Inflammation Research (2020) 69:825-839

https://doi.org/10.1007/s00011-020-01372-8 Inflammation Research

REVIEW q

Check for
updates

The possible pathophysiology mechanism of cytokine storm in elderly
adults with COVID-19 infection: the contribution of “inflame-aging”

Gholam Hossein Meftahi' - Zohreh Jangravi’ - Hedayat Sahraei' - Zahra Bahari'3

Received: 5 May 2020/ Revised: 31 May 2020 / Accepted: 2 June 2020 / Published online: 11 June 2020
© Springer Nature Switzerland AG 2020

Abstract

Purpose Novel Coronavirus disease 2019 (COVID-19), is an acute respiratory distress syndrome (ARDS), which is emerged
in Wuhan, and recently become worldwide pandemic. Strangely, ample evidences have been shown that the severity of
COVID-19 infections varies widely from children (asymptomatic), adults (mild infection), as well as elderly adults (deadly
critical). It has proven that COVID-19 infection in some elderly critical adults leads to a cytokine storm, which is character-
ized by severe systemic elevation of several pro-inflammatory cytokines. Then, a cytokine storm can induce edematous,
ARDS, pneumonia, as well as multiple organ failure in aged patients. It is far from clear till now why cytokine storm induces
in only COVID-19 elderly patients, and not in young patients. However, it seems that aging is associated with mild elevated
levels of local and systemic pro-inflammatory cytokines, which is characterized by “inflamm-aging”. It is highly likely that
“inflamm-aging” is correlated to increased risk of a cytokine storm in some critical elderly patients with COVID-19 infection.
Methods A systematic search in the literature was performed in PubMed, Scopus, Embase, Cochrane Library, Web of
Science, as well as Google Scholar pre-print database using all available MeSH terms for COVID-19, Coronavirus, SARS-
CoV-2, senescent cell, cytokine storm, inflame-aging, ACE2 receptor, autophagy, and Vitamin D. Electronic database
searches combined and duplicates were removed.

Results The aim of the present review was to summarize experimental data and clinical observations that linked the patho-
physiology mechanisms of “inflamm-aging”, mild-grade inflammation, and cytokine storm in some elderly adults with
severe COVID-19 infection.
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Introduction mechanisms with the SARS-CoV [2]. The COVID-19 infec-

tion affecting all age-groups, but it appears to be more severe

The COVID-19, now named SARS-CoV2, spreading
in Wuhan, China, and now spread globally rapidly [1].
It is reported that COVID-19 has the same viral genome
(above 85% identity in the genome), and pathophysiology
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in elderly adults [3]. It seems that very high pro-inflam-
matory cytokine release, which is described as cytokine
storm, is a pivotal pathophysiological mechanism in elderly
COVID-19 patients [4]. Aging is related to increased levels
of systemic pro-inflammatory cytokines and decreased levels
of systemic anti-inflammatory cytokines. Hence, a chronic
condition of inflammation may be created in aged subjects,
known as “inflamm-aging” [5, 6]. Ample studies have
indicated elevated levels of interleukin (IL)-6, IL-1, tumor
necrosis factor-a (TNF a), as well as C-reactive protein
(CRP) in aged subjects [7, 8]. Although, the exact underlying
mechanism of cytokine storm in elderly adults with severe
COVID-19 infection is far from clear. However, it is likely
that dysregulation of the cytokine homeostasis in “inflame-
aging” phenomenon may play a critical role in the risk of a
cytokine storm, and subsequently acute respiratory distress
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syndrome (ARDS) in some elderly patients with severe
COVID-19 infection. It seems that “cytokine storm” phe-
nomenon in elderly patients with severe COVID-19 infec-
tion, is associated with many age-related pathophysiologic
processes, including alteration of angiotensin-converting
enzyme 2 (ACE2) receptor expression [9], excess ROS pro-
duction [10], alteration of autophagy [11], the inflammatory
phenotype of senescent cell activity, particularly adipose tis-
sue [12], and immune-senescence [13], as well as lack of
vitamin D content [14]. Here, we are going to review and
discuss all above mentioned age-related pathophysiological
pathways that appear to contribute to the dysregulation of
cytokine networks and possibly a cytokine storm in elderly
patients with severe COVID-19 infection.

The possible pathophysiology of COVID-19
infection

It has been shown that COVID-19 infection has distinc-
tive behavior among elderly adults (severe infection) as
compared with children and young adults (none or mild
infection). Indeed, COVID-19 infection can induce severe
infection, including pneumonia and ARDS in some elderly
adults or sick patients, and not in children or young adults
[15]. What is the reason that the deadly cases of COVID-19
mainly seen in elderly patients? Here, first we are going to
review and compare the possible pathophysiology mecha-
nisms of mild infection and severe infection in young and
elderly adults with COVID-19, respectively.

Normal immunologic responses in young
adults with mild COVID-19 infection

Despite increasing evidences on the immune response to
pathogens, however, less is known about the exact immu-
nologic mechanism of COVID-19 infections. As shown
in Fig. 1, initiation of the immune response against invad-
ing coronavirus begins with a direct infection of the bron-
chi and bronchiole epithelium. First, antigen-independent
innate immunity provides the first line of leukocytes defense
against microorganisms. Innate immune defense involves
several cell types, including leukocytes such as neutrophils,
eosinophils, basophils, monocytes, macrophages, lung epi-
thelial cells, mast cells, natural killer (NK cells) [16]. Fol-
lowing initial COVID-19 infection, lung-resident dendritic
cells (DCs) become activated and change to antigen-present-
ing cells (APCs). Indeed, APCs are the first line of defense
in recognizing various pathogens. In the lung, DCs resides
in and below the airway epithelium, the alveolar septa, pul-
monary capillaries, and airway spaces [17]. Activated APCs
ingests, and processes an antigen and migrate to the lymph

@ Springer

nodes. Then, in the lymph nodes, APC presents the anti-
gen in the form of MHC/peptide complex to naive circu-
lating T helper cells (ThO), inducing the immune response
[18]. Following activation of ThO receptor by MHC/peptide
complex, T helper cells become activated, proliferate and
differentiated to CD4* (T helper lymphocytes) and CD8*
(cytotoxic T lymphocytes) cells. Then, CD4" Th lympho-
cytes further differentiated into Th1 and Th2, with different
cytokine profiles [19]. Th1 cells drive cellular immunity and
released pro-inflammatory cytokines such as IFN-y, IL-1,
IL-12, and TNF-a [17]. It is reported that cytokine IFN-y
can inhibit viral replication and enhance antigen presentation
[20]. Th2 cells activated humoral immunity and antibody
production and released anti-inflammatory cytokines such as
TGF-p, IL-4, IL-5, IL-9, IL-10 and IL-13 [21]. In fact, a bal-
anced between Th1 and Th2 lymphocyte activity is observed
in healthy adults with COVID-19 infection. Furthermore,
CD8* T lymphocytes cytotoxic T cells, as cytotoxic cells,
secrete cytotoxic molecules such as granzyme B that kill
infected epithelial cells. Indeed, CD8" T lymphocytes and
natural killer cells (NK) play a critical contribution in viral
clearance [17]. Both T and B cell responses against COVID-
19 observed in the systemic blood pool 1 week after the
initiation of COVID-19 symptoms. The autopsy of a patient
with COVID-19 identified an accumulation of mononuclear
cells (likely monocytes and T cells) in the lungs, with low
levels of hyperactive T cells in the peripheral blood. These
findings suggested that likely T cells are attracted away from
the systemic blood pool and into the infected site (lung) to
control the COVID-19 infection [21]. Generally, activa-
tion of different Th cells and release of ample cytokines
and chemokines recruit more innate, cell-mediated and
humoral immunologic responses to control COVID-19 in
adults. Additionally, it seems that the balance between pro-
inflammatory and anti-inflammatory immune responses in
the healthy adult can shut down immune activity at the right
moment [22].

Disrupted immunologic responses in elderly
adults with severe COVID-19 infection

It was observed that ARDS, pneumonia and multi-organ
dysfunction are the main immune-clinical symptoms of
COVID-19 infection. It is well accepted that ARDS and
pneumonia in deadly cases are due to severe inflammatory
responses to the immune system, this so-called a cytokine
storm [23]. On the other hand, severe multi-organ destruc-
tion is due to the cytokine storm rather than a direct dam-
aging effect of the virus itself [24]. It is noteworthy when
COVID-19 pathogen reached to the alveoli in elderly and
weak adults, pro-inflammatory immune responses become
vigorous and un-controllable active. Furthermore, impaired
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Fig.1 Normal immunological responses in young adults with mild
COVID-19 infection. Direct infection of the bronchi and bronchioles
epithelium with COVID-19 particles turn on innate and cell-mediated
immune responses. COVID-19 particles convert dendritic cells to
mature form, antigen-presenting cells (APCs). The APCs migrates
to the lymph node and presents the antigen in the form of the MHC
complex to naive T helper cells (ThO). ThO cells become activated,

anti-inflammatory responses in elderly adults may correlate
to increased activity of pro-inflammatory responses [25].
Hence, some elderly adults with severe COVID-19 infection
cannot shut down their pro-inflammatory immune response.
Several studies reported most patients with severe COVID-
19 exhibit markedly increased serum levels of pro-inflam-
matory cytokines, including; IFN-a, IFN-y, IL-1p, IL-6,
IL-12,1L-17, IL-18, IL-33, TNF-a, G-CSF, GM-CSF, IP10,
C-reactive protein (CRP), MCP1, and MIP1a [26-28]. It
is necessary to mention that cytokines storm directly may
lead to immune cell death, tissue damage, and respiratory
shut down [25]. For example, the autopsy findings of aged
subjects revealed spleen atrophy and necrosis, lymph node
necrosis, hemorrhage in the kidney, hepatomegaly, and
degeneration of the neurons in the central nervous system
in COVID-19 patients. The number of immune cells also
changed in COVID-19 infection [29, 30]. Indeed, in patients
with severe COVID-19 infection, but not in patients with a
mild infection, lymphopenia is a common feature, with sig-
nificantly reduced numbers of CD4* T cells, CD8* T cells,
B cells and NK cells. Furthermore, exhaustion markers, such
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proliferate and differentiated to other cells such as CD4* (T helper
lymphocytes) and CD8* (cytotoxic T lymphocytes) cells. In healthy
adults, due to sufficient vitamin D level, VD can decrease the expres-
sion of pro-inflammatory genes in immune cells. A balanced between
pro-inflammatory and anti-inflammatory activity causes shut down of
the immune system at the right moment

as NKG2A receptors on NK cells and CD8* T cells, are
up-regulated in patients with COVID-19 [28, 31]. Histo-
chemical staining showed that CD4" T cells and CD8* T
cells were decreased in spleen and lymph nodes. In addition,
in the lung with characteristic diffused alveolar damage, the
major infiltrated cells were monocytes and macrophages,
but very few lymphocytes [32]. Tian and colleagues in 2020
using postmortem biopsies identified alveolar damage, fibro-
sis of the heart and myocardial hypertrophy, and also lobular
infiltration of the liver by small lymphocytes in four died
cases of COVID-19 [33].

In addition to cytokine storm, viral particles of COVID-
19 can also directly induce multiple organ dysfunctions.
Because viral particles of COVID-19 infection were iden-
tified in the bronchial and type 2 alveolar epithelial cells,
fecal, and urine samples [29, 34, 35]. Hence, it is suggested
that multiple organ dysfunction in severe COVID-19 patients
can also cause by a direct attack of the virus. It is far from
clear whether cytokine storm, direct effects of the virus,
or the synergistic effects of both, contribute to the multi-
ple organ failures in severe COVID-19 patients [35]. Here,
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we are going to review the link between cytokine storm in
elderly patients of COVID-19 and “inflame-aging”.

Aging is related to elevated systemic levels of pro-inflam-
matory cytokines, including IL-6, IL-8, TNF-a, IL-13, IFN-
v, as well as acute phase proteins. Ample studies reported
a chronic mild inflammation in aging, which is described
as “inflame-aging”. This phenomenon can promote age-
associated disorders, including diabetes mellitus, Alzhei-
mer’s disease, atherosclerosis, etc. Accordingly, it seems
that increased generation of pro-inflammatory markers
and “inflame-aging” have a critical role in the process of
cytokine storm in severe COVID-19 patients and enhanced
mortality risk [8, 36]. As shown in Fig. 2, several factors,
including alteration of ACE2 receptor expression, excess
reactive oxygen species (ROS) production, senescent adi-
pocytes activity, alteration of autophagy and mitophagy,
immune- senescent, as well as vitamin D (VD) deficiency,
may associate “inflame-aging” to cytokine storm in elderly
patients of COVID-19.

Aging and angiotensin-converting enzyme 2
receptor (ACE2)

The renin-angiotensin system (RAS) is an important regula-
tor of several physiologic events, including cardiovascular
and blood volume, natriuresis, diabetes, chronic renal dis-
ease, and hepatic fibrosis [37, 38]. This system is composed
of two different pathways, including angiotensin-converting

enzyme (ACE)/angiotensin II (Ang II)/angiotensin receptor
type 1 (AT1) (ACE/Ang II/AT1) pathway; and angioten-
sin-converting enzyme 2 (ACE2)/Ang 1-7/Mas receptor
(ACE2/Ang 1-7/Mas) pathway. These two pathways have
opposing effects to accommodate a coordinated response to
specific triggers. The activity of ACE/Ang II/AT1 pathway
related to tissue injury, inflammation and fibrosis [39]. In
contrast, the activity of the ACE2/Ang 1-7/Mas pathway
exerts anti-inflammatory and anti-fibrosis effects [39, 40].
ACE2 degrades Ang II, as a major substrate for ACE2, and
generates Ang-(1-7) [38]. Recently, it is well accepted that
ACE2 on lung epithelial cells are the entry-point receptors
for COVID-19 particles [41]. It is demonstrated that the
highest expression of ACE2 is in the lungs (type II alveo-
lar epithelial cells), kidney, heart, and also vascular beds
[37]. Yu and colleagues in 2018 revealed that ACE2/Ang-
(1-7)/Mas pathway markedly suppressed in pancreatitis
by inhibition of the p38 MAPK/NF-kB signaling pathway
[38]. Fu and colleagues in 2017 transfected ACE2 plasmid
in primary cultured human retinal pigment epithelium cells
(hRPE) followed by stimulation with amyloid-p (Af). They
observed that overexpression of ACE2 markedly decreased
Ap-induced inflammatory response by activating the ACE2/
Ang-(1-7)/Mas pathway in hRPE [42]. In the respiratory
syncytial virus, ACE2 protected against severe lung injury
both in children and an experimental mouse model. In addi-
tion, in the ARDS model, ACE2 knockout mice displayed
more severe symptoms of respiratory shut down compared
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Fig.2 The link between “inflame-aging” and cytokine storm in in elderly adults with severe COVID-19. Several aging-related factors may asso-
ciate chronic inflammation to cytokine storm in elderly patients of COVID-19
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with wild-type mice [43]. Indeed, treatment strategy using
ACE?2 analogs or vector containing ACE2 result in benefi-
cial effects in diabetic nephropathy, hypertension, cardiac
disease [37]. Specific inhibitors of AT1 receptors, losartan,
have been shown to be effective in animal models of septic
shock. Therefore, the above mentioned studies suggested that
ACE2 pathway has anti-inflammatory effects. Several stud-
ies identified age-related decline of ACE2 expression [40,
44, 45]. For example, in the study of Xudong and colleagues
in 2006 revealed age-related difference of ACE2 expression
revealed in rat lung. They observed ACE2 expression is sig-
nificantly reduced with aging. They are suggesting the more
elevated ACE2 in young adults as compared to age groups
may contribute to the predominance in SARS attacks in this
age group [44]. Using GTEx gene expression data and analy-
sis, Chen and colleagues in 2020 found markedly higher
expression of ACE2 in Asian females compared to males.
Furthermore, they found an age-dependent decline of ACE2
expression, and also a highly significant decrease in type 11
diabetic patients. Additionally, they established a negative
correlation between ACE2 expression and COVID-19 fatal-
ity. Interestingly, in severe cases, many vital tissues, includ-
ing those with little ACE2 expressed are severely damaged
by COVID-19 infection [45]. These evidences may partially
suggest that the increase concentration of ACE2 receptors in
lung epithelial cells in children and young adults may have
a protective effect on severe clinical manifestations due to
COVID-19 infection. Therefore, it is highly likely that low
ACE2 expression and unbalance Ang II/Ang1-7 level during
aging can lead to cytokine storm and lung shut down [40,
41]. However, the genetic basis of ACE2 expression and its
function in different individuals is still far from clear [46].

Aging and excess production of ROS

It is well accepted that ROS considered as a signaling
molecule (at low concentrations), and also as a mediator
of inflammation (at high concentrations) [47]. The main
sources of ROS are mitochondrial respiratory chain and
NADPH oxidase [48]. Garrido and colleagues in 2019
identified that the immune cells of pre-maturely aging mice
presented lower values of antioxidant defenses and higher
values of ROS and pro-inflammatory cytokines [10]. Hence,
it is suggested that excess ROS production during aging
can turn on an inflammatory machine and subsequently
increased release of pro-inflammatory cytokines, includ-
ing; TNF-a, IL-1p, IL-2, and IL-6, and adhesion molecules.
The excess ROS production in aging can initiate the pro-
inflammatory generation through activation of multiple
transcription factors, including human polynucleotide phos-
phorylase (hPNPaseold-35), nuclear factor kappa B (NF-
kB), activator protein 1 (AP-1), specificity protein 1 (Spl),
peroxisome proliferator-activated receptors (PPARs) [49,

50]. For example, it is reported that hPNPaseold-35, which
is up-regulated during senescence, may promote the activa-
tion of NF-kB pathway and initiates the production of pro-
inflammatory cytokines, such as IL-6 and IL-8 [51]. Further-
more, the expression of hPNPaseold-35 itself induces ROS
production. This suggests that hPNPaseold-35 could be an
upstream signaling molecule that increased ROS generation
and subsequent pro-inflammatory cytokines during aging.
In addition to hPNPaseold-35, NF-kB is also an important
transcription factor that up-regulated during aging by excess
ROS production. In resting states, an inhibitory protein, IkB,
inactivated NF-kB in the cytoplasm. However, ROS produc-
tion can phosphorylate inhibitory IkB proteins, leading to
nuclear translocation of NF-xB and regulation of gene tran-
scription. Then, activated NF-kB can initiate the secretion
and release of pro-inflammatory cytokines, including TNF-a,
IL-1, IL-6, IL-8, IFN-g, iNOS, COX-2 [50]. Interestingly, as
the excess ROS production can increase pro-inflammatory
cytokines, the pro-inflammatory cytokines can also increase
ROS production [52]. For instance, it has been identified that
the pro-inflammatory cytokine IL-6 can increase ROS gener-
ation by increased expression of NADPH oxidase-4 in lung
cancer [53]. Additionally, it has been demonstrated that the
pro-inflammatory cytokine interferon-y and the pro-inflam-
matory component of the bacterial cell wall, lipopolysaccha-
ride, can synergistically increase ROS generation in human
pancreatitis by NF-kB-dependent expression of Duox2, a
member of the NADPH oxidase family [54]. Hence, excess
ROS production and inflammation are closely related, which
are taking part in the pathogenesis of chronic inflammation
and “inflame-aging” in elderly adults.

Aging and autophagy

Autophagy is a conserved catabolic turnover pathway in
eukaryotic cells by which cellular material delivered into the
lysosomes for degradation. Autophagy process is related to
the maintenance of cellular homeostasis, and its dysregula-
tion could lead to the development of several aging-related
pathophysiological diseases [11]. It has been shown that
the autophagy process, decrease during aging, leads to the
accumulation of damaged macromolecules and organelles.
The decline of autophagy during aging can induce dysfunc-
tional mitochondria, and subsequent increased ROS produc-
tion [55]. Mitochondria are the major source of ROS. In
this context, two major processes are for protection from
harmful effects of ROS, including mitophagy and antioxi-
dant capacity. In one hand, mitophagy, which is character-
ized by autophagic degradation of mitochondria, decreased
with aging [56]. On the other hand, decreased mitophagy,
together with decreased antioxidant capacity during aging
can increased ROS levels in the body. The excess pro-
duction of ROS in stress condition leading to memory
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deficits, anxiety-like behavior and increase pro-inflammatory
cytokine secretion during aging [57-60]. Although, the exact
underlying mechanism of how the decline in autophagy and
arise in ROS levels during aging can elevate pro-inflamma-
tory cytokine release is far from clear. However, it is well
accepted that low activity of autophagy process and high
level of ROS production during aging, can activate and up-
regulate Nod-like receptors (NLRs) [54]. The NLRs are a
type of intracellular pattern-recognition receptors (PRRs)
for pathogen recognition. They monitor both inflammation
and apoptosis signaling pathways. These receptors expressed
in many cell types, including immune cells (lymphocytes,
macrophages, dendritic cells) and even epithelial cells [61].
It is observed that activation of cytosolic NLRs increased
during aging and in many age-related diseases such as type

2 diabetes mellitus. For example, from Ebersole and col-
leagues study in 2017 identified that expression of NLRs
increased with aging in the healthy oral mucosa [62]. Addi-
tionally, Luan and colleagues in 2018 found that NLRP3
expression increased in concanavalin A-induced hepatitis
(as a model of autoimmune hepatitis) [63]. Salminen and
colleagues in 2012 reported that the decrease of autophagic
capacity during aging generates the inflammatory situa-
tion by means the activation of pro-inflammatory factors,
in particular NLRP3 [55]. It is accepted that NLRs activity
can increase expression of caspase-1, and pro-inflammatory
cytokines, including IL-1p and IL-18, leading to cell death
(Fig. 3). For example, Nadatani in 2016 reported that cas-
pase-1 can induce pyroptosis, a unique form of programmed
cell death, through the conversion of pro-IL1f and pro-IL18
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Fig.3 The role of alteration of mitophagy in “inflame-aging”
and subsequent cytokine storm in elderly adults. The decline of
mitophagy during aging, increased ROS production. On one hand,
excess ROS production can activate and up-regulate intracellu-
lar Nod-like receptor type 3 (NLR3). NLRs over-activity increase
expression of caspase-1, and pro-inflammatory cytokines, includ-
ing IL-1p and IL-18, leading to pyroptosis (cell death) of immune
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cells. In other hand, the excess ROS production can increase the
pro-inflammatory molecules release through activation of multiple
transcription factors, including human polynucleotide phosphorylase
(hPNPaseold-35), nuclear factor kappa B (NF-xB), activator protein 1
(AP-1), specificity protein 1 (Spl), peroxisome proliferator-activated
receptors (PPARs)
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in their active forms, which promotes further inflamma-
tion. In pyroptosis, the dying cells release their cytoplas-
mic pro-inflammatory contents into the extracellular fluid
[64]. Similarly, Wang’s and colleagues revealed that treat-
ment of Ac-YVAD-cmk, an inhibitor of NLRP3-caspase-1,
suppressed isoflurane-induced microglial inflammatory
response in aged mice [65]. This finding is a critical study
for supporting that NLRP3/caspase-1 pathway is involved
in the pathophysiology of chronic inflammatory disease in
elderly adults (Fig. 3). Furthermore, Stranks in 2015 found
that macrophages from aged mice exhibit markedly reduced
autophagic flux as compared to young mice. They also
reported that reduced autophagy during aging, increased
macrophage populations and their phagocytosis function,
decreased surface antigen expression, while the increased
the inflammatory cytokine response [66]. Additionally, in
animal model studies, increase autophagy by means caloric
restriction and also exercise, result in down-regulation
of IL-1p production and improve the aging-related pro-
inflammatory profile. So, it seems that crosstalk between
the decline of mitophagy pathways and elevated ROS level
during aging can imbalance, immune system activity of
elderly adults [67].

Aging and senescent adipocytes

Senescent cells accumulate with aging in many animal and
human tissues, leading to chronic inflammation and organ
dysfunction [68]. Senescent cells have lower cell viability, as
well as insufficient protection against oxidative stress [69].
Additionally, senescent cells can release pro-inflammatory
cytokines, including IL-1a, IL-1p, IL-6, IL-8, IL-18, CCL-
2, TNF-a, granulocyte macrophages colony-stimulating
factor (GM-CSF), growth regulated oncogene (GRO),
monocyte chemotactic protein (MCP)-2, MCP-3, MMP-1,
MMP-3 [70, 71]. So, the immune effector is not the main
source of inflammatory markers. Aging studies revealed the
importance of adipose tissue inflammation in aged animals
by the elevated release of interleukin 6, IL-8, IL-1f, as well
as TNF-a [68—70]. Adipose tissue is a dynamic structure that
plays an important contribution in modulating of metabo-
lism and inflammation. It is highly likely that adipose tissue
dysfunction (for instance obesity during aging) is associated
with chronic inflammation in aged subjects [12]. Petrakis
and colleagues in 2020 reported that age-related obesity
leading to increased susceptibility of more serious compli-
cations of COVID-19 as compared to younger individuals.
In obese COVID-19 patients, the adipose tissue interacts
with the immune system and increased the lethality of the
infection by fat tissue-associated cytokines (adipokines)
release. Adipocytes released amyloid-A (an adipokine),
which act directly on macrophages and increased generation
of pro-inflammatory cytokines. The mortality rate for young

adults with COVID-19 (with normal body mass index) was
approximately 2%. However, the mortality rate for obese
elderly adults with COVID-19 was approximately 14% [72].
In addition to obesity, Covarrubias and colleagues found that
during aging senescent cells significantly accumulate in vis-
ceral white adipose tissue and inflammatory cytokines found
in the supernatant from senescent cells, which are induced
macrophages to proliferate and to express CD38, as a T cell
activation marker [73]. Alicka and colleagues in 2020 found
that adipose-derived stem cells from older groups exhib-
ited increased gene expression of pro-inflammatory gene
and miRNAs (such as IL-8, IL-1p, TNF-a, miR-203b-5p,
and miR-16-5p), and apoptosis markers (such as p21, p53,
caspase-3, caspase-9) [69]. Ghosh and colleagues in 2016
reported that decreased autophagy activity during aging
associated with increased adipose tissue ER stress and
inflammation in old adipose tissue-derived stromal vascu-
lar fraction cells (SVFs) in mice. They also revealed that
accumulation of autophagy substrates LC3-II and p62
increased in old SVFs, implicated impaired autophagy activ-
ity. Furthermore, they reported that old SVFs had reduced
expression of autophagy markers. They also analyzed that
decreased autophagy activity in old SVFs is correlated with
increased secretion of pro-inflammatory cytokines, includ-
ing IL-6 and MCP-1 [74]. Therefore, the elevated release
of pro-inflammatory cytokines by senescence adipocytes
possibly leads to the elevated risk of the cytokine storm in
COVID-19 infection in poor prognosis patients.

Aging and immune-senescence

With progressive age, the function of the innate and adaptive
immune system undergoes physiological and morphological
alteration throughout a lifetime, which is characterized as an
immune-senescence [13, 75]. Indeed, immune-senescence
is described as the progressive loss of all immune effectors
in both the innate and cell-mediated immune systems with
aging [76]. A normal and physiologic immunity depends on
effective cross-talk between innate and adaptive immune
systems, so senescent immune effectors markedly impact on
the health of elderly individuals [75]. Here, we are going to
briefly report age-related alteration of both innate and adap-
tive immune cells. Macrophages are central effector cells of
the innate immune system and have many physiological
functions [77]. Macrophage can produce several pro- (TNFa,
IL-1, and IL-6) and anti-inflammatory (IL-10, TGFp, acute
phase proteins, and glucocorticoids) molecules, enzymes,
growth factors, nitric oxide, toxic reactive radicals, metal-
loproteinases and inhibitors of metalloproteinases. As the
clearance of pathogens proceeds, the anti-inflammatory
effectors of macrophages turn off macrophage inflammatory
activities [78]. Therefore, during a pathogen-induced inflam-
matory episode, the balance of macrophage modulating
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secretion present in the tissues. During aging, the generation
of several macrophage-induced factors is reduced, including
fibroblast growth factor, vascular endothelial growth factor,
epithelial growth factor, TGFp, toxic free radicals, and
expression of nitric oxide synthase. Additionally, phagocytic
and chemotactic activity of macrophages also decreased by
a decline in production of macrophage-specific chemokines,
including macrophage inflammatory protein (MIP)-1 and
MIP-2 with advanced age. Macrophages can also display
antigen-presenting activity by expressing major histocom-
patibility class (MHC), leading to a cross-talk between
innate and cell-mediated immune system. It is reported that
with progressive age, the expression of (MHC)-II, decreased
in both mice and humans [79, 80]. Natural killer (NK) cells
are another cytotoxic effector of the innate immune system
and involved in the early, and fast, faster than T cells, defense
against virus infection and other challengers [81]. The NK
cells, such as macrophages, linking innate and cell-mediated
immune system. NK cells regulate immune function by the
generation and release of various cytokines [82]. An increase
in numbers of circulating NK cells reported during aging
[75]. One of the important cytokines for cytotoxic activity
of NK cells is IL-2, which increases killing properties and
proliferation of NK cells. In a healthy young individual, IL-2
can induce IFN secretion by NK cells, but this effect
decreased in elderly [83]. Furthermore, aging can change the
NK cells phenotypes, which are an increase in CD56%™ cells
and a decrease in CD56°€" cells. In addition, aging can
increase the expression of the immune-senescence marker,
CD57, on NK cell populations [84]. Dendritic cells (DCs),
are another component of the innate immune system and
have a critical role in both immunity and tolerance. The resi-
dent DCs are immature, but the capture of pathogens con-
verts them to mature form, known as antigen-presentation
cells (APCs), through up-regulation of MHC expression.
Then, mature APCs monitor Th1 and Th2 function. In con-
trast, immature DCs induce tolerance to self-antigens [25].
In physiological condition, DCs take up self- antigen and
apoptotic cells and transport them to the lymph nodes [85].
But, during migration for the presentation of pathogens to
ThO cells, they undergo several phenotype alterations,
including up-regulation of MHC class I and II molecules and
down-regulation of adhesion molecules [86]. Furthermore,
DCs can generate and release various cytokines, so they can
modulate inflammatory responses [87]. It is reported that
increased age-related pro-inflammatory cytokines can
induce activation and maturation of DCs. Panda and col-
leagues in 2010 identified an increase of pro-inflammatory
cytokines released from DCs in elderly adults [88]. Moreo-
ver, the activity of DCs in elderly adults was higher than
young individuals [89]. Ageing is also accompanied by pro-
found and consistent alterations of T-cell immunity [90].
Although, T-cell numbers do not diminish during aging,
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however, the T-cell pool exhibit potent age-related altera-
tions, including poor T-cell mitogen responses, an inverted
CD4+/CD8+ T-cell ratio, reduced proportion of naive cells,
as well as an increased proportion of memory cells, in older
animals and human [91]. Additionally, aging is related to the
overproduction of pro-inflammatory cytokines by T cells,
leading to immune pathology [92]. The CD8+CD28— subset
of cells in the expanded memory cell population has short-
ened telomeres, suggesting that they have a longer reflective
history [93]. In humans, almost all T cells express CD28 at
birth, and the proportion of CD28+ declines by the age [81,
93]. The increase in these cells has been observed consist-
ently and is used as a prognostic indicator of immune-senes-
cence in older populations [94]. It is demonstrated that aging
also changes the cytokine profile of Th2 cells (IL-4 and
IL-10) rather than Th1 type (IL-2, IFN-g), leading to mild
age-related inflammation in elderly adults. Aging can also
potentially affect other Th cells pool. The ratio of Th17 cells/
Tieguiatory cells increased during aging, leading to a basal
inflammatory state in elderly adults [95]. Th17 cells have the
pro-inflammatory phenotype, and they are in balance with
Tregulatory anti-inflammatory cells. These cells are derived
from a common precursor (ThO) [96]. Tegyiaory cells are a
subset characterized by a high expression of CD25 and
FOXP3, a transcriptional factor for the function and differ-
entiation of T, ,0ry cells [97]. In addition to anti-inflam-
matory effects of T, gyj40ry Clls, also recognize self-antigens
[98]. Furthermore, ageing is correlated with disruption of
lymphocyte telomerase up-regulation [99]. It is accepted that
shortened lymphocyte telomeres are associated with a vari-
ety of age-associated pathologies [100]. Furthermore, during
aging naive T-cells show multiple alterations, including the
shortening of telomeres, the reduced production of IL-2 and
the diminished ability to differentiate themselves into effec-
tor-cells. The loss in the number and function of the naive
T-cells, with increasing of T CD8+, CD45RO+,
CD25+ clones in aged subjects [101]. CD28-cells are
responsible for the production of pro-inflammatory
cytokines and are resistant to apoptosis. It is proposed that
they are undergoing cells to senescence, due to the shorten-
ing of telomeres and reduction of the proliferative capacity
[102]. Interestingly, pro-inflammatory cytokines have been
also implicated in these age-associated alterations of T-cell
immune-senescence. Indeed, inflammatory conditions in
elderly adults lead to alterations in T-cell immunity. For
instance, age-related increased cytokine TNFa is a potent
stimulator of TCD4+-cell senescence and T-cell differentia-
tion [90]. Humoral immunity mediated by B lymphocytes
has a critical role in the modulation of adaptive immunity
responses. B lymphocytes produce different types of anti-
bodies for eliminating of challengers. Additionally, B lym-
phocytes have an important role in the immune system
through the presentation of antigens and secretion of
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cytokines [103]. B lymphocytes arising from hematopoietic
stem cells in the bone marrow as pro-B lymphocytes. Then,
they differentiate into pre-B and then B lymphocytes [104].
Ample studies identified that aging is accompanied by quan-
titative and qualitative alteration of B lymphocyte pool
[105]. The number of B lymphocytes and the levels of serum
immunoglobulin and antibody analyzed during the aging.
The hematopoietic stem cells in the bone marrow from aged
mice are less effective at generating both B lymphocytes as
compared to young mice. The number and the size of the
germinal centers of B lymphocytes also decreased with
aging. Production of precursor B lymphocytes in the bone
marrow and the number of pro-B and pre-B lymphocytes
decreased in aged mice and human [104]. It has been shown
that aged pro-B lymphocytes havean impaired ability to
respond to IL-7. Also, both human naive and IgM memory
B lymphocytes impaired during aging [106]. The percentage
of IgM memory B lymphocytes are not markedly decreased,
however, the total numbers of B lymphocytes decreased.
Additionally, the antibody level is decreased in the aged sub-
jects. In addition, the affinity and protective ability of anti-
bodies in aged mice decreased as compared to the young
mice [75, 107]. It is also reported that the immune response
to influenza in old mice has less IgG level than in young
mice. Also, young mice had mostly IgG1 plasma level with
high-affinity antibody. In contrast, aged mice mostly had
IgM plasma cells [108]. Hence, antigen-specific antibody
responses decline in old mice. The decreased function of B
lymphocytes (such as antigen-specific antibody response and
antibody affinity) during aging has been attributed to lack of
Th function. Because the function of B lymphocytes is
T-dependent [97, 109]. Taken together, immune-senescence
alterations cannot properly fit cell-mediating and humeral
immune response in elderly adults. The immune system
appears to maintain a mild inflammatory state in elderly
adult. Therefore, it is suggested that fragile and mildly over-
active immune system in elderly adults cannot turn off the
pro-inflammatory machine in COVID-19 infection. Clinical
findings in severe patients with COVID-19 infection are in
consistent with the above mention literature. Several mani-
festations including; lymphopenia, reduced numbers of
CD4* T cells, CD8™ T cells, B cells and natural killer (NK)
cells, monocytes, eosinophils and basophils reported in
severe patients with COVID-19 infection [25]. Schouten and
colleagues in 2019 identified that increasing pro-inflamma-
tory cytokines during aging also correlated with the severity
of ARDS and may partially explain age-dependent differ-
ence [110].

Aging and vitamin D deficiency

VD together with vitamin D receptor (VDR) has both clas-
sical functions (such as bone and calcium-phosphorus

homeostasis), and non-classical function (such as anti-
inflammatory and immune-regulatory function) [111, 112].
VDR is expressed by several types of immune cells, includ-
ing monocytes, macrophages, B and T lymphocytes, as well
as DCs [113]. Additionally, the a-1-hydroxilase enzyme,
which converts inactive metabolite of VD (25(0OH) D3) to
the active form (1,25(OH)2D3), is expressed by the major-
ity of immune cells such as macrophages [112]. Liu and
colleagues in 2014 reported that the expression of VDR and
a-1-hydroxylase increased in macrophages following expo-
sure to a pathogen [114]. This finding suggested that the
intracrine immune-regulatory function of VD. As shown in
Fig. 4, VD can decrease the expression of pro-inflammatory
genes (such as TNF-a, IL-6, monocyte chemotatic proteinl
(MCP-1), and IL-12) in immune cells through suppress-
ing excessive ROS production, increasing intracellular glu-
tathione levels, suppressing NF-kB and p38 MAP kinase
expression. Excess ROS production can increase NF-kB
expression in immune cells, leading to excess secretion of
pro-inflammatory cytokines, including TNF-a, IL-1, IL-6,
IL-8, IFN-g, iNOS, COX-2 [50]. Activation of p38 MAP
kinase pathway can also increase IL-6 and MCP-1 genera-
tion in immune cells by stimulation of the signal transducer
and activator of transcription1/5 (STAT1/5) [115]. It seems
that pathogen challengers turn macrophages on by stimula-
tion of PPRs (such as TLR2/1or NLRs). Activation of TLRs
or NLR can increase intracellular VDR and a-1-hydroxylase
expression. Then, a complex of VD and VDR together
can decrease the pro-inflammatory cytokines, increase
the autophagy activity of macrophages, and antimicrobial
product generation, including cathelicidin and p-defensin
in macrophages [116]. In addition, of immune regulatory
effects of VD on macrophages, it can also suppress the dif-
ferentiation, and migration of human DCs, and decrease
the expression of MHCII on DCs, which are characterized
as the tolerogenic properties [114, 117]. Tolerogenic DCs
can increase the number of IL-10 producing CD4+ T-cells
and Tyegyiaory cells. Elevated circulating CD4+ T oo y1a0ry
have of anti-inflammatory functions and also attenuated
the inflammatory response of T-effector cells. These tolero-
genic actions of DCs are mediated by increased expression
of FOXP3 transcription factor [118]. Furthermore, VD can
also make a complex with VDR on the T lymphocytes,
leading to suppression of its proliferation. Hoe and col-
leagues in 2016 reported that VD markedly decreased pro-
inflammatory cytokines (TNF-a, IFN-y, and IL-1p, IL-8,
IFN-v) in response to bacterial ligands exposure. VD also
increased the level of anti-inflammatory cytokine (IL-10)
[119]. Hence, VD can modulate both innate and adaptive
immune responses. Elderly adults are at risk for VD defi-
ciency due to several factors, including decreased pre-VD
production, poor skin integrity decreased dietary intake of
VD, increasing adiposity, obesity, decreased renal function,
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Physiologic Levels of VD
Immune Cell in Adults

Stimulatory Effect
Inhibitory Effect

* COVID-19 Particles

‘ Pro-Inflammatory Cytokines

A Anti-Inflammatory Cytokines

. Anti-Microbial Products

Fig.4 The role of vitamin D content on pro-inflammatory cytokine
release in young and elderly adults with COVID-19 infection. Fol-
lowing exposure to COVID-19 particles in young adults, sufficient
vitamin D content increasing intracellular glutathione levels, sup-
pressing excessive ROS production, suppressing NF-kB (nuclear fac-
tor kappa b) and p38 MAP kinase expression. In contrast, vitamin D

as well as less time spent outdoors [120]. VD deficiency has
been linked to various aging-related inflammatory diseases,
including rheumatoid arthritis, asthma, inflammatory bowel
disease, multiple sclerosis, cardiovascular disease, hyper-
tension, diabetes mellitus, and cancer [121]. Additionally,
there is a correlation between VD deficiency and risk of
respiratory tract infection such as COVID-19 [122]. For
example, Ilie and colleagues in 2020 examine the association
between the mean levels of VD in 20 European countries
and morbidity and mortality caused by COVID-19. Their
analysis data identified negative correlations between mean
levels of VD (average 56 mmol/L) in each country and the
number of COVID-19 cases. In addition, a negative cor-
relation was observed between mean levels of VD and the
mortality of COVID-19 cases. They also reported that VD
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deficiency in elderly adults leads to over-activity of p38 MAP kinase/
STAT (signal transducers and activator of transcription) and ROS/
NF-Kb pathways in the immune cells. So, elderly adults with severe
COVID-19 infection cannot turn off their pro-inflammatory immune
machine

levels are severely low in the aging population especially
in Spain, Italy and Switzerland, the most vulnerable coun-
tries in relation to COVID-19 [123]. Additionally, Ebadi and
Montano-Loza in 2020 reported that VD can suppress the
expression of pro-inflammatory markers, including IL-1a,
IL-1, as well as TNF-a. Therefore, VD deficiency during
aging related to overexpression of Th1 cytokines. They also
reported that 50% of patients with COVID-19 and about
70% mortality of COVID-19 observed in African-Ameri-
can population in Chicago, who are at a greater risk for VD
deficiency [124]. There are reports that polymorphism of
VDR gene, including polymorphisms of FoklI, Apal, and
Taq]l, is associated with VD deficiency and increased risk
of inflammatory diseases [125]. Hence, VD and VDR path-
way together have an important anti-inflammatory function
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in immune effectors through decreasing pro-inflammatory
cytokine generation and increasing anti-inflammatory
cytokines in immune cells. Furthermore, the lack of VD in
aged subjects is associated with the pro-inflammatory phe-
notype of immune cells, leading to likely increasing the risk
of elderly adults with chronic mild inflammation condition
[122]. This chronic inflammatory condition likely leads to
cytokine storm in elderly COVID-19 patients.

Conclusion

In summary, it seems that young adults have balanced
between pro-inflammatory and anti-inflammatory cytokine
networks (Fig. 1). Therefore, their balanced immune sys-

tem can limit the progression of COVID-19 infection.
However, elderly patients do not have the same balanced

Epithelial Type I1 cell

Migration to Lymph Nod

Humoral Immunologic Respons;

L& |

Lymph Node

Fig.5 Disrupted immunological responses in elderly adults with
severe COVID-19 infection. Several factors can un-controllable
turn on the inflammatory machine in elderly adults with COVID-
19, including (1) decreased ACE2 expression in alveolar cells, (2)
decreased mitophagy and subsequently excess ROS production, (3)

immune response as young adults. As shown Fig. 5, with
advancing age, the immune system appears to maintain
a condition of mild inflammation. So, the activation of
the body with pathogens, such as COVID-19 infection
can exaggeratedly increase the amplitude of the immune
response, which is known as a cytokine storm. As men-
tioned above, alteration of ACE2 receptor expression,
oxidative stress, adipose tissue- and immune-senescent
cell activity, lack of VD content, as well as decrease of
autophagy and mitophagy may contribute to high ampli-
tude of the immune response to external challengers
in elderly adults. This high amplitude of the immune
response in elderly adults can favor induction of the
cytokine storm and death in severe and critical cases of
COVID-19 infection. Nevertheless, the COVID-19 infec-
tion is not deadly in all elderly patients, because the aging
process is dependent on several markers, including genes,
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accumulation of senescent adipocyte cells in visceral white adipose
tissue, (4), increased number of senescent immune cells, as well as
(5) vitamin D deficiency. Hence, elderly adults with severe COVID-
19 infection cannot shut down their pro-inflammatory immune
response
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lifestyles, individual variety of immune responses to
challengers.
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