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Abstract: Most adults in the world (~83%) carry antibodies reactive with human cytomegalovirus 

(HCMV) and retain lifelong latent infections. The virus is transmitted via saliva, so infection events 

are likely to be common. HCMV has been associated with diseases of aging, such as cardiovascular 

disease. These conditions occur at a younger age in persons with particularly high burdens of 

HCMV - transplant recipients and people living with HIV (PWH). Here I define “clinical footprints” 

of HCMV as immunopathologies triggered by the virus that develop over many years. A high 

burden of HCMV contributes to “immunological footprints” of HCMV such as the accumulation of 

novel populations of NK cells and T-cells. I aim to develop a better understanding of how 

“immunological footprints” of HCMV collectively promote the “clinical footprints” of the virus. This 

is explored here in renal transplant recipients (RTR), PWH and neonates. 

Saliva is used to diagnose congenital HCMV infections, but HCMV replication after 

transplantation is monitored in whole blood or plasma. However, these assays may not detect 

replication in the salivary gland and there is little data linking detection in saliva with systemic 

infection and clinical sequelae. RTR (n = 82) were recruited by my colleagues > 2 years after 

transplantation and HCMV DNA was sought in plasma using a commercial assay. Vascular health 

was predicted using flow mediated dilatation (FMD) and plasma biomarkers. HCMV-reactive 

antibodies were quantified by ELISA and circulating HCMV-specific T-cells by an interferon-ELISpot 

assay. Vδ2- γδ T-cells were detected using multicolor flow cytometry reflecting population 

expansion after HCMV infection. I used an in-house quantitative PCR assay to detect HCMV UL54 

in saliva samples. HCMV DNA detected in saliva associated with HCMV glycoprotein B (gB) 

antibodies, Vδ2- γδ T-cells T-cells and T-cell responses to HCMV immediate early 1 antigen (IE-1). 

The data revealed that HCMV detected in saliva reflected systemic infections in adult RTR. 

HCMV-encoded microRNA (miRNA) may alter the pathobiology of HCMV infections and 

contribute to clinical HCMV footprints.  HCMV-encoded miRNAs can be detected in blood but have 

not been sought in saliva.  I investigated saliva samples from 32 RTR and 12 seropositive healthy 

controls for whom immunological data was available.   Five HCMV-encoded miRNAs (miR-UL112-

5p, miR-US5-2-3p, miR-UL36, miR-US25-2-3p and miR-UL22A) were sought using primer probe 

assays. HCMV miRNAs were detected in saliva from 15 RTR and 3 healthy controls, with miR-US5-

2-3p most commonly detected. The presence of HCMV miRNAs associated with increased T-cell

responses to HCMV IE-1 in RTR, suggesting a link with frequent reactivations of HCMV.

HCMV encodes several homologs of host genes including US28 (a homolog of a chemokine 

receptor), UL111a (a homolog of IL-10), UL18 (a homolog of MHC-I) and UL40 (a homolog of a HLA-
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E leader peptide). Deep sequencing technologies were utilised to sequence these genes directly 

from 60 clinical samples from Indonesian PWH beginning treatment in Jakarta (n=28) and 

Australian RTR (n=21), healthy adults (n=7) and neonates (n=4). Across the 4 genes sequenced 

>90% of samples contained more than one variant of HCMV, as defined by at least one

nonsynonymous mutation. In all genes, variants differed between neonates and adults, Australian

and Indonesian samples, and saliva and blood leukocytes.

Variants of US28 associated with plasma levels of IE-1 and gB HCMV-reactive antibody. 

Furthermore, molecular modelling revealed that several variants may alter binding interactions 

with human chemokines and/or with HIV. Variants in UL111a were associated with HCMV-specific 

T-cell responses to pp65 and HCMV antibody levels against HCMV-lysate, IE-1 and gB antigens.  It

may be important that the protein encoded by UL111a (vIL-10) can be detected in plasma.

However, I found no associations between detection of vIL-10 in plasma and UL111a variants.

UL18 variants also associated with levels of HCMV-lysate antibodies, C reactive protein and 

soluble IFNα receptor in plasma and frequencies of Vδ2- γδ T-cells. UL18 is a highly variable gene, 

where this variation may alter the persistent burden of HCMV or the host response to that burden. 
Amino acids 15-23 encoded by the HCMV gene UL40 match positions 3-11 of HLA-C and HLA-A, 

and constitute a “signal peptide” able to stabilise cell surface HLA-E as a restriction element and a 

ligand of NKG2A and NKG2C. I found no groupwise associations between the presence of multiple 

UL40 sequences and HCMV burden (highest in PWH) or HCMV-associated symptoms (present only 

in neonates).  

With HCMV so prevalent in the community, it is an enigma as to how some people remain 

seronegative their entire life. The assumption that they have never been infected with HCMV 

should be questioned. From 45 seronegative individuals (13 RTR, 32 healthy adults), I found seven 

cases who had detectable HCMV DNA in their blood and/or saliva, or vIL-10 in their plasma. One 

case displayed NK cells characteristic of HCMV infection before her HCMV DNA became 

undetectable. In other cases, the infection may persist with seroconversion blocked by vIL-10. 

Future research should seek mechanisms that can prevent an individual from seroconverting 

despite a persistent HCMV infection, as HCMV vaccines may not work well in such people. Overall, 

HCMV variants are common in all populations. Variants have the potential to affect US28 

interactions with human chemokines and/or gp120. US28, UL111a and UL18 variants may 

influence systemic responses to HCMV. The findings relied on novel deep sequencing technologies 

applied directly to clinical samples, so the variants exist in vivo.    
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Chapter 1 

Aims of this thesis 

Chapter 1 outlines the hypothesis and aims of this thesis. It also outlines the cohorts used in the thesis 
and who was involved in recruitment and sample collection.  
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Hypothesis and aims of the thesis  

Hypotheses:  

The “HCMV footprint” refers to how HCMV affects the health of an individual. I propose that… 

1. HCMV carried in saliva can contribute to the HCMV footprint – with or without evolving

into a systemic infection.

2. Detection of HCMV-encoded miRNA associates with the HCMV footprint.

3. Genetic variants of HCMV may affect the footprint.

4. Individuals who are HCMV seronegative are not necessarily free from HCMV infection.

Study populations: The research in this thesis was made possible by several cohorts; Australian 

renal transplant recipients (RTR) and healthy controls, people living with HIV (PWH) in Indonesia 

and Australian neonates.  

• Australian RTR cohort: Eighty-two RTR were recruited from renal clinics at Royal Perth Hospital

(Western Australia). Inclusion criteria were clinical stability greater than two years after

transplant, no HCMV disease or reactivation within six months of sample collection and no

current anti-viral treatment. RTR infected with hepatitis B or C were excluded. Eighty-one

healthy aged matched controls were recruited through local advertisement. The study was

designed and participants were recruited by Dr Ashley Irish, A/Prof Patricia Price, Dr Silvia Lee,

Dr Jacquita Affandi and Dr Nandini Makwana.

• The JakCCANDO project: The JakCCANDO Project is a comprehensive survey of clinical and

immunological responses to antiretroviral therapy (ART) undertaken in Cipto Mangunkusumo

Hospital’s outpatient clinic (Jakarta, Indonesia). Eighty-two ART-naïve HIV patients were

enrolled with <200 CD4 T-cells/µl. Samples were collected before ART initiation (V0) and at

months 1, 3, 6 and 12 (V1, V3, V6, V12). The study was designed by A/Prof patricia Price and

run in Jakarta by Dr Ibnu Ariyanto, Dr Endah Wulandari, Dr Riwanti Estiasari Dr Lukman Edwar

and Dr Ika Wijaya with support from Dr Evy Yunihastuti and Prof Sjamsurizal Djauzi.

• Australian Neonates: Four de-identified congenital urine samples in virus transport media were

provided by the Department of Microbiology, PathWest Laboratory Medicine WA. Samples

were collected between 1-13 days of life and had detectable HCMV DNA when assessed by

routine hospital assays. Two neonates had symptomatic infections. One had hepatitis

attributed to HCMV that spontaneously resolved without antiviral therapy. Another had
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bilateral sensorineural hearing loss, other central nervous system and lymphatic abnormalities 

and required antiviral therapy.  The samples were made available by Dr Anthony Keil.  

Aim 1: To determine the relevance of detecting HCMV nucleic acids in saliva samples by qPCR and 

whether they associate with clinical and immunological footprints of HCMV. I asked 4 questions. 

• Is HCMV DNA detected in saliva as frequently as in plasma?

• Does the detection of HCMV DNA in saliva associate with systemic responses to HCMV?

• Can HCMV-encoded miRNAs be detected in saliva?

• Are HCMV-encoded miRNAs biomarkers of HCMV footprints?

Aim 2: To determine if genetic variants of HCMV genes that encode homologs of human proteins 

are associated with HCMV footprints. Furthermore, to determine if HCMV variants are distinctly 

different between samples from Australia and Indonesia, adults and neonates, and saliva and 

blood leukocytes.  

• Can HCMV be sequenced directly from clinical samples thereby, avoiding artefacts created

during cell culture?

• Can deep sequencing technologies be successfully applied to samples with low viral titres?

• Are nonsynonymous variations within the same gene carried in haplotypes?

• Do clinical variants alter the ability of viral proteins to interact with host targets?

• Do variants associate with immunological footprints of HCMV?

Aim 3: To determine if a HCMV seronegative individuals are truly “HCMV negative” despite a 

lifetime of exposure to the virus.  

• Why is HCMV DNA sometimes detected in individuals who have no detectable HCMV-reactive

antibodies?

• Are there any other markers of HCMV that can be detected in HCMV seronegative individuals?

• Is evidence of HCMV infection detectable over time in a HCMV seronegative individual?
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Chapter 2 

HIV patients, healthy aging and  
transplant recipients can reveal the 

hidden footprints of CMV 

Chapter 2 will introduce human cytomegalovirus in the context of people with HIV (PWH), healthy 
aging and transplant recipients. The review uses a concept called the “HCMV footprint” which is a 
tool used to explain how different metrics of HCMV affects the overall health of an individual. The 
metrics include detectable HCMV DNA, HCMV-reactive T-cells and antibodies, and populations of 
cells induced by HCMV infection. These are described here in the context of different patient groups.  

The review in this chapter is published: 
Waters S, Brook E, Lee S, Estiasari R, Ariyanto I, Price P. HIV patients, healthy aging and transplant 
recipients can reveal the hidden footprints of CMV. Clin Immunol. 2018; 187. 
doi:10.1016/j.clim.2017.11.001.  

Contributions: This review was written with contributions and support of all co-authors listed in the 
publication. 
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1. Introduction

Cytomegalovirus (CMV) is a β-herpesvirus able to replicate in fibro-
blasts, endothelial cells, salivary acinar cells and monocytes [1]. It
, CurtinUniversity, Bentley,WA

.

induces distinct end-organ diseases in patients with HIV/AIDS, trans-
plant recipients and premature infants, but acute symptoms are rare
in immunocompetent adults. This is remarkable as 35–95% of adults
tested anywhere in the world are CMV seropositive, so it is possible
that everyone has been exposed to virus shed in saliva [2]. During infec-
tion CMV becomes latent and can be reactivated by “stress” such as that
exerted by infections, but the “when” and “how” remain unclear [3].
Many studies of the pathogenesis of CMV disease have been based on
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laboratory mice infected with murine CMV. This shares homology with
human CMV and is endemic in wild mice so it is studied in its natural
host. Inbred strains of mice that differ in their susceptibility to infection
and disease have been used to show how NK and T-cells affect primary
infections [4]. However the timescale of a human lifetime and the im-
pacts of everyday stresses and co-infections are not well modeled in
mice.

To better understand human CMV, it would be beneficial to study
people resident in the community who retain a high burden of the
virus over time, as mounting evidence links CMV with age-associated
changes to the immune system and with diverse age-related diseases.
A lesson from murine CMV is its effects on multiple organs, including
the eyes, adrenals, pancreas and salivary glands. Our experience with
this virus highlights the reality that the number of cells infected with
CMV is small relative to the inflammatory response and that replication
is in tissues rather than blood leukocytes [5]. These features make it dif-
ficult to prove that CMV is the primary cause of any chronic condition
[6]. In a more holistic approach, we now propose a “footprint of CMV”
as a tool to investigate the short- and long-termeffects of CMV infection.

2. Assessing the burden of CMV

The clinical or immunological footprints of CMV are likely to depend
on the susceptibility of the host to the immunological/inflammatory
change, and on the individual's burden of CMV (i.e.: the amount of rep-
licating virus). Metrics of the burden of CMV include CMV DNA ampli-
fied in blood or saliva, and immune responses to components of the
virus – usually assessed as CD8+ T-cells and antibody.

2.1. Clinical significance of detecting CMV DNA

CMV viral load is assessed in clinical care using sensitive PCR-based
assays applied to whole blood, blood components (plasma or buffy
coats), urine or saliva. However assays of blood will miss CMV latent
in the tissues andmaymiss intermittent bursts of replication. Therefore,
samples containing cells that can support CMV replication (e.g. saliva)
may provide a more reliable indication of how much virus is generated
in the body [7]. However the clinical correlates of CMV positivity in sa-
liva are unclear, whereas assays of the blood have established prognos-
tic value [8]. PCR assays can also distinguish strains of CMV, including
those resistant to ganciclovir used for therapy and prophylaxis [9,10].
In Australia, the ‘gold standard’ for CMV detection is the Abbot Molecu-
lar assay as it is highly sensitive and reliable. The assay uses a multiplex
quantitative PCR protocol that targets conserved regions within UL34
and UL80.5 and can detect as little as 20 copies/mL in whole blood
and plasma [8]. However, the assay is expensive and cheaper alterna-
tives are not accepted in clinical care (e.g. Q-CMV Real Time Complete
Kit; ELITech). Although measuring CMV DNA can indicate how much
virus is present on a given day, it does not correlate with immune re-
sponses (e.g. antibody levels) [11]. Positivity may be transient and ap-
propriate tissues must be tested.

2.2. Are CMV-reactive antibodies or T-cells a reliable metric of the burden of
CMV?

CMV-reactive antibodies are widely used throughout the literature,
including many studies discussed here. However CMV IgG levels must
be interpreted in the context of a lifetime of chronic exposure, whereas
CMV IgM levels are transient and may reflect a primary infection, reac-
tivation or reinfection of a different strain [12]. Most studies stratify
their cohort based on serostatus (positive vs. negative), but almost all
HIV patients carry CMV-reactive antibodies [13,14]. Quantitative assays
can be informative but levels rise and then fall over the first fewmonths
asHIV patients begin anti-retroviral therapy (ART) [15,16]. The risemay
reflect reactivation of CMV on ART as an asymptomatic Immune Restora-
tion Disease [17] or may reflect an improved capacity to recognize pre-
existing antigen. Furthermore, CMV DNA and proteins have been iden-
tified in rectosigmoid samples fromHIV individuals with evidence of in-
testinal damage. CMV can disrupt epithelial junctions in the gut
contributing to persistent inflammation and bacterial translocation
[18]. The antigen used to quantitate antibodies is also important. Whilst
this is not specified in most commercial kits, we find that levels of anti-
body reactive with a lysate of infected cells rise with age in HIV patients
and healthy controls, whilst antibodies reactive with CMV Immediate
Early-1 (IE-1) are stable over time but inversely proportional to an
HIV patients' CD4+ T-cell count before ART [19].

T-cell responses to CMV antigens may reflect levels of CMV replica-
tion (antigen burden), with or without being protective. This fits evi-
dence that responses can be higher in immunosuppressed transplant
recipients and HIV patients than in healthy donors [20,21]. Indeed the
expansion of CMV-reactive T-cellsmay dominate the phenotypic profile
of the T-cell population, as discussed below.

3. The immunological footprint of CMV

The effects of CMV on αβ T-cells, γδ T-cells and NK-cells are evident
without selection for CMV-reactive cells. Such large changes have po-
tential to affect long-term health.

3.1. Terminally differentiated αβ T-cells

A unique feature of CMV is that up to 23% of the CD8+ T-cell popula-
tion of older CMV-seropositive adults can be CMV-specific [22]. For ex-
ample, NLV peptide-specific CD8+ T-cells alone comprised amedian 3%
(range = 0.4–5.6%) of CD8+ T-cells in donors aged 90 (86–96) year
[23]. CMV-specific T-cells are enriched for terminally-differentiated
CD45RA+CD28loCD57+ cells [23,24] that have limited proliferative po-
tential [25] but produce interferon (IFN)-γ upon stimulation in vitro
[23,24]. Their accumulation correlates with immunologic aging evident
in the entire T-cell population assayed ex vivo [22]. Repeated sub-
clinical CMV infections may expand CMV-specific T-cells clones until
they suppress homeostatic expansion of other T-cells. Alternatively
the expanded clones of CMV-reactive T-cells may bias the population
and dilute cells of other specificities. This seems unlikely as the
expansion of CMV-specific CD8+ memory T-cells is not at the expense
of memory T-cells specific for influenza and Epstein Barr Virus (EBV)
[23,26]. CMV-specific T-cells have been correlated with protection
from CMV disease in transplant recipients [27] and associated with re-
duced risk of CMV reactivation in HIV patients receiving antiretroviral
therapy [28].

3.2. γδ T-cells

Gamma delta (γδ) T cells are generally CD4−/CD8−, but can express
CD8. They constitute b5% of the entire T-cell population. Expansions- of
Vδ2− γδ T-cells occur in allogeneic stem cell recipients experiencing
CMV reactivation within 12 months of transplantation [29] and in
CMV-seropositive healthy controls, with the highest frequencies report-
ed in older individuals [30]. The Vδ2+/Vδ2− ratio correlated inversely
with CMV antibody titres [31] and increased frequencies of Vδ2− γδ
T-cells aligned with CMV seropositivity in renal transplant recipients
with long-term stable graft function, and healthy Australians. Similar
toαβ T-cells, Vδ2− γδ T-cells were skewed towards a terminally-differ-
entiated phenotype in CMV-seropositive individuals [32].

3.3. NK-cell phenotypes: two way interactions with CMV

Direct evidence that NK-cells can control CMV in humans is available
from a congenitally T-cell deficient child whose recovery from an acute
CMV infection paralleled a 10-fold expansion of NK-cells with restricted
receptor diversity [33]. There is also teleological evidence that NK-cells
are important. Human CMV and murine CMV carry homologues of
6
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human andmurine genes (resp.) encoding proteins able to subvert pro-
tective NK responses. In humans, this includes the high affinity interac-
tions between the CMV-encoded UL18 glycoprotein (gpUL18; a Major
Histocompatibility Complex Class I (MHC I) homologue) and leukocyte
Ig-like receptor 1 (LIR-1) [34,35]. gpUL18 is expressed on infected cells
throughout the late phase of infection, when endogenous MHC I is
downregulated. LIR-1 is an inhibitory receptor expressed on T-cells
and NK-cell subsets, and recognises MHC I [34]. Binding between
gpUL18 and LIR-1 has N1000-fold greater affinity than between MHC I
and LIR-1, so low levels of gpUL18 can inhibit NK function [35]. LIR-1 ex-
pression is induced on NK-cells during an acute CMV infection, but
whether it persists through the lifetime of the host is unclear [36].

Although CMV may evade NK-cell mediated cytotoxicity, NK-cells
may respond by upregulating activating receptors. Briefly; an inhibitory
receptor recognizing HLA-E is formed when CD94 is bound to NKG2A,
but CD94 with NKG2C creates an activating receptor. Accordingly,
acute CMV infections and seropositivity are paralleled by an expansion
of CD94+NKG2C+ NK-cells [37]. CMV contains the UL40 gene which
codes for a protein that contains an exact match to the HLA-E leader
peptide. When HLA-E associates with this peptide, it is transported to
the cell surface where is can be recognised by both NKG2C or NKG2A
to either activate or inhibit NK-cell cytotoxicity [38]. Usually the UL40
peptide binds to NKG2A with a greater affinity than NKG2C. However
mutations in this protein can alter the peptides' affinity for NKG2C or
NKG2A [39]. Although expansions of NKG2C+ cells have been observed
in other viral infections (e.g. HIV, HBV and HCV), CMV appears to be the
underlying cause [40,41].

Active and chronic phases of HIV infections are associated with
low proportions of CD56loCD16+ NK-cells and the presence of the
CD56negCD16+ subset with low expression of several NK receptors
and reduced cytokine secretion, consistent with reduced cytolytic func-
tion [42]. Most HIV patients display decreased expression of NKG2A on
NK-cells and increased NKG2C. This pattern is seen in CMV-seropositive
healthy donors, so it may reflect a high burden of CMV in HIV patients
[43]. More recently, loss of the co-stimulatory molecule, CD28, from
CMV-specific CD8+ T-cells was linked with expanded frequencies of
NKG2C+CD57+NK-cells. The authors suggest overlappingmechanisms
may perpetuate CMV-specific CD8+ T-cell and NK-cell memory
inflation [44].

Loss of Fc epsilon receptor type I gamma (FcRIγ) has also emerged as
a potential metric of the CMV footprint. FcRIγ and CD3ζ associate with
CD16, an NK-cell receptor vital for antibody-dependent cell-mediated
cytotoxicity (ADCC). FcRIγ is lost from NK-cells in CMV-seropositive
renal transplant patients and healthy controls [45]. FcRIγ deficient
(FcRIγ−) NK-cells display features of immunological memory, are a
stable population and exhibit enhanced ADCC [46,47]. However propor-
tions of FcRIγ− NK-cells are correlated with CMV antibodies in HIV−

individuals, but not in HIV+ patients, perhaps because almost all pa-
tients are CMV seropositive [48]. This limits the utility of FcRIγ− NK
cells as a metric of the footprint of CMV in this setting.

4. The clinical footprint of CMV

CMV has been linked with several diseases of aging. In addition to
cardiovascular disease (CVD), we demonstrated higher titres of anti-
bodies reactive with CMV in patients with chronic obstructive pulmo-
nary disease or pulmonary non-tuberculous mycobacterial (NTM)
infections [49,50]. However T-cell and antibody responses to CMV rise
with age [20,51], so immune activation that is associated with age and
other infections must be considered.

4.1. CMV and inflammaging

The role of CMV is difficult to distinguish from increased immune ac-
tivation. This reflects both theproblemofmeasuring the burden of CMV,
and the reality that CMV is reactivated by inflammation and induces a
range of inflammatory cytokines.

Circulating inflammatorymarkers that increase with agemay not be
a useful metric of the CMV footprint. For example, levels of CMV DNA in
monocytes correlated more precisely with levels of plasma IL-6 and
CMV pp65-reactive CD8+ T-cells than CMV antibody measured by a
commercial assay [52]. However IL-6 also marks “inflammaging”
defined as an age-driven increase in plasma pro-inflammatory markers
(IL-6, tumor necrosis factor (TNF)α, C-reactive protein). Importantly,
inflammaging also develops in CMV-seronegative individuals [53] so
the processes are not identical. Accordingly, we findno concordance be-
tween levels of soluble TNF receptors and CMV antibodies in HIV pa-
tients stable on ART [20] or older individuals with or without NTM
disease [50]. We conclude that circulating pro-inflammatory markers
are a poor metric of the footprint of CMV in these situations.

The situation may be different in HIV patients with more active
disease, as immune activation in treated and untreated HIV disease in-
creases levels of inflammatory cytokines in circulation and tissues.
This may reflect increased exposure to antigens and stimulants from
the gut biota [54]. Freeman et al. reported increased sTNFRII, CXCL10,
d-dimer and IL-18 in CMV-seropositive HIV-infected donors on ART
compared to a group who had remained CMV-seronegative [55]. The
importance of CMV in immune activation in HIV patients is underlined
by evidence that T-cell activation was reduced when patients were
treated with valganciclovir [56]. In turn, immune activation may stimu-
late subclinical reactivations of CMV. Accordingly, prevalence of CMV
DNA in studies of HIV patients (15.8–42.2%) was high [57–60] when
compared to studies of CMV DNA in healthy controls [61–63], though
we find no studies where patients and controls were assessed in
parallel. This could affect the prevalence and severity of inflammatory
disorders linked with CMV.

4.2. Vasculopathy and metabolic disease

Aortic endothelial cells can establish latent CMV infections and may
harbour the virus throughout the lifetime of the host [64,65]. Evidence
linking CMV with vasculopathy includes the presence of CMV DNA in
tissues removed during surgery for abdominal aortic aneurysmwith ex-
pression of inflammatorymediators [66]. Nikitskaya et al. correlated the
presence of CMVDNA in atherosclerotic plaque tissuewith the numbers
of effectormemory T-cells, confirming the expansion of these cells as an
immunological footprint of CMV [67]. Accordingly, higher CMV anti-
body titres are linked with increased blood pressure in young men
[68] and coronary artery disease requiring surgery [69]. We have
shown that frequencies of circulating Vδ2− γδ T-cells were decreased
in CMV seropositive renal transplant recipients with carotid plaques
[32]. Reduced frequencies in the circulation could reflect recruitment
to sites of inflammation. Halary et al. demonstrated that Vδ2− γδ T-
cells from renal- or lung-transplanted patients with a CMV infection
expressed chemokine receptors such as CXCR4 [70], and the ligand for
this receptor (CXCL12) was upregulated in human atherosclerotic
plaques [71].

Proposed mechanisms include increased oxidative stress affecting
mitochondrial DNA [72], TLR2-mediated interactions with platelets
leading to pro-inflammatory and pro-angiogenic responses [73] and di-
rect effects of proteins encoded by CMV, such as HCMV UL7 – a homo-
logue of the CEACAM1 pro-angiogenic factor [74] or HCMV US28
which encodes a β-chemokine receptor [75]. US28 can mediate
the migration of smooth muscle cells into the vessel intima where
they undergo fractalkine-mediated fixation and then proliferation.
This mechanism leads to vessel narrowing, accelerating the develop-
ment of vasculopathies [76–78].

There are several mechanisms by which inflammation arising from
HIV disease may promote vascular pathology. For example, an Austra-
lian study linked carotid artery intimalmedial thickness (cIMT) inverse-
ly with monocyte expression of CD11b (an anti-inflammatory integrin
7
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receptor) and CX3CR1 (fractalkine receptor) [78], independent of
traditional CVD risk factors. However T-cell and antibody responses to
CMV correlate with surrogate measures of atherosclerosis in HIV pa-
tients [79,80]. An Italian study linked CMV seropositivity at baseline
(age around 35 years) with the risk of severe non–AIDS-defining
events/non–AIDS-related death, notably CVD and cerebrovascular
events [81]. However a similar French study of healthy never-smokers
with HIV (treated and untreated) found no correlation between inflam-
matory markers, CD8+ T-cell responses to CMV and cIMT measure-
ments [82], so cofactors may be critical. We investigated the role of
CMV in CVD risk scores, neurocognitive loss and insulin resistance in
91 Australian HIV patients stable on ART. Levels of CMV antibody were
higher in patients than age-matched healthy controls, and correlated
independently with insulin levels and HOMA-insulin resistance
scores [83].

4.3. Neurocognitive disease

Neurocognitive impairment in older adults has been linkedwith low
CD4:CD8 ratios and high levels of CMV antibody [84]. CMV promotes
age-related T-cell differentiation and IFN-γ production [23,24]. Pro-
inflammatory cytokines such as IFN-γ can induce amyloid beta (Aβ)
deposition, a hallmark of Alzheimer's disease (AD) [85]. Furthermore
IFN-γ has been detected in the cerebrospinal fluid (CSF) of
deceased CMV-seropositive AD patients, but not in samples from
CMV-seronegative individuals [86]. Further evidence linking CMV to
neurodegenerative diseases includes the presence of CMV DNA in
brain tissue removed post-mortem from sufferers of vascular dementia.
This was more common than detection of herpes simplex virus type 1
(HSV1) or human herpes virus type 6 (HHV6), and more common
than in brains from older subjects dying without vascular dementia
[87]. Aggregates of hyperphosphorylated tau protein (neurofibrillary
tangles) are alsomarkers of AD andwere strongly correlatedwith levels
of CMV antibodies. Additionally, Aβ deposition was induced by CMV in-
fection in human foreskin fibroblasts [86]. These correlations between
CMV and the pathological markers of neurodegenerative diseases sug-
gest a role for CMV in neurocognitive decline.
Fig. 1. The footprints of CMV. The footprint provides a framework to understand how CMVma
lifestyle, aswell as the amount of latent and replicating CMVpresent in the body. This “CMVburd
T-cells (b), or the footprint of CMV on the immune system, e.g.: FcRγ− NK cells, terminally dif
clinical footprints of CMV include vasculopathy, neurocognitive disease and persistent inflamm
HIV itself may cause cognitive impairment. Early after HIV transmis-
sion, HIV RNA can be detected in the CSF and increased trafficking of
CD14+CD16+ monocytes into the brain may stimulate inflammation
and lead to neuronal damage [88]. The CHARTER study in 2010 linked
neurological impairment with the severity of HIV disease before ART
and with comorbidities, notably substance abuse [89]. We described
cognitive impairment in 51% of Indonesian HIV patients before ART, re-
ducing to 44% after 3 months on ART [90]. In this cohort, levels of CMV
antibody were extremely high and increased further over the 3 months
[19]. This highlights the challenge of assessing the footprint of CMV
when all individuals have high antibody levels, even though CMV sero-
positivity has been associated with cognitive impairment in middle
aged and older adults without HIV [91]. CMV potentiates the develop-
ment of an Immune Risk Phenotype in HIV patients [92]. This has been as-
sociated with cognitive impairment in healthy aging [93]. Shacklett et
al. also reported CMV-specific CD8+ T-cells in CSF of HIV patients but
at a lower frequency than in blood [94]. In a cohort of 138 HIV patients,
Letendre et al. linked higher CMV antibody levels with worse
neurocognitive function, but the report is only available as a conference
presentation [95]. In our study of older Australian HIV patients, levels of
antibody reactive with CMV lysate correlated with neurocognitive per-
formance, but the associations were weaker after adjusting for age [83].
Hence the relative importance of CMV and HIV in the development of
neurocognitive defects remains unclear.

5. Conclusions

We propose characterization of the immunological and clinical foot-
prints of CMV as a tool to elucidate the mechanisms invoked by this
most unusual virus, as outlined in Fig. 1. Our understanding of the foot-
print can be advanced through studies of people with high burdens of
CMV, notably HIV patients, transplant recipients and during healthy
aging. The immunological footprint can be assessed in individuals of
any age by linking phenotypic assessments of αβ T-cell, γδ T-cells and
NK cells with measures of the burden of CMV (ie: the presence of
CMV DNA and quantitation of CMV-reactive antibodies and T-cells).
The clinical footprints of CMV become more apparent with age, and
y affect the health of an individual. In any individual, the footprint will depend on age and
en”maybemeasured by bursts of replication of CMVDNA (a), CMV specific antibodies and
ferentiated (TD) αβ T-cells and Vδ2− γδ T-cells (c). All metrics increase with age (d). The
ation (e).
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are magnified by conditions such as HIV disease and after organ trans-
plantation. More precise metrics of the immunological footprint of
CMVwill identify individuals who will benefit most from CMV prophy-
laxis to minimize the clinical consequences later in life.
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Chapter 3 

The Detection of CMV in Saliva Can Mark a Systemic 
Infection with CMV in Renal Transplant Recipients 

In this chapter, I compare the detection of HCMV DNA in the saliva of RTR using an in-house qPCR 
assay with a commercial assay that detects HCMV DNA in plasma. I also assessed whether detection 
of HCMV DNA in saliva is associated with systemic markers of HCMV. This chapter addresses aim 1 
of this thesis. 

Data from this chapter have been published: 
Waters S, Lee S, Lloyd M, Irish A, Price P. The Detection of CMV in Saliva Can Mark a Systemic 
Infection with CMV in Renal Transplant Recipients. Int J Mol Sci. 2019;20(20) 
doi:10.3390/ijms20205230. PMID: 31652514; PMCID: PMC6829882.  

Contributions: RTR were recruited and samples were collected by Dr Ashley Irish, A/Prof Patricia Price, Dr 
Silvia Lee, Dr Jacquita Affandi and Dr Nandini Makwana. Antibody ELISAs, ELIspot assays and flow cytometry 
was performed by Dr Silvia Lee. Markers of cardiovascular disease (FMD and cIMT) were collected by Dr 
Jacquita Affandi. 
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Abstract: Human cytomegalovirus (CMV) is often transmitted through saliva. The salivary gland
is a site of CMV replication and saliva can be used to diagnose congenital CMV infections. CMV
replication is monitored in whole blood or plasma in renal transplant recipients (RTR) and associates
with clinical disease. However, these assays may not detect replication in the salivary gland and there
is little data linking detection in saliva with systemic infection and clinical sequelae. RTR (n = 82)
were recruited > 2 years after transplantation. An in-house quantitative PCR assay was used to detect
CMV UL54 in saliva samples. CMV DNA was sought in plasma using a commercial assay. Vascular
health was predicted using flow mediated dilatation (FMD) and plasma biomarkers. CMV-reactive
antibodies were quantified by ELISA and circulating CMV-specific T-cells by an interferon-γ ELISpot
assay. Vδ2− γδ T-cells were detected using multicolor flow cytometry reflecting population expansion
after CMV infection. The presence of CMV DNA in saliva and plasma associated with plasma levels
of antibodies reactive with CMV gB and with populations of circulating Vδ2− γδ T -cells (p < 0.01).
T-cells reactive to CMV immediate early (IE)-1 protein were generally lower in patients with CMV
DNA in saliva or plasma, but the level of significance varied (p = 0.02–0.16). Additionally, CMV DNA
in saliva or plasma associated weakly with impaired FMD (p = 0.06–0.09). The data suggest that CMV
detected in saliva reflects systemic infections in adult RTR.

Keywords: cytomegalovirus infection; saliva; renal transplantation

1. Introduction

Human cytomegalovirus (CMV) is a beta-herpesvirus carried by ~83% of the global adult
population [1]. In healthy individuals, most acute infections are asymptomatic but chronic infections
have been linked with diseases of aging, notably cardiovascular disease (CVD) [2]. In individuals with
acquired immunodeficiencies, such as organ transplant recipients, CMV can cause acute end-organ
disease and/or contribute to risk of graft rejection, CVD and secondary bacterial and fungal infections [3].
Symptomatic CMV infections occurs in 20–60% of transplant recipients depending on donor and
recipient CMV status, type of organ transplanted, degree of immunosuppression and use of anti-viral
prophylaxis [4].

The burden of CMV in an individual can be measured directly by the detection of CMV DNA or
indirectly via specific immune responses (antibodies in plasma or CMV-specific T-cells). IgG antibodies
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reactive with CMV assessed in plasma or serum reflect a lifetime history of infection. High titers of
CMV-reactive IgG antibodies have been associated with all-cause mortality, development of CVD
and reduced responses to influenza vaccination in elderly populations [5]. Similarly, high CMV
antibody levels in individuals living with human immunodeficiency virus (HIV) are associated with
cerebrovascular disease and CVD [6]. However, the interpretation of antibodies in this context is
confounded because antibody levels increase as HIV patients achieve an immunological response to
antiretroviral therapy [7]. Once HIV patients are stable on therapy, higher T-cell responses (particularly
CD8+ T-cell responses to immediate early (IE)-1 protein) suggest a high burden of CMV [8]. However,
this response may represent a lifetime of persistent infections that are predominantly latent, as in older
CMV seropositive adults, up to 23% of the entire CD8+ T-cell compartment can be CMV-specific [9].

It may also be possible to assess the CMV burden based on novel populations of natural killer
(NK) and T-cells that have been linked with CMV seropositivity and constitute an “immunological
footprint” [10]. This includes a subset of gamma delta (γδ) T-cells. γδ T-cells constitute < 5% of
circulating T-cells in healthy adults [11]. Most are Vγ9+ and Vδ2+, while Vδ2− (mainly Vδ1+ and Vδ3+)
cells predominate in mucosal epithelia [12]. Populations of Vδ2− γδ T-cells are expanded in renal
transplant recipients (RTR) and healthy adults who are CMV-seropositive [13].

RTR who are seronegative for CMV and receive an organ from a seropositive individual have a
high risk of clinical sequelae [4] and are routinely managed with anti-viral medication prophylaxis to
prevent clinical disease [14]. Following transplantation, CMV DNA is routinely monitored in plasma
or whole blood; whole blood may offer greater sensitivity [15–17]. However congenital CMV is usually
monitored using urine or saliva according to clinical practice guidelines [18]. CMV replicates in acinar
cells of the salivary gland and saliva is a common route of transmission [19]. Saliva is easily collected
as a non-invasive sample, but the value of detecting CMV in the saliva of adults is not well understood.

The present study utilizes clinical and immunological measures of the systemic footprint of CMV
to assess the value of detecting CMV DNA in saliva samples compared with a commercial assay based
on CMV DNA in plasma.

2. Results

2.1. Frequency of CMV DNA Detection in Saliva and Plasma

RTR were screened for the presence of CMV DNA in saliva samples using an in-house qPCR
assay and in plasma using a commercial assay (Abbot Molecular). CMV DNA was detected in 11 (13%)
saliva samples and 16 (21%) plasma samples. Nine individuals had detectable CMV DNA in both
saliva and plasma, so detection of CMV DNA in saliva was more common in RTR who had CMV DNA
in their plasma (p < 0.0001).

2.2. CMV DNA Detected in Saliva is Associated with Immunological Responses to CMV

All comparisons are shown in Supplementary Table S1 and informative comparisons are presented
in Figure 1. The presence of CMV DNA in saliva or plasma from RTR associated with plasma levels
of CMV antibodies detected with gB antigen (Figure 1A, p = 0.009 and Figure 1B, p = 0.006) and
populations of Vδ2− γδ T-cells (Figure 1C, p = 0.01 and Figure 1D, p = 0.005). Presence of CMV DNA
in saliva also associated with increased T-cell responses to the VLE peptide (Figure 1G, p = 0.02) which
is a component of the IE-1 antigen. T-cell responses to IE-1 peptide pool followed a similar pattern
(Figure 1E, p = 0.14). The presence of CMV DNA in plasma associated with increased T-cell responses
to IE-1 peptides (Figure 1F, p = 0.04) and generally higher VLE-specific T-cell responses (Figure 1H,
p = 0.16). T-cell responses to the NLV peptide were higher in individuals carrying CMV DNA in saliva
(Figure 1K, p = 0.03) and followed a similar trend in patients with CMV DNA in plasma (Figure 1L,
p = 0.54). However, one patient with CMV DNA in saliva and high NLV-specific T-cell responses had
no CMV DNA in plasma detected with the Abbot Molecular qPCR assay, so this did not approach
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significance. There were no associations with antibodies targeting CMV lysate or IE-1, T-cell responses
to CMV lysate or pp65 pooled peptides, or inflammatory biomarkers (Supplementary Table S1).
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Figure 1. Human cytomegalovirus (CMV) DNA was detected using an in-house qPCR targeting UL54
in saliva or a commercial assay (Abbot Molecular) in plasma. Plots (A) and (B) compare levels of gB
reactive antibodies in plasma. Plots (C) and (D) compare populations of Vδ2− γδ T-cells as a percentage
of CD3+ cells. Plots (E) and (F) compare T-cell responses to the immediate early (IE)-1 antigen. Plots (G)
and (H) compare T-cell responses to the VLE peptide. Plots (I) and (J) compare T-cell responses to the
pp65 antigen. Plots (K) and (L) compare T-cell responses to the NLV peptide reported as interferon-γ
spot forming units per 200,000 cells. Points colored red represent CMV seronegative individuals.

2.3. CMV DNA Displayed Weak Positive Associations with Cardiovascular Risk

The presence of CMV DNA in saliva or plasma associated weakly with inferior flow mediated
dilatation (FMD) (Figure 2A, p = 0.087 and Figure 2B, p = 0.062). There were no associations with
carotid intima media thickness (cIMT) (p > 0.52; Supplementary Table S1) but biomarkers associated
with CVD showed some consistent trends. The presence of CMV DNA in plasma associated with
plasma levels of VCAM-1 (Figure 2D, p = 0.03), with a similar trend to levels of ICAM-1 (Supplementary
Table S1). Accordingly, high VCAM-1 correlated weakly with reduced FMD (p = 0.04, r = −0.24),
whilst there was no correlation between ICAM-1 and FMD. The pattern was similar when CMV DNA
was assessed in saliva, but the trends were not significant (Figure 1C p = 0.27 and Figure 1D p = 0.20,
respectively). Additionally, levels of p-selectin in plasma were lower in RTR with CMV DNA in saliva
or plasma (p = 0.01).
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Figure 2. DNA was detected using an in-house qPCR targeting UL54 in saliva or a commercial
assay (Abbot Molecular) in plasma. Plots (A) and (B) compare flow mediated dilatation (FMD). Plots
(C) and (D) compare levels of VCAM-1 in plasma. Plots (E) and (F) compare levels of ICAM-1 in
plasma. Plots (G) and (H) compare levels of p-selectin in plasma. Points colored red represent CMV
seronegative individuals.

3. Discussion

Our study evaluated the utility of detecting CMV DNA in saliva samples from RTR. Saliva was
pursued as a non-invasive alternative to blood because it may capture bursts of CMV replication in
acinar cells [20]. CMV replication can be missed when assessed in plasma from HIV patients with
CMV disease [21]. We provide evidence that detection of CMV DNA in saliva is reflective of systemic
immune responses to the virus, marked by antibody and T-cell responses. The associations mirror
those seen when CMV DNA was detected in plasma with a clinical assay used to monitor CMV
after transplantation.

The presence of CMV DNA at either site associated with levels of gB antibody, but not with
antibody reactive with CMV lysate or IE-1. There is considerable evidence that gB is a major target for
the immune system [22,23]. Moreover, gB is a vaccine candidate and a recent longitudinal study of this
cohort suggests that antibodies against gB may be protective against deterioration of cardiovascular
health measured by FMD (Affandi et al., submitted for publication). One seronegative individual tested
positive for CMV DNA in saliva but was not assessed by the Abbot assay. The patient did not have
detectable IgM reactive with CMV gB in plasma or saliva (data not shown). However, the transplanted
kidney was from a seropositive donor and it is notable that seroconversion did not occur. Overall,
26 plasma and seven saliva samples were assessed for IgM reactive with CMV gB. Only one sample
had detectable IgM and it was present in both plasma and saliva (data not shown). This suggests that
new infections are rare—a contention supported by assessments of γδ T-cells.

The presence of CMV DNA in saliva or plasma was also associated with similarly elevated
proportions of Vδ2− γδ T-cells. These comprise cells expressing Vδ1, Vδ3 and Vδ5. In our cohort, Vδ2−

γδ T-cells represent around 0.5% of the T-cell population in CMV-seronegative RTR and 5–10% in
seropositive RTR [13]. The likelihood that detection of CMV DNA several years after transplantation is
due to reactivation rather than a primary infection may explain the clear association between increased
populations of Vδ2− γδ T-cells and CMV DNA positivity. Similar findings were noted by Pitard et al.
who linked maximal changes in T-cell populations with reactivation rather than primary infection. They
compared donor negative/recipient positive (D−/R+) renal transplants resulting in a CMV reactivation
event with D+/R− transplants where there was a primary CMV infection [24].
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Detection of CMV DNA in plasma associated significantly with T-cell (CD4+ and CD8+) responses
to the IE-1 peptide pool and weakly with CD8+ T-cell responses to the IE-1 peptide, VLE. Detection of
CMV DNA in saliva associated significantly with T-cell responses to VLE and weakly with responses
to the IE-1 peptide pool. In RTR, strong T-cell responses to IE-1 may decrease graft rejection and
improve graft function [25]. IE-1 is the first protein expressed during reactivation, so IE-1-reactive
T-cells may control bursts of replication quickly. CMV DNA in saliva also associated with increased
CD8+ T-cell responses to the pp65 peptide, NLV, but not with T-cell responses to pp65 peptide pools
(Figure 1I–L). Accordingly, Leng et al. associated NLV T-cell responses with the presence of CMV DNA
from peripheral blood mononuclear cells (PBMC) in adults over 70 years of age [26].

In this cohort, levels of CMV antibody were an independent marker of reduced FMD [27] and
CMV DNA in both saliva and plasma aligned weakly with impaired FMD. FMD is an assessment of
endothelial function based on the ability of the artery to respond to shear stress [28]. Associations
between CMV and cardiovascular disease have been validated in a meta-analysis [2]. Here, CMV DNA
in plasma also associated with levels of VCAM-1, and levels of ICAM-1 followed a similar trend.
VCAM-1 and ICAM-1 are cell adhesion molecules that bind to integrins to aid in the transcellular
migration of leukocytes. Both are expressed in atherosclerotic lesions [29,30].

p-selectin is a cell adhesion molecule expressed on platelets and endothelial cells. p-selectin
is implicated in the formation of atherosclerotic lesions in mice [31] and myocardial infarction in
humans [32]. Paradoxically, CMV DNA in plasma or saliva associated with decreased levels of
p-selectin in plasma. Moreover, elevated plasma p-selectin associated with increased FMD in healthy
adults recruited in parallel with the RTR described herein (Affandi et al., submitted for publication).
Studies of cell-bound and soluble p-selectin are required to unravel the pathways invoked.

The current study assessed the systemic effect of detecting CMV DNA in saliva in RTR who were
>2 years post-transplant and clinically stable at the time of recruitment. Futures studies are needed to
address the clinical utility of detecting CMV DNA in saliva in individuals at risk of active disease.

4. Materials and Methods

4.1. Study Cohort

Eighty-two RTR were recruited from renal clinics at Royal Perth Hospital (Western Australia).
Inclusion criteria were clinical stability >2 years after transplant, no CMV disease or reactivation within
6 months of sample collection and no current anti-viral treatment. RTR infected with hepatitis B or
C were excluded. Ethics approval was obtained from Royal Perth Hospital Human Research Ethics
Committee (approval number: EC 2012/155) and endorsed by Curtin University Human Research
Ethics Committee (approval number: HR16/2015). Participants provided written informed consent.

4.2. Detection of CMV DNA in Plasma and Saliva

Saliva (approximately 5 mL) was collected after a water mouth wash by asking the participant to
spit into a 50 mL centrifuge tube. Samples were centrifuged (1000× g, 10 min). DNA was extracted
from the pellet using FavorPrep Blood Genomic DNA Extraction Mini Kits (Favorgen, Ping-Tung,
Taiwan) and stored at −80 ◦C. CMV was detected using an in-house qPCR assay with primers targeting
the UL54 gene (CMV DNA polymerase) [7]. Quantitation was achieved using a standard curve created
using DNA extracted from a lysate of CMV (AD169)-infected HFF which was serially diluted 10-fold.
Samples were considered positive if a steady amplification curve was initiated before 38 cycles (a
cut-off based on the lowest point on the standard curve). Positive results were normalized against
the gene encoding beta-2-microgobulin and values were reported in arbitrary units (range: 44–721).
CMV DNA was also detected in EDTA plasma using the Abbot Molecular assay (Abbot Laboratories,
Chicago, IL, USA) in the Department of Microbiology, Royal Perth Hospital (Western Australia). Five
seronegative plasma samples were not assessed using the Abbot Molecular assay and were excluded
from analyses. The Abbot assay reported samples as either “Not detected”, “< 20 copies/mL” or as
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a viral load. Samples with viral loads or reported as <20 copies/mL were analyzed as CMV DNA
positive. The two assays do not provide viral loads on the same scale; analyses compare samples
grouped as CMV DNA positive or negative.

4.3. Immunological Assessments of CMV Burden

Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll density centrifugation. Plasma
was stored in −80 ◦C and PBMC in liquid nitrogen. Plasma CMV IgG titers were assessed using
in-house ELISAs based on a lysate of fibroblasts infected with CMV AD169, recombinant CMV gB
(Chiron Diagnostics, Medfield, MA, USA) or IE-1 protein (Miltenyi Biotech, Cologne, Germany).
Results are presented as arbitrary units (AU)/mL based on a standard plasma pool [23], allowing
comparisons between people but not between antigens. Plasma levels of vascular biomarkers (p-selectin,
ICAM-1 and VCAM-1) and inflammatory biomarkers (sTNFR1, sCD14 and CRP) were quantified
using commercial ELISA antibody pairs (R&D Systems, Minneapolis, MN, USA).

PBMC were used to assess T-cell responses to CMV lysate and peptide pools derived from pp65
and IE-1 (JPT Peptide Technologies; Berlin, Germany) via ELISpot assay. These antigens and peptide
pools are known to stimulate CD4+ and CD8+ T-cell responses. CD8+ T-cell responses to NLV and
VLE peptides (derived from pp65 and IE-1, respectively) were assessed in samples from individuals
who carried human leukocyte antigen (HLA)-A2. PBMCs were also used to enumerate Vδ2− γδ T-cells
using multicolor flow cytometry, as the population is expanded in CMV-seropositive RTR [13].

4.4. Assessment of Vascular Pathology

Ultrasonography was used to assess carotid intima media thickness (cIMT) and flow mediated
dilatation (FMD) of the brachial artery after 10 min of rest [33]. cIMT is a measurement of the thickness
of the inner layer (intima) of the carotid artery and is a marker of subclinical atherosclerosis. FMD
assesses the ability of the larger conduit artery to respond to shear stress via endothelial-dependent
and -independent mechanisms.

4.5. Statistical Analyses

Mann–Whitney non-parametric statistics and Fisher′s exact tests utilized GraphPad Prism version
8 for Windows (Graphpad Software, La Jolla CA, USA). Comparisons achieving p < 0.05 were considered
significant while comparisons achieving 0.05 < p < 0.1 are noted as a trend.

5. Conclusions

This study addressed the utility of detecting CMV DNA in saliva in RTR compared with assays
using plasma in clinical settings. We show that CMV DNA detected in saliva reflects systemic infection
as assessed by antibody and T-cell responses and note a trend of impaired cardiovascular health
assessed by FMD when CMV DNA was present at either site.
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Abbreviations

AU Arbitrary units
cIMT Carotid intimal media thickness
CMV Human cytomegalovirus
CVD Cardiovascular disease
FMD Flow mediated dilatation
PBMC Peripheral blood mononuclear cells
qPCR Quantitative PCR
RTR Renal transplant recipients
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Supplementary Table S1. Comparison of demographics, immunological measures of CMV, biomarkers and vascular health in RTR with and without detectable CMV DNA.  

 A B A v B C D C v D 

 Saliva CMV DNA Positive 

RTR (n = 11) 

Saliva CMV DNA Negative 

RTR (n = 71) 

p-

Valuea 

Plasma CMV DNA Positive 

RTR (n = 16) 

Plasma CMV DNA Negative 

RTR (n = 61) 

p-

Valuea 

Demographics       

Age (years) 58 (31–76) 57 (31–73) 0.50 59 (31–76) 64 (31–73) 0.67 

Male/ Female 7/4 39/32 0.75 b 12/4 32/29 0.16b 

Immunological measures of 

CMV 

      

CMV Seropositive 10 (91%) 59 (83%)  16 (100%) 53 (87%)  

CMV Seronegative 1 (9%) 12 (17%)  0 (0%) 8 (13%)  

CMV lysate antibodies (AU) 797 (1–5582) 554 (0–7611) 0.26 810 (76–5582) 597 (0–7611) 0.19 

gB antibodies (AU) 527 (0–2932) 231 (0–2035) 0.009 414 (144–2932) 238 (0–2035) 0.006 

IE-1 antibodies (AU) 90 (17–1446), 98 (5–4775) 0.10 128 (5–4775) 99 (12–3646) 0.44 

CMV lysate T-cellsc 63 (0–938), n = 9 60 (0–2077), n = 56 0.99 63 (0–938), n = 13 139 (0–2077), n = 47 0.86 

IE-1 pooled peptides T-cellsc 210 (1–1533), n = 9 50 (0-1888), n = 55 0.14 210 (10–1533), n = 13 54.5 (0–1888), n = 46 0.04 

VLE peptide T-cellsc 184 (0–1160), n = 6 1 (0–693), n = 27 0.02 184 (0–1160), n = 6 2 (0–693), n = 27 0.16 

pp65 pooled peptides T-

cellsc 

283 (0–1989), n = 9 358 (0–1963), n = 56 0.93 666 (0–1989), n = 13 361 (0–1963), n = 47 0.22 

NLV peptide T-cellsc 821 (10–1336), n = 5 22 (0–1896), n = 27 0.03 487 (0–985), n = 5  50 (0–1896), n = 27 0.54 

Vδ2- γδ T-cellsd 4.23 (0.19–14.30), n = 11 1.17 (0.06–17.50), n = 69 0.013 4.23 (0.26–14.30), n = 15 1.19 (0.07–17.50), n = 60 0.005 

Inflammatory Biomarkers       

sTNFR1, pg/mL 9065 (6062–14385) 3431 (410–33000) 0.63 9219 (4349–20447) 3411 (410–33000) 0.35 

sCD14, ng/mL  2137 (1623–2546) 2032 (1384–3640) 0.97 2063 (1487–813) 2040 (1384–3640) 0.56 

CRP, g/mL  1.89 (0.05–13.38) 1.47 (0.12–20.22) 0.55 2.45 (0.05–13.38) 1.47 (0.12–20.22) 0.36 

Vascular Biomarkers       

VCAM-1, ng/mL 498 (317–719) 439 (249–1143) 0.27 533 (317–727) 431 (264–1143) 0.03 

ICAM-1, ng/mL 153 (86–182) 133 (89–330) 0.20 164 (86–205) 133 (89–330) 0.08 

P-selectin, ng/mL 39 (27–78) 53 (28–107) 0.010 39 (27–83) 52 (28–107) 0.010 

Assessments of Vascular 

Health 

      

FMD 3.2 (0.1–5.1), n = 10 4.2 (0–15.8), n = 61 0.087 3.2 (0.1–5.1), n = 15 4.4 (0–15.8), n = 52 0.062 

Left cIMT (mm) 0.63 (0.45–0.95), n = 10 0.66 (0.44–1.30), n = 63 0.80 0.63 (0.45–0.95), n = 15 0.82 (0.44–1.30), n = 54 0.75 

Right cIMT (mm) 0.61 (0.43–0.91), n = 10 0.65 (0.45–1.33), n = 63 0.67 0.61 (0.43–1.0), n = 15 0.75 (0.45–1.33), n = 54 0.52 

 

a Mann- Whitney test shown as median (range), b Fisher’s exact test, c expressed as IFN spot forming units per 200,000 cells, d expressed as a % of CD3 T-cells 
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Chapter 4 
 

Human Cytomegalovirus-Encoded microRNAs Can Be Found in Saliva 
Samples from Renal Transplant Recipients 

 
In this chapter, I demonstrated for the first time that HCMV-encoded miRNAs can be detected in 
saliva. I also present preliminary data demonstrating that the presence of HCMV-encoded miRNAs in 
saliva may be associated with systemic immune responses. This chapter will address aim 1 of this 
thesis. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Data from this chapter have been published: 
Waters S, Lee S, Munyard K, Irish A, Price P, Wang BH. Human Cytomegalovirus-Encoded microRNAs 
Can Be Found in Saliva Samples from Renal Transplant Recipients. Noncoding RNA. 2020;6(4). doi: 
10.3390/ncrna6040050.  
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Abstract: Human cytomegalovirus (HCMV) infections are common following renal transplantation
and may have long-lasting effects. HCMV can be measured directly by viral DNA or indirectly
via host immune responses. HCMV-encoded microRNA (miRNA) may alter the pathobiology of
HCMV infections and contribute to the progression of HCMV disease. HCMV-encoded miRNAs
can be detected in blood but have not been sought in saliva. We investigated saliva samples from
32 renal transplant recipients (RTR) and 12 seropositive healthy controls for whom immunological
data was available. Five HCMV-encoded miRNAs (miR-UL112-5p, miR-US5-2-3p, miR-UL36,
miR-US25-2-3p and miR-UL22A) were sought using primer probe assays. HCMV miRNA species
were detected in saliva from 15 RTR and 3 healthy controls, with miR-US5-2-3p most commonly
detected. The presence of HCMV miRNAs associated with increased T-cell responses to HCMV IE-1
in RTR, suggesting a link with frequent reactivations of HCMV.

Keywords: cytomegalovirus; HCMV; kidney transplant; miRNA; saliva

1. Introduction

Despite prophylactic measures, human cytomegalovirus (HCMV) remains a significant pathogen
following renal transplantation, where infections contribute to end-organ disease, graft rejection and
secondary bacterial and fungal infections [1]. HCMV is routinely monitored by the presence of viral
DNA. However, HCMV does not replicate in blood leukocytes, so its DNA is often undetectable
in blood or plasma [2]. Acinar cells of the salivary gland support HCMV replication and may be
a prominent site of HCMV latency. Saliva is easily collected as a non-invasive sample, but the optimal
assays and clinical utility of finding HCMV DNA in saliva are unclear.

The presence of HCMV in a host has also been assessed using antibody and T-cell responses, even
though these are influenced by the host’s immunological capacity—notably in human immunodeficiency
virus (HIV) patients [3]. Levels of IgG antibodies reactive with HCMV antigens reflect a lifetime
history of infection and the cumulative viral burden. In older HCMV seropositive adults, up to 23% of
the entire CD8+ T-cell compartment can be specific for HCMV [4]. HCMV-reactive antibodies also
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rise with age, and higher titres are associated with all-cause mortality, development of cardiovascular
diseases and reduced responses to influenza vaccination in elderly populations [5].

Following organ transplantation, immunosuppressive regimes increase the frequency of HCMV
reactivation and infection. Accordingly, renal transplant recipients (RTR) have higher levels of
circulating antibodies than the general population [6]. Interferon γ-producing T-cells, particularly
those specific for HCMV Immediate Early 1 (IE-1) antigen, are also increased in RTR [7]. Responses to
this antigen are also elevated in HIV patients [8] and are thought to reflect frequent reactivations of
HCMV as the antigen is produced in the earliest stages of the replicative cycle [9].

Human microRNAs (miRNAs) are implicated in mechanisms involved in establishing HIV
latency [10]. Whilst relatively less abundant, HCMV encodes miRNAs itself. These have been described
in vitro and detected in plasma or serum [11]. In addition to a role in monitoring infection, miRNA
may shed light on pathogenesis—for example, by targeting host genes involved in immunomodulation,
such as MICB, which modulates natural killer (NK) cell cytotoxicity [12]. Cytomegalovirus (CMV)
encoded miRNAs have been identified in saliva from infected rhesus macaques (RhCMV) [13] and
rats (RCMV) [14], but there are genomic differences between CMV strains infecting different species,
and the existence of HCMV-encoded miRNA in saliva has not been addressed. Before consideration of
HCMV-encoded miRNA for clinical use, we need to how and where they are expressed, which metrics
of HCMV they associate with and which miRNA/s are most informative. Parallel in vitro studies
(e.g., [15]) can then establish how key miRNA impact the hosts’ immune system. We have linked
the detection of HCMV DNA in saliva with a systemic response to HCMV [16]. Here we demonstrate
for the first time that human saliva is a suitable sample to detect HCMV-encoded miRNAs.

We assessed five HCMV-encoded miRNAs (miR-UL112-5p, miR-US5-2-3p, miR-UL36,
miR-US25-2-3p and miR-UL22A) and addressed whether they are detectable in saliva samples
from RTR and whether this marks a high burden of HCMV. HCMV-miRUL112 and HCMV US5-2
have potential human mRNA targets. Although the data are fragmentary, most functions appear
to be broadly ‘anti-inflammatory’. This includes targeting genes that reduce the secretion of TNF-α
and IL-6 in vitro [17]. HCMV-miRUL22A can be detected in blood from solid organ transplant
recipients and interacts in the RNA-induced silencing complex to regulate the expression of several
genes [18]. HCMV-US25-2-3p targets TIMP3, which is involved in the shedding of the natural killer
group 2D (NKG2D) ligand. NKG2D is an activating receptor that promotes cellular cytotoxicity [19].
HCMV-miRUL36 targets the HCMV gene UL138, which maintains latency [20]. The miR-US5-2
homolog encoded by RhCMV, miR-Rh183-1, was one of three RhCMV-encoded miRNAs highly
expressed in cultured macaque fibroblasts [13].

2. Materials and Methods

2.1. Study Cohort

Eighty-two RTR were recruited prospectively from renal clinics at the Royal Perth Hospital who
met the criteria of clinical stability (>2 years after transplant), no clinical record of HCMV disease or
reactivation within 6 months of sample collection, and no current anti-viral treatment. RTR infected
with hepatitis B or C were excluded. Eighty-one age and sex matched healthy controls were recruited
through local advertisements [6].

Ethics approval was obtained from the Royal Perth Hospital Human Research Ethics Committee
(approval number: EC 2012/155) and endorsed by the Curtin University (approval number: HR16/2015).
Participants provided written, informed consent [16].

A subset of 32 RTR who had detectable HCMV DNA (in saliva or plasma) or high levels of
circulating antibodies were selected to undergo HCMV miRNA detection. These were compared with
12 healthy controls who had high levels of circulating antibodies.
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2.2. RNA Extraction

Approximately 5 mL of saliva was collected after a water mouth wash by asking the participant to
spit into a 50 mL centrifuge tube. Samples were centrifuged for 10 min at 1000× g. The saliva
pellet and supernatant were separated and stored at −80 ◦C. Saliva pellets were thawed and
mixed with TRI reagent (1:4) before RNA extraction using the MagMAX™ 96 for Microarrays kit
(Applied Biosystems, Foster City, CA, USA). RNA extraction was performed with increased isopropanol
(125 µL) (Sigma-Aldrich, St Louise, MO, USA) to improve the yield of small RNA molecules, as directed
by the manufacturer.

2.3. Detection of HCMV-Encoded miRNA

Custom reverse transcription primer pools were generated, and cDNA synthesis for all
miRNA assays was performed in a single reaction, according to the manufacturer’s protocols
(Applied Biosystems, Foster City, CA. PN 4465407). Pre-designed primer and probe assays targeting
mature miRUL112 (assay ID: 469687_mat), miRUS5-2-3p (assay ID: 469255_mat), miRUL36 (assay ID:
006481), miRUS25-2-3p (assay ID: 005400) and miR-UL22A (assay ID: 006040) were sought from
Applied Biosystems. RNA from HCMV seronegative healthy participants and uninfected THP-1
cells were used to ensure specificity. These showed no amplification up to 40 cycles. Sensitivity was
determined using 10-fold serial dilutions of HCMV AD169 RNA. Samples with cycle thresholds
below 10−4 dilution of the standard (i.e., after cycle 32–36, depending on the miRNA assayed) were
considered negative. All samples were run two to four times and called positive if at least two replicates
produced amplification.

2.4. Other Assessments of a Persistent HCMV Burden

Detailed methods outlining assessments of HCMV burden have been published [14].
Briefly, plasma IgG titres were assessed using in-house ELISAs based on a lysate of fibroblasts infected
with HCMV AD169. Peripheral blood mononuclear cells (PBMC) were used to assess T-cell responses
to HCMV lysate and peptide pools derived from IE-1 (JPT Peptide Technologies; Berlin, Germany)
via ELISpot assays. We have shown that these antigens stimulate CD4+ and CD8+ T-cell responses.
HCMV DNA was detected in saliva using an in-house qPCR with primers and a probe targeting UL54.
Samples were considered positive if amplification was achieved before 38 cycles [16]. HCMV DNA
was also detected in EDTA plasma using the Abbott Molecular assay (Abbott Laboratories, Chicago, IL,
USA) in the Department of Microbiology, Royal Perth Hospital (Western Australia) [21].

2.5. Statistical Analyses

Continuous data were analyzed with Mann–Whitney non-parametric statistics, and categorical
data were analyzed with Fisher’s exact tests using GraphPad Prism version 8 for Windows
(Graphpad Software, La Jolla, CA). p < 0.05 is reported as a significant association, but comparisons
yielding 0.01 < p < 0.05 are noted.

3. Results

Thirty-two saliva samples from RTR with detectable HCMV DNA or high levels of circulating
antibodies were compared with 12 seropositive healthy controls. There were no significant differences
in age, sex or ethnicity between healthy controls and RTR (Table 1).
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Table 1. Demographics did not associate with the presence of human cytomegalovirus (HCMV)-encoded
microRNAs (miRNAs).

RTR Healthy Controls p-Value

n 32 12

Demographic measures

Age (years) 57.5 (31–76) 62 (30–73) 0.27 a

Male/Female 18/14 4/8 0.31 b

Caucasian/Asian/Unknown 26/4/2 10/2/0 0.99

Presence of HCMV-encoded miRNAs (POS/NEG)

HCMV miR-US25-2-3p 3/29 0/12 0.56 b

HCMV miR-UL36 1/31 0/12 0.99
HCMV miR-UL112-5p 2/30 0/12 0.99

HCMV miR-UL22a 0/32 0/12 0.99
HCMV miR-US5-2-3p 16/18 3/9 0.31

a Mann–Whitney test based on data presented as median (range), b Fisher’s exact test. RTR: renal transplant
recipients, POS: positive, NEG: negative.

MiR-US25-2-3p, miR-UL36 and miR-UL112-5p were detected in three, one and two RTR samples
(respectively), but not in healthy controls. MiR-UL22a was not detected in any samples. MiR-US5-2-3p
was detected in 14 samples from RTR and 3 from controls. In RTR, detection of miR-US5-2-3p was more
frequent than any other miRNAs assessed (p < 0.0001–0.004). Representative amplification curves
generated with a laboratory strain of HCMV (AD169) and clinical samples are presented (Figure 1).
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= 0.09) and associated significantly with increased IE-1 T-cell responses (Figure 2F, p = 0.04). There 
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plasma (8/15 with miRNA vs. 6/17 without; Fisher’s exact test, p = 0.5) or saliva (5/15 vs. 3/17; p = 0.4). 
Associations with HCMV lysate antibodies and HCMV DNA in saliva were sought in healthy 
controls, but there were no significant findings (Table S1). 

Figure 1. Representative amplification curve from HCMV miR-UL112 qPCR. Coloured curves represent
10-fold dilutions of AD169 RNA. Black curves represent positive samples. No-template control (NTC)
and uninfected THP1 RNA are shown in grey and pink, respectively, and do not form curves as no
amplification occurred. The horizontal red line represents the threshold.

The presence of any miRNA in saliva from RTR was weakly associated with HCMV lysate
antibody levels (Figure 2A, p = 0.08) and significantly associated with T-cell responses to HCMV IE-1
(Figure 2B, p = 0.01). The association with IE-1-specific T-cell responses remained when miR-US5-2-3p
was assessed alone (Figure 2C, p = 0.05). Presence of miRUS25-2-3p in saliva of RTR (n = 3) also weakly
associated with antibody and T-cell responses to HCMV lysate (Figure 2D, p = 0.08 and 2E, p = 0.09)
and associated significantly with increased IE-1 T-cell responses (Figure 2F, p = 0.04). There were no
associations between the detection of miRNA in saliva and the presence of HCMV DNA in plasma
(8/15 with miRNA vs. 6/17 without; Fisher’s exact test, p = 0.5) or saliva (5/15 vs. 3/17; p = 0.4).
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Associations with HCMV lysate antibodies and HCMV DNA in saliva were sought in healthy controls,
but there were no significant findings (Table S1).Non-Coding RNA 2020, 6, x FOR PEER REVIEW 5 of 8 
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Figure 2. Human cytomegalovirus (HCMV)-encoded microRNAs (miRNAs) were detected using
pre-designed assays. Plots (A,B) compare the levels of HCMV lysate reactive antibodies and IE-1
specific T-cells with the presence of any miRNA assessed. Plot (C) compares the levels of IE-1 specific
T-cells with the presence of HCMV-miR-US5-2-3p. Plots (D–F), compare levels of HCMV lysate reactive
antibodies and T-cells reactive with HCMV lysate or IE-1 with the presence of HCMV-miR-US25-2-3p.
POS: miRNA detected. NEG: miRNA not detected. p-values are based on Mann–Whitney tests.
�: HCMV DNA negative, >638 AU of HCMV reactive antibodies. �: HCMV DNA positive in plasma
(Abbot assay). ×: HCMV DNA positive in saliva (UL54). 4: HCMV DNA positive in plasma and saliva.

4. Discussion

This study provides the first evidence that human saliva contains detectable HCMV-encoded
miRNAs, most commonly miR-US5-2-3p. Interestingly the miR-US5-2 homolog encoded by RhCMV,
miR-Rh183-1, was highly expressed in cultured macaque fibroblasts [13].

The presence of any HCMV-encoded miRNA, miR-US5-2-3p or miRUS25-2-3p in saliva was
associated with increased T-cell responses to HCMV IE-1, rather than with the detection of HCMV
DNA. This may reflect the transient expression of HCMV DNA in clinical samples. T-cell responses
to HCMV IE-1 have been linked with frequent reactivations of HCMV as IE-1 is the first protein
expressed during viral replication, but they build over time and so are elevated in HIV patients stable
on antiretroviral therapy (ART) [7]. Our results would be consistent with persistent low-level HCMV
replication in the acinar cells of the salivary gland, with episodic outbreaks stimulating systemic
responses to HCMV IE-1.

MiR-US5-2-3p may affect the pathobiology of HCMV through interactions with its three known
targets-human genes SNAP23 and CDC42, and HCMV gene US7 [22]. SNAP23 and CDC42 are
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components of the secretory pathway and may affect levels of circulating cytokines [17]. US7 promotes
the degradation of toll-like receptors (TLR) 3 and 4 via ubiquitin-dependent pathways [23]. TLR3 detects
dsRNA, which is generated by both RNA and DNA viruses. TLR4 is involved in recognizing viral
components, such as envelope glycoproteins and inducing cytokine responses. TLR4 is upregulated
in monocytes infected with HCMV and mediates pathways that increase the production of IL-8 and
IL-6 [24].

The presence of miR-US25-2-3p in saliva associated significantly with IE-1-specific T-cells and
marginally with HCMV lysate reactive antibodies and T-cells (Figure 2E,F). HCMV lysate antigen
contains IE-1 protein, so these findings may be related. MiR-US25-2-3p is known to target the human
gene TIMP3. TIMP3 may inhibit the process by which an NKG2D ligand, MICA, is shed. NKG2D is
expressed on NK cells and CD8+ T-cells and increases cytotoxic activity [25]. The reduction in TIMP3
mRNA activity by miR-US25-2-3p increases the shedding of MICA and, therefore, CD8+ T-cell
cytotoxicity [19]. This may explain why miRUS25-2-3p was associated with high T-cell responses.

In the cohort presented here, HCMV DNA in saliva was associated with increased T-cell responses
to HCMV IE-1 [16], but there was no significant association between the presence of HCMV-encoded
miRNA and HCMV DNA. This may reflect the study design favouring samples with HCMV DNA and/or
high levels of HCMV-reactive antibody, or differences in the persistence of HCMV DNA and miRNA.
However, a study aligning plasma HCMV-encoded miRNAs with HCMV DNAemia in hematopoietic
stem cell transplant recipients also found no association [26]. Furthermore, circulating miRNAs are
highly stable and can persist packaged into carriers, such as exosome-like particles, whilst retaining
the ability to regulate host-gene expression in recipient cells [27]. It is plausible that the persistence of
miRNAs in the absence of HCMV DNA may be a stable feature of an individual and may determine
the long-term consequences of that infection. This may be determined by the state of “sleepless latency”
that has been described in myeloid cells [28]. These questions warrant further investigation.

5. Conclusions

Overall, we present preliminary evidence linking detection of HCMV-encoded miRNAs in saliva
with altered systemic responses to the virus. Future studies should assess their clinical utility
and determine if HCMV-encoded miRNAs persist in other patients with a high burden of HCMV,
including neonates and individuals with HIV. Our data establish that these studies could focus on
miRUS5-2-3p and miRUS25-2-3p.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-553X/6/4/50/s1,
Table S1: CMV-encoded miRNAs in saliva associate with increased T-cells reactive with CMV IE-1.
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Table S1. CMV‐encoded miRNAs in saliva associate with increased T‐cells reactive with CMV IE‐1. 

  A  B  A v B  C  D  C v D 

 
RTR with saliva CMV‐
encoded miRNA 

RTR without saliva CMV‐
encoded miRNA 

P‐
value 

Controls with saliva CMV‐
encoded miRNA 

Controls without saliva CMV‐
encoded miRNA 

P‐valuea 

             
CMV lysate antibodies 

(AU) 
1633 (638–5582) n = 15  797 (76–7611) n = 17  0.08a  482 (472–1496), n = 3  661 (158–1348), n = 9  0.9a 

IE‐1 antibodies (AU)  446 (12–4775) n = 15  173 (5–3646) n = 17  0.4  161 (72–607), n = 3  162 (52–1565), n = 9  >0.9 
CMV lysate‐specific T‐

cellsc 
222 (0.5–938), n = 12  90 (0.0–2077) n = 13  >0.9  932 (879–985), n = 2  392 (60–1878), n = 8 

Not 
tested 

IE‐1‐specific T‐cellsc  409 (32–1888), n = 12  50 (5–1533) n = 13  0.01  126 (115–136), n = 2  50 (21–1304), n = 8  Not 
tested 

Presence of CMV DNA in 
plasma 

Positive n = 8, 
Negative n = 7 

Positive n = 6, 
Negative n = 11 

0.5b  Not tested  Not tested   

Presence of CMV DNA in 
saliva 

Positive n = 5, 
Negative n = 10 

Positive n = 3, 
Negative n = 14  0.4 

Positive n = 0, 
Negative n = 3 

Positive n = 0, 
Negative n = 9 

Not 
tested 

             
a Mann‐ Whitney test based on data presented as median (range), b Fisher’s exact test, c expressed as IFNγ spot forming units per 200,000 cells, d population induced 
by CMV and presented as a % of CD3 T‐cells. 
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Chapter 5 
 

Sequencing Directly from Clinical Specimens Reveals Genetic Variations 
in HCMV-Encoded Chemokine Receptor US28 That May Influence 

Antibody Levels and Interactions with Human Chemokines 
 
 
In this chapter, I sequenced HCMV US28 directly from clinical specimens using a high-resolution deep 
sequencing method that I developed. US28 encodes functional chemokine receptor that interacts 
with human chemokines and HIV gp120. The samples used to sequence HCMV came from renal 
transplant recipients, neonates and healthy adults from Australia and people with HIV from 
Indonesia. I then assessed whether nonsynonymous changes in US28 altered immunological 
footprints of HCMV. With the help of Dr Mark Agostino, we assessed whether variants may affect 
interactions between the US28 protein and human chemokines or HIV gp120.  This chapter will 
address aim 2 of this thesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Data from this chapter have been published: 
Waters S, Agostino M, Lee S, Ariyanto I, Kresoje N, Leary S, Munyard K, Gaudieri S, Gaff J, Irish A, Keil 
AD, Price P, Allcock RJN. Sequencing Directly from Clinical Specimens Reveals Genetic Variations in 
HCMV-Encoded Chemokine Receptor US28 That May Influence Antibody Levels and Interactions 
with Human Chemokines. Microbiol Spectr. 2021;31(9). doi:10.1128/Spectrum.00020-21.  

Contributions: Protein modelling was performed by Dr Mark Agostino. A/Prof Richard Allcock provided 
laboratory space, equipment, expertise and assembled the BAM files using Torrent Suite software. Shay Leary 
performed genetic analyses using VGAS. Dr Jessica Gaff provided training in the use of fastPhase.   
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ABSTRACT Human cytomegalovirus (HCMV) is a beta-herpesvirus carried by ;80%
of the world’s population. Acute infections are asymptomatic in healthy individuals
but generate diverse syndromes in neonates, solid organ transplant recipients, and
HIV-infected individuals. The HCMV gene US28 encodes a homolog of a human chemo-
kine receptor that is able to bind several chemokines and HIV gp120. Deep sequencing
technologies were used to sequence US28 directly from 60 clinical samples from
Indonesian HIV patients and Australian renal transplant recipients, healthy adults, and
neonates. Molecular modeling approaches were used to predict whether nine nonsy-
nonymous mutations in US28 may alter protein binding to a panel of six chemokines
and two variants of HIV gp120. Ninety-two percent of samples contained more than
one variant of HCMV, as defined by at least one nonsynonymous mutation. Carriage of
these variants differed between neonates and adults, Australian and Indonesian sam-
ples, and saliva samples and blood leukocytes. Two nonsynonymous mutations (N170D
and R267K) were associated with increased levels of immediate early protein 1 (IE-1) and
glycoprotein B (gB) HCMV-reactive antibodies, suggesting a higher viral burden. Seven of
the nine mutations were predicted to alter binding of at least one ligand. Overall, HCMV
variants are common in all populations and have the potential to affect US28 interactions
with human chemokines and/or gp120 and alter responses to the virus. The findings relied
on deep sequencing technologies applied directly to clinical samples, so the variants exist
in vivo.

IMPORTANCE Human cytomegalovirus (HCMV) is a common viral pathogen of solid
organ transplant recipients, neonates, and HIV-infected individuals. HCMV encodes
homologs of several host genes with the potential to influence viral persistence and/
or pathogenesis. Here, we present deep sequencing of an HCMV chemokine receptor
homolog, US28, acquired directly from clinical specimens. Carriage of these variants
differed between patient groups and was associated with different levels of circulating
HCMV-reactive antibodies. These features are consistent with a role for US28 in HCMV
persistence and pathogenesis. This was supported by in silico analyses of the variant
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sequences demonstrating altered ligand-binding profiles. The data delineate a novel
approach to understanding the pathogenesis of HCMV and may impact the development
of an effective vaccine.

KEYWORDS human cytomegalovirus, chemokine receptor, US28, renal transplant
recipients, HIV patients, deep sequencing

Human cytomegalovirus (HCMV) is carried by approximately 80% of the adult popu-
lation globally (1). While acute infections are usually asymptomatic, seropositivity

has been linked with accelerated cardiovascular disease (CVD) (2). Hence, flow-mediated di-
lation (FMD) of the peripheral vasculature (a measure of vascular endothelial dysfunction)
can be considered a clinical footprint of HCMV (3). Acute HCMV disease generates diverse
syndromes of end-organ disease in neonates, solid organ transplant recipients, and people
living with HIV. We use the term “viral burden” as a metric for the latent and replicating
HCMV present in an individual over time. The viral burden may be estimated from antibody
levels, T-cell responses, populations of cells induced by HCMV infection, HCMV DNA
(in blood or saliva), and viral microRNA (miRNA). The “HCMV footprint” describes the
effects of viral burden on the immune system and on health outcomes. These concepts are
reviewed in reference 3.

HCMV affects 20 to 60% of organ transplant recipients, precipitating graft rejection,
symptomatic infections, and CVD (4). The level of risk is influenced by the type of organ
transplanted, immunosuppressive medications, and prophylactic regimens. HCMV-seronega-
tive renal transplant recipients (RTR) are at higher risk of primary infections with severe con-
sequences, including graft loss and mortality (5).

Almost all individuals living with HIV are HCMV seropositive (6–8). HCMV retinitis is an
AIDS-defining illness and is now rare (9), but HIV patients maintain higher levels of HCMV-reac-
tive antibodies than healthy controls despite effective antiretroviral therapy (ART) (10). Higher
antibody levels are associated with accelerated CVD and cerebrovascular disease (11).

The HCMV genome is approximately 235 kb in length (12) with 165 to 252 open
reading frames (ORFs). However, only 45 ORFs are required for replication in vitro (13–16).
Other ORFs are involved in immunomodulation, and many are homologs of host genes. This
includes US28, an HCMV-encoded chemokine receptor expressed during the lytic and latent
stages of infection (17, 18). US28 is most similar to C-X3-C motif chemokine receptor 1
(CX3CR1) (;35% protein identity) and can bind the sole CX3CR1 ligand (19) CX3CL1.
However, US28 can interact with 10 host chemokines, including C-C motif chemokine
ligand 2 (CCL2) to CCL5 and CCL13 (20), and is an active coreceptor for HIV as it binds
gp120 (21, 22). In RTR, US28 is expressed in vascular smooth muscle cells (VSMC) and tu-
bular epithelial cells in kidney biopsy specimens collected during primary infections,
reactivations, and latent infections. Furthermore, an HCMV variant with the US28 gene
deleted has an impaired ability to spread through VSMC in vitro (23).

Studies addressing HCMV diversity through Sanger sequencing of PCR amplicons may
miss multivariant infections, as the technique has limited capacity to detect variants present
at frequencies less than 20%. In addition, several studies have sequenced HCMV that has
been expanded in vitro and so may miss variants present in vivo (24, 25). Here, we describe
nested PCR protocols with deep sequencing technologies applied to clinical samples. We
present US28 gene sequences from RTR, HIV patients, healthy adults, and neonates. Patient
US28 sequences were compared with a low-passage-number laboratory strain, Toledo, that
was derived from the urine of a congenitally infected child (26).

RESULTS

Targeted amplicon sequences targeting HCMV US28 were obtained from 60 clinical
samples (blood, saliva, or urine) with a mean depth of 11,734. Twenty-eight samples
were from Indonesian HIV patients (21 buffy coat and 7 saliva) collected after 0 to 3 months
on ART, 21 were from Australian RTR (.2 years after transplant; 8 buffy coat and 13 saliva),
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7 were from Australian healthy adults (2 buffy coat and 5 saliva), and 4 were from Australian
neonates (urine). No adult donors had symptomatic infections.

Most clinical samples contain more than one variant of HCMV. Compared with
Toledo (GenBank no. GU937742.1), there were 430 sites of nucleotide variation (Figure 1A),
of which 107 sites were nonsynonymous substitutions (Figure 1B). Thirty-eight substitutions

FIG 1 Summary of all nucleotide variations and nonsynonymous mutations identified in HCMV sequenced in 60 samples. (A) Nucleotide variations are displayed in
reference to HCMV Toledo strain. Blue bars represent A, orange bars represent G, gray bars represent T, and yellow bars represent C. The height of the bars represents
the number of samples the variation was present in. (B) Amino acid variations are displayed in reference to HCMV Toledo strain. Amino acids are represented by their
one letter codes. Each variation presented was found in at least three samples. The height of the bars represents the number of samples carrying the variation.
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were present in three or more samples, and 19 were present in six or more samples (Fig. 2).
Of the 60 samples sequenced, 55 samples (;92%) contained more than one variant of
HCMV, based on the presence of nonsynonymous mutations in US28. None of the five sam-
ples with a single strain were 100% identical to the Toledo reference. The percentage of
reads detecting each variant in every sample sequenced is presented in Table S1 in the sup-
plemental material. Carriage of the variant sequences is discussed below.

Several polymorphisms are group specific. US28 sequences from neonates
(n = 4) had 6 nonsynonymous variations, while sequences from adults (n = 56) had 46
nonsynonymous variations (Table 1). Forty of these were only seen in adults. US28
sequences from Australian donors (excluding neonates) had 42 nonsynonymous muta-
tions, including 3 unique to Australian samples. HCMV sequences from Indonesians
had 43 nonsynonymous mutations, including 3 unique to Indonesian samples.

US28 sequences from buffy coat samples had 42 nonsynonymous variations, includ-
ing 4 not found in urine or saliva. Sequences from saliva had 40 nonsynonymous varia-
tions, with 4 unique to saliva. Mutations A19D, F25L, N170D, N171H, R267K, and V346A
were present in all groups and all sample types. N170D was the most frequent and was
present in ;90% (47/52) of samples. A19D was also abundant and was present in
;63% (34/54) of samples.

Amino acid haplotypes differ between samples from Australia and Indonesia.
Of the 38 nonsynonymous variations, 19 were present in at least six samples and were
included in haplotyping analyses (Table 1). Only biallelic variations (11 positions) were
included in amino acid haplotype models (Fig. 1). This identified 20 haplotypes (numbered
US28-1 to US28-20), accounting for ;82% of all genotypes (Table 2). D15E and E18L were
always carried together (haplotypes 11, 17, 18, and 19) as were T21A and F25L in haplotypes
5, 6, 9, and 13, but not 16. US28-1 was more frequent in Australian than Indonesian samples

FIG 2 Flow diagram displaying the analysis of nonsynonymous variations in US28.

Waters et al.

Volume 9 Issue 2 e00020-21 MicrobiolSpectrum.asm.org 4 36

https://www.MicrobiolSpectrum.asm.org


(12/28 versus 1/28; P = 0.0009). US28-3 was only seen in Indonesian samples (5/28 versus
0/28; P = 0.05).

Several variants are predicted to destabilize interactions between US28 and
human chemokines. Nine nonsynonymous variants were selected for modeling to pre-
dict interactions between US28 and human chemokines (CX3CL1, CCL2, CCL3, CCL4, CCL5, and
CCL13) and HIV gp120 from Australia and Indonesia. The orientation is provided using CX3CL1
and gp120 in Fig. 3. Variants for further examination were selected as those within the amino
acid range of US28 present in the modeled complexes with chemokines (residues 14 to 310).

Nine nonsynonymous mutations were selected based on differences in amino acid
properties. Binding energies following mutation were calculated for the prepared com-
plex structures using the Schrodinger Biologics Suite 2018-3 (see Materials and
Methods). The results are summarized in Table 3 with variants arranged by their posi-
tion in the protein sequence, and, in Fig. 2, D15E was predicted to destabilize binding
of CCL3 and CCL13 and strengthen binding with CX3CL1, CCL2, and CCL4. E18L was
predicted to destabilize binding of CX3CL1 and CCL3. A19D was predicted to enhance
binding of CCL5, CCL2, and CCL13. T21A was predicted to destabilize binding of all
chemokines to different degrees. F25L was predicted to weakly destabilize binding of
all chemokines except CCL13. Y40N was predicted to strongly destabilize binding of all

TABLE 1 US28 protein variants distinct from Toledo were found in all groups

Neonates Adults Australian Indonesian Buffy coat Saliva

Residue position Toledo reference n = 4a n = 56a n = 28a n = 28a n = 31a n = 25a

8b A A A/T A/T A/T A/T A/T
15b D D D/E D/E D/E D/E D/E
18b E E E/L E/L E/L E/L E/L
19b A A/D A/D/G A/D/G A/D/G A/D/G A/D/G
21b T T T/A T/A T/A T/A T/A
24b V V V/A/T V/A/T V/A/T V/A/T V/A/T
25b F F/L F/L F/L F/L F/L F/L
40b Y Y Y/N Y/N Y/N Y/N Y/N
49b I I I/D I I/D I/D I
50b G G G/C G G/C G/C G
52 F F F/L F/L F/L F/L F/L
56 F F F/L/S F/L/S F/S F/L/S F/L/S
57b T T T/G T T/G T/G T
98 S S S/P S/P S S/P S/P
126 A A A/S A/S A A/S A/S
170b N N/D N/D N/D N/D N/D N/D
171 N N/H N/H N/H N/H N/H N/H
190 V V V/E V/E V/E V/E V
191b E E E/A/D E/A/D E/A/D E/D E/A/D
192b L L L/I L/I L/I L/I L
250 V V V/R V/R V/R V V/R
251 D D D/N D/N D/N D D/N
254 K K K/T K/T K/T K K/T
267b R R/K R/K R/K R/K R/K R/K
314b F F F/V F/V F/V F/V F/V
329b R R R/Q R R/Q R/Q R/Q
330 S S S/G S/G S/G S/G S/G
338 S S S/C/K S/C/K S/C/K S/C/K S/C/K
339b S S S/A/F S/A/F S/A/F S/A/F S/A/F
340b D D D/N/G/V D/N/G/V D/N/G/V D/N/G/V D/N/G/V
341 T T T/S T/S T/S T/S T/S
342 L L L/Q L/Q L/Q L/Q L/Q
343 S S S/F S/F S/F S/F S
344 D D D/F D/F D/F D/F D/F
345 E E E/F E/F E/F E/F E/F
346 V V/A V/A V/A V/A V/A V/A
347 C C C/L C/L C/L C/L C/L
348 R R R/A R/A R/A R/A R/A
aNonsynonymous mutations are displayed in reference to Toledo. Changes unique to a group are in bold. All mutations reported were present in at least three samples.
bMutations present in at least six samples and therefore studied further.
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chemokines, with a DDG of greater than 10 kcal/mol for CX3CL1, CCL3, and CCL4.
G50C (the only candidate distant from the chemokine-binding site of US28) was not
predicted to destabilize binding of any chemokine except CCL4. Our models predicted
that N170D would bind more strongly to CCL13 and more weakly to CCL2. R267K was
predicted to have a minimal effect on binding of all chemokines.

Four out of nine variations were predicted to impact binding to gp120. F25L and
Y40N could destabilize gp120 binding, while E18L and N170D could enhance gp120
binding. Furthermore, the models predicted that F25L could destabilize binding of gp120
sequenced from an Indonesian patient while having less effect on binding of the Australian
gp120 sequence. Conversely, Y40N could substantially destabilize binding to the Australian
gp120 with a smaller effect on binding to the Indonesian gp120 strain. N170D may enhance
binding of Australian gp120 and moderately enhance binding of Indonesian gp120 (Table 3).

D15E, E18L and T21A, F25L were also examined pairwise because the variant alleles
were coinherited (see Table 2). The D15E, E18L double mutant favors binding to gp120
and CCL4 but not other chemokines, while T21A, F25L is more likely to inhibit binding to
chemokines or gp120.

In contrast, G protein binding was not typically predicted to be affected in any of the
US28 variants regardless of the complex being examined. This included G50C, which is clos-
est to the interface with the G protein. Exceptions were the CCL4-G50C and CCL5-G50C
complexes (Table S2).

US28 variations associate with levels of HCMV-reactive antibody. The nine var-
iations assessed by modeling were also assessed for correlations with levels of HCMV-
reactive antibodies in plasma. Variants R267K and N170D associated with antibody lev-
els and are presented here.

HCMV encoding K at position 267 of US28 was present in all cohorts (14/60 samples),
including 5/15 samples from RTR. This was sufficient to assess associations with measures of
the burden and clinical footprint of HCMV in RTR. RTR carrying the R267K variant had higher
levels of HCMV glycoprotein B (gB)-reactive antibodies (P = 0.02) (Fig. 4A) and with similar
trends for immediate early protein 1 (IE-1) and CMV lysate-reactive antibodies (Fig. 4B and
C). Furthermore, RTR carrying the R267K variant had higher FMD scores, marking superior

TABLE 2 Haplotype US28-1 is common in HCMV from Australian samplesa

Toledo A D E T F N L R F R V
Variant T E L A L D I K V Q A Indob Ausc P valued

Position 8 15 18 21 25 170 192 267 314 329 346 (n = 28) (n = 28)
US28-1 A D E T F D L R F R V 1 12 0.0009
US28-2 A D E T F N L R F R V 4 10 0.12
US28-3 A D E T F D L R F Q V 5 0 0.05
US28-4 A D E T F D L R F R A 8 3 0.18
US28-5 A D E A L N L R F R A 3 3 0.99
US28-6 A D E A L N L R F R V 1 4 0.35
US28-7 A D E T F D L R F Q A 4 0 0.11
US28-8 A D E T F N L K V R A 2 2 0.99
US28-9 A D E A L N L R F Q V 2 0 0.49
US28-10 A D E T F N L R F Q V 2 0 0.49
US28-11 T E L T F D L R F R V 3 1 0.61
US28-12 A D E T F D L K V R A 1 0 0.99
US28-13 A D E A L D L K V R A 0 3 0.24
US28-14 A D E T F N L R F R A 0 1 0.99
US28-15 A D E T F N L K F R A 0 1 0.99
US28-16 A D E T L N L K F R A 1 0 0.99
US28-17 T E L T F D L R F Q V 2 0 0.49
US28-18 T E L T F N L R F Q V 1 0 0.99
US28-19 A E L T F D L R V R V 0 3 0.34
US28-20 A D E T F D L K F R A 1 1 0.99
aGray shading represents variation in comparison to Toledo reference.
bIndo, Indonesian samples.
cAus, Australian samples.
dFisher’s exact test comparing Australian and Indonesian adult samples; bold indicates that statistical significance was reached.
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cardiovascular health (P = 0.02) (Fig. 4D). All RTR described here had HCMV DNA detectable
with a standard clinical assay. Levels of HCMV DNA were not affected by R267K (data not
shown), perhaps because they were strongly time dependent or because CMV replicates in
tissue cells.

HCMV encoding D at position 170 of US28 was present in 15/18 Indonesian HIV
patients participating in the Jakarta, CMV, cardiovascular, antiretroviral, neuropathy,

FIG 3 Model of Toledo US28-G protein complex binding with CX3CL1 (A) or gp120 (B). Residues of US28 urther
investigated are shown as sticks with open spheres. G protein subunits are indicated by Ga11, Gb1, and Gg2.

TABLE 3 Predicted change in binding energy relative to Toledo (DDG, in kcal/mol) for interactions between clinical variants of US28 and
chemokines or HIV gp120

Variant
CX3CL1
DDG

CCL2
DDG

CCL3
DDG

CCL4
DDG

CCL5
DDG

CCL13
DDG

gp120
Indoa

DDG

gp120
Ausb

DDG
D15E 22.8 24.3 17.1 22.6 21.3 14.0 10.5 11.3
E18L 17.4 11.6 19.7 10.7 11.9 20.8 24.6 23.9
D15E, E18Lc 14.0 21.4 115.0 23.5 20.7 13.2 25.3 23.7
A19D 21.2 24.6 10.2 10.2 26.6 22.6 21.0 21.3
T21A 12.4 11.8 17.5 12.2 12.8 11.9 20.3 10.1
F25L 11.6 12.4 11.5 10.5 10.4 22.4 17.1 11.2
T21A, F25Lc 14.1 14.3 18.7 12.3 13.1 20.6 16.5 11.5
Y40N 114.5 19.0 110.6 117.4 19.6 12.2 12.9 19.7
G50C 20.0 20.0 20.0 18.0 10.8 20.0 20.0 10.0
N170D 20.4 14.5 12.2 12.1 20.1 24.4 21.8 22.4
R267K 10.9 10.9 10.5 10.6 10.2 10.4 20.3 10.3
aIndonesian HIV isolate.
bAustralian HIV isolate.
cDouble mutations tested as alleles were universally coinherited.
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dental, ophthalmology (JakCCANDO) study (20/23 samples), which was sufficient to
test statistical associations over the first 12 months on ART. All patients in this cohort
were seropositive with a high burden of HCMV attested by very high antibody titers
and 52% having HCMV DNA detectable by a simple quantitative PCR (qPCR) before
ART. Levels of HCMV-reactive antibodies rose significantly every 3 months for the first
year on ART (27). We hypothesize that this reflects a rising capacity to make antibody
rather than a rising HCMV burden. Hence, antibody levels at 12 months are probably
the best metric of the burden of HCMV. In patients carrying the N170D variant, levels
of IE-1-reactive antibodies and soluble type 1 interferon receptor (sIFN-a/bR) were sig-
nificantly greater after 12 months on ART (Fig. 5A and B; P = 0.03 and P = 0.03, respec-
tively). The same trend was observed with HCMV lysate antibody (P = 0.06) (Fig. 5C).
Two out of three patients with only the N variant and 1/20 with mixed infections had
detectable HIV RNA (.100 copies/ml) at 12 months (P = 0.06, Fisher’s exact test).

DISCUSSION

Few studies have analyzed HCMV sequences obtained from deep sequencing directly
from clinical samples. Suárez et al. utilized high-throughput sequencing of enriched DNA
libraries produced directly from clinical samples, which provided insight into HCMV gene
recombination (28). However, US28 variants identified in clinical samples have not been
linked with predicted ligand binding or clinical outcomes. Here, we use a nested PCR fol-
lowed by deep sequencing approach on HCMV directly from clinical samples from HIV
patients, RTR, healthy controls, and neonates to study variations in US28. The findings carry

FIG 4 RTR carrying HCMV with the US28 R267K variant have higher HCMV-reactive antibody levels. (A
to C) Comparison of HCMV gB (A), IE-1 (B), and lysate-reactive antibody (C) levels between RTR
carrying HCMV with only R at position 267 and those carrying R/K or only K. (D) Comparison of flow-
mediated dilation (FMD) between RTR carrying HCMV with only R at position 267 and those carrying
R/K or only K.
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information regarding regions in which variations are “tolerated.” For example, Caserosa
et al. (29) described the significant effects of nonsynonymous mutations at sites 12, 14, and
16 on binding to several chemokines. However, the mutations were created in vitro and
were not sought in clinical specimens. Only position 15 was affected in virus derived from
60 individuals tested here. The wild-type sequence encodes D (aspartic acid) at this site.
While the variant created by Caserosa et al. was an A (alanine), we found only E (glutamic
acid), which carries a negative charge similar to D. This suggests that functional variations
in this region are not favored by evolution.

An important issue is the prevalence of multivariant infections. While it is plausible that
neonates are more likely to be monoinfected, there is little evidence for this in the literature.
Here, fewer variations were found in neonatal samples (2 of 4 cases contained multiple var-
iants) than in adult samples. This may reflect recombination events during persistent asymp-
tomatic reactivations or coinfections during childhood or adult life. Of the four neonatal
cases, two were asymptomatic, one had hepatitis that resolved spontaneously, and one had
sensorineural hearing loss. This infant had a single variant carrying only N170D. Hence, we
cannot align any individual variation with clinical outcome in neonates.

FIG 5 HIV patients carrying HCMV with the US28 N170D variant have higher levels of HCMV-reactive antibodies. (A, C) Comparison of HCMV IE-1 (A) and
lysate-reactive antibody (C) levels between HIV patients carrying HCMV with only N at position 170 and those carrying N/D or only D. (B) Comparison of
plasma levels of sIFN-a/bR between HIV patients carrying HCMV with only N at position 170 and those carrying N/D or D. (D) Comparison of HIV load in
patients carrying HCMV with only N at position 170 and those carrying N/D or D. V0, V1, V3, V6, and V12 represent 0, 1, 3, 6, and 12 months on
antiretroviral therapy (ART).
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Prior evidence of mixed infections is variable, likely reflecting the different popula-
tions studied and the sensitivity of the methods used. Sanger sequencing of five HCMV
glycoproteins found that 40% of women with primary infections had multiple variants
(30), but other studies concluded that multivariant infections are rare (31). This is im-
portant clinically as multivariant infections are associated with ganciclovir resistance
and graft rejection in organ transplant recipients (32, 33). In mouse models, coinfection
with multiple variants can improve the collective viral fitness and consequent growth
and dissemination (34).

Haplotype analyses can provide an estimate of the age of the observed mutations,
as fixed combinations suggest more ancient mutation events. Here, haplotype US28-1
differed from Toledo only at N170D and was more common in samples from Australia
than from Indonesia. The Toledo haplotype was found in a further 10 Australian sam-
ples, while samples from Indonesia were more variable. This may reflect the high levels
of HCMV replication in the source population, HIV patients beginning ART. Fifty-two
percent were HCMV DNA positive when assessed with a simple qPCR detecting UL54
(35). This assay was optimized in our Australian laboratory, but the frequency of detec-
tion in Australian RTR was notably lower (13%) (36).

Calculations predicting relative binding energies suggest that many of the variants
promote binding of particular chemokines. Most of the variants examined altered
amino acids in or near the binding interface with the chemokines or gp120, so their
effects on binding are likely to be captured by the modeling procedure used here.
While G50C and R267K occur outside this interface, G50C affected binding to CCL4
with limited effects on G protein binding (Table 3; Table S1 in the supplemental mate-
rial). G50C may reduce US28 flexibility compared to Toledo (reflecting its proximity to
the intracellular portion of US28) or US28 activation, stabilizing an active receptor con-
formation. Arg267 does not come into direct contact with ligands but does contact the
receptor N-terminal segment that facilitates ligand binding. Hence, R267K may influ-
ence the presentation of the receptor to ligands and indirectly affect ligand binding.
Putative effects of G50C and R267K may be corroborated through enhanced sampling
simulations investigating receptor activation, which have been routinely used for G
protein-coupled receptors (37, 38). Atomic-level simulations have attributed the ago-
nist-independent activity of US28 to an amino acid network evolved to destabilize the
receptor’s inactive state (39).

The final section of our paper is a first pass screen linking US28 variants with
immune responses to HCMV. While immune pressures may suppress viral replication
and reduce de novo mutations, the occurrence of several mutations and fixed haplo-
types in multiple individuals from different cohorts suggests that the variants were
acquired by infection and not generated de novo in the individuals described. This
argument suggests that variations in US28 alter the footprint of the virus (and not vice
versa). Future studies will need to correct for the presence of other mutations in host
and viral genes, comorbidities, and sociodemographic factors. This could begin with
R267K, as the variant was associated with increased gB-reactive antibody levels in RTR
and a healthier FMD (i.e., better endothelial function). Accordingly, a previous study of
the same cohort revealed that levels of gB-reactive antibodies were protective of FMD,
as assessed in a 3-year follow up (40). Our data suggest that variants carrying R267K
may promote this protective response. This is pertinent because gB is under investiga-
tion as an HCMV vaccine candidate (41).

The JakCCANDO project provides a longitudinal cohort of HIV patients commencing
ART and followed over 12 months, allowing the assessment of the longer-term effects
of HCMV variants in a population with a very high CMV burden. CMV DNA sequences
were derived from samples collected after 0 to 3 months on ART, and IE-1-reactive anti-
body levels were elevated in association with the N170D variant at 12 months. The
N170D variant was also associated with increased plasma sIFN-a/bR levels. It is plausible
that antibody responses to IE-1 and production of interferon-a/b occur early during HCMV
reactivation, and, hence, individuals carrying N170D experience more reactivation events.
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Our modeling suggested that N170D variants may display enhanced binding with CCL13, a
chemoattractant for basophils and eosinophils. This could encourage clearance of antibody-
coated viral particles, dampening the reactivations. Moreover, N170D may enhance binding
to CCL2, which is implicated in the induction of T-cell and monocytic responses that may
affect HIV replication. Here, individuals carrying N170D had lower HIV loads after 12 months
on ART. While this requires verification in a larger cohort with control for poor adherence to
ART, it is interesting that US28 is expressed during HCMV latency, so its effects are not re-
stricted to periods of active viral replication. US28 is involved in restructuring lipid rafts in
host cells mediating cholesterol efflux (42). HIV may utilize lipid rafts to enter or leave a tar-
get cell (43, 44).

CONCLUSION

We have demonstrated diversity in US28 encoded by HCMV carried by HIV patients,
RTR, healthy adults, and neonates. The mutations are carried in definable haplotypes,
so they may circulate as stable variants. Individual mutations and combinations trans-
mitted in linkage disequilibrium are likely to have differential effects on US28 binding
to chemokines and gp120, which may affect the burden of HCMV and/or its clinical
footprint in the host. We present preliminary evidence for this in RTR and HIV patients.

MATERIALS ANDMETHODS
RTR and healthy controls from Perth, Western Australia. Eighty-two RTR were recruited from re-

nal clinics at Royal Perth Hospital (Western Australia). Inclusion criteria were clinical stability greater than
2 years after transplant, no HCMV disease or reactivation within 6 months of sample collection, and no
current antiviral treatment. RTR infected with hepatitis B or C were excluded. Ethics approval was
obtained from the Royal Perth Hospital Human Research Ethics Committee (approval number EC 2012/
155) and endorsed by the Curtin University Human Research Ethics Committee (approval number
HRE2021-0044). Participants provided written informed consent (45).

HIV patients from Jakarta Indonesia. The JakCCANDO project is a comprehensive survey of clinical
and immunological responses to ART undertaken in Cipto Mangunkusumo Hospital’s outpatient clinic
(Jakarta, Indonesia) (35). Eighty-two ART-naive HIV patients were enrolled during 2013 to 2014 with
,200 CD4 T cells/ml. The study was approved by Universitas Indonesia, Cipto Mangunkusumo Hospital
and Curtin University ethics committees. Written consent was obtained from each subject. Examinations
were performed before ART initiation (V0) and at months 3, 6, and 12 (V3, V6, and V12). Plasma HIV RNA
loads were determined using AmpliPrep/COBAS TaqMan HIV-1 tests (version 2.0), and CD4 T-cell counts
were determined using standard flow cytometric techniques (46).

Australia neonates. Four deidentified congenital urine samples in virus transport medium were pro-
vided by the Department of Microbiology, PathWest Laboratory Medicine, Western Australia. Samples
were collected between 1 and 13 days of life and all four had detectable HCMV DNA when assessed by
routine hospital assays. Two neonates had symptomatic infections. One had hepatitis attributed to
HCMV that spontaneously resolved without antiviral therapy. One had bilateral sensorineural hearing
loss and other central nervous system and lymphatic abnormalities and required antiviral therapy.

Extraction and detection of HCMV DNA. DNA was extracted from saliva, buffy coat, or urine using
FavorPrep blood genomic DNA extraction mini kits (Favorgen, Ping-Tung, Taiwan) and stored at 280°C. HCMV
was detected using an in-house qPCR assay with primers targeting the UL54 gene (HCMV DNA polymerase) (36).

Targeted whole gene amplification. Primers targeting US28 were designed using Geneious 8.1.9
(https://www.geneious.com) (59 to 39: F-AGAAGGGCCAAACACACCAAACG, R-TTCCGGTTCGCTAATCGCACGGA).
Reactions were performed in a total volume of 20 ml containing 0.4 ml of MyTaq HS DNA polymerase (Bioline,
Meridian Bioscience, Cincinnati, OH), 4 ml of MyTaq reaction buffer, 0.8 ml of 10 mM primers (Sigma-Aldrich,
Australia), and 5 ml of DNA diluted 1:2. Cycling conditions were 1 min at 95°C followed by 30 cycles of 15 s at
95°C, 15 s at 58°C, and 1.5 min at 72°C followed by a final extension step of 7 min at 72°C. Amplicons were puri-
fied before preparation of DNA libraries using a MO BIO Laboratories Inc. UltraClean PCR clean-up kit (Qiagen,
Germany). MyTaq high-sensitivity DNA polymerase is recommended for amplification of products up to 5 kb.

Preparation of Ion Ampliseq DNA libraries. Libraries were prepared using an Ion Ampliseq library
kit 2.0 with halved reaction volumes and 10 ng of template nucleic acid. The targets were amplified for
30 cycles with an anneal/extension time of 4 min per cycle. During library purification, ethanol was
freshly prepared at a 75% concentration. Libraries were quantified using a high-sensitivity DNA kit on a
Bioanalyzer 2100 (Agilent, Santa Clara, CA).

Libraries were sequenced using an Ion Proton sequencer. Barcoded sample libraries were diluted
in low Tris-EDTA (Thermo Fisher Scientific) to reach a final concentration of 100 pmol/liter, and equal vol-
umes of each were pooled. The pooled libraries then underwent template preparation on an Ion Chef
system and were loaded onto Ion P1 v3 sequencing chips using an Ion PI Hi-Q Chef kit (Thermo Fisher
Scientific). Semiconductor sequencing was performed on an Ion Proton sequencer (Thermo Fisher
Scientific) using an Ion PI Hi-Q sequencing kit (Thermo Fisher Scientific) (47).

Immunological assessments of HCMV. Plasma stored at 280°C were assessed for HCMV-reactive
IgG titers using in-house enzyme-linked immunosorbent assays (ELISAs) based on a lysate of fibroblasts
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infected with HCMV AD169, recombinant HCMV gB (Chiron Diagnostics, Medfield, MA, USA), or IE-1 pro-
tein (Miltenyi Biotech, Cologne, Germany). Results are presented as arbitrary units (AU)/ml based on a
standard plasma pool, allowing comparisons between people but not between antigens (27, 45).
Soluble receptors for interferon-a/b were assessed in plasma using human IFNAR2 ELISA kits (gener-
ously provided by PBL Assay Science, Piscataway, NJ) (35).

Assessment of vascular pathology. Ultrasonography was used to assess FMD of the brachial artery
after 10 min of rest in Australian RTR and healthy controls (40). FMD assesses the ability of the larger conduit ar-
tery to respond to shear stress via endothelial-dependent and endothelial-independent mechanisms.

Data analysis. Sequences were mapped to the Toledo reference (GenBank no. GU937742.1) using
the tmap tool within the Torrent Suite v 5.10. BAM files mapped to Toledo were loaded into proprietary
software, Visual Genomics Analysis Suite (VGAS) (http://www.iiid.com.au/software/vgas) (48). Variants
were called if they occurred at a frequency of greater than 10% and had a minimum of 50 in each sam-
ple (Table S1). VGAS was also utilized to predict changes in protein sequence.

Amino acid haplotypes and their estimated frequencies were determined using the default parame-
ters of the fastPHASE algorithm with the exception that haplotypes were sampled an additional 5,000
times (49). Haplotypes with a population frequency less than 1% were excluded from analyses.
Haplotypes are labeled US28-1 to US28-20 in descending order of their frequencies.

Statistical analysis. Continuous data were analyzed with Mann-Whitney nonparametric statistics,
and categorical data were analyzed with chi-square or Fisher’s exact tests, as appropriate, using
GraphPad Prism version 8 for Windows (GraphPad Software, La Jolla, CA). In individuals where HCMV
was sequenced from buffy coat and saliva, only one sample was included in subsequent analyses.

Modeling of active US28 Toledo bound to chemokines and G proteins. Prime within Schrodinger
Biologics Suite 2018-3 was used for homology modeling and refinement. Chemokine-US28 Toledo-G
protein assemblies were prepared using the Heteromultimers facility of Prime, with the chemokine, US28
Toledo, and G protein modeled in separate runs using templates aligned to the relevant portion of the
CX3CL1-US28-nanobody crystal structure (PDB 4XT1) (50). The sequence of US28 Toledo was obtained from
NCBI (GenBank no. GU937742.1), and US28 Toledo was modeled against US28 in PDB 4XT1. The sequence of
Ga11, to which US28 is coupled, was obtained from UniProt (accession P29992) (51). The majority of the Ga11

structure was modeled against Ga11 as contained in the M1 muscarinic acetylcholine receptor-Ga11 complex
(PDB 6OIJ) (52), while the C-terminal helix contacting the receptor was modeled against Gai1 as contained in
the CXCR2-Gai1 complex (PDB 6LFM) (53). To facilitate building of Ga11, PDB 6LFM was structurally aligned to
PDB 4XT1 by aligning the chemokine receptor components of these structures, following which, Ga11 in PDB
6OIJ was aligned to Gai1 in PDB 6LFM. The Gb1 and Gg2 subunits were incorporated directly from PDB 6OIJ.
The CX3CL1 structure was used directly from PDB 4XT1. Crystallographic structures of CCL3 (PDB 3FPU) (54),
CCL4 (PDB 3TN2) (55), and CCL5 (PDB 5COY) (56) were obtained and aligned to CX3CL1 in PDB 4XT1. To model
each chemokine, the majority of the respective crystallographic structures were used, with the N-terminal tail
modeled based on CX3CL1 in PDB 4XT1; sequences were aligned using ClustalW within Prime to ensure a rea-
sonable alignment for model building. Following the initial building of the complexes, an implicit membrane
was defined on each of these, centered on the seven-transmembrane helical region of US28 Toledo. All resi-
dues in the complexes were then subject to energy minimization. In the case of the complexes containing CC-
type chemokines, the disulfide bond between the first cysteine residue of the CC motif and the loop between
the first and second b-strands was manually introduced prior to energy minimization. All sequence alignments
and template selections are illustrated in Tables S3 to S11.

Modeling of active US28 Toledo bound to representative gp120 proteins and G proteins. Two
gp120 sequences were examined, one from the CRF01_AE strain, which is predominant in Indonesia
(GenBank no. MG839510.1), and one from the HXB2 strain, which is predominant in Australia (GenBank
no. K03455.1). The structure of the complex of a gp120 bound to CCR5 (PDB 6MEO) (57) was aligned to
PDB 4XT1. The desired gp120 sequences were modeled against gp120 in PDB 6MEO. US28 Toledo was
modeled against both US28 in PDB 4XT1 and CCR5 in PDB 6MEO in order to achieve a US28 Toledo
structure appropriately induced to bind gp120. G protein structures were used as described in the previ-
ous section. The gp120-US28 Toledo-G protein assemblies were prepared using the Heteromultimers fa-
cility of Prime and refined as described in the previous section.

Residue scanning calculations. The residue scanning/affinity maturation tool of Schrodinger
Biologics Suite (58) was used to generate variants in US28 Toledo and assess their impact on binding to
chemokines and the G protein assembly (i.e., all of the abg subunits), adapting our previous work (59).
Calculations assessed changes in chemokine binding to the US28-G protein assembly (i.e., chemokine
treated as ligand, US28-G protein assembly treated as receptor) and changes in G protein assembly
binding to the chemokine-US28 assembly (i.e., abg assembly treated as ligand, chemokine-US28 assem-
bly treated as receptor). Use of the previously defined implicit membrane was enabled for all calcula-
tions. Variants yielding a predicted change in binding affinity greater in magnitude than 2.0 kcal/mol
were considered significantly impacting complex formation, with positive values indicating destabiliza-
tion and negative values indicating enhanced binding, relative to Toledo.

Data availability. Amplicon sequence data have been deposited in NCBI under accession no.
SAMN21506830 to SAMN21506889.
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Supplementary Table 2. Relative binding energies (in kcal/mol) for G protein binding to 
US28 Toledo variants bound different chemokines and gp120. 

Variant CX3CL1 
ΔΔG 

CCL2 
ΔΔG 

CCL3 
ΔΔG 

CCL4 
ΔΔG 

CCL5 
ΔΔG 

CCL13 
ΔΔG 

gp120 
Indonesian 

ΔΔG 

gp120 
Australian 

ΔΔG 

D15E 0 0 0 0 0 0 0 0 

E18L 0 0 0 0 0 0 0 0 

A19D 0 0 0 0 0 0 0 0 

T21A 0 0 0 0 0 0 0 0 

F25L 0 0 0 0 0 0 -0.01 0 

Y40N -0.07 -0.19 -0.04 -0.16 -0.08 -0.14 -0.03 0 

G50C -0.13 -0.14 -0.02 +7.98 +1.05 +0.03 -0.16 +0.23

N170D 0 0 0 0 0 0 0 0

R267K 0 +0.01 0 0 0 -0.01 0 0

Supplementary file 1 cannot be inserted into this document. Supplementary file 1 can be 
accessed using the hyper link found here.
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Supplementary Table 3. Sequence alignment for US28 Toledo modelled for chemokine binding 
 
US28 Toledo 
4XT1_A 
 

  1 MTPTTTTAELTTEFDYDEAATPCVFTDVLNQSKPVTLFLYGVVFLFGSIG 
 15 ~~~~~~~~~~~~~~DYDEDATPCVFTDVLNQSKPVTLFLYGVVFLFGSIG 
                  **** ******************************* 

US28 Toledo 
4XT1_A 
 

 51 NFLVIFTITWRRRIQCSGDVYFINLAAADLLFVCTLPLWMQYLLDHNSLA 
 51 NFLVIFTITWRRRIQCSGDVYFINLAAADLLFVCTLPLWMQYLLD~~~~~ 
    ********************************************* 

US28 Toledo 
4XT1_A 
 

101 SVPCTLLTACFYVAMFASLCFITEIALDRYYAIVYMRYRPVKQACLFSIF 
101 SVPCTLLTACFYVAMFASLCFITEIALDRYYAIVYMRYRPVKQACLFSIF 
    ************************************************** 

US28 Toledo 
4XT1_A 
 

151 WWIFAVIIAIPHFMVVTKKNNQCMTDYDYLEVSYPIILNVELMLGAFVIP 
151 WWIFAVIIAIPHFMVVTKKDNQCMTDYDYLEVSYPIILNVELMLGAFVIP 
    *******************:****************************** 

US28 Toledo 
4XT1_A 
 

201 LSVISYCYYRISRIVAVSQSRHKGRIVRVLIAVVLVFIIFWLPYHLTLFV 
201 LSVISYCYYRISRIVAVSQSRHKGRIVRVLIAVVLVFIIFWLPYHLTLFV 
    ************************************************** 

US28 Toledo 
4XT1_A 
 

251 DTLKLLKWISSSCEFERSLKRALILTESLAFCHCCLNPLLYVFVGTKFRQ 
251 DTLKLLKWISSSCEFERSLKRALILTESLAFCHCCLNPLLYVFVGTKFRQ 
    ************************************************** 

US28 Toledo 
4XT1_A 
 

301 ELHCLLAEFRQRLFSRDVSWYHSMSFSRRSSPSRRETSSDTLSDEVCRVS 
301 ELHCLLAEFR~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
    ********** 

US28 Toledo 
4XT1_A 
 

361 QIIP 
    ~~~~ 
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Supplementary Table 4. Sequence alignment for CCL2.a 

 
CCL2 
1DOK_A 
4XT1_B 
 

 1 MKVSAALLCLLLIAATFIPQGLAQPDAINAPVTCCYNFTNRKISVQRLAS 
23 ~~~~~~~~~~~~~~~~~~~~~~MQPDAINAPVTCCYNFTNRKISVQRLAS 
25 ~~~~~~~~~~~~~~~~~~~~~~XHHGVTKCAI~TCSKMTS~KIPVALLIH 
                                  :  * . *: ** ****** 

CCL2 
1DOK_A 
4XT1_B 
 

51 YRRITSSKCPKEAVIFKTIVAKEICADPKQKWVQDSMDHLDKQTQTPKT 
51 YRRITSSKCPKEAVIFKTIVAKEICADPKQKWVQDSMDHLDKQT~~~~~ 
51 YQQNQAS~CGKRAIILETRQHRLFCADPKEQWVKDAMQHLDRQ~~~~~~ 
   ******************************************** 

aThe regions highlighting are the regions of the respective templates used to model the bound 
chemokine. Sequence identity/similarity is indicated between the chemokine and the region 
highlighted. X in the 4XT1_B sequence is pyroglutamic acid. 
 
 
 
Supplementary Table 5. Sequence alignment for CCL3.a 

 

CCL3 
3FPU_B 
4XT1_B 
 

 1 MQVSTAALAVLLCTMALCNQFSASLAADTPTAC~~~CFSYTSRQIPQNFI 
24 ~~~~~~~~~~~~~~~~~~~~~~~SLAADTPTTC~~~CFSYTSRQIPQNFI 
25 ~~~~~~~~~~~~~~~~~~~~~~~~~XHHGVTKCAITCSKMTSK~IPVALL 
                                 * *   *    *: ****** 

CCL3 
3FPU_B 
4XT1_B 
 

48 ADYFETSSQCSKPGVIFLTKRSRQVCADPSEEWVQKYVSDLELSA 
48 ADYFETSSQCSKPGVIFLTKRSRQVCADPSEEWVQKYVSDLE~~~ 
49 IHYQQNQASCGKRAIILETRQHRLFCADPKEQWVKDAMQHLDRQ~ 
   ******************************************** 

aThe regions highlighting are the regions of the respective templates used to model the bound 
chemokine. Sequence identity/similarity is indicated between the chemokine and the region 
highlighted. X in the 4XT1_B sequence is pyroglutamic acid. 
 
 
 
Supplementary Table 6. Sequence alignment for CCL4.a 

 

CCL4 
3TN2_A 
4XT1_B 
 

 1 MKLCVTVLSLLMLVAAFCSPALSAPMGSDPPTACCFSYTARKLPRNFVVD 
24 ~~~~~~~~~~~~~~~~~~~~~~~APMGSDPATACCFSYTARKLPRNFVVD 
25 ~~~~~~~~~~~~~~~~~~~~~~~XHHGVTKCAITCSKMTS~KIPVALLIH 
                             *       *   *: *:******* 

CCL4 
3TN2_A 
4XT1_B 
 

51 YYETSSLCSQPAVVFQTKRSKQVCADPSESWVQEYVYDLELN 
51 YYETSSLCSQPAVVFQTKRSKQVCADPSESWVQEYVYDLEL~ 
51 YQQNQASCGKRAIILETRQHRLFCADPKEQWVKDAMQHLDRQ 
   ****************************************** 

aThe regions highlighting are the regions of the respective templates used to model the bound 
chemokine. Sequence identity/similarity is indicated between the chemokine and the region 
highlighted. X in the 4XT1_B sequence is pyroglutamic acid. 
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Supplementary Table 7. Sequence alignment for CCL5.a 

 

CCL5 
5COY_A 
4XT1_B 
 

 1 MKVSAAALAVILIATALCAPASASPYSSDTTPCCFAYIARPLPRAHIKEY 
27 ~~~~~~~~~~~~~~~~~~~~~~~~~~SSDTTPCCFAYIARPLPRAHIKEY 
25 ~~~~~~~~~~~~~~~~~~~~~~XHHGVTKCAITCSKMTSK~IPVALLIHY 
                              :     *    :: :******** 

CCL5 
5COY_A 
4XT1_B 
 

51 FYTSGKCSNPAVVFVTRKNRQVCANPEKKWVREYINSLEMS 
51 FYTSGKCSNPAVVFVTRKNRQVCANPEKKWVREYINSLEMS 
52 QQNQASCGKRAIILETRQHRLFCADPKEQWVKDAMQHLDRQ 
   ***************************************** 

aThe regions highlighting are the regions of the respective templates used to model the bound 
chemokine. Sequence identity/similarity is indicated between the chemokine and the region 
highlighted. X in the 4XT1_B sequence is pyroglutamic acid. 
 
 
 
Supplementary Table 8. Sequence alignment for CCL13.a 

 

CCL13 
2RA4_B 
4XT1_B 
 

 1 MKVSAVLLCLLLMTAAFNPQGLAQPDALNVPSTCCFTFSSKKISLQRLKS 
26 ~~~~~~~~~~~~~~~~~~~~~~~~~DALNVPSTCCFTFSSKKISLQRLKS 
25 ~~~~~~~~~~~~~~~~~~~~~~~XHHGVTKCAITCSKMTSK~IPVALLIH 
                              :   :  *   :** * ****** 

CCL13 
2RA4_B 
4XT1_B 
 

51 YVITTSRCPQKAVIFRTKLGKEICADPKEKWVQNYMKHLGRKAHTLKT 
51 YVITTSRCPQKAVIFRTKLGKEICADPKEKWVQNYMKHLG~~~~~~~~ 
51 YQQNQASCGKRAIILETRQHRLFCADPKEQWVKDAMQHLDRQ~~~~~~ 
   **************************************** 

aThe regions highlighting are the regions of the respective templates used to model the bound 
chemokine. Sequence identity/similarity is indicated between the chemokine and the region 
highlighted. X in the 4XT1_B sequence is pyroglutamic acid. 
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Supplementary Table 9. Sequence alignment for US28 Toledo modelled for gp120 binding.a 

 

US28 Toledo 
6MEO_B 
4XT1_A 
 

  1 MTPTTTTAELTTEFDYDEAATPCVFTDVLNQSKPVTLFLYGVVFLFGSIG 
  1 MDYQVSSPIXDINX~~~YTSEPCQKINVKQIAARLLPPLYSLVFIFGFVG 
 15 ~~~~~~~~~~~~~~DYDEDATPCVFTDVLNQSKPVTLFLYGVVFLFGSIG 
    *    ::            : **   :*   :  :   ** :**:** :* 

US28 Toledo 
6MEO_B 
4XT1_A 
 

 51 NFLVIFTITWRRRIQCSGDVYFINLAAADLLFVCTLPLWMQYLLDHNSLA 
 48 NMLVILILINCKRLKSMTDIYLLNLAISDLFFLLTVPFWAHYAAAQWDFG 
 51 NFLVIFTITWRRRIQCSGDVYFINLAAADLLFVCTLPLWMQYLLD~~~~~ 
    ***********************************:* *  *         

US28 Toledo 
6MEO_B 
4XT1_A 
 

101 SVPCTLLTACFYVAMFASLCFITEIALDRYYAIVY~~~~MRYRPVKQACL 
 98 NTMCQLLTGLYFIGFFSGIFFIILLTIDRYLAVVHAVFALKARTVTFGVV 
101 SVPCTLLTACFYVAMFASLCFITEIALDRYYAIVY~~~~MRYRPVKQACL 
    :  * ***  :::  *:******************    *********** 

US28 Toledo 
6MEO_B 
4XT1_A 
 

147 FSIFWWIFAVIIAIPHFMVVTKKNN~~~~QCMTDYDYLEVSYPIILN~VE 
148 TSVITWVVAVFASLPGIIFTRSQKEGLHYTCSSHFPYSQYQFWKNFQTLK 
147 FSIFWWIFAVIIAIPHFMVVTKKDN~~~~QCMTDYDYLEVSYPIILN~VE 
    ************::*  :    :       * : : * :  :      :: 

US28 Toledo 
6MEO_B 
4XT1_A 
 

192 LMLGAFVIPLSVISYCYYRISRIVAVSQS~RHKGRIVRVLIAVVLVFIIF 
198 IVILGLVLPLLVMVICYSGILKTLLRCRNEKKRHRAVRLIFTIMIVYFLF 
192 LMLGAFVIPLSVISYCYYRISRIVAVSQS~RHKGRIVRVLIAVVLVFIIF 
    :::  ************************ ******************** 

US28 Toledo 
6MEO_B 
4XT1_A 
 

241 WLPYHLTLFVDTLKLLKWISSSCEFERSLKRALILTESLAFCHCCLNPLL 
248 WAPYNIVLLLNTFQEFFGLNN~CSSSNRLDQAMQVTETLGMTHCCINPII 
241 WLPYHLTLFVDTLKLLKWISSSCEFERSLKRALILTESLAFCHCCLNPLL 
    ************************************************** 

US28 Toledo 
6MEO_B 
4XT1_A 
 

291 YVFVGTKFRQELHCLLAEFRQRLFSRDVSWYHSMSFSRRSSPSRRETSSD 
297 YAFVGEKFRNYLLVFFQ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
291 YVFVGTKFRQELHCLLAEFR~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
    ******************** 

US28 Toledo 
6MEO_B 
4XT1_A 
 

341 TLSDEVCRVSQIIP 
    ~~~~~~~~~~~~~~ 
    ~~~~~~~~~~~~~~ 

aThe regions highlighting are the regions of the respective templates used to model the gp120-bound 
conformation of US28 Toledo. Sequence identity/similarity is indicated between the receptor and the 
region highlighted. X in the 6MEO_B sequence indicates an unknown residue. 
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Supplementary Table 10. Sequence alignment for gp120 Indonesian. 
 
gp120_ID 
6MEO_G 

  1  MRVKKTQMNWLSWWKWGTLILGLVIMCNASDNLWVTVYYGVPVWKDAETT 
 29  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~DNLWVTVYYGVPVWKEATTT 
                                   ***************:* ** 

gp120_ID 
6MEO_G 
 

 51  LFCASDAKAHETEVHNVWATHACVPTDPNPQELPLKNVTENFNMWKNPMA 
 49  LFCASDAKAYKAEVHNVWATHACVPTDPNPQEIVLENVTENFNMWKNNMV 
     *********:: ********************: *:*********** *     

gp120_ID 
6MEO_G 
 

101  EQMHEDVISLWDQSLKPCVKLTPLCVTLNCTNAKLTNVTDVSNTTESNPT 
 99  EQMHEDIISLWDQSLKPCVKLTPLCVTLNC~~~~~~~~~~~~~~~~~~~~ 
     ******:*********************** 

gp120_ID 
6MEO_G 
 

151  ESTTRNNTIETDEVKNCTFNVTTELTDMTKQVHALFYKLDIVQINDRSVN 
     ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

gp120_ID 
6MEO_G 
 

201  NNSSSGKYMLINCNTSVIKQACPKISFDPIPIHYCAPAGYAILKCKDKKF 
184  IDNTS~~YRLTSCNTSVITQACPKVTFEPIPIHYCTPAGYAILKCNGKKF 
      :::*  * * :****** *****::*:******* *********  *** 

gp120_ID 
6MEO_G 
 

251  NGIGPCNNVSSVQCTHGIRPVVSTQLLLNGSLAEEEIIIRSENITNNAKN 
232  NGTGPCTNVSTVQCTHGIKPVVSTQLLLNGSLAEEDIVIRSENLTNNAKT 
     ** *** ***:*******:****************:*:*****:*****  

gp120_ID 
6MEO_G 
 

301  IIVHLNKSIEISCIRAYKNTRTSTHMVPGRTRFRTGGIIGDIKKAHCEIN 
282  IIVQLKDPVDINCTRPNNNTRKSIHIGPGRAFYATGDIIGDIRQAHCNLS 
     *** *   ::*:* *   *** * *: ***  : ** *****::*** :: 

gp120_ID 
6MEO_G 
 

351  GTTWNETLEQVKRKLEKYFPNKTIIFQPQPHAGGDPEITMHHFNCRGEFF 
332  RAQWNDTLSKIVTKLREQFENKTIKFQP~~PSGGDPEIVFHSFNCGGEFF 
        **:** ::  ** : * **** ***   :******  * *** **** 

gp120_ID 
6MEO_G 
 

401  YCNTTDLFNNNRTDGT~~~VKLPCRIKQFVNMWQRVGQAIYAPPISGTLN 
380  YCNTTQLFNSTWTNNTEDTITLPCRIKQIVNMWQEVGKAMYAPPIKGKIK 
     ***** ***:  *: *   : ******* ***** **:*:***** * :  

gp120_ID 
6MEO_G 
 

448  CTSNITGIILTRDGADTNSTRNETSSSNETEIFRPIGGDMRDNWRSELYK 
430  CSSNITGLLLTRDGGNNE~~~~~~~~MNTTEIFRPGGGDMRDNWRSELYK 
     *:*****::***** :           * ****** ************** 

gp120_ID 
6MEO_G 
 

498  YKVVQIEPLGIAPTRAKR 
480  YKVVRIEPLG~~~~~~~~ 
     ****:***** 
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Supplementary Table 11. Sequence alignment for gp120 Australian. 
 
gp120_AU 
6MEO_G 

  1  MRVKEKYQHLWRWGWRWGTMLLGMLMICSATEKLWVTVYYGVPVWKEATT 
 29  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~DNLWVTVYYGVPVWKEATT 
                                    : ***************** 

gp120_AU 
6MEO_G 
 

 51  TLFCASDAKAYDTEVHNVWATHACVPTDPNPQEVVLVNVTENFNMWKNDM 
 49  TLFCASDAKAYKAEVHNVWATHACVPTDPNPQEIVLENVTENFNMWKNNM 
     ***********  ********************:** ***********:*     

gp120_AU 
6MEO_G 
 

101  VEQMHEDIISLWDQSLKPCVKLTPLCVSLKCTDLKNDTNTNSSSGRMIME 
 99  VEQMHEDIISLWDQSLKPCVKLTPLCVTLNCIDN~~~~~~~~~~~~~~~~ 
     ***************************:* * *  

gp120_AU 
6MEO_G 
 

151  KGEIKNCSFNISTSIRGKVQKEYAFFYKLDIIPIDNDTTSYKLTSCNTSV 
187  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~TSYRLTSCNTSV 
                                           ***:******** 

gp120_AU 
6MEO_G 
 

201  ITQACPKVSFEPIPIHYCAPAGFAILKCNNKTFNGTGPCTNVSTVQCTHG 
199  ITQACPKVTFEPIPIHYCTPAGYAILKCNGKKFNGTGPCTNVSTVQCTHG 
     ********:********* ***:****** * ****************** 

gp120_AU 
6MEO_G 
 

251  IRPVVSTQLLLNGSLAEEEVVIRSVNFTDNAKTIIVQLNTSVEINCTRPN 
249  IKPVVSTQLLLNGSLAEEDIVIRSENLTNNAKTIIVQLKDPVDINCTRPN 
     *:****************::**** * *:*********   *:******* 

gp120_AU 
6MEO_G 
 

301  NNTRKRIRIQRGPGRAFVTIG~KIGNMRQAHCNISRAKWNNTLKQIASKL 
299  NNTRKSIHIGPGR~~AFYATGDIIGDIRQAHCNLSRAQWNDTLSKIVTKL 
     ***** * *  *   **   *  **::******:***:**:** :* :** 

gp120_AU 
6MEO_G 
 

350  REQFGNNKTIIFKQSSGGDPEIVTHSFNCGGEFFYCNSTQLFNSTWFNST 
347  REQF~ENKTIKFQPPSGGDPEIVFHSFNCGGEFFYCNTTQLFNSTWTNNT 
     ****  **** *:  ******** *************:******** *:* 

gp120_AU 
6MEO_G 
 

400  WSTEGSNNTEGSDTITLPCRIKQIINMWQKVGKAMYAPPISGQIRCSSNI 
396  ~~~~~~~~~~~EDTITLPCRIKQIVNMWQEVGKAMYAPPIKGKIKCSSNI 
                 ************:****:********** *:*:***** 

gp120_AU 
6MEO_G 
 

450  TGLLLTRDGGNSN~NESEIFRPGGGDMRDNWRSELYKYKVVKIEPLGVAP 
435  TGLLLTRDGGNNEMNTTEIFRPGGGDMRDNWRSELYKYKVVRIEPLG~~~ 
     ***********:  * :************************:***** 

gp120_AU 
6MEO_G 
 

499  TKAKR 
     ~~~~~ 
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Chapter 6 

Sequencing of the viral UL111a gene directly from clinical specimens 
reveals variants of HCMV encoded IL-10 that are associated with 

altered immune responses to HCMV 

This chapter investigates HCMV sequences of the UL111a gene which encodes a viral interleukin-10. 
Using the same methods outlined in chapter 5, I assessed how nonsynonymous variants in this gene 
alter immunological footprints of HCMV. This chapter will address aim 2 of this thesis. 

Data from this chapter have been published: 
Waters S, Lee S, Ariyanto I, Kresoje N, Leary S, Munyard K, Gaudieri S, Irish A, Keil AD, Allcock RJN, 
Price P. Sequencing of the Viral UL111a Gene Directly from Clinical Specimens Reveals Variants of 
HCMV-Encoded IL-10 That Are Associated with Altered Immune Responses to HCMV. Int J Mol Sci. 
2022; 22(9). doi: 10.3390/ijms23094644. 

Contributions: A/Prof Richard Allcock provided laboratory space, equipment, expertise and assembled the 
BAM files using Torrent Suite software. Shay Leary performed genetic analyses using VGAS. 
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Abstract: Human cytomegalovirus (HCMV) is a beta-herpesvirus carried by ~80% of adults world-
wide. Acute infections are often asymptomatic in healthy individuals but generate diverse syndromes
in neonates, renal transplant recipients (RTR), and people with HIV (PWH). The HCMV gene UL111a
encodes a homolog of human interleukin-10 (IL-10) that interacts with the human IL-10 receptor.
Deep sequencing technologies were used to sequence UL111a directly from 59 clinical samples
from Indonesian PWH and Australian RTR, healthy adults, and neonates. Overall, 93% of samples
contained more than one variant of HCMV, as defined by at least one nonsynonymous variation.
Carriage of these variants differed between neonates and adults, Australians and Indonesians, and
between saliva and blood leukocytes. The variant alleles of N41D and S71Y occurred together in
Australian RTR and were associated with higher T-cell responses to HCMV pp65. The variant P122S
was associated with lower levels of antibodies reactive with a lysate of HCMV-infected fibroblasts.
L174F was associated with increased levels of antibodies reactive with HCMV lysate, immediate-early
1 (IE-1), and glycoprotein B (gB) in Australian RTR and Indonesians PWH, suggesting a higher viral
burden. We conclude that variants of UL111a are common in all populations and may influence
systemic responses to HCMV.

Keywords: human cytomegalovirus; interleukin-10; UL111a; renal transplant recipients; people with
HIV; deep sequencing

1. Introduction

More than 80% of adults worldwide are seropositive for Human Cytomegalovirus
(HCMV) [1]. Acute infections are generally asymptomatic in healthy individuals. However,
HCMV seropositivity is associated with accelerated development of cardiovascular disease
(CVD) [2], so early markers of CVD such as flow-mediated dilatation (FMD) may be
considered as a clinical footprint of HCMV infection [3].
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In neonates, HCMV infection commonly causes sensorineural hearing loss and carries
increased risks of morbidity, neurodevelopment delays, and vision impairment due to
central nervous system damage [4]. HCMV infections occur in 20–60% of organ trans-
plant recipients and are associated with rejection, secondary bacterial or fungal infections,
and CVD. The level of risk that HCMV poses can be influenced by the type of organ
transplanted, immunosuppressive medications, and prophylactic regimen [5]. Recipients
who are HCMV-seronegative risk severe complications from primary HCMV infection,
including graft rejection events and mortality [6].

Most people with HIV (PWH) are HCMV-seropositive [7–9]. HCMV retinitis is consid-
ered an AIDS-defining illness and can lead to blindness [10]. Although retinitis is now rare,
PWH on antiretroviral therapy (ART) maintain higher levels of circulating HCMV-reactive
antibodies than the general population [11]. Higher antibody levels are associated with
accelerated CVD and cerebrovascular disease [12].

HCMV has a large genome of around 235 kb [13], encoding 165–252 open reading
frames (ORFs). However, only 45 ORFs are essential for replication in vitro, with the
remainder of the genome involved in immunomodulation [14–17]. Several immunomodu-
latory genes are homologs of host genes. This includes UL111a, which encodes homologs
of human interleukin-10 (IL-10).

HCMV UL111a is differentially spliced creating several isoforms [18]. The transcripts
cmvIL-10 and LAcmvIL-10 are the best characterized. They differ in length and number
of exons [19]. It is accepted that HCMV establishes latency in fixed tissues where active
replication and viral progeny cannot be detected. However, in vitro studies have shown that
numerous viral genes are continually expressed during the latent state. UL111a continues
to be expressed during latency but only the LAcmvIL-10 transcript is detectable [20].

Both cmvIL-10 and LAcmvIL-10 are broadly immunosuppressive [19]. cmvIL-10 can
interact with human IL-10R1 and initiate signaling via STAT-3 [21]. This can modulate
cellular IL-10 synthesis. LAcmvIL-10 has more restricted functions which include down-
regulation of surface major histocompatibility complex (MHC)-II, and reducing antigen
presentation during latency [22].

Several studies have examined HCMV diversity via Sanger sequencing of PCR ampli-
cons. However, this approach probably misses mixed-strain infections, which are relatively
common [23–25]. Other studies have sequenced HCMV propagated in vitro, potentially
missing variants present only in vivo. Here, we describe a nested PCR protocol with
deep sequencing technology applied directly to clinical samples. We present UL111a
gene sequences from RTR, PWH, healthy adults, and neonates. UL111a sequences are
compared with the Toledo reference strain that was derived from the urine of a congen-
itally HCMV-infected child [26]. We utilized an Australian RTR cohort recruited more
than 2 years after transplantation [27] and the JakCCANDO project, which provides a
longitudinal cohort of PWH commencing ART, and followed over 12 months in Jakarta,
Indonesia [28].

2. Results
2.1. Most Clinical Samples Contain More Than One Variant of HCMV

Amplicon sequences targeting HCMV UL111a were obtained from 59 clinical samples
(blood, saliva, or urine), with a mean depth of 11,734. In total, 27 samples were from
Indonesian PWH (21 buffy coat and 6 saliva) collected after 0 to 3 months on ART, 21 were
from Australian RTR (>2 years after transplant; 8 buffy coat and 13 saliva), 7 were from
Australian healthy adults (2 buffy coat and 5 saliva), and 4 were from Australian neonates
(urine).

Compared with the Toledo reference strain (GenBank no. GU937742.1), there were
311 sites of nucleotide variation (Figure 1a). Hereafter, we use the term “variant” to
define nonsynonymous changes, as they are the focus of this study. There were 32 sites
of variation that were present in 3 or more individuals (Figure 1b). Of the 59 samples
sequenced, 55 samples (93%) contained more than one variant of HCMV, based on the
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presence of variations in UL111a. Four of the five samples with a single strain differed
from the Toledo protein sequence. The carriage of the variant sequences is discussed below.
Position numbers relate to the cmvIL-10 transcript (aka Transcript “A”).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 13 
 

 

variation that were present in 3 or more individuals (Figure 1b). Of the 59 samples se-
quenced, 55 samples (93%) contained more than one variant of HCMV, based on the 
presence of variations in UL111a. Four of the five samples with a single strain differed 
from the Toledo protein sequence. The carriage of the variant sequences is discussed be-
low. Position numbers relate to the cmvIL-10 transcript (aka Transcript “A”). 

(a) 

 
(b) 

Figure 1. (a) Summary of all nucleotide variations identified in HCMV sequenced in 59 samples. 
Variations are displayed in reference to HCMV Toledo strain. Blue bars represent A, green bars 
represent G, black bars represent T, and red bars represent C. The height of the bars represents the 
number of samples the variation was found; (b) Summary of all nonsynonymous mutations 
identified in HCMV sequenced in 59 samples. Variations are displayed in reference to HCMV 

Figure 1. (a) Summary of all nucleotide variations identified in HCMV sequenced in 59 samples.
Variations are displayed in reference to HCMV Toledo strain. Blue bars represent A, green bars
represent G, black bars represent T, and red bars represent C. The height of the bars represents
the number of samples the variation was found; (b) Summary of all nonsynonymous mutations
identified in HCMV sequenced in 59 samples. Variations are displayed in reference to HCMV
Toledo strain. Amino acids are represented by their one-letter codes. Each variation presented was
found in at least 3 samples. The height of the bars represents the number of samples in which the
variation was present.
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2.2. Several Polymorphisms Were Group-Specific

UL111a sequences from neonates (n = 4) had five variants, none of which were unique
to this group. While sequences from adults (n = 55) had 32 variants (Table 1), of which 27
were only observed in adults. UL111a sequences from Australian adults had 29 variants,
including 3 unique to Australian samples. HCMV sequences from Indonesians had 29 vari-
ants, including 3 unique to Indonesian samples. UL111a sequences from buffy coat samples
had 32 variants, including 3 not found in saliva. Sequences from saliva had 29 variants,
with none unique to saliva. Variants S73Y, K114E, P122S, Q132* (* denotes a stop codon)
and L174F were present in all groups and all sample types. K114E was the most frequent
and was present in 93% (55/59) of samples and was present in single strain samples. The
null allele Q132* was present in 78% (46/59) of samples. Four samples carried only the
Q132* stop codon, but this included three individuals in whom a second sample carried
the Q allele (one RTR and 2 HIV patients). The fourth example was a congenital case.

Table 1. UL111A protein variants distinct from Toledo were found in all groups.

Residue
Position

Toledo
Reference

Neonates
n = 4

Adults
n = 55

Australian
n = 28

Indonesian
n = 27

Buffy Coat
n = 31

Saliva
n = 24

9 S S S/T S/T S/T S/T S/T
16 F F F/L F/L F F/L F/L
30 I I/T/M I/T/M I/T/M I I/T/M I/T/M
41 D D D/N D/N D D/N D/N
73 S S/Y S/Y S/Y S/Y S/Y S/Y
83 P P P/L P/L P/L P/L P/L
99 G G G/V G/V G/V G/V G/V

109 H H H/Y H/Y H/Y H/Y H/Y
114 K E K/E E/K E/K K/E K/E
122 P P/S P/S P/S P/S P/S P/S
123 R R R/C R/C R/C R/C R/C
126 P P P/T/S P/T/S P/T P/T/S P/S/T
127 R R R/G R/G R/G R/G R/G
128 L L L/Q/V L/Q/V L/Q/V L/Q/V L/Q/V
129 S S S/F/A/C S/F/A/C S/F/A/C S/F/A/C S/F/A/C
130 R R R/L/G R/L/G R/L/G R/L/G R/L/G
131 T T T/A/S/P T/A/S/P T/A/S/P T/A/S/P T/A/S/P
132 Q Q/* Q/* Q/* Q/* Q/* Q/*
147 Q Q Q/* Q/* Q/* Q/* Q/*
153 R R R/C R/C R/C R/C R/C
163 A A A/T A/T A/T A/T A/T
170 * * */Q */Q */Q */Q */Q
174 L L/F L/F L/F/W L/F/W L/F/W L/F/W
180 Q Q Q/H/L/R Q/H/R Q/H/L/R Q/H/L/R Q/H/R
181 P P P/L/T P/L/T P/L/T P/L/T P/L/T
182 L L L/V/Q L/V/Q L/V/Q L/V/Q L/V/Q
183 L L L/F/S L/F L/F/S L/F/S L/F
184 G G G/V G/V G/V G/V G/V
185 C C C/G/S/F C/S/F C/G/S/F C/G/S/F C/S/F
186 G G G/P/R G G/P/R G/P/R G
189 S S S/T S S/T S/T S
214 D D D/N D D/N D/N D

Nonsynonymous mutations are displayed in reference to Toledo. Changes unique to a group are in bold. All
mutations reported were present in at least 3 samples. * denotes a stop codon.

2.3. Amino Acid Haplotypes Differ between Samples from Australia and Indonesia

Of the 32 variants, 16 were biallelic and were included in haplotyping analyses
(Table 2). We included the triallelic locus L174F/W because it was associated with systemic
responses to HCMV. The W allele occurred in 4 samples, which were grouped with the
14 carriers of the F allele for the haplotype analysis. We identified 12 haplotypes (numbered
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UL111a-1 to UL111a-12), which occurred in 2 or more samples and accounted for 78%
of all genotypes. UL111a-2 was more frequent in Indonesian than Australian samples
(14/27 versus 5/28; p = 0.01). The minor alleles at positions 9, 123, 127, 184, 189, and
214 did not occur in any haplotypes found in ≥2 samples. The variant K114E was found in
all 12 haplotypes. Haplotype UL111a-7 was restricted to Australian adults (p = 0.05).

2.4. UL111a Variations Are Associated with Levels of HCMV-Reactive Antibody

HCMV encoding N at position 41 (D41N) was only present in samples from Australian
adults (5/28 samples), including 3/15 RTRs and 1/6 healthy adults (who had HCMV
sequenced in both saliva and buffy coat). All cases with those who carried N at position
41 also carried the minor allele of S73Y in haplotype UL111a-7. RTR carrying the N allele
had higher T-cell responses to HCMV pp65 (Figure 2A, p = 0.03) and slightly higher
proportions of Vδ2− γδ T cells (Figure 2B, p = 0.08). This population has been linked with
HCMV seropositivity and disease [29]. Other variants within the haplotype may contribute
to the phenotype.
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Figure 2. RTR carrying HCMV with the D41N variant have more HCMV-reactive T cells and
higher proportions of Vδ2− γδ T-cells: (A) comparison of HCMV pp65 specific T-cell responses
in RTR carrying HCMV with D at position 41 and those with either D/N or N; (B) comparison of
proportions of Vδ2− γδ T cells in RTR carrying HCMV with only D at position 41 and those carrying
D/N and only N.

HCMV encoding S at P122S was present in all cohorts (14/59 samples), including
4/15 RTR. RTR carrying P122S had lower levels of antibodies reactive with a lysate of
HCMV-infected fibroblasts (Figure 3A, p = 0.03), and slightly lower levels of HCMV IE-
1-reactive antibody (Figure 3B, p = 0.08). The same individuals had inferior vascular
endothelial function when assessed by FMD (Figure 3C, p = 0.049).
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Table 2. Haplotype UL111a-2 is frequently found in HCMV from Indonesian samples.

Position
Toledo
Variant

9 16 41 73 83 99 109 114 122 123 127 153 170 174 184 189 214
Indo

(n = 27)
Aus

(n = 28)
p aS F D S P G H K P R R R * L G S D

T L N Y L V Y E S C G C Q F/W V T N

Haplotypes
UL111a-1 S F D S P G H E P R R R * L G S D 12 12 0.99
UL111a-2 S F D S L G H E P R R R * L G S D 14 5 0.01
UL111a-3 S F D S P G H E P R R R * F/W G S D 3 3 0.99
UL111a-4 S F D Y P G H E P R R R * L G S D 2 3 0.99
UL111a-5 S F D S P G H E S R R R * L G S D 1 0 0.49
UL111a-6 S F D S L V H E P R R R * L G S D 1 1 0.99
UL111a-7 S F N Y P G H E P R R R * L G S D 0 5 0.05
UL111a-8 S F D S P G H E S R R C * L G S D 0 3 0.24
UL111a-9 S F D S L G H E P R R R Q L G S D 2 0 0.24

UL111a-10 S L D S P G H E S R R C * L G S D 0 2 0.49
UL111a-11 S F D S P G Y E S R R C * L G S D 1 1 0.99
UL111a-12 S F D S L G Y E P R R R * L G S D 1 1 0.99

a Fisher’s Exact test comparing Australian and Indonesian adult samples (saliva or blood leukocytes), bold indicates that statistical significance was reached. Indo = Indonesian samples,
Aus = Australian samples. Grey shading represents variations in comparison with Toledo reference. * denotes a stop codon.
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bodies and decreased FMD: (A) comparison of HCMV lysate-reactive antibodies in RTR carrying
HCMV with P at position 122 and those carrying either P/S and S; (B) comparison of HCMV IE-1-
reactive antibodies in RTR carrying HCMV with P at position 122 and those carrying either P/S and
S; (C) comparison of FMD in RTR carrying HCMV with P at position 122 and those carrying either
P/S and S.

HCMV encoding F at position 174 was present in Australian and Indonesian adults but
not in neonates (14/55 samples). This included 6/15 Australian RTR and 7/18 Indonesian
PWH. This analysis excludes two PWH carrying only the 174W variant but includes one
RTR encoding both L and W. This genotype was also found in one healthy control. Amongst
RTR, 174F was associated with elevated levels of HCMV gB-reactive antibody (Figure 4A,
p = 0.02). In Indonesian PWH, 174F was associated with elevated levels of antibody reactive
with HCMV lysate (Figure 4B, p = 0.046) or HCMV IE-1 (Figure 4C, p = 0.03) before ART.
The trends remained after 1 month on ART.
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samples). The four available neonatal samples all displayed mixed infections but re-
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Figure 4. RTR and PWH carrying HCMV with the L174F variant have higher levels of HCMV-
reactive antibodies: (A) comparison of HCMV gB-reactive antibodies in Australian RTR carrying
HCMV with L at position 174 and those carrying either L/F or F; (B) comparison of HCMV lysate-
reactive antibodies in Indonesian PWH carrying HCMV with L at position 174 and those carrying
either L/F or F; (C) comparison of HCMV IE-1-reactive antibodies in Indonesian PWH carrying
HCMV with L at position 174 and those carrying either L/F or F. V0 = baseline (0 months on ART),
V1 = 1 month on ART. The red dots represent individuals also carrying L174W variant.
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3. Discussion

Few studies have sought HCMV sequences obtained from deep sequencing directly
from clinical samples. Suárez et al. (2019) utilized high-throughput sequencing of enriched
DNA libraries produced directly from clinical samples, which provided insight into HCMV
gene recombination [30]. We have previously published deep sequencing of the HCMV
gene US28 directly from clinical samples [25] and demonstrated variants that were associ-
ated with host responses. U111a variants from clinical samples have not previously been
linked with clinical manifestations or outcomes. Here, we used a nested PCR, followed by
a deep sequencing approach, on HCMV directly from clinical samples from PWH, RTR,
healthy controls, and neonates, to study variations in UL111a. Three seronegative individu-
als (1 RTR and 2 controls) yielded UL111a sequences, but these were not distinguishable
as a group [31]. Multi-variant infections were common (55/59 samples). The four avail-
able neonatal samples all displayed mixed infections but revealed fewer sites of variation
than were seen in adults and none were unique to neonates (Table 1). Two cases were
asymptomatic—one had hepatitis that resolved spontaneously, and one had sensorineural
hearing loss. This infant had a single variant carrying only 174F. Hence, we cannot associate
any individual variation with clinical outcomes in neonates. In contrast, when US28 was
analyzed in neonates, only two of the four samples had multiple US28 variants [25]. While
some studies suggest multi-variant infections are relatively rare [32], our data supports the
notion that they are common [33]. Clinically, multi-variant infections are associated with
ganciclovir resistance and graft rejection in organ transplant recipients [34,35].

The stop codon at Q132* is likely to modify the structure of the encoded protein
as the downstream sequence encodes several cysteine residues. However, the truncated
protein may retain properties resembling LAcmvIL-10, which terminates around amino
acid 139 [36]. It may be significant that this only existed as a unique sequence in a congeni-
tal sample.

Haplotype analyses can provide an estimate of the age of variation where fixed
combinations suggest more ancient mutation events. Therefore, predicting which variants
are carried and maintained through transmission. The variant K114E was included in all
haplotypes, suggesting that this variant is prevalent in clinical samples, when compared
with laboratory strains such as Toledo. Here, haplotype UL111a-2 differed from Toledo at
P83L, and K114E and was more common in samples from Indonesia than in those from
Australia. Haplotype UL111a-7 differed from Toledo at D41N, S73Y, and K114E and was
more common in samples from Australia than in those from Indonesia. In Australian
samples, D41N and S73Y were always carried together. The results suggest that different
viruses circulate in Indonesia and Australia.

The long-term goal of studies such as ours is the prediction of disease manifestation
and clinical outcomes as a result of HMCV infection. Here, we present the first steps
towards this goal using minor alleles carried in UL111a. Future studies will correct for the
presence of other mutations in host and viral genes, co-morbidities, and socio-demographic
factors. This could begin with D41N and/or S73Y, P122S, and L174F, which were associ-
ated with HCMV-reactive antibody levels in the cohorts described here. This may reflect
modulation of the burden of HCMV or of the induction of the immune responses measured.

The cmvIL-10 protein reduces the expression of MHC-I and MHC-II by cultured
monocytes and the generation of interferon-γ and other pro-inflammatory cytokines [37].
D41N was always carried with S73Y in Australian RTR (haplotype UL111a-7) and associated
with elevated HCMV pp65 specific T cells producing interferon-γ. Accordingly, frequencies
of HCMV-induced Vδ2− γδ T cells were marginally higher in individuals carrying D41N. It
is plausible that cmvIL-10 encoded with D41N or S73Y may be less efficient at suppressing
T-cell activation.

The L174F variant was more common than the other variants assessed (14/55 sam-
ples/people). L174F is associated with elevated levels of gB-reactive antibodies in RTR,
and with elevated levels of HCMV lysate and IE-1 reactive antibodies in PWH before ART.

62



Int. J. Mol. Sci. 2022, 23, 4644 9 of 13

There is evidence that HCMV IL-10 can stimulate B-cell proliferation [38], so the F variant
may be more active in this regard.

RTR carrying the P122S variant had lower levels of HCMV lysate-reactive antibodies
and marginally lower IE-1-reactive antibodies. This suggests that P122S may be involved
in more effective suppression of antigen presentation or less effective stimulation of B-cell
proliferation. Furthermore, 122S was not carried with 41N or 174F in haplotype analyses
(Table 2), and it was also associated with lower FMD, marking inferior vascular function.
HCMV-reactive antibodies correlated inversely with FMD in both PWH and RTR, suggest-
ing a relationship between FMD and the burden of HCMV [39,40]. The association between
112S and FMD supports this finding.

4. Materials and Methods
4.1. RTR and Healthy Controls from Perth, Western Australia

In total, 82 RTR were recruited from renal clinics at Royal Perth Hospital (Western
Australia). Inclusion criteria were clinical stability greater than two years after transplant
(median (range) 7 (2–37) years), no HCMV disease or reactivation within six months of
sample collection, and no current antiviral treatment. RTR infected with hepatitis B or C
were excluded. At recruitment, 71/84 patients were HCMV-seropositive, with a median
age of 57 (31–76) years). Our assessments of seropositivity concurred with those made at
the time of transplantation, so we were not assessing primary infections. Healthy adult
controls were recruited in parallel. Among them, 49/81 were HCMV-seropositive with a
median age of 55 (21–86) years. Ethics approval was obtained from Royal Perth Hospital
Human Research Ethics Committee (approval number: EC 2012/155) and endorsed by
Curtin University Human Research Ethics Committee (approval numbers: HRE16-2015
and HRE2021-0044). Participants provided written informed consent [27].

4.2. People with HIV from Jakarta, Indonesia

The JakCCANDO Project is a comprehensive survey of clinical and immunologi-
cal responses to ART undertaken in Cipto Mangunkusumo Hospital’s outpatient clinic
(Jakarta, Indonesia) [28]. In total, 82 ART-naïve PWH were enrolled during 2013–2014,
with <200 CD4 T cells/µL. The study was approved by Universitas Indonesia, Cipto Man-
gunkusumo Hospital, and Curtin University ethics committees. Written informed consent
was obtained from each subject. Samples were collected before ART initiation (V0) and at
months 1, 3, 6, and 12 (V1, V3, V6, V12).

4.3. Australia Neonates

Four de-identified congenital urine samples in virus transport media were provided
by the Department of Microbiology, PathWest Laboratory Medicine WA. Samples were
collected between 1 and 13 days of life and all four had detectable HCMV DNA when
assessed by routine hospital assays. Two neonates had symptomatic infections. One had
hepatitis attributed to HCMV that spontaneously resolved without antiviral therapy. An-
other had bilateral sensorineural hearing loss, other central nervous system and lymphatic
abnormalities, and required antiviral therapy.

4.4. Extraction and Detection of HCMV DNA

DNA was extracted from saliva, buffy coat, or urine using FavorPrep Blood Genomic
DNA Extraction Mini Kits (Favorgen, Ping-Tung, Taiwan) and stored at 80 ◦C. HCMV was
detected using an in-house qPCR assay with primers targeting the UL54 gene (HCMV
DNA polymerase) [41]. Samples positive via UL54 qPCR were selected for sequencing.

4.5. Targeted Whole Gene Amplification

Primers targeting UL111a were designed using Geneious 8.1.9 (https://www.geneious.
com) (5′-3′: F-TTCGTCTT-GATCTCCAGCCG, R- GCAACACCCACAAACAACGT). Re-
actions were performed in a total volume of 20 µL containing 0.4 µL of MyTaq HS DNA
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polymerase (Bioline, Meridian Bioscience, Cincinnati, OH, USA), 4 µL of MyTaq reaction
buffer, 0.8 µL of 10uM primers (Sigma-Aldrich, St. Louis, MI, USA), and 5 µL of DNA
diluted 1:2. Cycling conditions were 1 min at 95 ◦C, followed by 30 cycles of 15 sec at
95 ◦C, 15 sec at 60 ◦C, and 1.5 min at 72 ◦C, followed by a final extension step of 7 min at
72 ◦C. Amplicons were purified prior to the preparation of DNA libraries using MO BIO
Laboratories UltraClean PCR Clean-Up Kits (QIAGEN, Hilden, Germany).

4.6. Preparation of Ion Ampliseq™ DNA Libraries

Libraries were prepared using an Ion Ampliseq™ Library Kit 2.0 with halved reaction
volumes and a total of 10 ng of template nucleic acid. The targets were amplified for
30 cycles with an anneal/extension time of 4 min per cycle. During library purification,
ethanol was freshly prepared at 75% concentration. Libraries were quantified using a
High-Sensitivity DNA Kit on a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA).

4.7. Libraries Were Sequenced Using an Ion Proton Sequencer

Barcoded sample libraries were diluted in low Tris-EDTA (Thermo Fisher Scientific,
Waltham, MA, USA) to reach a final concentration of 100 pmol/L, and equal volumes of
each were pooled. The pooled libraries then underwent template preparation on an Ion
Chef System and were loaded onto Ion P1 v3 sequencing chips using an Ion PI Hi-Q Chef
Kit (Thermo Fisher Scientific). Semiconductor sequencing was performed on an Ion Proton
Sequencer (Thermo Fisher Scientific) using an Ion PI Hi-Q Sequencing Kit (Thermo Fisher
Scientific) [42].

4.8. Immunological Assessments of HCMV

Plasmas stored at −80 ◦C were assessed for HCMV-reactive IgG titers using in-house
ELISAs based on a lysate of fibroblasts infected with HCMV AD169, recombinant HCMV
gB (Chiron Diagnostics, Medfield, MA, USA) or IE-1 protein (Miltenyi Biotech, Cologne,
Germany). Results are presented as arbitrary units (AU)/mL based on a standard plasma
pool, allowing comparisons between people but not between antigens [27,43].

Peripheral blood mononuclear cells (PBMCs) were used to assess T-cell responses
(interferon-gamma production) to pp65 (JPT Peptide Technologies; Berlin, Germany) using
an ELISPOT assay. These antigens are known to raise CD4 and CD8 T-cell responses. PBMC
was also used to enumerate populations of Vδ2- γδ T cells using multicolor flow cytometry,
as these are elevated in CMV-seropositive RTR [29].

4.9. Assessment of Vascular Pathology

Ultrasonography was used to assess FMD of the brachial artery after 10 min of rest in
Australian RTR and healthy controls [44]. FMD assesses the ability of the larger conduit
artery to respond to shear stress via endothelial-dependent and -independent mechanisms.

4.10. Data Analysis

Sequences were mapped to the Toledo reference (GenBank: GU937742.1) using the
tmap tool within the Torrent Suite v 5.10. BAM files mapped to Toledo were loaded into
proprietary software, Visual Genomics Analysis Suite (VGAS) (http://www.iiid.com.au/
software/vgas) [42]. Variants were called if they occurred at a frequency of greater than
10% and had a minimum of 50 reads. VGAS was also utilized to predict changes in the
protein sequence.

Amino acid haplotypes and their estimated frequencies were determined using the
default parameters of the fastPHASE algorithm, with the exception that haplotypes were
sampled an additional 5000 times [45]. Haplotypes with a population frequency of less
than 1% were excluded from analyses. Haplotypes are labeled UL111a-1 to UL111a-12 in
descending order of their frequencies.

64

http://www.iiid.com.au/software/vgas
http://www.iiid.com.au/software/vgas


Int. J. Mol. Sci. 2022, 23, 4644 11 of 13

4.11. Statistical Analyses

Continuous data were analyzed with Mann–Whitney non-parametric statistics, and
categorical data were analyzed with Chi-squared or Fisher’s exact tests, as appropriate,
using GraphPad Prism version 8 for Windows (GraphPad Software, La Jolla, CA, USA).

5. Conclusions

We demonstrated the diversity of UL111a in Australian RTR, healthy adults and
neonates, and Indonesia PWH. Variants were shown to exist in haplotypes, which sug-
gests that the variants are ancient and maintained when the virus is transmitted. We
also showed preliminary evidence that the presence of some variants may influence the
immunomodulatory functions of cmvIL-10. This is demonstrated by altered levels of
HCMV-specific T cells and HCMV-reactive antibodies in the presence of those variants.
Future studies should explore these variants while controlling for co-morbidities and other
host or viral variations.
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Chapter 7 

Variants of HCMV UL18 sequenced directly from clinical specimens 
associate with antibody and T-cell responses to HCMV 

This chapter investigates HCMV sequences of the UL18 gene which encodes a homolog of human 
MHC-I. Using the same methods outlined in chapters 5 & 6, I assessed how nonsynonymous variants 
in this gene alter immunological footprints of HCMV. This chapter will address aim 2 of this thesis. 

Data from this chapter have been published: 
Waters S, Lee S, Ariyanto I, Leary S, Munyard K, Gaudieri S, Irish A, Allcock R.J.N,  Price P. Variants of 
HCMV UL18 Sequenced Directly from Clinical Specimens Associate with Antibody and T-Cell 
Responses to HCMV.  Int. J. Mol. Sci. 2022, 23, 12911. https://doi.org/10.3390/ijms232112911 

Contributions: A/Prof Richard Allcock provided laboratory space, equipment, expertise and assembled the 
BAM files using Torrent Suite software. Shay Leary performed genetic analyses using VGAS. 
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Abstract: Around 80% of adults worldwide carry human cytomegaloviris (HCMV). The HCMV
gene UL18 is a homolog of HLA class I genes and encodes a protein with high affinity for the NK
and T-cell cytotoxicity inhibitor LIR-1. UL18 was deep sequenced from blood, saliva or urine from
Indonesian people with HIV (PWH) (n = 28), Australian renal transplant recipients (RTR) (n = 21),
healthy adults (n = 7) and neonates (n = 4). 95% of samples contained more than one variant of HCMV
UL18, as defined by carriage of nonsynonymous variations. When aligned with immunological
markers of the host’s burden of HCMV, the S318N variation associated with high levels of antibody
reactive with HCMV lysate in PWH over 12 months on antiretroviral therapy. The A107T variation
associated with HCMV antibody levels and inflammatory biomarkers in PWH at early timepoints.
Variants D32G, D248N, V250A and E252D aligned with elevated HCMV antibody levels in RTR,
while M191K, E196Q and F165L were associated with HCMV-reactive T-cells and proportions of
Vδ2− γδ T-cells—populations linked with high burdens of HCMV. We conclude that UL18 is a highly
variable gene, where variation may alter the persistent burden of HCMV and/or the host response to
that burden.

Keywords: cytomegalovirus; UL18; renal transplant recipients; people with HIV; deep sequencing

1. Introduction

Human cytomegalovirus (HCMV) is a beta-herpesvirus carried by ~80% of all adults [1].
Primary infections are usually asymptomatic, but elevated levels of HCMV-reactive an-
tibodies have been associated with accelerated development of cardiovascular disease
(CVD) [2]. HCMV frequently causes congenital infections and is the leading non-genetic
cause of sensorineural hearing loss in children [3]. It can also cause morbidity, neurodevel-
opment delays and vision impairment due to damage of the central nervous system [4].
Genetic diversity has been demonstrated in HCMV amplified from neonates [5]. HCMV
infections occur in 20–60% of solid organ transplant recipients. In renal transplant recipients
(RTR), these are associated with graft rejection, secondary bacterial or fungal infections and
CVD, with risk affected by the source of the kidney, immunosuppressive therapies and
prophylactic regimes [6]. HCMV-seronegative RTR are at a high risk of complications from
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primary HCMV infection which can result in graft rejection, organ invasive disease and
mortality [7].

Most people with HIV (PWH) are HCMV seropositive [8–10]. HCMV in PWH can
cause retinitis, as an AIDS-defining illness [11], but this is rare with antiretroviral therapy
(ART). However, PWH maintains higher levels of HCMV-reactive antibodies than are
seen in the general population [12]. Higher antibody levels are associated with CVD and
cerebrovascular diseases in PWH [13].

HCMV has a large genome of 235 kb [14] which encodes 165–252 open reading frames
(ORFs) depending on the strain. Only 45 ORFs are essential for HCMV replication in vitro,
while others are involved in immunomodulation including homologs of host genes acquired
through co-evolution with the host [15–18]. A well-documented example is UL18 which is
homologous to human leukocyte antigen (HLA) [19]. While UL18 is not essential for HCMV
replication in vitro, it has been retained in all clinical isolates that have been analysed to
date (e.g., [20,21])

UL18 has ~21% amino acid sequence identity to the HLA class I molecules but its similar
secondary and tertiary structure enables interactions with host proteins β2-microglobulin
(B2M) and leukocyte immunoglobulin-like receptor-1 (LIR-1 aka LILRB1, ILT2, CD85) [22].
UL18 is only functional when bound to β2-microglobulin (B2M). LIR-1 is expressed on
monocytes, dendritic cell, B-cells, T-cells and natural killer (NK) cells and functions as an
inhibitory receptor [23]. UL18 binds to LIR-1 > 1000-fold higher affinity than the HLA-A2
receptor pair [24]. LIR-1 signalling inhibits cellular cytotoxicity, cytokine production and
antigen-presenting cell activation. Furthermore, LIR-1 expression on NK cells is increased
in the presence of HCMV DNA and antibodies in samples from RTR [25]. Deletion of the
UL18 gene from the laboratory-adapted HCMV strain AD169 decreased interferon (IFN)-α
and IFN-γ production in co-cultures of blood leukocytes from healthy donors and infected
fibroblasts [26].

Many publications examining HCMV diversity are based on Sanger sequencing of
PCR amplicons, which may miss mixed infections [27–29]. Some studies have used HCMV
propagated in vitro which may miss strains present only in vivo. Here, we describe an
amplicon-enriched PCR protocol using high-resolution deep sequencing technologies to
sequence directly from clinical samples. We compare UL18 sequences from RTR, PWH,
healthy adults and neonates with a Toledo reference strain derived from the urine of a
congenitally infected child [30]. The RTRs were clinically stable and recruited in Western
Australia more than two years after transplantation. Biomarkers of their HCMV burden and
cardiovascular health have been described [31]. PWH were studied from the JakCCANDO
project—a longitudinal study of HIV+ individuals commencing ART and monitored for
12 months in Jakarta, Indonesia. Cellular and serological markers of inflammation and
their exceptionally high burden of HCMV were described [32].

2. Results
2.1. UL18 Is Highly Variable in Clinical Samples

Sequences targeting HCMV UL18 were sought from 60 clinical samples (blood, saliva,
or urine) and had an average mean read depth of 11,734. Twenty-eight samples were from
Indonesian PWH (21 buffy coat and 7 saliva) collected after 0 to 3 months on ART, 21 were
from Australian RTR (>2 years after transplant; 8 buffy coat and 13 saliva), 7 were from
healthy Australian adults (2 buffy coat and 5 saliva), and 4 were from Australian neonates
(urine). No adult donors had symptomatic infections.

Compared with Toledo (GenBank no. GU937742.1), there were 304 sites of nucleotide
variation (Figure 1A), of which 64 sites were nonsynonymous substitutions (Figure 1B).
These nonsynonymous substitutions had depth of > 50 reads, comprised >10% of the
sequences from any individual and occurred in at least three samples. Of the 60 samples
sequenced, 57 (95%) contained more than one nonsynonymous variant of HCMV UL18.
None of the remaining three samples encoded a strain identical to the Toledo reference.

70



Int. J. Mol. Sci. 2022, 23, 12911 3 of 16

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 16 
 

 

1B). These nonsynonymous substitutions had depth of > 50 reads, comprised >10% of the 

sequences from any individual and occurred in at least three samples. Of the 60 samples 

sequenced, 57 (95%) contained more than one nonsynonymous variant of HCMV UL18. 

None of the remaining three samples encoded a strain identical to the Toledo reference. 

Variants at amino acid positions 29, 32, 32, 54 and 107 are located within the α1 

domain of UL18. Variants 29, 31 and 32 are at the end of the β1 sheet. Variant 54 falls 

within the β3 sheet and 107 is at the end of the α1 helices. Variants at amino acid posi-

tions 181, 185, 191 and 196 are located within the α2 domain helices. Variants at amino 

acid positions 231, 248, 250, 252 and 265 are located within the α3 domain. Variant 231 is 

located within the B region of the α3 domain. Positions 248, 250 and 252 are located be-

tween the C and D region of α3 domain and variant 265 is between the D and E region. 

No variants altered an N-glycosylation site (23). Variations at sites 32, 107, 181, 185, 191, 

196, 248. 250, 252 and 265 have been described previously (23). 

 

 

Figure 1. (A) All nucleotide variations identified in HCMV UL18 sequenced in 60 samples. Varia-
tions are displayed in reference to HCMV Toledo. Blue bars represent A, green bars represent G, black
bars represent T, and red bars represent C. (B) All nonsynonymous mutations identified in HCMV
UL18 sequenced in 60 samples. Variations are displayed in reference to HCMV Toledo. Amino acids
are represented by their one-letter codes. Each variation presented was found in at least 3 samples.
The height of the bars represents the number of samples carrying the variation.

Variants at amino acid positions 29, 32, 32, 54 and 107 are located within the α1 domain
of UL18. Variants 29, 31 and 32 are at the end of the β1 sheet. Variant 54 falls within the
β3 sheet and 107 is at the end of the α1 helices. Variants at amino acid positions 181, 185,
191 and 196 are located within the α2 domain helices. Variants at amino acid positions 231,
248, 250, 252 and 265 are located within the α3 domain. Variant 231 is located within the
B region of the α3 domain. Positions 248, 250 and 252 are located between the C and D
region of α3 domain and variant 265 is between the D and E region. No variants altered an
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N-glycosylation site (23). Variations at sites 32, 107, 181, 185, 191, 196, 248. 250, 252 and
265 have been described previously (23).

2.2. Several Variations Were Group- and Sample-Specific

UL18 sequences from neonates (n = 4) had eleven nonsynonymous variations, while
sequences from adults (n = 56) had 64 variations (Table 1), including 53 seen only in adults.
UL18 sequences from Australian adults had 63 nonsynonymous variations, including 34 re-
stricted to Australian samples. HCMV sequences from Indonesians had 42 nonsynonymous
variations, including three restricted to Indonesian samples.

Table 1. UL18 protein variants distinct from Toledo were found in all groups.

Residue
Position Toledo Ref Neonates

n = 4
Adults
n = 55

Australian
n = 28

Indonesian
n = 27

Buffy Coat
n = 31

Saliva
n = 24

4 T TM TM TM TM TM TM
8 T TS TS TS TS TS TS
12 L LM LM LM LM LM LM
19 G G GE GE G GE GE
25 Y Y YS YS Y YS YS
26 G G GARW GARW GRW GAW GARW
27 Y Y YNL YNL YN YL YNL
28 T T TP TP T TP TP
29 G G GAEHV GAEHV GAEH GAEHV GAEHV
30 I I INLKMT INLKMT INM INLKM INLKMT
31 F F FILYV FILYV FILYV FILYV FILYV
32 D D DNGH DNGH DNGH DNGH DNGH
33 D D DCGY DCGY DCGY DCGY DCGY
39 L L LF LF LF LF LF
54 H H HY HY HY HY HY
60 K KR KR KR KR KR KR
61 A AT AT AT A AT AT
73 A A AV AV AV AV AV

101 L L LP LP L L LP
102 L L LFP LFP LF LFP LFP
103 E EL EL EL E EL EL
104 L L LV LVP LV LP LPV
105 E E EA EA E EA EA
106 I I IT IT I IT IT
107 A A APT APT AT APT APT
119 T T TA T TA TA TA
144 L L LSV LSV L LSV LSV
145 M M MT MT M MT MT
146 E E EAQK EAQK E EAQK EAQK
147 L L LRVF LRVF L LRV LRVF
148 K K KNQ KNQ K KNQ KNQ
149 D D DES DES D DES DES
150 N N NDC NDC N ND NC
151 L L LRV LRV LR LRV LRV
158 N N ND ND ND ND ND
162 S S SCT SCT SCT ST SCT
165 K K KET KE KE K KE
181 G G GE GE GE GE GE
184 T TAI TAI TA TI TAI TA
185 I I IT IT IT IT IT
191 M MK MK MK MK MK MK
196 E EQ EQ EQ EQ EQ EQ
206 T T TP TP TP TP TP
220 H H HQT HQT HQ HQ HQT
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Table 1. Cont.

Residue
Position Toledo Ref Neonates

n = 4
Adults
n = 55

Australian
n = 28

Indonesian
n = 27

Buffy Coat
n = 31

Saliva
n = 24

231 S S SAPT SAP SAP SAP SAP
232 Y Y YDS YDS Y YDS YDS
233 G G GETV GETV GTV GETV GETV
234 F F FLV FLV F FLV FLV
235 F F FCL FCL FL FCL FCL
237 G G GAV GAV G GAV GAV
241 I I IMTV IMTV I IMV IMTV
248 D D DN DN DN DN DN
250 V V VA VA VA VA VA
252 E E ED ED EDQ EDQ E
265 F F FL FL FL FL FL
275 V V VA VA VA VA VA
286 R R RS RS R RS RS
291 N N NRKT NRKT N NRK NRKT
292 W W WRLS WRLS WL WRLS WRLS
293 T T TLMP TLMP TP TLMP TLMP
294 V V VG VG V VG VG
295 E EG EG EG EG EG EG
300 I I IV IV IV IV IV
318 S SN SN SN SN SN SN

Amino acids encoded by non-synonymous mutations are displayed in reference to Toledo. Changes unique to a
group are in bold. All mutations reported were present in at least 3 samples.

UL18 sequences from buffy coat samples had 62 nonsynonymous variations, including
one that was not found in urine or saliva. Sequences from saliva had 63 nonsynonymous
variations, with five unique to saliva. T4M, T8S, L12M, K60R, E103L, M191K, E196Q, E295G
and S318N were present in all groups and all sample types. H220Q was the most common
variant present in ~91% (53/58) of samples. S318N, M191K and E196Q were present in
~85% (51/60), 80% (45/57) and 80% (45/57) of samples, respectively.

2.3. UL18 Variations Associate with HCMV Antibody Levels in PWH Starting ART in Indonesia,
but Not in Australian RTR

We next assessed associations between UL18 variants and levels of HCMV-reactive
antibody [determined using a lysate of infected cells and HCMV IE-1 protein] in Indonesian
PWH starting ART in the JakCCANDO cohort [33]. We have documented significant rises
in CD4+ T-cell counts and HCMV lysate antibody levels in visits over 12 months on ART
(V0–V12).

At position 318, 6/21 samples encoded only S, 5/21 carried both S and N variants
and 10/21 carried only N. Carriage of the N variant was associated with lower levels of
HCMV lysate antibody in PWH throughout the first year on ART (Figure 2A). Plasma
levels of soluble IFNαR and CRP were significantly lower before ART and after 1 month on
treatment (Figure 2B,C) in PWH carrying the N variant.

HCMV encoding N at position 318 (S318N) was also present in Australian RTR, with
11/15 individuals carrying N and 4/15 individuals carrying both N and S at this position.
All six Australian healthy adults carried only N at position 318. Amongst RTR, position
318 did not align with significant differences in HCMV antibody levels (data not shown,
p > 0.5).
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Figure 2. PWH with S318N carried lower levels of HCMV-reactive antibodies and/or inflamma-
tory biomarkers over 6 months on ART. (A) comparison of HCMV lysate-reactive antibodies in
PWH with S at position 318 and those with either S/N or N over time on ART. (B) plasma soluble
IFNαR levels in PWH with HCMV with S at position 318 versus those with S/N or N; (C) plasma
CRP levels in PWH with HCMV with S at position 318 versus those with S/N or N. V0 = before ART;
V1, V3, V6, V12 = 1, 3, 6 or 12 months on ART resp. Red lines mark median values.
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At position 107, 6/21 PWH carried only the A variant, 8/21 carried both A and T,
7/21 carried only the T variant and none carried the P variant. PWH carrying only T
had slightly higher levels of HCMV lysate-reactive antibody after 0–3 months on ART.
Significant differences are presented (Figure 3A–C). Accordingly, plasma levels of soluble
IFNαR and CRP were elevated in individuals with the T variant (Figure 3D,E), marking
immune activation and viral replication.
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Figure 3. PWH carrying A107T had higher levels of HCMV reactive antibody levels and inflam-
matory biomarkers over time. (A) HCMV lysate-reactive antibodies at V0 (0 months on ART) with
A, A/T or T at position 107; (B) HCMV lysate-reactive antibodies at V1 (1 month on ART) with A,
A/T or T at position 107; (C) HCMV IE-1-reactive antibodies at V3 (3 months on ART) with A, A/T or
T at position 107; (D) plasma soluble IFNαR levels at V0 with A, A/T or T at position 107; (E) plasma
CRP levels at V1 with A, A/T or T at position 107. Red lines mark median values.

HCMV encoding T at position 107 was present in Australian RTR. Eleven of 15 individ-
uals carried only A, whilst 4/15 individuals both A and T. Only 1/6 healthy adults carried
the T variant, 3/6 carried A alone, while the other 3/6 also carried a variant encoding P.
1/15 RTR also carried the P variant. Neither the A or T variants align with HCMV antibody
levels in RTR (data not shown, p > 0.8).

Several other UL18 variants are associated with levels of HCMV antibodies and/or
CD4+ T-cell counts in PWH at isolated time points. These are summarized in Table 2. Anal-
yses were performed in way that ensured that no group had n < 3. Mixed samples indicated
by L/M. Carriage of the M variant at position 12 (L12M) was associated with reduced levels
of HCMV lysate antibodies after 12 months on ART. Accordingly, populations of CD4+

T-cells were also reduced in individuals carrying the M variant after 6 and 12 months.
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Table 2. UL18 variants are associated with altered HCMV-reactive antibody levels in PWH.

L12M

L (n = 3) L/M + M (n = 18) p-Value a

V12, HCMV lysate
antibody (AU) 537 (213–578) 169 (49–530) 0.048

V12, HCMV IE-1
antibody (AU) 12 (6–36) 5 (0–73) 0.21

V6, CD4+ T-cells /ul 329 (324–394) 188 (38–463) 0.024

V12, CD4+ T-cells/ul 377 (335–763) 263 (66–655) 0.064

F31Y

F (n = 17) F/Y (n = 4)

V1, HCMV lysate
antibody (AU) 12 (4–216) 3 (2–10) 0.012

V1, HCMV IE-1
antibody (AU) 4 (0–26) 3 (3–10) 0.81

H54Y

H (n = 18) H/Y +Y (n = 3)

V3, HCMV lysate
antibody (AU) 31 (2–443) 10 (9–11) 0.18

V3, HCMV IE-1
antibody (AU) 5.5 (0–45) 3 (0–3) 0.028

G181E (in LD with I185T)

G (n = 11) G/E (n = 7) E (n = 3)

V12, HCMV lysate
antibody (AU) 14 (5–53) 29 (7–54) 21 (15–58) 0.43 b 0.90 c 0.37 d

V12, HCMV IE-1
antibody (AU) 4.5 (1–19) 16.5 (6–73) 3 (0–12) 0.038 0.14 0.54

M191K

M (n = 4) M/K (n = 6) K (n = 10)

V3, HCMV lysate
antibody (AU) 65 (24–443) 11 (5–31) 11 (2–196) 0.03e 0.72 f 0.22 g

V3, HCMV IE-1
antibody (AU) 9 (5–23) 5 (3–12) 4 (0–45) 0.34 0.73 0.11

S231A

S (n = 18) S/A (n = 3)

V12, HCMV lysate
antibody (AU) 17 (5–58) 51 (44–54) 0.05

V12, HCMV IE-1
antibody (AU) 5 (0–73) 12 (10–36) 0.11

Comparison of HCMV lysate or IE-1 antibody levels with variants of UL18 in PWH. a Mann–Whitney T-test. b G
vs. G/E, c G/E vs. E, d G vs. E. e M vs. M/K, f M/K vs. K, g M vs. K. L/M indicates the carriage of both L and M.

At position 31, 17/21 individuals carried F and 4/21 carried both F and Y. Carriage
of the Y variant was associated with lower HCMV lysate antibody levels [p = 0.012 at
V1 (Table 2), p= 0.29–0.56 at other timepoints]. Antibody levels did not rise on ART in
individuals carrying both F and Y.

At position 54, the Y variant was associated with reduced levels of HCMV IE-1
antibodies [p = 0.028 at V3 (Table 2), p = 0.11–0.69 at other timepoints]. The pattern suggests
a delayed rise in antibody levels on ART.
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The G181E variant was carried in linkage disequilibrium with I185T. Individuals with
the G variant at position 181 had higher HCMV IE-1 antibody levels after 12 months than
those carrying both G and E (Table 2, p = 0.038).

Individuals with HCMV encoding only M at position 191 (M191K) had higher levels
of HCMV lysate antibody [p = 0.03 at V3 (Table 2), p = 0.14 (V1)–0.9 (V0) data not shown].
Higher levels were also seen in PWH carrying A at position 231 (S231A) [p = 0.05 at V12
(Table 2), p = 0.07 (V6)–0.96 (V0); data not shown].

2.4. A Distinct Set of UL18 Variants Associate with Metrics of the Burden of HCMV in
Australian RTR

UL18 variants which align with levels of antibodies reactive with HCMV lysate or IE-1
in RTR are summarized in Table 3. At position 32, 8/14 RTR carried only D, 5/14 carried
both D and G and 1/14 only carried G. One RTR carrying HCMV encoding D, H and N
at position 32 was excluded from analyses. RTR with the G variant had higher levels of
antibodies reactive with HCMV lysate (p = 0.02) and IE-1 (p = 0.01).

Table 3. UL18 variants are associated with altered HCMV-reactive antibody levels in RTR.

D32G

D (n = 7) D/G + G (n = 5) p-Value a

HCMV lysate
antibody (AU) 412 (1–1292) 3241 (554–5582) 0.02

HCMV IE-1 antibody
(AU) 51 (5–178) 446 (103–1463) 0.01

D248N

D (n = 7) D/N + N (n = 6)

HCMV lysate
antibody (AU) 411 (1–3241) 1446 (117–5582) 0.18

HCMV IE-1 antibody
(AU) 51 (5–103) 312 (92–1463) 0.002

V250A

V (n = 6) V/A + A (n = 7)

HCMV lysate
antibody (AU) 570 (1–3241) 1292 (117–5582) 0.37

HCMV IE-1 antibody
(AU) 59 (5–103) 178 (32–1463) 0.02

E252D

E (n = 8) E/D + D (n = 5)

HCMV lysate
antibody (AU) 483 (1–3241) 1599 (117–5582) 0.13

HCMV IE-1 antibody
(AU) 59 (5–143) 446 (92–1463) 0.006

Comparison of HCMV lysate or IE-1 antibody levels with variants of UL18 in RTR. a Mann–Whitney T-test.

Variants at positions 248, 250 and 252 were always carried together. Accordingly,
individuals carrying N at position 248, A at position 250 or D at position 252 had elevated
HCMV IE-1 antibody levels (Table 3, p = 0.002, p = 0.02 and p = 0.006, respectively). HCMV
lysate antibodies followed a similar trend but no differences were statistically significant.

A distinct subset of UL18 variants associated with altered T-cell (IFNγ) responses to
HCMV and/or proportions of γδ T-cells with the Vδ2− phenotype, previously associated
with a high burden of HCMV [34]. Associations are summarized in Table 4. At position
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29, 8/15 RTR carried only G and 7/15 carried both G and H. RTR carrying H had higher
responses to HCMV lysate (p = 0.048).

Table 4. UL18 variants are associated with altered HCMV-induced T-cells in RTR.

G29H

G (n = 6) G/H (n = 6) p-value a

HCMV
lysate-reactive T-cells 20.5 (0–78) 205.5 (7–938) 0.048

pp65-reactive T-cells 474 (0–1989) 316 (0–1235) 0.73

Vδ2− γδ T-cells 7.7 (0.2–14.3) 3.7 (0.3–14.3) 0.66

M191K

M + M/K (n = 6) K (n = 7)

HCMV
lysate-reactive T-cells 7 (0–938) 63 (0–509) 0.78

pp65-reactive T-cells 5 (0–524) 759 (52–1989) 0.02

Vδ2− γδ T-cells 2.04 (0.19–7.70) 11.20 (3.31–14.30) 0.0082

E196Q

E + E/Q (n = 7) Q (n = 6)

HCMV
lysate-reactive T-cells 23.5 (0–938) 70.5 (0–509) 0.67

pp65-reactive T-cells 28.5 (0–524) 997 (283–1989) 0.004

Vδ2− γδ T-cells 2.21 (0.19–7.70) 11.75 (4.2–14.3) 0.002

F265L

F + F/L (n = 7) L (n = 5)

HCMV lysate-
reactive T-cells 40 (0–938) 63 (0–509) 0.97

pp65-reactive T-cells 52 (0–1235) 759 (283–1989) 0.03

Vδ2− γδ T-cells 3.3 (0.2–14.3) 9.8 (1.9–14.3) 0.14
Comparison of HCMV-specific T-cells or populations of Vδ2− γδ T-cells with variants of UL18 in RTR. a Mann–
Whitney T-tests.

Positions 191 and 196 demonstrated partial linkage disequilibrium. Accordingly, RTR
with only K at position 191 or only Q at position 196 had elevated numbers of HCMV
pp65-specific T-cells (Table 4, p = 0.02 and p = 0.004). Carriage of K at position 191 and Q at
position 196 was also associated with expanded populations of Vδ2− γδ T-cells (Table 4,
p = 0.0082 and p = 0.002, respectively).

At position 265, 2/15 RTR carried F, 7/15 RTR carried F and L and 6/15 RTR carried
only L. RTR with only L at position 265 had elevated numbers of HCMV pp65-specific
T-cells (Table 4, p = 0.03).

2.5. Amino Acid Haplotypes

As several variants were co-expressed in diverse samples, haplotype analyses were
performed using fastPhase. We included all 15 UL18 loci that were associated with any
metrics of the burden of HCMV as described above. Table 5 shows 24 putative haplotypes
with frequencies of ≥1%, designated UL18-1 to UL18-24 in descending order of frequency.
The 24 haplotypes account for 68% of all samples. Frequencies of haplotypes did not differ
between Australia and Indonesia, buffy coat and saliva samples or adults and congenital
samples (data not shown). However, UL18-1 (present in 15% of all samples) encoded
the variants L12M, M191K, E196Q, F265L and S318N which aligned with altered HCMV
metrics in PWH or RTR.
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Table 5. Several UL18 variants are frequently carried together.

Position 12 29 31 32 54 107 181 185 191 196 231 248 250 252 265 318
FrequencyToledo L G F D H A G I M E S D V E F S

Variant M H Y G Y T E T K Q A N A D L N

Haplotypes
UL18-1 M G F D H A G I K Q S D V E L N 0.15
UL18-2 L G F D H A G I K Q S N A D L N 0.05
UL18-3 L G F D H A G I K Q S D V E L N 0.04
UL18-4 M G F D H A G I M E S D V E L N 0.03
UL18-5 M G F D H A G I K Q S N A D L N 0.03
UL18-6 M G F D H T G I M E S D V E L N 0.03
UL18-7 M G F D H T G I M E S D V E L S 0.03
UL18-8 L G F G H A G I M E S N A D L N 0.03
UL18-9 L G F D H T G I M E S D V E L S 0.03
UL18-10 L G F D H T E T K Q S D V E L S 0.03
UL18-11 L H Y G H A G I K Q S D V E L N 0.03
UL18-12 L G F D H A G I M E S D V E L N 0.03
UL18-13 L G F D H A G I M E S N A D L N 0.03
UL18-14 L G F D H T G I M E S N A D L S 0.02
UL18-15 M G F D H A G I M E S N A D L N 0.02
UL18-16 M G F D H T G I K Q S N A D L N 0.02
UL18-17 M G F D H T E T K Q S N A D L S 0.02
UL18-18 L H Y D H A G I K Q S D V E L N 0.02
UL18-19 M G F D H A G I K Q S N A D L N 0.02
UL18-20 M G F D Y A E T K Q S D V E L N 0.02
UL18-21 M G F G H A G I K Q S N A D L N 0.01
UL18-22 L G F D H A G I K Q S N A D L N 0.01
UL18-23 L G F D H T G I M E S D V E L N 0.01
UL18-24 L H Y D H A G I K Q S N A D L N 0.01

Grey shading represents residues differing from the Toledo reference.

The haplotypes confirm the co-carriage of variants in close proximity (191Kwith 196Q,
29H with 31Y, 181E with 185T). 248N, 250A and 252D always occurred together (see Table 5).
S318N and T107A (See Figures 2 and 3) were also carried together, with N at 318 and A at
107 in haplotypes UL18-6, -16, and -23 associated with low antibody levels in PWH and S
at 318 and T at 107 in haplotypes UL18-9 and-10 associated with high antibody levels.

3. Discussion

In this study, we identify nonsynonymous variants in the UL18 gene by sequencing
HCMV directly from clinical samples. Compared to our analyses of US28 and UL111a
in the same samples [29,35], UL18 had a higher amount of variation. Several variations
were donor group specific, but eight were present in all cohorts and all sample types. This
included four alleles that affected HCMV metrics, located within the α1, α2, α3 and the
stalk domains of UL18. Variants D248N, V250A and E252D (N/A/D) are located in the
α3 domain and appeared together in haplotypes generated by fastPhase (Table 5). Chen
et al., 2016 [36] linked these variants with effective control of viral dissemination by LIR-1+

NK cells, suggesting altered binding kinetics with LIR-1. Here, we demonstrated that the
N/A/D variant haplotype is common in clinical isolates of HCMV. However, the N/A/D
variant haplotype was associated with elevated antibody levels in Australian RTR who
were recruited > 2 years after transplantation. The simplest explanation is that one or
more of these sites marks a UL18 variant beneficial to the virus, driving higher antibody
responses to compensate for poor NK cell function. The paradox may arise if NK cells are
not the key to the control of HCMV in RTR. NK cells may be more important in PWH, where
the N/A/D variant haplotype existed but did not significantly alter humoral responses
to HCMV.

In RTRs, variants encoding the minor allele at G29H, M191K, E196Q or F265L were
associated with higher T-cell responses to HCMV lysate and pp65 or larger populations of
the HCMV induced Vδ2− γδ T-cells, both markers of a higher burden of HCMV. However,
we note no differences in their HCMV DNA levels assessed at the time of sequencing
(p > 0.3, data not shown).

Variants encoding the minor allele at S318N or A107T were common, present in all
groups, and the alleles were carried together in haplotypes UL18-9 and -10. Amongst PWH,
N at 318 and A at 107 associated with lower levels of HCMV-reactive antibodies over the
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first few months on ART. Levels of HCMV-reactive antibodies increase on ART, stabilizing
between 6 and 12 months [37]. This rise was only seen in PWH with S at 318 and T at
107. As neither variant was associated with differences in CD4+ T-cell counts, they may
not affect immune recovery. However, they may affect the burden of HCMV such that it
rises on ART in PWH with HCMV encoding S at 318 and T at 107, explaining their higher
humoral responses to HCMV (lysate and IE-1) and higher CRP and soluble IFNαR levels
(Figures 2 and 3). It is also possible that one of these variants affects the immunoregulatory
properties of UL18. Position 318 lies in the stalk domain and could affect cell surface
expression of UL18 [38]. Unfortunately, we were unable to compare the HCMV DNA
levels as sequences were obtained after 0–3 months on ART. It is remarkable that several
variations were associated with lower antibody responses in the Indonesian PWH, but not
in Australian RTR. This suggests that UL18 affects responses that are not compromised
by the immunosuppressive effects of HIV. CD4+ T-cell counts were low at V0 [55 (2–199)
cells/µl] [39], so modulation of NK cell function may be critical. JakCCANDO patients
with abundant NKG2C+ and LIR-1+ NK cells displayed lower levels of HCMV reactive
antibody [40], so it will be important to address bi-directional interactions between the
expression of these receptors and replicating HCMV. UL18 may induce IFNγ and IFNα

production by NK cells and T-cells [26], but the role of LIR-1 remains unclear as there is
evidence of UL18 stimulating LIR-1- NK cells [41].

In conclusion; we have shown that UL18 is highly variable, with many nonsynony-
mous variants existing in patients with high burdens of HCMV. Distinct variants align
with altered levels of HCMV-reactive antibody in RTR and PWH, and with T-cell responses
assessed in RTR. These data highlight the need to dissect the role of the persistent burden of
HCMV as this interacts bidirectionally with the immune responses measured. Studies ad-
dressing the effects of the variations identified here on LIR-1 binding and NK cell function
would have both clinical and scientific value.

4. Materials and Methods
4.1. RTR and Healthy Controls from Perth, Western Australia

Eighty-two RTR were recruited from renal clinics at Royal Perth Hospital (Western
Australia). Inclusion criteria were clinical stability greater than two years after transplant,
no HCMV disease or reactivation within six months of sample collection and no current
anti-viral treatment. RTR infected with hepatitis B or C were excluded. Ethics approval
was obtained from Royal Perth Hospital Human Research Ethics Committee (approval
number: EC 2012/155) and endorsed by Curtin University Human Research Ethics Com-
mittee (approval numbers: HRE16-2015 and HRE2021-0044). Participants provided written
informed consent [31].

4.2. HIV Patients from Jakarta, Indonesia

The JakCCANDO Project is a comprehensive survey of clinical and immunological
responses to ART undertaken in Cipto Mangunkusumo Hospital’s outpatient clinic (Jakarta,
Indonesia) [33]. Eighty-two ART-naïve HIV patients were enrolled during 2013–2014 with
<200 CD4+ T-cells/µl. The study was approved by Universitas Indonesia, Cipto Man-
gunkusumo Hospital and Curtin University ethics committees. Written consent was
obtained from each subject. Samples were collected before ART initiation (V0) and at
months 1, 3, 6 and 12 (V1, V3, V6, V12). Plasma HIV RNA loads were determined using
AmpliPrep/COBAS® TaqMan® HIV-1 Tests (version 2.0) and CD4+ T-cell counts were
determined using standard flow cytometric techniques [32].

4.3. Australia Neonates

Four de-identified samples of urine from congenitally infected babies were provided
by the Department of Microbiology, PathWest Laboratory Medicine WA. Samples were
collected between 1-13 days of life and all four had detectable HCMV DNA when assessed
by routine hospital assays. Two neonates had symptomatic infections. One had hepatitis
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attributed to HCMV that spontaneously resolved without antiviral therapy. Another
had bilateral sensorineural hearing loss, other central nervous system and lymphatic
abnormalities and required antiviral therapy.

4.4. Extraction and Detection of HCMV DNA

DNA was extracted from saliva, buffy coat or urine using FavorPrep Blood Genomic
DNA Extraction Mini Kits (Favorgen, Ping-Tung, Taiwan) and stored at 80 ◦C. HCMV was
detected using an in-house qPCR assay with primers targeting the UL54 gene (HCMV DNA
polymerase) [42].

4.5. Targeted Whole Gene Amplification

Primers targeting UL18 were designed using Geneious 8.1.9 (https://www.geneious.
com (accessed on 27 December 2018)) (UL18: 5′-3′: F- GAAGATAGGAGGGGT
CAAAACGCGG, R- GAAGATAGGAGGGGTCAAAACGCGG). Reactions were performed
in a total volume of 20 µl containing 0.4 µl of MyTaq HS DNA polymerase (Bioline, Merid-
ian Bioscience, Cincinnati, OH, USA), 4 µl of MyTaq reaction buffer, 0.8 µl of 10uM primers
(Sigma-Aldrich, Australia) and 5 µl of DNA diluted 1:2. Cycling conditions were 1 min
at 95 ◦C followed by 30 cycles of 15 s at 95 ◦C, 15 s 60 ◦C and 1.5 min at 72 ◦C followed
by a final extension step of 7 min at 72 ◦C. Amplicons were purified prior to preparation
of DNA libraries using MO BIO Laboratories Inc UltraClean PCR Clean-Up Kit (Qiagen,
Hilden, Germany).

4.6. Preparation of Ion Ampliseq™ DNA Libraries

Libraries were prepared using an Ion Ampliseq™ Library Kit 2.0 with halved reaction
volumes and a total of 10 ng of template nucleic acid. The targets were amplified for
30 cycles with an anneal/extension time of 4 minutes per cycle. During library purification,
ethanol was freshly prepared at 75% concentration. Libraries were quantified using a
High-Sensitivity DNA Kit on a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA).

4.7. Libraries Were Sequenced Using an Ion Proton Sequencer

Barcoded sample libraries were diluted in low Tris-EDTA (Thermo Fisher Scientific,
Waltham MA, USA) to reach a final concentration of 100 pmol/L, and equal volumes of
each were pooled. The pooled libraries then underwent template preparation on an Ion
Chef System and were loaded onto Ion P1 v3 sequencing chips using an Ion PI Hi-Q Chef
Kit (Thermo Fisher Scientific). Semiconductor sequencing was performed on an Ion Proton
Sequencer using an Ion PI Hi-Q Sequencing Kit (Thermo Fisher Scientific) [43].

4.8. Immunological Assessments of HCMV

Plasma stored in 80 ◦C were assessed for HCMV-reactive IgG titers using in-house
ELISAs based on a lysate of fibroblasts infected with HCMV AD169 or IE-1 protein (Miltenyi
Biotech, Cologne, Germany). Results are presented as arbitrary units (AU) based on a
standard plasma pool, allowing comparisons between people but not between antigens.

Peripheral blood mononuclear cells (PBMC) isolated by Ficoll density centrifugation
were stored in liquid nitrogen. PBMC were used to assess T-cell responses to HCMV lysate
and a peptide pool derived from pp65 (JPT Peptide Technologies; Berlin, Germany) via
ELISpot assay. These antigens and peptide pools are known to stimulate CD4 and CD8
T-cell responses. PBMC was also used to assess populations of Vδ2- γδ T-cells by flow
cytometry as these are elevated in HCMV-seropositive RTR [34].

4.9. Data Analysis

Sequences were mapped to the Toledo reference (GenBank: GU937742.1) using the
tmap tool within the Torrent Suite v 5.10. BAM files mapped to Toledo were loaded into
proprietary software, Visual Genomics Analysis Suite (VGAS) (http://www.iiid.com.au/
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software/vgas. Variants were called if they occurred at a frequency of greater than 10% and
had a minimum of 50 reads. VGAS was also utilized to identify changes in protein sequence.

Amino acid haplotypes and their estimated frequencies were determined using the
default parameters of the fastPHASE algorithm with the exception that haplotypes were
sampled an additional 5000 times [44]. Haplotypes with a population frequency less than
1% were excluded from analyses. Haplotypes are labelled UL18-1 to UL18-29 in descending
order of their frequencies.

4.10. Statistical Analyses

Continuous data was analyzed with Mann–Whitney non-parametric statistics and
categorical data was analyzed with Chi-squared or Fisher’s exact tests, as appropriate,
using GraphPad Prism version 8 for Windows (Graphpad Software, La Jolla, CA, USA).
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Chapter 8 

Do variations in the HLA-E ligand encoded by UL40 distinguish 
individuals susceptible to HCMV disease? 

This chapter investigates HCMV sequences of the UL40 gene which encodes a homolog of the HLA-E 
leader peptide. This study focuses on the 9 amino acid region in the UL40 protein that encodes the 
leader peptide. I assess how variants in the UL40 leader peptide affect HCMV burden. Sequence was 
derived using the same methods outlined in chapters 5-7. This chapter will address aim 2 of this 
thesis. 

Data from this chapter was submitted for publication in June 2022 

Contributions: This manuscript was primarily written by A/Prof Patricia Price using data that I produced. 
Jonathan Downing provided HLA-C and HLA-A sequences for the renal transplant recipients. A/Prof Richard Allcock 
provided laboratory space, equipment, expertise and assembled the BAM files using Torrent Suite software. 
Shay Leary performed genetic analyses using VGAS. 
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A B S T R A C T

Human cytomegalovirus (HCMV) is carried lifelong by ∼80 % of adults worldwide, generating distinct disease
syndromes in transplant recipients, people with HIV (PWH) and neonates. Amino acids 15–23 encoded by the
HCMV gene UL40 match positions 3–11 of HLA‐A and HLA‐C, and constitute a “signal peptide” able to stabilise
cell surface HLA‐E as a restriction element and a ligand of NKG2A and NKG2C. We present next generation
sequencing of UL40 amplified from 15 Australian renal transplant recipients (RTR), six healthy adults and four
neonates, and 21 Indonesian PWH. We found no groupwise associations between the presence of multiple
sequences and HCMV burden (highest in PWH) or HCMV‐associated symptoms in neonates. Homology
between UL40 and corresponding HLA‐C and HLA‐A peptides in 11 RTR revealed perfect matches with
HLA‐C in three individuals, all carrying HCMV encoding only VMAPRTLIL – a peptide previously associated
with viremia. However indices of the burden of HCMV did not segregate in our cohort.

1. Introduction

Human cytomegalovirus (HCMV) is a beta‐herpesvirus carried by
∼80 % of adults worldwide. Acute infections are generally asymp-
tomatic in healthy individuals, but HCMV seropositivity is associ-
ated with accelerated diseases of aging, including cardiovascular
disease. Distinct disease syndromes are described in transplant recip-
ients, people with HIV (PWH) and neonates [1]. UL40 is a HCMV‐
encoded glycoprotein. Amino acids 15–23 of UL40 match positions
3–11 of HLA‐A and HLA‐C, and constitute a “signal peptide” able
to stabilise cell surface expression of HLA‐E [2,3]. Stable expression
of HLA‐E on the surface of HCMV‐infected cells depends on peptides
encoded by UL40 [4] or HLA‐C, as this is the only class I molecule
not down‐regulated by proteins encoded by the HCMV genes US2
and US11 [5]. Cell surface HLA‐E is recognised by the inhibitory

receptor NKG2A and the activating receptor NKG2C expressed by
natural killer (NK) cells [6]. The latter is implicated in expansions
of NK cells expressing NKG2C in individuals with a high burden
of HCMV.

HLA‐E bound to 9‐residue peptides from the leader sequence of
UL40 or HLA Class 1 molecules also acts as a restriction element for
T‐cells. HLA‐E restricted CD8+ T‐cells commonly express markers
found on NK cells and may contribute to the expanded pool of
terminally‐differentiated T‐cells that mark persistent HCMV infections
[2]. The specificity and anti‐viral activity of these cells remains under
investigation, but UL40 sequences which affect T‐cell receptor (TCR)
binding have been identified [7]. It is plausible that concordance
between an individual’s HLA‐C and UL40 peptides may determine
whether HLA‐E restricted CD8+ T‐cells contribute to clearance of the
virus or exert autoimmune activity.
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Heatley et al [8] found 28 variations in the amino acid sequence of
UL40 in a study of HCMV DNA isolated from 32 hematopoietic stem
cell transplant patients, with most variation detected in the 9‐residue
sequence of UL40 homologous to the HLA‐E binding peptides. Other
studies have found variability in UL40 from HCMV amplified from
lung and renal transplant recipients (RTR) [9,10,11]. Vietzen et al.,

[11] associated UL40 peptide VMAPRTLIL with persistent HCMV vir-

emia after lung transplantation (relative to VMTPRTLIL), supporting
a biological role for UL40 variation in this clinical setting. However
we have found no analyses of UL40 from healthy adults, neonates or
PWH – cohorts likely to have different anti‐viral responses. These
are addressed here using next generation sequencing to detect coinci-
dent strains of HCMV. We focus on virus persisting in an asymptomatic
state.

2. Materials and methods

2.1. Clinical samples

UL40 was amplified from 15 RTR and 6 healthy controls drawn
from a cohort of 82 RTR recruited at Royal Perth Hospital (Western
Australia) and 81 healthy adult controls matched groupwise by demo-
graphics. Inclusion criteria for RTR were clinical stability > 2 years
after transplant [median (range): 7 (2–37) years], no HCMV disease
or reactivation within six months of sample collection, and no current
anti‐viral treatment [12]. Ethics approval was obtained from Royal
Perth Hospital Human Research (EC 2012/155) and endorsed by Cur-
tin University (HRE16‐2015, HRE2021‐0044). Participants provided
written informed consent. At recruitment 71/84 RTR and 49/81 con-
trols were HCMV seropositive. HLA‐C and HLA‐A allele sequences of
RTR were determined using Sanger sequencing based typing or next
generation sequencing [13]. The corresponding signal peptide
sequences were obtained from the IPD‐IMGT/HLA database [14].

Indonesian PWH were drawn from the JakCCANDO study of clini-
cal and immunological responses to anti‐retroviral therapy (ART)
based in the Cipto Mangunkusumo Hospital HIV outpatient clinic
(Jakarta, Indonesia). Eighty‐two ART‐naïve PWH were enrolled during
2013–2014 with < 200 CD4+ T‐cells/µl. The study was approved by
Universitas Indonesia, Cipto Mangunkusumo Hospital and Curtin
University ethics committees. Participants provided written informed
consent. Samples were collected before ART initiation and after 1, 3,
6 and 12 months. All participants had extremely high levels of
HCMV‐reactive antibody and 50 % were positive for CMV DNA
detected with a simple in‐house quantitative polymerase chain reac-
tion (qPCR) assay at ART initiation [15].

Four de‐identified congenital urine samples were provided by the
Department of Microbiology, PathWest Laboratory Medicine WA. Sam-
ples were collected between 1 and 13 days of life and had HCMV DNA
detectable by routine assays. Case 47 had hepatitis attributed to HCMV
that spontaneously resolved without anti‐viral therapy. Case 30 had
bilateral sensorineural hearing loss, with other central nervous system
and lymphatic abnormalities, and required anti‐viral therapy.

2.2. HCMV DNA extraction and sequencing

DNA was extracted from saliva, buffy coat or urine using FavorPrep
Blood Genomic DNA Extraction Mini Kits (Favorgen, Ping‐Tung, Tai-
wan) and stored at −80 °C. HCMV was detected by an in‐house qPCR
assay with primers targeting the UL54 gene (HCMV DNA polymerase)
[16]. Positive samples were selected for sequencing.

Primers targeting UL40 were designed using Geneious 8.1.9
(https://www.geneious.com) (50‐30: F‐ TCCTCCCTGGTACCCGATAA-
CAG, R‐ CGGGCCAGGACTTTTTAATGGCC). PCR reactions were per-
formed in 20 µl containing 0.4 µl MyTaq HS DNA polymerase
(Bioline, Meridian Bioscience, Cincinnati, OH), 4 µl MyTaq reaction

buffer, 0.8 µl 10uM primers (Sigma‐Aldrich; St Louis, MI) and 5 µl
DNA diluted 1:2. Cycling conditions were 1 min at 95 °C followed
by 30 cycles of 15 sec at 95 °C, 15 sec 60 °C and 1.5 mins at 72 °C with
a final extension over 7 mins at 72 °C. Amplicons were purified using
MO BIO Laboratories UltraClean PCR Clean‐Up Kits (Qiagen; Hilden;
Germany) [16].

2.3. Preparation and sequencing of DNA libraries

Libraries were prepared using an Ion Ampliseq™ Library Kit 2.0
with halved reaction volumes and 10 ng purified PCR amplicons and
amplification over 30 cycles with an anneal/extension time of 4 mins
per cycle. Libraries were quantified using High‐Sensitivity DNA Kits on
a Bioanalyzer 2100 (Agilent, Santa Clara, CA). Barcoded sample
libraries were diluted in low Tris‐EDTA (Thermo Fisher Scientific; Wal-
tham, MA) to reach a final concentration of 100 pmol/L, and equal vol-
umes of each were pooled. Pooled libraries then underwent template
preparation on an Ion Chef System and were loaded onto Ion P1 v3
sequencing chips using an Ion PI Hi‐Q Chef Kit. Semiconductor
sequencing was performed on an Ion Proton Sequencer using an Ion
PI Hi‐Q Sequencing Kit (Thermo Fisher Scientific) [16]. Sequences
were mapped to the Toledo reference (GenBank: GU937742.1) using
the tmap tool within Torrent Suite v 5.10. BAM files mapped to Toledo
were loaded into proprietary software, Visual Genomics Analysis Suite
(VGAS) (https://www.iiid.com.au/software/vgas) [17]. Variants were
called if they occurred at frequencies above 10% with at seqeuncing
depth of at least 50 reads. VGAS was also used to predict protein
sequences.

2.4. Immunological and virological assessments of the persistent burden of
HCMV

Plasma stored at −80 °C were assessed for HCMV‐reactive IgG
using an in‐house enzyme‐linked immunosorbent assays based on a
lysate of fibroblasts infected with HCMV AD169, recombinant HCMV
gB (Chiron Diagnostics, Medfield, MA) or IE‐1 protein (Miltenyi Bio-
tech, Cologne, Germany). Results are presented as arbitrary units
(AU)/mL based on a standard plasma pool, allowing comparisons
between people but not between antigens [12]. Peripheral blood
mononuclear cells (PBMC) were used to assess T‐cell responses
(interferon‐gamma production) to pp65 (JPT Peptide Technologies;
Berlin, Germany) using an enzyme‐linked immunospot assay. These
antigens were shown to raise CD4+ and CD8+ T‐cell responses. PBMC
was also used to enumerate populations of Vδ2− γδ T‐cells and CD4+

and CD8+ T‐cells expressing markers of terminal differentiation (CD57
or CD45RA without CD28) using multicolor flow cytometry, as these
are elevated in CMV‐seropositive RTR [18]. Plasma levels of HCMV
DNA were derived in the Department of Microbiology (Royal Perth
Hospital) using a commercial kit (Abbott Diagnostics, Lake Bluff, IL)
detecting > 20 copies/mL. Saliva was collected after a water mouth
wash by asking the participant to spit into a 50 mL centrifuge tube.
Samples were centrifuged (1000g, 10 mins). DNA was extracted from
the pellet using FavorPrep Blood Genomic DNA Extraction Mini Kits
(Favorgen, Ping‐Tung, Taiwan) and stored at −80 °C. CMV was
detected using an in‐house qPCR assay with primers targeting the
UL54 gene (CMV DNA polymerase) [15,16].

2.5. Statistical analyses

Continuous data were analysed with Mann–Whitney non‐
parametric statistics and categorical data were analysed with Chi‐
squared or Fisher’s exact tests, as appropriate, using GraphPad Prism
version 8 for Windows (Graphpad Software, La Jolla, CA).
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3. Results

We derived the sequences of the HCMV UL40 leader peptides (po-
sitions 15–23) amplified from 21 Indonesian PWH, as well as 15 RTR,
6 healthy adults and 4 neonates recruited in Australia. From these
11/21 PWH, 6/15 RTR, 5/6 healthy adults and 1/4 neonates carried
two or more variants – each present at > 10 %. These are described
with the most common allele first when present in the same sample
(See Table 1). 7/12 instances of paired blood and saliva samples
revealed different peptide sequences. We observed no groupwise asso-
ciation between the presence of multiple sequences and HCMV burden
(which was particularly high in the Indonesian PWH [15]) or HCMV‐
associated symptoms (only seen in neonates).

Two donors (healthy adult 17 and RTR 41) were homozygous for a
deletion in the gene encoding the NK receptor NKG2C which abolishes
expression of the protein. These individuals did not carry unusual
UL40 sequences (as might be expected if the UL40/HLA‐E axis deter-
mined the HCMV burden). Healthy adult 17 carried HCMV strains in
saliva and blood that could also be distinguished by their US28 and
UL111a sequences [16,19] so their diversity cannot be attributed to
UL40.

We also examined the remainder of the 37‐residue leader sequence.
As noted previously, there was little variation outside the 9‐residues
that bind to HLA‐E [8]. However residue 37 was either S (serine) or
C (cysteine). Here 19/21 Indonesian PWH, 3/6 healthy adults,
10/15 RTR and 1/4 neonates carried both C and S at position 37. This
included several samples (PWH 3; RTR 18, 20, 22) with a single HLA‐E
binding peptide.

We examined homology between the HLA‐E binding residues of
UL40 and their HLA‐C and HLA‐A peptide sequences in 11 RTR (See
Table 2). A complete match with HLA‐C was observed in three individ-
uals, who all carried HCMV strains encoding only VMAPRTLIL. Nei-
ther HCMV DNA levels (plasma or saliva), humoral or T‐cell
responses to HCMV nor proportions of δ2−γ δ T‐cells distinguished
the groups whose UL40 peptides did or did not match their HLA‐C pep-
tides (p > 0.3 for all comparisons). Assessments of terminally‐
differentiated T‐cells based on the phenotype (CD28−CD45RA+)
yielded similar results (p > 0.38, data not shown), but individiuals
with HLA‐C/UL40 matches had slightly higher proportions of CD8+-
CD57+ T‐cells (p = 0.1). This did not align with carriage of UL40
VMAPRTLIL per se. No individuals showed perfect matches between
HLA‐A and UL40 and HLA‐A sequences did not include VMAPRTLIL.

4. Discussion

From 59 UL40 sequences, we identified at ∼ 12 distinct HLA‐E

binding peptides. However we did not find the VMTPRTLIL peptide
that was associated with controlled HCMV infections after lung trans-
plantation [11]. These authors also described sequences with G at
position 15 and W at 19 which were not seen here, so acute/active
HCMV infections may favour a different spectrum of sequences. Viet-
zen et al [11] did not report samples with Q (glutamine) at position
19 and Heatley et al [8] reported Q in just 1/32 stem cell recipients
sequenced. Other cases had R (arginine) at this position, which has a
more charged side chain. Here healthy adult 34 and RTR 10 had sim-

Table 1
HCMV UL40 sequences derived from Indonesian PWH and Australian RTR, healthy adult and neonate samples.

Donor Sample type Residues 15–23 Residue 37 Donor Sample type Residues 15–23 Residue 37

Reference sequences Healthy Australia adults
Toledo V M A P R T L V L S 15 Saliva V M A P R T L I L S
HCMV viremia [11] V M A P R T L I L b 34 Saliva V I/M A P R/Q T L V/I L S
HCMV control [11] V M T P R T L I L b 45c Saliva V M A P R T L I/L L C / S
Indonesian people with HIV tested before ART 49 Saliva V M A P R T L I/V L S
2 Blood V M A P R T L I L C / S 40 Blood V M A P R T L I/L L C / S
3 Blood V M A P R T L I L C / S 17 Saliva V M A P R S L L L C / S
3a Blood V M A P R T L I L S 17 Blood V M A P R T L I L C / S
5 Blood V M A P R T L I L S Australian renal transplant recipients
5 Saliva V M A P R T L L/I L C / S 36 Blood V M A P R T L I/L L C/S
6 Blood V M A P R T L I L C / S 55 Blood V M A P R T L F L C/S
7 Blood V M A P R T L I L S 10 Saliva A/V M A P R/Q T L I/V L C
7 Saliva V M A P R T L I/L/V L C / S 19 Saliva V M A P R T L I L C/S
8 Blood V M A P R T L I L C / S 19 Blood V M A P R T L V/I L C/S
9 Blood V M A P R T L I L S 20 Saliva V M A P R T L I L S
25 Blood V M A P R T L I/L L C / S 20 Blood V M A P R T L I L C/S
25 Saliva V M A P R T L L/I L S 18 Saliva V M A P R T L I L C/S
26 Blood V M A P R T L I/V L C / S 18 Blood V M A P R T L I L C/S
27 Blood V M A P R T L I L C / S 26 Saliva V M A P R T L V L S
33 Blood V M A P R T L I/V L C / S 26 Blood V M A P R T L L L S
35 Blood V M A P R T L V/I L C / S 59c Saliva V M A P R T L I L C/S
28 Blood V M A P R T L I L C / S 41 Saliva V M A P R T L L L C/S
54 Blood V M A P R T L V/I L S 29 Saliva V M A P R T L I L S
54 Saliva V M A P R T L V L S 42 Saliva V I/M A P R T L I/V L C/S
44 Blood V M A P R T L I/V L C / S 48 Saliva V M A P R T L I L C/S
52 Blood V M A P R T L I L C / S 56 Saliva V M/V A P R T L I L S
52 Saliva V M A P R T L V/I L S 22 Blood V M A P Q T L V L C
50 Blood V M A/V P R T L I L C / S 22 Saliva V M A P Q T L V L S
51 Saliva V M A P R T L I/V L C / S 32 Blood V/A M A P/L R T L I L C/S
57 Blood V M A P R T L I L C / S 32 Saliva V M A P R T L I L S
58 Blood V M A P R I L I L C / S Australian congenital infections
1 Blood V M A P R T L I L C / S 31 Urine V I A P R T L I L S

30 Urine V M A P R T L F L C / S
47 Urine V M A P R T L L/I L S
24 Urine V M A P R T L I L S

a Sample collected after 12 months on ART.
b Residue not defined in relation to viremia.
c Case remained HCMV seronegative.
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ilar mixed infections with HCMV encoding Q at position 19 as a minor
population (35 % and 10 % respectively). Whilst this might suggest
that HCMV encoding Q is at a selective disadvantage, RTR 22 carried
only Q at position 19 in blood and saliva and had a moderately high
HCMV burden (349 copies/ml) when the virus was sequenced.

Whilst positions 16 and 21 appear to affect binding to HLA‐E (and
are accordingly invariant), the importance of position 22 is less clear
[20]. Here position 22 displayed the most variation, with four alleles
(V, I, L and F) identified. Indeed 50 % of cases where we sequenced
both blood and saliva showed differences at position 22 only. This
has been noted previously with evidence that the F and L alleles
may reduce binding to NKG2A [8]. Here the F allele (phenylalanine)
was only seen in RTR 55 and neonate 30, and only 6 cases carried
the L allele. This included healthy adult 45 who demonstrated hetero-
geneity at position 22. The individual remained seronegative, exhib-
ited a strong NK cell response and cleared the virus (both strains)
within 3 years [19,21].

Several individuals carried strains with C and S at position 37. This
included several samples with only one HLA‐E binding peptide. Posi-
tion 37 may influence structure as there are nine other cysteine resi-
dues in UL40. Here strains with only the C allele were restricted to
two RTR, so such viruses may have a selective disadvantage.

A complete match between the peptides encoded by UL40 and
HLA‐C was observed in three RTR, who all carried HCMV strains
encoding only VMAPRTLIL ‐ the peptide associated with viraemia by
Vietzen et al [11]. This suggested loss of a protective immune response
as a mechanism for the association between VMAPRTLIL and viraemia.
The eight individuals whose HCMV and HLA‐C sequences were not
perfect matches carried several UL40 variants. However HCMV DNA
levels measured in plasma or saliva did not distinguish individuals
whose UL40 did or did not match their HLA‐C peptides. We accept that
our cohort is small, but the finding remained when we assessed persis-
tent viral burden through antibody levels and T‐cell responses –

including responses to IE‐1 as evidence of HCMV reactivations. The
groups were also similar in their proportions of V δ 2− γ δ T‐cells
and terminally differentiated CD4+ and CD8+ T‐cells. These are estab-
lished and stable markers of a high burden of HCMV since their levels
were highly correlated over 3 years of follow‐up (r > 0.6, p < 0.001;
unpublished data). Moreover the two RTR with UL40 sequence

VMAPRTLIL that did not match their HLA‐C (RTR 18 and 59) had
low HCMV burdens ‐ and RTR 59 failed to seroconvert. Hence our data
do not link VMAPRTLIL with viremia in its own right or through
matches with HLA‐C. It may be important that we assessed RTR who
were stable on maintenance immunosuppressive therapy, whilst Viet-
zen et al [11] assessed lung recipients shortly after transplantation. No
individuals had perfect matches between UL40 and HLA‐A.

In conclusion, we describe novel sequences in the HLA‐E binding
peptides of HCMV UL40. However in this small sample set, we find
no evidence that these are driven by HLA‐A, HLA‐C or NKG2C geno-
type, geography or ethnicity (distinguishing Indonesia and Australia),
patient risk group (RTR, PWH, neonates or healthy adults). Multiple
sequences were commonly seen in samples from the same individuals
‐ including healthy adults and two individuals who remained
seronegative.
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Chapter 9 

Challenging the Conventional Interpretation of HCMV Seronegativity 

This chapter explores the definition of “HCMV seronegativity”. Here I present 7 cases, both transplant 
recipients and healthy adults, who display evidence of HCMV despite remaining HCMV seronegative 
over time. The data challenges the conventional interpretation of serostatus and may have 
implications on vaccine developments. This chapter will address aim 3 of this thesis. 

Data from this chapter have been published: 
Waters S, Lee S, Irish A, Price P. Challenging the Conventional Interpretation of HCMV 
Seronegativity. Microorganisms. 2021;9(11). doi: 10.3390/microorganisms9112382. 

Contributions: The 3-year follow-up of the Perth RTR and healthy control cohorts was performed by Dr Ashley 
Irish, A/Prof Patricia Price, Dr Silvia Lee and Dr Jacquita Affandi. 
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Abstract: The majority of adults in the world (around 83%) carry antibodies reactive with HCMV
and are thought to retain inactive or latent infections lifelong. The virus is transmitted via saliva,
so infection events are likely to be common. Indeed, it is hard to imagine a life without exposure
to HCMV. From 45 seronegative individuals (13 renal transplant recipients, 32 healthy adults), we
present seven cases who had detectable HCMV DNA in their blood and/or saliva, or a CMV-encoded
homologue of IL-10 (vIL-10) in their plasma. One case displayed NK cells characteristic of CMV
infection before her HCMV DNA became undetectable. In other cases, the infection may persist with
seroconversion blocked by vIL-10. Future research should seek mechanisms that can prevent an
individual from seroconverting despite a persistent HCMV infection, as HCMV vaccines may not
work well in such people.

Keywords: human cytomegalovirus; seronegative; NK cells; viral IL-10

1. Introduction

It is often assumed that a person who has antibodies reactive against a specific virus
(i.e., is defined as “seropositive”) has been infected and may retain that virus. Viruses such
as herpesviruses are known to persist for life while other viruses such as influenza are
cleared after infection. The corollary is that a person who is seronegative has never been
infected. From this, it is a small step to assume that such people have never been exposed
to an infectious dose of the virus. Whilst this is logical with novel viruses (e.g., Zika
or SARS-CoV-2), it does not fit the clinical data with respect to human cytomegalovirus
(HCMV). The majority of adults in the world (around 83%) carry antibodies reactive with
HCMV [1]. Active infections are usually controlled in healthy individuals, but the virus
enters a latent or inactive state and persists with periodic reactivations. In individuals with
acquired immune deficiencies, HCMV infections induce diverse but well-characterized
clinical syndromes, and reactivations are relatively common [2,3].

HCMV can be transmitted vertically (transplacentally and through breast feeding)
and via organ transplantation and blood transfusions [4]. However, saliva may be the most
common route of transmission, as HCMV and murine (M) CMV persist in the salivary
gland [5,6]. We have linked the presence of HCMV DNA in saliva with activation of
systemic immune responses consistent with a systemic infection [7]. HCMV may pass to a
new host through an oral route [4,8], though murine studies suggest the intranasal route
effectively initiates primary infection [9]. Transmission via saliva is readily demonstrated
in nurseries and crèches [10] but is likely in other situations where individuals are close
together. This is not restricted to particular populations.

It is accepted that HCMV establishes latency in fixed tissues such that active replica-
tion and viral progeny become undetectable. However, in vitro studies have shown that
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numerous viral genes continue to be expressed, including UL111a, which encodes HCMV
viral IL-10 (vIL-10). Poole and Sinclair [11] dubbed HCMV latency as “sleepless latency”.
Throughout life, HCMV undergoes reactivation events and can be shed from asymptomatic
hosts or may cause disease.

HCMV vIL-10 is differentially spliced, creating several variants [12]. The best char-
acterized transcripts are cmvIL-10, which is only expressed during lytic infection, and
LAcmvIL-10, which continues to be expressed during latency. There is evidence that both
variants play a role in immunosuppression with LAcmvIL-10 having more restricted func-
tions. A function of LAcmvIL-10 is downregulation of MHC-II, aiding in the prevention of
antigen presentation during latency [13].

Despite the plethora of opportunities to become infected, some people remain seroneg-
ative all their lives. We considered whether this represents a failure to seroconvert when
infected or rapid clearance of HCMV by specific aspects of the innate immune system. The
former is possible as we have identified reports of HCMV DNA in urine from seronegative
children aged 4–15 years [14] and in blood from seronegative adults [15]. Furthermore,
HCMV pp65- and IE-1-specific CD4+ and CD8+ T-cells were detected in seronegative renal
transplant recipients (RTR) [16]. Here we describe seven seronegative adults who pre-
sented evidence of HCMV infections. Our investigations illustrate mechanisms that may
contribute to their failure to seroconvert. This includes vIL-10, which interacts with human
IL-10R1, initiating signalling via STAT-3. Its biological activity includes the modulation of
cellular IL-10 synthesis [13]. HCMV vIL-10 has been detected in plasma [17] with reagents
that are available commercially. The reagents utilized in the assay do not cross-react with
human IL-10 or EBV vIL-10 and detect both LAcmvIL-10 and cmvIL-10.

2. Materials and Methods
2.1. Study Cohort

Eighty-two RTR were recruited from renal clinics at Royal Perth Hospital (Western
Australia). Inclusion criteria were clinical stability >2 years after transplant, no CMV
disease or reactivation within 6 months of sample collection and no current anti-viral
treatment. RTR with hepatitis B or C were excluded. Healthy adults recruited as controls
were matched with the RTR by age and gender [14]. Ethics approval was obtained from
the Royal Perth Hospital Human Research Ethics Committee (EC 2012/155) and endorsed
by the Curtin University Human Research Ethics Committee (HR16/2015; HRE2021-0044).
The ethics approval complied with the declaration of Helsinki. Participants provided
written informed consent. Here we present case studies of five healthy controls and
two RTR.

2.2. Immunological Responses to HCMV

Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll density centrifuga-
tion. Plasma was stored in −80 ◦C and PBMC in liquid nitrogen. Plasma HCMV IgG titres
were assessed using in-house ELISAs based on a lysate of fibroblasts infected with HCMV
AD169, recombinant CMV gB (Chiron Diagnostics, Medfield, MA, USA) or IE-1 protein
(Miltenyi Biotech, Cologne, Germany). Results were presented as arbitrary units (AU)/mL
based on a standard plasma pool [14]. FcRγ− and NKG2C+ NK cells (CD3−CD56dim) and
Vδ2− γδ T-cells were enumerated using multicolour flow cytometry, as the populations are
expanded in CMV-seropositive RTR [18,19]. Gating strategies are illustrated in Figure 1 and
Supplementary Materials Figure S1. Enzyme-linked immunosorbent spot (ELISpot) assays
utilised anti-IFNγ antibodies (MabTech, Stockholm, Sweden). Cells were stimulated with a
CMV lysate, CMV pp65 peptide pool (NIH AIDS reagent program, Woburn, MA, USA) or a
CMV IE-1 peptide pool (JPT, Berlin, Germany). The number of spots in unstimulated wells
were subtracted from the number in stimulated wells and adjusted per 200,000 PBMC.
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Figure 1. FcRγ and NKG2C expression on NK cells. Representative flow cytometry plots for a CMV seronegative healthy
control (a) and a CMV seropositive renal transplant recipient (RTR) (b), Case 1 (c) and Case 2 (d). Gating strategy: singlets
were first defined by forward scatter area (FSC-A) and forward scatter height; lymphocytes were then gated based on
the side scatter area and FSC-A, and dead cells were excluded based on uptake of Fixable Viability Stain. Lack of FcRγ
expression (middle panel) and expression of NKG2C (bottom panel) were assessed in NK cells identified as CD3−CD56dim

(top panel). Antibodies used were BUV395-anti-CD3 (clone UCHT1), PE.Cy7-anti-CD56 (clone MEM-188; Biolegend, San
Diego, CA, USA) and APC-anti-NKG2C (clone 134591; R&D systems, Minneapolis, MN, USA), and FITC-anti-FcRγ (Merck
Millipore, Darmstadt, Germany).

2.3. vIL-10 ELISA

Levels of HCMV vIL-10 were assessed using a sandwich ELISA. First, 96-halfwell
plates were coated overnight at 4 ◦C with 50 µL/well anti-CMV vIL-10 goat polyclonal
antibody (AF117, R&D Systems, Minneapolis, MN, USA) at 2 µg/mL. The plates were then
washed three times with 150 µL/well of PBS-0.005% TWEEN and blocked for 1 h with 1%
BSA/PBS. A standard curve from 4000 pg/mL to 62.5 pg/mL was created using recom-
binant HCMV vIL-10 with carrier protein (117-VL-025, R&D Systems, Minneapolis, MN,
USA). Plasma samples were diluted 1:10 in 1%BSA/PBS and a QC was created by spiking a
plasma sample with 500 pg/mL of standard (CV = 17%). A total of 50 uL/well of anti-CMV
vIL-10 goat polyclonal biotinylated antibody (BAF117, R&D Systems, Minneapolis, MN,
USA) at 0.2 µg/mL was added (2 h, room temperature), followed by a streptavidin-HRP
conjugate (30 min, room temperature) and TMB substrate (20 min, room temperature).
Reactions were stopped with 25 uL/well 1M H2SO4 and read at 450 nm. Concentrations
of vIL-10 were interpolated from the standard curve [20]. The minimum level detected
by this assay was 62.5 pg/mL. The assay was confirmed to specifically detect vIL-10 and
not cross react with human IL-10 by replacing the recombinant vIL-10 with recombinant
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human IL-10 (Human IL-10 DuoSet ELISA, R&D Systems, Minneapolis, MN, USA). No
cross-reactivity was observed. Young et al., (2017) confirmed that the reagents used in
the vIL-10 ELISA do not cross-react with human IL-10 or EBV vIL-10, and demonstrated
detection of LAcmvIL-10 and vIL-10 generated during lytic infections [17].

2.4. Detection of CMV DNA in Saliva

Saliva (approximately 5 mL) was collected after a water mouth wash by asking the
participant to spit into a tube. Samples were centrifuged (1000× g, 10 min). DNA was
extracted from the pellet using FavorPrep Blood Genomic DNA Extraction Mini Kits
(Favorgen, Ping-Tung, Taiwan) and stored at −80 ◦C. Each DNA extraction run included a
no-sample control with saliva replaced by PBS. HCMV was detected using an in-house
qPCR assay with primers targeting the UL54 gene (CMV DNA polymerase) presented in
Table 1 [7]. Quantitation was achieved using a standard curve created using DNA extracted
from a lysate of HCMV (AD169)-infected fibroblasts and serially diluted 10-fold. Samples
were considered positive if a steady amplification curve was initiated before 38 cycles
(the lowest point on the standard curve). Positive results were normalized against the
gene encoding beta-2-microgobulin and values were reported in arbitrary units (range:
44–721) [21]. Some samples also underwent amplification of MIE by qPCR using the same
protocol as UL54 with the primers described in Table 1. All qPCR runs included at least
two no-template controls, with PBS controls from the DNA extractions spread across a
series of qPCR runs. No amplicons were detected.

Table 1. Primer and probe sequences used to detect HCMV DNA by qPCR or nested PCR.

Target Primer Sequence (5′-3′) Product
(Base Pairs)

FWD CCCGAAAACGTGTCGCC
UL54 REV AAACGTTGACGCAGATACTGTAGC 105

PROBE (5 µM) 6-FAM-TATCGTCAGCATCTGGTGC-BHQ-1

FWD AACTCAGCCTTCCCTAAGACCA
MIE REV GGGAGCACTGAGGCAAGTTC 76

PROBE (2 µM) 6-FAM-CAATGGCTGCAGTCAGGCCATGG-TAMRA-6

FWD TGAGTATGCCTGCCGTGTGA
105B2M REV ACTCATACACAACTTTCAGCAGCTTAC

PROBE (5 µM) 6-FAM-CCATGTGACTTTGTCACAGCCCAAGATAGTT-TAMRA-6

gB (UL55)

OUTER FWD GAATRGCTGAYGGRTTGATCTTG 590
OUTER REV GATCTCCTGGGATATACAGGACG
INNER FWD GAGTTCCTTGAAGACCTCTAG
INNER REV ACYTTCTGGGAAGCCTCGGAACG 519

To achieve greater sensitivity, samples were also assessed with a nested PCR to detect
UL55 [22] (encoding gB; see Table 1), using a PCR buffer with 35 mM MgCl2 for the inner
reaction and 30 mM MgCl2 for the outer PCR in a total volume of 20 µL, with 1 µL of
each primer (10 µM), 2 µL PCR buffer, 1 µL 40 mM dNTPs, 0.2 uL Platinum Taq DNA
Polymerase (Invitrogen, Carlsbad, CA, USA) and 5 µL DNA (diluted 1:2) for the outer
PCRs, and 3 µL of the outer PCR product for the inner PCRs. The cycling conditions for the
outer PCRs were 1 cycle of 5 min at 95 ◦C followed by 35 cycles of 30 s at 95 ◦C and 30 s at
60 ◦C and then 1 cycle of 1 min at 72 ◦C. The inner PCRs ran only 30 cycles. PCR products
from the inner PCRs were run on 1% agarose gel in 0.5× TBE buffer stained with GelGreen
(Biotium, Fremont, CA, USA) for 1 h at 120 volts. Amplicons were sent for purification
and Sanger sequencing by the Australia Genome Research Facility (AGRF). All nested
PCR runs included a no-template control carried from the outer PCR to the inner PCR, a
no-template control for the inner PCR and DNA extracted from uninfected fibroblasts. No
amplification was detected.
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2.5. Detection of CMV-Encoded miRNA in Saliva

Saliva pellets were thawed and mixed with TRI reagent (1:4) before RNA extraction
using the MagMAX—96 for Microarrays kit, as described previously [23] (Applied Biosys-
tems, Foster City, CA, USA). Custom reverse transcription primer pools were generated,
and cDNA synthesis for all miRNA assays was performed in a single reaction, according
to the manufacturer’s protocols (Applied Biosystems, PN 4465407). A pre-designed primer
and probe assay targeting mature miRUS5-2-3p (assay ID: 469255_mat was purchased from
Applied Biosystems). RNA from HCMV seronegative healthy participants and uninfected
THP-1 cells were used to ensure specificity. These showed no amplification up to 40 cycles.
Sensitivity was determined using 10-fold serial dilutions of HCMV AD169 RNA. Samples
with cycle thresholds below 104 dilution of the standard (i.e., after cycle 32–36, depending
on the miRNA assayed) were considered negative. All samples were run two to four times
and called positive if at least two replicates produced amplification.

3. Results

Eighty-two RTR and eighty-one healthy controls were recruited in 2014 and tested
for HCMV-reactive IgG in plasma, HCMV UL54 DNA in saliva and vIL-10 in plasma
and saliva. There were no differences in gender or ethnicity between the two groups,
but the RTR were marginally older (54 (21–86) vs. 57 (31–76); p = 0.07; Mann–Whitney
test, data available in [24]). Levels of CMV reactive antibodies were determined using
in-house ELISAs, recognizing a lysate of fibroblasts infected with HCMV AD169 (“HCMV
lysate”), gB or IE-1 protein. The cut-off defining seropositivity was 3600 AU/mL based
on the HCMV lysate [25,26]. This cut off was determined in relation to samples from
individuals deemed to be seronegative using the ARCHITECT CMV IgG assay (Abbott
Diagnostic Systems, Lake Forrest, IL, USA). Determinations of HCMV serostatus of RTR
were concordant with the ARCHITECT CMV IgG assay according to clinical records.
Determinations of serostatus were identical when based on gB or IE-1 (data not shown).

Using this cut-off, 13/82 RTR and 32/81 healthy controls were seronegative (χ2,
p = 0.0007). Here we present seven individuals who were HCMV seronegative by all three
ELISAs. Additionally, all seven cases were had no T-cell responses to CMV lysate, IE-1 and
pp65 according the ELiSpot assay. Cases 2–7 returned for follow-up in 2017. All remained
seronegative by the same ELISA assays, and none had detectable HCMV DNA in their
saliva as assessed by in-house UL54 qPCR assay. T-cells were not re-assessed.

Cases 1, 2 and 3 had detectable HCMV DNA in their saliva samples, whilst Cases 4,
5, 6 and 7 had detectable HCMV vIL-10 in their plasma (Table 2). No HCMV vIL-10 was
detected in saliva samples from seronegative or seropositive individuals, but vIL-10 was
detectable in plasma from 3/32 seronegative healthy controls and 0/13 seronegative RTR
in 2014 with one seronegative RTR having detectable vIL-10 in 2012 and 2017 (not 2014). In
2017, 4/23 seronegative healthy controls had detectable vIL-10, including the three who
were positive in 2014.

Table 2. Characteristics of seven HCMV seronegative individuals with evidence of HCMV infection.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Age (years) 33 57 62 55 56 34 42
Male (M)/Female (F) F F F M M F F

Ethnicity Caucasian Caucasian Caucasian Caucasian Caucasian Asian Caucasian
RTR/Healthy RTR Healthy Healthy Healthy RTR Healthy Healthy

Donor HCMV status Negative - - - Positive - -

T-cell responses (EliSpot assay presented as cells producing interferon-γ/200,000 PBMC) a

HCMV lysate 0 0 1 0 3 0 3
IE-1 pooled peptides 1 0 1 0 0 0 1
pp65 pooled peptides 0 0 1 0 1 0 2
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Table 2. Cont.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

NK cells (flow cytometry)
FcRγ− (% CD3−CD56dim) 8.5% 27.3% 2.7% 3.9% 8.8% 4.1% 13.8%

NKG2C+ (% CD3−CD56dim) 2.3% 7.1% 4.3% 1.8% 2.1% 2.8% 2.8%

γδ T-cells (flow cytometry)
Vδ2− (% CD3+) 0.19% 0.5% 2.2% 0.1% 0.4% 0.7% 1.2%

HCMV DNA/miRNA in saliva
HCMV DNA
(UL54 qPCR) Pos Neg Pos Neg Neg Neg Neg

HCMV DNA
(UL55 nested PCR) Pos Pos Pos Neg Neg Neg Neg

HCMV-encoded miRNA Neg miR-US5-2-3p Neg NT NT Neg NT

Plasma HCMV vIL-10 (pg/mL)
2006 NA NA NA NA NA 801 NA
2012 <60 NA NA 1840 945 NA NA
2014 <60 <60 <60 639 <60 1440 166
2017 NA <60 <60 916 704 1247 786
2021 NA NA NA NA NA 815 NA

NT: not tested; NA: no sample available. a Median (range) values for T-cell responses to CMV lysate in seropositive individuals are
245 (0-2077) EliSpots/200,000 PBMC.

3.1. Three Individuals Were Seronegative despite Detectable HCMV DNA

Case 1 is a 33-year-old female RTR who received a donor kidney six years before
sample collection. She had remained free of graft rejection, diabetes, HCMV or cardiac
disease since transplantation and was stable on tacrolimus, mycophenolate mofetil and
prednisolone. Her transplanted kidney was from a HCMV-seronegative donor. Accord-
ingly, there was no detectable HCMV IgG, IgA and IgM in her saliva or plasma (Table 2
and unpublished data). She had no HCMV-reactive T-cells when assessed by EliSpot
assay. Case 1 was HCMV DNA positive in saliva by our in-house qPCR assays, detecting
MIE and UL54, but negative in plasma and buffy coat. Sanger sequencing of amplicons
encompassing gB produced by nested PCRs of the saliva identified a mixed infection where
the predominate genotype was gB2. The presence of multiple strains was confirmed by
sequencing the genes encoding the NK cell receptor homologues UL18 and UL40 (data not
shown). HCMV vIL-10 was not detectable in plasma in 2014 or 2017.

Case 2 is a 57-year-old female healthy control who was seronegative for HCMV IgG in
plasma and HCMV DNA negative by qPCR assays targeting MIE and UL54 in plasma and
the associated buffy coat samples. However, she had detectable HCMV DNA in her saliva
when assessed with the nested PCR targeting gB (UL55). Sanger sequencing identified
a mixed infection where the predominate genotype was gB2. HCMV-miR-US5-2-3p was
also detected in her saliva [23]. Neither IgA, IgG and IgM antibodies reactive with HCMV
antigens nor HCMV vIL-10 were detectable in her saliva or plasma (Table 2; data not
shown). She had no HCMV-reactive T-cells when assessed by EliSpot assay. Analysis of
her PBMC by flow cytometry revealed expanded populations of FcRγ− and NKG2C+ NK-
cells, characteristic of HCMV infection [19,27] (Table 2). The FcRγ− population comprised
27.3% of CD3−CD56dim NK-cells, compared with a median (range) of 9.1% (5.4–19.1)
for other seronegative healthy controls (Figure 1). The NKG2C+ population comprised
7.1% of CD3−CD56dim NK-cells, compared with a median (range) of 2.6% (0.9–4.0) for
other seronegative healthy controls (Figure 1). The same phenotypes were assessed at
2017 showing populations with 15.5% FcRγ− and 11.1% NKG2C+ CD3−CD56dim cells. In
2017, she had not seroconverted and no HCMV DNA was detected in her saliva. This case
suggests the possibility that NK cells can control HCMV replication without seroconversion.

Case 3 was also a healthy female with detectable HCMV DNA in her saliva. She
was seronegative in 2014 and 2017, and had no T-cell responses when assessed against
three HCMV antigens (Table 2). HCMV vIL-10 was not detectable in her plasma in 2014
or 2017, and no expanded populations of FcRγ− and NKG2C+ NK-cells were evident.
Expanded populations of Vδ2− γδ T-cells are associated with HCMV seropositivity in RTR
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and healthy controls [18]. Case 3 had a detectable population of Vδ2− γδ T-cells (2.2%
of all γδ T-cells; Table 2), compared with a median (range) of 0.47% (0.06–2.08) for other
seronegative healthy controls and 0.96% (0.05–3.8) for seropositive healthy controls.

3.2. Four Seronegative Individuals Had Detectable HCMV vIL-10 in Plasma

Case 4 is a 55-year-old male healthy control who was seronegative for HCMV IgG in
plasma by our in-house ELISA assays and HCMV DNA negative by our in-house qPCR
assay targeting UL54 in saliva. He works in a hospital environment and is frequently
exposed to patients with active HCMV infections, but remained seronegative when tested
in 2012, 2014 and 2017. However, HCMV vIL-10 was detected in his plasma at all three time
points (1840, 639 and 916 pg/mL) vs. the median (range): 166 (0–1440) for seronegative
healthy controls tested in 2014. The case establishes the possibility that vIL-10 may suppress
seroconversion. This is supported by Cases 5, 6 and 7 (Table 2). Case 5 was an RTR
who failed to seroconvert when given a HCMV-positive donor kidney. Case 6 remained
seronegative with detectable plasma vIL-10 from 2006 to 2021. Cases 4–7 had no HCMV-
reactive T-cells when assessed by EliSpot assay (Table 2).

4. Discussion

HCMV seronegativity is widely assumed to define an individual who is not carrying
the virus and has not done so recently. Some seronegative transplant recipients face
complications following organ transplantation despite prophylaxis and receiving an organ
from a HCMV seronegative donor [28].

From a cohort of 45 (32 controls and 13 RTR) individuals we have identified seven
(5 controls and 2 RTR) individuals who remained HCMV seronegative despite evidence of
current HCMV replication or latent carriage—specifically HCMV DNA, miRNA, vIL-10
and/or FcRγ− NK cells or Vδ2− γδ T-cells characteristic of HCMV seropositivity. We con-
sider the possibility that these cases can be explained by low viral load and poor persistence
of viral replication. However, many health adults retain readily detectable HCMV-reactive
antibodies and T-cells throughout their lives in the absence of detectable HCMV DNA
using highly sensitive PCR assays. It could be argued that these seven individuals mount
antibody responses selectively to proteins in the UL133–UL154 region that is deleted in
AD169, or UL128–131, which are rendered non-functional by to a frameshift mutation
in UL131 in AD169 [29,30]. However, we know of no mechanisms that would explain
this selectivity.

Cases 1, 2 and 3 had HCMV DNA in saliva, and Case 2 also had detectable HCMV-
miR-US5-2-3p [23]. Case 2 had a striking population of FcRγ− and NKG2C+ NK cells in
circulation. Several studies have linked this population with HCMV seropositivity [27].
We have linked detection of UL54 HCMV DNA in saliva from the same cohort of RTR
with systemic markers of HCMV infection [7]. Here we show that Case 2 cleared the
salivary infection without seroconversion, since she was DNA and antibody negative in
2017. Her NK cell response may have favoured compartmentalization to the saliva. This
may also be achieved through intrinsic immunity mediated by restriction factors (RS), such
as interferon gamma-inducible protein 16 (IFI16), which can prevent HCMV DNA sensing
by inhibiting UL54 (DNA polymerase) by interacting with CMV pp65 [31]. IFI16 has been
found in saliva [32]. Case 3 had a detectable population of Vδ2−γδ T-cells, which may have
cleared the virus sufficiently to prevent seroconversion [33] despite the HCMV DNA found
in her saliva.

Cases 4–7 had measurable levels of HCMV-encoded vIL-10 in their plasma, which
were relatively stable over several years. No individuals had detectable HCMV-reactive
T-cells in 2014. Case 6 had detectable vIL-10 over a 15-year period (2006–2021). All samples
were tested for HCMV-reactive antibodies and remained negative. Young et al. (2017)
detected vIL-10 in single samples from a few seronegative donors [17]. We show that levels
of vIL-10 can be relatively stable in seronegative individuals over time.
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The detection of vIL-10 may reflect transcription of the encoding gene (UL111a)
during HCMV latency [12], explaining the lack of detectable HCMV DNA. We postulate
that these individuals harbor latent or replicating HCMV in tissue(s) other than blood or
the salivary gland.

We considered the possibility that the presence or absence of detectable vIL-10 reflects
variations in UL111a [23]. Viruses identified in Cases 1, 2 and 3 were subjected to amplicon-
based enrichment for next generation sequencing of a selection of HCMV genes, including
UL111a. The sequence from all three cases had variations when compared to the Toledo
reference strain but none were unique to these three samples; i.e., they were also seen in
viruses sequenced from HCMV seropositive HIV+ individuals from Jakarta (Indonesia; [24])
and RTR and/or healthy controls from Perth, Australia (manuscript in preparation).

The detection of vIL-10 was not rare in the seronegative samples tested (4/32 healthy
adults and 1/13 RTR tested between 2014–2017). Case 6 had antibodies reactive with
Epstein–Barr virus (EBV) and all cases are healthy adults active in the community, so any
immunosuppressive effects of vIL-10 are presumably HCMV-specific. The individuals
also had no T-cell responses to three HCMV antigens (Table 2), so vIL-10 may also reduce
specific T-cell responses. However, proof that vIL-10 downregulates immune responses to
HCMV awaits more extensive studies, including further clinical surveys (with analyses
of responses to other vaccines) and animal model studies to establish causality. The latter
will be complicated as human and mouse CMV show poor homology. Biological effects
of vIL-10 to be investigated include enhanced signalling of the CXCR4/CXCL12 pathway
triggered by the chemokine receptor homologue US27 [34]. This is distinct from the Stat3-
dependent effects of vIL-10, which include modulation of dendritic cell function and
macrophage activation [35].

Blockage of HCMV seroconversion by vIL-10 has implications for the efficacy of
HCMV vaccines. HCMV vaccines currently in phase I or II clinical trials seek humoral
responses to selected HCMV antigens, but their efficacy remains low (i.e., <50% [36]).
Indeed, a blockade of vIL-10 has been proposed as a vaccine strategy [35]. Our data
supports further development of this approach.

5. Conclusions

We have shown that a proportion of HCMV seronegative adults present evidence of
active or latent HCMV infections. These may be transient with control by NK cells (as in
Case 2) or persistent with seroconversion blocked by vIL-10. It is clear that seropositivity is
a risk factor for adverse outcomes following renal transplantation [37]. However, some
seronegative individuals still face complications following organ transplantation and
HCMV may play a role.
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Supplementary Figure S1. V2 expression on T-cells. Representative flow cytometry plots for 

a CMV seronegative healthy control (a) and a CMV seropositive renal transplant recipient 

(RTR) (b), Case 1 (c) and Case 2 (d). Gating strategy: singlets were first defined by forward 

scatter area (FSC-A) and forward scatter height, lymphocytes were then gated based on side 

scatter area and FSC-A, and dead cells were excluded based on uptake of Fixable Viability 

Stain. Lack of V2 expression (bottom panel) was assessed in T-cells identified as CD3+ (top 

panel). The following antibodies were used - anti-CD3 APC (clone UCHT1, anti-TCRγ/δ-1 PECy7 

(clone 11F2, San Jose, CA), and anti-Vδ2 TCR FITC (clone B6) from BD Bioscience. Data were acquired 

on a BD LSR II Fortessa instrument (BD Bioscience, Ashland, OR).   
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Chapter 10 

Conclusions and Future Directions 

Chapter 10 outlines the conclusions of this thesis and discusses considerations for future studies. 

103



10.0 Conclusions and Future Studies 

10.1 Conclusions:  

Therapeutic drugs that target HCMV are available but are costly and side-effects preclude 

community wide use, so it would be helpful to understand who to target and when. A key to this 

lies within understanding the virus itself. To further this goal, I sought viral DNA and miRNA in saliva 

samples. I developed methods to apply high-resolution deep sequencing of HCMV genes directly to 

clinical specimens without employing cell culture. I utilised the sequencing data to compare HCMV 

variants between populations and linked the variants with immunological footprints of HCMV. 

Finally, I explored the presence of HCMV in seronegative individuals.   

Saliva is a relatively non-invasive sample often utilised in the diagnosis of HCMV infections 

in neonates. In transplant recipients, whole blood or plasma are used but the data may not reflect 

the amount of infectious virus in the body as HCMV does not replicate in circulating blood 

leukocytes. Chapter 3 of this thesis explores the detection of HCMV DNA in saliva from RTR using a 

simple in-house qPCR assay. This assay is compared with the “gold standard” commercial assay used 

to monitor HCMV in Australian transplant recipients. The commercial assay detected HCMV DNA in 

a few more RTR than my qPCR assay, but I detected HCMV in two samples that were missed by the 

commercial assay – this may either reflect the presence of viral variants differentially detected by 

the two assays or by using different sample types. Detection of HCMV DNA by either system was 

associated with HCMV-reactive antibody levels, HCMV-specific T-cells and inferior indices of 

cardiovascular health. I conclude that HCMV DNA detected in saliva associated with systemic 

responses similar to the detection of HCMV DNA in blood products, so saliva was suitable to utilise 

in my sequencing studies.  

In chapter 4, I investigated whether HCMV-encoded miRNAs could be detected in saliva 

samples. For the first time in humans, I demonstrated that HCMV-encoded miRNAs can be detected 

in saliva, with HCMV-miR-US5-2-3p more commonly detected than other miRNAs analysed. The 

presence of HCMV miRNAs associated with T-cell responses to IE-1 suggesting they may be linked 

with frequent reactivations.  Notably, HCMV-encoded miRNA was detected in a seronegative 

individual discussed in detail in chapter 9. This suggests that detection of HCMV-encoded miRNA 

may reveal virus that is seemingly hiding from the immune system. Future studies utilising 

longitudinal cohorts would be useful to determine how long HCMV-encoded miRNAs remain 

detectable and which immunological footprints of the virus associate with their presence.  
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With these insights into the replication of HCMV in different body compartments, I wanted 

to characterise genetic variants of HCMV and understand how they may vary geographically and in 

different patient groups.   

In chapters 5-8, I targeted genes that were homologs of host genes likely to influence the 

host’s response to HCMV. The 4 gene explored were vastly different from each other in terms of 

function and where they are situated within the HCMV genome. Therefore, the genes have been 

analysed and discussed separately.  

First, I developed a method that allowed reliable deep sequencing to be applied directly to 

clinical samples without the use of cell culture. My method can detect variants that make up to as 

little as 10% of a mixed infection. I targeted US28, UL111a, UL18 and UL40 for analysis. The 

sequencing revealed that mixed infections were highly prevalent in adults. Across these 4 genes, 

>90% of samples had more than one variant detected, which was defined by the presence of at least 

one nonsynonymous change. Haplotype analyses of US28, UL111a and UL18 predicted variants 

typically carried together in each gene. These predictions suggest that these haplotypes may 

circulate with stable variants being maintained when the virus is transmitted.  The presence of two 

haplotypes implies re-infection without clearance of the first virus. This has potential to create 

different immunologic footprints of the virus. Specific instances are described below. 

Distinct variants in US28 (eg: N170D in PWH and R267K in RTR) associated with systemic 

responses to HCMV. Molecular modelling of nonsynonymous variants suggested differential effects 

on US28 binding to human chemokines and HIV gp120.  The findings suggest that US28 variants may 

affect immune responses to HCMV and the replication of HIV. 

In my studies of UL111a, RTR carrying HCMV with the D41N and P122S variants had higher 

HCMV T-cell responses and Vδ2-γδ T-cells or decreased HCMV-reactive antibody levels and inferior 

vascular health, respectively. L174F associated with HCMV-reactive antibody responses in both RTR 

and PWH. The results suggest that variants may influence immunomodulatory functions elicited by 

cmvIL-10. This will be explored in future studies discussed in the second half of this chapter.  

UL18 was the most variable gene sequenced, with many variants associating with altered 

HCMV-reactive antibody levels, T-cell responses and populations, and biomarkers of inflammation. 

Notably, S318N was associated with altered HCMV-reactive antibody levels in PWH over several 

time points within the first 12 months on ART. The data suggests that UL18 variants may influence 

interactions between UL18 and LIR-1 influencing T-cell and NK cell responses to the virus.  
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The UL40 leader peptide was examined in RTR and healthy controls. While we describe 

several novel sequences of the HLA-E binding peptide of HCMV UL40, we found no evidence that 

the variants are influenced by geography, ethnicity or patient groups. We also found no links 

between UL40 variants and deletion in the gene encoding the NK receptor, NKG2C or HLA-A and 

HLA-C genotypes.  

Lastly, in chapter 9, I explored the detection of HCMV metrics in individuals who are HCMV 

seronegative. In seven cases (including both RTRs and healthy controls), HCMV was detected in the 

form of HCMV DNA or HCMV-encoded viral IL-10. One seronegative individual who had detectable 

HCMV DNA in saliva also had an expanded population of “HCMV-induced” NK-cells (lacking FcRγ). 

The healthy controls who had detectable vIL-10 in their plasma, retained detectable levels over 

several years. For one individual, I was able to access 4 plasma samples over a 15-year period and 

vIL-10 was detectable at every time point. These findings suggest there may be mechanisms that 

prevent some individuals from HCMV seroconverting despite lifetime persistence of the virus. This 

is vital information because HCMV seronegative individuals are the primary target for HCMV vaccine 

trials.  

Overall, the sequencing data demonstrates that HCMV has a highly complex order of genetic 

variations where mixed-variant samples are common. These variants were only revealed by applying 

deep sequencing technologies directly to clinical samples. Our analyses suggest that the variants 

identified may be carried together and haplotypes can influence the immunological footprint of 

HCMV.  
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10.2 Future Studies: 

The following pages describe several studies designed to exploit the insights gained from my work. 

I begin with studies needed to confirm and validate the findings described in chapters 3 and 4. 

 

Does the detection of HCMV DNA in saliva associate with systemic metrics of HCMV in other 

countries and/ or patient groups? 

It would be useful to confirm that HCMV DNA detected in saliva associates with systemic infections 

and is comparable to plasma in other populations across the world. Saliva could then become a 

clinical sample of choice when looking for post-transplant infections, especially in symptomatic 

HCMV cases where DNA cannot be detected in plasma. The detection of HCMV in clinical settings 

could be standardized from neonates- adults across health care. 

 

Can HCMV-encoded miRNAs be detected in other cohorts? 

The detection of HCMV-encoded miRNAs should be explored in other cohorts with higher 

numbers of participants. Increasing the number of participants analysed would give better 

understanding of what their presence signifies in a clinical setting. The inclusion of longitudinal 

cohorts could give some insight into how readily HCMV-encoded miRNAs can be detected over time.  

 

HCMV deep sequencing methods should be applied directly to clinical specimens in cohorts across 

the world.  

Chapters 5-8 presents novel data acquired from a sequencing method that is unbiased by 

cell culture or single depth sequencing (i.e. Sanger). To the best of my knowledge, HCMV sequences 

derived from a comparable method have only been produced by one other group in the world [1]. 

This study focused on understanding recombination of HCMV and did not make any associations 

with HCMV immunology or patient outcome. The approach here demonstrates that meaningful 

variations can be found by targeting genes involved in immunomodulation. Furthermore, the 

methods described are relatively cost-effective which I hope encourages HCMV researchers across 

the world to employ deep-sequencing technologies on clinical samples within their laboratory.  
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Future studies could gain a better understanding of the impact variants in US28, UL111a and 

UL18 on the pathogenesis of the virus. However, for this section I am going to focus of the future 

directions for the UL111a findings. In my personal view, further studies on UL111a would make a 

promising grant or fellowship application. 

 

A proposal for further studies on UL111a and cmvIL-10 

I propose the following objectives:  

1) To characterise and determine the frequency of cmvIL-10 detection and levels in plasma 

from healthy and patient populations.  

2) To understand how variants of the UL111a protein and gene detected in clinical samples 

modulate immune responses. 

3) To examine how these interactions may impact on health and disease. 

These objectives will require additional sample sets beyond those described in this thesis. I propose 

that a validation cohort of health older adults will be recruited (n=200). I am now arranging access 

to samples from a case-control cohort of Australian PWH who experienced a CVD event, via 

collaboration with Dr Anna Hearps (Monash University, Melbourne).  

To address the first objective proposed, I have optimised methods to detect cmvIL-10 and anti-

cmvIL-10-IgG using immunosorbent assays. Preliminary checks reveal that our assays do not cross-

react with human IL-10 or ebvIL-10, and can easily quantitate total amount of cmvIL-10 in a plasma 

sample. However western blots should be employed to quantify full-length and truncated cmvIL-10 

(LAcmvIL-10) in the samples [2], as these possess different biological activities. For example; the lack 

of HCMV seroconversion in individuals with detectable or undetectable cmvIL-10 will be associated 

with differences in quantifiable cellular markers.  

I will then address the possibility that host genetics may alter IL-10R1 signalling triggered by cmvIL-

10 via SNPs rs3135932 and rs2229113 [3].  My co-supervisor Dr Silvia Lee has demonstrated that in 

patients infected with hepatitis C, the frequency of the variants of rs3135932 and rs2229113 was 

higher in individuals who remained HCMV seronegative (unpublished data). Hence, samples from 

all donors will be genotyped by Taqman assay for rs3135932 and rs2229113. IL-10R genotypes 

and detection of cmvIL-10 in plasma will be aligned with established phenotypic and functional 

assays assessing T-cell responses to HCMV, as outlined in several chapters in this thesis.  
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Additionally IL-10R expression and STAT3 phosphorylation (using antibodies against phospho-

STAT3) can be assessed on T-cells using flow cytometry. To assess signalling through IL-10R, T-cells 

will be stimulated with hIL-10, cmvIL-10 or LAcmvIL-10 with and without a neutralising antibody to 

IL-10R1, with STAT3 phosphorylation determined as above and confirmed using western blot 

analyses. 

The third objective will be explored using human fibroblasts, arterial endothelial, and vascular 

smooth muscle cells provided by my co-supervisor A/Prof Bing Wang. Prior to any experiments, IL-

10R1 expression will be verified by flow cytometry to determined basal levels. Cells will be 

stimulated with recombinant hIL-10 or recombinant HCMV vIL-10 as described above. STAT3 

phosphorylation, levels of soluble proteins (e.g. CXCL12) and gene expression will be assessed. 

Furthermore, production of miR-29 will also be quantified. LAcmvIL-10 increases production of hIL-

10 and CCL8 from latently infected myeloid cells by downregulating miR-92a [4]. The results will 

provide insight on how cmvIL-10 may modulate the functions of cells involved in atherosclerosis.  

The cohorts recruited will also be screened in blood and saliva for the presence of HCMV DNA. In 

positive samples, UL111a will be sequenced using the methods described in chapters 6.  Starting 

from the crystal structure of cmvIL-10 bound to human IL-10R, the interaction of UL111A variants 

with wildtype IL-10R and IL-10R carrying the rs3135932 SNP will be determined by alchemical 

perturbation – a computationally intensive, but highly accurate means of evaluating the effect of 

introducing mutations [5]. This analysis will be achieved via collaboration with Dr Mark Agostino, an 

author on the publication in chapter 5 who performed modelling with US28. Variant combinations 

predicted to have high or minimal binding would be selected for in vitro analyses. 

To determine the functions of different variants in vitro, different mutations will be introduced into 

the UL111A gene by en passant mutagenesis [6, 7]. MRC5 fibroblast cells will be transfected with 

the wild-type and mutant virus by electroporation, and the reconstituted recombinant viruses will 

be collected when virus-associated cytopathic effects reach 100%. Purified monocytes from donors 

carrying the wild-type alleles of rs3135932 and rs2229113 will be stimulated with LPS in the 

presence or absence of wildtype and recombinant mutant viruses. The effects on: 1) production of 

proinflammatory cytokines will be assessed by ELISA, 2) HLA-DR expression will be assessed by flow 

cytometry, and 3) STAT3 activation will be assessed by flow cytometry and confirmed by western 

blot. Endothelial and smooth muscle cells will also be stimulated with wildtype and recombinant 

mutant viruses and STAT3 phosphorylation, levels of soluble proteins (e.g. CXCL12) and miR-92a 
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production would be determined. The results from these experiments will provide insight into the 

biological effects of the UL111a variants identified in clinical samples.  

The short-term goal of this work would be to elucidate how UL111a and its variants interact with 

the host immune system. The long-term goal is to identify novel UL111A variants with 

immunological and clinical impact and to apply this knowledge for preventative and therapeutic 

vaccine design.  
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A B S T R A C T

Renal transplant recipients (RTR) display high burdens of cytomegalovirus (CMV) and accelerated cardiovas-
cular change. NK cells can control CMV and may contribute to vascular pathologies. Polymorphisms in genes
encoding the inhibitory receptor LILRB1 and its ligand HLA-G, and the activating receptor NKG2C may illu-
minate the role of NK cells in vascular health and CMV immunity.

We assessed 81 healthy adults and 82 RTR>2 years after transplantation. RTR had higher humoral and T-
cell responses to CMV, and impaired vascular health. A 14bp indel in HLA-G associated with increased flow-
mediated dilatation of the brachial artery. The T allele of LILRB1 rs1061680 associated with increased carotid
intimal media thickness (cIMT) in RTR and controls. A 16 kb deletion encompassing the NKG2C gene associated
with lower cIMT values and higher humoral and T-cell responses to CMV. Hence all polymorphisms tested had
small but discernable effects on vascular health. The NKG2C deletion may act via CMV.

1. Introduction

Infections with cytomegalovirus (CMV) are very common – indeed
40–90% of all adults are CMV seropositive [1]. Most infections are
asymptomatic in healthy individuals, but the virus becomes latent and
persists with periodic reactivations generating immune activation and
accelerated T-cell differentiation [2]. CMV is also implicated in the
progression of several diseases of aging. Evidence linking persistent
CMV with vasculopathy includes CMV-DNA in tissues removed during
surgery for abdominal aortic aneurysm [3]. High CMV antibody titres
are linked with increased blood pressure in young men [4] and cor-
onary artery disease requiring surgery [5]. Proposed mechanisms in-
clude direct effects of proteins encoded by CMV, such as HCMV US28 –
a chemokine receptor homologue that mediates monocyte attachment
to endothelial cells [6].

In the absence of anti-viral prophylaxis, symptomatic CMV infec-
tions occur in 20–60% of all transplant recipients and are associated
with an increased risk of graft rejection, CMV end organ disease, car-
diovascular disease and opportunistic infections [7]. We have

demonstrated elevated levels of CMV antibody in renal transplant re-
cipients (RTR) stable more than 2 years after transplantation, sug-
gesting a high persistent viral burden [8].

Natural killer (NK) cells can control CMV infections in the absence
of T-cells. Direct evidence includes a child with a congenital T-cell
deficiency who recovered from CMV disease without antiviral therapy
and displayed increased populations of NK cells [9]. Hence poly-
morphisms in genes encoding NK cell receptors may influence an in-
dividual’s burden of CMV. In addition, NK cells may contribute to
vascular pathologies. Patients with coronary artery disease had low
numbers of circulating NK cells [10] and impaired NK cell cytotoxic
activity [11] compared with healthy controls. NK cell function has also
been associated with atherosclerosis in mice. Immunohistochemistry
revealed NK cells in atherosclerotic lesions of Ly49A transgenic mice
and non-transgenic littermates. Atherosclerosis was reduced in mice
with a functional NK cell deficiency [12]. If NK cells are indeed im-
portant players in cardiovascular disease, then one may expect genetic
polymorphisms affecting NK function to have an impact. Here we
consider three candidate polymorphisms known to affect expression or
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function of the encoded protein.
Leukocyte immunoglobulin-like receptor 1 (LILRB1, CD85j/ILT2;

encoded by LILRB1) is an NK cell inhibitory receptor that is rapidly
induced during CMV infections. LILRB1 can interact with major histo-
compatibility complex class I (MHC-I) proteins or their homologues
(most potently human leucocyte antigen (HLA)-G [13] or CMV-encoded
UL18) to inhibit NK cell cytotoxicity [14]. A non-synonymous single
nucleotide polymorphism (SNP) in LILRB1 (rs1061680) is associated
with low nadir CD4 T-cell counts and CMV disease in Caucasian HIV
patients [15].

HLA-G is a non-classical HLA class Ib molecule with limited varia-
bility generated by alternative splicing. A 14-base pair deletion in exon
8 of the 3′ untranslated region of HLA-G can influence levels of soluble
HLA-G in plasma [16], as it reduces mRNA stability [17]. The 14 bp
deletion is more common in RTR with active CMV infections (CMV
DNA, pp65 antigenemia or IgM) when compared with recipients stable
on therapy, but the allele was also associated with resistance to acute
rejection [18].

NKG2 molecules belong to the C-type lectin superfamily involved in
regulation of NK cell responses. NKG2C interacts with HLA-E to activate
NK cellular cytotoxicity. Latent CMV infections are associated with NK
cell populations with increased expression of NKG2C without the in-
hibitory receptor NKG2A [19]. Heterozygous and homozygous carriage
of a 16-kb deletion in NKG2C reduces NKG2C expression on NK cells
[20]. In healthy blood donors, the deletion affected T-cell and NK cell
profiles but did not alter T-cell responses to CMV antigens (IE-1, IE-2
and pp65) [21]. In contrast to this, Gambian children with the
NKG2C−/− genotype had higher CMV antibody levels when compared
with NKG2C+/+ children, but the difference was not apparent in
healthy adults from the same community [22].

The importance of NKG2C and LILRB1/HLA-G in the relationship
between CMV and its host is underscored by evidence that NK cell
expression of LILRB1 is an early marker of CMV replication in trans-
plant recipients [23]. In addition, increased expression of LILRB1 on NK
and T cells has been associated with atherosclerosis [24]. CMV also
induces NK cells to express NKG2C [25], and expansions of the
NKG2C+ NK cell subset have been associated with unstable carotid
atherosclerotic plaques in CMV-seropositive patients [26].

Here we studied polymorphisms in LILRB1, HLA-G, NKG2C to illu-
minate the importance of NK cells as determinants of vascular health
and the burden of CMV. Assessments included flow mediated dilatation
(FMD) which measures the capacity of a larger conduit artery to dilate
in responses to increased shear stress via endothelial dependent and
independent mechanisms. Endothelial dependent FMD is regulated by
nitric oxide bio-availability which is central to the regulation of re-
novascular function [27]. Carotid intimal media thickness (cIMT) is a
measurement of the thickness of the inner layer (intima) of the carotid
artery and is a marker of subclinical atherosclerosis [28]. We studied a
well-characterized cohort of RTR as we have documented their high
burden of CMV in relation to healthy older adults.

2. Materials and methods

2.1. Study cohort

Renal transplant recipients (n=82) were recruited from renal
clinics at Royal Perth Hospital (Western Australia) and 81 healthy aged-
matched controls were recruited from staff and through local adver-
tisements. All RTR were clinically stable> 2 years post-transplant, had
no CMV disease or reactivation within 6months of sample collection
and were not taking anti-viral treatment. RTR infected with hepatitis B
or C were excluded from the study. Cardiovascular data (cIMT, plaques
and FMD) were assessed by ultrasonography [8]. Ethics approval was
provided by Royal Perth Hospital and Curtin University (HR16/2015)
and participants provided written informed consent.

2.2. Assessments of the burden of CMV

Plasma and buffy coats were stored at −80 °C. Peripheral blood
mononuclear cells (PBMC) were isolated by Ficoll density centrifuga-
tion and cryopreserved in liquid nitrogen. Plasma CMV IgG antibody
titres were evaluated using an in-house ELISA assay utilising a lysate of
CMV-infected fibroblasts or recombinant CMV gB or IE-1 antigens [8].
Plasma CMV DNA was detected using the Abbot Molecular assay (Abbot
Laboratories, Chicago, IL) in the Department of Microbiology (Royal
Perth Hospital). Cryopreserved PBMC were used to assess T-cell re-
sponses to a lysate of CMV-infected fibroblasts, pp65 [29] and IE-1
antigens (JPT Peptide Technologies; Berlin, Germany) via ELISPOT
assays.

2.3. DNA Extraction and genotyping

DNA was extracted from EDTA buffy coat samples using FavorPrep
Blood Genomic DNA Extraction Mini Kits (Favorgen, Ping-Tung,
Taiwan) and stored at −80 °C. Samples were diluted to 20 ng DNA/µl
for use. A Taqman assay (Applied Biosystems, Foster City, CA) was used
to identify LILRB1 rs1061680. A 16 kb deletion in exon 6 of NKG2C
[30] was detected by PCR amplification [96 °C for 5min followed by 35
cycles of 96 °C for 30 s, 57 °C for 30 s and 72 °C for 40 s]. Amplicons
were separated on 1% agarose gels in 0.5× TBE buffer. Genotypes are
denoted NKG2C+/+, NKG2C+/− and NKG2C−/−. A 14 bp deletion in
HLA-G [31] was identified by PCR amplification [95 °C for 5min fol-
lowed by 35 cycles of 95 °C for 20 s, 60 °C for 30 s and 72 °C for 30 s].
Amplicons were separated on 3% agarose gels in 0.5× TBE buffer.
Genotypes are denoted 14 bp+/+, 14 bp+/− and 14 bp−/−.

2.4. Statistical analyses

Mann-Whitney and Fisher’s exact tests utilized GraphPad Prism
version 6 for Windows (Graphpad Software, La Jolla CA).

3. Results and discussion

3.1. Controls and RTR were matched demographically and displayed
similar genotype frequencies

Eighty-two RTR and 81 healthy controls were screened for known
polymorphisms in the HLA-G, LILRB1 and NKG2C genes, cardiovascular
health and CMV-reactive antibodies. There were no significant differ-
ences in gender or ethnicity between the healthy controls and RTR, and
the RTR were only marginally older than the controls (Table 1).

RTR had lower FMD values (p < 0.0001), a higher incidence of
plaques (p=0.003) and higher antibody responses to CMV lysate, gB
and IE-1 (p < 0.0001, p < 0.0001, p=0.02 respectively) compared
to healthy participants. cIMT values did not differ between RTR and
healthy participants. There were no significant differences in the fre-
quencies of any polymorphisms between RTR and healthy controls
when assessed by individual genotypes or carriage of the minor allele or
deletion (Table 1). Neither CMV sero-negativity (RTR, n= 13; controls,
n= 32) nor ethnicity partitioned with genotype for any of the poly-
morphisms tested (data not shown). When seronegative individuals
were excluded from analyses, the trends were not affected, so data from
all individuals are presented.

CMV DNA was assessed in plasma samples from 77 RTR and 10
controls. Just 16 samples (all from RTR) contained CMV DNA. Of these
only 7 had over 20 copies/mL – the remainder were reported as having
low but detectable DNA. Hence analyses of the effects of genotype on
the detection of CMV DNA lacked statistical power and are not re-
ported.
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3.2. HLA-G polymorphism may affect vascular health in RTR

The 14 bp+/+ genotype is less prevalent than 14 bp−/− in these
cohorts, as in our study of Caucasian and African American HIV patients
[15]. RTR with the 14 bp+/− HLA-G genotype presented with higher
FMD values (Fig. 1A, p=0.04), suggesting more elastic arteries than in
RTR with the 14 bp−/− genotype. FMD values were not elevated in
individuals with 14 bp+/+, but there were only 9 RTR with this gen-
otype. In accordance with the FMD data, RTR with the 14 bp+/−

genotype had marginally lower cIMT values (Fig. 1B, p=0.096) sug-
gesting a lower risk of subclinical atherosclerosis [28]. This supports a
link between NK cell activity and atherosclerosis.

We found no associations between alleles of the HLA-G indel and
measures of CMV (T-cells or antibody). This is illustrated using CMV
lysate antibody in Supplementary Fig. 1. We also found no association
with CMV seropositivity per se (14 bp+/+ and 14 bp+/− vs 14 bp−/−,
p= 1.0), but cannot rule out an effect on CMV replication as Jin et al.
[19] linked carriage of the 14 bp deletion in RTR with CMV pp65 an-
tigenemia, DNA or IgM within 6months of transplantation.

3.3. LILRB1 SNP creates a paradox when comparing FMD and cIMT in
RTR

RTR carrying the T allele of LILRB1 rs1061680 had elevated FMD
(Fig. 1C, TT vs TC, p=0.03). This is illustrated in Fig. 1C showing that
TT homozygotes had the highest FMD values. Accordingly, TT

homozygotes carriers had less cardiac events (TT vs TC, p=0.047, data
not shown). However this group also had the highest cIMT values
(Fig. 1D). This paradox was not evident in healthy controls where
carriage of the T allele was associated with elevated cIMT (Fig. 1F, TT
vs CC, p= 0.009 and TC vs CC, p=0.004) and marginally lower FMD
(Fig. 1E, p=0.2, p= 0.1, resp.).

We considered the possibility that the discrepancy between RTR and
controls may reflect the greater burden of CMV in the RTR. However
there were no associations between LILRB1 rs1061680 alleles and CMV
lysate antibodies (Supplementary Fig. 1) or other measures of CMV
burden described in Table 1 (data not shown). We previously linked the
C allele with CMV disease in Caucasian HIV patients, but aligned the
finding with very low nadir CD4 T-cell counts [15], so we have no
evidence of a direct effect on the control of CMV. Accordingly it is
possible that the vascular changes seen here reflect other risk factors.

3.4. Expression of NKG2C may affect vascular health and this may be
exacerbated by CMV infections

Heterozygosity for the 16-kb deletion reduces surface expression of
NKG2C [30] including that induced by CMV [25]. The NKG2C−/−

genotype was rare (RTR n=5, controls n=6), precluding statistical
analyses of these individuals. However, compared with NKG2C+/−

genotype, RTR with NKG2C+/+ genotype had higher cIMT (Fig. 1G,
p=0.007), lower T-cell responses to CMV IE-1 (Fig. 1H, p=0.02),
lower levels of CMV gB antibodies (Fig. 1I, p= 0.04) and marginally
lower levels of CMV lysate antibody (Supplementary Fig. 1, p= 0.07).
This aligns the better cardiovascular health of NKG2C+/− individuals
with high adaptive responses to CMV. We can interpret this data in two
ways. The first is that cardiovascular health is improved in the
NKG2C+/− group due to the decreased expression of NKG2C. Expres-
sion of NKG2C has been linked with unstable carotid atherosclerotic
plaques [26]. Secondly low cIMT values may reflect better control of
intermittent CMV replication by B and T-cells. When NK function is
impaired by the NKG2C deletion, it is plausible that this drives B and T-
cell responses to compensate for the decreased NK cytotoxicity. Al-
though the NKG2C deletion did not affect CMV-specific T-cell responses
in healthy adults here (Supplementary Fig. 2E) or in a previous study
[21], it is plausible that it might do so in individuals with a high burden
of CMV – such as RTR.

This study utilized bivariate analyses to identify NK cell related
genetic polymorphisms with potential to influence cardiovascular
health and the burden of CMV in RTR. A cohort of healthy controls was
included as a comparator. The genotypic associations identified here
will be assessed, together with plasma markers of the CMV replication
and inflammation, in multivariable analyses predicting FMD and cIMT.

4. Conclusions

In conclusion, we provide preliminary evidence that LILRB1/HLA-G
pathways may impact upon cardiovascular health, but the poly-
morphisms tested did not impact upon the burden of CMV as assessed
by adaptive immune responses to CMV antigens. In contrast, the 16 kb
deletion in NKG2C known to affect expression of this ligand increased
adaptive responses to CMV and associated with cardiovascular health as
assessed by cIMT in RTR. Larger prospective studies are needed to ex-
plore the effect of the NKG2C deletion on adaptive immune responses to
CMV and other viruses with a potential to affect vascular health.
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Table 1
Comparison of demographics, cardiovascular measures, CMV measures and genotype
frequencies between RTR and health controls.

RTR Control P-valuea

n 82 81

Demographic measures
Age (years) 57 (31–76) 54 (21–86) 0.07
Male/Female 46/36 37/43 0.27
Caucasian/Asian 69/8 71/9 1.00

Cardiovascular measures
FMD 3.9 (0–15.8) 7.9 (1.4–18) < 0.0001
Average cIMT (mm) 0.66 (0.44–1.31) 0.64 (0.43–0.93) 0.15
Plaques Yes=10, No=63 Yes= 1, No=80 0.003
Cardiac event Yes=30, No=46 None reported

Measures of the burden of CMV
CMV Seropositive 69 (84%) 49 (60%)
CMV Seronegative 13 (16%) 32 (40%)
CMV lysate antibodies 605 (0–7611) 56 (0–1496) < 0.0001
gB antibodies 246 (0–2932) 56 (0–401) < 0.0001
IE-1 antibodies 96 (5–4775) 63 (9–1565) 0.02
CMV lysate T-cellsb 45 (0–1207) 23 (0–1938) 0.55
pp65 T-cellsb 147 (0–1490) 26 (0–1880) 0.21
IE-1 T-cellsb 25 (0–593.5) 4.5 (0–1304) 0.07

Genotypes linked to NK function
HLA-G
14 bp+/+ 12 13 1.0d

14 bp+/− 44 45 1.0c

14 bp−/− 26 22 1.0

LILRB1
TT 42 45 1.0
TC 33 28 0.51
CC 7 8 0.77

NKG2C
NKG2C+/+ 48 51 1.0
NKG2C+/− 28 24 0.61
NKG2C−/− 5 6 0.74

a Mann Whitney or Fishers Exact tests.
b T-cell responses (γ-interferon production) are reported as spot forming units per

200,000 cells.
c Compared the homozygote wildtype (WT) with the heterozygotes.
d Compared the homozygote wildtype with the homozygote deletions (Del).
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Factors affecting affect cardiovascular 
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Abstract 

Background: We present a small longitudinal study of how demographic factors and persistent burdens of HIV 
and cytomegalovirus (CMV) influence cardiovascular health in young adults beginning ART in an inner-city clinic in 
Jakarta, Indonesia.

Methods: ART-naïve HIV patients [n = 67; aged 31 (19 to 48) years] were enrolled in the JakCCANDO Project. Echo-
cardiography and carotid Doppler ultrasonography were performed before ART (V0) and after 3, 6, and 12 months 
(V3–12). Antibodies reactive with CMV lysate or IE-1 protein were assessed at each timepoint and CMV DNA was 
identified at V0.

Results: Markers of adverse cardiovascular prognosis [left ventricular mass index, ejection fraction and carotid intimal 
media thickness (cIMT)] were similar to healthy controls, but increased at V12. Internal diameters of the carotid arter-
ies and systolic blood pressure correlated with HIV disease severity at V0, but cardiac parameters and cIMT did not. 
E/A ratios (left ventricular diastolic function) were lower in patients with CMV DNA at V0, but this effect waned by V6. 
Levels of antibody reactive with CMV IE-1 correlated inversely with CD4 T cell counts at V0, and levels at V6–V12 cor-
related directly with the right cIMT.

Conclusions: Overall the severity of HIV disease and the response to ART have only subtle effects on cardiovascu-
lar health in this young Asian population. CMV replication before ART may have a transient effect on cardiac health, 
whilst antibody reactive with CMV IE-1 may mark a high persistent CMV burden with cumulative effects on the carotid 
artery.

Keywords: Anti-retroviral therapy, Cardiovascular disease, Cytomegalovirus, HIV
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Introduction
Several studies have demonstrated accelerated age-
related syndromes, such as vasculopathy, in HIV patients 
assessed in “western” settings. Most have addressed 
patients over 40 years of age, with consideration to tradi-
tional risk factors such as smoking, diet and exercise. In 
this context, the consensus view ascribes vascular pathol-
ogy to systemic inflammation in untreated patients, 
where this declines on antiretroviral therapy (ART) 

and metabolic factors become dominant [1–3]. Car-
diac parameters are less well studied, but Caucasian and 
African American patients receiving ART had a higher 
prevalence of diastolic dysfunction and higher left ven-
tricular mass indices (LVMI) than healthy controls. 
These differences were not readily explained by differ-
ences in traditional risk factors and were independently 
associated with HIV infection [4, 5]. However, ART 
changes patterns of cardiac dysfunction from myocar-
ditis [caused by HIV itself or opportunistic infections 
including cytomegalovirus (CMV)] to syndromes medi-
ated by autoimmunity and antiretroviral drug toxicities 
[6]. Hence cardiovascular risk in HIV patients on ART is 
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more effectively predicted by the D:A:D algorithm based 
on Framingham scores and critical anti-retroviral drugs, 
than by Framingham scores alone [7]. Simulated inter-
ventions applied to an Asian population found smoking 
cessation had the greatest potential impact on 5-year pre-
dicted risks of cardiovascular disease, approximating the 
effect of switching from abacavir to an alternate antiret-
roviral drug [8]. However abacavir is now used sparingly 
and the standard regimes cause minimal cardiovascular 
toxicity [9].

Several studies link a high burden of CMV with accel-
erated T-cell differentiation and cardiovascular disease 
in HIV patients stable on ART (e.g. [10]). One study 
showed that CMV prophylaxis can reduce immune acti-
vation [11], and may thus reduce vascular inflammation. 
Our study of Caucasian Australian patients stable after 
more than 2 years on ART correlated levels of antibody 
reactive with a lysate of CMV-infected fibroblasts with 
D:A:D scores [12]. However, studies of the younger HIV 
patients who predominate in Asian cohorts are rare, and 
the roles of persistent opportunistic infections (includ-
ing CMV and tuberculosis; [6]) remain unclear. Here 
we address the effect of CMV and ART directly through 
standard measures of cardiovascular function applied 
to young adult patients beginning treatment with mod-
erately advanced HIV disease in an inner city clinic in 
Jakarta, Indonesia. Patients from this clinic have high 
titres of antibody reactive with CMV [13] and many have 
tuberculosis.

Materials and methods
Study population
The JakCCANDO Project is a comprehensive survey of 
clinical and immunological responses to ART under-
taken in the outpatient clinic of Cipto Mangunkusumo 
Hospital (Jakarta, Indonesia). We enrolled 82 ART-naïve 
HIV patients in 2013–2014 with <200 CD4 T-cells/µl. 
The study was approved by Universitas Indonesia, Cipto 
Mangunkusumo Hospital and Curtin University ethics 
committees. Written consent was obtained from each 
subject. Examinations were performed before ART initia-
tion (V0) and at months 3, 6 and 12 (V3, V6, V12). Sub-
jects were also tested for pulmonary tuberculosis (chest 
X-ray and sputum acid bacilli smear) at V0. Plasma HIV 
RNA loads were determined using AmpliPrep/COBAS® 
 TaqMan® HIV-1 Tests (version 2.0) and CD4 T-cell 
counts were determined using standard flow cytometric 
techniques.

Cardiovascular assessments
Echocardiography and vascular Doppler examinations 
used an ESAOTE ultrasonography unit (Genova, Italy), 
with a LA522E ultrasound probe to evaluate the carotid 

artery and a PA230E probe to evaluate the heart. For car-
diac examinations, the probe was positioned on the chest 
wall to gain B-mode and M-mode views. Parameters 
recorded included the Ejection Fraction (EF; the percent-
age of blood leaving the heart at each contraction) and 
the E/A ratio [ratio of the early (E) to late (A) ventricu-
lar filling velocities marking the ability of the left ventri-
cle to fill between contractions]. LVMI were calculated 
using the Devereux formula [14] incorporating diastolic 
measurements of the left ventricular internal diameter 
(LVID), interventricular septal thickness (IVST) and pos-
terior wall thickness (PWT): LVMI (g/m2) =  (1.04 [(IV
ST +  LVID +  PWT)3 −  LVID3] −  14)/height squared. 
Carotid Doppler sonography was used to evaluate arte-
rial circulation using B-mode, color flow and velocity 
measurements. The outcome is expressed as carotid inti-
mal medial thickness (cIMT) and as the internal diameter 
of the common carotid artery measured at the same site 
when the artery was in the diastolic phase. Blood pres-
sure (BP) was recorded with the subject lying down. All 
assessments were made by a single qualified operator 
(B.K.).

Quantitation of the burden of CMV
CMV-reactive CMV IgG was quantified using 96-well 
plates coated with a lysate of human foreskin fibroblasts 
(HFF) infected with CMV strain AD169, or with CMV 
IE-1 (immediate early 1) prepared in E. coli (Miltenyi 
Biotech; Cologne, Germany). CMV-reactive antibodies 
were quantitated relative to a standard assigned a value of 
1000 arbitrary units (AU). To detect CMV DNA, primer 
and probe sequences targeting the UL54 gene (kindly 
shared by Andrew Davison, University of Glasgow) were 
optimized using DNA extracted from HFF infected with 
CMV AD169, diluted in a tenfold series to generate a 
standard curve. Total DNA was extracted from blood 
neutrophils with QIAmp DNA Blood Mini kits (Qiagen, 
Hilden, Germany). Reactions were performed in a total 
volume of 20 µl containing 10 µl Universal PCR Master 
mix with ROX reference dye and uracil N′-glycosylase 
(Applied Biosystems, Foster City, CA), 0.8  µl 10  µM 
primers, 0.6  µl 5  µM TaqMan probe and 5  µl DNA. 
Cycling conditions were 2 min at 50 °C, 10 min at 95 °C, 
40 cycles of 15 s at 95 °C and 60 s at 60 °C. Results were 
normalized against the single-copy housekeeping gene 
β2-microglobulin [15].

Statistical analyses
Clinical and laboratory variables were assessed using 
non-parametric statistics as many failed the D’Agostino 
and Pearson omnibus normality test at some or all time 
points. This included Wilcoxon and Mann–Whitney tests 
for group wise comparisons (paired and unpaired data, 
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resp.), and Spearman’s correlations (GraphPad Prism ver-
sion 6.0 for Mac OS, La Jolla, CA). Comparisons achiev-
ing p  <  0.05 are interpreted as significant differences, 
but p < 0.10 is noted when part of a consistent pattern. 
Bonferroni corrections were not made as the study is pri-
marily descriptive and will require replication in an inde-
pendent cohort.

Results
Study patients were drawn from the 82 individuals 
enrolled in the JakCCANDO cohort. By V12, six had 
died, four had withdrawn from ART, two were pregnant 
and six were lost to follow up. Data are presented for 
the 46 male and 21 female patients [median (range) age 
31 (19 to 48) years], who provided at least one follow-
up assessment of vascular health (carotid diameter and 
cIMT) and cardiac function (E/A ratio, EF, LVMI) (see 
Table  1). All JakCCANDO patients received triple ther-
apy including lamivudine, zidovudine, nevirapine, stavu-
dine, efavirenz and/or tenofovir. None were prescribed 
abacavir, so the drugs administered have no confirmed 

association with vascular pathology [8]. Healthy con-
trols (7 males, 4 females) aged 30 (22 to 38) years were 
assessed once, and data were compared with published 
endpoints used in clinical care.

cIMT values and vessel diameters displayed direct cor-
relations between the right and left arteries (r = 0.39 to 
0.59, p =  0.002 to <0.0001), but the right and left were 
not identical at any timepoint and were significantly dif-
ferent at V12 (cIMT, p  =  0.01; diameter, p  =  0.0005). 
Hence both are presented. Factors affecting cardiovascu-
lar outcomes are discussed below.

Gender and age
Male and female patients were similar in age, BMI and 
HIV RNA levels (data not shown), but female patients 
had slightly slower recovery on ART evidenced by lower 
CD4 T-cell counts at V6 [134 (36 to 339) vs 208 (6 to 516) 
cells/µl, p = 0.016]. Male and female patients did not dif-
fer in cIMT at any time, but males had slightly higher 
diameters of their carotid arteries. This was clearest at V0 
and V12 (p = 0.08 to 0.008). Males had slightly lower EF 
values than females. This was marginal at V6 (p = 0.11) 
and significant at V12 [0.67 (0.50 to 0.79) vs 0.72 (0.65 
to 0.78), p =  0.05]. LVMI values were slightly higher in 
males, with a significant difference at V0 [98 (30 to 177) 

vs 83 (51 to 129), p = 0.03] diminishing by V3 (p = 0.10), 
and not evident thereafter. As these differences were 
small and in accord with general practise, data from 
males and females were pooled unless otherwise noted.

Table 1 Cardiovascular assessments during the first year on ART

All data are presented as median (range)

BMI, body mass index; BP, blood pressure in mmHg; EF, ejection fraction; E/A ratio, early/late ventricular filling; cIMT, carotid artery intimal thickness; LVMI, Left 
Ventricular Mass Index. See "Materials and Methods" for details
a Log10 copies/ml
b Significantly different from V0, Wilcoxon test, p < 0.05
c Significantly different from healthy controls, Mann Whitney test, p < 0.05
d Normal range used for clinical care in Jakarta
e Diameter of the carotid artery (mm)

n Pre-ART 3-months 6-months 12-months Healthy controls
67 60 54 55 11

CD4 T-cells/μl 63 (2–199) 181 (7–601)b 202 (6–516)b 285 (44–763)b –

HIV  RNAa 5.14 (2.91–6.68) 1.89 (0–5.23)b 0 (0–5.33)b 0 (0–6.32)b –

BMI (kg/m2) 19.6 (13.2–36.9) 20.5 (14.7–39.8) 21.7 (16.0–40.1)b 23.0 (13.4–40.2)b 18.5–25d

BP (Systolic) 110 (100–150) 110 (100–130) 110 (110–160) 120(100–146)b 90–120d

BP (Diastolic) 80(70–100) 80 (60–90) 80 (60–100) 80(60–90) 60–90d

EF (%) 68 (51–84)c 69 (50–83) 70 (61–80) 70 (50–79)b 71 (53–77)

E/A Ratio 1.3 (0.6–4.7)c 1.3 (0.8–1.9) 1.3 (0.8–1.9) 1.3 (1.1–1.8) 1.4 (1.0–1.9)

LVMI 94 (30–177) 99 (52–187) 100 (57–217)c 102 (47–222)c 83 (48–125)

cIMT (right, mm) 0.58 (0.39–0.64) 0.58(0.38–0.77) 0.57(0.45–0.90) 0.70(0.46–1.0)b 0.58 (0.39–0.83)

cIMT (left, mm) 0.57 (0.32–0.89) 0.57(0.39–0.77) 0.51(0.32–0.89) 0.65(0.45–0.96)b 0.58 (0.45–0.70)

Diameter (right)e 6.4 (4.0–7.9) 6.2 (4.3–9) 5.9 (4.7–8.3) 6.2 (5.1–8.8) (5–7.5)d

Diameter (left)e 6.1 (3.5–8.1) 6.2 (4.1–7.5) 6.0 (4.5–8.0) 5.8 (4.1–8.0) (5–7.5)d
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Increasing age was associated with higher cIMT values. 
The association was weak at V0 [right: r = 0.26, p = 0.04, 
left: r =  0.12, p =  0.36], perhaps reflecting the overlaid 
influence of HIV. However it was consistent thereaf-
ter (e.g.; at V6, right: r =  0.36, p =  0.01, left: r =  0.33, 
p = 0.03). Accordingly, E/A ratios (assessing left ventric-
ular function) declined with age, with significant nega-
tive correlations at V0, V3 and V6 (r = −0.25 to −0.3, 
p = 0.03 to 0.04). CD4 T-cell counts and blood pressure 
did not associate with patient age.

Smoking and alcohol consumption
37% of patients (24 males, 1 female) were current smok-
ers. As this represents a clear gender imbalance (Fisher’s 
exact test, p < 0.0001), effects of smoking were analyzed in 
males. No measures of HIV disease or cardiovascular func-
tion were influenced by smoking (p > 0.19 throughout).

No females and 22 males admitted some consumption 
of alcohol, most saying this was in the past. Cardiovascu-
lar parameters were similar in patients who had ever or 
never consumed alcohol (p  >  0.16 for all comparisons). 
However, consumption is expected to be low and may be 
under reported in a Muslim country.

Tuberculosis and systemic inflammation
51% of patients had a diagnosis of pulmonary tuber-
culosis before ART. They had slightly higher baseline 
 log10 HIV RNA levels [5.3 (3.7 to 6.7) vs 4.8 (2.9 to 6.4), 
p = 0.05] and lower BMI [19.1 (13.2 to 25.0) vs 19.9 (15.6 
to 36.9), p = 0.02]. Cardiovascular parameters were unaf-
fected, with the exception of the diameter of the carotid 
artery which was lower at V0 in patients with tuberculo-
sis (right: p = 0.06, left: p = 0.0007), with smaller changes 
thereafter. Plasma CRP levels were elevated relative to 
healthy controls and unchanged on ART (Table 1). Lev-
els were not associated with any parameters of cardiovas-
cular disease (p > 0.10) and only marginally increased by 
tuberculosis (e.g. p = 0.06 at V6).

BMI
A low BMI is the hallmark of HIV disease, so it is not sur-
prising that BMI values increased on ART (V0 vs V12; 
p < 0.0001). Accordingly, the BMI at baseline was directly 
related to CD4 T-cell counts at all time points (r = 0.21 
to 0.33, p  =  0.09 to 0.01). The weak inverse associa-
tion between baseline HIV RNA levels and BMI at V0 
(r = −0.21, p = 0.08) strengthened when the BMI was re-
assessed at V3 and V6 (r = −0.31, p = 0.02 at each time).

Associations between BMI and cardiovascular param-
eters were variable but generally strengthened on ART. 
BMI correlated weakly with blood pressure throughout, 
but the link was clearest at V12 (r =  0.47, p =  0.0003) 
when the systolic pressure had increased relative to V0 

(p  =  0.02). Positive associations between BMI and the 
diameters of the both carotid arteries were significant at 
most timepoints (r = 0.26 to 0.53, p = 0.01 to < 0.0001).

Many studies utilise waist hip ratios as an alternative to 
BMI. These have been validated as marking cardiovascu-
lar health in older HIV patients stable on ART, but are 
less clearly affected by HIV than BMI in younger patients 
[16]. Overall the importance of waist hip ratios in predic-
tion of CVD in young (mostly slim) Asian patients begin-
ning ART is unproven.

The severity of HIV disease and the response to ART
The diameter of the carotid artery correlated directly with 
CD4 T-cell counts at V0 and V3 (r = 0.21 to 0.37, p = 0.11 
to 0.004) and inversely with baseline  log10 HIV RNA levels 
(r = −0.27, p = 0.04). This is in accord with its association 
with tuberculosis, mentioned previously. cIMT values 
increased after 12 months on ART (Wilcoxon paired test, 
p < 0.0001; see Table 1), but did not correlate with CD4 
T-cell counts or HIV RNA loads (data not shown).

Systolic blood pressures recorded at V0 correlated with 
CD4 T-cell count at that time (r = 0.33, p = 0.006), with 
weaker but positive correlations thereafter. Moreover sys-
tolic pressures on ART correlated inversely with the HIV 
RNA load at V0 (r = −0.24 to −0.35, p = 0.06 to 0.01), 
with no consistent associations with the HIV RNA levels 
at later time points. This suggests a long-term effect of the 
viral set-point irrespective of the response to ART.

The EF value at V0 was lower than healthy controls 
(p = 0.03, Table 1). Although EF values increased (p = 0.04) 
by V12, they were not correlated with CD4 T-cell counts 
or HIV RNA levels at any time. The E/A ratio correlated 
with the HIV RNA at V0 (r = 0.35, p = 0.004), but did not 
change on ART. LVMI values were generally high in the 
patients and increased further to become higher than the 
control values at V6 and V12 (p = 0.02 and p = 0.05, resp.). 
Elevated LVMI values may reflect immune recovery, as val-
ues recorded at V3 correlated with CD4 T-cell counts at all 
time points (r = 0.27 to 0.42, p = 0.03 to p = 0.002).

The burden of CMV
CMV DNA was detectable at V0 in 30/64 (47%) patients 
who provided cardiovascular data. The presence of CMV 
DNA did not associate with HIV RNA levels (Mann–
Whitney, p = 0.53), CD4 T-cell counts (p = 0.31) or CRP 
levels (p = 0.81), but was more common in patients with 
pulmonary tuberculosis (χ2, p =  0.04). E/A ratios were 
slightly lower in patients with CMV DNA at baseline 
[1.20 (0.88 to 1.78) vs 1.36 (0.77 to 2.14); p = 0.03], with 
a similar pattern at V3. However E/A ratios increased in 
CMV DNA positive patients by V6, so the two groups 
were similar at that time [1.37 (0.84 to 1.90) vs 1.32 (1.05 
to 1.71), p = 1.0]. Hence CMV DNA in buffy coats may 
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mark transient ill health or CMV myocarditis. The find-
ing aligns with the correlation between the E/A ratio and 
HIV RNA at V0 (r = 0.35, p = 0.004) mentioned earlier. 
No other markers of cardiovascular health (including 
BMI) aligned with CMV DNA at V0.

Levels of CMV reactive antibody rose on ART, sta-
bilising by V6 (Table  1) at levels higher than in healthy 
controls (CMV lysate, p =  0.05; CMV IE-1, p =  0.003). 
However values recorded in patients at different time-
points were tightly correlated (p < 0.001), so high or low 
responses were a stable feature of an individual.

The presence of CMV DNA at baseline increased lev-
els of antibody reactive with CMV IE-1 at V0 (p = 0.04), 
but had no other effect on CMV antibody levels. Levels 
of CMV IE-1 antibody at V3 and V6 correlated with lev-
els of CRP at V0 and V3 (r =  0.21 to 0.26, p =  0.10 to 
0.03) and with low CD4 T-cell counts at V0 (r =  0.34 
to 0.40; p  =  0.01 to 0.002) (Table  2). This links CMV 
IE-1 antibody with advanced HIV disease pre-ART. In 

contrast levels of CMV lysate antibody increased with 
age (r =  0.23 to 0.28, p =  0.07 to 0.02). Levels of anti-
body reactive with CMV IE-1 or CMV lysate at V6 and 
V12 correlated inversely with BMI at V0 (r = −0.27 to 
−0.36; p  =  0.01 to 0.03). These associations suggest a 
high persistent CMV burden in patients who began ART 
with advanced HIV disease and systemic inflammation, 
where bursts of CMV replication may be detected more 
effectively by levels of IE-1 antibody than CMV DNA.

Levels of antibody reactive with CMV lysate recorded 
at V6 and V12 correlated inversely with the diameter of 
the right carotid artery at V6 and V12. Levels of CMV 
IE-1 antibody recorded at any time also correlated 
inversely with the diameter of the right artery (notably 
with readings from V3) and displayed direct correla-
tions with right cIMT values (Table  2). No correlations 
between levels of either CMV antibody and the left 
carotid artery, E/A ratios, EF or LVMI values achieved 
p < 0.05 (Table 2, data not shown).

Table 2 Levels of CMV-reactive antibody assessed on ART correlate with changes to the right carotid artery

Spearman’s correlation coefficients comparing levels of antibody reactive with CMV lysate or CMV IE-1 protein with measures of HIV disease and the health of the 
carotid artery. As a visual aid, positive correlations are marked in bold underlined (p < 0.05) and bold font (p < 0.10), and negative correlations are marked in bold 
italics (p < 0.05) and italics (p < 0.10)

R Visit CMV lysate antibody CMV IE-1 antibody

V0 V3 V6 V12 V0 V3 V6 V12

 Age 0.28 0.23 0.25 0.27 0.10 0.11 0.15 0.14

 CD4 T-cells V0 0.18 −0.17 −0.23 −0.19 −0.19 −0.34 −0.35 −0.40
V3 0.04 −0.09 −0.10 −0.08 −0.15 −0.15 0.01 0.02

V6 0.10 −0.01 −0.05 −0.02 −0.13 −0.13 −0.24 −0.26
V12 0.09 −0.07 −0.05 0.01 −0.10 −0.13 −0.04 −0.10

 HIV RNA V0 −0.22 −0.09 −0.01 0.02 0.00 0.07 −0.17 −0.19

V3 −0.16 0.05 0.05 0.03 −0.11 0.02 −0.17 −0.17

V6 −0.15 0.03 0.01 0.02 −0.15 −0.07 −0.14 −0.13

V12 −0.16 −0.05 −0.07 −0.20 −0.04 −0.19 −0.33 −0.25

 Diameter right V0 0.03 −0.03 −0.06 −0.21 −0.14 −0.18 −0.11 −0.25

V3 0.11 0.11 −0.10 −0.27 −0.28 −0.27 −0.30 −0.46
V6 0.00 −0.15 −0.27 −0.32 −0.09 −0.12 −0.13 −0.16

V12 0.02 −0.18 −0.31 −0.29 0.04 −0.12 −0.22 −0.19

 cIMT right V0 0.08 0.17 0.18 0.21 −0.03 0.10 0.27 0.31
V3 0.27 0.15 0.14 0.12 0.11 0.10 0.10 0.16

V6 0.18 0.21 0.23 0.21 0.07 0.14 0.29 0.30
V12 0.00 −0.06 −0.02 0.07 0.06 0.03 0.21 0.26

 Diameter left V0 0.07 0.01 −0.06 −0.14 −0.10 −0.21 −0.21 −0.27

V3 −0.08 0.01 −0.01 −0.08 −0.10 −0.14 0.01 −0.06

V6 −0.03 −0.16 −0.24 −0.17 0.02 0.02 −0.12 −0.01

V12 0.08 −0.07 −0.06 −0.06 0.05 0.03 −0.05 −0.10

 cIMT left V0 −0.12 0.02 0.16 0.10 −0.11 0.01 0.23 0.16

V3 0.14 0.03 0.03 0.02 0.02 −0.07 −0.12 −0.02

V6 −0.09 0.07 0.10 0.15 0.10 0.08 0.11 0.19

V12 0.10 0.12 0.05 0.04 0.10 −0.02 0.10 0.03
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Discussion
Our study of cardiovascular parameters in a young adult 
population entering treatment in Jakarta shows subtle 
changes over the first year on ART. Whilst the small size 
of our cohort precludes multivariable analyses and cor-
rections for multiple comparisons, it is novel and inter-
esting as a preliminary descriptive study. Low CD4 T-cell 
counts, high HIV RNA levels and/or the presence of 
pulmonary tuberculosis at V0 associated with low BMI, 
smaller diameter of the carotid artery and/or higher sys-
tolic blood pressure, but not consistently with markers 
of cardiovascular health assessed at any time. EF, LVMI 
and cIMT rose slightly after 12  months on ART, but 
other parameters were stable. Accordingly at V3, LVMI 
values correlated directly with CD4 T-cell counts. The 
rise in EF suggests improved cardiac function, but the 
higher cIMT and LVMI values suggest a deterioration 
consistent with poor cardiac outcomes. The latter con-
trast with a study of Nigerian HIV patients where car-
diac disease associated with lower CD4 T-cell counts 
[17]. However it was a cross-sectional study merging 
treated and untreated patients, so changes on ART were 
not captured.

We assessed the burden of CMV in three ways. Lev-
els of CMV DNA reflect active viral replication and may 
change over days or weeks. We did not screen all samples 
from later timepoints, but 12/17 samples positive at V0 
and re-tested at V3 were positive (Ariyanto et al., unpub-
lished data). Here high CMV IE-1 antibody levels on ART 
were a feature of patients with low CD4 T-cell counts, 
a low BMI and elevated CRP at V0/V3. The association 
between CMV lysate antibodies and CD4 T-cells at V0 
was weak, and levels increased with age. These patterns 
were also seen in our assessments of Australian patients 
stable on ART [12, 18]. Hence levels of antibody reactive 
with CMV IE-1 protein on ART reflect frequent reactiva-
tions consequent to advanced HIV disease with immune 
activation pre-ART. As levels of both antibodies rise on 
ART, levels recorded before ART may underestimate the 
burden of CMV at that time. By corollary, levels of CMV-
reactive antibody assessed on ART may be a better met-
ric for the burden of CMV.

CMV DNA at baseline affected E/A ratios, indicat-
ing abnormal ventricular filling between contractions, 
and hence may mark transient ill-health or myocarditis 
caused by CMV or other co-infections. This resolved on 
ART. Patients with CMV DNA were also more likely to 
have pulmonary tuberculosis. Whilst extra-pulmonary 
tuberculosis was not recorded, disseminated infections 
are not uncommon in the clinic population and myco-
bacterial pericarditis may affect ventricular function [6]. 
Abnormal ventricular filling measured by low E/A ratios 
carries an increased risk of diastolic heart failure.

In addition to these acute effects, levels of antibody 
reactive with CMV lysate recorded at V6 and V12 were 
inversely proportional to the diameter of the right 
carotid artery. Similarly we found an inverse relationship 
between levels of the CMV IE-1 antibody at any time and 
the diameter of the right artery at V3. Importantly, lev-
els of CMV IE-1 antibodies also correlated directly with 
cIMT values as both parameters rose on ART. The left 
carotid artery showed no equivalent correlations.

Selective associations with the right carotid artery may 
illuminate the pathogenic mechanisms invoked by CMV. 
Left cIMT values are typically higher than the right in 
healthy adults over 40 years of age, with little difference 
in younger individuals [19]. High cIMT in the left artery 
may reflect intimal hyperplasia or medial hypertrophy, 
arising from increased haemodynamic stress at that side 
[20]. Atherosclerotic progression may be faster on the 
left side, and more tightly linked to the deposition of tri-
glycerides [21]. Hemorrhage, lipid deposition and fibrosis 
were most prevalent in plaques of the left artery, whilst 
plaques in the right artery were more frequently calci-
fied and stable in a cohort aged 72 ± 10 years [22]. Most 
individuals in JakCCANDO were below 40 years of age, 
so it is not surprising that their left cIMT values were not 
elevated. We found no studies of CMV in HIV patients 
where the right and left arteries were presented sepa-
rately, but two studies where the values were averaged 
could not link CMV antibody levels with cIMT [23, 24]. 
The authors had sought a link in view of studies associat-
ing other measures of CMV load with cardiovascular risk 
(e.g. [10–12])—indeed we find a correlation here between 
CMV IE-1 antibodies and the right artery. Further studies 
should asses the right and left arteries are separately after 
defined and longer periods on ART. Assays of endothelial 
function (vascular elasticity) are also needed as they may 
better mark the effects of CMV [23, 25].

Overall the severity of HIV disease and the response to 
ART have only subtle effects on cardiovascular health in 
this young Asian population but these do not resolve on 
ART. As Cipto Mangunkusomo is a tertiary referral hos-
pital, it is current practice for HIV patients to be referred 
directly to a cardiologist only if they have acute coronary 
syndrome or a stroke, and indirectly for echocardiogra-
phy only if they have symptoms or an enlarged heart. Our 
data suggest continued monitoring would confer clinical 
benefits.

Conclusions
Measures of CMV antibodies and DNA display distinct 
associations with cardiovascular parameters. We propose 
antibodies reactive with CMV IE-1 as a marker of vascu-
lar pathology as levels are relatively stable and correlate 
with changes to the right carotid artery. Although CMV 
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IE-1 antibodies associate with starting ART with a low 
CD4 T-cell count, the count itself did not predict changes 
to either artery.
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Active and Persistent Cytomegalovirus Infections
Affect T Cells in Young Adult HIV Patients

Commencing Antiretroviral Therapy
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Sonia Fernandez,6 Silvia Lee,4 and Patricia Price1,4

Abstract

Altered T cell profiles have been linked with metrics of persistent cytomegalovirus (CMV) infections in healthy
aging and older HIV patients stable on antiretroviral therapy (ART). In this study, we use CMV DNA to identify
active infections, and levels of CMV-reactive antibody to assess the persistent burden of CMV in a longitudinal
study of 78 young adult patients beginning ART in Jakarta, Indonesia, with <200 CD4 T cells/lL. CMV antibodies,
inflammatory markers (C-reactive protein [CRP], soluble interferon-a/b receptor) and T cell phenotypes were
assessed before ART (V0) and after 1, 3, 6, and 12 months (V1–V12). CMV DNA was detected in 41 patients (52%)
at V0, irrespective of CD4 T cell counts, gender, age, or plasma HIV RNA. CMV DNA+ patients had higher levels
of antibody reactive with CMV Immediate Early 1 (IE-1) at V0 and V12 ( p = 0.04), and with CMV lysate at V12
( p = 0.01). Detectable CMV DNA did not align with inflammatory markers, but associated with lower CD4/CD8
ratios until V3. CMV antibody levels correlated inversely with proportions of naive CD4 and CD8 T cells, and
directly with proportions of CD57+ and activated memory T cells (CD3+ CD45RA-) after 3–12 months on ART.
Overall, active CMV replication is common in HIV patients beginning ART in Indonesia and associates with low
CD4/CD8 ratios. Elevated levels of CMV-reactive antibody measured on ART also mark a depletion of naive T
cells, accumulation of memory T cells, and may be a stable metric of the burden of CMV.

Keywords: antiretroviral therapy, CMV, HIV, T cells, Indonesia

Introduction

Persistent cytomegalovirus (CMV) infections are com-
mon worldwide, with a seroprevalence around 50% in

Europe, North America, and Australia, and 80% in developing
countries. Higher antibody levels suggest higher viral loads and
earlier seroconversion in the developing world (1,15,23). In
addition, the burden of CMV is greater in HIV-infected indi-
viduals than in the general population. This remains clinically
important, despite the availability of effective antiretroviral
therapy (ART), with diverse symptomatic CMV infections de-
scribed in African HIV patients (16). Under optimal HIV care,
‘‘asymptomatic’’ CMV infections have been linked with per-
sistent immune activation, cardiovascular disease, and neuro-
cognitive defects in older HIV patients stable on ART (6,18).

We have defined the ‘‘footprint’’ of CMV as its effects on
the immune system and on health outcomes (28). Assessment
of the footprint in a particular patient begins with a reliable
metric of the burden of CMV in the body and whether it is
active or latent. This is complicated by the episodic nature of
CMV reactivation and replication, so levels of antibody may
be a more stable metric of the average burden of CMV. CMV
antibodies have been used to study the effects of the virus on
T cells in a number of scenarios, which reveal different as-
pects of a complex picture. In Australian HIV patients, levels
of antibody reactive with CMV rose on ART and then de-
creased but remained above those seen in the general popu-
lation for many years (7). A French study included
seronegative patients and linked seropositivity with persis-
tently low CD4/CD8 T cell ratios on ART (8,22). Levels of
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CMV-reactive antibody have also been linked with reduced
numbers of naive T cells in healthy aging (3) and in older
Australian HIV patients stable on ART (2). CMV has not
been studied in a resource-constrained Asian setting, but we
have described deficits in naive CD4 T cell numbers and
monitored their function in Indonesian patients recovering on
ART (26).

In this study, we use the detection of CMV DNA in blood
granulocytes at the commencement of ART as a measure of
active CMV replication at that time, while levels of CMV-
reactive antibody in plasma were monitored as a measure of
the persistent viral burden in an individual patient (28). CMV
was detected more frequently in granulocytes than peripheral
blood mononuclear cells (PBMCs) in preliminary studies,
consistent with a role as scavengers of infected endothelial
cells (17). We also assessed the activation and differentiation
of CD4 and CD8 T cells before and on ART, with plasma
C-reactive protein (CRP) as a marker of immune activation, and
levels of a soluble receptor of type 1 interferons (sIFNa/bR). This
can regulate the activity of IFNa/b through competition at high
concentrations and stabilization at lower concentrations (20).
While HIV and CMV induce sIFNa/b in vitro, the short half-
lives of these molecules hamper meaningful analyses in vivo.
Levels of sIFNa/bR may be downregulated in HIV patients with
poor control of HIV on ART—potentially increasing the anti-
viral activity of IFNa/b (25).

Materials and Methods

Study subjects

The JakCCANDO study cohort ( Jakarta CMV Cardio-
vascular ART Neurology Dentistry Ophthalmology) at the
HIV/AIDS clinic of Cipto Mangunkusumo Hospital
( Jakarta, Indonesia) comprised 82 ART-naive HIV patients
aged 18–40 years, beginning ART with <200 CD4 T cells/
lL in 2013–2014 (19). Blood samples were collected before
ART (V0) and 1, 3, 6, and 12 months later (V1–V12). By
V12, 14 patients had died, been lost to contact, withdrawn
from ART, or become pregnant. Patients were tested for
pulmonary tuberculosis (chest X-ray and sputum acid bacilli
smear) at V0. Control donors (n = 19) matched with the pa-
tients by gender, age, and ethnicity were sampled once for
immunophenotypic analyses. Controls were healthcare work-
ers with no declared risk of infection with HIV. The study was
approved by Faculty of Medicine, Universitas Indonesia,
Cipto Mangunkusumo Hospital and Curtin University Ethics
Committees. Participants provided written informed consent.

CD4 T cell counts were determined by routine flow cy-
tometry. Plasma HIV RNA was measured using a Cobas
Amplicor Monitor (Roche Molecular Diagnostics, Pleasanton,
CA). PBMC were isolated by Ficoll density centrifugation
and cryopreserved in liquid nitrogen. Plasma samples and
buffy coats (collected from the surface of the erythrocyte
pellet after Ficoll centrifugation) were preserved at -80�C.

CMV antibody and DNA

CMV-reactive IgG was quantified using 96-well plates
coated with a lysate prepared by sonication of human foreskin
fibroblasts infected with CMV strain AD169, or with CMV
Immediate Early 1 (IE-1) protein prepared in Escherichia coli
(Miltenyi Biotech, Cologne, Germany). Plates were coated

overnight at 4�C, blocked with 5% bovine serum albumin and
plasma samples were added (1:10,000 for CMV lysate and
1:300 for CMV IE-1, followed by threefold dilutions). Bound
IgG was detected using goat anti-human IgG—horseradish
peroxidase, followed by tetramethylbenzidine substrate (Sigma-
Aldrich, St Louis, MI). CMV-reactive antibodies were quanti-
tated relative to a standard plasma pool assigned a value of 1,000
arbitrary units (AU) (7). The protocol provides accurate quan-
titation in the high range.

Primer and probe sequences targeting the UL54 gene have
been described previously (19). Total DNA was extracted
with QIAamp DNA Blood Mini Kits (Qiagen, Hilden, Ger-
many) and stored at -80�C. Quantitative polymerase chain
reactions (PCR) were performed in 20 lL containing 10 lL
Universal PCR Master mix (2 · concentration contains
AmpliTaq Gold� DNA Polymerase, dNTPs with dUTP, buffer
components, ROX reference dye and uracil N¢-glycosylase;
Applied Biosystems, Foster City, CA), 0.8lL 10lM primers,
0.6lL 5lM TaqMan probe, and 5 lL DNA. Cycling conditions
were 2 min at 50�C, 10 min at 95�C, and activate AmpliTaq Gold
DNA polymerase, followed by 40 cycles of 15 sec at 95�C and
60 sec at 60�C. Results were normalized against the single-copy
housekeeping gene, b2-microglobulin to provide a standardized
metric in AU. The protocol was adopted following a pilot study
comparing plasma, PBMC and buffy coats. We identified CMV
in 1/15 plasma samples, 5/15 buffy coats, and 1/19 PBMC
samples (unpublished data). Samples were assayed in duplicate
and only declared as positive when CMV UL54 qPCR peaks
appeared in replicates.

Immune activation markers

Soluble receptors for interferon-a/b were assessed in
plasma using human IFNAR2 enzyme-linked immunosor-
bent assay (ELISA) Kits (generously provided by PBL
Assay Science, Piscataway, NJ). Plasma levels of CRP were
quantified using an ELISA antibody pair (R&D Systems,
Minneapolis, MN).

T cells immunophenotyping

PBMC were thawed and aliquots of 1 · 106 cells were
fixed with BD Cytofix/Cytoperm and stained for 15 min with
CD3-APC-H7 clone SK7, CD4-PerCP-Cy5 clone RPA-T4,
CD45RA-PeCy7 clone L48, CD27-BV510 clone L128, CD38-
PE clone HIT2, CD57-APC clone NK-1, and HLADR-BV421
clone G46-6 (Becton Dickinson Biosciences, San Jose, CA).
Stained cells were washed, and eight-color data were acquired
on a Becton Dickinson FACS Canto II and analyzed using
FlowJo (Tree Star, San Carlos, CA). Gating strategies are
presented in Supplementary Figure S1 (Supplementary Data
are available online at www.liebertpub.com/vim).

Statistical analyses

As many parameters deviated from normal distributions
(Shapiro–Wilk test), bivariate analyses used nonparametric
statistics and are presented as median (range). Continuous
variables were assessed using Wilcoxon paired tests (for
changes over time) or Mann–Whitney unpaired tests (to
compare groups). Correlations were analyzed by Spear-
man’s rank tests. T cell profiles that approached normal
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distributions were also assessed using two-way analysis of
variance (AOV).

Results

CMV replication was assessed via the presence of CMV
DNA at V0 and persistent CMV infection via levels of anti-
bodies (Table 1). CMV DNA was detected in 41/78 patients at
V0 (52%) and did not align with gender, age, or plasma HIV
RNA ( p ‡ 0.01). Patients with CMV DNA at V0 had mar-
ginally lower CD4 T cell counts ( p = 0.09) and higher levels
of CMV IE-1 antibody ( p = 0.04). CMV DNA+ patients also
had higher levels of CMV antibody after 12 months, whereas
the association with CD4 T cell counts disappeared on ART.
CMV DNA was more commonly detected in patients with
pulmonary tuberculosis at V0 (v2, p = 0.04).

Persistent (if intermittent) replication of CMV is a likely
scenario as levels of antibody reactive with CMV lysate or
CMV IE-1 rose on ART, stabilizing between V6 and V12
(Fig. 1A, B). Levels of antibody reactive with CMV IE-1
were higher in patients with CMV DNA at V0 and V12
while CMV lysate only showed a significant difference at
V12 (Table 1). Levels of antibody recorded at V0, V1, V3,
V6, and V12 were tightly correlated (lysate: r = 0.48–0.81,
IE-1: r = 0.64–0.89, p < 0.001), so high or low responses are
a stable feature of an individual. Levels of CMV lysate
antibody at any visit correlated with age (r = 0.23–0.28,
p = 0.07–0.02), while high levels of CMV IE-1 antibody
associated with low CD4 T cell counts at V0 (r = -0.34 to
-0.40; p = 0.01–0.002).

If CMV is simply a marker of ‘‘inflammaging’’ (10,11),
then the burden of CMV would correlate with levels of in-
flammatory markers. In this study, sIFNa/bR levels declined

over 12 months on ART (Fig. 1C), but patients with and
without CMV DNA had similar levels at V0 and V12
(Table 1) and V1, V3, and V6 (data not shown). Levels of
sIFNa/bR did not correlate with antibodies reactive with
CMV lysate or CMV IE-1 (r = -0.03 to 0.18, p > 0.15). CRP
levels rose between V0 and V1 ( p = 0.04) and then stabi-
lized from V3 to V12 (Fig. 1D), While CMV DNA posi-
tivity did not affect CRP levels, correlations between CMV
IE-1 antibodies and levels of CRP were significant at V3 and
V12 (r = 0.27–0.29, p = 0.03).

T cell profiles were then assessed in a subset of pa-
tients with and without detectable CMV DNA at V0. The
patients tested (n = 19) were representative for the JakC-
CANDO cohort (Supplementary Table S1). The detection of
CMV DNA was associated with lower CD4 T cell counts
(AOV, p = 0.001) irrespective of the time of assay (interaction
term, p = 0.95). CD8 T cell proportions were slightly higher in
CMV DNA+ patients (AOV, p = 0.06) irrespective of the time
of assay (interaction term, p = 0.78). CD4/CD8 ratios were
low in patients with CMV DNA at V0 (Fig. 2A, p = 0.03),
reflecting the higher numbers of CD8 T cells (Fig. 2B;
p = 0.03). Accordingly, CMV DNA load quantitated at V0
correlated inversely with the percentage of CD4 T cells
(r = -0.50, p = 0.03) and CD4/CD8 ratios (r = -0.62, p = 0.01)
at V0. Associations with CD4/CD8 ratios remained at V1 and
V3 (r = -0.55 to -0.52, p = 0.01–0.02), but not thereafter.

Levels of CMV lysate antibody showed no significant
correlations with CD4/CD8 ratios at V0–V3, but at V6
correlated inversely with CD4/CD8 ratios (r = -0.48,
p = 0.03), directly with proportions of CD8 T cells (r = 0.41,
p = 0.08) and inversely with proportions of CD4 T cells
(r = -0.50, p = 0.02). This pattern was maintained at V12
(Table 2).

Table 1. Presence of Cytomegalovirus DNA Before Antiretroviral Therapy

Associated with Higher Cytomegalovirus Antibody Levels on Antiretroviral Therapy,

but Other Parameters Were Unchanged

CMV DNA positive CMV DNA negative pa

n 41 37
Males/females 29/12 25/12 0.8b

Age (years), median (range) 32 (19–48) 31 (21–47) 0.15a

Pulmonary tuberculosis +/- 22/15 17/24 0.04b

Baseline
CD4 T cells/lL, median (range) 48 (2–196) 62 (4–199) 0.09a

HIV RNA (log10 copies/mL), median (range) 5.24 (2.64–6.68) 4.67 (3.17–6.39) 0.74a

CMV lysate antibody (AU · 10-3), median (range) 10.5 (1.5–1,049) 14.4 (1.6–77) 0.15a

CMV IE-1 antibody (AU · 10-3), median (range) 0.76 (0.13–6.5) 0.32 (0.05–11.6) 0.04a

CRP (lg/mL), median (range) 1.74 (0.07–329) 2.3 (0.08–139) 0.81a

sIFNa/bR (ng/mL), median (range) 4.4 (2.4–7.0) 4.0 (2.4–8.7) 0.50a

12 Months on ART
N 34 30
CD4 T cells/lL, median (range) 284 (101–736) 269 (44–763) 0.83a

HIV RNA (log10 copies/mL), median (range) 0 (0–5.08) 0 (0–6.32) 0.34a

CMV lysate antibody (AU · 10-3), median (range) 24 (4.8–101) 12.4 (1.0–89) 0.01a

CMV IE-1 antibody (AU · 10-3), median (range) 1.18 (0.08–118) 0.60 (0.07–124) 0.04a

CRP (lg/mL), median (range) 2.14 (0.1–17) 2.5 (0.04–19) 0.74a

sIFNa/bR (ng/mL), median (range) 3.8 (2.3–5.2) 3.9 (2.6–6.6) 0.83a

p-Values <0.05 are marked in bold.
aMann–Whitney tests comparing patients with and without CMV DNA at V0.
bFisher’s exact test.
ART, antiretroviral therapy; AU, arbitrary units; CMV, cytomegalovirus; CRP, C-reactive protein; IE-1, Immediate Early 1; sIFNa/bR,

soluble receptor of type 1 interferons.
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Irrespective of CMV DNA, CD4 T cell recovery was evi-
dent through increased naive (CD45RA+ CD27+; AOV;
CMV: p = 0.87; time: p = 0.001; interaction: p = 0.98, Fig. 2C)
and decreased memory (CD45RA-) CD4 T cells (AOV; CMV:
p = 0.95; time: p = 0.03; interaction: p = 0.76, Fig. 2E).
CMV DNA+ patients had less naive CD8 T cells (AOV;
CMV: p = 0.002; time: p = 0.07; interaction: p = 0.98, Fig. 2D),
with marginally more memory CD8 T cells (AOV; CMV:
p = 0.13; time: p = 0.46; interaction: p = 0.66, Fig. 2F) and in-
creased expression of CD57 on CD8 memory T cells (AOV;
CMV: p = 0.0006; time: p = 0.79; interaction: p = 0.77, Fig. 2H)
and terminally differentiated CD8 TEMRA (CD45RA+ CD27;
AOV; CMV: p = 0.02; time: p = 0.11; interaction: p = 0.87, data
not shown). This was reflected in univariate analyses where the
presence of CMV DNA associated with higher proportions of
memory CD4 T cells expressing CD57 at V6 (Fig. 2G; Mann–
Whitney, p = 0.04) and memory CD8 T cells expressing CD57
at V0 (Fig. 2H, p = 0.03).

Accordingly, as patients began ART, we observed nega-
tive correlations between levels of CMV lysate antibody and
proportions of naive CD4 T cells (V0–V3; r = -0.43 to
-0.63, p = 0.02–0.004) and naive CD8 T cells (V1–V12:
r = -0.42 to -0.81, p = 0.08 to <0.001). These paralleled
positive correlations between levels of CMV antibodies and
proportions of memory T cells and CD57+ memory T cells,
while proportions of TEMRA (with or without CD57) were

not correlated with levels of antibody reactive with CMV
(Table 2).

Univariate analyses found no significant differences be-
tween proportions of activated (CD38+ HLA-DR+) CD4 or
CD8 T cells based on the presence of CMV DNA at V0
(data not shown). Moreover, levels of CMV lysate antibody
were not correlated with proportions of activated memory
T cells at V0, but direct correlations were evident on ART
(Table 2). This was clearest and most consistently ob-
served with CD4 T cells, where associations with CMV IE-1
antibody were also apparent at V0. Hence, CMV antibody
may align weakly with the activation of memory T cells.

Discussion

CMV DNA was detected in buffy coats (granulocytes) from
52% of patients as they began ART. Patients with CMV DNA
at V0 had only marginally lower CD4 T cell counts. In a Thai
cohort, Durier et al. identified CMV DNA in 28% of patients
at baseline and 4.5% of the subset retested after 6 months on
ART (10). Spontaneous clearance of CMV DNA from whole
blood on ART was also reported in an older British study (9).
In this study, few buffy coats were available from later time
points, but CMV DNA was detected in 13/23 patients tested at
V3 and 1/3 patients tested at V12. However, direct compari-
sons between studies are confounded by differences in the

FIG. 1. Plasma markers of CMV infection and immune activation. (A) Levels of IgG reactive with a lysate of CMV-
infected fibroblasts increased after 3 ( p = 0.001) and 6 ( p = 0.0004) months on ART. (B) Levels of IgG reactive with CMV
IE-1 protein increased from 1 to 6 months ( p = 0.03–0.04). (C) Levels of sIFNa/bR decreased over 12 months on ART
( p = 0.001). (D) Levels of CRP rose over 1 month on ART ( p = 0.04). Significant differences compared to baseline
with Wilcoxon tests, *p < 0.05; **p < 0.001; ***p < 0.0001. ART, antiretroviral therapy; CMV, cytomegalovirus; CRP,
C-reactive protein; IE-1, Immediate Early 1; sIFNa/bR, soluble receptor of type 1 interferons.

CMV AFFECTS T CELLS IN HIV PATIENTS COMMENCING ART 475

D
ow

nl
oa

de
d 

by
 C

ur
tin

 U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
1/

01
/2

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 

130



sensitivity of the assays. Durier et al. used Abbott CMV PCR
Kit assays, as used in clinical practice. Despite their greater
sensitivity (44 copies/mL), they are based on plasma. We
optimized our in-house assay through the use of buffy coats.
CMV does not replicate in granulocytes, but they can take up
debris from infected endothelial cells. This fits the greater
efficiency of detection of CMV DNA in whole blood or buffy
coats when compared with plasma in publications (4,12) and
in our pilot study. However, a failure to find CMV DNA in

blood does not preclude CMV replication somewhere else in
the body (12,14).

Levels of antibody recorded at different timepoints were
tightly correlated, so high or low responses are a stable feature
of an individual. Levels of CMV lysate antibody at any visit
correlated with age, while high levels of CMV IE-1 antibody
associated with low CD4 T cell counts at V0. This supports
CMV lysate antibody as a marker of the lifelong burden of
CMV, while CMV IE-1 antibody may mark recurrent CMV

FIG. 2. The effects of CMV DNA detected at V0 on T cell profiles. (A) CD4/CD8 ratio, (B) total CD8 T cells, (C) naive
CD4 T cells, (D) naive CD8 T cells, (E) memory CD4 T cells, (F) memory CD8 T cells, (G) CD57+ memory CD4 T cells, (H)
CD57+ memory CD8 T cells. CMV DNA+ patients, black lines; CMV DNA-patients, gray lines; median value and range for
HIV-controls, black dotted line and gray shaded band; significant differences associated with CMV DNA, Mann–Whitney
tests, *p < 0.05.
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reactivations in patients with a history of severe immunode-
ficiency (6,19).

To evaluate CMV as a marker of ‘‘inflammaging’’ (10),
we assessed plasma CRP (a broad spectrum inflammatory
marker) and sIFNa/bR as a putative marker of a type 1
interferon response. The sIFNa/bR levels declined over 12
months on ART but did not associate with CMV DNA or
antibodies, so the decline cannot be attributed to lower
production of IFNa/b following the cessation of CMV or
HIV replication. Unfortunately, we were unable to measure
IFNa/b in plasma with kits from the same supplier (PBL
Assay Science). CRP levels rose between V0 and V1 and
then stabilized. While detectable CMV DNA did not affect
CRP levels, correlations between CMV IE-1 antibodies and
levels of CRP were significant at V3 and V12. While this
has not been shown previously, a study of Ugandan women
starting ART linked elevated plasma CRP with levels of
CMV-reactive antibodies assessed with a commercial kit
that may detect CMV IE-1 antibody (21).

When T cell profiles were assessed in a representative
subset of patients, CMV DNA load correlated inversely with

the percentage of CD4 T cells and CD4/CD8 ratios before
ART. Associations with CD4/CD8 ratios remained at V1
and V3, but not thereafter. This disconnect may reflect
clearance of CMV DNA from some patients in our study, as
CMV DNA detected in PBMC and the patient’s age asso-
ciated with CD4/CD8 ratios over 3 years when ART was
initiated in early HIV disease (24). Here, levels of CMV
lysate antibody at V6 and V12 correlated inversely with
CD4/CD8 ratios, directly with proportions of CD8 T cells
and inversely with proportions of CD4 T cells. This pattern
suggests that the antibody measured on ART may be a stable
measure of the burden of CMV affecting T cells. Accord-
ingly, low CD4/CD8 ratios have been linked with CMV
seropositivity in French patients stable on ART (8,22), but
all patients in our cohort were CMV seropositive. The ab-
sence of correlations with CMV antibodies recorded before
ART may arise because immunodeficiency limits humoral
responses to the high burden of CMV at that time.

When we considered T cell phenotypes, patients with
detectable CMV DNA had less naive CD8 T cells. We also
observed negative correlations between levels of CMV

Table 2. Higher Levels of Cytomegalovirus Antibody Associate with T Cell Differentiation

and Activation on Antiretroviral Therapy

Baselinea 1 Month 3 Months 6 Months 12 Months

IgG reactive with CMV lysate vs. .
CD4/CD8 ratio -0.02 -0.18 -0.15 -0.48 -0.4
Total CD4 T cells -0.03 -0.11 -0.24 -0.45 -0.29
Naive CD4 T cellsb -0.43 -0.5 -0.63 -0.21 -0.1
Memory CD4 T cellsc 0.18 0.43 0.41 0.21 0.16
Activated memory CD4 T cellsd 0.19 0.58 0.47 0.48 0.48
CD57+ memory CD4 T cellsc -0.05 0.5 0.71 0.55 0.22
CD4 TEMRA

e 0.19 0.26 0.06 0.34 -0.05
CD57+ CD4 TEMRA 0.33 -0.03 0.14 0.15 -0.12
Total CD8 T cells 0.19 0.11 0.08 0.33 0.41
Naive CD8 T cellsb -0.15 -0.41 -0.63 -0.81 -0.47
Memory CD8 T cellsc 0.05 0.25 0.65 0.56 0.39
Activated memory CD8 T cellsd -0.05 0.45 0.14 0.36 0.41
CD57+ memory CD8 T cellsc -0.04 -0.01 0.28 0.47 0.57
CD8 TEMRA

e 0.1 0.09 -0.12 0 -0.05
CD57+ CD8 TEMRA -0.19 -0.18 0.12 0.25 0.37

IgG reactive with CMV IE-1 vs. .
CD4/CD8 ratio -0.12 -0.26 -0.05 -0.21 0.2
Total CD4 T cells -0.05 -0.29 -0.18 -0.37 0.23
Naive CD4 T cellsb -0.26 -0.45 -0.4 0 0.23
Memory CD4 T cellsc 0.14 0.26 0.34 0.16 -0.16
Activated memory CD4 T cellsd 0.46 0.49 0.25 0.6 0.21
CD57+ memory CD4 T cellsc 0.29 0.34 0.46 0.41 0.04
CD4 TEMRA

e 0.33 0.14 0.01 0.37 0.09
CD57+ CD4 TEMRA 0.13 0.11 0.18 0.27 -0.1
Total CD8 T cells 0.19 0.31 0.04 -0.18 -0.03
Naive CD8 T cellsb -0.32 -0.44 -0.38 -0.43 -0.03
Memory CD8 T cellsc 0.21 0.36 0.47 0.49 0.49
Activated memory CD8 T cellsd 0.32 0.34 0.25 0.27 0.46
CD57+ memory CD8 T cellsc -0.11 0.08 0.32 0.28 0.29
CD8 TEMRA

e 0.05 0.04 -0.31 -0.3 -0.48
CD57+ CD8 TEMRA -0.4 -0.12 0.08 0.05 -0.09

aSpearman’s rank correlation tests. As a visual aid, all correlations achieving p < 0.10 are marked. Positive correlations are in bold.
Negative correlations are in italics.

bCD45RA+ CD27+ CD4 or CD8 T cells.
cCD45RA- CD4 or CD8 T cells.
dCD38+ HLA-DR+ CD45RA- CD4 or CD8 T cells.
eCD45RA+ CD27- CD4 or CD8 T cells.
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lysate antibody and proportions of naive CD4 and CD8 T
cells. Proportions of TEMRA and CD57+ TEMRA were stable
on ART and not correlated with CMV DNA or antibodies,
while proportions of memory (CD45RA-) T cells and their
expression of CD57 were affected by CMV. It may be im-
portant that our patients are younger than patients in most
previous studies, as proportions of ‘‘late-differentiated’’ T
cells (CCR7+ CD45RA- CD27- CD28-) were increased by
CMV seropositivity in healthy older adults (27). Another
study linked high levels of CMV antibodies and increased
antibody avidity with increased frequencies of ‘‘terminally
differentiated’’ (CD57+ and CD27- CD28-) T cells in HIV
patients older than 45 years of age, on ART for a median of
12 years (5). The choice of markers used to define memory
and ‘‘terminally differentiated’’ T cells is also critical as the
stages of T cell development affected by CMV and by age
remain unclear. With the inclusion of CD45RA, frequencies
of CD57+ TEMRA were similar in CMV seropositive healthy
older adults and HIV patients stable on ART (2), suggesting
HIV may accelerate a late aspect of the aging process without
affecting the final outcome.

Elevated CMV antibody levels in HIV patients on long-
term ART have been associated with increased expression
of immune activation markers on T cells (13). In this study,
bivariate analyses found no significant differences between
proportions of activated (CD38+ HLA-DR+) CD4 or CD8 T
cells based on the presence of CMV DNA or levels of CMV
lysate antibody. However, proportions of activated memory
T cells correlated with CMV antibodies assessed on ART
(Table 2). This was clearest and most consistently observed
with CD4 T cells. Hence, CMV antibody may align weakly
with the activation of memory T cells. As proportions of
activated T cells were not affected by the presence of CMV
DNA at baseline, short-term events at ART initiation may
be less important than the persistent burden of CMV mea-
sured by the level of antibody.

A limitation of this study is the small sample size used for
immunophenotypic analyses. Although patients were re-
cruited from a single clinic, they had different coinfections
(including tuberculosis) and varied responses to ART. This
variability hampered multivariable regression analyses, so
our study is predominantly descriptive. Moreover, CMV
DNA was only sought systematically at baseline. However,
we confirm CMV-reactive antibody as a simple and stable
metric of the CMV burden, and link elevated CMV anti-
bodies with depletion of naive T cells and expanded pools of
memory T cells expressing CD57. Associations between
these measures of CMV burden and cardiovascular change
in our cohort have been described (19).
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Brief Report

Deciphering Effects of Uncontrolled Cytomegalovirus
Replication on Immune Responses in Cytomegalovirus

DNA-Positive Renal Transplant Recipients

Nandini Makwana,1,2 Shelley Waters,1,2 Ashley Irish,3,4 Prue Howson,4 and Patricia Price1,2

Abstract

Cytomegalovirus (CMV) is a highly prevalent virus and a common cause of morbidity in solid organ transplant
patients. It is also known for its long-lasting imprint on the immune system, expanding populations of highly
differentiated T cells and natural killer (NK) cells with novel phenotypes. However, it is unclear whether these
cells mark success or failure in the management of an active infection. We assessed CMV reactivation in 54
renal transplant recipients (RTRs) by measuring CMV DNA in plasma samples. Function and phenotype of T
cells and NK cells were then assessed in seven RTR with detectable CMV DNA. The patient with highest CMV
viral load (P1) displayed increased NK cell function and abundant highly differentiated T cells. We compare P1
with the other six patients and review possible scenarios of cross-regulation between NK cells and T cells.

Keywords: cytomegalovirus, NK cells, T cells, renal transplantation

Introduction

Cytomegalovirus (CMV) is a common opportunistic
infection with a seroprevalence of 50–80% worldwide

(10). It can remain quiescent with periodic reactivations
triggered by immune deficiency and/or inflammation. In
immunosuppressed individuals such as solid organ transplant
recipients, active infections are common and have clinical
consequences (12). CMV reactivation and the immune re-
sponses invoked create characteristic and novel populations
of natural killer (NK) cells and T cells (5). It is unclear
whether these novel populations regulate each other to con-
trol CMV or induce adverse outcomes.

Activated NK cells can activate adaptive immune re-
sponses through direct and indirect mechanisms (11). For
example, interferon gamma (IFNg) production by activated
NK cells can drive Th1 differentiation and recruit CD8+ T
cells to the lymph node (22). In addition, NK cells can
promote dendritic cell (DC) maturation and activation via
cell to cell contact or via IFNg and tumor necrosis factor
alpha (TNFa) production (1). Once mature, activated DC
can stimulate T cell expansion, which ultimately confers
protection against infection (15). Reciprocally, T cells can

activate or regulate NK cell responses. For example fol-
lowing Leishmania infection, interleukin (IL)-2 production
by CD4+ T cells activates and induces production of IFNg
by NK cells (6). Moreover, T regulatory (Treg) cells can
influence NK cell activation by depriving them of IL-2 (18).

Activated NK cells can reduce T cell function via IL-10
and transforming growth factor beta production (16,23) or
by direct lysis. For example in perforin-deficient mice, mu-
rine cytomegalovirus (MCMV) induced production of IL-10
by NK cells that suppressed CD8+ T cell effector function
and enhanced persistent infection (19). In addition, NK cells
can kill activated T cells that upregulate ligands for NK cell
receptors, such as the stress ligands that bind to NKG2D (8).

To prevent NK cell-mediated killing, T cells can express
inhibitory receptors. For example, activated CD4+ T cells
upregulate Human Leukocyte Antigen (HLA)-E, the ligand
for NKG2A (26). Blocking of NKG2A or HLA-E increases
NK cell killing of these CD4+ T cells (4). NK cells can also
limit T cell responses by lysing DC or by decreasing the
ability of DC to present antigen (4,8). For example, fol-
lowing MCMV infection, infected DC prime naive T cells in
both Ly49H- and Ly49H+ mice. However, Ly49H+ NK cells
induced by MCMV kill antigen-bearing DC, reducing the

1School of Pharmacy and Biomedical Sciences, Curtin University, Bentley, Australia.
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3School of Medicine and Pharmacology, University of Western Australia, Nedlands, Australia.
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generation and maintenance of MCMV-specific T cells (3).
The negative regulation of T cell responses by NK cells may
dampen excessive immune responses following an infection
and prevent damage to host tissues, or can hinder the control
of infections.

Overall, these findings reveal an intricate association
between T cell and NK cell responses following any in-
fection. In this study, we present a case study and review
evidence of cross-talk between NK cells and T cells in renal
transplant patient in the early stages of a CMV infection that
she was ultimately unable to control. The data are compared
with 6 other renal transplant recipient (RTR) who were
positive for CMV DNA, but were able to control their in-
fections.

Patients and Methods

Fifty-four RTRs with a median (range) age of 54 (27–71)
years were recruited from February 2013 to April 2013 from
Royal Perth Hospital (RPH), Western Australia. The median
(range) time posttransplantation was 8 (2–18) years. All
patients were clinically stable on maintenance immuno-
suppressive therapy (33 on Tacrolimus, 12 on Sirolimus, 9
on Cyclosporin with Mycophenolate, and/or Prednisolone),
with no apparent CMV disease or reactivation and no anti-
viral treatment within 6 months of recruitment. Fifty milli-
liters blood and a saliva sample were collected from each
patient. The patient presented as a case study (P1) filled the
criteria of the study when recruited in 2013. All participants
provided written informed consent and the project was ap-
proved by the Human Research Ethics Committees of RPH,
the University of Western Australia and Curtin University.

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from heparin-treated blood using Ficoll–Paque density
gradient centrifugation and were cryopreserved in liquid
nitrogen. Plasma samples were stored at -80�C.

Plasma samples were screened for CMV DNA in the
Department of Microbiology (RPH) using commercial kits
(Abbott Diagnostics, Lake Forest, IL) and were able to
quantitate >20 copies/mL. This value was used as a cutoff to
identify CMV DNA positive RTRs. CMV immunoglobulin
G (IgG) levels were determined by enzyme-linked immu-
nosorbent assay using CMV glycoprotein B (gB) antigen
and presented in arbitrary units (20).

PBMC were thawed, rested overnight at 37�C, and then
stained for surface and intracellular markers of NK and T
cells using multiparametric flow cytometry (20,21). To as-
sess antibody-dependent cellular cytotoxicity (ADCC),
CMV gB antigen was coated onto 96-well plates, incubated
overnight at 4�C. On the next day, samples of heat-
inactivated autologous plasma (diluted 1 in 300) were added

to the coated wells and incubated overnight at 4�C. Wells
were washed and PBMC were added with BV786 anti-
CD107a (H4A3; BD Biosciences) for 1 h, followed by
brefeldin A and monensin (BD Biosciences) for a further 5 h
at 37�C. Lineage markers were then stained as before
(20,21).

To assess T cell responses, PBMC (1 · 106) were stimulated
with overlapping 15mer pp65 or immediate early-1 (IE-1)
protein CMV peptides (1mg/mL for each peptide; JPT Peptide
Technologies GmbH, Germany) or anti-CD3 (0.1mg/mL;
Mabtech, Sweden) in the presence of anti-CD28 (0.1mg/mL)
and anti-CD49d (0.1mg/mL; BD Biosciences). BV786 anti-
CD107a was added to all wells. After 2 h, GolgiPlug and
GolgiStop (BD Biosciences) were added for a further 5 h (21).

To characterize replicating CMV, DNA was extracted
from lithium heparin buffy coats and saliva pellets (Favor-
gen, Taiwan). Nested primers targeting UL18 and UL40
were retrieved (14) and assays were optimized using DNA
extracted from HCMV-infected fibroblasts. Reactions
(20 mL) contained each primer (10mM), PCR buffer with
35 mM MgCl2, 40 mM dNTPs, Platinum Taq DNA Poly-
merase (Invitrogen, Carlsbad, CA), DNA (diluted 1:2) for
the outer PCRs, and the outer PCR product for the inner
PCRs. Cycling conditions for outer PCRs were as follows: 1
cycle of 5 min at 95�C followed by 35 cycles of 30 sec
at 95�C, 30 sec at 60�C, and 1 cycle of 1 min at 72�C.
Inner PCRs were run through only 30 cycles. Amplicons
were separated on 1% agarose gels and underwent Sanger
sequencing at the Australia Genome Research Facility.
Sequences were analyzed using Geneious version 10.0.3.

Case study

Following end-stage kidney disease secondary to Alport’s
syndrome, a 53-year-old female (P1) received a kidney from
a deceased donor in 1994 (Fig. 1). Both donor and recipient
were CMV seropositive at the time of transplant. The re-
cipient did not receive antiviral prophylaxis, and had no
known history of CMV disease. Within 6 months post-
transplantation, the patient became positive for CMV im-
munoglobulin M, but viral culture was not performed to
confirm active CMV replication. When recruited for our
study in February 2013, the recipient was stable on cy-
closporin, Mycophenolate and Prednisolone, with no anti-
viral therapy and no clinical symptoms of CMV infection or
any other disease. Her renal function was stable (creatinine
137 mmoles/L) and cyclosporine trough levels were within
the recommended range. Hospital records revealed that in
May 2013, she was diagnosed with an invasive cutaneous
facial squamous cell carcinoma (SCC) with local infiltration
causing sinusitis and cranial nerve palsies. This was treated

Received
Kidney

Transplant

1994

Recruited, 50 mL
blood and a saliva

sample was collected
for our study

Feb 2013

Diagnosed
with SCC

May 2013

Diagnosed
with multi-
pathogen 
pneumonia

Sep 2013

Deceased

2014

FIG. 1. Case study timeline.

356 MAKWANA ET AL.

D
ow

nl
oa

de
d 

by
 C

ur
tin

 U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
1/

01
/2

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 

140



with radiotherapy. In September 2013, she was admitted
with a febrile illness, with a diagnosis of multipathogen
pneumonia, being positive in a bronchial lavage for As-
pergillus and Pneumocystis jiroveci and positive in bron-
chial lavage and plasma for CMV. She was commenced on
intravenous (IV) antibiotic therapy (Tazocin, azithromycin,
cotrimoxazole) and IV ganciclovir, with a stepdown to
oral cotrimoxazole and valganciclovir. In July 2014 she
presented with sepsis secondary to orbital cellulitis attrib-
uted to her progressive SCC. Imaging revealed extensive
osseous and intracranial involvement ultimately leading to
her death.

NK and T cell profiles of RTR with detectable
CMV DNA

CMV DNA was detected in plasma from 7/54 (13%)
RTR, with viral loads of 22–2,717 copies/mL. P1 had the
highest burden of CMV (2,717 copies/mL) and the burden
of CMV correlated with time posttransplant (Spearman’s
test; r = 0.8, p = 0.02) but not with age (r = 0.35, p = 0.50). P1
also had the lowest CMV gB IgG titer and the highest fre-
quency of NK cells with expressing the activating receptor
(NKG2C), the inhibitory receptor (LIR-1) and lacking the
signaling adaptor molecule (FcRg-). Although expression of
NKG2C correlates with CMV seropositivity, we have shown
that proportions of FcRg- LIR-1+ NKG2C- NK cells are
higher in CMV DNA+ and CMV seropositive patients than
FcRg- LIR-1+ NKG2C+ or FcRg- LIR-1- NKG2C+ NK
cells (20). When proportions of NK cells expressing FcRg-

LIR-1+ NKG2C- were compared among the seven CMV
DNA+ RTR, P1 had the highest frequency of these cells
(Table 1). Moreover, in an ADCC assay, her FcRg- LIR-1+

NKG2C- NK cells displayed the highest expression of cy-
totoxic marker (CD107a) and TNFa following stimulation
with her own plasma, anti-CD16 (used as a positive control)
or K562 cells (used to assess NK cell cytotoxicity; Table 1).
In addition, her CD4+ T cell counts (80 cells/mL) and
CD4:CD8 ratio (0.08) were low relative to the normal range
used in clinical care (457–1,498 and 0.72–4.18, resp.), while
her CD8+ T cell and NK cell counts were high or normal
(CD8: 1,020 cells/mL, normal range 205–1,013; NK cells:
190 cells/mL, normal range 93–575). The patient had a low

frequency of CD4+ T cells and these were enriched for
terminally differentiated (CD27- CD45RA+) TEMRA cells
(Table 2). Most of her CD4+ effector memory T cells (CD4+

CD27- CD45RA- CD57+) expressed NK cell inhibitory
receptors, LIR-1 and KLRG1. These cells expressed
CD107a (a marker of cytotoxicity) and TNFa efficiently
upon stimulation with CMV pp65 antigen. However, P1 had
the lowest proportion of terminally differentiated (CD27-

CD45RA+) CD8+ T cells.

Modulation of protective T cells by NK cells

NK cells can inhibit the duration and effectiveness of
virus-specific CD4+ and CD8+ T cell responses by re-
ducing the antigen load via the direct killing of target cells
or the killing of DCs. During MCMV infection, infected
DCs prime naive T cells in both Ly49H- and Ly49H+

mice. In brief, Ly49H+ NK cells expand in the presence of
MCMV compared to Ly49H- mice and transmit activating
signals upon binding to m157 (an MCMV-encoded MHC-I
homolog). In Ly49H+ mice, where the NK cell response
is greater, the NK cells kill antigen bearing DCs, re-
ducing the generation and maintenance of virus-specific
T cells; while in Ly49H- mice, higher numbers of both
MCMV-specific CD8+ and CD4+ IFNg+ T cells are ob-
served (3,29).

Our work suggests that active CMV may induce anti-
body response, which then crosslinks Fc receptors on NK
cells to initiate the ADCC response. Given the efficient
ADCC responses in P1 (Table 1), lysis of DCs by adaptive
NK cells (FcRg- LIR-1+ NKG2C-) may have contributed
to the low frequencies of CD8+ TEMRA cells or CD4+ T
cells—some of which would have been CMV-specific.
Conversely low frequencies of adaptive NK cells may be
linked to higher T cell responses, as was observed in another
CMV DNA+ RTR (P2). Relative to P1, P2 had low propor-
tions of FcRg- LIR-1+ NKG2C- (11.7%), low ADCC using
patient plasma and positive control (0.02–0.04%), and low
NK cell cytotoxicity against K562 (0.05%), but displayed
high CD107a expression (5.6–11.2%) and IFNg produc-
tion (1.7–3.7%) by CD8+ TEM cells expressing LIR-1 and
KLRG1 against both pp65 and IE-1 antigen, suggesting
that strong CD4+ and CD8+ T cell responses against CMV

Table 1. Cytomegalovirus DNA Levels, Antibody Titers, and Natural Killer Cell Phenotypes

in Cytomegalovirus DNA
+

Renal Transplant Recipient (n = 7)

P1 P2–P7

Age 72 53 (41–66)
CMV DNA copies/mL of plasma 2,717 105 (22–349)
Antibody titer against gB antigen (AU · 10-3) 35 50 (39–66)
NK cell phenotype and function

CD56dim NK cells (% of lymphocytes) 13 8 (4–14)
NKG2C+ 42 16 (1.5–38)
LIR-1+ 87 65 (54–74)
FcRg- 88 31 (8.9–45)
FcRg- LIR-1+ NKG2C- (% of CD56dim NK cells) 41 17 (4–24)
FcRg- LIR-1+ NKG2C- CD107a+ TNFa+ (following patient plasma stimulation) 11 1 (0–1.7)
FcRg- LIR-1+ NKG2C- CD107a+ TNFa+ (following anti-CD16 stimulation) 12 1 (0–2.8)
FcRg- LIR-1+ NKG2C- CD107a+ TNFa+ (following K562 stimulation) 6.9 1 (0.05–2.3)

AU, arbitrary unit; CMV, cytomegalovirus; gB, glycoprotein B; NK, natural killer; TNFa, tumor necrosis factor alpha.
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may impede the expansion of adaptive NK cells. It is also
possible that adaptive NK cells do not kill CMV-activated
T cells, but limit T cell responses by reducing the antigen
load.

Modulation of NK cells by T cells

CD4+ T cells are also implicated in the control of CMV
infection. In Ly49H- mice, depletion of CD4+ T cells and
not CD8+ T cells increased the MCMV replication in the

salivary gland (3). Here, the low numbers of CD4+ T cells
may have allowed CMV replication, which in turn drove
the expansion of adaptive NK cells. Most CD4+ T cells
expressed a highly differentiated phenotype (LIR-1+

KLRG1+ CD4+ TEM) with high cytotoxic responses against
structural antigen (CMV pp65). This may reflect an attempt
to control active CMV replication. Upon CMV reactiva-
tion, IE-1 is the first protein synthesized and presented on
the surface of infected cells, so IE-1-specific T cells may
activate rapidly to curtail CMV replication. Poor responses
to IE-1 may contribute to active replication and higher
burden of CMV in P1. CMV-specific CD4+ T cells are also
critical in licensing DC to generate the expansion of ef-
fector and memory CD8+ T cells required to prevent lytic
CMV infection (13). Low frequencies of circulating ef-
fector CD4+ T cells suggest that this process may be im-
paired in P1—reducing frequencies of CD8+ TEMRA cells
and thus increasing CMV replication.

Diversity of CMV may be critical

Despite heightened immune response, a high CMV viral
load was observed in P1. We therefore sequenced UL18
and UL40 genes from samples of saliva and buffy coat
(predominantly blood granulocytes). These genes are
functional homologs of HLA-G (the ligand of LIR-1) and
the HLA-E (ligand of NKG2A and NKG2C), and may help
CMV to escape NK cell killing (25). The sequences
showed that the same strain of virus predominated in both
samples. This contained known mutations in UL18 that
may increase binding capacity to LIR-1 [positions 32
(aspartic acid to glycine, nucleotides 94–96), 33 (aspartic
acid to glutamic acid, nucleotides 97–98 and 102), 60
(lysine to arginine, nucleotides 178–180), and 61 (alanine
to threonine, nucleotides 181–183)]. However, the UL18
sequenced from P1 also had several other mutations
downstream (Supplementary Fig. S1) (7), which may fur-
ther influence the affinity for LIR-1 (28). Furthermore,
sequence chromatographs of both the UL40 and UL18
genes from the buffy coat revealed the presence of at least
two viral species. Mixed CMV infections have been as-
sociated with increased viral load and are often accom-
panied to infection with other herpesviruses (2). This may
explain her poor clinical course. Moreover, infection with
multiple viral species may have challenged her immune
response and therefore replication persisted despite in-
creased NK cell responses.

The patient’s clinical course should be considered

Few months postrecruitment for our study, P1 was di-
agnosed with SCC. We cannot rule out the possibility that
the changes seen in NK cells can be due to an onset of SCC,
but no studies have linked expansions of adaptive NK cells
with cancer. In fact, studies are now harnessing CMV-
induced adaptive NK cells for cancer immunotherapy (27),
and the changes observed in NK cells have been attributed
to CMV in other studies (17,30), so the SCC may not be
critical here.

The low CD4+ T cell count in P1 may reflect the
chronic exposure to immunosuppressive drugs rather than
cross regulation by NK cells. CMV reactivation is also
common in the elderly (24), reflecting and/or driving the

Table 2. T Cell Frequencies and Function

Following pp65 and IE-1 Stimulation

in Cytomegalovirus DNA
+

Renal Transplant

Recipients (n = 7)

P1 P2–P7

T cell phenotype
CD4 T cells (% of lymphocytes) 5.8 45 (25–56)
CD27- CD45RA+ (TEMRA % of

CD4)
66 2 (0.4–4.4)

CD27- CD45RA- (TEM % of
CD4)

5 8 (0–18.7)

CD8 T cells (% of lymphocytes) 72 18 (7–27)
CD27- CD45RA+ (TTEMRA % of

CD8)
0.8 44 (13–72)

CD27- CD45RA- (TEM % of
CD8)

3.2 11 (2–30)

LIR-1+ KLRG1+ % of CD57+

CD4+ TEMRA

72 31 (3–74)

LIR-1+ KLRG1+ % of CD57+

CD4+ TEM

80 15 (1.8–32)

LIR-1+ KLRG1+ % of CD57+

CD8+ TTEMRA

95 72 (28–98)

LIR-1+ KLRG1+ % of CD57+

CD8+ TEM

90 66 (39–84)

T cell response following pp65 stimulation
CD107a % of LIR-1+ KLRG1+

CD4 TEM

9.6 3 (1.4–4.3)

TNFa % of LIR-1+ KLRG1+ CD4
TEM

1.5 0.07 (0–0.2)

CD107a % of LIR-1+ KLRG1+

CD8 TEM

4.3 3 (0.4–6.4)

TNFa % of LIR-1+ KLRG1+ CD8
TEM

2.6 0.5 (0–1.5)

CD107a % of LIR-1+ KLRG1+

CD8 TEMRA

1.8 1 (0.1–2.4)

TNFa % of LIR-1+ KLRG1+ CD8
TEMRA

0.2 0.05 (0–0.12)

T cell response following IE-1 stimulation
CD107a % of LIR-1+ KLRG1+

CD4 TEM

0.3 0.3 (0–1.2)

TNFa % of LIR-1+ KLRG1+ CD4
TEM

2.6 0.3 (0–1.3)

CD107a % of LIR-1+ KLRG1+

CD8 TEM

1.3 1.5 (0–3.7)

TNFa % of LIR-1+ KLRG1+ CD8
TEM

4.3 1.7 (0–7.4)

CD107a % of LIR-1+ KLRG1+

CD8 TEMRA

0.9 0.6 (0–1.4)

TNFa % of LIR-1+ KLRG1+ CD8
TEMRA

0.3 0.3 (0.02–1.1)

IE-1, immediate early-1.
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accumulation of terminally differentiated T cells (9). Thus,
older age of P1 and the long period elapsing since trans-
plantation may be associated with her poor T cell responses
to CMV antigens. This may be the primary effect with
other changes following on.

Conclusions

Changes in NK cell or T cell populations in CMV se-
ropositive donors have been described in many studies,
but none is based in a clinical setting where control of
CMV is being progressively lost. We suggest that lower
proportions of CD4+ T cells and accelerated T cell dif-
ferentiation in the presence of active CMV replication
may have modulated innate immunity, as increased pro-
portions of adaptive NK cells with potential to control the
virus were observed in P1. Understanding crosstalk be-
tween immune cells driven by CMV may reveal novel
biomarkers to identify individuals at risk of uncontrolled
CMV replication.
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Abstract

Cytomegalovirus (CMV) has been implicated in vascular pathologies and may war-

rant inclusion in cardiovascular predictive algorithms. We addressed this in healthy

older adults and renal transplant recipients (RTR) as they retain a high burden of

CMV. RTR (n = 45) stable more than 2 years after transplantation and 58 age‐
matched healthy adults were assessed. Plasma inflammatory biomarkers (soluble

isoform of the interferon‐β receptor [sIFNAR2], soluble tumour necrosis

factorreceptor‐1 [sTNFR1], soluble cluster of differentiation 14 [sCD14], C reactive

protein, P‐selectin, intracellular cell adhesion molecule‐1, vascular cell adhesion

molecule‐1), and measures of CMV burden (antibodies, saliva CMV DNA, and in-

terferon γ responses to CMV) were assessed in 2014 and evaluated in 2017 as

predictors of vascular health—defined using flow‐mediated dilatation (FMD), pulse

wave velocity (PWV), and augmentation indices (Aix@ 75). Linear regression models

adjusted for age, sex, and body mass index (BMI) were optimized to identify risk

factors. In 2017, RTR had inferior vascular health marked by impaired FMD and

PWV. Detectable CMV DNA (P = .02) was associated with impaired FMD, whilst

CMV glycoprotein B (gB) antibody attenuated this effect (P = .03) (adjusted

R2 = .42). In healthy adults, the optimal model for predicting FMD (R2 =.22) in-

corporated high P‐selectin (P = .03) and low ICAM‐1 (P = .03) levels with no sig-

nificant impact of CMV. Elevated sIFNAR2 (P = .04) and gB antibody (P = .06) levels

predicted increasing Aix@ 75 (poor vascular health) in healthy adults (R2 = .4), whilst

optimal models for RTR (R2 = .37) linked low sIFNAR2 and CMV IE‐1 antibody levels

with lower Aix@ 75 (better vascular health). CMV IE‐1 antibody was also protective

in relation to PWV in healthy adults (R2 = .55). Overall, measures of active CMV

replication were more predictive of impaired FMD in RTR than standard biomarkers,

but increased CMV gB antibodies may be protective.

K E YWORD S

CMV, inflammatory biomarkers, renal transplantation, vascular pathology
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1 | INTRODUCTION

Cytomegalovirus (CMV) is a β‐herpesvirus associated with diverse

acute disease syndromes in premature infants, HIV patients and after

transplantation. Primary infections are common during childhood,

with viral latency and episodic reactivations.1 A recent review con-

cluded that 83% of the global population is seropositive, dependent

on age, sex, geography, and socioeconomic factors.2 Despite the long‐
held view that CMV infections in healthy adults are asymptomatic,

chronic CMV infection in the general population has been linked with

diseases of aging 3 and all‐cause mortality.4 There is evidence linking

CMV with cardiovascular disease (CVD) due to atherosclerosis 5 and

associations with cardiovascular events in the general population

have been confirmed by meta‐analyses.6,7

CMV infection is a serious complication after renal transplantation,

contributing to high morbidity and mortality,8 and influencing T‐cell and
NK cell populations.9,10 Moreover, CVD is a major cause of morbidity and

mortality in renal transplant recipients (RTR)11 with higher risks of car-

diovascular events than the general population. Traditional cardiovas-

cular risk factors (eg, hypertension, dyslipidemia, smoking, and diabetes)

and transplant‐specific risk factors such as immunosuppressive drug

treatments, low graft function, and proteinuria are associated with in-

creased CVD risk in RTR.12 We have examined a role for CMV infection

in this setting of increased CVD risk following renal transplantation.

Brachial arterial flow‐mediated dilatation (FMD) is assessed by high‐
resolution ultrasound after blood flow is occluded. FMD reflects

endothelium‐dependent vasodilator function and has been validated as a

surrogate of the endothelial function of the coronary circulation, as it

associates with prevalent and incident cardiovascular diseases.13 In a

cohort of healthy adults and RTR stable on therapy, we linked CMV

antibody levels, age, and sex with FMD in RTR, whilst inflammatory

biomarkers associated better with FMD in healthy adults.14 However, a

more useful algorithm would predict vascular health over the next few

years of life. To this end, participants remaining stable in health were

retested after an interval of 3 years, with further assessments of vascular

function presented herein. This included central arterial stiffness de-

termined by pulse wave velocity (PWV), as it has been linked to primary

coronary events and cardiovascular mortality in end‐stage renal failure

participants15 and in hypertensives.16 Premature or increased arterial

wave reflections quantified as augmentation index corrected to 75 beats

per minute (Aix@75) were assessed, as they associate with the presence

and extent of coronary artery disease.17 Carotid intima‐media thickness

(cIMT) is a marker of subclinical atherosclerosis where the thickness of

the inner layer (intima) of the carotid artery is assessed via ultrasound.18

The ability of measures of the burden of CMV to predict vascular

health after an interval of 3 years was compared with predictions

obtained using plasma biomarkers previously linked with athero-

sclerosis. CMV replication promotes the expression of intracellular

cell adhesion molecule‐1 (ICAM‐1) and vascular cell adhesion

molecule‐1 (VCAM‐1) leading to enhanced leukocyte adherence in

vitro.19 ICAM‐1 is constitutively expressed in atherosclerotic plaques

and correlates with lesion expansion.20 VCAM‐1 is inducible and may

be protective of future cardiovascular disease risk.21 Elevated

P‐selectin marks platelet activation implicated in myocardial infarc-

tion and ischemic stroke.22 We assessed plasma C‐reactive protein

(CRP) and soluble tumour necrosis factor receptor‐1 (sTNFR1) as

markers of immune activation, and levels of a soluble isoform of the

interferon‐β (IFNβ) receptor (sIFNAR2). This is a more stable marker

of IFNα/β activation (such as that induced by CMV) than either cy-

tokine and can regulate the activity of IFNα/β through competition at

high concentrations and stabilization at lower concentrations.23

2 | MATERIALS AND METHODS

2.1 | Study cohorts

As described previously,14 RTR (n = 81) were recruited from the renal

clinics at Royal Perth Hospital, Western Australia in 2014. This is

defined as the baseline. All participants were clinically stable on

maintenance immunosuppressive medications more than 2 years

after transplantation, with no CMV disease within 6 months of blood

collection and no ongoing antiviral treatment. The median (range)

time post transplantation was 7 (2‐37) years. Age‐matched healthy

adults (n = 82) were recruited through local advertisements. Venous

blood samples were collected, plasma was aliquoted and stored at

−80°C, and peripheral blood mononuclear cells (PBMC) were stored

in liquid nitrogen. The estimated glomerular filtration rate (eGFR)

was calculated using the Chronic Kidney Disease Epidemiology Col-

laboration (CKD‐EPI) formula. Written informed consent was ob-

tained from each participant. The study protocol conforms to the

ethical guidelines of the 1975 Declaration of Helsinki. The project

was approved by the Human Ethics Committees of Royal Perth

Hospital, University of Western Australia and Curtin University. In

2017, a subset of both cohorts (45 RTR, 58 healthy adults) returned

for repeat assessments. This is defined as follow‐up. Data

describing these individuals at baseline are presented in Table 1.

2.2 | CMV DNA, CMV antibodies, and plasma
biomarkers

DNA was extracted with Genomic DNA Extraction Blood Mini Kits

(Favorgen, Ping‐Tung, Taiwan) and stored at −80°C. CMV DNA was

detected in saliva using a quantitative polymerase chain reaction

based on primer sequences targeting the UL54 gene.24

Plasma antibody levels were determined using a lysate of CMV‐
infected fibroblasts, glycoprotein B (gB), and immediate‐early (IE)‐1
antigens.25 Coefficients of variance were 6.1% (CMV lysate), 2.9%

(gB), and 4.8% (IE‐1). Results are presented as arbitrary units (AU)/

mL based on a standard plasma pool.14 This strategy permits com-

parisons between volunteers but not between antigens.

Plasma levels of vascular biomarkers (P‐selectin, ICAM‐1, and
VCAM‐1) and inflammatory biomarkers (sTNFR1, sCD14, and CRP)

were quantified using commercial enzyme linked immunosorbent

assay (ELISA) antibody pairs (R&D Systems, Minneapolis, MN).

AFFANDI ET AL. | 3651
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Plasma sIFNAR2 was quantified using a precoated ELISA kit donated

by PBL Assay Science (Piscataway, NJ).

2.3 | Interferon γ‐producing T‐cells

Enzyme linked immunosorbent spot (ELISpot) assays utilized anti‐
interferon γ (IFNγ) antibodies (MabTech, Stockholm, Sweden) and

cryopreserved PBMC with cell viability >95%. Cells were stimulated

with anti‐CD3 (10 ng/mL; MabTech), whole CMV lysate (described

above), CMV pp65 peptide pool (NIH AIDS reagent program,

Woburn, MA) or a CMV IE‐1 peptide pool (JPT, Berlin, Germany).26

Spots more than 10 units in size and more than 20 units in intensity

were counted using an AID ELISpot reader (AID; Strasberg,

Germany). Number of spots in unstimulated wells were subtracted

from numbers in stimulated wells and adjusted per 2 × 105 PBMC.

2.4 | Vascular health

Carotid intima‐media thickness (cIMT) was assessed by ultra-

sound.25,27 Flow‐mediated dilatation (FMD) of the brachial artery was

assessed after 10minutes rest. A transducer, connected to a Phillips

CX50 ultrasound device (Philips Ultrasound, Andover, MA) is fixed in

TABLE 1 Descriptive statistics recorded
at baselineRTR (n = 45)

Healthy
adults (n = 58) P valuea

Demographic and clinical markers

Male, n (%) 27 (60.0) 31 (53.5) .51

Smoker or ex‐smoker, n (%) 12 (26.7) 21 (36.2) .30

Age, y 56.0 ± 10.6 51.8 ± 13.6 .09

BMI, kg/m2 28.9 ± 6.7 [2]d 26.1 ± 4.2 [4]d .01

eGFR, mL/min/1.73m2 60.7 ± 19.6 96.3 ± 15.9 <.001

Creatinine, μmol/L 117 ± 44.1 71.6 ± 14.3 <.001

CMV antibody levels and DNAd

CMV lysate Ab, AU/mL 399 (0, 8456) [1]d 106 (0, 1092) [3]d .001b

CMV gB Ab, AU/mL 176 (0, 844) 39 (0, 267) <.001b

CMV IE‐1 Ab, AU/mL 4.6 (0.5, 350) 4.2 (0.6, 64.5) .58b

Detectable CMV DNA in saliva, n (%) 5 (11.1) 2 (3.6) [3]d .24c

T‐cell (interferon γ) responses to CMV antigens (spot forming units per 2 × 105 PBMC)

CMV lysate T‐cells 40 (0, 2077) [9]d 32 (0, 1938) [10]d .29b

CMV pp65 T‐cells 147 (0, 1989) [9]d 86 (0, 1880) [10]d .10b

CMV IE‐1 T‐cells 45 (0, 1888) [9]d 6 (0, 1066) [10]d .004b

Inflammatory biomarkers in plasma

sIFNAR2, ng/mL 7.7 (4.3, 17) 4.5 (2.5,7.9) <.001

sTNFR1, ng/mL 1.4 (0.5, 3.1) 0.6 (0.4, 1.2) <.001

sCD14, μg/mL 1.3 (0.8, 2.3) 1.0 (0.7, 1.7) <.001

CRP, μg/mL 1.4 (0.04, 27) 0.9 (0.07, 6.6) .06c

Vascular biomarkers in plasma

P‐selectin, ng/mL 45.4 ± 11.2 44.5 ± 18.6 .79

ICAM‐1, ng/mL 121 ± 32.8 114 ± 26.3 .24

VCAM‐1, ng/mL 479 ± 147 377 ± 84.8 <.001

Vascular measurements

FMD, % 4.8 ± 3.5 [5]d 7.9 ± 3.1 <.001

Left cIMT, mm 0.7 ± 0.2 [3]d 0.7 ± 0.1 .16

Abbreviations: BMI, body mass index; cIMT, carotid intima‐media thickness; CMV, cytomegalovirus;

CRP, C‐reactive protein; eGFR, estimated glomerular filtration rate; FMD, flow‐mediated dilatation;

ICAM‐1, intracellular cell adhesion molecule‐1; PBMC, peripheral blood mononuclear cells; RTR,

renal transplant recipients; sCD14, soluble cluster of differentiation 14; sIFNAR2, soluble isoform of

the interferon‐β receptor; sTNFR1, soluble tumour necrosis factor receptor‐1; VCAM‐1, vascular cell
adhesion molecule‐1.
P < 0.05 are in bold.
aχ2 tests for categorical variables or independent samples t‐tests for continuous variables

(mean ± SD), unless otherwise indicated.
bMann‐Whitney tests shown as median (range).
cFisher's exact test.
dMissing data [n].
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position over the brachial artery, 5 to 10 cm proximal to the ante-

cubital crease. After a baseline artery diameter recording of 1minute,

a blood pressure cuff is placed around the left forearm and inflated to

200mmHg. The cuff is released after 5minutes, inducing reactive

hyperemia (increase in blood flow). The brachial artery image is then

recorded for 4minutes after cuff deflation to assess FMD. Analysis of

the FMD response is performed with semi‐automated edge‐detection
software (Brachial Artery Analyzer, Medical Imaging Applications, IO),

which automatically calculates the diameter corresponding to the

medial layer. This is gated to the R wave of the ECG with measure-

ments taken at end‐diastole. Responses are calculated as the percen-

tage change in diameter from baseline, both as a continuous response

(every 10 seconds for the 4minutes postcuff deflation) and as a peak

response. All procedures were performed by a trained sonographer.

Arterial stiffness was assessed noninvasively using a Sphygmo-

Cor instrument (AtCor Medical, Sydney, Australia). Pulse wave

velocity (PWV) was assessed separately from pulse wave analysis

(PWA) which was used to assess augmentation index (AI) from the

peripheral pulse pressure curve registered at the radial artery via

application of a blood pressure cuff around the bicep of the non-

dominant arm. The AI is then corrected to a heart rate of 75 beats

per minute (Aix@75) using the in‐built pulse wave analysis software.

2.5 | Statistical analyses

Normally distributed variables assessed in RTR and healthy adults at

baseline were compared using independent samples t‐tests and reported

as mean and standard deviation. Skewed continuous variables were re-

ported as median (range) and compared using nonparametric Mann‐
Whitney tests. Categorical variables were reported as frequencies and

the associations tested using χ2 or Fisher's Exact Tests. Linear correla-

tions between continuous variables were assessed using Spearman rank

correlation and the correlation coefficients (r) of each pair were reported.

Markers of the CMV burden and vascular/inflammatory bio-

markers assessed at baseline were tested to determine which best

predicted FMD, Aix@75 and PWV recorded at follow‐up, in separate

linear regression models. Coefficients (β) and the 95% confidence

intervals (CI) are presented. Predictors achieving P ≤ .20 individually

were included in multiple linear regression models adjusted for age,

sex, body mass index (BMI), and eGFR. Statistical analyses were

performed using Stata version 14.2 (Stata Corp LLC, College Station,

TX). The significance level was set at 5%.

3 | RESULTS

3.1 | RTR had elevated levels of several markers of
inflammation and CMV burden

Baseline characteristics of participants retested at follow‐up are sum-

marized in Table 1. RTR had higher BMI (P = .01) and lower eGFR

(P < .001) as they had received only one kidney. Levels of CMV

antibodies, T‐cell IFNγ responses to CMV IE‐1, and plasma levels of

sIFNAR2, sTNFR1, sCD14, CRP, and VCAM‐1 were higher in RTR than

healthy adults. At follow‐up, all RTR were on immune suppressive

therapy, 69% (31/45) received antihypertensives, 33% (15/45) received

statins, and 18% (8/45) remained on glucose‐lowering medications. In

contrast, 14% (8/58) of healthy adults were on blood pressure‐lowering
medications and 8% (5/58) were on statins. The small size of the cohorts

precluded a formal analysis of these complex regimens.

3.2 | Methods to assess vascular health do not align
uniformly, suggesting conflicting pathological
pathways

In RTR, FMD correlates with Aix@75 (r = .49; P = .002; Spearman's

correlation), but this is not apparent in healthy adults (r = .03; P = .82).

Conversely in healthy adults, PWV correlates with Aix@75 (r = .38;

P = .005), but this is not apparent in RTR (r = −.05; P = .77). This may

relate to the absence of a strong predictive model for PWV in RTR

(Table 3B). Neither FMD, PWV, nor Aix@75 correlate with cIMT

(data not shown), and cIMT values could not be modeled with the

biomarkers assessed here.

3.3 | Vascular health is worse in RTR with minimal
change over 3 years

RTR had lower FMD values (P < .001) than healthy adults, indicating

inferior vascular elasticity, but their FMD values were steady over time

(baseline: 5.2 ± 3.7 vs follow‐up: 5.1 ± 2.9; paired‐samples t‐test; P = .70).

A decline was evident in healthy adults (baseline: 7.9 ± 3.1 vs follow‐up:
7.1 ± 2.8; P = .02). cIMT values in RTR matched the healthy adults at

baseline (Table 1 and data not shown). At follow‐up, left cIMT remained

at 0.7 ± 0.2 in RTR (P = .25) and increased marginally from 0.62 ± 0.1 to

0.68 ± 0.2 in healthy adults (P = .05). As we could not derive any sig-

nificant models to predict cIMT (right or left) at baseline14 or follow‐up
(data not shown), these measures were not analyzed further. Aix@75

and PWV were not recorded at baseline so we could not assess change

over time. However, at follow‐up, Aix@75 values suggested no clear

difference between RTR and healthy adults (20.6 ± 12.4 vs 16.9 ± 12.3;

P =0.14). PWV values suggested that RTR had inferior vascular health

(8.4 ± 1.5 vs 7.1 ± 1.5meters/second; P < .001).

3.4 | Prediction of FMD after 3 years

Biomarkers recorded at baseline were tested in linear regression models

adjusted for age, sex, and BMI to establish which had value in the pre-

diction of decreasing FMD at follow‐up (see Table 2A). The optimal

models derived for RTR and healthy adults were qualitatively different.

Baseline markers of CMV markers of burden (CMV gB antibody and

saliva CMV DNA) were significant predictors of FMD in RTR (adjusted

R2 = .42; Table 2B). When age, sex, BMI, eGFR, sCD14, and saliva CMV
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DNA are kept constant, each unit increment at baseline CMV gB anti-

body predicted an increase of 0.005 units in FMD readings at follow‐up
(P= .03), inferring a protective effect of CMV gB antibodies in RTR. On

the other hand, the presence of saliva CMV DNA at baseline predicted a

drop of 3.1 units of FMDwhen age, sex, BMI, eGFR, sCD14, and CMV gB

antibody were kept constant, inferring worsened vascular health (P= .02).

Measures of the burden of CMV had no significant impact in

healthy adults, with the optimal model identifying ICAM‐1 and

P‐selectin as having predictive value (Adjusted R2= .22; Table 2B).

When age, sex, BMI, eGFR, and ICAM‐1 were kept constant, every

1 ng/mL increment of P‐selectin at baseline predicted an increase of

0.04 units FMD at follow‐up inferring a protective effect (P = .03).

However, when age, sex, BMI, eGFR, and P‐selectin were kept constant,

every 1 ng/mL increment ICAM‐1 at follow‐up predicted a drop of 0.03

units in FMD, inferring inferior endothelial function (P = .03).

3.5 | Prediction of Aix@75 after 3 years

Amongst RTR, only plasma sIFNAR2 and levels of CMV IE‐1 antibody

achieved P < .20 in individual analyses predicting Aix@75 at follow‐up
(Table S1). Both were retained in the optimal model (Adjusted

R2 = .37; Table 3A). With every 1 pg/mL increase in sIFNAR2 at

baseline, Aix@75 is predicted to decrease by 0.001 units (P = .07)

TABLE 2 Distinct biomarkers predict flow‐mediated dilatation (FMD) at follow‐up among renal transplant recipients (RTR) and healthy adults

A

All factors

RTR Healthy adults

Adjusted βa P Adjusted R2 Adjusted βa P Adjusted R2

CMV lysate Ab AU/mL −3.16 × 10−4 .24 .28 −12.08 × 10−4 .42 .13

CMV gB Ab AU/mL 2.86 × 10−3 .15b .30 3.57 × 10−3 .51 .10

CMV IE‐1 Ab AU/mL −0.02 .27 .28 −0.09 .31 .11

Saliva CMV DNA (%) −1.8 .13b .30 −0.6 .73 .15

CMV lysate T‐cellsc −1.33 × 10−3 .26 .29 2.42 × 10−6 .99 .05

CMV pp65 T‐cellsc 4.81 × 10−5 .96 .25 −1.15 × 10−3 .21 .09

CMV IE‐1 T‐cellsc −1.85 × 10−3 .23 .33 −1.77 × 10−3 .40 .07

sIFNAR2, ng/mL −1.85 × 10−4 .36 .27 −0.15 × 10−3 .73 .10

sTNFR1, ng/mL −5.25 × 10−4 .57 .26 −15.96 × 10−4 .60 .10

sCD14, μg/mL −2.84 × 10−3 .09b .31 −0.28 × 10−3 .88 .09

CRP, μg/mL 2.73 × 10−3 .97 .25 −0.29 .26 .12

P‐selectin, ng/mL −.03 .41 .26 .03 .07b .15

ICAM‐1, ng/mL −.01 .41 .26 −.03 .07b .16

VCAM‐1, ng/mL 6.76 × 10−4 .83 .25 3.15 × 10−3 .51 .10

B

Optimal models

RTR Healthy adults

Adjusted R2 = .42 Adjusted R2 = .22

Adjusted β (95% CI) P Adjusted β (95% CI) P

CMV gB Ab AU/mL 0.005 (0.0005, 0.009) .03d …

Saliva CMV DNA (%) −3.1 (−5.6, −0.6) .02e …

P‐selectin, ng/mL … 0.04 (0.004, 0.08) .03f

ICAM‐1, ng/mL … −0.03 (−0.06, −0.004) .03g

Abbreviations: BMI, body mass index; CMV, cytomegalovirus; CRP, C‐reactive protein; eGFR, estimated glomerular filtration rate; ICAM, intracellular cell

adhesion molecule‐1; RTR, renal transplant recipients; sCD14, soluble cluster of differentiation 14; sIFNAR2, soluble isoform of the interferon‐β receptor;

sTNFR1, soluble tumour necrosis factor receptor‐1; VCAM, vascular cell adhesion molecule‐1.
aIndividual regression analyses adjusted for age, sex, BMI, and eGFR.
bCarried forward to the optimal final model shown in Table 2B (ie, P ≤ .2).
cT‐cell (IFNγ) responses to CMV antigens (spot forming units per 2 × 105 PBMC).
dModel included Saliva CMV DNA, sCD14, age, sex, BMI, and eGFR.
eModel included CMV gB Ab, sCD14, age, sex, BMI, and eGFR.
fModel included ICAM‐1, age, sex, BMI, and eGFR.
gModel included P‐selectin, age, sex, BMI, and eGFR.
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after adjustments for CMV IE‐1 antibody, age, sex, BMI and eGFR.

However, the effect of sIFNAR2 was marginal.

In healthy adults, when age, sex, BMI, eGFR, and CMV gB anti-

body are kept constant, every 1 pg/mL increase in sIFNAR2 at

baseline, predicted an increase of arterial stiffness as reflected

by an increase in Aix@75 at follow‐up (adjusted R2 = .40; Table 3A).

3.6 | Prediction of PWV after 3 years

In RTR, only plasma sIFNAR2 achieved P < .20 in individual analyses

predicting PWV at follow‐up (Table S2) and had no significant impact

in the weak optimal model obtained after adjusting for age, sex, BMI,

and eGFR (P = .15; adjusted R2= .14; Table 3B).

Amongst healthy adults, only CMV IE‐1 and sCD14 achieved

P < .20 in individual analyses (Table S2). The optimal model was strong

(adjusted R2 = .55; Table 3B) predicting a reduction of 0.08m/s PWV

for every unit increase in CMV IE‐1 antibodies, inferring better arterial

elasticity (P = .02).

4 | DISCUSSION

Our study evaluates several measures of CMV burden and estab-

lished markers of inflammation and atherosclerosis as predictors of

vascular health after an interval of 3 years. Whilst many studies have

sought links between CMV and cardiovascular disease, this study is

novel in several ways.

First, we establish FMD as a stable prognostic marker of vascular

health. Kensinger et al28 showed that FMD improved 11 months

after patients received a kidney transplant although this study was

conducted from months 1 to 24 posttransplantation. However, the

RTR participants in our cohort were assessed at a median of 7

(baseline) and 10 years (follow‐up) after transplantation. Although

FMD readings did not change significantly during the 3 years in RTR

or healthy adults, differences among these groups were maintained.

Second, we address inherent problems in the assessment of the

burden of CMV. RTR who had CMV reactivation as indicated by the

presence of saliva CMV DNA were more likely to have worsening of

their vascular function, as assessed by FMD, but gB antibodies were

protective. CMV gB is considered a major vaccine target antigen based

on its critical role in mediating viral‐host cell fusion and thus viral entry.

Phase II clinical trials of a monomeric recombinant trimeric CMV gB

protein demonstrated efficacy in reducing viremia in solid organ

transplantation recipients.29 Further, detectable CMV viremia (≥656

copies/mL) has been associated with all‐cause mortality following renal

transplantation.30 Accordingly, high CMV antibody titers and/or an

immune response to CMV independently associated with impaired

vascular function as marked by FMD in young men.31 Nikitskaya et al32

reported that patients with stable coronary artery disease and acute

coronary syndrome had higher levels of CMV DNA than in the healthy

group. In another study, the presence of CMV DNA in leukocytes

TABLE 3 Optimal models predicting Aix@75 and PWV at follow‐up

A

Aix@75

RTR Healthy adults

Adjusted R2 = .37 Adjusted R2 = .40

Adjusted β (95% CI) P Adjusted β (95% CI) P

CMV IE‐1 Ab AU/mL −.03 (−0.09, 0.02) .2a …

sIFNAR2 ng/mL −.001 (−0.003, 0.0001) .07b .003 (0.00001, 0.007) .04c

CMV gB Ab AU/mL … .04 (−0.002, 0.08) .06d

B

PWV

RTR Healthy adults

Adjusted R2 = .14 P Adjusted R2 = .55 P

CMV IE‐1 Ab AU/mL … −0.08 (−0.14, −0.01) .02e

sIFNAR2 ng/mL .2 (−0.07, 0.4) .15f …

sCD14 μg/mL … 0.001 (−0.0002, 0.003) .09g

Abbreviations: BMI, body mass index; CMV, cytomegalovirus; eGFR, estimated glomerular filtration rate; PWV, pulse wave velocity; RTR, renal transplant

recipients; sCD14, soluble cluster of differentiation 14; sIFNAR2, soluble isoform of the interferon‐β receptor.
aModel included sIFNAR2, age, sex, BMI, and eGFR.
bModel included CMV IE‐1 Ab, age, sex, BMI, and eGFR.
cModel included CMV gB Ab, age, sex, BMI, and eGFR.
dModel included sIFNAR2, age, sex, BMI, and eGFR.
eModel included sCD14, age, sex, BMI, and eGFR.
fModel included age, sex, BMI, and eGFR.
gModel included CMV IE‐1 Ab, age, sex, BMI, and eGFR.
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associated with higher levels of oxidative stress and subclinical ather-

osclerosis in healthy adults.33 Our analysis of CMV DNA in plasma and

saliva in the larger cohort recruited in 2014 show that both were as-

sociated with an elevated level of gB antibodies and T‐cell IFNγ re-

sponses to IE‐1 peptides.34 Thus, detection of CMV DNA in saliva marks

active systemic replication—which fits the associations with poor vas-

cular health. The findings are novel and significant in demonstrating this

with a noninvasive sample (saliva) and because we predict vascular

health after an interval of 3 years.

A notable aspect of the prediction of FMD in RTR here and at

baseline14 is the effect of the footprint of CMV with no signal from

established cardiovascular biomarkers (P‐selectin, ICAM‐1, or VCAM‐1).
Conversely, healthy adults displayed associations with cardiovascular

markers.19–22 Here we have a link between FMD and ICAM‐1 (but not

VCAM‐1) in healthy adults (Table 2B). This was surprising as levels of

VCAM‐1 were elevated in RTR (Table 1) and CMV replication promoted

expression of ICAM‐1 and VCAM‐1 leading to enhanced leukocyte

adherence in vitro.19

P‐selectin levels were similar in RTR and healthy adults, and

P‐selectin was significantly protective in relation to FMD in healthy

adults. This unexpected finding may reflect the absence of severe

vascular disease in this cohort. P‐selectin is expressed on both the

endothelium and on platelets—both have been linked with athero-

sclerosis.22,35 Mouse models show persistent CMV infections can

upregulate platelet P‐selectin and thus promote microvascular da-

mage.36 However, the picture is clearly more complicated in humans

and will require measurements of cell‐bound and soluble P‐selectin
to evaluate its role.

Prediction of Aix@75 and PWV differed from FMD, suggesting

different underlying pathologies. CMV seropositivity was associated

with increased arterial stiffness as measured by PWV in patients with

chronic kidney disease.37 Indeed sIFNAR2 was weakly protective in

relation to Aix@75 in RTR and a poor prognostic marker in healthy

adults (Table 3A). A protective effect would be consistent with

sIFNAR2 as a marker of high levels of IFNα which may control CMV

replication in the absence of a useful/optimal innate or adaptive re-

sponse in RTR. Indeed RTR had higher levels than healthy adults

(Table 1). It is plausible that levels of CMV in the healthy adult po-

pulation (which included some seronegative individuals) were in-

sufficient to induce sIFNAR2 or IFNα. Whilst CMV IE‐1 levels were

protective in relation to PWV in healthy adults, no other factor

reached P < .20 in individual analyses and the model remains robust.

CMV IE‐1 antibody itself is unlikely to affect the vasculature, so we

hypothesize that it can regulate the burden of CMV perhaps locally in

the femoral or carotid arteries.

Prognostic significance of increased arterial stiffness is well re-

cognized. The contributions of alterations to the extracellular matrix,

advanced glycation end products, chronic inflammation and endothelial

dysfunction to increased arterial stiffness associated with chronic kid-

ney disease have been reviewed with no attention to the role of CMV as

a primary trigger.38 Here, measures of active CMV replication predicted

FMD in RTR with more potency than standard biomarkers, but gB an-

tibody may be protective. However, FMD, PWV, and Aix@75 do not

align uniformly with each other, indicating different vascular patholo-

gies. sIFNAR2 levels warrant further analysis in relation to Aix@75.
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A R T I C L E  I N F O
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A B S T R A C T

Alzheimer’s disease (AD) is an incurable neurodegenerative condition resulting in progressive cognitive decline. 
Pathological features include Aβ plaques, neurofibrillary tangles, neuroinflammation and neuronal death. 
Purinergic receptors 7 and 4 (P2X7R and P2X4R) and calcium/calmodulin-dependent kinase kinase 2 (CaMKK2) 
are implicated in neuronal death. We used immunohistochemistry to investigate the distribution of these proteins 
in neurones from frontal cortex of donors (n = 3/group; aged 79–83 years) who died with and without AD. 
Neurones were identified morphologically and immunoperoxidase staining was achieved using commercial 
antibodies. Immunoreactive neurones were counted for each protein by 2–3 raters blinded to the diagnoses. We 
observed no differences in percentages of P2X7R, P2X4R or CaMKK2 positive neurones (p = 0.2–0.99), but 
sections from individuals with AD had marginally fewer neurones (p = 0.10). Hence P2X7R, P2X4R or CaMKK2 
appear to be expressed in neurones from older donors, but expression does not associate with AD.   

1. Introduction

Alzheimer’s disease (AD) is an incurable neurodegenerative disease
resulting in a progressive cognitive decline which impairs basic func-
tional abilities (Mattson, 2004). Neuropathological hallmarks of AD 
include extracellular deposition of the neurotoxic beta amyloid peptide 
1-42 (Aβ) in the form of senile plaques, and the appearance of intra-
cellular neurofibrillary tangles composed of the hyperphosphorylated
microtubule-associated protein tau (Selkoe and Hardy, 2016). AD is
further characterised by dysregulated neuroinflammation, calcium
dyshomeostasis, increased oxidative stress, and synaptic and neuronal
dysfunction triggered by cell death (Akiyama et al., 2000; Huang et al.,
2016; Kawahara et al., 2009). Underlying mechanisms remain unclear.
Purinergic receptors 7 and 4 (P2X7R and P2X4R) and calcium/
calmodulin-dependent kinase kinase 2 (CaMKK2) are implicated in
neuronal death and warrant investigation in brains affected by AD.

Several recent reviews describe a role in AD for purinergic receptors, 
including P2X7R and P2X4R (Godoy et al., 2019; Cieślak and Wojtczak, 

2018; Francistiová et al., 2020). P2X7R and P2X4R are ATP-gated non- 
specific cation channels activated by Aβ-induced release of extracellular 
ATP triggering influx of calcium ions (Ca2+) (Parvathenani et al., 2003; 
Varma et al., 2009). In mice, microglial activation of P2X7R and Ca2+

influx induce synthesis and release of proinflammatory cytokines 
including TNFα (Shieh et al., 2014) which is found at elevated levels in 
AD (Akiyama et al., 2000). In co-cultures and rodent models of AD, 
P2X7R-dependent activation of microglia and influx of Ca2+ increase 
levels of reactive oxygen species and neuronal death (Parvathenani 
et al., 2003). Inhibition of P2X7R in rodent models of AD reduced Aβ 
plaques (Diaz-Hernandez et al., 2012) and neuronal death (Ryu and 
McLarnon, 2008). 

The role of P2X4R in AD is less clear. In neuroinflammatory settings, 
P2X4R is upregulated in spinal and brain microglia in patients with 
multiple sclerosis – this was replicated in microglial cultures stimulated 
in vitro (Vázquez-Villoldo et al., 2014). Moreover the downregulation of 
spinal expression of P2X4R in mice diminished production of proin-
flammatory cytokines (Xu et al., 2018). P2X4R may also play a role in 
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neurotoxicity attributed to sustained Ca2+ influx in AD. Cultured hip-
pocampal neurones treated with neurotoxic Aβ trigger upregulation of 
full length and c-terminal cleaved P2X4R in neuronal cell bodies and 
neurites. Cleavage of P2X4R delays channel closure, permitting greater 
influx of Ca2+ and subsequent neuronal death. Moreover, cultures 
overexpressing P2X4R exhibited greater cytosolic Ca2+ levels and Aβ- 
induced neurotoxicity than cultures with reduced P2X4R expression 
(Varma et al., 2009). 

CaMKK2 is a serine/threonine kinase expressed abundantly in the 
brain. CaMKK2 phosphorylates and activates AMP-activated kinase 
(AMPK), which phosphorylates tau at S262. Phosphorylation at S262 
induces dendritic spine loss in cultured hippocampal neurones exposed 
to Aβ, whereas inhibition of CaMKK2 and/or AMPK prevented S262 
phosphorylation and Aβ-associated neurotoxicity (Mairet-Coello et al., 
2013). Furthermore, CaMKK2-activated AMPK is found abundantly in 
dystrophic neurites surrounding Aβ plaques and in tangle- and pre-
tangle- bearing neurones in patients with AD, suggesting involvement in 
AD progression (Vingtdeux et al., 2011). 

Genetic evidence further supports a role for the three proteins. A 
single nucleotide polymorphism (SNP) within the gene encoding P2X7R 
associated with reduced risk of AD (Sanz et al., 2014). Furthermore, a 
SNP in the gene encoding CaMKK2 associated with lower expression of 
CaMKK2 in dorsolateral prefrontal cortex, increased risk of schizo-
phrenia, and deficits in cognitive function in schizophrenics (Yu et al., 
2016). We have associated SNP in all three genes with altered risk of 
HIV-associated sensory neuropathy, a neurodegenerative condition 
affecting peripheral nerves (Gaff, 2019; Gaff et al., 2020). 

Although P2X7R, P2X4R and CaMKK2 are linked with neuronal 
pathology in animal models of AD and in models based on cultured 
neurones, the expression of these proteins in human brain affected by 
AD is uncertain. Using immunohistochemistry, we describe the distri-
bution of the three proteins in neurones from frontal cortex of donors 
who died with or without AD. 

2. Materials and methods 

2.1. Ethics and sample information 

This research and the use of human tissue was approved by the 
Human Research Ethics Office of Curtin University (HRE2018-0318). 
Post-mortem central nervous system tissues, specifically, formalin fixed 
paraffin embedded frontal cortex from Brodmann areas 11 and 12 were 
provided for three donors diagnosed with clinical AD (Braak stage V, V 
and VI) and three age and gender-matched non-AD donors (Braak stage 
0, 0 and I) by the Victorian Brain Bank (VBB) at the Florey Institute for 
Neuroscience and Mental Health. 

2.2. Sample preparation 

Three serial sections (~10mm2, 5 μm thick) from each of the donors 
were deparaffinised (5 min, 3 changes xylene; 534,056; Sigma, Missouri, 
USA), rehydrated (2 × 10 min in 100, 95, 70, and 50% ethanol; 
ET00052500; Scharlab, Barcelona, Spain) and washed in MilliQ water 
(2 × 5 min). For antigen retrieval, sections were submerged in 10 mM 
sodium citrate buffer (trisodium citrate dehydrate; pH = 6.0; S1804; 
Sigma) with 0.05% Tween 20 (P1379; Sigma), microwaved for 10 min 
and washed in MilliQ water (2 × 5 min). Endogenous peroxidases were 
blocked using 1% hydrogen peroxide (H1009; Sigma) at room temper-
ature for 10 min, followed by 5 min in phosphate-buffered saline (PBS; 
P4417; Sigma). Sections were incubated for 10 min in avidin/biotin 
blocking reagents (004303; Life Technologies, California, USA) and 
washed for 5 min in PBS. Samples were incubated overnight in 5% 
normal donkey serum (NDS) in PBS at 4 ◦C to reduce non-specific 
binding of antibodies. 

2.3. Immunohistochemistry 

Three serial sections were treated with antibodies; goat anti-P2X7R 
at 5μg/ml (ab105047; Abcam, Cambridge, UK), anti-P2X4R at 5μg/ml 
(ab134559; Abcam) or anti-CaMKK2 at 2 μg/ml (sc-9629; Santa Cruz 
Biotechnology, Texas, USA) diluted in PBS with 1% NDS (2 h at room 
temperature). The specificity of the antibodies was validated by 
Immunohistochemistry and Western Blot in studies cited by the manu-
facturer (Asif et al., 2019; Briski et al., 2017; Chessell et al., 1998). 
Sections were then washed in PBS (3 × 5 min) before incubation with 
donkey anti-goat IgG conjugated with biotin (ab6884; Abcam) diluted to 
20 μg/ml in PBS with 1% NDS for 1 h at room temperature, followed by 
PBS washes (3 × 5 min). This was visualised using streptavidin labelled 
with horseradish peroxidase (BD Pharminogen, California, USA) diluted 
1:200 in PBS plus 1% NDS (30 min at room temperature). Sections were 
washed in PBS (3 × 5 min) and treated with 3, 3′ diaminobenzidine 
(DAB; D4293, Sigma) dissolved in MilliQ water and applied for 12 min 
(following anti-CaMKK2) or 8 min (following anti-P2X7R or -P2X4R). 
After washing in PBS and MilliQ water sections were counterstained 
with Gill’s Haematoxylin (30 s), washed in running tap water, dehy-
drated for 1 min in 70%, 95% and three changes of 100% ethanol, and 
cleared for 1 min in three changes of xylene. Sections were mounted 
with Entellan New (Proscitech, Queensland, Australia) and glass cov-
erslips (#1.5; Proscitech). Samples treated without primary antibodies 
were included as negative controls. 

2.4. Imaging and analyses 

Brightfield images were collected using an Olympus UPlanSApo 40×
NA0.75 objective on an Olympus BX-51 (Olympus Corporation, Tokyo, 
Japan) equipped with a DP70 camera (Olympus) and Olympus cellSens 
Standard software version 3.14 for Windows (Fig. 1). Whole-section 
digital images were obtained using a Leica (Aperio) Scanscope XT® 
slide Scanner (Aperio Technologies, California, USA) with an Olympus 
UPlanSApo 20× NA0.75 objective. From whole slide images, three to 
five fixed size (110,000μm2), random fields containing layer V pyra-
midal neurones were extracted as individual images using the Aperio 
ImageScope software (Version 12.3.2.8013 for Windows; Aperio Tech-
nologies Inc). Immunoreactive counterstained cells with the morpho-
logical features of layer V pyramidal neurones were defined as ‘positive’ 
and non-immunoreactive cells as ‘negative’. All positive and negative 
neurones in every image were counted by 2–3 raters blinded to AD di-
agnoses. Percentages of positive neurones were assessed using Mann- 
Whitney tests in GraphPad Prism version 8.2.1 for Windows (Graph-
pad Software, California, USA). Intraclass correlation coefficients were 
calculated (two-way random, average measures and absolute agree-
ment) using the “irr” package (Gamer et al., 2019). 

3. Results and discussion 

Donors with and without AD were matched by age (79.9–82.9 vs 
79.0–82.7 years, resp.) and proportion of males (33% vs 33%, resp.; 
Table 1). Brightfield images (40× objective) were used to define neu-
rones as positive or negative based on morphological features (distinct 
pyramidal soma and visible nucleus and nucleolus) and immunoreac-
tivity (Fig. 1). Cells which could not be identified morphologically were 
excluded from our counts. Comparisons with sections stained without 
primary antibodies established that staining detected with all three 
antibodies reflected expression of P2X4R, P2X7R and CaMKK2 in all 
sections from donors dying with and without AD (Fig. 1). Sections from 
one donor with AD exhibited high background staining with P2X4R and 
were excluded. 

The average percentage of positive neurones per sample was deter-
mined for each rater (JG, PP, SW) and intraclass correlation coefficients 
were calculated for each protein. Intraclass correlation coefficients of 
0.60, 0.72 and 0.83 for CaMKK2, P2X7R and P2X4R (resp.) indicate 
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Fig. 1. A–H. Immunohistochemical staining of frontal cortex from AD (A, C, E, G) and non-AD (B, D, F, H) donors. Cells defined as positive and negative neurones are 
indicated with filled and open arrows, respectively. Cells with the morphological features of astrocytes (triangles), oligodendrocytes (diamonds) and microglia 
(squares) were observed adjacent to neurones. Neurones from AD and Non-AD donors were immunoreactive for P2X7R (A–B), P2X4R (C–D), and CaMKK2 (E–F). 
Minimal immunoreactivity was observed in negative control tissue treated without primary antibodies (G–H). Scale bars indicate 20 μm. Abbreviations: AD; Alz-
heimer’s disease, P2X7R; purinergic receptor 7, P2X4R; purinergic receptor 4, CaMKK2; calcium/calmodulin dependent kinase kinase 2. 
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satisfactory correlation between counts (data not shown). Most neuro-
nes were positive for P2X7R, P2X4R and CaMKK2 (57–95% positive; 
Table 1), so many neurones must express 2–3 of the proteins. Indeed, 
coexpression of P2X7R and P2X4R is well documented (Koo and Li, 
2016). Proportions of positive neurones calculated for each protein 
show no significant differences between AD and non-AD tissue (p =
0.20–0.99; Table 1). Sections from individuals with AD had slightly 
fewer neurones than controls, but the difference was not significant (p =
0.10). 

While AD did not affect P2X7R, P2X4R and CaMKK2 immunoreac-
tivity in neurones within the frontal cortex, expression may vary be-
tween regions of the brain or be restricted to earlier stages of AD 
pathology. In a prior study (Varma et al., 2009), P2X4R levels were 
decreased in the medial frontal gyrus and the medial temporal gyrus of 
donors with severe AD pathology compared with non-AD donors, but no 
difference was observed in the cerebellum. Moreover, P2X4R expression 
was upregulated following exposure to Aβ but prior to neuronal cell 
death in an in vitro model of AD. In a familial AD mouse model, tran-
scription of P2X7R in neurones of the dentate gyrus was reduced in the 
early and advanced AD, but normalised in late stage AD (Martínez- 
Frailes et al., 2019). Patients in this study, aged 79.9–82.9, had a 
diagnosis of AD for around 7 years, but neurological changes may have 
been initiated before that time. Donors without a diagnosis of AD were 
similar in age (aged 79.0–82.7 years) and may display age-related 
changes. 

Cells with the morphological features of astrocytes, oligodendrocytes 
and microglia were often observed adjacent to neurones, but immuno-
reactivity was rarely clear in glial cells (Fig. 1). Expression of P2X7R, 
P2X4R and CaMKK2 is reported in astrocytes and microglia in rodent 
brain and in human cultures (Zhang et al., 2018; Burnstock, 2008). Dual 
labelling with cell-specific markers is warranted to assess these lineages 
in human brain. 

Although our study was small, we observed P2X7R, P2X4R or 
CaMKK2 immunoreactivity in frontal cortex pyramidal neurones from 
all six donors. No differences between individuals with and without AD 
were apparent and most neurones in all sections expressed the three 
proteins. Further investigations will be limited by the availability of 
clinical material collected from younger donors, so it is appropriate to 
view our data in the context of studies based on animal models. In an 
alternative approach, we are now examining associations between AD 
and polymorphisms in the genes encoding P2X7R, P2X4R or CaMKK2. 
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Abstract

Infections with human cytomegalovirus (HCMV) are often asymptomatic in healthy adults but can be severe in
people with a compromised immune system. While several studies have demonstrated associations between
cardiovascular disease in older adults and HCMV seropositivity, the underlying mechanisms are unclear. We
review evidence published within the last 5 years establishing how HCMV can contribute directly and indirectly
to the development and progression of atherosclerotic plaques. We also discuss associations between HCMV
infection and cardiovascular outcomes in populations with a high or very high burden of HCMV, including
patients with renal or autoimmune disease, transplant recipients, and people living with HIV.

Keywords: human cytomegalovirus, cardiovascular disease, atherosclerosis, antibody, T cells

Introduction

Human cytomegalovirus (HCMV) is a beta-herpesvirus
that commonly establishes asymptomatic latent infec-

tions with intermittent reactivations throughout life (Forte et al,
2020). HCMV can generate diverse clinical syndromes in those
with a weakened immune system (e.g. transplant recipients,
people living with HIV [PLWH], and neonates). Epidemiolo-
gical studies have associated persistent HCMV infection with
age-related diseases, such as cardiovascular disease (CVD) in
individuals with no history of acute HCMV disease.

Atherosclerosis is a common cause of CVD and is char-
acterized by the development of plaques in the arterial walls
(Xu et al, 2019). Atherosclerosis begins with the activation of
endothelial cells triggering the transmigration of inflamma-
tory monocytes from the circulation into the intima, where
they differentiate into macrophages and form foam cells after
uptake of oxidized low-density lipoproteins (oxLDL) (re-
viewed in Lee et al, 2020). These steps are mediated primarily
by intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1) expressed on circulating

leukocytes and on the vascular endothelium. Plaque formation
narrows the arteries, leading to coronary artery disease (CAD)
and stroke.

Atherosclerosis is now considered a chronic inflammatory
disease and several pathogens, including HCMV, have been
proposed as triggers (Li et al, 2020a). Smooth muscle cells
(SMC), endothelial cells, and monocytes/macrophages
support HCMV replication (Forte et al, 2020) and contribute
to atherogenesis (Li et al, 2020a). Hence, we have proposed
that CVD consequent to atherosclerosis should be defined as
a clinical ‘‘footprint’’ of HCMV infection (Waters et al,
2018). This review of studies published since 2017 begins
with direct and indirect mechanisms by which HCMV may
promote atherosclerosis, followed by clinical studies that
illuminate the underlying pathology.

HCMV Affects Natural Killer Cells,
ab T Cells, cd T Cells

Natural killer (NK) cells can recognize and kill tumor and
virus-infected cells without the need for prior antigen

1Department of Microbiology, Pathwest Laboratory Medicine, Perth, Western Australia, Australia.
2Department of Advanced Clinical and Translational Cardiovascular Imaging, Harry Perkins Institute of Medical Research, Murdoch,

Western Australia, Australia.
3Curtin Medical School and the Curtin Health Innovation Research Institute (CHIRI); 4Curtin School of Population Health; Curtin

University, Bentley, Western Australia, Australia.

VIRAL IMMUNOLOGY
Volume 36, Number 1, 2023
ª Mary Ann Liebert, Inc.
Pp. 13–24
DOI: 10.1089/vim.2022.0139

13

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
es

te
rn

 A
us

tr
al

ia
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

2/
08

/2
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

169



stimulation (reviewed in Barnes et al, 2020). NK cell ac-
tivity is controlled by signals received via activating and
inhibitory receptors interacting with major histocompati-
bility complex class I and class I-like ligands on target cells
(Barnes et al, 2020).

NK cells expressing the activating receptor, NKG2C, killer
immunoglobulin-like receptors or the inhibitory receptor,
leukocyte immunoglobulin-like receptor 1 (LIR-1; or CD85j)
circulate at higher frequencies in HCMV-seropositive indi-
viduals and individuals with discernible HCMV disease
(Barnes et al, 2020). HCMV infections have also been asso-
ciated with upregulation of the terminal differentiation marker
CD57 and loss of FceRc expression on NK cells. These long-
lived, highly differentiated cells have been termed ‘‘adaptive
NK cells’’ and possess an enhanced capacity for cytokine
production and antibody-mediated cellular cytotoxicity
(Barnes et al, 2020). The role of these cells in CVD is unclear,
but a recent study of PLWH suggests they may be protective
in relation to coronary atherosclerosis (Alsulami et al, 2022).

After HCMV infection, populations of HCMV-reactive
ab T cells expand and persist (reviewed in van den Berg
et al, 2019), so up to 10% of all memory T cells in healthy
and immunocompromised adults are specific for HCMV.
These cells acquire a terminally differentiated phenotype
characterized by the expression of CD57 and loss of the
costimulatory receptor CD28 (CD28-), with an increased
capacity to produce inflammatory cytokines (interferon
[IFN]c, tumor necrosis factor [TNF]a), and expression of
cytotoxic molecules (perforin and granzyme B). Terminally
differentiated memory T cells may contribute directly to
CVD because they upregulate the expression of CX3CR1
(Chen et al, 2020), a chemokine receptor involved in the
migration of activated macrophages and T cells within the
atherosclerotic lesions (reviewed in Skoda et al, 2018).

cd T cells comprise 1–5% of T cells in the peripheral
blood (reviewed in Gaballa et al, 2021; Waters et al, 2018).
Most cd T cells (*70%) express a T cell receptor (TCR)
containing d-chain variable region 2 (Vd2) in association
with c-chain variable region 9 (Vc9) and possess innate-like
properties (Khairallah et al, 2017). HCMV infections in the
months after renal transplantation have been associated with
increased proportions of circulating cd T cells lacking Vd2
TCR (i.e., Vd2-) (Kaminski et al, 2021).

Direct Effects of HCMV on Atherosclerosis

HCMV antigens have been identified in resected athero-
sclerotic plaques in several studies over the last 30 years
(reviewed in Lee et al, 2020). More recently, peripheral
arterial tissues from 11/15 patients with atherosclerosis un-
dergoing vascular surgery expressed HCMV phosphoprotein
65 (pp65) (Wang et al, 2016). However, there was no histo-
logical evidence of active HCMV replication (HCMV DNA
or immediate-early 1 [IE-1] protein) and no tissues from
patients without atherosclerosis were included for compari-
son. Accordingly, immunohistochemical analysis identified
HCMV antigens more frequently in carotid atherosclerotic
plaques obtained from patients undergoing coronary artery
bypass graft surgery than in ascending aorta specimens with
no evidence of atherosclerosis (Cao et al, 2017).

In a more detailed study, HCMV DNA was identified by
polymerase chain reaction in 82% of plaques, with positive

correlations demonstrated between HCMV viral load and
proportions of intra-plaque CD4+ and CD8+ T cells dis-
playing a differentiated (CD45RA-CD197-CD27+/-CD28+)
phenotype (Nikitskaya et al, 2016). Single-cell sequencing
showed that CD8+ T cells with TCR recognizing HCMV
pp65 were abundant in vulnerable plaques and in many
cases cross-reacted with proteins found on smooth muscle
and endothelial cells (Chowdhury et al, 2022). However, the
function of these cells in vivo is unclear. Schafer and Zer-
necke (2020) reviewed mechanisms by which regulatory
CD8+ T cells with immunosuppressive properties may in-
hibit atherosclerosis while cytotoxic CD8+ T cells may
promote the rupture of unstable plaques.

Effects of HCMV on endothelial cells

Endothelial cells in healthy blood vessels maintain vas-
cular homeostasis and exert anticoagulant, antiplatelet, fi-
brinolytic, and anti-inflammatory properties. Direct effects
of HCMV replication in these cells (Fig. 1) have been in-
vestigated in vitro. Infection with HCMV caused endothelial
mesenchymal transition of human umbilical vein endothelial
cells (HUVEC) in the presence of transforming growth
factor-b and mediated by metalloproteinase-2 (Chen et al,
2019a). HCMV infection can promote the translation of
mitochondrial calcium uniporter mRNA and protein ex-
pression to increase apoptosis of human aortic endothelial
cells (Zhu et al, 2022). Furthermore, HCMV infection of
HUVEC downregulated mRNA of regulator of G-protein
signaling 5 via DNA hypermethylation, and so promoted
proliferation of endothelial cells (Zhang et al, 2020c).
Endothelial-mesenchymal transition (Souilhol et al, 2018)
and endothelial cell apoptosis (Li et al, 2022) and prolifer-
ation (Theodorou and Boon, 2018) are processes that occur
throughout the different stages of atherosclerotic plaque
formation and progression.

HCMV infection of endothelial cells may affect other cells
via cytokines. For example, infection of HUVEC can stim-
ulate the production of interleukin (IL)-11, a member of the
IL-6 family (Gustafsson et al, 2018), with anti-inflammatory
and pro-inflammatory effects (Fig. 1) (reviewed in Nguyen
et al, 2019). Serum levels of IL-11 were lower in patients
with CAD than in healthy subjects (Liu et al, 2019), but high
plasma levels of IL-11 were linked to an increased risk of
cardiac events in patients with chronic heart failure (Ye et al,
2019). Further studies should address their burden of HCMV.

HCMV infection can also reduce the expression of
vasodilator-stimulated phosphoprotein in HUVEC, potentially
impairing barrier function (Tian et al, 2018) and allowing
monocyte transendothelial migration (Fig. 1). Infiltrated
monocytes can differentiate into M1 or M2 macrophages,
which can drive plaque progression and/or instability de-
pending on the predominant subset. M2 macrophages display
atheroprotective and anti-inflammatory effects, whereas M1
macrophages can promote atherosclerotic plaque enlargement
and progression (Bartlett et al, 2019).

Effects of HCMV on vascular SMC

Vascular SMC produces extracellular matrix to maintain
elasticity and stability of vessel walls and participate during
all stages of plaque development (reviewed in Basatemur
et al, 2019). During the early stages of atherogenesis, vascular
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SMC proliferates and migrates, thickening the intimal layer of
the vessel walls. In the mature plaque, enhanced apoptosis and
necrosis of vascular SMC can destabilize the plaque and in-
crease the risk of rupture.

Infection of vascular SMC with HCMV in vitro in-
creased expression of hematopoietically expressed homeo-
box (HHEX), a member of the HOX gene family promoting
proliferation and reducing apoptosis (Fig. 1) (Li et al,
2016b). Expression of HHEX is high in atherosclerotic tis-
sues, advanced plaques and oxLDL-treated SMC (Zhang
et al, 2020a). HCMV infection of vascular SMC can also
affect cellular lipid metabolism by increasing expression of
b-hydroxy b-methylglutaryl-CoA (HMG-CoA) synthase and
HMG-CoA reductase—increasing the cholesterol content of
cultured cells (Fig. 1) (Li et al, 2016a).

Indirect Effects of HCMV on Atherosclerosis:
Potential Mechanisms

The indirect effects of HCMV on atherosclerosis reflect
the induction of inflammatory mediators and increased cell
trafficking.

Micro RNAs encoded by HCMV and the host can
influence atherogenesis

Micro RNAs (miRNA) are short non-coding RNA that
affect gene silencing via mRNA degradation or post-
translational repression. They are implicated in many pa-
thologies including CVD (reviewed in Kalayinia et al,
2020). Infection of human HUVEC with HCMV increased
expression of Homo sapiens- (has-) miR-138 and promoted
endothelial cell motility (Fig. 1) (Zhang et al, 2017). The
authors implicated reduced expression of histone deacety-
lases (notably SIRT1) and upregulation of the transcription
factor, p-STAT3, in this change. This could promote ath-
erosclerosis development and progression because SIRT1
can inhibit inflammation and oxidative stress (Wang and
Chen, 2020), whereas STAT3 promotes macrophage polar-
ization, pro-inflammatory cytokine production, and endo-
thelial cell dysfunction (Chen et al, 2019b).

Potential roles of host-encoded miRNA have been studied
with murine CMV (MCMV). Infection of C57BL/6J mice
with MCMV increased blood pressure and arterial pressure,
and reduced expression of Mus musculus- (mmu-) miR-1929-

FIG. 1. Direct and indirect effects of HCMV on atherosclerosis. During HCMV infection, the virus can directly infect
vascular endothelial and SMC. HCMV infection can increase local production of chemotactic factors and adhesion mol-
ecules on vascular endothelial cells that promote inflammatory cell recruitment in atherosclerosis. These proteins can also
affect proliferation and apoptosis of vascular endothelial cells and SMC, enhance monocyte transendothelial migration, and
promote foam cell formation. Together, these processes can influence atherosclerotic plaque development and progression.
CRP, C-reactive protein; EMT, endothelial mesenchymal transition; HCLS1, hematopoietic lineage cell-specific protein 1;
HCMV, human cytomegalovirus; HHEX, hematopoietically expressed homeobox; HMG-CoA, b-hydroxy b-methylglutaryl-
CoA; ICAM, intercellular adhesion molecule; SMC, smooth muscle cell; sTNFRII, soluble tumor necrosis factor receptor 2;
VCAM, vascular cell adhesion molecule; VSP, vasodilator-stimulated phosphoprotein.
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3p in the aorta (Zhou et al, 2021). The study overexpressed
mmu-miR-1929-3p using an adeno-associated virus system,
decreasing expression of endothelial injury factor (endothelin
1), endogenous nitric oxide synthase activity, and nitric oxide
levels, thereby preventing MCMV-induced endothelial dys-
function (Zhou et al, 2021).

Overexpression of mmu-miR-1929-3p also reduced
MCMV-induced expression of NLRP3 (NLR Family Pyrin
Domain Containing 3) inflammasome and IL-1b in the aorta
(Zhou et al, 2021). miRNA may also influence CVD via
SMC function. Overexpression of mmu-miR-1929-3p in
MCMV-infected mice suppressed MCMV-induced vascular
remodeling as evidenced by reduced thickness of the aor-
tic media, decreased collagen expression, and increased
expression of a-smooth muscle actin (Zhou et al, 2021).
These changes may affect the structural stability of athero-
sclerotic plaques (Harman and Jorgensen, 2019).

The HCMV genome also encodes several miRNAs that
can regulate host and viral genes (reviewed in Zhang et al,
2020b). Among 2,763 participants of the Framingham Heart
Study, the presence of hcmv-miR-US25-2-3p in plasma was
associated with higher levels of proinflammatory cytokines,
soluble TNF receptor II and IL-6, and lower levels of
P-selectin, even though hcmv-miR-US25-2-3p was not as-
sociated with hypertension or coronary heart disease (CHD)
(Koupenova et al, 2018).

Overexpression of hcmv-miR-UL112 in HUVEC can
modulate genes encoding mediators of endothelial cell ac-
tivation and damage, such as the mitogen-activated protein
kinase and chemokine signaling pathways, cytokine-
receptor interactions, and adhesion molecules (Shen et al,
2018). This may be important in vivo because we demon-
strated that saliva from several renal transplant recipients
(RTR) and healthy adults contained detectable hcmv-
encoded miRNAs, most commonly miR-US5-2-3p (Waters
et al, 2020). Furthermore, the presence of any hcmv-
encoded miRNA (notably miR-US5-2-3p or miRUS25-2-
3p) in saliva from RTR was associated with increased
circulating T cell responses to IE-1, the first protein expre-
ssed during viral replication (Waters et al, 2020).

HCMV carries genes encoding chemokine receptors
and IL-10

HCMV encodes US28, a G protein-coupled receptor with
homology to endogenous human chemokine receptors.
US28 expression is described in vascular SMC from renal
allograft biopsies and is implicated in cell-to-cell spread of
the virus (Fig. 1) (Lollinga et al, 2017). Chemokines that in-
teract with US28 include CCL2, CCL3, CCL5, and CX3CL1.
The expression of these chemokines is upregulated in cells of
the arterial wall during atherogenesis. This can promote the
recruitment of HCMV-infected cells to the endothelium fa-
cilitating viral dissemination and the movement of HCMV-
infected SMC into atherosclerotic lesions (reviewed in Lee
et al, 2017b).

Latent infection of monocytes with HCMV can increase
the expression of HCLS1 (hematopoietic lineage cell-
specific protein 1) in a US28-dependent manner (Aslam
et al, 2019). Infected monocytes demonstrated increased
adherence to and transmigration through the endothelial cell
layers (Aslam et al, 2019), which contributed to the estab-

lishment of atherosclerotic plaques and disease progression
( Jaworowski et al, 2019). Next-generation sequencing of
US28 derived from clinical specimens revealed an associ-
ation between the R267K variant and higher flow-mediated
dilation (FMD), a measure of endothelial dysfunction
(Waters et al, 2021). Furthermore, protein modeling indi-
cated that R267K may influence the presentation of the
chemokine receptor to ligands and therefore indirectly affect
ligand binding (Waters et al, 2021). These studies support a
role for US28 in cellular recruitment during atherosclerosis.

HCMV also carries a gene (UL111A) encoding a func-
tional homolog of human IL-10 (cmvIL-10), which may
help the virus to avoid immune clearance (reviewed in Pa-
tro, 2019). In the presence of cmvIL-10, primary monocytes
displayed increased CXCR4 signaling and migration toward
CXCL12 (Tu et al, 2018). This may drive atherosclerosis, as
CXCL12 mRNA is highly expressed in carotid plaques,
especially unstable plaques (Merckelbach et al, 2018). In an
in vitro model of atherosclerosis, oxLDL induced the ex-
pression of CXCL12 in macrophages and promoted foam
cell formation and proliferation of human aortic vascular
SMC (Fig. 1) (Li et al, 2020d).

In the breast cancer cell line MDA-MB-231, cmvIL-10
can increase expression of matrix metalloproteinase-3
(MMP-3) and plasminogen activator inhibitor-1 (PAI-1)
(Valle Oseguera and Spencer, 2017). MMP-3 and PAI-1 are
both involved in atherogenesis and are highly expressed in
several cells associated with the plaque (Olejarz et al, 2020;
Sillen and Declerck, 2020). Levels of MMP-3 were found to
be independent predictors of cardiovascular outcomes in
patients with CAD (Guizani et al, 2019). Moreover, inhi-
bition of PAI-1 prevented macrophage accumulation in
atherosclerotic plaques from Ldlr-/- mice fed a ‘‘Western’’
diet (Khoukaz et al, 2020). Studies using endothelial cells,
SMC, and macrophages are needed to define the role of
cmvIL-10 in atherosclerotic plaques. In RTR, we linked
carriage of the P122S variant of the UL111A gene with
lower FMD, marking inferior vascular endothelial function
(Waters et al, 2022).

HCMV induces the production of inflammatory
mediators by men and mice

In a study of 694 participants (aged 18–85 years), HCMV
seropositivity aligned with increased levels of the inflam-
matory marker C-reactive protein (CRP), but not with serum
amyloid A, after adjusting for age, body mass index (BMI),
smoking status, gender, and ethnicity (Styles et al, 2020).
Furthermore, high HCMV antibody levels associated with
increased levels of ICAM-1 and VCAM-1 (Styles et al,
2020). Levels of HCMV DNA in blood were higher in pa-
tients with acute coronary syndrome than in controls and
correlated with plasma levels of CRP (Nikitskaya et al,
2016).

MCMV infection accelerated the progression of athero-
sclerosis in ApoE-/- mice on high-fat diet in parallel with
increased levels of intracellular reactive oxygen species,
TNFa, IL-6, VCAM-1, and ICAM-1, and components of the
HMGB1-TLRS-NFjB signaling pathways (Lv et al, 2020).
The natural dietary compound curcumin inhibited MCMV
replication in vivo and in vitro and reduced HCMV repli-
cation in HUVEC (Lv et al, 2020).
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Associations Between HCMV and Clinical Outcomes
in Different Patient Populations

Most early studies stratified individuals as HCMV seropos-
itive or seronegative, but this does not address differences in the
burden of HCMV or the presence of active viral replication.
The burden of HCMV in individuals who are not acutely im-
munodeficient can be ascertained by monitoring levels of
HCMV IgG antibody or HCMV DNA in biological specimens
(Waters et al, 2018). The presence of HCMV DNA in plasma,
blood leukocytes, saliva, or urine indicates current viral repli-
cation and may be short-lived. In contrast, HCMV-reactive
antibodies and T cells plausibly reflect the cumulative viral
burden and may rise in response to waves of viral replication
(van den Berg et al, 2018). This can provide insight into im-
mune system dysfunction and its clinical implications but may
not provide meaningful quantitation of the viral burden if other
factors are impacting upon immune responsiveness.

Recent studies linking HCMV and CVD in different
populations are discussed below and summarized in Table 1.
Factors that must be considered in the evaluation of these
data include the age of the subjects, and whether the assays
detect active replication or persistent (potentially quiescent)
infections.

Links between HCMV and CVD
in the general population

A meta-analysis of 30 studies (3,328 patients with athero-
sclerosis and 2,090 controls) demonstrated an association
between HCMV infection (defined as the detection of HCMV
antibody or DNA) with increased risk (odds ratio 2.02–8.92)
of atherosclerosis (Jia et al, 2017). Furthermore, this associ-
ation was greater among Asian populations. This may reflect
the high HCMV seroprevalence and antibody levels observed
in Asia (Zuhair et al, 2019). Another meta-analysis of 10
community-based prospective studies (34,564 participants and
4,789 patients with CVD [ischemic heart disease, stroke, car-
diovascular death]) linked HCMV seropositivity with a 22%
increase in the relative risk of future CVD events (Wang et al,
2017). Subgroup analyses revealed a 16% increase in the
relative risk of stroke or ischemic heart disease and a 30%
higher relative risk of cardiovascular mortality in HCMV-
seropositive individuals.

A longitudinal study linked elevated levels of HCMV
antibody with prevalence of CVD, but not with frailty, in
268 individuals (average age of 43 years) followed for 27
years (Samson et al, 2020). Another recent study of five
longitudinal cohorts of Caucasian community-dwelling
older adults (aged 59–93 years, followed for 2.8–11.4 years)
initially linked HCMV seropositivity or high HCMV IgG
quartiles with cardiovascular mortality. The association was
lost after adjustment for confounders (e.g., age, sex, BMI,
smoking status, comorbidities, medications, education and
plasma CRP) (Chen et al, 2021)—perhaps because co-
morbidities and inflammation can reflect HCMV status
(Waters et al, 2018). Since HCMV antibody levels rise with
age but eventually plateau, the consequence of adjustments
for age must depend on the age range of participants.

Among 6,101 participants (20–49 years old), HCMV se-
ropositivity was associated with stroke in women but not in
men after adjustment for age, BMI, and other markers of
cardiovascular risk (Zhen et al, 2022). HCMV IgM and IgG

seropositivity were more common in patients with CHD than
healthy controls. The seropositivity rate was highest in pa-
tients with acute myocardial infarction, followed by individ-
uals with angina pectoris and latent CHD (Li et al, 2020c).
Hypertension, diabetes, family history, and HCMV IgM and
IgM seropositivity were independent predictors of CHD
(Li et al, 2020c). Li et al (2020b) reported a higher frequency
of HCMV seropositivity but not HCMV DNA load in patients
with carotid atherosclerosis (aged 64.9 – 12.2 years) compared
to healthy controls. Furthermore, the authors reported higher
levels of MMP-9, TNFa, and lectin-like oxidized low-density
lipoprotein receptor-1, and the presence of unstable carotid
plaques in HCMV-seropositive patients (Li et al, 2020b).

Active HCMV replication appears to mark all stages of
CVD. The frequency of detection and plasma HCMV DNA
load were higher in patients with ST-elevation myocardial
infarction (STEMI) compared to individuals without CVD
(Lebedeva et al, 2020). In multiple regression models, the
presence of HCMV DNA (but not age, sex, hypertension, or
elevated CRP level) was an independent predictor for the
early development of vascular endothelial dysfunction deter-
mined using FMD of the brachial artery (Lebedeva et al,
2020). In 36 patients who underwent carotid endarterectomy,
HCMV DNA detection in plaques was more frequent in pa-
tients with bilateral carotid artery stenosis (Beyaz et al, 2019).

Among 207 hypertensive patients (aged 63 – 8 years),
proportions of HCMV pp65-specific IFNc-producing CD8+

T cells and CD57+ and CD28- CD8+ T cells were positively
associated with pulse wave velocity (PWV) (Youn et al,
2018), a non-invasive measure of arterial stiffness. Yu et al
(2017) also linked HCMV pp65-specific CD8+ T cell re-
sponses with PWV in 415 Koreans (aged 20–82 years) after
adjustment for traditional cardiovascular risk factors but
found no association between HCMV IgG antibody levels
and PWV. A study of 27 healthy young participants and 215
healthy older individuals found HCMV infection to be the
major risk factor for accumulation of senescent CD28-CD4+

T cells, whereas aging contributed little (Pera et al, 2018).

Links between HCMV and CVD in patients
with renal disease

CVD remains the major cause of morbidity and mortality
in patients with end-stage renal disease. Traditional CVD
risk factors including hypertension, dyslipidemia, and dia-
betes only explain a small proportion of the high burden of
CVD in this population, so other factors may play a role
( Jankowski et al, 2021). Persistent low-grade inflammation
may link HCMV reactivation and CVD. In 408 patients with
end-stage renal disease, elevated HCMV IgG antibody
levels correlated with higher prevalence of chronic heart
failure and myocardial infarction, and with prevalent CAD
after adjusting for age, gender, and other cardiovascular risk
factors (Yang et al, 2018). As expected, levels of HCMV
IgG antibody also correlated with proportions of terminally
differentiated CD8+ and CD4+ T cells (Yang et al, 2018). In
a similar study, HCMV seropositivity, CD28-CD4+ T cells,
serum cholesterol, and triglycerides were independent pre-
dictors of carotid intima-media thickness (cIMT), an early
indicator of atherosclerosis (Okba et al, 2019).

HCMV seropositivity was associated with higher systolic
blood pressure, prevalent CVD, ischemic heart disease, and
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Table 1. Studies Linking Human Cytomegalovirus Infection with Cardiovascular Disease

in Different Populations

Study groups Findings Ref.

General population
Patients with atherosclerosis

(n = 3,328), controls (n = 2,090)
� HCMV infection (HCMV IgG and IgM, HCMV

DNA, and HCMV pp65) associated with [ risk
(OR 2.02–8.92) of atherosclerosis

Jia et al (2017)

Participants (n = 34,564), CVD
patients (n = 4,789)

� HCMV seropositivity associated with 22% [ risk of
future CVD events

Wang et al (2017)

Participants (n = 268) � HCMV seropositivity and [ HCMV antibody levels
associated with prevalence of CVD

Samson et al (2020)

Participants (n = 10122) � HCMV seropositivity or high HCMV IgG quartiles
not associated with [ risk of cardiovascular death

Chen et al (2020)

Participants (n = 806) � HCMV seropositivity not associated with [ risk of
cardiovascular death

Nenna et al (2020)

Patients with STEMI (n = 33), no
CVD (n = 33)

� [ Frequency of detection and plasma HCMV DNA
load in patients with STEMI (vs. no CVD)

� Detection of HCMV DNA was an independent
predictor for vascular endothelial dysfunction

Lebedeva et al (2020)

Patients undergoing carotid
endarterectomy (n = 36)

� [ Frequency of HCMV DNA detection in patients
with carotid artery stenosis versus no stenosis

Beyaz et al (2019)

Participants (n = 6,101) � HCMV seropositivity was associated with stroke in
women but not in men

Zhen et al (2022)

CHD (n = 192), controls (n = 79) � [ Frequency of HCMV IgM and IgG seropositivity
in CHD patients versus controls

Li et al (2020c)

Patients with atherosclerosis
(n = 42), healthy subjects (n = 30)

� [ Frequency of HCMV seropositivity (not HCMV
DNA) in patients with carotid atherosclerosis versus
healthy subjects

� HCMV seropositivity associated with unstable
plaques

Li et al (2020b)

Hypertensive patients (n = 207) � Proportions of HCMV pp65-specific IFNc-producing
CD8+ T cells and CD57+ and CD28- CD8+ T cells
positively associated with PWV

Youn et al (2018)

Healthy subjects, hypertension,
CAD, diabetes (n = 415)

� HCMV pp65-specific CD8+ T cell responses but not
HCMV IgG antibody levels associated with PWV

Yu et al (2017)

Patients with renal disease
Patients with ESRD (n = 408),

healthy subjects (n = 57)
� [ Levels of HCMV IgG antibody levels compared to

healthy subjects
� [ HCMV IgG antibody levels associated with

prevalent CAD

Yang et al (2018)

Patients with ESRD (n = 60),
Healthy subjects (n = 30)

� HCMV seropositivity and frequency of CD28-CD4+

T cells were independent predictors of cIMT
Okba et al (2019)

Patients with non-dialysis chronic
kidney disease (n = 764)

� HCMV seropositivity associated with [ systolic
blood pressure, prevalent CVD, ischemic heart
disease, and cerebrovascular disease in univariate
analyses

� HCMV seropositivity associated with [ prevalence
of CVD in multivariate analysis

Karangizi et al (2020)

RTR
RTR (n = 82), healthy subjects

(n = 81)
� HCMV IgG antibody levels associated with FMD but

not cIMT in RTR
Lee et al (2017a)

RTR (n = 82) � Presence of HCMV DNA in saliva or plasma
associated with [ plasma ICAM-1 and VCAM-1

Waters et al (2019)

RTR (n = 45), healthy subjects
(n = 58)

� Detectable HCMV DNA in saliva (but not sIFNAR2,
sTNFR1, sCD14, CRP, P-selectin, ICAM-1,
VCAM-1) predicted impaired FMD in RTR (and not
healthy subjects)

Affandi et al (2020)

RTR (n = 27), healthy subjects
(n = 28)

� Proportions of LIR-1+ and/or FcRc- NK cells
correlated inversely with FMD

Lee et al (2019b)

RTR (n = 82), healthy subjects
(n = 81)

� Genetic variants of LILRB1, NKG2C and HLA-G
were associated with FMD and cIMT

Waters et al (2017)

Patients with autoimmune diseases
ANCA-associated vasculitis

(n = 40), healthy subjects (n = 38)
� HCMV infection and CD4+CD28- T cells did not

correlate with cIMT or PWV
Slot et al (2017)

(continued)
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cerebrovascular disease in patients with non-dialysis chronic
kidney disease (Karangizi et al, 2020). These findings are
broadly similar to the associations seen in RTR discussed
below.

Links between HCMV and CVD in transplant recipients

HCMV infection has been implicated in increased ath-
erosclerotic events observed in RTR (Rodriguez-Goncer
et al, 2020). In our cohort of 82 RTR studied >2 years post-
transplant, HCMV IgG antibody levels were independently
associated with FMD but not cIMT (Lee et al, 2019a). The
presence of HCMV DNA in saliva or plasma from RTR was
associated with increased plasma levels of ICAM-1 and
VCAM-1, biomarkers implicated in atherogenesis (Waters
et al, 2020). Furthermore, detectable HCMV DNA in saliva
(and not soluble interferon alpha receptor 2 [sIFNAR2],
sTNFR1, sCD14, CRP, P-selectin, ICAM-1, VCAM-1)
predicted impaired FMD measured 3 years later (Affandi
et al, 2020).

As described earlier, HCMV infection alters the pheno-
type of NK cells, with characteristic loss of FcRc expression
and expression of the inhibitory receptor LIR-1 (Barnes
et al, 2020). Of the seven RTR with detectable HCMV DNA
in plasma, we observed the highest frequency of NK cells
expressing the activating receptor (NKG2C) and LIR-1, and
lacking FcRc in an individual with the highest burden of
HCMV (Makwana et al, 2019). Accordingly, proportions of
LIR-1+ and/or FcRc- NK cells induced by HCMV correlated

inversely with FMD (Lee et al, 2019b). This in itself does
not imply causation—the NK cell profiles may simply mark
a high burden of HCMV. However, in the same cohorts of
RTR and healthy adults, polymorphisms in genes encoding
LIR-1, NKG2C, and HLA-G were associated with FMD and
cIMT (Waters et al, 2017). This suggests a direct role for the
NK cell profiles.

HCMV-seropositive RTR with stable graft function re-
tained higher frequencies of circulating Vd2- cd T cells than
HCMV-seropositive healthy controls or HCMV-seronegative
individuals (Lee et al, 2017a). Frequencies of circulating
Vd2- but not Vd2+ cd T cells were also lower in the sero-
positive RTR with carotid plaques than those without (Lee
et al, 2017a). This may reflect selective recruitment of these
cells to the plaques, so a direct role for cd T cell subsets in
atherosclerotic plaques warrants investigation.

Cardiac allograft vasculopathy is an accelerated form of
CAD and is one of the leading causes of death after heart
transplantation (Habibi et al, 2020). Cardiac allograft vas-
culopathy and atherosclerosis share several characteristics
including endothelial dysfunction and inflammation. In ad-
dition to immunologic factors (e.g., HLA mismatch), non-
immunologic factors such as hyperlipidemia and HCMV
infection may drive cardiac allograft vasculopathy. While
HCMV seropositivity was associated with an increased (23–
41%) risk of all-cause mortality 5 years after heart transplan-
tation when compared with HCMV seronegative recipients, no
association was evident with allograft vasculopathy in a U.S.
study following 21,878 patients (Suarez-Pierre et al, 2020).

Table 1. (Continued)

Study groups Findings Ref.

ANCA-associated vasculitis
(n = 53), healthy subjects (n = 30)

� Frequency of CD28- CD4+ T cells (predominantly
HCMV-specific, Th1 phenotype, CX3CR1+)
associated with arterial stiffness

Chanouzas et al (2018)

New-onset rheumatoid arthritis
(n = 79), healthy subjects (n = 44)

� HCMV-seropositive patients experienced a rapid [ in
cIMT and [ frequencies of CD4+ and CD8+ CD28-

(vs. HCMV seronegative patients)

Wahlin et al (2021)

PLWH
PLWH (n = 105), healthy subjects

(n = 105)
� [ HCMV IgG antibody levels associated with [ risk

of coronary artery calcium score and [ cIMT in
PLWH but not in healthy donors

Knudsen et al (2019)

PLWH (n = 94) � Cardiac microvascular dysfunction associated with [
HCMV IgG in women with HIV

Knudsen et al (2018)

PLWH (n = 79) � HCMV IE-1 antibody correlated with the right retinal
artery calibers (3 months on ART)

Edwar et al (2019)

PLWH (n = 67) � HCMV IE-1 antibody levels positively correlated
with right cIMT (12 months on ART)

Karim et al (2017)

PLWH (n = 82) � HCMV IgG antibody levels predicted [ left and right
cIMT (5 years on ART)

Wulandari et al (2020)

PLWH (n = 60), healthy subjects
(n = 31)

� HCMV-specific CD8+ T cells (but not CD4+ T cells
or HCMV IgG) associated with pulse pressure

Ballegaard et al (2020)

PLWH (n = 70) � [ Proportions of CX3CR1+GPR56+CD57+CD4+ T
cells in individuals with carotid plaque (15% of
CX3CR1+GPR56+CD57+ CD4+ T cells were
HCMV-specific)

Wanjalla et al (2021)

ANCA, anti-neutrophil cytoplasmic autoantibodies; ART, antiretroviral therapy; CAD, coronary artery disease; CHD, coronary heart
disease; cIMT, carotid intima-media thickness; CRP, C-reactive protein; CVD, cardiovascular disease; ESRD, end-stage renal disease;
FMD, flow-mediated dilation; HCMV, human cytomegalovirus; ICAM-1, intercellular adhesion molecule-1; IE-1, immediate-early 1; IFN,
interferon; LIR-1, leukocyte immunoglobulin-like receptor 1; NK, natural killer; OR, odds ratio; PLWH, people living with HIV; pp65,
phosphoprotein 65; PWV, pulse wave velocity; RTR, renal transplant recipients; sIFNAR2, soluble interferon alpha receptor 2; STEMI, ST-
elevation myocardial infarction; VCAM-1, vascular cell adhesion molecule-1.
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The authors also found that the use of ganciclovir alone was
also associated with increased risk of mortality (Suarez-Pierre
et al, 2020). Interestingly, a murine aortic allograft model
showed that deletion of the viral G protein-coupled receptor
M33, sharing biological functions with US28, associated with
reduced SMC proliferation, luminal occlusion, and expression
of ICAM-1 and VCAM-1 (Fritz et al, 2021).

Links between HCMV and CVD in patients
with autoimmune diseases

HCMV may also promote CVD in patients with autoim-
mune diseases. Several studies have addressed the role of
CD28- T cell populations. HCMV infection was associated
with increased frequencies of CD28-CD4+ T cells in pa-
tients with anti-neutrophil cytoplasmic autoantibody
(ANCA)-associated vasculitis and percentages were higher
compared to HCMV-seropositive healthy subjects. How-
ever, neither CD28-CD4+ T cells nor HCMV infection
correlated with cIMT or PWV (Slot et al, 2017). In contrast,
another study of HCMV-seropositive patients with ANCA-
associated vasculitis reported an association between
percentage of CD28-CD4+ T cells with PWV that was inde-
pendent of age, proteinuria, peripheral arterial blood
pressure, and plasma TNFa levels. Furthermore, the
CD28-CD4+ T cells were predominantly HCMV-specific,
possessed a Th1 phenotype, and expressed CX3CR1 and
cytotoxic molecules (Chanouzas et al, 2018).

HCMV-seropositive patients with new-onset rheumatoid
arthritis displayed a more rapid increase in cIMT after 1.5
years and higher frequencies of CD28-CD4+ and CD8+ T
cells compared to HCMV-seronegative patients (Wahlin
et al, 2021). Furthermore, the authors linked increased
percentages of CD28- T cells with cIMT after 11 years, after
adjusting for systolic blood pressure (Wahlin et al, 2021).
These studies support a link between HCMV and CVD in
autoimmune diseases.

Links between HCMV and CVD in PLWH

Almost all PLWH are HCMV-seropositive (Freeman
et al, 2016; Hoehl et al, 2020). HCMV retinitis was an
AIDS-defining illness, but is now rare as patients begin
antiretroviral therapy (ART) before their CD4+ T cell counts
decline markedly (Ude et al, 2022). There is abundant evi-
dence that PLWH have elevated rates of CVD (Shah et al,
2018). While it is plausible that HCMV may contribute to
this increase, it is difficult to prove without matched cohorts
of HCMV-seronegative PLWH.

In our JakCCANDO cohort, all PLWH began ART with
very high burdens of HCMV evidenced by extremely high
levels of HCMV-reactive antibody and the detection of
HCMV DNA by a simple quantitative polymerase chain
reaction in 52% of patients (Ariyanto et al, 2022). As the
antibody levels were similar in PLWH with and without
detectable HCMV DNA, we conclude that this grouping
divides patients with a moderately high burden of HCMV
from those with an extremely high burden. In this respect,
the cohort is distinct from transplant recipients and PLWH
from better resourced settings. A further complication is the
observed rise in antibody levels on ART (Ariyanto et al,
2018), which we ascribe to immune recovery rather than an
increase in the viral burden.

In this cohort, levels of HCMV IE-1 antibody correlated
with the right retinal artery calibers, a non-invasive measure of
microvasculopathy (Edwar et al, 2019). We also demonstrated
a direct relationship between HCMV IE-1 antibody levels and
right cIMT, whereas HCMV antibody levels inversely corre-
lated with internal diameter of the right artery during 12
months of ART (Karim et al, 2017). HCMV IgG antibody
levels and periodontal disease predicted increased left and
right cIMT after 5 years on ART (Wulandari et al, 2020).

In settings that are less ‘‘resource constrained’’ (e.g.,
Europe and North America), high HCMV IgG antibody
levels have been associated with increased risk of coronary
artery calcium score and higher cIMT in PLWH but not in
healthy donors (Knudsen et al, 2019). Positron emission
tomography linked high HCMV IgG antibody levels with
cardiac microvascular dysfunction in women living with
HIV (Knudsen et al, 2018).

Among PLWH with no detectable HIV RNA on ART,
frequencies of HCMV-specific cytokine-producing CD8+ T
cells were associated with pulse pressure (difference be-
tween systolic and diastolic blood pressure) after adjustment
for age, smoking, and LDL-cholesterol (Ballegaard et al,
2020). HIV-related factors, IL-6, and CD8+ T cell senes-
cence did not mediate the associations, and no associations
were found between HCMV-specific CD4+ T cell responses
and blood pressure (Ballegaard et al, 2020). The authors
speculate that the association with HCMV-specific CD8+ T
cells may be causative.

Another study linked HCMV-specific IFNc responses with
frequencies of CD4+ T cells expressing CX3CR1 (Garg et al,
2019). CD4+ T cells from PLWH had reduced CD28 ex-
pression and high expression of CD2, CD57, and CX3CR1
(Chen et al, 2020). The authors reported higher expression of
the activation marker CD69 on CD4+ T cells in atherosclerotic
plaques from HIV-uninfected individuals and expression of
CX3CL1 and LFA-3 on the vascular endothelium (Chen et al,
2020). The authors postulated that plaque formation may re-
flect recruitment of CX3CR1+CD57+CD28- CD4+ T cells to
CX3CL1-expressing endothelial cells via cytokine and release
of lytic granules following CD2/LFA-3 interactions.

A study of 70 aviraemic PLWH with no known CVD
demonstrated increased proportions of circulating CX3CR1+

GPR56+ CD57+CD4+ T cells in individuals with carotid pla-
que. CX3CR1+CD4+ T cells were also demonstrated in coro-
nary plaques from PLWH (Wanjalla et al, 2021). A role for
HCMV in their accumulation is supported by the detection of
CX3CR1+GPR56+CD57+CD4+ T cells in the aorta of HIV-
uninfected individuals since *15% of the population recog-
nized a single HCMV gB epitope (Wanjalla et al, 2021).

HCMV and cardiovascular outcomes in patients
with COVID-19

Emerging data have associated infection with SARS
CoV-2 (COVID-19) with poor CVD outcomes seen in some
patients (reviewed in Liu and Zhang, 2020; Soumya et al,
2021). Increased systemic inflammation (cytokine storms)
leading to endothelial dysfunction and direct infection of
cardiovascular tissues have been proposed as plausible me-
chanisms. (Liu and Zhang, 2020; Soumya et al, 2021). The
reactivation of HCMV has been reported in patients with
COVID-19 infection (Le Balc’h et al, 2020), and HCMV
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seropositivity is a risk factor for severe COVID-19 disease
and subsequent hospitalization (Alanio et al, 2022; Weber
et al, 2022). The increasing reports of patients with long
COVID-19 who still have persistent symptoms several
months after infection (Brodin et al, 2022) highlight the need
to understand the role of HCMV in this setting.

Concluding Remarks

Evidence from different populations has confirmed HCMV
seropositivity or high antibody levels as significant risk fac-
tors for poorer vascular health and increased CVD events.
HCMV contributes to CVD through several mechanisms
(Fig. 1). HCMV infection can increase local production of
chemotactic factors and adhesion molecules on vascular en-
dothelial cells to promote inflammatory cell recruitment in
atherosclerotic plaques. Furthermore, direct infection can
affect proliferation and apoptosis of vascular endothelial cells
and SMC, enhance monocyte transendothelial migration, and
promote foam cell formation. HCMV-encoded miRNAs and
proteins such as US28 and cmvIL-10 can alter vascular en-
dothelial and SMC functions to promote plaque rupture, and
the inflammatory responses induced by HCMV infection can
destabilize plaques and cause acute coronary syndromes.
Further studies are warranted to determine how HCMV
contribute directly and indirectly to the pathogenesis of CVD.
This will allow the identification of patients who will benefit
from therapy to reduce their burden of HCMV.
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