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Abstract

Development of a cytomegalovirus (CMV) vaccine is a high priority due to its sig-

nificant global impact—contributing to mortality in immunosuppressed individuals,

neurodevelopmental delay in infected neonates and non‐genetic sensorineural

hearing loss. The impact of CMV on the general population has been less well

studied; however, a wide range of evidence indicates that CMV may increase the

risk of atherosclerosis, cancer, immunosenescence, and progression of tuberculosis

(TB) and human immunodeficiency virus. Due to the high seroprevalence of CMV

worldwide, any modulation of risk by CMV is likely to have a significant impact on

the epidemiology of these diseases. This review will evaluate how CMV may cause

morbidity and mortality outside of the neonatal and immunosuppressed populations

and consider the potential impact of a CMV vaccine on these outcomes.

1 | INTRODUCTION

Cytomegalovirus (CMV) is the most common non‐genetic cause of

sensorineural hearing loss in neonates and a leading cause of neu-

rodevelopmental delay.1 In the immunocompromised host, CMV

reactivation results in vasculopathy, graft rejection and severe end

organ damage.2,3 Subsequently, the development of a vaccine against

CMV has been cited as a high priority for the last 2 decades including

by the National Institute of Health.4

CMV has been associated with several distinct disease pro-

cesses– atherosclerosis,5–8 cancer9 and impaired immune response

to vaccination.10–12 Additionally, CMV is suspected to enhance the

pathogenicity of human immunodeficiency virus (HIV) and tubercu-

losis (TB).13–16 Animal studies and large population based epidemi-

ological studies suggest that CMV may cause disease through

mechanisms such as CD8+ memory T‐cell inflation17; immunose-
nescence and immunomodulation.18–20 In addition, reactivation of

CMV in local tissues may result in lytic replication and cause direct

Abbreviations: CMV, cytomegalovirus; CRP, C‐reactive protein; CVD, cardiovascular disease; EOD, end organ damage; HCV, hepatitis C virus; HIC, high income country; HIV, human

immunodeficiency virus; LMIC, low middle income country; PD‐1, programed death receptor 1; TAM, tumour associated macrophage; TB, tuberculosis; TCR, T‐cell receptor; Th1, Type 1 T‐
helper cell.
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damage to tissues. However, current evidence has only demonstrated

an association rather than causal role in these disease processes.

The primary objectives of developing a vaccine against CMV

have been to eliminate congenital infection and to reduce morbidity

and mortality in highly immunosuppressed individuals. However, this

review presents evidence that CMV may also contribute to the

development of vascular, infectious, and oncological conditions in the

general population. Globally, CMV seroprevalence is estimated to be

between 60% and 90%21 and therefore if there is any modulation in

risk by CMV, vaccination is likely to have a significant impact on the

incidence of these diseases. We used PubMed to perform a literature

review of the epidemiology and potential pathogenic mechanisms of

CMV using search terms ‘CMV’ or ‘cytomegalovirus’ or ‘human

cytomegalovirus’ in combination with ‘atherosclerosis’, ‘cancer’, ‘HIV’,

‘TB’ or ‘vaccination’. We included these themes as they represent the

most studied areas of CMV in the general population, and areas

where there would be the greatest implications if a causal interaction

did exist. We performed a separate ClinicalTrials.gov search for CMV

vaccination trials. In this review, we focus on the potential indirect

effects of CMV in the general population, and methods to evaluate

the effect of vaccination on associated disease development during

and after vaccine trials.

1.1 | CMV in immune development

CMV seropositivity becomes increasingly prevalent with age. In low‐
middle income country (LMIC) settings, the age of acquisition is

typically younger—studies in the Gambia and Uganda demonstrated

86%–95% seroprevalence at 12 months of age compared to 15% in

UK 1–4‐year‐olds.22,23 Even in high income settings, the seropreva-

lence eventually reaches 60%–80% by 65 years of age.22–24 The age

of CMV acquisition and the role of co‐infection with other viruses are
factors that may influence how CMV interacts with the host immune

system. The human virome is an emerging concept in virology, and

similar to the microbiome, the interactions between host and virus

are likely to shape immune development and response.25

CMV is a major determinant of variation in the immune system

between individuals26 and therefore likely exerts an important effect

on its development. CMV‐specific CD8+ effector memory T‐cells
dominate the immune repertoire of elderly patients who are sero-

positive for CMV.17 This has been proposed due to chronic reac-

tivation and low‐level presentation of antigens to CMV‐specific
T‐cells leading to memory T‐cell inflation.27 In healthy monozygotic

twins who are discordant for CMV seropositivity, the number of

effector CD8 T‐cells and gamma‐delta T cells are poorly correlated.26

Similarly, there are significantly different plasma levels of IL‐10 and

IL‐7 level between CMV seropositivity discordant twins, however

this study did not adjust for any confounding factors that may explain

this discrepancy.26 Overall, evidence indicates that CMV is strongly

associated with phenotypical differences between individual immune

systems. With increasing age, there is a diminishing impact of genetic

factors in determining the proportion of cell populations, cytokines

and signalling molecules—this may reflect an increasing role of mi-

crobial influences, of which CMV is a likely a major contributor.

CMV is linked to profound changes in various cellular subsets,

including reduction in naïve cell populations, and presence of cellular

phenotypes and functions.28 Overall, it appears that with age the

T‐cell compartment becomes increasing dominated by CMV‐specific
CD8+ T‐cells with a corresponding reduction in the naïve T‐cell
population. In CMV seropositive experimental mice models naïve

CD8+ T‐cells are reduced and a similarly reduced naïve cell popu-

lation appears to contribute to an overall mortality risk profile.29,30

CMV‐specific CD8+ cells typically re‐express CD45RA alongside a

reduction in co‐stimulation markers such as CD28 and CD27.20 The

CD45RA isoform becomes increasingly expressed during chronic

CMV infection and is associated with expansion of low‐avidity cells.

CD45RA, the longer isoform of CD45, is typically expressed on naïve

T‐cells and impacts on the T‐cell receptor (TCR) signalling pathway

through altering the interaction of the TCR with CMV antigens.

Interestingly, these CMV‐specific T‐cells express few markers of

T‐cell exhaustion such as programed cell death protein 1 (PD‐1), in
contrast to T‐cells seen in chronic infection secondary to HIV and

hepatitis C virus (HCV).28 This may be related to the low‐level of
chronic exposure of antigens in CMV latent infection compared to

the high level of damage and replication seen in HIV and HCV.

CD8+ CD28− CD57+ T‐cells is a specific subset which has been

found to be elevated in cohorts of CMV seropositive patients

compared to controls.31 These cells represent a highly differentiated

phenotype with limited proliferative ability. CD57 is a surface

sulphated glycan carbohydrate that has been found to be a marker of

chronic immune activation in humans often in association with sup-

pression of CD28. Studies suggest that this cell population can

remain highly polyfunctional and maintain ability to kill pathogens ex

vivo.31 Nevertheless, several studies have associated expansion of

this T‐cell subset with increased mortality and morbidity.32,33 The

apparent contradiction of these findings may suggest that these cells

are not directly pathogenic and may represent a proxy of chronic

immune dysfunction and inflammation induced by CMV. Alterna-

tively, these polyfunctional cells may be directly pathogenic through

generation of excessive inflammation and bystander host damage

and thus contributing to ‘inflamm‐ageing’.
Studying the relationships between age of acquisition and out-

comes at different ages has been challenging due to the inherent

difficulties in conducting long‐term observational studies spanning

decades and the inability to date when primary infection occurred.

2 | ATHEROSCLEROSIS

Many epidemiological studies have suggested an association between

CMV seropositivity and cardiovascular mortality risk5,8,34–36; howev-

er, distinguishing whether this is a confounding effect of co‐variants
such as socioeconomic status, country of origin and smoking status,

makes establishing causality challenging. A large longitudinal study of

14,000 subjects in the USA recruited from the National Health and
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Nutrition Examination Survey (NHANES) III (1988–1994) showed that

CMV seropositivity at initial sampling (age ranging from 25 to 90 years

old) was associated with increased cardiovascular and all‐cause mor-
tality after 2 decades of follow up35 (Table 1). The effect on all‐cause
mortality (hazard ratio [HR] 1.19, 95% CI: 1.01–1.41) remained sig-

nificant after adjusting for confounders including diabetes, age and

gender; however, the effect on cardiovascular disease (CVD)mortality

disappeared after adjustment.35 A nested USA case‐cohort of 726
participants reported that patients with the highest 20% of CMV

immunoglobulin G (IgG) titres had an increased rate of CVD, with a HR

of 1.76 (95%CI: 1–3.11), as compared to patients with the lowest 20%

of CMV IgG titres.8 Conversely, in a 13,090 participant prospective

study based in the UK which included 2514 deaths, there was no

significant association between CVD mortality and CMV IgG sero-

positivity over an average 14.5 years follow up.34

Evidence for the contribution of CMV to the development of

atherosclerosis is derived from several sources. Firstly, antiviral

therapy reduces the rate of transplant graft atherosclerosis.46,47 This

may be the mechanism by which antiviral therapy reduces both

overall mortality and CMV related disease in solid organ transplants

at 3–18 months post‐transplant.48 Secondly, CMV antigens have

been directly isolated from smooth muscle cells of the carotid artery

and aorta in surgical specimens.49–51 There is mixed evidence for

isolation of CMV antigens or CMV transcripts within the athero-

sclerotic plaques—Sambiase et al. found no evidence of CMV anti-

gens isolated from cardiac transplantation patients. The presence of

CMV within the plaque itself, whilst supportive of a role of CMV in

atherosclerosis does not confirm pathogenesis.

CMV may initiate and maintain atherosclerosis through multiple

immunological mechanisms: promotion of pathogenic T‐cell pheno-
types; polarisation of infected monocytes to M1 phenotypes; indirect

immune modulation secondary to CMV; and direct lytic damage from

reactivation of CMV, potentially originating from invading monocytes

(Figure 1a). CMV pre‐disposes to a Type 1 T‐helper (Th1) cytokine
phenotype6,52 and an M1 macrophage phenotype19,53,54 in healthy

patients during latency. Type 1 T‐helper cell dominance has been

mechanistically linked to the initiation and maintenance of athero-

sclerosis in mouse models.55 Observational studies in humans show

that Th1 phenotypes are associated with increased atherosclerosis as

measured by carotid artery calcification.56 Some studies have shown

increased internal carotid interna media thickness in CMV positive

patients7,8; although, there are other studies which have not shown

an association with atherosclerosis on imaging.6,57 CMV infection is

associated with a subset of vascular‐homing CD57+ CD4+ T Cells58

and increased serum levels markers of endothelial activity (ICAM‐1,
VCAM‐1, and IP‐10)52—indicating a role for CMV in increasing the

migration of cells into atherosclerotic plaques (Figure 1a). The risk of

atherosclerosis appears to be related to markers of inflammation (C‐
reactive protein [CRP], IL‐6)35 in combination with raised CMV IgG

levels therefore suggesting persistent reactivation as a

mechanism.34,59

The excess cardiovascular mortality risk may be due to CMV

modulating the risk of plaque rupture and subsequent complications

(Figure 1a). CD4/CD8 inversion is associated with plaque rupture60

and as mentioned, CMV is associated with an inversed CD4/CD8

ratio. Additional co‐infection with other chronic viruses may exac-

erbate the phenotype; for example, HIV and CMV co‐infection leads

to inversed CD4/CD8 ratio and has a particularly high cardiovascular

risk.61,62 High serum levels of CMV DNA were detected in patients at

time of admission with acute coronary syndrome.63

3 | CANCER

The role of CMV in cancer is controversial and the evidence is highly

contradictory. The supportive evidence for CMV's role as an onco-

genic or onco‐modulatory agent64 is twofold; (1) isolation of CMV

proteins and DNA from tumours with surrounding non‐infected tis-

sue and (2) well‐studied in vitro effects of CMV on key cellular

mechanisms of tumourigenesis—these are briefly summarised below

and discussed in more detail elsewhere (Figure 1b).65,66

The key mechanisms of CMV tumourigenesis include inhibition of

apoptosis, prevention of normal immune surveillance and promotion

of cell cycling (Figure 1b). Intermediate‐early 1 (IE1) and intermediate‐
early 2 (IE2) are CMV proteins that promote cellular proliferation

through suppression of p53 and promotion of entry into the cell cycle.

IE2 inhibits apoptosis in infected cells through upregulation of anti‐
apoptotic molecules bcl‐2 and c‐FLIP.67,68 TGF‐beta is induced by

IE1 and contributes to suppression of type‐1 cytokine responses by

inhibiting Th1 CD4+ T‐cells.69 CMV produces an IL‐10 mimic, which

alongside TGF‐beta promotes polarisation of tumour associated

macrophages to an M2 phenotype.69,70 M2 macrophages are associ-

ated with immune evasion of tumour cells, and promote tumour pro-

gression through secretion of vascular endothelial growth factor and

increasing epithelial to mesenchymal transitions.70 Immune recogni-

tion of tumour cells by CD4 and CD8 T‐cells is reduced through

downregulation of major histocompatibility complex I (MHC I) and

MHC II molecules alongside upregulation of PD‐1 signalling. Several

CMV proteins promote cell‐cycling such as UL82, which both

promotes entry into S phase from quiescence and increases the

progress of cells through G1, potentially through an interaction with

cell‐cycle regular retinoblastoma protein.71 Whilst CMV proteins

primarily function to promote viral persistence in the human host, in

the appropriate context these may contribute to tumourigenesis.

CMV DNA and protein has been reported within a wide range of

tumours—including breast, prostate, glioblastomas—but not the sur-

rounding tissues.72–74 CMV may come to infect these tissues through

local infiltration of infected immune cells with subsequent local

infection; however, why tumour cells appear to be susceptible to

CMV infection is unclear. Many studies have been unable to isolate

CMV DNA or protein in tumours.40,56

Glioblastoma is the most studied example of CMV interaction

with cancer—particularly in relation to epidemiology, prognosis, and

pathogenesis64,75—however overall, the evidence is limited. CMV

transcripts and proteins have been found within glioblastomas,

although this is not a universal finding and there is a large amount of
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TAB L E 1 Summary of the key studies evaluating the indirect effects of cytomegalovirus (CMV)

Effect Trial/study Population

Exposures and outcomes

measured Results

Increased

CVD risk/

overall

mortality

OCTA/NONA32,37 Longitudinal At several time points: Concept of ‘immune risk profile’

(IRP)
Swedish octogenarians, starting in

1989

CD4/CD8 ratio

101 participants originally Lymphocyte subsets High IRP patients has highest rate

of mortality and CVD risk
T‐cell responsiveness

CMV seropositivity IRP variables include CMV

seropositivity, CD4/CD8

inversion, CMV‐specific T cells
CVD mortality/Overall mortality at

10 years follow up

EPIC34 30,000 men and women aged 40–

79 years at baseline between

1993 and 1998 from 35

participating general practices

in Norfolk, UK

CMV IgG level Trend towards increase in CVD

mortality in high IgG titre (HR

1.24). Non‐significant
BMI/Socioeconomic data

Labs including CRP/lipids

CVD mortality High CMV IgG associated with all‐
cause mortality when

controlling for many

confounders (HR 1.23)

Cancer mortality Significant associated between non‐
cancer non‐CVD increased

mortality (HR 1.35)
Overall mortality

ARIC8 Nested case‐cohort, 45–64 years

old, 726 participants, US

communities in 4 states

CMV IgG level High CMV IgG (top 20%) associated

with increases coronary heart

disease (HR 1.76) after

adjustment for confounders

HSV antibodies

Labs including lipids. No CRP

BMI/Socioeconomic data

Coronary heart disease (including

MI deaths) at 5 years follow up

NHANES III35 US population study of 14,153

participants aged >25 years old;
samples taken between 1988

and 1994

CMV seropositivity CMV seropositivity associated

overall mortality after

confounders controlled (HR

1.19)

Socioeconomic data

Lab data including CRP/lipids High CRP and CMV seropositivity

associated with CVD death (HR

1.67)
CVD mortality and overall

mortality measured in 2006

Sacramento area

Latino study on

ageing38

A longitudinal population‐based
study of 1459 older Latinos

(aged 60–101 years) in

California, US followed in

1998–2008

CMV immunoglobulin G (IgG),

tumour necrosis factor, and

interleukin‐6

High CMV Ig (top 25% vs. lowest

25%) significantly increased

CVD death (HR 1.35) after

adjustment

CVD mortality High CMV Ig (top 25% vs. lowest

25%) significantly increased

overall mortality risk (HR 1.43)

after adjustment

TNF, IL‐6 contributes to CMV

associated risk

Increased

cancer risk

—glioma

CMV and glioma

prognosis

metanalysis39

7 studies identified up to 2019.

Includes around 250 patients

CMV seropositivity No association between CMV

seropositivity and glioma

prognosis
CMV IgG levels

CMV IEA staining on histology

samples

Increased CMV IEA staining on

histology worsens progression

free survival (HR 1.46)
Progression free survival

Overall mortality
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T A B L E 1 (Continued)

Effect Trial/study Population

Exposures and outcomes

measured Results

Detection of CMV in

gliomas40
125 histological samples of GMB in

the US

CMV IE1/2 detection via in situ

hybridisation, PCR,

immunohistochemistry in a

combination of fresh‐frozen
tissue samples and formalin‐
fixed paraffin‐embedded

No detection of CMV protein or

transcripts in any samples

Detection of CMV in

gliomas and

peripheral

blood41

45 cases of GBM diagnosed

histologically in US

CMV DNA in peripheral blood 93% of GBM samples had CMV

proteins stain positive
CMV DNA in GBM histology

CMV IEA staining in GBM histology 80% of patients with positive CMV

proteins stain on GBM histology

had peripheral blood CMV DNA

detected

Interaction

with TB/

HIV

General population

cohort

(Uganda)42

Rural Uganda, 25 patients with

active TB; 256 controls with no

active TB. Mean age 26

CMV IgG levels Individuals with medium CMV IgG

OR 2.8 to have active

tuberculosis disease (P = 0.055),

and those with high CMV IgG

OR 3.4 to have active

tuberculosis disease (P = 0.007)

EBV/HSV/HIV antibodies

Serum cytokine levels

TB sputum AFB

MVA85A TB vaccine

trial cohort

(South Africa)43

Prospective South African cohort

study. Part of vaccine study. 49

infants TB disease at first

2 years of life, versus 129

healthy matched controls

CMV IgG levels; CMV+ 48.8% risk versus CMV−
25% risk of active TB at 2 years

(p = 0.043)
CMV‐stimulated IFN‐γ response

PBMC transcriptome analysis

NCT00953927 TB sputum AFB Transcriptional activated T cells,

type I IFN responses, and NK

cells in infants up to 3 years

prior to detection of TB

Time to TB diagnosis

Effect on

response

to

vaccination

Polio vaccine

response in

infants44

369 CMV seropositive versus 75

CMV seronegative Zambian

infants at 18 months of age

CMV seropositivity No difference in antibody titres at

18 months of age between CMV

serostatus group
HIV status

HIV exposure during pregnancy

Part of randomised nutritional

study

Socioeconomics factors

Breastfeeding

Polio antibody titre

Measles vaccination

in infants45
Cohort study, 132 Gambian

Newborns

CMV seropositivity 1 week post‐vaccination: Reduced
IFN‐y response to measles in

CMV+ ve; no other differences
CMV DNA urine

Lymphocyte subsets

CD4+ IFN‐y production to measles

protein

4‐month post‐vaccination: No
difference in IFN‐y response to

measles; no difference in

cytokine production
Measles antibody production:

Inhibition of haemagglutinin

protein assay

Influenza in

adults11,12
Part of safety study for seasonal flu

vaccine

CMV seropositivity Derhovanessian: >60 year old,

CMV seropositivity was

associated with reduction in

influenza antibody production

(88% vs. 44%, p = 0.033)

54 subjects from Antwerp, Belgium.

Age >18
Lymphocyte subsets Frasca: In young (>18) and elderly

(>60), CMV seropositivity was

associated with reduction

influenza Ab production

Haemagglutinin inhibition assay

Abbreviations: AFB, acid fast bacilli; BMI, body mass index; EIA, enzyme immunoassay; GBM, glioblastoma; HR, hazard ratio; HSV, herpes simplex virus;

IEA, immediate eary antigen; IFN, interferon; MI, myocardial infarction; NK cell, natural killer cell; PBMC, peripheral blood mononuclear cell; PCR,

polymerase chain reaction; TNF, tumour necrosis factor.
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contradictory evidence in this area.41,74,76 One study combined

several different detection methods including polymerase chain re-

action, immunohistochemistry and in situ hybridisation targeted to

IE1/2 failed to detect CMV among 125 samples.40 Differences be-

tween studies is likely due to differences in storage methods, CMV

isolation methods and sampling. CMV seropositivity and presence of

CMV proteins with tumour has been associated with worse prognosis

in several studies.9,77,78 However, a recent metanalysis showed no

association between CMV seropositivity and prognosis.39 Many of

the studies included failed to account for confounding factors. A

hypothesis‐generating 42‐patient phase I/II double‐blind randomised
control trial reported from a post‐hoc analysis a survival benefit in

patients with glioblastomas treated with valganciclovir for 6 months

compared to patients who had it for less than 6 months (24.1 vs.

13.1 months).79 An update of the cohort with 102 patients demon-

strated similar findings.80 These studies were single centre with a

small cohort of patients. Currently there is a multi‐centre double

blind randomised phase II trial (NCT04116411) recruiting a cohort of

220 patients with 30 months follow up.

In summary, current evidence demonstrates little substantive

proof of a causal interaction between cancer and CMV. The lack of

clear causation between CMV and cancer risk may be related to

variability in the presence of CMV within tumours and the host

response. Alternatively, confounding factors may be driving the as-

sociations observed.

4 | CMV AND SUSCEPTIBILITY TO INFECTION

CMV has been reported to have a protective effect against infection

with unrelated pathogens and enhance the response to vaccination

and superantigen stimulation.45,81 Mice infected with CMV who were

F I GUR E 1 Proposed mechanisms by which cytomegalovirus (CMV) could promote and maintain disease in the general population.
(a) CMV likely promotes plaque maintenance through vascular migrating subsets of CD8 T‐cells promoting an inflammatory environment.

CMV promotes M1 macrophage and Type 1 T‐helper (Th1) polarisation which are associated with increased risk of plaque rupture. (b) CMV
may enter tumours through local infiltration of infected monocytes. CMV has diverse genes which are likely to have oncomodulatory roles.
CMV can promote reduced expression of key cancer recognition molecules of cancer cells such as major histocompatibility complex (MHC)
and increase inhibitory factors such as PD‐1—therefore impairing immune recognition. (c) CMV has been showed to reduce immune responses

—both antibody generation and T‐cell mediated immunity. The mechanism behind this may related expansion of terminally differentiated T‐
cell subsets and a reduction of naïve T‐cells therefore reducing ‘immunological space’ for vaccine responses. (d) CMV appears to increase the
risk of disease in TB. CMV encodes a molecule similar to IL‐10, whilst TB stimulates production of IL‐10 leading to impaired immune responses
local to infection. Both CMV and TB have roles in reduces the expression of MHC receptors and production of chemokines which reduce
immune recognition to infected cells.
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challenged with a lethal load of listeria were protected—compared to

those with no CMV exposure—and this effect persisted for several

months.81 Subsequently, the persistence of this effect was ques-

tioned as it appeared that the protection waned past 6.5 months in

mice.82 Protection against unrelated pathogens is often felt to be due

to the non‐specific priming of the innate immune system. Alterna-

tively, cross‐reaction between peptides induced in the CMV immune

response is another possible mechanism.

TB is a highly prevalent pathogen which has remarkable over-

lapping epidemiology and cellular tropism to CMV.16,83 CMV may

increase the risk of progression to disease in TB infected in-

dividuals. CMV is nearly ubiquitous in a TB prevalent setting,

limiting epidemiological studies between seropositive and seroneg-

ative individuals. However, a Ugandan nested case‐control study of

2170 individuals reported increasing levels of CMV IgG are asso-

ciated with increased risk of TB disease.42 This case‐control cohort
had age, sex and HIV status matched controls, however there was

no control for other confounding factors—particularly adjusting for

large family sizes where CMV IgG levels may be raised due to CMV

boosting and there is an increased risk of TB. Similarly, in a cohort

of South African children, presence of CMV‐specific T‐cell re-

sponses as measured by IFN‐y production were associated with a

2.2‐fold increase in progression to TB disease over a 3 year follow

up period.43

The mechanism of interaction between TB and CMV is un-

clear.15,83 They are both active in similar host‐modulatory pathways
including IFN‐y up‐regulation,52,83–85 IL‐10 upregulation and

downregulation of MHC‐I molecules (Figure 1d).86 Additionally,

CMV is associated with increased CD8+ and CD4+ T cell activation

and expansion of CD4+ Human Leukocyte Antigen–DR isotype

(HLA‐DR+) T‐cells are associated with an increased risk of pro-

gression to TB disease (Figure 1d).87

In LMIC settings, CMV and HIV are common co‐infections that
are both linked to pro‐inflammatory immune phenotypes. HIV

exposure in utero (regardless of whether the infant subsequently

develops HIV) appears to increase the risk of CMV infection in in-

fants.88 Infants born to a mother living with HIV who themselves are

negative for HIV infection (HIV‐exposed, uninfected infants) appear

to have adverse outcomes including increased risk of hospitalisation,

pneumonia, failure to thrive and higher overall mortality.13,89–91 In a

prospective study of 811 Zambian infants where CMV serostatus

was measured at 18‐months, CMV seropositive infants with HIV

exposure demonstrated impaired growth and social development

scores which persisted compared to CMV‐seronegative HIV‐exposed
infants, even when controlling for socioeconomic factors, breast-

feeding duration, and education.14 CMV‐seropositivity in combina-

tion with HIV‐exposure is associated with an increased CRP level in

six‐week‐old infants compared to CMV‐seronegative HIV‐exposed
infants, which may suggest that CMV and HIV‐exposure are syner-

gistic in promoting an early pro‐inflammatory state in infants.13,92

Despite this, CMV and HIV co‐infection does not appear to increase

mortality when infants received early anti‐retroviral therapy14,88 and
the long‐term impact after 2 years of age is unclear.

5 | CMV AND VACCINATION RESPONSE

CMV may impair response to vaccination—particularly in elderly in-

dividuals where both T‐cell and B‐cell mediated effector functions

are affected (Figure 1c). In studies evaluating influenza vaccine re-

sponses, CMV seropositivity has been associated with poor humoural

vaccine response in adult populations.11,12 One study demonstrated

reduced influenza vaccine IgG production in CMV seropositive adults

compared to seronegative adults across all ages,12 whereas another

found that CMV seropositivity was associated with reduced vaccine

response only in adults over the age of 60.11 However several studies

have shown no association between CMV seropositivity and vaccine

responsive to both influenza and pneumococcal vaccination.10,93,94

These studies vary in the strain of influenza evaluated and the degree

to which they adjust for confounding effects (most studies only

adjusted for age and sex).

Various measures of immunogenic response to influenza

vaccination—such as neutralising antibodies titres on haemagglutinin

inhibition assays and antibody‐dependent‐cellular‐cytotoxicity
assays—decrease with age.95,96 Poor immunogenic response to

influenza vaccination is associated with an increase in the CD8+
CD28− T‐cell subset96,97 which is typically expanded in CMV infec-

ted elderly individuals as part of a late‐differentiated CD8+ cell

phenotype.20,31,32 Similarly, late‐differentiated CD4+ phenotypes,

present in CMV+ patients, associated with poor humoural immuno-

genic response in elderly individuals.11 In a study evaluating the

immune responses to the Ebola vaccines, UK CMV seropositive

young adults were found to have reduced antibody production.98

Poor response to Ebola vaccination is correlated with increased

levels of KLRG1, a marker of the terminal differentiated T‐cell found
in CMV seropositive individuals.98 The expansion of these differen-

tiated cells is potentially a consequence of low‐level reactivation; it is
not known whether these cells contribute directly to poor immune

responses or are a proxy marker of an alternative pathological

process.

In infants, most of the evidence regarding immunogenic re-

sponses to vaccination shows no association between CMV sero-

positivity and response as measured by vaccine antibodies titres and

T‐cell responses. Exposure to CMV occurs early in life in the majority

of LMIC's, where seropositivity can reach 90% within 6 weeks of

birth.92 In a Zambian cohort of 369 CMV‐seropositive infants, there

was no difference in polio antibody titres at 18 months of age

compared to CMV‐seronegative infants.44 In 9‐month‐old Gambian

infants, CMV seropositivity was associated with mildly impaired IFN‐
y response to measles antigen 1 week after vaccination—however

this effect disappeared 3 months later.45,99

6 | CMV RELATED MORTALITY

One interesting aspect of many epidemiological studies is the mor-

tality gap between CMV seropositive and seronegative patients

which is not explained by cancer or CVD, even once various
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socioeconomical factors have been controlled for.34,35,38 This non‐
specific increase in death is due to a highly heterogenous group of

causes.

In a Swedish longitudinal cohort, the accumulation of CD8+
CD28− CD57+ T‐cells, a subset driven by CMV seropositivity as

discussed above, was associated with increased mortality (Table 1).37

CMV is thought to have a generalised pro‐inflammatory effect

potentially through persistent low‐level replication. Raised CRP has

been found to be an independent predictor of mortality in the elderly

and in another study CRP is synergistic with CMV to increase the risk

of mortality.35 Overall mortality and CVD‐related mortality was

correlated with CMV‐IgG levels and most of this effect was reduced

when controlling for IL‐6 and tumour necrosis factor‐alpha levels.38

It is likely that CMV interacts with other diseases through modula-

tion of the immune system and localised reactivation in inflammatory

niches. Whilst CMV may not initiate disease processes, through

biasing immune responses towards pro‐inflammatory phenotypes it

may contribute to the maintenance of inflammation and impaired

resolution.

7 | CMV VACCINATION AND THE INDIRECT
EFFECTS OF CMV INFECTION

Several CMV vaccine platforms are in phase II and phase III trials

including viral vector, recombinant subunit, live attenuated and

mRNA.100,101 Currently two vaccines have reached phase III. The

ASP01131 vaccine recently reported no impact on mortality or CMV

end organ damage at 1 year follow up in haematopoietic cell trans-

plant recipients (NCT01877655).102 Moderna started recruitment in

October 2021 for a phase III trial of an mRNA‐based vaccine which

showed promising immunogenicity in phase II trials (NCT05085366).

Several different populations are being evaluated in these studies

including solid‐organ transplants patients, HSCT patients, adolescent

females, women of child bearing age (NCT05085366), and healthy

adults. Notably few studies include older adults. Many of these

studies include secondary endpoints which evaluate the direct effects

of CMV: CMV end organ damage in transplant populations

(NCT02506933, NCT01877655) and cases of congenital infection

(NCT00125502).

There are no CMV vaccine trials currently evaluating the po-

tential impact on the indirect effects of CMV infection. Registries

could be created for any CMV vaccine trial allowing for long‐term
follow up and measurement of indirect effects of all participants

(Table 2). In addition, using services such as the UK Clinical Practice

Research Data Link (CPRD) for data linkage studies would allow

follow up of long‐term outcomes of patients with a rich dataset that

includes both primary care and secondary care data. Many previous

phase II or III trials102–106 have been conducted in a healthy adult or

child population with no existing co‐morbidity—but little long‐term
follow up of these patients exists. Only the Moderna mRNA‐1647
vaccine (NCT04975893) currently has registered trial for longer

follow up of participants. Bernstein et al. (NCT00133497 and

NCT03486834) included adolescent female and child‐bearing age

females respectively—these are healthy females that have compa-

rable demographics to the general population—follow up of cohorts

such as these could provide data broadly applicable to the general

population in high income country settings. Registries including all

clinical trial patients would allow for comparison between the un-

vaccinated and vaccinated patients within the same trial, and com-

parison between different vaccine candidates. Several of the indirect

effects of CMV discussed above will not be detectable within con-

ventional vaccine trial follow up periods, as these effects are likely to

take decades to emerge; therefore, it is important to collect longi-

tudinal data through registries or data linkage.

Currently, vaccine modelling and cost effectiveness studies have

only considered the direct effects of CMV.107–109 Modelling the in-

direct effects of CMV is severely limited by lack of detailed epide-

miological evidence which can be used to inform accurate parameters

(Table 2). There are several well defined long‐term prospective

cohort studies with CMV seropositivity data available—NONA,

OCTA, EPIC (Table 1)—which could be used to form initial estimates

of the impact of vaccination in reducing the burden of atherosclerosis

and CVD. Using data from previous studies demonstrating increased

mortality from CMV reactivation in intensive care unit, an estimate

of excess deaths caused by CMV reactivation in ICU‐admitted
pneumonia patients is also feasible. Future studies need to evaluate

the epidemiological role and quantitative impact of CMV on out-

comes such as CVD, TB, HIV, vaccination responses and cancer

(Table 2), which will allow for more accurate modelling studies to be

performed and estimate the impact of CMV vaccination. During the

COVID‐19 pandemic, several HICs used population based observa-

tional data to inform the effectiveness of societal lockdowns, vaccine

effectives and other public health strategies. Researchers could

adopt these platforms, utilise existing routinely collected national

datasets and develop novel strategies using anonymised electronic

healthcare records to conduct observational studies evaluating the

association between CMV and the conditions outlined.

It is important to note that there is evidence that latent CMV

infection may have beneficial effects, particularly in children and

young adults. Seropositive 20–30‐year‐olds appear to have a greater
response to influenza vaccination compared to seronegative in-

dividuals of the same age at 28 days post vaccination.94 Additionally,

in Gambian infants IFN‐y response to CMV correlated with IFN‐y
response to staphylococcal enterotoxin B (r = 0.30, P = 0.012). In

young adults CMV was associated with high IFN‐y, pSTAT1 and

pSTAT3 level suggestive of an activated immune state. In younger

individuals, it is plausible that CMV may promote a more dynamic

active immune system, and therefore vaccination may be harmful.

All current modelling and cost‐effectiveness studies are derived

from data in HICs where seroprevalence is lower and seroconversion

typically occurs later in life. Limited epidemiological data in many

LMIC countries hinders detailed modelling in these settings. In LMIC

settings, the indirect effects of CMV on infectious disease outcomes

—where TB and HIV prevalence is high—are likely to be an important

element of modelling the cost‐effectiveness of a vaccine. Further
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TAB L E 2 Proposed areas of research to better understand the impact of a cytomegalovirus (CMV) vaccine

Indirect effect knowledge gap Study design(s) Outcome measures

TB/HIV Pathogenesis—role of

reactivation of CMV in

driving TB

Prospective birth cohort study measuring CMV

viraemia during active TB infection.

Focussed on LMIC settings

Presence of CMV Viraemia during active TB

disease; cytokine measurements;

transcriptome and proteome

Mouse models with CMV latent infection with

TB challenge

Epidemiology Prospective cohort birth studies. Measurement

of CMV serostatus of mother during

pregnancy. Sequential measurement of

CMV serostatus of baby. Ideally measure

CMV viraemia

Incidence of TB disease in CMV seropositive

versus seronegative

Rate of progression from TB infection to TB

disease in CMV seropositive versus

seronegative.

Role of anti‐viral therapy in prevention of TB

disease or anti‐viral therapy host‐
modulation in TB disease

Measuring vaccine impact CMV vaccination trial registries facilitating

long‐term prospective follow up;

Rate of progression from TB infection to TB

disease in vaccination compared to un‐
vaccinated

Incidence of TB disease in vaccinated

compared to general population

Modelling studies evaluating the impact of

vaccination on TB disease outcomes.

Should include different populations and

include LMIC population demographics

Incidence of site of TB disease (rate of

pulmonary vs. extrapulmonary TB) in

vaccinated compared to unvaccinated (or

general population)

Correlates of protection against TB

Evaluation of effectiveness of BCG vaccination

—prospective follow up of paediatric

population post‐BCG vaccination

Number and severity of TB cases

Measurement of immune correlates of

protection post‐BCG vaccination

Infectious disease

interactions

Epidemiology Prospective cohort study evaluating rate of

reactivation of CMV in different contexts

including ICU versus ward and illnesses

Rate of CMV viraemia in different group (ICU

vs. ward, pneumonia vs. UTI)

Mortality and mortality rates in CMV viraemia

versus no CMV viraemia

Vaccination impact Modelling study evaluating the excess deaths

and morbidity cause by CMV reactivation

in severe illness

Measurement of excess deaths secondary to

CMV reactivation in severe illness

CMV influence on

vaccination

response

Vaccination impact CMV vaccination trial registries facilitating

long‐term prospective follow up;

Measurement of influenza (or alterative)

vaccine IgG/HA assay titres and ADCC at

various time points in vaccine recipients

Data linkage studies Rates of admission to hospital with vaccine

preventable diseases (influenza,

streptococcal pneumonia)

CMV vaccine trials. Prospective data during

early follow up

Measurement of influenza (or alterative)

vaccine IgG/HA assay titres and ADCC in

infants born to mother who have had

vaccination

Atherosclerosis and

CVD risk

Pathogenesis Autopsy samples from ACS patients with CMV

seropositivity and CMV seronegative.

Presence of CMV inclusion bodies. Presence of

CMV DNA

Pro‐atherosclerosis mouse studies M1/M2 macrophage polarisation and RNA

transcriptome

Epidemiology Prospective cohort studies of initially CMV

seronegative population. To include

measurement of serostatus sequentially;

measurement of CMV viraemia; frequency

of reactivations and measurement of

socioeconomical cofounders

Incidence of acute coronary syndrome (ACS)

Coronary artery thickness

Incidence of peripheral vascular disease

Biomarkers predictive of outcomes above

(Continues)
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modelling studies in this population should evaluate outcomes such

as HIV and TB reactivation and mortality, and model how outcomes

vary between different vaccination target populations.

8 | CONCLUSIONS AND IMPLICATIONS FOR
VACCINE DEVELOPMENT

Whilst studies have modelled how CMV vaccination would impact

the reduction of CMV associated disease in immunosuppressed pa-

tient and congenital disease, there may be unforeseen benefits of

vaccination in the general population. Atherosclerosis and CVD have

been associated with increased CMV IgG levels and there are clear

mechanisms by which CMV could maintain atherosclerosis and pro-

mote plaque rupture (Table 1). Vaccination responses in CMV posi-

tive individuals, whilst unaffected in infancy, may be impaired in later

life as demonstrated by poorer response to influenza vaccine. Addi-

tionally, CMV may synergise with other important pathogens such as

TB where there is an increased risk of TB progression and disease.

Many of these effects may be mediated by recurrent sub‐clinical
CMV reactivation which leads to immune activation and expansion

of dysfunction immune cell subsets. Following participants of vaccine

studies may be the most effective way to evaluate the effect of CMV

in the general population and there should be consideration for

creation of registries in these trials.

AUTHOR CONTRIBUTIONS

Seilesh Kadambari conceived the idea for the paper. Philip Moseley

wrote the first draft of the manuscript. Philip Moseley, Paul Kle-

nerman and Seilesh Kadambari contributed to the literature review

and provided scientific content to each section of the manuscript.

ACKNOWLEDGEMENTS

None.

CONFLICT OF INTEREST

No conflict of interest declared.

DATA AVAILABILITY STATEMENT

Data sharing not applicable to this article as no datasets were

generated or analysed during the current study.

ORCID

Seilesh Kadambari https://orcid.org/0000-0003-3658-7635

REFERENCES

1. Dollard SC, Grosse SD, Ross DS. New estimates of the prevalence

of neurological and sensory sequelae and mortality associated with

congenital cytomegalovirus infection. Rev Med Virol. 2007;17(5):
355‐363. https://doi.org/10.1002/rmv.544

2. Adland E, Klenerman P, Goulder P, Matthews P. Ongoing burden of

disease and mortality from HIV/CMV coinfection in Africa in the

antiretroviral therapy era. Front Microbiol. 2015;6:1016. https://
doi.org/10.3389/fmicb.2015.01016

3. Ramanan P, Razonable RR. Cytomegalovirus infections in solid

organ transplantation: a review. Infect Chemother. 2013;45(3):

260‐271. https://doi.org/10.3947/ic.2013.45.3.260
4. Lawrence RS, Durch JS, Stratton KR. Vaccines for the 21st Century: A

Tool for Decision Making. National Academies Press; 2001. Pub-

lished online.

5. Jia Y‐J, Liu J, Han F‐F, et al. Cytomegalovirus infection and

atherosclerosis risk: a meta‐analysis. J Med Virol. 2017;89(12):
2196‐2206. https://doi.org/10.1002/jmv.24858

6. Tracy RP, Doyle MF, Olson NC, et al. T‐helper type 1 bias in healthy
people is associated with cytomegalovirus serology and athero-

sclerosis: themulti‐ethnic study of atherosclerosis. J Am Heart Assoc.
2013;2(3):e000117. https://doi.org/10.1161/JAHA.113.000117

7. Sorlie PD, Adam E, Melnick SL, et al. Cytomegalovirus/herpesvirus

and carotid atherosclerosis: the ARIC study. J Med Virol. 1994;
42(1):33‐37. https://doi.org/10.1002/jmv.1890420107

8. Sorlie PD, Nieto FJ, Adam E, Folsom AR, Shahar E, Massing M. A

prospective study of cytomegalovirus, herpes simplex virus 1, and

coronary heart disease: the atherosclerosis risk in communities

(ARIC) study. Arch Intern Med. 2000;160(13):2027‐2032. https://
doi.org/10.1001/archinte.160.13.2027

9. Foster H, Piper K, DePledge L, et al. Human cytomegalovirus

seropositivity is associated with decreased survival in glioblastoma

patients. Neuro‐Oncol Adv. 2019;1(1). https://doi.org/10.1093/

noajnl/vdz020

10. den Elzen WP, Vossen ACMT, Cools HJM, Westendorp RGJ, Kroes

ACM, Gussekloo J. Cytomegalovirus infection and responsiveness

T A B L E 2 (Continued)

Indirect effect knowledge gap Study design(s) Outcome measures

Measuring vaccine impact CMV vaccination trial registries facilitating

long‐term prospective follow up;

Incidence of acute coronary syndrome (ACS)

Coronary artery thickness measurement

CMV vaccination trial follow up:

Measurements including rates of CMV

viraemia; CD4/CD8 ratio

Incidence of peripheral vascular disease

Correlates of protection against

atherosclerosis following vaccination

Non‐specific deaths Measuring vaccine impact CMV vaccination trial registries facilitating

long‐term prospective follow up;

Non‐specific mortality rate in CMV

CMV vaccination trial follow up. To include

measurements of CMV impact such as rates

of CMV viraemia; CD4/CD8 ratio

Correlates of protection against non‐specific
mortality

Abbreviations: BCG, Bacillus Calmette‐Guerin; HA, Haemagglutination; UTI, Urinary tract infection.

10 of 14 - MOSELEY ET AL.

 10991654, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rm

v.2405 by Seilesh K
adam

bari - T
est , W

iley O
nline L

ibrary on [15/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-3658-7635
https://orcid.org/0000-0003-3658-7635
https://doi.org/10.1002/rmv.544
https://doi.org/10.3389/fmicb.2015.01016
https://doi.org/10.3389/fmicb.2015.01016
https://doi.org/10.3947/ic.2013.45.3.260
https://doi.org/10.1002/jmv.24858
https://doi.org/10.1161/JAHA.113.000117
https://doi.org/10.1002/jmv.1890420107
https://doi.org/10.1001/archinte.160.13.2027
https://doi.org/10.1001/archinte.160.13.2027
https://doi.org/10.1093/noajnl/vdz020
https://doi.org/10.1093/noajnl/vdz020
https://orcid.org/0000-0003-3658-7635


to influenza vaccination in elderly residents of long‐term care fa-

cilities. Vaccine. 2011;29(29–30):4869‐4874. https://doi.org/10.

1016/j.vaccine.2011.03.086

11. Derhovanessian E, Theeten H, Hähnel K, Van Damme P, Cools N,

Pawelec G. Cytomegalovirus‐associated accumulation of late‐
differentiated CD4 Ta‐cells correlates with poor humoral

response to influenza vaccination. Vaccine. 2013;31(4):685‐690.
https://doi.org/10.1016/j.vaccine.2012.11.041

12. Frasca D, Diaz A, Romero M, Landin AM, Blomberg BB. Cyto-

megalovirus (CMV) seropositivity decreases B cell responses to the

influenza vaccine. Vaccine. 2015;33(12):1433‐1439. https://doi.

org/10.1016/j.vaccine.2015.01.071

13. Garcia‐Knight MA, Nduati E, Hassan AS, et al. Cytomegalovirus

viraemia is associated with poor growth and T‐cell activation with

an increased burden in HIV‐exposed uninfected infants. AIDS.
2017;31(13):1809‐1818. https://doi.org/10.1097/qad.0000000000
001568. https://journals.lww.com/aidsonline/Fulltext/2017/08240/

Cytomegalovirus_viraemia_is_associated_with_poor.4.aspx

14. Gompels UA, Larke N, Sanz‐Ramos M, et al. Human cytomegalo-

virus infant infection adversely affects growth and development in

maternally HIV‐exposed and unexposed infants in Zambia. Clin
Infect Dis. 2012;54(3):434‐442. https://doi.org/10.1093/cid/cir837

15. Whittaker E, López‐Varela E, Broderick C, Seddon JA. Examining

the complex relationship between tuberculosis and other infec-

tious diseases in children. Front Pediatr. 2019;7:233. https://doi.
org/10.3389/fped.2019.00233

16. Cobelens F, Nagelkerke N, Fletcher H. The convergent epidemi-

ology of tuberculosis and human cytomegalovirus infection.

F1000Research. 2018;7:280. https://doi.org/10.12688/f1000re-

search.14184.2

17. Sylwester AW, Mitchell BL, Edgar JB, et al. Broadly targeted human

cytomegalovirus‐specific CD4+ and CD8+ T cells dominate the

memory compartments of exposed subjects. J Exp Med.
2005;202(5):673‐685. https://doi.org/10.1084/jem.20050882

18. Harari A, Dutoit V, Cellerai C, Bart P‐A, Du Pasquier RA, Pantaleo

G. Functional signatures of protective antiviral T‐cell immunity in

human virus infections. Immunol Rev. 2006;211(1):236‐254.
https://doi.org/10.1111/j.0105‐2896.2006.00395.x

19. Chan G, Bivins‐Smith ER, Smith MS, Smith PM, Yurochko AD.

Transcriptome analysis reveals human cytomegalovirus repro-

grams monocyte differentiation toward an M1 macrophage. J
Immunol. 2008;181(1):698‐711. https://doi.org/10.4049/jimmunol.
181.1.698

20. van den Berg SPH, Pardieck IN, Lanfermeijer J, et al. The hallmarks

of CMV‐specific CD8 T‐cell differentiation. Med Microbiol Immunol.
2019;208(3–4):365‐373. https://doi.org/10.1007/s00430‐019‐
00608‐7

21. Zuhair M, Smit GSA, Wallis G, et al. Estimation of the worldwide

seroprevalence of cytomegalovirus: a systematic review and meta‐
analysis. Rev Med Virol. 2019;29(3):e2034. https://doi.org/10.1002/
rmv.2034

22. Stockdale L, Nash S, Nalwoga A, et al. Human cytomegalovirus

epidemiology and relationship to tuberculosis and cardiovascular

disease risk factors in a rural Ugandan cohort. PLoS One. 2018;
13(2):e0192086. https://doi.org/10.1371/journal.pone.0192086

23. Bello C, Whittle H. Cytomegalovirus infection in Gambian mothers

and their babies. J Clin Pathol. 1991;44(5):366‐369. https://doi.org/
10.1136/jcp.44.5.366

24. Vyse AJ, Hesketh LM, Pebody RG. The burden of infection with

cytomegalovirus in England and Wales: how many women are

infected in pregnancy? Epidemiol Infect. 2009;137(4):526‐533.
https://doi.org/10.1017/S0950268808001258

25. Virgin HW, Wherry EJ, Ahmed R. Redefining chronic viral infection.

Cell. 2009;138(1):30‐50. https://doi.org/10.1016/j.cell.2009.06.036

26. Brodin P, Jojic V, Gao T, et al. Variation in the human immune

system is largely driven by non‐heritable influences. Cell.
2015;160(1–2):37‐47. https://doi.org/10.1016/j.cell.2014.12.020

27. Seckert CK, Griessl M, Büttner JK, et al. Viral latency drives

“memory inflation”: a unifying hypothesis linking two hallmarks of

cytomegalovirus infection. Med Microbiol Immunol. 2012;201(4):
551‐566. https://doi.org/10.1007/s00430‐012‐0273‐y

28. Klenerman P, Oxenius A. T cell responses to cytomegalovirus. Nat
Rev Immunol. 2016;16(6):367‐377. https://doi.org/10.1038/nri.

2016.38

29. Cicin‐Sain L, Brien JD, Uhrlaub JL, Drabig A, Marandu TF, Nikolich‐
Zugich J. Cytomegalovirus infection impairs immune responses and

accentuates T‐cell pool changes observed in mice with aging. PLoS
Pathog. 2012;8(8):e1002849. https://doi.org/10.1371/journal.ppat.
1002849

30. Arai Y, Martin‐Ruiz CM, Takayama M, et al. Inflammation, but not

telomere length, predicts successful ageing at extreme old age: a

longitudinal study of semi‐supercentenarians. EBioMedicine. 2015;
2(10):1549‐1558. https://doi.org/10.1016/j.ebiom.2015.07.029

31. Hassouneh F, Goldeck D, Pera A, et al. Functional changes of T‐cell
subsets with age and CMV infection. Int J Mol Sci. 2021;22(18):
9973. https://doi.org/10.3390/ijms22189973

32. Wikby A, Johansson B, Olsson J, Löfgren S, Nilsson BO, Ferguson F.

Expansions of peripheral blood CD8 T‐lymphocyte subpopulations
and an association with cytomegalovirus seropositivity in the

elderly: the Swedish NONA immune study. Exp Gerontol.
2002;37(2–3):445‐453. https://doi.org/10.1016/s0531‐5565(01)
00212‐1

33. Wikby A, Nilsson B‐O, Forsey R, et al. The immune risk phenotype
is associated with IL‐6 in the terminal decline stage: findings from

the Swedish NONA immune longitudinal study of very late life

functioning. Mech Ageing Dev. 2006;127(8):695‐704. https://doi.
org/10.1016/j.mad.2006.04.003

34. Gkrania‐Klotsas E, Langenberg C, Sharp SJ, Luben R, Khaw K‐T,
Wareham NJ. Seropositivity and higher immunoglobulin g antibody

levels against cytomegalovirus are associated with mortality in the

population‐based European prospective investigation of Cancer‐
Norfolk cohort. Clin Infect Dis. 2013;56(10):1421‐1427. https://
doi.org/10.1093/cid/cit083

35. Simanek AM, Dowd JB, Pawelec G, Melzer D, Dutta A, Aiello AE.

Seropositivity to cytomegalovirus, inflammation, all‐cause and car-

diovascular disease‐relatedmortality in the United States. PLoS One.
2011;6(2):e16103. https://doi.org/10.1371/journal.pone.0016103

36. Wang H, Peng G, Bai J, et al. Cytomegalovirus infection and rela-

tive risk of cardiovascular disease (ischemic heart disease, stroke,

and cardiovascular death): a meta‐analysis of prospective studies

up to 2016. J Am Heart Assoc. 2017;6(7):e005025. https://doi.org/
10.1161/JAHA.116.005025

37. Olsson J, Wikby A, Johansson B, Löfgren S, Nilsson BO, Ferguson

FG. Age‐related change in peripheral blood T‐lymphocyte sub-

populations and cytomegalovirus infection in the very old: the

Swedish longitudinal OCTO immune study. Mech Ageing Dev.
2000;121(1–3):187‐201. https://doi.org/10.1016/s0047‐6374(00)
00210‐4

38. Roberts ET, Haan MN, Dowd JB, Aiello AE. Cytomegalovirus

antibody levels, inflammation, and mortality among elderly Latinos

over 9 years of follow‐up. Am J Epidemiol. 2010;172(4):363‐371.
https://doi.org/10.1093/aje/kwq177

39. Cai Z, Yang S, Li X, Chen F, Li W. Viral infection and glioma: a meta‐
analysis of prognosis. BMC Cancer. 2020;20(1):549. https://doi.org/
10.1186/s12885‐020‐06796‐3

40. Holdhoff M, Guner G, Rodriguez FJ, et al. Absence of cytomega-

lovirus in glioblastoma and other high‐grade gliomas by real‐time
PCR, immunohistochemistry, and in situ hybridization. Clin Cancer

MOSELEY ET AL. - 11 of 14

 10991654, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rm

v.2405 by Seilesh K
adam

bari - T
est , W

iley O
nline L

ibrary on [15/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.vaccine.2011.03.086
https://doi.org/10.1016/j.vaccine.2011.03.086
https://doi.org/10.1016/j.vaccine.2012.11.041
https://doi.org/10.1016/j.vaccine.2015.01.071
https://doi.org/10.1016/j.vaccine.2015.01.071
https://doi.org/10.1097/qad.0000000000001568
https://doi.org/10.1097/qad.0000000000001568
https://journals.lww.com/aidsonline/Fulltext/2017/08240/Cytomegalovirus_viraemia_is_associated_with_poor.4.aspx
https://journals.lww.com/aidsonline/Fulltext/2017/08240/Cytomegalovirus_viraemia_is_associated_with_poor.4.aspx
https://doi.org/10.1093/cid/cir837
https://doi.org/10.3389/fped.2019.00233
https://doi.org/10.3389/fped.2019.00233
https://doi.org/10.12688/f1000research.14184.2
https://doi.org/10.12688/f1000research.14184.2
https://doi.org/10.1084/jem.20050882
https://doi.org/10.1111/j.0105-2896.2006.00395.x
https://doi.org/10.4049/jimmunol.181.1.698
https://doi.org/10.4049/jimmunol.181.1.698
https://doi.org/10.1007/s00430-019-00608-7
https://doi.org/10.1007/s00430-019-00608-7
https://doi.org/10.1002/rmv.2034
https://doi.org/10.1002/rmv.2034
https://doi.org/10.1371/journal.pone.0192086
https://doi.org/10.1136/jcp.44.5.366
https://doi.org/10.1136/jcp.44.5.366
https://doi.org/10.1017/S0950268808001258
https://doi.org/10.1016/j.cell.2009.06.036
https://doi.org/10.1016/j.cell.2014.12.020
https://doi.org/10.1007/s00430-012-0273-y
https://doi.org/10.1038/nri.2016.38
https://doi.org/10.1038/nri.2016.38
https://doi.org/10.1371/journal.ppat.1002849
https://doi.org/10.1371/journal.ppat.1002849
https://doi.org/10.1016/j.ebiom.2015.07.029
https://doi.org/10.3390/ijms22189973
https://doi.org/10.1016/s0531-5565(01)00212-1
https://doi.org/10.1016/s0531-5565(01)00212-1
https://doi.org/10.1016/j.mad.2006.04.003
https://doi.org/10.1016/j.mad.2006.04.003
https://doi.org/10.1093/cid/cit083
https://doi.org/10.1093/cid/cit083
https://doi.org/10.1371/journal.pone.0016103
https://doi.org/10.1161/JAHA.116.005025
https://doi.org/10.1161/JAHA.116.005025
https://doi.org/10.1016/s0047-6374(00)00210-4
https://doi.org/10.1016/s0047-6374(00)00210-4
https://doi.org/10.1093/aje/kwq177
https://doi.org/10.1186/s12885-020-06796-3
https://doi.org/10.1186/s12885-020-06796-3


Res. 2017;23(12):3150‐3157. https://doi.org/10.1158/1078‐0432.
CCR‐16‐1490

41. Mitchell DA, Xie W, Schmittling R, et al. Sensitive detection of

human cytomegalovirus in tumors and peripheral blood of patients

diagnosed with glioblastoma. Neuro Oncol. 2008;10(1):10‐18.
https://doi.org/10.1215/15228517‐2007‐035

42. Stockdale L, Nash S, Farmer R, et al. Cytomegalovirus antibody

responses associated with increased risk of tuberculosis disease in

Ugandan adults. J Infect Dis. 2020;221(7):1127‐1134. https://doi.
org/10.1093/infdis/jiz581

43. Müller J, Tanner R, Matsumiya M, et al. Cytomegalovirus infection

is a risk factor for tuberculosis disease in infants. JCI Insight.
2019;4(23). https://doi.org/10.1172/jci.insight.130090

44. Sanz‐Ramos M, Manno D, Kapambwe M, et al. Reduced Poliovirus

vaccine neutralising‐antibody titres in infants with maternal HIV‐
exposure. Vaccine. 2013;31(16):2042‐2049. https://doi.org/10.

1016/j.vaccine.2013.02.044

45. Miles DJC, Sanneh M, Holder B, et al. Cytomegalovirus infection

induces T‐cell differentiation without impairing antigen‐specific
responses in Gambian infants. Immunology. 2008;124(3):388‐400.
https://doi.org/10.1111/j.1365‐2567.2007.02787.x

46. Valantine HA, Gao S‐Z, Menon SG, et al. Impact of prophylactic

immediate posttransplant ganciclovir on development of trans-

plant atherosclerosis. Circulation. 1999;100(1):61‐66. https://doi.
org/10.1161/01.CIR.100.1.61

47. Grattan MT, Moreno‐Cabral CE, Starnes VA, Oyer PE, Stinson

EB, Shumway NE. Cytomegalovirus infection is associated with

cardiac allograft rejection and atherosclerosis. JAMA. 1989;

261(24):3561‐3566. https://doi.org/10.1001/jama.1989.034202

40075030

48. Hodson EM, Jones CA, Webster AC, et al. Antiviral medications to

prevent cytomegalovirus disease and early death in recipients of

solid‐organ transplants: a systematic review of randomised

controlled trials. Lancet (London, Engl). 2005;365(9477):2105‐2115.
https://doi.org/10.1016/S0140‐6736(05)66553‐1

49. Melnick JL, Petrie BL, Dreesman GR, Burek J, McCollum CH,

DeBakey ME. Cytomegalovirus antigen within human arterial

smooth muscle cells. Lancet (London, Engl). 1983;2(8351):644‐647.
https://doi.org/10.1016/s0140‐6736(83)92529‐1

50. Pampou SY, Gnedoy SN, Bystrevskaya VB, et al. Cytomegalovirus

genome and the immediate‐early antigen in cells of different layers
of human aorta. Virchows Arch. 2000;436(6):539‐552. https://doi.
org/10.1007/s004289900173

51. HendrixMG,DormansPH,Kitslaar P, BosmanF, BruggemanCA. The

presence of cytomegalovirus nucleic acids in arterial walls of

atherosclerotic and nonatherosclerotic patients. Am J Pathol. 1989;
134(5):1151‐1157. https://pubmed.ncbi.nlm.nih.gov/2541613

52. van de Berg PJ, Heutinck KM, Raabe R, et al. Human cytomega-

lovirus induces systemic immune activation characterized by a

Type 1 cytokine signature. J Infect Dis. 2010;202(5):690‐699.
https://doi.org/10.1086/655472

53. Bayer C, Varani S, Wang L, et al. Human cytomegalovirus infection

of M1 and M2 macrophages triggers inflammation and autologous

T‐cell proliferation. J Virol. 2013;87(1):67‐79. https://doi.org/10.
1128/JVI.01585‐12

54. Shnayder M, Nachshon A, Rozman B, et al. Single cell analysis re-

veals human cytomegalovirus drives latently infected cells towards

an anergic‐like monocyte state. Elife. 2020;9:e52168. (Brinkmann
MM, Ojala PM, Dölken L, eds.). https://doi.org/10.7554/eLife.

52168

55. Mallat Z, Taleb S, Ait‐Oufella H, Tedgui A. The role of adaptive T

cell immunity in atherosclerosis. J Lipid Res. 2009;50(suppl):

S364‐S369. https://doi.org/10.1194/jlr.R800092‐JLR200
56. Strong MJ, Blanchard E, 4th, Lin Z, et al. A comprehensive next

generation sequencing‐based virome assessment in brain tissue

suggests no major virus – tumor association. Acta Neuropathol
Commun. 2016;4(1):71. https://doi.org/10.1186/s40478‐016‐
0338‐z

57. Mayr M, Kiechl S, Willeit J, Wick G, Xu Q. Infections, immunity, and

atherosclerosis: associations of antibodies to Chlamydia pneumo-

niae, Helicobacter pylori, and cytomegalovirus with immune re-

actions to heat‐shock protein 60 and carotid or femoral

atherosclerosis. Circulation. 2000;102(8):833‐839. https://doi.org/
10.1161/01.cir.102.8.833

58. Chen B, Morris SR, Panigrahi S, et al. Cytomegalovirus coinfection

is associated with increased vascular‐homing CD57(+) CD4 T cells

in HIV infection. J Immunol. 2020;204(10):2722‐2733. https://doi.
org/10.4049/jimmunol.1900734

59. Strandberg TE, Pitkala KH, Tilvis RS. Cytomegalovirus antibody

level and mortality among community‐dwelling older adults with

stable cardiovascular disease. JAMA. 2009;301(4):380‐382. https://
doi.org/10.1001/jama.2009.4

60. Chai D, Kong X, Lu S, Zhang J. CD4+/CD8+ ratio positively cor-

relates with coronary plaque instability in unstable angina pectoris

patients but fails to predict major adverse cardiovascular events.

Ther Adv Chronic Dis. 2020;11:2040622320922020. https://doi.
org/10.1177/2040622320922020

61. Freeman ML, Mudd JC, Shive CL, et al. CD8 T‐cell expansion and

inflammation linked to CMV coinfection in ART‐treated HIV

infection. Clin Infect Dis. 2016;62(3):392‐396. https://doi.org/10.
1093/cid/civ840

62. Poizot‐Martin I, Allavena C, Duvivier C, et al. CMV+ serostatus

associates negatively with CD4:CD8 ratio normalization in

controlled HIV‐infected patients on cART. PLoS One. 2016;11(11):
e0165774. https://doi.org/10.1371/journal.pone.0165774

63. Nikitskaya E, Lebedeva A, Ivanova O, et al. Cytomegalovirus‐
productive infection is associated with acute coronary syndrome.

J Am Heart Assoc. 2021;5(8):e003759. https://doi.org/10.1161/

JAHA.116.003759

64. Cobbs C. Cytomegalovirus is a tumor‐associated virus: armed and

dangerous. Curr Opin Virol. 2019;39:49‐59. https://doi.org/10.

1016/j.coviro.2019.08.003

65. Herbein G. The human cytomegalovirus, from oncomodulation to

oncogenesis. Viruses. 2018;10(8):408. https://doi.org/10.3390/

v10080408

66. El Baba R, Herbein G. Immune landscape of CMV infection in

cancer patients: from “Canonical” diseases toward virus‐elicited
oncomodulation. Front Immunol. 2021;12. https://doi.org/10.

3389/fimmu.2021.730765

67. Chiou S‐H, Yang Y‐P, Lin J‐C, et al. The immediate early 2 protein

of human cytomegalovirus (HCMV) mediates the apoptotic control

in HCMV retinitis through up‐regulation of the cellular FLICE‐
inhibitory protein expression. J Immunol. 2006;177(9):6199‐6206.
https://doi.org/10.4049/jimmunol.177.9.6199

68. Al Moussawi F, Kumar A, Pasquereau S, et al. The transcriptome of

human mammary epithelial cells infected with the HCMV‐DB
strain displays oncogenic traits. Sci Rep. 2018;8(1):12574. https://
doi.org/10.1038/s41598‐018‐30109‐1

69. Michelson S, Alcami J, Kim SJ, et al. Human cytomegalovirus

infection induces transcription and secretion of transforming

growth factor beta 1. J Virol. 1994;68(9):5730‐5737. https://doi.
org/10.1128/JVI.68.9.5730‐5737.1994

70. Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P. Tumour‐
associated macrophages as treatment targets in oncology. Nat Rev
Clin Oncol. 2017;14(7):399‐416. https://doi.org/10.1038/nrclinonc.
2016.217

71. Kalejta RF, Shenk T. The human cytomegalovirus UL82 gene

product (pp71) accelerates progression through the G1 phase of

the cell cycle. J Virol. 2003;77(6):3451‐3459. https://doi.org/10.
1128/jvi.77.6.3451‐3459.2003

12 of 14 - MOSELEY ET AL.

 10991654, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rm

v.2405 by Seilesh K
adam

bari - T
est , W

iley O
nline L

ibrary on [15/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1158/1078-0432.CCR-16-1490
https://doi.org/10.1158/1078-0432.CCR-16-1490
https://doi.org/10.1215/15228517-2007-035
https://doi.org/10.1093/infdis/jiz581
https://doi.org/10.1093/infdis/jiz581
https://doi.org/10.1172/jci.insight.130090
https://doi.org/10.1016/j.vaccine.2013.02.044
https://doi.org/10.1016/j.vaccine.2013.02.044
https://doi.org/10.1111/j.1365-2567.2007.02787.x
https://doi.org/10.1161/01.CIR.100.1.61
https://doi.org/10.1161/01.CIR.100.1.61
https://doi.org/10.1001/jama.1989.03420240075030
https://doi.org/10.1001/jama.1989.03420240075030
https://doi.org/10.1016/S0140-6736(05)66553-1
https://doi.org/10.1016/s0140-6736(83)92529-1
https://doi.org/10.1007/s004289900173
https://doi.org/10.1007/s004289900173
https://pubmed.ncbi.nlm.nih.gov/2541613
https://doi.org/10.1086/655472
https://doi.org/10.1128/JVI.01585-12
https://doi.org/10.1128/JVI.01585-12
https://doi.org/10.7554/eLife.52168
https://doi.org/10.7554/eLife.52168
https://doi.org/10.1194/jlr.R800092-JLR200
https://doi.org/10.1186/s40478-016-0338-z
https://doi.org/10.1186/s40478-016-0338-z
https://doi.org/10.1161/01.cir.102.8.833
https://doi.org/10.1161/01.cir.102.8.833
https://doi.org/10.4049/jimmunol.1900734
https://doi.org/10.4049/jimmunol.1900734
https://doi.org/10.1001/jama.2009.4
https://doi.org/10.1001/jama.2009.4
https://doi.org/10.1177/2040622320922020
https://doi.org/10.1177/2040622320922020
https://doi.org/10.1093/cid/civ840
https://doi.org/10.1093/cid/civ840
https://doi.org/10.1371/journal.pone.0165774
https://doi.org/10.1161/JAHA.116.003759
https://doi.org/10.1161/JAHA.116.003759
https://doi.org/10.1016/j.coviro.2019.08.003
https://doi.org/10.1016/j.coviro.2019.08.003
https://doi.org/10.3390/v10080408
https://doi.org/10.3390/v10080408
https://doi.org/10.3389/fimmu.2021.730765
https://doi.org/10.3389/fimmu.2021.730765
https://doi.org/10.4049/jimmunol.177.9.6199
https://doi.org/10.1038/s41598-018-30109-1
https://doi.org/10.1038/s41598-018-30109-1
https://doi.org/10.1128/JVI.68.9.5730-5737.1994
https://doi.org/10.1128/JVI.68.9.5730-5737.1994
https://doi.org/10.1038/nrclinonc.2016.217
https://doi.org/10.1038/nrclinonc.2016.217
https://doi.org/10.1128/jvi.77.6.3451-3459.2003
https://doi.org/10.1128/jvi.77.6.3451-3459.2003


72. Harkins LE, Matlaf LA, Soroceanu L, et al. Detection of human

cytomegalovirus in normal and neoplastic breast epithelium. Her-
pesviridae. 2010;1(1):8. https://doi.org/10.1186/2042‐4280‐1‐8

73. Samanta M, Harkins L, Klemm K, Britt WJ, Cobbs CS. High prev-

alence of human cytomegalovirus in prostatic intraepithelial

neoplasia and prostatic carcinoma. J Urol. 2003;170(3):998‐1002.
https://doi.org/10.1097/01.ju.0000080263.46164.97

74. Cobbs CS, Harkins L, Samanta M, et al. Human cytomegalovirus

infection and expression in human malignant glioma. Cancer Res.
2002;62(12):3347‐3350.

75. Cobbs CS. Cytomegalovirus and brain tumor: epidemiology, biology

and therapeutic aspects. Curr Opin Oncol. 2013;25(6):682‐688.
https://doi.org/10.1097/CCO.0000000000000005

76. Tang K‐W, Hellstrand K, Larsson E. Absence of cytomegalovirus in

high‐coverage DNA sequencing of human glioblastoma multiforme.

Int J Cancer. 2015;136(4):977‐981. https://doi.org/10.1002/ijc.

29042

77. Maleki F, Sadigh Z.‐A, Sadeghi F, et al. Human cytomegalovirus

infection in Iranian glioma patients correlates with aging and tumor

aggressiveness. J Med Virol. 2020;92(8):1266‐1276. https://doi.org/
10.1002/jmv.25673

78. Wen L, Zhao F, Qiu Y, et al. Human cytomegalovirus DNA and

immediate early protein 1/2 are highly associated with glioma and

prognosis. Protein Cell. 2020;11(7):525‐533. https://doi.org/10.

1007/s13238‐020‐00696‐9
79. Stragliotto G, Rahbar A, Solberg NW, et al. Effects of valganciclovir

as an add‐on therapy in patients with cytomegalovirus‐positive
glioblastoma: a randomized, double‐blind, hypothesis‐generating
study. Int J Cancer. 2013;133(5):1204‐1213. https://doi.org/10.

1002/ijc.28111

80. Stragliotto G, Pantalone MR, Rahbar A, Bartek J, Söderberg‐Nau-
cler C. Valganciclovir as add‐on to standard therapy in glioblas-

toma patients. Clin Cancer Res. 2020;26(15):4031‐4039. https://doi.
org/10.1158/1078‐0432.CCR‐20‐0369

81. Barton ES, White DW, Cathelyn JS, et al. Herpesvirus latency

confers symbiotic protection from bacterial infection. Nature.
2007;447(7142):326‐329. https://doi.org/10.1038/nature05762

82. Yager EJ, Szaba FM, Kummer LW, et al. gamma‐Herpesvirus‐
induced protection against bacterial infection is transient. Viral
Immunol. 2009;22(1):67‐72. https://doi.org/10.1089/vim.2008.

0086

83. Olbrich L, Stockdale L, Basu Roy R, et al. Understanding the

interaction between cytomegalovirus and tuberculosis in children:

the way forward. PLoS Pathog. 2021;17(12):e1010061. https://doi.
org/10.1371/journal.ppat.1010061

84. Moreira‐Teixeira L, Mayer‐Barber K, Sher A, O'Garra A. Type I

interferons in tuberculosis: foe and occasionally friend. J Exp Med.
2018;215(5):1273‐1285. https://doi.org/10.1084/jem.20180325

85. Paulus C, Krauss S, Nevels M. A human cytomegalovirus antagonist

of type I IFN‐dependent signal transducer and activator of tran-

scription signaling. Proc Natl Acad Sci USA. 2006;103(10):

3840‐3845. https://doi.org/10.1073/pnas.0600007103
86. Sreejit G, Ahmed A, Parveen N, et al. The ESAT‐6 protein of

mycobacterium tuberculosis interacts with beta‐2‐microglobulin
(β2M) affecting antigen presentation function of macrophage.

PLoS Pathog. 2014;10(10):e1004446. https://doi.org/10.1371/

journal.ppat.1004446

87. Fletcher HA, Snowden MA, Landry B, et al. T‐cell activation is an

immune correlate of risk in BCG vaccinated infants. Nat Commun.
2016;7(1):11290. https://doi.org/10.1038/ncomms11290

88. Kfutwah AKW, Ngoupo PAT, Sofeu CL, et al. Cytomegalovirus

infection in HIV‐infected versus non‐infected infants and HIV

disease progression in Cytomegalovirus infected versus non

infected infants early treated with cART in the ANRS 12140—

Pediacam study in Cameroon. BMC Infect Dis. 2017;17(1):224.
https://doi.org/10.1186/s12879‐017‐2308‐x

89. Evans C, Jones CE, Prendergast AJ. HIV‐exposed, uninfected in-

fants: new global challenges in the era of paediatric HIV elimina-

tion. Lancet Infect Dis. 2016;16(6):e92‐e107. https://doi.org/10.

1016/S1473‐3099(16)00055‐4
90. Shapiro RL, Lockman S, Kim S, et al. Infant morbidity, mortality, and

breast milk immunologic profiles among breast‐feeding HIV‐
infected and HIV‐uninfected women in Botswana. J Infect Dis.
2007;196(4):562‐569. https://doi.org/10.1086/519847

91. Slyker JA, Lohman‐Payne BL, Rowland‐Jones SL, et al. The detec-

tion of cytomegalovirus DNA in maternal plasma is associated with

mortality in HIV‐1‐infected women and their infants. AIDS.
2009;23(1):117‐124. https://doi.org/10.1097/qad.0b013e32831c8
abd. https://journals.lww.com/aidsonline/Fulltext/2009/01020/

The_detection_of_cytomegalovirus_DNA_in_maternal.16.aspx

92. Evans C, Chasekwa B, Rukobo S, et al. Cytomegalovirus acquisition

and inflammation in human immunodeficiency virus‐exposed un-

infected Zimbabwean infants. J Infect Dis. 2017;215(5):698‐702.
https://doi.org/10.1093/infdis/jiw630

93. O'Connor D, Trück J, Lazarus R, et al. The effect of chronic cyto-

megalovirus infection on pneumococcal vaccine responses. J Infect
Dis. 2014;209(10):1635‐1641.https://doi.org/10.1093/infdis/jit673

94. Furman D, Jojic V, Sharma S, et al. Cytomegalovirus infection en-

hances the immune response to influenza. Sci Transl Med. 2015;
7(281):281ra43. https://doi.org/10.1126/scitranslmed.aaa2293

95. Bernstein E, Kaye D, Abrutyn E, Gross P, Dorfman M, Murasko DM.

Immune response to influenza vaccination in a large healthy elderly

population. Vaccine. 1999;17(1):82‐94. https://doi.org/10.1016/

s0264‐410x(98)00117‐0
96. Saurwein‐Teissl M, Lung TL, Marx F, et al. Lack of antibody pro-

duction following immunization in old age: association with CD8(+)
CD28(‐) T cell clonal expansions and an imbalance in the produc-

tion of Th1 and Th2 cytokines. J Immunol. 2002;168(11):

5893‐5899. https://doi.org/10.4049/jimmunol.168.11.5893
97. Goronzy JJ, Fulbright JW, Crowson CS, Poland GA, O'Fallon WM,

Weyand CM. Value of immunological markers in predicting

responsiveness to influenza vaccination in elderly individuals. J
Virol. 2001;75(24):12182‐12187. https://doi.org/10.1128/JVI.75.

24.12182‐12187.2001
98. Bowyer G, Sharpe H, Venkatraman N, et al. Reduced Ebola vaccine

responses in CMV+ young adults is associated with expansion of

CD57+KLRG1+ T cells. J Exp Med. 2020;217(7):e20200004.

https://doi.org/10.1084/jem.20200004

99. Holder B, Miles DJC, Kaye S, et al. Epstein‐Barr virus but not

cytomegalovirus is associated with reduced vaccine antibody re-

sponses in Gambian infants. PLoS One. 2010;5(11):e14013. https://
doi.org/10.1371/journal.pone.0014013

100. Scarpini S, Morigi F, Betti L, Dondi A, Biagi C, Lanari M. Develop-

ment of a vaccine against human cytomegalovirus: advances, bar-

riers, and implications for the clinical practice. Vaccines.
2021;9(6):551. https://doi.org/10.3390/vaccines9060551

101. Esposito S, Chiopris G, Messina G, D'Alvano T, Perrone S, Principi

N. Prevention of congenital cytomegalovirus infection with vac-

cines: state of the art. Vaccines. 2021;9(5):523. https://doi.org/10.
3390/vaccines9050523

102. Ljungman P, Bermudez A, Logan AC, et al. A randomised, placebo‐
controlled phase 3 study to evaluate the efficacy and safety of

ASP0113, a DNA‐based CMV vaccine, in seropositive allogeneic

haematopoietic cell transplant recipients. EClinicalMedicine.
2021;33:100787. https://doi.org/10.1016/j.eclinm.2021.100787

103. Pass RF, Zhang C, Evans A, et al. Vaccine prevention of maternal

cytomegalovirus infection. N Engl J Med. 2009;360(12):1191‐1199.
https://doi.org/10.1056/NEJMoa0804749

MOSELEY ET AL. - 13 of 14

 10991654, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rm

v.2405 by Seilesh K
adam

bari - T
est , W

iley O
nline L

ibrary on [15/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1186/2042-4280-1-8
https://doi.org/10.1097/01.ju.0000080263.46164.97
https://doi.org/10.1097/CCO.0000000000000005
https://doi.org/10.1002/ijc.29042
https://doi.org/10.1002/ijc.29042
https://doi.org/10.1002/jmv.25673
https://doi.org/10.1002/jmv.25673
https://doi.org/10.1007/s13238-020-00696-9
https://doi.org/10.1007/s13238-020-00696-9
https://doi.org/10.1002/ijc.28111
https://doi.org/10.1002/ijc.28111
https://doi.org/10.1158/1078-0432.CCR-20-0369
https://doi.org/10.1158/1078-0432.CCR-20-0369
https://doi.org/10.1038/nature05762
https://doi.org/10.1089/vim.2008.0086
https://doi.org/10.1089/vim.2008.0086
https://doi.org/10.1371/journal.ppat.1010061
https://doi.org/10.1371/journal.ppat.1010061
https://doi.org/10.1084/jem.20180325
https://doi.org/10.1073/pnas.0600007103
https://doi.org/10.1371/journal.ppat.1004446
https://doi.org/10.1371/journal.ppat.1004446
https://doi.org/10.1038/ncomms11290
https://doi.org/10.1186/s12879-017-2308-x
https://doi.org/10.1016/S1473-3099(16)00055-4
https://doi.org/10.1016/S1473-3099(16)00055-4
https://doi.org/10.1086/519847
https://doi.org/10.1097/qad.0b013e32831c8abd
https://doi.org/10.1097/qad.0b013e32831c8abd
https://journals.lww.com/aidsonline/Fulltext/2009/01020/The_detection_of_cytomegalovirus_DNA_in_maternal.16.aspx
https://journals.lww.com/aidsonline/Fulltext/2009/01020/The_detection_of_cytomegalovirus_DNA_in_maternal.16.aspx
https://doi.org/10.1093/infdis/jiw630
https://doi.org/10.1093/infdis/jit673
https://doi.org/10.1126/scitranslmed.aaa2293
https://doi.org/10.1016/s0264-410x(98)00117-0
https://doi.org/10.1016/s0264-410x(98)00117-0
https://doi.org/10.4049/jimmunol.168.11.5893
https://doi.org/10.1128/JVI.75.24.12182-12187.2001
https://doi.org/10.1128/JVI.75.24.12182-12187.2001
https://doi.org/10.1084/jem.20200004
https://doi.org/10.1371/journal.pone.0014013
https://doi.org/10.1371/journal.pone.0014013
https://doi.org/10.3390/vaccines9060551
https://doi.org/10.3390/vaccines9050523
https://doi.org/10.3390/vaccines9050523
https://doi.org/10.1016/j.eclinm.2021.100787
https://doi.org/10.1056/NEJMoa0804749


104. Bernstein DI, Munoz FM, Callahan ST, et al. Safety and efficacy of a

cytomegalovirus glycoprotein B (gB) vaccine in adolescent girls: a

randomized clinical trial. Vaccine. 2016;34(3):313‐319. https://doi.
org/10.1016/j.vaccine.2015.11.056

105. Kharfan‐Dabaja MA, Boeckh M, Wilck MB, et al. A novel thera-

peutic cytomegalovirus DNA vaccine in allogeneic haemopoietic

stem‐cell transplantation: a randomised, double‐blind, placebo‐
controlled, phase 2 trial. Lancet Infect Dis. 2012;12(4):290‐299.
https://doi.org/10.1016/S1473‐3099(11)70344‐9

106. Griffiths PD, Stanton A, McCarrell E, et al. Cytomegalovirus

glycoprotein‐B vaccine with MF59 adjuvant in transplant re-

cipients: a phase 2 randomised placebo‐controlled trial. Lancet
(London, Engl). 2011;377(9773):1256‐1263. https://doi.org/10.

1016/S0140‐6736(11)60136‐0
107. Dempsey AF, Pangborn HM, Prosser LA. Cost‐effectiveness of

routine vaccination of adolescent females against cytomegalovirus.

Vaccine. 2012;30(27):4060‐4066. https://doi.org/10.1016/j.vac-

cine.2012.04.011

108. N'Diaye DS, Launay O, Picone O, et al. Cost‐effectiveness of

vaccination against cytomegalovirus (CMV) in adolescent girls to

prevent infections in pregnant women living in France. Vaccine.
2018;36(10):1285‐1296. https://doi.org/10.1016/j.vaccine.2018.

01.042

109. Rozhnova G, Kretzschmar ME, van der Klis F, et al. Short‐ and long‐
term impact of vaccination against cytomegalovirus: a modeling

study. BMC Med. 2020;18(1):174. https://doi.org/10.1186/s12916‐
020‐01629‐3

How to cite this article: Moseley P, Klenerman P, Kadambari

S. Indirect effects of cytomegalovirus infection: implications

for vaccine development. Rev Med Virol. 2022;e2405. https://

doi.org/10.1002/rmv.2405

14 of 14 - MOSELEY ET AL.

 10991654, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rm

v.2405 by Seilesh K
adam

bari - T
est , W

iley O
nline L

ibrary on [15/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.vaccine.2015.11.056
https://doi.org/10.1016/j.vaccine.2015.11.056
https://doi.org/10.1016/S1473-3099(11)70344-9
https://doi.org/10.1016/S0140-6736(11)60136-0
https://doi.org/10.1016/S0140-6736(11)60136-0
https://doi.org/10.1016/j.vaccine.2012.04.011
https://doi.org/10.1016/j.vaccine.2012.04.011
https://doi.org/10.1016/j.vaccine.2018.01.042
https://doi.org/10.1016/j.vaccine.2018.01.042
https://doi.org/10.1186/s12916-020-01629-3
https://doi.org/10.1186/s12916-020-01629-3
https://doi.org/10.1002/rmv.2405
https://doi.org/10.1002/rmv.2405

	Indirect effects of cytomegalovirus infection: Implications for vaccine development
	1 | INTRODUCTION
	1.1 | CMV in immune development

	2 | ATHEROSCLEROSIS
	3 | CANCER
	4 | CMV AND SUSCEPTIBILITY TO INFECTION
	5 | CMV AND VACCINATION RESPONSE
	6 | CMV RELATED MORTALITY
	7 | CMV VACCINATION AND THE INDIRECT EFFECTS OF CMV INFECTION
	8 | CONCLUSIONS AND IMPLICATIONS FOR VACCINE DEVELOPMENT
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT


