Wyatt 

et al, following clinical observations whereby the presence of enlarged cells 

correlated with congenital infection in a variety of animals including newborn 

humans, monkeys, mice, guinea pigs and hamsters (22). Following 

technological advances and improvements in tissue culture methods for viral 

isolation, electron microscopy analysis of enlarged pancreatic cells by Minder 

in 1953 confirmed that viruses were responsible for the aforementioned 

aetiology observed (23).         

              

Margaret Smith was the first to successfully isolate and propagate virus from 

the salivary gland of mice in 1954 (24). In 1956, Smith succeeded in growing 

both human salivary gland derived and kidney derived viruses, and noted that 

the virus was only able to grow on human, but not murine tissue, illustrating 

the host specificity of the virus (25-6). Following two independent reports of 

successful viral isolation and propagation (27-8), Weller provided the first 

evidence of strain differences among viral isolates. The term 

‘cytomegalovirus’ was proposed and adopted in 1960 (17, 19-21).  

                  

HCMV is now established as the prototype member of the betaherpesvirus 

family (1). 

 

1.2 Epidemiology, clinical significance and treatment of 

cytomegalovirus infection  
	

1.2.1 Epidemiology 
 

HCMV is a prevalent human pathogen, which infects 56–94% of individuals 

worldwide (29). Seroprevalence varies with age, gender, race, socioeconomic 

status and geographical location. High seroprevalence is observed in 

developing countries such as Saudi Arabia (30) and Brazil (31), while lower 

seroprevalence has been reported in developed countries such as England 

(32), Australia and Germany (33). The virus is readily transmitted in early life 

in developing countries, likely due to population density, number of household 
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members and unclean living conditions. In contrast, wealthy, developed 

countries show low (~30-40%) seroprevalence in young children (6-11 years) 

with incidence increasing to >90% with age (>80 years) (34-5). Infection rates 

in developed nations are therefore inversely related to socioeconomic status 

(36-41).  

	
In the USA, a study by Staras et al in 2006 (40) showed that after correcting 

for income, geographical location and family size, increased rates of infection 

were found in African America and Hispanic populations compared to 

Caucasian individuals between the ages of 15 and 59, suggesting that 

genetics may play a role in the transmission of the virus (38, 40-1). In support 

of this idea, two recent independent studies from Ireland (42) and Iran (43) 

have shown that the most common human leukocyte antigen genes among 

Caucasians, HLA-A1 and -B8 (44), correlate with HCMV seronegativity, 

potentially offering an explanation for the lower rates of infection observed in 

these countries compared to other developed nations. A number of studies 

have shown lower rates of infection in males compared to females, with only a 

minimal decrease in the percentage difference between the two genders 

observed with age (40). However the interpretation of epidemiological studies 

such as these are subject to debate, due to the possibility of bias or 

confounding variables.   

 

1.2.2 Transmission and primary infection 
	
 
Transmission naturally occurs through direct contact with CMV infected bodily 

fluids such as blood, urine, saliva, tears, cervical secretions, semen, and 

breast milk. Medical intervention can also result in viral spread through solid-

organ or hematopoietic stem cell transplantation (10, 35, 45-6). Based on 

rhesus models and independent work by Cannon and Mayer, it is presumed 

that most individuals contract HCMV orally (47-8). Viral replication following 

primary infection persists between 1-2 months. It is during this period that 

viraemia occurs, characterized by the dissemination, and low titre shedding of 

the virus through bodily fluids (49). Concurrently, a proportion of the virus 
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enters latent infection in the myeloid lineage, where gene expression is 

restricted, replication is prevented, but the genome is maintained (50-1). As 

with all human herpesviruses, HCMV persists for the lifetime of the host 

following initial infection. 

 

1.2.3 HCMV infection in immunologically competent individuals 
 

In the majority of immunologically competent individuals, infection is generally 

asymptomatic, as viral replication is rapidly controlled by the host immune 

system and involves antibodies, natural killer (NK) cells and HCMV specific 

γδ, CD4+ and CD8+ T cells (10, 52-3). In a small percentage of individuals, a 

mononucleosis-like syndrome has been reported following infection, leading 

to enlargement of the spleen, fever, fatigue, sore throat and swollen lymph 

nodes. Other disorders such as cardiovascular, gastrointestinal, neurological 

and/or liver complications have also been documented (54-6). More recently, 

the role of HCMV as an oncomodulator in various types of cancer has been 

proposed (57-8).  

 

1.2.4 HCMV infection in immunologically compromised, 

suppressed and naïve individuals 
 

HCMV is a clinically significant pathogen that can be life-threatening to 

immunologically compromised, suppressed and naïve individuals due to their 

inability to mount an effective immune response against the virus (1-5).   

	
 

1.2.4.1 HCMV infection in immunologically naïve individuals 
 

It had been shown by the early part of the twentieth century that intracellular 
inclusions present in the tissue of deceased neonates were a result of 
congenital infection, with HCMV subsequently identified as the causative 
agent (see section 1.1.2). The consequence of HCMV infection during fetal 
development remains unclear, however, studies indicate that the disease 
caused, and its severity, is dependent on the gestational stage that the 
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pathogen was acquired. Analysis of infected infant material has established 
that HCMV can lead to sensorineural hearing loss, neurological damage and 
visual impairment in infected infants. Such health issues can occur following 
primary infection, re-activation or re-infection with an alternative strain of the 
virus (1, 59). HCMV is now established as the leading infectious cause of 
congenital malformation in the developed world (60-2). 

	
Congenital HCMV infection affects between 0.2% and 2.2% of all live births. 

Around a tenth of these are symptomatic at birth (<30 days of age), while a 

further 12.7% go on to display symptoms in later life (61-5). In primary 

maternal infection, the risk of transplacental infection is relatively low during 

the first and second trimester (30-40% of all transmissions), however, the risk 

of serious foetal disease is high, with up to 30% death rates observed. In 

contrast, transplacental infection rate during the final trimester is vast (up to 

70% of all transmissions), but disease severity is much reduced (64, 66). 

Intrapartum HCMV transmission can occur in seropositive women due to 

cervical shedding of the virus during childbirth, with infant viral shedding 

observed between three and six weeks of age (67). 

 

A notable mode of HCMV transmission is via the breast milk of seropositive 

mothers. Of the ~30-40% of children from developed countires that acquire 

HCMV by the age of 11, 69% of these contract HCMV in their first year of life 

(68). Newly infected newborns rarely display symptoms following infection, but 

have the ability to shed the virus readily through infected saliva and urine for 

months or even years. Caregivers and other children are subsequently at high 

risk of catching the virus, thus increasing the incidence of the virus globally 

(66-70).  

 

1.2.4.2 HCMV infection in immunologically compromised and 

suppressed individuals 
 
Over half a century ago, cytomegalovirus was identified as a major cause of 

morbidity and mortality in transplant patients post-operatively, and this 

continues to be the case today (71-5). The type of disease caused by HCMV 
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is dependent on the nature of the transplantation, sero-status of both the 

donor and recipient, the immunosuppressive medication administered and 

further underlying health complications (76). The percentage of lung or heart-

lung transplant patients infected with HCMV post operatively is between 50-

75%, while fewer patients acquire the pathogen following pancreas/kidney-

pancreas transplantation (50%).  Much lower rates of acquisition (9-32%) are 

seen in heart, liver, haematopoietic stem cell (HSC) or kidney transplant 

patients (77). 

 
In solid organ transplantation (SOT), the sero-status of both the donor and 

recipient is crucial to the overall success of the procedure, with seronegative 

recipients at greatest risk of viremia following transplantation of an organ from 

a seropositive donor. Conversely, HCMV seropositive haematopoietic stem 

cell transplantation (HSCT) recipients are at greatest risk of viremia if 

receiving seronegative stem cells from the donor. In the absence of 

prophylaxis, diseases associated with HCMV usually occur between 1-3 

months post operatively (78-79). Diseases associated with HCMV in 

immunosuppressed individuals include colitis, encephalitis, hepatitis, retinitis, 

gastrointestinal tract disease and pneumonia (76, 80). 

 

HCMV is an opportunistic pathogen in patients progressing from HIV infection 

to Acquired Immunodeficiency Syndrome (AIDS), and is characterised by high 

levels of HCMV viraemia (81). The lack of a functioning immune system, 

namely a very low CD4 cell count (<50/mm3), allows HCMV replication to 

occur, leading to a variety of clinical manifestations including retinitis, enteritis, 

encephalitis, pancreatitis, pneumonia and end-organ failure among others 

(82-87). Over the past quarter of a century however, the widespread use of 

antiretroviral therapy has dramatically reduced the incidence of these 

maladies (85-6). 

	

1.2.5 HCMV treatment and prophylaxis 
 

Nearly all available HCMV drug treatments to treat or prevent HCMV disease 

target the viral replication cycle (2). Intravenously administered ganciclovir 
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(GCV) is the preferred drug of choice in the immunocompromised, however 

the oral alternative, valganciclovir (VGC), may be used in less severe cases 

or as prophylaxis treatment in HIV and solid organ transplant patients (88). 

Both GCV and VGC are guanosine analogues that are phosphorylated by the 

viral UL97 kinase, followed by cellular kinases, leading to HCMV DNA 

replication arrest (2, 89). GCV and VCV work by targeting the HCMV DNA 

polymerase UL54, resulting in the termination of viral DNA synthesis (90). 

 
The less prescribed drugs Foscarnet, a nucleoside pyrophosphate and 

cidofovir, a nucleoside monophosphate also inhibit viral DNA polymerases, 

relying only on cellular kinases for activation (91).  

 

The adverse effects associated with the aforementioned antivirals are well 

documented, however for many individuals, the benefits greatly outweigh the 

negatives. To mitigate the adverse effects, drug use is limited and carefully 

selected according to the affected organ(s) of the patient. Negative effects 

include, but are not limited to, anemia, thrombocytopenia, liver toxicity (GVC, 

VGVC) (92), diarrhoea (VGVC) (92), leucopenia, nephrotoxicity, electrolyte 

imbalances (Foscarnet) (93), neutropenia and renal toxicity (GCV, VGCV, 

cidofovir) (94). Such antiviral toxicity prevents their use in congenital HCMV 

infections, leaving neonates with no protection against the virus. Drug 

resistance in HCMV is common following sustained therapeutic use and 

occurs when the administered drug can no longer fully suppress viral 

replication (2, 91), Resistance is acquired following mutations in the viral 

UL97 (GCV, VGC) or UL54 genes (Foscarnet, cidofovir). It is clear therefore, 

that there is scope for the development of newer antivirals with better safety 

profiles and alternative modes of action.  

	
Leflunomide, an anti-rheumatoid arthritis drug, which is both an 

immunosuppressive and antiviral, has yielded mixed results in clinical trials 

(95). It has been shown to be effective in post renal transplant HCMV 

infections due to its ability to inhibit HCMV nucleocapsid tegumentation (96-7), 

however, a more recent (2017) study of allogeneic stem cell transplant 

recipients has concluded that leflunomide has limited value therapeutically, 
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due to its inability to control the virus when HCMV copies exceed 2000/mL 

(96).  Efforts to evaluate the effectiveness of the drug as preemptive treatment 

in a transplant setting therefore warrant further investigation. Following 

successful clinical trials, the viral terminase inhibitor, letermovir has recently 

been licensed for use in haematopoietic stem cell transplant patients in North 

America and the European union (97). Maribavir, a benzimidazole riboside, 

inhibits the HCMV kinase UL97 (98-9,) and demonstrates reduced toxicity 

compared with GCV and VGCV (100). Phase II and III clinical trials indicate 

that the effectiveness of Maribavir is dependent on its dose, with the 

appropriate dose for therapeutic and preemptive use as yet undetermined 

(101). 

 
Exactly twenty years ago, the US Institute of Medicine designated the 

development of an HCMV vaccine the highest priority based on cost savings. 

Despite the clear financial and health burden associated with HCMV, no 

licenced vaccine currently exists, although there are several in development 

(102). The first HCMV vaccines were live-attenuated vaccines based on the 

highly passaged laboratory adapted strain, AD169 (103-4). These were 

quickly replaced with vaccines based on the strain Towne, which remains the 

best-studied HCMV vaccine candidate to date.  

 
Towne based vaccines have been shown to promote humoral and cellular 

mediated immunity and can protect against HCMV under certain conditions. A 

significant limitation with all Towne vaccinations to date, however, is the lack 

of sustained immunogenicity when compared with naturally occurring 

infections. Recent co-administration of the pro-inflammatory cytokine, IL-12 

with the Towne vaccine by Jacobson et al has shown increased Towne 

immunogenicity through enhanced antibody and T cell production (105).  

 
Administration of the highly conserved and immunogenic envelope 

glycoprotein B, (gB), in conjunction with either the MF59 or aluminium 

hydroxide (alum) adjuvants, so called subunit vaccines, have undergone 

clinical trials. Only MF59 was able to induce antibody titres and neutralizing 

antibodies at levels comparable with natural infection and has consequently 
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undergone further evaluation (106). As with the Towne vaccine, initial 

investigations revealed decreasing neutralizing antibody titres over time, 

however T cell production levels remained constant (107-8). A number of 

subsequent phase II clinical trials have also yielded promising results, with a 

50% and 43% reduction, respectively, in HCMV infection in young mothers 

and young girls (12-17 years) (109-10) and a reduction in the level and 

duration of HCMV viremia in patients undergoing kidney or liver 

transplantation (110). Epitope-based gB vaccines, with particular focus on the 

antigenic domains 1-5 are the focus of current HCMV subunit vaccines (111). 

 
In addition to gB, T cell targets pp65 (ppUL83) and the immediate early 1 (IE-

1) protein have undergone evaluation as subunit vaccine candidates (112). 

Plasmid DNA vaccines which contain pp65 and gB have also been tested in 

phase II trials in hematopoietic stem cell transplant patients and have been 

shown to reduce viremia. Phase III clinical trials and commercialisation is now 

in progress (113-4).  

 
Despite being food and drug administration (FDA) approved for pre-emptive 

HCMV treatment in high-risk lung, heart and intestinal patients in the US (115-

6), the addition of intravenous HCMV immunoglobulin therapy (HCMV-IGT) to 

standard antiviral (GCV/VGCV) treatment remains controversial, as no study 

to date has demonstrated additional benefit to the patient when compared to 

standard treatment alone. The use of HCMV-IGT in a congenital infection has 

yielded mixed results (117-8). 

A novel RNA based vaccine vector containing gB and a pp65-IE-1 fusion 

protein has recently been evaluated in rhesus macaques. Initial studies 

appear promising as both CD4+ and CD8+ T cell responses were detected in 

all subjects (119).  

 
With no vaccine immediately forthcoming, prevention of infection though 

enhanced hygiene and education is the only current means of protection 

against primary and alternative strain HCMV infections. 
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1.3 HCMV basic biology 
 

HCMV virions typically range between 150-300nm in diameter and consist of 

a large, linear, double stranded DNA core protected by the nucleo- or C-

capsid (120). The capsid is a symmetrical (T = 16) icosahedral structure 

measuring 100-110nm in diameter, and made up of five core gene products; 

pUL46, pUL48A, pUL85, pUL86, pUL104 (121). These are organised into 320 

triplexes bound by 162 capsomeres (150 hexamers and 12 pentamers). A 

portal complex resides on a single pentamer, enabling viral genome 

movement to/from the capsid (122-3) (Figure 1). The amorphus tegument is 

approximately 50nm thick and like the capsid, is made from a plethora of 

virally encoded proteins, plus a modest number of viral and cellular RNAs 

obtained during virion production in the viral assembly complex (VAC) (124). 

The functional roles of less than half the tegument proteins have been 

determined to date, however it is predominated by the pp65, pp150 and pp71 

proteins (125-6). Tegument proteins have been implicated in the delivery of 

viral DNA from the capsid to the nucleus (127), initiation and control of viral 

replication (128-31), immune evasion (132) and egress of virions from the 

nucleus and cell (133). 

	

The host-derived bilayer virion envelope is approximately 10nm thick and 

encompasses the tegument layer (134) (Figure 1). In line with other 

herpesviruses, it is embedded with viral glycoproteins for cellular attachment 

and as with the tegument proteins, a number of envelope glycoproteins have 

been implicated in immune evasion (131). Of the twenty-five envelope 

glycoproteins (g) identified to date, five (gB, gH, gL, gM and gN) are vital 

components during initial infection (135).  
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Figure 1. Human cytomegalovirus virion structure 

The structure of the HCMV virion with the key components identified. Image 

taken from https://viralzone.expasy.org/180?outline=all_by_species 
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1.4 Genetic diversity of HCMV 
	
 
Isolate, clinical, laboratory adapted and high/low passage strains are terms 

frequently used in HCMV research. In the context of this thesis, the 

interchangeable terms ‘isolate’, ‘clinical’ and ‘low passage’ all refer to HCMV 

that have been isolated from pathological specimens and undergone limited 

replication in vitro, thereby retaining the majority of their genetic integrity. 

‘Laboratory adapted’ and ‘high passage’ strains in contrast, describe isolates 

that have been extensively passaged in vitro and have acquired substantial 

mutations within the genome.  

 

1.4.1 HCMV genome organization 
 
The HCMV genome, which consists of approximately 235Kbp, is among the 

largest of all the human DNA viruses and encodes between 175 - 750 open 

reading frames (ORFs), at least 26 mature microRNAs, four long non-coding 

RNAs (RNA1.2, RNA2.7, RNA4.9 and RNA5.0) and two origin of lytic 

replication (oriLyt) RNA (1, 136-42). The numbers quoted to describe the 

HCMV genome vary widely across the literature depending on the evolving 

definitions of the terms ‘gene’ and ‘ORF’. Historical texts use the ‘classical’ 

and ‘neoclassical’ definition of a gene, while more recent literature refer to the 

terms ‘canonical’ and ‘non-canonical’ to define the gene complement, with 

canonical referring to genes for which a high level of evidence exists that they 

encode functional proteins. Non-canonical refers to a large number of 

additional genes that have been identified by ribosome profiling, but may or 

may not encode functional proteins (143). 

 
The linear, double strandedgenome consists of two unique (U) segments, 

termed long (L) and short (S), each of which are flanked by inverted repeats, 

termed terminal/internal repeat long (TRL/IRL) and terminal/internal repeat 

short (TRS/IRS). Both repeats are also referred to as ab/b’a’ and a’c/ca 

respectively (1, 12). A diagrammatic representation of the  
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Figure 2. Genetic map of wild-type HCMV 

The genetic content of HCMV strain Merlin, demonstrating a TRL–UL–IRL–

IRS–US–TRS genomic configuration. Reproduced from (1). Gene families are 

codified by colour, narrow arrows depict the unique short/long regions while 

broad arrows represent the long/short repeat regions. Core genes are 

highlighted in red, non-core genes in beige and introns are depicted by narrow 

white bars.  
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genome is given in Figure 2, and lists the canonical genes. The proportion of 

the genome shared between the repeating sequences corresponds to the a 

sequence, while the other repeat regions are referred to as b or c sequences. 

The prime (‘) signifies inverted version of the DNA. Within the repeat 

sequences are two conserved cis-acting signals, designated pac 1 and pac 2, 

which are required for HCMV genome cleavage and maturation (144-5).  Pac 

1 and 2 also promote the formation of four genomic isomers through UL and 

US sequence inversion (146). The linear DNA rapidly circularises following 

ligation of the 3’-unpaired nucleotides located at the end of the genome, 

thereby serving as templates for transcription and replication (147).  

 
The ~70 core genes conserved amongst the herpesvirus family are located in 

clusters at the heart of the UL region. These are predominantly required for 

viral replication, while the remaining genes, deemed non-essential for 

replication, provide accessory functions such as immune evasion and 

modulating tropism. These non-essential genes are grouped into fifteen multi-

gene families and are located at the termini of the unique long and short 

regions of the viral genome (148-9).  

 
HCMV genes are conventionally named based on their location within the 

genome and are numbered sequentially. The prefixes ‘pp’, ‘gp’ or ‘p’, refer to 

phosphoprotein, glycoprotein or proteins that are not known to be 

phosphorylated or glycosylated respectively, while a descriptor, such as MCP 

(major capsid protein) may be added at the authors discretion. A lower case 

letter such as ‘a’ may also be added to a name where a newly discovered 

gene overlaps with an existing gene (3, 139, 148). 

 

1.4.2 Natural genetic variation between strains 
 

As with many other viruses, it is generally accepted that multiple variants of 

the HCMV genome exist within the human population (inter-host diversity), 

potentially as a result of evolutionary selection pressures. Unlike many 

viruses, hosts have the ability to become infected with multiple strains of 

HCMV. Strong selective pressure alongside natural selection has the potential 
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to give rise to further viral gene loss, viral gene expansion, and genetic 

recombination, resulting in HCMV with greater genetic diversity and fitness 

(131, 139). Comparative studies have identified a number of genes that 

display a high degree of variability at the genomic level. These include RL6, 

RL12, RL13, US9, US28, UL4, UL11, UL18, UL55, UL73 (gN), UL74 (gO), 

UL115 (gL), UL139, and UL144 (132, 140, 146-48). High-throughput analysis 

of 101 clinical isolates by Sijmons et al reveal that over 75% of the strains 

analysed are not genetically intact, but contain disruptive mutations in one or 

more genes. These mutations can be found in 26 different genes including 

UL40 and UL111A (149). Genes associated with viral replication are generally 

wild-type, while proteins located on the virion envelope are highly variable due 

to their roles in immune evasion or cellular tropism (150-1). 

	
In addition to inter-host variation, samples taken at the same timepoint from 

the urine and plasma of a number of congenitally infected infants have 

provided evidence of intra-host variation. Renzette et al, demonstrated a 

~1.2% variability in the HCMV genome isolated from the plasma and urine of 

each individual, indicating that dissemination to distal compartments 

combined with altered environmental conditions may drive the rapid selection 

of HCMV genomes (139, 149-50).  

 

1.4.3 HCMV strain variability in vitro 
 
Since their initial isolation, the HCMV strains AD169, Towne and TB40/F have 

undergone extensive serial passaging in vitro, leading to their classification as 

laboratory adapted or high passage HCMV strains. Toledo, TR, FX, FIX, 

TB40/E and Merlin, in contrast, have undergone limited passaging on 

fibroblasts, and are therefore considered clinical or low passage strains (5). 

Much of the early work on HCMV was carried out using the high passage 

strains AD169 and Towne, however, a genome comparative study by Cha et 

al in 1996 revealed that both strains contained an inverted (IRL) version of the 

long terminal repeat, (TRL) in place of the UL/b’ region (151-2). This loss of 

the UL/b′ region (UL151-UL133) in high passage strains has no detrimental 

effect on viral replication on fibroblasts, and is therefore hypothesized to play 
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a role in viral dissemination, virulence or latency in vivo (153-4). Within the 

UL/b′ region, the UL133-138b region has been extensively studied, with the 

UL133, UL135, UL136 and 138 ORFs all working in unison to promote latency 

in CD34+ progenitor cells, while concurrently promoting replication in epithelial 

cells (153-5). UL138 has also been shown to increase TNFR-1, thereby 

promoting viral replication and potentially aiding with rescuing the virus from 

latency (156-7). The UL/b′ region also consists of genes which have been 

implicated in immune evasion; UL142 has been demonstrated to encode an 

MHC class I – like molecule that prevents NK cell mediated killing (158), while 

UL146 encodes a viral CXCL chemokine, which allows the virus to evade the 

antiviral activities of the host immune system (159). 

 

Genome wide sequencing of a number of high passage strains, including 

Towne and AD169 variants, reveal numerous genetic alterations within the 

HCMV genome as a consequence of serial passaging on fibroblasts, resulting 

in the loss of cellular tropism, but increased viral replication (139,160). This 

loss in tropism was later attributed to at least one mutation in the UL128 locus 

(UL128L, containing UL128, UL130, and UL131A), resulting in viruses that 

only express the trimeric complex (139, 152, 161-66) (See section 1.6.3.2). 

Despite their limited propagation on fibroblasts, low passage strains are not 

immune to genetic re-arrangement. Toledo contains two inverted regions 

between UL128-UL129 and UL133-UL148a, while FIX and PH lack IRS1 and 

US1 ORFs (166-68).         

              

Regions of the HCMV genome reproducibly affected by in vitro propagation 

on fibroblasts are the RL13 gene, UL128 locus (UL128L) and in some cases 

the UL/b’ region. RL13 is usually the first to mutate, closely followed by the 

UL128 locus (UL128L), at passages 8-16 and 15-20 respectively (5, 168). 

Mutations in the UL128L result in the loss of an ability to infect cell types other 

than fibroblasts, while mutations in either the RL13 and/or UL128L results in 

viruses with enhanced growth kinetics compared to wild-type virus (151, 160). 

Mutations within the UL/b’, in particular UL140-145, lead to the loss of 

immune evasion genes (5, 151, 160). 
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In addition to the mutations observed between laboratory adapted HCMV 

strains, multiple variants also exist within strains, leading to biological 

differences not only between, but within stocks (169). Following genomic 

sequencing of the Towne strain, VR-977, held by the ATCC, Bradley et al 

identified two variants within the strain, subsequently termed varS and varL.  

The former containing an inverted duplication in place of the UL/b’ region, 

while the latter retained its UL/b’ region (139, 170).  

 
As propagation of clinical viruses leads to reproducible mutations within the 

HCMV genome when cultured in vitro, high passage strains generally contain 

many more mutations compared to their clinical (low passage) counterparts 

due to environmental selection pressures. Thus, the emergence of mutants is 

not only inevitable, but rapid (5, 151). 

 

1.5 HCMV life cycle  
 

HCMV infects a broad range of host cell types both in vivo and in vitro, 

including fibroblasts, epithelial cells, endothelial cells, smooth muscle cells, 

neutrophils, macrophages, monocytes, dendritic cells and hepatocytes (1, 2, 

47, 136). Unlike other herpesviruses, the replication cycle of HCMV is 

extremely slow with maximum production of progeny virus observed between 

72-96 hours post infection (1). As with all herpesviruses, HCMV undergoes 

both a lytic and latent life cycle that are characterized by the generation of 

new virions in the former, and a lack of virion production and limited 

transcription in the latter. The life cycle of HCMV is summarized in figure 3. 

	

1.5.1 HCMV viral entry, replication and gene expression during in 

vivo infection 
 
gB in conjunction with gM/N, control the adsorption of HCMV onto the host 

cellular surface via heparin sulfate glycosaminoglycans (GAGs). As one of the 

core fusion proteins, gB, through its interactions with host cellular receptors 

including integrins (α2β1, α6β1 and αvβ3), epidermal growth factor receptor 
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(EGFR) and aminopeptidase (CD13), is essential for virion and host cell 

receptor binding (93, 171). Viral and cellular fusion is again controlled by gB 

alongside the gH/gL of the trimeric complex in fibroblasts for direct membrane 

fusion, or the gH/gL of the pentameric complex where endocytosis is followed 

by low pH dependent fusion in epithelial and endothelial cells, or pH 

independent fusion in DCs (137-8, 172-5). The gH/L complex is therefore 

fundamental for HCMV tropism and is discussed in greater detail in section 

1.6.3 (176-7). 

 
Following fusion of the viral envelope with the cellular membrane is the 

release of nucleocapsids into the cytoplasm. Here the tegument layer is 

thought to diffuse into the cytoplasm and interact with the host microtubule 

machinery to promote nucleocapsid translocation to the nucleus. It is the large 

tegument and binding proteins (UL48 and UL47 products respectively) that 

initiate viral uncoating and the release of DNA into the nucleus (178). Other 

tegument proteins have roles in immune evasion or viral replication (179). It is 

in the nucleus that HCMV genes are expressed in a highly regulated temporal 

cascade, where immediate early (IE) genes are expressed first, followed by 

the early (E), delayed early (DE) and late (L) genes (121, 180-1). IE proteins, 

which are produced 2-4 hours post infection, control subsequent gene 

expression, and along with the E genes, in particular UL44 and UL54, creates 

the optimum environment for viral gene expression and synthesis to occur 

(182). Early gene proteins are crucial for viral genome replication while the L 

genes, which are expressed at around 48-72 hours, encode the structural 

proteins required for virion maturation and release (1,183).  
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Figure 3. Overview of the HCMV life cycle 

A) The virion binds to the host cell surface via specific receptors prior to gB 

mediated membrane fusion. B) Following entry, proteins are released into the 

cytoplasm where DNA replication occurs. C) DNA is packaged into capsids, 

before egress to the cytosol. Here capsids, assimilate tegument proteins 

before relocating to the viral assembly compartment (vAC), where additional 

tegument proteins and envelope are acquired D). Acquisition of a secondary 

envelope leads to the release of infectious particles by exocytosis. Figure 

reproduced from (184). 
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1.5.2 HCMV maturation and egress 
 

Following genomic replication and primary tegumentation in the nucleus, viral 

DNA is cleaved by the terminase complex prior to genome packaging into the 

capsid. Newly formed capsids are transported from the nucleus to the 

cytoplasm by the nuclear egress complex (NEC), where nucleocapsids gain 

secondary tegumentation and envelopment before egress to the extracellular 

space (1, 185).  

 
Maturation is initiated in the nucleus by the assimilation of tegument proteins 

by the nucleocapsid, which is done in a highly regulated manner. Assimilation 

continues during transportation to the viral assembly compartment (VAC) in 

the cytoplasm, where final HCMV maturation occurs. The VAC is formed 

during the late stages of viral replication and is composed of  viral 

glycoproteins and tegument proteins -and re-arranged cellular secretory 

compartments including Golgi and post Golgi compartments and early 

endosomes (186). Tegument protein ppUL32 provides nucleocapsid stability 

(187), while the ppUL50-ppUL53 complex regulates egress from the nucleus 

(188).  

 

Final envelopment and egress relies on the action of multiple viral proteins 

including pUL71 for envelopment initiation (189), ppUL35 for virion egress 

(128) and pUL103 for infectious and non-infectious particle release (190). 

Exocytic trafficking enables the release of mature viral particles from the 

infected cell (186). 

  

1.5.3 HCMV latency and reactivation 
 

HCMV, like all other herpesviruses, establishes latency within its host and is 

characterized by a maintenance of the viral genome in the absence of viral 

replication (191-2). Unlike other viruses in the family, latency occurs in the 

myeloid lineage, in particular the CD34+ progenitor cells which reside in the 

bone marrow and the CD14+ cell population that include macrophages and 

DCs (193-4). The number of latently infected cells is low, with only one in 
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every ten thousand cells containing viral DNA (195). 

Reactivation of latent virus occurs when the IE genes are activated by various 

physiological and external stimuli including inflammation, stress, drugs and 

events such as myeloid cell differentiation. The latter has been shown to allow 

chromatin re-arrangement of the major immediate early promoter (MIEP), 

thereby prompting the virus to enter the lytic life cycle (196). A competent 

immune system, through immune surveillance, can generally control the virus 

preventing it from entering the productive phase of its life cycle. When the 

host immune system is dysregulated however, lytic infection is initiated, 

leading to virus associated diseases (197). 

	

To suppress lytic infection and thereby maintain latent infection, the chromatin 

surrounding the MIEP is placed into a heavily repressive state through 

chromatin re-modeling (51). Latency is further enhanced by the exclusion of 

viral activators such as pp71 from the nucleus or up regulation of known latent 

repressors such as HCMV RNA4.9 (298-200). For HCMV to maintain its 

latent, inactive state, repressive and activating transcription factors interact 

with MIEP (200).  

	

The precise interplay between latency and reactivation in HCMV is not yet 

fully understood, however, understanding this mechanism could prove crucial 

in the development of novel therapeutic strategies.  

	

1.6 HCMV infection in vivo  
 

There are innumerable natural hosts for cytomegalovirus, however only 

humans are affected by human cytomegalovirus (HCMV), demonstrating the 

strict species specificity of the virus. 

 
Both the nasal and oral cavities are major sites of HCMV acquisition in 

individuals. Minimal replication post infection encourages the virus to enter the 

circulation, and eventually the bone marrow, where latency is established. 

Viral shedding is at its peak during the first couple of months following initial 
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infection, however, virions are released sporadically throughout the lifetime of 

the host, aiding HCMV transmission. Viral shedding is severely restricted 

following host immune activation (1).  

 

1.6.1 Intra-host HCMV dissemination 
 

Following viral acquisition is primary dissemination, which is thought to 

predominantly occur in the mucosal tissues located in the pharynx and genital 

tract (201). Primary cellular targets of HCMV are likely to be epithelial cells 

where productive replication and viral shedding occurs. This in turn, leads to 

the release of infectious particles, allowing cell-to-cell dissemination of the 

virus into other, adjacent cell types including endothelial cells (EC) and 

fibroblasts. Chemotactic factors released following EC infection, attract 

neutrophils, natural killer (NK) and other cells of the innate immune system to 

the site of infection (202).  

 
Following infection, ECs become more permeable, thus increasing their ability 

to interact with cells from the innate system. Increased surface expression of 

adhesion molecules including ICAM-1 and VCAM-1 on ECs also enhances 

adherence between the two cell types (203). Basophils, eosinophils and 

neutrophils can harbour virus but do not allow lytic infection, and are therefore 

thought to be important in transporting viral particles to other tissues (201). 

Due to the ability of innate cells to enter the circulatory system and travel 

widely within the body, secondary, or systemic infection is thought to be 

initiated at this point (202). 

 
HCMV can infect the vascular ECs that line the circulatory system, which in 

turn, infect neighbouring cells that reside in the sub-mucosa (204). A number 

of infected endothelial cells, termed giant endothelial cells, expand following 

infection and detach from the blood vessel wall, thus entering the blood 

stream to infect organs at distal sites (205-7), thereby marking the start of 

secondary dissemination. See figure 4. 
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Monocytes, a component of innate immunity also plays a crucial role in viral 

dissemination and persistence (1, 204). In their naïve state, infected 

monocytes are unable to support productive replication as immediate early 

gene expression is blocked. Following viral cell entry, these cells can 

differentiate, producing macrophages or dendritic cells that are capable of 

supporting lytic replication (207-9). It is not clear whether the virus has 

evolved a mechanism to trigger monocyte differentiation or whether HCMV 

exploits the cellular changes in infected monocytes to its advantage. 

Monocytes are, none-the-less, essential not only for productive replication, but 

for dissemination and the establishment of HCMV latency (210).  

 
Work by Greijer et al, supports the idea that following secondary 

dissemination, renal and mammary epithelial cells support lytic infection, 

before releasing viral particles into their surroundings, allowing infected bodily 

secretions to infect others (202). 
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Figure 4. Intra-host dissemination 

Intra-host transmission occurs through direct contact with infected bodily 

fluids, with both the respiratory and gastrointestinal tract major sites of 

acquisition. Epithelial cells that line the mucosal tissues are the primary 

cellular targets of HCMV, which subsequently infect other cell types that then 

enter circulation. Primary dissemination is characterised by the infection of 

multiple tissues including the liver, kidneys and spleen. Secondary viral 

dissemination occurs when the virus enters secreting organs such as the 

mammary gland, saliva and kidneys that shed the virus. Image taken from 

211. 
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1.6.2 Cell-associated versus cell-free dissemination in vivo 
 

Based on the independent observations of Lipson et al and Spector et al, 

which shows that the majority of virions found in the blood are located within 

monocytes, lymphocytes, basophils, eosinophils and neutrophils rather than 

the plasma or serum, it is thought that HCMV dissemination in vivo 

predominantly occurs via cell-associated rather than cell-free mechanisms, 

presumably in order to avoid attracting the attention of the host immune 

system (84, 212). Further evidence to support this comes from in vitro studies 

where the decreased ability of HCMV to spread cell-cell is inversely correlated 

with serial passaging. The loss of this cell-cell dissemination phenotype is due 

to genetic alternations within the RL13 gene and UL128L (160, 163).  

 

1.6.3 HCMV cell tropism  
 

The breadth of pathologies caused by HCMV in vivo can be attributed, at least 

in part, to the ability of the virus to enter and replicate in a variety of cell types 

including fibroblasts, epithelial cells, endothelial cells, neurons, smooth 

muscle cells, stromal cells, dendritic cells, neutrophils, hepatocytes and 

macrophages (1, 2, 47, 213-4). HCMV cell tropism, defined as the ability of 

the virus to infect a particular cell type, is heavily dependent on the 

arrangement of the gH/gL complex, and the precise composition varies 

depending on the cell type producing the virus (177). On-going in vitro studies 

have revealed the differing mechanisms adopted by the virus to enable entry 

into the varying aforementioned cell types (see below).  

	
1.6.3.1 Trimeric and pentameric complexes  
 

As previously described in 1.5.1, the envelope glycoprotein B, along with 

gM/gN, are required for initial viral tethering to the target cell followed by 

gH/gL mediated cell entry (176-7). The mechanism of entry is dependent on 

the cell type being infected, with both the trimeric and pentameric complexes 

playing key roles in viral tropism and entry both in vivo and in vitro. 
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HCMV glycoproteins H (pUL75) and L (pUL115) form a disulphide-linked 

heterodimer (gH/gL) that is highly conserved among the herpesviruses. 

Cryogenic electron microscopy imaging coupled with recent x-ray crystal 

structures of the dimer show that the overall structure is an intermediate 

between the boot-like conformation of HSV-2 and the elongated conformation 

of EBV (128, 190). gH/gL have been reported to bind cellular receptors 

immediately prior to gB binding, resulting in gB mediated cell-cell fusion. In 

contrast, a stable gB-gH/gL complex has been observed in cell-free virions in 

the absence of receptor binding, thus the precise mechanism(s) governing 

gB-gH/gL mediated cell entry is unclear (215-17).   

 
In addition to the core fusion machinery described above, HCMV, like other 

herpesviruses, bind other proteins to modulate viral tropism and entry. HCMV 

entry into epithelial and endothelial cells is dependent on the UL128L, which 

encodes the soluble proteins UL128 (15KDa), UL130 (35Kda) and UL131A 

(18Kda). These proteins simultaneously bind to the core entry glycoproteins, 

gH/gL to form the pentameric complex (gH/gL/UL128L). This complex is 

distinct from the trimeric (gH/gL/gO) complex that is necessary for viral entry 

into fibroblasts (217). See figure 5. 

 

1.6.3.2 Pentameric (gH/gL/UL128L) complex  
 

To understand the pentameric complex assembly, the temporal mechanics of 

the individual sub-units was investigated by Ryckman et al. It was 

demonstrated that each of the UL128L proteins, when bound sequentially, 

irrelevant of order, affected the binding capability of the remaining proteins. It 

was therefore concluded that the UL128L proteins must bind simultaneously 

onto the gH/gL scaffold for functional complexes to be formed, thus enabling 

entry into the relevant cell types (173).  
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Figure 5. HCMV entry mechanisms; the trimeric and pentameric complexes 

The gO sub-unit of the trimeric complex binds the host receptor PDGFRα, promoting gB mediated direct fusion with the plasma 

membrane of fibroblasts. Receptor-mediated endocytosis of HCMV occurs through pentameric complex and Nrp-2 binding where 

activation of gB allows the release of viral particles into the cytoplasm in a low pH dependent manner. Image modified from 174.

Figure 7  
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UL128 and gO have been shown to compete for, and bind gL-Cys144 via a 

disulfide bond, while UL130 and UL131A are convalently linked to each other, 

but not to gH/gL. Residues 123 to 162 of UL128 form a flexible linker that 

extends beyond both UL130 and UL131A to bind its target. It is at this point 

that the linker performs three helical turns before binding gL (218). Once 

assembled, the pentameric complex binds the receptor Neuropilin-2 (Nrp-2), 

allowing viral entry into endothelial cells, epithelial cells, macrophages, and 

some DCs (174). In addition to identifying the pentameric complex entry 

receptor, Martinez-Martin et al, with the aid of an avidity-based extracellular 

interaction screen (AVEXIS), identified pentamer interactions with other 

cellular co-factors including thrombomodulin (THBD), immunoglobulin alpha 

Fc receptor (FCAR) and leukocyte immunoglobulin-like receptor subfamily B 

member 3 (LILRB3) with high affinity, while a weak interaction with the 

complement regulator CD46 (membrane cofactor protein) was also observed. 

The roles of these other hits have yet to be determined. 

	
It is thought that HCMV entry into epithelial and endothelial cells relies on 

pentamer/Nrp-2 binding which leads to endocytosis of the virus, where 

activation of the fusogen, gB, allows the release of viral particles into the 

cytoplasm in a low pH dependent manner (174). Support for an alternative 

mode of entry into epithelial and endothelial cells has recently been proposed, 

where endocytosis may be induced following trimer interaction with an as yet 

unknown receptor, followed by pentamer/Nrp-2 interaction (219).  

	

1.6.3.3 Trimeric (gH/gL/gO) complex 
 
The gO subunit (~55KDa), encoded by the UL74 gene, undergoes N-linked 

glycosylation, and there are at least eight genotypes that produce proteins 

that range between 100-130kDa (222). Within each gO genotype, the amino 

acid sequences are highly conserved (98-100%), however significant 

differences (10-30%) are observed between the groups, specifically at the N-

terminus where receptor binding prior to cell entry occurs (221). Given its 

critical role in viral cell entry, this level of variation in the N-terminus between 

isoforms is surprising.   
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The precise role of gO in the context of the trimeric complex has been 

complicated by the existence of multiple genotypes, however, it is now 

accepted that HCMV entry into fibroblasts is dependent on the gH/gL/gO 

complex (222). gH/gL/gO has been shown to reside in the virion envelope of 

WT HCMV (223). Interestingly, the HCMV gO-null strain, TR, was found to 

release equivalent levels of cell-free virions compared to the WT virus, 

however, these virions were unable to enter a number of cell types including 

fibroblasts, epithelial and endothelial cells despite the elevated levels of 

pentamer present (224). These data combined indicates that cell-free entry 

into all cell types relies on gH/gL/gO (173, 225).  

	

Building on previous observations by Soroceanu et al, where a pentamer 

deficient virus led to platelet-derived growth factor receptor alpha (PDGFRα) 

activation in fibroblasts but not epithelial cells, Kabanova et al established 

PDGFRα as the cellular receptor responsible for trimer mediated HCMV cell 

entry into fibroblasts, with gO identified as the subunit responsible for receptor 

binding (172, 226). PDGFRα is a known tyrosine kinase receptor present on 

the cell surface of a variety of cell types such as neurons and fibroblasts, but 

is importantly absent in epithelial cells. 

	

A number of experiments were conducted by Kabanova et al, culminating in 

the discovery of the mechanism of entry. Trimer immunoprecipitation 

conducted on biotinylated fibroblasts, coupled with pull-down studies 

confirmed an interaction between the trimer and PDGFRα, while over-

expression of the receptor on epithelial cells allowed the pentamer deficient 

virus, AD169, to infect this cell type. shRNA knockdown and CRISPR/Cas-9 

knockout of PDGFRα provided further evidence of the function of PDGFRα in 

fibroblasts, with an 80% and 100% reduction, respectively, in the infection of 

fibroblasts in the presence of pentamer deficient virus, thus establishing the 

role of PDGFRα in trimer mediated cell entry (172). 

 
Later experiments conducted by Martinez-Martin et al using the AVEXIS 

system re-affirmed PDGFRα as the cellular receptor in fibroblasts necessary 

for HCMV entry. Additional potential cellular co-factors for the trimeric 
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complex identified by the screen include transforming growth factor beta 

receptor type 3 (TGFβRIII) and neuregulin-2 (NRG-2) (174).   

The current consensus is that HCMV entry into fibroblasts predominantly, but 

not exclusively, relies on trimer/PDGFRα binding, followed by a cell 

membrane/viral envelope fusion event that is orchestrated by gB in a pH 

independent manner.  

	

1.6.3.4 The importance of the pentameric and trimeric complexes 

in cell-associated and cell-free spread 
 
Viruses can infect by two routes, with infection starting with cell-free virus, or 

by direct transfer of virus from an infected cell (cell-cell transfer). These routes 

are classically distinguished by whether infection is sensitive (cell-free) or 

resistant (cell-cell) to neutralising antibodies. In addition, a virus spreading 

predominantly by the cell-free route forms large diffuse plaques, while a virus 

spreading mainly by the cell-cell route forms tightly localised foci. Primary 

clinical isolates, along with the low passage strain Merlin, release very low 

amounts of infectious cell-free virus, and form compact focal plaques, with 

spread being resistant to neutralising antibodies. They are thus classified as 

spreading predominantly by the cell-cell route. In contrast, most other strains, 

including TB40/E, TR and FIX, spread more efficiently via the cell-free route 

(160, 227-8). This is in part because TB40/E, TR and FIX contain low 

amounts of the pentamer, but high amounts of the trimer, due to mutations 

acquired in vitro. In comparison, Merlin expresses an abundance of pentamer, 

but lower amount of trimer. The expression of RL13, which is present in Merlin 

and other clinical isolates, but mutated in nearly all other passaged strains, 

also contributes to this cell-associated phenotype.  

 
The function of the trimeric complex has been studied using gO null viruses. 

Work by Zhang et al, Wille et al and more recently Schultz et al has 

demonstrated the necessity of the gH/gL/gO for the infectivity of cell-free 

virions into all cell types, while the presence of the gH/gL/UL128L is also 

required for cell-free virions to infect monocytes, epithelial and endothelial 
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cells. The trimeric complex is not necessary for cell-associated epithelial 

spread (224, 229-30). Schultz et al also demonstrated that RL13 expression 

diminished both cell-free and cell-associated viral spread, indicating that RL13 

plays a pivotal role common to both modes of dissemination. Taken together, 

the route of HCMV spread is determined by RL13 and the pentameric 

complex, as well as by additional factors (230).  

 

1.6.3.5 Additional host cell surface markers and viral genes 

implicated in HCMV tropism and entry 
 
By slowing the degradation of gO via the ER-associated degradation (ERAD) 

pathway, the HCMV protein UL148 has been shown to influence tropism by 

controlling the ratio of trimer to pentamer in newly generated virions (231-2).  

 
The highly conserved UL116 protein was recently reported to bind gH 

independently from gL, and is consequently hypothesized to represent an 

alternative entry mechanism for HCMV (233).     
                       
The role of the host receptor, olfactory receptor (OR) 14I1 in HCMV infection 

of epithelial cells was recently determined in a genome-wide CRISPR/Cas-9 

knock out screen. By knocking out the receptor responsible for viral entry, 

epithelial cells that survived repeated HCMV exposure over several months 

were sequenced, with both Nrp-2 and OR14l1 shown to be important for 

productive infection. The authors demonstrated that OR14I1 required the 

presence of the pentamer for function, but unlike Nrp-2, direct binding 

between the pentameric complex and OR14l1 has yet to be determined. 

The conserved cell surface protein THY-1 (CD90) binds both gB and gH at 

the commencement of viral infection. The precise role of CD90 is not yet 

known, but it is thought to play an important role in viral cell entry (234). Both 

the pentameric complex and gB have been shown to interact with a variety of 

integrins including αVβ3, α1β1, α3β1, α2β1 and α6β1 for HCMV cell entry into 

fibroblasts and monocytes (235-7), while CD147 (basigin) assists pentamer 

mediated entry into epithelial and endothelial cells (238). Other co-receptors 

implicated in aiding HCMV cell entry include CD151, MHC class I, EGFR, 
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CD13 (alanyl aminopeptidase) and heparan sulfate proteoglycans (HSPG) 

(238-41). 

 

1.7 HCMV propagation in vitro 
 
Despite the ability of HCMV to infect a plethora of cell types in vivo, fibroblasts 

have traditionally been used to propagate the virus in vitro, due to the ease at 

which these cells become infected at low titres, and the fibroblasts’ ability to 

support superior viral titres compared to all other cell types. It is now known 

that that the higher HCMV titres achieved are due to in vitro associated 

adaptations by the virus, as a consequence of the loss or modification of viral 

DNA. Mutations are first observed in the RL13 gene followed by the UL128L 

(5, 9, 11).  

 
Bacterial artificial chromosome (BAC) technology has been used as a method 

to stabilize the HCMV genome with both high and low passage strains such 

as AD169, Towne, Toledo, TB40/E, FIX and TR having been cloned (5). 

During their creation however, the vector cassette was inserted within the US 

region, disrupting the immune-regulatory function of the region in viruses 

derived from these BACs. In addition, the source material for the constructs 

was no longer available for comparison, meaning that many mutations arising 

as a result of in vitro propagation may not be detected (177). Known genetic 

alterations within the BACs of clones FIX and TB40-BAC4 include mutations 

within the UL128L, while the majority of HCMV BACs have been found to 

contain deletions, frameshift mutations or substitutions within the RL13 ORF, 

resulting in viruses which no longer behave like their WT counterparts (127, 

139). 

 
In order to obtain a wild-type HCMV source to work with in vitro, the complete 

genome of the HCMV strain, Merlin, which was isolated from the urine of a 

congenitally infected infant, was cloned into a self-excising BAC following 

minimal passaging (p5) in fibroblasts (228). The generation of this construct 

led to Merlin being designated the first World Health Organization reference 

sequence for HCMV (242). Genetic comparison between the Merlin BAC 
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sequence and the original source material revealed mutations in the UL128 

and RL13 genes, either one or both of which were subsequently repaired, 

resulting in dramatically reduced viral growth on fibroblasts, with the virus 

preferentially adopting a cell-cell dissemination strategy over cell-free spread. 

Continued culturing of virus derived form the Merlin-BAC led to the 

emergence of novel RL13 and UL128L mutants, again resulting in progeny 

virus with enhanced growth properties (1,5). To prevent selection of these 

new mutations, Stanton et al developed a tetracycline-repression system 

where both RL13 and UL131A were conditionally suppressed, allowing 

progeny with a genetically intact virus to be generated. This was achieved by 

inserting a Tet-operator 19bp upstream of the RL13 gene and two tet-

operators upstream of the UL131A, while a HF-Tet repressor cell line was 

constructed to allow viral growth without the expression of the genes of 

interest (228). This system permits the generation of a genetically intact virus, 

however, like all true clinical viruses, cell free viral titres produced by this 

system are dramatically reduced, making the virus difficult to work with in the 

laboratory. 

	

1.8 Significance of RL13 
 
RL13 is one of several hypervariable members of the RL11 gene family, 

which collectively encode a distinctive domain termed RL11D or CR1 (148). 

RL13 encodes a conserved, highly glycosylated transmembrane protein that 

rapidly mutates following in vitro propagation, yet its conservation in vivo 

suggests that it is essential for survival within the host. It can suppress viral  
replication in specific cell types, leading to its classification as a temperance 

gene (131, 139, 160, 228). Fibroblasts cultured with HCMV containing the 

RL13 gene (+/- UL128L) preferentially adopt a cell-cell dissemination strategy, 

resulting in very little cell-fee virus (160, 228), potentially as a result of 

suppressing the function of gO during cell-free spread (243).  

                                                                           

Since the realization that viruses that harbor mutations as a consequence of 

in vitro propagation may have lost or acquired pivotal functions, the 
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importance of working with a genetically defined virus is now evident (5).  

	

1.9 Thesis Aims 
 
In order to exploit the tet-repression system to support the growth of wild-type 

HCMV in culture, the virus must first be passaged in vitro before being BAC 

cloned, repaired and finally modified so that RL13 and UL128L are tet-

repressible. When the virus is cultured in the absence of a tet-repressor 

however, the virus quickly acquires new RL13 and UL128L mutations 

rendering the genes non-functional. As RL13 and UL128 are conserved in 

clinical isolates, this suggests that both genes are essential for the success of 

the virus in vivo. Although the function of the UL128L is known (see section 

1.6.3.2), the role of RL13 has yet to be determined.          

                    

Due to the highly significant roles these genes are likely to play in vivo, it is 

highly desirable to work with a virus that accurately represents the clinical 

agent.           

                     

The overall aims of the technologies developed in this project are to generate 

cell lines that will allow the detection or isolation of HCMV from pre-existing 

laboratory stocks or patient material, without the need for the aforementioned 

modifications.  

 

Aim 1. Generate a reporter cell line that produces GFP upon infection. 
 
Current methods such as plaque assays for determining successful isolation 

of HCMV in vitro are time-consuming. By generating a novel GFP reporter cell 

line that fluoresces in the presence of replicating HCMV, confirming isolation 

of the virus could be reduced from one month down to one week. 

 

Aim 2. Generate shRNA directed against the RL13 and UL128L genes. 

 
By individually suppressing the expression of the UL128L or RL13 genes in 

culture, the selection pressures driving mutation should be alleviated, 
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resulting in a high-titre, genetically intact virus being generated directly from 

clinical isolates. 

 
Aim 3. Generate a UL128 expressing cell line.  
 
Our laboratory has generated over 200 viruses over the past twenty years, 

none of which contain a wild-type UL128. By generating a UL128 sufficient 

helper cell line, this will complement the mutated virus stocks already held by 

the laboratory, resulting in the tropism of the virus being restored to wildtype, 

without needing to regenerate the mutations on a new viral backbone. 
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Chapter 2 – Materials and methods 
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2.1 Reagents 
 

2.1.1 Molecular biology buffers, solutions and components 
 

All buffers, solutions and their components were prepared using double 

distilled ultra pure grade water (ddH2O) dispensed from a Barnstead 

NANOpure® DiamondTM UV unit. All buffers and solutions were used at room 

temperature unless otherwise stated. 

 

Table 1. Molecular biology buffers, solutions and components 

 
Agarose gel electrophoresis reagents 

Buffer/solution Components 

1 x TAE buffer 50X TAE buffer (National Diagnostics, EC-872) diluted 1:50 

0.7 or 1% 

agarose 

solution 

0.7 or 1% Hi-Res standard grade agarose (Geneflow, A4-

0700) in 1x TAE buffer. Mixture was heated until fully 

dissolved  

6x DNA loading 

buffer 

30% glycerol (v/v), 0.25% bromophenol blue (w/v) (Sigma, 

B0126), 0.25% xylene cyanol FF (w/v) (Sigma, X4126) 

TE buffer 

(pH8.0) 

10mM Tris, 1mM EDTA 

Western blotting reagents 

Lysis buffer 

(reducing) 
25% NuPAGE® LDS (x4) sample buffer (Life Technologies, 

NP0008), 10% DTT (Fisher, 10674545)  

Running buffer 5% 20x BOLT™ MES SDS running buffer (Life 

Technologies, B0002)  

PBS-Tween 0.05% (v/v) Tween 20 (VWR, 8.22184.0500) in DPBS 

Stripping buffer RestoreTM stripping buffer (Life Technologies, 21063). Used 

at 37°C 

Transfer buffer 10% (v/v) NovexTM NuPAGETM transfer buffer (20x) (Life 

Technologies, NP0006-1), 10% (v/v) methanol 

Blocking buffer 5% (w/v) fat-free milk protein in PBS-Tween. Used at 4°C 

when performing overnight blocking. Used at room 
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temperature when used as an antibody diluent 

Novex Protein 

standard 

Novex sharp pre-stained protein standard (Life 

Technologies, LC5800) 

	

2.1.2 Bacterial culture media and antibiotics 
 

All bacterial growth media was subject to sterilization by means of heat 

treatment prior to use (121°C, 15 minutes, psi 15), and allowed to cool to 

around 50°C before the addition of antibiotics. All media and supplements 

were prepared with ddH2O dispensed from a Barnstead NANOpure® 

DiamondTM UV unit unless otherwise stated. All buffers and solutions were 

used at room temperature unless indicated to the contrary. 

 

Table 2. Bacterial culture media and plates 

 
Bacteria growth media and plates 

Luria-Bertani (LB) low salt broth • 2% (w/v) LB powder (Melford L1703.0100)  

LB agar • 15% (w/v) bacteriological agar (VWR 

0767.232) in LB agar low salt broth 

2% L-arabinose • 2% L-arabinose (Sigma, A3256) in LB low 

broth salt 

1% L-arabinose positive 

selection plates 

1% L-arabinose (Sigma, A3256), 25µg/ml 

kanamycin, 12.5µg/ml chloramphenicol in 

LB agar  

1% L-arabinose negative 

selection plates 

1% L-arabinose (Sigma, A3256), 12.5µg/ml 

chloramphenicol in LB agar  

Negative selection plates • 2% (w/v) LB powder (Melford L1703.0100), 

12.5µg/ml chloramphenicol  

Positive selection plates • 2% (w/v) LB powder (Melford L1703.0100), 

25µg/ml kanamycin, 12.5µg/ml 

chloramphenicol  
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Table 3. Bacterial culture media supplements 

 

Bacterial growth media supplements 

Antibiotic or 

chemical 

Company and 

product code 

Stock concentration 

and reconstitution 

media 

Dilution 

5-Bromo-4-chloro-3-indolyl-

β-D-galactopyranoside  

(X-Gal) 

Melford,  

MB1001 

40mg/ml, in dimethyl 
sulfoxide (DMSO) 
(Sigma, 276855)  

1:500 

Ampicillin sodium Melford,  

A0104.0025 
100mg/ml, in ddH2O, 

0.22 µm filter sterilised 

1:1000 

Chloramphenicol Sigma,  

C0378  

12.5mg/ml, in ethanol 1:1000 

Isopropyl β-D-1-

thiogalactopyranoside 

(IPTG) 

Melford,  

MB1008 

100mM, in ddH2O   
 

1:500 

Kanamycin monosulphate  Melford,  

K22000-10.0 

15mg/ml, in 0.22 µm 

filter sterilised 

1:1000 

 

2.1.3 Tissue culture media 
 

All tissue culture media was pre-warmed to 37°C before use unless otherwise 

stated. Foetal bovine serum (FBS) source (Sigma, F9665) was batch tested 

for quality control prior to application. 

  

Table 4. Tissue culture media 

 
General culture media Supplements 

Serum free DMEM High glucose (4.5ml/L) Dulbecco's Modified 

Eagles Medium (Sigma, D5796) with no additional 

supplements 

DMEM complete media High glucose (4.5ml/L) Dulbecco's Modified 

Eagles Medium (Sigma, D5796), 10% FCS, 1% L-
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Glutamine (200mM stock) 

DMEM 20% complete 

media 

High glucose (4.5ml/L) Dulbecco's Modified 

Eagles Medium (Sigma, D5796), 20% FCS, 1% L-

Glutamine (200mM stock) 

RPMI complete media  Roswell Park Memorial Institute (RPMI)-1640 

medium (Sigma, R0883) with no additional 

supplements 

Dendritic cell (DC) 

complete media 

RPMI complete media supplemented with 1:1000 

dilution of ß-mercaptoethanol,100ng/ml each of 

IL-4 and GM-CSF 

DPBS Dulbecco's Phosphate Buffered Saline 

(Sigma, D8537) 

Freezing media 90% (v/v) FBS, 10% DMSO (Sigma, D2650), 

0.22µm filter sterilized. Media used at 4°C 

 

 

Table 5. Tissue culture growth media supplements 

 
Tissue culture growth media supplements 

Antibiotic  

 

Company and 

product code 

Stock concentration and 

reconstitution media 

Dilution 

Geneticin disulfate 

(G-418) 

Melford, G64000 400mg/ml in DPBS, 
0.22µm filter sterilised  

1:1000 

Puromycin 

dihydrochloride 

(puromycin) 

Insight Bio,  

SC-108071B  
2.5mg/ml in ddH2O, 

0.22µm filter sterilised 

1:2500 

IL-4 Peprotech, 200-04 100µg/ml in DPBS, 

0.22µm filter sterilised 

1:1000 

GM-CSF Peprotech, 300-03 100µg/ml in DPBS, 

0.22µm filter sterilised 

1:1000 

ß-mercaptoethanol Gibco, 21985023 Stock solution supplied 1:1000 
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Tissue culture growth media supplements were prepared as described, and 

diluted to working concentration with DC complete media unless otherwise 

stated. 

2.1.4 Experimental media and reagents 
 

Table 6. Plaque assay media 

 
Plaque assay media 

2% avicel 2% Avicel (IMCD UK Limited, 110240AIR25/P-IE) 

in ddH2O. Solution mixed thoroughly until 

homogeneous, then sterilised by heat treatment 

2x media 50% (v/v) ddH2O, 20% (v/v) 10X MEM (Life 

Technologies, 21430), 20% (v/v) FBS, 6% (v/v) 

sodium bicarbonate, 7.5% solution (Life 

Technologies, 25080), 2% Penicillin/streptomycin, 

5,000u/ml (Life Technologies, 15070), 1% L-

Glutamine, 200mM solution (Life Technologies, 

25030)  

Avicel overlay media 1:1 volumes of 2% avicel and 2x media 

 

Table 7. Flow cytometry reagents 

 
Flow cytometry reagents 

4% formaldehyde 10% formaldehyde [37 wt. % in H2O] solution 

(v/v), (Sigma, 252549), in DPBS 

FACS buffer 1 % (v/v) FBS, 2 mM EDTA in DPBS 

7-hydroxy-9H(I,3-

dichloro-9,9-

dimethylacridin-2-one) 

(DDAO) 

CellTrace™ Far Red Cell Proliferation Kit, 

Life Technologies, C34572. For stock 

concentration, each lyophilized vial supplied was 

diluted in 70µl DMSO. Stock diluted 1:2500 in 

DPBS for working concentration 
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LIVE/DEAD stain LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit, 

Life Technologies, L34966. Use 1:250 in FACS 

buffer 

 
Table 8. Immunofluorescence reagents 

 

 Immunofluorescence reagents  

Fixing buffer 4% formaldehyde [37 wt. % in H2O] solution (v/v), 

(Sigma, 252549), in DPBS 

Permeabilisation buffer 0.5% NP-40 in DPBS 

4′,6-Diamidino-2-

phenyindole (DAPI) 

20mg/ml stock (W/V) in in H2O. Dilute 1:10,000 in 
in H2O (Sigma, D9564) 

DABCO mounting media 2.5% 1,4-diazabicyclo-[2,2,2]-octane (DABCO) 
(Sigma, D2522), 90% Glycerol, 7.5%PBS.  
 
 

 

2.1.5 Antibodies 
 

Antibodies for flow cytometry (F) were diluted in FACS buffer. Antibodies for 

western blotting (WB) were diluted in 5% milk/PBS-T. Antibodies for 

immunofluorescence (IF) were diluted in DPBS. 

Table 9. Antibodies 

	
Antibodies 

Antibody 

 

Clone Company and product code Dilution and 

use 

CD1a-FITC HI149 BD biosciences, 555806 1:50, F 

CD14 PE-Cyanine7 61D3 e-Bioscience, 9025-0149-120 1:50, F 

DC Sign- PE DCN46 BD biosciences, 551265 1:50, F 

Anti-actin   Sigma, A2066 1:2000, WB 

Anti UL128  A gift from Dr Daniele Lilleri, 

Italy 

1:250, WB 

Anti V5-Tag SV5-Pk1 Bio-Rad Laboratories Ltd, 

MCA1360GA 

1:5000, WB 
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Anti mouse HRP 

(secondary) 

 Bio-Rad Laboratories Ltd, 170-

6516 

1:5000, WB 

Anti rabbit HRP 

(secondary)  

 Bio-Rad Laboratories Ltd, 170-

6515 

1:5000, WB 

Anti V5-Tag  Abcam, ab9116 1:5000, IF 

Anti-rabbit AF488 

secondary 

 

 

Life Technologies, A11008 1:500, IF 

 

2.2 Cell culture 
 

Cell culture was performed in a class II microbiological safety cabinet using 

aseptic technique. All surfaces, consumables and reagents used were wiped 

with 70% (v/v) industrial methylated spirit (IMS) before and during work to 

reduce the possibility of contamination. To protect against biological and 

chemical hazards, appropriate personal protective equipment (PPE) was 

worn. Cell lines used were periodically tested for mycoplasma contamination. 
 

2.2.1 Established cell lines 
 

Human foetal foreskin fibroblasts, hereto referred to as HF, was kindly 

provided by Dr Graham Farrar (Centre for Applied Microbiology & Research 

(CAMR), Salisbury, UK), and immortalised using human telomerase reverse 

transcriptase by Dr Brian McSharry (Cardiff) to generate HF-Tert cells (244). 

Transduction of HF-Tert cells with a retrovirus expressing the tetracycline 

repressor (HF-Tet) was carried out by Dr Richard Stanton (Cardiff) (228). The 

fibroblast cell line, MG 3468 was a generous gift from Dr Richard Greaves 

(Imperial College Faculty of Medicine, London, UK). The Human Embryo 

Kidney (HEK) 293T cell line, which carries a gene encoding the Simian 

Vacuolating Virus 40 large tumour antigen (SV40TAg) was obtained from the 

European Collection of Authenticated Cell Cultures (ECACC), 12022001. The 

HEK 293 phoenix cells, a derivative of the HEK 293T was obtained from the 

American Type Culture Collection (ATCC®), CRL-3213TM. Retinal Pigmented 

Epithelial (RPE-1) and Adult Retinal Pigment Epithelial (ARPE-19) cells, 
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(CRL-4000™ and CRL-2302™ respectively) were also purchased from the 

ATCC®. 

 

2.2.2 Culturing/harvesting cell lines 
                                                                            

Cells were cultured in complete media (DMEM) and maintained at 37°C in an 

atmosphere containing 5% CO2. Cell lines were sub-cultured twice a week 

when approximately 90% confluent. Media was aspirated from the adherent 

cells and washed twice with DPBS. Cells were treated with 0.05% 

trypsin/EDTA (Sigma, T3924) to dissociate and disaggregate the monolayer. 

Flasks were placed at 37°C between 2-4 minutes until the cells became 

detached. Gentle agitation of the flask aided disassociation. An equal volume 

of media containing serum was added to the cell suspension to inhibit trypsin 

activity before the cells were centrifuged at 300 xg for 4 minutes. Pelleted 

cells were re-suspended in 10mls of fresh complete media and counted or 

sub-cultured 1/3-1/10 depending on cell type. Harvested cells were re-

suspended in an appropriate volume of media depending on future use. 

               

2.2.3 Cell counting 
 

Immediately following re-suspension (section 2.2.2), a 10µl aliquot of cells 

was added to a bright-line glass hemocytometer (SIGMA, Z359629) by 

capillary action and counted under white light. Cells crossing the top and left 

grid lines were counted, while cells intersecting the bottom and right lines 

were ignored. Viable cells within the four corner grid regions were counted 

and multiplied by 104 before being divided by 4 to calculate the average 

number of cells per millilitre (ml) of suspension. 

 

2.2.4 Cryopreservation and recovery of cells 
 

Following trypsinisation and centrifugation (section 2.2.2), cells were re-

suspended in cold freezing media at a density of 1x106/ml before being 

aliquoted into 1.5ml cryovials (Greiner, 123280). Cells were placed in a 

controlled rate (1°C/min) freezing vessel (Nalgene® Mr Frosty, Sigma, 
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C1562) and placed in an ultra low freezer overnight before being transferred 

to liquid nitrogen for long term storage. 

 
To recover the cells following liquid nitrogen storage, the cells were thawed 

rapidly in a 37°C waterbath whilst being gently agitated. Once thawed, the cell 

suspension was immediately transferred to a 15ml tube and diluted drop-wise 

with 7mls of complete media (DMEM) to avoid hypotonic shock to the cells. 

Entire cell suspension was transferred to a T25 flask and monitored.  

 

2.2.5 Generation of dendritic cells (DCs) from whole blood  
                                  

Permission to approach and obtain whole blood from healthy adult volunteers 

was granted by the school of medicine research ethics committee (application 

reference16/52). All blood donations were taken by a trained phlebotomist 

and recorded in accordance with the Human Tissue (HT) Act 2006.  

                 

50mls of heparinized (10i.u/ml) whole blood was taken from healthy adult 

volunteers, diluted in an identical volume of DPBS and carefully layered onto 

an equal volume of histopaque® 1077 (Sigma, 10771) solution. Peripheral 

blood mononuclear cells (PBMCs) were isolated by density gradient 

centrifugation for 20 minutes, 470 xg with the rotor brake deactivated. The 

PBMC layer was carefully aspirated from the plasma and histopaque interface 

and transferred to a clean 50ml tube. The cells were washed twice before 

being re-suspended in 10mls of fresh DPBS.     

              

To isolate the cells of interest from the PBMCs, CD14+ cells within the 

mononuclear fraction were magnetically labeled with CD14 human 

MicroBeads (Miltenyi Biotec, 130-050-201) and loaded onto a MACS® LS 

column contained within the magnetic field of a MACS separator. In 

accordance with the protocol, CD14+ cells were retained by the column and 

eluted to produce an enriched CD14+ monocyte population. To assess the 

purity of the retained population, the cells were labeled using a CD14-PECy7 

antibody and assessed by flow cytometry using an Accuri C6 cytometer, BD 

(2.5.4) 
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To differentiate DCs from the enriched population, cells were re-suspended at 

a density of 2x106 in DC complete media and plated on non-treated tissue 

culture dishes (Sigma, CLS3738). Cells were maintained at 37ºC in a 

humidified, 5% CO2 atmosphere. Culture media was replenished on day 4 

with cells phenotyped by flow cytometry on day 7 prior to use. DC 

differentiation was achieved when cells presented as CD1ahigh, DC-Signhigh, 

CD14low. See figure 6a-c. 
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        a)        b) 
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Figure 6a-c. Differentiation profile of CD14+ enruched cell population 
followign 7 days culture 

Phenotypic profile of CD14+ enriched population following 7 days culture in 

selection media. DC differentiation was achieved when the cells presented as 

(a) CD1ahigh, (b) DC-Signhigh, and (c) CD14low.  
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2.3 HCMV preparation and infection 
 
Generation of viral stocks 
 
The genetic background to the viruses used throughout this study was the 

HCMV strain Merlin, that originated from bacterial artificial chromosome 

(BAC) constructed by Stanton et al (228). Briefly, the entire Merlin genome 

which contained either wild-type RL13 and UL128, or the mutated form of one 

or both of these genes, were cloned into a self-excising BAC. Both RL13 and 

UL128L open reading frames (ORF) were placed under tetracycline (tet) 

conditional control to prevent acquired mutations during in vitro culture. 

Propagation and growth of viruses containing wild-type genes was done in 

HF-tet cells, which contained the tet-repressor necessary to prevent 

transcription of the genes of interest. Further BAC manipulation required for 

this study was performed in a category 1 microbiology laboratory, while 

growth of live virus and infections were performed within a class II 

microbiological safety cabinet. The viruses used in chapters 4 and 5 

contained a P2A self-cleaving peptide followed by a GFP ORF after UL36, to 

provide a marker of infection (245-6).  

	

2.3.1 Generation of HCMV viral stocks from bacterial artificial 

chromosome (BAC) DNA  
 
Fibroblast optimized solutions, supplements and electrical parameters from an 

AMAXA nucleofector kit were employed to enable the transfer of 2µg of viral 

BAC DNA directly into the nucleus of HF-Tet cells, according to the 

manufacturers’ instructions. Transfected cells were seeded into a T25 flask 

and upon initial plaque formation, cells were trypsinised and re-seeded to 

promote viral spread across the monolayer. Upon full infection of the 

monolayer, viral supernatant was collected and spun before being used to 

infect 10 x T150 flasks of HF-Tet cells to generate viral stocks for 

experimentation. 
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2.3.2 Generation of viral stocks from existing stocks (or from viral 

supernatant obtained in 2.3.1)             
    

Ten T150 flasks (150 cm
2
, Corning, VWR, 734-1719) of HF-Tet cells were 

grown to between 80-85% confluency before being infected either with an 

existing viral stock at a multiplicity of infection (MOI) of 0.03, or 1/10th of the 

supernatant obtained from 2.3.1. Cells were fed twice a week until cytopathic 

events (CPE) was observed in >90% of the population. Supernatant was 

removed and stored at -80°C every other day until the monolayer was 

destroyed. Bleeds were thawed at 37°C before centrifugation at 300 xg for 4 

min to remove cellular debris. Pooled supernatant was spun in an Avanti 

Beckman highspeed centrifuge at 29416 xg for 2 hours at RT. Supernatant 

was discarded and pellet re-suspended in 8mls of DMEM serum free media 

using a 19 gauge needle to disperse any aggregates. Suspension was 

aliquoted in 200µl volumes and frozen at -80°C. 
 

2.3.3 Quantification of viral stocks by plaque assay 
 

Primary HFs were seeded at a density of 2.5 x 105 cells per well of a 6 well 

plate a day prior to infection. The following day, 1 in 1 x 10^4, 10^5 and 10^6 

viral stock solutions were prepared and 100µl added to the cells. Plates were 

placed on a rocker (Stuart See-Saw SSI-4) at 10rpm for 2 hours under normal 

tissue culture conditions, after which, the inoculum was replaced with avicel 

overlay media to limit cell-free viral spread. Following 2 weeks incubation at 

37ºC at 5% CO2, the avicel overlay media was removed, monolayer washed 

and plaque number recorded. Viral titres were calculated and expressed as 

total plaque forming units per milliliter (PFU/ml-1) using the following equation:  

 

Plaque number x 10 x dilution factor. 
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2.3.4 Infection of cells with HCMV for experimentation 
 

Target cells were seeded in DMEM serum free (fibroblasts) or complete 

(epithelial cells) media at 1 x 106 cells per T25 flask, 18 hours prior to 

infection. Number of cells seeded was adjusted according to the culture 

vessel used. Viral aliquots were thawed quickly at 37°C and cells infected at 

pre-determined MOI. Cells were placed on a rocking platform at 10rpm (Stuart 

See-Saw SSI-4) for 2 hours at 37°C/5%CO2, after which, the inoculum was 

replaced with fresh SF or complete media. Infections were monitored for 

evidence of CPE at 18h.p.i and media replaced with DMEM complete media 

in all cell types used. 
	

2.4 General molecular biology techniques   
   

2.4.1 Polymerase chain reaction (PCR) 
 

Two oligonucleotide sequences, each designed to bind the complementary 

sequence of either the sense or antisense strand, were used for the 

amplification of specific nucleic acid fragments. A reaction mixture was 

prepared using the Expand™ High Fidelity PCR System (Roche, Sigma, 

11732650001), and a Biometra T3000 thermocycler allowed amplification of 

the target sequence. Annealing temperatures and extension times varied 

depending on the melting temperature of the primers and the length of the 

desired fragment. All reactions were performed in thin walled PCR tubes 

(Elkay, THER-05NX). ddH2O was used in place of a DNA template and 

served as a negative control.   

	 	

2.4.2 DNA agarose gel electrophoresis 
 
Plasmid DNA, PCR, restriction enzyme digests and ligation products were 

separated by agarose gel electrophoresis for visualisation and purification. 

Agarose concentrations used were 0.7% or 1% (w/v) depending on the size of 

the DNA fragments of interest. 4µl of Midori Green Advance (Anachem, 

95016900) was added to 50mls of molten agarose solution, poured into a 
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casting gel containing a comb and allowed to solidify. Once solidified, gels 

were placed in a tank containing 1x TAE buffer. DNA was mixed with 6x DNA 

loading buffer (table 1) to a final 1x concentration and loaded into a well 

alongside a molecular marker (HighRanger Plus 100bp DNA ladder, 

Geneflow, L3-0017). Electrophoresis was performed at 100 volts for 45-60 

minutes until the bands were adequately separated. DNA was visualized on a 

UV transilluminator (Syngene, 2020L) with photographic records taken using 

a GeneSys xx6 gel doc system.  

 

2.4.3 DNA extraction and purification 
 

Following DNA visualization (above), fragments of interest were excised from 

the gels and placed in clean 1.5ml microfuge tubes (Fisher, 11558232). 

Exposure to UV light was kept to a minimum as not to cause unnecessary 

DNA damage. Geneflow Q-Spin Gel Extraction/PCR purification kit (K1-0040) 

was used to isolate the DNA according to the manufacturers instructions. 

Briefly, gel fragments were weighed and binding buffer (100% w/v) added. 

Mixture was heated for 10 minutes at 55°C to dissolve the agarose before 

being added to the supplied spin columns. Following centrifugation  

(13,000 xg), flow through was discarded and the membrane bound DNA was 

washed twice in an ethanol wash solution to remove contaminants. Pure DNA 

was collected under low salt conditions by the addition of 30µl of supplied 

elution buffer. DNA was stored at -20°C until required. 
 

2.4.4 En passant homologous recombination-mediated genetic 

engineering (recombineering) 
 
En passant recombineering, which relies on a two-step recombination 

process, was utilized to generate the desired Merlin mutants used in this 

study. Recombineering was performed as previously described by Tischer et 

al (247). 
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Principle 
 
Homologous recombineering employs the E. coli bacterial strain GS1783, a 

gift from Dr. Gregory Smith, Northwestern University Medical School, 

Chicago, which contains lambda Red recombination genes. In the first round 

of recombineering, heat-inducible Red recombination allows insertion of a 

selectable marker (kanamycin) cassette, which itself contains an I-Scel 

cleavage site, and flanked by duplicated arms of homology to the target site. 

L-arabinose induction of the I-SceI enzyme promotes the second round of 

Red recombination, where seamless excision of the selectable marker and 

deletion of the gene of interest occurs. 

 

All primers used during en passant recombinering can be found in table ST4. 

All incubations, unless otherwise started, were performed in a Stuart SI500 

shaking incubator (VWR, 444-5503) set at 200rpm, 32°C. 

 

2.4.4.1 First round of recombineering – Cassette insertion 
 

To delete UL141 from a BAC, primers with arms of homology to the target 

insertion site and the 5’ end of the kanamycin/I-SceI cassette were 

constructed. Following cassette amplification (2.4.1) and DPNI treatment to 

digest temple DNA, the PCR product was gel purified (2.4.3) and DNA stored 

at 4°C until required. 

 

GS1783 bacteria containing the BAC of interest were grown overnight as a 

starter culture in 5ml LB media containing chloramphenicol. 0.5ml of this was 

used to inoculate 25ml of fresh LB media until an optical density (OD) 600 of 

between 0.55-65 was reached, equating to the exponential growth phase of 

the bacterial culture. OD600 was measured using a UV spectrophotometer 

(Pharmicia UltraSpec 3000). Following heat-shock treatment (42°C) to induce 

the lambda phage genes required for Red recombination, the culture was 

immediately placed on ice to cease further replication. Transformation 

competent cells were washed twice by centrifugation for 5 minutes at 3345 xg 

in cold (<4°C) ddH2O to eliminate the presence of LB media. The resultant 
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bacterial pellet was re-suspended in residual water (~400µl) and 25µl of this 

transferred into 0.5ml pre-chilled tubes.  

 

3µl of the amplified selection cassette was added to the tube before being 

transferred to pre-cooled cuvettes (Geneflow, E6-0060). Following 5 minutes 

incubation on ice, the reaction was subject to electroporation at 3.0KV using 

program EC3 of a MicroPulser™ electroporator (Bio-Rad). Only reactions with 

a millisecond (ms) value of >5.0 were taken forward. Reactions were allowed 

to recover in 1ml of LB media for 1 hour. 400ul of this reaction was pelleted 

and re-suspended in 100ul fresh LB media before being plated on LB agar 

plates supplemented with 25µg/ml kanamycin and 12.5µg/ml 

chloramphenicol. Bacteria containing the selectable marker were identified 

through positive selection on LB agar plates.      

                    

Four colonies were selected from the aforementioned plates and a new starter 

culture initiated. Following overnight incubation, 0.5ml of the starter culture 

was reserved (at 4ºC) for the second round of recombineering, while the 

remainder was used for small scale DNA isolation (2.4.6) and screening for 

insertion of the en-passant cassette by PCR (2.4.1). DNA was visualized on 

an agarose gel (2.4.2) and products that ran at the expected molecular weight 

were selected for the next round of manipulation.  

	

2.4.4.2 Second round of recombineering – Resolving en passant cassette. 
 

10µl of the saved starter culture from the first round was added to 1ml LB 

media supplemented with chloramphenicol, and incubated at 32ºC for 2 

hours. The starter culture was diluted 1:1 with 2% L-arabinose and incubated 

for 1 hour before being transferred to a 42°C waterbath for 30 minutes to 

induce the lambda phage genes required for the second round of Red 

recombination. Following this, they were returned to the shaking incubator for 

2 hours, then plated onto 1% L-arabinose selection plates supplemented with 

chloramphenicol for negative bacterial selection. Colonies were allowed to 

form overnight at 32°C in a bacterial oven. 
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2.4.4.3 Determining resolved colonies. 
 
Ten bacterial colonies were picked using a sterile loop from the negative 

selection plates above, and re-plated onto plates containing chloramphenicol 

or chloramphenicol plus kanamycin. Bacteria where the cassette had been 

successfully resolved would be sensitive to kanamycin, and would therefore 

only grow in the absence of the antibiotic, allowing easy identification of 

correct clones.  

 
Four kanamycin sensitive clones were selected for small scale DNA isolation 

with 0.5ml of the starter culture added to glycerol (15% v/v) to form bacterial 

glycerol stocks for future preservation and subsequent large scale DNA 

isolation suitable for transfection. DNA was purified from 4.5ml overnight 

culture, the modified region PCR amplified (2.4.1) and run on an agarose gel 

to confirm loss of the selection cassette (2.4.2). DNA of the correct molecular 

weight were sequenced to confirm deletion of the UL141 gene of interest. 

 

2.4.5 Generation and storage of transformed E. Coli HST08 strain 

cells 
  
Transformation of E. coli HST08 strain cells with plasmid DNA was performed 

using Stellar™ Competent Cell kit (Clontech - Protocol PT5055-2) as per the 

manufacturer’s specifications, with untransformed bacteria used as a 

comparator. Briefly, cells were thawed on ice and agitated to ensure even 

distribution. A 50µl aliquot was transferred to a pre-chilled 15ml tube along 

with 5ng of the DNA of interest and placed on ice for 30 minutes. Immediately 

following heat-shock treatment (45 seconds, 42°C), cells were placed on ice 

for a further 2 minutes before the addition of pre-warmed (37°C) SOC media 

(supplied with kit). Cells were allowed to recover at 37°C for 1 hour on a 

rotating platform before overnight incubation on LB agar plates containing 

ampicillin. Colonies were observed where uptake of DNA occurred. The 

shRNA vector preparations in chapter 4 were performed by Miss Ourania 

Kolliniatiin. All other vector isolations were performed by me.  



	 57	

To generate bacterial stocks for downstream applications, single colonies 

were picked and incubated in 5mls LB broth containing ampicillin overnight. 

Glycerol stocks were prepared by adding 150µl sterile glycerol to 350µl of the 

overnight culture and stored at -80°C.  

	

2.4.6 Small scale DNA isolation (mini preparation) 
 
For the isolation of molecular biology grade DNA, QIAprep Spin Miniprep Kit 

(Qiagen, 27016) was used as described by the manufacturer. Following 

overnight growth of the bacterial culture of interest, pelleted cells (300 xg, 4 

minutes, 4°C) were re-suspended (250µl buffer P1), lysed by alkaline 

conditions (250µl buffer P2), and neutralised (350µl buffer N3) prior to 

flocculate clearance. Cell suspension containing the DNA of interest was 

bound to a silica membrane by centrifugation (17,000 xg, 10 minutes), 

washed in supplied buffers and eluted into a fresh tube by the addition of 50µl 

ddH2O. DNA was stored at -20°C until required. 

 

2.4.7 Large scale DNA isolation (maxi preparation) 
 

To perform large scale DNA isolation for transfection, glycerol stocks of 

transformed bacteria containing the gene of interest were plated on LB agar 

plates containing an appropriate antibiotic. Following overnight incubation at 

32°C, single colonies were inoculated into 5mls of LB broth (+ antibiotic), and 

incubated for 6 hours at 32°C in a shacking incubator (200rpm). Cultures 

were transferred to 250ml volumes of LB broth (+antibiotic) and incubated for 

18 hours in a 32°C shacking incubator (200rpm) in preparation for large 

(maxi) scale DNA extraction. 

 
Maxi preparations were performed using NucleoBond® BAC 100 (Macherey-

Nagel, 740579) according to the manufacturers protocol for low-copy number 

plasmid purification. Briefly, bacteria were pelleted at 6000 xg for 15 minutes 

at 4°C before being lysed by a modified alkaline/SDS lysis procedure. 

Following potassium acetate neutralization, a flocculate containing unwanted 
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DNA formed while the DNA of interest was retained in solution. Plasmids of 

interest were captured, washed and eluted from an equilibrated nucleobond 

column using reagents that were supplied with the kit. To eliminate 

contaminants from the eluted DNA, the plasmid was precipitated by the 

addition of isopropanol before being washed in 70% (v/v) ethanol. Following 

centrifugation at 15000 xg for 10 minutes at RT, the final pellets were air dried 

and reconstituted in 100µl of ddH2O.  

 

2.4.8 Calculating DNA concentration 
 

Nucleic acid concentration was determined using a NanoDrop® 100 

spectrophotometer. The instrument was initiated by the addition of 2µl of 

ddH2O onto the analyser, followed by 2µl of the reference sample, which was 

used to ‘blank’ the machine. DNA concentration was calculated by measuring 

the absorbance of the sample of interest at 280nm. DNA purity was 

determined by the 260/280 absorbance ratio, where readings between 1.7-2 

were deemed good quality. Samples were stored at 4°C (short term) or -20°C 

(long term) until required. 

 

2.4.9 Restriction digest 
 

For UL128 retroviral construction, both the pMXs-IP retroviral vector DNA and 

UL128 insert generated by PCR (2.4.1) were subject to BamHI and XhoI 

double restriction digest to ensure the ends of each construct were compatible 

for annealing to occur. Reactions were set up as outlined in table 10. 

Reactions were performed at 37ºC for 18 hours. 
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Table 10. Restriction enzyme reactions - individual construct digests 

 

 pMXs-IP vector (µl) UL128 insert (µl) 

10 x buffer 3.1 (NEB) 6 3 

BamHI 1 1 

XhoI 1 1 

ddH2O 2 5 

Construct 50 30 

Total volume 60 40 

 
 
Following transformation of Stellar™ Competent Cells with the ligated 

retroviral construct (2.4.5), starter cultures were grown and DNA extracted. To 

confirm UL128 uptake by the retroviral vector, BamHI and XhoI restriction 

digest was performed (Table 11) at 37ºC for 1 hour, with DNA vizualised 

using gel electrophoresis. Digested and undigested banding patterns were 

compared to determine ligation success. 

 

Table 11. Restriction enzyme reactions - ligated construct digests 

 
 Ligated construct (µl) 

10 x buffer 3.1 (NEB) 1 

BamHI 0.5 

XhoI 0.5 

ddH2O 6 

Construct  2 

Total volume 10 

 

2.4.10 Dephosphorylation. 
 

To prevent the pMXs-IP vector from re-circularizing, the gene carrier was 

subject to dephosphorylation to remove the 5’ phosphate usually required to 

form a phosphodiester bond with another DNA fragment. The reaction was set 
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up with 60µl of sample DNA, 7µl antarctic phosphatase reaction buffer (x10) 

(NEB, M0289), 1µl antarctic enzyme (NEB, M0289) and 2µl ddH2O. Following 

15 minutes incubation at 37ºC, inactivation of the reaction was achieved by 

heating the sample (65ºC) for 5 minutes. UL128 and pMXs-IP constructs were 

subsequently purified (2.4.3) to remove contaminants before ligation.  

 

2.4.11 Ligation 
 

To ligate the vector and UL128 gene construct, T4 DNA ligase (NEB, M0202) 

was used to catalyze the formation of the phosphodiester bond between the 3’ 

hydroxyl and 5’ phosphate groups of the different sources of DNA. The 

reaction was performed at 16°C, overnight. An insert:vector molarity ratio of 

3:1 was used and calculated using the following formula:  

 

Kb of insert   x   ng of vector 

       Kb of vector 

 

In addition to the sample of interest, two negative control reactions were 

performed in parallel, one lacking the insert, the other lacking the T4 enzyme.  

 

To verify the ligation process, all reactions were run on an agarose gel (2.4.2) 

and visualized with UV illumination. 

 

2.4.12 Insertion of UL128 into pCR™4-TOPO® TA vector 
 

Due to initial difficulties encountered during direct cloning of UL128 into the 

pMXs-IP retroviral vector, the gene of interest was cloned into a pCR™4-

TOPO® TA vector (Life Technologies, K459540).  

 
Incorporation of the insert into the pCR™4-TOPO® TA vector relies on the 

ability of adenosine (A) and thymine (T) to form strong associations through 

hydrogen bonding. As the vector is supplied containing a T extension, a 

complimentary 3’ A overhang was added to the UL128 construct post 

amplification by the addition of 1 unit of Taq polymerase, and heated to 72ºC 
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for 10 minutes. Following UL128 gel purification (2.4.3) and insert/vector 

ligation (as 2.4.11 but using ligation reagents (salt, topo vector) supplied by 

the manufacturer), the competent E. coli bacterial strain, DH5 alpha (DH5α), 

was transformed using sodium/magnesium chloride and heat-shock method 

as per the manufacturers’ instructions. A LacZα-ccdB gene in the E. coli 

permitted easy identification of transformed bacteria through blue-white 

screening on ampicillin-containing LB agar plates supplemented with 5-

bromo-4-chloro-indolyl-β- D-galactopyranoside (x-gal, 80µg/ml). Growth of 

white colonies indicated successful uptake of the vector into the bacteria. Four 

colonies were selected and small-scale DNA isolation performed (2.4.6). As 

EcoRI restriction sites flanked the UL128 insertion site, isolated DNA was 

subject to EcoRI restriction enzyme digest, allowing easy extraction of the 

gene of interest post transformation. Following DNA sequencing (2.4.12), 

correct sequences containing the gene of interest plus the EcoRI site were 

further digested (2.4.9) with BamHI and XhoI restriction enzymes to release 

the UL128 insert required to ligate with the pMXs-IP retroviral vector.  

 

2.4.13 Sequencing DNA 
 

To confirm UL128 insertion into target vectors, deletion of the UL141 

sequence from a BAC or to check that modified DNA regions were free from 

errors, DNA fragments to be sequenced were obtained by PCR (2.4.1), gel 

purified (2.4.3) and commercially sequenced using a Mix2Seq kit (Eurofins 

Genomics). Each reaction consisted of 2µl of either the forward or reverse 

primer (10µM) and 15µl of the DNA of interest (10ng/ul) as per the 

manufacturers protocol. Sequence analysis was carried out using CLC main 

workbench version 7.9.1, where sequences generated were compared to the 

reference sequence Merlin. 
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2.4.14 Transfection and co-transfection 
 

2.4.14.1 Co-transfection with Effectene® Transfection Reagent 
 

Co-transfection of HEK 293T cells was achieved using the Effectene® 

Transfection Reagent protocol (Qiagen, 301425). To improve user safety 

when working with lentiviruses, the genes necessary for viral packaging and 

transduction were absent from the vector and added prior to transfection. 

DNA for the pRSV-REV (248), pMDLg (249) and pMD2G (250) packaging 

plasmids which transport RNA from the nucleus (251), organise virion 

structure (252), and aid viral fusion to the envelope (253) respectively, were 

kindly provided by Didier Trono. Briefly, target cells were seeded on Corning® 

CellBIND® 25cm2 flasks (Fisher, 10194302) at a density of 5.0 x 105 the day 

preceding infection. 2.0µg of total DNA was combined with DNA condensation 

buffer and enhancer solution to promote the formation of condensed 

effectene® –DNA complexes. Following incubation with effectene® 

transfection reagent, the mixture was directly added, drop-wise, into pre-

prepared flasks and briefly placed on a slow moving rocker to ensure an even 

distribution of complexes. 72 hours following cell-DNA complex incubation 

(under normal growth conditions), supernatant containing the viral transgene 

was collected, spun (300 xg, 4 minutes), 0.45µm sterile filtered and either 

used immediately or stored at -80ºC until required for transduction.  

 

2.4.14.2 Transfection with Effectene® Transfection Reagent 
 

Transfection of HEK 293 phoenix cells with a retroviral vector using 

Effectene® Transfection Reagent was performed as outlined in 2.4.11.1, with 

the exception of the requirement for helper plasmids. As the envelope gene 

for determining the tropism of the retroviral vector was provided by the 

packaging cell line, no helper plasmids were necessary. As the vector lacked 

a reporter gene, transfection efficiency was determined by transfecting a GFP 

expressing plasmid into the packaging cell line. 
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2.4.14.3 Co-transfection with GeneJuice® 
 

For lentiviral DNA co-transfection of HEK 293T cells, GeneJuice® reagent 

(Merck, 70967) was used. In brief, room temperature GeneJuice was added 

to serum free DMEM (1:33) and incubated at RT for 5 minutes. 150µl of this 

mixture was added to 1.91µg total DNA per reaction, and incubated at 

ambient temperature for 30 minutes to allow transfection complexes to form. 

For the reasons stated in 2.4.11.1, the genes required for viral packaging and 

transduction were absent from the vector and therefore added prior to 

transfection. Complexes were added drop-wise to HEK 293T cells that had 

been seeded at 1.0 x 106 per T25cm2 flask the previous day. Following 72 

hours incubation, supernatant containing the lentivirus of interest was 

harvested and spun (600 xg, 15 minutes) to remove cellular debris, 0.45µm 

sterile filtered and either used immediately or stored at -80ºC until required for 

transduction of the target cells. 

 

To estimate transfection efficiency, target cells were co-transfected with a 

GFP DNA control that were visualized and assessed under a fluorescent 

microscope. Green cells indicated successful integration of the DNA into the 

host cell. 

2.4.15 Transduction 
 

2.4.15.1 Direct transduction of lentiviral vectors 
  

Live lentivirus was placed directly onto target cells seeded in DMEM complete 

media the day prior to infection at a density of 1.0 x 106 per T25cm2 flask. 

 

2.4.15.2 Transduction with RetroNectin® reagent 
 

To improve transduction efficiency through enhancement of viral particle and 

target cell co-localization, RetroNectin® (TaKaRa Bio Inc, T100A/B) reagent 

was used according to the manufacturers instructions. Briefly, lentivirus was 

spun onto RetroNectin® coated (20µg/ml) dishes at 1639 xg for 2 hours at 

RT. Following supernatant removal, target cells were seeded at 4.1 x 105 and 
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maintained at 37°C in an atmosphere containing 5% CO2. After 24 hours, 

appropriate selection medium was added to the wells.    

 
Transduction efficiency was monitored, where possible, with fluorescently 

labelled (GFP or mCherry) viruses under a fluorescent microscope at 72 

hours. In all cases, following growth selection media, dying cells detached 

from the plate, allowing for easy identification of transformed clones. 
 

2.5 Functional and analytical assays 
	
Unless otherwise stated, all dilutions and infections were carried out in DMEM 

serum free media with all infections performed in triplicate. 

 

2.5.1 Plaque assay for determining HCMV genetic background 
 

Glycoproteins H and L form the foundation on which the trimer and pentamer 

complexes are formed (see 1.6.3.1). As there is a finite amount of gH-gL 

present in HCMV, in wild-type virus, both gO and the UL128L compete for 

these complexes. Merlin gO is less efficient at competing for gH/gL than 

UL128L, resulting in small plaque formation when incubated on fibroblasts. In 

contrast, a virus lacking the UL128L is incapable of forming the pentamer, 

leaving gO free to bind all gH-gL present, resulting in the formation of larger 

plaques on fibroblasts compared to wild-type virus. 

 
To exploit plaque size formation as an indicator of UL128L HCMV genetic 

status, plaque assays were preformed as described in 2.3.3 with the following 

adjustments. MG 3468 or HF-Tert cells lacking or carrying the transgene of 

interest (UL128) were seeded at the stated density and infected at 60, 120 

and 240 plaque forming units (PFUs). Following avicel overlay media removal, 

plaques were imaged (Leica DMi8 Inverted microscope) and analysed using 

Image J software (Fiji). 
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2.5.2 Adherent and non-adherent co-culture assay 
 

Co-cultures were performed using adherent epithelial (RPE-1, ARPE-19) or 

non-adherent dendritic cell (DC) targets. All viruses used contained a UL36-

P2A-GFP fusion, allowing infection to be tracked by flow cytometry (2.5.4). 

Washes were performed by centrifugation using DPBS. All samples were 

performed in triplicate.  

 
Control and/or UL128 transduced fibroblast cells were infected with HCMV at 

an MOI of 10 (2.3.4), and incubated for 72 hours at 37°C in an atmosphere 

containing 5% CO2. Fibroblasts were harvested, washed and stained with 

DDAO for 15 minutes (37ºC) before repeated washing to remove unbound 

stain. Stained cells were added to previously (epithelial cells) or freshly (DC’s) 

plated target cells at a ratio of 3:1 (donor:target). Co-cultures were harvested 

24 hours post incubation, with supernatant also retained for processing during 

DC co-culture. Cells were washed and stained with LIVE/DEAD™ aqua 

fixable dye to distinguish dead from live cell populations. Samples were 

washed thoroughly and fixed in 4% formaldehyde solution before being 

analyzed by an Attune NxT flow cytometer (Life Technologies).  

 

2.5.3 Western blotting sample preparation and protein analysis 
 

Cell samples were washed twice in DPBS before total protein was extracted 

using reducing sample buffer (25% NuPAGE LDS sample buffer, 10%DTT, 

65% ddH2O). Cell scrapers (Greiner Bio-One, 541 070) were used to ensure 

sample dissociation from the flask before collection. Proteins were diluted with 

6X loading buffer and boiled at 100ºC for 5 minutes to ensure sample 

denaturation. A pre-cast BOLT bis-tris gradient (4-12%) gel (Thermofisher, 

NW04125BOX) was loaded with 30µl of boiled sample and 10µl of pre-

stained protein standard, and subjected to electrophoresis at 150V for 1 hour 

using BOLT MES running buffer. Proteins were transferred onto a methanol 

activated Hybond® P, 0.45µm, PVDF membrane (Sigma, GE10600023) for 2 

hours at 10V in transfer buffer (50mls NuPAGE transfer buffer (x20), 50mls 

methanol, 40mls ddH2O). The membrane was dried prior to incubation with 
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UL128, V5 or actin primary antibody diluted in blocking buffer at varying 

concentrations (Table 9). Membrane was washed in PBS-T (3 x 10 minute 

washes) to wash off unbound antibody, and incubated with an appropriate 

HRP secondary antibody for 45 minutes. Membrane was visualized by 

chemiluminescence using Supersignal West Pico (Pierce). Signal was 

detected using a GeneSys xx6 gel doc system.  

 

2.5.4 Flow cytometry 
 
Flow cytometry was performed using an Accuri C6 (BD) or Attune NxT (Life 

Technologies) flow cytometer. Cell suspensions were spun prior to all 

washing procedures at 300 xg for 4 minutes. All incubations were performed 

on ice in dark conditions. 

 

2.5.4.1 Sample preparation and staining 
 
Working on ice, harvested cells (2.2.2) were placed in a 96V bottom plate 

(Thermo Scientific™, 612V96) and washed twice in cold FACS buffer. Cells 

were stained with LIVE/DEAD aqua dye or appropriate antibody (Table 9) for 

30 minutes. Following repeated washes in FACS buffer, cells were fixed in 4% 

formaldehyde solution for 20 minutes and washed twice in FACS buffer. Final 

cell pellets were re-suspended in 150µl DPBS before being analyzed by flow 

cytometry. 

 

2.5.4.2 Compensation 

 
Fluorophore compensation was performed to eliminate the possibility of 

readings being recorded by a second channel/detector, thereby generating a 

double positive sample. Compensation control samples included unstained 

donor and target cells, DDAO stained fibroblasts, LIVE/DEAD stained 

fibroblasts and GFP infected fibroblasts. Samples were processed as in 

2.5.4.1. To exclude dead cell readings from the analysed data, a dead cell 

population was generated by heating 5 x 105 cells to 80ºC for 10 minutes 

before incubation in an ice bath. Once cooled, the cells were added to an 
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equivalent number of untreated (live) cells and stained as in 2.5.4.1. 

Compensation was performed using both the Attune NxT software and 

FlowJoV10.  

 

2.5.4.3 Data acquisition 
 
Events were acquired using forward (FSC) and side scatter area (SSC), with 

doublets excluded by changes in refractive index. When used, a LIVE/DEAD  

gating strategy was applied to the single cell population, with cells heavily 

stained by the dye (dead) excluded from further analysis. Percentage of 

infected cells using the Accuri C6 cytometer was determined by gating on 

GFP+ cells. Percentage of target fluorescent cells during co-culture assay 

was measured by gating on DDAO-/GFP+ cells.  

 

2.5.4.4 Data analysis 
 
Co-culture assay compensation was preformed using Attune NxT software. All 

data was analysed using FlowJoV10 software.  

 

2.5.5 Immunofluorescence staining 
 
All treatments were conducted at room temperature unless otherwise stated. 

Three washes were performed after each treatment using DPBS. 

4 x 103 parental or UL128 transduced fibroblasts were seeded onto black 96 

well plates (Ibidi, Thistle Scientific, IB-89626) 18-24 hours prior to staining. 

Cells were fixed with 4% formaldehyde solution for 15 minutes before 

incubation with permeabilisation buffer for 20 minutes. Cells were incubated 

with primary (V5-tag) then secondary (anti rabbit AF488) antibody (Table 9) 

for 30 minutes at 37ºC. To stop the fluorophores fading during imaging, 

DABCO mounting media was added to the cells and incubated for 1 hour in a 

darkened environment. Immunofluorescence was detected using a Zeiss axio 

observer microscope. 
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2.5.6 Single cell cloning 
 

To obtain single cell clones from heterogeneous UL54 and UL112/3 

transduced cell populations, single cell cloning was performed as described 

below. Parental HF-Tert cells were harvested (2.2.2), re-suspended in DMEM 

complete media and gamma irradiated at 6,000 Gy. Cells were seeded at 1 x 

104 cells/well of a 96-well plate. The following day, transduced cells were 

harvested (2.2.2), counted and diluted to 100 cells per 10ml of DMEM 20% 

complete media. Cell counts were verified using an Accuri C6 cytometer. 

Using a multichannel pipette, 100µl of the diluted cells were pipetted into each 

well of the prepared 96 well plates. To confirm that the irradiated fibroblasts 

were unable to proliferate, a negative control plate was set up to monitor cell 

growth. Plates were fed twice a week in DMEM 20% complete media until the 

appearance of micro-colonies. Cells were trypsinized and re-seeded into a 96 

well plate, allowing non-proliferating cells to be eliminated. Clones were 

expanded by plating into progressively larger plates until a sufficient number 

of cells could be harvested for experimentation.  

 

2.6 Microscopy  
 

2.6.1 Leica microscope for immunofluorescence 
 

A DMi8 Leica fluorescent microscope was used to monitor and record GFP or 

mCherry fluorescence and brightfield images during plaque assays (2.3.3, 

2.5.1) and viral infections (2.3.4). Images were saved as Tiff files before being 

analyzed using ImageJ (Fuji) software. Plaque size area was determined 

manually with plaque size areas calculated using ImajeJ software  

(Analyze      Measure). Plaque sizes were calculated as pixels2. 

 

2.6.2 Zeiss Microscope for Immunofluorescence  
 
A Zeiss (Axio Observer) microscope was used for determining the localization 
and expression levels of the V5 tag in the UL128 transduced cell lines 
generated in chapter 5. Exposure times were determined manually for each 
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fluorophore/dye used using Zeiss in-built exposure software. Images were 
saved as Tiff files with composite images generated using ImageJ (Fuji) 
software. 
 

2.7 Statistical analyses of functional assays 
 

GraphPad Prism 6 software (GraphPad Software, Inc., CA, USA) was used 

for all statistical analyses of functional assays. Statistical significance was 

determined using two-way ANOVA with Tukey’s multiple comparison test or 

two-tailed unpaired T test. Differences were considered significant if the 

probability (P) value was ≤0.05. Significance was displayed in figures as 

follows; ns, *; P≤0.05, **; P≤0.01, ***; P≤0.001, ****, P≤0.0001. Data from a 

minimum of three independent experiments were analyzed in all cases. Bar 

graphs represent the mean of a minimum of three experiments (each in 

triplicate) with error bars representing the standard deviation of the mean. 
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Chapter 3 - Results 
 

Generation of an indicator cell line 

for HCMV detection based on 

enhanced green fluorescent protein
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3.1 Introduction   
	

In collaboration with the Wales Kidney Research Unit (WKRU), our group is 

contributing to understanding of HCMV disease in renal transplant recipients 

by examining HCMV genotype in relation to disease outcome. To achieve 

this, HCMV is isolated from the urine of patients undergoing productive 

infection prior to, and post transplantation. Isolated virus is then sequenced 

and/or cultured for future use. Viral titres from clinical isolates are often low 

however, making it necessary to culture the virus for several (4-5) weeks in 

order to determine whether HCMV has been successfully isolated.  

In order to expedite the detection process, indicator cell lines that rely on 

HCMV induced expression of a reporter gene, driven by viral promoters were 

developed. 

 

3.2 Promoter rationale and design 
	

The expression of early (E) HCMV genes relies on the viral immediate-early 1 

(IE-1) and 2 (IE-2) transcription regulators working in partnership with host 

transcription factors (1, 3 254). Luganini et al (255) exploited the IE-2 

dependent activation of the UL54 and UL112/3 early gene promoters to 

generate reporter assays where enhanced green fluorescence protein (eGFP) 

gene expression was driven by either the UL54 or UL112/3 promoter, 

demonstrating the presence of replicating HCMV in the assay. However, their 

work exploited plasmid integration into the glioblastoma U373-MG cell line. 

HCMV does not replicate efficiently in this line, making it unsuitable for 

isolation of primary clinical isolates. We therefore attempted to recapitulate 

their results using identical promoters to drive eGFP expression in fibroblasts 

(HF-Tert). Plasmids do not integrate into these cells at measurable levels, 

therefore a lentiviral based delivery system was utilised.  
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The UL54 and UL112/3 promoter sequences were chosen based on their 

strong activation upon HCMV infection (256), transactivation following IE2 

expression (257), lack of basal activity in uninfected cells (258) and proven 

ability in Luganini’s cell-based assay to generate a rapid and specific method 

for detecting replicating HCMV in vitro (255). The primer sequences adopted 

by Luganini et al to amplify the promoters of interest were designed against 

the HCMV strain, AD169. The AD169 and Merlin genomes, both obtained 

from the National Center for Biotechnology Information (NCBI) GenBank 

nucleotide database, NC001347 and GU179001 respectively, were aligned 

using CLC main workbench version 7.9.1. The promers were located on the 

AD169 sequence, and the homologus region on Merlin used. The genome 

located between, and including each paired primer was obtained and used as 

the specific promoter sequence in the lentiviral vector of choice (Appendix: 

Tables ST1, ST2). 

	

3.3 Generation of a lentiviral expression vector 
	

A mammalian HIV based lentiviral expression vector (Vector Builder) was 

selected as the means of attaining gene delivery into target cells based on its 

ability to permanently incorporate its genes into host DNA in both dividing and 

non–dividing cells in vitro (259-60), resulting in long-term expression of the 

gene of interest (261). Viral UL54 or UL112/3 promoters were chosen to drive 

eGFP expression in HF-Tert cells to allow early detection of replicating virus 

by fluorescence and flow cytometry. To permit selection of stable expressing 

clones after transduction, a neomycin resistance gene was inserted into the 

vector. An ampicillin resistance gene was included for plasmid maintenance in 

E. coli (Figure 7). Plasmids were shipped as E. coli bacterial glycerol stocks. 

	
Transformed bacteria containing the packaging or expression plasmids of 

interest were grown in preparation for large (maxi) scale DNA isolation. 
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Figure 7. Plasmid map of the lenti-UL54-eGFP lentiviral vector backbone 

Schematic of the lenti-UL54-eGFP viral vector plasmid, highlighting location of 

key genes; UL54 promoter, neomycin and ampicillin resistance genes and 

eGFP open reading frame. The lenti-UL112/3 vector contained an identical 

lentiviral template 
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3.4 Production and validation of lentiviruses 
 
To produce lentiviral particles, the 293T cell line was subject to simultaneous 

transfection with three packaging plasmids and a single lentiviral expression 

vector (see 2.4.14.3). Transfection efficiency was evaluated by transfecting a 

GFP expressing plasmid in place of the lentiviral vector into the cell line. 60% 

transfection efficiency was observed at 72h.p.i. (data not shown), validating 

transfection. 

 

To establish the desired cell lines, lentiviral transduction into target HF-Tert 

cells using retronectin® reagent was performed (see 2.4.15.2). Cells were 

continually cultured in neomycin selection media until all non-transduced cells 

were eliminated. Surviving cell populations were expanded, inferring 

successful uptake of the viral vector by the HF-Tert cell line. UL54 and 

UL112/3 transduced cells are hereto known as HF-UL54-eGFP and HF-

UL112/3-eGFP respectively. 

3.5 Transduced HF-Tert cell lines display 

strong autofluorescence 
 
Cellular autofluorescence, an ever-present issue when imaging cells and 

tissues, is often assumed to be negligible in comparison to the signal of 

interest. To test this, uninfected parental control (HF-Tert) and transduced 

(HF-UL54-eGFP or HF-UL112/3-eGFP) cells were observed under a 

fluorescence microscope. It can be seen from figure 8a that transduced HF-

Tert cells exhibit patchy areas of background fluorescence compared to the 

parental cell line. The non-uniform signal could be due to the random insertion 

of the lentiviral vector into the transduced cell lines, resulting in a 

heterogeneous population, in which some express eGFP constitutively. 

Quantitative analysis by flow cytometry (Figures 8b and c) confirms the 

presence of background fluorescence, as indicated by a shift in the detectable 

peak between the control and each of the transduced cell lines. 
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8a)  HF-Tert   HF-UL54-eGFP       HF-UL112/3-eGFP 

 
 

  8b)   HF-UL54-eGFP              2c)             HF-UL112/3-eGFP 

 
Figure 8a-c. Comparison of background fluorescence between parental 

control and transduced cell lines 

8a) Fluorescence (IF) and bright-field (BF) images of parental (HF-Tert) and 

transduced (HF-UL54-eGFP or HF-UL112/3-eGFP) cell lines. 

8b-c) Quantification of cellular fluorescence by flow cytometry. Red peak 

denotes the HF-Tert parental cell line. Blue peak signifies b) HF-UL54-eGFP 

or c) HF-UL112/3-eGFP. 

GFP	 GFP	

Ce
ll	
co
un

t	

Ce
ll	
co
un

t	

GFP	 GFP	

Ce
ll	
co
un

t	

Ce
ll	
co
un

t	

BF 
 
 
 
 
 
 
 
 
IF 



	 76	

3.6 Transduced U373-MG cell line displays 

strong background fluorescence 

The glioblastoma cell line, U373-MG, utilized by Luganini et al to generate a 

cell-based HCMV reporter assay, had previously shown undetectable basal 

fluorescence levels by fluorescence following transfection of their plasmid 

construct. To determine whether the cell type of choice influenced background 

fluorescence levels, the U373-MG cell line, obtained from Cardiff Universities’ 

repository, was transduced with either UL54 or UL112/3 lentivirus using 

retronectin® reagent (see 2.4.15.2). Following neomycin antibiotic selection, 

all non-transduced cells were eliminated, leaving behind adherent transduced 

cells for expansion. UL54 and UL112/3 transduced cells are hereto known as 

U373-UL54-eGFP and U373-UL112/3-eGFP respectively. 

 
The background fluorescence levels of uninfected transduced and parental 

U373-MG cells were monitored using a fluorescence microscope and 

quantified by flow cytometry. As with the HF-Tert transduced cell lines, figures 

9a-c reveal that uninfected transduced U373-MG cells also display 

fluorescence compared to the parental cell line. This fluorescence was 

weaker than in the HF-Tert cell line, indicating that the choice of cell line can 

influence the level of background fluorescence observed to some extent.  

	

3.7 eGFP expression kinetics by fluorescence 

microscopy and quantification by flow 

cytometry 
 
Despite the high level of background fluorescence observed in the HF-Tert 

and U373-MG transduced cell lines, to determine whether the intensity of the 

fluorescent signal produced through HCMV induced eGFP signalling was  
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9a)  U373-MG           U373-UL54-eGFP      U373-UL112/3-eGFP 

 
 

  9b)            U373-UL54-eGFP           9c)      U373-UL112/3-eGFP 

 
 

Figure 9a-c. Comparison of autofluorescence between parental control 

and transduced U373-MG cell lines 

9a) Fluorescence (IF) and bright-field (BF) images of parental (U373-MG) and 

transduced (U373-UL54-eGFP or U373-UL112/3-eGFP) cell lines. 

9b-c) Quantification of cellular autofluorescence by flow cytometry. Red peak 

denotes the U373-MG parental cell line. Blue peak signifies b) U373-UL54-

eGFP or c) U373-UL112/3-eGFP. 

 

GFP	 GFP	

Ce
ll	
co
un

t	

Ce
ll	
co
un

t	

GFP	 GFP	

Ce
ll	
co
un

t	

Ce
ll	
co
un

t	

GFP	 GFP	

Ce
ll	
co
un

t	

Ce
ll	
co
un

t	

BF 
 
 
 
 
 
 
 
 
IF 



	 78	

sufficiently greater than background fluorescence, thus allowing detection of 

replicating virus, parental and transformed HF-Tert/U373-MG cell lines were 

each seeded onto a 24 well plate and infected with the HCMV strain Merlin 

(see 2.3.4) at varying MOIs (0.1, 0.5, 1, 5, and 10). To ensure that non-

replicating HCMV could not induce eGFP expression, irradiated HCMV at an 

MOI of 10 was used as a control. Uninfected parental (HF-Tert or U373-MG) 

and transduced (HF-Tert-UL54-eGFP, HF-Tert-UL112/3-eGFP, U373-UL54-

eGFP or U373-UL112/3-eGFP) cell lines were used to establish zero and 

background fluorescence levels respectively. Based on the expression profile 

of both UL54 and UL112/3 promoters, eGFP expression would not be 

detectable until 24h.p.i, with an increase in eGFP intensity expected at 48 and 

72h.p.i (262). To observe fluorescent cells, culture media was replaced with 

DPBS and visualized at 24 hour intervals (24, 48, 72, 96h.p.i), before being 

harvested (see 2.5.4.1) and analysed on an Acurri C6 flow cytometer (see 

2.5.4.3) (Figures 10-14). 

 

Imaging by fluorescence (Figures 10-13) failed to detect a difference in 

fluorescence intensity between the infected and mock-infected transduced cell 

populations at any time point or MOI used. This was not due to a lack of 

replicating virus, as bright-field images taken in parallel to the fluorescent 

images showed an increase in cytopathic effects (cell roundedness) with dose 

and time. Analysis by flow cytometry (Figure 14) also failed to distinguish 

infected from mock-infected transduced cell populations, as all histogram 

plots for the first 72h.p.i overlapped. While this observation was also true for 

both UL54 cell lines at 96h.p.i, a slight shift in the histogram peaks were 

observed in the HF-Tert-UL112/3-eGFP and U373-UL112/3-eGFP cell lines at 

this same time point. This shift was extremely weak, thereby rendering the cell 

lines ineffective. 

 

Mock-infected and infected HF-Tert/U373-MG control cell lines gave no 

detectable fluorescence or eGFP reading at all MOIs and time points used 

(Figures 15a-b), therefore the background fluorescence observed in the 

transduced cell lines must be due to the presence of the lentiviral vector. 
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Figure 10. HCMV infection does not induce eGFP expression in HF-Tert-

UL54-eGFP cells 

HF-Tert or HF-Tert-UL54-eGFP cells were mock-infected or infected with 

Merlin at various MOIs (0.1, 0.5, 1, 5, 10). Irradiated virus at an MOI of 10 

served as an eGFP induction control. Representative fluorescence and bright-

field images shown at 72 h.p.i  
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Figure 11. HCMV infection does not induce eGFP expression in HF-Tert-

UL112/3-eGFP cells 

HF-Tert or HF-Tert-UL112/3-eGFP cells were mock-infected or infected with 

Merlin at various MOIs (0.1, 0.5, 1, 5, 10). Irradiated virus at an MOI of 10 

served as an eGFP induction control. Representative fluorescence and bright-

field images shown at 72 h.p.i. 
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Figure 12. HCMV infection does not induce eGFP expression in U373-

UL54-eGFP cells 

U373-MG or U373-UL54-eGFP cells were mock-infected or infected with 

Merlin at various MOIs (0.1, 0.5, 1, 5, 10). Irradiated virus at an MOI of 10 

served as an eGFP induction control. Representative fluorescence and bright-

field images shown at 72 h.p.i . 
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Figure 13. HCMV infection does not induce eGFP expression in U373-

UL112/3-eGFP cells 

U373-MG or U373-UL112/3-eGFP cells were mock-infected or infected with 

Merlin at various MOIs (0.1, 0.5, 1, 5, 10). Irradiated virus at an MOI of 10 

served as an eGFP induction control. Representative fluorescence and bright-

field images shown at 72 h.p.i . 
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Figure 14. HCMV infection does not induce eGFP expression in HF-Tert 

or U373-MG transduced cell lines 

Time course of Merlin infection of HF-Tert-UL54-eGFP, HF-Tert-UL112/3, 

U373-UL54-eGFP or U373-UL112/3-eGFP cell lines conducted in parallel to 

the fluorescent images, figures. Cells were grown on a 24 well plate and 

either mock-infected or infected with Merlin at an MOI of 0.1, 0.5, 1, 5 or 10. 

Data set for mock-infected, MOI = 0.1, 1 and 5 shown.  
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15a)         HF-Tert     U373-MG 

          Mock-infected           Infected     Mock-infected           Infected 

 
 

15b)             HF-Tert                       U373-MG 

 
            Mock infected cell line 

                    Merlin infection at MOI = 5 

 

Figure 15a-b.  HCMV infection does not alter background fluorescence 

in parental cells 

HF-Tert or U373-MG cells were mock-infected or infected with Merlin at an 

MOI of 5. a) Representative fluorescence and bright-field images shown at 

72h.p.i. b) FACS plots comparing fluorescence between mock-infected and 

Merlin infected HF-Tert or U373-MG cells at 72h.p.i.  
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3.8 Transduced single cell clones display 

strong autofluorescence 
 
It was notable in Luganini et al that single cell cloning was carried out after 

selection, to generate the cell lines that worked. This may indicate that the site 

of integration of the eGFP cassette affects basal or induced levels of 

expression. The heterogeneous HF-Tert-UL54-eGFP and HF-Tert-UL112/3-

eGFP cell lines were therefore subjected to single cell cloning (see 2.5.6) to 

identify clones with a lower background fluorescence, which might offer a 

better background/signal ratio. 

 

All HF-Tert-UL54-eGFP and HF-Tert-UL112/3-eGFP single cell clones 

generated (24 and 29 respectively) were subject to visualization by 

fluorescence prior to acquisition by flow cytometery (data not shown). For 

each cell line generated, 5 clones displaying the lowest levels of background 

fluorescence were selected for further investigation. 

 

3.9 eGFP expression kinetics of single cell 

clones by fluorescence microscopy and 

quantification by flow cytometry 
 
To ascertain in the first instance, whether the magnitude of eGFP signal 

achieved through HCMV induced expression of a reporter gene was greater 

than the background fluorescence observed in each of the transduced single 

cell clones, a small-scale version of the experiment conducted in section 3.7 

was performed. HF-Tert-UL54-eGFP or HF-Tert-UL112/3-eGFP single cell 

clones were seeded on a 24 well plate and infected with wild-type HCMV (see 

2.3.4) at an MOI of 5. An MOI of 5 was chosen, as this dose had proved 

sufficient to infect the entire monolayer previously. Mock-infected control (HF-

Tert) and transduced (HF-Tert-UL54-eGFP or HF-Tert-UL112/3-eGFP) single 

cell clones cells were used to set zero and background fluorescence levels 
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respectively. Live cells were visualized at 24 hour intervals (24, 48, 72 and 

96h.p.i), before being processed (see 2.5.4.1) prior to acquisition on an Acurri 

C6 flow cytometer (see 2.5.4.3) (Figures 16-19). 

 
Figures 16-19 demonstrate that at an MOI of 5, only one of the lines 

containing the UL54 promoter demonstrated HCMV-dependent induction of 

eGFP, however this was very weak. In contrast, most of the UL112/3 

promoter containing clones showed HCMV-dependent induction, however the 

shift in signal was again relatively poor. The lack of HCMV induced eGFP 

signal was not due to the absence of replicating virus, as viral induced 

characteristic changes in cell morphology were observed in the bright field 

images taken in parallel to the fluorescent pictures. As previously, no basal 

fluorescence or eGFP signal was evident in either infected or mock-infected 

control (HF-Tert) cell lines, therefore the origin of the fluorescence observed 

in the transduced cell line must be due to the presence of the lentiviral vector. 

 
A double histogram peak was observed in both the mock-infected and 

infected HF-Tert-UL112/3-eGFP clone E. This is likely due to more than one 

population being cultured. In either case however, the level of eGFP induction 

in both cell populations was poor. 

 
As viral titres from clinical isolates are considerably lower than the titres used 

in the aforementioned single cell assay, it is unlikely that these cell lines are 

sensitive enough to identify eGFP expressing cells for detecting infectious 

HCMV particles.    
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   Mock-infected   Merlin infected 

BF   IF         BF            IF 

 

Figure 16. HCMV infection does not induce eGFP expression in HF-Tert-

UL54-eGFP single cell clones 

HF-Tert or HF-Tert-UL54-eGFP clones (A – E) were mock-infected or infected 

with Merlin at an MOI of 5. Representative fluorescence and bright-field 

images shown at 72 h.p.i  
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        HF-Tert-UL54-eGFP Clone A      HF-Tert-UL54-eGFP Clone B 

 
 
       HF-Tert-UL54-eGFP Clone C               HF-Tert-UL54-eGFP Clone D 

 
        
        HF-Tert-UL54-eGFP Clone E        

 

 
 

Figure 17. HCMV infection does not induce eGFP expression in HF-Tert-

UL112/3-eGFP cell clones 

Infection of HF-Tert or HF-Tert-UL112/3 single cell clones conducted in parallel to the 

immunofluorescent images in figure 16. Cells were grown on a 24 well plate and 

either mock-infected or infected with Merlin at an MOI of 5. Data analysed in Flow Jo.  
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       Mock-infected                Merlin infected 

   BF        IF           BF               IF 

 
 

Figure 18. HCMV infection does not induce eGFP expression in HF-Tert-

UL112/3-eGFP signle cell clones 

HF-Tert or HF-Tert-UL112/3-eGFP clones (A – E) were mock-infected or 

infected with Merlin at an MOI of 5. Representative fluorescence and bright-

field images shown at 72 h.p.i  
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HF-Tert-UL112/3-eGFP Clone A              HF-Tert-UL112/3-eGFP Clone B 

 
 
 HF-Tert-UL112/3-eGFP Clone C         HF-Tert-UL112/3-eGFP Clone D 

 
 
 HF-Tert-UL112/3-eGFP Clone E    

 
 

 
 

Figure 19. HCMV infection does not induce eGFP expression in HF-Tert-

UL112/3-eGFP single cell clones 

Infection of HF-Tert or HF-Tert-UL112/3 single cell clones conducted in parallel to the 

immunofluorescent images in figure 18. Cells were grown on a 24 well plate and 

either mock-infected or infected with Merlin at an MOI of 5.  
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3.10 Chapter discussion 
	
 
Cell based indicator assays for the detection of viruses, in particular herpes 

simplex virus (HSV) or human immunodeficiency viruses (HIV), which depend 

on the expression of viral trans-activators to induce early viral promoters to 

drive luciferase or fluorescent gene expression is not new (262-7). Only a 

small number of reporter assays have been developed for HCMV detection 

however (255, 268-9), with only one developed using eGFP as a marker and 

none have been developed using human fibroblasts for viral propagation.  
 

The temporal expression of HCMV genes can be broadly divided into 

immediate-early (IE), early (E) and late phases (1), with work by Meier et al 

highlighting the pivotal role of IE2 in triggering the transcription of viral E and L 

genes (254). The importance of IE2 function in HCMV replication led Luganini 

et al to develop two reporter assays using the HCMV permissive cell line, 

U373-MG (255). The 5’ regulatory region of the early UL54 promoter that 

encodes viral DNA polymerase (270-1) and the very early UL112/3 gene that 

is essential in viral DNA replication (272) were used to drive eGFP expression 

in the transformed cell lines, signifying the presence of replicating HCMV in 

the assay.          
                                 

The objective of this chapter was to generate two reporter cell lines adopting 

the rationale and promoter sequences utilized by Luganini et al (255) into the 

HF-Tert fibroblast cell line, for the rapid detection of clinically isolated HCMV 

from the urine of renal transplant patients. This aim was not achieved in this 

chapter as confirmed by fluorescence microscopy and flow cytometry (Figures 

16-19).          

                        

In contrast to the Luganini paper, where establishment of a reporter cell line 

was generated by transfection, lentiviral transduction was adopted in this 

chapter so as to generate indicator cell lines with a long lasting, constant level 

of eGFP expression due to permanent integration into the host genome.  
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In keeping with the Luganini paper, an eGFP reporter gene was used for 

HCMV detection due to its ease of use and superior signal intensity compared 

to standard GFP (273-4). Fluorescent genes are also easily monitored in 

living cells by fluorescence microscopy, unlike alternative indicator genes 

such as the firefly luciferase or chloramphenicol acetyltransferase reporter 

genes that require processing and fixation before evaluation (273, 275). 

Despite extensive use in cell reporter assays, a well characterized 

disadvantage of using GFP and the enhanced (eGFP) version of the reporter 

gene is the potential for background fluorescence (276-7). All cells have basal 

levels of background fluorescence, however, larger cells and those with 

additional genetic material generally have greater levels of fluorescence due 

to the increased number of fluorescent compounds within the cell. GFP/eGFP 

fluorescence also overlaps with autofluorescence, making it potentially difficult 

to separate the two signals.       

                      

With this in mind, the background fluorescence of transduced and un-

transduced HF-Tert cell populations (prior to single cell cloning) was 

compared using fluorescence microscopy and flow cytometry (Figures 8a-c). 

Transduced cells displayed high background fluorescence when compared to 

the untransduced cell line. As both the HF-Tert-UL54-eGFP and HF-Tert-

UL112/3-eGFP cell lines displayed similar patterns and intensity in 

background fluorescence, it was deemed probable that the undesired 

fluorescence was due to leaky expression of eGFP from the presence of the 

lentiviral vector in both cell lines. Evidence to support this hypothesis is given 

in figure 9a-c, where insertion of the lentiviral vector into the glioblastoma cell 

line, U373-MG, also resulted in background fluorescence in transduced cells 

when compared to untransduced controls. The unusually high levels of basal 

fluorescence observed in the transduced cell lines was not due to known 

problematic biochemical factors such as NAD1/NADP1 (278-80), elastin, 

collagen (280-1) or media related components, including flavin molecules 

(280, 282), as infected and mock-infected HF-Tert/U373-MG control cells did 

not show background fluorescence under the same experimental conditions. 
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Previous reporter based assays using the UL54 or UL112/3 promoter to drive 

eGFP expression in U373-MG (255) or mink lung cells (269), demonstrated 

no basal fluorescence or background expression from the promoters in 

uninfected cells following single cell cloning, suggesting that clones with low 

background fluorescence could be isolated. It should be noted however, that 

gene transfer into these aforementioned cell lines was achieved by plasmid 

transfection rather than transduction. It is possible, therefore, that the method 

of gene delivery adopted in this chapter may have contributed to the high 

levels of basal fluorescence observed. Random integration of plasmid 

fragments occurs with transfection, while the entire lentiviral vector is 

incorporated during transduction. Gene transfer by transfection may have led 

to an incomplete promoter sequence being incorporated, resulting in lower 

basal fluorescence levels. Alternatively, the lentiviral vector utilized may not 

have contained a fully silenced promoter in its LTR region, resulting in an 

additional active promoter, independent of the UL54 or UL112/3 promoters. It 

is also important to note that in 2012, as a result of short tandem repeat-PCR 

profiling, the U373-MG (ATCC HTB-17) utilized by Luganini et al was shown 

to contain differing genetic properties to the U373-MG deposited by the 

original laboratory. A publication by Ishii et al (283) in 1999 raised questions 

as to the genetic properties of this cell line, but it wasn’t until much later that 

the authenticity of the U373-MG was proven to be incorrect. It is not known 

whether the cell line used by either myself or Luganini et al is the original 

U373-MG cell line, now termed U373-MG (Uppsala), or the U-251 

glioblastoma cell line which was also called ‘U373-MG’ in error, by ECCAC 

(284).           

               

As the transduced cell lines generated were heterogeneous, consisting of 

various cells with differing background fluorescence and variable levels of 

eGFP expression following HCMV infection (Figures 10-14), in keeping with 

the Luganini paper, single cell cloning was performed, with those displaying 

the lowest background fluorescence retained for further study.  

Unless induction of eGFP was high following infection, the fluorescent signal 

from the reporter gene would be lost due to the basal level of fluorescence. 
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Following HCMV infection, only one of the transduced UL54 single cell clones 

displayed eGFP at levels exceeding background fluorescence. Several of the 

UL112/3 single cell clones (particularly HF-Tert-UL112/3-eGFP Clones A and 

C) were capable of inducing eGFP expression, however levels were too weak 

to be reliable for identification of infected cells (Figures 16-19). The 

fluorescence spectra, which spans a wide wavelength range, including most 

of the visible spectra (285), overlaps the emission wavelength of eGFP, 

leading to difficulties in detecting or visualizing the signal. Given that HF-Terts 

exhibit high levels of background fluorescence, in future, the use of bright red 

fluorescence proteins (mCherry, mScarlet) or infrared fluorescent proteins 

may help to improve the background/signal ratio (286). 

The lack of enhanced fluorescent signal in the infected transduced cell lines is 

likely due to low eGFP expression. The activation of each promoter could 

have been assessed by co-transfection with a plasmid expressing HCMV IE2, 

thereby providing a known activation and signal control.  A correlation would 

be expected between infection mediated and IE2 mediated activation. As the 

strength of the fluorescent signal directly correlates with promoter activity, 

future construct design could incorporate multiple copies of the promoter into 

the lentiviral vectors, to enhance eGFP signal.       

                   

Taken together, these cell-based assays have not proved a reliable, robust or 

reproducible tool for measuring the presence of infectious HCMV particles in 

this chapter.  
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Chapter 4 - Results 
 

Production of shRNA silenced cell 

lines directed against RL13 and 

UL128L 
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4.1	Introduction		
 

When clinical HCMV is isolated and grown in fibroblasts in the laboratory, the 

wild-type virus rapidly acquires genetic alterations in the RL13 and UL128L 

genes, enhancing its growth properties. As a solution to this problem, 

bacterial artificial chromosome (BAC) technology has been used to clone and 

repair the HCMV genome so that it resembles wild-type virus, resulting in 

stable genomes to work with in the short term. Long term culturing, however, 

sees the emergence of new RL13 and UL128L mutants, resulting in progeny 

virus with improved growth kinetics (160-1). To prevent these new mutations, 

Stanton et al introduced a tetracycline-repression system into the BAC, where 

expression of both RL13 and UL131A is conditionally supressed, allowing 

genetically intact virus to be passaged in vitro (228). However, this technology 

can only be applied once a genome has been BAC cloned. 

 

The objective of this chapter was to generate a system independent of the 

BAC, allowing in vitro growth of clinical viruses without risk of mutation. To 

achieve this, fibroblasts capable of supressing the expression of 

RL13/UL128L, akin to the BAC system, but infectable by any CMV’s, was 

generated via RNA interference (RNAi), using targeted short hairpin 

ribonucleic acid (shRNA). 
 

4.2.	Short	hairpin	RNA	(shRNA)	design	and	
conservation	of	the	target	sequence	across	HCMV	
strains.	
	
shRNA construction is complicated by the fact that predictive computational 

algorithms which exist for siRNA design rarely apply to shRNA composition. 

Despite this, it has been observed that successful target sequences lack A or 

T nucleotide repeats >3bp (287), have a GC content between 35-55% (288-

90), are between 19-29bp (288), have an A or G starting nucleotide and 

contain a loop region between 3-9nt in length (291). Based on these 

observations, three shRNAs directed against Merlin RL13 and two against 
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each of the Merlin UL128L genes were devised using the Invivogen siRNA 

WizardTM. Nucleotide sequences for target genes were obtained from the 

National Center for Biotechnology Information (NCBI) BLASTN 2.4.0+ 

nucleotide database and 21bp sequences selected from HCMV strain Merlin 

(GenBank: GU179001.1) (Table 12). As a known hypervariable gene (228), 

the C-terminal cytosolic domain and the relatively conserved region of the 

transmembrane domain of RL13 (292) was targeted for shRNA construction, 

while all other targets were selected due to their location on the transcript, the 

GC% content of the selected sequence and the lack of A or T nucleotide 

repeats over 3 base pairs (bp). A scrambled shRNA construct was also 

included as a control. shRNA design was performed by Dr Virginia-Maria 

Vlachava. 

	
The knockdown cell lines generated were intended to support propagation of 

a wide range of patient derived HCMVs in vitro, therefore to investigate how 

conserved the target sequences were across known HCMV strains, the RL13, 

UL128, UL130 and UL131A sequence of all known HCMV strains were 

obtained from the NCBI BLASTN 2.4.0+ nucleotide database and aligned 

using CLC main workbench version 7.9.1 (Figure 20a-i, Table 14). Analysis of 

the target sequences confirmed that control shRNA lacked homology with 

Merlin, the virus strain with which subsequent experiments were going to be 

performed. Interestingly, two of the RL13-targets (shRL13-a and –c) were 

found to lack homology with the Merlin sequence, although they were shown 

to be present in the RL13 gene from other HCMV strains. The RL13-a and -c 

sequences were found to be present in 35 and 15 respectively of all 123 NCBI 

listed RL13 HCMV sequences. 

 

Further sequence alignment of the RL13-a and -c constructs against HCMV 

strain Merlin (Table 13) revealed a double (shRL13-a) and single (shRL13-c) 

mis-match at the terminal end of the designed sequences. Several RNAi 

studies (293-96) have demonstrated that sequence mis-match at the terminal 

nucleotides of si/shRNA has little effect on construct binding to the intended 

sequence, leading to degradation of the gene of interest. Mis-matches found 

at the center of the sequence however, lead to an impairment in binding 
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ability, with no degradation of the gene of interest detected. Based on these 

observations, both shRL13-a and -c were considered to be potential 

constructs for achieving RL13 gene knockdown in HCMV strain Merlin. 

 
All other target sequences within the RL13 and UL128L transcripts were 

present in Merlin.  

 
Additional analysis of the shRL13 constructs revealed that target sequences 

were completely conserved in only 28.45%, 5.7% and 12.2% (RL13-a, -b and 

–c respectively) of all known HCMV strains. These conservation rates were 

extremely low, but unsurprising given that RL13 is a known hypervariable 

gene (228). Conversely, all UL128L targets exhibited high sequence 

conservation rates across all strains: 97.7% (UL128a), 98.4% (UL128-b), 90% 

(Ul130-a), 80% (UL130-b), 99% (UL131A-a), 100% (UL131A-b).  Given that 

the aim of generating an engineered cell line was to support the propagation 

of wild-type HCMV in culture, high target conservation rates across all strains 

was considered extremely important.  
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Table 12. shRNA target sequence for RL13, UL128, UL130 and UL131A 

 
Plasmid ID New plasmid ID Sequence Percentage  

G/C content 
pLV-Puro-U6>{ shRL13 597-617} shRL13-a TAAGACCTCTCTCACTATATA 33.3 
pLV-Puro-U6>{ shRL13 890-910transm} shRL13-b TGGCACTCATAGCGCTATATA 42.86 
pLV-Puro-U6>{ shRL13 18-38} shRL13-c GGTTATGTGGACGATACTAAT 38.1 
pLV-mCherry:T2A:Puro-U6>{shUL128 117-136} shUL128-a GCCGGAACGCTGTTACGATTT 52.3 
pLV-EGFP:T2A:Puro-U6>{shUL128 441-460} shUL128-b TCAGTACCTGGAGAGCGTTAA 47.62 
pLV-mCherry:T2A:Puro-U6>{shUL130 11-31} shUL130-a TTCTGCTTCGTCACCACTTTC 47.62 
pLV-mCherry:T2A:Puro-U6>{shUL130 419-439} shUL130-b GCGTGGAAGACGCCAAGATTT 52.3 
pLV-mCherry:T2A:Puro-U6>{shUL131A 257-277} shUL131A-a CGTTGCTCATCAGCGACTTTA 47.62 
pLV-mCherry:T2A:Puro-U6>{shUL131A 87-107} shUL131A-b TTATTACCGAGTACCGCATTA 38.1 
pLV-Puro-U6>{shcont} shcont GCCTAAGTATCGCCTAATTTA 38.1 
 

	
Sequences showing <100% match to the HCMV strain Merlin are coloured in red. Sequences constructed by Dr Dr Virginia-Maria 

Vlachava.
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i) 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure 20 a-i. Sequence alignment of Merlin source RL13/UL128L with 

other known HCMV strains 

RL13 and UL128L shRNA Merlin targets were aligned to known strains of 

HCMV to test for sequence conservation. Target sequence for shRL13-a (a),  

shRL13-b (b), shRL13-c (c), shUL128-a (d), shUL128-b (e), shUL130-a (f), 

shUL130-b (g), shUL131A-a (h) and shUL131A-b (i) are shown. Data set 

highlighted (red box) refers to RL13/UL128L target sequence of HCMV. Due 

to size of the database, partial results only shown. Sequence alignment 

performed in CLC Main Workbench version 7.9.1.  
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Table 13. Sequence alignment of target source RL13-a and -c with HCMV strain Merlin 

 
shRL13 

-a 
T A A G A C C T C T C T C A C T A T A T A 

Merlin C A T G A C C T C T C T C A C T A T A T A 
 
 

shRL13 
-c 

G G T T A T G T G G A C G A T A C T A A T 

Merlin G A T T A T G T G G A C G A T A C T A A T 

 
 
Red denotes sequence mis-match with the intended target sequence 
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Table 14. Sequence alignment of target source RL13 and UL128L with other knwn HCMV strains 

shRL13-a  T A A G A C C T C T C T C A C T A T A T A 
conservation 72 52 80 48 100 100 61 85 85 53 92 100 33 85 85 58 98 100 51 100 100 
 

shRL13-b  T G G C A C T C A T A G C G C T A T A T A 
conservation 100 97 100 100 70 100 100 75 98 100 100 100 100 59 63 100 51 100 100 82 100 
 

shRL13-c  G G T T A T G T G G A C G A T A C T A A T 
conservation 100 85 100 100 100 53 72 100 100 100 100 100 99 52 100 100 76 100 72 99 100 
 
shUL128-a  G C C G G A A C G C T G T T A C G A T T T 

conservation 100 100 100 99 100 100 99 100 100 100 100 100 100 100 100 100 100 100 99 100 100 
 
shUL128-b  T C A G T A C C T G G A G A G C G T T A A 

conservation 100 100 100 99 100 100 100 99 100 100 100 100 100 100 100 100 100 100 100 100 100 
 
shUL130-a  T T C T G C T T C G T C A C C A C T T T C 

conservation 100 100 100 100 100 98 100 100 100 100 99 100 100 100 92 100 100 100 100 100 100 
 
shUL130-b  G C G T G G A A G A C G C C A A G A T T T 

conservation 99 99 99 100 90 100 100 100 100 100 91 100 100 100 100 100 100 100 100 100 100 
 
shUL131A-a  C G T T G C T C A T C A G C G A C T T T A 
conservation 100 100 100 100 100 100 100 100 100 100 100 100 100 99 100 100 100 100 100 100 100 
 
shUL131A-b  T T A T T A C C G A G T A C C G C A T T A 
conservation 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 

shcont  G C C T A A G T A T C G C C T A A T T T A 
No sequence alignment found with any known strain of HCMV from the NCBI database. 
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RL13 and UL128L shRNA targets were aligned to known strains of HCMV to 

test for sequence conservation. Where sequence conservation is <100% for a 

given base in the genome, box is highlighted in blue. Values denote 

percentage sequence conservation across 123 HCMV strains. Sequence 

alignment performed in CLC Main Workbench version 7.9.1 
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4.3	Generation	of	a	lentiviral	expression	vector	
	
Using the ‘design vector’ feature on the Vector Builder website, a mammalian 

lentiviral expression vector was selected as the vehicle for shRNA gene 

delivery based on its ability to transduce a plethora of cell types and 

permanently integrate its genes into host DNA in both dividing and non–

dividing cells in vitro (259-60). This should result in long-term knockdown of 

the gene of interest (261). 

 
To a HIV based lentiviral vector template (Vector Builder), the human RNA 

polymerase III U6 promoter, which had previously been demonstrated to drive 

high-level expression of shRNA in cells (297-8) was chosen to drive the 

expression of the shRNA construct of interest. Two complementary 

sequences of 21 nucleotides separated by a loop structure complete with a 

terminal sequence were also inserted into the vector backbone for each 

construct. An ampicillin resistance gene was included for plasmid 

maintenance in E. coli. To permit selection of stable expressing clones after 

transduction, a puromycin resistance gene was inserted into the vector. In 

order to create a cell line capable of suppressing the expression of both RL13 

and any one of the UL128L genes, the UL128L vectors contained a GFP or 

mCherry fluorescent protein for future selection by cell sorting (Figures 21-

22). Fibroblasts would initially be transduced with shRL13, selected for by the 

addition of puromycin, before transduction with a UL128L vector. Cell sorting 

by mCherry would isolate RL13 and UL128L transformed clones. This new 

cell line would be able to propagate a fully wild-type virus in the laboratory. 

Plasmids were stored as E. coli bacterial glycerol stocks.  

 
Transformed bacteria containing the packaging or shRNA plasmids of interest 

were grown in preparation for large (maxi) scale DNA isolation. 
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Figure 21. Plasmid map of the shRL13-a lentiviral vector backbone 

Map of the shRL13-a viral vector plasmid highlighting location of key genes; 

sense and anti-sense strands of the shRL13-a gene, puromycin and ampicillin 

resistance genes and U6 promoter. All RL13 shRNA vectors had the same 

lentiviral template. 

 
 
 

 

 

 

	 -	



	 111	

 
 

 

Figure 22. Plasmid map of the shUL128-a lentiviral vector backbone 

Map of the shUL128-a viral vector plasmid highlighting location of key genes; 

sense and anti-sense strands of the shUL128-a gene, puromycin and 

ampicillin resistance genes and U6 promoter. UL128-a also contained an 

mCherry tag driven by the PGK promoter. All UL130 and UL131A vectors had 

the same lentiviral template. 

UL128–b contained an eGFP tag in place of an mCherry. 
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Table 15. DNA concentration of shRNA and packaging plasmids from 
maxi preparation 

	
 

Plasmid I.D Concentration ng/µ l 
shRL13-a 240.0 
shRL13-b 740.1 
shRL13-c 196.8 
shUL128-a 228.9 
shUL128-b 1267.6 
shUL130-a 982.59 
shUL130-b 269.4 
shUL131-a 189.3 
shUL131-b 371.7 
Shcont 368.8 
pRSV-REV 373.76 
pMDLg 268.86 
pMD2G 576.0 

 
 

 

The pRSV-REV packaging plasmid expresses HIV-1 REV under the 

transcriptional control of the rous sarcoma virus (RSV) U3 promoter. pRSV-

REV binds to the REV responsive element (RRE) for efficient RNA export 

from the nucleus. pmDLg contains the gag and pol genes which provide the 

main structural proteins and reverse transcriptase respectively. pMD2G 

encodes vesicular stomatitis virus glycoprotein (VSV-G) that coats the viral 

envelope and expands the tropism of the vector (299). 
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4.4	Production	and	validation	of	lentiviruses	
 

The cell line 293T, was subjected to co-transfection with three packaging 

plasmids and a single shRNA vector. To measure transfection efficiency, 

fluorescent images of 293T cells were taken at 72 hours post infection. Where 

fluorescently tagged lentivirus had been successfully transfected into the 

packaging line, green (GFP) or red (mCherry) cells could be observed 

depending on the tag used. Between 20-40% transfection efficiency was 

observed across all fluorescently tagged constructs at 72h.p.i. (data not 

shown). No RL13 lentiviruses contained a fluorescent marker, therefore 

transfection efficiency could not be determined.       

                     

The MG 3468 fibroblast cell line was transduced with un-tagged (shRL13a-c), 

GFP (UL128-b) or mCherry (UL128-a, UL130-a, b, UL131-a, b) tagged 

fluorescent lentivirus using retronectin® reagent, which had been shown by 

Hanernberg et al (300) to significantly improve gene transfer into target cells 

through enhanced co-localization of viral particles and target cells. Following 

puromycin selection, dying cells detached from the plates, allowing for easy 

identification of transformed cells. Fluorescent microscopy images of the 

tagged lentiviral vectors confirmed uptake of the lentivirus into the cells 

(Figure 23).          

                     

Expansion of surviving cell populations in puromycin selection media resulted 

in all non-transformed cells being eliminated. Incorporation of the viral vector 

was therefore shown to be successful in all MG 3468 fibroblast cell lines. 
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Figure 23. Fluorescent images indicating transduction of lentivirus into 
target fibroblast cells 

eGFP or mCherry expression in MG 3468 fibroblast line following transduction 

of a) shUL128-a b) shUL128-b c) shUL130-b or d) shUL131-a vectors at 72 

h.p.i. Representative images selected. No RL13 lentiviruses contained a 

fluorescent marker therefore transduction success could not be measured by 

fluorescent microscopy with these constructs.  

 

 

a	 b	

c	 d	
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4.5	shRNA	directed	against	RL13	and	UL128L	genes	

did	not	suppress	the	expression	of	the	genes	of	

interest	
 

The phenotype of the virus in the presence of wild-type RL13 and UL128L 

genes in HCMV vary dramatically to their mutated (Δ) counterparts. The 

presence of wild-type genes results in small viral plaques while RL13 and 

UL128L mutants form considerably larger plaques following 14 days culture 

(5, 160, 228). Interestingly, viruses with either RL13 or one of the UL128L 

genes repressed produce plaques that are larger than the wild-type, but 

smaller than the double mutant over the same time course. To therefore 

distinguish the effects of RL13 suppression from UL128L expression and vice 

versa, all experiments were performed with viruses lacking the gene not being 

tested. i.e for all shRL13 constructs, a ΔUL128 Merlin viral background was 

used. Conversely, for all UL128L constructs, ΔRL13 Merlin viruses were 

employed. Plaque assay was used to determine the efficacy of shRNA 

knockdown.  

 
To test the shRL13 constructs, ΔUL128 viruses containing or lacking the RL13 

gene were allowed to form plaques on transduced MG 3468 cells (Figure 24). 

Similarly, ΔRL13 viruses containing or lacking the UL128 gene were permitted 

to form plaques on transduced MG 3468 cells (Figure 25). Plaques were 

measured at 14 d.p.i. If the shRNA constructs directed against RL13 or 

UL128L reduce gene expression, the resulting plaque sizes should be 

equivalent to that seen with no RL13/UL128 genes present.  

 
Representative images of ΔUL128 HCMV viral plaque formation, in the 

presence (+) or absence (Δ) of RL13 on the shRL13 engineered cell lines is 

given in figure 24, with quantification of multiple plaques given in figure 26. 

 
Figures 24 and 26 taken together clearly demonstrate that in the control cell 

line (shcont), when the RL13 gene was expressed in the assay, plaque sizes 
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were significantly reduced compared to the system lacking RL13. In contrast, 

no increase in plaque size was observed when RL13 intact virus was grown 

on fibroblasts containing the shRNA directed against RL13, indicating that the 

shRNA constructs did not suppress the expression of RL13 sufficiently to alter 

the small-plaque phenotype of the virus.  

 
Example images of ΔRL13 HCMV viral plaque establishment, with (+) or 

without (Δ) UL128 on cell lines containing shUL128L constructs is given in 

figure 25, with quantification of multiple plaques given in figures 27a and 7b. 

 
Figures 26, 27a and b also show that the control cell line (shcont), in the 

presence of UL128, exhibited reduced plaque size formation compared to the 

experiment lacking UL128. No enhancement in plaque size was seen when 

UL128 intact virus was propagated on fibroblasts containing the shRNA 

constructs targeting UL128, UL130 or UL131A. As previously demonstrated 

with the RL13 constructs, the shUL128L compositions did not restrict the 

expression of these genes adequately to increase the small-plaque phenotype 

of HCMV. The only data set to show non-significance (ns) was the shUL128-b 

cell line. In figure 27a, the plaque sizes formed in the shUL128-b control cells 

were markedly reduced compared to that of the other control samples, thus 

rather than inhibiting UL128 expression specifically, this line non-specifically 

inhibited all virus growth. 

 
The only data set not to be included in figure 27a is the UL131-b cell line as 

technical difficulties were encountered during transduction. Initial gene 

transfer using retronectin resulted in no transduced cells being generated. 

Subsequent attempts at transduction with retronectin however, proved 

successful, albeit at low efficiency rates (data not shown). Once established, 

the UL131-b cell line demonstrated reduced growth kinetics compared to its 

counterparts in vitro, resulting in plaque assay experiments being performed 

in parallel with the shcont cell line at a later time point. A possible reason for 

the reduced growth kinetics observed in this cell line may be due to off target 

effects of the lentiviral vector itself.  
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shRL13-b/∆RL13 HCMV 

shRL13/+RL13 HCMV 

shcont/∆RL13 HCMV 

shcont/+RL13 HCMV 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Comparison of plaque size formation on MG 3468 fibroblasts 

infected with ΔUL128 HCMV containing (+) or lacking (Δ) RL13 

shRL13-b/ΔRL13) shRL13-b transduced fibroblasts infected with double 

mutant (ΔUL128/ ΔRL13) HCMV. shRL13-b/+RL13) shRL13-b transduced 

fibroblasts infected with ΔUL128/+RL13 HCMV. shcont/ΔRL13) shcont 

transduced fibroblasts infected with double mutant (ΔUL128/ΔRL13) HCMV. 

shcont transduced fibroblasts infected with ΔUL128/+RL13 HCMV. 

shRL13-b/∆RL13 

shRL13-b/+RL13 

shcont/∆RL13 

shcont/+RL13 



	 118	

	
	

 
Figure 25. Comparison of plaque size formation on MG 3468 fibroblasts 

infected with ΔRL13 HCMV containing (+) or lacking (Δ) UL128 

shUL131A-b/∆UL128) shUL131A-b transduced fibroblasts infected with 

double mutant (ΔRL13/ ΔUL128) HCMV. shUL131A-b/+UL128) shUL131A-b 

transduced fibroblasts infected with ΔURL13/+UL128 HCMV. shcont/∆UL128) 

shcont transduced fibroblasts infected with double mutant (ΔRL13/ ΔUL128) 

HCMV. shcont/+UL128) shcont transduced fibroblasts infected with 

ΔRL13/+UL128 HCMV.  

shUL131A-b/∆UL128 

shUL131A-b/+UL128 

shcont/∆UL128 

shcont/+UL128 
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Figure 26. shRNA constructs do not suppress the expression of the 
RL13 genes 

Three shRNA constructs (designated shRL13-a, -b and -c respectively) were 

generated in fibroblasts, each targeting different regions of the RL13 gene. A 

shRNA scrambled control (shcont) was also included. Cells were infected with 

either ΔRL13 or +RL13 virus, and plaque sizes measured 14 days post 

infection. Each data point represents a single measurement.  

Representative data from three independent experiments. Statistics 

performed with two-tailed unpaired T test. 

ns, P≤0.05: **, P≤0.01: ***, P≤0.001: ****, P≤0.0001 
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27a) 

 
	
	

	
	 27b) 

	

	
	
	
	
	
	



	 121	

Figure 27a and b. shRNA constructs do not suppress the expression of 
the UL128L genes 

Six shRNA constructs (designated shUL128-a, –b, shUL130-a, -b, and 

shUL131-a, -b) were generated in fibroblasts, each targeting different regions 

of the UL128L genes. A shRNA scrambled control (shcont) was also included. 

ΔUL128 or +UL128 virus was incubated with the cells and plaque sizes 

measured 14 days post infection. Each data point represents a single 

measurement.  

Representative data from three independent experiments. Statistics 

performed with two-tailed unpaired T test. 

ns, P≥0.05, *, P≤0.05: **, P≤0.01: ***, P≤0.001: ****, P≤0.0001 
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4.6	Chapter	discussion	
 

RNAi is a naturally conserved biological process in eukaryotes that can be 

triggered by the introduction of small interfering (si) or short hairpin (sh) RNA 

into host cells. Since its discovery in 1998 by Fire at al (301), RNA 

interference (RNAi) has been widely used by researchers to successfully 

suppress the expression of genes targeted through their sequence by the 

addition of exogenous dsRNA in plants (302), insects (303-4) and cultured 

mammalian cells (305-6). 

 
shRNA was the RNAi method of choice adopted in this chapter, as it can be 

incorporated into a lentiviral vector, which stably integrate into the host 

genome, resulting in long-term knockdown of the target gene (307). 

 
shRNA-mediated knockdown is initiated by the polymerase III enzyme 

DICER, which recognizes and cleaves long exogenous dsRNA into 21-23nt 

siRNA fragments. Uptake of DICER and siRNA into the RNA-induced 

silencing complex (RISC), results in degradation of the siRNA passenger 

strand. The complex is then primed to bind to target mRNA, which is cleaved 

and degraded, resulting in gene knockdown (308-9).  

 
The aim of shRNA constructs to affect the growth phenotype of wild-type 

HCMV by impairing the expression of viral RL13 and UL128L genes in vitro 

through RNAi was not achieved in this chapter as confirmed by plaque assay 

(Figures 25, 26a, 26b). This may have been because the level of knockdown 

was insufficient to mitigate the effects of the viral proteins - to determine 

whether any degree of knockdown was achieved, quantitative reverse 

transcriptase polymerase chain reaction (RT-QPCR) could have been 

performed to investigate transcript levels, or western blot could have been 

performed to investigate protein levels. However, although this would inform 

on the reasons for failure, it would not have altered the ultimate outcome. 

 
Three shRNA directed against RL13 and two against each of the UL128L 

genes, UL128, UL130 and UL131A, were constructed and tested during this 
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project. Analysis of the shRNA target sequences revealed that shRL13-a and 

shRL13-c did not align with the HCMV sequence strain Merlin (Table 13) 

although both existed in the RL13 genes of alternate HCMV strains including 

strains VR1814 (GU179290) and Han22 (JX512206) for RL13-a, or strains 

Han12 (JX512203) and JP (GQ221975) for RL13-c (Figures 20a, 1c). 

shRL13-a was found to contain two sequence mis-matches at nucleotide 

bases 1 and 3, while shRL13-c contained a single miss-match at nucleotide 

base 2 when compared to the Merlin RL13 gene. Based on RNAi analyses by 

Elbashir (310), Jackson (311), Amarzguioui (312) and others, these terminal 

sequence mis-matches were unlikely to impede shRNA binding to its target 

sequence and consequently, the decision was taken to use the HCMV strain 

Merlin to measure shRNA knockdown efficiency in all cell types. 

 
Due to the lack of change in the small-plaque phenotype of the virus following 

14 days culture, future knockdown studies with the shRL13-a and -c should 

be performed with one of the alternative HCMV strains recognized by these 

constructs as well as strain Merlin to fully eliminate the possibility that 

sequence mis-match had any impact on virus phenotype. Alternatively, the 

RL13 sequence from one of those strains could be incorporated into Merlin. 

 
CLC main sequence analysis of the shRL13 constructs revealed that up to 

94.3% of all known RL13 HCMV sequences did not align with their target 

shRNA. As a known hypervariable gene (5), this low level of recognition 

between the strains for the target sequences selected was unsurprising. At 

variance with the shRL13 constructs, all UL128L targets exhibited high (80-

100%) target sequence recognition rates across all the known strains, 

consistent with previous analysis by Baldanti et al (313).  

 
All viruses used in this assay contained a GFP marker for easy plaque 

identification. An oversight in vector design therefore was the insertion of an 

eGFP marker in place of mCherry into the shUL128-b vector backbone. 

Despite this error, data suggests that the intensities between the two 

competing GFP signals was sufficient to differentiate plaques (Appendix: 

Figure S1). What this image highlights, however, is the low eGFP expression 
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of the transduced cells. Fluorescent images taken of the other lines post 

transduction (Figure 22) also demonstrated that only a small proportion of the 

cells in each image strongly express their tag, indicating the heterogeneous 

GFP expression levels of the cell population. It is important to note that 

eGFP/mCherry signal does not directly correlate to the levels of shRNA 

expression in the cells, as the eGFP/mCherry signal was driven by a different 

(PGK) promoter. However this does imply that single-cell cloning may provide 

a way to isolate clones expressing the shRNA at higher levels, and may 

therefore be more effective.	
 

All shRNA used in this chapter were designed using InvivoGen’s siRNA 

WizardTM, which selects shRNA sequences that match criteria proposed by 

analysis of RNAi which have the best expression rate in psiRNA vectors. The 

psiRNA vector however, was not the vector supplied by Vector Builder and 

differs to the lentiviral backbone used by having a 7SK rather than a U6 

promoter. The efficiency of the U6 promoter has been shown to be 

comparable to the efficiency of the 7SK promoter however (314-5), and is 

therefore unlikely to have contributed to poor shRNA expression rates in the 

cell lines generated, resulting in the inability of the cell to generate sufficient 

gene knockdown to affect the viral small plaque-size phenotype. 

 
Another possible reason for the inability of shRNA to ablate gene expression 

may be due to viral induced effects on the infected cell. During infection, the 

virus may overwhelm the cell by generating viral mRNA at exceptionally high 

levels, from multiple genomes. This differs from host genes, which may be 

expressed at lower levels from a single genome. Under such conditions, the 

shRNA may be unable to effectively silence the expression of the gene of 

interest. There are, however, examples where shRNA has proved successful 

in targeting and knocking down the expression of specific viral genes, 

including the rev, gag and vif sequences of HIV-1 (316) and the VP2, VP3 and 

VP4 sequences of foot and mouth disease (317). The effects of viral 

knockdown on the cells could be determined by qPCR. This point could also 

be addressed by generating a positive control for the shRNA vector, using a 

targeting sequence that is known to efficiently knock down the expression of a 
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host gene. As the pLV-puro-U6 vector backbone has not been shown to be 

effective in viral gene knockdown in fibroblasts, a positive control was not 

included in this study. The vector has, however efficiently knocked down  

the expression of FOXA2 in bone marrow-derived mesenchymal stem cells 

(318) and Jun expression in the breast cancer cell line MCF-7 (319). It would 

also be possible to investigate knockdown efficiency by expressing 

RL13/UL128 from a lentiviral vector, such that expression levels were more 

similar to a cellular gene.  

 

It is possible that the selected target site sequences led to the failure of this 

objective. Over the years, much controversy has surrounded the development 

of guidelines for the creation of potent siRNA sequences and whether these 

rules can be applied to shRNA sequences. Despite this, numerous academic 

and commercial si/shRNA sources are widely available, each with predictive 

algorithms broadly following similar guiding principles. These include 

sequences generally 21 nucleotides in length with a GC content between 30-

55% (288-90), a lack of >4 single nucleotide repeats (320), a loop region 

between 3-9 nucleotides in length (291), sequences with thermodynamic 

asymmetry (289-90), base preferences at specific positions (321-4), mRNA 

secondary formation (325-6), and the specificity of the target site itself (327-

9). Studies by Schwarz et al has also highlighted the importance of GC 

arrangement within the sequence, with particular emphasis on the 3’ end of 

the antisense strand containing a higher GC content than the 5’ end (290).  

 
Taken together, these guidelines could have the potential to give rise to high 

potency shRNA with low off-target effects, however, empirical data has 

demonstrated that even when these rules are applied to shRNA design, 

knockdown efficacy can be highly variable (330-1). The variability of gene 

knockdown efficiency is likely due to our limited understanding of the RNAi 

process, resulting in incomplete predictive algorithms.  
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Chapter 5 - Results 
 

Generation of a UL128 expressing 

fibroblast cell line 
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5.1 Introduction  
	
	
Over the past 20 or so years, our laboratory has generated a library of over 

200 cytomegaloviruses, each genetically manipulated to contain or lack 

different combinations of genes to aid our investigation into HCMV 

pathogenesis. The genetic background to the majority of these viruses are 

based on the sequence of strain Merlin at passage 3, which contains a C to T 

nucleotide substitution in gene UL128, leading to a premature truncation of 

the gene. Given the role of UL128 in promoting infection of multiple cell types, 

this virus is restricted to infection of fibroblasts (332). 
 
The objective of this chapter was to generate a UL128 expressing cell line 

capable of trans-complementing our existing UL128 deficient viral stocks. 

UL128 gene transfer into fibroblasts was performed using a retroviral-based 

vector. 
	

5.2. pMXs-IRES-Puro (pMXs-IP) retroviral vector 
	
 
The pMXs-IP retroviral vector (Figure 28), was chosen due to its proven ability 

to successfully generate HFFF-tet cells by our group in 2010 (228). Inherent 

features of the vector that were exploited during this study included long 

terminal repeats (LTRs) to promote and terminate gene transcription and a 

puromycin resistance gene linked to the transgene via an IRES, for the 

selection of stable UL128 expressing cells following transduction.  

 
Two unique restriction sites, XhoI and BamHI, within the multiple cloning site 

(MCS) region of the vector were selected as regions to incorporate the UL128 

gene. These sites were chosen based on their relative location to each other 

and restriction digest buffer compatibility.  
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Figure 28. Schematic representation of the pMXs-IP retroviral vector 
backbone 

Schematic of the pMXs-IP retroviral vector plasmid highlighting location of key 

genes; puromycin and ampicillin resistance genes, packaging signal (Ψ), long 

terminal repeats (LTRs), internal ribosome entry site (IRES) and multiple 

cloning site (MCS). Image taken from the Cell Biolabs Inc product data sheet 

(RTV-014). 
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5.3 UL128 sequence construction 
	
Primers suitable for amplifying the entire UL128 gene from Merlin were 

designed using CLC main workbench version 7.9.1. (See Appendix: Table 

ST3). Each primer also included sequences corresponding to an appropriate 

restriction site (XhoI/BamHI), an additional four base pairs to improve 

restriction enzyme digestion efficiency, and in the case of the forward primer, 

a kozak sequence to promote efficient translation.  

 
Genetically intact UL128 DNA from the HCMV strain Merlin, was provided by 

Dr Carmen Bedford, for use as a DNA template.  

	

5.4 Generation of a UL128 retroviral vector 
	
Direct cloning of PCR amplified UL128 into pMXs-IP was unsuccessful, 

therefore the PCR product was TOPO-cloned into a pCR™4-TOPO® TA 

vector, before being subcloned into pMXs-IP. Cloning was confirmed by 

agarose gel electrophoresis (Figure 29) and DNA sequencing.  

 

5.5 Production and validation of retroviruses 
	
To allow production of the retroviral vector in the absence of a replication-

competent virus, the helper-free virus packaging cell line, 293 phoenix cells, 

was subject to transfection with the UL128 retroviral vector. As the vector 

lacked a reporter gene, transfection efficiency was determined by transfecting 

a GFP expressing plasmid in place of the UL128 vector into the cell line. 

Fluorescent images of 293 phoenix cells were taken at 72 h.p.i. Where GFP 

had been successfully inserted into the packaging line, green cells could be 

observed. 50% transfection efficiency was observed at 72h.p.i. (data not 

shown), validating the technique. 
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6kb 
	
	
	
	
	
	
800bp 

 

 

 

 

 
Figure 29. Agarose gel electrophoresis confirms UL128 and pMXs-IP 
presence in the transformed E. coli colonies 

Agarose gel electrophoresis of two transformed E. coli clones following small-

scale production and purification. Clones were subject to BamHI and XhoI 

double digest to confirm vector uptake (lanes 2 and 3). DNA bands 

corresponding to the insert (752Kb) and vector (5.8Kb) are clearly visible. 

Molecular weight standards are shown in lane 1. 
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 UL128 insert 

pMXs-IP vector 
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Retrovirus mediated gene transduction into two fibroblast cell lines, MG 3468 

and HF-Tert, was performed using retronectin® reagent, as previously 

described (section 2.5.15.2). Following puromycin antibiotic selection, non-

transduced cells detached from the plates, leaving behind adherent 

transduced cells, which should contain the retroviral vector.   
     

5.6 Retrovirus mediated UL128 gene transfer into 

fibroblasts did not generate a UL128 expressing cell line. 
 
The phenotype of HCMV varies dramatically depending on the RL13 and 

UL128 status of the virus. The presence of both wild-type genes gives rise to 

small viral plaque formation following 14 days culture on fibroblasts. In 

contrast, viruses harboring defective and therefore non-functional RL13 and 

UL128 genes over the same time course, form considerably larger plaques (5, 

160). Viruses containing a single mutant (WT RL13 and ∆UL128 or vice 

versa) produce viral plaques that are larger than the wild-type, but smaller 

than the double mutant phenotype. All viruses used in this chapter therefore 

lacked RL13 so that any difference in plaque size observed between the 

parental and transduced cell line would be solely due to UL128 expression. 

Plaque size was used as a measure of UL128 expression in the MG 3468 and 

HF-Tert cell lines. 

 
To test the cell lines generated, viruses containing or lacking UL128 were 

allowed to form plaques on parental and transduced cell lines (Figure 30, 32). 

Plaques were measured at 14 d.p.i. In the presence of UL128, whether 

expressed from the virus or the transduced cell line, plaque size should be 

significantly reduced when compared with a system lacking the gene.  

 
Representative images of HCMV plaque formation on parental and 

transduced fibroblasts in the presence (+) or absence (Δ) of viral UL128 is 

given in figures 30 (MG 3468) and 32 (HF-Tert), with quantification of multiple 

plaques given in figures 31 (MG 3468) and 33 (HF-Tert). 

 



	 132	

Figures 30 and 32 show that in the presence of viral UL128, plaque size 

formation in the parental (blue) and transduced (red) cell lines are greatly 

reduced compared to the parental control in the absence of a viral UL128. 

Plaque size formation on the transduced fibroblasts in the absence of viral 

UL128, however, is equivalent to that seen in the control cells in the absence 

of the gene of interest, indicating that UL128 was either absent or poorly 

expressed in the transduced cell lines. 

 

As both MG 3468 and HF-Tert transduced cells survived continuous culturing 

in the presence of puromycin antibiotic selection, retroviral integration was 

likely successful. This did not, however, confirm that the gene of interest was 

being expressed. To determine UL128 expression levels in the cells of 

interest, cell lysates from transduced and parental fibroblasts were generated, 

with UL128 protein level measured using SDS-PAGE followed by western 

blotting (Figure 34). To provide a positive control for the western blotting, HF-

Tert cells were infected with wild-type Merlin at an MOI of 5, with protein 

expression levels measured at 24hr intervals between 48 and 168 hours. 

Figure 34 shows that HCMV infected HF-Tert cells express UL128 at 

detectable levels from 96 hours post infection, with a decrease in signal 

observed over time. Figure 34 also demonstrates the lack of UL128 protein 

expression in the transduced cell populations, as UL128 was only observed in 

the positive control samples.  

 

Having been unsuccessful in generating a functional UL128 helper cell line 

using the pMXs-IP retroviral vector, I was fortunate to obtain a lentiviral vector 

(pHAGE) containing a V5-tagged UL128 (Lenti-V5-UL128) from our 

collaborator, Dr Michael Weekes (Cambridge University), a construct which 

was made in parallel to my work.  
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  Parent          Transduced  

 
  Parent          Transduced 

 
 
 
Figure 30. Comparison of plaque size formation on parental and UL128 
tranduced MG 3468 fibroblasts infected with HCMV containing (+) or 

lacking (Δ) UL128 

Representative fluorescence images of parental and transduced MG 3468 

cells infected with or without HCMV containing UL128 at 14 days post 

infection.  
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Figure 31. UL128 transduced MG 3468 fibroblasts do not trans-

complement ΔUL128 HCMV 

Parental (circle) and transduced (triangle) cells were infected with either 

+UL128 (blue) or ΔUL128 (red) HCMV. Plaque sizes were measured 14 days 

post infection. Each data point represents a single measurement.  

Representative data from three independent experiments. Statistics 

performed with two-tailed unpaired T test. 

ns, P≤0.05: **, P≤0.01: ***, P≤0.001: ****, P≤0.0001 
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  Parent            Transduced 

 
 

 
Figure 32. Comparison of plaque size formation on parental and UL128 
transduced HF-Tert fibroblasts infected with HCMV containing (+) or 

lacking  (Δ) UL128 

Representative fluorescence images of parental and transduced HF-Tert cells 

infected with or without HCMV containing UL128 at 14 days post infection.  
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Figure 33. UL128 transduced HF-Tert fibroblasts do not trans-

complement ΔUL128 HCMV 

Parental (circle) and transduced (triangle) cells were infected with either 

+UL128 (blue) or ΔUL128 (red) HCMV. Plaque sizes were measured 14 days 

post infection. Each data point represents a single measurement.  

Representative data from three independent experiments. Statistics 

performed with two-tailed unpaired T test. 

ns, P≤0.05: **, P≤0.01: ***, P≤0.001: ****, P≤0.0001 
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                                          Time / hours 
  

           48     72      96    120    144   168      A       B       C       D 

 
 
 
Figure 34. Immunoblot showing UL128 expression 

Lanes: 1-6. Time-course of HF-Tert cells infected with wild-type Merlin at an 

MOI of 5. A; transduced MG 3468 cells, B; MG 3468 cells, C; transduced HF-

Tert cells, D; HF-Tert cells. Actin served as a loading control. All samples 

were prepared in reducing sample buffer.  
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5.7 V5-tagged UL128 lentiviral vector 
	
The lentiviral construct (Lenti-V5-UL128) obtained from the Weekes 

laboratory was confirmed to contain full length UL128 that matched the 

Uniprot annotation for the HCMV Merlin strain. 

 
Hereditary features of the pHAGE vector that were exploited during the 

procedure included the wood chuck hepatitis virus post-transcriptional 

regulatory unit (WPRE) and central polypurine tract (cPPT) promoters which 

had previously been demonstrated to increase gene expression levels in 

transduced cells (333), a spleen focus-forming virus (SFFV) promoter shown 

to drive high expression of the transgene of interest (334) and a puromycin 

resistance gene for the selection of stable UL128 expressing cells after 

transduction.  

 
Lenti-V5-UL128 DNA was shipped as an absorbed construct on filter paper, 

and following recovery in ddH2O, was subject to transformation. Single 

colonies were selected and grown in preparation for large-scale (maxi) 

preparation.      

 

5.8 Production and validation of lentiviruses 
	
To produce lentiviral particles, the human cell line, 293T, was subject to 

polyamine-based transfection (see 2.4.14.1) with the V5-tagged UL128 

lentiviral vector. As the vector lacked a reporter gene, transfection efficiency 

was measured by transfecting a GFP expressing plasmid as a vector 

substitute into the packaging cell line. 70% transfection efficiency was 

observed at 72h.p.i. (data not shown), validating transfection. 

 
UL128 lentiviral gene transfer into target MG 3468 and HF-Tert cells using 

retronectin® reagent was performed as formerly described (see 2.5.15.2). 

Cells cultured in media containing puromycin promoted the elimination of non-

transduced cells. Expansion of surviving cell populations in selection media 
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signified successful lentiviral integration by the MG 3468 and HF-Tert 

fibroblast cell lines.    

	

5.9 Lentiviral mediated UL128 gene transfer into 

fibroblasts generates a UL128 expressing cell line. 
 
Owing to a lack of commercially available immunofluorescent UL128 

antibodies, an immunofluorescent antibody directed against V5 was used to 

determine UL128 expression in the HF-Tert and MG 3468 fibroblast cell lines 

(Figure 35). Figure 35 indicates that the V5 staining pattern was reminiscent 

of the endoplasmic reticulum (ER). 

 
To confirm UL128 expression, cell lysates from transduced and parental 

fibroblasts were produced, and UL128 protein levels measured using SDS-

PAGE followed by western blot. Figure 36 confirms UL128 expression in both 

transformed cell lines. 

 

As before (see 5.6), a plaque assay was performed to assess UL128 function 

in MG 3468 and HF-Tert cell lines (Figures 37 and 39 respectively). The 

assay was performed using RL13 null (Δ) viruses to eliminate the undesired 

influence of the gene on the experiment. Viruses containing or excluding 

UL128 were permitted to form plaques on parental and transduced MG 3468 

or HF-Tert fibroblasts (Figures 37 and 39 respectively). Plaques were 

measured at 14 d.p.i (Figures 38 and 40). In the presence of UL128, obtained 

either from the virus or the transduced cell line, resultant plaque size should 

be significantly reduced when compared with a system lacking the gene.  
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          DAPI      V5       Merged        2° Ab only 

 
 

 
Figure 35. Immunofluorescent staining of parental and transduced (TD) 
MG 3468 or HF-Tert cells using Zeiss Axio Observer Z1 microscope 

Immunofluorescent staining of V5 in parental and transduced MG 3468 or HF-

Tert cells. Cells were labelled with a V5-specific monoclonal antibody, 

followed by Alex Fluor 488 secondary antibody (green). Nuclei were 

counterstained with 4–6-diamidino-2-phenylindole (DAPI) (blue). 

Representative images are shown. 
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   1        2           3      4 

 
 

 

Figure 36. Immunoblot showing UL128 and V5 expression 

Lane 1; MG 3468 cells, 2; Transduced MG 3468 cells, 3; HF-Tert cells.            

4; Transduced HF-Tert cells. Actin served as a loading control. All samples 

were prepared in reducing sample buffer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Actin  
(42KDa) 
  
 
 
V5-tag 
(18KDa) 
 
 
 
UL128  
(18KDa) 



	 142	

Representative images of HCMV plaque formation on parental and 

transduced fibroblasts in the presence (+) or absence (Δ) of viral UL128 is 

given in figures 37 (MG 3468) and 39 (HF-Tert), with quantification of multiple 

plaques given in figures 38 (MG 3468) and 40 (HF-Tert). 

 

Plaque size in the transduced cells in the absence of viral UL128 was 

equivalent to that seen in both the parental and transduced cell lines in the 

presence of viral UL128, demonstrating both successful expression, and 

functional effects of the gene of interest in the transduced cell lines.  

 

5.10 Fibroblasts containing lenti-V5-UL128 trans-

complement UL128 deficient virus 
 
In addition to affecting plaque size (see previous chapter), the loss of UL128 

in a proportion of our Merlin derived HCMV stocks impacts their ability to 

infect a natural range of host cell types in vitro, including endothelial and 

epithelial cells, dendritic cells and macrophages (5, 228). To determine 

whether the lenti-V5-UL128 transduced fibroblasts were capable of trans-

complementing the tropism of the UL128 deficient viral stocks held by the 

laboratory, a functional assay was performed. Since expression of UL128 also 

restricts release of cell-free virus, but promotes cell-cell transfer, virus 

infection was measured by co-culture. Co-cultures were performed using 

adherent epithelial (RPE-1, ARPE-19) or non-adherent dendritic cell (DC) 

targets to reflect the differing cell types the virus would naturally encounter 

during infection.  

 

The exact role of RL13 in HCMV has yet to be determined, but as the 

presence of either RL13 or UL128 changes the viral plaque phenotype of the 

virus and results in a cell-to-cell rather than a cell-free disseminating strategy 

(228), co-culture experiments were performed with RL13 null (Δ) viruses to 

exclude the unwanted influence of the gene on the experiment. All viruses 
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            Parent         Transduced 

 
 

 

Figure 37. Comparsion of HCMV plaque size formation on parental (MG 
3468) and UL128 transduced (MG 3468-UL128) fibroblasts infected with 

HCMV containing (+) or lacking (Δ) UL128 

Representative fluorescence images of parental (MG 3468) and transduced 

MG 3468-UL128) cells infected with or without HCMV containing UL128 at 14 

days post infection.  
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Figure 38. Transduced MG 3468 fibroblasts give rise to small plaque 
phenotype in the absence of viral UL128 

Parental (MG 3468) or UL128 transduced (MG 3468-UL128) fibroblasts were 

infected with either +UL128 or ΔUL128 virus, and plaque sizes measured 14 

days post infection. Each data point represents a single measurement.  

Representative data from three independent experiments. Statistics 

performed with two-tailed unpaired T test. 

ns, P≤0.05: **, P≤0.01: ***, P≤0.001: ****, P≤0.0001 
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            Parent         Transduced 

 
 

 

Figure 39. Comparison of plaque size formation on parental (HF-Tert) 
and UL128 transduced (HF-Tert-UL128) fibroblasts infected with HCMV 

containing (+) or lacking (Δ) UL128 

Representative fluorescence images of parental (HF-Tert) and transduced 

(HF-Tert-UL128) cells infected with or without HCMV containing UL128 at 14 

days post infection.  

+UL128 
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Figure 40. Transduced HF-Tert fibroblasts give rise to small plaque 
phenotype in the absence of viral UL128 

Parental (HF-Tert) or UL128 (HF-Tert-UL128) transduced fibroblasts were 

infected with either +UL128 or ΔUL128 virus, and plaque sizes measured 14 

days post infection. Each data point represents a single measurement.  

Representative data from three independent experiments. Statistics 

performed with two-tailed unpaired T test. 

ns, P≤0.05: **, P≤0.01: ***, P≤0.001: ****, P≤0.0001 
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used contained a UL36-P2A-GFP fusion, allowing infection to be tracked by 

flow cytometry. Fibroblasts were DDAO stained prior to co-culture to 

distinguish previously infected from newly infected ‘target’ cells.     

                           

+ or Δ UL128 HCMV infected parental and transduced MG 3468 or HF-Tert 

cells were co-cultured 3:1 with either uninfected ARPE-19, RPE-1 or DCs. 

Cells were harvested 24 hours post co-incubation and the percentage 

infection rate of the target cells determined.      

              

As expected, co-culture of parental ΔUL128 HCMV infected fibroblasts with 

DCs resulted in no DC infection, confirming the role of UL128 in DC viral entry 

(Figures 41a and b). However, approximately 20% of the DC population 

contained a GFP signal following co-culture with ΔUL128 virus that was 

transferred from UL128 expressing fibroblasts, demonstrating that both the 

transduced MG 3468 and HF-Tert cell lines were capable of trans-

complementing the UL128 deficient viruses held by the laboratory. 

Importantly, the level of DC infection achieved through trans-complementation 

(i.e. using virus lacking functional UL128) was equivalent to that seen with 

virus expressing functional UL128, proving the infection efficiency of the 

transduced cell lines.  

 

Rather surprisingly however, co-culture of the infected parental cell lines with 

ARPE-19 or RPE-1 cells (Figures 42a and b) resulted in infection of epithelial 

cells even in the absence of functional UL128 (i.e. when both virus and cells 

lacked UL128), which contradicts current dogma on viral cell entry into 

epithelial cells (see 1.6.3.1-4). Only minor differences were observed in 

infection efficiency of the two viruses, and these effects were inconsistent 

between the cell lines used. The strain TB40 has been widely used in these 

studies, and contains a mutation in UL141 that impacts expression. In 

contrast, Merlin expresses functional UL141. In ongoing work (not shown), we 

have found that UL141 is a component of the virion envelope. We therefore 

investigated whether the presence of UL141 could explain the differing results 

between the literature, and our data. 
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Figure 41. Transduced MG 3468 and HF-Tert cell lines are capable of 
trans-complementing UL128 deficient HCMV in DCs 

Parental or UL128 transduced MG 3468 (a) or HF-Tert (b) cells were infected 

with either +UL128 or ΔUL128 GFP virus at an MOI of 10 for 72 hours. 

Fibroblasts were DDAO stained prior to co-culture with DCs. Cells were 

harvested 24 hours post co-culture and the percentage infection of target cells 

determined by flow cytometry. Cells were gated on LIVE/DEAD stain, followed 

by DDAO stain and GFP signal.  

Representative data from five independent experiments. Statistics performed 

with two-way ANOVA with Tukey's multiple comparison test. 

ns, P≤0.05: **, P≤0.01: ***, P≤0.001: ****, P≤0.0001 
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42a) 

 
42b) 
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Figure 42. Transduced MG 3468 and HF-Tert cell lines are not required 
for trans-complementation of UL128 deficient HCMV in epithelial cells. 

Parental or UL128 transduced MG 3468 (a) or HF-Tert (b) cells were infected 

with either +UL128 or ΔUL128 GFP virus at an MOI of 10 for 72 hours. 

Fibroblasts were DDAO stained prior to co-culture with ARPE-19 or RPE-1. 

Cells were harvested 24 hours post co-culture and the percentage infection of 

target cells determined by flow cytometry. Cells were gated on LIVE/DEAD 

stain, followed by DDAO stain and GFP signal. 

Representative data from five independent experiments. Statistics performed 

with two-way ANOVA with Tukey's multiple comparison test. 

ns, P≤0.05: **, P≤0.01: ***, P≤0.001: ****, P≤0.0001 
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Figure 43. UL141 is not required for epithelial cell entry in the absence of 
viral UL128 

MG 3468 cells were infected with either double (ΔRL13/ΔUL128/+UL141) or 

triple (ΔRL13/ΔUL128/ΔUL141) mutant GFP virus at an MOI of 10 for 72 

hours. Fibroblasts were DDAO stained prior to co-culture with ARPE-19 or 

RPE-1. Cells were harvested 24 hours post co-culture and the percentage 

infection of target cells determined by flow cytometry. Cells were gated on 

LIVE/DEAD stain, followed by DDAO stain and GFP signal. 

Representative data from three independent experiments. Statistics 

performed with two-way ANOVA with Tukey's multiple comparison test. 

ns, P≤0.05: **, P≤0.01: ***, P≤0.001: ****, P≤0.0001 

 

 

 

 

 

 

 

Donor/target	cell	line	



	 153	

UL141 was deleted from the ΔRL13/ΔUL128 virus (see 2.4.4) using en 

passant mutagenesis (247), and tested against the parental virus 

(ΔRL13/ΔUL128/+UL141) in a co-culture assay. Only minor differences were 

observed in infection efficiency of the two viruses, and these effects were 

inconsistent between the two cell lines. We therefore concluded that UL141 

does not promote epithelial cell entry in the absence of UL128 (Figure 43). 

 
In addition to using a different strain (TB40) to our work, previous work has 

used cell-free virus, rather than virus transfer by co-culture. To enable a direct 

comparison with the literature, ARPE-19 and RPE-1 cells were incubated with 

cell-free virus containing or lacking UL128. Fluorescent images taken 14 d.p.i 

(Figure 44) clearly show that even in the absence of functioning UL128, both 

ARPE-19 and RPE-1 cells become infected. However, quantification by flow 

cytometry (Figures 45 a and b) revealed that in the presence of UL128, a 

much greater number of RPE-1 cells were infected at 24 h.p.i in comparison 

to virus lacking UL128. The same was also true in ARPE-19 cells, although 

the overall level of infectivity was slightly lower.  

 
The difference in infectivity between RPE1 and ARPE19 is likely because 

serum free media was used to infect the RPE-1/HF-Tert cell lines, while 

complete media was used for the ARPE-19/HFFFs, and thus the uninfected 

ARPE19 may have proliferated more, thus reducing the percentage of 

infected cells. Nevertheless, the important point is that, in agreement with the 

literature, the pentamer is important for the efficiency of cell-free infection of 

epithelial cells. The lack of a requirement for pentamer in previous 

experiments was due to the cell-cell method of infection. 
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      Bright Field   Fluorescence      Bright Field   Fluorescence      Bright Field     Fluorescence 

Control +UL128 HCMV ∆UL128 HCMV 

ARPE-19 
 
 
 
 
 
 
 
 
RPE-1 

Figure 44. Fluorescent and bright field images of ARPE-19 and RPE-1 cells directly infected with (+) or without (Δ) 

UL128 IE2-P2A-GFP HCMV 

Representative images of ARPE-19 and RPE-1 cells infected with or without HCMV containing UL128 at 14 days post 

infection. 
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45a 

 
45b 

 

HF-Tert RPE-1 

1 1.2 

 

 

Figure 45. Level of cell-free HCMV infection in epithelial cells in relation 

to fibroblast controls 

Cells infected with HCMV at an MOI of 1 containing (+) or lacking (Δ) UL128.  

Cells were harvested 24 hours post infection with the levels of infection in 

control and target cells determined by flow cytometry. 

a) Levels of infection in epithelial cells normalized to fibroblast controls. b) 

Levels of infection in epithelial cells (with HCMV +UL128), are quoted as a 

ratio relative to fibroblast controls.  
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5.11 Chapter discussion 
 
The use of trans-complementation to restore a lost phenotype or characteristic is 

not new. Influenza A, human immunodeficiency virus (HIV) and HCMV viral 

studies have all shown that viruses lacking functional wild-type genes can have 

their function re-instated by the introduction of exogenous DNA into the host cell 

line (161, 335-7). Viral tropism (161, 335-6) and replication (337) have previously 

been rescued by this technology in these viruses.  

 

The rationale for transducing fibroblasts rather than epithelial or dendritic cells 

directly was due to the inability of HCMV lacking the pentamer (i.e. the majority of 

our existing viruses) to infect all cell types apart from fibroblasts. UL128, UL130 

and UL131A are all required to bind simultaneously to gH/gL in order for a 

functional pentameric complex to form (175). The objective of this chapter 

therefore, was to generate a UL128 expressing fibroblast cell line capable of 

trans-complementing the UL128 mutated viruses held by our laboratory, thus 

allowing their transfer to additional cell types. This aim was achieved as 

confirmed by DC co-culture assay (Figures 41a, b). 

 

In keeping with the Hahn paper (161), a retroviral based gene carrier was initially 

chosen to transduce UL128 into the MG 3468 and HF-Tert fibroblast cell lines. 

The pMXs-IP retroviral vector was chosen due to its proven ability to transfect 

and transduce fibroblasts by our laboratory (228).  

 

The data presented in figures 30-34 clearly demonstrate that the transduced cell 

lines did not trans-complement the mutated virus used in the plaque assay, as 

large viral plaques (resembling virus lacking UL128) were observed. Due to a 

lack of commercial UL128 antibodies, further examination of UL128 expression 

levels by more sensitive methodologies such as immunofluorescence was not 

possible. To determine whether any degree of expression was achieved, 

reverse-transcriptase quantitative polymerase chain reaction (RT-QPCR) could 
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be performed. The choice of promoter to drive expression of the gene of interest 

is critical and the retroviral LTR used to drive the transgene of interest in this 

vector may have been too weak, contributing to low levels of gene expression in 

the fibroblasts. 

 

Having been unsuccessful in generating a functional UL128 cell line using the 

pMXs-IP retroviral vector, I was fortunate to receive a pHAGE lentiviral vector 

containing a V5-tagged UL128 (Lenti-V5-UL128) from our collaborator, Dr 

Michael Weekes (Cambridge University) that utilized the SFFV promoter to drive 

expression of the transgene of interest.  Having confirmed lentiviral transduction 

into MG 3468 and HF-Tert cells through immunofluorescence (Figure 35) and 

western blotting (Figure 36), plaque assay validated the function of the transgene 

of interest (Figures 37-40). 

 

To elucidate whether the lenti-V5-UL128 transduced fibroblasts were capable of 

trans-complementing the ΔUL128 viral stocks held by the laboratory, a co-culture 

assay was performed. Co-cultures consisted of adherent epithelial (RPE-1, 

ARPE-19) or non-adherent dendritic cell (DC) targets to mirror the contrasting 

cell types the virus would naturally encounter during infection, and that are 

dependent on a functioning pentameric complex.  

 

DCs are professional antigen presenting cells (APCs) found in peripheral tissues 

that are actively recruited to sites of mucosal inflammation such as the inner 

lining of the nose, lungs, stomach and intestine (338-9). They are believed to be 

one of the first cells of the immune system to come into contact with HCMV 

during infection (340). It is worth noting that the DCs used in this study were 

peripheral blood monocyte derived, and as such, resemble inflammatory or 

TNFα- and iNOS-producing (Tip) DCs (243-4). These are a DC sub-population 

ordinarily produced during human infection and inflammation, and are a sub-type 

that is likely encountered by the virus in vivo. Monocyte derived DCs (moDCs), 

following 7 days culture with GM-CSF and IL-4, are widely used in research (343-
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4) and gives rise to a large populationof uniform, well characterized cells (345-7). 

Inflammatory DCs can be identified by a variety of cell expression markers, 

including CCR2, DC-SIGN (CD209), CD64 and Ly6C in a variety of settings 

(347). For the purpose of testing the restoration of HCMV tropism, the moDCs 

isolated in the laboratory were deemed suitable target cells to infect as they 

displayed the characteristic DC phenotype; CD14 low, CDa1 low, DC-SIGN high 

(see Figure 6). Importantly for this work, moDCs are fully permissive to HCMV 

infection (340), making them an ideal DC sub-population to work with in vitro. 

 

Trans-complementation of UL128 restored viral tropism for DCs, with infection 

levels equivalent to that seen when UL128 is expressed from the viral genome, 

highlighting the efficiency of the process (Figures 41a, b).  

 

In contrast to the freshly isolated DCs, ARPE-19 and RPE-1 are established cell 

lines that can be sub-cultured for prolonged periods of time. Both are extensively 

used in research as they have well defined, uniform cell characteristics, although 

this uniformity may be due to a loss of features as a result of prolonged culturing 

in vitro (348). They have been shown to express some RPE phenotypes found in 

vivo, including RPE-65 (ARPE-19) (349) and cellular retinaldehyde-binding 

protein (CRALBP) on their cell surfaces (349-51). The precise characteristics of 

the cell, however, depend on the duration and exact manner that the cells are 

maintained in culture. (350-1). Nevertheless, APRE-19 and RPE-1 cells were 

deemed appropriate epithelial cell viral targets to test the recovery of HCMV 

tropism in ∆UL128 HCMV, due to their well characterized use in the literature. 

 

Surprisingly, epithelial co-culture assays revealed that both target cell types 

tested were permissive to HCMV infection following co-culture with ∆UL128 

HCMV infected fibroblasts (Figure 42a, b). This was an unexpected result given 

that several groups have demonstrated the necessity of the UL128L in forming 

the pentameric entry complex required for epithelial cell infection (161, 175, 353-

5). A possible reason for successful cell-associated viral entry in the absence of 
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a functioning pentamer may be due to an as yet undiscovered entry 

mechanism/complex. Given indirect evidence previously generated by our 

laboratory, we investigated whether UL141 promoted such an entry mechanism. 

However co-culture assays revealed that UL141 was not required for epithelial 

cell entry in the absence of UL128 in the target cells (Figure 43). 

 

Alternatively, an alteration in epithelial cell characteristics as a result of the 

culturing methods utilized, or the use of cell-cell infection, may have resulted in 

differences from the literature. This was addressed by directly comparing cell-cell 

and cell-free infection using viruses lacking or containing UL128 (Figures 42, 44 

and 45). Cell-free infection recapitulated previous literature (i.e. UL128 was 

important for infection of epithelial cells), while cell-cell infection did not (i.e. 

UL128 was not important for infection). Thus cell-cell infection may have different 

requirements for entry, and potentially may be able to enter via a novel epithelial 

specific entry complex. Alternatively, entry may still be mediated by the gH/gL/gO 

complex binding to PDGFRα, as PDGFRα is present on ARPE-19 cells, albeit at 

very low levels (356). The presence of PDGFRα on RPE-1 cells has yet to be 

determined, but it is possible that the higher rates of infection observed in these 

cells may equate to higher PDGFRα expression levels on the RPE-1 cell surface. 

If this is the case, it appears that virus spread by co-culture is much less 

dependent on high levels of PDGFRα, since cell-free entry of ΔUL128 virus into 

ARPE-19 and RPE-1 was relatively poor, yet this same virus infected both RPE-1 

and ARPE19 very efficiently during co-culture experiments. 

 
Over the past two decades, our laboratory has generated over 200 

cytomegaloviruses based on the strain Merlin. Like nearly all other laboratory-

adapted strains, our isolates lack UL128 as a result of in vitro passaging on 

fibroblasts, resulting in a loss of tropism for multiple cell types. Interrogation of 

HCMV infection is therefore limited to this cell type. 

Having successfully generated two UL128 expressing fibroblast cell lines capable 

of trans-complementing our ∆UL128 deficient viral library (figures 40a, b), our 
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existing viral stocks can infect these cells, rescuing the ability of the virus to infect 

its natural range of host cell types including DCs, endothelial and epithelial cells 

for a single cycle. This technology will therefore dramatically increase the group’s 

ability to interrogate HCMV pathogenesis in a variety of cell types, using our 

existing viruses. 

The objective of generating a UL128 expressing cell line capable of trans-

complementing our existing UL128 deficient viral stocks was achieved in this 

chapter.  
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Chapter 6 – General discussion  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



	 162	

Human cytomegalovirus is an important human pathogen that presents a major 

health risk to immunocompromised individuals and neonates. Each year, over a 

thousand babies are born with lifelong disability as a result of congenital HCMV 

infection in the UK, costing the NHS, social services and educational services 

over £300m per annum (357). Antivirals for the control of the virus in 

immunologically weakened individuals exist, but their effectiveness are limited by 

toxicity and drug resistance. It is their toxicity that prevents their use in congenital 

HCMV infections, leaving neonates with no protection against the virus. New, 

less harmful antivirals are therefore required. Despite its inclusion as a high 

priority target for vaccine development by the U.S Institute of Medicine in 2000 

(358), no licenced vaccine currently exists, although a number of candidates are 

currently under investigation. 

 

To evaluate the effectiveness of emerging therapeutics, it is desirable to work 

with a genetically intact virus in vitro that resembles the agent found in vivo.  

 

What is a genetically intact cytomegalovirus? 
 

‘Genetically intact’ or ‘wild-type’ are terms given to viruses that occur naturally 

within a population and are free from in vitro acquired mutations. Circulating 

HCMV can develop mutations as a result of sustained therapeutic use, but these 

viruses do not seem to transmit efficiently between individuals, are therefore may 

not be considered wild-type. In contrast, circulating strains do not necessarily 

contain the complete complement of viral genes, with up to 77% of strains 

containing a mutation that disrupts at least one viral gene (149, 359) – since 

these are circulating and transmitting between people, they may be termed ‘wild-

type’ despite containing mutations. In addition, large-scale sequence analysis by 

Renzette et al, Sijmons et al, and more recently, Suárez et al, has revealed high 

levels of inter and intra-host genetic diversity within circulating HCMV (149-50, 

359), potentially due to evolutionary selection pressures and natural selection 

(see 1.4.2) (139, 361-2), or superinfection and within host recombination (359-
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61). Essential genes, such as those associated with replication are broadly 

conserved, while those associated with cellular tropism or viral escape from 

antibody neutralisation, are highly variable (149-50).  HCMV should therefore be 

regarded as a heterogeneous population of related genomes.  

 

The work presented in this thesis has focused on generating cell lines that 

enable our laboratory to work with a HCMV genotype that resembles one 

example of a clinical agent, expressing the complete repertoire of viral genes, 

free from in vitro acquired mutations.  

 

Mutations rapidly arise in the HCMV RL13 and UL128L gene regions following in 

vitro propagation, leading to enhanced viral growth kinetics and altered cellular 

tropism respectively. Our in vitro studies have previously relied on a combination 

of HCMV BAC, the genome of which has been repaired to match the original 

clinical sequence, and a tetracycline repressor system to suppress the 

RL13/UL128L mutations. This system can not be used directly with primary 

clinical isolates however. Recent attempts at culturing wild-type virus by the 

addition of CMV-hyperimmuneglobin (HIG) to tissue culture medium allowed 

Ourahmane et al to serially passage (13-22 passages) HCMV in fibroblasts 

without mutations to the RL13 or UL128L (363). Although effective, the viral titres 

produced by this system are too low to be used routinely in vitro. 

 

Attempts at recovering primary clinical HCMV in the laboratory is itself 

problematic, again due to the low viral titres recovered, making it necessary to 

culture the virus for several weeks in order to determine whether the virus has 

been successfully isolated. Prolonged culturing contributes to the emergence of 

genetic mutations however.  

 

To evaluate the recovery of clinical isolates from clinical material, two cell based 

reporter assays were generated using the HF-Tert cell line, in which the eGFP 

reporter gene was placed under the control of two inducible HCMV E promoters, 
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UL54 and UL112/3. Neither the UL54 or UL112/3 indicator cell lines initially 

generated were able to induce eGFP expression following HCMV infection, 

however, following single cell cloning, a single UL54 and several UL112/3 clonal 

populations were capable of expressing eGFP, albeit at levels that were too 

weak to be reliable. As the strength of the reporter signal directly correlates with 

promoter activity, to increase the strength of the eGFP signal, future construct 

design could incorporate multiple copies of the promoter into the UL54 or 

UL112/3 lentiviral vectors.  

 

Had these new cell based assays proven reliable tools for measuring the 

presence of replicating HCMV, their specificity, reproducibility and sensitivity to 

HCMV infection would have been assessed further. To assess whether the 

reporter cells lines were capable of detecting infectious HCMV from different 

sources, a number of laboratory-adapted and clinical HCMV isolates would be 

tested. To demonstrate that eGFP expression could only be triggered by 

replicating HCMV, the specificity and reproducibility of the assay would be 

assessed by infection with a number of other common viruses such as influenza 

A, adenovirus type 5 and human alphaherpesviruses 1 and 2 (HSV-1, HSV-2). 

To test the sensitivity of the assay, the upper and lower detection limits of the 

assay would need to be established by infecting the cells with a range of pre-

determined MOIs. 

 

Both Hitt et al and Gueret et al have successfully used reporter cells to determine 

the titre of adenoviruses by flow cytometry (364-5). To exploit eGFP 

quantification by flow cytometry to determine HCMV titre, validated UL54 or 

UL112/3 driven reporter lines could be used to determine the viral titres of new 

HCMV viral preparations, allowing rapid quantification of previously unknown 

viral titres in lieu of the traditional plaque assay. In order to accurately calculate 

HCMV titre, the assay parameters would need to ensure that one green 

fluorescent cell is equivalent to one infectious particle. Infection of cells with a low 

MOI would therefore be required to avoid multiple particles infecting a single cell. 
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In addition to the intended purpose of the assay, validated cell lines could also be 

used to identify and develop novel inhibitors of HCMV that interfere with IE-2 or 

earlier expressing proteins.         

                                 

The second aim of this work was to produce a number of cell lines expressing 

shRNA targeting the conserved regions of viral RL13, UL128, UL130 or Ul131A 

to suppress protein expression during infection, resulting in a virus with a mutant 

phenotype capable of generating higher viral titres than WT virus. The data 

presented in this study suggests that all shRNA constructs generated failed to 

suppress the expression of either RL13 or UL128L genes as evaluated by plaque 

assay. As previously noted in the chapter discussion, this may be due to a 

combination of inadequate shRNA computational algorithms along with poor 

shRNA design, or that shRNA expression levels were inadequate to overcome 

high levels of transcription from multiple viral genomes in a cell.   

            

During this study, the efficiency of singe shRNA constructs was investigated. 

Based on previous RNAi studies by Jackson et al (366), pooled shRNAs 

targeting the RL13 or UL128L genes may prove more effective in future 

investigations.           

                          

In order to support the propagation of a fully wild-type virus in the laboratory, the 

creation of a cell line capable of suppressing the expression of both the RL13 

and any one of the UL128L genes is required. To achieve this, each of the 

shRNA constructs designed should contain a unique selection marker for future 

selection. A number of drug resistance markers such as puromycin, neomycin, 

hygromycin and blasticidin, plus a variety of fluorophores may be utilized to 

achieve this. Furthermore, each could be individually assessed for their efficacy 

at knocking down expression levels of a single genetic copy of the target gene 

(e.g. in a lentivirus), before testing combinations against intact virus. 
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As a known hypervariable gene, it is unsurprising that up to 94.3% of all known 

RL13 gene sequences failed to align with their target shRNA, as assessed by 

CLC main. Future shRNA design should therefore place emphasis on both the 

prevalence of the target sequence across all known HCMV strains and how 

much the target sequence itself is conserved across these strains. Given the 

variation in RL13, it may never be possible to design a single shRNA that targets 

all possible strains, however multiple shRNA targeting different RL13 sequences 

could be incorporated into a single expression construct, providing a potential 

solution to this problem. 

 

In future, many more target sequences need to be constructed and tested, taking 

into account sequence conservation and strain variability. Despite improvements 

in shRNA predictive algorithms, the only way to test the efficacy of these 

constructs is through experimentation.  

 

Our laboratory has amassed more than 200 cytomegaloviruses over the past two 

decades, the majority of which are on the background of the HCMV strain, 

Merlin. This clinical isolate is known to contain a C to T nucleotide substitution in 

gene UL128, rendering the gene non-functional. Given the importance of UL128 

in promoting infection of multiple cell types, our viruses are currently limited to 

infection of fibroblasts only. 

 

To aid understanding of the biological and genetic mechanisms governing 

disease in all cell types, the final objective in this thesis was to generate a UL128 

expressing cell line capable of trans-complementing our existing UL128 deficient 

viral stocks. This aim was achieved as confirmed by DC co-culture assay.  

 

Previous studies have reported that HCMV infection in epithelial cells is 

dependent on UL128 for the formation of the pentameric entry complex (section 

1.6.3.2), however, co-culture assays performed with this cell type, in this thesis, 
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demonstrated that HCMV dissemination occurs independently of UL128, as 

UL128 null viruses efficiently infected both RPE-1 and ARPE-19 cell lines. 

 

It is widely recognized that TB40/E, extensively used in tropism studies, contains 

multiple variants within the strain, and unlike many other laboratory-adapted 

strains, has retained its diverse tropism, by containing both pentameric and 

trimeric rich variants (139, 367-9). It is also known to contain a mutant copy of 

the UL141 ORF, impeding expression of this gene (367). UL141, highly 

conserved in clinical isolates, is known to inhibit cell surface expression of 

CD155 (369), CD112 (in conjunction with other viral glycoproteins) (370), and 

tumor necrosis factor-related apoptosis-inducing ligand death (TRAIL) receptors 

1 and 2 (371), demonstrating it’s importance as an immune evasion gene. 

pUL141 has also been shown to interact with the human protein CUGBP Elav-

like family member 5 (CEL5) to regulate viral replication (372). In contrast to 

TB40/E, Merlin expresses a functional UL141 that has been shown to reside on 

the virion envelope (Stanton, unpublished), and as such, has the potential to 

modulate tropism. It was therefore tempting to investigate the role of UL141 in 

HCMV epithelial cell entry, in the absence of UL128.  

 

The co-culture assays performed in chapter 5 revealed that there was no 

evidence that UL141 expression facilitated viral entry into epithelial cells in the 

absence of a functioning pentamer, suggesting that viral entry into this cell type 

relies on an alternative, and as yet, undetermined mechanism.  

 

HCMV, like other enveloped viruses, can spread by either cell-free or by direct 

cell-cell contact (see 1.6.3.4). In vivo viral dissemination predominantly occurs 

through cell-associated mechanisms, potentially as a means of avoiding host 

neutralizing antibodies. Despite this phenotype in vivo, in vitro tropism studies 

are predominantly performed using highly passaged, cell-free strains as a result 

of adaptive mutations to RL13 and UL128L. Cell-free adapted virions 

consequently contain low amounts of the pentamer, and an abundance of trimer, 
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while non-adapted cell-associated virus contains an abundance of the pentamer, 

but diminished amounts of the trimer. The mechanistic differences between both 

modes of dissemination remain unclear, however. As the functional (co-culture) 

assays performed in this thesis relied on cell-cell rather than cell-free HCMV 

transmission, in keeping with the published work, the requirement of a functional 

pentameric complex, in the context of cell-free infection of epithelial cells was 

investigated. In contrast to the cell-cell data, UL128 was shown to be important 

for the efficiency of epithelial cell entry during cell-free infection, supporting the 

idea of a mechanistic difference between cell-free and cell-associated modes of 

infection. Whether this novel cell-associated mechanism is restricted to epithelial 

cells is currently unknown, therefore future work should firstly examine the 

importance of UL128 during cell-cell spread into other pentamer dependent cell 

types, before evaluating viral transfer efficiency of the UL128 transduced cell 

lines generated.   

 
In recent years, the cellular receptors for the trimeric (gH/gL/gO) and pentameric 

(gH/gL/UL128L) viral entry complexes have been identified; PDGFRα and 

neuropilin-2 (Nrp-2) respectively (172, 174). PDGFRα, highly expressed on 

fibroblasts, is expressed at significantly lower levels in epithelial cells, while Nrp-

2, is expressed at similar levels in both cell types (174). Studies with trimer-only 

HCMV revealed that viral entry was abolished in PDGFRα knockout fibroblasts, 

while wild-type HCMV (i.e virus containing both the trimer and pentameric 

complexes), were capable of entering PDGFRα knockout fibroblasts, albeit at 

reduced levels compared with the parental cell line. The authors concluded that 

this low level of infectivity was likely due to Nrp-2/pentamer binding on fibroblasts 

(174). With this in mind, as very low levels of PDGFRα are known to be 

expressed on ARPE-19 cells (356), it is possible, that trimer/PDGFRα binding 

may offer an alternative viral entry mechanism into epithelial cells in the absence 

of a functional pentamer. In support of this hypothesis, PDGFRα blocking studies 

performed by Naing et al on human extravillous placental trophoblasts, which 

naturally express PDGFRα, prevented HCMV entry of gH/gL/UL128L deficient, 
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but not sufficient strains, while expression of the receptor in naturally deficient 

villous trophoblasts allowed viral entry for pentamer deficient but not pentamer 

positive viral strains (373). To test whether PDGFRα/trimer binding promotes 

HCMV cell entry in epithelial cells in the absence of the pentamer, the infection 

rates of wild-type and trimer-only virus into PDGFRα knockout epithelial cells 

would need to be compared. There are a number of conflicting reports on 

PDGFRα expression levels on RPE-1 cells, therefore future work should 

establish PDGFRα receptor levels on this cell type by western blot analysis of 

membrane fractions or flow cytometry. 

 
Should epithelial cell Nrp-2 knockout studies fail to identify PDGFRα/trimer as the 

alternative entry mechanism in pentamer deficient viruses, it is tempting to 

speculate, given the recent discovery that pUL116 binds gH independently of gL 

(233), that this heterodimer, of current unknown function, may serve this 

purpose. To test this hypothesis, a new RL13/UL128/UL116 triple mutant virus 

would need to be generated, and co-culture assays performed.  

In the event that gH/UL116 does not aid viral entry into epithelial cells, due to its 

universal role in herpesvirus cell fusion and entry, the glycoproteins H and L 

(gH/gL) warrant further investigation. A pull-down assay, a method designed to 

identify a physical interaction between two or more proteins, could be performed 

using the gH/gL heterodimer as the ‘bait’. Any proteins found to be in association 

with the dimer, may be involved in viral cell entry.      

                          

The two UL128 transduced fibroblasts generated during this study are capable of 

trans-complementing our ∆UL128 viral library for a single cycle only, transforming 

the group’s ability to investigate HCMV pathogenesis in all cell types. In order to 

support long-term propagation of WT HCMV in endothelial cells or monocytes 

following co-culture with transduced fibroblasts, lentiviral mediated UL128 gene 

transfer of endothelial cells/monocytes would support this. Due to the necessity 

of the pentameric complex for viral entry into the aforementioned cell types, 

further mutations to the UL128L can be avoided. The transduced fibroblasts 
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themselves have the potential to support long term culture of WT virus, however, 

as these cells require the trimer for viral cell entry, the emergence of new 

UL128L mutants is inevitable. 

Concluding remarks. 
 

Research into human cytomegalovirus should involve the use of a strain that 

accurately represents the clinical agent as closely as possible. Although the 

repaired Merlin BAC, used throughout this, and many other studies may be 

representative of the clinical agent, it must be recognised that other genetically 

distinct, but related HCMV strains exist in vivo, each with a potential to display 

altered pathogenesis. The limitations of using a single isolate to represent the 

biology and pathology of all other HCMV strains must therefore be taken into 

consideration when interpreting experimental data.  

 

As a result of our collaboration with the Wales Kidney Research Unit, our 

laboratory has unique access to primary HCMV samples, which if isolated and 

grown in cell lines that repair or prevent adaptive mutations to the RL13 and 

UL128L genes, enable us to evaluate the effectiveness of emerging therapeutics 

against multiple wild-type viruses, in all cell types. Although the mutations 

affecting the RL13 and UL128L have been the main focus of this study, it’s 

important to note that other gene mutations eventually emerge following 

prolonged culturing, putting into question, the integrity of the viral strain being 

studied. Frequent evaluation of the genome by next generation sequencing is 

therefore necessary.  

 

Technologies developed in this thesis allow the tropism of UL128 deficient 

isolates to be restored, while providing a platform for the development of future 

reporter and gene silencing cell lines. This work will aid understanding of HCMV 

biology, including the mechanisms underlying cell-associated and cell-free 

spread. 
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Chapter 7 - Appendix 
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S.1	Primer	sequences	used	in	this	project	
 
Table ST1. UL54 sequence primers for lentiviral construction 

 
UL54 forward 

 
AGTGATAAGCTTGAATTCAACTCGTACAAGCAG 
 

 
UL54 reverse 

 
AGTCATGGATCCTCAGACGACGGTGGTCCC 
 

 
 
Table ST2. UL112/3 sequence primers for lentiviral construction 

 
UL112/3 forward 

 
ACTGATAAGCTTCCGCACAGAGGTAACAAC 
 

 
UL112/3 reverse 

 
AGTGATGGATCCGTG GAGCGAGTGC 
 

	
	
 
Table ST3. UL128 sequence primers for insertion into retrovirus 

 
UL128 forward 

 

GGCCGGATCCGCCACCATGAGTCCCAAAGATCTGACG 

 

 
UL128 forward 
 

 

GGCCCTCGAGTCACTGCAGCATATAGCCCA 

 
 
Sequencing primer 

 
AGTAGACGGCATCGCAGCTT 
 

	
 
 
 
 
 
 
 
 
 
 
 
 



	 173	

Table ST4. UL141 amplificaion primers for en passant cassette 

 
 UL141 forward 

 

ACGGTGAAAATACTCCAAAATCCCAAAAATGCCGCGATTCC

CCGAGTGGCCCAGGGAGAGATGATTCTTTTCTTCCCTTTAG

GGATAACAGGGTAATGGC 

 

 
UL141 reverse 
 

 

TAATATAGAGTATACAATAGTGACGTGGGATCCTCACGTAGA

ATCAAGACCTAGGAGCGGGTTAGGGATTGGCTACCGGCGC

TCCG AGTGGCCCAGGGA 

 

 
Sequencing 
primer 

 
 CGCGACGGCGAGGGAGAGGC 
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Figure S1. Contrast between GFP expression in MG 3468 fibroblast cells 

following transduction and puromycin selection with GFP expressing viral 

plaques 

 

The contrast between GFP transduced cells and GFP expressing viral plaques 

was investigated in a plaque assay. UL128-b shRNA contains eGFP. Virus 

contains GFP-tag. When comparing the brightness of the transduced cells with 

the GFP tagged virus, cellular levels of eGFP were greatly reduced compared to 

that of the virus. The contrast aided viral plaque identification, but confirmed the 

low expression levels of the eGFP and therefore shRNA expression in the cell.  
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