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Abstract

A global pandemic has erupted as a result of the new brand coronavirus, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). This pandemic has been consociated with widespread mortality worldwide. The antiviral immune response
is an imperative factor in confronting the recent coronavirus disease 2019 (COVID-19) infections. Meantime, cytokines
recognize as crucial components in guiding the appropriate immune pathways in the restraining and eradication of the virus.
Moreover, SARS-CoV-2 can induce uncontrolled inflammatory responses characterized by hyper-inflammatory cytokine
production, which causes cytokine storm and acute respiratory distress syndrome (ARDS). As excessive inflammatory
responses are contributed to the severe stage of the COVID-19 disease, therefore, the pro-inflammatory cytokines are regarded
as the Achilles heel during COVID-19 infection. Among these cytokines, interleukin (IL-) 1 family cytokines (IL-1, IL-18,
IL-33, IL-36, IL-37, and IL-38) appear to have a strong inflammatory role in severe COVID-19. Hence, understanding the
underlying inflammatory mechanism of these cytokines during infection is critical for reducing the symptoms and severity
of the disease. Here, the possible mechanisms and pathways involved in inflammatory immune responses are discussed.
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Introduction

SARS-CoV-2, the causative agent of the ongoing pandemic
of COVID-19, has become a health threat since December
2019 and is responsible for over 500 million infected cases
and 6 million deaths as of 6th May 2022. This pandemic has
posed catastrophic impacts on nations' healthcare resources,
especially in regions with fragile healthcare infrastructures,
such as Africa [1], Afghanistan [2], and Bangladesh [3], and
overloaded healthcare systems due to the coexisting conta-
gious disease, like Zika [4] and Tuberculosis [5].

SARS-CoV-2 belongs to the beta-Coronaviruses [6] and
shares a similar genome with other members of this family,
particularly Middle East respiratory syndrome coronavirus
(MERS-CoV) and SARS-CoV [7, 8], which were responsi-
ble for the outbreaks of CoVs in the past [9]. Similar to their
clinical presentations [10], SARS-CoV-2 infection accom-
panies by plethoric manifestations such as fatigue, fever,
dyspnea, cough, diarrhea, and in severe cases with ARDS
and multi-systemic dysfunctions [11, 12]. For now, vari-
ous therapeutic approaches, including antiviral therapeutics
(Remdesivir, Opinavir/ritonavir, Tenofovir disoproxil fuma-
rate, Chloroquine, etc.), and plasma therapies are consider as
possible therapeutic options for COVID-19 treatment. Nev-
ertheless, some antiviral drugs associated with adverse side
effects, therefore, numerous researches to find appropriate
therapeutic strategies for this diseases alongside compre-
hensive vaccination are ongoing. Hence, better perception
of SARS-CoV-2 pathogenesis is contributed to the delineate
proper therapeutic approaches [13].

SARS-CoV-2 utilizes angiotensin-converting enzyme 2
(ACE2) to enter the cells and induce cellular injury, predom-
inantly in the respiratory system [14, 15]. Viral invasion by
activating numerous immune mechanisms and immune cells
such as monocytes (MOs), macrophages (MQs), dendritic
cells (DCs), natural killer (NK) cells, B and T cells generates
a disproportionate release of cytokines, known as cytokine
storm [16, 17]. These altered cytokines include increased
levels of both pro-and anti-inflammatory cytokines like
interleukin (IL)-1 family, IL-6, interferons (IFNs), tumor
necrosis factor (TNF), and C-reactive protein (CRP) [18,
19]. However, anti-inflammatory cytokines fail to preserve
the pro-/anti-inflammatory proportion in the COVID-19
patients because of the overwhelming concentrations of pro-
inflammatory cytokines, which are likely to trigger immune
invasions, causing injuries to the healthy tissues [18, 20].
The IL-1 family consists of 11 cytokines, seven with ago-
nistic features (IL-1a, IL-1p, IL-18, IL-33, IL-360, IL-36p,

IL-36y) and four with antagonistic features (IL-1 receptor
antagonist (IL-1Ra), IL-36Ra, IL-37, IL-38) [21]. IL-1 fam-
ily cytokines activate signal transduction by the IL-1 recep-
tor (IL-1R) family, which consists of 10 members: IL-1R1,
IL-1R2, IL-1R accessory protein (IL-1RAcP), IL-18Ra,
IL-18Rp, ST2 (or IL-33R), and IL-36R [22]. Mounting evi-
dence accumulates that IL-1 family cytokines have a dis-
tinct role in disease pathogenesis. To date, several studies
have been published about the pivotal role of IL-1 family
cytokines in the cytokine storm. However, to our knowledge,
there is no data that explicitly study the immune-pathogene-
sis of IL-18, 11.-33, IL-36, IL-37, and IL-38 in the COVID-
19. Therefore, here, we reviewed the immune-pathogenesis
of the IL-1 family in COVID-19. Of note, we searched Web
of Science, PubMed, Google Scholar, and conference/con-
gress paper using the search terms “COVID-19” or “SARS-
CoV-2” besides these terms “IL-1 family”, “inflammatory
cytokines”, “IL-17, “IL-18”, “IL-33”, “IL-36, IL-37, IL-38”,
and “immunopathogenesis” of each cytokines in COVID-
19. Using this search strategy, we conducted the screening
process and selected relevant articles.

Genetic and structural features of COVID-19

The name Coronavirus is associated with its shape, which
is coated the outer fringe with club-shaped glycoprotein,
not sharp, causing disease in animals and humans and labo-
ratory diseases [23]. The family Coronaviridae belongs to
the order Nidovirales, which includes the other two fami-
lies, Arteriviridae and Roniviridae, which cause disease in
birds and insects, respectively. The family Coronaviridae
includes two subfamilies, Coronavirinae and Torovirinae,
and the subfamilies Torovirinae has not caused any human
infection. The subfamily Coronavirinae includes four groups
of Alphacoronavirus, Betacoronavirus, Gammacirnavirus,
and Deltacoronavirus. In the genus Alphacoronavirus,
human Coronavirus-229E (HCoV-229E) and HCoV-NL63
are human viruses. The genus Betacoronavirus contains
the prototype mouse hepatitis virus (MHV), HCoV-OC43,
HCoV-HKU1, SARS-HCoV, MERS-CoV, SARS-HCoV-2
(COVID-19), and another animal coronavirus. The Gamma-
coronavirus and Deltacoronavirus primarily infect birds (or
poultry) [24, 25]. The human coronavirus was first isolated
from the human in the 1960s, and it was studied as a Com-
mon Cold virus until 2003 when the upper respiratory tract
was slightly affected, but since SARS-CoV caused severe
respiratory disease in 2003, the coronaviruses have received
more attention [26, 27].

The coronavirus genome is single-stranded, positive-
strand RNA (*ssRNA) that is designated as the longest
RNA viral genome. They vary in length and expression in
different species but share a common 3-end and a 5-leader

@ Springer



926

S. Makaremi et al.

sequence [10]. The 3-terminal region contains structural pro-
teins, including spike protein (S), Membrane glycoprotein
(M), nucleocapsid (N), and envelope protein (E); also several
other proteins with hemagglutination and esterase functions,
and these proteins may interfere with the immune system’s
response (Fig. 1). The coronavirus genome contains 7-14
open reading frame (ORFs) such as SARS-CoV-2 genome
includes 14 ORFs that translate into 27 proteins [24]. The
majority of SARS-CoV through the S protein enters human
cells using ACE2, which is expressed on lung and gastro-
intestinal cells [28]. Mutations in the S protein gene can
alter receptor affinity and lead to a decrease or increase in
its pathogenesis.

Clinical, immunological and pathologic
features of COVID-19

COVID-19 as an infectious disease rapidly transmitted
among humans, and the mean incubation period after being
exposed to the SARS-COV-2 and the onset of clinical symp-
toms is about 5.1 days (between 2 and 12 days) [29]. Medi-
cal indications of the COVID-19 patients vary from mild
to severe symptoms [30]. Old age and underlying diseases,
such as hypertension (HTN), diabetes mellitus (DM), and
cardiovascular diseases, can consider risk factors for the
severity of COVID-19 diseases [31, 32]. In the COVID-19

patients, fever (82.2%) with cough (61.7%) are main clini-
cal symptom and followed by the fatigue (44.0%), dyspnea
(41.0%), anorexia (40.0%), productive sputum (27.7%),
myalgia (22.7%), sore throat (15.1%), nausea (9.4%), diz-
ziness (9.4%), diarrhea (8.4%), vomiting (3.6%), abdominal
pain (2.2%), myalgia (22.7%) and headache (6.7%),which
are spectrum of other SARS-COV-2 clinical symptoms [31].
Accordingly, ACE2-expressing organs can be targeted by
SARS-COV-2, such as the respiratory tract, gastrointes-
tinal tract (GI) system, heart, kidney, and nervous system
[33, 34]. Based on a meta-analysis evaluation with 6,022
COVID-19 patients (average age =49.5 years), there is a
likely strong association between COVID-19 severity with
GI manifestations. Furthermore, this study represented the
related symptoms with GI manifestations, such as diarrhea,
nausea, abdominal pain, and vomiting [35]. A single-center
study of 148 consecutive COVID-19 positive patients con-
ducted by Fan et al. indicated that the duration of hospi-
talization of COVID-19 patients with the abnormal liver
function was longer than other COVID-19 patients with
normal liver function [36]. According to the available evi-
dence, the COVID-19 can invade the nervous system and
cause viral encephalitis, acute toxic encephalitis, and acute
cerebrovascular disease [34]. Based on Mao L et al.’s inves-
tigation in a retrospective observational case series study
with 214 patients admitted to the hospital, nearly 78 patients
(36.4%) presented neurological manifestations, such as acute
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cerebrovascular diseases, impaired consciousness, and skel-
etal muscle injury [37]. Overall, among the clinical features
of COVID-19, fever, cough, and fatigue consider common
symptoms, and other symptoms like headache, sore throat,
dizziness, and diarrhea are less common. Nevertheless,
asymptomatic individuals have been identified who may not
show any clinical manifestations and have been considered
a challenge in controlling COVID-19 infection.

The induced antiviral response to SARS-CoV-2 by the
host immunity is the determinant factor in controlling and
eliminating COVID-19 infection [38]. The innate immune
response is known as the primary line in recognizing and
confrontation with infection following the virus’s entry.
The onset of innate response is accompanied by hampering
the viral replication through activation of phagocytic cells
(MQs and neutrophils) and the secretion of pro-inflamma-
tory cytokines. Moreover, pro-inflammatory cytokines have
a decisive role in the stimulation of the adaptive arm of the
immune system [39]. According to the knowledge obtained
from the coronaviruses family, the viruses’ RNA is recog-
nized by disparate pattern-recognition receptors (PRRs),
such as the Toll-like receptors 3 (TLR3) and TLR7 as the
endosomal PRR and retinoic acid-inducible gene 1 (RIG-I)
and melanoma differentiation-associated gene 5 (MDAS) as
the cytosolic sensors. Because of inadequate data about the
SARS-COV-2, these PRRs could be involved in identify-
ing SARS-COV-2's RNA as well [40]. Subsequently, ligand
binding induces the signaling cascades, which include sev-
eral transcription factors, such as NF-kB, IRF3, and AP-1,
that synergistically lead to type I interferon (IFN-I) pro-
duction [41]. Furthermore, IFN-a/p cytokines trigger the
expression of interferon-stimulated genes (ISGs) by activa-
tion of the downstream JAK-STAT signal pathway [38].

As aforementioned, the innate immune response triggers
the adaptive immune response by pro-inflammatory cytokine
secretion [39]. The adaptive immune response is character-
ized by two main components in COVID-19 infection, B
cells as humoral immunity and T cells as cellular immunity
[42]. When the immune system is stimulated, B cells, with
the help of T cells, differentiate into plasma cells and then
generate neutralizing antibodies (Abs) against viral antigens.
Neutralizing Abs act as a barrier against the virus penetra-
tion into the host cell by blocking the virus [43]. Abs that
produce through humoral immunity provide a protective
role in restricting the viral infection and can prevent reinfec-
tion [44]. However, several primary reports illustrated that
higher Ab titers are correlated to severe clinical symptoms
in COVID-19 patients [45]. A prospective cohort study with
67 COVID-19 patients indicated that the anti-nucleocapsid
protein (NCP) IgM began on day 7 and peaked on day 28,
whereas the anti-NCP IgG was on day 10 and peaked on
day 49. Moreover, the emergence of these Abs was earlier,

and their titers are remarkably higher in severe patients in
comparison with non-severe patients [46].

As for adaptive cellular immunity, naive CD4* T cells
activates by antigen-presenting cells (APCs) that present the
viral antigenic peptides. Then, activated CD4* T cells enable
the production of TNF-a, IL-2, and IFN-y [44]. During viral
infection, cytotoxic T lymphocytes (CTLs) have the ability
to kill the virally infected cells and contribute to viral elimi-
nation. CTLs induce apoptosis through several mechanisms
like perforin or granzyme [47]. Accumulation evidence sug-
gests that the dysregulation of immune response may play a
critical role in SARS-CoV-2 pathogenesis [48]. One of the
main features of severe COVID-19 infection is an increase
in cytokine production. In COVID-19 disease, particularly
in severe cases has been observed, an enhancement in the
inflammatory cytokines' production, such as IL-1f, IL-2,
IL-6, IL-7, IL-8, IL-10, IFN-y, TNF-a, granulocyte-colony
stimulating factor (G-CSF), granulocyte macrophage-col-
ony stimulating factor (GM-CSF), interferon-inducible pro-
tein-10 (IP10), and monocyte chemotactic protein 1 (MCP-
1) has been observed, which culminates leads to a “cytokine
storm” or cytokine release syndrome (CRS) [40, 49]. During
the immune response, the production of cytokines recruits
pro-inflammatory cells, such as MQs and neutrophils, to the
site of infection, which results in the induction of an inflam-
matory response. Despite the importance of these responses
to clear the virus, they can also damage the healthy tissues
of the host. Nevertheless, whether SARS CoV-2 stimulates
cytokine storm via MOs/MQs requires further assessment
[49]. Neutrophils, as reactive oxygen species (ROS) and
neutrophil extracellular traps (NETs) producers, contribute
to cell death [50]. Moreover, based on a study conducted
by Veras et al., the concentration of NETs was increased
in plasma, tracheal aspirate, and lung autopsies tissues of
COVID-19 patients, and also were found the high levels of
NETs produced by neutrophils. Notably, they reported that
in the in vitro condition, the secreted NETs by neutrophils
during SARS-CoV-2 infection promote lung epithelial cell
death [51].

COVID-19 disease progression includes lymphopenia,
elevated pro-inflammatory cytokines and also chemokines,
accumulation of MQs and MOs in lungs, immune dys-
regulation, cytokine storms, and ARDS [39, 48, 50]. The
development of ARDS or multi-organ damage often occurs
due to secondary haemophagocytic lymphohistiocytosis
(sHLH) in patients with a severe state of COVID-19. Both
ARDS and sHLH are determined via excessive production
of cytokine and hyperinflammation, which are hallmarks of
cytokine storm [52]. Based on the evidence, lymphopenia
(Iymphocytopenia), a phenomenon characterized by a low
count of lymphocytes in the blood, was observed in about
85% of patients with severe COVID-19 [44]. Consistently,
the study illustrated that the number of T cells (TCD4" and
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TCD8™) were remarkably diminished in COVID-19 patients,
mainly in patients needing intensive care unit (ICU) care
[53]. Therewith, recent evidence suggested that the exhaus-
tion of T cells and NK cells during the COVID-19 infec-
tion, like what can happen in any chronic inflammation, may
contribute to critically COVID-19 disease [39, 44]. Taken
together, it can be concluded that just as the timely and cor-
rect response of the immune system inhibits infection, on the
other side point, the dysregulated and excessive response of

Fig.2 Healthy alveoli versus
damaged alveoli in SARS-
CoV-2 infection. Depicted the
normal alveoli with coordinated
functions (left), and damaged
alveoli in SARS-CoV-2 infec-
tion (right). The wide cytokines
production following immune
activation through PAMPs or
DAMPs, which recruited more
immune cells to the infection
site, such as neutrophils and
lymphocytes, triggers an inflam-
matory cascade leading to asyn-
chronized immune responses
and ultimately to the pyroptosis
of the pneumocytes
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the immune system also causes the propagation of infection
and damage to normal tissues (Fig. 2).
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IL-1 and COVID-19
IL-1 structure and function

IL-1 is recognized as a pro-inflammatory cytokine [54]
and belongs to the IL-1 cytokine’s family. IL-1 is com-
posed of two cytokines, including IL-1a and IL- 1. The
IL-1a and IL-1p genes are located next to each other in the
ql4.1 band of chromosome 2 (2q14.1) and encode IL-1a
and IL-1, respectively [55]. Both IL-1a and IL-1f are
primarily synthesized as precursor’s proteins, pro-IL-1o
(271aa) and pro-IL-1p (269aa) by the innate immune
cells in response to an inflammatory stimulus [55, 56].
After processing, pro-IL-1a and pro-IL-1f are converted
to mature form with 158aa and 152aa, respectively [55].
Unlike pro-IL-1f, both pro-IL-1a and IL-1a (unprocessed
and processed) are biologically active. Although, the bio-
logical activity and binding affinity of mature IL-1a is
much higher than the immature (pro-IL-1a) form. Of note,
various IL-1a and IL-1p proteases have been identified
to convert and process the immature form into mature.
Pro-IL-1a is cleaved by Calpain, granzyme B, neutrophil
elastase, and chymase while, pro-IL-1p is processed by
caspase-1 as the main pro-IL-1p protease, and then with
neutrophil elastase, cathepsin G, chymase, and protein-
ase-3 [57]. In addition, IL-1a is produced by epithelial
cells, endothelial cells, stromal cells, hematopoietic, and
non-hematopoietic cells. Plus, it is presented by resident
MQs and myeloid-derived cells [55]. IL-1 receptors are
categorized based on their functions, IL-1R1 as activa-
tory and both IL-1R2 and IL-1Ra as inhibitory receptors
[57]. IL-1R1 (CD121a) as an activator receptor contains
the intracellular Toll/interleukin-1 receptor (TIR) domains
that it is essential for the formation of signaling complex
[58]. IL-1R1, along with IL-1RACcP as a co-receptor [57]
and TIR domains, cause the activation of NF-xB, p38,
JNKs, and mitogen-activated protein kinases (MAPKSs)
pathways [55]. IL-1R2 (CD121b) is another receptor for
IL-1 cytokines. Although IL-1R2 binds to IL-1, it is una-
ble to initiate the signal transduction due to the lacking
the TIR domains, thus known as a decoy receptor [58].
Furthermore, IL-1Ra is described as a third ligand in the
IL-1 family that binds to IL-1R1 and IL-1R2, and acts as a
physiological IL-1 blocking factor. IL-1Ra fails to activate
signal transduction because it is incapable of recruiting the
IL-1RACP [55, 59].

Noteworthy, IL-1 is considered a key mediator of immu-
nity and inflammation [60]. IL-1a and IL-1p recruited and
activated neutrophils, MOs, and MQs with some differ-
ences in timing and activity. These cytokines (IL-1a and
IL-1pB) exert numerous biological effects, systemically
and at sites of local inflammation, such as inflammatory

response, promoting fever, vasodilation, angiogenesis,
leukocyte recruitment, proliferation Abs production, and
T cell differentiation, maturation antigen presentation,
hematopoiesis, and the acute-phase response [57, 61].
Based on the findings, IL-1a has an alarming function,
which is released from dying cells and initiates the pri-
mary phase of sterile inflammation. On the other hand,
IL-1p is generated by inflammasomes in tissue infection
areas or sterile injury [55, 61].

To date, straightforward evidence appears of the funda-
mental role of nucleotide-binding oligomerization domain
(NOD)-like receptor family pyrin domain containing 3
(NLRP3) as a fundamental part of the inflammasome in
the activation of IL-1f secretion [62, 63]. The enzymatic
activity of caspase-1 within the cells is mostly responsible
for the converting of pro—IL-1f to its active form [64, 65].
The inflammasome, a macromolecular complex, is formed
by the NLRP3 scaffold, adaptor apoptosis speck-like pro-
tein (ASC), and the effector procaspase-1, which recruits
and activates procaspase-1 to produce active caspase-1
[66]. The NLRP3 is one of the vital components of the
inflammasome complex and acts as a sensor protein that
consists of a NACHT, LRR, and PYD domains-containing
protein 3 (NACHT, LRR, and PYD domains-containing
protein 3) intracellular receptor that responds to intracel-
lular or extracellular danger signals [62, 67]. Hoffman H
M et al. are credited with discovering the involvement of
NLRP3 [62, 68], whereas Agostini L et al. were the first to
show that NLRP?3 is a constitutive member of the inflam-
masome in the processing of IL-1 [62, 69].

IL-1 in diseases

Nowadays, more than any other cytokine family, the role of
the IL-1 family, more importantly, the IL-1 subfamily (IL-
la and IL-1P), is well established in the spectrum of auto-
inflammatory disorders, cardiovascular, and degenerative
diseases [70-72]. The imbalance between IL-1 and IL-1Ra
levels can result in overstated inflammatory responses and
is contributed to several human diseases [70, 73]. IL-1, as
a crucial cytokine, is involved in promoting inflammation,
especially in auto-inflammatory diseases, while IL-1a and
the IL-36, as other members of the IL-1 family, are cor-
related with skin diseases. Also, IL-1p has been identified
as a cardinal cytokine in the pathogenesis of numerous
rheumatic disorders [74]. The observation implicates that
the IL-1f gene expression is noticeably incremented in
blood MOs in disease conditions, whereas it is low or
invisible in health [62]. In this context, the IL-1a central
role is described in the pathogenesis of several diseases, as
systemic sclerosis (SS), myocarditis, osteoarthritis (OA),
Kawasaki disease, and the role of IL-1p is certified in the
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pathogenesis of gout, OA, DM, and heart failure [74, 75].
Based on evidence, IL-1 pathway has prominent antiviral
effect and helps to immune system in dealing with viral
infection as well [76, 77]. In the next section, we focus
on understanding the antiviral role of IL-1 in pathogen-
esis of COVID-19 disease and elucidating the possible
mechanisms underlying disease for devising therapeutic
approaches.

The pathogenesis of IL-1 in COVID-19

The findings point that during cytokine storms, the number
of inflammatory mediators increases in critically ill patients
[78]. Therefore, understanding the mechanisms and media-
tors involved in the cytokine storm assists in finding effective
ways to treat and combat SARS-COV-2 infection.

The COVID-19 infection is the reason for epithelial injury
leading to the secretion of IL-1a (cause to the recruitment
of neutrophils and MOs to the infection’s site) and produc-
tion of IL-1p in MOs/MQs [79]. IL-1p and IL-1Ra have
been perceived in the peripheral blood and bronchoalveolar
lavage fluid (BALF) of patients with COVID-19-induced
pneumonia [80]. IL-1f as a pro-inflammatory cytokine is
activated and released following activation of the inflamma-
some [81]. Intriguingly, according to other research results,
patients with severe/critical COVID-19 infection had con-
siderably higher levels of inflammatory cytokines in their
BALFs than patients with mild COVID-19 infection, espe-
cially IL-8, IL-6, and IL-1p [82] (Table 1).

Furthermore, the peripheral blood mononuclear cells
(PBMCs) analysis of the COVID-19 patients indicated a
significant reduction in CD4% T cells and CD8" T cells and
enhancement in MOs in the early recovery stage. Moreover,
in the erythrocyte sedimentation rate (ESR), there was a
higher ratio of classical CD14** MOs with strong inflam-
matory gene expression and a higher quantity of CD14**
IL-1B* MOs (Table 2). In addition, the integrated analysis
anticipated that IL-1p and macrophage colony-stimulating
factor (M-CSF) could be new prospective target genes for
inflammatory storms, as well as TNF Superfamily Member
13 (TNFSF13), IL-18, IL-2, and IL-4 could help COVID-19
patients recover [83]. Research conducted on PBMCs and
plasma samples of 13 COVID-19 patients demonstrated a
fourfold greater IL-6 production in COVID-19 convalescent
patients. Besides, convalescent patients had an increased
level of IL-1p and a comparable amount of IFN-y. In addi-
tion, approximately 46% of COVID-19 convalescent patients
had greater TNF-a and an elevated plasma level of CXCL11
[84]. The striking property of IL-1 is the ability to produce
and secretion of more IL-1, a process called an auto-inflam-
matory loop. This character of IL-1 ushered in the produc-
tion of more IL-1 and the activation and recall of more
innate immune cells [79]. Therefore, several hypotheses and
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studies have been formed based on the blocking of IL-1,
which may alleviate the critically of cytokines storm and
improve COVID-19 patients' symptoms. We will mention
some clinical trials in this section.

Anakinra is one of the known IL-1-blocking agents that
acts like IL-1Ra and blocks the function of IL-1. Thus, it can
inhibit the auto-inflammatory loop’s activity [79, 85]. Anak-
inra has also been shown to reduce mortality in patients with
sHLH caused by a virus in both children and adults [86]. For
example, a case report study of a COVID-19 * 50-year-old
man with ADRS manifestation (occurred due to cytokine
storm) found that anakinra ameliorates inflammatory mark-
ers and ferritin, decreasing the patient's need for oxygen.
Moreover, they mentioned that although its clinical efficacy
cannot be ascertained by studying one person, anakinra may
have a positive effect on the inflammatory condition, which
is correlated with cytokine storm in SARS-COV-2 infection
[87]. In another case series, study with three acute leuke-
mia patients with severe COVID-19 pneumonia illustrated
that treatment with anakinra may be contributed to clini-
cal improvement [88]. Moreover, Huet T et al. conducted a
COVID-19 cohort study with 52 consecutive patients who
received anakinra as treatment and 44 historical patients.
They indicated that anakinra decreased both requirements
for invasive mechanical ventilation in the ICU and mortality
between patients with severe COVID-19, without critical
adverse effects [89]. Based on Cavalli G et al. retrospective
cohort study, anakinra therapy with high-dose intravenous in
patients with COVID-19 and ARDS managed with non-inva-
sive ventilation outside of the ICU was safe and correlated
with clinical advantage in 72% of patients [90]. Besides,
another investigation evaluated the effect of the anakinra
along with methylprednisolone in acute COVID-19 patients
with pneumonia and hyperinflammation. At 28 days, treated
patients had a mortality rate of 13.9%, whereas controls had
a mortality rate of 35.6%. Consequently, based on the study,
outcome can be assumed that the combination of anakinra
with methylprednisolone may be a good candidate for the
treatment of COVID-19 patients with respiratory failure and
hyper-inflammation [91].

Franzetti M et al., in the retrospective observational study,
assayed the effect of anakinra on the survival of COVID-19
patients with ARDS. In this research, out of 112 patients, 56
individual’s received anakinra, and 56 composed controls.
According to the results, anakinra-treated individuals had a
much greater survival rate than the controls [92].

Collectively, according to the findings, it can be con-
cluded that treatment with anakinra is safe, and due to its
short half-life, side effects and undesirable effects can be
prevented quickly. Conceivably, this treatment may be an
appropriate option for COVID-19 patients, but confirmation
requires further investigation (Fig. 3).
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Table 1 IL-1 family levels and its variation in the COVID-19 patients

Cytokine Findings References
IL-1 Elevated serum levels of IL-1 [13]
Correlation of IL-1 levels with disease severity [12]
Elevated levels of IL-1p, and IL-1Ra in the BALF [73]
Not significantly increased in the fecal samples [226]
IL-18 Elevated serum levels of NLRP3 inflammasome-derived products, IL-18, and 18BP, activated caspase-1,  [130, 134, 136, 150-152]

inflammatory factors, such as IL-1, IL-4, IL-6, IL-7, IL-10, TNF-a, IFN-y, and measurements of disease
activity, such as LDH, CRP, ferritin

Elevated levels of NLRP3 independent IL-18 processing enzymes, like granzyme B and proteinase 3
Elevated levels of the IL-18BP

Correlation between IL-18 levels and the activation of innate NK cells, y8 T cells, CD4 +, and
CD8+T cells

Correlation of IL-18 levels with disease severity

Identifying IL-18, IL-15 and Gal-9, as organ-failure-specific immunological markers of respiratory system
failure

Correlations of the IL-18 with hematological parameters, renal and hepatic biochemical markers, and
cardiac injury markers

Correlations of the IL-18 with increased levels of fibrinogen and D-dimer, and decreased platelet numbers

Higher serum levels of IL-18, and LDH in patients with underlying liver diseases

Correlations of IL-18 coupled with IL-6, IFN-y, IP-10, and RANTES with LDL and HDL in the recovered
patients

Higher levels of IL-18, IL-8, and CCL5 and more robust induction of non-classical MOs in male patients

Correlation of IL-18 and IL-18BP with patients’ age

Positive associations of IL-18 levels with the saliva viral loads

Elevated levels of IL-18 in children with MIS-C

High levels of IL-18 consistent with CCR2, CX3CR1, CCL3, CXCL9, and macrophage inflammatory fac-
tors in the recovery stages of the infection

Higher concentrations of IL-18 as a differentiating marker between COVID-19 and influenza, AOSD,
MAS, and sHLH

Negative correlation of IL-18 levels with anti-SARS-CoV-2 IgA and IgG Abs in the nasal fluids
Increased IL-18 levels in the fecal samples

Negative association between IL-18 gene expression and risk of the SARS-CoV-2 infection

High gene expression of IL-18, IL-6, IL-8, TNF-a, IFN-y, and CCLS in the postmortem cardiac tissues

[133,134]

[129, 135, 136]

[139]

[133, 153, 154]

[154, 155]
[135, 153]

[153]
[128]
[165]

[156]
[136]
[157]
[158-160]
[154, 166]

[152,167-169]

161]
164]
171]

[
[
[
[162]
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Table 1 (continued)

Cytokine Findings References
1L-33 Elevated serum levels of the IL-33 [199, 200]
Correlation of the IL-33 with clinical and radiographic parameters of the patients and disease severity [198, 199]
Positive correlation of the IL-33 with TNF-a, IL-1p, IL-6, IL-12, and IL-23 levels [200]
Negative correlation of the IL-33 with O2 saturation
Correlation of IL-33 and IL-12p70 levels with seroconversion of IgG Abs [200]
Correlation of the IL-33 and IL-18 levels with renal toxicity markers such as GST and osteopontin [196]
Un-changed levels of the IL-33 accompanied by increased levels of the sST2 receptor [201]
Inverse correlation of the serum sST2 levels with the counts of CD4* and CD8" T cells
Positive correlation of the serum sST2 levels with disease severity
Correlation of the elevated expression of IL-33 in the cells isolated from the BALF samples with disease ~ [202, 203]
severity
IL-33 gene as one of the target genes of the SARS-CoV-2 encoded miRNAs [204]
IL-33 gene co-expression with ACE2, in human lung epithelial cells [205]
Increased serum levels of the IL-33, alongside the IL-1a, IL-6, IFNs, TNF-a, and chemokines in children  [206]
with PIMS-TS compared to those of the COVID-19, seropositive for SARS-CoV-2 infection, and control
children
Higher concentration of IL-33 in the nasal mucosa of CRSwNP patients compared to COVID-19 patients  [207]
Depletion of the IL-33 and AEC2 in the postmortem lung tissues of COVID-19 patients compared to [176]
those of the healthy subjects and patients with COPD or IPF
Increased amounts of IL-33 and AEC?2 in the fibrotic lung samples of the COVID-19 survived patients
compared to patients with COPD and IPF
Heighten IL-33 levels in SARS-CoV-2 co-infected patients with LTBI [208]
1L-36 Increased serum levels of the IL-36a and IL-38 [220]
Positive correlation of the IL-36a with disease severity
1L-37 Elevated plasma levels of IL-37 together with higher IFN-o and lower IL-6 and IL-8 levels [222]
Lower levels of the IL-37 and higher IL-8 and CRP levels
1L-38 Lower serum levels of the IL-37 and vitamin D [223]
Negative correlation of the IL-37 with disease severity [222, 223]
Association of the IL.-37 genes mutations with the COVID-19 susceptibility [224]

Ab, antibody; ACE2, angiotensin-converting enzyme 2; AEC2, alveolar epithelial cells type 2; AOSD, adult-onset still’s disease; BALF, bron-
choalveolar lavage fluid; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; CRSWNP, chronic rhinosinusitis with nasal
polyps; GST, glutathione S-transferase; HDL, high-density lipoprotein; sHLH, secondary hemophagocytic lymphohistiocytosis; /FN, interferon;
IL, interleukin; IL-18BP, IL-18 binding protein; /PF, idiopathic pulmonary fibrosis; LDH, lactate dehydrogenase; LDL, light-density lipoprotein;
LTBI, latent Tuberculosis infection; MAS, macrophage activation syndrome; NLRP3, nucleotide-binding oligomerization domain-like recep-
tor family pyrin domain containing 3; NK, natural killer; PIMS-TS, pediatric inflammatory multisystem syndrome temporally associated with
SARS-CoV-2 infection; RANTES, regulated on activation; normal T expressed and secreted; miRNA, microRNA

IL-18 and COVID-19
IL-18 structure and function

IL-18 is a 193 amino acids IL-1 family member that ini-
tially designated IFN-y-inducing factor (IGIF) [93]. IL-18
has structural similarities with its sister cytokines, particu-
larly IL-1pB [94]. Like IL-1f, but unlike IL-1a or IL-33, it
first synthesizes as an inactive precursor, pro-IL-18, in vari-
ous hematopoietic and non-hematopoietic cells [95, 96]. To
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become a biologically active cytokine, pro-IL-18 requires
subsequent proteolytic cleavage. Similar to pro-IL-1f, acti-
vated caspase-1 is the pivotal pro-IL-18 processing enzyme,
which its activation is mainly dependent on the priming of
inflammasomes, primarily the NLRP3 [95, 97]. In addi-
tion, IL-18 can be activated independently from caspase-1
by other enzymes, such as neutrophilic proteinase 3 [98],
granzyme B (in NK cells and CTLs) [99], and meprin f (in
intestinal cells) [100]. In contrast to IL-1f, IL-18 has consti-
tutive expression in MOs, MQs, and DCs, and like IL-1a and
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Table 2 In vitro evaluations of the inflammatory pathways related to IL-1 family cytokines in the SARS-CoV-2 infection

Cytokine Findings Reference

IL-1 Increased expression of IL-1f following NLRP3 inflammasome and caspase-1 activation in the purified PBMCs, granu-  [128, 129]
locyte subsets, and T cells

Increased expressions of IL-1p following NLRP3 inflammasome and caspase-1 activation in direct infection of PBMCs  [127, 130]
with SARS-CoV-2

Lower pro-IL-1p together with higher IL-18, and IFN-a, IFN-B, IFN-A mRNA expression in the peripheral blood cells [137]
Higher production of IL-1f in the anti-CD3/CD28 Ab stimulated PBMCs of the COVID-19 patients compared to healthy [140]

controls
Up-regulated expression IL-1f in the direct infection of LORGs, HSCs, HAECs, EPCs, and VSELs by SRAS-CoV-2 [146-148]
Increased IL-1f levels in the SARS-CoV-2 infected PBMCs with recombinant form of BPIFB4 [170]

IL-18 Increased expression of IL-1f, IL-18, IL-18BPa, and GSDMD following NLRP3 inflammasome and caspase-1 activation [132, 142]
in the purified PBMCs, granulocyte subsets, and T cells

Increased expressions of ASC, IL-1p, IL-18, IL-6, IL-12, IL-15, IL-16, IL-36, TNF-a, and chemokine receptors follow-  [130, 131]
ing NLRP3 inflammasome and caspase-1 activation in direct infection of PBMCs with SARS-CoV-2

Higher caspase-1 activation in T cells isolated from patients with underlying liver diseases [128]

Higher IL-18 together with IFN-a, IFN-f, IFN-A, and lower pro-IL-1 mRNA expression in the peripheral blood cells [137]

Up-regulated gene expression of IL-18, amphiregulin, epiregulin, and ADAMTS?2, and increased HIF-1 signaling path-  [138]
way in the novel MO subsets

Higher production of IL-18 and IL-1f in the anti-CD3/CD28 Ab stimulated PBMCs of the COVID-19 patients compared [140]
to healthy controls

Partially decreased production of IL-18 in the co-culture of these cells with DPSCs

Overexpressed pro-inflammatory mediators like IL-32, down-regulated amphiregulin gene, and impeding anti-tumor [141]
responses in the IL-18 treated T-regs

Increased IL-18 levels, activation of MAIT cells in the lungs and blood, increased IFN-y production, decreased IFN-a2 ~ [142]
levels, down-regulated type I IFN-responsive transcription factors, and up-regulated NLRP3 inflammasome, in the
serum, plasma, and SARS-CoV-2 infected MOs/MQs and MAIT cells

Up-regulated levels of IL-18 and IL-6 by classical MQs, inhibited growth and enhanced apoptosis of lung cells in the [145]
infection of HPSCs derived lung cells and MQs with SARS-CoV-2 pseudovirus

Up-regulated expression of NLRP3 inflammasome, caspase-1, IL-1p, IL-18, GSDM, and ASC in the direct infection of ~ [146-148]
LORGs, HSCs, HAECs, EPCs, and VSELs by SRAS-CoV-2

Increased IL-18 and IL-1p levels, down-regulated CD69 activating-marker for T cells (both CD4" T and CD8* T cells) [170]
and MCP-1, and limited cellular damages in the SARS-CoV-2 infected PBMCs with recombinant form of BPIFB4

1L-33 Higher increase of 1L-33 accompanied by IL-6, IFN-a2, and IL-23 secretion in the culture of the SARS-CoV-2 peptide [203]

stimulated PBMCs from seropositive patients than those of the seronegative patients

Positive correlation of enhanced production of the IL-33 with the expression of CD69 in CD4* T cells [203]

Higher level of intracellular IL-33 in CD14" MOs in the PBMCs [203]

Higher ST?2 expression in the B cells, followed by MOs and DCs in the immune cells

Association of increased serum concentrations of IL-33 with increased bone marrow precursor cells in PBMCs [209]

Positive association between IL-33 production from SARS-CoV-2 peptide stimulated PBMCs of the seropositive patients [203]
and their IgG titers

Increased IL-33 mRNA expression in the direct infection of human epithelial cell lines, Fadu and LS513, by SRAS- [195]
CoV-2

Impaired production of IL-33 and IL-1p, IL-6, and IL-8 together with up-regulated SIGIRR, down-regulated AEC2, and [210]
up-regulated IFN-f expression, and activation of various antiviral immune pathways following treatment of poly(I:C)
stimulated HBECs with Imiquimod

1L-36 Increased expressions IL-36 following NLRP3 inflammasome and caspase-1 activation in direct infection of the PBMCs  [131]
with SARS-CoV-2

IL-37 Attenuated respiratory inflammation by IL-37 administration in the human transgenic ACE2 mice [222]

IL-38 N/A N/A

Ab, antibody; ACE2, angiotensin-converting enzyme 2; ADAMTS2, a disintegrin and metalloproteinase with thrombospondin motifs 2; AEC2,
alveolar epithelial cells type 2; BPIFB4, bactericidal/permeability-increasing fold-containing family-B-member-4; DPSC, dental pulp stem cell;
EPC, endothelial progenitor cell; GSDMD, gasdermin D; HAEC, human aortic endothelial cell; HBEC, human bronchial epithelial cells; HIF-1,
hypoxia inducible factor 1; HPSC, human pluripotent stem cell; HSC, hematopoietic stem cell; /FN, interferon, /L, interleukin; /L-18BP, IL-18
binding protein; LORG, lung organoids; MAIT, mucosal-associated invariant T; MCP-1, monocyte chemoattractant protein 1, N/A, non-applica-
ble; NLRP3, nucleotide-binding oligomerization domain-like receptor family pyrin domain containing 3; PBMC, peripheral blood mononuclear
cell, SIGIRR, single immunoglobulin IL-1-related receptor; mRNA, messenger RNA; VSEL, very small embryonic-like stem cell
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Fig.3 Schematic model of strategies for IL-1 family members’ inter-
vention during SARS-CoV-2 infection. Following virus entry, detec-
tion of the viral PAMPs by TLRs leads to activated NLRP3 inflam-
masome in the type II pneumocyte cells of the respiratory tract and

IL-33, in endothelial and intestinal epithelial cells (IECs) of
healthy subjects [95, 101]. Moreover, in the inflammatory
states, recognition of pathogen-associated molecular pat-
terns (PAMPs) and damage-associated molecular patterns
(DAMPs) by TLRs culminates in the NLRP3 priming, fol-
lowed by an overproduction of IL-18 and its secretion in a
process called pyroptosis, in which IL-18 release from cell-
membrane pores created by gasdermin D (GSDMD), another
product of NLRP3 activation [102]. Although this mecha-
nism is essential for releasing IL.-18 from cells, it drives the
disturbance of innate and adaptive immune responses.
IL-18 harbors pleiotropic features in both innate and
adaptive arms of the immune system. It has fundamental
roles in the clearance of intracellular pathogens, especially
viruses, by promoting IFN-y production and activation of
NK cells and various subsets of T cells, such as T helper
(Th)-1, Th-2, Th-17, CTLs, and regulatory T (T-reg) cells
[103, 104]. TL-18 facilitates IFN-y production by CD4* T
cells, NK cells, B cells, DCs, and MQs with the help of
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induction of IL-1f, IL-18, and IL-33 expression via NF-kB tran-
scription factor signaling pathway. On the other side, the aggregated
immune response against SARS-COV-2 by macrophages and neutro-
phils results in the production of IL-1 family cytokines

IL-12, since IL-12 significantly increases the expression of
IL-18R [105, 106]. Moreover, IL-18, with synergistic effects
of IL-12 and IL-15, up-regulates perforin and Fas ligand
(FasL) expression and promotes FasL-dependent cytotox-
icity in NK cells and CD8* T cells [107, 108]. Addition-
ally, studies suggested that IL-18, in synergy with IL-23,
enhances IL-17 production by Th-17 cells [104]. Second,
IL-18 mediates subcapsular MQ-dependent expansion of B
cells in the lymph nodes and their IgG Ab production [109,
110].

In addition to its crucial effects, mediating adaptive
immune responses, IL-18 amplifies the innate immune
response by regulating a complex network of cytokines.
IL-18 with IL-2 enhance the production of Th-2 cytokines
like IL-3, IL-4, IL-9, and IL-13 from CD4* NK T (NKT)
cells, NK cells, and even Th-1 cells [106, 111]. Accompa-
nied by IL-3, IL-18 stimulates mast cells and basophils to
produce IL-4, IL-13, and histamine but not IFN-y. These
activated basophils also could induce the development of
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Th-2 cells [106]. Moreover, it stimulates other cytokine
production such as IL-1p, IL-6, IL-17, TNF-a, CRP, and
chemokines, which are engaged in host innate defense and
cytokine storm leading to ARDS [103, 112].

Second, IL-18 has pro-fibrotic features [70]. Apart from
its direct inducer actions on fibroblasts, overexpressed IL-18
accumulates inflammatory cells (primarily CD8 + T cells,
MQs, neutrophils, and eosinophils) in airway fibrosis and
lung injury [113, 114]. Furthermore, IL-18, and in the sec-
ond place, IL-33 induces the expression of amphiregulin, an
epidermal growth factor-like cytokine necessary for tissue
repair, in lung T-reg cells, the predominant amphiregulin
source in the lungs [115]. However, its overproduction in
the inflammatory states can be pathogenic by inducing lung
fibrosis [116].

IL-18 activity is regulated by IL-18-binding protein (IL-
18BP) [117]. IL-18BP is stimulated by IFN-y and inhibits
IL-18-induced cell responses like IFN-y production by bind-
ing to IL-18, creating a negative feedback loop [70].

IL-18 in diseases

Numerous studies have described the implication of dys-
regulated IL-18 in several inflammatory diseases, particu-
larly in viral infections like influenza, Epstein—Barr virus
(EBV), and poxviruses [118, 119]. Viral induction of IL-18
is profoundly mediated by NLRP3 inflammasome and sub-
sequently caspase-1 activation in multiple cells like MOs,
MQs, and epithelial cells of the respiratory system [120].
This pathway can be a defensive mechanism in the early
stages of viral invasion since IL-18 enhances host-viral
defense and cell cytotoxicity [121, 122]. However, sus-
tained NLRP3 stimulation induces an aberrant amount of
IL-18, detrimentally triggering the exuberant secretion of
other downstream inflammatory mediators, such as IFN-
Y, IL-6, TNF-a, which are involved in the cytokine storm
formation [123, 124]. The abundant presence of IL-18R in
the lungs than in other tissues makes the respiratory sys-
tem more appealing for IL-18 to endorse a cytokine storm
[125]. Prominent elevated serum and lung IL-18 levels have
been correlated with increased inflammatory factors, dis-
ease pathogenesis, and severity in viral infections featured
by cytokine storm and ARDS [126, 127].

Noteworthy, IL-18 regulates a wide range of immunologi-
cal functions, such as stimulating [FN-y production, priming
NK cells cytotoxicity, and promoting differentiation of Th-1
cells in the gastrointestinal (GI) system [128]. However, it
has also been suggested to contribute to the aggregation of
inflammation and amplifying damages elicited to the GI tract
by viral pathogens like rotaviruses and human immunodefi-
ciency virus (HIV) [128].

Moreover, the imbalance between IL-18 and IL-18BP
has been implicated in the severity of many diseases such

as myocardial infarction (MI), acute kidney injury (AKI),
inflammatory bowel disease (IBD), and sepsis [129].

The pathogenesis of IL-18 in COVID-19

Interestingly, the mechanism mentioned above is applica-
ble for the pathogenesis of ARDS induced by coronavi-
ruses since both SARS-CoV and SAR-CoV-2 have exhib-
ited NLRP3 activation [130, 131]. However, there are
discrepancies in the literature regarding the role of IL-18
in SARS-CoV infection, as the demonstration of its mark-
edly increased expression in the lung tissues of SARS-CoV
patients with ARDS in some research [124, 132] was accom-
panied by reports of its low serum levels in other studies
[133].

In contrast to SARS-CoV, mounting clinical evidence
supplemented by recently in vitro investigations deciphered
solid implication of IL-18 and its downstream cytokine cas-
cade, predominantly through NLRP3 inflammasome prim-
ing in the COVID-19 pathogenesis (Table 2). These studies
reported increased levels of IL-18 together with the up-
regulated expression of NLRP3, ASC, activated caspase-1,
and IL-1f secretion in PBMCs, granulocyte subsets, and
T cells purified from COVID-19 patients that were corre-
lated with disease severity [134—139]. Correspondingly,
direct infection of these cells with SARS-CoV-2 spike (S)
protein revealed its interplay with ACE2 as the principal
trigger of the NLRP3 activation [134, 137, 138]. These
results were coupled with NLRP3 and ASC expression in
postmortem lung tissues in COVID-19 patients [137]. Plus,
multiple investigations found elevated levels of NLRP3
independent IL-18 processing enzymes, particularly gran-
zyme B and proteinase 3, suggesting roles of other inflam-
matory mechanisms in SARS-CoV-2-induced production
of IL-18 [140, 141]. Second, several studies documented
significantly increased levels of the IL-18BP alongside the
IL-18 in COVID-19 patients [136, 142, 143]. However, it
seems that enhanced production of IL-18BP in response to
IFN-y and other stimulators is insufficient for inhibiting the
IL-18-IFN-y axis, leading to immune dysregulation, par-
ticularly during the final stages of the disease.

Additionally, analysis of messenger RNA (mRNA)
transcription displayed higher IL-18 together with IFN-a,
IFN-p, IFN-A, and lower pro-IL-18 mRNA expression in
peripheral blood cells of COVID-19 patients in comparison
to healthy subjects. Furthermore, there was a positive cor-
relation between mRNA expression of IL-18 and pro-IL-1f
with TLR4 [144].

Furthermore, Zhang Y et al., by analyzing PBMCs
of COVID-19 patients with single-cell RNA sequenc-
ing (scRNA-Seq), discovered novel MO subsets with
up-regulated gene expression of IL-18 and pro-fibro-
sis mediators such as amphiregulin, epiregulin, and a
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disintegrin and metalloproteinase with thrombospon-
din motifs 2 (ADAMTS2). In addition, there was an
increased hypoxia-inducible factor-1 (HIF-1) signaling in
these cells [145].

In agreement with these findings, several observations
were consistent with the ability of IL-18/IL-18R signaling to
enhance the activation of T cells [106], unifying the elevated
levels of IL.-18 and its signaling pathways with hyperactiva-
tion of T cells in COVID-19 disease [146].

Croci S et al. reported that compared to healthy controls,
PBMCs of COVID-19 patients which stimulated with anti-
CD3/CD28 Ab to mimic the activation of T lymphocytes
that occurs in infected tissues displayed higher production
of IL-18, highlighting T lymphocyte's role in the production
of IL-18 from PBMCs [147]. Additionally, the co-culture of
these cells with dental pulp stem cells (DPSCs) resulted in
partially decreased production of IL-18 [147].

Moreover, a study done by Galvan-Pefia S et al. demon-
strated the high similarity between IL-18 treated T-regs and
T-regs purified from COVID-19 patients in terms of cyto-
metric and transcriptomic profile addressing the contribution
of IL-18 to perturbations of T-regs in COVID-19 patients
[148]. These T-regs exhibited a distinct transcriptional sig-
nature, with overexpression of several pro-inflammatory
mediators like IL-32, and a remarkable similarity to T-regs
that impede anti-tumor responses, suggesting their nefarious
roles in the disease by suppressing antiviral T cell responses
and production of pro-inflammatory mediators [148]. How-
ever, in contrast to the previous study, they found down-
regulated amphiregulin gene in IL-18 treated T-regs [148].

Likewise, Flament H et al. showed increased IL-18 levels
associated with severe clinical outcomes and activation of
mucosal-associated invariant T (MAIT) cells in the lungs
and blood of COVID-19 patients [149]. These cells are
innate-like T cells involved in mucosal viral defense and
display a pronounced cytotoxic phenotype in the lungs using
the IL-18-IFN-y axis [150]. Additionally, plasma IFN-a2
levels were inversely correlated with elevated IL-18 levels.
Co-culture study of SARS-CoV-2 infected MOs/MQs and
MAIT cells determined the IFN-o—IL-18 imbalance due to
the down-regulated type I IFN-responsive transcription fac-
tors and up-regulated NLRP3 inflammasome to be respon-
sible for the altered functions of MAIT cells, as depicted by
their overwhelming IFN-y production [149]. Respectively,
increased IL-18 production and MAIT cells activation dur-
ing innate immune response to SARS-CoV-2 may thereby
lead to B cell activation and production of the anti-SARS-
CoV-2 IgG Abs [151]. Concomitantly, correlations of the
IL-18 levels and the activation of innate NK cells, as well as
v0 T cells, CD4 +, and CD8 + T cells, have been described
in these patients [146].

In addition, multiple investigations using various cell
lines displayed the capacity of SARS-CoV-2 in instigating
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IL-18 secretion following the NLRP3 inflammasome acti-
vation. Duan F et al., in a co-culture study of lung cells
and MQs, both derived from human pluripotent stem cells
(HPSCs), with SARS-CoV-2 pseudovirus, displayed sig-
nificantly up-regulated levels of IL-18 and IL-6 by clas-
sical MQs, accompanied by their ability to inhibit growth
and enhance apoptosis of lung cells [152]. A similar case
has been reported in the interactions of SRAS-CoV-2 and
ACE2 or TLR4 in human stem cell-derived lung organoids
(LORGS), hematopoietic stem cells (HSCs), human aortic
endothelial cells (HAECs), endothelial progenitor cells
(EPCs), and very small embryonic-like stem cells (VSELs),
with the resultant, up-regulated expression of NLRP3, cas-
pase-1, IL-18, IL-1p, GSDMD, and ASC [153-156]. These
pathways can be inhibited by recombinant human ACE2,
TLR4 inhibitors like TAC-242 or MCC950 [154], mineralo-
corticoid receptor antagonists (MRAs) like spironolactone
or eplerenone, and G3P-01, an inhibitor of Galectin (Gal)-3,
which is a downstream mediator of MR-induced vascular,
cardiac, and renal inflammation [156].

In parallel with these findings, mounting investigations
have reported remarkably elevated serum or plasma levels
of IL-18, positively correlated with increased other inflam-
matory cytokines such as IL-1, IL-6, TNF-a, IFN-y, and
measures of disease activity such as lactate dehydrogenase
(LDH), CRP, and ferritin, the prominent inflammation sig-
nature of SARS-CoV-2-induced cytokine storm and ARDS
[20, 137, 141, 143, 157-159].

Furthermore, a wealth of clinical data determines the
positive correlation of heightened IL-18 concentrations with
the occurrence of the ARDS, lung fibrosis, and AKI and
disease severity, contributing to the early identification of
critical COVID-19 patients [19, 140, 160, 161] (Table 1).
Concomitantly, some studies identified IL-18, alongside the
IL-15 and Gal-9, as an organ-failure-specific immunological
marker of the respiratory system [161, 162].

Notably, levels of IL-18, together with IL-8 and CCLS5,
were found higher in male patients along with more robust
induction of non-classical MOs [163], and both IL-18 and
IL-18BP were correlated with the age of COVID-19 patients
[143]. Positive associations of IL-18 levels with the saliva
viral loads have also been reported [164].

Consistently, IL-18 levels and other inflammatory factors
such as IL-1 and IL-6 were higher in children with the mul-
tisystem inflammatory syndrome (MIS-C), a severe clinical
form of SARS-CoV-2 infection [165-167]. Moreover, IL-18
level was inversely correlated with anti-SARS-CoV-2 IgA,
and IgG was detected in the nasal fluids of both children and
adult patients, suggesting its implementation in the mucosal
immune response against SARS-CoV-2 [168].

Interestingly, numerous data extend the contribution of
the IL-18 to the pathogenesis of the SARS-CoV-2 induced
non-respiratory damages. Its concentrations have significant
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correlations with hematological parameters, renal and
hepatic biochemical markers, and cardiac injury markers
like troponin [142, 160]. Likewise, IL-18 gene expression
as well as IL-6, TNF-a, and IFN-y were higher in cardiac
tissues of COVID-19 autopsy cases that detected positive
for SARS-CoV-2, addressing IL-18 s’ participation in the
cardiac involvements of SASR-CoV-2 infection [169]. Fur-
thermore, IL-18 correlations with increased fibrinogen and
D-dimer, and decreased platelet numbers, were indicative of
its actions as a bridge between inflammation and coagulation
[160, 170]. Additionally, COVID-19 patients with under-
lying liver diseases like non-alcoholic fatty liver disease
(NAFLD) and cirrhosis in comparison to patients without
comorbidities displayed higher serum levels of IL-18, LDH,
and activated caspase-1 in T cells, suggesting the boosting
effect of underlying inflammatory state on IL-18 production
and COVID-19 severity [135]. Moreover, IL-18 levels were
higher in the fecal samples of COVID-19 patients than in
those of controls, addressing IL-18 produced by lympho-
cytes, myeloid and epithelial cells of the GI system as an
indicator of SARS-CoV-2 elicited intestinal infection [128,
171]. Concomitantly, IL-18 coupled with IL-6, IFN-y, and
IP-10, and regulated on activation, normal T expressed and
secreted (RANTES) exhibited significant correlations with
lipoproteins like light-density lipoprotein (LDL) and high-
density lipoprotein (HDL) in recovered COVID-19 patients,
indicating the involvement of IL-18 in the interactions of the
SARS CoV-2 infection with the lipoproteins and immuno-
metabolic profile of the disease [172].

Importantly, IL-18 has been proposed as a regulator of
immunity in the recovery stages of the COVID-19. A study
done by Singh et al. showed sustained high levels of IL-18
consistent with CCR2, CX3CR1, and macrophage inflam-
matory factors even in the recovery stages of the infection,
suggesting IL-18 s’ roles in the compromised immunity of
recovered patients [173]. Likewise, in the recovery period
from ARDS, the serum levels of IL-18, CCL3, and CXCL9
were higher in COVID-19 patients with dyspnea or renal
failure, representing IL-18 as a reflecting marker of residual
inflammation in these patients [161]. However, prediction
analysis of cell-to-cell interactions utilizing data from the
scRNA-Seq in a computational approach indicated that, in
late recovery stage (LRS) patients, DC-derived IL-18 and
TNF TNFSF13 accompanied by T cell-derived IL-2 and
IL-4 might promote B cell survival, proliferation, and dif-
ferentiation, culminating in the production of various SARS-
CoV-2-specific Abs [83].

It is also noteworthy that various studies determine higher
concentrations of IL-18 in SARS-CoV-2 infected patients
as a differentiating marker between COVID-19 and influ-
enza [159], adult-onset still’s a disease (AOSD), an auto-
inflammatory disease [174, 175], and other cytokine storm
conditions like MAS or sHLH [176].

Nevertheless, IL-18 can show protective features in the
early stages of viral infections. A study done by Ciaglia E
et al. demonstrated this fact in the initial stages of the SAR-
CoV-2 infection by administrating a recombinant form of
bactericidal/permeability-increasing fold-containing family-
B-member-4 (BPIFB4), a protein involved in the homeo-
static response to the inflammatory stimulation, which its
plasma level was found significantly decreased in COVID-19
patients [177]. Treatment of SARS-CoV-2 infected PBMCs
with this agent demonstrated an elevation in IL-18 and IL-1p
levels accompanied by down-regulation of the CD69 acti-
vating marker for T cells (both CD4* T and CD8* T cells)
and MCP-1 that culminated in the limited cellular damages
[177]. Additionally, analyzing the genome sequence of the
COVID-19 patients revealed a negative association between
IL-18 and the risk of the SARS-CoV-2 infection, suggest-
ing its protective role in the disease [178]. Collectively,
these studies accentuated the undeniable pro-inflammatory
role of IL-18 in disease progress and identified it as a prog-
nostic factor for SARS-CoV-2-infection [160] (Fig. 3). As
described, cytokine storm is a life-threatening factor in
COVID-19 patients, therefore, blocking the inflammatory
cascades represents a promising potential therapeutic target
along with other candidate drugs. Consequently, the use of
cytokines inhibitors such as anakinra, rilonacep, tocilizumab
as immunomodulatory agents has been recommended,
however, still have require comprehensive studies for find
effective treatment for cytokines involved in severe form of
COVID-19 including IL-18 [179].

As mentioned earlier, IL-18 secretion following the acti-
vation of NLRP3 inflammasome in SARS-CoV-2-infected
cells is in conjunction with pyroptotic cell death [102]. Thus,
NLRP3 activation has been proposed as a crucial mediator
of leukopenia and lymphopenia generated in some COVID-
19 patients [102, 135]. SARS-CoV-2-infected cells that
undergo pyroptosis release PAMPs, like viral RNA and
DAMPs, like DNA and ASC, which their recognition by
TLRs initiates an inflammatory response. Thus, this phe-
nomenon may lead to a secondary inflammatory response
that can further exacerbate the aberrant primary inflam-
matory response to the viral invasion [180]. Additionally,
pro-IL-1f, pro-IL-18, and NLRP3 gene transcription can be
induced in response to the recognition of PAMPs by TLRs
[78, 95]. Therefore, activation of these cytokines can initiate
a sequence of events leading to amplification of the underly-
ing disturbance of innate and adaptive immune responses.
However, discussing the roles of NLRP3 inflammasome in
SARS-CoV-2 pathogenesis falls outside the scope of this
review and it has been extensively reviewed in [131].
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IL-33 and COVID-19
IL-33 structure and function

IL-33 is a recently discovered member of the IL-1 super-
family that was initially identified as a nuclear factor from
high endothelium venules (NF-HEV) [181]. Unlike most
of the other members of the IL-1 superfamily, the IL-33
gene is located on chromosome 9 at 9p24.1 and contains
eight exons (one non-coding and seven coding exons) that
span more than 42 kb of genomic DNA. Human IL-33
mRNA encodes a 30kD protein with 270 amino acids
characterized by a conserved structure at the carboxyl-
terminal named the molecule pB-trefoil structure, through
which represents its cytokine activity [182, 183]. IL-33
constitutively is produced as a 30-kDa pro-peptide (full-
length IL-33; f-IL 33) and stored in the nucleus of cells.
Like IL-1p and IL-18, it is cleaved by caspase-1 to gener-
ate mature 18 kDa IL-33 (m-IL-33). The f-IL-33 contains
a nuclear localization sequence (NLS) and a homeodo-
main-like helix-turn-helix DNA-binding domain. Simi-
lar to pro-IL-1a, nuclear pro-IL-33 appeared to exert its
biologic activities independent of caspase-1 cleavage and
cell surface receptor binding [70, 184]. It is estimated
that the bioactivity of m-IL-33 increases ~ 10-30 times
compared to f-IL-33 [185].

IL-33, in both homeostasis and inflammation, is
mainly produced at high levels in the endothelial cells,
epithelial cells, fibroblast-like cells, and myofibroblasts
[186]. Tissue or cellular damage like mechanical wound-
ing epithelial cells may lead to the release of IL-33 and
have essential roles in inducing type 2 immune response
through ST2, an orphan receptor of IL-1, and IL-1RAcP
[187]. The ST2 receptor is present in many immune cells,
such as neutrophils, basophils, mast cells, Th-2 cells, NK
cells, DCs, alternatively activated macrophages (AAMs),
and invariant NKT (iNKT) cells [70]. IL-33 binds to
the T1/ST2 receptor, and this complex engages the IL-
1RACP as a co-receptor. A soluble form of ST2 (sST2)
(also known as IL-1RL1) may function as an inhibitor of
IL-33 by binding IL-33 in the cell microenvironment and
soluble IL-1RAcP may enhance the inhibitory effects of
sST2 [70]. The structure of the IL-33/ST2 complex is
composed of the very highly acidic C-terminal part of
1L-33, which is similar to IL-1 and has a critical role in
binding to the ST2. The studies have shown that single-
point genetic mutation of the acidic C-terminal part of
IL-33 at these two sites reduces the desire to bind to ST2
[186, 188]. IL-33, by binding to ST2, activates NF-kB and
MAPK pathways in the target cells alters activity cells,
and enhances secretion of Th-2-associated cytokines, like
IL-5 IL-13 but not IL-4 [189].
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Critically, regulating IL.-33 s’ activity is vital to inhibit
its constitutive production and harmful multi-organ
inflammation and damage. IL-33 activity is regulated by
several mechanisms like; the maintenance of IL-33 in the
nucleus of generating cells during homeostasis and cleav-
age in the IL-1-like cytokine domain by caspases during
pyroptosis. Neutralization by the decoy receptor sST2 and
rapid oxidation and formation of disulfide bridges (S-S)
in IL-33 could be other central mechanisms to inhibit its
excessive activity [182].

IL-33 in diseases

The documented role of IL-33 has extended from infectious
disease to inflammatory and metabolic disorders. IL-33
is produced during cell death and stress or following the
invasion of infectious agents and acts as an alarmin or self-
molecules that alert the immune system to damage [190].
However, it can make inordinate inflammatory responses
in the long term, resulting in parallel injury to local and
systemic tissues[182]. Increasing in IL-33 was observed
in numerous diseases, such as asthma, chronic obstructive
pulmonary disease (COPD), ARDS, idiopathic pulmonary
fibrosis (IPF), rheumatoid arthritis (RA), IBD, and cardio-
vascular disease [191]. The ST?2 axis is usually more basic
in all of these, which strengthens Th-2 or T-reg responses.

Thanks to IL-33 causes decreases in IFN-y and increases
IL-4, IL-5, and IL-13 by switching the immune response to
Th-2 and also causes changes in plasma immunoglobulin
levels, increasing IgG1, IgE, and IgA but decreasing IgG2a
appears that IL-33 may help to prevent atherosclerosis
[192]. Augmented IL-33 levels have also been documented
in the RA that can exacerbate joint inflammation by increas-
ing migration and activation of neutrophils and mast cells,
which increase inflammatory cytokines like IL-6 and IL-1p.
Respectively, studies have shown the therapeutic relevance
of the IL-33 inhibitors in RA [193]. In the case of colitis,
IL-33 can have both a moderating and exacerbating role, and
the effect of IL-33 varies depending on whether it is in the
acute or chronic phase and which type of immunity (Th-1
or Th-2) is dominant [194].

Since IL-33 is secreted from alveolar epithelial cells type
2 (AEC2) and other resident immune cells of the respira-
tory system, like alveolar macrophages (AMs) [195], it has
critical functions in mediating immune responses and tis-
sue damage in respiratory diseases. The elevation of I1L-33
during respiratory disease may switch immune response to
type 2 through stimulating mast cells, Th-2 cells, M2 MQs,
eosinophils, and innate lymphoid cells (ILC2s) and elevat-
ing type 2 cytokines including IL-4, IL-9, IL-10, IL-13,
and tumor growth factor f (TGF-f) [196]. For instance, in
asthma, a type I hypersensitivity disease with an increase in
IgE level and Th-2 responses, studies showed an increase in
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the expression of IL-33 in the airways, which can play an
aggravating role in disease pathogenesis [192]. Moreover,
despite IL-5 central role in the maturation and production of
eosinophils in the bone marrow, IL-33 could induce the pro-
duction of eosinophils from progenitor CD117% cells, which
may be a reason for asthma resistance to the anti-IL-5 drug.
The activation of eosinophils can increase the expression
of CCL7, which is an essential factor for the accumulation
of lymphocytes in the airways, causing exacerbated asthma
inflammation [197]. IL-33 could also increase inflammatory
conditions by activating AAMs during airway inflammation,
which has discrete roles in type 2 immune responses [198].
Furthermore, it was reported that a significant increase in
serum levels of IL-33 in COPD has a mechanism almost
similar to asthma and can be proposed as a risk factor for
this disease [199].

However, the exact role of IL-33 in ARDS has not yet
been entirely determined [195]. IL-33 can control ARDS
inflammation through mediating T-reg secreted IL-13, which
has reparative functions by activating tissue-repair MQs
[190]. On the other hand, animal studies showed that the
IL-33 neutralizing Abs has been useful in reducing inflam-
mation in ARDS [200].

In addition, Jing Xu et al. indicated that IL-33 activated
ILC2s could initiate early detrimental type 2 immune
responses following severe trauma through the production
of IL-5 and stimulation of the IL-5 expression in neutro-
phils, which creates the IL-33-ILC2-IL5-neutrophil axis in
lung injury [196]. IL-33 can contribute to the development
of neutrophils by inducing GM-CSF, CXCL1, CXCL2,
E-selectin, intracellular adhesion molecule 1 (ICAM1),
and vascular cell adhesion molecule 1 (VCAMI). In return,
proteases released from neutrophils activate IL-33 [201].
Additionally, in chronic respiratory infection that leads to
lung fibrosis, IL-33 by activating M2 MQs, ILC2, mast cells,
and myofibroblasts and stimulating TGF-f, IL-13, CCL2,
and CXCL6 secretion plays an important role in the fibrosis
mechanism [202]. Interestingly, this pro-fibrotic feature of
the IL-33 can be helpful in lung repair [184].

Notably, IL-33 has also been implicated in the pathogen-
esis of respiratory viral diseases like respiratory syncytial
virus (RSV) induced respiratory inflammation [203]. RSV,
by activating TLR3 or TLR7, can up-regulate the expression
of IL-33 mRNA in AMs and DCs, and enhance the produc-
tion of IL-33 in these cells [203].

Conclusively, like IL-1 and IL-18, IL-33 plays a dual role
in the pathogenesis of the viral and respiratory inflamma-
tions, in which activating immune cells in the early stages
potentiate immune responses, but in the late stages of the
inflammation, drives the lung fibrosis [204].

The pathogenesis of IL-33 in COVID-19

Although there are data regarding IL-33 functions in the
COVID-19, recent studies have begun to unravel its roles
in the disease course. In one of the first studies, Burke H
et al. revealed increased levels of the IL-33 as a signifi-
cant predictive marker of adverse outcome in COVID-19
patients [205]. Following observations similarly demon-
strated its elevated levels that were correlated with clinical
and radiographic parameters of the disease and established
its positive correlation with TNF-a, IL-1f, IL-6, IL-12,
and IL-23 levels and its negative correlation with O2 sat-
uration of the COVID-19 patients [206, 207] (Table 1).
Additionally, elevated levels of the IL-33 together with
IL-18 were coupled with higher concentrations of the
renal toxicity markers such as glutathione S-transferase
(GST) and osteopontin in COVID-19 patients, which con-
fers its putative interference in multi-systemic damages of
the SARS-CoV-2 infection [208]. Second, higher levels
of IL-33 accompanied by IL-12p70 were correlated with
seroconversion of IgG Abs in COVID-19 patients, indicat-
ing IL-33 s’ potential participation in regulating adaptive
immunity [207].

Despite relatively abundant evidence representing its aug-
mented levels in the COVID-19, a study done by Zeng et al.
did not show altered levels of the IL-33, probably due to the
increased levels of its decoy receptor sST2 [209]. Second,
elevated serum sST2 levels of the patients had an inverse
correlation with the counts of CD4" and CD8* T cells and a
positive correlation with disease severity, which highlights
the potential protective features of the IL-33 in the infected
patients [209].

Interestingly, data provided by scRNA-seq of cells iso-
lated from the BALF samples of COVID-19 patients have
proven elevated expression of IL-33 [210]. A similar result
has also been reported by Stanczak et al. that was concomi-
tant with the correlation of its expression with disease sever-
ity [211]. Moreover, explorations revealed the IL-33 gene as
one of the target genes of the SARS-CoV-2 encoded micro-
RNAs (miRNAs) [212], which its co-expression with the
entry receptor of the virus, ACE2, in human lung epithelial
cells [213], further extending the implication of IL-33 in
the disease.

Similar to IL-1 and IL-18, IL-33 also has a crucial role
in the clinical phenotypes of the SARS-CoV-2 infection in
children. Increased IL-33, alongside the IL-1a, IL-6, IFNs,
TNF-a, and chemokines, was detected in children with
pediatric inflammatory, multisystem syndrome temporally
associated with SARS-CoV-2 infection (PIMS-TS), which
was higher than those of the COVID-19, seropositive for
SARS-CoV-2 infection, and control children [214].

Moreover, IL-33 can act as a differentiating marker.
For instance, compared to COVID-19 patients, a higher
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concentration of IL-33 was detected in the nasal mucosa
of chronic rhinosinusitis with nasal polyps (CRSwNP)
patients, which can be explained by its chronic course
[215]. In addition, postmortem lung tissues of COVID-19
patients were depleted of IL-33 and AEC2 compared to
those of the healthy subjects and patients with COPD or
IPF [184]. However, fibrotic lung samples of the COVID-
19 survived patient exhibited increased amounts of IL-33
and AEC2 compared to COPD and IPF, indicating the pro-
tective features of the AEC2 secreted IL-33 in lung repair
by eliciting fibrosis [184]. Noteworthy, latent Tuberculosis
infection (LTBI) can heighten IL-33 levels in SARS-CoV-2
co-infected patients [216].

Align with the mentioned clinical studies, in vitro inves-
tigations further illustrate IL-33 interactions in the infection
(Table 2). Stanczak M A et al. discovered a higher increase
of IL-33 accompanied by IL-6, IFN-a2, and IL-23 secre-
tion in the culture of the SARS-CoV-2 peptide stimulated
PBMCs from seropositive patients than those of the seron-
egative patients [211]. Enhanced production of the IL-33
is likely due to T cell-mediated effects on IL-33-producing
cells since its production had a strong positive correla-
tion with the expression of CD69, a lymphocyte activation
marker, in CD4" T cells [211]. This outcome has almost
been confirmed by evaluating CD4% T cells counts in
COVID-19 patients [209]. The additional analysis detected
CD14" MOs, as the major responders to T-cell-mediated
IL-33 production since they had the highest level of intracel-
lular IL-33 among PBMC:s. Finding potential candidates for
the regulation exerted by IL-33, identified B cells, followed
by MOs and DCs, as the immune cells with the highest
ST2 expression [211]. Noteworthy, increased serum con-
centrations of IL-33 have previously been associated with
increased bone marrow precursor cells in PBMCs of patients
infected with SARS-CoV-2 [217].

Moreover, they discovered a positive association between
IL-33 production from SARS-CoV-2 peptide stimulated
PBMC:s of the seropositive patients and their IgG titers
[211] that were in keeping with the data exhibited in [207].
Accommodating data imply the contribution of innate and
both cellular and humoral arms of the adaptive immune
system in regulating IL-33 s’ release in response to SARS-
CoV-2 induced inflammation, which persists after the reso-
lution of the inflammation.

In addition, infection of human epithelial cell lines, Fadu
and LS513, with SARS-CoV-2 promoted IL-33 expres-
sion [202], providing more data for its potential implica-
tion in respiratory remodeling in the virus-induced lung
inflammation [184]. Consistently, treatment of poly(I:C), a
double-strand RNA (dsRNA) analogue and TLR3 agonist
that mimics biological effects of viral infection, stimulated
human bronchial epithelial cells (HBECs), with Imiquimod,
a TLR7 agonist, impaired IL-33 and IL-1p, IL-6, and IL-8
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production, potentially by up-regulation of the single immu-
noglobulin IL-1-related receptor (SIGIRR), the negative
regulator of IL-1R signaling [218]. Consequently, impaired
IL-33, together with down-regulated AEC2 expression, up-
regulated IFN-P expression, and activation of various anti-
viral immune pathways following imiquimod treatment,
contributed to the viral infection tolerance [218] (Fig. 3).

Accumulating data identify IL.-33 as a pronounced fac-
tor in COVID-19 pathogenesis. Further probable IL-33
regulated pathways in SARS-CoV-2-induced infection have
extensively been projected in [201]. Thus, there is an ongo-
ing phase-2 clinical trial asserting the effects of its inhibi-
tion by using Astegolimab, an anti-IL-33 monoclonal Ab
(mAb) that selectively inhibits the IL-33 receptor ST2 in
patients with severe COVID-19 pneumonia [219]. Although
existing evidence favors the deleterious roles of IL-33 in the
COVID-19, it must be noted that by acting as an alarmin,
IL-33 can stimulate antiviral CTL activity and Ab produc-
tion. Therefore, it has been speculated that the persistence
of cells producing IL-33 in response to T cell activation may
benefit the antiviral defense against the virus [211].

The pathogenesis of IL-36, IL-37, and IL-38
in COVID-19

Recently discovered members of the IL-1 family, IL-36,
IL-37, and IL-38, also have distinctive inflammatory or
anti-inflammatory roles. These cytokines are secreted from
various immune and non-immune cells, such as lympho-
cytes, myeloid and epithelial cells [220]. IL-36 is a pro-
inflammatory cytokine and, through activation of MyD88,
MAPK, mTOR, and NF-kB dependent signaling pathways,
stimulates the generation of inflammatory factors such as
IL-1B, IL-17, IFN-y, and TNF-a [221, 222]. Additionally,
IL-36 stimulates activation of the NLRP3 inflammasome
[223]. Unlike IL-36, IL-37 and IL-38 have anti-inflamma-
tory features and suppress the aforementioned inflamma-
tory pathways and mediators [221, 222]. These cytokines
have distinctive roles in different diseases, such as IBD, RA,
and systemic lupus erythematosus (SLE) [224-226]. Addi-
tionally, IL-36 by inducing the secretion of inflammatory
cytokines, and IL-37 and IL-38 by mitigating the inflam-
mation in the respiratory milieu have been implicated in the
pathogenesis of inflammatory respiratory disease and ARDS
[227-229].

Likewise, recent studies have determined the functions
of these cytokines in the SARS-CoV-2 infection (Fig. 3).
Gao et al. revealed increased levels of the IL-36a accom-
panied by IL-38 in the COVID-19 patients correlated posi-
tively and negatively with disease severity [228]. Moreover,
a study done by Li et al. exhibited elevated plasma levels of
IL-37 together with higher IFN-a and lower IL-6 and IL-8
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Table 3 Overview of IL-1, IL-18, IL-33, IL-36, IL-37, and IL-38 changes in different samples of the COVID-19 patients and their associated

clinical or para-clinical features

Sample/clinical or para-clinical feature IL-1 1L-18 1L-33 1L-36 1L-37 1L-38 Reference
Serum/plasma 1 1 1 1 1] 1 [13, 43, 199, 220, 222, 223]
BALF 1 N/A 1 N/A N/A N/A [73, 202, 203]

Feces NS 1 N/A N/A N/A N/A [164, 226]

Genome N/A * * N/A * N/A [171, 204, 224]
Postmortem lung tissue N/A N/A ! N/A N/A N/A [176]

Postmortem cardiac tissue N/A 1 N/A N/A N/A N/A [162]

Clinical phenotypes of the COVID-19 in children 1 1 1 N/A N/A N/A [158-160, 206]

Disease severity + + + + - - [42, 153, 199, 220, 223]
Organ damage markers + + + N/A N/A N/A [42, 135, 196]
Seroconversion N/A N/A + N/A N/A N/A [200, 203]

1: Increase; |: Decrease; +: Positive correlation; —: Negative correlation; *: Association; N/A: not applicable; NS: not-significant

levels in the COVID-19 patients. Furthermore, low IL-37
levels combined with high IL-8 and CRP levels predicted
severe clinical prognosis in these patients [230]. In addi-
tion, IL-37 administration attenuated respiratory inflam-
mation in SARS-CoV-2 infected mice [230]. However, in
another study, Ahmed AA and Ad'hiah AH demonstrated
lower serum levels of IL-37 and its possible association
with a higher risk of disease in COVID-19 patients. Addi-
tionally, IL-37 was significantly correlated with vitamin D
levels [231]. Second, they discovered that mutations of the
IL37 genes are also associated with the susceptibility to the
COVID-19 [232]. Accumulation data suggest the inflamma-
tory role of IL-36 and protective features of the IL-37 and
IL-38 in SARS-CoV-2 induced inflammation. Noteworthy,
Bozonnat A et al. reported a case of deficiency of interleukin
thirty-six receptor antagonist (DITRA), an auto-inflamma-
tory disease, flare triggered by SARS-CoV-2 infection [233].

Conclusion

The well-adjusted inflammatory cascade is the main piece
of immune response in constraining COVID-19 infection.
The over-activity or reduction in immune response activity
are both unfavorable during infection and lead to detrimental
outcomes. According to the literature, hyper-inflammatory
IL-1 cytokines family such as IL-1a, IL-1p, IL-18, IL-33,
and IL-36 act as the driving force of inflammatory activities,
and the high levels of these cytokines are directly associated
with the severity of the disease (Table 3). These cytokines
exert the inflammatory response via triggering the NLRP3
inflammasomes. Hereupon, scientists have made significant
progress in uncovering molecular insights into SARS-CoV-2
pathogenesis and development of vaccines, but there is still
no viable treatment for SARS-CoV-2-infected patients.
Therefore, a better understanding of the pathogenesis

underlying severe forms of COVID-19 permits the design
of novel immunotherapies and effective therapeutic strate-
gies for targeting the hyperinflammatory key molecules dur-
ing the COVID-19 inflammatory response. In this study, we
aimed to evaluate and summarize the role of IL-1 family (IL-
1, IL-18, IL-33, IL-36, IL-37, and IL-38) in COVID-19. We
described the available therapeutic approaches based on the
inhibitory mechanisms of these cytokines. Ultimately, IL-1
family blockers could be considered as efficient therapeutic
agents in the treatment of COVID-19. However, further stud-
ies are required to provide detailed insights into the role of
IL-1 family blockers in the alleviation and improvement of
inflammatory response in COVID-19.
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