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Abstract

Human cytomegalovirus (HCMV) and Human Immunodeficiency Virus (HIV) are two
pathogens known to have dramatic consequences when contracted early in life. In ad-
dition to having a significant impact when acquired individually, these two viruses are
known to frequently cause coinfections. Indeed, also in the modern era, HCMV remains
one of the most prevalent coinfections in newborns of mothers living with HIV, includ-
ing both HIV-positive children regardless of their immune status, and those exposed to
HIV but uninfected (HEU). In children with HIV infection, HCMV coinfection has histori-
cally been associated with AIDS-defining disease, high mortality, and prolonged, elevated
HCMYV viral load. Although timely administration of antiretroviral therapy prevents im-
munodeficiency in people living with HIV and thus reduces the incidence of full-blown
HCMYV disease in cases of coinfection, emerging data suggest that HCMV-induced immune
activation and aging persist, potentially contributing to long-term, non-AIDS-related co-
morbidities. Growing evidence indicates that also HCMV amplifies HIV susceptibility,
disease progression, and immune dysregulation through multiple synergistic mechanisms.
Moreover, congenital and early postnatal HCMYV infections occur at significantly higher
rates in HEU newborns than in HIV-unexposed children and are associated with worse
clinical outcomes, particularly when HCMYV viral loads are high. This review summarizes
current knowledge on the epidemiology, clinical impact, and immunopathogenetic inter-
actions of early HCMV-HIV coinfection in pediatric populations. By integrating recent
findings with historical evidence, it highlights critical mechanistic and epidemiological
gaps that warrant further investigation.

Keywords: HCMV; HIV; coinfection; congenital infections; immunosenescence; cellular
senescence; premature aging

1. Introduction

Human cytomegalovirus (HCMV) and Human Immunodeficiency Virus (HIV) are
two globally prevalent pathogens that pose substantial health risks during pregnancy,
infancy, and early childhood. Both viruses establish lifelong infections, exhibit complex
interactions with the host immune system, and disproportionately affect individuals with
immature or compromised immunity, making their intersection particularly relevant in
maternal—child health.

HCMYV is a ubiquitous B-herpesvirus that infects 56% to 94% of the adult human pop-
ulation worldwide [1]. Its success as a human pathogen reflects its broad cellular tropism,
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capacity for systemic dissemination, prolonged shedding in bodily fluids, including saliva,
urine, breast milk, and genital secretions, and lifelong latency within cells of the myeloid
lineage, with the potential for periodic reactivation [2]. While primary HCMYV infection is
typically asymptomatic in immunocompetent adults, fetuses and young infants, whose
immune systems are immature or impaired, are particularly vulnerable to severe disease.

Congenital HCMV (cCMYV) infection is the most common congenital viral infection
globally, affecting approximately 0.2-2% of newborns, with prevalence varying by geo-
graphic region, ethnicity, and socioeconomic status [3]. In its most severe cases, cCCMV
infection can result in fetal demise. Among live-born infants, approximately 10-15% are
symptomatic at birth, presenting with manifestations such as intrauterine growth restric-
tion, jaundice, hepatosplenomegaly, petechial rash, retinitis, seizures, microcephaly, and
other neurological abnormalities [4]. Importantly, even infants who are asymptomatic at
birth remain at risk for long-term sequelae, most notably sensorineural hearing loss, which
represents the most common permanent disability associated with cCMV and the leading
non-genetic cause of childhood hearing impairment [5].

In addition to transplacental transmission, infants may acquire HCMYV intrapartum
through exposure to cervicovaginal secretions or postnatally, most commonly via breast
milk [6]. Although postnatal HCMYV infection is generally mild or asymptomatic in healthy
term infants, it can cause clinically significant disease in preterm or immunocompromised
children. Notably, HCMYV infection in infants born to mothers living with HIV has been
associated with increased HIV transmission and more rapid progression of pediatric HIV
disease [7], highlighting biologically and clinically important interactions between these
two viruses early in life.

HIV is a lentivirus of the Retroviridae family characterized by its ability to reverse-
transcribe its RNA genome into DNA and integrate into the host cell genome, thereby
establishing lifelong infection. HIV primarily targets CD4* T lymphocytes but also infects
monocytes, macrophages, and glial cells [8]. Progressive depletion and dysfunction of
CD4" T cells ultimately lead to acquired immunodeficiency syndrome (AIDS), marked by
profound immune suppression and heightened susceptibility to opportunistic infections.

While sexual transmission and exposure to infected blood account for the majority
of HIV infections worldwide, mother-to-child transmission (MTCT) remains the principal
route of pediatric HIV acquisition [9]. The clinical course of pediatric HIV infection is highly
variable and influenced by disease stage, timing of diagnosis, and access to appropriate
care [10]. In the absence of treatment, pediatric HIV infection is associated with extremely
high mortality; in resource-limited settings, mortality rates reached approximately 40%
within the first year of life and 60% by 3-5 years of age [11]. Although early initiation of
antiretroviral therapy (ART) has dramatically improved survival and quality of life, ART
suppresses viral replication without eliminating the virus. As a result, individuals infected
early in life face lifelong HIV infection, persistent immune dysregulation, and prolonged
exposure to antiretroviral therapy.

Together, the overlapping epidemiology, shared transmission routes, and intersecting
immunopathogenic mechanisms of HCMV and HIV create a unique and clinically signifi-
cant context in which coinfection may shape disease outcomes across the life course. This
review examines current evidence on the impact of HCMV and HIV coinfection, with par-
ticular emphasis on maternal—-child transmission, pediatric outcomes, and the cooperative
mechanisms through which these two viruses influence pathogenesis.

2. Classification, Frequency, and Impacts of HCMV-HIV Coinfection

Understanding the frequency and directionality of HCMV-HIV coinfection requires
careful consideration of the different transmission routes and timing of acquisition of each
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virus. Both HIV and HCMV can be acquired in utero, during delivery, or postnatally
(Table 1); however, the relative contribution of these routes differs substantially between the
two pathogens. cCMYV infection represents the most common congenital infection world-
wide, whereas in the era of ART, MTCT of HIV occurs predominantly during childbirth or
breastfeeding rather than during pregnancy [12-15].

Table 1. Diagnostic criteria for congenital vs. postnatal HCMYV [15] and HIV [12,14] infection.

HCMV HIV

[ ] Positive PCR on saliva,
urine, or blood within 21
days of life. Alternatively, -
positive PCR on dried blood ®  Positive HIV RNA or
spots (DBS) from neonatal DNA PCR on whole

Congenital screening blood within 48 h of birth
infection m  Prenatal evidence includes: is highly suggestive of
maternal seroconversion intrauterine infection
during pregnancy; detection
of HCMV DNA by PCR in
amniotic fluid
m  Negative PCR on whole
m  Not used as a distinct blood at 0-48 h,
Intrapartum clinical category, as HCMV subsequently positive at
infection is not typically transmitted 7-14 days of postnatal
during childbirth age
m  Negative PCR on whole
m  Positive PCR on urine, blood in the first weeks
Postnatal saliva, or blood czollected of life, subsequently
infection after 21 days of life positive several months
(particularly in breastfed later (typically in
infants) breastfed infants)
m  Serology is not useful in m  Antibodies are not
newborns interpretable before 18
m  If the first test is performed months of age (reflect
Diagnostic notes >21 days of life, congenital maternal status)
and postnatal infection m  Two positive PCR tests
cannot be reliably are required for
distinguished confirmation

Accurate determination of the timing of viral acquisition is essential for interpreting
epidemiological associations between HIV and HCMYV, particularly because the immuno-
logical and clinical consequences of coinfection are likely to be highly time-dependent.
Current diagnostic criteria (Table 1) allow for more precise temporal classification of infec-
tion compared with studies conducted before 2000 [7,16,17], when standardized criteria
were not consistently applied. According to current definitions, HCMYV infection is classi-
fied as congenital when viral DNA is detected by PCR or when the virus is isolated within
the first 21 days of life [3,15]. In contrast, HIV infection is considered in utero when PCR
positivity is documented within the first 48-72 h after birth; positivity between day 3 and
the first month of life is indicative of intrapartum transmission, whereas later detection
reflects postnatal acquisition, most commonly through breastfeeding [12]. These criteria
have significantly improved the ability to examine the co-transmission pattern.
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In the following paragraphs, we review studies addressing whether infants living
with HIV have an increased risk of acquiring HCMV, whether HIV exposure alone, among
HIV-exposed but uninfected (HEU) infants, confers heightened susceptibility to HCMV
infection, and whether HCMYV infection may, in turn, elevate the risk of MTCT of HIV.

2.1. Frequency of cCMV Infection on HIV Exposure

Numerous studies have investigated whether infants exposed to HIV in utero have
an increased risk of acquiring cCMV infection [7,16,18-23]. Interpretation of early studies,
however, is complicated by limitations in diagnostic resolution before 2000, when the
timing of infant HIV infection could not be reliably distinguished between in utero, intra-
partum, and postnatal acquisition, thereby obscuring temporal relationships between HIV
exposure and HCMYV transmission [17,24]. More recent studies employing standardized
molecular diagnostics have enabled more accurate classification of infection timing and
clearer assessment of co-transmission patterns.

An early US study, conducted between 1988 and 1995 in a cohort of 154 newborns,
showed a significantly higher prevalence of cCMV infection among infants living with
HIV compared to HEU infants (21% vs. 3.8%; p = 0.008) [23]. Concordant results emerged
in the French Perinatal Cohort study, which assessed 4797 HIV-exposed newborns using
urine culture within the first 10 days of life and found cCMV infection to be substantially
more frequent among HIV-infected infants than among HEU infants (10.3% vs. 2.2%;
p < 0.001) [22]. Higher prevalences of cCMV among newborns living with HIV have
also been reported in smaller studies conducted in Kenya, Thailand, and Malawi [19-21].
Although some studies did not identify statistically significant differences by HIV status,
these analyses were often underpowered due to small numbers of HIV-infected newborns,
limiting statistical power [17,18,24].

2.2. Frequency of cCMV Infection on HIV Exposure in the Era of ART

More recent data from the ART era suggest a changing epidemiological landscape.
An observational, retrospective study conducted at Hospital Universitario 12 de Octubre
in Madrid between 2000 and 2017 reported lower rates of cCMV among HEU infants
compared with the pre-ART era, yet still higher than those observed in the general pop-
ulation [25]. Consistently, a large multicenter study confirmed persistently high rates of
cCMYV and elevated urinary HCMYV viral loads among HEU infants, even in the context of
widespread ART. Notably, in utero HIV infection emerged as a major risk factor for cCMV,
particularly among infants born to mothers who did not receive combination antiretroviral
therapy during pregnancy [26].

Beyond epidemiological associations, recent genomic analyses have provided mecha-
nistic insight into cCMV transmission in the context of maternal HIV infection. Given that
HIV-associated immunosuppression facilitates infection with multiple HCMV strains, Pang
et al. used viral genome sequencing to characterize HCMV transmission in HIV-positive
mother—infant pairs [27]. Despite the presence of multiple HCMV genotypes in mater-
nal compartments, including cervix, blood, and breast milk, congenitally infected infants
typically acquired a single dominant viral strain, consistent with a stringent transmission
bottleneck. The transmitted strain was genetically most similar to the virus detected in the
maternal cervix, implicating this compartment as a principal source of intrauterine HCMV
transmission. Moreover, congenitally transmitted strains frequently harbored genetic vari-
ants associated with cellular tropism and immune evasion, suggesting selective pressures
that favor specific HCMV genotypes capable of crossing the placental barrier.
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2.3. Frequency of HIV Exposure on Postnatal HCMV Acquisition

Regarding postnatal HCMYV infection, most studies show higher rates in children
living with HIV compared to HEU children [7,16,17,19,24]. The only study that did not
find significant differences was that of Chandwani et al. Still, the p value was close to
significance, and considering all HCMYV infections (congenital + postnatal), the overall rate
was still higher in children living with HIV (30% vs. 17%; p = 0.010) [17].

Recent findings confirm this trend: an analysis of post-ART cohorts reported a high
prevalence of HCMV viremia at 6 months in infants born to mothers living with HIV, despite
prolonged maternal ART. This indicates that in HEU infants, early HCMV acquisition and
its replication or persistence remain significant even during the ART era and are linked
to increased immune activation, which could potentially influence susceptibility to HIV
transmission [28]. In a 2016 Zimbabwean study, HCMYV infection and inflammation were
examined in 231 HEU infants and 100 HIV-unexposed 6-week-old infants. Interestingly,
the infection rates did not differ between the groups, with high HCMYV prevalence in both
(81.4% vs. 74.0%; p = 0.14). However, HEU infants exhibited significantly higher HCMV
viral loads (p = 0.005). This was also associated with increased inflammation, suggesting
that maternal HIV exposure influences the immune response and the severity of HCMV
infection. These data highlight that future research should focus not only on the presence
or absence of infection but also on its extent, measured by viral load, and the related
inflammatory response [29].

With respect to postnatal infection, it is important to note that infants with cCMV
can acquire additional viral strains after birth. In a longitudinal postnatal study, Pang
et al. demonstrated that all infants, including those congenitally infected, acquired new
HCMV strains postnatally, predominantly through breastfeeding [27]. Breast milk from
mothers living with HIV contained multiple HCMV genotypes, frequently distinct from the
congenital strain, and infants rapidly developed superinfections with genetically divergent
viruses. These findings indicate that, in the context of maternal HIV infection, postnatal
HCMYV transmission is a highly dynamic process characterized by repeated exposure and
sequential acquisition of diverse strains, thereby expanding viral diversity in infants and
sustaining immune activation during the early months of life.

2.4. Impact of HCMV Infection on HIV Mother-to-Child Transmission

Fewer studies have examined the reciprocal relationship, namely, whether HCMV
infection increases susceptibility to HIV MTCT. In a study from Thailand, Khamduang and
colleagues reported that cCMV infection, defined by the presence of HCMV-specific IgM in
cord blood or detection of viral DNA within the first 10 days of life, was associated with
an increased risk of intrapartum HIV transmission. In contrast, perinatal HCMV infection
showed no such association [19]. In contrast, a study conducted in Malawi by Chang
et al. [21] found that HCMYV infection detected at 6 months of age, reflecting postnatal
acquisition during breastfeeding, was not significantly associated with HIV transmission
via breast milk, although a marginal association was observed with the composite outcome
of “HIV infection or infant death”.

Collectively, these findings suggest that the timing of HCMYV infection is a critical
determinant of its impact on HIV MTCT: cCMV appears to increase susceptibility to HIV
transmission, whereas postnatal HCMYV infection exerts a more limited effect.

3. Morbidity and Mortality in HCMV-HIV Co-Infected Infants
3.1. HCMV-Related Morbidity in Adults Living with HIV

Before the widespread availability of ART, HCMV was among the most frequent and
severe opportunistic infections in people living with HIV [30]. It commonly manifested as
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an AIDS-defining condition, often referred to as AIDS-related disease, reflecting clinical
events directly attributable to profound immunodeficiency, typically in the setting of very
low CD4* T-cell counts (Table 2). Despite major advances in HIV care, HCMV remains the
most prevalent viral coinfection in immunocompromised individuals, particularly among

those without access to ART or with delayed treatment initiation [31].

Table 2. AIDS-related vs. non-AIDS-related conditions in the pediatric population [32-34].

Description

Examples

Role of HCMYV Coinfection

AIDS-related

AIDS-defining conditions
due to severe

Opportunistic infections
(HIV+): Pneumocystis
jirovecii pneumonia,
esophageal candidiasis,
cerebral toxoplasmosis,
HCMYV retinitis

Increased susceptibility and
earlier onset of AIDS-related
conditions

Associated with a more
rapid decline in CD4* cell
count

conditions immunodeficiency + AIDS-defining tumors: Higher early mortality
(markedly low CD4 . . . .
0 aggressive lymphomas during the first year of life
coun Other CDC category C Congenital or perinatal
conditions: HIV HCMYV infection is an
encephalopathy, recurrent independent risk factor for
severe bacterial sepsis progression to AIDS
Growth dysfunctions (HIV+,
HEU): height and weight
retardation
Neurocognitive A strong driver of immune
dysfunctions (HIV+, HEU): activation and systemic
R .. psychomotor retardation, inflammation
Morbidities arising not o\ . .
neurocognitive deficits Increases the risk of
from severe . . .
. . Cardiometabolic neurocognitive delay,
immunodeficiency but d . . . .
. ysfunctions (HIV+): chronic lung disease, and
from chronic immune - . . .
Non-AIDS- N . . dyslipidemia, sensorineural hearing loss
activation, inflammation, .. . . . .
related atherosclerosis, insulin Associated with endothelial
) early HIV exposure, . .
conditions resistance dysfunction and early

long-term antiretroviral

therapy, and coinfections
(common even with
suppressed viremia)

Renal dysfunctions: HIVAN
(HIV-associated
nephropathy) and other
nephropathies

Chronic pulmonary
dysfunctions: bronchiectasis
Immunological dysfunctions
(HIV+): persistent immune
activation, premature aging

cardiovascular changes
Contributes to long-term
immune imprinting leading
to early immunosenescence
Increases vulnerability to
common infections

Over the past two decades, as ART has shifted the HIV population toward longer
survival and preserved immune function, the pathogenic role of HCMV has expanded
beyond classical AIDS-defining illnesses. HCMV has increasingly been implicated in
non-AlIDS-related conditions, a heterogeneous group of disorders, often inflammatory, car-
diovascular, or metabolic in nature, that, while not defining AIDS, substantially contribute
to long-term morbidity and mortality in individuals with chronic HIV infection [32,33]
(Table 2). In pediatric populations, the clinical manifestations of HIV-associated vasculopa-
thy and cardiometabolic dysfunction may emerge across a broad age range, from early
infancy through late adolescence. Cerebrovascular abnormalities, including arteriopathy
and stroke, have been reported even in young children with perinatally acquired HIV,
whereas cardiometabolic alterations are more commonly detected during later childhood
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and adolescence, often as subclinical abnormalities identified through imaging or laboratory
screening [32-34].

Multiple studies indicate that even in the absence of severe immunosuppression,
HCMYV coinfection is associated with persistent immune activation, accelerated HIV dis-
ease progression, and increased all-cause mortality [34-36]. Notably, an analysis of the
ICONA cohort, comprising over 6000 adults living with HIV, demonstrated that HCMV
seropositivity was associated with a 53% increased risk of developing a serious non-AIDS-
defining event or dying from non-AIDS-related causes over 15 years of follow-up. While
HCMYV was not significantly associated with non-AIDS malignancies or non-vascular neuro-
logical disorders, it was independently linked to a 2.3-fold increased risk of cerebrovascular
and cardiovascular disease [34].

The substantial contribution of HCMYV to non-infectious, inflammation-driven comor-
bidities in adults suggests that analogous mechanisms may operate in pediatric populations,
particularly among children living with HIV and those who are HEU.

3.2. HCMYV Coinfection and Outcomes in Children Living with HIV

In children with advanced HIV-related immunosuppression, HCMYV coinfection has
been consistently associated with multiple AIDS-defining conditions, including pneumonia,
retinitis, enteritis, hepatitis, encephalopathy, and esophagitis [7,37,38] (Table 2). One of the
earliest studies from the United States, examining a cohort of ART-naive pediatric patients,
reported that HCMV coinfection conferred a 2.5-fold increased risk of death or progression
to AIDS-defining illness. In addition, HCMV-positive children had a 2.9-fold higher risk
of HIV-associated encephalopathy and a 2.5-fold increased likelihood of meeting CDC
category C criteria, reflecting the most advanced stage of pediatric HIV disease [7]. Similar
patterns were observed in other cohorts, in which symptomatic HCMYV infection frequently
coincided with early mortality during HIV coinfection [23,38].

In immunocompetent adults with HIV, plasma HCMV DNA is rarely detectable unless
CD4* T-cell counts fall below 200 cells/mm?3 [39,40]. In contrast, infants living with HIV
often exhibit prolonged and high-level HCMV viremia, frequently exceeding 1000 HCMV
DNA copies/mL, which may persist for two years or longer and correlates with plasma
HIV RNA levels [20]. Since early reports in the 1990s, plasma HCMYV viral load has been
recognized as an independent predictor of mortality in both adults and children living
with HIV, and elevated HCMV DNA levels have also been strongly associated with the
development of HCMYV disease [38,41].

Consistent with these observations, a recent study of 163 children aged 2 months to
12 years who were hospitalized with newly diagnosed HIV infection, 78% of whom were
severely immunosuppressed, found that 54% were HCMV-positive at admission, including
32% with HCMYV viral loads >1000 IU/mL. Children in this high-viremia group had a
significantly increased risk of death or prolonged hospitalization (>15 days), as well as
higher 6-month mortality [42].

In contrast, a recent longitudinal study from Canada involving children living with
HIV receiving ART reported no significant differences in short-term clinical outcomes
between HCMV-positive and HCMV-negative participants. Although this finding appears
discordant with earlier studies, it likely reflects the protective effect of early and sustained
ART, which prevents severe immunosuppression and high-level HCMV viremia historically
associated with excess morbidity and mortality. Nevertheless, HCMV-positive children in
this cohort exhibited evidence of HCMV-driven immune remodeling, suggesting potential
long-term consequences for chronic inflammation, immune aging, and non-AIDS-related
comorbidities [43].
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Taken together, available evidence indicates that the clinical impact of HCMV co-
infection in children living with HIV is largely determined by the degree of immunosup-
pression and by HIV and HCMYV viral loads at diagnosis. Importantly, cCMV remains the
leading cause of sensorineural hearing loss and neurodevelopmental impairment in indus-
trialized countries [44]. Accordingly, the high prevalence of cCMV among children living
with HIV may further increase the risk of long-term auditory and neurological sequelae (Ta-
ble 2). However, findings across cohorts are not entirely consistent; notably, in the PACTG
366 study, HCMYV infection was not associated with neurocognitive performance as as-
sessed by a comprehensive battery of standardized tests [45]. This discrepancy may reflect
differences in study populations, timing of HCMV infection, the influence of antiretroviral
therapy, as well as other confounding factors that influence neurocognitive development.

3.3. HCMV Infection and Outcomes in HIV-Exposed Uninfected Children

As the population of HEU children continues to grow because of widespread ART, it
has become increasingly important to determine whether HCMYV infection adversely affects
health outcomes in this vulnerable group. As discussed above, rates of cCMV infection are
higher in HEU infants than in HIV-unexposed children. Given that cCCMV is a leading cause
of sensorineural hearing loss (SNHL), a substantial proportion of HEU infants with cCMV
infection are likely to develop severe hearing impairment [39,46]. In addition, HEU infants
frequently exhibit higher and more prolonged HCMYV viremia following primary infection,
a feature that has been identified as a risk factor for hearing loss in some studies [20,44,47].

Beyond auditory outcomes, HCMYV infection has been implicated in impaired growth
and neurodevelopment among HEU children. A study of 120 Zambian children born to
mothers living with HIV reported that postnatal HCMYV infection was associated with
reduced linear growth at 18 months of age, as well as smaller head circumference and lower
scores on the Bayley psychomotor development scale [48]. However, disentangling the
specific contribution of HCMYV from the broader effects of HIV exposure and associated
socioeconomic and environmental factors remains challenging.

Additional studies have yielded mixed results regarding growth outcomes. In Malawi,
higher HCMV DNA concentrations in breast milk were associated with slower growth
during the first six months of life among HEU infants [49]. In contrast, a separate cohort
study found no association between HCMYV viremia at 24 weeks of age and growth pa-
rameters [21]. Notably, in the same study, detection of HCMV DNA in infant plasma at
24 weeks was associated with an approximately four-fold increased risk of subsequent
HIV acquisition, raising concern that HCMV infection may increase susceptibility to HIV
and thereby indirectly contribute to adverse clinical outcomes related to HCMV-HIV
coinfection (Table 2).

More recent evidence supports the notion that HCMYV viral load is a critical deter-
minant of clinical outcomes in HEU children. In a comparative analysis of HEU and
HIV-unexposed children under five years of age, Pavlinac et al. reported that HEU children
with HCMV viral loads >1000 IU/mL had a markedly increased risk of mortality within six
months following hospital discharge (hazard ratio [HR] ~32.0) [50]. Moreover, each 1-log
increase in HCMV viral load was associated with a significant increase in mortality risk (HR
~5.04). Importantly, this association was not observed in HIV-unexposed and uninfected
(HUU) children, suggesting a unique vulnerability of HEU infants to the pathogenic effects
of HCMV.

4. Cooperative Mechanisms of HCMV and HIV in Pathogenesis

A growing body of evidence indicates that HCMV and HIV interact through multiple
direct and indirect mechanisms that mutually enhance viral replication, dissemination, and
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pathogenicity. Consistent correlations between HIV RNA and HCMV DNA viral loads
have been observed in plasma, saliva, breast milk, and cervical secretions of coinfected
individuals [20,39], underscoring the biological interplay between these two viruses across
systemic and mucosal compartments.

Acute HCMV infection is characterized by robust activation and expansion of CD4*
T cells, which represent the primary targets for HIV. This expansion increases the pool
of susceptible cells and may contribute to elevated HIV viral loads, even in individuals
receiving ART [51]. In addition, HCMV and HIV share multiple cellular targets, including
CD34+ progenitor cells, macrophages, and CD4" and CD8* T lymphocytes, facilitating
viral interactions within common cellular reservoirs.

Several HCMV-encoded factors have been shown to directly promote HIV entry and
spread. HCMYV expresses Fc receptor-like proteins capable of binding HIV particles op-
sonized by non-neutralizing antibodies. This interaction facilitates antibody-dependent
enhancement (ADE) of HIV infection by promoting viral uptake into target cells [52].
Another HCMV-encoded protein, pUS28, functions as a chemokine receptor that can
substitute for the canonical HIV coreceptor CCRS5, thereby promoting HIV entry and dis-
semination [53]. Moreover, HCMYV infection itself induces upregulation of CCR5 expression,
further enhancing HIV susceptibility [54].

More recently, mechanistic insights into mucosal coinfection have been provided by
studies using polarized ex vivo tonsillar tissue explants, a relevant model for MTCT [55].
These studies demonstrated that HIV-1 and its proteins gp120 and Tat disrupt tight junc-
tions within the tonsillar epithelium, increasing paracellular permeability and facilitating
HCMYV paracellular spread and epithelial infection. Subsequent dissemination of HCMV to
macrophages and dendritic cells was observed. Conversely, HCMV infection of epithelial
cells similarly compromised tight junction integrity, enhancing paracellular HIV-1 translo-
cation across the mucosa and increasing viral access to CD4* T cells, macrophages, and
dendritic cells.

Persistent immune activation is a central feature of HIV pathogenesis and is further
amplified by HCMV coinfection. HIV-induced dysregulation of cytokine networks results
in elevated levels of pro-inflammatory mediators that drive chronic inflammation, im-
mune exhaustion, and tissue damage [56]. HCMYV infection similarly induces sustained
overproduction of cytokines such as IFN-y, TNF-«, and IL-6. Notably, HCMV-driven
IL-6 overexpression has been independently associated with increased mortality in people
living with HIV [57,58].

Consistent with these findings, individuals with HCMV-HIV coinfection exhibit signif-
icantly higher circulating levels of inflammatory markers, including IP-10 and TNF receptor
II, compared with those infected with HIV alone [59-61]. This heightened inflammatory
milieu is thought to contribute to the development of non-AIDS-related comorbidities,
such as metabolic, cardiovascular, and renal diseases. Although these conditions have been
insufficiently studied in pediatric HIV cohorts, they are expected to become increasingly
relevant as life expectancy among children receiving ART continues to improve [62].

Finally, HCMV is well recognized for its profound immunomodulatory capacity, which
enables lifelong persistence but may also induce durable alterations in immune homeosta-
sis [63,64]. In the Swedish OCTO and NONA studies, HCMYV infection was associated with
an immune aging-like phenotype characterized by expansion of CD28"CD57*CD8" T cells
and a reduced CD4:CDS8 ratio, features that predicted increased mortality and impaired
cellular immune responses [65,66].

In the following chapter, we will examine in greater detail the phenomenon of im-
munosenescence induced by HIV and HCMV, with particular emphasis on how their
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synergistic effects may compromise immune development and long-term immune compe-
tence in pediatric populations.

5. Cellular Senescence, Immunosenescence, and Aging in HIV and
HCMYV Infections

5.1. Cellular Senescence and Immunosenescence

Cellular senescence was originally defined as a stable cell cycle arrest accompanied by
resistance to apoptosis, serving as a protective mechanism to prevent malignant transfor-
mation of cells harboring irreparable DNA damage. However, subsequent studies have
expanded this concept considerably, revealing that cellular senescence encompasses a broad
spectrum of biological processes across multiple cell types [67,68].

Senescence can be considered a programmed cellular response to stressful events
imposed by acute or chronic pressures. Acute senescence promotes tissue remodeling, ulti-
mately leading to the clearance of senescent cells and restoration of homeostasis. In contrast,
chronic senescence is a degenerative state, associated with age-related pathologies [69].

One of the most extensively characterized drivers of chronic senescence is telomere
shortening resulting from the end-replication problem in somatic cells lacking sustained
telomerase activity, in contrast to embryonic and stem-like cells [70-72]. The exposed
ends of excessively shortened telomeres activate DNA damage response (DDR) pathways
centered on the tumor suppressor p53, leading to the induction of cyclin-dependent kinase
inhibitors such as p16 and p21 and resulting in irreversible G0/G1 cell-cycle arrest [68,73,74].
Concomitantly, senescent cells increase the production of interleukins, chemokines, growth
factors, and proteases, defining the so-called Senescence-Associated Secretory Phenotype
(SASP), which represents a central pathogenic feature of chronic senescence [67,75].

Closely related to cellular senescence is the concept of immunosenescence, which
refers to age- and antigen exposure-associated alterations in immune system composition
and function. Its hallmarks include a decline in naive T-cell numbers and T-cell receptor
diversity, accumulation of terminally differentiated effector T cells, and chronic low-grade
systemic inflammation [76]. These features are closely linked to cellular senescence, as
telomerase activity is transiently upregulated via IL-7:IL-7R or IL-2:IL-2R interaction, to
counteract telomere erosion associated with rapid cellular proliferation [77]. Similarly,
antigen-stimulated memory T cells in the periphery can induce telomerase expression, but
progressively declines with repeated proliferation and chronic antigenic stimulation [78-80].
Concomitantly, T cells exhibit reduced expression of co-stimulatory and cytokine receptor
molecules, including CD28, CD27, CD122, and CD127, with loss of CD27 and CD28 closely
associated with increased expression of the senescence marker CD57. Overall, in a linear dif-
ferentiation model naive T cells (CD45RA*CCR7*CD27*), upon first antigen encounter pro-
gressively differentiate into central memory (CM) T cells (CD45RA"CCR7*CD27*), CD27*
early effector memory (TEM) T cells, CD27" late TEM T cells (CD45RA"CCR?7"), and ulti-
mately CD45RA re-expressing effector memory (TEMRA) T cells (CD45RA*CCR7-CD27")
(Figure 1) [81].

Overall, these observations support the existence of a direct mechanistic link between in-
tense immune cell proliferation, telomere erosion, cellular senescence, and immunosenescence.
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Figure 1. T cell maturation. CD45RA is shown in orange, CCR7 in pink, and CD27 in green.

5.2. HIV and Immunosenescence

Since immune cells are the primary targets of HIV, it is not surprising that HIV has been
consistently associated with the development of an immune-senescent phenotype [82-84].
Compared to adults, children have an immune system that is still undergoing maturation
at the time of viral exposure, which makes them unable to develop an efficient immune
response. Therefore, in this context, HIV infection has more complex consequences and
contributes to more rapid disease progression [85]. Moreover, lifelong exposure to both
persistent viral antigen and antiretroviral therapy from early childhood sustains chronic
immune activation, thereby accelerating immune aging.

The main alteration of the immune phenotype in both adults and children living
with HIV is the inversion of the CD4*/CD8* T cells ratio, a marker closely associated
with disease progression and immune dysfunction. Notably, approximately 66% of HIV-
infected children treated with ART can reconstitute a normal CD4"/CD8* ratio [86], a
substantially higher rate than that observed in adults [87]. This difference likely reflects the
greater thymic output characteristic of childhood, which supports more robust naive T-cell
replenishment [88]. Nevertheless, despite effective ART, multiple studies have documented
a persistent depletion of naive CD4* and CD8" T cells (CD45RA*CCR7") in both pediatric
and adult HIV infection [89-92].

In parallel, a reduction in central memory subsets and an expansion of effector mem-
ory T cells (CD45RA CCR7"), with expansion of the CD27" subset, has been detected [93].
Mansoor et al. directly compared HIV-infected infants, HEU infants, and HUU infants,
demonstrating that HIV-infected infants exhibit profound and sustained alterations in T-cell
composition throughout the first year of life (i.e., the entire follow-up). These included in-
creased frequencies of memory, terminally differentiated (CD45RA*CCRY7"), and senescent
(CD28°CD57*) CD8" effector T cells, accompanied by a marked reduction in naive CD8* T
cells [94] (Figure 2).

Importantly, these immune alterations persist even under virological suppression.
Several studies have shown that ART-treated children living with HIV retain elevated
proportions of exhausted T cells, highlighting the close relationship between chronic
immune activation, cellular exhaustion, and immunosenescence [95,96]. In line with this,
Gianesin et al. demonstrated that children living with HIV accumulate activated, exhausted,
and senescent CD8" T cells, with these parameters inversely correlating with telomere
length, providing direct evidence of accelerated biological aging [97]. Expression of PD-1,
a key marker of HIV-associated T cell exhaustion, has also been proposed as a surrogate
marker of disease progression [90].

https:/ /doi.org/10.3390/children13020236


https://doi.org/10.3390/children13020236

Children 2026, 13, 236

12 of 20

tPercentage of senescent CD8* T cells

HIV

tEffector memory (CD45RA- CCR7-)
Loss of naive CD4 and CD8 cells

1Exhausted T cells

CD4/CD8 inverted ratio

|Central memory

HCMV-HIV
coinfection
1CD57*/CD8* T cells
|Naive CD8* T cells

tTerminally differentiated CD8* T
cells

|CD4*/CD8* and |CD28*/CD8* T
cell ratios

1Frequency of CD4* memory

HCMV

Memory inflation (CD8* and CD4*)

Highly differentiated CD27- and
TEMRA-dependent late-stage
memory T cell subsets:

texpression of advanced
differentiation markers

tproinflammatory cytokines

effector cells

Figure 2. T cell landscape in HIV, HCMV, and HCMV-HIV coinfection (1 increase; | decrease of
indicated factor).

Beyond T cells, HIV infection profoundly affects the B cell compartment. Multiple
studies have shown that children living with HIV, including those with sustained viral
suppression, exhibit B cell profiles resembling those of older healthy individuals [98,99].
These changes include an increased number of activated mature (CD10"CD21") and senes-
cent double-negative (IgD"CD27") B cells. Chronic HIV persistence is also associated with
expansion of immature transitional (CD10* /**CD21 low/high CD27"), activated mem-
ory (CD10°CD21 low CD27*), and exhausted memory (CD10"CD21 low CD27") B cells,
alongside a reduction in resting memory B cell subset (CD10"CD21 high CD27*) [100].
Furthermore, the expression of B cell genes that determine the response to vaccinations,
including those involved in inflammation and aging, is altered even in the presence of
stable and prolonged virological control [101].

5.3. HCMYV and Immunosenescence

HCMYV infection is known to be one of the most significant environmental drivers
of immune system remodeling. Indeed, HCMYV seropositivity has been associated with
alterations in up to 50% of assessed immune parameters. The most marked changes are
observed within T cells, particularly CD8* T cells [102,103].

HCMYV infection leads to a massive and atypical expansion of memory T cells, termed
“memory inflation,” with up to 40% of all memory T cells targeting HCMV epitopes
in infected individuals [102,103]. Although HCMV-specific CD4* T cells also undergo
expansion, this process is quantitatively less pronounced [104].

Inflated HCMV-specific T cells predominantly occupy highly differentiated late-stage
memory subsets, including CD27" effector memory and TEMRA populations. Phenotypi-
cally, HCMV-specific T cells display features of advanced differentiation, including high
expression of CD57, KLRG1, CX3CR1, CD56, and NKG2C [105-107]. Both HCMV-specific
CD8" and CD4" T cells also show a strong polyfunctionality, producing high levels of
pro-inflammatory cytokines such as IFN-y and TNF-« [108-110]. While most data on
HCMV-driven immune remodeling derive from adult cohorts, similar alterations have also
been documented in HCMV-infected children [105-107,111,112] (Figure 2).

Importantly, these alterations are not restricted to T lymphocytes. For example, chil-
dren with cCMYV infection exhibit marked alterations in NK cell composition compared to
postnatally infected or uninfected controls [113]. In particular, expansion of CD94/NKG2C*
NK cells, a subset associated with adaptive-like features and immune aging, has been ob-
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served, especially in symptomatic congenital infections and in individuals with permissive
NKG2C genotypes.

However, longitudinal studies tracking changes in blood immune cells shortly after
infection and throughout the latent phase in children remain limited. However, a recent
study by Ekman and colleagues analyzed children infected with HCMYV before six months
of age and followed them at six months and six years post-infection [114]. The authors
observed that the most pronounced immune alterations occurred shortly after primary
infection (at six months), affecting both the CD27* early TEM and CD27" late TEM/TEMRA
in CD4* and CD8* subsets. Of note, the expansion of the most highly differentiated
TEMRA subsets, expressing CD57 at high levels, persisted for at least six years, indicating
long-lasting immune imprinting.

Intriguingly, emerging evidence suggests that HCMV may promote the accumula-
tion of senescent cells not only within the immune system but also within infected tissue
niches [115]. This may further contribute to premature aging and provides a novel mecha-
nistic link between HCMV persistence, inflammaging, and long-term immune dysfunction.

5.4. HCMV-HIV Coinfection and “Premature” Aging

Despite the evidence discussed in the previous paragraphs, few studies have specifi-
cally analyzed the synergistic effects of HIV and HCMYV infection on the immune system
and premature aging. Most available data derive from adult cohorts, in which HCMV
co-infection among people living with HIV has been consistently associated with im-
munosenescent immune profiles, although not necessarily with inflammation [116]. These
observations suggest that HIV and HCMV may act synergistically to accelerate immune
differentiation and exhaustion through partially overlapping but non-identical mechanisms
(Figure 2).

Telomere erosion is markedly accelerated in individuals living with HIV, often ex-
ceeding that observed in significantly older uninfected controls. In this context, a recent
study identified HCMV-specific CD8* T cells as a population particularly prone to telomere
shortening and rapid telomere attrition in people living with HIV [117]. Consistent with
this, leukocyte telomere erosion in HIV infection has been linked to increased risks of car-
diovascular disease, type 2 diabetes, malignancy, and other age-related comorbidities [118].
Notably, these associations mirror those described in elderly HCMV-seropositive but HIV-
negative individuals, supporting the hypothesis that HCMV-driven clonal expansion is a
major contributor to lymphocyte replicative senescence and age-related morbidity in the
setting of HIV.

Evidence for accelerated immune aging in the context of HCMV-HIV coinfection is
also emerging in pediatric populations. Children living with HIV coinfected with HCMV
display higher frequencies of terminally differentiated CD8" T cells and lower CD4*/CD8*
ratios compared with HCMV-negative peers. Importantly, these differences appear to be
independent of detectable HCMV DNA or HIV RNA in peripheral blood, indicating that
immune imprinting persists beyond the acute phase of either infection [119]. Similarly,
Barrett et al. demonstrated that HCMYV seropositivity in people living with HIV was
associated with lower CD4"/CD8" and CD28*/CD8" T cell ratios, alongside increased
frequencies of CD57*CD8* T cells, independent of age and HIV viral load [120].

More recently, Fougere et al. provided a detailed immunophenotypic characterization
of HCMV coinfection in children living with HIV (CLWH) in Canada [43]. Compared with
HCMV-negative children, HCMV-exposed CLWH exhibited lower baseline frequencies of
CD4* T cells, higher frequencies of CD8" T cells, and a persistently reduced CD4*/CD8*
ratio. In addition, HCMV-positive children showed an expansion of effector memory
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CD4* and CD8" T cell subsets, coupled with a contraction of the naive CD8* T cell pool,
hallmarks of immune aging typically associated with much older individuals.

6. Conclusions

Collectively, the studies discussed in this review indicate that HCMYV coinfection is
common among children living with HIV and is associated with a distinct immunological
signature, even in the presence of effective ART and sustained virological suppression.

Available evidence underscores the need for increased clinical and research attention
to early HCMV-HIV coinfection in pediatric populations. From a clinical perspective,
systematic screening for congenital and early postnatal HCMV infection in children living
with HIV and in HEU infants should be considered, particularly in settings where maternal
HIV infection is prevalent. Longitudinal monitoring of HCMYV viral burden, immune
activation markers, and early signs of neurodevelopmental, cardiovascular, and metabolic
dysfunction may help identify children at increased risk for long-term morbidity. However,
major knowledge gaps remain. These include the lack of prospective pediatric studies
disentangling the independent and synergistic effects of HCMV and HIV on immune matu-
ration, aging, and end-organ damage; limited data on the timing, reversibility, and clinical
significance of HCMV-driven immune activation in the context of early and sustained ART;
and the absence of validated biomarkers to guide risk stratification and targeted interven-
tions. In addition, the potential role of anti-HCMV preventive or therapeutic strategies in
improving long-term outcomes for coinfected children remains largely unexplored. Current
evidence is largely derived from heterogeneous cohorts that often lack precise temporal
classification of viral acquisition, standardized virological measurements, and longitudinal
immune profiling. Addressing these gaps through well-designed longitudinal and inter-
ventional studies will be essential to inform evidence-based management strategies and
optimize lifelong health outcomes in children affected by HCMV-HIV coinfection.
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The following abbreviations are used in this manuscript:
HCMV  Human cytomegalovirus

HIV Human Immunodeficiency Virus

cCMV Congenital HCMV
AIDS Acquired Immunodeficiency Syndrome
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MTCT Mother-to-child transmission

ART Antiretroviral therapy

HEU HIV-exposed but uninfected

HUU HIV-unexposed and uninfected

TEM Effector Memory T cells

TEMRA  Terminally Differentiated Effector Memory T cells Re-expressing CD45RA

References

1. Zuhair, M,; Smit, G.; Wallis, G.; Jabbar, E; Smith, C.; Devleesschauwer, B.; Griffiths, P. Estimation of the worldwide seroprevalence
of cytomegalovirus: A systematic review and meta-analysis. Rev. Med. Virol. 2019, 29, €2034. [CrossRef] [PubMed]

2. Griffiths, P; Baraniak, I.; Reeves, M. The pathogenesis of human cytomegalovirus. J. Pathol. 2015, 235, 288-297. [CrossRef]
[PubMed]

3.  Kenneson, A.; Cannon, M.]. Review and meta-analysis of the epidemiology of congenital cytomegalovirus (CMV) infection. Rev.
Med. Virol. 2007, 17, 253-276. [CrossRef]

4. Dreher, A.M.; Arora, N.; Fowler, K.; Novak, Z.; Britt, W.; Boppana, S.; Ross, S. Spectrum of disease and outcome in children with
symptomatic congenital cytomegalovirus infection. J. Pediatr. 2014, 164, 855-859. [CrossRef]

5. Xia, W.; Yan, H.; Zhang, Y.; Wang, C.; Gao, W.; Lv, C.; Wang, W.; Liu, Z. Congenital Human Cytomegalovirus Infection Inducing
Sensorineural Hearing Loss. Front. Microbiol. 2021, 12, 649690. [CrossRef]

6. Pass, RE; Anderson, B. Mother-to-Child Transmission of Cytomegalovirus and Prevention of Congenital Infection. . Pediatr.
Infect. Dis. Soc. 2014, 3, S2-S6. [CrossRef]

7. Kovacs, A.; Schluchter, M.; Easley, K.; Demmler, G.; Shearer, W.; Russa, P,; Pitt, J.; Cooper, E.; Goldfarb, J.; Hodes, D.; et al.
Cytomegalovirus Infection and HIV-1 Disease Progression in Infants Born to HIV-1-Infected Women. New Engl. J. Med. 1999, 341,
77-84. [CrossRef]

8.  Chen,].; Zhou, T;; Zhang, Y.; Luo, S.; Chen, H.; Chen, D.; Li, C.; Li, W. The reservoir of latent HIV. Front. Cell Infect. Microbiol.
2022, 12, 945956. [CrossRef]

9.  Faure-Bardon, V,; Ville, Y. Maternal infections: Revisiting the need for screening in pregnancy. BJOG 2021, 128, 304-315. [CrossRef]

10. Nielsen-Saines, K. Perinatal HIV as an infectious cause of developmental regression. Neurosci. Biobehav. Rev. 2019, 102, 417-423.
[CrossRef] [PubMed]

11. Newell, M.L.; Coovadia, H.; Borja, M.; Rollins, N.; Gaillard, P.; Dabis, F. Mortality of infected and uninfected infants born to
HIV-infected mothers in Africa: A pooled analysis. Lancet 2004, 364, 1236-1243. [CrossRef]

12.  Abdollahi, A.; Saffar, H. The Diagnosis of HIV Infection in Infants and Children. Iran. J. Pathol. 2016, 11, 89.

13.  Cannon, M.J. Congenital cytomegalovirus (CMV) epidemiology and awareness. |. Clin. Virol. 2009, 46, S6-510. [CrossRef]

14. Nielsen, K,; Bryson, Y.J. Diagnosis of HIV Infection in Children. Pediatr. Clin. North. Am. 2000, 47, 39-63. [CrossRef]

15. Rawlinson, W.D.; Boppana, S.B.; Fowler, K.B.; Kimberlin, D.W.; Lazzarotto, T.; Alain, S.; Daly, T.; Doutré, S.; Gibson, L.; Giles,
M.L.; et al. Congenital cytomegalovirus infection in pregnancy and the neonate: Consensus recommendations for prevention,
diagnosis, and therapy. Lancet Infect. Dis. 2017, 17, €177—€188. [CrossRef] [PubMed]

16. Mussi-Pinhata, M.M.; Yamamoto, A.Y.; Figueiredo, L.T.M.; Cervi, M.C.; Duarte, G. Congenital and perinatal cytomegalovirus
infection in infants born to mothers infected with human immunodeficiency virus. . Pediatr. 1998, 132, 285-290. [CrossRef]

17.  Chandwani, S.; Kaul, A.; Bebenroth, D.; Kim, M.; John, D.D.; Fidelia, A.; Hassel, A.; Borkowsky, W.; Krasinski, K. Cytomegalovirus
infection in human immunodeficiency virus type 1-infected children. Pediatr. Infect. Dis. ]. 1996, 15, 310-314. [CrossRef] [PubMed]

18. Duryea, E.L.; Sanchez, PJ.; Sheffield, ].S.; Jackson, G.L.; Wendel, G.D.; McElwee, B.S.; Boney, L.E,; Mallory, M.M.; Owen, K.E.;
Stehel, E.K. Maternal human immunodeficiency virus infection and congenital transmission of cytomegalovirus. Pediatr. Infect.
Dis. J. 2010, 29, 915-918. [CrossRef]

19. Khamduang, W.; Jourdain, G.; Sirirungsi, W.; Layangool, P.; Kanjanavanit, S.; Krittigamas, P.; Pagdi, K.; Somsamai, R.; Sirinon-
takan, S.; Hinjiranandana, T.; et al. The interrelated transmission of HIV-1 and cytomegalovirus during gestation and delivery in
the offspring of HIV-infected mothers. J. Acquir. Immune Defic. Syndr. 2011, 58, 188-192. [CrossRef]

20. Slyker, J.A.; Payne, B.L.; Jones, S.L.; Otieno, P.; Obimbo, E.; Richardson, B.; Farquhar, C.; Ngacha, D.; Emery, V.C.; Stewart, G.C.
The detection of cytomegalovirus DNA in maternal plasma is associated with mortality in HIV-1-infected women and their
infants. AIDS 2009, 23, 117-124. [CrossRef] [PubMed]

21. Chang, T.S.; Wiener, J.; Dollard, S.C.; Amin, M.M.; Ellington, S.; Chasela, C.; Kayira, D.; Tegha, G.; Kamwendo, D.; Jamieson, D.J.;

et al. Effect of cytomegalovirus infection on breastfeeding transmission of HIV and on the health of infants born to HIV-infected
mothers. AIDS 2015, 29, 831-836. [CrossRef]

https://doi.org/10.3390/children13020236


https://doi.org/10.1002/rmv.2034
https://www.ncbi.nlm.nih.gov/pubmed/30706584
https://doi.org/10.1002/path.4437
https://www.ncbi.nlm.nih.gov/pubmed/25205255
https://doi.org/10.1002/rmv.535
https://doi.org/10.1016/j.jpeds.2013.12.007
https://doi.org/10.3389/fmicb.2021.649690
https://doi.org/10.1093/jpids/piu069
https://doi.org/10.1056/NEJM199907083410203
https://doi.org/10.3389/fcimb.2022.945956
https://doi.org/10.1111/1471-0528.16509
https://doi.org/10.1016/j.neubiorev.2019.05.011
https://www.ncbi.nlm.nih.gov/pubmed/31176423
https://doi.org/10.1016/S0140-6736(04)17140-7
https://doi.org/10.1016/j.jcv.2009.09.002
https://doi.org/10.1016/S0031-3955(05)70194-2
https://doi.org/10.1016/S1473-3099(17)30143-3
https://www.ncbi.nlm.nih.gov/pubmed/28291720
https://doi.org/10.1016/S0022-3476(98)70446-9
https://doi.org/10.1097/00006454-199604000-00006
https://www.ncbi.nlm.nih.gov/pubmed/8866799
https://doi.org/10.1097/INF.0b013e3181e0ce05
https://doi.org/10.1097/QAI.0B013E31822D0433
https://doi.org/10.1097/QAD.0b013e32831c8abd
https://www.ncbi.nlm.nih.gov/pubmed/19050393
https://doi.org/10.1097/QAD.0000000000000617
https://doi.org/10.3390/children13020236

Children 2026, 13, 236 16 of 20

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Guibert, G.; Warszawski, J.; Chenadec, J.L.; Blanche, S.; Benmebarek, Y.; Mandelbrot, L.; Tubiana, R.; Rouzioux, C.; Ville, M.;
Cohort, FP. Decreased risk of congenital cytomegalovirus infection in children born to HIV-1-infected mothers in the era of highly
active antiretroviral therapy. Clin. Infect. Dis. 2009, 48, 1516-1525. [CrossRef]

Doyle, M.; Atkins, ].T.; Rivera-Matos, I.R. Congenital cytomegalovirus infection in infants infected with human immunodeficiency
virus type 1. Pediatr. Infect. Dis. ]. 1996, 15, 1102-1106. [CrossRef] [PubMed]

Frederick, T.; Homans, J.; Spencer, L.; Kramer, E; Stek, A.; Operskalski, E.; Kovacs, A. The effect of prenatal highly active
antiretroviral therapy on the transmission of congenital and perinatal/early postnatal cytomegalovirus among HIV-infected and
HIV-exposed infants. Clin. Infect. Dis. 2012, 55, 877-884. [CrossRef]

Prieto, L.M.; Gamero, D.B.; Mancha, I.R.; Pastor, B.T.; Ibarrondo, C.E.; Conejo, P.R.; Amador, ].T.; Working Group on cCMV in
children exposed to HIV. Congenital cytomegalovirus infection in newborns born to HIV-infected mothers. Enfermedades Infecc. Y
Microbiol. Clin. (Engl. ed.) 2022, 40, 557-561. [CrossRef]

Adachi, K,; Xu, J.; Ank, B.; Watts, D.H.; Camarca, M.; Mofenson, L.M.; Pilotto, ].H.; Joao, E.; Gray, G.; Theron, G.; et al. Congenital
Cytomegalovirus and HIV Perinatal Transmission. Pediatr. Infect. Dis. ]. 2018, 37, 1016-1021. [CrossRef]

Pang, J.; Slyker, ].A; Roy, S.; Bryant, J.; Atkinson, C.; Cudini, J.; Farquhar, C.; Griffiths, P; Kiarie, J.; Morfopoulou, S.; et al. Mixed
cytomegalovirus genotypes in HIV-positive mothers show compartmentalization and distinct patterns of transmission to infants.
Elife 2020, 9, €63199. [CrossRef] [PubMed]

Giuliano, M.; Pirillo, M.F;; Orlando, S.; Luhanga, R.; Mphwere, R.; Kavalo, T.; Andreotti, M.; Amici, R.; Ciccacci, F.; Marazzi, M.C,;
et al. Cytomegalovirus viremia in HIV-exposed and HIV-unexposed infants in Malawi. Acta Trop. 2023, 246, 106987. [CrossRef]
[PubMed]

Evans, C.; Chasekwa, B.; Rukobo, S.; Govha, M.; Mutasa, K.; Ntozini, R.; Humphrey, ].H.; Prendergast, A.J. Cytomegalovirus
Acquisition and Inflammation in Human Immunodeficiency Virus-Exposed Uninfected Zimbabwean Infants. J. Infect. Dis. 2017,
215, 698-702. [PubMed]

Lawrence Drew, W. Cytomegalovirus Infection in Patients with AIDS. Clin. Infect. Dis. 1992, 14, 608-615. [CrossRef]

Durier, N.; Ananworanich, J.; Apornpong, T.; Ubolyam, S.; Kerr, S.J.; Mahanontharit, A.; Ferradini, L.; Ruxrungtham, K;
Avihingsanon, A. Cytomegalovirus viremia in Thai HIV-infected patients on antiretroviral therapy: Prevalence and associated
mortality. Clin. Infect. Dis. 2013, 57, 147-155. [CrossRef]

Paterno Raddusa, M.S.; Marino, A.; Celesia, B.M.; Spampinato, S.; Giarratana, C.; Rullo, E.V.; Cacopardo, B.; Nunnari, G.
Atherosclerosis and Cardiovascular Complications in People Living with HIV: A Focused Review. Infect. Dis. Rep. 2024, 16,
846-863. [CrossRef] [PubMed]

Ronit, A.; Gerstoft, J.; Nielsen, L.; Mohey, R.; Wiese, L.; Kvinesdal, B.; Obel, N.; Ahlstrohm, M.G. Non-AIDS Comorbid Conditions
in Persons Living With Human Immunodeficiency Virus (HIV) Compared With Uninfected Individuals 10 Years Before HIV
Diagnosis. Clin. Infect. Dis. 2018, 67, 1291-1293. [CrossRef]

Lichtner, M.; Cicconi, P; Vita, S.; Lepri, A.C.; Galli, M.; Caputo, S.L.; Saracino, A.; Luca, A.D.; Moioli, M.; Maggiolo, F,; et al.
Cytomegalovirus coinfection is associated with an increased risk of severe non-AIDS-defining events in a large cohort of
HIV-infected patients. J. Infect. Dis. 2015, 211, 178-186. [CrossRef]

Levi, L.I; Sharma, S.; Schleiss, M.R.; Furrer, H.; Nixon, D.E.; Blackstad, M.; Hernandez-Alvarado, N.; Dwyer, D.E.; Borges,
A.H.; Lane, H.C; et al. Cytomegalovirus viremia and risk of disease progression and death in HIV-positive patients starting
antiretroviral therapy. AIDS 2022, 36, 1265-1272. [CrossRef]

Skipper, C.P,; Hullsiek, K.H.; Cresswell, EV.; Tadeo, K.K.; Okirwoth, M.; Blackstad, M.; Hernandez-Alvarado, N.; Fernandez-
Alarcén, C.; Walukaga, S.; Martyn, E.; et al. Cytomegalovirus viremia as a risk factor for mortality in HIV-associated cryptococcal
and tuberculous meningitis. Int. J. Infect. Dis. 2022, 122, 785-792. [CrossRef]

Goussard, P; Kling, S.; Gie, R.P; Nel, E.D.; Heyns, L.; Rossouw, G.J.; Janson, ].T. CMV pneumonia in HIV-infected ventilated
infants. Pediatr. Pulmonol. 2010, 45, 650-655. [CrossRef]

Nigro, G.; Krzysztofiak, A.; Gattinara, G.C.; Mango, T.; Mazzocco, M.; Porcaro, M.A.; Provvedi, S.; Booth, ].C. Rapid progression
of HIV disease in children with cytomegalovirus DNAemia. AIDS 1996, 10, 1127-1133. [PubMed]

Slyker, J.; Farquhar, C.; Atkinson, C.; Asbjt')rnsdéttir, K.; Roxby, A.; Drake, A.; Kiarie, J.; Wald, A.; Boeckh, M.; Richardson, B.; et al.
Compartmentalized cytomegalovirus replication and transmission in the setting of maternal HIV-1 infection. Clin. Infect. Dis.
2013, 58, 564-572. [CrossRef] [PubMed]

Deayton, J.R.; Sabin, C.A.; Johnson, M.A.; Emery, V.C.; Wilson, P,; Griffiths, P.D. Importance of cytomegalovirus viraemia in
risk of disease progression and death in HIV-infected patients receiving highly active antiretroviral therapy. Lancet 2004, 363,
2116-2121. [CrossRef]

Spector, S.A.; Wong, R.; Hsia, K.; Pilcher, M.; Stempien, M.]. Plasma cytomegalovirus (CMV) DNA load predicts CMV disease
and survival in AIDS patients. J. Clin. Investig. 1998, 101, 497. [CrossRef] [PubMed]

https://doi.org/10.3390/children13020236


https://doi.org/10.1086/598934
https://doi.org/10.1097/00006454-199612000-00010
https://www.ncbi.nlm.nih.gov/pubmed/8970220
https://doi.org/10.1093/cid/cis535
https://doi.org/10.1016/j.eimc.2022.03.011
https://doi.org/10.1097/INF.0000000000001975
https://doi.org/10.7554/eLife.63199
https://www.ncbi.nlm.nih.gov/pubmed/33382036
https://doi.org/10.1016/j.actatropica.2023.106987
https://www.ncbi.nlm.nih.gov/pubmed/37454709
https://www.ncbi.nlm.nih.gov/pubmed/28011912
https://doi.org/10.1093/clinids/14.2.608-a
https://doi.org/10.1093/cid/cit173
https://doi.org/10.3390/idr16050066
https://www.ncbi.nlm.nih.gov/pubmed/39311207
https://doi.org/10.1093/cid/ciy325
https://doi.org/10.1093/infdis/jiu417
https://doi.org/10.1097/QAD.0000000000003238
https://doi.org/10.1016/j.ijid.2022.07.035
https://doi.org/10.1002/ppul.21228
https://www.ncbi.nlm.nih.gov/pubmed/8874630
https://doi.org/10.1093/cid/cit727
https://www.ncbi.nlm.nih.gov/pubmed/24192386
https://doi.org/10.1016/S0140-6736(04)16500-8
https://doi.org/10.1172/JCI1101
https://www.ncbi.nlm.nih.gov/pubmed/9435323
https://doi.org/10.3390/children13020236

Children 2026, 13, 236 17 of 20

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Wamalwa, D.; Njuguna, I.; Maleche-Obimbo, E.; Begnel, E.; Chebet, D.J.; Onyango, J.A.; Cranmer, L.M.; Huang, M.L.; Richard-
son, B.A.; Boeckh, M,; et al. Cytomegalovirus Viremia and Clinical Outcomes in Kenyan Children Diagnosed With Human
Immunodeficiency Virus (HIV) in Hospital. Clin. Infect. Dis. 2022, 74, 1237-1246. [CrossRef] [PubMed]

Fougere, Y.; Brophy, J.; Hawkes, M.T; Lee, T.; Samson, L.; Gantt, S.; Dufour, M.K.; Renaud, C.; Dieumegard, H.; Diallo, M.A_; et al.
Clinical and Immunologic Impact of CMV Coinfection Among Children Living With HIV in Canada. Pediatr. Infect. Dis. ]. 2025,
44,764-771. [CrossRef]

Boppana, S.B.; Fowler, K.B.; Pass, R.F,; Rivera, L.B.; Bradford, R.D.; Lakeman, FD.; Britt, W.J. Congenital cytomegalovirus
infection: Association between virus burden in infancy and hearing loss. J. Pediatr. 2005, 146, 817-823. [CrossRef]

Kapetanovic, S.; Aaron, L.; Montepiedra, G.; Burchett, S.K.; Kovacs, A. T-cell activation and neurodevelopmental outcomes in
perinatally HIV-infected children. AIDS 2012, 26, 959-969. [CrossRef]

Manicklal, S.; Emery, V.C.; Lazzarotto, T.; Boppana, S.B.; Gupta, R.K. The silent” global burden of congenital cytomegalovirus.
Clin. Microbiol. Rev. 2013, 26, 86—-102. [CrossRef]

Ross, S.A.; Novak, Z.; Fowler, K.B.; Arora, N.; Britt, W.J.; Boppana, S.B. Cytomegalovirus Blood Viral Load and Hearing Loss in
Young Children With Congenital Infection. Pediatr. Infect. Dis. . 2009, 28, 588. [CrossRef]

Gompels, U.A,; Larke, N.; Sanz-Ramos, M.; Bates, M.; Musonda, K.; Manno, D.; Siame, J.; Monze, M.; Filteau, S.; CIGNIS Study
Group. Human cytomegalovirus infant infection adversely affects growth and development in maternally HIV-exposed and
unexposed infants in Zambia. Clin. Infect. Dis. 2012, 54, 434—442. [CrossRef] [PubMed]

Meyer, S.A.; Westreich, D.J.; Patel, E.; Ehlinger, E.P,; Kalilani, L.; Lovingood, R.V.; Denny, T.N.; Swamy, G.K.; Permar, S.R. Postnatal
Cytomegalovirus Exposure in Infants of Antiretroviral-Treated and Untreated HIV-Infected Mothers. Infect. Dis. Obs. Gynecol.
2014, 2014, 989721. [CrossRef]

Pavlinac, P.B; Singa, B.; Huang, M.; Shrestha, L.; Li, V.; Atlas, H.E.; Diakhate, M.M.; Brander, R.; Meshak, L.; Bogonko, G.; et al.
Cytomegalovirus Viremia Predicts Postdischarge Mortality in Kenyan HIV-Exposed Uninfected Children. J. Infect. Dis. 2022, 226,
1519-1527. [CrossRef]

Payne, H.; Chan, M.K.; Watters, S.A.; Otwombe, K.; Hsiao, N.Y.; Babiker, A.; Violari, A.; Cotton, M.E; Gibb, D.M.; Klein, N.J. Early
ART-initiation and longer ART duration reduces HIV-1 proviral DNA levels in children from the CHER trial. AIDS Res. Ther.
2021, 18, 63. [CrossRef]

McKeating, ].A.; Griffiths, P.D.; Weiss, R.A. HIV susceptibility conferred to human fibroblasts by cytomegalovirus-induced Fc
receptor. Nature 1990, 343, 659-661. [CrossRef]

Pleskoff, O.; Tréboute, C.; Brelot, A.; Heveker, N.; Seman, M.; Alizon, M. Identification of a chemokine receptor encoded by
human cytomegalovirus as a cofactor for HIV-1 entry. Science 1997, 276, 1874-1878. [CrossRef]

Johnson, E.L.; Howard, C.L.; Thurman, J.; Pontiff, K.; Johnson, E.S.; Chakraborty, R. Cytomegalovirus Upregulates Expression of
CCR5 in Central Memory Cord Blood Mononuclear Cells, Which May Facilitate In Utero HIV Type 1 Transmission. J. Infect. Dis.
2015, 211, 187-196. [CrossRef] [PubMed]

Sufiawati, I.; Herrera, R.; Mayer, W.; Cai, X.; Borkakoti, J.; Lin, V.; Rosbe, K.; Tugizov, S.M. Human Immunodeficiency Virus (HIV)
and Human Cytomegalovirus (HCMV) Coinfection of Infant Tonsil Epithelium May Synergistically Promote both HIV-1 and
HCMV Spread and Infection. J. Virol. 2021, 95, 10-1128. [CrossRef] [PubMed]

Obeagu, E.I Influence of cytokines on the recovery trajectory of HIV patients on antiretroviral therapy: A review. Medicine 2025,
104, e41222. [CrossRef]

Xia, H.; Song, J.; Hu, Y.; Li, L.; Gao, L.; Ma, P. Plasma IL-6 level predict the risk of in-hospital mortality in HIV-associated
pneumocystis pneumonia. BMC Infect. Dis. 2025, 25, 1823. [CrossRef]

Saylor, D.; Kumar, A.; Nakigozi, G.; Anok, A.; Batte, J.; Kisakye, A.; Mayanja, R.; Nakasujja, N.; Robertson, K.R.; Gray, R.H.;
et al. Interleukin-6 is associated with mortality and neuropsychiatric outcomes in antiretroviral-naive adults in Rakai, Uganda.
J. Neurovirol. 2019, 25, 735-740. [CrossRef] [PubMed]

Sandler, N.G.; Wand, H.; Roque, A.; Law, M.; Nason, M.C.; Nixon, D.E.; Pedersen, C.; Ruxrungtham, K.; Lewin, S.R.; Emery, S.;
et al. Plasma levels of soluble CD14 independently predict mortality in HIV infection. J. Infect. Dis. 2011, 203, 780-790. [CrossRef]
Tenorio, A.R; Zheng, Y,; Bosch, R.J.; Krishnan, S.; Rodriguez, B.; Hunt, PW.,; Plants, J.; Seth, A.; Wilson, C.C.; Deeks, S.G.; et al.
Soluble markers of inflammation and coagulation but not T-cell activation predict non-AIDS-defining morbid events during
suppressive antiretroviral treatment. J. Infect. Dis. 2014, 210, 1248-1259. [CrossRef]

Kuller, L.H.; Tracy, R.; Belloso, W.; Wit, S.D.; Drummond, E; Lane, H.C.; Ledergerber, B.; Lundgren, J.; Neuhaus, J.; Nixon, D.;
et al. Inflammatory and coagulation biomarkers and mortality in patients with HIV infection. PLoS Med. 2008, 5, 1496-1508.
[CrossRef] [PubMed]

Loépez, E.; Sainz, T.; Dirajlal-Fargo, S.; Jao, J.; Pinto, J.; Buchanan, A.M.; McKenna, M.; Milinkovic, A.; Puga, A. Cardiometabolic
Health Burden in Pediatric HIV: Unmet Need in the Contemporary Antiretroviral Therapy Era. Cureus 2025, 17, €85329. [CrossRef]
Gugliesi, F; Pasquero, S.; Griffante, G.; Scutera, S.; Albano, C.; Pacheco, S.F.C.; Riva, G.; Dell'Oste, V.; Biolatti, M. Human
Cytomegalovirus and Autoimmune Diseases: Where Are We? Viruses 2021, 13, 260. [CrossRef]

https://doi.org/10.3390/children13020236


https://doi.org/10.1093/cid/ciab604
https://www.ncbi.nlm.nih.gov/pubmed/34214163
https://doi.org/10.1097/INF.0000000000004811
https://doi.org/10.1016/j.jpeds.2005.01.059
https://doi.org/10.1097/QAD.0b013e328352cee7
https://doi.org/10.1128/CMR.00062-12
https://doi.org/10.1097/INF.0b013e3181979a27
https://doi.org/10.1093/cid/cir837
https://www.ncbi.nlm.nih.gov/pubmed/22247303
https://doi.org/10.1155/2014/989721
https://doi.org/10.1093/infdis/jiac047
https://doi.org/10.1186/s12981-021-00389-1
https://doi.org/10.1038/343659a0
https://doi.org/10.1126/science.276.5320.1874
https://doi.org/10.1093/infdis/jiu424
https://www.ncbi.nlm.nih.gov/pubmed/25081935
https://doi.org/10.1128/JVI.00921-21
https://www.ncbi.nlm.nih.gov/pubmed/34232730
https://doi.org/10.1097/MD.0000000000041222
https://doi.org/10.1186/s12879-025-12188-4
https://doi.org/10.1007/s13365-019-00759-6
https://www.ncbi.nlm.nih.gov/pubmed/31165368
https://doi.org/10.1093/infdis/jiq118
https://doi.org/10.1093/infdis/jiu254
https://doi.org/10.1371/journal.pmed.0050203
https://www.ncbi.nlm.nih.gov/pubmed/18942885
https://doi.org/10.7759/cureus.85329
https://doi.org/10.3390/v13020260
https://doi.org/10.3390/children13020236

Children 2026, 13, 236 18 of 20

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Dell’Oste, V.; Biolatti, M.; Galitska, G.; Griffante, G.; Gugliesi, F.; Pasquero, S.; Zingoni, A.; Cerboni, C.; Andrea, M.D. Tuning the
Orchestra: HCMV vs. Innate Immunity. Front. Microbiol. 2020, 11, 507386. [CrossRef]

Olsson, J.; Wikby, A.; Johansson, B.; Lofgren, S.; Nilsson, B.O.; Ferguson, F.G. Age-related change in peripheral blood T-lymphocyte
subpopulations and cytomegalovirus infection in the very old: The Swedish longitudinal OCTO immune study. Mech. Ageing
Dev. 2001, 121, 187-201. [CrossRef]

Wikby, A.; Johansson, B.; Olsson, ].; Lofgren, S.; Nilsson, B.O.; 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, 445-453. [CrossRef]

Coppé, ].P.; Desprez, PY.; Krtolica, A.; Campisi, ]. The senescence-associated secretory phenotype: The dark side of tumor
suppression. Annu. Rev. Pathol. 2010, 5, 99-118. [CrossRef]

Gorgoulis, V.; Adams, P.D.; Alimonti, A.; Bennett, D.C.; Bischof, O.; Bishop, C.; Campisi, J.; Collado, M.; Evangelou, K.; Ferbeyre,
G.; et al. Cellular Senescence: Defining a Path Forward. Cell 2019, 179, 813-827. [CrossRef] [PubMed]

Kevin Howcroft, T.; Campisi, J.; Louis, G.B.; Smith, M.T.; Wise, B.; Wyss-Coray, T.; Augustine, A.D.; McElhaney, ].E.; Kohanski, R.;
Sierra, F. The role of inflammation in age-related disease. Aging 2013, 5, 84-93. [CrossRef] [PubMed]

Hewitt, G.; Jurk, D.; Marques, F.; Correia-Melo, C.; Hardy, T.; Gackowska, A.; Anderson, R.; Taschuk, M.; Mann, J.; Passos, J.F.
Telomeres are favoured targets of a persistent DNA damage response in ageing and stress-induced senescence. Nat. Commun.
2012, 3, 708. [CrossRef]

Levy, M.Z.; Allsopp, R.C.; Futcher, A.B.; Greider, C.W.; Harley, C.B. Telomere end-replication problem and cell aging. . Mol. Biol.
1992, 225, 951-960. [CrossRef] [PubMed]

Wright, W.E.; Piatyszek, M.A.; Rainey, W.E.; Byrd, W.; Shay, ].W. Telomerase activity in human germline and embryonic tissues
and cells. Dev. Genet. 1996, 18, 173-179. [CrossRef]

Rodier, E,; Coppé, ].P; Patil, C.K.; Hoeijmakers, W.A.M.; Muiioz, D.P;; Raza, S.R.; Freund, A.; Campeau, E.; Davalos, A.R.; Campisi,
J. Persistent DNA damage signalling triggers senescence-associated inflammatory cytokine secretion. Nat. Cell Biol. 2009, 11,
973-979. [CrossRef]

Zhang, J.; Rane, G; Dai, X.; Shanmugam, M.K.; Arfuso, F,; Samy, R.P; Lai, M.K.P,; Kappei, D.; Kumar, A.P; Sethi, G. Ageing and
the telomere connection: An intimate relationship with inflammation. Ageing Res. Rev. 2016, 25, 55-69. [CrossRef]

Wang, B.; Han, |.; Elisseeff, ].H.; Demaria, M. The senescence-associated secretory phenotype and its physiological and pathologi-
cal implications. Nat. Rev. Mol. Cell Biol. 2024, 25, 958-978. [CrossRef]

Yu, PJ.; Zhou, M,; Liu, Y.; Du, J. Senescent T Cells in Age-Related Diseases. Aging Dis. 2025, 16, 321-344. [CrossRef]

Yang, Y.; An, J.; Weng, N. Telomerase Is Involved in IL-7-Mediated Differential Survival of Naive and Memory CD4+ T Cells.
J. Immunol. 2008, 180, 3775. [CrossRef]

Hiyama, K.; Hirai, Y.; Kyoizumi, S.; Akiyama, M.; Hiyama, E.; Piatyszek, M.A.; Shay, ].W.; Ishioka, S.; Yamakido, M. Activation of
telomerase in human lymphocytes and hematopoietic progenitor cells. J. Immunol. 1995, 155, 3711-3715. [CrossRef] [PubMed]
Reed, J.R.; Vukmanovic-Stejic, M.; Fletcher, ] M.; Soares, M.V.; Cook, J.E.; Orteu, C.H.; Jackson, S.E.; Birch, K.E.; Foster, G.R,;
Salmon, M; et al. Telomere erosion in memory T cells induced by telomerase inhibition at the site of antigenic challenge in vivo.
J. Exp. Med. 2004, 199, 1433-1443. [CrossRef]

Plunkett, EJ.; Franzese, O.; Finney, H.M.; Fletcher, ].M.; Belaramani, L.L.; Salmon, M.; Dokal, I.; Webster, D.; Lawson, A.D.G.;
Akbar, A.N. The loss of telomerase activity in highly differentiated CD8+CD28-CD27- Tcells is associated with decreased Akt
(Ser473) phosphorylation. J. Immunol. 2007, 178, 7710-7719. [CrossRef]

Larbi, A.; Fulop, T. From ‘truly naive’ to ‘exhausted senescent’ T cells: When markers predict functionality. Cytom. A 2014, 85,
25-35. [CrossRef]

Diaz, L.; Méndez-Lagares, G.; Correa-Rocha, R.; Pacheco, Y.M.; Ferrando-Martinez, S.; Ruiz-Mateos, E.; Pozo-Balado, M.; Leén,
J.A.; Gurbindo, M.D.; José, ML.I; et al. Detectable viral load aggravates immunosenescence features of CD8 T-cell subsets in
vertically HIV-infected children. J. Acquir. Immune Defic. Syndr. 2012, 60, 447-454. [CrossRef]

Sallusto, F.; Geginat, J.; Lanzavecchia, A. Central memory and effector memory T cell subsets: Function, generation, and
maintenance. Annu. Rev. Immunol. 2004, 22, 745-763. [CrossRef]

Brenchley, ].M.; Karandikar, N.J.; Betts, M.R.; Ambrozak, D.R.; Hill, B.J.; Crotty, L.E.; Casazza, ].P.; Kuruppu, J.; Migueles, S.A;
Connors, M.; et al. Expression of CD57 defines replicative senescence and antigen-induced apoptotic death of CD8+ T cells. Blood
2003, 101, 2711-2720. [CrossRef]

Prendergast, A.J.; Klenerman, P.; Goulder, PJ.R. The impact of differential antiviral immunity in children and adults. Nat. Rev.
Immunol. 2012, 12, 636—648. [CrossRef]

Seers, T.; Vassallo, P,; Pollock, K.; Thornhill, J.P; Fidler, S.; Foster, C. CD4:CD8 ratio in children with perinatally acquired HIV-1
infection. HIV Med. 2018, 19, 668-672. [CrossRef] [PubMed]

https://doi.org/10.3390/children13020236


https://doi.org/10.3389/fmicb.2020.00661
https://doi.org/10.1016/S0047-6374(00)00210-4
https://doi.org/10.1016/S0531-5565(01)00212-1
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1016/j.cell.2019.10.005
https://www.ncbi.nlm.nih.gov/pubmed/31675495
https://doi.org/10.18632/aging.100531
https://www.ncbi.nlm.nih.gov/pubmed/23474627
https://doi.org/10.1038/ncomms1708
https://doi.org/10.1016/0022-2836(92)90096-3
https://www.ncbi.nlm.nih.gov/pubmed/1613801
https://doi.org/10.1002/(SICI)1520-6408(1996)18:2%3C173::AID-DVG10%3E3.0.CO;2-3
https://doi.org/10.1038/ncb1909
https://doi.org/10.1016/j.arr.2015.11.006
https://doi.org/10.1038/s41580-024-00727-x
https://doi.org/10.14336/AD.2024.0219
https://doi.org/10.4049/jimmunol.180.6.3775
https://doi.org/10.4049/jimmunol.155.8.3711
https://www.ncbi.nlm.nih.gov/pubmed/7561072
https://doi.org/10.1084/jem.20040178
https://doi.org/10.4049/jimmunol.178.12.7710
https://doi.org/10.1002/cyto.a.22351
https://doi.org/10.1097/QAI.0b013e318259254f
https://doi.org/10.1146/annurev.immunol.22.012703.104702
https://doi.org/10.1182/blood-2002-07-2103
https://doi.org/10.1038/nri3277
https://doi.org/10.1111/hiv.12642
https://www.ncbi.nlm.nih.gov/pubmed/30084150
https://doi.org/10.3390/children13020236

Children 2026, 13, 236 19 of 20

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.

105.

106.

107.

108.

Mussini, C.; Lorenzini, P.; Cozzi-Lepri, A.; Lapadula, G.; Marchetti, G.; Nicastri, E.; Cingolani, A.; Lichtner, M.; Antinori, A.; Gori,
A.; et al. CD4/CD8 ratio normalisation and non-AIDS-related events in individuals with HIV who achieve viral load suppression
with antiretroviral therapy: An observational cohort study. Lancet HIV 2015, 2, €98-e106. [CrossRef]

Ballon, G.; Ometto, L.; Righetti, E.; Cattelan, A.M.; Masiero, S.; Zanchetta, M.; Chieco-Bianchi, L.; Rossi, D. Human immunodefi-
ciency virus type 1 modulates telomerase activity in peripheral blood lymphocytes. J. Infect. Dis. 2001, 183, 417-424. [CrossRef]
[PubMed]

McCloskey, T.W.; Kohn, N.; Lesser, M.; Bakshi, S.; Pahwa, S. Immunophenotypic analysis of HIV-infected children: Alterations
within the first year of life, changes with disease progression, and longitudinal analyses of lymphocyte subsets. Commun. Clin.
Cytom. 2001, 46, 157-165. [CrossRef] [PubMed]

Rabin, R.L.; Roederer, M.; Maldonado, Y.; Petru, A.; Herzenberg, L.A.; Herzenberg, L.A. Altered representation of naive and
memory CD8 T cell subsets in HIV-infected children. J. Clin. Investig. 1995, 95, 2054. [CrossRef] [PubMed]

Resino, S.; Correa, R.; Bellén, ].M.; Mufioz-Fernandez, M.A. Preserved immune system in long-term asymptomatic vertically
HIV-1 infected children. Clin. Exp. Immunol. 2003, 132, 105. [CrossRef] [PubMed]

Jordan, K.A,; Furlan, S.N.; Gonzalez, V.D.; Karlsson, A.C.; Quigley, M.E; Deeks, S.G.; Rosenberg, M.G.; Nixon, D.F,; Sandberg, ] K.
CD8 T cell effector maturation in HIV-1-infected children. Virology 2006, 347, 117-126. [CrossRef] [PubMed]

Ahlers, ].D.; Belyakov, LM. Memories that last forever: Strategies for optimizing vaccine T-cell memory. Blood 2009, 115, 1678.
[CrossRef]

Mansoor, N.; Abel, B.; Scriba, T.J.; Hughes, J.; de Kock, M.; Tameris, M.; Mlenjeni, S.; Denation, L.; Little, F.; Gelderbloem, S.; et al.
Significantly skewed memory CD8+ T cell subsets in HIV-1 infected infants during the first year of life. Clin. Immunol. 2009, 130,
280-289. [CrossRef]

Foldi, J.; Kozhaya, L.; McCarty, B.; Mwamzuka, M.; Marshed, E; llmet, T.; Kilberg, M.; Kravietz, A.; Ahmed, A.; Borkowsky, W.;
et al. HIV-Infected Children Have Elevated Levels of PD-1+ Memory CD4 T Cells With Low Proliferative Capacity and High
Inflammatory Cytokine Effector Functions. J. Infect. Dis. 2017, 216, 641-650. [CrossRef]

Sperk, M.; van Domselaar, R.; Neogi, U. Inmune Checkpoints as the Inmune System Regulators and Potential Biomarkers in
HIV-1 Infection. Int. J. Mol. Sci. 2018, 19, 2000. [CrossRef]

Gianesin, K.; Noguera-Julian, A.; Zanchetta, M.; Bianco, P.D.; Petrara, M.R.; Freguja, R.; Rampon, O.; Fortuny, C.; Camés, M.;
Mozzo, E.; et al. Premature aging and immune senescence in HIV-infected children. AIDS 2016, 30, 1363-1373. [CrossRef]
Cagigi, A.; Rinaldi, S.; Martino, A.D.; Manno, E.C.; Zangari, P.; Aquilani, A.; Cotugno, A.; Nicolosi, L.; Villani, A.; Bernardi, A.;
et al. Premature immune senescence during HIV-1 vertical infection relates with response to influenza vaccination. J. Allergy Clin.
Immunol. 2025, 133, 592-594. [CrossRef]

Rinaldi, S.; Pallikkuth, S.; George, V.K.; Armas, L.R.; Pahwa, R.; Sanchez, C.M.; Pallin, M.E; Pan, L.; Cotugno, N.; Dickinson,
G.; et al. Paradoxical aging in HIV: Immune senescence of B Cells is most prominent in young age. Aging 2017, 9, 1307-1325.
[CrossRef]

Moir, S.; Fauci, A.S. B-cell responses to HIV infection. Immunol. Rev. 2017, 275, 33-48. [CrossRef] [PubMed]

Cotugno, N.; Armas, L.D; Pallikkuth, S.; Rinaldi, S.; Issac, B.; Cagigi, A.; Rossi, P.; Palma, P.; Pahwa, S. Perturbation of B cell gene
expression persists in HIV-infected children despite effective antiretroviral therapy and predicts HIN1 response. Front. Immunol.
2017, 8, 273301. [CrossRef]

Sylwester, A.W.; Mitchell, B.L.; Edgar, ].B.; Taormina, C.; Pelte, C.; Ruchti, F;; Sleath, P.R.; Grabstein, K.H.; Hosken, N.A.; Kern, E;
et al. Broadly targeted human cytomegalovirus-specific CD4+ and CD8+ T cells dominate the memory compartments of exposed
subjects. J. Exp. Med. 2005, 202, 673-685. [CrossRef]

Pourgheysari, B.; Bruton, R.; Parry, H.; Billingham, L.; Fegan, C.; Murray, J.; Moss, P. The number of cytomegalovirus-specific
CD4+ T cells is markedly expanded in patients with B-cell chronic lymphocytic leukemia and determines the total CD4+ T-cell
repertoire. Blood 2010, 116, 2968-2974. [CrossRef]

Pourgheysari, B.; Khan, N.; Best, D.; Bruton, R.; Nayak, L.; Moss, P.A.H. The cytomegalovirus-specific CD4+ T-cell response
expands with age and markedly alters the CD4+ T-cell repertoire. J. Virol. 2007, 81, 7759-7765. [CrossRef]

Hoji, A.; Popescu, 1.D.; Pipeling, M.R.; Shah, P.D.; Winters, S.A.; McDyer, ]J.F. Early KLRG1+ but Not CD57+CD8+ T Cells in
Primary Cytomegalovirus Infection Predict Effector Function and Viral Control. J. Immunol. 2019, 203, 2063-2075. [CrossRef]
Sottile, R.; Panjwani, M.K,; Lau, C.M.; Daniyan, A.F.; Tanaka, K.; Barker, ].N.; Brentjens, R.J.; Sun, ].C.; Luduec, ].B.; Hsu, K.C.
Human cytomegalovirus expands a CD8+ T cell population with loss of BCL11B expression and gain of NK cell identity. Sci.
Immunol. 2021, 6, eabe6968. [CrossRef]

van den Berg, S.P.H.; Pardieck, LN.; Lanfermeijer, J.; Sauce, D.; Klenerman, P; Baarle, D.; Arens, R. The hallmarks of CMV-specific
CD8 T-cell differentiation. Med. Microbiol. Immunol. 2019, 208, 365-373. [CrossRef] [PubMed]

Chiu, Y.L.; Lin, CH.; Sung, B.Y,; Chuang, Y.F; Schneck, J.P.; Kern, F.; Pawelec, G.; Wang, G.C. Cytotoxic polyfunctionality
maturation of cytomegalovirus-pp65-specific CD4 + and CD8 + T-cell responses in older adults positively correlates with response
size. Sci. Rep. 2016, 6, 19227. [CrossRef] [PubMed]

https://doi.org/10.3390/children13020236


https://doi.org/10.1016/S2352-3018(15)00006-5
https://doi.org/10.1086/318072
https://www.ncbi.nlm.nih.gov/pubmed/11133373
https://doi.org/10.1002/cyto.1100
https://www.ncbi.nlm.nih.gov/pubmed/11449406
https://doi.org/10.1172/JCI117891
https://www.ncbi.nlm.nih.gov/pubmed/7738172
https://doi.org/10.1046/j.1365-2249.2003.02116.x
https://www.ncbi.nlm.nih.gov/pubmed/12653844
https://doi.org/10.1016/j.virol.2005.12.002
https://www.ncbi.nlm.nih.gov/pubmed/16406047
https://doi.org/10.1182/blood-2009-06-227546
https://doi.org/10.1016/j.clim.2008.09.006
https://doi.org/10.1093/infdis/jix341
https://doi.org/10.3390/ijms19072000
https://doi.org/10.1097/QAD.0000000000001093
https://doi.org/10.1016/j.jaci.2013.10.003
https://doi.org/10.18632/aging.101229
https://doi.org/10.1111/imr.12502
https://www.ncbi.nlm.nih.gov/pubmed/28133792
https://doi.org/10.3389/fimmu.2017.01083
https://doi.org/10.1084/jem.20050882
https://doi.org/10.1182/blood-2009-12-257147
https://doi.org/10.1128/JVI.01262-06
https://doi.org/10.4049/jimmunol.1900399
https://doi.org/10.1126/sciimmunol.abe6968
https://doi.org/10.1007/s00430-019-00608-7
https://www.ncbi.nlm.nih.gov/pubmed/30989333
https://doi.org/10.1038/srep19227
https://www.ncbi.nlm.nih.gov/pubmed/26778409
https://doi.org/10.3390/children13020236

Children 2026, 13, 236 20 of 20

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Pera, A.; Campos, C.; Corona, A.; Sanchez-Correa, B.; Tarazona, R.; Larbi, A.; Solana, R. CMV Latent Infection Improves CD8+ T
Response to SEB Due to Expansion of Polyfunctional CD57+ Cells in Young Individuals. PLoS ONE 2014, 9, e88538. [CrossRef]
Pera, A.; Vasudev, A.; Tan, C.; Kared, H.; Solana, R.; Larbi, A. CMV induces expansion of highly polyfunctional CD4+ T cell
subset coexpressing CD57 and CD154. |. Leukoc. Biol. 2017, 101, 555-566. [CrossRef] [PubMed]

Miles, D.J.C.; Sande, M.; Jeffries, D.; Kaye, S.; Ismaili, J.; Ojuola, O.; Sanneh, M.; Touray, E.S.; Waight, P.; Rowland-Jones, S.;
et al. Cytomegalovirus infection in Gambian infants leads to profound CD8 T-cell differentiation. J. Virol. 2007, 81, 5766-5776.
[CrossRef]

Van Den Heuvel, D.; Jansen, M.; Dik, W.A.; Bouallouch-Charif, H.; Zhao, D.; Kester, K.; Nijenhuis, M.; Couwenberg, M.; Jaddoe,
V.; Arens, R; et al. Cytomegalovirus- and Epstein-Barr Virus-Induced T-Cell Expansions in Young Children Do Not Impair Naive
T-cell Populations or Vaccination Responses: The Generation R Study. J. Infect. Dis. 2016, 213, 233-242. [CrossRef] [PubMed]
Noyola, D.E.; Fortuny, C.; Muntasell, A.; Noguera-Julian, A.; Mufioz-Almagro, C.; Alarcén, A.; Juncosa, T.; Moraru, M.; Vilches,
C.; Lépez-Botet, M. Influence of congenital human cytomegalovirus infection and the NKG2C genotype on NK-cell subset
distribution in children. Eur. J. Immunol. 2012, 42, 3256-3266. [CrossRef] [PubMed]

Ekman, I.; Schroderus, A.M.; Vuorinen, T.; Knip, M.; Veijola, R.; Toppari, J.; llonen, ].; Lempainen, J.; Kinnunen, T. The effect of
early life cytomegalovirus infection on the immune profile of children. Clin. Immunol. 2024, 266, 110330. [CrossRef]

Raviola, S.; Griffante, G.; lannucci, A.; Chandel, S.; Cigno, I.L.; Lacarbonara, D.; Caneparo, V.; Pasquero, S.; Favero, F; Cora, D.;
et al. Human cytomegalovirus infection triggers a paracrine senescence loop in renal epithelial cells. Commun. Biol. 2024, 7, 292.
[CrossRef]

Ballegaard, V.; Pedersen, K.K.; Braendstrup, P.; Kirkby, N.; Stryhn, A.; Ryder, L.P.; Gerstoft, J.; Nielsen, S.D. Cytomegalovirus-
specific CD8+ T-cell responses are associated with arterial blood pressure in people living with HIV. PLoS ONE 2020, 15, e0226182.
[CrossRef]

Heath, ].J.; Fudge, N.J.; Gallant, M.E.; Grant, M.D. Proximity of Cytomegalovirus-Specific CD8+ T Cells to Replicative Senescence
in Human Immunodeficiency Virus-Infected Individuals. Front. Immunol. 2018, 9, 201. [CrossRef]

Zanet, D.A.L.; Thorne, A.; Singer, J.; Maan, E.J.; Sattha, B.; Campion, A.L.; Soudeyns, H.; Pick, N.; Murray, M.; Money, D.M.; et al.
Association between short leukocyte telomere length and HIV infection in a cohort study: No evidence of a relationship with
antiretroviral therapy. Clin. Infect. Dis. 2014, 58, 1322-1332. [CrossRef] [PubMed]

Della Chiesa, M.; Falco, M.; Muccio, L.; Bertaina, A.; Locatelli, F.; Moretta, A. Impact of HCMV Infection on NK Cell Development
and Function after HSCT. Front. Immunol. 2013, 4, 458. [CrossRef]

Barrett, L.; Stapleton, S.N.; Fudge, N.J.; Grant, M.D. Immune resilience in HIV-infected individuals seronegative for cy-
tomegalovirus. AIDS 2014, 28, 2045-2049. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/children13020236


https://doi.org/10.1371/journal.pone.0088538
https://doi.org/10.1189/jlb.4A0316-112R
https://www.ncbi.nlm.nih.gov/pubmed/27566833
https://doi.org/10.1128/JVI.00052-07
https://doi.org/10.1093/infdis/jiv369
https://www.ncbi.nlm.nih.gov/pubmed/26142434
https://doi.org/10.1002/eji.201242752
https://www.ncbi.nlm.nih.gov/pubmed/22965785
https://doi.org/10.1016/j.clim.2024.110330
https://doi.org/10.1038/s42003-024-05957-5
https://doi.org/10.1371/journal.pone.0226182
https://doi.org/10.3389/fimmu.2018.00201
https://doi.org/10.1093/cid/ciu051
https://www.ncbi.nlm.nih.gov/pubmed/24457340
https://doi.org/10.3389/fimmu.2013.00458
https://doi.org/10.1097/QAD.0000000000000405
https://doi.org/10.3390/children13020236

	Introduction 
	Classification, Frequency, and Impacts of HCMV–HIV Coinfection 
	Frequency of cCMV Infection on HIV Exposure 
	Frequency of cCMV Infection on HIV Exposure in the Era of ART 
	Frequency of HIV Exposure on Postnatal HCMV Acquisition 
	Impact of HCMV Infection on HIV Mother-to-Child Transmission 

	Morbidity and Mortality in HCMV–HIV Co-Infected Infants 
	HCMV-Related Morbidity in Adults Living with HIV 
	HCMV Coinfection and Outcomes in Children Living with HIV 
	HCMV Infection and Outcomes in HIV-Exposed Uninfected Children 

	Cooperative Mechanisms of HCMV and HIV in Pathogenesis 
	Cellular Senescence, Immunosenescence, and Aging in HIV and HCMV Infections 
	Cellular Senescence and Immunosenescence 
	HIV and Immunosenescence 
	HCMV and Immunosenescence 
	HCMV–HIV Coinfection and “Premature” Aging 

	Conclusions 
	References

