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Summary 

Human cytomegalovirus (HCMV) is one of the most widespread, highly 

successful herpesviruses, establishing a life-long viral infection in humans. 

HCMV has been described as a paradigm of immune evasion able to 

manipulate many immune functions in the host. One of the host manipulation 

strategies employed by HCMV is the downregulation of a disintegrin and 

metalloproteinase 17 (ADAM17) ï an important ectodomain shedding 

protease responsible for cleaving over a 100 substrates including many 

immunoregulatory molecules, such as receptors, cytokines, chemokines and 

adhesion molecules. Synergistic action of viral UL148 and UL148D result in a 

rapid ADAM17 downregulation from the surface of HCMV-infected cells. 

This thesis explores the mechanism and consequences of ADAM17 

impairment by HCMV genes UL148 and UL148D, demonstrating the 

significance of ADAM17 downregulation in HCMV infection. UL148 and 

UL148D were shown to interfere with ADAM17 maturation, resulting in 

expression of only the intracellular immature precursor, and absence of mature 

ADAM17 on the surface of wildtype HCMV-infected cells. The mechanism of 

ADAM17 impairment was shown to be complex, suggesting that UL148 and 

UL148D act to downregulate ADAM17 via distinct mechanisms, with a 

possibility of a third viral gene involved in the process. The global 

consequences of ADAM17 downregulation by HCMV were analysed using 

proteomics and validated using biochemical and flow cytometric techniques, 

revealing that this virus manipulation impacted multiple cell surface and 

secreted host proteins. This included stabilisation of Vasorin, Jagged1, 

Nectin1 and Endothelial protein C receptor (EPCR), as well as a number of 

viral proteins. Other known ADAM17 targets were not stabilised, suggesting 

specific control by HCMV. The functional consequences of these changes to 

the levels of secreted and soluble proteins were tested and revealed the 

importance of ADAM17 impairment in regulatory T cell and NK cell function; 

however with so many ADAM17 substrates stabilised on cell surface as a 

result of HCMV infection, many other pathways are likely also affected. 
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1 Introduction 

1.1 Human Cytomegalovirus 

1.1.1 Herpesviridae Family 

Human cytomegalovirus (HCMV), also known as Human herpesvirus-5 (HHV-

5), is a member of the Herpesviridae family of large DNA viruses (also known 

as herpesviruses). Nine herpesviruses are known to infect humans, however 

overall, there are over 100 different herpesviruses that infect a wide range of 

various species, such as birds, reptiles, fish, invertebrates, primates and other 

mammals (Weir 1998; Davison et al. 2009; Sharma et al. 2016). Herpesviruses 

persist in the host for life by establishing a state of latency, described as the 

ability of the virus to enter (and exit) a state in which the genome is maintained, 

but no new virions are produced (Grinde 2013; Cohen 2020). Herpesvirus 

seroprevalence is high worldwide, with approximately 90% of the population 

having antibodies specific against at least one of the nine human 

herpesviruses (Lan and Luo 2017). Characteristically, herpesviruses have a 

unique four-layer structure comprising of a core, capsid, tegument and 

envelope. The core contains a linear double-stranded (ds) DNA molecule 

enclosed within the capsid, surrounded by an amorphous protein matrix called 

the tegument. The phospholipid envelope encases the tegument and contains 

viral glycoproteins involved in cell attachment and viral entry, and is formed as 

the virion buds through cellular membranes (Liu and Zhou 2007). 

Based on their genetic organisation, growth characteristics and cell tropism, 

herpesviruses are divided into alpha (Ŭ), beta (ɓ) and gamma (ɔ) subfamilies 

(Whitley 1996; Muller et al. 2021). There are three Ŭ-herpesviruses known to 

infect humans: varicella-zoster virus (VZV), herpes simplex virus (HSV)-1 and 

-2; all of which have been shown to have similar characteristics, such as broad 

tropism, a short replication cycle and the ability to establish latency in neurons 

of sensory ganglia (Whitley 1996; Pellet and Roizman 2013; Cohen 2020). In 

contrast, ɓ-herpesviruses have a much longer replication cycle, limited host 
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range, and the ability to establish latency in multiple cell types (Whitley 1996). 

HCMV is one of the members of the ɓ-herpesvirus subfamily together with 

HHV-6A, HHV-6B and HHV-7 (Mocarski 2007; Pellet and Roizman 2013). 

Kaposiôs sarcoma-associated herpesvirus (KSHV or HHV-8) and Epstein-Barr 

virus (EBV) are two known human ɔ-herpesviruses, characterised by limited 

tropism and an ability to establish latent infection in lymphoid cells (Whitley 

1996; Pellet and Roizman 2013; Cohen 2020). Herpesvirus subfamily 

groupings reflect the diversity of genetic organisation and gene content of 

herpesviruses. The Ŭ-herpesviruses have the smallest genomes, whereas ɓ-

herpesviruses are some of the largest human infecting viruses (Davison and 

Bhella 2007). 

1.1.2 HCMV Genome 

Out of all nine human herpesviruses HCMV has the largest genome being 

twice the size of the VZV genome and over 50% larger than the HSV-1 

genome (Davison and Bhella 2007). Indeed, HCMV is the largest virus known 

to infect humans, with dsDNA genome of 235 ±1.9 kbp in length, although that 

is strain dependent (Murphy and Shenk 2008). HCMV has a complex E-type 

genome in which two unique regions (long UL and short US) are flanked by 

inverted repeats at terminal ends and internal UL/US intersection (TR and IR, 

respectively) (Murphy and Shenk 2008; Van Damme and Van Loock 2014). 

The TRL region consists of a and b, whereas the TRS region consists of c and 

a sequences. The IRL to IRS region consists of inverted bôaôcô sequences, 

resulting in an ab-UL-bôaôcô-US-ca E-type genome (Figure 1.1) (Murphy and 

Shenk 2008; Stanton et al. 2010; Sijmons et al. 2014). 

There are 15 gene families within the HCMV genome containing between 2 to 

14 members, including those named after the RL11, UL14, UL18, UL25, UL82, 

UL120, US6, US7, US12, and US22 genes (Table 1.1) (Nichols 2018; Ye et 

al. 2020). HCMV has the largest number of gene families of any human 

herpesvirus (Davison and Bhella 2007). HCMV gene families are separated 

based on their homology and are involved in a variety of functions ranging 

from cell tropism and entry, viral replication, and virion assembly (Davison and 

Bhella 2007). In fact, together, HCMV gene families encompass 70 genes, 
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which is over half of the number of non-core genes in the HCMV genome 

(Davison 2011). There is some debate over the number of protein-coding 

genes in the HCMV genome. By 2019, 305 full-length distinct complete HCMV 

genomes have been published from multiple HCMV strains, including low- and 

high-passage strains demonstrating significant inter-strain variability in HCMV 

genetic composition (Martí-Carreras and Maes 2019). However, a general 

understanding is that clinical HCMV encodes over 170 protein-coding genes, 

at least 16 pre-miRNAs, 26 mature miRNAs as well as four major long non-

coding RNAs (Davison et al. 2003; Dunn et al. 2003b; Dolan et al. 2004; Zhang 

et al. 2007). 
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Figure 1.1: HCMV genome structure (A) and its alternative isomeric 

forms (B). (A) The HCMV genome is an E-type genome containing a unique 

long (UL) and a unique short (US) region, flanked by inverted repeats at 

terminal ends (TRL/TRS) and internal UL/US intersection, resulting in TRL-UL-

IRL-IRS-US-TRS genome organisation. Sequence a/aô (white) is shared by both 

UL and US regions. Sequence b/bô (solid/striped black) is unique to the long 

region, whereas c/cô (solid/striped grey) is unique to the short. (B) Four HCMV 

genome isomeric forms generated as a result of homologous recombination 

between repetitive regions, changing the orientation of unique domains. 

Adapted from (Martí-Carreras and Maes 2019). 
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Table 1.1: HCMV gene families, their members and functions. 

HCMV Gene 

Family  

HCMV Gene members Description/Function  References 

RL1 RL1, UL145 Both RL1 and UL145 have been shown to 

be involved in degradation of host anti-viral 

factors impairing innate immune responses. 

(Gatherer et al. 2011; Nightingale et al. 

2018; Le-Trilling et al. 2020; 

Nightingale et al. 2022) 

RL11 RL5A, RL6, RL11, RL12, 

RL13, UL1, UL4, UL5, 

UL6, UL7, UL8, UL9, 

UL10, UL11 

Most are membrane glycoproteins with 

immunomodulatory roles (UL10, UL11, UL7) 

or act as viral Fcɔ receptors (RL11, RL12, 

RL13). 

(Lilley et al. 2001; Davison and Bhella 

2007; Shikhagaie et al. 2012; Bruno et 

al. 2016; Zischke et al. 2017) 

UL14 UL14, UL141 Membrane glycoproteins involved in NK cell 

evasion (UL141) and impairing cell adhesion 

(UL14). 

(Tomasec et al. 2005; Davison and 

Bhella 2007; Wilkinson et al. 2008; 

Prod'homme et al. 2010) 

UL18 UL18, UL142 MHC-I associated membrane glycoproteins 

that play an important role in NK cell 

evasion. 

(Davison and Bhella 2007; 

Prod'homme et al. 2007; Wilkinson et 

al. 2008; Ashiru et al. 2009) 

UL25 UL25, UL35 Tegument proteins potentially involved in 

virion packaging (UL25) and type I 

Interferon Response (UL35). 

(Baldick and Shenk 1996; Battista et 

al. 1999; Davison and Bhella 2007; 

Fabits et al. 2020) 
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UL30 UL30, UL30A Functions remain unknown. (Salsman et al. 2008) 

DURP (or 

UL82) 

UL31, UL72, UL82, UL83, 

UL84 

Tegument proteins involved in cell cycle 

regulation, gene expression, antiviral 

signalling (UL82, UL83) and DNA replication 

and transcriptional activation (UL84). 

(Xu et al. 2002; Browne and Shenk 

2003; Cantrell and Bresnahan 2006; 

Davison and Bhella 2007; Fu et al. 

2017) 

UL120 UL120, UL121, possibly 

UL119 

Membrane glycoproteins with unknown 

functions. 

(Davison and Bhella 2007) 

UL146 UL146, UL147 Both UL146 and UL147 encode proteins 

with sequence characteristics of CXC 

chemokines, however only UL146 has been 

functionally validated as a viral homologue 

of CXCL1. 

(Penfold et al. 1999; Saederup and 

Mocarski 2002; Sparer et al. 2004; 

Lurain et al. 2006) 

US1 US1, US31, US32 Functions remain unknown. (Davison and Bhella 2007) 

US2 US2, US3 Membrane glycoproteins involved in the 

blocking of antigen presentation by 

degrading or retaining MHC-I. 

(Jones et al. 1995; Jones et al. 1996; 

Johnson and Hegde 2002; Davison 

and Bhella 2007; Han et al. 2013) 

US6 US6, US7, US8, US9, 

US10, US11 

Membrane glycoproteins involved in the 

blocking of antigen presentation by 

impairing MHC-I processing, whereas US7 

(Lehner et al. 1997; Furman et al. 

2002; Huber et al. 2002; Tirabassi and 
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and US8 has been shown to target TLR-

signalling pathways. 

Ploegh 2002; Tirosh et al. 2005; Lin et 

al. 2007; Park et al. 2019) 

US12 US12, US13, US14, US15, 

US16, US17, US18, US19, 

US20, US21 

Regulate the levels of cellular immune 

ligands, often via degradation, with US16, 

US18 and US20 involved in tropism and 

US12, US14, US18 and US20 having NK 

evasion functions. 

(Bronzini et al. 2012; Fielding et al. 

2014; Cavaletto et al. 2015; Fielding et 

al. 2017) 

US22 UL23, UL24, UL26, UL28, 

UL29, UL36, UL43, US22, 

US23, US24, US26, IRS1, 

TRS1 

Tegument proteins with involvement in 

immune evasion. UL36 inhibits Caspase-8-

induced apoptosis, whereas TRS1 and IRS1 

dysregulate antiviral protein kinase R (PKR). 

(Colberg-Poley 1996; Skaletskaya et 

al. 2001; Adair et al. 2002; Davison 

and Bhella 2007) 

GPCR UL33, UL78, US27, US28 Chemokine receptor-like homologues with 

US28 being the most characterised protein 

able to bind multiple ligands from distinct 

chemokine classes and regulate multiple 

signalling pathways. 

(Chee et al. 1990; Davison and Bhella 

2007; Vomaske et al. 2009) 
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1.1.3 HCMV Strains 

The debate surrounding HCMV genome composition has been partially driven 

by the use of different laboratory-adapted HCMV strains, known to have 

distinct in vitro acquired mutations. The first complete DNA sequence of HCMV 

was published in 1990 using a high-passage strain AD169, describing 208 

designated open reading frames (ORFs) (Chee et al. 1990). However, 

subsequent sequencing of high- and low-passaged strains demonstrated 

major deletions in the UL/bô region, as well as other mutations outside the UL/bô 

region, in high-passage strains such as AD169 and Towne (Cha et al. 1996). 

Strains AD169 and Towne lack 15 and 13 kbp DNA segments, respectively, 

compared to strain Toledo, identifying at least 19 previously missed ORFs 

(Cha et al. 1996). Identification of novel HCMV genes and their incorporation 

into the existing HCMV gene nomenclature system, resulted in some unrelated 

genes having similar names, including UL148, UL148A, UL148B, UL148C and 

UL148D. Previously unidentified protein-coding regions have been named by 

adding a letter in logical order to a name of a known gene in a similar location 

(Davison et al. 2003). Hence, despite the similarity in their names, UL148 and 

UL148D genes are genetically unrelated and exhibit no overt homology to 

each other or any other HCMV gene (Dolan et al. 2004) (Figure 1.2). 

It is well established that long-term passaging of clinical HCMV isolates in vitro 

results in recombination and excision events within the HCMV genome, not 

only changing the genetic makeup of the strain, but the levels of virulence and 

cell tropism of the virus (Cha et al. 1996; Wilkinson et al. 2015). As a result of 

numerous mutations acquired through long in vitro culturing, high-passage 

strains AD169 and Towne became easier and quicker to grow in the laboratory 

compared to clinical strains, however they lost the ability to infect several cell 

types, including epithelial and endothelial cells (Ryckman et al. 2006). In fact, 

reduced virulence of high-passaged attenuated strains is evident by their 

limited pathogenicity when introduced to seronegative individuals during 

vaccine trials (Just et al. 1975; Neff et al. 1979; Quinnan et al. 1984). In 

contrast, HCMV strains such as Merlin do not have major genome re-

arrangements, their genetic organisation is therefore highly similar to clinical 
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isolates. As a result, low-passage HCMV strains can facilitate clinically 

relevant research (Sijmons et al. 2014; Wilkinson et al. 2015). HCMV strain 

Merlin was the first low passage HCMV strain to be sequenced that had a 

genome accurately representing a ówildtypeô (WT) genome (Figure 1.2) (Dolan 

et al. 2004). Merlin was isolated from a urine sample of a congenitally infected 

infant in Cardiff and sequenced following three passages in human fibroblast 

cells, revealing in vitro acquired mutations in just a single gene, UL128 (within 

the UL128 locus (UL128L), consisting of genes UL128, UL130 and UL131A). 

Subsequent sequencing also identified a mutation in RL13 gene (Dolan et al. 

2004; Stanton et al. 2010). Mutations in RL13 and UL128L are known to be 

selected during in vitro propagation (Murrell et al. 2013). The Merlin genome 

was therefore cloned into a bacterial artificial chromosome (BAC), enabling 

these mutations to be repaired to match the sequence of the original clinical 

isolate (Stanton et al. 2010). The restored Merlin BAC demonstrated 

dramatically reduced replication in vitro, which led to the reselection of de novo 

mutations in both genes. This problem was solved by rendering RL13 and 

UL128L expression órepressibleô in a particular cell line. This enabled the 

propagation of a wildtype HCMV Merlin in cell culture without risk of mutation 

(Stanton et al. 2010). HCMV strain Merlin is now accepted by the WHO as the 

reference genome for HCMV (Wilkinson et al. 2015). 
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Table 1.2: Common HCMV laboratory strains, including their passage 

status, genetic mutations and isolation method. 

HCMV 

Strain  

Passage Details Reference 

Merlin Low 

passage 

Isolated from the urine of 

congenitally infected child and 

passaged 3 times in fibroblasts 

before the genome was sequenced. 

Has point mutations in RL13 and 

UL128. Was subsequently BAC 

cloned and repaired to wildtype. 

(Dolan et al. 

2004; 

Wilkinson 

2008; Stanton 

et al. 2010; 

Wilkinson et 

al. 2015) 

AD169 High 

passage 

Isolated from adenoids of a child and 

passaged over 50 times in HFs. 

Acquired a 15 kb deletion in the UL/bô 

region (UL133-UL151), mutations in 

RL5A, RL13, UL36, UL131A, and 

duplications of RL11, RL12, and part 

of RL13. 

(Rowe et al. 

1956; Elek 

and Stern 

1974; Bradley 

et al. 2009; 

Sijmons et al. 

2014) 

Toledo Low 

passage 

Isolated from the urine of 

congenitally infected child and 

passaged several times in 

fibroblasts. Has mutations in RL13, 

UL9 and UL128, as well as partial 

inversion of the UL/bô region. 

(Quinnan et 

al. 1984; Cha 

et al. 1996; 

Dolan et al. 

2004) 

Towne High 

passage 

Isolated from the urine of infected 

infant and passaged 125 times in WI-

38 fibroblasts. Has a 13 kb deletion 

in the UL/bô region and mutations in 

RL13, UL1, UL40, UL130, US1, and 

US9. 

(Plotkin et al. 

1975; Dolan 

et al. 2004; 

Bradley et al. 

2009; 

Sijmons et al. 

2014) 
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Figure 1.2: Schematic of consensus WT HCMV genome based on the 

strain Merlin, shown from 5ô to 3ô. Coloured arrows indicate protein coding 

regions, whereas narrow white bars represent introns. Different colours 

differentiate between genes based on conservation across the Ŭ-, ɓ- and ɔ-

herpesviruses (core genes in red) or between the ɓ- and ɔ-herpesviruses (sub-

core genes in pink), with subsets of the remaining non-core genes grouped 

into gene families. Taken from (Dolan et al. 2004). 
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1.1.4 Discovery and Isolation 

First reports of HCMV date back to 1881, when Hugo Ribbert observed large 

cytomegalic cells with intranuclear inclusions in the kidneys of a stillborn with 

syphilis (Ribbert 1904). Within the next few decades, in the 19th century, more 

reports of nuclear and cytoplasmic inclusions in various organs of stillborn and 

living infants were recorded (Ho 2008). In 1950 a term cytomegalic inclusion 

disease (CID) was used for the first time, suggesting a common cause for 

previously reported cases of observed cytomegaly (Wyatt and Saxton 1950). 

The viral origin of the disease was confirmed 3 years later in 1953 by Minder 

WH, who observed 199 nm particles in the pancreatic cells of a tissue 

specimen from a child with CID (Minder 1953). The first HCMV isolation was 

in 1955-1956 by Margaret Smith from a kidney of a one-month-old infant dying 

from CID, as well as a salivary gland from a dead infant (Smith 1956). She 

referred to the virus as salivary gland virus (SGV), with Wallace Rowe 

publishing back-to-back papers describing the isolation of a cytopathogenic 

agent resembling SGV from the adenoid tissue of a CID patient (Rowe et al. 

1956). The virus isolated by Wallace Rowe became the pioneering laboratory 

HCMV strain AD169 used for decades to study HCMV biology and 

pathogenesis (Wilkinson et al. 2015).  

1.1.5 Virus Structure 

HCMV has a characteristic herpesvirus virion structure and is approximately 

200 to 230 nm in diameter (Mocarski et al. 2007). The dsDNA molecule is 

enclosed within the capsid, surrounded by the tegument layer containing viral 

proteins, as well as over 70 cellular host proteins (Figure 1.3) (Varnum et al. 

2004; Kalejta 2008). Over half of virion proteins appear to be present in the 

tegument with the other half appearing in the capsid or the envelope in HCMV 

strain AD169 (Varnum et al. 2004). Some of the main tegument viral proteins 

include pp65, pp150, pp71, pp28, pUL47 and pUL48 (Kalejta 2008). 

Phosphoprotein 65 (pp65, UL83 gene product) is the major component of the 

HCMV tegument and is believed to serve an important function during the viral 

life cycle, as suggested by its rapid entry into the nucleus of infected cells, as 

well as strong humoral and cellular responses by the host in response to pp65 
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(Jahn et al. 1987; Revello et al. 1992; McLaughlin-Taylor et al. 1994; Wills et 

al. 1996; Kern et al. 2002; Varnum et al. 2004). Its main function is the 

modulation of host immune responses, including both innate and adaptive 

arms of the immunity, as demonstrated by its ability to disrupt the interferon 

(IFN) response and block the presentation of viral peptides to the major 

histocompatibility complex class I (MHC-I) molecules (Abate et al. 2004; 

Kalejta 2008; Tomtishen 2012). The second most abundant viral protein in the 

tegument is the highly immunogenic pp150 (UL32 gene product), shown to 

interact with the capsid and be crucial for HCMV replication (Jahn et al. 1987; 

Baxter and Gibson 2001; Dunn et al. 2003b). Another viral protein known to 

be important for efficient HCMV replication is pp71 (UL82 gene product) which 

facilitates immediate early gene activation (Bresnahan and Shenk 2000). 

Tegument protein pp28 (UL99 gene product) is involved in the final packaging 

and envelopment of the virion, as demonstrated by ȹpp28 HCMV unable to 

make infectious virions despite no defects being present in viral DNA 

replication or gene expression (Silva et al. 2003). Finally, pUL47 and pUL48 

are also present in the tegument at high levels and are involved in transporting 

the nucleocapsid into the host nucleus, with pUL48 also possibly inhibiting 

proteasomal degradation of viral proteins upon virion entry into cells, and 

pUL47 stabilising pUL48 (Bechtel and Shenk 2002; Wang et al. 2006).  

The lipid bilayer envelope surrounding the tegument contains at least 20 virus-

encoded glycoproteins that are essential for a variety of viral functions, such 

as cell attachment, virus entry, virion maturation and cell-to-cell spread (Chee 

et al. 1990). These include glycoproteins B (gB, UL55 gene product), gH (UL75 

gene product), gL (UL115 gene product), gM (UL100 gene product), gN (UL73 

gene product), and gO (UL74 gene product) ï all of which have been shown 

to be essential for efficient viral growth, as HCMV deletion mutants lacking 

these proteins have growth defects, or are unable to grow altogether (Dunn et 

al. 2003b; Varnum et al. 2004).  

In addition to infectious virions, HCMV produces two additional particles 

referred to as non-infectious enveloped particles (NIEPs) and dense bodies 

(Irmiere and Gibson 1983). NIEPs structurally resemble infectious virions, but 

lack viral genomes within the capsid, whereas dense bodies lack the capsid, 
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and thus the genome, entirely (Liu and Zhou 2007; Gibson 2008). The function 

of these additional viral particles poorly understood, however there is some 

evidence suggesting that they play a role in immune evasion by redirecting the 

attention of immune cells and effector molecules away from infectious 

particles, facilitating entry of the latter into the cells (Liu and Zhou 2007; Gibson 

2008). 

 

 

 

Figure 1.3: A schematic of the HCMV virion. A standard infectious HCMV 

virion contains dsDNA genome enclosed within the capsid, which is 

surrounded by tegument and lipid bilayer envelope. Most abundant tegument 

proteins are presented, with the shapes on the envelope representing various 

glycoproteins. Figure adapted from (Kalejta 2008).  
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1.1.6 HCMV Life Cycle 

Typical of a herpesvirus, the HCMV life cycle consists of lytic and latent 

infections (Grinde 2013; Cohen 2020). During lytic infection, HCMV gene 

transcription, DNA replication and protein translation are actively ongoing, 

resulting in formation and release of infectious viral progeny. However, due to 

the host immune system targeting viral replication, HCMV may also avoid host 

immune surveillance by staying dormant in the host in a ólatentô state (Grinde 

2013; Cohen 2020). During latent infection, viral DNA is censored by being 

packaged into certain histones, however latent HCMV can reactivate and 

restart lytic replication, producing infectious virions. External events such as 

immune suppression, exposure to environmental stimuli or extreme stress 

trigger this (Ioudinkova et al. 2006; Ong et al. 2017; Cohen 2020). Overall, 

both lytic and latent life cycle stages are essential for successful HCMV 

survival, replication and spread. 

1.1.6.1 Cell Entry 

The first step in the replication cycle of HCMV is host cell entry, facilitated by 

the envelope glycoproteins on the surface of the virion, as well as a number of 

cellular receptors. Like most herpesviruses, HCMV enters cells via direct 

fusion of the viral envelope with the plasma membrane, or by receptor-

mediated endocytosis, resulting in release of the nucleocapsid to the 

cytoplasm (Isaacson et al. 2008; Jean Beltran and Cristea 2014). The 

importance of viral glycoproteins in cell entry has been well established in 

HCMV and has been shown to be dependent on cell type and pH (Compton 

et al. 1992; Ryckman et al. 2006). The ability of HCMV to infect a variety of 

cell types is related to different combinations of envelope proteins present on 

the viral envelope. There are three complexes termed glycoprotein complex I, 

II, and III (gC-I, gC-II, and gC-III) present on the HCMV envelope (Nguyen and 

Kamil 2018; Wang and Zhao 2020). 

gC-I is comprised of gB homotrimers linked by disulphide bonds and is 

involved in envelope-membrane fusion during viral entry (Britt and Auger 

1986). A number of host proteins have been reported to interact with gB and 

facilitate fusion of the membranes, such as the platelet-derived growth factor 
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receptor Ŭ (PDGFRŬ), epidermal growth factor receptor (EGFR) and ɓ1-

integrin (Wang et al. 2003; Feire et al. 2004; Soroceanu et al. 2008; Feire et 

al. 2010). A disulphide-linked heterodimer of gM and gN represents the second 

glycoprotein complex gC-II, which is also the most abundant glycoprotein 

complex on the virion (Mach et al. 2000; Varnum et al. 2004; Mach et al. 2005; 

Kropff et al. 2012). gM/gN play essential roles in virion attachment to the cell 

membrane mediated by their binding to heparan sulphate proteoglycans 

(HSPGs) on the cell surface (Kari and Gehrz 1992). gC-III is comprised of gH, 

gL and gO, and is commonly referred to as the ñtrimerò or ñgH/gL/gOò. It is a 

heterotrimeric complex where gH and gL are disulphide-linked to a heavily N-

glycosylated gO shown to bind PDGFRŬ, transforming growth factor-beta 

receptor type 3 (TGFɓRIII) and neuregulin-2 (NRG2) (Huber and Compton 

1997,1998; Ciferri et al. 2015; Ye et al. 2020). Viral gH/gL, together with gB, 

are considered to be the core membrane fusion proteins that facilitate virion 

entry into multiple cell types (Nguyen and Kamil 2018; Wang and Zhao 2020; 

Ye et al. 2020), whereas the role of gO in the context of gH/gL/gO trimer has 

been associated with cell-free viral spread in all cell types and cell-cell entry 

specifically into fibroblasts (Jiang et al. 2008; Wille et al. 2010; Zhou et al. 

2015; Ye et al. 2020). Viral gH/gL also forms another complex with small 

glycoproteins encoded by the UL128L locus forming a ópentamerô also known 

as ógH/gL/UL128-131Aô (Wang and Shenk 2005; Ryckman et al. 2008; Ciferri 

et al. 2015; Nguyen and Kamil 2018). The pentamer has been shown to be 

essential to facilitate endocytosis-mediated entry into endothelial, epithelial 

and myeloid cells via binding to neuropilin-2 (Nrp2), as well as a number of 

other host proteins on the surface such as CD147 and potentially CD46, 

thrombomodulin (THBD) and immunoglobulin alpha Fc receptor (FCAR) 

(Ryckman et al. 2008; Martinez-Martin et al. 2018; Nguyen and Kamil 2018). 

1.1.6.2 Viral Gene Expression  

After the virion enters a cell, the viral nucleocapsid is transported to the 

nucleus via dynein-microtubule machinery of the host, mediated by viral UL47 

and UL48 tegument proteins, where viral transcription and replication begins 

(Ogawa-Goto et al. 2003; Liu and Zhou 2007). During productive HCMV 

infection, host RNA polymerase II and a number of other host and viral proteins 
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facilitate genome transcription allowing for a coordinated viral gene expression 

cascade (Rozman et al. 2022). Traditionally, four main gene expression 

cascades were described during lytic HCMV infection based on their regulation 

and kinetics ï immediate-early (IE), early (E), early-late (EL) and late (L) 

(Mocarski et al. 2007; Reeves 2011; Weekes et al. 2014). The use of viral DNA 

replication inhibitors that act at various stages of DNA replication helped to 

classify and define HCMV gene expression cascades (Chambers et al. 1999; 

Reeves 2011). IE gene expression starts at 1 hr post infection (hpi) and peaks 

at 4-8 hpi. It is independent of the de novo expression of any other viral genes, 

and encodes genes that inhibit initial innate immune responses and activate 

expression of E and EL genes (Wilkinson et al. 1984; Reeves 2011). E and EL 

gene expression is triggered 8-12 hpi and is necessary to initiate and facilitate 

viral DNA replication and synthesis, as well as enhance the production of L 

gene products required for the assembly, maturation, and release of viral 

progeny. L gene expression occurs mostly during and post DNA replication 

and is highest at 72-96 hpi, associated with the activation of genes involved in 

virion maturation and egress (Mocarski et al. 2007; Isomura and Stinski 2013; 

Weekes et al. 2014; Wang and Zhao 2020). 

Recent advances in proteomics techniques facilitated an in-depth quantitative 

temporal viromics (QTV) study, identifying five distinct cascades of HCMV 

gene expression classified as temporal classes Tp1, Tp2, Tp3, Tp4 and Tp5 

based on their temporal profiles (Figure 1.4) (Weekes et al. 2014), 

complementary to and mostly consistent with the classical IE, E, EL, L 

nomenclature defined by the use of metabolic inhibitors, with most IE and L 

genes demonstrating Tp1 and Tp5 temporal profiles, respectively (Mocarski et 

al. 2007; Weekes et al. 2014). Mapping changes in HCMV gene expression 

using QTV method further demonstrated the complexity of DNA regulation and 

replication strategies used by HCMV to ensure successful viral replication in 

the host. 
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Figure 1.4: Five temporal classes of HCMV gene expression based on 

their gene expression patterns and timings described by Weekes et al., 

2014. The figure was adapted from Weekes et al., 2014. 

 

1.1.6.3 DNA Replication and Egress 

HCMV DNA replication takes place at the origin for DNA replication, termed 

oriLyt found in the UL region upstream of UL57 (Chee et al. 1990; Anders et 

al. 1992). The pUL84-pUL122 (IE2) complex is required for the activation of 

oriLyt-dependent DNA replication in lytically infected cells (Xu et al. 2002), 

along with six core proteins, pUL44 (DNA processivity factor), pUL54 (DNA 

polymerase), pUL70 (primase), pUL105 (helicase), pUL102 (primase-

associated factor) and pUL57 (single-stranded DNA-binding protein) (Pari 

2008). Together these proteins begin the cascade of coordinated gene 

expression to facilitate viral DNA amplification which occurs after the 

expression of early genes and before late gene expression (Mocarski et al. 

2007). 

Once the genome is replicated, viral DNA is enclosed into a nucleocapsid, 

which is then released into the cytoplasm. Nucleocapsid formation is mediated 

by a number of viral proteins, including pUL80, pUL77, pUL93 and an enzyme 

complex called terminase, consisting of pUL51, pUL52, pUL56, pUL77, 
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pUL89, and pUL93 (Ye et al. 2020). Viral pUL77 and pUL93 stabilise DNA 

packaging (Köppen-Rung et al. 2016), whilst maturational protease pUL80 

helps to assemble the four core nucleocapsid components together ï major 

capsid protein (MCP/UL86), minor capsid binding protein (TRI1/UL46), minor 

capsid protein (TRI2/UL85), and smallest capsid protein (SCP/UL48A) 

(Gibson 2008; Tandon and Mocarski 2012). The terminase enzyme complex 

cleaves concatemeric viral DNA into individual sections ready for packaging 

into the nucleocapsid (Ligat et al. 2018; Ye et al. 2020). In brief, the nuclear 

virus maturation step can be summarised by capsid assembly, DNA 

encapsidation, initial tegumentation and nuclear egress (Tandon and Mocarski 

2012). After maturation, nucleocapsids enter the nuclear egress complex 

(NEC) comprising of two core proteins pUL50 and pUL53, as well as a number 

of other viral and cellular kinases, such as pUL97, protein kinase C (PKC) and 

Cyclin-dependent kinase (CDK1) (Marschall et al. 2020). NEC facilitates 

egress of the nucleocapsids into the assembly compartment (AC), as well as 

acting as a quality control checkpoint where the preference to egress is given 

to the capsids that are most mature (Tandon and Mocarski 2012; Tandon et 

al. 2015). Following nuclear egress through NEC, nucleocapsids travel to the 

AC ï a highly vacuolated part of the cytoplasm containing multiple cellular 

organelles hijacked and reorganised by viral proteins and microRNAs (Das et 

al. 2014; Hook et al. 2014). Cis- and trans-Golgi network, endoplasmic 

reticulum (ER) and endosomes become rearranged into concentric cylindrical 

layers forming the AC, surrounded by the kidney bean shaped nucleus (Das 

et al. 2007; Alwine 2012; Das et al. 2014). Viral pUL47, pUL48, pUL94 and 

pUL103 are known to contribute to AC biogenesis, amongst other HCMV 

proteins (Das et al. 2014). The AC is crucial in facilitating additional 

tegumentation to the nucleocapsid, virion assembly and secretion (Das et al. 

2007; Alwine 2012; Hook et al. 2014). When virions leave the AC, they acquire 

a host-derived envelope enriched with HCMV proteins as they bud out of the 

Golgi and into the trans-Golgi vesicles. The vesicles then transport mature 

virions to the cell membrane where they are released by direct membrane 

fusion or exocytosis as infectious viral progeny (Das et al. 2007; Kalejta 2008; 

Alwine 2012; Ye et al. 2020). 
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1.1.6.4 Latent Infection and Reactivation 

Following lytic infection, HCMV, as all herpesviruses, establishes lifelong 

persistence in the host in the form of latency. Viral latency is characterised as 

the ability of a virus to enter a dormant state in the host, in which it remains 

undetected by the immune system by supressing its viral gene expression to 

a minimum and halting the production of viral progeny (Elder and Sinclair 

2019; Forte et al. 2020). HCMV DNA replication machinery is inhibited by gene 

silencing, histone and chromatin modifications, as well as the suppression of 

the viral major immediate-early promoter (MIEP) (Sinclair and Sissons 2006; 

Mocarski et al. 2007). HCMV is able to reactivate throughout the lifetime of its 

host and is generally not associated with disease in healthy individuals, 

however reactivation is a major cause of morbidity and mortality in 

immunocompromised and immunosuppressed individuals (Forte et al. 2020).  

HCMV infects hematopoietic progenitor cells in the bone marrow, however it 

only establishes latency in the myeloid lineage (Forte et al. 2020). Indeed, viral 

DNA can be detected in pluripotent CD34+ stem cells, however after 

progenitor cells differentiate into monocytes, B-, T-cells and 

polymorphonuclear lymphocytes (PMNLs), viral genomes can only be 

detected in CD14+ monocytes (Taylor-Wiedeman et al. 1991; Sinclair and 

Sissons 2006). The frequency of monocytes carrying latent HCMV genome in 

the blood of seropositive individuals is estimated to be 1 in 10,000 cells 

(Slobedman and Mocarski 1999).  

HCMV reactivation is poorly understood, however it appears to be triggered 

by inflammation, in particularly increased levels of the inflammatory cytokine 

tumour necrosis factor alpha (TNFŬ). In order to reactivate and enter lytic 

infection, HCMV requires monocytes to differentiate into dendritic cells (DCs) 

and macrophages (Reeves and Sinclair 2013; Poole et al. 2015). IE gene 

expression has previously been detected in mature DCs following 

differentiation and was associated with reactivation of the viral MIEP as a 

result of differentiation-mediated chromatin remodelling (Reeves et al. 2005). 

TNFŬ signalling has also been shown to activate MIEP, as well as NFəB, which 
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has multiple binding sites in the MIEP, creating an amplifying loop of virus 

reactivation mediated by inflammatory responses (Forte et al. 2020). 

1.1.7 HCMV Tropism 

Despite establishing latency in very specific cell types such as 

CD34+ progenitor cells and peripheral blood monocytes, HCMV is able to 

lytically infect virtually any cell type in vivo, apart from lymphocytes and PMNLs 

(Grefte et al. 1994; Sinzger et al. 1995; Sinzger et al. 2008). Endothelial and 

epithelial cells, fibroblasts, smooth muscle cells and highly differentiated 

myeloid cells are considered to be the main sites for lytic HCMV infection 

(Sinzger et al. 1995; Gerna et al. 2019). Indeed, such broad cellular tropism 

allows HCMV to establish infection in almost every organ, with the liver, lungs, 

gastrointestinal tract, retina and brain being the predominant sites for HCMV 

infections in immunocompromised individuals (Plachter et al. 1996; Sinzger et 

al. 2008). Interestingly, despite such broad tropism and ability to infect multiple 

tissues and organs, HCMV specificity at the host level is highly restricted to 

humans (Sinzger et al. 2008). As a result, there are no animal models available 

to study HCMV infection, with researchers relying on patient and autopsy 

samples for in vivo studies, as well as in vitro cell work. 

A number of HCMV susceptible cell lines are used to study various stages of 

the viral cycle in vitro. Both primary and immortalised cell culture models are 

available and include skin and lung fibroblasts, retinal pigmented and kidney 

epithelial cells, hepatocytes, monocyte-derived macrophages and dendritic 

cells, as well as vascular endothelial cells, to name a few (Sinzger et al. 2008; 

Gerna et al. 2019). Peripheral blood monocytes and CD34+ hematopoietic 

progenitor cells derived from umbilical cord blood are commonly used to study 

HCMV latency, whilst skin and lung fibroblasts, as well as human umbilical 

vein endothelial cells (HUVECs) are used for long-term propagation of clinical 

HCMV isolates and to study HCMV lytic cycle (Sinzger et al. 2008). In fact, it 

has been shown that the choice of a cell line for HCMV propagation in vitro is 

associated with the changes in the tropism of the passaged virus. HCMV 

propagation in endothelial cells retains a relatively broad cell tropism of the 

original clinical isolate (Waldman et al. 1991), in contrast to propagation in 
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fibroblasts, which results in the selection of multiple genetic mutations in the 

viral genome, which limit infection to fibroblasts (Sinzger et al. 1999; Scrivano 

et al. 2011). As well as eliminating tropism for other cell types, mutations 

selected in fibroblasts that include the UL/bô region, RL13 and UL128L, result 

in enhanced growth in fibroblasts (Dargan et al. 2010; Stanton et al. 2010). 

Nevertheless, as a result of the high titres and their ready infectability, 

fibroblasts became a standard cell line for the growth and generation of HCMV 

stocks for in vitro work (Mocarski et al. 2007). 

1.2 Clinical Significance 

1.2.1 Epidemiology 

HCMV has a very high seroprevalence worldwide with some parts of the world 

demonstrating seroprevalence rates of over 90%. Geographic and 

socioeconomic backgrounds, as well as age, ethnicity and sex, have all been 

associated with HCMV acquisition patterns (Boppana and Fowler 2007; 

Cannon et al. 2010; Fowler et al. 2022). In developing regions such as South 

America, Sub-Saharan Africa, East Asia, and India, the vast majority of pre-

school children (>90%) test positive for HCMV specific antibodies, in contrast 

to children of similar age in developed countries, where seroprevalence is 

below 20% (Boppana and Fowler 2007). Nevertheless, multiple studies have 

shown that HCMV seroprevalence generally increases with age with most 

studies reporting seroprevalence of 60% or over for individuals over 50 years 

old in developed countries (Cannon et al. 2010). For example, a study 

performed in the United States reported HCMV seroprevalence of 36.3% in 

children versus 90.8% in those aged over 80 years old (Staras et al. 2006). A 

number of systematic literature reviews also consistently found increased 

incidence of HCMV specific antibodies in ethnic minorities compared to 

Caucasian individuals, as well as in women of reproductive age compared to 

men (Staras et al. 2006; Cannon et al. 2010; Fowler et al. 2022). It is generally 

believed that childcare is the factor contributing to increased HCMV 

seroprevalence in women (van Rijckevorsel et al. 2012; Wujcicka et al. 2014). 

It is most likely linked to the way HCMV transmits, which is usually through 
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direct contact with body fluids from an infected person, including blood, breast 

milk, saliva and urine (Boppana and Fowler 2007). 

Despite such high seroprevalence rates worldwide, HCMV infection is mostly 

asymptomatic for the vast majority of people and does not result in severe 

disease. However, it can be life-threatening for immunodeficient, 

immunocompromised or immune naïve individuals. Indeed, HCMV is 

considered a common opportunistic infection in the foetus, allograft recipients, 

bone marrow transplant and acquired immunodeficiency syndrome (AIDS) 

patients (Griffiths et al. 2015). 

1.2.2 Transplant Recipients and AIDS Patients 

In the transplant setting, HCMV infection frequently results in serious 

complications, with various degrees of disease depending on the serostatus 

of donor/recipient, organ and transplant type, as well as the level of immune 

suppression (Houldcroft et al. 2020; Griffiths and Reeves 2021).  

Solid organ transplant (SOT) patients suffer from HCMV reinfection or 

reactivation, with 60-75% of patients demonstrating some evidence of active 

HCMV infection in the first year following transplant (Pereyra and Rubin 2004; 

Houldcroft et al. 2020). A primary HCMV infection occurs when a seronegative 

recipient receives an organ from a seropositive donor (D+/R-). This 

combination of HCMV donor/recipient serostatus is associated with the 

highest risk of HCMV viremia in SOT due to the recipient being 

immunologically HCMV-naïve, as well as receiving a high level of 

immunosuppressive agents to avoid graft rejection (Atabani et al. 2012). 

Immunosuppression is also associated with the reactivation of endogenous 

latent virus in seropositive recipients, however the incidence of symptomatic 

infection in those instances is lower compared to the D+/R- donor/recipient 

pair, 15-20% to 50-65%, respectively (Pereyra and Rubin 2004). In the 

instance where both the donor and the recipient are HCMV seropositive, a 

superinfection may develop if reactivating virus is of donor origin, with 30% of 

cases developing symptomatic HCMV disease (Pereyra and Rubin 2004).  
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In the hematopoietic stem cell transplantation (HSCT) setting the highest 

incidence of HCMV-associated complications occurs when a seropositive 

recipient receives a graft from a seronegative donor (D-/R+), which is in 

contrast to SOT. The D-/R+ combination in HSCT is the most serious because 

the recipient originated latent HCMV reactivates due to proinflammatory 

responses occurring in the recipient as a result of surgery, immunosuppressive 

therapy and the lack of HCMV-specific memory responses from the 

seronegative donor (Boeckh and Nichols 2004). Whereas, in the D+/R- 

scenario, the recipient receives a very low proportion of latently-infected stem 

cells in the donated graft (estimated <0.01%), this D+ graft also transfers 

HCMV cell-mediated immunity to the recipient, which is able to keep the virus 

under control (Grob et al. 1987; Griffiths and Reeves 2021). 

In both HSCT and SOT, HCMV disease can result in graft rejection, increased 

risk of other opportunistic infections, pneumonia, gastrointestinal disease, 

hepatitis, retinitis, as well as invasive disease in other organs (e.g., nephritis, 

myocarditis, pancreatitis), to name a few (Azevedo et al. 2015). Combined with 

the effects of immunosuppressive treatments, HCMV disease can be life-

threating for those receiving an organ transplant.  

Individuals with AIDS are also considered to be vulnerable to the opportunistic 

HCMV infections. Before the introduction of highly active antiretroviral therapy 

(HAART), AIDS patients were extremely affected by HCMV disease with up to 

25% of patients with AIDS experiencing life- or sight-threatening infections due 

to the virus (Drew 1988; Shafer and Vuitton 1999; Springer and Weinberg 

2004). Retinitis was the most common complication accounting for 75%ï85% 

of HCMV disease in these patients, incidence rates of which went down 

substantially (~80%) with the use of HAART (Kempen et al. 2003; Griffiths and 

Reeves 2021). Although nowadays HCMV-associated retinitis in AIDS 

patients has virtually disappeared, some cases still occur in patients who have 

not taken antiretroviral therapy either by choice or due to financial and 

socioeconomic reasons (Griffiths et al. 2015). 
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1.2.3 Congenital HCMV 

In addition to HCMV transmission via direct contact with body fluids from an 

infected person, as well as in the transplant setting, it can vertically transmit 

from a pregnant mother with primary or secondary infection, or reactivation, to 

her unborn child, resulting in a congenital HCMV (cCMV) infection (Bristow et 

al. 2011; Dietrich and Schieffelin 2019). Primary cCMV infection occurs when 

a previously seronegative pregnant mother contracts a HCMV infection during 

her pregnancy, transmitting the virus to the foetus, whereas secondary cCMV 

infection occurs when latent HCMV in a seropositive mother reactivates or if 

the mother contracts a new strain of HCMV (Bristow et al. 2011; Pass and 

Anderson 2014). 

A meta-analysis of 34 articles assessing all live-born infants for HCMV 

infection determined that birth prevalence of cCMV was 0.64%, with some 

parts of the world, such as Latin America, Africa and Asia reporting higher 

rates of cCMV infections of 1-2% (Kenneson and Cannon 2007; Fowler et al. 

2017). Although the majority of cCMV+ infants will be asymptomatic and will 

not develop any complications following infection, approximately half of infants 

with symptomatic cCMV will manifest permanent long-term health problems 

(Fowler et al. 2017). Sensorineural hearing loss (SNHL) is the most common 

complication of cCMV (Grosse et al. 2008), however other conditions include 

mental retardation, cerebral palsy and impaired vision (Bristow et al. 2011; 

Dietrich and Schieffelin 2019). In fact, disabilities caused by cCMV infection 

are more common in children than other more recognized disabling diseases 

such as Downôs syndrome or spina bifida (Cannon 2009). 

1.2.4 Treatments and Therapeutics 

Despite the clear need for a vaccine against HCMV, no vaccine is currently 

licensed for use, however a number of approved drugs against HCMV are 

routinely used (Arvin et al. 2004; Perera et al. 2021; Scarpini et al. 2021). 

Ganciclovir is considered to be the gold standard for treating active HCMV 

infection. It is a nucleoside analogue that, when phosphorylated by viral kinase 

UL97, inhibits the viral DNA polymerase UL54 (Lischka and Zimmermann 
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2008; Krishna et al. 2019). Ganciclovir is used as pre-emptive therapy in 

transplant patients, and to treat symptomatic cCMV disease, as well as HCMV 

retinitis in AIDS patients (Scarpini et al. 2021). Valganciclovir is a derivative of 

ganciclovir ï a ganciclovir prodrug with oral bioavailability, routinely given to 

SOT recipients as a prophylaxis to delay the onset of HCMV disease and 

reduce disease-associated complications (Paya et al. 2004; Lischka and 

Zimmermann 2008). Foscarnet and cidofovir are administered as second-line 

drugs to address resistance to ganciclovir. Foscarnet acts as a reversible 

product inhibitor, interfering with viral DNA polymerase UL54 function, 

whereas cidofovir is a structural analogue of cytosine monophosphate 

interfering with DNA elongation step during viral replication (Lischka and 

Zimmermann 2008; Perera et al. 2021). Letermovir is another antiviral drug 

that acts by suppressing the HCMV-terminase complex involved in HCMV 

replication (Marty et al. 2017). There are other drugs currently available to treat 

active HCMV infection, however, all of the currently licensed and prescribed 

drugs have serious side effects associated with their use. Neutropenia is the 

main side effect from ganciclovir treatment in cCMV infants, with instances of 

it causing thrombocytopenia and hepatotoxicity, as well as temporary and 

permanent infertility in animal studies (Lischka and Zimmermann 2008; 

Scarpini et al. 2021). Foscarnet has been shown to cause electrolyte 

imbalance in transplant patients, cidofovir has been associated with renal 

toxicity, whereas letermovir was reported to cause adverse gastrointestinal 

effects (Perera et al. 2021; Scarpini et al. 2021). Overall, the cytotoxicity 

associated with the use of anti-viral therapies, as well as the emergence of 

drug-resistant HCMV strains, results in limits to treatment options for those 

suffering from HCMV-related diseases, highlighting the need for novel HCMV 

treatments and vaccine developments.  

1.3 HCMV Immunity 

HCMV infection induces a very broad spectrum of immune responses, 

facilitated by both innate and adaptive arms of the immune system. This 

includes the induction of innate mechanisms at the early stages of infection, 

such as inflammatory cytokine production and activation of natural killer (NK) 
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cells, which in turn drives adaptive immune responses, such as production of 

antibodies and CD4+/CD8+ T cell responses against HCMV (Jackson et al. 

2011). The responses to HCMV are so robust, that the percentage of HCMV-

specific peripheral blood T lymphocytes in seropositive individuals is among 

the highest recorded in any viral infection (Gillespie et al. 2000). Due to such 

robust and strong immune responses against the virus, HCMV infection in 

immunocompetent individuals is well controlled and generally asymptomatic. 

However, over the course of 200 million years of co-evolution, HCMV has 

developed numerous immune evasion strategies, allowing the virus to 

establish persistence in the host even in the face of such powerful immunity 

and reactivate when the immune system is compromised (McGeoch et al. 

1995; Jackson et al. 2011). 

1.3.1 Innate Immune Responses 

Innate immune responses serve as a first line of defence against HCMV 

infection, with the induction of pro-inflammatory interferons and activation and 

recruitment of NK cells, neutrophils, as well as professional antigen presenting 

cells (APCs), such as DCs and macrophages (Chaplin 2010; Jackson et al. 

2011). Upon cell entry, HCMV is sensed by pattern recognition receptors 

(PRRs), such as toll-like receptors (TLRs), which recognise virus-derived 

pathogen-associated molecular patterns (PAMPs). Activation of TLRs by 

PAMPs results in inflammatory cytokine secretion, and, in most cases, type I 

IFN production creating a hostile environment for viral replication and spread 

(Takeuchi and Akira 2001; Rossini et al. 2012). Viral gB and gH have been 

shown to trigger TLR2 at the very early stages of HCMV infection, activating 

NF-əB signalling, and subsequently resulting in the release of pro-

inflammatory cytokines and chemokines, recruitment of professional APCs, 

phagocytes and NK cells (Compton et al. 2003; Boehme et al. 2006). Other 

TLRs have also been implicated in immune responses against HCMV, such 

as TLR3, TLR4, TLR7, TLR8, and TLR9 ï shown to be involved in viral 

detection by recognising viral nucleic acids, as well as the inhibition of viral 

replication through IFN-ɓ-dependent mechanisms. HCMV also activates IFN 

regulatory factor 3 (IRF3) through TLR-independent DNA sensing 
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mechanisms, further upregulating type I IFN signalling (Rossini et al. 2012; Ye 

et al. 2020).  

In response to the initial pro-inflammatory signalling, professional APCs 

become activated and begin the processing and presentation of viral antigens 

to adaptive immune cells ï B cells, as well as CD8+ and CD4+ T cells. 

Macrophages have been shown to recognise viral particles just hours after 

infection and contribute to inflammation by secreting pro-inflammatory 

cytokines, such as IFN I, IFNɔ and TNFŬ, aimed to contain viral infection 

(Baasch et al. 2020). DCs, upon recognition of PAMPs, undergo maturation 

and migrate to the lymphoid tissues to stimulate differentiation of naïve T cells 

(Patente et al. 2018). 

NK cells rapidly accumulate in several organs during viral infection to prevent 

severe disease by directly eliminating virally infected cells by cytotoxicity and 

recruiting other cell types by secreting cytokines and chemokines, including 

IFNɔ and TNFŬ (La Rosa and Diamond 2012; Rossini et al. 2012; Biron and 

Tarrio 2015). It has been suggested that activated NK cells create a favourable 

cytokine microenvironment that supports and drives maturation and activation 

of adaptive immunity, T cells in particular (Moretta et al. 2008; La Rosa and 

Diamond 2012). Indeed, the role of NK cells in facilitating anti-HCMV 

responses is well documented. Individuals lacking NK cells have been shown 

to be at a higher risk of developing severe HCMV disease, highlighting the 

importance of NK cells in protection against HCMV (Biron et al. 1989; Hu et 

al. 2022). Furthermore, patients with rare genetic disorders involving 

overexpression of an inhibitory killer immunoglobulin like receptors (iKIRs) on 

NK cells have severe recurrent episodes of HCMV disease (Gazit et al. 2004). 

Killer immunoglobulin like receptors (KIRs) represent just one family of 

activating and inhibitory NK cell receptors, with NK cells exhibiting a whole 

plethora of receptors on their surface that regulate NK cell responses by 

balancing activating and inhibitory signals (Pegram et al. 2011). During HCMV 

infection, activating NK cell receptors, such as activating KIRs and Natural-

killer group 2, member D (NKG2D), can potentially recognise either virus-

derived molecules on infected cells, or self-proteins that are upregulated on 

ñstressedò, i.e. infected, cells, inducing NK cell killing (Rossini et al. 2012). By 
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working through these receptors, NK cells have the capacity to kill virally 

infected cells via the perforin/granzyme pathway. NK cells can also be 

activated through antibody-dependent cellular cytotoxicity (ADCC) (Aicheler et 

al. 2013). In ADCC, NK cells activate via an interaction between Fc receptors 

(FcRs) on the NK cell surface, in particular CD16, and Fc portion of an antibody 

bound to a target cell. In vivo HCMV infection has been associated with huge 

expansions of NKG2C+ FcŮR1ɔ- NK cells, known to have enhanced ADCC 

responses and are believed to provide protection from HCMV disease (Foley 

et al. 2012; Ataya et al. 2020). 

1.3.2 HCMV Evasion of Innate Immunity 

Even at the very early stages of infection, HCMV is able to interfere with 

cellular signalling and dampen immune responses. Tegument proteins UL82 

and UL83 reduce type I IFN signalling by dysregulating IRF3 phosphorylation 

and inhibiting its nuclear localisation, with UL83 also inhibiting NF-əB signalling 

(Ye et al. 2020; Cox et al. 2021). HCMV UL31 inhibits DNA sensing 

mechanisms, IE1 and IE2 interfere with IFN signal transduction, whilst US7 

and US8 target TLR-mediated signalling by degrading TLR3 and TLR4 (Park 

et al. 2019; Ye et al. 2020). The US2 gene family has also been shown to 

interfere with antigen presentation by professional APCs to T cells by 

downregulating MHC-I and interfering with peptide loading on to MHC (Hanley 

and Bollard 2014; Cox et al. 2021). Interestingly, MHC-I downregulation makes 

HCMV-infected cells more susceptible to NK cell-mediated killing since 

inhibitory NK cell signals depend on the presence of MHC-I molecules. 

However, HCMV has developed numerous strategies to target NK cell 

activation in order to overcome the negative effects associated with MHC-I 

downregulation (Figure 1.5) (Wilkinson et al. 2008). 

Some of these immune-evasins are able to promote inhibitory NK cell signals.  

UL18 is a viral homologue of host MHC-I that binds the inhibitory NK cell 

receptor, LILRB1 (LIR-1), inhibiting the activation of LILRB1+ NK cells, 

whereas UL40 upregulates nonclassical MHC-I molecule HLA-E (human 

leukocyte antigen E), known to inhibits NK cell-mediated lysis by interacting 

with CD94/NKG2A receptors (Tomasec et al. 2000; Wang et al. 2002; 
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Prod'homme et al. 2007; Jackson et al. 2011). Most NK cell evasion genes 

identified to date, however, target activating NK cell signals. Viral UL141 

intracellularly retains at least four host proteins involved in NK cell signalling 

(Patel et al. 2018). Activating NK cell ligands poliovirus receptor (PVR/CD155) 

and Nectin2 (CD112) are targeted for degradation by UL141, preventing them 

from binding to NK cells via receptors DNAX accessory molecule-1 (DNAM-1/  

CD226) and CD96, thus preventing NK cell-mediated activation and target 

lysis (Tomasec et al. 2005; Prod'homme et al. 2010). Furthermore, UL141 

retains TNF-related apoptosis inducing ligand receptors 1 and 2 (TRAIL-R1 

and R2) in the ER inhibiting NK cell-mediated apoptosis (Nemļoviļov§ et al. 

2013; Smith et al. 2013). Multiple HCMV proteins have been shown to target 

MHC-I related protein A (MICA) ï one of the ligands for the activating receptor 

NKG2D (Patel et al. 2018). UL148A, US18, and US20 all have been shown to 

traffic MICA to the lysosome for degradation, with US9 and UL147A targeting 

MICA for proteasomal degradation and UL142 retaining it in the cis-Golgi 

(Chalupny et al. 2006; Ashiru et al. 2009; Fielding et al. 2014; Seidel et al. 

2015; Seidel et al. 2021). Indeed, NK cell activation via NKG2D is a pathway 

that is heavily targeted by HCMV. Apart from MICA, NKG2D has many other 

ligands, including MHC-I related protein B (MICB), ULBP1-3, RAET1E 

(ULBP4), RAET1G (ULBP5) and RAET1L (ULBP6) (Jackson et al. 2011). Viral 

UL16 has been shown to retain MICB, as well as ULBP1, ULBP2 and ULBP6 

inside the cell preventing their surface expression, and thus their ability to 

interact with NKG2D (Cosman et al. 2001; Eagle et al. 2009). MICB expression 

is further reduced by miRNA-UL112, which binds MICB RNA preventing its 

translation, consequently resulting in lower surface MICB levels (Stern-

Ginossar et al. 2008).  

NK-mediated ADCC responses are also targeted by multiple HCMV genes. 

RL11 and UL119-UL118 bind the Fc portion of IgG, preventing interaction with 

FcɔRs on NK cells and dampening ADCC responses, whereas UL148 impairs 

CD58 (LFA-3) surface expression inhibiting NK cell-mediated ADCC 

(Corrales-Aguilar et al. 2014; Wang et al. 2018). The impressive arsenal of 

HCMV genes targeting NK cell functions demonstrates the importance of NK 
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cells in controlling the disease, as well as the extent to which HCMV encodes 

for evasion strategies designed to avoid detection and killing by NK cells.
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Figure 1.5: Summary of some known HCMV-encoded NK modulators. 

HCMV proteins are represented by red, green and yellow colours, whereas 

host proteins are in black. Solid black arrow = intracellular NK activation signal; 

dotted black arrow = intracellular NK inhibition signal; gray arrow = 

extracellular signal to target; red line = impairs surface expression; red arrow 

= disrupts intracellular expression; blue arrow = increases surface expression; 

sp = signal peptide. Figure taken from (Patel et al. 2018).
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1.3.3 Adaptive Immune Responses 

Adaptive immunity plays a crucial role in controlling primary HCMV infection 

as well as keeping the virus under control in its latent stage (Figure 1.6). Both 

cellular and humoral mechanisms mediated by B and T lymphocytes are 

responsible for protecting the host from HCMV disease (Jackson et al. 2011). 

A comparative study by Fowler et al. (1992) demonstrated that maternal 

adaptive, in particular humoral, immunity plays a protective role against severe 

cCMV disease. Infants born to mothers with pre-existing HCMV immunity 

showed reduced risk of symptomatic cCMV disease and long-term 

complications associated with the infection, compared to the mothers who 

suffered primary HCMV infection during pregnancy (Fowler et al. 1992). In 

cases where the mother is able to provide transplacental IgG antibodies 

against HCMV to the foetus, the severity of cCMV disease has been shown to 

be reduced (Schleiss 2013). The main targets of the neutralizing antibody 

responses in HCMV are viral antigens involved in the early stages of the viral 

infection, such as envelope glycoproteins gB, gM/gN, trimer gH/gL/gO, 

pentamer gH/gL/UL128-131A, tegument protein pp65 (UL83 gene product) 

and non-structural IE1 protein involved in transcription (Hanley and Bollard 

2014; Hu et al. 2022). 

However, perhaps the most striking aspect of the adaptive immune responses 

against HCMV are the HCMV-specific T cell responses. HCMV infection 

results in huge expansions of CD8+ T cells, and lesser expansions of CD4+ T 

cells, with seropositive individuals demonstrating higher frequencies of HCMV-

specific T cells than those observed with other human viruses. It is estimated 

that at least 10% of the total T cell repertoire is directed towards HCMV in 

seropositive individuals, dominating T cell memory compartments in those 

people (Sylwester et al. 2005; Marchi et al. 2019; Hu et al. 2022). The role of 

both CD8+ and CD4+ T cells in HCMV infection is well documented in HSCT 

and SOT patients, in particular kidney, lung and heart transplant recipients 

(Hanley and Bollard 2014). Cytotoxic CD8+ T cells respond to HCMV peptides 

presented on professional APCs via MHC-I, activating their killing functions, 

whilst CD4+ T helper cells recognise viral peptides presented via MHC-II, 
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enhancing CD8+ T cell and B cell functions (Cox et al. 2021). HCMV-specific 

T cells are known to target multiple HCMV antigens, however the 

immunodominant targets are the tegument protein pp65 and IE1 (La Rosa and 

Diamond 2012; Hanley and Bollard 2014). T cells in over 50% of seropositive 

individuals are able to recognise viral pp65 and IE1, with other ORFs including 

UL48, UL55, UL122, UL32, UL123, UL99 and UL82 also demonstrating 

recognition potential for both CD4+ and CD8+ T cell responses (Sylwester et 

al. 2005).  

In addition to the established role of Ŭɓ T cells, such as CD4+ helper and CD8+ 

cytotoxic T cells, other T cell subsets are also known to play a role in HCMV 

infection, such as ɔŭ T cells and regulatory T cells (Tregs) ï a specialised 

subset of CD4+ T cells (Jackson et al. 2011). Although ɔŭ T cells are 

considered as innate immune cells, they have previously been shown to 

develop memory-like adaptive responses and play a vital role in protection 

against influenza (Sabbaghi et al. 2020). There is evidence from SOT and 

HSCT recipient studies that a subset of ɔŭ T cells (Vŭ2-) is expanded following 

HCMV reactivation, with healthy seropositive individuals also demonstrating 

increased numbers of Vŭ2- ɔŭ T cells compared to seronegative individuals 

(Knight et al. 2010). Immunosuppressive Tregs have also been implicated in 

HCMV infection, with one study demonstrating enhanced T cell immune 

responses to HCMV when Tregs were depleted from peripheral blood 

mononuclear cells (PBMCs) (Aandahl et al. 2004).  

1.3.4 HCMV Evasion of Adaptive Immunity 

Similar to the plethora of immune evasion strategies employed by HCMV to 

escape innate immune responses, the virus has also evolved to counteract 

host adaptive immunity. In fact, dampening of the CD8+ T cell adaptive 

immune responses happens very early on in infection when the HCMV US2 

gene family heavily downregulates surface MHC-I on APCs and interferes with 

peptide loading. Meanwhile, miR-US4-1 and miR-UL112-5p further inhibit 

CD8+ T cell response by targeting aminopeptidase ERAP1, which is known to 

facilitate trimming of viral peptides into mature epitopes for presentation on the 

MHC-I molecule (Kim et al. 2011; Romania et al. 2017). HCMV also 
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downregulates CD4+ T cell responses by inhibiting MHC-II presentation 

mediated by viral US2 (Miller et al. 2001). In addition to its NK inhibitory 

function, UL148 also inhibits CD8+ T cell responses by retaining the host 

adhesion protein CD58 inside the cell (Wang et al. 2018). Furthermore, the 

virus expresses transcripts from the UL111A region which encode two 

homologues of an immunosuppressive cytokine IL-10, shown to inhibit PBMC 

proliferation, synthesis of IFNɔ and decrease surface expression of both MHC 

class I and II molecules on monocytes (Spencer et al. 2002; Jenkins et al. 

2008). UL11 is another immunomodulatory protein shown to bind the receptor 

tyrosine phosphatase CD45 and impair TCR signalling, resulting in impaired T 

cell activation and proliferation (Gabaev et al. 2011). In general, HCMV targets 

adaptive immune responses mostly by interfering with antigen presentation on 

APCs, however it employs additional mechanisms to escape T cell-mediated 

functions and reduce pro-inflammatory signalling, allowing the virus to 

establish lifelong latency and persistency.  
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Figure 1.6: A summary of immune responses against HCMV. HCMV 

enters the host through direct contact with infected bodily fluids. It replicates 

within host cells, resulting in robust immune responses against the virus that 

includes generation of HCMV-specific neutralizing antibodies, recruitment of 

NK cells and high frequencies of CD4+ helper and CD8+ cytotoxic T cells. 

Despite such robust immune responses, HCMV establishes latency in CD34+ 

myeloid cells in the bone marrow. During reactivation memory responses keep 

viral replication under control. Figure taken from (Cox et al. 2021). 
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1.4 A disintegrin and metalloprotease 17 

The ADAMs (A Disintegrin And Metalloproteinases) are a family of 

multifunctional, type 1 transmembrane proteins that facilitate ectodomain 

proteolysis, also known as shedding, of a diverse array of cell surface proteins. 

ADAM-mediated ectodomain shedding facilitates the release of the 

extracellular portion of a wide range of cell surface receptors and ligands, 

leaving the membrane-retained portion of the protein on the cell surface 

(Edwards et al. 2008; Ager 2012). Typical substrates of ADAM proteases 

include adhesion and differentiation factors, growth factors, cytokines, 

chemokines and their receptors (Weber and Saftig 2012). By regulating the 

levels of their substrates, ADAMs influence a broad range of signalling 

pathways and biological processes involved in immunity and inflammation, 

cancer progression, cell development and differentiation, cell migration, and 

axon guidance (Duffy et al. 2009; Ager 2012). To date, 21 functional ADAMs 

have been characterised in humans, with 13 being proteolytically active 

(Edwards et al. 2008; Ager 2012; Mullooly et al. 2016). One of these 

proteolytically active ADAMs is ADAM17. 

ADAM17, also known as TNFŬ converting enzyme TACE, is perhaps the most 

widely studied ADAM. It is a protein of 824 amino acids (accession number 

NM_003183), encoded by ADAM17 located on chromosome 2p25 (Gooz 

2010). It was originally discovered as an enzyme that cleaves transmembrane 

TNFŬ (tmTNFŬ) from the cell surface, releasing its soluble form (sTNFŬ) 

(Black et al. 1997; Moss et al. 1997). However, subsequently it was shown to 

facilitate shedding of other ligands from the cell surface, with about 100 

ADAM17-dependent substates identified to date (Moss and Minond 2017; 

Zunke and Rose-John 2017; Calligaris et al. 2021). Examples of ADAM17 

substrates include cytokines TNFŬ, RANKL and IL-8, signalling receptors such 

as TNF Receptors I and II (TNFR1 and 2), cell adhesion molecules L-selectin 

and ALCAM, however the list of known ADAM17 targets is much more 

extensive, demonstrating ADAM17ôs massive capacity to regulate a wide 

range of biological functions (Table 1.3) (Moss and Minond 2017; Zunke and 

Rose-John 2017; Calligaris et al. 2021). By cleaving its substrates, ADAM17 
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facilitates downstream signalling, which can be achieved by multiple 

mechanisms. Released soluble molecules can bind to their receptors on the 

same cell, neighbouring cells or more distant cells in the same tissue, and 

even enter the bloodstream (Gooz 2010). ADAM17 is a widely expressed 

metalloprotease, found in various tissues including the brain, heart, placenta, 

kidneys, small intestine, ovaries, testis, thymus and skeletal muscle (Peschon 

et al. 1998; Ebsen et al. 2013). With such a large substrate profile and 

expression pattern, ADAM17 has been implicated in a broad range of 

physiological and pathological processes. 
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Table 1.3: A table of known ADAM17 targets. Table was adapted from (Calligaris et al. 2021) and contains most known ADAM17 

targets. 

Cytokines 
Cell-to-Cell 

Communication  
Signalling - 
Receptors 

Cell Adhesion 
Cellular 

Transport  
Enzymes Others 

TNFŬ Amphiregulin Axl ALCAM SCRB1 ACE-2 APP 

CSF-1 HB-EGF CD16 CD44 LRP-1 
Carbonic 
Hydrolase 

9 
APLP-2 

KL-1 TGFŬ CD163 L-selectin LDL-R Klotho Prion protein 

KL-2 Epigen 
CD30 

(TNFRSF8) 
Collagen XVII SORCS-1 NPR1 Vasorin 

Lymphotoxin 
Ŭ 

Epiregulin 
CD40 

(TNFRSF5) 
Desmoglein-2 SORCS-3  PMEL-17 

RANKL NRG-1 CD89 EpCam SORL-1  Sydecan-1 

Cx3cl1 Jagged EPCR GP-1ba SORT-1  Sydecan-4 

IL-8 DLL-1 ErbB-4 GP-5 TREM-2  Pre-adypocyte factor 

 PD-L1 
GHRH 

receptor 
GP-6 IGF-2R  Collagen IV * 

 ICOS-L M-CSFR ICAM-1   PCPE-1 * 
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Cytokines 
Cell-to-Cell 

Communication  
Signalling - 
Receptors 

Cell Adhesion 
Cellular 

Transport  
Enzymes Others 

 IL-1R2 NRP-1 L1-CAM   Cystatin C * 

 IL-6R PTK7 LYPD3   Ebola virus Glycoprotein 
** 

 LAG-3 PTPRZ MUC-1    

 MIC-A PTPRF NCAM    

 MIC-B SEMA-4D Nectin-4    

 TIM-1 TNF-R1 SynCAM-1    

 TIM-3 TNF-R2 VACM-1    

 TIM-4 NTRK1 
Thrombospondin-

4 
   

 IL-15R VEGF-R2 JAM-A    

  Notch-1     

 

* Secreted proteins identified as substrates of soluble ADAM17. 

** A virus-encoded protein that is released by ADAM17 after viral infection.
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1.4.1 ADAM17 Biology 

1.4.1.1 Structure of ADAM17 Protein 

The metalloprotease ADAM17 consists of six domains ï a pro-domain, a 

metalloproteinase domain, a disintegrin domain, a cysteine-rich membrane 

proximal domain (MPD), conserved ADAM seventeen dynamic interaction 

sequence (CANDIS), and a single transmembrane/cytoplasmic domain 

(Figure 1.7) (Black et al. 1997; Moss et al. 1997; Zunke and Rose-John 2017). 

The N-terminal pro-domain of ADAM17 contains the classical Zn2+ chelating 

sequence HEXXHXXGXXH which inhibits its catalytic activity and is important 

in ADAM17 maturation, whereas the metalloproteinase, also known as 

catalytic, domain, facilitates ADAM17 shedding function (Maskos et al. 1998; 

Zunke and Rose-John 2017). The functions of the disintegrin domain and 

CANDIS are poorly understood, however they are suggested to be involved in 

potential substrate recognition and sheddase activation (Zunke and Rose-

John 2017). The MPD has been shown to be subject to complex regulatory 

control involving switching of conformation, which either restricts or facilitates 

its interaction with substrates (Düsterhöft et al. 2013; Sommer et al. 2016). 

In terms of interaction with its substrates, ADAM17-mediated cleavage 

typically occurs in cis, i.e. within the same cell membrane harbouring both 

proteinase and substrate. However, there is some evidence of ADAM17 

working in trans, i.e. cleaving substrates from neighbouring or interacting cells 

(Janes et al. 2005; Grötzinger et al. 2017). Cleavage of  Ŭ5ɓ1-integrin by 

ADAM17 has been reported in both cis and trans fashion, with some 

preliminary evidence suggesting that the cleavage of SARS-CoV-2 (severe 

acute respiratory syndrome coronavirus 2) spike protein S may occur in cis 

and trans by both ADAM10 and ADAM17 (Grötzinger et al. 2017; Jocher et al. 

2022). Indeed, ADAM10, a close relative of ADAM17, has also been shown to 

cleave Ephrin-A5 in trans from the surface of opposing cells, further supporting 

trans-mediated cleaving of substrates by ADAMs (Janes et al. 2005). 
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Figure 1.7: Structure of ADAM17 and functions associated with 

individual protein domains. Figure taken from (Zunke and Rose-John 2017). 
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1.4.1.2 ADAM17 Regulation 

ADAM17 is synthesised in the ER as an immature proform/zymogen, with its 

function restricted by the presence of the pro-domain (Lorenzen et al. 2016). 

Proteolytically inactive members of the rhomboid family iRhom1 and 2 are 

involved in the maturation and trafficking of immature ADAM17 from the ER to 

the plasma membrane through the Golgi (Adrain et al. 2012; Lee et al. 2016). 

iRhom1/2 knockout results in a lack of ER to Golgi trafficking of ADAM17 and 

consequent lack of ADAM17 maturation and loss of shedding capacity 

(Christova et al. 2013). FERM domain-containing protein 8 (FRMD8) stabilises 

the iRhom/ADAM17 complex, as demonstrated by reduced ADAM17 and 

iRhom2 protein levels in tissues of FRMD8-deficent mice (Künzel et al. 2018). 

The maturation of ADAM17 takes place in the Golgi, where the pro-domain is 

cleaved off by a proteolytic enzyme Furin (Endres et al. 2003; Peiretti et al. 

2003). Furin is also regulated by a phosphofurin acidic cluster sorting protein 

1 (PACS1), which transports Furin into the trans-Golgi network where it can 

facilitate ADAM17 maturation (Wan et al. 1998). With the help of iRhoms, 

mature ADAM17 is trafficked onto the cell membrane where it can perform its 

shedding function (Lorenzen et al. 2016). Once mature ADAM17 reaches the 

cell surface, it exists in a óclosed/inactiveô and óopen/activeô protein 

confirmation (Takeda et al. 2006). The conformation change into óopen/activeô 

state upon stimulation is thought to be facilitated by the MPD domain, allowing 

the shedding activity to begin (Düsterhöft et al. 2013; Sommer et al. 2016). 

Under unstimulated conditions, ADAM17 undergoes phosphofurin acidic 

cluster sorting protein 2 (PACS2)-dependent endocytic recycling 

(Dombernowsky et al. 2015). PACS2 co-localizes with ADAM17 in early 

endosomes and diverts it away from degradation pathways, as demonstrated 

by decreased recycling and stability of internalized ADAM17 in PACS2 

knockout cells (Dombernowsky et al. 2015). The ADAM17 regulation steps are 

summarised in Figure 1.8. Such tight regulation of ADAM17 maturation and 

localisation further implies the important role that ADAM17 plays in signalling 

of many pathways and processes. 
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Figure 1.8: Schematic diagram of ADAM17 regulation and maturation. 

ADAM17 is synthesised in the ER as an immature precursor (pro-ADAM17). 

It is transported by iRhom1/2 to the Golgi for maturation. iRhom1/2 complex is 

stabilised by FRMD8. In the Golgi ADAM17 pro-domain is cleaved by Furin 

resulting in mature form of ADAM17. Furin activity is regulated by PACS1. 

Mature ADAM17 is transported to the cell surface where it can perform its 

function as an ectodomain shedding protease. PACS2 regulates ADAM17 cell 

surface levels by diverting endocytosed ADAM17 away from degradation 

pathways (Wan et al. 1998; Dombernowsky et al. 2015; Künzel et al. 2018). 

PM = Plasma membrane; dotted line represents two different fates of 

endocytosed ADAM17 depending on situational signalling, which is either 

degradation or recycling of the protein. 
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1.4.2 Functional Significance of ADAM17 

1.4.2.1 Role in Development 

The first insight into the role of ADAM17 in development came from a study by 

Peschon et al. (1998), where ADAM17 knockout mice were non-viable and 

had severe epithelial abnormalities. Specifically, ADAM17 shedding activity 

was linked to this lethal phenotype, as ADAM17ȹZn/ȹZn mice lacking the 

Zn2+ībinding site of the metalloenzyme catalytic domain demonstrated 

perinatal lethality between embryonic day 17.5 and birth (Peschon et al. 1998). 

Since then many conditional ADAM17 knockout mice models have been 

developed facilitating ADAM17 knockout in specific cell types and tissues in a 

temporal fashion (Zunke and Rose-John 2017). Although the viability of mice 

and observed phenotypes differ between different ADAM17 knockout mice 

models, most models report improved survival of mice when ADAM17 

knockout is tissue restricted compared to ubiquitous ADAM17 deficiency. 

Some of the phenotypes reported in viable ADAM17 knockout mice include 

hair defects, open eyes at birth, epithelial abnormalities, heart defects and 

higher susceptibility to atherosclerosis (Zunke and Rose-John 2017). 

There have been a handful of reported cases of mutations in ADAM17 gene 

in humans. Blaydon et al. (2011) identified a loss-of-function mutation in 

ADAM17 (603ï606delCAGA) in two siblings with both children presenting the 

same clinical features involving the skin, hair, and gut. In both individuals, the 

skin lesions were observed on the second day of life, which developed into a 

rash and erythrodermic psoriasis, contributing to frequent Staphylococcus 

aureus infections. They also suffered from candida and pseudomonas 

infections of the skin, and experienced frequent diarrhoea, with the girl 

developing chronic diarrhoea and intercurrent gastrointestinal infections by the 

age of 4 months. The girl died at the age of 12 years from fulminant parvovirus 

B19ïassociated myocarditis, whereas the affected boy was found to have left 

ventricular dilatation, however, was otherwise relatively healthy (Blaydon et al. 

2011). Bandsma et al (2015) presented a similar case where a girl with a 

homozygous frameshift mutation in ADAM17 (NM_003183.4:c.308dupA) 

presented with severe diarrhoea, skin rash, and recurrent sepsis, eventually 
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leading to her death at the age of 10 months because of refractory hypoxia 

(Bandsma et al. 2015). Although the presented cases clearly demonstrate the 

devastating effects of lack of ADAM17 in humans, they also suggest that in 

some cases (the boy in the Blaydon study) there may be mechanisms that 

compensate for the lack of ADAM17. Indeed, a study by Hartl et al. (2018) 

identified a rare single-nucleotide variation in ADAM17 (rs142946965 

[p.R215I]) associated with late-onset Alzheimerôs disease (AD) within one 

studied family. They demonstrated that the mutation resulted in ADAM17 loss 

of function and, as a result, upregulation of ADAM17-dependent ɓ-amyloid 

precursor protein (APP) gene expression and elevated amyloid ɓ peptides 

formation in vitro, known to contribute to AD progression (Hartl et al. 2018). 

However no other symptoms were reported in the study, in contrast to the two 

studies previously discussed. These observations are consistent with the 

results generated using ADAM17 deficient mouse models, which 

demonstrated varied severity of pathology depending on the mouse genotype 

(Zunke and Rose-John 2017).  

1.4.2.2 Role in Disease  

ADAM17 dysregulation has also been implicated in multiple diseases and 

pathologies. In cancer, high levels of ADAM17 are generally associated with 

poor cancer prognosis (Calligaris et al. 2021). ADAM17 activity has been 

associated with the progression of several malignancies, including colon and 

breast cancer linked to its ability to trigger the EGFR pathway by shedding 

EGFR ligands, such as transforming growth factor alpha (TGFŬ) (Rossello et 

al. 2016). ADAM17-mediated EGFR signalling also activates pathological 

airway remodelling contributing to lung diseases, including asthma, chronic 

obstructive pulmonary disease and cystic fibrosis (Shiomi et al. 2011). Another 

ADAM17-mediated pathway implicated in disease is TNFŬ signalling, which 

has been associated with many chronic inflammatory diseases, such as 

rheumatoid arthritis (RA) (Calligaris et al. 2021). Anti-TNFŬ inhibitors are 

established treatment of RA and other inflammatory diseases, with preclinical 

studies demonstrating that ADAM17 blocking protects against RA to a similar 

extent as the inhibition of TNFŬ signalling (Issuree et al. 2013). Increased 

levels of tmTNFŬ and its receptor TNFR2, as a result of reduced ADAM17-
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mediated shedding, have been implicated in atherosclerosis, promoting the 

recruitment and proliferation of macrophages to the lesions and consequently 

cholesterol accumulation and atherosclerotic plaque formation (Nicolaou et al. 

2017). Furthermore, IL-6 trans-signalling, driven by ADAM17-mediated 

shedding of the IL-6 receptor (IL-6R), was suggested to play a role in 

inflammatory bowel disease (Gooz 2010). Upregulated levels of ADAM17 

have been observed in intestinal epithelial cells during the active phase of 

Crohnôs disease (Cesaro et al. 2009).  

In addition to the conditions mentioned, the role of ADAM17-mediated 

signalling has been implicated in kidney and heart disease, diabetes and 

neurological diseases, such as multiple sclerosis and AD (Gooz 2010; 

Calligaris et al. 2021). Such broad ADAM17 involvement in so many biological 

processes and pathologies can be explained by the impressive repertoire of 

substrates that this metalloprotease regulates. 

1.4.2.3 ADAM17 in Immunity 

It is well established that ADAM17 plays an essential role in immunity and 

inflammation. The vast majority of its substrates have some immunoregulatory 

functions (Table 1.3), dysregulation of which drives disease, as described 

above. TNFŬ signalling is one of the key immune pathways regulated by 

ADAM17. In a mouse model of human disease multiple sclerosis, tmTNFŬ was 

shown to be anti-inflammatory, whereas ADAM17-mediated shedding of 

surface TNFŬ into its soluble form rendered it pro-inflammatory (Alexopoulou 

et al. 2006; Scheller et al. 2011). TNFŬ signalling is mediated by two receptors 

TNFR1 and TNFR2, with sTNFŬ having stronger affinity to TNFR1, whereas 

tmTNFŬ preferentially binds TNFR2 (Horiuchi et al. 2010). TNFR1-mediated 

signalling is, indeed, associated with inflammatory immune responses, 

cytotoxic and pro-apoptotic functions, whereas TNFR2 signalling appears to 

have both overlapping (i.e. pro-inflammatory) and opposing (i.e. 

immunosuppressive) effects to TNFR1-mediated signalling (Qu et al. 2017). 

In the tumour microenvironment, tmTNFŬ and TNFR2 interaction has been 

associated with both ï progression of cancer by recruiting immunosuppressive 

cells and enhancing the survival, metastasis, and apoptosis resistance of 
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tumour cells, as well as tmTNFŬ/TNFR2-mediated cytotoxicity and cell death 

(Qu et al. 2017). Overall, the TNFŬ pathway is incredibly complex and context-

dependent, with ADAM17 shedding activity playing an important role in 

regulating the levels of soluble and transmembrane TNFŬ, as well as both 

TNFŬ receptors TNFR1 and TNFR2 (Scheller et al. 2011).  

ADAM17 is also the main sheddase for adhesion glycoprotein L-selectin 

(CD62L), known to play a crucial role in leucocyte recruitment to lymph nodes 

and inflamed tissues to survey APCs for peptide-MHC complexes (Ivetic et al. 

2019). ADAM17-mediated shedding of L-selectin in mouse and human T cells 

has been shown to be essential for proliferation and activation of peptide-MHC 

activated CD8+ T cells (Mohammed et al. 2019). Mohammed et al. (2019) 

engineered mice expressing T cells with cleavable or non-cleavable L-selectin, 

demonstrating huge clonal expansions of cytotoxic T cells in mice with 

cleavable L-selectin in response to vaccinia infection. In contrast, mice with 

shedding-resistant L-selectin showed delayed T cell proliferation, resulting in 

8-fold lower CD8+ T cell expansions (Mohammed et al. 2019). The study 

confirmed that the observed phenotype was indeed ADAM17-dependent and 

not attributed to closely related ADAM10 or a number of other 

metalloproteinases. Hence, ADAM17 plays an important role in T cell immune 

responses by regulating T cell recruitment through L-selectin shedding, with 

the lack of shedding suggesting reduced T cell proliferation in response to 

infection (Mohammed et al. 2016; Mohammed et al. 2019). 

Indeed, ADAM17 has been shown to influence various aspects of T cell 

biology. ADAM17-mediated shedding of IL-6R influences the differentiation of 

naïve and memory CD4+ T cells into either Treg or T helper (Th)17 cells (Wing 

and Sakaguchi 2010). IL-6 trans-signalling mediated by ADAM17-cleaved 

soluble IL-6R (sIL-6R), together with TGFɓ signalling, induces the 

differentiation of pro-inflammatory Th17 cells, whereas TGFɓ signalling on its 

own facilitates differentiation of immunosuppressive Tregs (Dominitzki et al. 

2007; Jones et al. 2010). The role of ADAM17 in this process is further 

supported by the fact that ADAM17 regulates TGFɓ signalling by cleaving 

Vasorin ï a known inhibitor of TGFɓ activity. In fact, only the ADAM17-cleaved 
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soluble form of Vasorin has been shown to inhibit TGFɓ pathway (Ikeda et al. 

2004; Malapeira et al. 2011). 

Finally, ADAM17 activity has also been implicated in the function of other 

immune cell types, such as NK cells and DCs. ADAM17 shedding of MICA/B 

ï ligands of the NK cell receptor NKG2D, leads to NK cell-mediated lysis of 

target cells (virally-infected or tumour cells) and cytokine secretion, thus 

playing a central role in immune system activation (Boutet et al. 2009). 

Activated NK cells are also associated with increased shedding of ADCC 

receptor CD16 and L-selectin by ADAM17, correlated with increased IFNɔ 

production and levels of the activation marker CD107a (Romee et al. 2013), 

further highlighting the role of ADAM17 in NK cell function. ADAM17 is also 

involved in DC function, in particular DC podosome regulation. The podosome 

is an actin-rich structure on the surface of DCs which is dissociated before 

DCs can migrate to the lymph nodes to stimulate T cells. ADAM17 has been 

shown to facilitate podosome dissociation, restoring migratory capacity of DCs 

lost during acute antigen sampling (West et al. 2008). Although the exact 

mechanism between ADAM17 and podosome dissociation remains unknown, 

it is clear that ADAM17 is involved in the early phase of DC activation and thus 

in the early phase of the immune response (Scheller et al. 2011). 

1.4.2.4 Role in Infection 

With the ability to regulate such an abundance of substrates involved in 

immunity and inflammation, ADAM17 has also been implemented in 

controlling bacterial and viral infections. In mice, Klebsiella pneumoniae 

infection of the lungs has been shown to be cleared by neutrophils activated 

by ADAM17-dependent L-selectin shedding (Cappenberg et al. 2019). In 

contrast, in SARS-CoV-2 infection in humans, ADAM17 activation has been 

associated with increased shedding of the SARS-CoV-2 entry receptor ï the 

angiotensin converting enzyme 2 (ACE2), preventing viral entry and 

diminishing infection in human organoids (Monteil et al. 2020; Calligaris et al. 

2021).  

Despite some evidence suggesting a protective role of ADAM17 in infection, 

high levels of soluble ACE2 (sACE2) and sTNFŬ, possibly explained by the 
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activation of ADAM17 in response to SARS-CoV-2, have been associated with 

increased severity of SARS-CoV-2 disease COVID-19, suggesting a 

detrimental role for the protease in development of COVID-19 (Jose and 

Manuel 2020; Saheb Sharif-Askari et al. 2020; Calligaris et al. 2021). Bacterial 

Listeria monocytogenes infection of mice with ADAM17-deficient T cells, 

developed regular listeria-specific T cell responses regardless of their 

ADAM17 status, suggesting that ADAM17 is not required for control of listeria 

infection (Link et al. 2017).  

Interestingly, Lactobacillus gasseri has been shown to downregulate the 

expression of ADAM17 in THP1-derived Helicobacter pylori-infected 

macrophages at both the transcriptional and protein levels (Gebremariam et 

al. 2019). H. pylori is a human-adapted bacterial pathogen that colonises the 

stomach and promotes gastric disorders. Supplemented with probiotics, 

strains of Lactobacillus, have been shown to improve the outcome of H. pylori-

associated disease. ADAM17 downregulation by L. gasseri has been 

demonstrated to block the production of the pro-inflammatory cytokines TNFŬ 

and IL-6, promoting an anti-inflammatory environment and interfering with H. 

pylori virulence mechanisms (Gebremariam et al. 2019). Hence, there is some 

evidence in the literature of microorganisms manipulating ADAM17 expression 

to impact downstream ADAM17-dependent signalling. 

1.4.2.5 ADAM17 and HCMV Infection 

In contrast to L. gasseri, HCMV infection was originally shown to have no effect 

on ADAM17 levels when HCMV strain AD169 was used (Esteso et al. 2014). 

However, recently a previous PhD student in the lab Dr Mihil Patel 

demonstrated that infection of human fibroblasts with a ówildtypeô HCMV strain 

Merlin results in significant downregulation of surface ADAM17 levels (Figure 

1.9). Dr Mihil Patel was studying the levels of TNFR2 following HCMV infection 

and discovered that strains such as Merlin and Toledo, result in surface 

TNFR2 upregulation, in contrast to high-passaged strains, such as AD169 and 

Towne. He later attributed these differences to the lack of the UL/bô region in 

the high passage strains and performed an UL/bô single gene deletion screen, 

identifying two viral HCMV proteins involved in surface TNFR2 upregulation ï 
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UL148 and UL148D. To study the mechanism of UL148- and UL148D-driven 

TNFR2 regulation, Dr Mihil Patel performed mass spectrometry (MS) 

proteomics experiment using ȹUL148 and ȹUL148D HCMV mutants, 

identifying ADAM17 as a potential mechanistic explanation for increased 

surface TNFR2 levels in HCMV infection, since TNFR2 is a known ADAM17 

target. Consequently, Dr Mihil Patel confirmed that UL148 and UL148D 

synergistically targeted ADAM17 early in HCMV infection, by potentially 

interfering with protease maturation, resulting in increased surface TNFR2 and 

reduced soluble TNFR2 levels . This is a novel and important finding, since it 

is the first example of microbial gene products targeting a member of the 

ADAM family of metalloproteases. 
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Figure 1.9: Timecourse of ADAM17 expression during HCMV infection 

taken from Patel (2018) PhD thesis. ñHF-TERT cells were infected with 

HCMV variants or mock infected. At 24h intervals cells were stained for 

ADAM17. (A) Representative flow cytometry histograms comparing HCMV to 

mock infected cells. (B) Relative fluorescence of ADAM17 for HCMV mutants. 

Each point shows mean relative ADAM17 ±SEM of triplicate infections. 

ADAM17 MFI of mock infected cells was set at 1.0 with other values plotted 

as a relative value (C) Comparison between AD169 and ȹUL148/UL148D 

infected cells at 72hpi.ò (Patel 2018).
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1.5 Aims and Objectives 

The overarching hypothesis of this PhD thesis is that ADAM17 impairment by 

HCMV UL148 and UL148D represents an immunomodulatory strategy 

developed by the virus to manipulate the levels of multiple surface and soluble 

proteins, thereby interfering with their downstream signalling in a way that 

benefits HCMV.  

This thesis aims to: 

1. Characterise the global changes in the levels of surface and soluble 

proteins in HCMV-infected cells as a result of ADAM17 impairment by 

UL148 and UL148D. 

2. Identify the mechanism of UL148- and UL148D-driven ADAM17 

downregulation. 

3. Investigate the functional consequences of ADAM17 impairment on 

multiple host immune processes, to determine their benefit to the virus. 
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2 Materials and Methods 

2.1 Reagents 

2.1.1 Tissue Culture Media 

Table 2.1: Media and reagents used for tissue culture. 

Media/reagent  Components 

 

2% Avicel 

 

20g of Avicel (RC-591 NF) mixed in 1 L ddH2O, 

autoclaved 

 

DMEM 

 

Dulbecco's Modified Eagles Medium (DMEM) 

(4.5 ml/L glucose) (Sigma, D5796; Gibco, 

11574486) 

 
 

DMEM-10 DMEM with 10% (v/v) foetal bovine serum (FBS) 

(Sigma, F9665) 

 
 

DMEM X2 50% (v/v) sterile ddH2O, 20% (v/v) 10x Minimal 

essential media (MEM) (Gibco, 21430), 20% 

(v/v) FBS, 6% (v/v) sodium bicarbonate (Gibco, 

25080), 4% (v/v) penicillin/streptomycin (Gibco, 

15070063), 2% (v/v) L-glutamine (Gibco, 

25030024) 

 
 

Freezing media 90% (v/v) FBS mixed with 10% (v/v) dimethyl 

sulfoxide (DMSO) (Sigma, D2650) 

 
 

Heavy-SILAC-DMEM-0 SILAC DMEM Flex Media (ThermoFisher, 

A2493901) with L-Lysine:2HCl and L-

Arginine:HCl (0.25 units each/500 ml of media) 
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(CK GAS PRODUCTS LTD), 250 µg/ml L-Proline 

(Sigma, P5607), 1% (v/v) L-glutamine, 1% (v/v) 

D-glucose (ThermoFisher, A2494001) 

 
 

Heavy-SILAC-DMEM-

10 

SILAC DMEM Flex Media with 10% dialysed FBS 

(ThermoFisher, 26400044), L-Lysine:2HCl and 

L-Arginine:HCl (0.25 units each/500 mL of 

media), 250 µg/ml L-Proline, 1% (v/v) L-

glutamine, 1% (v/v) D-glucose  

 
 

McCoyôs 5A media McCoyôs 5A media (Gibco, 16600082) with 10% 

(v/v) FBS and 1% (v/v) L-glutamine 

NK cell media RPMI-10 with 5% (v/v) human AB serum (Welsh 

Blood Service), 100 U/ml rhIL-2 (Proleukin, 

Chiron), and 10 ng/ml IL-15 (PeproTech, 200-15) 

 

RPMI Roswell Park Memorial Institute 1640 Medium 

(RPMI) (Sigma, R0883) with 1% (v/v) L-

glutamine 

 

RPMI-10 RPMI with 10% (v/v) FBS 

2x Treg media RPMI-10 with 1% (v/v) human AB serum (Welsh 

Blood Service), 10 ng/ml TGFɓ (BioRad, 

PHP143B) and 200 U/ml rhIL-2 

 

TrypLE 1x Express TrypLE Express (Gibco, 12605-010) 

Trypsin 1X Trypsin-EDTA solution (Sigma, T3924) 
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2.1.2 Buffers and Solutions 

Table 2.2: Buffers and solutions used in this thesis. 

Buffer/solution  Components 

 

0.7% Agarose Gel 

 

 

1x Tris-acetate-EDTA (TAE) buffer (National 

Diagnostics, B9-0030), 0.7% (w/v) agarose 

(Geneflow, A4-0700), 1:2000 Midori Green 

(Nippon Genetics, MG04) 

 
 

Ampicillin  100 mg/ml ampicillin sodium (Duchefa Biochemie, 

A0104.0025) in dH2O 

 

Chloramphenicol 12.5 mg/ml chloramphenicol (Boehringer, 634433) 

in 100% ethanol 

 

ConA elution buffer 

 

25% (v/v) 4x NuPAGE LDS buffer (Invitrogen, 

NP0008), 5% (v/v) 1 M dithiothreitol (DTT) 

(Invitrogen, Y00147), 30% (v/v) sucrose (50% 

solution in ddH2O) (Fisher Scientific, S/8600153), 

40% (v/v) ddH2O 

 

ConA lysis buffer 

 

1% (v/v) NP-40 (Calbiochem, 492016), 10 mM 

1,10-phenanthroline (Sigma Aldrich, 131377), 50 

mM Tris-HCL (Fisher Scientific, BP153-1), 300 

mM NaCl (Fisher Scientific, S/3160/65), 5 mM 

EDTA (Sigma Aldrich, ED2SC), 1 mM MgCl2 

(Acros, 413415000), 1 mM CaCl2 (Sigma Aldrich, 

C1016), 1% (v/v) proteinase inhibitor cocktail 

(Sigma Aldrich, P8340) in ddH2O 

 
 



57 
 

DABCO 2.5 g 1,4-diazabicyclo[2.2.2]octane (DABCO) 

(Sigma Aldrich, D2,780-2), 90 ml glycerol (Fisher 

Chemical, G/0650/17), 10 ml PBS 

 
 

EndoH/PNGaseF 

ConA elution buffer 

25% (v/v) 4x NuPAGE LDS buffer, 5% (v/v) DTT, 

30% (v/v) sucrose (50% solution in ddH2O), 30% 

(v/v) ddH2O, 10% 10x Glycoprotein Denaturing 

buffer (New England BioLabs, B0701S) 

 

FACS buffer PBS with 1% (v/v) FBS 

Fixing solution 10% (v/v) formaldehyde (Sigma Aldrich, 252549) 

and 90% (v/v) PBS 

 
 

10% Glycerol 10% (v/v) glycerol in ddH2O 

 

Kanamycin 15 mg/ml kanamycin (Melford Biolaboratories, 

K22000-10.0) in ddH2O 

 

L-Arabinose L-Arabinose powder (Sigma, A3256) 

 

LB agar 1 L LB broth with 7.5 g Agar powder (VWR, 

20767.232) 

 

LB broth 1 L ddH2O with 20 g LB broth low salt (Duchefa 

Biochemie, L1703.0500) 

 

0.5% NP-40 250 µl NP-40 in 50 ml PBS 

 

NuPAGE lysis buffer 

 

25% (v/v) 4x NuPAGE LDS buffer with 10% DTT 

and 65% ddH2O 

 
 

PBS Dulbeccoôs Phosphate-Buffered Saline (PBS) 

(Sigma, D8537) 
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PBST 

 

PBS with 0.1% Tween20 (Merck, 822184) 

Pierce IP lysis 

 

Pierce IP lysis buffer (ThermoFisher, 87788) with 

1% (v/v) proteinase inhibitor cocktail, 2 mM 

Sodium Fluoride (NaF) (Sigma Aldrich, 56521), 2 

mM Sodium Orthovanadate (Na3VO4) (Sigma 

Aldrich, S-6508) 

 
 

1x TAE buffer 50x TAE buffer diluted in ddH2O 

 

Western blot (WB) 

Blocking buffer 

 

PBST with 5% (w/v) dried milk powder (Millipore, 

70166) 

 

WB Running buffer 10% (v/v) 10x Tris-Glycine-SDS (TGS) buffer 

(Fisher Scientific, BP1341-1) and 90% ddH2O 

 

WB Stripping buffer Restore stripping buffer (ThermoFisher, 21063) 

 

WB 2x Transfer buffer 

 

80% ddH2O with 10% (v/v) methanol, 10% (v/v) 

NuPAGE transfer buffer (Invitrogen, NP0006-1) 
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2.1.3 Antibodies 

Table 2.3: Antibodies used in this thesis. 

Target 

protein and 

fluorophore  

Company and 

product code 

Clone Dilution and 

use 

Ŭ-V5 tag Abcam, ab9116 
 

Polyclonal 1:2000 (IF) 

1:5000 (WB) 

Ŭ-HA tag Invitrogen, 26183 2-2.2.14 1:500 (IF) 

1:1000 (WB) 

Ŭ-ADAM17 Abcam, ab39162 Polyclonal 1:2000 (WB) 

Ŭ-ADAM17 R&D systems, 

MAB9301 

111633 1:50 (FC) 

Ŭ-ADAM17 Abcam, ab215268 D1(A12) 100nM (F) 

Ŭ-ADAM17 Abcam, ab57484 1F6 1:500 (IF) 

Ŭ-actin Sigma-Aldrich, 

A2066 

Polyclonal 1:2000 (WB) 

Ŭ-PLCG2 Santa Cruz, sc-

5283 

B-10 1:1000 (WB) 

Ŭ-CRKL Bio-Techne, 

MAB5127 

515405 1:1000 (WB) 

Ŭ-SerbinB5 Sigma-Aldrich, 

MABC603 

5C6.2 1:1000 (WB) 

Ŭ-Nexilin Sigma-Aldrich, 

SAB4200124 

NX-38 1:1000 (WB) 

Ŭ-RHBDD1 Sigma-Aldrich, 

HPA013972 

Polyclonal 1:1000 (WB) 

Ŭ-Furin Abcam, ab3467 Polyclonal 1:1000 (WB) 

Ŭ-PACS1 Bio-techne, NBP2-

24496 

Polyclonal 1:1000 (WB) 

Ŭ-IE1 Merck, MAB810R 8B1.2 1:5000 (WB) 



60 
 

Ŭ-gO Provided by Stipan 

Jonjiĺ,  University of 

Rijeka Center for 

Proteomics 

Cl.M74.01 1:1000 (WB) 

Ŭ-Nectin2 Abcam, ab135246 EPR6717 1:1000 (WB) 

Ŭ-MICA Bamomab Bam01 1:2000 (WB) 

Ŭ-Jagged1 GeneTex, 

GTX52879 

4A24 1:25 (IF) 

Ŭ-Nectin1-PE BD, 565766 CK41 1:200 (FC) 

Ŭ-Nectin1 BioLegend, 340402 R1.302 10µg/ml (F) 

1:50 (FC) 

Ŭ-Nectin1 SantaCruz, sc-

21722 

CK6 10µg/ml (F) 

1:50 (FC) 

Ŭ-Vasorin Abnova, 

H00114990-M05 

4G7 1:1000 (WB) 

Ŭ-CD3-BV711 BioLegend, 344838 SK7 1:200 (FC) 

Ŭ-CD3-PE BioLegend, 300308 HIT3a 1:200 (FC) 

Ŭ-CD14-BV510 BioLegend, 367124 63D3 1:200 (FC) 

Ŭ-CD19-BV510 BioLegend, 302242 HIB19 1:200 (FC) 

Ŭ-CD56-BV510 BioLegend, 318340 NCAM 1:200 (FC) 

Ŭ-CD56-APC BioLegend, 362504 NCAM 1:200 (FC) 

Ŭ-CD4-AF700 BioLegend, 300526 RPA-T4 1:200 (FC) 

Ŭ-CD4-PeCy7 Beckman Coulter, 

737660 

SFCI12T4D11 1:200 (FC) 

Ŭ-CD25-APC BioLegend, 302610 BC96 1:200 (FC) 

Ŭ-FoxP3-PE BioLegend, 320008 150D 1:200 (FC) 

Ŭ-CD107a-FITC BioLegend, 328606 LAMP-1 1:200 (FC) 

Ŭ-CD96-PE-Cy7 BioLegend, 338416 NK92.39 1:200 (FC) 

Ŭ-CD96 BioLegend, 338421 NK92.39 10 µg/ml (F) 

Ŭ-CD45RA-

FITC 

BD Pharmingen, 

555488 

HI100 1:200 (FC) 

Ŭ-PROCR-APC BioLegend, 351906 RCR-401 1:200 (FC) 
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Ŭ-mouse IgG-

AF647 

Invitrogen, A-21235 Polyclonal 1:500 (IF, FC) 

Ŭ-rabbit IgG-

AF488 

Invitrogen, A-11070 Polyclonal 1:500 (IF, FC) 

 

Ŭ-mouse-IgG-

HRP 

BioRad, 1721011 Polyclonal 1:5000 (WB) 

Ŭ-rabbit-IgG-

HRP 

BioRad, 170- 6515 Polyclonal 1:5000 (WB) 

Key: WB ï Western Blot, IF ï Immunofluorescence, FC ï Flow Cytometry, F 

ï Functional studies. 
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2.2 Tissue Culture 

2.2.1 Cell Lines 

Immortalised human foetal foreskin fibroblast (HFFF) lines (HF-TERTs and 

HF-CARs) were generated by Brian McSharry. HF-TERTs were immortalised 

using a human telomerase reverse transcriptase (hTERT) (McSharry et al. 

2001), whereas HF-CARs were generated by transducing HF-TERTs with a 

retrovirus expressing the Coxsackie adenovirus receptor (McSharry et al. 

2008). HF-TERTs expressing V5-tagged UL148 or UL148D, as well as control 

cell line GAW containing a small non-coding sequence instead of viral gene, 

were generated by Luis Nobre by lentivirus transduction (Nobre et al. 2019). 

Cell lines from donor derived skin fibroblasts (SFi) for autologous T cell assays 

were established by Prof Eddie Wang and immortalised by Sian Llewellyn-

Lacey or Dawn Roberts as previously described (McSharry et al. 2001). 

ɓ2mKO-TERTs were generated by Dr Pragati Amratia using the CRISPR-

Cas9 method (Amratia 2022). NK cell lines were generated and provided on 

request by Dr Simon Kollnberger. Other cell lines used were primary HFFFs, 

293T, HT-29 and K562 cells, acquired from either MRC cell bank or ATCC.  

2.2.2 Cell Maintenance 

Unless stated otherwise adherent cells were grown in DMEM-10 in a 37°C 

incubator with 5% CO2, apart from HT-29 cells which were cultured in McCoyôs 

5A media. Cells were passaged on average once or twice a week, once they 

had reached >90% confluency. Cell monolayers were washed in PBS, 

followed by a 5 min incubation at 37°C with trypsin to facilitate cell detachment. 

Trypsin was neutralised with DMEM-10 and cells were either used for 

experiments or split appropriately to continue passage. Suspension cells were 

cultured in RPMI-10 in a 37°C incubator with 5% CO2 and split once or twice 

a week by removing part of the cell suspension and replacing it with fresh 

RPMI-10, unless stated otherwise. Established NK cell lines were maintained 

and fed with NK cell media twice a week by Dr Simon Kollnberger. All tissue 

culture reagents were warmed in a 37°C water bath prior to use. 
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2.2.3 Cell Counting 

Cells were mixed thoroughly and 10 µl of cell suspension was loaded into a 

chamber of a Neubauer haemocytometer. The number of cells per 1 ml of cell 

suspension was determined by calculating the number of cells within a 4x4 

grid and multiplying by 104. Cells were then resuspended at desired cell 

density and plated for experiments. 

2.2.4 Cryopreservation of Cells 

To freeze cell stocks, cells were centrifuged at 327x g (for detached adherent 

cells) or 209x g (for suspension cells) for 5 min and resuspended in freezing 

media. Cells were aliquoted into cryovials at 1 ml of cell suspension per 

cryovial and frozen at -80ęC using ñMr Freezyò pots (NALGENE, 5100-0001). 

The following day cryovials were put into liquid nitrogen for long-term storage. 

To recover cells from liquid nitrogen, cells were thawed in a 37ęC water bath 

and added dropwise to 15 ml of media (DMEM-10 for adherent cells and 

RPMI-10 for suspension cells). Cells were centrifuged as described 

previously, resuspended in fresh media, counted, and plated accordingly. 

2.3 Generation of Vasorin- and Jagged1-

expressing lines 

2.3.1 Preparation of lentivirus vector 

To generate Vasorin- and Jagged1-expressing cell lines, Vasorin and Jagged1 

cDNA were cloned with lentivirus vector, which was later packaged into 

lentivirus particles used to transduce cells. The lentivirus vector used in the 

lab (pAL2636; a gift from Prof Michael Weekes) already had an existing insert, 

which needed to be removed and replaced with Vasorin and Jagged1 cDNA. 

To remove the existing insert, pAL2636 was digested using SalI (New England 

BioLabs, R0138L) and NotI (New England BioLabs, R0189L) for 3 hrs at 37°C 

before running on an agarose gel and visualising DNA bands (Section 2.8.2). 

Restriction digest reaction consisted of 5 ɛl of pAL2636 DNA, 2 ɛl of each 

restriction enzyme, 5 ɛl of NEB 3.1 buffer (New England BioLabs, B7203) and 
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36 µl of dH2O. Restriction digest generated 2 bands of ~7 and ~1 kb, 

corresponding to the lentivirus vector and insert, respectively. The ~7 kb band 

was cut out and DNA was purified using a FastGene Gel/PCR Extraction Kit 

(Nippon Genetics, FG-91302) from gel slices. Stellar competent E. coli 

(Takara, 636763) were transfected with purified DNA, followed by DNA 

minipreparation (Section 2.8.4). 

2.3.2 Generation of Vasorin and Jagged1 

lentivirus plasmids 

Sequence-verified Vasorin and Jagged1 cDNA were purchased from Horizon 

Discovery (MHS6278-202806299 & MHS6278-202806346) provided as E. coli 

cultures in LB broth with 8% glycerol. Minipreparation of Vasorin and Jagged1 

cDNA from E. coli cultures was performed as described in Section 2.8.4 and 

purified DNA was prepared to be inserted into lentivirus vector by Phusion 

PCR (Section 2.8.1) using primers with arms of homology to the lentivirus 

vector (Table 2.4). PCR products were then digested with 1 ɛl of DnpI (New 

England BioLabs, R0176S) for 30 min at 37°C to remove methylated DNA (i.e., 

the PCR template), stained with DNA loading dye and run on an 

electrophoresis gel (Section 2.8.2). FastGene Gel/PCR Extraction Kit was 

used to purify PCR products from gel slices. DNA was then cloned by Gibson 

assembly with previously prepared lentivirus vector plasmid using NEBuilder 

HiFi DNA Assembly Cloning Kit (New England BioLabs, E5520S) before 

transforming NEB 5-alpha Competent E. coli (New England BioLabs, C2987I). 

Transformed bacteria were cultured on LB agar plates with 100 µg/ml of 

ampicillin for 24-48 hrs at 37°C and four colonies from each cloning experiment 

were chosen for DNA minipreparation and restriction digest using SalI and NotI 

to confirm successful recombination, as described previously (Section 2.3.1). 

If the banding pattern of the restriction digest appeared normal, 

recombineered Vasorin or Jagged1 lentivirus vector DNA was sent for 

sequencing (Section 2.8.5) using sequencing primers. Since Vasorin and 

Jagged1 inserts were large, multiple regions of the inserts were sequenced in 

addition to the outside of the region of the insert (Table 2.5). 
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Table 2.4: Cloning primers used to prepare Vasorin and Jagged1 cDNA 

for insertion into lentivirus vector. Primers were designed using CLC Main 

Workbench 8.1 application and purchased from Eurofins. 

Target  Primer*  

Vasorin Forward 

AAGTTTGTACAAAAAAGCAGGCTGCGGCCGCGCCACCA

TGTGCTCCAGGGTCC 

 Reverse 

CCACTTTGTACAAGAAAGCTGGGTGTCGACTTAGATGTA

GGGCTTTGCG 

Jagged1 Forward 

AAGTTTGTACAAAAAAGCAGGCTGCGGCCGCGCCACCA

TGCGTTCCCCACG 

 Reverse 

CCACTTTGTACAAGAAAGCTGGGTGTCGACCTATACGAT

GTACTCCATTCGGTTTAAGCTCTGGG 

* Blue colour indicates arms of homology to the vector 
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Table 2.5: Sequencing primers used to confirm Vasorin and Jagged1 

recombineering with lentivirus vector. Primers were designed using CLC 

Main Workbench 8.1 application and purchased from Eurofins. 

Target  Primers*  

Vasorin Forward 

1) GCTCACAACCCCTCACT 

2) AAGCTGCAGGACAACG 

3) GCTTGACTACGCCGACT 

4) CGCCACTTACTCCGTCT 

 

Reverse 

1) ACTTGTCATCGTCGTCCT 

Jagged1 Forward 

1) GCTCACAACCCCTCACT 

2) AAGGCTTCTCACTCGGG 

3) ACCCAACTGTGAAATTGCT 

4) TCCAGTGTCTGTGTCCC 

5) AAATGGGTGGAAAGGAAAGAC 

6) TGCTCAAAGGTCTGGTGT 

7) TGTGGCTTGGATCTGTTGCT 

 

Reverse 

1) ACTTGTCATCGTCGTCCT 
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2.3.3 Lentivirus Production 

293T cells were seeded in DMEM-10 at 1.1x106 cells/well in a 6 well plate one 

day before the transfection. The next day transfection mix was prepared using 

1.337 ɛg of each packaging plasmid (pMDL, pRSV-REV, pTAT, pVSVG; a gift 

from Prof Michael Weekes), as well as 1.337 ɛg of previously prepared 

Vasorin or Jagged1 lentivirus plasmids (Section 2.3.2). Transfection reagent 

GeneJuice (15 µl, Merck Millipore, 70967) was mixed with 510 µl of RPMI 

(Sigma, R0883) and incubated for 5 min at room temperature (RT) before 

adding dropwise to the plasmid mix. Transfection complexes were allowed to 

form for 30 min at RT before 150 µl of transfection mix was added per well of 

previously seeded 293T, containing 6 ml of fresh DMEM-10. Cells were 

incubated at 37°C with 5% CO2 for 72 hrs. After 72 hrs, supernatants were 

harvested and centrifuged at 1308x g for 15 min to remove cells and debris. 

Supernatants were then filtered using 0.45 ɛm low adsorption filters and stored 

at -80°C in 2 ml aliquots.  

2.3.4 Transduction and selection of cell lines 

HF-TERTs or ɓ2mKO-TERTs were seeded at 1x106 in a 25 cm2 flask in 

DMEM-10. The following day 2 ml of filtered lentivirus aliquot was thawed in a 

37°C water bath and added to the cells together with 4 ml of DMEM10. After 

48 hrs antibiotic selection began and 1 µg/ml puromycin (Santa Cruz, sc-

108071B) was added to cells twice a week until the control cells that lacked 

antibiotic resistance marker completely died. Puromycin was applied to 

lentivirus transduced cells for an additional week to ensure complete selection, 

after which cells were expanded and cultured in DMEM-10. Vasorin and 

Jagged1 expression was validated by Western Blot (WB) and flow cytometry, 

respectively (Sections 2.6.1 & 2.7.6).  

2.3.5 Cell Sorting 

To generate ɓ2mKO-Vasn-Jag1-TERT line, ɓ2mKO-Vasn-TERTs were first 

generated by Vasorin lentivirus transduction as described previously, followed 

by a Jagged1 lentivirus transduction. Since both Vasorin and Jagged1 



68 
 

constructs had puromycin resistance markers, Jagged1+ cells were required 

to be cell sorted 48 hrs following Jagged1 lentivirus transduction of ɓ2mKO-

Vasn-TERTs. Cells were stained using Ŭ-Jagged1 antibody as described in 

Section 2.6.1. Jagged1+ cells were sorted by Kelly Miners using a BD 

FACSAria. Following cell sorting, cells were cultured in DMEM-10 at 37°C with 

5% CO2 incubator. 

2.4 Virology 

2.4.1 Generation of HCMV stocks 

To grow out HCMV stocks, HF-TERTs were either transfected with a HCMV 

BAC or infected using a low multiplicity of infection (MOI) with a previously 

generated viral stock. 

2.4.1.1 Transfection with HCMV BACs 

HF-TERTs (1x106) were detached using Trypsin as described previously and 

transfected with 2 ɛg HCMV BAC DNA using the Amaxa Basic Nucleofector 

Kit for Primary Mammalian Fibroblasts (Lonza, VPI-1002) according to 

manufacturerôs instructions. Transfected cells were seeded into a 25 cm2 flask 

in DMEM-10 and cultured until the flasks demonstrated ~90% cytopathic effect 

(CPE), with media changed twice a week. At ~90% CPE supernatant 

containing HCMV virions was harvested and stored at -80°C. Supernatants 

were harvested every two days until the monolayer had died. 

2.4.1.2 Growing HCMV stocks 

Five confluent HF-TERTs 150 cm2 flasks were infected with either existing 

titrated viral stock at a low MOI of 0.03, or with the harvest from HCMV BAC 

transfected cells described in Section 2.4.1.1. Infected HF-TERTs were 

cultured in DMEM-10 which was changed twice a week until the cells reached 

~90% CPE. Supernatants were then harvested every two days and stored at 

-80°C until the cell monolayer had died. To concentrate the virus, frozen 

supernatants were thawed in a 37°C water bath and centrifuged at 581x g for 

5 min to pellet any cells and debris. Supernatants were then pooled into virus 



69 
 

pots and centrifuged at 29416x g for 2 hrs at 22°C. A dense formed pellet was 

resuspended in 5 ml of DMEM-10 and pushed through a 19G needle six times 

to get rid of any clumps. Final viral stocks were frozen at -80°C in 300 µl 

aliquots and thawed in a 37°C water bath when needed. HCMV stocks used 

in this project are listed in Table 2.6. 

Table 2.6: HCMV variants used in this project. 

pAL 

number  

HCMV 

backbone 

Modification  Creator 

1111 Merlin Mutations in RL13 and UL128 

locus (present in all Merlin 

derived viruses used in this 

project) 

(Stanton et 

al. 2010) 

1845 Merlin ȹUL148D Eva Ruckova 

2035 Merlin ȹUL148 Ceri Fielding 

2393 Merlin ȹUL148/ȹUL148D Mihil Patel 

2445 Merlin V5 tag at C-terminus of UL148 Mihil Patel 

2929 Merlin V5 tag at C-terminus of UL148 

and HA tag at C-terminus of 

UL148D 

Anzelika 

Trinca 

 

2.4.1.3 Titration of HCMV by plaque assay 

Primary HFFFs were seeded onto a 6-well plate at 2.5x105 cells/well in DMEM-

10. The next day cells were infected with three dilutions of previously 

concentrated and aliquoted HCMV stock: 10-4, 10-5 and 10-6, with all dilutions 

prepared in DMEM-10. Inoculum (100 ɛl/well) was added in duplicate and 

rocked for 2 hrs at 37°C, after which the inoculum was replaced with a 50:50 

mixture of 2% Avicel and DMEM X2 media. Cells were left in a 37°C, 5% CO2 

incubator and not disturbed for 14 days allowing plaques to form. To count the 

plaques, wells were washed twice with PBS and plaques were manually 

counted in duplicate under a light microscope. Titre (plaque forming units 

(PFU)) was calculated as number of plaques (in 100 ɛl) x 10 x dilution factor.  
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2.4.1.4 HCMV Infections 

For HCMV infection, HF-TERTs were seeded in DMEM at desired cell density 

the night before the infection to increase the effectiveness of the viral entry 

into fibroblasts. The following day HCMV was added to the cells at MOI of 5 

or 10, following a 2 hr incubation at 37°C with 5% CO2 on a rocker before 

replacing the inoculum with fresh DMEM. The following day, at 24 hpi, DMEM 

was substituted to DMEM-10. 

2.4.2 Adenovirus Infections 

Replication-deficient recombinant adenovirus (RAds) infections in HF-CARs 

followed the same principle as HCMV infections, however DMEM-10 was used 

throughout the process. MOI of 10 was used when HF-CARs were infected 

with individual UL148-RAd and UL148D-RAd, however when UL148-RAd and 

UL148D-RAd were used in combination, MOI of 5 was used for each RAd 

achieving a total MOI of 10. RAds used in this thesis were recombineered by 

Dr Sepehr Seirafian, Dr James Davies and Prof Richard Stanton.  

2.5 Immunofluorescence 

2.5.1 Seeding cells for Microscopy 

Adherent cell lines were seeded into a glass-bottom 96-well plate (Ibidi, 89626) 

at 4x103 cells/well the day before staining. For HCMV infections, 1x104 

cells/well were seeded and infected the following day as described in Section 

2.4.1.4. For RAd infections (Section 2.4.2), as well as Mock-infected cells, 

cells were seeded at 3x103 cells/well. Staining was performed at indicated 

timepoints post infection. 

2.5.2 Immunofluorescence assay 

Cells were washed once in PBS, fixed using fixing solution for 15 min at RT 

and permeabilised with 0.5% NP-40 solution for 15 min at RT. Infected cells 

were incubated with IgG from an HCMV-seronegative donor (1:250 of lab 

stock) for 30 min at RT to block Fc receptors to avoid nonspecific staining. 
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Staining was performed in PBS at 37°C for 30 min, with PBS washes in 

between primary and secondary antibody staining. Hoescht stain (Sigma 

Aldrich, D9564) was added into the secondary antibody master mix at 10 ng/ml 

to stain the nuclei. Cells were finally washed twice in PBS before the addition 

of DABCO as a mounting medium. The plates were stored in the dark at 4°C 

before being imaged on a Zeiss microscope (Axio Observer Z1) with the 

Apotome function engaged to provide a clearer image of one focal plane 

without scattered light. A magnification of x63 was used. 

2.6 Flow Cytometry 

2.6.1 Surface staining for Flow Cytometry 

Adherent cell lines were washed with PBS and detached using TrypLE for 5 

min at 37°C. TrypLE was neutralised with DMEM-10 and detached cells were 

washed twice with PBS by centrifugation at 327x g for 5 min. Suspension cells, 

such as PBMCs, T- and NK-cells, were washed twice with PBS by 

centrifugation at 209x g for 5 min. Cells were resuspended in 50 µl of surface 

antibody master mix diluted in PBS and incubated for 30 min at 4°C in the 

dark. If viability stain was included, LIVE/DEADÊ Fixable Aqua (Invitrogen, 

L34965) was added to the master mix at 1:1000. Cells were then washed twice 

in PBS as previously described and in the case of unconjugated antibodies, 

secondary antibody master mix was applied and cells were incubated for 30 

min at 4°C in the dark. Stained cells were washed twice in PBS and fixed using 

fixing solution for 15 min at 4ęC. If cells were analysed immediately, they 

remained in the fixing solution, however if the flow cytometry analysis was 

postponed until the next day cells were washed once with PBS, resuspended 

in 200 µl of FACS buffer and left at 4°C in the dark. 

2.6.2 Intracellular staining for Flow Cytometry 

For Forkhead box protein P3 (FoxP3) intracellular staining FOXP3 Fix/Perm 

Buffer Set was used (BioLegend, 421403) according to manufacturerôs 

instructions. Briefly, cells were surfaced stained as described in Section 2.6.1, 

however the fixing step was performed using 1X BioLegend's FOXP3 
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Fix/Perm solution for 20 min at RT in the dark, followed by two washes in FACS 

buffer (5 min, 209x g). Cells were next washes once in 1X BioLegend's FOXP3 

Perm buffer and incubated in the same buffer for 15 min at RT in the dark, 

followed by the addition of Ŭ-FoxP3-PE antibody and further 30 min incubation 

under the same conditions. Cells were finally washed twice in FACS buffer 

and resuspended in 200 µl of FACS buffer ready for flow cytometric analysis.  

2.7 Immunoblotting of cell proteins 

2.7.1 Preparation of lysates 

Cells were seeded in 25 cm2 flasks at 1x106 cells/flask, infected with HCMV- 

or Mock-infected and harvested at indicated timepoints. Cell monolayer was 

washed twice with ice cold PBS and 250 ɛl of NuPAGE lysis buffer was added 

to the flask. Cells were scraped into the lysis buffer and heated in a heat block 

for 10 min at 90°C. To study soluble proteins, cells were seeded in DMEM and 

after indicated time in culture, media was collected and centrifuged at 327x g 

for 5 min. Supernatant was collected and centrifuged using Vivaspin 20 

sample concentrators (Sartorius, VS2091) following manufacturerôs 

instructions. To reduce the sample, 25% (v/v) 4x NuPAGE LDS buffer and 

10% (v/v) DTT were added, following by a 10 min incubation at 90°C in a heat 

block. Lysates were either used immediately or stored at -20°C until resolution 

by SDS-PAGE. 

2.7.2 Immunoprecipitation 

For immunoprecipitation (IP), cells were seeded in 25 cm2 flasks at 1x106 

cells/flask, infected with HCMV- or Mock-infected and harvested at indicated 

timepoints. Cell monolayers were washed twice with ice cold PBS and 500 ɛl 

of Pierce IP lysis buffer was added to the flask. Cells were scraped into a 1.5 

ml collection tube and rotated on a 360° rotor for 20 min at 4°C. Supernatants 

were collected by centrifugation at 16,000x g for 10 min at 4°C. Each lysate 

(30 ɛl) was mixed with 25% (v/v) 4x NuPAGE LDS buffer and 10% (v/v) DTT 

and heated in a heat block for 10 min at 90°C to make input samples. The rest 

of the clarified lysates were mixed with 20 µl of either V5 or HA agarose slurry 
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(Abcam, ab214758 & ab1229) and incubated for 2 hrs at 4°C on a 360° rotor. 

The beads were washed with 500 µl of Pierce IP lysis buffer three times by 

centrifugation at 470x g for 1 min and replacement of the supernatant with the 

lysis buffer. After the final wash, proteins were eluted by adding 70 µl of 

NuPAGE lysis buffer to the beads, followed by a 10 min incubation at 90°C in 

a heat block. Beads were centrifuged at 16,000x g for 1 min and supernatant 

were collected and either used immediately or frozen down at -20°C for later 

use. 

2.7.3 Enrichment of glycoproteins by 

Concanavalin A 

Concanavalin A (ConA) enrichment of glycoproteins was specifically used to 

study ADAM17 levels in cells in a WB setting. HF-TERTs (1x106) were HCMV- 

or Mock-infected in a 25 cm2 flask and harvested at indicated timepoints post 

infection. Cells monolayers were washed twice with ice-cold PBS and lysed in 

1 ml of ConA lysis buffer for 10 min on a rocker at 4°C. Cells were scraped 

into a 1.5 ml tube and centrifuged at 16,000x g for 10 min. Supernatants were 

collected and incubated with 50 µl of ConA beads (Sigma Aldrich, C9017) for 

3 hrs at 4°C on a 360° rotor to capture glycoproteins. Beads were washed 

three times with ConA lysis buffer by centrifuging the lysates at 470x g for 3 

min, removing the supernatant and resuspending the beads in 1 ml of ConA 

lysis buffer. To elute the glycoproteins bound to the beads, 70 µl of ConA 

elution buffer was added to beads, followed by a 15 min incubation at 65ęC on 

a heat block. Eluted samples were centrifuged at 16,000x g for 3 min and the 

supernatants were collected and either used immediately or frozen at -20ęC 

until resolution by SDS-PAGE. 

2.7.4 EndoH and PNGaseF digest 

For ADAM17 Endoglycosidase H (EndoH) and Peptide:N-glycosidase F 

(PNGaseF) digestion experiment, ConA enrichment was performed as 

described previously, however the elution step was performed using 

EndoH/PNGaseF ConA elution buffer instead of ConA elution buffer. Eluted 

samples were then split into 3 parts (20 µl each) and treated with either 2 µl 
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EndoH (New England BioLabs, P07025), 2 µl PNGaseF (New England 

BioLabs, P07045) or 2 µl of dH2O. Digestion reactions were completed with 

reagents from Endoglycosidase Reaction Buffer Pack (New England Labs, 

B0701S). EndoH reaction was completed with 4 µl of 10x Glycobuffer 3 and 

14 µl of dH2O, whereas PNGaseF reaction was completed with 4 µl of 10x 

Glycobuffer 2, 4 µl of 10% NP-40 and 10 µl of dH2O. Untreated reaction was 

topped up with 20 µl of dH2O. Samples were digested for 16 hrs at 37°C using 

a PCR machine before incubating digested samples at 75°C heating block for 

10 min to inactivate the enzymes. Sample were either used immediately or 

frozen at -20°C until resolution by SDS-PAGE. 

2.7.5 Separation of polypeptides by 

electrophoresis 

A BioRad Criterion SDS-PAGE system was used to perform gel 

electrophoresis on cell lysates. A 10% or gradient 4-15% pre-cast BioRad gel 

(BioRad, 5678034 & 5678084) was placed into Criterion electrophoresis cell 

with 500 ml of WB running buffer. Pre-stained protein ladder (10 ɛl, Geneflow, 

S6-0024) was used to determine protein size. For whole cell lysates (WCL) 30 

µl of sample was loaded per well, for IP samples 15 µl was used. The gel was 

run at 150V for 1 hr.  

2.7.6 Western Blotting 

Semi-dry transfer method was used to transfer proteins onto a membrane. 

PVDF membrane (Merck, GE10600023) was soaked in 100% methanol for 5 

min, followed by a 15 min soak in WB 2x transfer buffer together with two 

sheets of blotting paper. Soaked membrane, blotting paper and 

electrophoresis SDS-PAGE gel were assembled together and run at 20V for 

1 hr. Following transfer, membrane was blocked in WB blocking buffer for 1 hr 

at RT or 16 hr at 4°C. The membrane was then stained with primary antibody 

diluted in WB blocking buffer for 1 hr at RT or 16 hr at 4°C. Excess antibody 

was removed by 3x 5 min PBST washes at RT. Secondary antibody was also 

diluted in WB blocking buffer and used to stain the membrane for 1 hr at RT, 

followed by 3x 5 min PBST washes. All blocking, staining was washing steps 
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were carried out on a rocker. To develop the membrane SuperSignal West 

Pico PLUS Chemiluminescent Substrate (Thermo Scientific, 34578) was 

added according to manufacturerôs instructions for 5 min and visualised with a 

GeneSys GelDoc (Syngene). If reprobing of the blot was required, the 

membrane was washed with PBST (3x 5 min washes) and WB stripping buffer 

was applied according to manufacturerôs instructions. The membrane was 

then washed (5x 5 min washes) and blocked again before antibody staining. 

2.8 Molecular Biology 

2.8.1 Polymerase Chain Reaction 

Generation of Vasorin- and Jagged1-expressing cell lines, as well as UL148D-

HA En passant relied on PCR reactions for amplification, recombineering and 

sequencing purposes.  

Phusion High-Fidelity (HiFi) DNA Polymerase kit (New England BioLabs, 

M0530) was used to amplify Vasorin and Jagged1 cDNA for insertion into 

lentivirus plasmid vector. The PCR reaction consisted of 0.5 ɛl Phusion DNA 

polymerase, 10 ɛl Phusion HF buffer, 1 ɛM each of the forward and reverse 

recombineering primers specific to either Vasorin of Jagged1 (Table 2.4), 1 ɛl 

of either Vasorin or Jagged1 cDNA template, 1 ɛl dNTP mix (10mM; New 

England BioLabs, N0447L), 1.5 ɛl DMSO and 35 ɛl dH2O. The reactions were 

amplified using the programme found in Table 2.7. 

For En passant recombineering PCR reactions were set up using Expand HiFi 

PCR System (Sigma, 11732650001) and consisted of 37.4 ɛl dH2O, 1.5 ɛl 

DMSO, 1 ɛl dNTP mix, 5 ɛl Buffer #3 (HiFi Buffer (10x) without MgCl2), 3.1 ɛl 

Buffer #4 (MgCl2 25 mM Stock Solution), 0.25 ɛl of each of the forward and 

reverse primers (Table 2.9), 1 ɛl En Passant template pAL2638 and 0.5 ɛl of 

Buffer #1 (HiFi enzyme mix). The reactions were amplified using the 

programme found in Table 2.8. 

Taq DNA Polymerase kit (Invitrogen, 18038-042) was used to check HCMV 

BACs after each round of En passant. The PCR reactions consisted of 0.25 ɛl 

Taq polymerase, 5 ɛl 10X PCR buffer, 1.5 ɛl MgCl2, 1.5 ɛl DMSO, 1 ɛM each 
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of the forward and reverse primers (Table 2.10), 1 ɛl of template (BAC DNA), 

1 ɛl dNTPs, and 37.75 ɛl dH2O. The reactions were amplified using the HiFi 

programme found in Table 2.8. 
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Table 2.7: Phusion PCR programme used to amplify Vasorin and 

Jagged1 cDNA. 

Phusion 

Programme 

Stages 

Temperature  Time Cycles 

Pre-Heating 99°C - - 

Initial Denaturation 98°C 30 s 1 

Denaturation 98°C 10 s 35 

Annealing 55°C 30 s  

Extension 72°C 3 min  

Final Extension 72°C 12 min 1 

Hold 4°C Ð - 

 

 

Table 2.8: High Fidelity PCR programme used to amplify En passant 

cassette with UL148D-HA primers. The same programme was used for Taq 

polymerase PCR reactions. 

HiFi 

Programme 

Stages 

Temperature  Time Cycles 

Pre-Heating 99°C - - 

Initial Denaturation 95°C 2 min 1 

Denaturation 95°C 30 s 35 

Annealing 55°C 30 s  

Extension 72°C 2 min  

Final Extension 72°C 7 min 1 

Hold 4°C Ð - 
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2.8.2 Gel Electrophoresis 

DNA was separated on a 0.7% agarose-TAE gel at 100V for 45-60 min. To 

stain DNA Midori Green was added to liquid agarose gel before it solidified. 

The mixture was poured into a cassette with a comb and allowed to cool. Once 

solidified, the gel was placed into a tank filled with TAE buffer. HighRanger 1 

kb DNA Ladder (Norgen, 11900) was added to the first well for size reference. 

Samples were mixed with DNA loading dye before loading onto the gel. 

2.8.3 En Passant mutagenesis 

To generate double tagged UL148-V5 and UL148D-HA HCMV, En Passant 

mutagenesis was performed as described previously (Tischer et al. 2010). 

2.8.3.1 Transformation of GS1783 bacteria with a 

BAC 

E. coli strain GS1783 lacking a BAC (pAL2315) were grown overnight in LB 

broth in a 32°C Stuart SI500 shaking incubator at 200 rpm. Overnight culture 

(500 ɛl) was inoculated in 25 ml LB broth the following day and grown in a 

shaking incubator (200 rpm) at 32°C until bacteria reached an optical density 

(OD600) of 0.6 (~3.5 hrs). Bacteria were then cooled on ice for 15 min and 

washed twice with 25 ml of cold water by centrifugation at 3347x g for 5 min 

at 4°C. Pelleted bacteria were resuspended in water dregs and 25 ɛl of 

bacterial culture was mixed with 1 ɛl of UL148-V5 tagged BAC (pAL2445) or 

1 ɛl of dH2O as control. Bacteria were then transferred to 2 mm electroporation 

cuvettes (Geneflow, E6-0060) and electroporated with a BioRad MicroPulser, 

program EC3. Transformed bacteria were recovered for 1 hr in LB broth in a 

shaking incubator at 32°C (200 rpm) before spreading on LB agar plates 

containing 30 ɛg/ml chloramphenicol and incubating for 24-48 hrs at 32°C until 

the colonies form. 

2.8.3.2 Inserting the En Passant Cassette 

Up to four GS1783 colonies containing pAL2445 were picked and inoculated 

as described previously until bacteria reached OD600 of 0.6. The lambda red 

proteins were then induced by incubating the bacteria in a 42°C water bath for 
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15 min. Bacteria were then cooled down on ice for 15 min, washed, pelleted 

and transformed as before (Section 2.8.3.1). DNA for transformation was 

prepared by amplifying the En Passant cassette (pAL2638) (Section 2.8.1) 

using primers containing arms of homology to UL148D along with an inserted 

HA tag (Table 2.9). PCR product was digested with DpnI as described 

previously, run on a 0.7% agarose gel and ~1 kb band was cut out and purified 

from gel slices as before, and used to transform bacteria prepared earlier. 

Transformed bacteria were spread on a LB agar plate containing 30 ɛg/ml 

chloramphenicol and 30 ɛg/ml kanamycin and incubated for 24-48 hrs at 32°C 

until colonies formed. 

Table 2.9: En passant primers used to HA-tag UL148D. Primers were 

designed using CLC Main Workbench 8.1 application and purchased from 

Eurofins. 

Primer  Sequence 

Forward* TTTACGCAGCAGCAGGCACGCAACGGGAGCGGCAGCGG

CAGCGCTTACCCCTACGACGTGCCCGACTACGCCTAGAC

AATAGGGATAACAGGGTAATGGC 

 

Reverse CCGGCTACGGCGCTTGGAGCTGTAGCCGCCTGGGACTTG

TCTAGGCGTAGTCGGGCACGTCGTAGGGGTAAGCGCTTC

AGAAGAACTCGTCAAGAAGGCG 

* Green colour indicates sequence of the HA tag. 

 

2.8.3.3 Confirming En passant round one results 

To confirm that the en passant cassette had inserted correctly, four colonies 

were selected from previously prepared plates and individually incubated in a 

32°C shaker overnight in 5 ml LB broth with 30 ɛg/ml chloramphenicol. DNA 

minipreparation was performed, followed by Taq polymerase PCR analysis 

(Section 2.8.1) using sequencing primers that bound just outside the region 

being modified (Table 2.10), before mixing with DNA loading dye and running 

on 0.7% agarose gel to check banding pattern. An alternative way of checking 
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that BAC integrity had not been grossly altered by the en passant process, 

HCMV BAC was subjected to restriction digest by combining 8 ɛl of DNA with 

1 ɛl of NE Buffer #2.1 (New England BioLabs, B7202S) and 1 ɛl of HindIII 

(New England BioLabs, R0104L), and incubating for 1 hr at 37°C. Banding 

pattern was then checked by running digested DNA on a 0.7% agarose gel 

after the addition of DNA loading dye. 

Table 2.10: Sequencing primers for UL148D-HA En passant. Primers were 

designed using CLC Main Workbench 8.1 application and purchased from 

Eurofins. 

Primer  Sequence 

Forward CACCACCACGACCTATCT 

Reverse TCCACACGTTGTACGCC 

 

 

2.8.3.4 Resolution of En passant cassette 

Overnight cultures (10 µl) that demonstrated a correct banding pattern by 

either PCR or HindIII digest were inoculated in 1 ml LB broth containing 30 

ɛg/ml chloramphenicol and incubated for 2 hrs at 32Á in a shaking Stuart SI500 

incubator at 200 rpm. Following incubation, 1 ml of 2% L-Arabinose solution 

(prepared in LB broth containing 30 ɛg/ml chloramphenicol) was then added 

to bacteria and incubated for another hour before placing the tube with bacteria 

into a 42°C water bath for 30 min. The culture was then returned to the 32°C 

shaking incubator (200 rpm) for a further 2 hrs, after which the OD600 of the 

culture was measured, and the bacteria were diluted accordingly and spread 

on a LB agar plate containing 30 ɛg/ml chloramphenicol and 1% L-Arabinose. 

Plates were incubated for 24-48 hrs at 32°C until colonies formed. Colonies 

that had grown on the chloramphenicol and L-arabinose plates were checked 

for kanamycin sensitivity ï bacteria that had En passant cassette successfully 

removed were sensitive to kanamycin. This was done by picking a colony and 

spreading it on LB agar plate containing 30 ɛg/ml chloramphenicol alone, and 

another containing both 30 ɛg/ml of chloramphenicol and 30 ɛg/ml of 
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kanamycin. This was performed for at least 10 individual colonies, and 

kanamycin sensitive colonies were inoculated in 5 ml of LB broth with 30 ɛg/ml 

chloramphenicol and incubated overnight at 32°C shaking incubator (200 

rpm), followed by DNA minipreparation and sequencing. If sequencing 

validated the modification, HCMV BAC maxipreparation (Section 2.8.6) was 

performed to generate enough DNA for transfections (Section 2.4.1.1). 

2.8.4 Minipreparation of DNA 

A Universal tube containing 5 ml of LB broth with appropriate antibiotic was 

used to inoculate bacteria overnight in a shaking (200 rpm) Stuart SI500 

incubator at 32°C. Bacteria were inoculated by either a loop scrape from a 

glycerol stock or a colony picked from a LB agar plate. A 500 ɛl aliquot of the 

overnight culture was stored at 4°C to be made into a glycerol stock later on, 

whilst the rest of the culture was centrifuged at 3347x g for 5 min at 4°C, 

following DNA extraction using QIAprep Spin Mini Prep kit (Qiagen, 27106). 

Minipreparations of DNA were stored at 4°C short term or -20°C long term. 

2.8.5 Sequencing 

Sequencing was performed by Eurofins using the Eurofins Mix2Seq overnight 

kit and sequencing primers specific to HCMV BAC or Vasorin/Jagged1 

plasmids. Sequencing was checked using CLC Main Workbench 8.1, where 

returned sequences were assembled to the predicted sequence. 

2.8.6 Maxipreparation of BAC DNA 

Maxipreparation of DNA was performed similarly to minipreparation (Section 

2.8.4), however it was on a larger scale. Similar to minipreparation, an 

Universal tube containing 5 ml of LB broth with 30 ɛg/ml chloramphenicol was 

used to inoculate bacteria with desired BAC in a shaking (200 rpm) Stuart 

SI500 incubator at 32°C, however instead of overnight inoculation, bacteria 

were incubated throughout the day for ~7 hrs. At the end of the day bacteria 

were added to a 2 L conical flask containing 250 ml of LB broth supplemented 

with 30 ɛg/ml chloramphenicol. The culture was incubated overnight at 32°C 

in a shaking incubator at 200 rpm. Following overnight growth, the culture was 
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harvested and centrifuged in a 250 ml pot for 15 min at 6,000x g at 4°C. 

NucleoBond Xtra Maxi kit (Machery Nagel, 12748412) was then used for the 

maxipreparation according to manufacturerôs instructions. The BAC DNA was 

then quantified and checked for quality using the NanoDrop and stored at -

20°C ready to be used for transfections (Section 2.4.1.1). 

2.9 Proteomics 

2.9.1 Preparing Heavy-SILAC media 

Dialysed FBS was centrifuged at 2325x g for 10 min to get rid of residual 

protein by pelleting and filtered using a 0.45 ɛm filter ï if not removed it can 

subsequently interfere with protein identification by MS. Filtered dialysed FBS 

(50 ml) was added into a 500 ml bottle of SILAC DMEM Flex Media to make 

10% media. Other media components were mixed together first and filtered 

used a 0.22 ɛl sterile filter before being added to the media bottle. This 

included adding 500 ɛl of 280 mg/ml L-Proline stock, 500 ɛl of 50 mg/ml L-

Lysine:2HCl and 500 ɛl of 50 mg/ml L-Arginine:HCl to 5 ml of L-glutamine and 

5 ml of D-glucose. Media was stored at 4°C and used as normal tissue culture 

media. 

2.9.2 Generating samples for secretome 

analysis 

For secretome analysis HF-TERTs were grown in Heavy-SILAC-DMEM-10 for 

2 weeks prior to HCMV infection. HCMV infection of fibroblasts for secretome 

analysis was carried out as described in Section 2.4.1.4 with Merlin, ȹUL148, 

ȹUL148D, ȹUL148/æUL148D (dKO) HCMV and Mock, using Heavy-SILAC-

DMEM-0. At 24 and 72 hpi, culture media from infected cells were harvested 

and centrifuged at 327x g for 5 min to get rid of cells and debris. Harvests were 

required to be serum-free since proteins from FBS can interfere with 

secretome analysis. To achieve this, cells were incubated in Heavy-SILAC-

DMEM-0 immediately after infection and when 24 hpi culture media was 

harvested, it was replaced with Heavy-SILAC-DMEM-10. At 48 hpi media was 

replaced again with Heavy-SILAC-DMEM-0 media which was then harvested 
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at 72 hpi. Secreted proteins from harvested and centrifuged media were 

concentrated using Amicon Ultra-15 Centrifugal Filter Unit (Merck, 

UFC900324) for 2 hrs at 4000x g, 4°C, resulting in a final concentrated protein 

sample of 250 µl. Concentrated samples were then snap-frozen in dry ice and 

methanol and shipped on ice to Prof Michael Weekes at the University of 

Cambridge for proteomics analysis. 

2.9.3 Single Shot and Fractionation of samples 

Proteomics work was performed by Martin Potts at the University of 

Cambridge. Briefly, shipped samples were digested into peptides and labelled 

with 10-plex tandem mass tag (TMT) reagents. All samples were mixed 

together and analysed by MS allowing for accurate comparative quantitation 

of protein levels between mixed samples. Samples were initially run as an 

unfractionated single shot before fractionation of the samples was performed 

to increase the detection range (Weekes et al. 2014). 

2.10 Functional Assays 

2.10.1 Protein Degradation Inhibition assays 

To inhibit ER-associated protein degradation (ERAD) two ERAD inhibitors 

were used Eeyarestatin I (EerI) (Sigma-Aldrich, E1286) and Kifunensine (Kif) 

(Sigma-Aldrich, K1140). HF-TERTs were infected with HCMV as described in 

Section 2.4.1.4, however prior to infection, cell monolayer was pre-treated 

with either 5 µM EerI or 2.5 µM Kif for 2 hrs in DMEM-0. HCMV infections were 

carried out as normal however EerI or Kif were included in the media during 

infections, followed by an 18 hr incubation in DMEM-10 with 5 µM EerI or 2.5 

µM Kif before sample processing. Additional experimental condition was set 

up using Kif in which Kif was added 72 hpi to cells, followed by a 24 hr 

incubation and sample processing at 96 hpi.  

Inhibition of proteasomal and lysosomal degradation pathways were 

performed using proteasome inhibitor MG132 at 10 µM (Calbiochem, 474787) 

and lysosome inhibitor leupeptin at 200 µM (Calbiochem, 108975). HF-TERTs 
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were infected as normal, with inhibitors added 24 hpi in DMEM-10 for an 

additional 18 hrs before sample processing. 

2.10.2 Treg Expansion assay 

2.10.2.1 Preparation of target cells 

A number of different HF-TERT and ɓ2mKO-TERTs cell lines were used as 

targets, such as standard lines and Vasorin- and/or Jagged1-expressing lines. 

Target cells were infected with HCMV as described previously and harvested 

72 hpi by detachment using TrypLE. Cells were washed twice with DMEM-10 

by centrifugation at 327x g for 5 min and g-irradiated at 6000 rad to halt cell 

division. Cells were washed again, counted and resuspended in RPMI-10 with 

1% AB serum at appropriate cell density. When isolated naïve CD4+ T cells 

were used as effectors, targets were resuspended at 2x104 cells per 100 ɛl, 

whereas when PBMC were used as effectors, targets were resuspended at 

105 cells per 300 ɛl. 

2.10.2.2 Preparation of responder cells 

PBMC or isolated naïve CD4+ T cells were used as responder cells. Peripheral 

blood was either donated by healthy volunteers or obtained from apheresis 

cones (leukoreduction system chambers) from the Welsh Blood Service. 

Apheresis cones containing ~5 ml of blood were washed with 45 ml of PBS 

into a tube containing 500 µl of Heparin Sodium (stock 1000 U/ml, Wockhardt). 

Blood donated by volunteers was collected into a tube containing 250 µl of 

Heparin Sodium. To obtain PBMCs, 25 ml of blood was carefully layered over 

15 ml of Histopaque (Sigma Aldrich, 10771) and centrifuged at 470x g for 20 

min with the brake off. Cloudy PBMC layer was removed and washed in RT 

PBS three times with the following settings for each spin: 1) 470x g, 10 min, 

brake on; 2) 327x g, 7 min; 3) 246x g, 3 min. PBMC were resuspended in 

RPMI-10, counted, centrifuged at 209x g for 5 min and resuspended at 

appropriate cell density. When PBMC were used as responders, 106 cells were 

resuspended in 300 µl of 2x Treg media ready for assay set up.  
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Naïve CD4+ T cells were isolated by magnetic activated cell sorting (MACS) 

using the Naïve CD4+ T Cell Isolation Kit II from Miltenyi Biotec (130-094-131) 

following manufacturerôs instructions. The purity of isolated populations were 

checked by surface flow cytometry staining for CD4 and CD45RA markers. 

Purified populations were counted, centrifuged at 209x g for 5 min and 

resuspended in 2x Treg media at 105 cells per 100 µl. 

2.10.2.3 Co-culture and Flow Cytometry staining 

Co-cultures using PBMC were set up in triplicate or quadruplicate in 48-well 

flat bottom tissue culture plates by mixing 300 µl of targets and 300 µl of earlier 

prepared responders per well. Co-cultures using purified naïve CD4+ cells 

were set up in 96-well U bottom tissue culture plates, which were covered with 

OKT3 CD3 antibody the day before the assay. OKT3 was diluted in PBS at the 

desired concentration and coated at 200 µl/well overnight at 4°C. OKT3 

concentrations used were 1 µg/ml (BioLegend, 317326), 440 pg/ml, 44 pg/ml 

and 4.4 pg/ml (labôs own hybridoma stock). On the day of the assay, 

PBS/OKT3 mix was pipetted out if the wells and replaced with 100 µl of targets 

and 100 µl of earlier prepared responders per well in triplicate or quadruplicate. 

Outer wells of the plates were filled with PBS, plates were placed in plastic 

containers and incubated in 37°C incubator for 7 days. On day 3 or 4 

(depending on the colour of the media), half of the media was carefully 

removed from each well without disturbing the cells at the bottom and replaced 

with equal amount of 2x Treg media. After co-culture cells were harvested, 

washed and surface stained for LIVE/DEAD Aqua Viability Dye, CD14, CD19, 

CD56, CD3, CD4 and CD25, as well as intracellularly stained for FoxP3 

(Section 2.6.2) before being analysed by flow cytometry (Figure 2.1). To 

calculate cell counts per each well Precision Counting Beads (BioLegend, 

424902) were used according to manufacturer instructions. 
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Figure 2.1: Flow cytometry gating strategy for Treg identification. 
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2.10.2.4 Preparation of target cells 

HF-TERTs were infected with indicated HCMV strains with MOI = 10 as 

described previously (Section 2.4.1.4) and harvested 72 hpi using TrypLE to 

detach cells. Cells were washed twice with DMEM-10 by centrifugation at 327x 

g for 5 min, counted, centrifuged again, and resuspended in RPMI-10 at 

appropriate seeding density. When NK cell lines were used as effectors, 

targets were resuspended at 5x103 cells per 100 ɛl, whereas when PBMC 

were used as effectors, targets were resuspended at 5x104 cells per 100 ɛl. 

For ADAM17 blocking experiments, anti-ADAM17 D1(A12) antibody or human 

IgG control were added to target cells (100 nM) at 48 hpi and incubated for 24 

hrs, followed by detachment and washing steps, unless stated otherwise. For 

Nectin1 blocking experiments, target cells were incubated with anti-Nectin1 

antibodies (10 µg/ml) for 1 hr after target cells were detached using TrypLE. 

2.10.2.5 Preparation of effector cells 

PBMC or NK cell lines were used as effector cells for CD107a degranulation 

assay. PBMC were either thawed from frozen or isolated fresh from a blood 

donor (Section 2.10.2.2) one day before the assay and incubated with 103 

U/ml of IFNŬ (Biotechne, 11100-1) in RPMI-10 overnight. NK cell lines were 

generated and stimulated by Dr Simon Kollenberger. Briefly, 

CD14īCD3īCD56+ NK cells were purified directly ex vivo via fluorescence-

activated cell sorting (FACS) and stimulated with  ɔ-irradiated allogeneic 

PBMCs, LCL-721.221 cells (1:1 ratio) and PHA-P (10 µg/ml) in NK cell medium 

for 3 days at 37 °C. Lines were maintained at 1ï2 x 106 cells/ml by replenishing 

NK cell medium every 3ï4 days. The purity of all cell lines was >96% and 

rested cell lines were harvested for functional assays after 2 weeks in culture. 

On the day of the assay effector cells were processed similarly to the target 

cells, however centrifugation steps were performed at 209x g for 5 min. NK 

cell lines were resuspended at 5x104 cells per 100 µl, whereas PBMC were 

resuspended at 5x105 cells per 100 µl.  
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2.10.2.6 Co-culture and Flow Cytometry staining 

Co-cultures were set up in 96-well U-bottom tissue culture plates, filling the 

outer well with PBS. Previously prepared target cells (100 ɛl) were seeded 

with 100 µl of effector cells into wells in triplicate or quadruplicate depending 

on cell number. Each well also received Monensin (BD GolgiStop, 0.26% 

monensin, 554724) at a final dilution of 1:400 and anti-CD107a-FITC antibody 

at a final dilution of 1:200. For CD96 blocking experiments, anti-CD96 antibody 

was also included at 10 µg/ml per well. The plate was incubated in a plastic 

container at 37°C incubator for 5 hrs. Suspension cells were then harvested 

and washed twice in cold PBS before getting surface stained with 1:1000 

LIVE/DEAD Aqua Viability Dye, CD3 and CD56 antibodies, as described 

previously (Section 2.6.1). 
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3 Investigating the global impact of 

UL148 and UL148D-driven ADAM17 

impairment using proteomics 

3.1 Introduction 

Dr Mihil Patel previously described the effect of ADAM17 impairment by HCMV 

UL148 and UL148D on TNFŬ signalling due to increased levels of ADAM17 

substrates TNFR1 and TNFR2 (Patel 2018). However, with ADAM17 cleaving 

over 100 currently known substrates from the cell surface, it was likely that the 

consequences of ADAM17 impairment in HCMV infection went beyond TNFŬ 

signalling. It was hypothesised that numerous ADAM17 substrates were 

affected as a result of ADAM17 impairment by UL148 and UL148D, resulting 

in an increase of their surface-expressed forms and a reduction in the levels 

of soluble proteins. To study the consequences of ADAM17 impairment, 

multiplexed quantitative proteomics was used to scrutinise the changes in 

plasma membrane (PM) and secreted proteins following infection with HCMV 

lacking UL148 and UL148D. This approach has previously been used to 

investigate the effect of HCMV infection (strain Merlin) on the composition of 

PM and whole cell protein levels in fibroblasts, defining quantitation of the 

entire proteome under multiple different treatments and conditions (Weekes et 

al. 2014).  

3.2 Sample preparation 

To study the role of ADAM17 impairment in HCMV infection two proteomics 

datasets were generated: PM and secretome. Samples for PM profiling (PMP) 

were generated by Dr Mihil Patel, however the analysis and validation of the 

data was performed by me. I also generated and analysed the secretome 

dataset.  

To generate samples for secretome analysis, HF-TERTs were cultured in 

Heavy-SILAC-DMEM-10 DMEM for two weeks prior to HCMV infections. 
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Following HCMV infections with Merlin, single or double UL148 and UL148D 

knockouts, supernatants were collected at 24 and 72 hpi, filtered, 

concentrated and sent to Martin Potts at University of Cambridge for MS 

analysis. Prior to MS, proteins were digested into peptides and labelled with 

10-plex TMT reagents, before being mixed together, fractionated and 

analysed (Figure 3.1 A). Samples for PM analysis were prepared by Dr Mihil 

Patel with isolation of PM proteins at 72 hpi following infections with Merlin, 

single or double UL148 and UL148D knockouts. dKO-infected HF-TERTs 

were also treated with anti-ADAM17 D1(A12) antibody for 24 hrs prior to 

protein harvest to block ADAM17 and facilitate direct study of ADAM17-

dependent changes to the proteome. Samples for PMP were processed by Dr 

Katie Nightingale at the University of Cambridge (Figure 3.1 B). 
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Figure 3.1: Workflow of proteomics experiments. (A) Sample preparation and experimental workflow for secretome dataset 

generation 24 and 72 hpi following infection with indicated HCMV strains. (B) Sample preparation (performed by Dr Mihil Patel) and 

experimental workflow for PMP dataset generation 72 hpi following infection with indicated HCMV strains. Mock-infected cells were 

included in preparation of both datasets. Anti-ADAM17 D1(A12) treatment (24 hrs) was used on dKO-infected HF-TERTs in the PMP 

dataset. Secretome MS was performed by Martin Potts, whereas PMP MS was performed by Dr Katie Nightingale at the University 

of Cambridge.   
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3.3 Investigating the impact of HCMV 

infection on the secretome 

Secretome proteomics quantified a total of 2594 proteins, 1026 of which were 

annotated as secreted. Proteins were classed as secreted based on the 

presence of classical or non-classical secretion signals in the protein 

sequence or gene annotations for the terms óSecretedô, óExtracellularô or 

óExosomeô from Uniprot. Protein abundance cluster analysis of samples from 

Mock-infected cells clustered together at both timepoints, but separately from 

HCMV-infected samples (Figure 3.2 A). Although the secretome of HCMV-

infected cells clustered separately from Mock samples at 24 hpi, the 

secretome at 72 hpi was considerably different compared to 24 hpi, indicating 

major changes to the cellular secretome of HCMV-infected cells at later stages 

of infection (Figure 3.2 A). Interestingly, ȹUL148 HCMV clustered together 

with Merlin, whereas ȹUL148D was more closely related to the dKO HCMV 

mutant (Figure 3.2 A). Comparisons of fold-change over Mock further 

highlighted the differences between secretomes at 24 and 72 hpi, with 72 hr 

HCMV infection resulting in more striking changes to the cellular secretome 

(Figure 3.2 B). 
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Figure 3.2: Hierarchal clustering of the secretome proteomics. (A) Relative protein abundance across all treatments at 24 and 

72 hpi. (B) Fold change over Mock at 24 and 72 hpi



94 
 

3.3.1 Identifying significantly upregulated 

secreted proteins following infection with 

HCMV lacking UL148 and UL148D 

Secretomes of deletion HCMV mutants were compared against Merlin to 

identify any UL148- and UL148D-dependent changes to the levels of secreted 

proteins (Figure 3.3). Significance scores of p<0.00001 and p<0.001 were 

used to identify the most significant hits. Infection with ȹUL148 HCMV for 24 

hrs resulted in one significantly upregulated protein CCL7, in contrast to 

ȹUL148D and dKO secretomes, which resulted in significantly upregulated 

secretion of multiple proteins. By 72 hpi, the ȹUL148 secretome identified 

additional significant hits, suggesting that UL148-dependent secretome 

changes develop as infection progressed (Figure 3.3). Although secretion of 

a few known ADAM17 targets, such as TNFR1 and TNFR2, was increased in 

the secretomes of single deletion HCMV mutants, a total of 17 proteins were 

identified as being highly significantly increased when both UL148 and 

UL148D were deleted, with five proteins identified as known ADAM17 targets 

and 12 as potential novel ADAM17 targets (Table 3.1). However, when 

significance was lowered to p<0.05, 100 and 78 proteins were identified as 

significantly increased in dKO-infected samples compared to Merlin at 24 and 

72 phi, respectively. Since an anti-ADAM17 blocking antibody was not 

included in the secretome analysis, the increase in the levels of potentially 

novel ADAM17 targets cannot be directly linked to ADAM17 shedding, but 

rather to the function of viral UL148 and UL148D. Out of 17 total proteins 

identified as being significantly upregulated as a result of UL148 and UL148D 

deletion, only four had previously been reported to have a function in HCMV 

infection, suggesting that UL148 and UL148D may be involved in the 

regulation of previously unreported proteins important for HCMV (Table 3.1).  
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Figure 3.3: Scatterplot of secreted proteins modulated by UL148 and/or UL148D at 24 and 72 hpi. Fold change was calculated 

for each protein by comparing the signal:noise (S:N) ratio from each sample infected with a deletion virus against Merlin. Benjamini-

Hochberg-corrected significance B was used to estimate p-values.  
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Table 3.1: Significantly upregulated proteins in the dKO secretome at 24 and 72 hpi. 

Protein  24 hpi 72 hpi Reported 

ADAM17 

target?  

Previous HCMV 

literature ɖ Significance B 

(p-value)*  

Ratio  

(dKO/Merlin)  

Significance B 

(p-value)*  

Ratio  

(dKO/Merlin)  

MOXD1 2.22E-07 2.3 ns 1 No None 

Syndecan-4 1.64E-07 2.3 ns 1.1 Yes None 

Semaphorin-

7A 

8.12E-07 2.2 ns 1.2 Yes None 

TNFR1 1.60E-15 3.6 ns 1.4 Yes Upregulated by UL138 

which aids HCMV 

reactivation (Montag et al. 

2011) 

TNFR2 3.36E-10 2.7 9.27E-08 1.9 Yes Upregulated by UL148 and 

UL148D (Patel 2018) 

CCL7 8.18E-22 4.7 ns 0.7 No US28 binds chemokine 

CCL7 reducing its 

accumulation (Bodaghi et 

al. 1998) 
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HNRNPA1 5.52E-09 2.6 ns 0.8 No None 

PLAC9 9.84E-10 4.4 ns 0 No None 

Ribonucleas

e 4 

1.47E-05 2.8 ns 0.7 No None 

Reticulon-4 1.60E-05 2.8 0.010728681 0.6 No None 

Neogenin 9.84E-05 1.9 ns 1.2 Yes None 

SIRPŬ 6.89E-06 2.1 ns 1.2 No None 

HSP 90Ŭ A2 ns 0.8 5.60E-08 1.9 No None 

CFTR ns 1.4 1.99E-06 2.9 No None 

Basigin 

(CD147) 

ns 1.2 0.000220577 2.1 No Acts as entry mediator for 

pentamer-expressing 

HCMV into epithelial and 

endothelial cells 

(Vanarsdall et al. 2018) 

MAP2K2 ns 0.7 0.000123103 2.1 No None 

RL22 ns 1.0 1.81E-25 7.7 No None 

* Presented are highly significant proteins from the dKO secretome dataset (Figure 3.3) with corresponding p-values and dKO/Merlin 

fold change values.  

 À Literature search for whether proteins were cleaved by ADAM17, and if any role in HCMV infection has been reported.
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3.3.2 Individual examples of altered proteins 

from secretome analysis 

Closer examination of highly significant secretome hits demonstrated 

expected patterns in terms of relative protein abundance. Known ADAM17 

targets, such as TNFR1/2, Syndecan-4, Semaphorin-7A and Neogenin all 

increased in abundance at 24 hpi in the dKO secretome dataset compared to 

Merlin (Figure 3.4 A). All mentioned proteins, except for Syndecan-4, also 

demonstrated increased levels in the dKO secretome at 72 hpi, however the 

increase was less significant in most cases. Other identified proteins from the 

secretome analysis with no previously reported ADAM17 function 

demonstrated similar trends of increased levels in the dKO secretome, which 

was more apparent at 24 hpi. Examples included, but were not limited to, 

CCL7, Reticulon-4 and Basigin (Figure 3.4 A). A number of viral proteins were 

also detected in the secretome, however they were either filtered out during 

the selection of predicted secreted proteins or failed to pass the significance 

threshold of p<0.05, such as RL12 and UL144, respectively (Figure 3.4 B). 

Interestingly, most proteins showed similar increased relative abundance in 

ȹUL148D and dKO secretomes, which was true for both known and previously 

unreported ADAM17 targets. 



99 
 

 

Figure 3.4: Examples of highly significant dKO secretome hits. (A) 

Identified secreted proteins from the host. (B) Viral protein hits identified but 

filtered out or failed to reach significance threshold.  
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3.4 PMP analysis studying the impact of 

ADAM17 impairment in HCMV infection 

In addition to secretome proteomics, PMP analysis picked up a total of 2332 

proteins, with 1028 identified as PM proteins. Hierarchical clustering of fold 

change over Mock revealed that duplicate samples clustered together 

suggesting consistent sample preparation and analysis (Figure 3.5 A). dKO 

HCMV infection resulted in the most different PM profile compared to other 

infections and clustered separately from the rest. The addition of anti-ADAM17 

blocking antibody D1(A12) to dKO-infected HF-TERTs for 24 hrs prior to 

sample harvest altered cellular PM composition as demonstrated by these 

samples clustering with ȹUL148 samples and not dKO (Figure 3.5 A). A close 

up of a region where protein abundance reduced significantly following 

D1(A12) treatment in dKO-infected cells, revealed a number of proteins 

regulated in an ADAM17-dependent fashion (Figure 3.5 B). Further 

significance testing identified 114 proteins rescued by the addition of D1(A12) 

to dKO-infected cells reaching significance of p<0.05, with a number of highly 

significant protein hits reaching p<0.00001 and p<0.00000000001 (Figure 3.5 

C). 
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Figure 3.5: Hierarchal clustering of PMP dataset. Fold change of protein abundance of infections with indicated HCMV strains 

over Mock on (A) all proteins quantified in the experiment and (B) a subset of proteins. (C) Scatterplot of cell-surface proteins 

modulated by D1(A12) in dKO-infected HF-TERTs. Average values of duplicate samples were plotted.
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3.4.1 Analysis of the most significant hits 

identified in PMP 

Using significance scores of p<0.00001 and p<0.00000000001, 23 and 11 

proteins respectively were recovered on the surface of dKO-infected cells in 

an ADAM17-dependent fashion (Table 3.2). Of the 23 proteins reaching 

significance p<0.00001 10 were known ADAM17 targets, such as TNFR1/2, 

Vasorin, and Jagged1. The remaining 13 proteins were novel ADAM17 

substrates, including Nectin1, SIRPŬ and ICAM5. Three viral proteins UL144, 

UL7 and UL8 also recovered significantly in an ADAM17-dependent fashion 

following the addition of D1(A12) to dKO-infected cells (Table 3.2). Duplicate 

samples clustered together indicating consistent sample preparation and 

analysis (Figure 3.6). CD58 expression following D1(A12) treatment was used 

as a negative control, since UL148 has previously been shown to 

downregulate surface CD58 (Wang et al. 2018) (Figure 3.6), which is not 

reported as an ADAM17 target in the literature. All ADAM17-dependent 

proteins demonstrated similar relative protein abundance trends, with dKO 

HCMV infection resulting in considerably reduced surface protein levels, 

compared to a partial reduction following infection with single deletion mutants. 

The addition of D1(A12) recovered surface levels of named proteins similar to 

the levels of Merlin-infected cells, highlighting the role of ADAM17 in regulating 

the expression of many surface proteins in HCMV infection (Figure 3.6).  
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Table 3.2: Significantly upregulated proteins in dKO PMP following a 24 

hr D1(A12) treatment.  

Protein  Significance 

(p-value)*  

Ratio  

(dKO+ 

D1(A12))/  

dKO) 

Known/  

Novel 

ADAM17 

Target  

Previous HCMV 

literature ɖ 

CACHD1 7.99E-10 2.08 Novel None 

EPCR 4.73E-14 2.46 Known None ï validated in 

this thesis 

IGHG1 6.13E-81 9.97 Novel None 

IGKC 5.25E-27 3.54 Novel None 

ICAM5 8.24E-06 1.62 Novel None 

SIRPŬ 3.28E-08 1.93 Novel None 

SIRPŬ 

(isoform 2) 

 

1.14E-07 1.77 

 

Novel None 

Pro-

Neuregulin-1 

(Isoform 6) 

 

1.68E-51 5.14 Novel None 

Jagged1 1.97E-23 2.94 Known Downregulated by 

AD169 (Li et al. 

2015b); upregulated 

by Merlin - validated 

in this thesis 

UL144 5.07E-07 1.80 Novel HVEM ortholog that 

inhibits CD4+ T-cells 

(Cheung et al. 

2005) 

UL8 9.88E-26 3.41 Novel Impairs myeloid 

proinflammatory 
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cytokine production 

(Pérez-Carmona et 

al. 2018) 

UL7 4.62E-24 3.37 Novel Soluble Flt3R ligand 

(Crawford et al. 

2018) 

Mucin-1 5.39E-07 2.23 Known None 

Nectin1 5.01E-12 2.11 Novel None ï validated in 

this thesis 

Neogenin 4.26E-23 2.92 Known None 

Neuregulin 1 2.16E-25 3.38 Known None 

PTPRG 4.15E-10 1.96 Novel None 

Semaphorin-

4D 

1.72E-10 1.99 Known None 

Semaphorin-

7A 

4.25E-06 1.64 Known None 

Syndecan-3 3.83E-09 1.98 Novel None 

TNFR1 7.86E-08 2.36 Known Upregulated by 

UL138 (Montag et 

al. 2011) 

TNFR2 1.82E-36 4.56 Known Upregulated by 

UL148 and UL148D 

(Patel 2018) 

Vasorin 2.76E-11 2.05 Known None ï validated in 

this thesis 

* Presented are highly significant proteins from dKO+D1(A12) PMP dataset 

(Figure 3.5 C) with corresponding p-values (p<0.00000000001 and 

p<0.00001) and dKO/dKO+D1(A12) fold change values.  

À A literature search identified if mentioned proteins are known or novel 

ADAM17 substrates and any published role in HCMV infection.
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Figure 3.6: Examples of some of the highly significant hits identified in 

PMP, following D1(A12) treatment. Selected examples of quantified proteins 

in PMP analysis. CD58 was used as an internal control since it is known to be 

targeted by UL148 in an ADAM17-independent manner.
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3.5 Combined analysis of secretome 

proteomics and PMP 

3.5.1 Shortlisting proteomics hits from two 

proteomics datasets 

The application of anti-ADAM17 blocking antibody D1(A12) in PMP facilitated 

the direct study of ADAM17-dependent changes to the profile of surface 

proteins in HCMV infection. Out of 21 highly significant PMP hits (isoforms of 

SIRPŬ and Neuregulin were removed), 8 had previously been reported to be 

involved in regulation and function of neuronal cells and 15 had previously 

reported immune functions (Table 3.3). Eleven proteins were also present in 

the secretome dataset, with 7 proteins reaching significance of p<0.05 (Table 

3.3). One viral protein UL144 was also shared between both datasets, 

although it failed to reach significance in the secretome proteomics. TNFR1/2 

were identified in both proteomics datasets as significant hits, acting as 

internal positive controls for both proteomics experiments.  
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Table 3.3: Function/description of proteins identified in dKO PMP following a 24 h D1(A12) treatment and their secretome 

ratio/significance, if any.  

PMP 

Proteins 

Secretome ratio  

(dKO vs Merlin)  

ɖ 

Secretome significance  

(p-value)  

(dKO vs Merlin)*  

Description/function  

24hpi  72hpi  24hpi  72hpi   

CACHD1 2.5 1.1 0.00011014 ns Modulates voltage-gated calcium channels in neurons 

(Stephens and Cottrell 2019) 

EPCR - - - - Activates protein C involved in blood coagulation and 

responses to inflammatory stimuli; binds to activated 

neutrophils (Kurosawa et al. 2000); activates ɔŭ LES T cells 

(Willcox et al. 2012) 

IGHG1 - - - - Immunoglobulin heavy constant ɔ 1 

IGKC - - - - Immunoglobulin ə chain 

ICAM5 1.1 1.0 ns ns Adhesion protein and ligand to LFA-1 that regulates neuron-

microglial cell interactions (Yang 2012) 

SIRPŬ 2.1 1.2 6.89E-06 ns Interacts with CD47 inhibiting effector function of immune cells, 

such as phagocytosis (Takahashi 2018) 
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Jagged1 1.3 1.2 ns ns Ligand for Notch signalling important in development and 

differentiation (Li et al. 2014), involved in Treg development 

(Lin et al. 2019) 

Neuregulin 1 - - - - Involved in nerve cell differentiation, neurite outgrowth and 

synapse formation (Barrenschee et al. 2015) 

UL144 1.0 1.2 ns ns Structural mimic of HVEM, which binds BTLA, in addition to 

other ligands, inhibiting T cell activation (Cheung et al. 2005) 

UL8 - - - - Impairs myeloid proinflammatory cytokine production (Pérez-

Carmona et al. 2018) 

UL7 - - - - Soluble Flt3R ligand (Crawford et al. 2018) 

Mucin-1 - - - - Functions as a barrier to protect cell membranes, regulates cell 

adhesion, in addition to immune-regulatory functions (Chen et 

al. 2021) 

Nectin1 - - - - Ligand for NK cell receptor CD96 regulating NK cell activation 

(Fuchs et al. 2004; Holmes et al. 2019) 

Neogenin 1.9 1.2 9.84E-05 ns Homologue of DCG highly expressed in neurons involved in 

cell migration and axon guidance (Wilson and Key 2007) 

PTPRG 1.3 1.2 ns ns Involved in hematopoietic differentiation and sensory neuron 

development (Bouyain and Watkins 2010) 
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Semaphorin-

4D 

- - - - A ligand for Plexin ɓ1 involved in immunoregulation (Lontos et 

al. 2018) 

Semaphorin-

7A 

2.2 1.2 8.12E-07 ns Interacts with Plexin C1 and ɓ1-integrin, regulating cell 

migration and adhesion, neurite growth and T cell function 

(Czopik et al. 2006) 

Syndecan-3 - - - - Plays a role in the development of neuronal and brain tissue 

with some evidence of inflammatory function (Arokiasamy et al. 

2019) 

TNFR1 3.6 1.4 1.60E-15 ns Mediates TNF-induced inflammation and cell death (Wajant 

and Siegmund 2019) 

TNFR2 2.7 1.9 3.36E-10 9.27E-08 Stimulates NF-əB signalling and promotes cell survival and 

proliferation (Wajant and Siegmund 2019) 

Vasorin 1.6 1.2 0.00548746

3 

ns ADAM17-cleaved soluble Vasorin inhibits TGFɓ signalling; and 

protects cells against TNFŬ-induced apoptosis (Ikeda et al. 

2004; Choksi et al. 2011; Malapeira et al. 2011) 

* Presented are descriptions/functions for highly significant (p<0.00000000001 and p<0.00001) proteins from dKO+D1(A12) PMP 
dataset (Table 3.2).  

À If present in the secretome proteomics, fold change (dKO vs Merlin) values, as well as significance scores are presented for both 
timepoints.
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3.5.2 Comparing shortlisted proteomics hits 

with Quantitative Temporal Viromics 

Comparison of both proteomics datasets identified 11 ADAM17-dependent 

proteins (10 host and 1 viral) to be highly significantly affected by ADAM17 

impairment by HCMV UL148 and UL148D. Shortlisted hits were then 

compared to a published QTV dataset to gather further evidence for the role 

of ADAM17 in regulating protein levels in HCMV infection. QTV proteomics 

were generated by infecting HF-TERTs with HCMV strain Merlin and studying 

protein changes over the course of 96 hrs (Weekes et al. 2014). Since HCMV 

stain Merlin was used in QTV, I was able to compare expression profiles of the 

selected 11 proteins identified in PMP/secretome proteomics to the QTV 

dataset (Figure 3.7). Most proteins demonstrated an increase in expression 

following infection with Merlin in QTV, such as UL144, Neogenin and TNFR2. 

QTV demonstrated a decrease in expression from 72 hpi onwards in the 

majority of the proteins, which may be explained by increased cell death 

associated with later HCMV infection timepoints. Interestingly, some proteins 

showed a consistent reduction in expression in QTV analysis, contrary to PMP 

and secretome proteomics. The most striking example was Vasorin, with QTV 

suggesting a gradual decrease of expression overtime (Figure 3.7), 

highlighting the importance of validating proteomics data prior to any functional 

work. 
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Figure 3.7: Relative protein abundance of selected proteins from 3 proteomics datasets ï PMP and secretome from this 

thesis and previously published QTV (Weekes et al. 2014). Selected proteins were chosen on the basis of reaching significance 

of p<0.00000000001 and p<0.00001 in the PMP dataset and being detected in the secretome dataset (Table 3.3). To generate 

QTV graphs, Weekes et al., 2014 supplementary plotter was used. 
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Figure 3.7 (cont.): Relative protein abundance of selected proteins from 3 proteomics datasets ï PMP and secretome from 

this thesis and previously published QTV (Weekes et al. 2014). Selected proteins were chosen on the basis of reaching 

significance of p<0.00000000001 and p<0.00001 in the PMP dataset and being detected in the secretome dataset (Table 3.3). To 

generate QTV graphs, Weekes et al., 2014 supplementary plotter was used.
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3.5.3 Validation of selected PMP hits 

Secretome proteomics and PMP identified a number of significantly 

upregulated ADAM17-dependent proteins in Merlin-infected cells, some of 

which were also upregulated in the QTV analysis following Merlin infection 

(Section 3.5.2). Upregulation of so many surface proteins and reduction of 

their soluble forms as a result of UL148- and UL148D-driven ADAM17 

impairment, is likely to impact multiple signalling pathways and processes. 

Prior to any functional work, selected hits from combined PMP and secretome 

proteomics were validated for expression using flow cytometry and Western 

blot techniques (Figure 3.8). Four proteins were selected for validation based 

on their PM and secretome profiles, as well as function ï Jagged1, Vasorin, 

Nectin1 and EPCR (Table 3.3). Jagged1, Vasorin and Nectin1 had previously 

been reported to have immune modulatory functions. Jagged1 is known to be 

involved in Treg cell development, whereas soluble Vasorin has been shown 

to inhibit TGFɓ signalling ï one of the pathways involved in Treg function 

(Table 3.3). Nectin1 was selected due to its previously reported role in NK cell 

function, whereas EPCR was shortlisted for validation due to an intriguing 

aspect of EPCR associated with the activation of ɔŭ LES T cells in response 

to HCMV-infected cells (Table 3.3). 

HF-TERTs were infected for 72 hrs prior to sample processing with either 

Mock, HCMV strain Merlin or dKO HCMV lacking UL148 and UL148D. Surface 

Jagged1 staining was dim and although there was a small shift in intensity 

between Mock- and HCMV-infected cells, no convincing difference between 

Merlin- and dKO-infected cells was observed. Staining for Vasorin by Western 

blot showed no signal at all for surface or soluble Vasorin in whole cell lysate 

and supernatant, respectively (Figure 3.8 A). This led to the conclusion that 

Jagged1 and Vasorin were expressed at such low levels in HF-TERTs, they 

were below the sensitivity threshold for flow cytometry and Western blot 

detection. Proteomics is a highly sensitive method, able to detect a single 

peptide, hence it is not uncommon to experience issues of lack of detectable 

expression when validating proteomics hits with other more standard 

techniques. To overcome this, Jagged1 and Vasorin were overexpressed in 
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HF-TERTs using lentiviruses (hereinafter referred to Jag1-TERT for the 

Jagged1-expressing line and Vasn-TERT for the Vasorin-expressing line) 

achieving easily detectable levels in Mock-infected cells by flow cytometry for 

Jagged1 or Western blot for Vasorin (Figure 3.8 B). The use of Jag1- and 

Vasn-TERTs demonstrated increased protein levels in Merlin-infected, 

compared to dKO-infected, cells validating the proteomics results. Since 

Vasorin was validated using Western blot, cell supernatant (media) was also 

investigated for levels of the soluble form of Vasorin. A stronger signal was 

observed from dKO-infected cells, consistent with increased shedding of 

Vasorin in those cells consistent with the presence and action of ADAM17 

(Figure 3.8 B).  

In contrast to Jagged1 and Vasorin, two additional hits Nectin1 and EPCR 

validated without the need for overexpression. Merlin-infected cells 

demonstrated an expected pattern of increased surface Nectin1 compared to 

Mock, which reduced when UL148 and UL148D were deleted (Figure 3.8 C). 

EPCR levels in Merlin-infected cells stabilised to Mock levels and reduced 

dramatically when UL148 and UL148D were deleted, similarly to Nectin1 

(Figure 3.8 C). Overall, four selected proteomics hits were validated 

successfully confirming upregulation of both known and novel ADAM17 

targets on Merlin-infected cells. 
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Figure 3.8: Validation of selected PMP hits. (A) Flow cytometry and 

Western blot analysis of Jagged1 and Vasorin, respectively, on HF-TERTs 

infected with indicated HCMV strains (MOI = 5, 72 hpi). (B) Flow cytometry 

and Western blot analysis of Jagged1 and Vasorin, respectively, on lentivirus 

transduced Jag1-TERTs and Vasn-TERTs infected with indicated HCMV 

strains (MOI = 5, 72 hpi). For soluble Vasorin staining, culture media from 

infected cells was collected at 72 hpi and concentrated using Vivaspin sample 

concentrators prior to lysis. (C) Flow cytometry staining of Nectin1 on HF-

TERTs infected with indicated HCMV strains (MOI = 5, 72 hpi). Validation was 

performed at least twice for each protein and representative histograms/blots 

are presented. 
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3.6 Summary of findings 

The PMP and secretome proteomics presented in this chapter provide 

important insights into the role of UL148, UL148D and ADAM17 in shaping the 

proteome. Following HCMV infection both proteomics datasets clearly 

demonstrated the effects of HCMV infection on fibroblasts, with global 

changes to the cellular secretome and surface protein profile. Secretome 

proteomics revealed that the levels of 100 and 78 secreted proteins 

significantly went up in dKO-infected cells compared to Merlin at 24 and 72 

hpi, respectively, at a significance threshold of p<0.05 (Figure 3.3). Similarly, 

PMP identified 114 surface proteins as rescued by the addition of D1(A12) at 

p<0.05 (Figure 3.5). 

When highly significant hits were examined and compared across both 

datasets, 11 proteins were shared with 7 reaching significance of p<0.05 in 

PMP and secretome proteomics (Table 3.3). Although that number may not 

seem high, it should be noted that significant scores of p<0.00000000001, 

p<0.00001 and p<0.001 were used to select the most significant hits, 

excluding a lot of proteins from more detailed analysis. This made analysis 

more manageable and aided shortlisting of the most promising candidates for 

further functional testing. In addition, the lower sensitivity of the secretome 

proteomics method, as well as omission of anti-ADAM17 D1(A12) treatment, 

may explain the differences between PMP and secretome hits.  

Comparison of the results presented in this chapter to the published QTV 

dataset provided an additional layer of depth, putting the results of this thesis 

into a broader context. Increased expression of many proteins in the QTV 

dataset may now be explained by the impairment of ADAM17 by UL148 and 

UL148D (Figure 3.7). Although comparing a number of different proteomics 

datasets demonstrated the power of proteomics providing insight into 

important biological questions, it also highlighted the importance of validating 

proteomics hits prior to any functional studies. For example, Jagged1 and 

Vasorin validated successfully in the context of HCMV infection (Figure 3.8 B) 

despite failing to demonstrate convincing increases in the QTV dataset 

(Figure 3.7), possibly linked to the low expression of these proteins on 
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fibroblasts (Figure 3.8). Similarly, Nectin1 and EPCR were not detected in the 

secretome dataset but validated well in the context of HCMV infection (Figure 

3.8 C). 

Overall, with the use of global proteomics methods, this chapter demonstrated 

the extent of changes driven by HCMV infection on the cellular proteome, 

highlighting the specific impact caused by the impaired expression of a single 

sheddase, ADAM17, by UL148 and UL148D. 
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4 Investigating the mechanism of 

ADAM17 downregulation by UL148 and 

UL148 

4.1 Introduction 

Work presented in Chapter 3 highlighted the importance of UL148 and 

UL148D in regulating the cellular secretome and altering the composition of 

PM through the impairment of ADAM17. Previously published QTV proteomics 

demonstrated a rapid surface and whole cell ADAM17 reduction in host cells, 

with surface ADAM17 being almost completely abolished by 18 hpi (Weekes 

et al. 2014). Dr Mihil Patel also observed levels of surface ADAM17 go down 

to the level of isotype negative control staining at 24 hpi by flow cytometry 

(Patel 2018). Such rapid surface ADAM17 downregulation by HCMV suggests 

a robust and effective viral strategy. Dr Mihil Patel has already shown that viral 

UL148 and UL148D synergistically downregulate ADAM17 from the cell 

surface, however the exact mechanism of how these viral proteins 

downregulate ADAM17 remains unknown (Patel 2018). Some of Dr Patelôs 

findings indicate that UL148 and UL148D disrupt ADAM17 processing, 

however, since ADAM17 is a tightly regulated protein due to its critical function 

in many cellular processes, its processing is also very complex. This chapter 

aimed to decipher the mechanism behind UL148- and UL148D-driven 

ADAM17 downregulation by studying UL148 and UL148D interactions with 

other proteins as well as HCMV-induced changes to ADAM17 processing. 
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4.2 Investigating interactions between 

UL148/UL148D and host proteins 

4.2.1 Characterising UL148 and UL148D by 

immunofluorescence 

To study the mechanism of ADAM17 downregulation by UL148 and UL148D, 

these viral proteins were first visualised by immunofluorescence to provide 

more insight into their biology. To achieve this a double tagged UL148-V5 and 

UL148D-HA HCMV was made using En Passant mutagenesis, as described 

in Section 2.8.3.  

Immunofluorescence was performed to study localisation of UL148 and 

UL148D in HF-TERTs 48 hpi with the double tagged HCMV. No colocalisation 

was observed between UL148 and UL148D, however both viral proteins 

showed ER-like staining, with UL148 showing a more defined and UL148D a 

more diffuse pattern of staining (Figure 4.1). UL148 is known to be ER-

resident (Siddiquey et al. 2018), while localisation of UL148D was unknown 

until now. Double tagged HCMV microscopy data suggested that UL148 and 

UL148D localise in different compartments of the ER, however due to HCMV-

induced rounding up of cells it is difficult to safely interpret the result. To clarify 

this, immunofluorescence was performed on lentivirus transfected HF-TERT 

cells that stably express V5-tagged UL148 or UL148D (a gift from Prof Michael 

Weekes) thereby bypassing the need to infect cells with HCMV. Cells were 

stained for the V5-tag corresponding to either UL148 or UL148D. Staining of 

lentivirus cell lines also showed that UL148 and UL148D displayed distinct 

patterns of intracellular expression, the former more diffuse, and consistent 

with localisation in different ER compartments (Figure 4.2). UL148 and 

UL148D possible localisation to the ER is an important finding with regard to 

identifying ADAM17 downregulation mechanisms, since ADAM17 is known to 

undergo a wide range of processing events in the ER before maturing and 

becoming expressed on the cell surface. 
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Figure 4.1: UL148 and UL148D immunofluorescence on HCMV-infected 

HF-TERT cells 48 hpi. Cells were infected with Mock, Merlin or double tagged 

UL148-V5 and UL148D-HA HCMV (MOI = 5) and 48 hpi were fixed, 

permeabilised and stained for DNA (405 nm), UL148-V5 (488 nm) and 

UL148D-HA (594 nm). Zeiss microscope (Axio Observer Z1) was used with 

the Apotome function to collect the images. A magnification of x63 was used. 

Images were processed using ImageJ software.
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Figure 4.2: UL148 and UL148D immunofluorescence on lentivirus 

transfected HF-TERT cells that stably express V5-tagged UL148 or 

UL148D. Cells were fixed, permeabilised and stained for DNA (405 nm) and 

V5 corresponding to either UL148 or UL148D (488 nm). GAW-TERT cell line 

was used as an appropriate control for lentivirus transfected cell lines. Zeiss 

microscope (Axio Observer Z1) was used with the Apotome function to collect 

the images. A magnification of x63 was used. Images were processed using 

ImageJ software.
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4.2.2 Characterising the expression of UL148 

and UL148D by immunoblotting 

To further explore localisation and trafficking of UL148 and UL148D, EndoH 

and PNGaseF assays were performed to assess the level of glycosylation of 

these proteins. EndoH sensitivity is an attribute of immature proteins still 

present in the ER, whereas EndoH resistance suggests protein maturity. 

PNGaseF cleaves nearly all N-linked glycans (Freeze and Kranz 2010). 

UL148 was sensitive to EndoH digestion suggesting ER-residence, whereas 

UL148D was resistant to both EndoH digestion and PNGaseF digestion, 

suggesting that UL148D is not glycosylated (Figure 4.3).  

In addition, total UL148 and UL148D protein expression was assessed over 

the course of HCMV infection using WCL to further characterise these viral 

proteins. Immunoblotting analysis demonstrated low levels of UL148 24 hpi, 

followed by a dramatic increase in protein levels 48 hpi. In contrast, UL148D 

retained comparable levels of expression over the course of the experiment 

(Figure 4.3). 
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Figure 4.3: Levels of UL148-V5 and UL148D-HA 24, 48 and 72 hpi with 

HCMV and assessment of their glycosylation state. HF-TERT cells were 

infected with either Merlin or double tagged UL148-V5 and UL148D-HA HCMV 

(MOI = 5) and lysed at 24, 48 and 72 hpi. EndoH and PNGaseF digests were 

performed on 72 hpi lysates to determine the glycosylation state of proteins. 

Immunoblotting was performed against V5 and HA tags, representing UL148 

and UL148D, respectively, as well as actin control. 
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4.2.3 Exploring the UL148 and UL148D 

interactome data set 

To identify the mechanism of ADAM17 downregulation, I first wanted to 

investigate the proteins with which UL148 and UL148D interact. Dr Mihil Patel 

had already shown that UL148 and UL148D do not bind ADAM17 directly by 

performing IP on lentivirus transfected HF-TERTs that stably express V5-

tagged UL148 or UL148D and staining for ADAM17 (Patel 2018). This 

suggested a more complex, indirect viral strategy of ADAM17 inhibition, 

potentially involving other proteins. 

To identify potential proteins involved in UL148- and UL148D-driven ADAM17 

impairment a HCMV IP-interactome MS dataset was used. Nobre et al. (2019) 

performed IP screens on each individual HCMV protein, producing an 

interactome of viral and host proteins. This IP screen recapitulated Dr Patelôs 

data showing no direct binding between either viral protein and host ADAM17, 

consistent with the idea of an indirect and more complex mechanism behind 

ADAM17 inhibition. To explore this further, protein hits from the proteomics IP-

interactome dataset were selected for validation in lentivirus transfected 

UL148-V5 and UL148D-V5 expressing HF-TERTs (Table 4.1). Selected hits 

were chosen either on the basis of their function described in the literature, 

and/or their Normalized Weight D (NWD) score. In interactome analysis, NWD 

score is an improvement on the Z score ï a traditional statistical measurement 

of standard deviations from the mean of a group of samples. The Z score is 

calculated independently of the abundance of interactors, and as a result it 

cannot discriminate between low and high abundance interactors. To 

compensate for this, the NWD score takes into account interactor abundance, 

as well as the frequency and reproducibility of the interaction of each IP. As a 

result, interactors with high NWD scores fit the description of a potentially 

promising candidate worth following-up with further validation.  

I selected Rhomboid domain containing 1 (RHBDD1) and Phospholipase C 

gamma 2 (PLCG2) on the basis of NWD score and functional relevance as 

potential UL148 interactors. Crk-like protein (CRKL) and Nexilin were chosen 



125 
 

as potential UL148D interactors due to their function, together with SerpinB5 

which demonstrated a high NWD score of over 11 (Table 4.1).  
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Table 4.1: Hits from the Nobre et al. (2019) interactome-IP dataset chosen 

for validation in HF-TERTs and their function in literature.  

Bait  Protein  Function NWD 

Score 

UL148 PLCG2 Regulates integrin-mediated adhesion and 

migration of iPSC-derived macrophages; 

associated with the inflammatory response 

in Alzheimerôs disease (Obst et al. 2021; 

Tsai et al. 2022) 

3.160 

UL148 RHBDD1 Related to the ADAM17 chaperone proteins 

iRhom1 and iRhom2 and involved in ER-

associated protein degradation (Fleig et al. 

2012) 

10.906 

UL148D CRKL Crk proteins mediate signal transduction in 

tyrosine kinase signalling, hence playing a 

central role in many biological cellular 

processes ranging from proliferation to 

immune regulation (Birge et al. 2009) 

0.859 

UL148D Nexilin Actin-binding protein that plays a role in cell 

adhesion and migration (Liu et al. 2019) 

2.049 

UL148D SerpinB5 A non-inhibitory serine protease, the exact 

function of which is unknown. Interacts with 

diverse proteins that are involved in the 

cellular stress response pathway, including 

several transcription factors (Tamazato 

Longhi et al. 2016) 

11.739 

 



127 
 

4.2.4 Validating UL148 and UL148D IP-

interactome hits 

Lentivirus transfected HF-TERTs expressing V5-tagged UL148 or UL148D 

were used to validate selected IP-interactome hits. Surface ADAM17 staining 

was performed to ensure the introduced proteins were still functional (Figure 

4.4 A). These results were consistent with previous data generated by Dr 

Patel, where he infected HF-CAR cells with UL148 and UL148D expressing 

RAds and observed ADAM17 downregulation in the presence of these HCMV 

genes (Figure 4.4 B). 

To begin checking the validity of the selected interactome hits, cells were first 

studied for expression of the proteins by immunoblotting. SerpinB5, CRKL and 

PLCG2 proteins were not detected in HF-TERTs, but were present in other 

cell lines, such as K-562, 293T and HT-29 (Figure 4.5 A). In contrast, Nexilin 

and RHBDD1 were found in HF-TERTs (Figure 4.5 B, WCL). RHBDD1 was 

of particular interest, because it is related to the ADAM17 chaperone proteins 

iRhom1 and iRhom2 and is involved in ERAD and could therefore be co-opted 

to degrade ADAM17 (Fleig et al. 2012). 

In order to test their capacity to bind UL148 or UL148D, I used the same 

experimental conditions that were used to generate the published interactome 

dataset (Nobre et al. 2019), where HCMV infection in addition to lentiviral 

expression was used in case other viral components were necessary for 

interactions to take place. The GAW cell line was used as a negative control 

cell line for lentivirus transfected cells. V5 Co-IP were performed on the lysates 

following immunoblotting for RHBDD1 and Nexilin, however no binding 

between UL148 and RHBDD1 or UL148D and Nexilin was observed (Figure 

4.5 B). Both RHBDD1 and Nexilin were present in the input samples, but not 

in the V5 Co-IP samples.  

In summary, I followed up five proposed interactors for UL148 and UL148D in 

pursuit of the underlying mechanism involved in ADAM17 downregulation 

during HCMV infection. Three were not detected at high enough 
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concentrations in the fibroblast line for further study, while the other two did 

not validate the IP-interactome data. 
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Figure 4.4: Surface ADAM17 levels are downregulated in the presence of 

UL148 and UL148D. (A) Surface ADAM17 levels in UL148-expressing and 

UL148D-expressing HF-TERTs compared to a control cell line GAW. Cell lines 

were stained with primary ADAM17 antibody and secondary anti-mouse 

AF647, as well as the isotype control IgG. X-axis values were normalised to 

mode. (B) Dr Patelôs flow cytometric histograms showing surface ADAM17 

following single and combined expression of UL148 and UL148D using RAd 

in HF-CARs (Patel 2018). 
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Figure 4.5: Validation of selected IP-interactome hits. (A) Immunoblotting 

of PLCG2 and CRKL on HF-TERT, K-562 and 293T cell lysates and Serpin 

B5 on HF-TERT and HT-29 cell lysates. (B) Immunoblotting of RHBDD1 and 

Nexilin in UL148 and UL148D Co-V5 IP. UL148 and UL148D expressing HF-

TERTs were infected with WT HCMV (MOI = 5) and at 72 hpi cells were lysed, 

immunoprecipitated with V5 beads and analysed via immunoblotting. GAW 

cell line was used as a negative control. Inputs represent cell lysates that were 

not treated with V5 beads, WCL of HF-TERT cells was used as a positive 

control for staining.
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4.2.5 Candidate approach in identifying ADAM17 

downregulation mechanism 

Due to its central role in many essential cellular processes, the activity of 

ADAM17 is tightly regulated by a range of proteins that control ADAM17 

processing and trafficking (Section 1.4.1.2). Since UL148/UL148D IP-

interactome MS dataset failed to identify proteins involved in HCMV-driven 

ADAM17 abolishment, a candidate approach was employed where known 

ADAM17 regulators were validated in the context of HCMV infection. Dr Patel 

has previously tested four proteins known to be involved in ADAM17 regulation 

in an attempt to identify the mechanism of UL148/UL148D-driven ADAM17 

downregulation. He demonstrated that three ADAM17 traffickers ï PACS2, 

iRhom1 and iRhom2, as well as iRhom1/2 adaptor protein FRMD8 were not 

involved in UL148- and UL148D-driven ADAM17 abolishment. To follow up, I 

investigated the role of two additional proteins known to play a role in ADAM17 

processing and regulation ï PACS1 and Furin. Furin is a protease regulated 

by PACS1 which cleaves pro-ADAM17 into its mature and active form (Wan 

et al. 1998; Gooz 2010). Furin immunoblotting demonstrated no changes in 

protein levels following Merlin and dKO infection compared to Mock control. In 

contrast, PACS1 levels dropped dramatically in HCMV infected cells 

compared to the Mock control, however the level of protein expression did not 

recover in dKO infection (Figure 4.6 A). To investigate further, lysates were 

made from HF-CARs infected with indicated HCMV strain and RAds 

expressing UL148 and UL148D, following immunoblotting for PACS1 (Figure 

4.6 B). PACS1 immunoblotting in the context of HCMV infection confirmed that 

Merlin infection resulted in reduced PACS1 levels compared to the Mock 

control. This was shown to be independent of UL148 and/or UL148D as no 

change in PACS1 levels was observed in ȹUL148/ȹUL148D single and 

double HCMV infections. Furthermore, infections with UL148 and UL148D 

expressing RAds demonstrated the same level of PACS1 expression 

compared to a control RAd infection, confirming that PACS1 downregulation 

observed in HCMV infection is independent of UL148 and UL148D (Figure 4.6 

B).
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Figure 4.6: Exploring the role of potential candidates in HCMV-driven 

ADAM17 downregulation. (A) Immunoblotting of WCL Furin and PACS1 in 

the context of HCMV infection. For Furin immunoblotting lysates were made 

from HCMV infected HF-TERTs 72 hpi (MOI = 5). For PACS1 immunoblotting 

lysates were made from HCMV infected HF-CARs 72 hpi (MOI = 5). (B) 

PACS1 immunoblotting in the context of HCMV and RAd infections 72hpi. HF-

CARs were infected with indicated HCMV strains (MOI = 5) and RAds (MOI = 

10). 
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4.3 Effect of UL148 and UL148D on ADAM17 

processing 

4.3.1 ConA-enrichment of cell lysates for 

ADAM17 Western blotting 

One of the ways ADAM17 processing is regulated is through glycosylation ï 

addition or removal of certain glycans to or from the protein. As a result of 

glycosylation, immunoblotting results in multiple forms of ADAM17 that differ 

in their molecular weight (mwt) due to the presence or absence of glycans: 

~120 kDa, ~95 kDa and ~70 kDa (Schlöndorff et al. 2000; Oikonomidi et al. 

2018). In particular, fibroblasts have an abundance of a deglycosylated form 

of ADAM17 (~70 kDa) which gives the strongest ADAM17 signal in 

immunoblotting. The strength of this signal masks the signals from 

glycosylated forms of the protein (Figure 4.7 B). In order to resolve this, the 

signal from the deglycosylated form of ADAM17 can be removed by a ConA 

enrichment step (Oikonomidi et al. 2018). The ConA enrichment procedure 

was optimised to achieve clean glycosylated ADAM17 immunoblotting results, 

enabling study of the changes in glycosylated forms of ADAM17 (Figure 4.7 

A).  
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Figure 4.7: ConA enrichment of cellular lysates. (A) A schematic diagram 

of ConA-enrichment procedure to remove deglycosylated proteins from the 

lysate. (B) Comparison of ADAM17 immunoblotting on HF-TERTs with and 

without ConA enrichment step. 
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4.3.2 Analysis of whole cell ADAM17 by Western 

blotting 

HF-TERTs were infected with Mock, Merlin, single and double UL148 and 

UL148D knockout HCMVs and processed 72 hpi by lysing the cells and 

performing glycoprotein enrichment using ConA beads, followed by ADAM17 

immunoblotting. ADAM17 Western blots demonstrated an increased 

abundance of a high mwt ~120 kDa, and absence of a low mwt ~95 kDa form 

of ADAM17 in Merlin-infected HF-TERTs, proposed as immature and mature 

versions of the protein, respectively (Schlöndorff et al. 2000; Oikonomidi et al. 

2018). This pattern was reversed in cells infected with the dKO HCMV variant, 

suggesting that UL148 and UL148D disrupts ADAM17 maturation/trafficking 

(Figure 4.8 A). This pattern was consistent with many experimental replicates, 

demonstrating strong evidence for UL148 and UL148D disrupting ADAM17 

maturation (Figure 4.8 B). 

To test whether these high and low mwt ADAM17 forms were indeed 

immature/mature, I performed EndoH and PNGaseF sensitivity assays. The 

high mwt form of ADAM17 (~120 kDa) was EndoH sensitive indicating its 

immature state, as demonstrated by the reduction in its mwt to ~97 kDa. The 

low mwt (~95 kDa) form was EndoH resistant, but PNGaseF sensitive, 

resulting in a reduction in mwt to ~70 kDa, corresponding to the deglycosylated 

mature form of ADAM17 (Figure 4.8 C). 

Merlin-infected HF-TERT cells demonstrated the presence of only the ~120 

kDa immature form of ADAM17, confirmed by EndoH sensitivity. Infections 

with single knockout HCMVs partially recovered the mature ~95 kDa form of 

ADAM17. However, dKO HCMV infection resulted in the rescue of mature 

ADAM17, comparable to the levels of mature ADAM17 found in Mock 

infection. This demonstrated that UL148 and UL148D interfere with ADAM17 

maturation, which results in accumulation of the immature, and reduction of 

the mature, form of the protein.  
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Figure 4.8. Whole cell ADAM17 biology. (A) ADAM17 levels in Mock and 

HCMV-infected (MOI = 5) HF-TERTs 72 hpi in ConA enriched samples. ConA 

enrichment successfully removed deglycosylated ADAM17 version, resulting 

in easier interpretation of the changes in glycosylated low mwt (~95 kDa) and 

high mwt (~120 kDa) ADAM17. (B) Relative intensity of ADAM17 staining 

(mature and immature forms) generated from six independent experiments, 

measured in ImageJ software and normalised to actin control levels. (C) 

EndoH and PNGaseF digests of HF-TERT lysates from cells infected with 

Mock or indicated HCMV mutant (MOI = 5) 72 hpi.   
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4.3.3 ADAM17 immunofluorescence during 

HCMV infection 

Immature ADAM17 is known to be ER-resident, hence the accumulation of the 

immature form of the protein by HCMV is likely to be observed through 

immunofluorescence of ADAM17. Immunofluorescence of viral UL148 and 

UL148D described in Section 4.2.1, suggested that both proteins were 

probably ER-resident localising to different ER compartments. EndoH and 

PNGaseF digests of UL148 and UL148D (Section 4.2.2) further validated 

UL148 residence to the ER, however due to the deglycosylated status of 

UL148D, its localisation to the ER was not confirmed. Nevertheless, the ER is 

known to be a location where maturation and processing of ADAM17 occurs. 

To explore this further, I performed ADAM17 immunofluorescence to test for 

colocalization with the viral proteins, using lentivirus transfected HF-TERTs 

expressing V5-tagged UL148 or UL148D, with and without HCMV infection. I 

also used standard HF-TERTs to study changes in ADAM17 localisation 

following HCMV infection in an attempt to further inform on the immunoblotting 

results in an immunofluorescence setting. 

ADAM17 immunofluorescence proved to be challenging and inconclusive, 

however it provided some insights into the mechanism of UL148 and UL148D-

driven ADAM17 downregulation. Immunofluorescence was performed on 

Mock- (Figure 4.9) or Merlin-infected (Figure 4.10) V5-tagged UL148 or 

UL148D HF-TERTs. Cells were stained for the V5 tag corresponding to either 

UL148 or UL148D and ADAM17. No colocalization was observed between 

either UL148 or UL148D and ADAM17 in the presence or absence of HCMV 

infection, however this was not unexpected since ADAM17 did not come down 

in the IP-interactome dataset (Nobre et al. 2019), and Dr Patel failed to 

observe ADAM17 binding to UL148/UL148D in V5 Co-IP experiments. 

Nevertheless, changes in ADAM17 localisation were observed between 

treatments, in particular that Mock-infected cells demonstrated a dispersed 

ADAM17 expression across the cytoplasm, whereas HCMV-infected cells 

showed ADAM17 mostly localised in what possibly looks like the AC (Figures 

4.10). To better understand the involvement of UL148 and UL148D in this 
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process, an experiment with ordinary HF-TERTs infected with Mock, Merlin, 

single and double UL148 and UL148D knockout viruses was performed, 

staining for ADAM17. A similar phenotype was observed in Merlin and single 

knockout viruses, i.e. possible ADAM17 localisation to the AC. The dKO 

treatment resulted in a more dispersed ADAM17 pattern, however it was 

difficult to interpret and compare results due to the rounding up of HCMV-

infected cells (Figure 4.11). 

In summary, ADAM17 immunofluorescence further pointed to events in the ER 

as being important for ADAM17 downregulation by HCMV UL148 and 

UL148D. Hence, I chose to investigate if HCMV UL148 and UL148D targeted 

ER-associated processes to downregulate ADAM17. 
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Figure 4.9. HF-TERT, GAW, UL148-V5 HF-TERT and UL148D-V5 HF-TERT 

immunofluorescence. Cells were fixed, permeabilised and stained for V5 

(488 nm), ADAM17 (594 nm) and DNA (405 nm). Zeiss microscope (Axio 

Observer Z1) was used with the Apotome function to collect the images. A 

magnification of x63 was used. Images were processed using ImageJ 

software. 
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Figure 4.10. HF-TERT, GAW, UL148-V5 HF-TERT and UL148D-V5 HF-

TERT immunofluorescence in the context of HCMV infection. Merlin-

infected (MOI = 5) HF-TERT, GAW, UL148-V5/UL148D-V5 HF-TERT cells 

were fixed, permeabilised and stained for V5 (488 nm), ADAM17 (594 nm) and 

DNA (405 nm) 72 hpi. Zeiss microscope (Axio Observer Z1) was used with the 

Apotome function to collect the images. A magnification of x63 was used. 

Images were processed using ImageJ software. 
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Figure 4.11. ADAM17 immunofluorescence following infection with HCMV deletion mutants. HF-TERTs were infected with 

Mock, Merlin, ȹUL148, ȹUL148D and dKO viruses (MOI = 5). After 72 hpi cells were fixed, permeabilised and stained for DNA (405 

nm) and ADAM17 (594 nm). ADAM17 signal is also presented in grayscale for easier interpretation. Zeiss microscope (Axio Observer 

Z1) was used with the Apotome function to collect the images. A magnification of x63 was used. Images were processed using 

ImageJ software.
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4.4 ER-mediated mechanism of UL148- and 

UL148D-driven ADAM17 downregulation 

The ER is a multifunctional organelle and a major site of protein synthesis, 

folding, modification and transport. To ensure that only correctly folded and 

modified proteins leave the ER to fulfil their function, ERAD detects 

aggregated and misfolded proteins and targets them for proteasomal 

degradation. UL148 has been shown to upregulate ER-stress inducing 

proteins, resulting in activation of the ERAD machinery (Siddiquey et al. 2018). 

In addition, UL148 is also known to interact with the ERAD machinery by 

binding to Suppressor/Enhancer of Lin-12-like (SEL1L) protein involved in 

regulating ERAD (Nguyen et al. 2018). IP-interactome data described in 

Section 4.2.3 identified RHBDD1 as a potential UL148 interactor, which is 

known to regulate ERAD processes, similarly to SEL1L. Although RHBDD1 

immunoblotting failed to validate the UL148 IP-interactome result (Section 

4.2.4), it may be explained by the high sensitivity of MS. If the interaction 

between RHBDD1 and UL148 is weak, immunoblotting might not detect it, 

however MS being a highly sensitive method capable of detecting a single 

peptide, may identify the interaction. Hence, I hypothesised that UL148 and 

UL148D utilise ERAD machinery to target ADAM17 for degradation, resulting 

in its downregulation from the cell surface and accumulation of the immature 

form of ADAM17. 

4.4.1 Investigating the involvement of the ERAD 

pathway in ADAM17 downregulation using 

Eeyarestatin I 

To test the involvement of ERAD in ADAM17 downregulation, I performed an 

ERAD inhibition assay using a common, chemical ERAD inhibitor Eeyarestatin 

I (EerI), which targets p97-associated deubiquitinating enzymes and prevents 

the translocation of polyubiquitinated misfolded proteins into the cytosol for 

degradation in the proteasomes (Fiebiger et al. 2004). HF-TERTs were treated 

with 5 µM EerI and infected with Mock, Merlin, ȹUL148, ȹUL148D and dKO 
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HCMV, following by sample processing 18 hpi. Inhibition of ERAD with EerI 

resulted in the recovery of the mature form of ADAM17 (~95 kDa) in Merlin, 

ȹUL148 and ȹUL148D HCMV-infected cells, suggesting that UL148 and 

UL148D inhibit ADAM17 by utilising cellular ERAD machinery (Figure 4.12 A). 

To attribute the recovery of mature ADAM17 in Merlin-infected cells to ERAD 

inhibition, I investigated whether the presence of EerI affected HCMV infection 

by staining for an early HCMV gene IE1. IE1 was detected across all HCMV-

infected groups regardless of EerI treatment, however EerI-treated cells had 

3x less IE1 in their lysates compared to control treatment. This was later 

attributed to loading 3x less protein to the SDS-PAGE of EerI-treated lysates 

compared to control lysates, as demonstrated by control lysates having 3x 

more actin compared to EerI-treated samples (Figure 4.12 B). Hence, EerI 

treatment did not interfere with HCMV infection and the observed ADAM17 

recovery in Merlin-infected cells was likely to be real. 

To further validate this result, levels of UL148 and UL148D in the presence of 

EerI were tested by performing an ERAD inhibition assay on HF-TERTs 

infected with double tagged UL148-V5 and UL148D-HA HCMV and 

immunoblotting for V5 and HA tags. However, both UL148 and UL148D 

showed reduced levels in the presence of EerI in comparison to the control 

treatment (Figure 4.12 C). There is no obvious explanation to why levels of 

UL148 and UL148D decrease so dramatically in the presence of EerI, however 

inhibition of such important cellular mechanism as ERAD is likely to have 

consequences on other processes beyond ERAD inhibition. EerI treatment 

has been shown to cause cytotoxicity, increase ER stress and induce 

apoptosis, all of which may explain the reduced  levels of UL148 and UL148D 

(Wang et al. 2011). To provide more insight into the effect of EerI treatment on 

ADAM17 in HCMV infection, I looked at surface ADAM17 by flow cytometry.  
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Figure 4.12. Assessing the effects of ERAD inhibition using EerI on a 

whole cell level. HF-TERTs were pre-treated with EerI or DMSO control, and 

infected with Mock, Merlin, ȹUL148, ȹUL148D and dKO HCMV (MOI = 5) for 

18 hrs. (A) Immunoblotting of ConA enriched whole cell ADAM17 in the 

presence and absence of EerI treatment. (B) Immunoblotting of IE1 in the 

presence and absence of EerI treatment. (C) Immunoblotting of UL148-V5 and 

UL148D-HA in the presence and absence of EerI treatment. HF-TERTs were 

pre-treated with EerI or DMSO control and infected with Merlin or UL148-

V5/UL148D-HA tagged HCMV (MOI = 5) and lysates were harvested 18 hpi.



145 
 

4.4.2 Assessing the effect of Eeyarestatin I on 

surface ADAM17 

Similar to the immunoblotting procedure, HF-TERTs were treated with 5 µM 

EerI and infected with Mock, Merlin and dKO HCMV, followed by cell staining 

for surface ADAM17 18 hpi. As expected, surface ADAM17 was 

downregulated on Merlin-infected cells and recovered in the dKO-infected 

cells. EerI-treated group showed similar levels of surface ADAM17 expression 

across all treatments, in agreements with the immunoblotting results (Figure 

4.13 A).  

Nevertheless, performing flow cytometry using EerI has proven to be 

problematic, hence the results generated must be interpreted with caution. 

The addition of EerI resulted in a significant shift in isotype staining compared 

to the control group (Figure 4.13 B). Furthermore, EerI treatment resulted in 

a strong autofluorescence signal in the BV510 channel in unstained cells 

(Figure 4.13 B), which spilled over into other channels across blue, violet and 

yellow lasers. Hence, I was unable to use any of the viability dyes routinely 

used in our laboratory, since they were all excited by the blue, violet or yellow 

lasers. The red laser was already occupied by ADAM17 staining, since there 

was no spill over observed from the EerI treatment in the APC channel. Hence, 

it is important to note that the results for surface ADAM17 staining in EerI-

treated cells were generated and analysed without a viability dye and live cells 

were gated based purely on their location on the side and forward scatter. 

In summary, EerI treatment resulted in the rescue of the mature form of 

ADAM17, as well as the recovery of surface ADAM17, however ERAD 

inhibition by EerI had significant consequences to the cells. EerI resulted in 

reduced levels of UL148 and UL148D, as well as issues in performing flow 

cytometry.  
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Figure 4.13. Assessing the effects of EerI treatment on surface ADAM17 

levels. HF-TERTs were pre-treated with EerI or DMSO control, and infected 

with Mock, Merlin, or dKO HCMV (MOI = 5) for 18 hrs before staining. Cells 

were stained for ADAM17, fixed and ran on an Attune NxT Flow Cytometer 

(Thermo Fisher Scientific). (A) Histograms of surface ADAM17 expression in 

the presence and absence of EerI treatment. (B) Histograms representing 

issues associated with EerI treatment: increased binding of the isotype control 

and autofluorescence signal in BV510 channel in unstained samples. 
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4.4.3 Investigating the involvement of the ERAD 

pathway in ADAM17 downregulation using 

Kifunensine 

Due to the issues associated with the use of EerI, the effect of ERAD inhibition 

on ADAM17 levels was tested using an alternative chemical inhibitor of the 

ERAD pathway. Kifunensine (Kif) employs a different mechanism of ERAD 

inhibition compared to EerI ï it interferes with the early recognition of misfolded 

proteins by inhibiting ER mannosidase I, and causes minimal ER stress and 

limited cytotoxicity (Fagioli and Sitia 2001; Wang et al. 2011). HF-TERTs were 

treated with 2.5 µM Kif and infected with Mock, Merlin, single and double 

UL148 and UL148D knockouts, following by sample processing 18 hpi. No 

changes were observed between Kif-treated and control samples, with Merlin-

infected cells demonstrating an abundance of the immature form of ADAM17 

(~120 kDa) even in the presence of Kif. Furthermore, levels of UL148 and 

UL148D were not affected by Kif treatment and were comparable to the control 

(Figure 4.14). Since Kif-mediated ERAD inhibition resulted in no changes to 

the levels of ADAM17, UL148 and UL148D, a positive control was needed to 

ensure that Kif was inhibiting ERAD. 

Viral gO was chosen as a positive control to test Kif-induced ERAD inhibition. 

gO is a heavily glycosylated protein, making it more susceptible for 

degradation via ERAD, but to impair its degradation, HCMV UL148 stabilises 

and promotes folding and assembly of gO (Nguyen et al. 2018). Hence, I 

assessed the levels of gO following Merlin and ȹUL148 HCMV infection in the 

presence and absence of Kif treatment. HF-TERTs were infected with Mock, 

Merlin or ȹUL148, following the addition of 2.5 µM Kif at 72 hpi and sample 

processing at 96 hpi as described in Nguyen et al. (2018). As expected, control 

samples demonstrated the importance of UL148 in stabilising gO since Merlin 

infection showed increased amounts of gO in comparison to ȹUL148 infection. 

The addition of Kif resulted in a further increase of gO levels in both Merlin and 

ȹUL148 HCMV infections, consistent with Kif treatment inhibiting ERAD 

(Figure 4.15 A). Finally, ADAM17 levels following Mock, Merlin, ȹUL148, 

ȹUL148D and dKO infections were assessed in the same experimental 
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setting. Kif-mediated ERAD inhibition failed to show a recovery of the mature 

form of ADAM17 in Merlin infection (Figure 4.15 B), which contradicts results 

from the EerI-mediated ERAD inhibition.  
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Figure 4.14. Assessing the effects of ERAD inhibition using Kif on a 

whole cell level. HF-TERTs were pre-treated with Kif or water control, and 

infected with Mock, Merlin, æUL148, æUL148D and dKO HCMV (MOI = 5) for 

18 hrs. Immunoblotting of ADAM17 in the presence and absence of Kif 

treatment was performed after ConA enrichment. Actin, UL148-V5 and 

UL148D-HA immunoblotting was performed on whole cell lysates. 
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Figure 4.15. ERAD inhibition using Kif following Nguyen et al. (2018) 

methodology. HF-TERTs were infected with Mock, Merlin or ȹUL148, 

following the addition of 2.5 µM Kif or water at 72 hpi and sample processing 

at 96 hpi. (A) Immunoblotting of gO in the presence and absence of Kif as a 

positive control for Kif-mediated ERAD inhibition. (B) Immunoblotting of ConA 

enriched ADAM17 in the presence and absence of Kif treatment, as well as 

the levels of UL148-V5 and UL148D-HA (Merlin was double tagged with 

UL148-V5, UL148D-HA). 
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4.4.4 Assessing the effect of Kifunensine on 

surface ADAM17 

Levels of surface ADAM17 in the presence of Kif were also assessed by flow 

cytometry. HF-TERTs were treated with 2.5 µM Kif and infected with Mock, 

Merlin and dKO HCMV, following by cell staining for surface ADAM17 18 hpi. 

In contrast to EerI treatment, Kif treatment had no effect on autofluorescence 

or isotype binding, hence a viability dye was included in the analysis.  

As expected, the control group showed reduced levels of surface ADAM17 in 

Merlin-infected cells and an increase in the dKO-infected cells. However, the 

addition of Kif resulted in no changes to the levels of surface ADAM17, which 

is in keeping with ADAM17 immunoblotting results for Kif-treated HCMV-

infected cells (Figure 4.16). 
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Figure 4.16. Assessing the effects of Kif treatment on surface ADAM17 

levels. Histograms represent surface ADAM17 expression in the presence 

and absence of Kif treatment. HF-TERT cells were pre-treated with Kif or water 

control, and infected with Mock, Merlin, or dKO HCMV (MOI = 5) for 18 h 

before staining. Cells were stained for ADAM17, fixed and ran on Attune NxT 

Flow Cytometer (Thermo Fisher Scientific).  
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4.4.5 Using RAds to explore EerI- and Kif-

mediated ERAD inhibition during ectopic 

expression of UL148 and UL148D 

To explore the differences in results generated by EerI and Kif treatments, I 

decided to simplify ERAD inhibition assay and remove HCMV infection from 

the experimental setting. UL148-V5 and UL148D-V5 expressing RAds were 

used on HF-CARs excluding any other viral components apart from the two 

viral proteins of interest. HF-CARs were treated with 5 µM EerI or 2.5 µM Kif, 

infected with Mock, Control RAd and a combination of UL148 and UL148D 

RAds, following sample processing 18 hpi.  

ADAM17 immunoblotting of RAd-infected cells replicated the results observed 

in HCMV-infected cells. Cells infected with UL148 and UL148D RAds 

demonstrated a recovery of mature ADAM17 (~95 kDa) in the presence of 

EerI, but not Kif (Figure 4.17). Similar to HCMV infection, levels of UL148 and 

UL148D were unaffected by Kif, however EerI treatment led to a significant 

decrease in UL148 and UL148D levels, as demonstrated by UL148-V5 and 

UL148D-V5 immunoblotting (Figure 4.17). 

In summary, ADAM17 immunoblotting in ectopic expression systems of UL148 

and UL148D using Kif and EerI to inhibit ERAD demonstrated the same results 

as ADAM17 immunoblotting on HCMV-infected cells. 
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Figure 4.17. Assessing the effect of Kif- and EerI-mediated ERAD 

inhibition in UL148/UL148D RAd-infected HF-CARs. HF-CARs were 

treated with 5 µM EerI (DMSO for control) or 2.5 µM Kif (water for control), 

infected with Mock, control RAd and a combination of UL148 and UL148D 

RAds (MOI = 10), following sample processing 18 hpi. ADAM17 

immunoblotting was performed on ConA enriched lysates. Actin, UL148-V5 

and UL148D-HA immunoblotting was performed on whole cell lysates.  
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4.4.6 Exploring the role of degradation on whole 

cell ADAM17 levels using proteasome and 

lysosome inhibitors 

Since the use of RAds in individual expression systems failed to clarify the 

contradicting differences observed between EerI- and Kif-treated samples, the 

role of degradation in the mechanism of ADAM17 downregulation was studied 

by inhibiting proteasomal and lysosomal degradation. If ERAD was indeed 

involved in ADAM17 downregulation by UL148 and UL148D, as suggested by 

EerI treatment, ADAM17 would pass through the ERAD machinery and be 

degraded by cytosolic 26S proteasomes. Hence, inhibition of proteasome 

complexes may clarify the role of ERAD in HCMV-induced ADAM17 

downregulation. To test the role of other pathways in the degradation of 

ADAM17, inhibition of lysosomal degradation was performed in parallel. ER-

to-lysosome-associated degradation (ERLAD) is an alternative route of 

degradation for proteins that fail to enter the ERAD pathway (Fregno and 

Molinari 2019). Although I had no evidence to think that ERLAD may be 

involved in ADAM17 downregulation, HCMV has been shown to target certain 

host proteins for lysosomal degradation in the past (Fielding et al. 2014). 

HF-TERTs were infected with Mock, Merlin and dKO HCMV, following the 

addition of chemical inhibitors of the major protein degradation pathways 24 

hpi. Cells were incubated with the inhibitors for a further 18 hrs before lysis 

and ConA enrichment. MG132 was chosen as a proteasome inhibitor at 10 

µM, whereas leupeptin was chosen to inhibit lysosomal degradation at 200 µM 

since it inhibits enzymatic activity within lysosomes. ADAM17 immunoblotting 

demonstrated no rescue of the mature form of ADAM17 (~95 kDa) in Merlin-

infected cells in the presence of either inhibitor (Figure 4.18). Nectin2 was 

chosen as a positive control for MG132-mediated inhibition of proteasomal 

degradation (Prod'homme et al. 2010), whereas MICA was chosen as a 

positive control for the inhibition of lysosomal degradation (Fielding et al. 

2014). While treatment of HCMV-infected cells with MG132 or leupeptin 

increased levels of Nectin2 and MICA, respectively, ADAM17 levels remained 
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unchanged, suggesting that these degradation pathways were not involved in 

UL148- and UL148D-driven ADAM17 downregulation. (Figure 4.18).  
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Figure 4.18. Assessing the involvement of proteasomal and lysosomal 

degradation in ADAM17 downregulation. HF-TERTs were infected with 

Mock, Merlin and dKO HCMV, following the addition of MG132 or leupeptin 24 

hpi. Cells were incubated with the inhibitors for further 18 hrs before lysis and 

ConA enrichment. ADAM17 immunoblotting was performed on ConA enriched 

lysates, however actin and MHCI immunoblotting was performed on whole cell 

lysates.  
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4.5 Summary of findings 

This chapter aimed to identify the mechanism of UL148- and UL148D-driven 

ADAM17 impairment by studying potential UL148 and UL148D interactors, as 

well as implementing a more targeted approach by identifying potential 

candidate proteins involved in ADAM17 processing. 

UL148 and UL148D interactors identified through the IP-interactome dataset 

provided some promising mechanistic hits, such as RHBDD1, yet they failed 

to validate in a WB setting. In total I followed up five proposed interactors for 

UL148 and UL148D in pursuit of a mechanism for ADAM17 downregulation 

associated with the presence of UL148 and UL148D during HCMV infection. 

Three were not detected at high enough concentrations in our fibroblast line, 

while the other two did not validate the IP-interactome data. This highlights 

one of the problems with MS ï its high sensitivity can pick up very low 

expressing proteins that can turn out to be false. However, unless the IP-

interactome MS is repeated, it will be difficult to identify the reason behind the 

failed validation of these potential interactors. 

Although no direct interactors of UL148 and UL148D were identified, ADAM17 

immunoblotting in combination with the ConA glycoprotein enrichment 

methods demonstrated an accumulation of the immature form of ADAM17 in 

Merlin infection, as shown by its sensitivity to EndoH.  dKO infection resulted 

in the rescue of mature ADAM17, suggesting that UL148 and UL148D interfere 

with ADAM17 maturation/trafficking. Six known ADAM17 regulators/traffickers 

were shown not be involved in UL148/UL148D-driven ADAM17 abolishment, 

further supporting the idea of a more complex and potentially novel method of 

ADAM17 regulation. Interestingly, levels of Furin-regulating protein PACS1 

reduced in Merlin infection and failed to recover when UL148 and UL148D 

were deleted, suggesting another HCMV geneôs involvement in ADAM17 

regulation, consistent with the very rapid reduction in surface ADAM17 as 

quick as 6 hpi reported in QTV (Weekes et al, 2014). 

ADAM17 immunofluorescence suggested the accumulation of ADAM17 in the 

ER in Merlin infection. Therefore, the involvement of ERAD in ADAM17 
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downregulation was assessed using two chemical ERAD inhibitors. ERAD 

inhibition using EerI resulted in the recovery of the mature form of ADAM17 

and restored surface ADAM17 levels in Merlin-infected cells. However, EerI 

treatment resulted in many changes in the cell, such as downregulation of 

UL148 and UL148D, autofluorescence and increased isotype binding. 

Treatment with an alternative ERAD inhibitor Kif resulted in no changes to 

whole cell or surface ADAM17 levels, and there were no issues associated 

with the use of this inhibitor. The differences observed with the use of two 

different ERAD inhibitors may be explained by the different mechanism of 

action that these inhibitors use to target ERAD. Since both ERAD inhibitors 

gave conflicting results, proteasome (MG132) and lysosome (leupeptin) 

inhibitors were used instead to test whether ADAM17 was being targeted for 

degradation through these downstream and alternate pathways. Treatments 

with these inhibitors resulted in no changes in the whole cell levels of ADAM17, 

suggesting that these pathways of degradation are not involved in ADAM17 

downregulation by UL148 and UL148D and implying that the primary 

mechanism of action is likely through impaired maturation.  
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5 Functional significance of ADAM17 

downregulation by UL148 and UL148D 

5.1 Introduction 

Chapter 4 provided some valuable insights into the mechanism of UL148- and 

UL148D-driven ADAM17 impairment, however it failed to pinpoint the exact 

mechanism HCMV employs to target ADAM17. Considering that ADAM17 

plays a crucial role in a broad range of biological functions, its dysregulation is 

likely to have a significant impact on multiple biological processes in the host. 

PMP and secretome proteomics results presented in Chapter 3 were 

consistent with this hypothesis, identifying numerous examples of ADAM17-

dependent changes to the levels of surface and soluble proteins following 

HCMV infection. This chapter aimed to investigate the functional significance 

of ADAM17 downregulation by HCMV UL148 and UL148D, using protein hits 

identified through the PMP and secretome proteomic analysis. 

Collectively, PMP and secretome proteomics identified 7 shared highly 

significant proteins, with Jagged1 and Vasorin detected in both datasets 

(Table 3.3) and successfully validated after lentivirus transduction to 

overexpress the proteins (Section 3.5.3). Jagged1 and Vasorin have been 

described previously as ADAM17-dependent substrates (Gooz 2010; Moss 

and Minond 2017). Overexpression of Notch ligand Jagged1 on antigen 

presenting EBV-transformed B cells promotes the development of 

immunosuppressive Treg cells (Yvon et al. 2003). In addition to Jagged1-

mediated Notch signalling, TGFɓ-mediated signalling maintains expression of 

FoxP3, the signature transcription factor involved in the differentiation and 

function of Treg cells (Marie et al. 2005; Lu et al. 2017). However, TGFɓ 

signalling has been shown to be inhibited by the ADAM17-shed soluble form 

of Vasorin through its binding of soluble TGFɓ, thereby preventing binding and 

downstream signalling through TGFɓ receptors (Malapeira et al. 2011). Treg 

cells, in turn, have the capacity to impair protective host immunity and enhance 

viral immune evasion (Veiga-Parga et al. 2013). I hypothesised that 
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UL148/UL148D-mediated impairment of ADAM17 may aid HCMVôs evasion of 

the host immune system through promoting the generation of 

immunosuppressive Treg cells through two distinct mechanisms; stabilization 

of surface Jagged1 providing Notch-mediated signalling, and stabilization of 

surface Vasorin with the reduction of soluble Vasorin increasing the availability 

of TGFɓ to provide TGFɓ signalling (Figure 5.1. A).  

Nectin1 was another intriguing functional hit identified in the PMP dataset, due 

to its reported role in NK cell function in both humans and mice (Chan et al. 

2012). Although Nectin1 was not detected in the secretome proteomics, it was 

identified as a highly significant hit in the PMP and validated successfully by 

flow cytometry in the context of HCMV infection (Section 3.5.3). Nectin1 is a 

member of the nectin and nectin-like family of cell adhesion proteins that are 

ligands for paired activating and inhibitory NK cell receptors that determine 

whether an NK cell activates (Chan et al. 2014). Both activating and inhibitory 

function has been attributed to CD96, the receptor for Nectin1. However, an 

inhibitory role as a óstand-aloneô receptor, is more compelling, because CD96 

has an ITIM motif associated with inhibitory signalling (Chan et al. 2012), while 

mice deficient for CD96, are more sensitive to lipopolysaccharide (LPS)-

induced endotoxicosis compared to WT mice due to increased IFNɔ 

production by NK cells (Chan et al. 2014). I hypothesised that UL148/UL148D-

mediated impairment of ADAM17 would act as an inhibitor of NK cells via 

inhibitory signals provided through CD96 and the increased levels of surface 

Nectin1 on an HCMV-infected target cell (Figure 5.1. B).  
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Figure 5.1: Schematic diagrams of Jagged1-, Vasorin- and Nectin1-

mediated pathways. Schematic diagram of (A) the role of Jagged1 and 

Vasorin in Treg development and (B) the role of Nectin1 and CD96 interaction 

in NK cell function. 
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5.2 Investigating the function of ADAM17 

impairment on Treg development 

5.2.1 Optimising Treg expansion assay 

conditions 

Following Jagged1 and Vasorin validation in the context of HCMV infection, I 

began investigating the role of ADAM17 impairment in Jagged1- and Vasorin-

driven Treg development. To study the changes in Treg proliferation following 

co-culture with HCMV-infected targets, I designed and optimised a protocol for 

a Treg expansion assay. According to the literature Treg expansion can be 

achieved by incubating CD4+ T cells with IL-2 and TGFɓ for a minimum of 5 

days (Ellis et al. 2012). Hence, to determine the optimal experimental 

conditions, an initial experiment was performed in which whole ex vivo PBMC 

were co-cultured with autologous non-infected skin fibroblasts in the absence 

or presence of those cytokines for 4, 7 and 10 days (Figure 5.2). The assay 

showed that in the absence of cytokines, Tregs failed to expand even over the 

course of 10 days. Days 7 and 10 demonstrated similar %Tregs, with IL-2 

treatment resulting in 20.6% and 20.5% Tregs, respectively, and combined IL-

2 and TGFɓ treatment in 22.6% and 22.8%, respectively (Figure 5.2). Hence, 

it was concluded that day 7 and the combination of IL-2 and TGFɓ would be 

used in subsequent experiments.  

The optimised system is described in detail in the Materials and Methods 

Chapter. However, briefly responder cells (ex vivo PBMC or later, isolated 

CD4+ T cells) were co-cultured with HCMV-infected cells for 7 days in the 

presence of IL-2 and TGFɓ before they were harvested, stained and analysed 

by flow cytometry for Treg cells, defined as FoxP3+CD25+CD3+CD4+ (Figure 

5.3 A). Prior to the co-culture, HCMV-infected cells were irradiated at 6000 rad 

to halt the proliferation of Mock-infected cells and maintain 

responder:stimulator ratios (Figure 5.3 B). 
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Figure 5.2: Determining optimal conditions for Treg expansion. Whole 

PBMC were co-cultured with non-infected autologous skin fibroblasts for 4, 7 

and 10 days in the absence of cytokines, IL-2 alone or both IL-2 and TGFɓ. A 

ratio of 10:1 responders:stimulators was used and targets were irradiated 

(6000 rad) prior to co-culture. At indicated time points, cells were harvested 

and surface stained with Fixable Aqua 405nm viability stain, CD19-BV510, 

CD14-BV510, CD56-BV510 (dead cells, as well as CD19+, CD14+ and 

CD56+ were gated out), CD3-BV711, CD4-AF700 and CD25-APC. Cells were 

then intracellularly stained with FoxP3-PE and analysed by flow cytometry for 

%FoxP3+CD25+ of CD3+CD4+ T cells. The data presented is generated from 

one experimental repeat on a single donor.  
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Figure 5.3: Schematic diagrams of experimental set up to study Treg cell 

expansions. (A) Treg expansion assay set up. (B) Schematic diagram of 

target infection and irradiation prior to assay set up. 
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5.2.2 Measuring Treg expansion in the context of 

HCMV infection 

The optimised system was then used to measure Tregs expansion in the 

context of HCMV infection. Whole ex vivo PBMC from one donor were co-

cultured with HCMV-infected targets for 7 days in the presence of IL-2 and 

TGFɓ. Flow cytometry was used to determine the proportion of Treg cells in 

cultures, while cell counting beads (Precision Count Beads, BioLegend) were 

included in the assay to assess absolute cell numbers. HF-TERTs, as well as 

Jagged1- and Vasorin-expressing Jag1-TERTs and Vasn-TERTs were used 

as stimulators, testing the hypothesis that Merlin-infected targets would induce 

Treg expansion due to upregulated surface Jagged1 and reduced soluble 

Vasorin as a result of ADAM17 impairment. No significant differences in 

%Tregs or absolute Treg numbers were observed between Merlin- and dKO-

infected targets. Interestingly, however, there was a significant increase in the 

proportion of Tregs generated by stimulation with Mock- versus HCMV-

infected (Merlin or dKO) cells (Figure 5.4). 
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Figure 5.4: Treg expansion assay on whole PBMC using HCMV-infected 

Jagged1- and Vasorin-expressing targets show no significant difference 

in proportion or absolute Treg cell number. Whole ex vivo PBMC were co-

cultured with irradiated (6000 rad) HCMV-infected targets (HF-TERTs, Vasn-

TERTs and Jag1-TERTs) in the presence of IL-2 and TGFɓ. A ratio of 10:1 of 

responders:stimulators was used. At 7 days of co-culture cells were harvested, 

stained and analysed by flow cytometry for %FoxP3+CD25+CD3+CD4+ T 

cells. To calculate absolute cell number Precision Counting Beads 

(BioLegend) were used according to manufacturer instructions. Means +/- 

SEM of triplicate samples are shown. The data presented is generated from 

one experimental repeat on a single donor. ANOVA with Tukey multiple 

comparison post-hoc tests showed significance at ****p<0.0001, ***p<0.001, 

**p<0.01, *p<0.05, ns ï not significant.
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5.2.3 Measuring Treg expansion in response to 

HCMV-infected ɓ2mKO targets 

One possible explanation for the increase in %Tregs induced by Mock-infected 

cells was stimulation of the CD4+ T-cells by allogeneic MHC-I. In order to 

eliminate this, ɓ2 microglobulin (ɓ2m) knockout HF-TERTs were used instead 

(produced and kindly provided by Dr Pragati Amratia). ɓ2m is a critical 

component for HLA-I expression, hence ɓ2mKO cells do not express surface 

HLA-I. Jagged1 and Vasorin were overexpressed in ɓ2mKO-TERTs the same 

way they were overexpressed in regular HF-TERTs (Section 2.3), however in 

addition to single Jagged1- and Vasorin-expressing cell lines, a cell line with 

both overexpressed Jagged1 and Vasorin was made (ɓ2mKO-Jag1-Vasn-

TERTs). To generate this line, ɓ2mKO-Vasn-TERTs were first selected using 

puromycin resistance for Vasorin expression (Figure 5.5 A), followed by 

Jagged1 lentivirus transduction and cell sorting for Jagged1+ cells (Figure 5.5 

B). 

In the absence of cell surface HLA-I, the relative increase of Tregs induced by 

stimulation with Mock-infected cells was reduced, consistent with allogeneic 

activation contributing to the effects observed in Figure 5.4. Stimulation with 

Vasorin-expressing ɓ2mKO-TERTs infected with HCMV Merlin significantly 

increased Treg absolute cell numbers and proportions compared to cells 

infected with dKO (Figure 5.6). In contrast Jagged1-expressing ɓ2mKO-

TERTs showed no difference between Merlin- and dKO-infected targets, 

whereas targets expressing both Jagged1 and Vasorin drove an unexpected 

increase in Treg proliferation when infected with dKO HCMV (Figure 5.6). 

Overall, these data support a role for stabilized Vasorin in Merlin-mediated 

Treg development, however the phenotype was not maintained with the 

introduction of Jagged1. 
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Figure 5.5: Validation of Vasorin and Jagged1 expression in lentivirus 

transduced ɓ2mKO-TERTs. (A) WB analysis of Vasorin levels in ɓ2mKO-

TERTs and Vasorin lentivirus transduced ɓ2mKO-Vasn-TERTs selected via 

puromycin selection. Actin was used as a loading control. (B) Flow cytometry 

analysis of surface Jagged1 levels on ɓ2mKO-TERTs and Jagged1 lentivirus 

transduced ɓ2mKO-Jag1-TERTs and ɓ2mKO-Jag1-Vasn-TERTs. ɓ2mKO-

Jag1-TERTs were selected via puromycin selection, whereas ɓ2mKO-Jag1-

Vasn-TERTs were cell sorted on Jagged1+ cells. 
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Figure 5.6: Treg expansion assay on whole PBMC using HCMV-infected 

ɓ2mKO targets suggest that Vasorin plays a role in Treg expansions in 

response to Merlin-infected targets. Whole PBMC were co-cultured with 

irradiated (6000 rad) HCMV-infected ɓ2mKO targets (ɓ2mKO-TERTs, 

ɓ2mKO-Vasn-TERTs, ɓ2mKO-Jag1-TERTs and ɓ2mKO-Jag1-Vasn-TERTs) 

in the presence of IL-2 and TGFɓ. A ratio of 10:1 of responders:stimulators 

was used. At 7 days of co-culture cells were harvested, stained and analysed 

by flow cytometry for %FoxP3+CD25+ of CD3+CD4+ T cells. To calculate 

absolute cell number Precision Counting Beads (BioLegend) were used 

according to manufacturer instructions. Means +/- SEM of triplicate samples 

are shown. The data presented is generated from one experimental repeat on 

a single donor. ANOVA with Tukey multiple comparison post-hoc tests showed 

significance at ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, ns ï not 

significant.
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5.2.4 The effect of TCR signalling on HCMV-

driven Treg expansion 

The varied responses observed in my initial data highlighted the complex 

interactions within the Treg expansion assay and implied that simplification of 

the system could aid the generation of larger differential effects and dissection 

of the phenotype. The use of purified naïve CD4+ T cells would ensure 

responses were not dependent on other cell types in PBMC. However, the 

same lack of other immune cells plus the use of ɓ2mKO targets with no surface 

MHC-I meant that no allogeneic signalling through mismatched MHC-I would 

be provided to CD4+ T cells. Use of agonistic anti-CD3 monoclonal antibodies 

(mAbs) would provide such a signal that could also be varied to mimic optimal 

and sub-optimal signalling through the TCR. Anti-CD3 antibody (clone OKT3) 

was chosen and co-culture plates were pre-treated with different 

concentrations of OKT3 for 16 hrs at 4°C prior to the assay setup. There were 

two separate batches of OKT3 used ï a commercially available OKT3 from 

BioLegend at 1 µg/ml, as well as three different dilutions of our own lab stock 

of OKT3 hybridoma (1:500, 1:5000 and 1:50,000). The concentration of OKT3 

hybridoma stock was unknown prior to the experiment, however I performed 

an ELISA using an IgG2a Mouse ELISA kit, confirming that the stock 

concentration of OKT3 hybridoma was 220 ng/ml. Hence, corresponding 

OKT3 concentrations for the three dilutions used were 440 pg/ml, 44 pg/ml 

and 4.4 pg/ml for 1:500, 1:5000 and 1:50,000, respectively.  

The assay showed that at higher OKT3 concentrations (1 µg/ml and 440 pg/ml) 

no significant differences were observed in absolute Treg cell numbers 

generated by stimulation with Merlin- and dKO-infected ɓ2mKO and Vasorin-

expressing targets (Figure 5.7). This was in contrast to the previous 

experiment using whole PBMC (Figure 5.6). Interestingly Jagged1-expressing 

ɓ2mKO targets, as well as targets expressing both Jagged1 and Vasorin, 

demonstrated significant increases in absolute Treg numbers against dKO-

infected targets (Figure 5.7). Previous data using whole PBMC showed a 

similar phenotype but only when both Jagged1 and Vasorin were 

overexpressed (Figure 5.6). 
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OKT3 concentrations of 44 pg/ml and 4.4 pg/ml resulted in a striking difference 

in expansion of Tregs in response to Merlin-infected, compared to dKO-

infected, cells across all types of target cells, with WT ɓ2mKO targets and 

Vasorin-expressing ɓ2mKO targets demonstrating higher absolute Treg 

numbers compared to target cells expressing Jagged1 (Figure 5.7). This 

suggests that differences in Treg generation only occur when CD4+ T cells 

receive sub-optimal TCR signals. Comparing the two OKT3 lower 

concentrations, 4.4 pg/ml resulted in higher variability across datapoints, as 

indicated by larger error bars, hence an OKT3 concentration of 44 pg/ml to 

stimulate T cells was chosen for future experiments. 
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Figure 5.7: Optimisation of anti-CD3 OKT3 concentrations for stimulation 

of purified naïve CD4+ T cells revealed significant Treg expansions in 

response to Merlin-infected cells when sub-optimal OKT3 

concentrations were used. 96-well U bottom co-culture plates were coated 
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prior to co-culture with different OKT3 concentrations at 4°C overnight. Purified 

naïve CD4+ T cells were co-cultured with irradiated (6000 rad) HCMV-infected 

ɓ2mKO targets (ɓ2mKO-TERTs, ɓ2mKO-Vasn-TERTs, ɓ2mKO-Jag1-TERTs 

and ɓ2mKO-Jag1-Vasn-TERTs) in the presence of IL-2 and TGFɓ. A ratio of 

5:1 of responders:stimulators was used. At 7 days of co-culture cells were 

harvested, stained and analysed by flow cytometry for %FoxP3+CD25+ of 

CD3+CD4+ T cells. To calculate absolute cell number Precision Counting 

Beads (BioLegend) were used according to manufacturer instructions. Means 

+/- SEM of triplicate samples are shown. The data presented is generated from 

one experimental repeat on a single donor. ANOVA with Tukey multiple 

comparison post-hoc tests showed significance at ****p<0.0001, ***p<0.001, 

**p<0.01, *p<0.05, ns - not significant. 
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5.2.5 Phenotypic analysis of cell subsets 

induced by HCMV in Treg expansion 

assays 

Assessment of absolute Treg numbers following different OKT3 treatments 

suggested huge Treg expansions in response to Merlin-infected targets, 

however %Treg data only showed significant increases in proportions when 

using WT ɓ2mKO Merlin-infected targets (Figure 5.8 A). Absolute cell number 

is a measure of the combined effect of proliferation, expansion and cell death 

within a culture, while percentage data records changes in cellular dynamics. 

Percentage of CD3+CD4+ T cells was assessed since Tregs were derived 

from a CD3+CD4+ gate (Figure 5.8 B). Interestingly, independent of 

expression of Jagged1 or Vasorin, the phenotype within lymphocyte gates 

altered according to the type of stimulation with Mock-infection resulting in the 

lowest %CD3+CD4+ and Merlin-infection in the highest (Figure 5.8 B). This 

indicated the presence of other populations besides CD3+CD4+ T cells, 

proportions of which altered after stimulation. Further analysis revealed that at 

lower OKT3 concentrations (4.4 pg/ml and 44 pg/ml) two other populations 

besides CD3+CD4+ were expanding ï CD3+CD4- and CD3-CD4- (Figure 5.9 

A). These populations were only present when cells were stimulated with sub-

optimal concentrations of OKT3, and not 1 µg/ml and 440 pg/ml OKT3 (Figure 

5.9 B). Although the nature of these additional populations is unknown and 

would be beyond the scope of this PhD to investigate, it is intriguing to observe 

the differences in immune cell responses to Merlin- and dKO-infected targets.  
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Figure 5.8: Stimulation of purified naïve CD4+ T cells with 44 pg/ml OKT3 

reveals phenotypic changes within the lymphocyte gate. Purified naïve 

CD4+ T cells were stimulated with 44 pg/ml OKT3 and co-cultured with 

irradiated (6000 rad) HCMV-infected ɓ2mKO targets in the presence of IL-2 

and TGFɓ. Percentages of (A) Tregs and (B) CD3+CD4+ T cell population are 

shown. A ratio of 5:1 of responders:stimulators was used. At 7 days of co-

culture cells were harvested, stained and analysed by flow cytometry for 

%FoxP3+CD25+ of CD3+CD4+ T cells. To calculate absolute cell number 

Precision Counting Beads (BioLegend) were used according to manufacturer 

instructions. Means +/- SEM of triplicate samples are shown. ANOVA with 

Tukey multiple comparison post-hoc tests showed significance at 

****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, ns ï not significant.
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Figure 5.9: CD3 vs CD4 flow cytometry dot plots of responder cells 

stimulated with (A) 44 pg/ml OKT3 and (B) 1 ɛg/ml OKT3. Treg expansion 

assay result in which purified naïve CD4+ T cells were stimulated with either 

1 ɛg/ml or 44 pg/ml OKT3 and co-cultured with irradiated (6000 rad) HCMV-

infected ɓ2mKO targets (ɓ2mKO-TERTs) in the presence of IL-2 and TGFɓ. 

A ratio of 5:1 of responders:stimulators was used. At 7 days of co-culture cells 

were harvested, stained and analysed by flow cytometry. 
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5.2.6 Treg expansion of multiple donors in 

response to Merlin-infected targets 

While the data in Section 5.2.4. was highly significant within the described 

experiment, I wanted to test the biological significance of my findings. 

Therefore, I performed Treg expansion assays using sub-optimal TCR 

stimulation (44 pg/ml OKT3) on an additional five donors. Summary graphs 

were created in which the data was plotted as a fold change over Mock (Figure 

5.10). Overall, no significant differences were observed in %Tregs (Figure 

5.10 A) or absolute Treg numbers (Figure 5.10 B) between donors. 

Nevertheless, some variability in donor responses was observed. Two out of 

six donors demonstrated a considerable decrease in both %Treg and absolute 

Treg numbers in response to dKO-infected targets compared to Merlin, 

whereas two donors demonstrated a decrease in absolute Treg numbers with 

only a slight decrease or no change in %Treg. In contrast, the remaining two 

donors demonstrated increase in %Treg and absolute Treg numbers, with one 

donor showing only a marginal increase in %Treg and absolute Treg numbers 

(Figure 5.10).  
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Figure 5.10: Treg expansion in response to Merlin-infected targets on 

multiple donors reveals no significant change in %Treg and absolute 

Treg cell numbers. Summary plots of (A) %Tregs and (B) absolute Treg 

number performed on isolated naïve CD4+ T cells from 6 different donors. 

Purified naïve CD4+ T cells were stimulated with 44 pg/ml OKT3 and co-

cultured with irradiated (6000 rad) HCMV-infected ɓ2mKO targets (ɓ2mKO-

TERTs only) in the presence of IL-2 and TGFɓ. A ratio of 5:1 of 

responders:stimulators was used. At 7 days of co-culture cells were harvested 

and stained and analysed by flow cytometry for %FoxP3+CD25+ of 

CD3+CD4+ T cells. To calculate absolute cell number Precision Counting 

Beads were used according to manufacturer instructions. Results are 

presented as fold change over Mock. For (A) a paired t-test showed the p-

value indicated, for (B) non-parametric Wilcoxon test (data not normally 

distributed) showed the p-value indicated. The data presented is generated 

from four experimental repeats on six different donors. 
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5.2.7 Maintenance of Jagged1 expression on 

ɓ2mKO lines 

Due to the observed variability in Treg expansion experiments, I decided to 

test if Jagged1 and Vasorin levels in lentivirus transduced ɓ2mKO cell lines 

were altered by prolonged time in cell culture (>4 months). Surface Jagged1 

levels on older ɓ2mKO-Jag1-Vasn-TERTs were low with non-infected cells 

showing similar Jagged1 levels to the isotype (Figure 5.11). This was in 

contrast to the expression of Jagged1 on freshly transduced cells (Figure 5.5). 

Such low expression of Jagged1 on older ɓ2mKO-Jag1-Vasn-TERTs 

suggests loss of Jagged1 expression possibly due to a lack of selection 

pressure. As a result of low baseline Jagged1 levels, it was difficult to observe 

significant changes in Jagged1 expression following HCMV infection with 

Merlin or dKO (Figure 5.11). This could at least partially explain similar %Treg 

and absolute Treg cell numbers in response to Merlin- and dKO-infected 

targets in later experiments. Vasorin expression was not specifically tested. 
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Figure 5.11: Surface Jagged1 expression in lentivirus transduced 

ɓ2mKO-TERTs after >4 months of being in culture. Flow cytometry 

analysis of Jagged1 levels on ɓ2mKO-Jag1-Vasn-TERTs infected with 

indicated HCMV strains (MOI = 5, 72 hpi). Cells were in culture for >4 months 

prior to infections and staining. 
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5.3 Investigating the function of ADAM17 

impairment on NK cell activation 

Section 5.2 focused on investigating the consequences of HCMV-mediated 

ADAM17 impairment on Treg development, however, with over 100 proteins 

stabilised during HCMV infection (Chapter 3), the functional consequences of 

ADAM17 downregulation are likely to go beyond Treg development. Hence, I 

investigated the role of ADAM17 impairment on NK cell function. The rationale 

behind studying the effect of ADAM17 impairment on NK cell activation was 

the identification and validation of Nectin1 as a significant hit in the PMP 

dataset (Section 5.1) combined with the laboratoryôs expertise in dissecting 

HCMV-encoded NK cell modulators (Wilkinson et al. 2008; Patel et al. 2018). 

To investigate the functional significance of UL148- and UL148D-mediated 

ADAM17 impairment on NK cell function, CD107a degranulation assays were 

performed as described in Section 2.10.3. Briefly, HCMV-infected target cells 

(HF-TERTs) were co-cultured for 5 hrs with effector cells (ex vivo PBMC or NK 

cell lines) in the presence of FITC-conjugated anti-CD107a antibody and 

GolgiStop (BD), followed by flow cytometry staining and analysis to detect 

%CD3-CD56+CD107a+ NK cells (Figure 5.12 A). For ADAM17 blocking 

studies, anti-ADAM17 antibody D1(A12) was used to treat target cells 24 hrs 

prior to assay set up to block ADAM17 in dKO-infected cells and allow enough 

time for the levels of ADAM17-dependent substrates to increase on the cell 

surface (Figure 5.12 B).  
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Figure 5.12: Schematic diagram of CD107a degranulation assay set up 

to study NK cell function. (A) Schematic of the CD107a degranulation assay 

set up. (B) Schematic of anti-ADAM17 D1(A12) antibody addition to HCMV 

dKO-infected cells. 
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5.3.1 Investigating the effect of ADAM17 

impairment on NK cell activation using ex 

vivo PBMC 

To begin exploring the effect ADAM17 impairment has on NK cell function, 

CD107a degranulation assays were first performed using ex vivo PBMC from 

frozen stocks (Figure 5.13 A). However, the overall levels of NK cell activation 

across all conditions and all donors were very low, with D003 NK cells 

demonstrating less than 1% activation in some instances. Typically, a higher 

level of degranulation is expected in response to HF-TERTs when using ex 

vivo PBMC. In our laboratory we routinely perform CD107a degranulation 

assays with PBMC and achieve NK cell degranulation of ~20-30% to Mock-

infected HF-TERTs. Hence, a repeat of the assay was performed using fresh 

PBMC isolated one day prior to the assay to test if freezing down PBMC had 

a negative effect on their activation.  

Using fresh PBMC from four different donors resulted in low NK cell 

degranulation, similar to the result observed when previously frozen PBMC 

were used (Figure 5.13 B). Since results generated using fresh ex vivo PBMC 

did not provide a large enough differential for my studies, the CD107a assay 

was further optimised in an attempt to achieve 20-30% degranulation to Mock-

infected HF-TERTs before continuing.  
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Figure 5.13: Initial CD107a degranulation assays demonstrated poor NK 

cell activation with both fresh and frozen ex vivo PBMC. CD107a 

degranulation assay on (A) frozen and (B) fresh ex vivo PBMC from three and 

four donors, respectively. HF-TERT cells were infected with indicated HCMV 

strain or Mock-infected (MOI = 10, 72 hrs). Targets infected with dKO HCMV 

were treated with D1(A12) anti-ADAM17 blocking antibody or control human 

IgG 24 hrs prior to harvest. At 72 hpi infected HF-TERT cells were co-cultured 

with ex vivo PBMC, which have previously been incubated with IFNŬ 

overnight. Effector:target ratio of 10:1 was used for the co-culture, following a 

5 hr incubation in the presence of anti-CD107a antibody and GolgiStop (BD). 

Effectors were analysed by flow cytometry for %CD107a of CD3-CD56+ NK 

cells. Means +/- SEM of quadruplicate samples are shown. ANOVA with Tukey 

multiple comparison post-hoc tests showed significance at ****p<0.0001, 

***p<0.001, **p<0.01, *p<0.05, ns ï not significant.
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5.3.2 Optimisation of CD107a degranulation 

assay on ex vivo PBMC 

Two variables were tested ï the IFNŬ stock used to stimulate PBMC overnight 

and the HF-TERTs used as targets. It was noted that both IFNŬ stock and 

cultured HF-TERTs were not new, with the IFNŬ stock aliquoted and frozen 

down in 2017, while the HF-TERTs had been cultured for at least 3 months 

prior to assays. A side by side comparison was made by setting up a CD107a 

degranulation assay using ex vivo PBMC from one donor as effectors against 

old and fresh HF-TERTs as targets. Effectors were also stimulated with either 

old or fresh stock of IFNŬ.  

A combination of both old IFNŬ and old HF-TERTs resulted in the lowest NK 

cell degranulation of 8.85% CD107a+ NK cells, similar to the values observed 

previously (Figure 5.14). The use of either fresh HF-TERTs or fresh IFNŬ 

increased NK cell degranulation, however the use of both fresh reagent and 

targets together resulted in NK cell degranulation of 23% (Figure 5.14).  
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Figure 5.14: Optimisation of CD107a degranulation assay testing old and 

fresh stocks of IFNŬ and HF-TERTs as targets. Two different stocks of IFNŬ 

were used to stimulate ex vivo PBMC from one donor, followed by a co-culture 

with either 3-month old or 2-week old HF-TERTs, old and fresh, respectively. 

Effector:target ratio of 10:1 was used for the co-culture, following a 5 hr 

incubation in the presence of anti-CD107a antibody and GolgiStop (BD). 

Effectors were stained with Fixable Aqua 405nm viability stain, CD3-PE and 

CD56-APC, and analysed by flow cytometry for %CD107a of CD3-CD56+ NK 

cells. Means +/- SEM of quadruplicate samples are shown. ANOVA with Tukey 

multiple comparison post-hoc tests showed significance at ****p<0.0001. 
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5.3.3 Investigating the effect of ADAM17 

impairment on NK cell activation using ex 

vivo PBMC under optimised assay 

conditions 

The optimised CD107a degranulation assay was performed on two donors 

with the addition of anti-ADAM17 D1(A12) antibody to dKO-infected targets to 

study the involvement of ADAM17 in NK cell function. NK cells of both donors 

responded to Merlin- and dKO-infected targets as expected, with Merlin-

infected targets significantly inhibiting NK cell activation compared to Mock, 

and dKO-infected targets recovering NK function (Figure 5.15). However, the 

addition of D1(A12) to dKO-infected targets to block ADAM17 did not reduce 

NK cell degranulation, suggesting that the inhibitory effect of UL148 and 

UL148D on NK cells was independent of their role in ADAM17 impairment 

(Figure 5.15). It is important to note that only two donors were tested under 

optimised CD107a assay conditions, with both donors demonstrating a small 

reduction in NK cell activation following D1(A12) treatment that did not reach 

a statistical significance of p<0.05 (Figure 5.15).  
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Figure 5.15: CD107a degranulation assay on ex vivo PBMC under 

optimised assay conditions showed no ADAM17 involvement in NK cell 

function. Fresh (3 week old) HF-TERT cells were infected with indicated 

HCMV strain or Mock-infected (MOI = 10, 72 hrs). Targets infected with dKO 

HCMV were treated with D1(A12) anti-ADAM17 blocking antibody or control 

human IgG 24 hrs prior to harvest. At 72 hpi infected HF-TERT cells were co-

cultured with ex vivo PBMC from different donors, which have previously been 

incubated with fresh IFNŬ overnight to stimulate NK cells. Effector:target ratio 

of 10:1 was used for the co-culture, following a 5 hr incubation in the presence 

of anti-CD107a antibody and GolgiStop (BD). Effectors were stained with 

Fixable Aqua 405nm viability stain, CD3-PE and CD56-APC, and analysed by 

flow cytometry for %CD107a of CD3-CD56+ NK cells. Means +/- SEM of 

quadruplicate samples are shown. The data presented is generated from one 

experimental repeat on two different donors. ANOVA with Tukey multiple 

comparison post-hoc tests showed significance at ****p<0.0001, ***p<0.001, 

ns ï not significant. 
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5.3.4 Investigating the effect of ADAM17 

impairment on NK cell activation using NK 

cell lines 

At the same time as I was performing ex vivo PBMC assays, Dr Simon 

Kollnberger in the laboratory was generating NK cell lines for a separate 

project, allowing me to test a different set of effectors. Three NK cell lines were 

tested against HCMV-infected HF-TERTs with dKO-infected targets treated 

with anti-ADAM17 D1(A12) (Figure 5.16). In contrast to the data generated 

using ex vivo PBMC, D1(A12) treatment resulted in significant decreases in 

NK cell activation across all three donor NK cell lines compared to control IgG-

treated targets, suggesting ADAM17 involvement in NK cell function in these 

cell lines (Figure 5.16 A). Although it was an encouraging result, NK lines 

D043 and D169 did not respond as expected to Merlin-infected targets, with 

D043 demonstrating an increase in %CD107a+ cells and D169 no change in 

the levels of %CD107a compared to Mock (Figure 5.16 A). In addition, control 

IgG-treated dKO-infected targets resulted in increases in NK cell activation 

across all three donors, with the D043 line demonstrating an 8-fold increase in 

%CD107a+ NK cells compared to Mock-infected targets (Figure 5.16 A). Such 

increases in %CD107a+ NK cells, suggested control IgG treatment of dKO-

infected targets was activating NK cells. 

A repeat of the assay was performed and untreated dKO-infected targets were 

included into the experimental set up to assess if control IgG treatment of 

targets had any effect on NK cells activation (Figure 5.16 B). The same NK 

lines were used as in Figure 5.16 A, 7 days after the initial experiment. No 

significant differences were observed in %CD107a+ NK cells against dKO-

infected targets with and without control IgG, consistent with the increase in 

NK cell activation in response to dKO-infected targets being caused by the 

lack of UL148 and UL148D, and not control IgG (Figure 5.16 B). Furthermore, 

all three NK cell lines responded to Merlin-infected cells as expected, 

demonstrating a significant reduction in NK cell activation compared to Mock, 

as measured by proportion of CD107a+ cells (Figure 5.16 B). This was later 

repeated with different NK cell lines demonstrating similar results. 
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A total of 7 NK cell lines were tested and summary graphs were generated 

showing consistent increases in NK cell activation to dKO-infected targets 

compared to Merlin (Figure 5.16 C). Addition of anti-ADAM17 D1(A12) to 

dKO-infected targets significantly reduced NK cell activation in all tested NK 

cell lines, demonstrating biological reproducibility for the role of ADAM17 

impairment in NK cell activation. 
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Figure 5.16: CD107a degranulation assay on NK cell lines using anti-

ADAM17 D1(A12) antibody demonstrated ADAM17-dependent role in NK 

cell inhibition in Merlin-infected cells. (A) HF-TERT cells were infected with 

indicated HCMV strain or Mock-infected (MOI = 10, 72 hrs). Targets infected 

with dKO HCMV were treated with D1(A12) anti-ADAM17 blocking antibody or 

control human IgG 24 hrs prior to harvest. At 72 hpi infected HF-TERT cells 

were co-cultured indicated NK cell lines. Effector:target ratio of 10:1 was used 

for the co-culture, following a 5 hrs incubation in the presence of anti-CD107a 
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antibody and GolgiStop (BD). Effectors were stained with Fixable Aqua 405nm 

viability stain, CD3-PE and CD56-APC, and analysed by flow cytometry for 

%CD107a of CD3-CD56+ NK cells. Means +/- SEM of quadruplicate samples 

are shown. ANOVA with Tukey multiple comparison post-hoc tests showed 

significance at ****p<0.0001, ns ï not significant. (B) A repeat experiment of 

(A) with the addition of untreated dKO-infected targets. (C) CD107a 

degranulation of 7 NK lines challenged with HF-TERT target cells infected with 

dKO-infected HCMV and treated with either control human IgG or D1(A12) 

anti-ADAM17 antibody. Points are means of quadruplicate samples. A paired 

t-test showed the p-value indicated. NK cell lines for summary plots were 

generated from four donors, with three NK cell lines stimulated on two 

separate occasions, generating 6 different NK cell lines. 
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5.3.5 Assessing the role of ADAM17 

downregulation in the inhibition of NK cell 

activation  

Although anti-ADAM17 D1(A12) treatment on dKO-infected targets confirmed 

that HCMV-mediated ADAM17 impairment inhibited NK cell activation, the 

exact mechanism was unclear. There were two possible explanations. It was 

possible that ADAM17 itself was acting as an activating ligand to the NK cells. 

PMP data (Chapter 3) suggested that 24 hrs of anti-ADAM17 D1(A12) 

treatment not only blocked ADAM17 function, but also reduced surface 

ADAM17 levels presumably through protein endocytosis (Figure 3.6). Hence, 

if ADAM17 was itself a novel activating NK cell ligand, its downregulation 

following anti-ADAM17 D1(A12) treatment may explain NK cell inhibition. An 

alternative explanation was that the impairment of ADAM17 shedding function 

was the reason behind altered NK cell responses, i.e., one or more ADAM17-

dependent inhibitory NK cell ligands (such as Nectin1) accumulated on the cell 

surface as a consequence of ADAM17 blocking by D1(A12) and provided NK 

inhibitory signals. 

To test the role of ADAM17 in HCMV-mediated NK cell inhibition an 

experiment was performed in which D1(A12) treatment was applied for short 

and long periods - 1 hr and 24 hrs, respectively (Figure 5.17). It was 

hypothesised that 1 hr anti-ADAM17 D1(A12) treatment would be sufficient to 

block and downregulate surface ADAM17, without impacting the levels of its 

substrates. Whereas a 24 hrs D1(A12) application would allow for the 

accumulation of ADAM17-dependent substrates on the cell surface, as 

suggested by the PMP analysis (Chapter 3). Before functional CD107a assay 

could be performed to assess the role of ADAM17 in NK cell inhibition, 

ADAM17 and Nectin1 expression were studied by flow cytometry following 

these different D1(A12) treatments to see which correlated better with 

blocking.  

ADAM17 flow cytometry staining on 24 hrs D1(A12)-treated dKO-infected HF-

TERTs demonstrated abolishment of surface ADAM17 close to the levels of 
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Merlin-infected HF-TERTs, validating PMP proteomics results and confirming 

significant downregulation of ADAM17 following 24 hrs D1(A12) treatment 

(Figure 5.18 A). In contrast, 1 hr D1(A12) treatment resulted in a partial 

ADAM17 downregulation, however ADAM17 levels were still lower than that 

of control IgG-treated cells (Figure 5.18 B). An additional treatment was 

tested, in which target cells were treated with D1(A12) for 1 hr, following 5 hrs 

D1(A12)-free incubation to monitor the changes in ADAM17 and Nectin1 

expression levels thereby mirroring events in a CD107a degranulation assay 

(Figure 5.17). Five hrs incubation following 1 hr D1(A12) treatment resulted in 

a recovery of surface ADAM17, yet not enough time had passed to recover it 

to the levels of control IgG-treated cells (Figure 5.18 B).  

ADAM17 expression correlated with the expression of its substrate Nectin1. 

D1(A12) treatment for 24 hrs on dKO-infected HF-TERTs resulted in surface 

Nectin1 increasing to levels observed on Merlin-infected cells (Figure 5.19). 

However, 1 hr of D1(A12) treatment on dKO-infected HF-TERTs failed to 

upregulate surface Nectin1 levels, confirming that 1 hr D1(A12) treatment is 

sufficient to downregulate ADAM17, without altering the levels of its substrates 

(Figure 5.19). Finally, 5 hrs incubation in the absence of D1(A12) resulted in 

a partial increase in surface Nectin1 levels compared to Nectin1 levels 

immediately after 1 hr D1(A12) treatment (Figure 5.19). This indicated that 

Nectin1 started to slowly accumulate on the cell surface after 5 hrs D1(A12)-

free incubation. 
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Figure 5.17: A schematic of the assay designed to assess the role of 

ADAM17 impairment in NK cell function. Briefly, dKO-infected HF-TERTs 

were treated with anti-ADAM17 D1(A12) for different durations prior to 

ADAM17 flow cytometry staining. ó24 hrsô treatment consisted of continuous 

24 hrs D1(A12) application prior to washing and staining. ó1 hrô treatment 

consisted of 1 hr D1(A12) application followed by immediate wash and flow 

cytometry staining. ó1 hr + 5 hrs incubationô treatment consisted of 1 hr 

D1(A12) application, followed by a wash to wash off any residual D1(A12) 

antibody and a 5 hrs incubation in the absence of D1(A12) prior to flow 

cytometry staining.  
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Figure 5.18: Flow cytometry surface ADAM17 staining following multiple 

D1(A12) treatment regimes. (A) ADAM17 flow cytometry staining on HF-

TERTs infected with indicated HCMV strains (MOI = 10, 72 hpi). Anti-ADAM17 

D1(A12) or control IgG treatments were added to dKO-infected cells 24 hrs 

prior to cell harvest and staining. (B) ADAM17 flow cytometry staining on HF-

TERTs infected with indicated HCMV strains (MOI = 10, 72 hpi), following 

different regimes of anti-ADAM17 D1(A12) treatment. (C) An overlay of 

surface ADAM17 staining from (B) following different anti-ADAM17 D1(A12) 

treatment schedules.  






























































































































































