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Aged brain and neuroimmune responses
to COVID-19: post-acute sequelae

and modulatory effects of behavioral
and nutritional interventions

Ludmila Muller™ and Svetlana Di Benedetto'

Abstract

Advanced age is one of the significant risk determinants for coronavirus disease 2019 (COVID-19)-related mortality
and for long COVID complications. The contributing factors may include the age-related dynamical remodeling of
the immune system, known as immunosenescence and chronic low-grade systemic inflammation. Both of these
factors may induce an inflammatory milieu in the aged brain and drive the changes in the microenvironment

of neurons and microglia, which are characterized by a general condition of chronic inflammation, so-called
neuroinflammation. Emerging evidence reveals that the immune privilege in the aging brain may be compromised.
Resident brain cells, such as astrocytes, neurons, oligodendrocytes and microglia, but also infiltrating immune

cells, such as monocytes, T cells and macrophages participate in the complex intercellular networks and multiple
reciprocal interactions. Especially changes in microglia playing a regulatory role in inflammation, contribute to
disturbing of the brain homeostasis and to impairments of the neuroimmune responses. Neuroinflammation may
trigger structural damage, diminish regeneration, induce neuronal cell death, modulate synaptic remodeling and in
this manner negatively interfere with the brain functions.

In this review article, we give insights into neuroimmune interactions in the aged brain and highlight the impact
of COVID-19 on the functional systems already modulated by immunosenescence and neuroinflammation. We
discuss the potential ways of these interactions with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
and review proposed neuroimmune mechanisms and biological factors that may contribute to the development of
persisting long COVID conditions. We summarize the potential mechanisms responsible for long COVID, including
inflammation, autoimmunity, direct virus-mediated cytotoxicity, hypercoagulation, mitochondrial failure, dysbiosis,
and the reactivation of other persisting viruses, such as the Cytomegalovirus (CMV). Finally, we discuss the effects
of various interventional options that can decrease the propagation of biological, physiological, and psychosocial
stressors that are responsible for neuroimmune activation and which may inhibit the triggering of unbalanced
inflammatory responses. We highlight the modulatory effects of bioactive nutritional compounds along with the
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multimodal benefits of behavioral interventions and moderate exercise, which can be applied as postinfectious

interventions in order to improve brain health.

Keywords Aged brain, Immunosenescence, Inflammaging, Neuroinflammation, COVID-19, Long COVID,
Neuroinvasion, Behavioral and nutritional intervention, Meditation, Music therapy

Introduction

Over the course of the Corona pandemic, in addition to
a SARS-CoV-2 infection, such conditions as social isola-
tion, feelings of a lack of control, uncertainty, loneliness,
and fear of infection contributed—particularly among
the elderly population—to mental and psychological
problems including acute and chronic stress, anxiety,
and depression. Much work has demonstrated that the
immune system plays a decisive role not only in response
to infection but also in the regulation of the extremely
complex neuronal and social processes. It appears
that the brain and the immune system act in concert,
responding to external challenges by means of mutual
and extremely entangled neuroimmune interactions to
maintain the internal homeostasis of the body. Both of
these systems stand in a constant cross-talk to each other
in order to facilitate an optimal response of the organism
to changing internal and external environmental stimuli
[1,2].

During the Corona pandemic, particularly the elderly,
who are most predisposed to chronic neurogenerative
diseases, have also been confronted with physical inac-
tivity, sociopsychological stress and worsened nutritional
conditions in addition to a COVID-19 infection [3-6].
These pandemic-related disturbances may potentiate
the already existing age-associated physiological changes
in neuroimmune processes and negatively affect the
course of COVID-19, leading later to the development of
post- and long COVID symptomatology in this group of
patients.

Recently, there has been increasing evidence that the
immune system, particularly through inflammatory cyto-
kines, can significantly influence stress circuits of the
central nervous system (CNS), together with hormonal,
and neurochemical responses [2]. Brain regions affected
by cytokines include the amygdala, which is important
in threat appraisal, as well as the hippocampus, cingu-
late cortex, and prefrontal cortex [1, 7, 8]—all of which
are involved in the shaping of social behavior and the
formation of highly plastic learning processes to ensure
survival. Thus, pro-inflammatory cytokines appear to act
as soluble mediators of neural plasticity and influence the
circuits that could be essential for neurological processes
[2]. If unchecked—as in the case of COVID-19 infec-
tion—these cytokines can induce enormous biological
dysregulations, including the brain tissue injury and have
negative consequences across multiple organ systems [9].

Age-related neuroinflammation accompanied by an
increased release of pro-inflammatory cytokines and
cortisol may additionally accelerate the progression of
various neurodegenerative and neuropsychiatric com-
plications caused by virus-related pathological activity
and hyperinflammation, leading to further neuroimmune
inflammatory responses by oxidative damage to cells,
proteins, lipids, and DNA in the brain. As a result of these
cumulative effects, the decline in brain function and last-
ing brain tissue damage occurs leading to the loss of life
autonomy in the elderly [5]. Additionally, neuropsychiat-
ric complications, such as anxiety, depression, traumatic
stress disorder, insomnia, etc., related to COVID-19 were
reported to be extremely common and may negatively
impact the quality of life [10].

In this review article, we consider the neuroimmune
interactions and the impact of COVID-19 on an aging
organism in which the virus is encountering functional
systems already modulated by immunosenescence and
neuroinflammation. We highlight the potential ways of
these neuroimmune interactions with SARS-CoV-2 and
give insights into proposed neuroimmune mechanisms
and biological factors that may contribute to the develop-
ment of persisting long COVID conditions. Although the
long-term relationships between COVID-19 and neuro-
physiological consequences will take years to surface, the
detailed understanding of the role of immunosenescence
and neuroinflammation as well as the differentiation
of underlying mechanisms in neuroimmune responses
to SARS-CoV-2 infection would be an important step
towards developing therapeutics and potential ways of
interventions.

The impact ofimmunosenescence and
inflammaging on the immune response to SARS-
CoV-2

Advanced age is one of the significant risk factors for
COVID-19-related mortality and for long COVID com-
plications, which are currently a subject of increasing
attention playing a crucial role in the life of many people
after a bout of infection. What are the reasons allowing
the virus to escape an immune response and to produce
such dramatical pathological changes in all physiological
systems including the brain? The contributing factors can
be on the one hand, the age-related dynamical remod-
eling of our immune system, known as immunosenes-
cence, that is characterized with the reduced or impaired
function of adaptive and innate immunity. On the other
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hand, chronic subclinical systemic inflammation, known
as inflammaging [11], also plays a decisive role in the
development of many age-related disorders and may con-
tribute to the pathology of COVID-19.

The etiology of inflammaging is not fully understood,
but both cell-endogenous and exogenous factors and
physiological stressors are possible contributors to a
chronic age-related inflammation [12]. The accumulation
of senescent cells producing inflammatory cytokines,
reactive oxygen species (ROS), metalloproteinases and
fibronectin may contribute to inflammaging. Pro-inflam-
matory factors, such as interleukin (IL)-6, IL-1f, the
C-reactive protein, and the tumor necrosis factor (TNF),
may also be released from the visceral adipose tissue
[13] of aged individuals. The activation of the immune
inflammatory cells may occur due to the microbial dys-
biosis [14], but also due to the disturbed proteostasis,
leading to an accumulation of misfolded proteins and cel-
lular debris [15]. These fragments of cellular garbage may
serve as ligands for certain pattern recognition receptors
initiating pro-inflammatory signaling [16]. Thus, in com-
bination with other contributing factors, both immu-
nosenescence and inflammaging may lead to a poorer
antiviral immune response and disturbed viral clearance
and also to an increased risk of immune dysregulation
[9].

The disparities in the immune function between young
and older individuals have been dramatically reflected
in the differential immune responses to SARS-CoV-2
(Fig. 1). The exceptional ability of a young immune sys-
tem is characterized by initialization of an immediate
innate immune response (Fig. 1, A) after the recogni-
tion of SARS-CoV-2 RNA and viral protein components
through pattern recognition receptors—such as toll-like
receptor (TLR). The resulting local inflammation and
type I IEN antiviral responses allow for the inhibition of
viral replication [9, 17]. This process is accompanied by
the recruitment and activation of immune cells, resulting
mostly in the induction of an effective specific immunity,
capable of eliminating the virus and contributing to the
accomplishment of a stable, successful clinical recovery
(Fig. 1, A and C).

Immunosenescence affects the proportions and func-
tional capabilities of immune cells and predisposes the
elderly to an inappropriate immune response to SARS-
CoV-2 infection (Fig. 1, B and D). The immune response
of an aged host fails to launch a robust type I IEN antivi-
ral response to control the SARS-CoV-2 viral replication
(Fig. 1, B). The neutrophil function is also impaired, so
that these immune cells are unable to efficiently elimi-
nate the pathogen immediately after entry. In addition,
neutrophils are capable of escaping apoptosis, but can
produce elevated amounts of inflammatory molecules
[87]. In fact, the increased cell counts of neutrophils and

Page 3 of 19

monocytes in the blood of COVID-19 patients are indic-
ative of a negative prognosis and are often associated
with a severe course of the disease [12, 18, 19].

The accumulation and persistence of senescent
immune cells that produce excessive amounts of inflam-
matory cytokines, have an abnormal senescence associ-
ated secretory phenotype (SASP), and are resistant to
apoptosis—is one of the main features of immunosenes-
cence and inflammaging. The cells with SASP are able
not only to produce pro-inflammatory cytokines, che-
mokines, fibronectins and matrix metalloproteinases, but
also to negatively affect the other cells by further enrich-
ing the environment with pro-inflammatory mediators
and reactive oxygen species. Moreover, the increase in
the number of senescent immune cells is accompanied
by the decreased ability of the immune system to remove
these senescent cells, leading to a further enrichment of
the microenvironment with inflammatory molecules
and further cell damage [9, 20, 21]. Thus, SASP media-
tors along with a disproportional presence of inflamma-
tory cells may trigger the exaggerated hyperinflammatory
conditions in the elderly and be one of the mechanisms
for an excessive inflammation during COVID-19 infec-
tion [12, 22].

The age-related changes in the important function of
innate immune cells concerning their antigen presenta-
tion negatively influence the priming and activation of the
T cells. The monocytes and dendritic cells from elderly
people demonstrate a reduced expression of CD40, CD86
and MHC class II molecules [21, 23]. It has been shown
that innate cells from patients with acute COVID-19 also
exhibited reduced antigen-presenting capacities and a
low expression of human leukocyte antigen (HLA)-DR,
CD80, and CD86 when stimulated in vitro [24]. Thus, a
SARS-CoV-2 infection may further negatively influence
the cells of the aged innate immune system towards dys-
regulation in their main function of priming the adaptive
immune system [9, 12].

The effective antiviral immune response may also be
disturbed due to the multiple age-related impairments in
cells of the adaptive immune system (Fig. 1, D). The age-
related loss of T- and B-cell diversity may limit the effi-
cient response to such a novel pathogen as SARS-CoV-2
[25]. The accumulation of CD28 T cells in the periph-
eral circulation expressing multiple senescence markers
inhibits the necessary secondary T-cell activation signal-
ing and may prevent the antiviral T-cell response [21, 26—
28]. It was also supposed that SARS-CoV-2 spike proteins
may induce the apoptosis of T cells by direct interaction
with T cells through CD26 surface molecules [29], thus
decreasing T-cell immune response.

Age-related impairments in the functional capacity of
CD4" T cells to trigger B cells through the cytokine pro-
duction for differentiation into immunoglobin-producing
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Fig. 1 The impact of age-related changes in the innate and adaptive immune system on COVID-19. The SARS-CoV-2 infects the cell by binding to the
ACE2 receptor. After invasion, the virus can be detected by the cells of innate immunity (A, B), such as monocytes, macrophages, and DC. In young (A)
it leads to an induction of a local inflammatory and robust interferon-I response, inhibiting the viral replication. Immune cells are recruited to the site of
infection: NK cells kill infected cells, neutrophils clear the cell debris, and the functional APCs prime cells of the adaptive immunity (C). After activation, the
CD4* T cells release cytokines and activate B cells and plasma cells to produce the nAb. Cytotoxic CD8* T cells can directly kill infected cells, preventing
the viral spread. Neutrophils migrate to the sites of infection to clear the cell debris. The immune response of young individuals (A, C) efficiently resolves
the infection and is capable of establishing an immune memory. The innate cells of elderly individuals (B) are functionally impaired and enable to induce
robust antiviral type | IFN response for controlling virus replication. Inflammatory and SASP molecules attract further dysfunctional inflammatory neu-
trophils, monocytes, and inflammatory M1-macrophages to the sites of infection, establishing an inflammatory feedback loop and contributing to the
so-called “cytokine storm’. These detrimental conditions inhibit effective T-cell priming and disturb efficient debris clearance. Aged cells of the adaptive
immune system (D) also have multiple deficits, which prevent an effective antiviral immunity. Decreased T-cell numbers with reduced receptor repertoire,
an accumulation of senescent T cells with impaired proliferative capacity, and elevated levels of inflammatory cytokines lead to the disturbed immune
response to the SARS-CoV-2. Senescent B and T cells produce inflammatory cytokines, inhibiting the generation of mature B cells. Reduction in nAb and
elevation of non-neutralizing antibodies and autoAb may augment the SARS-CoV-2 infection by ADE, leading to organ damage. Autoimmunity, SASP, and

inflammaging promote a pro-thrombotic environment and contribute to the hyperinflammatory syndrome observed in severe COVID-19.

Abbreviations: DC: Dendritic cell; NK: natural killer cell; EC: endothelial cell; ACE2: angiotensin-converting enzyme 2; IFN: interferon; TLR: toll-like receptor;
IL: interleukin; TCR: T-cell receptor; SASP: senescence-associated secretory phenotype; APC: antigen-presenting cell; TNF: tumor necrosis factor. SmCD8+:
senescent memory CD8" T cell; SmCD4™: senescent memory CD4* T cell; SmBC: senescent memory B cell; ABC: age-associated B cells; ADE: antibody-

dependent enhancement. Modified from

[9].
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plasma cells [30] may also influence the humoral response
to the virus. It was shown that proportions of virus-spe-
cific T cells correlate with serum titers of IgG and IgA
[31]. Age-associated changes in the immunoglobulin
class-switch recombination and somatic hypermutation
may also have a negative impact on the production and
secretion of high-affinity antibodies that play an impor-
tant role in the establishment of protective and long-last-
ing immunity [9, 32, 33] to the virus.

Due to age-related chronic low-grade inflammation,
elevated senescent cell load, SASP and inflammasome
activation, increased DNA damage, and reduced autoph-
agy—an induction of the overwhelmed pathological
inflammatory responses may occur in aged patients [9,
34]. Such a highly inflammatory environment and predis-
position to autoimmunity may also start the prothrom-
botic pathways supporting thrombosis and contributing
to further inflammation in a feed-forward loop. Thus,
immunosenescence and inflammaging in combination
with a SARS-CoV-2 infection may additionally induce a
prothrombotic environment, stimulate a hyperinflam-
matory immune response, and negatively influence the
course of COVID-19 in aged patients [9]. The hyper-
inflammation, as a result of an abnormal immune and
inflammatory reactions, may induce a pathological dam-
age to many physiological systems and be one of the pos-
sible contributors to the development of a wide range of
chronical neurological complications in COVID-19 sur-
vivors with long-term consequences for them.

Aged brain and neuroinflammation

The vulnerability of the aged brain could not only origi-
nate from the impaired immune defenses but also from
any of the altered homeostatic mechanisms that contrib-
ute to the aging phenotype. One of such critical changes
in the aged brain involves the age-related alterations in
the microenvironment of neurons and microglia, which
are characterized by a general condition of low-grade
inflammation—so-called neuroinflammation. Especially
changes in microglia, which represent the brain resi-
dent macrophage cells playing a decisive regulatory role
in inflammation, contribute to disturbing of the brain
homeostasis [2, 35].

The underlying age-related conditions in the blood,
including low-grade inflammation and immunosenes-
cence, may on a systemic level contribute to the neuroin-
flammation in the aged brain. Emerging evidence reveals
that the immune privilege in the aging brain may be com-
promised [36, 37]. An excess of soluble inflammatory
mediators including cytokines (e.g., TNF-a, IL-1f, IL-6,
IFN-y), pathogen-associated molecular pattern mol-
ecules (e.g., LPS, viral nucleic acids), complement com-
ponents, sphingosine, prostaglandins, and kinins may
negatively influence the blood-brain barrier (BBB) [38].
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The endothelial barriers can be disrupted under the influ-
ence of persistent exposure to inflammatory mediators,
allowing for the entrance of immune cells and the unhin-
dered transfer of inflammatory cytokines into the brain
parenchyma (Fig. 2, A). This may induce an inflammatory
milieu and drive the low-grade inflammation in the brain
tissue by modulating and activating microglia to produce
further inflammatory cytokines.

Resident cells, such as astrocytes, neurons, oligoden-
drocytes and microglia, but also infiltrating immune cells,
such as monocytes, T cells and macrophages participate
in the complex intercellular networks and multiple recip-
rocal interactions between activated cell surface recep-
tors and secreted inflammatory mediators and cytokines,
thus promoting the process of neuroinflammation [2, 36,
37, 39-41]. Neuroinflammation may trigger structural
damage, diminish regeneration, induce neuronal cell
death, modulate synaptic remodeling, and, in this man-
ner, negatively interfere with the brain functions.

The pro-inflammatory environment drives morpho-
logical and functional alterations of astrocytes and
microglia, diminishing their neuroprotective functions
and inhibiting the neurogenesis. It is supposed that
microglia may experience age-associated changes, char-
acteristics of which are similar to the peripheral immune
cells [9, 42]. The aged brain cells, on the other hand, may
also modulate the immune system and contribute to the
recruitment of immune cells from the periphery, thereby
promoting further immunosenescence and neuroinflam-
mation [36]. It was reported that aged microglia were
able to recruit circulating CD8" T cells that entered the
brain with the help of the adhesion molecules anchored
on the surface of the brain endothelial cells [43]. The
accumulation of CD8" T cells in the aged brain has been
shown to increase the production of IFN-y and to have
detrimental effects on the neural stem cell function [40].
An increased amount of these T cells in the brain of aged
mice has been associated with axon degeneration and
with age-related cognitive and motor decline [39].

It is known that psychosocial stress, loneliness, anxiety,
and aging itself can jointly distress the neuroendocrine
system, by stimulating the hypothalamic-pituitary-adre-
nal (HPA) axis to produce the corticotropin-releasing
hormone (CRH) from the hypothalamus and thus trig-
ger the anterior pituitary gland to release adrenocortico-
tropin (ACTH) (Fig. 2, B). This results in the production
and release of glucocorticoids (such as cortisol) from the
adrenal gland into circulation [44]. High levels of corti-
sol can directly diminish hippocampal neurogenesis or
indirectly by modulating the release of cytokines and
neurotrophins and altering the expression of their recep-
tors on the surface of immune and brain cells. These
changes may lead to impairments in synaptic plasticity, to
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Fig. 2 The aged brain, neuroinflammation, and the impact of SARS-CoV-2. (A) Aging, peripheral immunosenescence, and inflammaging induce age-
related changes in the blood. Chronic exposure to pro-inflammatory factors may disrupt the endothelial barrier and allow the unhindered transfer of
immune cells and pro-inflammatory cytokines into the brain parenchyma, activating microglia and driving low-grade brain inflammation. Activated
microglia and astrocytes produce further inflammatory mediators. Protective M-2 macrophages turn into pro-inflammatory M1-phenotype and contrib-
ute to further neuroinflammation. An inflammatory environment disrupts the delicate balance needed for LTP-induction, impairs synaptic plasticity, and
downregulates the production of BDNF and IGF-1. This leads to negative consequences for neural precursor cells decrease and for the normal neuronal
functioning. (B) Aging, stress, and inflammaging activate the HPA axis to release CRH from the paraventricular nucleus and trigger the anterior pituitary
gland to secrete ACTH. This stimulates the release of glucocorticoids from the adrenal gland into the circulation. High concentrations of cortisol can, in
turn, impair hippocampal neurogenesis. (C) Infection with SARS-CoV-2 may be an additional immune stressor, contributing to an elevated neuroinflam-
matory markers and resulting in more intense and unremitting immune reactions. The SARS-CoV-2-induced astro- and microgliosis contributes to BBB-
disintegration and elevated levels of pro-inflammatory cytokines and is associated with neuronal loss. These combined effects may lead to symptomatic
exacerbation, neurodegeneration, and a perpetuation of functional decline

Abbreviations: SARS-CoV-2: Severe acute respiratory syndrome coronavirus type 2; HPA: Hypothalamic-pituitary-adrenal axis; CRH: corticotropin releasing
hormone; ACTH: adrenocorticotropin; IL: interleukin; IFN: interferon; TNF: tumor necrosis factor; LTP: long term memory potentiation; BDNF: brain-derived
neurotrophic factor; IGF: insulin-like growth factor. Modified from [2].

prolonged neuroinflammation, and age-related neurobe-
havioral disturbances [2].

It is supposed that, at least in rodents, levels of inflam-
matory cytokines increase as a function of age [44-46]
and that aging microglia develop a primed profile, which

Norden and colleagues defined as “(i) an increased base-
line expression of inflammatory markers and mediators;
(ii) a decreased threshold ‘to be activated and to switch’
to a pro-inflammatory state; and (iii) an exaggerated
inflammatory response following immune activation”
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[7]. Thus, aging and neuroinflammation can sensitize the
aged brain to produce an exaggerated response following
exposure to a stressor and to the presence of an immune
stimulus in the periphery [2, 7, 47-49]. The SARS-CoV-2
may represent such an immune stressor and, in addi-
tion to the age-related neuroinflammation, impact the
aged brain (Fig. 2, C). The inadequate systemic hyper-
inflammation can also disrupt brain homeostasis and
have adverse effects on neuronal cell functions, leading
to behavioral and cognitive impairments and triggering
COVID-19 neuropathology [1, 8].

It has also been suggested that susceptibility of the
brain to the cytokine storm in COVID-19 may be related
to “microglial priming” as a result of age-related neuro-
inflammation [50]. Such microglial priming may pro-
duce an exaggerated microglial response and induce
a positive feedback loop in which more cytokines and
inflammatory mediators are produced. This may con-
tribute to the elevation of neuroinflammatory markers,
the aggravation of neuroinflammation, and result in a
more intense and unremitting immune response. In the
brain parenchyma, the unrestricted inflammatory reac-
tions are enormously potent to initiate injury cascades,
leading to brain tissue damage and functional dysregu-
lation; affecting neurogenesis, synaptic neurotransmis-
sion and plasticity, mitochondrial functioning and brain
homeostasis [51, 52]. Brain tissue injury can also occur as
a result of microbleeds caused by SARS-CoV-2-induced
endothelial damage. The virus can trigger astrogliosis
that may additionally contribute to a BBB-disintegration
due to the progressive foot detachment of astrocytes. The
SARS-CoV-2-induced microgliosis promotes microglia
to secrete elevated levels of cytokines. Additionally, both
microgliosis and astrogliosis are associated with neuronal
loss [51].

Both, inflammatory cytokines that enter the brain and
locally induced neuroimmune inflammatory responses
can influence the production, release, and metabo-
lism of several important neurotransmitters, including
dopamine, norepinephrine, and serotonin [2, 53]. Such
alterations in the metabolism and in the levels of neu-
rotransmitters are known to be responsible for the patho-
physiology of various neuropsychiatric conditions, such
as anxiety, depression, and obsessive-compulsive disor-
ders [54, 55]. As fluctuations in cytokine levels can lead
to a disturbance in the metabolism of neurotransmitters
and be responsible for triggering behavioral disorders, it
has been hypothesized than neuroimmune interactions
can be placed as a critical link between a SARS-CoV-2
infection and mental health impairment [56]. Therefore,
all these effects may jointly lead to symptomatic exacer-
bation and the perpetuation of functional decline, par-
ticularly in exposed elderly individuals [1, 57].
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Possible pathways and mechanisms of brain
invasion

Along with neuroinflammation, leading to a break-down
of the brain homeostasis, there is a growing body of evi-
dence indicating multidimensional pathways of a brain
invasion by SARS-CoV-2. Although the exact mechanism
of brain invasion is not fully understood, several routes
of viral entry have been proposed, including a hematog-
enous route by peripheral immune cells of the blood-
stream as well as trans-neuronal routes of invasion [1, 58,
59].

It is widely known that SARS-CoV-2 binds to the recep-
tor for the angiotensin-converting enzyme 2 (ACE2) [60—
62] and therefore, the expression of this receptor dictates
the entrance point of the virus. While ACE is most prom-
inently expressed by epithelial and endothelial cells, it has
been found to be expressed, to a lesser extent, by neurons
and glial cells [61]. The viral spike protein interacts with
the ACE2 receptor and induces an increase of angioten-
sin II, activating the nicotinamide dinucleotide phos-
phate oxidase 2 (NOX2) enzyme with the subsequent
release of reactive oxygen species (ROS) and inflamma-
tory mediators in the central nervous system [63]. Due
to the high expression of ACE2 receptors on the endo-
thelium of brain blood vessels [64], they may operate as
docking sites for the virus and promote its hematogenous
dissemination.

There are many uncertainties regarding the possible
pathways of viral transfer, but high prevalence of anos-
mia in patients with COVID-19 allows to suppose the
involvement of the olfactory system as one of the most
potential routes of neuroinvasion (Fig. 3, A). The direct
infection of the olfactory bulb may occur by the virus
attaching to the olfactory nerve terminals, becoming
internalized, and then being transported to other regions
of the brain [65]. Due to the fact that the impairments in
olfaction and taste were usually reported at the beginning
of the COVID-19 infection [65], it was suggested that the
virus may be able to enter the CNS by retrograde axo-
nal travel through the cribriform plate [66]. This means
that SARS-CoV-2 may be capable of crossing the neu-
ral-mucosal interface in the olfactory mucosa, of infect-
ing the olfactory neurons, and then of migrating up to
the medulla oblongata [58], causing neuroinflammation,
demyelination, and neuronal loss [67].

Another less discussed potential route of viral inva-
sion is the entry through the trigeminal nerve (Fig. 3, B)
that might be affected together with the olfactory sys-
tem. Along with prominent olfactory dysfunction, this
could also lead to such common neurological symptoms,
like headaches, in COVID-19 patients [68]. The possible
suggested mechanism for these impairments may be
the direct invasion and infection of the trigeminal nerve
in the nasal cavity by SARS-CoV-2 [69-71], which can
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also be due to the fact that the intranasal olfactory and
trigeminal systems possess wide interconnections and a
close relationship [58].

Other suggested potential routes of neuroinvasion by
SARS-CoV-2 include pathways of retrograde synaptic
transport via axons from receptors in the lung (Fig. 3,
C) and via the vagus nerve from enteric nervous system
(Fig. 3, D) into the respiratory areas within the medulla
of the brainstem [64, 72]. Small intestine endothelial cells
are characterized by a high expression of ACE2 and are
involved, along with neurons, in the enteric nervous sys-
tem. In COVID-19 patients, the gastrointestinal symp-
toms are frequently present [73, 74]. It has been reported
that SARS-CoV-2 was able to effectively replicate inside
enterocytes [75] and could be isolated not only from oral
but also from anal swabs [76].

The hematogenous route of neuroinvasion may be used
by SARS-CoV-2 via infected lymphocytes that cross the
blood-brain barrier (Fig. 3, E) smuggling the virus into
the brain or by direct infection of ACE-expressing micro-
vascular endothelial cells [77]. The ACE2 expression is
lower in the brain compared to other tissues and organs,
but, nevertheless, the high expression has been detected
in the choroid plexus and paraventricular nuclei of the
thalamus. The nuclear expression of ACE2 was evident in
neuronal as well as non-neuronal cells, such as endothe-
lial cells, astrocytes, oligodendrocytes, in the posterior
cingulate cortex, and middle temporal gyrus [78, 79].

The virus may perform the neuroimmune effects either
by directly entering the intracellular compartment of glia
and neuronal cells, or by producing the secondary dam-
age by inflammatory mediators of both, systemic origin
or derived from inflammatory resident neuroimmune
cells (Fig. 3, E and F). In fact, some recent critical evi-
dence suggest that CNS effects might be possibly due
to the transmission of inflammatory mediators from the
choroid plexus [80] at the level of the blood-CSF (cere-
brospinal fluid) barrier (Fig. 3, F) rather than to be caused
by the virus penetrating the brain parenchyma. The
authors provide the argument that they failed to detect
the virus RNA or protein in the gene expression profiles
from the choroid plexus and medial prefrontal cortex of
individuals, who died from COVID-19. But, on the con-
trary, they were capable of revealing evident alterations in
various inflammatory genes [80]. Another research group
however, reported that viral RNA has been detected
in the olfactory mucosa and in the uvula and medulla
oblongata by using RT-qPCR and in-situ hybridization to
detect the SARS-CoV-2 RNA as well by means of immu-
nohistochemistry and electron microscopy [58].

Thus, the different mechanisms or a combination of
them may support the neuroimmune invasion involv-
ing the viral neurotropism or direct viral entry by com-
promising the choroid-plexus, by disrupting the BBB, by
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triggering the inflammatory response, and by promoting
the cerebral inflammatory state.

Potential mechanisms that may contribute to long
CovID

Residual symptoms after a SARS-CoV-2 infection, which
are observed in both, the severe and non-severe disease
cases, are concerning. These conditions have various
names, such as “post-acute coronavirus disease (COVID)
syndrome” (PACS), “post-COVID19 syndrome’, or “post-
acute sequelae of SARS-CoV-2 infection” (PASC) but are
more generally known as “long COVID” The long COVID
disease is defined as a cluster of symptoms lasting more
than 28 days after an acute COVID-19 infection. This is
an umbrella term for a spectrum of symptoms includ-
ing mostly anxiety, chronic fatigue, so-called brain fog,
concentration disorders, attention and memory deficits,
changes in mood, and insomnia. Approximately 30% of
patients develop long COVID after a SARS-CoV-2 infec-
tion and various neuroimmune mechanisms seem to be
involved in the pathogenesis of this syndrome [81].

Due to the relatively new encounter of the long
COVID, knowledge about mechanisms and biological
factors contributing to this chronic disease is incomplete,
but rapidly progressing. Growing evidence revealed that
a concerted action of the viral and host biological factors
may be responsible for the development of the persistent
long COVID symptoms [82, 83]. It was hypothesized
that an interplay of multiple neuroimmune and SARS-
CoV-2-specific potential mechanisms (Fig. 4, A-G)
including persisting inflammation, autoimmunity, direct
virus-mediated cytotoxicity, hypercoagulation, mito-
chondrial failure, dysbiosis, and a reactivation of other
persisting viruses, may contribute to pathologic impair-
ments in various physiological systems including the
brain.

Persisting inflammation (Fig. 4, A) has been recognized
as a crucial factor in the pathogenesis of long COVID.
The pro-inflammatory mediators may play a central
role in the pathophysiological mechanisms driving long
COVID symptomology. Elevated inflammatory markers
were measured for several months [84, 85] in patients
with long COVID compared to fully recovered patients
[85, 86] and were associated with cognitive impairments.
In post-COVID patients, the elevated levels of pro-
inflammatory C-reactive protein were found to negatively
correlate with cognitive ability measured by a continu-
ous performance test [87]. Even after the clearance of a
SARS-CoV-2 infection, both systemic inflammation and
neuroinflammation were detected, including increased
pro-inflammatory cytokines in the CSF as well as myelin
loss and microglial activation [88]. All these neuroim-
mune reactions have been associated with impaired
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Abbreviations: COVID: coronavirus disease; SARS-CoV-2: severe acute respiratory syndrome coronavirus type 2, CMV: cytomegalovirus.

cognition [89] and may additionally contribute to neuro-
logic complications in long COVID patients [90].
Aberrant autoimmune responses (Fig. 4, B) triggered
by SARS-CoV-2 have been proposed as another poten-
tial underlying mechanism for long COVID pathology
[91-93]. This complication may induce targeted long-
term tissue damage and therefore represents the major
concern in clinical outcomes [94]. Produced in the course
of an infection, the autoimmune antibodies have been
shown to cross-react with proteins of the heart, brain,
and blood vessels, causing chronic pathological pheno-
types in COVID-19 patients [92, 95, 96]. Multiple studies
have found elevated levels of autoantibodies in COVID-
patients compared to uninfected controls [91, 97, 98]. A
recent longitudinal study has demonstrated that 40% of

patients had positive antinuclear antibodies 12 months
following a SARS-CoV-2 infection [99, 100]. Results from
two studies that specifically assessed autoantibodies in
the long COVID patients have shown a persistence of
postinfectious autoimmune processes [90, 101]. Autoan-
tibodies linked to vasculature and thrombotic factors as
well as antineuronal antibodies may both directly impact
the CNS and lead to the development of long COVID.
Autoimmunity can trigger an impairment of neurologi-
cal functions, drive inflammatory processes and neuroin-
flammation, and induce neurodegeneration.

Another hypothesis suggests that a persistent SARS-
CoV-2 infection (Fig. 4, C) may be responsible for long
COVID symptoms, which, in addition to direct viral
damage, may support chronic inflammation, and lead to
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immune-mediated tissue damage. The persistence of the
virus may induce an ongoing immune stimulation and
trigger chronic inflammation that, in turn, may cause
cognitive impairments including diminished memory
and executive functions. The viral RNA was detectable
between 14 and 17 days [102, 103], suggesting a persis-
tent infection in these patients. The extended duration of
viral RNA detectable in the lung, respiratory tract, and
feces has been reported, despite the absence of the virus
in other clinical samples such as the sputum or nasal
secretions [102, 104—106]. Though it has been shown
that SARS-CoV-2 could infect the CNS, it is not currently
clear if SARS-CoV-2 is capable of establishing a viral res-
ervoir within the CNS. Only few reports demonstrated
the detection of viral RNA in the CSF of long COVID
patients [107], and a systematic evaluation of the CSF
samples from a large cohort of patients with long COVID
symptoms is required to shed light on this issue.

It has been suggested that some of the detrimental
effects may be additionally caused by the direct action
of the free viral spike protein, which can act either alone
or in concerted action with other inflammatory media-
tors [108]. The spike protein could directly damage dif-
ferent types of cells, what could be particularly crucial
for the CNS cells. The pathogenic effects may include
direct injury and stimulation of the peripheral nerves
[109] as well as the stimulation of production and release
of inflammatory and vasoactive factors [110], such as the
platelet-activating factor [111]. Especially crucial effects
could be induced when the spike protein enters the brain
or would be expressed in neuronal and glial cells, activat-
ing microglia and leading to neuroinflammation and neu-
rodegeneration [108]. Such neurocognitive damage could
be harmful in vulnerable elderly persons and those with
minimal cognitive impairments.

The Cytomegalovirus (CMV) may represent another
viral candidate (Fig. 4, D), which may contribute to the
severity of COVID-19 and play a potential role in the
development of long COVID [9]. The Cytomegalovirus
is a ubiquitous and persistent herpesvirus with lifelong
latency and immunomodulatory features, whereby the
proportion of CMV-seropositive people increases with
age [9, 112, 113]. The association of CMV serostatus
with a clinical outcome of COVID-19 implies a role for a
CMV-induced immune system remodeling in the patho-
genesis of a SARS-CoV-2 infection [114]. CMV-reacti-
vation may be responsible for chronic inflammation that
often persists in patients with long COVID, who still have
enduring symptoms even after SARS-CoV-2 is no longer
detectable [115, 116].

The inflammatory status may itself lead to a reactiva-
tion of latent CMV infection, boosting neuroinflamma-
tion and contributing to the impairment of cognitive
function [9, 113, 117]. The association between a CMV
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infection and cognitive decline in the general popula-
tion has been confirmed in multiple studies [118-122].
Being a neurotropic virus, CMV induces CNS inflam-
mation and may enter the brain either through dis-
rupted BBB or by transfer via peripheral nerves [123].
The substantial sites of CMV localization were found
in the brainstem, diencephalon, and basal ganglia [124],
suggesting that CMV may itself or in combination with
SARS-CoV-2 be responsible for CNS damage. Other
studies found a depression-specific association of CMV
with a reduced resting-state connectivity, white matter
integrity, and gray matter volumes [125-127], indicating
that CMV may induce structural and functional brain
changes to a greater extent in elderly people with depres-
sion [16]. Thus, it is conceivable that a CMV infection
may contribute to long COVID pathology by supporting
immunosenescence, neuroinflammation, and by trigger-
ing persistent neurological symptoms, particularly in the
older population.

Aberrant mitochondrial function has been hypoth-
esized to be another important mechanism contributing
to the development of the long COVID symptomology
(Fig. 4, E). The experimental observations demonstrated
that SARS-CoV-2 can raid mitochondria and use their
functional capacities for its own survival [128]. Due to the
replicative activity of the virus in the mitochondria, their
metabolic ability may be changed, and elevated inflam-
matory reactivity occurs. The experimental evidence
confirmed the mitochondrial dysfunction including the
inability to generate sufficient adenosine triphosphate
(ATP) and worsening symptoms in a COVID-19 infec-
tion [129, 130]. Such symptom as fatigue, but also other
long COVID abnormalities, could be explained by the
reduced tissue oxygen supply, owing to hypercoagulation
and vascular dysfunction as well as to mitochondrial dis-
turbances, thus disrupting critical cellular bioenergetics.

Mitochondrial failure together with hypercoagula-
tion and chronic inflammation may lead to micro-
thrombosis with an increased risk of stroke—thus
contributing further to the pathology of long COVID.
Microvascular damage, stroke, bleeding, and hypoxia-
induced impairments contribute to brain tissue destruc-
tion, neuroinflammation, and neuronal loss, leading to
neurodegeneration [84]. Endothelial dysfunction and
coagulopathies (Fig. 4, F) are considered to be key mech-
anisms driving pathology during both acute disease and
long COVID [131-134], with the SARS-CoV-2 spike pro-
tein potentially activated by clotting factors [135] and
inflammation.

Dysbiosis has also been proposed as a contributory fac-
tor (Fig. 4, G) by allowing, through a disruption of the
gut barrier integrity, a more easier transmission and dis-
semination of SARS-CoV-2 and the induction of systemic
inflammation [136]. Changes in the gut microbiome,
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including depleted symbionts and gut dysbiosis after a
SARS-CoV-2 infection, have been found to persist even
after virus clearance and a resolution of clinical symp-
toms [137]. Due to the existing link between the micro-
biome, inflammation, and neuropsychiatric disorders
[138-140], dysbiosis may also play a role in the genesis of
long COVID. Further investigations are needed in order
to better understand the neuroimmune effects of micro-
biome and its contribution to neuropsychopathology. It
seems indispensable to closely consider the important
role of microbiome in the regulation of neuroimmune
interactions with the brain via “gut-brain axis” to better
understand the pathophysiological mechanisms of long
COVID.

Thus, we can conclude that different potential mecha-
nism—some of which we summarized in this section
(Fig. 4, A-G)—may operate in various combinations fol-
lowing a SARS-CoV-2 infection and thus contribute to
long COVID. This is correspondingly reflected in the
heterogeneous manifestations of long COVID symptoms.
Nevertheless, the inflammation seems to be a core com-
ponent in all these putative mechanisms, and both cen-
tral and systemic inflammation may induce disturbed
neuroimmune responses and lead to persistent physi-
ological and neurological alterations, especially but not
exclusively in an older population.

Search for therapeutic strategies: modulatory
effect of bioactive nutritional compounds and
multimodal benefits of exercise on neuroimmune
responses

There is no doubt yet, that following a COVID-19 recov-
ery, numerous patients will require—due to the wide-
ranging long COVID impairments—a targeted therapy
and a long-term care. It is therefore vitally important to
be aware, which of the most probable pathogenic mech-
anisms could be essential as a target for the beneficial
therapy. On the other hand, it is also of a great impor-
tance to find generalized interventional solutions—such
approaches that may allow for the treatment of long
COVID in a holistic manner in order to mitigate its nega-
tive effects and improve quality of life.

As SARS-CoV-2 induces hyperstimulation of the neu-
roimmune system in the acute phase of infection and the
persistent inflammation has been recognized as a core
mechanism underlying the chronical phase, an immu-
nomodulatory therapy targeting inflammatory processes
may be the most beneficial to address the long COVID
syndrome. In this section however, we will not discuss
such therapeutic methods as an immunosuppressive
therapy and plasmapheresis or other solely medical solu-
tions, but rather shortly consider immunomodulatory
interventions, including nutrition and physical exer-
cise. These treatment modalities for the long COVID

Page 12 of 19

syndrome represent a low-risk options and are espe-
cially important for elderly people, who have also a rather
increased medicamental load. In addition to the nonin-
vasiveness of these interventions, they should be readily
accessible and could be easily integrated in the every-day
life.

These, at a first glance a very simple recommendations,
could involve such long-term interventions for rehabilita-
tion as controlled physical exercises and adequate sleep,
musical therapy and meditation, and the ingestion of pro-
biotics and other nutritious foods with anti-inflammatory
characteristics. Such therapeutic options can decrease
the propagation of biological, physiological, and psycho-
social stressors, which are responsible for neuroimmune
activation and inhibit in this way the triggering of unbal-
anced inflammatory responses from immune substrates
such as microglia, which have been initially primed by
the COVID-19 infection [8, 141].

Since microbiome may have a modulatory impact on
inflammation, the ingestion of probiotic supplements
was examined in 6 randomized studies and was demon-
strated to be a safe therapeutic treatment for both young
and elderly participants [142]. Through the modulation
of the immune system and inflammatory responses, pro-
biotics have been shown to be effective in the attenua-
tion of gastrointestinal and upper respiratory infections,
also in older people and highly stressed adults [143].
The immunomodulating ability of probiotics was mostly
linked to their regulatory function on inflammatory and
anti-inflammatory cytokines [144, 145], providing poten-
tial to mitigate the negative effects of SARS-CoV-2 on
an overactivation of the immune system or to elevate
intensifying preexistent vulnerabilities. Additionally, the
term “psychobiotic” has been proposed that “refers to
a live organism that, when given in sufficient amounts,
improves symptoms of psychiatric illness” [8]. Multiple
evidence implies that psychobiotics can play an impor-
tant role in improving states of anxiety, depression, and
chronic fatigue symptoms [139, 146]. Various mecha-
nisms have been proposed on how probiotics may impact
the CNS, involving the regulation of the microbiome-
gut-brain axis, alterations in the signaling through the
vagus nerve, the spinal cord, and the positive modula-
tion of endocrine and immune systems [8, 146]. As some
probiotics have demonstrated anti-inflammatory effects,
they were proposed for therapeutic application to dimin-
ish the neuroinflammation [145]. Further studies are
required to prove the effectiveness of probiotics in miti-
gating long COVID symptoms.

The ability to modulate the immune response and alle-
viate the neuroinflammation caused by SARS-CoV-2
have been shown through the therapeutic usage of high
doses of melatonin [147]. Furthermore, vitamin D has
been proposed to down-regulate the negative effects of
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neuroinflammatory mediators and to have other immu-
nomodulatory and anti-inflammatory effects, mitigating
detrimental effects of COVID-19 and its possible neuro-
logical consequences in the post-infectious phase [148].
However, clinical trials elucidating the efficacy of melato-
nin and vitamin D in the prevention and management of
the long COVID are still missing and should be actively
encouraged.

Some bioactive compounds and natural antioxi-
dants were proposed to have the beneficial modulatory
effects on COVID-19 [108, 149, 150]. Flavonoids, iso-
lated from green plants and seeds possess effective anti-
inflammatory, anti-oxidant, and powerful cytoprotective
characteristics [151]. Such flavonoids as quercetin and
luteolin have been identified as the beneficial players
against SARS-CoV-2 exhibiting broad antiviral effects.
Moreover, luteolin can reduce the activation of microg-
lial and mast cells [152—154] and inhibit signaling path-
ways involved in the activation of inflammasome [155].
These neuroprotective characteristics allow luteolin to
counteract the neuroinflammation [156-158], prevent-
ing cognitive dysfunctions [159-161] and brain fog [162,
163], what makes these bioactive natural components to
promising therapeutic agents in respect to long COVID.

Meditative practices represent another kind of useful,
moderate, and low-cost intervention that may contribute
to the mitigation of long COVID symptoms. In a variety
of studies, the outcome of meditation has been associ-
ated with anti-inflammatory cytokine activity [164—168],
as has been reported in numerous systematic reviews
[169, 170]. Meditation has been shown to cause neural
reorganization, “re-modulation, and re-regulation” of the
neuroimmune responses [171, 172]. These studies have
also demonstrated that mindfulness meditation has been
associated with a number of changes toward the inhibi-
tion of inflammatory processes and may be applied in the
treatment of long COVID [173].

The mind-body intervention, including meditation
demonstrated a decrease in the levels of C-reactive pro-
tein and the downregulation of cytokine receptors [174].
Another study found a significantly reduced expression
of pro-inflammatory cytokines, with a shift toward the
secretion of anti-inflammatory cytokines [167]. Inter-
vention combining meditation and yoga has normalized
levels of the pro-inflammatory TNF-a [175]. Increased
concentrations of anti-inflammatory IL-10 and a decrease
in levels of pro-inflammatory IL-12 were found as result
of meditation [164—167]. In a meta-analysis study [176],
it has been revealed that mindfulness-based interven-
tions generated significant positive effects on cytokine
blood levels related to low-grade inflammation. Another
meta-analysis study found that meditation resulted in
the decrease of C-reactive protein level and the stabiliza-
tion of blood pressure [170], concluding that meditation
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may leads to the modulation of essential physiological
markers.

The mind-body technics have also been demonstrated
to induce a neural reorganization in practitioners [171],
therefore these interventional methods are applicable to
patients as a therapy for symptoms related to the brain
and cognitive dysfunctions as well as support for psy-
chosocial complications [177, 178]. Some studies inves-
tigating effects of meditation on neurotransmitters and
immune profiles of meditators [169] found various wide-
ranging neuroimmune benefits by applying meditation
on a regular basis. Meditation may help patients by the
modulation of pro-inflammatory to anti-inflammatory
responses and/or by decreasing the over-activation of a
sympathetic nervous system over the relaxation process
[166]. Such stabilizing parasympathetic responses may
be trained and translated easily to daily life to combat the
long COVID disease [172].

Music represents another (mostly overlooked) non-
invasive approach that may contribute to the mitigation
of post-COVID symptoms. The results of a meta-analysis
study suggest that music can have modulatory effects on
the cytokine levels, in particular by inducing the reduc-
tion of the IL-6 concentration in the blood. Addition-
ally, the modulation of stress-induced neuroimmune
responses has been demonstrated, also to the pathogenic
stress initiated by the viral infection [56, 179]. Through
the regulatory modulation of the function of the HPA-
axis and concentration of IL-6, music positively influ-
enced the immune system during acute stress [180, 181].

Music has demonstrated its positive effects in the cere-
brovascular disease through stimulation of the parasym-
pathetic nervous system, decreasing levels of adrenaline
and noradrenaline as well as pro-inflammatory TNF and
IL-6 cytokines [182, 183]. Multiple studies have proven
a positive effect of music on the immune function, and
decreased cortisol levels correlated with this effect. Eleva-
tions in salivary IgA-concentrations and IL-1 levels have
been related to decreased cortisol concentrations [181,
184, 185]. There are also reports that music can activate
the production of neurotransmitters and hormones, con-
tributing to anti-tumor signaling and T-cell proliferation
[186, 187]. Thus, such studies support the concept that
music may beneficially modulate neuroimmune interac-
tions and positively influence physiological and mental
processes [179]. Therefore, applying music therapy for
long COVID patients may be a useful supportive inter-
vention, particularly in the elderly, frail people.

Regular physical activity may trigger positive altera-
tions in the peripheral and brain immune systems,
inducing anti-inflammatory conditions and support-
ing a homeostatic milieu as well as limiting the adverse
effects of COVID-19 infection. The beneficial effects
of exercise have been demonstrated in the early studies
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on inflammatory markers, by changes in the expression
and affinity of some essential monoamine receptors, and
an improved synaptogenesis [188, 189]. The reciprocal
cross-interactions between neurotrophic and growth
factors, where levels of one factor influence the produc-
tion of the others, could be responsible for the exercise-
induced rebalancing of these factors and the inhibition
of inflammation [190] inducing positive effects on neu-
rogenesis, neurotransmission and vascularization [191,
192]. Consequently, moderate exercise interventions may
improve mental health, the psychological balance and
mood—partly due to the improvements in the expression
and release of the neurotrophic and growth factors [193,
194].

The positive effects of regular exercise on the brain
were found to be related to restored neurotransmission
and remyelination, to the refining of BBB-integrity, and
to the improvement of the immune responses [5, 195]
as well as to mitigating effects on chronic inflammation
and autoimmunity [196, 197]. The improved BBB-per-
meability was reached through changes in proteins of the
tight junctions, in the supporting activity of surrounding
astrocytes, and in oxidative capacity of microglia, as well
as by decreasing of inflammation [198, 199]. Exercises
were also shown to reduce inflammation and to suppress
microgliosis by the elevation of the anti-inflammatory
cytokines’ levels of [200].

It has been demonstrated that physical activity may buf-
fer the effects of psychosocial stress induced by COVID-
19 and improve mental and physical health among the
population [5, 201]. Therefore, regular physical exercise
may possibly mitigate mental and psychological impair-
ments related to the long COVID syndrome by improv-
ing the neuroimmune homeostatic conditions, including
balanced interactions between neuromodulatory cyto-
kines and neurotransmitters, opioids, and neurotrophic
and growth factors. Despite certain evidence of the ben-
eficial effect of exercise, there is still a need for optimal
programs that could help individuals with persistent long
COVID symptoms. Controlled physical interventions
can have positive immunomodulatory effects on the dis-
turbed neuroimmune responses and can be applied as a
post-infectious intervention to improve brain health. The
published recommendations accentuate the necessity of
“symptom-titrated physical activity and tailored exercise
in rehabilitation” emphasizing that proper and tailored
exercise may be a promising therapeutic intervention for
mitigating the long COVID symptoms [202]. This will
help affected people—particular of old age—to achieve a
more effective and faster recovery, increase their auton-
omy, functional ability, and general quality of life.
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Conclusions

It is not yet clear what impact the current pandemic
will have on human physical and mental health in the
long term. The far-reaching global effects may follow in
the next few years, but may also be first evident decades
later. The long-term neurological and psychiatric conse-
quences may be related to the virus itself or to the asso-
ciated secondary stressors, such as isolation, loneliness,
feelings of lack of control, anxiety and a loss of social con-
nectivity. This combination of pathogenic and psychoso-
cial effects may jointly influence the balanced functioning
of the neuroimmune system, especially in vulnerably
aged people.

In fact, the pandemic is expected to have a particularly
drastic impact on the elderly persons, who already have
repeatedly experienced the pathogenic and psychosocial
impacts over the course of their lives and are primed by
their own stress history. On the other hand, it could be
speculated that as the years went by, the currently young
population who have had a mild or asymptomatic course
of COVID-19 would later have a distinctive trajectory of
their aging process, because they also had experienced
a type of priming by the infection with the SARS-CoV2
previously in the lifespan. Age-related neuroinflamma-
tion and immunosenescence may then serve later as trig-
gering factors to the earlier onset and more detrimental
outcome of neuropsychiatric and neurogenerative patho-
logical conditions. Additionally, physical, pathogenic, and
environmental stressors experienced during the lifespan
may act on the neuroimmune cellular substrates primed
by SARS-CoV-2 in the past, contributing together with
immunosenescence and neuroinflammation to more
intense and unremitting pathological conditions in the
future.

In fact, the whole spectrum of potential long-term neu-
rological consequences of COVID-19 have not yet been
realized. But we can already witness a significant increase
in such medical conditions as depression, anxiety, insom-
nia, and eating disorders, which could be mirrored by a
similar increase in dementia, and motor and cognitive
neurodegenerative disorders in the coming years. Despite
intense research currently, unfortunately, we are still not
able to predict, who will develop the long-term compli-
cations, how long they will persist, if they will entirely
resolve, and—most importantly—if they are preventable.

Therefore, it is important to understand the multidi-
mensional interactions between psychosocial stressors,
immunosenescence, inflammaging, neuroinflammation,
and SARS-CoV2, which may shed important light on the
molecular and neuroimmune mechanisms of response
to COVID-19, and open novel ways for therapeutic and
behavioral interventions. Important future research
perspectives towards a better understanding of mecha-
nisms for possible neuroimmune modulation, including
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behavioral interventions, exercise, and psychotherapy,
will be fundamental to decrease disability due to the long
COVID in order to return individuals to full physical and
mental health as well as to the “normality” we used to
know before this pandemic.

List of abbreviations
COVID-19 coronavirus disease 2019
SARS-CoV-2  severe acute respiratory syndrome coronavirus 2

(@)% Cytomegalovirus

CNS central nervous system

IL interleukin

TLR toll-like receptor

TNF tumor necrosis factor

RNA ribonucleic acid

IFN interferon

TLR pattern recognition receptors

SASP senescence associated secretory phenotype

ROS reactive oxygen species

CcD cluster of differentiation

MHC major histocompatibility antigen

Ig immunoglobulin

DNA deoxyribonucleic acid

HPA hypothalamic-pituitary-adrenal

CRH corticotropin-releasing hormone

ACTH adrenocorticotropic hormone

BBB blood-brain barrier

ACE2 angiotensin-converting enzyme 2

NOX2 nicotinamide dinucleotide phosphate oxidase 2

CSF cerebrospinal fluid

RT-gPCR quantitative polymerase chain reaction with reverse
transcription

ATP adenosine triphosphate

Acknowledgements
We thank Christel Anita Fraser for language assistance. The illustrations were
partly created using icons from BioRender.com.

Author contributions

Conceptualization, L.M. and S.D.B,; writing—original draft preparation, S.D.B.
and L.M,; writing—review and editing, LM. and S.D.B; visualization, L.M;
supervision, LM. All authors have read and agreed to the published version of
the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declared no potential competing of interest concerning the
research, authorship, and/or publication of this article.

Author details
!Center for Lifespan Psychology, Max Planck Institute for Human
Development, Lentzeallee 94, 14195 Berlin, Germany

Received: 14 January 2023 / Accepted: 3 April 2023
Published online: 12 April 2023

Page 15 of 19

References

1.

2.

22.

23.

24.

25.

Hayley S, Sun H. Neuroimmune multi-hit perspective of coronaviral infection.
J Neuroinflammation. 2021;18(1):231.

Di Benedetto S, Muller L, Wenger E, Duzel S, Pawelec G. Contribution of neu-
roinflammation and immunity to brain aging and the mitigating effects of
physical and cognitive interventions. Neurosci Biobehav Rev. 2017,75:114-28.
Garcovich S, Bersani FS, Chiricozzi A, De Simone C. Mass quarantine measures
in the time of COVID-19 pandemic: psychosocial implications for chronic skin
conditions and a call for qualitative studies. J Eur Acad Dermatol Venereol.
2020;34(7).293-€4.

Mohammadkhanizadeh A, Nikbakht F. Investigating the potential mecha-
nisms of depression induced-by COVID-19 infection in patients. J Clin
Neurosci. 2021,91:283-7.

Razi O, Tartibian B, Laher |, Govindasamy K, Zamani N, Rocha-Rodrigues S,

et al. Multimodal benefits of Exercise in patients with multiple sclerosis and
COVID-19. Front Physiol. 2022;13:783251.

LiT, Zhang Y, Gong C, Wang J, Liu B, Shi L, et al. Prevalence of malnutrition
and analysis of related factors in elderly patients with COVID-19 in Wuhan,
China. Eur J Clin Nutr. 2020;74(6):871-5.

Norden DM, Muccigrosso MM, Godbout JP. Microglial priming and enhanced
reactivity to secondary insult in aging, and traumatic CNS injury, and neuro-
degenerative disease. Neuropharmacology. 2015;96(Pt A):29-41.

Tizenberg BN, Brenner LA, Lowry CA, Okusaga OO, Benavides DR, Hoisington
AJ, et al. Biological and psychological factors determining neuropsychiatric
outcomes in COVID-19. Curr Psychiatry Rep. 2021;23(10):68.

Mdller L, Di Benedetto S. How Immunosenescence and Inflammaging May
Contribute to Hyperinflammatory Syndrome in COVID-19. Int J Mol Sci.
2021,22(22).

Torales J, O'Higgins M, Castaldelli-Maia JM, Ventriglio A. The outbreak of
COVID-19 coronavirus and its impact on global mental health. Int J Soc
Psychiatry. 2020,66(4):317-20.

Morrisette-Thomas V, Cohen AA, Fulop T, Riesco E, Legault V, Li Q, et al.
Inflamm-aging does not simply reflect increases in pro-inflammatory mark-
ers. Mech Ageing Dev. 2014;139:49-57.

Bartleson JM, Radenkovic D, Covarrubias AJ, Furman D, Winer DA, Verdin

E. SARS-CoV-2, COVID-19 and the aging immune system. Nat Aging.
2021;1(9):769-82.

Zamboni M, Rossi AP, Fantin F, Zamboni G, Chirumbolo S, Zoico E et al.
Adipose tissue, diet and aging. Mech Ageing Dev. 2014;136-137:129 - 37.
Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S, Franceschi C, et al.
Chronic inflammation in the etiology of disease across the life span. Nat Med.
2019;25(12):1822-32.

Franceschi C, Garagnani P, Vitale G, Capri M, Salvioli S. Inflammaging and
‘garb-aging’ Trends Endocrinol Metab. 2017,28(3):199-212.

Ford BN, Savitz J. Depression, aging, and immunity: implications for COVID-19
vaccine immunogenicity. Immun Ageing. 2022;19(1):32.

Madden EA, Diamond MS. Host cell-intrinsic innate immune recognition of
SARS-CoV-2. Curr Opin Virol. 2022;52:30-8.

Kuri-Cervantes L, Pampena MB, Meng W, Rosenfeld AM, Ittner CAG, Weisman
AR et al. Comprehensive mapping of immune perturbations associated with
severe COVID-19. Sci Immunol. 2020;5(49).

Lucas C, Wong P, Klein J, Castro TBR, Silva J, Sundaram M, et al. Longitudi-

nal analyses reveal immunological misfiring in severe COVID-19. Nature.
2020;584(7821):463-9.

Stahl EC, Brown BN. Cell therapy strategies to Combat Immunosenescence.
Organogenesis. 2015;11(4):159-72.

Mdller L, Di Benedetto S, Pawelec G. The Immune System and its dysregula-
tion with aging. Subcell Biochem. 2019;91:21-43.

Zheng Y, Liu X, Le W, Xie L, Li H, Wen W, et al. A human circulating immune
cell landscape in aging and COVID-19. Protein Cell. 2020;11(10):740-70.
Seidler S, Zimmermann HW, Bartneck M, Trautwein C, Tacke F. Age-depen-
dent alterations of monocyte subsets and monocyte-related chemokine
pathways in healthy adults. BMC Immunol. 2010;11:30.

Zhou R, To KK, Wong YC, Liu L, Zhou B, Li X, et al. Acute SARS-CoV-2 infection
impairs dendritic cell and T cell responses. Immunity. 2020;53(4):864-77. 5.
Hazeldine J, Lord JM. Immunesenescence: a predisposing risk factor for the
development of COVID-19? Front Immunol. 2020;11:573662.



Muller et al. Immunity & Ageing

26.
27.
28.
29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

(2023) 20:17

Vallejo AN. CD28 extinction in human T cells: altered functions and the
program of T-cell senescence. Immunol Rev. 2005;205:158-69.

Pangrazzi L, Weinberger B.T cells, aging and senescence. Exp Gerontol.
2020;134:110887.

Wang W, Thomas R, Oh J, Su DM. Thymic Aging May Be Associated with
COVID-19 Pathophysiology in the Elderly. Cells. 2021;10(3).

Li X, Geng M, Peng Y, Meng L, Lu S. Molecular immune pathogenesis and
diagnosis of COVID-19. J Pharm Anal. 2020;10(2):102-8.

Nikolich-Zugich J. The twilight of immunity: emerging concepts in aging of
the immune system. Nat Immunol. 2018;19(1):10-9.

Grifoni A, Weiskopf D, Ramirez SI, Mateus J, Dan JM, Moderbacher CR, et al.
Targets of T cell responses to SARS-CoV-2 coronavirus in humans with COVID-
19 disease and unexposed individuals. Cell. 2020;181(7):1489-501. e15.
Bulati M, Buffa S, Candore G, Caruso C, Dunn-Walters DK, Pellicano M, et al.

B cells and immunosenescence: a focus on IgG + IgD-CD27- (DN) B cells in
aged humans. Ageing Res Rev. 2011;10(2):274-84.

Weksler ME. Changes in the B-cell repertoire with age. Vaccine.
2000;18(16):1624-8.

Bajaj V, Gadi N, Spihlman AP, Wu SC, Choi CH, Moulton VR. Aging, immunity,
and COVID-19: how Age influences the host Immune Response to Coronavi-
rus Infections? Front Physiol. 2020;11:571416.

Zhao JF, Ren T, Li XY, Guo TL, Liu CH, Wang X. Research Progress on the role
of Microglia membrane proteins or receptors in neuroinflammation and
degeneration. Front Cell Neurosci. 2022;16:831977.

Gemechu JM, Bentivoglio M. T cell recruitment in the brain during normal
aging. Front Cell Neurosci. 2012,6:38.

Mrdjen D, Pavlovic A, Hartmann FJ, Schreiner B, Utz SG, Leung BP, et al. High-
dimensional single-cell mapping of Central Nervous System Immune cells
reveals distinct myeloid subsets in Health, Aging, and Disease. Immunity.
2018;48(2):380-95. eb.

Galea I. The blood-brain barrier in systemic infection and inflammation. Cell
Mol Immunol. 2021;18(11):2489-501.

Groh J, Knopper K, Arampatzi P, Yuan X, LoBlein L, Saliba A-E, et al. Accumula-
tion of cytotoxic T cells in the aged CNS leads to axon degeneration and
contributes to cognitive and motor decline. Nat Aging. 2021;1(4):357-67.
Dulken BW, Buckley MT, Navarro Negredo P, Saligrama N, Cayrol R, Leeman
DS, et al. Single-cell analysis reveals T cell infiltration in old neurogenic niches.
Nature. 2019;571(7764):205-10.

Jin WN, Shi K, He W, Sun JH, Van Kaer L, Shi FD, et al. Neuroblast senescence
in the aged brain augments natural killer cell cytotoxicity leading to impaired
neurogenesis and cognition. Nat Neurosci. 2021;24(1):61-73.

Deleidi M, Jaggle M, Rubino G. Immune aging, dysmetabolism, and inflam-
mation in neurological diseases. Front Neurosci. 2015,9:172.

Zhang X, Wang R, Chen H, Jin C, Jin Z, Lu J, et al. Aged microglia promote
peripheral T cell infiltration by reprogramming the microenvironment of
neurogenic niches. Immun Ageing. 2022;19(1):34.

Barrientos RM, Frank MG, Watkins LR, Maier SF. Aging-related changes in
neuroimmune-endocrine function: implications for hippocampal-dependent
cognition. Horm Behav. 2012,62(3):219-27.

Ye SM, Johnson RW. Increased interleukin-6 expression by microglia from
brain of aged mice. J Neuroimmunol. 1999;93(1-2):139-48.

Scheinert RB, Asokan A, Rani A, Kumar A, Foster TC, Ormerod BK. Some
hormone, cytokine and chemokine levels that change across lifespan vary by
cognitive status in male Fischer 344 rats. Brain Behav Immun. 2015;49:216-32.
Sparkman NL, Johnson RW. Neuroinflammation associated with aging sensi-
tizes the brain to the effects of infection or stress. Neuroimmunomodulation.
2008;15(4-6):323-30.

Fonken LK, Frank MG, Gaudet AD, Maier SF. Stress and aging act through
common mechanisms to elicit neuroinflammatory priming. Brain Behav
Immun. 2018;73:133-48.

Tay TL, Bechade C, D'Andrea |, St-Pierre MK, Henry MS, Roumier A, et al.
Microglia gone Rogue: impacts on Psychiatric Disorders across the Lifespan.
Front Mol Neurosci. 2017;10:421.

Haidar MA, Shakkour Z, Reslan MA, Al-Haj N, Chamoun P, Habashy K, et al.
SARS-CoV-2 involvement in central nervous system tissue damage. Neural
Regen Res. 2022;17(6):1228-39.

Savelieff MG, Feldman EL, Stino AM. Neurological sequela and disrup-

tion of neuron-glia homeostasis in SARS-CoV-2 infection. Neurobiol Dis.
2022;168:105715.

Mehta P, Porter JC, Manson JJ, Isaacs JD, Openshaw PJM, Mclnnes IB, et al.
Therapeutic blockade of granulocyte macrophage colony-stimulating factor

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Page 16 of 19

in COVID-19-associated hyperinflammation: challenges and opportunities.
Lancet Respir Med. 2020;8(8):822-30.

Miller AH, Haroon E, Raison CL, Felger JC. Cytokine targets in the brain: impact
on neurotransmitters and neurocircuits. Depress Anxiety. 2013;30(4):297-306.
Grace AA. Dysregulation of the dopamine system in the pathophysiology of
schizophrenia and depression. Nat Rev Neurosci. 2016;17(8):524-32.
Bandelow B, Baldwin D, Abelli M, Bolea-Alamanac B, Bourin M, Chamberlain
SR, et al. Biological markers for anxiety disorders, OCD and PTSD: A consensus
statement. Part Il: Neurochemistry, neurophysiology and neurocognition.
World J Biol Psychiatry. 2017;18(3):162-214.

Raony I, de Figueiredo CS, Pandolfo P, Giestal-de-Araujo E, Oliveira-Silva Bom-
fim P, Savino W. Psycho-Neuroendocrine-Immune interactions in COVID-19:
potential impacts on Mental Health. Front Immunol. 2020;11:1170.

Hayley S. The neuroimmune-neuroplasticity interface and brain pathology.
Front Cell Neurosci. 2014;8:419.

Meinhardt J, Radke J, Dittmayer C, Franz J, Thomas C, Mothes R, et al. Olfac-
tory transmucosal SARS-CoV-2 invasion as a port of central nervous system
entry in individuals with COVID-19. Nat Neurosci. 2021;24(2):168-75.

Natoli S, Oliveira V, Calabresi P, Maia LF, Pisani A. Does SARS-Cov-2 invade

the brain? Translational lessons from animal models. Eur J Neurol.
2020;27(9):1764-73.

Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. Addendum: a pneu-
monia outbreak associated with a new coronavirus of probable bat origin.
Nature. 2020,588(7836):E6.

Leite AOF, Bento Torres Neto J, Dos Reis RR, Sobral LL, de Souza ACP, Trevia N,
et al. Unwanted exacerbation of the Immune response in neurodegenerative
disease: a Time to review the impact. Front Cell Neurosci. 2021;15:749595.
Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, et
al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a
clinically proven protease inhibitor. Cell. 2020;181(2):271-80. e8.

Sindona C, Schepici G, Contestabile V, Bramanti P, Mazzon E. NOX2 Activation
in COVID-19: Possible Implications for Neurodegenerative Diseases. Medicina
(Kaunas). 2021;57(6).

Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G, van Goor H. Tissue distri-
bution of ACE2 protein, the functional receptor for SARS coronavirus. A first
step in understanding SARS pathogenesis. J Pathol. 2004;203(2):631-7.
Heneka MT, Golenbock D, Latz E, Morgan D, Brown R. Immediate and
long-term consequences of COVID-19 infections for the development of
neurological disease. Alzheimers Res Ther. 2020;12(1):69.

Dube M, Le Coupanec A, Wong AHM, Rini JM, Desforges M, Talbot PJ. Axonal
Transport Enables Neuron-to-Neuron Propagation of Human Coronavirus
0C43.JVirol. 2018,92(17).

Tang SW, Leonard BE, Helmeste DM, Long COVID. Neuropsychiatric disorders,
psychotropics, present and future. Acta Neuropsychiatr. 2022;34(3):109-26.
Sharifian-Dorche M, Huot P, Osherov M, Wen D, Saveriano A, Giacomini PS,

et al. Neurological complications of coronavirus infection; a comparative
review and lessons learned during the COVID-19 pandemic. J Neurol Sci.
2020;417:117085.

Bolay H, Gul A, Baykan B. COVID-19 is a real headache! Headache.
2020,60(7):1415-21.

Belvis R, Headaches During. COVID-19: my clinical case and review of the
literature. Headache. 2020;60(7):1422-6.

ToptanT, Aktan C, Basari A, Bolay H. Case Series of Headache character-

istics in COVID-19: Headache can be an isolated Symptom. Headache.
2020;60(8):1788-92.

Li G, Fan, LaiY,HanT, Li Z, Zhou P, et al. Coronavirus infections and immune
responses. J Med Virol. 2020;,92(4):424-32.

Huang C,Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of

patients infected with 2019 novel coronavirus in Wuhan, China. Lancet.
2020;395(10223):497-506.

Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiological and
clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in
Wuhan, China: a descriptive study. Lancet. 2020;395(10223):507-13.

Lamers MM, Beumer J, van der Vaart J, Knoops K, Puschhof J, Breugem TI,

et al. SARS-CoV-2 productively infects human gut enterocytes. Science.
2020;369(6499):50-4.

Zhang W, Du RH, Li B, Zheng XS, Yang XL, Hu B, et al. Molecular and serologi-
cal investigation of 2019-nCoV infected patients: implication of multiple
shedding routes. Emerg Microbes Infect. 2020;9(1):386-9.

Holmes EA, O'Connor RC, Perry VH, Tracey |, Wessely S, Arseneault L, et al. Mul-
tidisciplinary research priorities for the COVID-19 pandemic: a call for action
for mental health science. Lancet Psychiatry. 2020,7(6):547-60.



Muller et al. Immunity & Ageing

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

(2023) 20:17

Johansson A, Mohamed MS, Moulin TC, Schioth HB. Neurological manifes-
tations of COVID-19: a comprehensive literature review and discussion of
mechanisms. J Neuroimmunol. 2021;358:577658.

Chen R, Wang K, Yu J, Howard D, French L, Chen Z, et al. The spatial and
cell-type distribution of SARS-CoV-2 receptor ACE2 in the human and mouse
brains. Front Neurol. 2020;11:573095.

Yang AC, Kern F, Losada PM, Agam MR, Maat CA, Schmartz GP, et al. Dys-
regulation of brain and choroid plexus cell types in severe COVID-19. Nature.
2021,595(7868):565-71.

Skripuletz T, Mohn N, Franke C, Pruss H. [Neuroimmunology of COVID-19].
Nervenarzt. 2021,92(6):521-30.

Umesh A, Pranay K, Pandey RC, Gupta MK. Evidence mapping and review of
long-COVID and its underlying pathophysiological mechanism. Infection.
2022,50(5):1053-66.

Peluso MJ, Deeks SG. Early clues regarding the pathogenesis of long-COVID.
Trends Immunol. 2022;43(4):268-70.

Astin R, Banerjee A, Baker MR, Dani M, Ford E, Hull JH, et al. Long COVID:
mechanisms, risk factors and recovery. Exp Physiol. 2023;108(1):12-27.
Phetsouphanh C, Darley DR, Wilson DB, Howe A, Munier CML, Patel SK; et al.
Immunological dysfunction persists for 8 months following initial mild-to-
moderate SARS-CoV-2 infection. Nat Immunol. 2022;23(2):210-6.

Ryan FJ, Hope CM, Masavuli MG, Lynn MA, Mekonnen ZA, Yeow AEL, et al.
Long-term perturbation of the peripheral immune system months after
SARS-CoV-2 infection. BMC Med. 2022;20(1):26.

Zhou H, Lu'S, Chen J,Wei N, Wang D, Lyu H, et al. The landscape of cognitive
function in recovered COVID-19 patients. J Psychiatr Res. 2020;129:98-102.
Ferndndez-Castafeda A, Lu P, Geraghty AC, Song E, Lee M-H, Wood J et

al. Mild respiratory SARS-CoV-2 infection can cause multi-lineage cellular
dysregulation and myelin loss in the brain. BioRxiv. 2022.

Villeda SA, Luo J, Mosher KI, Zou B, Britschgi M, Bieri G, et al. The ageing
systemic milieu negatively regulates neurogenesis and cognitive function.
Nature. 2011;477(7362):90-4.

Walitt B, Johnson TP. The pathogenesis of neurologic symptoms of the post-
acute sequelae of severe acute respiratory syndrome coronavirus 2 infection.
Curr Opin Neurol. 2022;35(3):384-91.

Sacchi MC, Tamiazzo S, Stobbione P, Agatea L, De Gaspari P, Stecca A, et al.
SARS-CoV-2 infection as a trigger of autoimmune response. Clin Trans| Sci.
2021;14(3):898-907.

Guilmot A, Maldonado Slootjes S, Sellimi A, Bronchain M, Hanseeuw B, Belkhir
L, et al. Immune-mediated neurological syndromes in SARS-CoV-2-infected
patients. J Neurol. 2021;268(3):751-7.

Song E, Bartley CM, Chow RD, Ngo TT, Jiang R, Zamecnik CR, et al. Divergent
and self-reactive immune responses in the CNS of COVID-19 patients with
neurological symptoms. Cell Rep Med. 2021;2(5):100288.

Khamsi R. Rogue antibodies could be driving severe COVID-19. Nature.
2021,590(7844):29-31.

Pfeuffer S, Pawlowski M, Joos GS, Minnerup J, Meuth SG, Dziewas R et al.
Autoimmunity complicating SARS-CoV-2 infection in selective IgA-deficiency.
Neurol Neuroimmunol Neuroinflamm. 2020;7(6).

Mohammadi S, Moosaie F, Aarabi MH. Understanding the immunologic
characteristics of neurologic manifestations of SARS-CoV-2 and potential
immunological mechanisms. Mol Neurobiol. 2020;57(12):5263-75.
Emmenegger M, Kumar SS, Emmenegger V, Malinauskas T, Buettner T, Rose
L, et al. Anti-prothrombin autoantibodies enriched after infection with SARS-
CoV-2 and influenced by strength of antibody response against SARS-CoV-2
proteins. PLoS Pathog. 2021;17(12):e1010118.

Chang SE, Feng A, Meng W, Apostolidis SA, Mack E, Artandi M, et al. New-
onset IgG autoantibodies in hospitalized patients with COVID-19. Nat Com-
mun. 2021;12(1):5417.

Seessle J, Waterboer T, Hippchen T, Simon J, Kirchner M, Lim A, et al. Persistent
symptoms in adult patients 1 year after Coronavirus Disease 2019 (COVID-19):
a prospective cohort study. Clin Infect Dis. 2022;74(7):1191-8.

Peluso MJ, Donatelli J, Henrich TJ. Long-term immunologic effects of SARS-
CoV-2 infection: leveraging translational research methodology to address
emerging questions. Transl Res. 2022,241:1-12.

Wallukat G, Hohberger B, Wenzel K, Furst J, Schulze-Rothe S, Wallukat A,

et al. Functional autoantibodies against G-protein coupled receptors in
patients with persistent Long-COVID-19 symptoms. J Transl Autoimmun.
2021;4:100100.

Cevik M, Tate M, Lloyd O, Maraolo AE, Schafers J, Ho A. SARS-CoV-2, SARS-
CoV, and MERS-CoV viral load dynamics, duration of viral shedding, and

105.

106.

107.

111

114.

117.

118.

120.

124.

125.

Page 17 of 19

infectiousness: a systematic review and meta-analysis. Lancet Microbe.
2021,2(1):e13-e22.

. van Kampen JJA, van de Vijver D, Fraaij PLA, Haagmans BL, Lamers MM, Okba

N, et al. Duration and key determinants of infectious virus shedding in hos-
pitalized patients with coronavirus disease-2019 (COVID-19). Nat Commun.
2021;12(1):267.

. ZhaoYY, Xia Z, Liang W, Li J, Liu L, Huang D, et al. SARS-CoV-2 persisted in lung

tissue despite disappearance in other clinical samples. Clin Microbiol Infect.
2020;26(10):1424-5.

Song E, Zhang C, Israelow B, Lu-Culligan A, Prado AV, Skriabine S et al. Neuro-
invasion of SARS-CoV-2 in human and mouse brain. J Exp Med. 2021;218(3).
Li N, Wang X, Lv T, Prolonged. SARS-CoV-2 RNA shedding: not a rare phenom-
enon. J Med Virol. 2020,92(11):2286-7.

Zhang L, Zhou L, Bao L, Liu J, Zhu H, Lv Q, et al. SARS-CoV-2 crosses the
blood-brain barrier accompanied with basement membrane disruption with-
out tight junctions alteration. Signal Transduct Target Ther. 2021,6(1):337.

. Theoharides TC. Could SARS-CoV-2 spike protein be responsible for Long-

COVID syndrome? Mol Neurobiol. 2022;59(3):1850-61.

. Moosavi F, Hosseini R, Saso L, Firuzi O. Modulation of neurotrophic signaling

pathways by polyphenols. Drug Des Devel Ther. 2016;10:23-42.

. Theoharides TC, Conti P. COVID-19 and Multisystem Inflammatory Syndrome,

oris it mast cell activation syndrome? J Biol Regul Homeost Agents.
2020;34(5):1633-6.
Demopoulos C, Antonopoulou S, Theoharides TC. COVID-19, micro-
thromboses, inflammation, and platelet activating factor. BioFactors.
2020/46(6):927-33.

. DiBenedetto S, Derhovanessian E, Steinhagen-Thiessen E, Goldeck D,

Muller L, Pawelec G. Impact of age, sex and CMV-infection on peripheral
T cell phenotypes: results from the Berlin BASE-II study. Biogerontology.
2015;16(5):631-43.

. DiBenedetto S, Gaetjen M, Muller L. The Modulatory Effect of Gender and

Cytomegalovirus-Seropositivity on Circulating Inflammatory Factors and
Cognitive Performance in Elderly Individuals. Int J Mol Sci. 2019,20(4).

Alanio C, Verma A, Mathew D, Gouma S, Liang G, Dunn T, et al. Cytomegalovi-
rus latent infection is Associated with an increased risk of COVID-19-Related
hospitalization. J Infect Dis. 2022,226(3):463-73.

. Soderberg-Naucler C. Does reactivation of cytomegalovirus contribute to

severe COVID-19 disease? Immun Ageing. 2021;18(1):12.

. Ladds E, Rushforth A, Wieringa S, Taylor S, Rayner C, Husain L, et al. Persistent

symptoms after Covid-19: qualitative study of 114 “long Covid” patients and
draft quality principles for services. BMC Health Serv Res. 2020;20(1):1144.
Di Benedetto S, Mdiller L, Rauskolb S, Sendtner M, Deutschbein T, Pawelec G,
et al. Network topology dynamics of circulating biomarkers and cognitive
performance in older cytomegalovirus-seropositive or -seronegative men
and women. Immun Ageing. 2019;16:31.

Gow AJ, Firth CM, Harrison R, Starr JM, Moss P, Deary 1J. Cytomega-

lovirus infection and cognitive abilities in old age. Neurobiol Aging.
2013;34(7):1846-52.

. Mathei C, Vaes B, Wallemacq P, Degryse J. Associations between cytomegalo-

virus infection and functional impairment and frailty in the BELFRAIL Cohort.
J Am Geriatr Soc. 2011;59(12):2201-8.

Stebbins RC, Noppert GA, Yang YC, Dowd JB, Simanek A, Aiello AE. Associa-
tion between Immune Response to Cytomegalovirus and Cognition in the
Health and Retirement Study. Am J Epidemiol. 2021;190(5):786-97.

. Torniainen-Holm M, Suvisaari J, Lindgren M, Harkanen T, Dickerson F, Yolken

RH. Association of cytomegalovirus and Epstein-Barr virus with cognitive
functioning and risk of dementia in the general population: 11-year follow-
up study. Brain Behav Immun. 2018;69:480-5.

. Vivek S, Nelson HH, Prizment AE, Faul J, Crimmins EM, Thyagarajan B. Cross

sectional association between cytomegalovirus seropositivity, inflammation
and cognitive impairment in elderly cancer survivors. Cancer Causes Control.
2022,33(1):81-90.

. Ludlow M, Kortekaas J, Herden C, Hoffmann B, Tappe D, Trebst C, et al. Neuro-

tropic virus infections as the cause of immediate and delayed neuropathol-
ogy. Acta Neuropathol. 2016;131(2):159-84.

Deleidi M, Isacson O. Viral and inflammatory triggers of neurodegenerative
diseases. Sci Transl Med. 2012;4(121):121ps3.

Zheng H, Ford BN, Kuplicki R, Burrows K, Hunt PW, Bodurka J, et al. Associa-
tion between cytomegalovirus infection, reduced gray matter volume, and
resting-state functional hypoconnectivity in major depressive disorder: a
replication and extension. Transl Psychiatry. 2021;11(1):464.



Muller et al. Immunity & Ageing

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

(2023) 20:17

Zheng H, Ford BN, Bergamino M, Kuplicki R, Tulsa I, Hunt PW, et al. A

hidden menace? Cytomegalovirus infection is associated with reduced
cortical gray matter volume in major depressive disorder. Mol Psychiatry.
2021,26(8):4234-44.

Zheng H, Bergamino M, Ford BN, Kuplicki R, Yeh FC, Bodurka J, et al. Repli-
cable association between human cytomegalovirus infection and reduced
white matter fractional anisotropy in major depressive disorder. Neuropsy-
chopharmacology. 2021;46(5):928-38.

Singh KK, Chaubey G, Chen JY, Suravajhala P. Decoding SARS-CoV-2 hijacking
of host mitochondria in COVID-19 pathogenesis. Am J Physiol Cell Physiol.
2020;319(2):C258-C67.

Ajaz S, McPhail MJ, Singh KK, Mujib S, Trovato FM, Napoli S, et al. Mito-
chondrial metabolic manipulation by SARS-CoV-2 in peripheral blood
mononuclear cells of patients with COVID-19. Am J Physiol Cell Physiol.
2021;320(1):C57-C65.

Gibellini L, De Biasi S, Paolini A, Borella R, Boraldi F, Mattioli M, et al. Altered
bioenergetics and mitochondrial dysfunction of monocytes in patients with
COVID-19 pneumonia. EMBO Mol Med. 2020;12(12):e13001.

Levi M, Thachil J, IbaT, Levy JH. Coagulation abnormalities and thrombosis in
patients with COVID-19. Lancet Haematol. 2020;7(6).e438-e40.

Pretorius E, Vlok M, Venter C, Bezuidenhout JA, Laubscher GJ, Steenkamp J, et
al. Persistent clotting protein pathology in Long COVID/Post-Acute Sequelae
of COVID-19 (PASC) is accompanied by increased levels of antiplasmin.
Cardiovasc Diabetol. 2021;20(1):172.

Willyard C. Coronavirus blood-clot mystery intensifies. Nature.
2020,581(7808):250.

Zuin M, Engelen MM, Barco S, Spyropoulos AC, Vanassche T, Hunt BJ, et al.
Incidence of venous thromboembolic events in COVID-19 patients after
hospital discharge: a systematic review and meta-analysis. Thromb Res.
2022;209:94-8.

Kastenhuber ER, Mercadante M, Nilsson-Payant B, Johnson JL, Jaimes JA,
Muecksch F et al. Coagulation factors directly cleave SARS-CoV-2 spike and
enhance viral entry. Elife. 2022;11.

Aktas B, Aslim B. Gut-lung axis and dysbiosis in COVID-19. Turk J Biol.
2020/44(3):265-72.

ZuoT, Zhang F, Lui GCY, Yeoh YK, Li AYL, Zhan H, et al. Alterations in gut
microbiota of patients with COVID-19 during time of hospitalization. Gastro-
enterology. 2020;159(3):944-55. e8.

Valles-Colomer M, Falony G, Darzi Y, Tigchelaar EF, Wang J, Tito RY, et al. The
neuroactive potential of the human gut microbiota in quality of life and
depression. Nat Microbiol. 2019;4(4):623-32.

Flux MC, Lowry CA. Finding intestinal fortitude: integrating the microbiome
into a holistic view of depression mechanisms, treatment, and resilience.
Neurobiol Dis. 2020;135:104578.

Yang J, Zheng P, LiY,Wu J, Tan X, Zhou J et al. Landscapes of bacterial and
metabolic signatures and their interaction in major depressive disorders. Sci
Adv. 2020,6(49).

Gazal M, Souza LD, Fucolo BA, Wiener CD, Silva RA, Pinheiro RT, et al. The
impact of cognitive behavioral therapy on IL-6 levels in unmedicated women
experiencing the first episode of depression: a pilot study. Psychiatry Res.
2013;209(3):742-5.

Tapiovaara L, Lehtoranta L, Poussa T, Makivuokko H, Korpela R, Pitkaranta A.
Absence of adverse events in healthy individuals using probiotics—analysis of
six randomised studies by one study group. Benef Microbes. 2016;7(2):161-9.
Kanauchi O, Andoh A, AbuBakar S, Yamamoto N. Probiotics and parapro-
biotics in viral infection: Clinical Application and Effects on the Innate and
Acquired Immune Systems. Curr Pharm Des. 2018;24(6):710-7.

Isolauri E, Sutas Y, Kankaanpaa P, Arvilommi H, Salminen S. Probiotics: effects
on immunity. Am J Clin Nutr. 2001,73(2 Suppl):4445-50S.

Brenner LA, Forster JE, Stearns-Yoder KA, Stamper CE, Hoisington AJ, Brostow
DP, et al. Evaluation of an Immunomodulatory Probiotic intervention for
Veterans with co-occurring mild traumatic brain Injury and Posttraumatic
stress disorder: a pilot study. Front Neurol. 2020;11:1015.

Dinan TG, Stanton C, Cryan JF. Psychobiotics: a novel class of psychotropic.
Biol Psychiatry. 2013;74(10):720-6.

Romero A, Ramos E, Lopez-Munoz F, Gil-Martin E, Escames G, Reiter RJ. Coro-
navirus Disease 2019 (COVID-19) and its neuroinvasive capacity: is it time for
melatonin? Cell Mol Neurobiol. 2022;42(3):489-500.

Menendez SG, Martin Gimenez VM, Holick MF, Barrantes FJ, Manucha W.
COVID-19 and neurological sequelae: vitamin D as a possible neuroprotec-
tive and/or neuroreparative agent. Life Sci. 2022;297:120464.

150.

153.

155.

156.

158.

160.

162.

164.

168.

169.

171.

172.

Page 18 of 19

. Gour A, Manhas D, Bag S, Gorain B, Nandi U. Flavonoids as potential

phytotherapeutics to combat cytokine storm in SARS-CoV-2. Phytother Res.
2021;35(8):4258-83.

Richman S, Morris MC, Broderick G, Craddock TJA, Klimas NG, Fletcher MA.
Pharmaceutical Interventions in chronic fatigue syndrome: a literature-based
Commentary. Clin Ther. 2019;41(5):798-805.

. Theoharides TC. COVID-19, pulmonary mast cells, cytokine storms, and

beneficial actions of luteolin. BioFactors. 2020;46(3):306-8.

. Rezai-Zadeh K, Ehrhart J, Bai Y, Sanberg PR, Bickford P, Tan J, et al. Apigenin

and luteolin modulate microglial activation via inhibition of STAT1-induced
CDA40 expression. J Neuroinflammation. 2008;5:41.

Jang S, Kelley KW, Johnson RW. Luteolin reduces IL-6 production in microglia
by inhibiting JNK phosphorylation and activation of AP-1. Proc Natl Acad Sci
U S A.2008;105(21):7534-9.

. Burton MD, Rytych JL, Amin R, Johnson RW. Dietary luteolin reduces

Proinflammatory Microglia in the brain of senescent mice. Rejuvenation Res.
2016;19(4):286-92.

Lee MN, Lee Y, Wu D, Pae M. Luteolin inhibits NLRP3 inflammasome activation
via blocking ASC oligomerization. J Nutr Biochem. 2021;92:108614.

Ashaari Z, Hadjzadeh MA, Hassanzadeh G, Alizamir T, Yousefi B, Keshavarzi Z,
et al. The Flavone Luteolin improves Central Nervous System Disorders by
different mechanisms: a review. J Mol Neurosci. 2018;65(4):491-506.

. Calis Z, Mogulkoc R, Baltaci AK. The Roles of Flavonols/Flavonoids in

Neurodegeneration and Neuroinflammation. Mini Rev Med Chem.
2020;20(15):1475-88.

Kempuraj D, Thangavel R, Kempuraj DD, Ahmed ME, Selvakumar GP, Raikwar
SP, et al. Neuroprotective effects of flavone luteolin in neuroinflammation and
neurotrauma. BioFactors. 2021:47(2):190-7.

. Theoharides TC, Conti P, Economu M. Brain inflammation, neuropsychiatric

disorders, and immunoendocrine effects of luteolin. J Clin Psychopharmacol.
2014;34(2):187-9.

Rezai-Zadeh K, Douglas Shytle R, Bai Y, Tian J, Hou H, MoriT, et al. Flavonoid-
mediated presenilin-1 phosphorylation reduces Alzheimer’s disease beta-
amyloid production. J Cell Mol Med. 2009;13(3):574-88.

. Yao ZH, Yao XL, Zhang Y, Zhang SF, Hu JC. Luteolin could improve cogni-

tive dysfunction by inhibiting Neuroinflammation. Neurochem Res.
2018;43(4):806-20.

Theoharides TC, Cholevas C, Polyzoidis K, Politis A. Long-COVID syndrome-
associated brain fog and chemofog: luteolin to the rescue. BioFactors.
2021,47(2):232-41.

. Hugon J, Msika EF, Queneau M, Farid K, Paquet C. Long COVID: cognitive

complaints (brain fog) and dysfunction of the cingulate cortex. J Neurol.
2022;269(1):44-6.

Bower JE, Crosswell AD, Stanton AL, Crespi CM, Winston D, Arevalo J, et al.
Mindfulness meditation for younger breast cancer survivors: a randomized
controlled trial. Cancer. 2015;121(8):1231-40.

. Cahn BR, Goodman MS, Peterson CT, Maturi R, Mills PJ. Yoga, meditation

and mind-body health: increased BDNF, Cortisol Awakening Response, and
altered inflammatory marker expression after a 3-Month yoga and medita-
tion retreat. Front Hum Neurosci. 2017;11:315.

. Carlson LE, Speca M, Patel KD, Goodey E. Mindfulness-based stress reduc-

tion in relation to quality of life, mood, symptoms of stress, and immune
parameters in breast and prostate cancer outpatients. Psychosom Med.
2003,65(4):571-81.

. Jang JH, Park HY, Lee US, Lee KJ, Kang DH. Effects of mind-body training on

Cytokines and their interactions with catecholamines. Psychiatry Investig.
2017;14(4):483-90.

Witek-Janusek L, Albuguerque K, Chroniak KR, Chroniak C, Durazo-Arvizu R,
Mathews HL. Effect of mindfulness based stress reduction on immune func-
tion, quality of life and coping in women newly diagnosed with early stage
breast cancer. Brain Behav Immun. 2008;22(6):969-81.

Black DS, Slavich GM. Mindfulness meditation and the immune system:

a systematic review of randomized controlled trials. Ann N'Y Acad Sci.
2016;1373(1):13-24.

. Pascoe MC, Thompson DR, Jenkins ZM, Ski CF. Mindfulness mediates the

physiological markers of stress: systematic review and meta-analysis. J Psychi-
atr Res. 2017;95:156-78.

Lutz A, Slagter HA, Dunne JD, Davidson RJ. Attention regulation and monitor-
ing in meditation. Trends Cogn Sci. 2008;12(4):163-9.

Porter N, Jason LA. Mindfulness Meditation Interventions for Long COVID:
Biobehavioral Gene expression and Neuroimmune Functioning. Neuropsy-
chiatr Dis Treat. 2022;18:2599-626.



Muller et al. Immunity & Ageing

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.
188.

189.

(2023) 20:17

Vehar S, Boushra M, Ntiamoah P, Biehl M. Update to post-acute sequelae of
SARS-CoV-2 infection: Caring for the long-haulers’ Cleve Clin J Med. 2021.
Buric |, Farias M, Jong J, Mee C, Brazil IA. What is the molecular signature of
mind-body interventions? A systematic review of Gene expression Changes
Induced by Meditation and Related Practices. Front Immunol. 2017;8:670.
Epel ES, Puterman E, Lin J, Blackburn EH, Lum PY, Beckmann ND, et al. Medita-
tion and vacation effects have an impact on disease-associated molecular
phenotypes. Transl Psychiatry. 2016;6(8):e880.

Sanada K, Montero-Marin J, Barcelo-Soler A, Ikuse D, Ota M, Hirata A et al.
Effects of Mindfulness-Based Interventions on Biomarkers and Low-Grade
Inflammation in Patients with Psychiatric Disorders: A Meta-Analytic Review.
Int J Mol Sci. 2020;21(7).

Alferi SM, Carver CS, Antoni MH, Weiss S, Duran RE. An exploratory study

of social support, distress, and life disruption among low-income hispanic
women under treatment for early stage breast cancer. Health Psychol.
2001,20(1):41-6.

Wise S, Jantke R, Brown A, Jason LA. Functional level of patients with chronic
fatigue syndrome reporting use of alternative vs. traditional treatments.
Fatigue. 2015;3(4):235-40.

Fancourt D, Ockelford A, Belai A. The psychoneuroimmunological effects

of music: a systematic review and a new model. Brain Behav Immun.
2014;36:15-26.

Koelsch S, Boehlig A, Hohenadel M, Nitsche |, Bauer K, Sack U. The impact of
acute stress on hormones and cytokines, and how their recovery is affected
by music-evoked positive mood. Sci Rep. 2016;6:23008.

Rebecchini L. Music, mental health, and immunity. Brain Behav Immun
Health. 2021;18:100374.

Gangrade A. The Effect of Music on the production of neurotransmitters, hor-
mones, cytokines, and peptides a review. Music and Medicine. 2012;4:40-3.
Okada K, Kurita A, Takase B, Otsuka T, Kodani E, Kusama Y, et al. Effects of
music therapy on autonomic nervous system activity, incidence of heart fail-
ure events, and plasma cytokine and catecholamine levels in elderly patients
with cerebrovascular disease and dementia. Int Heart J. 2009;50(1):95-110.
MCCRATY R, ATKINSON M, REIN G, WATKINS, AD. MUSIC ENHANCES, THE
EFFECT OF POSITIVE EMOTIONAL STATES ON SALIVARYIgA. Stress Med.
1996;12(3):167-75.

Suda M, Morimoto K, Obata A, Koizumi H, Maki A. Emotional responses

to music: towards scientific perspectives on music therapy. NeuroReport.
2008;19(1):75-8.

Nunez MJ, Mana P, Linares D, Riveiro MP, Balboa J, Suarez-Quintanilla J, et al.
Music, immunity and cancer. Life Sci. 2002;71(9):1047-57.

Abrams A. Music, cancer, and immunity. Clin J Oncol Nurs. 2001;5(5):222-4.
Lin TW, Kuo YM. Exercise benefits brain function: the monoamine connec-
tion. Brain Sci. 2013;3(1):39-53.

Phillips C, Fahimi A. Immune and Neuroprotective Effects of physical activity
on the brain in Depression. Front Neurosci. 2018;12:498.

191.

192.

195.

197.

200.

201.

202.

Page 19 of 19

. Deyama S, Bang E, Kato T, Li XY, Duman RS. Neurotrophic and antidepressant

actions of brain-derived neurotrophic factor require vascular endothelial
growth factor. Biol Psychiatry. 2019;86(2):143-52.

Delezie J, Handschin C. Endocrine crosstalk between skeletal muscle and the
brain. Front Neurol. 2018;9:698.

Basso JC, Suzuki WA. The Effects of Acute Exercise on Mood, Cognition,
Neurophysiology, and Neurochemical Pathways: a review. Brain Plast.
2017,2(2):127-52.

. Cotman CW, Berchtold NC. Exercise: a behavioral intervention to enhance

brain health and plasticity. Trends Neurosci. 2002;25(6):295-301.

. Kandola A, Ashdown-Franks G, Hendrikse J, Sabiston CM, Stubbs B. Physical

activity and depression: towards understanding the antidepressant mecha-
nisms of physical activity. Neurosci Biobehav Rev. 2019;107:525-39.

Phillips C, Baktir MA, Srivatsan M, Salehi A. Neuroprotective effects of physi-
cal activity on the brain: a closer look at trophic factor signaling. Front Cell
Neurosci. 2014;8:170.

. Brandt C, Pedersen BK. The role of exercise-induced myokines in muscle

homeostasis and the defense against chronic diseases. J Biomed Biotechnol.
2010;2010:520258.

Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana SS, Nimmo MA. The
anti-inflammatory effects of exercise: mechanisms and implications for the
prevention and treatment of disease. Nat Rev Immunol. 2011;11(9):607-15.

. Chupel MU, Minuzzi LG, Furtado G, Santos ML, Hogervorst E, Filaire E, et al.

Exercise and taurine in inflammation, cognition, and peripheral markers
of blood-brain barrier integrity in older women. Appl Physiol Nutr Metab.
2018;43(7):733-41.

. Souza PS, Goncalves ED, Pedroso GS, Farias HR, Junqueira SC, Marcon R, et al.

Physical Exercise attenuates experimental autoimmune encephalomyelitis by
inhibiting Peripheral Immune response and blood-brain barrier disruption.
Mol Neurobiol. 2017;54(6):4723-37.

Mee-Inta O, Zhao ZW, Kuo YM. Physical Exercise Inhibits Inflammation and
Microglial Activation. Cells. 2019,8(7).

Brailovskaia J, Cosci F, Mansueto G, Miragall M, Herrero R, Banos RM, et al. The
association between depression symptoms, psychological burden caused by
Covid-19 and physical activity: an investigation in Germany, Italy, Russia, and
Spain. Psychiatry Res. 2021,295:113596.

Faghy MA, Arena R, Stoner L, Haraf RH, Josephson R, Hills AP, et al. The need
for exercise sciences and an integrated response to COVID-19: a position
statement from the international HL-PIVOT network. Prog Cardiovasc Dis.
2021,67:2-10.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Aged brain and neuroimmune responses to COVID-19: post-acute sequelae and modulatory effects of behavioral and nutritional interventions
	﻿Abstract
	﻿Introduction
	﻿The impact of immunosenescence and inflammaging on the immune response to SARS-CoV-2
	﻿Aged brain and neuroinflammation
	﻿Possible pathways and mechanisms of brain invasion
	﻿Potential mechanisms that may contribute to long COVID
	﻿Search for therapeutic strategies: modulatory effect of bioactive nutritional compounds and multimodal benefits of exercise on neuroimmune responses
	﻿Conclusions
	﻿References


