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Abstract: Aging induces numerous physiological alterations, with immunosenescence emerging as a
pivotal factor. This phenomenon has attracted both researchers and clinicians, prompting profound
questions about its implications for health and disease. Among the contributing factors, one intriguing
actor in this complex interplay is human cytomegalovirus (CMV), a member of the herpesvirus
family. Latent CMV infection exerts a profound influence on the aging immune system, potentially
contributing to age-related diseases. This review delves into the intricate relationship between
immunosenescence and CMYV, revealing how chronic viral infection impacts the aging immune
landscape. We explore the mechanisms through which CMV can impact both the composition and
functionality of immune cell populations and induce shifts in inflammatory profiles with aging.
Moreover, we examine the potential role of CMV in pathologies such as cardiovascular diseases,
cancer, neurodegenerative disorders, COVID-19, and Long COVID. This review underlines the
importance of understanding the complex interplay between immunosenescence and CMV. It offers
insights into the pathophysiology of aging and age-associated diseases, as well as COVID-19 outcomes
among the elderly. By unraveling the connections between immunosenescence and CMV, we gain a
deeper understanding of aging’s remarkable journey and the profound role that viral infections play
in transforming the human immune system.
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1. Introduction

Aging is an inevitable part of the human experience, a journey marked by the passage of
time that brings with it profound changes across various aspects of life. Among the myriad of
alterations that accompany the process of growing older, the impact on the immune system
stands out as a particularly significant and multifaceted phenomenon [1-3]. Immunose-
nescence, the gradual and complex shift in immune function associated with aging [1,4-7],
has emerged as a critical area of scientific investigation, raising crucial questions about its
implications for health, disease, and longevity.

The immune system, a remarkable defense network of tissues, cells, and molecules,
plays a crucial role in protecting the body from pathogens, such as bacteria, viruses, and
other potential threats. Throughout life, it adapts to new challenges, learns to recognize
invaders, and forms immunological memories. However, as individuals navigate the
journey of aging, this once-vigilant guardian undergoes a transformation [1,8], rendering
the host more vulnerable to infections, impairing its ability to respond effectively to novel
threats [6,9], and exacerbating the risk of various age-associated diseases, including cancer,
cardiovascular conditions, and neurodegenerative disorders.

A remarkable feature of immunosenescence is its dynamic interplay with cytomegalovirus,
a ubiquitous human pathogen [10-12]. CMV, a member of the herpesvirus family, has the
remarkable capacity to establish lifelong persistence in the human host, often remaining asymp-
tomatic. Although this virus coexists with the host for decades, its presence has been linked
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to profound changes in the immune landscape. Over the years, researchers have worked to
investigate the role of CMV in shaping immune responses and raising questions about the
virus’s contributions to both the aging process and age-related diseases [13-18]. This review
aims to provide an overview of the evidence, shedding light on the multifaceted relationship
between CMV and immunosenescence. We will explore the impact of CMV on immune cell
populations, the potential mechanisms of viral persistence, and the role of chronic infection in
the development of age-associated pathologies.

The COVID-19 pandemic, caused by the novel coronavirus SARS-CoV-2, has pre-
sented an unprecedented global health crisis. Within the spectrum of those affected, the
elderly have emerged as a particularly vulnerable population, facing increased risks of
severe disease and mortality [19-21]. However, the vulnerability of older individuals to
COVID-19 appears to not solely be attributed to age-related factors. Emerging research
has underscored the significance of underlying immune conditions, and among them,
CMV infection has gained particular attention [10,15,22-24]. The consequences of CMV
infection in older adults may be extended beyond its impact on the immune system. Some
findings suggest that CMV, with its intricate immunological modulatory effects, may exert
a significant influence on the course of COVID-19 in older individuals [10,15,23]. In light
of this evolving scientific landscape, our review article intends to uncover the possible
relationship between CMV-seropositivity and COVID-19 outcomes in aged populations. It
aims to delve into the complex connections between CMYV infection, immunosenescence,
and the pathophysiology of COVID-19. By placing a primary focus on immunosenescence
and CMY, this review intends to elucidate the multifaceted nature of this viral interaction
and its implications for the health and well-being of older adults.

In the sections that follow, we will navigate through the hallmarks of immunosenes-
cence, uncover the complexities of CMV, and consider the implications of their interactions.
We will consider mechanistic insights, potential pathophysiological mechanisms, and the
consequences that collectively contribute to a deeper understanding of the interplay be-
tween CMV infection and COVID-19 in the elderly. Together, we aim to gain a deeper
understanding of how this persistent viral presence shapes the aging immune system, with
far-reaching consequences for health and disease in the elderly.

2. Unraveling Immunosenescence: Key Concepts and Hallmarks

Aging is a multifaceted process involving the gradual remodeling of various phys-
iological systems, and the immune system is no exception to these age-related alter-
ations [1,4,19,25-27]. This phenomenon, termed immunosenescence, is a prominent feature
of aging characterized by the progressive changes in immune function, impacting both
innate and adaptive immune responses [28]. The key concepts and hallmarks briefly out-
lined below represent a selection of central elements (Figure 1) contributing to the complex
phenomenon of immunosenescence:

Age-related changes in bone marrow: Aging leads to changes in the bone marrow [26,29,30], a
vital component of the immune system. These changes include alterations in hematopoiesis,
the process of blood cell formation. The bone marrow produces fewer immune precursor
cells, impacting the generation of various immune cells, such as lymphocytes and mono-
cytes. This bone marrow shift further contributes to the overall decline in immune function
associated with immunosenescence [31]. Understanding these age-related changes in the
bone marrow is integral to comprehending the broader concept of immunosenescence.

Thymus involution: Another key concept is thymus involution, characterized by the
gradual degeneration of the thymus, a primary lymphoid organ central to T-cell develop-
ment (Figure 1). This process initiates early in life but becomes more pronounced with
aging, leading to a significant decline in thymic function [3,7,32-34]. This results in a dimin-
ished output of new T cells and a skewed T-cell repertoire. The effects of age-related thymic
involution are profound, as it directly affects the diversity and functionality of the immune
system [32]. The decreased production of naive T cells compromises the ability to respond
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effectively to new pathogens and antigens, contributing to an increased susceptibility to
infections and a decline in immune surveillance against tumor cells.
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Figure 1. Key concepts and hallmarks of immunosenescence.

Accumulation of memory cells: An important hallmark feature of immunosenescence is the
accumulation of memory T cells and B cells within the aging immune system [5,7,9,11,29,34-36].
These memory cells, formed in response to previous encounters with pathogens, are crucial
for mounting rapid and effective immune responses upon re-exposure. However, with
advancing age, there is a notable shift in the composition of the immune cell repertoire.
The proportion of memory T cells increases, often at the expense of naive cells, altering
the balance within the immune system. Despite an initial increase in memory cells during
early life, these cells also undergo senescent changes later in life, with hallmarks such
as the loss of CD28 and the accumulation of highly differentiated effector memory T
cells [3,37,38]. This skew towards memory cells may compromise the ability to respond
to novel pathogens and antigens, impairing the adaptability and robustness of immune
defenses in older individuals.

T-cell exhaustion: T-cell exhaustion is a key concept within the realm of immunosenes-
cence [39]. This phenomenon refers to a state where T cells lose their functional capabilities,
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particularly in the context of chronic infections or prolonged exposure to antigens. T-cell
exhaustion is characterized by reduced proliferative potential, diminished cytotoxicity,
impaired cytokine secretion, and heightened expression of inhibitory receptors, such as
programmed cell death protein 1 (PD-1), killer cell lectin-like receptor G1 (KLRG1), and
CD57. In the context of aging and chronic viral infections like CMYV, the expansion of
exhausted T cells, particularly CD28" T cells, is a hallmark of immunosenescence [40].
These cells may retain some cytotoxicity and ability to produce Th1 cytokines, but their
overall functional decline contributes to weakened immune responses. Understanding
T-cell exhaustion is crucial, as it has implications not only for immunosenescence, but also
for diseases associated with chronic infections and aging.

Changes in other immune cell types: Immunosenescence extends beyond T cells, affecting
various immune cell populations [41]. For instance, natural killer (NK) cells, crucial for
the defense against infected or malignant cells, also experience alterations with age. The
functional decline of NK cells may result in reduced surveillance against transformed
or infected cells [4,6,41-43], potentially contributing to higher cancer susceptibility in
older individuals. Myeloid cells, including macrophages and dendritic cells, can become
more prone to pro-inflammatory activation, leading to the elevated production of pro-
inflammatory cytokines such as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-c),
and interleukin-1 beta (IL-1(). This shift in their functional profile contributes to the low-
grade chronic inflammation associated with aging. This pro-inflammatory state also has
implications for the functioning of other immune cells, potentially disrupting the immune
response to infections and vaccinations [6,41,44,45].

Inflammaging: Inflammaging is a central concept in the realm of immunosenescence,
representing the chronic, low-grade inflammation that characterizes the aging immune
system [25,46]. This persistent inflammatory background, often driven by factors such as
cellular stress, senescent cells, and the secretion of proinflammatory molecules, plays a piv-
otal role in the pathogenesis of various age-associated conditions, including cardiovascular
diseases, cancer, and neurodegenerative disorders [7,25,46,47]. Understanding the concept
of inflammaging is crucial in elucidating the multifaceted landscape of immunosenescence,
as it underscores the intricate interplay between immune aging and age-related diseases,
offering potential avenues for therapeutic interventions to mitigate the impact of chronic
inflammation on overall health in the elderly.

Reduced vaccine efficacy: One of the concerning consequences of immunosenescence is its
impact on vaccine responses [48,49]. As the aging immune system becomes less responsive
and adaptable, vaccines may be less effective in providing adequate protection [50,51]. This
phenomenon is particularly relevant for diseases such as influenza and COVID-19, where
vaccines are crucial for preventing severe illness and complications [52-54]. Reduced vaccine
efficacy in older individuals not only places them at higher risk for vaccine-preventable
diseases, but may also hinder efforts to establish herd immunity, as the collective protection
of the population depends on a sufficient number of individuals developing immunity
through vaccination.

Increased susceptibility to infections: Immunosenescence also renders older individuals
more vulnerable to a wide range of infections [55]. The diminished immune responses,
especially in the adaptive immune system, make it harder for the body to fend off invad-
ing pathogens effectively [49]. This heightened susceptibility not only leads to a higher
incidence of common infections—like respiratory illnesses—but also increases the risk of de-
veloping severe and potentially life-threatening infections. In the context of the COVID-19
pandemic, older adults have been disproportionately affected, experiencing higher rates
of severe illness and mortality [56-60]. Additionally, infections, such as pneumonia and
urinary tract infections, become more prevalent in older age, often resulting in longer hos-
pital stays and slower recovery times [61,62]. Furthermore, the increased susceptibility to
infections can have a cascading effect on overall health, potentially exacerbating age-related
comorbidities and contributing to an increased burden of illness in the elderly population.
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Impact on cancer risk: One consequence of immunosenescence is the diminished ability
of the immune system to surveil and eliminate cancerous cells efficiently. This compromised
immunosurveillance facilitates the initiation and progression of various cancers in elderly
individuals [63-65]. Furthermore, chronic viral infections, such as CMV, which becomes
more prevalent with age, have been linked to an elevated risk of certain cancers. CMYV,
in particular, may exacerbate immunosenescence and contribute to the development of
malignancies. In addition to promoting tumor growth, the proinflammatory environment
induced by immunosenescence can support the proliferation of cancer cells and facilitate
their spread. This complex interplay between immunosenescence, chronic infections, and
cancer underscores the importance of understanding the role of aging immune system
in oncogenesis.

Autoimmunity: Paradoxically, while immunity against infections weakens, the risk of
autoimmune diseases increases with age [66,67]. This dual impact highlights the complexity
of immunosenescence. Autoimmunity refers to a condition in which the immune system
mistakenly targets and attacks the body’s healthy cells and tissues [68]. As individuals
age, changes in immune regulation mechanisms can lead to a breakdown of self-tolerance,
resulting in autoimmune reactions [6,69]. The interplay between immunosenescence and
autoimmunity has implications for the development of autoimmune disorders in older
populations [6,47,70,71]. Diseases like rheumatoid arthritis, systemic lupus erythemato-
sus, and autoimmune thyroid diseases are more prevalent in elderly individuals, and
immunosenescence is believed to contribute to these conditions [72].

In conclusion, immunosenescence is a complex and multifaceted process involving
alterations in the function and composition of the immune system that have far-reaching
implications for overall health. Revealing these hallmarks is essential for understanding the
role of immunosenescence in health and disease, as well as its complex relationship with
chronic viral infections like cytomegalovirus. In the upcoming sections, we will explore
these relationships more deeply, defining the intricate interplay between immunosenes-
cence and cytomegalovirus.

3. Cytomegalovirus: The Silent Companion of Aging

Cytomegalovirus, a member of the Herpesviridae family, is a ubiquitous human
pathogen with a remarkable prevalence worldwide. It infects between 40% and 95% of the
global population, depending on geographic region and socio-economic factors [10-12].
CMV is typically acquired early in life, with primary infection often occurring during child-
hood or adolescence. Importantly, the majority of CMV infections in immunocompetent
individuals remain asymptomatic, resulting in a latent and often lifelong viral presence.

3.1. Mechanisms of Latency and Reactivation

After primary CMV infection, the virus enters a latent phase where it persists in
specific organ sites, mainly in hematopoietic progenitor cells and cells within the myeloid
lineage. During latency, active genome replication and the production of viral progeny
are not detectable, but residual transcriptional activity can be identified in several viral
gene loci. This phenomenon is sometimes referred to as “sleepless latency.” CMV’s ability
to establish latency and reactivate intermittently is a key feature of its persistence in the
host [73].

The molecular mechanisms responsible for CMV establishing latency and its reac-
tivation remain areas of active research. Multiple studies have made progress towards
understanding how human CMYV regulates latency, particularly in CD34* progenitor cells
in the bone marrow [74]. It was proposed that latency may be achieved through specific
mechanisms of transcriptional silencing that vary depending on the cell type. On the other
hand, reactivation can be induced through pathways activated by common triggers such as
inflammation, infection, and injury, which are found in multiple cell types. Additionally,
the differentiation of myeloid cells into dendritic cells can contribute to reactivation [74].
This highlights the complex relationship between CMV and the host immune response,
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where the virus exploits cell type-specific gene regulation mechanisms to establish latency
and spread infection throughout the body. The influence of the inflammatory environment
associated with aging, including the presence of inflammatory cytokines such as IL-6 and
TNF-o, might play a role in triggering CMV reactivation in older individuals, occasionally
leading to low-level viremia.

Moreover, immunosenescence itself may create an environment that might not only
facilitate chronic infections like CMV, but also contribute to the reactivation of latent
viruses [74,75]. The bidirectional relationship between immunosenescence and CMV
involves complex mechanisms that warrant in-depth exploration. As mentioned before,
immunosenescence is closely linked to inflammaging, and CMV infection may intensify
this inflammatory environment by promoting the secretion of proinflammatory cytokines.
In turn, inflammaging further accelerates immunosenescence, creating a positive feedback
loop. This proinflammatory milieu is conducive to CMV reactivation, as the virus thrives
in inflammatory conditions.

Immunosenescence is characterized by the progressive decline in T-cell function, in-
cluding exhaustion, a state where T cells lose their ability to respond effectively to persistent
viral infections. CMV, known for establishing lifelong latency, takes advantage of the com-
promised T-cell responses during immunosenescence. The persistence of CMV-specific T
cells, particularly CD8* T cells, contributes to the chronic immune activation seen in aging
individuals [75].

Additionally, age-related changes in immune cell populations, such as the expansion
of memory T cells, contribute to the permissive environment for CMV reactivation. The
altered balance of immune cells—a hallmark of immunosenescence—provides favorable
conditions for latent viruses like CMV to undergo reactivation, leading to episodic shedding
and potential clinical manifestations.

The bidirectional interaction also involves epigenetic modifications. Immunosenescence-
associated changes in DNA methylation and histone modifications may influence the regu-
lation of CMV genes during latency [6]. Conversely, CMV-induced alterations in host cell
epigenetics can impact the overall aging process and immune responsiveness.

Furthermore, immunosenescence affects antigen-presentation pathways crucial for
recognizing and responding to viral infection [75]. CMYV, with its ability to manipulate host
cell machinery, may exploit these alterations in order to evade immune surveillance during
latency. This interplay between immunosenescence-related changes and CMYV strategies
underscores the complexity of their bidirectional relationship.

Understanding the bidirectional dynamics between immunosenescence and CMV re-
activation is essential for unraveling the complexities of aging-related immune dysfunction.
Further research should explore the molecular and cellular intricacies of this relationship,
searching for potential therapeutic interventions that target both immunosenescence and
CMYV in order to promote healthier aging and mitigate age-associated diseases.

It is necessary to emphasize that our understanding of virus-host interactions remains
constrained not just by the complex interplay between CMV and the immune system, but
also by the absence of an animal model that replicates human CMV physiology, as well as
gaps in our knowledge regarding numerous proteins encoded by the CMV genome [76].
Understanding these aspects of CMYV, from its complex relationship with the aging immune
system to the mechanisms of latency and reactivation, is essential in order to grasp its potential
impact on human health, especially in the context of aging and age-related diseases.

3.2. Sites of CMV Latency

After the resolution of the primary infection, CMV establishes latency in various organs
and tissues throughout the human body [77]. The latent CMV genome, residing in various
organs, serves as the molecular foundation for CMV reactivation across multiple organ
systems [78,79]. These sites of latency are where the virus remains dormant, without causing
active infection or manifest symptoms. The exact sites of CMV latency in humans can be
difficult to pinpoint with accuracy. Researchers often turn to primary human tissue and cell
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culture models, along with the utilization of animal models to study CMV latency. Despite
some limitations, these approaches remain a valuable tool for researchers, allowing us to
better understand the virus’s behavior and interactions within different anatomical sites [80].

CMYV primarily establishes latency in peripheral blood monocytes and hematopoietic
progenitor cells [81,82]. These cells serve as a reservoir for the virus, allowing it to persist
in a latent state within the host (Figure 2).
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Figure 2. Potential sites of CMV latency. Following the resolution of the primary infection (A), CMV
enters a latent state (B) within various human organs and tissues. This latent CMV genome (C) acts
as the molecular basis for the reactivation of CMV (D) across multiple organ systems. CMV’s primary
site of latency is within peripheral blood monocytes and hematopoietic progenitor cells, acting as
a viral reservoir for prolonged persistence in the host. Additionally, CMV may be detected in a
range of bodily tissues and organs, including the salivary glands, liver, kidneys, brain, and lungs,
where reactivation and associated diseases may occur, particularly in individuals with compromised
immune systems. CMV: Cytomegalovirus.

CMV can also be found in various tissues and organs throughout the body, including
the liver [83], kidneys [74], spleen, and lungs [84], where it may reactivate and cause
disease under certain conditions, especially in individuals with weakened immune systems.
However, while CMV can infect some solid organs and tissues, they are not typically
considered a site for CMV latency [78]. The exact nature of CMV’s presence and activity in
solid organs remains a topic of ongoing research and discussion.

It is important, therefore, to note that some of the sites depicted in Figure 2, and briefly
described below, can be hypothetical in humans, as identifying these locations with certainty
can be challenging due to the complexities of CMV latency and analytical difficulties in
precisely identifying them, relying on models and animal studies, the diagnostic tools and
test methods available so far.
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Muyeloid progenitor cells: CD34" progenitor cells in the bone marrow are considered
important sites of CMV latency in humans. Reactivation from these cells can contribute to
viral dissemination.

Monocytes and macrophages: Monocytes can serve as a reservoir for CMV, harboring the
latent virus. CMV may reactivate in these cells and contribute to viral distribution.

Endothelial cells: CMV has also been found to establish latency in endothelial cells,
which form the lining of blood vessels. This may have implications for vascular health and
disease in elderly population.

Salivary glands: CMV can persist in the salivary glands, which contributes to its
transmission through saliva. Reactivation in the salivary glands can lead to viral shedding
and potential transmission of the infection.

Renal (kidney) tubules: CMV can establish latency in the renal tubules of the kidneys,
which may play a role in the persistence of the virus in the body.

Liver: Some research has suggested that the liver could potentially serve as a site
for CMV latency, but the details and prevalence of this phenomenon may vary among
individuals. Further studies are needed to fully understand the extent and implications of
CMYV latency in the liver.

Neural tissue and brain: CMV’s ability to infect neural tissues, including the brain, has
been less investigated. As CMV DNA has also been detected in non-immunocompromised
individuals, the virus can undergo reactivation from latency, potentially leading to neuro-
logical and neurodegenerative disorders in elderly people.

It is important to note that CMV can possibly reactivate from these sites of latency
when the host’s immune system is compromised or weakened. This reactivation can lead to
the shedding of the virus and potentially cause symptomatic CMV infections, especially in
individuals with weakened immune responses, such as the elderly or immunocompromised
individuals. Exploring the sites of CMV latency and its reactivation conditions are vital
for developing strategies to manage CMYV infections and their potential impact on health,
especially in the context of immunosenescence and age-related diseases. Understanding
the sites of CMV latency and the mechanisms triggering its reactivation provides a crucial
foundation for delving into the upcoming discussion on the intricate interplay between
CMYV and immunity.

4. The Complex Interplay: CMV and Immunity
4.1. Age-Related Modulation by CMV

The interaction of CMV with the human immune system is complex, multifaceted,
and poorly understood [85]. While primary CMYV infection in healthy individuals is usually
subclinical or results in mild, flu-like symptoms, the immune response to CMV infection is
robust and clear. It elicits a strong, long-lasting, and highly differentiated T-cell response,
particularly in older children and adults [86]. CMV-specific memory T cells may become
a significant portion of the immune repertoire, and this ongoing immune alteration may
impact the overall functionality of the immune system.

In its role of shaping the immune system, CMV presents a unique and complex
relationship with the aging immune system. While it is often considered a pathogen
due to its potential to cause disease upon primary infection, particularly in infants and
immunocompromised individuals, its role in healthy, immunocompetent adults is more
nuanced [49]. This dual role is especially evident in CMV-positive young adults, where
CMYV infection can have both benefits and disadvantages. In particular, CMV infection in
young adults typically results in highly differentiated and sensitized T cells specific to the
virus, which can rapidly respond to CMV reactivation. This enhanced T-cell population
could offer several advantages, including viral control, where CMV-specific T cells can
efficiently control CMV reactivation, preventing symptomatic infections. Moreover, CMV-
specific T cells may cross-react with other pathogens, providing an immunological benefit
when encountering new infections. However, the presence of a highly differentiated T-cell
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population may also have drawbacks. The continuous activation and differentiation of
CMV-specific T cells can lead to immune exhaustion and impaired immune response [87,88].

In the context of aging, the relationship between CMV and the immune system is even
more complicated. On the one hand, CMV-specific T cells persist for decades in response
to latent CMYV infection, maintaining an elevated, specialized, and vigilant population of
immune cells. The circulating CMV-specific T cells are often characterized by markers of
senescence, such as the loss of CD28 expression, the accumulation of KLRG1 and CD57
markers, and telomere shortening. These hallmarks are typical of immunosenescence and
can, in part, be attributed to CMV [89]. On the other hand, the chronic interaction of CMV
with the aging immune system raises questions about potential negative consequences.
Some evidence suggests that CMV-specific T cells may exhibit features of exhaustion and
decline in functionality, which could further contribute to immunosenescence, ultimately
affecting the host’s ability to respond effectively to other infections and possibly impacting
overall health in aged individuals.

In various studies, it has been widely acknowledged that cytomegalovirus plays a
significant role in driving immunosenescence. As mentioned before, one of the prominent
features of immunosenescence is the expansion of CD28" T cells, which has been equally
recognized as a hallmark of chronic CMV infection. CD28, a co-stimulatory molecule on
naive CD4 and CD8 T cells, is permanently lost during antigen-driven differentiation to
a terminal phenotype, indicating replicative senescence [89]. While aging has historically
been considered a key factor in this expansion, it is now clear that CMV infection may be a
primary driver of this phenomenon. It has been shown that CMV-seropositive individuals
exhibit up to a twelve-fold increase in CD4*CD28~ T cells and a two-fold increase in
CD8*CD28™ T cells compared to CMV-seronegative individuals. Remarkably, this effect is
only marginally influenced by age when CMYV infection is present [89,90].

The CD8" T-cell response to CMYV is notably extensive, targeting a wide range of
viral peptides. This response exhibits the unique characteristic of a continuous, long-term
expansion of antigen-specific CD8 memory T cells, a phenomenon known as memory
inflation. In fact, the CD8* T-cell response to specific epitopes of this virus can constitute
up to 20% of the total memory T-cell population, and the cumulative response to all CMV
epitopes in humans is estimated to occupy 50% or more of the entire CD8* memory T-cell
pool [91]. This substantial and progressive response has been linked to the accumulation
of dysfunctional CMV-specific T cells and potentially shorter lifespans in octogenarians,
although the precise nature of this association remains unclear.

Intriguing insights into the complexity of the immune response to CMYV in the elderly
were demonstrated by Hadrup et al. [92]. They observed significant expansions of CD8*
T-cell clones specific to dominant CMV peptides in the majority of octogenarians and
nonagenarians in a Swedish population. Notably, these expansions tended to become more
pronounced with advancing age. Surprisingly, among individuals who lived to very old
age, a different trend emerged. Their T-cell responses to CMV were comparatively lower,
and some specific T-cell clonotypes responsive to the virus were even lost [92]. These
findings suggest the interesting possibility that survival into extreme old age, including
centenarians and beyond, may be linked to an immune system that is less preoccupied
with persistent infections.

The concept of extreme longevity and its potential correlation with a diminished
emphasis of the immune system on persistent infections opens a captivating avenue for
exploration. The observation that individuals reaching very old age exhibit lower T-cell
responses to CMYV, coupled with the loss of specific responsive T-cell clonotypes [92],
suggests a unique immune landscape in this demographic. This divergence from the
typical pattern seen in aging individuals prompts a critical inquiry: could the reduction in
immune responsiveness to persistent infections be a distinctive feature of those who achieve
extreme longevity? Exploring this notion may unravel novel insights into the complex
dynamics between aging, immune function, and the ability to reach remarkable lifespans.
Investigating whether an immune system less preoccupied with persistent infections
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contributes to the remarkable resilience observed in individuals who defy the conventional
boundaries of aging holds promise for opening new insights into the complex dynamics
between aging, immune function, and the ability to achieve extraordinary lifespans.

Thus, CMV’s role in shaping immunity, especially in the context of aging, remains
multifaceted. On one hand, it can drive immunosenescence, contributing to age-related
pathologies, while, on the other, it may enhance immune responses against certain infections,
mostly in young individuals. This dual role emphasizes the need for a comprehensive
understanding of the interplay between CMV and immunity. The understanding of the
immune system’s dynamics in extreme old age may also open new avenues for exploring the
interplay between CMYV, longevity, and immune function. Moving forward to the next section,
we will explore how CMV may contribute to both inflammation and the aging process.

4.2. Interplay between CMYV and Immunosenescence: Modulatory Effect of Genetics and Lifestyle

In general, immunosenescence exhibits considerable heterogeneity among individuals,
and understanding these diverse trajectories is crucial. This requires a comprehensive
exploration, recognizing the influence of various factors, including genetics and lifestyle,
in modulating the impact of CMV on immunosenescence [28,93]. Factors such as genetic
variations among individuals can influence their susceptibility to infections and the effi-
ciency of their immune responses. Some individuals may carry genetic factors that make
them more resilient or more vulnerable to CMV. Genetic predispositions may determine
aspects of the immune system’s function, such as the effectiveness of specific immune cells
in recognizing and combating the virus.

Genetic diversity contributes to variability in immune system function [93-95]. Dif-
ferent individuals may have variations in genes related to immune response pathways,
cytokine production, and other immune-related functions. These genetic differences can
impact how the body responds to CMV infection [94,96]. For example, genes involved
in antigen presentation, such as those encoding human leukocyte antigens (HLA), may
determine how effectively the immune system presents viral antigens to T cells. Genetic
diversity in these genes can affect the recognition of CMV by the immune system. The genes
encoding immune receptors, such as those on T cells, may play a crucial role in recognizing
and responding to CMV. Genetic variations in these receptor genes can affect the specificity
and strength of the immune response. It is known that interferons are key players in
antiviral defense. Genetic variations can impact the efficiency of interferon responses to
CMYV, affecting the ability to control viral replication. Furthermore, individuals’ variations
in genes related to inflammatory pathways may influence the degree of inflammation
triggered by CMV. Excessive inflammation can further contribute to immunosenescence
and age-related diseases.

Additionally, lifestyle factors, including diet, exercise, and overall health practices,
further contribute to this complexity [97,98]. They can modulate the effects of CMV on the
immune system and overall health. Epigenetic modifications, which can be influenced by
lifestyle factors, play a crucial role in regulating gene expression. Lifestyle choices such
as diet, stress, and environmental exposures can modify epigenetic marks, influencing
how genes related to immune function respond to CMV and other infections. Lifestyle
factors such as unhealthy diet, lack of physical activity, and exposure to environmental
toxins can contribute to chronic inflammation [98]. Genetic predispositions to inflammatory
responses may further exacerbate the impact of CMV and contribute to the development of
age-related diseases.

Thus, unraveling the interplay between CMYV, genetics, and lifestyle is essential for a
more nuanced comprehension of immunosenescence trajectories, shedding light on person-
alized approaches to mitigate its effects and promote healthy aging. The interplay between
genetics and lifestyle further underscores the complexity of the host-virus interaction,
and highlights the importance of adopting a holistic approach to health. From another
perspective, this understanding may contribute to the development of tailored approaches
for addressing the impact of CMV on the aging immune system.
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In the following section, we will provide a concise introduction to the intricate mech-
anisms by which CMV may actively contribute to the exacerbation of inflammation and
accelerate the aging process.

5. Role of CMV in Fueling Inflammation and Aging

Beyond its impact on immunosenescence, CMV has increasingly gained attention
for its complex role in the shaping of proinflammatory conditions within the host [99],
contributing to the development of inflammaging, a state characterized by chronic low-
grade inflammation that accompanies aging [8,46]. What mechanisms may facilitate CMV
in inducing such a proinflammatory environment?

CMYV infection has been linked to the activation of specific signaling pathways asso-
ciated with inflammation [99,100]. Notably, CMV can stimulate the nuclear factor-kappa
B (NF-kB) pathway, a key regulator of proinflammatory gene expression. Activation of
NEF-«B leads to the production of inflammatory mediators [91] and can activate innate
immune responses by triggering pattern recognition receptors (PRRs), such as Toll-like
receptors (TLRs). This recognition leads to the production of proinflammatory cytokines,
like IL-6 and TNF-&, which are known key players in inflammation. CMV infection can
alter immune cell profiles and functions [101]. For instance, as repeatedly discussed before,
CMV is associated with an expansion of CD28™ T cells, which are functionally less effective
but produce more proinflammatory cytokines, fueling inflammation.

Furthermore, CMV can induce senescent cells to produce SASP (senescence-associated
secretory phenotype) factors, which include proinflammatory cytokines and chemokines.
These factors contribute to a chronic state of inflammation that characterizes inflammaging.
As discussed earlier, CMV can also exacerbate immunosenescence, contributing to chronic
inflammation. This weakened immune function, coupled with the presence of CMV, may
lead to persistent inflammation [102,103]. Additionally, CMV-specific T cells, while still
highly cytotoxic, can produce proinflammatory cytokines. This can further contribute to
persistent inflammation, especially in older individuals [104].

Taken together, CMV-induced immune alterations can similarly lead to a proinflamma-
tory milieu, with increased production of inflammatory cytokines like IL-1(3, IL-6, IL-8, and
TNEF-o. These cytokines are known drivers of inflammation and can lead to the activation
of various immune and non-immune cells, further perpetuating a proinflammatory state.
This can potentially initiate a detrimental cycle, resulting in further T-cell exhaustion and
dysfunction, thus exacerbating the immune system’s limitations in effectively countering
other infections and boosting the progression of immunosenescence. These conditions
may collectively create a proinflammatory milieu in CMV-infected individuals, which has
implications for age-related diseases, including cardiovascular diseases and cancer, and
may even play a role in responses to acute infections like SARS-CoV-2. Therefore, the
relationship between CMV and inflammation is a multifaceted and dynamic one, with
implications for both immune function and age-related pathologies. Understanding these
mechanisms is crucial for unraveling the complex interplay between CMV and inflamma-
tion in the context of aging and age-associated conditions. Moving forward to the following
section, we will explore the impact of CMV on age-related disorders, shedding light on the
multifaceted interplay and the intricate connections between chronic viral infections and
the development of various health conditions.

6. CMV and Age-Related Diseases

A growing body of evidence suggests that CMV—with its ability to promote immunose
nescence—is associated with an increased risk of developing several age-related dis-
eases [105]. The sustained presence of inflammation driven by CMV may contribute to the
development and progression of age-related disturbances [102]. Chronic inflammation is a
hallmark of conditions like atherosclerosis, neurodegenerative disorders, and cancer. In the
context of CMV, immunosenescence and inflammaging could exacerbate the pathogenesis
of these diseases, making CMV infection a potential risk factor in aging populations.
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6.1. CMV and Cardiovascular Diseases

CMYV has been recognized as a potential contributor to the development and progres-
sion of cardiovascular diseases, a major health concern among the elderly [6,106,107]. This
viral infection, often asymptomatic in immunocompetent individuals, can nevertheless
have far-reaching consequences on the cardiovascular system. While the mechanisms are
not yet fully elucidated, several lines of evidence suggest a significant association between
CMV and cardiovascular diseases, particularly atherosclerosis.

One of the key pathways through which CMV may impact cardiovascular health is
chronic inflammation [107]. As discussed earlier, CMV can induce a proinflammatory
environment, promoting the production of cytokines, particularly IL-6 and TNF-co. These
inflammatory molecules play a pivotal role in atherosclerotic plaque formation and pro-
gression [108]. They can stimulate endothelial cell dysfunction, attract monocytes and NK
cells to the arterial wall, and initiate the transformation of monocytes into foam cells, which
are integral to the development of atherosclerotic lesions [109,110]. In these conditions,
the persistent activation of CD4*CD28™~ T cells contributes to heightened inflammation,
vascular damage, and an increased risk of cardiovascular events, establishing a crucial
link between chronic inflammatory states, cytomegalovirus infection, and cardiovascular
mortality [111].

Additionally, CMV may contribute to endothelial dysfunction, another hallmark of
atherosclerosis [112]. The virus can infect endothelial cells and impair their ability to
regulate vascular tone and inflammation [113]. This dysfunction can lead to reduced nitric
oxide production, an important vasodilator, and increased production of endothelin-1,
a potent vasoconstrictor [114,115]. Furthermore, CMV may promote oxidative stress, an
essential player in cardiovascular pathogenesis. The virus can induce the expression of
prooxidative enzymes, generating reactive oxygen species (ROS) that damage endothelial
cells and lipoproteins. Oxidative stress contributes to the initiation and progression of
atherosclerotic lesions [116].

Thus, while the direct impact of CMV on cardiovascular diseases remains an area
of ongoing research and debate, the available evidence underscores the potential role of
CMV in shaping the proinflammatory, proatherogenic milieu that characterizes many car-
diovascular diseases. Understanding these mechanisms is crucial for advancing strategies
to mitigate the cardiovascular risk associated with CMV infection, especially among the
elderly population.

6.2. CMV and Cancer: A Complex Relationship

The relationship between CMV and cancer is complex and multifaceted. CMV has
been found in various types of tumors, including breast, ovarian, colon, prostate, sarcomas,
neuroblastoma, glioblastoma, and medulloblastoma [117-120]. However, it is essential to
note that the role of CMV in carcinogenesis is far from straightforward.

One aspect of CMV’s interaction with cancer involves its potential oncomodulatory
ability [121-124]. Oncomodulation refers to the process by which a virus influences or
promotes carcinogenesis within a host. In the context of CMYV, this involves viral gene
products with the potential to activate pro-oncogenic pathways [125,126]. Some strains of
CMV may possess oncomodulatory roles, and, in specific cellular contexts, can directly
promote tumor growth and progression. Correspondingly, the presence of CMV in tumors
has raised questions about its role in cancer development [121,127,128]. Still, it remains
unclear whether CMV is a causal agent in oncogenesis or whether it infects tumors oppor-
tunistically. Furthermore, its presence within tumor tissues may vary widely, with some
tumors showing higher CMV DNA levels than others.

In the context of immune control, the impact of CMV on the immune system may favor
cancer development. The virus may lead to the accumulation of functionally exhausted
T cells, reducing their capacity to eliminate tumor cells. Additionally, CMV-induced
proinflammatory environments and inflammaging may contribute to a tumor-promoting
milieu. One example of this complex interplay was observed in patients with glioblastoma
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multiformes who were CMV-positive [129,130]. In such cases, signs of immunosenescence
in CD4" T cells have been associated with a poor prognosis, possibly reflecting the influence
of CMV [131].

Thus, while the exact role of CMV in cancer remains a subject of ongoing debate, the
evidence suggests that its presence within tumor tissues can impact the tumor microenvi-
ronment and immune responses. This complex relationship warrants further investigation,
as understanding how CMYV influences cancer may provide new insights into cancer
prevention, diagnosis, and treatment strategies, particularly in the context of aging and
immunosenescence.

6.3. CMV and Its Potential Role in Neurogenerative Disorders

Neurodegenerative disorders, a group of debilitating conditions affecting the nervous
system, are often linked with the process of aging and remain a subject of growing interest.
While the precise mechanisms underlying the development of neurodegenerative disorders
remain multifaceted, emerging evidence suggests a potential link between CMV and these
conditions. Though CMV primarily infects epithelial cells and leukocytes, it can also
establish latent infections in various tissues, including neural tissue. CMV DNA has
been detected in the brains of some immunocompetent individuals, exhibiting diverse
neuropathological changes, often related to cerebrovascular issues [132]. Post-mortem
studies of individuals with various neurologic conditions have detected CMV DNA and
proteins within brain tissues [132,133], suggesting that CMV can indeed infiltrate the
central nervous system (CNS). These findings indicate that, under specific conditions,
CMV-induced neuropathology may also manifest in individuals who are not traditionally
categorized as immunocompromised.

Infection of the CNS by CMV can lead to long-term viral persistence, which, in turn,
may contribute to neuroinflammatory responses and neuronal damage. It has been shown
that CMV infection may contribute to cognitive decline [12,134-136], elevate the risk of
various neurological and psychiatric disorders, including stroke, anxiety, schizophrenia,
and bipolar disorder [136-138], and has even been suggested as a potential factor in the
progression of Alzheimer’s disease [139,140]. Additionally, there is a notable susceptibil-
ity among individuals diagnosed with major depressive disorder to the reactivation of
CMV. This susceptibility is attributed to the well-established connection between depres-
sion, elevated stress levels, and compromised viral immunity, as supported by several
investigations [141-143].

Moreover, an age-related inflammatory state may trigger the reactivation of latent
CMYV infection, exacerbating neuroinflammation and potentially impairing cognitive func-
tion [10,12,135]. Multiple studies have confirmed the association between CMV infection
and cognitive decline in the general population [17,144-147]. As a neurotropic virus, CMV
can induce CNS inflammation by entering brain either through a compromised blood-
brain barrier or via peripheral nerve transmission [148]. Significantly, CMV has been
found to localize in various brain regions, including the brainstem, diencephalon, and
basal ganglia [149], suggesting that CMV could be responsible for CNS damage. Fur-
thermore, in relation to depressive disorders, CMV has been associated with reduced
resting-state connectivity, compromised white matter integrity, and altered gray matter
volumes [132,150,151], indicating that CMV may induce structural and functional changes
in the brains of elderly individuals with depression [152].

Inflammation in general plays a pivotal role in the pathogenesis of many neurodegen-
erative disorders, including Alzheimer’s disease and Parkinson’s disease [143]. As CMV
infection has the potential to induce chronic inflammation within the host, this inflam-
matory state could act as a catalyst for neurodegenerative processes [153]. As mentioned
earlier, CMV can undergo reactivation from latency under certain conditions and this
reactivation may involve viral shedding in the CNS. The immune responses generated to
viral products during reactivation can further contribute to neuroinflammation, potentially
leading to neuronal damage [132,153]. This aspect may be particularly relevant in neurode-
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generative disorders, where chronic low-level inflammation is believed to be a contributing
factor. It is also conceivable that CMV infection could initiate an autoimmune response,
possibly through mechanisms such as molecular mimicry, ultimately resulting in tissue
damage [154].

Therefore, it is important to note that the relationship between CMV and neurological
disorders, particularly neurodegenerative conditions, is still an area of ongoing research
and debate. While the evidence suggests the ability of CMV to establish infections in
the CNS and its potential implications in neuroinflammatory processes, further studies
are needed to clarify the precise mechanisms and the extent of CMV’s involvement in
neurological conditions. Therefore, this complex relationship continues to be a subject of
active investigation.

7. Impact of CMV on Immune Response to SARS-CoV-2

The influence of CMV extends beyond its specific immune response. Recent research
has explored the effects of CMV on immune responses to other pathogens, with a particular
focus on SARS-CoV-2, the virus responsible for COVID-19. SARS-CoV-2 is known for
its complex interactions with the immune system, and understanding how CMV might
influence the immune response to this virus is of great interest.

The correlation between CMYV serostatus and the clinical outcomes of COVID-19 suggests
that CMV-induced remodeling of the immune system may be involved in the pathogenesis of
the SARS-CoV-2 infection [155]. Studies have shown that CMV-positive individuals, while
not necessarily more susceptible to SARS-CoV-2 infection, exhibit unique immune responses
upon exposure to the virus. Specifically, the presence of CMV-specific CD4 and CD8 T cells
is associated with elevated levels of SARS-CoV-2-specific IL-17-producing CD4 and CD8 T
cells. This suggests that CMV may skew the immune response to SARS-CoV-2, potentially
promoting a Th17-type of response [156]. This immune phenotype can influence inflammation
and the course of disease, indicating that CMV-amplified responses to SARS-CoV-2 might
play a role in the long-lasting damage associated with COVID-19.

Another intriguing question that remains unexplored relates to CMV-positive young
adults, for whom co-infection with both viruses seems to have less pronounced conse-
quences. There is a growing consensus that the effects of CMV may vary depending on the
age of its host. In younger individuals, CMV infection could potentially enhance immune
response [10,156], whereas in older individuals it might have a more detrimental impact
on immune functions [157], as depicted in Figure 3A,B.

Remarkable insights emerged from a study conducted by Furman and colleagues, shed-
ding light on these age-dependent effects [158]. The study revealed that CMV-seropositive
young individuals exhibited improved antibody responses to influenza vaccinations, height-
ened CD8 T-cell responses, and elevated levels of circulating IFN-y compared to their
CMV-seronegative counterparts. Notably, this research also observed the diminished re-
sponses to vaccination commonly seen in elderly individuals, regardless of their CMV
serostatus (Figure 3A,B). In a murine model, CMV-seropositive young mice displayed
enhanced protection against influenza compared to CMV-seronegative mice, indicating
that this dual age-related effect may be a universal phenomenon across vertebrates [10].

It is possible that CMV could exert a similar dual immunomodulatory effect in the
context of co-infection with SARS-CoV-2, as illustrated in Figure 3B,C. In CMV-seropositive
young adults, the presence of CMV might stimulate an effective immune response against
the new pathogen by promptly and effectively activating both innate and adaptive immune
responses [10]. This coordinated response could efficiently eliminate the new invader and
establish robust immune memory. Conversely, co-infection of CMV with SARS-CoV-2
may have a more profound impact on elderly individuals due to immunosenescence and
inflammaging, which, in part, result from the lifelong persistence of CMV (Figure 3B,C).

Understanding the mechanistic underpinnings of the interaction between CMV-
seropositivity and COVID-19 outcomes in the elderly is crucial for unraveling the com-
plexities of this relationship. While the precise mechanisms remain an active area of
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investigation, several potential pathways and factors can be considered (Figure 4A-F)
based on immunological and inflammatory processes:
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Figure 3. The age-related modulatory effect of CMV. In younger individuals, CMV might increase
immune responses ((A,B) left), while in older individuals, it may reduce immune functions ((A,B) right).
This dual immunomodulatory effect could also apply to co-infections with SARS-CoV-2 (C). Among
CMV-seropositive young adults ((B) left), its presence could stimulate an effective immune response
against the new pathogen, efficiently activating both innate and adaptive immune responses. Conversely,
co-infection of CMV with SARS-CoV-2 may have a more detrimental impact on elderly individuals
((B) right, (C)) due to immunosenescence and inflammaging, partly attributed to CMV’s lifelong
persistence. CMV: cytomegalovirus; SARS-CoV-2: severe acute respiratory syndrome coronavirus 2;
COVID-19: coronavirus disease 2019; SASP: senescence-associated secretory phenotype; ARDS: acute
respiratory distress syndrome. Modified from: [10].

Immunosenescence and altered immune response: CMV infection, particularly in older individ-
uals, exacerbates immunosenescence (Figure 4A). One key mechanism through which CMV
may influence COVID-19 outcomes is by altering the immune response. CMV-driven clonal
expansion of late-differentiated CD8 T cells may hinder the immune response to SARS-CoV-2
in older COVID-19 patients, potentially causing more severe disease (Figure 4G).

Chronic inflammation and inflammaging: CMV infection is associated with chronic low-
grade inflammation (Figure 4B). In the context of COVID-19, CMV-induced inflammaging
may contribute to the exaggerated cytokine storm observed in severe cases, leading to
increased tissue damage and disease severity (Figure 4G).
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Figure 4. The potential influence of CMV on immune responses to SARS-CoV-2. CMV may hinder
the effective immune response to SARS-CoV-2 in older individuals due to immunosenescence (A).
CMV-related chronic inflammation may exacerbate the cytokine storm in severe COVID-19 cases
(B). Viral interactions could result in CMV reactivation during COVID-19, complicating immune
responses (C). CMV-induced autoimmunity and potential SARS-CoV-2-triggered autoimmunity may
jointly affect COVID-19 outcomes in the elderly (D). CMV may intensify the risk of severe COVID-19
in elderly individuals with comorbidities (E). Variability in immune responses, genetics, and CMV
strains contributes to heterogeneous COVID-19 outcomes (F). Due to the co-infection of SARS-CoV-2
and CMYV, older individuals may encounter a hyperinflammatory syndrome, coagulopathy, and
ultimately, a deteriorated clinical outcome (G). CMV: cytomegalovirus; SARS-CoV-2: severe acute
respiratory syndrome coronavirus 2; ARDS: acute respiratory distress syndrome.

Viral interactions and reactivation: Another intriguing aspect of the interface is the
potential for viral interactions (Figure 4C). The inflammatory stress and immune responses
triggered by COVID-19 infection could potentially reactivate latent CMYV, causing further
immunological complications. This bidirectional effect warrants investigation to determine
how the two viruses may influence each other’s pathogenesis.

Autoimmune synergy: In older individuals, CMV, combined with immunosenescence,
can potentially stimulate autoimmune reactions, leading to an overactive immune response.
Simultaneously, SARS-CoV-2, the virus responsible for COVID-19, can also induce au-
toimmunity through mechanisms like molecular mimicry (Figure 4D). The CMV-induced
autoimmunity, combined with the potential for SARS-CoV-2 to trigger autoimmunity,
could have a synergistic and potentially devastating effect on the outcome of COVID-19 in
the elderly.
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Comorbidities and synergistic effects: Elderly individuals who are CMV-seropositive
often have a higher burden of comorbidities, such as cardiovascular disease, diabetes, and
hypertension. These comorbid conditions are also known risk factors for severe COVID-19
outcomes. CMV infection may further exacerbate the risk in these individuals, creating a
synergistic effect that elevates their susceptibility to severe COVID-19 (Figure 4E).

Genetic and host factors: It is important to recognize that individual variability in
immune responses, genetic factors, and the specific strain of CMV may all contribute to
the heterogeneity in COVID-19 outcomes among CMV-seropositive elderly individuals
(Figure 4F). Research efforts are of great importance to elucidate the genetic and host factors
that play a role in this complex interaction.

In conclusion, the relationship of CMV with the immune system is multifaceted, with
both benefits and disadvantages to CMV-specific immune responses, varying with the age
of individuals. While the precise mechanisms linking CMV-seropositivity and COVID-19
outcomes in the elderly continue to be investigated, it is clear that CMV has the potential
to influence the immune response, exacerbate inflammation, and interact with other risk
factors in older individuals. These complex interactions underline the need for a multi-
faceted approach to managing and preventing severe COVID-19 in the aging population,
particularly those who are CMV-seropositive. Further research is essential to unravel the
intricacies of this interaction and guide the development of tailored interventions.

8. How CMV May Impact Long COVID?

The impact of CMV on Long COVID, the condition characterized by persistent or
lingering symptoms following acute COVID-19 infection, remains unclear. Still, CMV may
represent another potential viral candidate that could play a role in the severity of COVID-
19 and the development of Long COVID [10,159]. The association of CMV serostatus with
COVID-19 clinical outcome suggests a potential role for CMV-induced immune system
remodeling in the pathogenesis of SARS-CoV-2 infection [155]. CMV reactivation could
contribute to the persistent inflammation often observed in Long COVID patients, who
continue to experience symptoms even after SARS-CoV-2 is no longer detectable [159-161].
Consequently, it is conceivable that CMV infection may contribute to the pathology of Long
COVID by promoting immunosenescence, sparking neuroinflammation, and triggering
persistent neuropathological symptoms, particularly in older populations [71,159].

Although the precise interactions between CMV and Long COVID remain elusive,
we can anticipate several potential mechanisms, some of which have also already been
considered to play conceivable role in the acute phase of infection:

Immune dysregulation: In Long COVID, some individuals experience persistent immune
activation and inflammatory symptoms. This ongoing immune response may influence the
overall immune milieu and exacerbate the immune dysregulation observed in Long COVID.
CMV-induced immune alterations could potentially play a role in this phenomenon. In
general, Long COVID is characterized by a sustained and dysregulated immune response
that extends beyond the acute phase of SARS-CoV-2 infection [71,162,163]. CMYV, as a
persistent herpesvirus, can further complicate this scenario [10,71,164]. One proposed
mechanism involves the potential for CMV to intensify the inflammatory response initiated
by SARS-CoV-2, leading to a prolonged and heightened state of inflammation. This sus-
tained inflammation may, in turn, contribute to the persistent symptoms observed in Long
COVID [71,165,166]. Additionally, CMV-induced immune senescence and exhaustion could
impair the adaptive immune response, further hindering the resolution of SARS-CoV-2
infection. Understanding these nuanced mechanisms is crucial for unraveling the intricate
connections between CMV and the lingering immunological consequences of COVID-19.

Viral interactions: As mentioned earlier, there is a hypothetical possibility that CMV and
SARS-CoV-2 could interact within the host. One aspect of this mechanism involves the poten-
tial for one virus to modulate the replication and activity of another [10,71,164]. In the case
of CMV and SARS-CoV-2, their coexistence could lead to reciprocal effects. For instance, the
inflammatory response triggered by SARS-CoV-2 infection might create conditions conducive
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to CMV reactivation. Conversely, CMV’s immunomodulatory properties could impact the
host’s ability to mount an effective response against SARS-CoV-2. This bidirectional influence
highlights the intricate and still incompletely understood nature of viral interactions, shedding
light on the complexity of how multiple viruses can shape the host’s immune landscape and
influence disease outcomes. However, the specific mechanisms and consequences of such
interactions remain largely speculative and require further study.

Impact on symptom severity: CMV-induced immunosenescence and chronic inflammation
might exacerbate some Long COVID symptoms, especially those related to immune responses
and inflammation. For example, fatigue, brain fog, and musculoskeletal symptoms associ-
ated with Long COVID could be influenced by the inflammatory environment fostered by
CMV [10,71,159,164,167]. Understanding the interplay between CMV-induced immunological
changes and the persistence of Long COVID symptoms provides valuable insights into the
complex mechanisms underlying the prolonged effects of SARS-CoV-2 infection.

CMV-induced autoimmunity: CMV, through its ability to induce persistent inflammation
and immune dysregulation, may contribute to the development of autoimmunity. Therefore,
one hypothetical mechanism could be CMV- stimulated autoimmunity worsening Long
COVID symptoms. The virus can potentially trigger an autoimmune response, possibly via
molecular mimicry or other mechanisms. In the context of Long COVID, CMV-induced
autoimmunity could play a role in exacerbating the chronic symptoms experienced by
individuals recovering from SARS-CoV-2 infection. The persistent immune activation and
dysregulation caused by CMV may contribute to the prolonged inflammation and immune-
related symptoms characteristic of Long COVID [71]. Thus, in Long COVID, this sustained
autoimmune response, combined with efforts to clear the virus, may exacerbate symptoms
and contribute to their chronicity. This can lead to a vicious cycle of immune dysregulation,
inflammation, and tissue damage, intensifying Long COVID symptoms. Further research
is required to confirm these interactions. Understanding these mechanisms is crucial for
developing targeted interventions to alleviate the long-term effects of viral infections.

Prevalence and risk factors: As discussed earlier, CMV-seropositivity is more common
in older individuals. Long COVID has been reported across age groups, but certain risk
factors, such as age, can influence its severity. Therefore, age remains a significant risk factor
influencing the severity and duration of Long COVID symptoms [164]. In older individuals,
where CMV prevalence is higher, the coexistence of CMV may interact with age-related
immune changes, potentially leading to more prolonged or severe symptoms. Moreover,
the immunomodulatory effects of CMV may exacerbate the inflammatory environment
associated with Long COVID, influencing the persistence and intensity of symptoms [159].
Further research is warranted to unravel the intricate interplay between CMYV, age, and
Long COVID risk factors, shedding light on potential mechanisms that contribute to the
varied clinical manifestations observed in individuals experiencing prolonged effects post-
SARS-CoV-2 infection.

CMYV reactivation and differential diagnosis: CMV reactivation or chronic CMV-related
symptoms could mimic or imitate some Long COVID symptoms, leading to challenges
in accurate diagnosis. Both conditions can manifest with persistent fatigue, cognitive
dysfunction, and musculoskeletal symptoms, creating a complex clinical overlap [168,169].
Fatigue, a hallmark symptom in both scenarios, may be attributed to the prolonged immune
response and inflammatory milieu induced by CMV reactivation and SARS-CoV-2 infection.
Cognitive impairments, commonly referred to as “brain fog,” are also reported in both
Long COVID and CMV reactivation, possibly linked to the neuroinflammatory effects of
these viral infections. Additionally, musculoskeletal symptoms, such as joint pain and
muscle aches, are frequently observed in both conditions, highlighting the systemic impact
of viral-induced inflammation. Recognizing these parallels provides valuable insights into
potential shared mechanisms and reinforces the need for comprehensive investigations into
the long-term effects of viral infections on human health. Distinguishing between these
conditions may require specific diagnostic tests and clinical evaluation.
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Therefore, it is important to note that our understanding of Long COVID is still
evolving, and while CMV may be a relevant factor in some cases, it is unlikely to be the
sole contributor. Long COVID is a complex condition with a range of symptoms that can
vary widely among individuals. Additional research is needed to determine the extent
to which CMV and other factors play a role in the development and persistence of Long
COVID. Clinicians and researchers continue to work together to better understand and
address this condition.

9. Conclusions, Limitations, and Future Directions

The intricate interplay between immunosenescence and CMV underscores the pro-
found impact of chronic viral infections on aging, health, and disease. This review has
briefly outlined the multifaceted consequences of CMV infection, elucidating how it can
exacerbate immunosenescence and the potential implications for age-related diseases.
Specifically, the expansion of late differentiated T cells and alterations in immune cell
functions, combined with the proinflammatory milieu fostered by CMYV, could underlie
the increased susceptibility to infections, reduced vaccine efficacy, and potentially even
the development of certain cancers. Moreover, the complex relationship between CMYV,
immunosenescence, and SARS-CoV-2 infection underlines the relevance of understanding
these interactions in the context of contemporary health challenges, such as the COVID-19
and post-COVID conditions. While significant progress has been made in understanding
the interplay between immunosenescence and CMYV, several limitations exist in current
research, pointing to avenues for future investigation:

Heterogeneity in study populations: Many studies focus on specific age groups or popu-
lations, leading to a lack of comprehensive understanding of the diverse effects of CMV
on immunosenescence across different demographics. Future research should encompass
broader age ranges and diverse cohorts to capture the nuances of this complex relationship.

Longitudinal studies: The majority of existing research relies on cross-sectional data,
providing snapshots of immunosenescence and CMV interactions at specific time points.
Longitudinal studies are crucial for tracking the dynamic changes over time, identifying
key transitional phases, and elucidating the causal relationships between CMV infection
and immunosenescence.

Genetic variability: The influence of individual genetic variations on the response
to CMV and the trajectory of immunosenescence remains understudied. Investigating
the genetic determinants that shape susceptibility to CMV infection and impact immune
responses will enhance our understanding of personalized risk profiles.

In-depth epigenetic analysis: Epigenetic modifications play a pivotal role in regulating
gene expression during CMYV latency and immunosenescence. Future studies should
employ advanced techniques to decipher how epigenetic alterations contribute to the
bidirectional relationship and influence overall immune function.

Host—virus interactions at the single-cell level: Advancements in single-cell technologies
allow for a more specific examination of host-virus interactions. Exploring these interac-
tions at the single-cell level can unravel heterogeneity within cell populations, providing
insights into how specific cells contribute to immunosenescence and respond to CMV.

Impact on vaccination: Understanding the impact of CMV on vaccine responses, espe-
cially in older adults, is critical. Investigating how immunosenescence, combined with
CMYV infection, influences vaccine efficacy and the development of adaptive immunity is
essential for optimizing vaccination strategies for the aging population.

Impact on age-related diseases: Further research is needed to comprehensively elucidate
the impact of CMV on age-related diseases and to explore potential interventions that may
mitigate the adverse effects of CMV infection. A deeper understanding of these processes
is essential for enhancing the health and quality of life of the aging population and for
developing more effective strategies to combat age-related diseases and infections.

Neurological consequences: The potential impact of CMV on neurodegenerative disor-
ders and cognitive decline requires further attention. Longitudinal studies exploring the
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association between CMV infection, immunosenescence, and neurological outcomes will
contribute to our understanding of age-related cognitive health.

Intervention strategies: While this review has shed light on the consequences of the
immunosenescence-CMYV interplay, research on potential interventions is limited. Future
studies should explore therapeutic avenues that target both immunosenescence and CMV,
aiming to enhance immune function and mitigate age-associated diseases.

Developing CMV wvaccines and anti-viral treatments: Developing CMV vaccines that
target both primary and latent infections may be a pivotal goal. Such vaccines could have a
significant impact on preventing CMV-associated immunosenescence and its consequences.
Investigating novel antiviral treatments for controlling CMV reactivation in aging popula-
tions is also essential. These therapies should aim to reduce the burden of CMV and its
potential to drive immunosenescence. Additionally, immunomodulatory approaches may
be imperative. Exploring interventions that modulate the immune response to CMV and
mitigate its negative effects on immunosenescence may represent an exciting avenue for
future research. These strategies may include, for instance, immune checkpoint inhibitors
or immunostimulatory agents.

Influence of co-infection: The interactions between CMV and other pathogens, par-
ticularly in the context of co-infections, pose unresolved questions. Investigating how
concurrent infections may synergistically or antagonistically influence immunosenescence
is crucial for a holistic understanding of the aging immune system. As new infectious
diseases continue to emerge, understanding how CMYV affects immune responses to these
pathogens is crucial. Insights into how CMYV interacts with novel viruses, such as the
ongoing research on its influence on SARS-CoV-2 infection, remains essential.

Thus, while considerable progress has been made in unraveling the mechanisms at
the interface of CMV and immunosenescence, many questions remain. The direct impact of
CMYV on longevity and health span remains unclear. Research focusing on the relationship
between CMV infection, aging, and overall health outcomes can contribute to a comprehen-
sive understanding of its implications for the aging population. The identification of reliable
biomarkers for CMV-associated immunosenescence and related diseases is pivotal. Such
biomarkers would enable early detection and monitoring, facilitating timely interventions.
Addressing these limitations may contribute to a more comprehensive understanding of the
intricate relationship between immunosenescence and CMV. This knowledge is crucial for
improving the health and well-being of aging individuals and advancing our knowledge
of age-related diseases and infections.
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