
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Cytokine and Growth Factor Reviews 63 (2022) 108–118

Available online 8 January 2022
1359-6101/© 2022 Elsevier Ltd. All rights reserved.

Before the “cytokine storm”: Boosting efferocytosis as an effective strategy 
against SARS-CoV-2 infection and associated complications 

Somit Dutta *,1, Amartya Mukherjee 1, Upendra Nongthomba * 

Department of Molecular Reproduction, Development and Genetics, Indian Institute of Science, Bangalore 560012, India   

A R T I C L E  I N F O   

Keywords: 
Apoptosis 
ARDS 
Autoimmune disease 
COVID-19 
Cytokine storm 
Diabetes 
Phagocytosis 
Efferocytosis 
Inflammation 
SARS-CoV-2 

A B S T R A C T   

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is responsible for the ongoing COVID-19 
pandemic, and causes many health complications, including major lung diseases. Besides investigations into 
the virology of SARS-CoV-2, understanding the immunological routes underlying the clinical manifestations of 
COVID-19 is important for developing effective therapeutic interventions. The clearance of SARS-CoV-2-infected 
apoptotic cells by professional efferocytes, through a process termed as ’efferocytosis’, is essential for main-
taining tissue homeostasis, and reducing the chances of health complications caused by SARS-CoV-2 infection. In 
this review, we focus on the cellular events leading to engagement of the SARS-CoV-2 with type 2 alveolar cells, 
and how SARS-COV-2 infection impairs the macrophage anti-inflammatory programming. We also discuss ac-
counts of impaired efferocytosis, and the “cytokine storm” which occur concomitantly with the SARS-CoV-2 
infection. Finally, we propose how targeting impaired efferocytosis, due to the SARS-CoV-2 infection, may be 
a beneficial therapeutic strategy to combat COVID-19, and its complications.   

1. Introduction 

The Corona Virus Disease 2019 (COVID-19) has quickly emerged as 
one of the leading causes of death. The WHO has elevated the novel 
coronavirus (COVID-19) outbreak to the rank of a global pandemic [1]. 
The severe acute respiratory Corona Virus 2 (SARS-COV-2) is the cause 
of COVID-19 [2]. However, the pathologies associated with COVID-19 
are still poorly defined. Patients affected by COVID-19 can develop 
different kinds of clinical manifestations, including pneumonia, acute 
respiratory distress syndrome (ARDS), septic shock, and multi-organ 
dysfunction [3]. The signs and symptoms of COVID-19 have been 

attributed to uncontrolled host immune response, and compromised 
functions of myeloid cells, which include dendritic cells, monocytes, 
tissue macrophages, and granulocytes, suggesting that both 
hyper-inflammation and unresolved tissue damages may contribute to 
the pathogenesis of severe COVID-19 infection [4–6]. 

The SARS-CoV-2 virus infects alveolar cells of the lungs, and other 
cells in various tissues, and triggers cell death along a variety of modes, 
such as apoptosis, necrosis, pyroptosis, autophagy-induced cell death, 
and ferroptosis [7]. The body, in turn, by a process known as effer-
ocytosis, maintains tissue homeostasis by phagocytosis of the apoptotic 
bodies of dying cells. The efficient clearance of damaged or dead cells, 
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through the process of efferocytosis, prevents further tissue dysfunction 
caused by the release of damage-associated molecular patterns (DAMP). 
The efferocytes, cells such as macrophages and monocytes, promote 
disease tolerance to maintain host fitness, without affecting the path-
ogen burden; they do so, upon recognising pathogenic signals, by 
resolving inflammation, by releasing anti-inflammatory cytokines, 
reducing pro-inflammatory cytokine production, and reorienting to-
wards an anti-inflammatory phenotype [8]. Moreover, efferocytosis not 
only prevents the deleterious effect of secondary necrosis, and but also 
helps in and promotes the repair of damaged tissue to sustain physio-
logical function [9–11]. On the contrary, impaired efferocytosis causes 
chronic inflammation, resulting in severe lung diseases and autoimmune 
disorders [12]. 

COVID-19 infection has been shown to hamper the proper function of 
alveolar macrophages, although the mechanism remains vague. The 
inadequate clearance of apoptotic cells generated due to the SARS-CoV- 
2 infection contributes to COVID-19-associated autoimmune disorders 
[13]. Thus, the clearance of apoptotic bodies by boosting efferocytosis in 
SARS-CoV-2-infected tissues can play an important role in the man-
agement of COVID-19 pathology by preventing inflammatory responses, 
such as a ‘cytokine storm’ [14]. Because of the consistent spread of the 
COVID-19 disease all over the world, it is of great significance to gain 
more in-depth knowledge of how to combat its possible side-effects. This 
review article aims to discuss the engagement of the SARS-CoV-2 with 
type 2 alveolar cells, and how SARS-CoV-2 infection impairs macro-
phage anti-inflammatory programming. Besides this, we will discuss and 
hypothesise the probable link between impaired efferocytosis and 
COVID-19 disease, and attempt to propose possible treatment options to 
combat COVID-19 side-effects. 

2. The process of efferocytosis, and the role played by the 
macrophages 

Efferocytosis is the process of phagocytosis of apoptotic and necrotic 
cells, in any damaged tissue, by professional efferocytes, such as mac-
rophages and dendritic cells (DCs). Sometimes, non-professional effer-
ocytes, such as epithelial cells, astrocytes, Sertoli cells, and neural 
progenitor cells, also participate in this process of phagocytosis [15,16]. 
Apoptotic cells contain autoantigens, such as adenosine, heat-shock 
proteins, and high-mobility group box-1 proteins (HMGB1), and the 
release of these necrotic factors, during secondary necrosis, causes 
chronic inflammation, sepsis, and autoimmunity [17]. In healthy in-
dividuals, the uptake of apoptotic and necrotic cells by macrophages is 
so efficient that very few apoptotic cells escape efferocytosis. Effer-
ocytosis, a highly orchestrated process, actively induces the macrophage 
phenotype that favours damaged tissue repair, and helps to suppress 
chronic inflammation [18]. Impaired efferocytosis is the common thread 
between a plethora of chronic health conditions, including cystic 
fibrosis, chronic obstructive pulmonary disease (COPD), asthma, and 
ARDS [19]. It has been proposed that providing a pharmacological fillip 
to the efferocytosis process might arrest lung disease progression [20]. 

The process of efferocytosis is systematically different from many 
other types of phagocytosis, and involves several phases, including 
apoptotic cell finding, apoptotic cell binding, apoptotic cell internal-
isation, and apoptotic cell digestion [21]. Apoptotic cells actively release 
soluble factors to attract the mononuclear phagocytic cells (macro-
phages and DCs). Key “find-me” signals involved in this process are: 
chemokines, such as C-X-C motif chemokine ligand 1 (CX3CL1) [22], 
lysophosphatidylcholine (LPC) [23], sphingosine-1-phosphate (S1P) 
[24–27], and triphosphate nucleotides [28,29], such as ATP [30]. 
Apoptotic cells release these “find-me” signals through caspase 3/7-acti-
vated hexameric pannexin-1 channels [31] (Fig. 1). Apart from such 

Fig. 1. Schematic representation of effer-
ocytosis mechanism performed by professional 
macrophage efferocyte. Phosphatidylserine, 
which is generally present on the inner layer of 
the plasma membrane, is exposed to the outside 
after receiving the apoptotic signals and release 
find-me signals in the form of nucleotides 
(ATP), sphingosine-1-phosphate (S1P), and lip-
ophosphatidyl choline (LPC). TIM-4 and BAI-1 
directly bind with phosphatidylserine (PS), 
and all the TAM receptors such as Mertk, Axl, 
TIM-1–3, and Tyro-3 bind with PS through the 
bridging molecules like MFG-E8 and GAS-6 
proteins. Find-me signals bind with the P2Y12 
receptor present on the plasma membrane of 
macrophages and help to create a Ca+ gradient, 
which promotes the movement of macrophages 
towards the apoptotic cells. Suppressors of 
cytokine signalling 1 and 3 genes (SOCS1 and 
SOCS3) are activated for the maintenance of 
inflammatory programming. Apoptotic cells 
also express the don’t eat me signal through the 
binding of CD-47 with CPRPα present on the 
macrophage cell membrane.   
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secreted molecules, apoptotic cells also display phosphatidylserine (PS) 
on the outer surface of the plasma membrane, to bind with the “fin-
d-you” signals [32]. Thus, the “find-me” and “find-you” signals both 
help in the binding of the professional efferocytes with apoptotic cells. 
Professional efferocytes digest apoptotic bodies through the activation 
of autophagy-related gene product, Microtubule-associated protein 
1A/1B light chain 3 (LC3) [33], and induce specific signal transduction 
pathways that up-regulate efferocytotic receptors and opsonins [18]. 

There are 12 types of PS efferocytotic receptors found to date, which 
form a heterogeneous group of surface proteins that bind to PS directly, , 
such as, eor via soluble PS-binding opsonins [34–36]. Four major fam-
ilies of PS efferocytosis receptors have been studied so far, which include 
(1) Brain-specific angiogenesis inhibitor (BAI), (2) T-cell immunoglob-
ulin and mucin domain-containing (TIM), (3) Stablin, and (4) CD300. 
Macrophages and DCs bind PS directly through the receptors: BAI1 and 
TIM-4 [37]. The adhesion G-protein coupled receptor BAI1 directly 
binds to the PS with the activation of the Elmo-Dock bipartite Rac-GEF 
[38]. BAI1 expression is restricted to gastric and intestinal phagocytes, 
and important for the process of efferocytosis [39]. Lee et al. first 
demonstrated that BAI1-deficient mice display increased colonic 
inflammation and tissue damages [40]. It has also been reported that 
BAI1 deletion in macrophage and colonic epithelial cells leads to an 
increase in the level of pro-inflammatory cytokines, such as such as, eor 
IL-1α, IL-6, and TNF-α [40]. These findings suggest that inflammatory 
gene expression is regulated and influenced by the activation of 
Elmo-Dock signalling [41]. 

Whereas BAI1 is directly involved in juxtacrine signalling, the TIMs: 
TIM-1, TIM-3, and TIM-4; and the receptor tyrosine kinases TYRO3, 
AXL, and MERTK, collectively known as TAMs, are involved in the 
process of efferocytosis, mediated by mononuclear efferocytes, through 
bridging molecules, serum proteins such as GAS6 and ProS1 [37] 
(Fig. 1). The TIM family receptors, such as TIM1 and TIM3, are required 
to bind with PS to suppress NF-κβ activation, and the production of 
pro-inflammatory regulators, such as TNF, IL-6, and CCL5, in proximal 
tubular cells [42,43]. It has recently been reported that TIM-4-mediated 
corpse engulfment can trigger LC3-associated autophagy [44]. The 
activation of TIM and TAM receptors inhibits pro-inflammatory cytokine 
signalling through the induction of Suppressor of cytokine signalling 1 
and 3 (SOCS1 and SOCS3) [45,46]. Moreover, recent reports have sug-
gested that A2A and A2B receptors, present on macrophages, mediate 
the suppression of pro-inflammatory chemokines, such as CXCL1 and 
CXCL2, and up-regulate the pro-resolution factors, such as Nuclear Re-
ceptor 4A1 (NR4A1) and Thrombospondin 1 (THBS1), during the pro-
cess of efferocytosis [47,48]. Moreover, TAM deficiency disrupts 
apoptotic cell clearance by the macrophages, without disturbing other 
phagocytic properties [49,50]. TAM receptor MERTK binds with PS 
through bridging molecules that inhibit NF-κβ signalling, thus reducing 
the release of pro-inflammatory cytokines [51,52]. 

Some bridging molecules, including complement components, Milk 
fat globule-epidermal growth factor 8 (MFG-E8), Cellular communica-
tion network factor 1 (CCN1), Growth arrest-specific 6 (GAS6), and 
Protein S (PROS), are also involved in the process of recognition and 
binding of apoptotic cells with efferocytes [35,36] (Fig. 1). Binding of 
these bridging molecules to the PS, through αvb3/5 integrin/vitronectin 
receptors on phagocytes, promotes Rac activation and corpse internal-
isation [53,54]. Thus, αv integrin plays a key role in macrophage 
adhesion and performs an important role in the process of efferocytosis. 

Direct interaction of stabilin surface receptors (Stab1 and Stab2), 
present on macrophage, with PS improves the efficacy of efferocytosis or 
apoptotic cell clearance [55–57]. In vitro analyses have revealed that the 
expression of the Stab2 receptor induces the production of 
anti-inflammatory cytokine TGF-β [56]. On the other hand, Stab1/Stab2 
double knock-out mice have a shorter life span, and increased witho 
tissue inflammation [58,59]. 

Another “find-me” signalling molecule, S1P also provokes anti- 
apoptotic and anti-inflammatory gene expression in macrophages. 

These gene expressions are ncreaseincreased characterised by the sup-
pression of TNF-α and IL-2, along with the increased production of IL-10, 
vascular endothelial growth factor (VEGF), and prostaglandin E2 
(PGE2). The S1P receptor (S1PR), present on the plasma membrane of 
macrophage, prompts the conversion to an M2-like anti-inflammatory 
phenotype inducing the production of cAMP and cyclooxygenase-2, and 
the suppression of NF-κβ signalling [60]. S1P binding with also increases 
intra-macrophage Ca2+ concentration, which promotes the movement 
of macrophage towards the apoptotic cells [61]. 

Macrophages, involved in the innate immune system, play a crucial 
role in the antiviral response, tissue repair, and fibrosis. They can 
phagocytose virus, bacteria, as well as apoptotic cells to trigger an im-
mune response, maintain tissue homeostasis, and promote regeneration 
[62]. Monocyte-derived macrophages co-exist as one of two sub-types, 
first, the classically activated or M1-like, and another, the alterna-
tively activated or M2-like; cytokine signalling causes their phenotypic 
programming, and recruitment to the inflamed tissue [62–64]. Cytokine 
secretion profile sometimes varies between M1- and M2-like macro-
phages. M1-like macrophages are associated with microbial activity, 
pro-inflammatory cytokine production, and immune responses, while 
M2-like macrophages are recruited to heal the damaged tissue after viral 
infection. Therefore, the recruitment of macrophages into the damaged 
tissue is crucial for a balanced and controlled antiviral immune 
response, and for the clearance of dead cells caused by viral infection. 

In the lungs, efferocytosis is predominantly orchestrated by not only 
the epithelial cells, but also the alveolar macrophages, the professional 
efferocytes that are well-distributed in the alveolar space, interspersed 
throughout the mucus layer and the interstitial space [65]. There are a 
few notable differences between alveolar macrophages and their coun-
terparts in other tissues. The weaker efferocytotic capacity of alveolar 
macrophages, compared to other macrophages in different tissues, is 
compensated by a higher capacity for self-renewal and repair, which, 
thus, allows them to maintain homeostasis in the respiratory tract 
[66–68]. Moreover, alveolar macrophages require lower activation en-
ergy to activate inflammatory genes, against bacteria or viruses, than 
their counterparts in other tissues [69,70]. Alveolar macrophages un-
dertake the release of anti-inflammatory cytokines, transforming growth 
factor-β (TGF-β), and interleukin 10 (IL-10), while inhibiting the 
secretion of pro-inflammatory cytokines, including Tumour necrosis 
factor-α (TNF-α), IL-1, IL-8, and leukotriene C4 (LTC4) [71,72] (Fig. 2). 
Interestingly, impaired efferocytosis has been detected in the airways of 
patients suffering from lung diseases due to the increased burden of 
apoptotic cells, which culminates in chronic inflammation. In fact, the 
impaired clearance of apoptotic cells by professional efferocytes is the 
upstream event to sustained chronic lung inflammation [73]. 

3. The impact of SARS-CoV-2 infection on the respiratory system 
and its associated immune milieu 

In a healthy individual, the airway epithelium acts as a barrier 
against the routine onslaught of viruses, bacteria, and different particles, 
to prevent infection and tissue injury. SARS-CoV-2 generally enters the 
human body through the respiratory tract, and compromises the airway 
epithelium, alveolar epithelium, and vascular endothelium [74,75] 
(Fig. 3). According to in vitro analyses, it has been observed that ciliated 
airway epithelial cells are the primary site of SARS-CoV-2 infection [76]. 
Like with other types of coronaviruses, the SARS-CoV-2 infection occurs 
through, initially, the binding of the viral S (spike) protein to the 
Angiotensin-converting enzyme 2 receptors (ACE2), abundantly present 
on the surface of lung alveolar epithelial cells, followed by the cleavage 
of the spike protein by Transmembrane serine protease 2 (TMPRSS2) 
[77–81]. SARS-CoV-2, after infiltrating the nasal mucosa, replicates and 
triggers the repertoire of immune and inflammatory responses that 
constitute the signs and symptoms of COVID-19 infection [82]. 

The upper respiratory tract epithelium, upon being affected by SARS- 
CoV-2, suffers from impaired gas exchange and respiratory failure. 
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Triggering a chain reaction, the virions produced by the infected 
epithelial cells also infect other adjacent cells, such as neighbouring 
epithelial cells, endothelial cells, and macrophages, which are, in fact, 
the active participants in the process of efferocytosis [83]. Interestingly, 
macrophages frequently interact with ACE2-expressing cells present in 
the lung tissue, dialogues which could help them in sensing, and ori-
enting towards defensive and destructive functions. [84]. Chan et al. 
have reported that the viral proteins expressed in the hamster model 
upon SARS-CoV-2 infection can cause widespread cell apoptosis [85]. 
The vascular endothelium is also an important site for COVID-19 
infection [86]. Infection of endothelial cells occurs in the luminal or 
interstitial site, and this infection triggers the release of cytokines and 
chemokines. The ’cytokine storm’, caused due to the infection with 
SARS-CoV-2, impairs macrophage function, and hinders the process of 
efferocytosis or apoptotic cell clearance [87]. 

The epithelial cells which are infected by SARS-CoV-2 express in-
flammatory mediators, such as CXCL10, and interferon [88,89]. In vitro 
analyses have shown that type II alveolar cells, upon infection with 
influenza virus or coronavirus, secrete pro-inflammatory cytokine me-
diators, such as IL-6, IL-8, IL-29, CCL5, CXCL9, CXCL10, and CXCL1152 
[90]. 

The brutality of SARS-CoV-2 infection can be stratified based on the 
chemokine level present in the SARS-CoV-2 infected patients. Higher 
levels of CCL7, CCL3, and CXCL9 have been found in severe cases of 
COVID-19, compared with mild and moderate cases [91]. According to 
Huang et al., the plasma levels of CXCL10, CCL2, and CCl3 are reported 
to be higher in ICU patients than non-ICU patients, affected by 
SARS-CoV-2 [92]. Another study has revealed that the plasma levels of 
homeostatic chemokines, such as CXCL12, neutrophil-targeted CXCL1, 
eosinophil-targeted CCL11, and the memory T-cell-homing chemokine 
CCL27, stayed high during infection [93]. COVID-19 patients suffering 
from pneumonia and hypoxia show a higher level of CCL3 and CXCL10 
[94]. Higher levels of chemokine secretion due to SARS-CoV-2 infection 
in lung tissue cause the release of higher levels of pro-inflammatory 
cytokines, and may hinder the process of apoptotic cell clearance, 
which may lead to different kinds of lung-related disorders and several 
complications. 

4. Impaired efferocytosis and the consequent pro-inflammatory 
programming linked with SARS-CoV-2 infection 

Given that viruses can take over and down-regulate antiviral immune 
responses prompted by macrophages to enhance their own replication 
and pathogenesis, it has been postulated that there is a similarity be-
tween HCoV-229E, SARS-CoV, MARS-CoV, and SARS-CoV-2 in their 
ability to cause respiratory tissue damage and several types of respira-
tory disorders associated with high morbidity and mortality. Develop-
ment of these respiratory disorders may be linked to imbalanced 
macrophage populations during SARS-CoV-2 infection and, conse-
quently, impaired efferocytosis [13,95,96]. Like other SARS-CoV, SAR-
S-CoV-2 impairs the function of the macrophages, the professional 
efferocytes involved in the process of efferocytosis. Non-classical mac-
rophages, such as monocyte, M1-like macrophage, and M2-like macro-
phage, have also been detected in the peripheral blood of COVID-19 
patients [97]. The infection of the ACE2+ macrophage by SARS-CoV-2 
enhances the secretion of IL-6 from the macrophage [98]. The massive 
secretion of IL-6 from the macrophage induces the apoptosis of lym-
phocytes through Fas signalling [98]. A disproportionately large ratio of 
apoptotic cells to macrophages, engendered due to SARS-CoV-2 infec-
tion, may be the reason for impaired efferocytosis. 

Associated with macrophage activation and the development of 
respiratory distress syndrome, is the release of inflammatory cytokines, 
such as IL-6, TNF-α, IL-1β, and IFN-γ, directly [99]. Macrophage acti-
vation syndrome and dysregulated immune response have been found in 
COVID-19 patients suffering from severe respiratory failure [100]. Wang 
et al., have shown, in two severe cases of COVID-19, that the lung 
cavities were filled with macrophages and neutrophils, along with 
increased IL-6, TNF-α, and PD-L1; these might be responsible for ‘cyto-
kine storm’ and pulmonary fibrosis [101]. Besides pulmonary fibrosis 
and failure, other complications such as hyper-coagulation or clot for-
mation have been found in COVID-19 patients [102–104]. A recent 
finding has suggested that the spleen macrophages are responsible for 
the viral spread, and exacerbate the subsequent ‘cytokine storm’ [105]. 
Multiple research groups have proposed that patients suffering from 
SARS-CoV-2 infection have increased plasma levels of fibrinogen and 
D-dimer [102–104]; in fact, correlation studies have revealed that 71% 

Fig. 2. Alveolar macrophages maintain lung 
tissue homeostasis through the process of 
efferocytosis. First alveolar macrophages find 
the apoptotic cells and bind with the help of 
TIM and TAM receptors. In the process of 
efferocytosis, apoptotic cell finding, apoptotic 
cell binding, and apoptosis of cells are intern-
alised done by professional efferocytes such as 
macrophages. This process helps to maintain 
tissue homeostasis by the inhibition of pro- 
inflammatory cytokines release. Apoptotic 
cells convert into necrotic cells due to impaired 
efferocytosis and cause inflammation. The main 
reason for inflammation is the release of pro- 
inflammatory cytokines from necrotic cells 
such as TNF-α, IL-8, IL-1, and IL-6. TAM re-
ceptors, after binding with the ligands present 
on apoptotic cells, get activated and induced 
SOCS genes. Induction of SOCS1 and SOCS 3 
genes helps to release anti-inflammatory cyto-
kines and inhibit the release of pro- 
inflammatory cytokines. Anti-inflammatory cy-
tokines such as TGF-β and IL-10 inhibit 
inflammation caused by necrotic cells and help 
to maintain lung tissue homeostasis.   
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of non-survivors had a higher level of D-dimer and fibrin degradation 
products [106]. Interestingly, increased levels of fibrin and fibrinogen 
may modulate the function of macrophages by triggering the release of 
the pro-inflammatory cytokine TNF-α [107], and also engage with 
Toll-like receptors (TLRs), which boosts the release of pro-inflammatory 
cytokines, such as IFN-γ, TNF-α, IL-6, and IL-1β [108] (Fig. 4). These 
reports suggest that there may be a strong relationship between dis-
rupted macrophage function and the hypercoagulability found in 
COVID-19 patients. 

Recently, it has been reported that epithelial cell lines (both human 
lung epithelial Calu-3 and simian kidney epithelial Vero CCL-81), 
infected with SARS-CoV-2, show apoptotic features [109,110]. More-
over, Habib et al. have already linked COVID-19 infections with 
ferroptosis-mediated cell death [7]. Exposure of phosphatidylserine (PS) 
on the outer surface of SARS-CoV-2 infected cells leads to induction of 
programmed cell death, or apoptosis, through annexin V binding [111, 
112]. Other groups, through extensive imaging and staining of the spike 
protein of the virus, have shown that macrophages efficiently engulf 
SARS-CoV-2-infected dying cells [13,113]. It has also been proposed 
that the engulfment of SARS-CoV-2-AC (SARS-CoV-2 infected apoptotic 
cell) by macrophage significantly increases the production of IL-6 and 
IL-1β, and switches the latter from an anti-inflammatory, resolutive 
programming to an inflammatory phenotype [13] (Fig. 4). 

It has also been reported that efferocytosis of SARS-CoV-2 infected 

dying cells might hamper the routine clearance of apoptotic cells. Since 
the primary aspect of efferocytosis is the engulfment of multiple 
apoptotic cells within a short period of time, this capability of profes-
sional efferocytes, such as macrophages, is essential when the ratio of 
apoptotic cells to efferocytes is higher after events which trigger acute 
inflammatory responses [114–116]. Therefore, continual efferocytosis is 
important, after an infection, to maintain tissue homeostasis and 
controlled inflammation [117]. 

5. Therapeutic strategies to combat SARS-CoV-2 infection: 
targeting impaired efferocytosis concomitant with the cytokine 
storm-induced complications 

Impaired efferocytosis and huge production of pro-inflammatory 
cytokines due to SARS-CoV-2 infection have been observed in COVID- 
19-positive patients. The rapid surge of pro-inflammatory cytokines 
may be linked with the reduced expression of efferocytotic receptors. 
This ‘cytokine storm’ is one of the major causes of post-COVID-19 
complications. Therefore, targeting ‘cytokine storms’ with potent anti-
bodies or drugs could be a treatment option (Table 1). In view of the 
present situation, the need of the hour is to find a therapeutic strategy to 
combat SARS-CoV-2 infection and SARS-CoV-2 infection-related com-
plications. The ‘Big five’ lung diseases have seen a resurgence during the 
COVID-19 pandemic: according to Google Trends analyses, the 

Fig. 3. Macrophage activation syndrome due to SARS-CoV-2 infection. After the infection, SARS-CoV-2 enters through the respiratory tract and binds to the ACE2 
receptor present on type II pneumocytes. Spike protein (S-protein) present on SARS-CoV-2 is cleaved by transmembrane protease TMPRSS2. This cleavage helps 
SARS-CoV-2 to bind with ACE2 receptor and exocytosis into pneumocyte cell. After exocytosis, SARS-CoV-2 enhances their replication and targets to attack alveolar 
macrophage present in the alveolar space. Subsequently, infected with SARS-CoV-2, alveolar macrophages, monocytes, neutrophils, and other immune cells release 
inflammatory cytokines like IL-6, IL-8, IL-1β, TNF-α, IFN-γ, IL-10 as well as several chemokines. The incidence of rapid release of different inflammatory cytokines is 
called ‘cytokine storm’, which attacks own cells and tissue rather than fighting off the virus. Inflammatory cytokines released from different immune cells bind to 
their specific receptor present on type I pneumocyte cells and the endothelial cells. After binding inflammatory cytokines to their specific receptors, it activates NF-κβ 
signalling, which rapidly promotes apoptosis of type I epithelial and endothelial cells. ’Cytokine storm’, which is generated by the infection with SARS-CoV-2, causes 
endothelial cell activation, and damage associated with cytokine storm is triggered through multiple pathways, including the release of pro-inflammatory cytokines 
and complement activation. As a result of this activation, endothelial cells release ultra-large VWF (von Willebrand factor) and p-selectin, which binds to platelets, 
monocyte, and neutrophil to develop microvascular thrombosis. D-dimer and fibrin are released in the alveolar space by the infection with SARS-CoV-2, bind to TLR 
and RLR present on alveolar macrophages and hinders the function of macrophages in the process of efferocytosis by enhancing SARS-CoV-2 replication. SARS-CoV-2 
binds to ACE2 receptors present on endothelial cells, stimulates the release of pro-inflammatory cytokines such as IL-6 and TNF-α, and causes activation of caspase-1. 
Activated caspase-1 is responsible for endothelial cell death or apoptosis. 
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incidence of the ‘Big five’ lung diseases, except for lung cancer, 
including Asthma, COPD, pneumonia, and ARDS has increased during 
the COVID-19 pandemic [118]. In the case of lung diseases, SARS-CoV-2 
infection causes inflammation and bronchial cell apoptosis. The con-
version of these massive numbers of apoptotic cells into necrotic ones, 
due to impaired efferocytosis, may result in the production and release 
pro-inflammatory cytokines in a large quantity, which could be the main 
reason behind COVID-19 complications. Therefore, targeting impaired 
efferocytosis could be a novel therapeutic strategy against COVID-19 
infection. 

Recent studies have revealed that the engulfment of SARS-CoV-2-AC 
reduces the transcription of PS receptors, including that of the scavenger 
receptors CD36 and SRA-I, αVβ5 integrin (ITGB5), and T cell immuno-
globulin mucin receptor 4 (TIM4), but not that of MER proto-oncogene 
tyrosine kinase (MERTK) [13]. Hence, it is clear that efferocytosis of 
SARS-CoV-2-infected dying cells depresses the expression of effer-
ocytotic receptors, and impairs the continual elimination of apoptotic 
cells by macrophages. Since it has been found that activation of MERTK 
regulates immunosuppressive profiles, characterised by high IL-10 and 
TGF-β levels [119], Dexamethasone, a potent activator of the MERTK 
receptor, has been permitted, and is being broadly used, for the treat-
ment of seriously ill COVID-19 patients [120]. 

It is assumed that the release of S1P, involved in the process of 
efferocytosis, is impaired by SARS-CoV-2 infection, and this can slow 
down the process of SARS-CoV-2-infected apoptotic cell clearance 

[121]. The immunomodulatory action of the orally available drug Fin-
golimod (FTY720), a modulator of S1PR, is being harnessed for the 
treatment of multiple sclerosis (MS) [122]. Several studies have re-
ported that Fingolimod can potentially also be utilised for the treatment 
of the human immunodeficiency virus (HIV) disease [123,124]. It has 
been reported that the case of a 57-year-old female, who was affected 
with SARS-CoV-2, upon a regime of Fingolimod treatment, had a posi-
tive outcome, thus, indicating that the immunomodulatory effect of 
Fingolimod might indeed prove to be beneficial to reduce the mortality 
caused due to the SARS-CoV-2 infection [125]. A clinical trial of Fin-
golimod (FTY720) in COVID-19 patients is already underway 
(NCT04280588). Moreover, thymoquinone, an anti-inflammatory 
agent, has also been shown to be effective against impaired S1P sig-
nalling system [126]. Therefore, both Thymoquinone and Fingolimod 
can be co-opted as therapeutic options to improve impaired efferocytosis 
through the modulation of S1P signalling. 

Interestingly, the SARS-CoV-2 particle mimics apoptotic cells, by 
exposing PS on the viral envelope, which interacts with the phagocytic 
machinery of target cells, inducing its internalisation [127]. Morizono 
et al. were the first to report that TAM receptors are involved in viral 
molecular mimicry. Here, the GAS6 protein acts as a bridging molecule, 
connecting TAM receptors with the exposed PS, and prompts efficient 
entry and replication of the virus. Sustained TAM signalling is important 
for potent viral infection, thus TAM inhibitors may reduce viral infec-
tivity [128,129]. This study predicted that TAM receptors and bridging 

Fig. 4. Impaired efferocytosis signals concomitant with cytokine storm due to SARS-CoV-2 infection. SARS-CoV-2 infection alters two main signalling pathways 
(Find-me and Eat-me signalling) involved in the process of efferocytosis. SARS-CoV-2 infection hampers the binding of find-me signalling molecules such as ATP/ 
AMP to their receptor-like A2a and down-regulates cyclic AMP production. Down-regulation of cAMP induces NF-κβ signalling. Stimulation of NF-κβ signalling up- 
regulates the production of chemokines and pro-inflammatory cytokines like CXCL1, CXCL2, and IL-1 and again down-regulates the synthesis of anti-inflammatory 
cytokines such as IL-10 and TGF-β. This up and downregulation of inflammatory cytokines troubles immune regulation by impaired efferocytosis. SARS-CoV-2 
infection also helps to release HMGB1, which binds to TLR2, TLR4, and Receptor for advanced glycation endproducts (RAGE), thus shows a positive regulation 
towards NF-κβ signalling. Increased chemokines such as CCL3 and CXCL10 are directly correlated with impaired efferocytosis by the production of pro-inflammatory 
cytokines. Mutation or downregulation of S1P signalling also down-regulates the production of cAMP and COX2 and stimulates NF-κβ signalling. Stimulation of NF-κβ 
signalling inhibits the expression of TAM receptor protein MERTK and bridging molecule MFG-E8, causes impaired efferocytosis. SARS-CoV-2 infection also down- 
regulates the expression of TIM and TAM receptors associated with Eat-me signallings such as BAI1, TIM1–3, MERTK and produces cytokine storm, which is con-
nected with inflammation and impaired efferocytosis. Some proposed drugs are mentioned for targeting impaired efferocytosis concomitant with cytokine storm. 
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molecules, part of the process of efferocytosis, may be involved in 
COVID-19 viral entry. Moreover, the interaction of AXL, a TAM receptor, 
with SARS-CoV-2 has been shown to promote infection in epithelial cells 
[130]. Recently, the FDA has approved the use of Gilteritinib, an in-
hibitor of AXL, since it shows antiviral efficacy against SARS-CoV-2 
infection in Vero E6 cells [131]. Another AXL inhibitor Bemcentinib 
(BGB324), has been fast-tracked towards phase II clinical trials by 
ACCORD (Accelerating COVID-19 Research and Development Platform) 
[131]. Therefore, GAS6/AXL targeting through Gilteritinib, Beme-
centinib, and others AXL inhibitors could be a promising avenue for 
anti-COVID-19 treatment. 

Lipoxin A4, belonging to a unique class of lipid mediators, possesses 
a wide spectrum of anti-inflammatory properties [132]. First reported 
by Wang et al., Lipoxin A4 stimulates the efferocytosis activity of alve-
olar macrophage [132]. Lipoxin A4 upregulates efferocytosis by block-
ing High mobility group box protein 1 (HMGB1), a well-known DAMP 
protein that acts as an “alarmin”, i.e., promotes inflammation along with 
impaired phagocytosis. HMGB1 binds to TLR2, TLR4, and RAGE to 
activate or upregulate the NF-κβ signalling pathway, which enhances the 
expression of leucocyte adhesion molecules, along with the production 
of pro-inflammatory cytokines [133]. Interestingly, HMGB1 expression 
has been shown, in the rat model, to be negatively correlated to that of 
the ACE2 receptor [134]. Moreover, Kuba et al. have reported that, in 
the mouse model, SARS-CoV infection downregulates ACE2 expression 
[135]. Therefore, it can be hypothesised that reduced ACE2 expression 
due to SARS-CoV-2 infection can increase HMGB1, thus contributing to 
the "cytokine storm", which is a hallmark of the worst COVID-19 
infection scenarios. In fact, the elevated level of HMGB1 suppresses 
efferocytosis in patients suffering from ARDS, a major lung disease that 
has emerged as a post-COVID-19 complication. Thus, Lipoxin 4 could 
indeed be a novel therapeutic option against COVID-19 complications 
[132]. 

6. Conclusions 

This review presents various mechanisms of defective efferocytosis 
linked with pandemic COVID-19. We discuss how efferocytosis clears 
and digests apoptotic cells, maintains tissue homeostasis, and plays a 
pivotal role in rendering key immune functions. The entry of SARS-CoV- 

2 through the airway respiratory tract, and their binding to ACE2 re-
ceptors present on lung epithelial cells, allows them to exploit the host 
cells for their replication. Consequently, a huge number of cells suffer 
apoptosis due to SARS-CoV-2 infection. Macrophages, the professional 
efferocytes, are recruited to the infection or damaged site to clear SARS- 
CoV-2-AC. Although an efficient efferocytosis process is supposed clear 
the apoptotic load, as discussed above, the replicated SARS-CoV-2 enter 
the macrophages by hijacking the apoptotic process, and hamper the 
efferocytosis machinery. SARS-CoV-2 infection alters the expression 
level of efferocytotic receptors, which are involved in clearing SARS- 
CoV-2-AC, and is also responsible for triggering a ’cytokine storm’ by 
causing the release of pro-inflammatory cytokines on a large scale. Thus, 
the ‘cytokine storm’ production, due to impaired efferocytosis, may be 
the reason for COVID-19 complications. Major lung diseases, caused by 
SARS-CoV-2 infection, are observed in COVID-19 patients as complica-
tions. Hence, it is critical to understand that the gravity of COVID-19 
complications is no less than that of the SARS-CoV-2 infection itself. It 
is concerning that recent studies have shown that the SARS-CoV-2 virus 
may keep mutating frequently, and possibly into more virulent strains. 
In the foreseeable future, drug treatment holds promise of being a more 
effective option. However, research studies will continue to unearth new 
information, given that the pathophysiology of COVID-19 disease, and 
its relation to different diseases remain to be fully deciphered. This re-
view underlines that targeting efferocytosis concomitant with the 
‘cytokine storm’ can be an effective strategy against SARS-CoV-2 
infection and its complications. 
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Table 1 
Potential alternative approaches to treat cytokine storm induced complications in COVID-19 patients.  

Target Drug Mechanism References 

IL-6 or IL-6 receptor Tocilizumab (NCT04322773) 
Sarilumab (NCT04359901; 
NCT04357808) 
Clazakizumab (NCT04348500; 
NCT04381052; NCT04343989; 
NCT04381052) 
Olokizumab (NCT04380519) 

Neutralizing IL-6 or its receptor. Ascierto et al. [136]; Buonaguro et al. [137]; Luo 
et al. [138]; Michot et al. [139]; Xu et al. [140]; 
Zhao [141]; Zhang et al. [142]. 

IL-1β Canakinumab (NCT04362813; 
NCT04348448) 

Targeting IL-1β by decreasing C-reactive protein 
through Anti-IL-1β antibodies 

Ucciferri et al. [143]. 

TNF-α Infliximab 
(NCT04425538; NCT04344249) 

evaluation of XPro1595, which prevents TNFs from 
binding to their receptors by forming heterotrimers 
with soluble TNF 

Steed et al. [144]. 

Expression of pro- 
inflammatory cytokines 
like IL-6, IL-1β, and TNF- 
α 

Trichostatin A Decreases IL-6 production by modulating mRNA 
stability 
Decrease IL-1β, and TNF-α 
Decrease systemic inflammation 

DrugDrugMechaniGrabiec et al. [145]; 
Han and Lee [146]; Cui et al. [147]. 

Cytokine storm Methylprednisolone 
(NCT04244591, NCT04273321) 
Siltuximab (NCT04329650) 
Tocilizumab (NCT04377503, 
NCT04345445) 
Tacrolimus (NCT04341038) 
Colchicine (NCT04350320; 
NCT04375202) 
Anakinra (NCT04324021; 
NCT04443881) 

Immunosuppressive drugs targets NO (nitric 
oxide) and TNF-α, inhibits T cell activation, and 
decreases the extravasation of immune cells. 

Sloka and Stefanelli [148].  
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[16] S. Morioka, C. Maueröder, K.S. Ravichandran, Living on the edge: efferocytosis at 
the interface of homeostasis and pathology, Immunity. 50 (2019) 1149–1162, 
https://doi.org/10.1016/j.immuni.2019.04.018. 

[17] S.J. Schwulst, J.T. Muenzer, O.M. Peck-Palmer, K.C. Chang, C.G. Davis, J. 
S. McDonough, D.F. Osborne, A.H. Walton, J. Unsinger, J.E. McDunn, R. 
S. Hotchkiss, Bim siRNA decreases lymphocyte apoptosis and improves survival 
in sepsis, Shock. 30 (2008) 127–134, https://doi.org/10.1097/ 
shk.0b013e318162cf17. 

[18] D.R. Korns, S.C. Frasch, R. Fernandez-Boyanapalli, P.M. Henson, D.L. Bratton, 
Modulation of macrophage efferocytosis in inflammation, Front. Immunol. 2 
(2021) 57, https://doi.org/10.3389/fimmu.2011.00057. 

[19] R.W. Vandivier, P.M. Henson, I.S. Douglas, Burying the dead: the impact of failed 
apoptotic cell removal (efferocytosis) on chronic inflammatory lung disease, 
Chest. 129 (2006) 1673–1682, https://doi.org/10.1378/chest.129.6.1673. 

[20] P.M. Henson, G.P. Cosgrove, R.W. Vandivier, State of the art. Apoptosis and cell 
homeostasis in chronic obstructive pulmonary disease, Proc. Am. Thorac. Soc. 3 
(2006) 512–516, https://doi.org/10.1513/pats.200603-072MS. 

[21] A. Yurdagul Jr, A.C. Doran, B. Cai, G. Fredman, I.A. Tabas, Mechanisms and 
consequences of defective efferocytosis in atherosclerosis, Front. cardiovasc. Med. 
4 (2018) 86, https://doi.org/10.3389/fcvm.2017.00086. 

[22] L.A. Truman, C.A. Ford, M. Pasikowska, J.D. Pound, S.J. Wilkinson, I.E. Dumitriu, 
L. Melville, L.A. Melrose, C.A. Ogden, R. Nibbs, G. Graham, CX3CL1/fractalkine is 
released from apoptotic lymphocytes to stimulate macrophage chemotaxis, Blood 
112 (2008) 5026–5036, https://doi.org/10.1182/blood-2008-06-162404. 

[23] R.B. Mueller, A. Sheriff, U.S. Gaipl, S. Wesselborg, K. Lauber, Attraction of 
phagocytes by apoptotic cells is mediated by lysophosphatidylcholine, 
Autoimmunity. 40 (2007) 342–344, https://doi.org/10.1080/ 
08916930701356911. 

[24] D.R. Gude, S.E. Alvarez, S.W. Paugh, P. Mitra, J. Yu, R. Griffiths, S.E. Barbour, S. 
E. Milstien, S. Spiegel, Apoptosis induces expression of sphingosine kinase 1 to 
release sphingosine-1–phosphate as a “come-and-get-me” signal, FASEB. J. 22 
(2018) 2629–2638, https://doi.org/10.4049/jimmunol.1601520. 
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[115] M. Bäck, A. Yurdagul, I. Tabas, K. Öörni, P.T. Kovanen, Inflammation and its 
resolution in atherosclerosis: mediators and therapeutic opportunities, Nat. Rev. 
Cardiol 16 (2019) 389–406, https://doi.org/10.1038/s41569-019-0169-2. 

[116] S. Greenberg, S. Grinstein, Phagocytosis and innate immunity, Curr. Opin. 
Immunol. 14 (2002) 136–145, https://doi.org/10.1016/s0952-7915(01)00309-0. 

[117] C.Z. Han, K.S. Ravichandran, Metabolic connections during apoptotic cell 
engulfment, Cell 147 (2011) 1442–1445, https://doi.org/10.1016/j. 
cell.2011.12.006. 

[118] M.T. Barbosa, M. Morais-Almeida, C.S. Sousa, J. Bousquet, The “Big Five” lung 
diseases in CoViD-19 Pandemic–a Google Trends analysis, Pulmonology 27 
(2021) 71, https://doi.org/10.1016/j.pulmoe.2020.06.008. 

[119] T. Adomati, L.B. Cham, T.A. Hamdan, H. Bhat, V. Duhan, F. Li, M. Ali, E. Lang, 
A. Huang, E. Naser, V. Khairnar, Dead cells induce innate anergy via mertk after 
acute viral infection, Cell. Rep. 30 (2020) 3671–3681, https://doi.org/10.1016/j. 
celrep.2020.02.101. 

[120] G. Lemke, G.J. Silverman, Blood clots and TAM receptor signalling in COVID-19 
pathogenesis, Nat. Rev. Immunol. 20 (2020) 395–396, https://doi.org/10.1038/ 
s41577-020-0354-x. 

[121] E. Meacci, M. Garcia-Gil, F. Pierucci, SARS-CoV-2 infection: a role for S1P/S1P 
receptor signaling in the nervous system? Int. J. Mol. Sci 21 (2020) 6773, https:// 
doi.org/10.3390/ijms21186773. 

[122] V. Brinkmann, A. Billich, T. Baumruker, P. Heining, R. Schmouder, G. Francis, 
S. Aradhye, P. Bur, tin, Fingolimod (FTY720): discovery and development of an 
oral drug to treat multiple sclerosis, Nat. Rev. Drug Discov. 9 (2010) 883–897, 
https://doi.org/10.1038/nrd3248. 

[123] R. Geffin, R. Martinez, A. de Las Pozas, B. Issac, M. McCarthy, Fingolimod induces 
neuronal-specific gene expression with potential neuroprotective outcomes in 
maturing neuronal progenitor cells exposed to HIV, J. Neurovirol. 23 (2017) 
808–824, https://doi.org/10.1007/s13365-017-0571-7. 

[124] M. Pino, S. Paganini, C. Deleage, K. Padhan, J.L. Harper, C.T. King, L. Micci, B. 
Cervasi, J.C. Mudd, K.P. Gill, and S.M. Jean, Fingolimod retains cytolytic T cells 
and limits T follicular helper cell infection in lymphoid sites of SIV persistence, 
PLoS. pathog., 15(10), pp.1008081, https://doi.org/10.1371/journal.ppa 
t.1008081. 

[125] C. Foerch, L. Friedauer, B. Bauer, T. Wolf, E.H. Adam, Severe COVID-19 infection 
in a patient with multiple sclerosis treated with Fingolimod, Mult. Scler. Relat. 
Disord. 42 (2020), 102180, https://doi.org/10.1016/j.msard.2020.102180. 

[126] J. Barnawi, H.B. Tran, E. Roscioli, G. Hodge, H. Jersmann, R. Haberberger, 
S. Hodge, Pro-phagocytic effects of thymoquinone on cigarette smoke-exposed 
macrophages occur by modulation of the sphingosine-1-phosphate signalling 
system, COPD 13 (2016) 653–661, https://doi.org/10.3109/ 
15412555.2016.1153614. 

[127] A. Amara, J. Mercer, Viral apoptotic mimicry, Nat. Rev. Microbiol. 13 (2015) 
461–469, https://doi.org/10.1038/nrmicro3469. 

[128] K. Morizono, Y. Xie, T. Olafsen, B. Lee, A. Dasgupta, A.M. Wu, I.S. Chen, The 
soluble serum protein Gas6 bridges virion envelope phosphatidylserine to the 
TAM receptor tyrosine kinase Awl to mediate viral entry, Cell. Host. Microbe. 9 
(2011) 286–298, https://doi.org/10.1016/j.chom.2011.03.012. 

[129] L. Meertens, X. Carnec, M.P. Lecoin, R. Ramdasi, F. Guivel-Benhassine, E. Lew, 
G. Lemke, O. Schwartz, A. Amara, The TIM and TAM families of 
phosphatidylserine receptors mediate dengue virus entry, Cell. Host. Microbe. 12 
(2012) 544–557, https://doi.org/10.1016/j.chom.2012.08.009. 

[130] S. Wang, Z. Qiu, Y. Hou, X. Deng, T. Zheng, R. Yan, P. Wu, S. Xie, Q. Zhou, 
J. Huang, X. Li, AXL promotes SARS-CoV-2 infection of pulmonary and bronchial 
epithelial cells, Cell. Res. 31 (2021) 126–140, https://doi.org/10.1038/s41422- 
020-00460-y. 

[131] M. Bouhaddou, D. Memon, B. Meyer, K.M. White, V.V. Rezelj, M.C. Marrero, B. 
J. Polacco, J.E. Melnyk, S. Ulferts, R.M. Kaake, J. Batra, The global 

S. Dutta et al.                                                                                                                                                                                                                                    

https://doi.org/10.1038/s41577-020-0343-0
https://doi.org/10.1038/s41577-020-0343-0
https://doi.org/10.1007/s10067-020-05190-5
https://doi.org/10.1007/s10067-020-05190-5
https://doi.org/10.1128/JVI.01325-18
https://doi.org/10.1373/clinchem.2005.054460
https://doi.org/10.1373/clinchem.2005.054460
https://doi.org/10.1165/rcmb.2010-0108OC
https://doi.org/10.1093/infdis/jiaa363
https://doi.org/10.1093/infdis/jiaa363
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1038/s41392-020-0211-1
https://doi.org/10.1093/cid/ciaa1280
https://doi.org/10.3389/fimmu.2020.573662
https://doi.org/10.3389/fimmu.2020.573662
https://doi.org/10.1007/s10067-020-05190-5
https://doi.org/10.1007/s10067-020-05190-5
https://doi.org/10.3389/fphar.2020.577571
https://doi.org/10.3389/fphar.2020.577571
https://doi.org/10.1101/2020.03.27.20045427
https://doi.org/10.1016/j.autrev.2020.102537
https://doi.org/10.1016/j.autrev.2020.102537
https://doi.org/10.1016/j.chom.2020.04.009
https://doi.org/10.1016/j.chom.2020.04.009
https://doi.org/10.1016/j.ebiom.2020.102833
https://doi.org/10.1111/jth.14850
https://doi.org/10.1055/s-0040-1710018
https://doi.org/10.1002/ajh.25829
https://doi.org/10.1038/s41577-020-0317-2
https://doi.org/10.1111/jth.14768
https://doi.org/10.1016/j.actbio.2016.09.024
https://doi.org/10.1161/CIRCRESAHA.116.306853
https://doi.org/10.1161/CIRCRESAHA.116.306853
https://doi.org/10.1038/s41467-020-17796-z
https://doi.org/10.1038/s41467-020-17796-z
https://doi.org/10.1016/S2666-5247(20)30004-5
https://doi.org/10.1016/S2666-5247(20)30004-5
http://refhub.elsevier.com/S1359-6101(22)00002-8/sbref110
http://refhub.elsevier.com/S1359-6101(22)00002-8/sbref110
http://refhub.elsevier.com/S1359-6101(22)00002-8/sbref110
http://refhub.elsevier.com/S1359-6101(22)00002-8/sbref110
https://doi.org/10.1146/annurev-immunol-042617-053010
https://doi.org/10.1016/j.cmet.2020.01.001
https://doi.org/10.1016/j.cmet.2020.01.001
https://doi.org/10.1038/ni.3253
https://doi.org/10.1038/ni.3253
https://doi.org/10.1038/s41569-019-0169-2
https://doi.org/10.1016/s0952-7915(01)00309-0
https://doi.org/10.1016/j.cell.2011.12.006
https://doi.org/10.1016/j.cell.2011.12.006
https://doi.org/10.1016/j.pulmoe.2020.06.008
https://doi.org/10.1016/j.celrep.2020.02.101
https://doi.org/10.1016/j.celrep.2020.02.101
https://doi.org/10.1038/s41577-020-0354-x
https://doi.org/10.1038/s41577-020-0354-x
https://doi.org/10.3390/ijms21186773
https://doi.org/10.3390/ijms21186773
https://doi.org/10.1038/nrd3248
https://doi.org/10.1007/s13365-017-0571-7
https://doi.org/10.1371/journal.ppat.1008081
https://doi.org/10.1371/journal.ppat.1008081
https://doi.org/10.1016/j.msard.2020.102180
https://doi.org/10.3109/15412555.2016.1153614
https://doi.org/10.3109/15412555.2016.1153614
https://doi.org/10.1038/nrmicro3469
https://doi.org/10.1016/j.chom.2011.03.012
https://doi.org/10.1016/j.chom.2012.08.009
https://doi.org/10.1038/s41422-020-00460-y
https://doi.org/10.1038/s41422-020-00460-y


Cytokine and Growth Factor Reviews 63 (2022) 108–118

118

phosphorylation landscape of SARS-CoV-2 infection, Cell 182 (2020) 685–712, 
https://doi.org/10.1016/j.cell.2020.06.034. 

[132] Q. Wang, D. Parekh, V.K. D’Souza, R. Dancer, J.M. Patel, D. Bartis, F. Gao, 
Q. Lian, S. Jin, D.R. Thickett, S102 Lipoxin A4 improves efferocytosis via 
inhibition of the HMGB1 in human alveolar macrophages, Thorax. 69 (2014), 
https://doi.org/10.1136/thoraxjnl-2014-206260.108. 

[133] M.E. Street, HMGB1: a possible crucial therapeutic target for COVID-19? Horm. 
Res. Paediatr. 93 (2020) 73–75, https://doi.org/10.1159/000508291. 

[134] Y.F. Qi, J. Zhang, L. Wang, V. Shenoy, E. Krause, S.P. Oh, C.J. Pepine, M. 
J. Katovich, M.K. Raizada, Angiotensin-converting enzyme 2 inhibits high- 
mobility group box 1 and attenuates cardiac dysfunction post-myocardial 
ischemia, Int. J. Mol. Med. 94 (2016) 37–49, https://doi.org/10.1007/s00109- 
015-1356-1. 

[135] K. Kuba, Y. Imai, S. Rao, H. Gao, F. Guo, B. Guan, Y. Huan, P. Yang, Y. Zhang, 
W. Deng, L. Bao, A crucial role of angiotensin converting enzyme 2 (ACE2) in 
SARS coronavirus–induced lung injury, Nat. Med. 11 (2005) 875–879, https:// 
doi.org/10.1038/nm1267. 

[136] P.A. Ascierto, B.A. Fox, W.J. Urba, A.C. Anderson, M.B. Atkins, E.C. Borden, J. 
R. Brahmer, L.H. Butterfield, A. Cesano, D.S. Chen, T.D.De Gruijl, Insights from 
immuno-oncology: the Society for Immunotherapy of Cancer Statement on access 
to IL-6-targeting therapies for COVID-19, J. Immunother. Cancer. 8 (2020), 
https://doi.org/10.1136/jitc-2020-000878. 

[137] F.M. Buonaguro, I. Puzanov, P.A. Ascierto, Anti-IL6R role in treatment of COVID- 
19-related ARDS, J Transl Med. 14 (2020) 165, https://doi.org/10.1186/s12967- 
020-02333-9. 

[138] P. Luo, Y. Liu, L. Qiu, X. Liu, D. Liu, J. Li, Tocilizumab treatment in COVID-19: a 
single center experience, J. Med. Virol 92 (2020) 814–818, https://doi.org/ 
10.1002/jmv.25801. 

[139] J.M. Michot, L. Albiges, N. Chaput, V. Said, F. Pommeret, F. Griscelli, 
C. Balleyguier, B. Besse, A. Marabelle, F. Netzer, M. Merad, Tocilizumab, an anti- 
IL-6 receptor antibody, to treat COVID-19-related respiratory failure: a case 
report, Ann. Oncol. 31 (2020) 961–964, https://doi.org/10.1016/j. 
annonc.2020.03.300. 

[140] X. Xu, M. Han, T. Li, W. Sun, D. Wang, B. Fu, Y. Zhou, X. Zheng, Y. Yang, X. Li, 
X. Zhang, Effective treatment of severe COVID-19 patients with tocilizumab, Proc. 
Natl. Acad. Sci. 117 (2020) 10970–10975, https://doi.org/10.1073/ 
pnas.2005615117. 

[141] M. Zhao, Cytokine storm and immunomodulatory therapy in COVID-19: role of 
chloroquine and anti-IL-6 monoclonal antibodies, Int. J. Antimicrob. Agents. 55 
(2020), 105982, https://doi.org/10.1016/j.ijantimicag.2020.105982. 

[142] X. Zhang, K. Song, F. Tong, M. Fei, H. Guo, Z. Lu, J. Wang, C. Zheng, First case of 
COVID-19 in a patient with multiple myeloma successfully treated with 
tocilizumab, Blood. Adv. 4 (2020) 1307, https://doi.org/10.1182/ 
bloodadvances.2020001907. 

[143] C. Ucciferri, A. Auricchio, M. Di Nicola, N. Potere, A. Abbate, F. Cipollone, 
J. Vecchiet, K. Falasca, Canakinumab in a subgroup of patients with COVID-19, 
Lancet. Rheumatol. 2 (2020) e457–ee458, https://doi.org/10.1016/S2665-9913 
(20)30167-3. 

[144] P.M. Steed, M.G. Tansey, J. Zalevsky, E.A. Zhukovsky, J.R. Desjarlais, D. 
E. Szymkowski, C. Abbott, D. Carmichael, C. Chan, L. Cherry, P. Cheung, 
Inactivation of TNF signaling by rationally designed dominant-negative TNF 
variants, Science 301 (2003) 1895–1898, https://doi.org/10.1126/ 
science.1081297. 

[145] A.M. Rabies, P.P. Tak, K.A. Reedquist, Histone deacetylase inhibitors suppress IL- 
6 production by rheumatoid arthritis firoblast-like synoviocytes and macrophages 
via modulation of mRNA stability rather than blockade of NF-κB signalling, Ann. 
Rheum. Dis. 70 (2011) A30–A31, https://doi.org/10.1136/ard.2011.154211. 

[146] S.B. Han, J.K. Lee, Anti-inflammatory effect of Trichostatin-A on murine bone 
marrow-derived macrophages, Arch. Pharm. Res. 32 (2009) 613–624, https:// 
doi.org/10.1007/s12272-009-1418-4. 

[147] S.N. Cui, Z.Y. Chen, X.B. Yang, L. Chen, Y.Y. Yang, S.W. Pan, Y.X. Wang, J.Q. Xu, 
T. Zhou, H.R. Xiao, L. Qin, Trichostatin A modulates the macrophage phenotype 

by enhancing autophagy to reduce inflammation during polymicrobial sepsis, Int. 
Immunopharmacol. 77 (2019), 105973, https://doi.org/10.1016/j. 
intimp.2019.105973. 

[148] J.S. Sloka, M. Stefanelli, The mechanism of action of methylprednisolone in the 
treatment of multiple sclerosis, Mult. Scler. J. 11 (2005) 425–432, https://doi. 
org/10.1191/1352458505ms1190oa.  

Somit Dutta, Ph.D., is a postdoctoral fellow in the Department 
of Molecular Reproduction, Development, and Genetics at the 
Indian Institute of Science, India. Dr. Dutta received his Master 
of Science degree, and earned his doctorate in Cellular Immu-
nology from the University of North Bengal, Darjeeling. He 
currently works in the laboratory of Prof. Upendra Non-
gthomba, and focuses on Efferocytosis using the Zebrafish as 
the animal model. He will be interested to track macrophage 
function in different transgenic lines of Zebrafish. He has 
published 29 research articles in different peer-reviewed 
journals, and also acts as a reviewer of prestigious journals 
like Plos One, Frontiers in Pharmacology, Journal of Functional 

Food, Complementary and alternative medicine (BMC), etc. He has been awarded the Dr. 
D. S. Kothari Postdoctoral Fellowship, one of the prestigious fellowships in India, to 
conduct his postdoctoral study at the Indian Institute of Science.  

Amartya Mukherjee, M.Sc., is a Ph.D. student in the Depart-
ment of Molecular Reproduction, Development, and Genetics 
at the Indian Institute of Science, India. Mr. Mukherjee 
received his Master of Science degree in Zoology (with 
specialisation in Molecular & Human Genetics) from the 
Department of Zoology, Banaras Hindu University, Varanasi. 
He currently works in the laboratory of Prof. Upendra Non-
gthomba, and is studying early muscle developement using the 
fruit fly as the animal model. He is a recipient of the Senior 
Research Fellowship (SRF) from the Council of Scientific and 
Industrial Research (CSIR), to support his doctoral study at the 
Indian Institute of Science.  

Prof. Upendra Nongthomba, Ph.D.. is a professor of Molec-
ular Reproduction, Development, and Genetics Department at 
the Indian Institute of Science. Prof. Nongthomba is currently 
working on mechanisms of muscle and neuronal development, 
and their diseases; aging and longevity; epigenetic inheritance; 
freshwater ecology, drug screening, and understanding the 
science behind Ayurveda formulations, using small model or-
ganisms. The main focus of his group is to understand the 
molecular and cellular basis of myopathies and neurodegen-
erative disorders. His team use two genetically tractable model 
organisms, Drosophila melanogaster (fruit fly) and Danio rerio 
(zebrafish), to trace the etiology of these diseases, and dissect 

the associated mechanisms. He is also interested in identifying host factors responsible for 
host-pathogen interactions. He uses genetic tools and transgenic approaches to identify 
novel factors, and decipher pathways underlying normal development, and those which 
lead to the manifestation of diseased conditions. Experimental approaches include genetic, 
molecular, biochemical, and biophysical assays, electron and confocal microscopy, and 
behavioral tests. To this end, he has published near about 60 high-impact research articles. 

S. Dutta et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.cell.2020.06.034
https://doi.org/10.1136/thoraxjnl-2014-206260.108
https://doi.org/10.1159/000508291
https://doi.org/10.1007/s00109-015-1356-1
https://doi.org/10.1007/s00109-015-1356-1
https://doi.org/10.1038/nm1267
https://doi.org/10.1038/nm1267
https://doi.org/10.1136/jitc-2020-000878
https://doi.org/10.1186/s12967-020-02333-9
https://doi.org/10.1186/s12967-020-02333-9
https://doi.org/10.1002/jmv.25801
https://doi.org/10.1002/jmv.25801
https://doi.org/10.1016/j.annonc.2020.03.300
https://doi.org/10.1016/j.annonc.2020.03.300
https://doi.org/10.1073/pnas.2005615117
https://doi.org/10.1073/pnas.2005615117
https://doi.org/10.1016/j.ijantimicag.2020.105982
https://doi.org/10.1182/bloodadvances.2020001907
https://doi.org/10.1182/bloodadvances.2020001907
https://doi.org/10.1016/S2665-9913(20)30167-3
https://doi.org/10.1016/S2665-9913(20)30167-3
https://doi.org/10.1126/science.1081297
https://doi.org/10.1126/science.1081297
https://doi.org/10.1136/ard.2011.154211
https://doi.org/10.1007/s12272-009-1418-4
https://doi.org/10.1007/s12272-009-1418-4
https://doi.org/10.1016/j.intimp.2019.105973
https://doi.org/10.1016/j.intimp.2019.105973
https://doi.org/10.1191/1352458505ms1190oa
https://doi.org/10.1191/1352458505ms1190oa

