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Abstract: Since the beginning of the SARS-CoV-2 pandemic, the treatments and management of the deadly COVID-19 disease have
made great progress. The strategies for developing novel treatments against COVID-19 include antiviral small molecule drugs, cell
and gene therapies, immunomodulators, neutralizing antibodies, and combination therapies. Among them, immunomodulators are the
most studied treatments. The small molecule antiviral drugs and immunoregulators are expected to be effective against viral variants of
SARS-CoV-2 as these drugs target either conservative parts of the virus or common pathways of inflammation. Although the
immunoregulators have shown benefits in reducing mortality of cytokine release syndrome (CRS) triggered by SARS-CoV-2
infections, extensive investigations on this class of treatment to launch novel therapies that substantially improve efficacy and reduce
side effects are still warranted. Moreover, great challenges have emerged as the SARS-CoV-2 virus quickly, frequently, and
continuously evolved. This review provides an update and summarizes the recent advances in the treatment of COVID-19 and in
particular emphasized the strategies in managing CRS triggered by SARS-CoV-2. A brief perspective in the battle against the deadly
disease was also provided.
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Since the beginning of the SARS-CoV-2 pandemic, the treatments and management of the deadly COVID-19 disease
have made great progress. According to the dashboard from FDA’s (Food and Drug Administration) Coronavirus
Treatment Acceleration Program (CTAP) on March 11, 2022, by February 28, 2022, there are over 690 drug development
programs in planning stages, more than 470 clinical trials have been reviewed by the FDA, 15 COVID-19 treatments
have been authorized for emergency use (EUA), and 1 treatment has been approved by the FDA. The treatment strategies
being studied include antiviral, cell and gene therapies, immunomodulators, neutralizing antibodies, and combination
therapies. Among them, immunomodulators are the most studied treatment. Many aspects on the treatments and
management of COVID-19 have been extensively reviewed.1–6 This review is intended to provide an update and
summarize the recent advances in the treatment of COVID-19 and in particular to emphasize on the strategies in
managing cytokine release syndrome (CRS) triggered by the coronavirus SARS-CoV-2. For vaccine developments,
please see reviews by Kyriakidis et al and Li et al.7,8

Antiviral Drugs
SARS-CoV-2 virus belongs to a coronavirus family of enveloped viruses with a positive sense, single-stranded RNA
genome and infects animal species and humans.9 Studies have shown that several key phases are involved in the SARS-
CoV-2 life cycle, including virus binding, entry, proteolysis, RNA replication, and then exit.9–12 After binding of the
virus via its S proteins to cellular ACE2 (angiotensin-converting enzyme 2) receptor on the cell membrane, the virus
enters the cell, viral genome is released via endosomal acid protease cleavage and translated into viral replicase
polyproteins PP1a and PP1ab. The viral proteins are then cleaved into functional proteins by viral proteases. Viral
genome replication is initiated following proteolysis, which is mediated by viral replication complexes, including RNA-
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dependent RNA polymerase (RdRp), helicase, exonuclease N, and other accessory proteins. Subsequently, the new
packaged virus is assembled in endoplasmic reticulum (ER) and Golgi containing viral genomes and translated viral
structural proteins exits from the cell through exocytosis and repeats the life cycle. Understanding this full viral life cycle
enable us to find potential therapeutic targets for pharmaceutical interventions.10,11 For example, blocking the viral RNA
replication can be achieved by using RdRp inhibitors and halting viral replication by a protease inhibitor.10–12

RdRp Inhibitors – Remdesivir and Molnupiravir
Coronaviruses use an RdRp for their replication and transcription of the RNA genome, thus RdRp becomes an important
target for the development of antiviral drugs against coronaviruses.13–17 Both remdesivir and molnupiravir are nucleoside
analogs and act as inhibitors of RdRp thereby blocking RNA-dependent RNA replication of coronaviruses including
SARS-CoV-2.

Remdesivir, an antiviral small molecule drug from Gilead Sciences has been fully approved by the FDA for the
treatment of hospitalized patients with COVID-19. The drug is administered intravenously. The active form of remdesivir
is a nucleoside analog and thus acts as a pseudo substrate of RdRp and interferes with the RNA-dependent RNA
replication of SARS-CoV-2.18 As a pseudo substrate, Kokic et al reported that remdesivir is able to incorporate via the
RdRp complex into the newly synthesized RNA product and allows for addition of three more nucleotides before RNA
synthesis stalls. Interestingly however, the study showed that the pseudo nucleoside incorporated RNA product failed to
elongate the RNA chain due to a barrier of RNA translocation. This impairment causes retention of the RNA 3ʹ-
nucleotide in the substrate-binding site of the RdRp and thereby interfering with entry of the next nucleoside tripho-
sphate, and consequently blocks the RNA replication by terminating its elongation.

Molnupiravir (MK-4482, EIDD-2801) from Merck is an oral antiviral drug recently completed a Phase 3 trial for the
treatment of patients with COVID-19.19 As an oral drug, molnupiravir is more convenient to use particularly for patients
with mild-to-moderate diseases who are not hospitalized. Merck announced on October 1, 2021, that molnupiravir
reduced the risk of hospitalization or death by approximately 50% compared to placebo for patients with mild or
moderate COVID-19 in a positive interim analysis of the phase 3 study. More recently however, the data from the
completed phase 3 trial showed the reduction of the risk of hospitalization or death by only approximately 30%.
Nevertheless, UK’s Medicines and Healthcare Products Regulatory Agency has authorized molnupiravir for the treatment
of mild-to-moderate COVID-19 in adults with a positive SARS-CoV-2 diagnostic test and who have at least one risk
factor for developing severe illness. FDA also issued EUA for molnupiravir on December 23, 2021, for the treatment of
mild-to-moderate COVID-19 in adults with positive results of direct SARS-CoV-2 viral testing, and who are at high risk
for progression to severe COVID-19.

Molnupiravir metabolizes into its active form β-d-N4-hydroxycytidine (NHC) triphosphate after oral administration.
Similar to remdesivir, NHC triphosphate (MTP) also acts as a pseudo substrate of the RdRp that replaces cytidine
triphosphate (CTP) or uridine triphosphate (UTP) in the RNA replication, which leads to mutated RNA products. This
mechanism of mutagenesis is distinct from that of remdesivir that impairs RdRp mediated RNA elongation. It possibly
applies to various viral polymerases and thus explains the broad-spectrum antiviral activity of molnupiravir.15

It is noted that although molnupiravir showed effectiveness against COVID-19, potential risks need to be addressed as
host RNA polymerases may also apply MTP for substrate, and indeed the mitochondrial DNA-dependent RNA
polymerase can use EIDD-1931 and incorporate MTP into RNA in vitro.15,20

Proteinase Inhibitors – Paxlovid
Paxlovid from Pfizer is an oral antiviral drug which has completed a Phase 2/3 trial for the treatment of patients with
COVID-19.21 In the final analysis of the data from the clinical study, the antiviral drug candidate was found to be 89%
effective at preventing high-risk patients from hospitalization or death from COVID-19.22 Pfizer announced on December
16, 2021, that the Committee for Medicinal Products for Human Use (CHMP) of the European Medicines Agency
(EMA) issued advice on the use of Paxlovid to treat adults with COVID-19 who do not require supplemental oxygen and
who are at increased risk of progressing to severe disease.
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Paxlovid contains two drugs nirmatrelvir and ritonavir, in which nirmatrelvir acts as 3CL protease inhibitor and
ritonavir is an inhibitor of protease and cytochrome P450-3A4 used for the treatment of HIV/AIDS.21,23

Proteolysis including the cleavage, or breakdown, of polyproteins mediated by viral proteases is a critical step in the
SARS-CoV-2 life cycle. This process is driven by two virally encoded proteases, the 3C-like (3CL) protease, and the
papain-like protease. The 3CL protease cleaves the viral pp1ab polyprotein at 11 sites and the papain-like protease
cleaves at 3 sites. Consequently, it transforms the viral RNA translated polyproteins into functional non-structural
proteins (NSPs), which are critical for viral replication since enzymes such as RdRp or NSP13 from the virus are not
able to fully function without the proteolysis.10–12 Interestingly, studies have shown that although coronaviruses are
frequently mutated, proteases are highly conserved among coronaviruses including SARS-CoV-2, and moreover there are
no human host proteases showing similar specificity of cleavage,24 which makes the viral proteases potential and ideal
targets for therapeutic interventions by blocking the viral replication.10,11,25,26 On the basis of this scientific background,
we expect that Paxlovid should also be effective and well tolerated against the new omicron variant of SARS-CoV-2.

Neutralizing Antibodies
The SARS-CoV-2 genome encodes structural, non-structural, as well as accessory proteins. Four major structural
proteins ie, spike glycoprotein (S), envelope protein (E), membrane protein (M), and nucleocapsid protein (N) are
encoded by the virus genome at the 3’-end. The S protein consists of 2 subunits, S1 and S2, in which S1 binds to
angiotensin-converting enzyme 2 (ACE2) on the host cell via its receptor-binding domain (RBD), and subsequently it
causes a conformational change in S2 that results in virus-host cell membrane fusion followed by viral entry.27,28 Thus, S
protein has become an ideal target for monoclonal antibody (mAb) intervention therapy. Therapeutic monoclonal
antibodies can bind to and “neutralize” the virus and thus preventing target cell binding and/or fusion thereby blocking
the virus entry into the host cell in infected patients.29,30 For more details on the mechanism of action of monoclonal
antibodies against SARS-CoV-2, please read the articles by Lee and Taylor et al.31,32 Since the mAb therapy against
SARS-CoV-2 is highly specific, this approach currently faces huge challenges as the virus frequently mutates its S
protein that may significantly cause the therapeutic antibodies to lose their viral neutralizing capacity.

Currently, three anti-SARS-CoV-2 mAb products have received EUA from FDA for the treatment of mild-to-
moderate COVID-19 in non-hospitalized patients with laboratory-confirmed SARS-CoV-2 infection who are at high
risk for progressing to severe disease and/or hospitalization (https://www.covid19treatmentguidelines.nih.gov/). These
products are: Casirivimab plus Imdevimab from Regeneron; Bamlanivimab plus Etesevimab from Eli Lilly; and
Sotrovimab from GlaxoSmithKline.

Casirivimab Plus Imdevimab
Casirivimab and Imdevimab are recombinant human mAbs against SARS-CoV-2. These antibodies recognize different
RBD regions of the virus S protein that are not overlapped thereby enhancing the binding affinity.31 FDA issued an EUA
in Nov 21, 2020, for casirivimab and imdevimab to be administered together by i.v. for the treatment of mild-to-moderate
COVID-19 in adults and pediatric patients (≥12 years with least 40 kilograms) with positive results of direct SARS-CoV-
2 viral testing and who are at high risk for progressing to severe COVID-19.

Clinical study showed that treatment for 28 days of casirivimab plus imdevimab in patients with COVID-19 at high
risk for disease progression reduced COVID-19-related hospitalization or emergency room visits.33

Bamlanivimab Plus Etesevimab
Bamlanivimab and Etesevimab are neutralizing mAbs that bind to different RBD regions in the S protein of SARS-CoV-
2 that have overlapped each other.

Clinical studies have demonstrated that the combination of Bamlanivimab and Etesevimab resulted in a clinical
benefit in people with mild to moderate COVID-19 who are at high risk for progression to severe disease and/or
hospitalization.34,35 Consequently, FDA authorized emergency use of bamlanivimab plus etesevimab to prevent disease
progression for COVID-19 on Sept 16, 2021.
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Sotrovimab
Sotrovimab was developed by GlaxoSmithKline after its identification in 2003 from a SARS-CoV survivor.36 The mAb
was authorized for emergency use by FDA in May 26, 2021 for the treatment of mild-to-moderate COVID-19 in adults
and pediatric patients with confirmed SARS-CoV-2 infection who are at high risk for progression to severe COVID-19,
including hospitalization or death. Issuance of the EUAwas based on the results from a double-blind trial (COMET-ICE)
in 583 adult outpatients with mild-to-moderate COVID-19 who were ≥55 years old or had at least one comorbidity
(diabetes, obesity, chronic kidney disease, heart failure, COPD, or moderate to severe asthma). This clinical trial showed
that sotrovimab reduced the risk of disease progression while it was well tolerated.37

Sotrovimab binds to a conserved region between SARS-CoV and SARS-CoV-2 in the RBD of the S protein.36 Its
exact mechanism of action is unknown, but it appears to prevent membrane fusion after the virus binds to the human
ACE2 receptor.38

Immunomodulators
The hyperactive inflammatory response to SARS-CoV-2 infection plays a central role in the severity and mortality of
COVID-19, thus immunomodulators become the most investigated approaches in treating moderate-to-severe Covid-19
according to summary of FDA Coronavirus Treatment Acceleration Program (CTAP) on March 11, 2022.

Cytokine Storm in COVID-19
The phenomenon “cytokine storm, or cytokine storm syndrome (CSS) or cytokine release syndrome (CRS)” which is
generally described as an excessive or uncontrolled release of proinflammatory cytokines, has captured much attention
because of its potential link to the deadly coronavirus infection.39,40 Cytokine storms can be induced by both chronic and acute
infections, and have been linked to a wide variety of severe infections, such as SARS,41 MERS,42 influenza A virus and
bacteria like Francisella tularensis.43 These pathogens disrupt the delicate balance necessary for a normal inflammatory
response and instead produce a destructive response by creating a positive feedback in immune cells and an upregulation of
proinflammatory mediators, in particular cytokines and chemokines TNF-α, IL-1β, IL-6, IL-8 and IL-17,39,40,43,44 with
parallel increases in serum D-dimer, fibrinogen, ferritin, erythrocyte sedimentation rate (ESR) and C-reactive protein
(CRP). The consequence is multiple organ (cardiac, liver and kidney, etc) dysfunction/failure, sepsis syndrome, acute
respiratory distress syndrome (ARDS), coagulopathy, cytopenias and death.45–48 The current operating definition of CSS
by Cron and Behrens defines cytokine storm as an “activation cascade of auto-amplifying cytokine production due to
unregulated host immune response to different triggers”.49 CSS involves both innate and adaptive immunity and associates
with a wide range of pro-inflammatory cytokines/chemokines, such as IL-1, IL-6, IL-8, IL-12 and TNF-α.50 Also observed are
increases of proinflammatory subsets of T-helper 17 cells (Th17) and cytotoxic Tcells, whose actions are partly responsible for
severe immune injury in the lungs of CSS patients.51 In a large prospective observational study from New York City, 22% of
1150 adults with COVID-19 admitted to the hospital had acute hypoxemic respiratory failure at admission. Of these 257
patients, 127 required immediate invasive mechanical ventilation (IMV) and of the remaining 130 patients, 76 required IMV
after a median of 3 days.52 Overall, 39% of patients in this study died after a median of 9 days, including 41% of those who had
received IMVand 31% of those who did not. It is speculated that a high number of these patients suffered from CSS. Indeed,
patients demonstrate elevated levels of inflammatory cytokines, including IL-6, which was associated with poor disease
course. Mean IL-6 concentration was 26 pg/mL and higher concentrations were associated with in-hospital mortality, an
observation reported in other studies as well. A meta-analysis of 7 COVID-19 studies found that the mean serum IL-6 was 57
pg/mL among severely ill COVID-19 patients and 17 pg/mL among non-severe patients. Furthermore, higher IL-6 levels on
admission were associated with higher mortality.53 These observations have promoted the use of anti-IL-6 therapy in treating
moderate to severe COVID-19. Clinical utility of IL-6 levels as a predictor of progression to more severe disease is echoed in
other publications54 and has led to the EUA issuance of Elecsys (Roche), an immunoassay for IL-6 to identify COVID-19
patients at high risk for IMV. According to Roche, in a study of 49 hospitalized COVID-19 patients, 16 of 19 (84.2%) patients
who required IMV showed IL-6 levels >35 pg/mL whereas only 11 of 30 (36.7%) patients with IMV showed the same IL-6
levels.55 Positive predictive value of the test (% of patients with baseline IL-6 >35 pg/mL who would require IMV) was 59%.
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Current Treatments of CRS
Consequences of COVID-19 triggered CRS include serious organ damage (cardiovascular, liver, neurologic manifesta-
tions, and renal injuries) that result in organ failure and death.56–61 Indeed, severe pulmonary inflammation causes
activation of endothelial, damage to pulmonary vasculature and may trigger pulmonary thrombosis early in the disease
course.62 There is a high incidence of venous thromboembolism in hospitalized COVID-19 patients, particularly those
with severe illness. This coagulopathy is likely the result of the profound inflammatory response and endothelial
activation/damage.46,63 Clinical and lab parameters including levels of D-dimer, LDH, C-reactive protein, and neutrophil:
lymphocyte ratio, etc., are associated with risk of progression to critical illness and elevated mortality in COVID-19.
Current methods for treating CRS focus mainly on immunosuppression. Several studies have investigated strategies
targeting the overactive immune response,43,64 including stimulation of the cholinergic anti-inflammatory pathway,
inhibition of prostaglandins, cyclooxygenase and platelet-activating factor, manipulation of chemokines, stimulation of
Treg cells, etc. Novel therapies include monoclonal antibodies against INF-1, IL-6, GM-CSF, and TNF-α, as well as
small molecules such as kinase inhibitors, and corticosteroids.65,66 Consequently, IL-6 antibodies, JAK inhibitors,
Bruton’s tyrosine kinase (BTK) inhibitors, and corticosteroids have been authorized or recommended by FDA for
emergency use in treating moderate-to-severe COVID-19. While these therapies do provide some clinical benefits
including lower risk of death or respiratory failure,67–70 there is still a desperate need for interventions that can prevent
progression to and treatment of COVID-19-associated CRS, and in particular to assist in healing/resolving organ
damages.

IL-6 Antibody – Tocilizumab (Actemra)
Actemra was first approved by FDA in year 2010 for the treatment of rheumatoid arthritis (RA); systemic juvenile
idiopathic arthritis (SJIA); polyarticular juvenile idiopathic arthritis (PJIA); giant cell arteritis; CRS; and systemic
sclerosis-associated interstitial lung disease https://www.drugs.com/history/actemra.html. It is a monoclonal antibody
that reduces inflammation by blocking the IL-6 receptor. FDA issued EUA of Actemra on June 21, 2021, for the
treatment of COVID-19 in hospitalized adults and pediatric patients (2 years of age and older) who are receiving
systemic corticosteroids and require supplemental oxygen, non-invasive or invasive mechanical ventilation, or extra-
corporeal membrane oxygenation (ECMO). This EUA was based on review of the data from the RECOVERY clinical
trial (NCT #04381936),71 the COVACTA clinical trial (NCT #04320615),72 the EMPACTA clinical trial (NCT
#04372186),69 and the REMDACTA clinical trial (NCT #04409262).73

A variety of small observational and retrospective studies have reported encouraging results from the use of targeted
IL-6 therapies in COVID-19 participants, including anti-IL-6 monoclonal antibodies tocilizumab (Actemra, Roche),
siltuximab (Sylvant, EUSA Pharma) and the anti-IL-6 receptor monoclonal sarilumab (Kevzara, Sanofi/Regeneron).74

Earlier sponsor’s large trials of tocilizumab and sarilumab have reported disappointing results from confirmatory,
prospective clinical trials of these agents in COVID-19 participants of varying degrees of severity,69,72 suggesting that
an exclusive focus on IL-6 inhibition may not be sufficient. However, additional multiple large trials demonstrated
benefits of Actemra in hospitalized COVID-19 patients that eventually has led to FDA issuance of EUA.

IL-6 functions through two main signaling pathways: cis and trans. In cis signaling, IL-6 forms a complex with its
member receptor (mIL-6R) and gp130 which then activates downstream JAKs, signal transducer, and activator of
transcription 3 (STAT3).75 The activation of this signal cascade leads to pleiotropic effects on the acquired immune
system (B and T cells) as well as the innate immune system (neutrophils, macrophages, and natural killer cells) which
contribute to CRS. In trans signaling, high concentration of circulating IL-6 bind to the soluble form of IL-6 receptor
(sIL-6R) and form a complex with a gp130 dimer on most somatic cell types.76 The resultant IL-6–sIL-6R–JAK-STAT3
signaling is then activated in cells that do not express mIL-6R, such as endothelial cells. Considering IL-6 mAbs are big
molecules that are difficult to pass through cell membrane, thus it would be less effective to block the sIL-6R signaling.
This is probably why the therapeutic efficacy of IL-6 mAbs against COVID-19 is less effective as expected.
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JAK-STAT Signaling and JAK Inhibitors
The Janus kinase (JAK)-STAT system involved in regulation of the immune system consists of 3 components: a receptor,
JAK, and a STAT. Following binding of infectious agents, cytokines, or growth factors to its receptors, JAK activates its
downstream proteins of the STAT family by phosphorylation, thereby promoting cellular proliferation, survival, and other
biological processes. Various cytokines and mediators, including TNF-α, IFNγ, IL-1, IL-2, IL-6, IL-12, IL-15, IL-17, and
IL-23, and chemokines IL-8, MCP-1, etc. will be produced and released during these processes. Elevated levels of some
pro-inflammatory cytokines have been observed in various autoimmune/inflammatory diseases, as well as infectious
diseases including CRS triggered by SARS-Cov-2.77,78 Among them, IL-6 seems to play a crucial role, whose increased
serum levels have been correlated with ARDS.77,78

JAK inhibitors block JAK/STAT signaling thereby preventing phosphorylation of STAT proteins79 that play critical
roles in cellular functions, such as growth, survival, metabolism, immune modulation, and inflammation.80 Thus, JAK
inhibitors mediated suppression of inflammation could potentially lower the risk of CRS triggered by SARS-CoV-2 in
patients with COVID-19. Moreover, it has been shown that baricitinib at clinical doses for the treatment of patients with
rheumatoid arthritis (RA) affected viral endocytosis through its inhibition on members of numb-associated kinase family,
AAK1 and GAK, therefore, it has been assumed that this JAK inhibitor may have a potential direct antiviral activity.81

There are 7 members of STATs family, ie, STAT 1–6, STAT5A&B, that are downstream of the JAK kinases. Each STAT
has its own function. For example, STAT1, 2 and 4 are critical responders to viral or bacterial infection,82–84 thus they are
critical in fighting microbe invaders; STAT5 is a critical transcriptional factor for T regulatory cells (Treg) cells,85 a
normal function of STAT5s is important in maintaining balance between inflammatory T helper cells and anti-inflam-
matory Treg; STAT6 plays an important role in the metabolism of glucose and lipid,86–88 thus blocking normal activity of
STAT6 will cause impairments of glucose and lipid metabolism. STAT3 has two activation sites, ie, STAT3-Y705 and
STAT3-Ser727. While STAT3-Y705 plays an important role in autoimmune/inflammatory diseases STAT3-Ser727 site is
important in maintaining normal mitochondrion function.89

Therefore, application of a JAK inhibitor will suppress JAK activation, followed by blocking activations of all STAT
family proteins. The consequence of the signaling interruption is that it relieves inflammations or CRS while it may cause
several unwanted side or even toxic effects, such as secondary infections, including severe infection and reactivating TB,
increases of serum levels of cholesterol and triglycerides, and potential heart attack or stroke.90

Tofacitinib
Tofacitinib is the first oral JAK inhibitor approved by FDA for the treatment of RA in 2012, and psoriatic arthritis (PsA)
in 2017, and then expanded to ulcerative colitis (UC) in 2018 (https://www.fda.gov/drugs/drug-safety-and-availability/
initial-safety-trial-results-find-increased-risk-serious-heart-related-problems-and-cancer-arthritis). It is a prototypical
JAK inhibitor, selectively targeting JAK1 and JAK3, with modest activity against JAK2 and TYK2.91 The FDA issued
an EUA for the use of tofacitinib or baricitinib in combination with remdesivir to treat COVID-19 in November 2020. In
the double-blind, placebo controlled STOP-COVID trial, 289 hospitalized patients with COVID-19 in Brazil were
randomized to receive tofacitinib 10 mg or placebo orally twice daily for up to 14 days (or until hospital discharge).
Among patients hospitalized with COVID-19 pneumonia, tofacitinib reduced risk of death or respiratory failure through
day 28 as compared with placebo.68,92

Baricitinib
Baricitinib is an oral JAK inhibitor that selectively inhibits JAK1 and JAK2. FDA approved it for the treatment of adult
patients with moderately to severely active rheumatoid arthritis (RA) in 2018. Baricitinib has been shown to modulate
downstream inflammatory responses via JAK1/JAK2 inhibition and in particular, has exhibited dose-dependent inhibition
of IL-6-induced STAT3 phosphorylation.93 It may also affect viral endocytosis via inhibitions of AAK1 and GAK,
thereby potentially preventing SARS-CoV-2 from entering and infecting susceptible cells.81,94 Overall, reduction in the
frequency of disease progression in patients treated with baricitinib plus standard of care (SOC) was not significant,
however the treatment was found to reduce a risk of mortality in hospitalized patients with COVID-19.95 Thus, FDA has
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issued an EUA of baricitinib for treatment of COVID-19 in hospitalized adults and pediatric patients 2 years of age or
older requiring supplemental oxygen, non-invasive or invasive mechanical ventilation, or extracorporeal membrane
oxygenation (ECMO).

Ruxolitinib
Ruxolitinib is another oral JAK inhibitor that selectively inhibits JAK1 and JAK2. It is initially approved for the
treatment of myelofibrosis, polycythemia vera, and acute graft-versus-host disease.96 Similar to baricitinib, it can
suppress downstream inflammatory responses, such as IL-6-induced STAT3 phosphorylation97 via inhibition of JAK1/
JAK2. Ruxolitinib also has speculated antiviral effects via a possible inhibition on viral endocytosis regulators of AAK1
and GAK thereby blocking SARS-CoV-2 from entering and infecting host cells.

In a study of ruxolitinib versus dexamethasone trial in hospitalized adults with COVID-19, ruxolitinib treatment
showed fatality rate similar to dexamethasone treatment. There was also no difference in median time to discharge
without requirement of oxygen support between ruxolitinib treated group and control. Subgroup analysis, however
showed a reduced mortality in ruxolitinib-treated patients with a high fever. This trial also showed that ruxolitinib
therapy exhibited a better safety profile as a result of a reduction of severe cardiovascular adverse events (6.8% vs 15%,
p=0.025) except higher incidence of grade 1 thrombocytopenia. Thus, it is concluded that ruxolitinib may be an
alternative initial anti-cytokine therapy with comparable benefits in patients with potential risks of steroid
administration.98 A Phase 3 trial of ruxolitinib in patients with COVID-19-associated ARDS is currently in progress
(ClinicalTrials.gov Identifier NCT04377620).

NAT-528
NAT-528 developed by Natrogen Therapeutics International, is currently approved by FDA for phase 2 clinical trial to
treat patients with moderate-to-severe COVID-19 who developed or are developing CRS. NAT-528 acts as a selective
inhibitor of the phosphorylation of STAT3 at the Try705 (Y705) site (STAT3-Y705), but not STAT3-Ser727 nor other
members of STAT family proteins to restore immune hemostasis. A phase 2 clinical trial in treating patients with
moderate to severe UC demonstrated that NAT-528 not only relieves clinical symptoms by 82% and 91%, respectively at
doses of 10mg and 20mg, BID for 4 weeks, but also significantly heals or resolves mucosa lesions that parallels the
inhibition of IL-2R, IL-6 and phosphorylation of STAT3-Y705. NAT-528 significantly inhibited pathogen-stimulated
expression of pro-inflammatory cytokines including IL-1β, IL-6, IL-12, IL-17, and TNF-α while increasing expression of
anti-inflammatory cytokine IL-10 in a concentration-dependent manner in human monocyte THP 1 cells and increasing
Treg cell population in vivo. The activity of NAT-528 on inhibition of IL-6 was found to be 500–700× stronger than that
of tofacitinib (EC50 of NAT-528 was 0.39 nM vs 280 nM for tofacitinib). Thus, it is expected that NAT-528 will
consequently attenuate lethal CRS triggered by SARS-CoV-2 infection, thereby improving survival rate, reducing need of
ventilation, and preventing/resolving complications and sequelae of COVID-19. It may also have less side effects than
JAK inhibitors because of its high specificity only against STAT3-Y705.

Bruton’s Tyrosine Kinase Inhibitors
Bruton’s tyrosine kinase (BTK) is a nonreceptor tyrosine kinase that interconnects B cell receptor (BCR) signaling, Toll-
like receptor (TLR) signaling, and chemokine receptor signaling.99 While BCR signaling drives the proliferation of
malignant B cells, such as chronic lymphocytic leukemia (CLL) cells, TLR and chemokine receptor signaling are highly
associated with inflammation and thus, BTK inhibitors become potential therapeutic agents for COVID-19. During the
last decade, BTK inhibitors have been increasingly used in replacement of conventional chemotherapies, especially in
patients with CLL and mantle cell lymphoma (MCL).100 Overreactive immune response to SARS-CoV-2 leading to CRS
in COVID-19 patients has promoted clinical studies to use BTK inhibitors in treating moderate to severe COVID-19
patients.101,102 These studies have showed promising results in reducing the severity of the immune response to the
infection, and mortality.103–105
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Ibrutinib
Ibrutinib is a first-generation small molecule BTK inhibitor by irreversibly binding to the protein. FDA initially approved
it in 2013 and then expanded its applications during 2013 to 2020 to treat CLL, Waldenström’s macroglobulinemia
(WM), and as a second-line treatment for mantle cell lymphoma, marginal zone lymphoma, and chronic graft vs host
disease. Based on results from a small case study, ibrutinib has been speculated to be able to reduce severity of
inflammation triggered by SARS-CoV-2 infection, and thus protect patients with COVID-19 from lung injury.102

Acalabrutinib and Zanubrutinib
Acalabrutinib and zanubrutinib are second-generation BTK inhibitors with more selective and more potent than the first
generation inhibitor ibrutinib.106,107 FDA approved acalabrutinib in year 2017 to treat B-cell malignancies (ie, chronic
lymphocytic leukemia/small lymphocytic lymphoma, mantle cell lymphoma),108 and zanubrutinib in August 2021 for
adult patients with WM. The second-generation BTK inhibitors show a better toxicity profile than first-generation BTK
inhibitors due to their more selective and less off-target activities against other kinases.106,109 A small clinical trial using
acalabrutinib showed that this BTK inhibitor decreased the duration of mechanical ventilation and mortality rate for
hospitalized patients with severe COVID-19, paralleled with the normalization of IL-6 and a reduction of lymphopenia in
most cases.101,103 However, larger confirmatory clinical trials are needed to demonstrate the benefits of this BTK
inhibitor in treating moderate to severe COVID-19 patients. There are currently no clinical data available on the use
of zanubrutinib to treat COVID-19.

Metformin
Metformin is the most proscribed drug world-wide for type 2 diabetes (T2D) with an ideal safety profile over 50
years. Beyond activity against T2D, metformin has also been shown to be effective for treating various chronic
diseases, such as cardiovascular disease, kidney disease, neurodegenerative disorders, and cancer, etc. Interestingly,
while metformin has been found to regulate energy metabolism via inhibiting glucose absorption, transport,
utilization, and gluconeogenesis,110,111 it acts as an anti-informatory agent through regulation of expression of
pro-inflammatory and anti-inflammatory cytokines.111,112 Hyun et al reported that using LPS to stimulate RAW
264.7 cells and peritoneal macrophages, authors studied the effects of metformin on the expression of cytokines and
the possible mechanisms behind it. They found that metformin inhibited the production of various pro-inflammatory
cytokines including IL-1β, IL-6 and TNF-α as well as NO and PGE2 via down-regulation of NF-κB translocation.
Metformin also stimulated expressions of anti-inflammatory cytokines IL-4 and IL-10 concurrently. Moreover, in a
high-fat diet induced T2D C57BL/6N mouse model, metformin was found to suppress the secretion of TNF-α and
expression of TNF-α at both the protein and mRNA levels in obese mice and macrophages.112 Earlier retrospective
analysis has shown that metformin was associated with significantly lower mortality in older patients who were
hospitalized with pneumonia and prior history of diabetes.113 Moreover, it has been generally recognized that pre-
existing or newly diagnosed diabetes are often associated with an adverse prognosis in patients with COVID-19.
Therefore, a suggestion has been made to FDA to use metformin as adjuvant therapy to decrease the mortality rate
of COVID-19 in elderly, obese and diabetic patients through the reduction of weight and pneumonia.113 This
suggestion is indeed supported by several retrospective analyses that showed metformin reduced admission into
intensive care, and mortality, especially in diabetic women.114–116

Corticosteroids and Dexamethasone
Corticosteroids are the most effective anti-inflammatory therapy for many inflammatory diseases and systemic
corticosteroids have been used in the treatment of numerous medical conditions for more than a half century.117

Dexamethasone is a long-acting, systemic corticosteroid and has been studied to treat hospitalized COVID-19
patients.118 The study showed that in patients hospitalized with COVID-19, dexamethasone reduced mortality
among those who were receiving either invasive mechanical ventilation or oxygen alone at randomization but not
among those receiving no respiratory support. In addition, systemic corticosteroids used in combination with IL-6
antibodies, such as tocilizumab71,119 or JAK inhibitors like baricitinib,95 have demonstrated clinical benefit in
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subsets of hospitalized patients with COVID-19, especially those with early critical illness and/or with signs of
cytokine storm.

Perspective and Conclusion
Since the pandemic, the race on COVID-19 vaccines and drug development has become a hotspot, and thus far a lot of
progress has been made in the battle against the deadly SARS-CoV-2 infections. However, great challenges have
emerged as the SARS-CoV-2 virus quickly, frequently, and continuously evolved120–123 (Figure 1). In case of variant
omicron (BA.1, its subvariant, BA.2, and BA.3), it carries about 30 mutations in the gene for the S-protein.121 Since the
majority of COVID-19 vaccines and human made therapeutic antibodies targeted S protein of the virus,121,124 these
mutations not only make the virus more infectious or transmissible but also enable the virus to overcome a host’s immune
response,120 vaccination-enhanced immunity, and antibody therapies.121

The small molecule antiviral drugs including those repurposed drugs like remdesivir4,5,125 and immunoregu-
lators are expected to still be effective against viral variants of SARS-CoV-2 as these drugs target either
conservative parts of the virus or common pathways of inflammation. Although the immunoregulators have
been shown benefits in reducing mortality of CRS triggered by SARS-CoV-2 infections, extensive investigations
on this class of treatment to launch novel therapies that substantially improve efficacy and reduce side effects are
still warranted (Figure 1).

The present practices to manage CSS or CRS triggered by SARS-CoV-2 mainly focus on kinase inhibitors that
suppress signal pathways involved in inflammation, such as JAK inhibitors, Bruton’s tyrosine kinase (BTK)
inhibitors, or wide-spectrum immunosuppressants like corticosteroids. While these immunosuppressive therapies
may relieve symptoms of CRS, besides other side effects or toxicities, they may also cause secondary infections
or delay patients’ recovery from the viral infections. Since CRS involves both innate immunity and adaptive
immunity and is associated with dysregulated immune system, restoring immune homeostasis through therapeutic
intervention, such as metformin and NAT-528 may be proven to have advantages over immunosuppressive
therapies. Investigations on this aspect need to be paid more attention.

Therefore, great efforts need to be made continuously before we are able to declare a victory in the battle against the
SARS-CoV-2.

Figure 1 A scheme presentation of the perspective activity of vaccines, therapeutic antibodies, small molecule antiviral drugs, and immunoregulators against evolved SARS-
CoV-2.
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