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ARTICLE INFO ABSTRACT

Keywords: Coronavirus disease 2019 (COVID-19) is an infectious disease caused by severe acute respiratory syndrome
Autophagy regulation coronavirus 2 (SARS-CoV-2). Emerging evidence indicates that the NOD-, LRR- and pyrin domain-containing
COVID-19

protein 3 (NLRP3) inflammasome is activated, which results in a cytokine storm at the late stage of COVID-
19. Autophagy regulation is involved in the infection and replication of SARS-CoV-2 at the early stage and
the inhibition of NLRP3 inflammasome-mediated lung inflammation at the late stage of COVID-19. Here, we
discuss the autophagy regulation at different stages of COVID-19. Specifically, we highlight the therapeutic
potential of autophagy activators in COVID-19 by inhibiting the NLRP3 inflammasome, thereby avoiding the
cytokine storm. We hope this review provides enlightenment for the use of autophagy activators targeting the
inhibition of the NLRP3 inflammasome, specifically the combinational therapy of autophagy modulators with the
inhibitors of the NLRP3 inflammasome, antiviral drugs, or anti-inflammatory drugs in the fight against COVID-

Lung inflammation
NLRP3 inflammasome
SARS-CoV-2

19.

1. Introduction

Since December 2019, the coronavirus disease 2019 (COVID-19)
outbreak that first occurred in Wuhan city, Hubei Province, China has
spread globally. In 2020, the World Health Organization (WHO) named
the disease COVID-19, and the International Committee on Taxonomy of
Viruses (ICTV) named the virus severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). The same year in March, the WHO
declared that COVID-19 was a pandemic. Over the past three years,
variants of SARS-CoV-2 have appeared successively, mainly including
the Delta variant and recent rapidly increasing Omicron variant. For the
prevention and treatment of COVID-19, a total of 367 vaccine candi-
dates have been developed up to 19 July 2022, and drugs such as
Coronavir, Sinopharm, and Molnupiravir have been proven. However, a

large number of drugs and vaccines are still in preclinical trials, and
more studies are needed to confirm their efficacy in the clinic. As of 19
July 2022, the WHO has reported 561,156,416 confirmed cumulative
cases of COVID-19, including 6,365,510 cumulative deaths. These
confirmed cases are mainly distributed in countries in Europe, the
Americas, and the Western Pacific. Among them, countries and regions
with over 5,000,000 cumulative cases include the United States, India,
Brazil, and so on (Fig. 1).

Therefore, COVID-19 poses a serious threat to public health and
imposes heavy burdens on the social economy and the people’s spirit.
Clinically, COVID-19 patients manifest varying degrees of difficulty in
the respiratory system. For example, mild cases present the symptoms of
upper respiratory tract infection, and severe cases have lung edema,
acute lung injury (ALI), hypoxemia, and respiratory failure. In the initial
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stage of COVID-19 infection, SARS-CoV-2 binds to epithelial cells of the
upper respiratory tract and propagates locally with a low viral burden
and limited immune response [1]. Then, increasing viruses spread down
to the pulmonary alveoli and propagate within alveolar type II cells,
resulting in the apoptosis and death of cells [2]. Meanwhile, activated
alveolar macrophages and pulmonary epithelial cells release proin-
flammatory cytokines, causing cytokine storms and lung injury, and the
NLR family pyrin domain containing 3 (NLRP3) inflammasome, a crit-
ical component of the innate immune system, is activated in COVID-19
[3], which promotes the production of proinflammatory cytokines,
resulting in cytokine storms and acute respiratory distress syndrome
(ARDS) [4,5], and ultimately lung and multiorgan injury. The NLRP3
inflammasome is composed of a sensor, the adaptor apoptosis-associated
speck-like protein containing a caspase-1 recruitment domain (ASC) and
the effector caspase-1. Most inflammasome sensors belong to the NLR

The timeline (12/2019-now) of important events for COVID-19

8 Dec: The first officially
reported case of unknown
casue in Wuhan, China;
31 Dec: First report of 27
cases of pneumonia with
unknown etiology in
Wuhan, China

WHO named the disease
COVID-19 and ICTV
named the virus
SARS-CoV-2

A number of vaccines
entered phase Il clinical
trials worldwide

by the Russian
government

Coronavir was approved
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protein family, including NLRP1, NLRP3, and NLRC4 (NOD-, LRR- and
consist of a caspase recruitment domain (CARD)-containing 4; also
known as IPAF), NLRP6, NLRP7, and NLRP12. [6]. The NLRP3 protein,
the sensor, is composed of a leucine-rich repeat domain (LRR), a pyrin
domain (PYD), and a nucleotide-binding and oligomerization domain.
PYCARD, the receptor, CARD and PYD [7,8]. Autophagy, a highly
conserved eukaryotic cell recycling process, is the main intracellular
degradation system [9]. Autophagy begins with the formation of a
sequestering compartment, known as a phagophore, with a double
membrane, which engulfs damaged or unnecessary components in the
cytoplasm; the phagophore matures into an autophagosome, which
transports the cargo to lysosomes for degradation [10]. The generated
amino acids and other degraded byproducts are released back to the
cytoplasm to provide energy for cell metabolism and survival [11].
Emerging evidence indicates the critical role of autophagy in various

WHO named the new
mutant strain newly
discovered in South Africa
as Omicron

Molnupiravir was
approved by MHRA as
the first oral
anti-COVID-19 drug

Sinopharm became the
first approved vaccine in
China
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Fig. 1. The important events and cumulative cases of COVID-19 worldwide.

(A) The timeline of important events of COVID-19 from 12/2019 to the present. Critical events mainly include the following: (1) COVID-19 first broke out in Wuhan,
China, in Dec. 2019. (2) The WHO declared COVID-19 a PHEIC on 31 Jan. 2020. (3) The WHO named the disease COVID-19, and ICTV named the virus SARS-CoV-2
on 11 Feb. 2020. (4) Veklury (remdesivir) is the first COVID-19 treatment approved by the FDA in Oct. 2020. (5) The WHO declared that the Delta variant of SARS-
CoV-2 was becoming the major epidemic variant worldwide on 18 June 2021. (6) The WHO named the new mutant strain in South Africa Omicron on 27 Nov. 2021.
(B) The geographic distribution of cumulative confirmed COVID-19 cases worldwide updated on 19 July 2022. The confirmed cases are mainly distributed in
countries in Europe, the Americas, and the Western Pacific. Among them, countries and regions with over 5,000,000 cumulative cases include the United States,
India, Brazil, and so on. PHEIC, public health emergency of international concern; MHRA, Medicines and Healthcare Products Regulatory Agency.
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human diseases, including cancer, neurodegenerative diseases, diabetes,
and cardiovascular disease [12]. In this review, we mainly focus on the
role of autophagy, commonly referred to as macroautophagy, in COVID-
19. Autophagy plays a dual role in the development of COVID-19. In the
first stage of COVID-19 infection, SARS-CoV-2 escapes the body’s anti-
viral immune response by activating autophagy [13]. In addition, GU-
rich RNA-induced interleukin (IL)-1f secretion is dependent on auto-
phagy, whereas treatment with siAtg5 decreases the secretion of IL-18.
Thus, genetic and pharmacological inhibition using autophagy in-
hibitors such as hydroxychloroquine (HCQ) and chloroquine (CQ) can
effectively reduce virus replication and inhibit the development of
COVID-19 [14,15]. However, in the late stage of COVID-19, increasing
SARS-CoV-2 levels destroy mitochondrial structure and function,
resulting in increased levels of reactive oxygen species (ROS) and the
subsequent activation of the NLRP3 inflammasome and the generation
of the proinflammatory cytokines IL-1p and IL-18. In this stage, auto-
phagy, as a negative regulator of the NLRP3 inflammasome-mediated
inflammation, can clear damaged mitochondria and ROS and degrade
the NLRP3 inflammasome and its key components, including NLRP3,
PYD and CARD domain containing (PYCARD/ASC), and caspase -1
(CASP-1). Therefore, autophagy activators such as rapamycin and
trehalose are recognized as potential drugs for the treatment of COVID-
19 by ameliorating the NLRP3 inflammasome-mediated acute lung
inflammation. In this review, we comprehensively discuss the patho-
genesis, clinical manifestations, and mechanism of COVID-19 infection
by SARS-CoV-2, as well as the role of the NLRP3 inflammasome-
mediated lung inflammation and the regulation of autophagy in
different stages of COVID-19. Meanwhile, we summarized the inhibitors
of the NLRP3 inflammasome and the modulators of autophagy in the
treatment of COVID-19. Moreover, we highlighted the therapeutic po-
tential of autophagy activators in inhibiting the activation of the NLRP3
inflammasome, thereby avoiding cytokine storms at the late stage of
COVID-19. Finally, we hope this review provides novel insight into the
prevention and treatment of COVID-19 targeting the regulation of
autophagy for the NLRP3 inflammasome in the future.

2. COVID-19 and SARS-CoV-2

The new coronavirus that emerged in 2019 is previously unknown to
humans. It is classified as a p-coronavirus in group 2B and causes serious
life-threatening diseases [16], and the ICTV named it SARS-CoV-2 [17].
Accumulating evidence shows that the transmission methods of SARS-
CoV-2 mainly include respiratory transmission, fecal-oral trans-
mission, and indirect contact transmission [18,19]. In general, the in-
cubation period of COVID-19 is mostly within 14 days and the median is
5.1 days [20]. The genus coronaviruses have been known to cause severe
diseases, including SARS and the Middle East respiratory syndrome
(MERS) [21]. COVID-19 has been reported to affect the normal function
of the lung, cardiovascular system [22], gastrointestinal system [23],
central nervous system [24], liver [25], and kidney [26], thus causing
serious clinical symptoms including, fever, dry cough, sore throat,
lymphopenia, dyspnea, fatigue/myalgia, anosmia, headache, abdominal
pain, diarrhea, nausea, and vomiting [27-29]. ARDS is the most com-
mon complication of COVID-19, followed by anemia, acute cardiac
injury, subsequent infections, thromboembolism, and stroke [30,31]. In
addition, emerging studies have shown that many patients who die from
COVID-19 have impaired metabolic health [32], and they commonly
have hypertension, dyslipidemia, and hyperglycemia [33]. Moreover,
nearly two-thirds of confirmed coronavirus patients have cardiovascular
disease and diabetes [33]. Metabolic syndrome is a common metabolic
disorder consisting of diabetes, hypertension, etc., caused by the
increased prevalence of obesity [34]. Mounting evidence indicates that
metabolic syndrome leads to the worsening of COVID-19 [33,35-38].
For example, COVID-19 patients with obesity, diabetes, or hypertension
have a worse prognosis and higher in-hospital mortality [35,36]. In
addition, the expression of angiotensin converting enzyme 2 (ACE2), the
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cell entry receptor for SARS-CoV-2, is found to be enhanced in obese
individuals, which results in more SARS-CoV-2 infection and distribu-
tion and ultimately the exacerbation of COVID-19 [33,39]. With the
development of COVID-19, the diseases associated with metabolic syn-
drome are exacerbated, and mortality is increased. For example, the
proinflammatory milieu and increased levels of IL-6, IL-1B, tumor ne-
crosis factor (TNF/TNF-a), monocyte chemoattractant protein (CCL2/
MCP1), and C-X-C motif chemokine ligand 10 (CXCL10) in COVID-19
decrease insulin sensitivity [33]. Therefore, metabolic syndrome and
COVID-19 are a vicious cycle of each other. The global pandemic of
COVID-19 is not merely a health problem but also affects the environ-
ment and economy in diverse ways worldwide. Modern transportation,
high-density population and frequent population mobility make COVID-
19 easily spread among countries and regions [40]. In turn, the disease
has caused severe damage to the social and economic system, limiting
production and development and increasing the medical burden, which
may remain long after the pandemic. For individuals, COVID-19 poses a
severe threat to people’s lives, and its sequelae also affect people’s
quality of life both physically and mentally [41]. In addition, during a
time of ongoing global conflict, COVID-19 poses challenges and threats
to the military and public health personnel, which has also attracted
more attention [42]. From the outbreak to the present, researchers are
trying their best to develop vaccines and drugs for the prevention and
treatment of COVID-19. For example, the discovery of inhibitors tar-
geting the SARS-CoV-2 main protease or 3C-like protease (Mpro or
3CLpro) to inhibit viral replication and maturation provides hope for the
treatment of COVID-19 [43]. In addition to vaccines and commonly used
drugs, other treatments such as mesenchymal stem cell therapy [44],
transfusion of convalescent plasma [45], monoclonal antibodies such as
tocilizumab, inhaled nanobodies [46], thromboprophylaxis and fibri-
nolysis [47], and probiotics [48], are under trial. Although the propa-
gation of the virus and the fatality rate of COVID-19 have been relieved
to a certain extent, it still seriously affects the economic development
and daily life of people owing to the constant appearance of SARS-CoV-2
variants.

The literature shows that SARS-CoV-2 shares ~80% RNA sequence
identity with SARS-CoV [17]. Structurally, SARS-CoV-2 is an enveloped,
nonsegmented positive-sense, and single-stranded ~30 kb RNA p-coro-
navirus [49] consisting of structural proteins and nonstructural proteins
(NSPs). Structural proteins of the virus include spike (S), envelope (E),
membrane (M), and nucleocapsid (N) proteins [50,51]. The S protein
has two major subunits, S1 and S2. Among them, S1 is responsible for
receptor recognition and binding, while membrane-anchored S2 is
responsible for membrane fusion [52,53]. The receptor-binding domain
(RBD) in the S protein recognizes and combines with the ACE2 receptor
of target cells, and the transmembrane protease serine 2 (TMPRSS2)
cleaves the S protein at S1/S2 and S2 to initiate the protein S. The two
processes enable the entry of SARS-CoV-2 into host cells [54,55]. M and
E are conserved proteins in p-coronavirus and play a key role in the
regulation of virus assembly [56] (Fig. 2). In addition, SARS-CoV-2 also
encodes accessory proteins, including open reading frame 3a (ORF3a),
ORF6, ORF7a, ORF7b, ORF8, ORF9, and ORF10 [57]. Among them,
ORF3a and ORFS8, two ion-channel proteins, are the most widely studied
thus far [58]. ORF3a is a conserved viroporin related to virulence,
infectivity, and virus release [59], that has also been demonstrated to
regulate the NLRP3 inflammasome and autophagy in COVID-19. For
example, ORF3a has a TNF receptor-associated factor 3-binding motif
that activates the NLRP3 inflammasome [60]. Additionally, ORF3a
prevents the fusion between autophagosomes and lysosomes to block
autophagic degradation, enabling the virus to escape clearance by host
cells [61]. ORF8 is a highly mutating region that downregulates the
major histocompatibility complex class I (MHC-I) levels of infected cells
through the autophagy-lysosomal degradation pathway or direct bind-
ing [62]. Additionally, ORF8 simulates immune molecules such as IL-1§
to activate inhibitory molecules from macrophages, CD8" T lympho-
cytes, and NK cells [63]. The life cycle of SARS-CoV-2 mainly includes
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E-protein

SARS-CoV-2

the following stages: (1) Entry: the S1 subunit binds to the ACE2 re-
ceptor, and the S2 subunit promotes the fusion of the virus and the host
cell membrane. (2) Replication: SARS-CoV-2 genome RNA is released
and translated into two large open reading frames, ORFla and ORF1b,
and then forms the replicase and transcriptase complex. (3) Assembly:
Structural proteins, including S, E, and M, are translated and delivered
to the endoplasmic reticulum (ER) to be processed and then transported
into the ER-Golgi intermediate compartment, where they are packaged
with the N protein. (4) Release: The mature virions are transported by
the secretory vesicle chamber lumen and released via exocytosis
[64-66].

3. The NLRP3 inflammasome-mediated lung inflammation in
COVID-19

In COVID-19, the lung is the most severely affected organ. Clinical
data show that the pathological changes in the lungs of COVID-19 pa-
tients include sequential alveolar damage, hyaline membrane forma-
tion, capillary damage, focal capillary microthrombus formation,
alveolar septal fibrosis proliferation, and pulmonary parenchyma
[2,67,68]. Emerging evidence indicates that the inflammatory cytokine
storm is an important mechanism that leads to the abovementioned
pathological changes, especially for COVID-19 patients at the critical
and deceased stages [69]. The course of COVID-19 is divided into three
stages. When the virus transmits down the respiratory tract to the lungs,
T cells, pulmonary macrophages, NK cells, monocytes, dendritic cells,
and/or neutrophils are rapidly proliferated and hyperactivated if body
immunity cannot eliminate the increasingly invasive virus; then, the
COVID-19 patients will enter the severe, critical, and deceased stages. At
this stage, an abnormal and uncontrolled systemic inflammatory
response is induced and characterized by the release of large amounts of
proinflammatory cytokines (IL-6, IL-1p, IL-18, IL-10, TNF, CXCL10, etc.),
which results in the formation of an inflammatory cytokine storm
[70-72]. In addition, the upregulation of vascular endothelial growth
factor (VEGF) and endothelial cell adhesion molecules (CAMs), such as
vascular cell adhesion molecule 1, intercellular adhesion molecule, von
Willebrand factor, and angiopoietin 2, increases the permeability of the
pulmonary endothelium and reduces barrier protection function,
enhancing the infiltration of neutrophils and inflammatory monocytes
to produce oxygen radicals and lipid mediators [73,74]. The cytokine

Spike Glycoprotein (S)

M-Protein
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Fig. 2. The structure of SARS-CoV-2. SARS-CoV-2 is an
enveloped, nonsegmented positive-sense, and single-
stranded RNA virus of the genus p-coronavirus. It en-
codes four structural proteins, including spike glycopro-
tein (S), envelope (E), membrane (M), and nucleocapsid
(N) proteins, and several nonstructural proteins. S, E, and
M proteins are transmembrane proteins incorporated into
the virus bilayer lipid envelope. The S protein is respon-
sible for the entry of the virus into target cells. M and E
proteins play a key role in the regulation of virus assem-
bly. The inside of the virus is a nucleoprotein core with a
spiral structure composed of RNA and N protein. The N
protein protects the viral RNA genome and helps package
it into a ribonucleoprotein complex.

RNA and N-protein

Envelope

storm and the resulting ARDS, systematic inflammatory response syn-
drome, respiratory failure, coagulopathy, and multiple organ dysfunc-
tion syndrome (MODS), upon SARS-CoV-2 infection, are responsible for
the severity and mortality of COVID-19 [75] (Fig. 3). Therefore, sup-
pression of the proinflammatory responses and management of the
symptoms at the late stage are very important for the treatment of
COVID-19 [76].

The inflammasome is a large multimolecular complex formed in the
cytosol that promotes the innate immune system to recognize patho-
gens, including infectious microbes and molecules from host proteins.
They have been implicated in various inflammatory-related diseases,
including cancers, neurodegenerative diseases, and diabetes [77-79].
NLR family inflammasomes have been widely recognized, and non-NLR
family inflammasomes have also been reported, including absent in
melanoma 2 (AIM2), CARDS, and PYRIN [6]. NLRP1, NLRP3, NLRP6,
NLRP7, NLRP12 and AIM 2 need ASC for the engagement of caspase-1,
while NLRC4 and NLRP1 can directly interact with caspase-1 through
their CARDs without recruiting ASC [80]. NLRP6 has a wide range of
functions in innate immune signaling and is highly expressed in liver
and intestine cells [81]. NLRP7 is linked to innate immune signaling,
and its precise role in inflammasome responses is still controversial [82].
NLRP12 is reported to play a crucial role in controlling overt inflam-
mation, colitis and colitis-associated tumorigenesis [83]. AIM2 can
sense microbial DNA and recognize self-DNA in the context of neoplasms
and autoinflammatory and autoimmune diseases [84]. CARDS8 is an
inflammasome sensor that is unique to humans and other primates [85].
NLRP3, NLRC4, NLRP6, and AIM2 have also been reported to interact
with autophagy. Among them, the NLRP3 inflammasome is the most
extensively investigated thus far [86]. The literature shows that the
NLRP3 inflammasome complex consists of three key components,
including the NLRP3 protein, PYCARD/ASC, and the cysteine protease
pro-CASP1 [87]. The activation of the NLRP3 inflammasome is a two-
step process, including priming and activation. In the first step, prim-
ing is mediated by a variety of molecular and cellular events, including
pathogen-associated molecular patterns (PAMPs) obtained from micro-
bial infection and danger/damage-associated molecular patterns
(DAMPs) driven by endogenous danger signals released from damaged
or dying cells [88-91]. PAMPs and DAMPs are recognized by pattern
recognition receptors (PRRs), such as nucleotide binding oligomeriza-
tion domain containing 2 and toll-like receptors, thereby activating the
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Harmful effects

v/Acute respiratory
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v Respiratory failure
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response syndrome (SIRS)
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NF-kB-mediated signaling and promoting the expression of active
NLRP3 [92]. The second step can be triggered by viral RNA, ATP, pore-
forming toxins, and other molecules, such as crystalline substances and
misfolded protein aggregates [92]. In COVID-19, SARS-CoV-2 enters
host cells by binding to the ACE2 receptor on the cell membrane and
releasing its RNA. Viral RNA causes lysosomal dysfunction, mitochon-
drial damage and generated dsDNA and ROS, thereby activating the
NLRP3 protein [93-96]. In addition, multiple cellular events, including
ion fluxes (K™ efflux, Ca®" influx, and Cl~ efflux), are also involved in
the activation of the NLRP3 inflammasome. For example, K* efflux is
mediated by ORF3a, an ion-channel protein of SARS-CoV-2, and Ca®"
influx is controlled by the viroporin-E protein on the Golgi intermediate
chamber (ERGIC) [97-101]. Then, the NLRP3 protein, ASC, and pro-
CASP1 assemble into a complex, followed by the autoproteolytic acti-
vation of pro-CASP1 to produce active CASP-1. The activated CASP-1
then cleaves pro-IL-1p and pro-IL-18, as well as gasdermin D
(GSDMD), into the mature forms of IL-1p, IL-18, and GSDMD-NT. In
addition, the activated CASP4-CASP5-SCAF11/CASP11 associated with
the noncanonical inflammasome in human cells and mice also cleaves
GSDMD into GSDMD-NT. Finally, the GSDMD pore is formed on the cell
membrane, facilitating the secretion of IL-1f and IL-18 and triggering
the inflammatory response [102,103] (Fig. 4).

In the last two years, studies have demonstrated a crucial role for the
NLRP3 inflammasome in the development of lung inflammation and
fibrosis owing to SARS-CoV-2 infection [104,105]. There is a study
demonstrating that the NLRP3 inflammasome is activated in peripheral
blood mononuclear cells (PBMCs) in COVID-19 patients [106]. The re-
searchers further evaluated the activation of inflammasomes in the lung
tissue obtained from the autopsy of deceased COVID-19 patients. They
found that there are active inflammasomes in fatal COVID-19 cases and
that the NLRP3 inflammasome is activated in the postmortem tissues of
COVID-19 patients [106]. Moreover, the pathological activation of the
NLRP3 inflammasome and its resultant cytokine storm and cell pyrop-
tosis in alveolar macrophages and recruited monocyte-derived

COVID-19 pneumonia and cytokine storm

Cytokine storm
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Fig. 3. Cytokine storm and its harmful effects on
the human body in COVID-19. Once SARS-CoV-2 is
transmitted to the lungs through the respiratory sys-
tem, alveolar macrophages and pulmonary epithelial
cells are activated to produce many proinflammatory
cytokines, including IL-16, IL-18, IL-6, IL-10, and TNF-
a. These cytokines increase the permeability of the
pulmonary capillary endothelium and lead to the
exudation of T cells, monocytes, macrophages, and
neutrophils, which further promote the release of cy-
tokines and induce a series of harmful effects,
including ARDS, respiratory failure, systemic inflam-
matory response syndrome, coagulopathy, widespread
inflammation, and multiorgan damage.

macrophages have been found in COVID-19 subjects [3,7,107]. There-
fore, the activation of the NLRP3 inflammasome may be an important
mechanism in lung inflammation in COVID-19.

As SARS-CoV-2 is inhaled into the airway, it mediates the activation
of the purinergic receptor P2X 7 (P2RX7) receptor by releasing extra-
cellular ATP. The P2RX7 signal then leads to NLRP3 activation through
direct or indirect activation of macrophages [3]. In SARS-CoV-2-infected
individuals, impaired type II alveolar epithelial cells expressing ACE2
receptor can activate the NLRP3 inflammasome. The acute immune
response to SARS-CoV-2 infection is mainly driven by inflammatory
alveolar and monocyte-derived macrophages [108]. These macrophages
are activated by PAMPs/DAMPs which are released by SARS-CoV-2-
infected lung cells [109-112]. TNF-a and IL-1§ secreted by alveolar
macrophages initiate an acute proinflammatory cascade immediately
after infection [3]. The secretion of these cytokines induces cell damage
or even death, PAMP/DAMP production, immune cell recruitment, and
extensive NLRP3 activation, establishing a proinflammatory positive
feedback cascade [109,110,112-114]. During the incubation, early, and
mild stages, a specific adaptive immune response is activated to elimi-
nate the virus and prevent the disease from progressing to a more severe
stage. In this stage, inflammation plays a protective role in promoting
the development of adaptive immunity by recruiting immune cells to the
sites of infection to activate their expansion and protective functions
[115]. For example, the NLRP3 protein recognizes multiple PAMPs and
DAMPs that are produced during viral replication, thereby triggering
NLRP3 inflammasome-dependent antiviral immune responses and pro-
moting viral eradication [116]. In addition, CASP-1 activated by the
NLRP3 inflammasome mediates the proteolysis of pro-IL-1p, pro-IL-18,
and GSDMD [117-119]. GSDMD forms pores in the membrane of
infected cells and promotes IL-1p and IL-18 secretion [120]. Then, the
secretion of IL-1f recruits neutrophils to sites of inflammation to help
eliminate invading viruses [121]. Furthermore, appropriate levels of IL-
1p and IL-18 induce adaptive immune responses [122,123]. Moreover,
NLRP3 activation is strongly downregulated after the initial
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through proteolytic cleavage. Activated CASP-1 cleaves the proinflammatory cytokines pro-IL-1p and pro-IL-18, as well as gasdermin-D (GSDMD), into the mature
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cytokine storm.

costimulation required for antigen-presenting cell activation (APC),
followed by a sufficient adaptive response and the production of anti-
bodies against the virus [124]. Therefore, the optimal activation of the
NLRP3 inflammasome contributes to the establishment of a host anti-
viral state, and the virus can be resisted by appropriate activation of the
NLRP3 inflammasome at the early stage of COVID-19. However, the
process of virus replication leads to the death of lysed cells and subse-
quent potassium efflux, which provides a second signal for the activation
of the NLRP3 inflammasome. Meanwhile, viral infection changes the

integrity of the plasma membrane and ion efflux, which may lead to
programmed cell death and induce secondary activation of the NLRP3
inflammasome [116,125]. Most importantly, SARS-CoV-2 also directly
activates the NLRP3 inflammasome through ORF3a [126]. This local
inflammatory cell death extends to the vasculature, leading to the
leakage, edema, and pneumonia characteristics of COVID-19
[109,112,113]. In the second stage, the sustained NLRP3-dependent
inflammatory response leads to severe clinical symptoms, necrosis,
DAMP release, and severe lung inflammation [127]. Emerging evidence
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indicates that the critical stage of COVID-19 is characterized by an un-
controlled inflammatory response [128]. During this stage, the innate
response cannot clear the virus infection, which leads to increased
DAMP invasion and stimulation and is followed by the overactivation of
NLRP3 inflammasomes and the production of proinflammatory cyto-
kines [76,129]. Reports from patients with severe COVID-19 indicate
that increased levels of IL-18 and IL-6 are associated with increased
immune failure and decreased T-cell functional diversity [130]. In
contrast, patients with mild COVID-19 have lower levels of IL-6, as well
as activated T lymphocytes and IgM SARS-CoV-2 binding antibodies
[131]. In addition, accumulating studies show that the moderate acti-
vation of the NLRP3 inflammasome serves critical functions in pathogen
defense by stimulating the adaptive immune response and removing
damaged or transformed host cells [132-134]. Moreover, an increasing
number of studies have shown that a low inflammatory cytokine
response may be related to an adaptive response that is conducive to the
regression of disease, while a strong inflammatory cytokine response
promotes or aggravates the development of COVID-19 [3,135-142].
Therefore, targeting the modulation of NLRP3 inflammasome-mediated
inflammatory responses is a promising therapeutic strategy for COVID-
19.

The rapid decline in COVID-19 patients coincides with the sudden
transition of the NLRP3 cytokine storm to a compensatory immuno-
suppressive state [111,143]. This repair and recovery-oriented phase are
characterized by the production of IL-10, the polarization of macro-
phages to the anti-inflammatory M2 state, the inhibition of NLRP3, and
the recruitment of fibroblasts and platelets [109,112,144]. Therefore,
targeting the inhibition of NLRP3 inflammasome activation has become
a promising strategy for the treatment of various inflammatory-related
diseases, such as COVID-19. In this review, we summarized drugs that
directly or indirectly inhibit the activation of NLRP3 inflammasomes in
the study of COVID-19 (Table 1). Canakinumab targets IL-1p to control
cytokine storms. This mechanism reduces the likelihood of excessive
inflammation throughout the patient’s body. Studies have shown that
canakinumab may have prognostic benefits in patients with COVID-19
infection [145]. In the results of a cohort study on anakinra, re-
searchers found that anakinra not only reduces the need for invasive
mechanical ventilation in the intensive care unit but also reduces the
mortality rate of patients with severe COVID-19. Most importantly,
although there are no serious side effects found, the confirmation of its
effectiveness requires more controlled trials [146]. In addition,
MCC950, an NLRP3 inhibitor, was reported to reduce the activation of
CASP-1 and the secretion of IL-1p in primary human monocytes infected
with SARS-CoV-2 in vitro [106]. Meanwhile, glibenclamide, another
inhibitor of NLRP3 widely used for diabetes, was demonstrated to
reduce the secretion of IL-6 in SARS-CoV-2-infected human monocytes
[147]. In patients with moderate to severe COVID-19, colchicine could
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reduce oxygen demand and hospitalization rate, which is associated
with indirect inhibition of the NLRP3 inflammasome [148]. In addition,
metformin, a drug widely used for diabetes, was reported to indirectly
inhibit the NLRP3 inflammasome via the regulation of the mechanistic
target of rapamycin mechanistic target of rapamycin kinase (mTOR)
protein, which is related to the reduction in the mortality of COVID-19
and type 2 diabetes mellitus (T2DM) patients [149]. In SARS-CoV-2-
infected mice, metformin has also been shown to inhibit the activation
of the NLRP3 inflammasome and its-mediated lung inflammation [149].
Therefore, although these inhibitors targeting the NLRP3 inflammasome
are in the clinical effectiveness evaluation stage, they still bring new
hope for the prevention and treatment of COVID-19 in the future.

4. The inhibition of autophagy in COVID-19

Autophagy occurs in response to different forms of stress. Under the
conditions of starvation, oxidative stress, and pathogen attack, auto-
phagy can be highly induced, and the number of autophagosomes in-
creases rapidly [167]. Studies have shown that the restoration of amino
acid levels in cells can reactivate the serine/threonine-protein kinase
mTOR complex 1 (mTORC1) and inhibit autophagy. Therefore, auto-
phagy constitutes a negative feedback loop in response to starvation
[168,169]. Regulation of autophagy involves multiple signaling path-
ways. The induction or initial phase of autophagy is controlled by
mTORCL1 and the Unc-51-like kinase 1 (ULK1/unc-51)-like autophagy
activating kinase 1 (Atgl) complex. Under adequate nutrition, mTORC1
binds to the ULK1 kinase complex and phosphorylates ULK1-ULK2 and
Atgl3 [170]. Under the starvation condition, mTORC1 separates from
the complex, resulting in the alternative (activating) phosphorylation of
ULK1-ULK2 with Atgl3, thereby activating autophagy [171,172]. Then,
the nucleation and expansion phases are mediated by the Atgl4-
containing class III phosphatidylinositol 3-kinase (PtdIns3K) complex
and two conjugation systems involving ubiquitin-like proteins (UBLs)
(the Atg12-Atg5-Atgl6L1 complex and Atg8-family proteins including
microtubule associated protein 1 light chain 3 (MAP1LC3/LC3) and
GABARAP) [173]. Studies have shown that the PtdIns3K complex
mainly regulates autophagy by interacting with Beclinl (BECN1) and
participates in the recruitment of PtdIns3P binding proteins to the
phagophore assembly site (PAS). The Atg12-Atg5-Atg16L1 complex and
Atg8-family proteins mainly positively regulate the expansion of phag-
ophores [174]. The expanded phagophore finally matures and forms
complete autophagosomes, which are then transported to endosomes or
lysosomes by microtubule transport [175] and are fused with them to
form autolysosomes (ALs) and degrade their contents. The fusion pro-
cess mainly involves the protein VTI1B [176,177]. In short, autophagy is
a very complex process of self-degradation that is regulated by multiple
proteins and signaling pathways.

Table 1

Direct or indirect inhibitors of the NLRP3 inflammasome in the study of COVID-19.
Drug Mechanism of action The possible effects on COVID-19 Reference(s)
Melatonin Inhibition of the NLRP3 inflammasome Improvement of breathing, cough, fatigue, and other symptoms [150]
Statins Inhibition of the NLRP3 inflammasome Inhibition of release of SARS-CoV particles [150]
IFN Inhibition of the NLRP3 inflammasome Enhancement of virus clearance [150]

Dapansutrile (OLT1177) Inhibition of the NLRP3 inflammasome

Inhibition of cytokine storm

[151,152]

Canakinumab Inhibition of IL-1p cytokines Rapid return to normal oxygen status and reduction of mechanical ventilation [145,153-155]
Anakinra Inhibition of the IL-1 receptors Improvement of breathing function [156-159]
Baricitinib Inhibition of the NLRP3 inflammasome Inhibition of SARS-CoV-2 entry into target cells [160]
Azithromycin Inhibition of the NLRP3 inflammasome Hindering the entry, replication and spreading of the virus [161]

lective inhibiti f the NLRP!
MCC950 Selective inhibition of the NLRP3 Suppressing cytokine storm; inhibiting the expression of pro-inflammatory cytokines [106,111,162]

inflammasome
Sulf?nylurea d Tug Inhibition of the secretion of IL-6
glibenclamide
Indirect inhibition of the NLRP3
inflammasome formation
Indirect inhibition of NLRP3 by
regulation of mTOR

Colchicine

Metformin

Slowing down cell virus infection, reducing duration of supplemental oxygen therapy and
hospital stay and increasing clinical improvement

May enhance clearance of SARS-CoV-2

May increase viral entry and protect against cytokine storm [163]

[148,164,165]

[149,166]
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Interestingly, many current studies have shown that autophagy also
plays a very important role in the development of COVID-19. In 2004,
researchers determined the colocalization of SARS-CoV replicase NSP8
with LC3, and they found that SARS-CoV might interact with autophagy-
related proteins [178]. Subsequently, the mouse hepatitis virus (MHV)
replication complex has also been demonstrated to colocalize with
autophagy proteins, including LC3 and Atgl2 [178]. Meanwhile, MHV
induces the ER and the Golgi apparatus to form double-membrane
vesicles (DMVs), which serve as sites for viral RNA replication, further
supporting the role of autophagy in MHV infection [179]. In addition,
Sourish Ghosh et al. found that p-coronavirus spread through the lyso-
somal pathway instead of the more common biosynthetic secretion
pathways of other enveloped viruses [180]. In recent years, SARS-CoV-2
virus particles have also been found in the secretory vesicles of respi-
ratory epithelial cells and autophagosomes of lung cells of COVID-19
patients [181], and then the SARS-CoV-2 virus is released from lung
cells through lysosomal exocytosis. These observations indicate that the
autophagy-lysosomal pathway plays an important role in the process of
SARS-CoV-2 infection. Mitochondria are intracellular energy production
factories that generate ATP through oxidative phosphorylation and
participate in a variety of cellular processes, such as ROS generation,
autophagy, and apoptosis [182]. Emerging evidence indicates that
mitochondria also play an important role in COVID-19 by regulating
innate and adaptive immunity and virus replication [183]. For example,
SARS-CoV-2 binds to the translocase of outer mitochondrial membrane
70 and impairs the type I interferon response of host cells, thereby
facilitating virus replication [184]. Additionally, SARS-CoV-2 also hi-
jacks host mitochondria to suppress host immunity by regulating mito-
chondrial dynamics, mitochondrial function, mitochondrial respiration,
and mitochondrial DNA release, thereby enabling them to evade host
innate immunity [185-190]. Furthermore, viruses interact with mito-
chondrial membranes and components, which leads to increased ROS
production. These increased mitochondrial ROS benefit viral replication
by regulating host pathways and covalent changes in viral components
[191,192]. Therefore, viruses control the oxidative status of the host cell
to ingitate virus replication via moderately increasing mitochondrial
ROS levels, and antioxidant treatments have emerged as a promising
antiviral strategy [182]. However, mitochondria are impaired and
excessive ROS are generated under the condition of acute viral in-
fections, which inevitably induces injury or even death of host cells
[192]. In response to virus-induced mitochondrial damage, host cells
trigger mitophagy through the PINK1-PRKN pathway to maintain
mitochondrial homeostasis and degrade viral RNA [193]. However,
SARS-CoV-2 blocks the occurrence of mitophagy by inhibiting the
binding of p62 to the LC3 protein [193]. Therefore, combining antiox-
idants with mitophagy activators and antiviral drugs instead may
represent a promising therapeutic approach for COVID-19 during acute
viral infections. Specifically, in the first stage of viral infection, the virus
uses autophagosomes as a means to escape the host’s antiviral response
[194]. Under normal conditions, SARS-CoV-2 enters endosomes or
autophagosomes through endocytosis under the action of TMPRSS2 and
ACE2, and endosomes combine with autophagosomes to form amphi-
pathic bodies [54,195,196]. Amphisomes or autophagosomes that
encapsulate virus particles bind to lysosomes, thereby transporting the
virus to lysosomes for degradation. However, SARS-CoV-2 can evade
lysosomal degradation through various pathways to inhibit autophagy.
For example, a study in three cell lines, HEK293T, HeLa and MCF-7,
showed that coronavirus papain-like protease induces incomplete
autophagy through its interaction with BECN1, thereby escaping the
host antiviral innate immune response and creating favorable conditions
for its replication [197]. In Vero cells, NSP6 has been shown to activate
autophagosome formation, inducing vesicles containing Atg5 and LC3-1I
[198,199]; however, the size of autophagosomes formed by NSP6 is
smaller than that induced by starvation, suggesting that NSP6 may also
inhibit autophagosome expansion [200]. In addition, NSP6 and NSP3
bind to the ER [13] and induce the characteristic rearrangement of the
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ER membrane or Golgi apparatus to produce DMVs or smooth vesicles
containing newly assembled virions, which are eventually released by
exocytosis. Moreover, in HeLa and A549 cells, ORF3a of SARS-CoV-2
inhibits autophagic flux by blocking AL fusion [61]. Likewise, in
SARS-CoV-2-infected VeroFM cells, SARS-CoV-2 infection can limit
autophagic flux by reducing BECN1/Atgl4-dependent AL fusion [201].
In Vero E6 and Huh-7 cells, SARS-CoV-2 induces autophagosome for-
mation, but it blocks AL fusion. Modulation of autophagy elements,
including the VPS34 complex and Atgl4, but not Atg5, inhibits SARS-
CoV-2 replication [202]. In HeLa-GFP-LC3B cells, ORF7a reduced
autophagosome degradation by reducing the acidity of lysosomes [32].
ORF3a of SARS-CoV-2 inhibits autophagy by blocking the fusion of
autophagosomes or amphisomes with lysosomes [203]. Therefore,
inhibiting autophagy at this stage can weaken the replication and
release of SARS-CoV-2 to a certain extent. For example, in vitro studies
found that blocking autophagy with autophagy inhibitors (3-methyl-
adenine (3-MA) and wortmannin) inhibited viral replication in SGFP-
LC3-transfected Vero-E6 cells [204]. In the second stage, autophagy is
in a moderately activated state. Studies have shown that in HEK293T-
hACE2, Vero E6, 16HBE and HMEC-1 cells infected with SARS-CoV-2
spike pseudovirions or treated with recombinant spike virus, the auto-
phagosome marker LC3-II is increased, and the expression of p62 is
decreased, indicating that the SARS-CoV-2 spike induces an autophagic
response in infected cells [205]. Further mechanistic studies revealed
that SARS-CoV-2 inhibited the PI3K/AKT/mTOR pathway by upregu-
lating intracellular ROS levels, thereby promoting autophagy. Further-
more, the expression levels of most autophagy-promoting genes were
significantly increased in HEK293T-hACE2 and Vero E6 cells infected
with SARS-CoV-2 spike pseudovirions [205]. Similarly, another study
found that SARS-CoV-2 infection induced autophagy in Vero-E6 cells,
Huh7.0 cells, and Caco-2 cells [204]. However, once the disease pro-
gresses to the third stage, severe inflammatory responses inhibit the
activation of autophagy [194] (Fig. 5).

During the early stages of infection, amphisomal/endosomal struc-
tures contain SARS-CoV-2 virions, demonstrating that SARS-CoV-2 can
enter host cells by endocytosis [203]. Recent studies have found that
nucleotide-binding leucine-rich repeat proteins (NLRs) interact with
autophagy proteins [206]. For example, Mengyu Lai et al. found that the
NLRP3 inflammasome in BV-2 cells cleaves TIR domain-containing
adaptor molecule 1 by activating CASP-1 to attenuate autophagy
[207]. In addition, the inactive NLRP3 protein under high glucose
conditions can restore podocyte autophagy and reduce podocyte dam-
age [208]. Accordingly, NLRP3 inflammasome-mediated inflammatory
responses may negatively regulate autophagy. Therefore, targeting the
modulation of autophagy at different stages of COVID-9 may be a
promising strategy for the treatment of COVID-19. At present, many
compounds have been identified to modulate autophagy. In the initial
stage of COVID-19, the SARS-CoV-2 virus evades the host cell’s antiviral
response by hijacking autophagosomes or inducing incomplete auto-
phagy [194]. Therefore, the use of autophagy inhibitors at this stage
may be a feasible way to prevent the replication and spread of the virus
and restore the body’s immune response. At present, two antimalarial
drugs, HCQ and CQ, widely used to inhibit the fusion of autophagosomes
and lysosomes, have been shown to have potential anti-SARS-CoV-2
activity and have achieved promising results in the clinical treatment
of COVID-19 patients. In a multicenter clinical trial conducted in China,
CQ exhibited significant efficacy and acceptable safety in COVID-19-
related pneumonia [209,210]. Mechanistic studies have demonstrated
that CQ destroys the endolysosome system, thereby disrupting the sta-
bility of the lysosomal membrane and leading to the intracellular release
of lysosomal enzymes and an obstacle to AL fusion [211,212]. At the
same time, they interfere with endosomal toll-like receptor (TLR) signal
transduction and nucleic acid cytoplasmic sensors, resulting in the
decreased activation of macrophages and decreased secretion of type I
interferons and inflammatory cytokines [213]. However, CQ/HCQ
therapy, especially high-dose therapy, may be complicated by heart
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Fig. 5. The role of autophagy in SARS-CoV-2 infection. SARS-CoV-2 is hydrolyzed and activated under the action of TMPRSS2 protein to bind to ACE2 and enter
the early endosome of the host cells through endocytosis. SARS-CoV-2 virus NSP6 can activate autophagosome formation and induce LC3-II-containing vesicles;
however, the size of autophagosomes formed by NSP6 is smaller than that induced by starvation. Expansion of the phagophore through membrane addition se-
questers some of some SARS-COV-2 virions, and upon closure, autophagosomes form. The autophagosomes fuse with endolysosomal vesicles such as late endosomes/
lysosomes to form amphisomes, a process known as autophagosome maturation, which eventually leads to the formation of degradative ALs, which degrade SARS-
CoV-2 virus particles. However, the SARS-CoV-2 virus can use autophagosomes and evade lysosome degradation by preventing the complete autophagy pathway
through the corresponding viral protein. The late endosomal/lysosomal-localized viral ORF3a protein sequestrates the HOPS complex component VPS39, preventing
its interaction with the autophagosomal SNARE protein STX17, thereby blocking the fusion of autophagosomes and amphisomes with lysosomes to inhibit autophagic
activity. ORF7a can reduce the acidity of lysosomes. Subsequently, SARS-CoV-2 RNA is released from the AL and undergoes extensive transcription, replication, and
translation in the ER. In addition, NSP6 and NSP3 induce the characteristic rearrangement of the ER membrane or Golgi apparatus to produce DMVs or smooth
vesicles containing newly assembled virions, which are eventually released by exocytosis.

failure or irreversible conduction disorders [214]. In addition, cortico-
steroids, commonly used for anti-inflammatory, anti-allergic, and im-
mune response suppression, also inhibit SARS-CoV-2 infection and
decrease autophagy activity by blocking LC3 recruitment. For example,
the administration of methylprednisolone, a representative corticoste-
roid, can reduce the mortality of patients with severe diseases
[215,216]. Therefore, corticosteroids exert an anti-SARS-CoV-2 effect
via the inhibition of autophagy. Furthermore, recent studies have shown
that the class III PI3 kinase inhibitor VPS34-IN1 and its bioavailable
analog VVPS34-IN1 can effectively inhibit SARS-CoV-2 infection in
isolated human lung tissue cultures at the nanomolar level [217-219],
suggesting that the inhibition of the initiation process of autophagy can
effectively inhibit SARS-CoV-2 [218]. Eugenol, also called clove oil, was

reported to interfere with autophagy by avoiding the dissociation of
BECN1-BCL2. Meanwhile, eugenol also reduces the SARS-CoV-2 spike
Sl-induced activation of NF-xB and the subsequent expression of
proinflammatory cytokines, including IL-6, IL-1f, and TNF-a, in human
A549 lung cells [220]. In SARS-CoV-2 Sl-infected mice, oral treatment
with eugenol reduces lung inflammation, alleviates fever, improves
heart function, and enhances sports activity [220,221]. Therefore, the
selective intervention of autophagy by eugenol to inhibit SARS-CoV-2
and its induced proinflammatory responses may be beneficial for
COVID-19 treatment. Moreover, compound 2d, a derivative of
berberine, has been reported to inhibit both RNA and protein levels of
four different genotypes of enterovirus 71, which is closely associated
with the inhibition of enterovirus 71-induced autophagy by activating



Y.-Y. Yong et al.

AKT and inhibiting the activation of the MEK-ERK signaling pathway
[222]. This evidence suggests that berberine and its derivatives, such as
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5. Targeting the inhibition of NLRP3 inflammasome-mediated
lung inflammation via autophagy induction in COVID-19

compound 2d, may also inhibit SARS-CoV-2 by inhibiting autophagy.
Collectively, autophagy inhibitors can effectively inhibit SARS-CoV-2
infection and increase the antiviral immune response in the early
stages of SARS-CoV-2 infection.

Typical symptoms of COVID-19 are fever, dry cough and fatigue, and
in more severe cases, breathing difficulties may occur [223]. Although
most people experience mild to moderate symptoms after being infected
with SARS-CoV-2, approximately 12-15% of patients will experience
severe complications such as pneumonia and ARDS [224,225], and
these symptoms will eventually lead to systemic respiratory failure and
death. In the incubation period and early and mild stages, the immune
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Fig. 6. Targeting the regulation of inflammatory immune responses using autophagy modulators at different stages of COVID-19. COVID-19 is divided into
3 stages, including the incubation, early and mild stage (81%), severe stage (14%), and critical and deceased stage (5%). The typical symptoms of COVID-19 are
fever, dry cough, and fatigue, and in more severe cases, breathing difficulties can occur. During the early phases of COVID-19, induction of the type I IFN response is
essential in limiting viral replication and modulating the innate and adaptive immune responses. Upon entry into host cells via TMPRSS2 and ACE2 during the
incubation, early, and mild stages, SARS-CoV-2 is sensed by the endosomal single-stranded (ss)RNA sensors TLR7/8 and the cytosolic double-stranded (ds)RNA
sensor RIG-I/MDA-5. Then, these sensors recruit adaptor proteins, including MyD88 and MAVS, which leads to the activation of the transcription factors IRF3/7 and
the subsequent production of type I interferons (IFN-o/p). IFN-a/p bind to their receptor to activate the JAK-STAT signaling pathway, which leads to the formation of
the STAT1-2-IRF9 complex and the subsequent induction of antiviral ISGs, such as RNase L. In addition, treatment with autophagy inhibitors, such as CQ/HCQ, can
inhibit the binding of SARS-CoV-2 with ACE2 by interfering with terminal N-glycosylation, as well as the endocytosis of SARS-CoV-2 and viral genome release, which
ultimately reduces SARS-CoV-2 infection and increases the antiviral immune response of COVID-19. When COVID-19 enters the severe or critical and deceased stage,
OXPLs accumulate in infected lungs and activate macrophages through the TLR4-TRAF6-NF-kB pathway. In addition, the virus in the endosome activates the TLR7-
IRAK4 pathway, which promotes the activation of the TRAF6-NF-kB pathway and releases many inflammatory cytokines, including IL-2, IL-6, IL-7, IL-1p, IL-10, and
TNF-o. Meanwhile, the NLRP3 inflammasome is activated by the virus and ROS generated from damaged mitochondria, as well as other DAMPs, leading to the
release of a large number of cytokines, including IL-1p and IL-18, which ultimately induce cell pyroptosis. Under the condition of a proinflammatory response in M1
macrophages, treatment with autophagy enhancers inhibits the activation of the NLRP3 inflammasome, reduces the production of cytokines and maintains the
homeostasis and survival of macrophages.
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function can be activated to exert its antiviral ability [226]. After SARS-
CoV-2 enters host cells via TMPRSS2 and ACEZ2, it is sensed by endo-
somal single-stranded (ss) RNA sensors TLR7/8 and cytoplasmic double-
stranded sensing (ds) RNA sensors DDX58/RIG-I and IFIH1/MDA-5.
These sensors then recruit adaptor proteins, leading to the transcrip-
tion of type I interferons (IFN-a/p) [227]. IFN-o/p binds to its receptors
to activate the JAK-STAT and activator of transcription) signaling
pathways, leading to the formation of the STAT1-STAT2-IRF9 complex
and the subsequent induction of antiviral interferon-stimulated genes
[228] (Fig. 6).

There is conclusive evidence that the NLRP3 inflammasome is
overactivated during the severe stage of COVID-19, accompanied by the
extensive release of IL-18 and IL-1B, together with other proin-
flammatory cytokines, which leads to uncontrolled inflammation and
cytokine storm syndrome [76]. In COVID-19, the NLPR3 inflammasome
is activated via multiple pathways. On the one hand, viral proteins
directly activate the NLRP3 protein via their interaction with NLRP3
[229,230]. Meanwhile, the binding of SARS-CoV-2 N protein with the
NLRP3 protein also induces the activation of the NLRP3 inflammasome
and IL-1p release in macrophages and dendritic cells [231]. However,
the NLRP3 inflammasome can also be indirectly activated in COVID-19
[128,232,233]. After the SARS-CoV-2 viral genome is translated, its
viral porins ORF3a and E trigger K* efflux or Ca®* influx to promote the
activation of the NLRP3 protein [229,234]. When COVID-19 enters se-
vere or critical and death stages, oxidized phospholipids (OXPLs)
accumulate in infected lungs and activate macrophages through the
TLR4-TRAF6-NFKB pathway [144,227]. In addition, the oxidation of
lung surface-active phospholipids produces several OXPLs, which pro-
mote the activation of the NLRP3 inflammasome via the cleavage of
CASP-4 and/or CASP-5 [128,232]. At the same time, the NLRP3
inflammasome is activated by the generated ROS from damaged mito-
chondria together with other DAMPs owing to SARS-CoV-2 infection,
leading to the release of numerous cytokines, including IL-1f and IL-18,
ultimately inducing cell pyroptosis [235]. In virus-infected lung cells,
damaged mitochondria and high levels of ROS activate the NLRP3
inflammasome, or the released ATP binds to the P2X7 receptor, leading
to K efflux and NLRP3 activation [128]. Therefore, the NLRP3
inflammasome has been demonstrated to be overactivated and plays a
key role in the pathology and progression of COVID-19 (Fig. 6).

In recent years, increasing evidence has emphasized the importance
of autophagy in limiting NLRP3 inflammasome-mediated excessive
inflammation in various human diseases, such as neurodegenerative
diseases, diabetes, and cardiovascular diseases [236-238]. In the past
decade, many studies have proven that autophagy negatively regulates
the activation of NLRP3 inflammasomes through various mechanisms.
First, the activation of the NLRP3 inflammasome can be directly
inhibited as the NLRP3 inflammasome and its components are degraded
via the autophagy-lysosomal pathway [239-241]. In THP-1 cells treated
with LPS/ATP, the immunostaining results showed that endogenous
NLRP3 overlapped with LC3, suggesting that the NLRP3 inflammasomes
were engulfed by autophagosomes and degraded via autophagy induc-
tion [239]. In addition, the Mediterranean fever gene (MEFV/MEFV)
innate immunity regulator pyrin (TRIM20) recognizes and binds
inflammasome components and brings ULK1 to the NLRP3-TRIM20 re-
ceptor-target recognition complex, which then mediates the assembly of
autophagosomes to isolate and degrade the inflammasome components
[240,241]. Recently, it has been reported that the phosphorylation of
NLRP3, which is mediated by the deletion of protein tyrosine phos-
phatase nonreceptor 22 (PTPN22), inhibits the activation of NLRP3
inflammasomes, and the inhibition of the NLRP3 inflammasome by
PTPN22 deletion can be eliminated when autophagy is inhibited
[242-244]. The phosphorylation of NLRP3 also mediates the inactiva-
tion of the NLRP3 inflammasome by promoting the entry of NLRP3
protein into autophagosomes. Furthermore, pro-IL-1p is also cleared via
the autophagy pathway [245,246]. It has been reported that pro-IL1f is
specifically sequestered into autophagosomes in macrophages treated
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with TLR ligands, and rapamycin treatment promotes the degradation of
pro-IL-1f and prevents the secretion of mature cytokines. 3-MA abol-
ishes the effect of rapamycin on the inhibition of the NLRP3 inflam-
masome and increases the secretion of IL-1p [245]. However, another
study reported that autophagy induced by starvation or the mTOR in-
hibitor pp242 promotes the secretion of IL-1p and IL-18 in primary
murine bone marrow-derived macrophages [246]. Therefore, the role of
autophagy in the regulation of IL-1f release is complicated and may be
related to specific conditions, such as cell type, inflammasome activator,
and autophagy inducer/inhibitor. On the other hand, the activation of
NLRP3 inflammasomes can also be inhibited indirectly via the auto-
phagic clearance of damaged mitochondria and ROS [95,247]. The
increased ROS from damaged mitochondria leads to the activation of
NLRP3-dependent CASP-1 and IL-1f secretion in macrophages [95].
Rapamycin, a potent autophagy inducer, inhibits the activation of
NLRP3 inflammasomes and the production of IL-1p and IL-18 by elim-
inating mitochondrial ROS in macrophages [247], while 3-MA promotes
the accumulation of mitochondrial ROS and the subsequent over-
activation of the NLRP3 inflammasome [95].

The clinical application of autophagy activators in COVID-19 is also
becoming increasingly extensive. For example, metformin, an AMPK
activator, activates autophagy through the AMPK-mTOR signaling
pathway to stop the cell translation process [248]. At the same time, in a
small retrospective study of T2DM patients hospitalized due to COVID-
19, it was observed that the patients who administrated metformin had a
significant decrease in IL-6 expression [249]. In addition, metformin
inhibits mitochondrial ROS signal transduction, thereby opening the
Ca?* channel to release the activated Ca®* to reduce the release of IL-6
caused by SARS-CoV-2 infection [250]. Therefore, this evidence sug-
gests that metformin inhibits COVID-19 inflammation via autophagy
induction. Furthermore, under the dual stimulation of H,O, and mito-
chondrial DNA-ATP in RAW264.7 macrophages, metformin signifi-
cantly decreases the generation of ROS levels and the subsequent high
expression of NLRP3 and activation of CASP-1. In contrast, treatment
with CQ and 3-MA or knockdown of Atg5 eliminates the inhibitory ef-
fects of metformin on the NLRP3 inflammasome [238]. Collectively,
metformin may decrease ROS levels by activating autophagy through
the AMPK-mTOR signaling pathway, thereby indirectly inhibiting the
NLRP3 inflammasome to exert its anti-inflammatory effect at the late
stage of COVID-19. In addition, studies have found that the adminis-
tration of rapamycin at the early stage of the cytokine storm can prevent
COVID-19 from progressing to a severe form by downregulating the
senescence-associated secretory phenotype, mTOR-NLRP3-IL-1§ axis,
and IL-6 pathway, as well as decreasing the number of senescent T cells
[251], suggesting that rapamycin as a potent autophagy activator may
inhibit the NLRP3 inflammasome via autophagy induction. Vitamin D, a
fat-soluble vitamin that is naturally present in a few foods, has been
shown to activate autophagy by downregulating the mTOR pathway
[252]. According to the NIH Trialnet database, several observational
and interventional studies have demonstrated the efficacy of vitamin D
on COVID-19 [253]. A recent clinical study in Iran shows that there are
no COVID-19 deaths reported in the hospital if the serum concentration
of 25-hydroxy vitamin D, the main storage form of vitamin D in the
body, is higher than 41 ng/mL in COVID-19 patients (<80 years old)
[254]. In addition, vitamin D has been demonstrated to inhibit NLRP3
inflammasomes through autophagy induction to treat a variety of in-
flammatory diseases [255,256]. Taken together, these findings suggest
that vitamin D may reduce the cytokine storm in COVID-19 by targeting
the autophagy-NLRP3-IL-1§ axis. Recent studies have found that
resveratrol, an autophagy activator, has therapeutic potential for mul-
tiple respiratory virus infections, including SARS-CoV-2 [257]. Inter-
estingly, low levels of ACE2 are observed in COVID-19 patients with
poor prognosis and cytokine storm, while resveratrol could increase the
expression of ACE2 on the cell surface [258-260]. Meanwhile, resver-
atrol activates the ACE2-Angl-7-MasR axis, which has been demon-
strated to reduce excessive inflammation in COVID-19 patients
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[260,261]. Therefore, resveratrol increases the expression of ACE2 and
reduces excessive inflammation via autophagy induction. At the same
time, resveratrol inhibits the replication of SARS-CoV-2 in Vero cells via
SIRT1 and reduces the excessive inflammatory response [262,263].
Therefore, resveratrol may also inhibit the activation of NLRP3 and IL-
1p release by promoting autophagy via the upregulation of SIRT1 in
COVID-19. Trehalose, a mTOR-independent inducer of autophagy, has
been approved as a food ingredient in many countries. In addition,
trehalose activates transcription factor EB and promotes lysosomal
biosynthesis [264]. Trehalose also promotes the fusion of amphisomes
and lysosomes after the trafficking of viral double-membrane vesicles
[264]. Therefore, trehalose can enhance the degradation of the SARS-
CoV-2 virus with the action of lysosomes. In addition, trehalose not
only prevents the entry of SARS-CoV-2 but also reduces cell apoptosis
and the release of inflammatory cytokines by inducing autophagy [265],
thereby alleviating the inflammatory response at the later stage of
COVID-19. Therefore, trehalose has been considered a promising drug
for the treatment of COVID-19 via autophagy induction [266,267]. In
short, these pieces of evidence indicate that the inhibition of NLRP3
inflammasome-mediated lung inflammation by activating autophagy is
a feasible therapeutic strategy for COVID-19. Before considering ran-
domized clinical trials of these autophagy activators for the treatment of
COVID-19, the correlation between their anti-inflammatory effects and
the activation of autophagy still needs more rigorous study, which
provides evidence for the development of autophagy activators as anti-
COVID-19 drugs (Table 2).

6. Conclusion

SARS-CoV-2-induced damage to multiple organs and systems rep-
resented by lung inflammation has brought huge losses to global public
health. As a representative inflammasome in COVID-19, the NLRP3
inflammasome has been proven to activate immunity against the virus in
the early stage but exacerbate the excessive inflammatory response in
the advanced stage of COVID-19, especially in severe cases [284]. Its
long-term late activation may cause the excessive release of cytokines,
lung endothelial damage accompanied by immune cell infiltration, and
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systemic hypercoagulability [285,286]. As a conservative self-
degradation system, autophagy plays a significant role in inhibiting
inflammation and resisting viruses. Initially, SARS-CoV-2 can induce
autophagosomes to escape the host’s antiviral response and provide
conditions for its replication [201]. Thus, inhibitors of autophagy could
restrain viral replication [13]. Since autophagy and inflammation have a
mutually inhibiting relationship, after the activation of autophagy, the
NLRP3 inflammasome can be inhibited in different ways, including the
direct degradation of the NLRP3 inflammasome and its components and
the indirect clearance of mitochondrial ROS to reduce or eliminate
excessive inflammation at the late stage of COVID-19 [247]. Therefore,
the maintenance of the homeostasis of the immune response in COVID-
19 via the regulation of autophagy activity and NLRP3 inflammasome
activation can improve the antiviral response, limit inflammation, and
avoid complications.

At present, NLRP3 inflammasome inhibitors including MCC950 and
anakinra, together with autophagy modulators including HCQ, CQ,
rapamycin, and metformin have successively entered the clinical treat-
ment of COVID-19 [14,106,146,248,274]. However, more studies still
need to be conducted to confirm their clinical therapeutic effects and
explore the potential toxicity and side effects. The immune inflamma-
tory response and autophagy are two more complex regulatory mecha-
nisms that affect each other. Most studies currently focus on the adverse
effects of excessive activation of NLRP3 inflammasomes but neglect the
protective effect of inflammasome signaling in the early SARS-CoV-2
infection of COVID-19. Similarly, inhibiting autophagy to reduce virus
escape upon infection is a research hotspot, while activating autophagy
to reduce SARS-CoV-2-induced NLRP3 inflammasome-mediated in-
flammatory cytokine signal transduction has also been extensively
studied. Nevertheless, more future studies are also needed to better
understand the relationship between autophagy and the NLRP3
inflammasome in COVID-19. Meanwhile, more clinical trials are ex-
pected to be carried out to determine the efficacy of modulators of
autophagy, inhibitors of the NLRP3 inflammasome, or combinational
therapies of autophagy modulators with inhibitors of the NLRP3
inflammasome, antiviral drugs, or anti-inflammatory drugs in the fight
against COVID-19. We believe that combinational therapy targeting the

Table 2
Autophagy modulators and their mechanisms of action for the treatment of COVID-19.
Compounds Modulation of Mechanisms of action The possible effects on COVID-19 Reference(s)
Autophagy
Hyd hl i d
yeronye .0 roquine an Inhibitors Inhibition of the AL fusion. Inhibition of virus replication [211,268]
Chloroquine
VPSB4_IN,1 and VVPS34-IN1 Inhibitors Inhibition of VPS34. Inhibition of virus replication [217-219,269]
and their analogs
Inhibition of oxidative stress and activation of ERK1/2 . . .
> Inhibit f the interaction between SARS-CoV-
Eugenol Inhibitor P38MAPK and IKK/NF-kB; Inhibition of the dissociation Zﬂsl ﬂl(elosnloan de[;gEe; action between ° [220,221]
of BECN1-BCL2 heterodimer. P
Downregulation of ACE2 receptor expression
Corticosteroids Inhibitor Inhibition of autophagy by blocking LC3 recruitment and inhibition of viral entry by inhibiting typeI ~ [270,271]
interferon
Berberine derivatives Inhibitors Inhibition of the MEK-ERK signaling pathway. Inhibition of virus replication [222,272]
Inhibiti f the fi ti f the Atg5-Atgl2-Atgl6
Evodiamine Inhibitors bt 10.n ot the forma u?n 0 The FEo-ME 8 May inhibit virus replication [273]
heterotrimer and expression of Atg5, Atg7 and Atgl2.
Rapamycin and derivative Activator Inhibition of mTOR. Controlment of viral particle synthesis [274]
compounds
Di ti f the int tion bet the host
Metformin Activator Activation of AMPK and inhibition of mTOR. 1sru;? ton o 'e fnteraction between the hos [275]
and viral proteins
Inhibiti f SARS-CoV-2 licati hi
Vitamin D3 Activator Not reported nhubltion o V-2 replication machinery [276,277]
enzymes
Interferon Alpha-2b Activator Induction of autophagy and the formation of AL Inhibition of virus replication [278,279]
Block: f viral RNA hesis b i
Ritonavir/Lopinavir Activator Induction of the formation of autophagosome ockade of viral RNA synthesis by targeting [280,281]
RNA-dependent RNA polymerases
Activati f the cAMP-PRKA-AMPK-SI RT1 signali
Resveratrol Activator ctivation of the ¢ signaling Inhibition of virus replication [257,282]
pathway.
Enhancement of the degradation of the SARS-
Trehalose Activator Independent of mTOR. CoV-2 virus with the action of lysosomes and [283]

inhibition of viral entry
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modulation of autophagy and the NLRP3 inflammasome is an effective
strategy for the treatment of COVID-19 in the future.

Declaration of Competing Interest

The authors declare no competing interests.

Acknowledgments

This work was supported by grants from the National Natural Science
Foundation of China (No. 81903829). The Sichuan Science and Tech-

nology

Program  (Nos. 2022YFH0115, 21RCYJ0021, and

2019YFS0176). The Macao Science and Technology Development Fund
of Macao SAR (Nos. SKL-QRCM(MUST)-2020-2022 and MUST-SKL-
2021-005). The Southwest Medical University (Nos. 2021ZKZDO015,
2021ZKZD018, and 2021ZKMS046). The Joint Project of Luzhou
Municipal People’s Government and Southwest Medical University,
China (No. 2020LZXNYDJ37).

References

[1]

[2]

[3

=

[4

=

[5]

[6

—

[71

8

—

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

R.J. Mason, Pathogenesis of COVID-19 from a cell biology perspective, Eur.
Respir. J. 55 (2020).

S.B. Polak, I.C. Van Gool, D. Cohen, J.H. von der Thusen, J. van Paassen,

A systematic review of pathological findings in COVID-19: a pathophysiological
timeline and possible mechanisms of disease progression, Mod. Pathol. 33 (2020)
2128-2138.

T.L. Freeman, T.H. Swartz, Targeting the NLRP3 Inflammasome in Severe COVID-
19, Front. Immunol. 11 (2020) 1518.

P.K. Sacitharan, S. Lwin, G.B. Gharios, J.R. Edwards, Spermidine restores
dysregulated autophagy and polyamine synthesis in aged and osteoarthritic
chondrocytes via EP300, Exp. Mol. Med. 50 (2018) 1-10.

J.S. Kim, J.Y. Lee, J.W. Yang, K.H. Lee, M. Effenberger, W. Szpirt, A. Kronbichler,
J.I. Shin, Immunopathogenesis and treatment of cytokine storm in COVID-19,
Theranostics 11 (2021) 316-329.

E. Latz, T.S. Xiao, A. Stutz, Activation and regulation of the inflammasomes, Nat.
Rev. Immunol. 13 (2013) 397-411.

M.Z. Ratajczak, M. Kucia, SARS-CoV-2 infection and overactivation of Nlrp3
inflammasome as a trigger of cytokine "storm" and risk factor for damage of
hematopoietic stem cells, Leukemia 34 (2020) 1726-1729.

S. Tartey, T.D. Kanneganti, Differential role of the NLRP3 inflammasome in
infection and tumorigenesis, Immunology 156 (2019) 329-338.

N. Mizushima, M. Komatsu, Autophagy: renovation of cells and tissues, Cell 147
(2011) 728-741.

Z. Yang, D.J. Klionsky, An overview of the molecular mechanism of autophagy,
Curr. Top. Microbiol. Immunol. 335 (2009) 1-32.

N. Mizushima, Autophagy: process and function, Genes Dev. 21 (2007)
2861-2873.

N. Mizushima, B. Levine, Autophagy in human diseases, N. Engl. J. Med. 383
(2020) 1564-1576.

D. Benvenuto, S. Angeletti, M. Giovanetti, M. Bianchi, S. Pascarella, R. Cauda,
M. Ciccozzi, A. Cassone, Evolutionary analysis of SARS-CoV-2: how mutation of
Non-Structural Protein 6 (NSP6) could affect viral autophagy, J. Inf. Secur. 81
(2020) e24-e27.

S. Shojaei, M. Suresh, D.J. Klionsky, H.I. Labouta, S. Ghavami, Autophagy and
SARS-CoV-2 infection: Apossible smart targeting of the autophagy pathway,
Virulence 11 (2020) 805-810.

S. Soberanes, A.V. Misharin, A. Jairaman, L. Morales-Nebreda, A.C. McQuattie-
Pimentel, T. Cho, R.B. Hamanaka, A.Y. Meliton, P.A. Reyfman, J.M. Walter, C.
1. Chen, M. Chi, S. Chiu, F.J. Gonzalez-Gonzalez, M. Antalek, H. Abdala-Valencia,
S.E. Chiarella, K.A. Sun, P.S. Woods, A.J. Ghio, M. Jain, H. Perlman, K.M. Ridge,
R.I. Morimoto, J.I. Sznajder, W.E. Balch, S.M. Bhorade, A. Bharat, M. Prakriya, N.
S. Chandel, G.M. Mutlu, G.R.S. Budinger, Metformin targets mitochondrial
electron transport to reduce air-pollution-induced thrombosis, Cell Metab. 29
(2019) 335-347 e335.

M.T. Adil, R. Rahman, D. Whitelaw, V. Jain, O. Al-Taan, F. Rashid,

A. Munasinghe, P. Jambulingam, SARS-CoV-2 and the pandemic of COVID-19,
Postgrad. Med. J. 97 (2021) 110-116.

Y. Yang, Z. Xiao, K. Ye, X. He, B. Sun, Z. Qin, J. Yu, J. Yao, Q. Wu, Z. Bao,

W. Zhao, SARS-CoV-2: characteristics and current advances in research, Virol. J.
17 (2020) 117.

V.S. Salian, J.A. Wright, P.T. Vedell, S. Nair, C. Li, M. Kandimalla, X. Tang, E.
M. Carmona Porquera, K.R. Kalari, K.K. Kandimalla, COVID-19 transmission,
current treatment, and future therapeutic strategies, Mol. Pharm. 18 (2021)
754-771.

J. Shang, G. Ye, K. Shi, Y. Wan, C. Luo, H. Aihara, Q. Geng, A. Auerbach, F. Li,
Structural basis of receptor recognition by SARS-CoV-2, Nature 581 (2020)
221-224.

S.A. Lauer, K.H. Grantz, Q. Bi, F.K. Jones, Q. Zheng, H.R. Meredith, A.S. Azman,
N.G. Reich, J. Lessler, The incubation period of coronavirus disease 2019 (COVID-

13

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]
[42]
[43]

[44]

[45]

Clinical Immunology 244 (2022) 109093

19) from publicly reported confirmed cases: estimation and application, Ann.
Intern. Med. 172 (2020) 577-582.

E. de Wit, N. van Doremalen, D. Falzarano, V.J. Munster, SARS and MERS: recent
insights into emerging coronaviruses, Nat. Rev. Microbiol. 14 (2016) 523-534.
P.C. Evans, G.E. Rainger, J.C. Mason, T.J. Guzik, E. Osto, Z. Stamataki, D. Neil, I.
E. Hoefer, M. Fragiadaki, J. Waltenberger, C. Weber, M.L. Bochaton-Piallat,

M. Back, Endothelial dysfunction in COVID-19: a position paper of the ESC
working group for atherosclerosis and vascular biology, and the ESC council of
basic cardiovascular science, Cardiovasc. Res. 116 (2020) 2177-2184.

C. Ma, Y. Cong, H. Zhang, COVID-19 and the digestive system, Am. J.
Gastroenterol. 115 (2020) 1003-1006.

A.A. Divani, S. Andalib, J. Biller, M. Di Napoli, N. Moghimi, C.A. Rubinos, C.
O. Nobleza, P.N. Sylaja, M. Toledano, S. Lattanzi, L.D. McCullough, S. Cruz-
Flores, M. Torbey, M.R. Azarpazhooh, Central nervous system manifestations
associated with COVID-19, Curr. Neurol. Neurosci. Rep. 20 (2020) 60.

D. Jothimani, R. Venugopal, M.F. Abedin, I. Kaliamoorthy, M. Rela, COVID-19
and the liver, J. Hepatol. 73 (2020) 1231-1240.

P. Gabarre, G. Dumas, T. Dupont, M. Darmon, E. Azoulay, L. Zafrani, Acute
kidney injury in critically ill patients with COVID-19, Intensive Care Med. 46
(2020) 1339-1348.

M.C. Grant, L. Geoghegan, M. Arbyn, Z. Mohammed, L. McGuinness, E.L. Clarke,
R.G. Wade, The prevalence of symptoms in 24,410 adults infected by the novel
coronavirus (SARS-CoV-2; COVID-19): a systematic review and meta-analysis of
148 studies from 9 countries, PLoS One 15 (2020), e0234765.

B.M. Clemency, R. Varughese, D.K. Scheafer, B. Ludwig, J.V. Welch, R.

F. McCormack, C. Ma, N. Nan, T. Giambra, T. Raab, Symptom criteria for COVID-
19 testing of heath care workers, Acad. Emerg. Med. 27 (2020) 469-474.

D. Wang, B. Hu, C. Hu, F. Zhu, X. Liu, J. Zhang, B. Wang, H. Xiang, Z. Cheng,
Y. Xiong, Y. Zhao, Y. Li, X. Wang, Z. Peng, Clinical characteristics of 138
hospitalized patients with 2019 novel coronavirus-infected pneumonia in Wuhan,
China, JAMA 323 (2020) 1061-1069.

K. Habas, C. Nganwuchu, F. Shahzad, R. Gopalan, M. Haque, S. Rahman, A.

A. Majumder, T. Nasim, Resolution of coronavirus disease 2019 (COVID-19),
Expert Rev. Anti-Infect. Ther. 18 (2020) 1201-1211.

J.M. Trejo-Gabriel-Galan, Stroke as a complication and prognostic factor of
COVID-19, Neurologia (Engl Ed) 35 (2020) 318-322.

M. Hayn, M. Hirschenberger, L. Koepke, R. Nchioua, J.H. Straub, S. Klute,

V. Hunszinger, F. Zech, C. Prelli Bozzo, W. Aftab, M.H. Christensen,

C. Conzelmann, J.A. Muller, S. Srinivasachar Badarinarayan, C.M. Sturzel,

1. Forne, S. Stenger, K.K. Conzelmann, J. Munch, F.I. Schmidt, D. Sauter, A. Imhof,
F. Kirchhoff, K.M.J. Sparrer, Systematic functional analysis of SARS-CoV-2
proteins uncovers viral innate immune antagonists and remaining vulnerabilities,
Cell Rep. 35 (2021), 109126.

S.P. Singh, A. Bhatnagar, S.K. Singh, K.P. S, N. Kanwar, A. Kanwal, S. Amar,

R. Manna, SARS-CoV-2 infections, impaired tissue, and metabolic health:
pathophysiology and potential therapeutics, Mini-Rev. Med. Chem. 22 (16)
(2022) 2102-2123.

R.H. Eckel, S.M. Grundy, P.Z. Zimmet, The metabolic syndrome, Lancet 365
(2005) 1415-1428.

J. Yang, J. Hu, C. Zhu, Obesity aggravates COVID-19: a systematic review and
meta-analysis, J. Med. Virol. 93 (2021) 257-261.

F. Zhou, T. Yu, R. Du, G. Fan, Y. Liu, Z. Liu, J. Xiang, Y. Wang, B. Song, X. Gu,
L. Guan, Y. Wei, H. Li, X. Wu, J. Xu, S. Tu, Y. Zhang, H. Chen, B. Cao, Clinical
course and risk factors for mortality of adult inpatients with COVID-19 in Wuhan,
China: a retrospective cohort study, Lancet 395 (2020) 1054-1062.

M. Vaduganathan, O. Vardeny, T. Michel, J.J.V. McMurray, M.A. Pfeffer, S.

D. Solomon, Renin-angiotensin-aldosterone system inhibitors in patients with
covid-19, N. Engl. J. Med. 382 (2020) 1653-1659.

Y.D. Gao, M. Ding, X. Dong, J.J. Zhang, A. Kursat Azkur, D. Azkur, H. Gan, Y.
L. Sun, W. Fu, W. Li, H.L. Liang, Y.Y. Cao, Q. Yan, C. Cao, H.Y. Gao, M.C. Bruggen,
W. van de Veen, M. Sokolowska, M. Akdis, C.A. Akdis, Risk factors for severe and
critically ill COVID-19 patients: a review, Allergy 76 (2021) 428-455.

A.B. Engin, E.D. Engin, A. Engin, Two important controversial risk factors in
SARS-CoV-2 infection: obesity and smoking, Environ. Toxicol. Pharmacol. 78
(2020), 103411.

R. Barouki, M. Kogevinas, K. Audouze, K. Belesova, A. Bergman, L. Birnbaum,
S. Boekhold, S. Denys, C. Desseille, E. Drakvik, H. Frumkin, J. Garric,

D. Destoumieux-Garzon, A. Haines, A. Huss, G. Jensen, S. Karakitsios, J. Klanova,
I.M. Koskela, F. Laden, F. Marano, E. Franziska Matthies-Wiesler, G. Morris,

J. Nowacki, R. Paloniemi, N. Pearce, A. Peters, A. Rekola, D. Sarigiannis,

K. Sebkova, R. Slama, B. Staatsen, C. Tonne, R. Vermeulen, P. Vineis, H.-C.-w.g.E.
a, https://www.heraresearcheu.eu, The COVID-19 pandemic and global
environmental change: emerging research needs, Environ. Int. 146 (2021),
106272.

D.N. Lucas, J.H. Bamber, Pandemics and maternal health: the indirect effects of
COVID-19, Anaesthesia 76 (Suppl. 4) (2021) 69-75.

O. Bylicki, N. Paleiron, F. Janvier, An outbreak of Covid-19 on an aircraft carrier,
N. Engl. J. Med. 384 (2021) 976.

S. Pratap Singh, Clinical application of the main viral proteinase (Mpro or 3clpro)
inhibitors for coronavirus therapy, Biomed. J. Sci. Tech. Res. 30 (2020).

L. Shi, L. Wang, R. Xu, C. Zhang, Y. Xie, K. Liu, T. Li, W. Hu, C. Zhen, F.S. Wang,
Mesenchymal stem cell therapy for severe COVID-19, Signal Transduct. Target.
Ther. 6 (2021) 339.

E.M. Wood, L.J. Estcourt, Z.K. McQuilten, How should we use convalescent
plasma therapies for the management of COVID-19? Blood 137 (2021)
1573-1581.


http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0005
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0005
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0010
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0010
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0010
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0010
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0015
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0015
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0020
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0020
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0020
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0025
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0025
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0025
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0030
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0030
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0035
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0035
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0035
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0040
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0040
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0045
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0045
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0050
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0050
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0055
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0055
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0060
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0060
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0065
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0065
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0065
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0065
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0070
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0070
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0070
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0075
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0075
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0075
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0075
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0075
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0075
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0075
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0075
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0080
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0080
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0080
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0085
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0085
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0085
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0090
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0090
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0090
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0090
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0095
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0095
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0095
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0100
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0100
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0100
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0100
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0105
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0105
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0110
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0110
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0110
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0110
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0110
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0115
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0115
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0120
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0120
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0120
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0120
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0125
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0125
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0130
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0130
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0130
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0135
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0135
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0135
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0135
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0140
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0140
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0140
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0145
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0145
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0145
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0145
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0150
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0150
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0150
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0155
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0155
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0160
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0160
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0160
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0160
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0160
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0160
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0160
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0165
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0165
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0165
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0165
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0170
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0170
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0175
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0175
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0180
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0180
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0180
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0180
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0185
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0185
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0185
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0190
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0190
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0190
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0190
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0195
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0195
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0195
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0200
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0200
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0200
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0200
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0200
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0200
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0200
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0200
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0200
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0205
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0205
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0210
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0210
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0215
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0215
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0220
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0220
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0220
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0225
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0225
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0225

Y.-Y. Yong et al.

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]
[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

G. Martinez-Delgado, Inhaled nanobodies against COVID-19, Nat. Rev. Immunol.
20 (2020) 593.

A.C. Spyropoulos, M. Goldin, D. Giannis, W. Diab, J. Wang, S. Khanijo,

A. Mignatti, E. Gianos, M. Cohen, G. Sharifova, J.M. Lund, A. Tafur, P.A. Lewis, K.
P. Cohoon, H. Rahman, C.P. Sison, M.L. Lesser, K. Ochani, N. Agrawal, J. Hsia, V.
E. Anderson, M. Bonaca, J.L. Halperin, J.I. Weitz, H.-C. Investigators, Efficacy and
safety of therapeutic-dose heparin vs standard prophylactic or intermediate-dose
heparins for thromboprophylaxis in high-risk hospitalized patients with COVID-
19: the HEP-COVID randomized clinical trial, JAMA Intern. Med. 181 (2021)
1612-1620.

E. Giannoni, D. Baud, V.D. Agri, G.R. Gibson, G. Reid, Probiotics and COVID-19,
Lancet Gastroenterol. Hepatol. 5 (2020) 720-721.

Y.R. Guo, Q.D. Cao, Z.S. Hong, Y.Y. Tan, S.D. Chen, H.J. Jin, K.S. Tan, D.Y. Wang,
Y. Yan, The origin, transmission and clinical therapies on coronavirus disease
2019 (COVID-19) outbreak - an update on the status, Mil. Med. Res. 7 (2020) 11.
Y.A. Helmy, M. Fawzy, A. Elaswad, A. Sobieh, S.P. Kenney, A.A. Shehata, The
COVID-19 pandemic: a comprehensive review of taxonomy, genetics,
epidemiology, diagnosis, treatment, and control, J. Clin. Med. 9 (2020).

G. Zhou, S. Chen, Z. Chen, Advances in COVID-19: the virus, the pathogenesis,
and evidence-based control and therapeutic strategies, Front. Med. 14 (2020)
117-125.

A.C. Papageorgiou, I. Mohsin, The SARS-CoV-2 Spike glycoprotein as a drug and
vaccine target: structural insights into its complexes with ACE2 and antibodies,
Cells 9 (2020).

S. Seyedpour, B. Khodaei, A.H. Loghman, N. Seyedpour, M.F. Kisomi,

M. Balibegloo, S.S. Nezamabadi, B. Gholami, A. Saghazadeh, N. Rezaei, Targeted
therapy strategies against SARS-CoV-2 cell entry mechanisms: a systematic
review of in vitro and in vivo studies, J. Cell. Physiol. 236 (2021) 2364-2392.
M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Kruger, T. Herrler, S. Erichsen, T.
S. Schiergens, G. Herrler, N.H. Wu, A. Nitsche, M.A. Muller, C. Drosten,

S. Pohlmann, SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor, Cell 181 (2020) 271-280 e278.
L.B. Baughn, N. Sharma, E. Elhaik, A. Sekulic, A.H. Bryce, R. Fonseca, Targeting
TMPRSS2 in SARS-CoV-2 infection, Mayo Clin. Proc. 95 (2020) 1989-1999.

H. Zhou, X. Chen, T. Hu, J. Li, H. Song, Y. Liu, P. Wang, D. Liu, J. Yang, E.

C. Holmes, A.C. Hughes, Y. Bi, W. Shi, A novel bat coronavirus closely related to
SARS-CoV-2 contains natural insertions at the S1/S2 cleavage site of the spike
protein, Curr. Biol. 30 (2020) 2196-2203 €2193.

R. Arya, S. Kumari, B. Pandey, H. Mistry, S.C. Bihani, A. Das, V. Prashar, G.

D. Gupta, L. Panicker, M. Kumar, Structural insights into SARS-CoV-2 proteins,
J. Mol. Biol. 433 (2021), 166725.

C. Castano-Rodriguez, J.M. Honrubia, J. Gutierrez-Alvarez, M.L. DeDiego, J.

L. Nieto-Torres, J.M. Jimenez-Guardeno, J.A. Regla-Nava, R. Fernandez-Delgado,
C. Verdia-Baguena, M. Queralt-Martin, G. Kochan, S. Perlman, V.M. Aguilella,
1. Sola, L. Enjuanes, Role of severe acute respiratory syndrome coronavirus
viroporins E, 3a, and 8a in replication and pathogenesis, mBio 9 (2018).

L. Koepke, M. Hirschenberger, M. Hayn, F. Kirchhoff, K.M. Sparrer, Manipulation
of autophagy by SARS-CoV-2 proteins, Autophagy 17 (2021) 2659-2661.

M. Bianchi, A. Borsetti, M. Ciccozzi, S. Pascarella, SARS-Cov-2 ORF3a: mutability
and function, Int. J. Biol. Macromol. 170 (2021) 820-826.

Y. Zhang, H. Sun, R. Pei, B. Mao, Z. Zhao, H. Li, Y. Lin, K. Lu, The SARS-CoV-2
protein ORF3a inhibits fusion of autophagosomes with lysosomes, Cell Discov. 7
(2021) 31.

A. Valcarcel, A. Bensussen, E.R. Alvarez-Buylla, J. Diaz, Structural analysis of
SARS-CoV-2 ORF8 protein: pathogenic and therapeutic implications, Front.
Genet. 12 (2021), 693227.

M. Zandi, ORF8/0ORF8a: a difference between SARS-CoV-2 and SARS-CoV, Eur.
Respir. J. 59 (2) (2021), 2102818.

LP. Trougakos, K. Stamatelopoulos, E. Terpos, O.E. Tsitsilonis, E. Aivalioti,

D. Paraskevis, E. Kastritis, G.N. Pavlakis, M.A. Dimopoulos, Insights to SARS-CoV-
2 life cycle, pathophysiology, and rationalized treatments that target COVID-19
clinical complications, J. Biomed. Sci. 28 (2021) 9.

P. V'’Kovski, A. Kratzel, S. Steiner, H. Stalder, V. Thiel, Coronavirus biology and
replication: implications for SARS-CoV-2, Nat. Rev. Microbiol. 19 (2021)
155-170.

M. Romano, A. Ruggiero, F. Squeglia, G. Maga, R. Berisio, A structural view of
SARS-CoV-2 RNA replication machinery: RNA synthesis, proofreading and final
capping, Cells 9 (2020).

F.K.F. Kommoss, C. Schwab, L. Tavernar, J. Schreck, W.L. Wagner, U. Merle,

D. Jonigk, P. Schirmacher, T. Longerich, The pathology of severe COVID-19-
related lung damage, Dtsch. Arztebl. Int. 117 (2020) 500-506.

T. Menter, J.D. Haslbauer, R. Nienhold, S. Savic, H. Hopfer, N. Deigendesch,

S. Frank, D. Turek, N. Willi, H. Pargger, S. Bassetti, J.D. Leuppi, G. Cathomas,
M. Tolnay, K.D. Mertz, A. Tzankov, Postmortem examination of COVID-19
patients reveals diffuse alveolar damage with severe capillary congestion and
variegated findings in lungs and other organs suggesting vascular dysfunction,
Histopathology 77 (2020) 198-209.

D. Ragab, H. Salah Eldin, M. Taeimah, R. Khattab, R. Salem, The COVID-19
cytokine storm; what we know so far, Front. Immunol. 11 (2020) 1446.

P.J.M. Brouwer, T.G. Caniels, K. van der Straten, J.L. Snitselaar, Y. Aldon,

S. Bangaru, J.L. Torres, N.M.A. Okba, M. Claireaux, G. Kerster, A.E.H. Bentlage,
M.M. van Haaren, D. Guerra, J.A. Burger, E.E. Schermer, K.D. Verheul, N. van der
Velde, A. van der Kooi, J. van Schooten, M.J. van Breemen, T.P.L. Bijl, K. Sliepen,
A. Aartse, R. Derking, I. Bontjer, N.A. Kootstra, W.J. Wiersinga, G. Vidarsson, B.
L. Haagmans, A.B. Ward, G.J. de Bree, R.W. Sanders, M.J. van Gils, Potent

14

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[801]

[81]

[82]

[83]

[84]
[85]
[86]

[871

[88]
[89]
[90]
[91]

[92]

[93]

[94]
[95]

[96]

[97]

Clinical Immunology 244 (2022) 109093

neutralizing antibodies from COVID-19 patients define multiple targets of
vulnerability, Science 369 (2020) 643-650.

V. Ramlall, P.M. Thangaraj, C. Meydan, J. Foox, D. Butler, J. Kim, B. May, J.K. De
Freitas, B.S. Glicksberg, C.E. Mason, N.P. Tatonetti, S.D. Shapira, Immune
complement and coagulation dysfunction in adverse outcomes of SARS-CoV-2
infection, Nat. Med. 26 (2020) 1609-1615.

C. Lucas, P. Wong, J. Klein, T.B.R. Castro, J. Silva, M. Sundaram, M.K. Ellingson,
T. Mao, J.E. Oh, B. Israelow, T. Takahashi, M. Tokuyama, P. Lu,

A. Venkataraman, A. Park, S. Mohanty, H. Wang, A.L. Wyllie, C.B.F. Vogels,

R. Earnest, S. Lapidus, .M. Ott, A.J. Moore, M.C. Muenker, J.B. Fournier,

M. Campbell, C.D. Odio, A. Casanovas-Massana, L.T. Yale, R. Herbst, A.C. Shaw,
R. Medzhitov, W.L. Schulz, N.D. Grubaugh, C. Dela Cruz, S. Farhadian, A.L Ko, S.
B. Omer, A. Iwasaki, Longitudinal analyses reveal immunological misfiring in
severe COVID-19, Nature 584 (2020) 463-469.

L. Gallelli, L. Zhang, T. Wang, F. Fu, Severe acute lung injury related to COVID-19
infection: a review and the possible role for escin, J. Clin. Pharmacol. 60 (2020)
815-825.

S. Meidaninikjeh, N. Sabouni, H.Z. Marzouni, S. Bengar, A. Khalili, R. Jafari,
Monocytes and macrophages in COVID-19: Friends and foes, Life Sci. 269 (2021),
119010.

1. Bertocchi, F. Foglietta, D. Collotta, C. Eva, V. Brancaleone, C. Thiemermann,
M. Collino, The hidden role of NLRP3 inflammasome in obesity-related COVID-19
exacerbations: Lessons for drug repurposing, Br. J. Pharmacol. 177 (2020)
4921-4930.

D.F. van den Berg, A.A. Te Velde, Severe COVID-19: NLRP3 inflammasome
dysregulated, Front. Immunol. 11 (2020) 1580.

A.G. Wu, X.G. Zhou, G. Qiao, L. Yu, Y. Tang, L. Yan, W.Q. Qiu, R. Pan, C.L. Yu, B.
Y. Law, D.L. Qin, J.M. Wu, Targeting microglial autophagic degradation in NLRP3
inflammasome-mediated neurodegenerative diseases, Ageing Res. Rev. 65
(2021), 101202.

J.F. Teng, Q.B. Mei, X.G. Zhou, Y. Tang, R. Xiong, W.Q. Qiu, R. Pan, B.Y. Law, V.
K. Wong, C.L. Yu, H.A. Long, X.L. Xiao, F. Zhang, J.M. Wu, D.L. Qin, A.G. Wu,
Polyphyllin VI induces caspase-1-mediated pyroptosis via the induction of ROS/
NF-kappaB/NLRP3/GSDMD signal axis in non-small cell lung cancer, Cancers
(Basel) 12 (2020).

Y. Dasgupta, K. Golovine, M. Nieborowska-Skorska, L. Luo, K. Matlawska-
Wasowska, C.G. Mullighan, T. Skorski, Drugging DNA repair to target T-ALL cells,
Leuk. Lymphoma 59 (2018) 1746-1749.

P. Anton-Pampols, C. Diaz-Requena, L. Martinez-Valenzuela, F. Gomez-Preciado,
X. Fulladosa, A. Vidal-Alabro, J. Torras, N. Lloberas, J. Draibe, The role of
inflammasomes in glomerulonephritis, Int. J. Mol. Sci. 23 (2022).

P. Wang, S. Zhu, L. Yang, S. Cui, W. Pan, R. Jackson, Y. Zheng, A. Rongvaux,
Q. Sun, G. Yang, S. Gao, R. Lin, F. You, R. Flavell, E. Fikrig, Nlrp6 regulates
intestinal antiviral innate immunity, Science 350 (2015) 826-830.

J. Carriere, A. Dorfleutner, C. Stehlik, NLRP7: from inflammasome regulation to
human disease, Immunology 163 (2021) 363-376.

1.C. Allen, J.E. Wilson, M. Schneider, J.D. Lich, R.A. Roberts, J.C. Arthur, R.

M. Woodford, B.K. Davis, J.M. Uronis, H.H. Herfarth, C. Jobin, A.B. Rogers, J.
P. Ting, NLRP12 suppresses colon inflammation and tumorigenesis through the
negative regulation of noncanonical NF-kappaB signaling, Immunity 36 (2012)
742-754.

B. Wang, M. Bhattacharya, S. Roy, Y. Tian, Q. Yin, Inmunobiology and structural
biology of AIM2 inflammasome, Mol. Asp. Med. 76 (2020), 100869.

O. Paerewijck, M. Lamkanfi, The human inflammasomes, Mol. Asp. Med. 88
(2022), 101100.

R. Fusco, R. Siracusa, T. Genovese, S. Cuzzocrea, R. Di Paola, Focus on the role of
NLRP3 inflammasome in diseases, Int. J. Mol. Sci. 21 (2020).

N. Zhao, C.C. Li, B. Di, L.L. Xu, Recent advances in the NEK7-licensed NLRP3
inflammasome activation: mechanisms, role in diseases and related inhibitors,
J. Autoimmun. 113 (2020), 102515.

Q. Ge, X. Chen, Y. Zhao, H. Mu, J. Zhang, Modulatory mechanisms of NLRP3:
potential roles in inflammasome activation, Life Sci. 267 (2021), 118918.

P. Gurung, T.D. Kanneganti, Novel roles for caspase-8 in IL-1beta and
inflammasome regulation, Am. J. Pathol. 185 (2015) 17-25.

H. Guo, J.B. Callaway, J.P. Ting, Inflammasomes: mechanism of action, role in
disease, and therapeutics, Nat. Med. 21 (2015) 677-687.

E.K. Jo, J.K. Kim, D.M. Shin, C. Sasakawa, Molecular mechanisms regulating
NLRP3 inflammasome activation, Cell. Mol. Immunol. 13 (2016) 148-159.

J.M. Platnich, D.A. Muruve, NOD-like receptors and inflammasomes: a review of
their canonical and non-canonical signaling pathways, Arch. Biochem. Biophys.
670 (2019) 4-14.

M. Okada, A. Matsuzawa, A. Yoshimura, H. Ichijo, The lysosome rupture-
activated TAK1-JNK pathway regulates NLRP3 inflammasome activation, J. Biol.
Chem. 289 (2014) 32926-32936.

N. Kelley, D. Jeltema, Y. Duan, Y. He, The NLRP3 inflammasome: an overview of
mechanisms of activation and regulation, Int. J. Mol. Sci. 20 (2019).

R. Zhou, A.S. Yazdi, P. Menu, J. Tschopp, A role for mitochondria in NLRP3
inflammasome activation, Nature 469 (2011) 221-225.

Y. Wang, X. Liu, H. Shi, Y. Yu, Y. Yu, M. Li, R. Chen, NLRP3 inflammasome, an
immune-inflammatory target in pathogenesis and treatment of cardiovascular
diseases, Clin. Transl. Med. 10 (2020) 91-106.

A. Di, S. Xiong, Z. Ye, R.K.S. Malireddi, S. Kometani, M. Zhong, M. Mittal,

Z. Hong, T.D. Kanneganti, J. Rehman, A.B. Malik, The TWIK2 potassium efflux
channel in macrophages mediates NLRP3 inflammasome-induced inflammation,
Immunity 49 (2018) 56-65 e54.


http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0230
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0230
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0235
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0235
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0235
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0235
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0235
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0235
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0235
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0235
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0240
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0240
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0245
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0245
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0245
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0250
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0250
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0250
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0255
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0255
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0255
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0260
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0260
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0260
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0265
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0265
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0265
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0265
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0270
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0270
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0270
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0270
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0275
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0275
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0280
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0280
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0280
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0280
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0285
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0285
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0285
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0290
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0290
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0290
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0290
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0290
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0295
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0295
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0300
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0300
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0305
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0305
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0305
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0310
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0310
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0310
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0315
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0315
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0320
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0320
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0320
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0320
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0325
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0325
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0325
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0330
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0330
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0330
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0335
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0335
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0335
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0340
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0340
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0340
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0340
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0340
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0340
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0345
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0345
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0350
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0350
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0350
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0350
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0350
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0350
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0350
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0350
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0355
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0355
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0355
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0355
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0360
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0360
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0360
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0360
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0360
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0360
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0360
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0360
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0365
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0365
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0365
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0370
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0370
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0370
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0375
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0375
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0375
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0375
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0380
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0380
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0385
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0385
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0385
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0385
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0390
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0390
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0390
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0390
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0390
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0395
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0395
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0395
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0400
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0400
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0400
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0405
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0405
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0405
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0410
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0410
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0415
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0415
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0415
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0415
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0415
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0420
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0420
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0425
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0425
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0430
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0430
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0435
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0435
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0435
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0440
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0440
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0445
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0445
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0450
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0450
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0455
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0455
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0460
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0460
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0460
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0465
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0465
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0465
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0470
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0470
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0475
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0475
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0480
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0480
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0480
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0485
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0485
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0485
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0485

Y.-Y. Yong et al.

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]
[110]

[111]

[112]

[113]

[114]

[115]

[116]
[117]
[118]

[119]

[120]

[121]

[122]

[123]

[124]

R. Munoz-Planillo, P. Kuffa, G. Martinez-Colon, B.L. Smith, T.M. Rajendiran,

G. Nunez, K(+) efflux is the common trigger of NLRP3 inflammasome activation
by bacterial toxins and particulate matter, Immunity 38 (2013) 1142-1153.
K.V. Swanson, M. Deng, J.P. Ting, The NLRP3 inflammasome: molecular
activation and regulation to therapeutics, Nat. Rev. Immunol. 19 (2019)
477-489.

T. Tang, X. Lang, C. Xu, X. Wang, T. Gong, Y. Yang, J. Cui, L. Bai, J. Wang,

W. Jiang, R. Zhou, CLICs-dependent chloride efflux is an essential and proximal
upstream event for NLRP3 inflammasome activation, Nat. Commun. 8 (2017)
202.

J.R. Yaron, S. Gangaraju, M.Y. Rao, X. Kong, L. Zhang, F. Su, Y. Tian, H.L. Glenn,
D.R. Meldrum, K(+) regulates Ca(2+) to drive inflammasome signaling: dynamic
visualization of ion flux in live cells, Cell Death Dis. 6 (2015), e1954.

Y. He, H. Hara, G. Nunez, Mechanism and regulation of NLRP3 inflammasome
activation, Trends Biochem. Sci. 41 (2016) 1012-1021.

B.R. Barker, D.J. Taxman, J.P. Ting, Cross-regulation between the IL-1beta/IL-18
processing inflammasome and other inflammatory cytokines, Curr. Opin.
Immunol. 23 (2011) 591-597.

F. Gentile, A. Aimo, F. Forfori, G. Catapano, A. Clemente, F. Cademartiri,

M. Emdin, A. Giannoni, COVID-19 and risk of pulmonary fibrosis: the importance
of planning ahead, Eur. J. Prev. Cardiol. 27 (2020) 1442-1446.

W. Huang, Q. Wu, Z. Chen, Z. Xiong, K. Wang, J. Tian, S. Zhang, The potential
indicators for pulmonary fibrosis in survivors of severe COVID-19, J. Inf. Secur.
82 (2021) e5-€7.

T.S. Rodrigues, K.S.G. de Sa, A.Y. Ishimoto, A. Becerra, S. Oliveira, L. Almeida, A.
V. Goncalves, D.B. Perucello, W.A. Andrade, R. Castro, F.P. Veras, J.E. Toller-
Kawabhisa, D.C. Nascimento, M.H.F. de Lima, C.M.S. Silva, D.B. Caetite, R.

B. Martins, I.A. Castro, M.C. Pontelli, F.C. de Barros, N.B. do Amaral, M.

C. Giannini, L.P. Bonjorno, M.L.F. Lopes, R.C. Santana, F.C. Vilar, M. Auxiliadora-
Martins, R. Luppino-Assad, S.C.L. de Almeida, F.R. de Oliveira, S.S. Batah,

L. Siyuan, M.N. Benatti, T.M. Cunha, J.C. Alves-Filho, F.Q. Cunha, L.D. Cunha, F.
G. Frantz, T. Kohlsdorf, A.T. Fabro, E. Arruda, R.D.R. de Oliveira, P. Louzada-
Junior, D.S. Zamboni, Inflammasomes are activated in response to SARS-CoV-2
infection and are associated with COVID-19 severity in patients, J. Exp. Med. 218
(2021).

J.K.Y. Yap, M. Moriyama, A. Iwasaki, Inflammasomes and pyroptosis as
therapeutic targets for COVID-19, J. Immunol. 205 (2020) 307-312.

A.N. Kasti, K.D. Synodinou, I.A. Pyrousis, M.D. Nikolaki, K.D. Triantafyllou,
Probiotics regulating inflammation via NLRP3 inflammasome modulation: a
potential therapeutic approach for COVID-19, Microorganisms 9 (2021).

J.R. Tisoncik, M.J. Korth, C.P. Simmons, J. Farrar, T.R. Martin, M.G. Katze, Into
the eye of the cytokine storm, Microbiol. Mol. Biol. Rev. 76 (2012) 16-32.

B. Fu, X. Xu, H. Wei, Why tocilizumab could be an effective treatment for severe
COVID-19? J. Transl. Med. 18 (2020) 164.

S.Y. Fung, K.S. Yuen, Z.W. Ye, C.P. Chan, D.Y. Jin, A tug-of-war between severe
acute respiratory syndrome coronavirus 2 and host antiviral defence: lessons from
other pathogenic viruses, Emerg. Microb. Infect. 9 (2020) 558-570.

R. Channappanavar, A.R. Fehr, R. Vijay, M. Mack, J. Zhao, D.K. Meyerholz,

S. Perlman, Dysregulated type I interferon and inflammatory monocyte-
macrophage responses cause lethal pneumonia in SARS-CoV-infected mice, Cell
Host Microbe 19 (2016) 181-193.

J.L. Nieto-Torres, M.L. DeDiego, C. Verdia-Baguena, J.M. Jimenez-Guardeno, J.
A. Regla-Nava, R. Fernandez-Delgado, C. Castano-Rodriguez, A. Alcaraz,

J. Torres, V.M. Aguilella, L. Enjuanes, Severe acute respiratory syndrome
coronavirus envelope protein ion channel activity promotes virus fitness and
pathogenesis, PLoS Pathog. 10 (2014), e1004077.

Y. Fu, Y. Cheng, Y. Wu, Understanding SARS-CoV-2-mediated inflammatory
responses: from mechanisms to potential therapeutic tools, Virol. Sin. 35 (2020)
266-271.

Y. Shi, Y. Wang, C. Shao, J. Huang, J. Gan, X. Huang, E. Bucci, M. Piacentini,
G. Ippolito, G. Melino, COVID-19 infection: the perspectives on immune
responses, Cell Death Differ. 27 (2020) 1451-1454.

C. Zhao, W. Zhao, NLRP3 inflammasome-A key player in antiviral responses,
Front. Immunol. 11 (2020) 211.

P. Broz, V.M. Dixit, Inflammasomes: mechanism of assembly, regulation and
signalling, Nat. Rev. Immunol. 16 (2016) 407-420.

V.A. Rathinam, K.A. Fitzgerald, Inflammasome complexes: emerging mechanisms
and effector functions, Cell 165 (2016) 792-800.

J. Shi, Y. Zhao, K. Wang, X. Shi, Y. Wang, H. Huang, Y. Zhuang, T. Cai, F. Wang,
F. Shao, Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell
death, Nature 526 (2015) 660-665.

W.T. He, H. Wan, L. Hu, P. Chen, X. Wang, Z. Huang, Z.H. Yang, C.Q. Zhong,
J. Han, Gasdermin D is an executor of pyroptosis and required for interleukin-
1beta secretion, Cell Res. 25 (2015) 1285-1298.

J. Niu, S. Wu, M. Chen, K. Xu, Q. Guo, A. Lu, L. Zhao, B. Sun, G. Meng,
Hyperactivation of the NLRP3 inflammasome protects mice against influenza A
virus infection via IL-1beta mediated neutrophil recruitment, Cytokine 120
(2019) 115-124.

L.A. Joosten, M.G. Netea, C.A. Dinarello, Interleukin-1beta in innate
inflammation, autophagy and immunity, Semin. Immunol. 25 (2013) 416-424.
C.A. Dinarello, D. Novick, S. Kim, G. Kaplanski, Interleukin-18 and IL-18 binding
protein, Front. Immunol. 4 (2013) 289.

E.C. Shattuck, M.P. Muehlenbein, Human sickness behavior: Ultimate and
proximate explanations, Am. J. Phys. Anthropol. 157 (2015) 1-18.

15

[125]

[126]
[127]
[128]
[129]

[130]

[131]

[132]

[133]
[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

Clinical Immunology 244 (2022) 109093

L.S. da Costa, A. Outlioua, A. Anginot, K. Akarid, D. Arnoult, RNA viruses
promote activation of the NLRP3 inflammasome through cytopathogenic effect-
induced potassium efflux, Cell Death Dis. 10 (2019) 346.

L. Mousavizadeh, S. Ghasemi, Genotype and phenotype of COVID-19: their roles
in pathogenesis, J. Microbiol. Immunol. Infect. 54 (2021) 159-163.

C. Stasi, S. Fallani, F. Voller, C. Silvestri, Treatment for COVID-19: An overview,
Eur. J. Pharmacol. 889 (2020), 173644.

S.M. Vora, J. Lieberman, H. Wu, Inflammasome activation at the crux of severe
COVID-19, Nat. Rev. Immunol. 21 (2021) 694-703.

T. Fulop, A. Larbi, J.M. Witkowski, Human inflammaging, Gerontology 65 (2019)
495-504.

H.Y. Zheng, M. Zhang, C.X. Yang, N. Zhang, X.C. Wang, X.P. Yang, X.Q. Dong, Y.
T. Zheng, Elevated exhaustion levels and reduced functional diversity of T cells in
peripheral blood may predict severe progression in COVID-19 patients, Cell. Mol.
Immunol. 17 (2020) 541-543.

1. Thevarajan, T.H.O. Nguyen, M. Koutsakos, J. Druce, L. Caly, C.E. van de Sandt,
X. Jia, S. Nicholson, M. Catton, B. Cowie, S.Y.C. Tong, S.R. Lewin, K. Kedzierska,
Breadth of concomitant immune responses prior to patient recovery: a case report
of non-severe COVID-19, Nat. Med. 26 (2020) 453-455.

M.K. Akula, M. Shi, Z. Jiang, C.E. Foster, D. Miao, A.S. Li, X. Zhang, R.M. Gavin, S.
D. Forde, G. Germain, S. Carpenter, C.V. Rosadini, K. Gritsman, J.J. Chae,

R. Hampton, N. Silverman, E.M. Gravallese, J.C. Kagan, K.A. Fitzgerald, D.

L. Kastner, D.T. Golenbock, M.O. Bergo, D. Wang, Control of the innate immune
response by the mevalonate pathway, Nat. Immunol. 17 (2016) 922-929.

S.M. Man, T.D. Kanneganti, Regulation of inflammasome activation, Immunol.
Rev. 265 (2015) 6-21.

A.H. Chan, K. Schroder, Inflammasome signaling and regulation of interleukin-1
family cytokines, J. Exp. Med. 217 (2020).

A. Mantovani, C.A. Dinarello, M. Molgora, C. Garlanda, Interleukin-1 and related
cytokines in the regulation of inflammation and immunity, Immunity 50 (2019)
778-795.

C. Zhao, Y. Gu, X. Zeng, J. Wang, NLRP3 inflammasome regulates Th17
differentiation in rheumatoid arthritis, Clin. Immunol. 197 (2018) 154-160.

H. Zhang, J. Luo, J.F. Alcorn, K. Chen, S. Fan, J. Pilewski, A. Liu, W. Chen, J.
K. Kolls, J. Wang, AIM2 inflammasome is critical for influenza-induced lung
injury and mortality, J. Immunol. 198 (2017) 4383-4393.

C.A. Yang, S.T. Huang, B.L. Chiang, Association of NLRP3 and CARD8 genetic
polymorphisms with juvenile idiopathic arthritis in a Taiwanese population,
Scand. J. Rheumatol. 43 (2014) 146-152.

J.G. Walsh, S.N. Reinke, M.K. Mamik, B.A. McKenzie, F. Maingat, W.G. Branton,
D.I Broadhurst, C. Power, Rapid inflammasome activation in microglia
contributes to brain disease in HIV/AIDS, Retrovirology 11 (2014) 35.

T. van der Heijden, E. Kritikou, W. Venema, J. van Duijn, P.J. van Santbrink,

B. Slutter, A.C. Foks, 1. Bot, J. Kuiper, NLRP3 inflammasome inhibition by
MCC950 reduces atherosclerotic lesion development in apolipoprotein E-deficient
mice-brief report, Arterioscler. Thromb. Vasc. Biol. 37 (2017) 1457-1461.

H.Y. Tan, Y.K. Yong, E.M. Shankar, G. Paukovics, R. Ellegard, M. Larsson,

A. Kamarulzaman, M.A. French, S.M. Crowe, Aberrant inflammasome activation
characterizes tuberculosis-associated immune reconstitution inflammatory
syndrome, J. Immunol. 196 (2016) 4052-4063.

S. Toldo, E. Mezzaroma, E. Bressi, C. Marchetti, S. Carbone, C. Sonnino, B.W. Van
Tassell, A. Abbate, Interleukin-1beta blockade improves left ventricular systolic/
diastolic function and restores contractility reserve in severe ischemic
cardiomyopathy in the mouse, J. Cardiovasc. Pharmacol. 64 (2014) 1-6.

P. Mehta, D.F. McAuley, M. Brown, E. Sanchez, R.S. Tattersall, J.J. Manson, U.K.
Hlh Across Speciality Collaboration, COVID-19: consider cytokine storm
syndromes and immunosuppression, Lancet 395 (2020) 1033-1034.

M. Merad, J.C. Martin, Pathological inflammation in patients with COVID-19: a
key role for monocytes and macrophages, Nat. Rev. Immunol. 20 (2020)
355-362.

G. Ao, Y. Wang, A. Li, C. Tran, Q. Yang, The effect of canakinumab on clinical
outcomes in patients with COVID-19: a meta-analysis, J. Inf. Secur. 84 (6) (2022)
834-872.

T. Huet, H. Beaussier, O. Voisin, S. Jouveshomme, G. Dauriat, I. Lazareth,

E. Sacco, J.M. Naccache, Y. Bezie, S. Laplanche, A. Le Berre, J. Le Pavec,

S. Salmeron, J. Emmerich, J.J. Mourad, G. Chatellier, G. Hayem, Anakinra for
severe forms of COVID-19: a cohort study, Lancet Rheumatol. 2 (2020)
€393-e400.

H. Satis, H.S. Ozger, P. Aysert Yildiz, K. Hizel, O. Gulbahar, G. Erbas, G. Aygencel,
O. Guzel Tunccan, M.A. Ozturk, M. Dizbay, A. Tufan, Prognostic value of
interleukin-18 and its association with other inflammatory markers and disease
severity in COVID-19, Cytokine 137 (2021), 155302.

M.L Lopes, L.P. Bonjorno, M.C. Giannini, N.B. Amaral, P.I. Menezes, S.M. Dib, S.
L. Gigante, M.N. Benatti, U.C. Rezek, L.L. Emrich-Filho, B.A.A. Sousa, S.C.

L. Almeida, R. Luppino Assad, F.P. Veras, A. Schneider, T.S. Rodrigues, L.O.

S. Leiria, L.D. Cunha, J.C. Alves-Filho, T.M. Cunha, E. Arruda, C.H. Miranda,

A. Pazin-Filho, M. Auxiliadora-Martins, M.C. Borges, B.A.L. Fonseca, V.R. Bollela,
C.M. Del-Ben, F.Q. Cunha, D.S. Zamboni, R.C. Santana, F.C. Vilar, P. Louzada-
Junior, R.D.R. Oliveira, Beneficial effects of colchicine for moderate to severe
COVID-19: a randomised, double-blinded, placebo-controlled clinical trial, RMD
Open. 7 (2021).

J.-C. Tardif, N. Bouabdallaoui, P.L. L’Allier, D. Gaudet, B. Shah, M.H. Pillinger, J.
Lopez-Sendon, P. da Luz, L. Verret, S. Audet, J. Dupuis, A. Denault, M. Pelletier, P.
A. Tessier, S. Samson, D. Fortin, J.-D. Tardif, D. Busseuil, E. Goulet, C. Lacoste, A.
Dubois, A.Y. Joshi, D.D. Waters, P. Hsue, N.E. Lepor, F. Lesage, N. Sainturet, E.
Roy-Clavel, Z. Bassevitch, A. Orfanos, J.C. Grégoire, L. Busque, C. Lavallée, P.-O.


http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0490
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0490
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0490
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0495
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0495
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0495
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0500
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0500
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0500
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0500
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0505
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0505
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0505
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0510
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0510
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0515
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0515
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0515
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0520
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0520
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0520
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0525
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0525
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0525
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0530
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0530
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0530
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0530
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0530
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0530
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0530
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0530
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0530
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0530
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0530
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0535
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0535
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0540
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0540
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0540
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0545
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0545
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0550
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0550
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0555
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0555
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0555
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0560
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0560
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0560
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0560
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0565
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0565
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0565
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0565
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0565
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0570
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0570
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0570
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0575
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0575
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0575
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0580
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0580
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0585
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0585
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0590
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0590
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0595
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0595
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0595
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0600
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0600
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0600
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0605
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0605
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0605
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0605
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0610
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0610
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0615
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0615
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0620
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0620
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0625
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0625
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0625
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0630
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0630
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0635
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0635
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0640
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0640
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0645
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0645
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0650
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0650
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0650
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0650
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0655
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0655
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0655
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0655
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0660
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0660
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0660
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0660
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0660
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0665
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0665
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0670
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0670
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0675
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0675
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0675
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0680
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0680
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0685
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0685
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0685
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0690
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0690
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0690
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0695
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0695
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0695
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0700
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0700
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0700
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0700
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0705
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0705
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0705
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0705
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0710
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0710
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0710
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0710
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0715
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0715
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0715
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0720
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0720
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0720
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0725
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0725
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0725
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0730
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0730
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0730
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0730
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0730
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0735
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0735
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0735
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0735
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0740
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0740
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0740
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0740
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0740
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0740
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0740
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0740
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0740

Y.-Y. Yong et al.

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]
[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

Hétu, J.-S. Paquette, S. Levesque, M. Cossette, A. Nozza, M. Chabot-Blanchet, M.-
P. Dubé, M.-C. Guertin, G. Boivin, (2021).

P.L. Hooper, Heme oxygenase agonists-fluvoxamine, melatonin-are efficacious
therapy for Covid-19, Cell Stress Chaperones 27 (2022) 3-4.

B. Mdkhana, N. Saheb Sharif-Askari, R.K. Ramakrishnan, S. Goel, Q. Hamid,

R. Halwani, Nucleic acid-sensing pathways during SARS-CoV-2 infection:
expectations versus reality, J. Inflamm. Res. 14 (2021) 199-216.

L.Y. El-Sharkawy, D. Brough, S. Freeman, Inhibiting the NLRP3 inflammasome,
Molecules 25 (2020).

P.M. Ridker, B.M. Everett, T. Thuren, J.G. MacFadyen, W.H. Chang,

C. Ballantyne, F. Fonseca, J. Nicolau, W. Koenig, S.D. Anker, J.J.P. Kastelein, J.
H. Cornel, P. Pais, D. Pella, J. Genest, R. Cifkova, A. Lorenzatti, T. Forster,

Z. Kobalava, L. Vida-Simiti, M. Flather, H. Shimokawa, H. Ogawa, M. Dellborg, P.
R.F. Rossi, R.P.T. Troquay, P. Libby, R.J. Glynn, C.T. Group, Antiinflammatory
therapy with canakinumab for atherosclerotic disease, N. Engl. J. Med. 377
(2017) 1119-1131.

Z.H. Zheng, X. Zeng, X.Y. Nie, Y.J. Cheng, J. Liu, X.X. Lin, H. Yao, C.C. Ji, X.
M. Chen, F. Jun, S.H. Wu, Interleukin-1 blockade treatment decreasing
cardiovascular risk, Clin. Cardiol. 42 (2019) 942-951.

D. Generali, G. Bosio, F. Malberti, A. Cuzzoli, S. Testa, L. Romanini, A. Fioravanti,
A. Morandini, L. Pianta, G. Giannotti, E.M. Viola, M. Giorgi-Pierfranceschi,

M. Foramitti, R.A. Tira, I. Zangrandi, G. Chiodelli, A. Machiavelli, M.

R. Cappelletti, A. Giossi, V. De Giuli, C. Costanzi, C. Campana, O. Bernocchi,
M. Sirico, A. Zoncada, A. Molteni, S. Venturini, F. Giudici, M. Scaltriti, A. Pan,
Canakinumab as treatment for COVID-19-related pneumonia: A prospective case-
control study, Int. J. Infect. Dis. 104 (2021) 433-440.

L. Ikonomidis, S. Tzortzis, J. Lekakis, I. Paraskevaidis, I. Andreadou, M. Nikolaou,
T. Kaplanoglou, P. Katsimbri, G. Skarantavos, P. Soucacos, D.T. Kremastinos,
Lowering interleukin-1 activity with anakinra improves myocardial deformation
in rheumatoid arthritis, Heart 95 (2009) 1502-1507.

F. Gomez-Garcia, J.L. Sanz-Cabanillas, I. Viguera-Guerra, B. Isla-Tejera, A.

V. Nieto, J. Ruano, Scoping review on use of drugs targeting interleukin 1
pathway in DIRA and DITRA, Dermatol. Ther. (Heidelb) 8 (2018) 539-556.

G. Magro, COVID-19: review on latest available drugs and therapies against SARS-
CoV-2. Coagulation and inflammation cross-talking, Virus Res. 286 (2020),
198070.

M. Franzetti, U. Pozzetti, M. Carugati, A. Pandolfo, C. Molteni, P. Faccioli,

G. Castaldo, E. Longoni, V. Ormas, E. Iemoli, S. Piconi, Interleukin-1 receptor
antagonist anakinra in association with remdesivir in severe COVID-19: A case
report, Int. J. Infect. Dis. 97 (2020) 215-218.

J.A. Garcia-Garcia, M. Perez-Quintana, C. Ramos-Giraldez, I. Cebrian-Gonzalez,
M.L. Martin-Ponce, J. Del Valle-Villagran, M.A. Navarro-Puerto, J. Sanchez-
Villegas, R. Gomez-Herreros, I. Manoja-Bustos, D. Leon-Marti, L. Serrano-
Rodriguez, A. de Miguel-Albarreal, M.J. Velasco-Romero, F. Mula-Falcon,

P. Fernandez-Perez, 1. Melguizo-Moya, M.J. Perez-Quintana, G. Romero-Molina,
S. Vergara-Lopez, J.L. Marenco-de la Fuente, J. Marin-Martin, J.A. Mira-Escarti,
Anakinra versus baricitinib: different strategies for patients hospitalized with
COVID-19, J. Clin. Med. 10 (2021).

K. Gbinigie, K. Frie, Should azithromycin be used to treat COVID-19? A rapid
review, BJGP Open. 4 (2020).

Z.W. Ye, S. Yuan, K.S. Yuen, S.Y. Fung, C.P. Chan, D.Y. Jin, Zoonotic origins of
human coronaviruses, Int. J. Biol. Sci. 16 (2020) 1686-1697.

S. Sen, R. Chakraborty, P. Kalita, M.P. Pathak, Diabetes mellitus and COVID-19:
understanding the association in light of current evidence, World J. Clin. Cases 9
(2021) 8327-8339.

S.G. Deftereos, G. Giannopoulos, D.A. Vrachatis, G.D. Siasos, S.G. Giotaki,

P. Gargalianos, S. Metallidis, G. Sianos, S. Baltagiannis, P. Panagopoulos,

K. Dolianitis, E. Randou, K. Syrigos, A. Kotanidou, N.G. Koulouris, H. Milionis,
N. Sipsas, C. Gogos, G. Tsoukalas, C.D. Olympios, E. Tsagalou, 1. Migdalis,

S. Gerakari, C. Angelidis, D. Alexopoulos, P. Davlouros, G. Hahalis, I. Kanonidis,
D. Katritsis, T. Kolettis, A.S. Manolis, L. Michalis, K.K. Naka, V.N. Pyrgakis, K.
P. Toutouzas, F. Triposkiadis, K. Tsioufis, E. Vavouranakis, L. Martinez-Dolz,

B. Reimers, G.G. Stefanini, M. Cleman, J. Goudevenos, S. Tsiodras, D. Tousoulis,
E. Iliodromitis, R. Mehran, G. Dangas, C. Stefanadis, G.-. investigators, Effect of
colchicine vs standard care on cardiac and inflammatory biomarkers and clinical
outcomes in patients hospitalized with coronavirus disease 2019: the GRECCO-19
randomized clinical trial, JAMA Netw. Open 3 (2020), e2013136.

N. Zhao, B. Di, L.L. Xu, The NLRP3 inflammasome and COVID-19: Activation,
pathogenesis and therapeutic strategies, Cytokine Growth Factor Rev. 61 (2021)
2-15.

AK. Singh, R. Singh, B. Saboo, A. Misra, Non-insulin anti-diabetic agents in
patients with type 2 diabetes and COVID-19: a critical appraisal of literature,
Diabetes Metab. Syndr. 15 (2021) 159-167.

S.A. Tooze, T. Yoshimori, The origin of the autophagosomal membrane, Nat. Cell
Biol. 12 (2010) 831-835.

L. Yu, C.K. McPhee, L. Zheng, G.A. Mardones, Y. Rong, J. Peng, N. Mi, Y. Zhao,
Z. Liu, F. Wan, D.W. Hailey, V. Oorschot, J. Klumperman, E.H. Baehrecke, M.
J. Lenardo, Termination of autophagy and reformation of lysosomes regulated by
mTOR, Nature 465 (2010) 942-946.

R.M. Vabulas, F.U. Hartl, Protein synthesis upon acute nutrient restriction relies
on proteasome function, Science 310 (2005) 1960-1963.

M.M. Harnett, M.A. Pineda, P. Latre de Late, R.J. Eason, S. Besteiro, W. Harnett,
G. Langsley, From Christian de Duve to Yoshinori Ohsumi: More to autophagy
than just dining at home, Biom. J. 40 (2017) 9-22.

N. Hosokawa, T. Hara, T. Kaizuka, C. Kishi, A. Takamura, Y. Miura, S. Iemura,
T. Natsume, K. Takehana, N. Yamada, J.L. Guan, N. Oshiro, N. Mizushima,

16

[172]

[173]

[174]
[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

Clinical Immunology 244 (2022) 109093

Nutrient-dependent mTORC1 association with the ULK1-Atg13-FIP200 complex
required for autophagy, Mol. Biol. Cell 20 (2009) 1981-1991.

C.H. Jung, C.B. Jun, S.H. Ro, Y.M. Kim, N.M. Otto, J. Cao, M. Kundu, D.H. Kim,
ULK-Atg13-FIP200 complexes mediate mTOR signaling to the autophagy
machinery, Mol. Biol. Cell 20 (2009) 1992-2003.

LH. Li, K.H. Ma, S.J. Weng, S.S. Huang, C.M. Liang, Y.S. Huang, Autophagy
activation is involved in 3,4-methylenedioxymethamphetamine (ecstasy’)-
induced neurotoxicity in cultured cortical neurons, PLoS One 9 (2014), e116565.
H. Weidberg, E. Shvets, Z. Elazar, Biogenesis and cargo selectivity of
autophagosomes, Annu. Rev. Biochem. 80 (2011) 125-156.

1. Monastyrska, E. Rieter, D.J. Klionsky, F. Reggiori, Multiple roles of the
cytoskeleton in autophagy, Biol. Rev. Camb. Philos. Soc. 84 (2009) 431-448.

V. Atlashkin, V. Kreykenbohm, E.L. Eskelinen, D. Wenzel, A. Fayyazi, G. Fischer
von Mollard, Deletion of the SNARE vtilb in mice results in the loss of a single
SNARE partner, syntaxin 8, Mol. Cell. Biol. 23 (2003) 5198-5207.

V. Roca-Agujetas, C. de Dios, L. Leston, M. Mari, A. Morales, A. Colell, Recent
insights into the mitochondrial role in autophagy and its regulation by oxidative
stress, Oxidative Med. Cell. Longev. 2019 (2019) 3809308.

E. Prentice, J. McAuliffe, X. Lu, K. Subbarao, M.R. Denison, Identification and
characterization of severe acute respiratory syndrome coronavirus replicase
proteins, J. Virol. 78 (2004) 9977-9986.

N. Yang, H.M. Shen, Targeting the Endocytic Pathway and Autophagy Process as a
Novel Therapeutic Strategy in COVID-19, Int. J. Biol. Sci. 16 (2020) 1724-1731.
S. Ghosh, T.A. Dellibovi-Ragheb, A. Kerviel, E. Pak, Q. Qiu, M. Fisher, P.

M. Takvorian, C. Bleck, V.W. Hsu, A.R. Fehr, S. Perlman, S.R. Achar, M.R. Straus,
G.R. Whittaker, C.A.M. de Haan, J. Kehrl, G. Altan-Bonnet, N. Altan-Bonnet, beta-
coronaviruses use lysosomes for egress instead of the biosynthetic secretory
pathway, Cell 183 (2020), 1520-1535 e1514.

B.T. Bradley, H. Maioli, R. Johnston, I. Chaudhry, S.L. Fink, H. Xu, B. Najafian,
G. Deutsch, J.M. Lacy, T. Williams, N. Yarid, D.A. Marshall, Histopathology and
ultrastructural findings of fatal COVID-19 infections in Washington State: a case
series, Lancet 396 (2020) 320-332.

J. Foo, G. Bellot, S. Pervaiz, S. Alonso, Mitochondria-mediated oxidative stress
during viral infection, Trends. Microbiol. 30 (7) (2022) 679-692.

J. Nunnari, A. Suomalainen, Mitochondria: in sickness and in health, Cell 148
(2012) 1145-1159.

H.W. Jiang, H.N. Zhang, Q.F. Meng, J. Xie, Y. Li, H. Chen, Y.X. Zheng, X.N. Wang,
H. Qi, J. Zhang, P.H. Wang, Z.G. Han, S.C. Tao, SARS-CoV-2 Orf9b suppresses
type I interferon responses by targeting TOM70, Cell. Mol. Immunol. 17 (2020)
998-1000.

K.K. Singh, G. Chaubey, J.Y. Chen, P. Suravajhala, Decoding SARS-CoV-2
hijacking of host mitochondria in COVID-19 pathogenesis, Am. J. Phys. Cell Phys.
319 (2020) C258-C267.

K.O. Alfarouk, S.T.S. Alhoufie, A. Hifny, L. Schwartz, A.S. Alqahtani, S.B.

M. Ahmed, A.M. Alqahtani, S.S. Alqahtani, A.K. Muddathir, H. Ali, A.H.H. Bashir,
M.E. Ibrahim, M.R. Greco, R.A. Cardone, S. Harguindey, S.J. Reshkin, Of
mitochondrion and COVID-19, J. Enzyme Inhib. Med. Chem. 36 (2021)
1258-1267.

S. Mehrzadi, M.Y. Karimi, A. Fatemi, R.J. Reiter, A. Hosseinzadeh, SARS-CoV-2
and other coronaviruses negatively influence mitochondrial quality control:
beneficial effects of melatonin, Pharmacol. Ther. 224 (2021), 107825.

D.E. Gordon, G.M. Jang, M. Bouhaddou, J. Xu, K. Obernier, K.M. White, M.

J. O’Meara, V.V. Rezelj, J.Z. Guo, D.L. Swaney, T.A. Tummino, R. Huttenhain, R.
M. Kaake, A.L. Richards, B. Tutuncuoglu, H. Foussard, J. Batra, K. Haas,

M. Modak, M. Kim, P. Haas, B.J. Polacco, H. Braberg, J.M. Fabius, M. Eckhardt,
M. Soucheray, M.J. Bennett, M. Cakir, M.J. McGregor, Q. Li, B. Meyer, F. Roesch,
T. Vallet, A. Mac Kain, L. Miorin, E. Moreno, Z.Z.C. Naing, Y. Zhou, S. Peng,

Y. Shi, Z. Zhang, W. Shen, L.T. Kirby, J.E. Melnyk, J.S. Chorba, K. Lou, S.A. Dai,
1. Barrio-Hernandez, D. Memon, C. Hernandez-Armenta, J. Lyu, C.J.P. Mathy,
T. Perica, K.B. Pilla, S.J. Ganesan, D.J. Saltzberg, R. Rakesh, X. Liu, S.

B. Rosenthal, L. Calviello, S. Venkataramanan, J. Liboy-Lugo, Y. Lin, X.P. Huang,
Y. Liu, S.A. Wankowicz, M. Bohn, M. Safari, F.S. Ugur, C. Koh, N.S. Savar, Q.
D. Tran, D. Shengjuler, S.J. Fletcher, M.C. O’'Neal, Y. Cai, J.C.J. Chang, D.

J. Broadhurst, S. Klippsten, P.P. Sharp, N.A. Wenzell, D. Kuzuoglu-Ozturk, H.

Y. Wang, R. Trenker, J.M. Young, D.A. Cavero, J. Hiatt, T.L. Roth, U. Rathore,
A. Subramanian, J. Noack, M. Hubert, R.M. Stroud, A.D. Frankel, O.S. Rosenberg,
K.A. Verba, D.A. Agard, M. Ott, M. Emerman, N. Jura, M. von Zastrow, E. Verdin,
A. Ashworth, O. Schwartz, C. d’Enfert, S. Mukherjee, M. Jacobson, H.S. Malik, D.
G. Fujimori, T. Ideker, C.S. Craik, S.N. Floor, J.S. Fraser, J.D. Gross, A. Sali, B.
L. Roth, D. Ruggero, J. Taunton, T. Kortemme, P. Beltrao, M. Vignuzzi, A. Garcia-
Sastre, K.M. Shokat, B.K. Shoichet, N.J. Krogan, A SARS-CoV-2 protein interaction
map reveals targets for drug repurposing, Nature 583 (2020) 459-468.

D.E. Gordon, G.M. Jang, M. Bouhaddou, J. Xu, K. Obernier, M.J. O’Meara, J.

Z. Guo, D.L. Swaney, T.A. Tummino, R. Huttenhain, R.M. Kaake, A.L. Richards,
B. Tutuncuoglu, H. Foussard, J. Batra, K. Haas, M. Modak, M. Kim, P. Haas, B.
J. Polacco, H. Braberg, J.M. Fabius, M. Eckhardt, M. Soucheray, M.J. Bennett,
M. Cakir, M.J. McGregor, Q. Li, Z.Z.C. Naing, Y. Zhou, S. Peng, L.T. Kirby, J.

E. Melnyk, J.S. Chorba, K. Lou, S.A. Dai, W. Shen, Y. Shi, Z. Zhang, I. Barrio-
Hernandez, D. Memon, C. Hernandez-Armenta, C.J.P. Mathy, T. Perica, K.B. Pilla,
S.J. Ganesan, D.J. Saltzberg, R. Ramachandran, X. Liu, S.B. Rosenthal,

L. Calviello, S. Venkataramanan, Y. Lin, S.A. Wankowicz, M. Bohn, R. Trenker, J.
M. Young, D. Cavero, J. Hiatt, T. Roth, U. Rathore, A. Subramanian, J. Noack,
M. Hubert, F. Roesch, T. Vallet, B. Meyer, K.M. White, L. Miorin, D. Agard,

M. Emerman, D. Ruggero, A. Garcia-Sastre, N. Jura, M. von Zastrow, J. Taunton,
O. Schwartz, M. Vignuzzi, C. d’Enfert, S. Mukherjee, M. Jacobson, H.S. Malik, D.
G. Fujimori, T. Ideker, C.S. Craik, S. Floor, J.S. Fraser, J. Gross, A. Sali,


http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0745
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0745
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0750
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0750
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0750
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0755
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0755
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0760
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0760
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0760
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0760
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0760
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0760
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0760
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0765
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0765
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0765
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0770
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0770
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0770
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0770
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0770
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0770
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0770
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0775
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0775
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0775
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0775
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0780
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0780
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0780
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0785
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0785
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0785
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0790
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0790
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0790
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0790
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0795
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0795
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0795
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0795
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0795
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0795
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0795
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0795
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0800
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0800
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0805
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0805
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0810
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0810
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0810
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0815
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0815
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0815
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0815
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0815
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0815
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0815
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0815
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0815
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0815
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0815
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0815
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0820
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0820
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0820
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0825
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0825
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0825
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0830
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0830
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0835
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0835
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0835
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0835
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0840
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0840
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0845
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0845
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0845
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0850
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0850
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0850
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0850
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0855
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0855
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0855
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0860
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0860
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0860
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0865
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0865
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0870
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0870
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0875
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0875
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0875
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0880
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0880
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0880
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0885
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0885
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0885
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0890
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0890
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0895
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0895
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0895
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0895
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0895
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0900
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0900
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0900
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0900
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0905
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0905
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0910
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0910
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0915
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0915
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0915
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0915
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0920
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0920
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0920
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0925
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0925
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0925
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0925
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0925
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0930
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0930
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0930
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0935
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940

Y.-Y. Yong et al.

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

T. Kortemme, P. Beltrao, K. Shokat, B.K. Shoichet, N.J. Krogan, A SARS-CoV-2-
human protein-protein interaction map reveals drug targets and potential drug-
repurposing, Nature 583 (7816) (2020) 459-468.

X. Yuan, Y. Shan, Z. Yao, J. Li, Z. Zhao, J. Chen, Y. Cong, Mitochondrial location
of severe acute respiratory syndrome coronavirus 3b protein, Mol. Cell 21 (2006)
186-191.

L. Ouyang, J. Gong, Mitochondrial-targeted ubiquinone: a potential treatment for
COVID-19, Med. Hypotheses 144 (2020), 110161.

S.P. Singh, S. Amar, P. Gehlot, S.K. Patra, N. Kanwar, A. Kanwal, Mitochondrial
modulations, autophagy pathways shifts in viral infections: consequences of
COVID-19, Int. J. Mol. Sci. 22 (2021).

C. Shang, Z. Liu, Y. Zhu, J. Lu, C. Ge, C. Zhang, N. Li, N. Jin, Y. Li, M. Tian, X. Li,
SARS-CoV-2 causes mitochondrial dysfunction and mitophagy impairment, Front.
Microbiol. 12 (2021), 780768.

B.E. Garcia-Perez, J.A. Gonzalez-Rojas, M.I. Salazar, C. Torres-Torres, N.

S. Castrejon-Jimenez, Taming the autophagy as a strategy for treating COVID-19,
Cells 9 (2020).

A. Bayati, R. Kumar, V. Francis, P.S. McPherson, SARS-CoV-2 infects cells after
viral entry via clathrin-mediated endocytosis, J. Biol. Chem. 296 (2021), 100306.
G. Shi, A.D. Kenney, E. Kudryashova, A. Zani, L. Zhang, K.K. Lai, L. Hall-Stoodley,
R.T. Robinson, D.S. Kudryashov, A.A. Compton, J.S. Yount, Opposing activities of
IFITM proteins in SARS-CoV-2 infection, EMBO J. 40 (2021), e106501.

X. Chen, K. Wang, Y. Xing, J. Tu, X. Yang, Q. Zhao, K. Li, Z. Chen, Coronavirus
membrane-associated papain-like proteases induce autophagy through
interacting with Beclinl to negatively regulate antiviral innate immunity, Protein
Cell. 5 (2014) 912-927.

M. Santerre, S.P. Arjona, C.N. Allen, N. Shcherbik, B.E. Sawaya, Why do SARS-
CoV-2 NSPs rush to the ER? J. Neurol. 268 (2021) 2013-2022.

E.M. Cottam, H.J. Maier, M. Manifava, L.C. Vaux, P. Chandra-Schoenfelder,

W. Gerner, P. Britton, N.T. Ktistakis, T. Wileman, Coronavirus nsp6 proteins
generate autophagosomes from the endoplasmic reticulum via an omegasome
intermediate, Autophagy 7 (2011) 1335-1347.

E.M. Cottam, M.C. Whelband, T. Wileman, Coronavirus NSP6 restricts
autophagosome expansion, Autophagy 10 (2014) 1426-1441.

N.C. Gassen, J. Papies, T. Bajaj, J. Emanuel, F. Dethloff, R.L. Chua, J. Trimpert,
N. Heinemann, C. Niemeyer, F. Weege, K. Honzke, T. Aschman, D.E. Heinz,

K. Weckmann, T. Ebert, A. Zellner, M. Lennarz, E. Wyler, S. Schroeder, A. Richter,
D. Niemeyer, K. Hoffmann, T.F. Meyer, F.L. Heppner, V.M. Corman,

M. Landthaler, A.C. Hocke, M. Morkel, N. Osterrieder, C. Conrad, R. Eils,

H. Radbruch, P. Giavalisco, C. Drosten, M.A. Muller, SARS-CoV-2-mediated
dysregulation of metabolism and autophagy uncovers host-targeting antivirals,
Nat. Commun. 12 (2021) 3818.

C. Shang, X. Zhuang, H. Zhang, Y. Li, Y. Zhu, J. Lu, C. Ge, J. Cong, T. Li, N. Li,
M. Tian, N. Jin, X. Li, Inhibition of autophagy suppresses SARS-CoV-2 replication
and ameliorates pneumonia in hACE2 transgenic mice and xenografted human
lung tissues, J. Virol. 95 (2021), e0153721.

G. Miao, H. Zhao, Y. Li, M. Ji, Y. Chen, Y. Shi, Y. Bi, P. Wang, H. Zhang, ORF3a of
the COVID-19 virus SARS-CoV-2 blocks HOPS complex-mediated assembly of the
SNARE complex required for autolysosome formation, Dev. Cell 56 (2021)
427-442 e425.

X. Hui, L. Zhang, L. Cao, K. Huang, Y. Zhao, Y. Zhang, X. Chen, X. Lin, M. Chen,
M. Jin, SARS-CoV-2 promote autophagy to suppress type I interferon response,
Signal Transduct. Target. Ther. 6 (2021) 180.

F. Li, J. Li, P.H. Wang, N. Yang, J. Huang, J. Ou, T. Xu, X. Zhao, T. Liu, X. Huang,
Q. Wang, M. Li, L. Yang, Y. Lin, Y. Cai, H. Chen, Q. Zhang, SARS-CoV-2 spike
promotes inflammation and apoptosis through autophagy by ROS-suppressed
PI3K/AKT/mTOR signaling, Biochim. Biophys. Acta Mol. basis Dis. 1867 (2021),
166260.

M. Biasizzo, N. Kopitar-Jerala, Interplay between NLRP3 inflammasome and
autophagy, Front. Immunol. 11 (2020), 591803.

M. Lai, H. Yao, S.Z.A. Shah, W. Wu, D. Wang, Y. Zhao, L. Wang, X. Zhou, D. Zhao,
L. Yang, The NLRP3-caspase 1 inflammasome negatively regulates autophagy via
TLR4-TRIF in prion peptide-infected microglia, Front. Aging Neurosci. 10 (2018)
116.

Y. Hou, S. Lin, J. Qiu, W. Sun, M. Dong, Y. Xiang, L. Wang, P. Du, NLRP3
inflammasome negatively regulates podocyte autophagy in diabetic nephropathy,
Biochem. Biophys. Res. Commun. 521 (2020) 791-798.

A. Mahmood, A. Goussev, D. Lu, C. Qu, Y. Xiong, H. Kazmi, M. Chopp, Long-
lasting benefits after treatment of traumatic brain injury (TBI) in rats with
combination therapy of marrow stromal cells (MSCs) and simvastatin,

J. Neurotrauma 25 (2008) 1441-1447.

P. Pahan, K. Pahan, Smooth or risky revisit of an old malaria drug for COVID-19?
J. Neurolmmune Pharmacol. 15 (2020) 174-180.

M. Mauthe, I. Orhon, C. Rocchi, X. Zhou, M. Luhr, K.J. Hijlkema, R.P. Coppes,
N. Engedal, M. Mari, F. Reggiori, Chloroquine inhibits autophagic flux by
decreasing autophagosome-lysosome fusion, Autophagy 14 (2018) 1435-1455.
M. Circu, J. Cardelli, M.P. Barr, K. O’Byrne, G. Mills, H. El-Osta, Modulating
lysosomal function through lysosome membrane permeabilization or autophagy
suppression restores sensitivity to cisplatin in refractory non-small-cell lung
cancer cells, PLoS One 12 (2017), e0184922.

V. Gies, N. Bekaddour, Y. Dieudonne, A. Guffroy, Q. Frenger, F. Gros, M.

P. Rodero, J.P. Herbeuval, A.S. Korganow, Beyond anti-viral effects of
chloroquine/hydroxychloroquine, Front. Immunol. 11 (2020) 1409.

C. Chatre, F. Roubille, H. Vernhet, C. Jorgensen, Y.M. Pers, Cardiac complications
attributed to chloroquine and hydroxychloroquine: a systematic review of the
literature, Drug Saf. 41 (2018) 919-931.

17

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

Clinical Immunology 244 (2022) 109093

L. Mohamed Khosroshahi, M. Rokni, T. Mokhtari, F. Noorbakhsh, Immunology,
immunopathogenesis and immunotherapeutics of COVID-19; an overview, Int.
Immunopharmacol. 93 (2021), 107364.

V.K. Patel, E. Shirbhate, P. Patel, R. Veerasamy, P.C. Sharma, H. Rajak,
Corticosteroids for treatment of COVID-19: effect, evidence, expectation and
extent, Beni. Suef. Univ. J. Basic. Appl. Sci. 10 (2021) 78.

J.A. Silvas, A.S. Jureka, A.M. Nicolini, S.A. Chvatal, C.F. Basler, Inhibitors of
VPS34 and lipid metabolism suppress SARS-CoV-2 replication, j.celrep. 36 (5)
(2020), 109479.

C.K. Yuen, W.M. Wong, L.F. Mak, X. Wang, H. Chu, K.Y. Yuen, K.H. Kok,
Suppression of SARS-CoV-2 infection in ex-vivo human lung tissues by targeting
class III phosphoinositide 3-kinase, J. Med. Virol. 93 (2021) 2076-2083.

S. Shao, S. Li, Y. Qin, X. Wang, Y. Yang, H. Bai, L. Zhou, C. Zhao, C. Wang,
Spautin-1, a novel autophagy inhibitor, enhances imatinib-induced apoptosis in
chronic myeloid leukemia, Int. J. Oncol. 44 (2014) 1661-1668.

R.K. Paidi, M. Jana, S. Raha, M. McKay, M. Sheinin, R.K. Mishra, K. Pahan,
Eugenol, a component of holy basil (Tulsi) and common spice clove, inhibits the
interaction between SARS-CoV-2 Spike S1 and ACE2 to induce therapeutic
responses, J. Neurolmmune Pharmacol. 16 (4) (2021) 743-755.

J.P. Dai, X.F. Zhao, J. Zeng, Q.Y. Wan, J.C. Yang, W.Z. Li, X.X. Chen, G.F. Wang,
K.S. Li, Drug screening for autophagy inhibitors based on the dissociation of
Beclinl-Bcl2 complex using BiFC technique and mechanism of eugenol on anti-
influenza A virus activity, PLoS One 8 (2013), e61026.

Y.X. Wang, L. Yang, H.Q. Wang, X.Q. Zhao, T. Liu, Y.H. Li, Q.X. Zeng, Y.H. Li, D.
Q. Song, Synthesis and evolution of berberine derivatives as a new class of
antiviral agents against enterovirus 71 through the MEK/ERK pathway and
autophagy, Molecules 23 (2018).

E. Beydogan, P. Yuruk Atasoy, The relationship between CRP at admission and
thorax CT findings in patients diagnosed with COVID-19, Int. J. Clin. Pract. 75
(2021), e14962.

C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X. Gu,
Z. Cheng, T. Yu, J. Xia, Y. Wei, W. Wu, X. Xie, W. Yin, H. Li, M. Liu, Y. Xiao,
H. Gao, L. Guo, J. Xie, G. Wang, R. Jiang, Z. Gao, Q. Jin, J. Wang, B. Cao, Clinical
features of patients infected with 2019 novel coronavirus in Wuhan, China,
Lancet 395 (2020) 497-506.

Z. Xu, L. Shi, Y. Wang, J. Zhang, L. Huang, C. Zhang, S. Liu, P. Zhao, H. Liu,

L. Zhu, Y. Tai, C. Bai, T. Gao, J. Song, P. Xia, J. Dong, J. Zhao, F.S. Wang,
Pathological findings of COVID-19 associated with acute respiratory distress
syndrome, Lancet, Respir. Med. 8 (2020) 420-422.

J.M. Sallenave, L. Guillot, Innate immune signaling and proteolytic pathways in
the resolution or exacerbation of SARS-CoV-2 in covid-19: key therapeutic
targets? Front. Immunol. 11 (2020) 1229.

C. Zhang, W. Li, X. Lei, Z. Xie, L. Qi, H. Wang, X. Xiao, J. Xiao, Y. Zheng, C. Dong,
X. Zheng, S. Chen, J. Chen, B. Sun, J. Qin, Q. Zhai, J. Li, B. Wei, J. Wang,

H. Wang, Targeting lysophospholipid acid receptor 1 and ROCK kinases promotes
antiviral innate immunity, Sci. Adv. 7 (2021), eabb5933.

H. Feng, Y.B. Zhang, J.F. Gui, S.M. Lemon, D. Yamane, Interferon regulatory
factor 1 (IRF1) and anti-pathogen innate immune responses, PLoS Pathog. 17
(2021), €1009220.

1.Y. Chen, M. Moriyama, M.F. Chang, T. Ichinohe, Severe acute respiratory
syndrome coronavirus viroporin 3a activates the NLRP3 inflammasome, Front.
Microbiol. 10 (2019) 50.

K.L. Siu, K.S. Yuen, C. Castano-Rodriguez, Z.W. Ye, M.L. Yeung, S.Y. Fung,

S. Yuan, C.P. Chan, K.Y. Yuen, L. Enjuanes, D.Y. Jin, Severe acute respiratory
syndrome coronavirus ORF3a protein activates the NLRP3 inflammasome by
promoting TRAF3-dependent ubiquitination of ASC, FASEB J. 33 (2019)
8865-8877.

P. Pan, M. Shen, Z. Yu, W. Ge, K. Chen, M. Tian, F. Xiao, Z. Wang, J. Wang, Y. Jia,
W. Wang, P. Wan, J. Zhang, W. Chen, Z. Lei, X. Chen, Z. Luo, Q. Zhang, M. Xu,
G. Li, Y. Li, J. Wu, Author correction: SARS-CoV-2 N protein promotes NLRP3
inflammasome activation to induce hyperinflammation, Nat. Commun. 12 (2021)
5306.

M.B. Fessler, R.S. Summer, Surfactant lipids at the host-environment interface.
Metabolic sensors, suppressors, and effectors of inflammatory lung disease, Am. J.
Respir. Cell Mol. Biol. 54 (2016) 624-635.

J. Carvelli, O. Demaria, F. Vely, L. Batista, N. Chouaki Benmansour, J. Fares,

S. Carpentier, M.L. Thibult, A. Morel, R. Remark, P. Andre, A. Represa,

C. Piperoglou, C.-I.P.H.g. Explore, C.-M.1.g. Explore, P.Y. Cordier, E. Le Dault,
C. Guervilly, P. Simeone, M. Gainnier, Y. Morel, M. Ebbo, N. Schleinitz, E. Vivier,
Association of COVID-19 inflammation with activation of the C5a-C5aR1 axis,
Nature 588 (2020) 146-150.

W. Lu, B.J. Zheng, K. Xu, W. Schwarz, L. Du, C.K. Wong, J. Chen, S. Duan,

V. Deubel, B. Sun, Severe acute respiratory syndrome-associated coronavirus 3a
protein forms an ion channel and modulates virus release, Proc. Natl. Acad. Sci. U.
S. A. 103 (2006) 12540-12545.

W. Chen, Y. Xu, H. Li, W. Tao, Y. Xiang, B. Huang, J. Niu, J. Zhong, G. Meng, HCV
genomic RNA activates the NLRP3 inflammasome in human myeloid cells, PLoS
One 9 (2014), e84953.

S. Zhao, X. Li, J. Wang, H. Wang, The role of the effects of autophagy on NLRP3
inflammasome in inflammatory nervous system diseases, Front. Cell. Dev. Biol. 9
(2021), 657478.

F. Yang, Y. Qin, Y. Wang, S. Meng, H. Xian, H. Che, J. Lv, Y. Li, Y. Yu, Y. Bai,
L. Wang, Metformin inhibits the NLRP3 inflammasome via AMPK/mTOR-
dependent effects in diabetic cardiomyopathy, Int. J. Biol. Sci. 15 (2019)
1010-1019.


http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0940
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0945
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0945
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0945
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0950
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0950
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0955
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0955
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0955
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0960
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0960
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0960
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0965
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0965
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0965
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0970
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0970
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0975
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0975
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0975
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0980
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0980
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0980
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0980
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0985
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0985
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0990
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0990
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0990
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0990
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0995
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf0995
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1000
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1000
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1000
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1000
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1000
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1000
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1000
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1000
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1005
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1005
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1005
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1005
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1010
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1010
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1010
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1010
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1015
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1015
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1015
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1020
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1020
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1020
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1020
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1020
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1025
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1025
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1030
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1030
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1030
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1030
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1035
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1035
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1035
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1040
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1040
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1040
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1040
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1045
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1045
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1050
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1050
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1050
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1055
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1055
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1055
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1055
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1060
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1060
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1060
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1065
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1065
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1065
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1070
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1070
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1070
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1075
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1075
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1075
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1080
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1080
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1080
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1085
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1085
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1085
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1090
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1090
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1090
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1095
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1095
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1095
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1095
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1100
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1100
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1100
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1100
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1105
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1105
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1105
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1105
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1110
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1110
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1110
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1115
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1115
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1115
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1115
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1115
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1120
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1120
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1120
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1120
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1125
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1125
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1125
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1130
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1130
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1130
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1130
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1135
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1135
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1135
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1140
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1140
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1140
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1145
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1145
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1145
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1145
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1145
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1150
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1150
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1150
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1150
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1150
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1155
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1155
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1155
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1160
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1160
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1160
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1160
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1160
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1160
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1165
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1165
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1165
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1165
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1170
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1170
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1170
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1175
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1175
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1175
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1180
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1180
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1180
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1180

Y.-Y. Yong et al.

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

Q. Fei, H. Ma, J. Zou, W. Wang, L. Zhu, H. Deng, M. Meng, S. Tan, H. Zhang,
X. Xiao, N. Wang, K. Wang, Metformin protects against ischaemic myocardial
injury by alleviating autophagy-ROS-NLRP3-mediated inflammatory response in
macrophages, J. Mol. Cell. Cardiol. 145 (2020) 1-13.

C.S. Shi, K. Shenderov, N.N. Huang, J. Kabat, M. Abu-Asab, K.A. Fitzgerald,

A. Sher, J.H. Kehrl, Activation of autophagy by inflammatory signals limits IL-
1beta production by targeting ubiquitinated inflammasomes for destruction, Nat.
Immunol. 13 (2012) 255-263.

T. Kimura, A. Jain, S.W. Choi, M.A. Mandell, K. Schroder, T. Johansen, V. Deretic,
TRIM-mediated precision autophagy targets cytoplasmic regulators of innate
immunity, J. Cell Biol. 210 (2015) 973-989.

T. Kimura, A. Jain, S.W. Choi, M.A. Mandell, T. Johansen, V. Deretic, TRIM-
directed selective autophagy regulates immune activation, Autophagy 13 (2017)
989-990.

M.R. Spalinger, S. Lang, C. Gottier, X. Dai, D.J. Rawlings, A.C. Chan, G. Rogler,
M. Scharl, PTPN22 regulates NLRP3-mediated IL1B secretion in an autophagy-
dependent manner, Autophagy 13 (2017) 1590-1601.

M.R. Spalinger, S. Kasper, C. Gottier, S. Lang, K. Atrott, S.R. Vavricka, S. Scharl,
T. Raselli, I. Frey-Wagner, P.M. Gutte, M.G. Grutter, H.D. Beer, E. Contassot, A.
C. Chan, X. Dai, D.J. Rawlings, F. Mair, B. Becher, W. Falk, M. Fried, G. Rogler,
M. Scharl, NLRP3 tyrosine phosphorylation is controlled by protein tyrosine
phosphatase PTPN22, J. Clin. Invest. 126 (2016) 1783-1800.

K. Nurmi, I. Kareinen, J. Virkanen, K. Rajamaki, V.P. Kouri, K. Vaali, A.

L. Levonen, N. Fyhrquist, S. Matikainen, P.T. Kovanen, K.K. Eklund, Hemin and
cobalt protoporphyrin inhibit NLRP3 inflammasome activation by enhancing
autophagy: a novel mechanism of inflammasome regulation, J. Innate. Immun. 9
(2017) 65-82.

J. Harris, M. Hartman, C. Roche, S.G. Zeng, A. O’Shea, F.A. Sharp, E.M. Lambe, E.
M. Creagh, D.T. Golenbock, J. Tschopp, H. Kornfeld, K.A. Fitzgerald, E.C. Lavelle,
Autophagy controls IL-1beta secretion by targeting pro-IL-1beta for degradation,
J. Biol. Chem. 286 (2011) 9587-9597.

N. Dupont, S. Jiang, M. Pilli, W. Ornatowski, D. Bhattacharya, V. Deretic,
Autophagy-based unconventional secretory pathway for extracellular delivery of
IL-1beta, EMBO J. 30 (2011) 4701-4711.

J.H. Ko, S.0. Yoon, H.J. Lee, J.Y. Oh, Rapamycin regulates macrophage activation
by inhibiting NLRP3 inflammasome-p38 MAPK-NFkappaB pathways in
autophagy- and p62-dependent manners, Oncotarget 8 (2017) 40817-40831.

E. Varghese, S.M. Samuel, A. Liskova, P. Kubatka, D. Busselberg, Diabetes and
coronavirus (SARS-CoV-2): Molecular mechanism of Metformin intervention and
the scientific basis of drug repurposing, PLoS Pathog. 17 (2021), e1009634.
A.J. Scheen, Metformin and COVID-19: from cellular mechanisms to reduced
mortality, Diabetes Metab. 46 (2020) 423-426.

J.A. Menendez, Metformin and SARS-CoV-2: mechanistic lessons on air pollution
to weather the cytokine/thrombotic storm in COVID-19, Aging (Albany NY) 12
(2020) 8760-8765.

L. Omarjee, A. Janin, F. Perrot, B. Laviolle, O. Meilhac, G. Mahe, Targeting T-cell
senescence and cytokine storm with rapamycin to prevent severe progression in
COVID-19, Clin. Immunol. 216 (2020), 108464.

J.P. Bilezikian, D. Bikle, M. Hewison, M. Lazaretti-Castro, A.M. Formenti,

A. Gupta, M.V. Madhavan, N. Nair, V. Babalyan, N. Hutchings, N. Napoli,

D. Accili, N. Binkley, D.W. Landry, A. Giustina, MECHANISMS IN
ENDOCRINOLOGY: vitamin D and COVID-19, Eur. J. Endocrinol. 183 (2020)
R133-R147.

J.M. Quesada-Gomez, M. Entrenas-Castillo, R. Bouillon, Vitamin D receptor
stimulation to reduce acute respiratory distress syndrome (ARDS) in patients with
coronavirus SARS-CoV-2 infections: Revised Ms SBMB 2020_166, J. Steroid
Biochem. Mol. Biol. 202 (2020), 105719.

Z. Maghbooli, M.A. Sahraian, M. Ebrahimi, M. Pazoki, S. Kafan, H.M. Tabriz,

A. Hadadi, M. Montazeri, M. Nasiri, A. Shirvani, M.F. Holick, Vitamin D
sufficiency, a serum 25-hydroxyvitamin D at least 30 ng/mL reduced risk for
adverse clinical outcomes in patients with COVID-19 infection, PLoS One 15
(2020), €0239799.

H.W. Suh, J.K. Kim, T.S. Kim, E.K. Jo, New insights into vitamin D and autophagy
in inflammatory bowel diseases, Curr. Med. Chem. 24 (2017) 898-910.

R. Cao, Y. Ma, S. Li, D. Shen, S. Yang, X. Wang, Y. Cao, Z. Wang, Y. Wei, S. Li,
G. Liu, H. Zhang, Y. Wang, Y. Ma, 1,25(0H)2 D3 alleviates DSS-induced
ulcerative colitis via inhibiting NLRP3 inflammasome activation, J. Leukoc. Biol.
108 (2020) 283-295.

S. Filardo, M. Di Pietro, P. Mastromarino, R. Sessa, Therapeutic potential of
resveratrol against emerging respiratory viral infections, Pharmacol. Ther. 214
(2020), 107613.

H. Cheng, Y. Wang, G.Q. Wang, Organ-protective effect of angiotensin-converting
enzyme 2 and its effect on the prognosis of COVID-19, J. Med. Virol. 92 (2020)
726-730.

E.N. Kim, M.Y. Kim, J.H. Lim, Y. Kim, S.J. Shin, C.W. Park, Y.S. Kim, Y.S. Chang,
H.E. Yoon, B.S. Choi, The protective effect of resveratrol on vascular aging by
modulation of the renin-angiotensin system, Atherosclerosis 270 (2018) 123-131.
P. Verdecchia, C. Cavallini, A. Spanevello, F. Angeli, The pivotal link between
ACE2 deficiency and SARS-CoV-2 infection, Eur. J. Intern. Med. 76 (2020) 14-20.
L.A. Jang, E.N. Kim, J.H. Lim, M.Y. Kim, T.H. Ban, H.E. Yoon, C.W. Park, Y.

S. Chang, B.S. Choi, Effects of resveratrol on the renin-angiotensin system in the
aging kidney, Nutrients 10 (2018).

18

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]

Clinical Immunology 244 (2022) 109093

M. Yang, J. Wei, T. Huang, L. Lei, C. Shen, J. Lai, M. Yang, L. Liu, Y. Yang, G. Liu,
Y. Liu, Resveratrol inhibits the replication of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in cultured Vero cells, Phytother. Res. 35 (2021)
1127-1129.

Z.Xiao, Q. Ye, X. Duan, T. Xiang, Network pharmacology reveals that resveratrol
can alleviate COVID-19-related hyperinflammation, Dis. Markers 2021 (2021)
4129993.

D. Martinon, V.F. Borges, A.C. Gomez, K. Shimada, Potential fast COVID-19
containment with trehalose, Front. Immunol. 11 (2020) 1623.

P. Rusmini, K. Cortese, V. Crippa, R. Cristofani, M.E. Cicardi, V. Ferrari,

G. Vezzoli, B. Tedesco, M. Meroni, E. Messi, M. Piccolella, M. Galbiati, M. Garre,
E. Morelli, T. Vaccari, A. Poletti, Trehalose induces autophagy via lysosomal-
mediated TFEB activation in models of motoneuron degeneration, Autophagy 15
(2019) 631-651.

L. Ahmad, S. Mostowy, V. Sancho-Shimizu, Autophagy-virus interplay: from cell
biology to human disease, Front. Cell. Dev. Biol. 6 (2018) 155.

E. Adamec, J.P. Vonsattel, R.A. Nixon, DNA strand breaks in Alzheimer’s disease,
Brain Res. 849 (1999) 67-77.

M.F. McCarty, S.B. Iloki Assanga, L. Lewis Lujan, J.H. O’Keefe, J.

J. DiNicolantonio, Nutraceutical strategies for suppressing NLRP3 inflammasome
activation: pertinence to the management of COVID-19 and beyond, Nutrients 13
(2020).

C.G. Williams, A.S. Jureka, J.A. Silvas, A.M. Nicolini, S.A. Chvatal, J. Carlson-
Stevermer, J. Oki, K. Holden, C.F. Basler, Inhibitors of VPS34 and fatty-acid
metabolism suppress SARS-CoV-2 replication, Cell Rep. 36 (2021), 109479.

1. Kyrmizi, M.S. Gresnigt, T. Akoumianaki, G. Samonis, P. Sidiropoulos,

D. Boumpas, M.G. Netea, F.L. van de Veerdonk, D.P. Kontoyiannis, G. Chamilos,
Corticosteroids block autophagy protein recruitment in Aspergillus fumigatus
phagosomes via targeting dectin-1/Syk kinase signaling, J. Immunol. 191 (2013)
1287-1299.

L.J. Finney, N. Glanville, H. Farne, J. Aniscenko, P. Fenwick, S.V. Kemp, M.

B. Trujillo-Torralbo, S.L. Loo, M.A. Calderazzo, J.A. Wedzicha, P. Mallia, N.

W. Bartlett, S.L. Johnston, A. Singanayagam, Inhaled corticosteroids
downregulate the SARS-CoV-2 receptor ACE2 in COPD through suppression of
type I interferon, J. Allergy Clin. Immunol. 147 (2021), 510-519 e515.

F.S. Varghese, E. van Woudenbergh, G.J. Overheul, M.J. Eleveld, L. Kurver,

N. van Heerbeek, A. van Laarhoven, P. Miesen, G. den Hartog, M.I. de Jonge, R.
P. van Rij, Berberine and obatoclax inhibit SARS-Cov-2 replication in primary
human nasal epithelial cells in vitro, Viruses 13 (2021).

J.P. Dai, W.Z. Li, X.F. Zhao, G.F. Wang, J.C. Yang, L. Zhang, X.X. Chen, Y.X. Xu, K.
S. Li, A drug screening method based on the autophagy pathway and studies of
the mechanism of evodiamine against influenza A virus, PLoS One 7 (2012),
e42706.

Y.C. Kim, K.L. Guan, mTOR: a pharmacologic target for autophagy regulation,
J. Clin. Invest. 125 (2015) 25-32.

C. Gao, L. Fang, H. Zhang, W.S. Zhang, X.O. Li, S.Y. Du, Metformin induces
autophagy via the AMPK-mTOR signaling pathway in human hepatocellular
carcinoma cells, Cancer Manag. Res. 12 (2020) 5803-5811.

J.M. Yuk, D.M. Shin, H.M. Lee, C.S. Yang, H.S. Jin, K.K. Kim, Z.W. Lee, S.H. Lee, J.
M. Kim, E.K. Jo, Vitamin D3 induces autophagy in human monocytes/
macrophages via cathelicidin, Cell Host Microbe 6 (2009) 231-243.

S. Qayyum, T. Mohammad, R.M. Slominski, M.I. Hassan, R.C. Tuckey, C. Raman,
A.T. Slominski, Vitamin D and lumisterol novel metabolites can inhibit SARS-
CoV-2 replication machinery enzymes, Am. J. Physiol. Endocrinol. Metab. 321
(2021) E246-E251.

J. Zhao, M.L. Wang, Z. Li, D.M. Gao, Y. Cai, J. Chang, S.P. Wang, Interferon-alpha-
2b induces autophagy in hepatocellular carcinoma cells through Beclinl pathway,
Cancer Biol. Med. 11 (2014) 64-68.

Q. Zhou, V. Chen, C.P. Shannon, X.S. Wei, X. Xiang, X. Wang, Z.H. Wang, S.

J. Tebbutt, T.R. Kollmann, E.N. Fish, Interferon-alpha2b treatment for COVID-19,
Front. Immunol. 11 (2020) 1061.

Z. Zhao, L.B. Thackray, B.C. Miller, T.M. Lynn, M.M. Becker, E. Ward, N.

N. Mizushima, M.R. Denison, H.W.T. Virgin, Coronavirus replication does not
require the autophagy gene ATG5, Autophagy 3 (2007) 581-585.

K. Uzunova, E. Filipova, V. Pavlova, T. Vekov, Insights into antiviral mechanisms
of remdesivir, lopinavir/ritonavir and chloroquine/hydroxychloroquine affecting
the new SARS-CoV-2, Biomed. Pharmacother. 131 (2020), 110668.

S. Pasquereau, Z. Nehme, S. Haidar Ahmad, F. Daouad, J. Van Assche, C. Wallet,
C. Schwartz, O. Rohr, S. Morot-Bizot, G. Herbein, Resveratrol inhibits HCoV-229E
and SARS-CoV-2 coronavirus replication in vitro, Viruses 13 (2021).

J.P. Belzile, M. Sabalza, M. Craig, A.E. Clark, C.S. Morello, D.H. Spector,
Trehalose, an mTOR-independent inducer of autophagy, inhibits human
cytomegalovirus infection in multiple cell types, J. Virol. 90 (2016) 1259-1277.
S. Amin, S. Aktar, M.M. Rahman, M.M.H. Chowdhury, NLRP3 inflammasome
activation in COVID-19: an interlink between risk factors and disease severity,
Microbes Infect. 24 (2022), 104913.

J. Zeng, X. Xie, X.L. Feng, L. Xu, J.B. Han, D. Yu, Q.C. Zou, Q. Liu, X. Li, G. Ma, M.
H. Li, Y.G. Yao, Specific inhibition of the NLRP3 inflammasome suppresses
immune overactivation and alleviates COVID-19 like pathology in mice,
EBioMedicine 75 (2022), 103803.

G. Morris, C.C. Bortolasci, B.K. Puri, L. Olive, W. Marx, A. O’Neil, E. Athan,

A. Carvalho, M. Maes, K. Walder, M. Berk, Preventing the development of severe
COVID-19 by modifying immunothrombosis, Life Sci. 264 (2021), 118617.


http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1185
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1185
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1185
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1185
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1190
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1190
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1190
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1190
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1195
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1195
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1195
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1200
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1200
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1200
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1205
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1205
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1205
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1210
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1210
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1210
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1210
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1210
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1215
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1215
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1215
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1215
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1215
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1220
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1220
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1220
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1220
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1225
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1225
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1225
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1230
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1230
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1230
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1235
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1235
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1235
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1240
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1240
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1245
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1245
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1245
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1250
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1250
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1250
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1255
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1255
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1255
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1255
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1255
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1260
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1260
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1260
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1260
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1265
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1265
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1265
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1265
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1265
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1270
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1270
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1275
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1275
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1275
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1275
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1280
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1280
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1280
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1285
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1285
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1285
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1290
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1290
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1290
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1295
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1295
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1300
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1300
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1300
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1305
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1305
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1305
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1305
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1310
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1310
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1310
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1315
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1315
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1320
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1320
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1320
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1320
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1320
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1325
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1325
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1330
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1330
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1335
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1335
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1335
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1335
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1340
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1340
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1340
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1345
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1345
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1345
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1345
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1345
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1350
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1350
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1350
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1350
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1350
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1355
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1355
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1355
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1355
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1360
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1360
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1360
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1360
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1365
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1365
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1370
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1370
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1370
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1375
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1375
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1375
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1380
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1380
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1380
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1380
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1385
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1385
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1385
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1390
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1390
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1390
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1395
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1395
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1395
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1400
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1400
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1400
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1405
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1405
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1405
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1410
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1410
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1410
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1415
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1415
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1415
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1420
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1420
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1420
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1420
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1425
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1425
http://refhub.elsevier.com/S1521-6616(22)00174-7/rf1425

	Targeting autophagy regulation in NLRP3 inflammasome-mediated lung inflammation in COVID-19
	1 Introduction
	2 COVID-19 and SARS-CoV-2
	3 The NLRP3 inflammasome-mediated lung inflammation in COVID-19
	4 The inhibition of autophagy in COVID-19
	5 Targeting the inhibition of NLRP3 inflammasome-mediated lung inflammation via autophagy induction in COVID-19
	6 Conclusion
	Declaration of Competing Interest
	Acknowledgments
	References


