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Abstract 

Human cytomegalovirus (HCMV), a member of the herpesvirus family, is a highly 

prevalent virus that establishes a lifelong infection within the host. It is associated with 

severe morbidity in immunocompromised patient groups such as transplant recipients 

or neonates. Whilst first line treatment is generally successful, therapeutic options are 

limited and associated with resistance. 

To identify host factors involved in the virus lifecycle, a screen of ion channel inhibitors 

was performed to assess their impact on HCMV replication. 4,4,-diisothiocyano-2,2’-

stilbenedisulfonic acid (DIDS) was found to be a potent inhibitor of virus replication. 

Further investigations revealed that DIDS functioned by blocking the ability of HCMV to 

engage with the cell surface during the earliest steps of its entry pathway, and that 

DIDS achieved this by directly binding to the virion, likely through a cystine-reactive 

pathway. 

Passage of HCMV in the presence of DIDS identified two mutations as putatively being 

associated with resistance to DIDS; one in glycoprotein M, and another in RL13. Whilst 

the gM mutation did not confer a benefit to the virus when introduced in isolation, the 

RL13 mutation did, arguing for a role of the relatively unstudied RL13 protein in viral 

entry. Analysis of several well-established HCMV strains also identified a mutation in 

glycoprotein B associated with resistance to DIDS. 

The consequence of DIDS-resistance was an increased sensitivity to neutralising 

antibodies, observed in the passaged DIDS-resistant virus. This suggests that a key 

reason behind the complexity of HCMV entry may be to hide antibody epitopes from 

the immune system, and thus a greater understanding of how the virus achieves this 

may inform the development of a key therapeutic goal: a highly effective HCMV 

vaccine. 

  

3



Impact Statement 

HCMV is a widespread pathogen, and  a major clinical issue for particularly vulnerable 

patient groups (neonates, those with immunodeficiencies) or for those undergoing 

complex transplantation procedures that require precious donor organs. Furthermore, 

associations between herpesviruses in general and age-related processes such as 

immunosenescence and onset of Alzheimer’s disease are beginning to emerge in 

otherwise healthy individuals. Consequently, any improvement to treatment options 

has the potential to make a significant impact in a clinical setting, whilst greater 

understanding of the virus, and in particular its relationship with the adaptive immune 

system, will inform future vaccine development. Given the number of individuals 

infected with HCMV (thought to be billions), a vaccine therefore has the potential to 

have a positive impact on a vast number of lives. 

The work in this thesis originally investigated the impact of ion channel inhibitors on 

HCMV as a method of increasing our understanding of the virus lifecycle. However, this 

evolved into an investigation of how the virus engages with the cell surface during its 

entry procedure, and how this process might be linked to the ability of the humoral 

immune system to neutralise the virus. The identified inhibitor, 4,4,-Diisothiocyano-

2,2’-stilbenedisulfonic acid (DIDS), potently inhibited virus binding to the surface via 

heparan sulfate proteoglycans. Structure activity relationship studies were undertaken 

to elucidate the chemistry driving this effect, which when combined with the facts that 

DIDS had no observable toxic effects, and that the process targeted by DIDS is common 

to many different viruses, suggests that this knowledge may be a promising starting 

point for the development of second and third generation derivatives of DIDS that may 

function not just against HCMV, but also against a range of clinically relevant viral 

infections. 

Another key aspect of this thesis was investigating the genetic changes within the virus 

that may confer resistance to DIDS and an additional inhibitor, heparin, and the 

relationship between such resistance and sensitivity to neutralising antibodies. A DIDS-

resistant virus was identified to be sensitised to neutralising antibodies. Whilst the 
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investigations that followed did not identify the particular mutations responsible for 

this increase, it nevertheless demonstrates a key link between alterations in HCMV 

entry and antibody functionality. Continued analysis of this virus may identify new, 

potent epitopes towards which neutralising antibodies are targeted. Recombinant 

proteins exposing these epitopes or simple peptides representing them may therefore 

be a powerful addition to those vaccines already in development. 
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Chapter 1: Introduction 

1.1 A brief history of the discovery of human cytomegalovirus 

Human cytomegalovirus (HCMV) is the prototype member of the Betaherpesvirinae. 

The first likely observations of HCMV occurred in 1881, when Ribbert noticed large 

cells in both kidney (from a stillborn infant infected with syphilis) and parotid gland 

sections (Ribbert, 1904) although the identity of HCMV remained unknown at that 

time. Similar pathological observations were reported by Jesionek and Keiolemenoglou 

in the kidney, liver and lungs of an 8-month-old, syphilitic foetus (Jesionek and 

Kiolemenoglou, 1904). Originally, it was thought that these cells may represent a 

protozoan infection, with large intranuclear inclusions. Later studies would label this 

distinctive histology feature as having an ‘Owl’s eye’ appearance, a term still used to 

describe the particular effects of HCMV infection. Lowenstein, whilst in Ribbert’s lab, 

went on to observe these enlarged cells in the parotid glands of 4 out of 30 infants he 

tested (Lowenstein, 1907). 

Having defined a clear and unusual cellular pathology in these studies the next step 

was to identify the agent responsible. Initially, it was hypothesised that the driver of 

cell pathology was protozoan in nature. However, in 1921, Lipschuetz noted the 

identification of cells containing intranuclear inclusions in lesions from a man infected 

with both herpes zoster (now known as varicella zoster virus) and herpes genitalis 

(herpes simplex virus 1 or 2)(Lipschuetz, 1921). Consequently, it was postulated that 

the enlarged cells could also be caused by a viral infection - and potentially one related 

to these other Alphaherpesvirinae (Vonglahn and Pappenheimer, 1925). Although the 

identity of the new infectious agent remained unknown it appeared that the infection 

was relatively common. A study demonstrated that 26 out of 183 children, who had 

died from a variety of causes, had similar inclusion bodies within their salivary glands 

(Farber and Wolbach, 1932). Around this time, a number of rare, lethal congenital 

infections had been described, all with intracerebral calcification, petechiae and 

hepatosplenomegaly, in addition to cells with intranuclear inclusions. It was at this 
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point the term that would ultimately give rise to the name ‘Cytomegalovirus’ was 

proposed: generalised cytomegalic inclusion disease (CID) (Wyatt and Saxton, 1950). 

This name was a combination of the term for ‘cell’, cyto-, which was derived from the 

Ancient Greek word for ‘container’, and the suffix -megaly, derived from the Ancient 

Greek megálos, simply meaning enlargement and therefore succinctly describing the 

impact upon the cell.  

It was also noted that cells of the renal tubule were always involved in these cases, and 

consequently that cells may be shed into the urine that could be used to diagnose CID, 

which was consequently demonstrated in 1952 (Fetterman, 1952). What then followed 

were further clues that CID may be caused by viral infection, such as the observation of 

dense particles around 199nm in size surrounding intracellular inclusions within the 

pancreas of a patient diagnosed with CID. Isolation and culture of HCMV would require 

the development of human cell culture methods that would allow the virus to be 

grown and propagated in a laboratory environment. The breakthrough came in 1949, 

after the isolation of poliovirus from human embryonic cell cultures was demonstrated 

(Enders, Weller and Robbins, 1949). 

HCMV was first isolated by Margaret Smith in 1955, when she isolated a virus from a 

human salivary gland that grew in human, but not mouse cell cultures. It is noteworthy 

that the original paper was rejected as it was feared that the agent observed may have 

been a contaminant from the mouse salivary glands she was also working with. With 

the benefit of hindsight, we now know this to be incorrect as cytomegaloviruses are 

highly species specific and thus it is highly unlikely that the virus could have come from 

contaminating murine cell cultures. Concerns regarding contamination are still 

relevant today, as high-profile work linking xenotropic murine leukaemia virus-related 

virus (XMRV) to chronic fatigue syndrome (CFS)(Lombardi et al., 2009), a poorly 

understood condition with no established cause, was retracted two years later as the 

presence of XMRV was eventually established to have been as a result of 

contamination, and it was not linked to CFS (Simmons et al., 2011; Teque et al., 2011). 

Undeterred, Smith was able to isolate the virus from the kidney of another CID patient 

(Smith, 1956). Thomas Weller, who had received the Nobel Prize in 1954 as a result of 
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his work on cell culture methods, also isolated a virus around the same time that 

turned out to be HCMV as well (Weller et al., 1957), as did Wallace Rowe (Rowe et al., 

1956). These three isolates were exchanged between laboratories to confirm their 

similarities, and consequently Weller bestowed the name ‘Cytomegalovirus’ upon the 

virus. 

1.2 Human cytomegalovirus and the herpesvirus family 

HCMV is one of 9 currently known human herpesviruses (Table 1.1). These are an 

evolutionarily ancient group of viruses that have become highly host-specific, 

indicating an extended period of co-evolution between their hosts and themselves. 

Herpesviruses are sub-divided into three categories; alpha-, beta- and gamma-

herpesviruses, with divergence into these groups believed to occur approximately 200 

million years ago (McGeoch et al., 1995). Humans are not the only species to be 

afflicted, with species-specific herpesviruses known to exist for birds (Avian infectious 

laryngotracheitis), reptiles (Chelonid alphaherpesvirus 1), fish (Cyprinid herpesvirus 3) 

and many other mammals (Elephant endotheliotropic herpesvirus (EEHV), 

pseudorabies virus) (Ossent et al., 1990; Lackovich et al., 1999; Bagust, Jones and Guy, 

2000; Mettenleiter, 2000; Hanson, Dishon and Kotler, 2011). Whilst severe morbidity is 

rarely associated with herpesvirus infection of healthy humans, the pathological 

potential and species-specificity of these viruses is emphasised by studies of EEHV 

demonstrating that EEHV-1, which infects African elephants without causing 

observable disease, can be transmitted to Asian elephants to cause lethal 

haemorrhagic disease (Richman et al., 1999).  

Herpesviruses are extremely widespread viruses, with seroprevalence of both 

varicella-zoster and Epstein-Barr virus approaching 90% by the age of 18 in developed 

nations (Dowd et al., 2013; Bollaerts et al., 2017). This high seroprevalence may be due 

in part to their ability to establish a lifelong infection, providing a large window of time 

for them to transmit to a new host. Perhaps more speculatively, herpesviruses are also 

implicated in pathological processes associated with ageing, such as the gradual 

deterioration of the immune system (immunosenescence) and the onset of 
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Alzheimer’s disease, which again may be linked to the lifelong infection established by 

these viruses (Solana et al., 2012; Bröer, 2014; Itzhaki, 2018; Readhead et al., 2018). In 

fact, in a very small proportion (0.2-1%) of the population, ‘lifelong’ infection is taken 

to the extreme, as HHV6A and HHV6B (which integrate into telomeres) can infect 

germinal cells (Leong et al., 2007; Arbuckle et al., 2010). Half of the gametes derived 

from such cells would therefore contain an integrated copy of the viral genome, and 

thus any progeny that were produced from said gamete would have a copy of the viral 

genome within every nucleated cell of their body (Tanaka-Taya et al., 2004).  

Formal name Common name Abbreviation Subfamily 

Human herpesvirus 1 Herpes simplex virus 1 HSV-1 Alpha 

Human herpesvirus 2 Herpes simplex virus 2 HSV-2 Alpha 

Human herpesvirus 3 Varicella zoster virus VZV Alpha 

Human herpesvirus 4 Epstein-Barr virus EBV Gamma 

Human herpesvirus 5 Human cytomegalovirus HCMV Beta 

Human herpesvirus 6A Roseolovirus HHV-6A Beta 

Human herpesvirus 6B - HHV-6B Beta 

Human herpesvirus 7 - HHV-7 Beta 

Human herpesvirus 8 Kaposi’s sarcoma-associated  

virus 

KSHV Gamma 

Table 1.1: Summary of human herpesviruses 
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1.3 Structure of the cytomegalovirus virion 

1.3.1 Genome 

At the very centre of the HCMV virion can be found its genome. It consists of linear 

double stranded DNA, varying in size slightly between the different strains but 

generally around ~230-235kbp, making it largest known virus to infect humans 

(Murphy and Shenk, 2008). The genome consists of two unique regions, UL and US, 

standing for ‘Unique Long’ and ‘Unique Short’ respectively. These regions are flanked 

by direct repeats (TRL and IRL flanking the UL region, TRS and IRS flanking the US region, 

Fig 1.1A). The terminal and internal repeat regions can recombine, generating 4 

possible isomers of the HCMV genome (Weststrate, Geelen and van der Noordaa, 

1980; Demarchi, 1981; Murphy and Shenk, 2008). Whether these isomers have any 

particular utility is unknown. Mutants of HSV-1 (which also possesses this ability 

(Sheldrick and Berthelot, 1974)) that are frozen in particular configurations display no 

overt growth defect (Poffenberger and Roizman, 1985). It is plausible that this 

functionality may only be useful in specific cell types or even in vivo (although clinical 

isolates lack the IRL region), but unfortunately murine cytomegalovirus, widely used as 

a mouse model of viral infection and immunological responses, does not contain 

internal repeats within its genome and consequently cannot isomerise (Marks and 

Spector, 1988; Rawlinson, Farrell and Barrell, 1996). 

The HCMV genome encodes for a large number of proteins, with estimates ranging 

from ~167 to upwards of 200 canonical open reading frames (ORFs, Fig 1.1B). Gene 

nomenclature is based upon the sequential location of the ORF within the HCMV 

genome, e.g. those genes encoded within the UL region known as UL1, UL2 etc whilst 

those within the US region are termed US1/US2 etc. HCMV possess several families of 

genes, such as the US6 family (consisting of US6-11) that tend to possess similar 

architecture and related functions (Gretch et al., 1991). These likely arose as a 

consequence of duplication events, and viruses that acquired mutations within these 

genes that were beneficial would then be selected for. Non-beneficial duplications 

would lead to a loss of fitness due to increased genome size, and therefore redundant 
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genes could be lost. This idea of duplications leading to increased fitness followed by 

reductions in gene amplifications whilst retaining adaptive substitutions, known as a 

‘gene accordion’ was originally demonstrated in the poxvirus vaccinia, another large 

dsDNA virus that cannot rely on the high mutation rates afforded to RNA viruses such 

as influenza (Elde et al., 2012), and was also more recently shown for HCMV (Fielding 

et al., 2017). 
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Figure 1.1: HCMV genome structure and ORF map. A: Accepted genomic structure and 
annotation of lab adapted HCMV strain AD169 and a typical clinical isolate. B: Map of 
HCMV ORFs. Green arrows represent ORFs known to or likely to encode polypeptides, 
red arrows those considered unlikely to do so, and blue arrows those predicted to also 
encode proteins. A redrawn from and B reproduced with permission from Murphy et 
al. PNAS December 9, 2003 100 (25) 14976-14981
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B
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1.3.2 Virion structure 

The icosahedral capsid of HCMV is a highly complex structure, required to contain a 

much larger genome than that of other herpes virus capsids. It is a similar size to that 

of HSV-1 however (Bhella, Rixon and Dargan, 2000), and thus the pressure inside the 

capsid, as a result of the compression of negatively-charged and therefore 

electrostatically repulsive DNA, must be substantial (Bauer et al., 2013). Recent 

advances in cryo-electron microscopy however have allowed for a detailed model of 

the HCMV capsid to be produced (Yu et al., 2017). The capsid itself is formed of 4 

proteins: major capsid protein (MCP), smallest capsid protein (SCP), Tri1 and Tri2, 

which can fold into two different conformations, Tri2A and Tri2B. These are assembled 

into an icosahedral capsid composed of 320 triplexes, 12 pentons and 150 hexons, 

with a triangulation number of 16. The capsid-associated tegument protein, pp150, 

further secures and stabilises the outer layers of the capsid by binding to the SCP 

(Baxter and Gibson, 2001; Yu et al., 2011; Dai et al., 2013). 

Many other viral tegument proteins (as many as 35 have been detected at significant 

levels) then surround the capsid, along with cellular proteins and both viral and cellular 

RNA molecules (Terhune, Schroer and Shenk, 2004). Once they are delivered to the 

target cell, they play a variety of different roles, including the inhibition of both 

apoptosis and the innate immune system (see section 1.10).  This is all then contained 

within a bilipid membrane, into which a discrete set of different glycoproteins are 

embedded (e.g. gB, gM, gN, gH, gL, gO, UL128-131)(Fig 1.2). 
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Figure 1.2: Representative structure of HCMV virion. Only major glycoprotein com-
plexes and representations of tegumental proteins are shown. Not to scale.
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1.4 Entry of HCMV into cells 

Although HCMV is highly species specific, within host it is very promiscuous. As such 

HCMV is capable of infecting multiple differentiated cell types and establishing a 

productive infection. Indeed, the ability of HCMV to replicate in multiple cell types 

likely contributes to the diverse organ pathogenesis observed in HCMV infected 

individuals. Through a series of studies, it is becoming increasingly clear that this 

promiscuity of HCMV is linked with the diversity of glycoproteins expressed on the 

virion envelope whereby their relative abundance dictates cellular tropism. 

1.4.1 Entry into fibroblasts 

The foundations of our understanding of the HCMV entry process are built upon 

studies that have defined the entry of HCMV into fibroblasts. Furthermore, a lot of 

what was ‘known’ about HCMV entry is extrapolated from knowledge concerning the 

entry of HSV.  

1.4.1.1 Virus binding to the cell surface via HSPGs 

For infection of fibroblasts, initial adsorption of the HCMV virion to the cell surface is 

mediated by the gM/gN complex, along with gB, binding to heparan sulfate 

proteoglycans (HSPGs) (Kari and Gehrz, 1992, 1993; Compton, Nowlin and Cooper, 

1993). HSPGs are host glycoproteins that have one or more heparan sulfate chains 

covalently attached. There are 17 known human HSPGs which form 3 groups: 

membrane-bound (syndecan 1-4, glypican 1-6, CD44, betaglycan and neuropilin-1), 

secreted extracellular matrix (Perlecan, Agrin, Collagen XVIII) and the secretory vesicle 

HSPG serglycin (Sarrazin, Lamanna and Esko, 2011). HSPGs regulate a number of 

cellular processes, such as acting as co-receptors for tyrosine kinases or by binding to 

chemokines, cytokines or growth factors to protect them from proteolysis. Their 

importance is evidenced by the diseases that can be caused by mutations within 

HSPGs. Mutation of glypican-3 prevents the developmental hedgehog pathway from 

being inhibited, leading to Simpson-Golabi-Behmel disease (Pilia et al., 1996), 

characterised by increased growth and weight gain along with various physical 
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abnormalities, whilst Knobloch syndrome type I, resulting in severe eyesight problems, 

is caused by mutations in collagen XVIII (Sertié et al., 2000). Null alleles of many of the 

enzymes involved in the synthesis and attachment of heparan sulfate chains have been 

shown to be embryonic or perinatal lethal in murine studies (such as Glcat1 or Ext1/2), 

again highlighting their importance (Lin et al., 2000; Stickens et al., 2005; Watamoto et 

al., 2010). They are also known to be receptors for other viruses such as hepatitis C 

(HCV), Herpes Simplex Virus (HSV-1 & -2) and human T-cell leukaemia virus type 1 

(HTLV-1) in addition to HCMV (WuDunn and Spear, 1989; Barth et al., 2003; Jones et 

al., 2005).  

1.4.1.2 Post-HSPG interactions with additional cell surface receptors 

After initial adsorption to HSPGs, HCMV requires specific interactions between virally 

encoded glycoproteins and cellular receptors. These interactions include the trimeric 

complex of HCMV (gH/gL/gO) and cellular platelet derived growth factor receptor α 

(PDGFRα) (Kabanova et al., 2016; Wu et al., 2017, 2018), between αvβ3 integrins and 

gB (Feire, Koss and Compton, 2004) and also possibly between epidermal growth 

factor receptor (EGFR) and gB, although this is disputed (Wang et al., 2003; Isaacson, 

Feire and Compton, 2007; Chan, Nogalski and Yurochko, 2009; J. H. Kim et al., 2017). 

This sequence of receptor binding events culminates in the pH-independent fusion of 

viral and cellular membranes driven by the fusion protein gB, allowing the delivery of 

the capsid and viral tegument proteins to the cell (Navarro et al., 1993; Bold et al., 

1996).  

The process of membrane fusion requires a protein to act as an enzymatic catalyst in 

order to overcome the repulsive ‘hydration force’, which becomes a significant kinetic 

barrier once the distance between membranes decreases below 20 Å (Parsegian, Fuller 

and Rand, 1979; Rand and Parsegian, 1984). Fusion of lipid bilayers proceeds in a 

stepwise process, with the outer layers from each bilayer merging first, without fusion 

of the distal layers to form a hemifusion intermediate (Kuzmin et al., 2001; Yang and 

Huang, 2002). The distal layers then additionally merge to form a fusion pore, through 

which the contents of the membranes can pass. Fusion proteins come in three classes, 
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with HCMV gB falling into class 3. Influenza virus haemagglutinin is the prototypical 

example of class 1 fusion proteins, which are characterised by extensive alpha helical 

structures and a requirement for proteolytic cleavage to render them primed and 

ready for fusion (Chan and Kim, 1998; Skehel and Wiley, 2000). Class 2 fusion 

molecules are primarily formed from beta sheet structures, typically require the 

cleavage of a chaperone protein which otherwise prevents the protein from reacting 

to ‘triggering’ events (e.g. low pH) and are found within multiple virus families 

including bunyaviruses, alphaviruses and flaviviruses (von Bonsdorff and Harrison, 

1975; Guirakhoo et al., 1991). Class 3 proteins, found in herpesviruses and 

rhaddoviruses, combine elements of class 1 and 2, forming trimers with a 

characteristic central alpha helical bundle in addition to domains comprised solely of 

beta sheets, though lacking an obvious priming event as observed with class 1 and 2 

proteins (Roche and Gaudin, 2002; Backovic and Jardetzky, 2011). All three classes of 

fusion proteins contain fusion loops or peptides, which form the part of the protein 

which is actually inserted into the membrane with which the viruses will fuse 

(Harrison, 2015). 

The fusion activity of gB also requires the presence of  gH/gL complex (Vanarsdall et 

al., 2008). gB forms trimers, is essential for virion entry and cell to cell spread, but not 

required for attachment, assembly or egress (Isaacson and Compton, 2009). Receptor-

binding activity of gB may also not be required, as gB-null viruses can enter gB-

expressing cells (Wille et al., 2013). This penetration step is also promoted by the 

activity of tetraspanin CD151, with other members of the tetraspanin family linked to 

other viral infections (e.g. CD81 is required for hepatitis C virus entry into liver 

cells)(Pileri et al., 1998; Fénéant, Levy and Cocquerel, 2014; Hochdorfer et al., 2016).  

This model of HCMV entry into fibroblasts has become more complicated over time. 

Thy-1, a member of the immunoglobulin superfamily, also impacts on the initial stages 

of HCMV entry by a mechanism not currently understood (Li, Fischer and Cohen, 

2016). However, siRNA knockdown of Thy-1 or the presence of soluble Thy-1 blocked 

entry of the virus, and the molecule is known to interact with αvβ3 integrin (Leyton et 

al., 2001) as well as being expressed on a wide variety of cells targeted by HCMV (e.g. 
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fibroblasts, endothelial cells and CD34+ progenitor cells). Whilst pH-independent 

fusion is the most well studied model for infection of fibroblasts, entry via 

macropinocytosis has also been observed (Hetzenecker, Helenius and Krzyzaniak, 

2016). This suggests that HCMV may be able to employ different methods of entry into 

the same types of cells, or perhaps there are strain-specific differences that influence 

the method by which the virus enters the cell. 

1.4.2 Entry into other cell types 

Infection of other cell types occurs by different mechanisms and is dependent on the 

presence of an additional glycoprotein complex, the gH/gL/UL128-131 pentameric 

complex (Hahn et al., 2004; Wang and Shenk, 2005; Wang et al., 2005; Adler et al., 

2006). This complex mutates following extended passage in fibroblasts, rendering the 

virus incapable of efficient infection of endothelial, epithelial and dendritic cells, as 

well as polymorphonuclear leukocytes. Furthermore, it restricts the production of cell-

free virions, instead driving efficient cell-cell spread. Entry into epithelial and 

endothelial cells occurs via endocytosis and low-pH fusion (Ryckman et al., 2006), 

whilst entry into dendritic cells occurs via a macropinocytosis-like pathway and 

depends upon cholesterol, but is pH-independent (Haspot et al., 2012). Recently, 

specific receptors of the pentameric complex have been elucidated, namely CD147 

(Vanarsdall et al., 2019), neuropilin-2 (Martinez-Martin et al., 2018) and Olfactory 

Receptor Family 14 Subfamily I Member 1 (OR14I1) (E et al., 2019). 

Investigation of HCMV entry into sites of latency is usually modelled by the use of 

CD14+ monocytes in vitro. Infection of these cells has been shown to occur via paxillin-

dependent macropinocytosis and is strongly linked to EGFR signalling (Nogalski et al., 

2011). Inhibition of EGFR function by either pharmacologic methods or receptor-

blocking antibodies leads to less efficient establishment of a latent infection in these 

cells (Chan, Nogalski and Yurochko, 2009; J. H. Kim et al., 2017). Additionally, the 

capsid takes much longer to traffic to the nucleus of CD14+ cells, travelling via the 

trans-Golgi network and recycling endosomes before finally arriving approximately 3 

days post infection, in contrast to epithelial cells and fibroblasts in which the process 
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takes 30 minutes (J. H. Kim et al., 2016). The importance of these observations made in 

monocytes for latency are considered to be largely irrelevant since in CD34+ cells, the 

in vivo site of long term HCMV latency, the same process takes between 4-8h (J. H. Kim 

et al., 2017). These entry pathways are summarised in Fig 1.3. 

1.4.3 Post-penetration events – capsid and tegument protein trafficking 

Once the virus has reached the cytoplasm, the capsid and the tegument proteins then 

traffic independently to the nucleus. The tegument proteins play key roles in the 

establishment of lytic infection, acting to inhibit cellular responses to viral infection 

and transactivate viral gene expression (More details in section 1.10.3). The two 

majorly studied tegument proteins are pp65 (UL83) and pp71 (UL82). The pp65 protein 

disrupts sensing of viral DNA by IFI16 by binding to the pyrin domain of IFI16, therefore 

preventing its oligomerisation and consequent signalling activity (Li, Chen and Cristea, 

2013). The pp71 protein targets another aspect of the innate antiviral defence 

mechanism of cells by displacing and degrading hDaxx, a key component of 

promyelocytic (PML) bodies, which can otherwise suppress viral gene transcription 

(Lukashchuk et al., 2008). Thus, from a functional point of view, pp71 can be 

considered analogous to VP16. Following the identification of a ubiquitin-specific 

cysteine protease (USP) in HSV-1, a HCMV homolog (pUL48) was also discovered and 

shown to be incorporated into nascent virions, ready to be delivered into infected cells 

(Loveland et al., 2006). Whilst studies into virion-delivered pUL48 have been limited, it 

has been shown that ΔUL48 viruses deliver their genomes less efficiently to the 

nucleus (Y.-E. Kim et al., 2016). It can also inhibit NF-ĸB signalling at late stages of 

infection via cleavage of both K48- and K63-linked polyubiquitin chains of RIP1, and 

thus may serve to regulate inflammatory signalling in response to infection, analogous 

to the function of homologs present in other herpesviruses (Lee et al., 2011; 

Kawashima et al., 2013; Wang et al., 2013; Kwon et al., 2017).  Delivery of the capsid to 

the nucleus requires an intact microtubule network, as HCMV is inhibited by the 

microtubule depolymerising agent nocodazole (Ogawa-Goto et al., 2003). 
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Figure 1.3: Summary of events during entry into sites of lytic and latent infection.
During lytic infection, HSPGs are engaged by viral gM/gN and gB. This is followed by a 
number of cell-type specific interactions between viral glycoproteins and cell surface 
receptors. Activation of specific signalling pathways leads to initiation of virus entry. 
Fusion of the viral membrane with the cellular membrane, leading to release of viral 
contents directly into the cytoplasm, occurs in fibroblasts. In epithelial cells, the en-
docytic pathway is used to drive viral entry into the cell, whilst paxilin-mediated mac-
ropinocytosis is employed during infection of CD14+ monocytes. This is followed by an 
extended trafficking route via the trans Golgi network and recycling endosomes, before 
the genome is delivered to the nucleus.
Updated with permission from Murray et al. Pathogens 2018, 7 (1), 30.
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1.5 Initiation of HCMV gene transcription 

Once the genome has been delivered to the nucleus, the characteristic pattern of 

temporal gene expression, seen in all herpesviruses, is initiated in permissive cells. This 

begins with the expression of the immediate early (IE) transcripts, which are defined as 

being sensitive to the activity of transcriptional inhibitor actinomycin D (and therefore 

synthesised de novo upon infection by the virus) but resistant to the effects of 

translation inhibitor cycloheximide (therefore do not require other viral proteins to 

have been synthesised by the cell). There are a limited number of IE transcripts, 

including US3 and UL36-38, which have roles in prevention of cell death as well as 

transactivation of viral and cellular gene expression (Colberg-Poley et al., 1992), TRS1 

and IRS1 which both act as transactivators of other viral gene products, as well as 

inhibitors of protein kinase R (PKR) whilst TRS1 also serves to inhibit autophagy via 

Beclin 1 binding (Stasiak and Mocarski, 1992; Child et al., 2003; Chaumorcel et al., 

2012). The best studied IE proteins are those that are produced from the major 

immediate early promoter (MIEP), known as IE1 (or IE72) and IE2 (or IE86). IE1 has a 

whole host of roles such as the continued disruption of PML bodies (Kelly, Van Driel 

and Wilkinson, 1995; Korioth et al., 1996; Ahn and Hayward, 1997) and the 

augmentation of both viral and cellular transcription, in particular driving further 

transcription from the viral promoters by inhibiting histone deacetylase activity 

(Nevels, Paulus and Shenk, 2004; Paulus, Nitzsche and Nevels, 2010). It is not essential 

for growth of the virus in vitro as IE1-deletion viruses are capable of growth and 

replication at high MOIs. However, these IE1 deletion viruses require many more viral 

particles in order to achieve the same level of replication as that of wild type viruses, 

and therefore IE1 is considered necessary for infections at a low MOI, which is more 

likely to reflect natural infectious events (Mocarski et al., 1996). 

IE2, which differs from IE1 due to alternative splicing (IE2 possessing exons 2,3 and 5 in 

comparison to IE1’s 2,3,4), is absolutely required for virus replication, with viruses 

deficient for exon 5 unable to express early or late genes (Angulo, Ghazal and 

Messerle, 2000; Marchini, Liu and Zhu, 2001). IE2 is highly unusual as it serves to 
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negatively autoregulate the MIEP from which it, along with IE1, is produced 

(Hermiston, Malone and Stinski, 1990). This occurs via IE2 binding to the cis repression 

sequence between the TATA box of the MIEP and the transcriptional start site, leading 

to recruitment of chromatin modifying enzymes histone deacetylase 1 (HDAC1) and 

histone methyltransferases G9a and Suvar(3-9)H1 (Reeves et al., 2006). This 

functionality is essential to the virus as recombinant viruses that cannot autoregulate 

fail to replicate. IE2 is a major transactivator of the next wave of viral gene products, 

the early genes, which it achieves by interacting with cellular transcription factors and 

chromatin remodelling proteins such as CREB, TBP, TFIIB and Tef-1 to drive 

transcription from TATA box-containing promoters (Caswell et al., 1993; Lukac, 

Manuppello and Alwine, 1994; Lang et al., 1995; Schwartz, Helmich and Spector, 1996; 

Lukac et al., 1997). Both IE1 and IE2 additionally act to control the cell cycle, helping to 

drive cells into a pseudo-G1/S phase state (Spector, 2015) – an environment that is 

optimal for viral replication. 

1.6 HCMV DNA replication 

The early genes (defined as sensitive to both actinomycin D and cycloheximide but not 

dependent on viral DNA replication) are primarily responsible for the initiation and 

process of viral DNA replication. The origin of lytic replication, oriLyt (the section of the 

genome at which DNA replication is initiated), lies with the UL region of the genome 

(Anders and Punturieri, 1991; Anders et al., 1992). Transient cotransfection replication 

analysis revealed that 11 viral genes are required for efficient DNA replication (Pari and 

Anders, 1993). 6 of these (UL44, UL54, UL57, UL70, UL102, UL105) are common to all 

herpesviruses and are known as the ‘core replication proteins’, with the core proteins 

from other herpesviruses able to drive efficient DNA replication from a different 

herpesvirus oriLyt, provided the initiator factor for that oriLyt (UL84 in the case of 

HCMV) is present (Sarisky and Hayward, 1996). IE2 also plays a major role in driving 

DNA replication, with multiple IE2 binding sites present within the HCMV oriLyt (Huang 

and Chen, 2002; Xu et al., 2004). Robust replication of the HCMV genome begins 

around 24 hours post infection and is thought to proceed by circularisation and 
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concatemer formation (McVoy and Adler, 1994). DNA synthesis is driven by the viral 

polymerase UL54, which interacts with the polymerase accessory factor UL44 (Ertl, 

Thomas and Powell, 1991; Ertl and Powell, 1992). The helicase-primase complex, 

consisting of UL105, UL70 and UL102, plays a key role in unwinding the existing viral 

DNA template and providing a primer for UL54 to initiate DNA replication from (Smith 

and Pari, 1995; Smith et al., 1996). Once these concatemers are produced, they can 

then be cleaved to generate individual genomes, ready to be packaged into capsids. 

1.7 Assembly and release of infectious virions 

The final genes to be transcribed encode for the late proteins. Classically, the 

expression of these is dependent on DNA replication and thus their expression is 

sensitive to the activity of phosphonoformic acid – a viral DNA replication inhibitor. 

Primarily these are new structural components required for the formation of new 

virions, and include tegument proteins such as pp65 and pp150, capsid proteins MCP 

and SCP and membrane glycoproteins gN and gM. Capsid assembly is then initiated in 

the cytoplasm and is coordinated by the activities of the assembly protein precursor 

(pAP, pUL80.5) and the protease precursor (pPR, pUL80a). These form complexes with 

the MCP and allow for its translocation into the nucleus (Wood et al., 1997). Triplex 

and SCP-mCBP complexes also form in the cytoplasm, and once all these constituent 

components have been transported into the nucleus, procapsids can be formed 

(Spencer et al., 1998). These procapsids are then matured by the activity of pPR, which 

undergoes autoproteolysis following procapsid formation. Further cleavages allow for 

the size and interactions of the scaffold proteins to be reduced, allowing them to be 

removed from the capsid prior to DNA packaging (Chan, Brignole and Gibson, 2002; 

Loveland et al., 2005). This contrasts with HSV-1, which retains its scaffold proteins 

within its mature virion (Rixon, 1993). DNA is then inserted into the capsid via the 

terminase-portal complex (formed of pUL56/pUL89 and pUL104 respectively), 

resulting in fully mature, DNA containing capsids (Newcomb et al., 2001; Trus et al., 

2004; Dittmer and Bogner, 2005). 
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These capsids must then be released from the nucleus, which occurs via an 

envelopment/de-envelopment process. Primary envelopment requires pUL50 and 

pUL53, which are conserved amongst the herpesviruses, and results in an enveloped 

capsid within the perinuclear space (Roller et al., 2000; Reynolds et al., 2001, 2002; 

Fuchs et al., 2002). This intermediate then buds out of the outer nuclear membrane, 

shedding its envelope and resulting in cytoplasmic capsids. Tegument proteins 

including pp150, pp65 and pp28 are thought to be acquired from assembly 

compartments directly outside the nucleus, but there remains the possibility that 

some tegument proteins may bind to capsids within the nucleus or perinuclear space 

(Scholl et al., 1988; Sanchez et al., 2000; Sanchez, Sztul and Britt, 2000). Tegumented 

capsids then bud into cytoplasmic vesicles studded with viral glycoproteins to acquire a 

double layered membrane in a pp28-dependent manner (Silva et al., 2003), and they 

are then trafficked out of the cell, fusing with the plasma membrane to release 

infectious particles with a single membrane. The lifecycle of HCMV is summarised in 

Fig 1.4. 
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Figure 1.4: Overview of HCMV lifecycle. 1: The HCMV virion engages a series of cel-
lular receptors via its glycoproteins, leading to internalisation. 2: The capsid and the 
tegument traffick independently to the nucelus. 3: Viral gene expression is initiated 
following release of DNA from the capsid. 4: DNA is replicated and genomes are pack-
aged into newly assembled capsids. 5: Membranes studded with viral glycoproteins 
are produced and used to wrap DNA-containing capsids. 6: Fully-formed virions are 
released to infect new target cells.
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1.8 Latency 

One of the unique characteristics of herpesviruses is their ability to establish latent 

infections, which are defined at the molecular level as the persistence of the viral 

genome in the absence of lytic gene expression and replication. However, this occurs 

only in specific cell types. For HCMV, the long-term site of latency is the CD34+ 

haematopoietic progenitor compartment, which can give rise to any form of blood cell 

(Mendelson et al., 1996; Sindre et al., 1996). CD14+ monocytes also contain latent 

genomes (Bolovan-Fritts, Mocarski and Wiedeman, 1999), but these cells are relatively 

short-lived in vivo and therefore likely represent an opportunity for the virus to 

disseminate around the host, rather than a long-term virus reservoir and are likely 

populated by the bone marrow progenitors (Whitelaw, 1972).  

The mechanisms that drive the establishment of latency are not yet fully understood 

for HCMV. Two prevailing hypotheses exist – hypotheses that are not mutually 

exclusive. Essentially, they suggest that entry into sites of latency has a unique 

signature that promotes latency or that the MIEP, the promoter that drives expression 

of IE1 and IE2, is met with a highly suppressive transcriptional environment that it 

cannot subvert. 

It is hypothesised that during infection of CD34+ cells, there is a failure of the viral 

tegument proteins that transactivate viral lytic gene expression to be successfully 

delivered to the nucleus (Saffert, Penkert and Kalejta, 2010). Thus, a failure to activate 

the MIEP is considered sufficient. Indeed, it is now clear that the MIEP is rapidly shut 

down by host chromatinization, with the MIEP being associated with high levels of HP1 

which is likely recruited by the repressive histone posttranslational modification H3K9 

trimethylation (Bannister et al., 2001; Nielsen et al., 2002; Reeves, MacAry, et al., 

2005; Ioudinkova et al., 2006; Reeves, 2011). Consistent with the cellular environment 

being inhibitory to the MIEP, a number of binding sites for cellular transcriptional 

repressors expressed at high levels in CD34+ cells are known – including ERF, YY1 and 

Gfi-1 (Liu et al., 1994; Zweidler-Mckay et al., 1996; Wright et al., 2005; Doxaki et al., 
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2014). Importantly, these repressors interact with histone methyltransferases which 

likely promotes that repressed chromatin structure at the MIEP in latency. 

Whilst lytic gene expression and replication does not occur, a limited programme of 

viral transcription continues, including vIL-10, UL138, US28, UL144 and LUNA 

expression along with long non-coding RNA β2.7 (Kondo, Xu and Mocarski, 2002; 

Jenkins, Abendroth and Slobedman, 2004; Bego et al., 2005; Goodrum et al., 2011; 

Poole et al., 2013; Rossetto, Tarrant-Elorza and Pari, 2013). These transcripts provide 

important functions during the maintenance of latency. Signalling via US28, a viral G-

protein coupled receptor and chemokine receptor homologue, has been shown to be 

required for the continued repression of the MIEP and the efficient maintenance of 

latency (Humby and O’Connor, 2015; Krishna et al., 2017) whilst the deSUMOylase 

activity of LUNA leads to deSUMOylation of PML, disrupting antiviral PML bodies and 

thus contributing to efficient transcription upon reactivation of the virus (Poole et al., 

2018).  

Recently, a series of papers challenging the view that there is a specific set of latency 

associated transcripts produced by HCMV has been published. By employing high 

throughput transcriptome profiling combined with single-cell RNAseq analysis, they 

argue that gene expression during latency effectively resembles that produced during 

late stages of lytic infection, albeit in a highly repressed fashion with relatively few 

copies of each transcript present (Cheng et al., 2017; Shnayder et al., 2018; Schwartz 

and Stern-Ginossar, 2019). Whether this represents a new paradigm regarding HCMV 

latency or not, it certainly emphasises the difficulty of establishing what precisely is 

occurring during latency, and what factors are required for the successful initiation and 

maintenance of a latent infection. This idea of different transcriptional profiles during 

latency is not novel. Type III, II, I latency has been reported in EBV with differing 

degrees of transcription being reported. However, analyses in vivo argue that a latency 

0 phenotype prevails with very little gene expression occurring. It was later considered 

that these other transcriptional programmes were cell and infection stage specific and 

may not reflect a long-term programme of gene expression (Thorley-Lawson et al., 
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2013; Kempkes and Robertson, 2015). Whether HCMV research is going through the 

same process 15 years later remains unclear. 

Reactivation of HCMV can occur in response to multiple stimuli, with the key trigger of 

reactivation being cellular differentiation to a dendritic cell or macrophage (Taylor-

Wiedeman, Sissons and Sinclair, 1994; Söderberg-Nauclér, Fish and Nelson, 1997; 

Hahn, Jores and Mocarski, 1998; Reeves, MacAry, et al., 2005; Reeves and Sinclair, 

2013). It is hypothesised that these events are important because they promote 

changes in chromatin structure at the MIEP necessary for reactivation of viral gene 

expression. Specifically, reactivation requires the activation of the MIEP via 

demethylation and acetylation of the histones associated with the MIEP, thereby 

switching from a repressive chromatin structure to a more active conformation 

(Reeves, Lehner, et al., 2005; Reeves, MacAry, et al., 2005; Ioudinkova et al., 2006; 

Reeves, 2011). The precise mechanisms by which the chromatin phenotype is altered is 

still under investigation, although HCMV reactivation and disease is associated with 

inflammatory environments and cytokines (Söderberg-Nauclér, Fish and Nelson, 1997; 

Tong et al., 2001). For instance, IL-6 mediated activation of the ERK-MAPK signalling 

pathway in dendritic cells does promote histone phosphorylation targeted specifically 

to CREB-responsive promoters, of which the MIEP is one, resulting in activation of 

these promoters (Reeves and Compton, 2011; Kew et al., 2014). Whilst MIEP activation 

is a key point for the reactivation of HCMV, it is not sufficient for the production of 

infectious virions, as infectious HCMV cannot be recovered from latently infected THP-

1 cells despite the successful induction of both IE and early gene expression, and 

stimulation of CD14+ monocytes with GM-CSF similarly only induced IE gene 

transcription (Taylor-Wiedeman, Sissons and Sinclair, 1994; Yee, Lin and Stinski, 2007). 

This suggests that there are additional signalling events associated with either 

inflammation or cellular differentiation that are required for HCMV reactivation. 
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1.9 Clinical significance of human cytomegalovirus 

1.9.1 Transmission and disease 

Infection with HCMV does not cause overt symptoms in the vast majority of individuals 

infected. Despite the vast range of immunomodulatory processes regulated by HCMV, 

those infected with the virus mount a prodigious immune response against it, thus 

allowing for control of lytic replication. Consequently, whilst some do suffer from CMV 

mononucleosis or flu-like symptoms following initial infection (Nigro, Anceschi and 

Cosmi, 2003), without employing laboratory tests such as testing for the presence of 

anti-cytomegalovirus protein immunoglobulins, it is not possible to know whether an 

otherwise healthy individual is infected with HCMV as they will display no overt 

symptoms of disease. 

HCMV is spread primarily via bodily fluids, as infected individuals are capable of 

shedding virus in many different bodily fluids, including urine, saliva, tears, blood, 

semen and break milk (Cannon, Hyde and Schmid, 2011). Therefore, contact with any 

of these represents a risk of infection. Primary infection of healthy individuals typically 

begins with replication within the mucosal epithelium, before spreading to monocytic 

cells of the myeloid lineage, providing the virus with a method whereby it may 

disseminate around the host including the establishment of lifelong latency within the 

CD34+ progenitor cells, with the key site of residence hypothesised to be in the bone 

marrow. 

Whilst infection with HCMV does not typically cause any direct symptoms in 

immunocompetent individuals, there are three particular patient groups who can be 

severely affected by HCMV infection. Firstly, those who are immune-naïve/immature, 

such as fetuses and neonates. HCMV can be transported across the placenta, resulting 

in infection of the foetus in utero. As the fetal immune system is not fully developed, 

this allows the virus to establish an infection and cause severe pathology. Congenital 

infection by HCMV can lead to a range of conditions including deafness, intellectual 

disability and microcephaly, and was estimated to cost the UK £732 million in 2016 as 

a mixture of direct costs to the public sector and indirect costs such as lost productivity  
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(Retzler et al., 2018). Primary infection of the mother is associated with approximately 

a 32% chance of transmission to the child, whilst virus from seropositive mothers 

transmits at around a 1-2% frequency (Huang et al., 1980; Boppana et al., 2001; 

Kenneson and Cannon, 2013). Whilst primary infection is much more likely to lead to 

transmission to the child, in absolute terms there are more infections resulting from 

mothers who were seropositive prior to pregnancy, as many more mothers are HCMV-

positive prior to pregnancy than those who acquire the virus during pregnancy (de 

Vries et al., 2013).  

Deliberate immunosuppression is heavily utilised during the transplantation of organs, 

as it dampens the hosts response to the allogenic antigens presented, thus aiding 

engraftment and reducing the likelihood of rejection. This removal of immune pressure 

allows for clinically-significant reactivation of the recipient’s own virus, if previously 

infected, or for the HCMV present in the transplanted organ to replicate and cause 

disease. This can occur in both solid organ transplant (e.g. kidney, liver, heart, lungs) or 

haematopoietic stem cell transplant (HSCT) and lead to a range of symptoms and 

disease including fever, malaise, hepatitis or pneumonia (Grundy et al., 1988; Atabani 

et al., 2012). It can also lead to organ rejection (Rubin, 1989). Whilst HCMV viremia 

does not occur during all solid organ transplants, the most important risk factor is the 

relative serological status of both the donor and the recipient. Seronegative recipients 

(R-) receiving an organ from a seropositive (D+) donor are at greatest risk (primary 

infection of an immunocompromised individual with no pre-existing immunity), 

followed by D+/R+ transplants (possible secondary infection by donor virus or 

reactivation of host virus, but with pre-existing immunity), followed by D-/R+ 

(reactivation of host virus) and finally there is little risk of HCMV during D-/R- 

transplantation procedures (Atabani et al., 2012; Griffiths, Baraniak and Reeves, 2015). 

However, in the case of HSCT, the highest risk group are actually D-/R+, as the immune 

system of the recipient will be almost completely ablated whilst the donated cells that 

will reconstitute the recipient’s immune system have had no previous exposure to 

HCMV and consequently do not provide any form of immunity, thus allowing the 

recipient’s virus to reactivate and replicate unchecked. Consequently, R+ patients are 
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often transplanted with D+ cells as a result, to provide some level of adaptive immune 

control (Wimperis et al., 1986; Boeckh and Nichols, 2004). 

The final at-risk group are the immunocompromised patients. Prior to the advent of 

highly active anti-retroviral therapy for the treatment of human immunodeficiency 

virus (HIV), HCMV retinitis was a hallmark characteristic of the progression to acute 

immunodeficiency syndrome (AIDS) (Webster et al., 1989; Deayton et al., 2000; 

Holbrook et al., 2003; Yust et al., 2004). This represented the point at which the 

patient’s immune system was so heavily impacted by the HIV-driven loss of CD4+ T 

cells that HCMV was able to replicate unchecked. Patients with genetic mutations 

leading to immunodeficiencies such as common variable immunodeficiency (CVID) or 

primary immunodeficiency (PID) are also unable to effectively control multiple 

herpesvirus infections (Parvaneh, Filipovich and Borkhardt, 2013; Kralickova et al., 

2014). 

1.9.2 Treatment of HCMV 

1.9.2.1 Anti-virals 

Fortunately, highly effective chemotherapy exists for HCMV infection. Ganciclovir 

(GCV), an analogue of 2’-deoxyguanosine, is the drug of choice. It is first 

phosphorylated by the HCMV kinase UL97 (Littler, Stuart and Chee, 1992), then further 

phosphorylated by cellular kinases to ganciclovir triphosphate, which acts as a 

competitive inhibitor of deoxyguanosine triphosphate incorporation into DNA, thus 

impacting on viral DNA replication (Matthews and Boehme, 1988). If incorporated, it 

also makes a poor substrate for elongation, thus additionally serving as a chain 

terminator. Whilst effective, GCV does have a number of drawbacks. Whilst it is more 

efficiently phosphorylated by a viral kinase, it can be initially phosphorylated by 

cellular kinases as well, and therefore impact on the function of uninfected cells. This 

leads to a range of toxic side-effects, including myelosuppression (therefore requiring 

very careful application when used to treat HSCT recipients), nephrotoxicity and 

neutropenia (Salzberger et al., 1997).  Additionally, as with many other antivirals, 

resistant mutants can emerge, due to mutations in UL97 or in the viral DNA 
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polymerase UL54 (Lurain et al., 1992; Lurain, Spafford and Thompson, 1994; Erice, 

1999). This then requires the use of foscarnet, a structural mimic of the pyrophosphate 

anion that directly inhibits the viral polymerase (Chrisp and Clissold, 1991). As it does 

not require activation by UL97, it is effective against GCV-resistant infections that 

possess UL97 mutations, but UL54 mutations can cause foscarnet resistance as well, 

leading to very poor clinical outcomes for patients with resistance to both therapies. 

Recently, letermovir has been approved for use in HSCT patients (Marty et al., 2017). 

Letermovir acts by inhibiting the viral terminase complex, thereby impeding the 

packaging of viral genomes into capsids and the consequent production of infectious 

virions (Reefschlaeger et al., 2001; Weber et al., 2001; Goldner et al., 2011). Side 

effects appeared relatively minimal in a phase III study, with small increases in 

vomiting and oedema the only noticeable difference. Letermovir resistance has been 

shown to arise due to mutations in UL56, but this mutation does not render it 

additionally resistant to treatment with GCV or foscarnet (Chou, 2015). Whilst 

letermovir treatment did reduce the frequency of clinically significant HCMV infection 

in HSCT patients, it only did so by ~40% (37% in letermovir treated group, 60% in 

placebo group), indicating that while it does expand the range of possible treatment 

options, particularly for HSCT patients, there is a continuing need for both additional 

chemotherapeutic options, and ideally a highly effective vaccine.   

1.9.2.2 HCMV Vaccine 

Many different vaccine candidates have been tested over the years, to varying degrees 

of success. The most successful candidate to date is a glycoprotein B subunit vaccine 

which demonstrated around 50% protection in both the solid organ transplant setting, 

in postpartum women and in adolescent girls (Griffiths et al., 2011; Bernstein et al., 

2016; Nelson et al., 2018). Understanding the basis of protection afforded by this 

vaccine will be crucial for the generation of new vaccines. There is therefore a 

continued need for a greater understanding of the biology of both the virus and the 

host cell in order to aid the development of new therapeutics. 
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1.10 Immune response to and evasion by HCMV 

1.10.1 Adaptive immune response 

Once primary HCMV infection has been established, presentation of viral antigens by 

professional antigen presenting cells leads to the induction of a highly potent, antigen-

specific immune response that includes both humoral and cellular immunity. Indeed, 

the adaptive response to HCMV is prodigious (Fig 1.5), inducing large numbers of 

HCMV-specific T and B cells. This response allows for the control of HCMV infection, 

and therefore contributes to the relative lack of pathology observed in 

immunocompetent individuals following from HCMV acquisition.  

Antibody responses are elicited against a wide variety of HCMV proteins, including 

non-structural components such as the transcriptional activator IE1, tegumental 

proteins pp150 and pp65 and a wide variety of envelope glycoproteins (gB, gM/gN, 

gH/gL complexes, particularly the gH/gL/UL128-131 pentameric complex) (van Zanten 

et al., 1995; Gerna et al., 2008). The importance of the antibody response to HCMV 

infection is demonstrated not only by the huge range of responses derived, along with 

the highly potent nature of some of these responses, but also by the relative success of 

vaccine trials designed to stimulate antibody responses to HCMV. The aforementioned 

gB subunit vaccine elicited antibody responses against gB that correlated with 

protection from viraemia, though the specific method of action remains elusive 

(Baraniak et al., 2018). Furthermore, studies with the murine model of 

cytomegalovirus infection, murine cytomegalovirus (MCMV) has revealed that 

adoptive transfer of memory B cells into RAG-1(-/-) mice reduced the severity of 

infection and prevented death of the animals, which was otherwise inevitably 

observed in these immunodeficient animals (Klenovsek et al., 2007). Recently, transfer 

of strain-specific antibodies alone following transplantation in a murine model of HSCT 

was shown to be highly successful at conferring protection following reactivation of 

MCMV (Martins et al., 2019). Whilst these are promising results to base potential 

therapies upon, there have been failed clinical trials using hyperimmune globulin 

(Revello et al., 2014) in pregnant women, and the gB subunit vaccine only achieved 
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~50% protection. Furthermore, a trial of anti-gH antibody MSL109 in AIDS patients 

with CMV retinitis was closed early upon recommendation by the monitoring board as 

the result of increased mortality amongst the treatment-assigned patient group in 

comparison to those receiving placebo (McCarthy, 1996). Induction of humoral 

immunity alone may not be sufficient to protect from HCMV infection, and therefore 

successful interventions, particularly in the case of vaccines, may also need to harness 

the power of the cellular T-cell response in order to achieve true protection. 

Following natural infection, HCMV stimulates a powerful T cell response, particularly 

within the CD8+ T cell component. Dominant responses to pp65 and IE1 epitopes can 

reach up to 5-10% of all CD8+ T cells within the blood, and up to 30% of all CD8+ cells 

can be directed against HCMV epitopes within healthy adults (Wills et al., 1996; Kern et 

al., 2005). The amount of T cells directed against HCMV epitopes tends to expand over 

time, with older individuals having a higher proportion of HCMV-specific T cells than 

younger (Komatsu et al., 2003, 2006). Whilst longitudinal studies of T cell responses to 

HCMV in humans have yet to be performed, a great deal of work employing the mouse 

model of cytomegalovirus MCMV has been completed. Within this model, only T cell 

responses towards certain antigens, and more specifically certain epitopes within 

those antigens, undergo this process of memory inflation (Holtappels et al., 2000; 

Karrer et al., 2003). Responses to the early gene product m45 resembled the classical 

pattern of expansion, contraction and development into long-term memory, whilst 

those directed against IE3 were barely detectable in acutely infected mice, but were 

readily detected in chronically infected mice, demonstrating memory inflation despite 

failing to respond to the initial period of infection (Munks, Cho, et al., 2006; Munks, 

Gold, et al., 2006). CD8+ T cells directed against inflationary epitopes tend to adopt an 

effector memory (TEM) phenotype, in comparison to the classical memory (TCM) 

phenotype seen within the populations that contract after the initial response (e.g. 

those directed against m45)(Snyder, 2011; Seckert et al., 2012). The precise reasons 

why some epitopes are inflationary, and others are not is not yet understood, but 

continued exposure to antigen as a result of sporadic, sub-clinical levels of reactivation 

throughout an infected individual’s lifetime is likely to help drive this phenomenon. 
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The majority of data concerning the function of T cells during cytomegalovirus 

infection is again derived from studies of MCMV. Both IFNγ and perforin-mediated 

effector mechanisms are employed to defend against MCMV, and although CD8+ T 

cells and NK cells are sufficient to control lytic replication in most organs, CD4+ T cells 

are required to control viral replication in the salivary glands, infection of which is a 

key step in the pathogenesis of MCMV. Reactivation is kept in check by a powerful 

combination of NK cells, T cells and antibodies, with ablation of multiple components 

required for the recovery of infectious virions (Polić et al., 1998). In human settings, 

transfer of HCMV-specific CD8+ T cell clones to recipients of bone marrow 

transplantations from the donor prevented the development of either HCMV viraemia 

or disease (Walter et al., 1995). In solid organ transplants, early restoration of HCMV-

specific T cell responses following transplantation to seropositive donors (detectable 

responses within 1 month of infection) was very strongly correlated with self-resolving 

HCMV infection that did not require antiviral treatment, whilst 77% of late responders 

required antiviral intervention, again highlighting the importance of the T cell response 

to successful control of HCMV infection. 

To try and evade the adaptive immune response, HCMV encodes for a variety of 

proteins that interfere with the presentation of viral peptides via MHC class I 

molecules. Many of the well-characterised proteins with these functions are found in 

the Us region of the viral genome. US3 acts to retain newly synthesised HLA-I proteins 

within the endoplasmic reticulum, whilst US2 and US11 can then act via specific 

ubiquitining enzymes to hijack the misfolded protein response within the ER to 

degrade HLA-I proteins (Jones et al., 1996; Wiertz et al., 1996; Noriega et al., 2012; van 

den Boomen et al., 2017). US6 binds to and induces conformational changes in the 

transporter associated with antigen processing (TAP) complex, which prevents ATP 

from binding to the complex, consequently inhibiting translocation of peptides for 

processing and loading onto HLA-I into the ER (Lehner et al., 1997; Hewitt, Gupta and 

Lehner, 2001). Finally, US10 specifically targets the non-classical HLA-I molecule HLA-G 

for degradation (Park et al., 2010). 
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Figure 1.5: Multiple components of the immune system co-operate to control HCMV 
infection. Infection is initiated in the mucosal epithelium (A), from which it spreads to 
cells of the myeloid lineage to establish latent infection (B). Virus particles produced 
either from reactivation of latent HCMV following differentiation (C) or directly from 
the initial site of infection can be processed and peptides presented by professional an-
tigen presenting cells such as dendritic cells, leading to stimulation of antigen-specific T 
cells (D). Cytokine/chemokine production also leads to the activation of NK cells. These 
activated cells can then control infection via direct killing of infected cells or block repli-
cation by release of cytokines (E), whilst also providing T cell help to B cells to allow for 
the production of neutralising or ADCC-activating antibodies (F).
Reproduced with permission from Crough and Khanna, Clin Microbiol Rev. 2009 
Jan;22(1):76-98.
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1.10.2 Innate cellular response 

Following recognition of the virus, cells of the innate immune system are recruited to 

the site of infection, including neutrophils, NK cells and professional antigen presenting 

cells (APCs). NK cells are key for control of herpesviruses, with individuals harbouring 

defects in their function particularly vulnerable to herpesvirus infection and morbidity 

(Biron, Byron and Sullivan, 1989; Gazit et al., 2004). Perhaps as a result of the potent 

ability of NK cells to control HCMV, the virus encodes a veritable gamut of proteins 

that prevent NK cell mediated killing of infected cells. Evasion of NK mediated killing is 

necessitated as a result of attempts to evade the highly potent adaptive immune 

response to HCMV by downregulating MHC class I molecules. Loss of MHC class I leads 

to activation of NK cells, as the NK cells fail to recognise these cells as healthy host cells 

– the ‘missing self’ hypothesis (Ljunggren and Karre, 1990). These include upregulation 

of HLA-E (an inhibitory ligand for NK cells) expression via UL40 (Tomasec et al., 2000), 

expression of an MHC-I homologue (UL18) to mask the concurrent downregulation of 

cellular MHC-I molecules by the virus (Beck and Barrell, 1988), and multiple members 

of the US12 family, particularly by US18 and US20, which work in tandem to 

downregulate MICA and the B7-H6 stress ligand, a key ligand for the NK activating 

receptor NKp30 (Tomasec et al., 2014; Fielding et al., 2017). 

Neutrophils are capable of engulfing and destroying pathogen-infected cells and in 

MCMV depletion of neutrophils leads to increased viraemia suggesting these could 

play an important role in the control of CMV infection (Stacey et al., 2014). However, 

HCMV expresses the viral chemokine UL146 – a homologue of CXCL8 (Lüttichau, 2010). 

Thus, from an evolutionary standpoint – why does HCMV encode for a chemokine that 

promotes the recruitment of an anti-viral cell type? The answer may be that the 

neutrophil, whilst preventing extensive viral replication may offer a tangential benefit 

to the virus. Clinical strains of HCMV are capable of suppressing apoptosis of 

neutrophils, prolonging their lifespan and thus leading to increased tissue damage, 

potentially aiding in dissemination of the virus locally (Saez-Lopez et al., 2005; Skarman 

et al., 2006). Furthermore, these neutrophils secrete factors that promote the 

recruitment of motile monocytes, infection of which would provide the virus with an 
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opportunity to disseminate around the body of the host, as HCMV enters its latent, 

rather than lytic, lifecycle within these cells (Pocock et al., 2017). Crucially, the infected 

neutrophils secrete cytokines that alter the immune properties of the incoming 

monocytes making them less able to stimulate immune responses. Thus, it is 

hypothesised that the virus is utilising a motile cell type with a depressed immune 

capacity to disseminate in the organism. 

1.10.3 Innate cell-intrinsic response 

Whilst specialist immune cells are capable of restricting HCMV growth, all nucleated 

cells possess their own innate defences against pathogens. Firstly, the cell must 

recognise that it is under threat. Initial detection of HCMV is provided by pattern 

recognition receptors (PRRs), with Toll-like receptor 2 (TLR2) shown to recognise viral 

glycoproteins gB and gH at the cell surface (Boehme, Guerrero and Compton, 2006). 

TLR2 signalling then triggers a cascade via adapter molecules MyD88 and TRIF, 

culminating in the activation of transcription factor NF-kB and IRF3 respectively. These 

can then drive the transcription of a variety of antiviral genes including alpha and beta 

interferons. Once inside the cell, HCMV DNA is sensed by a currently unknown 

mechanism, although DAI, IFI-16 and cGAS have all been implicated in the detection of 

HCMV DNA (Wang et al., 2008; Li, Chen and Cristea, 2013; Paijo et al., 2016). 

Recognition of nucleic acids leads to activation of STING, a key convergent point for 

multiple DNA sensing pathways, leading to the phosphorylation and activation of IRF3 

via TBK1, and the consequential production of anti-viral interferons (Ishikawa, Ma and 

Barber, 2009). The importance of STING is highlighted by the fact it is essential for the 

initial burst of interferon in response to HCMV infection in primary human endothelial 

cells (Lio et al., 2016), as well HCMV encoding multiple inhibitors of STING (pp71 and 

US9) (Fu et al., 2017; Choi et al., 2018)(Fig 1.6).  

Pp71 is a particularly important immunomodulatory protein, with pp71 null viruses 

displaying highly impaired growth (Cantrell and Bresnahan, 2006). It is the functional 

analogue of HSV1 protein VP16, with both serving as key transactiviators of IE gene 

expression (Ace et al., 1988, 1989; Homer et al., 1999; Bresnahan and Shenk, 2002). It 
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also serves to antagonise another key cell intrinsic anti-viral defence mechanism, 

known as ND10 bodies. These discrete accumulations of proteins consist of many 

different components, with the best studied including hDaxx, promyelocytic leukemia 

protein (PML) and sp100. These components are rapidly recruited towards viral 

genomes that reach the nucleus in the case of both HCMV and HSV, serving to repress 

viral transcription (Korioth et al., 1996; Maul, Ishov and Everett, 1996; Ishov, Stenberg 

and Maul, 1997). This is likely by recruitment of chromatin-modifying enzymes, 

establishing a repressive transcriptional environment (Lehming et al., 1998; Seeler et 

al., 1998; Chang et al., 2002; Hollenbach et al., 2002; Woodhall et al., 2006). Whilst IE1 

and IE2 can inhibit ND10 body formation, in order to get production of IE1 transcripts 

and the resultant protein, pp71 acts to relieve initial repression by degrading hDaxx 

and displacing ATRX (Ahn and Hayward, 1997; Hwang and Kalejta, 2007, 2009; 

Lukashchuk et al., 2008).  

A powerful defence mechanism available to cells targeted by pathogens is the 

induction of apoptosis. This is a highly controlled and coordinated method of cell death 

that requires maintenance of cellular ATP status, and employs sequential activation of 

caspase proteins (caspase-3 and caspase-7 activation being particular hallmarks of 

apoptotic cells) (Elmore, 2007). Apoptosis can be triggered via three major pathways: 

the extracellular ligand-mediated extrinsic pathway, the mitochondrion-mediated 

intrinsic pathway, or the endoplasmic reticulum-mediated pathways (Benedict, Norris 

and Ware, 2002; Breckenridge et al., 2003). The extrinsic pathway is initiated by Fas or 

tumour necrosis factor (TNF) signalling and a result of activation of innate immune 

cells such as NK cells or dendritic cells (Wajant, 2002). Endoplasmic reticulum (ER) 

stress can occur as a result of the accumulation of unfolded proteins, leading to 

caspase-12 activation and a consequential cascade of cleavage of other caspase 

proteins, resulting in apoptosis (Nakagawa and Yuan, 2000; Nakagawa et al., 2000). 

The extrinsic pathway can also trigger the elements of the intrinsic, mitochondrial-

mediated pathway, which can be activated in the absence of ER stress, prototypically 

by p53 in response to DNA damage but also by many forms of cellular stress (Fridman 

and Lowe, 2003). Mitochondrially-mediated apoptosis is characterised by the 
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recruitment of pro-apoptotic members of the Bcl-2 family of proteins such as Bid, to 

the mitochondria. There, it can trigger the oligomerisation of Bax and Bak to create a 

pore in the mitochondrial membrane, allowing cytochrome c to be released (Cai, Yang 

and Jones, 1998). Cytochrome c then promotes nucleotide binding to apoptotic 

protease-activating factor 1 (Apaf-1), which can consequently initiate the caspase 

cleavage cascade by proteolysis of procaspase-9 to active caspase-9 (Jiang and Wang, 

2000).   

Consequently, many viruses encode gene products designed to inhibit the activation or 

progression of the apoptotic process, HCMV included. During lytic infection, the virus 

can express a range of proteins including UL36 (viral inhibitor of caspase-8 activation, 

vICA), which binds to the pro-domain of caspase-8 and inhibits the activated of Fas-

mediated extrinsic apoptosis (Skaletskaya et al., 2001), and UL37x1 (viral mitochondria 

localised inhibitor of apoptosis, vMIA) which acts to sequester pro-apoptotic cellular 

proteins Bax and Bak as well as preventing the release of cytochrome c from 

mitochondria (Goldmacher et al., 1999). Additionally, vMIA depletes Ca2+ stores within 

the endoplasmic reticulum, possibly by acting as a viroporin. This loss of localised Ca2+ 

ions inhibits the ability of the cell to induce apoptosis (Scorrano et al., 2003; Rizzuto 

and Pozzan, 2005). TRS1 meanwhile functions to inhibit autophagy (regulated 

destruction of cellular components) via interaction with beclin-1 (a key regulator of 

autophagy) and also protein kinase R, which senses dsRNA leading to inhibition of 

ribosome biogenesis and protein translation, which would impact on the ability of 

HCMV to replicate (Weber et al., 2006; Kang et al., 2011; Chaumorcel et al., 2012; 

Ziehr, Vincent and Moorman, 2016). HCMV doesn’t just rely on protein-encoding 

transcripts however, with the long non-coding RNA β2.7 shown to stabilise the 

interaction between GRIM-19 and mitochondrial complex I, thus preventing 

relocalisation in response to apoptotic stimuli and the maintenance of ATP-production 

(Reeves et al., 2007). 
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Figure 1.6: Examples of innate detection of HCMV entry and consequential viral an-
tagonism. HCMV infection triggers the activation of both TLR- and DNA-sensing path-
ways, leading to the production of antiviral factors such as inteferons. TLR2 activation 
by gH and gB initiates the Myd88 and TRIF signalling pathways culminating in NF-κB 
and IRF-3 acitvation respectively, whilst DNA sensing via cGAS, IFI16 and possibly other 
sensors signals via STING and TBK-1 to also activate IRF-3. Antagonists (in blue) are de-
livered with the virion (pp65 and pp71) as well as being produced during infection (US9 
and pp71) to inhibit host detection systems. HCMV clearly counteracts multiple aspects 
of the antiviral response in order to allow for efficient replication.
Updated with permission from Murray et al. Pathogens 2018, 7 (1), 30.
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1.11 In vitro adaptation of HCMV  

As viruses replicate rapidly, many ‘generations’ of viral progeny can be produced as a 

result of passage in laboratory settings. Often a consequence of this is that they 

become less able to infect and replicate during in vivo infections, as genetic alterations 

have taken place to allow them to become more efficient at replicating under the 

specific in vitro settings provided. These changes are likely to affect tropism, if they are 

passaged through the same cell type, and the ability to evade immune responses, as 

immunological pressure does not exist in cultures. This has been exploited for many 

years as a highly successful method of producing live attenuated vaccines (including 

those for polio and smallpox). However, whilst this may provide benefits in the 

laboratory setting such as increased viral titres and greater safety, it raises the 

question of whether the virus being studied sufficiently resembles that which causes 

the genuine infection. AD169, the virus originally isolated by Wallace Rowe in 1956 

(Rowe et al., 1956) , was used for many years for research into HCMV, along with the 

Towne strain that was originally developed specifically for use as a potential live 

attenuated vaccine (Plotkin et al., 1975). Consequently, they were both passaged 

extensively in vitro, particularly in fibroblasts. Whilst a great deal of progress was made 

using these strains, it was identified following the advent of DNA sequencing that in 

comparison to the low passage Toledo strain (capable of causing disease in adult 

humans (Quinnan et al., 1984)) that clinical isolates contain at least 19 genes not found 

in laboratory strains (Cha et al., 1996). These deletions were primarily associated with 

the ULb’ region of the genome, and it has been demonstrated that not only do these 

viruses therefore lack many genes, but that the function and importance of those they 

do maintain is additionally altered, as strains lacking the ULb’ region have a decreased 

dependence upon the viral protein kinase UL97 (Yurochko et al., 2013). The Toledo 

strain was capable of replicating within human tissues transplanted into mice, whilst 

AD169 and genetically-engineered variety of Toledo that lacked the same 15kb of DNA 

as AD169 were not, highlighting, albeit in a somewhat artificial setting, the importance 

of this region for replication in vivo (Wang et al., 2005). 
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1.11.1 UL128-131 and UL133-138 gene blocks 

Some of the genes contained within this region have been identified to have functions 

in specific cell types. The UL133-138 gene block (consisting of UL133/135/136/138) has 

important functions during the maturation of viruses produced from endothelial cells, 

as viruses deleted for this region failed to efficiently form viral assembly compartments 

(Bughio, Elliott and Goodrum, 2013). This was later narrowed down to both UL135 and 

UL136 being required (Bughio et al., 2015). These mutant viruses displayed no defect 

during replication in fibroblasts and in fact some studies demonstrate they replicate 

better in fibroblasts than wild type viruses and therefore these proteins negatively 

regulate replication in some conditions (Dutta et al., 2015). Furthermore, it is 

speculated that this region is also important for the establishment and maintenance of 

latency (Caviness et al., 2016; Lee et al., 2016). 

As described previously, numerous glycoproteins also mutate during extended passage 

in fibroblasts, with the UL128-131 region being of particular importance, as virions 

lacking these proteins cannot produce the pentameric complex required for efficient 

infection of many cell types. Expression of the pentameric complex has a major impact 

on the titre of cell-free virus recoverable in vitro, and so viruses that lack the complex 

are able to outcompete those that maintain it. Consequently, if a virus is passaged in 

fibroblasts, these genes are rapidly mutated (within 3 passages) (Davison et al., 2003a). 

This impact on cell-free virus production may be through multiple mechanisms, with 

pentamer-positive viruses much more capable of spreading cell-cell and additionally, 

expression of UL128-131 leads to sequestration of the gH/gL complex and a 

consequent reduction in the presence of trimeric gH/gL/gO complexes required for 

enter into fibroblasts (Murrell et al., 2017). 

1.11.2 RL13 – an in vivo temperance factor 

Another glycoprotein with a tendency to mutate rapidly within cell culture is RL13. 

RL13 is a relatively poorly characterised glycoprotein present within the HCMV virion, 

and a member of the RL11 family of proteins, all 14 of which are dispensable for virus 

growth in culture and are amongst the most variable elements of the HCMV genome 
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(Akter et al., 2003; Dolan et al., 2004). Expressed with both early and late kinetics, the 

function of RL13 is poorly characterised. Recombinant RL13 has been demonstrated to 

bind the Fc portion of human IgG1 and IgG2, via its Ig-like domain, and to be able to 

internalise IgG when overexpressed in a method dependent upon a YxxL endocytic 

motif present within its C-terminus (Cortese et al., 2012). RL13 may therefore function 

to sequester neutralising antibodies, an important function in vivo but one of no use 

when grown in the absence of selective antibody pressure in vitro. Interaction with 

host nudix hydrolase 14 (NUDT14) protein has also been demonstrated (Wang et al., 

2016), with potential implications for HCMV DNA replication.  

1.12 Thesis aims 

Viruses, as obligate parasites, are required to subvert and utilise a huge range of 

cellular functions. HCMV, with its relatively slow and complex lifecycle, must be able to 

not only evade detection and annihilation, but must retain control and co-ordination 

for days. One cellular process that can impact upon almost any function that the cell 

may carry out is the regulation and control of ion concentrations. H+, K+, Na+, Cl- and 

Ca2+ ions are of particular importance, impacting on cell volume (Alper, 2006; 

Hoffmann, Lambert and Pedersen, 2009) and numerous signalling pathways (Berridge, 

Bootman and Roderick, 2003). HCMV must therefore ensure that ion levels remain 

controlled or are even exploited, else the cell will become incapable of hosting viral 

replication. In the process of achieving this, cells display cytomegaly, the abnormal 

enlargement of cells, from which the virus derives its name. Ion influx is required for 

the cells to swell, and HCMV has been shown to affect ion flux during infection, in 

particular the movement of HCO3
- and Cl- ions (Maglova, W E Crowe, et al., 1998; 

Maglova, William E. Crowe, et al., 1998). Ions are typically transported across 

membrane by channels (allowing them to pass down their electrochemical gradient), 

pumped directly against their electrochemical gradient (at the cost of ATP), or co-

transported/exchanged with other ions.  

Consequently, this project set out to follow up a pilot study that sought to assess the 

impact of ion channel inhibitors on HCMV replication. The pilot study identified a 
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potent inhibitor of HCMV replication which was a known inhibitor of chloride ion 

channel function. Ion channels are integral membrane proteins, allowing the passage 

of ions through them from one compartment to another. They do not simply act as an 

open pore however, and they can be gated by a variety of mechanisms including 

ligand-binding, membrane potential (also known as voltage-gated) and even 

mechanical stimuli (Di Resta and Becchetti, 2010). These stimuli serve to induce a 

conformation change within the ‘selectivity filter’ of the ion channel, allowing ions to 

flow through at rates of up to 108 ions/second (Doyle et al., 1998). These selectivity 

filters are highly conserved and allow for transmission of specific ions, able to 

discriminate even between highly similar ions such as K+ and Na+, taking advantage of 

the different hydration spheres of these ions (the hydration sphere being the number 

of water molecules electrostatically attracted to a positively charged ion) (Gouaux and 

Mackinnon, 2005) (See section 3.1 for specifics of chloride ion channel function). 

This thesis represents a thorough investigation of the antiviral activity of this particular 

ion channel inhibitor. The initial objective was to establish the precise point in the 

lifecycle of HCMV that was affected by DIDS. The data revealed that its mechanism of 

action was unlikely to involve ion channels. Instead, it acted to block HCMV cell entry 

by interfering with the very earliest events of virus binding to the cell surface (Chapter 

3). Consequently, this project transitioned to attempting to understand the details of 

this process, which viral factors may be involved and what aspects of the chemistry of 

DIDS were important for its antiviral function (Chapter 4). This culminated in the 

identification of a specific viral mutation that conferred resistance to the inhibitor and 

the functional consequences of the mutation on virus infection and immune evasion 

(Chapter 5).  
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Chapter 2: General Methods 

2.1 Cells and viruses 

Retinal pigment epithelial cell lines RPE-1 (CRL-4000) and ARPE-19 (CRL-2302), and 

primary human fetal foreskin fibroblasts (HFFs, SCRC-1041) were purchased from 

ATCC. Human glioblastoma astrocytoma cells (U373) were a kind gift from John 

Sinclair, University of Cambridge. HFF-TET cells were a kind gift from Richard Stanton, 

Cardiff University. All cells were grown at 37oC with 5% CO2. RPE-1, HFF, U373 and HFF-

TET cells were grown in high glucose Dulbecco’s modified Eagle medium (DMEM, 

Gibco) and ARPE-19 cells were grown in DMEM:F12 (Gibco). All were supplemented 

with 10% fetal bovine serum (FBS, ThermoFisher) and 1% penicillin/streptomycin (P/S).   

The Merlin clinical virus strain and Merlin IE86-GFP virus were gifts from Richard 

Stanton, Cardiff University. TB40E-UL32GFP was a gift from Christian Sinzger, Ulm 

University. All viruses were stored at -80oC.  

2.2 Growth and purification of viruses 

HFFs (or HFF-TETs if virus contained tet repressor elements) in T-175 flasks were 

infected at MOI 0.01 and rocked for 1 hour. Virus spread over ~14 days until all cells 

displayed cytopathic effect (CPE). Media was harvested every 2 days from this point, 

until all cells had lysed. Media was spun at 600g for 5 minutes to remove cell debris, 

prior to either direct storage of the supernatant or further purification and 

concentration of the virus. 

For microfuge-based concentration, clarified supernatant was split into 1.5ml 

eppendorfs, followed by centrifugation at 15,000g for 15 minutes. Supernatant was 

removed, pellets resuspended in 100µl DMEM+10% FBS and combined, then aliquoted 

into 100µl for storage. 

For ultracentrifuge purification, ~27ml of clarified supernatant was carefully layered 

over 5ml of a 20% D-sorbitol, 50mM Tris (pH7.4), 1mM MgCl2 solution in a thickwall 

polypropylene ultracentrifuge tube (Beckman Coulter). Samples were then spun at 4oC 
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for 90 minutes at 65,000g using a SW 32 Ti Swinging-Bucket rotor (Beckman Coulter) in 

an Optima XE ultracentrifuge (Beckman Coulter) and resuspended in 1ml DMEM+10% 

FBS. 

All viruses were aliquoted and stored at -80oC.  

2.3 DNA Extraction 

Cells were washed in PBS for 5 minutes, prior to the addition of a solution of 100mM 

KCl, 10mM Tris-HCl and 2.5mM MgCl for 5 minutes. An equal volume of 10mM Tris-

HCl, 2.5mM MgCl, 1% v/v Tween-20, 1% v/v Nonidet P-40 (Santa Cruz Biotechnology) 

and 0.4mg/ml proteinase K (Sigma-Aldrich) solution was added for a further 5 minutes. 

The solution was then heated for 60 minutes at 60oC, followed by 10 minutes at 95oC 

and extracted DNA stored at -20oC. 

2.4 RNA Extraction 

RNA was extracted and purified using the Qiagen RNeasy kit, with columns from Epoch 

Life Sciences, as per manufacturer’s instructions. RNA quantity and quality were 

assessed using a NanoDrop Lite spectrophotometer (ThermoScientific). RNA was 

stored at -80oC. 

2.5 cDNA Synthesis 

cDNA was synthesised from at least 100ng RNA using the Qiagen Quantitect Reverse 

Transcription Kit as per manufacturer’s instructions. cDNA was stored at -80oC 

2.6 Fixation and immunostaining for IE protein expression 

Cells were washed for 5 minutes with PBS, prior to the addition of ice-cold ethanol (-

20oC). Cells were then incubated at -20oC for at least 20 minutes. 

To stain for viral IE proteins, ethanol was removed, and cells washed in PBS for 5 

minutes. Cells were then incubated with 1:2000 α-IE antibody (clone 6F8.2, Merck 

Millipore) in PBS for 1 hour. Cells were washed in PBS again, then incubated with 

1:2000 anti-Mouse IgG-Alexa-fluor-568 (Life Technologies) and 1:2000 DAPI (Sigma) in 
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PBS for 1 hour in the dark. Cells were washed once more with PBS, fresh PBS added, 

and plates stored at 4oC prior to examination. 

2.7 Automated quantification of infected cells 

Plates immunostained for HCMV IE proteins were scanned by a Hermes WiScan (IDEA 

Bio-Medical) automated microscope. Typically, 25% of a well was scanned for single-

round infection experiments, whilst 50% was scanned for multi-round, viral spread 

assays. Acquired images were then analysed by MetaMorph Microscopy Automation 

and Image Analysis Software (Molecular Devices). Images from the blue channel (DAPI) 

were used to identify and enumerate cell nuclei present. The areas identified as nuclei 

were then assessed for red or green signal intensity, and if they sufficiently exceeded 

background staining, the cell was labelled as positive for HCMV IE proteins and 

therefore infected.  

2.8 Relative Quantitative PCR 

Relative quantification by quantitative PCR (qPCR) was performed using PowerUp SYBR 

Green Master mix (ThermoFisher) as per manufacturer’s instructions in an Applied 

Biosystems 7500 Real-Time PCR System. Forward and reverse primers were each 

present at 250nM. Data was analysed by the ddCt method, with 18S RNA as a 

housekeeping gene. 

Cycles Temperature Duration 

1x 50oC 2 minutes 

1x 95oC 2 minutes 

 

35x 

95oC 15 seconds 

60oC 15 seconds 

72oC 1 minute 

Table 2.1: Cycling parameters for relative quantitative PCR 
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2.9 Primers for PCR 

All new primers were designed using Primer3Plus (https://primer3plus.com/), with 

products 100-150bp in length, 40-60% GC content and predicted annealing 

temperatures of 60oC. 

 Forward Reverse 

18S GTAACCCGTTGAACCCCA CCATCCAATCGGTAGTAGCG 

UL138 GAGCTGTACGGGGAGTACGA AGCTGCACTGGGAAGACACT 

IFIT2 ACTGCTGAAAGGGAGCTGAA TGCACATTGTGGCTTTGAAT 

IFIT3 AGAAATGAAAGGGCGAAGGT ATGGCCTGCTTCAAAACATC 

CXCL10 TGGCATTCAAGGAGTACCTC TTGTAGCAATGATCTCAACACG 

CLCN2 GATCGTGTTCGAGCTCACAG GCAGGTAGGGCAGTTTCTTG 

Table 2.2: List of primers used for relative quantitative PCR 

2.10 Cell viability assay 

Cell viability was assessed by trypan blue exclusion. HFFs were treated with inhibitors 

in complete media for either 3h or 24h. They were then detached from the plate by 

trypsin treatment for 5 minutes at 37oC. Trypsin was neutralised by the addition of 1 

volume of complete media. An equal volume of trypan blue solution 0.4% (Gibco) was 

added. Cells were loaded onto a haemocytometer, and white (healthy) and blue (non-

viable) cells were counted under a light microscope. At least 100 cells were counted 

per condition. 
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Chapter 3: Characterising the anti-viral activity of 

DIDS 

3.1 Introduction 

Ion channel function has been implicated in the lifecycles of many other viruses (Table 

3.1). For example, the production of new infectious influenza virions was found to be 

reduced by the sodium channel opener SDZ-201106, whilst Na+ channel blockers led to 

enhanced replication (Hoffmann, Palese and Shaw, 2009). Bunyamwera virus, a 

negative-sense, single-stranded enveloped RNA virus, is inhibited by the potassium 

channel inhibitor tetraethylammonium (TEA) by preventing the accumulation of K+ ions 

in endosomes, which would otherwise by driven by the activity of two pore K+ ion 

channels, leading to arrest of virus trafficking (Hover et al., 2015, 2018). Returning to 

the herpesviruses, HSV-1 can be inhibited by the chloride ion channel inhibitors 

tamoxifen and 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB) (Zheng et al., 

2014). Both binding and entry into cells is impeded by these compounds. Indeed, some 

viruses even encode for their own ion channels, known as viroporins. Human 

immunodeficiency virus (HIV) (Ewart et al., 1996), influenza A  (Pinto, Holsinger and 

Lamb, 1992) and human papillomavirus (HPV) 16 (Wetherill et al., 2012) all encode for 

viroporins (vpu, M2 and E5 respectively), with the HPV E5 protein being the first 

reported oncogenic viroporin (Leechanachai et al., 1992; Straight et al., 1993). 

Knockout of the viroporins leads to significant reduction in virus titres further 

confirming the important role of these viroporins in the viral lifecycle and, more 

generally, the importance of ion flux in viral biology. 

Thus, there are numerous examples of how ion channels impact on viral infection. 

Consequently, a screen of a panel of ion channel inhibitors for activity against HCMV 

was performed. The screen, which measured the production of new virus particles, 

suggested that specific ion channel inhibitors were anti-viral (Fig 3.2). Similar levels of 

infection were seen in supernatants originating from Na+ or K+ channel inhibitor-

treated cells to DMSO controls, however Cl- channel inhibitors caused a major 
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reduction in the production of infectious virions. 4,4,-Diisothiocyano-2,2’-

stilbenedisulfonic acid (DIDS) was particularly potent, leading to almost complete 

abrogation of infectious virus progeny. 

Chloride ion channels allow the transport of primarily, but not exclusively, Cl- ions 

across membranes. They contribute to processes such as muscle contraction and 

control of cell volume (Aromataris and Rychkov, 2006; Hoffmann, Lambert and 

Pedersen, 2009; Bulley and Jaggar, 2014). The loss of function of distinct Cl- ion 

channels has been implicated in many diseases, for instance with CFTR mutations 

leading directly to cystic fibrosis (Kerem et al., 1989; Rommens, Iannuzzi, et al., 1989; 

Rommens, Kerem, et al., 1989) and CLCN5 mutations found in many patients with 

Dent’s disease (Lloyd et al., 1996). Cl- channels, and other ion channels too, are 

generally not just open pores, but are gated in order to allow control over the flux of 

their respective cargo. DIDS typically targets voltage-gated, double-barrelled channels 

including ClC2 and ClC-Ka (Steinmeyer et al., 1994; Fahlke et al., 1997). ClC-Ka is only 

thought to be expressed in the kidney and inner ear (Kieferle et al., 1994), whilst ClC2 

is expressed almost ubiquitously and is known to regulate cell volume and pH. DIDS is 

known to block chloride ion channel function by binding to lysine residues within the 

entry pore of the channel, thus occluding it and preventing any ions from passing 

through (Tombola et al., 2000). It was therefore decided to further investigate the 

means by which HCMV infection was inhibited by the activity of DIDS. 
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Virus Inhibitors Ion channels targeted Maximum inhibition (%)
Tamoxifen 88
NPPB 96
NPPB 87
IAA-94 81
DIDS 72

Influenza SDZ-201106 Sodium 85
TEA 74
Quinidine 66
Quinine 80
Spermine 89
Bupivacaine 77
Haloperidol 76
Fluoxetine 87
Tetrandrine 85
Verapamil 98
Nimodipine 96
Diltiazem 90

Ebola

Bunyamwera

Hepatitis C Virus

Herpes Simplex 1

Potassium

Chloride

Chloride

Calcium

Table 3.1: Examples of viruses inhibited by various classes of ion channel inhibitors.
Data collected from: Influenza: Hoffmann, Palese and Shaw, 2009;  Herpes Simplex 1: 
Zheng et al., 2014; Bunyamwera: Hover et al., 2015; Ebola: Igloi et al., 2015; Hepatitis C 
Virus: Sakurai et al., 2015
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Figure 3.2: DIDS is a potent inhibitor of HCMV replication. (A) HFFs infected at MOI=5 
were incubated with ion channel inhibitors 24 hpi. After 5 days, supernatants were 
used to inoculate fresh HFF monolayers which were immunostained for viral IE expres-
sion 24 hours later. Infected cells were counted and used to calculate infectious virus 
production as per equations B and C (measured as IE forming units/ml, displayed as 
mean ± SEM, n=3).
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3.2 Methods 

3.2.1 Inhibitors 

DIDS (Sigma Aldrich) and NPPB (Tocris) were gifts from Jamel Mankouri (Leeds 

University). GaTx2 was purchased from Tocris. DIDS stock was 50mM dissolved in 

DMSO, NPPB stock was 150mM dissolved in DMSO, GaTx2 stock was 10µM in ddH2O. 

3.2.2 Infection Assays 

Confluent HFF, RPE-1 or U373 monolayers were pre-treated for 1 hour in complete 

media containing compounds in technical triplicate. Media was then replaced with 

fresh media plus compounds and cells infected with HCMV Merlin at MOI 3. Cells were 

incubated for 24 hours and then fixed in ethanol and IE immunostained as described. 

Each condition represented in 3 technical replicates within each biological replicate. 

3.2.3 Time of addition assay 

Confluent HFF monolayers were treated with inhibitors (in technical triplicate) at 

different times relative either to the time at which virus (HCMV Merlin) was added 

(asynchronous infection) or the time virus internalisation was promoted (synchronised 

infection). To synchronise the infection, cells were infected at high MOI in 4oC media 

and placed at 4oC for one hour. This allows virus to bind but not internalise. Following 

this, the cold media was removed, cells were washed 3x in 4oC PBS before 37oC media 

was added, promoting synchronous virus internalisation. Twenty-four hours post 

infection, plates were fixed in ethanol and IE immunostained as described.  

3.2.4 Infectious virus production assay  

Confluent HFF monolayers in 96-well plates were infected at MOI 3 with HCMV Merlin. 

Twenty-four hours post infection, media was replaced with media containing 

compounds of interest. Five days post infection, supernatant was transferred to fresh 

HFF monolayers, either neat or diluted as required. A further 24 hours later, the 

secondary monolayers were fixed in ethanol and IE immunostained as described. 
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3.2.5 Viral assembly compartment formation assay 

Confluent HFF monolayers in 96-well plates were infected at MOI 0.5 with HCMV 

Merlin. Twenty-four hpi, compounds were added in technical triplicate. Seventy-two 

hours post infection, cells were fixed in ethanol as described. Fixed cells were stained 

with 1:1000 mouse α-pp28 (5C3, Santa Cruz Biotechnology) in PBS for one hour, 

followed by incubation with 1:1000 anti-Mouse IgG-Alexa-fluor-568 (Life Technologies) 

and 1:2000 DAPI (AppliChem) in PBS in the dark. Cells were visualised on a Leica 

DMI4000B Inverted Fluorescence microscope and four images per well were taken 

using a Leica DFC365 FX camera with the manufacturer’s software. Pp28+ foci were 

counted manually in ImageJ (https://imagej.nih.gov/ij/) using the multi-point tool. 

3.2.6 Protein extraction 

6x protein lysis buffer consisting of 60% v/v glycerol, 30% v/v pH 6.8 1M Tris, 

120mg/ml SDS and 93mg/ml DTT with added bromophenol blue was used for lysis of 

cells to produce protein samples. Buffer was diluted with ddH2O immediately before 

use and 1:200 benzonase added. Adherent cells were scraped off, pelleted by 

centrifugation at 600g for 5 minutes, supernatant disposed of and cells lysed in 20µl 

lysis buffer per 100,000 cells for 5 minutes. Samples were then heated for 15 minutes 

at 65oC prior to analysis. Samples stored at -20oC. 

3.2.7 Polyacrylamide gel electrophoresis 

10% SDS-PAGE separation gels and 4% stacking gels were cast as per amounts in table 

below. After pouring the separation gel, it was overlaid with isopropanol until it had 

set, at which time the isopropanol was removed, and the stacking gel poured on top.  
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Component For separation gel For stacking gel 

Water 1.9ml 1.45ml 

Acrylamide (30%) 1.7ml 0.33ml 

1.5M Tris pH 8.8 1.3ml - 

0.5M Tris pH 6.8 - 0.625ml 

10% SDS 50µl 25µl 

10% Ammonium 

persulphate 

50µl 25µl 

N,N,N’,N’-

tetramethylethylene-

diamine 

5µl 2.5µl 

Table 3.3: Components required for polyacrylamide gels 

Gels were placed into a Bio-Rad mini Protean Tetra cell. Running buffer consisting of 

3g/l Tris base, 14.4g/l glycine and 1g/l SDS was used to fill the cell, lanes loaded and gel 

ran at 100V (Bio-Rad PowerPac Basic) until the bromophenol blue dye reached the 

bottom of the gel. 

3.2.8 Semidry transfer 

Prior to transfer of protein to membrane, all required components were equilibrated 

in 4oC transfer buffer (5.8g/l Tris base, 2.9g/l glycine and 0.37g/l SDS base transfer 

buffer, then supplemented with 20% methanol at time of use) for at least 10 minutes. 

Stack was then assembled within a Bio-Rad Transblot SD Semi-Dry transfer cell in the 

order: Bottom->Extra Thick Blot Paper (Bio-Rad)->nitrocellulose membrane->Gel-

>Extra Thick Blot Paper->Top. Samples were transferred to membrane at 20V for 80 

minutes. 

3.2.9 Western Blotting 

Membranes were first blocked with 5% milk in TBS-T (0.05% Tween 20 in TBS) for 1 

hour at room temperature with gentle agitation. Membranes were then incubated 

with 1:3,000 Rabbit α-GAPDH (14C10, Cell Signalling Technology) or 1:500 Goat α-pp71 
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(vC-20, Santa Cruz) in TBS-T with 5% milk at 4oC overnight with gentle agitation. 

Membranes were washed 3x in TBS-T then incubated with 1:5,000 HRP conjugated 

Goat α-Rabbit (65-6120, Invitrogen) or 1:8,000 HRP conjugated Donkey α-Goat 

(A15999, Invitrogen) at room temperature for one hour with gentle agitation. 

Membranes were washed 4x with TBS-T, coated in sufficient SuperSignal West Pico 

PLUS Chemiluminescent Substrate (Thermo Scientific) to cover the membrane and 

chemiluminescence was visualised on a Bio-Rad ChemiDoc imaging system. 

3.2.10 Oligonucleotide design for shRNA production 

Sequences for shRNA production were designed using the RNAi Consortium from the 

Broad Institute (https://portals.broadinstitute.org/gpp/public/), which provides a 

database of known effective siRNA sequences based on searched for genes. Sequences 

were selected with the highest ‘Adjusted Score’ (a measure of predicted specificity, 

cloneability and knockdown performance) were selected and tested using the siRNA-

Check tool from In Silico Solutions 

(http://projects.insilico.us/SpliceCenter/siRNACheck) to confirm that all known 

isoforms were targeted, and that the chosen sequence was specific to the target of 

interest. The chosen sequence was then imported into the Clontech shRNA Sequence 

Designer (http://bioinfo.clontech.com/rnaidesigner/oligoDesigner.do), which adds the 

suggested hairpin loop sequence TTCAAGAGA along with BamHI and EcoRI digestion 

sites for cloning into pSIREN vectors. Outputted oligos were ordered from Invitrogen. 

Target Forward Sequence Reverse Sequence 

CLCN2 GATCCGCCTTTGCTGTCATTGGTATT
GTTCAAGAGACAATACCAATGACAG
CAAAGGTTTTTTG 
 

AATTCAAAAAACCTTTGCTGTCATTGGTAT
TGTCTCTTGAACAATACCAATGACAGCAA
AGGCG 
 

Scramble GATCCGTTCTAACATGACTCTAGTAA
TTCAAGAGATTACTAGAGTCATGTTA
GAACTTTTTTG 
 

AATTCAAAAAAGTTCTAACATGACTCTAGT
AATCTCTTGAATTACTAGAGTCATGTTAGA
ACG 
 

Table 3.4: Oligonucleotide sequences for construction of shRNA vectors 
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3.2.11 Cloning of shRNA-encoding vector 

pSIREN-PuroR vector (a gift from Paul Lehner, Cambridge University), was digested 

with BamHI-HF and EcoRI-HF in CutSmart buffer (All from New England Biolabs) at 37oC 

for 1 hour as per manufacturer’s instructions. The sticky ends of the linearised plasmid 

were dephosphorylated with Antarctic phosphatase (New England Biolabs) by 

incubation at 37oC for 30 minutes. All product was then loaded onto a 1% agarose gel 

containing SYBR Safe for gel electrophoresis. DNA was visualised using UV light, the 

band was excised from the gel and purified using the QIAquick Gel Extraction Kit 

(Qiagen) as per manufacturer’s instructions (eluted from column using 50µl ddH2O). 

Purified digested plasmid was stored at -20oC. 

Oligonucleotides for cloning into the pSIREN-PuroR vector were annealed and 

phosphorylated using T4 polynucleotide kinase (T4 PNK, New England Biolabs). Pairs of 

oligonucleotides, each present at 10µM, were incubated with T4 PNK buffer, 1mM 

ATP, 1mM DTT and 5 units of T4 PNK in a total volume of 10µl for 30 minutes at 37oC, 

followed by 5 minutes at 95oC in a PCR machine. The PCR machine was then turned off 

whilst the samples remained in the block to allow them to cool slowly. Annealed 

oligonucleotides were diluted 1:20 with ddH2O. 

Ligation reactions were performed using T4 DNA Ligase (New England Biolabs). Each 

reaction contained 0.4mg/ml bovine serum albumin, 1mM ATP, 1mM DTT, 80 units T4 

DNA ligase, 0.5µl digested pSIREN-PuroR vector and 0.5µl of annealed oligonucleotides 

in a total volume of 25µl. Reactions were incubated at room temperature for 30 

minutes. 

2µl of the ligation reaction was added to 25µl of Alpha-Select silver efficiency 

competent E. coli (Bioline) and incubated on ice for 30 minutes. Cells were subjected 

to heat shock in a 42oC water bath for 30 seconds without shaking and immediately 

returned to ice for 2 minutes. 475µl of SOC medium was added to the cells and they 

were placed in a shaking incubator for 1 hour (37oC, 225rpm). 150µl of cells were then 

spread on LB agar plates containing 100µg/ml ampicillin and incubated at 37oC 

overnight.  
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The following day, colonies were picked and inoculated into 5ml LB media 

supplemented with 100µg/ml ampicillin and grown overnight in a shaking incubator at 

37oC, 225rpm. Plasmid DNA was purified from bacterial culture using the QIAprep Spin 

Miniprep Kit (Qiagen) as per manufacturer’s instructions. Plasmid were sent for 

sequencing using Eurofins Mix2Seq service, premixed with U6 promoter primer 

(GGGCAGGAAGAGGGCCTAT) as per Eurofins’ instructions, to confirm successful 

insertion of target sequence. 

3.2.12 Production of shRNA-encoding lentiviruses 

3µl TransIT-293T (Mirus) was mixed with 0.75µg shRNA-encoding pSIREN-PuroR 

vector, 0.5µg pCMV-dR8.91 (which encodes for HIV gag and pol) and 0.25µg pCMV-

VSV-G (encodes for VSV-g env) in 100µl Opti-MEM for 20 minutes at room 

temperature. Mixture was then added dropwise to 70% confluent 293T cells in a 12 

well plate with 500µl DMEM+10% FBS. 8 hours later, 500µl DMEM+10% FBS added. 

Two days post transfection, supernatant was spun at 600g for 10 minutes. Resultant 

supernatant was then stored at -80oC. 

3.2.13 Transduction of HFFs with lentiviral vectors and selection of transduced cells 

500µl of lentivirus was added to 90% confluent HFFs in a 12 well plate in 1.5ml total 

volume. Plates were then spun at 200g for 30 minutes before returning to incubator. 

Two days post transduction, HFFs were treated with 1µg/ml puromycin. Two days 

later, when non-transduced cells had died, puromycin selection was removed and 

DMEM+10% FBS added. 

3.2.14 Murine cells and cytomegalovirus infection assay 

All experiments involving the use of either murine cells or murine cytomegalovirus 

were performed whilst at Cardiff University in the laboratory of Professor Ian 

Humphreys. Murine 3T3 fibroblasts (ATCC CRL-1658) were grown in DMEM + 10% Fetal 

bovine serum supplemented with 1% penicillin/streptomycin. Murine cytomegalovirus 

(mCMV) strain Smith was originally provided by ATCC. 3T3 cells were infected at MOI 1 

following 1 hour of treatment with DIDS with either MCMV (in the absence of serum) 
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or Merlin HCMV. 3 hours post infection, inoculum was removed, cells washed 2x in PBS 

and media containing compounds was replaced. 24 hpi, HCMV infected cells were 

fixed in ethanol and immunostained for IE proteins as previously described. MCMV 

infected cells were fixed in ice-cold methanol for 30 minutes. Cells were washed in PBS 

before incubation for 1 hour at room temperature with 1:1000 anti-MCMV IE in PBS 

(0841, Genetex). Cells were then washed again, before incubation with 1:1000 anti-

mouse-568 in PBS and 1:1000 DAPI. Cells were washed once more and stored at 4oC. 

Cells were imaged on a Zeiss LSM 800, with 5 images taken per well.  

Infection was enumerated using ImageJ (available at Imagej.nih.gov/ij/) based on a 

method from Université de Genève -

(https://www.unige.ch/medecine/bioimaging/files/3714/1208/5964/CellCounting.pdf)

. Each image was subjected to the same pipeline carried out manually. Firstly, colour 

threshold was applied, to filter background signal and define stained nuclei. Next, the 

image was converted to a binary image and the watershed feature applied, which 

enables overlapping cells to be distinguished from one another. Finally, the ‘analyse 

particles’ function was used with a minimum pixel size of 75 to count the number of 

nuclei present in the image. 

3.2.15 Absolute qPCR for viral genome copies 

Absolute quantification of viral genomes was performed using TaqMan Fast Advanced Master 

Mix (ThermoFisher) as per manufacturer’s instructions. Primers directed against gB (forward -

GAGGACAACGAAATCCTGTTGGGCA and reverse TCGACGGTGGAGATACTGCTGAGG) were used 

at 100nM final concentration. Product was detected by TaqMan probe 

(CAATCATGCGTTTGAAGAGGTAGTCCACG) labelled with 6-FAM and TAMRA fluorophores. 

Samples containing known quantities of viral genomes included to allow for absolute 

quantification. 

Cycles Temperature Duration 
1x 50oC 2 minutes 
1x 95oC 10 minutes 
40x 95oC 3 second 

60oC 30 seconds 
Table 3.5: Cycling conditions for absolute quantification of viral genomes 

74



3.3 Results 

3.3.1 DIDS inhibits HCMV infection prior to the initiation of viral gene expression 

The preliminary data demonstrated that DIDS inhibited the production of new 

infectious virions thus the first aim was to establish the point of the life cycle that DIDS 

was anti-viral. In the preliminary experiment, the panel of inhibitors were added 24 

hours post infection and thus post entry. Consequently, the ability of DIDS and NPPB to 

inhibit viral DNA replication was investigated. Primary HFFs were infected with the 

clinical strain Merlin at MOI 3. 24 hours post infection, cells were washed with PBS and 

media containing DIDS, NPPB or ganciclovir (GCV) – a known inhibitor of HCMV DNA 

replication - was added. DNA was isolated at either 24hpi and 96hpi for each condition  

and analysed by qPCR for the number of viral genomes present (Fig 3.6A). Control 

treated cells (media or DMSO) demonstrated clear evidence of viral DNA replication 

between the two times points, both displaying a 131-fold increase in viral copy 

number. In contrast, the addition of GCV prevented DNA replication. However, DIDS, 

NPPB and GaTx2 had no impact on viral DNA replication as increases of 132-, 133- and 

132-fold in viral genome copy numbers were observed respectively. 

These data suggested that the anti-viral activity of DIDS was occurring post DNA 

replication. To produce infectious particles, near the end of its lifecycle HCMV must 

produce new virion components. UL82, which encodes for the tegumental 

phosphoprotein pp71, is one such product. To examine whether chloride ion channel 

inhibitors impact the production of structural proteins of new virions, HFFs were 

infected at MOI 3, and treated with DIDS, NPPB or GaTx2 24 hours post infection. 

Protein was then harvested at 72 hours post infection and assayed by western blot for 

viral pp71 and cellular GAPDH (Fig 3.6B). The data demonstrates that there was no 

difference in expression levels of pp71 in the presence of any of these inhibitors 

compared to control conditions. In order to further confirm that DIDS does not impact 

on late stages of the HCMV lifecycle, HFFs were infected at MOI 0.5 and treated with 

DIDS, NPPB or GaTx2 24 hpi as before. At 72 hpi, cells were fixed and stained for viral 

protein pp28, which localises to viral assembly compartments. Pp28+ foci were 
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visualised and enumerated for each condition (Fig 3.7 A/B), with similar numbers of 

pp28+ foci present regardless of treatment and no observable difference in localisation 

of pp28. 

An absence of an obvious late stage phenotype that explained the growth defect 

meant that the impact of chloride ion channel inhibitors on the establishment of 

infection and expression of immediate early viral gene products was investigated. 

Primary HFFs were pre-treated with a range of concentrations of DIDS, NPPB or GaTx2, 

an additional chloride ion channel inhibitor, for 1 hour prior to infection at MOI 3. 

Twenty-four hpi, cells were fixed and viral immediate early (IE) proteins visualised by 

indirect immunofluorescence staining (Fig 3.8A). The percentage of IE-expressing, and 

therefore infected, cells was measured by automated fluorescence microscopy and 

image recognition (Fig 3.8B). These analyses revealed that treatment with DMSO, 

NPPB or GaTx2 had no impact on the number of IE-expressing cells compared to 

untreated controls but, surprisingly, DIDS demonstrated a potent, dose-dependent 

response, with IC50=8.9µM. Therefore, DIDS was a potent inhibitor of the HCMV 

lifecycle at or prior to the point of the initiation of viral gene expression. Furthermore, 

this effect was specific to DIDS, as no comparable activity was observed in other 

chloride ion channel inhibitors investigated. 
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(input) or cells were treated with media only, DMSO, ganciclovir (GCV), 50mM DIDS, 
150mM NPPB or 100nM GaTx2. At 96hpi, DNA was harvested from all conditions and 
analysed by qPCR for viral genome copies/ml (mean ± SEM, n=2). (B): HFFs were infect-
ed at MOI=3 and treated with either 50mM DIDS, 150mM NPPB, 100nM GaTx2, DMSO 
or media at 24hpi. Protein was harvested at 72hpi and analysed by western blot for 
viral pp71 and cellular GAPDH expression.

pp71

GAPDH

DID
S

NPPB
GaT

x2
DMSO

Med
ia

Mock

A

B

77



50µM DIDS

DMSO

150 µM NPPB

100nM GaTx2

Mock

Media

DAPI pp28 Merged

DMSO
Med

ia
Mock

50
mM

DIDS

10
0n

M
GaT

x2

15
0m

M
NPPB

0.0

0.5

1.0

1.5

Compound

Re
la

tiv
e

nu
m

be
r

of
pp

28
+

fo
ci

Figure 3.7: Viral assembly compartment formation is unaffected by chloride ion 
channel inhibitors. HFFs were infected at MOI=0.5 in the absence of any compounds. 
Twenty-four hpi, indicated compounds were added. Seventy-two hours post infection, 
cells were fixed and stained for pp28. (A): Representative images from each condition. 
(B) Enumeration of pp28+ foci by manual counting (mean±SEM, n=2).

1000
µm

1000
µm

1000
µm

1000
µm

1000
µm

1000
µm

A

B

78



DMSO

Media

IEDAPI Merged

Mock

150µM NPPB

100nM GaTx2

50µM DIDS

DM
SO
Me
dia
Mo
ck
30
0m
M
15
0m
M
75
mM
10
0n
M
10
nM1n

M
50
mM
25
mM

12
.5m
M
5m
M
1m
M
0.1
mM

0.0

0.5

1.0

1.5

Compound/Concentration

Re
la
tiv

e
In
fe
ct
io
n

Control
NPPB

GaTx2
DIDS

Figure 3.8: DIDS inhibits HCMV infection prior to the expression of IE proteins. (A) 
HFFs were treated with compounds for one hour prior to infection at MOI=2 with 
HCMV in the continued presence of compound. 24hpi, cells were fixed and stained for 
nucleic acids (DAPI, blue) and viral IE proteins (red). (B) Images from (A) were counted 
using automated microscopy and image recognition to quantify the 
number of infected cells, expressed as the relative number of infected cells compared 
to control conditions (DMSO) (mean ± SEM, n=5). (C) Compounds tested in (A) and (B) 
were assessed for toxicity against HFFs. Cells were treated for 24h with indicated com-
pounds, stained with trypan blue and percentage of trypan blue positive cells assessed 
by light microscopy (mean ± SEM, n=2)

DMSO
Med

ia

1m
M

ZnCl 2

50
mM

DIDS

15
0m

M
NPPB

10
0n

M
GaT

x2
0

20

40

60

80

100

Compound

%
Tr

yp
an

Bl
ue

Po
si

tiv
e

Ce
lls

1000
µm

1000
µm

1000
µm

1000
µm

1000
µm

1000
µm

A

B C

79



3.3.2 DIDS does not prevent the formation of new virions 

The observation that DIDS was a potent inhibitor of the early stages of viral infection 

raised a possible contradiction. The original screen (Fig 3.2) identified DIDS via a clear 

defect in infectious virus production when DIDS is added 24 hpi. Yet the follow up 

studies clearly show a major inhibition of the virus lifecycle within the first 24 hours of 

infection. One obvious explanation was that the impact of DIDS on HCMV infection 

seen in the original screen could be due to cellular toxicity caused by the molecule. To 

assess this, DIDS, NPPB and GaTx2 were tested for their ability to kill cells at the 

highest concentration used in the previous assay using a trypan blue exclusion assay. 

After 24h of treatment, cells were detached, stained with trypan blue and counted by 

light microscopy (Fig 3.8C). In both DMSO and media-only samples, the rate of trypan 

blue-positive (and therefore non-viable) cells was 2.5% and 2.3% respectively. 1mM 

ZnCl2 was used as a positive control, and led to 78% trypan blue positive cells, 

demonstrating the ability of the assay to detect dead or dying cells. 50µM DIDS, 

150µM NPPB and 100nM GaTx2-treated cells all displayed less than 1% trypan blue 

positivity, demonstrating a lack of any toxic effect at these concentrations over 24h, 

indicating that toxicity was not responsible for the impact of DIDS on HCMV infection 

observed previously. 

Having ruled out toxicity it was possible that DIDS targeted multiple aspects of the 

HCMV lifecycle. However, a second hypothesis was that the persistence of DIDS in the 

supernatants of the cultures could impact on the detection of infectious virions in the 

media if DIDS inhibits the establishment of lytic infection, since this measurement of 

viral titre is dependent on the ability of the supernatant to infect fresh cells.  

In order to test this hypothesis, HFFs were infected at MOI 3 and treated 24hpi with 

DMSO or 10-50µM DIDS. 5 days post infection, supernatant was transferred either 

neat (1:1) onto fresh HFFs or diluted to varying degrees to assay for presence of 

infectious virus. These cells were then fixed and stained for IE proteins as previously. IE 

forming units/ml was then calculated as per Fig 3.2B/C. As expected, the number of IE 

forming units decreases as the supernatant produced from DMSO-treated cells is 
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diluted (Fig 3.9). As shown before both 50µM and 10µM DIDS treatment appears at 

first to have reduced the number of infectious virus particles present. However, as the 

supernatants are diluted, there is a paradoxical increase in the number of IE forming 

units detected. In the case of 10µM treatment, a 1:2 dilution leads to a level of IE 

forming units similar to that of a 1:2 dilution of the DMSO-treated supernatant, whilst 

at further dilutions the number of IE forming units falls in step with the DMSO 

condition. For the supernatant produced by cells treated with 50µM DIDS, there 

appears to be minimal infectious virus present until it is diluted 1:10, at which point 

infection increases. In both cases an increase in the infectivity of the supernatants was 

apparent as it was diluted. It was noted that the dilution would render the effective 

concentration of DIDS in that media as <5µM (1:2 of 10µM DIDS and 1:10 of 50µM 

DIDS) – a concentration lower than the determined IC50. Furthermore, as the 

supernatant was further diluted the normal drop in viral titre was evident as the 

concentration of DIDS in the supernatant would be below that established to be 

required for its antiviral activity. 

  

81



1:1 1:21:1
0
1:1
00 1:1 1:21:1

0
1:1
00 1:1 1:21:1

0
1:1
00

0

2000

4000

6000

8000

10000

Dilution

IE
fo
rm
in
g
un
its
/m
l

DMSO
50µM DIDS
10µM DIDS

Figure 3.9: Dilution of supernatants from DIDS-treated cells rescues infection. HFFs 
infected with HCMV at MOI=3 were treated with DMSO, 50µM DIDS or 10µM DIDS 
24hpi. 5 days post infection, supernatants were transferred to fresh HFF monolayers, 
either neat (1:1) or diluted (1:2, 1:10, 1:100). 24hpi, cells were fixed and stained for 
viral IE proteins. IE forming units/ml were calculated as previously (mean ± SEM, n=2).
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3.3.3 DIDS inhibits the HCMV lifecycle during the entry process 

Having established that DIDS acts at the point of or prior to successful IE protein 

production, the next step was to narrow the possible window of activity. To do this, a 

time of addition assay was performed. HFFs were infected at MOI 2 and treated at -1h, 

0h, +0.5h or +1h relative to the time of infection with DMSO or 10µM DIDS. The level 

of infection at 24hpi was quantified by IE immunofluorescence as previously described 

(Fig 3.10A). Under these conditions, DIDS was capable of inhibiting infection by ~60% 

even if added an hour after infection although the greatest impact was seen with pre-

treatment. To address the potential issue of an asynchronous infection and thus to 

establish the time of infection more precisely the experiment was repeated using 

synchronised infection. Cells were infected at 4oC for 1 hour. This allows the virus to 

bind to the cell surface, but the virus does not internalise. Cells were then washed to 

remove excess virus before warming to 37oC to promote virus internalisation. In the 

context of this experimental set up DMSO control or DIDS were added at -2h, 0h, +0.5h 

or +1h relative to the time at which internalisation was promoted and levels of 

infection assessed at 24hpi. The data show that pre-treatment of the cells with DIDS 

was equally as effective as observed in the asynchronous infection (Fig 3.10B). 

However, addition of 25µM DIDS at the time of internalisation was only capable of 

reducing infection by ~50% and was completely ineffective by 30 minutes post 

internalisation. These data suggest that DIDS is most potent if present prior to or 

during the time that the virus is bound to the cell surface and blocks a process during 

the very early stages of viral entry. 
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Figure 3.10: DIDS acts during the early stages of viral infection. (A) Relative numbers 
(mean ± SEM) of HFFs expressing HCMV IE proteins 24 hours post infection following 
treatment with DMSO or 10μM DIDS at -60, 0, 30 or 60 minutes post infection (n=3). 
(B) Relative numbers (mean ± SEM) of HFFs expressing HCMV proteins 24 hours post 
infection, where cells were incubated with virus at 4oC for one hour prior to return 
to 37oC (to promote viral entry, defined as time of infection). Cells were treated with 
DMSO or 25μM DIDS at -120, 0, 30 or 60 minutes post infection (n=3).
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3.3.4 Virion components are not delivered to the cell in the presence of DIDS 

The data thus far argued for a model whereby DIDS was active during the initial stages 

of viral entry at the plasma membrane. To further address the entry phenotype an 

analysis of the delivery of virion components was performed. The delivery of 

tegumental phosphoproteins to the nucleus such as pp65 occurs rapidly after 

internalisation and thus the impact of DIDS on this was assessed. HFFs were infected at 

4oC in the presence of 25µM DIDS, DMSO or DMEM for 1 hour. Cells were washed and 

warmed to 37oC. 30 minutes later, cells were fixed and stained for HCMV pp65. As can 

be seen in Fig 3.11A, under control conditions pp65 has localised to the nucleus by this 

time. In contrast, pp65 positive nuclei were rarely seen in the cells pre-treated with 

DIDS prior to infection (Fig 3.11B).  

In parallel the ability of viral DNA to be delivered to cells was investigated. Cells were 

again infected in the presence of DIDS or control conditions at 4oC and washed. DNA 

was then directly harvested from one set, representing DNA from virions bound to the 

exterior cell surface (Fig 3.11D), whilst a duplicate set was warmed to 37oC for 15 

minutes and washed prior to DNA extraction, thus representing DNA from internalised 

virions (Fig 3.11C). The number of viral genomes present was then analysed by qPCR. 

The data show that DIDS potently reduced the amount of viral DNA present in both 

fractions, indicating that not only is the virus failing to effectively enter cells in the 

presence of DIDS, but also suggesting that DIDS impaired the binding of virus to the 

cell surface. 

Further support for the hypothesis that DIDS was limiting viral cell surface interactions 

was provided by an analysis of the ability of the virus to induce interferon stimulated 

genes (ISGs) during infection. HFFs were infected at MOI 3 and RNA extracted at 6 

hours post infection. cDNA was synthesised and analysed by qPCR for the levels of 

CXCL10, IFIT2 and IFIT3 transcripts (Fig 3.12). Infection in DMSO control cells led to a 

53-fold, 292-fold and an 83-fold increase in the levels of CXCL10, IFIT2 and IFIT3 

transcripts respectively in comparison to uninfected cells, with similar levels of 

induction during infection in the presence of media only. However, DIDS almost 
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completely abrogated this response, with less than 2-fold increases in the levels of all 

three ISGs analysed. Given that IFIT2 and IFIT3 induction is triggered by conformational 

changes in gB during the earliest events of cell entry (Netterwald et al., 2004), this 

reinforces the concept that HCMV fails to bind and engage effectively with the cell 

surface in the presence of DIDS. 
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Figure 3.11: DIDS prevents the delivery of virion components to the target cell. (A) 
Representative images demonstrating the affect of infection at MOI=2 in the presence 
of 25µM DIDS compared to DMSO on the ability of pp65 to localise to the nucleus 30 
minutes post infection. (B) Enumeration of pp65+ cells 30 minutes post infection in the 
presence of 25µM DIDS, DMSO or media (n=2, mean ± SEM). (C,D) HFFs were incubat-
ed with virus in the presence of media, DMSO or 25µM DIDS for 1 hour at 4oC. Cells 
were either returned to 37oC to promote internalisation for 30 minutes prior to DNA 
extraction (C) or DNA was extracted directly following 4oC incubation (D). Levels of viral 
DNA were quantified by qPCR and ddCt analysis (n=3).
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Figure 3.12: HCMV dependent ISG activation is impaired in the presence of DIDS. 
HFFs were infected at MOI=3 in the presence of media, DMSO or 50µM DIDS. 6hpi, 
RNA was isolated and analysed for the levels of CXCL10 (A), IFIT2 (B) or IFIT3 (C) tran-
scripts by RT-qPCR (mean ± SEM, n=3). Data was analysed by ddCt method. 
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3.3.5 Induced fusion by polyethylene glycol does not rescue infection in the presence 

of DIDS 

Although infection in the presence of DIDS did not lead to the induction of ISGs the 

possibility that that the virus is able to bind weakly to the cells, but that a later 

receptor interaction step is being prevented, could not be ruled out. It has been 

demonstrated that a gB-null virus cannot infect cells, but infection can be rescued 

using polyethylene glycol (PEG). This occurs because the virus binds with low affinity to 

the plasma membrane but does not transition into the high affinity, gB-dependent 

interaction that promotes viral entry. Specifically, gB is considered to be a fusogen and 

thus these bound virions can be chemically fused into cells by treatment with PEG, 

which directly fuses the cell and viral membranes facilitating viral entry and 

circumventing the need for gB. To test whether infection in the presence of PEG 

rescued the DIDS treated virus HFFs were therefore infected at 4oC at MOI 2 for 1 hour 

in the presence of 50µM DIDS or relevant controls. Cells were washed and either had 

media containing the same compound as previously added, or were treated with 40% 

PEG for 30 seconds, followed by multiple washes before compounds were restored. 

The percentage of IE-expressing cells was counted at 24 hours post infection by 

immunofluorescence as previously (Fig 3.13). The data show that PEG treatment did 

not increase the number of cells infected in the presence of DIDS. Thus, these further 

supported a model whereby DIDS prevented virus binding at the cell surface rather 

than trapping the virus on the surface of the cell. 
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Figure 3.13: HCMV infection in the presence of DIDS cannot be resuced by addition 
of PEG. HFFs were infected at MOI=2 in the presence of compounds for 1 hour at 4oC. 
Cells were then treated with 40% PEG for 30 seconds followed by multiple washes and 
media restored. 24hpi, cells were fixed and stained for IE proteins, then infected cells 
enumerated (mean ± SEM, n=2).
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3.3.6 Knockdown of CLCN2 does not inhibit HCMV infection 

The data suggested that the inhibition of a plasma membrane encoded function could 

be responsible for the defect in entry. Given that CLCN2 is the major canonical target 

of DIDS present in HFFs, lentiviral vectors encoding either for an shRNA directed 

against all known protein-coding isoforms of CLCN2 (shCLCN2) or a randomly 

scrambled, non-specific variant (shScramble) were constructed (Fig 3.14A/B). HFFs 

were transduced with these vectors and following puromycin selection and recovery, 

RNA was extracted and assessed by qRT-PCR for knockdown of CLCN2 transcripts. 

Efficient knockdown of 93% was observed in the shCLCN2 HFFs relative to shScramble 

HFFs (Fig 3.14C). Therefore, shCLCN2 and shScramble HFFs were infected at MOI 1 in 

the presence of either 20µM DIDS or DMSO and assessed for the proportion of cells 

expressing IE proteins 24hpi by immunofluorescence as previously (Fig 3.14D). CLCN2 

knockdown had no impact on the ability of HCMV to infect cells, with similar levels of 

infection to shScramble HFFs, whilst 20µM DIDS completely inhibited infection of both 

shCLCN2 and shScramble HFFs.  
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Figure 3.14: CLCN2 knockdown has no impact on the ability of HCMV to infect cells 
nor the ability of DIDS to inhibit HCMV infection. (A,B) Confirmation of successful 
introduction of CLCN2 and scrambled shRNAs into expression vector. (C) Relative RNA 
levels of CLCN2 in cells transduced with shScramble or shCLCN2 vector assessed by 
qRT-PCR. (D) HFFs transduced with shScramble or shCLCN2 vector were infected at 
MOI=2 in the presence of DMSO or 20µM DIDS. Twenty-four hpi, cells were fixed and 
infection enumerated by staining for viral IE proteins and automated fluoresence mi-
croscopy (mean ± SEM, n=2).
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3.3.7 DIDS prevents the infection of multiple cell types 

HCMV is capable of infecting a wide range of host cells by a variety of reported 

different mechanisms. Thus, it was next assessed whether the effects of DIDS on 

infection were universal or HFF-specific. Neuronal (U373) and epithelial (RPE-1) cells 

were pre-treated with the panel of chloride ion channel inhibitors at a range of 

concentrations prior to infection with Merlin, followed by fixation at 24 hours post 

infection (Fig 3.15). DIDS demonstrated dose dependent inhibition during infection of 

all cell types tested, as was observed during infection of HFFs, suggesting that DIDS is 

targeting a process common to infection of multiple different cell types. Importantly, 

NPPB and GaTx2 again failed to inhibit HCMV infection arguing that this was a DIDS 

specific effect. 
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Figure 3.15: DIDS inhibits infection of multiple cell types by HCMV. U373 (A) or RPE-1 
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3.3.8 Infection of murine fibroblasts by murine CMV or HCMV is inhibited by DIDS 

The ability of DIDS to inhibit murine CMV (MCMV) or HCMV infection of murine 

fibroblasts (3T3 cells) was assessed. Cells were treated with DIDS at a range of 

concentrations for 1 hour prior to infection at MOI 2 with either the Smith strain of 

MCMV (in the absence of serum) or BACgMwt virus. 24 hours post infection, cells were 

fixed and stained for either MCMV IE or HCMV IE as appropriate and infection 

enumerated by automated microscopy (Fig 3.16). DIDS robustly inhibited infection by 

MCMV, with 50µM DIDS sufficient to reduce infection by 90% and 100µM completely 

inhibiting infection. Whilst levels of infection with HCMV were extremely low, DIDS 

effectively inhibited HCMV infection of 3T3 cells, with 6.25µM DIDS able to reduce 

infection to background levels. 

  

95



DMSO
DMEM

Mock
10

0µ
M

50
µM

25
µM

12
.5µ

M
6.2

5µ
M

0

20

40

60

80

100

MCMV

Compound/Concentration

%
In

fe
ct

io
n

Control
DIDS

DMSO
DMEM

Mock
10

0µ
M

50
µM

25
µM

12
.5µ

M
6.2

5µ
M

0

20

40

60

HCMV

Compound/Concentration

To
ta

lI
E+

ce
lls

/w
el

l

Control
DIDS

Figure 3.16: DIDS inhibits infection of murine fibroblasts by both MCMV and HCMV. 
3T3 cells were infected at MOI=2 with either MCMV (A) or HCMV (B) following 1 hour 
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3.3.9 DIDS inhibits the spread of cell associated virus 

All these experiments thus far had argued that DIDS is highly effective against cell-free 

infection of multiple cell types. However, HCMV can also spread directly from cell to 

cell. Thus, the ability of DIDS to inhibit cell-cell viral spread was examined using a 

multi-round spread assay. In this assay, HFFs are infected at a low MOI and the spread 

of virus can be analysed over time by looking for an increase in the number of infected 

cells. HFFs were infected at MOI 0.01 with the IE2-GFP Merlin strain, which is 

genetically engineered to spread in a cell-associated manner. Twenty-four hpi, 

compounds were added, and the virus allowed to propagate over a period of 2 weeks, 

with compounds renewed every 5 days. Inhibition of cell-cell spread was measured by 

directly measuring the size of GFP+ foci (Fig 3.17D). 50µM DIDS reduced foci size ~4-

fold whilst 10µM DIDS was ineffective, demonstrating that DIDS could inhibit cell-cell 

spread. The assay was then repeated using wildtype Merlin, which spreads in a cell-

free manner (Fig 3.17A/C). 50µM DIDS almost completely abrogated the ability of 

wildtype Merlin to spread, whilst 10µM remained approximately 50% effective, 

consistent with its ability to potently inhibit cell free infection of HCMV in single-round 

assays. Whilst both methods of spread were inhibited by DIDS, it was relatively much 

more effective against cell-free spread rather than direct cell-cell spread. 
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Figure 3.17: Cell free and cell associated spread are both inhibited by DIDS. HFFs were 
infected at MOI=0.01 using wildtype Merlin HCMV (A) or IE2-GFP HCMV (B) (mean ± 
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3.4 Discussion 

These studies began as a screen of ion channel inhibitors for potential anti-viral activity 

against HCMV. One compound, DIDS, was identified as a potent entry inhibitor but 

suggested to work via a mechanism independent of its canonical chloride ion channel 

target. HCMV entry into fibroblasts has generally been considered to occur via pH-

independent fusion, following a series of cellular receptor – viral glycoprotein 

interactions. This is then followed by translocation to the nucleus, at which point viral 

gene transcription is initiated. Entry into other cell types occurs by different 

mechanisms however, with endocytosis followed by pH-dependent fusion in epithelial 

cells and macropinocytosis implicated in infection of dendritic cells. Analysis of the 

entry pathways of HCMV has been complicated by two major factors: firstly, viruses 

are considered to be fairly promiscuous in their use of entry pathways, able to employ 

alternative routes if one is blocked, and secondly by the use of different strains of 

HCMV, which is particularly problematic as several virion glycoproteins, most 

importantly UL128/130/131, which form the pentameric complex when combined 

with gH/gL, rapidly mutate in cell culture. The presence of the pentamer is required for 

efficient entry into many cell types including epithelial cells, and the relative levels of 

this complex in relation to the trimeric complex (gH/gL/gO, required for infection of 

fibroblasts) may impact on the route by which the virus infects the cell type to be 

investigated. However, here evidence is presented that DIDS, a chloride ion channel 

inhibitor, is capable of preventing the infection of a wide range of different cell types 

by the clinical strain of HCMV known as Merlin suggesting that a common pathway is 

being targeted. 

Systematic analysis of the HCMV lifecycle has identified the point of DIDS inhibition to 

the very first step in the virus lifecycle, namely the binding of the virus to the 

extracellular surface. The failure of both pp65 or viral DNA to be delivered to the cell in 

the presence of DIDS demonstrated that an early event must be affected, and the fact 

that DIDS was markedly less effective at inhibiting infection if it was added after the 

virus had bound to the cell strongly suggested that it was somehow interfering with 
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the ability of the virus to bind to the cell surface effectively. Finally, the fact that the 

interferon stimulated genes IFIT2, IFIT3 and CXCL10 were not induced in the presence 

of DIDS confirmed that the virus was failing to successfully engage with its cellular 

receptors, as a conformational change driven by gB engaging with the cell has been 

demonstrated to induce the production of both IFIT2 and IFIT3 (Netterwald et al., 

2004), whilst production of CXCL10 occurs as a result of NF-ĸB activity, which could be 

triggered by a range of cell surface receptors. Indeed, the failure of PEG treatment to 

rescue infection suggests that the virus fails to bind to the cell surface at all. 

The observation that DIDS appears to prevent binding to the cell surface suggests that 

if DIDS were targeting a virion protein dependent protein interaction, there is a limited 

subset which that could be. The gM/gN complex along with gB, which both mediate 

initial binding to cell surface heparan sulfate proteoglycans (HSPGs), would be the 

most likely candidates, as these are the virion proteins responsible for this interaction. 

Furthermore, gB functions as the major viral fusion protein, so perhaps if it were to be 

targeted by DIDS, any virus that was able to bind despite the presence of DIDS may be 

prevented from progressing any further as it could inhibit the ability of gB to undergo 

the conformational changes required to drive membrane fusion and therefore entry 

into fibroblasts. Additionally, as DIDS blocked infection of both epithelial cells and 

neuronal cells in addition to fibroblasts, it likely acts upon a conserved step common to 

the process of infection of multiple cell types. 

If DIDS is to be investigated as a potential therapeutic agent for the treatment of 

HCMV, efficacy in the commonly used animal model of CMV, murine CMV (MCMV), 

would be an important stepping stone during its development. Whilst MCMV is 

different from HCMV in key aspects, such as the ability to establish latency in the 

endothelial cells of the kidney or liver, it provides a useful and easily used in vivo 

model of cytomegalovirus infection. The first step towards testing DIDS in this model 

would be to establish efficacy against MCMV infection of murine cells in vitro. Here it 

has been demonstrated that DIDS is effective against MCMV infection of murine 

fibroblasts (3T3 cells), although the IC50 is higher than that for HCMV. Additionally, 

HCMV can infect murine cells and express IE proteins in a highly inefficient manner, 
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and this was also blocked by DIDS, with 6.25µM sufficient to reduce detected infection 

to background levels. This provides initial evidence that DIDS is effective against 

MCMV and is worthy of further investigation, leading towards testing of DIDS in vivo as 

the basis of a potential new antiviral therapy. It also reinforces the notion that DIDS 

targets a conserved process, as it inhibits HCMV infection of yet another cell type and 

additionally inhibits MCMV infection. 

Whilst DIDS is known to act as a chloride ion channel inhibitor, it is possible that if it is 

targeting a cellular factor in order to inhibit HCMV, it may not be doing so via its 

canonical targets. Pharmacological data shows that alternative chloride ion channel 

inhibitors NPPB and GaTx2 have no impact on HCMV infection in any of the assays 

following the initial screen of ion channel inhibitors. NPPB is a fairly broad-acting 

chloride ion channel inhibitor, whose targets include Ca2+- and volume-activated 

chloride ion channels, both of which can also be inhibited by DIDS, whilst GaTx2 is a 

more selective inhibitor of ClC2 (Thompson et al., 2009). Additionally, DIDS 

demonstrates potent inhibition of HCMV infection at concentrations as low as 10µM, 

whereas electrophysiology studies indicate that chloride ion channel activity is not 

affected until it reaches at least 50µM (Personal communication, Anselm Zdebik). 

Indeed, many studies of DIDS use it at millimolar concentrations. Combined, this 

suggests that in the event that DIDS inhibits HCMV by targeting a cellular protein, it 

does not do so by targeting its canonical chloride ion channel targets.  

There are multiple other cellular targets that DIDS is known to be more specific for 

however, principally anion exchangers such as those of the SLC4A or SLC26A families 

(Shami et al., 1977; Toon and Solomon, 1994). They transport a variety of anions 

including Cl-, Na+ and HCO3
- and are usually localised to the plasma membrane, though 

there is some degree of sub-cellular and tissue-specific localisation. As with ion 

channels, there are heavily involved in regulation of cellular volume and pH, 

consequently mutations within them are associated with a variety of conditions, 

SLC4A1 mutations associated with spherocytic anaemia (Tanner, 2002)) and SLC26A2 

mutations associated with chrondrodysplasia (Hästbacka et al., 1994; Forlino et al., 

2005). Whilst it could be conceived that these proteins may affect processes such as 
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macropinocytosis, and therefore impact on viral entry by that mechanism, unless they 

represent hitherto unidentified receptors for HCMV then DIDS is unlikely to be exerting 

its antiviral effect via them. 

DIDS also inhibits a range of other cellular targets such as the TRPV1 nonselective 

cation channel (Zhang et al., 2012) and RAD51 (Ishida et al., 2009), which has a major 

role in homologous recombination of DNA during double strand break repair 

(Shinohara, Ogawa and Ogawa, 1992). It has also been shown to be effective against 

HIV infection of JM, C8166 and MT-4 CD4+ cells, not through inhibition of chloride ion 

channel function, but by covalent modifying lysine residues in CD4, preventing the 

binding of viral gp120 (Carding et al., 1991). Given the fact that DIDS appears to block 

physical engagement of the cell surface by HCMV, there may be some similarity in 

mechanism between its inhibition of HCMV and HIV infection. 

In summary, the data presented here has established that DIDS is a potent inhibitor of 

HCMV infection, acting during the very earliest stages of viral infection to disrupt 

interaction with the cell surface. DIDS inhibits the infection of multiple different sites 

of lytic replication, but seemingly not by inhibition of its canonical major target ClC2. 

Therefore, the next steps in this investigation must be to further probe the mechanism 

of action by which DIDS inhibits HCMV infection, and to establish potential targets. 
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Chapter 4: Investigating the target and chemistry 

of DIDS 

4.1 Introduction 

The initial characterisation of DIDS’ anti-viral activity against HCMV argued for DIDS 

potently blocking HCMV entry. Furthermore, the data suggested that DIDS was 

reducing the ability of HCMV to effectively engage with the surface of the cell. 

Although DIDS is a well characterised inhibitor of chloride ion channel function, the 

data presented in this thesis argue against this being responsible for the mechanism of 

action against HCMV. Firstly, two other chloride ion channel inhibitors, NPPB and 

GaTx2, had no impact on HCMV entry in the same assays. Secondly, shRNA depletion 

of CIC2 from cells had no impact on HCMV infection. Thus, the phenotypic 

characterisation coupled with pharmacological and genetic data all pointed towards a 

novel mechanism of action acting during the very early stages of viral attachment and 

entry.  

HCMV entry is complicated (see introduction section 1.4). Multiple viral glycoprotein – 

cellular receptor interactions are implicated in viral entry. The current model for HCMV 

infection argues that the initial target of HCMV on the cell surface are heparan sulfate 

proteoglycans (HSPGs), which can be bound by either the gM/gN complex or by gB 

(Kari and Gehrz, 1992, 1993; Compton, Nowlin and Cooper, 1993) The highly negatively 

charged nature of these molecules provides the basis for an initial interaction that 

allows the virus to anchor itself to the target cell. HSPGs are targeted by many 

different viruses as the start of their entry pathways, including Hepatitis C (Barth et al., 

2003), Hepatitis E (Kalia et al., 2009), human T-cell leukemia virus type 1 (HTLV-

1)(Jones et al., 2005) and many other herpesviruses (including HSV-1 and -2 (WuDunn 

and Spear, 1989), HHV-8 (Akula et al., 2001) and pseudorabies virus (Karger and 

Mettenleiter, 1996)). These interactions do have a level of specificity to them, with the 

activity of specific 3-O- sulfotransferases (3-OSTs), 3-OST-3A and 3-OST-3B required to 

generate binding sites for HSPG-binding protein gD of HSV-1, whilst the activity of 3-
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OST-1 does not generate gD-binding sites (Shukla et al., 1999). There is currently no 

known specific structure of heparan sulfate chains required for HCMV binding to cells. 

The engagement of HPSGs is followed be cell type specific interactions of viral 

glycoproteins with cellular receptors to mediate entry into different cell types. The 

viral gB protein is essential for entry into all cell types and has been postulated to 

engage with EGFR during infection of a wide variety of different cell types – although 

its definition as bona fide entry receptor has been questioned by some studies (Wang 

et al., 2003; Isaacson, Feire and Compton, 2007; J.-E. Kim et al., 2017). However, gB 

does go on to engage with cellular integrins such as αVβ3 (Feire, Koss and Compton, 

2004), and it is these further interactions by gB that leads to the induction of ISGs such 

as IFIT2 and IFIT3 (Netterwald et al., 2004) – an induction observed to be inhibited by 

DIDS. Further virion-cell interactions are regulated by the two gH/gL-containing 

glycoprotein complexes; the trimeric gH/gL/gO, whose interaction with PDGFRα during 

infection of fibroblasts is becoming increasingly clear (Kabanova et al., 2016; Wu et al., 

2017, 2018) and the pentameric gH/gL/UL128-131 complex, which promotes entry into 

epithelial and endothelial cells (Sinzger et al., 2000; Wang and Shenk, 2005) potentially 

via interactions with- CD147 and neuropilin-2 (Martinez-Martin et al., 2018; Vanarsdall 

et al., 2018). 

A number of observations in this thesis support the hypothesis that the activity of DIDS 

was manifest against the very earliest events associated with HCMV entry and initial 

binding to the cell surface: 

1) DIDS prevented the activation of ISGs by HCMV – an event triggered by 

conformational changes in gB occurring during the later stages of entry 

process. 

2) Addition of the fusogen PEG does not rescue the infectivity of HCMV in the 

presence of DIDS suggesting HCMV was inefficiently engaging with the plasma 

membrane. 

3) Pre-adsorption of the virus onto cells dramatically reduced the ability of DIDS 

to inhibit HCMV infection. 
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4) DIDS inhibited the infection of HCMV into all cell types arguing that a common 

part of the entry pathway is being targeted. 

Therefore, in this chapter it was sought to establish whether the target of DIDS was 

cellular or viral in nature, along with its identity. Additionally, a chemistry-based 

approach was used to establish what properties of DIDS itself rendered it capable of 

inhibiting HCMV infection to inform on the mechanism of action of DIDS against 

HCMV. 
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4.2 Methods 

4.2.1 Inhibitors 

DIDS derivatives 4-acetamido-4’-isothiocyanato-2,2’-stilbenedisulfonic acid (SITS), 4,4’-

diamino-2,2’-stilbenedisulfonic acid (DADS), 4,4’-diazido-2,2’-stilbenedisulfonic acid 

(DZDS) (Sigma Aldrich) were gifts from Richard Angell (UCL Translational Research 

Office). 4,4’-dimaleimidylstilbene (DMIS) and 4,4’-dimaleimidylazobenzene (DMIA) 

were synthesised and gifted by Sally Oxenford (UCL Translational Research Office). N-

ethylmaleimide (NEM), p-phenylene diisothiocyanate (PITC), 2-Iminothiolane (2-IT), 4-

chloro-7-nitrobenzofurazan (Nbd-Cl) and 5,5′-dithiobis(2-nitrobenzoic acid) (Nbs2) 

were all purchased from Sigma Aldrich. 

4.2.2 Preparation of viral DNA 

In order to extract DNA for sequencing, samples were spun at 15,000g for 15 minutes 

to pellet virions. DNA was then extracted by proteinase K digestion as previously. DNA 

purity was enhanced by isopropanol precipitation: One volume of isopropanol was 

added to the sample, mixed and then centrifuged at 15,000g at 4oC for 30 minutes. 

Supernatant was removed, 1 volume of 70% molecular grade ethanol added prior to 

centrifugation for 10 minutes at 15,000g at 4oC. Supernatant was removed, and 

samples resuspended in ddH2O. 

4.2.3 Library preparation, deep sequencing and assembly 

(Kindly performed and methodology written by Dr Daniel Depledge) 

Illumina sequence libraries were constructed by combining NEBNext® Ultra™ II DNA 

library prep kit (New England Biolabs, E7645) and Agilent SureSelect XT kits. Here 

200ng of total DNA, derived from original DNA extracts and supplemented with human 

DNA (Promega, G1471), was used as input for each sample. DNA was sheared using a 

Covaris E220 (Peak Incident Power - 175, Duty Factor - 5, Cycle per Burst - 200, 

Treatment time = 150s) and fragmented DNA used as input for NEBNext End Prep, as 

described in the manufacturer’s instructions. Adaptor ligation was performed as 

described in the instructions except for using a 1:10 dilution of the SureSelect Adapter 
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and omitting the USER™ enzyme step. 12 cycles of PCR-based amplification of the end-

repaired and adapter-ligated library was carried out, as described in the SureSelect XT 

Protocol (Version C0, December 2016). Hybridisation-based enrichment of HCMV 

sequences was undertaken using a custom HCMV bait set (based on HCMV reference 

strain Merlin) for 24 hrs, as described in the instructions. Sequence libraries were 

multiplexed and run on an Illumina MiSeq (2x300bp paired-end reads). 

Following the sequencing run, paired-end sequence data were demultiplexed and 

sequence reads trimmed to remove low quality 3’ based and adapter sequences using 

TrimGalore (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Read 

pairs were subsequently aligned against the HCMV reference strain Merlin 

(NC_006273.2) using BBMap (http://sourceforge.net/projects/bbmap/) while duplicate 

read pairs were removed using MarkDuplicates (http://broadinstitute.github.io/picard) 

and local realignment performed using IndelRealigner  (Mckenna et al., 2010). SAM, 

BAM and mpileup files were parsed using SAMTools v1.0 (Li et al., 2009), VarScan 2 

(Koboldt et al., 2012) and custom PERL scripts to produce both a consensus sequence 

for each sample and frequency profile for sites with two or more alleles present. 
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4.3 Results 

4.3.1 DIDS targets HCMV directly 

The assumption thus far was that DIDS was targeting a cellular function to inhibit viral 

infection. However, it could not be precluded that there was a viral target of DIDS. To 

investigate this, HFFs were treated for 24h prior to HCMV infection with 50µM DIDS or 

DMSO. Pre-treated cells were then washed in fresh media and then infected at MOI 2 

for 1 hour. In parallel, untreated cells were subsequently infected in the presence of 

50µM DIDS or DMSO. After 1 hour, cells were washed, and media only added to all 

wells before fixation at 24hpi. Fig 4.1A clearly demonstrates that whilst the cells that 

were infected in the presence of DIDS were protected from infection, long-term pre-

treatment of cells conferred no protection if DIDS was not present at the time of 

infection. These data suggested that either the effect of DIDS is rapidly reversible, or 

that it does not target HCMV via the inhibition of a cellular factor at all. 

To investigate whether DIDS targets a viral factor, virions were treated for 1h at room 

temperature with a range of concentrations of DIDS or control conditions. They were 

then purified by centrifugation, washed in media only to remove excess DIDS from the 

system and used to infected HFFs. Eight hours post infection, cells were fixed and 

analysed for IE expression (Fig 4.1B). In this assay DIDS demonstrated a potent, dose-

dependent inhibition of viral infection without the need to expose cells to the inhibitor 

prior to infection. This strongly suggested that DIDS was not acting via any of its 

canonical cellular targets, but in fact was directly binding to the  virion in order to 

inhibit infection.  

Interestingly, if the virally infected cells were left for 24 hours following infection 

without washing after 1 hour to remove the virus inoculum, it was observed that effect 

of DIDS on infection was partially abrogated in this viral infection assay (4.1C).  Thus, 

possible interpretations were that DIDS either simply was slowing down the rate of 

infection, or that it reversibly binds to the virus and over time it disassociates and 

allows the still-infectious virion to successfully infect the cell once DIDS was no longer 

bound. 
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It was hypothesised that if DIDS were to simply slow down the infection process, then 

analysis of infection at a later time point under the original experimental conditions 

would reveal an increased number of IE positive cells in comparison to the number 

present at 24 hpi. Therefore, HFFs pre-treated with DIDS were infected at MOI 2 and 

assessed for IE expression at 3 days post infection, without the prior removal of either 

DIDS or the virus inoculum (Fig 4.1D). Infection at both 50µM and 10µM DIDS 

remained completely undetected, suggesting that DIDS does completely block 

infection, rather than simply slow it if DIDS remains in the system at high 

concentrations. 
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Figure 4.1: DIDS inhibits HCMV infection by binding directly to the virion. (A): HFFs 
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compound. 24hpi, cells were fixed and the percentage of virally infected cells enumer-
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hour with DMSO or DIDS, then pelleted by centrifugation. Virus was resuspended in 
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post infection and infection enumerated by IE staining (n=3). (D): HFFs were treated 
with DIDS for 1 hour prior to infection at MOI=2. 3 days post infection, cells were fixed 
and percentage of infected cells enumerated by IE staining and automated microscopy 
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4.3.2 Chemistry of DIDS and its derivatives 

DIDS is a symmetric molecule (Fig 4.2A) possessing two major functional groups: a pair 

of sulfonic acid residues, and a pair of isothiocyanate residues. The sulfonic acid 

residues will render the molecule negatively charged at physiological pH ranges, whilst 

it is the isothiocyanate groups that are responsible for the reactive properties of DIDS. 

Isothiocyanates are of particular interest to those seeking novel therapies for cancer, 

as both phenethyl isothiocyanate (PEITC) and sulforaphane (SFN) have demonstrated 

potent chemopreventive effects in both cell culture and animal models. They are also 

heavily utilised in bioconjugation processes, one of the most prominent examples of 

which is fluorescein isothiocyanate (FITC), which can then be conjugated via its 

isothiocyanate residue to antibodies for use in flow cytometry or fluorescent imaging. 

Isothiocyanate groups, as weak electrophiles, are capable of reacting with both 

primary amine groups, found in lysine residues, or with free sulfhydryl groups, found in 

cysteine residues. In collaboration with Richard Angell (UCL Translational Research 

Office) a structure activity relationship was undertaken to help define the anti-HCMV 

chemistry of DIDS. 

In order to do this, different regions of the DIDS molecule were chemically 

manipulated. To investigate the role of the symmetric isothiocyanate groups the 

structurally related 4-acetamido-4’-isothiocyanato-2,2’-stilbenedisulfonic acid (SITS) 

was identified (Fig 4.2B). This has the same structure as DIDS except that one of the 

isothiocyanate groups has been replaced with a non-reactive acetamide group. 4,4’-

diamino-2,2’-stilbenedisculfonic acid (DADS)(Fig 4.2C) and 4,4’-diazido-2,2’-

stilbenedisulfonic acid (DZDS)(Fig 4.2D) were also identified, in which both 

isothiocyanate residues had been replaced with either amino (DADS) or azide (DZDS) 

groups. 

To investigate the importance of isothiocyanate groups, the negatively charged 

sulfonic acid residues were removed from DIDS. This resulted in a compound that was 

weakly soluble and rapidly precipitated in aqueous solution. However, if the 

isothiocyanate residues were additionally exchanged for cysteine-reactive maleimide 
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groups, the resultant compound was soluble in solution (4,4’-dimaleimidylstilbene, 

DMIS)(Fig 4.3A). An azobenzene-based molecule, in which the central two carbon 

atoms have been exchanged for nitrogen atoms, was also produced (4,4’-

dimaleimidylazobenzene, DMIA)(Fig 4.3B). 

This series of related compounds was then used to investigate the mechanism of 

action of DIDS against HCMV. 

4.3.3 Charge is not solely responsible for DIDS-mediated inhibition 

DIDS is a negatively charged molecule, due to its two sulfonic acid residues, rendering 

the possibility that simply its presence is sufficient to non-specifically block the initial 

interaction between the gM/gN complex and cell surface HSPGs, which is primarily a 

charge-mediated interaction. Therefore, three similarly-charged derivatives of DIDS 

were tested for their ability to inhibit HCMV infection. Cells were pre-incubated for 1 

hour with these compounds at a range of concentrations before infection at MOI 3 

with HCMV. 24 hours post infection, cells were fixed and stained for viral IE proteins as 

previously, and the number of infected cells counted (Fig 4.2E). DADS and DZDS 

demonstrated no ability to inhibit infection, whilst SITS was only capable of doing so at 

much higher concentrations than DIDS, arguing that DIDS-mediated inhibition is not 

solely a charge phenomenon and there must be some specific reactivity of the 

molecule responsible for its activity. 

To support this, PITC, an uncharged symmetric molecule with 2 isothiocyanate groups 

(Fig 4.2F), related in structure to DIDS was evaluated for its ability to inhibit HCMV 

infection. As previously, HFFs were treated for 1 hour prior to infection at MOI 2. 

Twenty-four hpi, cells were fixed and assessed for viral infection by IE staining (Fig 

4.2G). PITC demonstrated potent dose dependent inhibition of infection lending 

further weight to the hypothesis that the reactive nature of isothiocyanate groups is 

responsible for the inhibition caused by DIDS. Finally, further support for the 

mechanism of action relying on more than charge for its activity came from 

experiments with heparin. Heparin is a negatively charged molecule known to inhibit 

HCMV entry. However, whilst heparin clearly inhibits HCMV entry in cellular pre-
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treatment assays (Fig 4.4A), in virion incubation assays pre-treatment of virions had no 

effect on viral entry (Fig 4.4B). This is consistent with the charge effect of heparin 

being a cell targeted function. 
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4.3.4 Cysteine reactive molecules inhibit HCMV prior to IE expression 

The observation that the chemically related molecule SITS was much less effective at 

inhibiting HCMV was investigated further. SITS is considered to be more specific for 

lysine-reactivity than DIDS, which is less reversible than reactivity with cysteine 

residues as the resulting thiourea bond is relatively stable in comparison to the 

carbamodithioate bond resulting from a reaction between cysteine and an 

isothiocyanate. Subsequently, it was hypothesised that the inhibition of HCMV 

infection by DIDS was dependent on the ability of DIDS to react with cysteine residues 

exposed at the virion surface. To investigate this, uncharged derivatives of DIDS in 

which the isothiocyanate residues had been exchanged for specifically cysteine 

reactive maleimide groups were tested for their ability to inhibit HCMV infection (Fig 

4.3A/B). HFFs were incubated for 1 hour prior to infection at MOI 2 with the inhibitors. 

These compounds were observed to have toxic effects if the cells were exposed for 24 

hours (Fig 4.3E/F), therefore 3 hours post infection, both virus and inhibitor were 

removed, cells washed and media without inhibitors was restored. At 24 hours post 

infection, cells were fixed and stained for viral IE proteins as previously. Both DMIS and 

DMIA exhibited potent, dose-dependent inhibition of HCMV infection with IC50 values 

in the low micromolar range (Fig 4.3C). 

Next, the ability of DMIS and DMIA to inhibit HCMV infection by binding directly to the 

virion was tested by the same methodology as employed for DIDS. DMIS and DMIA 

both displayed potent inhibition of HCMV infection at 24hpi, demonstrating that they 

had a MoA with similarities to DIDS (Fig 4.3D). 

Indeed, when a panel of lysine and cysteine reactivate compounds (Fig 4.5A-D) were 

tested for their ability to inhibit HCMV infection it became quite evident cysteine 

reactivity was an important component of the molecules. HCMV was pre-treated for 

an hour with NEM, 2-IT, Nbd-Cl or Nbs2, pelleted and resuspended in complete media. 

Pretreated virus was then used to infect HFFs, which were fixed 24hpi and assessed for 

infection by IE staining and automated fluorescence (Fig 4.5E-H). NEM and Nbd-Cl both 

displayed dose-dependent inhibition, whilst Nbs2 only showed inhibition at high 
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concentrations. 2-IT, the only molecule tested to be solely lysine reactive, 

demonstrated no activity against HCMV infection. Thus, the chemistry argued for 

cysteine reactivity being important for anti-viral activity against HCMV.  
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Figure 4.5: Cysteine-reactive molecules structurally unrelated to DIDS inhibit HCMV 
prior to IE gene expression. Structures of 2-IT (A), Nbs2 (B), Nbd-Cl (C) and NEM (D). 
(E,F,G,H) HCMV was treated with 2-IT (E), Nbs2 (F), Nbd-Cl (G), NEM (H) or relevant 
controls for 1 hour. Virus was pelleted by centrifugation, resuspended in complete 
media and used to infect HFFs. Cells were fixed 8 hours post infection, and infection 
enumerated by IE immunostaining and automated fluoresence microscopy (all values 
mean±SEM, n=2 for all conditions).
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4.3.5 Inhibition by DIDS is reversible 

HCMV was incubated with 25µM DIDS, DMSO or media only for 1h and pelleted by 

centrifugation. These preparations were then incubated with 100mM β-

mercaptoethanol (βME) for 10 minutes to reverse cysteine bonds or left untreated. 

The DMSO or DIDS treated viruses were then added directly to cells. As a control, 

viruses were incubated without DIDS or DMSO had either sufficient DIDS or DMSO 

added to them to match the level of the compound that would still be present in the 

test samples (known as ‘spike’). Ten hours post infection, cells were fixed and stained 

for viral IE proteins, with levels of infection enumerated as previously (Fig 4.6B). The 

data show that the addition of βME following pre-treatment of the virion with DIDS 

leads to similar levels of infection to the DIDS ‘spike’ condition (70% vs 76% of media-

only control) whilst DIDS-treated virus that is not subsequently treated with βME only 

infects 36% of cells in comparison to the media-only control. 
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Figure 4.6: Inhibition by DIDS is reversible. (A) Schematic of experiment. Virus was 
treated with 25µM DIDS, DMSO or media only for 1 hour. DIDS/DMSO treated virus 
was then either treated with 100mM βME  or left untreated (βME-) for 10 minutes. All 
preparations were then diluted, and previously untreated virus had sufficient DIDS or 
DMSO added (‘Spike’) to create the same final concentration as present in those sam-
ples pretreated with either DIDS or DMSO. Virus was then used to inoculate HFFs at 
MOI=1, with cells fixed and stained for IE proteins 24hpi and enumerated by automat-
ed fluoresence microscopy. (B) Summary of results, n=2, displayed as mean ± SEM.
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4.3.6 No evidence for the presence of a viroporin in the HCMV virion 

The observation that DIDS may bind directly to the virion raised the intriguing 

possibility that its method of inhibition relies on targeting a viroporin in the HCMV 

virion. To try and identify potential HCMV viroporins, the HCMV Merlin genome was 

input into Pfam, which employs the HMMER3 package to search for homologs to 

known protein families using probabilistic hidden Markov models (HMMs). No 

homologs to known families of cellular ion channels or viroporins were found (Table 

4.7).  

To investigate whether there was any experimental support for a potential viroporin 

the knowledge that other viruses that encode for viroporins, such as influenza, have 

been shown to be rendered more infectious by treatment at low pH prior to infection 

was utilised. HCMV was treated with pH 5.2, 6.2 or 7.2 citric acid/NaHPO4 buffer 

supplemented with 10mM NaCl, sodium gluconate or monosodium glutamate for one 

hour at room temperature. The virus was then either diluted with complete media and 

used to infect cells directly or spun down at 15,000g for 10 minutes in a 

microcentrifuge and resuspended in complete media immediately prior to use in 

infection. Cells were then fixed and assessed for the level of infection by staining for IE 

proteins at 24 hours post infection (Fig 4.8). No significant difference could be seen in 

the levels of infection present for any of the conditions tested. 
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Pfam Family Occurences Pfam Family Occurences
US22 24 Herpes_U34 1
Bax1-I 5 Herpes_U44 1
CMV_US 4 Herpes_UL52 1
7tm_1 3 Herpes_UL69 1
Herpes_IE1 3 Viral_DNA_bp 1
RL11D 2 dUTPases 1
Herpes_pp85 2 UL73_N 1
Herpes_U30 2 Herpes_UL73 1
Herpes_UL32 2 Herpes_UL24 1
Cytomega_UL20A 2 Herpes_V23 1
UL141 2 Herpes_UL79 1
PRTP 2 Peptidase_S21 1
Herpes_UL82_83 2 Herpes_UL25 1
Herpes_MCP 2 Cytomega_UL84 1
DUF2677 2 Herpes_glycop_H 1
Herpes_IE2_3 2 Herpes_glycoH_C 1
Cytomega_US3 2 Herpes_UL74 1
DUF5429 2 DUF587 1
UL2 1 Herpes_UL87 1
Cytomega_TR10 1 Herpes_UL16 1
UL40 1 Herpes_glycop 1
Herpes_UL37_2 1 DNA_pack_N 1
Ribonuc_red_IgC 1 DNA_pack_C 1
UL42 1 Herpes_U59 1
Herpes_VP19C 1 U62_UL91 1
Herpes_PAP 1 Herpes_UL17 1
UL141A 1 Herpes_UL95 1
DUF5500 1 Herpes_UL92 1
UL16 1 DUF2664 1
UL20 1 UL97 1
DUF570 1 Herpes_alk_exo 1
Herpes_U5 1 Herpes_HEPA 1
UL17 1 UDG 1
MHC_I 1 Herpes_UL7 1
UL21a 1 U79_P34 1
Herpes_teg_N 1 Herpes_Helicase 1
HV_small_capsid 1 Cytomega_gL 1
Herpes_UL31 1 Herpes_UL6 1
Herpes_env 1 US10 1
HCMVantigenic_N 1 US6 1
Glycoprot_B_PH1 1 Gp_UL130 1
Glycoprot_B_PH2 1 HCMV_UL139 1
Glycoprotein B 1 HCMV_UL124 1
Herpes_UL49_1 1 TNFR_c6 1
DNA_pol_B_exo1 1 gpUL132 1
DNA_pol_B 1 US30 1
Herpes_UL33 1 HHV-5_US34A 1

Table 4.7: Bioinformatic analysis reveals no evidence of a virally enocoded ion 
transporter. The HCMV Merlin genome was submitted to Pfam to identify virally 
encoded proteins related to known protein families through the use of hidden 
Markov models. Protein families identified and their frequencies are noted.
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Figure 4.8: Exposure to acidic pH does not improve HCMV infection of fibroblasts. 
HCMV was treated for 1 hour at room temperature with pH 5.2/6.2/7.2 citric acid/
Na2HPO4 buffer supplemented with 10mM NaCl, NaGluconate or NaGlutamate. Virus 
was then either diluted with complete media (A) or pelleted by centrifugation and re-
suspended in complete media (B) then used to infect HFFs. 24hpi, cells were assessed 
for infection levels by IE immunostaining and automated fluoresence microscopy (n=3, 
displayed as mean ± SEM).
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4.3.7 Generation of a DIDS resistant mutant 

To investigate the mechanism of action by which DIDS was inhibiting the entry process 

of HCMV, the classical approach of growing a resistant virus by long-term passage in 

the presence of increasing concentrations of DIDS was performed (Fig 4.9). HFFs were 

infected with Merlin at MOI 1 in the presence of 5µM DIDS. The virus was allowed to 

spread throughout the cell monolayer, with the DIDS-containing media renewed 

weekly. Once all remaining cells displayed CPE, fresh HFFs were inoculated with either 

the supernatant or with scratched-off cell layer and the concentration of DIDS 

increased to 20µM. This process was continued for a period of 6 months, with the 

concentration of DIDS peaking at 100µM for a period of 2 weeks, before being reduced 

to 25µM to allow for sufficient virus production for investigation. Samples of 

supernatants and cell layers produced by this process were frozen at -80oC periodically 

during the process. 
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Figure 4.9: Schematic of the process used to generate DIDS resistant mutant. HFFs 
were infected at MOI=1 in the presence of 5µM DIDS. Over a period of 5 months, 
supernatant or cell layers were transferred to fresh fibroblasts once all remaining cells 
displayed CPE, in the presence of increasing DIDS concentrations over time.
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4.3.8 Characterisation of resistant mutant 

After 6 months of passage in the presence of DIDS, supernatants from the 6 different 

wells were tested for their relative ability compared to the original virus used to infect 

fibroblasts in the presence of increasing concentrations of DIDS. All 6 supernatants 

demonstrated increased ability to infect fibroblasts in the presence of DIDS compared 

to the parental strain. The best-performing virus was then amplified by growth in the 

presence of 10µM DIDS and the resulting virus used for extensive characterisation.   

The amplified virus was first more thoroughly assessed for its ability to infect cells in 

the presence of DIDS using the standard IE infectivity assay. HFFs were infected at MOI 

2 in the presence of DIDS with either resistant or parental HCMV. Whilst 50µM DIDS 

potently inhibited infection of the parental HCMV it was evident that the virus that 

replicated in the presence of DIDS remained infectious (Fig 4.10A). Specifically, the 

putative DIDS resistant virus displayed approximately 6% of that observed in the DMSO 

control, indicating that a small fraction of the virus present had been able to infect the 

cells despite the high concentration of DIDS.  

Intriguingly, when the resistant virus was additionally tested for its ability to infect 

HFFs in the presence of heparin, a known inhibitor of HCMV which acts by preventing 

the very early stages of viral engagement with the cell surface it yielded an interesting 

phenotype (Fig 4.10B). Specifically, the relative infection was again around 6% in the 

presence of 20µg/ml heparin, which was sufficient to reduce infection of the parental 

virus to less than 0.1% of that achieved in the absence of heparin, indicating that a 

fraction of the DIDS-resistant virus had additionally become resistant to heparin. 
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Figure 4.10: Passage of HCMV in the presence of DIDS produces a virus capable of 
infecting HFFs in the presence of DIDS or heparin. HFFs were infected with either pa-
rental (wild type) or passaged (resistant) HCMV at MOI=2 in the presence of decreasing 
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4.3.9 Sequencing of resistant mutant 

To identify mutations within the virus that may be associated with DIDS resistance the 

viruses produced from serial passage in DIDS were subjected to whole genome 

sequencing (kindly performed by Dr Daniel Depledge as detailed above). 

Analysis of the acquired sequence data revealed two effectively fixed SNPs in all 

samples, including the parental virus used to initiate the growth of the resistant 

mutant; one in UL55, encoding for glycoprotein B, and another in US23. Variant 

analysis, in which the frequency of mutations present in each sample, was employed 

to identify variations that were more highly present in the resistant samples in 

comparison to the input (Table 4.11). Of the detected variations that were present at 

5% or higher in at least 9 of the samples analysed, there were two candidates that 

were present at higher frequency in all of the resistant samples in comparison to the 

input virus. One, in UL100, which encodes for virion glycoprotein M, causing a change 

from a valine to a leucine at position 206, and another in RL13, another virion 

glycoprotein, producing a premature stop codon at position 129 in place of a 

glutamine residue. As these are both virion surface glycoproteins, and indeed gM is 

involved in the initial binding of HCMV to the cell surface, the point at which DIDS acts 

to inhibit infection, it was decided to investigate them further. 
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PositionReferenceVariant
Gene

Parental HCMVSample 1Sample 2Sample 3Sample 4Sample 5Sample 6Sample 7Sample 8Sample 9Sample 10Sample 11Sample 12
2689

G
A

intergenic
56.21

95.94
68.73

74.1
66.57

52.9
63.07

67.1
54.9

96.77
77.96

63.47
64.5

11884
C

T
RL13

25.9
7.69

16.41
19.63

22.95
28.75

13.45
28.79

24.79
11

25.4
20.63

11.83
12516

C
T

UL1
22.86

13.04
14.05

28.19
23.08

21.43
8.13

31.58
14.38

8.12
34.48

15.79
8.4

12676
C

T
UL1

33.33
15.89

21.08
26.86

26.37
20.83

11.23
29.35

17.23
9.18

28.85
25

10.4
40231

G
C

UL32
58.42

89.4
52.78

64.87
63.33

49.66
51.87

58.85
47.39

89.95
66.26

50.07
50.53

48828
G

A
UL36

28.8
6.75

32.86
34.13

26.2
15.09

12.32
27.74

11.61
7.01

33.56
31.95

15.18
49054

G
C

UL36
27.61

61.61
33.05

33.81
29.8

11.76
12.62

28.42
11.55

57.95
30.14

32.69
14.29

49203
G

A
UL36

27.35
8

16.56
30.78

26.8
12.71

14.25
23.25

15.21
5.31

30.87
17.41

15.2
49791

G
A

UL36
28.79

8.25
19.84

32.54
25.5

14.54
13.35

25.62
12.24

6.13
28.27

17.07
12.24

49792
G

C
UL36

28.86
8.35

20.76
32.98

25.29
14.73

12.97
24.74

11.64
6.28

28.96
17.31

12.47
83966

T
A

UL55
92

100
99.83

100
100

99.93
100

99.83
100

99.92
100

100
100

147038
C

G
UL100

14.07
16.17

21.99
15.89

33.55
52.24

30.1
33.38

52.32
18.91

17.71
19.95

30.87
175758

A
T

intergenic
29.08

66.15
22.57

20.19
12.13

26.76
14.68

14.45
29.11

69.89
20.44

18.52
16.28

11964
C

A
RL13

28.47
4.94

15.38
25.74

23.02
26.84

12.39
27.37

21.14
8.09

18.18
18.07

12.5
11191

G
A

RL13
43.48

17.31
41.86

27.38
32.79

22.47
17.24

20
14.81

40
25

30
24.14

11573
C

T
RL13

5.88
48.33

10
18.18

18.18
49.21

60.34
8.7

31.33
51.28

21.74
13.64

68
89851

G
C

UL57
5.68

7.27
8.23

10
5.88

9.26
10.89

5.77
3.23

6.09
5.71

9.23
10.26

218596
G

C
US23

99.79
100

99.87
99.94

100
100

91.88
99.85

99.88
99.9

99.85
100

93.42
11534

G
T

RL13
16.67

8.62
41.82

18.18
19.18

0
5.77

17.65
0

6.15
7.14

33.33
11.63

13608
C

A
intergenic

15.69
14.39

8.48
13.17

9.32
0.16

1.55
9.2

0
11.22

10.66
10.27

1.06
13654

C
A

intergenic
14.83

14.29
8.07

12.82
7.52

0.07
1.72

8.76
0

10.9
11.96

10
1.05

30113
C

T
UL24

7.57
58.23

4.73
20.37

21.34
0.57

12.02
20.19

0.43
60.86

26.51
4.02

15.05

Table 4.11: Summary of sequencing and variant analysis of DIDS-resistant HCMV. 
Sequencing data was compared to the Merlin reference strain and variant frequency 
analysed and compared between the pre-passage virus (parental HCMV) and the mul-
tiple strains produced during passage in the presence of DIDS. Red highlights indicate 
effectively fixed SNPs present in all samples, whilst green highlights indicate mutata-
tions enriched in all samples in comparison to the parental sample.
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4.3.10 Bioinformatic analysis of glycoprotein M 

To analyse for potential protein structures and motifs HCMV Merlin gM was submitted 

to the Phyre2 server for protein structure prediction in intensive mode, which 

performs modelling of the total protein. The structure was predicted to include 8 

transmembrane helices (Fig 4.12A), however confidence in the model produced was 

generally poor, with the best template available (4DJI, glutamate-GABA antiporter 

GadC from E. coli) within the Protein Data Bank (PDB) only aligning with around half of 

glycoprotein M and providing a very low confidence score of 39.8%. More importantly, 

use of the SuSPECT algorithm to assess mutational sensitivity of all residues within the 

predicted protein suggested that the detected mutation at residue 206 (V -> L) was 

unlikely to cause any significant structural or functional alteration to the protein 

activity. 

Given the poor confidence available from modelling via Phyre2, the sequence was also 

submitted to the I-TASSER server, which employs multiple threading techniques to 

predict protein structure using templates from PDB again, before the constructed 

models are threaded through protein function database BioLIP in order to gain 

functional insight. The top ten threading templates identified are used to construct a 

series of models. I-TASSER does not explicitly predict transmembrane helices, however 

the predicted model appears to have 9 transmembrane helices in contrast to the 8 

predicted by Phyre2, and an additional helix lying along one side of the membrane (Fig 

4.12B). The constructed model is then compared using TM-align to all structures in the 

PDB, providing the 10 proteins to which the model is most similar (Fig 4.13A). 

Whilst this provides suggestions of possible function, I-TASSER structural predictions 

are also analysed by COFACTOR and COACH to deduce possible ligand binding sites, 

enzymatic functionality and gene ontology (GO) terms. Prediction of ligand binding 

activity by the gM model is very weak, with the strongest prediction (a putative Na+ 

binding site) only receiving a c-score of 0.08 (on a scale from 0-1) (Fig 4.13C). 

Enzymatic predictions are also weak, with a highest CscoreEC of 0.126 (scale 0-1) for 
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enzyme commission number 1.9.3.1, representing cytochrome-c oxidase activity (Fig 

4.13B). 
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Figure 4.12: Structural predictions of glycoprotein M. (A) Prediction of transmembrane 
domains and topology of glycoprotein M by Phyre. (B) Predicted structure of glycopro-
tein M by I-TASSER, with residue 206 highlighted in red.

A

B
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Rank PDB Function
1 4KPP H+/Ca2+ Exchanger
2 4K1C Calcium/Proton Exchanger
3 4KJS Ca2+/H+ Antiporter
4 3V5U Na+/Ca2+ Exchanger
5 2YEV Caa3-type cytochrome oxidase
6 1QLE Cytochrome c oxidase
7 2ZXW Cytochrome c oxidase
8 1LLK Cytochrome c oxidase
9 1M57 Cytochrome c oxidase
10 4A01 H-Translocating pyrophosphatase

Rank PDB Function
1 1QLE Cytochrome c oxidase
2 2QE7 F1-ATPase
3 3CXH Complex III with cytochrome c bound
4 3B2Q ATP Synthase
5 1J38 Angiotensin converting enzyme

Rank PDB Ligand Name
1 5HWX Na+

2 5HXC Na+

3 5HXC Myricetin
4 4A01 Decylmaltoside
5 5HXC Myricetin

Table 4.13: Summary of I-TASSER analysis of Merlin HCMV glycoprotein M. (A): Top 
10 structurally-related proteins from PDB. (B) Top 5 functionally-related proteins from 
PDB. (C): Top 5 most likely ligands

B

C

A
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4.3.11 Bioinformatic analysis of RL13 

Again, no structural information exists for RL13, and so bioinformatic techniques must 

be employed once more. Analysis of the Merlin RL13 sequence by Phyre2 returns a 

very high confidence prediction (98.1%) for residues 106-206 (the central third of the 

molecule), predicted to form an Ig-like domain like those found in CD48 or CD84. This 

is consistent with the reported immunoglobulin binding properties of RL13. Phyre also 

predicted a single transmembrane helix near the C-terminus, and an N-terminal signal 

peptide (Fig 4.14A). This is consistent with previous bioinformatic predictions, with the 

signal peptide likely to drive the protein through trans golgi apparatus as previously 

observed (Cortese et al., 2012). Many of the molecules with predicted structural 

similarities are cell adhesion molecules. This was in agreement with data from the I-

TASSER server (Fig 4.14B/C), as 9 of the top 10 structural homologues to the best 

model it produced are classified as cellular adhesion molecules, whilst the last is a 

bacterial protein known to bind integrins (Fig 4.15A). This suggests that RL13 may 

indeed play a role in the binding of the virus to the cell surface and could therefore be 

a target for DIDS. Ligand-binding and enzymatic predictions were relatively weak and 

provided no strong evidence for RL13 being bound by ions (Fig 4.15C) nor possessing 

any enzymatic activity (Fig 4.15B). 
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Figure 4.14: Structural predictions of RL13. (A) Prediction of transmembrane domains 
and topology of RL13 by Phyre. (B) Predicted structure of RL13 by I-TASSER, with resi-
due 129 highlighted in red. (C) Remaining RL13 fragment following truncation at resi-
due 129.

A

B
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Rank PDB Function
1 5LDY Cell adhesion
2 4E9L Cell adhesion
3 1CWV Structural protein
4 5ERD Cell adhesion
5 5EQX Cell adhesion
6 5DZX Cell adhesion
7 5IU9 Cell adhesion
8 5LF5 Cell adhesion
9 2A62 Cell adhesion
10 5SZN Cell adhesion

Rank PDB Function
1 2IFG Transferase
2 3B43 Structural protein
3 2Q3Z Transferase
4 2V5Y Hydrolase
5 2O26 Cytokine/Signalling protein

Rank PDB Ligand Name
1 1DFX Ca2+

2 1Q9K Mg2+

3 4HK8 Beta-D-Xylose
4 1GFM Tetraethylene glycol monooctyl ether
5 3QXV Methotrexate

Table 4.15: Summary of I-TASSER analysis of Merlin HCMV RL13. (A): Top 10 structur-
ally-related proteins from PDB. (B) Top 5 functionally-related proteins from PDB. (C): 
Top 5 most likely ligands

B

C

A
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4.4 Discussion 

A key requirement towards the elucidation of the mechanism by which DIDS inhibits 

HCMV activity was to identify whether its relevant target was located in the cell or the 

virion. In chapter 3, knockdown of CLCN2, a major cellular target of DIDS, using shRNA 

constructs had no impact on the ability of HCMV to infect HFFs. Long-term pre-

treatment of cells prior to infection in the absence of DIDS during a short window of 

time demonstrated no ability to inhibit HCMV infection. However, treatment of the 

virus alone, followed by centrifugation to allow for the removal of any DIDS that was 

not already bound to the virus, allowed DIDS to potently inhibit the establishment of 

HCMV infection as measured by IE expression. Therefore, the data in this thesis argue 

that DIDS is most likely targeting a factor in the virion itself in order to inhibit HCMV 

infection. This raised the questions of what chemical properties of DIDS allows it to 

cause this inhibitory activity, and what might the virion-bound target of DIDS be? 

By use of a range of both structurally-related and -unrelated molecules the structure-

activity relationship between DIDS and its ability to inhibit HCMV infection has been 

identified. Both DADS and DZDS, in which both isothiocyanate groups of DIDS have 

been exchanged for either amine or azide groups respectively, fail to inhibit HCMV 

infection at concentrations up to 400µM. SITS, meanwhile, in which one isothiocyanate 

group has been exchanged for an acetamide group, is far less effective in comparison 

to DIDS but still retains some anti-HCMV activity. All these molecules possess similar 

negative charges as a consequence of possessing two sulfonic acid residues, but given 

the variation in activity, negative charge cannot be the sole factor required for HCMV 

inhibition. Instead, inhibitory activity correlates with the number of isothiocyanate 

groups possessed, with even the uncharged molecule PITC capable of inhibiting HCMV 

infection due to its two isothiocyanate residues. Isothiocyanates act as weak 

electrophiles, and therefore react with either primary amines or free sulfhydryl groups, 

found in proteins as part of lysine or cysteine residues. The reaction between an 

isothiocyanate and a primary amine creates a thiourea link, a fairly stable structure 
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which is employed for a wide range of bioconjugation purposes, whilst the reaction 

with a sulfhydryl group creates a relatively less stable carbamodithioate linkage.  

This difference in stability is consistent with the hypothesis that DIDS was functioning 

by targeting cysteine, rather than lysine residues, as the effects of DIDS were reversible 

over time. In the virion binding assay, it was noted that if the purified virus was left on 

the cells and infection measured at later times (8 versus 24 hours post infection) 

evidence of virus infection could be observed.  One obvious interpretation of this is 

that DIDS binding  had either simply served to slow down the process of virus entry, 

rather than completely block it, or that it had disassociated from its target, thus 

rendering the virus competent for infection once again. However, in standard 

experiments where high concentrations of DIDS were present throughout infection 

minimal levels of IE expression were detectable in cells infected in the presence of 

DIDS even 3 days post infection. How are these transient versus permanent effects 

reconciled between the different experiments? 

If the model is DIDS binds reversibly to virion and thus is constantly associating and 

dissociating, then in the virion binding experiments the only DIDS that would be 

present after centrifugation would be that already bound to the virion. Once it has 

dissociated, the concentration of DIDS in the media would be very low. In contrast, in 

the experiments where DIDS is present at high concentrations at all times in the media 

even if DIDS dissociates from the virus it is likely to be replaced rapidly with a new 

DIDS molecule that is in excess in the media unlike in the virion binding experiments.  

What these and the βME data do suggest is that DIDS does not block HCMV infection 

by destroying the virions but instead its activity is due to specific inhibition of a viral 

process. Furthermore, they also give us some initial clues to the on/off rate of DIDS 

with respect to its binding to HCMV. 

Further evidence for the importance of cysteine residues in the virus came from the 

ability of a host of other cysteine-reactive molecules to inhibit HCMV infection. DMIS 

and DMIA, based on the same carbon backbone arrangement as DIDS but lacking 

sulfonic acid residues (and therefore not negatively charged), were also capable of 
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inhibiting HCMV infection by directly targeting the virion. DMIS and DMIA do not 

possess isothiocyanate residues, but instead possess maleimide groups. These react 

specifically with sulfhydryl residues to create a highly-stable thioether bond, and this 

stability likely allows both these molecules to inhibit HCMV infection for up to 24 hours 

post infection when used to treat virions only. Finally, a panel of structurally unrelated 

cysteine- or lysine- reactive molecules were tested for their ability to inhibit HCMV 

infection, with only those capable of reacting with cysteine residues demonstrating 

any capacity to inhibit infection. Whilst not direct evidence of DIDS activity being 

mediated via cysteine residues, it does emphasise the importance and availability of 

cysteine residues located within the virion. 

Next, the possible virion-bound target of HCMV was sought. Given that DIDS is 

classically known to target chloride ion channels and other varieties of anion 

exchangers, the genome of the Merlin strain was analysed by the use of probabilistic 

hidden Markov models via the Pfam server to try and identify virally encoded ion 

transporters. Whilst many different protein families were identified, none with a 

relation to cellular transporters or known viroporins were found, suggesting that if 

HCMV did encode for a protein capable of ion transport, it did not resemble any 

known example. No cellular ion channels have been identified in previous proteomic 

studies of the HCMV virion either (Varnum et al., 2004). Furthermore, some viruses 

that possess viroporins, such as influenza A, can be activated and rendered more 

infectious by treatment with low pH prior to infection (Stauffer et al., 2014), however 

low pH treatment did not affect HCMV infection either positively or negatively. There 

was therefore no evidence that the HCMV virion possesses a viroporin, but additionally 

there is also no proof that it does not. 

The generation of the DIDS resistant virus provided some interesting results. At the 

end of this process, a virus was produced of which a small sub-fraction (~6%) was 

capable of infecting HFFs in the presence of 50µM DIDS, more than 5x the IC50 of 

8.9µM previously established and twice the concentration that was required to reduce 

infection with the parental virus to 0%. A similar fraction of this virus was additionally 

resistant to heparin, which is known to block HCMV engagement with the cell surface, 
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producing the same effect as DIDS. Thus, DIDS was inhibiting a process that was also 

sensitive to the effects of heparin. This would be consistent with the pan-cell type 

effect of DIDS and the hypothesis that a common entry mechanism was being 

inhibited. It is of note that only a fraction of the resistant strain is infectious. It may just 

be a case of time – longer culture in DIDS may amplify the resistant sub-strain.   

Given that only a small fraction of virions was highly resistant, there were unlikely to 

be consensus mutations present in the population that were causative of resistance. 

As DIDS directly targets the HCMV virion to inhibit infection, it would be likely that 

resistance mutations would occur in genes that encode for components of the virion, 

and most probably in viral glycoproteins embedded in the viral membrane. Variant 

analysis revealed two mutations in viral glycoproteins that were enriched in the 

resistant samples in comparison to the parental strain: A premature stop codon at 

position 129 of RL13 and a valine to leucine substitution at position 206 of glycoprotein 

M. Whilst RL13 is a viral glycoprotein, found in the virion, it is also known to mutate

extremely rapidly in cell culture and there were also a varied selection of RL13 mutants

present in all sequenced samples. Expression of RL13 massively impairs the production

of cell free virus, similar to UL128 expression (Stanton et al., 2010). Recombinant RL13 

has been demonstrated to bind human IgG1 and IgG2, suggesting that it may act as an 

immune evasion molecule, sequestering antibodies and preventing them from binding 

to important targets in the virion (Cortese et al., 2012). Indeed, a mutation in RL13 

seems surprising. Hypothetically, a potential escape mechanism for the virus re: DIDS 

would be to promote cell-associated growth. It is clear the HCMV cell associated 

growth is a mechanism to evade humoral immunity (as is the case for HIV) thus to 

mutate a gene that drives the cell associated phenotype seems counter-intuitive. 

Furthermore, given that the observed truncation will lead to the loss of the YxxL C-

terminal motif  required for recycling from the cell surface (Cortese et al., 2012) and 

the transmembrane domain, the truncated RL13 proteins produced would likely be 

secreted from the cell, rather than be incorporated into nascent virions. Failure to 

recycle RL13  into viral assembly compartments may lead to incorporation of
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different levels of other glycoproteins, leading to a virus with a different virion 

composition that may render it resistant to inhibitors of entry. 

The mutation in glycoprotein M provides a more promising target, primarily as it, in 

complex with glycoprotein N, is known to mediate the majority of the initial binding 

interaction with HSPGs on the cell surface, the point at which the data suggest DIDS 

inhibits HCMV entry. Glycoprotein M is known to be essential for HCMV, however this 

is due to the inability of the virus to successfully assemble new virions in its absence, 

thus rendering the question of whether it is absolutely required for cell entry 

unanswered (Mach et al., 2000). The glycoprotein Ms of other herpesviruses vary in 

requirement, with gM of HSV-1 acting as a negative regulator of infection, whilst gM 

knockout in pseudorabies virus leads to severe impairment of pathogenicity during the 

infection of pigs, the natural host (Dijkstra et al., 1997). HCMV gM is joined to gN by a 

disulphide bridge between C44 of gM and C90 of gN (Mach et al., 2000), however this 

bond is not essential, as mutation of C44 has little impact on virus viability (Mach et al., 

2005). Unfortunately, no structure has been solved for any of the herpesvirus gM 

proteins, and so bioinformatic analysis must be employed to make any form of 

prediction about their shape and the possible impact of a mutation at residue 206. 

However, if cysteine bonds are important for structure and function of gM/gN then the 

cysteine reactive activity of DIDS could be relevant. What is less clear is what the effect 

of the gM mutation is – perhaps it changes the accessibility of a key cysteine to DIDS or 

it mutates gM to become independent of cysteine-based interactions with gN. 

Predicted structural analyses suggest that the mutation would have little impact on the 

structure on gM but without experimentation this remains an assumption. 

Alternatively, the structural predictions that gM looks like an ion transporter are 

intriguing. Whilst there is no current evidence of ion-transport activity by gM, it is 

conceivable that this activity could be required during multiple stages of the virus 

lifecycle including virion morphogenesis or to drive conformational changes during the 

virion binding process. The consensus gene ontology terms do include cytochrome-c 

oxidase activity among many other references to mitochondrial function, suggestive of 

the fact that gM may have similar functions to parts of the typical electron transport 
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chain or may even localise to the mitochondria and regulate its activity during late 

stages of virus infection. Structural resemblance to transport proteins could also 

explain why DIDS would be able to target gM, if indeed that is the explanation behind 

DIDS-mediated inhibition of infection, as DIDS inhibits a wide range of ion transporters 

as discussed previously. The combination of several different roles during the virus 

lifecycle may contribute to the highly conserved nature of gM across multiple different 

human strains of HCMV, including both highly lab adapted and clinical isolates. Whilst 

changing from valine to leucine is a seemingly small mutation, not predicted to have 

much of an impact by SuSPect, it may be that gM is not able to tolerate more dramatic 

mutations, and consequently the small structural changes caused by this represent the 

best adaption available to the virus.  

In summary, this chapter has demonstrated the chemical components of DIDS required 

for its anti-viral activity, and identified proteins within the HCMV virion that it may be 

targeting in order to exert its inhibitory effects. 
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Chapter 5: Exploring genetic changes associated 

with DIDS resistance 

5.1 Introduction 

The data thus far suggests that DIDS inhibits a very early stage in the viral entry 

pathway. The development of resistance to DIDS was concomitant with the 

development of resistance to heparin enhancing the argument that a very early stage 

of the entry pathway was affected. This in itself raises an interesting question: if HCMV 

is capable of mutating to either engage HSPGs in a different manner or to even not 

require them at all, then why is this aspect of the entry pathway retained? At least two 

explanations are immediately apparent. Firstly, the initial interaction with HSPGs may 

enhance the efficiency of infection by increasing the chance of an interaction of a virus 

with the plasma membrane. Secondly, a more complex hypothesis argues that viruses 

in vivo are under intense immunological pressure from the humoral immune system. 

One solution is to hide key epitopes required for entry from the immune system and 

only reveal them upon engagement with the plasma membrane. Potentially, the HSPG 

interaction provides such a signal.  

The isolation and sequencing of a virus population that can infect cells in the presence 

of heparin or DIDS opens up the possibility to investigate this phenotype in more 

detail. Thus, in order to investigate possible roles for the RL13 and gM mutations in the 

DIDS phenotype these mutations were required to be introduced into the Merlin 

genome. Alteration of herpesvirus genomes was originally achieved using homologous 

recombination to insert a marker gene into the viral genome in permissive cell lines 

(Spaete and Mocarski, 1987; Manning and Mocarski, 1988). This cumbersome and 

difficult to control process was revolutionised by the use of bacterial artificial 

chromosomes (BACs) encoding for the herpesvirus-genome of interest and was 

originally pioneered using murine CMV (Messerle et al., 1997). This allows for the use 

of bacterial genetics to introduce alterations to the genome much more easily and 

quickly, as there is no requirement to use reconstituted virus during the process. 
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Various HCMV strains have been cloned into BAC vectors including TB40/E (Sinzger et 

al., 2008) and Merlin (Stanton et al., 2010). Therefore, the identified mutations will be 

introduced into the Merlin BAC by recombineering as described below (summarised in 

Fig 5.1). 

Given the propensity of RL13 and UL128 (a component of the pentameric complex and 

regulator of infection of cells other than fibroblasts) to mutate during passage in 

fibroblasts (Akter et al., 2003; Dargan et al., 2010), as well as to restrict the production 

of cell-free virus (Murrell et al., 2017), additional methodology must be employed in 

order to ensure that they do not mutate during the growth and amplification of the 

virus. Therefore, BACs that have the RL13 and/or UL128 genes under control of tet 

responsive elements (TRE) will be used (Murrell et al., 2016). If virus derived from this 

BAC is grown in cells which express the tetR protein, the tetR will bind to the TRE and 

silence the gene (e.g. RL13) to which it is adjacent. This therefore relieves any 

evolutionary pressure to mutate that gene and allows it to be maintained intact within 

the virus genome. Virus particles derived from tet-expressing fibroblasts will therefore 

be genetically wildtype, but phenotypically mutant, as they will lack the tet-repressed 

gene in any form. To produce virions that contain the tet-repressed gene, this virus can 

then be used to infect primary HFFs and the resultant viruses will be both genetically 

and phenotypically wildtype (Fig 5.2). Given the importance of the pentameric 

complex during entry, the RL13 mutation will therefore be introduced into two BACs, 

both with repaired RL13 under the control of a TRE, one of which has a defective 

UL128 and the other with a repaired UL128 under the control of a TRE. The gM 

mutation will just be introduced into a BAC with repaired UL128 regulated by a TRE. 

Using these viral constructs, the genetic basis of the DIDS/heparin resistance will be 

investigated. Alongside this, functional analyses will seek to investigate the impact of 

these changes on the viral entry process with a particular focus on the sensitivity of the 

mutant viruses to host immune responses. 
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Figure 5.1: Schematic representation of HCMV recombineering. A: Introduction of 
selectable cassette into Merlin BAC, allowing for positive selection of bacteria with 
cassette-containing BAC. B: Replacement of cassette with oligonucleotide containing 
required point mutation, allowing for negative selection against bacteria that contain 
cassette-containing BAC.

A

B
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Figure 5.2: Control of viral gene expression through use of tet responsive elements 
(TRE). When BAC-derived viruses possessing genes under the control of TREs are grown 
in tetR-expressing cells (HFF-TET cells), tetR binding to TREs represses expression of 
downstream genes, leading to highly reduced levels of mRNA production and conse-
quently an effective lack of protein production. In the case of glycoproteins such as 
UL128 or RL13, this leads to the production of virions that lack these proteins and are 
therefore phenotypically deleted for them, but possess wildtype genomes. In prima-
ry HFFs, lack of tetR expression allows full expression of genes with upstream TREs, 
enabling production of the relevant protein and consequently the production of virions 
that are both phenotypically and genetically wildtype.
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5.2 Methods 

5.2.1 Recombineering of HCMV genomes 

100bp primers (Invitrogen) were used to add 79bp long regions of homology (to the 

desired mutation site) to a selectable rpsL/kan/LacZ cassette by PCR (Expand High 

Fidelity PCR System, Roche) using cycling conditions as below. 

Cycles Temperature Duration  

1x 95oC 2 minutes 

 

35x 

95oC 30 seconds 

55oC 30 seconds 

72oC 180 seconds 

1x 72oC 15 minutes 

Table 5.3: Cycling conditions for PCR of rpsL/kan/LacZ cassette 

The resultant PCR product was ran on a 1% agarose gel, cut out and purified using the 

QIAquick Gel Extraction Kit (Qiagen) as per manufacturer’s instructions. 

Bacteria containing different Merlin BACs were a kind gift of Richard Stanton (Cardiff 

University). For the first round of recombineering, SW102 E. coli containing the Merlin 

BAC (which confers chloramphenicol resistance) to be modified were then grown to 

logarithmic phase (OD600=0.6) in a shaking incubator at 32oC, prior to the induction of 

recombination proteins exo, bet and gam, which are under the control of temperature-

sensitive repressor cI857, by incubation at 42oC for 15 minutes. Cells were pelleted at 

4,600g for 5 minutes at 4oC, followed by two rounds of washing with ice-cold ddH2O 

and pelleting. Following resuspension in the remaining ~400µl ddH2O, 25µl of cells was 

mixed with ~300ng purified PCR product and incubated on ice for 5 minutes in a 0.2cm 

cuvette (Bio-Rad). Cells were then electroporated using the EC3 programme (3.00kV, 1 

pulse) on a Bio-Rad MicroPulser Electroporator. 1ml LB media was added immediately 

and cells allowed to recover for 1 hour at 32oC. 200µl was plated onto LB agar 

supplemented with 15μg/ml kanamycin, 12.5μg/ml chloramphenicol, 80µg/ml X-Gal 
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and 200µM IPTG and grown at 32oC for ~48 hours to allow full development of blue 

colouration. 

5 blue, kanamycin resistant colonies were then selected and grown in 5ml LB + 

chloramphenicol and kanamycin overnight. Cultures then pelleted at 15,000g for 5 

minutes and resuspended in 250µl buffer P1 (Qiagen). Lysis was performed by addition 

of 250µl buffer P2 (Qiagen) for 5 minutes at room temperature following gentle 

mixing. Lysis reaction was neutralised by the addition of 350µl buffer N3. Lysates were 

spun at 15,000g for 10 minutes at room temperature, and supernatants carefully 

removed. DNA was precipitated by the addition of 750µl molecular grade isopropanol 

to each supernatant, mixed gently and then centrifuged at 15,000g for 10 minutes at 

4oC. Supernatants were discarded and 500µl 70% molecular grade ethanol added to 

each sample, which were again spun at 15,000g for 10 minutes at 4oC. Ethanol was 

removed, and pellets air-dried for 10-20 minutes before resuspension in 30µl 10mM 

pH 8 Tris. 

To perform the digestion test, 8µl BAC solution was treated with 1µl 10x buffer 2.1 

(New England Biolabs) and 1µl HindIII (20 units, New England Biolabs) for 1 hour at 

37oC. Products were electrophoresed on a 1% agarose gel. BACs that gave rise to the 

recognisable banding pattern as a result of digestion were eligible for continuation 

onto the second round of recombination, those that gave aberrant patterns were 

discarded. 

For the second round of recombination, the process was repeated as described above 

using a colony from the first round that passed the digestion test, with the following 

changes. 1µl of 100mM oligo was used in place of the cassette-containing PCR product, 

thus leading to the removal of the cassette from the BAC. Cells were recovered in 5ml 

LB for 4 hours following transfection, to permit the rpsL proteins to dissipate from the 

cells. 150µl of culture was then plated on LB agar supplemented with 1200µg/ml 

streptomycin, 12.5µg/ml chloramphenicol, 80µg/ml X-Gal and 200µM IPTG. White, 

streptomycin-resistant colonies were selected, followed by BAC purification and 

digestion test as previous. 
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Once colonies that contained BACs with the correct digestion pattern were identified, 

the region containing the introduced mutation was amplified by PCR (using purified 

BAC as template) and sent for Sanger sequencing (Eurofins) to confirm the successful 

introduction of the mutation. 

5.2.2 Preparation of BAC DNA stocks 

Large stocks of BACs were produced using the NucleoBond BAC 100 Kit (Machery 

Nagel) and following the low-copy number, large construct instructions. DNA was 

pelleted during isopropanol precipitation by ultracentrifugation (Optima XPN-80 

Ultracentrifuge, Beckman Coulter) at 15,000g for 30 minutes at 4oC, and by 

ultracentrifugation at 15,000g for 10 minutes at room temperature during ethanol 

wash. The concentration of purified plasmids was analysed by nanodrop (NanoDrop 

Lite, Thermo Scientific). 

5.2.3 Production of infectious virus from BAC DNA 

5x105 HFF-TET cells were pelleted at 90g for 10 minutes prior to resuspension in 100µl 

Basic Nucleofector Solution (Primary Fibroblasts) (Lonza) and mixed with 2µg purified 

BAC. Cells were transferred to sterile cuvettes (Lonza) and electroporated using a 

Lonza Nucleofector IIb on the T-016 programme. Cells were removed from the cuvette 

and seeded in 5ml DMEM+10% FBS in a T-25 flask. Next day, if cells were sparse, 5x105 

HFF-TET cells were added to the flask. Once ~50% of cells demonstrated CPE, 1ml of 

media was used to infect a T-175, whilst the remainder was frozen and stored at -80oC. 

Virus was then amplified and concentrated as previously described. 
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5.2.4 Oligonucleotides for Recombineering 

 Forward Reverse 

RpsL Cassette CTGTGACGGAAGATCACTTCG CTGAGGTTCTTATGGCTCTTG 

Cassette – gM 

insertion 

GCTCACTCTTTTTCTTCTCGCGTCT

GCACCCCAAGCTCAAAGGTACGG

TGCAGTTCCGCACGCTCATCGTCA

ACCTGGCCTGTGACGGAAGATCA

CTTCG 

CGCACGAAAAAGTTGTTTCCGA

AGCCGTAGCACAGGGCCATGG

CTACCACGGTGGTGTTGAAACC

AAGCGCTACCTCTACTGAGGTT

CTTATGGCTCTTG 

Cassette – RL13 

insertion 

ACGCGATTTGAATATAATATCAC

GGGATATGTTGGCCAAGAAGTG

ACTCTAAACTTCACTGGATCATGG

AATTACATTCCTGTGACGGAAGA

TCACTTCG 

GTATGATGATAATTGCTGGTAA

CGGTGCATATTGGTTCCGAGGA

ATAAAGCCAGCCTGGAGAACC

GTACCGGAACCATTCTGAGGTT

CTTATGGCTCTTG 

Cassette – gB 

insertion 

ATTGTATGGTGACCATCACTACTG

CGCGCTCCAAATATCCTTATCATT

TTTTCGCCACTTCCACGGGTGAC

GTGGTTGACTGTGACGGAAGATC

ACTTCG 

CGGAAAAATGAAAAACTTGTCG

GCGTTTTCTCCAAAGTAGCTGG

CATTGCGATTGGTTCCGTTGTA

GAAAGGAGAAATGCTGAGGTT

CTTATGGCTCTTG 

Mutant gM 

oligonucleotide 

CCCCAAGCTCAAAGGTACGGTGCAGTTCCGCACGCTCATCGTCAACCT

GCTAGAGGTAGCGCTTGGTTTCAACACCACCGTGGTAGCCATGGCCC

TGTGC 

Mutant RL13 

oligonucleotide 

ATGTTGGCCAAGAAGTGACTCTAAACTTCACTGGATCATGGAATTACA

TTTAATGGTTCCGGTACGGTTCTCCAGGCTGGCTTTATTCCTCGGAAC

CAAT 

Mutant gB 

oligonucleotide 

TCCAAATATCCTTATCATTTTTTCGCCACTTCCACGGGTGACGTGGTTG

TCATTTCTCCTTTCTACAACGGAACCAATCGCAATGCCAGCTACTTTGG

AG 

gM sequencing GCATGGACACGTTCCAACTA CGAATTGCACCTTGACGTATT 

RL13 sequencing TGCTACCACTACACCCTCGTT AAAAATCACCGTGAGGCTGT 

gB sequencing GTGGCTTATCATAGGGACAGCT ATCCCAGGAGATCACCGAGT 

Table 5.4: Primers for recombineering 
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5.2.5 Multiple sequence alignment 

gB, gM and gN sequences were retrieved from GenBank (Wildtype Merlin AY446894.2  

(Davison et al., 2003b), BAC-derived Merlin GU179001.1 (Stanton et al., 2010), AD169 

FJ527563.1 (Bradley et al., 2009), TB40/E EF999921.1 (Sinzger et al., 2008) and Towne 

GQ121041.1 (Cui et al., 2012) and then submitted to the Multiple Sequence 

Comparison by Log-Expectation (MUSCLE) tool from the European Bioinformatics 

Institute (EMBL-EBI, https://www.ebi.ac.uk/Tools/msa/muscle/) (Edgar, 2004b, 2004a) 
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5.3 Results 

5.3.1 Construction of BAC variants 

The gM V206L mutation was introduced into the BACgMwt parental vector (repaired 

UL128 under tetR control, mutated RL13), whilst the RL13 truncation mutation was 

introduced into two parental vectors: BAC_RL13wt (repaired RL13 under tetR control, 

mutant UL128) and BAC_RL13wt-Pent (repaired UL128 and RL13 both under tetR 

control) by recombineering (Table 5.5). After each round of selection (negative and 

positive) the BAC was isolated from multiple colonies and digested with HindIII, with 

the resultant product ran on an agarose gel to check for aberrant recombination 

events. Loss or gain of bands compared to the pattern generated by the original 

parental BAC led to exclusion of that colony. BACs that possessed the correct digestion 

pattern following positive selection were used as PCR templates using primers that 

surrounded the area in which the mutation had been introduced. Purified PCR 

products were then sent for sequencing and successful introduction of the gM and 

RL13 mutations were confirmed (Fig 5.6). 

Virus Name UL128 status RL13 status 

BACgMwt Wildtype, under TRE Deleted 

BACgMmut Wildtype, under TRE Deleted 

BAC_RL13wt Deleted Wildtype, under TRE 

BAC_RL13mut Deleted Truncated, under TRE 

BAC_RL13wt-Pent Wildtype, under TRE Wildtype, under TRE 

BAC_RL13mut-Pent Wildtype, under TRE Truncated, under TRE 

Table 5.5: Summary of BAC UL128 and RL13 status 
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Figure 5.6: Confirmation of appropriate recombination and incorporation of desired 
point mutation during recombineering of HCMV BACs. (A): Examples of banding 
patterns following HindIII digestion of isolated BACs. Lane 1 contains 10kb pair ladder, 
2 the parental BAC and 3,4 and 5 BACs being screen for use following first round of re-
combineering. (B,C,D): Sequencing of BACs following second round of recombineering 
demonstrating partial replacement of desired base (B), and successful replacement of 
desired base in both forward (C) and reverse (D) strands, in glycoprotein M.

A

B

C

D
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5.3.2 Growth kinetics of BAC-derived viruses 

All 6 BAC-derived viruses were compared for their ability to replicate and produce 

infectious particles. Both HFF and HFF-TET cells were inoculated at high (MOI 2) and 

low (MOI 0.25) multiplicities of infection. Five days post infection supernatants were 

harvested and assayed for viral titre which was expressed at IE forming units/ml.,  

BACgMwt and BACgMmut replicated to very similar levels from HFF-TET cells infected 

at high MOI (Fig 5.7A), whilst BACgMmut displayed a small (~2.5-fold) defect in 

replication at low MOI (Fig 5.7B). Production of cell-free virus from HFFs was vastly 

reduced (by at least 90-fold, up to 177-fold, Fig 5.7C/D) for both BACgMwt and 

BACgMmut at both high and low MOI, with both viruses being similarly affected by the 

expression of the pentameric complex (Fig 5.7E/F). 

BAC-RL13wt and BAC-RL13mut replicated to the highest levels of all BAC-derived 

viruses tested (above 107 IE forming units/ml, ~10-fold higher than BACs containing 

functional UL128 genes) from HFF-TET cells infected at high MOI, though the levels of 

replication were similar between the two (Fig 5.7A). At low MOI, BAC-RL13mut 

replicated to ~7.5-fold higher levels than BAC-RL13wt, with BAC-RL13wt replicating to 

similar levels to both BACgMwt and BACgMmut (Fig 5.7B). During replication in HFFs, 

viral titres recovered for BAC-RL13wt were ~10-fold lower than those derived from 

HFF-TET cells, whilst BAC-RL13mut replicated to similar levels in both HFF-TET cells and 

HFFs (Fig 5.7E/F). At high MOI, BAC-RL13mut replicated to 10-fold higher levels than 

BAC-RL13wt, whilst at low MOI the effect was more pronounced, with BAC-RL13mut 

replicating to levels 150-fold higher than those of BAC-RL13wt (Fig 5.7C/D). 

BAC-RL13wt-Pent and BAC-RL13mut-Pent displayed similar patterns of replication 

characteristics as their pentamer-deficient counterparts. Replication in HFF-TETs at 

high MOI was to very similar levels, and similar levels to those seen with BACgMwt and 

BACgMmut and approximately 10-fold lower than BAC-RL13wt and BAC-RL13mut (Fig 

5.7A). At low MOI, BAC-RL13mut-Pent replication to ~11-fold higher levels than BAC-

RL13wt-Pent (Fig 5.7B). During replication in HFFs, similar titres were recovered for 

BAC-RL13wt-Pent and BAC-RL13mut-Pent from both high and low MOI infection (Fig 
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5.7C/D). However, these titres were extremely low, with less than 104 IE forming 

units/ml from HFFs infected at high MOI and less than 103 IE forming units/ml from 

HFFs infected at low MOI. Levels of cell-free infectious virus recovered from HFFs 

infected at high MOI was almost 500-fold lower than HFF-TETs infected at high MOI for 

both BAC-RL13wt-Pent (468-fold) and BAC-RL13mut-Pent (481-fold) (Fig 5.7E/F). At 

low MOI, growth in HFFs impacted more strongly upon BAC-RL13mut-Pent than BAC-

RL13wt-Pent, with ~1683-fold and ~159-fold defects in cell-free virus production 

detected respectively. 
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Figure 5.7: Single-round replication kinetics of BAC-derived viruses. HFF-TET cells (A, 
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post infection, supernatants were transferred to fresh HFF monolayers at a range of di-
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and infection enumerated by automated fluoresence microscopy. IE forming units/ml 
was then calculated for each virus and condition (n=2). (E,F) Relative replication in HFF-
TET cells compared to replication in HFFs under conditions of high (E) and low (F) MOI 
infections. All values displayed as mean±SEM

A

C D

E F

B

157



5.3.3 V206L gM mutation does not confer resistance to DIDS or heparin 

The ability of BAC-derived virus with the V206L gM (BACgMmut) mutation to infect 

HFFs in the presence of both DIDS and heparin was compared to virus derived from the 

unmodified parental BAC. HFFs were infected at MOI 2 in the presence of 3.125-50µM 

DIDS or 1.25-20µg/ml heparin, fixed and immunostained for viral IE proteins 24hpi and 

compared to the relative infection level achieved in control (DMSO or media) 

conditions. However, even as low as 3.125µM DIDS or 1.25µg/ml heparin there was 

still a ~90% reduction in infection of both viruses (Fig 5.8A/B). This was intriguing as it 

suggested that these BAC-derived viruses were much more sensitive than the clinical 

strain of Merlin used in chapters 3 & 4 (DIDS IC50 = 8.9µM). Because of this increased 

sensitivity of the BAC viruses to DIDS, the experiment was repeated at much lower 

concentrations of DIDS (0.625-10µM) and heparin (0.3125-5µg/ml). Again, both viruses 

demonstrated dose-dependent inhibition by both inhibitors, and they were both 

similarly inhibited by DIDS (IC50 BACgMmut=0.88µM, IC50 BACgMwt =1.11µM) and 

heparin (Fig 5.8 C/D).  

To determine whether infection of non-HFF cell types revealed a difference both 

viruses were similarly tested for their ability to infected ARPE-19 cells in the presence 

of DIDS. Whilst infection levels achievable were low, both viruses were similarly 

sensitive to inhibition by DIDS under the same experimental conditions (Fig 5.8E). 

5.3.4 V206L gM mutation is not beneficial in the context of pentamer-positive virions 

BACgMwt, and consequently BACgMmut, encodes for a wildtype UL128 gene under 

the control of a tet repressor, allowing for expression of the pentamer if grown in cells 

that do not express tet. Therefore, the effect of both pentamer expression, and the gM 

mutation in the context of pentamer expression was investigated. HFFs were again 

infected in the presence of DIDS, and the relative number of infected cells analysed 

24hpi by IE immunofluorescence. Both viruses were effectively inhibited in a similar 

manner by DIDS (IC50 BACgMmut-Pent+=0.79µM, IC50 BACgMwt-Pent+ =0.6µM)(Fig 

5.8F). Whilst the IC50 values were slightly reduced for the pentamer expressing viruses 

in comparison to those lacking pentamer, pentamer positive viruses displayed 
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noticeable levels of infection (~10%) at 5µM DIDS, in comparison to those lacking 

pentamer which could not infect at this concentration. 
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Figure 5.8: BAC-derived viruses are more sensitive to both DIDS and heparin, and gM 
mutation does not confer resistance to either inhibitor. HFFs were infected at MOI=1 
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5.3.5 V206L gM mutation does not confer resistance in multi-round spreading assays 

Having seen that the V206L gM mutation does not confer resistance to single round 

infection using cell free virus, it was assessed whether it was beneficial during cell-cell 

spread during a multiple round, spreading assay. HFFs, HFF-TETs or ARPE-19 cells were 

infected at MOI 0.01 with BACgMwt or BACgMmut. Twenty-four hours later, 50µM 

DIDS, 10µg/ml heparin, DMSO or media only was added to the infected cells. The virus 

was allowed to spread, with compounds renewed weekly. Once levels of cytopathic 

effect approaching ~25% were observed in control conditions, taking between 10 days 

for HFF-TETs and 3 weeks for ARPE-19 cells, cells were fixed and assessed for infection 

by IE immunofluorescence staining. 

In HFF cells, which allow for the expression of UL128 and therefore promotes 

predominantly cell-cell spread of the virus, neither DIDS nor heparin demonstrated any 

ability to inhibit the spread of either virus tested (Fig 5.9A). This is in contrast with 

previous analysis of the IE2-GFP BAC-derived virus (chapter 3), which was sensitive to 

inhibition by DIDS in this assay. In HFF-TET cells, where repression of the UL128 locus 

favours the production of cell-free virus, 50µM DIDS inhibited both viruses to a similar 

extent (~65% for BACgMmut and ~77% for BACgMwt), although heparin demonstrated 

no ability to inhibit the spread of the virus under these assay conditions (Fig 5.9B). 

Finally, in ARPE-19 cells, both viruses were inhibited by both DIDS and heparin, and to 

a similar extent (74% vs 81% by DIDS and 63% vs 66% by heparin, for BACgMmut vs 

BACgMwt respectively) (Fig 5.9C). 
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5.3.6 Truncation of RL13 confers resistance to DIDS and heparin during cell-free 

infection 

The RL13 BAC-derived variants (BAC-RL13mut, BAC-RL13wt) were produced from both 

HFF-TET cells (producing virions lacking RL13) and HFFs (producing virions containing 

either wildtype or mutant RL13) and assessed for their ability to infect HFFs in the 

presence of either DIDS or heparin as previously. Both HFF-TET derived viruses (BAC-

RL13mut- and BAC-RL13wt-) were inhibited in a dose-dependent fashion by DIDS as 

observed with all previous viruses, with IC50 values around ~1µM, similar to those of 

the gM BAC viruses and much lower than that of wildtype Merlin (Fig 5.10A). Similar 

results were obtained with heparin, with both viruses demonstrating similar levels of 

susceptibility to inhibition (Fig 5.10B).  

Viruses derived from HFFs (BAC-RL13mut+ and BAC-RL13wt+) were then assessed for 

inhibition by both DIDS and heparin as previously. The BAC-RL13mut+ virus 

demonstrated significant resistance to both DIDS and heparin in comparison to the 

BAC-RL13wt+ virus from which it was derived, with infection levels at 28% of solvent 

(DMSO) control levels at 2.5µM DIDS (Fig 5.10C/D). The RL13wt virus was only capable 

of infecting at 2% of the solvent level at this concentration of DIDS. Additionally, BAC-

RL13mut+ displayed significantly higher levels of infection at 1.25µM DIDS, 5µg/ml 

heparin and 1.25µg/ml heparin, with an IC50 of 1.86µM for DIDS and 1.94µg/ml for 

heparin, in comparison to 0.90µM and 1.19 µg/ml respectively for BAC-RL13wt+. 
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Figure 5.10: RL13 truncation confers to resistance to DIDS and heparin. (A,B) Cells 
were infected at MOI=1 with BAC_RL13mut- or BAC_RL13wt- in the presence of DIDS 
(A) or heparin (B).
(C,D) Cells were infected at MOI=1 with BAC_RL13mut+ or BAC_RL13wt+ in the pres-
ence of DIDS (C) or heparin (D). (A-D) Twenty-four hours post infection, cells were fixed 
and stained for viral IE proteins and quantifed by automated fluorescence microscopy 
(n=3, values mean±SEM). Statistical significance calculated by multiple t tests without 
assuming constant SD and corrected for multiple tests. * = p<0.05, ** = p<0.01, *** = 
p<0.001.
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5.3.7 RL13 truncation does not confer resistance to DIDS or heparin in multi-round 

spread assays 

BAC-RL13mut, BAC-RL13wt, BAC-RL13mut-Pent and BAC-RL13wt-Pent were used to 

infect HFFs at MOI 0.01. Twenty-four hours post infection, 50µM DIDS, 10µg/ml 

heparin, DMSO or media only was added to the cells. Compounds were renewed 

weekly, and cells were fixed 2 weeks post infection. Levels of infection were assessed 

by immunostaining for IE proteins as previously. Both pentamer expressing variants 

were unaffected by the presence of 50µM DIDS or 20µg/ml heparin (Fig 5.11A). The 

variants lacking pentamer were weakly affected by the inhibitors, with 50µM DIDS 

reducing infection of RL13mut and RL13wt by 48% and 28% respectively whilst 

20µg/ml heparin reduced infection by 38% and 13% respectively, although the 

difference between the two viruses was not statistically significant (Fig 5.11B). 
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Figure 5.11: RL13 truncation does not confer resistance against DIDS or heparin 
during multi-round replication assays. HFFs were infected at MOI=0.01 with (A) 
BAC_RL13mut-Pent+ or BAC_RL13wt-Pent+ or (B)BAC_RL13mut+ or BAC_RL13wt+. 
Twenty-four hours post infection, compounds were added. Compounds were 
renewed weekly, and cells fixed and stained for IE proteins once ~25% CPE observed. 
Infected cells counted by automated fluorescent microscopy (n=3, values mean
±SEM).
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5.3.8 Different strains of HCMV display differential sensitivity to DIDS 

An interesting aspect of our studies with the BAC viruses was that they were more 

sensitive than the original Merlin wild type virus to DIDS. Thus, whilst the BAC-

RL13mut+ virus was relatively resistant to DIDS compared to its parental control virus, 

it was still much more sensitive than the wildtype, clinically derived virus used in the 

initial studies. Consequently, multiple strains of HCMV were assessed for their 

sensitivity to DIDS. AD169, Towne and TB40/E-UL32-GFP were used to infect HFFs in 

the presence of a range of concentrations of DIDS as previously, and the levels of 

infection quantified 24hpi by IE immunofluorescence. Whilst all strains were inhibited 

in a dose-dependent fashion by DIDS, there was clear evidence of variation present. 

DIDS had very similar activity against TB40/E and Towne (IC50= 2.83µM and 2.62µM 

respectively) but was less potent against AD169 (IC50=7.16µM)(Fig 5.12). Comparison 

of the sequences of glycoprotein M of these viruses revealed very high levels of 

identity and no mutation that may be responsible for this difference in sensitivity (Fig 

5.13A). Glycoprotein N, which complexes with gM, was also compared by multiple 

sequence alignment (Fig 5.13B). The AD169-encoded gN has acquired a raft of 

mutations when compared to the other strains, but there were none that correlated 

with resistance to DIDS (i.e. were possessed by AD169 and Merlin strains but were 

lacking in TB40/E and Towne). RL13 is frameshifted in AD169 and Towne, and so 

consequently DIDS resistance did not correlate with possession of a functional RL13 

gene. Given that that phenotype of DIDS overlaps with heparin we also analysed gB – 

another viral glycoprotein suggested to interact with HSPGs.  Multiple sequence 

alignment analysis of the glycoprotein B sequences revealed that AD169 possessed a 

mutation at residue 275, encoding for a tyrosine whilst the reference sequences for 

Towne, TB40/E and Merlin in Genbank all encode for an aspartic acid (Fig 5.14). 

However, our sequencing analysis performed on our stock of Merlin used for our 

experiments revealed that this also possessed a single nucleotide polymorphism 

leading to a change in amino acid at residue 275 of glycoprotein B, leading to the 

incorporation of a valine in place of aspartic acid. Consequently, mutation at this 

location may confer additional resistance to the inhibitory effect of DIDS.  
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Figure 5.12: HCMV strains display differential sensitivity to inhibition by DIDS. HFFs 
were infected at MOI=1 with TB40/E (A), AD169 (B) or RC256 Towne (C) in the presence 
of a range of concentrations of DIDS. Cells were fixed and stained for viral IE proteins 
24hpi and infection quantified by automated microscopy (n=2). (D) Summary data of  
inhibition of all HCMV strains tested by DIDS.
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Figure 5.13: Multiple sequence alignment of glycoprotein M and N sequences from 
multiple HCMV strains. Sequences of (A) gM and (B) gN from multiple strains of HCMV 
were retrieved from GenBank and submitted to the MUSCLE multiple sequence align-
ment tool from EMBL-EBI.
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Figure 5.14: Multiple sequence alignment of glycoprotein B sequences from multiple 
HCMV strains. Sequences of gB from multiple strains of HCMV were retrieved from 
GenBank and submitted to the MUSCLE multiple sequence alignment tool from EM-
BL-EBI.
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5.3.9 Mutation of gB at residue 275 confers limited resistance to DIDS and heparin 

To test whether mutation at residue 275 affected the ability of DIDS or heparin to 

inhibit HCMV infection, residue 275 was mutated from aspartic acid to a valine by BAC 

recombineering as previously, in a background lacking both functional UL128 or RL13. 

HFFs were then infected with either control virus (BAC_gBwt) or gB mutant virus 

(BAC_gBmut) at MOI 1 in the presence of either DIDS (Fig 5.15A) or heparin (Fig 

5.15B). Infection levels were assessed at 24hpi by IE immunostaining and automated 

fluorescence microscopy. Whilst there was no concentration of either DIDS or heparin 

at which there was a significant difference in relative infection levels, at all 

concentrations of DIDS and all concentrations of heparin at which infection was 

detected, BACgBmut infected cells more efficiently. The relative sensitivities of all 

pentamer-deficient, BAC-derived viruses are summarised in Fig 5.15C. 
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Figure 5.15: gB mutation confers minor resistance to DIDS and heparin. HFFs were 
infected at MOI=1 with BAC_gBmut or BAC_gBwt in the presence of DIDS (A) or hep-
arin (B). Twenty-four hours post infection, cells were fixed and stained for viral IE 
proteins and quantifed by automated fluorescence microscopy (n=3, values shown as 
mean±SEM).
(C) Summary of DIDS and heparin sensitivities (IC 50) of different BAC-derived viruses 
during infection of HFFs.
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Virus DIDS (µM) Heparin (µg/ml)
BACgMmut 0.88 1.018
BACgMwt 1.11 1.234
BAC_RL13mut+ 1.86 1.94
BAC_RL13wt+ 0.9 1.19
BAC_RL13mut- 1.039 1.081
BAC_RL13wt- 1.274 1.063
BAC_gBmut 1.746 0.7079
BAC_gBwt 1.145 0.4425
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5.3.10 DIDS-resistant virus is sensitive to neutralisation 

Although informative, the detailed analyses of the growth properties of the mutant 

viruses did not provide mechanistic insight into the potential activity for the RL13 

mutants and, specifically, the basis for the DIDS resistance phenotype. Furthermore, 

through understanding the basis of the DIDS resistance phenotype it had the potential 

to shed light on the molecular basis for the viral interaction with HSPGs during the 

initial stages of infection.  

The resistance phenotype appeared to map, at least in part, to the RL13 gene. RL13 is a 

considered a temperance factor that limits HCMV infection (Stanton et al., 2010). Thus, 

the retention of a gene that potentially reduces viral replication in vivo suggests that it 

may play an important role in immune evasion. Therefore, it was hypothesised that 

RL13 and HSPGs contributed to an entry pathway that provided a pathway for the virus 

to better evade humoral immune responses. 

To test this hypothesis DIDS-resistant and parental HCMV was incubated with pooled 

serum from seronegative donors or seropositive donors for 1 hour at room 

temperature. This virus was then directly used to inoculate HFFs at MOI 2, and the cells 

fixed and analysed for IE protein production at 24hpi. Non-heat inactivated sera 

pooled from multiple seronegative donors was titrated to identify a serum dilution 

where no non-specific serum effects on viral infection were observed (Fig. 5.16A). In 

contrast, HCMV was effectively neutralised by seropositive sera. Furthermore, the 

impact of sera on infection was larger with fresh sera compared to heat inactivated 

sera (Fig. 5.16B/C). Importantly, however, the DIDS-resistant virus was markedly more 

sensitive to neutralisation by seropositive serum compared to the parental strain, 

particularly at 1:25 dilution of heat-inactivated seropositive serum, with relative 

infection levels only half that of the parental virus, suggesting that the acquisition of 

resistance to DIDS and heparin is associated with an increased sensitivity to humoral 

immunity.  
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Figure 5.16: DIDS-resistant virus is rendered sensitive to neutralisation by seropos-
itive serum. Wildtype or DIDS-resistent HCMV was incubated with pooled seronega-
tive (A), pooled seropositive (B) or heat-inactivated pooled seropositive (C) serum at 
a range of dilutions for 1 hours prior to infection of HFFs. 24hpi, cells were fixed and 
assessed for infection by IE staining (n=3, values shown as mean±SEM).  Statistical sig-
nificance calculated by multiple t tests without assuming constant SD and corrected for 
multiple tests. * = p<0.05, ** = p<0.01, *** = p<0.001.
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5.3.11 RL13 truncation and gB mutation have no impact on neutralisation efficiency 

Given the association between DIDS resistance and neutralisation sensitivity, 

BAC_RL13mut+ and BAC_gBmut were additionally assessed for sensitivity to 

neutralising antibodies in comparison to BAC_RL13wt+ and BAC_gBwt from which they 

were derived. Virus was incubated with pooled seronegative (Fig 5.17A/5.18A) or 

pooled seropositive (Fig 5.17B/5.18B) serum for 1 hour prior to infection of HFFs. 

Infected levels were assessed by IE immunofluorescence and automated microscopy 

24hpi. Seronegative serum had no impact on infection by any virus even at the highest 

concentration used (1:50). Seropositive serum inhibited relative infection by 

BAC_RL13mut+ and BAC_RL13wt+ by 95% and 90% at a 1:50 dilution respectively, 

dropping to 15% and 20% relative inhibition once the serum was diluted to 1:800, with 

no difference in relative sensitivity between the two viruses. Both BAC_gBmut and 

BAC_gBwt were almost completely inhibited by 1:50 and 1:100 dilutions of 

seropositive serum, with no observable difference in relative sensitivity evident either. 
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Figure 5.17: RL13 truncation does not alter antibody sensitivity. BAC_RL13mut+ or 
BAC_RL13wt+ was incubated with pooled seronegative (A) or pooled seropositive (B) 
serum at a range of dilutions for 1 hours prior to infection of HFFs. 24hpi, cells were 
fixed and assessed for infection by IE staining (n=3, values shown as mean±SEM). 
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Figure 5.18: gB mutation does not alter antibody sensitivity. BAC_gBmut or BAC_gBwt 
was incubated with pooled seronegative (A) or pooled seropositive (B) serum at a 
range of dilutions for 1 hours prior to infection of HFFs. 24hpi, cells were fixed and as-
sessed for infection by IE staining (n=3, values shown as mean±SEM). 
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5.4 Discussion 

These data have demonstrated that the gM mutation V206L, identified in the DIDS-

resistant virus sequenced previously, does not readily explain the DIDS resistance 

phenotype. BACgMwt and BACgMmut replicated to similar levels when produced from 

HFF-TET cells at both high and low MOI, whilst cell-free titres of both were equally 

affected by the expression of UL128 and consequently the pentameric complex when 

grown in HFFs, consistent with previous literature indicating that pentamer expression 

impacts strongly upon cell-free titre. This demonstrated both the effectiveness of the 

tetR system and the fact that the gM mutation had little negative impact upon the 

virus in the absence of any selective pressure. Given the role of gM in the initial 

binding of HCMV to the cell surface via HSPGs, and the fact that this is the process that 

DIDS seems to affect, this seems surprising. However, the Merlin virus that was used to 

generate the DIDS-resistant virus will have contained many changes from the BAC-

derived variants used to analyse the impact of the gM mutation. It is therefore possible 

that the gM mutation only has an impact in the presence of additional mutations. 

The gM mutation also failed to show any benefit during multi-round spreading assays 

in the presence of either DIDS or heparin. Both viruses were effectively inhibited by 

DIDS during spread though HFF-TET cells. In these cells, the presence of the tetR 

protein leads to repression of UL128 expression and therefore favours cell-free spread, 

hence the effective inhibition of infection. Heparin failed to demonstrate any ability to 

inhibit spread however, which might imply that there is some difference in the way the 

virus spreads within the same cell monolayer in a cell-free fashion in comparison to 

harvesting of the supernatant and its use in infecting fresh monolayers, or it may have 

been due to accelerating degradation and loss of the heparin itself, which could 

therefore no longer inhibit the virus.  

However, both viruses were completely unaffected by the presence of either DIDS or 

heparin during spread in HFFs. The lack of tetR allows the expression of UL128, which 

drives highly cell-associated spread of the virus, which was completely unaffected by 

either DIDS or heparin in this instance, in contrast with what was seen previously with 
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the IE2-GFP virus which is also BAC-derived and has UL128 under the control of a TRE. 

The IE2-GFP virus had been more extensively passaged in HFF-TET cells than the 

BACgMwt and BACgMmut virus, so there may have been a small fraction which had 

acquired mutations in UL128 or other components of the pentameric complex, 

allowing for limited cell-free spread which would have been sensitive to DIDS. This may 

explain the differences observed. Additionally, it is also possible that the IE2-GFP virus 

has acquired an RL13 deletion. RL13, as with UL128, is considered to promote cell 

associated growth and mutation or deletion of RL13 occurs rapidly during virus 

passage. 

Finally, both viruses were highly sensitive to the activity of both DIDS and heparin 

during spread through ARPE-19 cells, in contrast to what was observed in HFFs. Given 

that UL128 will be expressed during spread through these cells, this should drive cell-

cell spread. The fact that DIDS is not effective against cell-cell spread in HFFs but is 

effective against spread in ARPE-19 cells suggests that there is an intrinsic difference in 

the mechanism by which HCMV spreads between fibroblasts and epithelial cells. This 

method of spread also appears to be highly sensitive to inhibition by heparin, which 

was ineffective in multi-round spreading assays through both HFF and HFF-TET cells. 

However, whilst UL128 does drive cell-cell spread, there are a small number of 

particles released from the cell. These seem to be non-infectious (personal 

communication, Richard Stanton), and therefore could not go on to infect other cells in 

a cell-free manner. It could be that this only applies to virions emerging from HFFs 

however, as it has been shown that when the Merlin strain is capable of expressing the 

pentameric complex, it does so in such an efficient manner that it sequesters most of 

the available gH/gL into pentamers, rather than the gH/gL/gO trimer, which is required 

for infecting of HFFs and thus the virus is effectively rendered non-infectious. These 

pentamer-rich particles may not be equally poorly infectious during infection of 

epithelial cells however, and therefore there may be able to infect specifically 

epithelial cells in a cell-free manner. They would then be susceptible to the inhibitory 

activity of DIDS, and thus a reduction in infection would be observed. 
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Unlike the gM mutations, the RL13 truncation mutant affected the ability of the virus 

to replicate and conferred a benefit to infection in the presence of both DIDS and 

heparin during cell-free infection of HFFs in comparison to both virions containing full 

length RL13 and lacking RL13 entirely. Indeed, this is an important point. RL13 was not 

deleted but truncated. An RL13 deletion virus is as sensitive to DIDS as an RL13 

expressing virus thus it is the truncation that is responsible for the phenotype. 

Viruses possessing RL13 mutations replicated to higher titres following low MOI 

infection of HFF-TET cells in comparison to those with wildtype RL13, and were 

unaffected by growth in HFFs, whilst expression of wildtype RL13 during replication in 

HFFs reduced titres approximately 10-fold consistent with RL13 acting as a temperance 

factor in HCMV infection (Stanton et al., 2010). Consistent with this, improved 

replication in HFF-TETs, in which RL13 expression is repressed by tetR proteins, is 

observed. Expression of full-length RL13 has been shown to reduce viral titre (as 

evidenced by the data presented here, confirmed by personal communication with 

Richard Stanton and Carmen Bedford), so therefore low-level expression during low 

MOI infection may conceivably impact on the production of infectious virus. At high 

MOI, higher levels of expression of other viral proteins as a result of cells being 

infected by multiple virions may overcome this suppressive effect of low-level RL13 

production. Expression of the truncated RL13 protein by BAC-RL13mut virus had no 

impact on the production of infectious virus, demonstrating that the resultant protein 

had seemingly lost whatever repressive function the wildtype gene possessed.  

Whilst virus expressing truncated RL13 replicated to similar levels regardless of the 

presence of tetR, the truncated protein must still have exerted some sort of impact 

upon the virus, as BAC-RL13mut virions were more resistant to both DIDS and heparin 

than BAC-RL13wt virions and viruses lacking RL13 entirely (BACgMwt). If the truncated 

RL13 protein is still included within the virion, it is possible that it alters the 

conformation of other glycoproteins present, possibly gM or gB, and consequently 

renders them less sensitive to the inhibitory activities of DIDS or heparin, by several 

potential methods. It may alter the ability of these inhibitors to bind to the virion 

surface, thus requiring higher levels to be present in order to exert the same level of 

180



impact. Alternatively, it may place glycoproteins into a more ‘primed’ state, so that if 

they do bind to their relevant receptors, further interactions and consequently entry 

happens more rapidly, reducing the chance of the virus detaching from the cell surface 

and being subjected to inhibition once more. It is also possible that RL13 has a cellular 

receptor to which the N-terminus is capable of binding, enhancing HCMV binding and 

entry or possibly driving the use of an alternative entry pathway, whilst the C-terminus 

may negatively regulate entry. Consequently, possession of solely the N-terminus of 

RL13 is beneficial under these experimental conditions, whilst possessing full-length or 

lacking RL13 entirely results in similar phenotypes. 

In the case that truncated RL13 is not incorporated into the virion, it may still influence 

the contents of infectious virus released from the cell. Proteomic analysis of RL13-

positive and RL13-negative virions by researchers in Cardiff have demonstrated that 

expression of RL13 alters the composition of the virion although changes in viral 

glycoprotein content is not overtly affected (personal communication, R Stanton and C 

Bedford). Any impact on the relative abundance of the many HCMV glycoproteins is 

likely to alter the entry process, whether that be through small alterations in the 

efficiencies of different steps of the process or driving the virus to enter cells through a 

completely different entry pathway, as it is already well established that HCMV 

possesses multiple methods of cell penetration.  

Furthermore, as mentioned previously, this truncation will lead to the loss of the 

internalisation motif present in the C-terminus of RL13, along with the transmembrane 

domain that would anchor the protein. In combination with the N-terminal signal 

peptide that will send the protein into the secretory pathway via the trans-Golgi 

network, this truncated protein would seem likely to be secreted from the cell. How 

this would then lead to increased resistance to inhibitors of entry is a difficult question, 

but again the answer may lie in alterations to the composition of the virion. Other viral 

glycoproteins may associate with RL13 somewhere along the secretory apparatus. In 

the presence of wildtype RL13, these glycoproteins may then be dragged back into the 

cell during the internalisation of RL13, allowing them to proceed to the viral assembly 

compartment. In the absence of RL13, they would not associate with RL13 and may 
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therefore localise to the viral assembly compartment in a different fashion. With the 

presence of the truncated RL13, they may still be able to associate with the remaining 

fragment, but the lack of internalisation signal on the truncated form of RL13 leads to 

its protein partners being stranded upon the cell surface, and thus impacting on the 

relative amounts of said proteins in the nascent virions. Alternatively, RL13 could even 

become part of the virion post-release from the cell, binding to released virions in the 

supernatant. Clearly there is more to understand about how RL13 impacts upon both 

the way in which HCMV enters cells and how it affects the assembly of new viruses. 

Despite the advantage conferred by RL13 truncation during cell-free infection of HFFs, 

no advantage was found during low MOI, multi-round spreading infections of HFFs in 

the presence of DIDS or heparin. RL13wt or RL13mut virus expressing functional UL128 

were hardly affected by either DIDS or heparin, again demonstrating the resistance of 

cell-cell spread to these inhibitors. Those lacking UL128 were mildly impacted (~25-

50% reductions in comparison to controls) by both DIDS and heparin but were more 

resistant than the previously tested RL13 negative virions. RL13 has also been 

demonstrated to drive cell-cell spread, although to a lesser degree than UL128, which 

would account for the increased resistance in comparison to RL13 negative viruses. 

The lack of any benefit of RL13 truncation in comparison to full-length RL13 may 

simply be a product of the relatively high concentration of the inhibitors used within 

the spreading experiments (50µM DIDS and 20µg/ml heparin). These levels exceed 

those at which benefits were observed in cell-free experiments, and it may be that 

with the majority of infectious events taking place via cell-cell transfer of virus, the 

small benefit to cell-free infection that could be conferred at lower concentrations of 

inhibitors would simply not amount to an observable difference. 

An interesting caveat of these studies is the observation that the BAC-derived viruses 

are approximately ten-fold more sensitive to DIDS than the wildtype Merlin with which 

the previous experiments were performed. The RL13 truncation only accounts for part 

of this difference thus this suggests that there must be some difference between the 

BAC-derived and wildtype Merlin that additionally contributes to the increased level of 

resistance to both DIDS and heparin possessed by wildtype Merlin. Through an analysis 
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of multiple strains, a single nucleotide polymorphism in gB was identified that 

correlated with resistance - specifically a mutation at position 275 of gB is correlated 

with resistance to DIDS. Given the role of gB in initial attachment to the cell surface, as 

well as its major role as the primary fusogenic machinery of HCMV, it is conceivable 

that this mutation could impact on the ability of DIDS to inhibit HCMV, by altering the 

ability of DIDS to bind to its relevant target. Alternatively, this mutation in gB is 

promoting a change in gB that triggers fusion and entry more rapidly upon successful 

engagement with the cell surface, reducing the likelihood of the virus detaching from 

the surface and being rendered sensitive to the activity of DIDS once more. Mutation 

of gB residue 275 by BAC recombineering produced a virus that demonstrated mild 

resistance to both DIDS and heparin-mediated inhibition, though this effect was slight 

and not statistically significant. It is conceivable that these mutations may have 

multiplicative benefits if introduced together. 

Finally, functional consequences of resistance to DIDS must be considered. If 

resistance to DIDS can be overcome through the use of a HSPG independent pathway 

then the question is why does HCMV utilise the entry pathway it does? The most likely 

influencing factor in vivo is the immune response. Viral infection of cells has to occur in 

the presence of profound humoral immune response. Furthermore, viruses have an 

ongoing conundrum: the virus is dependent on key epitopes within viral proteins to 

promote entry but, potentially, these become targets for the humoral immune 

response. One solution is to mutate the protein to evade humoral immunity. However, 

if the function of that region of the protein is highly dependent on a conserved 

sequence then mutation cannot be tolerated. Thus, an alternative solution is to hide 

the epitope until it is required in the entry process.  It has been demonstrated in the 

HIV field that changes in glycoprotein conformations can be used to mask key sites on 

the gp120 envelope glycoprotein and therefore prevent the effective binding of 

antibodies (Kwong et al., 2002). These changes in conformation prevent antibodies 

binding to key receptor-interacting epitopes on glycoproteins. However, were these 

epitopes to be more exposed, it would likely enhance the speed and efficiency of entry 

-however, these viruses would become more sensitive to humoral immunity. In the 
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case of DIDS-resistant Merlin, it is therefore a plausible question that alterations in 

glycoprotein conformation may be responsible for this resistance phenotype, which 

would lead to increased sensitivity to neutralising antibodies, which was indeed 

observed. However, analysis of the relative sensitivities of both the RL13 truncation 

and the gB mutation viruses revealed no difference in sensitivity to neutralising 

antibody responses, suggesting that either multiple mutations must be present in 

order for the phenotype to emerge, or that the antibody sensitivity is a consequence 

of an as yet uninvestigated alteration to the virion. 

In summary, the data in this chapter demonstrates that the identified gM mutation 

does not confer resistance to either DIDS or heparin on its own, whilst the RL13 

truncation does so to a small degree. Mutations at position 275 of gB are also 

associated with resistance and may contribute to a DIDS resistance phenotype. There 

is also an investigation of the functional consequences of DIDS resistance, with the 

original DIDS-resistant Merlin demonstrating sensitivity to neutralising antibodies but 

not to interferon-mediated responses, which are not recapitulated within either the 

RL13 truncation or gB mutant viruses. 
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Chapter 6: Final discussion 

6.1 Are cellular ion channels important for HCMV? 

The data presented here in this thesis addresses the observation that chloride ion 

channel inhibitor DIDS inhibits the replication of HCMV in vitro. It establishes that this 

inhibition is caused by direct targeting of the virion, rather than via inhibition of 

cellular ion channels such as its canonical major target ClC2. Given the importance of 

ion channels to cellular function, it seems surprising that none of the tested inhibitors 

appear to cause a major defect in the HCMV lifecycle as a result of ion channel 

inhibition. However, whilst some of the tested inhibitors are fairly broad acting, the 

system of control of ion flux throughout a cell is hugely complicated and involves a vast 

number of different ion-transporting proteins. Consequently, those proteins that 

remain uninhibited may be capable of balancing the system despite the inhibition of 

several of its components. Additionally, HCMV is known to effectively manipulate ion 

flux, particular of Cl- and HCO3- ions (Maglova, W E Crowe, et al., 1998; Maglova, 

William E. Crowe, et al., 1998), and so may still be able to establish the conditions 

conducive to viral replication in the presence of ion channel inhibitors as a result, 

provided that the inhibitors used did not target those components employed by the 

virus to achieve this. Furthermore, HCMV is known to encode at least two viroporins 

during its lifecycle. If these are structurally distinct from cellular ion channels they may 

be resistant to the activity of known ion channel inhibitors. However, to truly identify 

whether cellular ion-transporting proteins are important for the HCMV lifecycle either  

a much larger panel of inhibitors must be screened or perhaps a genetic approach 

could be employed, using either an siRNA library or a single guide RNA (sgRNA) library 

used to direct CRISPR/Cas9-mediated knockout directed towards ion-transporting 

proteins. These genetic approaches could potentially still suffer from the likely 

redundancy in the ion regulation system, however. 
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6.2 What chemical properties of DIDS are important for its antiviral 

effect? 

An important aspect of the study is that DIDS bound to the virion and that this binding 

appeared to prevent HCMV effectively engage with the cell surface during infection of 

fibroblasts, whilst also blocking the infection of numerous other cell types including 

neuronal cell and epithelial cells. One potential explanation is that the negatively 

charged DIDS molecule serves to neutralise the electrostatic interaction between 

cellular HSPGs and viral HSPG-binding proteins (gB and the gM/gN complex) (Compton, 

Nowlin and Cooper, 1993). However, thorough analysis of closely related compounds 

has suggested that the effect cannot simply be a product of charge, as SITS, a 

compound very closely structurally related to DIDS, is far less effective at inhibiting 

HCMV despite possessing the same backbone structure and negatively charged 

sulfonic acid residues. Instead, the reactive nature of the isothiocyanate groups of 

DIDS must be important, as loss of these groups renders the molecule incapable of 

preventing HCMV infection. Analysis of both structurally related and unrelated 

compounds implies that cysteine reactivity is likely to be responsible for the activity of 

DIDS. And whilst charge is not sufficient for inhibition, it might still be important, as it 

may be that localisation of that charge through the action of DIDS reacting with 

specific residues within viral glycoproteins is what ultimately impairs HCMV cell entry. 

6.3 How might RL13 mutations affect virus entry? 

Whilst it has been established that DIDS inhibits HCMV interaction with the cell 

surface, the precise manner in which it achieves this has been difficult to elucidate. 

Growth and sequencing of a resistant mutant, combined with testing of engineered, 

BAC-derived viruses containing mutations identified by said sequence analysis has 

shed light on multiple viral glycoproteins that may be affected. One particular 

mutation, in RL13, was shown to be highly enriched within resistant virus populations. 

RL13 is relatively difficult to study, due to its propensity to rapidly be deleted during in 

vitro passage (Dargan et al., 2010). This is due to the fact it reduces the ability of the 

virus to replicate and helps to drive a cell-associated phenotype (Murrell et al., 2016). 
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Consequently, RL13-negative viruses are ‘more fit’ in vitro and are selected for. Whilst 

RL13 is associated with some variation in vivo, tending to split into distinct viral clades, 

it is effectively maintained and thus must be key to the virus in vivo, as encoding of a 

protein that reduces the ability of the virus to replicate must possess benefits, else it 

would simply be lost from the genome. These benefits are most likely to involve 

evasion of the immune response, a major evolutionary pressure lacking during passage 

in vitro, with recombinant RL13 demonstrated to be able to bind the Fc portions of 

IgGs (Cortese et al., 2012). It is hypothesised that RL13 may be important for 

preventing antibody binding to the surface of the cell and thus stopping the activation 

of ADCC. However, HCMV encodes a number of Fc receptors that could fulfil this role 

suggesting that this isn’t the only role of RL13. Indeed, it has not been considered that 

the presence of RL13 in the virion may impact on the ability of neutralising antibodies 

directed against viral glycoproteins to bind their target. Perhaps one of the most 

surprising observations was that the DIDS resistant virus was cell free. DIDS is an entry 

inhibitor that is poorly cell permeable which suggests a functional analogy with 

neutralising antibodies. However, passage of virus in the presence of antibodies 

promotes retention of RL13 as it contributes to the immunologically-covert cell-cell 

transfer of the virus, as RL13+ virions are more highly cell-associated and therefore less 

exposed to antiviral factors present in the extracellular milieu (Murrell et al., 2017; 

Ourahmane et al., 2019).  

The questions that inevitably follow concern the mechanism by which RL13 enacts this 

change in viral phenotype, and what other impacts the expression of RL13 on the 

virion may have. Data presented in chapter 5 demonstrates that truncation of RL13, 

resulting only in expression of the N-terminal fraction, leads to a virus that is relatively 

less sensitive to the inhibitory activities of both DIDS and heparin. This virus also 

displayed no growth defect as a result of RL13 expression. This suggests that the 

deleterious impact on viral replication associated with RL13 requires the C-terminal 

region of the protein to be present, although the mechanism responsible is currently 

not known. Why the presence of the N-terminal fragment of RL13 would lead to a virus 

resistant to DIDS and heparin has not been elucidated here, but there are numerous 
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possible theories. Firstly, there is the possibility that RL13 plays a direct role in the 

entry events of HCMV. RL13 could be a receptor-binding protein, possibly contributing 

to binding to HSPGs in addition to gM/gN and gB, or perhaps it may have its own 

distinct receptors akin to gH/gL/gO binding to PDGFRα (Wu et al., 2017, 2018; Liu et 

al., 2018). Consequently, RL13+ virions may enter cells via a subtly different series of 

receptor interactions, or it may have more dramatic effects upon the preferred entry 

route of HCMV into cells, as HCMV can infect cells through multiple different pathways 

(e.g. pH-independent fusion with the cell membrane, endocytosis, macropinocytosis). 

Expression of RL13 could conceivably cause the virus to prefer a different route to that 

established to be utilised by RL13-negative virions.  

Whilst RL13+ and RL13-negative virions are similarly sensitive to DIDS and heparin, this 

does not mean that they necessarily enter via different mechanisms. But how does 

selective expression of the N-terminus of RL13 lead to resistance? Assuming that the 

truncated RL13 protein is incorporated into nascent virions, it may adopt a different 

conformation in comparison to the full-length protein. This structure could be more 

efficient at engaging its cellular receptor, and consequently accelerate the process of 

virus entry, rendering it less sensitive to the effects of DIDS.  

Alternatively, the truncated RL13 may represent a conformation that is adopted by full 

length RL13, but as a result of conformational change in response to other receptor 

binding events, leading to exposure of required epitopes. This could link to the fact 

that the original DIDS-resistant virus was more sensitive to neutralising antibodies, 

which could be as a result of premature exposure of immunogenic epitopes required 

for viral infection. However, the RL13 truncation virus was not sensitive to neutralising 

antibodies, and consequently that antibody sensitivity must have been conferred 

either by an additional mutation, or by a combination of RL13 truncation and further 

mutations. 

Given that RL13 appears to play a role in the very early stages of HCMV entry, this 

raises the question of whether previous work investigating HCMV cell entry would 

need to be reconsidered as it has generally been performed with RL13- viruses. 
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6.4 Can DIDS be translated into an anti-viral? 

The ability of viruses to evolve to become resistant to treatment is a constant problem 

for successful interventions and does occur during the treatment of HCMV. HCMV can 

become resistant to ganciclovir by mutation of UL97, UL54 or by mutations in both 

(Erice, 1999). One potential method to avoid this is to use combination therapy, as in 

the case of HIV, where three drugs are typically given to patients; two 

nucleotide/nucleoside reverse transcriptase inhibitors combined with either a 

nonnucleoside reverse transcriptase inhibitor, a protease inhibitor or an integrase 

strand transfer inhibitor. Unfortunately, in the case of HCMV, there are very few 

approved drugs, some of which cannot be used in combination as they have 

antagonistic activities (e.g. maribavir and GCV, as maribavir inhibits UL97, the activity 

of which GCV is dependent upon) and others that have severe side effects (e.g. 

foscarnet is highly nephrotoxic). On the subject of DIDS as a potential therapeutic 

agent for the treatment of HCMV, it has both positive and negative properties. On the 

promising side, it blocks infection of all currently assessed cell types, by all assessed 

strains, and it does so with an IC50 in the low micromolar (8.9µM for the clinical Merlin 

isolate, ~1µM for BAC-derived Merlins). Cell toxicity was not observed even at 200µM, 

providing a very large therapeutic window. This lack of toxicity, despite the highly 

reactive nature of isothiocyanates, is likely due to its relative inability to cross 

membranes, as a result of the negatively charged sulfonic acid residues. This has the 

additional benefit of allowing the molecule to remain where it can effectively bind to 

and inhibit HCMV virions (the extracellular environment), rather than being 

sequestered into intracellular compartments from which it would not be able to act. 

This inability to cross membranes would mean that it would be unsuitable for 

administration via the oral route and would likely need to be infused IV if it were to be 

used in its current form. For use in transplant patients, this would not be much of an 

issue, as it could be administered during and in the following days whilst they remain 

in hospital during the recovery from the transplantation procedure, where it could act 

to block and slow down the initiation of HCMV viremia, providing a better opportunity 

for the patient to control the infection without any further therapeutic intervention. 
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Even in cases where additional intervention was required (e.g. use of ganciclovir), it 

may reduce peak and length of viremia, leading to less pathology, reduced length of 

antiviral treatment (and therefore fewer side effects from the medication) and 

consequentially improved outcome for the patient.  

The inability of DIDS to effectively cross cell membranes creates another issue 

however, as it cannot be used to target cell associated virus. Cell-cell spread is often 

considered to be the primary method by which HCMV spreads within the host, 

especially given the maintenance of the pentameric complex and RL13 in vivo, which 

both drive highly cell-associated spread. Cell-free virus must be produced within 

infected hosts however, as infectious virions can be shed in large amounts in urine (the 

original site from which HCMV strain Merlin was isolated). Again, whilst this means 

that DIDS might not be sufficient as an anti-HCMV treatment on its own, by blocking 

the cell-free portion of viral spread, this may reduce peak and length of viremia and 

lead to lesser need for additional interventions. 

The inability to be administered by the oral route creates much more of a problem for 

the treatment of congenitally infected children, as it is far more difficult and riskier to 

administer drugs by IV in very young patients. Furthermore, the reactive nature of the 

compound means it will likely react with many other potential targets, increasing the 

dose required to inhibit HCMV infection whilst also causing potential side effects. 

Consequently, DIDS is unlikely to represent a drug that can be immediately considered 

as a therapeutic intervention in its current state but does provide a useful starting 

point for the development of novel inhibitors. Addition of extra groups could create a 

pro-drug version of DIDS, which could be administered by mouth and metabolised to 

its active form, mirroring the approach used with ganciclovir and its pro-drug variant 

valganciclovir. Furthermore, inhibition of HSV-1 infection of HFFs has also been 

observed in the laboratory (data not shown), suggesting that DIDS, or a derivative, 

could have powerful antiviral capability against multiple members of the herpesvirus 

family, or possibly even against other viruses that bind HSPGs as part of their cellular 

entry process. 
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Whilst this speaks of the need for a greater variety of options for the management of 

HCMV infection, there is another potential option to avoid the issue of viral resistance 

mutations. Direct targeting of a host cell protein or process that is key to the virus 

lifecycle would seem to present a much higher barrier to the development of 

resistance, as it would require the virus to alter its lifecycle substantially, rather than 

just acquiring a simple point mutation. Therefore, as discussed earlier, an 

understanding of the role of host cell ion channels during HCMV infection will not just 

give us a greater understanding of the biology of both the virus and the cell but may 

also provide a potential therapeutic target for new interventions and is thus worthy of 

further attention. 

In summary this thesis demonstrates the manner by which DIDS inhibits HCMV 

infection, what components of its chemistry are required for this effect, how the virus 

attempts to evade inhibition by this compound and in doing so sheds light on the 

connection between efficient cellular entry and the ability to evade the adaptive 

immune response by HCMV. 
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