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Abstract

An outbreak of a novel coronavirus was reported in Wuhan, China, in late 2019. It
has spread rapidly through China and many other countries, causing a global
pandemic. Since February 2020, over 28 countries/regions have reported
confirmed cases. Individuals with the infection known as coronavirus disease-19
(COVID-19) have similar clinical features as severe acute respiratory syndrome
first encountered 17 years ago, with fever, cough, and upper airway congestion,
along with high production of proinflammatory cytokines (PICs), which form a
cytokine storm. PICs induced by COVID-19 include interleukin (IL)-6, IL-17, and
monocyte chemoattractant protein-1. The production of cytokines is regulated by
activated nuclear factor-kB and involves downstream pathways such as Janus
kinase/signal transducers and activators transcription. Protein expression is also
regulated by post-translational modification of chromosomal markers. Lysine
residues in the peptide tails stretching out from the core of histones bind the
sequence upstream of the coding portion of genomic DNA. Covalent
modification, particularly methylation, activates or represses gene transcription.
PICs have been reported to be induced by histone modification and stimulate
exudation of hyaluronic acid, which is implicated in the occurrence of COVID-19.
These findings indicate the impact of the expression of PICs on the pathogenesis
and therapeutic targeting of COVID-19.

Key Words: SARS-CoV-2; COVID-19; Proinflammatory cytokines; Transcription factor;
Histone; Post-translational modification
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Core Tip: An infection by a novel coronavirus which originated in Wuhan, China has
spread rapidly, causing a global pandemic. Clinically the infection known as
coronavirus disease-19 (COVID-19) is similar to severe acute respiratory syndrome,
with fever, cough, and upper airway congestion, along with high production of
proinflammatory cytokines (PICs), forming a cytokine storm. PICs induced include
interleukin (IL)-6, IL-17, and monocyte chemoattractant protein-1. Their production is
regulated by transcription factors, and post-translational modification of histones,
which activates or represses gene transcription. PICs in turn stimulate exudation of
hyaluronic acid, implicated in the pathogenesis of COVID-19. Their role as therapeutic
targets is suggested.

Citation: Zhang XN, Wu LJ, Kong X, Zheng BY, Zhang Z, He ZW. Regulation of the
expression of proinflammatory cytokines induced by SARS-CoV-2. World J Clin Cases 2021;
9(7): 1513-1523

URL: https://www.wjgnet.com/2307-8960/full/v9/i7/1513 .htm

DOI: https://dx.doi.org/10.12998/wjcc.v9.i7.1513

INTRODUCTION

In December 2019, an infection manifesting as atypical pneumonia was discovered in
Wuhan, Chinal, and its rapid spread has been noted in China and many other
countries”?. So far, the 2019 novel coronavirus (2019-nCoV) has affected > 20 countries
and has become a major global health problem. As of February 2020, approximately
51000 cases of the disease known as coronavirus disease 19 (COVID-19) have been
documented globally, resulting in at least 1600 deaths since it first appeared in Central
China's Hubei Province!**..

The pathogen, initially called 2019-nCoV is a beta coronavirus, and was later named
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). It forms a clade
among the subgenus Sarbecovirusl. Serious human infections have been caused by
Middle East respiratory syndrome coronavirus (MERS-CoV) and SARS-CoV, and
SARS-CoV-2 is one of the seven members in the family of coronaviruses capable of
infecting humansl’. On confirming its origin from the bat coronavirus (BatCoV
RaTG13), SARS-CoV-2 has been assigned to the subgenus Sarbecovirus, of the genus
Betacoronavirus!. Evidence suggests that it is related to the bat and pangolin
coronaviruses, as well as SARS-CoV, the SARS pathogen!*l.

Clinically COVID-19 is characterized by fever, severe respiratory illness, and
pneumonia similar to those produced by SARS-CoV, which led to an outbreak in
Southern China in 20031"'"l. The two biologically related coronaviruses contribute to a
clinical picture attributed to the high production of proinflammatory cytokines (PICs),
due to the interactions of the viral and host proteins when the virus enters the cell">*.
An acute respiratory illness and increased PICs have been described in COVID-19
patients; the cytokines include interleukin (IL)-2, IL-6, IL-10, granulocyte colony-
stimulating factor (G-CSF), interferon (IFN)-g-induced protein-10 (IP-10), monocyte
chemoattractant protein factor-1 (MCP-1), macrophage inflammatory protein 1 (MIP-1)
and tumor necrosis factor-aa)!'°l.

Like most proteins, the expression of PICs is triggered by activation of transcription
factors and post-translational modification (PTM) of the factors and histones, the basic
units of the nucleosome where genomic DNA is housed. The expression of PICs is
regulated by the association of transcription factors and chromatin markers in the
promoter and enhancer sequences upstream of the coding portion of genes. The
activation or repression of these elements is modulated by PTM. In this review, we
discuss the impact of histone and nonhistone transcription factor PTM in the increased
production of PICs.
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IMPACT OF THE NONHISTONE TRANSCRIPTION FACTORS NUCLEAR
FACTOR KAPPA-B, SIGNAL TRANSDUCERS AND ACTIVATORS, AND
JANUS KINASES ON PIC SYNTHESIS

Similar to the pathogenesis of SARS and MERS, higher levels of cytokines in plasma,
including IL-2, IL-6, IL-7, IL-10, G-CSF, IFN-ga>*".. The production of PICs is induced
by SARS-CoV-2, which forms a cytokine storm, leading to a fatal syndrome involving
multiple organ dysfunction™. PICs induced during COVID-19 originate from
inflammatory cells that constitute the innate immune defense, including monocytes,
macrophages, neutrophils, and pulmonary and renal epithelial cells.

The major PICs induced by the novel coronavirus include IL-1p, IL-6 and MCP-1;
they promote the pathogenesis of COVID-19 by triggering an inflammatory
responsel”l. Among these, elevated IL-6 levels are closely correlated with disease
progression®'”l. The production of these factors involves a complicated regulatory
network of transcriptional activation by transcription factors, PTM of histones, and
nonhistone transcription factors. IL-6 production depends on activated transcription
factors, in particular, nuclear factor kappa-B (NF-kB) and the aggregated IL-6 receptor
when ligated by IL-6 stimulates a number of downstream intracellular signaling
pathways, the most common being Janus kinase (JAK)/signal transducers and
activators transcription (STATs). Cytokine-coding gene promoter occupancy with
chromatin markers has also been identified””..

After being ligated by cytokines released by inflammatory cells, activated cognate
receptors stimulate downstream signaling pathways, mediated by JAK. IL-6, a PIC
that has been shown to act as a critical part of the pathogenic process of COVID-19,
activates the JAK/STAT signaling pathway to exert a variety of biological effects,
including immune regulation, proliferation, and differentiation of lymphocytes and
oxidative stress**1.

The JAK/STAT pathway that transduces growth signals transmitted by surface
receptors has also been shown to contribute significantly to the pathogenesis of
COVID-19. To date, four proteins of the JAK non-receptor family have been identified
in mammalian cells; namely, JAK1, JAK2, JAK3 and tyrosine kinase 2 (TYK2). JAK1/2
and TYK2 are expressed in different cell types, while JAK3 appears to play an essential
role in the function of lymphocytes. The human STAT family comprises seven
members: STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B and STAT6.

The novel coronavirus-encoded spike (S) protein is expressed on the viral surface.
Virus entry to host cells is mediated by S protein, which interacts with angiotensin-
converting enzyme 2 (ACE2) that acts as the viral receptor.

ACE2 is an enzyme that cleaves angiotensin II into angiotensin 1-7, which possesses
vasodilatory and anti-inflammatory effects. In patients with cardiac disease,
upregulation of ACE2 may increase susceptibility to COVID-191"..

ACE inhibitors or angiotensin receptor blockers may enhance immune cell
infiltration, and they also increase local production of PICs such as TNF-a, IL-1, IL-6,
and IFN-g*1.

S protein has been shown to activate NF-kB like some other viral proteins®!. Latent
membrane protein 1(LMP1), encoded by a human lymphotropic herpesvirus,
Epstein-Barr virus, is a viral homolog of mammalian CD40 and activates NF-kB
behaving like an aggregated TNF-a™. The molecular interaction involving activation
of NF-kB by S protein remains to be characterized.

In patients with severe COVID-19, elevated IL-6 has been frequently detected in the
serum and correlated with nonsurvival®. Consequently, clinical trials have been
initiated to evaluate the therapeutic effects of IL-6 inhibitors in COVID-19 patients!*..
The JAK/STAT pathway has also been explored for use as a new therapeutic target
against SARS-CoV-2 infection'*?. Available data provide a rationale for administering
licensed JAK inhibitors for improving the clinical management of COVID-19 and
meeting the urgent global demand to mitigate the infection.

Both constitutively active and noncanonical STAT functions are involved in the
molecular processes of tumorigenesis and viral pathogenesis. STAT3 and STAT5 have
been investigated due to their activities in controlling proliferation, survival, cellular
adhesion, intercellular communication, and angiogenesis when triggered by a wide
range of stimulil**.

The activity of STAT3 is also modified by methylation at Lys 49 and Lys 180 by the
enhancer of Zester homolog 2 (EZH2), a component with lysine methyltransferase
activity in the polycomb repressive complex 2 (PRC2), which regulates gene
transcription. EZH2 methylates STAT3 downstream of AKT signaling and increases
the transcriptional activity of STAT3, which has been shown to be activated by
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modification with methylation™. We discuss the role of histone modification by the
methylation involved in the control of gene expression in the next section.

IMPACTS OF HISTONE MODIFICATION ON THE PRODUCTION OF PICs

The activation and repression of gene transcription are regulated by chromatin
modification. The basic units of the chromosome are the nucleosome, which is
composed of a nucleus of histone octamer (H), heteromerized with four dimers of H1,
H2A, H3 and H4, and the octamer is wrapped with strands of genomic DNA
(Figure 1). Extended peptide tails contain a series of modifiable amino acid residues
called chromatin marks. The main modification pattern for H3 is methylation, and for
H4 it is acetylation, of lysine residues. They are important in the activation or
repression of genes (Figure 1). The methylation of lysine residues in histones, mainly
H3, is catalyzed by a group of enzymes called histone lysine methyltransferases
(KMTs). The protein clusters are driven by the Suv39H1, G9a and SETDB1/SETDB2
families of enzymes known as lysine methyltransferase 1 (KMT1), and they function to
catalyze mono-, bi- and trimethylation of lysine residues 4 and 9 (H3K4 and
H3K9)Ee7,

Much remains to be elucidated with regard to the role of epigenetic modification of
histones played by different modifiers in the regulation of inflammatory responses.

As mentioned above, methylation at various lysine residues on histone H3 leads to
the activation or repression of gene transcription. While methylation at H3K9 or
H3K27 represses gene expression, methylation at H3K4, H3K36 or H3K79 activates
gene expression. The disruptor of telomeric silencing-1-like is a modifier that
specifically catalyzes methylation of H3K79 to regulate proliferation and
differentiation of tumor cells.

Reading of chromatin markers

Chromosomal marks, for example, H3K4 and H3K9, with different modifications bind
to the target sequence, in particular to regulatory elements such as promoters or
enhancers, to modulate gene expression. The marks are recognized and incorporated
into the target sequence in a process called reading. Chromatin marks are modified
by adding chemical groups with methylation, acetylation and SUMOylation, and
ubiquitination, called writing. The modification can alter the ability of the marks to
regulate gene expression. The modification is reversible, and the added groups are
removed in a process called erasing. Chromatin marks such as H3K4 bind to the
promoter upstream of the IL-6 coding sequence and methylated H3K4 is demethylated
by a demethylase, lysine-specific demethylase 1A /lysine-specific demethylase 151,

The methyltransferase catalyzes adding different numbers of methyl groups to
lysine, termed mono-, bi- and trimethylation. As mentioned above, six lysine residues
on H3, i.e.,, K4, K9, K27, K36, K79 and K36, together with K20 from histone H4 and K26
from histone 1 have been recognized as the canonical sites of methylation.

Except for H3K79, all of these are found in the N-terminal tails of histone proteins. It
has been identified that some proteins or the domain contained within the molecules
serve as readers of methyllysine. Ankyrin, double chromodomain, tudor tandem
domain, tudor and zinc finger, as well as the known motifs found in transcription
regulators, malignant brain tumor, plant homeodomain and Pro-Trp-Trp-Pro.

The initiation of viral genome transcription, virion production, and spread of
human immunodeficiency virus (HIV)-1 is triggered when host cell replication is
stimulated by cytokines, drugs, or activation of T cell receptors.

The reactivation of provirus depends on the binding of NF-kB and/or nuclear factor
of activated T cells with the specific target sequences on the viral long terminal repeat
(LTR). The factors which initiate transcription of viral genome act by recruiting histone
acetyltransferase p300, CBP-associated factor to the LTR of HIV; the modifying
enzymes acetylate histones adjacent to the viral promoters'.

Enzymes that catalyze histone methylation and demethylation and their effect on

target gene expression

The acetylation modifications on histones H3 and H4, like H3 lysine 4 acetylation
(H3K4ac) and H3 lysine 27 acetylation (H3K27ac) create an open chromatin
configuration, favoring binding of transcription factors and forming complexes of
initiation and elongation. Trimethylation of H3 lysine 4, H3K4me3 and lysine H3 K27,
H3K27me3 bind to gene promoters, activating and repressing gene transcription,
respectively. Dimethylated H3K4 (H3K4me2) and di- and trimethylated H3K36
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Figure 1 The scheme of modification of peptide tails of histones H3 and H4. “M" and “A” denote modification by methylation and acetylation,
respectively; the letter “K” on the H3 tail presents activities of activation (blue; K4 and K36), and repression (red; K9 and K27). “C” and “N” represent carboxyl
terminus and amino terminus, respectively.
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(H3K36 me2, me3) have been identified on chromatin sites being transcriptionally
activated.

Modification of methylation is catalyzed by a panel of enzymes to add the chemical
group to the lysine residue, and some of them are listed in Table 1.

Members of the KMT3 family, SET and MYND domain containing (SMYD)2 and
SMYD3, function to catalyze methylation at the H3K4 or H3K36 marks, to activate
gene transcription. SMYD?2 has also been shown to regulate latency of HIV-1, and is
associated with latent HIV-1 promoter in H4K20mel-enriched chromatin-harboring
DNA, H4K20mel enrichment is known as a mark lost in cells defected with SMYD2. A
reader protein recognizing H4K20mel Lethal 3 malignant brain tumor 1 (L3MBTL1), is
recruited to the HIV latent promoter. The data suggest that an axis of
SMYD2-H4K20me1-L3MBTL1 is implicated in the regulation of HIV-1 latency and
may be targeted by small molecule inhibitors of SMYD2.

SMYD3, another member of the KMT3 family has been reported to be recruited to
the inclusion bodies of Ebolavirus (EBOV) by interacting with the virally encoded
nucleoprotein. A significant suppression of EBOV mRNA synthesis has been noted on
deletion of SMYD3. A nonphosphorylated VP30 mimic, which is a transcription
activator, can partially rescue viral mRNA production. Whether methyltransferase
activity plays a role in this process remains to be determined, and nucleoprotein
encoded by SARS-CoV-2 also interacts with SMYD3*1,

Methyltransferase SET7 generates H3K4me by monomethylation of H3K4. H3K4me
represents a tag specific for epigenetic gene activation. It transcriptionally activates
genes like collagenase or insulin on recruitment to the promoter sequence of the target
genes. SET7 also methylates nonhistone proteins p53/TP53 and Transcription
initiation factor TFIID subunit 10 (TAF10). When monomethylated on Lys/K-189,
TAF10 has an enhanced affinity for RNA polymerase. Lys/K-372 monomethylation of
p53/TP53 stabilizes p53/TP53 and increases p53/TP53-mediated transcriptional
activation*l. The relationship between methylation and demethylation and
coronavirus infection has not been investigated. Human papillomavirus E6 has been
reported to attenuate the transactivation function of p53 by decreasing the enzymatic
activities of SET7"1. SET7 was found to promote HIV transcription through
monomethylated Tat protein*l. Recent studies have demonstrated that the antiviral
function of IFN-induced transmembrane protein 3 for vesicular stomatitis virus and
influenza A virus could be attenuated by SET7™1. Han et al®” observed that SET7
expression in Huh7.5.1 cells was upregulated by hepatitis C virus (HCV) infection, and
high levels of SET7 expression were also found in serum, peripheral blood
mononuclear cells, and liver tissue of HCV patients compared with healthy
individuals. Subsequent research showed that SET7 enhanced HCV replication in an
enzyme-dependent manner. Furthermore, the data showed that SET7 decreased the
expression of virus-induced IFN and IFN-related effectors.

As mentioned above, the production of proinflammatory cytokines is regulated by
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Table 1 Characteristics of KMT3 and KMT7 (based on the entries in www.uniprot.com, retrieved on August 21, 2020)

Category Name of modifying enzymes Other names Targeting residue on histones Effects
KMT3 3A SETD2, SET2  Trimethylates H3K36 Transcription activation
3B NSD1 Methylates H3K36 or H4K20 Same as above
3C SMYD2 Monmethylates H3K4 or H3K36, monomethylates RB1 lys860 Same as above
3D SMYD1 Mono-, di- and trimethylates histone H3 K4' Transcriptional repression
3E SMYD3 Di- and trimethylates H3K4, also methylates H4K5 Transcriptional activation
KMT6 KMT6 EZH2 Methylates H3K9 and H3K27 Transcription repression
KMT7 KMT7 SET7/9 Monomethylates histone H3K4 Transcriptional activation

Jaishideng®

histone modification, and the modification also affects virus-host interaction.

The contribution of KMT histones to maintaining HIV latency remains to be
elucidated“”". EZH2/KMT6, which specifically methylates lysine residues H3K9 and
H3K?27, as repressive markers for gene transcription, is abundant on the LTR of the
silenced proviruses of HIV, as demonstrated by chromatin immunoprecipitation in
latently infected Jurkat T cells.

In proviral reactivation, it was rapidly displaced. The latent HIV-1 proviruses
carried by methylated lysine residues on H3 are mainly trimethylated repressive
genomic markers H3k9me3 and H3K27me3F* or H3K9me2l. A histone KMT,
SUV39H]1, responsible for generation of H3K9me3, interacts with COUP-Transcription
Factor-interacting protein 2 (CTIP-2) and Heterochromatin protein 1 homolog gamma
(HP1y) to maintain HIV-1 latency in microglial cells®**.. Removal of the two proteins
contributes to HIV-1 activation. It has been proposed that HKMT G9a, which catalyzes
the dimethylation of H3K9, may also contribute to the maintenance of HIV-1 latency™.

ROLE OF CYTOKINES IN PATHOGENESIS AS RELATED TO
PRODUCTION OF HYALURONIC ACID

The lungs of some patients with COVID-19 are filled with a clear liquid with jelly-like
appearance. One of the components identified in this fluid is hyaluronic acid (HA), a
polysaccharide seen in most connective tissues. In water, HA can trap its weight up to
1000 timesP. It is present as a high-molecular-weight polymer in airway epithelial
cells covering the apical surface. Depolymerization of HA initiates a cascade leading to
the production of quinine and processing of growth factors. HA synthesis and
degradation are mediated by integral membrane proteins HA synthase (HAS),
including HAS1, HAS2 and HAS3, and hyaluronidases (HAases), respectively.

HYAL1, HYAL2 and PH20 are among six HAases that have been well characterized.
HYAL1-like HAase was initially isolated in specimens of human urine and
plasmal*l. HYAL1, alternatively termed Lucal (lung cancer 1) is known as the main
tumor-derived HAase expressed in bladder and prostate cancer tissues™ . HYAL2
was originally identified in lysosomes, and it cleaves high-molecular-mass HA with
release of a 20-kDa fragmentl. HYALS3 is the third HAase, whose coding gene is
mapped on the chromosomal region 3p21.3. Its transcripts have been detected in
different tissues, and the sequence of the HYAL3-encoded product has only been
predicted.

An enzyme that catalyzes the degradation of the jelly-like fluid HA, HYAL], is not
expressed in the bronchial alveolar lavage fluid (BALF) of COVID-19 patients and
control individuals. This suggests that the amount of HA in the bronchoalveolar space
of the lungs would be induced by the high PICs production during COVID-19
pathogenesis. In combination with the induced increase in vascular hyperpermeability
due to the elevated PICs, a viscous hydrogel is generated to frustrate gas exchangel*.
The genesis of acute respiratory distress syndrome (ARDS) is associated with HA in
BALF; the concentration of HA is significantly negatively correlated with the index of
pulmonary oxygenation. HA is also responsible for pulmonary thrombosis, and
ground-glass opacities; a characteristic finding of interstitial pneumonia on
radiography!®-*l.

In certain cell types, the effects of TNF-a -3 is present. Their expression and activity
are augmented by IL-1 in synergy with TNF-a, HYALs are localized intracellularly,
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while HYAL2 is expressed in plasma-membrane-associated apical poles and in apical
secretions in soluble form.

Also, increased HYAL expression and activity are noted in tracheal secretions and
BALF derived from individuals with asthma in comparison with healthy controls with
normal lungs. HYALs 1-3 expressed by airway epithelium coordinate to depolymerize
HA during inflammation mediated by elevated TNF-a and IL-1,

Symptoms in patients with ARDS include rapid and exhaustive respiration and
cyanosis. Severe cases of COVID-19 admitted to intensive care units normally require
mechanical ventilation, and patients who are unable to breathe can be maintained with
extracorporeal membrane oxygenation!*l.

COVID-19 is characteristic on computed tomography images, with white spots
known as ground glass opacities, with fluid in the lungs*). Autopsy confirms that the
lungs are filled with clear liquid gelatin, similar to the lungs after drowning!”l. While
further validation is needed, an association between HA and ARDS has been
suggested!”], and the production and regulation of HA have been noted in SARS.

In the lungs of patients with COVID-19, the levels of PICs, IL-1 and TNF-a are
elevated and they strongly induce HAS2 in epithelial-cell-adhesion-molecule-positive
pulmonary alveolar epithelial cells and fibroblasts”?. HA can absorb water up to 1000
times its molecular weight. Therefore, inhibition of HA production would greatly
contribute to improvement of breathing in COVID-19 patients.

IMPLICATION OF PTM ON DRUG DEVELOPMENT

At present, specific therapy for COVID-19 has not been available, and the drugs
administered mainly target viral infection and inflammation triggered by viral
invasion, accompanied by supportive therapy!”l. The HIV protease inhibitors ritonavir
and lopinavir have been used in anti-COVID-19 treatment". High production of PICs
such as IL-6 and helper T cytokine IL-17, is triggered, and the JAK/STAT signaling
pathway is activated. The United States FDA and the European Medical Association
have approved the use of JAK inhibitors, e.g. ruxolitinib”™ and baricitinib!"], for
therapy of COVID-197.,

More candidate JAK inhibitors are being tested in clinical trials?. A JAK1/2
inhibitor, ABT-494, has the potential to inhibit the regulation of endocytosis and may
possess the potential to prevent entry to susceptible cells by SARS-CoV-2. In addition,
its interaction with cytochrome enzymes is minimal and it has low serum binding.
ABT-494 is active in combination with other drugs such as remdesivir in COVID-19
therapy!™.

IL-6 is a cytokine implicated in the cytokine release syndrome (CRS) seen in
COVID-19. In its presence, immature T helper cells (Th0) differentiate into the Th17
subtype, and JAK2 is utilized by IL-6 to activate downstream signals*’.

As a characteristic disease of CRS, markedly high numbers of Th17 cells have been
identified in COVID-19 patients, suggesting that CRS of Th17 type is involved in
severe immune damage”!. A highly selective JAK2 inhibitor, fedratinib, approved for
myelofibrosis therapy, has been shown to inhibit expression of IL-17 in murine Th17
cellsl. The data suggest that inhibition of JAK could be a therapeutic target against
COVID-19 through an antagonistic effect on the activation of Thl7-associated
cytokines.

CONCLUSION

In summary, SARS-CoV-2 enters host cells via binding of viral surface proteins to
ACE-2 as a receptor. Viral entry stimulates PIC production through a complicated
network involving intracellular signaling pathways and histone PTMs. Therapeutic
agents targeting the various stages of the virus-host interaction could be developed.
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