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ABSTRACT

Inflammaging constitutes the common factor for comorbidities predisposing to severe COVID-19. Inflammaging
leads to T-cell senescence, and immunosenescence is linked to autoimmune manifestations in COVID-19. As in
SLE, metabolic dysregulation occurs in T-cells. Targeting this T-cell dysfunction opens the field for new
therapeutic strategies to prevent severe COVID-19. Immunometabolism-mediated approaches such as
rapamycin, metformin and dimethyl fumarate, may optimize COVID-19 treatment of the elderly and patients at
risk for severe disease.

INTRODUCTION

Chronic low-grade inflammation that develops with
aging, termed inflammaging, is a common factor for
comorbidities predisposing to severe forms of COVID-
19 with acute respiratory distress syndrome (ARDS)
[1]. Inflammaging is the long-term result of chronic
physiological stimulation of the innate immune system,
which can become damaging during aging [2].

Inflammaging leads to T-cell senescence, a T-cell
dysfunction state that occurs in chronic infections [3—
5]. Reduced counts with functional exhaustion of T-

cells and cytokine release syndrome have been
identified as adverse factors in patients suffering from
SARS-CoV-2 infection [3, 4]. Severe COVID-19 can
therefore mimic a state of immune senescence [6].
Immunosenescence is defined as age-related alteration
to the immune system leading to a progressive
reduction in ability to trigger effective antibody and
cellular responses to infections and vaccinations [7].

Immunosenescence is linked to autoimmunity in age-
related disorders [8]. It can be potentiated by COVID-
19, thus highlighting the role of infectious agents in
triggering an autoimmune response [9].
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Investigation into possible factors for inflammaging,
immunosenescence and autoimmunity in COVID-19
patients is ongoing. Immunometabolism dysfunction
may be at their core. Immunometabolism represents
the changes that occur in intracellular metabolic
pathways within immune cells during activation [10,
11]. It is widely accepted that T-cell senescence is due
in part to dysfunction in normal glycolytic CD8 T-cell
metabolism [10]. Metabolic pathways are important
regulators of immune differentiation and activation,
and as such influence the immune response to SARS-
CoV-2[11, 12].

This review details how SARS-CoV-2 might induce or
amplify  inflammaging,  immunosenescence  and
autoimmunity from an immunometabolic perspective
and puts forward therapeutic approaches for restoring
T-cell functionality.

Severe forms of COVID-19 promoted/enhanced
by inflammaging and immunosenescence

Risk factors for severe COVID-19 have been
characterized by China Center for Disease Control
and Prevention findings based on 44 672 COVID-19
patients [13]. Old age and age-related disorders such
as cardiovascular disease, obesity, diabetes mellitus,
chronic respiratory disease, hypertension, and cancer
were linked to greater risk of death [13, 14]. A meta-
analysis of seven studies involving 1576 COVID-19
patients indicated that the most prevalent
comorbidities were hypertension (21.1%, 95% CI:
13.0-27.2%) and diabetes mellitus (9.7%, 95% CI:
7.2-12.2%), followed by cardiovascular (8.4%, 95%
Cl: 3.8-13.8%) and respiratory disease (1.5%, 95%
Cl: 0.9-2.1%) [15]. In addition, of the 3615
individuals who tested positive for COVID-19, 775
(21%) were obese, and 595 (16% of the total cohort)
were severely obese [16]. In 124 consecutive COVID-
19 patients admitted to the ICU, 47.6% were obese
and 28.2% severely obese [17].

Biologically, onset of severe COVID-19 is
characterized by a cytokine storm with hyper secretion
of pro-inflammatory cytokines [18].

Age-related disorders such as risk factors for COVID-
19 are connected to low-grade, persistent inflammation
(inflammaging) and have detrimental effects on the
immune system [19].

Inflammaging is linked to mitochondrial dysfunction
[14], SASP and  age-related  autoimmune
predisposition [20]. Mitochondrial dysfunction has
been shown in SARS-COV-2 infected lung cell lines
where  upregulation of genes involved in

mitochondrial cytokine/inflammatory signalling and
downregulation of genes involved in organization,
respiration and autophagy has been demonstrated
[14]. SASP releases cytokines (IL-1a/p, IL-6, IL-8,
TGF-B, and TNF-a) [21], some of which are able to
increase senescence via a “bystander effect” [22]. IL-
la is the main upstream regulator of SASP, while IL-
1B and TGF-f are senescence transmission mediators,
and IL-6 and IL-8 reinforce autocrine senescence
[22]. In the elderly, especially elderly men, IL-6 is
chronically upregulated [23] and its elevation is
predictive of mortality [24]. Tissue accumulation of
senescent cells and SASP secretion are instrumental in
provoking a cytokine storm, that is a major
contributor to ARDS and multiple organ dysfunction
syndrome [18, 19]. (Figure 1)

COVID-19: an immunosenescence model
Cellular senescence

Senescence is a biological process that implicates each
body cell [21, 25]. The concept of senescence originates
from a work by Hayflick et al., describing loss of
replicative capacity in fibroblast cell cultures [26].
Aging cells ceaseto function properly, fail to
accomplish their normal tasks, and lose their ability to
divide [21, 25]. Instead of dying off, they accumulate in
tissues [21, 25]. Cellular senescence is thus a major
cause of aging and age-related diseases, including
diabetes mellitus, obesity, and cardiovascular disorders
[21, 25].

Senescent cells also prevent surrounding healthy cells
and tissues from functioning at peak capacity [27],
and they secrete harmful compounds such as SASP
[21, 25]. SASP induces senescence in other cells, and
so the destructive process continues [21, 25].
Senescent cells are associated with dysfunctional
mitochondria  [14], contribute to  chronic
inflammation [21, 25] and promote clotting [28] and
clotting-related conditions such as sepsis-induced
coagulopathy  or  disseminated intravascular
coagulopathy that are found in COVID-19 [29].

Immunosenescence in COVID-19

Senescence also affects immune cells, and features of
immunosenescence have been found in severe COVID-
19 patients [3, 4, 30-33].

Immunosenescence is characterized by decreased naive
T-cells, increased memory T-cells, and poor response to
newly-encountered antigens and vaccines [34, 35]. T-
cells play a vital role in viral clearance through
cytotoxic molecule secretion [4].
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Higher ongoing SARS-CoV-2 viral loads cause
overstimulation of CD8 T-cells via TCR signaling,
inducing CD8+ T-cell senescence [36, 37]. In severe
COVID-19, circulating T-cells show signs of
senescence by expressing PD-1, Tim-3, CTLA-4 and
TIGIT [3, 4, 30, 31]. CD4+ and CD8+ T-cells have
been observed in patients over 60 years of age and those
receiving ICU care. There is an inverse correlation
between decrease in total number of T-cells and patient
survival [3]. Moreover, senescent CD8+ T-cells are
unable to secrete cytotoxic perforin, granzyme and IFN-
v [4] in these patients.

Senescent T-cells also secrete the cytokines,
chemokines, proteases and growth factors [38] that
define SASP [38], and contribute to the cytokine storm
that occurs in severe COVID-19 [3].

Pre-existing factors that render patients vulnerable to
COVID-19 could lead to immunosenescence [20, 39].

Firstly, CMV infection is highly prevalent (>90%) in
the elderly, and leads to immunosenescence through
phenotypic changes and loss of T-cell repertoire

diversity [40]. Higher CMV viral loads cause CD8+ T-
cells to overstimulate via TCR signaling, thus inducing
CD8+ T-cell senescence [37]. Diversity in clonally-
expanded CMV-specific memory CD8+ T-cells and
concomitant decreased naive T-cells results in poor
response to influenza vaccines in the elderly [7].
Chronic CMV infection may bring about a diminished
immune response to SARS-CoV-2 infection and to any
future vaccination [41].

Secondly, aging attenuates the upregulation of co-
stimulatory molecules critical to T-cell priming and
reduces antiviral IFN production by means of alveolar
macrophages and dendritic cells [42]. The ability of
DCs and macrophages to elicit CD8+T-cell response
and proliferation and to release antiviral cytokines is
thus impaired [42]. In the lung, delayed IFN production
leads to cellular damage to airway and alveolar
epithelia, and contributes to cytokine storm [43]. In 50
COVID-19 patients, severe and critically ill patients had
impaired type | IFN response, persistent blood viral
load and exacerbated inflammatory response [44]. The
international “COVID Human Genetic Effort”
consortium has shown that inborn errors of TLR3- and
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Figure 1. Immunometabolism at cornerstone of inflammaging, immunosenescence, and autoimmunity in COVID-19.
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IRF7-dependent type | IFN immunity can underlie life-
threatening COVID-19 pneumonia in 3%-4% of
patients with no prior severe infection [45].

Autoimmune diseases can also neutralize type | IFN
activity via 1gG auto-antibodies at the onset of critical
disease as found in 10% of severe forms of COVID-19
[45, 46].

Coronaviruses themselves can hinder early induction of
type | IFN [43] through proteases that antagonize
STING whose role is to recognize cytosolic viral DNA
[43], or in SARS-CoV-1 through addition of a 2° O-
methyl group to viral RNA, to evade detection by
MDA-5 [43].

Taken together, elderly patients and those with risk
factors for severe COVID-19 cannot mount an efficient
adaptive antiviral immune response [43].

Thirdly, age-related thymic involution reduces the
output of naive T-cell and TCR repertoire [40], thus
producing a characteristic immunosenescence profile
[40]. Lymph nodes undergo age-related changes, and
become less able to maintain naive T-cell homeostasis
and to coordinate new immune responses to emerging
infections [43]. The balance of bone marrow immune
cell production is affected, involving reduced
lymphopoiesis and enhanced myelopoiesis [47].
Senescent lymphoid organs can compromise an efficient
immune response against COVID-19.

Fourthly, angiotensin converting enzyme-2 (ACEZ2)
expression which is the primary target receptor for
SARS-CoV-2 occurs in the lungs, oral mucosa, gut
enterocytes, and endothelial cells [42]. It has a
protective effect on endothelial cells and lung function
by limiting angiotensin Il-mediated pulmonary capillary
leakage and inflammation [42]. ACE2 downregulation
by the spike protein of SARS-CoV-2 in the lung might
be implicated in ARDS through release of
proinflammatory chemokines and cytokines [42].

Fifthly, obesity, metabolic syndrome, and diabetes
mellitus are linked to systemic immunometabolic
inflammation. In this “metaflammation” the circulating
cytokine levels are increased by activation of the NLR
family  pyrin  domain-containing 3  (NLRP3)
inflammasome/IL-1 axis, NF-xB and JNK pathways
[14, 48, 49]. Interaction between macrophages and
adipocytes are early molecular events in subclinical
inflammation, further inducing insulin resistance,
glucotoxicity, lipotoxicity, endothelial dysfunction,
systemic inflammation and cardiovascular disease [48].
Obesity is linked to dysregulated adaptive immunity
and failure to generate antibodies following infection or

vaccination [49]. Obesity entails an increased risk for
hypertension, diabetes mellitus, and cardiovascular
disease, three of the most important underlying
conditions in severe COVID-19 [50].

Lastly, telomere shortening, that is linked to cellular
aging, may play a role in severe COVID-19 [42]. Older
adults whose telomeres were comparatively short had
mortality rates over eight times higher from infectious
disease and over three times higher from heart disease
than those whose telomeres were longer [51]. T-cells
from chronically virus-infected individuals age
prematurely or are senescent due to telomere attrition
and erosion [7]. Accelerated telomere loss in various
leukocyte subpopulations is a common feature of ARDS
and autoimmune disease and enhances proinflammatory
cytokine production [42]. The mechanisms linking
telomere attrition, cell senescence, and aging are not
restricted to the inhibition of cell division, but also rely
on the acquisition of pro-inflammatory secretome
by senescent cells known as SASP [42, 52].
Prompt recovery of the immune response requires
massive lymphopoiesis which is telomere length-
dependent [53], and in COVID-19 lymphopenia is
linked to mortality [32].

A vicious circle is then established whereby pre-
existing senescence factors worsen acquired senescence,
which itself amplifies age-related senescence.

Immunosenescence and autoimmunity in
COVID-19

Following infection by COVID-19, there have been
reports [9] of autoimmune disease onset including
autoimmune  thrombocytopenia  [54], autoimmune
hemolytic anemia [55], cold agglutinin disease [56],
Guillain-Barré syndrome [57], encephalopathy involving
choreiform movements [58], and antiphospholipid
syndrome [59].

Lymphopenia is one of the hallmarks of severe COVID-
19 [60]. It is also a characteristic feature of human SLE
and RA [8], and a risk factor for NOD mouse
autoimmune diabetes [8]. Lymphopenia is linked to
premature aging of the immune system [8]. When
lymphopenia occurs, the CD4+ T-cells undergo
homeostatic proliferation, which, when sustained,
increases the risk for autoimmunity [61]. SARS-CoV-2
may act as a triggering factor for activation of
autoreactive lymphocytes [9].

In COVID-19, tissue infection can also induce a local
innate immune response that involves overexpression
of costimulatory molecules and cytokines by tissue
antigen-presenting cells [62]. These cells are able to
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stimulate self-reactive T-lymphocytes [63]. COVID-
19 thus has the capacity to disrupt T-cell tolerance
and promote the survival and activation of self-
reactive T-cells [9]. Thymic epithelial cell involution,
which plays an essential role in central T-cell self-
tolerance, also contributes to  self-tolerance
breakdown [61].

TCR diversity deteriorates with age, and oligoclonal
cell populations are common in the elderly [64]. This
population also exhibits a diminished response to
vaccination indicative of a decline in T-cell functional
response, and a Th2 profile [64]. This switch from a
Thl to Th2 profile that is also observed in severe
COVID-19 patients may lead to an ineffective antiviral
immune response [3, 6, 65].

Making use of IL-6 [66], COVID-19 expands Thl7
cells [30, 67] which provide antibacterial protection, but
are also associated with the development of
autoimmune diseases [68]. Pro-inflammatory Th17 cells
are in homeostatic balance with anti-inflammatory
Tregs [30, 67]. Tregs are able to suppress autoimmune
phenomena and dampen allergic reactions, but they can
also inhibit a protective immune response to invading
pathogens [30, 35]. The Th17/Treg ratio is higher in
patients with SLE, RA, multiple sclerosis, and
inflammatory bowel disease much the same as in severe
COVID-19 [30, 68]. Follow-up of COVID-19 patients
is important to assess the occurrence rate of induced
autoimmune diseases.

Since SARS-CoV-2 is able to produce antigens that
resemble self-antigens, immune responses to these
peptides can result in an autoimmune attack by
molecular mimicry [9]. This may account for the
autoimmune neurological complications and
autoimmune anemia observed in COVID-19 patients
[69, 70].

In the brain, damage to the respiratory pacemaker
known as the pre-Botzinger complex (preBo6tC)
through mimicry between viral and neuronal proteins
of the preBo6tC contributes to respiratory failure in
COVID-19 [69]. In autoimmune hemolytic anemia,
the erythrocyte membrane protein ANK-1 shares an
epitope that is 100% identical to the SARS-CoV-2
spike surface glycoprotein  [70]. Age-related
conditions associated with severe COVID-19 also
provoke endotheliitis and endothelial dysfunction
[29]. Hence abnormal expression of plasma
membrane molecules in endothelial cells, resulting
from post-translational modification of intracellular
proteins such as heat shock proteins, can predispose
cells and tissues to molecular mimicry leading to
autoimmunity [71].

COVID-19: a systemic disease mimicking
systemic lupus erythematous crosstalk
between immunosenescence, autoimmunity
and immunometabolism

The metabolism drives immune T-cell activation and
differentiation [10, 11, 72]. Cytokines, metabolic
substrates, epigenetic reprogramming and other
microenvironmental factors regulate this process by
influencing T-cell activation and function [10, 11, 35,
72]. The metabolic status of T-cells depends on their
differentiation stage [10]. Both naive CD4+ and CD8+
T-cells use the oxidative phosphorylation pathway at
rest [10]. Treg and memory CD4+ T-cells use fatty acid
oxidation to support oxidative phosphorylation and cell
proliferation [10]. Differentiated effector CD4+ cells,
such as Thl and Thl7, prefer glutaminolysis, rapid
glycolysis and fatty acid synthesis [10]. Upon
activation, the naive T-cell metabolism shifts towards
aerobic glycolysis (Warburg effect) and embarks on a
pentose phosphate pathway to generate nucleotides,
amino acids, lipids and NADPH so as to enhance
cellular antioxidants [10].

SLE is a chronic autoimmune disease characterized by
abnormal T-cell responses to self-antigens resulting in
multi-organ involvement [73]. Lymphopenia and
senescent T-cells, two characteristic features of SLE,
are also found in severe COVID-19 patients. In SLE,
senescent PD-1+ CD4+ and PD-1+ CD8+ T-cells are
correlated with increased disease activity and
autoantibody production [74, 75].

A link has been made between immunosenescence in
SLE patients and immunometabolic alterations such as
mitochondrial dysfunction, oxidative stress, glycolysis,
glutaminolysis and lipid metabolism contributing to
pro-inflammatory T-cell responses [73]. In SLE, T-cells
have: i) dysfunctional oxidative phosphorylation
pathways which can reduce Treg counts and functional
exhaustion; ii) enhanced glycolysis which increases
Thil7-associated autoimmunity; iii) reduced naive
CD4+T-cells and increased memory CD4+T-cells [76].

In CD4+ T cells from SLE patients, autophagy
suppression induced by mTOR activation leads to
their dysfunction in the differentiation and effector
functions [77].

The energy metabolism of senescent PD-1+ CD4+ T-
cells is different from non-senescent CD4+ T-cells [75].
When T-cells fail to use aerobic glycolysis, they
enhance PD1 expression and develop a defect in IFN-y
production [14, 78]. The same metabolic mechanism
could account for INF- y deficiency in severe COVID-
19 patients [11].
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As in SLE, lymphocyte subsets with higher central
memory CD4+T-cell subpopulations (CD45RA+) were
found in 39 severe COVID-19 patients [30]. CD45RA
expression characterizes senescent T-cell populations
which sustain low proliferative activity, high levels of
DNA damage and loss of telomerase activity [79].

These 39 severe COVID-19 patients were also
characterized by higher percentages of CD8+ T-cell
terminal effector cells expressing CD38 alone or in
combination with CD57, and by activated effector
memory cells expressing PD1 or CD57 [30]. They
displayed significantly lower percentages of naive and
central memory T-cells, which could suggest that the
CD8+ T-cell compartment was senescent in these
patients. [30] In SLE patients suffering from infections,
the CD8+CD38""T-cell population is expanded [80].
These cells demonstrate reduced cytotoxic function [80]
similar to senescent T-cells found in severe COVID-19
[3, 4, 30, 31].

Targeting immunosenescence and
immunometabolism to prevent cytokine
storm in COVID-19

Three therapeutic approaches that target T-cell
senescence by reversing metabolic dysfunction are
available in severe COVID-19 (Figure 2).

Rapamycin, an mTOR inhibitor

The PI3K/Akt/mechanistic mammalian target of the
rapamycin (mTOR) pathway is a central regulator of
inflammation within the immune system, acting as a
sensor for oxidative stress and cell metabolism [6, 11,
12]. mTOR pathway activation increases protein
synthesis, glycolysis and other proliferation and
survival processes [12].

In COVID-19, the mTOR pathway may provide
valuable targets for controlling cell injury, oxidative
stress, impaired autophagy and onset  of
hyperinflammation [6, 77]. mMTORC1 mediates Thl and
Th17 differentiation upon viral antigen presentation by
dendritic cells (DC) and mTORC2 mediates Th2
differentiation. Both  complexes restrict  Treg
differentiation [81].

In T-cell metabolism, the oxidative stress and
inflammation that activate mTORC1 can be blocked
by N-acetylcysteine and/or rapamycin (sirolimus) in
SLE patients [82]. Rapamycin, an mTOR inhibitor
with the capacity to promote autophagy and suppress
SASP, may restore T-cell functionality and attenuate
cytokine storm in COVID-19 [6, 77]. In elderly
patients with increased senescent PD-1+ T-cells,

everolimus (an analog of rapamycin) enhanced
immune function, and improved T-cell responses to
antigenic stimulation with an acceptable risk/benefit
balance [5]. In elderly coronary artery disease patients,
rapamycin brought down serum senescence markers
through 1L-6 suppression [23]. In patients infected
with the HIN1 influenza virus, early adjuvant
rapamycin therapy over a short period (2 mg/day for
14 days) was significantly linked to enhanced viral
clearance, greater improvement in lung injury (i.e. less
hypoxemia), and a decrease in multiple organ
dysfunction [83]. Duration of mechanical ventilation
in survivors was also shorter [83]. In mouse models,
H1N1 causes acute lung injury via an IL-17-dependent
mechanism [84]. mTOR blockade by rapamycin may
inhibit Th17 cell expansion in COVID-19 patients
similarly to SLE patients [85]. HIN1 and SARS-CoV-
2 both activate mTOR, and NLRP3 inflammasome
pathways [86, 87] leading to production of IL-1f, a
mediator of lung inflammation, fever and fibrosis. The
NLRP3 pathway induces pyroptosis, that is a
hyperinflammatory form of cell death [88]. Rapamycin
inhibits HIN1-induced mTOR pathway activation, and
thus IL-1B secretion [6]. In COVID-19 the binding of
SARS-CoV-2 to TLR, which induces IL-1B
production, is potentially reversed by rapamycin [89].
Rapamycin promotes de novo Foxp3 expression in
naive T-cells, leading to Treg proliferation and
survival [81]. Rapamycin inhibits effector T-cell
proliferation and enhances Treg accumulation [81].

In addition, rapamycin was recently identified in a
network-based drug repurposing study as a candidate
for potential use in COVID-19 [89]. When administered
early in the onset of the cytokine storm phase, it is
possible that rapamycin prevents progression to severe
forms of COVID-19 through the down-regulation of
SASPs, of the mTOR-NLRP3-1L-1p axis, of the IL-6
pathway, and of senescent T-cell counts [6].

In combination with antiviral therapy, rapamycin is
likely to optimize treatment of COVID-19 patients with
advanced chronological age, and/or co- morbidities, or
those with reduced T-cell counts who are more likely to
progress to severe disease [6] (Figure 3).

Metformin: an AMPK activator

AMPK regulates tissue energy metabolism and controls
immune responses through its cooperation with immune
signaling pathways [90]. AMPK is also able to
positively regulate autophagy [77]. AMPK signaling
inhibits pro-inflammatory NF-xB pathways [90].
AMPK also downregulates JAK/STAT signaling
pathways, known to drive cytokine signaling, cell
growth, and apoptosis [90].
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AMPK increases expression of and stabilizes ACE2 via
phosphorylating ACE2 Ser®®in HUVECs [91]. T-cell
activation in response to TCR engagement is linked to
robust AMPK activation via a Ca2+/calmodulin-
dependent protein kinase pathway, an ubiquitous and
evolutionarily conserved pathway that regulates energy
homeostasis [92].

Re-purposing metformin, which activates AMPK in

hepatocytes, may be useful in COVID-19. While
metformin was originally introduced as an anti-

ASYMPTOMATIC/MILD COVID-19

influenza drug, it has glucose-lowering side effects [91]
and is therefore a first-line therapy for diabetes mellitus
[93]. It can also reduce inflammation and obesity [93]
and is currently under evaluation for aging [94] and
SLE [95]. Metformin lessens the hallmarks of aging by
improving nutrient sensing, enhancing autophagy and
intercellular ~ communication,  protecting  against
macromolecular damage, delaying stem cell aging,
modulating  mitochondrial ~ function,  regulating
transcription, and lowering telomere attrition and
senescence [96]. Mechanistic studies have illustrated its
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COVID-19, cytotoxic immune response mediated by effector CD8+ T-cells results in eradication of virus and patient recovery. Normal antigen
levels in antigen-presenting cells and cytokine levels (interleukin IL-2 released by helper CD4+ T-cells) stimulate TCRs and co-receptors such as
CD28, thus enhancing mTOR signaling via PI3K and protein kinase B that increases glycolysis. Cells shift from OXPHOS/FAO to glycolytic-based
metabolism, whereby anabolic processes activate effector cells to clear infection. This includes production of cytotoxic factors (type 1
Interferon, granzyme, perforin) and enhanced proliferation. Massive increase in glycolysis results in production of ATP (less than OXPHOS but
sufficient to inhibit AMPK, preventing mTOR pathway blockade. ROS production activates Nrf2, reducing inflammation and apoptosis by
inhibiting NF-kB and pro-inflammatory cytokine production. (B) Aging and age-related disorders cause CD8+ T-cell senescence in severe
COVID-19. Excess antigens upregulate inhibitory receptors (programmed death-1: PD-1) that block TCR activation, thus reducing signaling
required for glycolytic metabolic phenotype itself crucial to proper effector functioning. Malfunction is compounded by upregulation of PD-1
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signals. Senescent CD8+ T cells secrete SASP, paracrinely amplifying production of inflammatory cytokines and triggering cytokine storm.
Massive decrease in glycolysis causes fall in ATP production and fails to sufficiently inhibit AMPK which then partially inhibits mTOR pathway.
Substantial ROS production activates Nrf2 but fails to inhibit NF-kB pathway and pro-inflammatory cytokine production. These events
combined make cells malfunction metabolically, inhibit cytotoxic function and exhaust the phenotype.
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role in  Thl7 cell differentiation via the
AMPK/mTOR/STATS3 pathway [95]. In COVID-19, as
in SLE, an increase in Th17 cells occurs®®. Metformin
can also normalize CD4+ T-cell glucose metabolism via
inhibition of mitochondrial complex | and oxidative
phosphorylation [95]. Since glucose metabolism is
crucial to the activation, proliferation and differentiation
of CD4+ T-cells, metformin can reduce overactive
effector T-cells (including Thl and Thl7) and
proinflammatory cytokines (including interferon 1IFN-y
and IL-17) in SLE [95]. CD8+ T-cells play a vital role
in viral clearance, particularly through secretion of
cytotoxic molecules such as perforin, granzyme and
IFN-y [6]. At doses administered in the treatment of
diabetes mellitus, metformin may restore T-cell
functionality and attenuate the cytokine storm in
COVID-19 [90, 91, 97].

Furthermore, metformin results in phosphorylation of
ACE2 by virtue of AMPK activation, and mitigates
binding with SARS-CoV-2 [91].

Clinical reports suggest that treating diabetes mellitus
patients with metformin decreases the risk of death in

COVID-19 [97-99], possibly due to the effect of TNF-a
[98]. In an observational study involving 2333
hospitalized COVID-19 patients, metformin was
significantly associated with reduced mortality in obese
or diabetic patients [98]. In 600 patients with diabetes
mellitus and COVID-19, administration of metformin
was associated with a reduction in mortality of almost
70% after adjustment for multiple confounders [99]. In
four other studies, metformin was associated with an
overall reduction in death of 25% (P < .00001), albeit
with relatively high heterogeneity (12 = 61%) [97].

Since mTOR is a downstream signaling molecule in the
AMPK pathway [90], metformin combined with
rapamycin may offer the possibility of restoring T-cell
functionality and preventing severe progression in
COVID-19, provided it is initiated early in the cytokine
storm phase (Figure 3).

Dimethyl fumarate: a Nrf2 activator
Nrf2 is a redox-sensitive transcription factor that

regulates the expression of ARE-dependent genes,
among which HO-1 and NQO1 [100]. Under normal
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Figure 3. Immunometabolism-Mediated therapies targeting T-cell dysfunction in COVID-19. Onset of cytokine storm as treatment
opportunity via rapamycin, metformin, and dimethyl fumarate. Inhibition of mTOR by rapamycin, AMPK by metformin and Nrf2 activation by
dimethyl fumarate may restore CD8+ T-cell functionality and improve antiviral response and patient outcome.
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conditions, Nrf2 is retained in the cytoplasm in a
silent form by its repressor protein, Keapl, which
contains reactive cysteine residues. Oxidative stress
modifies Keapl cysteine residues, enabling Nrf2
translocation to the nucleus where it binds to ARE
[100].

Due to its antioxidative stress activity, Nrf2 plays a
protective role in antiviral and antibacterial processes
in lung infections [101]. In COVID-19 pneumonia,
Nrf2 activators may i) inhibit virus entry by inducing
antioxidant enzyme gene expression; ii) protect lung
alveoli through induction of antiviral IFN, RIG-I and
IFN-B gene expression; iii) have anti-inflammatory
and anti-apoptotic effects by inhibiting NF-xB, TNF-
a, IL-6, MCP-1, MIP-2 and downregulating selectins
and VCAM-1; iv) inhibit TLR expression of these
receptors [101].

Re-purposing DMF, which is a drug that has been
approved for the treatment of multiple sclerosis (MS),
may therefore be of use in COVID-19 [101]. DMF
suppresses inflammation through Nrf2 activation, NF-
kB blockade and glutathione modulation [101]. It can
inhibit SARS-CoV-2 entry into lung alveolar cells
via: i) an increase in anti-protease secretory leukocyte
protease inhibitor; a decrease in transmembrane serine
protease; iii) ACE2 upregulation that competes with
the virus at the binding site [101]. To date, there have
been no reported cases of severe COVID-19
infections in DMF-treated MS patients [102]. DMF
treatment was not discontinued in young and non-
lymphopenic MS patients affected by COVID-19
[102, 103].

For COVID-19 patients, further assessment of the
benefits of administering DMF at an early stage to
prevent a cytokine storm from occurring is required
(Figure 3).

CONCLUSIONS

The COVID-19 pandemic has demonstrated that this
disease follows the classic kinetics of a viral infection
in young subjects with no comorbidities. In the
elderly and in patients with co-morbidities, the
adaptive immune response is less efficient due to
senescent lymphocytes and inflammaging. A link can
be established between senescence and autoimmune
manifestations induced by COVID-19. As in SLE, T-
cell metabolism becomes deregulated. Therefore,
there is a strong possibility that rapamycin, metformin
and DMF, as an immunometabolism-mediated
approach, optimize COVID-19 treatment in the
elderly and in patients who have risk factors for
severe disease.

Reprint Permission

The authors do hereby declare that all illustrations and
figures in the manuscript are entirely original and do not
require reprint permission.

Abbreviations

ACE: angiotensin converting enzyme; AMPK: Adenosine
monophosphate-activated  protein  kinase; ANK-1:
Ankyrin 1; ARDS: Acute respiratory distress syndrome;
ARE: antioxidant response elements; ATP: Adenosine
triphosphate; BMI: Body mass index; CD: Cluster of
differentiation; CMV: Cytomegalovirus; COVID-19:
Coronavirus disease 2019; CTLA-4: Cytotoxic T-
lymphocyte-associated protein 4; CXCL: chemokine (C-
X-C motif) ligand; DCs: Dendritic cells; DMF: Dimethyl
fumarate; DNA: Deoxyribonucleic acid; EMRA: Effector
memory CD45RA+; FAO: Fatty acid oxidation; G-CSF:
Granulocyte Colony Stimulating factor; H202: Hydrogen
peroxide; HIV: human immunodeficiency viruses; HO-1:
heme oxygenase-1; HUVECs: Human umbilical vein
endothelial Cells; ICU: Intensive care unit; IFN-y:
Interferon gamma; IL: Interleukin; IP-10: Interferon
gamma-induced Protein 10; IRFs: interferon regulatory
factors; JAK/STAT: Janus kinases/signal transducers and
activators of transcription; JNK: Jun N-terminal kinase;
Keapl: Kelch-like ECH-associated protein 1; MAVS:
mitochondrial antiviral-signaling; MCP-1: Monocyte
chemoattractant protein 1; MDA-5: Melanoma
differentiation-associated protein 5; MHC: Major
histocompatibility complex; MICA: MHC Class |
polypeptide-related sequence A; MIP-1a: Macrophage
inflammatory protein-1 alpha; mTOR: Mechanistic
mammalian target of rapamycin; mTORC: mTOR
complex; NADPH: Nicotinamide adenine dinucleotide
phosphate; NET: Neutrophil extracellular traps; NF-«xB:
Nuclear factor-kappa B; NLRP3: NOD-like receptor
family, pyrin domain containing 3; NOD: Non-obese
diabetic; NQO1: NADPH quinone oxidoreductase 1;
Nrf2: Nuclear factor E2-related factor 2; OHe: hydroxyl
radical; OXPHOS: Oxidative phosphorylation; PD-L1:
Programmed death-ligand 1; PI3K: Phosphoinositide 3-
kinase;  preBotC: Pre-Botzinger complex; RA:
Rheumatoid arthritis; RIG: Retinoic acid-inducible gene;
RNA: Ribonucleic acid; ROS: Reactive oxygen species;
SARS-CoV-2: Severe acute respiratory syndrome
coronavirus 2; SASP: Senescence associated secretory
phenotype; SLE: Systemic lupus erythematosus; STING:
Stimulator of interferon genes; TCR: T-cell receptor; TH:
T helper cell; TGF-B: Transforming growth factor beta;
TIGIT: T-cell immunoreceptor with Ig and ITIM
(immunoreceptor  tyrosine-based  inhibition  motif)
domains; Tim-3: T-cell immunoglobulin mucin-3; TNF-a:
Tumor necrosis factor alpha; Treg: Regulatory T-cell;
VCAM-1: Vascular cell adhesion protein 1.

www.aging-us.com

AGING



AUTHOR CONTRIBUTIONS

LO: Conception, design, literature analysis, and writing
of manuscript; FP: Drafting of the figure and revision of
the manuscript for important intellectual content; OM:
Analysis, revision of the manuscript for important
intellectual content; GM: Analysis, revision of the
manuscript for important intellectual content; GB:
Analysis, revision of the manuscript for important
intellectual content; AJ: Analysis, writing of the
manuscript and its revision for important intellectual
content. Each author revised the report and approved
the submitted version of the manuscript. Each author
has agreed to be both personally accountable for the
author's own contributions and to ensure that questions
related to the accuracy or integrity of any part of the
work, even ones in which the author was not personally
involved, are appropriately investigated, resolved, and
the outcome is documented in the literature.

ACKNOWLEDGMENTS

The authors wish to thank Ms. Hazel Chaouch for
English language correction. The authors wish to thank
Mr Loic Fin, for his administrative contribution to the
success of this study. The authors wish to thank the
“CHU de Rennes — Corect” for their support of our
work.

CONFLICTS OF INTEREST

All of the authors declare they have nothing to disclose,
and no conflicts interest.

FUNDING

No specific grants were received from any funding
agencies from the public, commercial, or not-for-profit
sectors with respect to this research work.

REFERENCES

1. Meftahi GH, Jangravi Z, Sahraei H, Bahari Z. The
possible pathophysiology mechanism of cytokine
storm in elderly adults with COVID-19 infection: the
contribution of “inflame-aging”. Inflamm Res. 2020;
69:825-39.
https://doi.org/10.1007/s00011-020-01372-8
PMID:32529477

2. Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro
A. Inflammaging: a new immune-metabolic viewpoint
for age-related diseases. Nat Rev Endocrinol. 2018;
14:576-90.
https://doi.org/10.1038/s41574-018-0059-4
PMID:30046148

10.

11.

Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, Chen L, Li
M, Liu Y, Wang G, Yuan Z, Feng Z, Zhang Y, et al.
Reduction and functional exhaustion of T cells in
patients with coronavirus disease 2019 (COVID-19).
Front Immunol. 2020; 11:827.
https://doi.org/10.3389/fimmu.2020.00827
PMID:32425950

Zheng HY, Zhang M, Yang CX, Zhang N, Wang XC, Yang
XP, Dong XQ, Zheng YT. Elevated exhaustion levels and
reduced functional diversity of T cells in peripheral
blood may predict severe progression in COVID-19
patients. Cell Mol Immunol. 2020; 17:541-43.
https://doi.org/10.1038/s41423-020-0401-3
PMID:32203186

Mannick JB, Del Giudice G, Lattanzi M, Valiante NM,
Praestgaard J, Huang B, Lonetto MA, Maecker HT,
Kovarik J, Carson S, Glass DJ, Klickstein LB. mTOR
inhibition improves immune function in the elderly. Sci
Transl Med. 2014; 6:268ral179.
https://doi.org/10.1126/scitransimed.3009892
PMID:25540326

Omarjee L, Janin A, Perrot F, Laviolle B, Meilhac O,
Mahe G. Targeting T-cell senescence and cytokine
storm with rapamycin to prevent severe progression in
COVID-19. Clin Immunol. 2020; 216:108464.
https://doi.org/10.1016/j.clim.2020.108464
PMID:32405269

Fllop T, Larbi A, Pawelec G. Human T cell aging and the
impact of persistent viral infections. Front Immunol.
2013; 4:271.
https://doi.org/10.3389/fimmu.2013.00271
PMID:24062739

Goronzy JJ, Weyand CM. Immune aging and
autoimmunity. Cell Mol Life Sci. 2012; 69:1615-23.
https://doi.org/10.1007/s00018-012-0970-0

PMID:22466672

Ehrenfeld M, Tincani A, Andreoli L, Cattalini M,
Greenbaum A, Kanduc D, Alijotas-Reig J, Zinserling V,
Semenova N, Amital H, Shoenfeld Y. Covid-19 and
autoimmunity. Autoimmun Rev. 2020; 19:102597.
https://doi.org/10.1016/j.autrev.2020.102597
PMID:32535093

Ramalho R, Rao M, Zhang C, Agrati C, Ippolito G, Wang
FS, Zumla A, Maeurer M. Immunometabolism: new
insights and lessons from antigen-directed cellular

immune responses. Semin Immunopathol. 2020;
42:279-313.
https://doi.org/10.1007/s00281-020-00798-w
PMID:32519148

Lercher A, Baazim H, Bergthaler A. Systemic

immunometabolism: challenges and opportunities.
Immunity. 2020; 53:496-509.

www.aging-us.com

10

AGING


https://doi.org/10.1007/s00011-020-01372-8
https://pubmed.ncbi.nlm.nih.gov/32529477
https://doi.org/10.1038/s41574-018-0059-4
https://pubmed.ncbi.nlm.nih.gov/30046148
https://doi.org/10.3389/fimmu.2020.00827
https://pubmed.ncbi.nlm.nih.gov/32425950
https://doi.org/10.1038/s41423-020-0401-3
https://pubmed.ncbi.nlm.nih.gov/32203186
https://doi.org/10.1126/scitranslmed.3009892
https://pubmed.ncbi.nlm.nih.gov/25540326
https://doi.org/10.1016/j.clim.2020.108464
https://pubmed.ncbi.nlm.nih.gov/32405269
https://doi.org/10.3389/fimmu.2013.00271
https://pubmed.ncbi.nlm.nih.gov/24062739
https://doi.org/10.1007/s00018-012-0970-0
https://pubmed.ncbi.nlm.nih.gov/22466672
https://doi.org/10.1016/j.autrev.2020.102597
https://pubmed.ncbi.nlm.nih.gov/32535093
https://doi.org/10.1007/s00281-020-00798-w
https://pubmed.ncbi.nlm.nih.gov/32519148

12.

13.

14.

15.

16.

17.

18.

19.

https://doi.org/10.1016/j.immuni.2020.08.012
PMID:32937151

Palsson-McDermott EM, O’Neill LA. Targeting
immunometabolism as an anti-inflammatory strategy.
Cell Res. 2020; 30:300-14.
https://doi.org/10.1038/s41422-020-0291-z
PMID:32132672

Wu Z, McGoogan JM. Characteristics of and important
lessons from the coronavirus disease 2019 (COVID-19)
outbreak in China: summary of a report of 72 314
cases from the Chinese center for disease control and
prevention. JAMA. 2020; 323:1239-42.
https://doi.org/10.1001/jama.2020.2648
PMID:32091533

Shenoy S. Coronavirus (Covid-19) sepsis: revisiting
mitochondrial dysfunction in pathogenesis, aging,
inflammation, and mortality. Inflamm Res. 2020;
69:1077-85.
https://doi.org/10.1007/s00011-020-01389-z
PMID:32767095

Yang J, Zheng Y, Gou X, Pu K, Chen Z, Guo Q, Ji R, Wang
H, Wang Y, Zhou Y. Prevalence of comorbidities and its
effects in patients infected with SARS-CoV-2: a
systematic review and meta-analysis. Int J Infect Dis.
2020; 94:91-95.
https://doi.org/10.1016/].ijid.2020.03.017
PMID:32173574

Lighter J, Phillips M, Hochman S, Sterling S, Johnson D,
Francois F, Stachel A. Obesity in patients younger than
60 years is a risk factor for COVID-19 hospital
admission. Clin Infect Dis. 2020; 71:896-97.
https://doi.org/10.1093/cid/ciaa415 PMID:32271368

Simonnet A, Chetboun M, Poissy J, Raverdy V, Noulette J,
Duhamel A, Labreuche J, Mathieu D, Pattou F, Jourdain
M, and LICORN and the Lille COVID-19 and Obesity Study
Group. High Prevalence of Obesity in Severe Acute
Respiratory Syndrome Coronavirus-2 (SARS-CoV-2)
Requiring Invasive Mechanical Ventilation. Obesity (Silver
Spring). 2020; 28:1195-99.
https://doi.org/10.1002/0by.22831 PMID:32271993

Ruscitti P, Berardicurti O, lagnocco A, Giacomelli R.
Cytokine storm syndrome in severe COVID-19.
Autoimmun Rev. 2020; 19:102562.
https://doi.org/10.1016/j.autrev.2020.102562
PMID:32376400

Blagosklonny MV. From causes of aging to death from
COVID-19. Aging (Albany NY). 2020; 12:10004-21.
https://doi.org/10.18632/aging.103493
PMID:32534452

21.

22.

23.

24.

25.

26.

27.

28.

29.

https://doi.org/10.1186/s12979-020-0173-8
PMID:31988649

Zhu Y, Armstrong JL, Tchkonia T, Kirkland JL. Cellular
senescence and the senescent secretory phenotype in
age-related chronic diseases. Curr Opin Clin Nutr
Metab Care. 2014; 17:324-28.
https://doi.org/10.1097/MC0.0000000000000065
PMID:24848532

Freund A, Orjalo AV, Desprez PY, Campisi J.
Inflammatory networks during cellular senescence:
causes and consequences. Trends Mol Med. 2010;
16:238-46.
https://doi.org/10.1016/j.molmed.2010.03.003
PMID:20444648

Singh M, Jensen MD, Lerman A, Kushwaha S, Rihal CS,
Gersh BJ, Behfar A, Tchkonia T, Thomas RJ, Lennon RJ,
Keenan LR, Moore AG, Kirkland JL. Effect of Low-Dose
Rapamycin on Senescence Markers and Physical
Functioning in Older Adults with Coronary Artery
Disease: Results of a Pilot Study. J Frailty Aging. 2016;
5:204-207.

https://doi.org/10.14283/ifa.2016.112
PMID:27883166

Mojtabavi H, Saghazadeh A, Rezaei N. Interleukin-6
and severe COVID-19: a systematic review and meta-
analysis. Eur Cytokine Netw. 2020; 31:44-49.
https://doi.org/10.1684/ecn.2020.0448
PMID:32933891

Hernandez-Segura A, Nehme J, Demaria M.
Hallmarks of cellular senescence. Trends Cell Biol.
2018; 28:436-53.
https://doi.org/10.1016/].tcb.2018.02.001
PMID:29477613

Hayflick L. The limited in vitro lifetime of human diploid
cell strains. Exp Cell Res. 1965; 37:614-36.
https://doi.org/10.1016/0014-4827(65)90211-9
PMID:14315085

Regulski MJ. Cellular senescence: what, why, and how.
Wounds. 2017; 29:168-74.
PMID:28682291

Wiley CD, Liu S, Limbad C, Zawadzka AM, Beck J,
Demaria M, Artwood R, Alimirah F, Lopez-Dominguez
JA, Kuehnemann C, Danielson SR, Basisty N, Kasler HG,
et al. SILAC analysis reveals increased secretion of
hemostasis-related factors by senescent cells. Cell Rep.
2019; 28:3329-37.e5.
https://doi.org/10.1016/j.celrep.2019.08.049
PMID:31553904

Omarjee L, Meilhac O, Perrot F, Janin A, Mahe G. Can

20. Thomas R, Wang W, Su DM. Contributions of age- Ticagrelor be wused to prevent sepsis-induced
related thymic involution to immunosenescence and coagulopathy in COVID-19? Clin Immunol. 2020;
inflammaging. Immun Ageing. 2020; 17:2. 216:108468.

www.aging-us.com AGING


https://doi.org/10.1016/j.immuni.2020.08.012
https://pubmed.ncbi.nlm.nih.gov/32937151
https://doi.org/10.1038/s41422-020-0291-z
https://pubmed.ncbi.nlm.nih.gov/32132672
https://doi.org/10.1001/jama.2020.2648
https://pubmed.ncbi.nlm.nih.gov/32091533
https://doi.org/10.1007/s00011-020-01389-z
https://pubmed.ncbi.nlm.nih.gov/32767095
https://doi.org/10.1016/j.ijid.2020.03.017
https://pubmed.ncbi.nlm.nih.gov/32173574
https://doi.org/10.1093/cid/ciaa415
https://pubmed.ncbi.nlm.nih.gov/32271368
https://doi.org/10.1002/oby.22831
https://pubmed.ncbi.nlm.nih.gov/32271993
https://doi.org/10.1016/j.autrev.2020.102562
https://pubmed.ncbi.nlm.nih.gov/32376400
https://doi.org/10.18632/aging.103493
https://pubmed.ncbi.nlm.nih.gov/32534452
https://doi.org/10.1186/s12979-020-0173-8
https://pubmed.ncbi.nlm.nih.gov/31988649
https://doi.org/10.1097/MCO.0000000000000065
https://pubmed.ncbi.nlm.nih.gov/24848532
https://doi.org/10.1016/j.molmed.2010.03.003
https://pubmed.ncbi.nlm.nih.gov/20444648
https://doi.org/10.14283/jfa.2016.112
https://pubmed.ncbi.nlm.nih.gov/27883166
https://doi.org/10.1684/ecn.2020.0448
https://pubmed.ncbi.nlm.nih.gov/32933891
https://doi.org/10.1016/j.tcb.2018.02.001
https://pubmed.ncbi.nlm.nih.gov/29477613
https://doi.org/10.1016/0014-4827(65)90211-9
https://pubmed.ncbi.nlm.nih.gov/14315085
https://pubmed.ncbi.nlm.nih.gov/28682291
https://doi.org/10.1016/j.celrep.2019.08.049
https://pubmed.ncbi.nlm.nih.gov/31553904

30.

31

32.

33.

34,

35.

36.

37.

38.

https://doi.org/10.1016/.clim.2020.108468
PMID:32445671

De Biasi S, Meschiari M, Gibellini L, Bellinazzi C, Borella
R, Fidanza L, Gozzi L, lannone A, Lo Tartaro D, Mattioli
M, Paolini A, Menozzi M, Mili¢ J, et al. Marked T cell
activation, senescence, exhaustion and skewing
towards TH17 in patients with COVID-19 pneumonia.
Nat Commun. 2020; 11:3434.
https://doi.org/10.1038/s41467-020-17292-4
PMID:32632085

Zheng M, Gao Y, Wang G, Song G, Liu S, Sun D, Xu Y,
Tian Z. Functional exhaustion of antiviral lymphocytes
in COVID-19 patients. Cell Mol Immunol. 2020;
17:533-35.
https://doi.org/10.1038/s41423-020-0402-2
PMID:32203188

Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, Wang
T, Zhang X, Chen H, Yu H, Zhang X, Zhang M, Wu S, et
al. Clinical and immunological features of severe and
moderate coronavirus disease 2019. J Clin Invest. 2020;
130:2620-29.

https://doi.org/10.1172/)CI137244 PMID:32217835

Wang F, Nie J, Wang H, Zhao Q, Xiong Y, Deng L, Song
S, Ma Z, Mo P, Zhang Y. Characteristics of peripheral
lymphocyte subset alteration in COVID-19 pneumonia.
J Infect Dis. 2020; 221:1762-69.

https://doi.org/10.1093/infdis/jiaal50 PMID:32227123

Goronzy 1], Weyand CM. Understanding
immunosenescence to improve responses to vaccines.
Nat Immunol. 2013; 14:428-36.
https://doi.org/10.1038/ni.2588 PMID:23598398

Basak P, Sachdeva N, Dayal D. Can BCG vaccine protect
against COVID-19 via trained immunity and
tolerogenesis? Bioessays. 2020. [Epub ahead of print].
https://doi.org/10.1002/bies.202000200
PMID:33169410

Lin L, Luo S, Qin R, Yang M, Wang X, Yang Q, Zhang Y,
Wang Q, Zhu R, Fan H, Wang H, Hu Y, Wang L, Hu D.
Long-term infection of SARS-CoV-2 changed the body’s
immune status. Clin Immunol. 2020; 218:108524.
https://doi.org/10.1016/.clim.2020.108524
PMID:32659373

Sears JD, Waldron KJ, Wei J, Chang CH. Targeting
metabolism to reverse T-cell exhaustion in chronic viral
infections. Immunology. 2020. [Epub ahead of print].
https://doi.org/10.1111/imm.13238 PMID:32681647

Lopes-Paciencia S, Saint-Germain E, Rowell MC, Ruiz
AF, Kalegari P, Ferbeyre G. The senescence-associated
secretory phenotype and its regulation. Cytokine.
2019; 117:15-22.
https://doi.org/10.1016/j.cyt0.2019.01.013
PMID:30776684

39.

40.

41.

42.

43.

44.

45.

46.

Fulop T, Larbi A, Dupuis G, Le Page A, Frost EH, Cohen
AA, Witkowski JM, Franceschi C. Immunosenescence
and inflamm-aging as two sides of the same coin:
friends or foes? Front Immunol. 2018; 8:1960.
https://doi.org/10.3389/fimmu.2017.01960
PMID:29375577

Heath JJ, Grant MD. The immune response against
human cytomegalovirus links cellular to systemic
senescence. Cells. 2020; 9:766.

https://doi.org/10.3390/cells9030766 PMID:32245117

Kadambari S, Klenerman P, Pollard Al. Why the
elderly appear to be more severely affected by
COVID-19: the potential role of immunosenescence
and CMV. Rev Med Virol. 2020; 30:e2144.
https://doi.org/10.1002/rmv.2144 PMID:32671966

Prattichizzo F, Bonafé M, Giuliani A, Costantini A, Storci
G, Sabbatinelli J, Olivieri F. Response to: Letter to the
Editor on Inflamm-aging: Why older men are the most
susceptible to SARS-CoV-2 complicated outcomes.
Cytokine Growth Factor Rev" by Eugenia Quiros-
Roldan, Giorgio Biasiotto and Isabella Zanella. Cytokine
Growth Factor Rev. 2020. [Epub ahead of print].
https://doi.org/10.1016/j.cytogfr.2020.07.013
PMID:32718829

Nikolich-Zugich J, Knox KS, Rios CT, Natt B,
Bhattacharya D, Fain MJ. SARS-CoV-2 and COVID-19 in
older adults: what we may expect regarding
pathogenesis, immune responses, and outcomes.
Geroscience. 2020; 42:505-14.
https://doi.org/10.1007/s11357-020-00186-0
PMID:32274617

Hadjadj J, Yatim N, Barnabei L, Corneau A, Boussier J,
Smith N, Péré H, Charbit B, Bondet V, Chenevier-
Gobeaux C, Breillat P, Carlier N, Gauzit R, et al.
Impaired type | interferon activity and inflammatory
responses in severe COVID-19 patients. Science. 2020;
369:718-24.

https://doi.org/10.1126/science.abc6027
PMID:32661059

Zhang Q, Bastard P, Liu Z, Le Pen J, Moncada-Velez M,
Chen J, Ogishi M, Sabli IK, Hodeib S, Korol C, Rosain J,
Bilguvar K, Ye J, et al, and COVID-STORM Clinicians, and
COVID Clinicians, and Imagine COVID Group, and
French COVID Cohort Study Group, and CoV-Contact
Cohort, and Amsterdam UMC Covid-19 Biobank, and
COVID Human Genetic Effort, and NIAID-USUHS/TAGC
COVID Immunity Group. Inborn errors of type | IFN
immunity in patients with life-threatening COVID-19.
Science. 2020; 370:eabd4570.
https://doi.org/10.1126/science.abd4570
PMID:32972995

Bastard P, Rosen LB, Zhang Q, Michailidis E, Hoffmann
HH, Zhang Y, Dorgham K, Philippot Q, Rosain J, Béziat

www.aging-us.com

12

AGING


https://doi.org/10.1016/j.clim.2020.108468
https://pubmed.ncbi.nlm.nih.gov/32445671
https://doi.org/10.1038/s41467-020-17292-4
https://pubmed.ncbi.nlm.nih.gov/32632085
https://doi.org/10.1038/s41423-020-0402-2
https://pubmed.ncbi.nlm.nih.gov/32203188
https://doi.org/10.1172/JCI137244
https://pubmed.ncbi.nlm.nih.gov/32217835
https://doi.org/10.1093/infdis/jiaa150
https://pubmed.ncbi.nlm.nih.gov/32227123
https://doi.org/10.1038/ni.2588
https://pubmed.ncbi.nlm.nih.gov/23598398
https://doi.org/10.1002/bies.202000200
https://pubmed.ncbi.nlm.nih.gov/33169410
https://doi.org/10.1016/j.clim.2020.108524
https://pubmed.ncbi.nlm.nih.gov/32659373
https://doi.org/10.1111/imm.13238
https://pubmed.ncbi.nlm.nih.gov/32681647
https://doi.org/10.1016/j.cyto.2019.01.013
https://pubmed.ncbi.nlm.nih.gov/30776684
https://doi.org/10.3389/fimmu.2017.01960
https://pubmed.ncbi.nlm.nih.gov/29375577
https://doi.org/10.3390/cells9030766
https://pubmed.ncbi.nlm.nih.gov/32245117
https://doi.org/10.1002/rmv.2144
https://pubmed.ncbi.nlm.nih.gov/32671966
https://doi.org/10.1016/j.cytogfr.2020.07.013
https://pubmed.ncbi.nlm.nih.gov/32718829
https://doi.org/10.1007/s11357-020-00186-0
https://pubmed.ncbi.nlm.nih.gov/32274617
https://doi.org/10.1126/science.abc6027
https://pubmed.ncbi.nlm.nih.gov/32661059
https://doi.org/10.1126/science.abd4570
https://pubmed.ncbi.nlm.nih.gov/32972995

47.

48.

49.

50.

51.

52.

53.

54.

V, Manry J, Shaw E, Haljasmagi L, et al, and HGID Lab,
and NIAID-USUHS Immune Response to COVID Group,
and COVID Clinicians, and COVID-STORM Clinicians,
and Imagine COVID Group, and French COVID Cohort
Study Group, and Milieu Intérieur Consortium, and
CoV-Contact Cohort, and Amsterdam UMC Covid-19
Biobank, and COVID Human Genetic Effort.
Autoantibodies against type | IFNs in patients with life-
threatening COVID-19. Science. 2020; 370:eabd4585.
https://doi.org/10.1126/science.abd4585
PMID:32972996

Crooke SN, Ovsyannikova IG, Poland GA, Kennedy RB.
Immunosenescence and human vaccine immune
responses. Immun Ageing. 2019; 16:25.
https://doi.org/10.1186/s12979-019-0164-9
PMID:31528180

Cole SA, Laviada-Molina HA, Serres-Perales JM,
Rodriguez-Ayala E, Bastarrachea RA. The COVID-19
pandemic during the time of the diabetes pandemic:
likely fraternal twins? Pathogens. 2020; 9:389.
https://doi.org/10.3390/pathogens9050389
PMID:32438687

Gleeson LE, Roche HM, Sheedy FJ. Obesity, COVID-19
and innate immunometabolism. Br J Nutr. 2020. [Epub
ahead of print].
https://doi.org/10.1017/5S0007114520003529
PMID:32892755

Nieman DC. Coronavirus disease-2019: a tocsin to our
aging, unfit, corpulent, and immunodeficient society. J
Sport Health Sci. 2020; 9:293—-301.
https://doi.org/10.1016/j.jshs.2020.05.001
PMID:32389882

Cawthon RM, Smith KR, O’Brien E, Sivatchenko A,
Kerber RA. Association between telomere length in
blood and mortality in people aged 60 years or older.
Lancet. 2003; 361:393-95.
https://doi.org/10.1016/5S0140-6736(03)12384-7
PMID:12573379

Franceschi C, Campisi J. Chronic inflammation
(inflammaging) and its potential contribution to age-
associated diseases. ) Gerontol A Biol Sci Med Sci. 2014
(Suppl 1); 69:54-9.
https://doi.org/10.1093/gerona/glu057
PMID:24833586

Aviv A. Telomeres and COVID-19. FASEB J. 2020;
34:7247-52.

https://doi.org/10.1096/fj.202001025
PMID:32427393

Zulfigar AA, Lorenzo-Villalba N, Hassler P, Andrés E.
Immune thrombocytopenic purpura in a patient with
Covid-19. N Engl J Med. 2020; 382:e43.
https://doi.org/10.1056/NEJMc2010472
PMID:32294340

55.

56.

57.

58.

59.

60.

61.

62.

63.

Lazarian G, Quinquenel A, Bellal M, Siavellis J, Jacquy C,
Re D, Merabet F, Mekinian A, Braun T, Damaj G,
Delmer A, Cymbalista F. Autoimmune haemolytic
anaemia associated with COVID-19 infection. Br J
Haematol. 2020; 190:29-31.
https://doi.org/10.1111/bjh.16794 PMID:32374906

Zagorski E, Pawar T, Rahimian S, Forman D. Cold
agglutinin autoimmune haemolytic anaemia associated
with novel coronavirus (COVID-19). Br J Haematol.
2020; 190:e183-84.
https://doi.org/10.1111/bjh.16892 PMID:32460350

Toscano G, Palmerini F, Ravaglia S, Ruiz L, Invernizzi P,
Cuzzoni MG, Franciotta D, Baldanti F, Daturi R,
Postorino P, Cavallini A, Micieli G. Guillain-Barré
syndrome associated with SARS-CoV-2. N Engl J Med.
2020; 382:2574-76.
https://doi.org/10.1056/NEJMc2009191
PMID:32302082

Byrnes S, Bisen M, Syed B, Huda S, Siddique Z, Sampat
P, Russo R, Oueida Z, Johri G, Dargon |. COVID-19
encephalopathy masquerading  as substance
withdrawal. J Med Virol. 2020; 92:2376-78.
https://doi.org/10.1002/jmv.26065 PMID:32458578

Zhang Y, Xiao M, Zhang S, Xia P, Cao W, Jiang W, Chen
H, Ding X, Zhao H, Zhang H, Wang C, Zhao J, Sun X, et
al. Coagulopathy and Antiphospholipid Antibodies in
Patients with Covid-19. N Engl J Med. 2020; 382:e38.
https://doi.org/10.1056/NEJMc2007575
PMID:32268022

Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, Zhang L, Fan
G, Xu J, Gu X, Cheng Z, Yu T, Xia J, et al. Clinical features
of patients infected with 2019 novel coronavirus in
Wuhan, China. Lancet. 2020; 395:497-506.
https://doi.org/10.1016/5S0140-6736(20)30183-5
PMID:31986264

Minato N, Hattori M, Hamazaki Y. Physiology
and pathology of T-cell aging. Int Immunol. 2020;
32:223-31.

https://doi.org/10.1093/intimm/dxaa006
PMID:31967307

Vabret N, Britton GJ, Gruber C, Hegde S, Kim J, Kuksin
M, Levantovsky R, Malle L, Moreira A, Park MD, Pia L,
Risson E, Saffern M, et al, and Sinai Immunology
Review Project. Immunology of COVID-19: current
state of the science. Immunity. 2020; 52:910-41.
https://doi.org/10.1016/j.immuni.2020.05.002
PMID:32505227

Smatti MK, Cyprian FS, Nasrallah GK, Al Thani AA,
Almishal RO, Yassine HM. Viruses and autoimmunity: a
review on the potential interaction and molecular
mechanisms. Viruses. 2019; 11:762.
https://doi.org/10.3390/v11080762 PMID:31430946

www.aging-us.com

AGING


https://doi.org/10.1126/science.abd4585
https://pubmed.ncbi.nlm.nih.gov/32972996
https://doi.org/10.1186/s12979-019-0164-9
https://pubmed.ncbi.nlm.nih.gov/31528180
https://doi.org/10.3390/pathogens9050389
https://pubmed.ncbi.nlm.nih.gov/32438687
https://doi.org/10.1017/S0007114520003529
https://pubmed.ncbi.nlm.nih.gov/32892755
https://doi.org/10.1016/j.jshs.2020.05.001
https://pubmed.ncbi.nlm.nih.gov/32389882
https://doi.org/10.1016/S0140-6736(03)12384-7
https://pubmed.ncbi.nlm.nih.gov/12573379
https://doi.org/10.1093/gerona/glu057
https://pubmed.ncbi.nlm.nih.gov/24833586
https://doi.org/10.1096/fj.202001025
https://pubmed.ncbi.nlm.nih.gov/32427393
https://doi.org/10.1056/NEJMc2010472
https://pubmed.ncbi.nlm.nih.gov/32294340
https://doi.org/10.1111/bjh.16794
https://pubmed.ncbi.nlm.nih.gov/32374906
https://doi.org/10.1111/bjh.16892
https://pubmed.ncbi.nlm.nih.gov/32460350
https://doi.org/10.1056/NEJMc2009191
https://pubmed.ncbi.nlm.nih.gov/32302082
https://doi.org/10.1002/jmv.26065
https://pubmed.ncbi.nlm.nih.gov/32458578
https://doi.org/10.1056/NEJMc2007575
https://pubmed.ncbi.nlm.nih.gov/32268022
https://doi.org/10.1016/S0140-6736(20)30183-5
https://pubmed.ncbi.nlm.nih.gov/31986264
https://doi.org/10.1093/intimm/dxaa006
https://pubmed.ncbi.nlm.nih.gov/31967307
https://doi.org/10.1016/j.immuni.2020.05.002
https://pubmed.ncbi.nlm.nih.gov/32505227
https://doi.org/10.3390/v11080762
https://pubmed.ncbi.nlm.nih.gov/31430946

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Bektas A, Schurman SH, Sen R, Ferrucci L. Human T cell
immunosenescence and inflammation in aging. J
Leukoc Biol. 2017; 102:977-88.
https://doi.org/10.1189/jlb.3R10716-335R
PMID:28733462

Roncati L, Nasillo V, Lusenti B, Riva G. Signals of T,2
immune response from COVID-19 patients requiring
intensive care. Ann Hematol. 2020; 99:1419-20.
https://doi.org/10.1007/s00277-020-04066-7
PMID:32382776

Hotez PJ, Bottazzi ME, Corry DB. The potential role of
Th17 immune responses in coronavirus
immunopathology and vaccine-induced immune
enhancement. Microbes Infect. 2020; 22:165-67.
https://doi.org/10.1016/j.micinf.2020.04.005
PMID:32305501

Wu D, Yang XO. TH17 responses in cytokine storm
of COVID-19: an emerging target of JAK2
inhibitor Fedratinib. J Microbiol Immunol Infect.
2020; 53:368-70.
https://doi.org/10.1016/j.jmii.2020.03.005
PMID:32205092

Lee GR. The balance of Th17 versus Treg cells in
autoimmunity. Int J Mol Sci. 2018; 19:730.
https://doi.org/10.3390/ijms19030730
PMID:29510522

Lucchese G, Fldel A. Molecular mimicry between SARS-
CoV-2 and respiratory  pacemaker neurons.
Autoimmun Rev. 2020; 19:102556.
https://doi.org/10.1016/j.autrev.2020.102556
PMID:32361194

Angileri F, Légaré S, Marino Gammazza A, Conway de
Macario E, Macario AJL, Cappello F. Is molecular
mimicry the culprit in the autoimmune haemolytic
anaemia affecting patients with COVID-19? Br J
Haematol. 2020; 190:e92—e93.
https://doi.org/10.1111/bjh.16883 PMID:32453861

Cappello F. Is COVID-19 a proteiform disease inducing
also molecular mimicry phenomena? Cell Stress
Chaperones. 2020; 25:381-82.
https://doi.org/10.1007/s12192-020-01112-1
PMID:32314313

Zhao J, Chen J, Li M, Chen M, Sun C. Multifaceted
functions of CH25H and 25HC to modulate the lipid
metabolism, immune responses, and broadly antiviral
activities. Viruses. 2020; 12:727.
https://doi.org/10.3390/v12070727 PMID:32640529

Sharabi A, Tsokos GC. T cell metabolism: new insights
in systemic lupus erythematosus pathogenesis and
therapy. Nat Rev Rheumatol. 2020; 16:100-12.
https://doi.org/10.1038/s41584-019-0356-x
PMID:31949287

74.

75.

76.

77.

78.

79.

80.

81.

82.

Minato N. T Cell Senescence and Autoimmunity. In:
Nakao K, Minato N, Uemoto S, editors. Innovative
Medicine: Basic Research and Development. Tokyo:
Springer; 2015.
https://doi.org/10.1007/978-4-431-55651-0 10
PMID:29787167

Wang Y, Xie C, Sun M, Chai J, Zhou Y, Chen Y, Tang J, Li
B. [Expression and significance of PD-1 on CD4(+); and
CD8(+); T cells from the peripheral blood of patients
with systemic lupus erythematosus]. Xi Bao Yu Fen Zi
Mian Yi Xue Za Zhi. 2013; 29:962-65.

PMID:24011159

Ugarte-Gil MF, Sanchez-Zufiga C, Gamboa-
Cardenas RV, Aliaga-Zamudio M, Zevallos F, Tineo-
Pozo G, Cucho-Venegas JM, Mosqueira-Riveros A,
Perich-Campos RA, Alfaro-Lozano JL, Medina M,
Rodriguez-Bellido Z, Alarcén GS, Pastor-Asurza CA.
Circulating naive and memory CD4+ T cells and
metabolic syndrome in patients with systemic lupus
erythematosus: data from a primarily mestizo
population. Rheumatology  (Oxford). 2015;
54:1302-07.
https://doi.org/10.1093/rheumatology/keu434
PMID:25413944

Painter JD, Galle-Treger L, Akbari O. Role of autophagy
in lung inflammation. Front Immunol. 2020; 11:1337.
https://doi.org/10.3389/fimmu.2020.01337
PMID:32733448

Chang CH, Curtis JD, Maggi LB Jr, Faubert B, Villarino
AV, O’Sullivan D, Huang SC, van der Windt GJ, Blagih J,
Qiu J, Weber JD, Pearce EJ, Jones RG, Pearce EL.
Posttranscriptional control of T cell effector function by
aerobic glycolysis. Cell. 2013; 153:1239-51.
https://doi.org/10.1016/j.cell.2013.05.016
PMID:23746840

Callender LA, Carroll EC, Bober EA, Akbar AN, Solito E,
Henson SM. Mitochondrial mass governs the extent of
human T cell senescence. Aging Cell. 2020; 19:e13067.
https://doi.org/10.1111/acel.13067 PMID:31788930

Vukelic M, Kono M, Tsokos GC. T cell metabolism in
lupus. Immunometabolism. 2020; 2:e200009.
https://doi.org/10.20900/immunometab20200009
PMID:32257420

Coquillard C, Vilchez V, Marti F, Gedaly R. mTOR
Signaling in Regulatory T Cell Differentiation and
Expansion. SOJ Immunol. 2015; 3:1-10.
https://doi.org/10.15226/s0ji/3/1/00122

Lai ZW, Hanczko R, Bonilla E, Caza TN, Clair B, Bartos A,
Miklossy G, Jimah J, Doherty E, Tily H, Francis L, Garcia
R, Dawood M, et al. N-acetylcysteine reduces disease
activity by blocking mammalian target of rapamycin in
T cells from systemic lupus erythematosus patients: a

www.aging-us.com

AGING


https://doi.org/10.1189/jlb.3RI0716-335R
https://pubmed.ncbi.nlm.nih.gov/28733462
https://doi.org/10.1007/s00277-020-04066-7
https://pubmed.ncbi.nlm.nih.gov/32382776
https://doi.org/10.1016/j.micinf.2020.04.005
https://pubmed.ncbi.nlm.nih.gov/32305501
https://doi.org/10.1016/j.jmii.2020.03.005
https://pubmed.ncbi.nlm.nih.gov/32205092
https://doi.org/10.3390/ijms19030730
https://pubmed.ncbi.nlm.nih.gov/29510522
https://doi.org/10.1016/j.autrev.2020.102556
https://pubmed.ncbi.nlm.nih.gov/32361194
https://doi.org/10.1111/bjh.16883
https://pubmed.ncbi.nlm.nih.gov/32453861
https://doi.org/10.1007/s12192-020-01112-1
https://pubmed.ncbi.nlm.nih.gov/32314313
https://doi.org/10.3390/v12070727
https://pubmed.ncbi.nlm.nih.gov/32640529
https://doi.org/10.1038/s41584-019-0356-x
https://pubmed.ncbi.nlm.nih.gov/31949287
https://doi.org/10.1007/978-4-431-55651-0_10
https://pubmed.ncbi.nlm.nih.gov/29787167
https://pubmed.ncbi.nlm.nih.gov/24011159
https://doi.org/10.1093/rheumatology/keu434
https://pubmed.ncbi.nlm.nih.gov/25413944
https://doi.org/10.3389/fimmu.2020.01337
https://pubmed.ncbi.nlm.nih.gov/32733448
https://doi.org/10.1016/j.cell.2013.05.016
https://pubmed.ncbi.nlm.nih.gov/23746840
https://doi.org/10.1111/acel.13067
https://pubmed.ncbi.nlm.nih.gov/31788930
https://doi.org/10.20900/immunometab20200009
https://pubmed.ncbi.nlm.nih.gov/32257420
https://doi.org/10.15226/soji/3/1/00122

83.

84.

85.

86.

87.

88.

89.

90.

randomized, double-blind, placebo-controlled trial.
Arthritis Rheum. 2012; 64:2937-46.
https://doi.org/10.1002/art.34502 PMID:22549432

Wang CH, Chung FT, Lin SM, Huang SY, Chou CL, Lee
KY, Lin TY, Kuo HP. Adjuvant treatment with a
mammalian target of rapamycin inhibitor, sirolimus,
and steroids improves outcomes in patients with
severe HIN1 pneumonia and acute respiratory failure.
Crit Care Med. 2014; 42:313-21.
https://doi.org/10.1097/CCM.0b013e3182a2727d
PMID:24105455

Li C, Yang P, Sun Y, Li T, Wang C, Wang Z, Zou Z, Yan Y,
Wang W, Wang C, Chen Z, Xing L, Tang C, et al. IL-17
response mediates acute lung injury induced by the
2009 pandemic influenza A (H1N1) virus. Cell Res.
2012; 22:528-38.

https://doi.org/10.1038/cr.2011.165 PMID:22025253

Lai ZW, Borsuk R, Shadakshari A, Yu J, Dawood M,
Garcia R, Francis L, Tily H, Bartos A, Faraone SV, Phillips
P, Perl A. Mechanistic target of rapamycin activation
triggers IL-4 production and necrotic death of double-
negative T cells in patients with systemic lupus
erythematosus. J Immunol. 2013; 191:2236-46.
https://doi.org/10.4049/jimmunol.1301005
PMID:23913957

Conti P, Ronconi G, Caraffa A, Gallenga CE, Ross R,
Frydas |, Kritas SK. Induction of pro-inflammatory
cytokines (IL-1 and IL-6) and lung inflammation by
Coronavirus-19 (COVI-19 or SARS-CoV-2): anti-
inflammatory strategies. J Biol Regul Homeost Agents.
2020; 34:327-31.

https://doi.org/10.23812/CONTI-E PMID:32171193

Jia X, LiuB,Bao L, LvQ, LiF, LiH, An Y, Zhang X, Cao B,
Wang C. Delayed oseltamivir plus sirolimus treatment
attenuates HIN1 virus-induced severe lung injury
correlated with repressed NLRP3 inflammasome
activation and inflammatory cell infiltration. PLoS
Pathog. 2018; 14:e1007428.
https://doi.org/10.1371/journal.ppat.1007428
PMID:30422993

Yang F, He Y, Zhai Z, Sun E. Programmed cell death
pathways in the pathogenesis of systemic lupus
erythematosus. J Immunol Res. 2019; 2019:3638562.
https://doi.org/10.1155/2019/3638562
PMID:31871956

Zhou Y, Hou Y, Shen J, Huang Y, Martin W, Cheng F.
Network-based drug repurposing for novel coronavirus
2019-nCoV/SARS-CoV-2. Cell Discov. 2020; 6:14.
https://doi.org/10.1038/s41421-020-0153-3
PMID:32194980

Salvatore T, Pafundi PC, Galiero R, Gjeloshi K, Masini F,
Acierno C, Di Martino A, Albanese G, Alfano M, Rinaldi

91

92.

93.

94.

95.

96.

97.

98.

99.

L, Sasso FC. Metformin: a potential therapeutic tool for
rheumatologists. Pharmaceuticals (Basel). 2020;
13:234.

https://doi.org/10.3390/ph13090234 PMID:32899806

Sharma S, Ray A, Sadasivam B. Metformin in COVID-19:
a possible role beyond diabetes. Diabetes Res Clin
Pract. 2020; 164:108183.
https://doi.org/10.1016/].diabres.2020.108183
PMID:32360697

Bahadoran A, Bezavada L, Smallwood HS. Fueling
influenza and the immune response: implications for
metabolic reprogramming during influenza infection
and immunometabolism. Immunol Rev. 2020;
295:140-66.

https://doi.org/10.1111/imr.12851

PMID:32320072

ChenY, Liu S, Leng SX. Chronic low-grade inflammatory
phenotype (CLIP)  and senescent  immune
dysregulation. Clin Ther. 2019; 41:400-09.
https://doi.org/10.1016/j.clinthera.2019.02.001
PMID:30833113

Menendez JA. Metformin and  SARS-CoV-2:
mechanistic lessons on air pollution to weather the
cytokine/thrombotic storm in COVID-19. Aging (Albany
NY). 2020; 12:8760-65.
https://doi.org/10.18632/aging.103347
PMID:32463794

Tan MK, Heng TY, Mak A. The potential use of
metformin, dipyridamole, N-acetylcysteine and statins
as adjunctive therapy for systemic lupus
erythematosus. Cells. 2019; 8:323.

https://doi.org/10.3390/cells8040323 PMID:30959892

Kulkarni AS, Gubbi S, Barzilai N. Benefits of metformin
in attenuating the hallmarks of aging. Cell Metab.
2020; 32:15-30.
https://doi.org/10.1016/j.cmet.2020.04.001
PMID:32333835

Scheen AJ. Metformin and COVID-19: from cellular
mechanisms to reduced mortality. Diabetes Metab.
2020; 46:423-26.
https://doi.org/10.1016/j.diabet.2020.07.006
PMID:32750451

Bramante C, Ingraham N, Murray T, Marmor S,
Hoversten S, Gronski J, McNeil C, Feng R, Guzman G,
Abdelwahab N, King S, Meehan T, Benson B, et al.
Observational study of metformin and risk of mortality
in patients hospitalized with Covid-19. medRxiv. 2020.
[Preprint].
https://doi.org/10.1101/2020.06.19.20135095
PMID:32607520

Crouse A, Grimes T, Li P, Might M, Ovalle F, Shalev A.
Metformin use is associated with reduced mortality in

www.aging-us.com

AGING


https://doi.org/10.1002/art.34502
https://pubmed.ncbi.nlm.nih.gov/22549432
https://doi.org/10.1097/CCM.0b013e3182a2727d
https://pubmed.ncbi.nlm.nih.gov/24105455
https://doi.org/10.1038/cr.2011.165
https://pubmed.ncbi.nlm.nih.gov/22025253
https://doi.org/10.4049/jimmunol.1301005
https://pubmed.ncbi.nlm.nih.gov/23913957
https://doi.org/10.23812/CONTI-E
https://pubmed.ncbi.nlm.nih.gov/32171193
https://doi.org/10.1371/journal.ppat.1007428
https://pubmed.ncbi.nlm.nih.gov/30422993
https://doi.org/10.1155/2019/3638562
https://pubmed.ncbi.nlm.nih.gov/31871956
https://doi.org/10.1038/s41421-020-0153-3
https://pubmed.ncbi.nlm.nih.gov/32194980
https://doi.org/10.3390/ph13090234
https://pubmed.ncbi.nlm.nih.gov/32899806
https://doi.org/10.1016/j.diabres.2020.108183
https://pubmed.ncbi.nlm.nih.gov/32360697
https://doi.org/10.1111/imr.12851
https://pubmed.ncbi.nlm.nih.gov/32320072
https://doi.org/10.1016/j.clinthera.2019.02.001
https://pubmed.ncbi.nlm.nih.gov/30833113
https://doi.org/10.18632/aging.103347
https://pubmed.ncbi.nlm.nih.gov/32463794
https://doi.org/10.3390/cells8040323
https://pubmed.ncbi.nlm.nih.gov/30959892
https://doi.org/10.1016/j.cmet.2020.04.001
https://pubmed.ncbi.nlm.nih.gov/32333835
https://doi.org/10.1016/j.diabet.2020.07.006
https://pubmed.ncbi.nlm.nih.gov/32750451
https://doi.org/10.1101/2020.06.19.20135095
https://pubmed.ncbi.nlm.nih.gov/32607520

100.

101.

a diverse population with covid-19 and diabetes.
medRxiv 2020. [Epub ahead of print].
https://doi.org/10.1101/2020.07.29.20164020
PMID:32766607

Ebihara S, Tajima H, Ono M. Nuclear factor erythroid
2-related factor 2 is a critical target for the treatment
of glucocorticoid-resistant lupus nepbhritis. Arthritis
Res Ther. 2016; 18:139.
https://doi.org/10.1186/s13075-016-1039-5
PMID:27301376

Hassan SM, Jawad MJ, Ahjel SW, Singh RB, Singh J,
Awad SM, Hadi NR. The Nrf2 activator (DMF) and
Covid-19: is there a possible role? Med Arch. 2020;
74:134-38.

102.

103.

https://doi.org/10.5455/medarh.2020.74.134-138
PMID:32577056

Mantero V, Abate L, Basilico P, Balgera R, Salmaggi
A, Nourbakhsh B, Cordano C. COVID-19 in dimethyl
fumarate-treated patients with multiple sclerosis. J
Neurol. 2020. [Epub ahead of print].
https://doi.org/10.1007/s00415-020-10015-1
PMID:32588182

Brownlee W, Bourdette D, Broadley S, Killestein J,
Ciccarelli O. Treating multiple sclerosis and
neuromyelitis optica spectrum disorder during the
COVID-19 pandemic. Neurology. 2020; 94:949-952.
https://doi.org/10.1212/WNL.0000000000009507

PMID:32241953

www.aging-us.com

16

AGING


https://doi.org/10.1101/2020.07.29.20164020
https://pubmed.ncbi.nlm.nih.gov/32766607
https://doi.org/10.1186/s13075-016-1039-5
https://pubmed.ncbi.nlm.nih.gov/27301376
https://doi.org/10.5455/medarh.2020.74.134-138
https://pubmed.ncbi.nlm.nih.gov/32577056
https://doi.org/10.1007/s00415-020-10015-1
https://pubmed.ncbi.nlm.nih.gov/32588182
https://doi.org/10.1212/WNL.0000000000009507
https://pubmed.ncbi.nlm.nih.gov/32241953

