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Abstract 
 

Human Cytomegalovirus (HCMV) is found ubiquitously in humans worldwide, and once acquired, the 

infection persists within the host throughout their life. Although Immunocompetent people rarely are 

affected by HCMV infections, their related diseases pose a major health problem worldwide for those 

with compromised or suppressed immune systems such as transplant recipients. Additionally, 

congenital  transmission of HCMV is the most common infectious cause of birth defects globally and 

is associated with a substantial economic burden. 

This thesis explores the application of statistical modelling and genomics to unpick three key areas of 

interest in HCMV research.   First, a comparative genomics analysis of global HCMV strains was 

undertaken to delineate the molecular population structure of this highly variable virus. By including 

in-house sequenced viruses of African origin and by developing a statistical framework to deconvolute 

highly variable regions of the genome, novel and important insights into the co-evolution of HCMV 

with its host were uncovered. 

Second, a rich database relating mutations to drug sensitivity was curated for all the antiviral treated 

herpesviruses. This structured information along with the development of a mutation annotation 

pipeline, allowed the further development of statistical models that predict the phenotype of a virus 

from its sequence. The predictive power of these models was validated for HSV1 by using external 

unseen mutation data provided in collaboration with the UK Health Security Agency. 

Finally, a nonlinear mixed effects model, expanded to account for Ganciclovir pharmacokinetics and 

pharmacodynamics, was developed by making use of rich temporal HCMV viral load data. This model 

allowed the estimation of the impact of immune-clearance versus antiviral inhibition in controlling 

HCMV lytic replication in already established infections post-haematopoietic stem cell transplant. 
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Impact Statement 
Chapter 2 establishes for the first time that the HCMV genomes display geographic population 

structure, such that viruses are distinct between continents across most of the genome. Prior to this 

work the understanding was that HCMV is highly variable, but that there was no molecular population 

structure outside of a few hypervariable genes. This discovery therefore alters fundamentally our 

understanding of HCMV’s evolution, with clear implications both in academia and industry. For 

example, immunogenic portions of the key vaccine target Glycoprotein B are different between 

African and European virus, and may help describe the limited efficacy of vaccination. Further, variants 

that segregate by geography are present in members of the viral pentamer complex, another vaccine 

target, and can confer reduced antiviral  sensitivity, such as UL51 D12E which provides reduced 

sensitivity to letermovir and naturally occurs in African HCMV. 

Academically this chapter’s work opens several new questions. For example, the Hidden Markov 

Model clustering approach identified several new regions of the genome that display a concentration 

of population structure, and therefore represent new genotype to phenotype study opportunities. 

Additionally uncovered was that the evolutionary history of HCMV can now be placed alongside its 

other herpesvirus members, in that its population structure matches loosely the structure of its host. 

The patterns of evolution given the current genomes, are consistent with founder effects and drift. 

With further genomes, it is anticipated that further genomic clusters may be identified, and groups 

may explore when and how HCMV evolved since humans migrated out of Africa. 

The findings of chapter 3 are already having tangible impact. A user-friendly user application was 

developed to sit atop of the rich and comprehensive database linking mutations to in vitro sensitivity. 

Three hospital research groups have already asked for changes to be made to better integrate with 

their hospital pipelines, and 361 unique users have interacted with this application. UKHSA are in 

discussion to incorporate this database and the predictive models in their national clinical service, to 

quickly annotate HSV isolates they are sent, to provide feedback before phenotypically testing the 

virus which takes many weeks. Further knowledge of how mutations result in drug resistance are 

important to the drug discovery process and should be valuable to industry. 

Chapter 4 finds evidence that Ganciclovir appears to be ineffective in treating established HCMV 

infections post-HSCT in a paediatric context. Instead, it is immune clearance of the virus that has the 

greater effect. This model is written in an open access framework and can be deployed for viral load 

trajectory prediction and to assess the effectiveness of antivirals in further cohorts. 
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Chapter 1 General Introduction 

1.1 The Herpesviruses 

Human Cytomegalovirus (HCMV) belongs to the family Herpesviridae (aka herpesviruses) (Davison et 

al., 2009), a set of double-stranded deoxyribonucleic acid (dsDNA) viruses, whose constituent viruses 

are well known for their ability to cause disease in several species (Luczkowiak et al., 2019, 4). They 

are among the largest and most genetically complex viruses with over 200 members of the family able 

to infect mammals, birds and reptiles across 115 species (Knipe and Howley, 2013). Herpesviruses 

share many observable commonalities initially identified by microscopy analyses of virus structure, 

which have been more recently supported by genomic sequence analyses and phylogenetics 

(McGeoch et al., 2000). Further examples are that all members encapsulate their capsids in a protein 

shell called tegument and can enter latency (Grinde, 2013; Kalejta, 2008). The structural and genetic 

similarities of Herpesvirus members suggest they share a common ancestor in the distant past. The 

extended size of the herpesviruses has led to its further division into three subfamilies, the β-

herpesviruses, γ-herpesviruses, and α-herpesviruses, as classified by the International Committee on 

the Taxonomy of Viruses (ICTV) (Davison et al., 2009). The characteristically slow viral mutation rate 

of dsDNA viruses has meant estimates of the date of split into sub-families are also ancient at circa 

200 million years ago (McGeoch et al., 1995). The viral species contained within each sub-family share 

characteristic traits.  

1.1.1 Sub-families 

The alphaherpesviruses are the most host-promiscuous, able to infect reptiles, birds and mammals 

(Whitley, 1996). The 45-member viruses are characterised by relatively short but intense reproductive 

bursts and enter latency in sensory ganglia typically but have a broad tropism (Spear and Longnecker, 

2003). The 26 betaherpesviruses (Betaherpesvirinae) are slow to replicate with prolonged lifecycles of 

a week or more and cellular infection can lead to the enlargement of infected cells as is characteristic 

of the cytomegalovirus genera (Whitley, 1996). They have a limited host range infecting mostly 

mammals, and they share tropism for the myeloid progenitor cells (Mocarski, 2007b).  It is thought 

the betaherpesviruses share an ancestor dating back circa 50-120 million years ago (McGeoch et al., 

1995). Gammaherpesviruses, of which there are 43, have the most restricted host range and primarily 

infect lymphoid cells (Chandran and Hutt-Fletcher, 2007). 

Herpesviruses are thought to have been locked in long-term co-evolution with their host over millions 

of years and are therefore highly host-specific, allowing them to persist and spread without being 

cleared by host immunity (Marsh et al., 2015; Adler et al., 2017). This co-evolution has resulted in each 

virus being typically speciated, they are restricted to that single host, or two closely related hosts 
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(Knipe and Howley, 2013). The divergence between sub-families occurred alongside the speciation of 

host lineages, or before it, with an expansion of lineage members over the last 80 million years 

(McGeoch et al., 1995). Herpesviruses therefore segregate according to two modes, their dominant 

host species and their sub family. The larger mode of separation is that of subfamily which on a 

phylogeny appear as deep-rooted early splits, with species differences closer to tips. Naming 

conventions follow the pattern (taxon of the host that in its natural setting harbours the virus , sub-

family, number) such as Human alphaherpesvirus 2, which may have other names i.e. Human 

herpesvirus 2, and the human herpes can have common names i.e. Varicella Zoster Virus (Davison et 

al., 2009).  

To describe this host and subfamily mode of separation empirically, we present Figures 1.a and 1.b. 

Figure 1.a shows the phylogenetic relationships of the human herpesviruses, indicating that viruses 

infecting the same host cluster genetically by subfamily. One needs to consider multiple hosts to see 

that subfamily is a more ancient split, with host speciation a more recent evolutionary step (Figure 

1.b). Here the mammalian betaherpesviruses showing four genera, clearly shows that species split 

first by subfamily, then genera, then host species, as HCMV, HHV6 and HHV7 are separated by other 

mammalian viruses. 

 

Figure 1.a - Phylogenetic tree of the human herpesviruses into their sub-families, edited from Moore et al. (1996), based on 
aligned amino acid sequences between the herpesvirus core gene, the Major capsid protein (MCP). Adapted from 

(Encyclopedia of Virology – 4th Edition). 

 



18 
 

   
 

 

Figure 1.b - DNA polymerase phylogenetic tree displaying the relationship of selected Betaherpesvirinae members across 
the four of the 5 genera (Muro, Cyto, Roseol, Probosci) demonstrating how host and genera separate the human 

betaherpesviruses. Adapted from (Aswad and Katzourakis, 2014). 

 

1.1.2 Herpesvirus shared traits 

Although genetic variability may be distinct between the sub-families, all herpesviruses share several 

common traits (Davison, 1992; Davison et al., 2005). Infections are life-long with the ability to be 

actively replicating in a cell (lytic) or occupy a latent state with negligible to no replication (Grinde, 

2013; Roizman and Zhou, 2015). They also all make use of their own DNA polymerase, not the hosts 

for replication. Morphologically all members share a spherical 4-layer virion, made up of a dsDNA core, 

capsid, tegument and an envelope. The core is linear, double-stranded DNA genomes, which are 

among the largest seen in viruses at ~100-300 kilo base pairs (kb) (Davison, 2007). Icosahedral capsids 

surround this DNA core. The capsid is then enclosed by a lipid envelope that is decorated with viral 

glycoproteins which serve key functions that impact viral tropism and immune escape and are 

therefore strongly conserved (Davison, 2007). A unique feature of herpesviruses is that they package 

the space between the envelope and capsid with a matrix of proteins, the viral tegument (Davison, 

2010). 

Commonalities between the members extend to their genomes with only 6 genome structures 

(named A-F) (Figure 1.c) observed across members. Structures consist of unique long or short regions 

containing almost all coding regions with repeat regions flanking internally and terminally. The 

simplest is class F, these genomes consist of only a single unique sequence without repeat or inversion 
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structures, it is uncommon and not adopted by human herpesviruses, but is found in Tupaiid 

betaherpesvirus (Davison, 2007). Class A genomes are the next simplest with a single unique sequence 

flanked by two-terminal repeats. HHV6 and HHV7 adopt this structure. Class B are similar to A, but the 

repeat regions consist of variable copy numbers resulting in complex tandem-repeats, this is mostly 

found in γ-herpesviruses such as HHV8.  The class C structure introduces an unrelated internal tandem 

repeat to class B such that there are two unique coding regions and is the structure adopted by 

Epstein-Barr virus (EBV). Class D genomes are made up of two unique regions each with terminal 

repeats that are inverted relative to each other in directionality, resulting in 4 total repeat regions, 

this is characteristic of alpha-herpesviruses. Finally, class E genomes are the most complex found in 

simplexviruses (α-herpesviruses) and the cytomegaloviruses (CMVs) of primates such as humans 

(Davison, Dolan, et al., 2003a)). Similar to D, class E genomes have terminal repeats in an inverted 

orientation giving rise to two unique sequences, with the addition that these repeat regions are 

extended and can invert directionality giving rise to four genome isomers (Martí-Carreras and Maes, 

2019). 

 

Figure 1.c - Herpesvirus genome structures A-F (not to scale). Unique and repeat regions are shown as horizontal lines and 
rectangles, respectively. Arrows designate the orientation of repeats. Only class E is detailed in full as follows, unique short 
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(US), unique long (UL), terminal/internal repeat (T/IR). a represents terminal redundancy and a’ the internal invert. Adapted 
from Davison in Human Herpesviruses: Biology, Therapy and Immunoprophylaxis (2007) 

Within this shared genome structure, seven blocks of herpesvirus-common gene products have been 

identified, and encode vital products such as envelope glycoprotein B, DNA polymerase, alkaline 

exonuclease, protein kinases and single strand DNA binding protein (Mocarski, 2007b). These co-called 

core genes of which there are 43 or 44 (Andrade-Martínez et al., 2019; Davison, 2010) are thought to 

have been inherited from a common ancestor as the genes are conserved and homologous across 

these divergent species (Davison, 2010; Davison and Stow, 2005). This has important clinical 

implications as strong conservation in protein sequence and structure has meant conservation of drug 

targets also. An example is the DNA polymerase catalytic subunit, which is a common target for 

antivirals and many maintain activity between species (Dong et al., 2021). 

Subfamilies and genera have their own further set of core genes. The Betaherpesvirinae share 30 

Betaherpesvirinae-specific gene products that are involved in replication and cell tropism, 

encompassing three conserved blocks namely UL82-84, US22-US26 and UL23-24. Some of these have 

no counterparts outside the betaherpesviruses such as UL25 and the G-protein coupled receptor UL33 

(Barry and William Chang, 2007; Mocarski, 2007a). Genes in herpesviruses can appear as contiguous 

blocks of related proteins thought to habitually represent paralogous proteins that now evolve 

independently such as the RL11 family in HCMV (Davison, Akter, et al., 2003; Shikhagaie et al., 2012).  

It is thought that the core genes across herpes, and within subfamilies are responsible for the many 

shared characteristics such as the herpesvirus virion morphology, providing the shared cell-entry 

mechanisms, viral DNA synthesis enzymes, capsid maturation processes and virion egress. 

8 herpesviruses are infectious and disease-causing in Humans: Herpes Simplex Virus 1 & 2 (HSV1, HSV2 

), EBV, HCMV, Human herpes Virus (HHV) 6A, 6B, 7 and 8. The phylogenetic relationships of the human 

herpesviruses across subfamilies are shown in Figure 1.a, for the major capsid protein, a core gene. 

This shows that virus members within subfamilies are close genetically. Also presented is a 

phylogenetic relationship within the betaherpesviruses, showing 4 genera present across Mammalia, 

with human betaherpesviruses present in the Cytomegalo- and roseol-viruses (Figure 1.b) 

 

1.2 Human Cytomegalovirus 

The cytomegaloviruses are one of the five betaherpesvirus genera, Cytomegalovirus, 

Muromegalovirus, Proboscivirus, Quwivirus and  Roseolovirus (Figure 1.b)  known to infect a range of 

new and old-world monkeys, including hominids such as Humans and chimpanzee (Cagliani et al., 

2020). They share traits such as promiscuous cell tropism and spread through shedding in salivary 
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glands (Campbell et al., 2008). HCMV is a human pathogenic virus of the Herpesviridae subfamily 

Betaherpesvirinae whose name “Cyto” meaning cell, and “megalo” meaning big, stems from the fact 

that it causes characteristic enlargement of the infected cells and induces inclusion bodies 

(Schottstedt et al., 2010).  

Although the first evidence of cytomegalia and body inclusions were in kidney and parotoid gland cells 

in 1881 (H, 1904), it was not until 1956-1957 that Weller, Smith and Rowe first isolated HCMV by 

cultivating the virus in human embryonic cells (Ho, 2008). In 1990, 34 years later, the first draft HCMV 

genome of the strain AD169 was published and represented the single largest contiguous published 

genome at the time (Chee et al., 1990; Martí-Carreras and Maes, 2019). 

Since its discovery HCMV has been identified as one of the most successful human viruses, being 

globally distributed with between 60% to 90% of humans being infected dependent on geographic 

location (Zuhair et al., 2019). As one of the 8 herpes viruses able to infect humans, HCMV is also 

denominated HHV5, with HHV6 and HHV7 also denoted Betaherpesvirinae. Most carriers of latent 

HCMV are asymptomatic as a competent immune system suppresses lytic replication. HCMV only 

becomes problematic with the immunosuppressed/compromised where it is a significant source of 

mortality and morbidity in transplants, and congenital infection (Azevedo et al., 2015; Manicklal et al., 

2013). 

1.2.1 The HCMV genome  

The HCMV genome consists of linear double-stranded DNA which is the largest of all human 

herpesviruses at > 230Kb and in general one of the largest genomes of all human viruses (Dolan et al., 

2004, 200). This genome has a group E (Figure 1.c) architecture consisting of two covalently linked 

components Unique Long (UL) and Unique Short (US), both flanked by terminal (TRL and TRS), and 

internal (IRL and IRS) repeat Short / Long regions (Murphy and Shenk, 2008). The genome encodes 

circa 200 open reading frames of which 170 are protein-coding and many are of as yet unknown 

function (Davison, Dolan, et al., 2003b). In addition to proteins, the genome encodes several immune 

interacting mRNAs which help regulate cellular behaviour to a more HCMV amenable state 

(Dhuruvasan et al., 2011), such as RL8A and US33A, thought to be important in cellular regulation 

(Sijmons et al., 2014).  

The genome size varies between HCMV strains, and although circa 170 gene products are encoded it 

has been found that only 45 open reading frames (ORF)s are essential for viral replication in 

fibroblasts. The remaining ORFs are thought to be HCMV or betaherpesvirinae specific, of which at 

least 88 are non-essential and at least 27 augment the virus's ability to grow (Yu et al., 2003; W. Dunn 

et al., 2003). This is consistent with a hypothesis that most ORFs encode factors for tissue tropism, 
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immune evasion, dissemination and or latency (Slobedman et al., 2010). More recently, this 

hypothesis has been backed up by transcription analyses in HCMV-infected CD34+ myeloid progenitor 

cells that showed the few but most strongly expressed genes are expressed in similar proportions in 

both UL138 knockout (fail to establish latent infections) and UL135 knockout (fail to reactivate) 

viruses. Whereas the majority of  low or moderately expressed genes, differ most in their expression 

between these two states, and therefore have the greatest impact on regulating the switch between 

latency and lytic replication (Cheng et al., 2017). HCMV’s genes are numbered incrementally according 

to their position in their located unique region (Figure 1.d), for example UL55 is Unique Long gene 55, 

also known as glycoprotein B which is neighboured by UL54 and UL56. There are exceptions as certain 

genes have been later discovered and disrupt this positional assignment. 
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Figure 1.d – Genetic content of the wild-type HCMV Merlin genome. Protein-coding regions are indicated by coloured arrows, 
grouped according to the key, where colours differentiate between genes based on conservation across Herpesviridae. Core 
genes are conserved across all Herpesviridae. Sub0core genes are conserved across the  Beta- and Gammaherpesvirinae. 
Introns are shown as narrow white bars. RL & RS genes are given their full nomenclature, but UL and US prefixes have been 
omitted from UL1–UL150 (12–194 kbp) and US1–US34A (199–231 kbp). Published with permission License ID: 1298756-1, 
from  Dolan, Davison, et al. 2004 
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The origin of several HCMV genes appears to be host gene capture, as several HCMV genes have close 

homologs in the host genome. Encoding host homologs appears as a common gain-in-function tactic 

employed by herpesviruses enabling the virus to alter cell-signalling, apoptosis and immune regulation 

(McSharry et al., 2012). The selection pressure to perform this is so strong that it has occurred 

independently across herpes sub-families. The IL-10 homologs in HCMV are positionally conserved 

across the cytomegaloviruses and are estimated to have been captured at least 42 million years ago 

at the time of old and new monkey divergence (Poole et al., 2020). A significant proportion of the 

HCMV genome comprises multi-gene families which have arisen through gene duplication. The 

evolution of genes in these shared domains is characterised in HCMV by extensive divergence within 

a protein domain and selective sequence loss (Davison, Akter, et al., 2003). 

Recombination occurs with high frequency in HCMV and breakpoints within repeat regions are 

frequently observed (Sijmons et al., 2015). This can change the orientation of the unique regions 

resulting in four possible genomic isomers, which are observed naturally in equal proportions and 

appear equally fit (Weststrate et al., 1980). More recently we have understood that almost all 

positions within the HCMV genome are unlinked in analyses of diverse genomes, with only a handful 

of islands of linkage disequilibrium. These islands occur in regions of relatively high diversity and it is 

thought reduced recombination may reflect an inability of homologous strands across two divergent 

sequences to anneal, leading to further divergence (Lassalle et al., 2016).  

1.2.2 Genome diversity 

HCMV is regarded to be a highly variable herpesvirus and has the highest level of genetic diversity of 

all the known human herpes viruses (Cudini et al., 2019; Renzette et al., 2011; Dolan et al., 2004). 

Coinfection is common, particularly in immunosuppressed hosts (Chou, 1989). The virus readily 

recombines such that most sites in the genome are unlinked (Sijmons et al., 2015; Lassalle et al., 2016). 

Despite being highly variable overall, most of the genome experiences strong purifying selection with 

little genetic variability. The observed HCMV diversity occurs in discrete hypervariable regions where 

sequences cluster into well-defined genotypes/alleles (Puchhammer-Stöckl and Görzer, 2011, 2006; 

Lassalle et al., 2016).  

Appropriate characterisation of this multiallelic (or genotype) structure is a prerequisite for analyses 

of inter-host and intra-host evolutionary dynamics, phylogenetics, recombination and the relationship 

of genotype to phenotype. 12 genes have been typically denominated as hypervariable genes, and 

have been commonly used to genotype viruses (Suárez, Wilkie, et al., 2019; Suárez, Musonda, et al., 

2019). Although highly illuminating, attempts to correlate different genotypes at various 

hypervariable loci including UL55 (glycoprotein B, gB) UL73 (gN) and the CXCL chemokine homologues 
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UL146 and UL147 with pathogenesis (e.g. congenital transmission) pathogenicity and HCMV virulence, 

have been inconclusive (Shepp et al., 1996; Emery et al., 2012a; Paradowska et al., 2013; Pignatelli et 

al., 2010; Paradowska et al., 2014; He et al., 2006; Pati et al., 2013). These hypervariable genes have 

all been identified by eye and are delineated by gene boundaries.  

1.2.3 HCMV strains 

Reference strains act as a frame of reference, defining genes, genome nucleotide sequences and 

phenotypes of a typical virus. Out of the herpesviruses, this is especially important for HCMV, as strains 

can differ in their genomic length by both altering the number of tandem repeat units and gene 

deletion events (Martí-Carreras and Maes, 2019). The most common strains used in biological 

reagents are Merlin (The NCBI denominated reference strain), Towne, AD169, TB40/E and Toledo. The 

two oldest strains of HCMV to be used as references are AD169, which was isolated in ~ 1955 from 

the adenoids of an infected child. It was also the first genome to be fully sequenced (Chee et al., 1990). 

The other is Towne, which was recovered from the urine of a congenitally infected new-born and has 

also seen wide research usage since its isolation in 1970 (Plotkin et al., 1975). Both strains are referred 

to as laboratory strains as they have been repeatedly passaged in cell culture causing them to acquire 

mutations and to arrest or drop certain genes such that they no longer are representative of HCMV 

seen in clinical isolates (Wilkinson et al., 2015). Towne was intentionally passaged 125 passages in 

human embryonic lung fibroblasts in an attempt to generate an attenuated virus for vaccine research 

(Gerna et al., 2002; Schleiss, 2018a). This has resulted in the accumulation of multiple point mutations 

and deletions that alter the phenotypic traits expressed by the virus in cell culture. It grows easier and 

quicker in fibroblasts than clinical isolates but has lost certain biological functions such as loss of 

tropism for epithelial and endothelial cells (Gerna et al., 2002). AD169 has undergone similar 

perturbations and both viruses are now unable to cause virulence upon introduction in seronegative 

individuals (Sijmons et al., 2014; Kim et al., 2012). 

The current gold-standard reference strains are ‘low passages’ meaning they are genetically more 

similar to those genomes recovered directly from patient whole blood sequencing. Toledo and TB40/E 

are much less passaged than Towne or AD169 and retain their virulence and tropism variety (Kim et 

al., 2012). Merlin is the currently recognised reference strain and was originally isolated from a 

congenitally infected child (Stanton et al., 2010). The genetic sequence of this virus is unique in that it 

was passaged minimally during isolation, and efforts have been made to reverse any point mutations 

accumulated in its isolation, thereby returning it closely to its original clinical strain (Stanton et al., 

2010). This was achieved using a bacterial artificial chromosome (BAC), that allows for long-term 

storage of viral genomes in a system that can more readily be grown to generate virus stock and allows 

specific changes to be introduced (Lurain and Chou, 2010a). Merlin BAC systems readily acquire 
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disruptive mutations in RL13 and UL128, predicted to result in a truncated protein, and this is the 

major known difference from the clinical reference strain (Wilkinson et al., 2015).  RL13 is known to 

actively impede viral propagation, putatively a benefit in the presence of immune cells. UL128 is part 

of the pentameric complex (PC) required for viral entry into endothelial and epithelial cells.  

1.2.4 Evolutionary and geographic context 

HCMV is an incredibly successful virus, having infected humans for so long that it is thought to have 

co-evolved through the speciation of its human host, having diverged from other betaherpesviruses 

circa 50-120 million years ago (McGeoch et al., 1995; Stringer, 2016; Finstermeier et al., 2013). 

To allow for survival and perpetuity across these ancient timespans, members of the Herpesviridae 

including HCMV have acquired genetic material that functionally allow persistency, immune evasion 

and molecular mimicry (McSharry et al., 2012). In many cases, genes seem to have been obtained 

through host gene capture (Prichard et al., 2001) and from other viruses (Davison, Akter, et al., 2003, 

11; Martí-Carreras and Maes, 2019), which may explain the large size of HCMV genomes. This extreme 

level of virus speciation has meant that closely related viruses which infect closely related host species 

such as cynomolgus HCMV and rhesus macaque-derived HCMV, cannot cross-infect to produce 

reproductive infections (Marsh et al., 2015). It appears that cell entry, delivery of the viral genome to 

the nucleus, and initiation of IE gene expression are generally able to occur in foreign host species 

cells. However, the timing of viral gene expression cascade required to allow DNA replication and 

egress of viral particles is often critically impaired (Brune, 2013). In addition, certain host-specific 

immune-countermeasures such as molecular mimicry are thought to translate poorly in unique host 

cells which further impair herpes cross-speciation. 

Current estimates put Human speciation from H. erectus within the last million years, and our shared 

common ancestors with apes in the tens of millions of years (Finstermeier et al., 2013). Ancient co-

evolution with HCMV should mean any population genetic effects such as migration, isolation and 

bottlenecks experienced by humans observable in our genetic data, should be observable also in the 

genome of the herpesviruses that infect us. A clear example of a strong effect identifiable in the 

molecular population structure of Humans is the dispersion out of Africa circa 70,000 years ago 

(Wilshaw, 2018). As there was restricted genetic flow between continents, genetic distance analyses 

of human genomes of African, Asian, American & European ethnicity, show clusters form by continent 

of ethnicity (Lu and Xu, 2013). More refined analyses, by country, region or ethnicity also reveal 

genetic clustering maps that match well our understanding of migratory and historical data in humans 

(Novembre et al., 2008). 
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Herpesviruses genomes could be expected to cluster in a similar manner, matching the restricted 

genetic flows between continents and countries. EBV displays clear genetic clustering by continent of 

isolate, with curiously well-defined isolated clusters forming for viruses of Papua new guinea and 

Indonesia (Palser et al., 2015; Blazquez et al., 2021). VZV strains form four clades which relate broadly 

to the geographic origin of the isolate (Peters et al., 2006). Phylogeographic analyses of HSV1 strains 

from European, pan-Eurasian, and African clusters. For all these viruses the origin of virus clustering 

has been suggested to be codivergence with human migrations out of Africa, except HSV1, where a 

recent analysis made use of ancient viral genomes, instead estimated the age of the last common 

ancestor of globally sampled HSV1 as circa 5,300 years old indicating a lineage replacement in the late 

neolithic period (Guellil et al., 2022). 

HCMV is the outlier. The current understanding is that the virus appears similar, whichever continent 

or country it is isolated from (Lassalle et al., 2016). The only indication that there may be population 

genetic differences between isolated geographic populations is that 1 Chinese, and 1 Korean HCMV 

sequence cluster together in a phylogenetic network tree of over 200 diverse genomes (Sijmons et al., 

2015). The other 198 genomes displayed no geographic pattern. 

1.3 The Life cycle of HCMV 

Like all herpesviruses, the HCMV life cycle in vivo can be divided into the reproductive lytic infection 

and the non-productive infection termed latency. Both stages of the HCMV lifecycle result in an 

alteration to the normal cellular signalling and proteome (Forte et al., 2020), with HCMV encoding 

several genes to control cell signalling and membrane presentation, where these changes typically 

occur between 24 to 72 hours post-infection (hpi) (Weekes et al., 2014). Transmission of HCMV can 

be horizontal, between individuals or vertically to foetus/child. Foetus transmission can be 

transplacental or via cervical or vaginal secretions resulting in congenital infection. Transmission 

between two individuals can be via sexual contact, saliva, blood transfusions and tissue transplants 

(Cannon et al., 2011). For children, breast milk is also a common vertical transmission route 

(Schottstedt et al., 2010). An outline of the lytic HCMV life cycle is shown in Figure 1.e. 
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Figure 1.e - Simplified outline of the HCMV lytic replication cycle. HCMV tethers to cellular receptors, which allows 
glycoproteins time to initiate cell entry, which is either by direct fusion or endocytosis depending on host cell type. This 
releases unenveloped capsid into the cytoplasm as well as outer tegument proteins that disrupt the antiviral response 
pathways. The capsid translocates to the nucleus and releases DNA. Viral DNA replication and transcription occur leading to 
established infection and a build-up of DNA-packed capsids. The capsids bind tegument protein and undergo nuclear egress 
and are temporarily enveloped across the nuclear membrane. Further tegument binds and the secondary envelopment occurs 
in the Virion Assembly Compartment (VAC). Finally, virions are released from the cell by exocytosis.  

 

1.3.1 Virus entry 

The infectious particle of HCMV passed from one person to another causing infection is the virion 

(Figure 1.f). All herpesviruses share the same basic virion architecture consisting of four concentric 

layers. A core composing genomic viral dsDNA. A 162-member pseudo-icosahedral capsid surrounds 

and protects the genomic dsDNA (Davison, 2010). A thick protein matrix called the tegument, with a 

tightly bound inner tegument cradling the capsid, and less strongly bound outer tegument proteins (Li 

et al., 2021). The tegument-bound capsid is enveloped in a lipid bilayer membrane derived from the 

host cells, that has been decorated with viral glycoproteins. After infectious enveloped virions of 

HCMV have entered a host, the first stage of the life cycle requires the virus particle to enter a cell by 

membrane fusion. HCMV has evolved several mechanisms that allow it to infect several cell types with 

its genome encoding circa 54 membrane proteins, at least 25 of which are found on the virion 
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envelope (Vanarsdall and Johnson, 2012). The fusogen that mechanistically initiates cell fusion is the 

homotrimer form of gB which allows virion entry and cell-to-cell spread (Isaacson and Compton, 

2009). The initial attachment requires gM and gB to both bind cell surface heparan sulphate 

proteoglycans (HSPG)s, which are expressed on nearly all human cells and tether the viral envelope to 

the cell surface promoting further interactions  (Compton et al., 1993). The next steps and receptors 

are not clear. Several cellular proteins have been described as entry mediators, with some evidence 

suggesting the direct binding of gB with platelet-derived growth factor receptor (PDGFR) and the 

epidermal growth factor receptor (EGFR) mediates or greatly enhances virus cell entry (Compton, 

2004; Isaacson and Compton, 2009). Although EGFR neutralising antibodies (antibodies that render 

the viral particle no longer infectious or pathogenic) do not inhibit HCMV entry into fibroblasts, 

epithelial cells or endothelial cells (Isaacson et al., 2007; Vanarsdall and Johnson, 2012). PDGFR 

neutralising antibodies do not block HCMV infection of fibroblasts, ARPE-19 or HUVE cells, leading to 

the current understanding that entry into epithelial and endothelial cells does not normally involve 

PDGFR, but the expression of PDGFR can promote an alternative entry pathway (Vanarsdall and 

Johnson, 2012). 

 

Figure 1.f - Cartoon of a simplified HCMV virion showing key structural and payload components. The core of the virion is the 
viral dc genomic DNA, which is encapsulated by an icosahedral capsid. Tightly packed around this are the inner tegument 
proteins, around which the further tegument proteins are located. A lipid membrane envelope these components, and the 
membrane is decorated with viral glycoproteins. 
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gB is unable to initial cell entry alone and requires activation by binding partners. The key partners are 

the gH/gL heterodimer which forms the basis of two complexes that are thought to be determinants 

of tropism (Kalser et al., 2017a). The gH, gL dimer can form a disulphide-linked trimer with gO which 

is required to facilitate entry into all cell types, but if present alone mediates entry into fibroblasts 

only (Vanarsdall and Johnson, 2012). The pentameric complex consists of gH, gL, UL128, UL130A and 

UL131, it is not required for entry into fibroblasts but allows for infections of epithelial, endothelial 

and myeloid cell types (Gerna et al., 2017; Zanella et al., 2020). Passaged strains subject to a single cell 

type, say fibroblasts, often pick up mutations in the now redundant entry complex and lose tropism 

for, in this example epithelial and endothelial cell lines. Repairing the mutated UL128-131 genes 

restore the ability to infect the normal cell targets (Wang and Shenk, 2005; Stanton et al., 2010). 

Genotype-to-phenotype studies which look at the finer interaction that gene variation may play in 

function have been lacking in HCMV compared to those assessing gene arrest, with only a single 

glycoprotein variation assessing this in vitro (Kalser et al., 2017a). Kalser et al showed genetically 

identical HCMV strains differing only in their gO genotype differed in their infection capacity for 

epithelial cells. gM and gN are highly abundant in the virion envelope and form a heterodimeric 

complex. This appears essential for HCMV replication but the mechanism by which is either promotes 

cell entry, cell tropism or stabilises a process such as capsid envelopment is unclear (Krzyzaniak et al., 

2007; Vanarsdall and Johnson, 2012). 

Once the various pre-requisite glycoproteins have bound to a cell surface, and gB mediated entry has 

been initiated, entry occurs in a cell-specific manner. In epithelial and endothelial cells, entry is via 

endocytosis, with the endosomal low pH resulting in endosome-membrane protein fusion (Bodaghi et 

al., 1999). Fibroblast cells as another example fuse directly with the viral plasma membrane and is pH 

independent (Compton et al., 1992). All methods result in the entry of a now uncoated virion and 

tegument proteins into the intracellular space. 

1.3.2 Establishing control and transport to the nucleus 

The goal following membrane fusion for HCMV is the control of critical signalling pathways and the 

transport of the now uncoated viral capsid to the nuclear pore (Kalejta, 2008). Immediate control of 

key signalling pathways is vital as the gH and gB interaction with host cell surface such as integrin β1 

during viral entry can activate endogenous antipathogenic defensive transcription factors and 

signalling pathways (Yurochko et al., 1997; Mahmud et al., 2020). An important example is nuclear 

factor kappa B (NFKB), which has a complex and broad set of downstream pathways, some of which 

result in a strong interferon and cytokine response (DeMeritt et al., 2004; Marques et al., 2018). Pre-

assembled tegument proteins are crucial in controlling cellular signalling during this earliest infectious 

period, having impact before even expression of IE genes, and several are released into the cytoplasm 
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upon de-enveloping to interrupt the release of inflammatory cytokines and halt the interferon-

response (Browne and Shenk, 2003). NFKB is a protein complex that controls DNA transcription, cell 

survival, regulation and an array of antiviral and pro-inflammatory pathways. As its downstream 

pathways are not only antiviral but also required for transactivation of the Immediate early promoter, 

HCMV has a complex relationship with NFKB and packs its virion with, and expresses proteins later in 

the life cycle, that modulate it accordingly (Yurochko et al., 1997; Hancock and Nelson, 2017). A 

tegument protein that possesses NFKB-inhibiting properties is UL26, which halts intracellular antiviral 

pathways. An opposing example is the host casein kinase II, which comes packed in the viral tegument 

which phosphorylates the NFKB inhibitor IκBα, thereby inducing NFKB-promoting transactivation of 

the major immediate-early (MIE)  promoter  (Hancock and Nelson, 2017; Nogalski et al., 2007). 

Not all tegument proteins are released into the cytoplasm, and while certain tegument proteins are 

released upon cell entry to attenuate cellular signalling, UL47 and UL48 for example remain capsid 

bound. (Figure 1.e) (Bechtel and Shenk, 2002). This central dense core of bound tegument interacts 

with the host dynein-microtubule system and enables the capsid to translocate to the nuclear pore 

(Ogawa-Goto et al., 2003; Woodhall et al., 2006). Almost all virion genetic material enters the nucleus 

via the nuclear pore complex, and UL47, UL48, UL69 and UL86 in a currently unknown mechanism that 

involves the host immune adaptor protein stimulator of interferon genes (STING) complex, help 

facilitate the exchange of viral DNA from the capsid into the nucleus (Hong et al., 2021; Bechtel and 

Shenk, 2002). The tegument proteins fulfil a variety of roles, some that are important later in infection 

are UL82, which inhibits human death-domain associated protein hDaxx that itself inhibits viral gene 

expression (Woodhall et al., 2006), and UL99 which interacts with the virion assembly complex (VAC) 

and is required for final envelopment (Silva et al., 2003, 99). Once inside the nucleus viral genome 

transcription and replication initiates. 

1.3.3 Lytic gene expression 

Following successful nuclear pore infiltration, HCMV begins an initial lytic replication cycle 

characterised by a temporal cascade of gene expression (Weekes et al., 2014). Traditionally metabolic 

inhibitors cycloheximide (CHX) which inhibits protein synthesis, and phosphonoformate (PFA) which 

inhibits viral DNA replication, have been applied to attempt to halt the viral life cycle at important 

junctions, resulting in a three-part cascade, immediate-early (IE), early (E), and late (L), which vary in 

regulation and kinetics (Rozman et al., 2022; Omoto and Mocarski, 2014). This three-phase model is a 

simplification however the gene names and relation to these three phases has persisted (Wilkinson et 

al., 2015). In each phase of the cycle, characteristic genes are transcribed by endogenous host RNA 

polymerases to produce mRNA. mRNA exits the nucleus via the nuclear pore complex into the 
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cytoplasm, and mRNA translates to proteins at the ribosome, which then re-enter the nucleus making 

them available for the next stage of transcription (Vargas et al., 2005) (Figure 1.e).  

The genes transcribed in this first cascade typically appear in the proteome within 1 hpi and peaking 

in concentration 4-8 hpi. This cascade is known as Immediate Early (IE).  The expression of IE genes 

does not require viral protein synthesis, instead, the MIE regulatory region recruits endogenous host 

cellular RNA polymerase I and II, to express gene products IE1 (UL123) and IE2 (UL122) which are 

crucial for activating subsequent viral life cycle events (Forte et al., 2020; Keller et al., 2003; 

Kostopoulou et al., 2017). The majority of IE expression is at the IE1/IE2 locus, but other products are 

also transcribed such as UL36-UL38, Ul115 and US3 (Colberg-Poley, 1996). The MIE regulatory system 

is composed of a promoter, enhancer, unique region, and modulator, and can be considered the 

starting point of the HCMV replicative cycle (Meier and Stinski, 1996; Isomura and Stinski, 2003). The 

MIE is attenuated by NFKB, this means a successful IE phase is sensitive to the cell cycle phase as it 

relies on a pre-existing agreeable state of several host types of machinery (Salvant et al., 1998). IE1 

and IE2 are themselves transcription factors, instigating the onward transcription cascade and encode 

products to enable viral replication in later cascades (Isomura and Stinski, 2013). There is evidence 

that the IE genes have additional functions, in disrupting interferon response and blocking apoptosis 

signalling (Scherer et al., 2017; Marshall and Geballe, 2009). For example, IE2 expression regulates the 

MIE complex (Wilkinson et al., 1998), TRS1 and IRS1 bind viral dsDNA preventing activation of the 

protein kinase R, part of the protein synthesis repression antiviral response (Marshall et al., 2009) and 

UL36 is anti-apoptotic by inhibiting caspase-8 activation (Muscolino et al., 2021). 

Early genes are the second cascade and are triggered by the IE transcription factors (Forte et al., 2020; 

Marchini et al., 2001). Having exited as transcribed mRNA through the nuclear pore complex, then 

translated at the ribosome, complete IE1 and IE2 proteins which are required as promoters of the 

early gene expression cascade must re-enter the nucleus (Figure 1.e). The mechanism by which it does 

this is unclear, but other HCMV tegument proteins can be independently transported into the nucleus 

(Ye et al., 2020), and IE2 is shown to localise at the nucleus (Ball et al., 2022, 2). Early gene expression 

starts to appear circa 8 hpi, and TRS1/IRS1 gene products activate the expression of these early gene 

promoters in cooperation with the MIE (Chambers et al., 1999; Romanowski et al., 1997). Genes in 

this cascade include members of the DNA synthesis and processing units, further immune and cellular 

regulators, which are transcribed by host replication machinery (Chambers et al., 1999). Some 

example early genes are UL75, UL105, UL84 and UL112. UL112 is one of the few alternatively spliced 

genes encoding several phosphoproteins that are important and possibly essential for the viral 

replication cycle (Marchini et al., 2001; Schommartz et al., 2017). UL84 has been shown to directly 

interact with the viral origin of lytic replication and by binding UL44, host nucleolin and cellular casein 
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kinase 2 it is thought to be necessary for the instigation and subsequent amplification of viral DNA 

(Gao and Pari, 2009; Kagele et al., 2009; Sarisky and Hayward, 1996). UL54 is the prototypical early 

gene that encodes the DNA polymerase catalytic subunit, binding UL44 and other early expressed 

cofactors to complete the DNA polymerase functional unit (Wang and Zhao, 2020). These genes 

represent the entities required for HCMV to sustain its stable steady state within the infected cell and 

continue to be produced in late-stage replication. 

Late genes are the last to be produced with their expression peaking after viral DNA replication has 

begun circa 24 hpi (Lyon et al., 2020). The expression of Late genes depends on viral DNA synthesis 

products from earlier cascades (Knipe and Howley, 2001). As DNA amplification occurs before the late 

phase of gene expression, the late expressed proteins therefore represent the building blocks required 

to assemble novel infectious virions such as structural virion proteins, capsid members and membrane 

glycoproteins (Rozman et al., 2022; Beltran and Cristea, 2014). Several tegument proteins that are 

required for the initial infection are delivered in sufficient quantity that they are not required during 

the first 48 hpi. They are therefore expressed during the late phase, as they are required for novel 

infections and will encapsulate capsids (Wang and Zhao, 2020). Genes expressed during the late phase 

are therefore dominated by tegument proteins, such as UL32 which is highly immunogenic, restricts 

IE gene expression and binds the capsid and UL35 which is involved in the correct transportation and 

localisation of gB (Maschkowitz et al., 2018). But also UL50 and UL53 which form the NEC (Milbradt et 

al., 2009). 

With newer transcriptional analytic methods comes a refined understanding of HCMV gene 

expression, and greater resolution. We now understand that HCMV gene expression is more complex 

than a simple 3-step sequential cascade, with viral gene expression influenced by complex regulatory 

systems (Figure 1.g) and that while most proteins have a dominant timepoint within which they are 

expressed, other genes can be biphasic, show tailing distribution, or a fronting distribution that builds 

to a peak (Rozman et al., 2022; Weekes et al., 2014). Application of CHX and PFA also are not 

representative of natural infection. Simply assessing transcripts that accumulate under PFA 

application for example, would be unable to identify those replication-independent genes that are 

expressed at 48 hours in TC5 and TC6. Refined temporal dynamics may also be unique in different 

tissue types, and we only have experimental data for fibroblasts currently. 
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Figure 1.g – The expression profiles of all HCMV genes longitudinally in a fibroblast infection. Genes have been grouped into 
seven Temporal classes (TC), based on their expression pattern over time, represented as boxes. Each line represents the 
expression pattern over time for a HCMV gene. Y axis is expression normalised to the maximum of that gene. X axis is the 
timepoint where expression data was recorded. Additionally, the x-axis shows expression data obtained under traditional 
metabolic inhibitors such as cycloheximide (CHX) a protein synthesis inhibitor, and phosphonoformate (PFA). This figure is an 
unaltered but cropped extract from an article (Rozman et al., 2022), and under the articles CC BY NC ND license, the above 
figures distribution for non-commercial purposes, does not require permission. 

1.3.4 Viral Replication 

The viral DNA that manages to enter the nucleus has the form of full genome concatemers. These 

begin to circularise during the IE phase and rely on viral polymerase complexes expressed in the early 

and late phases to replicate (Pari, 2008). DNA synthesis begins when meaningful polymerase 

concentrations appear, circa from 8 to 72 hpi (Weekes et al., 2014). UL54 commonly referred to as the 

polymerase, is the catalytical subunit for driving phosphodiester bond formation by condensation 

reactions, which elongate the chain of genomic DNA. The other proteins required for the synthesis 

and processing of viral DNA are expressed with similar temporal traits to UL54. UL44 is also essential 

for DNA replication, by binding both DNA and UL54 confers processivity to the holoenzyme (an enzyme 

that is in its active, bound by cofactors form) . It also binds the other required members to form the 

full functional replication complex, such as IE1/2, UL36-UL38, UL54, UL57, UL70, UL84, UL101-2, UL105 

and IRS1/TRS1 (Sinigalia et al., 2012; Pari and Anders, 1993). Lytic DNA replication in HCMV is initiated 

at a single defined site on the viral genome, the origin of Lytic replication (oriLyt). OriLyt is located 

between UL57 and UL69 and is a structurally complex set of ~1500bp (Pari, 2008). Virus replication 

results in complete genome copies, with many tens of thousands produced per cell by 96 hpi in lytically 

infected fibroblasts but differs to only circa 1000 in epithelial and astrocytoma cells (Towler et al., 

2012). 

1.3.5 Virion assembly and egress  

The first event in the development of mature infectious virions is the formation of a capsid, into which 

genomic DNA is inserted. HCMV shares the common capsid structure of all herpesviruses, with the 

major structural component being a 162-member capsomer (150 hexons and 12 pentons) arranged in 

a 16-member icosahedral asymmetric unit, with a total diameter of about 125nm (Brown and 

Newcomb, 2011). There are four major components of the HCMV capsid, the major capsid protein 

UL86, the minor capsid protein UL85, the major capsid binding protein UL46 and the small capsid 

protein UL48.5 (Dai et al., 2013). In HCMV pentons consist of 5 UL86 copies. Hexons 6 UL86 copies 
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and 6 UL48.5 copies. Pentons and hexons are held in place by interactions to their inside face, by 

connecting triplexes of a heterotrimer of two UL85 and a UL46, and a UL48.5 attached to each UL86 

tip (Dai et al., 2013; Yu et al., 2017). Despite enclosing a genome that is circa double the size of the 

VZV or HSV genomes, the size of the HCMV capsid is similar to that of HSV1. To cope with the much 

larger inner pressure, HCMV has evolved additional capsid stabilisation strategies. Both the hexamer 

and pentamers of the capsid are secured by a betaherpesvirus–specific tegument protein called UL32 

on the outer-face, which secures the capsid through a critical cysteine tetrad interaction with UL48.5 

(Yu et al., 2017). 

In many viruses, the assembly of spherical capsids is guided by one or many scaffolding proteins that 

coordinate the assembly of the capsid and whose cleavage and elimination are orchestrated to follow 

the maturation of the capsid (Loveland et al., 2007). In HCMV two proteins are known to contribute 

towards this scaffolding process, the maturational protease precursor UL80a and the assembly 

precursor protein UL80.5 (Gibson, 1996; Welch, Woods, et al., 1991). UL80a and UL80.5 both contain 

conserved domains that allow them to form homo and hetero polymers. They also contain conserved 

carboxyl domains that define their ability to interact with UL86. In additional to orchestrating the 

capsid shell formation, UL80 additionally translocates UL86 into the nucleus. UL85, UL46 and UL48.5, 

members of the capsid scaffold, all contain nuclear localisation signals that mediate their nuclear 

translocation (Plafker and Gibson, 1998). Once the capsid is fully formed, the proteinase unit of UL80a 

cleaves UL80.5 and self-cleaves UL80a, disrupting their binding to UL86 and allowing the internal 

scaffold to dissociate (Welch, McNally, et al., 1991; Welch, Woods, et al., 1991).  

With the capsid now empty, the previously described proteins are thought to recognise two short, 

conserved motifs located at both terminal repeats in the HCMV genome called pac1 and pac2. 

Recognition of these motifs is thought to initiate the cleavage of the viral DNA into genome-length 

units then packaging through a single portal protein UL104 complex established across the capsid by 

recruiting the terminase enzymatic complex with member UL51, UL52, UL56, UL77, UL89, and UL93 

(Spaete and Mocarski, 1985; Dittmer et al., 2005). UL77 and UL93  are thought to bind the capsid while 

it matures and stabilise DNA packaging (Köppen-Rung et al., 2016). The timing of the protease in 

initiating this process is key to the development of fully mature infections capsids. Incorrect timing 

leads to the production of empty capsid shells with no DNA, or capsids that contain scaffold but not 

DNA (Tandon et al., 2015).  

 

Following the generation of DNA-packed capsids, tegument addition is the next step in virion 

maturation. The tegument is a unique property of herpesviruses; it is a cluster of fully formed proteins 
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that line the space between the now formed capsid and the later formed envelope. The tegument in 

HCMV consists of 38 viral proteins, with many of these shared across herpesviruses (Varnum et al., 

2004; Johnson and Baines, 2011). Tegument proteins in HCMV are important for viral DNA replication, 

cellular control and immune evasion and come in the form of a tightly packed dense inner tegument, 

and loosely packed outer tegument proteins (Yu et al., 2011; Kalejta, 2008). Tegument proteins bind 

the maturing viral particle in two stages, an initial set binds the maturing viral particle in the nucleus, 

and then further tegument proteins join before final envelopment (Britt and Boppana, 2004; Sampaio 

et al., 2005). First, the formed intranuclear capsid acts as a framework to which the initial set of 

tegument proteins can adhere, proteins like UL82, UL32, UL99 and UL48 for example have a strong 

association with the capsid and form part of this dense inner tegument (Liu and Zhou, 2007). Unpicking 

the full structure of the dense tegument is challenging and so we understand where proteins have 

bound the viral particle by their localisation and expression. UL83 and UL82 for example translocate 

to the nucleus independently of the capsid and therefore it is likely they bind the viral particle there 

(Ahlqvist and Mocarski, 2011). 

 

These partially tegument-bound capsids must next escape the nucleus. The nucleus is enveloped in a 

double bilayer, termed the inner and outer nuclear membrane (I/ONM), where typical host transport 

across this double barrier occurs via nuclear pores that allow items with a diameter of ~ 39nm to pass 

(Panté and Kann, 2002). This poses a problem for herpesviruses as their capsids alone are ~125nm in 

diameter (Wang and Zhao, 2020). Therefore, herpesviruses have developed a more complex and 

unique strategy called nuclear egress to translocate capsids across the nuclear membrane and into 

the cytoplasm. Nuclear egress is mediated by the nuclear egress complex (NEC), the core of which is 

two viral proteins UL53 and UL50 (Draganova et al., 2021; Tandon and Mocarski, 2012). UL50 contains 

a transmembrane domain and fixes its binding partner UL53 and therefore the NEC at the INM. The 

NEC then becomes multicomponent and effective by interacting with nuclear rim-associated 

cytomegaloviral protein, a product of cORF-29, UL97, and host kinases (p32, Lamin B receptor, protein 

kinase C) to alter the phosphorylation state of the nuclear lumen nearby, thus loosening or dissolving 

the fibrillar lamina (Britt, 2007; Muranyi et al., 2002; Milbradt et al., 2009; Johnson and Baines, 2011; 

Miller et al., 2010). Capsids are guided to this loosened lumen by interactions with UL53, where they 

undergo nuclear budding, enveloping it in the INM membrane and release into perinuclear space (the 

space between the INM and ONM) (Marschall et al., 2020). De-envelopment occurs readily upon 

reaching the  ONM where capsids are released into the cytoplasm (Alwine, 2012). 
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The cytoplasmic VAC is an often observed cytoplasmic inclusion unique to betaherpesviruses and is 

commonly seen in HCMV-infected tissues (Resnik et al., 2000). It contains a multitude of viral 

tegument proteins, envelope, and non-structural proteins as well as cellular organelles that are 

important in endosome packing (Das and Pellett, 2007; Seo and Britt, 2006; Alwine, 2012). The VAC is 

also a microtubule-organising centre, so following nucleus egress, HCMV has control to traffic 

nucleocapsids along microtubules to the perinuclear VAC for further tegumentation and processing 

(Alwine, 2012; Procter et al., 2018). A current model of VAC is that it is made of several cylindrical 

layers of secretory-derived vesicles, each of which contains individual tegument protein mixtures. As 

the virus particle passes through the VAC, these layers of tegument proteins are transferred 

sequentially and become part of the capsid-tegument entity. Tegument proteins present in the VAC  

include UL83, UL35 and the envelope glycoproteins UL75, UL115 and UL55 (Maschkowitz et al., 2018, 

35; Kalejta, 2008). The major tegument protein is UL99, a myrisolated and phosphorylated protein 

that is key for HCMV replication as a key determinant of viral maturation and envelopment (Tandon 

and Mocarski, 2012). UL32 is the second most abundant tegument protein and has been well-studied 

for many years as an immunodominant HCMV antigen. It plays a major role in late-stage cytoplasmic 

maturation of virions (Meyer et al.; AuCoin et al., 2006). Tegument added in the VAC mostly form the 

outer tegument which is functional and released upon cell entry (Ye et al., 2020). Cellular organelles 

including Golgi, the cis and trans-Golgi network, endoplasmic reticulum and endosomes are also 

arranged into concentric cylinders as a HCMV infection proceeds forming part of the VAC and are 

important for example in glycosylating glycoproteins (Tandon and Mocarski, 2012). 

 

The now unenveloped tegument-encapsulated capsid proceeds to final envelopment and egress. 

Enveloped viruses obtain their outermost lipid bilayer from the host cell, which is decorated with most 

if not all of the available viral glycoproteins, and the makeup of this envelope is a major determinant 

of infectivity (Gibson, 1996; Tandon and Mocarski, 2012). The plethora of viral proteins that make up 

the eventual viral outer envelope requires processing by the Golgi/Trans-Golgi network, where they 

translocate to the cellular plasma membrane (Homman-Loudiyi et al., 2003).  

HCMV virions contain at least 71 viral proteins as well as capturing 70 host cellular proteins thought 

to involve structural proteins, enzymes and chaperones (Varnum et al., 2004). The viral glycoproteins 

are key to infectivity but also envelopment, and at least 11 are expressed on the outer envelope. gB 

is among the most highly abundant proteins in the envelope with circa 800 functional homotrimer 

units per AD169 virion (Varnum et al., 2004). These glycoproteins serve important roles in virion entry, 

cell-cell spread, and pathogenesis tropism and are among the most immunogenic HCMV proteins 
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(Kinzler and Compton, 2005; Britt and Mach, 1996). Glycoproteins are highly abundant in the VAC and 

locate there using several approaches. gB’s cytoplasmic domain contains an acidic motif that interacts 

with the host PAC-1, which is part of the machinery that traffics proteins from endosomes to the TGN 

and leads to gB’s localisation within the VAC (Crump et al., 2003, 1). gM interacts with FIP4, a Rab11-

GTPase effector protein, which leads to its trafficking to the VAC also (Krzyzaniak et al., 2009). It is 

thought that whichever approach HCMV is using to generate endosomes or vesicles, the endocytic 

system retrieves several of the required proteins transporting them to a relevant vesicle or endosome 

(Hollinshead et al., 2012). 

Although the precise mechanisms of HCMV virion egresses are still unclear, we know two key 

pathways it interacts with that allow exocytosis, also called viral budding (Garoff et al., 1998). The 

endosomal sorting complexes required for transport (ESCRT) system, which is used by the host to 

manage surface proteins, is a classic example of machinery hijacked by viruses across diverse families 

to egress virions from infected cells and one HCMV is known to employ (Meng and Lever, 2021; 

Tandon et al., 2009). Similarly, HCMV also can influence the SNARE protein syntaxin-3 which could 

mean the host generates vesicles or endosomes that HCMV can make use of for envelopment (Cepeda 

and Fraile-Ramos, 2011).  

Mature virions are released alongside non-infectious immature virions, which have no or incomplete 

viral DNA, as well as defective enveloped particles termed dense bodies, which are enveloped 

tegument without DNA or capsids and are a significant product of HCMV lytic infection in fibroblasts 

(Pepperl et al., 2000; Irmiere and Gibson, 1983). UL103 plays a critical role in the egress of virions and 

capsid-less dense bodies and is conserved across herpesviruses (Ahlqvist and Mocarski, 2011).  

 

1.3.6 HCMV latency 

Herpesviruses are capable of entering a latent state with non-productive infection. HCMV’s life cycle 

is predominantly spent in latency, where only a small number of genes are expressed (Goodrum, 

2016). Latency allows a virus the ability for persistent chronic infections of the host, a trait thought to 

be particularly important for the infection of ancient humans which interacted relatively sparsely 

outside of a tribe where opportunities for primary infection were far between (Rouzine et al., 2015). 

The converse situation would be modern densely populated cities, where acute infections that quickly 

give rise to immunity can be selected for as the opportunity for transmission is high. In small, isolated 

tribes the latter would be a poor strategy for a virus’s persistence (Petersen et al., 2022). 
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HCMV expresses a subset of genes at increased concentration during latency, such as UL133-138, 

UL144, US28, UL111A which appear to be important for controlling cell signalling, such as by 

preventing apoptosis, and aid in the avoidance of host immunity by mimicking interleukins in the case 

of UL111A (Poole et al., 2020; Collins-McMillen et al., 2018). Many of the genes expressed during 

latency have unknown function and can be dispensed with for replication in fibroblasts (W. Dunn et 

al., 2003). HCMV latency occurs mostly in the favoured cell types, CD34+ hematopoietic cells and the 

resultant myeloid and lymphoid progenitor cells (Lee and Kalejta, 2019). The differentiated daughter 

cells from a latently infected CD34+ cell carrier of HCMV, will not always inherit the latent infection 

(Goodrum et al., 2002). It is thought that any given HCMV latently infected cell has some chance to 

reactivate at a given time and that the resulting lytic cells are eliminated by the host immune system. 

Infected cell differentiation is thought to be the dominant causative agent resulting in a switch from 

latent to lytic infection, where this effect was first well characterised when progenitor cells specialise 

to dendritic cells (Reeves et al., 2005). The induction of IE lytic gene expression from previously latent 

viruses represents the critical event marking the switch from latency to reactivation. It is thought that 

chromatin remodelling, which occurs after cellular differentiation, is the critical step that allows 

cellular transcription factors to active the major IE promoter/enhancer. 

1.4 The Innate Immune response to HCMV 

The Human immune system can be characterised into two distinct subsystems: the innate immune 

system, and the adaptive immune system. Innate immunity represents the non-specific but constant 

protection afforded humans against pathogens and environmental triggers (Jackson et al., 2011). This 

is the initial line of defence and protection can be simple such as skin which acts as a barrier to keep 

out foreign entities, or more complex cellular machinery such as the set of nonspecific phagocytes 

(macrophages, neutrophils, dendritic cells) that recognise and phagocytose (engulf) foreign particles 

and compromised host cells ((Hirayama et al., 2017). These nonspecific leukocytes search and 

dynamically react to the presence of foreign entities in short time-frames and use pattern recognition 

receptors (PRRs) such as toll-like receptors (TLRs) to identify foreign entities (Petrovas et al., 2006). 

PRR’s are present on the surface of many cell types, not only immune cells. For example TLR-2 is 

expressed on the surface of many cells and has been shown to recognise the HCMV virion surface gH 

and gB, which leads to the activation of NFKB and multiple downstream antiviral signalling pathways 

(Boehme et al., 2006).  

Chemokines (chemotactic cytokines) are proteins involved in the trafficking or accumulation of 

immune cells to sites of cytokine concentration and are responsible for inflammation and influence 

both the adaptive and innate responses to infection (Ramesh et al., 2013). Interferon type 1, 2 and 

pro-inflammatory interleukins, are all examples of chemokines produced in response to HCMV viral 
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infection (Khairallah et al., 2017). Interleukin-12 and 18 augment the activity of cytotoxic immune cells 

(Hiraki et al., 2002; Rölle et al., 2014), and CCL-3 is a chemokine produced by dendritic cells following 

PRR identification of a HCMV virion, that attracts NK, T and B cells to the site of infection (Megjugorac 

et al., 2004). Chemokines are also able to slow the spread of infection by attenuating the sensitivity 

of apoptosis pathways in neighbouring cells (Grayson and Holtzman, 2006). 

Apoptosis is a programmed cell death process, essential for the development and homeostasis of 

multicellular organisms. This process can be extrinsic, which is initiated in response to extracellular 

cues or activation of signalling receptors, or intrinsic, where intracellular pathways are perturbed 

(Collins-McMillen et al., 2018). Intrinsic activation of apoptosis occurs in response to cellular stress, 

such as when irreparable DNA damage is detected, it becomes aware of viral activity, or the build-up 

of reactive oxygen species (Wang, 2001; Thomson, 2001). cGAS-STING is one such pathway, that 

responds to the presence of viral DNA by phosphorylating and activating interferon regulatory factor 

3 and NFKB leading to the induction of type 1 interferon and cytokines (Ren et al., 2022). Another 

common mechanism is the release of cytochrome c from mitochondria, which ultimately leads to 

caspase cascade-mediated apoptosis (McCormick et al., 2010; Collins-McMillen et al., 2018). 

Apoptosis can also be induced in a cell from external signals, this death signal can be transmitted by 

two groups of membrane receptors. Death receptors activate their namesake pathways in response 

to binding by their ligand. Examples are Fas ligand/receptor, tumour necrosis factor alpha, Apo3L/DR3, 

Apo2L/DR4 (Chicheportiche et al., 1997; Ashkenazi and Dixit, 1998). The second type of receptors are 

those that induce apoptosis when their level of activation by their specific ligand over a period of time, 

drops below a threshold. Examples are unc-5 netrin receptor A, sonic the hedgehog receptor patched 

1 and Plexin D1 (Mehlen and Tauszig-Delamasure, 2014; Ren et al., 2022). Immune effector cells such 

NK cells and cytotoxic t lymphocytes have a separate mode for extrinsic activation of apoptosis In an 

infected cell, this is the release of perforin which forms pores in the target cell, allowing granzymes to 

enter(Osińska et al., 2014; van Domselaar et al., 2013). In all intrinsic and extrinsic modes, the 

resultant cellular pathways activate the effector caspase proteins and the uninterruptible caspase 

cascade, that cleave intracellular proteins leading to the formation of apoptotic bodies and eventual 

phagocytosis (Julien and Wells, 2017).  

Natural killer cells (NK cells) survey cell surfaces and interact with a broad array of surface ligands, that 

can pass an activating or inhibitory signal to the NK cell. The balance of these activating or inhibitory 

signals over a period of time determines whether or not a NK cell acts to kill the target cell (Paul and 

Lal, 2017). To interact with an array of surface ligands, NK cells express several types of receptor across 

a diverse set of receptor families such as the natural cytotoxicity receptors, NKG2, and leukocyte 
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immunoglobulin-like receptors (La Rosa and Diamond, 2012). Antibody-dependent cell-mediated 

cytotoxicity is another method for activating NK cells, where immunoglobulins bound to cell surface 

antigens of the target cell bind Fas receptors on the NK cell surface (Lo Nigro et al., 2019). NK cells can 

also be attracted to a site of infection and stimulated to activate in the presence of cytokines and 

chemokines such as interferon, IL-12 and IL-15 (Ferlazzo et al., 2004; Welsh, 1984). 

If activated, NK cells mediate cell killing in the same fashion as Cytotoxic T lymphocytes (CTLs), the 

release of cytotoxic pore-forming perforin and granzymes that lead to apoptosis, (discussed in the 

next section) (Belizário et al., 2018). An alternative pathway is NK-mediated ligation of death receptors 

on the target cell surface such as Fas leading to apoptosis (Chua et al., 2004). 

Major histocompatibility complex (MHC) class 1 molecules are fundamental to the function of both 

innate and adaptive immunity, therefore it is imperative they are expressed on the cell surface. NK 

cells ensure this, as MHC class 1 molecules are one of the dominant ligands that inhibit NK cells. If 

MHC type 1 is too downregulated and has reduced expression say by HCMV, then NK cells will 

recognise “missing-self” and initiate cell death (Leong et al., 1998).  

Antigen-presenting cells (APCs) are the immune cells typically associated with the innate immune 

response and include macrophages and dendritic cells. These cells identify and are activated by PRRs 

tuned to HCMV particles, whole or when degraded (Padovan et al., 2007). Following activation, these 

cells can have an immediate anti-pathogenic effect, such as macrophage lysosomal digestion of HCMV 

particles (Baasch et al., 2020). APCs can degrade pathogenic proteins into short peptides, then present 

these antigens on their MHC in an attempt to recruit cytotoxic t lymphocytes or t helper cells (Alberts 

et al., 2002c). This is arguably the most important purpose, as it enables the crossover of innate to 

adaptive immunity. The most abundant proteins will be those that are most commonly digested and 

therefore presented, in HCMV infections then IE1 and UL83 are those most commonly presented to T 

cells (Hesse et al., 2013; Besold et al., 2007). APCs are also able to release high quantities of cytokines 

in an attempt to recruit further immune cells (Sosa and Forsthuber, 2011). 

 

1.5  The adaptive immune response to HCMV  

The adaptive part of the immune system requires longer time frames to become effective against a 

novel pathogen, but once activated, it is highly specific and able to mount much stronger anti-

pathogen defences which leads to immunological memory (Charles A Janeway et al., 2001). The 

adaptive immune response to HCMV is thought the be one of the strongest known to occur in humans, 

and fully engages all parts of the humoral and cellular response (La Rosa and Diamond, 2012). 
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Ultimately, a thorough adaptive immune response is needed to control HCMV primary infections, and 

contain the virus in a persistent latent state. Once exposed and activated, the humoral (antibody) 

response remains cached in an individual, within B memory cells, often lasting lifelong. Next time a 

particular epitope is seen, this system engages faster. The B and T cells (2 lymphocyte groups) of the 

adaptive immune system recognise specific antigens/epitopes directly, or through peptide 

presentation on MHC molecules (Xia et al., 2017). 

T cells are lymphocytes that play a critical role in the function of the adaptive immune system. All t 

lymphocytes present a character-defining type of T cell receptor (TCR) on their cell membrane that 

defines its antigen affinity. A TCR is a heterodimeric protein complex made of an alpha and a beta 

chain, or in 5% of T cells, a gamma and a delta chain (Hochstenbach and Brenner, 1989). There is a 

wide variety of alpha, beta, gamma and delta amino acid chain variants possible, which give rise to a 

wide range of antigen affinities possible (Chronister et al., 2021). TCRs recognise antigens presented 

by both MHC class 1 and 2 complexes, therefore innate APCs that present an antigen on their MHC 

class 1 complex and that have migrated to the lymphatic vessels can activate those T lymphocytes that 

have an affinity for the given antigen (Santambrogio et al., 2019). One of the most striking aspects of 

the life-long interaction of HCMV and host is the enormous HCMV-specific T-cell response it elicits, 

larger than all known human viruses bar HIV (Sylwester et al., 2005). This specific and large t-cell 

response continues even in the absence of HCMV viraemia, the mechanisms underlying this are 

unknown.  

There are several subtypes of T-cell. A key subtype is the cluster of differentiation (CD)4+ T 

lymphocytes a.k.a. T helper cells. Their importance stems from their ability to recognise antigen-bound 

MHC class 2, and play a pivotal role as they can activate virtually all other immune cells (Alberts et al., 

2002b). They start to circulate circa 7 days after HCMV viral replication starts (La Rosa and Diamond, 

2012). T helper subsequent excretion of interferon-gamma for example activate nearby macrophages 

and therefore a localised cell-mediated response (Tau and Rothman, 1999). Additionally, by secreting 

a T cell growth factor interleukin 2 (IL-2) which stimulates T cell receptor pathways. T memory cells 

act in a similar way to B memory cells but are less understood. 

 CD8+ T lymphocytes, a.k.a. T killer cells or cytotoxic T lymphocytes are key functional units in the 

immune system able to kill infected cells by inducing apoptosis (Osińska et al., 2014; Basu et al., 2016). 

They drift within the lymphatic system until their TCR recognises a presented antigen from an APC 

(Kratky et al., 2011). This activated cytotoxic T cell then begins to proliferate by clonal expansion, these 

cells then mature out of the lymphatic vessels where they kill cells presenting the specific MHC 

antigen. These CD8+ T cells appear to circulate after the appearance of T helper cells (La Rosa and 
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Diamond, 2012). Cell death is triggered by the release of cytotoxic compounds that forms pores in the 

target infected cell’s membrane lysing it (Basu et al., 2016).  

The prolonged and low-level HCMV replication during a typical lifelong infection appears to drive 

HCMV-specific T cells to differentiate into HCMV-specific memory T cells, with these making up ~10% 

of both the CD4+ and CD8+ memory compartments on average in peripheral blood (Sylwester et al., 

2005). This number can dramatically rise as one becomes elderly (Vescovini et al., 2007), and is 

especially problematic as HCMV induces this accumulation of HCMV-specific memory T-cells, at the 

same time as ageing causes a decline in the total number of naïve CD8+ T-cells (Solana et al., 2012). 

HCMV infection in the elderly is associated increased progression towards cellular senescence, 

enhanced holistic inflammation and earlier mortality (J. Heath and D. Grant, 2020; Savva et al., 2013). 

The part of an antigen that is recognised by antibodies, B cells or T cells is called an epitope. As 

epitopes are identified via the protein-protein interaction of immune receptor and antigen they can 

be either linear, constituting a single short stretch of amino acids, or conformational where a protein 

fold constituting non-contiguous amino acids is recognised (Forsström et al., 2015). By analysing all 

possible overlapping 15-mer peptides from 213 ORFs, it has been determined that the HCMV-specific 

CD4 and CD8 positive T cells respond to an exceptionally broad plethora of epitopes, with affinity for 

epitopes in 70% of these 213 tested ORFs (Sylwester et al., 2005; Lübke et al., 2019). The broad 

repertoire of HCMV antigens is not homogeneously distributed and presumably is affected by host 

genetic factors such as HLA type, with only three ORFs, IE1 , UL83 and UL48 recognised by >50% of 

individuals CD8+ T cells (Lübke et al., 2019; Maleeva et al., 2019). UL55, UL122, UL48, UL32, UL123, 

UL99 and UL82 are also among the most widely identified genes. 

Regarding T-cell response, T-cells are known to target at least 151 HCMV genes, with UL83 and UL123 

regarded as the dominant t-cell targets (Sylwester et al., 2005). Biologically UL83 which sticks out from 

the HCMV virion makes an attractive target, as blocking the efficacy of HCMV cell-free spread reduced 

infection velocity intra-host and could reduce transmission. UL123 is attractive for different reasons, 

it is one of the dominant proteins expressed in the IE period of the HCMV-infected cell cycle, and is 

known to be presented by MHC in the infected cell during this period (Hesse et al., 2013). Although T 

cells are essential for restraining HCMV replication, with activation of both memory CD4+ T cells and 

CD8+ T cells required for enhanced protective CTL response to recurrent infection, the HCMV T cell 

response does not clear the virus nor inhibit transmission (Whitmire, 2011; La Rosa and Diamond, 

2012; Klenerman and Oxenius, 2016). 
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The other key component of the adaptive immune system is the B lymphocyte. Each B cell produces a 

membrane-bound immunoglobulin (Ig), made up of light and heavy chains, that corresponds to its 

specifically recognised antigen (Alberts et al., 2002a). B cells are also responsible for the production 

and secretion of antibodies which are cell-free Igs that recognise and bind the B cells specific antigen 

(Chailyan et al., 2011). Depending on their structure antibodies can sometimes neutralise a pathogen 

directly, for example by blocking a binding receptor, in HCMV blocking gB may prevent HCMV entry 

into cells (Tabata et al., 2019). Antibodies can also mark an infected cell for attack indirectly, by say 

NK cell, through their Ig receptors, this is called antibody-dependent cell-mediated cytotoxicity (ADCC) 

(Lo Nigro et al., 2019). Antibodies produced for HCMV are often directed towards UL83, UL32, gB, gH, 

gL as well as UL123 (Dauby et al., 2014; La Rosa and Diamond, 2012). 

If a B-cells Ig contacts its antigen it engulfs the particle and displays the MHC-antigen complex, 

corresponding T-helper cells if able to bind this MHC complex via their TCR, then secrete cytokines 

causing the B cell to differentiate and clonally expand into multiple copies of this specific effector B 

cell with that same antibody structure (Matsushita, 2019). The job of effector B cells is to produce 

antibodies on mass, arresting particles with the antigen and marking them for death. This is the final 

and strongest defence available to human immunity.  This population of effector B cells is short-lived, 

and only a small fraction will revert to memory B cells, ready to repeat the process should the antigen 

present itself again.  

The protective effect provided by anti-HCMV antibodies in humans remains a debated problem with 

a lack of consistent evidence able to demonstrate protection (Milbradt et al., 2018). Historically the 

neutralising ability of antibodies induced by natural infection or vaccine has been considered the 

benchmark for potent antiviral activity. Recently however the non-neutralising activity of anti-HCMV 

antibodies has been identified as an important protective humoral response (Nelson, Huffman, et al., 

2018; Baraniak, Kropff, Ambrose, et al., 2018). Relatively little is known about the B cell-derived 

response against HCMV. Antibodies should be protective of new primary infections, but the level of 

protection afforded by a previous natural infection, or that induced by a vaccine appears to be 

minimal. Infection by a previous strain does not appear to be protective against future exposure 

(Schleiss, 2018a). A study tracking seropositive women found infections with novel HCMV variants 

occurred commonly during pregnancy and could lead to congenital transmission (Permar et al., 2018). 

And sera from those exposed to a gB vaccine based on Towne had minimal cross-species neutralisation 

to heterologous clinical isolates (Nelson, Huffman, et al., 2018; Schleiss, 2018a). The only B cell-

mediated protection we currently are aware of is that those who make antibodies against gB’s 

antigenic domain 2 appear somewhat protected against viraemia post-transplant (Baraniak, Kropff, 
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McLean, et al., 2018). Antibodies that bind other parts of the HCMV proteome have not yet been 

linked to protection. 

 

1.6  HCMV’s approaches to evade immunity 

HCMV has successfully infected humans through our speciation and therefore it has evolved to hide 

from or fight our immune system, therefore the genome encodes a vast pool of genes and RNA that 

encode immune evasion and modulation strategies.  

As mentioned in the above sections, HCMV establishes control over antiviral cellular pathways 

including a high level of control over inflammatory and interferon-related signalling (Hertel and 

Mocarski, 2004). It has such a level of control that certain key pathways can be positively and 

negatively attenuated downstream of NFKB, depending on if HCMV needs to replicate or block 

interferon signalling and makes the cell less sensitive to cytokines (Browne and Shenk, 2003). 

Tegument proteins are effective in this regard immediately following viral entry. For example, UL83 is 

an abundant tegument protein and blocks interferon signalling(Poole et al., 2006; Browne and Shenk, 

2003). This is followed by transcription products that have the remarkable ability to control many 

facets of host cellular activity, such as cell surface receptor presentation, energy production and 

inflammation (Hertel and Mocarski, 2004). If apoptosis is triggered during a HCMV infection, that virus 

will not release virions, therefore HCMV has evolved mechanisms to inhibit the apoptosis pathway. 

Viral UL37 exon-1 protein is an example, and both inhibits apoptosis pathways and suppresses host 

cell cGAS-STING, inhibiting NFKB and interferon regulatory factor 3, in turn, halting induced interferon 

and cytokine generation (Ren et al., 2022; Decout et al., 2021) 

HCMV’s strategy to avoid T cells is predominantly by restricting antigen presentation via MHC 1 and 2 

(Paul and Lal, 2017). This effect can be seen immediately after viral entry into the host cell and is 

achieved by down-regulating antigen-presenting MHC class 1 and 2 molecules to the cell surface 

(Gabor et al., 2020). The viral gene product US3 is predominantly responsible for this effect and is 

during the IE phase of infection. During the early phase, US2 and US11 undertake a second mode of 

inhibition and dislodge newly synthesised MHC class 1 molecules from the ER into the cytoplasm, 

where they are promptly degraded (Wiertz et al., 1996). In the latest stage of infection, the US6 gene 

is expressed and blocks the loading of peptides onto MHC class 1. Three layers of inhibition make it 

clear how important avoiding T cell cytotoxicity is (Lehner et al., 1997; Gabor et al., 2020).  

Blocking MHC presentation is an effective strategy for escaping T-cells, however it is also an especially 

good tactic for activating NK cells, as this disrupts the balance of activating and inhibitory signals 
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(Leong et al., 1998). To avoid this problem, HCMV encodes MHC-I mimic homolog proteins such as 

UL18 that restore or replace MHC-I molecules on the cell surface to balance the signals to overall non-

NK activating  (Forrest et al., 2020). UL18  specifically binds the inhibitory leukocyte Ig-like receptor 1 

found on NK cells, B lymphocytes, and several APC and T lymphocytes inhibiting their antiviral activity 

toward HCMV-infected host cells (Prod’homme et al., 2007; Yang and Bjorkman, 2008). MHC isn’t the 

only cell surface ligand identified by NK cells, and multiple HCMV genes downregulate NK-interacting 

cell surface ligands, such as  UL16, UL141, US18, US20, that retain ligands such as ULBP1 intracellularly 

(C. Dunn et al., 2003; Smith et al., 2013). Further anti-NK evasion tactics are also described, such as 

UL83 which by activating the NK receptor NKp30 inhibits any NK-derived cytotoxicity (Wilkinson et al., 

2008). microRNA-UL112 also inhibits the presentation of MICB, a NK cell ligand, suppressing NK cell 

recognition.  

1.7  Clinical burden of HCMV-associated diseases 

HCMV is transmitted via several routes, and in all cases results in a life-long infection with prolonged 

periods of latency (Schottstedt et al., 2010). HCMV is ubiquitous in the human population, infecting 

circa 60% to 90% of adults in any given country (Zuhair et al., 2019). There are disparities in HCMV 

seroprevalence (those with detectable antibodies against HCMV) rates around the world, with poorer 

socioeconomic stance and race showing significant positive correlation with seropositivity (Dowd et 

al., 2009).  

HCMV contributes to morbidity and mortality in several groups of people. First and most importantly, 

HCMV infection is the leading non-genetic cause of congenital disease, with more cases than the 

combination of 29 other currently screened congenital conditions in most American states, and more 

common than several congenital disordered screened in Europe (de Vries et al., 2011; Marsico and 

Kimberlin, 2017). Then those who are immunocompromised or suppressed are at greater risk of 

suffering HCMV-associated diseases, but these can be temporary with successful treatment, whereas 

congenital infections can lead to permanent neurological impairments (Manicklal et al., 2013). 

1.7.1 HCMV infections in Neonatal hosts 

Congenital HCMV infection occurs when HCMV transmits across the placenta infecting a developing 

foetus. It is a common congenital infection, affecting one in every 100-200 live births globally (Marsico 

and Kimberlin, 2017). Women who experience a primary HCMV infection just before or during 

pregnancy, have an increased risk (30-35%) of foetal transmission. For seropositive women 

experiencing a new infection, or reactivation, the risk for foetal transmission is lower (~1%). Congenital 

infections that are the result of primary infection, or that occur earlier in gestation are associated with 

poorer outcomes (Pesch et al., 2021; Lanzieri et al., 2017). As seropositivity in adult populations is 
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generally high, congenital infection from non-primary maternal infections is thought to account for 

the majority of the disease burden, especially in low-income populations (Manicklal et al., 2013).  

Only circa 12% of babies that experienced congenital HCMV infection will be symptomatic at birth, 

but disease can progress in severity to become symptomatic, or develop later (Kenneson and Cannon, 

2007; Thackeray et al., 2014; Lanzieri et al., 2017). Congenital HCMV infection is the leading infectious 

cause of birth defects, with a high frequency of serious complications such as hearing loss, vision loss, 

hepatosplenomegaly, cognitive impairments, jaundice, neurological damage and in extreme cases 

mortality (Britt and Boppana, 2004; Thackeray et al., 2014). Congenital HCMV is also the leading cause 

of non-hereditary sensorineural hearing loss, with the majority of symptomatic children developing 

this along with neurological disorders, with 2-15% of children previously asymptomatic at birth also 

experiencing this fate (Zhang and Fang, 2019; de Juan Gallach et al., 2020). 

1.7.2 HCMV infections in Immunocompromised hosts 

For immunocompromised individuals, HCMV can be the cause of important morbidity and mortality 

(Emery, 2001a; Nogalski et al., 2014; Azevedo et al., 2015). In the case where viral reactivations are 

no longer controlled sufficiently by the immune system, HCMV acts as an opportunistic pathogen and 

one able to infect a multitude of cell types and organs leading to complex HCMV-associated diseases. 

These come in the form of fever, pneumonia, retinitis, myelitis, hepatitis and other neurological and 

gastrointestinal issues for example (Griffiths, 2012; Manicklal et al., 2013). Most notably HCMV is a 

particular problem in transplantation, congenital infection and HIV/AIDs patients.  

Transplant recipients receiving foreign tissue are given immunosuppressive drugs as a necessity to 

prevent organ rejection, but this weakens the immune system allowing poorly controlled HCMV 

infections and resultant complications (Azevedo et al., 2015; Hiwarkar et al., 2013). HCMV is a 

significant source of morbidity and mortality in haematopoietic stem cell transplant (HSCT) and solid 

organ transplant (SOT) recipients (Fayek et al., 2010). In early SOT where strong immunosuppression 

was used, HCMV pneumonitis appeared as a complication causing high mortality. Since then, lowered 

suppression has been used to control HCMV, but must be balanced against the risk of graft rejection, 

with the same applying to HSCT also (Griffiths and Reeves, 2021). 

HCMV is one of the most common infections after SOT and HCMV viraemia negatively affects 

transplant outcomes (Fishman, 2007). Cyclosporine is commonly administered to suppress immune 

rejection of new tissue, it does this by lowering the activity of T cells TCR mediated activity (Jenkins et 

al., 1988). Donor (D) and recipient (R) HCMV status (D+/-, R+/-) are important to consider when 

managing a patient post SOT with impacts on mortality and morbidity (Hughes et al., 2008; Jorgenson 

et al., 2021). The greatest risk factor for HCMV-associated disease in SOT is when recipients without 
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previous HCMV immunity R- receive allografts from previously HCMV-exposed D+ (Azevedo et al., 

2015; Manicklal et al., 2013). In this scenario, a HCMV naïve immune system, thoroughly weakened 

by therapy is tasked with controlling a large infectious dose of donor organ released HCMV virions, 

representing a large primary infection. R-D- results in no HCMV infection. In the case of R+, 

complications occur either from recipient reactivation due to immune suppression twinned with a 

large uninfected & susceptible cell population from D- tissues, or reactivation along with a new 

primary infection of a donor strain D+, with both scenarios considered intermediate risk factors for 

HCMV disease (Kotton et al., 2018a). The type of organ transplanted also alters the risk of 

complications. HCMV disease incidence is higher in lung or heart-lung recipients (50-75%) and 

pancreas or kidney transplantation (~50%). Incidence is between 9 and 23% following heart 

transplants, 22-29% for liver transplants (22- 29%) and 8-32% for kidney transplants (Azevedo et al., 

2015). 

In allogenic HSCT recipients, HCMV pneumonia is a significant disease manifestation, causing over 60% 

of HSCT deaths (Erard et al., 2015). These patients suffer complete loss temporarily of the tissue 

required to form B, T or APCells. In HSCT compared to SOT, the D and R serostatus are flipped for 

allogeneic HSCT (autologous is where recipient received their own bone marrow, allogeneic is bone 

marrow from another donor). Here D-R+ relates to a HCMV seronegative donor and a HCMV 

seropositive recipient allograph. D-R+ is the least favourable combination in HSCT producing 

magnitude larger HCMV viral loads and is associated with HCMV infection status post-transplant and 

overall survival (Vaezi et al., 2017). Here, HCMV naïve bone marrow is transplanted into a body 

infected with HCMV. An immune system less able to identify and clear lytic replicating cells allows a 

build-up of free virus and infected cells to occur resulting in runaway infections with an estimated viral 

doubling time of 1 day (Emery and Griffiths, 2000). D+R- and D+R+ result in new primary infection but 

come with an immune system that has previously seen HCMV and is therefore more capable. D-R- 

results in no infection as neither individual has been infected by HCMV. For further details See chapter 

4. 

HIV and AIDS sufferers without access to drugs or who harbour infections resistant to antiretroviral 

therapies will suffer T-cell exhaustion and a compromised immune system (Charles et al., 2022; 

Fenwick et al., 2019). Here HCMV can become an opportunistic pathogen, with viraemia capable of 

inflicting associated diseases such as end-organ damage and retinitis (Emery, 2001a). HIV with HCMV 

viraemia is associated with significantly increased progression towards AIDS and is associated with 

decreased overall survival even with effective antiretroviral therapy (Adland et al., 2015). HIV-infected 

new-borns are at a 3-fold higher risk for symptomatic congenital HCMV infection than uninfected new-

borns (23% versus 6.7%) in a 2013 study (Manicklal et al., 2013). 
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1.7.3 The wider burden of HCMV 

HCMV is also thought to impact chronic inflammatory diseases such as vascular disease, and 

atherosclerosis, with it driving the secondary inflammatory responses that cause disease. HCMV+ 

Chronic Heart Failure Patients have been found to have higher cytokine concentrations related to anti-

HCMV antibody production, with these patients presenting a worse functional heart state (García-

Torre et al., 2021).  Lytic HCMV Infection has been shown to associate with the level of HCMV DNA 

accumulating in atherosclerosis plaques. This DNA in turn correlates with a heightened state of 

lymphocyte activity in plaques thought to associate with the immune-linked faster progression of 

atherosclerosis in these patients (Nikitskaya et al., 2016). A meta-analysis in 2016 showed exposure 

to cytomegalovirus infection is associated with a 22% increased risk for the future development of 

cardiovascular disease (H. Wang et al., 2017). It is thought that 13.4% of cardiovascular disease 

incidence can be attributed to cytomegalovirus infection. 

1.7.4 HCMV infections in Immunocompetent hosts 

In immunocompetent individuals’ infection with HCMV is almost always asymptomatic, and rarely 

leads to complications. There are sparse reports of severe or prolonged symptomatic infection in 

immunocompetent hosts (Wreghitt et al., 2003). In these clinical cases, hepatitis followed by colitis is 

the most common occurrences associated with HCMV (Ishii et al., 2019). The largest retrospective 

analysis of these patients reported fever in 99% of cases with a mean duration of 21 days, 51% 

recording headaches and 46% myalgia among other presentations (Faucher et al., 1998). 

 

1.8 Prevention and treatment of HCMV disease 

1.8.1 Vaccine development 

Despite a clear need for a HCMV vaccine, progress has been slow, with all vaccine candidates to date, 

showing no or limited efficacy (Table 1.a). The three key vaccine types are discussed below. 

Table 1.a - Vaccines under current or recent development. Adapted and updated from Scarpini et al 2021. 

Type Name & 

summary 

Best 

phase 

Last 

enrolment 

Results References 

Live 

attenuated 

“V160”. AD169 

with pentamer 

complex 

2 ongoing Phase 1: acceptable safety. T 

cell response in line with 

natural infection. 

Phase 2: NA 

(Adler et al., 2019; 

Merck Sharp & 

Dohme LLC, 2021a, 

2021b)  
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Subunit gB/MF59 2 2013 Phase 2:  Vaccine efficacy 

43% - 50% but not 

conventionally significant  

(Griffiths et al., 

2011; Bernstein et 

al., 2016; Pass et al., 

2009) 

Virus 

vectored 

(MVA) 

“CMV-MVA 

Triplex” 

UL83, UL123, 

UL122s 

2 ongoing Phase 2: Risk for significant 

HCMV disease reduced by 

half during first 100 days post 

HSCT 

Further Phase 2: NA 

(La Rosa et al., 2017; 

Aldoss et al., 2020; 

City of Hope 

Medical Center, 

2022) 

“HB-101” 

gB and UL83 

2 ongoing Phase 1: Well tolerated, and 

induced UL83 T-cell response 

and neutralising antibodies. 

Phase 2: NA 

(Hookipa Biotech 

GmbH, 2022) 

Chimeric 

peptidic 

“CMVPepVax” 

UL83 fused 

tetanus 

sequence 

2 2019 Phase 2: failed to 

demonstrate clinical efficacy 

in reducing viraemia / 

disease. 

(Nakamura et al., 

2021) 

Enveloped 

virus-like 

particles 

“VBI-1501” 

gB 

1 2017 Phase 1: Well, tolerated 

failed to reduce incidence of 

HCMV adverse or serious 

adverse effects 

(VBI Vaccines Inc., 

2020) 

Plasmid 

based 

“ASP0113” 

gB, UL83 with 

CRL1005 

3 2020 Phase 3: No overall survival 

or reduction in HCMV 

associated end organ disease 

(Kharfan-Dabaja et 

al., 2012; Astellas 

Pharma Global 

Development, Inc., 

2022) 

mRNA mRNA-1647 

Pentamer and 

gB 

3 ongoing Phase 1: Tolerated 

Phase 2: NA 

Phase 3: NA 

(John et al., 2018; 

ModernaTX, Inc., 

2022, 1647) 

 

Live-attenuated vaccines are weakened wild strains that can still replicate, induce a protective 

immune response, and do so without causing disease (Goulleret et al., 2010). AD169 and Towne were 

the first strains explored in vaccine development in the 1970s (Elek and Stern, 1974; Plotkin et al., 

1975). Towne became the focus of later developments, and while the vaccine proved safe and 

provided minor protection against severe HCMV disease in kidney SOT recipients, it provided no 

protection to acquiring novel HCMV strains and was ultimately unsuccessful (Adler et al., 1995, 2016). 
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Currently, V160 based on a pentamer-restored AD169 strain is in phase 2 trials (Wang et al., 2016; 

Scarpini et al., 2021). (Scarpini et al., 2021). 

Subunit vaccines are simply antigenic proteins in suspension. As they cannot replicate, these vaccines 

often require multiple administrations to retain immunity and are co-packaged with adjuvants that 

stimulate chemokine-driven immune amplification loops (Calabro et al., 2013). HCMV subunit 

vaccines have focussed on gB (Sharland et al., 2011; Schleiss, 2018a). The most studied is a vaccine 

based on Towne gB with the MF59 adjuvant (gB/MF59), which in a 1999 phase I randomized, double-

blind, placebo-controlled trial showed good safety and that it induced levels of neutralising antibody 

to gB that were higher than in seropositive controls (Pass et al., 1999). More recently in a phase 2 trial, 

gB/MF59 was tested for efficacy in preventing end-organ disease SOT recipients. gB antibody titres 

were increased in both seronegative and seropositive recipients of the vaccine, compared to placebo. 

In D+R- the duration of viraemia and required days of pre-emptive ganciclovir treatment were reduced 

in vaccine recipients (Griffiths et al., 2011, 201). A further phase 2 trial of gB/MF59 in healthy 

adolescent females showed 43% efficacy in preventing novel HCMV infections, although the efficacy 

did not reach conventional levels of significance and development has been paused (Bernstein et al., 

2016). There have been no further subunit clinical trials since the Sanofi Pasteur gB/MF59 trials 

(Scarpini et al., 2021). 

An RNA vaccine is at its core a synthetic copy of pathogenic messenger RNA (mRNA), formulated into 

lipid nanoparticles to aid cellular uptake. Translation produces great quantities of antigen(s), which 

leads the immune system to produce antibody responses. Moderna, who famously used its RNA 

vaccine framework to develop effective vaccines against SARS-CoV-2 (Baden et al., 2021, 1273), sent 

two vaccines mRNA-1647 and mRNA-1443 to Phase 1 clinical trial against HCMV which encoded gB 

and PC or UL83 respectively (ModernaTX, Inc., 2021). mRNA-1647 was taken forwards to Phase 2, and 

phase 3 the latter of which aims to look at the efficacy of preventing primary HCMV infection in women 

of childbearing age. 

Virus vectored vaccines use a carrier vector (virus) with excellent safety profiles, which induce potent 

immune responses, into which HCMV antigens are introduced. Poxviruses or adenoviruses are 

commonly used, however Individuals with pre-existing immunity to the vector can limit efficacy. 

Chimeric peptidic vaccines are linear peptides consisting of two peptides (usually antigens) often 

joined by a linker peptide. Enveloped virus-like particles, mimic the real virus virion supramolecular 

structure but do not contain the viral genome. Plasmid-based DNA vaccines, use plasmids into which 

antigens have been incorporated. When injected, intracellular expression of the encoded antigens, by 



52 
 

   
 

the transfected cells' cellular machinery, stimulate an antigen-specific immune response, hopefully 

conferring protection against the antigens of interest.  

 

Although HCMV encodes 165 distinct proteins, prior HCMV vaccination development has largely 

concentrated on a small number of prevalently expressed and immunodominant antigens, such as the 

T-cell epitopes UL83 and UL123 (IE1) and the common targets of neutralising antibodies gB, gH, and 

UL128-131A (Nelson, Herold, et al., 2018). Neutralising antibodies have been the focus of the past 40 

years of research, but it is now understood they cannot block the “immunologically covert” cell-to-cell 

spread of HCMV during infection (Jacob et al., 2013). The PC  is necessary for epithelial cell entry and 

is the target of the most neutralising antibodies (Nelson, Herold, et al., 2018).  Neutralisation is often 

assessed in vitro, and there appears little evidence that it correlates with protective efficacy in vivo 

(Murrell et al., 2017). Therefore, non-neutralising antibodies that act by antibody dependent cellular 

cytotoxicity, or antibody-dependent cellular phagocytosis are gaining interest (Lu et al., 2018; Nelson, 

Herold, et al., 2018). 

gB has been the most extensively studied vaccine to date, with up to 70% of our immune virus-

neutralising capacity for HCMV recognising gB (Klasse, 2014; Isaacson and Compton, 2009; Britt et al., 

1990).  gH was previously a popular target, but unlike gB, gH is not required for entry into all cell types. 

Little research has looked at the impact of HCMV genetic variation on function or immunity, we do 

not know to what extent a vaccine derived from a single virus sequence should cross-protect against 

diverse HCMV strains (Cudini et al., 2019; Renzette et al., 2011; Schleiss, 2018a). Certainly, previous 

natural infection is not protective against all strains (Boppana et al., 2001). Towne-derived gB/MF59 

vaccine recipients have been shown to develop strong neutralising responses in vitro to the Towne 

virus, but their vaccine-derived antibodies were ineffective at neutralising TB40/E a strain that 

encodes only 8 amino acid differences across the 906/907-aa polypeptide chain (Nelson, Huffman, et 

al., 2018). It has long been thought that an HCMV vaccine might require a multi-antigen approach, 

incorporating diverse epitopes to optimally engage both humoral and cellular immune factors (Nelson, 

Herold, et al., 2018). Considering this problem in the immunogen, and variability dimensions may be 

critical for future vaccine development, how immunogens vary between strains in key epitopes should 

be considered. 
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1.8.2 Antiviral Drugs 

Although the risk of HCMV morbidity and mortality has decreased with the use of antivirals, the danger 

is not eliminated, and as a result, HCMV illness and other symptoms continue to occur at an 

unacceptable incidence (Erard et al., 2015; Broers et al., 2000; Krishna et al., 2019). Antivirals often 

have difficult side effects are treatments are terminated eventually giving rise to HCMV reactivation 

and HCMV remains a particular challenge at later stages of transplant recovery. 

A discussion of antiviral drugs, drug targets, and resistance is outlined in chapter 3. 

A discussion on the monitoring of viral infections, immune reservoirs and the interaction of viral load 

with antiviral drugs is discussed in chapter 4. 

1.9 Research Aims  

This thesis represents three distinct projects that are linked by their focus on HCMV, their link to 

clinical research and the application of computational biology approaches. The three research works 

are outlined briefly below: 

1. A comparative genomic analysis of global HCMV genomes. We employed Hidden Markov 

Model clustering to delineate in an unbiased manner the precise regions of population 

structure present across a global and diverse dataset of published and unpublished HCMV 

genomes. By doing so we identify that HCMV’s genome has been shaped by at least two 

unique evolutionary forces. We uncover a novel feature of HCMV population structure and 

attempt to link these findings to biology.  

2. The relationship of mutations in HCMV or the wider antiviral treated herpesviruses, and their 

link to antiviral sensitivity is currently stored unstructured in literature articles, hampering 

efforts to annotate the sensitivity of isolates. By undertaking a comprehensive literature 

search for phenotypically tested mutations, we build a rich knowledgebase linking mutations 

to drug sensitivity. Then, by building statistical models we attempt to predict the effect of any 

given mutation in resistance associated genes. 

3. Finally, we develop a mathematical representation of HCMV viral load trajectories that 

integrates mechanistic terms from the pharmacokinetics and pharmacodynamics of (V)GCV. 

Rather than attempt to simulate complex biological mechanisms assumed to occur in HCMV 

infections, a “bottom up” approach making use of simple published models is preferred. From 

this foundation, only one additional estimated parameter, the drug effect, is required to 

model the impact of (V)GCV. This attempts to produce a modern groundwork for HCMV 

modelling that can be of clinical utility and ascertain the relative important of immune control 

of GCV in controlling HCMV infections in HSCT recipients. 
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Chapter 2 The genomic and geographic structure of Human 

Cytomegalovirus 

 

This work has been presented at the following conferences: 

• 46th Annual International Herpesvirus Workshop, 2 - 6 August 2021, Satellite Workshop talk 
and poster presentation.   

 

2.1 Introduction 

Although efforts have been made to characterise where the variation in HCMV’s genome occurs, 

relatively little is known about the pattern of variability, how it originated or if and how it changes 

across populations. This chapter makes use of a diverse set of globally originating virus genomes, and 

by developing an approach to identify and assign sequences to clusters in regions of the genome that 

contain population structure, we are able to identify any geographic population structure. Additionally 

we attempt to understand how the genome has been shaped by evolution over it’s co-evolution with 

humans. Finally we link novel insights to biology and attempt to shine light on the impact that our 

genetic discoveries may cause. 

2.1.1 The host specificity and co-speciation of HCMV in primates 

CMVs have been detected in at least 40 primates including humans and hominids (Cagliani et al., 

2020). Each HCMV species is host-specific and cross-species HCMV transmission has never been 

reported in nature, even among closely related species, indicating it is at most a rare event (Murthy 

et al., 2013; Anoh et al., 2018). Replication in non-host species has been induced under experimental 

conditions in a handful of cases, but only for closely related host species, and only for in vitro cellular 

assays (Perot et al., 1992; Lilja and Shenk, 2008; Marsh et al., 2011; Burwitz et al., 2016). This marked 

species-specificity has suggested that HCMV species have been shaped by long-standing co-evolution 

with their hosts, along host speciation timescales (Mozzi et al., 2020; Davison, Dolan, et al., 2003a).  

Virus-host co-evolution is also supported by the close matching of host and HCMV phylogenies within 

subfamilies, indicating virus diversification has largely been driven by host diversification (McGeoch 

et al., 1995; Murthy et al., 2019; Aswad and Katzourakis, 2014). When comparing HV species in core 

genes, the topology of branches unambiguous lead the three subfamilies to appear as separated 

clades (McGeoch et al., 2006). Reconstructing the phylogenetic relationships between herpesvirus 

species, or HCMVs is a relatively simple problem, as there are a great number of variant sites in a given 

https://www.herpesvirusworkshop.com/2022/
https://www.herpesvirusworkshop.com/2022/
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alignment and minimal inter-species recombination. Indeed impeded recombination is a necessary 

step for their speciation (Reeve et al., 2016; Murthy et al., 2019).  

2.1.2 The expected population structure of modern HCMV 

If HCMVs have co-evolved with their hosts over millions of years, then in HCMV, the most genetically 

sequenced herpes virus, the population structure of HCMV variation should follow that of humans, at 

least to a coarse degree (Cagliani et al., 2020). The major outline of how human populations are 

structured today, as visible in their genomes, is as follows. Modern Homo sapiens speciated from the 

Homo genera inside Africa and possibly gave rise to subdivided populations within the continent. A or 

many human populations then emerged out of Africa between 70 to 100 thousand years ago (kya) 

and began to expand to other regions of the globe, undergoing founder effects as they did so, 

eventually covering multiple continents in genetically isolated populations (Comas et al., 2013; 

Novembre and Ramachandran, 2011). Initially, settlement was in the Mediterranean/middle east, 

with part of the population then heading north, with the first settlement of Europe by these modern 

humans thought to have occurred between 50 and 40 kya (Nigst et al., 2014). The other split of the 

population then migrated eastward toward Asia, with evidence of human residence in Japan dating 

back at least 30 kya (Jinam et al., 2012), reaching the Americas between 15-30 kya and the most 

remote islands in Oceania only 2-3 kya (Novembre and Ramachandran, 2011). This isolated evolution 

and serial founder effects have meant human genomes are genetically distinct by continent, country 

and island (Novembre et al., 2008; Fiorito et al., 2016). In other well-studied human herpesviruses, 

these coarse trends are reflected well in the population structure of these viruses (Wegner et al., 2019; 

Guellil et al., 2022; Grose, 2012). However, contradictory to this is that the most recent studies 

comparing HCMV whole genomes from unrelated individuals have not been able to demonstrate a 

geographical population structure (Sijmons et al., 2015; Lassalle et al., 2016). The current 

understanding therefore is that HCMV genomes generally appear similar globally. This, and the lack 

of any published HCMV genomes from the ancient DNA field, put large question marks on when and 

how HCMV spread in anatomically modern humans. 

2.1.3 Difficulties in reconstructing the population structure of modern HCMV 

HCMV has the largest genome of all human herpesviruses (Dolan et al., 2004) and has the highest level 

of genetic diversity of all the known human herpesviruses (Cudini et al., 2019; Renzette et al., 2011). 

The intra-host HCMV genetic diversity is comparable to RNA viruses such as HIV and hepatitis C and 

the source of this diversity was not immediately obvious. One possibility was in situ rapid 

accumulation of mutations, but this hypothesis was disregarded as herpesviruses possessing a DNA 

polymerase with low error rate and proofreading (Peck and Lauring, 2018; Renzette et al., 2011). 

Another possibility is low mutation rate, but extensive replication followed  by selection. Finally, after 
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a statistical modelling approach “HaROLD” was developed to reconstruct haplotypes present even 

with large invariant regions in sequence assemblies, It was established that co-infection and a slow 

mutations rate was causing this observation (Cudini et al., 2019; Venturini et al., 2022). This allowed 

for the first time, true intra-host phylogenetics. 

HCMV however also freely recombines along the genome, such that there is little linkage 

disequilibrium (LD) outside of the hypervariable alleles (Sijmons et al., 2015; Lassalle et al., 2016). 

Phylogenetic inferences are difficult under rapid recombination with many sequences as the tree 

representing a genome or part of a genome, in reality  is more truly represented as a set of sub trees, 

which are challenging to identify (Martin et al., 2015; Guellil et al., 2022; Martins et al., 2008). 

Phylogenies reconstructed under frequent recombination conditions will also always superficially 

resemble those from an exponentially expanding populations, with large tip branch lengths and lead 

to large overestimations of substitution rates (Schierup and Hein, 2000). And while HSV, and EBV, two 

other herpesviruses have shown genetic patterns of population structure, it is plausible that the 

extreme recombination, high variability and frequently observed co-infection in HCMV have meant 

reconstructing phylogenetic relationships in this virus is particularly challenging (Chou, 1989; Sijmons 

et al., 2015; Mozzi et al., 2020; Wegner et al., 2019).  

2.1.4 Recovering HCMV genomes from clinical material 

Short-read sequencing is cost-effective, accurate and the current mainstay of research and clinical 

genomics in the modern era (Adewale, 2020; Goodwin et al., 2016; Amarasinghe et al., 2020). These 

technologies can produce sequence reads of length up to 600bp, However, virus genomes are typically 

much larger in length detailed analyses often attempt to determine which variants are found together 

in the same genome or genomic segment, a process known as haplotype reconstruction. If the 

concentration of variants is sufficiently dense, then co-localised variants can be stitched together to 

uncover distinct whole genome haplotypes from a mixture of reads from many genomes (Posada-

Cespedes et al., 2017). Unfortunately, DNA viruses such as HCMV are slow evolving at circa 1 mutation 

every 5-50 years (Guellil et al., 2022), which is orders of magnitude slower than RNA viruses making 

this stitching process difficult. In HCMV there is particular interest in uncovering the evolutionary 

dynamics of mixed infections longitudinally (Goldstein et al., 1984; Arcangeletti et al., 2015; Suárez, 

Musonda, et al., 2019). Fortunately for patients where multiple sets of sequence reads are available 

over time, there are now tools that can take advantage of this additional information to allow accurate 

reconstruction of genomes. A recent tool validated for use in HCMV is HaROLD (Haplotype 

Reconstruction Of Longitudinal Deep sequencing data), which models  identified  co-varying variant 

frequencies in a probabilistic framework to return the most likely assignment of variant frequencies 

to genomes (Venturini et al., 2022; Cudini et al., 2019). Harold was validated by simulating reads from 
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a known mixture of HCMV genomes and assessing its ability to accurately reconstruct those 

haplotypes. It performs best in class with multiple timepoints or when given a single sample, albeit 

with slight penalty to accuracy. 

2.1.5 Alleles 

We do understand that the diversity is not homogenously spread throughout the genome, instead 

most diversity occurs in discrete pockets of high variability where sequences have been observed to 

cluster into alleles (also referred to as clades, genotypes, clusters) (Puchhammer-Stöckl and Görzer, 

2011, 2006). Alleles have been defined in several hypervariable genes by visual examination of 

phylogenetic trees, and have been used alone or in combination with other multiallelic regions to 

classify genomes and identify mixed infections (Suárez, Wilkie, et al., 2019; Suárez, Musonda, et al., 

2019). In some hypervariable genes, e.g. UL55 (glycoprotein B, gB), alleles have been defined (Meyer-

König et al., 1998). Many attempts have been made to link genotype to phenotypic characteristics in 

HCMV, such as by attempting to link individual alleles with transmission and pathogenesis. This 

genotype to phenotype work has so far resulted in unclear & contradictory associations (Shepp et al., 

1996; Emery et al., 2012a; Paradowska et al., 2013; Pignatelli et al., 2010; Paradowska et al., 2014; He 

et al., 2006; Pati et al., 2013; Puchhammer-Stöckl and Görzer, 2006). 

 

2.2 Materials and methods 

2.2.1 GenBank sequence handling 

A python script using Biopython (Cock et al., 2009), specifically the Entrez module, was used to access 

the SRA and NCBI nucleotide databases for sequence information, and extract country and continent 

assignment for sequences. 

2.2.2 Sequence assembly 

SRA sequences for Zambian HCMV genomes were downloaded using the SRA toolkit and assembled 

using an in-house de novo assembly pipeline, which involves contig generation, optimal reference 

identification, scaffolding on to the reference sequence, and subsequent iterative mapping of NGS 

reads on the genome scaffold. These were then subject to haplotype reconstruction and relevant 

consensus sequences determined.  

Ugandan sequences and historical clinical sequences of known ethnicity were also de novo assembled. 

Kenyan sequence data were assembled to a reference sequence using an in-house pipeline using the 

strain Merlin. Sequence positions with less than 10 read depth were labelled as “n”, which is ignored 

in analyses. 
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2.2.3 Haplotype reconstruction 

We used HaRoLD to reconstruct the mixed infection samples obtained from SRA (Venturini et al., 2022; 

Cudini et al., 2019). We reconstructed 1-3 haplotypes per sample from SRA in HaRoLD. Choosing the 

optimal by Log Likelihood to submit for HaRoLD refinement whereby the effects of recombination and 

sequence reads are considered to settle on the optimal haplotype frequency and sequences. In line 

with the approach taken in de novo assembly, we ignored haplotypes with an average read depth of 

fewer than 10 bases (haplotype frequency * mean read depth). 

2.2.4 Multiple sequence alignment 

Multiple sequence alignments were obtained using MAFFT v7 (Katoh and Standley, 2013), particularly 

variable sections were re-aligned using MUSCLE (Edgar, 2004) and finished manually. Sequence 

alignments were viewed in the lightweight alignment viewer AliView (Larsson, 2014). Alignments 

relative to a reference strain were only used to generate the heterozygosity per reference position 

calculation, these were generated using MAFFT with the “ --add – keeplength” options, which allowed 

SNPs to be called based on differences to the reference Merlin (Refseq accession: NC_006273.2). 

2.2.5 Measures of sequence diversity 

Heterozygosity was generated using an in-house R function, using the following calculation. 

The 𝑖th allele at a site has the frequency 𝑝𝑖  such that the sum of allele frequencies at that site is 1. The 

heterozygosity (ℎ) at a given site is given by the following equation, where n is the number of 

sequences present at that site. Summing over the number of segregating sites s in an alignment, we 

get the sum of site heterozygosity’s 𝜋  summed across all segregating sites 𝑗. 

 ℎ =
𝑛

𝑛 − 1
 (1 − ∑ 𝑝𝑖

2)                 𝜋 =  ∑ ℎ𝑗

𝑆

𝑗=1

 

2.2.6 Multi-Dimensional Scaling 

Pairwise distances were calculated using the dist.dna() with the nucleotide-nucleotide substitution 

matrix "TN93" (Tamura and Nei, 1993) and with pairwise deletion by way of the R package Ape v.5.4 

(Paradis et al., 2004). Multi-dimensional scaling much like PCA is a method to attempt to simplify 

complex data into a more interpretable format, by reducing the dimensionality of data whilst retaining 

most of the variation. In a genomics context we can use this on pairwise distance matrices, where 

each dimension is a sequence with data points of n-1 sequences pairwise distance. This allows us to 

observe patterns of population structure as “clusters”. MDS was implemented using the cmdscale() 

function with pairwise deletion in R (R Core Team, 2014a). 
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2.2.7 Phylogenetic Reconstruction 

Phylogenetic relationships of multi-allelic and example conserved regions were constructed from 

nucleic acid sequences in IQ-TREE (Nguyen et al., 2015). Using a Maximum Likelihood GTR substitution 

model with a discrete Gamma heterogeneity model (Yang, 1994) and 1000 rounds of bootstrapping. 

We attempted to root the HCMV homologous genome to the most suitable ex-CMV taxa Chimpanzee 

HCMV (accession AF480884), however this outgroup was too far removed with distance >5 so 

unrooted trees were preferred. Trees were visualised using Figtree (Rambaut, 2018). 

For the whole genome and concatenome phylogenetic analysis where HCMV is known to recombine 

freely, a Neighbor-net split phylogenetic network analysis was undertaken using Splitstree version 

4.1.5 (Huson, 1998). Non-default options chosen were HKY85 distance matrix, with equal site rate 

variation. The trees are maximum likelihood rather than neighbour joining.  

2.2.8 Fixation index 

For calculating a Fst like statistic from sequence data, we can use the sum of site heterozygosity across 

a locus to produce γst. Where πT is calculated as above using all samples in an alignment, πS is an 

average of the same calculation for each sub population separately. (Chakraborty and Nei, 1982).  

𝛾𝑆𝑇 =
𝜋𝑇 −  𝜋𝑆

𝜋𝑇
 

The logic of the fixation index is that in a situation where at site i, population A is only A, and population 

B is only T, πS is 0 as each populations intra-population variance is 0. Whereas 𝜋𝑇 will be 1. This is a 

situations of maximum inter-population difference resulting in a 𝛾𝑆𝑇 of 1. Vice versa, if both 

populations are 50:50 A or T, then 𝜋𝑇 and πS are 0.5, which result in a 0 numerator, so 𝛾𝑆𝑇 is  0. 

Only sites with greater than 5% minor allele frequency were considered. To account for uneven African 

and European populations, either when defined by sampling location or when considering those 

sequences that are archetypally (90%> in admixture analyses) African or European, we repeatedly 

subsampled (1000 times) the European population to be equivalent to the number of African 

sequences and took the mean of the site Fst values. When we multiply bootstrap sampled the 30 

African and 30 European sequences, the mean number of pairwise differences for sequences within 

each population were determined, as well as the mean number of pairwise differences across all 

sequences. This can be used to estimate Fst efficiently for multiple bootstraps (Hudson et al., 1992). 

2.2.9 Chi-squared analysis of allele proportions 

For each region the allele assignments from HMMcluster were grouped by origin into African and 

European allele frequencies as observed in the admixture archetypal strains, which we tested for 
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significant differences using a chi-squared test of independence with the base R function chisq.test 

over allele frequencies. From the European data we generated expected allele frequencies which were 

compared against observed allele frequencies from Africa. A Benjamin-Hochberg adjusted FDR < 0.05 

we determined as inferring significant distribution deviation where we assigned the multi-allelic 

region as “geographic”, otherwise they were labelled “pervasive”.  

2.2.10 HMMcluster – Sequence clustering by Optimal Hidden Markov Models 

We implemented a maximum likelihood allele assignment model in java on a Hidden Markov Models 

statistical framework that has previously been escribed by Smyth (Smyth, 1997). Consider that we 

have a set of sequences {𝑥1𝑗, 𝑥2𝑗 … 𝑥𝑛𝑗} where 𝑥𝑖𝑗  is the base found at position 𝑖 in sequence 𝑗, where 

there are 𝑁 positions in sequence (1 ≤ 𝑖 ≤ 𝑁) and 𝑀 sequences (1 ≤ 𝑗 ≤ 𝑀). Each Hidden Markov 

Model, not considering insertion and deletion states (of which we ignore insertion states) is defined 

as a series of match states which are represented by the probability of the emissions from that state. 

That is the Hidden Markov Model is defined by where 𝑝𝑖(𝑥) is the probability that match state 𝑖 emits 

base 𝑥, and ∑ 𝑝𝑗(𝑥𝑘)𝑘 = 1.  

{{
𝑝1(𝑥1)

𝑝1(𝑥2)
⋮

} , {
𝑝2(𝑥1)

𝑝2(𝑥2)
⋮

} , {
𝑝3(𝑥1)

𝑝3(𝑥2)
⋮

} … } 

In this case, the probability that sequence 𝑗 would arise from this hidden Markov model is equal to 

∏ 𝑝𝑖(𝑥𝑖𝑗)𝑖  or the log likelihood is given by ∑ log 𝑝𝑖(𝑥𝑖𝑗)𝑖 . The total log likelihood for the set of 𝑀 

sequences is then equal to ∑ ∑ log 𝑝𝑖(𝑥𝑖𝑗)𝑖𝑗 = ∑ ∑ log 𝑝𝑖(𝑥𝑖𝑗)𝑗𝑖 . 

If we consider a given location 𝑖 and imagine that at this site 𝑚𝑖1 of the sequences have base 𝑥1, 𝑚𝑖2 

of the sequences have base 𝑥2, etc, with ∑ 𝑚𝑖𝑘𝑘 = 𝑀, then we can sum over identities of bases rather 

than sum over sequences, and the log likelihood becomes ∑ ∑ 𝑚𝑖𝑘 log 𝑝𝑖(𝑥𝑘)𝑘𝑖 . It turns out, not 

surprisingly, that the best (i.e. maximum likelihood) values for 𝑝𝑖(𝑥𝑘) is equal to the fraction of the 

sequences that have base 𝑥𝑘 at that position, that is, �̂�𝑖(𝑥𝑘) =
𝑚𝑖𝑘

𝑀
. Substituting this in yields the 

highest likelihood of the set of sequences is given by ∑ ∑ 𝑚𝑖𝑘 log
𝑚𝑖𝑘

𝑀𝑘𝑖 . 

We implemented the model to look for evidence of population structure initially within 200bp genome 

slices. Identified loci were refined by Maximum likelihood, and any overlapping regions concatenated, 

and again start / stop positions refined by maximum likelihood. 

2.2.11 Recombination analysis 

Genome sequences were examined for evidence of systematic recombination events using the 

Recombination Detection Program (RDP) version RDP5.5 with the maximum likelihood tree option 
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(Martin et al., 2015). The RDP software includes a suite of recombination-detecting algorithms where 

we used seven, namely phylogenetic (RDP, BOOTSCAN and SISCAN) and substitution (GENECONV, 

MAXCHI, CHIMAERA, and 3-SEQ) methods to generate evidence of recombination. Using a Bonferroni 

corrected P-value cut-off of ⩽ 0.05 significant scores with 5 or more of the seven algorithms, found in 

a group of 4 or more non-haplotype sequences were considered significant and the phylogeny either 

side examined to determine if recombination was the most probable explanation for the patterns of 

diversity rather than alternative explanation, such as sub-clade structure. 

2.2.12 Population structure 

Population structure was analysed in an unsupervised fashion with Admixture 1.3.0 (Alexander et al., 

2009). Alignments were converted to VCF format using SNP-sites (Page et al., 2016a), and sites with 

minimum allele frequency < 5% were trimmed. Sequences were randomly subsampled to generate 

more proportionate sample sizes per continent (30 European, 30 African and both (2) Asian) 1000 

time. For each of the 1000 sample draws admixture was run for a k ranging from 1 to 10 with 20-fold 

cross-validation. As recommended in the admixture manual we thinned the markers according to the 

observed sample correlation coefficients using the plink argument “--indep-pairwise 50 10 0.1”. 

Analyses were visualised in R. 

2.2.13 Identifying Epitopes 

Known HCMV B and T cell epitopes for the target species HCMV were downloaded from IEDB (Vita et 

al., 2019) then mapped to Merlin reference strain genomic co-ordinates by tblastn (Camacho et al., 

2009). Predicted epitopes were ignored. cmvdrg (Charles et al., 2020) was used to identify which 

variants are synonymous or nonsynonymous when translated. Sites with less than 10% variants in 

either African or European populations were ignored.  As sites with low variability can still exhibit high 

Fst values, we limited the analysis to sites where the consensus base was different between the 

archetypal African and European sequences, this removed 11% of sites. This allowed variant sites to 

be analysed together from geographical, immune, and protein effect frames of reference. The full set 

of epitopes used in this analysis is available at this GitHub repository (available at 

github.com/ojcharles/ojc-thesis).  

2.2.14 Code availability 

The HMMcluster program is freely available under the MIT license, at https://github.com/ucl-

pathgenomics/hmmcluster 
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2.3 Results 

2.3.1 Data curation 

We compiled a set of 259 HCMV whole genome sequences sampled in Europe, Africa, Asia, North 

America and Oceania (full details are shown in Supplementary Table 1).  233  sequences were retrieved 

from Genbank (Database resources of the National Center for Biotechnology Information, 2018), with 

available metadata for 106 of them. Of these 106, 35 were from patients who were 

immunocompromised through HIV, organ or bone marrow transplant and 71 were from immune-

competent individuals (of which 60 were congenitally infected babies). Illumina short-read data were 

available for 17 samples making it possible to check for mixed infections. 9 samples contained only a 

single HCMV strain, of which 5 were from HIV-positive and HCMV-positive mothers and 4 were 

immuno-competent children (primary infection or sibling). 8 samples showed evidence of multiple 

strains for which we reconstructed the haplotypes (17 sequences in total) with validated methods 

(Venturini et al., 2022; Cudini et al., 2019). All these 9 samples came from HIV-positive mothers with 

HCMV infection (Pang, Venturini, et al., 2020; Cudini et al., 2019). These genomes were predominantly 

derived from viruses in Europe and the Middle East (n=216, including Belgium, Czech Republic, France, 

Germany, Greece, Italy, Netherlands, United Kingdom, and Israel). 30 sequences (including the 

reconstructed haplotypes) were from samples collected in Africa (Zambia, Kenya and Uganda) (Suárez, 

Musonda, et al., 2019)  (Pang, Slyker, et al., 2020; Gantt et al., 2016; Depledge et al., 2014). The 

remaining sequences were collected in other parts of the world: 11 from the United States (America); 

2 from Asia (China and South Korea) and 1 from Australia (Oceania). Note: As the Israeli sampled 

genomes were representative of European sequences and were not notably close in genetic distance 

(Supplementary Figure 1), they have been labelled with the continent Europe throughout for 

simplicity. 

2.3.2 First approaches to characterising HCMV genomic diversity 

To characterise HCMV genomic diversity we first aligned the genomes and then calculated the 

expected heterozygosity in the alignment along a sliding window of 50bp (Figure 2.a). This revealed 

that while most of the genome is highly conserved there are regions of significant nucleotide diversity, 

some of which have previously been described as “hypervariable genes” (Bradley et al., 2008). Per-

residue diversity measures however will not reveal if the diversity is random, or in some way 

structured ( A set of sequence where A,C,G & T are randomly assigned to strains along 100bp’s will 

appear identical with per-residue measures to where 4 subgroups of 25 stains where each subgroup 

only constitutes A, or only T etc). Additionally, upon visual inspection it becomes apparent there are 

regions of the alignment where monophyletic homology is clear and an alignment is meaningful, but 

there are certain regions of extreme sequence diversity which preclude a meaningful alignment, or 
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perhaps indicated non-homologous relationships. Many diversity measures require a meaningful 

alignment, which is therefore problematic in HCMV. 

 

Figure 2.a - Circular Genome Plot of the HCMV reference genome. Tracks numbered from in to out: Track1 - Nucleotide 
diversity is shown as bars of Heterozygosity (red) as a 50bp moving average. Track2 – Genes are represented by boxes, 
coloured by the degree of selection pressure as determined by (Sijmons et al., 2015). The colour scale is from red (mean dN/dS 
= 0.91 ) to blue (mean dN/dS = 0), where a dN/dS of 0 would indicate strong purifying selection, a dN/dS of 1 would indicate 
neutral selection and drift. Track3 – Multi-allelic regions as defined using HMMcluster are highlighted in translucent blue. 
Exemplar conserved and multi-allelic alignment regions are shown in the bottom left and right respectively.   

To account for both the homology issue, our next approach was to devise a k-mer diversity measure 

that instead considers unaligned whole genomes. Starting with the Merlin reference, we considered 

0 kb 

100kb 

Merlin Genome 

 NC_006273 

200kb 
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all possible 15-mers in that genome and then counted the fraction of all other genomes that contain 

that 15-mer (allowing one mismatch). 15 with 1 mismatch was chosen, as the expected number of 

random hits in a sequence with uniform nucleotide frequency and length 200,000 is 200000 * 46 * 4-

15 = 0.9%. where 46 is the number of unique character strings encoded by a 15mer with 1 wildcard 

character.  The k-mer approach revealed there are long segments of the genome where very few 

sequences are matching Merlin, where the matching fraction can remain stable over hundreds or 

thousands of base pairs before all sequences share the merlin k-mer clearly again (Figure 2.b). This is 

indicative of population structure and/or non-homologous relationships in part.  

 

Figure 2.b - Kmer analysis of HCMV genomes. X-axis represents the genomic position in the Merlin genome, y-axis represents 
the fraction of genomes with the same k-mer, allowing for 1 mismatch character, with a k-mer of length 15 derived from that 
Merlin position. A low point represents positions where few sequences match Merlin, a fraction near 1 represents conserved 
genomic portions. Stable minor fractional values over hundreds of thousands of base pairs, as seen in 3000 – 6000, or 1000 
– 1500 are indicative of population structure or portions of the genome that are not monophyletic. 

2.3.3 HCMV diversity and population structure is determined by 74 discrete multi-allelic 

regions 

To delineate these regions finely and move from a descriptive method to one that identifies and 

assigns co-ordinates of population structure, we developed “HMMcluster”, a Hidden Markov Model 

clustering method which evaluates the statistical support for multiple distinct sequence clusters in 

defined regions of many genomes (Smyth, 1997). Briefly, this approach considers the genomic 

alignment as a set of contiguous blocks, within each block the model instantiates by perfectly 

representing each sequence as its own HMM, this results in the highest Likelihood but with an 
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excessive number of parameters. Then the model considers the optimal way to combine HMMs to 

keep the highest likelihood i.e. 259 models to 258,  and continues to iterate with a greedy stepwise 

algorithm until only a single HMM is reached. A single HMM most poorly represents each sequence, 

such that the likelihood is lowest, but it uses the minimal number of parameters. To balance this 

likelihood and parameter problem, a typical approach is to appeal to the Akaike Information Criterion 

(AIC), and we use this here to identify the most parsimonious representation of a given genomic 

segment. 

 

The analysis of al 259 genomes revealed 74 discrete variable regions with statistical support for more 

than one allele (Figure 2.a-track 3). These multi-allelic (many alleles with or without homology) regions 

range in size from 26 to 4760 nucleotides, match well the regions of high diversity and cover 14% of 

the genome (Figure 2.a, Table 2.a). The remaining 86% of the genome has no statistical support for 

multiple alleles and is relatively conserved. We found that these 74 multi-allelic regions appear to be 

an expansion on the previously documented 12 hypervariable genes (Dolan et al., 2004), and the 

model has refined region borders such that they are not fixed to known coding region boundaries as 

previously set. Fifty-two of the regions were contained entirely within a single gene, 17 crossed gene 

boundaries and 5 were entirely in non-coding or otherwise unassigned portions of the genome.  
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Regi
on 

No. 
Alleles 

Merlin start 
pos 

Merlin end 
pos 

No. 
Nucleotides 

Genes 
Chi-squared FDR-adjusted  
p-value testing geographic 

distribution Allele distribution 

Log 
likelihoo

d 

No. 
Paramet

ers 

AIC AIC 
relative 

1 2 1941 2121 183 RL1 
0.356 non-geographic 

-2244.34 1526 7540.6
7 

-537.04 

2 5 5387 6479 1226 RL5A RL6 
0.009 geographic 

-23540.1 27708 102496
.3 

-123895 

3 2 7813 7914 101 RL9A 
0.144 non-geographic 

-1845.99 828 5347.9
9 

-2098.1 

4 3 8620 8868 254 RL10 
< 0.001 geographic 

-3542.97 3087 13259.
94 

-2405.78 

5 2 9286 9479 193 RL11 
0.429 non-geographic 

-1985.89 1551 7073.7
8 

-638.98 

6 5 9840 14133 4760 
RL11 RL12 RL13 

UL1 UL2 UL4 1 non-geographic 
-124284 104314 457196

.2 
-492074 

7 2 14765 14993 232 UL5 UL6 
1 non-geographic 

-3221.19 2111 10664.
38 

-571.01 

8 4 15163 19324 4224 
UL10 UL11 UL6 UL7 

UL8 UL9 < 0.001 geographic 
-111383 72346 367457

.9 
-104602 

9 2 24546 24709 163 UL18 
1 non-geographic 

-1502.92 1314 5633.8
5 

-1236.82 

10 3 25622 26757 1156 UL20 
1 non-geographic 

-16342.6 14334 61353.
15 

-31205.3 

11 3 27640 27884 253 UL22A 
1 non-geographic 

-3053.33 3135 12376.
66 

-7464.82 

12 2 32267 32469 211 UL25 
1 non-geographic 

-2677.94 1762 8879.8
8 

-394.5 

13 2 33956 34231 275 UL27 
< 0.001 geographic 

-2356.06 2236 9184.1
2 

-1019.61 

14 3 43504 44600 1105 UL33 
1 non-geographic 

-10912.8 13429 48683.
69 

-43901.8 

15 2 48416 48612 212 UL36 
0.007 geographic 

-3539.6 1766 10611.
2 

-603.33 

16 5 50479 51145 682 UL37 
1 non-geographic 

-9250.45 13866 46232.
9 

-33246.5 

17 2 53875 54131 257 UL40 UL41A 
1 non-geographic 

-2258.44 2203 8922.8
8 

-3245.41 

18 2 54736 54916 193 UL41A UL42 
1 non-geographic 

-3058.48 1594 9304.9
5 

-585.08 
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19 2 60433 60720 287 UL45 
< 0.001 geographic 

-2079.96 2311 8781.9
2 

-1269.63 

20 2 69787 70067 280 UL48 
< 0.001 geographic 

-1316.08 2253 7138.1
5 

-297.48 

21 2 71370 71656 294 UL48A 
< 0.001 geographic 

-3531.28 2396 11854.
57 

-589.18 

22 2 82720 83003 283 UL55 
1 non-geographic 

-1711.08 2283 7988.1
6 

-840.2 

23 3 83278 84403 1125 UL55 
1 non-geographic 

-8685.43 13608 44586.
85 

-22415.4 

24 3 84532 84716 202 UL55 
< 0.001 geographic 

-2648.63 2522 10341.
27 

-7573.54 

25 2 91851 92082 231 

 

< 0.001 geographic 
-1590.76 1860 6901.5

3 
-1338.33 

26 2 93909 94323 423 

 

< 0.001 geographic 
-7853.7 3584 22875.

4 
-1354.6 

27 2 95125 95280 160 RNA4.9 
< 0.001 geographic 

-1888.98 1316 6409.9
6 

-730.67 

28 7 107059 109022 1990 UL74 
< 0.001 geographic 

-26242.7 56877 166239
.4 

-101446 

29 2 109129 109426 305 UL75 
1 non-geographic 

-2611.98 2475 10173.
96 

-479.55 

30 2 110100 111111 1011 UL75 
1 non-geographic 

-5666.96 8243 27819.
92 

-11452.5 

31 2 111275 111445 173 UL75 
1 non-geographic 

-1794.94 1404 6397.8
8 

-4866.71 

32 2 112046 112218 172 UL76 
< 0.001 geographic 

-1647.97 1381 6057.9
4 

-1982.39 

33 2 112991 113433 442 UL77 
0.033 geographic 

-3350.31 3550 13800.
62 

-245.41 

34 2 114235 114372 137 UL78 
< 0.001 geographic 

-1198.08 1100 4596.1
5 

-1620.46 

35 2 117687 117964 277 UL80 UL80.5 
< 0.001 geographic 

-1386.25 2225 7222.5
1 

-503.99 

36 2 119895 120091 196 UL82 
< 0.001 geographic 

-1409.05 1582 5982.1
1 

-342.84 

37 2 126001 126092 91 UL86 
< 0.001 geographic 

-563.04 734 2594.0
7 

-2121.15 

38 2 128100 128356 256 UL86 
< 0.001 geographic 

-901.27 2054 5910.5
4 

-496.53 
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39 2 128500 128722 222 UL86 
< 0.001 geographic 

-1277.87 1791 6137.7
3 

-522.06 

40 2 129087 129283 196 UL86 
< 0.001 geographic 

-665.98 1580 4491.9
5 

-585.33 

41 2 146766 147150 387 UL100 
< 0.001 geographic 

-2115.24 3117 10464.
47 

-3332.13 

42 2 166207 166537 354 UL116 
1 non-geographic 

-4356.6 2954 14621.
2 

-3202.23 

43 4 168817 170109 1316 
UL119 UL120 

UL121 0.05 non-geographic 
-19312.7 21443 81511.

3 
-33167.9 

44 2 171133 171320 187 UL122 
0.054 non-geographic 

-1307.13 1499 5612.2
5 

-855.49 

45 2 172835 173287 452 
UL122 UL123 

UL124 1 non-geographic 
-4440.12 3646 16172.

23 
-2648.31 

46 2 173916 174080 175 
UL122 UL123 

UL124 < 0.001 geographic 
-2616.39 1454 8140.7

7 
-1872.19 

47 2 174252 174465 228 UL124 1 non-geographic -1741.2 1871 7224.4 -961.63 

48 2 178839 179201 363 UL132 UL148 
1 non-geographic 

-5352.81 2931 16567.
62 

-3125.15 

49 8 180852 181323 726 UL146 UL147 
0.004 geographic 

-21661.8 26161 95645.
63 

-61020.5 

50 3 182416 182725 309 UL144 
0.622 non-geographic 

-3995.92 3864 15719.
83 

-29319.6 

51 2 182919 183328 424 UL150A 
1 non-geographic 

-8276.39 3989 24530.
79 

-5389.35 

52 3 183904 184172 283 UL142 
1 non-geographic 

-3960.88 3706 15333.
76 

-12722.1 

53 4 186573 187057 542 UL139 
1 non-geographic 

-10894.7 9545 40879.
45 

-40120.7 

54 4 190483 190621 141 UL133 
< 0.001 geographic 

-3982.02 2328 12620.
05 

-4712.79 

55 2 190891 191088 198 UL148A UL150A 
0.001 geographic 

-3392.1 1623 10030.
2 

-645.52 

56 2 192291 192441 162 UL150 
1 non-geographic 

-3855.16 1352 10414.
33 

-920.54 

57 3 192991 193241 250 UL150 
< 0.001 geographic 

-4196.98 3046 14485.
95 

-2851.04 

58 2 193626 193652 26 UL150 
< 0.001 geographic 

-589.88 210 1599.7
6 

-206.58 
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59 2 194060 195027 2613 UL150 
< 0.001 geographic 

-92540.9 25697 236475
.8 

-3343.18 

60 2 197037 197240 302 IRS1 
1 non-geographic 

-7399.69 2758 20315.
38 

-691.99 

61 2 197664 197814 150 IRS1 
1 non-geographic 

-1286.64 1204 4981.2
8 

-1395.98 

62 2 202772 202925 156 US7 
1 non-geographic 

-1946.16 1425 6742.3
2 

-1488.1 

63 2 203213 203325 112 US7 
1 non-geographic 

-1589.86 956 5091.7
1 

-483.36 

64 2 208538 208722 184 US14 
1 non-geographic 

-1420.51 1477 5795.0
2 

-1062.52 

65 2 212019 212119 100 US17 
< 0.001 geographic 

-578.16 810 2776.3
2 

-1716.71 

66 2 223336 223914 579 US26 US27 
1 non-geographic 

-3050.43 4650 15400.
85 

-1772.27 

67 3 224108 224224 116 US27 
1 non-geographic 

-1893.07 1506 6798.1
5 

-6150.59 

68 2 224607 224958 351 US27 
1 non-geographic 

-2168.77 2819 9975.5
4 

-5078.58 

69 4 225456 225513 57 US27 US28 
0.096 non-geographic 

-524.96 916 2881.9
2 

-2445.6 

70 2 228225 228303 78 US30 
1 non-geographic 

-1052.07 637 3378.1
3 

-465.97 

71 2 230977 231098 124 US33A US34 
1 non-geographic 

-1501.77 1012 5027.5
5 

-1420.82 

72 4 231565 232587 1527 TRS1 
1 non-geographic 

-46165.9 28262 148855
.8 

-50024.5 

73 2 232759 232987 228 TRS1 
0.002 Geographic 

-1967.37 1826 7586.7
3 

-447.88 

74 2 233496 233663 253 TRS1 
0.058 non-geographic 

-6240.4 2382 17244.
8 

-973.35 

Table 2.a – The identified 74 multi-allelic regions in the HCMV genome identified by HMMcluster, presented with the number of alleles; the start and end genome coordinates based on the Merlin 
reference; the nucleotide width of the region; the open-reading frames overlapping with the region, where genes previously identified as hypervariable are shown in bold; the Chi-square FDR-
adjusted (Benjamin-Hochberg) p-value test for the independence between allele distribution for European and African sequences, FDR < 0.05 indicates a significant difference in the allele 
distributions between the two groups allele distribution is unique across continents; the column “Allele distribution “ simply states the result of the chi-squared test of allele distributions with 
each region either having a geographic allele distribution, or non-geographic using a FDR <0.05. The final four columns pertain to the HMMcluster model, displaying the log of the likelihood for 
how well n alleles represent the data, the number of parameters required to define the model, the akaike information criterion (AIC) for the model) and the difference in AIC compared to a model 
where the number of HMM clusters is 1 (lower is better). 
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We set out to initially characterise the inter/intra-allele evolutionary relationships per region by 

constructing maximum likelihood phylogenetic trees, however phylogenetics is problematic in the 

context of recombination, and 10 regions were excluded as they were found to contain recombinant 

breakpoints (Table 2.b). The remaining 64/74 showed a trend of well-separated and supported clades 

following HMMcluster supported alleles with few or no sequences as steppingstones between clades. 

Example similarly sized conserved regions, are not absent of clustering but clades were in general 

poorly resolved, with low bootstrap support for key central nodes (Figure 2.c; Supplementary Figure 

2, Supplementary Figure 3, Supplementary Figure 4). Genetic variation in multi-allelic regions appears 

circa 1-2 orders of magnitude greater than comparably sized conserved genome portions (Figure 2.c). 

Well-separated clades with restricted recombination has previously been discussed in the context of 

HCMV hypervariable regions and could represent an inability of homologous strands to anneal, 

supporting the development of population structure within those loci from exclusive evolution  

(Lassalle et al., 2016). Linkage disequilibrium across the whole genome, conserved and multi-allelic 

concatenomes is also shown in Supplementary Figure 5, Supplementary Figure 6, Supplementary 

Figure 7 . 

 

Region Genes Number of 

breakpoints 

Coordinates of breakpoints (bp) in the 

Merlin reference genome 

2 RL5A; RL6 2 5907, 6290 

6 RL11; RL12; RL13; UL1; 

UL2; UL4 

2 12606, 13305 

8 UL10; UL11; UL6; UL7; 

UL8; UL9 

6 15751, 15860, 16390, 17553, 18419, 18672 

10 UL20; UL21A 2 26468, 26732 

28 UL73; UL74 2 107640, 107848 

42 UL116 1 166458 

43 UL119; UL120; UL121 6 169045, 169283, 169475, 169525, 169782, 

170046 

50 UL144 2 182464, 182551 

51 UL150A 1 183170 

72 TRS1 4 231683, 231783, 232227, 232415 

Table 2.b -Each multi-allelic region was assessed for evidence of recombination. If 5 or more algorithms as implemented in 
RDP5 indicated a breakpoint, then the phylogenies on either side of predicted breakpoints were assessed visually. Any that 
instead could be explained by sub-clade structure were discarded. Those breakpoints in regions that passed both checks are 
shown above. We underlined in bold those regions where most sequences in the multiple-sequence alignment showed the 
recombination breakpoints, as opposed to a minority. 
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Figure 2.c - Unrooted Maximum Likelihood phylogenetic trees of exemplar multi-allelic and conserved regions. The 
maximum distance between any two sequence was calculated, and tips collapsed  if within 5% of this value and shown as 
fans where size scales with number of grouped sequences and colour represents assigned allele from HMMcluster. Small hard 
to see fans have been blown up and are represented by fans within circles. Nodes with bootstrap support >90% are shown as 
red diamonds. Note: Scale bars differ for each figure. A) Multiallelic region 2 (RL5A RL6). B) Multiallelic region 30 (UL75). C) 
Example conserved region (UL105) of comparable alignment length. Variability of C is much less than A and B with no support 
for HMM derived clusters. D) A and C when drawn to the scale of B, the example conserved region tree becomes difficult to 
see at this representation reflecting the relatively minor variation it encodes. Sequences with greater than 15% ambiguous 
bases were removed before phylogenetic reconstruction. 

 

2.3.4 European and African whole genomes display geographical population structure 

Having identified that the HCMV genome of geographically diverse strains has a set structure, we next 

set to examine the relationship between variation and virus geographical origin (continent) in which 

they were sampled. Geographical segregation of genomes is well described for other herpesviruses 
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(Wegner et al., 2019; Grose, 2012; Szpara et al., 2014; Quinlivan et al., 2002), but has not been 

identified in HCMV. This set of genomes is the most geographically diverse that has been studied to 

date and so represents an ideal opportunity to study this effect. As HCMV is known to freely 

recombine, accurately reconstructing phylogenetic relationships and tree topologies is problematic. 

To overcome this, we instead used a cruder approach of Multi Dimensions Scaling (MDS) to analyse 

the genomes which avoids this problem (Figure 2.d). Dimensionality reduction techniques instead 

simply represent the “closeness” of sequences and have been able to derive representations of 

genetic data resembling their geographic ancestry (Novembre et al., 2008; Gurdasani et al., 2015). The 

resulting clustering pattern showed geographic segregation of whole genomes (component 2), with 

genomes derived from individuals sampled in Africa clustering away from most sequences sampled in 

Europe. There are only two sequences that were sampled in Asia, they located amongst the European 

sequences. MDS components 1, 3 and 4 which represent large variance in the data were uninformative 

concerning the geographical segregation of whole genomes (Figure 2.e) 
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Figure 2.d - Multi Dimensional Scaling of 259 HCMV genomes. A) Whole genome, B) conserved concatenome, C) Multi-allelic 
concatenome. Sequences are coloured by continent of sampling which shows an overall trend for geographical segregation 
for the whole genome and concatenated conserved regions. 
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Figure 2.e -Multi-Dimensional Scaling at more than two components. We set out to determine if other top components 
contributed towards geographical population structure. A) MDS eigenvalues represent the contained amount of variance in 
each component. Left – Whole Genomes: components 2, 3 and 4 encode circa 50% of the variability of component 1. Right - 
conserved concatenomes: component 1 accounts for the vast majority of variability which describes African-European 
differences. B) For whole genomes (Left) and conserved concatenomes (right), component 1 is plotted against components 
3(top), 4 (middle) and 5 (bottom). Components 3 to 5 in the whole genome appear ambivalent to geography. Components 3 
in the conserved concatenome may cluster Asian sequences, and components 4 and 5 appear ambivalent to geography. 

MDS is only one approach to attempt to observe clustering patterns derived from sequences with 

shared nucleotide variants, and other methods should be sought after in an attempt to corroborate 

this observation of geographic splitting. We turned to phylogenetic network trees, which overcome 

many of the issues with “classical” phylogenetics by identifying and accounting for shared 

recombination events between strains shown as slits in the network (Figure 2.f). This corroborated 

the observation of geographic clustering of whole genomes and additionally distributed sequences 
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sampled in the Americas (all from the USA) throughout the distance space. The single sequence from 

Oceania (Australia) appeared to resemble sequences sampled in Europe.  

 

 

Figure 2.f - Split network phylogeny of HCMV. A) Whole genome sequences B) multi-allelic concatenomes. C) Conserved 
concatenomes. Whole genomes and conserved concatenomes cluster by continent (Africa, Europe and Asia). Multi-allelic 
regions as a whole show no geographical segregation. Geographic origin is indicated by node colour  (see legend).  

Curiously a minority of sequences sampled in Europe located within the African cluster, the vice versa 

was not observed (Figure 2.d). We hypothesised this may be due to incongruence of sampling location 

and host or virus ancestry. To examine this, we had available a separate set of HCMV genomes 

obtained from a cohort of HCMV seropositive solid organ transplant recipients who provided self-
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reported ethnicity data, all of whom were sampled in the UK (Atabani et al., 2012). Recalculating the 

MDS this time including these known ancestry sequences showed that HCMV from transplant 

recipients of self-reported African and Afro-Caribbean origin, but sampled in the UK, located on the 

MDS predominantly with strains sampled in Africa. Virus sequences from UK patients of European 

ancestry located with the bulk of European sampled sequences, likewise for Asian ancestry (Figure 

2.g). This suggests that sequences cluster by host ancestry, and sampling location is an imperfect 

metadata substitute. The few European sampled strains that clustered with the bulk of African 

sampled sequences are therefore likely to be from individuals of African ancestry. Our findings 

contrast with previously published results that failed to identify HCMV population structure related to 

geographical origin in partial genomes (Bradley et al., 2008; Pignatelli et al., 2003) or a subset of highly 

heterogenous whole genomes (Lassalle et al., 2016), although the two published Asian sequences 

have been noted as tightly clustering in an analysis of whole genomes (Sijmons et al., 2015). This is 

likely due to this analysis making use of a (relatively) geographically diverse set of viral genomes 

compared to previous analyses using samples obtained from essentially ethnic Europeans. 

 

Figure 2.g - Conserved concatenome MDS of Africa, Asia and Europe-sampled sequences, including concatenomes from 
seropositive patients of known self-reported ethnicity. Patients with ethnicity data were all sampled and sequenced in Europe, 
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2.3.5 Conserved and multi-allelic genomic regions show distinct patterns of phylogeography 

As we suspect that conserved and multi-allelic regions have different evolutionary histories, we next 

sought to understand if and how geographic population structure differs between them, we did this 

by considering those genomic portions separately. Concatenated conserved genomes (concatenome)  

more clearly separate viruses by continent of sampling compared to whole genome sequences, as well 

as revealing an Asian HCMV cluster ( Figure 2.d, Figure 2.f, Figure 2.g). In contrast, multi-allelic regions 

when concatenated appeared to show minimal geographic clustering. To quantify these differences 

between populations, and genomic regions, we calculated the Fixation Index (Fst), which compares 

diversity within and between different populations for those European and African sampled. As Fst 

can be biased if sample sizes vary between populations (Shringarpure and Xing, 2014), we randomly 

selected 30 sequences from both populations, then performed calculations. A null distribution of Fst 

values was obtained by scrambling sample labels, and both steps were repeated 10,000 times to 

obtain true and null Fst distributions (Figure 2.h). Conserved regions in the HCMV genome were found 

to encode clear geographic (continental) differences, with a mean Fst of 0.21 (a 423% increase on the 

mean null Fst). Fst of the concatenated multi-allelic regions was relatively weaker at 0.097, which is 

only a 194% increase on the mean null Fst. These Fst values were significantly different to their 

respective null distributions (both Mann Whitney test p-values < 0.0005.). The geographic signal is 

therefore enriched in the conserved regions of the HCMV genome. 

 

 

Figure 2.h - Geographic signal is significantly enriched in the conserved concatenome. Fst distributions of 30 randomly 
sampled African and 30 European sequences repeated 10,000 times to obtain Fst distribution for a geographically segregation 
(“Sampled Fst”)  These were compared against randomly selected sequences for which the continent labels had been 
randomly scrambled 10,000 times (“Null Fst”). For conserved regions, the mean Fst is 0.2115 ( 423% the null Fst mean). For 
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multi-allelic regions, the mean Fst is 0.0972 ( 194% the null Fst mean). Conserved regions therefore are relatively more 
enriched for geographic SNPs. Statistical analysis (independent 2-group Mann-Whitney U Test) **** indicates p < 0.00005 

 

2.3.6 Admixture model-based estimation of ancestry supports continental population 

structure  

To further examine the pattern of segregation within conserved genomic sequences by continent and 

to use a model-based approach to complement the visual MDS and network phylogeny, we undertook 

an admixture analysis. The model infers the ancestral lineages and the contributions from each that 

gave rise to a set of modern sequences (Figure 2.i) (Alexander et al., 2009). Admixture, like 

dimensionality reduction, is skewed by large sample size differences and by heterologous sampling 

methodology (Lawson et al., 2018). To account for the former, we randomly subsampled to generate 

more proportionate sample sizes per continent (30 European, 30 African and both Asian, sampled 

sequences), then calculated the Cross Validation Error (CVE) for K=1 through 10. This was repeated for 

1000 random sample draws.  

 

 

A 
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Figure 2.i - Reconstructed Admixture proportions in HCMV’s conserved regions. Admixture inferred ancestral lineages 
reconstructed from HCMV conserved concatenomes support evidence of geographic segregation in HCMV. The admixtures 
derived from a representative K=2 model of 62 sequences, were projected to the remaining 197 sequences. A) Admixture 
proportions for the 259 strains grouped by continent. B) The red and blue cluster components were used to colour sequences 
in the conserved concatenome MDS. Select common reference strains have been labelled. 

Two lineages (K=2), one African and one Eurasian were found to be the consensus result from the 10 

lowest error models (Figure 2.i , Figure 2.j A). HCMV sequences sampled in Africa from individuals of 

African ancestry were clearly identified by the model as being part of this African lineage, with no hint 

of admixing and vice versa. Few sequences sampled in Europe were assigned major African lineage 

contributions, this is most simply explained as the sampling location-ethnicity issue, we addressed 

earlier (Figure 2.i, Figure 2.g). Many sequences also appeared as admixes and correspond well with 

those sequences that lie between the clusters of African and European in the MDS. 

In a handful of sampling replicates, it appears there was a random skew toward picking more Asian-

like HCMV sequences, in three of these the optimal model was K=3 clusters (Figure 2.j). Although K = 

2 was overall the optimal representation taking admixture in isolation, when we consider the wider 

context ( relatively limited Asian sample size (Lawson et al., 2018) , clear clustering of Asian HCMV 

conserved concatenomes from UK patients of self-reported Asian ethnicity (Figure 2.g), MDS pattern 

of two Asian sampled genomes) however, it seems reasonable that K=3 is also a valid representation.  

To overcome the complexity of sample origin not necessarily reflecting virus ancestry (i.e., human 

migration), and to allow clearer delineation of population differences between African and European 

HCMV lineages, subsequent analyses are limited to only “archetypal” sequences from each continent 

     

     

      

B 
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(Those with >90% admixture proportion to a single ancestral cluster, in the lowest error K=3 conserved 

concatenome model). This results in 42 strains (12 sampled in Europe) of archetypal African ancestry 

and 129 of archetypal European ancestry. Four HCMV sequences were identified as of archetypal 

Asian ancestry (2 sampled in Europe). 

 

 

A 

B 

C 
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Figure 2.j - Additional Admixture results. Repeat samples of the full alignment to 30 African, 30 European and 2 Asian HCMV 
conserved concatenomes, for which Admixture analysis was run from K=1 to K=10 with 20 rounds of cross-validation for 
determining model error. A) for 1000 random samples, the boxplot distribution of error values per K shows K=2 i.e. two 
ancestral genomes, to be the consensus optimal model. B) For a minority of samples, the optimal description is K = 3 for which 
a representative admixture and MDS projection is shown. It appears likely that with further sampling of global HCMV 
genomes the number of ancestral genomes contributing to population structure will increase to at least three. 

 

2.3.7 Geographic signal is consistent across the conserved regions and sequences between 

continental clusters have random patterns ruling out recent recombination 

To understand if geographic SNPs are inherited as blocks or appear distributed across the viral genome 

we identified the high Fst value (>0.5) sites in the conserved concatenome with different consensus 

European and African bases per site. Sites in each sequence were coloured by whether the consensus 

base was African (red) or European (blue) or neither (black) (Figure 2.k A). Archetypal African or 

European sequences appear overwhelmingly represented by the base most common to their 

continent, with little evidence for sub-structures. Any infrequent “wrong” consensus base in an 

ancestral strain appears to be random. The pattern of bases is more complex for non-archetypal 

sequences, with a mixture of African and European consensus bases in a non-random pattern, which 

group sets of sequences together (perhaps indicating shared ancestry, country). Repeating this 

analysis for the 32 multi-allelic geographically segregating regions, colouring African-dominant alleles 

red and European-dominant alleles blue, we observe a similar pattern ( Figure 2.k B). 
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Figure 2.k -Sequences are coloured by whether they contain the consensus European (blue) or consensus African (red) base, 
or neither (black) per site or allele.  A) In high (>0.5) Fst conserved concatenome sites, African archetypal sequences appear 
dominated by red, and vice versa for archetypally European HCMV. Those lying between the continental cluster are mixed. In 
all three cases, the mixtures or red with blue are not randomly distributed and may reflect unidentified sub populations. B) 
as in A but with multi-allelic geographic regions and colouring by consensus allele. 

 

2.3.8 Multi-allelic genomic regions represent a mixture of geographic relationships 

Having convinced ourselves that conserved regions contain novel and clear geographical information, 

we next examined the apparently weaker geographical segregation of the 74 multi-allelic regions 

between African and European populations. As multi-allelic regions each contain variable numbers of 

alleles and are of different lengths, we considered each of the 74 regions separately. Chi-squared tests 

were performed to compare if the distribution of alleles in archetypal African strains were similar or 

unique to European. We found there were significant differences in geographic allele distributions for 

32 of the 74 regions (Table 2.a (False discovery rate (FDR) < 0.05 (Benjamini and Hochberg, 1995), 

while five showed more moderate geographic differences  (0.05 < FDR < 0.3). 

 

2.3.9 Host Immune-mediated selection is not obviously responsible for driving geographic 

segregation of African and European strains  

There are several modes by which population differences in HCMV could arise. Selective pressures 

exerted by different host populations forcing the viruses to diverge is one, and it is thought to have 

been responsible for the geographic clustering pattern in EBV (Wegner et al., 2019). To assess this we 

looked at the 440 most geographically informative sites (Fst > 0.5) and asked how many of these sites 

resulted in a different continental consensus amino acid between archetypal continental sequences. 

And if they do, does this change occur within known B and T cell epitopes, as characterised in the 

Immune Epitope DataBase (IEDB)  (Vita et al., 2019). Only 15% of the 440 sites encoded 

nonsynonymous changes. Of these, 16% occur in known epitopes, compared with 14% (52 of 376) of 

synonymous sites. A high proportion of nonsynonymous changes, or a high proportion of 

nonsynonymous & immune-facing changes would be evidence for the EBV-like evolutionary history. 

These data therefore provide little evidence for that hypothesis. 

 

2.3.10 Alleles in immunomodulatory genes tend to maintain similar diversity across continents 

A similar analysis should be performed in multi-allelic regions for completion, so we tested whether 

certain genes in certain genomic regions, were over-represented in certain functions. To do this we 

identified the genes lying within each region class and annotated their function, using three 
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predefined functional groups from a published gene-ontology [Latency, Tropism and 

Immunomodulation] (Van Damme and Van Loock, 2014). Then to calculate over/under-representation 

of a gene-functional group we used the chi-square test (Figure 2.l). The 74 multi-allelic regions 

considered together were significantly enriched for genes encoding immunomodulatory functions ( 

BH False Discovery Rate (FDR): 0.0096). The 42 multi-allelic regions with no evidence of geographical 

segregation, are the most enriched for immunomodulatory genes. 

 

Figure 2.l - Multi-allelic regions in general, and in particular those similar across Europe and Africa are enriched for 
Immunomodulatory products. For each genomic region, the proportion of genes or noncoding RNAs with a defined biological 
function as defined in (Van Damme and Van Lock, 2014). Stars and diamonds indicate significantly different distributions as 
determined by chi-squared test of independence (False discovery rate (FDR) < 0.05 (Benjamini and Hochberg, 1995)). Multi-
allelic regions in general, and particularly those pervasive across continents are significantly enriched for Immunomodulatory, 
compared to their abundance in conserved regions or the global proportion. Functional keywords were assigned as in the 
reference by experimentation or proposed function. 

2.3.11 Geographic and multi-allelic genetic differences may impact biological function   

By uncovering novel alleles there are now new possible association analyses to be done relating alleles 

to function. To illustrate this, we investigated glycoprotein B (gB) as an example. The reference strain 

Towne has been extensively used to develop vaccines and to study HCMV immunogenicity and 

function (Wilkinson et al., 2015) and its gB protein variant has been the basis for many vaccine 

candidates (Schleiss, 2018). Towne was found to be 79% African in the admixture analysis, two other 

common reference strains AD169 and Merlin were 75% and 99% European respectively. These 

conserved SNPs mean Towne is genetically distinct from European HCMVs in its conserved regions. 

Additionally, Townes gB also contained three multi-allelic regions (24, 23 and 22, Table 2.a) sharing 

the same haplotype as only 4% of the 259 HCMV genomes sequenced here (Figure 2.m). By contrast, 

the Merlin multi-allelic region is a more representative haplotype for our collection of genomes as it 
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is shared with 32% and AD169 with 20% of the 259 genomes. Grouping strains will always be a 

simplification of the full variability present, so to complement this allele analysis we also present 

where each strain places on the nucleotide phylogenetic tree of regions 22, 23 and 24 and their linkage 

(Figure 2.n). This informs us that a handful of genotypes in each tree captures most of the possible 

variation, and that while there are again a handful of common haplotypes across regions 22,23,24 

there are strains with unique and infrequent types. Genetic differences in gB have been mooted to 

underlie observed differences in cross-strain neutralisation by antibodies raised against one strain 

(Baraniak, Kropff, Ambrose, et al., 2018; Nelson, Huffman, et al., 2018). In general, immunotherapies 

and drug development targeting HCMV that rely on alleles that differ across geographic isolates may 

now require further investigation as to whether treatment effect will be advantageous to only certain 

human populations. 

 

Figure 2.m - Alleles (coloured) in multi-allelic regions 22,23,24 overlap gB Antigenic Domains (AD, greyscale). gB ADs and their 
corresponding multi-allelic regions are both in frame with the protein residue relative to Towne, light grey long vertical 
shading emphasises this. The frequency of allele combinations (haplotypes) for the 259 analysed sequences are shown, they 
are not randomly occurring and reference strains gB haplotypes are also indicated.  
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Figure 2.n - Phylogenetic linkage between the three multiallelic regions in gB. The phylogenetic trees of multiallelic regions 
24, 23 and 22 (left to right) that are present in the gB gene. Trees are to the same scale, but not rooted equally. Each sequence 
is represented by a single red line from left to right showing its three positions across the three trees. Several strains share 
common patterns, but this pattern whilst not random, is complex and not easily represented by 4, or 5 gene-defined alleles. 

 

2.4 Discussion 

This work attempts to characterise the variability present in whole HCMV genome sequences. By 

including several genomes of known African origin, we have been able to for the first time 

demonstrate that HCMV genomes display geographic population structure visible at the continent 

resolution. The geographic differences are also most clear in the relatively conserved portion of the 

genome. These insights were achieved by developing a method that identified genomic regions 

encoding multiple alleles, which allowed us to analyse separately these, and the remaining relatively 

conserved portions of the viral genome. Conserved regions are 86% of the genome and are where 

there is clearest differences between geographical populations of HCMV virus, a likely reflection of 

HCMV’s ancient evolutionary history. The other 14% of the genome is multi-allelic, some of these have 

previously been termed hypervariable and encode 74 predominantly variable regions and do not 

generally conform to gene boundaries as had been previously assumed (Bradley et al., 2008). Some 

multi-allelic regions appear to distribute alleles differently by geography, but the majority have alleles 

in equal prevalence globally. The HCMV genome has therefore been subject to at least two contrary 

patterns of evolution, which has shaped this dichotomy of variability we see in HCMV today. 
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Building on previous work that uncovered the HCMV genome has islands of hypervariability 

(Puchhammer-Stöckl and Görzer, 2011; Foglierini et al., 2019; Suárez, Wilkie, et al., 2019; Lassalle et 

al., 2016) using a set of geographically diverse HCMV whole genomes we identified the coordinates of 

74 multi-allelic regions, an extension of the 12 to 30 that have previously been described (Lassalle et 

al., 2016; Suárez, Wilkie, et al., 2019; Sijmons et al., 2015). The majority locate within the boundaries 

of genes. 17 cross gene boundaries. 5 are entirely non-coding or in otherwise unannotated portions 

of the genome. The number of alleles we identify with the statistical approach taken here ( between 

2 and 8 per region) differs from previous numbers reported. We put this down to previous allele 

nomenclature having been determined largely by visual inspection, which has led to discrepancies 

between groups for the same gene (Guo et al., 2017; Berg et al., 2021, 146), and alleles not being 

reliably distinguishable (Suárez, Wilkie, et al., 2019). An example is gB which is modelled as 4 (de Vries 

et al., 2012), 5 (H.-Y. Wang et al., 2021) and 7 (Zavaglio et al., 2021) genotypes in different groups. 

Of the 74 multi-allelic regions, 42 present similar allele distributions in populations from different 

continents. This is suggestive of negative frequency-dependent balancing selection, a form of 

adaptation that maintains diversity in the face of genetic drift (Ségurel et al., 2013; Plotkin and 

Dushoff, 2003; Elena et al., 1997). Resulting in a sustained full allele palette in these genome portions, 

across both continents despite little genetic flow. Maintained diversity in certain genes could 

represent the need for HCMV to have several phenotypic options. For example alleles in the HCMV 

virion envelope complexes, have the ability to modulate the virus cell tropism (Zhou et al.; Kalser et 

al., 2017b). From our analyses, the non-geographically segregated multi-allelic regions were 

significantly enriched for genes encoding immunomodulatory functions. For example, region 6 which 

shows no geographical segregation encodes a portion of the non-recombinant haplotype RL11D block, 

RL11, RL12, Rl13, UL1, UL2 and UL4, which are immune-facing virion membrane glycoproteins (Van 

Damme and Van Loock, 2014).  

 

In stark contrast, the conserved mono-allelic regions and the remaining 32 multi-allelic regions 

clustered genetically by geography. This dichotomy suggests that the HCMV genome is subject to at 

least two patterns of evolution; one where mostly isolated populations have evolved separately in 

Africa, Europe and Asia; a second where allele distributions are maintained across separated 

continental populations, indicating that no one allele has outcompeted the others and the 

maintenance of this genetic armoury is functionally important.  

Geographical segregation of genomes is well described for other human (Wegner et al., 2019; Grose, 

2012; Szpara et al., 2014; Barrett-Muir et al., 2003; Quinlivan et al., 2002) and is therefore not 
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surprising to have been eventually found for HCMV. How and when these populations diverged is 

more difficult to tell. One option, as is suspected in EBV,  is host immune selection driving local 

adaptation of virus to different human host populations (Wegner et al., 2019). To test this, we looked 

at the most informative geographically segregating SNPs in the conserved genomic portions and found 

that unlike EBV, in HCMV almost all are under purifying selection. Of these, nonsynonymous changes 

represented a small fraction (15%) of all mutations, where this is essentially unchanged (16%) within 

known B and T cell epitopes (16%). Similar findings of mostly synonymous changes were observed for 

informative SNPs within geographically segregated multi-allelic regions. This suggests that the 

immune differences between divergent host populations in HCMV’s conserved regions do not appear 

to be a dominant driver of the observed genetic geographical differences. 

Instead, we postulate that genetic drift and bottleneck events such as founder viruses are plausible 

explanations for the population structure observed. If this is the case, there remains difficulty in 

understanding the direction and date of split(s) due to the low association between sampling date and 

distance from the phylogenetic tree root, as well as a mutation rate that has proven difficult to 

determine for double-stranded DNA viruses (Firth et al., 2010). This is likely to be, in part, a result of 

HCMV’s longstanding free recombination within these geographically isolated pockets. As 13 multi-

allelic regions were found to contain unique alleles to Europe while the opposite was not seen for 

African viruses, this could be taken as evidence supporting a European origin of HCMV, where Africa 

has restricted diversity. However, this is likely more simply explained as an artefact of the differences 

in size and sampling heterogeneity of our available genomes.  

We found that African-clustering HCMV strains in patients who were sampled in the UK, who self-

report as being of Afro-Caribbean ethnicity, many of whom presumably have not lived in Africa, can 

potentially be explained by the early acquisition of HCMV from family members and by assortative 

mating of racial groups (Norris et al., 2019). Early Infection acquired from maternal or sibling 

transmission may explain why subjects of African origin living in Europe test positive for strains that 

cluster with known African strains (Pass and Anderson, 2014; Gantt et al., 2016). This would date 

African and European HCMV strain splitting to at least 500 years ago, the time at which the first African 

slaves were transported to Europe (Ribeiro da Silva, 2017). Although given the mutation rates for a 

similar virus, HSV1, for which there are ancient genomes available, the actual divergence date is likely 

much older (Guellil et al., 2022). Moving beyond a simple Africa-Europe understanding of HCMV’s 

phylogeography will likely require further and granular worldwide sampling. To understand when and 

where these divergence events occurred it is likely the inclusion of ancient HCMV genetic material will 

be required, as was required to understand the millennial-scale population movements of HSV1 

(Guellil et al., 2022). 
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Multi-allelic regions provide another way to relate HCMV genetics to biological differences and 

geographic structure gives us a new context for these results. As an example of how this may impact 

future work, we describe gB through this lens. gB has been the basis of many vaccines trialled for the 

prevention of congenital and post-transplant HCMV (Schleiss, 2018b). Antibody titres to the strongly 

antigenic domain (AD) 2 region following Towne gB + MF59 adjuvant vaccination, have been shown 

to correlate with better protection against post renal transplant HCMV viremia (Baraniak, Kropff, 

Ambrose, et al., 2018; Nelson, Huffman, et al., 2018; Schleiss, 2018b). 

We find gB contains three multi-allelic regions (22,23,24), that give rise to various gB allele 

combinations unique to each strain, with certain combinations much more frequent that others, and 

other combinations unseen in these strains. Previous work that considered gB “types”, derived from 

the whole gene gB sequence that overlook potentially important contributions from specific ADs such 

as AD2 (Pang et al., 2008; Ciotti et al., 2017), or have used PCR products that ignore AD2 (de Vries et 

al., 2012; Deckers et al., 2009; Jiang et al., 2017). gB variability is already known to affect cross-

neutralisation, the same study that showed AD2 binding correlates with protection, also showed that 

only ~50% of these individuals vaccinated with Towne gB presented a detectable AD2 antibody 

response against gB peptides derived from AD169. It is not clear whether this is a host or viral factor 

or both. We did find however that the AD169 AD2 allele differs from that found in Towne with the 

former being identical to 46% of the 259 sequences analysed here and the latter to 36%. As region 24 

segregates by geography this raises the possibility that a vaccine based on Towne gB sequence, may 

not be suitable to protect against European viruses. Geographic differences between clades have not 

impacted negatively Varicella Zoster vaccine strain Oka’s efficacy (Goulleret et al., 2010), although it 

is important to note that compared to VZV, HCMV strains are at least 20 times as diverse (Sijmons et 

al., 2015).  

The HCMV pentamer complex which is the current focus of an alternative multi-antigenic vaccine 

using the Merlin strain, we found contains no multi-allelic regions, and may therefore be a more 

suitable target (John et al., 2018). There are however geographically segregating variants such as Q35K 

and L40P which segregate populations inter and intra-continent and are both present within known B 

cell neutralising epitopes in the pentameric complex UL130 protein (IEDB ID: 142031).  

These analyses are subject to limitations, the clearest of which is the potential biases related to the 

available sequences and the samples from which they were derived. First, the representation of 

genomes was heavily skewed towards Europe, as has been an issue in prior work. Second, the 

European samples were typically collected from unrelated patients for clinical purposes, whereas 

African samples were obtained from focussed study participants in southern and eastern Africa 
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(Zambia, Uganda and Kenya). The African-clustering sequences sampled in Europe likely reflect 

divergent sampling of unrelated individuals and may to some extent mitigate. There appears to be a 

lack of homology between various alleles within some multi-allelic regions, this limits our ability to 

visualise or calculate differences between strains. Finally, when considering B and T cell HCMV 

epitopes, we are limited by epitopes included in the IEDB databases Epitope prediction can be a way 

to “fill in the gaps” but was not employed here.  
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Chapter 3 Which mutations cause drug resistance in herpesviruses? A 

knowledgebase, geno2pheno predictive models and implications for a 

national clinical service. 

 

Declaration: These publications were derived from the following work. Where the thesis strongly 

aligns with discussions in the publications, I declare the publication was majority authored by myself. 

•  “cmvdrg - An R package for Human Cytomegalovirus antiviral Drug Resistance Genotyping” -  

OJ Charles, C Venturini, J Breuer  -  BiorXiv  -  May 2020 

The following GitHub repositories are derived from this work and publicly available at time of writing. 

• https://github.com/ucl-pathgenomics/cmvdrg 

• https://github.com/ojcharles/mutationfeatures 

This work has been presented at the following conferences: 

• 46th Annual International Herpesvirus Workshop, 25 - 29 July 2022, Satellite Workshop talk 
and poster presentation   
 

 

 

 

3.1  Introduction 

Herpesviruses and their associated diseases are a major health problem worldwide for 

immunocompromised and immunosuppressed patients. The prevention and treatment of Human 

Cytomegalovirus (HCMV) and Herpes Simplex Virus (HSV) disease for example is essential in the 

management of solid organ transplant (SOT), hematopoietic stem cell transplant (HSCT) and other 

immunocompromised hosts (Limaye, 2002a; Ariza-Heredia et al., 2014; Emery, 2001b; Lee et al., 

2019). Although a handful of treatment options are available such as aciclovir, ganciclovir and 

letermovir,  resistance has now been reported for all FDA-approved drugs and poses a significant and 

increasing threat due to aggressive disease course and a greater mortality risk (Lurain and Chou, 

2010a; Komatsu et al., 2014; Bacon et al., 2003; Kakiuchi et al., 2017). Knowing which mutations can 

cause resistance and early detection are important to inform alternative treatments. 

https://www.herpesvirusworkshop.com/2022/
https://www.herpesvirusworkshop.com/2022/
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Genome sequencing has become a popular clinical tool to infer the resistance phenotype of a virus 

given its cost and speed advantages over assays requiring viral culture. Knowing which mutations 

confer resistance, to which drug, and to what extent are all important clinical and research questions. 

However, no point of truth exists for mapping variants to phenotype which has led to many groups 

keeping local tables extracted from incomplete literature searches. Additionally, only a small fraction 

of possible mutations have been phenotypically characterised in vitro, leading to difficulty in assessing 

novel mutations. Given the rich resistance mutation data available for the herpesviruses, it may be 

possible to find general patterns of mutations that are informative of resistance phenotype. 

This chapter establishes what we know about antivirals and the problems caused by drug resistance 

in the antiviral treated herpesviruses, building from what we introduced with HCMV. It attempts to 

establish a single comprehensive herpesvirus drug resistance mutation point of truth, then distil 

generalisable features of those mutations to develop predictive models capable of assigning a 

resistance phenotype to any given herpesvirus mutation. 

As this chapter discusses several viruses, and for each several antivirals are used, in the interest of 

brevity detailed introductions will focus on HCMV-ganciclovir and HSV-aciclovir applications. 

3.1.1 The antiviral treated herpesviruses 

In addition to HCMV, there are 4 further HHVs which cause morbidity and mortality for which antiviral 

drugs are routinely used. 

HSV-1 and HSV-2 are global pathogens with a prevalence of circa 67% in 0-49 year olds (James et al., 

2020). Transmission is typically via infectious particles derived from cells with lytic HSV or via infectious 

particles regularly shed from mucosal surfaces (Wald et al., 2000) and primary infection typically 

occurs before adolescence (HSV1) or as one begins to be sexually active (HSV2). Following infection, 

the virus generally establishes latent infections in the trigeminal nerve (orofacial herpes) or the sacral 

ganglia (genital herpes) (Ohashi et al., 2011). For a minority of immunocompetent persons, during 

periods of reactivation, the host can experience a range of symptoms from asymptomatic shedding of 

infected virus (more common in HSV2) in painful lesions at or near the site of primary infection and in 

rare but severe cases life-threatening disease can occur such as herpes encephalitis (Johnston and 

Corey, 2016). In contrast, immunocompromised persons such as those with AIDS or undergoing 

transplants tend to have more frequent and severe clinical manifestations leading to complications, 

and HSV serostatus has been observed to correlate with mortality for example in HSCT recipients 

(Stednick et al., 2016). Antivirals are typically administered to treat potentially painful and visually 

unpleasing but safe sores, and also as prophylaxis following transplant to reduce the risk of 

complications. Around 82% of SOT transplant recipients are HSV seropositive within a year of 
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transplant and result in mostly mild symptoms (Arana et al., 2022). With such high figures, it is typical 

in SOT and HSCT for patients to undergo prophylactic therapy to suppress HSV infections and 

subsequent disease, if not given it is estimated that 75% of seropositive HSCT recipients would incur 

disease (Uhlin et al., 2015).  

VZV is the highly contagious agent that causes chickenpox, this primary infection predominantly 

occurs in childhood resulting in almost universal (90%) exposure by the age of 17 years (Eshleman et 

al., 2011; Ryan et al., 2003). Transmission typically is via airborne droplets that infected individuals 

release containing conjunctival or salivary fluids circa 2 days prior to symptomatic varicella exanthema 

(chickenpox rashes). VZV then enters a period of latency promiscuously in cellular ganglia, where most 

will remain asymptomatic indefinitely. From here the virus may cause recurrent infections after years 

or decades of latency called zoster (shingles) which can result in burning pains, sensory disturbances 

in dermatomes, skin erythema and skin lesions which normally affect the individual for 3 to 4 weeks 

(Kennedy and Gershon, 2018). In the immunocompromised pain and lesions can last for months and 

are more frequently associated with complications, which include skin necrosis, oral and eye 

inclusions and onset of bacterial super-infections (Gross, 1997). VZV is unique in the herpesviruses as 

a vaccine is licensed for clinical use. The Oka Vaccine is an attenuated virus strain which protects 

against primary infection and shingles and is associated with a 75% reduction in VZV associated 

hospital complications in the USA where it has been licensed and used regularly since 1995 (Eshleman 

et al., 2011). In allogeneic HSCT VZV reactivation occurs in 20-50% of cases, typically between 2 and 6 

months post-operation (Kalpoe et al., 2006). Antivirals are typically administered as post-exposure 

prophylaxis in older adults with primary infection and as infection control for transplant patients with 

documented zoster history (Pergam et al., 2019).  

HHV6B is thought to infect more than 90% of children by their first birthday (Leach et al., 1992), and 

the virus is essentially ubiquitous by their third (Brown et al., 1988). Transmission of free virus is 

typically via saliva (Miyazaki et al., 2017). Unlike other human herpesviruses, HHV6B has a unique 

ability to integrate into chromosomes as a mechanism of latency after which the virus is vertically 

transmitted in a Mendelian manner (Pellett et al., 2012). This unique ability makes monitoring serum 

and plasma DNA loads unreliable due to the release of HHV6 DNA through cell lysis, and in addition 

can result in the unique condition of inherited chromosomally integrated HHV6 (iciHHV6)(Hill, 2019). 

As such we have unreliable figures on seropositivity in transplant cohorts. It is closely related to HCMV 

such that circa 67% of its protein products have homologs in HCMV (Kimberlin, 1998), also, although 

sharing an overall identity of 90%  it is designated as a separate virus species to the rarely detected 

HHV6A (Ablashi et al., 2014; Hill, 2019, 6).  Primary infection by HHV6B is the major cause of roseola 

infantum which in infants can affect the central nervous system, patients with HHV6 primary infection 
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can also develop seizures or convulsions. Once contracted immunocompetent individuals generate 

effective immunity which prevents future infection. HHV6B reactivation after allogeneic HSCT is the 

most common infectious cause of post-HSCT encephalitis. (Ogata et al., 2017; Scheurer et al., 2013, 

06). HHV6B is also implicated in acute graft-versus-host disease (GVHD), pneumonia, and other 

complications similar to HCMV (Phan et al., 2018; Hill et al., 2019). 

Not all herpesviruses are routinely treated with antivirals. EBV is of clinical concern due to it being an 

oncogenic virus, the cause of mononucleosis and causes complications post-HSCT. Antiviral 

prophylaxis is not recommended and has negligible control of EBV post-transplant lymphoproliferative 

disorder for example (Styczynski et al., 2009). Further EBV is resistant to many antiviral agents due to 

low-level expression of the thymidine kinase during its lytic phase (Pagano et al., 2018). EBV 

preferentially infects B-cells and it is thought the most important barrier to successful antiviral therapy 

is that that disease symptoms are not the consequence of viral shedding, which anti-herpes antivirals 

can effectively reduce albeit temporarily (Ernberg and Andersson, 1986) but come from the 

immunological response to those EBV infected B-cells that permeate bodily tissues. Antivirals in 

combination with immunosuppressive therapy could be thought to be effective given this aetiology, 

but it is ineffective (Tynell et al., 1996). Given this, for patients with critical EBV-associated disease, 

the infected host cells are targeted for suppression typically using rituximab (Delapierre et al., 2019; 

Mark and Knutsen, 2006). HHV7 infections are not typically of clinical concern and no standard 

effective treatment regime has been established. It is common for other antivirals that are effective 

against the betaherpesviruses (HHV6 and HCMV) to be administered off-label (Ljungman et al., 2008; 

Yang et al., 2022). HHV8 primary infections and reactivation are associated with uncommon and 

occasionally fatal diseases such as Kaposi sarcoma and lymphoma (Riva et al., 2012, 8). Anti-HSV 

therapies have been shown to contribute some control over HHV8 (Kedes and Ganem, 1997). 

Although no formal clinical trial has taken place, their usage as pre-emptive or prophylaxis has shown 

some promise (Francès et al., 2009). In general, studies are scarce and formal trials are missing (Zhang 

et al., 1999; Casper, 2008). 

3.1.2 Current herpes antiviral drugs and their mechanism of action 

The alphaherpesviruses were the first viruses for which effective, relatively non-toxic antiviral drugs 

were developed in the 1970s. The first discovered molecule was the prototypic antiviral agent aciclovir 

and thus began the development of the first class of antiviral drugs, the nucleoside analogues, which 

remain the first-line treatment for alpha and more generally herpes infections to date (Kimberlin, 

1998; Fiddian et al., 1984; Clercq, 1993). The 2010s saw the development of two drugs with two novel 

modes of action (MoA) (Hammond et al., 2022; Jayk Bernal et al., 2022) and research was further 

invigorated given the SARS-CoV-2 pandemic (Hammond et al., 2022; Jayk Bernal et al., 2022). 
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The nucleoside analogues (NUCs) are a class of antiviral drug whose active form inhibits viral DNA 

polymerases via two MoAs. First, they compete against the parent deoxynucleoside triphosphates 

(dNTP) of which they are close analogues, as a substrate for the virally encoded DNA polymerase (pol) 

slowing replication (Reardon and Spector, 1991). Second, as these analogues typically lack a key 

molecular structure such as the 3’-hydroxyl group in the case of aciclovir (Wagstaff et al., 1994), any 

incorporation results in chain termination of the growing DNA molecule present in the polymerase at 

that time, whereby the resultant DNA is almost always non-functional (Reardon and Spector, 1991). 

Licensed NUCs are all purine analogues prodrugs such as aciclovir and ganciclovir that require three 

phosphorylation steps to be active. The first phosphorylation step is performed by the virally encoded 

thymidine kinase (TK) or protein kinase in HCMV and HHV6B (King, 1988; Seley-Radtke and Yates, 

2018). Subsequent steps are performed by endogenous cellular kinases that cannot distinguish the 

phosphorylated analogues from their nucleotide parent molecules (Sullivan et al., 1992).   

A drug design problem is that polymerases are incredibly conserved in nature, present in homo sapiens 

to E. coli, and as such these drugs need to specifically target viral proteins or virally infected cells to 

reduce off-target effects. NUCs are therefore designed such that endogenous kinases are circa a 

millionfold less capable of performing the first phosphorylation step resulting in for example 40 to 100 

times higher ACV-TP in HSV-infected cells compared to uninfected cells (Elion, 1982). In addition, they 

are specifically designed to be poor substrates for endogenous DNA polymerases resulting in reduced 

human DNA incorporation (Kimberlin and Whitley, 2007). 

The acyclic nucleoside phosphonates such as cidofovir can be considered a subgroup of NUCs. These 

share the same MoAs but are as they are already in monophosphate form; they therefore only require 

phosphorylating by cellular enzymes. Additionally, the di- as opposed to tri-phosphate form is active 

(Zeippen et al., 2018; De Clercq, 2003). Cidofovir is a cytosine derivative, it is the only pyrimidine 

analogue that is licensed for use against herpesviruses ignoring the cidofovir prodrug brincidofivir 

(Marty et al., 2019). Tenofovir and Adefovir the two other notable drugs in this class are purine 

analogues and are not used to treat herpesvirus infections, although Tenofovir is the most widely used 

phosphonate nucleoside drug, but is utilised to treat HIV and Hepatitis B infections (De Clercq, 2003; 

Clercq and Holý, 2005). 

NUCs have been the most important class of drug used as antivirals, many with broad spectrum 

activity across distant viruses, putatively arising due to the close polymerase homology and its 

uniqueness to mammalian counterparts (Y. Wang et al., 2021; Furuta et al., 2017; Wang and Yang, 

2022; García-Serradilla et al., 2019; Bekerman and Einav, 2015). It is therefore unsurprising that 
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several broadly active NUCs exist for the Herpesviridae with their especially similar polymerase 

structures (Hoffmann et al., 2017; Saijo et al., 2005, 1; Chou et al., 2016b, 54).  

The second class of antiherpesvirus drugs are pyrophosphate analogues such as foscarnet (FOS), which 

have a broad spectrum of antiviral activity against all HHVs. DNA polymerases must cleave 

pyrophosphate from incoming dNTPs as part of DNA chain elongation. By occupying the 

pyrophosphate binding site in polymerases preferentially to NTPs, FOS is a non-competitive inhibitor 

of this key cleavage step which in turn inhibits DNA replication (Wagstaff and Bryson, 1994; Salvaggio 

and Gnann, 2017). 

The viral terminase complex inhibitors are a new class of drug with novel MoA specifically targeted 

towards HCMV and consist of only one drug currently, letermovir (Verghese and Schleiss, 2013). 

Viruses have generally two methods for genome packing, either the capsid is assembled around the 

genome (i.e., HIV), or the genome is packed into preformed procapsids. Double-stranded DNA viruses 

such as herpesviruses use this latter strategy and mechanistically produce large concatemeric DNA 

that requires cleavage into monomeric genome length units and translocating to procapsids (Ligat et 

al., 2018).  The viral terminase complex’s main functions are to cleave concatemeric DNA into the 

constituent monomer units, bind and recruit an empty preformed procapsid, then subsequently 

translocate and pack viral DNA into the procapsid then at a second site-specific cleavage step 

terminate packaging once a genome unit has been translocated (Griffiths and Emery, 2014; Bogner, 

2002). The complex consists of a hetero-oligomeric mixture of three key proteins, UL56, UL89 and 

UL51, although other subunits are thought to exist (Shigle et al., 2020). Letermovir inhibits the 

enzymatic activity of this complex resulting in long-uncleaved DNA and non-infectious viral particles 

(Lischka et al., 2010). Although the exact nature of letermovir’s binding to this complex is not currently 

known, resistance mutations are observed in UL51, UL56 and UL89 potentially indicating interaction 

with multiple subunits. The targeted MoA of this drug and its development under modern guidelines 

compared to the much older development of many NUCs means generally it has comparatively 

reduced toxicity and adverse effects and was approved for the prevention of HCMV disease in 

allogeneic HSCT in 2017 (Shigle et al., 2020; Boeckh and Ljungman, 2009; Boeckh and Geballe, 2011). 

Amenamevir is a virus-specific drug in the class of helicase-primase complex (HPC) inhibitors. 

Amenamevir was licensed in Japan for the treatment of VZV in 2017 and is in further phase 3 trials 

(Kawashima et al., 2017; Shoji et al., 2020). The HPC is an essential heterotrimeric enzyme that 

performs multiple key enzymatic activities required for DNA synthesis, these include separating 

double-stranded viral DNA into two single strands (helicase), catalysis of single-stranded DNA (ssDNA) 

APT to ADP decomposition (APTase) and also synthesises primer RNA, Okazaki fragments for the 
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lagging strand (primase) (Chono et al., 2010). To perform this the HPC consists of three proteins ORF55 

(helicase), ORF6 (primase) and ORF52 (co-factor). These steps are crucial to enable the following DNA 

synthesises process which is undertaken by the viral DNA polymerase. As such this protein is also 

conserved across distantly related organisms. Amenamevir inhibits the enzyme complex by binding to 

an as yet unknown location structurally near helicase motif IV, preventing ssDNA production and in 

turn downstream production of infectious virus. (Shiraki et al., 2021; Chono et al., 2010). Pritelivir is 

another drug in this class which has activity against HSV but is as yet unlicensed (Serris et al., 2022; 

Wald et al., 2014). 

Benzimidazole ribosides also called benzimidazole nucleosides, are potent inhibitors of HCMV 

replication in vitro that are active at non-cytotoxic concentrations (Chulay et al., 1999). Compounds 

in this class are analogues of the parent compound benzimidazole 2-bromo-5,6-dichloro-1-β-d-

ribofuranosyl-1H-benzimidazole (BDCRB), which was the first compound found to selectively disrupt 

DNA packaging in cytomegaloviruses (Ourahmane et al., 2018). However, later derivatives do not all 

share this MoA. Maribavir (MBV), which was recently approved in the USA, Canada, Australia and the 

EU for the treatment of refractory HCMV infections has a novel MoA to both BDCRB and the wider 

HCMV antivirals (Biron et al., 2002; TAKEDA - LIVTENCITY). Maribavir instead competitively inhibits 

the viral protein kinase UL97, arresting the phosphorylation required by several downstream viral 

proteins such as Ul44, thus inhibiting viral DNA replication, encapsidation and nuclear egress (Williams 

et al., 2003; Halpern-Cohen and Blumberg, 2022). UL27 mutations can decrease MBV susceptibility 

and therefore may indicate a secondary mode of action of MBV, but this relationship is poorly 

understood (Chou et al., 2012). 

A summary of all the currently used herpes antivirals and some key drugs in development is outlined 

in Table 3.a. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/benzimidazole
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Drug 

(prodrug) 

Abbreviation Class MoA NICE indication. [competent], IC, IS (immuno-compromised, -suppressed) 

Aciclovir 

(Valaciclovir) 

ACV 

(vACV) 

Nucleoside 

analogue 

 

Deoxyguanosine 

analogue. Polymerase 

competitive inhibition. 

Chain termination.  

HSV. Treatment of retinitis, encephalitis, skin lesions, prophylaxis. IC: HSV 

prophylaxis, treatment. 

VZV. Treatment chickenpox, shingles, infection. IC: prophylaxis post-

exposure, treatment. 

Penciclovir 

(Famciclovir) 

PCV VZV treatment infection. IC treatment 

HSV prophylaxis, treatment. IC: prophylaxis, treatment. 

Ganciclovir 

(Valganciclovir) 

GCV 

(vGCV) 

HCMV treatment retinitis, keratitis. IS: HCMV disease prophylaxis, pre-

emptive suppression, treatment.  

  

Cyclopropavir CPV Nucleoside 

Analogue 

methylenecyclopropane 

deoxyguanosine 

analogue. MoA as ACV. 

(Chen et al., 2016).  

None. HCMV, HSV, HHV6B, HHV8 In development for HCMV. 

Cidofovir 

(Brincidofovir) 

CDV Nucleoside 

analogue 

(acyclic 

phosphonate) 

Deoxycytidine 

triphosphate analogue. 

MoA as ACV. 

HCMV retinitis in IC AIDS patients. 

Maribavir MBV Benzimidazole 

riboside 

(nucleoside) 

Non-nucleoside 

mechanism. UL97 

None. HCMV Recent approval for treatment of refractory infection in USA, 

Canada, Australia and  EU. Ongoing applications. 
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 inhibitor (De Clercq, 

2004; Prichard, 2009). 

Foscarnet FOS Pyrophosphate 

analogue 

Pyrophosphate 

competitive inhibition 

HCMV treatment of disease. 

HSV treatment of ACV resistant HSV infections in IC individuals. 

Letermovir LTV DNA terminase 

inhibitor 

DNA terminase inhibitor HCMV pre-emptive suppression and prophylaxis of HCMV disease in HSCT 

recipients. 

Amenamevir  helicase-

primase 

inhibitor 

helicase-primase 

inhibitor 

None. VZV approved in Japan for the treatment of Shingles. 

Pritelivir  helicase-

primase 

inhibitor 

helicase-primase 

inhibitor 

None. HSV In development 

Table 3.a - List of antivirals with approved indications as available on the NICE BNF. ( Joint Formulary Committee. British National Formulary (online) London: BMJ Group and Pharmaceutical 
Press <http://www.medicinescomplete.com> 20/11/20222 )
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3.1.3 What is drug resistance  

A problem is that therapeutic success with these drugs can be limited by the development of drug 

resistance and unfortunately resistance has been seen against all the clinically available drugs. 

Resistance has been long documented also, ACV the first antiviral was approved in 1982 and in that 

same year the first case of resistance was reported (Crumpacker et al., 1982). 

Drug resistance is when viruses, bacteria or other therapeutic targets such as cancer cells do not 

respond to a drug that is usually able to kill them or elicit a specific effect (NCI Dictionary of Cancer 

Terms - NCI, 2011). The amount of resistance can be quantified by measuring the concentration of the 

drug required to reduce viral growth by 50% (EC50), and reporting the fold change relative to a 

sensitive wild-type strain (Chou, 2015a). Resistance is almost always obtained through the 

accumulation of one or multiple DNA mutations or other genetic changes. The mechanisms of 

resistance in microorganisms can be grouped into the following categories: Limiting uptake of a drug, 

modification of a drug target, inactivation of a drug and active efflux of a drug (Reygaert, 2018). In the 

broader virology field these mutations may be present before any therapy has been initiated, or as is 

much more common in herpesviruses are obtained during or after treatment with a specific drug. 

These mutations are a consequence of the error-prone nature of the herpes polymerase during 

genome replication, and even DNA viruses with their relatively tortoise-like mutation rates still exist 

not as a single clone genome, but as a population of closely related genomes with minor variants 

(Houldcroft et al., 2016; Sanjuán et al., 2010). When we apply antiviral agents to an ongoing viral 

infection in vivo or in vitro, we are altering the selection landscape that the virus experiences and drug 

application can therefore select for strains with mutations that reduce antiviral prodrug conversion 

for example. These viruses are not the fittest in absence of antiviral, but become the fittest during 

periods of drug application (Houldcroft et al., 2016; Sarisky et al., 2001; Andrei et al., 2012; Charles et 

al., 2022).  

3.1.4 Clinical incidence and significance of antiviral resistance 

Antiviral Drug resistance is an increasing concern among the immunocompromised patient 

populations, where prolonged drug treatments and uncontrolled viral replication lead to selection of 

resistant strains despite their low mutations rate. Resistance can come in several grades from low to 

high, but all grades are associated with increased morbidity and mortality. Incidence of drug resistance 

varies greatly by immune status, clinical setting, degree of immunosuppression, donor-recipient 

serostatus, chosen drug therapy and length of treatment (van Velzen et al., 2013; Bacon et al., 2003; 

Kimberlin and Whitley, 2007; Strasfeld and Chou, 2010). 
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HCMV is an important pathogen to control in immunocompromised hosts, say those with AIDS and 

SOT, HSCT recipients, where GCV and vGCV are the current principal drugs. Suppression of HCMV viral 

load by 100-200 days of prophylaxis has become routine with periods of pre-emptive therapy guided 

by PCR viral load monitoring as another option; curiously both approaches result in a similar incidence 

of resistance in SOT recipients at 5% to 13% (Kotton et al., 2010; Myhre et al., 2011). In the HSCT 

setting, resistance is relatively uncommon among adults with a prevalence of 0% to 8% (El Chaer et 

al., 2016; Allice et al., 2009; Marfori et al., 2007; Lurain and Chou, 2010a), however paediatric HSCT 

centres have reported rapid emergence of resistance and it is suspected to relate to under-dosing of 

GCV (Springer et al., 2005; Yu et al., 2021). Resistance to other commonly prescribed anti-HCMV drugs, 

foscarnet and cidofovir are also reported for the SOT and HSCT population (Strasfeld and Chou, 2010). 

Data on the clinical incidence of LET resistance are sparse, but it has been suggested there is a 

relatively low genetic barrier to resistance (Hofmann et al., 2021).  

Clinical consequences of drug resistance are highly variable from negligible to highly severe, but in 

general, patients who develop GCV resistance have decreased overall survival. In SOT recipients the 

impact of resistance is mild to moderate, where estimates put mortality risk up to 20% higher for those 

who developed GCV-resistant strains (Limaye, 2002b) and is most pronounced in lung transplant 

recipients (Heliövaara et al., 2019; Boivin et al., 2009). In the HSCT setting the clinical impact of 

resistance is often profound and severe (Shmueli et al., 2014). 

The current drug of choice to treat HSV infections is ACV, resistance has been documented since the 

year of its inception. Immunocompetent patients typically require only short-term anti-HSV therapy 

to treat visible blisters and ACV resistance is rarely seen with a prevalence of 0.1% to 0.6% (Jiang et 

al., 2016). Even when identified in these patients it has not been associated with clinical outcomes 

(Whitley and Gnann, 1992).  

Prolonged treatment with ACV, vACV In immunocompromised individuals resistance is most 

commonly documented in HSCT recipients with a prevalence of 3.5% to 10.9% (Danve-Szatanek et al., 

2004; Piret and Boivin, 2011), from 2.5% to 10% in SOT recipients (Christophers et al., 1998) and from 

3.5 to 7% in HIV-positive individuals (Danve-Szatanek et al., 2004). Some clinical surveys have reported 

ACV resistance as high as 36% (Langston et al., 2002). Recent analyses comparing trends in drug 

resistance over a ten-year period show rising resistance of HSV to aciclovir (Frobert et al., 2014). The 

presence of resistant infections is associated with significant morbidity for example the greater 

prevalence of debilitating mucosal disease and is, therefore, an important clinical problem that needs 

identifying early (Jiang et al., 2016; Piret and Boivin, 2014). In HSCT recipients a few cases of lethal 

disseminated visceral HSV infections have also been reported for ACV-resistant strains (Ljungman et 
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al., 1990). ACV-resistant HSV isolates have been identified in patients who lack a clinical history of ACV 

exposure(Schulte et al., 2010). PCV and FOS resistance have also been documented amongst 

immunocompromised patients where FOS sensitivity loss does not result in ACV sensitivity loss (Piret 

and Boivin, 2014). 

Most VZV reactivations respond well to treatment with ACV and vACV or other NUCs (Kalpoe et al., 

2006). Persistent infections can occur despite continuous long-term treatment and are often 

attributed to loss of immune VZV clearance meaning unsafe drug levels or immune-based therapies 

are required or are attributed to drug resistance (van der Beek et al., 2013). While relatively few 

collated data have been published in this area (van der Beek et al., 2013), a recent study of VZV 

reactivated HSCT recipients demonstrated that 24% of the VZV episodes were associated with 

complications, and of the complications, 50% were attributed to antiviral insensitivity of virus of which 

drug resistance was identified in 27% of those (van der Beek et al., 2013). The cumulative incidence of 

post-HSCT VZV infection at 1 and 5 years in paediatric cohorts is estimated at 26% and 45% 

respectively, and although fewer data have been captured there is increasing awareness of the role 

of drug resistance VZV in this population (Reusser et al., 1996). A note is that the number of known 

drug resistance mutations is minor compared to HSV and HCMV and given clinical research typically 

genetically test for resistance many resistant strains may be mislabelled. 

Antivirals that are effective against other betaherpesviruses such as FOS, GCV and BCV are often 

reportedly used against HHV6B infections (Ljungman, 2020). Controlled in vivo studies have however 

been lacking, and there are no approved treatments for this virus. Although a recent trial reported 

BCV prophylaxis post HSCT controls HHV6B reactivation  (Hill et al., 2020). Despite knowing that 

HHV6B is a virus that can cause fatal encephalitis and high viral loads associated with increased 

mortality after HSCT, it is not routinely monitored in immunocompromised patients and our 

understanding of its link to disease in these fragile patients is somewhat murky (Ljungman, 2020). In 

specific clinical cases known to be at high risk of HHV6-B associated disease we do have monitoring, 

for example, a recently published cohort of 1344 patients showed recipients of cell-depleted allografts 

had significantly higher (8.3% vs 0.5) incidences of HHV6B encephalitis compared to other bone 

marrow sources, but these studies are rare (Ward et al., 2019). Whilst in-vitro studies support the 

potential for HHV6-B to develop resistance there are sparse case reports describing this in vivo 

(Manichanh et al., 2001). 

3.1.5 Antiviral drug susceptibility testing 

To treat a resistant virus, we need to identify if, to what and how that virus is resistant. Previously to 

characterise the drug sensitivity of a virus one had to isolate the virus from an infected patient, and 
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then grow that virus under controlled conditions to characterise it against a control. In the modern 

day, genetic testing which is virus sequencing followed by looking at the effect of any present 

mutations in resistance-associated genes is more common. This method however depends on 

previously phenotypically characterised resistant variants being published in the literature. 

The Plaque Reduction Assay (PRA) has for many decades been the gold standard method for assessing 

drug sensitivity for HSV, HCMV and other herpes, against which all new assays are compared (Morfin 

and Thouvenot, 2003). PRA’s are among the most time-consuming, but the outcome is meaningful 

results that have been shown to correlate with clinical outcomes (Safrin et al., 1994). In these assays, 

viral infections from strains of known initial titre are allowed to establish in human target cells such as 

fibroblasts or foreskin (Landry et al., 2000). Wells are dosed with a drug along a concentration gradient 

and allowed to incubate for circa 7 days in the case of HCMV, and the number of viral plaques (visible 

structures analogous in look to counting bacterial colonies) as a substitute to quantification of the 

amount of virus present are counted under a microscope, autoradiography or by the naked eye for 

example (Sarisky et al., 2002). By calculating a mean plaque count across replicates, and normalising 

by dividing by those counted in control plates,  it is possible to fit a dose-response curve, thereby 

determining the 50% inhibitory concentration (EC50) for a drug against a viral isolate using the Hill 

equation (Hill, 1910). Cytopathic effect reduction is another popular type of assay, sometimes called 

the dye uptake assay, which is rapid in comparison (3 days compared to 5-7 for PRA), that relies on 

measuring structural changes in host cells such as lysis that are a result of viral infection. 

Measurements can either be qualitatively measured by light microscopy or quantitatively by 

measuring the incorporation/metabolisation of a dye by healthy living cells. The amount of absorbed 

or metabolised dye changes across the antiviral concentration gradient and again EC50’s determined 

(De Clercq et al., 1980; Frobert et al., 2014; Sauerbrei et al., 2012; Langlois et al., 1986). More recently 

faster-to-perform assays such as DNA reduction that measures total viral load via PCR as a surrogate 

for the amount of virus (Piret et al., 2015), or DNA hybridisation have become more popular (Gaudreau 

et al., 1998).  

The application of phenotypic assays in clinical practice has been limited however, as the assays are 

laborious, time-consuming and because of the need to isolate then propagate live viruses (Sauerbrei 

et al., 2016). Also as there have not been efforts to standardise across diagnostic or research labs, 

each assay is subject to various biases such as what are the smallest sized plaques that should be 

counted in the PRA (Gilbert et al., 2002).  

In recent times generating recombinant viruses with a single amino acid difference from the reference 

virus has become more popular as it removes any uncertainty that comes with co-occurring mutations. 
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These can be generated using a set of overlapping cosmids and plasmids (Bestman-Smith and Boivin, 

2003) and then applied to the above described assays such as PRA. To reduce labour and subjectivity 

in more modern times however, bacterial artificial chromosomes (BACs) that contain the entire viral 

genome, as well as gene reporter systems, have become more popular. Other reporter systems such 

as green fluorescence protein c-terminally fused to the HCMV UL83 gene, have been engineered that 

allow simpler readouts of virus quantification (Chevillotte et al., 2009). The most popular system is the 

secreted alkaline phosphatase (SEAP) gene reporter integrated into a HCMV BAC, where enzymatic 

activity for a specific chemiluminescent substrate correlates well with traditional trusted methods like 

the PRA (Lurain and Chou, 2010b). 

Disconnected somewhat from the core concept of measuring viral growth curves in response to a drug 

are assays that measure the enzyme kinetics of TK, to establish the effect and mechanism of a 

mutation on resistance (Frobert et al., 2005). In TK activity studies the rate of conversion of thymidine 

to thymidine monophosphate is monitored by several implemented methods to derive enzymatic rate 

constants such as the Michaelis constant km (Hwang et al., 1998; Kussmann-Gerber et al., 1998; Black 

et al., 1996). Commercial products now exist that measure TK activity of purified recombinant TK 

protein without the presence of aciclovir nor the TK substrate thymidine and so information on 

aciclovir substrate specificity is lost which is problematic when relating these results to resistance 

without related SEAP or PRA data for example (Sauerbrei et al., 2016). 

Genotypic resistance testing is where one sequences a viral isolate’s resistance-associated genes and 

identifies if any mutations present have a known resistance phenotype. For example, in HSV one 

typically sequences TK and the polymerase for ACV resistance or UL54 and UL97 in the case of HCMV 

and GCV resistance. This has become popular clinically as compared to phenotypic assays, sequencing 

is cheaper and crucially faster. Phenotypic data from studies comparing single amino acid variants 

(SAV)s to drug sensitivity measures in viruses are a critical part of this process, and many research 

groups will have their own collated table from review papers and other sources. The sequencing 

approach can matter also, traditional sanger sequencing is widely available but is insensitive to 

everything but the consensus base at each position, a known problem clinically for HSV genotyping 

(Sasadeusz and Sacks, 1996). A solution to both the low-level variant problem and to ensure all 

resistance-associated genes are captured is short-read sequencing of whole genomes, which in the 

case of new drugs with relatively unknown mechanisms of resistance allows coverage of all the genes 

of interest. Additionally, the detection of low-frequency resistance mutations in HCMV has been 

associated with poor outcomes and requires deep sequencing (Houldcroft et al., 2016).  
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Determining the role of a previously uncharacterised mutation can be problematic when several other 

mutations with unknown effects are present in the same viral genome, as is often the case when 

reporting clinical isolates (Bohn et al., 2011; Schmidt et al., 2015; Hoffmann et al., 2017). As 

herpesviruses are slow evolving, the assumption is that in a resistant strain with a sea of mutations, 

only one change will confer resistance, the others are natural polymorphisms with negligible effect on 

the drug sensitivity. This assumption holds well (Sergerie and Boivin, 2006). Given this, one can then 

infer the impact of mutations if several polymorphisms present are previously characterised. Another 

issue is that there is currently no consensus cut-off ratio for defining “resistant” or “susceptible” 

phenotype in any of the herpesviruses (Chou et al., 2005; Danve et al., 2002; Sauerbrei et al., 2011).  

 

3.1.6 What we know about mutations that cause resistance 

There are four main mechanisms by which an organism can acquire drug resistance. 1 – The 

inactivation or modification of the xenobiotic molecule by the organism. Examples are the 

upregulation of beta-lactamase enzymes by penicillin-resistant bacteria that hydrolyse the strained 

beta-lactam ring, resulting in the deactivation of the antibacterial effect (Tooke et al., 2019). 2 – 

Alteration of metabolic pathways to bypass a given drugs MoA. Examples are bacteria inhibited by 

sulphonamides, which can alter metabolic pathways to make use of pre-formed folic acid available in 

the environment, rather than produce it via enzymatic processing from para-aminobenzoic acid, which 

sulphonamides inhibit (Sköld, 2000). 3 – Reduced active drug accumulation by decreased drug 

permeability or increased active efflux. Examples of both of these sub-mechanisms are found in 

chemotherapeutic resistant leukaemia cells (Pisco et al., 2014). 4 – Alteration of the target (binding) 

site. Examples in an antiviral context are the hepatitis B virus accumulating signature mutations in its 

reverse transcriptase domains of the viral polymerase that reduce protein-ligand affinity (Strasfeld 

and Chou, 2010). A clear example is increased sidechain volume at I/V552 which results in steric 

clashes to the oxathiolane ring of lamivudine and emtricitabine (Das et al., 2001).  

Resistance of HSV to aciclovir is almost always related to TK or polymerase mutations, with circa 90% 

of Drug Resistance Mutations (DRM)’s observed in clinical isolates being TK-related (Sergerie and 

Boivin, 2006). TK aciclovir resistance can be traced back to mutations that introduce early stop codons, 

or mutations that result in loss of TK activity. These are often the result of insertions or deletions, that 

frameshift the coding sequence and often occur in the homopolymer GC regions (Gaudreau et al., 

1998). Less commonly, mutations may appear that alter the TK substrate specificity (Morfin and 

Thouvenot, 2003). HSV can undergo these significant changes to the viral TK as it is not essential for 

HSV replication. HSV1 and HSV2 TK share 79% sequence identity, while VZV shares only 29% identity 
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and HCMV UL97 is assumed not to be homologous (Suzutani et al., 1992). Compared to insertions and 

deletions which, so long as they remove sufficiently substantial portions of the TK protein can occur 

anywhere with a similar effect, the same is not true of SAVs. The most important domains, where 

mutations are especially disruptive to ligand binding are the ATP/ADP-binding sites (HSV1 residues 51-

63, VZV residues 12-29) and the nucleoside binding site (168-176 HSV1, 129-145 VZV) 

(Balasubramaniam et al., 1990; Piret and Boivin, 2014). The potential impact of mutations on 

resistance in these conserved domains is typically most clearcut, such as introduced steric clashes 

ligand and protein (Kussmann-Gerber et al., 1998). Outside these domains, it is still important to assess 

the role of mutations and several SAVs have now been shown to confer resistance despite their locality 

(Sauerbrei et al., 2016; Bohn et al., 2011). Reliably predicting the effect of a mutation outside of 

conserved domains has however been difficult. 

Although less frequently observed in clinical isolates, polymerase mutations can be selected for, as 

this is the eventual target for ACV for competitive inhibition of DNA elongation (Hwang et al., 1998; 

Schmidt et al., 2015). DNA polymerases are central enzymes for replication in all kingdoms of life and 

are strongly conserved over millennia and clear for the protein super-family the herpes DNA 

polymerase are members of, the DNA polymerase III beta clamp (Neuwald, 2003). Conservation is 

evident in several conserved regions, named 1 to 7 and a δ-region C which even share homology to 

eukaryotic polymerases δ (Larder et al., 1987). Given that a polymerase is central to replication 

whereas TK is not, stop codons are not observed in this protein, and the evolutionary constriction on 

which mutations can attenuate function or ligand binding without being too deleterious to the 

organism is might more stringent. 

A key difference between HSV DRM’s and HCMV DRM’s is that HCMV kinase UL97 rarely gains stop 

codons or mutations that dramatically impact enzymatic activity, as is the most common case in HSV 

resistance to ACV (Hakki and Chou, 2011). This is thought to be because while HSV’s UL23 is not 

essential for replication, recombinant HCMV that lacks UL97 replicate poorly in vivo, indicating that 

the HvUL class of kinases serve important roles in the life cycle of these viruses are therefore mutations 

that impact them have a relatively high fitness penalty (Prichard, 2009; Prichard et al., 1999). Each 

HHV encodes serine/threonine kinase(s) that are homologous to HCMVs UL97 (HvUL class: HSV UL13, 

VZV ORF47, EBV EGLF4, HHV6 U69, HHV7 U69, HHV8 ORF 36; HvUS class: HSV US3, VZV ORF66),  

although they are functionally divergent (Prichard, 2009; Michel and Mertens, 2004). This may explain 

why HCMV’s UL97 converts NUCs to their active form, and picks up DRM’s on exposure to NUCs, unlike 

HSV’s UL13 and US3 (Kato et al., 2008; Gershburg et al., 2015; Sauerbrei et al., 2016). In contrast, 

alpha & gamma-herpesviruses encode thymidine kinases but betaherpesviruses do not (Gershburg 

and Pagano, 2008).  
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The mechanisms by which SAVs cause HCMV resistance to ganciclovir closely follow those that cause 

aciclovir resistance to HSV and VZV. Over 90% of HCMV isolates that are exposed to GCV contained 

mutations in the UL97 kinase that decrease the phosphorylation activity of GCV while negligibly 

impacting its role in replication (Chou et al., 2002; Wolf et al., 2001). Unlike HSV TK, UL97 mutations 

cluster tightly at residues (position in protein chain) 460, 520 and 590-607, with the most common 

resistance-conferring mutations M460V/I, H520Q, C592G, A594V, L595S, and C603W (Chou et al., 

2002). Residues 453-462 map to the kinase subdomains thought to be involved in phospho-transfer, 

there are a large number of mutations between positions 590-607 that confer drug resistance 

upstream of the putative substrate bunding domain. 

HCMV polymerase (UL54) DRMs are more commonly observed than in HSV. Whereas UL97 mutations 

impact prodrugs, mutations in the polymerase can cause resistance to all NUCs, including cidofovir 

which comes pre-monophosphorylated, and foscarnet (Prichard, 2009). The polymerase contains 

several conserved catalytic domains, with exonuclease (proofreading) and multifunctional catalytic 

domains typical of DNA-Directed DNA polymerases (Interpro entry IPR006134 ) residues having the 

highest concentration of observed DRM’s (Figure 3.a). 

 

 

Figure 3.a - Map of HCMV DNA polymerase indicating the relationship of protein domains to drug resistance mutations as 
published in 2020. The top line indicates the location of conserved exonuclease and catalytic domains. The middle line shows 
the position of mutations selected under various antivirals in cell culture. The lower line shows mutations detected in clinical 
isolates with reported recombinant data. Colour represents the type of antiviral a mutation confers resistance to. Re-
published with permission from Chou 2020 : 10.1016/j.antiviral.2020.104711 . License number: 5444261376030.  

The function of a folded protein is intimately linked to its three-dimensional structure, therefore the 

impact of a SAV can attempt to be understood by investigating the effect on the protein structure. For 

https://doi.org/10.1016%2Fj.antiviral.2020.104711
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example, when studying human clinical disease variants, which is a similar problem to understanding 

mutations that alter a phenotype, there is a bias for diseases-associated SAVs to be located towards 

the central core of a given protein, purportedly as these mutations have the strongest propensity to 

influence the coarse global structure of the protein (Yue et al., 2005). Whereas SAVs that appear on 

the protein surface are only able to alter the local structural environment, are more likely to be in 

disordered unburied positions and have been found more likely to have a neutral impact on disease 

(Yates et al., 2014). However, SAVs on a protein's surface can more easily impact PPI-binding, allosteric 

binding sites and even distal mutations can impact the accessibility of a pocket, all of which can lead 

to disease (Guharoy and Chakrabarti, 2010; McCormick et al., 2021; Henes et al., 2019). Accordingly, 

there have been several attempts to characterise the disease, phenotype-altering or resistance 

propensity of SAVs that include structural information of residues (position) to aid predictive 

performance (Yates et al., 2014; Sun et al., 2021; Jamal et al., 2020; Lei et al., 2021; Adzhubei et al., 

2013). 

If multiple antivirals inhibit the same protein target, then resistance mutations that cause resistance 

to one antiviral have the potential to also cause cross-resistance to the other (Larder, 1995; Bacon et 

al., 2003). In HSV, inactivating TK by SAV or frameshift is a shared mode of resistance to many TK- 

dependent drugs, and strains resistant to ACV are commonly also resistant to penciclovir too (Morfin 

and Thouvenot, 2003). Similarly, several mutations are known to confer cross-resistance between 

FOS, CDV, GCV and CPV (Gentry et al., 2013; Komatsu et al., 2014). Most mutations however do not 

cause cross-resistance. There are also reports of mutations that cause resistance to one drug, resulting 

in hypersensitivity to another (Boyd et al., 1993; Chou et al., 2014).  

 

3.1.7 A missing knowledgebase for herpes virus drug resistance 

Publishing phenotyped mutations in the literature will always be required to disseminate knowledge, 

but to allow full use these data need to be simple to query, open to interrogation and editable by the 

community. Recent reviews have noted that the advancement of our toolbox such as comprehensive 

mutation phenotype maps will play an important role in developing improved antiviral therapies for 

chronic herpesvirus infections (Chou, 2020; Razonable et al., 2020). There have been efforts to 

develop knowledgebases for herpes antiviral resistant mutations, typically focussing on one virus at a 

time and formatted as review articles. All attempts so far to our knowledge suffer from two or more 

of the following: 1) Their databases are closed source only accessible via a genotyping tool such that 

the community cannot verify the integrity of mutations. 2) Are not comprehensive of genes affecting 

clinically relevant drugs. 3) Are limited to analysis of FASTA sequences ignoring important 
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contributions from low-level mutations 4). The databases are set in stone at the time of publication. 

(Chevillotte et al., 2010; López-Aladid et al., 2019; Sauerbrei et al., 2016; Lurain and Chou, 2010b; 

Pignatelli et al., 2004).  

 

3.1.8 Current approaches to predicting the impact of mutations 

There are two general approaches when it comes to predicting the impact of variation on a protein.  

First, If the diversity across isolates for a resistance-associated protein is low, then co-variation is 

unlikely to be important and one can consider the impact of individual mutations in isolation. While 

no predictive model exists for relating a mutation to antiviral resistance in herpes, similar problems 

exist in humans where Single Amino acid Variants (SAVs) identified in whole genome and exome 

sequencing data have been associated with diseases such as cancer and diabetes (Stranger et al., 2011; 

Roach et al., 2010). Predicting  SAVs general propensity for disease, impact on protein function and 

change in ΔΔG folding energy or protein-ligand binding stability are considered related problems and 

this has seen many studies employ classical machine learning where numeric features are derived for 

each mutation and these algorithms attempt to find informative patterns in these features that 

explain the class (effect) of mutation (Yates et al., 2014; Frazer et al., 2021; Ng and Henikoff, 2003; 

Sun et al., 2021; Montanucci et al., 2019). For M. tuberculosis there is keen interest in classifying 

mutations in resistance-associated genes as causing resistance or not, to various drugs using similar 

approaches to the human disease predictor, with a recent set of models able to predict a mutations 

resistance phenotype with ROC-AUC values of 0.92 to 1.00 across 6 genes (Jamal et al., 2020). 

Second, if the level of diversity in resistance-associated proteins is high, such that you cannot consider 

mutations in isolation, then the general approach is to consider the protein sequence as a whole. Here 

protein sequences are passed through neural networks or transformer-based protein language 

models, to distil the essence of a protein into a derived numeric vector or matrix representation (Rives 

et al., 2021; Steiner et al., 2020). These encodings can then either be returned in the case of 

autoencoders (Baldi, 2012) or passed to further feed-forward networks and output layers to force 

predictions about that input sequence. The latter has been applied in the field of drug resistance to 

generate classifier models that determine the drug resistance profile of HIV-1 polymerase sequences 

to 18 Antiretroviral therapy drugs with classifier performance of ROC-AUC of 0.76 to 0.935 with simple 

feed-forward perceptron neural networks (Steiner et al., 2020).  

In this work we concern ourselves with the former of these two approaches, deriving a numeric 

feature vector per mutation, which is outlined in Figure 3.b. Given a set of numeric vectors we then 

train classic machine learning algorithms to classify mutations as resistance conferring or not. 
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Figure 3.b – Graphical overview of the major sources of information typically appealed to when attempting to predict the 
impact of a mutation.  

3.1.9 An independent source of HSV drug resistance mutations 

UK Health Security Agency (UKHSA) offer a national hospital service to sequence and phenotype drug-

resistant strains of HSV using Sanger sequencing of UL30 and UL23 and the in vitro PRA assay 

(Mohamed et al., 2019). These data therefore represent a literature-independent source linking 

potentially novel mutations to drug resistance phenotype. As the viruses are not derived from marker 

transfers but are clinical isolates, unpicking the impact of an unknown mutation in a sea of other 

known or unknown mutation requires a robust methodology. These data may be able to represent an 

excellent external validation dataset across ACV, PCV, CDV and FOS drugs for HSV-1 and HSV-2. 

3.1.10 Structuring the literature  

Although there have been efforts to extract and compile data on drug resistance mutations in the 

herpesviruses, these often take the form of virus or drug-specific review articles which are locked in 

time (Pignatelli et al., 2004; Sauerbrei et al., 2016), or are not open for interrogation and serve as a 

black box (Chevillotte et al., 2010). Therefore, most of the data remains locked in the scientific 

literature and there is no single point of truth upon which researchers and clinical decision makers can 

rely. PubMed searches for “CMV resistance”, “herpes resistance” and “virus resistance” return over 

2000, 4000 and 90,000 papers respectively. We found circa 14% of papers in these search terms 

provided drug resistance mutations, and of the 161 papers in the database, only 67 contained the 

term “muta” or ”varia” in their title, such that identifying key papers is relatively inefficient and comes 

with diminishing returns once review papers are exhausted. To overcome these inefficiencies, we 

developed a data mining approach that programmatically returned structured documents from 
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PubMed search terms and represent those abstracts using a N-gram bag of words approach. From 

these numeric representations of scientific articles dimensionality reduction and ML based pipelines 

can be implemented (Hernandez et al., 2021). 

3.2 Methods 

3.2.1 Identifying papers of interest 

To generate a corpus from which relevant data could be extracted we undertook literature clustering. 

We defined a PubMed (Database resources of the National Center for Biotechnology Information, 

2018) search term per virus from which formatted abstracts were retrieved in XML format. These 

search terms took the format “Cytomegalovirus [Title] AND resistance [Title/Abstract]”. Abstract texts 

were tokenised using the Spacy "en_core_sci_md" model resulting in a word vector representation 

per abstract (Neumann et al., 2019). Considering all word vectors in a corpus we can generate a sparse 

matrix of n-gram counts (where n was 1), where columns are the total number of words in the 

vocabulary and rows are documents. TfidfVectorizer ( term-frequency times inverse document-

frequency vectoriser) is a common term weighting scheme, that scales down the impact of common 

tokens, such as the word “the”, generating more informative matrices (Pedregosa et al., 2018). These 

equal-sized numeric vectors per abstract can then be processed into interpretable visuals such as by 

dimensionality reduction and predictive modelling. We undertook article clustering using K-means and 

t-SNE as implemented in scikit learn (Pedregosa et al., 2018).  

E.g: github.com/ojcharles/notebooks/blob/main/herpes_resistance_nlp_journal_clustering.ipynb 

3.2.2 Developing a Herpesvirus antiviral mutation database 

Papers identified by reading around literature clusters were downloaded as PDFs from where article 

data was manually extracted into a table format. Each entry in the database represents the 

relationship between a mutation, study, control species, assay method, with fold change values stored 

in 11 columns representing the 11 drugs. Multiple entries per mutation are possible, for example, if 

an article testing a recombinant BAC mutated strain across multiple assays. This Fold-change values 

come in the form of a numeric decimal value if fold changes are possible to extract, or as a string 

“Resistance” or “Polymorphism” if only a phenotype is described. Reference data comes in the form 

of a title, a HTTP link and a DOI. Assay information columns then record the method of strain 

generation, i.e., “marker transfer”, or “isolated strain”, the test method such as “PRA” or “dye uptake 

assay” and the control strain used to generate a fold change. For some well-studied mutations, co-

occurring mutations have been observed to amplify resistance and are recorded where relevant 

(Chou, 2015b; Chou et al., 2016). Clinical isolates usually have an uncontrolled number of mutations 

at or below the level of consensus calling that they only exceptionally are included here. Finally, 
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metadata such as when the entry was created by whom, notes and a status flag. Only rows with the 

status “A” for active are included in the R package methods or modelling. 

It is well understood that in herpesviruses a single mutation is the causative agent that results in drug 

resistance, while any other mutations are often neutral polymorphisms (Lurain and Chou, 2010b; 

Bestman-Smith and Boivin, 2003; Sauerbrei et al., 2016). In this database, there are entries from 

isolates with multiple co-occurring mutations often in the form of clinical isolates. We use the 

following rules when including these entries: a) If the strain is sensitive in vitro, any uncharacterised 

mutations are accepted as polymorphisms. B) Where a strain has a single uncharacterised mutation, 

and the others are known polymorphisms, the single unknown mutation is entered with the relevant 

fold change. C) If there are multiple uncharacterised mutations the entry is recorded along with co-

mutations and set the status “O” for obsolete, it will not feature in processes. d) If at a later date with 

new data only a single uncharacterised mutation now is present for an entry as in (c), the entry is re-

looked at and treated as in (b). 

3.2.3 Herpesdrg variant annotation tool 

We developed a resistance annotation tool in R with the following methodology. FASTA files are 

aligned to the selected viruses reference genome with MAFFT (Katoh and Standley, 2013) such that 

both whole genome sequences and specific gene fragments (e.g. UL23, UL54) can be used, SNP-sites 

is finally used to generate a VCF file from this alignment (Page et al., 2016b). For detection of low-

frequency mutations Variant Call Format (VCF >= version4.0) and default Varscan2 output files are 

accepted, where the data has been mapped to the relevant NCBI reference strain (Koboldt et al., 

2012). Input VCF files are all converted to internal VariantAnnotation (Obenchain et al., 2014; R Core 

Team, 2014a) data structures, from where predictions of mutation effect on proteins can be made. 

The main “call_resistance” function returns the right join of any matching resistance mutations with 

the same virus, gene and mutations as present in the input sequence. This can return multiple entries 

per mutation. 

3.2.4 Predicting protein structures from sequence 

To investigate the structural context and impact of mutations we required all-atom models of each 

protein (most deposited protein models from experimentation are incomplete, and do not include 

coordinates for every single atom in the identified molecule) (Djinovic-Carugo and Carugo, 2015; Liu 

et al., 2006). To achieve this, we made use of AlphaFold2 which makes accurate structural predictions 

when rich homologous sequence data in the format of a multiple sequence alignment is available. 

Alphafold2 does not require template structures, but polymerases, kinases and terminases have been 

partially resolved structurally at least once across the HHV members, allowing for sanity checking of 
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predictions (Schelling et al., 2004; Liu et al., 2006; Yang et al., 2020). Primary amino acid sequences 

for the clinically relevant resistance-associated genes for each reference strain were obtained from 

Genbank (Database resources of the National Center for Biotechnology Information, 2018). 3D 

structural models of all proteins were generated using Alphafold v2.1.1 (Jumper et al., 2021). In its 

validation at the 14th edition of the Critical Assessment of protein Structure Prediction (CASP14) the 

predictions generated were demonstrated to be comparative to experimental structures. When a 

close homolog structure is available to Alphafold the predictions it generates for those positions are 

within typical experimental error. Required databases were downloaded on 02/12/2021. The program 

was run with the parameters --max_template_date=2021-12-01 --model_preset=monomer --

db_preset=full_dbs --is_prokaryote_list=false, with all other HMMblits and Alphafold parameters left 

default. Protein structures were visualised in ChimeraX v1.3 (Pettersen et al., 2021).  

We were able to predict the structures of all proteins in the database with generally high confidence, 

although naturally prediction performance varied greatly along any given full chain, with strongly 

conserved domains likely robust structurally and linker or unstructured regions relatively poorly 

resolved (Tunyasuvunakool et al., 2021). Alphafold2 outputs a per-residue confidence metric called 

pLDDT on a scale from 0-100 which is used to conclude how closely the model is expected to match 

experimental structures where 1 is low and indicates poor prediction or disorder. Taking the HCMV 

UL54 gene as an example we see that the number of homologous protein sequences, and therefore 

the amount of information available to Alphafold, varies considerable across the UL54 chain and 

impacts the predicted model accuracy (Figure 3.c). 
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    a 

Figure 3.c - The relationship of evolutionary information to alphafold2 model predictive performance along the HCMV 
UL54 protein. Top) A visual representation of a multiple sequence alignment of homologous proteins to HCMV UL54 obtained 
from alphafold2. The x-axis represents the residue position in HCMV UL54, the y-axis represents identified align-able 
sequences of homologous proteins identified from uniclust30, ordered from the most homologous to least (top to bottom). 
Colour represents a homologous residue at that position to HCMV UL54, absence of colour represents no homologous residue. 
The colour represents sequence identity to the HCMV UL54 protein. . The black line shows how many proteins have a 
homologous residue at a given position in the HCMV UL54 protein. Middle) The per residue predictive confidence score 
(pLDDT) for each residue along the HCMV UL54 protein structure model, where 0 represents poor prediction or disorder, and 
100 represents excellent predicted alignment with experimentally derived structure. Colours represent the 5 random attempts 
at modelling, where the best by average pLDDT was used here. Bottom) The best-predicted protein structure model of HCMV 
UL54 was chosen by mean pLDDT. Residues are coloured by pLDDT, red high, blue low showing disordered chains with a small 
number of homologous proteins at that position are coloured blue.  

3.2.5 Assigning a resistance phenotype to mutations 

To find characteristics that determine “resistant” causing and natural “polymorphism”s, we first 

needed to label each mutation into one of those two classes.  This work discusses several prediction 

tasks, where a task is a combination of virus, protein, drug and fold-change e.g. HCMV UL54 GCV 2-
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fold, or HSV1 any protein ACV 4-fold. This was done by taking the mean fold change per unique 

mutation and assigning it a class label of “resistant” if it was greater than a given task's sensitivity fold 

change cut-off. If equal to or lower, it was given the class label “polymorphism”. This cut-off was 2 or 

greater for HCMV, which represents the difference between susceptible and low-level resistance in 

recently agreed-upon definitions (Kotton et al., 2018b). In HSV1 there is no international definition, 

but broadly In vitro resistance is more than a 3 to 5-fold increase (Piret and Boivin, 2011). We therefore 

chose 4-fold as our cut-off which is between the two. We limited the data to mutations that had no 

co-occurring mutations that alter the phenotype. To account for mutations without numeric fold 

change values, and only designated experimentally as  “resistant” or “polymorphism”, we replaced 

“polymorphism” with a value of (task fold change -0.1) and “resistant” with given prediction tasks fold 

change cut-off, before taking the mean. This replacement method has the advantage that numeric 

fold-change values have a strong bias in the resulting class label i.e 1.9 + 2.3 becomes “resistant”. 

3.2.6 Deriving numeric feature vectors per mutation 

In addition to data class labels, each prediction task (a set of viruses, genes, drugs, fold-change cut-

off), requires that mutations also have a numeric feature vector ( a vector of numbers, where each 

number represents a score from an algorithm e.g. Difference in charge of the mutation. These are the 

data that classifier algorithms identify informative patterns In, that segregate the classes for 

prediction. We developed a tool to produce vectors with 71 numbers per mutation, that represent 71 

features that are derived from the sequence and predicted 3D structure of each protein, representing 

evolutionary, physicochemical, structural, molecular dynamic, ligand-binding-pocket information 

(Table 3.b). For a given sequence we generated a table of all possible mutations (length of protein * 

all possible amino acids at a given residue (20) ), then begin appending those mutations with protein, 

residue, or mutation features as outlined in Figure 3.d. A R script was written to handle data handling 

and calling of command line tools. As several specific programs and conflicting python versions were 

required, for consistency we developed this feature generation program as a docker container and 

named it “MutationFeatures” which is accessible at github.com/ojcharles/MutationFeatures. This 71 

dimension feature space represents a collection of those used across several previous protein 

predictive modelling studies, as well as some novel, such as p2rank which predicts residues at binding 

pockets (Yates et al., 2014; Sun et al., 2021; Jamal et al., 2020; Montanucci et al., 2019; Wang et al., 

2012; J. Wang et al., 2017; Krivák and Hoksza, 2018). Before modelling each feature vector in a given 

prediction task was normalised between 0 and 1. 
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Figure 3.d - Graphical overview of the core MutationFeatures process. A protein sequence (and optionally a structure in PDB 
format) is provided. From this several bioinformatic tools are queried to provide data on residue (position) and side-chain 
alteration of each mutation. This data is then formatted to return a table where the number of rows is the number of possible 
mutations (including wild type to wild type). Columns are three metadata columns(residue position, wild type, mutant type 
AA), and 71 columns which represent the 71 numeric feature vector.
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feature-type feature_name description reference 

evolutionary seq_evol_pssm_wt residue wild type PSSM value (Altschul et al., 1997) 

evolutionary seq_evol_pssm_mt mutant type PSSM value (Altschul et al., 1997) 

evolutionary seq_evol_pssm_diff mutation PSSM value difference (Altschul et al., 1997) 

evolutionary seq_evol_pssm_mean residue PSSM mean value (Altschul et al., 1997) 

evolutionary seq_evol_conservation Residue sequence conservation score (Capra and Singh, 2007) 

evolutionary seq_evol_psi_depth UNIREF50 number of sequences with a homologous 
site to the query sequence 

(Altschul et al., 1997) 

evolutionary seq_evol_psi_unique UNIREF50 unique residues from homologous sites to 
the query sequence 

(Altschul et al., 1997) 

evolutionary seq_evol_psi_depthnorm seq_evol_psi_depth  / max( eq_evol_psi_depth ) per 
protein 

(Altschul et al., 1997) 

evolutionary seq_evol_max_residue_coupling residue maximum coupling along protein (Ekeberg et al., 2013) 

evolutionary seq_evol_coupling_mean residue mean coupling along protein (Ekeberg et al., 2013) 

evolutionary seq_evol_top10th_coupling_mean residue meam coupling of top10 couplings (Ekeberg et al., 2013) 

evolutionary seq_evol_grantham Grantham distance of AAmut (Grantham, 1974) 

evolutionary seq_evol_blosum62 BLOSUM62 distance of AAmut (Henikoff and Henikoff, 1992) 

structural seq_struc_proximity50_N_C is residue within 50 AA of N or C terminus 
 

evolutionary seq_evol_SHentropy entropy()$H (Grant et al., 2006) 

evolutionary seq_evol_SHentropy_norm entropy()$H.norm Grant et al., 2006) 

evolutionary seq_evol_SHentropy10 entropy()$H.10 Grant et al., 2006) 

evolutionary seq_evol_SHentropy10_norm entropy()$H.10.norm Grant et al., 2006) 

evolutionary seq_evol_conservation_bio3d conserv(sub.matrix = bio3d) Grant et al., 2006) 

evolutionary seq_evol_conservation_blosum62 conserv(sub.matrix = blosum62) Grant et al., 2006) 

physicochemical seq_phys_bulkiness_wt wild type side chain bulkiness (Zimmerman et al., 1968) 

physicochemical seq_phys_recognition_factors_wt wild type antigenicity (Fraga, 1982) 

physicochemical seq_phys_buried_residues_wt wild type side chain buriedness (Janin, 1979) 

evolutionary seq_evol_relative_mutability_wt wild type relative mutability (Dayhoff and National Biomedical 
Research Foundation, 1979) 

physicochemical seq_phys_polarity_wt wild type side chain polarity (Zimmerman et al., 1968) 
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physicochemical seq_phys_hydrophobicity_wt wild type side chain hydrophobicity (Xiao et al., 2015) 

physicochemical seq_phys_hmoment_wt wild type hydrogen moment (Xiao et al., 2015) 

physicochemical seq_phys_isolectric_wt wilt type isoelectric point (Xiao et al., 2015) 

physicochemical seq_phys_molweight_wt wild type molecular weight (Xiao et al., 2015) 

physicochemical seq_phys_charge_wt wild type charge (Xiao et al., 2015) 

physicochemical seq_phys_vdw_radius_wt wild type van der waals radius (Oobatake and Ooi, 1993) 

physicochemical seq_phys_bulkiness_mt mutant type side chain bulkiness (Zimmerman et al., 1968) 

physicochemical seq_phys_recognition_factors_mt mutant type antigenicity (Fraga, 1982) 

physicochemical seq_phys_buried_residues_mt mutant type side chain buriedness (Janin, 1979) 

evolutionary seq_evol_relative_mutability_mt mutant type relative mutability (Dayhoff and National Biomedical 
Research Foundation, 1979) 

physicochemical seq_phys_polarity_mt mutant type side chain polarity (Zimmerman et al., 1968) 

physicochemical seq_phys_hydrophobicity_mt mutant type side chain hydrophobicity (Xiao et al., 2015) 

physicochemical seq_phys_hmoment_mt mutant type hydrogen moment (Xiao et al., 2015) 

physicochemical seq_phys_isolectric_mt mutant type isoelectric point (Xiao et al., 2015) 

physicochemical seq_phys_molweight_mt mutant type molecular weight (Xiao et al., 2015) 

physicochemical seq_phys_charge_mt mutant type charge (Xiao et al., 2015) 

physicochemical seq_phys_vdw_radius_mt mutant type van der waals radius (Oobatake and Ooi, 1993) 

physicochemical seq_phys_bulkiness_diff difference in side chain bulkiness (Zimmerman et al., 1968) 

physicochemical seq_phys_recognition_factors_diff difference in antigenicity (Fraga, 1982) 

physicochemical seq_phys_buried_residues_diff difference in side chain buriedness (Janin, 1979) 

evolutionary seq_evol_relative_mutability_diff difference in relative mutability (Dayhoff and National Biomedical 
Research Foundation, 1979) 

physicochemical seq_phys_polarity_diff difference in side chain polarity (Zimmerman et al., 1968) 

physicochemical seq_phys_hydrophobicity_diff difference in side chain hydrophobicity (Xiao et al., 2015) 

physicochemical seq_phys_hmoment_diff difference in hydrogen moment (Xiao et al., 2015) 

physicochemical seq_phys_isolectric_diff difference in isoelectric point (Xiao et al., 2015) 

physicochemical seq_phys_molweight_diff difference in molecular weight (Xiao et al., 2015) 

physicochemical seq_phys_charge_diff difference in charge (Xiao et al., 2015) 

physicochemical seq_phys_vdw_radius_diff difference in van der waals radius (Oobatake and Ooi, 1993) 
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structural seq_struc_disorder fraction of secondary structure predictors that predict 
this residue as disordered 

(Emenecker et al., 2021) 

structural seq_struc_seq2ss_ss residue predicted secondary structure (Moffat and Jones, 2021) 

structural seq_struc_seq2ss_C residue dssp like class C prediction (Moffat and Jones, 2021) 

structural seq_struc_seq2ss_E residue dssp like class E prediction (Moffat and Jones, 2021) 

structural seq_struc_seq2ss_H residue dssp like class H prediction (Moffat and Jones, 2021) 

structural pdb_struc_dssp_ss dssp residue predicted secondary structure (Kabsch and Sander, 1983) 

structural pdb_struc_dssp_asa dssp residue (wt) absolute solvent accessibility (Kabsch and Sander, 1983) 

structural pdb_struc_dssp_phi dssp residue (wt) phi bond angle (Kabsch and Sander, 1983) 

structural pdb_struc_dssp_psi dssp residue (wt) psi bond angle (Kabsch and Sander, 1983) 

structural pdb_struc_dssp_rsa dssp residue (wt) relative solvent accessibility (Kabsch and Sander, 1983) 

structural pdb_struc_mean_2_closest_residues residue mean distance to 2 closest residues (Cock et al., 2009) 

structural pdb_struc_mean_5_closest_residues residue mean distance to 5 closest residues (Cock et al., 2009) 

ligand ligand_p2rank_best_pocket is residue part of the most likely pocket (Krivák and Hoksza, 2018) 

ligand pdb_ligand_p2rank_zscore residue zscore for being part of pocket (Krivák and Hoksza, 2018) 

ligand pdb_ligand_p2rank_prob residue probability for being part of pocket (Krivák and Hoksza, 2018) 

molecular 
dynamics 

pdb_md_nma_fluctuations normal mode analysis for residue, fluctuation value (Grant et al., 2006) 

structural pdb_struc_torsion_alpha residue torsion angle alpha (Grant et al., 2006) 

structural pdb_struc_torsion_omega residue torsion angle omega (Grant et al., 2006) 

language 
embedding 

seq_natlang_protein natural language embedding of protein sequence 
1024 long vector 

(Elnaggar et al., 2022) 

language 
embedding 

seq_natlang_residue natural language embedding of residue 1024 long 
vector 

(Elnaggar et al., 2022) 

Table 3.b - Full feature space as implemented in MutationFeatures in this work. Each row is an index in the feature space, except the language embeddings which are each 1024 long 
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3.2.7 Machine Learning Algorithms 

The classification (as opposed to regression) problem is where one has a set of data with a known class 

label (resistant, polymorphism), and some easily derivable information (features) of those data. Then 

one assesses how well algorithms can find informative patterns in those features, to predict the class 

label of unseen data. Machine learning in this context is a popular approach, with many algorithms 

that can be appealed to when developing predictive models.  Eight ML algorithms have been utilised 

in this work. K Nearest Neighbours (KNN), naive Bayes (NB), Single layer Neural Network (NNET), PCA 

- Single layer Neural Network (pcanNNET), Support vector machine with radial kernel (SVM), General 

boosted tree model (GBM), Logistic regression (LOGR), Weighted Subspace Random Forest (WSRF) 

were utilized for binary classification. These were all implemented using the Caret package in R with 

default settings (Kuhn, 2008; R Core Team, 2014b).  

KNN is a simple classification algorithm used often as a benchmark. The algorithm assigns the class of 

unknown datapoints based on the number (k)  of closest observations in the feature space by 

Euclidean distance (Fix and Hodges, 1989). 

NB is a simple probabilistic classifier in which each feature contributes independently toward 

classification and the outcome. NB like KNN is a useful cheap-to-compute method that acts as a 

benchmark which can be applied to large datasets quickly. NB is particularly good for small datasets 

where it can outperform more complex algorithms such as random forest (Friedman et al., 1997).  

Artificial neural networks attempt to mimic the structural and functional characteristics of biological 

neural networks, by mathematically representing a collection of nodes known as artificial neurons and 

the connection between nodes & edges, which have weights and biases. Each feature feeds in its value 

to a neuron, each node receives inputs from n edges, may activate and much like an action potential 

transfers signal to the next neuron. The model is tuned by adjusting edge weights and activation 

functions. They can also be engineered to take a certain form. i.e., fully connected only with 1 layer of 

neurons, or with multiple dense hidden layers. The nnet model in caret uses a single fully connected 

layer (Modern Applied Statistics with S, 4th ed). 

Support Vector Machine (SMV) is a supervised classification algorithm which establishes a hyperplane 

which aims to optimally separate the data classes. In the case of non-linear classification, the algorithm 

uses the kernel function to transform the feature space and performs classification by projecting the 

inputs to high-dimensional feature spaces (Cortes and Vapnik, 1995; Karatzoglou et al., 2004). 

Logistic Regression for classification problems attempts to predict class probabilities rather than the 

actual classes through a multidimensional logit transform (Friedman et al., 2010). 
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Random forest uses an ensemble of independent decision trees, usually trained with the “bagging” 

method. This involves generating multiple random sample subspaces with replacement, from which 

“weak learner” decision trees are generated, the aggregate response of these weak learners is the 

model output. This algorithm is often particularly useful for highly dimensional data. WSRF uses a 

weighted method for variable subspace selection rather than random variable sampling which can 

increase performance (Zhao et al., 2017). 

Boosted tree algorithms are similar theoretically to random forest, except rather than any element 

having the same probability to appear in a subset, in boosting, observations are weighted and in the 

subsets some instances occur more frequently. And second, bagging results in sequential generation 

of weak learners, such that each subsequent learner redistributes weights to result in overall better 

learners. Tree pruning and other such enforced limitations must be used to counteract overfitting. 

3.2.8 Model validation and performance 

Train-test split is a procedure used to estimate the performance of machine learning models in 

predicting regression of classification tasks. The model is “trained”, algorithmic parameters estimated, 

using a “train” subset of the full dataset, and then model performance is assessed using a “test” subset 

the model has never seen before. This ensures the model's predictive performance relates to 

informative patterns in the input data it has identified rather than hard-coded results. As any test:train 

split results in more of fewer outliers in the test set, over or under- estimating the model’s predictive 

performance. With a relatively small dataset, the outcome of any given test-train split can vary 

significantly, where using a single test dataset can over or under-predict the model in a metric by more 

than 15% from the mean. We assessed the performance of generated classification models using 1000 

rounds of repeated holdout, also known as nested cross-validation, with a 90:10 test-train split (Figure 

3.e). For each split we extracted the Accuracy and the area under the Receiver Operator Characteristic 

curve (ROC-AUC) assessment metrics, reporting the mean value across the 1000 rounds. 
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Figure 3.e – Outline of the nested cross-validation approach. Input data is randomly split into a test and train subset. Train 
data is further split into 10 segments and used to develop models, with n of these train splits used as an internal “test-like” 

validation dataset assuring patterns learned are not overfitting. The best model from inner cross-validation is then returned 
and its performance is assessed on the true test dataset, to again validate model performance. The inner and outer cross-

validation are repeated multiple times to return a distribution of model performance values 

To compute the ROC-AUC the FPR and TPR both are computed at varying threshold values. The area 

under the curve of the plot False Positive Rate vs True Positive Rate defines this ROC-AUC which is 

bound between 0 and 1. 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  
𝑇𝑟𝑢𝑒𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 + 𝑇𝑟𝑢𝑒𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒

𝑇𝑟𝑢𝑒𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 + 𝐹𝑎𝑙𝑠𝑒𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 + 𝐹𝑎𝑙𝑠𝑒𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 + 𝐹𝑎𝑙𝑠𝑒𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒
 

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑅𝑎𝑡𝑒 (𝑇𝑃𝑅)(𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦) =  
𝑇𝑟𝑢𝑒𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒

𝑇𝑟𝑢𝑒𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 +  𝐹𝑎𝑙𝑠𝑒𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒
 

𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑅𝑎𝑡𝑒 (𝐹𝑃𝑅) =  
𝐹𝑎𝑙𝑠𝑒𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒

𝑇𝑟𝑢𝑒𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 +  𝐹𝑎𝑙𝑠𝑒𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒
 

3.2.9 Identifying extractable mutations and aligned fold change values from clinical sequences 

Data for HSV1 drug resistance validation was provided as EC50 fold change values aligned to consensus 

UL30 and UL23 sequence. To extract literature-unknown mutations aligned to fold change values we 

undertook a procedure, similar to that outlined in methods 3.2.2. 

• premature stop codon -> excluded from validation 

• One or more known resistance mutations -> excluded from validation as cannot pick apart 

contribution from any unknown mutations 

• Polymorphisms and 1 literature unknown mutation 

• Phenotypically Sensitive -> single mutation assigned fold change, used for validation 

• Phenotypically Resistant -> single mutation assigned fold change, used for validation 

• Polymorphisms with n (where n > 1) literature unknown mutations: 
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• If the isolate is sensitive, then all n unknown mutations should all be predicted as 

polymorphisms -> all literature unknown mutations assigned strain fold change, used 

for validation 

• Else we cannot identify which unknown mutation causes resistance -> excluded from 

validation 

• No phenotypic data -> excluded from validation 

• All mutations present in literature -> excluded from validation 

3.3 Results 

3.3.1 Developing a herpesvirus point of truth for which mutations cause resistance 

To identify papers containing phenotypically characterised mutations, we encoded articles with a 

Natural Language Processing (NLP) bag of words approach followed by t-SNE clustering of article 

abstracts, which co-locates similar work. This was a more effective search strategy and has been 

shown to be effective for other similarly sized scientific corpora (Hernandez et al., 2021; Kim and Gil, 

2019). 

 

Figure 3.f – t-SNE visualisation of articles returned from a PubMed search for VZV aciclovir resistance. Underlying data is 
the tf-idf numeric matrix coloured by a K-means (k=20) clustering algorithm, and 2-dimensional positions represent a t-SNE 
dimensionality reduction. Black squares represent key papers identified as containing in vitro phenotypic data on resistance 
mutations, those without black squares do not contain this data. 

From the identified key primary literature we next developed an extensive structured database 

capturing drug resistance mutations in the herpesviruses which relates a SAV, to a virus, gene, drug, 

EC50 relative fold change (or author-designated phenotype where no value was available), test 

methodology and literary reference (Charles et al., 2020). As the use of off-license drugs is not 

uncommon in the treatment of viral infections, particularly in paediatric settings, resistance data on 

drugs not routinely used in clinical practice was captured when available (Imlay and Kaul, 2020; 
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Vanpouille et al., 2009; Vigil and Chemaly, 2010; Aoki, 2003; Ruis et al., 2018; Riordan, 2000; Beigel et 

al., 2020). The resultant database contains 1731 entries from 161 articles, providing data across 6 

viruses, 15 genes and 11 drugs and are shown in Table 3.c.  

Virus Gene Drug Total entries Unique 

mutations 

Unique 

polymorphic 

Unique 

resistant 

HSV1 UL30 Aciclovir 324 262 209 53 

HSV1 UL23 Aciclovir 302 210 138 72 

VZV ORF28 Aciclovir 27 24 17 7 

VZV ORF36 Aciclovir 28 26 8 18 

HSV2 UL23 Aciclovir 60 38 19 19 

HSV2 UL30 Aciclovir 79 75 52 23 

VZV ORF36 Aciclovir 28 26 8 18 

HSV1 UL23 Brivudine 39 34 16 18 

HSV2 UL23 Brivudine 3 3 0 3 

VZV ORF36 Brivudine 10 10 5 5 

HCMV UL54 Cidofovir 178 126 78 48 

HCMV UL97 Cidofovir 7 6 2 4 

HSV1 UL30 Cidofovir 91 58 49 9 

HSV1 UL23 Cidofovir 35 31 31 0 

HSV2 UL30 Cidofovir 30 28 26 2 

HSV2 UL23 Cidofovir 3 3 0 3 

HCMV UL54 Foscarnet 177 135 86 49 

HSV1 UL30 Foscarnet 301 254 219 35 

VZV ORF36 Foscarnet 8 8 6 2 

HSV2 UL30 Foscarnet 74 71 49 22 

HCMV UL54 Ganciclovir 181 136 73 63 

HCMV UL97 Ganciclovir 122 84 47 37 

HCMV UL56 Letermovir 77 51 20 31 

HSV1 UL23 Pencyclovir 46 40 16 24 

HSV2 UL23 Pencyclovir 23 10 8 2 

HSV1 UL30 Pencyclovir 41 34 18 16 

HSV2 UL30 Pencyclovir 25 24 11 13 

VZV ORF28 Pencyclovir 25 22 16 6 
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VZV ORF36 Pencyclovir 17 17 6 11 

HCMV UL97 Maribavir 32 26 12 14 

HCMV UL27 Maribavir 11 9 2 7 

HCMV UL89 Letermovir 17 12 10 2 

Table 3.c - Summary of the number of database entries per, virus, gene, and drug relationship for the key antivirals of clinical 
relevance against human herpesviruses. 

3.3.2 A variant annotation tool for clinical research 

To facilitate the resistance annotation of virus sequence data we developed HerpesDRG (Herpes Drug 

Resistance Genotyping), a R package with a related web server that enables the quick assessment of 

resistance mutations present from variant VCF or FASTA sequence data (Figure 3.g). This returns a 

concise per-drug clinical output (Figure 3.h), outlining for each drug the maximal fold change found in 

the sample above 10% frequency and categorises accordingly: High level (maximum fold change above 

15), Moderate level (maximal fold change between 5-15), Low level (the maximum fold change 2 or 

greater, less than 5), Polymorphism (less than 2, or recorded as such), Resistant (no fold change, 

provided only experimentalist annotation), NA (no mutations returned) as defined in (Kotton et al., 

2018b). Evidence strength is also provided as: “Good, in vitro”, or NA (no evidence). These fold change 

cut-off values are in line with recommendations from ‘The Third International Consensus Guidelines 

on the Management of Cytomegalovirus in Solid-organ Transplantation’ (Kotton et al., 2018b) which 

we use consistently across all viruses. Spatial analysis within resistance genes is also possible as a 

lollipop plot, given in the context of all the polymorphisms and resistant mutants. 
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Figure 3.g - Graphical representation of the annotation and resistance phenotyping process for FASTA sequence input or VCF 
inputs (dashed lines). Q – Query sequence, R – NCBI Reference sequence. 

 

Figure 3.h - Clinical overview table available per sample file. For variants above 10% frequency, this graphic provides a quick 
and accessible description of how the various viral mutations alter known drug sensitivity. 

3.3.3 The relative important of where, not which, mutation 

We collated the unique residues that confer DRM(s) that cause 2-fold or greater EC50 change to HCMV 

GCV, or 4-fold in HSV1 ACV. These were then projected into the protein structures models of HCMV 

UL54, 97 and HSV1 UL30, UL23 to assess the distribution in three dimensions of resistance mutation 

harbouring residues. We found (Figure 3.i, Figure 3.j) that DRM-containing residues are not 

homogenously distributed across the protein structure. Instead, mutations form clusters, presumably 

where changes alter the protein conformation of key catalytic or trafficking domains. 

Mutations in HSV1 polymerase that give rise to ACV drug resistance only locate near the protein-DNA 

interface, which makes conceptual sense given that ACV competes with deoxyguanosine triphosphate 

in DNA chain elongation. They concentrate in a cluster near where ssDNA enters the enzymatic 

complex, and where the active site key residues are located (Kühn and Knopf, 1996). The hypothesis 

for the importance of these residues is therefore clear, they have the potential to alter the 3D topology 
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and electrostatics at this important conserved motif. Specifically, residues at the active site in HSV1 

UL30 undergo a subtle but crucial conformational change to adapt the electrostatic and spatial 

environment for incoming dNTP and template DNA. Alterations to the stability of this thermodynamic 

process will impact the ability of the dNTP and template DNA to fit (Topalis et al., 2016). A second 

smaller cluster of changes is seen still at the DNA-protein interface but along the axis of dsDNA escape, 

which potentially alter the ease at which dsDNA leaves the enzymatic complex which may have 

impacts on activity. Mutations in HCMV polymerase that give rise to GCV drug resistance are spatially 

more complex. There is a cluster of mutations nearby the active site as discussed in HSV1 UL30, but 

there is no secondary cluster along dsDNA escape, and there appears a new cluster of mutations along 

a single-axis tangent to the active site.  

In the kinase proteins (Figure 3.j) one can see that the trend of central residues with many close 

contacts is continued even though HCMV UL97 and HSV1 UL23 are not homologous and cannot be 

overlaid, unlike the HHV polymerases which are all clear homologs. Those mutations present in HSV 

UL23 match particularly well those that have been shown and predicted to be involved in the catalytic 

process and these DRM harbouring residues almost all appear close to the ligand binding pocket 

(Bennett et al., 1999). Similarly, the residues containing DRM’s in HCMV UL97 have the same general 

characteristics described in UL23 and have previously been discussed as often interfering with the 

catalytic domain (Chou et al., 2013). 
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Figure 3.i - Structural comparison of HCMV and HSV1 polymerase. The structurally aligned Alphafold predictions of HCMV 
(gold) and HSV1 (pink) polymerases, with dsDNA for context from the further aligned HSV1 crystal structure 7LUF. Residues 
that contain drug resistance mutations are represented as red spheres and are not randomly spread but tend to be centrally 
located, and clustered. Several are near the active site where ssDNA becomes dsDNA. Left is aligned top-down views along 

the dsDNA escape axis. Right is a side on view making the active site clear. Some disordered loops (none with resistance 
mutations) have been hidden for clarity. 
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Figure 3.j - Structural comparison of HCMV UL97 and HSV1 Thymidine kinase. The proteins are not aligned as they are not 
homologs, HCMV UL97 (gold) HSV1 UL23 (blue), any residues that contain a drug resistance mutation are shown in red, in 
HCMV these are shown as spheres, but not in HSV1 as the concentration of spheres obscured backbone information. 
Disordered loops have been left in this figure as they do not obscure domains. Relatively long contiguous regions of poor 
Alphafold prediction are kept in this image as are identified as long loops, these are an artifact of the modelling process. 

 

3.3.4 Predicting which mutations in HCMV result in GCV resistance 

Our current ability to predict which mutations cause resistance in herpes viruses is limited. Having 

derived a mutation dataset, a protein structure dataset, and understood what type of information 

may be important from visualising protein structures, we set out to build predictive models to classify 

any given mutation in any given herpes virus protein as providing a resistant phenotype, or as a natural 

polymorphism. We defined a set of prediction tasks, with the first to predict the class of HCMV GCV 

resistance mutations given an EC50 fold-change cut-off of 2. 

The 220 unique mutations were assigned “resistant” or “polymorphic” class labels, and a 71-

dimension feature vector encompassing evolutionary, physicochemical, structural, molecular dynamic 

and ligand-binding-pocket information (Figure 3.d). 8 ML algorithms were then assessed for their 

ability to be trained and predict the class of previously unseen mutations (Table 3.d). All reported 

model metrics are mean of 1000 rounds of nested cross-validation. The best 5 HCMV-GCV models had 

good classification performance above 77% accuracy and Receiver ROC-AUC above 0.85. ROC-AUC 

was the preferred metric used to identify an optimal model (Figure 3.k). Therefore, WSRF performed 

best, able to classify mutations as susceptible or resistant with 80% accuracy and ROC-AUC of 0.88. 

KNN and NB were included to both assess the discriminating ability of our feature space and as a 
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relatively simplistic benchmark against which more complex models should improve. These were the 

worst two performing models, but still able to provide predictive performance above a random 50% 

accuracy.  

Model name Model - R Accuracy ROC-AUC 

K Nearest Neighbours KNN 0.67 0.73 

Naïve bayes NB 0.73 0.82 

Single-layer Neural Network NNET 0.7 0.83 

PCA - Single layer Neural Network PCANNET 0.78 0.87 

Support vector machine, radial kernel SVMRADIAL 0.8 0.86 

General boosted model GBM 0.8 0.87 

Logistic regression GLMNET 0.8 0.87 

Weighted Subspace Random Forest WSRF 0.8 0.88 

Table 3.d - Evaluation of all gene’s classifier models, all features. Headers: Model name verbose, corresponding model name 
as implemented in the Caret R framework, Accuracy and Receiver Operator Characteristic (ROC) Area Under Curve (AUC). 
Bold are the three best performing models. The best model by ROC-AUC is in bold. 

 

Nested cross-validation we argue is important to perform with a small dataset, as the outcome of any 

given test-train split can vary significantly. We found a single test dataset can over or under-predict 

the model in a metric by more than 15% from the mean. An example of this phenomenon, which 

occurred in all modelling tasks, is shown for the HCMV GCV General Boosted Model (GBM) (Figure 3.l).  
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Figure 3.k – ROC-AUC curves for 10 models that predict HCMV GCV resistance mutations. Values are means taken across 
the 1000 rounds of nested cross-validation. FPR is False Positive Rate, SENS is SENSitivity. 

 

 

Figure 3.l - Repeated holdout performance distributions. For small datasets using a single test-train split as a final unseen 
check of model performance can be misleading. Here we show a 90:10 test-train split over 1000 random iterations that the 

accuracy and ROC-AUC can deviate by as much as 15% from the mean performance. acc is accuracy, roc is ROC-AUC 

Once a model has been assessed, it is typical to retrain a final model using 100% of the data as training 

data and then use that to derive some informative predictions. Example resistance mutation 
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probabilities from the best WSRF trained HCMV GCV resistance mutation model are shown in 

Supplementary Table 2 for UL54 and Supplementary Table 3 for UL97.  

 

3.3.5 Functionally specific classifiers offer moderate gains at cost of generalisability 

Polymerase and kinase proteins are unique, and patterns of mutations informative of resistance in 

one may be unhelpful in the other. Therefore, we next asked whether more specific prediction tasks 

trained on data from only a single protein could improve classification ability, albeit likely with the 

cost of reduced generalisability. For HCMV GCV we attempted to predict separately then, polymerase 

DRMs and Kinase DRMs. The optimal HCMV polymerase classifier had a moderate increase in 

predictive performance from 80 to 83% accuracy and 0.87 to 0.9 ROC-AUC by logistic regression (Table 

3.e, Figure 3.m). This was reproduced for HCMV kinase UL97 where classification was modestly 

improved from 80 to 81% accuracy and 0.87 to 0.9 ROC-AUC by WSRF. 

 

Model name 

 

Model - 

Caret 

Polymerase 

accuracy 

Polymerase 

ROC-AUC 

Kinase 

accuracy 

Kinase  

ROC-AUC 

K Nearest Neighbours KNN 0.71 0.75 0.63 0.70 

Naïve bayes NB 0.76 0.8 0.78 0.82 

Single-layer Neural Network NNET 0.73 0.8 0.68 0.82 

PCA - Single layer Neural Network PCANNET 0.79 0.87 0.80 0.88 

Support vector machine, radial 

kernel SVMRADIAL 0.82 0.88 0.80 0.87 

General boosted model GBM 0.82 0.89 0.81 0.89 

Logistic regression GLMNET 0.83 0.9 0.81 0.89 

Weighted Subspace Random 

Forest WSRF 0.81 0.88 0.81 0.90 

Table 3.e - Evaluation of HCMV classifier models by protein function. Bold is the top model per protein function model based 
on ROC-AUC. The best model by ROC-AUC is in bold. 
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Figure 3.m - ROC curves for models using all features for DNA polymerase catalytic subunits (Left) and Kinase genes (Right)  

3.3.6 Predicting which mutations in HSV1 result in ACV resistance 

Following the methodology outlined for generating and assessing predictive models for HCMV 

mutations across proteins, we set out to reproduce this for ACV drug resistance mutations in HSV1 

UL30, UL23 and UL5. ACV has a higher therapeutic window than GCV the predictive performance of 

model classifiers was done twice, once with a fold change cut-off of 2, and another at 4 (Sergerie and 

Boivin, 2006; Caliaro et al., 2020). This revealed a similar trend in model performance to HCMV gene-

agnostic models, with ensemble and logistic regression algorithms performing the best (Figure 3.n). 

For a 2-fold cut-off, a general boosted model performed best with a mean accuracy of 92% and ROC-

AUC of 0.87 (Table 3.d). This is much higher accuracy than the similar HCMV models but with similar 

ROC-AUC, reflecting on the respective data quality, or that HSV1 ACV mutations are more “black and 

white”. Predicting either side of a 4-fold cut-off was an easier task, with a general boosted model 

performing optimally again with increased accuracy (92 to 93%) and ROC-AUC (0.87 to 0.9). Example 

mutation resistance probabilities are included in Supplementary Table 4 for UL30 and Supplementary 

Table 5 for UL23. 
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Figure 3.n - ROC-AUC curves for 8 models that predict HSV1 ACV resistance mutations. Values are means taken across the 
1000 rounds of nested cross-validation. FPR is False Positive Rate, SENS is SENSitivity. 

Model name Model - R 

Accuracy 

2-fold 

ROC-AUC 

2-fold 

Accuracy 

4-fold 

ROC-AUC 

4-fold 

K Nearest Neighbours KNN 0.74 0.78 0.77 0.79 

Naïve bayes NB 0.76 0.81 0.78 0.81 

Single-layer Neural Network NNET 0.75 0.80 0.84 0.83 

PCA - Single layer Neural Network PCANNET 0.82 0.83 0.87 0.86 

Support vector machine, radial kernel SVMRADIAL 0.78 0.79 0.86 0.85 

General boosted model GBM 0.92 0.87 0.93 0.90 

Logistic regression GLMNET 0.87 0.84 0.91 0.89 

Weighted Subspace Random Forest WSRF 0.89 0.86 0.91 0.90 

Table 3.f - Evaluation of all HSV1classifier models. Headers: Model name verbose, corresponding model name as implemented 
in the Caret R framework, Accuracy and Receiver Operator Characteristic (ROC) Area Under Curve (AUC). Bold are the three 
best performing models. As ACV has a higher therapeutic window that GCV, here two different fold change cut-offs were set 
for defining a given mutations as resistant or polymorphic. The best models by ROC-AUC are in bold. 
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3.3.7 External validation of the best HSV ACV resistance model using external UKHSA data 

To validate model predictive performance, it is typical and important to query the model with data it 

has never seen, better still is to query with data from an external source, free of bias and errors that 

may have entered your full dataset. To this end, we appealed to the UK Health Security Agency 

(UKHSA) who provided a set of consensus HSV1 and HSV2 UL23 and UL30 sequences along with 

associated multi-drug EC50 data and fold change data derived from their longstanding internal 

protocol (Mohamed et al., 2019). These then represent a gold standard test-dataset to which we could 

validate these ML models. Mutations that followed our inclusion criteria were identified, assigned a 

drug resistance class, and used as validation data. 

Using a fold change cut-off of 2 to denote resistance, we were able to identify 21 mutants present in 

the data from UKHSA that could be used as validation. Note, due to a data sharing agreement it is not 

possible to present here the list of mutations as they are novel and property of UKHSA (UCL Business 

reference: AMTA-21-168). One of the caveats with this approach is that mutations from strains may 

be included or excluded depending on the resistant fold change cut-off used. Therefore, when using 

a cut-off of 4, 18 of the 21 were useable. As AUC-ROC becomes less meaningful with small sample 

sizes, these results will be reported only with accuracy measures (Hanczar et al., 2010). The optimal 

pre-trained HSV1-ACV model was able to predict with 91% accuracy the resistance phenotype of the 

21 mutations with a fold change cut-off of 2 and 95% when a fold change of 4 was used (Figure 3.o). 

These data are all derived from the time-consuming but gold-standard plaque reduction assay and 

therefore we could expect a reduced error in their reported EC50 values, which may explain the 

increased predictive performance, albeit on a small sample size. 

 

Figure 3.o - For the two groups of mutations in the 2-fold fold change cut-off, resistant (blue) and polymorphisms (red)  the 
model predicted resistance probability from 0 – 1 for each mutation. This is plotted as a density histogram, indicating that 
the model is confident and accurate in its prediction of resistance mutations using the probability threshold of 0.5 for 
classifying. 
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3.3.8 Predictions can generalise to unseen similar viruses 

As these models were provided general input features, we had hoped that any important patterns 

would generalise to other species without the need for retraining. To this end, we trained a final model 

to predict mutations that cause a 2-fold or great loss in cidofovir sensitivity across all the viruses and 

proteins in our dataset. The best model (GBM) had internally validated the predictive performance of 

88% accuracy and 0.87 ROC-AUC. We then used this model to predict the cidofovir resistance-

conferring probability of mutations in Adenovirus genotype 5, which the model was not trained on. 

We identified mutations that are known to be resistance-causing or thought to be natural 

polymorphisms, from the literature (Chamberlain et al., 2018; Capella et al., 2012; Kinchington et al., 

2002; Feghoul et al., 2018). Applying our inclusion criteria, we identified 5 resistant mutations and 98 

polymorphisms. The model was able to translate well to an unseen virus with an accuracy of 96%. 

However, the predictive confidence in resistance mutations appears to be low with a maximum 

probability not exceeding 0.68. However, only 5 resistance mutations were included (Figure 3.p). 

 

Figure 3.p - For the two groups of mutations, resistant (blue) and polymorphisms (red)  the model predicted resistance 
probability from 0 – 1 for each mutation. This is plotted as a density histogram, indicating that the model is confident and 
accurate in its prediction of resistance mutations, 1 being below the 0.5 probability line and 4 above. Natural polymorphisms 
have a greater spread, but the bulk are predicted correctly and are below 0.5. Note the blue density figure consists of only 5 
datapoints. 

3.3.9 The relationship of drug resistance mutations and mutations that alter phenotype 

We hypothesised that as the features are similar and mutations that alter phenotype, or folding 

energy, are related problems to predicting DRM, models trained on rich human disease variant data 

may generalise to predict DRMs in a herpes context. For the task of HSV1 ACV resistance, for each 

mutation we calculated the mean, wild type, mutant type and difference scores from the Suspect 

model (Yates et al., 2014). We then for interest compared logic regression models trained on this small 

model-derived feature space, to the 3 largest constituent feature-group spaces available in 

MutationFeatures and assessed their accuracy and ROC-AUC (Figure 3.q). This shows that Evolutionary 

features are critical for determining which mutations alter drug sensitivity. Structural features provide 

reduced informative data and alone result in dampened classification performance. Physiochemical 
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features, which provide rich data on the side-chain differences only has the poorest predictive 

performance, informing us that that residue (position) and its environment are much more important 

descriptors. The human SAV disease model used as a benchmark performs worse than HSV1 classifier 

trained specifically for this task but is comparative to some of the SVM (of which suspect is one) 

algorithms we implemented.  

s

  

Figure 3.q – Comparison of HSV1 ACV 4-fold drug resistance prediction model performance, when an algorithm is provided 
only evolutionary, structural and physicochemical sub-feature spaces from MutationFeatures. Or a small number of features 
from the human disease variant predictor Suspect. Plots are histograms, where the y-axis is the count of models, and x-axis 
is the value for accuracy (red) and ROC-AUC (blue) across 1000 rounds of nested cross-validation. 

 

3.4 Discussion 

We have generated a comprehensive point of truth for which mutations in a HHV protein cause 

resistance to clinically relevant drugs. It contains 1731 entries from 161 articles, providing data across 

6 viruses, 15 genes and 11 drugs which, makes it the richest dataset for any given HHV and does this 

for each of the 6 relevant viruses. Having simply extracted mutations as they are published, rather 

than retesting all under a single lab protocol, some entries cause concern such as 6 mutations in HCMV 

UL97 kinase that result in resistance to cidofovir, a drug that comes pre-monophosphorylated. This is 

not an issue however, as upon release this database will be the first comprehensive knowledgebase 

on herpesvirus drug resistance mutations that is open to community scrutiny and alteration. All key 

traits for open science, and advantages on any previous effort at a database. 
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Using these data, we next assessed the relative importance of where a mutation occurs,  compared to 

which amino acid change occurs, in causing a drug-resistant phenotype If residues that contain DRM(s) 

were randomly interspersed in the protein structure, then the location of a residue would appear 

unimportant. If, however DRM harbouring residues formed spatial clusters, this would instead 

indicate that where a mutation occurs is more important than what the mutation is. We answered 

this question by visualising DRM-containing residues across HCMV UL97, UL54 and HSV1 UL30 and 

UL23. In general DRM residues were tightly packed near catalytic domains across all proteins. The 

HSV1 polymerase contained a curious secondary cluster of residues that interact with or closely with 

the annealed escaping dsDNA, while this is a mode of resistance that does not occur randomly at 

residue along the dsDNA escape path is intriguing. Not all residues that are close to active sites contain 

observed resistance mutations, but presumably they have the potential to elicit this effect. This could 

be because mutations that result in a high-affinity change for the drug, also have a high potential to 

ablate the enzymatic activity of these key proteins for reproduction, and therefore some residues are 

under such strong negative selection that the chance of observing mutations is minute. HCMV UL54 

displays the most complex mutation distribution with several mutations distant from the catalytic 

pocket and following tangentially away along a single axis. Presumably, as these mutations span the 

domain junctions, changes that impact domain-domain binding have the propensity to alter the global 

protein confirmation enough to also alter the active site or ability to take in and efflux genetic material 

or GCV. 

Considering these observations together we conclude that clearly where a mutation occurs in a 

herpesvirus protein is more important to predicting its resistance-causing effect, than the specific 

amino acid change. Therefore, features of residues such as evolutionary conservation, secondary 

structure and solvent accessibility will be important for predicting which mutations cause resistance. 

This is not surprising, as many prediction tasks that assess the impact of mutations in a given context 

often rely on the same key informative features, such as residue secondary structure or residue 

diversity in an alignment (Gelfman et al., 2017; Yates et al., 2014; Lin et al., 2022; Sun et al., 2021). 

 

Having determined qualitatively some general features of mutations that are informative of their 

propensity to cause drug resistance, we used these learnings to guide the development of a tool to 

generate a rich feature vector per mutation. With a rich feature vector per mutation, and the ability 

to assign a class “resistant” or “polymorphic”, depending on an EC50 fold change cut-off, we then set 

out to generate and evaluate the predictive performance of 8 machine learning algorithms across a 

number of prediction tasks. 
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For the task of predicting HCMV GCV mutation class given a sensitivity fold change cut-off of 2, a 

weighted subspace random forest algorithm was found to be optimal with 80% accuracy and 88% area 

under the ROC curve in internal validation. Splitting the task into predicting polymerase-only or kinase-

only mutations offered marginal improvement but did improve ROC-AUC values to 0.9 in both cases. 

Although this task should have been simpler, the reduction in the amount of data available for training 

may have limited most prediction gains. In a diagnostic setting, ROC-AUC values of 0.8 to 0.9 are 

considered excellent, and more than 0.9 are considered outstanding (Mandrekar, 2010). Therefore, 

these models represent an excellent first-in-class attempt at this problem, and potentially could be 

used as a substitute in the case that no experimental data is available for a given mutant. 

 

For HSV1, HSV2 and VZV aciclovir is the first-line treatment, not ganciclovir, and the problem of 

characterising mutations is also important (Krawczyk et al., 2013). We therefore also undertook the 

prediction task of predicting HSV1 mutations that cause resistance to aciclovir, deriving a model with 

0.87 ROC-AUC given a 2-fold cut-off, or 0.9 using a cut-off of 4 across HSV1 UL23, Ul30, UL5.  

These performance statistics are from internal testing data as in the HCMV tasks, so any issues or 

biases in the data could result in an over-estimate of real-world performance. It was therefore 

desirable for one of the predictive models in this chapter to be validated against an external dataset. 

A collaboration was set up with UKHSA who were able to provide external validation data of consensus 

HSV1 UL30 and UL23 sequences assigned to an EC50 fold change. Training the HSV1 2-fold and 4-fold 

classifier models with 100% of our literature data, we found the models had over 90% predictive 

accuracy when assessed on external validation data from UKHSA in both tasks (Figure 3.o). This fully 

agrees with the outcome of our internal validation, supporting the argument that we can predict with 

high confidence the ACV sensitivity conferred to a HSV isolate by a given mutation. External validation 

data of the quality and quantity provided by UKHSA will be challenging to find for the HCMV GCV 

prediction task or other combinations of virus and drug. And it may be impossible to externally validate 

other models in the same way. In any case, we believe that this HSV1 ACV model external validation 

shows that the assumptions made, and general principles applied in this chapter are rational, and 

there is a strong prospect for similar outcomes on the other modelling tasks if data becomes available. 

There is therefore an ongoing discussion now about the use of these models as part of a national 

clinical service in UKHSA for resistance typing HSV1 and HSV2 clinical isolates. 

As the HSV1 ACV models were now externally validated, we asked which types of features 

underpinning the classification models were the most important. We found evolutionary features such 

as site sequence conservation were the most important, which is a common finding in mutation 
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prediction tasks (Wang et al., 2012; Yates et al., 2014; J. Wang et al., 2017). Structural features such 

as secondary structure which are richly informative of residue information, but do not contain 

information on mutations, were the second most informative. Physicochemical features, which are 

richly informative of amino acid change, were unable to separate resistant and polymorphic 

mutations. This agrees with our structural analyses of DRM-containing residues, which is that where 

a mutation occurs is more important than which mutation occurs at that residue, which we showed 

for HCMV and HSV1. 

 

We hypothesise mutations that cause resistance will be a subset of those mutations that affect protein 

function or cause disease. We therefore expected that mutation predictors trained on rich human 

variant data to predict pathogenic mutations may generalise to predict well drug resistance mutations 

(Ng and Henikoff, 2003; Yates et al., 2014). We found Suspect, which is the simplest to generate 

predictions for a given random protein was able to predict HSV1 aciclovir mutations with a cut-off of 

2, had an accuracy of 87% and ROC-AUC of 0.81. This may be a key point for those studying drug 

resistance in less studied organisms where phenotypic data is sparse. Additionally, we found that our 

classifier models were also able to generalise to model unseen mutation data and show reduced, but 

still informative prediction performance for Adenovirus polymerase mutations. 

We observed that many of the top-performing models had close, almost indistinguishable 

performances, with a broad uncertainty range around the given model's probability threshold for 

assigning class (Figure 3.k). Such that any improvement visible between algorithms may be down to 

random chance from the fluctuations in holdout resampled test data. This indicates that there are 

limitations in the feature space, quantity or the quality of underlying data, as more complex and 

generally performant algorithms were unable to outperform to the level typically expected (Gupta et 

al., 2022; Jamal et al., 2020; Uddin et al., 2019). The feature space is rich and an expansion on those 

used successfully for similar tasks so limitations there are less easy to identify clearly. Data quantity 

can limit a models ability to learn high-dimensional feature combinations that are informative of a 

class, with double the datapoints it’s possible models with complex decision boundaries such as 

bagging classifiers may have outperformed the bulk of models. Data quality issues are however 

unsurprising. The data represent mutations across several strains, across a spread of experimental 

methods undertaken by different experimentalists, in different labs with different laboratory stocks.  

This leads us to the limitations of the study. Most mutations in the database are reported only a single 

time in the literature, and when multiple mutations are present the variability can be high such as 

HCMV UL97 mutation C603W with a mean of 4.06 and standard deviation of 2.55. Mutations with a 
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mean fold change near a prediction’s tasks given fold-change cut-off will therefore reflect a high 

uncertainty on the class we have provided it. The database contains both fold changes and author-

designated binary phenotype “Resistant”, “polymorphism”, as such laboratories may be using 

different rules to derive this e.g. 2 -fold (Bestman-Smith and Boivin, 2003) and 3-5 fold (Piret and 

Boivin, 2011). Additionally, consistent phenotype cut-off scores may vary between viruses. For HSV1 

and 2 a fold change between 3-6 for aciclovir is usually used as to determine the phenotype of a 

mutant as resistant, whereas HCMV has no fixed cut-off although 2 has recently been accepted as a 

benchmark (Kotton et al., 2018a). Several methods for phenotypically characterising mutations have 

been included and ignored when deriving mean fold-change permutations. To what extent mutations 

that reduce HSV TK activity 2-fold will closely relate to a drug sensitivity fold-change of 2, is unclear.  
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Chapter 4 - Assessing ganciclovir efficacy as treatment in vivo using a 

Pharmacokinetic & Pharmacodynamic extended viral kinetic model of 

Human Cytomegalovirus. 

4.1 Introduction 

HCMV infections are among the most severe infections in recipients of hematopoietic stem cell 

transplant (HSCT) and are associated with higher mortality and morbidity such that management of 

infections with antivirals is essential (Zanella et al., 2020). However, there are limited therapeutic 

options for controlling HCMV infections, with only Ganciclovir (GCV) approved and available widely 

for treatment (licensed) in HSCT recipients when viral loads are already at established levels, and only 

so in the EU, not globally (Cymevene - EMC; Accessdata.fda.gov ID 4155451). All the available HCMV 

antivirals such as Valganciclovir (VGCV), Cidofovir (CDV), Foscarnet (FOS) and Letermovir (LTV) have 

been approved and licenced for other indications. 

Given this, when viral load spikes are observed in individuals post-transplant, deciding on an antiviral 

treatment course is difficult and controversial. In paediatrics the efficacy of (V)GCV is less clear and 

often antivirals are prescribed off-label (use of a drug for an unapproved indication, age group, route 

of administration) without confidence that these antivirals will help (Stockmann et al., 2015). 

Additionally anti-HCMV immune function is not typically quantified in these individuals, and the 

expected rate of reconstitutions is difficult to judge, as following HSCT the rate of Immune 

reconstitution varies between patients and the contribution of various immunosuppressants such as 

cyclosporin or steroids make this assessment more difficult (Spadea et al., 2021). Simply put, given a 

set of viral load observations for an individual, we have little understanding of the contribution 

antivirals, immune clearance of virus or tertiary reasons make towards potential reduction in the viral 

load over time (Duke et al., 2021).  

Viral kinetic models have been applied across several viruses in an attempt to gain mechanistic insights 

that quantify the contributions that viral replication, immune clearance, infected cells and antivirals 

invoke in a given viral load trajectory (Rose et al., 2017; Perelson et al., 1997; Canini et al., 2018). A 

HCMV viral kinetic model recently assessed multiple hypotheses and identified that that immune 

reconstitution is the likely dominant effect that self-limits viral load trajectories post-HSCT plays (Duke 

et al., 2021). Not only does this model act as an attractive basis for extension to account for the 

antiviral effect, but it also exposes the limitations of previous estimates of GCV’s effectiveness at 

inhibiting viral replication (which found 90%+ effectiveness), which ignored any immune clearance 

mechanisms (Märtson et al., 2022; Emery and Griffiths, 2000).  
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In this chapter, a GCV PKPD extended viral kinetic model for HCMV in whole blood was developed, 

with PK parameters fixed from the paediatric literature (Jorga et al., 2016) and only a single additional 

estimated parameter from the recent Duke models, the antiviral effect. By fitting this model to viral 

load observations from a cohort of HSCT paediatric patients at GOSH, it was possible to estimate the 

contribution GCV plays alongside immune effector cells in reducing viral loads.  

4.1.1 HSCT 

Hematopoietic stem cell transplant (HSCT) is an effective but dangerous treatment for severe 

conditions such as myeloma, leukaemia and primary immune deficiencies (Cho et al., 2019). HSCT can 

be autologous, using the patient’s own stem cells, allogenic, which is the most common form with 

donor stem cells, or syngeneic from an identical twin. HSCT is in itself life-threatening, typically 

requiring complete immune suppression prior to transplantation leading to infection and graft-versus-

host disease (GVHD) as common and major complications of allogenic HSCT (Jacobsohn and 

Vogelsang, 2007). 

HCMV is a significant source of morbidity and mortality in HSCT and Solid Organ Transplant SOT 

recipients (Fayek et al., 2010). As the global population is ubiquitously infected by latent HCMV (Zuhair 

et al., 2019), suppression of immunity in HSCT recipients often allows HCMV to transition from a latent 

to a lytic state with detectable viral shedding in blood (viraemia) and occurs in 16-44% of paediatric 

cases despite antiviral therapies (Hiwarkar et al., 2013; Tan et al., 2014). HCMV viraemia post-HSCT is 

an indicator of poor outcome, associated with increased risk of bacterial and fungal infections, GVHD, 

end organ disease and decreased overall survival (Jakharia et al., 2021). Reducing viral load levels post 

HSCT is associated with shorter viraemic episodes and reduced incidence of disease and is therefore 

important to manage (Correlation of Cytomegalovirus Viral Load and Clinical Outcomes, 2018) 

HCMV antivirals have helped control the proportion of viraemic patients who transition to clinically 

important HCMV associated disease (Camargo et al., 2018). The first line therapy is the antiviral GCV, 

which has a prodrug form vGCV optimised for oral availability. There are two main regimens for use 

of GCV, prophylaxis and pre-emptive therapy which appear similarly effective in a HSCT setting 

(Bontant et al., 2014). Other used treatments are letermovir, cidofovir, foscarnet, maribavir and HCMV 

immunoglobulins.    

Prophylactic therapy involves the administration of antivirals from day of transplant for a set period 

with aim to supress development of viraemia. Although GCV is effective and used in SOT (Hiwarkar et 

al., 2013; Kotton et al., 2013), concerns about antiviral toxicity and myelosuppressive effect to which 

HSCT recipients are most sensitive, have made this treatment less popular post HSCT (Paya et al., 

2004; Takahata et al., 2015). Prophylaxis is only routinely used in HSCT for D-R+ allographs, which are 
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often assumed to be viraemic post-transplant. Letermovir is a new antiviral available to adults for 

prophylaxis post HSCT and is used off label in GOSH to treat children, LTV’s safer toxicity profile is 

favourable, however the barrier to resistance is low contraindicating drawn out exposure (1 

Recommendations | Letermovir for preventing cytomegalovirus disease after a stem cell transplant | 

Guidance | NICE) [accessed 11/08/2022 ]. 

A pre-emptive approach has become the standard over the last 20 years for D+R- and D+R+ HSCT 

recipients, as it successfully reduces incidence of associated disease and reduces exposure to GCV 

(Marty et al., 2017). The strategy Involves regular HCMV viral load monitoring and upon surpassing a 

pre-determined viral load threshold, antivirals are administered to prevent clinically impactful HCMV 

associated diseases (Jakharia et al., 2021; Boeckh and Ljungman, 2009). The threshold is set such that 

viral loads below it have a low risk of progression to disease, and antivirals are not required. This 

minimises drug exposure which is beneficial for resistance and toxicity, efforts to find an optimal 

threshold have gained interest recently (Griffiths et al., 2016; Green et al., 2016; Camargo et al., 2018).   

Although incidence of early HCMV disease post-HSCT has reduced since pre-emptive GCV adoption, 

HCMV seropositivity and HCMV reactivation are still an important burden for HSCT recipients (Kim et 

al., 2010; Camargo et al., 2018). Once viral loads establish the therapeutic options become challenging 

and controversial with only GCV licensed for this case, and only so in the EU not globally, as little 

clearcut evidence exists (Cymevene - EMC; Accessdata.fda.gov ID 4155451). Ganciclovir shows no 

efficacy as treatment for HCMV pneumonia in HSCT recipients for example (Shepp et al., 1985; Reed 

et al., 1986). The remaining HCMV antivirals are licenced for other indications. LTV is licensed to 

prevent HCMV infection by prophylaxis in HCMV seropositive HSCT recipients (Marty et al., 2017; 

PREVYMIS - EMC). GCV and VGCV are licensed to prevent HCMV disease in transplant recipients by 

prophylactic and pre-emptive regimens in those with drug-induced immunosuppression (Kim et al., 

2010; Witzke et al., 2012; Cymevene - EMC; Valganciclovir - EMC). GCV and VGCV are additionally 

licensed for use in treatment of HCMV retinitis in immunocompromised patients (Shafran and Conly, 

1996). FOS and CDV are licensed for control of HCMV retinitis in immunocompromised patients 

(Palestine et al., 1991; Avery et al., 2016; Foscavir - EMC; Cidofovir - EMC). Maribavir is approved for 

treatment but only for infections refractory or resistance to treatment with GCV, VGCV, FOS or CDV 

(del Pozo Martín, 2021; Shire, 2021). 

4.1.2 Importance of HCMV viral load monitoring in Paediatric infections 

HSCT centres such as Great Ormond Street Hospital (GOSH) regularly monitor HSCT recipients for 

evidence of HCMV infections during the first 100-300 days post operation. As most drug efficacy and 

dosing information are derived from adults, our understanding of effective therapeutic doses in 
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paediatrics is limited (O’Hara, 2016). Therefore drugs are often given off-label then viral loads or wider 

pathogenic loads and drug concentrations tracked more closely than in adults, to monitor if a given 

drug at a given dose is effective (Green et al., 1997; Stockmann et al., 2015; Zajac-Spychala et al., 2022; 

Jerry Teng et al., 2021; Motisi et al., 2022; Yu et al., 2021). HCMV viral loads are taken frequently in 

paediatrics as a key requirement for effective pre-emptive treatment and to monitor peak viral load, 

which is informative as a predictor of poor outcome (Green et al., 2016). 

4.1.3 Monitoring HCMV viral load at GOSH 

It is impossible to measure the absolute number of free virions or HCMV infected cells in a patient, 

instead the quantity of HCMV DNA present in blood, saliva or CSF can be measured by validated 

quantitative polymerase chain reaction (qPCR) assay technology. This measure is often called the “viral 

load” and is widely used to track viral infections as a proxy for degree off infection and correlates with 

HCMV-associated disease severity and mortality end points (McBride et al., 2019). Technically, whole 

blood samples are diluted to a set concentration by measuring the solution's optical density or serial 

dilution. Then assay reagents such as PCR primers for the immediate early antigenic gene and the 

thermostable “Taq" DNA polymerase are introduced, and qPCR instruments initialised. The number 

of PCR cycles required to cross a particular DNA concentration determined by an optical density or 

light emission threshold is recorded (Limaye et al., 2013). The readout from the machine is a viral 

copies/mL or genomes/mL measures and are routinely and with uniquely high frequency used to 

monitor HCMV infections in children post-HSCT at GOSH. Generally, measures are taken at least 

weekly until immune reconstitution of circulating CD4 cell counts pass >300 cell/L, but if HCMV is 

detected, sampling and testing increase to at least twice weekly. GOSH qPCR assays report HCMV viral 

loads with a lower limit of quantification (LLOQ) of 50 International Units (IU)/mL.  

Several factors impact the accuracy of these measures, such as specimen collection method, sample 

transportation, storage and preparation of samples and instrument methods. The constitution of 

HCMV DNA itself adds complexity too, with plasma reflecting fragmented free DNA strands, whereas 

blood and saliva represent intact whole genomes (Tong et al., 2017). Taken together and despite best 

endeavours and protocols, sample repeats often vary with a 95% confidence interval of 0.5log10 to 

1.0log10 (Stuart et al., 2014). An additional complication is that HCMV DNA quantification protocols 

have mostly been developed and used independently, resulting in a severe lack of standardisation, 

such that the results of any two hospitals were incompatible. Clinical authorities therefore determined 

in isolation their optimal viral load thresholds at which to initialise anti-HCMV therapies in pre-emptive 

therapies, hurting collaborative efforts (Kraft et al., 2012).  
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To address several of the HCMV DNA quantification issues outlined above and to establish a single 

cohesive way to discuss HCMV viral loads, the World Health Organisation (WHO) established the 1st 

international HCMV viral load standard for PCR technology ( Fryer et al., 2016). A virus stock of 

lyophilised Merlin virus was agreed in October 2010 as the viral stock standard, with crude assigned 

concentration of 5 x 106 International units (IU). The intention was that diagnostic labs calibrate their 

protocols with this secondary reference to allow consistent reporting of viral loads in the literature 

and across clinical centres. 

4.1.4 Viral kinetic models 

Viral kinetic models are mathematical representations of viral infections that attempt to quantify the 

contributions of various biological mechanisms to an observed viral load trajectory. They often take 

the form of a set of ordinary differential equations (ODEs). The original viral kinetic model the 

“Perelson Model” was developed to study the dynamics of HIV-1 infections. It considers the 

interaction of virus, target cells and the infected cell population and was instrumental to uncover the 

rapid turnover of CD4 lymphocytes and T cell exhaustion (Kahan et al., 2015; Ho et al., 1995). These 

concepts have since proven critical to understanding the in vivo dynamics of various virus-host 

interactions and have guided antiviral therapy design (Schiffer et al., 2016; Duke et al., 2021).  

Mathematical modelling of HCMV dynamics in vivo has been limited. Early efforts considered the 

growth and decline phases of HCMV viral load trajectories separately, attempting to assess the impact 

of antiviral therapy on doubling time/half-life (Emery et al., 2012b; Märtson et al., 2022). Most studies 

have assessed associations of viral load measures such as peak viral load, decay slopes, doubling times, 

to end point statistics such as pathogenesis and survival (Emery et al., 1999; Emery, 1999; Regoes et 

al., 2006).  

More recently the mechanistic principles of the Perelson model have been applied to HCMV. The first 

published viral kinetic model in this class was the Kepler model, which extends the 3 compartment, 3 

ODE Perelson model into a 5 compartment, 5 ODE system with Latently infected cells that can 

reactivate and virus-specific immune effector-cells (Kepler et al., 2009). The 19 parameters were 

estimated or given bounds identified from the in vitro literature due to a lack of identifiable and 

measurable parameters in vivo. Mayer et al later simplified the Kepler model into 4 ODEs and fit it to 

oral mucosa HCMV shedding data (Mayer et al., 2016). Rose and colleagues also published a viral 

kinetic HCMV model that extends the Perelson 3 ODEs to a 7 ODE 19 parameter model that accounts 

for viral load responses to GCV (Rose et al., 2017). The focus of that work was to gain mechanistic 

insights into the inhibitory effects of GCV by explicitly modelling drug conversion steps, the enzymes 

required for cellular co-location and the genomic DNA that GCV damages. 
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4.1.5 Identifiability of parameters in viral kinetic models & utility 

With few measurable compartments or parameters in vivo, insights from multi-compartment, multi- 

parameters viral kinetic models can be difficult to shift from theory to clinic. A recent example of this 

is a 9 compartment 25 parameter mechanistic model of EBV dynamics, where sensitivity analyses 

showed only 5 parameters had meaningful impact on infection trajectories (Kania et al., 2022). 

Parameters that negligibly impact the measured compartments kinetics, will be unidentifiable in 

parameter estimates from model fits. The problem of how accurately and precisely a parameter can 

be estimated given available but noisy input data is referred to as parameter identifiability in the field 

of viral kinetic modelling and the wider pharmacodynamic (PD) and pharmacokinetic (PK) fields 

(Janzén et al., 2016; Nguyen and Hernandez-Vargas, 2015; Siripuram et al., 2017). More specifically 

structural identifiability relates to how unique model parameters are for a set of perfect input data 

and deterministic identifiability relates to how accurately and precisely can parameters be estimated 

given available but noisy input data (Siripuram et al., 2017). Fixing certain model parameters can help 

improve structural identifiability (Nguyen and Hernandez-Vargas, 2015).  

The relative standard error % (RSE) per estimated population parameter is often an informative 

measure of how identifiable a parameter was from the observation data. It is generally considered 

that parameters with RSE% value lower than 50% are identifiable. RSE% can be reduced in cases by 

simplifying models, say by fixing parameters, but estimating n parameters in a 3 compartment model 

is still simpler than estimating n in a 4 or greater compartment model (Nguyen and Hernandez-Vargas, 

2015).  

In the case of the earlier published HCMV models by Kepler, Mayer, Rose, each has limitations 

rendering them not applicable the analysis of post-HSCT HCMV viral load profiles. The Kepler model 

with 19 estimated parameters renders it a culprit of unidentifiability for clinical data. Fixing 

parameters to biologically plausible values could resolve these issues, but several put forward in the 

paper seen implausible, such as a HCMV clearance rate of 0.3/day-1, which would be ineffective at 

clearing viral load of tens of 1000’s of virions /mL clearly, including those discussed in their work. The 

Mayer model is simpler, however model and parameter values published are from HCMV oral 

shedding and the model results in infections that are an order of magnitude slower to resolve that 

those seen in GOSH. The Rose model is the first attempt at an integrated PKPD model modelling effect 

of GCV, but 7 compartments and a GCV in vivo growth inhibitory effect of >90% in established 

infections which cast doubt on identifiability of parameters, as GCV application is not a clear causative 

agent in reducing established viral loads (Sharland et al., 2011). 
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4.1.6 Adaptive immune clearance is critical to modelling HCMV kinetics 

A key hurdle to uncovering the viral dynamics of HCMV post-HSCT has been available and frequently 

sampled viral load trajectories from untreated individuals. In 2020 Duke et al obtained such HCMV 

viral load observations from the placebo arm of the only controlled trial of GCV post-HSCT in adults 

(Goodrich et al., 1991; Duke et al., 2021). The data showed HCMV infections in untreated adults are 

often self-limiting and by fitting 38 variants of models derived from 4 simplistic mechanistic model 

architectures (by fixing various parameters and combining compartments) (Figure 4.a), they 

discovered that adaptive immune clearance of HCMV and infected cells, not target cell limitation, is 

the optimal explanation for this biphasic trajectory. 

 

Figure 4.a –Schematics for the mechanistic models assessed in the Duke et al 2021 publication. S: Susceptible cell 
populations, V: Virus population, I: Infected cell population, E: anti-HCMV Immune effector cells. (a) Model with target cell 

limitation and implicit, static immune control (TC, no EIS). (b) Model with target cell limitation and an explicit, dynamic 
immune system (TC, EIS) (c) Explicit, dynamic immune control model without target cell limitation (EIS, no TC). (d) Semi-

mechanistic, explicit immune control model (VE). Adapted from (Duke et al., 2021) 
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This important mechanistic insight was obtained by considering the Akaike Information Criterion (AIC), 

biological plausibility and parameter identifiability (by RSE) across all 38 models. The optimal model 

was a semi-mechanistic model with explicit immune control called Duke9.2 (Equation 4.a). It is a 

simplification of panel d in Figure 4.a, as it assumes that during a HCMV infection the viral dynamics 

are in quasi-stationary state with respect to the infected cell compartment. Additionally the 

assumption is made that �̂�0 is 0 immediately prior to the start of viremia, which has clear biological 

foundation given the absence of HCMV-specific T cells, has been observed at the start of viremia after 

HSCT (Tormo et al., 2010). Duke9.2 is a 2 compartment 5 parameter model, of which four 𝑉0, 𝑟𝑣, ω, δ𝐸 

are estimated.  The viral turnover rate 𝑟𝑣 represents viral expansion, which is negated by a viral 

clearance term (also representing immune cell killing) which scales as a product of Immune and viral 

compartments. The immune effector cells proliferate in response to virus at first order rate ω and die 

at a first order rate δ𝐸.  

𝑑𝑉

𝑑𝑡
= 𝑟𝑣𝑉 −  𝐸𝑉 

𝑑𝐸

𝑑𝑡
=  ω𝑉 −  δ𝐸𝐸 

Equation 4.a 

4.1.7 The pharmacokinetics of Val/GCV in immunocompromised individuals 

Pharmacokinetics concerns how a drug is processed throughout a body by absorption, distribution, 

metabolism and excretion (ADME) (Doogue and Polasek, 2013). Analogous to how multi-compartment 

models fit viral load observations to infer the mechanics of infection, PK multi-compartment models 

can track drug concentrations in blood to infer the mechanics of degradation (McKenna et al., 2019). 

The pharmacokinetics of many drugs are considerably different in children compared to adults and PK 

models are often applied to study drug exposure and dosing algorithms in infants (Jorga et al., 2019, 

2016; O’Hara, 2016, 201). A population PK (V)/GCV meta-analysis of 105 paediatric patients across 

several independent studies showed a 2-compartment model is optimal and described the population 

parameters (Figure 4.b) (Jorga et al., 2016). The central compartment has instantaneous distribution 

of drug. The peripheral compartment consists of tissues where distribution is slower and can relate to 

an abstract representation of muscle, fat etc. These models have derived insights such as GCVs renal 

elimination and half-life of ~3 hours (Stockmann et al., 2015). Renal failure therefore prolongs the 

drugs half-life so monitoring drug concentrations and updating dosages if build up occurs is critical for 

managing toxicity in these cohorts (Faulds and Heel, 1990), as increased GCV exposure is well 
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characterised to increase risk of neurotoxicity and lymphoblastoid cell toxicity (Janoly-Dumenil et al., 

2009). 

 

Figure 4.b - A schematic representation of a 2-compartmet model. Agut , Acentral, and Aperiph are the amounts of drug in 
gastrointestinal tract (GI), central compartment and peripheral compartments. Kf, k12, k21, and k represent the first-order 

fractional rate constants for absorption, distribution, redistribution, and elimination. 

Dosing of GCV in adult populations is 2 to 5 mg/kg given intravenously and administered every 8-12 

hours. After 14-21 days to reduce toxicity a once daily dosing can also be considered. vGCV dosing 

follows the Pescovitz formula, 𝐷𝑜𝑠𝑒 (𝑚𝑔/𝑑𝑎𝑦)  =  7 ∗  𝐵𝑆𝐴(𝑚2)  ∗  𝐶𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒 (𝑚𝑙 / 𝑚𝑖𝑛 /

 1.73𝑚2). Body Surface Area (BSA) (m2) is calculated according to Mosteller’s equation (Simplified 

Calculation of Body-Surface Area, 1987) and Creatinine Clearance from the Schwartz method (CrCLS) 

(mL / minute / 1.73 m 2) (Schwartz et al., 2009). These regimens typically result in peak and trough 

serum GCV concentrations of 4.75-12.5 ug/ml and <0.25-3.0 ug/ml respectively (Ritchie et al., 2019), 

and target exposures of 40-60 ug hour/ml (AUC0-24) for the concentration vs time integration. Dosing 

in paediatric cohorts follows adult dosing currently but analyses have indicated that clinicians are 

underdosing (Jorga et al., 2016). The PK inter-individual variability of children is also greater than 

adults, so as with patients with renal failure  monitoring drug concentrations and updating regimens 

accordingly if build up or enhanced  clearance is observed is essential (Stockmann et al., 2015). 

4.1.8 The pharmacodynamics of Val/GCV in immunocompromised individuals 

GCV shows a  dual mode of action in vitro, as a competitive substrate for the HCMV DNA polymerase, 

and by producing non-viable genomic DNA when incorporated (Reardon and Spector, 1991; Wagstaff 

et al., 1994). Although the efficacy of GCV has been established in prophylactic and pre-emptive 

therapies post-HSCT, the pharmacodynamics of GCV’s anti-HCMV effect for the treatment of 

established infections are poorly understood (Märtson et al., 2022).  

Well understood antivirals can be characterised as showing exposure-effect relationships in vivo, such 

that we assume more drug makes its way to the target and has proportionate effect (Hwang et al., 

2017; Kaptein et al., 2020; Das et al., 2001). GCV however displays little or no relationship between 
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drug exposure and the resulting viral suppression effect, or treatment outcome in vivo (Scott et al., 

2004; Ritchie et al., 2019; Caldés et al., 2009). Although some data suggest that patients with relatively 

low serum GCV trough concentrations have higher incidence of treatment failure, the systematic 

efforts to find a lowest acceptable drug concentration threshold have been unfruitful (Ritchie et al., 

2019). Similarly LTV which acts via a unique terminase complex inhibition route, also approved to 

prevent HCMV disease in allogeneic stem cell transplants, also has no exposure-response relationship, 

indicating that lower doses already exhibit maximal effect (Prohn et al., 2022). 

4.1.9 Extending Viral kinetic Models with PK and PD 

Viral kinetic models such as Duke9.2 can be extended to consider the PD or the PKPD of antivirals. By 

developing a set of ODE’s to model the drugs PK, then the drug concentration is introduced to the viral 

kinetic model set of ODE’s either as an additional term that can add to baseline viral clearance, or as 

an additional inhibitory term to the viral replication. The choice of extension mechanism should be 

based on a given antivirals MoA. For example, Sotrovimab is a human neutralising antibody that binds 

the SARS-CoV-2 Spike protein which clears infected cells in a virucidal manner via antibody-dependent 

cellular cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP) (Gupta et al., 2021). 

Conversely, non-mutagenic (e.g. ignoring favipiravir) nucleoside analogues simply arrest a viruses 

ability to replicate (virustatic) but will not clear current virus (Upadhyayula and Michaels, 2013; Arias 

et al., 2014; Pinto et al., 2020). 

The only previous HCMV viral kinetic model extended to consider drug effects was the Rose model 

(Equation 4.b) (Rose et al., 2017). Here GCV triphosphate (GCVTP) increases as the product of GCV 

concentration, UL97 (kinase) concentration and a rate constant k. GCVTP reduces with a first order 

clearance effect. Linear genomic DNA forms at constant rate r1 and is transformed at a proportional 

rate p1 to produce cleaved capsid DNA. The antiviral effect utilises the Hill function and Hill coefficient 

h which defines the sensitivity of inhibition to changes in drug level, such that θ is a surrogate for drug 

effect. The Rose model does include terms that estimate the GCVTP concentrations, however the GCV 

clearance PK was not included as a simplification (Jorga et al., 2016; Horvatits et al., 2014). Instead, 

intracellular GCV concentrations were considered constant, with clearance only considered for GCVTP 

which is poorly understood. The model does result in some unique mechanistic insights, such as “Since 

D1 is assumed to be the template for UL97 transcripts and hence the UL97 protein, this produces a 

negative-feedback loop causing the eventual reduction in both D1 and subsequently UL97”. D1 here 

is viral genomic DNA. No UL97 means no active GCV and no inhibition and may mean GCV’s 

effectiveness is ultimately limited. An important theoretical observation yet to be tested in vitro. 

𝑑𝐺𝐶𝑉𝑇𝑃

𝑑𝑡
= 𝑘 ∗ 𝑈𝐿97 ∗ 𝐺𝐶𝑉 − 𝐶𝐿𝐺𝐶𝑉𝑇𝑃 ∗ 𝐺𝐶𝑉𝑇𝑃 

https://en.wikipedia.org/wiki/Antibody-dependent_cellular_cytotoxicity
https://en.wikipedia.org/wiki/Antibody-dependent_cellular_cytotoxicity
https://en.wikipedia.org/wiki/Antibody_opsonization
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𝑑𝐺𝑒𝑛𝑜𝑚𝑖𝑐_𝑑𝑛𝑎

𝑑𝑡
= (1 − (

𝐺𝐶𝑉𝑇𝑃ℎ

𝜃ℎ + 𝐺𝐶𝑉𝑇𝑃ℎ) ∗ 𝑟1 − 𝜌1 ∗ 𝐺𝑒𝑛𝑜𝑚𝑖𝑐_𝑑𝑛𝑎 

Equation 4.b – equation taken verbatim from a publication, and not in same units used herein. 

4.1.10 Population Nonlinear Mixed Effect Models 

Nonlinear Mixed Effects (NLME) modelling is a hierarchical modelling technique which allow fitting of 

individual responses against a population-level model to estimate individual and population 

parameter values. This is achieved estimating the mean and variance of each (typically) lognormal 

distributed population parameter, then individual parameter estimates are derived by post hoc 

Empirical Bayesian Estimation using the model parameters as a prior. They are popular in the PKPD 

field as their statistical framework allows for flexibility in unbalanced repeatedly measured data, such 

as drug concentrations or viral loads.  

NLME models are at their core a deterministic function that take time t, and a parameter vector θ as 

arguments for describing individual or population effects. Equation 4.c shows the population average 

solution to viral kinetic model, with k observations from I individuals, with viral compartment (viral 

load) 𝑦𝑖𝑘  describe with function f, at time 𝑡𝑘 with mean population parameter vector 𝜃. Residual 

errors 𝜖𝑘 are assumed to be normally distributed. 

   𝑦𝑘 =  𝑓(𝜃, 𝑡𝑘) + 𝜖𝑘,      𝜖𝑘  ~ 𝑁(0, 𝜎2)  

Equation 4.c 

The above-described fixed effects can be extended to model individual fixed and random effects. Here 

𝜃𝑖  denotes the parameter vector for individual 𝑖 which is drawn from the probability distributions of 

fixed effects 𝜖 and random effects N𝑖 where N𝑖 is typically assumed to be normally distributed around 

the covariance matrix Ω or inter-individual covariances 𝛺𝑖. A mixed effect model then for the 

dependent viral load measure 𝑦𝑖𝑘  at time 𝑡𝑖𝑘 for individual I can be given as in Equation 4.d. 

   𝑦𝑖𝑘 =  𝑓(𝜃𝑖, 𝑡𝑖𝑘) +  𝜖𝑖𝑘 ,      𝜖𝑖𝑘  ~ 𝑁(0, 𝜎2)  

Equation 4.d 

where residual errors are typically assumed to be normally distributed due to unpredictable error 

sources such as measurement error, individual variance, model misspecification and other data noise. 

Model fits to this type of data can return parameter values for the population and individual estimates. 

Not all parameters in a given model fit will be identifiable, various approaches such as calculating the 

relative standard error (RSE) metric and bootstrapping of data can help to detect such parameters. 
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4.2  Methods 

4.2.1 Data collection 

CMV viral loads in IU/mL (date & time), drug administration data ( name, total amount, date, time, 

description) and patient metadata ( height, weight, age at BMT) were requested from the Data 

Research Environment (DRE) (Bryant et al., 2020) for all patients who had undergone one of the 451 

allogenic BMTs at GOSH between 2016-01-01 and 2021-05-14. This study used routinely taken and 

previously collected, non-identifiable clinical information, covered under the ethical approval 

17/LO/0008 for use of routine GOSH data for research. UCL institute of Child health approved the use 

of this data for the current project under R&D reference 201102, relating to generation of viral kinetic 

models. 

4.2.2 A model relating height from weight in paediatric HSCT recipients 

Height, weight and creatinine concentrations were required for each administration and viral load 

observation timepoint, per patient, to compute creatinine clearance as part of the PK system 

(Schwartz et al., 2009). As these data were sparse, values were imputed as follows. For each patient, 

if only a single observation was made then that was fixed throughout. In the case of multiple 

observations, a simple linear fit against time was calculated. Heights were an exception in that some 

patients had no recorded observation. In this case a model relating height to weight in paediatric HSCT 

recipients was applied to the prior derived weight vector (Equation 4.e) (Figure 4.c).  

The model makes use of the 146 patients with mean height & mean weight observations, to which a 

polynomial regression line with 2 degrees of freedom was fitted. The model fit appeared reasonable 

by a visual predictive check, so was not extended to make use of other covariates such as sex. No 

outliers were filtered. This model should only be applied to children weighing 3 to 50 kg. 

𝐻𝑒𝑖𝑔ℎ𝑡 = 36.801 + 4.666𝑊𝑒𝑖𝑔ℎ𝑡 − 0.048𝑊𝑒𝑖𝑔ℎ𝑡2 

Equation 4.e 
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Figure 4.c - Relationship between paediatric HSCT recipient mean weight (x / kg) and mean height (y, cm). For all HSCT 
recipients with at least 1 weight and height observation, the mean weight and height per patient was derived and 
represented as black circles. A polynomial fit was applied using the R function lm and poly, overlaid as a red line fit. 

4.2.3 Data curation 

R code was written to take patient lab and administration data and generate a table suitable for nlmixr 

model fitting which follows the format used by the common NONMEM software (Fidler et al., 2019). 

Patients with fewer than 3 viral load measures were ignored. Time units were recorded as values in 

units of days since first HSCT (specifically midday, operation day) and filtered to be between 0 and 300 

days. Viral loads below the LLOQ  of 50 IU/mL were set to 50 and censored using the CENS column. 

The upper limit of quantification was not met. PCR results indicating presence of HCMV were ignored, 

as they were always present with a same-day quantitative IU/mL measure. Negative PCR results were 

treated as a measure of 50 IU/mL and censored. PK parameters were derived in accordance with the 

creatinine clearance rate calculation from Schwartz and the paediatric 2-compartment (V)GCV model 

as described by Jorga (see below). 

To avoid modelling HCMV latency, continuous viral load vectors were segmented into separate 

“reactivation events”, each with a notable viral load spike as is commonly performed (Duke et al., 

2021). For any given patient the segmentation algorithm worked by iterating through the observations 

1… i … n in order of time. When there was no current start observation for an event, if observation i 

& i-1 both had viral load measures above a 500 IU/mL cut-off, this instanced a new event beginning at 

the index i-2 (if within 14 days of i-1), or i-1 if i-2 did not exist. Iterating further along in time, if the 

situation occured where observation i & i-1 were both below 500 IU/mL, and a there was a start 

timepoint, this indicated the event had ended at observation i. If an event had started but not self-

completed by observation n, n became the final observation. If at any point there was a gap of 14 days 

or more between measures, the last timepoint in the event became the final timepoint.  

The maximum length of any event was limited 60 days, to focus on clear single events not chronic 

HCMV viral load events. Only reactivation events where (V)GCV made up 90% or more of the total 
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HCMV antiviral administrations (from a set of GCV, VGCV, LTV, FOS, CDV) were included. In summary 

the following data was derived. Viral load and drug administration were generated for events with 3 

HCMV IU measurements above 500 and where (V)GCV was the majority drug provided (n = 94). A 

subset of these reactivation events that went untreated formed another dataset (n = 48). 

4.2.4 Software and implementation 

Data handling, modelling, statistics and plotting were all executed in the statistical programming 

language R v4.1.2 (R Core Team, 2014b). Specifically NLME fitting was executed using the nlmixr 

package v2.0.6 (Fidler et al., 2019). ODE simulations were performed with the deSolve package v1.3.0 

(Soetaert et al., 2010). Plots were generated with the ggplot2 package v3.3.5 (Wickham, 2016).  

4.2.5 Developing a (Val)GCV PKPD extended viral kinetic model 

Model building began by fitting the Kepler, Mayer, Rose and Duke9.2 models to the untreated 

reactivation event data, as well as all the models described in (Duke et al., 2021), and Hepatitis C 

(Laouénan et al., 2014) and SARS-CoV2 viral kinetic models which were all assessed by AIC and RSE% 

(https://github.com/ojcharles/does_my_ode_model_fit_junk). As described for adults the Duke9.2 

model was optimal when considering AIC and RSE%, so was selected as the basis for model building. 

This results in 2 viral kinetic compartments, four estimated parameters 𝑉0, 𝑟𝑣 , ω, δ𝐸  as well as initial 

virus compartment estimate. As drug administration data were available in hour and minute 

resolution the concentration of (v)GCV was modelled continuously over time using 2-compartments 

to track GCV and a gut compartment that processes VGCV to GCV as defined previously (Jorga et al., 

2016). Drug effect was encoded as an inhibitory term that attenuated HCMV’s first order replication, 

which is the biologically plausible effect given GCV disrupts production of viable genomic DNA (Faulds 

and Heel, 1990). The result was a 5 compartment 10 parameter model (of which 5 are estimated ) to 

describe the relationship between viral and cellular compartments, drug concentration and antiviral 

effect (Equation 4.f). The ODE equation relating to 𝑑𝑉 is suitable so long as the product of the drug 

effect and central compartment drug concentration is less than 1 . 

𝑑 𝐴_𝑔𝑢𝑡

𝑑𝑡
 =  −𝑘𝑓 ∗ 𝐴_𝑔𝑢𝑡 

𝑑 𝐴_𝑐𝑒𝑛𝑡𝑟𝑎𝑙

𝑑𝑡
 =  𝑘𝑓 ∗ 𝐴_𝑔𝑢𝑡 +  𝑘21 ∗ 𝐴_𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑎𝑙 −  (𝑘 +  𝑘12) ∗ 𝐴_𝑐𝑒𝑛𝑡𝑟𝑎𝑙 

 

𝑑 𝐴_𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑎𝑙

𝑑𝑡
 =  𝑘12 ∗ 𝐴_𝑐𝑒𝑛𝑡𝑟𝑎𝑙 −  𝑘21 ∗ 𝐴_𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑎𝑙 
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𝑑𝑉

𝑑𝑡
= (1 − (

A_central

𝑉_𝑐𝑒𝑛𝑡𝑟𝑎𝑙
∗ DrugEffect )) ∗ 𝑟𝑣𝑉 −  𝐸𝑉 

𝑑𝐸

𝑑𝑡
=  ω𝑉 −  δ𝐸𝐸 

Equation 4.f 

V represents the combined viral and infected cell compartment in IU/mL, and 𝐸 the amount of HCMV 

immune effector cells. 𝐴_𝑐𝑒𝑛𝑡𝑟𝑎𝑙, 𝐴_𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑎𝑙 and 𝐴_𝑔𝑢𝑡 represent the central, peripheral and gut 

compartments, and have the unit drug amounts total in mg. k12, k21 and Kf represent the diffusion 

terms between compartments. 𝑉𝑐𝑒𝑛𝑡𝑟𝑎𝑙  is defined in Equation 4.g , where drug amount (𝐴_𝑐𝑒𝑛𝑡𝑟𝑎𝑙 ) 

divided by drug volume in a compartment represents the drugs concentration in that compartment .K 

is the rate of elimination of GCV from the central compartment. The population median parameter 

estimates were as follows. Kf  is formation rate, CL systemic clearance, V compartment volumes, Q 

intercompartmental clearance, F relative bioavailability (and is multiplied by any drug administration’s 

given, to derive the useable drug amount added), k elimination rate and k12, k21 the compartmental 

diffusion rates. When GCV concentration is 0 the model collapses to the drug ignorant form, as this 

breaks interaction between GCV PK and viral load. 

 

All PK parameters seen in compartments 3,4 and 5 of Equation 4.f were fixed to previously identified 

population median estimates (Jorga et al., 2016) (Equation 4.g). The parameters with units of per hour, 

were multiplied by 24 so that drug and viral mechanisms are all in a per day scale. CrCLS is derived 

using height data (Schwartz et al., 2009). 

𝑘𝑓 =  0.63 (ℎ−1) 

𝐶𝐿 (𝐿/ℎ)  =  4.03 ∗  (𝑊𝑒𝑖𝑔ℎ𝑡/19.2)0.750.75 ∗  (𝐶𝑟𝐶𝐿𝑆/99.4)0.681 

𝑉𝑐𝑒𝑛𝑡 (𝐿)  =  8.54 ∗  (𝑊𝑒𝑖𝑔ℎ𝑡/19.2) 

𝑉𝑝𝑒𝑟𝑖𝑝ℎ (𝐿)  = ∗  8.31 ∗  (𝑊𝑒𝑖𝑔ℎ𝑡/19.2) 

𝑄 (𝐿/ℎ)  =  2.82 ∗  (𝑊𝑒𝑖𝑔ℎ𝑡/19.2)  0.751 

𝐹 =  0.587 

𝑘 =  𝐶𝐿/𝑉𝑐𝑒𝑛𝑡𝑟𝑎𝑙  

𝑘12  =  𝑄/𝑉1 



160 
 

   
 

𝑘21  =  𝑄/𝑉2 

Equation 4.g 

This final ODE model assumes statistical independence of reactivations events and does not account 

for strain, mixed strains, or compartmentalised infections. It also assumes that individual parameter 

estimates are unchanged over time. An example drug administration is shown in Supplementary 

Figure 8 

 

4.2.6 Model fitting and key metrics 

Model fitting was undertaken in the nlmixr package, with parameter estimates obtained through the 

Stochastic Approximation of the Expectation Maximisation (SAEM) algorithm, with default options. 

Viral loads were converted to log10 space. Each fitting task was repeated 5 times with unique initial 

parameter values drawn from a flat probability distribution within ±5 (natural log space) of those 

parameters found to result in stable solutions from manual tests. The maximum likelihood estimate 

(MLE) of parameter values from the fit with lowest AIC was then reported. When population estimates 

are given, this is the median. The best fit was then rerun 200 times with random subsets of the data, 

this made it possible to obtain bootstrap estimates of the parameter RSE% and bootstrap  95% 

confidence intervals. 

Parameter values for initial model fits of the Duke9.2 model to untreated HCMV trajectories were 

given no bounds but were given initial values of those estimated from adults. This established 

reasonable initial parameter values for 𝑉0, 𝑟𝑣 , ω, δ𝐸 in children in absence of drug. These median 

population parameters were taken forward as the initial parameter when extending Duke9.2 with 

(v)GCV PKPD. As all (V)GCV PK parameters were taken from the literature, and 𝑉0, 𝑟𝑣 , ω, δ𝐸  provided 

from an earlier fit with some uncertainty, this left only one additional free parameter to estimate, the 

drug effect which was bound between 0 and 1.  

4.2.7 Parameter identifiability 

Two approaches were used to assess whether an estimated parameter was statistically identifiable. 

First, we considered how convergent the parameter estimates were across the 200 bootstrap fits, 

presenting the resulting confidence intervals. Second, the relative standard error (RSE%) which 

reflects the quantity of information guiding the decision on a parameters value. More specifically 

nlmixr calculates the Fisher Information Matrix (FIM) for each estimated parameter, whereby the 

matrix diagonal represents the contribution of that parameter to the likelihood. The smaller the 

standard error (SE) of the inverse FIM diagonal the more data informs that parameter. Dividing the SE 
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by the population parameter value returns the relative SE, which is a crucial measure relative to the 

identifiability of a parameter. Model parameters with  RSE percentages below 50% are by rule of 

thumb considered identifiable (Duke et al., 2021). 

4.2.8 Simulations and sensitivity analysis of viral kinetic models 

Simulations of ODE models forward in time were implemented using the deSolve package in R. For 

sensitivity analyses, from a base parameter vector, each parameter in turn was taken through a set of 

possible values (1e-6 to 1 by log10 steps). The resulting impact on viral load was measured and 

visualised over 100 days. Similar approaches have been used in the broader herpes viral kinetic field 

(Kania et al., 2022). In this case the default parameter values were  𝑟𝑣 : 0.36 , ω : 2.8E-6 ,  𝑑𝐸 : 0.01 , 

V0 : 18.2.  

 

4.3 Results 

4.3.1 HCMV viral load trajectories in treated and untreated HSCT recipients 

To characterise the HCMV infections in both GCV treated and untreated individuals, viral load 

observations from clinical diagnostic tests stored in GOSH were analysed. Of the 451 transplanted 

patient studied, 121 tested positive for HCMV (> LLOQ 50 IU/ml) in the first 100 days, increasing to 

127 in the first 300 days post HSCT. Almost all (97) of whom progressed to a viral load above which 

treatment is considered (1000 IU/mL) within 100 or 300 days. Comparatively a small number of only 

43 patients exceeded viral loads above 10,000 IU/mL in first 100 days, and 48 within 300 days and can 

be considered to reflect poorly controlled HCMV infections. HCMV viral infection events were 

extracted for all patients, where each patient can have multiple events, but only a subset considered 

for modelling. The viral load trajectories of the considered 94 infection events are shown in Figure 4.d. 

48 of these went untreated by GCV, VGCV, LET, FOS or CDV and were considered untreated.    
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Figure 4.d – HCMV viral load observations for viral reactivation events in the first 300 days post-HSCT. Individual viral load 
(IU/mL) trajectories plotted against time (days since HSCT) for top) all 94 events. bottom) 48 untreated viral infection events. 
Displaying how Viral load varies over time since beginning of viral load spike event. The horizontal red line is the LLOQ, and 
black dots represent observations that were detectable but not quantifiable, at are censored at the LLOQ. Data has been 
limited so reactivations last 60 days maximum. 



163 
 

   
 

4.3.2 Fitting an adaptive immune control model to untreated HSCT recipients 

To see if the Duke9.2 model would estimate similar estimated parameter values in paediatric HCMV 

trajectories as in adults, we fitted the model to 48 reactivation events that went untreated by our 5 

defined anti-HCMV antivirals. Visual assessment of model fits were reasonable (Figure 4.e) indicating 

the model includes the necessary complexity to recapitulate dynamics between virus and immune 

reconstitution in only two compartments. 

  

Figure 4.e - A sample of 9 randomly selected individual model fits. Each box is an individual untreated event, black points 
represent HCMV viral load observations above the LLOQ. The black line is the individual prediction of viral load. Model 
predictions are shown up to last considered timepoint. Grey points are those below LLOQ and censored. 

It is possible in ODE systems for unique parameter vectors to have similar predictions. In the case of 

The semi-mechanistic Duke9.2 model, we found there the parameter estimates were similar between 

models fit with repeated subsampling of the data as evident by the informative bootstrap confidence 

intervals of the parameter estimates (Table 4.a). The relative standard error (RSE%) of model obtained 

from this bootstrap approach were well within the 50% identifiability cut-off with 𝑟𝑣 at 4.76%, ω 

2.77%, δ𝐸  4.04% and Virion0 9.48%.  

The resultant population parameter estimates for these paediatric allogenic HSCT recipients deviated 

from those estimates previously reported in untreated human allogenic HSCT recipients. We observed 

that 𝑟𝑣in paediatric cohorts was circa 1/3rd the adult estimate. The link to biological effect would be a 

reduction in the turnover rate of productively infected cells, reducing infectious virion production. The 

ω parameter was circa 8-fold the adult parameter estimate. This reflects the reconstitution of the 
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HCMV-specific immune response following HSCT. δ𝐸  the rate of immune effector clearance, and initial 

virion compartment estimates were more similar to adults, within circa 2-fold of estimates.  
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Table 4.a – Population parameter estimates from Duke9.2 fit to paediatric untreated reactivation events. Compared to the adult population parameters published in  (Duke et al., 2021), and the 
parameter values estimated when we reproduce the results from scraped data.  The between subject variability (BSV%) is also  presented. 

Parameter Paediatric population parameter 

estimate 

Adult population parameter 

(reported) 

Adult population parameter (estimated)  

Value 95% CI RSE% BSV% Value Value 95% CI RSE% BSV% Units 

𝑟𝑣 0.17 (0.14, 0.19) 4.76 47.99 0.39 0.40 (0.36, 0.49) 13.62 36.83 day-1 

ω 8.44e-

4 

(6.58e-4 , 

9.85e-4) 

2.77 13.05 1.1e-6 9.60e-

5 

(6.85e-5, 

1.74e-4) 

8.21 415.78 cells * virion-1 * 

day-1 

δ𝐸 0.033 (0.027 , 0.040) 4.04 26.46 0.014 0.025 (0.022, 0.029) 23.60 188.59 day-1 

𝑉0 8.62 (7.75 , 10.10) 8.72 9.48 14.7 28.66 (23.1, 32.9) 16.77 8.07 Virion ml-1 

 

Table 4.b - Population parameter estimates from Duke9.2 fit to a combined dataset of paediatric untreated, and adult untreated viral load trajectories. 

Parameter Combined population parameter estimate  

Value 95% CI RSE% BSV% Units 

𝑟𝑣 0.18 (0.16, 0.21) 2.68 25.00 day-1 

ω 5.68e-4 (4.18e-4 , 

7.71e-4) 

2.09 180.26 cells * virion-1 * day-1 

δ𝐸 0.028 (0.022 , 0.039) 3.32 49.88 day-1 

𝑉0 9.94 (8.22 , 14.36) 3.29 40.33 Virion ml-1 
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Next, we fitted the Duke9.2 model one more time, in this case to a merged single dataset of the 

untreated GOSH patients, and literature published adult untreated data (Table 4.b), in another 

approach to compare adult and children’s parameters. This agreed with the previous analysis Table 

4.abroadly, with RSE% << 50% , but the paediatric parameter ω was now only circa double the adult 

(8.2e-4 , 3.8e-4).  As we wanted to model the effect of antiviral on HCMV, all work hereon in relates 

only to the paediatric HCMV viral load and clinical data for patients at GOSH. 

 

4.3.3 Do untreated parameters segregate by patient co-factors 

To consider if patient co-variates such as donor HCMV status, age, sex, weight or referring 

compartment had an impact on untreated model fits, we visually assessed those univariate 

correlations between 𝑟𝑣, δ𝐸 and ω. This was done visually as the number of events was low (n = 48), 

such that statistical power and chance of spurious correlations increases if multi-variate analyses are 

performed (Figure 4.f), and we identified three notable correlations (Full correlation plots are 

presented in Supplementary Figure 10). Donor HCMV serostatus and recipient sex segregated the 

estimated value of 𝑟𝑣 and ω parameters. The number of observations was strongly skewed for donor 

serostatus however, with 39 HCMV donor positive transplants, and only 5 negative discrete 

observations. Missing or “untested” donor status were ignored. Patient age at time of BMT showed a 

weak correlation with viral replication rate 𝑟𝑣 . Recipient sex was also found to weakly correlate with 

the parameter ω. This is perhaps the most supported weak correlation given the balanced number of 

observations in each group, with 26 male and 22 female observations. This was not biased by HCMV 

donor status as the 5 sero-negative patients were split 2 and 3 by sex. 
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Figure 4.f – individual model fit parameter estimates by patient covariates. Those that visually appeared influential.  

4.3.4 Sensitivity analysis of Duke9.2 

To interpret differences in parameter values among adult and paediatric cohorts we undertook a 

sensitivity analysis of Duke9.2 with the previously estimated population parameters. By simulating the 

model system forward in time,  along a vector of values per parameter, we could try to explain the 

biological effect of a specific parameter. Agreeing with the  RSE% values << 50% from fits (Table 4.a), 

i all three parameters appeared critical in determining the HCMV viral load trajectory (Figure 4.g). 𝑟𝑣 

attenuated the viral replication rate, and the analysis shows that adult values (0.4) would result in 

faster viral load increase and increased peak viral load compared to the 𝑟𝑣value seen in children (0.17). 

𝑟𝑣  values near 1 could also model a rebound in viral load, indicating the system oscillates, and a steady 

state may eventually be settled on (Supplementary Figure 9). An increased ω parameter was 

associated with greater control of viral loads through increased immune sensitivity to virus, with 

paediatric cohorts more sensitive (8.4e-4) than adults (9.7e-5). δ𝐸 controls the clearance of HCMV 

immune effector cells with faster clearance rates associated with prolongation of peak viral load 

measures reaching a steady state of viral load at peak or after partial decrease. Adults and children 

were estimated to have similar rates of immune cell elimination. The initial dose of virus was found to 

be much higher in adults compared to children also (𝑉0) . 
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Figure 4.g - Simulated HCMV viral load trajectories showing the predicted log10 Viral compartment in IU/ml. Starting from a 
reference parameter vector, the impact of each parameter on viral load from a reference model is shown, with each 
parameter taken through its own vector of reasonable values. 

4.3.5 Estimating the effectiveness of (V)GCV in established infections 

We next developed a  (V)GCV PKPD extended version of the Duke9.2 model and applied it to 94 unique 

V(GCV) treated (n=46) and untreated (n=48) viral load trajectories. Visualising the  model fits showed 

that this extended model can fit both treated and untreated viral load observation well (Figure 4.h). 

In these examples the predictions appear to accurately reproduce the reactivation curve shape, 

comfortably fitting early timepoints are viral loads rise and mostly following what could be expected 

to be the viral load given the expected noise around any given observations. 
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Figure 4.h A sample of 9 randomly selected individual model fits. Each box is an individual viral spike event, black points 
represent observations above the LLOQ. The black line is the individual prediction of viral load. Model predictions are shown 

up to last considered timepoint. Grey points are those below LLOQ and censored. The top row are three untreated 
individuals, the other 2 rows are individuals who were all treated. 

The drug effect parameter was estimated per individual with low RSE and convergence between 

runs and was estimated to be 0.0041 (Table 4.b). We encoded this parameter to combine linearly 

with drug concentration in the central compartment, whose effect inhibits viral replication by some 

amount between 0 and 1 (Equation 4.f). As we finely modelled the GCV concentration in central 

compartments we can see that the top GCV concentration approaches 10 ug/ml (Supplementary 

Figure 8). The peak drug concentration inhibitory effect therefore is 10ug/ml * 0.0041 = 0.041 or 

4.1% inhibitory effect on the viral replication parameter 𝑟𝑣. Additionally, we can estimate the in vivo 

viral replication EC50 of GCV in paediatric HCMV infections post-HSCT, which is 122 ug/ml (0.5 / 

0.0041). 

Table 4.c - Population parameter estimates from PKPD extended model fit to paediatric treated and untreated reactivation 
events.  

Parameter Paediatric population parameter estimate  

Value 95% CI RSE% BSV% Units 

𝑟𝑣 0.15 (0.13, 0.17) 2.94 25.9 day-1 

ω 6.89e-4 (5.70e-4, 

8.33e-4) 

1.32 67.51 cells * virion-1 

* day-1 

dE 0.046 (0.037, 0.057) 3.44 30.00 day-1 
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virion 10.03 (9.4, 11.3) 2.00 25.8 Virion ml-1 

drug_effect 4.1e-3 0.04 3.65 43.55 %inhibition ug-

1 * ml-2 

 

Do individual drug effect estimates depend on viral load at first drug administration 

Viral load at first V(GCV) administration was obtained from the viral kinetic model fit. This allowed the 

drug effect per individual reactivation event to be considered against how early the patient was 

treated in the infection (Figure 4.i), a consideration thought to reduce extent of infectious virus at cost 

of toxicity (Goodrich et al., 1991). We find that there is no correlation between these two factors. 

 

Figure 4.i Estimated drug effect inferred per reactivation event, plotted against the predicted viral load at first antiviral 
treatment. Black circles are observations. The blue line represents a linear fit, the grey hue is the 95% confidence interval in 

the linear fits path. This shows there is no relationship between these two factors. 

 

4.3.6 Model diagnostics 

To understand the importance of individual parameter estimates, we compared how well predictions 

using median population-level parameter estimates matched observed viral load measures and 

compared to when an individual’s initial compartment values and covariates were used. This was done 

for the Duke9.2 PKPD extended model and fit. Population estimates (Figure 4.j) poorly matched the 

observational data with no predicted log(10) viral load above 3.7, although observations as high as 6.3 

were made. Population values though are able to generally separate trajectories with overall lower 
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viral load to those with higher as seen in the trendline. Individual estimates we found were better 

aligned to viral load observations, with the perfect prediction red line surrounded tightly by estimates 

values. This model could also accurately estimate the few viral loads at circa 100,000 IU/ml, 

demonstrating good concordance across a range of viral load values.

 

Figure 4.j - Left) Model generated population predictions plotted against observed viral load observations for all HCMV viral 
infection event data. Grey points are viral load observations above the LLOQ. Black points are observations below the LLOQ, 
where the underlying model has been allowed to alter those values to predictions derived from the final model. The black 
diagonal line is the linear trend, and the red line is the NPDE (see below). Right) As previous but with model generated 
individual predictions plotted against observed viral load observations. Individual parameter estimates result in a better fit 
to observations than when only using population parameter values. 

Further graphic evaluation of the goodness of model fit was performed. The normalised predictive 

distribution errors (NPDE) quantifies the visual predictive check, and models that pass this evaluation 

are expected to distribute normally with a line of best fit following a zero-order y = 0 intercept (Comets 

et al., 2008). The diagnostic plots were generated for NDPE against time and prediction (Figure 4.k). 

This showed that the residual errors mostly follow the distribution of N(0, 1) within the first 50 days 

of reactivation, but that the errors become biased as the reactivation event continues. Observations 

are relatively sparse for these time points, such that further data may control this. The NPDE against 

population prediction curve is almost a mirror image, with drawn out reactivation events expected to 

have cleared. 

 

 

Figure 4.k Grey dots are observations; black dots are censored points indicating observations below the LLOQ. The black line 
represents an optimal model with no error bias, the red line shows this model’s error bias trend. The plots show that the 
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model is unbiased for reactivation events that self-resolve within circa 40 days. Longer that 40 days and the model has 
learned parameters that are derived from only a handful of trajectories which are likely those that do not self-resolve but 
remain high in viral load and therefore have introduced bias. 

Visual Predictive Check (VPC) is a popular method for evaluating the appropriateness of population PK 

and PKPD models, by allowing assessment on congruence between  percentiles of the observed data 

to percentiles of simulated data. The VPC is constructed by repeatedly drawing simulated observations 

from the model (100 simulated individuals) and deriving prediction percentiles which are plotted 

against time, along with observed data.  The VPC of the full PKPD extended V(GCV) model follows well 

the understanding of viral load trajectories from the observational data. Prediction intervals appear 

tight up to circa 40 days before becoming less certain (Figure 4.l). This means the model is less certain 

and is more biased after circa 40-50 days into a reactivation, at which point most paediatric infections 

have resolved. 

 

 

Figure 4.l VPC of the PKPD extended HCMV viral kinetic model fitted to treated and untreated HCMV reactivations. Black 
circles represent observations. The full black line represents the median observed viral load trajectory and the central blue 
hue is the simulated 95% confidence interval for that reactivation. The observed 5% and 95% simulated prediction upper 
and lower bounds percentiles are shown with dashed lines and the outer blue hues represent the corresponding simulated 
95% confidence intervals. Here censored observed data are set at the LLOQ. 

4.3.7 Inclusion of GCV PKPD results in a more parsimonious model 

To assess whether the more complex GCV PKPD extended viral kinetic model was more parsimonious 

than the untreated model we compared the AIC of these various models. AIC of the best model for 

Duke9.2 alone was 1109, and the PKPD extended model had AIC of 985 (Table 4.c). We also altered 
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our extended model to link the drug effect to the peripheral compartments GCV concentration as an 

alternative hypothesis, this AIC was 998 with similar drug effect parameter estimate, and suitability of 

model fit to data as has been presented above. 

Table 4.d – Comparison of the impact of including Ganciclovir PKPD on model fits.  

Model Drug effect estimate Best AIC from 5 runs 

Duke9.2 NA 1109 

Duke9.2 GCV extended 4.1e-3 985 

Duke9.2 GCV extended (drug effect 

acts in peripheral compartment) 

2.77e-3 998 

 

4.4 Discussion  

Despite the development of antiviral therapies which include GCV, HCMV continues to be a notable 

cause of morbidity and mortality after HSCT. GCV, the first line HCMV antiviral drug is widely given in 

adults and children post-HSCT by prophylactic or pre-emptive therapy, to suppress viral replication 

which causes disease. If GCV is effective at controlling established infections is less clear post HSCT, 

but has been demonstrated for HCMV retinitis (Cymevene - EMC; Accessdata.fda.gov ID 4155451; 

Goodrich et al., 1991). We set out develop a viral kinetic model of HCMV infection in paediatric HSCT 

recipients and account for the presence and effect of vGCV, in order to model its impact on viral load. 

An important source of confusion in previous attempts to assess GCV’s efficacy post-HSCT has been 

whether and how to account for immune clearance of HCMV. Although HCMV infections have often 

been observed to be self-limiting (Zandberg et al., 2005; Amorim et al., 2001), It has only recently been 

shown that in untreated HCMV infections, active immune control, not target cell limitations or passive 

clearance of virus, is the optimal mechanistic underpinning of these trajectories (Duke et al., 2021). 

We first set to characterise natural immune controlled infections in children by fitting the Duke9.2 

model to a set of untreated reactivation events from GOSH paediatric HSCT recipients. This allowed 

estimation of the three key model parameters which could be compared to estimates from similar 

adults. We found that the δ𝐸 the inhibitory mechanism controlling runaway immune effector cells 

were similar in adults and children. The viral replication rate was circa 2.5 time greater in adults 

compared to children and ω which governs how responsive immune effect is to increase viral load 

was markedly increased, 8-fold greater in paediatric patients compared to adults. Increased ω we 

show through sensitivity analyses of the viral kinetic model results in reduced peak viral load and 

steeper viral load decline. This parameter could relate to an immune sensitivity mechanism or also 

reflects the different general immune reconstitution between adults and children. This is not 
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surprising and has biological and clinical basis. Adults experience higher rates of GVHD than children 

and therefore may be on relatively more substantial immune suppression (Baird et al., 2010), 

additionally  adults experience delayed recovery of total CD4+ cells responses when compared to 

children and older age is associated with delayed immune reconstitution (Small et al., 1997; Bartelink 

et al., 2013). An increased viral replication rate we show through simulations would result in a briefer 

but more intense viral peak, this parameter is more tenuous to relate to biology, but could be a result 

of various ageing processes such as reduced presentation of critical entry proteins or metabolic 

interference.  

By looking at simple correlations between parameter estimates in untreated trajectories and various 

patient cofactors we found identified the trend that ω estimated per patient segregated by sex. 

However, solid biological grounding is lacking for this observation, while HCMV-specific CD4+ cell are 

at greater concentration 3 months post-HSCT male adults (Hakki et al., 2003) and expansion of T cells 

is more dominant in humanised male mice (Volk et al., 2016), there are also observations to argue to 

contrary such that B cell reconstitution has been seen to be faster in females from humanised-mouse 

models (Borsotti et al., 2017).  

In addition, we found that donor HCMV serostatus was also strongly correlated with estimates of both 

ω and 𝑟𝑣  in untreated trajectories. However, the number of observations of HCMV positive was 

heavily skewed with sparse negative observations, although the observations were similar by sex. The 

biological plausibility of this correlation is evident; it is known that in HSCT recipients those who 

receive HCMV naïve bone marrow are less able to control infections is associated with increased 

mortality and morbidity (Vaezi et al., 2017). The ω parameter relates to how well an immune system 

can react to increases in HCMV viral load, a smaller value means the immune effect is slower to build 

as one would expect with lack of HCMV specific B-memory cells. The𝑟𝑣parameter can be explained as 

new naïve lymphoid tissue being introduced to a body with latent or lytic HCMV, this results in an 

early flurry of HCMV. Taken together increased𝑟𝑣and reduced ω result in poor control of HCMV 

infections. Further data will be essential to establish any of those claims but sex having impact on viral 

replication in children, if further supported, would be a significant clinical and biological discovery. 

Taking these parameter estimates from untreated paediatric HCMV reactivation events forward we 

extended the Duke9.2 viral kinetic model do consider the PK and PD of (V)GCV. This models the 

interaction of virus, immune effector cells, drug and its inhibitory effect on viral replication. The 

population parameter value for drug effect could be estimated when applied to a mixture of treated 

and untreated reactivation events. Including these terms resulted in a better AIC to the data indicating 

that including a drug term better explains the data, where GCV’s estimated population effect was 
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0.0041 %inhibition ug-1 * ml-2. As we had encoded this effect as an inhibitory term to the viral 

replication rate 𝑟𝑣 , a peak GCV plasma concentration of 10 ug/mL that is often aimed for would 

therefore inhibit viral replications at 4.1% i.e. the virus could replicate at 96% of its first order 

expansion term. The in vivo EC50 is therefore 122 ug/mL. The concentrations of GCV in blood required 

for  substantial control of infections are therefore also those that have been found to be 

myelosuppressive and toxic in previous cohort studies. (mean exposure of 39 ug/ml or 61 ug/mL 

results in 15% or 20% neutropenia respectively (Wiltshire et al., 2005).   

That GCV is clearly effective at suppression HCMV when viral loads are undetectable, but not when 

the lytic infection is measurable is curious (Kim et al., 2010; Witzke et al., 2012). We were not able to 

find a correlation between estimated drug efficacy, and viral load of first anti-HCMV treatment either.  

To speculate, the mechanism could be that with low lytically infected cell numbers the UL97 GCV 

specific conversion allows intracellular GCVTP to accumulate at effective concentrations. Whereas 

many lytically infected cells all taking in GCV results in sub-effective intracellular concentrations. This 

links to a mechanistic insight from simulations, which is that GCV’s efficacy is ultimately limited (Rose 

et al., 2017). Since usable genomic DNA is assumed to be required to produce new UL97, and GCV 

inhibits the generation of usable Genomic DNA, a negative-feedback loop causes the eventual 

reduction in both genomic DNA and subsequently UL97. No UL97 means no active GCV and no 

inhibition by GCV.  

Previous model estimates have described GCV as a potent treatment in adults, which contradicts our 

finding here in paediatric cohorts. We believe the differences can be put down to four factors. 

Firstly, and most importantly, HCMV infections are shown to be often self-limiting where a peak viral 

load is reached before slow decline. Understandably as the requisite data and model required to 

characterise the immune system in adults has been lacking until 2021, earlier studies chose to ignore 

immune effects and assume that all viral elimination is as a result of antiviral therapy (Märtson et al., 

2022; Emery and Griffiths, 2000; Rose et al., 2017). 

Second, early approaches to analysing HCMV infection trajectories split biphasic reactivation 

trajectories into growth and decline events and studied the doubling time or half-life of these 

trajectories. This ignores the key mechanisms by which viral loads peak and ignores that growth and 

decline trajectories can often appear erratic or polynomial at times (Figure 4.d) (Margetts, B. 2019). 

Third, this is a paediatric study whereas the other estimates of GCV effect have been in adults. As 

anatomical and physiological factors determine an antivirals pharmacokinetics, the reduced and often 

variable creatinine clearance rates (especially in neonates and critically ill children), as well the 
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allometric differences in body surface area and weight impacting compartment volumes, mean the PK 

of vGCV differ between greatly between these two groups (Jorga et al., 2016; Nguyen et al., 2021). 

Related to this issue, there are concerns that the current paediatric dosing regimens lead to 

considerable underdosing, with a relatively large proportion of patients not reaching the therapeutic 

target exposure (Jorga et al., 2019; Pescovitz et al., 2010). 

Fourth, we estimate that untreated children post-HSCT have greater estimated immune reconstitution 

and response to HCMV than adults (the paediatric ω parameter 8.4e-4 is estimated at 8-fold the adult 

estimate of 9.7e-5). Greater elimination of virus through immunity reduces the available signal that a 

HCMV replication inhibitor can impose on the model. While a strong replication arrest effect of GCV 

would be simple to observe as we fixed immune parameter values around that of untreated, a lesser 

effect may be indistinguishable from a slight increase in that individual’s immune control. 

This project produced a HCMV viral kinetic model that captures the interaction of virus, immunity and 

the pharmacokinetic and pharmacodynamics of vGCV. The model is built in a NLME framework and 

has sensible biological parameter estimates and good predictive performance. The model captures 

the range of viral kinetic profiles displayed by drug-treated and untreated patients post HSCT in a 

minimal number of viral compartments. The model builds from established viral kinetic models 

capable of quantifying the effect of immune control on viral trajectories. Development was entirely 

within the R statistical modelling language, allowing for easy interoperability with most other high 

level programming languages. By fitting the model to patients who were under pre-emptive therapy 

monitoring and that had HCMV reactivation events, we identified that immune clearance is far more 

important that V(GCV) in controlling the virus. This agrees with our understanding that GCV is not 

broadly effective in controlling HCMV associated diseases in HSCT recipients (Goodrich et al., 1991). 

 

These analyses are subject to limitations. Patients who undergo HSCT operations are among the 

sickest in hospital and represent a relatively diverse set of clinical conditions. Along with the age range 

present, this means that the systems biology being studied is diverse compared to previous studies of 

adults. In addition, although efforts were made to consider only untreated or (V)GCV treated viral 

trajectories, the patient’s data covered over 1000 unique drugs which may in themselves contain anti-

HCMV activity. When searching chembl for drugs that passed phase3 clinical trials with sub 

micromolar anti-HCMV EC50 effect, several drugs match such as digitoxin (Mukhopadhyay et al., 

2018), Etoposide (Huang et al., 1992), Podofilox (Cohen et al., 2016) and isavuconazole (Mercorelli et 

al., 2021). 
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Conclusions and future work 

 

The study of HCMV genomes is highly complex with the virus undergoing apparent free 

recombination, displaying the greatest genetic variation of all the human herpesviruses and portions 

of the genome being un-alignable, to the extent it is not clear that parts of the same gene in any given 

two viruses are at all related. This work is indeed challenging with this first piece of work lasting the 

entire duration of the PhD, requiring the most deep thought on which specific questions we wanted 

to ask, and requiring skills and domain knowledge most distant from my work pre-PhD. Despite these 

challenges, chapter 2 establishes new important fundamentals in HCMV genomics. We find the HCMV 

genome has been shaped by at least two different evolutionary forces. Part of the genome has 

acquired geographically defining variants acquired through natural drift or population bottleneck 

events, and match broadly the patterns of genetic structure in their host. The other part of the genome 

represents a concentration of variables sites and often form alleles. Many of these shows similar allele 

distribution across continents, and occur in genes that govern HCMV’s interaction with immunity, 

informing us that this represents HCMV’s available arsenal for evasion.  

This work opens more questions than it answers. Several new alleles have been identified and expand 

or further refine those that have been identified previously, leading to new genotype to phenotype 

questions (Suárez, Musonda, et al., 2019). If immunogenic proteins are found to be different by 

ancestry of virus, what impact could that have on vaccine design, or re-analysing previous data? 

Vaccine and antiviral development preferably should benefit all people, and these results could impact 

these fields. Further, if HCMV has evolved and segregated alongside its host, how do viruses of 

different regions behave? Several phylogenetic studies into the date of split and reconstructing the 

ancestral states that gave rise to modern strains are likely, as they have been performed in other 

herpesviruses, notably HSV where ancient genomes have been sequenced. 

 A highly tangible and immediately clinically relevant output from this thesis is the work in chapter 3. 

The first outcome is the most comprehensive database linking mutations to antiviral sensitivity, which 

is simple to incorporate into bioinformatics pipelines, such as those in hospital research groups, but 

also open to alteration and query by the community. Derived from these we produced several 

machine-learning based classification models, to predict the impact a mutation on drug resistance to 

available antivirals. By collaborating with UKHSA in validating the predictive power of these models, it 

opens several future avenues. UKHSA provide a national clinical service where they are genotypically 

and if nothing is returned, painstakingly phenotypically characterise the antiviral sensitivity of an 

isolate, which they report back to clinicians. There is interest in incorporating these models into that 
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genotypic service, to provide more immediate information to clinicians on an uncharacterised mutant 

or set of mutants. These discussions are ongoing. The application developed to annotate sequence 

data using this database has been popular among clinical research groups and future work will involve 

updating the tool to accept further input data types and providing the results of the predictive models 

more generally. 

The last portion of this work was originally planned to centre around annotation of resistance 

mutations and alleles in a cohort of renal and kidney transplant recipients, to uncover relationships to 

clinical outcome or phenotype. However, the pandemic halted plans and the HCMV viral kinetic 

modelling project was established instead. The work brings together two distinct but related set of 

mathematical models and incorporates them to allow the estimation of ganciclovir’s efficacy to treat 

established infections. The outcomes of this work are that the immune and drug effect parameters 

are identifiable and can be estimated from viral kinetic measurements. The impact of this study could 

alter the way in which established HCMV viral loads are treated in children, for example through 

treatment with letermovir. The study should be duplicated in an adult cohort, and when rich data 

presents itself the study can be repeated at GOSH looking at the impact of the alternative antivirals in 

reducing viral load. 
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Africa Kenya  SRR11053595 14-2W-BM Main analysis Breast milk 

     

 
Africa Kenya   

SRR11053586 

22-6W-BM Main analysis Breast milk 
     

 
Africa Kenya  SRR11053575 41-2W-BM Main analysis Breast milk 

     

 
Africa Uganda  not uploaded 02-505-Pa Main analysis Saliva 

   
child 

 

 
Africa Uganda  not uploaded 02-519-Pc Main analysis Saliva 

   
child 

 

 
Africa Uganda  not uploaded 02-520-S1a Main analysis Saliva 

   
child 

 

 
Africa Uganda  not uploaded 02-579-Pa Main analysis Saliva 

   
child 

 

 
Africa Zambia  ERR3163233 ERR3163233_har

old_H1 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163233 ERR3163233_har

old_H2 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163254 ERR3163254_har

old_H0 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163254 ERR3163254_har

old_H1 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163254 ERR3163254_har

old_H2 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163257 ERR3163257_har

old_H0 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163257 ERR3163257_har

old_H1 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163257 ERR3163257_har

old_H2 

Main analysis Breast milk 
  

HIV positive Adult 

mother 
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Africa Zambia  ERR3163258 ERR3163258_har

old_H0 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163258 ERR3163258_har

old_H1 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163275 ERR3163275_har

old_H0 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163275 ERR3163275_har

old_H1 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163277 ERR3163277_har

old_H1 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163277 ERR3163277_har

old_H2 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163329 ERR3163329_har

old_H0 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163330 ERR3163330_har

old_H0 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia  ERR3163330 ERR3163330_har

old_H2 

Main analysis Breast milk 
  

HIV positive Adult 

mother 

 

 
Africa Zambia MK290742.1 

 
LUS193 Main analysis Breast milk 

  
HIV negative Adult 

mother 

 

 
Africa Zambia MK290743.1 

 
LUS248 Main analysis Breast milk 

  
HIV positive Adult 

mother 

 

 
Africa Zambia MK290744.1 

 
LUS283 Main analysis Breast milk 

  
HIV positive Adult 

mother 

 

 
Africa Zambia MK422176.1 

 
LUS243 Main analysis Breast milk 

  
HIV positive Adult 

mother 

 

 
Americas USA FJ527563.1 

 
AD169 Main analysis adenoids several 

  
child 1956 

 
Americas USA FJ616285.1 

 
Towne Main analysis Urine several 

 
infant with microcephaly and 

hepatosplenomegaly 

child 1970 

 
Americas USA JX512198.1 

 
Davis Main analysis liver biopsy several 

 
Congenitally infected infant 

 
1957 



218 
 

   
 

 
Americas USA KF021605.1 

 
TR Main analysis vitreous 

humor 

>4 Compro

mised  

   

 
Americas USA KX544832.1 

 
SUB_24 Main analysis Urine >0 

 
Congenitally infected infant 

 
24/06/

2016 
 

Americas USA KX544833.1 
 

VR3908 Main analysis Urine >0 
 

Congenitally infected infant 
 

24/06/

2016 
 

Americas USA KX544834.1 
 

SUB_22 Main analysis Urine >0 
 

Congenitally infected infant 
 

24/06/

2016 
 

Americas USA KX544835.1 
 

VR5022 Main analysis Blood >0 
 

double lung/heart transplant 

recipient 

 24/06/

2016 
 

Americas USA KX544836.1 
 

VR5201 Main analysis Blood 
  

solid organ transplant recipient  24/07/

2016 
 

Americas USA KX544837.1 
 

VR5235 Main analysis Blood >0 
 

double lung/heart transplant 

recipient 

 24/06/

2016 
 

Americas USA KX544838.1 
 

VR7863 Main analysis urine 
  

Congenitally infected infant 
 

24/07/

2016 
 

Asia China KJ426589.1 
 

HAN Main analysis unknown 
    

10/01/

2007 
 

Asia South 

Korea 

HQ380895.1 
 

JHC Main analysis blood 4 Compro

mised  

   

 
Europe Belgium KC519319.1 

 
BE/9/2010 Main analysis urine 2 Compete

nt  

   

 
Europe Belgium KC519320.1 

 
BE/10/2010 Main analysis urine 2 Compete

nt  

   

 
Europe Belgium KC519321.1 

 
BE/11/2010 Main analysis urine 2 Compete

nt  

   

 
Europe Belgium KC519322.1 

 
BE/21/2010 Main analysis urine 0 Compro

mised  

   

 
Europe Belgium KC519323.1 

 
BE/27/2010 Main analysis urine 4 Compro

mised  

   



219 
 

   
 

 
Europe Belgium KP745633.1 

 
BE/45/2011 Main analysis nasopharyng

eal aspirate 

1 
    

 
Europe Belgium KP745634.1 

 
BE/32/2010 Main analysis amniotic fluid 1 

    

 
Europe Belgium KP745635.1 

 
BE/5/2012 Main analysis urine 2 

    

 
Europe Belgium KP745636.1 

 
BE/7/2011 Main analysis urine 2 

    

 
Europe Belgium KP745637.1 

 
BE/9/2011 Main analysis urine 2 

    

 
Europe Belgium KP745638.1 

 
BE/15/2010 Main analysis urine 3 

    

 
Europe Belgium KP745639.1 

 
BE/10/2011 Main analysis urine 2 

    

 
Europe Belgium KP745640.1 

 
BE/22/2010 Main analysis urine 4 

    

 
Europe Belgium KP745641.1 

 
BE/31/2011 Main analysis urine 4 

    

 
Europe Belgium KP745644.1 

 
BE/31/2010 Main analysis urine 4 

    

 
Europe Belgium KP745645.1 

 
BE/13/2010 Main analysis urine 3 

    

 
Europe Belgium KP745646.1 

 
BE/8/2012 Main analysis urine 3 

    

 
Europe Belgium KP745647.1 

 
BE/18/2010 Main analysis urine 5 

    

 
Europe Belgium KP745648.1 

 
BE/8/2011 Main analysis urine 2 

    

 
Europe Belgium KP745649.1 

 
BE/10/2012 Main analysis urine 2 

    

 
Europe Belgium KP745650.1 

 
BE/1/2011 Main analysis urine 3 

    

 
Europe Belgium KP745651.1 

 
BE/9/2012 Main analysis urine 2 

    

 
Europe Belgium KP745652.1 

 
BE/2/2011 Main analysis urine 4 

    

 
Europe Belgium KP745653.1 

 
BE/22/2011 Main analysis urine 2 

    

 
Europe Belgium KP745654.1 

 
BE/19/2011 Main analysis urine 2 

    

 
Europe Belgium KP745655.1 

 
BE/3/2010 Main analysis urine 2 

    

 
Europe Belgium KP745656.1 

 
BE/2/2013 Main analysis urine 3 

    

 
Europe Belgium KP745657.1 

 
BE/13/2011 Main analysis urine 2 

    

 
Europe Belgium KP745658.1 

 
BE/14/2012 Main analysis urine 1 

    

 
Europe Belgium KP745659.1 

 
BE/3/2011 Main analysis urine 4 

    

 
Europe Belgium KP745660.1 

 
BE/6/2011 Main analysis urine 2 

    

 
Europe Belgium KP745661.1 

 
BE/33/2010 Main analysis nasopharyng

eal aspirate 

1 
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Europe Belgium KP745662.1 

 
BE/20/2010 Main analysis urine 4 

    

 
Europe Belgium KP745663.1 

 
BE/5/2010 Main analysis urine 2 

    

 
Europe Belgium KP745665.1 

 
BE/16/2012 Main analysis urine 1 

    

 
Europe Belgium KP745666.1 

 
BE/7/2012 Main analysis urine 3 

    

 
Europe Belgium KP745667.1 

 
BE/5/2011 Main analysis urine 7 

    

 
Europe Belgium KP745668.1 

 
BE/18/2011 Main analysis urine 2 

    

 
Europe Belgium KP745669.1 

 
BE/28/2011 Main analysis nasopharyng

eal swab 

2 
    

 
Europe Belgium KP745670.1 

 
BE/30/2011 Main analysis urine 2 

    

 
Europe Belgium KP745671.1 

 
BE/14/2011 Main analysis urine 9 

    

 
Europe Belgium KP745672.1 

 
BE/29/2011 Main analysis urine 2 

    

 
Europe Belgium KP745673.1 

 
BE/42/2011 Main analysis nasopharyng

eal aspirate 

1 
    

 
Europe Belgium KP745674.1 

 
BE/33/2011 Main analysis urine 2 

    

 
Europe Belgium KP745675.1 

 
BE/23/2011 Main analysis nasopharyng

eal swab 

2 
    

 
Europe Belgium KP745676.1 

 
BE/28/2010 Main analysis urine 4 

    

 
Europe Belgium KP745677.1 

 
BE/1/2010 Main analysis urine 2 

    

 
Europe Belgium KP745678.1 

 
BE/25/2010 Main analysis urine 2 

    

 
Europe Belgium KP745679.1 

 
BE/24/2010 Main analysis urine 2 

    

 
Europe Belgium KP745680.1 

 
BE/11/2012 Main analysis urine 2 

    

 
Europe Belgium KP745681.1 

 
BE/43/2011 Main analysis nasopharyng

eal aspirate 

1 
    

 
Europe Belgium KP745682.1 

 
BE/46/2011 Main analysis nasopharyng

eal aspirate 

1 
    

 
Europe Belgium KP745683.1 

 
BE/12/2011 Main analysis urine 2 

    

 
Europe Belgium KP745684.1 

 
BE/11/2011 Main analysis urine 4 

    

 
Europe Belgium KP745686.1 

 
BE/39/2011 Main analysis nasopharyng

eal aspirate 

1 
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Europe Belgium KP745687.1 

 
BE/36/2011 Main analysis urine 2 

    

 
Europe Belgium KP745688.1 

 
BE/12/2012 Main analysis nasopharyng

eal swab 

2 
    

 
Europe Belgium KP745689.1 

 
BE/17/2011 Main analysis urine 2 

    

 
Europe Belgium KP745690.1 

 
BE/34/2011 Main analysis urine 2 

    

 
Europe Belgium KP745692.1 

 
BE/3/2012 Main analysis urine 2 

    

 
Europe Belgium KP745693.1 

 
BE/15/2012 Main analysis urine 1 

    

 
Europe Belgium KP745694.1 

 
BE/12/2010 Main analysis urine 8 

    

 
Europe Belgium KP745695.1 

 
BE/6/2012 Main analysis urine 5 

    

 
Europe Belgium KP745696.1 

 
BE/27/2011 Main analysis urine 5 

    

 
Europe Belgium KP745697.1 

 
BE/23/2010 Main analysis urine 4 

    

 
Europe Belgium KP745698.1 

 
BE/20/2011 Main analysis urine 2 

    

 
Europe Belgium KP745699.1 

 
BE/1/2012 Main analysis urine 2 

    

 
Europe Belgium KP745700.1 

 
BE/4/2011 Main analysis urine 2 

    

 
Europe Belgium KP745701.1 

 
BE/6/2010 Main analysis urine 2 

    

 
Europe Belgium KP745702.1 

 
BE/21/2011 Main analysis urine 5 

    

 
Europe Belgium KP745703.1 

 
BE/26/2011 Main analysis urine 2 

    

 
Europe Belgium KP745704.1 

 
BE/32/2011 Main analysis urine 2 

    

 
Europe Belgium KP745705.1 

 
BE/38/2011 Main analysis nasopharyng

eal swab 

2 
    

 
Europe Belgium KP745706.1 

 
BE/41/2011 Main analysis bronchoalveo

lar lavage 

1 
    

 
Europe Belgium KP745707.1 

 
BE/13/2012 Main analysis urine 2 

    

 
Europe Belgium KP745708.1 

 
BE/8/2010 Main analysis urine 1 

    

 
Europe Belgium KP745709.1 

 
BE/48/2011 Main analysis nasopharyng

eal aspirate 

1 
    

 
Europe Belgium KP745710.1 

 
BE/2/2012 Main analysis urine 2 

    

 
Europe Belgium KP745711.1 

 
BE/24/2011 Main analysis urine 2 

    

 
Europe Belgium KP745712.1 

 
BE/19/2010 Main analysis urine 5 
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Europe Belgium KP745713.1 

 
BE/35/2011 Main analysis urine 2 

    

 
Europe Belgium KP745714.1 

 
BE/29/2010 Main analysis urine 7 

    

 
Europe Belgium KP745715.1 

 
BE/44/2011 Main analysis nasopharyng

eal aspirate 

1 
    

 
Europe Belgium KP745716.1 

 
BE/16/2010 Main analysis nasopharyng

eal swab 

5 
    

 
Europe Belgium KP745717.1 

 
BE/2/2010 Main analysis nasopharyng

eal swab 

2 
    

 
Europe Belgium KP745719.1 

 
BE/26/2010 Main analysis urine 2 

    

 
Europe Belgium KP745720.1 

 
BE/15/2011 Main analysis urine 5 

    

 
Europe Belgium KP745721.1 

 
BE/14/2010 Main analysis nasopharyng

eal swab 

2 
    

 
Europe Belgium KP745722.1 

 
BE/40/2011 Main analysis nasopharyng

eal aspirate 

1 
    

 
Europe Belgium KP745723.1 

 
BE/37/2011 Main analysis nasopharyng

eal swab 

5 
    

 
Europe Belgium KP745724.1 

 
BE/4/2012 Main analysis urine 2 

    

 
Europe Belgium KP745725.1 

 
BE/49/2011 Main analysis nasopharyng

eal aspirate 

1 
    

 
Europe Belgium KP745726.1 

 
BE/30/2010 Main analysis urine 2 

    

 
Europe Belgium KP745727.1 

 
BE/17/2010 Main analysis urine 4 

    

 
Europe Belgium KP745728.1 

 
BE/4/2010 Main analysis urine 2 

    

 
Europe Czech 

Republic 

KP745642.1 
 

CZ/1/2012 Main analysis urine 2 
    

 
Europe Czech 

Republic 

KP745643.1 
 

CZ/2/2012 Main analysis urine 2 
    

 
Europe Czech 

Republic 

KP745664.1 
 

CZ/2/2013 Main analysis blood 2 
    

 
Europe Czech 

Republic 

KP745685.1 
 

CZ/3/2012 Main analysis urine 2 
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Europe Czech 

Republic 

KP745691.1 
 

CZ/1/2013 Main analysis blood 2 
    

 
Europe Czech 

Republic 

KP745718.1 
 

CZ/1/2011 Main analysis urine 2 
    

 
Europe Czech 

Republic 

KY490063.1 
 

PRA1 Main analysis Urine 0 
 

Congenitally infected infant 
 

15/09/

2006 
 

Europe Czech 

Republic 

KY490064.1 
 

PRA2 Main analysis Urine 0 
 

Congenitally infected infant 
 

25/03/

2009 
 

Europe Czech 

Republic 

KY490065.1 
 

PRA3 Main analysis Urine 0 
 

Congenitally infected infant 
 

28/05/

2009 
 

Europe Czech 

Republic 

KY490066.1 
 

PRA4 Main analysis Urine 0 
 

Congenitally infected infant 
 

25/11/

2009 
 

Europe Czech 

Republic 

KY490067.1 
 

PRA5 Main analysis Urine 0 
 

Congenitally infected infant 
 

10/06/

2009 
 

Europe Czech 

Republic 

KY490068.1 
 

PRA6 Main analysis Cord blood 0 
 

Congenitally infected infant 
 

08/10/

2015 
 

Europe Czech 

Republic 

KY490069.1 
 

PRA7 Main analysis Urine 0 
 

Congenitally infected infant 
 

17/05/

2010 
 

Europe Czech 

Republic 

KY490070.1 
 

PRA8 Main analysis Urine 0 
 

Congenitally infected infant 
 

08/11/

2012 
 

Europe France KT959235.1 
 

DB Main analysis cervical swab 3 
   

2009 
 

Europe France KU550087.1 
 

NAN1LA Main analysis amniotic fluid 0 
   

2011 
 

Europe France KU550088.1 
 

NAN2LA Main analysis amniotic fluid 0 
   

2013 
 

Europe France KU550089.1 
 

NAN4LA Main analysis Amniotic 

fluid 

0 
   

2013 

 
Europe France KU550090.1 

 
NANU Main analysis urine 0 

   
2013 

 
Europe Germany GQ221973.1 

 
HAN13 Main analysis bronchoalveo

lar lavage 

3 Unknow

n  

   

 
Europe Germany GQ396662.1 

 
HAN38 Main analysis bronchoalveo

lar lavage 

2 Unknow

n  
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Europe Germany GQ396663.1 

 
HAN20 Main analysis bronchoalveo

lar lavage 

2 Unknow

n  

   

 
Europe Germany JX512199.1 

 
HAN1 Main analysis bronchoalveo

lar lavage 

no 

informati

on 

Unknow

n  

   

 
Europe Germany JX512200.1 

 
HAN2 Main analysis bronchoalveo

lar lavage 

3 Unknow

n  

   

 
Europe Germany JX512201.1 

 
HAN3 Main analysis bronchoalveo

lar lavage 

3 Unknow

n  

   

 
Europe Germany JX512202.1 

 
HAN8 Main analysis bronchoalveo

lar lavage 

3 Unknow

n  

   

 
Europe Germany JX512203.1 

 
HAN12 Main analysis bronchoalveo

lar lavage 

3 Unknow

n  

   

 
Europe Germany JX512204.1 

 
HAN16 Main analysis urine 2 Unknow

n  

   

 
Europe Germany JX512205.1 

 
HAN19 Main analysis bronchoalveo

lar lavage 

2 Unknow

n  

   

 
Europe Germany JX512206.1 

 
HAN22 Main analysis bronchoalveo

lar lavage 

2 Unknow

n  

   

 
Europe Germany JX512207.1 

 
HAN28 Main analysis bronchoalveo

lar lavage 

3 Unknow

n  

   

 
Europe Germany JX512208.1 

 
HAN31 Main analysis bronchoalveo

lar lavage 

2 
    

 
Europe Germany KJ361946.1 

 
2CEN2 Main analysis bronchoalveo

lar lavage 

1 
   

2009 

 
Europe Germany KJ361947.1 

 
2CEN5 Main analysis bronchoalveo

lar lavage 

1 
   

2009 

 
Europe Germany KJ361948.1 

 
2CEN15 Main analysis bronchoalveo

lar lavage 

1 
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Europe Germany KJ361949.1 

 
2CEN30 Main analysis bronchoalveo

lar lavage 

1 
    

 
Europe Germany KJ361950.1 

 
HAN11 Main analysis bronchoalveo

lar lavage 

3 
   

2007 

 
Europe Germany KJ361951.1 

 
HAN21 Main analysis bronchoalveo

lar lavage 

3 
   

2006 

 
Europe Germany KJ361952.1 

 
HAN27 Main analysis bronchoalveo

lar lavage 

2 
   

2007 

 
Europe Germany KJ361953.1 

 
HAN30 Main analysis bronchoalveo

lar lavage 

2 
   

2006 

 
Europe Germany KJ361954.1 

 
HAN32 Main analysis bronchoalveo

lar lavage 

2 
   

2007 

 
Europe Germany KJ361955.1 

 
HAN33 Main analysis bronchoalveo

lar lavage 

3 
   

2007 

 
Europe Germany KJ361956.1 

 
HAN36 Main analysis bronchoalveo

lar lavage 

2 
   

2007 

 
Europe Germany KJ361957.1 

 
HAN39 Main analysis bronchoalveo

lar lavage 

1 
   

2007 

 
Europe Germany KJ361958.1 

 
HAN40 Main analysis bronchoalveo

lar lavage 

2 
   

2007 

 
Europe Germany KY123649.1 

 
HANChild4 Main analysis bronchial 

secretions 

0 Deficient HCMV pneumonia 
 

15/05/

2012 
 

Europe Germany KY123650.1 
 

HANRTR2 Main analysis Blood 0 Suppress

ed 

D+R- Renal transplant recipient  22/08/

2012 
 

Europe Germany KY123651.1 
 

HANRTR4 Main analysis blood plasma 0 Suppress

ed 

Renal transplant recipient 
 

13/03/

2015 
 

Europe Germany KY123652.1 
 

HANRTR5 Main analysis unknown 

(biopsy 

0 Suppress

ed 

D+R- Renal transplant recipient  18/05/

2015 
 

Europe Germany KY123653.1 
 

HANSCTR4 Main analysis Blood 0 Suppress

ed 

D-R+ stem cell transplant 

recipient 

 10/07/

2011 
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Europe Germany KY490071.1 

 
HANChild1 Main analysis Urine 0 

 
Congenitally infected infant 

 
08/04/

2013 
 

Europe Germany KY490072.1 
 

HANChild23 Main analysis Urine 0 
 

Congenitally infected infant 
 

04/04/

2013 
 

Europe Germany KY490073.1 
 

HANRTR1A Main analysis Blood 0 Suppress

ed 

D+R- kidney transplant recipient  20/07/

2012 
 

Europe Germany KY490074.1 
 

HANRTR1B Main analysis Blood 0 Suppress

ed 

D+R- kidney transplant recipient  22/05/

2013 
 

Europe Germany KY490075.1 
 

HANRTR6 Main analysis vitreous body 

fluid 

0 Suppress

ed 

kidney transplant recipient with 

retinitis 

 18/06/

2014 
 

Europe Germany KY490076.1 
 

HANRTR8 Main analysis Blood 0 Suppress

ed 

R+ kidney-pancreas transplant 

recipient 

 09/10/

2013 
 

Europe Germany KY490077.1 
 

HANRTR9 Main analysis unknown 

(biopsy 

0 Suppress

ed 

R- kidney-pancreas transplant 

recipient 

 19/01/

2011 
 

Europe Germany KY490078.1 
 

HANRTR10 Main analysis Blood 0 Suppress

ed 

D+R- kidney transplant recipient  25/10/

2010 
 

Europe Germany KY490079.1 
 

HANSCTR1A Main analysis Blood 0 Suppress

ed 

D-R+ stem cell transplant 

recipient 

 08/05/

2014 
 

Europe Germany KY490080.1 
 

HANSCTR1B Main analysis unkonwn 

(biopsy) 

0 Suppress

ed 

D-R+ stem cell transplant 

recipient 

 08/10/

2014 
 

Europe Germany KY490081.1 
 

HANSCTR2 Main analysis Blood 0 Suppress

ed 

D-R+ stem cell transplant 

recipient 

 16/04/

2015 
 

Europe Germany KY490082.1 
 

HANSCTR8 Main analysis Blood 0 Suppress

ed 

D+R+ stem cell transplant 

recipient 

 31/07/

2014 
 

Europe Germany KY490083.1 
 

HANSCTR9 Main analysis Blood 0 Suppress

ed 

D+R- stem cell transplant 

recipient 

 18/01/

2016 
 

Europe Germany KY490084.1 
 

HANSCTR10 Main analysis Bronchoalve

olar lavage 

0 Suppress

ed 

D+R- stem cell transplant 

recipient 

 22/04/

2013 
 

Europe Germany KY490085.1 
 

HANSCTR11A Main analysis Blood 0 Suppress

ed 

D-R+ stem cell transplant 

recipient 

 06/06/

2010 
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Europe Germany KY490086.1 

 
HANSCTR11B Main analysis Blood 0 Suppress

ed 

D-R+ stem cell transplant 

recipient 

 19/07/

2010 
 

Europe Germany KY490087.1 
 

HANSCTR12 Main analysis Blood 0 Suppress

ed 

D+R+ stem cell transplant 

recipient 

 21/06/

2010 
 

Europe Germany KY490088.1 
 

HANSCTR13 Main analysis Blood 0 Suppress

ed 

D-R+ stem cell transplant 

recipient 

 06/04/

2011 
 

Europe Greece MF084224.1 
 

HER1 Main analysis Urine 1 
 

Congenitally infected infant 
 

2016 
 

Europe Israel KR534196.1 
 

JER847 Main analysis Urine 
  

Congenitally infected infant 
 

12/11/

2009 
 

Europe Israel KR534197.1 
 

JER851 Main analysis Urine 
  

Congenitally infected infant 
 

16/11/

2009 
 

Europe Israel KR534198.1 
 

JER893 Main analysis Bronchoalve

olar lavage 

  
Congenitally infected infant 

 
01/12/

2009 
 

Europe Israel KR534199.1 
 

JER1070 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
28/03/

2010 
 

Europe Israel KR534200.1 
 

JER1289 Main analysis Kidney biopsy 
  

Congenitally infected infant 
 

26/02/

2002 
 

Europe Israel KR534201.1 
 

JER2002 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
24/03/

2011 
 

Europe Israel KR534202.1 
 

JER2282 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
22/01/

2012 
 

Europe Israel KR534203.1 
 

JER3230 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
04/07/

2011 
 

Europe Israel KR534204.1 
 

JER3855 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
16/10/

2005 
 

Europe Israel KR534205.1 
 

JER4035 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
04/01/

2009 
 

Europe Israel KR534206.1 
 

JER4041 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
08/12/

2005 
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Europe Israel KR534207.1 

 
JER4053 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
04/01/

2009 
 

Europe Israel KR534208.1 
 

JER4559 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
11/02/

2009 
 

Europe Israel KR534209.1 
 

JER4755 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
01/08/

2012 
 

Europe Israel KR534210.1 
 

JER5268 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
12/09/

2012 
 

Europe Israel KR534211.1 
 

JER5409 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
23/09/

2012 
 

Europe Israel KR534212.1 
 

JER5550 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
10/10/

2012 
 

Europe Israel KR534213.1 
 

JER5695 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
21/10/

2012 
 

Europe Italy GU179288.1 
 

U8 Main analysis urine 0 Compete

nt  

   

 
Europe Italy GU179289.1 

 
VR1814 Main analysis cervical 

secretions 

0 Compete

nt  

   

 
Europe Italy GU179291.1 

 
AF1 Main analysis amniotic fluid 0 

    

 
Europe Italy KJ361959.1 

 
PAV1 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
10/03/

2005 
 

Europe Italy KJ361960.1 
 

PAV4 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
12/10/

2006 
 

Europe Italy KJ361961.1 
 

PAV5 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
12/12/

2006 
 

Europe Italy KJ361962.1 
 

PAV6 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
10/01/

2007 
 

Europe Italy KJ361963.1 
 

PAV7 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
30/01/

2007 
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Europe Italy KJ361964.1 

 
PAV8 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
12/03/

2007 
 

Europe Italy KJ361965.1 
 

PAV11 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
2011 

 
Europe Italy KJ361966.1 

 
PAV12 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
2011 

 
Europe Italy KJ361967.1 

 
PAV23 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
21/08/

2012 
 

Europe Italy KJ361968.1 
 

PAV24 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
15/11/

2012 
 

Europe Italy KJ361969.1 
 

PAV25 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
12/03/

2013 
 

Europe Italy KJ361970.1 
 

PAV26 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
02/04/

2013 
 

Europe Italy KJ872539.1 
 

PAV16 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
27/07/

2009 
 

Europe Italy KJ872540.1 
 

PAV18 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
22/09/

2008 
 

Europe Italy KJ872541.1 
 

PAV20 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
09/07/

2013 
 

Europe Italy KJ872542.1 
 

PAV21 Main analysis Amniotic 

fluid 

  
Congenitally infected infant 

 
09/07/

2013 
 

Europe Italy KY490061.1 
 

PAV31 Main analysis blood plasma 0 
 

transplant recipient 
  

 
Europe Italy KY490062.1 

 
PAV32 Main analysis blood plasma 0 

 
transplant recipient 

  

 
Europe Netherland

s 

KT726945.2 
 

NL/Rot6/Nasal/2

012 

Main analysis nasal rinse 1 Compete

nt  

   

 
Europe UK GQ221974.1 

 
3157 Main analysis urine 3 Compete

nt  
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Europe UK GQ221975.1 

 
JP Main analysis prostate 

tissue 

(biopsy) 

0 Compro

mised  

   

 
Europe UK GQ466044.1 

 
3301 Main analysis urine 0 Compete

nt  

   

 
Europe UK GU179290.1 

 
U11 Main analysis urine 0 Compete

nt  

   

 
Europe UK KJ361971.1 

 
UKNEQAS1 Main analysis urine 2 

 
Congenitally infected infant 

 
2012 

 
Europe UK KT726947.2 

 
UK/Lon1/Blood/

2013 

Main analysis Blood 

(EDTA)a  

 
Compro

mised  

   

 
Europe UK KT726949.2 

 
UK/Lon6/Urine/

2011 

Main analysis Urine  
 

Compete

nt  

   

 
Europe UK KT726950.2 

 
UK/Lon7/Urine/

2011 

Main analysis Urine  
 

Compete

nt  

   

 
Europe UK KT726951.2 

 
UK/Lon8/Urine/

2012 

Main analysis Urine  
 

Compete

nt  

   

 
Europe UK MF084223.1 

 
LON1 Main analysis Urine 1 

 
Congenitally infected infant 

 
2016 

 
Europe UK NC_006273.2 

 
Merlin Main analysis urine ?3 Compete

nt  

   

 
Oceania Australia KT634296.1 

 
UKNEQAS2 Main analysis Amniotic 

fluid 

0 
    

Asia Europe UK 
 

ERS13431295 H02-00047-

150625-B 

Figure 2.g  
     

Asia Europe UK 
 

ERS13431271 H02-00031-

130626-B 

Figure 2.g  
     

Africa Europe UK 
 

ERS13431269 H02-00030-

130319-B 

Figure 2.g  
     

Africa Europe UK 
 

ERS13431267 H02-00029-

131217-B 

Figure 2.g  
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Africa Europe UK 
 

ERS13431282 H02-00037-

140624-B 

Figure 2.g  
     

Africa Europe UK 
 

ERS13431287 H02-00042-

150112-B 

Figure 2.g  
     

Africa Europe UK 
 

ERS13431300 H02-00050-

150928-B 

Figure 2.g  
     

Europe Europe UK 
 

ERS13431289 H02-00044-

150212-B 

Figure 2.g  
     

Europe Europe UK 
 

ERS13431284 H02-00039-

140718-B 

Figure 2.g  
     

Europe Europe UK 
 

ERS13431283 H02-00038-

150109-B 

Figure 2.g  
     

Europe Europe UK 
 

ERS13431264 H02-00028-

130603-B 

Figure 2.g  
     

Supplementary Table 1 - Overview of genomes used in this analysis. 2 
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 11 

Supplementary Figure 1  - Multi Dimensional Scaling of 259 HCMV conserved concatenomes. Sequences are coloured by 12 
country of sampling. There is little evidence that points are clustering meaningfully by country. 13 
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Supplementary Figure 2 - Full phylogenetic tree of multi-allelic region 2 (poorly resolved haplotype sequences in this region 
were ignored) 
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Supplementary Figure 3 - Full phylogenetic tree of multi-allelic region 30 (poorly resolved haplotype sequences in this region 
were ignored) 
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Supplementary Figure 4 - Full phylogenetic tree of an example conserved regions (poorly resolved haplotype sequences in this 
region were ignored) 

 

 

 

 

 

 

 

 



236 
 

   
 

 

 

 

Supplementary Figure 5 - Heat map showing linkage disequilibrium for pairwise variable sites in the whole genome. 
Regions of local high LD are evident (along the diagonal) with some evidence of  weaker long-range interactions. Black bars 
represent the Multiallelic Regions, colour is R2 LD value where higher means there is greater ability to determine Base at 
position 2 given the base at position 1. Interactions below R2 of 0.2 are not shown. 

 

 

 

 



237 
 

   
 

 

 

 

 

 

Supplementary Figure 6 - Linkage Disequilibrium  for pairwise variable sites in the conserved concatenome. Conserved 
regions are absent of local high LD. There are weak long range interactions however in the genome, but these are simply 
explained as distinguishing SNPs across populations as described in(Wegner et al., 2019). Interactions below R2 of 0.2 are not 
shown. 
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Supplementary Figure 7 - LD for pairwise variable sites in the multi-allelic concatenome. Increased concentration of local 
high LD with reduced long-range interactions compared to the whole genome. Multiple chevrons represent multiple multi-
allelic regions. Interactions below R2 of 0.2 are not shown. 
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Position A C D E F G H I K L M N P Q R S T V W Y 

451 0.39 0.64 0.61 0.55 0.56 0.01 0.58 0.62 0.58 0.57 0.53 0.29 0.64 0.59 0.61 0.47 0.56 0.61 0.58 0.6 

452 0.35 0.3 0.56 0.44 0.01 0.49 0.35 0.23 0.52 0.25 0.25 0.45 0.5 0.49 0.43 0.38 0.19 0.29 0.21 0.14 

453 0.3 0.42 0.44 0.26 0.42 0.55 0.29 0.37 0.01 0.32 0.27 0.25 0.36 0.17 0.1 0.25 0.26 0.41 0.43 0.35 

454 0.39 0.51 0.65 0.41 0.35 0.63 0.37 0.47 0.15 0.4 0.32 0.28 0.38 0.33 0.01 0.47 0.38 0.49 0.51 0.43 

455 0.11 0.19 0.14 0.05 0.18 0.41 0.13 0.13 0.12 0.12 0.09 0.11 0.2 0.01 0.07 0.12 0.14 0.15 0.16 0.16 

456 0.21 0.25 0.37 0.29 0.07 0.39 0.13 0.18 0.17 0.2 0.18 0.27 0.34 0.27 0.19 0.26 0.18 0.2 0.1 0.01 

457 0.01 0.09 0.19 0.14 0.13 0.23 0.17 0.1 0.1 0.12 0.09 0.18 0.13 0.18 0.17 0.09 0.11 0.1 0.13 0.13 

458 0.01 0.15 0.32 0.27 0.24 0.2 0.29 0.17 0.3 0.21 0.19 0.19 0.22 0.27 0.28 0.13 0.16 0.16 0.26 0.27 

459 0.01 0.17 0.36 0.25 0.24 0.15 0.22 0.15 0.2 0.21 0.18 0.27 0.25 0.27 0.26 0.13 0.16 0.16 0.29 0.26 

460 0.71 0.75 0.86 0.76 0.02 0.8 0.69 0.51 0.8 0.56 0.55 0.76 0.85 0.77 0.79 0.73 0.67 0.6 0.46 0.37 

461 0.21 0.31 0.28 0.26 0.29 0.4 0.3 0.25 0.22 0.25 0.24 0.31 0.02 0.21 0.35 0.26 0.26 0.29 0.35 0.32 

462 0.06 0.14 0.14 0.13 0.17 0.12 0.16 0.17 0.12 0.16 0.13 0.11 0.2 0.14 0.18 0.01 0.1 0.18 0.19 0.14 

463 0.01 0.08 0.17 0.09 0.1 0.12 0.13 0.08 0.08 0.09 0.09 0.13 0.1 0.09 0.11 0.05 0.06 0.08 0.11 0.11 

464 0.08 0.18 0.17 0.15 0.17 0.13 0.19 0.17 0.18 0.16 0.15 0.15 0.22 0.14 0.23 0.01 0.12 0.2 0.23 0.22 

465 0.15 0.23 0.12 0.11 0.12 0.26 0.01 0.19 0.16 0.19 0.15 0.11 0.22 0.14 0.13 0.16 0.14 0.22 0.17 0.06 

466 0.14 0.39 0.24 0.24 0.23 0.21 0.21 0.35 0.2 0.35 0.3 0.01 0.43 0.29 0.22 0.14 0.23 0.39 0.42 0.31 

467 0.31 0.42 0.31 0.31 0.21 0.22 0.23 0.37 0.26 0.41 0.32 0.01 0.49 0.22 0.26 0.26 0.21 0.39 0.45 0.35 

468 0.16 0.29 0.25 0.2 0.25 0.21 0.25 0.25 0.16 0.26 0.18 0.15 0.01 0.21 0.19 0.21 0.21 0.23 0.28 0.29 

469 0.01 0.09 0.14 0.09 0.07 0.06 0.13 0.1 0.13 0.09 0.09 0.14 0.11 0.11 0.09 0.08 0.09 0.1 0.16 0.12 

470 0.04 0.11 0.1 0.09 0.11 0.15 0.11 0.12 0.1 0.12 0.08 0.06 0.14 0.09 0.08 0.01 0.04 0.13 0.16 0.12 

471 0.13 0.18 0.27 0.19 0.19 0.3 0.15 0.15 0.16 0.16 0.13 0.12 0.23 0.19 0.17 0.09 0.01 0.15 0.18 0.19 

472 0.01 0.09 0.21 0.13 0.13 0.1 0.13 0.11 0.17 0.13 0.11 0.09 0.12 0.17 0.18 0.09 0.11 0.09 0.12 0.13 

473 0.01 0.16 0.41 0.25 0.23 0.24 0.3 0.18 0.29 0.17 0.17 0.24 0.19 0.27 0.19 0.09 0.08 0.08 0.3 0.26 

474 0.12 0.2 0.3 0.23 0.22 0.41 0.28 0.09 0.21 0.14 0.2 0.11 0.21 0.28 0.23 0.08 0.01 0.09 0.31 0.28 

475 0.45 0.64 0.71 0.37 0.51 0.62 0.48 0.56 0.01 0.5 0.29 0.4 0.71 0.44 0.22 0.49 0.42 0.57 0.64 0.51 

476 0.65 0.78 0.92 0.85 0.56 0.88 0.89 0.21 0.9 0.53 0.61 0.9 0.88 0.89 0.93 0.83 0.69 0.03 0.89 0.7 

477 0.45 0.48 0.72 0.58 0.08 0.75 0.14 0.43 0.38 0.44 0.45 0.45 0.73 0.56 0.46 0.57 0.48 0.44 0.28 0.01 

478 0.62 0.49 0.94 0.92 0.68 0.91 0.89 0.03 0.94 0.38 0.54 0.91 0.92 0.93 0.93 0.86 0.81 0.35 0.64 0.84 

479 0.02 0.3 0.5 0.36 0.46 0.52 0.45 0.45 0.48 0.46 0.41 0.28 0.34 0.43 0.52 0.14 0.16 0.38 0.55 0.52 
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480 0.7 0.89 0.81 0.85 0.87 0.01 0.84 0.9 0.83 0.91 0.86 0.69 0.81 0.84 0.82 0.74 0.81 0.9 0.81 0.8 

481 0.33 0.47 0.6 0.53 0.58 0.63 0.56 0.38 0.63 0.42 0.27 0.5 0.76 0.57 0.51 0.02 0.16 0.46 0.73 0.58 

482 0.72 0.74 0.95 0.9 0.76 0.93 0.87 0.19 0.94 0.41 0.57 0.93 0.91 0.91 0.95 0.9 0.71 0.02 0.93 0.85 

483 0.57 0.73 0.96 0.9 0.75 0.94 0.85 0.34 0.93 0.56 0.45 0.82 0.89 0.85 0.95 0.8 0.59 0.02 0.94 0.88 

484 0.83 0.64 0.96 0.93 0.58 0.95 0.94 0.02 0.95 0.2 0.48 0.94 0.95 0.94 0.95 0.9 0.86 0.39 0.89 0.82 

485 0.96 0.96 0.03 0.86 0.98 0.96 0.96 0.98 0.98 0.98 0.97 0.9 0.98 0.95 0.99 0.95 0.96 0.98 0.98 0.98 

486 0.79 0.78 0.94 0.91 0.77 0.93 0.91 0.61 0.92 0.47 0.03 0.88 0.86 0.86 0.92 0.84 0.72 0.58 0.88 0.84 

487 0.88 0.89 0.95 0.92 0.51 0.96 0.77 0.82 0.93 0.75 0.79 0.93 0.93 0.92 0.92 0.9 0.9 0.88 0.58 0.03 

488 0.34 0.43 0.53 0.49 0.65 0.71 0.55 0.56 0.65 0.43 0.47 0.53 0.02 0.44 0.52 0.41 0.54 0.52 0.64 0.65 

489 0.48 0.51 0.82 0.76 0.52 0.89 0.71 0.16 0.84 0.36 0.34 0.79 0.68 0.75 0.88 0.63 0.42 0.03 0.6 0.57 

490 0.41 0.01 0.89 0.91 0.73 0.93 0.88 0.51 0.93 0.59 0.59 0.87 0.8 0.89 0.92 0.64 0.75 0.62 0.8 0.72 

491 0.19 0.35 0.51 0.36 0.21 0.67 0.29 0.21 0.28 0.13 0.01 0.38 0.32 0.21 0.23 0.16 0.15 0.14 0.29 0.31 

492 0.01 0.14 0.15 0.1 0.18 0.28 0.18 0.15 0.2 0.18 0.13 0.18 0.18 0.17 0.12 0.09 0.08 0.15 0.24 0.22 

493 0.47 0.61 0.55 0.33 0.57 0.77 0.53 0.57 0.02 0.49 0.46 0.41 0.62 0.46 0.3 0.45 0.49 0.61 0.64 0.48 

494 0.13 0.28 0.47 0.38 0.31 0.58 0.33 0.2 0.38 0.18 0.26 0.3 0.35 0.35 0.37 0.19 0.01 0.17 0.38 0.24 

495 0.2 0.25 0.26 0.19 0.22 0.36 0.16 0.24 0.11 0.26 0.2 0.02 0.34 0.21 0.17 0.12 0.19 0.26 0.24 0.2 

496 0.2 0.45 0.54 0.41 0.53 0.62 0.45 0.56 0.57 0.31 0.46 0.48 0.6 0.49 0.64 0.03 0.46 0.59 0.62 0.6 

497 0.44 0.6 0.61 0.52 0.65 0.7 0.63 0.63 0.57 0.62 0.56 0.64 0.06 0.47 0.55 0.51 0.52 0.56 0.67 0.66 

498 0.35 0.41 0.26 0.29 0.43 0.39 0.21 0.41 0.25 0.42 0.3 0.01 0.48 0.28 0.29 0.14 0.24 0.46 0.46 0.4 

499 0.91 0.94 0.97 0.94 0.59 0.94 0.84 0.91 0.93 0.91 0.9 0.9 0.96 0.93 0.92 0.95 0.93 0.93 0.81 0.04 

500 0.43 0.51 0.55 0.42 0.53 0.57 0.44 0.51 0.02 0.53 0.41 0.38 0.6 0.35 0.21 0.35 0.28 0.54 0.53 0.45 
Supplementary Table 2 - HCMV ganciclovir resistance prediction for UL54 (pol), example 50-residue stretch Position is residue number in the HCMV Merlin UL54 protein. Characters represent 
that amino acid at that residue. Values represent probability that a given amino acid in each position causes greater than 2 -fold change in ganciclovir sensitivity. Colour scale is resistance 
probability, red is high and green is low. 
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position A C D E F G H I K L M N P Q R S T V  Y 

875 0.09 0.12 0.21 0.16 0.14 0.25 0.17 0.11 0.14 0.06 0.11 0.11 0.16 0.16 0.14 0.1 0.01 0.11 0.16 0.14 

876 0.11 0.16 0.27 0.12 0.14 0.25 0.1 0.15 0.05 0.13 0.1 0.1 0.13 0.11 0.01 0.18 0.12 0.19 0.14 0.12 

877 0.14 0.2 0.09 0.01 0.21 0.31 0.16 0.2 0.21 0.19 0.18 0.16 0.2 0.14 0.24 0.12 0.19 0.19 0.19 0.18 

878 0.04 0.08 0.12 0.1 0.07 0.01 0.09 0.08 0.09 0.09 0.07 0.07 0.12 0.11 0.09 0.07 0.07 0.08 0.06 0.08 

879 0.07 0.09 0.01 0.04 0.08 0.17 0.07 0.09 0.13 0.06 0.06 0.07 0.12 0.08 0.15 0.08 0.08 0.09 0.09 0.1 

880 0.03 0.08 0.09 0.07 0.09 0.16 0.08 0.09 0.1 0.06 0.07 0.08 0.1 0.09 0.14 0.01 0.06 0.06 0.11 0.11 

881 0.09 0.13 0.08 0.01 0.12 0.26 0.1 0.1 0.14 0.11 0.08 0.1 0.14 0.09 0.13 0.07 0.12 0.11 0.11 0.14 

882 0.2 0.3 0.16 0.02 0.27 0.38 0.22 0.27 0.28 0.26 0.25 0.23 0.33 0.2 0.35 0.22 0.25 0.25 0.3 0.3 

883 0.08 0.12 0.13 0.11 0.09 0.19 0.13 0.13 0.14 0.09 0.11 0.11 0.19 0.13 0.17 0.02 0.1 0.08 0.15 0.15 

884 0.03 0.05 0.06 0.05 0.06 0.06 0.06 0.05 0.06 0.05 0.04 0.05 0.06 0.06 0.07 0.01 0.03 0.06 0.06 0.06 

885 0.01 0.1 0.11 0.12 0.11 0.16 0.13 0.09 0.16 0.1 0.09 0.13 0.12 0.13 0.15 0.1 0.1 0.06 0.14 0.13 

886 0.2 0.19 0.34 0.27 0.14 0.33 0.29 0.14 0.27 0.02 0.14 0.29 0.16 0.26 0.28 0.25 0.2 0.14 0.26 0.22 

887 0.13 0.22 0.2 0.14 0.22 0.26 0.18 0.2 0.2 0.19 0.16 0.2 0.03 0.2 0.17 0.22 0.16 0.19 0.22 0.22 

888 0.09 0.11 0.07 0.02 0.11 0.16 0.11 0.11 0.13 0.1 0.1 0.09 0.14 0.1 0.16 0.1 0.1 0.11 0.12 0.11 

889 0.03 0.07 0.09 0.07 0.06 0.01 0.07 0.06 0.06 0.07 0.06 0.05 0.09 0.08 0.06 0.06 0.05 0.07 0.06 0.04 

890 0.06 0.1 0.18 0.14 0.07 0.24 0.14 0.03 0.14 0.01 0.04 0.13 0.11 0.14 0.12 0.12 0.1 0.05 0.1 0.08 

891 0.12 0.2 0.06 0.02 0.17 0.2 0.12 0.16 0.13 0.12 0.13 0.12 0.13 0.09 0.17 0.11 0.14 0.16 0.18 0.15 

892 0.17 0.29 0.36 0.3 0.34 0.3 0.38 0.2 0.32 0.25 0.2 0.26 0.19 0.35 0.2 0.22 0.02 0.21 0.37 0.34 

893 0.12 0.28 0.16 0.12 0.31 0.35 0.29 0.24 0.28 0.27 0.26 0.22 0.3 0.26 0.26 0.02 0.2 0.31 0.33 0.32 

894 0.05 0.13 0.1 0.11 0.14 0.21 0.13 0.15 0.15 0.14 0.11 0.1 0.21 0.13 0.19 0.02 0.1 0.15 0.16 0.15 

895 0.13 0.35 0.34 0.34 0.33 0.01 0.33 0.35 0.31 0.39 0.31 0.2 0.26 0.36 0.34 0.18 0.29 0.36 0.29 0.35 

896 0.04 0.1 0.11 0.08 0.08 0.01 0.09 0.09 0.09 0.11 0.08 0.06 0.1 0.11 0.09 0.07 0.08 0.08 0.08 0.08 

897 0.05 0.09 0.1 0.07 0.09 0.11 0.08 0.09 0.09 0.06 0.07 0.07 0.1 0.09 0.1 0.01 0.07 0.11 0.1 0.09 

898 0.19 0.39 0.3 0.26 0.36 0.31 0.21 0.31 0.29 0.33 0.29 0.02 0.45 0.3 0.27 0.19 0.21 0.34 0.43 0.35 

899 0.14 0.18 0.13 0.01 0.16 0.35 0.14 0.18 0.21 0.15 0.17 0.18 0.22 0.1 0.16 0.16 0.17 0.17 0.2 0.2 

900 0.31 0.39 0.54 0.34 0.37 0.44 0.29 0.34 0.13 0.31 0.28 0.25 0.46 0.29 0.02 0.39 0.28 0.41 0.38 0.21 

901 0.09 0.15 0.27 0.15 0.14 0.26 0.12 0.13 0.06 0.13 0.1 0.11 0.25 0.12 0.01 0.18 0.11 0.16 0.14 0.13 
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902 0.19 0.21 0.47 0.4 0.19 0.47 0.36 0.1 0.42 0.08 0.14 0.39 0.35 0.37 0.44 0.37 0.23 0.02 0.26 0.16 

903 0.13 0.24 0.12 0.01 0.27 0.26 0.18 0.19 0.22 0.21 0.21 0.1 0.36 0.17 0.16 0.15 0.19 0.19 0.23 0.26 

904 0.02 0.41 0.73 0.62 0.46 0.47 0.6 0.48 0.67 0.43 0.37 0.67 0.67 0.65 0.7 0.47 0.47 0.24 0.62 0.54 

905 0.27 0.44 0.54 0.22 0.4 0.51 0.27 0.38 0.05 0.28 0.25 0.2 0.58 0.21 0.01 0.29 0.25 0.42 0.4 0.32 

906 0.77 0.84 0.95 0.89 0.78 0.91 0.91 0.21 0.92 0.65 0.65 0.92 0.9 0.93 0.93 0.88 0.81 0.03 0.89 0.82 

907 0.71 0.84 0.94 0.89 0.62 0.94 0.89 0.02 0.92 0.38 0.62 0.9 0.92 0.93 0.9 0.89 0.79 0.17 0.91 0.84 

908 0.95 0.95 0.98 0.96 0.82 0.97 0.86 0.95 0.96 0.94 0.95 0.95 0.99 0.96 0.96 0.97 0.95 0.93 0.91 0.02 

909 0.66 0.89 0.9 0.9 0.87 0.01 0.8 0.89 0.89 0.89 0.85 0.68 0.92 0.9 0.89 0.81 0.87 0.89 0.89 0.91 

910 0.93 0.94 0.03 0.8 0.96 0.97 0.94 0.95 0.96 0.96 0.96 0.88 0.95 0.89 0.97 0.92 0.94 0.95 0.96 0.95 

911 0.93 0.95 0.97 0.96 0.96 0.97 0.95 0.94 0.95 0.95 0.95 0.93 0.95 0.95 0.95 0.92 0.06 0.92 0.96 0.95 

912 0.92 0.94 0.03 0.79 0.95 0.96 0.88 0.94 0.94 0.94 0.94 0.86 0.92 0.88 0.96 0.87 0.92 0.94 0.95 0.94 

913 0.7 0.83 0.77 0.76 0.89 0.75 0.81 0.89 0.88 0.86 0.81 0.77 0.9 0.83 0.9 0.05 0.74 0.88 0.91 0.9 

914 0.75 0.78 0.93 0.89 0.78 0.93 0.92 0.28 0.91 0.58 0.57 0.89 0.92 0.89 0.94 0.85 0.8 0.04 0.91 0.85 

915 0.92 0.93 0.96 0.95 0.02 0.94 0.92 0.83 0.96 0.76 0.63 0.94 0.96 0.95 0.96 0.93 0.93 0.86 0.7 0.51 

916 0.37 0.59 0.89 0.85 0.73 0.92 0.89 0.22 0.91 0.51 0.57 0.89 0.86 0.85 0.91 0.82 0.7 0.03 0.88 0.79 

917 0.33 0.53 0.71 0.45 0.69 0.48 0.37 0.42 0.19 0.41 0.47 0.41 0.77 0.4 0.02 0.6 0.49 0.67 0.62 0.54 

918 0.89 0.72 0.94 0.94 0.04 0.94 0.84 0.82 0.94 0.78 0.83 0.93 0.95 0.95 0.95 0.91 0.89 0.87 0.81 0.61 

919 0.21 0.38 0.52 0.33 0.37 0.2 0.28 0.33 0.14 0.34 0.28 0.25 0.52 0.29 0.02 0.38 0.25 0.37 0.38 0.15 

920 0.3 0.47 0.46 0.48 0.43 0.01 0.46 0.5 0.44 0.51 0.45 0.3 0.52 0.49 0.44 0.37 0.35 0.43 0.46 0.46 

921 0.45 0.49 0.65 0.61 0.39 0.73 0.58 0.15 0.61 0.03 0.18 0.59 0.6 0.59 0.55 0.43 0.45 0.26 0.47 0.43 

922 0.33 0.5 0.32 0.48 0.52 0.43 0.53 0.49 0.34 0.49 0.48 0.37 0.38 0.49 0.5 0.26 0.02 0.46 0.52 0.57 

923 0.56 0.53 0.65 0.64 0.77 0.81 0.72 0.59 0.47 0.65 0.65 0.7 0.02 0.68 0.58 0.68 0.67 0.57 0.81 0.58 

924 0.11 0.24 0.08 0.03 0.24 0.3 0.09 0.21 0.14 0.2 0.13 0.13 0.17 0.01 0.15 0.15 0.16 0.19 0.21 0.19 
Supplementary Table 3 - HCMV ganciclovir resistance prediction for UL97 (kinase), example 50-residue stretch. Position is residue number in the HCMV Merlin UL97 protein. Characters represent 
that amino acid at that residue. Values represent probability that a given amino acid in each position causes greater than 2 -fold change in ganciclovir sensitivity. Colour scale is resistance 
probability, red is high and green is low. 
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position A C D E F G H I K L M N P Q R S T V W Y 

100 0.07 0.1 0.14 0.06 0.09 0.09 0.08 0.09 0.02 0.09 0.06 0.07 0.18 0.07 0.05 0.11 0.07 0.1 0.09 0.08 

101 0.45 0.55 0.65 0.42 0.53 0.55 0.37 0.53 0.23 0.44 0.38 0.38 0.61 0.37 0.08 0.54 0.44 0.59 0.53 0.45 

102 0.08 0.2 0.35 0.23 0.26 0.23 0.28 0.22 0.31 0.23 0.2 0.28 0.24 0.27 0.32 0.19 0.22 0.21 0.28 0.29 

103 0.78 0.88 0.87 0.8 0.9 0.84 0.86 0.88 0.88 0.86 0.83 0.89 0.22 0.86 0.9 0.86 0.84 0.87 0.9 0.9 

104 0.16 0.31 0.42 0.15 0.27 0.29 0.24 0.23 0.02 0.21 0.15 0.19 0.42 0.17 0.05 0.23 0.14 0.23 0.33 0.25 

105 0.31 0.3 0.72 0.55 0.33 0.66 0.69 0.1 0.71 0.16 0.12 0.71 0.7 0.65 0.75 0.65 0.39 0.06 0.62 0.44 

106 0.41 0.54 0.77 0.59 0.06 0.57 0.29 0.33 0.58 0.3 0.35 0.61 0.81 0.6 0.57 0.61 0.46 0.34 0.21 0.02 

107 0.26 0.01 0.71 0.72 0.4 0.64 0.67 0.39 0.7 0.35 0.4 0.7 0.77 0.72 0.72 0.53 0.46 0.36 0.56 0.46 

108 0.03 0.09 0.08 0.06 0.07 0.01 0.06 0.09 0.07 0.09 0.06 0.03 0.09 0.08 0.07 0.06 0.06 0.09 0.06 0.07 

109 0.05 0.1 0.1 0.09 0.09 0.01 0.09 0.11 0.1 0.12 0.08 0.06 0.13 0.1 0.09 0.09 0.09 0.11 0.08 0.1 

110 0.12 0.17 0.02 0.04 0.15 0.2 0.12 0.15 0.22 0.16 0.13 0.12 0.26 0.13 0.24 0.14 0.16 0.18 0.18 0.2 

111 0.17 0.28 0.12 0.03 0.24 0.29 0.21 0.22 0.23 0.24 0.19 0.22 0.28 0.16 0.29 0.24 0.2 0.24 0.26 0.25 

112 0.32 0.49 0.64 0.32 0.43 0.34 0.29 0.42 0.17 0.35 0.28 0.28 0.65 0.28 0.05 0.49 0.33 0.49 0.48 0.36 

113 0.36 0.46 0.05 0.12 0.41 0.48 0.35 0.43 0.52 0.43 0.39 0.34 0.52 0.38 0.62 0.36 0.4 0.43 0.5 0.45 

114 0.44 0.58 0.81 0.66 0.51 0.81 0.71 0.15 0.76 0.31 0.33 0.77 0.66 0.7 0.8 0.68 0.41 0.11 0.74 0.55 

115 0.73 0.7 0.94 0.89 0.66 0.92 0.88 0.45 0.89 0.17 0.43 0.89 0.88 0.88 0.85 0.86 0.78 0.58 0.83 0.71 

116 0.31 0.47 0.6 0.4 0.41 0.56 0.33 0.4 0.15 0.29 0.28 0.3 0.62 0.33 0.04 0.47 0.33 0.48 0.48 0.38 

117 0.25 0.31 0.64 0.48 0.28 0.57 0.55 0.08 0.57 0.15 0.17 0.59 0.44 0.53 0.63 0.47 0.29 0.06 0.45 0.34 

118 0.05 0.12 0.11 0.08 0.1 0.01 0.09 0.12 0.09 0.12 0.09 0.06 0.11 0.1 0.08 0.08 0.08 0.12 0.09 0.1 

119 0.04 0.05 0.06 0.05 0.07 0.09 0.06 0.07 0.07 0.07 0.05 0.05 0.08 0.06 0.09 0.03 0.05 0.08 0.07 0.08 

120 0.06 0.13 0.12 0.1 0.12 0.01 0.1 0.13 0.11 0.14 0.1 0.06 0.15 0.13 0.11 0.1 0.1 0.14 0.1 0.12 

121 0.19 0.39 0.34 0.34 0.35 0.03 0.33 0.41 0.35 0.4 0.25 0.23 0.36 0.36 0.31 0.22 0.32 0.39 0.3 0.38 

122 0.41 0.48 0.61 0.45 0.06 0.56 0.38 0.34 0.58 0.32 0.33 0.55 0.57 0.55 0.58 0.49 0.46 0.41 0.23 0.18 

123 0.94 0.95 0.95 0.93 0.88 0.91 0.91 0.95 0.95 0.94 0.92 0.95 0.96 0.92 0.94 0.94 0.94 0.95 0.04 0.83 

124 0.51 0.68 0.62 0.48 0.7 0.64 0.53 0.66 0.59 0.67 0.53 0.66 0.05 0.56 0.7 0.63 0.57 0.65 0.69 0.68 

125 0.47 0.55 0.71 0.54 0.55 0.54 0.44 0.55 0.29 0.44 0.41 0.43 0.7 0.45 0.1 0.54 0.46 0.61 0.56 0.5 

126 0.69 0.78 0.88 0.74 0.76 0.76 0.68 0.76 0.49 0.68 0.65 0.68 0.83 0.65 0.19 0.77 0.69 0.8 0.77 0.72 
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127 0.24 0.31 0.41 0.35 0.41 0.45 0.39 0.4 0.36 0.41 0.31 0.33 0.49 0.37 0.49 0.15 0.3 0.41 0.46 0.47 

128 0.37 0.48 0.63 0.41 0.47 0.48 0.38 0.46 0.22 0.41 0.35 0.33 0.56 0.36 0.1 0.44 0.37 0.52 0.48 0.4 

129 0.3 0.3 0.55 0.45 0.28 0.43 0.42 0.18 0.51 0.13 0.16 0.47 0.54 0.46 0.44 0.43 0.36 0.18 0.37 0.36 

130 0.89 0.93 0.95 0.92 0.86 0.84 0.93 0.92 0.93 0.86 0.9 0.94 0.97 0.92 0.94 0.93 0.89 0.93 0.06 0.84 

131 0.12 0.25 0.24 0.19 0.23 0.02 0.22 0.26 0.21 0.28 0.21 0.14 0.21 0.25 0.22 0.18 0.2 0.25 0.2 0.24 

132 0.09 0.2 0.19 0.15 0.18 0.02 0.16 0.2 0.14 0.22 0.16 0.09 0.2 0.19 0.13 0.15 0.15 0.21 0.16 0.18 

133 0.14 0.19 0.33 0.2 0.18 0.28 0.27 0.06 0.3 0.1 0.1 0.29 0.26 0.26 0.29 0.28 0.15 0.06 0.24 0.2 

134 0.16 0.2 0.03 0.06 0.19 0.21 0.16 0.18 0.27 0.19 0.16 0.15 0.26 0.17 0.34 0.17 0.17 0.2 0.2 0.23 

135 0.35 0.41 0.41 0.26 0.32 0.49 0.03 0.4 0.39 0.4 0.37 0.29 0.35 0.32 0.3 0.37 0.4 0.45 0.36 0.2 

136 0.11 0.31 0.46 0.33 0.4 0.33 0.4 0.36 0.39 0.36 0.33 0.34 0.31 0.38 0.37 0.28 0.31 0.33 0.42 0.39 

137 0.31 0.47 0.52 0.39 0.48 0.56 0.46 0.47 0.44 0.48 0.38 0.5 0.09 0.48 0.53 0.46 0.43 0.46 0.5 0.52 

138 0.04 0.11 0.17 0.14 0.15 0.2 0.17 0.13 0.2 0.14 0.12 0.18 0.14 0.18 0.19 0.13 0.12 0.13 0.17 0.16 

139 0.04 0.08 0.08 0.07 0.08 0.01 0.08 0.1 0.08 0.11 0.07 0.05 0.11 0.1 0.08 0.06 0.06 0.1 0.07 0.08 

140 0.59 0.65 0.75 0.71 0.07 0.68 0.6 0.43 0.74 0.46 0.47 0.69 0.69 0.7 0.7 0.64 0.61 0.5 0.44 0.26 

141 0.13 0.18 0.13 0.12 0.14 0.19 0.09 0.16 0.13 0.16 0.12 0.03 0.23 0.14 0.13 0.12 0.12 0.17 0.19 0.14 

142 0.41 0.56 0.56 0.44 0.57 0.57 0.52 0.52 0.55 0.53 0.42 0.56 0.08 0.51 0.58 0.53 0.45 0.5 0.58 0.55 

143 0.13 0.12 0.25 0.19 0.17 0.31 0.23 0.16 0.22 0.17 0.14 0.17 0.28 0.23 0.18 0.15 0.04 0.15 0.2 0.22 

144 0.33 0.43 0.52 0.54 0.33 0.62 0.57 0.17 0.59 0.28 0.24 0.58 0.48 0.52 0.66 0.49 0.38 0.13 0.53 0.41 

145 0.15 0.23 0.32 0.25 0.2 0.48 0.33 0.17 0.27 0.16 0.19 0.2 0.29 0.31 0.27 0.16 0.02 0.13 0.31 0.3 

146 0.3 0.37 0.74 0.56 0.42 0.67 0.65 0.13 0.67 0.23 0.25 0.64 0.68 0.62 0.67 0.6 0.31 0.07 0.63 0.48 

147 0.85 0.9 0.95 0.92 0.04 0.88 0.88 0.74 0.95 0.65 0.73 0.93 0.96 0.94 0.92 0.88 0.88 0.8 0.71 0.46 

148 0.87 0.93 0.88 0.79 0.79 0.9 0.03 0.92 0.9 0.9 0.84 0.68 0.95 0.64 0.85 0.86 0.9 0.92 0.91 0.56 

149 0.72 0.78 0.95 0.9 0.8 0.92 0.91 0.26 0.93 0.58 0.6 0.92 0.93 0.82 0.94 0.91 0.61 0.2 0.87 0.8 
Supplementary Table 4 - HSV1 ganciclovir resistance prediction for UL30 (pol), example 50-residue stretch. Position is residue number in the HSV1 strain 17 UL30 protein. Characters represent 
that amino acid at that residue. Values represent probability that a given amino acid in each position causes greater than 4-fold change in ganciclovir sensitivity. Colour scale is resistance 
probability, red is high and green is low. 
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pos A C D E F G H I K L M N P Q R S T V W Y 

150 0.08 0.2 0.23 0.13 0.2 0.02 0.17 0.21 0.2 0.2 0.16 0.09 0.12 0.15 0.2 0.05 0.12 0.13 0.18 0.21 

151 0.19 0.24 0.28 0.24 0.31 0.31 0.18 0.3 0.3 0.29 0.26 0.28 0.04 0.2 0.29 0.13 0.24 0.25 0.31 0.31 

152 0.08 0.11 0.09 0.05 0.09 0.23 0.03 0.11 0.09 0.06 0.07 0.05 0.08 0.01 0.07 0.07 0.08 0.11 0.09 0.09 

153 0.02 0.14 0.2 0.12 0.1 0.14 0.18 0.15 0.14 0.15 0.14 0.19 0.1 0.15 0.13 0.12 0.12 0.13 0.16 0.17 

154 0.37 0.49 0.53 0.36 0.51 0.46 0.34 0.49 0.53 0.48 0.44 0.51 0.05 0.49 0.56 0.43 0.28 0.44 0.5 0.52 

155 0.2 0.29 0.25 0.21 0.27 0.3 0.28 0.19 0.27 0.16 0.23 0.23 0.05 0.3 0.22 0.28 0.28 0.28 0.27 0.3 

156 0.57 0.63 0.53 0.63 0.62 0.53 0.64 0.65 0.67 0.59 0.59 0.65 0.09 0.64 0.69 0.63 0.58 0.59 0.66 0.53 

157 0.02 0.33 0.19 0.24 0.42 0.24 0.39 0.38 0.29 0.37 0.36 0.34 0.29 0.2 0.41 0.2 0.21 0.26 0.43 0.4 

158 0.52 0.44 0.78 0.71 0.23 0.79 0.58 0.17 0.63 0.02 0.22 0.6 0.7 0.41 0.58 0.64 0.56 0.22 0.61 0.39 

159 0.39 0.53 0.62 0.54 0.33 0.65 0.59 0.16 0.63 0.42 0.3 0.52 0.65 0.63 0.6 0.42 0.01 0.14 0.37 0.48 

160 0.52 0.6 0.9 0.84 0.38 0.9 0.86 0.17 0.83 0.02 0.4 0.86 0.84 0.81 0.77 0.74 0.71 0.23 0.79 0.73 

161 0.56 0.7 0.86 0.8 0.63 0.72 0.84 0.04 0.85 0.27 0.34 0.84 0.81 0.81 0.86 0.58 0.64 0.01 0.81 0.73 

162 0.8 0.83 0.95 0.93 0.01 0.93 0.81 0.54 0.94 0.55 0.73 0.93 0.95 0.92 0.94 0.89 0.89 0.52 0.8 0.59 

163 0.92 0.95 0.02 0.66 0.95 0.94 0.92 0.94 0.96 0.94 0.94 0.89 0.95 0.9 0.97 0.9 0.93 0.94 0.96 0.96 

164 0.94 0.96 0.98 0.94 0.96 0.95 0.93 0.96 0.86 0.95 0.94 0.93 0.96 0.92 0.05 0.95 0.94 0.97 0.96 0.95 

165 0.93 0.94 0.94 0.92 0.95 0.95 0.02 0.96 0.94 0.95 0.95 0.89 0.95 0.89 0.94 0.75 0.94 0.96 0.95 0.87 

166 0.66 0.92 0.91 0.89 0.94 0.95 0.91 0.84 0.93 0.87 0.85 0.92 0.05 0.87 0.92 0.9 0.9 0.89 0.93 0.93 

167 0.74 0.77 0.84 0.85 0.51 0.91 0.78 0.03 0.88 0.29 0.65 0.83 0.76 0.8 0.86 0.76 0.55 0.23 0.82 0.68 

168 0.04 0.79 0.85 0.82 0.86 0.87 0.82 0.84 0.87 0.84 0.82 0.83 0.74 0.83 0.88 0.43 0.78 0.81 0.87 0.86 

169 0.12 0.72 0.54 0.68 0.77 0.85 0.7 0.77 0.78 0.76 0.7 0.63 0.59 0.69 0.82 0.04 0.65 0.77 0.77 0.8 

170 0.38 0.31 0.76 0.74 0.6 0.9 0.72 0.3 0.8 0.03 0.2 0.74 0.65 0.56 0.69 0.57 0.41 0.53 0.68 0.57 

171 0.8 0.79 0.93 0.9 0.72 0.96 0.9 0.45 0.91 0.05 0.61 0.9 0.83 0.86 0.89 0.84 0.83 0.38 0.87 0.75 

172 0.55 0 0.85 0.87 0.82 0.91 0.85 0.53 0.89 0.65 0.75 0.85 0.76 0.85 0.89 0.74 0.76 0.55 0.83 0.84 

173 0.64 0.75 0.83 0.79 0.12 0.88 0.6 0.68 0.82 0.65 0.69 0.78 0.76 0.77 0.81 0.75 0.75 0.7 0.57 0.02 

174 0.68 0.82 0.78 0.73 0.87 0.9 0.8 0.82 0.86 0.81 0.77 0.83 0.01 0.79 0.88 0.75 0.71 0.75 0.86 0.86 

175 0.01 0.19 0.45 0.34 0.26 0.62 0.41 0.23 0.42 0.14 0.29 0.48 0.25 0.4 0.44 0.23 0.34 0.18 0.47 0.37 

176 0.02 0.47 0.66 0.61 0.64 0.7 0.53 0.48 0.7 0.46 0.42 0.48 0.42 0.59 0.72 0.27 0.49 0.39 0.67 0.66 

177 0.8 0.83 0.92 0.84 0.8 0.93 0.65 0.86 0.62 0.74 0.67 0.77 0.84 0.63 0.04 0.79 0.81 0.87 0.8 0.83 

178 0.69 0.71 0.8 0.76 0.19 0.87 0.31 0.67 0.77 0.56 0.59 0.74 0.71 0.72 0.7 0.75 0.71 0.65 0.52 0.01 
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179 0.16 0.12 0.36 0.26 0.12 0.64 0.29 0.1 0.27 0.01 0.06 0.3 0.2 0.23 0.24 0.28 0.25 0.1 0.25 0.25 

180 0.36 0.44 0.53 0.47 0.36 0.67 0.4 0.18 0.43 0.13 0.02 0.32 0.39 0.27 0.21 0.22 0.17 0.18 0.45 0.33 

181 0.34 0.53 0.49 0.47 0.47 0.01 0.45 0.56 0.45 0.58 0.49 0.27 0.46 0.47 0.21 0.38 0.46 0.57 0.47 0.39 

182 0.26 0.26 0.24 0.27 0.56 0.7 0.37 0.62 0.54 0.58 0.41 0.39 0.53 0.45 0.52 0.02 0.41 0.57 0.62 0.42 

183 0.89 0.81 0.91 0.92 0.68 0.93 0.92 0.62 0.88 0.45 0.05 0.91 0.89 0.87 0.91 0.88 0.89 0.62 0.91 0.9 

184 0.23 0.37 0.4 0.23 0.38 0.51 0.41 0.38 0.34 0.37 0.35 0.18 0.17 0.37 0.32 0.09 0.01 0.33 0.43 0.43 

185 0.36 0.67 0.57 0.54 0.5 0.8 0.59 0.42 0.69 0.4 0.38 0.69 0.01 0.59 0.77 0.61 0.61 0.63 0.71 0.5 

186 0.08 0.1 0.1 0.03 0.2 0.3 0.12 0.19 0.15 0.16 0.09 0.11 0.1 0.01 0.08 0.08 0.11 0.13 0.17 0.17 

187 0.01 0.19 0.15 0.27 0.35 0.51 0.21 0.28 0.41 0.26 0.16 0.34 0.18 0.3 0.34 0.07 0.12 0.19 0.29 0.35 

188 0.22 0.5 0.7 0.64 0.3 0.81 0.64 0.21 0.75 0.14 0.32 0.69 0.43 0.65 0.75 0.58 0.5 0.02 0.52 0.4 

189 0.25 0.43 0.65 0.63 0.29 0.85 0.57 0.12 0.7 0.02 0.14 0.63 0.29 0.55 0.65 0.49 0.51 0.24 0.51 0.42 

190 0.01 0.12 0.22 0.2 0.21 0.32 0.22 0.2 0.32 0.21 0.11 0.16 0.12 0.17 0.34 0.07 0.13 0.16 0.26 0.26 

191 0.25 0.44 0.51 0.51 0.01 0.71 0.41 0.19 0.59 0.1 0.13 0.53 0.37 0.48 0.59 0.42 0.43 0.27 0.18 0.15 

192 0.21 0.37 0.61 0.54 0.37 0.76 0.54 0.08 0.68 0.11 0.14 0.53 0.36 0.5 0.7 0.47 0.36 0.02 0.33 0.4 

193 0.02 0.21 0.34 0.24 0.2 0.41 0.27 0.17 0.35 0.27 0.23 0.28 0.18 0.3 0.38 0.1 0.16 0.23 0.25 0.26 

194 0.14 0.23 0.42 0.35 0.1 0.49 0.16 0.1 0.38 0.02 0.07 0.26 0.26 0.31 0.23 0.23 0.11 0.13 0.22 0.22 

195 0.53 0.59 0.68 0.68 0.33 0.77 0.64 0.09 0.68 0.13 0.03 0.57 0.59 0.56 0.66 0.51 0.56 0.43 0.53 0.52 

196 0.75 0.82 0.81 0.7 0.84 0.87 0.8 0.81 0.76 0.81 0.76 0.8 0.06 0.78 0.79 0.75 0.77 0.82 0.84 0.84 

197 0.15 0.31 0.23 0.24 0.32 0.44 0.29 0.28 0.18 0.28 0.24 0.33 0.02 0.21 0.21 0.25 0.24 0.28 0.3 0.32 

198 0.36 0.51 0.58 0.32 0.52 0.63 0.52 0.25 0.53 0.48 0.47 0.37 0.31 0.46 0.55 0.31 0.03 0.44 0.54 0.4 

199 0.02 0.2 0.34 0.3 0.35 0.46 0.24 0.2 0.38 0.06 0.26 0.35 0.1 0.29 0.34 0.22 0.16 0.2 0.36 0.35 
Supplementary Table 5 - HSV1 ganciclovir resistance prediction for UL23 (thymidine kinase), example 50-residue stretch. Position is residue number in the HSV1 strain 17 UL30 protein. 
Characters represent that amino acid at that residue. Values represent probability that a given amino acid in each position causes greater than 4-fold change in ganciclovir sensitivity. Colour 
scale is resistance probability, red is high and green is low.
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Appendix - Chapter 4 

 

 

 

Supplementary Figure 8 - Simulated Pharmacokinetic of two doses of ganciclovir (200mg IV every 24hours), followed by a 
single dose of valganciclovir (700mg (58% bioavailability) oral every 24 hours) demonstrating the inter-compartmental flow 
of drug between gut, centra and peripheral compartments as well as elimination of drug from the central compartment. 
Bioavailable VGCV was assumed to completely convert to GCV, where the simplification was taken to ignore salt and 
molecular mass change effects. A_centr, A_periph and gut are the mg total of GCV in central, peripheral and gut 
compartments, respectively. Conc_cenctr and conc_per represent the concentration of GCV in central and peripheral 
compartments in mg/L . The parameters to reproduce this effect were kf=0.63, V_centr=17.15714, V_peri=16.69506, k = 
0.5853268 , k12 = 0.2773604 , k21 = 0.2850371 taken from an early adolescent child in the treated cohort. These parameter 
values reflect the per hour rates. 
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Supplementary Figure 9 -Simulated HCMV viral load trajectories over extended times and parameter values, showing the 
predicted log10 Viral compartment in IU/ml. Starting from a reference parameter vector, the impact of each parameter on 
viral load from a reference model is shown, with each parameter taken through its own vector of reasonable values.  
𝑟𝑣 parameter values of 1 result in a rebound of viral load to occur over extended time periods. 
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Supplementary Figure 10 -A plot matrix, allowing one to identify correlations between model parameters for a reactivation event and patient metadata during it. Consisting of scatterplots for 
each variable-variable combination. Fit0$ indicates these are parameters derived from a model fit of the Duke model to untreated patients with rv , omega and dE. Patient variables are sex, age, 
weight, their HCMV serostatus, and referring department (indicative of the type of clinical presentation they h

https://statisticsglobe.com/r-scatterplot-xyplot


   
 

   
 

 


