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Abstract

SARS-CoV-2 firstly appeared in 2019 in Wuhan due to an increase of unusual
pneumonias for unknown causes. A lot of research has been done to understand its
behavior but, after two years, there some molecular mechanisms which are still unclear
such as the role of cytokines. For this reason, this review pretends to summarize the role
of cytokines and its immunopathology, as well as the possible treatment to avoid the
cytokines storm (CS) with interferon administration. New therapeutic strategies should
be investigated for the population at risk or for those who do not respond to current
treatment.

Introduction

At the end of 2019, an outbreak caused by a new coronavirus set off alarms in Wuhan.
The new virus was called SARS-CoV-2 and it was discovered due to an increase in
unusual pneumonias of unknown cause in Hubei province, China 2. Its high
transmissibility led the world to a pandemic. Currently, the weekly update published by
the WHO on April 27, 2022, dictates that the total number of cases globally is around
507,184,387 with a total of 6,219,657 deaths . (Table 1). Over the last few years, it has
been demonstrated that the symptoms caused by SARS-CoV-2 resembled those of the
common cold, but in some cases the infection can become more severe and cause from
pneumonia to severe acute respiratory syndrome.

New Change in New Change in

WHO Reagion | €3S in new cases in  Cumulative deaths in new deaths Cumulative
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Table 1. Newly reported and cumulative COVID-19 confirmed cases and deaths, by WHO

SARS-Cov-2 is a positive-stranded RNA virus (+ssRNA), the spike glycoprotein-S
facilitates the entry of the virus into its receptor in humans, ACE2 34, After the entry
through ACE2, the body up-regulates the immune system trying to eliminate the
pathogen, dendritic cells and mononuclear macrophages provoke an acute response by



releasing proinflammatory cytokines such as IL-6, IL-1 or IFN- y. Cytokines cause the
initiation of an adaptive response mediated by T cells and interferon promotes the
elimination of the pathogen through the activity of Natural Killer (NK) cells. However,
recent studies have asserted that a poor initial response to type | and Il interferons is
associated with a more severe disease course >, the failure of the first response causes an
increase in immune activity that is difficult to downregulate, again causing a state of
hyperinflammation or a cytokine storm (CS)®’. Different studies have confirmed that the
levels of cytokines such as IL-2R, IL-6, IL-10 and IFN-y increased significantly during
severe COVID-19 8° Some of the key inflammation signaling pathways are the
interleukin-6/Janus kinase/STAT pathway, the interferon pathway, tumor necrosis factor
a-nuclear factor kappa pathway, the toll-like receptor pathway, etc. These pathways cause
excessive secretion of proinflammatory cytokines’°.

Vaccination against the virus has been a great medical advance in the face of the pandemic
thanks to the protection it offers against symptomatic disease. Different studies
throughout the world corroborate the efficacy of vaccination; For example, a study carried
out in England by the epidemiologist Jamie Lépez Bernal states that the risk of hospital
admission with a single dose of BNT162b2 (Pfizer) decreases by 43% and mortality was
reduced by 51% 1.,

During the following bibliographic search, it is intended to collect information about the
mechanisms of response to infection, as well as the role played by the different cytokines
and the different treatment strategies to avoid the cytokine storm.

Hypothesis and Objective

The hypothesis of this project is to discover the role of cytokine storm by the promotion
and suppression in the immune system during COVID-19 disease.

To achieve this hypothesis, the principal objective is to analyze and collect information
about the role of cytokines in COVID-19 and gather information about different
therapeutic strategies to avoid the cytokine storm. So, refined bibliographical research
will be carried out using PubMed database. The research is aimed to collect information
about SARS-CoV-2 virus and the main role of inflammatory cytokine in the disease.



SARS-CoV-2 Structure and characteristics

Coronaviruses were first described in 1960 as single strand positive RNA virus with a
large genome size equal to 26-32 Kilobase, 29.9 for the SARS-CoV-2. They took corona
name due to the similarity of the virion to a crown when watched under electronic
microscope. There are multiple similarities between coronaviruses in terms of gene
organization or expression, 16 nonstructural proteins, a spike protein (S), the envelope
(E), a membrane (M) and the nucleocapsid (N)2. (Figure 1). A 2020 study showed that
the SARS-CoV-2 virus in addition to sharing 79% of its genome with SARS-CoV also
had similarities in the expressed protein length except for the S protein®. The S protein
in SARS-CoV-2 is 1,273 kilobases long which is different to most of Sarbecoviruses 2.
Furthermore, there is a four amino acid insertion (PRRA) in the junction of S1 and S2
subunits in the spike protein!415°,
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Figure 1 (a) Genome structure of SARS-CoV-2 and other coronaviruses. (b) SARS-CoV-2 spike (S)
glycoprotein. Kadam, S. B., Sukhramani, G. S., Bishnoi, P., Pable, A. A. & Barvkar, V. T. SARS-CoV-2,
the pandemic coronavirus: Molecular and structural insights. Journal of Basic Microbiology

Cell entry and infection

It has been demonstrated that metallocarboxyl peptidase angiotensin receptor 2 or ACE2
acts as a main receptor for the SARS-CoV-2’s spike protein'’!8 . The S protein in the
mature virion is formed by two non-covalently joined subunits, S1 subunit’s function is
to bind ACE2 and S2 anchors the S protein to the membrane, helping the cell fusion®®.
Once the S1 domain recognizes ACE2 a second step is crucial for the infection to be a
success?’: The transmembrane serin protease (TMPRSS2) cleaves the S1/S2 domain
leading to the membrane fusion and infection®2!. However, in virus producer cells the
S1/S2 domain is cleaved by furin®®. If the virus is internalized by the endosomal entry the
TMPRSS2 protease is not available, and Cathepsin L becomes the S2 cleaving
protease!®??223 (Figure 2). Once the fusion is done, a pore is created, and the viral RNA
is introduced in the target cell. The coronaviruses start to replicate and express their large
RNA sequence so the full sequence can be incorporated in the new formed viral particles.
The ORF1a and ORF1b located at the 5° end codify for non-structural proteins such as
replication complex proteins while the ORF located at the 3’ end codify structural




proteins®. Some studies have showed that the new buddied virions travel to endoplasmic
reticulum-Golgi system, so they get released by exocytosis?*. However new studies
evidence that the virions could be release via lysosomal traffic pathway?*2°.
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Figure 2 Jackson CB, Farzan M, Chen B, Choe H. Mechanisms of SARS-CoV-2 entry into cells. Nat Rev
Mol Cell Biol. 2022;23(1):3-20. doi:10.1038/s41580-021-00418-x

Immunopathology of COVID-19: Cytokines and Pathways

When the SARS-CoV-2 infects airway epithelial cells or immune cells through the ACE2
causes the release of damage-associated molecular patterns (DAMP) and inflammatory
cytokines thanks to the immune cells.

However, COVID-19 patients suffer an anormal immunity response with a high
hyperinflammatory innate response and a stressed protective adaptative response?. The
respiratory insufficiency caused by the exacerbated lung inflammation is a consequence
of immune and cytokine disregulation?’. Some studies have shown an increase in
proinflammatory cytokines during severe COVID-19 such as interleukin-1 (IL-1), IL-1,
IL-2, IL-6, IL-7, IL-8, IL-10, IL-12, IL-17, IL-18; monocyte chemoattractant protein 1
(MCP-1)/CCL2 tumor necrosis factor-a (TNF-a) or IFN-y®26-29,

Toll-like receptors and Type | interferon response

The type | interferons such as IFN-o or IFN-B are key factors for the antiviral
immunity?”*, besides regulating the adaptative response, they also regulate the innate
response. Viral recognition promotes the INF production and NFkB pathway: The IFN-I
production is controlled at transcription level, the IFN | gen is inducted thanks to a
cytosolic pathway in which intracellular virus-associated molecular patterns are
recognized®. When the SARS-CoV-2 infects the cell, the viral RNA is recognized by the
pattern recognizing receptors (PRR) such as the toll-like receptors (TLR), retinoic acid-
inducible gen 1 (RIG-1), melanoma differentiation-associated protein (MDADS), protein
kinase C (PKC) or virus-associated molecular patterns®”31-3, The SARS-CoV-2 single
strand RNA is recognized by the TLR7 while the TL3, RIG-1 and MDAJS recognize the
double stranded RNA present in viral replication phase. However, different studies have
showed that IFN | response decreases during COVID-19 disease?®**. (Figure 3). On the



one hand, some studies suggest that the SARS-CoV-2 inhibits the IFN response thanks to
both structural and non-structural components of the virus such as nonstructural protein
1 (NSP1), NSP13, NSP14, the protein M, protein N, open-reading frame 3a (ORF3a)
protein, ORF6 protein or S protein?®27-35-4° Fyrthermore, the fact ORF3b, ORF6, ORFS,
and N proteins of SARS-CoV-2 dysregulate IFN response has been reported by different
studies® 49, On the other hand, the decreased IFN response could be explained due to a
decrease in the number of plasmacytoid dendritic cells during viral infection as they are
the main IFN | producers3*41,
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Figure 3 Hadjadj J, Yatim N, Barnabei L, et al. Impaired type | interferon activity and inflammatory
responses in severe COVID-19 patients. Science. 2020;369(6504):718-724. doi:10.1126/science.abc6027

JAK/STAT signaling And Cytokines

The Janus kinase (JAK)-Signal transducer and activator of transcription (STAT) pathway
is a gene regulation mechanism in which extracellular factors affect the genes expression
thanks to the STAT activation family phosphorylation >*3, When a ligand, such as IL-6,
is bound to a cytokine receptor where a receptor associated JAK is located, JAKs will
start to phosphorylate each other creating a STAT binding site. STATS are cytoplasmatic
transcription factors and they need to be phosphorylated and dimerized before
translocating to the nucleus where they will activate inflammatory cytokines344244,

IL-6/JAK/STAT

As mentioned, IL-6 is a potent inflammatory cytokine capable of activating the
JAK/STAT pathway. IL-6 is firstly produced in monocytes, dendritic cells and
macrophages activates JAK/STAT pathway leading in a STAT3 phosphorilation®44, A
study demonstrated that patients with COVID-19 related pneumonia expressed more
phosphorylated STAT3 in leukocytes compared with healthy controls®.

The IL-6 pathway begins with the union of IL-6 to its receptor IL-6R. On the one hand,
the classic signaling pathway, mediated thanks to the membrane-bound IL-6 receptor
(mIL-6R) and gp 130, generates the IL-6/IL-6R/gp130 complex that activates



JAK/STAT3 and MAPK signaling**. This activation promotes differentiation of
CD8'T, B cells, migration of neutrophils*’ in addition to the differentiation of T CD4
helpers into Th17 cells which produce the inflammatory cytokine 1L-174¢48, Furthermore,
IL-6 showed an inhibition TGF-B-induced Treg differentiation*®°. On the other hand,
in cells without mIL-6R, like endothelial cells, the trans-signaling mechanism activates
gp130 by soluble sIL-6R, that results on a JAK-STAT signal. The IL-6/ sIL-6R complex
can make endothelial cells produce IL-6, IL-8 and MCP-1 in addition to an increase of
intercellular adhesion molecule-1 expression, which leads to leukocyte recruitment®.

Moreover, when SARS-CoV-2 infects the cell binding to ACEZ2, the viral components
provoke the secretion of IL-6 and NFkB from immune cells. The fact the virus binds
ACE?2 leads in a ACE2 downregulation®’. The activation of AT1aR due to an excess of
Ang Il makes the mIL-6R to detach due to ADAM10 and ADAML17, resulting in a slL-
6R conversion. The suppressor of cytokine signaling 3 (SOCS3) can negatively feedback
proinflammatory cytokine pathways but it is suppressed during IL-6 trans mechanism®?
which suggests that SARS-CoV-2 can promote angiotensin Il expression by
downregulating ACE2.

IL-2 and IL-2//IL-2R/JAK/STATS

It has been demonstrated that IL-2 not only plays a key role in regulatory T cell, CD4+,
CD8+ and, NK cells life through JAK/STATS5 pathway but is also capable of inhibiting
the generation of proinflammatory T helper 17 cells®*>*. Some studies have analyzed that
IL-2 levels were increased in severe COVID-19 disease®™. A clinical trial found that
critical COVID-19 patients had low levels of IL-2 in plasma and low expression of IL-
2R in peripheral blood mononuclear cells® in contrast to those with the severe COVID-
19. So, this means that a decrease in I1L-2 plasma levels could be a warning of patient’s
deterioration. So, the reduction of IL-2, IL-2R, JAK1 and STATS could be a consequence
of the lymphopenia during cytokine storm>®.

IFN-y and IFN-y/JAK/STAT pathway

IFN-y is a Type II interferon produced by CD4+ T helper cell type 1 (Thl) lymphocytes,
CD8+ cytotoxic lymphocytes, NK cells, antigen-presenting cells, B cells, etc. In terms of
infection defense, the secretion of IFN-y by NK cells plays an important role activating
macrophages °’. The IFN-y is an important inflammation response participant and its
secretion is mediated by APC cytokines such as IL-12 or IL-18. MIP-1a chemokines
attract NK cells to the inflammation area and the IL-12 makes them produce IFN-y®"8,
Furthermore, the IFN- y can activate antiviral and adaptative immune response through
JAK1/JAK2 what leads in STAT1-IFN-y-activated site (GAS) cascades****®, (Figure 4).

A recent study of the upregulated cytokines during SARS-CoV-2 infection found out that
the inhibition of TNF-o and IFN-y had a protective effect in SARS-CoV-2 related dead,
sepsis, hemophagocytic lymphohistiocytosis (HLH), and cytokine shock®.

HLH is a rapidly progressive systemic inflammatory disorder marked by a large cytokine
production and an extremely high histiocyte and macrophage proliferation. Furthermore,
there is a persistent activation of cytotoxic T lymphocytes and NK cells which results in
a high but with an inefficient proinflammatory TNF-o and IFN-y cytokine secretion 5-64,



Considering that COVID-19 patients have higher serum level of cytokines IFN-y % and
that IFN-y produced by T CD4" cells was reduced during severe disease, the IFN
produced in the severe diseases must come from macrophages®.

A study showed that IFN-y levels were negatively associated with the increase of fibrosis
volume in COVID-19 at discharge. These data suggest that early intervention of anti-viral
infection using IFN-y could be substantial in the inhibition of fibrosis for better functional
recovery®’.
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Figure 4 Li H, Gade P, Xiao W, Kalvakolanu DV. The interferon signaling network and transcription
factor C/EBP-beta. Cell Mol Immunol. 2007;4(6):407-418.

IL-1

IL-1 is a pro-inflammatory cytokine which is produced by innate immune cells like
monocytes and macrophages. One of the main functions is to promote the migration of
immune cells but it also can promote the secretion of secondary inflammatory cytokines,
th17 cell differentiation or activate the NF-xB pathway to stimulate the secretion of I1L-1
itself®. The IL-1p, well known for its IL-1-systemic effect, is firstly expressed as pro-IL-
1B and needs to be cleaved in specific sites for the secretion and biological function. The
cleavage is performed by caspases inside the inflammasome complex. Canonical
inflammasome sensor proteins (NLRP) can respond to specific signals such as pathogen
or danger associates molecular patterns that indicate the infection. Once the signal is
recognized by NLRP the inflammasome protein aggrupation is promoted which leads in
the activation of the caspase that activates the IL-1p%. This canonical activation suggests
that the NLRP3/IL-1p signaling pathway may be involved in hyperinflammation and
cytokine storm. Furthermore, some publications reported that IL-1 receptor blockade
with anakinra is associated with a reduced mortality in sepsis patients with macrophage
activation syndrome®®. Anakinra is a recombinant I1L-1 receptor antagonist that has been



used the treatment of autoimmune diseases®. Nine patients with moderate to severe
COVID-19 pneumonia, used anakinra and showed effectiveness improving clinical and
biological markers™.
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Figure 5 Chen L, Deng H, Cui H, et al. Inflammatory responses and inflammation-associated diseases in
organs. Oncotarget. 2017;9(6):7204-7218. Published 2017 Dec 14. doi:10.18632/oncotarget.23208

TNFa/NF-xB Pathway

The nuclear factor kappa-light-chain-enhancer of activated B cells family (NF-kB family)
consist of five related proteins: p50 (NF-kB1), p52 (NF-kB2), p65 (RelA), RelB and c-
Rel (Rel) *. They form a transcription factor which, through the NF-kB pathway, induces
pro-inflammatory signaling due to its role in inflammatory cytokines, chemokines, and
adhesion molecule related gene expression’?. Moreover, expression of several
inflammatory mediators, for instance, cox-2, inducible nitric oxide synthase (iNOS),
TNF-a, and ILs are regulated through NF-kB "3. Cytokine signals can induce the
phosphorylation, ubiquitination, and degradation of IkB provoking the nuclear
translocation of NF-xB”* where can bind to different promoter regions of several genes
and activate around 400 inflammation related genes’. (Figure 6). One of the main NF-
kB pathway inducers is the TNF-a cytokine’?. TNF-o is a proinflammatory cytokine that
activates the NF-kB canonic pathway through the TNFR1 receptor 27576,

The relationship between TNF-a levels and the COVID-19 pathogenesis is still not clear:
A Dbibliographic research analyzed the correlation between TNF-a, D vitamin and
COVID-19 severity and mortality’’. Despite the elevation of TNF-a due to the SARS-
CoV-2 infection, the differences between the cytokine levels in different patient groups
(mild, severe, and critical) is not clear. Merza et al. reported that the difference in TNF-a
levels where not significantly higher in severe COVID-19 patients compared with non-



severe patients’®. In contrast, a meta-analysis by Mulchandani showed that the difference
between severe and not severe patients TNF-a levels where significantly diferent’. The
TNF-o increment was supported by other studies **8%8, The role of the TNF-a during the
COVID-19 disease needs more observation.
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Figure 6 Hayashi, T. & Faustman, D. A role for NF-xB and the proteasome in autoimmunity. Archivum
Immunologiae et Therapiae Experimentalis 48, 353-365 (2000).

IL-10

IL-10 is a protective anti-inflammatory cytokine that keeps the host protected from
exuberant immune responses. It is expressed by many adaptative immune cells like Thl,
Th2, TH17 and innate response cells such as DC, macrophages, mast cells, NK cells,
eosinophils, and neutrophils®83, The inhibition function starts with the binding of IL-10
to its receptor IL-10R which activates the JAK1-TYK2-STAT3 cascade resulting on a
STATS3 anti-inflammatory response®. (Figure 7). The response occurs due to a STAT3
transcription reprogramming that includes the formation of transcriptional repressors,
chromatin modifiers, and post-transcriptional or post-translational regulators. This
inhibition can inhibit responses such as those induced by PPR8284,

It has been demonstrated that during severe COVID-19, IL-10 levels where significantly
elevated®®. Furthermore, some studies showed the importance of IL-10 and IL-6 as
disease severity predictors®®. The high levels of 1L-10 during severe disease may be a



product of the attempt to inhibit the hyperactivity of the immune system. However, in
front of a hyperinflammatory response and a cytokine storm, the 1L-10 cannot function
properly34,
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Figure 7 Saraiva M, Vieira P, O'Garra A. Biology and therapeutic potential of interleukin-10. J Exp Med.
2020;217(1):e20190418. doi:10.1084/jem.20190418

IL-12

The interleukin 12 is a key cytokine in terms of intracellular infection defense due to its
ability to stimulate not only innate response cells but also adaptative cells®®. The IL-12
secretion by dendritic cells promotes the proliferation of Thl, th17 or NK cells and
consequently promote the IFN-y production in these cells®’. It has been demonstrated that
IL-12 levels were not significantly higher in COVID-19 patients compared with healthy
controls®. In contrast a recent study has reported that IL-10 and 1L-12p50 levels can
predict severity in COVID-19 in patients with comorbidities®. Despite the probability of
progression to severe disease in hypertensive patients with obesity and diabetes was 0.1%
(in absence of increased IL-10 and IL-12 (p70) levels), severe disease probability
increased to 81.5% with levels of these two cytokines exceeding the 90% sensitivity
thresholds®,

Moreover, a recent study has reported that patients with COVID-19 disease can present
neurological manifestations and the study showed that inflammatory neurological disease
was associated to an increase of some interleukins such as 1L-12%°,

IL-17

The IL-17 is a proinflammatory cytokine mainly produced by Th17 cells, NK cells and
type 3 innate lymphoid cells (ILC3)%. The IL-17 can promote the secretion of granulocyte
colony-stimulating factor, chemokines that recruit neutrophils or pro-inflammatory
cytokines such as IL-6 and IL-17 itself®!. In addition, it can also prevent the apoptosis in
acute respiratory distress syndrome (ARDS)%.

Clinical trials reported that during severe COVID-19 hospitalization the IL-17,
granulocyte colony stimulating factor (G-CSF), MCP-1 among others were elevated in



patients®. The breach of the epithelial barrier, the tissue damage and an increased immune
activation increases the magnitude of the IL-17 response® during the infection. In fact,
the Treg/Th17 diminished during severe COVID-19 due to a descension in Treg
cells®®. Furthermore, the Treg/th17 disbalance is associated with systemic inflammation
and acute respiratory distress syndrome (ARDS)*®%. The IL-17 has a key role in
Cytokine Storm due to its ability, among others, to recruit neutrophils34,

Granulocyte-macrophage colony-stimulating factor

The Granulocyte Macrophage Colony Stimulating Factor (GM-CSF) is colony
stimulating growth factor that stimulates the proliferation of neutrophilic granulocytes
and macrophages in the bone marrow®® produced by endothelial, epithelial, fibroblasts
and T lymphocytes cells, among others. GM-CSFR signal pathway starts with the trans-
phosphorylation of Janus Kinase 2 (JAK2)% . In addition to promote cell differentiation,
it has been shown that GM-CSF can activate NF-kB directly through IKK?2 binding or
indirectly through JAK2 activation®’.

During Cytokine storm the GM-CSF stimulate the migration of proinflammatory cytokine
secreting cells what worsens the inflammation®®. The GM-CSF increases during mild and
severe COVID-19 %,

Immunopathology of COVID-19: Cytokine Storm

The cytokines are key mediators in terms of immune response because of their ability to
mediate cellular survival, inflammation, coagulation, among other functions. However,
an imbalance in the immune response that cause an excessive secretion of cytokines can
be harmful due to the hyperinflammation state named CS*. CS is characterized by
elevated levels of inflammatory cytokines, in particular IL-6, and a NK/CD8 cell cytolytic
function decrease. The cytolytic cells cannot lyse infected cells what results in a pro-
inflammatory perpetuated cascade.

Cytokine Storm and Cells (Dendritic Cells, endothelial cells and
macrophages)

During the immune response different cells participate in cytokine secretions: Dendritic
cells (DC) present antigens to T cells during infection. Hermans et al. reported that
cytotoxic T cells can eliminate charged DC as a negative feedback mechanism®* without
been affected by IFN-y. Patients with HLH are not able to eliminate DC due to the
malfunction of cytolytic cells, provoking a persistent antigen presentation and
consequently, a cytokine overproduction. HLH is a very rare disease, however, severe
COVID-19 patients can fulfill the HLH diagnosing criteria. An increase in HLH patients
have been notified suggesting that SARS-CoV-2 could produce type 2 HLH. More
attention needs to be paid in severe COVID-19 associated HLH21%3,

Endothelial cells can also contribute to the hyperinflammatory state through endothelial
activation (EC). EC refers to the interaction between cells of the immune system
(macrophages and leukocytes) and endothelial cells. Car-T therapy patients who died of
cytokine storm syndrome showed that endothelial cells were contributing on the IL-6
secretion® allowing to suggest that during COVID-19 CS endothelial cells play a key
role contributing on the inflammatory molecule secretions®>1%,



Different studies have shown that macrophages produce inflammatory cytokines such as
TNFa or IL-6 during inflammatory diseases'®. During COVID-19 macrophages are
uncontrollably activated what leads into a macrophage activation syndrome (MAS)
responsible of ARDS17, Moreover, in patients with severe COVID-19 disease, the
percentage of mononuclear phagocytes in bronchoalveolar lavage fluid was 80%. In
contrast, those patients with mild COVID-19 had 60% of mononuclear phagocytes*®.

Mechanism of Cytokine Storm in COVID-19

The cytokine storm provoked by Sars-CoV-2 differs of CS in other pathologies. One of
the most remarkable clinic reports demonstrated a destruction of lymphoid tissue and the
malfunction of different organs'®. When SARS-CoV-2 infects an alveolar epithelial cell
or an endothelial cell through the ACE2, the virus starts its cycle, replicating and
consequently destroying the cells. The stress or destruction of the cells create signals that
stimulate the immune response by activating macrophages, mastocytes, DC, NK, humoral
mechanisms like the complement system as well as the secretion of inflammatory
cytokines'®, The infection promotes a reduced expression of ACE2 while the ACE
expression is not affected>'!! causing an ACE/ACE?2 imbalance. After MERS-CoV and
SARS-CoV infections different studies reported that the catalytic activity of ACE2
protects lungs from acute lung injury'*-114. Consequently, the reduction of the ACE2
protective function contribute the hyperinflammation state and necrosis'3. In addition,
the Ang Il upregulates due to the ACE2 repression and overstimulates pulmonary
angiotensin 11 type-1 receptor (AT1R)%2'°, As mentioned, the overactivation of AT1R
promotes an sIL-6R augment after detaching mIL-6R by ADAM10 and ADAM17. sIL-
6R is also produced in cells without mIL-6R, like endothelial cells. sIL-6R/IL-6 complex
activates the JAK/STAT proinflammatory trans-signaling pathways which lacks
SOCS3%, (Figure 8). The absence of the negative feedback leads to an amplification cycle
of IL-6 secretion that, simultaneously will promote the secretion of IL-6 interleukin itself
or IFN-y among others®2>116, Furthermore, Ang Il can bind the NF-kB and promote the
transcription of more inflammatory cytokines®?’. The ACE2 function in the
transformation of Ang Il into Ang (1-7) is crucial: Ang (1-7) has been reported to oppose
the harmful effects of Ang II/AT1R axis by binding to G-coupled receptor MAS or to
AT2RM8,
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Additionally, while the SARS-CoV-2 infect and destroy cells, PAMPs and DAMPs start
to appear in the damaged areas. The PAMPs and DAMPs are recognized by PRRs such
as TLRs''°. The SARS-CoV-2 single strand RNA is recognized by the TLR7 while the
TL3, RIG-1 and MDAJS recognize the double stranded RNA, present in viral replication
phase?® what promotes the INF I secretion and NFxB pathway'?®. The TLR ligands
promote a fast phosphorylation of IkB proteins and the polyubiquitination and
degradation by the 26S proteasome, allowing NF«kB factor’s nuclear translocation and
promoting the secretion of inflammatory cytokines like TNF-a, IL-6 and chemokines!?,
In addition, IL-6, firstly produced in monocytes, dendritic cells and macrophages,
activates JAK/STAT pathway leading in a STAT3 phosphorilation®*#* what results on a
differentiation of T CD4 helpers into Th17 cells that produce 1L-174¢8, So, the increased
secretion of IL-6 and its cyclic amplification is a key trigger in cytokine storm. Indeed,
clinical trials have reported an increased IL-6 in severe COVID-19 patients >, The
cyclic inflammation environments added to secretion of chemokines keep attracting
lymphocytes, macrophages, neutrophils, NK and basophils to damaged and infected
tissues, keeping the inflammatory state upregulated with more cytokine secretions®?. In
this inflammatory environment, the differentiation of the regulatory T cells (Treg) that
control the immune homeostasis is decreased. In fact, an excess of IL-6 can inhibit TGF-
B-induced Treg differentiation®3122,

As mentioned, IFN have a key role in the antiviral immunity?’° because besides
stimulating cells and NF«xB, they can block virus replication at many levels 2. However,
low levels of Type | interferon were found in severe COVID-19 patients >, Some
studies suggest that the Sars-CoV-2 inhibits the IFN response thanks to both structural



and non-structural components of the virus such as (NSP1), NSP13, NSP14, the protein
M, protein N, open-reading frame 3a (ORF3a) protein, ORF6 protein or S protein2627:35-
40 Other studies demonstrated that a decreased IFN response could be explained due to a
reduction in the number of the main IFN I producers, pDC3*1, In fact, the inefficient or
retarded IFN response is associated with hyperinflammation driven by NF-«B and lower
viral clearance!?*. Moreover, upregulated gens in patients with severe disease belong to
NF-kB. The NF-xB malfunction may come from an excessive PAMPs and DAPMS
activation according to some studies*?* and it was observed that nucleic acid containing
DAMP/PAMPs were elevated in ICU COVID-19 patients'?.

The hyperinflammation also promotes the secretion of anti-inflammatory cytokines such
as IL-10 to attempt to control the response. IL-10 levels were elevated in severe COVID-
19 patients®>®, The high levels of 1L-10 during severe disease may be a product of the
attempt to inhibit the hyperactivity of the immune system. However, during cytokine
storm, the IL-10 cannot function properly3. It has been remarked the importance of IL-
10 and IL-6 as disease severity predictors®.

Leukopenia, Lymphopenia and Neutrophilia.

Referring to cell counts, in 85 fatal disease cases lymphopenia, thrombopenia monocytes,
eosinophils, and low basophils frequencies but an elevation on the neutrophil count was
reported*?®. Before the patient deterioration due to the CS exposure, CD4+ T cells
differentiate into T-helper 1 (Th1) cells and produce GM-CSF. GM-CSF activate
CD14+ and CD16+ inflammatory monocytes and recruit macrophages, which produce
more IL-6°. Huang, Chaolin et al. also reported that blood counts of patients on
admission showed leucopenia in 10 [25%] of 40 patients and lymphopenia in 26 [63%]
patients?’. The neutrophilia is suggested to be a direct consequence of cytokine storm
and hyperinflammatory atmosphere?8, An article hypothesized that lymphopenia could
be a result of lymphocyte infiltrations or sequestration in lung or other tissues; Sars-CoV-
2 direct infection of lymphocytes or an excess production of IL-6. In fact, the over-
secretion of inflammatory cytokines and chemokines can chemoattract monocytes and
neutrophiles to infected tissues and provoke the infiltration of inflammatory cells'®.
However, surviving patients restored gradually the cell accounts, meaning that there is a
dysregulation of the adaptative response during severe COVID-19115129,

Cytokine Storm (CS) Treatment

CS during severe COVID-19 is relatively common and an anti-inflammatory therapy
during the disease is the key to avoid and prevent tissue damage. There is a large variety
of anti-inflammatory agents such as glucocorticoids, immunosuppressors or
inflammatory cytokine target antagonists *°. Although cytokine blocking therapies have
been demonstrated to be a success in diseases like HLH, they cannot be used as a general
therapy. Cytokine blocking is a good therapeutic option when a specific cytokine has a
key role in the CS®.



Pathway inhibitors
JAK Inhibitor (JAKI)

Proinflammatory cytokine secretion has been associated with JAK/STAT pathway in
previous sections, meaning that the JAK-STAT inhibition could play a beneficious role
avoiding hyperinflammatory state.'®!. The JAKi are biological agents that bind to the ATP
catalytic sites™°. Different JAKi can be used during severe disease:

Baricitinib is a JAK1 and JAK2 inhibitor firstly proposed in 2020 as a therapeutic option
in acute respiratory disease!®2. Baricitinib has previously been approved in other
inflammatory diseases such as rheumatoid arthritis (RA)%,

A study that treated a group of 20 patients with baricitinib demonstrated that a remarkable
reduction in serum levels of IL-6, IL-1p and TNFa. Moreover, a rapid recovery of
circulating T and B cell frequencies, and increased antibody production against the
SARS-CoV-2 spike protein were also reported, which was clinically associated with a
reduction in the need for oxygen therapy**. Fabrizio Cantini, Laura Niccoli et al. reported
that baricitinib reduces cytokine release and SARS-Co-V2 entrance, COVID-19 mortality
rate and ICU admissions of pneumonia. The use of the drug for 2 weeks had not adverse
effects'®. In addition, baricitinib can inhibit both AP2 associated protein kinase (AAK1)
and cyclin G-protein associated kinase (GAK) which regulate the mechanism for clathrin-
dependent viral endocytosis’. (Figure 9).

The WHO strongly recommends baricitinib or an IL-6 inhibitor in severe patients in
combination of corticosteroids, it is suggested a daily 3mg oral administration of the drug
until hospital discharge®*®'3’. However, the evidence has limited efficacy against
Omicron BA1 variant*3,
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Tofacitinib is a JAK1, JAK2, and JAKS3 inhibitor that has been approved in RA. Its
efficacy has been tested on decreasing CRP and ESR in RA but it was not able to inhibit
AAK1’. A study reported that randomized, double-blind, placebo-controlled trial
involving hospitalized patients with COVID-19 pneumonia, tofacitinib was superior to
placebo in reducing the incidence of death or respiratory failure through day
28138139 Moreover, the study demonstrated that tofacitinib was not associated to
secondary infections or thromboembolic events. The addition of standard care treatments
like glucocorticoids to tofacitinib decrease the risk of clinical events among COVID-19
related pneumonia patients compared with the placebo 313 For that reason, the reports
suggested that tofacitinib could replace baricitinib due to its ability on decreasing the risk
of clinical events among COVID-19 related pneumonia patients compared with the
placebo 813 However, it is not able to inhibit AAK1’ so its use should be limited to
replace baracitinib.

Ruxolitinib is a JAK1 and JAK2 inhibitor mostly used in hematological patients with
diseases like Myeloproliferative neoplasms (MN), Myelofibrosis (MF), or Polycythemia
vera (PV)'L, Despite being a promising compound during 2020, a small non-randomized
series!?, Ruxolitinib did not get the primary endpoint in larger studies in phase 111144142,
The first study, named RUXCOVID (n=432) (NCT04362137), could not demonstrate a
decrease in death, respiratory failure, or ICU admission by day 29 compared to those
patients with standard care!*?. The second study, named RUXCOVID-DEVENT, did not
find statically significant improvement on mortality rate through day 29 comparing it to
the placebo group.

Studies have reported that inhibitors like baricitinib, tofacitinib or ruxolitinib have similar
affinities towards JAK but baricitinib seems to be the only compound with a good affinity
towards AAK1*°1*3 The “Hospitalized Adults: Therapeutic Management | COVID-19
Treatment Guidelines”*¥" (The panel) does not recommend using JAKi other than
baricicinib or Tofacitinib. The ACTT-2 trial reported that baricitinib given in combination
with remdesivir to severe patients with COVID-19 who require supplemental oxygen, but
not mechanical ventilation, had positive effects in terms of recovery#414°,

Remdesivir is a nucleotide adenosine analog that binds to the viral RNA-dependent RNA
polymerase and inhibits viral replication by terminating RNA transcription
prematurely’®. Nevertheless, the WHO does not reccomend ruxolitinib and tofacitinib in
patients with severe or critical COVID-19'%. The WHO reported an incremental benefit
for patients receiving baricitinib and IL-6 receptor blockers together, rather than either
drug individually ¥’

Bruton’s Tyrosine Kinase Inhibitors (BTKi)

BTK is an B cell antigen receptor and cytokine receptor pathway molecule. BTKi such
as Acalabrutinib, Ibrutinib or Zanubrutinib have been previously used to treat B cell
malignancies like leukemia. However, the panel recommends against the use of BTKi 1%,
The clinical trials do not allow to suggest clinical benefits using Acalabrutinib and
Ibrutinib due to the study’s small sample size and lack of a control group*®14°. Moreover,
there are not clinical reports of using Zanubrutinib as COVID-19 treatment®’.



Interleukin Inhibitors
IL-1 inhibitor

The studies have shown the key modulator in both systemic and local inflammation is IL-
1. IL-1 can perpetuate the inflammation pathway activation by promoting its own
secretion itself. Epithelial damage produces the release of IL-1a that recruit neutrophils
and monocytes promoting IL-1p secretion in monocyte/macrophages. The SARS-CoV-2
will induce pro-IL-1p which in turn will induce more IL-1 recruiting and activating innate
immune cells in a loop. (Figure 10). However, the loop of autoinflammation can be
broken thanks to a recombinant IL-1R antagonist called Anakinra *°. Studies have
reported a safe way to block the IL-1 signaling with Anakinra leading on the block of the
NF-«B-mediated upregulation of cytokines like IL- "*°* . Kyriazopoulou, Evdoxia et al.
demonstrated that the 22.3% of patients treated with anakinra and the 59.2% of the
comparators progressed into severe respiratory failure. Moreover,30-day mortality was
11.5% and 22.3% respectively. Anakinra was associated with decrease in circulating
interleukin IL—6 and sIL2-R*°L,

Furthermore, a study tested a high dose of anakinra treatment and reported that at 21 days
treatment with high-dose, anakinra was associated with reductions in serum C-reactive
protein (CRP) and progressive improvements in respiratory function in 72% of the
patients'®?,
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Blocking IL-1p secretion with IL-1p antagonist canakinumab is an option. A study
demonstrated that canakinumab reduced systemic inflammation and improved
oxygenation in inflamed patients without mechanic ventilation>3. The results suggested
that canakinumab could help in inflammation control in mild to severe patients. However,
COVID-19 treatment guidelines do not recommend it for or against IL-1 blockers such
as anakinra and canakinumab because there is insufficient evidence.



IL-17 inhibition

IL-17 is an inflammatory cytokine which has an important role in cytokine storm because
it acts upstream in IL-6 and IL-1 pathway and promotes the neutrophil recruitment”S2, It
has been demonstrated that blocking IL-17 and IL-17R inhibits the Th-17 response!®*.
However, IL-17 blockers are just approved as a psoriasis treatment. Ecukinumab,
Ixekizumab, and brodalumab are anti IL-17 inhibitors currently approved for the
treatment of moderate-to-severe psoriasis'®. Furthermore, a retrospective, observational,
multicenter clinical trial from Italy (n=5206) of patients with psoriasis who have been
prescribed with IL-17 inhibitors showed that only four patients were hospitalized, and no
deaths occurred®®. Despite the good-looking results, more investigation on CS treatments
with IL-17 is needed to study the effects in healthy/comorbidity population.

IL-12 inhibition

IL-12 has been studied as a possible target on CS treating. Ustekinumab is a monoclonal
antibody that binds to p50 subunit of IL-12%7 making it unrecognizable for the IL-12R.
However, side effects like nasopharyngitis or respiratory infections have been described
in patients treated with Ustekinumab®®®,

TNF-o Inhibition

Different studies have reported the blocking of TNF-a could be a key treatment of CS
due to its role in proinflammatory cytokine secretion'®>!®, Duret, Pierre-Marie et al.
reported in 2020 a case in which an immunocompromised 60 years old (not vaccinated)
man recovered from the COVID-19. The patient was treated with etanercept (TNF-a
inhibitor) and methotrexate due to his spondylarthritis. The patient did not develop ARDS
and had no UCI need?®,

Infliximab has been also tested as a possible TNF-a blocker in COVID-19 disease. A
study reported that namilumab (GM-CSF inhibitor), but not infliximab, showed a
reduction in inflammation in hospitalized patients with COVID-19 pneumonia®®®.

The positive results obtained by these authors *%° suggested a positive effect on etanercept
in immunosuppressed people, but more investigation is needed with larger population
trials including healthy, vaccinated and comorbidity suffering volunteers to see the
potential of the drug.

IL-6 Inhibition

As mentioned, IL-6 looks like one of the main CS triggers when binding to IL-6R. So,
several IL-6 and IL-6R inhibiting drugs such as tocilizumab or siltuximab have been
proposed8162,

Tocilizumab (TCZ) is a humanized anti-1L-6 receptor antibody that have been used in
RA or CAR-T CS and now in COVID-CS’. The large, randomized trial “RECOVERY”
(ClinicalTrials.gov NCT04381936) indicated that TCZ was effective in COVID-19
treatment in hospitalized patients who had hypoxia and evidence of inflammation (CRP
>75 mg/L). Hypoxic and inflamed patients, treated with a combination of a systemic
corticosteroid plus TCZ can reduce mortality by about one-third Moreover, TCZ



improved survival and the chances of discharge from hospital by 28 days®. Other studies
had similar results, critically ill patients with Covid-19 in ICUs, treatment with TCZ and
sarilumab improved outcomes, including survival*®* (REMAP-CAP ClinicalTrials.gov
number, NCT02735707). However, some studies reported that TCZ treatment did not
significantly ameliorate the clinical status or did not show lower mortality than placebo
at 28 days!®. The RECOVERY ’s strengths included randomized, large sample size, and
included patients requiring various amounts of respiratory support in contrast to smaller
trials that did not find significant decrease in mortality 1%5-171, It also had four times more
information than all the previous trials combined %171,

According to “Hospitalized Adults: Therapeutic Management | COVID-19 Treatment
Guidelines” an IL-6 receptor inhibitor called Sarilumab can be used instead of TCZ*¥"172,
As mentioned, the REMAP-CAP trial reported that in patients with severe disease, TCZ
and sarilumab are improving similarly the survival.

The combination of sarilumab with dexamethasone reduced in-hospital mortality, shorter
time to ICU discharge, and more organ support-free days®*’.

The panel recommends the use of TCZ or Sarilumab and recommends against the use of
siltuximab due to the limited data on the efficacy of the drug in COVID-19 patients, a
study reported that respiratory failure requiring ventilatory support patients may benefit
from siltuximab but more investigation in requiered®”.

IFN treatment

IFN are cytokines which play a key role in antiviral and inflammation responses. Most
of interferon treatments were proposed in early 2020s before the use of remdesivir and
corticosteroids.

The interferon B-1a has been approved by the FDA for Hepatitis B and C treatments it
has been tested as a COVID-19 treatment. A double-blind, randomized, placebo-
controlled, phase 3 trial tested interferon (3-1a plus remdesivir compared with remdesivir
alone in hospitalized patients. The clinical trial concluded that the combined tretament
was not superior to remdesivir alone in hospitalized patients with COVID-19
pneumonial’* ¥,

Interferon vy is the primary activator of macrophages. It has been found a significant
reduction in CD4+ T cell count and consequently a reduction in IFN-y expression in
severe cases®®. A study found out that, before the patient deterioration, the inhibition of
TNF-a and IFN-y had a protective effect in Sars-CoV-2 related dead, sepsis, HLH, and
cytokine shock®. In contrast, some studies have reported positive results using IFN-y
treatments: a clinical trial reported that adding recombinant IFN-y to the complex therapy
in moderate COVID-19 pneumonia patients resulted in stabilization of vital signs, and
reduced length of fever and hospital stay by 2 days. The results suggested a positive effect
of recombinant IFN-y in moderate COVID-19 patients!”™ . The results were limited to a
small number of patients. What is more, Nguyen, Lee S et al. observed that patients with
COVID-19-related pneumonia had decreased MHC class 1l cell surface receptor (mHLA-
DR) expression. The decrease in mHLA-DR expression is associated with the
development of severe respiratory failure. 1FN-y treatment led to a fast increase in HLA-
DR monocyte expression except in one patient who died from septic shock'’®. However,



the results were limited to six patients and the authors remark that the study just showed
exploratory results. Moreover, an observational study concluded that nasal IFN-y had a
potential positive preventive effect on Acute Respiratory Viral Infection like COVID-19
in healthy volunteers'’’.

The interferon A (IFN-A) reduces the mononuclear macrophage-mediated
proinflammatory activity of IFN-af’®. In addition, IFN-A inhibits the recruitment of
neutrophils to the site of infection and promote antiviral gene expression without over-
stimulating the immune system. IFN-A accelerated viral decline and increased the viral
clearance by day 7, in patients with high viral load. IFN A has potential to prevent clinical
deterioration and shorten duration of viral shedding®’®. However, IFN-A is not currently
approved by the FDA for any use.

Most of the IFN trials have tested and compared the drug in combination to other agents,
so, larger IFN alone testing is required to prove their efficacy.

Corticosteroids

SARS-CoV-2 infection can lead to a hyperinflammatory state, in which the anti-
inflammatory properties of corticoids are effective therapeutic option®®. The WHO
strongly recommends the use of systemic corticosteroids in patients with severe or critical
COVID-19, but they are not recommended against the use of them in patients with
moderate disease!*’. The RECOVERY trial studied the effects of oral or intravenous
corticoid dexamethasone administration in hospitalized COVID-19 patients. The results
showed a decrease in 28-day mortality among those who were receiving invasive
mechanical ventilation or oxygen. However, dexamethasone had no benefits in patients
without respiratory support!®’. In addition, COVID-19 Dexamethasone (CoDEX)
randomized clinical trial showed that intravenous dexamethasone administration plus
standard care, in moderate to severe COVID-ARDS patients, had significant effects
increasing the number of ventilator-free days'®2.

Methylprednisolone has been tested in clinical trials. A multivariate analysis from 175
patients with severe COVID-19 patients showed that it had a protective effect in disease
progression from severe to critical illness in those patients younger than 65 years*®3. An
individual randomized controlled trial metanalysis showed that, low dose administration
of methylprednisolone had no mortality benefits compared to treated patients with
control. However, the only trial that administered high doses of methylprednisolone
indicated a statistically significant mortality benefit®*. The use of methylprednisolone is
supported by the panel. Other glucocorticoids example such as prednisone,
methylprednisolone, hydrocortisone can be used when dexamethasone is not available,
despite having less effect evidence than dexamethasone.

Despite having adverse effects like hyperglycemia, neuropsychiatric symptoms,
secondary infections,37*8 ¥corticoids are safe drugs in short-term use. There is not
enough evidence to recommend corticosteroids on mild or not hospitalized patients, but
more studies are needed for treating mild COVID-19 with corticosteroids.



Chloroquine and hydroxychloroquine

Chloroquine and hydroxychloroquine are antivirals drugs that increase the endosomal pH
inhibiting the fusion between the virus and the cells. It was first developed as antimalarial
agent, but recently it has been tested as a SARS-CoV-2 preventing and treating drug*®®.
However, WHO and the panel strongly do not recommend the use of chloroquine,
hydroxychloroquine, or azithromycin, the RECOVERY clinical trial showed that among
patients without invasive mechanical ventilation, those treated with the chloroquine and
hydroxychloroquine had more chance to require intubation or to die during
hospitalization compared to patients with standard care'8®. In addition, cardiac side effects
such as QTc prolongation, ventricular arrythmia, and cardiac deaths were reported*®’.

Colchicine

Colchicine is an anti-inflammatory agent that irreversibly intercalates into free o/ tubulin
dimers blocking their extension®®. It has been previously used in gout, recurrent
pericarditis, and familial Mediterranean fever'®18° The RECOVERY reported that
hospitalized adults with COVID-19, colchicine did not reduce the 28-day mortality,
duration of hospital stay, or risk of progressing to invasive mechanical ventilation or
death®®°. In addition, colchicine in non-hospitalized adults is not recommended, a clinical
trial named as PRINCIPLE showed no benefit of colchicine, and a larger trial called
COLCORONA was not able to reach primary endpoint!®%:1%2,



Discussion: Should we stimulate or inhibit immune response?

This bibliographic research makes an overview of inflammation mechanisms during
SARS-CoV-2 infection hypothesizing if the stimulation of immunomodulators could
benefit the immune response in early infection stages before a cytokine storm syndrome.
Both stimulating and suppressing immunomodulators have been studied.

The SARS-CoV-2 pandemic has showed a wide heterogeneity from asymptomatic
patients until severe COVID-19 patients %, Hopefully, the vaccination has drastically
reduced the severe disease patients, for the two-dose regimens of mMRNA vaccines
BNT162b2 vaccine effectiveness against COVID-19 was 94.5% (95% confidence
interval) 2 months after the first dose and decreased to 66.6% at 7 months®®4. It is hard
to predict the severity of the COVID-19 for applying the reviewed therapies, however,
some studies were aimed to predict and classify risk factors associated to a serious
prognosis. A study reported that smoking male patients over 65 might face a greater risk
of developing critical or mortal disease and some comorbidities such as hypertension,
diabetes, cardiovascular disease, and respiratory diseases, which can affect the COVID-
19 severity'®®. Various genetic factors may also affect the prognosis of COVID-19; for
example, the phenotypes of HLA-B *46:01 and HLA-B*15:03'%, So, vaccinated people
in age of risk, immunosuppressed, or have high probabilities of suffering comorbidities
should receive targeted interventions like additional primary and booster vaccine doses
as well as approved immunomodulators.

Suppressing immunomodulators are being used in severe COVID-19 cases but, could an
immune stimulation prevent or treat the disease?

The main concern is that the administration of anti-inflammatory agents in an early stage
of infection can lead to a deficient viral clearance and the blocking of inflammatory
pathways like the IFN-pathway can lead to a CS '*’. However, the stimulation of the
immune system in risk but not immunosuppressed people during first stages of infection
is not clearly tested %7

IFN have a key role in the antiviral immunity?’=° due to their ability to block virus
replication at many levels *23. In fact, the inefficient or retarded IFN response is associated
with hyperinflammation driven by NF-kB and lower viral clearance!?*. Reviewed articles
demonstrated the impaired IFN activity and its relationship with COVID-19 severity®.

The vaccine against COVID-19 is the best way to prevent severe disease'®, however,
IFN vy has been tested as a preventive drug in an observational prospective study. The
study concluded that nasal IFN y has a preventive effect on Acute Respiratory Viral
Infection like COVID-19 in healthy volunteers!’’. However, the study used healthy
volunteers, so more research is required for the possible application of preventive nasal
IFN-vy in risk population. Hu, Zhong-Jie et al. showed that lower circulating IFN-y was a
risk factor in COVID-19 patients suggesting that early intervention of anti-viral infection
using IFN-y could benefit patients®’.

Baricitinib can inhibit the mechanism for clathrin-dependent viral endocytosis’. For the
moment, the unique alternative as a preventive option for people who are in risk of
inadequate immune response to vaccination is the administration of both Tixagevimab



and cilgavimab anti-SARS-CoV-2 mAbs. However, the mAbs can only be administrated
before the infection®®8,

The previous results suggest IFN-y plus baricitinb as an alternative to prevent SARS-
CoV-2 cell entry and replication. Nevertheless, JAK1 and JAK2 are inhibited by
baricitinib meaning that IFN-y antiviral response would be annulled. The mAbs have been
used in immunosuppressed patients, so a possible synergy between
Tixagevimab/cilgavimab and IFN-y needs more investigation. More trials are needed to
test IFN vy alone or plus Tixagevimab/cilgavimab not only in healthy people but also in
population at risk.

In terms of severe disease treatment, clinical trials have also tested different cytokines.
On the one hand, a clinical trial showed that adding recombinant IFN-y to the complex
therapy in moderate COVID-19 pneumonia patients resulted in stabilization of vital signs,
and reduced length of fever 1>, Furthermore, as mentioned Nguyen, Lee S et al. observed
that patients with COVID-19-related pneumonia had decreased mHLA-DR expression
levels. This expression decrease is associated with severe respiratory failure. IFN-y has
been shown to induce HLA-DR expression on human malignant melanoma cells lines
suggesting that IFN-y could not only be beneficial in early stages of the disease but also
in severe cases. IFN seem to have positive results, however, more investigation is needed
due to study reports saying that IFN therapies had little or no effect on hospitalized
patients 1%, Additionally, it seems that the inhibition of the TNF-a and IFN-y synergy had
a protective effect in SARS-CoV-2 related dead or cytokine shock®’.

Most of upregulated cytokines in COVID-19 disease promote strong inflammatory levels
related with patient deterioration. The IL-10 is an anti-inflammatory cytokine which
protects from exuberant immune responses. The signaling involves induction of a SHIP1-
STAT3 complex, which translocate to the nucleus resulting in the inhibition of
macrophage activation®, However, IL-10 administration does not seem to be a
therapeutic option because its high expression can predict poor outcomes in COVID-19
patients. The IL-10 “resistance” in COVID-19 suggest that small SHIP1 agonist
molecules could be a therapeutic option, but more investigation is required.

Cytokine such as IL-6 or IL-17 are upregulated during the severe disease and play a key
role in the hyperinflammation. This suggest that therapies aimed to promote the immune
system with IL-6 or IL-17 are recommended against because they may accelerate patient
deterioration.

Current Patient Management Based on Severity

The best way of avoiding the severe disease is the vaccination. However, the risk of
developing severe disease is not null. The most efficient way of combating severe disease
is the anti-inflammatory treatment initiated at the right moment. It should be tailored in
individual patient to achieve the most favorable effects?®. (Figure 11).

Non-Hospitalized patients

Adults with COVID-19 in an ambulatory care setting SARS-CoV-2 targeting therapies
like ritonavir-boosted nirmatrelvir and remdesivir should be prioritized?’?. Risk patients
may require additional prophylactic therapies. The management should consider patient’s



vital signs, physical exam findings and risk factors. For the moment, in patients with no
signs of venous thromboembolism, a prophylactic heparin dose is strongly suggested.

Hospitalized patients

Patients not requiring supplemental oxygen (PnRSO): According to the RECOVERY
trial dexamethasone is not recommended for PNRSO because it had no benefits in patients
without respiratory support'® and there is insufficient evidence of recommending for or
against remdesivir in PnNRSO?°%, The proposed IFN-y treatments could be determinant of
patient recovery or deterioration suggesting that more investigation is needed to avoid
PnRSO deterioration.

PRSO without high flow device: For patients with a low need of oxygen, remdesivir or
remdesivir plus dexamethasone have positive results. The CoDEX randomized clinical
trial showed that dexamethasone plus standard care had significant effects increasing the
number of ventilator-free days'®?. For those with an increasing oxygen need
dexamethasone can be administrated with baricitinib (JAKi) or tocilizumab*®®. In case
dexamethasone is not available glucocorticoids like methylprednisolone can be used but
there is weaker evidence 84,

Patients Who Require Oxygen Through a High-Flow Device or Noninvasive
Ventilation: For patients with high flow device dexamethasone plus remdesivir is highly
recommended, there are reports demonstrating that remdesivir/dexamethasone group
compared to dexamethasone alone had a reduction in hospitalization days and fast
improvements in respiratory function and inflammatory markers?®*. For those with an
increasing oxygen need dexamethasone can also be administrated with baricitinib (JAKI)
or TCZ.

Patients Who Require Mechanical Ventilation or Extracorporeal Membrane
Oxygenation: In critical patients, dexamethasone in addition to TCZ is the strongest way
of fighting the disease. TCZ can be replaced by sarilumab, REMAP-CAP trial reported
that in critical patients, TCZ and sarilumab are improving similarly the survival.

The figure 10 summarizes the therapeutic management of adults hospitalized for COVID-
19 based on disease severity.
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Figure 11 Hospitalized Adults: Therapeutic Management | COVID-19 Treatment Guidelines.
https://www.covid19treatmentguidelines.nih.gov/management/clinical-management/hospitalized-adults--
therapeutic-management/hospitalized-adults-figure/
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Conclusion

The results suggest that vaccination is the most appropriate treatment to prevent severe
COVID-19. Nasal IFN-y administration needs more study as a COVID-19 infection
preventive drug since it has only been tested in healthy volunteers and the aim of this
therapy should be focus on risk population. IFNs are the first cytokines in the antiviral
response, however they can be inhibited by the SARS-CoV-2 proteins or by a decrease
in pDC. The objective of this bibliographical research was to demonstrate how the
immune system stimulation in the first stages of the disease plays a key role in the
elimination of SARS-CoV-2 virus before patient deterioration. The literature suggests
that IFN-y administration could prevent the disease, however, clinical trials are necessary
to achieve some evidence.

There are some studies that reported a reduction in circulating IFN-y is associated with
lung fibrosis. Moreover, it has been reported that a decreased in mHLA-DR expression is
associated with severe respiratory failure. Adding recombinant IFN-y to the complex
therapy in moderate COVID-19 pneumonia patients resulted in stabilization of vital signs
and was able to promote a fast increase in HLA-DR monocyte expression®” 1> The
research suggests a possible IFN-y preventive treatment for inhibiting SARS-CoV-2
replication. A synergy between Tixagevimab/cilgavimab and IFN-y could prevent
COVID-19 disease. More trials are needed to test the synergy of IFN y not only in healthy
people but also in risk population.

Other IFN like IFN-X can inhibit the recruitment of neutrophils to the site of infection
and promote antiviral gene expression without over-stimulating the immune system *°
but they are not just approved for clinical trial.

However, IFNs, besides the antiviral activity, also play an important inflammatory role,
meaning that an early treatment in risk patients could lead to a faster hyperinflammation.
In fact, there are studies which have concluded that the inhibition of TNF-a and IFN-y
synergy had a protective effect in SARS-CoV-2 related dead®®. However, more clinical
trials using IFN as a therapy need to be carried out.

The Therapeutic Management of Hospitalized Adults With COVID-19 panel and WHO
recommend anti-inflammatory treatments with antiviral, JAKi, IL-6 blockers and
corticoids. Newest WHO COVID-19 therapies include the use of antiviral and
antiretrovirals like nirmatrelvir-ritonavir in patients without severe illness. It is vital to
avoid drugs that have been discarded like chloroquine and hydroxychloroquine and to
study each COVID-19 case individually. All the risk factors and comorbidities need to be
considered in each patient with the objective of avoiding deterioration and improving the
recovery by individualizing the treatment.

The most efficient way of combating severe disease is the use of suppressing
immunomodulators, antiviral-antiretroviral drugs and neutralizing monoclonal antibody
treatment initiated at the right moment. They should be tailored individually to each
patient to achieve the most favorable effects 2°1 Nevertheless, new clinical trials testing
new drugs are still needed to develop new therapeutic strategies and new knowledge of
COVID-19 disease.
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