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ABSTRACT

Background: Cytomegalovirus (CMV), a common deoxyribonucleic acid (DNA) viral
DNA pathogen with diverse genotypes, can possibly and significantly affect the severity
of the disease and treatment outcomes. Accurate and reliable glycoprotein B (gB)
genotype detection is important in understanding the epidemiology of CMV infection and
disease.

Methods: A total of 111 specimens were collected from patients who accessed care in
public and private healthcare settings in Johannesburg, South Africa for CMV related
illness. Study samples were tested for CMV using the Argene CMV-R gene real-time PCR
detection kit. Thereafter CMV positive samples underwent genotyping using an in-house
real-time multiplex PCR, targeting gB1, gB2, gB3, and gB4. Samples that failed
genotyping were further analysed using conventional PCR followed by sequencing. In
addition, some CMV positive samples were selected for amplification and sequencing of
the unique long (UL) 54 and UL97 genes to identify mutations associated with drug

resistance.

Results: Among the total study population 25/111 (23%) were excluded due to sample
haemolysis or insufficient volume. From the remaining 86/111 (77%) tested for CMV,
86% (74/86) tested positive. The gB3 genotype was the most prevalent at 77% (57/74).
No single gB2, gB1 and gB4 genotypes were detected. Mixed genotype infections were
detected in 6.7% (5/74) of patient samples. Unfortunately, we were unable to generate

UL54 and UL97 sequence data to analyse for drug resistance.

Discussion and Conclusions: Our analysis revealed genotype gB3 as the predominant
strain within the study population. The presence of mixed infections in 6.7% of samples
highlights the complex nature of CMV epidemiology. Overall, this research enhances the
understanding of CMV genetic diversity, which is important for informing targeted public

health and treatment strategies.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1. INTRODUCTION

Cytomegalovirus (CMV) is a double stranded DNA virus that affects individuals of all ages
and leads to opportunistic infections of global concern. CMV is primarily transmitted through
direct contact with or exchange of infected bodily fluids, such as genital secretions, breast milk,
blood, and saliva (1). The virus demonstrates tropism for the mucous membrane that lines the
surface of various bodily tissues (2). CMV seroprevalence is markedly higher in developing
countries, nearing 100%, compared to developed countries, where seroprevalence rates are
estimated at 45% (3). Specific populations with varying degrees of immunosuppression are at
risk for severe CMV disease. These populations include neonates with congenitally acquired
infection, people living with advanced HIV/AIDS, transplant recipients, the elderly,
individuals with chronic conditions and those using immunomodulatory agents. CMV disease,
if not treated timeously, can result in severe outcomes, including retinitis, leading to blindness,

and life-threatening pneumonia and gastrointestinal disease (4).

CMV can be classified into distinct genotypes based on the glycoprotein B (gB). Five main
genotypes of CMV have been identified, designated as gB1-gB5. While other glycoproteins
like gH, gL, gM, gN, and gO can also be used for characterisation, the UL55 encoded gB is the
most widely accepted and preferred method for distinguishing between CMV genotypes (5, 6)
The FDA has several-approved treatment options for CMV disease including ganciclovir and
its prodrug valganciclovir, foscarnet and cidofovir. Furthermore, FDA has approved letemovir
for prophylaxis against CMV disease in specific transplant recipients. Ganciclovir and
valganciclovir target the UL97 gene and are considered first-line treatment options, whilst
foscarnet and cidofovir which target UL54, are second line drugs (1, 7, 8). There have been
reports of mutations in these drug target genes resulting in resistance to treatment (9, 10).
Currently there is a paucity of data on this subject, and up to date data on circulating genotypes

and their associations with drug resistance is lacking (11).



1.1.1 STUDY RATIONALE

1.1.1.1 Study problem

CMV has great adaptability to its human hosts, estimated to infect 60%-70% of the population
in developed countries, and close to 100% in developing countries. In otherwise healthy and
asymptomatic individuals, infection with CMV is usually unremarkable (3,12). Infection by
CMV is frequently detected in salivary glands and bodily fluid of healthy individuals showing
no symptoms. In contrast, CMV infection in immunocompromised individuals can be life
threatening (13). Three groups are disproportionately affected by CMV disease: infants born
with congenital CMV, individuals living with HIVV/AIDS, and transplant recipients, who are
more susceptible to CMV due to their compromised immune status (14). It is the second most
common congenital viral infection after HIV in developing countries (15).

Currently, the drugs licensed for the treatment of CMV disease and approved by the FDA are
ganciclovir and its prodrug valganciclovir, as first-line treatment options, together with
cidofovir and foscarnet as second-line treatment options (16, 17). In South Africa, CMV
disease is treated with ganciclovir and its prodrug valganciclovir, with limited availability to
second-line options (1). The clinical emergence of antiviral resistance poses a threat amongst
different high-risk groups with CMV disease. Antiviral resistance, results from the selection of
mutations in the UL54 and UL97 genes. The genetic diversity of CMV genotypes, including

resistance mutations among South African patients, is unclear (14).

The current standard practice is that the possibility of drug resistance among patients is based
on clinical suspicion together with persistently raised viral loads (VL) greater than 1250
international units per millilitre (IU/mL) in the setting of an appropriate treatment schedule and
duration (17). This approach is flawed because an increase in viral load may be attributed to
non-compliant drug administration and the general immune status of the patient (18). In some
cases, viral load may not always accurately reflect the disease severity or resistance. Failure to
correctly identify drug resistance may result in delayed or inappropriate treatment, and poor
clinical outcomes. This creates a need for a laboratory method that is accurate in diagnosing
CMV drug resistance to inform appropriate treatment. This is particularly relevant in South

Africa, a country with a high burden of immunocompromised persons and congenital CMV



disease. There is paucity of data on the use of genotypic assays to detect and diagnose CMV
drug resistance in South Africa (11).

1.1.1.2 Aim and objectives
11121 Aim
The aim of the study is to characterise CMV strains to describe virus diversity and drug

resistance mutation profiles associated with suspected clinical resistance among patients with
CMV disease, South Africa, 2022-2023.

11122 Obijectives

e To amplify and sequence CMV ULS55 genes for characterisation of CMV strains and

determine the diversity of gB genotypes among South African patients, 2022 to 2023.

e To amplify and sequence drug resistance associated CMV genes UL54 and UL97 to
describe mutation profiles associated with CMV genotypes among South African
patients, 2022 to 2023.



1.2. LITERATURE REVIEW
1.2.1 History and epidemiological review

For over a century, CMV has been recognised as a significant viral pathogen associated with
human infection (19). CMV was first observed in 1881 by Ribbert and the histological
appearance of CMV infection was initially described in 1904, and it was officially identified

in 1953 by Weller, following advancements in cell culture techniques (20).

CMV s a ubiquitous viral pathogen that infects individuals of all ages and has no notable
seasonal fluctuations (13, 21). The transmission of CMV is primarily through direct contact
with or exchange of infected bodily fluids such as respiratory droplets, saliva, genital
secretions, blood and breast milk (22). Other modes of transmission include organ
transplantation, and perinatal transmission (3, 23, 24). The natural course of CMV infection
begins with primary infection followed by latent infection with intermittent viral reactivation.
In some cases, re-infection with a different strain of CMV may occur, resulting in a new non-
primary infection (22). In immunocompetent individuals, including children, primary CMV
infection is usually asymptomatic, but may present with illness characterised by an acute flu-
like syndrome with persistent fever, night sweats, profound fatigue, muscle pain, joint pain and
transaminitis (12). Among immunologically compromised patients, CMV may cause
opportunistic disease. Individuals who have undergone organ transplantation, long-term steroid
or immunomodulator use, or have immunosuppressive conditions are especially vulnerable to
opportunistic disease leading to systemic involvement, organ-specific diseases, and death (22,
25). CMV can also result in congenital infection which is due to in utero vertical transmission
(13).

A systematic and meta-analysis review by Zuhair et al. reported global CMV seroprevalence
in the general population to be at 83% (95% uncertainty interval (Ul): 78-88), 86% (83-89) in
women of childbearing age, and 86% (82-89) in blood donors (21). In developed countries,
IgG antibodies, which indicate exposure, were reported to be around 40% in developed
countries and nearing 100% in developing countries (25). Age-related increases in CMV
seroprevalence were observed by Cannon et al. (3). Based on these studies, seroprevalence was

20-30% higher in non-white groups compared to white groups, with certain non-white



populations approaching a seroprevalence of almost 100% (3). Further studies have found
infections to be more prevalent in women of child-bearing age ranging from 45% to 100% with
Asia, Africa, and South America having the greatest seroprevalence of CMV (3). The lowest
seroprevalence rates were observed in Western Europe and the United States of America (USA)
(26). The World Health Organization (WHO) and the Centres for Disease Control and
Prevention (CDC) stated that more than 50% of adults in the USA are CMV infected by the
time they reach 40 years old, and one in three children contract CMV by the time they are five
years old (27). An estimated 1 in 200 neonates world-wide and 1 in 30 newborns in USA
contract CMV infection from their mothers. The severity of foetal CMV infection is dependent
on the CMV sero-status of the mother and the timing of infection in the gestational period.
Unborn babies of seronegative pregnant women who develop a primary infection during
pregnancy are at highest risk for severe disease, but transmission from seropositive mothers

can also have serious repercussions (26, 28, 29).

The clinical presentation of CMV disease post-transplant differs based on multiple factors
including the type of transplantation, serological compatibility between donor and recipient,
the type of immunosuppressive drugs used and the presence of additional risk factors for illness
(30, 31). In solid organ transplant patients, the highest risk is associated with a serological
mismatch resulting in transmission of CMV from the donated organ due to reactivation of latent
virus or after primary infection of seronegative patients (32-34). The highest incidence of
CMV disease was found to be in lung or heart-lung transplant patients, with the incidence
between 50% and 75%, followed by approximately 50% of pancreas or kidney-pancreas
transplant patients. The incidence of CMV disease was found to be between 9% and 23% after
heart transplant, between 22% and 29% after liver transplant and 8% to 32% after Kidney
transplant. In patients undergoing allogeneic haematopoietic stem cell transplantation (HSCT),
the incidence of disease was found to be 30% and approximately 5% in autologous HSCT

transplant patients (31, 34).

Further risk factors include intense immunosuppression, administration of lymphocyte
depleting antibodies, acute rejection, the presence of other viral infections, and genetic

polymorphism (33, 34).



The prevalence of CMV disease in HIV patients varies depending on factors such as CD4 cell
count, HIV viral load, and geographic location. The widespread availability of antiretroviral
therapy (ART) has resulted in a decreased frequency of CMV disease in HIV positive
individuals (35). During the pre-ART era, CMV disease was a common complication in
patients with AIDS particularly those with CD4 cell counts <50 cells per microlitre (uL),
affecting approximately 40% of individuals during their lifetime (36).

1.2.2 Taxonomic classification

CMV belongs to a family of viruses known as Herpesviridae, subfamily Betaherpesviridae,
genus Cytomegalovirus. It is one of eight herpesviruses that infect humans and is reported to
be the largest human herpes virus (37-39).

1.2.3 Morphological and physiological characteristics

CMV s the largest in the family of Herpesviridae, having a diameter of approximately 220
nanometres (nm). Similar to other family members, CMV is an enveloped virus that comprises
a double stranded DNA genome (40).

A CMV viral particle that has reached its full maturation measures between 150-200nm in
diameter (41, 42). The virus particle is made up of three distinct parts namely, the icosahedral
nucleocapsid with a diameter between 100-110nm, the tegument layer and the viral envelope,
which is a host-derived lipid bilayer (Figure 1.1). The nucleocapsid houses the virus DNA and
is made up of one hundred and sixty-two capsomeres. Twelve of the capsomeres are
pentameric, with the remaining 150 capsomeres being hollow along half of the axis at a
hexagonal cross section (43). When visualised by electron microscopy, the nucleocapsid,

appears to be highly electron-dense (44).

The protein-rich tegument houses the virus particle, encompassing a few of the dominant
targets for T-lymphocyte response including the phosphoprotein-65 (pp65) (45-47). The
tegument is enclosed by the envelope layer and consists of numerous virally encoded

glycoproteins (g) together with complexes known as the gB complex, the glycoprotein M (gM)



and N (gN) complex, and finally the glycoprotein H (gH), glycoprotein L (gL) and the
glycoprotein O (gO) complex (47, 48).

150-200 nm

icosahedral
nucleloppe

Viral
envelope

Figure 1.1 Structural diagram of a mature CMV virion showing the viral envelope, tegument

layer, and icosahedral nucleocapsid containing viral DNA [image created with BioRender (49)]

As with other herpesviruses, CMV is vulnerable to degradation under acidic conditions,
exposure to lipid solvents, and high temperatures. At 37°C, the virus has a half-life of around
60 minutes, indicating moderate instability. Furthermore, CMV is relatively unstable when
stored at -20°C, requiring storage at -70°C or lower to preserve its infectious properties (42,
50).

1.2.4 Genome structure, organisation, and replication

The CMV genome consists of 235 kilo base pairs (kbp) of DNA, encoding 200 genes within
732 open reading frames (ORFs) (Figure 1.2). This intricate genetic structure allows CMV to

interact with host cells, ensuring its persistence and transmission. The potential proteins
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Figure 1.2 Genomic map of Human Cytomegalovirus (HCMV). The genome consists of
unique long (UL, green boxes) and short (US, orange boxes) regions flanked by repeats and
major gene families are color-coded. Study target genes are indicated by down arrows: red
arrows: UL54 and UL97, blue arrow: UL55 and goldish arrow: UL83 (adapted from Sijmons
et al., 2014) (63).

encoded by these ORFs have been investigated, but the functions of most remain unknown,
with only a handful having been defined (51). However, notable features have been identified,
including nine distinct gene families and a substantial number of genes encoding glycoproteins.
Furthermore, CMV's genome exhibits significant homology with key immune regulators, such
as Human Leukocyte Antigen (HLA) class | genes and G protein-coupled receptor genes (26,

52). The genome exhibits an E-type structural organisation (Figure 1.2), characterised by two
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large reverse-complement domains, designated as long (L) and short (S). The L and S domains
are flanked by terminal inverted repeats at their extremities, while internal inverted repeats are
strategically positioned within each domain (53, 54). Each domain is further subdivided into
three distinct regions, namely, central unique, unique long (UL), and unique short (US) (55).
During replication, the UL and the US segments can invert relative to one another through
recombination at inverted repeats, generating four possible genomic isomers (56).

A study by Hega et al. reported that various clinical isolates of CMV demonstrate genetic
variations in several key genes, particularly those encoding envelope glycoproteins, including
UL55 (gB), UL73 (g N), and UL75 (g H) (Figure 1.2) (57). Glycoprotein B (gB) is an abundant
and highly conserved glycoprotein, that plays a crucial role in the viral life cycle. Earlier
research has established that gB facilitates both the initial entry of the virus into host cells and
its subsequent spread from cell to cell. Glycoprotein H exhibits genetic variations leading to
two main genotypes, gH1 and gH2, which may impact viral entry and immune interactions.
Furthermore, the highly polymorphic UL73 gene encodes glycoprotein N (gN), which is
classified into seven distinct genotypes (gN1, gN2, gN3a, gN3b, gN4a, gN4b, and gN4c),
highlighting the extensive genetic diversity of CMV (51).

1.2.5 Replication, pathogenesis and virulence factors

The long history of CMV together with other Herpesviruses coevolving with their respective
hosts has resulted in the virus’ development of various complex strategies to evade the immune
system of the host, enabling them to survive and maintain persistent infection (58). CMV
infections are host-specific with the ability to infect a wide range of cells. The broad cellular

range allows for efficient spread within the host and transmission to other persons (59, 60).

The establishment of CMV infection may differ at a cellular level based on receptor
interactions between the host cell and the virus (61). Once CMV infection has been established,
gB, which is a crucial target for virus-neutralising antibodies, plays a significant role in the
initial phases of the infection (62). It facilitates the attachment and the binding of CMV to the
host cells by forming a linkage with heparin sulphate glycosaminoglycans (HS-GAGSs) on the

cell surface (Figure 1.3).
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Figure 1.3 Cytomegalovirus (CMV) Replication Cycle. The diagram illustrates the
replication cycle of CMV. The process begins with the virus entering the host cell, where the
viral DNA is released and transported to the nucleus. Within the nucleus, the viral genome is
replicated, and viral proteins are synthesized. These components then assemble to form new
viral particles. Finally, these mature virions are released from the cell to infect new host cells,

continuing the cycle (64). Permission to use the figure was granted, see appendix A and B.

The interaction between CMV and host cells facilitates the virus's initial attachment and
subsequent penetration through the cell membrane, launching the infection process (60, 65).
The virus relies on distinct glycoprotein complexes to enter different cell types: the gH/gL
complex for fusion with fibroblast plasma membranes, and the gH/gL/UL128-131 complex for

entry into epithelial and endothelial cells via micropinocytosis and endosomal fusion (65).
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Subsequent to glycoprotein complexes attaching to the host cell, the alpha-helical coiled
domain in the gB and gH fuses and integrates into the cell membrane (Figure 1.3), resulting in
the release of the capsid into the cytoplasm (66). The capsid is then transported to the nucleus
via microtubules, where the viral genome is released, and transcription begins (42, 67). The
cycle of replication comprises of three phases, namely, immediate early (IE), early (E), and
late (L) phases (Figure 1.3), which sequentially coordinate viral replication and growth (58).
The predominant function of IE proteins is to facilitate the replication of the viral genome and
alter the immune response of the host, allowing for smooth viral replication and evasion of the
host’s immune system (68, 69). Other functions of the IE genes may be suppressed upon
infection, leading to a latent infection where the virus enters a state of dormancy, characterised
by viral genome maintenance without active replication or viral production (70, 71). The host
cell RNA polymerase Il facilitates the transcription of immediate-early (IE) proteins in the
nucleus. Notably, tegument proteins from the infecting virus particle serve as transactivators,
enhancing the expression of IE genes (42, 72, 73). The IE proteins significantly play a role in
regulating the subsequent stages of replication and modulate cellular processes, including the
expression, transport, and presentation of class | Major Histocompatibility Complex (MHC)
proteins, also known as HLA, to the proteasome for processing (72). The production of late (L)
proteins is initiated by early (E) proteins. Primarily, the viral L genes result in the production
of structural proteins that play an essential role in the assembly and release of new viral
particles (58, 61, 71). The capsid assembly takes place in the nucleus of the cell, while the
viruses are exported and enveloped at the inner nuclear membrane (and possibly other cellular
membranes). Finally, mature virions are released from the cell, around 72-96 hours post
infection, completing one lytic CMV infection (42, 58, 73).

Similar to other family members, CMV infection results in subsequent periods of latency
characterised by restricted lytic gene expression with the absent production of viral particles
(70). During the latent period the viral genome exists as an extrachromosomal plasmid with
minimal replication, likely to remain undetected by the immune system of the host. Under
specific stimuli, latent infections can intermittently reactivate leading to productive, lytic
infections. The outcome of reactivation may facilitate ongoing viral transmission and further

be associated with either asymptomatic or symptomatic disease of varying severity (74).
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In addition to the crucial proteins for replication and structure, CMV produces specialised
proteins that help it evade detection and attack by the immune system, disguising itself as a
host protein (molecular mimicry) and evading immune responses (56, 75). The virulence
factors (Table 1.1) play a very important role in viral reactivation and persistence, particularly
in hosts who are immunocompromised (76—78).

Table 1.1 Key CMV Virulence Factors and Their Immune Evasion Mechanisms.

Gene/Protein Function/ mechanism Immune targeted

UL18 Mimics MHC class | to inhibit NK | MK recognition
cell killing

UL40 Stabilizes HLA-E to prevent NK | NK toxicity
activation

US2, US3, US6, US11 | Degrade or retain MHC class I, | CD8+ T-cell response
blocking antigen presentation

UL111A Viral IL10 homolog suppresses | Innate and adaptive
inflammatory cytokines immunity

UL141 Prevents expression of death | MK cell and apoptosis
receptors

1.2.6  CMV and comorhbidities

CMV disease is associated with significant morbidity and mortality (79). It poses a substantial
threat to vulnerable populations, such as organ transplant recipients, individuals living with
advanced HIV/AIDS, and congenitally infected newborns. CMV infection has been tentatively
linked to various multi-systemic comorbidities, such as cardiovascular disease, autoimmune
disorders, neurological conditions, atherosclerosis, and inflammatory diseases like diabetes
(80-84).

Although considerable progress has been made in the field, CMV disease continues to be an
obstacle in transplant medicine, increasing the likelihood of complications, graft rejection and
mortality, thereby undermining the success of the transplant procedure (85). The risk of
developing CMV disease in this group without prophylaxis is influenced by a complex
interplay of factors, including the transplant type, donor-recipient serological matching and

choice of immunosuppressive drugs (31). The adverse consequences of CMV disease in
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transplant recipients is due to the direct cytopathic effects of CMV on multiple organs,
primarily leading to debilitating conditions such as pneumonia, gastrointestinal disease,
hepatitis, encephalitis, and retinitis, which can severely compromise the patient's health and
well-being (86, 87).

Prior to the introduction of ART, CMV disease was a major cause of morbidity and mortality
in people living with advanced HIV/AIDS (88). It can result in a range of serious and
potentially life-threatening conditions in this group, namely retinitis, oesophagitis, colitis, and
gastrointestinal ulceration (89, 90). HIV and CMV have a bidirectional relationship, with each
infection capable of intensifying the effects of the other. The immunosuppressive nature of
HIV increases the likelihood of CMV reactivation, while concurrent CMV infection can further
weaken the immune system, creating a self-reinforcing cycle of deteriorating health outcomes
(91). Individuals with CMV disease experience marked acceleration of progression to AIDS
and mortality, with a 2.5 times higher risk compared to those without CMV (88, 92). A study
by Gianella et al. (2014) suggested that CMV could be facilitating immune activation and
replication of HIV. In this study which was focusing on men living with HIV and undergoing
ART, it was reported that the presence of CMV DNA in semen correlated with increased T-
cell activation and proliferation in the blood, as well as significantly higher levels of HIV DNA
in mononuclear cells. These findings suggested that CMV reactivation may contribute to the
persistence of HIV DNA in the body, even when ART is effective in suppressing the virus (93).
Furthermore, another study by Gianella et al. (2016) revealed that intermittent presence of
CMV DNA in peripheral blood mononuclear cells during ART was correlated significantly
with a slower decline in HIV DNA levels (94).

In neonates, CMV infection remains one of the leading congenital viral infections, with birth
prevalence ranging from 0.2%-6% in developed countries and between 0.6%-6.1% in
developing countries (95, 96). Congenital CMV infection poses a significant threat due to it
being closely tied to serious health implications, including permanent neurodevelopmental
disabilities and sensorineural hearing loss (97). A wide range of clinical manifestations are
exhibited with congenital CMV both in the immediate short-term and long-term including,

petechiae, jaundice, hepatosplenomegaly, and neurological abnormalities like microcephaly
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(98, 99). The occurrence of foetal infection can follow primary maternal infection, maternal
reinfection with a different strain, or reactivation of latent maternal infection (100).

Further research has revealed a notable relationship between infection with CMV and the
development of type 1 diabetes mellitus (T1DM). Specifically, Eltayib et al. (2014)
demonstrated a significant correlation between the presence of CMV seropositivity and the
onset of TIDM in paediatric populations, implying that CMV infection may play a role in
triggering the disease (101). Similarly, researchers have noted that the detection of CMV
genetic material in pancreatic beta cells is associated with the presence of autoantibodies
targeting islet cells in individuals with newly diagnosed diabetes, suggesting that CMV
infection may initiate an autoimmune response that contributes to the development of TIDM
(102). Furthermore, a study by Batchy et al. (2022) proved that CMV infection is also linked

to disrupted metabolic profiles and severe insulin deficiency in individuals with TIDM (103).

In the setting of cardiovascular disease, CMV infection is reported to be associated with an
increased risk of developing atherosclerosis, ischaemic heart disease, and myocardial
infarction, ultimately leading to death (80). In the early 1940s, research by Paterson and Cottral
hinted at a correlation between herpes viruses and atherosclerosis (104). Years later, an analysis
of plaque and tissue samples revealed a significant presence of CMV antigen in atherosclerotic
lesions (52%) compared to non-atherosclerotic tissues (29%), implying that CMV may trigger
the development of atherosclerosis. Also, arterial walls were identified as potential sites for
latent CMV infection (105). Arnon and colleagues investigated the relationship between anti-
CMV antibody titres and coronary artery disease (CAD). They discovered that patients with
high anti-CMV antibody titres had a higher rate of re-stenosis compared to seropositive patients
with low titres. The researchers further concluded that high anti-CMV antibody titres may serve
as a strong predictor for CAD and could potentially forecast re-stenosis after coronary
angioplasty (106). This may be due to the ability of CMV to suppress the p53 protein, which
normally helps with the regulation of cell growth. Without the p53 protein, vascular cells may
proliferate uncontrollably, resulting in the formation of neointima, scar tissue in the vessels,
potentially exacerbating CAD (107). Previous research has consistently shown that infection
by CMV is associated with cardiovascular disease. For instance, studies found that patients
with stable coronary artery disease and acute coronary syndrome had significantly higher levels
of CMV DNA in their blood compared to healthy individuals (108, 109). Similarly, Beyaz et
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al. discovered that patients with bilateral carotid artery stenosis had significantly higher levels
of CMV DNA compared to those without bilateral carotid artery stenosis. Overall, the evidence
suggests that CMV infection may play a role in the pathogenesis of cardiovascular disease
(110).

1.2.7 CMV diagnosis

The critical role that CMV disease plays in morbidity and mortality rates in immunosuppressed
individuals and congenitally infected neonates has led to the development of diagnostic
techniques that enable prompt diagnosis and management (111). The most widely used method
for the detection and diagnosis of CMV is real-time PCR, which detects CMV DNA in clinical
samples like blood, urine, CSF, and amniotic fluid. Due to its high specificity and sensitivity,
PCR has become the gold standard for the diagnosis of CMV, providing fast and reliable results
(112). An alternative amplification-based method for nucleic acid detection is loop-mediated
isothermal amplification or LAMP (114). In addition to PCR methods, serological tests, which
detect CMV-specific antibodies IgM and IgG, are utilized. Although they can detect recent or
past infections, serological tests may not help to identify clinically significant viral activity,
particularly in immunocompromised patients or those with weak antibody responses, resulting
in false negative results (113, 114). The CMV antigenemia assay is also a widely used
diagnostic tool that detects the pp65 protein in blood leukocytes, enabling early identification
and monitoring of CMV infection. This assay is particularly useful for high-risk individuals,
as it predicts the onset of CMV disease, allowing for timely treatment, thus improving patient
outcomes (115, 116). Furthermore, the antigenemia assay serves as a supplemental tool for
diagnosing tissue-invasive CMV diseases, despite its varying sensitivity (116). Quantitative
nucleic acid amplification tests (QNATS) have introduced viral load measurement as a critical
tool in CMV management, these assays not only detect CMV nucleic acid but also quantify it
(117). Although not a primary diagnostic test, viral load measurement is crucial for predicting
disease risk, guiding pre-emptive therapy, monitoring treatment response, determining therapy

duration, and detecting relapse or resistance (118).
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1.2.8 Treatment, prevention and control

Prevention of CMV disease is crucial for high-risk populations, such as HSCT and solid organ
transplant (SOT) recipients, as it significantly reduces the incidence of CMV-related
complications, thereby decreasing morbidity and mortality rates (119). For the prevention of
CMV disease and its associated complications, two main strategies are employed, post-
transplantation antiviral prophylaxis, which involves proactive antiviral treatment, and pre-
emptive therapy, which involves close monitoring for CMV reactivation and swift treatment if
necessary (120). In certain cases, a combination of these approaches is employed, which
involves the initial use of antiviral prophylaxis during the period of highest risk, followed by a
switch to a surveillance strategy, which involves monitoring for CMV reactivation and
initiating pre-emptive treatment if necessary (121). There are investigational findings
suggesting that the effectiveness of CMV prevention strategies can be enhanced by
incorporating cell-mediated immunity monitoring. This approach may allow for more
personalised and optimised prevention measures, tailoring interventions to an individual's

specific immune response (120, 122).

The development of CMV-specific antiviral agents was initially due to the need to treat CMV
end-organ disease in patients with HIV/AIDS (9). The discovery of virus-encoded enzymes,
essential for viral replication, led to the development of antiviral drugs. Importantly, CMV-
specific enzymes have very distinct structural variations from enzymes of the cell, allowing the
antiviral drugs to selectively target and inhibit them, thus preventing harm to the host cells (9,
123).

Drugs that are widely used for the treatment and prevention of CMV are ganciclovir and its
prodrug valganciclovir, cidofovir, foscarnet, and letermovir (16). Ganciclovir and its prodrug
valganciclovir as first-line treatments have broader approvals, including serving as prophylaxis
in transplant recipients, and treatment of CMV retinitis and CMV-related gastrointestinal
disease. The typical treatment regimen, depending on the disease severity, involves intravenous
administration of ganciclovir for 2-3 weeks (16, 124, 125). As second line treatment foscarnet
and cidofovir have more limited approvals, specifically for treating CMV retinitis in AIDS
patients, while letermovir is approved as prophylaxis for CMV-positive recipients of HSCT (9,

125). Furthermore, ganciclovir and its prodrug valganciclovir, foscarnet, and cidofovir usage
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is complicated by significant toxicity and the development of drug resistance, prompting the
urgent need for research and development of less toxic and effective antiviral drugs (14, 125).

Ganciclovir is a synthetic compound that mimics the structure of 2'-deoxyguanosine, a natural
building block of DNA (9). Characteristic of nucleoside analogues targeting Herpesviruses,
ganciclovir needs to be phosphorylated within cells to become active and exert its antiviral
effects (126). A UL97 (Figure 1.2) encoded viral protein kinase monophosphorylates
ganciclovir, which is further phosphorylated by the protein kinases of the cell to create an active
form. In its active form, ganciclovir inhibits viral DNA replication by blocking the insertion of
deoxyguanine triphosphate. In addition to this, the drug inserts into the viral DNA resulting in
slowed and eventually terminated elongation of the viral DNA (127). Valganciclovir, the L-
vanyl ester of ganciclovir, upon ingestion gets converted to ganciclovir, and thus possesses

similar properties to ganciclovir (9).

Foscarnet is a pyrophosphate analogue and has a different mechanism of action compared to
ganciclovir and valganciclovir. Foscarnet comparatively, does not rely on phosphorylation by
viral kinases (128). Foscarnet achieves the inhibition of the viral DNA polymerase activity
encoded by UL54 by targeting the pyrophosphate binding site, disrupting the nucleotide
addition cycle and preventing the 3' elongation of viral DNA (7). Although foscarnet is the
drug of choice in patients who have developed ganciclovir resistance or are intolerant to
ganciclovir due to severe neutropenia or leukopenia (129), the biggest limiting factor for use

of this drug is renal toxicity (7).

Synthetic antiviral agent cidofovir is an acyclic nucleoside phosphonate, chemically designated
as 1-[ (S)-3-hydroxy-2-(phosphonomethoxy)propyl] cytosine dihydrate. It has a wide range of
antiviral activity, demonstrating potent efficacy against a broad spectrum of DNA viruses
(130). It is indicated for the clinical management of CMV retinitis in AIDS patients. The drug's
extended intracellular half-life allows for infrequent administration, making it a convenient
treatment option (9). Upon entry into the host cell, cidofovir becomes phosphorylated by the
cellular kinases to its active disphosphoryl form. In this form it competitively inhibits the viral
DNA polymerase, resulting in premature termination of viral DNA replication (131). The

greatest hindrance with the use of this drug is its nephrotoxicity (7).
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Letermovir is a chemical compound belonging to the 3,4-dihydro-quinazoline class,
specifically a derivative of quinazoline-4-yl-acetic acid (120). It functions by inhibiting the
terminase complex of the CMV DNA. It achieves this by disrupting the packaging of viral
DNA into new virions by a complex comprised of UL56, UL89 and UL51 (Figure 1.2), which
works to allow precise cleavage and packaging of the viral DNA (132, 133). This drug is
rapidly absorbed upon administration, unlike other anti-CMV drugs that require activation
(120). It also possesses minimal risk of drug-to-drug interactions, making it a suitable drug of
choice in patients on multiple medications (132). Different from other antiviral agents,
letermovir does not result in myelotoxicity or nephrotoxicity, providing a safer alternative for
patients requiring CMV prophylaxis (120). However, a major concern with this drug is the risk
of breakthrough CMV disease, especially after stopping prophylaxis. Research has shown that
patients who discontinue letermovir may be more likely to experience significant CMV disease,
which may necessitate subsequent antiviral therapy (134).

Other treatment options for prevention and treatment of CMV that are being explored include
maribavir, brincidofovir, cidofovir derivatives, cyclopropavir, adoptive T-cell therapy, and a
combination of therapies strategy (135-137). The innovation of these drugs was as a response
to the growing issue of antiviral resistance and drug toxicity, particularly amongst patients

undergoing prolonged suppressive therapy (132, 137).

1.2.9 CMV drug resistance

The emergence of CMV strains that are resistant to treatment was first noted as a major concern
in patients who were suffering from HIV/AIDS (138, 139). Research consistently shows that
the development of drug resistant CMV, identified by phenotypic and genotypic testing, is
closely linked to the advancement or recurrence of CMV related disease, especially retinitis in
patients undergoing treatment for prolonged periods (10, 140). The first research into the
prevalence of ganciclovir resistance was in HIV/AIDS patients, which involved the analysis of
the urine from patients (n=31) receiving intravenous ganciclovir treatment for CMV retinitis.
The research found that the patients who received treatment for more than three months still
had virus present in their urine, and 38% had developed resistance, which accounted for 8% of
the total patient cohort (141). Since then, there has been further research conducted through

larger studies to examine the emergence of resistant strains over time.
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Research has continually reported that genetic mutations in the genome of CMV, particularly
in the UL97 and UL54 genes (Figure 1.2), confer resistance to various antiviral drugs. UL97
gene mutations confer resistance to ganciclovir, while UL54 gene mutations confer resistance
to multiple drugs, including ganciclovir, foscarnet, and cidofovir (Table 1.2) (14, 142). In the
UL97 gene, mutations at codons 460, 594, and 595 have been reported as contributors to
resistance to ganciclovir. Notably, the L595S mutation is particularly impactful, conferring a
remarkable 9.2-fold decrease in ganciclovir susceptibility, making it a critical mutation to
monitor in resistant CMV strains (143, 144). Meanwhile, in UL54, K513T mutations have been
reported to be responsible for resistance against both ganciclovir and cidofovir while remaining
sensitive (145). Further notable mutations include D413A and V823A, which are associated
with resistance to both ganciclovir and cidofovir. Certain mutations in the exonuclease domain
of UL54, such as K513N and K513R, have been found to enhance the enzyme's proofreading
ability, leading to more efficient excision of nucleotide analogues and consequently

contributing to drug resistance (146-148).

Table 1.2 CMV genetic mutations and antiviral drug resistance

Gene Key mutations conferring resistance Antiviral drugs affected

UL97 M460V/1, A594V, L595S Ganciclovir

UL54 K513T, K513N, K513R, D413A, V823A | Ganciclovir, Foscarnet, Cidofovir

1.2.9 Vaccine development

CMV vaccine research began in the 1970s, with the development of live attenuated virus-based
preparations (149). Live attenuated virus-based vaccines were the most considered approach
for the development of CMV vaccine, as they presented a broad of viral antigens. However,
the experiments and human studies proved otherwise, revealing that immune responses to be
weaker than anticipated, and the ability of the vaccine to reduce the incidence of CMV infection
only partial (150). Vaccine development of CMV is complicated by the ability of CMV virus

to evade the immune system, and its ability to persist in the body long-term (151).
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Presently, research in CMV vaccine development has advanced with various strategies, which
included subunit, live attenuated, plasmid DNA, and vectored vaccines. The CMVPepVax trial
highlights a breakthrough in creating a safer, non-infectious subunit vaccine using specific T-
cell targets, which could protect high-risk groups, like hematopoietic stem cell transplant
patients, from the risks associated with live vaccines (152). Additionally, there have been
promising developments in plasmid DNA vaccines, which targets specific CMV proteins (pp65
and gB) and uses a poloxamer adjuvant. Significant reduction in CMV viremia was
demonstrated in patients receiving hematopoietic cell transplants (153). Research has
demonstrated that vaccines that are gB based can stimulate strong antibody response, which is
crucial the vaccine development (154). While these vaccines are promising, their effectiveness
remains a concern, as evidenced by the need for further optimisation to enhance T-cell
responses and neutralising antibodies, which are important effective protection against CMV
infection (153, 154).

The primary reasons for the development of CMV vaccine is for the prevention of congenital
CMV disease. A key strategy to achieve this goal is to vaccinate both adolescent girls and boys
before they become sexually active, thereby protecting them from CMV infection, as sexual

transmission Is a major risk factor for CMV infection beyond childhood (153, 155).
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CHAPTER 2

METHODOLOGY

2.1 ETHICAL CONSIDERATIONS

Ethical clearance was obtained from the University of Witwatersrand Human Research Ethics
Committee (Medical) with project number: M210822. Permission was granted by the Gauteng
Department of Health and Lancet Laboratories for retrieval of specimens sent for CMV

qualitative and quantitative testing from their storage bank.

2.2 STUDY DESIGN

This was a laboratory-based study that employed a descriptive quantitative study design to
determine the molecular characteristics of CMV strains and the resistance profiles among

South African patients.

23 STUDY POPULATION

The study population included patients who seek care in the private and public sector from
whom clinical samples were submitted for CMV qualitative and viral load testing. Samples
from private sector patients were retrieved from Lancet Laboratories and for the public sector
from the National Health Laboratory Service (NHLS) Virology Laboratory at Charlotte
Maxeke Johannesburg Academic Hospital (CMJAH). The study included high risk patients of
all ages who were either experienced in CMV antiviral treatment or naive. Patient identifiers
were anonymized and replaced by a laboratory number with only the study team having access
to the study data. HIV status, CD4 count, CMV treatment and duration of treatment, and other
laboratory results were not available. The study was conducted from 01 February 2022 to 31
November 2023.
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2.4  SAMPLE SIZE AND STUDY SAMPLES
2.4.1 Sample size

Epi Info version 7.2.3.1 (Centers for Disease Control and Prevention, USA) was used to
calculate the minimum required sample size. Assuming an expected CMV prevalence of 50%
to give the largest sample size, at 80% power and 95% confidence and a population size of 999

999, a minimum sample size of 194 was required.

2.4.2 Study samples

Study samples included serum, plasma, whole blood, CSF, breast milk, nasopharyngeal
aspirates, and urines on which CMV quantitative and qualitative testing were requested from
Lancet Laboratories and NHLS Virology Laboratory at Charlotte Maxeke Johannesburg
Academic Hospital. Samples that were haemolysed, indicated by dark brown color due to the
release of hemoglobin, or had volumes less than 1501 were excluded for analysis in this study.

2.5 LABORATORY TESTING

Strict adherence to Good Clinical Laboratory Practice guidelines was ensured throughout the
study, with the inclusion of appropriate controls to validate assay performance and prevent
contamination (156). Quality control measures were implemented to guarantee the accuracy,
precision, and reliability of test results, thereby ensuring the integrity of the data generated.
Furthermore, robust standard operating procedures were followed in the laboratory of the
Division of Virology, University of the Witwatersrand and NHLS to minimise the risk of

sample mix-up, contamination, or errors in data interpretation.

2.5.1 DNA extraction

DNA was extracted manually using the DaAngene nucleic acid isolation and purification
reagents from Sun Yat-Sen university (Guangzhou, China). Two of the 48 reaction test kits
were prepared by adding 10mL absolute ethyl alcohol into each of the inhibitor remover bottles,
and 44mL absolute ethyl alcohol into each of the deionised solution bottles. 50uL of proteinase

K was added into a sterile 1.5mL centrifuge tube, followed by 200uL of specimen and lysis
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solution. The mixture was vortexed and centrifuged at 140000g and then incubated for 10
minutes at 72°C, simultaneously preheating the elution buffer at 72°C. Afterwards, 250uL of
ethanol was added to the lysate mixture, which was vortexed and transferred into a spin column,
centrifuged at 120009 for a minute at room temperature before fitting the spin column into a
new collection tube. Then 500uL of deionised solution was added as wash buffer to the spin
column, which was centrifuged at 12000g for one minute and fitted into a new collection tube.
This wash process was repeated three times. The spin column was then placed into a new
collection tube and centrifuged at 140009 for three minutes to remove residual alcohol. The
spin column was then fitted into a new 1.5mL centrifuge tube. The tubes were incubated for
two minutes at the temperature of 72°C with their caps open to evaporate residual ethanol
whereafter 50pL warm elution buffer was added to each spin column and centrifuged at 140009
for one minute to collect the nucleic acid in the 1.5mL centrifuge tubes. Nucleic acid samples
were stored at a temperature of -20°C.

A summary of all laboratory investigations to follow (PCR and sequencing) is summarised in
Table 2.1 below.

Table 2.1 Summary of CMV genes targeted for PCR and sequencing in this study with the

expected amplicon size indicated.

. Amplicon
Gene Protein Assay Purpose Size (bp)
UL83 | pp65 protein Argene CMV-R kit | qualitative PCR for | not indicated
CMV detection
UL55 | glycoprotein B In-house Real- CMV genotyping ~100-200
(gB) Time multiplex (gB1-gB4) bp per target
PCR
UL55 | glycoprotein B Nested Sequence full gB 2709 bp
(gB) Conventional PCR | genes for
+ NGS phylogenetic
analysis
UL54 | DNA polymerase | Nested PCR + To detect drug 1654 bp
NGS resistance mutations
UL97 | phosphotransferase | Nested PCR + To detect drug 1298 bp
NGS resistance mutations

PCR: polymerase chain reaction; NGS: next generation sequencing.
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2.5.2 Qualitative real-time PCR

Argene CMV-R gene detection kit (BioMérieux, France), targeting UL83 gene (Figure 1.2)
coding for ppUL83 protein was used to confirm the presence of CMV in each of the DNA
extracts prepared from samples obtained from both NHLS and Lancet laboratories, making use
of the Taq Polymerase enzyme. The kit performs amplification using the 5’ nuclease TagMan®
technology (patent n° 5210015, 5487972) also called hydrolysis probes. The ready to use
premix contained the primers, dNTPs, amplification buffer, Taq Polymerase enzyme, CMV
specific primers and probes and internal control specific primers and probes. Ten microlitres
of the test sample or positive control were added to 15ul of the amplification premix, then
transferred to the tubes. The mixture was homogenised using a pipette, centrifuged, and
transferred to the thermocycler. The CMV R-gene was detected in FAM channel and the
internal control in VIC channel. The results were generated in the form of amplification curves
and cycle threshold (Ct) values. Positive results were indicated by an exponential increase in
fluorescence signal. Ct values <38 was accepted as positive. The conditions employed for PCR

cycling are shown in Table 2.2.

Table 2.2 PCR cycling conditions for CMV qualitative test.

Steps Temperature Time

Taqg polymerase activation 95°C 15 minutes 1 cycle
Denaturation 95°C 10 seconds 45 cycles
Annealing/elongation 60°C 40 seconds

Hold 4°C ©

2.5.3 CMV UL55 genotyping

2.5.3.1 UL55 genotyping by real-time PCR

Samples positive for CMV DNA by qualitative PCR were genotyped using an in-house real-
time PCR developed with primers and probes (Table 2.3) for identification of genotypes gB1
to gB4 as described by Pang et al. (2008) (157).
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Table 2.3 Summary of genotype-specific primers and probes used for CMV UL55 genotyping

Genotype Primer sequence (5°-3°) Probe sequence (5°-3) Channels

gB1 CATACGACGTCTGCTGCTCACT(F) TCGATCCGGTTCAGTCTCT | FAM+
GCTGACCGTTTGGGAAGAAG (R)

gB2 TCTTTGGTGGAATTGGAACGT (F) ATCCAGTCTGAATATCA HEX
TGTCACTCGTACTTCTTCTGGTCCTA(R)

gB3 TGTTGGAACTGGAACGTTTGG (F) CGGTGTGAACTCCA Cy5
TGCCCGTACTTCTCTTGGTTCT(R)

gB4 AAACGTGTCCGTCTTCGAAACT(F) CCGGCGGACTAGTAGT Rox
TCCACCAGAGATTTTTGCTTGA(R)

The real-time PCR was performed using the MOLBIOL lyophilised 1-step RT-PCR

polymerase mix (TIB MOLBIOL, Germany). The enzyme master mix was reconstituted with

990uL of ice-cold reconstitution buffer. Ten microlitres of the premixed master mix was added

to the tube with 4uL of 20mM primer mix and 1L of 5mM probe mix. Five microlitres of the

template DNA was then added. The mixture was homogenised with a pipette, centrifuged, and
transferred to the QuantStudio 5 real-time PCR system (ThermoFisher Scientific, USA). The

PCR cycling conditions used are provided in Table 2.4.

Table 2.4 Real-Time PCR Conditions and Parameters for CMV UL55 Genotyping (157).

Steps

Temperature

Taqg polymerase activation 95°C

Denaturation 94°C
Annealing/elongation 60°C
Hold 4°C
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Time

10 minutes

20 seconds

1 minute

cycle

45
cycles




2.5.3.2 UL55 genotyping by conventional PCR and sequencing
Nested PCR of the UL55 gene (gB protein gene)

The samples in which CMV was detected in the initial qualitative screening but did not yield
genotype results by real-time PCR were subsequently amplified using a conventional nested
PCR assay. Briefly, for both the 1% round and 2" round PCR reaction a 50pL reaction mixture
was prepared by combining 2uL of the premixed Long Amp Hot Start Tag Polymerase mix
with 10 mM concentrations of both forward and reverse primers (Table 2.5) and water to make
up to total volume based on the DNA template volume for each PCR. For the 1% round PCR
5uL of DNA/TNA extract was used and for the 2nd round PCR, 2pL of the first-round reaction
product was used as the template. The primers listed in Table 2.4 were previously described by
Nelson et al. (2019) and are detailed in the supplementary material of their publication (158).
The conditions for both 1% round and 2™ round PCR cycling are outlined in Table 2.6.

Table 2.5 Primer sets employed for the conventional PCR of UL55 (164).

Primer name | Primer sequence (5°-3°) PCR Amplicon size

FULLGB-R1 | TTGAAAAACATAGCGGACCG | 1% round reverse | ~2784 bp

primer

FULLGB-F1 ACACGCAAGAGACCACGACG | 1% round forward

primer

FULLGB-R2 | TCAGACGTTCTCTTCTTCGT 2" round reverse | ~2709 bp

primer

FULLGB-F2 | ATGGAATCCAGGATCTGGTG |2™ round forward

primer
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Table 2.6 Conditions utilised for the conventional PCR of UL55 gene

Steps Temperature Time

Initial denaturation 94°C 30 seconds

Denaturation 94°C 10 seconds 30
Annealing/elongation 60°C 2,30 minutes cycles
Hold 4°C ) T

Gel electrophoresis

All PCR amplicons were subsequently analysed by gel electrophoresis to detect successful
amplification of the target DNA sequence. A 1% agarose gel was prepared in 1X Tris-Acetate-
EDTA (TAE) buffer, stained with 3pL of gelred (Biotium, San Francisco), resulting in a final
dye concentration of 0.03ug/mL. Gel electrophoresis was performed at a constant voltage of
120V for a duration of 45 minutes. The anticipated amplicon size was approximately 2709 bp.
Following gel electrophoresis, the DNA fragments were visualised under ultraviolet (UV)

illumination using the Syngene Vacutec gel doc system (Cambridge, United Kingdom).

Sequencing and phylogenetic analysis of UL55 gene fragments

Samples that demonstrated amplification of the UL55 locus via conventional PCR were
deemed suitable for further genetic characterisation. The resulting amplicons were isolated and
subjected to DNA next generation sequencing (NGS) at the Sequencing Core Facility of the
National Institute for Communicable Diseases (NICD), Johannesburg, South Africa to
elucidate the precise nucleotide sequence of the UL55 gene for the purpose of characterisation.
PCR products were purified using Agencourt AMPure XP beads (Beckman Coulter) following
manufacturer’s instructions, followed by tagmentation and addition of index primers using the
Illumina Nextera XT library preparation kit (Illumina Inc, USA). DNA libraries were prepared
for sequencing on the Illumina NextSeq 500 system using indexed paired-end libraries
(Humina Inc, USA).
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Assembly of sequence reads.

The sequence reads were extracted and assembled using Genome detective virus tool
(https://www.genomedetective.com/) and aligned using MAFFT (version 7) multiple
alignment program for amino acid and nucleotide sequences (159). BioEdit software was then
used for sequence curation (160), which enabled the visualisation and editing of the DNA
sequences. The aligned sequences were used to generate a phylogenetic tree using MEGAL1,
a molecular evolutionary genetics analysis tool (161). The phylogenetic tree was constructed
using the maximum likelihood method, which allowed for the inference of evolutionary
relationships between sequences. The tree was used to identify clusters and relationships
between sequences, providing insights into the genetic diversity and evolution of the CMV

strains.

Analysis and retrieval of sequences from GenBank

To identify closely related sequences, patient consensus sequences were compared using
NCBI's BLAST tool (162). Relevant sequences representing diverse strains were retrieved
from GenBank for comparative analysis with accession numbers: 0Q511294.1, 0Q511292.1,
0Q511300.1, 0Q127294.1, (GU365820.1, GU365821.1, 0Q511297.1, 0Q511296.1,
KT987993.1, KT987992.1, 4 MK157427.1, 0Q511295.1, 0Q511302.1, KT987991,
KT987990.1, 0Q511304.1, 0Q511303.1, LC496860.1, LC425070.1, LC496859,
GU365824.1, KT987995.1, GU365825.1, MK157450.1, GU365822.1, KT987994.1,
GU365823.1. Following phylogenetic tree generation, two samples remained unassigned
genotypes. To further resolve their genetic relationships, an additional phylogenetic analysis
was conducted incorporating two reference sequences from GenBank: gB5 (accession numbers
KY436014.1 and KY436009.1). This expanded analysis aimed to clarify the classification of

the unassigned samples.

2.5.3.3 Phylogenetic tree

A maximum likelihood phylogenetic tree was constructed through the MEGA11 software

using 500 bootstrap replicates to assess branch support Branch lengths represent evolutionary
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distances between sequences (161). The Hasegawa-Kishino-Yano (HKY) model was
employed to account for nucleotide substitutions.

2.5.4 Amplification and sequencing of UL54 and UL97

2.5.4.1 Amplification of UL54 and UL97

The Q5 high fidelity 2X master mix kit (New England Biolabs, Ipswich, MA) was used with
the manufacturer’s protocol as guide. To achieve a final volume of 50uL, 400nM of forward
and reverse primers, as outlined in Table 2.7 (UL54) and Table 2.8 (UL97), were added
together with 25uL of the master mix. Then 5uL of the DNA extract was used as template for
the first round PCR and for the second round of the nested PCR the 1% round PCR products
was used as templates. Simultaneous multiplex PCR assays were performed using specific
primer pairs for UL97 and UL54 (163). The cycling conditions (Table 2.9) were consistent
across both rounds of nested PCR.

Table 2.7 Primer sets for the conventional nested PCR of UL54 as previously described (163).

Primer name Primer sequence (5°-3°) PCR Amplicon size
UL54(long)-F1 CGCGTCGCCGTTGCACGTAG 1 round forward | 2410 bp
primer

UL54(long)-R1 | AGTGTCGGTAGCCGTTTTTGCGA | 1t round  reverse

primer

UL54(long)-F2 | AGTCCACGCCGCCTCATCTC 2" round forward | 1654 bp

primer

UL54(long)-R2 | GTGAGAGGCTGACAGCTTACGA | 2" round  reverse

primer
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Table 2.8 Primers for the conventional nested PCR of UL97 as previously described (163).

Primer name Primer sequence (5°-3°) PCR Amplicon size
UL97(long)-F1 | GCCACCTTGGTGGACTCGGT 1% round forward primer 1844 bp
UL97(long)-R1 | CTTTCGGCGCACCACCAGCA 1% round reverse primer

UL97(long)-F2 | GCAATCCCCGTCACGCCTCTG 2" round forward primer 1298 bp
UL97(long)-R2 | GGACGCGGAACGTGACGGTT 2" round reverse primer

Table 2.9 Conditions employed for the nested amplification of UL54 and UL97.

Steps Temperature Time

Initial denaturation 98°C 30 seconds

35 cycles 98°C 10 seconds
55°C 30 seconds
72°C 2.30 seconds

Final extension 72°C 2 minutes

Hold 4°C 00

2.5.4.2 Gel electrophoresis

The amplicons for both the UL54 and UL97 were visualised by gel electrophoresis for the
detection of successful amplification of the target genes. A 1% agarose gel was prepared in 1X
Tris-Acetate-EDTA (TAE) buffer, stained with 3uL of gelred (Biotium, San Francisco),
resulting in a final dye concentration of 0.03ug/mL. Gel electrophoresis was performed at a
constant voltage of 120V for a duration of 45 minutes. The expected band size was 1844 bp
for UL54 and 1298 bp for UL97 (14). Subsequent to gel electrophoresis, the resulting DNA
fragments were visualised under UV illumination using the Syngene Vacutec gel doc system

(Cambridge, United Kingdom). The target genes (UL54 and UL97) were pooled per patient for
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the purposes of library preparation for NGS at the Sequencing Core Facility of the NICD,
Johannesburg, South Africa.

2.5.4.3 Sequencing and phylogenetic analysis of UL54 gene fragments

Samples that demonstrated amplification products via conventional PCR were deemed suitable
for further genetic characterisation. The resulting amplicons were isolated and subjected to
DNA next generation sequencing (NGS) to elucidate the precise nucleotide sequence of the
UL54 gene. PCR products were purified using Agencourt AMPure XP beads (Beckman
Coulter) following manufacturer’s instructions, followed by tagmentation and addition of
index primers using the lllumina Nextera XT library preparation kit (Illumina Inc, USA). DNA
libraries were prepared for sequencing on the Illumina NextSeq 500 system using indexed
paired-end libraries (Illumina Inc, USA). The input DNA met the recommended specifications
of 10ng/uL concentration in 10mM Tris-Cl buffer at pH 8.5.

Assembly of UL54 sequence reads.

The sequence reads were extracted and assembled using Genome detective virus tool v2.27
(164), and aligned using BioEdit software (160), which enabled the visualisation and editing
of the DNA sequences. The aligned sequences, including those retrieved from GenBank
representing other strains, were used to generate a phylogenetic tree using MEGA1l, a
molecular evolutionary genetics analysis tool (161). The phylogenetic tree was constructed
using the maximum likelihood method, which allowed for the inference of evolutionary
relationships between sequences. The tree was used to identify clusters and relationships

between sequences.

Analysis and retrieval of sequences from GenBank

For the identification of closely related sequences, the patient consensus sequences were
compared using the NCBI’s BLAST tool (162). Sequences which were relevant were retrieved
from GenBank (accession numbers: OU342916.1, OU342917.1, MK42217.1, AH013698.2
[Toledo strain], OK000912.1 [SOMA strain] and FJ527563.1) (165). The most suitable
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sequences were chosen based on the sequence identity percentage. The closest sequences were
analysed for nucleotide differences, strain type and geographic origin.

2.5.4.4 Sequencing and phylogenetic analysis of UL97 gene fragments

Twenty-nine out of 40 samples that demonstrated amplification products via conventional PCR
were deemed suitable for further genetic characterisation underwent a similar process of
sequencing as the UL54 gene. The resulting amplicons were isolated and subjected to DNA
NGS at the Sequencing Core Facility of the NICD, Johannesburg, South Africa to elucidate the
precise nucleotide sequence of the UL54 gene. PCR products were purified using Agencourt
AMPure XP beads (Beckman Coulter) following manufacturer’s instructions, followed by
tagmentation and addition of index primers using the Illumina Nextera XT library preparation
kit (Illumina Inc, USA). DNA libraries were prepared for sequencing on the Illumina NextSeq
500 system using indexed paired-end libraries (Illumina Inc, USA).

Assembly of UL97 sequence reads.

The sequence reads were extracted and assembled using Genome detective virus tool v2.27
(164), and aligned using BioEdit software (160), which enabled the visualisation and editing
of the DNA sequences. The aligned sequences, including those retrieved from GenBank
representing other strains, were used to generate a phylogenetic tree using MEGA1l, a
molecular evolutionary genetics analysis tool (161). The phylogenetic tree was constructed
using the maximum likelihood method, which allowed for the inference of evolutionary
relationships between sequences. The tree was used to identify clusters and relationships

between sequences (166).

Analysis and retrieval of sequences from GenBank

The sequencing reads were in FASTQ format. For the identification of sequences which were
related closely, the patient consensus sequences were compared using the NCBI’s BLAST tool
(162). Relevant sequences were retrieved with accession numbers MT044482.1, MT044478.1,
KY490063.1, OV100760.1, MT649470.1, MW980585.1, MW439039.1, MT070138.1,
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MW197154.1, 0OU342916.1, 0OU342916.1, KP745728.1, KU550088.1, OR546128.1,
KT726950.2, KY490069.1, KY490075.1, MK290742.1, MK290743.1, MK290744.1,
KY490072.1, MK422176.1, KP745713.1, KP745674.1, KP745663.1, KJ872539.1,
KJ361971.1, JX512205.1, KP745721.1, KP745644.1 and MH036940.1 (Merlin strain) from
GenBank. The most suitable sequences were chosen based on the sequence identity percentage.
The closest sequences were analysed for nucleotide differences, strain type and geographic

origin.

2.5.4.5 Phylogenetic tree

The phylogenetic trees for the UL54 and UL97 genes were constructed using the Hasegawa-
Kishino-Yano (HKY) model to infer evolutionary history, as described by Hasegawa et al.
(1985). For UL54, the Maximum Likelihood (ML) method was employed to estimate the most
likely tree topology. In contrast, UL97 utilized the Maximum Composite Likelihood (MCL)
tree drawing method, combining neighbour-join and BioNJ algorithms to identify the optimal
tree topology based on pairwise distances and log likelihood scores. To account for rate
variation among sites, a discrete gamma distribution with five categories (+G) was applied.
Phylogenetic analyses were conducted using MEGA11, leveraging the ML algorithm for UL54
and MCL algorithm for UL97 (161).

2.6 DATA CAPTURE

All data was captured on Microsoft Excel (Microsoft office 365).

2.7  DATA ANALYSIS

Real-time PCR data for both CMV qualitative detection and genotyping was analysed using
Applied Biosystems Quantstudio 5 design and analysis software (167). The conventional PCR
results were analysed using 1% agarose gel viewed under Syngene Vacutec gel doc system
(Cambridge, United Kingdom). Sequence data was assembled and extracted using the online
Genome Detective Virus Tool (https://www.genomedetective.com/). Extracted consensus

sequences for each sample UL55, UL54 and UL97 genes fragments were aligned by multiple
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sequence alignment together with reference sequences obtained from GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) using Clustal W application in the BioEdit software
program (160). MEGA11 was used to generate phylogenetic tree for evolutionary analysis
(161).

Descriptive statistics, including mean, standard deviation, and coefficient of variation, were
calculated for the Ct values of positive samples. The proportions of positive samples
(prevalence rates) were calculated from the total number of samples, and the 95% confidence
interval was determined to estimate the precision of the observed prevalence.

2.8 RELIABILITY AND VALIDITY

Repeated capturing of data on Microsoft Excel, and inclusion of relevant controls were
practiced ensuring reliability and validity results. Standard operating procedures, packages

iserts, and manufacturer’s instructions were also adhered to.

34



CHAPTER 3

RESULTS

3.1 STUDY POPULATION, DEMOGRAPHICS AND CLINICAL DETAILS

A total of 111 clinical samples were gathered of which 25 (22.5%) were excluded due to either
haemolysis or insufficient volume (Figure 3.1). The 86 samples retained in the study were
from patients seeking care in the private healthcare sector, accessed from Lancet laboratories
(87%; 75/86), and the public sector, accessed from the NHLS Virology Laboratory at Charlotte
Maxeke Johannesburg Academic Hospital (12.8%, 11/86) (Table 3.1).

Study sample
N=111

Excluded = 25
Haemolyzed/insufficient

Qualitative testing (QPCR)

86
A 4 v
QPCR negative QPCR positive
12 74

v \ 4

Genotyped Did not type
61 13
\ 4
Conventional PCR/sequencing Conventional PCR/sequencing
UL54 and UL97 (drug target genes) UL55 (gB)
40 9 (QPCR Ct <35)

\ 4 \ 4

Sequence assembly, alignment and curation
Genome detective/MAFFT/Bioedit

A 4

Phylogenetic analysis

Figure 3.1 Flowchart summarising sample flow for CMV QPCR, genotyping,

conventional PCR and sequencing.
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Table 3.1. Demographic information for patients with CMV from Lancet Laboratories and

NHLS.
No. | Study | Specimen | Test Sex | Age No. | Study Specimen | Test Sex Age
ID. type site ID. type site
1 CM1 Plasma NHLS | M 37 44 | CM68 Blood Lancet | F 43
2 CM6 Plasma NHLS | F 44 45 | CM69 Blood Lancet | M 36
3 CM7 Plasma NHLS | M 40 46 | CM70 Blood Lancet | M 66
4 CM9 Plasma NHLS | F 28 47 | CM71 Blood Lancet | N/A N/A
5 CM13 | Plasma NHLS | F 39 48 | CM72 Blood Lancet | F 51
6 CM15 | Plasma NHLS | M 36 49 | CM73 Blood Lancet | N/A | N/A
7 CM18 | Plasma NHLS | M 6mo. | 50 | CM74 Blood Lancet | F 9
8 CM23 | Plasma NHLS | M 48 51 | CM75 Blood Lancet | F 66
9 CM25 | Plasma NHLS | F 67 52 | CM76 Blood Lancet | M 43
10 | CM27 | Plasma NHLS | M 33 53 | CM77 Blood Lancet | F 44
11 | CM33 | Serum Lancet | N/A | N/A |54 | CM78 Blood Lancet | N/A N/A
12 | CM34 | Plasma NHLS | M 48 55 | CM79 Blood Lancet | F 49
13 | CM35 | Serum Lancet | N/A | N/A |56 | CM80 Blood Lancet | N/A N/A
14 | CM36 | Serum Lancet | N/A | N/A 57 | CM82 Blood Lancet | F 49
15 | CM37 | Serum Lancet | N/A | N/A |58 | CM83 Blood Lancet | M 1M,28D
16 | CM39 | Serum Lancet | N/A | N/A |59 | CM84 Blood Lancet | N/A N/A
17 | CM40 | Serum Lancet | N/A | N/A | 60 | CM86 Blood Lancet | M 50
18 | CM41 | Serum Lancet | N/A | N/A | 61 | CM88 Urine Lancet | N/A N/A
19 | CM42 | Serum Lancet | N/A | N/A | 62 | CM89 Sputum Lancet | M 63
20 | CM43 | Serum Lancet | N/A | N/A | 63 | CM98 Blood Lancet | M 59
21 | CM44 | Serum Lancet | N/A | NJ/A | 64 | CM99 Sputum Lancet | NJA | N/A
22 | CM45 | Serum Lancet | N/A | N/A | 65 | CM96 CSF Lancet | N/A N/A
23 | CM46 | Serum Lancet | N/A | N/A | 66 | CM95 CSF Lancet | F 28
24 | CM47 | Blood Lancet | F 38 67 | CM90 Sputum Lancet | NJA | N/A
25 | CM48 | Blood Lancet | F 63 68 | CM94 CSF Lancet | M 48
26 | CM49 | Blood Lancet | M 57 69 | CM91 Sputum Lancet | NJA | N/A
27 | CM50 | Blood Lancet | F 74 70 | CM92 Sputum Lancet | N/A | 3M,18D
28 | CM51 | Blood Lancet | F 21 71 | CM97 CSF Lancet | N/A 1M,26D
29 | CM52 | Blood Lancet | F 38 72 | CM93 CSF Lancet | N/A 1M 1D
30 | CM53 | Blood Lancet | F 3 73 | CM106 | Urine Lancet | M 51
31 | CM54 | Blood Lancet | F 8 74 | CM100 | Sputum Lancet | M 73
32 | CM55 | Blood Lancet | M 49 75 | CM107 | Urine Lancet | N/A | OM 18D
33 | CM56 | Blood Lancet | F 30 76 | CM102 | Urine Lancet | M 5
34 | CM57 | Blood Lancet | F 50 77 | CM108 | Urine Lancet | N/A | OM 11D
35 | CM58 | Blood Lancet | F 38 78 | CM111 | Urine Lancet | M 42
36 | CM59 | Blood Lancet | M 80 79 | CM101 | Urine Lancet | F 0OM 11D
37 | CM60 | Blood Lancet | F 25 80 | CM87 Urine Lancet | N/A N/A
38 | CM61 | Blood Lancet | M 51 81 | CM109 | Urine Lancet | N/A N/A
39 | CM63 | Blood Lancet | N/A | N/A | 82 | CM105 | Breast Lancet | N/A N/A
milk
40 | CM65 | Blood Lancet | N/A | N/A |83 | CM120 | Blood Lancet | M 60
41 | CM66 | Blood Lancet | N/A | N/A |84 | CM121 | Blood Lancet | M 53
42 | CM67 | Blood Lancet | M 66 85 | CM122 | Blood Lancet | F 49
43 | CM123 | Blood Lancet | F 49 86 | CM110 | Sputum Lancet | NJA | N/A

Blood= whole blood; N/A: not applicable; NHLS: National Health Laboratory Service
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The predominant specimen types were whole blood samples (48%; 41/86), followed by serum
samples (14%, 12/86), plasma samples (13%, 11/86), wurine (10%, 9/86),
sputum/nasopharyngeal aspirates (8%, 7/86), cerebrospinal fluid (6%, 5/86), and breast milk
(1%, 1/86). For most of the specimens limited demographic data could be retrieved for 57/86
(66%). Among the 57 patients age data on sex was available for 52 (91%) with equal
distribution between males (26/52; 50%) and females (26; 50%) (Table 3.1). Age was indicated
for all 57 patients with the youngest according to the data available an 8-day old male from the
public sector and the oldest an 80-year-old male from the private sector. The available data
indicated that samples included patients of all ages and races. Detailed clinical data was

unavailable.

3.2 QUALITATIVE SCREENING OF CMV BY REAL-TIME PCR
3.2.1 Qualitative real-time PCR results of CMV

Among the 86/111 (77.5%) specimens evaluated using the qualitative PCR (QPCR) assay, 86%
(74/86) yielded positive results, whilst 14% (12/86) tested negative (Figure 3.1). The positive
samples exhibited a range of Ct values, from 26 to 38, with a median value of 34 (Table 3.2).
Notably, all 11 plasma samples tested positive for CMV. In contrast, various other specimen
types showed lower positivity rates: 2 out of 12 (16.7%) serum samples, 4 out of 41 (9.8%)
whole blood samples, 1 out of 9 (11%) urine samples, 3 out of 7 (42.9%)
sputum/nasopharyngeal aspirate samples, and 2 out of 5 (40%) cerebrospinal fluid samples
tested negative for CMV DNA.

Further analysis of the Ct values revealed a mean of 33.55, a standard deviation of 4.33, and a
coefficient of variation of 12.95%. Additionally, the 95% confidence interval for the proportion
of positive samples was estimated to be between 32.32 and 34.78, with a margin of error of

approximately 1.20.
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Table 3.2. CMV qualitative PCR results

No. | Sample | QPCR | Ct No. | Sample | QPCR | Ct No. | Sample | QPCR | Ct
ID. value ID. value ID. value

1 CM1 + 38 30 | CM53 |+ 36 59 | CM84 | + 29
2 CM6 + 33 31 | CM54 | + 32 60 | CM86 |+ 37
3 CM7 + 28 32 | CM55 | - - 61 | CM88 | + 34
4 CM9 + 35 33 | CM56 |+ 38 62 | CM89 |+ 28
5 CM13 | + 33 34 | CM57 | + 38 63 | CM98 |+ 32
6 CM15 | + 37 35 | CM58 | + 36 64 | CM99 |+ 27
7 CM18 | + 35 36 | CM59 |+ 28 65 | CM9%6 |+ 26
8 CMmM23 | + 37 37 | CM60 | + 37 66 | CM95 | - -

9 CM25 | + 35 38 | CM61 | + 31 67 | CM90 | + 26
10 | CM27 | + 32 39 | CM63 |+ 35 68 | CM94 | + 34
11 | CM33 | + 35 40 | CM65 | + 37 69 | CM91 |- -
12 | CM34 | + 37 41 | CM66 | + 34 70 | CM92 | - -
13 | CM35 | + 28 42 | CM67 | + 33 71 | CM97 | + 28
14 | CM36 |+ 38 43 | CM123 | + 27 72 | CM93 | - -
15 | CM37 |+ 28 44 | CM68 | + 38 73 | CM106 | + 34
16 | CM39 |+ 38 45 | CM69 | + 35 74 | CM100 | + 38
17 | CM40 |+ 38 46 | CM70 | + 37 75 | CM107 | - -
18 | CM41 | - - 47 | CM71 | + 32 76 | CM102 | + 37
19 | CM42 |+ 37 48 | CM72 | + 36 77 | CM108 | + 29
20 | CM43 | + 34 49 | CM73 | + 38 78 | CM111 | + 31
21 | CM44 | - - 50 | CM74 |+ 34 79 | CM101 | + 34
22 | CM45 | + 26 51 | CM75 |+ 32 80 | CM87 | + 34
23 | CM46 | + 28 52 | CM76 | + 31 81 | CM109 | + 34
24 | CM4T7 | + 34 53 | CMT77 | + 36 82 | CM105 | + 35
25 | CM48 | + 37 54 | CM78 | + 36 83 | CM120 | + 33
26 | CM49 |+ 38 55 | CM79 | - - 84 | CM121 | + 34
27 | CM50 |+ 34 56 | CM80 | - - 85 | CM122 | + 30
28 | CM51 | - - 57 | CM82 | + 26 86 | CM110 | - -
29 | CM52 | + 30 58 | CM83 | + 35
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3.3 CMV GENOTYPING
3.3.1 CMV genotyping by real-time PCR

The 74/86 (86%) QPCR positive samples were processed for genotyping by real-time multiplex
PCR and genotypes could be identified for 61/74 (82%) samples. Amplification curve
examples are shown in Figure 3.2. The plots display the fluorescence intensity (ARn) against
the cycle number, with each curve representing a specific CMV genotype (gB1, gB2, gB3, and
gB4).

Amplification Plot
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Figure 3.2. Real-time PCR amplification plots for CMV genotype determination.
Amplification plots represent the amplification curves for genotypes gB1, gB2, gB3, and gB4.

The X- axis shows the cycle numbers.

Genotype gB3 was detected in 77% (57/74) of the samples. Three samples (3/74; 4%) had dual
detection of gB3 and gB4 strains and two samples (2/74; 2.7%) had dual detection of gB1 and
gB3 strains (Figure 3.3). Genotype gB2 was not detected in this study population. Genotyping
was unsuccessful for 13 samples (Table 3.2). Mixed infections were also detected with the
QPCR genotyping assay at a prevalence of 6.7% (5/74) representing gB1/gB3 in 2 patients
(2.7%) and gB3/gB4 in 3 patients (4%) (Figure 3.3).
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Figure 3.3. Pie chart illustrating the frequency of CMV genotypes identified in the study
population (n = 74).

Table 3.3. List of 13 specimens that were positive for CMV but could not be classified into

any of the four expected genotypes using the real-time PCR assay.

No. Sample ID. Qualitative PCR Ct value
results
1 CM13 + 33
2 CM25 + 35
3 CM47 + 34
4 CM56 + 38
5 CM68 + 38
6 CM71 + 32
7 CM75 + 32
8 CM76 + 31
9 CM78 + 36
10 CM83 + 35
11 CM98 + 32
12 CM97 + 28
13 CM100 + 38

These samples showed clear amplification curves for more than one genotype, indicating co-

infection rather than cross-reactivity. The Ct values for these samples were within the same
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range as single-genotype samples, suggesting adequate sample quality. None of the untyped
samples overlapped with the mixed-genotype group.

3.3.2 Conventional PCR for CMV ULJ55 gene

Among the 13 samples that tested positive for CMV but failed the real-time PCR genotyping
assay, a subset of 9 samples exhibiting Ct values of 35 or lower were selected for further
analysis using conventional nested PCR. This approach was intended to enhance the sensitivity
of detection and facilitate genotyping. The gene of interest was UL55, spanning 2709 base pairs
in length. Successful amplification of the UL55 gene was achieved in 6 out of 9 samples, which
were subsequently subjected to DNA sequencing to determine their genotypic profile. Table
3.4 presents the results of the conventional nested PCR amplification of the UL55 gene,
highlighting the samples that yielded successful amplification. The amplified products were

subsequently resolved on a 1% agarose gel.

Table 3.4. Summary of nested conventional PCR amplification of the UL55 gene from CMV

positive untyped samples.

No. Sample ID. QPCR Ct value Congglgi(r)e?:ﬂltUsLBB
6 CM13 33 )

10 CM25 35 *

25 CM47 34 )

47 CM71 32 *

51 CMT75 32 *

55 CM76 31 *

58 CM83 35 )

63 CM97 28 *

71 CM98 32 *
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3.3.4 DNA sequencing and phylogenetic analysis of UL55 genes

Of the seven biological samples subjected to sequencing analysis, a single sample failed to
yield amplifiable DNA, resulting in a success rate of 85.7% (6/7) for generating usable
sequencing data (Table 3.5). The sequencing data for sample CM25 revealed a total of 602
high-quality reads, achieving an average depth of coverage of 158.7-fold. The genomic
coverage was calculated to be 0.9%. Furthermore, the nucleotide identity (NT identity) of the
sample's sequence was determined to be 81.9% similar to the CMV reference strain (Table
3.5). In Figure 3.4 examples of the sequence identity output are provided in the context of the
complete CMV genome. The sequence segments obtained from CM25 were outside of the
ULS55 gene and were located at the position of approximately 10 000 bp which is outside of the
targeted gene (Figure 3.4F). This indicates that the assembled UL55 gene sequences obtained
located to the expected genomic position of approximately 80 000 bp for CM71, CM75, CM97,
CM98 and CM76 (Figure 3.4A to 3.5E, respectively).

Table 3.5 Genome coverage and identity metrics for each sample, enabling an assessment of

the sequencing data's quality and accuracy.

Sample | #Reads Depth of Genome | NT identity Assembled sequence
coverage coverage length in base pairs (bp)
CM25 602 158.7 0.9% 81.9% 908 bp
CM71 | 1592122 68717.0 1.2% 97.7% 2935 bp
CM75 | 2269975 97942.5 1.2% 99.5% 2938 bp
CM76 | 1862544 79466.2 1.3% 93.4% 2943 bp
CM97 | 1867753 80067.8 1.2% 97.8% 2927 bp
CM98 | 3097874 | 126776.0 1.2% 95.0% 2 938bp
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Figure 3.4 Genome coverage distribution for UL55 sequencing. This image offers a
visualisation of the distribution of genome coverage for the sequenced samples: A: CM71, B:
CM75, C: CM97, D: CM98, E: CM76, F: CM25). The Y-axis indicates the sequence read
coverage or number of reads aligning to each region and the X-axis (in base pairs) indicates
the positions across the CMV genome. The genome regions where there is significant coverage

are highlighted in red.

Phylogenetic analysis of the UL55 gene segment showed that CM98 clusters with gB2 strains
with 99% bootstrap support (Figure 3.5). CM71 and CM97 cluster together with 87% bootstrap
support outside of the gB2 group. The gB1 group is supported by 75% bootstrap value and only
CMT75 clusters in this group. CMT76 clustered in the gB3 group supported by bootstrap value
of 100%. No gB4 strains were identified.
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R 0Q511294.1 Human betaherpesvirus 5 isolate SRMC CMV 31.16 S glycoprotein B (UL55) gene partial cds
R 0Q511292.1 Human betaherpesvirus & isolate SRMC CMV 57.15 U glycoprotein B (UL55) gene partial cds
R 0Q511300.1 Human betaherpesvirus 5 isolate SRMC CMV 81.16 S glycoprotein B (UL55) gene partial cds
0Q127294.1 Human betaherpesvirus 5 strain CMV 08/16 envelope glycoprotein B (UL55) gene partial cds
I CW98 2023 534 001-NC 006273.2-0-0 assigned as: Cytomegalovirus humanbeta5 (taxon:3050295)

R GU365820.1 Human herpesvirus 5 isolate gB2 glycoprotein B (UL55) gene partial cds g2
R GU365821.1 Human herpesvirus & isolate gB2* glycoprotein B (UL55) gene partial cds

R 0Q511297.1 Human betaherpesvirus 5 isolate SRMC CMV 86.16 B glycoprotein B (UL55) gene partial cds

R OQ511296.1 Human betaherpesvirus 5 isolate SRMC CMV 31.15 U glycoprotein B (UL55) gene partial cds

R KT987993.1 Human betaherpesvirus 5 isolate human-wi/ITA/PR2724/1997 glycoprotein B (UL55) gene partial cds
R KT987992.1 Human betaherpesvirus 5 isolate human-wtITA/PR2349/1997 glycoprotein B (UL55) gene partial cds |
W CW71 530 001-NC 006273.2-0-0 assigned as: Cytomegalovirus humanbeta$ (taxon:3050295)
Il CW97 533 001-NC 006273.2-0-0 assigned as: Cytomegalovirus humanbeta? (taxon:3050295)
R MK157427 .1 Human betaherpesvirus 5 isolate 9 blood 1-28-2004 glycoprotein B (UL55) gene complete cds
R 0Q511295.1 Human betaherpesvirus 5 isolate SRMC CMV 17.14 S glycoprotein B (UL55) gene partial cds

j| Unassigned

7 R 0Q511302.1 Human betaherpesvirus 5 isolate SRMC CMV 132.15 S glycoprotein B (UL55) gene partial cds
7| 8 ~ RKT987991.1 Human betaherpesvirus 5 isolate human-wiITA/PR1417/1998 glycoprotein B (UL55) gene partialcds ] .
2 R KT987990.1 Human betaherpesvirus 5 isolate human-wt/ITA/PR16/1997 glycoprotein B (UL55) gene partial cds
H 16 - [l CM752023 31 001-NC 006273.2-0-0 assigned as: Cytomegalovirus humanbeta5 (taxon:3050295) g81

7 R 0Q511304.1 Human betaherpesvirus 5 isolate SRMC CMV 35.16 U glycoprotein B (UL55) gene partial cds
R 0Q511303.1 Human betaherpesvirus 5 isolate SRMC CMV 132.15 U glycoprotein B (UL55) gene partial cds
R LC496860.1 Human betaherpesvirus 5 Tokyo/03/2018 LS5 gene for envelope glycoprotein gpULS5 partial cds
o R LC425070.1 Human betaherpesvirus 5 1612 UL55 gene for glycoprotein B complete cds
2 — RLC496859.1 Human betaherpesvirus 5 Tokyo/02/2018 ULSS gene for envelope glycoprotein gpUIL55 partial cds
R GU365824.1 Human herpesvirus 5 isolate gB4 glycoprotein B (UL55) gene partial cds
o — RKT987885.1 Human betaherpesvirus 5 isolate human-wi/ITA/PR1663/1996 glycoprotein B (UL55) gene partial cds
100 - R (LJ365825.1 Human herpesvirus 5 isolate gB5 glycoprotein B (UL55) gene partial cds ]
R MK157450.1 Human betaherpesvirus 5 isolate 30 blood 1-22-2004 glycoprotein B (UL55) gene complete cds
- R GU365822.1 Human herpesvirus 5 isolate gB3 glycoprotein B (UL55) gene partial cds 83
R KT987994.1 Human betaherpesvirus 5 isolate human-wt/ITA/PR206/1995 glycoprotein B (UL55) gene partial cds

R GU365823.1 Human herpesvirus 5 isolate gB3* glycoprotein B (UL55) gene partial cds

g4

9

80
s~ I CM76 2023 532 001-NC 006273.2-0-0 assigned as: Cytomegalovirus humanbetas (taxon:3050295)

Figure 3.5. Phylogenetic analysis of UL55 gene fragments among CMYV isolates. The tree
was constructed using the maximum likelihood method with 500 bootstrap replicates under the
Hasegawa-Kishino-Yano model. Branch lengths represent evolutionary distances. The
multiple sequence alignment was trimmed to 280 bp in order to include partial coding

sequences for UL55 genotype (gB1-gB4) references.

Subsequently a gB5 reference strain were identified, and the phylogenetic analysis (Figure
3.6) was repeated. However, despite the inclusion of the gB5 reference strain, the two samples
CM71 and CM97 remain genotype unassigned as in Figure 3.6, but with ancestral links to gB1
and gB4 forming a cluster with them with 72% bootstrap support.

44



KX544837 1 isolate VR5235

NC 006273.2 strain Merlin

KX544835.1 isolate VR5022

MW528463.1 isolate BM18

MW528458.1 isolate BM1

B CM75/2023

KY490075.1 strain HANRTR6

gB1/ gB4
LC425070.1 isolate 1612

— MK157427.1 isolate 9 blood 1-28-2004

&6 { FJ820963.1 isolate 562 EJE o

9

KT987995.1 isolate human-wt/ITA/PR1663/1996

)

3

— HMO069155.1 isolate IND-U1166G
72

M { KT987991.1 isolate human-wt/[TA/PR1417/1998

55 = KT987990.1 isolate human-wt/ITA/PR16/1997

W Ccu71 j|
i —[ Unassigned
g5 = Jl CM97

KT987993.1 isolate human-wt/[TA/PR2724/1997

B CW98/2023
100 X17403.1 strain AD169
gB2/gB5
- KT987992.1 isolate human-wt/ITA/PR2349/1997

KY436009.1 isolate BCRVUB454-15 gB5

86 — KY436014.1 isolate BCR-VU/B622/Sep-15 gBS

MK157450.1 isolate 30 blood 1-22-2004

100 B CM76/2023 gB3

5 — KT987994.1 isolate human-wt/ITA/PR206/1995

[re]

Figure 3.6 Maximum-likelihood phylogenetic analysis of the UL55 gene fragment among
CMV isolates, incorporating the reported gB5 strain (Human betaherpesvirus 5 isolate
BCR-VU). The tree was constructed using 500 bootstrap replicates, with confidence values
indicated at branch nodes. The multiple sequence alignment was trimmed to 279 bp in order to
include partial coding sequences for UL55 genotype (gB1-gB4) references as well as the gB5
strain. Branch lengths represent evolutionary distances, and the Hasegawa-Kishino-Yano

model was applied to account for nucleotide substitutions.
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3.3.5 Summary of gB genotypes assigned by real-time PCR and sequencing

In summary, a total of 74/86 (86%) CMV-positive samples were subjected to genotyping by
real-time PCR targeting the UL55 gene. Genotypes were successfully assigned to 61/74
(82.4%) samples. The 9/13 (Ct <35) samples that could not be genotyped by real-time PCR
were evaluated by conventional PCR and of these a genotype was successfully assigned to 3/9
(33.3%) by sequencing and phylogenetic analysis increasing the overall genotyping success
rate to 86% (64/74) (Figure 3.7). However, 2/9 (22.2%) remained “unassigned” to a specific
genotype, but clustering with gB1 and gB4 with a bootstrap value of 72%. Collectively, the
results reveal (Figure 3.7) a predominantly gB3 population (58/74, 78.4%), with minor
representation of gB2 (1/74, 1.4%) and gB1 (1/74, 1.4%). Notably, 3 samples (3/74, 4.1%)
exhibited dual detection of gB3 and gB4 strains, and two samples (2/74, 2.7%) showed dual

detection of gB1 and gB3 strains, highlighting the presence of mixed infections.
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gB1 gB2 gB3 gB4 gBl & gB3 gB3 &gB4

gB1 gB2 MgB3 gB4 MgBl & gB3 M gB3 &gB4
Figure 3.7 CMV genotype distribution in single and mixed infections among persons of

all ages, 2022-2023. The X-axis indicates the CMV genotypes, and the Y-axis represent the

percentage of each genotype detected.

46



3.4 CMV DRUG RESISTANCE TESTING
3.4.1 Amplification and sequencing of UL54

A subset of 40 samples was subjected to PCR amplification for further analysis, and only 10
of them were successfully amplified. Despite visible bands on the gel, their sizes do not
correlate with the expected amplicon size of 1654bp. The observed band size was 1000bp
which are visible together with multiple smaller band sizes (Figure 3.8). Optimization of the
PCR was attempted by the adjustment of the PCR conditions and the use of different PCR Kits.
Due to time and financial limitations, further optimization could not be possible. The 10

successful samples were taken for further analysis by sequencing.

DNANass
(ngl5 )

1% TAE Agarose Ge!

Figure 3.8 Gel electrophoresis image of 10 samples that were successfully amplified as seen
by the presence of bands. A molecular marker (M) is used to identify and verify the size of the

specific gene (UL54).

Sequence assembly and coverage for UL54

Genome Detective was used for the assembly of the 10 samples. Six samples showed the
presence of CMV after assembly. Notably, the assembly report also revealed the presence of
other viruses, with HIV being the most prevalent co-infection. However, further analysis and
discussion of these findings were limited by the absence of confirmatory ELISA/PCR results.
The four samples excluded from further analysis showed no CMV detection, had significant

size discrepancies, and poor alignment quality compared to the other sequenced samples.
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According to the genome graphics in Figure 3.9, the UL54 gene is located between nucleotide
positions 78,000 and 82,000. The sequences from this study samples all had significant
coverage at before 80,000. For NCV1936, NCV1939, NCV1942 and NCV1943 significant

coverage were also observed outside the region of interest.
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Figure 3.9 Screenshot taken from GenBank showing the position of the UL54 gene on the

CMV virus graphics.

Notably, all sequences showed low percentage coverage, with NCV1938 and NCV1940
showing the lowest coverage of approximately 0.3% and a coverage length of around 700 base
pairs (1 contig) (Table 3.6 and Figure 3.10). In contrast, NCV1943 stood out with the highest
percentage of coverage 0.8% and a longest length coverage of 1856 base pairs, spread across
7 contigs (Table 3.6 and Figure 3.10). Notably, the sequence concordance was remarkably
high, ranging from 94.2% to 99.1% (Table 3.6), indicating a strong similarity between the

patient sequences and the Merlin reference strain used by the software during assembly.

In summary, this analysis yielded partial CMV sequences that were very similar to the
reference CMV strain, but unfortunately, not relating to the gene of interest. To better
understand the results, visual map was created that shows where the detected nucleotides would

fit on the reference CMV Merlin strain.
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Table 3.6: A comparative analysis of the quality of the UL54 sequence assemblies to the
reference Merlin strain generated with Genome Detective.

Sequence Length % % Matches Identities (%)
ID coverage | Coverage | Concordance (%)

NCV1936 1068 0.5 98.6 1068 (99.9%) 1063 (99.4%)
(2 contigs)

NCV1938 781 0.3 94.2 789 (100%) 766 (97.1%)
(1 contig)

NCV1939 1082 0.5 98.2 1082 (100%) 1072 (99.1%)
(2 contigs)

NCV1940 739 0.3 98.2 739 (99.9%) 735 (99.3%)
(1 contig)

NCV1942 1072 0.5 99.1 1072 (100%) 1067 (99.5%)
(2 contigs)

NCV1943 1856 0.8 98.7 1856 (100%) 1844
(7 contigs) (99.4%)
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Figure 3.10 Genome coverage maps. These visual maps provide a detailed overview of the
location of genetic data for UL54 gene sequences. The Y-axis indicates the sequence read
coverage or number of reads aligning to each region and the X-axis indicates the positions

across the CMV genome. The genome regions where there is significant coverage are

highlighted in red.
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Phylogenetic analysis UL54

The tree in Figure 3.11 was generated to visualise the evolutionary relationship among the
strains of CMV based on their UL54 gene sequences. The analysis was achieved through the
use of the Maximum Likelihood technique with the Hasegawa-Kishino-Yano model. The
branch lengths represent the evolutionary distance between the strains, the longer the branch
the greater the genetic divergence. Due to its representation of a standard consensus sequence,
the AD169 strain was selected as the reference point, as it is commonly used for comparative
analysis of drug-resistant HCMYV strains.

Two significant branches were identified. The Zambian strain (MK4222176.1) served as the
anchor for the first branch, with the prototype strains NCV1943 and NCV1942 clustering
closely around it (Figure 3.11). The Toledo strain (AH013698.2) served as the hub for three
subgroups, comprising NCV1940, NCV1939, and NCV1936, which clustered around it
(Figure 3.11). A clear distance was seen between the Zambian and Toledo strains and the other
patient sequences, which formed two distinct clusters. This divergence was reinforced by a

bootstrap value of 63%, providing moderate support for this grouping.

The other primary branch comprised the other South African strains OU342916.1 and
0U342917.1 (Figure 3.11), which formed a tight cluster with the Merlin and Soma reference
strains, supported by a bootstrap value of 66%. This grouping suggests a close evolutionary

relationship between these strains.
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Figure 3.11 The Maximum Likelihood technique based on the Hasegawa-Kishino-Yano model
was used to infer the evolutionary history of the Human Cytomegalovirus UL54 gene. Next to
the branches is the proportion of trees in which the related taxa clustered together. The tree is
depicted to scale, and branch lengths are measured in substitutions per site. The study included
13 nucleotide sequences. The 6 sequences in the study were represented by a green circle, and
the green diamond presents other South African strains that were previously published. All
positions with gaps and missing data were removed. MEGA11 was used to perform the

evolutionary analysis.
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3.4.2 Amplification and sequencing of UL97

Sequencing was performed on 29/40 samples, yielding assembled sequence reads. However,
only 6/29 samples yielded identifiable CMV contigs (NCV1906, NCV1908, NCV1912,
NCV1916, and NCV1919) the read length was ranging from 81bp to 825bp (Table 3.7). Figure
3.12 provides an illustration of the genomic location of the identified CMV gene fragments
withing the complete CMV genome. BLASTN analysis revealed most fragments (NC1906,
NCV1907, and NCV1912) to be mapped to the UL98 gene, upstream of UL97. On the contrary,
the NCV1919 gene segment was located in a genomic region encompassing the UL54 and the

UL56 genes.

Table 3.7 Summary of Genome Detective assembly statistics for UL97 sequence reads.

Genome Identities
Study ID Read length Matches (%)
Coverage (%)
80
NCV1906 81 0.1% 81 (100%)
(98.8%)
656
NCV1907 825 0.3% 665 (100%)
(98.6%)
282
NCV1908 790 0.1% 285 (100%)
(98.9%)
132
NCV1912 135 0.1% 135 (100%)
(97.8%)
490
NCV1915 693 0.2% 494 (100%)
(99.2%)
135
NCV1919 150 0.1% 150 (100%)
(90.0%)

53




A-NCV1906 | D-NCV1912

0,000 120.000 180,000 200,000 0 40,000 80,000 120,000 160,000 200,000

B-NCV1907 | E-NCV1915

40.000 B0.000 120.000 160,000

C-NCV1908 F-NCV1919

L] 40,000 20,000 120,000 180,000 200,000

Figure 3.12 Coverage maps of consensus contigs for UL97 obtained with Genome Detective.
The Y-axis represents the depth of coverage, and the X-axis represents the position of the

sequence in the context of the complete genome.

Phylogenetic analysis UL97

A Maximum Likelihood phylogenetic tree was constructed, incorporating a rate variation
model (5 categories + G, parameter = 0.0500), which revealed that nearly half of the sites
(49.27%) were evolutionarily invariable. The resulting tree, drawn to scale with branch lengths
representing substitutions per site, showed that two study samples (NCV1915 and NCV1907)
clustered with globally circulating cytomegalovirus (CMV) strains. Notably, NCV1907 formed
a well-supported subcluster (54% bootstrap) with CMV strains identified in Belgium in 2010
supported by a 54% bootstrap value (Figure 3.13). NCV1915 clustered with a diverse group

of CMV strains from various geographic locations, including Durban (South Africa), Zambia
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(2002-2003), Belgium (2010-2011), and London (United Kingdom, 2011), indicating

widespread genetic relatedness.
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Figure 3.13 A maximum likelihood phylogenetic tree was constructed for the UL97 gene of
Human HCMV, with the Merlin strain (MH036940.1) serving as the root. Bootstrap values
above 50 are shown. Genes identified in this study are denoted by red dots, while the root is

marked by a black square.
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CHAPTER 4

DISCUSSION AND CONCLUSIONS

4.1 DISCUSSION

CMV is a ubiquitous virus that is clinically significant, posing a substantial global health
concern with seroprevalence nearing 100% in developing countries, and approximately 40%
in developed countries, vulnerable individuals to CMV disease being the immunocompromised
and neonates (21, 25). Despite its significance, there is paucity of data on CMV epidemiology
and resistance patterns in Africa. In this study among 74/86 (86%) CMV positive samples the
gB3 genotype was predominantly prevalent at 77% (57/74). This dominance, coupled with the
absence of mono infections with gB4 and single cases of gB1 and gB2 identified by sequencing,
suggests distinct local epidemiological patterns possibly influenced by specific transmission
dynamics in South Africa. Findings on genotype prevalence in this study is in contrast to a
study conducted in Pretoria in 2014 where among immunocompromised patients gB2 was
detected in 35% (7/20) followed by gB4 in 30% (6/20) of patients as the most prevalent
genotypes (168). This study also identified genotypes gBl1 and gB3, despite the small
population size. Another South African study with a limited sample of 12 HIV exposed infants
with CMV pneumonia from Durban KwaZulu Natal Province, also in contrast to this study
identified gB2 (8/12; 67%) as the most prevalent with GB5 as the only other genotype detected
(169). Unfortunately, in this study GB5 was not included in the genotyping assay and
sequencing could not differentiate the genotypes appropriately due to the short sequence length
(<500 bp) analysed during phylogenetic analysis. These observations indicate that differences
geographic distribution patterns of CMV genotypes exist in South Africa. Overall, genotyping
by real-time multiplex PCR revealed a high success rate of 82.4% (61/74).

Furthermore, there was dual detection of gB1 and gB3 in 2.7% (2/74) and gB3 and gB4 in 4%
(3/74) by QPCR-based genotyping. The dual detection observed indicates that infections by
multiple strains of CMV in our study population. This finding is similar to a study by Kiilekci
et al. where 5 out of 10 donor lungs were CMV-positive, with three of those cases involving
multiple CMV strains (170). Previous studies have with consistency demonstrated that mixed
infections with multiple strains are prevalent, specifically among HSCT patients, and the

presence of multiple strains is influenced by factors such as viral load and the specimen type
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analysed (171, 172). The detection of mixed genotype infections at an overall prevalence of
6.7% (5/74) in this study is lower than reported in the literature. For example, Tarrago et al.
reported a 27.5% rate of mixed gB1/gB3 infections in serum samples (173), while Handous et
al. found mixed gB genotypes in 31% of non-HSCT haematological malignancy patients, often
associated with higher viral loads and symptomatic disease (6). Similarly, in solid organ
transplant recipients, mixed gB infections were detected in ~17% of samples, frequently
involving gB3, whereas Vasiljevi¢ et al. observed an even higher rate of 55.5% in HSCT
patients (157, 172). In congenital CMV, Sarkar et al. identified mixed infections in 23.5% of
symptomatic neonates, most often involving gB1 with gB2 or gB3 (174). Notably, the
gB1+gB3 and gB3+gB4 pairs we observed are consistent with genotype combinations reported
in other settings (173, 174). These findings emphasise that although mixed infections appear
relatively uncommon in this population, they remain clinically relevant and may contribute to
within-host diversity, viral persistence, and treatment challenges. Interestingly, no mono-
infections with gB1, gB2, or gB4 were detected in this study. It remains possible that these
genotypes are circulating at low prevalence but were not captured. Alternatively, the
predominance of gB3 may suggest regional clustering or selective advantages for this genotype

in the South African context, which warrants further investigation.

The negative sample types included urine, sputum/NPA, CSF, serum and whole blood samples.
DNA degradation resulting from delayed processing and temperature fluctuations during
transportation from collaborating laboratories to our research facilities is the most likely
contributing factor to negative results. The statistical analysis of the CMV qualitative PCR Ct
values revealed a Ct mean of 33.55 which was suggestive of a moderate level of CMV DNA
in the samples. The standard deviation of 4.33 and coefficient of variation of 12.95% was
suggestive of a significant amount of variability in viral load amongst the samples. This could
be as a result of factors such as differences in the immune responses of different individuals,
the stage of the disease, sample type and possibly site of sample collection. Overall, this
analysis is suggestive of the fact that there is a moderate level of CMV infection in the study

population, with significant variability in viral load.

Samples that could not be genotyped (18%; 13/74) underwent further analysis using
conventional PCR and sequencing, to ensure comprehensive characterisation of CMV diversity

in this cohort. Among the 13 samples that were CMV-positive but were not genotyped, a subset
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of 9 samples which had Ct values less than 35 were selected to undergo further investigation,
and a successful amplification of UL55 gene sequences was achieved in 5 out of 9 samples.
Sequencing of the 5 samples yielded a successful genotyping for only 3, of which the
phylogenetic analysis revealed them to be clustered in three genotypes: gB1, gB2, and gBS3.
Despite further investigation, including the incorporation of gB5 in the phylogenetic analysis,
the remaining 2 samples could not be clearly assigned a genotype. The inability to assign a
genotype for these 2 samples is due to the limited sequence length used during phylogenetic
analysis. Unfortunately, we had to trim our study sequences to the limited sequence lengths of
all the relevant genotype specific reference sequences included in the multiple sequence
alignments. Of the remaining samples there was a sample that did not yield the expected
sequencing output, most likely due to degraded DNA that may have hindered accurate
sequencing. The successful genotyping of samples by conventional PCR that initially failed
real-time PCR suggest primer-probe mismatches as the greatest limitation. The real-time PCR
primers and probes may not have been suitably matched for the genetic diversity present in the
study samples. This emphasises the significance of primer sequences optimisation for accuracy
in CMV genotyping. Additionally, due to the sensitivity of real-time PCR, even small
mismatches in the primers and probes can make a difference, whereas in conventional PCR

bands may be visible even though incorrect in size, or not clear enough to warrant sequencing.

While our study successfully characterized gB genotypes using both QPCR-based genotyping
and sequencing and phylogenetic analysis we were unable to generate UL54 and UL97
sequence data for drug resistance analysis. Despite the challenges encountered, this study
provides insights into the circulating CMV strains in Johannesburg, South Africa, and their
diversity. We tried to sequence single fragments more than 1200bp in size for both UL54 and
UL97 whereas in a study by Kleiboeker et al. they amplified and sequenced a single fragment
of approximately 600bp for the UL97 gene whereas they generated four fragments across the
UL54 gene ranging in size from 337bp to 798bp (175). The dominance of gB3 strains suggests
they are primarily responsible for CMV disease in the region. Detailed clinical information
would have offered a deeper understanding of clinical outcomes related to specific strains, as
previous studies have hypothesised that different CMV strains may result in different unique

clinical manifestations (176).

This study had several limitations and challenges, including a smaller sample size, limited

geographic scope, and lack of comprehensive clinical data. The sample size calculated was 194
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but even after extension of the study period the sample only reached 111 and of these 25 had
to be excluded whereafter we remained with 86 samples for analysis. Unfortunately, the fact
that CMV viral load testing is not conducted in the NHLS Virology laboratory at CMJAH
residual specimens of cases tested at the referral laboratory (based at Chris Hani Baragwanath
Hospital, Soweto, South Africa) resulted in logistical constraints as these samples were not
regularly returned as requested. Technical issues, time constraints, and financial limitations
also hindered the amplification of UL54 and UL97 genes. While PCR primers utilized for
UL54 and UL97 in this study did not yield satisfactory results despite exploring multiple PCR
conditions it should be noted that Sahoo et al. (2013) used CMV virus isolates while clinical
samples were used here. Subsequent, mapping of the primers showed that they were located
outside of the genes of interest (UL54 and UL97). Therefore, future studies explore the use of
primers described by Kleiboeker et al. as they used clinical samples. Strengthening the
surveillance of UL97 and UL54 gene mutations will also inform antiviral drug development,
optimize treatment options, and improve disease management (175). Future studies should
prioritize characterization of gB protein variations across diverse geographic locations to
inform vaccine development. The study also suffers from information bias, selection and

sampling bias, as some samples had incomplete information and were conveniently collected.

4.2 CONCLUSION

In conclusion, this study demonstrated that the gB3 strain is the most dominant CMV strain in
Johannesburg, South Africa during 2021 to 2023 compared to earlier periods when gB2
dominated. The findings of this study contribute to the understanding of CMV genetic diversity
and have implications for public health strategies and treatment approaches. This research
underscores the significance of continued research into CMV genetic composition, particularly

in relation to disease progression, treatment outcomes, and CMV vaccine development.
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