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A B S T R A C T

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) interacts between the host and virus and govern 
induction, resulting in multiorgan impacts. Its pathophysiology involves the followings: 1) the angiotensin- 
converting enzyme (ACE2) and Toll-like receptor (TLR) pathways: 2) the neuropilin (NRP) pathway: 3) the 
spike protein pathway. Therefore, it is necessary to block the pathological course with modulating innate 
lymphoid cells against diverse corona variants in the future.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has 
structural S, M, H, and E proteins and non-structural accessory and 
replicase proteins in the genome. They play an important role in its 
infectivity and in the pathogenesis of chronic diseases, including hy-
percoagulability, hyperinflammation, stroke via microvascular circula-
tion abnormalities, microthrombus formation, and multifocal lesions 
[1]. This pathological combination contributes to the breakdown of the 
endothelial–epithelial barrier [2].

The life cycle of SARS-CoV-2 begins after binding to the angiotensin- 
converting enzyme (ACE2) in the epithelium of the oral mucosa, lung, 
heart, and kidney, and the expression of ACE2 increases with age [3]. 
SARS-CoV-2 differently dictates viral replication and inflammatory re-
sponses via ACE2-dependent in epithelial cells and -independent entries 
in myeloid cells. During the early ACE2-dependent infection stage, it 
replicates strongly with scarce inflammatory response, and in the late 
ACE2-independent infection stage, low with potent inflammatory 

response by Toll-like receptor 1 (TLR1) [4]. ACE2 and Toll-like receptor 
4 (TLR4, CD284) on the cell surface belong to the pattern recognition 
receptor (PRR) family. ACE2 and TLR4 are highly expressed in he-
matopoietic stem and progenitor cells. These cells are highly susceptible 
to the SARS-CoV-2 spike protein (SP). ACE2 and TLR4 produce inflam-
matory cytokines and activate innate immune responses [5].

Neuropilin-1 (NRP1) is a pleiotropic single-transmembrane cor-
eceptor for class 3 semaphorins and vascular endothelial growth factors. 
Along with ACE2, NRP1 facilitates the entry of SARS-CoV-2 into host 
cells. NRP1 is a highly conserved transmembrane receptor lacking a 
cytosolic protein kinase domain [6,7]. In combination with host trans-
membrane protease serine 2 (TMPRSS2), SARS-CoV-2 uses the ACE2 
receptor for cell entry, which cleaves the viral spike glycoprotein (SP) 
[8,9]. Glycoproteins are required for viral entry and fusion. The SP is a 
trimeric glycoprotein encoded by ORF2 in the viral genome. The 
membrane-distal S1 subunit and proximal S2 subunit in the virus en-
velope form homotrimers [10]. Our study describes the important mo-
lecular pathways associated with SARS-CoV-2 infection and provides 
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detailed descriptions of pathological pathways based on three tracks.

2. Results

2.1. ACE2 and TLR pathways

Smoking affects ACE2 expression and induces mineral dust-induced 
gene (MDIG) expression, which alters the transcription of several 

essential proteins implicated in exacerbating Corona Virus Disease 2019 
(COVID-19) [11,12]. This type of epigenetic gene expression alters gene 
locus function without changing the underlying DNA sequence. Instead, 
it relies on posttranslational chemical changes in chromatin, RNA, and 
DNA. These changes include acetylation, methylation, phosphorylation, 
ubiquitination and SUMOylation. These changes are linked to genotype 
and phenotype [13]. The interaction of ACE2 with the SARS-CoV-2 spike 
protein (SP) in tiny numbers of embryonic-like stem cells (VSELs) and 

Fig. 1. Mechanism of activation of TLR4. 
Peripheral immune insults are known to activate the pattern recognition receptor TLR4. TLR4 leads to the activation of nuclear factor-κB (NF-κB). Ultimately, TLR4 
produces immature IL-1β, which is cleaved by caspase-1 and inflammasome components into mature IL-1β. As a result, IL-1β is released into the extracellular fluid. IL- 
1β elicits multiple effects on synaptic plasticity-related processes, including suppression of BDNF (brain-derived neurotrophic factor) production, reduction of AMPA 
(α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptor membrane expression, and inhibition of LTP (long-term potentiation). IL-1β elicits multiple effects 
on synaptic plasticity-related processes, including suppression of BDNF production, reduction of AMPA receptor membrane expression, and inhibition of LTP. SARS- 
CoV-2 also activates TLR4, leading to the activation of NF-κB and ultimately the production of immature IL-1β. The transcriptional activation of NF-κB induces and 
releases proinflammatory cytokines. The final sequence of NF-κB activation is joined with cytokine receptor- and TLR-mediated signaling cascades. SARS-CoV-2 
induces TLR4-mediated and endoplasmic reticulum (ER)-induced NF-κB activation. They play a pivotal role in the neurodegenerative process of misfolded pro-
tein disorders.
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hematopoietic stem cells (HSCs) activates the NLR family PYRIN domain 
containing-3 (NLRP3) inflammasome. The exposure of human umbilical 
cord blood (UCB)-purified VSELs to recombinant SP can lead to the 
upregulation of NLRP3 mRNA expression [14]. Human VSELs in adult 
tissues can be damaged by SARS-CoV-2, which has downstream and 
subsequent effects on tissue/organ regeneration [14]. SARS-CoV-2 ac-
tivates mitochondrial reactive oxygen species (ROS) production and 
glycolytic shift. SP alone can damage vascular endothelial cells by 
downregulating ACE2 and inhibiting mitochondrial function [15]. 
Compared with other brain regions, SARS-CoV-2 may exhibit tropism to 
the brainstem, which has relatively high expression of the ACE2 receptor 
[16].

SARS-CoV-2 increased total cardiac macrophage counts after the 
intratracheal instillation of TLR ligands and an ACE2, which means viral 
ARDS promotes cardiac inflammation [17]. Erythroid precursor cells 
(from CD 34+) differentiate into red blood cell (RBC) precursors and 
subsequently express ACE2. The SP interacts with RBC precursors, 
leading to dysregulation of hemoglobin and degradation of Fe-heme [5,
18]. TLR4 is the most abundantly upregulated TLR in human lung tissue 
irrespective of the underlying pathology. TLR4 blockage prevents 
exaggerated inflammatory responses in human macrophages infected 
with different SARS-CoV-2 variants including omicron [19].

The SP has been proposed to have the most substantial protein‒ 
protein interaction with TLR4. TLR2 and TLR4 are expressed intracel-
lularly in dendritic, epithelial, and endothelial cells [20,21]. The mo-
lecular influence of TLR4 is understood as a prime regulatory factor 
associated with immunity [22]. TLR4 mediates anti-gram-negative 
bacterial immune responses by recognizing lipopolysaccharide (LPS) 
from bacteria [23]. Staphylococcus aureus triggers an inflammatory 
response in innate immune cells via TLR4 and the inflammasome [24]. 
SARS-CoV-2 infection results in viral sepsis and provokes an 
antibacterial-like response at the very early stage of infection via TLR4 
[25] [Fig. 1].

TLRs are a class of membrane pattern recognition receptors that 
detect microbes on the cell surface and in the cytoplasm, and a cytokine 
surge is induced by TLRs, mainly through the activation of TLR3, TLR4, 
TLR7, and TLR8 [26]. Subunit 1 of the SARS-CoV-2 spike protein (S1) 
induces sickness behavior and a subacute neuroinflammatory response 
for approximately 24 h and a chronic neuroinflammatory response for 
approximately 7 days. Moreover, S1 directly induces a proinflammatory 
response in primary microglia and activates TLR4 signaling [27]. Neu-
roinflammation induced by microglia is mediated through the activation 
of nuclear factor kappa B (NF-κB) and p38 mitogen-activated protein 
kinase (MAPK) due to TLR2 and TLR4 activation [26–28]. TLR4 has 
been shown to play a role in mediating the neurotoxicity induced by 
α-synuclein (α-Syn) oligomers. Misfolded α-Syn induces inflammatory 
responses; however, α-Syn uptake is independent of TLR4. Furthermore, 
extracellular α-Syn can activate the proinflammatory TLR4 pathway in 
astrocytes [29]. The interaction between the SP and TLR4 can trigger an 
intracellular TLR4 signaling cascade. The NF-κB-mediated transcrip-
tional activation of specific genes induces the release of proin-
flammatory cytokines, which can damage neurons and pathologically 
modify α-Syn [30]. The final sequence of NF-κB activation involves a 
range of cytokine receptor- and TLR-mediated signaling cascades. 
SARS-CoV-2 induces TLR4-mediated NF-κB activation, and erythror-
eticulum (ER) stress induces NF-κB activation and the production of 
immature IL-1β (pro-IL-1β) [31]. SARS-CoV-2 might have direct infec-
tivity beyond ACE2 in the kidney. TLR-4, kidney injury molecule-1/T 
cell immunoglobulin mucin domain 1 (KIM-1/TIM-1), CD147 are asso-
ciated with renal damage [32].

Long-COVID, referred to as post-acute sequelae of SARS-CoV-2 
infection, may cause direct renal damage by infiltrating inflammatory 
cells or through the overactivation of the renin-angiotensin-aldosterone 
(RAAS) system, and the formation of blood clots, which in turn leads to 
ischemia in the kidneys with subsequent tissue damage [33], and 
postural orthostatic tachycardia such as palpitations, lightheadedness, 

fainting, brain fog, and tachycardia without orthostatic hypotension 
[34]. These damages have relations to the heart macrophage and 
autonomic nervous system in vascular endothelial cells, RBC precursors, 
human lung tissue, neuroinflammation, and the RAAS system in the 
ACE2 or TLR pathway [5,15,17–19,29,30,35].

2.2. The neuropilin-1 pathway

NRP1 is expressed in all vertebrates. NRP1 is the primary coreceptor 
for ACE2. NRP1 contributes to the primary tissue or organ tropism of 
SARS-CoV-2. NRP1 and 2 are involved in angiogenesis, axon control, cell 
proliferation, immune function, neuronal development, and vascular 
permeability because NRP1 is a coreceptor for vascular endothelial 
growth factors [36]. NRP1 plays a complex role in the secondary CD8+

T-cell response to control VRDs and tumors [37]. A complete under-
standing of NRP1 or NRP2 and its associated mechanical pathways will 
facilitate understanding of SARS-CoV-2 infectivity and improve patient 
treatments. Phenothiazines inhibit binding SP to NRP1, not to ACE2, 
and potently inhibit SARS-CoV-2 cell entry [38]. Cysteine residues 
located in the vestigial plasminogen-apple-nematode (PAN) domain of 
NRP1 directly impact SARS-CoV-2 binding. The mutated PAN domain of 
NRP1 reduces SP abundance in cells [39]. The cell surface entry of 1) 
NRP1/Furin-mediated 2) ACE2/TMPRSS2-mediated 3) endodermal 
entry hijacked by cathepsin L has been observed in various human tis-
sues and organs, thus facilitating viral activation [40]. These viruses 
contribute to the tropism of SARS-CoV-2 in diverse tissues and organs 
and its related symptoms and representing the essential host factors for 
SARS-CoV-2 pathogenicity.

NRP1 is a tissue-specific marker of lung group 2 ILCs (ILC2s) and is 
induced postnatally and sustained by lung-derived transforming growth 
factor-β1 (TGFβ1). TGFβ1–NRP1 signaling enhances ILC2s functions and 
type 2 immunity, suggesting that NRP1 is a tissue-specific regulator of 
lung-resident ILC2s and that the NRP1 regulator is a potential thera-
peutic agent for pulmonary fibrosis [41]. ILC2s are involved in 
virus-induced exacerbation of airway inflammation and are critical in 
pulmonary fibrosis and autoimmune disease [42,43]. ILC2s and eosin-
ophils play vital roles in pulmonary arterial hypertrophy [44] [Fig. 2].

The genetic susceptibility locus in respiratory failure patients with 
COVID-19 is located on chromosomes 3p21.31 and 9q34.2 and is related 
to severity; the 3p21.31 gene cluster can be found on chromosome 3 
[45]. According to the protein docking crystal structures, the receptor 
binding domain (RBD) of the SARS-CoV-2 spike protein has a potentially 
high affinity for dipeptidyl peptidase-4 (DPP4). The present genetic 
variants from a Neanderthal heritage plant were located in six genes on 
chromosome 3p21.31, which is in the proximal promoter region of DPP4 
[46]. MDIGs are mainly responsible for the expression of inflammatory 
cytokines, the critical component of the inflammasome, and most of the 
genes involved in glycan metabolism for hyaluronan generation and 
glycosylation. MIDGs are crucial determinants of viral infection and 
cytokine storms. MDIG is an essential regulator of NRP1 and NRP2. 
MDIG plays a critical role in preventing SARS-CoV-2 infection and 
reducing the severity of COVID-19. The MDIG-dependent expression of 
NRP1 or NRP2 enhances SARS-CoV-2 infection in cells with lower ACE2 
expression [47].

Clinically, COVID-19-related acute respiratory distress syndrome 
(ARDS) is characterized by relatively preserved aeration on chest 
computed tomography (CT) despite severe respiratory hypoxemia. 
However, this early, high-compliance phenotype can develop into a low- 
compliance phenotype with poor aeration as L-type, characterized by 
low elastance, high compliance, and preserved aeration; and H-type, 
characterized by high elastance, low compliance, and poor aeration 
[48]. Patients with cryptococcus-associated immune reconstitution in-
flammatory syndrome can suffer from pulmonary dysfunction caused by 
T-cell-driven neurodegeneration in the vital medullary nucleus respon-
sible for respiratory control [49,50]. SARS-CoV-2 targets ciliated cells in 
the respiratory mucosa, but in the olfactory mucosa, the primary target 
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is nonneuronal sustentacular cells. NRP1 is expressed in 
olfactory-related neuronal regions [51,52]. The recognized pathways 
involve transsynaptic transfer via peripheral, olfactory, or cranial nerves 
and blood‒brain barrier (BBB) penetration from the systemic circulation 
to invade the brainstem [16,53,54]. The recognized pathways invade 
the brainstem and involve transsynaptic transfer via peripheral, olfac-
tory, or cranial nerves. The paralysis of the pre-Bötzinger complex on the 
medullar oblongata in the brainstem might affect L-type ARDS and 
COVID-19-associated fatality [55]. NRP-1 might induce the tropism of 
SARS-CoV-2 in the brainstem [16,55,56] [Fig. 3].

NRP1 is highly expressed in pancreatic tissue and its overexpression 
is linked with developing acute pancreatitis by activating release of pro- 
inflammatory cytokines [57,58]. ACE2 and NRP1 is highly expressed in 
brain parenchymal cells include microglia, astrocytes, neurons and 

oligodendrocytes as well as cerebral lymphocytes [16,51,52,59]. Viral 
affinity for DPP4 and ILC2s-based effects affect to COVID-19-related 
central nervous system (CNS). Their changes are mediated by MDIG as 
a regulator of NRP1 or NRP2 in brain parenchymal cells, including 
microglia, astrocytes, neurons and oligodendrocytes as well as cerebral 
lymphocytes [47]. Neuro-cognitive-post-acute sequelae of COVID-19 
are brain fog, dizziness, loss of attention, and confusion. Pulmonary 
symptoms are general fatigue, dyspnea, cough, throat pain and cardio-
vascular symptoms are chest pain, tachycardia, palpitations [59]. Viral 
affinity for DPP4, MDIG, and ILC2s explain to 
neuro-cognitive-pulmonary-cardiovascular post-acute sequelae.

Fig. 2. Association of Neuropilin with SARS-CoV-2. 
Neuropilins are transmembrane glycoproteins that regulate neurogenesis and angiogenesis by complexing with various receptors and predominantly act as cor-
eceptors because they have a microscopic cytoplasmic domain. Neuropilins thus rely upon other cell surface receptors, such as ACE2, to transduce signals across the 
cell membrane, mitochondria and nucleus. Neuropilin 1,2 can be found in soluble forms produced by alternative splicing or ectodomain shedding from the cell 
surface. The neuropilin complex comprises 1) plexin receptors with class 3 semaphorin ligands, 2) vascular endothelial growth factor (VEGF) receptors with VEGF 
ligand 1 (VEGFR1), and 3) integrin, a receptor with α and β subunits 4, and transforming growth factor beta (TGF-β). SARS-CoV-2 spike glycoprotein subunit 1 binds 
to ACE2. In contrast, subunit 2 mediates the fusion of the spike protein with cell membranes via transmembrane protease serine 2 (TMPRSS2). Furin cleaves the spike 
protein at two subunit 1-subunit junctions, which consist of a sequence of essential amino acids. Subunit 1-Subunit two junction cleavage exposes a carboxyl-terminal 
motif conforming to the C-end rule motif. This C-end rule motif of subunit 1 can bind to neuropilin-1 via its b1 domain [6]. Innate lymphoid cells (ILCs) include non-T 
and non-B lymphoid cells in humans. ILCs are divided into three groups based on their distinct cytokine profiles and transcription factor profiles. Neuropilin-1 is a 
tissue-specific marker of lung group 2 innate lymphoid cells (ILC2s). TGFβ1–neuropilin-1 signaling enhances ILC2 function and type 2 immunity, which identifies 
neuropilin-1 as a tissue-specific regulator of lung-resident ILC2s and features a neuropilin-1 regulator as a potential therapeutic for pulmonary fibrosis.
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2.3. Spike protein pathway

Glycoproteins derived from SARS-CoV-1, SACR-Co-V-2, human 
cytomegalovirus, and hepatitis C virus potentially trigger NLRP3 acti-
vation and pyroptosis in a spontaneously immortalized monocyte-like 
cell line (THP-1) macrophages [60,61]. The SP binding to ACE2 in-
duces NF-κB activation and inflammation via ACE2 in endothelial cells 
[62]. The furin cleavage product of SP uses the vascular endothelial 
growth factor A (VEGF-A) binding site on NRP-1 as an entry point [63]. 
Moreover, the RBD of SP induced up-regulated expression of inflam-
matory indicators and activated the release of induced cytokines, like 
IL-6 and IL-8, in human bronchial epithelia [64]. The S1 activated the 
NF-κB and c-JNK signaling pathways [65].

The SP is a PAMP that requires macrophage preactivation for NLRP3 
formation, and vigorous SP-driven inflammasome activity releases IL-1β 
in the convalescent macrophages of COVID-19 patients [66]. Further-
more, SP interacts with and activates TLR4 [25]. After SARS-CoV-2 
infection, the augmented immunogenicity of the SP results from 
macrophage reprogramming. The SP-driven IL-1β secretion in macro-
phages requires nonspecific monocyte preactivation in vivo. Then, 
macrophages trigger NLRP3 signaling [66]. Moreover, the SP signals 

through TLR2 and activates NLRP3 in human macrophages from 
convalescent patients with COVID-19 but not from healthy SAR-
S-CoV-2–naïve individuals [66]. The SP drives inflammasome activation 
in macrophages from convalescent COVID-19 patients, correlating with 
distinct epigenetic and gene expression signatures. SARS-CoV-2 infec-
tion causes profound and long-lived reprogramming of macrophages. 
This results in augmented immunogenicity of the SP, an effective vac-
cine antigen [66].

Lipid nanoparticles of the formulated nucleoside-modified mRNAs of 
SPs are stabilized in their prefusion conformation. They induce an im-
mune reaction involving IL-2+ CD8+ and CD4+ T helper type 1 cells or 
IFNγ+ cells [67]. Lipid nanoparticles encode the prefusion conformation 
of SP. General adverse reactions include pain, swelling, redness, muscle 
pain, headache, fever, and chills after vaccination. Adverse events of 
special interest (AESI) included anaphylaxis, life-threatening disease, 
permanent disability/sequelae, and death. The overall seroprevalence of 
Korean anti-SARS-CoV-2 was very low on September 6, 2021, but the 
incidence of AESI was very high, as was the case in England during the 
pandemic. We compared AESI after vaccination in England and South 
Korea. These findings suggested that AESI might originate from immune 
reactions induced by lipid nanoparticles, including the SARS-CoV-2 SP, 

Fig. 3. Respiratory muscles during healthy breathing. 
Respiratory muscles cannot be intentionally activated during healthy breathing. Human sensory stimuli and abnormal muscular sensations affect breathing via the 
cerebral cortex and hypothalamus. ACE2 is localized to the cytoplasm, and its expression can be highly regulated by other RAAS components in the nucleus tractus 
solitarius/dorsal motor nucleus on the vagus and ventrolateral medulla. SARS-CoV-2 may exhibit tropism because the brainstem has relatively high expression levels 
of the ACE2 receptor compared with other brain regions. Neuropilin-1 is a coreceptor that facilitates SARS-CoV-2 infection in ACE2 and is expressed in the brainstem. 
The recognized pathways involve transsynaptic transfer via peripheral, olfactory, or cranial nerves and BBB penetration from the systemic circulation to affect the 
brainstem. SARS-CoV-2 may exhibit tropism to the brainstem, which has relatively high expression of the ACE2 receptor.
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in mRNA vaccines [66–69]. Various side effects caused by the vaccine’s 
SP appear in a real-time setting. The SP has a unique pathological 
mechanism: there are strange similarities with amyloid 
disease-associated blood coagulation and fibrinolytic disturbances 
together with neurologic and cardiac problems [70]. As a result, rare 
hypersensitivity reactions to mRNA-based SARS-CoV-2 vaccines 
develop, such as anaphylaxis, chest pain, chills, flushing, hypertension, 
and tachycardia [68,71]. Specifically, myocarditis develops rapidly in 
younger patients. It occurred mainly after the second vaccination. 
However, pericarditis, which occurs after receiving mRNA vaccines, 
affects older people after the first or second vaccination [72] [Fig. 4].

SARS-CoV-2 infection can lead to syncytium formation within cells. 
The syncytia express ACE2 and SP, which produce approximately four 
micronuclei per syncytium. Remarkably, these micronuclei are highly 
expressed during the DNA damage response or during cyclic GMP-AMP 
synthase (cGAS)/stimulator of interferon genes (STING) (cGAS–STING) 
signaling, which is associated with cellular devastation and poor im-
mune reactions [73,74]. The SP upregulates senescence-associated in-
flammatory factors and the expression of senescence-associated 
cytokines in zebrafish retina in vivo likely by activating ER stress, ROS, 
and NF-κb [75]. SP induces lung cancer migration invasion via 
TLR2-dependent activation of NF-κB [76].

Like other RNA viruses, SARS-CoV-2 undergoes genetic evolution 
and develops mutations over time, resulting in the emergence of mul-
tiple variants that may have different characteristics than their ancestral 
strains [77,78]. SARS-CoV-2 variants of interest (VOI) undergoes ge-
netic evolution and shows differential proinflammatory effects [79]. The 
wild-type/Wuhan variant S1 is highly proinflammatory in zebrafish, but 
the SP of the VOI shows differential proinflammatory effects [79]. RBDs 

in VOI showed lower thermodynamic stability with higher kinetic 
fluctuations. The exposure of low/moderate E-field reduced the binding 
of the SP to the ACE2 [80].

The SP can prime the NLRP3 and enhance caspase-1 activity through 
NF-κB signaling. S1 interacts with amyloid-β, prion protein, α-Syn, and 
tau. SP contains several prionogenic domains and triggers a neurode-
generative condition known as prion-disease-like pathology, such as the 
worsening of demyelinating diseases, Guillain–Barré syndrome, immune 
thrombotic thrombocytopenia, amyotrophic lateral sclerosis (ALS), 
Parkinson’s disease, AD and stroke [69,81–85].

The hyperinflammatory state by SP and diverse VOI triggers CNS 
neuroinflammation.

3. Discussion for management

Among the COVID-19-positive veterans who were in the Armed 
Forces, a previous aspirin prescription was clinically significantly asso-
ciated with a decrease in overall mortality at 14 days (OR, 0.38) and 30 
days (OR, 0.38). Dexamethasone administered at a cumulative dose 
between 60 and 150 mg was associated with reduced mortality only in 
patients requiring respiratory support. In COVID-19 and other ARDS 
cases, a high neutrophil-to-lymphocyte ratio (NLR) is associated with 
increased myeloid-derived suppressor cells (MDSCs). Dapsone treatment 
was associated with a lower NLR in the ICU. At least 20% of individuals 
with an HLA-B*15:01 status are asymptomatic. The weak binding af-
finity of HLA polymorphisms might contribute to SARS-CoV-2 Omi-
cron’s immune evasion. Dapsone hypersensitivity is susceptible to the 
expression of HLA-B*13:01. It relates the treatment asymptomatic with 
an HLA-B*15:01 status. Anticatalysis might be used as an asymptomatic 

Fig. 4. Comparison of adverse events of special interest (AESI) after vaccination in England and South Korea. 
In the graph, the X-axis represents England and South Korea, and the Y-axis represents adverse reaction cases, severe cases, anaphylaxis cases, and deaths as crude 
rates. The overall seroprevalence of anti-SARS-CoV-2 was very low on September 6, 2021, in South Korea. Nevertheless, the incidence of adverse events of special 
interest (AESI) was very high in England according to the summary of yellow card reporting by the Medicines & Healthcare Products Regulatory Agency (MHRA) at 
approximately the same time [68]. The spike protein of SARS-CoV-2 can induce AESI [62].*1) In the case of the UK, both anaphylaxis and anaphylaxis-like reactions 
are included. * It is not intended to suggest a causal relationship between an adverse reaction. Vaccination Response Promotion Team of Korea CDC, ‘21.9.6.
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treatment for COVID-19, as in asymptomatic individuals carrying HLA- 
B*15:01. We explored immune strategies for preventing long COVID- 
related exacerbation of pathophysiology [68] [Table 1].

4. Conclusion

SARS-CoV-2 start to exacerbate COVID-19 via three pathways: ACE2- 
TLRs, NRPs, and SP. The first-line anti-catalytic triad needs to prevent 
and block pathological processes, mutations, and deterioration.

Method

Two years ago, we reviewed 500 SCI journals and analyzed the 
SARS-CoV-2 penetration route. And now, two years later, we have found 
they were three pathways. Inclusion criteria. Through information 
search, key words were connected based on the research results. The 
order is as follows: 1) the ACE2 and TLR, 2) the NRP, and 3) the spike 
protein. Exclusion criteria: If experimental data was not repeated at SCI 
journals, those were excluded [100].
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AIDS Acquired Immune Deficiency Syndrome
AGS Aicardi–Goutières syndrome
AIM2 Absent in melanoma 2
ALI Air–liquid interface
ALP Alkaline phosphatase
α-Syn α-synuclein
AMI Acute myocardial infarction
AMI I/R injury AMI ischemia–reperfusion injury
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid

(continued on next page)

Table 1 
The exacerbations of COVID-19 and their treatment modes of immune triad [68].

Acetylation, cGAS- 
STING axis

Neutrophil, IFN 
pathways

NETsa Inflammasome ILCsd Cytokine Results Ref.

COVID-19 IFNactive (↑) IFNactive (↑) cell-free DNA, MPOb-DNA 
complexes (↑)

NLRP3 (↑) CD8+ T cells (↑) [86,87]

Aspirin IFNactive (e↓) ILC2s (nasal mucosa↑, 
blood↓)

Mortality (↓) [88,89]

Dapsone IFNactive (↓) IFNactive (↓) MPO-DNA NETs (↓) NLRP3c (↓) ILCs (↓) Mortality (↓) [68,88,
90–96]NLR ratio (↓)

Exacerbation 
(↓)

Dexamethasone IFNactive (↓) immature neutrophils (f↑) blood ILC2s (↓) Mortality (↓) [97–99]
NLR ratio (↓)

a Neutrophil extracellular traps.
b Myeloperoxidase.
c NLR family pyrin domain-containing 3 (previously known as NACHT, LRR, and PYD domain-containing protein 3 [NALP3] and cryopyrin).
d Innate lymphoid cells.
e Decreased.
f Increased.
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(continued )

APC Antigen-presenting cells
ARDS Acute respiratory distress syndrome
ASC Apoptosis-associated speck-like protein containing a CARD
ATF4 Activated parkin via protein kinase RNA-like endoplasmic reticulum kinase-activating transcription factor 4
BBB Blood‒brain barrier
BDNF Brain-derived neurotrophic factor
BiPAP Bilevel positive airway pressure
BV-2 A type of microglial cell derived from C57/BL6 mice
CAPS Cryopyrin-associated periodic syndromes
CARD Caspase activation and recruitment domain
CCNE2 Essential for the control of the cell cycle at the late G1 and early S phases; belongs to the cyclin family
CCR5 C–C motif chemokine receptor 5
CH Clonal hematopoiesis, hematopoietic stem and progenitor cells
CDK1 Cyclin-dependent kinase 1
CI Confidence interval
CK-MB Creatine kinase-MB fraction
COPD Chronic obstructive pulmonary disease
COX-1 Cyclooxygenase 1
CRP C-reactive protein
CRS Cytokine release syndrome
CtIP C-terminal binding protein 1 (CtBP1) interacting protein
Cyclin-A2 A protein that in humans is encoded by the CCNA2 gene. It is one of the two types of cyclin A: cyclin A1 is expressed during meiosis and embryogenesis while 

cyclin A2 is expressed in the mitotic division of somatic cells.
Cyclin D1 A protein required for progression through the G1 phase of the cell cycle
Cyclin D3 A cofactor of retinoic acid receptors, modulating their activity in the presence of cellular retinoic acid-binding protein II
Cyclin E2 Cyclin E2 is a protein that in humans is encoded by the CCNE2 gene
Cyclin-G1 A protein that in humans is encoded by the CCNG1 gene
CXCR-4 C-X-C chemokine receptor type 4
DDS 4,4′-Diaminodiphenyl sulfone (dapsone)
DPP4 Dipeptidyl peptidase-4
DIC Disseminated intravascular coagulation
ECG Electrocardiogram
ER Endoplasmic reticulum
cGAMP 2′,3′-cyclic GMP-AMT
cGAS–STING cytosolic DNA sensor cyclic-GMP-AMP synthase (cGAS)/stimulator of interferon genes (STING)
G6PDH Glucose-6-phosphate dehydrogenase
HAART Highly active antiretroviral therapy
HIV Human Immunodeficiency Virus
HLA Human leukocyte antigen
HLA-DRB1 Major histocompatibility complex, class II, DR beta 1
HSPC hematopoietic stem/progenitor cell
ICU Intensive care unit
IFN Interferon
IFNAR2 Interferon-alpha and beta receptor subunit 2
IL Interleukin
IL-1β Interleukin-1 beta
IMV intensive mechanical ventilation
IRF3 Interferon regulatory factor 3
JNK Jun N-terminal kinases
LDH Lactate dehydrogenase
LDL Low-density lipoprotein
LL Lepromatous leprosy
LPS Lipopolysaccharide
LTP Long-term potentiation
M receptor Muscarinic receptor
MADDS Monoacetyldapsone
MAPK Mitogen-activated protein kinase
MCI Mild cognitive impairment
MDIG Mineral dust-induced gene
MHC Major histocompatibility complex
MIS-C/A Multisystem inflammation syndrome in children and adults
MPO Myeloperoxidase
N receptor Nicotinic receptor
NAIP A family of NLRs with seven paralogs in mice (NAIP1–7)
NOD2 Nucleotide-binding oligomerization domain containing 2
N protein Nucleocapsid protein
MDA5 melanoma differentiation-associated gene 5
mRNA Messenger RNA
mtDNA Mitochondrial DNA
NACHT Domain conserved in NAIP, CIITA, HET-E, and TP1
NFL Neurofilament light chain
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NLRC4 NLR Family CARD Domain Containing 4
NLRP3 NOD-, LRR-, and pyrin domain-containing protein 3 

NLR family pyrin domain-containing 3
NRP Neuropilin
PAI-1 Plasminogen activator inhibitor-1

(continued on next page)
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(continued )

PAMPs Pathogen-associated molecular patterns
PBMCs Human peripheral blood mononuclear cells
PD Parkinson’s disease
PEDF Pigment epithelium-derived factor
PEDFR/iPLA2 PEDF/calcium-independent phospholipase A2
Phosphomimetics Amino acid substitutions that mimic a phosphorylated protein.
Phospho-p65 Anti-phospho-NFkB p65 (Ser536) monoclonal antibody (T.849.2)
Phospho-IκBα Phospho-IκBα (Ser32/36) (5A5) mouse mAb #9246
PRMT5 Protein arginine methyltransferase 5
PTGS2 Prostaglandin synthase 2
PTM Multiple posttranslational modification
RIG-I Retinoic acid-inducible gene I
ROS Reactive oxygen species
SP Spike glycoprotein of SARS-CoV-2
S1 SARS-CoV-2 spike protein subunit 1
SAMHD1 Sterile alpha motif (SAM) and histidine-aspartate domain (HD)-containing protein
SCLS Systemic capillary leak syndrome
RCT Randomized controlled trial
SOD Superoxide dismutase
TBK1 Tank-binding kinase 1
TGFβ Transforming growth factor-β
Th T helper type
THP-1 A spontaneously immortalized monocyte-like cell line
TNF Tumor necrosis factor
TLR Toll-like receptor
TMPRSS2 Transmembrane protease serine subtype 2
TRIF TLR3-TIR-domain-containing adapter-inducing interferon-β
TTS Thrombosis with thrombocytopenia syndrome
TREX1 Tthree-prime repair exonuclease 1
TYK2 Tyrosine kinase 2
UCB Umbilical cord blood
VRD Viral respiratory disease
VSEL Very small embryonic-like stem cell

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.bj.2024.100766.
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