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Abstract

SARS-CoV-2 virus infection starts with the internalization of the viral particle into the host cells, mainly
the upper respiratory system epithelial cells which have the highest expression of the ACE2 receptor
which is essential for the internalization process. The pathophysiology of severe forms of COVID-19
disease results not only from direct, cytopathic viral effect but also from immune response
dysregulation of the host resulting in hyperinflammatory state and oxidative stress. The nuclear factor
erythroid 2-related factor 2 (Nrf2) ability to protect cells and induce a rapid anti-inflammatory and
antioxidant response primarily depends on its constitutive cellular expression, which can be affected
by numerous endogenous and exogenous factors. The binding of Nrf2 to cellular receptors leads to
the transcription of a large number of genes encoding various antioxidant enzymes and other
cytoprotective molecules, including heme oxygenase-1(HO-1). Activation of HO-1 results in
antioxidant, anti-inflammatory and anti-apoptotic effects. Based on previous studies, the Nrf2/HO-1
pathway provides protection against oxidative stress and inflammatory and immune response which
is significant in COVID-19 infection, which is characterized by a strong hyperinflammatory response.
This narrative review aims to describe the role of the hyperinflammatory response in the
development of COVID-19 infection, with a focus on the NrF2/HO-1 pathway.
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Introduction

Coronaviruses belong to the RNA viruses group
with the largest genome among the rest of the
RNA viruses (27-37 kb). Virus particles have a
characteristic membrane with spikey structured
proteins on the outer surface, which is where the
name coronavirus (lat. corona, crown) comes
from. Three groups of coronaviruses differ
genotypically, of which viruses from group lll are
found only in birds, while viruses from groups |
and Il are also found in mammals. Coronaviruses
mainly cause respiratory system diseases in
humans, and at least four variants continuously
circulate within the population, especially
among young children. Two variants were
identified in the mid-1960s (hCoV-0OC43 and
hCoV-229E), and the other two in the early 2000s
(hCoV-NL-63 and hCoV-HKU1). The first
coronavirus linked with a more serious illness
was identified at the end of 2002. Due to its
tendency to cause severe acute respiratory
syndrome (SARS), it was named SARS-CoV. It's
believed to be of wild animals origin, most likely
bats, and was transmitted to humans via
infected bats that were prepared and sold as
food in China [1l. The SARS-CoV epidemic has
affected 29 countries, 8.096 cases were
registered, and 774 deaths were confirmed,
according to which the estimated mortality was
9.6%. Ten years later, in April 2012, another
coronavirus associated with severe forms of
respiratory infections emerged, and due to its
Middle Eastern origin, this strain has been
named MERS-CoV (Middle East Respiratory
Syndrome). Concurrently with the sporadic
isolation of MERS-CoV, in December 2019. a
new coronavirus named SARS-CoV-2 was
isolated in the city of Wuhan, China. and rapidly
spread, not only in China but also in other
continents, therefore becoming the first
coronavirus that caused a global pandemicl(2,3l.

Disease Background

Despite numerous research, the SARS-CoV-2
origin remains unclear. The most common
theory of this virus origin is associated with bats,
which are natural reservoirs of the virus,
especially considering the high homology of the
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genome of viruses isolated from bats with the
human SARS-CoV-2 virus, which amounts to
96.2%. Initially, infections of humans by the
SARS-CoV-2 virus appeared as a classic
zoonosis since most of the first confirmed
coronavirus cases had direct contact with
animals at the market in Wuhan. The first
patients were believed to be infected by
consuming infected animals that were prepared
as food or sold alive, with bats being the most
frequently involved [4]. The rapid spread and
appearance of the disease among healthcare
workers and people who did not have direct
contact with infected animals indicated human-
to-human transmission. Since it's mainly a
respiratory disease and viruses are isolated from
the epithelial cells of the respiratory tract, it can
be assumed that the main transmission route of
the virus between people is droplet
transmission, i. e. through aerosols created when
speaking, sneezing or coughing [6,5]. Although
SARS-CoV-2 has been detected in urine, stool,
blood/serum, saliva, and tears, there is no
strong evidence that it can be transmitted in
such a manner.

Structure and pathogenesis of SARS-CoV-2
infection

The SARS-CoV-2 genome size is 29.9 kb, and
two-thirds of the genome encodes proteins
necessary for virus replication. One-third
encodes structural proteins: protein E (envelope
protein), protein S (spike protein), protein M
(membrane  protein), and  protein N
(nucleocapsid protein). Proteins S, M, and E form
the virus particle envelope, and protein N, which
binds the RNA molecule to itself, is found inside
the virus particle [7,8]. The SARS-CoV-2 genome
is highly variable, resulting from errors that occur
during RNA molecule replication, whereby they
accumulate and create new mutations, resulting
in the emergence of new viral subvariants or
strains. To date, more than 20 strains of this virus
have been described. As some mutations cause
pathogenicity or virulence modifications (either
positive or negative ones), the World Health
Organization identifies five variants of concern
(VOCs), given their public health impact: alpha
(B.1.1.7) which was originally isolated in the UK in
late December 2020., beta (B.1.351), which was
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first reported in South Africa in December 2020.,
gamma (P.1), which was first reported in early
January 2021 In Brazil, delta (B.1.617.2), first
reported in December 2020. In India and omicron
(B11.529), first reported in South Africa in
November 2021. [gl. Both pathogenicity and
virulence of the SARS-CoV-2 result from its
ability of cellular internalization, i.e., the ability of
the virus to enter cells. The entry of the SARS-
CoV-2 virus into the cells is mediated by the S
protein of the virus particle and the ACE2
receptor (Angiotensin-Converting Enzyme 2) of
the host cells. ACE2 receptor was identified in
2003. and the SARS-CoV-2 and other
coronaviruses (hCoV-229E, hCoV-0OC43 and
hCoV-HKU1) are uptaken via aforementioned
receptor. Protein S contains two subunits: the S1
subunit enables viral particle binding to the
ACE2 receptor via the receptor-binding domain
(RBD), while the S2 subunit enables the fusion of
the viral particle and the host cell membranes
[10]. In addition to the ACE2 receptor, integrins
and CD174-SP are also mentioned as potential
receptors for the internalization of SARS-CoV-2
into host cells. There is no strong experimental
evidence for these assumptions [11,12]. Since
ACE2 has a wide biodistribution in the organism,
including the respiratory system, digestive
system (small and large intestine), myocardium,
kidneys, thyroid gland, liver, brain, and olfactory
neuroepithelium, SARS-CoV-2 has a broad
tissue and cell tropism, resulting in wide clinical
presentation and a clinically diverse
manifestation [13]. Despite the broad distribution
of these receptors, the respiratory system is
predominantly and most severely affected by
this viral infection. This can be explained by the
fact that the respiratory system epithelial cells
have the largest expression of ACE2 receptors,
as well as the fact that the main transmission
route of the disease is droplet, and the
respiratory system mucous membrane is the
initial site for the virus entrance into the body.
Epithelial cells of nasal mucosa and bronchial
epithelial cells are the site of the largest ACE2
receptor expression, while in the alveoli the
ACE2 receptor is found only in type |l
pneumocytes [14]. Upregulated expression of
the ACE2 receptor in the respiratory system
epithelial cells is affected by proinflammatory
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cytokines that are produced during infection,
especially IL-18 and type | and Il interferons,
which can accelerate its spread and replication
[15].

Clinical characteristics COVID-19 infection

The respiratory system is the main organ system
affected by this disease, but due to broad SARS-
CoV-2 virus tropism, other clinical
manifestations are possible as the result of other
tissues and organs involvement. It's a highly
contagious illness that has a wide clinical
spectrum, that varies from asymptomatic to
mild, severe, and critical (29). Clinically, COVID-
19 infection is most often presented as a
common cold or a flu-like illness, which in
certain individuals can progress to more severe
forms, leading to pneumonia and acute
respiratory distress syndrome, and also to
manifestations that are caused by other tissues
and organs involvement [16]. Acute respiratory
distress syndrome (ARDS) represents the most
severe form of the respiratory system
involvement by the SARS-CoV-2 virus and is
accompanied by a high rate of severe
complications such as sepsis, septic shock, and
multiorgan failure, all of which increase the
mortality rate. ARDS is characterized by new-
onset severe respiratory insufficiency and
bilateral pulmonary infiltrates, which occurs as a
result of still insufficiently elaborated
pathophysiological mechanisms that include the
direct viral cytopathic effect, immune response
dysregulation (hyperinflammatory state or
cytokine storm) as well as increased oxidative
stress. The final result is extensive lung
parenchyma damage and consequently
severely impaired oxygen and carbon dioxide
exchange (hypoxemia, hypercapnia) [17]. As
previously discussed, SARS-CoV-2
predominantly affects the respiratory system,
but other organs and organ systems can also be
affected, either as a single organ disease, but
most common with the respiratory system
involvement. The most common
extrapulmonary  COVID-19  manifestations
involve gastrointestinal and hepatobiliary,
hematological, cardiac, renal, and neurological
systems [16].
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Immune response in COVID-19 infection

SARS-CoV-2 virus infection starts by the
internalization of the viral particle into the host
cells, mainly the upper respiratory system
epithelial cells which have the highest
expression of the ACE2 receptor which is
essential for the internalization process. The viral
entry into the cells triggers an immune response
whose role is to neutralize the virus and bring the
infection under the control. Today, it's
considered that the pathophysiology of severe
forms of COVID-19 infection results not only
from direct, cytopathic viral effect but also from
immune response dysregulation of the host
resulting in hyperinflammatory state and
oxidative stress [18]. By viral particle entrance
and the viral RNA release in the host cell
cytoplasm begins a cellular response, in addition
to the process of virus replication. The cellular
response aims to activate the immune response
as a protective mechanism of the host against
the virus [19]. In this process PRR receptors
(Pattern recognition receptors) are essential.
These are found in epithelial cells cytoplasm
and have role of recognizing PAMP molecules
(Pathogen-associated molecular patterns) [20l.
These PRR receptors recognize long chains of
viral RNA that are formed as intermediates
during replication, causing their activation and
triggering signaling pathways that include
interferon regulatory factor (IRF) and nuclear
factor-«k B (NF- «B) [21]. IRF promotes the
transcription of interferons | and Ill, while NF- « B
promotes the transcription of pro-inflammatory
cytokines and chemokines [22]. Interferons, pro-
inflammatory cytokines, and chemokines are
responsible for chemotaxis and mutual
interaction of innate immunity cells: neutrophils,
monocytes that differentiate into macrophages,
dendritic cells and NK cells. They form the first
line of defense of the organism against the
SARS-CoV-2 virus. In addition to innate immunity
cells, T and B lymphocytes also participate in the
immune response to the SARS-CoV-2 virus.
After phagocytosis of infected epithelial cells,
antigen presenting cells (APC), among which
respiratory dendritic cells dominate move to
regional lymph nodes and present there the viral
antigen, which is expressed on their surface
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trough molecules of the MHC complex (Major
histocompatibility complex), to the naive
circulating T lymphocytes. Viral antigens are
recognized by T-cell receptors (TCR) of naive T
lymphocytes, and as a result, their interaction
leads to their sensitization, whereby they are
activated, proliferate, and migrate to the
infection localization. At the infection localization
activated cytotoxic T lymphocytes (CD8+)
produce antiviral cytokines (INF- v, TNF- «, IL-2)
that inhibit viral replication, chemokines (CXCL-
0, 10 and 11) that enhance the chemotaxis of
other effector T lymphocytes and cytotoxic
molecules (perforin, granzyme B) that Kkill
infected cells, thus trying to eliminate the virus.
In addition to classic CD4+ and CD8+
lymphocytes, the so-called unconventional
lymphocytes T (uT) that accumulate in the
mucous membranes, especially of the
respiratory system, are also a part of immune
reaction against the SARS-CoV-2 virus. They
represent a heterogeneous T lymphocytes
group that can recognize non-peptide viral
antigens and are not limited to the presentation
of antigens via the MHC system like the classic
lymphocytes [23]. The humoral immune
response is the most effective and long-lasting
immune mechanism in terms of host defense
against viruses, including the SARS-CoV-2 virus.
It's based on the interaction of naive B
lymphocytes with antigen and CD4+ T
lymphocytes, the ultimate consequence of
which is maturation into plasma cells and the
production of specific antibodies [24]. In the
host's battle with the SARS-CoV-2 virus
antibodies targeted at the RBD domain of the S
protein are the most effective because they
most successfully block the binding of the virus
particle to the ACE2 receptor on the cell surface
[25].

Hyperinflammatory — immune  response  and
cytokine storm in COVID-19 infection

Immune system dysregulation in response to
the presence of the SARS-CoV-2 virus, and not
only the cytopathic effect of the virus, is
responsible for development of more severe
clinical forms of the COVID-19 infection [18].
Hyperinflammatory response is a condition
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resulting from uncontrolled activation of the
immune system, which is primarily manifested
by increased production and release of pro-
inflammatory cytokines, which is known in
clinical practice as a cytokine storm or cytokine
release syndrome. The current focus in the
development of hyperinflammatory syndrome
pertains to dysregulation of the host's innate
immunity response cells in the presence of the
SARS-CoV-2 virus [26]. The basis of this theory is
pyroptosis, the programmed cell death of
infected cells, which is activated during viral
RNA replication. This is why pyroptosis is also
known as an inflammatory form of programmed
cell death. During pyroptosis, various molecules
that can function as stimulators of innate
immunity cells are released [27,28]. Among
theseisIL-1 3, whose high levels are detected in
the serum and bronchoalveolar lavage of
patients suffering from severe forms of COVID-
19 disease [29]. By disruption of infected cells
during pyroptosis parts of viral RNA that act as
PAMP molecules (Pathogen-associated
molecular patterns) and other viral proteins are
released. These are recognized by previously
described PRR receptors of the surrounding
cells and trough the IL-1R signaling pathway
stimulate transcription and production of
proinflammatory cytokines such as IL-6, IL-8, IL-
10, TNF-«, INF-vy, MCP, MIP and others. They
lead to chemotaxis of macrophages and other
effector cells of innate immunity as well as T
lymphocytes  which further enhance the
immune response, cause local damage of cells
and tissues and additionally produce cytokines
resulting in constant amplification and
stimulation of the immune response. Finally,
produced cytokines also enter the circulation
and can cause damage in distant tissues and
organs, which explains the occurrence of
multiorgan failure in critical patients with COVID-
19 [30,31l. The hyperinflammatory state or
cytokine storm is considered one of the main
factors in the development of the most severe
forms of COVID-19 infection, which is acute
respiratory distress syndrome (ARDS) and
associated multiorgan failure [32]. Multiorgan
failure is promoted by activation of endothelial
cells mediated by TNF-« and IL-18, which
brings to increased expression of selectin P,
5

fibrinogen and von Willebrand factor, as well as
induced tissue factor release, which initiates the
coagulation cascade and the formation of clots,
especially at microcirculatory level [33].

Oxidative stress in COVID-19 infection

The production of reactive oxygen species and
oxidative stress is one type of the host response
to the presence of viruses in its cells and is part
of the overall defense against infection, due to
active participation of reactive oxygen species in
elimination of pathogens. Also, several reactive
oxygen species are involved in intercellular and
intracellular signaling pathways of the immune
system cells [34]. There are several assumed
mechanisms of increased reactive oxygen
species concentration in COVID-19 infection.
The general mechanism is based on the renin-
angiotensin-aldosterone system, that is, the
interaction of angiotensin Il and NADPH oxidase.
Angiotensin Il is known as a stimulator of NADPH
oxidase, which generates reactive oxygen
species and  oxidative  stress.  Under
physiological conditions, ACE2 catalyzes the
conversion of angiotensin Il to angiotensin,
which doesn't affect NADPH oxidase, but
moreover, has an antioxidative effect. During the
SARS-CoV-2 virus infection, the availability of
‘free” ACE2 decreases due to its binding to the
virus and/or entry into cells. The result is an
increased concentration of angiotensin Il and
NADPH oxidase stimulation, which causes an
increased production of reactive oxygen species
and oxidative stress [35,36]. Therefore, the
inflammatory reaction intensity and the degree
of innate immune response dysregulation
(excessive activation of monocyte-macrophage
system cells) are proportional to oxidative stress
level, and reactive oxygen species together with
proinflammatory cytokines lead to the cell-
tissue damage present in patients suffering from
severe forms of COVID-19.

Nrf2/HO-1 signaling pathway in  COVID-19
infection

The relation between the hyperinflammatory
state and oxidative stress represents a great
challenge in patients suffering from COVID-19
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infection, especially in terms of discovering
molecular pathways that could potentially be
therapeutic targets and whose modulation
could reduce the inflammatory response and
oxidative stress, essential elements in the
development of severe forms of COVID-19
disease (Figure 1).
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Figure 1. Nrf2/HO-1 signaling pathway in COVID-19
infection

The transcriptional factor Nrf2 (Nuclear factor
erythroid 2-related factor 2, Nrf2) is one of the
most frequently researched molecules in terms
of the cellular anti-inflammatory and antioxidant
response in viral infections. The ability of Nrf2 to
protect cells and induce a rapid anti-
inflammatory and antioxidant response primarily
depends on its constitutive cellular expression,
which can be affected by numerous
endogenous and exogenous factors [37]. The
basic binding site of Nrf2 is the promoter region
of DNA, ARE region (antioxidant response
element), responsible for the transcription of
genes whose products are part of the
antioxidant response [38]. The binding of Nrf2 to
the ARE region leads to the transcription of a
large number of genes encoding various
antioxidant enzymes and other cytoprotective
molecules. These are enzymes that participate
in the metabolism of iron and heme (heme
oxygenase-1), enzymes that participate in the
direct neutralization of reactive oxygen species
(NADPH quinone reductase, superoxide
dismutase, catalase, glutathione peroxidase,
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glutathione transferase), as well as enzymes that
participate in the synthesis and regeneration of
glutathione and NADPH (glutamate cysteine
ligase, glutathione reductase, glucose-6-
phosphate dehydrogenase) [39l. In addition to
the previously discussed effect of Nrf2 by
binding to the ARE region, there are also findings
of its direct anti-inflammatory  effect,
independent of gene expression. Kobayashi et
al. described in their research that Nrf2 can
reduce the expression of pro-inflammatory
cytokines (IL-1, IL-6) in activated macrophages
by directly inhibiting their transcription in the cell
nucleus [40l. Heme oxygenase-1 (HO-1) is
commonly researched enzyme that is produced
as a result of the interaction of Nrf2 and the ARE
region. It is involved in the catabolism of pro-
oxidant heme, which results in numerous
effects, including antioxidant, anti-inflammatory
and anti-apoptotic effects. HO-1 catalyzes the
reaction that breaks down heme and produces
iron (Fe2+), which is stored in the cell in the form
of ferritin, carbon monoxide (CO) and biliverdin.
Biliverdin is quickly converted by biliverdin
reductase into bilirubin, which has higher
electrophilicity than biliverdin and a stronger
antioxidant effect. In addition to heme
degradation products, HO-1 also has direct
beneficial effects that may have certain
implications for the development of the COVID-
19 infection. The antiviral effect of HO-1 is based
on several mechanisms. The basic mechanism
involves an increase in the interferon | level,
which has been proven to be suppressed in cells
infected with the SARS-CoV-2 virus. Interferon |,
in addition to interfering with viral RNA
replication, also enhances the cytolytic effect of
innate immunity cells against cells infected with
the SARS-CoV-2 virus [41]. Studies on animal
models also indicate a direct anti-inflammatory
effect of HO-1 mediated by a reduction in the
production of pro-inflammatory cytokines [42].
Considering the antioxidant, anti-inflammatory
and antiviral effects of Nrf2, its reduced
concentration can result in increased oxidative
stress, enhanced immune response, as well as
faster and uncontrolled virus replication [40,43l.
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Clinical implications of NrF2/HO-1 pathway in
COVID-19 infection, possible therapeutic
approach

Research shows that dysregulation of the
immune system and increased expression of
oxidative stress are essential in the development
of the most severe forms of the COVID-19
infection [26,44], therefore reduced Nrf2 values
result in a worse clinical course and severe
clinical forms of the disease. The key question
research has addressed is the mechanisms of
Nrf2 activation. A possible explanation is that the
Nrf2  expression is mainly affected by
endogenous or exogenous stimulus, and not by
its spontaneous transcription because its
expression is inhibited in basal conditions, which
is why its activation is also one of the cellular
defense mechanisms [45]. Viremia acts as a
direct activator of Nrf2, and it could be expected
that as a result, the serum concentrations of Nrf2
are higher in viral infections [46]. The activation
of Nrf2 results in antiviral activity, some authors
assume that its lower values in viral infections,
especially in severe ones, may also be the result
of a direct viral effect on its reduced expression
in order to insure a smoother replication [38]. The
presence of complications such as bacteriemia
and sepsis can inhibit Nrf2 activation [47-49l. This
is in line with research conducted on patients
with COVID-19 infection [50-52] in which patients
with the most severe form of the disease have
lower Nrf2 values. When analyzing other
exogenous activators of Nrf2, 1,25-dihydroxy
vitamin D should be pointed out in COVID-19
infection. In line with numerous studies lower
values of 1,25-dihydroxy vitamin D are
associated with a worse outcome, a more severe
clinical picture, considering that a lower value of
the vitamin is correlated with reduced Nrf2
activation. As proven in numerous studies, in
patients with COVID-19 infection, Nrf2 is affected
by the oxygen therapy, which leads to increased
oxidative stress and inflammatory response and
has an activating effect on Nrf2 [53-56]. Oxygen
administration is required in severe forms of the
disease, which results in additional oxidative
stress that increases Nrf2 expression. However,
patients with the most severe forms of the
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disease have lower Nrf2 values. One of the
explanations is that the application of
mechanical ventilation ie. longer exposure to
FiO2 results in decreasing in antioxidant and
anti-inflammatory effects, and the period and
expression of Nrf2 [52,57]. Although for now
there is not much clinical research, these have
indicated the correlation of serum HO-1 level
with worse clinical outcomes and clinical
findings [58]. A large amount of evidence,
primarily based on animal models, support the
idea that Nrf2 and HO-1 can provide protection
against oxidative stress as well as inflammatory
and immune responses [59l. Many studies
indicate the importance of Nrf2 and its
equivalents in embryonic development, stress
signaling and aging [60]. Moreover, Nrf2-
dependent genes, such as HO-1 provide a
cytoprotective effect and play a crucial role in
the development of oxidative and aging-related
disorders. A more detailed analysis of
microRNAs involvement in Nrf2/HO-1 regulation
could provide new ideas for the treatment of
many diseases (malignant, autoimmune). The
involvement of Nrf2 in reductive stress in an
animal  model of protein  aggregation
cardiomyopathy indicates the contribution of
this transcriptional regulator of antioxidant
genes in other pathological situations related to
unbalanced redox homeostasis. Due to animal
models, our knowledge of the Nrf2/HO-1
pathway in controlling physiology and disease
progression  advanced  significantly, but
additional  clinical  research  concerning
individual pathological conditions is needed. In
this review, we systematically presented the
immune response as part of the COVID-19
infection. We focused on the development of
anti-inflammatory and antioxidant responses,
with an emphasis on the Nrf2/HO-1 pathway. It
should be emphasized that clinical studies have
been described, the connection with the severity
of the disease, using mechanical ventilation. The
above is intended to encourage future research
to consider a therapeutic approach through Nrf2
activation.
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Conclusion

One of the important features of COVID-19
infection is hyperinflammatory response and
due to it, the role of the Nrf2/HO-1 pathway is
extremely important.  Previous research
proposed many mechanisms that positively or
negatively affect the activation of Nrf2 and HO-
1, as well as their correlation with inflammatory
response markers. All further studies concern
the factors that affect its activation, including the
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