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Abstract: Since the start of COVID-19 pandemic caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), more than 6 million people have lost their lives worldwide directly
or indirectly. Despite intensified efforts to clarify the immunopathology of COVID-19, the key
factors and processes that trigger an inflammatory storm and lead to severe clinical outcomes in
patients remain unclear. As an inflammatory storm factor, IL-33 is an alarmin cytokine, which
plays an important role in cell damage or infection. Recent studies have shown that serum IL-33 is
upregulated in COVID-19 patients and is strongly associated with poor outcomes. Increased IL-33
levels in severe infections may result from an inflammatory storm caused by strong interactions
between activated immune cells. However, the effects of IL-33 in COVID-19 and the underlying
mechanisms remain to be fully elucidated. In this review, we systematically discuss the biological
properties of IL-33 under pathophysiological conditions and its regulation of immune cells, including
neutrophils, innate lymphocytes (ILCs), dendritic cells, macrophages, CD4+ T cells, Th17/Treg cells,
and CD8+ T cells, in COVID-19 phagocytosis. The aim of this review is to explore the potential value
of the IL-33/immune cell pathway as a new target for early diagnosis, monitoring of severe cases,
and clinical treatment of COVID-19.
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1. Introduction

COVID-19, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
has a long incubation period and is highly contagious [1,2]. Since the start of this interna-
tional public health emergency, there have been more than 400 million confirmed cases, with
more than 6 million deaths worldwide. Patients with COVID-19 can be clinically classified
into four categories: mild, common, severe, and critical. The most common clinical mani-
festations are fever, cough, shortness of breath, muscle aches, confusion, headache, sore
throat, runny nose, chest pain, diarrhea, nausea, and vomiting [3]. The pathological process
of COVID-19 can be divided into three stages: (1) SARS-CoV-2 invasion and replication;
(2) immune response and cytokine storm; (3) acute respiratory distress syndrome and
multiple organ dysfunction syndromes [4]. The exact pathogenesis of novel coronavirus
pneumonia is not fully understood, although the secondary systemic immune cell in-
flammatory response and cytokine storm caused by SAR-Cov-2 have been recognized as
an important cause of its high lethality [5]. Recent studies have shown that SAR-CoV-2
viral RNA is sensed by the intrinsic immune system, which generates a rapid antiviral
cascade that causes uncontrolled and massive release of cytokines (e.g., IL-1β, IL-6, TNF-
α, and IL-33) from infected epithelial cells, endothelial cells, and immune cells. These
events initiate an uncontrolled systemic inflammatory response, ultimately leading to
multi-organ failure (Table 1) [6]. Despite intensified efforts to unravel the immunopathol-
ogy of COVID-19, there is still a lack of effective measures for its prevention and treatment
due to insufficient understanding of the pathological mechanism.
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Table 1. Molecules involved in the cytokine storm of COVID-19.

Related
Molecules

The Levels
in COVID-19 Cellular Sources Target Cells Receptors Drugs or Targets

IL-33
↑↑

(moderately
elevated)

Endothelial cells, epithelial
cells, CD45+ hematopoietic
cells (such as macrophages

and masts cells),
fibroblast-like cells,

myofibroblasts, glial cells,
astrocytes, and

oligodendrocytes.

Mast cells, type 2 innate
lymphoid cells,

alternatively activated
macrophages, dendritic

cells, Treg cells, Th17 cells,
Th1 cells, Th2 cells,

eosinophils, basophils,
neutrophils, NK cells, CD8+

T cells, and iNKT cells.

ST2

IL-33 monoclonal antibody
(MEDI-3506), ST2 antibody

(Astegolimab),
small-molecule ST2

inhibitors
(under research)

IL-17 ↑↑

Th17 cells, Tc17 cells, and
innate immune cell

populations (γδ-T cells, NKT
cells, type 3 innate lymphoid

cells, myeloid cells).

Neutrophils, monocytes,
macrophages, mast cells,

endothelial cells, fibroblasts,
and type 2 innate
lymphoid cells.

IL-17R

IL-17 monoclonal antibody
(Bimekizumab), IL-17

receptor blocker
(Brodalumab)

IL-6
↑↑↑

(significantly
elevated)

T cells, B cells, monocytes,
fibroblasts, kératinocytes,

endothelial cells, astrocytes,
bone marrow stroma cells,
and mesangial cells, tumor
cells (cardiac myxoma cells,

myeloma cells).

T cells, B cells, endothelial
cells, hepatocytes, PC12

cells, osteoclasts, mesangial
cells, macrophages,
keratinocytes, and
oligodendrocytes.

IL-6R

IL-6 monoclonal antibody
(Clazakizumab), IL-6

receptor blocker
(Tocilizumab, Sarilumab)

IL-13
↑

(slightly
elevated)

Type 2 innate lymphoid cells,
Th2 cells, eosinophils,

basophils, mast cells, and
NKT cells.

Keratinocytes, Th2 cells,
eosinophils, fibroblasts, and

alternatively activated
macrophages.

IL-4Rα
IL-13 monoclonal antibody

(Lebrikizumab), IL-4Rα
blocker (Dupilumab)

GM-CSF ↑↑

Epithelial cells, fibroblasts,
NK cells, type 2 and 3 innate

lymphoid cells, B cells,
and T cells.

Monocytes, macrophages,
dendritic cells, neutrophils,

and eosinophils.
GMR

Anti-GM-CSF
(Mavrilimumab,

Gimsilumab,
Lenzilumab, Otilimab)

IFN-I ↑↑
Plasmacytoid dendritic cells,
T cells, B cells, NK cells, NKT

cells, and APCs.
All nucleated cells IFNAR

IFNα-2b
(a recombinant interferon

alpha-2 protein)

TNF-α ↑↑

Activated macrophages,
monocytes, B cells, T cells,

lymphocytes, NK cells,
polymorphonuclear

leukocytes, eosinophils,
astrocytes, Langerhans cells,

Kupffer cells, glial cells,
and adipocytes.

All nucleated cells TNFR1,
TNFR2

TNF-α inhibitor
(Adalimumab)

IL-1β ↑↑
Blood monocytes, tissue

macrophages, skin dendritic
cells, and brain microglia.

Smooth muscle cells, Type 3
innate lymphoid cells, γδT
cells, Th17 cells, monocytes,

macrophages, epithelial,
endothelial cells,

chondrocytes,
and fibroblasts.

IL-1R

IL-1βmonoclonal antibody
(Canakinumab), IL-1
receptor antagonist

blocking IL-1α and IL-1β
(Anakinra)

CXCL2 ↑ Neutrophils Neutrophils CXCR2 CXCR2 blocker (Danirixin)

CCL2/5 ↑ Macrophages, monocytes,
and dendritic cells.

Macrophages, monocytes,
Treg cells, and
dendritic cells.

CCR2, CCR5

CCR2 blocker
(Prozalizumab), CCL2
monoclonal antibody

(Carlumab), CCR5
monoclonal antibody
receptor antagonist

(Leronlimab)

Vascular endothelial cell damage, excessive immunity, and cross-talk are important
factors in the pathogenesis and exacerbation of COVID-19 [5]. Based on the importance
of the inflammatory response in the development of COVID-19, targeting and controlling
pathological hyperinflammation may be an effective therapeutic measure against neocrown
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pneumonia. IL-33, a crucial inflammatory cytokine, can not only enhance the accumulation
of neutrophil extracellular traps, promote the transformation of macrophages to the M2 type,
inhibit the function of plasmacytoid dendritic cells to produce type I interferon, and drive
type 2 innate lymphocytes (ILC2) differentiation, but it can also promote the proliferation
of Th17 cells and limit the function of CD4+/CD8+ cells during the pathogenesis and
development of COVID-19. Clinical trials have shown significantly elevated levels of
serum cytokines, including IL-33 and ST2, in 100 COVID-19 subjects, and elevated levels
of IL-33 and its specific receptor ST2 were identified as an independent predictor of poor
prognosis for SARS-CoV-2 patients aged < 70 years, indicating that IL-33 is very likely
to be involved in the pathological process of COVID-19. However, the specific effects of
IL-33 in COVID-19 and the underlying mechanisms remain elusive. Here, we provide
a comprehensive overview of the biological characteristics of IL-33 and its roles in the
physiology and pathology of COVID-19, as well as the potential mechanisms, with the
aim of exploring the value of IL-33 as a new target for the prevention and treatment of
COVID-19.

2. Molecular Biology of IL-33
2.1. Molecular Structure and Function of IL-33

Interleukin 33 (IL-33) protein was first discovered in 2003 by Baekkevold et al. [7] as a
nuclear protein expressed in high endothelial venule-specialized blood vessels, where it
mediated the trafficking of lymphocytes to lymph nodes and secondary lymphoid tissues
and was named as nuclear factor derived from high endothelial venules (NF-HEV) accord-
ingly [8]. Schmitz et al. later showed that the IL-33 gene sequence has a high degree of
homology with the gene sequences of IL-1 family members IL-1β and IL-18 [9]. The human
and mouse IL-33 genes are located on chromosome 9 (9p24.1) and chromosome 19 (19C1),
respectively [10,11]. In both cases, the full-length IL-33 gene includes eight coding exons,
which are transcribed and translated to produce proteins containing 270 and 266 amino
acids (AAs) (Figure 1A). These two proteins have 55% homology and molecular weights
of approximately 30 and 29.9 kDa, respectively [12]. IL-33 is composed of an N-terminal
nuclear domain, a C-terminal IL-1-like cytokine domain, and a central helix-turn-helix
(HTH) domain. The N-terminal domain consists of a highly conserved nuclear localization
sequence (NLS), which contains the chromatin binding module (CBM, AA40–56) and the
core of the NLS (AA61–78). The NLS of IL-33 plays an important role in maintaining
immune homeostasis, while the CBM of IL-33 binds to histones H2A and H2B and accumu-
lates in the nucleus [13]. Upon cell necrosis, IL-33 complexed with histones is released and
activated, allowing it to bind to its specific extracellular receptor ST2. In the absence of the
CBM, IL-33 is rapidly released into the extracellular space, leading to a disturbance in the
homeostasis of the body. The central domain of IL-33 is processed by enzymes to generate
the mature form of IL-33 produced by mast cells and neutrophils. The IL-1-like cytokine
domain of IL-33 is a typical β-clover fold, which is highly similar to IL-1α, IL-1β, and IL-18.
This domain contains an important site for binding to ST2 expressed by target cells, and
the resulting IL-33/ST2 complexes activate downstream cytokines (Figure 1C) [11,14].

2.2. Cleavage Sites and Biological Activity of IL-33

IL-33 is secreted in a precursor form and performs the dual functions of transcriptional
regulation and mediating pro-inflammatory effects. In the resting state, the IL-33 precursor
enters the nucleus under the guidance of the helix-turn-helix-like domain at the N-terminal
site and binds to specific parts of the chromosome to regulate gene expression. In the
activated state, induced by conditions such as mechanical stress, injury, or necrosis, the
IL-33 precursor is hydrolyzed by the corresponding protease into an activated form and
released from the cell to trigger an inflammatory response. It was initially thought that the
IL-33 precursor (30 kDa) was not biologically active and required caspase-1 cleavage to form
the mature fragment (18 kDa) in order to activate the ST2 receptor [15]. However, in vitro
experiments using THP-1 cells showed that caspase-1 cleaved only the IL-1β precursor and



Int. J. Mol. Sci. 2022, 23, 13656 4 of 21

not the IL-33 precursor directly [16]. Other studies also showed that the IL-33 precursor is
different from IL-18 (IL-1F4) and that IL-33 maturation does not require the participation
of caspase-1. Conversely, caspase-1 hydrolysis substantially reduced IL-33 levels and
attenuated the pro-inflammatory properties of IL-33 [17,18].
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released by apoptotic cells, it forms a fragment (IL-33179-270) without biological activity. (C) The 3D 
structure of the IL-33/ST2 complex (Protein Data Bank ID:4KC3). IL-33 mediates cytokine activity 
through the structural domain with three Ig-like structural domains in the extracellular domain of 
ST2 on target cells. At Site 1, the acidic residues Glu144, Glu148, Asp149, and Asp244 of IL-33 
interact with the ST2 basic residues Arg38, Lys22, Arg198, and Arg35, respectively, via a critical salt 
bridge. At Site 2, the acidic residue Glu165 of IL-33 interacts with Arg313 of ST2 via a salt bridge, 
and Tyr163 and Leu182 of IL-33 form significant hydrophobic structures with Leu246, Leu306, and 
Leu311 of ST2. 
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Figure 1. Molecular biological characteristics of IL-33 (A) The gene spans of human IL-33 (approx-
imately 48 kb) contain eight exons, which are transcribed and translated into proteins containing
270 amino acids. (B) The full length of IL-33 is sheared to obtain different levels of active fragments.
Cleaved by cathepsin, elastase, and proteinase released from neutrophils or chymase, Genzyme B,
and tryptase released from mast cells, the highly active fragments of IL-33 (IL-3395-270, IL-3399-270,
IL-33107-270, IL-33109-270, IL-33111-270) can bind to the ST2L/IL-1RAcP dimer and activate downstream
signaling pathways. In contrast, when the full length of IL-33 is cleaved by casepase3/7 released by
apoptotic cells, it forms a fragment (IL-33179-270) without biological activity. (C) The 3D structure of
the IL-33/ST2 complex (Protein Data Bank ID:4KC3). IL-33 mediates cytokine activity through the
structural domain with three Ig-like structural domains in the extracellular domain of ST2 on target
cells. At Site 1, the acidic residues Glu144, Glu148, Asp149, and Asp244 of IL-33 interact with the ST2
basic residues Arg38, Lys22, Arg198, and Arg35, respectively, via a critical salt bridge. At Site 2, the
acidic residue Glu165 of IL-33 interacts with Arg313 of ST2 via a salt bridge, and Tyr163 and Leu182
of IL-33 form significant hydrophobic structures with Leu246, Leu306, and Leu311 of ST2.

IL-33 precursors can be proteolytically hydrolyzed by apoptosis-related caspases [19,20].
For example, caspase-3 and caspase-7 can function at human DGVD178 and mouse DGVD175
sites, while caspase-1, caspase-4, and caspase-5 cannot cleave the IL-33 precursor but are
capable of cleaving the IL-1β precursor. However, activation of the IL-33 precursor does not
depend on the hydrolysis of caspase series proteins and is only hydrolyzed by caspase-3 and
caspase-7 during apoptosis, resulting in the loss of its pro-inflammatory activity [21,22].
Other studies have shown that full-length IL-33 can still be translocated into the nucleus
after cleavage by caspase-3 at the AA175 site to regulate gene transcription [23]. In addition,
the activation and secretion of Pro-IL-33 depend on cleavage by calpain, which is activated
when the intracellular calcium concentration increases. The resulting active forms of
IL-133 (24 kDa and 23 kDa) are then secreted extracellularly. This process is similar to
the caspase-mediated cleavage of Pro-IL-1a to generate the mature form for extracellular
secretion [24].
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Neutrophil proteinase 3 (PR3) is currently recognized as an IL-1 family activating
enzyme, which functions by cleaving IL-1 family precursors, such as IL-1 and IL-18 precur-
sors, into their activated forms. PR3 processing of the IL-33 precursor has dual functions of
activation and termination mediated by and acting on different sites to produce different
forms of IL-33. Human IL-33/p1 is the highly active form, while human IL-33/p2 and
IL-33/p3 are inactive forms. Furthermore, the activation of IL-33 precursors is time de-
pendent, in that the cleavage activity of PR3 first increases with stimulation time and then
decreases [25].

Furthermore, Lefrancais et al. showed that the precursor form of IL-33, IL-331-270,
had intrinsic biological activity [26]. IL-331-270 derived from three different sources, rabbit
reticulocyte lysate (RRL), wheat germ extract (WGE), and human, stimulated MC/9 mast
cells, to produce interleukin 6 (IL-6). IL-331-270 is cleaved by neutrophil serine proteases
cathepsin G and elastase to deliver more biologically active forms, including IL-3395-270,
IL-3399-270, and IL-33109-270 (Figure 1B) [27].

2.3. ST2 Pathways under Physiological Conditions
2.3.1. Molecular Structure and Function of ST2

For many years, suppression of tumorigenicity 2 (ST2), also known as IL1RL1, DER4,
T1, and FIT-1, was considered to be an “orphan” receptor lacking a specific ligand until
its specific interaction with IL-33 was demonstrated [28]. Then, in 1989, Tominaga et al.
showed that the ST2 gene in the BALB/c-3T3 cell line has a similar structure to other IL-1
receptors (IL-1R), including the Toll/IL-1R domain consisting of a central five-stranded
β-sheet surrounded by five α-helices located at the cytosolic end of the protein [29]. The hu-
man ST2 gene, spanning approximately 40 kb on human chromosome 2q12.1, is transcribed
and translated into a protein containing 556 AA with a molecular weight of approximately
63 kD [30].

Of the four subtypes of ST2 generated by alternative splicing, ST2L is a membrane-
anchored receptor and is highly homologous to the IL-1 type 1 receptor, with extracellular,
transmembrane, and cytoplasmic domains [31,32]. Intriguingly, ST2L is widely expressed
on the surface of various cells, including Th2 lymphocytes, dendritic cells, macrophages,
fibroblasts, mast cells, and eosinophils [33,34]. Soluble ST2 (sST2) is a secreted isoform with
an extracellular domain identical to ST2L but with an additional nine and five AAs in mice
and humans, respectively [28,35]. The other two mRNA isoforms encode ST2V, which is
similar to sST2 but lacks a third extracellular immunoglobulin domain, and a hydrophobic
tail generated by alternative splicing of the C-terminal portion of ST2. Characteristically,
these subtypes are predominantly expressed in the gut, and overexpression in cell lines
results in restricted membrane localization [36]. Lastly, ST2VL is generated by alternative
splicing, which results in the deletion of the IL-1RL1-b transmembrane domain. Although
ST2LV has been described in Gallus gallus, no equivalent has been reported in humans [37].

2.3.2. IL-33/ST2 Signaling under Physiological Conditions

The cytokine activity of the alarmin IL-33 is dependent on the specific receptor ST2.
Following the binding of IL-33 to ST2, its accessory receptor IL-1RAcP is recruited to form
the functional IL-33 receptor complex (IL-33R1) [38]. Once IL-33R1 binds to IL-33, the
receptor complex is activated by exposure of the TIR domain of IL-33R1 and recruitment of
a TIR-domain-containing signaling adapter (i.e., myeloid differentiation primary response
gene 88 (MyD88) or MyD88 linker-like 1 Signal transduction of the complex (MAL1))
into the heterodimeric IL-33R1 complex. Recruitment of MyD88 or MAL1 results in the
recruitment of IL-1 receptor-associated kinase 1 (IRAK1) and IRAK4 via their death domains.
IRAK4 in turn activates IRAK1 and promotes IRAK1 autophosphorylation [9,39]. This
complex then activates downstream signaling molecules, including mitogen-activated
protein kinases MAPK and NF-κB [40]. Human IL-33 can also activate the phosphoinositide-
3 kinase (PI3K) and mTOR pathways in immune cells, including Th2, eosinophils, and
macrophages [41]. These downstream signaling events induce the expression of several
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pro-inflammatory cytokines, depending on the target cell. For example, IL-33 induces the
secretion of IL-5 and IL-13 by Th2 cells [42,43]. Mast cells treated with IL-33 produce IL-4,
IL-5, and IL-6 [44], while primary keratinocytes exposed secrete IL-6 and TNF-α [45].

3. Immune Cell Targets of IL-33 in the Development of COVID-19 Pathology

The immune response disorder caused by SARS-CoV-2 infection is one of the main
causes of multiple-organ damage and death associated with COVID-19. SARS-CoV-2 in-
vades almost all types of immune cells, leading to dysregulation of innate and adaptive
immune responses, hypolymphemia, and excessive release of inflammatory factors, in-
cluding IL-33. Liang et al. revealed that a relatively high abundance of IL-33 in epithelial
and endothelial cells was positively correlated with adverse pathological outcomes in
COVID-19 patients. This phenomenon may be due to the epithelial damage caused by the
strong interaction between airway epithelial cells and activated immune cells. However,
the mechanism by which IL-33 regulates the pathological development of COVID-19 and
its potential ability to target cells of the innate and adaptive immune systems have not yet
been extensively explored.

3.1. Neutrophils

Neutrophils are the most abundant white blood cells in the human immune system,
accounting for between 50% and 70% of this population. Following an attack by pathogenic
micro-organisms, including bacteria, fungi, and viruses, neutrophils kill and remove
pathogens and damage tissues through activation, chemotaxis, infiltration, phagocytosis,
and degranulation. Neutrophils also secrete antimicrobial peptides, reactive oxygen species
(ROS), and pro-inflammatory mediators that regulate inflammatory responses [46,47]. Pre-
vious studies have shown that accumulated neutrophils release an extracellular network of
enucleated chromatin to trap and immobilize pathogens, thereby preventing the spread
of infection [48]. This mechanism was first reported by Brinkmann et al. in 2004, and
the structures were named neutrophil extracellular traps (NETs) [49], which consist of
a network structure, with DNA as the skeleton, inlaid with histones, myeloperoxidase,
neutrophil elastase, cathepsin G, protease 3, and other proteins with bactericidal and
permeability-increasing effects. NETs function as a double-edged sword, playing anti- or
pro-inflammatory roles in immune responses, including COVID-19. Previous studies have
shown elevated concentrations of NETs in the blood and lung tissues of patients who are
critically ill with COVID-19. Moreover, serum from patients with COVID-19 has been
shown to directly induce NET production by healthy neutrophils in vitro [50]. Excessive
release of NETs triggers an inflammatory cascade, which destroys the surrounding tissues,
promotes micro-thrombosis, and causes permanent damage to organs such as the lung,
kidney, and cardiovascular system, suggesting that the release of NETs plays a key role in
the pathological changes seen in COVID-19 patients [48,51,52], although the underlying
mechanism remains to be explored.

Both in vivo and in vitro studies have shown that the release of NETs is highly de-
pendent on inflammatory factors, such as IL-33, TNF-α, IL-1β, and ROS [53]. IL-33, an
important cytokine of the IL-1 family, is released from apoptotic or necrotic cells and targets
various immune cells, including macrophages and neutrophils, by specifically binding to its
orphan receptor ST2. In sepsis, IL-33 promotes rapid neutrophil infiltration, migration, and
activation by enhancing macrophage-derived CXCL1 and CXCL2 expression [54]. IL-33
released from hepatic sinusoidal endothelial cells stimulates neutrophils to form NETs
after liver ischemia–reperfusion injury [55]. A similarly large infiltration of neutrophils
is observed in the lungs of COVID-19 patients, suggesting that IL-33 also induces NET
formation in the lungs in response to SARS-CoV-2 infection. Knockdown of the ST2 gene
in mouse bone-marrow-derived neutrophils significantly reduced production of the NET
marker MPO–DNA complexes in the culture medium, and this effect was not reversed
by treatment with recombinant IL-33, indicating that the IL-33/ST2 signaling pathway is
directly involved in the production of NETs by neutrophils. Furthermore, in a model of
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gout as the most common form of inflammatory arthritis, IL-33 was shown to promote
neutrophil influx and trigger neutrophil-dependent ROS production via ST2, which acti-
vates the transient receptor potential ankyrin 1 channel in the dorsal root ganglion (DRG)
neurons and induces nociception [56]. However, ROS production is an essential step in the
production of NETs by neutrophils. Considering that IL-33/ST2 axis deficiency exacerbates
neutrophil-dominant allergic airway inflammation, which is mainly induced by NETs, it is
reasonable to speculate that the IL-33/ST2 signaling pathway plays an important role in
the generation of NETs.

In conclusion, we speculate that IL-33 is likely to exacerbate tissue and organ damage
by enhancing neutrophil migration, infiltration, and aggregation in the development of
COVID-19 pathology. Moreover, IL-33 induces massive ROS accumulation in neutrophils,
leading to increased release of NETs dependent on the ST2 pathway. Furthermore, neu-
trophil elastase and cathepsin G in NETs can also promote IL-33 processing and maturation,
thus forming a positive feedback regulation loop between IL-33 and NETs, triggering
an inflammatory cascade reaction, and forming a vicious cycle that causes irreversible
damage to multiple organs. Although the exact details of the interaction between IL-33 and
neutrophils during the progression of COVID-19 are yet to be fully elucidated, we propose
that the IL-33/ST2/ROS/NET pathway is an important basis for further in-depth studies
that will provide a comprehensive understanding of the pathogenesis of COVID-19 and
highlight the checkpoint molecules on this pathway that may yield novel strategies for the
prevention and treatment of patients with COVID-19 (Figure 2).
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Figure 2. The effects and putative mechanisms of the involvement of IL-33 in neutrophils and T helper
cells in COVID-19. In response to SAS-CoV-2, IL-33 is released as an alarmin from epithelial cells due
to disruption of the epithelial barrier and cell damage. This promotes rapid neutrophil infiltration,
migration, and activation via macrophage-derived CXCL1 and CXCL2 while inducing massive
accumulation of ROS via the IL-33/ST2 signaling pathway, which in turn induces the excessive
release of NETs. Additionally, IL-33 dose dependently upregulates MHC-II class and co-stimulatory
molecules to induce maturation and activation of immature DCs and then stimulates activation of
CD4+ T cells and induces their differentiation to Th17 cells instead of Treg cells through secretion
of IL-1β and IL-6. Finally, a large number of NETs and inflammatory cells enter the bloodstream,
triggering serious complications, such as vasoembolic conditions and inflammatory reactions.
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3.2. Innate Lymphoid Type-2 Cells

Innate lymphoid cells (ILCs) are a newly discovered family of cells with acquired
immune function. ILCs are tissue-resident lymphocytes distributed predominantly in
the mucosal barrier and perform early immune surveillance and immune regulation by
secreting cytokines [57]. ILCs also participate in the formation of mucosal immunity and
play an important role in the development of lymphocytes, the repair of tissue damage,
and the maintenance of the epithelial barrier [58]. Based on the expression of specific
transcription factors and cytokines, ILCs can be divided into three subgroups: ILC1, ILC2,
and ILC3 [59,60]. ILC2 is a class of innate non-B/non-T lymphocytes, mainly derived from
lymphoid progenitor cells, regulated by the nuclear transcription factor retinoic acid-related
orphan receptor (related orphan receptor α, RORα) and GATA3 [61,62]. ILC2s function as
a bridge between the innate and adaptive immune systems by producing type 2 cytokines,
which mediate type 2 immune responses and play an important role in the Th1/Th2 balance.
ILC2 plays an important role in allergic diseases [63,64], inflammatory responses [65,66],
acute respiratory distress syndrome (ARDS) [67], and COVID-19 [68]. Increased levels
of the checkpoint cytokines IL-33 and ILC2 frequencies were detected in the serum and
plasma of patients with moderate COVID-19 [69], while decreased ILC2 frequencies were
observed in severe patients [70,71], indicating that ILC2 may be involved in COVID-19
pathology. Activation of ILC2 inhibits IFN-γ and natural killer (NK) cell-mediated innate
anti-tumor immunity [72], suggesting that ILC2 also has a role in suppressing innate
immunity in COVID-19 patients. Previous studies have shown that ILC2s are stimulated by
the alarmins IL-33 and IL-25 to produce large amounts of type 2 cytokines IL-13 and IL-5
and mediate both innate and adaptive type 2 immune responses [42]. In addition, IL-13
is essential for maintaining mucosal homeostasis, and overexpression of IL-13 increases
airway hyperresponsiveness, exacerbates hypersensitivity pneumonitis, and limits airway
tissue remodeling [73]. Based on the basic pathological features of COVID-19, which include
dysregulation of the lung mucosa and the massive production of mucus, it is reasonable to
speculate that IL-13 is likely to be closely related to the pathological progression to severe
COVID-19. Treatment with the IL-13/IL-4 signaling antagonist, dupilumab, significantly
reduced pathological damage in COVID-19 patients. Dupilumab treatment also reduced
mortality in mice by attenuating SARS-CoV-2-induced pathological damage, suggesting
that IL-13 has a role in exacerbating post-COVID-19 immune damage [74]. Interestingly,
IL-13 is thought to decrease the expression of angiotensin II (ACE2) and increase the
expression of the host protease transmembrane serine protease 2 (TMPRSS2) in bronchial
epithelial cells in vitro [75]. SARS-CoV-2 gains entry into lung type II epithelial cells
by binding ACE2 in co-operation with TMPRSS2. We propose that ILC2-derived IL-13
mediates increased TMPRSS2 expression to counteract the protective effect of decreased
ACE2 expression, which may be related to the peptidase-dependent protective effects of
ACE2 in viral infection-induced acute lung injury [76]. In addition, IL-13 upregulates the
downstream hyaluronan synthase 1 (Has1) gene and promotes the deposition of hyaluronic
acid (HA) polysaccharide in the lung parenchyma, which may be a new mechanism for
the development of severe COVID-19. Although ILC2/IL-13 plays an important role in
the pathological changes of COVID-19, the specific regulatory mechanism remains to be
further explored.

As a key upstream cytokine of ILC2/IL-13, IL-33 activates ILC2s in response to various
stimuli. IL-33 induces the production of type 2 cytokines, such as IL-5 and IL-13, and pro-
motes the production of eosinophils or goblet cell proliferation, which plays an important
role in tissue damage repair and allergic responses [77,78]. When alveolar epithelial cells
are infected by SAR-CoV-2, IL-33 derived from damaged tissue or alveolar macrophages
and NKT cells activate NF-κB and MAPK via the IL-33/ST2 pathway, increasing the
proliferation and activity of ILC2 [79]. Specifically, IL-33 mediates the phosphorylation
of the p38-activated transcription factor GATA3 through MyD88 activation induced by
ST2/IL1RAcP dimerization. The phosphorylated form of GATA3 then binds to the IL5 and
IL13 promoters in ILC2 to upregulate the expression of these cytokines. IL-33 also induces
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the production of IL-6, but in a GATA3-independent manner, thereby exacerbating the
injury caused by the pulmonary cytokine storm [80]. Interestingly, IL-33 also induces non-
canonical phosphorylation of STAT3 at S727 through MAPK, which promotes the transport
of pSTAT3 into the mitochondria, enhances cellular respiration and ATP generation, and
further promotes the methionine cycle in ILC2 mitochondria. The accumulation of methyl
donors increases the abundance of the histone modification H3K4me3 in the IL5 and IL13
loci, which in turn upregulates the expression of the encoded cytokines [81]. The ability of
IL-33 to activate both the IL-33/p38/GATA3 and IL-33/MAPK/STAT3 pathways suggests
that IL-33 plays a key role in the regulation of ILC2 in pulmonary inflammation, which
provides a new perspective for research into the mechanism of the secondary pulmonary
symptoms of COVID-19. However, whether the IL-33/MAPK/STAT3/IL-13 axis plays
a positive or negative role in the pathology of COVID-19 requires further exploration
(Figure 3).
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Figure 3. Potential mechanisms by which IL-33 regulates ILC2 and macrophages in COVID-19.
SAS-CoV-2 infects cells via ACE2 on the surface of type II alveolar epithelial cells with the assistance
of TMPRSS2. IL-33 acts as an alarmin in response to viral infection and is secreted in large quantities
by apoptotic alveolar epithelial cells. The released IL-33 acts on the specific receptor of ST2L on the
surface of the ILC2 membrane and recruits its accessory receptor IL-1RAcP to form the functional
IL-33 receptor complex. Following binding of IL-33 to IL-1RAcP, the receptor complex is activated
by exposure of the TIR domain of IL-1RAcP and recruitment of myeloid differentiation primary
response gene 88 (MyD88) into the heterodimeric IL-33R1 complex. Recruitment of MyD88 results in
the recruitment of IL-1 receptor-associated kinase 1 (IRAK1) and IRAK4 through their death domains.
This complex then activates downstream signaling pathways, including mitogen-activated protein
kinases MAPK (such as ERK, JNK, p38), GATA3, and NF-κB, and enhances cellular respiration and
ATP production, which induces an elevated level of the histone modification H3K4me3. Activation
of NF-κB, GATA3, and H3K4me3 in the nuclear membrane further promotes the production of
inflammatory cytokines, such as IL-5 and IL-13, and enhances viral recruitment by TMPRSS2. On
the other hand, the release of IL-33 directly reduces phagocytosis by macrophages and the antiviral
effects of NK cells. In contrast, IL-33 and IL-13 bind to ST2L and IL-4R, respectively, on the surface of
macrophage membranes, thereby promoting the activation of macrophage differentiation toward
AAMs and damage to alveolar tissue.
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3.3. Dendritic Cells

Dendritic cells (DCs), as efficient professional antigen-presenting cells responsible
for bridging the gap between innate and adaptive immunity, are essential in recognizing
pathogens and secreting inflammatory mediators [82,83]. DCs arise from bone marrow
progenitors, known as common myeloid progenitors (CMPs). Dendritic cells can be di-
vided into two subpopulations based on the expression of surface markers: conventional
dendritic cells (cDCs) and plasmacytoid dendritic cells (pDCs) [84–86]. cDCs are primarily
responsible for presenting antigens and stimulating naive T-cell expansion and differentia-
tion. pDCs typically produce high amounts of type I IFN (IFN-I) and pro-inflammatory
cytokines, including IL-6 and TNF-α, in response to in vivo RNA and DNA viral infec-
tion [87–90]. IL-6, IL-1β, TNF-α, and IFN-I are released by pDCs, which are key factors
in cytokine storm and correlate with disease severity. According to current authoritative
journal reports, the cytokine storm generated by the activation of various inflammatory
signaling pathways is the hallmark pathological change of COVID-19 [91,92]. Following a
pathogen attack, activation of immune cells (T cells, dendritic cells, macrophages, natural
killer cells, and cytotoxic lymphocytes) occurs, resulting in the release of cytokines and
chemokines, and subsequently leading to an inflammatory response for viral clearance.
Cytokines, in turn, may act on different cells, nearby cells, distant cells, as well as on the cell
that secretes them. Notably, in the initial stage, the moderate release of cytokines exhibits
beneficial inflammatory effects, acting only on viral cells, but after the over-activation of the
immune system, the over-produced cytokines also rapidly kill the host cells [93]. However,
the interaction mechanisms between immune cells, especially pDCs and cytokines, as
well as between cytokines themselves, in the pathogenesis and development of COVID-19
remain incompletely characterized.

Interferon is one of the most important antiviral cytokines whose function declines
or defects can lead to reduced resistance to viral infections, including but not limited to
COVID-19 [94–96]. Type I interferon (IFN-I) mainly includes three subtypes, IFN-α, β, and
ω, which can participate in the antiviral response of immune cells through the JAK–STAT
signaling pathway and the induction of interferon-stimulated genes (ISGs) [97]. Numerous
studies have shown that impaired IFN-I responses are associated with severe and critical
COVID-19 infections. For instance, pre-existing autoantibodies to IFN-I in COVID-19
patients with APS-1 can induce severe pneumonia [98,99]. Therefore, rapid induction of
IFN-1 production in vivo can effectively control early pathological damage after COVID-19
infection [100]. Although IFN-I plays a protective role in the early stage of COVID-19
infection, the continuous increase in IFN-I levels can exacerbate abnormal inflammatory
responses and aggravate pathological damage through the cGAS–STING pathway in the
late stage of COVID-19 infection [101]. As is well known, IFN-I can be produced in almost
all cell types, but pDCs have been recognized as the main source of IFN-I because the
production of IFN-I depends on the Toll-like receptor-7 (TLR7)/TLR9 pathway, through
which TLR7 and TLR9 are specifically expressed in pDCs [102]. Upon COVID-19 infection,
TLR7 or TLR9 activates MyD88 and IL-1 receptor-associated kinase 4 (IRAK-4), which then
interact with tumor necrosis factor receptor-associated factor-6 (TRAF6), TRAF3, IRAK1,
IKKα, and interferon regulatory factor 7 (IRF7) interaction. Ultimately, IRAK-1 and IKKα
phosphorylate IRF7, leading to IRF7 activation and induction of IFN-I gene transcription
and massive IFN-I production [103,104]. Although the reduction in IFN-I production by
pDCs is likely to be an important factor in the pathological aggravation of COVID-19, the
specific molecular mechanism of their mutual regulation remains unclear.

IL-33, as a major member of the cytokine storm, plays a key role in the pathological
changes after COVID-19. However, whether the interaction mechanism of IL-33 with pDC
or IFN-I is involved in the pathological development of COVID-19 remains unknown. Pre-
vious studies found that IL-33 treatment significantly limited IFN-α production, at least in
part, by downregulating the secretory function of pDCs [105,106]. Specifically, IL-33 affects
TLR7-mediated pDC activation by rapidly depleting the intracellular adaptor molecules
IRAK1 and viperin, resulting in a hyporesponsive state of TLR7. The ability of IL-33 to
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reduce the secretion of IFN-I by pDCs is dependent on the specific receptor ST2 localized
on the surface of pDCs [105,106]. Since the TLR7 pathway is required for recognition of
the SARS-CoV-2 genome and production of IFN-I, the IL-33/ST2 axis may suppress innate
antiviral immunity and delay viral clearance in COVID-19 patients by reducing IFN-I
expression (Figure 4). Additionally, an IFN-α/λlow IL-33high cytokine microenvironment
allows for the onset of type 2 immune response and early viral growth [105]. This in turn
results in persistent changes in alveolar epithelial cells and immune cells, which are the im-
mune basis of severe lung injury following COVID-19 infection. Collectively, the IL-33/ST2
axis remarkably reduces pDCs-dependent IFN-I production by inhibiting the biological
activity of the IRAK1/TRL7 pathway, thereby increasing the susceptibility of COVID-19
patients to the virus in the early to middle stage, especially for patients with insufficient
circulating IFN levels. This may well explain the clinically milder and more self-limiting
symptoms in younger patients and more severe systemic pathological reactions and compli-
cations in older patients. Therefore, targeting the intervention of IL-33/ST2/pDCs/IFN-I
signaling pathway may provide new therapeutic opportunities for COVID-19.
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Figure 4. Interaction mechanism between IL-33 and IFN-I released by pDCs during COVID-19
infection. After the lung epithelium is infected with SARS-CoV-2, the replicating virus can cause
epithelial cell apoptosis and directly damage the epithelium. Dendritic cells present antigens to helper
T cells. Immature DCs differentiate into conventional DCs (cDCs) and plasmacytoid DCs (pDCs).
IFN-I specificity derived from pDCs is dependent on the Toll-like receptor-7 (TLR7)/TLR9 pathway.
Upon COVID-19 infection, TLR7 or TLR9 activates MyD88 and IL-1 receptor-associated kinase 4
(IRAK-4), which then interact with tumor necrosis factor receptor-associated factor-6 (TRAF6), TRAF3,
IRAK1, IKKα, and interferon regulatory factor 7 (IRF7) interaction. Ultimately, IRAK-1 and IKKα
phosphorylate IRF7, leading to IRF7 activation and induction of IFN-I gene transcription and massive
IFN-I production. Additionally, IL-33, an important inflammatory storm cytokine, is abundantly
released from apoptotic epithelial cells and inhibits pDC-dependent IFN-I by rapidly depleting the
intracellular adaptor molecules IRAK1 and viperin, resulting in a hyporesponsive state of TLR7.
Meanwhile, IL-33 induces the expression of a large number of cytokines by interacting with immune
cells, such as macrophages, ILC2 cells, Th2 cells, Th17 cells, and Treg cells, which ultimately leads to
abnormal inflammatory damage and decreased antiviral capacity in COVID-19 patients.
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3.4. Macrophages

Macrophages are widely and abundantly distributed in various tissues and organs and
play a key role in organ development, homeostasis, and injury repair in a tissue-specific
manner [107]. As the most important innate immune cells, macrophages are key effector
cells in the middle and late stages of immune regulation of invading pathogens (such
as bacteria, fungi, and viruses) [108]. Alveolar macrophages (AMs) are the first line of
defense in the airways and alveolar spaces of the lungs and perform this function through
exposure, identification, and removal of pathogens and particulate matter that enter the
airways during respiration through phagocytosis. A large number of bone-marrow-derived
leukocytes, including neutrophils, monocytes, and macrophages, were observed in lung
tissue biopsies of patients with COVID-19, indicating that the pathological changes in these
patients are caused by massive leukocyte proliferation, activation, and infiltration [109].
The mechanisms of macrophage proliferation and migration are complex and involve the
activity of metalloproteinases, chemokines, and cytokines [110–112]. These factors form a
positive feedback regulation loop in macrophages and trigger an inflammatory cascade
reaction, forming a vicious cycle that causes irreversible damage to multiple organs. IL-33
plays a crucial role in the regulation of macrophage function. IL-33 treatment inhibited
phagocytosis by AMs, resulting in decreased clearance of pathogenic micro-organisms
and apoptotic cells from the airways [113]. Indeed, IL-33 not only reduces the phagocytic
function of AMs but also enhances their secretory function. For instance, the IL-33/Akt1
pathway regulates pulmonary fibrosis by enhancing the production of the profibrotic
cytokine IL-13 by macrophages [114]. The IL-33/STAT3 pathway exacerbates acute lung
injury and acute respiratory distress syndrome by increasing AP-1, ERK1/2/CREB, and
NF-κB-mediated expression of MMP2 and MMP9 [114,115]. These studies suggest the
involvement of IL-33-targeted macrophages in COVID-19 pathology, although the specific
mechanisms remain to be further explored.

Polarization of macrophages to different phenotypes, including M1 and M2, is an
efficient mechanism of adaptation to various stimuli. M1 macrophages are mainly stim-
ulated by IFN-γ and LPS, while M2 macrophages are mainly stimulated by Th2-type
cytokines [116,117]. M2 cells can be divided into three subtypes: M2a, also known as
alternately activated macrophages (AAM), induced by IL-4 or IL-13; M2b, also known as
type II macrophages, induced by immune complexes and bacterial LPS; and M2c, also
known as inactivated macrophages, induced by TGF-β or glucocorticoids [118]. In the
resting state, AMs are usually maintained in a quiescent state similar to the M2c phenotype
to avoid damage to the alveoli. In the activated state (such as SARS-CoV-2 infection),
AMs may be responsible for triggering the inflammatory response [119]. Previous studies
have shown that IL-33 induces macrophage polarization toward the M1 phenotype, which
exacerbates airway inflammation. IL-33 can also induce pulmonary fibrosis by promoting
ST2/IL-13/IL-4Rα-mediated AAM activation [120,121].

Overall, we speculate that IL-33 functions in the development of COVID-19 pathology
by exacerbating tissue and organ damage by enhancing the proliferation, migration, and
activation of macrophages. Moreover, IL-33 promoted AP-1, ERK1/2/CREB, and NF-κB-
mediated expression of IL-13, MMP2, and MMP9 in macrophages. IL-33 also promotes
the polarization of macrophages to the pro-inflammatory M1 type and forms a positive
feedback regulation loop, which triggers an inflammatory cascade reaction, forming a
vicious cycle that results in irreversible damage to multiple organs (Figure 3).

3.5. CD4+ T Cells

In mammals, T cells are key members of the immune system, playing a critical role
in all aspects of the immune response from effective clearance of pathogens to the estab-
lishment of memory responses and rapid restoration of immune homeostasis. CD4+ T
can recognize antigens via their T-cell-specific receptors (TCRs), leading to rapid clonal
expansion, and differentiation into functionally distinct Th subpopulations, thereby coordi-
nating the immune response at the site of inflammation. IL-33 is involved in regulating the
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entire process of differentiation, migration, and effector responses of CD4+ T cells. Initial
CD4+ αβ T cells barely express ST2 on their surface; however, following TCR-mediated
activation by antigen-presenting cells, these cells are induced to differentiate into subsets,
including Th1, Th2, and Th17 [122]. Of these, Th2 cells were first confirmed to express
ST2 receptors on their surface, and their activation is closely associated with TCR/STAT5
signaling [123]. Thus IL-33 acts directly or indirectly as a chemoattractant for CD4+ αβ

T cells, promoting CD4+ ST2+ Th2 cell responses and upregulating the expression of factors
such as IL-4, IL-5, and IL-13 [124,125]. It is also interesting to note that during lymphocytic
choroid plexus meningitis virus (LCMV) infection, IL-33 also transiently upregulates ST2
receptor expression by Th1 cells through expression of the transcription factor T-bet and
IL-12-dependent STAT4 signaling [126], suggesting that IL-33 is also involved in Th1 cell
responses. Not surprisingly, IL-33 may play both a deleterious and protective role in
COVID-19 by regulating CD4+ T cells. On the one hand, IL-33 induces the ability of CD4+

T cells to differentiate into a range of helper and effector cell types in SARS-CoV-2 infection,
participating in directing antibody secretion by B cells, helping CD8+ T cells, and recruiting
innate cells, as well as its direct antiviral activity and promoting tissue repair [127]. On the
other hand, hyper-elevation of type 2 cytokines promotes differentiation of pathogenic γδ
T cells (IFN-γlow GM-CSFhigh), which in turn causes severe respiratory immune dysregula-
tion. Although anti-IL-33 treatment has been shown to attenuate deleterious type 2 memory
responses during rhinovirus infection, thereby reducing airway hyperresponsiveness [128],
the specific mechanisms by which IL-33 regulates CD4+ T cells in SARS-CoV-2 infection
remain to be explored.

3.6. Th17/Treg Cells

It is well known that naive CD4+ T cells can differentiate into several effector cell
subsets, which dictate their function and the cytokines they release. These include type 1
helper T (Th1) cells, type 2 helper T (Th2) cells, type 17 helper T (Th17) cells, and regulatory
T (Treg) cells. Th17 lymphocytes are induced by retinoic acid-related orphan receptor
(ROR) γt, RORα, and STAT3, and secrete IL-17A, IL-17F, IL-21, IL-22, and CCL20. As such,
Th17 cells are thought to be essential for autoimmune inflammation. Treg cells, on the
other hand, are induced by the forkhead box protein P3 (Foxp3) and control excessive
immune responses by secreting suppressive cytokines, such as TGF-β and IL-10, or through
cell-mediated immune checkpoint inhibitors, such as TIGIT and CTLA-4 [129]. Studies
have demonstrated that Th17/Treg homeostasis plays an important role in the severity of
lung injury and the course of the systemic inflammatory response characterized by acute
lung injury and ARDS [130,131]. A growing body of literature suggests that IL-17 and
GM-CSF levels are elevated in the peripheral blood of patients with COVID-19 and that
the proportion of Th17 cells in the bronchoalveolar lavage fluid is significantly elevated in
these patients [132]. We suggest that the elevated Th17 cells are likely to be important in the
development of severe immune damage associated with COVID-19 pneumonia through the
release of pro-inflammatory factors, such as IL-17, GM-CSF, IL-21, and IL-22, which promote
neutrophil migration while downregulating Treg cell expression [133]. On the other hand,
a recent study of the Tregs (CD4+ FoxP3+ CD25+) in PBMC of COVID-19 patients treated in
intensive care units showed a significant decrease in Treg numbers and a similar decrease in
the expression of FoxP3 mRNA and immunosuppressive cytokines (IL-10 and TGFβ) [134].
These findings suggested that in severe COVID-19 cases, excessive inflammation and tissue
damage may be further exacerbated by a significant reduction in the Treg population,
which attenuates or suppresses overactive innate immune responses. Clinically, it was
noted that the Th17/Treg cell expression ratio, the IL-17/IL-10 cytokines ratio, and the
RORγt/Foxp3 transcription factor ratio were significantly higher in deceased patients than
those in recovered patients. These findings indicate that targeting the dysregulation of
the Th17/Treg cell population ratio may be a new strategy for the treatment of excessive
immune injury in COVID-19 pneumonia.
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In the Th cell population, IL-33 is primarily associated with Th2-associated immune
responses [135]. However, a growing number of studies have found that IL-33 also plays
a critical role in mediating the differentiation of Th17/Treg cells through a mechanism,
which may be related to IL-33-induced activation and maturation of dendritic cells (DCs),
which are the major antigen-presenting cell type responsible for activation of naïve T cells.
On the one hand, IL-33 upregulates MHC-II class and co-stimulatory molecules, such as
CD40 and CD80, in a dose-dependent manner to induce maturation and activation of
immature DCs. In turn, IL-33-matured DCs (IL-33-matDCs) further stimulate the activation
of CD4+ T cells and induce their differentiation to Th17 cells through secretion of IL-1β
and IL-6 [136]. On the other hand, IL-33-matDCs have been shown to significantly inhibit
Treg differentiation while promoting the differentiation of Tregs to Th17 cells through
binding of IL-6 secreted by IL-33-matDCs binds to IL-6 receptors on CD25hiTreg cells [137].
Thus, IL-33 is critical as an upstream pro-inflammatory factor that promotes the Th17/Treg
imbalance in autoimmune responses. IL-33-deficiency has been reported to protect mice
from dextran sulfate sodium (DSS)-induced experimental colitis by inhibiting Th17 cell
responses [138], and the IL-33/ST2 axis controls Th17 immune responses that exacerbate
allergic airway disease, thus implicating IL-33 as an important therapeutic target for
autoimmune diseases [139]. Although the relevance of IL-33 in the Th17/Treg cell imbalance
associated with COVID-19 has not been reported, we suggest that IL-33 is likely to similarly
induce an imbalance in the Th cell subsets locally in the lung and also systemically in a
DC-dependent manner, resulting in irreversible hyperimmune damage and inflammatory
responses. Thus, it can be speculated that blockade of the IL-33/Treg/Th17 signaling
axis or the IL-6 receptor may then hold promise for the development of novel therapeutic
strategies for COVID-19 (Figure 2).

3.7. CD8+ T Cells

It is widely accepted that CD8+ T cells are essential for the clearance of many viral
infections, including SARS-CoV-2, through their ability to kill infected cells. In COVID-19
patients, the CD8+ T cell population undergoes quantitative and qualitative changes [140],
with decreased cell numbers and activation phenotypes frequently observed, particularly
in severe disease [141–145]. Early studies revealed that CD8+ T cells are specific for a range
of SARS-CoV-2 antigens [146], including spike, nucleocapsid, and membranous proteins, as
well as other non-structural proteins. The presence of these specific CD8+ T cell responses
to SARS-CoV-2 is predictive of better outcomes in COVID-19 patients [147,148]. Limited
viral clearance in the respiratory tract was observed in CD8+-depleted convalescent rhesus
macaques upon SARS-CoV-2 rechallenge, implying that memory CD8+ T cells are required
for SARS-CoV-2 clearance [149]. However, the mechanism by which CD8+ T cells are
regulated in COVID-19 and whether they are depleted remains an unsolved mystery.

CD8+ T-cell effector functions are influenced by the inflammatory micro-environment
in the tissues, including different cytokines. Early research showed that IL-33 is required
for cytotoxic CD8+ T-cell responses and antiviral immune responses to viral infection in
mice lacking IL-33 or its receptor and that IL-33 is irreplaceable for CD8+ T-cell expansion,
production of multiple cytokines, and acquisition of cytotoxic function [150]. Yang et al.
showed that ST2 expression in Tc1 polarized conditions is regulated by T-bet, a major
Th1/Tc1 transcription factor, whereas CD8+ T cells cultured under Tc2 conditions do
not express ST2 [151]. In addition, Gadd45b mediates IL-33 in concert with IL-12 to
stimulate IFN-γ production in Tc1 cells and promotes CD8+ T-cell effector functions. In
conclusion, IL-33 is essential for the regulation of CD8+ T cells. Thus, IL-33 may induce
T-bet-dependent differentiation of CD8+ T cells to form cytotoxic as well as memory CD8+

T cells in COVID-19 and upregulate CD8+ T-cell expression of GM-CSF, which may be
responsible for neutrophil and monocyte activation in the tissues [152]. Given that IL-33 is
critical for the function of CD8+ T cells in the antiviral response to persistent SARS-CoV2
infection and may contribute to viral elimination and that IL-33-induced hyperinflammation
conversely exacerbates COVID-19-related complications, a better understanding of the
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exact role of IL-33 and how the IL-33/ST2 axis is manipulated is of vital importance to the
development of effective strategies for the prevention and treatment of COVID-19.

4. Conclusions

In 2020, COVID-19 emerged as a major public health challenge. Serious complications
and sequelae, including acute lung injury, acute respiratory distress syndrome, systemic
coagulation dysfunction, and idiopathic pulmonary fibrosis, still cannot be effectively
prevented and treated. Although immune cell deficiency and inflammatory cytokine storm
are the hallmark pathological mechanisms of COVID-19, the exact mechanisms are still
poorly understood. IL-33 released by airway epithelial cells functions as an important
checkpoint cytokine, which plays an important role in immune cell regulation and cytokine
regulation in COVID-19. In the acute phase, IL-33 promotes neutrophil proliferation,
migration, and invasion via the IL-33/ST2 signaling pathway, thereby enhancing oxidative
stress, inducing marked accumulation of NETs, and ultimately causing acute damage to
the heart, lung, and kidney systems. Furthermore, IL-33 binds to the ST2 receptor on
the surface of pDCs and inhibits the secretion of IFN-I, greatly reducing the ability to
limit virus propagation. In the subacute phase, IL-33 induces an imbalance in the ratio of
Th17/Treg cell populations locally in the lungs, and even systemically, in a DC-dependent
manner, resulting in inflammatory cytokine storms and irreversible immune damage. In the
middle and late stages of the disease, IL-33 induces ILC2 hyperactivation, differentiation of
alternately activated M2 macrophages, and the secretion of TGF-β and IL-13 from mast
cells, resulting in the transformation of epithelial cells to mesenchymal cells and leading
to pulmonary fibrosis. Despite some understanding of the biological properties of IL-33
and the molecular mechanism underlying its effects on target cells in COVID-19, further
studies are required to confirm the functional properties of IL-33, such as the cleavage site,
the structure of the mature form, its activity, and immune cell. In conclusion, inflammatory
cytokine storm factors represented by IL-33 are of great significance in the monitoring and
prognosis of COVID-19 to improve the early detection of patients who are severely affected
by the infection and guidance for clinical treatment.
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Ljunggren, H.G.; et al. Innate lymphoid cell composition associates with COVID-19 disease severity. Clin. Transl. Immunol. 2020,
9, e1224. [CrossRef] [PubMed]

72. Schuijs, M.J.; Png, S.; Richard, A.C.; Tsyben, A.; Hamm, G.; Stockis, J.; Garcia, C.; Pinaud, S.; Nicholls, A.; Ros, X.R.; et al.
ILC2-driven innate immune checkpoint mechanism antagonizes NK cell antimetastatic function in the lung. Nat. Immunol. 2020,
21, 998–1009. [CrossRef] [PubMed]

73. Fulkerson, P.C.; Fischetti, C.A.; Hassman, L.M.; Nikolaidis, N.M.; Rothenberg, M.E. Persistent effects induced by IL-13 in the lung.
Am. J. Respir. Cell Mol. Biol. 2006, 35, 337–346. [CrossRef] [PubMed]

74. Donlan, A.N.; Sutherland, T.E.; Marie, C.; Preissner, S.; Bradley, B.T.; Carpenter, R.M.; Sturek, J.M.; Ma, J.Z.; Moreau, G.B.;
Donowitz, J.R.; et al. IL-13 is a driver of COVID-19 severity. JCI Insight 2021, 6, e150107. [CrossRef]

75. Kimura, H.; Francisco, D.; Conway, M.; Martinez, F.D.; Vercelli, D.; Polverino, F.; Billheimer, D.; Kraft, M. Type 2 inflammation
modulates ACE2 and TMPRSS2 in airway epithelial cells. J. Allergy Clin. Immunol. 2020, 146, 80–88.e8. [CrossRef]

76. Ziegler, C.G.K.; Allon, S.J.; Nyquist, S.K.; Mbano, I.M.; Miao, V.N.; Tzouanas, C.N.; Cao, Y.; Yousif, A.S.; Bals, J.; Hauser, B.M.;
et al. SARS-CoV-2 Receptor ACE2 Is an Interferon-Stimulated Gene in Human Airway Epithelial Cells and Is Detected in Specific
Cell Subsets across Tissues. Cell 2020, 181, 1016–1035.e19. [CrossRef]

77. Halim, T.Y. Group 2 innate lymphoid cells in disease. Int. Immunol. 2016, 28, 13–22. [CrossRef]
78. Barlow, J.L.; Peel, S.; Fox, J.; Panova, V.; Hardman, C.S.; Camelo, A.; Bucks, C.; Wu, X.; Kane, C.M.; Neill, D.R.; et al. IL-33 is more

potent than IL-25 in provoking IL-13-producing nuocytes (type 2 innate lymphoid cells) and airway contraction. J. Allergy Clin.
Immunol. 2013, 132, 933–941. [CrossRef]

79. Kabata, H.; Moro, K.; Koyasu, S. The group 2 innate lymphoid cell (ILC2) regulatory network and its underlying mechanisms.
Immunol. Rev. 2018, 286, 37–52. [CrossRef]

80. Furusawa, J.-i.; Moro, K.; Motomura, Y.; Okamoto, K.; Zhu, J.; Takayanagi, H.; Kubo, M.; Koyasu, S. Critical Role of p38 and
GATA3 in Natural Helper Cell Function. J. Immunol. 2013, 191, 1818. [CrossRef]

81. Fu, L.; Zhao, J.; Huang, J.; Li, N.; Dong, X.; He, Y.; Wang, W.; Wang, Y.; Qiu, J.; Guo, X. A mitochondrial STAT3-methionine
metabolism axis promotes ILC2-driven allergic lung inflammation. J. Allergy Clin. Immunol. 2021, 149, 2091–2104. [CrossRef]
[PubMed]

82. Schuijs, M.J.; Hammad, H.; Lambrecht, B.N. Professional and ‘Amateur’ Antigen-Presenting Cells In Type 2 Immunity. Trends
Immunol. 2019, 40, 22–34. [CrossRef] [PubMed]

83. Morante-Palacios, O.; Fondelli, F.; Ballestar, E.; Martínez-Cáceres, E.M. Tolerogenic Dendritic Cells in Autoimmunity and
Inflammatory Diseases. Trends Immunol. 2021, 42, 59–75. [CrossRef] [PubMed]

http://doi.org/10.7150/thno.48028
http://www.ncbi.nlm.nih.gov/pubmed/33204337
http://doi.org/10.1038/nature14189
http://doi.org/10.1038/ni.3489
http://doi.org/10.1038/nri.2017.86
http://doi.org/10.1016/j.cell.2018.07.017
http://doi.org/10.3389/fimmu.2021.685400
http://doi.org/10.1038/s41590-020-00833-w
http://www.ncbi.nlm.nih.gov/pubmed/33432227
http://doi.org/10.3389/fimmu.2021.586078
http://www.ncbi.nlm.nih.gov/pubmed/34177881
http://doi.org/10.1016/j.chest.2019.04.101
http://www.ncbi.nlm.nih.gov/pubmed/31082387
http://doi.org/10.1016/j.smim.2019.101333
http://www.ncbi.nlm.nih.gov/pubmed/31703832
http://doi.org/10.3389/fimmu.2017.01296
http://doi.org/10.1136/thoraxjnl-2019-213613
http://doi.org/10.3389/fimmu.2021.675169
http://doi.org/10.1038/s41423-020-00596-2
http://doi.org/10.1038/mi.2017.41
http://doi.org/10.1002/cti2.1224
http://www.ncbi.nlm.nih.gov/pubmed/33343897
http://doi.org/10.1038/s41590-020-0745-y
http://www.ncbi.nlm.nih.gov/pubmed/32747815
http://doi.org/10.1165/rcmb.2005-0474OC
http://www.ncbi.nlm.nih.gov/pubmed/16645178
http://doi.org/10.1172/jci.insight.150107
http://doi.org/10.1016/j.jaci.2020.05.004
http://doi.org/10.1016/j.cell.2020.04.035
http://doi.org/10.1093/intimm/dxv050
http://doi.org/10.1016/j.jaci.2013.05.012
http://doi.org/10.1111/imr.12706
http://doi.org/10.4049/jimmunol.1300379
http://doi.org/10.1016/j.jaci.2021.12.783
http://www.ncbi.nlm.nih.gov/pubmed/34974065
http://doi.org/10.1016/j.it.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30502024
http://doi.org/10.1016/j.it.2020.11.001
http://www.ncbi.nlm.nih.gov/pubmed/33293219


Int. J. Mol. Sci. 2022, 23, 13656 19 of 21

84. Villar, J.; Segura, E. Decoding the Heterogeneity of Human Dendritic Cell Subsets. Trends Immunol. 2020, 41, 1062–1071. [CrossRef]
[PubMed]

85. Macri, C.; Pang, E.S.; Patton, T.; O’Keeffe, M. Dendritic cell subsets. Semin. Cell Dev. Biol. 2018, 84, 11–21. [CrossRef] [PubMed]
86. Worbs, T.; Hammerschmidt, S.I.; Förster, R. Dendritic cell migration in health and disease. Nat. Rev. Immunol. 2017, 17, 30–48.

[CrossRef]
87. Li, Q.; Liu, Y.; Wang, X.; Sun, M.; Wang, L.; Wang, X.; Liu, Y.; Fan, W.; Zhang, K.; Sui, X.; et al. Regulation of Th1/Th2 and

Th17/Treg by pDC/mDC imbalance in primary immune thrombocytopenia. Exp. Biol. Med. 2021, 246, 1688–1697. [CrossRef]
88. Reizis, B. Plasmacytoid Dendritic Cells: Development, Regulation, and Function. Immunity 2019, 50, 37–50. [CrossRef]
89. Swiecki, M.; Colonna, M. The multifaceted biology of plasmacytoid dendritic cells. Nat. Rev. Immunol. 2015, 15, 471–485.

[CrossRef]
90. Reizis, B.; Bunin, A.; Ghosh, H.S.; Lewis, K.L.; Sisirak, V. Plasmacytoid dendritic cells: Recent progress and open questions. Annu.

Rev. Immunol. 2011, 29, 163–183. [CrossRef]
91. Ramasamy, S.; Subbian, S. Critical Determinants of Cytokine Storm and Type I Interferon Response in COVID-19 Pathogenesis.

Clin. Microbiol. Rev. 2021, 34, e00299-20. [CrossRef] [PubMed]
92. England, J.T.; Abdulla, A.; Biggs, C.M.; Lee, A.Y.Y.; Hay, K.A.; Hoiland, R.L.; Wellington, C.L.; Sekhon, M.; Jamal, S.; Shojania, K.;

et al. Weathering the COVID-19 storm: Lessons from hematologic cytokine syndromes. Blood Rev. 2021, 45, 100707. [CrossRef]
[PubMed]

93. Rodríguez, Y.; Novelli, L.; Rojas, M.; De Santis, M.; Acosta-Ampudia, Y.; Monsalve, D.M.; Ramírez-Santana, C.; Costanzo, A.;
Ridgway, W.M.; Ansari, A.A.; et al. Autoinflammatory and autoimmune conditions at the crossroad of COVID-19. J. Autoimmun.
2020, 114, 102506. [CrossRef] [PubMed]

94. Samuel, C.E. Antiviral actions of interferons. Clin. Microbiol. Rev. 2001, 14, 778–809. [CrossRef]
95. McNab, F.; Mayer-Barber, K.; Sher, A.; Wack, A.; O’Garra, A. Type I interferons in infectious disease. Nat. Rev. Immunol. 2015, 15,

87–103. [CrossRef] [PubMed]
96. Lei, X.; Dong, X.; Ma, R.; Wang, W.; Xiao, X.; Tian, Z.; Wang, C.; Wang, Y.; Li, L.; Ren, L.; et al. Activation and evasion of type I

interferon responses by SARS-CoV-2. Nat. Commun. 2020, 11, 3810. [CrossRef]
97. Liu, S.Y.; Sanchez, D.J.; Aliyari, R.; Lu, S.; Cheng, G. Systematic identification of type I and type II interferon-induced antiviral

factors. Proc. Natl. Acad. Sci. USA 2012, 109, 4239–4244. [CrossRef]
98. Manry, J.; Bastard, P.; Gervais, A.; Le Voyer, T.; Rosain, J.; Philippot, Q.; Michailidis, E.; Hoffmann, H.H.; Eto, S.; Garcia-Prat, M.;

et al. The risk of COVID-19 death is much greater and age dependent with type I IFN autoantibodies. Proc. Natl. Acad. Sci. USA
2022, 119, e2200413119. [CrossRef]

99. Bastard, P.; Orlova, E.; Sozaeva, L.; Lévy, R.; James, A.; Schmitt, M.M.; Ochoa, S.; Kareva, M.; Rodina, Y.; Gervais, A.; et al.
Preexisting autoantibodies to type I IFNs underlie critical COVID-19 pneumonia in patients with APS-1. J. Exp. Med. 2021,
218, e20210554. [CrossRef]

100. Sodeifian, F.; Nikfarjam, M.; Kian, N.; Mohamed, K.; Rezaei, N. The role of type I interferon in the treatment of COVID-19. J. Med.
Virol. 2022, 94, 63–81. [CrossRef]

101. Domizio, J.D.; Gulen, M.F.; Saidoune, F.; Thacker, V.V.; Yatim, A.; Sharma, K.; Nass, T.; Guenova, E.; Schaller, M.; Conrad, C.; et al.
The cGAS-STING pathway drives type I IFN immunopathology in COVID-19. Nature 2022, 603, 145–151. [CrossRef] [PubMed]

102. Greene, T.T.; Zuniga, E.I. Type I Interferon Induction and Exhaustion during Viral Infection: Plasmacytoid Dendritic Cells and
Emerging COVID-19 Findings. Viruses 2021, 13, 1839. [CrossRef] [PubMed]

103. Blasius, A.L.; Beutler, B. Intracellular toll-like receptors. Immunity 2010, 32, 305–315. [CrossRef] [PubMed]
104. Kawai, T.; Akira, S. Toll-like receptors and their crosstalk with other innate receptors in infection and immunity. Immunity 2011,

34, 637–650. [CrossRef]
105. Lynch, J.P.; Werder, R.B.; Simpson, J.; Loh, Z.; Zhang, V.; Haque, A.; Spann, K.; Sly, P.D.; Mazzone, S.B.; Upham, J.W.; et al.

Aeroallergen-induced IL-33 predisposes to respiratory virus-induced asthma by dampening antiviral immunity. J. Allergy Clin.
Immunol. 2016, 138, 1326–1337. [CrossRef]

106. Wu, M.; Gao, L.; He, M.; Liu, H.; Jiang, H.; Shi, K.; Shang, R.; Liu, B.; Gao, S.; Chen, H.; et al. Plasmacytoid dendritic cell deficiency
in neonates enhances allergic airway inflammation via reduced production of IFN-α. Cell Mol. Immunol. 2020, 17, 519–532.
[CrossRef]

107. Wynn, T.A.; Vannella, K.M. Macrophages in Tissue Repair, Regeneration, and Fibrosis. Immunity 2016, 44, 450–462. [CrossRef]
108. Allard, B.; Panariti, A.; Martin, J.G. Alveolar Macrophages in the Resolution of Inflammation, Tissue Repair, and Tolerance to

Infection. Front. Immunol. 2018, 9, 1777. [CrossRef]
109. Xiong, Y.; Liu, Y.; Cao, L.; Wang, D.; Guo, M.; Jiang, A.; Guo, D.; Hu, W.; Yang, J.; Tang, Z.; et al. Transcriptomic characteristics

of bronchoalveolar lavage fluid and peripheral blood mononuclear cells in COVID-19 patients. Emerg. Microbes Infect. 2020, 9,
761–770. [CrossRef]

110. Ye, Q.; Chen, Z. MicroRNA-409-3p regulates macrophage migration in polymyositis through targeting CXCR4. Autoimmunity
2021, 54, 353–361. [CrossRef]

111. Zhou, Z.; Jiang, R.; Yang, X.; Guo, H.; Fang, S.; Zhang, Y.; Cheng, Y.; Wang, J.; Yao, H.; Chao, J. circRNA Mediates Silica-Induced
Macrophage Activation Via HECTD1/ZC3H12A-Dependent Ubiquitination. Theranostics 2018, 8, 575–592. [CrossRef] [PubMed]

http://doi.org/10.1016/j.it.2020.10.002
http://www.ncbi.nlm.nih.gov/pubmed/33250080
http://doi.org/10.1016/j.semcdb.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29246859
http://doi.org/10.1038/nri.2016.116
http://doi.org/10.1177/15353702211009787
http://doi.org/10.1016/j.immuni.2018.12.027
http://doi.org/10.1038/nri3865
http://doi.org/10.1146/annurev-immunol-031210-101345
http://doi.org/10.1128/CMR.00299-20
http://www.ncbi.nlm.nih.gov/pubmed/33980688
http://doi.org/10.1016/j.blre.2020.100707
http://www.ncbi.nlm.nih.gov/pubmed/32425294
http://doi.org/10.1016/j.jaut.2020.102506
http://www.ncbi.nlm.nih.gov/pubmed/32563547
http://doi.org/10.1128/CMR.14.4.778-809.2001
http://doi.org/10.1038/nri3787
http://www.ncbi.nlm.nih.gov/pubmed/25614319
http://doi.org/10.1038/s41467-020-17665-9
http://doi.org/10.1073/pnas.1114981109
http://doi.org/10.1073/pnas.2200413119
http://doi.org/10.1084/jem.20210554
http://doi.org/10.1002/jmv.27317
http://doi.org/10.1038/s41586-022-04421-w
http://www.ncbi.nlm.nih.gov/pubmed/35045565
http://doi.org/10.3390/v13091839
http://www.ncbi.nlm.nih.gov/pubmed/34578420
http://doi.org/10.1016/j.immuni.2010.03.012
http://www.ncbi.nlm.nih.gov/pubmed/20346772
http://doi.org/10.1016/j.immuni.2011.05.006
http://doi.org/10.1016/j.jaci.2016.02.039
http://doi.org/10.1038/s41423-019-0333-y
http://doi.org/10.1016/j.immuni.2016.02.015
http://doi.org/10.3389/fimmu.2018.01777
http://doi.org/10.1080/22221751.2020.1747363
http://doi.org/10.1080/08916934.2021.1937610
http://doi.org/10.7150/thno.21648
http://www.ncbi.nlm.nih.gov/pubmed/29290828


Int. J. Mol. Sci. 2022, 23, 13656 20 of 21

112. Mahalanobish, S.; Saha, S.; Dutta, S.; Sil, P.C. Matrix metalloproteinase: An upcoming therapeutic approach for idiopathic
pulmonary fibrosis. Pharmacol. Res. 2020, 152, 104591. [CrossRef] [PubMed]

113. Yang, Q.; Gao, P.; Mu, M.; Tao, X.; He, J.; Wu, F.; Guo, S.; Qian, Z.; Song, C. Phagocytosis of alveolar macrophages is suppressed in
a mouse model of lipopolysaccharide-induced acute lung injury. Nan Fang Yi Ke Da Xue Xue Bao J. South. Med. Univ. 2020, 40,
376–381.

114. Nie, Y.; Hu, Y.; Yu, K.; Zhang, D.; Shi, Y.; Li, Y.; Sun, L.; Qian, F. Akt1 regulates pulmonary fibrosis via modulating IL-13 expression
in macrophages. Innate Immun. 2019, 25, 451–461. [CrossRef]

115. Ariyoshi, W.; Okinaga, T.; Chaweewannakorn, W.; Akifusa, S.; Nisihara, T. Mechanisms involved in enhancement of matrix
metalloproteinase-9 expression in macrophages by interleukin-33. J. Cell Physiol. 2017, 232, 3481–3495. [CrossRef]

116. Orecchioni, M.; Ghosheh, Y.; Pramod, A.B.; Ley, K. Macrophage Polarization: Different Gene Signatures in M1(LPS+) vs.
Classically and M2(LPS-) vs. Alternatively Activated Macrophages. Front. Immunol. 2019, 10, 1084. [CrossRef]

117. Funes, S.C.; Rios, M.; Escobar-Vera, J.; Kalergis, A.M. Implications of macrophage polarization in autoimmunity. Immunology
2018, 154, 186–195. [CrossRef]

118. Shrivastava, R.; Shukla, N. Attributes of alternatively activated (M2) macrophages. Life Sci. 2019, 224, 222–231. [CrossRef]
119. Lv, J.; Wang, Z.; Qu, Y.; Zhu, H.; Zhu, Q.; Tong, W.; Bao, L.; Lv, Q.; Cong, J.; Li, D.; et al. Distinct uptake, amplification, and release

of SARS-CoV-2 by M1 and M2 alveolar macrophages. Cell Discov. 2021, 7, 24. [CrossRef]
120. Li, D.; Guabiraba, R.; Besnard, A.-G.; Komai-Koma, M.; Jabir, M.S.; Zhang, L.; Graham, G.J.; Kurowska-Stolarska, M.; Liew, F.Y.;

McSharry, C.; et al. IL-33 promotes ST2-dependent lung fibrosis by the induction of alternatively activated macrophages and
innate lymphoid cells in mice. J. Allergy Clin. Immunol. 2014, 134, 1422–1432.e11. [CrossRef]

121. Kurowska-Stolarska, M.; Stolarski, B.; Kewin, P.; Murphy, G.; Corrigan, C.J.; Ying, S.; Pitman, N.; Mirchandani, A.; Rana, B.; van
Rooijen, N.; et al. IL-33 amplifies the polarization of alternatively activated macrophages that contribute to airway inflammation.
J. Immunol. 2009, 183, 6469–6477. [CrossRef] [PubMed]

122. Sims, J.E.; Smith, D.E. The IL-1 family: Regulators of immunity. Nat. Rev. Immunol. 2010, 10, 89–102. [CrossRef] [PubMed]
123. Löhning, M.; Stroehmann, A.; Coyle, A.J.; Grogan, J.L.; Lin, S.; Gutierrez-Ramos, J.C.; Levinson, D.; Radbruch, A.; Kamradt,

T. T1/ST2 is preferentially expressed on murine Th2 cells, independent of interleukin 4, interleukin 5, and interleukin 10, and
important for Th2 effector function. Proc. Natl. Acad. Sci. USA 1998, 95, 6930–6935. [CrossRef]

124. Pecaric-Petkovic, T.; Didichenko, S.A.; Kaempfer, S.; Spiegl, N.; Dahinden, C.A. Human basophils and eosinophils are the direct
target leukocytes of the novel IL-1 family member IL-33. Blood 2009, 113, 1526–1534. [CrossRef]

125. Louten, J.; Rankin, A.L.; Li, Y.; Murphy, E.E.; Beaumont, M.; Moon, C.; Bourne, P.; McClanahan, T.K.; Pflanz, S.; de Waal Malefyt,
R. Endogenous IL-33 enhances Th2 cytokine production and T-cell responses during allergic airway inflammation. Int. Immunol.
2011, 23, 307–315. [CrossRef]

126. Baumann, C.; Bonilla, W.V.; Fröhlich, A.; Helmstetter, C.; Peine, M.; Hegazy, A.N.; Pinschewer, D.D.; Löhning, M. T-bet- and
STAT4-dependent IL-33 receptor expression directly promotes antiviral Th1 cell responses. Proc. Natl. Acad. Sci. USA 2015, 112,
4056–4061. [CrossRef] [PubMed]

127. Sette, A.; Crotty, S. Adaptive immunity to SARS-CoV-2 and COVID-19. Cell 2021, 184, 861–880. [CrossRef] [PubMed]
128. Werder, R.B.; Zhang, V.; Lynch, J.P.; Snape, N.; Upham, J.W.; Spann, K.; Phipps, S. Chronic IL-33 expression predisposes to

virus-induced asthma exacerbations by increasing type 2 inflammation and dampening antiviral immunity. J. Allergy Clin.
Immunol. 2018, 141, 1607–1619.e9. [CrossRef]

129. Muyayalo, K.P.; Huang, D.H.; Zhao, S.J.; Xie, T.; Mor, G.; Liao, A.H. COVID-19 and Treg/Th17 imbalance: Potential relationship
to pregnancy outcomes. Am. J. Reprod. Immunol. 2020, 84, e13304. [CrossRef]

130. Li, G.G.; Cao, Y.H.; Sun, Y.; Xu, R.X.; Zheng, Z.D.; Song, H.H. Ultrafine particles in the airway aggravated experimental lung
injury through impairment in Treg function. Biochem. Biophys. Res. Commun. 2016, 478, 494–500. [CrossRef]

131. Lin, S.; Wu, H.; Wang, C.; Xiao, Z.; Xu, F. Regulatory T Cells and Acute Lung Injury: Cytokines, Uncontrolled Inflammation, and
Therapeutic Implications. Front. Immunol. 2018, 9, 1545. [CrossRef] [PubMed]

132. De Biasi, S.; Meschiari, M.; Gibellini, L.; Bellinazzi, C.; Borella, R.; Fidanza, L.; Gozzi, L.; Iannone, A.; Lo Tartaro, D.; Mattioli, M.;
et al. Marked T cell activation, senescence, exhaustion and skewing towards TH17 in patients with COVID-19 pneumonia. Nat.
Commun. 2020, 11, 3434. [CrossRef] [PubMed]

133. Martonik, D.; Parfieniuk-Kowerda, A.; Rogalska, M.; Flisiak, R. The Role of Th17 Response in COVID-19. Cells 2021, 10, 1550.
[CrossRef] [PubMed]

134. Sadeghi, A.; Tahmasebi, S.; Mahmood, A.; Kuznetsova, M.; Valizadeh, H.; Taghizadieh, A.; Nazemiyeh, M.; Aghebati-Maleki, L.;
Jadidi-Niaragh, F.; Abbaspour-Aghdam, S.; et al. Th17 and Treg cells function in SARS-CoV2 patients compared with healthy
controls. J. Cell Physiol. 2021, 236, 2829–2839. [CrossRef] [PubMed]

135. Garlanda, C.; Dinarello, C.A.; Mantovani, A. The Interleukin-1 Family: Back to the Future. Immunity 2013, 39, 1003–1018.
[CrossRef] [PubMed]

136. Park, S.H.; Kim, M.S.; Lim, H.X.; Cho, D.; Kim, T.S. IL-33-matured dendritic cells promote Th17 cell responses via IL-1beta and
IL-6. Cytokine 2017, 99, 106–113. [CrossRef] [PubMed]

137. Park, S.H.; Jung, H.J.; Kim, T.S. IL-33 changes CD25(hi) Tregs to Th17 cells through a dendritic cell-mediated pathway. Immunol.
Lett. 2020, 218, 5–10. [CrossRef]

http://doi.org/10.1016/j.phrs.2019.104591
http://www.ncbi.nlm.nih.gov/pubmed/31837390
http://doi.org/10.1177/1753425919861774
http://doi.org/10.1002/jcp.25809
http://doi.org/10.3389/fimmu.2019.01084
http://doi.org/10.1111/imm.12910
http://doi.org/10.1016/j.lfs.2019.03.062
http://doi.org/10.1038/s41421-021-00258-1
http://doi.org/10.1016/j.jaci.2014.05.011
http://doi.org/10.4049/jimmunol.0901575
http://www.ncbi.nlm.nih.gov/pubmed/19841166
http://doi.org/10.1038/nri2691
http://www.ncbi.nlm.nih.gov/pubmed/20081871
http://doi.org/10.1073/pnas.95.12.6930
http://doi.org/10.1182/blood-2008-05-157818
http://doi.org/10.1093/intimm/dxr006
http://doi.org/10.1073/pnas.1418549112
http://www.ncbi.nlm.nih.gov/pubmed/25829541
http://doi.org/10.1016/j.cell.2021.01.007
http://www.ncbi.nlm.nih.gov/pubmed/33497610
http://doi.org/10.1016/j.jaci.2017.07.051
http://doi.org/10.1111/aji.13304
http://doi.org/10.1016/j.bbrc.2016.05.059
http://doi.org/10.3389/fimmu.2018.01545
http://www.ncbi.nlm.nih.gov/pubmed/30038616
http://doi.org/10.1038/s41467-020-17292-4
http://www.ncbi.nlm.nih.gov/pubmed/32632085
http://doi.org/10.3390/cells10061550
http://www.ncbi.nlm.nih.gov/pubmed/34205262
http://doi.org/10.1002/jcp.30047
http://www.ncbi.nlm.nih.gov/pubmed/32926425
http://doi.org/10.1016/j.immuni.2013.11.010
http://www.ncbi.nlm.nih.gov/pubmed/24332029
http://doi.org/10.1016/j.cyto.2017.07.022
http://www.ncbi.nlm.nih.gov/pubmed/28802996
http://doi.org/10.1016/j.imlet.2019.12.003


Int. J. Mol. Sci. 2022, 23, 13656 21 of 21

138. Qiu, X.; Qi, C.; Li, X.; Fang, D.; Fang, M. IL-33 deficiency protects mice from DSS-induced experimental colitis by suppressing
ILC2 and Th17 cell responses. Inflamm. Res. 2020, 69, 1111–1122. [CrossRef]

139. Vocca, L.; Di Sano, C.; Uasuf, C.G.; Sala, A.; Riccobono, L.; Gangemi, S.; Albano, G.D.; Bonanno, A.; Gagliardo, R.; Profita, M.
IL-33/ST2 axis controls Th2/IL-31 and Th17 immune response in allergic airway diseases. Immunobiology 2015, 220, 954–963.
[CrossRef]

140. Rha, M.S.; Shin, E.C. Activation or exhaustion of CD8(+) T cells in patients with COVID-19. Cell Mol. Immunol. 2021, 18, 2325–2333.
[CrossRef]

141. Sekine, T.; Perez-Potti, A.; Rivera-Ballesteros, O.; Strålin, K.; Gorin, J.B.; Olsson, A.; Llewellyn-Lacey, S.; Kamal, H.; Bogdanovic,
G.; Muschiol, S.; et al. Robust T Cell Immunity in Convalescent Individuals with Asymptomatic or Mild COVID-19. Cell 2020,
183, 158–168.e14. [CrossRef] [PubMed]

142. Song, J.W.; Zhang, C.; Fan, X.; Meng, F.P.; Xu, Z.; Xia, P.; Cao, W.J.; Yang, T.; Dai, X.P.; Wang, S.Y.; et al. Immunological and
inflammatory profiles in mild and severe cases of COVID-19. Nat. Commun. 2020, 11, 3410. [CrossRef] [PubMed]

143. Kuri-Cervantes, L.; Pampena, M.B.; Meng, W.; Rosenfeld, A.M.; Ittner, C.A.G.; Weisman, A.R.; Agyekum, R.S.; Mathew, D.; Baxter,
A.E.; Vella, L.A.; et al. Comprehensive mapping of immune perturbations associated with severe COVID-19. Sci. Immunol. 2020,
5, eabd7114. [CrossRef] [PubMed]

144. Mathew, D.; Giles, J.R.; Baxter, A.E.; Oldridge, D.A.; Greenplate, A.R.; Wu, J.E.; Alanio, C.; Kuri-Cervantes, L.; Pampena, M.B.;
D’Andrea, K.; et al. Deep immune profiling of COVID-19 patients reveals distinct immunotypes with therapeutic implications.
Science 2020, 369, eabc8511. [CrossRef] [PubMed]

145. Varchetta, S.; Mele, D.; Oliviero, B.; Mantovani, S.; Ludovisi, S.; Cerino, A.; Bruno, R.; Castelli, A.; Mosconi, M.; Vecchia, M.; et al.
Unique immunological profile in patients with COVID-19. Cell Mol. Immunol. 2021, 18, 604–612. [CrossRef] [PubMed]

146. Grifoni, A.; Weiskopf, D.; Ramirez, S.I.; Mateus, J.; Dan, J.M.; Moderbacher, C.R.; Rawlings, S.A.; Sutherland, A.; Premkumar, L.;
Jadi, R.S.; et al. Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans with COVID-19 Disease and Unexposed
Individuals. Cell 2020, 181, 1489–1501.e15. [CrossRef]

147. Rydyznski Moderbacher, C.; Ramirez, S.I.; Dan, J.M.; Grifoni, A.; Hastie, K.M.; Weiskopf, D.; Belanger, S.; Abbott, R.K.; Kim, C.;
Choi, J.; et al. Antigen-Specific Adaptive Immunity to SARS-CoV-2 in Acute COVID-19 and Associations with Age and Disease
Severity. Cell 2020, 183, 996–1012.e19. [CrossRef]

148. Kared, H.; Redd, A.D.; Bloch, E.M.; Bonny, T.S.; Sumatoh, H.; Kairi, F.; Carbajo, D.; Abel, B.; Newell, E.W.; Bettinotti, M.P.; et al.
SARS-CoV-2-specific CD8+ T cell responses in convalescent COVID-19 individuals. J. Clin. Investig. 2021, 131, e145476. [CrossRef]

149. McMahan, K.; Yu, J.; Mercado, N.B.; Loos, C.; Tostanoski, L.H.; Chandrashekar, A.; Liu, J.; Peter, L.; Atyeo, C.; Zhu, A.; et al.
Correlates of protection against SARS-CoV-2 in rhesus macaques. Nature 2021, 590, 630–634. [CrossRef]

150. Bonilla Weldy, V.; Fröhlich, A.; Senn, K.; Kallert, S.; Fernandez, M.; Johnson, S.; Kreutzfeldt, M.; Hegazy Ahmed, N.; Schrick,
C.; Fallon Padraic, G.; et al. The Alarmin Interleukin-33 Drives Protective Antiviral CD8+ T Cell Responses. Science 2012, 335,
984–989. [CrossRef]

151. Yang, Q.; Li, G.; Zhu, Y.; Liu, L.; Chen, E.; Turnquist, H.; Zhang, X.; Finn, O.J.; Chen, X.; Lu, B. IL-33 synergizes with TCR and
IL-12 signaling to promote the effector function of CD8+ T cells. Eur. J. Immunol. 2011, 41, 3351–3360. [CrossRef] [PubMed]

152. Zhou, Y.; Fu, B.; Zheng, X.; Wang, D.; Zhao, C.; Qi, Y.; Sun, R.; Tian, Z.; Xu, X.; Wei, H. Pathogenic T-cells and inflammatory
monocytes incite inflammatory storms in severe COVID-19 patients. Natl. Sci. Rev. 2020, 7, 998–1002. [CrossRef] [PubMed]

http://doi.org/10.1007/s00011-020-01384-4
http://doi.org/10.1016/j.imbio.2015.02.005
http://doi.org/10.1038/s41423-021-00750-4
http://doi.org/10.1016/j.cell.2020.08.017
http://www.ncbi.nlm.nih.gov/pubmed/32979941
http://doi.org/10.1038/s41467-020-17240-2
http://www.ncbi.nlm.nih.gov/pubmed/32641700
http://doi.org/10.1126/sciimmunol.abd7114
http://www.ncbi.nlm.nih.gov/pubmed/32669287
http://doi.org/10.1126/science.abc8511
http://www.ncbi.nlm.nih.gov/pubmed/32669297
http://doi.org/10.1038/s41423-020-00557-9
http://www.ncbi.nlm.nih.gov/pubmed/33060840
http://doi.org/10.1016/j.cell.2020.05.015
http://doi.org/10.1016/j.cell.2020.09.038
http://doi.org/10.1172/JCI145476
http://doi.org/10.1038/s41586-020-03041-6
http://doi.org/10.1126/science.1215418
http://doi.org/10.1002/eji.201141629
http://www.ncbi.nlm.nih.gov/pubmed/21887788
http://doi.org/10.1093/nsr/nwaa041
http://www.ncbi.nlm.nih.gov/pubmed/34676125

	Introduction 
	Molecular Biology of IL-33 
	Molecular Structure and Function of IL-33 
	Cleavage Sites and Biological Activity of IL-33 
	ST2 Pathways under Physiological Conditions 
	Molecular Structure and Function of ST2 
	IL-33/ST2 Signaling under Physiological Conditions 


	Immune Cell Targets of IL-33 in the Development of COVID-19 Pathology 
	Neutrophils 
	Innate Lymphoid Type-2 Cells 
	Dendritic Cells 
	Macrophages 
	CD4+ T Cells 
	Th17/Treg Cells 
	CD8+ T Cells 

	Conclusions 
	References

