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Abstract: Coronavirus disease-2019 (COVID-19) is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV2), previously known as the 2019 novel coronavirus (2019-nCoV). The first
cases were seen in December 2019 in Wuhan. To date, there is no specific treatment for COVID-19
disease. Recent clinical trials suggest that interleukin-6 (IL-6) inhibitors and their derivates could play
a role as a therapeutic agent against COVID-19. It is prominent to assess potential therapeutic effects
of drugs that are clinically approved for other indications. In addition, IL-6 inhibitors have been used
in nanomedicine. This review focuses on the development of nanosystems for the therapy of COVID-
19. IL-6 inhibitors and signal pathway inhibitors attached to biocompatible nanomaterials may provide
a useful route for the treatment of COVID-19. This review would also help scientists who make
potential drug research via attachment of interleukin-6 inhibitors and their derived forms to
biocompatible nanomaterials for treatment of COVID-19.
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1. Introduction

According to the World Health Organization (WHO), viral diseases continue to emerge
and display serious public health issues. Various viral epidemic diseases such as severe acute
respiratory syndrome coronavirus (SARS-CoV) in 2002 to 2003, H1N1 influenza in 2009, and
Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 have been recorded for
the last twenty years [1]. Novel coronavirus turned out in Wuhan (Hubei, China) in December
2019 and spread rapidly worldwide. Various coronaviruses may lead to light respiratory
disease. Nevertheless, SARS-CoV-2 could lead to pneumonia, called coronavirus disease-2019
(COVID-19) that is the leading cause of death because of massive alveolar damage and
progressive respiratory failure [2]. WHO announced the COVID-19 pandemic on March 12,
2020 [3].

Coronavirus is enveloped, nonsegmented, positive-sense single-stranded RNA virus
genomes in size 26-32 kilobases. The family Coronaviridae, which comprises alpha, beta, delta,
and gamma coronaviruses. The virus has nucleocapsid formed of genomic RNA and
phosphorylated nucleocapsid (N) and covered by spike proteins (S). The membrane (M), which
is a type Il transmembrane glycoprotein, and envelope (E) protein are located among S
proteins in the virus envelope [4, 5, 37], as you can see in Figure 1.
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Figure 1. Structure of coronavirus.

Coronavirus spike protein (S) mediates entry into target cells by binding to the cellular
receptor and fusing the viral envelope with the host cell membrane. S forms two functional
subunits: S1 subunit, responsible for binding to host cell receptor, S2 subunit; the fusion of
viral and cellular membranes. S protein is cleaved at the boundary between S1 and S2 subunits,
which remain non-covalently bound in a prefusion conformational state. This cleavage is
proposed to activate protein for membrane fusion by means of irreversible conformational
modifications. Therefore, coronavirus enters into the cells. The complex process needs the
compatible action of receptor-binding and proteolytic processing of S protein to promote virus-
cell fusion [6-8].

Figure 2 presents the summary for the life cycle of COVID-19. S protein uses
angiotensin-converting enzyme 2 (ACE-2) is a receptor for host cell entry. ACE-2, a
metallopeptidase, is expressed on major viral target cells, type 1l pneumocytes, enterocytes. Its
catalytic domain binds to S protein with high affinity. The binding of S protein to ACE-2
triggers subtle conformational changes from this protein. These conformational modifications
are rise sensitivity of S protein to proteolytic digest at the border between S1 and S2 subunits
[9,11]. The S protein engages ACE-2 as the entry receptor and employs cellular serine protease
TMPRSS2 for S protein priming. The efficiency of ACE-2 usage was found to be a key marker
of coronavirus transmissibility [10].

\TMPRSS

ACE2

Figure 2. The life cycle of COVID-19.
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COVID-19 can lead to serious damage to the respiratory tract, involving the lung.
COVID-19 may result in mild or highly acute respiratory syndrome with the resulting release
of pro-inflammatory cytokines, involving IL-1B and IL-6. Binding of COVID-19 to Toll-Like
Receptor (TLR) causes of pro-1L-1p release. Pro-IL-1p is cleaved by caspase-1, followed by
inflammasome activation as well as the formation of mature IL-1p. The active IL-1f is the
mediator of lung inflammation, fever, and fibrosis. Inhibition of IL-1 and IL-6 has been
revealed a therapeutic effect in many types of inflammatory diseases, including viral infections
[12].

Inflammation is a natural defense mechanism that includes the migration of leucocytes
to damaged tissues. Infectious and allergic reactions stimulate the initial phase of acute
inflammation. However, continued acute inflammation causes chronic inflammation. Acute
inflammation is characterized by infiltration of neutrophilic cells followed by monocytic cells,
while chronic inflammation is characterized by the presence of mononuclear cells such as
macrophages and lymphocytes in the inflammation area. Moreover, several cytokines are
produced during inflammation. These act in synergy and have an overlapping activity that can
happen both receptor and along intracellular signaling pathways. The cytokines mainly involve
in IL-6, IL-15, TNF-a, IFN-y, and TGF-g, which induce the production of acute-phase proteins.
IL-6 plays a crucial role in both reveals acute phase reactions and causes cellular and humoral
immune responses. Therefore, IL-6 is a notable modulator for the transition from the acute
phase to the chronic phase of the inflammatory process [13, 14, 17, 37].

2. Signal Mechanisms of 1L-6

IL-6 was cloned as a B-cell stimulatory factor by Kishimoto and coworkers in 1986
(16). IL-6 is 184 amino acid glycosylated protein, which can be synthesized and secreted by
many cell types involving monocytes, T-cells, fibroblasts, and endothelial cells. IL-6 binds to
a specific membrane receptor (IL-6R), which is an 80 kDa type | transmembrane protein. IL-6
bound to IL-6R associates with a second transmembrane protein, gp130, which serves as a
signal transducer of I1L-6 (15). IL-6 is a multifunctional cytokine that plays a role in both the
pro-inflammatory and anti-inflammatory processes [4, 17].

2.1. IL-6 receptor system and signal pathways.

IL-6 signaling is mediated by two different pathways: classic and trans-signaling
pathways. Classic signaling includes binding of IL-6 to IL-6R on the cell surface and following
interaction of this complex with gp130 to start intracellular signaling. In the trans-signaling
pathway, IL-6 binds to secreted form of IL-6R (SIL-6R), followed by the interaction of this
complex with gp130. Each pathway regulates different biological effects. A classic signaling
pathway is especially substantial for acute-phase immunological response, homeostasis etc.
The trans-signaling pathway has a crucial role in the tumor microenvironment, etc. [18].

IL-6 binds to IL-6R and associated IL-6/IL-6R complex, stimulating homodimerization
of gp130. IL-6-related cytokine receptors induce intracellular signals through Janus kinase—
signal transducer and activator of transcription pathway (JAK-STAT), where receptor-
associated JAKs (JAK1, JAK2, and TYK2) stimulates tyrosine phosphorylation of itself and
activate the latent transcription factors STAT1, STAT3. Other signaling intermediates
activated in response to IL-6 include, first, tyrosine phosphatase SH-PTP2 (SHP2; also known
as PTPN11), which promotes activation of RAS—-RAF-extracellular-signal regulated kinasel
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(ERK1)/ERK2 mitogen-activated protein kinase (MAPK) and phosphoinositide3-kinase
(P13K)—protein kinase B (AKT) pathways, and, second, transcription factor nuclear factor NF-
IL-6 (C/EBPp) [14, 19, 20] as you can see in Figure 3.
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Figure 3. Signal mechanisms of IL-6. IL-6 signaling is mediated by two different pathways: classic and trans-
signaling pathways [19].

IL-6 contributes to specific physiological and immunological responses such as;
autoimmune disease, cardiovascular disease, cancer, Alzheimer's disease, etc. [14, 17, 18, 20].

2.2. 1L-6 and signal pathway associated inhibitors.
2.2.1. IL-6 inhibitors.

Tocilizumab, a humanized monoclonal antibody against IL-6 receptor, was approved
by US Food and Drug Administration (FDA) and by European Medicines Agency.
Tocilizumab was approved in 2005 based on its effectiveness in Castleman disease in Japan
[14, 21]. (Figure 5).

1988 IL-6 in synovial fluid in rheumatoid arthritis (RA)
1989 IL-6 in involved LNs in Castleman’s disease
Clinical trial for
1997 RA
2001 Castleman’s disease
2002 Systemic juvenile idiopathic arthritis (sJIA)
Approval of TCZ for
2005 Castleman'’s disease in Japan
" 2008 RA and sJIA in Japan
N 2009 RA in EU
S 2010 RAin USA
.. 2011 sJIAin EU and USA
> 2013 RA in more than 100 countries
2017 Giant cell arteritis in Japan, USA and EU
"~ . Takayasu arteritis in Japan
. cytokine release syndrome in USA

------------------------------- suggested diseases in case reports additional candidate diseases
amyloid A amyloidosis, neuromyelitis optica, Behget'’s disease, adult-onset Still’'s disease, polymyalgia rheumatica,
noninfectious uveitis, SLE, relapsing polychondritis, polymyositis, systemic sclerosis, Graves’ ophthalmopathy,
dermatomyositis, graft-versus-host disease, autoimmune hemolytic myocardial infarction, major depression disorder

anemia, reactive arthritis, autoimmune encephalitis, myasthenia gravis,
Blau syndrome, acquired hemophilia A, organizing pneumonia, cancer-
related cachexia, immune mediated adverse events secondary to immune
check point inhibitors, rheumatoid vasculitis, polyarteritis nodosa,
microscopic polyangitis, cryoglobulinemia vasculitis, sciatica, etc.

Figure 4. Interleukin 6 inhibition treatment of various diseases [19].
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Tocilizumab is used to treat Castleman disease, rheumatoid arthritis (RA), systemic and
polyarticular juvenile idiopathic arthritis, giant cell arteritis, Takayasu arteritis, and cytokine
releasing syndrome. Many case reports have shown that blocking IL-6 effectively treats many
diseases [19, 54].

Similarly, Siltuximab is also an antibody that targets IL-6 and the IL-6 receptor-a, was
approved by the FDA to treat multicentric Castleman disease [18]. Clinical studies on anti-IL-
6 monoclonal antibodies such as sirukumab, olokizumab, elsilimomab, clazakizumab,
sarilumab are in different phases of studies to set up their efficacy and safety in disease states.
Various studies have revealed that monoclonal antibodies are beneficial therapeutic effects in
IL-6-mediated diseases [14].

2.2.2. IL-6 JJAK/STAT3 signal pathway inhibitors.

IL-6/JAK/STAT3 signaling pathway contributes to a variety of diseases. Strategies to
inhibit this pathway involve inhibition IL-6/IL-6R complex, inhibition of JAK activation,
inhibition of STAT3 phosphorylation, and inhibition of STAT3 DNA-binding activity [14].

2.2.3. Jak inhibitors.

Tofacitinib, ruxolitinib, and pacritinib have still been the most widely researched
inhibitors of JAKs presently in preclinical improvement. Tofacitinib is a small-molecule
tyrosine kinase inhibitor that particularly targets JAK1 and JAK3 and is approved by the FDA
for use in arthritis, while ruxolitinib is a small-molecule inhibitor of JAK1 and JAK2 and was
approved for the treatment of myelofibrosis and polycythemia vera [18]. In addition, filgotinib
was identified as a selective inhibitor for JAK1 and JAK2 in cellular in vitro signaling assays.
Filgotinib is presently in phase III trials for Crohn’s disease, RA, and ulcerative colitis. Another
JAK1-selective inhibitor, upadacitinib, has been tested in phase 11 trials for RA. Similarly, PF-
04965842, JAK 1-selective inhibitor, in phase Il trials for atopic dermatitis is completed, yet
unpublished [22].

2.2.4. STAT 3 inhibitors.

Tyrosine-phosphorylated peptides and peptidomimetics can bind to the SH2 domain of
STAT3 and destroy STAT3 dimerization and DNA-binding activity [18]. Zinzalla et al.
synthesized pyrrolidine-sulphonyl aryl molecules. Their studies indicate that the molecule is
cytostatic and capable of selectively blocking STAT3 activation following IL-6 induction at
both phosphorylation and transcriptional levels [23]. Singh et al. synthesized oxazolidine and
indole derivatives and examined them as IL-6 signal pathway inhibition [24]. Guo et al.
reported small molecules of benzensulfanilamide derivatives were prepared to inhibit STAT3
activation for anticancer treatment [25] selectively. Chrysin (5,7-dihydroxyflavone) can down-
regulate the expression of gpl130, sIL-6R, phosphorylated JAK1, and STATS3. In addition,
apigenin, luteolin, hispidulin, nepetin, and crisimaritin display inhibitory effect against STAT3
activity [14].

3. Anti-inflammatory Treatment in COVID- 19

The potential targeted monoclonal antibodies against IL-6 can selectively block this
process and improve patients' clinical outcomes with evident features of cytokine-driven
inflammation like persistent fever, dyspnea, and elevated inflammatory markers.
https://biointerfaceresearch.com/ 760
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When the virus enters the respiratory tract, it causes the release of cytokines such as
interleukin IL-1 and IL-6. Releasing cytokines causes further lung inflammation, fever, and
fibrosis. So, treatment of the cytokine storm has become an important part of rescuing severe
COVID-19 patients. IL-6 plays an important role in cytokine release syndrome. Suppose it is
possible to block the signal transduction pathway of IL-6. In that case, it is expected to become
a new method for treating severe COVID-19 patients [50, 53].

Wei Haiming and coworkers reported that a retrospective study observing the effect of
intravenously injected tocilizumab against severe or critical COVID-19 infection. Within a few
days, the fever returned to normal and other symptoms improved significantly. The result
suggests tocilizumab may be an effective therapeutic agent in severe COVID-19 pneumonia
[26].

COVID-19 might invade and binding coronavirus S protein to ACE-2 receptors enter
cells via endocytosis. One of the known regulators of endocytosis is AP2-associated
proteinkinasel (AAK1). AAKL1 inhibitors may be a beneficial effect in preventing COVID-19.
Baricitinib, JAK inhibitor, and AAK1 inhibitor were proposed as possible candidates for the
treatment of COVID-19, considering its relative safety and high affinity [26, 27].

4. From Diagnosis and Therapy to Theranostic Approaches for COVID-19

The improvement of multifunctional materials and new strategies based on
nanotechnology has generated new clinical challenges. An important challenge is the need to
evaluate the treatment's long-term effect following changes in cells' cellular processes and
physicochemical characteristics. Based on their intrinsic properties, nanomaterials such as
nanocomposites, nanoconjugates, and others, with optical and magnetic properties, are used as
contrast agents, devices for drug release. Different chemical interactions between drugs and
functional polymers can be used in both diagnosis and treatment. The novel approaches gave
an increase to the term “theranostics”, which the National Institutes of Health describe (NIH)
as the application of nanobiomaterials and devices at the molecular level for personalized
diagnosis, imaging, and therapy [38, 39]. Theranostic strategies based on nanotechnology will
start to be used for COVID-19 treatment in the near future.

4.1. An important subject for COVID-19 treatment based on theranostics approach: toxicity
of nanomaterials.

Although nanomaterials' perfect potential for theranostic applications, it is important to
consider their potential toxic effects. Although nanomaterials' nanotoxicological aspects are
beyond the scope of this review, it is necessary to briefly consider the potential adverse effects
of nanomaterials with theranostic applications. The potential risks of nanotechnology, which
offer a significant place in many applications to humans, must be understood and researched.
The biological activity and toxicity of nanomaterials depend on many factors such as size,
surface chemistry, and other properties. There are several routes of these materials via oral,
dermal, and inhalation, depending on use patterns. Exposure to nanomaterials may occur by
any of these routes. When the nanomaterials enter the body, they can be distributed to various
organs where they may remain structurally the same, become modified, or metabolized, such
as metabolites. For more details on this topic, we refer readers to a published review [40]. Once
nanomaterials inside the cells, they may cause several biological responses. For instance, dust
particles can lead to several health problems by the inhalation route, especially in subjects with
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asthma patients. So, it is clear that it should be known how nanomaterials interact with
biological systems. Hillyer and Albrecht observed that when metallic nanomaterials of 58, 28,
10 and 4 nm in size were orally administered to mice, biodistribution to other organs increased.
The smallest particle (4 nm) was the increased presence of gold particles in the kidney, liver,
spleen, lungs, and even the brain. The biggest particle (58 nm) was detected almost only inside
the gastrointestinal tract [41]. In another study, when intravenously injected gold nanorods
revealed that within 30 min, particles accumulated predominantly in the liver. Consequently,
it should be known how nanomaterials interact with biological systems. Many health concerns
have been present because of nanomaterials' exposure, including potential adverse effects on
respiratory and cardiovascular systems, blood, gastrointestinal tract, skin, liver, and central
nervous system. Blood is the first target in the case of intravenous administration of
nanomaterials that gives body response information in medical diagnostics and therapy [42].
The use of nanomaterials contains some different potential risks in medicine. Some strategies
are outlined to address some of these risks. Given nanomaterials' intrinsic properties, their safe
clinical application would be different from the classical paradigm established for conventional
drugs. In this regard, FDA and EU agencies have already established robust schemes to approve
novel nanopharmaceuticals [43].

4.2. Use of theranostic approach based on nanomaterials for COVID 19 treatment.

The use of functional nanomaterials for diagnosis, prognosis, and treatment in
medicine is developing rapidly in the last decade. Therefore, the functional nanomaterials are
designed to use drug release and gene delivery systems, sensor applications, diagnosis, and
prognosis for various diseases. These nanomaterials have the perfect potential for the
therapeutic effect of different diseases [51, 52].

Otherwise, functional nanomaterials have gained great importance in the
improvement of treatment and diagnostic equipment. Their physical, chemical properties could
be modified with the easy adaptation of different biomolecules, such as targeted molecules,
antibodies complementary to receptors particularly expressed on the target tissues [29, 30].

Furthermore, a combination of functional nanomaterials, such as natural
nanomaterials like chitosan, alginate or biocompatible synthetic dendrimers, liposomes,
inorganic nanomaterials, etc., gives hybrid nanomaterials with additional and extraordinary
properties. These enhanced properties are acquired by attaching magnetic nanomaterials with
polymeric matrix, or the more reliably protection of drug indicated by silica/polymeric
nanomaterials than organic nanomaterials [31-35]. As we mentioned above, nanomedicines
have been applied to treat and diagnose different diseases with promising results, but medical
imaging and cancer disease are still the most active areas of improvement. Some examples of
clinically approved intravenous nanomaterials are Doxil®(liposomal composition with
doxorubicin for the treatment of various cancers) and Resovist® (iron carboxy dextran colloid
as magnetic resonance imaging (MRI) contrast agent for imaging of liver lesions).
Nanomaterials present in clinical trials are mainly aimed at treating several cancers [44]. One
example relates to incorporating these materials into magnetic particles and directing the
nanomaterials to target (e.g., cancer cells) by passing the magnetic fields formed around the
cancer cell. This provides perfect advantages, such as decreased dosage and side effects and
increased therapeutic effect [28]. Lee and coworkers prepared hyaluronate gold nanoparticle
attached Tocilizumab (HA-AuNP/TCZ) nanomaterial to treat rheumatoid arthritis. Besides,

https://biointerfaceresearch.com/ 762


https://doi.org/10.33263/BRIAC121.756767
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC121.756767

they found that HA-AuNP/TCZ nanomaterial was very effective as a dual-targeting drug
candidate to VEGF and IL-6R for treatment of RA [36].

Nanomaterials represent a novel strategy for preventing, diagnosing, and treating
atherosclerosis and new multifunctional nanomaterials. Some studies show the role of different
nanostructures in the search for better diagnostic and therapeutic approaches to tackle
increasing cardiovascular diseases such as atherosclerosis and MI [45, 51, 55].

Gold nanomaterials that have antibodies attached could provide a quick diagnosis of
the flu virus. When light is directed on the sample and the nanomaterials, the amount of light
reflected back increases because nanomaterials cluster around virus particles, allowing a much
faster test than those currently used [46].

One question may be useful for explaining the new route for COVID-19 treatment;
Should we apply nano-therapy to interleukin-6 inhibitors and their derived forms against
COVID-19? Firstly, nanomaterials' size impact on their in vivo behavior is one of the best-
researched aspects of nanomaterials pharmacokinetics and biodistribution. Presently, it is
accepted that 10-100 nm is the optimal size for all medical purposes. Moreover, small particle
size rises accumulation and enhances the penetration into tissue [47, 48].

Therefore, nanomaterials size and surface composition are substantial determinants
to achieve effective COVID-19 therapy [56]. In addition, interleukin-6 inhibitors and/or their
derived forms attached biocompatible nanomaterials dispersion and variation in size play a
major role in their in vivo behavior. Polydispersed nanomaterials tend to possess a range of
retention times and biodistribution. Thus, a controlled synthesis, ideally creating nanomaterials
with identical properties in size, shape, charge, and, in the case of functionalization, amount of
interleukin-6 inhibitors and/or derived forms bound to the nanomaterial’s surface, should be
sought if a uniform distribution is required. Another property of nanomaterials is their
multivalency. Nanomaterials are characterized by a high surface area to volume ratio, causing
high loading capacity for therapeutic formulations. For instance, a carbon nanotube with a
similar volume to a typical large protein (100-150 kDa) offers a 15-fold larger surface area
than the protein [49]. The enlarged surface area allows the coupling of many interleukin-6
inhibitors and/or derived forms against COVID-19 to the nanomaterials [52].

In the light of these informative data, we can say that interleukin-6 inhibitors and/or
their derived forms attached to biocompatible nanomaterials can be used for COVID-19
treatment as a drug release system. There is required for improvement of novel nano-
interleukin-6 inhibitors and derivates having low antigenicity and being patient-friendly. In
conclusion, as we mentioned above, targeting 1L-6/JAK/STATS3 signal pathway has been
reported in the literature to be useful in treating many types of diseases. The improvement of
rational combination monoclonal antibodies is required to synergistically target the IL-
6/JAK/STAT3 pathway and be used in the accurate treatment of COVID-19 infection.

5. Conclusions And Perspectives

Nanotechnology has had promising advances, such as different disease treatments. This
review focuses on developing nanosystems for the treatment and diagnosis of COVID-19 and
the evolution of nanosystems as theranostic tools. Development of theranostic strategies for
COVID19 would be attracted much attention stimulating research with the potential to reach
the clinic. Given all that has been mentioned so far, one may suppose that this review would
also help scientists design, via novel nanomaterial attach of inhibition IL-6 via either
mechanism. IL-6 inhibitors and/or signal pathway inhibitors may prove useful nano-drugs
https://biointerfaceresearch.com/ 763
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treatment of COVID-19. Some of these monoclonal antibodies have expensive, invasive routes
and high antigenicity major limitations. Thus, there is a need to improve novel nano-IL-6
inhibitors and derivates with low antigenicity and being patient-friendly.

The relationship between anti-inflammatory treatment and infection disease has been
widely investigated. In conclusion, targeting IL-6/JAK/STAT3 signal pathway has been
reported in the literature to be useful in treating many types of diseases. The improvement of
rational combination monoclonal antibodies is required to synergistically target the IL-
6/JAK/STAT3 pathway and be used in the accurate treatment of COVID-19 infection. The use
of the theranostics approach associated with COVID-19 treatment has improved a new
generation of more selective nanosystems. The trend suggests that nanomedicine will be
extensively used in the clinic in the near future, improving the population's quality of life.
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