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The COVID-19 pandemic has wreaked unprecedented societal havoc
worldwide. The infected individuals may present mild to severe symp-
toms, with nearly 20% of the confirmed patients impaired with
significant complications, including multi-organ failure. Acute respiratory
distress imposed by SARS-CoV-2 largely results from an aggravated cyto-
kine storm and deregulated immune response. The forkhead box O (FoxO)
transcription factors are reported to play a significant role in maintaining
normal cell physiology by regulating survival, apoptosis, oxidative
stress, development and maturation of T and B lymphocytes, secretion of
inflammatory cytokines, etc. We propose a potent anti-inflammatory
approach based on activation of the FoxO as an attractive strategy against
the novel coronavirus. This regime will be focused on restoring redox and
inflammatory homeostasis along with repair of the damaged tissue, acti-
vation of lymphocyte effector and memory cells. Repurposing FoxO
activators as a means to alleviate the inflammatory burst following
SARS-CoV-2 infection can prove immensely valuable in the ongoing pan-
demic and provide a reliable groundwork for enriching our repertoire of
antiviral modalities for any such complication in the future. Altogether,
our review highlights the possible efficacy of FoxO activation as a novel
arsenal for clinical management of COVID-19.
1. Introduction
The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
wreaked havoc across the globe since its emergence in late 2019 [1]. The
spread of the coronavirus disease pushed the World Health Organization
(WHO) to declare COVID-19 a worldwide pandemic. Proved to be exception-
ally contagious with a current basic reproduction number (R0) of
approximately 3, this global catastrophe demands immediate and adequate
attention [2]. Estimates clearly state that at least 60–80% of a given population
is falling prey to the grasp of this pandemic, with high fatalities. We have
already witnessed a rapid downward spiralling of health sectors across all
nations with multiple countries failing to accommodate the soaring number
of cases. However, the far-reaching impacts of this calamity on other aspects
of civilization, such as economy, are beyond our comprehension. The clinical
manifestations of COVID-19 appear mild in most of those infected; however,
nearly 20% of the patients suffer from more severe symptoms, including
acute respiratory distress syndrome, septic shock and systemic failure. This
often culminates in the death of the patient. Although physicians have been
trying out various modes of treatment, clinical management of this disease
is primarily symptomatic.

The Forkhead Box O (FoxO) subfamily of transcription factors has been elu-
cidated to play critical functions in pulmonary homeostasis apart from their
involvement in various cellular biochemical functions [3]. Their importance in
maintaining normal lung physiology is highlighted by the appearance of
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lung abnormalities upon loss of FoxOs. In concordance, res-
toration of their activity led to the attenuation of such
pathological states [4]. In fact, in-depth analysis of conditions
such as idiopathic pulmonary fibrosis (IPF) has shown FoxO
to be rendered inactive in the diseased tissue relative to the
normal counterpart [4,5]. FoxO is also known to play an
impressive role in regulating the immune and inflammatory
response of the human body against various infections
[6,7]. Normally, FoxOs upregulate various pro-inflammatory
cytokines such as interleukin (IL)-1β and IL-9, Toll-like recep-
tor (TLR)1 and TLR4, etc., which not only modulate the host
inflammatory reaction but also alter the innate immune
response [8,9]. Moreover, FoxO factors are also essential for
the adaptive immune functions including maturation and
differentiation of B and T lymphocytes [10,11]. Thus, the inter-
play of FoxOs with SARS-CoV-2 presents a possible vital
coalition, which can be targeted to tackle the detrimental
inflammatory upsurge post-SARS-CoV-2 infection. This
review thus underscores the importance of FoxO proteins in
mechanistically regulating the host inflammatory and
immunological response to SARS-CoV-2. We also suggest a
potential outlook into the promising role of these transcription
factors in restraining the pathogenesis of novel coronavirus.
2. SARS-CoV-2 exacerbates host
inflammation

The coronavirus (CoV) is a member of the Coronavirinae
subfamily and features a typical crown-like appearance. It
has four distinct structural proteins that play a crucial role
in viral propagation and pathogenesis. The membrane (M)
protein has three transmembrane domains, which are
involved in shaping the virion, inducing membrane curva-
ture and binding to the nucleocapsid whereas the envelope
(E) protein is important for virion assembly and subsequent
release. The nucleocapsid (N) protein aids in packaging of
the viral genome into the nucleocapsid while the spike (S)
protein forms trimeric spikes that facilitate attachment and
fusion of the virus to the host receptor [12]. SARS-CoV-2
has been shown to invade host cells through recognition
and binding to the angiotensin-converting enzyme 2
(ACE2) by its S-protein [13]. ACE2 is majorly expressed in
the lung and heart tissues. It hydrolyses Angiotensin (Ang)-
I and Ang-II to Ang-(1–7), which binds to the Mas receptor
and imparts vascular protective, vasodilating, anti-fibrotic,
anti-proliferative and anti-inflammatory effects [14]. Unsur-
prisingly, elevated level of Ang-II promotes vascular
permeability and oedema in the lungs, whereas utilization
of a selective Ang-II receptor antagonist losartan demon-
strated alleviation of pulmonary injury and associated
inflammation. Therefore, the suppression of ACE2 expression
by SARS-CoV-2 S-protein promotes austere lung failure and
blockage of the renin–angiotensin–aldosterone pathway atte-
nuated such phenotype [15]. A majority of the COVID-19
patients have been found to exhibit lymphocytopaenia,
which was further connected to a decreased CD4+/CD8+

cell population. Analysis of a panel of serum cytokine
levels including interferon (IFN)-α, IFN-γ, IL-1β, IL-2, IL-4,
IL-5, IL-6, IL-8, IL-10, IL-12 and IL-17 in these patients
revealed a significant elevation in the levels of IL-6 and IL-8
only, which were linked to the severity of disease [16,17].
The role of lung macrophages in initiating the cytokine
inflow in the primary stages of the disease has also been
suggested, thus indicating a cross-talk among various cell sig-
nalling molecules to manifest the severity of SARS-CoV-2
infection [18,19]. In fact, CD4+/CD8+ lymphocytes were also
observed to be majorly dwindled in SARS-CoV pathogenesis
[20]. SARS-CoV-2 infection triggers pro-inflammatory cyto-
kines to activate the inflammatory cells. Immunity against
the virus is usually developed through production of IFN-γ
and IL-17 by CD4+ cells [21]. Following pathogenesis of
SARS-CoV-2, the resultant cytokine storm, which is basically
a heightened release of cytokines, is the primary cause under-
lying T-cell depletion, pulmonary inflammation, lung
dysfunction and multiple organ failure in the host [22]. The
detrimental snowball outcome of this is granulocytosis,
which is responsible for a strong burst of reactive oxygen
species (ROS) by the immune cells. This stimulates oxidative
stress, which complements prominent features associated
with macrophage activation syndrome [23]. Such patients
usually display elevated levels of pro-inflammatory cytokines
including interleukins, granulocyte colony-stimulating factor
(gCSF), IFN-γ inducible protein, tumour necrosis factor
(TNF)-α, monocyte chemoattractant protein and macrophage
inflammatory protein. In individuals with COVID-19, the
enhanced serum level of the pleiotropic cytokine IFN-γ tran-
scriptionally stimulates the production of IL-6 from the
monocytes [24]. In addition to this direct instigation, IFN-γ
also functions to activate a downstream repertoire of inflam-
matory cascade via the Janus kinase (JAK) pathway [25].
IFN-γ is known to bind and phosphorylate the c-Jun N-term-
inal kinase (JNK) 1 and 2 proteins, which then heterodimerize
and further phosphorylate and activate the signal transducer
and activator of transcription (STAT) pathway. The activated
STAT proteins in turn transcriptionally upregulate various
genes known as interferon-stimulated genes (ISGs) involved
in multiple inflammatory processes [26].

A thorough understanding of the most relevant context
for introducing an anti-inflammatory therapy in juxtaposition
to some sort of antiviral module may provide excellent
opportunities to manage the symptoms of COVID-19. Such
a regime must be able to curb the hyper-inflammation with-
out altering the host’s efficiency in mounting an immune
response for virus clearance. In this aspect, it will be interest-
ing to see whether exploiting FoxO can successfully impart
protection against the SARS-CoV-2 virus-associated inflam-
matory response in addition to restoring redox equilibrium
and favouring tissue repair.
3. Overview of FoxO factors: a master
regulator

The members of the FoxO class belong to a large superfamily
of forkhead transcription factors that are characterized by
their conserved DNA binding ‘forkhead box’ domain. The
FoxO proteins are expressed in nearly all tissues. They act
as regulators of pleiotropic functions within the cells that
have considerable consequences in host health and disease
[3]. FoxOs transcriptionally modulate expression of a multi-
tude of downstream effector genes that are involved in
cellular proliferation, cell cycle arrest, apoptosis, genomic
repair, metabolic balance, redox homeostasis and resistance
to oxidative stress [27]. The activation of these bona fide
tumour suppressors depends on the growth factor signalling



royalsocietypublishing.org/journal/rsob
Open

Biol.11:210069

3
cascade. Their prime upstream regulator is the phosphoinosi-
tide-3-kinase/protein kinase B (PI3K/Akt) pathway [28].
Sequential phosphorylation of FoxOs in the presence of
growth factors results in their cytoplasmic sequestration or
ubiquitination, thus rendering them inactive. In the absence
of growth factors, phosphatase and tensin homologue
(PTEN) abolishes the PI3K/Akt-mediated phosphorylation
of FoxO, thus leading to its dephosphorylation and sub-
sequent nuclear shuttling. Once in the nucleus, FoxO
factors are involved in the transcriptional regulation of
several downstream target genes [29,30].

The deregulation of FoxO activity is frequented in diverse
pathological conditions, including diabetes, infertility, neuro-
degenerative disorders, carcinomas and immune system
malfunctions. Recent studies have disclosed that FoxOs
may also impact longevity and delay the process of ageing
in humans [31]. Remarkably, a few of these diseased states
(such as diabetes) and older age are ascertained risk factors
involved in the respiratory distress mediated by SARS-CoV-
2 [32]. Notably, FoxO factors are intimately associated with
development and maintenance of normal lung tissue archi-
tecture [33]. The therapeutic outcome of FoxO activation
has been reported in animal models with lung ailments,
including IPF. FoxO downregulation was distinctly observed
in IPF fibroblasts. Furthermore, FoxO knockdown in healthy
mice augmented fibrosis while obliterating pulmonary func-
tion. Pharmacological restoration of FoxO3 activity, in part,
successfully reverted the IPF phenotype [4,5], thereby reinfor-
cing FoxO as a potent therapeutic target for pulmonary
catastrophes. In agreement, pharmacological reconstitution
of FoxO1 in models of pulmonary hypertension directly pro-
motes reversal of the adverse lung vasculature and related
clinical features [34]. FoxO3 modulations have also been
linked to different pathological features of pulmonary fibro-
sis. Analogous to this notion, the amount of inactive FoxO3
is substantially higher in IPF fibroblasts compared to healthy
lung fibroblasts. Additionally, FoxO3 repressed macrophages
from secreting IL-13. This helped to slow down pulmonary
inflammation and fibrosis. Together, such evidence indicated
that FoxOs are potential targets for inhibiting lung fibrosis
and aiding in tissue repair of the damaged lung, which is
usually encountered in critically ill COVID-19 individuals
[35].

3.1. Implications of FoxO in inflammatory response
FoxO proteins are crucial players for both the execution and
resolution of inflammation. This is achieved via dynamic
transcriptional regulation of the expression of multiple classi-
cal inflammatory factors in a context- dependent manner
(figure 1). Previous studies have suggested FoxO factors as
prime regulators of the innate immune system [7]. This is
exemplified in the management of inflammation by FoxOs
through escalated TLR3/4- mediated signalling and IL-1β
expression in human macrophages [6]. FoxO1, in particular,
stimulates transcriptional expression of pro-inflammatory
molecules like TLR1 and 4, IL-1β and TNF-α, chemokine
receptors, namely C–C chemokine receptor type 7 (CCR7)
and C–X–C chemokine receptor type 2 (CXCR2), B-cell
modulators such as (A proliferation inducing ligand)
APRIL and (B lymphocyte stimulator) BLYS, T-cell regula-
tors, including (cytotoxic T-lymphocyte-associated protein
4) CTLA4, in addition to anti-oxidants. FoxO1 is also an
essential requirement for T-cell tolerance and naive T-cell
homeostasis, homing of dendritic cells and B cells and
initiation of an adaptive immune response to bacterial chal-
lenge [3,9]. Furthermore, FoxO1 serves in transcriptional
modulation of IL-9-generating T helper (Th) 9 cells that
participate in inducing immunity against extracellular patho-
gens. Intriguingly, pulmonary overexpression of IL-9 has
been demonstrated to play a role in lymphocytic and eosino-
philic inflammatory infiltration, mast cell hyperplasia and
mucus secretion [36].

Notably, FoxO3 expression is found within the airway
epithelium apart from macrophages and other cell types in
the lungs [37,38]. FoxO3 plays an extremely important role
in overseeing innate immune responses to infections faced
by the airway epithelium. In response to bacterial challenge
in bronchial epithelial cells, FoxO3 led to the expression of
antimicrobial factors like human β-defensin 2 and various
cytokines, including IL-6, IL-8, TNF-α, C–X–C motif
chemokine ligand 10 (CXCL10) [6].

Contemporary studies have unveiled that inhibitory
phosphorylation of FoxOs in different immune cells like
macrophages and lymphocytes are associated with inflam-
matory cell activation in rheumatoid arthritis and
osteoarthritis patients. Complementary to such observations,
certain clinical works have demonstrated suppressed foxo1
gene transcript levels in individuals afflicted with systemic
lupus erythematosus and rheumatoid arthritis. Such results
illustrate a potential contribution of FoxO deregulation as
an aetiology for these inflammatory disorders [39].

Numerous studies illuminated the role of the FoxO family
members as both sensors of oxidative stress signals as well as
regulators of the subsequent cellular response. The transcrip-
tional network downstream of these redox sensitive proteins
is dependent, at least in part, on the oxidative status. Kops
et al. [40] demonstrated that FoxO1 and FoxO3 facilitated
the synthesis of ROS-scavenging enzymes, such as manga-
nese superoxide dismutase (MnSOD) and catalase in
response to oxidative stress within the cell. Furthermore,
FoxO3 enhanced the activity of peroxiredoxin III (Prx III),
another endogenous anti-oxidant [41]. FoxO3 activation
resulted in destabilization of hypoxia-inducible factor (HIF)
1-α, thus curbing hypoxia-mediated increase in ROS [42].
Clearly, numerous evidences point to the fact that insufficient
FoxO activity may cause elevated cellular damage in the
presence of large concentrations of ROS. Of note, excessive
oxidative stress is known to reduce type I and type III IFN
responses to viral infection in airway epithelial cells [43].

Moreover, strong nuclear staining of FoxO3 is witnessed
in the lungs of patients with various infection-related lung
disorders such as cystic fibrosis, chronic obstructive pulmon-
ary disease and severe pneumonia with acute respiratory
distress. In such individuals, FoxO3 level was negatively cor-
related with IL-8 generation in the airway epithelial cells [37].
Also, FoxO3 thwarted oxidative stress and thereby repressed
lung inflammation in mice exposed to cigarette smoke [38].
Such results clearly revealed the contribution of FoxO3 to
both modulation of antiviral responses and inhibition of
pro-inflammatory chemokine expression. Thus, activation of
FoxO3 potentially alleviates the expression of pro-inflamma-
tory cytokines in response to viral infection, thus imparting
protection against lung inflammation. Lin et al. [44] showed
that the ablation of FoxO3 may lead to spontaneous
lympho-proliferation, T-cell hyper-activation and escalated
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Figure 1. FoxOs are unique master regulators of cellular inflammatory and redox responses. The FoxO family of transcription factors modulates transcriptional
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inflammation with a pronounced rise in the levels of inflam-
mation favouring molecules like NF-κB, IL-2 and IFN-γ.
Whether SARS-CoV-2 abrogates the regular functions of
FoxOs to execute pulmonary distress and whether restoring
FoxO activity may resolve the cytokine storm are highly
possible and intriguing theories that remain to be tested.

3.2. FoxO partakes in viral infection
The FoxO signalling pathway is significantly implicated in
manipulating the anti-apoptotic and anti-inflammatory
responses during influenza virus A-induced respiratory
pathogenesis [45]. Wu et al. suggested that sustaining a
normal level and function of FoxO1 were consistent with
the inhibition of the pro-apoptotic effects of influenza virus
infection. FoxO1 has been identified as a negative regulator
of cellular antiviral response triggered by exposure to virus.
FoxO1 suppression was accompanied by the activation of
virus-induced interferon-stimulated response element
(ISRE) as well as IFN-β production [46]. Importantly, FoxO3
has been shown to regulate antiviral responses. The zebrafish
foxo3b, an orthologue of mammalian FoxO3, interacted with
and transcriptionally disrupted interferon regulatory factor
(IRF) 3/7 activity. This led to a strong repression of IFN acti-
vation following viral infection. Thus, targeted inhibition of
critical antiviral genes was a key mechanism adopted by
foxo3b to negatively regulate cellular antiviral response [47].
It is well known that IRF7 partners with IRF3 to modulate
the type I IFN response in mammalian viral infections. The
FoxO signalling pathway was determined to be an essential
immune-modulatory cascade that was regulated by IRF7 as
a functional host immune response to viral infection [48]. In
line with the role of FoxOs in cellular antiviral response,
they were found to impart negative regulation of IRF.
FoxO1 was associated with ubiquitin-tagged proteasomal
degradation of IRF3 [46] while FoxO3 directly suppressed
IRF7 transcription in mice macrophages [49]. This regulatory
circuit can prevent excessive innate immune response, which
may have pathological outcomes. Mammalian FoxO3 plays a
critical role in mediating antiviral type I and type III IFN
responses to clear rhinovirus [50]. In agreement, FoxO3
deficiency in these cells led to mitigated IFN response to rhi-
novirus infection. The knockout of FoxO3 in virus-infected
mice resulted in diminished levels of IFN-α, IFN-β and
IFN-λ. In addition, these mice displayed persistent viral
load, increased lung inflammation as well as heightened pro-
duction of pro-inflammatory cytokines. Pre-treatment with
specific anti-oxidants was found to rescue antiviral IFN
responses in the knockout cells. Suppression of oxidative
stress also abolished the enhanced pro-inflammatory
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cytokine responses to viral infection [50]. Therefore, FoxO3 is
indispensible for mediating antiviral responses apart from
imparting protection against hyper-inflammatory cytokine
response.
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4. Cellular FoxO is exploited in SARS-CoV-2
infection

As has been stated, interaction of the host ACE2 with SARS-
CoV-2 spike protein is the key determinant for viral invasion.
Although the application of ACE inhibitors/angiotensin-
receptor blockers is increasingly being considered for
COVID-19, such molecules may unfavourably alter the bal-
ance between ACE and ACE2. This will only boost the
number of docking sites for viral entry [51,52]. Initial clinical
trials demonstrated a dramatic inhibition of viral propagation
in the presence of a human recombinant soluble ACE2
in vitro. However, extensive validation is warranted for deter-
mining the clinical efficacy of such an approach [53]. The
characterization of the ACE2 promoter regions revealed that
the lungs exhibit expression primarily from the distal promo-
ter region. A functional binding site for forkhead box
transcription factors was identified as a novel and important
cis-regulatory element that affected the expression of ACE2.
FoxO1 was recognized to bind to the region spanning
2153/2144 nucleotides and its expression was correlated
with ACE2 transcript level to some extent [54], implying
that FoxO factors may be tweaked to modify ACE2
availability during SARS-CoV-2 entry into the cell.

The expression of ACE2 is commonly increased in the
case of cellular stress. This may include hypoxia, IL-1β treat-
ment or exposure to the antimicrobial peptide (AMP) mimic
5-amino-4-imidazole carboxamide riboside (AICAR). IL-1β is
the initial responder to impart protective effects and stimulate
epithelial repair in acute respiratory distress situations
[55,56]. The silent information regulator T1 (SIRT1) deacety-
lase was found to bind to the ACE2 promoter. This
interaction was altered by both AICAR and IL-1β treatments.
Importantly, the loss of SIRT1 activity ablated the AICAR-
mediated increase in ACE2 level. The data thus established
SIRT1 as a primary transcriptional regulator of ACE2
expression, particularly in situations of energy stress [57].
What is exciting is that SIRT1 has been shown to exert the
majority of its protective effects via deacetylation of its
target proteins, a distinctive example being FoxO factors
[58]. These results suggest that FoxO may be a crucial link
between IL-1β and SIRT1 regulated expression of ACE2.
This further substantiated our previous suggestion to exogen-
ously modulate FoxO for minimal ACE2 accessibility to
SARS-CoV-2.

Similar to other coronaviruses, SARS-CoV-2 may exploit
the host translation machinery to advance the production of
its own components [59]. Inactivation of eukaryotic initiation
factor 2 (eIF2) is expected to be a part of the host counter-
measure to SARS-CoV-2 infection [60]. Incidentally, SIRT1
was upregulated in the lungs of COVID-19 patients exhibit-
ing severe symptoms [61]. SIRT1 has been found to monitor
the negative feedback regulation of eIF2α phosphorylation.
The loss of SIRT1, in fact, led to constitutive phosphorylation
of eIF2α, although its downstream signalling was delayed
and suppressed [62]. This was indicative of a weaker trans-
lation recovery post-stress and established SIRT1 as a
critical mediator of eIF2α-associated integrated stress
response. As a result, ongoing research has been centred on
validating SIRT1 inhibitors for treating COVID-19 [63]. It is
worth noting that conventional SIRT1 inhibitors, such as
nicotinamide, curbed the activity of FoxO members to exert
their downstream effects [64]. The phosphorylation of eIF2α
by protein kinase R (PKR) and PKR-like endoplasmic reticu-
lum kinase (PERK) inhibits protein synthesis. SARS-CoV
infection triggered PERK activation within the host cells
[65]. Of note, PERK reportedly phosphorylates and potenti-
ates FoxO activity, whereas PERK depletion imparted a
reverse effect [66]. More recently, PERK was discovered as a
novel target of FoxO3 with a positive correlation existing
between their expressions. FoxO3 expression was also signifi-
cantly connected to PERK–eIF2α pathway activation [66,67].
These studies clearly unveil that, analogous to other viruses,
SARS-CoV-2 possibly hijacks the FoxO regulatory circuit for
pathogenesis and incline towards the potential of modulating
host FoxO proteins in impeding SARS-CoV-2-related
complications.

Emerging evidence points to the role played by FoxO3 in
directing transcriptional regulation of Kelch-like ECH-associ-
ated protein 1 (Keap1). Keap1 acts as an adaptor protein that
targets the multifaceted nuclear factor erythroid-2-related
factor (Nrf2) for ubiquitin-mediated degradation [68]. Nrf2
is considered as a master modulator of anti-oxidant and
anti-inflammatory responses [69,70]. The active cross-talk
between FoxO3 and Nrf2 pathways impacts diverse cellular
responses, such as proliferation, survival and oxidative
defence [71]. SARS-CoV-2 was recently identified to inhibit
Nrf2 to rid the infected cells of a critical cytoprotective signal-
ling mode [72]. Considering the remarkable protective
features characteristic of the FoxO family, it can be put for-
ward that SARS-CoV-2 may try to deprive the host cell of
the FoxO signalling network as well to favour viral growth.
Further investigation of this aspect may unravel a unique
mechanism underlying COVID-19 pathogenesis through
modulation of FoxO functions.

In addition, enhancement of the FoxO transcriptional
target, haem oxygenase 1 (HO-1) [73], has been connected
to antiviral responses against a plethora of viruses, including
human immunodeficiency virus, hepatitis virus, influenza
virus and respiratory syncytial virus, among others [74].
HO-1 majorly induces its antiviral response through a hetero-
dimeric complex formed with IRF3, eventually leading to
expression of type I IFNs [75]. This putative anti-inflamma-
tory enzyme catalyses the degradation of free haem into
biliverdin/bilirubin, iron/ferritin and carbon monoxide.
Free haem is currently postulated to stimulate several of the
inflammatory features observed in critical COVID-19 patients
while its degradation products antagonized SARS-CoV-2
activity [76]. In agreement, subjects characterized by old
age, some kind of metabolic syndrome and decreased level
of HO-1 were found to be more vulnerable to the risk of
COVID-19 infection [77]. Hence, induction of HO-1 directly
or via FoxO activation is postulated to impart protection
and is expected to mitigate SARS-CoV-2 infection, thus
protecting the lungs from inflammatory assault.

Infection with SARS-CoV has been shown to elicit nuclear
factor κ B (NF-κB) activation in mice lungs and human mono-
cyte macrophages while NF-κB suppression led to the ebbing
of inflammation and improved survival rate in infected mice
[78,79]. Interestingly, FoxO3 has been corroborated as a
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negative regulator of NF-κB signalling. A reciprocal corre-
lation exists between the expression and activities of FoxO3
and NF-κB in immune cells. Functional studies have further
revealed that the absence of functional FoxO3 led to spon-
taneous increase in NF-κB activation in addition to hyper-
activation of CD4+ T cells and a robust multi-systemic inflam-
matory syndrome [44]. Lee et al. showed that FoxO3
upregulation induced the expression of κB-Ras1, which inhib-
ited NF-κB activation [80]. Furthermore, SIRT1 was also
found to antagonize the NF-κB pathway [81]. Given the
indispensible involvement of FoxO in SIRT1 functions, it is
only reasonable to propose that FoxOs play a distinguished
role in this inflammation countering mechanism of SIRT1.
Taken together, pharmacological activation of FoxO factors
can effectively prove to be an attractive strategy to limit
inflammation inflicted by NF-κB in the lungs of SARS-CoV-
2-infected individuals.

The activation of AMPs is an important type of immune
effector response to fight pathogenic infections. Lactoferrin
is an AMP that has been demonstrated to display potent
antiviral properties against SARS-CoV infection [82].
Contemporary scientists are, therefore, attempting to use
AMPs like Lactoferrin as an adjuvant therapy for the man-
agement of COVID-19 [83]. Of significance, AMP induction
is elevated in the presence of FoxO overexpression while it
is abrogated in foxo null mutants. The loss and gain of func-
tions data revealed a prominent role of nuclear FoxOs in the
activation of AMP genes through direct transcriptional regu-
lation of the latter and this mechanism is evolutionarily
conserved. Notably, in animals who fail to respond to
immune challenges owing to defects in the Toll and
immune deficiency pathways, this FoxO-dependent mode
of action ensured the production of AMPs to maintain and
strengthen the defence barrier [7]. Combination of such
AMP-related antiviral regime with FoxO activation strategy
may naturally provide a superior protection for combating
the dangerous COVID-19 infection.

As has been discussed earlier, FoxOs negatively impact
the activation of IRFs and the subsequent IFN response.
FoxO3 silencing reportedly stifled IFN-γ-associated major his-
tocompatibility complex (MHC) II expression whereas FoxO3
upregulation stimulated cytotoxic trans-activator (CIITA)-
induced trans-activation of the MHC II promoter [84]. Since
CIITA has been implicated in resisting the endosomal entry
of SARS-CoV-2, modulation of the FoxO3- CIITA signalling
is likely to aid in managing the viral infection [85]. In line
with such studies, pulmonary alveolar cells or resident
macrophages infected with SARS-CoV-2 released excessive
IFNs, which exacerbated the pulmonary inflammatory
damage [86]. This evidently reflects that SARS-CoV-2 may
abrogate normal FoxO regulation of IFNs, which culminates
in the hyper-inflammation. MERS, SARS and few other coro-
naviruses have been revealed to be prominently susceptible
to IFN treatment [87]. If this mechanism is also mirrored in
the case of COVID-19, pharmacological modulation of the
FoxO family constituents holds great promise to mitigate
the IFN-mediated inflammatory response confronted in
such patients. In fact, the use of recombinant IFNs have
begun to inhibit SARS-CoV-2 replication and protein syn-
thesis (NCT04293887), corroborating our notion [88].

The Th2, Th9 and Th17 cells that produce a generous
amount of IL-9 are irrevocably vital for allergic inflammatory
response, autoimmune syndrome and immunity to
pathogenic invasion [89]. FoxO1 has been recognized as the
critical transcription factor necessary for IL-9 induction in
these immune cells. Mechanistic insights indicated that
FoxO1 trans-activated IL-9 in these T cells. This is the primary
mechanism deployed by FoxO1 to ameliorate allergic inflam-
mation as seen in asthma [8]. The suppression of disease
phenotype in lupus mice models was possible by the inhibi-
tory peptide that acted via FoxO3 while FoxO1 level
correlated with disease severity in several lupus patients. Fur-
thermore, in mice with multiple sclerosis, pro-inflammatory
factors contributed to auto- aggressive T-cell activity through
FoxO3 inhibition. Importantly, FoxO1 drove the production
of IL-10 cytokine by transcriptionally monitoring its
expression [90]. IL-10 is particularly upregulated in SARS-
CoV-2 patients by an appreciable extent. Taking into account
the vital contribution of FoxO factors in keeping a check on
excessive inflammation, it may be logical to imply its clini-
cal significance in fighting the cytokine storm found in
COVID-19 persons.

Although the number of clinical studies is limiting, scien-
tists believe that there is a clear correlation between oxidative
stress and the severity of COVID-19 disease. Many lines of
evidence in preclinical settings suggest that ROS elevation
coupled to a deprived anti-oxidant system markedly encour-
aged the progression of SARS-CoV pathogenesis. The onset
of lung injury in infected patients has been shown to rely
on the oxidative stress machinery, which is generally linked
with activation of transcription factors, including NF-κB.
This elicits the aggravated pro- inflammatory host response
[91]. Considering that FoxO factors prominently influence
the cellular anti-oxidant mechanisms, we suggest that ROS-
activated FoxO transcriptional cascade may be a key player
in SARS-CoV-2 pathophysiology. The TLR4 signalling path-
way has also been recently recognized as a vital mechanism
that can mediate the severity of acute lung injury [92]. Oxi-
dized phospholipids, generated by macrophages in human
lungs infected with the SARS virus, led to the activation of
the TLR4 circuit. This evidently induced cytokine over- pro-
duction and lung injury [91]. We have already mentioned
that FoxOs are primary regulators of the TRL4 signalling,
thereby implying the therapeutic potential of FoxO
modulation in TLR4 response in COVID-19 patients.

As depicted in figure 2, there exists a strong possibility
that SARS-CoV-2 may hijack and promote dysregulation of
the FoxO factors for carrying out its infectious cycle. An inter-
esting study in canine coronavirus type II demonstrated that
FoxOs were responsible for influencing the pro-apoptotic
effects of the virus, thereby showing a critical involvement
of FoxOs in this infection. This was, in part, mediated
through the regulation of TNF-related apoptosis-inducing
ligand (TRAIL), Bcl2 and Fas/FasL levels [93]. This study
paved the way for the direct functional relationship between
the FoxO family proteins with a prominent member of the
Coronaviranae family.
5. FoxO governs host immune response: a
breakthrough in managing COVID-19?

Memory T cells induced by previous pathogenic challenges
are unequivocally relevant for protection against subsequent
infections, as has been reported for influenza virus H1N1
strain [94]. Even though most acute infections give rise to
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such a protective immunity to fight off future viral exposure,
collation of evidence related to human coronaviruses
suggests a contrarian view. This implies that individuals
infected with this family of viruses may never benefit from
the extensive protection provided by the adaptive immune
response [95–97]. Several possible factors own up to this mal-
function, including insufficient T/B-cell response. A
milestone study back in 2014 had emphasized on the lack
of appropriate neutralizing antibody titres and the extremely
short-lived memory B-cell response in SARS-recovered indi-
viduals [98]. Initial screening had recognized that SARS-
CoV-specific antibody is quite unstable; the IgA and IgM
response to this virus failed to last for more than six
months. The presence of memory T cells in individuals fol-
lowing respiratory coronavirus infection has been shown by
several groups, albeit their in vivo efficacy in virus clearance
is a poorly researched area [99]. SARS-CoV-infected popu-
lation demonstrated a clear dysregulation in the CD4 and
CD8 T-cell activation in addition to a delayed and impaired
adaptive immune response. The infection also abrogated den-
dritic cell migration, which resulted in weakened homing of T
cells and reduced virus-specific T-cell production [98]. The
same report had shown, particularly for aged models, that
SARS-CoV infection was associated with a considerable
decrease in the virus-specific CD8+ T cells within the lungs.
Inadequate T-cell innate immunity could explain the exuber-
ated innate response and the underlying viral pathogenesis,
especially in aged patients as witnessed for SARS-CoV-2 pan-
demic. Late T-cell responses usually climax in an amplified
inflammation in the presence of a viral infection, which has
been re- iterated as the primary stimulant for the extreme
pulmonary distress in COVID-19 patients [100].

Immunity following chronic viral infections relies on the
maintenance of antigen-specific CD8+ T cells, although the
transcriptional requirements of these cells are still not fully
elucidated. A diverse array of studies has pointed towards
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the essential role of FoxO factors in regulating specialized
lymphocyte functions. FoxO1 inactivation directs the homeo-
stasis of CD4 conventional and regulatory T (Treg) cells
wherein enforced expression of FoxO1 inadvertently hampers
this equipoise [101]. The abrogation of FoxO expression was
also linked to progressive drop in the frequency of Treg cells
in the peripheral tissues and their immune-suppressive
capacity was found to be significantly hampered, thus
emphasizing the importance of FoxO expression in maintain-
ing immunological tolerance [102]. Treg cells specifically
depleted of FoxO1 produced more IFN-γ when compared
with wild-type cells [103]. This was in sync with previous
observations of IFN suppression by FoxO proteins. Utzsch-
neider et al. [104] found that the continued expression of
FoxO1 is an indispensible necessity for preserving the long-
evity, self- renewal and the ability to shift between
quiescence and cell division of CD8+ memory T-cell popu-
lation. Inactivation of foxo1 gene led to the reversion of
memory T cells to a state of terminal differentiation, which
prevented a secondary memory response in multiple cases
of infection [10]. The deletion of foxo1 after the clearance of
an infection resulted in a rapid loss of typical gene expression
patterns (almost 90%) of memory T cells. Even during a per-
sisting viral infection, the depletion of FoxO1 activity caused
a dramatic decline of T-cell expansion while giving rise to T
cells deficient in effector cytokines and exhibiting features
of anergy [104–106]. This underscored the broad importance
of FoxO1 in manifesting the post-effector immune pro-
gramme, a prerequisite for forming the long-lived memory
of T cells. FoxO1 is additionally important for proliferation,
differentiation, survival and class switching in B cells.
FoxO1 has been shown to direct the development of germinal
centres, which are a necessity in development of clonal var-
iants of B cells. The depletion of foxo1 in germinal centre B
cells led to diminished somatic hyper-mutation and
dwindled class switching, which significantly hampered a
robust antibody response towards infections [107]. The loss
of foxo1 in dendritic cells resulted in reduction of multiple
phenomena, such as cytokine production, homing of dendri-
tic cells to the lymph nodes, activation of CD4+ T and B cells
and antibody generation, thereby enhancing sensitivity to
pathogenic challenges [108]. FoxO3 was also identified as a
prime modulator of CD8 T-cell memory while FoxO3 thera-
peutic modifications have been proposed to convalesce
protective immunity to ward off intracellular pathogens
[109]. A deficiency in FoxO3, following a viral infection,
was shown to facilitate considerably exaggerated expansion
of T-cell populations. This arose from dendritic cell-specific
rise in the production of IL-6. This caused variations in the
stimulatory capacity of FoxO3-deficient dendritic cells to sus-
tain T-cell viability. The use of CTLA4 led to FoxO3 nuclear
localization, which consequently suppressed heightened
release of IL-6 and TNF. Such data inclined towards the con-
tribution of FoxO3 in constraining production of key
inflammatory cytokines and controlling T-cell viability
[110]. Instead of eliminating the virus-infected cells, a dys-
functional T-cell response owing to abrogated FoxO
function may manifest in the loss of immune regulation
and favour progression of COVID-19 disease. Since the
FoxO factors are intimately involved in overseeing both the
innate and humoral immune responses, their participation
during SARS-CoV-2 host response is inevitable and necessi-
tate future interrogation. The generation of surplus T cells
specific for SARS-CoV-2 within the necessary time frame
may prove to be the most competent strategy to withstand
viral infection. Hence, modifying FoxO transcription factor
is likely to evoke the naive T and B cells for proliferation
and differentiation in conjunction with immune reactivation,
which may be one of the most lucrative modules for resisting
COVID-19.
6. Pharmacological modulation of FoxO
activity as potential anti-SARS-CoV-2
therapy

In the wake of the current pandemic, the global scientific
community has been exploring every possible opportunity
to develop a curative or palliative strategy against corona-
virus. Clinicians have been trying to manage the
aggravated inflammation observed in COVID-19 patients
using an armamentarium of anti-inflammatory drugs and
molecules that target cytokines. Such practices are at an
early stage, and therefore not entirely conclusive. For
example, dexamethasone at a dose of 6 mg daily for 10
days decreased mortality in specific COVID-19 patients in a
context-dependent manner [111]. However, dexamethasone
is also known to stall the functions of immune T and B
cells in the host body, thus restricting its current use exclu-
sively in severely infected and intubated patients [112]. The
possible repurposing of tocilizumab, a humanized antibody
against IL-6 receptor, and anakinra, a recombinant IL-1 recep-
tor agonist, for COVID-19 therapy has been under intensive
research [113,114] while the IL-6 antagonist sarilumab
(NCT04315298), the TNF-α suppressor thalidomide
(NCT04273529, NCT04273581) and methylprednisolone
(NCT04273321, NCT04263402) are notable examples of anti-
inflammatory pharmaceuticals undergoing trials for their
potent applications in severe SARS-CoV-2 infections. Simi-
larly, based on a recent comparative cohort study, impeding
the IL-17 pathway has also been suggested as a potential
strategy to combat COVID-19 infection [115].

In this context, enhancing the activity of FoxOs can prove
immensely valuable as it will not only assist in curtailing the
cytokine storm in the patients, which is the major cause of
COVID-19-related mortality, but also bolster the immune
response and foster the retention of immunological memory
against the infection (figure 3). Cautain et al. [116] reported
the discovery of a small molecule activator of FoxO, a novel
isothiocyanate, LOM612, which was shown to enhance the
levels of FoxO1 as well as FoxO3 in the cell nucleus by aug-
menting their nuclear import in a dose-dependent manner.
Furthermore, inhibitors of Exportin 1 have been documented
to promote FoxO1 activity by a similar mechanism [117]. A
small FoxO1-derived peptide, FOI-6nls, disturbs its phos-
phorylation by CDK1/2 and subsequently stimulates its
activity [118]. Each of these FoxO-activating agents holds
vast potential in mitigating the exaggerated inflammation
related to SARS-CoV-2 infection while re-directing the
immune system for viral clearance. Hence, these molecules
can be immediately expedited to relevant clinical trial to
determine their efficacy in SARS-CoV-2-infected patients for
their repurposing as an anti-COVID-19 therapeutic regime
(table 1). On the same note, since the PI3K/Akt pathway
acts as a major upstream regulator of FoxO levels, inhibiting
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PI3K and/or Akt can serve as a crucial tool in fighting the
cytokine downpour in COVID-19 patients.

Overall, the amalgamation of FoxO activation and anti-
inflammatory impact of such compounds is strongly believed
to provide a robust cytoprotection and warrants intensive
exploration for efficient management of COVID-19 symptoms.
7. Conclusion and future directions
Despite extraordinary efforts over the last one year, currently
we do not have any effective treatment for this inexplicably
evolving deadly pandemic. While few vaccines have been
approved for emergency application to curb the rapid
spread of the pandemic, these approaches have far to go
before their long-term efficacy and possible side effects can
be evaluated (reviewed in [125]). Since these vaccines have
been fast-tracked for commercial use with limited clinical
trial data, their extent of protection against the virus is still
dubious [125]. Moreover, given the infrastructural and finan-
cial challenges, only a minor percentage of the population is
getting vaccinated at a given time. This means that by the
time the entire global population gets vaccinated, the initial
epitope configuration of the virus will have mutated by
several folds. With the surge in genotypic variants of
SARS-CoV-2, the efficacy of currently employed vaccines,
especially the threshold of immune response elicited in
varied demographic cohorts, needs to be closely monitored
[126,127]. Furthermore, vaccines are agents to prevent the dis-
ease but not cure it; hence, potential alternatives for treating
patients are an imminent requirement. Therefore, a growing
number of studies has been focused on repurposing existing
therapeutic agents with effective antiviral and anti-inflamma-
tory properties as a rapid measure to control this fatal
pandemic. These agents may be aimed at either directly inhi-
biting the viral survival pathways or eliciting the antiviral
innate immunity or assuaging the damage provoked by an
out-of-control cellular inflammation. Remdesivir and Favipira-
vir are by far the most attractive candidate molecules that have
been found to improve the condition in COVID-19 patients
with minimal adverse side effects [128]. Both these agents
interrupt the RNA-dependent RNA polymerization and halt
viral replication. Therefore, contemporary investigations are
focused on the integration of more systematic approaches to
distinguish the most prospective agents for drug repurposing
in the battle against this global pandemic.

Our review is an attempt to propose pharmacological
activation of the FoxO transcription factor as a potent mech-
anism to tackle the deadly manifestation of SARS-CoV-2.
Infection with SARS-CoV-2 is usually accompanied by a



Table 1. List of compounds reported to upregulate levels of FoxO transcription factors.

s.no. compound name
mol. wt.
(g mol−1) mode of action structure reference

1. resveratrol 228.24 activates SIRT1 thus enhancing FoxO

deacetylation
[64]

2. LOM612 258.3 enhances FoxO nuclear translocation [116]

3. selenium 78.96 direct activation of FoxO or through inhibition

of Androgen receptor (AR) and/or Akt

pathway

[119]

4. psammaplysene A 769.2 inhibits nuclear export of FoxO [120]

5. selinexor (KT-330) 443.3 inhibits Exportin1 (XPO1)/Chromosome

maintenance region1 (CRM1)
[121]

6. wortmannin 428.4 inhibits PI3Ks irreversibly
[122]

7. LY294002 307.349 inhibits PI3Ks reversibly [123]

8. PX-866 525.6 inhibits PI3Ks irreversibly [124]
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dramatic reduction in anti-atrophic, anti-inflammatory, anti-
fibrotic and anti-oxidative responses, which contribute to
acute lung injury. We envisage that the activation of the
FoxO regulators can successfully keep the host inflammatory
response in check to prevent the uncontrolled burst of pro-
inflammatory molecules as well as impart a level of protec-
tion to the cells against viral assault and aid in repair of the
damaged pulmonary tissue. Such anti-oxidant and pro-
protective impacts of pharmacological restoration of FoxO
are expected to persist longer than conventional treatment
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modalities (such as vitamin C) [129]. Infection with SARS-
CoV-2 often snowballs into multiple organ dysfunction,
resulting in a high mortality rate, and in this regard the
role of host inflammatory response has been thoroughly
questioned. Most strikingly, the involvement of FoxO pro-
teins in mediating the host infection tolerance mechanisms
has garnered attention. FoxO is a pivotal cell signalling
mediator that controls the balance of damage and repair pro-
cesses, which eventually dictates the fate of the affected
organs and, in turn, the host. Our literature survey has
strongly established FoxO as a potential cellular factor that
may be targeted by SARS-CoV-2 in order to sustain its infec-
tive mode. Therapeutic targeting of FoxO may be a
reasonable approach to limit the domino-like severe
damage on the multiple organs imparted by COVID-19 infec-
tion and may offer novel alternatives beyond currently used
strictly supportive therapies (figure 3). Nonetheless, such
manipulation of multifunctional cellular signal regulators is
likely to generate undesirable cell-type-dependent effects.
Different modes of targeted delivery might help to resolve
such hurdles. Future investigation should focus on unravel-
ling the mechanism by which SARS-CoV-2 potentially
modulates host FoxO so that each point of interaction may
be targeted for overall protection. Whether FoxO targeting
has any impact on viral entry, replication and survival, and
which downstream effectors of FoxO signalling may be
involved in this host–pathogen network, are critical areas for
further study.
Nevertheless, advanced clinical validation can provide a
clear route to the efficacy of FoxO activators, direct or indir-
ect, in COVID-19-infected individuals. If proved successful,
this regime can be rapidly mobilized to enhance recovery of
COVID-19 patients. Finally, this wealth of information
should also lay the groundwork to stay prepared with an
arsenal of potentially repurposed molecules for possible
future viral outbreaks.
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