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A B S T R A C T   

Since 2019, COVID-19 has become the most important health dilemma around the world. The dysregulated 
immune response which results in ARDS and cytokine storm has an outstanding role in the progression of pul-
monary damage in COVID-19. IL-6, through induction of pro-inflammatory chemokines and cytokines, is the 
pioneer of the hyperinflammatory condition and cytokine storm in severe COVID-19. Therefore, IL-6 pathway 
blockade is considered an emerging approach with high efficacy to reduce lung damage in COVID-19. This article 
aims to review the pleiotropic roles of the IL-6 pathway in lung damage and ARDS in severe COVID-19, and the 
rationale for IL-6 signaling blockade at different levels, including IL-6 soluble and membrane receptor pathways, 
IL-6 downstream signaling (such as JAK-STAT) inhibition, and non-specific anti-inflammatory therapeutic ap-
proaches. Recent clinical data of each method, with specific concentration on tocilizumab, along with other new 
drugs, such as sarilumab and siltuximab, have been discussed. Challenges of IL-6 signaling inhibition, such as the 
risk of superinfection and hepatic injury, and possible solutions have also been explained. Moreover, to achieve 
the highest efficacy, ongoing clinical trials and special clinical considerations of using different IL-6 inhibitors 
have been discussed in detail. Special considerations, including the appropriate timing and dosage, monotherapy 
or combination therapy, and proper side effect managment must be noticed regarding the clinical administration 
of these drugs. Future studies are still necessary to improve the productivity and unknown aspects of IL-6 
signaling blockade for personalized treatment of severe COVID-19.   

1. Introduction 

In December 2019, a new viral respiratory infection, named coro-
navirus disease 2019 (COVID-19), was emerged. On March 11th, 
COVID-19 was announced pandemic by the world health organization 
(WHO) and as of 24th October 2021 has infected more than 243 million 
individuals around the world (https://www.who.int/publications/m/it 
em/weekly-epidemiological-update-on-covid-19—26-october-2021). 
COVID-19 is an acute respiratory disease that is caused by severe acute 
respiratory coronavirus-2 (SARS-CoV-2) [1,2].The symptomatology of 
the disease can be divided into three main categories, severe, moderate, 
and mild infection. Most COVID-19 cases present with mild/moderate 
symptoms that only need symptomatic treatment. Nevertheless, less 
than 10% of patients need advanced intensive care-level treatments. The 

clinical manifestations of COVID-19 include dry cough, headache, fever, 
coryza, myalgia, pharyngitis, diarrhea, vomiting, anosmia, ageusia, and 
other upper respiratory symptoms in mild cases. Moderate cases can 
present with symptoms of lung involvement, such as dyspnea, tachyp-
nea, and coarse crackle in the base of the lung. Severe COVID-19 
infection can lead to loss of consciousness, reduced O2 saturation 
(hypoxia), respiratory distress, organ failure, and even shock [3]. The 
gold-standard test for diagnosis of COVID-19 is the identification of the 
viral genetic sequence by reverse transcription-polymerase chain reac-
tion (RT-PCR) test. Laboratory studies may show increased D-dimer, 
lactate-dehydrogenase (LDH), C-reactive protein (CRP), lymphopenia, 
imbalance in platelet/white blood cell count, and increase in inflam-
matory markers; however, these laboratory findings are not specific for 
COVID-19 and must not be used as diagnostic criteria [2]. The radiologic 
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findings may show bilateral ground-glass opacifications (GGO) in the 
peripheral sites of the lung in moderate cases. Moreover, consolidation 
and\or white lung can be observed in lung CT of severe cases [4,5]. The 
prognosis of COVID-19 is worsened as age increases. Moreover, the 
prognosis is worse in patients with cardiovascular and chronic respira-
tory conditions [6]. 

SARS-CoV-2 employs its spike protein to bind the angiotensin- 
converting enzyme 2 (ACE-2) receptor and enter the alveolar type 2 
pneumocytes [7]. ACE-2 is overexpressed by nasal, laryngeal, tracheal, 
intestinal, and alveolar epithelial cells [8]. After binding to ACE-2R and 
entering the target cell, the virus replicates its genome in the cell nuclei 
to produce viral particles. This causes cytotoxic effects to the host cell 
and the production of local cytokines and chemokines. Secretion of these 
cytokines from damaged cells eventually leads to the activation of the 
immune response to inhibit the viral infection [9,10]. Studies have 
shown that dysregulation of the immune response and disruption of the 
auto-regulatory immune mechanisms play an important role in the 
worsening of pulmonary damage in COVID-19 [11]. Hyper-activated 
immune response secondary to the SARS-CoV2-associated inflamma-
tion is the major cause of multiorgan failure, acute respiratory distress 
syndrome (ARDS), and respiratory dysfunction in severe cases of 
COVID-19 who need intensive care [12]. The hyperactivity of the im-
mune response is mediated by the uncontrolled release of pro- 
inflammatory cytokines and chemokines, such as IL-6 and IL-1β, and 
pro-inflammatory immune cells. Previous studies have demonstrated 
that suppression of the hyperinflammatory immune response reduces 
the COVID-19-associated mortality and morbidity [13]. Considering the 
important role of cytokine storm and hyperinflammatory response in the 
progression of COVID-19, understanding the underlying immunopa-
thogenesis is necessary to control the tissue injury and develop novel 
strategies to improve patient outcomes and reduce COVID-19 associated 
mortalities. Recently, there have been huge global efforts to investigate 
the therapeutic efficacy of IL-6 inhibition in COVID-19. In this article, 
we aim to review the IL-6 signaling pathways, the role of IL-6 in the 
pathomechanism of CRS/HIS in COVID-19, strategies for blocking IL-6 
at different levels, current clinical data of using IL-6 signaling in-
hibitors in COVID-19, and clinical considerations of using the IL-6 in-
hibitors. Moreover, data from ongoing clinical trials have been used to 
improve future prospects of designing personalized treatment in severe 
COVID-19 through IL-6 pathway blockade. 

2. Pathophysiology of COVID-19 

Infection of the airway epithelial cells by SARS-CoV-2 causes cyto-
logic harmful damage to the target cells that activate the local immune 
response. M1 macrophages and epithelial cells are the initial cells that 
recognize the viral single/double-stranded RNA of the virus and 
pathogen-associated molecular patterns (PAMPs) through toll-like re-
ceptor 3, 7 or RIG1/MDA5 pathway. This mechanism causes the in-
duction of the inflammasome and IRF3/NFκB pathway and induces the 
production of pro-inflammatory mediators, such as IFNγ, IL-1β, IL-6, 
TNF-α, and IL-18 by macrophages [14]. IL-1β acts on endothelial and 
vascular smooth muscle cells and induces the production of IL-6 [15]. 
Moreover, dendritic cells (DC) of the respiratory tissue contribute to the 
primary immune response by secreting IL-6 and type I IFNs. Infiltrated 
monocytes and pathogenic T cells are other immune cells that promote 
the immune response by secreting large amounts of IL-6 into the serum. 
These immune effectors also act as antigen-presenting cells (APCs) by 
presenting SARS-CoV-2 to the type I helper T cells (Th1). Th1s induce 
the adaptive immune response by secreting immune-stimulating cyto-
kines, including IFNγ, IL-2, and TNF-α [16]. These procedures stimulate 
a further immune response to eliminate the virus and contaminated 
cells. Nevertheless, in some cases, the immune response can not effec-
tively destroy the virus and leads to a dysfunctional immune response. 
This deficient immune response can lead to an unrestrained release of 
pro-inflammatory cytokines and chemokines, which is called cytokine 

release syndrome (CRS) or hyperinflammatory syndrome (HIS). CRS/ 
HIS is the result of uncontrolled immune response and is the major 
underlying mechanism of end-organ damage in severe COVID-19. The 
severity of this hyper-inflammatory condition predicts the prognosis and 
severity of lung damage [17]. Therefore, to control the hyper-
inflammatory condition in severe cases, it is necessary to define the 
underlying mechanisms. IL-6 is one of the hallmarks of hyper-
inflammation and CRS and has a crucial role in the COVID-19 severity. 
Here, we aim to discuss the role of IL-6 in the immunopathogenesis of 
CRS, lung damage, and ARDS in severe COVID-19. 

3. IL-6 signaling pathway and its role in CRS pathogenesis 

Interleukin-6 (IL-6) Is a 22 KDa weighted protein that has 212 amino 
acids in its structure. The gene encoding IL-6 is on chromosome 7 and its 
protein has an up-up-down-down 4-helical construction which includes 
disulfide bonds [18]. IL-6 is one of the cytokines of the IL-6-family, 
which include IL-11, IL-6, IL-27, ciliary neutrophilic factor, leukemia 
inhibitory factor, etc. The receptor of the IL-6 family is gp130 which is 
the same for all family members [19]. IL-6 entity in the body is directly 
related to the body index which means fat persons have a higher level of 
serum IL-6 [20]. Higher IL-6 level increases muscles sensitivity to in-
sulin, play a role as a myokine in long-time exercises, and is effective in 
adaptation to exercises [21]. IL-6 also has various systemic physiologic 
functions. Examples are the stimulation of acute-phase protein produc-
tion, activation of T cells, induction of the differentiation and prolifer-
ation of hematopoietic stem cells and hepatic cells, and advancement of 
atherosclerotic plaque formation [22]. According to the crucial contri-
bution of IL-6 in the progression of COVID-19 induced ARDS, it is critical 
to study the IL-6 and its signaling in COVID-19. 

Upon binding to its receptor, IL-6 can exert two diverse pro- 
inflammatory and anti-inflammatory roles [23]. As an anti- 
inflammatory cytokine in the gastrointestinal system, it induces the 
expansion of intestinal cells and inhibits the apoptosis of intestinal 
epithelial cells [24,25]. It also has positive impacts on the regeneration 
of the liver and pancreas [26]. IL-6 confronts bacterial infections by its 
stimulating effects on the innate immune system and the production of 
antibodies from B lymphocytes. IL-6 increases antibody production by 
inducing B cells to trans-shape to immunoglobulin-producing cells and 
induce T helper follicles to produce more IL-21 [25]. Moreover, IL-6 has 
a major part in the induction of the tissue inflammatory process by 
regulation of neutrophil tissue infiltration [27]. IL-6 affects the lifespan 
of the T cells by up-regulating the anti-apoptotic factors [28]. As an 
inflammatory mediator, IL-6 induces hepatocytes to secrete acute-phase 
markers such as α1-antichymotrypsin, fibrinogen, CRP, and serum am-
yloid A [29]. It also adversely reduces albumin, transferrin, and fibro-
nectin production. In conclusion, the pro-inflammatory roles of IL-6 in 
viral infections are exerted by mononuclear cell recruitment, endothelial 
cell stimulation, inhibition of T cells apoptosis, stimulation of acute- 
phase protein production, and inhibition of T-reg differentiation [30]. 

IL-6 effects begin by attaching IL-6 to its receptor (IL-6R) (Fig. 1). IL- 
6R is only expressed on the cell surface of neutrophils, hepatocytes, 
monocytes/macrophages, and some lymphocytes. This type of receptor 
is called the IL-6 classic signaling receptor [28]. The attachment of IL-6 
to IL6-R and gp130 forms a hexameric complex which drives the classic 
signaling of IL-6. There is another pathway that IL-6 could affect other 
tissues without interacting with its receptor. To do this, IL-6 attaches to 
the soluble form of IL-6R (sIL-6R). This complex binds to the membrane- 
bound gp130 on endothelium, muscle cells, etc, and the IL-6 down-
stream signaling initiates [31]. After the integration of IL-6 with these 
receptors, they combine and attach to the gp130 membranous section. 
Intramembranous receptor regulates the classic pathway and plasma 
solved receptor regulates the trans-signaling pathway. ADAM-17 
switches these two paths to each other by cleaving intramembranous 
IL-6R to sIL-6R. Coupling of IL-6 with IL-6R initiates gp130 homo-
dimerization that induces the signal transducer and activator of 
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transcription factor 3 (STAT3), Janus kinase (JAK), and JAK–SHP- 
2–mitogen-activated protein kinase (MAPK) pathways. STAT3 is phos-
phorylated to di-dimer form and trespass the nucleus membrane. In the 
nucleus, it turns on the NFKB gene expression that exits the nucleus for 
translating the IL-6 mRNA. STAT3 suppresses the gene expression of 
phosphorylated JAK and gp130 suppressors [29,32]. These pathways 
induce the anti-apoptotic, acute-phase, and expression of proliferative 
protein genes [33]. 

Although the anti-inflammatory effects of IL-6 exert a coping role 
against bacterial and viral infections, it has been shown that IL-6 level, 
in COVID-19 patients with ARDS and severe cases who have died from 
COVID-19, was tremendously elevated [34,35]. Moreover, the produc-
tion of IL-6 in COVID-19 patients was higher compared to SARS and 
influenza patients [36]. On the other hand, the SOC3 pathway which has 
a negative feedback on the IL-6 production is downregulated by COVID- 
19. This renders the production of IL-6 in COVID-19 out of control [37]. 
IL-6 has been shown to cause damage to the alveolar membrane. IL-6 

affects endothelial cells by induction of vascular endothelial growth 
factor (VEGF) production that results in increased vessel permeability 
and induces the chemotaxis of monocytes and neutrophils in the alve-
olus. These processes lead to cytokine storm in the infection site [38]. 
Another proposed pathomechanism of ARDS is decreased endothelial 
cell E-cadherin which makes vessels wall permeable and increases 
vascular leakage. This results in the accumulation of interstitial fluid in 
the alveolus that leads to hypoxia [39]. 

Three pathways are proposed for the increased production of IL-6. At 
the beginning of virus entry to the body environment, innate responses 
activate TLR4 that inactivates Regnase-1 (an IL-6 inhibitor). This leads 
to an increase in IL-6 production by reducing SOC3, a suppressor of the 
JAK-STAT-3. In COVID-19, production of SOC3 is decreased which leads 
to uncontrolled IL-6 production [40]. SARS-CoV-2 utilizes the ACE2-R to 
penetrate the host cells [41]. It also occupies the Angiotensin-2 (ang-2) 
accumulates in the bloodstream. Increased ang-2 induces NFKB gene 
expression by TNF-α and sIL-6R [42]. This finally increases the IL-6 

Fig. 1. The IL-6 pathway and the mechanisms of drugs inhibiting IL-6 pathway at different stages. Created by Esamaeilzdeh et al.  
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production. The outcome is increased IL-6 which affects the immune 
system and increases the production of pro-inflammatory cytokines 
which end up in CRS [43]. 

IL-6 has various effects on the immune system. IL-6 decreases the Th 
1 and increases Th2 subtypes by inducing IL-4 production through the 
JAK-STAT pathway [44]. It also produces SOC-1 that inhibits STAT-1 
phosphorylation which leads to lower production of Interferon-γ (IFN- 
γ) [45]. Finally, this process leads to reduced Th1 polarization. IFN-γ 
induces CD8+ T cells and NK cells that leads to viral contaminated cells 
cytolysis [46]. IL-6 also decreases IFN-γ production through upregulat-
ing SOC3, an IL-6 down-regulating pathway [45]. Thus, IL-6 enhances 
viral contaminated cells cytolysis by suppressing IFN-γ levels [47]. IL-6 
elevates PDL-1 expression on viral infected cells surfaces [48] and in-
creases PDL-1 expression on virally infected cells surface by IFN-γ. PDL- 
1 matches to PD-I receptor on CD8 T cells and switches off the apoptosis 
of the infected cell [49]. Moreover, IL-6 decreases T cell’s granzymes 
production. IL-6 and TGF-β polarize Th17 that produce IL-17. IL-17 in-
duces BCL-2 and BCLx that inhibit cytokine-c production in T cells 
[50,51]. Cytokine-c inhibits active caspases production in T cells and 
therefore these T cells lose their power to eliminate infected cells. This 
ends in uncontrolled viral replication and increased viral load that 
makes the disease more severe and destructive [52]. IL-6 causes the 
production of other pro-inflammatory cytokines by stimulating the 
chemotaxis of infiltrating innate immune cells and T cells [53]. These 
cells produce pro-inflammatory chemokines and cytokines such as TNF- 
α, IL-1β, VEGF, etc. Increased cytokine production leads to vascular 
leakage in the infected organ and excess water absorption in the alveolus 
due to cytokine storm [54,55]. CRS is the result of the uncontrolled 
production of pro-inflammatory cytokines, such as IFN-γ, TNF-α, IL-6, 
IL-18, IL-1β, etc [56]. CRS is the underlying mechanism of the pro-
gression of the hyperinflammatory response in sepsis, ARDS, and mul-
tiple inflammatory conditions, and can lead to multi-organ failure. 
Blockade of the progression of CRS has been shown to improve the 
clinical situation of severe patients with hyperinflammatory conditions, 
such as ARDS [57]. Since IL-6 is a major factor that contributes to 
driving the CRS in COVID-19, inhibition of its signaling pathway has 
been considered an effective therapeutic strategy. 

In conclusion, IL-6 is an important cytokine with a critical role in the 
progression of mild inflammation to hyperinflammatory conditions, 
CRS, ARDS, and corresponding lung damage that causes mortality in 
critical COVID-19 patients. Studies have shown that IL-6 serum level is 
associated with the severity of respiratory involvement [58,59] and IL-6 
could be used as a predictive factor for the requirement of ventilatory 
support and intensive anti-inflammatory treatment for the patients [60]. 
Therefore, inhibition of the IL-6 pathway is a potential immunothera-
peutic approach to inhibit the CRS and ARDS in severe COVID-19. 

4. Inhibition of IL-6 in COVID-19 

IL-6 has a crucial function in the advancement of mild respiratory 
inflammation to respiratory failure and ARDS in COVID-19. Therefore, 
inhibition of IL-6 and its downstream pathway has can decrease 
inflammation and improve the outcome in severe cases [30]. IL-6 
pathway blockade can be conducted through multiple strategies which 
are described in Table 1. The most studied strategy is inhibition of its 
receptor, IL-6-R, by monoclonal antibodies. Another strategy is using 
monoclonal antibodies to directly neutralize soluble IL-6. The third 
approach is inhibition of its downstream signaling, JAK-1, 2, which has a 
significant role in exerting the pro-inflammatory effects of IL-6. Inhibi-
tion of sIL-6R with monoclonal antibodies is another method of blocking 
IL-6. Moreover, non-specific immune-regulatory strategies, such as in-
jection of systemic glucocorticosteroids, intravenous immunoglobulins 
(IVIG), and convalescent serum therapy can also be administered. Pilot 
studies have shown the life-saving efficacy of IL-6-blocking monoclonal 
antibodies and reducing the hospitalization period in severe COVID-19 
patients with ARDS [61] and several clinical trials are evaluating the 

Table 1 
Different methods of inhibiting IL-6 signaling and corresponding clinical trials 
registered in clinicaltrials.gov.  

Drug class Number of 
patients 

Phase NCT 

IL-6R inhibitors 
Tocilizumab 500 4 NCT04377750 

120 2 NCT04412291 
30 – NCT04359667 
40 2 NCT04377659 
50 1 NCT04560205 
500 2 NCT04445272 
32 2 NCT04331795 
30 3 NCT04423042 
400 2 NCT04317092 
38 2 NCT04315480 
100 2 NCT04363736 
78 2 NCT04435717 
228 2 NCT04331808 
120 – NCT04306705 
9 2 NCT04377659 
100 2 NCT04363736 
400 2 NCT04317092 
129 3 NCT04403685 
126 2 NCT04346355 
228 2 NCT04331808 
332 2 NCT04479358 
60 3 NCT05002517 
150 4 NCT04779047 
200 3 NCT04690920 
106 – NCT04380818 
93 4 NCT04730323 
310 3 NCT04345445 

Sarilumab (kevzara) 1912 2/3 NCT04315298 
40 1 NCT04386239 
239 2/3 NCT04324073 
30 2 NCT04357808 
30 2 NCT04357808 
420 3 NCT04327388 
239 2/3 NCT04324073 
60 2 NCT04661527 
120 2 NCT04359901 
1912 2/3 NCT04315298 
30 2 NCT04357808 
120 2 NCT04357860 
20 2 NCT04322773 
7100 4 NCT02735707 

Sirukumab (plivensia) 111 2 NCT04380961 
Levilimab (BCD-089) 206 3 NCT04397562 
Olamkicept – – – 

JAK-STAT inhibitors 
Ruxolitinib 200 2/3 NCT04477993 

13 – NCT04361903 
15 – NCT04359290 
20 1/2 NCT04334044 
100 2 NCT04414098 
NA 2/ 3 NCT04348071 
NA – NCT04355793 
NA 2/3 NCT04354714 
211 3 NCT04377620 
432 3 NCT04362137 
64 – NCT04331665 
200 2 NCT04338958 
20 2 NCT04374149 
456 1/2 NCT04581954 

Tofacitinib NA 2 NCT04412252 
60 2 NCT04415151 
414 2 NCT04750317 
260 2 NCT04469114 
50 2 NCT04332042 

Baricitinib (olumiant) 126 2 NCT04393051 
13 2 NCT04399798 
1400 3 NCT04421027 
12 2/ 3 NCT04358614 
200 2/3 NCT04320277 
168 2 NCT04346147 
1033 3 NCT04401579 

(continued on next page) 
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safety and efficacy of IL-6 blocking agents to repress the hyper-
inflammatory condition in hospitalized COVID-19 patients, which are 
described in Table 1. Here, we discuss different methods for inhibiting 
the IL-6 pathway at different stages based on recently published data 
and clinical trials to develop bench-to-bedside guidance to improve the 
clinical outcome of the patients. 

4.1. IL-6 receptor inhibitors 

The most studied strategy to block the pro-inflammatory function of 
IL-6 in the progression of COVID-19-associated respiratory damage is 
inhibiting the IL-6 receptor. IL-6 receptor is divided into two subsets, 
sIL-6R and mIL-6R. Most developed IL-6 receptor inhibitors block mIL-6- 
R; however, some drugs inhibit both receptors or can just inhibit sIL-6-R. 
Tocilizumab is a food and drug administration (FDA)-approved IL-6 
inhibitor for rheumatoid diseases and is the most commonly studied 
IL-6 inhibitor in COVID-19. Other IL-6R inhibitors such as sarilumab, 
sirukumab, and olamkicept, are among other drugs under study. 

4.1.1. Tocilizumab 
Tocilizumab (TCZ) is a recombinant murine IgG1 mAb that is hu-

manized. It includes two human light chains that are attached to two 
human heavy chains. TCZ inhibits downstream pro-inflammatory effects 
of IL-6 by binding to sIL-6R and mIL-6R and thus TCZ blocks both 
signaling and trans-signaling downstream pathways of IL-6 [62]. TCZ 
has received FDA approval to be used in rheumatologic diseases, such as 
Rheumatoid arthritis [63], and has been studied to suppress the CAR T- 
induced cytokine storm in previous studies [64]. Several articles have 
investigated the injection of TCZ to the COVID-19 patients before and 
after ICU admission. In a study, 21 patients with severe/critical COVID- 
19 were treated with 4–8 mg/kg TCZ with a maximum of two doses. The 
results indicated that 5 days after treatment, the oxygenation of the 
patients was significantly improved, the inflammatory markers were 
decreased, and no major side effects were observed. All the patients were 
discharged 15 days after receiving TCZ [65]. In another study, 15 
moderately, severely, or critically ill COVID-19 patients were enrolled. 
All patients received one or two doses of 80–600 mg TCZ, in combina-
tion with methylprednisolone or alone. Despite receiving TCZ, three 
critically ill patients died and one patient did not respond to treatment. 
The rest of the patients responded well and were healed. CRP levels were 
shown to reduce in 11 patients after TCZ administration [66]. Similar 
results showed improvement of respiratory status in patients with severe 
COVID-19 after administration of TCZ [67–71]. 

Studies have also shown the benefits of TCZ therapy in decreasing 
mortality of severe COVID-19 [72–74]. Recently published systematic 
reviews have concluded that TCZ treatment reduces fatality, need for 
mechanical ventilation, and has promising positive effects on the 
improvement of severe COVID-19 [75,76]. In an off-label case-control 
study, treatment with 400 mg or 8 mg/kg TCZ with a maximum dose of 
800 mg resulted in a 75% reduction in inpatient mortality [77]. Another 
study was conducted to investigate the advantages of TCZ in reducing 
the risk of mortality in 154 intubated COVID-19 patients, of whom 78 
received TCZ. This study demonstrated that the mortality risk was 45% 
reduced in the treatment group. In this study, bacterial superinfection 
with Staphylococcus aureus was the most common side effect associated 
with TCZ therapy; however, this did not affect the final fatality rate of 
the patients [78]. Other studies have similarly reported the reduction in 
mortality of TCZ-treated patients in comparison to the control group 
who were treated with the COVID-19 standard-of-care regimen [79,80]. 
Moreover, TCZ therapy has been reported to reduce respiratory failure, 
ICU admission, the need for mechanical ventilation, and improve the 
total outcome of the patients in several studies [80–87]. A retrospective 
study on 25 patients revealed that treatment with TCZ reduced the need 
for ventilatory support, improved the radiological condition of the 
lungs, and reduced inflammatory serum markers [88]. Similar results 
were observed in other retrospective studies [89,90]. In a pilot 

Table 1 (continued ) 

Drug class Number of 
patients 

Phase NCT 

1010 3 NCT04640168 
1167 4 NCT04390464 
382 3 NCT04970719 

Fedratinib – – – 
Upadacitinib – – – 
Nezulcitinib – – – 
Filgotinib – – – 

Soluble IL-6 inhibitor 
Clazakizumab 30 2 NCT04381052 

17 2 NCT04348500 
30 2 NCT04659772 
60 2 NCT04494724 
30 2 NCT04363502 
180 2 NCT04343989 

Siltuximab 200 2 NCT04329650 
342 3 NCT04330638 
220 – NCT04322188 

Olokizumab 376 2/3 NCT04452474 
372 2/3 NCT04380519 
200 – NCT04854941 

Vobarilizumab – – – 
Non-specific inflammatory drugs 

Corticosteroids 20 2 NCT04355247 
20 2 NCT04355247 
550 – NCT04344730 
1000 3 NCT04348305 
300 4 NCT04663555 
200 – NCT04586114 
11 2 NCT04344288 

Convalescent Plasma 10 1 NCT04407208 
60 2 NCT04528368 
10 – NCT04365439 
30 – NCT04327349 
30 2 NCT04644198 
160 3 NCT04547660 
60 2 NCT04385186 
474 2 NCT04621123 
920 2/3 NCT04649879 
15 1/2 NCT04452812 
20 1 NCT04345679 
575 2 NCT04347681 
10 1 NCT04592705 
20 4 NCT04441996 

Intravenous Immunoglobulins 
(IVIG) 

60 3 NCT04548557 
310 2/3 NCT04891172 
10 4 NCT04616001 
100 – NCT04383548 
820 3 NCT04910269 
35 2 NCT04403269 
34 4 NCT04411667 
100 2 NCT04480424 
60 3 NCT04548557 

Combination Therapy 
Tocilizumab + Anakinra +
Ruxolitinib 

216 3 NCT04424056 

Tofaitinib + Hydroxycloroquine 116 2 NCT04390061 
Tocilizumab + Dexamethasone 120 2 NCT04476979 
Sarilumab + Azithromycin +
Hydroxychloroquine 

27 2/3 NCT04341870 

Baricitinib + Remdesivir 150 3 NCT04693026 
Tocilizumab + Remdesivir 649 3 NCT04409262 
Baricitinib + Remdesivir +
Dexamethasone 

4000 3 NCT04832880 

Tofacitinib + Hydroxycloroquine 116 2 NCT04390061 
Ruxolitinib + Simvastatin 94 2 NCT04348695 
Ruxolitinib + Secukinumab vs 
Colchicine 

70 2 NCT04403243 

Tocilizumab, Remdesivir, TPE, 
convalescent plasma 

600 – NCT04492501 

Tocilizumab + Dexamethasone 120 2 NCT04476979 
Tocilizumab + Corticosteroids +
Siltuximab 

860 – NCT04486521 

IL-6R: IL-6 receptor; JAK: Janus-kinase; STAT: signal transducer and activator of 
transcription factor 3; TPE: therapeutic plasm exchange, NCT: national clinical 
trial number. 
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multicenter study on 63 severe patients, treatment with TCZ was safe, 
reduced inflammatory markers including CRP and ferritin, improved 
oxygenation, and enhanced survival [91]. 

In contrast to the promising results of treatment with TCZ in reducing 
mortality and ICU admissions, contradictory results have been obtained 
in other studies [92,93]. A study by Colaneri et al. enrolled 21 matched 
patients from the case group who received 8 mg/kg (maximum of 800 
mg) TCZ and a second dose if no important side effects were detected. 
Despite treatment with TCZ, no reduction in the 7-day mortality rate or 
ICU admission was observed. The main limitation of this study was the 
small number of patients and the authors recommended further large- 
scale studies to investigate the efficacy of TCZ in the treatment of 
COVID19 [94]. Moreover, in another study by Canziani et al, TCZ did 
not reduce the 30-day mortality but diminished the need for mechanical 
ventilatory support and ameliorated the outcome in patients who sur-
vived for more than 5 days [74]. Similarly, TCZ did not improve the 28- 
day clinical outcome of the ICU-admitted patients in a study by Cam-
pochiaro et al. [95]. In a quasi-experimental study, Carvalho et al. 
showed that injection of two doses of 400 mg TCZ improved the 
oxygenation and facilitated the reduction of inflammatory markers and 
white blood cell (WBC) count, but did not affect the mortality of the 
treatment group [96]. Consistently, a meta-analysis demonstrated that 
treatment with TCZ showed no benefit in reducing the mortality and 
need for intubation of the treated patients [97]. 

TCZ can be injected both intravenously and subcutaneously. Intra-
venous injection has been used in most studies; however, in an obser-
vational study, Mastroianni et al. investigated the benefits of 
subcutaneous TCZ injection in 12 COVID-19 patients. The results indi-
cated that similar to intravenous injection, subcutaneous injection of 
TCZ suppressed the CRS, improved lung CT manifestations, and 
improved the outcome [98]. The benefits of subcutaneous injection of 
TCZ were also shown in reducing mechanical ventilation and mortality 
in another retrospective cohort study [99]. In another study, no differ-
ence in the outcome was observed between intravenously and subcu-
taneously injected patients. To conclude, these data show that the route 
of TCZ injection, whether intravenous or subcutaneous, does not affect 
the efficacy of TCZ in severe COVID-19 infection. 

Multiple theories have been proposed to explain the contradictory 
results of TCZ efficacy in reducing COVID-associated mortality. De-
mographic characteristics of the patients such as the age, sex, and un-
derlying comorbidities, the clinical stage of the disease at admission, the 
timing of admission, higher risk of secondary bacterial/fungal infections 
in patients receiving TCZ, and possible unknown confounding factors 
are the most important factors that have been proposed [100]. To ach-
ieve the highest efficacy and best results, special clinical considerations 
and future perspectives should be considered which have been discussed 
in further sections. 

4.1.2. Sarilumab (kevzara) 
Sarilumab is a monoclonal antibody of human origin against sIL-6 

and mIL-6 receptors. The mechanism of action of sarilumab is iden-
tical to TCZ and restricts the matching of IL-6 to gp130. In comparison to 
TCZ, sarilumab has a lesser dissociation constant and therefore has a 
higher capacity and affinity for IL-6 receptor and therefore can be 
administered in lower doses than TCZ [101,102]. Sarilumab is the sec-
ond most studied drug for blocking the IL-6 pathway in COVID-19 pa-
tients. In a study by Della-Torre et al., 28 cases with severe COVID-19- 
associated respiratory disease and hyperinflammatory condition 
received 400 mg of IV sarilumab infusion. The patients were followed up 
for 4 weeks. Sarilumab improved the time needed for recovery in the 
treatment group. Nevertheless, the overall improvement and mortality 
were not statistically distinct between sarilumab and the standard of 
care-treated patients [103]. Gremese et al. investigated the therapeutic 
efficacy of sarilumab on 53 patients, of whom 39 were treated in the 
COVID-19 ward and 14 patients were in the ICU. The results of this study 
demonstrated that after treatment with 400 mg intravenous sarilumab 

(92.6 % received a second infusion), 89.7% of the ward-treated patients 
improved after a maximum of 3 days and 85.7% did not require oxygen 
supplementation anymore. Also, 64.2% of the ICU-treated patients were 
transmitted to the ward. This study demonstrated that intravenous 
administration of sarilumab could be a promising treatment choice for 
severe COVID-19-associated pneumonia [104]. Another study by 
Benucci et al. demonstrated that 7 of the 8 sarilumab-treated patients 
experienced respiratory recovery [101]. 

Results of a retrospective study introduced sarilumab to have a 
possible clinical benefit and the serum CRP levels as a biomarker for 
treatment response in sarilumab-treated patients [105]. Nevertheless, a 
phase III study by Lescure et al. on 420 patients did not demonstrate the 
clinical effectiveness of treatment with sarilumab in hospitalized pa-
tients [106]. In conclusion, despite improving the recovery time, current 
studies do not support the efficacy of sarilumab in improving the 
outcome and survival of severe COVID-19-associated respiratory failure 
[107]. However, further large-scale studies are still required to show the 
efficacy of sarilumab in severe COVID-19 patients as in a phase II 
multicenter study, 120 patients will be treated with two different doses 
of sarilumab (200 mg and 400 mg) to evaluate the efficacy and dosing of 
sarilumab in severe and critical patients (NCT04357860.) Multiple other 
clinical trials (NCT04386239, NCT04315298, NCT04661527) are 
investigating the efficacy of sarilumab in severe hospitalized COVID-19 
patients (Table 1). 

4.1.3. Sirukumab (plivensia) 
Sirukumab (plivensia) is a human monoclonal antibody against the 

IL-6R. Previous studies have described the use of sirukumab in 
improving the clinical manifestations of RA patients [108,109]. Never-
theless, since the application of sirukumab was associated with serious 
side effects and superinfections, it has not received FDA approval for the 
treatment of RA (https://www.fda.gov/media/106879/download). 
Since sirukumab suppresses the hyperinflammatory process by inhibit-
ing IL-6, it has been considered to be used to suppress hyper-
inflammation in severe COVID-19 infection [110]. No studies have yet 
reported the results of treatment of COVID-19 patients with sirukumab. 
A phase II clinical trial (NCT04380961) has been designed to investigate 
the efficacy and safety of sirukumab administration in severe/critical 
COVID-19 patients. 

4.1.4. Olamkicept 
Olamkicept (sgp130Fc) is a decoy protein that inhibits the trans- 

signaling of the pro-inflammatory IL-6 pathway [111] and has shown 
potent anti-inflammatory effects and remission in a preclinical mice 
model and phase II clinical trial in inflammatory bowel disease (IBD) 
[112,113]. To our knowledge, no studies or clinical trials have yet 
investigated the immunomodulatory efficacy of olamkicept in COVID- 
19; however, according to its anti-inflammatory potential, it could be 
considered for the therapy of COVID-19 in future studies. 

4.1.5. Levilimab 
Levilimab is a mAb against IL-6 and has shown superior efficacy in 

improving RA symptoms in combination with methotrexate in phase II 
randomized clinical trials [114]. A phase III clinical trial, CORONA, 
demonstrated that a combination of levilimab and SOC resulted in 
improvement of the COVID-19 patients who needed oxygen supple-
mentation, but not ventilator support [115]. In this study, the dynamic 
levels of inflammatory markers, including ESR and CRP, were signifi-
cantly reduced after treatment with levilimab. Interestingly, this study 
showed an increase in IL-6 serum levels after levilimab treatment which 
could be the result of IL-6R inhibition [116]. A comparative study that 
intended to study the efficacy and side effects of TCZ, levilimab, and 
olokizumab, reported no significant difference in death rate between 
groups treated with these three drugs [117]. Nevertheless, death and 
sepsis were reported higher in the levilimab-treated group. A clinical 
trial is evaluating the efficacy and safety of levilimab in patients with 
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severe COVID-19 (NCT04397562). 

4.2. JAK-STAT inhibitors 

Janus kinase (JAK)-1 and 2 and their downstream signaling 
pathway, signal transducer and activator of transcription (STAT), are 
downstream of the IL-6 pro-inflammatory pathway. The binding of IL-6 
to membrane gp-130 induces the phosphorylation of JAK which phos-
phorylates and dimerizes the STAT-3 [118]. STAT-3 is a major intra-
cellular protein that induces the expression of inflammatory 
transcription factors, such as NFκB. This finally leads to the secretion of 
multiple pro-inflammatory markers which induce the chemotaxis of the 
immune cells to the infection site [119]. Therefore, considering the role 
of JAK1 and JAK2 in the development of cytokine storm, inhibition of 
the JAK-STAT pathway can repress the inflammatory route induced by 
IL-6 in the hyperinflammatory condition in severe and critically ill pa-
tients [120]. A systematic review has analyzed the efficacy of JAK in-
hibitors in the improvement of COVID-19 symptoms and mortality. 
Based on this article, JAK inhibitors reduce ICU admission and mortality 
and also reduce the time-to-discharge in severe COVID-19 cases [120]. 
Multiple drugs have been developed as JAK-STAT inhibitors. Here, we 
discuss different JAK/STAT inhibitors and recent results/clinical trials 
of their administration in COVID-19 (Table 1). 

4.2.1. Baricitinib (olumiant) 
Baricitinib (olumiant) is a selective JAK1/2 inhibitor that was 

approved for anti-TNF-α-resistant RA patients [121,122]. Recently, it 
has also been shown to hinder the endocytosis and assembly of the 
SARS-CoV-2 to the host cell by inhibiting AP2-associated protein kinase 
1 (AAK1) [123–125]. Considering the inhibitory effects of baricitinib on 
the JAK-mediated inflammatory process and the entrance of SARS-CoV- 
2 to the host cell, it has been thought to be investigated in COVID-19 
patients to improve the cytokine storm [126–128]. A study on 1033 
COVID-19 patients intended to investigate the combination therapy of 
remdesivir and baricitinib on patient recovery and improvement of the 
clinical status. Patients receiving both drugs had a shorter time to re-
covery and up to 30% higher clinical improvement. Moreover, serious 
side effects were reported lower in patients receiving the combination of 
remdesivir and baricitinib [124]. The results of this study were pub-
lished in the New England Journal of medicine after which FDA 
authorized the combination of remdesivir and baricitinib in children 
over two years of age and hospitalized adults who need respiratory 
support (https://www.fda.gov/news-events/press-announcements/cor 
onavirus-covid-19-update-fda-authorizes-drug-combination-treatment 
-covid-19). In a multicenter randomized phase III trial (COV-BARRIER), 
baricitinib did not alter the progression of the disease compared to the 
standard of care (including dexamethasone). However, the overall 28 
and 60-day mortality rate was diminished up to 38.2 % in the group 
treated with both baricitinib and SOC [129,130]. In another study, 12 
moderately ill patients were treated with 4 mg/kg of oral baricitinib. Of 
the treated patients, none experienced any adverse events, none were 
transferred to the ICU, and all patients’ respiratory function improved 
after 2 weeks [131]. In a phase II study by Cantini et al., application of 
baricitinib successfully reduced the viral entry, decreased viral burden 
and mortality rate, reduced ICU-admission, improved the cytokine 
storm, and was not associated with significant side effects [132]. In 
conclusion, studies support using baricitinib, alone and in combination 
with remdesivir, in moderate to severe hospitalized COVID-19 patients. 
Several clinical trials are investigating the efficacy of treatment with 
baricitinib alone or in combination with dexamethasone or remdesivir 
(Table1). Future studies are still required to investigate the efficacy, 
dosing, and adverse effects of baricitinib. 

4.2.2. Fedratinib (Inrebic) 
Fedratinib (Inrebic) is a selective JAK-2 inhibitor approved for pa-

tients with intermediate or with a high risk of myelofibrosis in 2019 

[133]. As discussed in the pathophysiology of COVID-19-induced cyto-
kine storm, IL-6 stimulates naive CD4 T cells to Th17 cells. Th17 cells 
exert pro-inflammatory effects (through secreting IL-17) and anti- 
apoptotic effects that contribute to a severe inflammatory condition 
[134]. In a study, Fedratinib was reported to hinder the production of IL- 
17 by murine Th17 cells. Therefore, Fedratinib was suggested as a 
promising treatment of COVID-19 by targeting JAK-2 [134,135]. No 
clinical trials have yet been registered to evaluate the efficacy of 
Fedratinib in COVID-19. 

4.2.3. Tofacitinib 
Tofacitinib is a pan-JAK inhibitor that specifically inhibits JAK3 and 

tyrosine kinase-2 and can therefore reduce the secretion of IL-6, IL-7, 
and IL-2 [135]. Tofacitinib has received FDA approval for RA and is also 
used as an anti-inflammatory drug for inflammatory bowel diseases 
(IBD) [135,136]. In a large-scale study, 289 hospitalized COVID-19 
patients were randomly divided into two groups. 89.3% of the pa-
tients received glucocorticoids. The treatment group received 10 mg of 
tofacitinib twice a day. Tofacitinib reduced the mortality rate and res-
piratory failure after 28 days [137]. Jacobs et al. reported a case of ul-
cerative colitis (UC) that was treated with 10 mg of tofacitinib twice a 
day. The patient was diagnosed with mild COVID-19 with a positive 
nasal swab. The patient was continued on tofacitinib twice a day. After a 
5 day course, the patient’s clinical symptoms improved, and after two 
weeks, the patient did not have any symptoms of COVID-19 Jacobs et al., 
2020;26 [138]:e64-e.. Although this case report demonstrated no pro-
gression in COVID infection despite continuing treatment with tofaci-
tinib, it can not be concluded that tofacitinib had any positive effects on 
the improvement of the patient’s symptoms. The Surveillance Epide-
miology of Coronavirus Under Research Exclusion for Inflammatory 
Bowel Disease (SECURE-IBD) is a database used for registration of 
COVID-19 outcomes in IBD patients. In a survey, Agrawal et al. inves-
tigated the outcome and characteristics of 37 IBD patients with COVID- 
19 who were treated with tofacitinib. The results of this analysis 
demonstrated that tofacitinib did not affect hospitalization, progression 
of the disease to severe infection, and requirement of ICU admission 
[139]. In another study, 62 patients with elevated CRP levels received 
tofacitinib. The tofacitinib-treated group experienced a significant 
reduction in inflammatory markers, ICU admission, and disease pro-
gression. The overall mortality was reduced which suggests the appli-
cation of tofacitinib for COVID-19 [140]. Decision on the efficacy of 
tofacitinib in COVID-19 still has to be investigated and five clinical trials 
have been registered that aim to evaluate the efficacy of tofacitinib in 
reducing the COVID-19-associated cytokine storm (Table1). 

4.2.4. Upadacitinib 
Upadacitinib is a selective JAK1/3 inhibitor that has shown potent 

anti-inflammatory effects in ankylosing spondylitis (AS) and MTX- 
resistant moderate to severe RA patients [141,142]. By blocking the 
JAK1/3, Upadacitinib inhibits the production of IL-6, GM-CSF, and IFN- 
γ [143]. Despite the anti-inflammatory potential of Upadacitinib, no 
clinical studies have yet reported the application of this drug in COVID- 
19. 

4.2.5. Filgotinib 
Filgotinib is another selective JAK1 inhibitor with a similar mecha-

nism of action to Upadacitinib and has been used for the treatment of 
moderate to severe RA [142]. Similar to Upadacitinib, no clinical studies 
have yet reported the application of Filgotonib against COVID-19 
infection. 

4.2.6. Ruxolitinib 
Ruxolitinib is a JAK1/2 inhibitor that has received approval for the 

treatment of myelofibrosis and is also used for treating steroid-resistant 
graft-versus hoist disease (GvHD) [144]. In a study on 105 COVID-19 
patients, 14 patients received ruxolitinib for a median cumulative dose 
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of 135 mg over a median of 9 days. 11/14 patients showed impressive 
improvement in clinical status on day 7 [144]. In another multicenter 
study, of the 43 patients, 22 received Ruxolitinib. Ruxolitinib-treated 
patients experienced a numerically faster improvement in clinical 
symptoms, superior improvement of chest CT findings, and favorable 
safety profile. None of the patients in the treatment group died after 28 
days. Although there was no statistically significant difference between 
the control and treatment groups, the results of this study showed 
promising results in the improvement of COVID-19 patients after 
treatment with Ruxolitinib [145]. In another study, 18 COVID-19 pa-
tients with acute respiratory failure were treated with a high dose of 
Ruxolitinib (20 mg twice a day) for the first 48 h and 10 and 5 mg for two 
weeks. The results demonstrated that of the 18 patients that received 
high-dose ruxolitinib, 16 showed clinical improvement within the first 
48 h and complete respiratory recovery after two weeks. Two patients 
did not respond to treatment and had progressive disease, and no sig-
nificant side effects were observed [145]. Another paper reported clin-
ical resolving of COVID-19 in a 53-year-old patient with hematopoietic 
stem cell transplant due to chronic myeloid leukemia (CML) who was 
treated with a high dose of ruxolitinib (10 mg twice daily) [146]. Similar 
results of the efficacy of ruxolitinib in critically ill COVID-19 patients 
have been reported [147,148]. To conclude, the administration of rux-
olitinib has shown significant improvement in the clinical status of 
COVID-19 patients with ARDS [149]. Despite promising results of rux-
olitinib administration in critically ill patients, it can be also associated 
with hematologic and skin adverse effects [149] that need specific 
clinical considerations, which have been discussed in further sections. 

4.2.7. Nezulcitinib (TD-0903) 
Nezulcitinib is an inhaled pan-JAK inhibitor that has been recently 

thought to be investigated for respiratory damage in COVID-19 [150]. In 
a study, patients were treated with three different doses of nezulcitinib, 
1 mg, 3 mg, and 10 mg daily for 7 days. Nezulcitinib improved the 
clinical status and reduced mortality in the treatment group [151]. This 
study revealed the efficacy and safety of inhaled nezulcitinib for respi-
ratory damage of the COVID-19 and demonstrated that the inhaled form 
of JAK inhibitors could be an optimized route for drug application with 
minimal systemic side effects. 

4.3. Soluble IL-6 inhibitors 

IL-6 protein is present in the plasma in the form of soluble IL-6. 
Another reliable strategy for blocking the inflammatory cascade of IL- 
6 is using drugs that act by binding to and neutralizing soluble IL-6 
protein. This leads to inhibition of its binding to IL-6R. These drugs 
are stratified as soluble IL-6 inhibitors and have previously shown 
favorable anti-inflammatory effects in different diseases [152]. This 
section aims on reviewing different soluble IL-6 inhibitors in suppressing 
COVID-19-associated cytokine storm. 

4.3.1. Siltuximab 
Siltuximab is a soluble IL-6 inhibitor that has been studied in COVID- 

19 associated hyperinflammation [150,153]. Preliminary results of a 
pilot study have reported the potential efficacy of siltuximab in 21 
COVID-19 patients with ARDS. In this study, administration of a median 
dose of 900 mg (11 mg/kg/day) siltuximab improved the clinical status 
of 33% of the patients [154]. Another cohort study reported the thera-
peutic potential of siltuximab in COVID-19 patients [155]. In a pre-
liminary report of a prospective observational study, 30 patients who 
needed ventilatory support were included. The patients received 11 mg/ 
kg of IV siltuximab and a second dose was repeated after 72 h. 18 pa-
tients also received corticosteroids in addition to the siltuximab. Of 30 
patients, 16 experienced improved ventilatory status, four patients’ 
conditions were not changed or were deteriorated, and 10 patients died. 
Pentraxin-related protein (PTX3) is a member of the pentraxin family 
that has multiple functions on activation of TNFα induced protein 6 

(TNFAIP6) and complement C1q [156]. PTX-3 induction results in the 
activation of innate immune effector cells, such as macrophages and 
DCs, and finally, contribute to alveolar damage and ARDS. In this study, 
improved ventilatory status was associated with reduced serum levels of 
IL-8, a major cytokine of neutrophil chemotaxis, and PTX-3. The authors 
concluded that treatment with siltuximab improved the ventilatory 
status and respiratory function by inhibiting the complement system and 
the pro-inflammatory effects of IL-8, independent of IL-6. Moreover, no 
serious or unexpected side effects were observed in patients receiving 
siltuximab [157]. These data have brought the context of using siltux-
imab as a treatment option for COVID-19-induced ARDS (Table1). 

4.3.2. Olokizumab 
Olokizumab is a humanized monoclonal antibody that represses the 

IL-6 pathway by attaching to the 3rd attachment site of IL-6 and 
blocking its interaction with gp130 [158]. It has been previously used as 
an anti-inflammatory agent for the treatment of RA patients [159] that 
did not show adequate response to TNF- inhibitors [54,160]. Its efficacy 
is as much as TCZ in multiple doses but its adverse effects are mild to 
moderate and have better effects on CRP levels than placebo. Moreover, 
olokizumab can repress the inflammatory process by inhibiting the 
activation of macrophages [161]. Antonov et. al used Olokizumab on 
610 COVID-19 patients with the 160 mg/ml subcutaneous dose. They 
showed that Olokizumab improved general condition from the first day, 
decreased the temperature to normal, and prevented the progression of 
the disease to severe mode [162]. In an ongoing clinical trial 
NCT04452474, they are using single-dose 64 mg of Olokizumab at day 
29 in patients with severe COVID-19. They included 100 patients, 50 as 
case and 50 as control (placebo group). The patients will be followed up 
for 60 days after the injection. In another completed clinical trial 
(NCT04380519), they recruited 189 randomized COVID-19 patients on 
the 15th day of hospitalization and administered 64 mg of Olokizumab 
to one-third of them, 80 mg of RPH-104 to other one-third, and normal 
saline as a placebo to the remaining patients. This study is still in its 
ongoing phase. 

4.3.3. Clazakizumab 
Clazakizumab is a humanized monoclonal antibody that directly 

inhibits IL-6 and has been used for the treatment of RA [163]. In RA 
patients, Clazakizumab has been shown to have 3 to 4 times more 
adverse effects than MTX [164]. In a case report by Vaidya and et al., 25 
mg of Clazakizumab was used for the treatment of a transplanted 61- 
year-old severe COVID-19 patient in a single dose. At the end of the 
11th day of admission, the patient was good enough to be discharged 
[165]. The clinical trials of Clazakizumab are listed in Table 1. 

4.3.4. Vobarilizumab (ALX-0061) 
Vobarilizumab (ALX-0061) is a bispecific nanobody against albumin 

and IL-6R and has been used for the treatment of moderate to severe RA 
in a phase 2b clinical trial [166] and further evaluation of its efficacy 
against systemic lupus erythematosus (SLE) is under investigation 
[167–170]. It has 10 times more than TCZ and has 2000 times more 
affinity than TCZ to the receptor. However, its affinity to mIL-6r is 45 
times less than TCZ [171]. ALX0061 is expected to have more efficacy 
than TCZ by inhibiting the trans-signaling pathway and fewer side ef-
fects [172]. There are no reported studies of vobarilizumab in the 
treatment of COVID-19. 

4.4. Non-specific anti-inflammatory strategies 

As mentioned earlier, anti-inflammatory treatment is recommended 
for suppressing the ARDS and cytokine storm in the severe phase of the 
disease [173]. Other anti-inflammatory strategies, such as corticoste-
roids, intravenous immunoglobulin (IVIG), convalescent serum therapy, 
can also be used in addition to the IL-6 receptor, JAK, and soluble IL-6 
inhibitors. Here, we aim to discuss the anti-inflammatory effects of 
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corticosteroid therapy and convalescent plasma in COVID-19. 

4.4.1. Corticosteroids 
Corticosteroids activate glucocorticoid receptors (GRs) in the cell 

cytoplasm. Activated GRs attach to glucocorticoid response elements 
(GREs). GREs are located on the promoter region of steroid-sensitive 
genes that encode anti-inflammatory factors, such as annexin1, SLP-1, 
MKP-1, IKAPAB, ALFA, and GILZ [174,175]. Moreover, IkBα acts as a 
negative regulator of NF-kB which is degraded by IkB kinase (IKK) in the 
process of NF-kB activation. Dissociation of NF-kB from IkBα activates 
NF-kB. Activated NF-kB translocates into the nucleus environment 
where it binds to NF-kB responsive genes promoter. Corticosteroids 
interact with these molecules to stop the inflammation process by 
inhibiting the NF-kB pathway and thus inhibiting the secretion of pro- 
inflammatory cytokines such as IL-6 [176,177]. Then, glucocorticoids 
limit vascular permeability by inhibiting antigen-presenting cells (APC) 
of secreting histamine and lipid mediators such as PGE2 and LTB4. 
Moreover, corticosteroids inhibit neutrophil chemotaxis by decreasing 
E-selectin expression, inducing neutrophil apoptosis, and enhancing 
macrophage phagocytosis by enhancing Annexin-1 expression [178]. 
The suppression of inflammation is also induced by glucocorticosteroids 
by increasing the expression of TGF-β and IL-10 [179]. The anti- 
inflammatory properties of corticosteroids have led these drugs to be 
considered for suppressing the inflammatory process in severe COVID- 
19 [180,181]. 

The RECOVERY trial is the most copious study that has been con-
ducted to evaluate the therapeutic efficacy of corticosteroids in COVID- 
19. In this study, Horby et al. used 6 mg/day dexamethasone for 5–7 
days in 6425 COVID-19 patients. They showed that the mortality of 
mechanically ventilated patients was reduced to one-third (from 40.7% 
to 29%) and to 20% in patients who needed non-invasive oxygen sup-
plementation (from 25% to 21.5%). Nevertheless, corticosteroid treat-
ment did not affect mortality in patients who did not require oxygen 
supplementation. Moreover, ICU admission length was shortened, 
radiologic features were improved, and the need for oxygen therapy was 
reduced in severe patients. They showed that the mechanisms of glu-
cocorticoids action were inhibiting cytokine storm, production of anti- 
inflammatory cytokines, inhibiting phagocytes, decreasing neutrophils 
recall, and decreasing alveolar edema and vascular leakage [182,183]. 
Other studies have also reported the beneficial effect of corticosteroids 
in the treatment of severe COVID-19 [184–186]. 

On the contrary, some studies, such as the COVIDOSE study, have 
shown that treating COVID-19 pneumonia with corticosteroids has no 
advantages to be considered as the reason to use them in the therapeutic 
protocol for COVID-19 [187–189]. There are clinical trials that are 
investigating the pros of corticosteroids use in COVID-19 patients. Qin 
et al. (ChiCTR2000029386) are conducting a clinical trial of using 1–2 
mg/Kg/day for 3 days of methylprednisolone on 48 COVID-19 patients 
to assess the efficacy of corticosteroid therapy in COVID-19 patients. 
Using corticosteroids alone or in combination with other IL-6-inhibitors, 
such as TCZ, could be accompanied by some adverse effects and chal-
lenges, which are discussed in further sections. 

4.4.2. Convalescent plasma 
Serum therapy was used in the H1N1 influenza pandemic in 2009. 

Whereas lots of cytokines are released to the bloodstream in the COVID- 
19 cytokine storm, using multiple and consecutive drugs could be more 
tolerated by therapeutic plasma exchange (TPE) [190–192]. TPE is used 
for eliminating plasma antibodies, toxins, and abnormal proteins that 
have been produced due to COVID-19. It also is considered as a 
replacement for decreased plasma volume and its constituents due to 
infection [193]. The volume of TPE should be precisely supervised 
because it can exert volume overload in patients. To prevent this 
complication, a specific amount of plasma should be drained from the 
body and be replaced by frozen albumin, plasma, and TPE [194]. The 
effectiveness of TPE is related to the proportion of extracted plasma 

volume to total patient’s plasma volume, distribution of pathogenic 
particles, and their production-elimination rate. One time TPE purifies 
plasma up to 65% and it will rise to 85% by the second administration of 
TPE [195,196]. 

In a study by Khamis et al., they recruited 31 severe COVID-19 pa-
tients admitted to ICU with ARDS for TPE treatment. They showed less 
intubation, reduced mortality rate, better laboratory parameters 
amendment, and faster respiratory recovery in patients treated with TPE 
compared to conventional therapy [197]. Other studies have shown that 
treatment with convalescent plasma can reduce the severity of COVID- 
19 infection, viral load, inflammatory markers, and blood viscosity 
[198–202]. In conclusion, treatment with convalescent plasma is an 
effective strategy for suppressing the hyperinflammatory condition of 
the severe COVID-19 through neutralization of viral particles and in-
flammatory cytokines, including IL-6 [203]. 

4.4.3. Intravenous immunoglobulins (IVIG) 
Intravenous immunoglobulins (IVIG) is an IgG product derived from 

the plasma of thousands of donors and is used for the treatment of in-
fectious and inflammatory conditions [203]. IVIG can repress the 
inflammation through several mechanisms. Inhibiting the FcγR of the 
innate immune cells, inhibition of the complement system, and inhibi-
tion of lymphocyte activation are some examples of inflammation sup-
pression by IVIG. Studies have investigated the efficacy of IVIG in the 
treatment of COVID-19 pneumonia [204,205] and multiple clinical tri-
als are investigating this (Table 1). 

4.4.4. Hyperbaric oxygen therapy (HBOT) and ozone therapy 
Hyperbaric oxygen therapy (HBOT) is a method for delivering high- 

pressure oxygen (more than 1 ATA) to patients. In addition to its effect in 
overcoming the air-blood barrier of the lungs, HBOT has beneficial ef-
fects on reducing inflammation has therefore been considered as a po-
tential treatment option in COVID-19 [206–208]. A study analyzed 
treatment with hyperbaric oxygen at 2 atmospheres for 90 min in 20 
COVID-19 cases. This study concluded that this treatment approach was 
safe but did not show specific efficacy in improving respiratory distress 
[209]. However, another study evaluated the therapeutic efficacy of 
HBOT in 5 COVID-19 cases with hypoxemia and tachypnea. All patients 
experienced improved respiratory conditions with elevated O2 satura-
tion and did not require mechanical ventilation [210]. A systematic 
review aimed to assess the efficacy of hyperbaric oxygen therapy on 
severe COVID-19 by including eight articles. This study concluded that 
hyperbaric oxygen therapy is a safe and effective treatment method for 
severe COVID-19 [211]. 

Ozone (O3) is an allotrope of oxygen with potent virucidal and anti- 
inflammatory effects [212]. Therefore, the application of ozone (O3) 
therapy has been considered to suppress the severe inflammatory pro-
cess in COVID-19 [213]. A study evaluated rectal ozone for the treat-
ment of 14 patients with severe pulmonary COVID-19 infection. The 
results of this study indicated that ozone-treated patients had reduced 
inflammation and improved oxygenation. Mortality was lower in the 
ozone-treated group but was not statistically different [214]. 

5. Challenges of IL-6 inhibition in COVID-19 

Despite promising results, management of COVID-19-associated CRS 
through IL-6 pathway suppression is accompanied by some challenges. 
Understanding these challenges and developing novel strategies to 
overcome them can improve the therapeutic outcome of severe COVID- 
19 treated with IL-6 inhibitors. The wide range efficacy of TCZ is the 
most important dilemma. Although Tocilizumab treatment has been 
recommended in many studies, its efficacy has been reported to vary 
according to studies. Moreover, some patients are refractory and do not 
respond to TCZ [75]. The variety of efficacy can be attributed to some 
reasons. Timing for initiating the corticosteroid and Tocilizumab is one 
of the most significant factors that determine the efficacy of the drug. 
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Too early usage has less efficacy due to lower serum levels of IL-6 and 
too late usage also has less efficacy due to the pulmonary damage that 
occurred before treatment [200,215]. In a study, late administration of 
corticosteroids did not improve the outcome and respiratory failure 
[200]. Severe patients have a higher level of inflammatory cytokines 
such as IL-6 so it has been shown that TCZ is more effective in severe 
patients than in moderate/mild patients [216]. Another factor that can 
affect the efficacy of TCZ is the age and comorbidities of the patients. 
Most of the published studies show that the use of the TCZ was preferred 
for younger patients with fewer comorbidities such as diabetes, chronic 
heart diseases, etc. So this is why the available data cannot be gener-
alized to all COVID-19 patients and the rate of the Tocilizumab efficacy 
should be assessed in a wider range of age [188]. The recommended 
dose for TCZ in COVID-19 is 400–800 mg but in a study by Strohbehn 
et al., they used 40–200 mg of TCZ instead of a routine dose. They 
concluded that a lower dose of the TCZ has a faster and better effect on 
diminishing the inflammation induced by severe COVID-19 [189]. In 
TCZ-refractory cases that do not respond to treatment, adjuvant treat-
ment with an IL-1 inhibitor can improve the condition. In a study, me-
chanical ventilation and fatality were reduced after injection of 
anakinra, an IL-1 inhibitor, in COVID-19-associated ARDS patients that 
had not responded to standard-of-care regimen and TCZ [217]. 

Similar to other systemic drugs, the application of TCZ is associated 
with side effects. Since TCZ blocks the signaling of IL-6 and its down-
stream pathway, which has a substantial role in the immune response 
against exogenic pathogens, treatment with TCZ could result in bacterial 
and fungal superinfections [78]. Constitutional symptoms such as fa-
tigue, malaise, anorexia fever, dry cough, nausea, headache, hyperten-
sion, pruritis, and even anaphylaxis occur in response to TCZ injection 
[87,98]. Treatment with TCZ can also lead to an increase in liver en-
zymes, including alanine transaminase (ALT), aspartate transaminase 
(AST), bilirubin, and an increase in serum triglyceride (TG), and LDL 
[218]. Despite the increase in hepatic enzymes, the function of the liver 
is maintained at a normal level [219]. Thrombocytopenia and mild 
neutropenia have also been reported as side effects of TCZ therapy in 
COVID-19 patients [84]. 

Although TCZ has FDA approval for RA treatment, the long-term 
effects of this drug still need to be studied, especially in COVID-19. 
Application of TCZ could be associated with mild to severe complica-
tions that could even be lethal in some cases. Radbel et al. [220] re-
ported two cases of diagnosed COVID-19 patients with CRS to develop 
viral myocarditis and Hemophagocytic Lymphohistiocytosis (sHLH) 
after receiving two doses of TCZ. The suppression of the immune 
response after receiving TCZ could have been the underlying mechanism 
of sHLH and myocarditis of these patients. 

Since transplanted patients are recommended to use immunosup-
pressive drugs for many years to avoid rejection, another challenge in 
the injection of TCZ is whether or not to use it in solid organ trans-
planted patients. A study by Perez-Saez and et al. used Tocilizumab in 80 
kidney transplanted COVID-19 patients. They showed that TCZ reduced 
the mortality rate by 38% in severely ill patients compared to those that 
have not been treated with Tocilizumab [221]. In contrast, another 
study showed that using Tocilizumab in solid organ transplanted 
COVID-19 patients increased the risk of mortality, mechanical ventila-
tion need, ICU admission, and renal replacement therapy. They 
concluded that the hazardous effects of the TCZ were due to the patient’s 
differences in their study groups. Patients who had been treated with 
Tocilizumab were in more severe condition and therefore had a worse 
outcome than the non-TCZ treated patients [221]. 

The combination of TCZ with other immune-suppressing agents is 
still a question. Some studies show that a combination of corticosteroids 
(CS) and TCZ has more efficacy than TCZ or CS alone therapy 
[184,188,222]. Rubio-Rivas and et al. showed that CS, especially 
dexamethasone, is recommended in all severe COVID-19 patients and 
they also showed that a combination of TCZ with CS due to its anti- 
inflammatory and inhibitory effects on IL-6 is beneficial in severely ill 

patients [184]. Medrano et al. recommend that in patients older than 65- 
year-old with severe COVID-19, treatment with TCZ in combination 
with CS has superior efficacy compared with CS alone [188]. Balena and 
et al. recruited 206 COVID-19 patients and treated 16 of them with TCZ. 
They concluded that a combination of TCZ and CS is beneficial in older 
and more severe patients despite a trend to secondary infection after 
treatment with TCZ in severe COVID-19 patients [185]. Luis et al. 
showed that early aggressive immunomodulatory treatment with TCZ 
and CS had prominent efficacy in severe COVID-19 infection [186]. 

Tocilizumab can be combined with JAK inhibitors to achieve a better 
outcome in COVID-19. Although this strategy has shown beneficial ef-
fects but also increases the incidence of superinfection [223,224]. There 
is not any clear explanation for the mechanism of this complication but 
it mostly seems to be related to the inflammatory cytokine-blocking side 
effects of these drugs besides their main mechanism of action. The best 
way to control and early treatment of probable superinfection induced 
by these drugs is using them just in hospitalized patients under direct 
surveillance [225,226]. 

JAK inhibitors, including upadacitinib and baricitinib, can have 
some unique but controllable side effects, of which the most important 
are an increase in the risk of co-infections and liver injury. Upadacitinib 
increases the rate of cholestasis. Therefore, patients who are treated 
with this drug should be assessed periodically by trans abdominal ul-
trasonography for early diagnosis of cholestasis. Therefore, it is highly 
recommended to check liver function tests at certain times after JAK 
inhibitors treatment, especially in women treated with JAK inhibitors 
[227]. In addition, baricitinib has been reported to induce neutropenia 
and lymphocytopenia and therefore increases the risk of co-infections 
[228]. Moreover, an important challenge is that baricitinib increases 
the risk of thromboembolic events. Due to the hyperinflammatory con-
dition of the COVID-19, patients receiving baricitinib are at a higher risk 
of thromboembolic events [229]. Therefore, coagulation factors must be 
routinely monitored in patients receiving baricitinib [230,231]. Rux-
olitinib is another JAK inhibitor that has been associated with side ef-
fects. In a case report, two COVID-19 patients who received ruxolitinib 
were reported to present with a reduction in platelet count, decreased 
hemoglobin and hematocrit, skin purpuric rashes, secondary labial 
herpes, and deep tissue infection. These side effects were relieved by the 
administration of antibiotics and antiviral treatments [232]. 

Since the start of the pandemic, there have been huge efforts to 
control the infection, of which the development of the SARS-CoV-2 
vaccine is the most important one. Despite the immune-stimulating 
properties, vaccine injection must be conducted with specific consider-
ations in vulnerable groups, especially in patients receiving immuno-
compromising drugs. Corticosteroids, JAK inhibitors, and TCZ are the 
most important group of drugs that can affect the immune response to 
the vaccine. Based on initial reports from MAJIK-SFR Registry 
(NCT04602091), the overall response to SARS-CoV-2 vaccines remained 
high in patients on JAK inhibitors. Nevertheless, based on the lack of 
antibody production, some patients were considered non-responders. 
Compared to other JAK inhibitors, upadacitinib was associated with a 
higher non-response rate [233]. Based on another report, the humoral 
immune response to the BNT162b2 mRNA (Pfizer) vaccine was not 
impaired in MF patients receiving ruxolitinib [234]. The effects of 
immunomodulatory drugs on the cellular immune response to the SARS- 
CoV-2 vaccine are not elucidated yet and need to be considered in future 
studies. 

6. Clinical considerations and future prospectives 

Diverse results have been observed in different studies that have 
evaluated the therapeutic efficacy of IL-6-inhibitors and JAK inhibitors 
in COVID-19 [235,236]. Here, we aim to review the most important 
clinical keys to achieve optimal clinical results of treatment with IL-6 
and JAK inhibitors. Personalized therapy, giving the right drug to the 
right patient at the right time, has gained high attraction during the last 
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years. To achieve optimal efficacy, choosing the right patient for TCZ 
injection and infusion of TCZ at the right time are two main factors. 
Some factors have been shown to reduce the response to treatment with 
TCZ. Starting TCZ in late stages of the disease, in patients under me-
chanical ventilatory support [237], in patients whose serum level of CRP 
does not change after TCZ injection, in decreased serum levels of miR- 
146a [238], and hyperglycemic patients, are some factors that mini-
mize the response probability to TCZ [239]. 

Based on previous studies, the onset of respiratory involvement is 
associated with the activation of the IL-6-mediated hyperinflammatory 
condition and the production of pro-inflammatory markers, such as CRP 
[240]. Studies have tried to determine the best period for injection of 
TCZ. In a phase II trial (NCT04317092), TCZ reduced the 30-day mor-
tality rate of the patients and this reduction was detected to be more 
obvious in patients who received TCZ before they needed mechanical 
ventilatory support [241]. It was proposed by a study that treatment 
should be started as soon as possible and before the progression of the 
disease to the severe phase [242]. Hernandez et al. showed that 
administration of TCZ before deterioration of respiratory condition (in 
patients requiring Fio2 < 0.5) is more efficacious in improving survival. 
Nevertheless, administration of TCZ in critical cases who needed 
ventilatory support for maintaining saturation >93% (patients requiring 
Fio2 > 0.5) did not show clinical efficacy. The authors concluded that 
the timing of injection is a major determinant of TCZ efficacy and late 
administration of TCZ in the respiratory failure phase can not improve 
the respiratory condition [243,244]. A study investigated the thera-
peutic efficacy of TCZ in patients who required more respiratory support 
(Fio2 > 45%) with those requiring less respiratory support (Fio2 <
45%). This study demonstrated that early treatment with TCZ in patients 
who required Fio2 < 45% was more effective to reduce the need for 
mechanical ventilation and mortality [245]. In another study, the pa-
tients who were primarily deteriorated and were under mechanical 
ventilation showed a lower response to the intravenous injection of TCZ 
[246], which confirms that administration of TCZ at the right time, 
especially before starting the mechanical ventilatory support 
[242,247,248]. A better outcome was also achieved in patients who had 
increased inflammatory markers, such as CRP [249]. It was shown that 
TCZ can show its optimal efficacy when used in patients with progres-
sive COVID-19 who are under respiratory support but are not too ill to 
need mechanical ventilatory support. These patients are determined as 
patients with higher platelet count and high inflammatory markers, such 
as D-dimer, CRP, and prolactin [250,251]. To obtain optimal efficacy, 
TCZ may be needed to be repeated for at least two injections. Luo et al. 
showed that two doses of TCZ had higher efficacy in reducing CRP and 
suppressing the hyperinflammatory status compared to a single dose of 
TCZ [252]. 

Hyperglycemic patients show a poor response to treatment with TCZ. 
In a retrospective study by Marfella et al., it was shown that treatment of 
hyperglycemic patients with TCZ was less effective to reduce the risk of 
severe COVID-19 compared to normoglycemic patients. This could be 
attributed to the higher serum levels of IL-6 or higher IL-6R expression in 
hyperglycemic status [253,254]. Therefore, to achieve optimal 
response, appropriate blood glucose control is mandated in patients 
receiving TCZ. Anti-IL-6 drug dosage and route of administration is 
another issue that has a noticeable impact on treatment outcomes. Most 
studies have used intravenous TCZ with a dosage of 4–8 mg/kg in one or 
two doses (up to 600 mg) [252,255,256]. Another route of TCZ 
administration is the subcutaneous injection with 162 mg twice a day 
(up to 324 mg total dose daily) [99,257]. The route of administration 
does not seem to impact the outcome [258]; however, dosage still needs 
to be evaluated in further studies [98]. 

In some cases, patients who have partial or no response to one drug 
could benefit from another drug from the same family. Cingolani et al. 
reported improvement of respiratory status after administration of oral 
baricitinib in a 71-year-old COVID-19-associated respiratory failure who 
had a partial response to sarilumab [259]. Aldolase-reductase inhibitors 

are glucose-lowering drugs that are conventionally used for DM. Due to 
their anti-inflammatory properties, it was hypothesized that combined 
treatment of TCZ with these drugs can improve the hyperinflammatory 
status in COVID-19. In a case report of COVID-19 myocarditis, the pa-
tient was treated by TCZ plus CS in combination with an aldose reduc-
tase inhibitor (AT-001). They concluded that a combination of TCZ and 
AT-001 with routine CS therapy can be a potential alternative for CS 
alone treatment in patients who are severely ill and do not respond to CS 
[225]. 

Corticosteroids are drugs with multiple adverse effects, such as 
bacterial super-infection, cardiovascular complications, and hypergly-
cemia risk, and should be used cautiously in severe patients, hypoxic 
patients, and patients with a history of glucocorticoids use [260]. In the 
term of methylprednisolone, it has been shown that it should be used in 
a dosag less than <1 mg/kg/day and not be used for more than one week 
[181] and IV dexamethasone must be used with a dosage of 6 mg/day in 
COVID-19 patients [261]. Another severe complication of corticosteroid 
use is intestinal perforation which is related to the high dose of corti-
costeroids. A study reported a 66-year old man with metabolic syndrome 
and COVID-19-associated acute respiratory failure under treatment with 
high dose methylprednisolone and TCZ to be diagnosed with acute in-
testinal perforation [261]. Since other studies had previously reported 
the same complication in RA patients treated with TCZ/corticosteroids 
[262–263], intestinal perforation must be considered as a lethal 
complication of treatment with corticosteroids and TCZ in COVID-19 
patients. 

In some severe COVID-19 patients, monotherapy with IL-6 in-
hibitors, corticosteroids, or JAK inhibitors can not improve respiratory 
failure and ARDS. Therefore, combination therapy has been considered 
in some studies (Table 1) [264]. Concomitant inhibition of IL-6 and IL- 
6R can act synergistically to inhibit the IL-6 inflammatory cascade. In a 
study, a combination of TCZ and siltuximab reduced serum IL-6/IL-6R 
ratio and effectively suppressed the hyperinflammatory status 
compared to monotherapy with each drug [265]. Anti-inflammatory 
drugs and TCZ could act synergistically to improve the outcome in pa-
tients with severe infection. In a study, TCZ and methylprednisolone 
were administered alone or in combination in non-intubated patients. 
The results demonstrated that early anti-inflammatory treatment with 
TCZ, methylprednisolone, or both, can improve the clinical outcome 
[266]. Another study investigated the effect of a 5-day treatment with 
high-dose methylprednisolone (250 mg on day 1 followed by 80 mg on 
following days) followed by a single dose infusion of 8 mg/kg TCZ in 
43% of the patients. The results indicated that treated patients had 65% 
less mortality, 71% less mechanical ventilation, and 79% better primary 
outcome [266]. The authors concluded that treatment with glucocorti-
coids, followed by adjunctive injection of TCZ, can substantially pro-
mote the outcome in deteriorating COVID-19 patients. Combination 
therapy with corticosteroids and TCZ can also be used for the manage-
ment of COVID-19-associated side effects, such as myocarditis and ce-
rebral edema. In a study by Coyle et al, a 57-year-old male COVID-19 
patient was diagnosed with acute myocarditis with extreme elevation in 
troponin. The patient was treated with high-dose 500 mg IV methyl-
prednisolone for 4 days. Since the inflammatory markers were increased 
and the patient’s hemodynamic status became unstable, the patient was 
started on a single infusion of 4 mg/kg TCZ and an AT-001 aldolase- 
reductase inhibitor (ARI). After combination therapy with these drugs, 
the patient’s clinical status and inflammatory markers were significantly 
improved and he was fully recovered and discharged on day 19 [225]. 

The complement system is one of the directors of the innate immune 
system and contributes to the cytokine storm in COVID-19 [170,267]. 
Therefore, another potent combination therapy is the combination of 
complement inhibitors with IL-6R or JAK inhibitors. In a study, eculi-
zumab, a monoclonal antibody against C5a, was used to treat ARDS in 
COVID-19 patients. The results indicated that the patients experienced 
significant improvement in serum D-dimer levels, respiratory status, and 
radiologic findings. The authors concluded that combination therapy 
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using a complement inhibitor and a JAK inhibitor can treat the ARDS by 
simultaneous inhibition of adaptive and innate hyper-immune responses 
[268]. Other than IL-6, several cytokines and interleukins participate in 
the progression of ARDS in COVID-19. In some severe cases that do not 
respond to treatment, TCZ can also be combined with immunomodu-
latory drugs of other classes, such as IL-1 inhibitors. Aomar-Millán and 
et al. showed that Anakinra (an IL-1 inhibitor) can be used with TCZ and 
CS in treating severe COVID-19 patients that had not responded to TCZ 
plus CS therapy. The reason for the synergetic effect of Anakinra and 
TCZ is that IL-6 and IL-1 both are main inflammatory agents in COVID- 
19 and thus the combination use of them has a synergetic effect in 
severely ill COVID-19 patients [269]. Moreover, a combination of ana-
kinra and methylprednisolone was reported to decrease the mortality in 
COVID-19 patients with hyperinflammation and respiratory failure in an 
observational retrospective study on 120 patients [270]. 

7. Conclusion 

Cytokine storm-induced ARDS is the major cause of respiratory 
damage and lung damage in severe COVID-19. IL-6 has a key role in this 
hyperinflammatory process and corresponding ARDS. Thus, inhibition 
of the IL-6 pathway is an appropriate method for reversing pulmonary 
failure and reducing mortality in COVID-19 (271). Specific IL-6 in-
hibitors, including tocilizumab, sarilumab, clazakizumab, levilimab, 
non-specific anti-inflammatory drugs such as corticosteroids, and JAK- 
inhibitors such as tofacitinib, baricitinib, etc, are the latest developed 
agents for inhibition of IL-6 pathway that have been studied and have 
shown promising effects against severe COVID-19. Among IL-6 pathway 
inhibitors, tocilizumab and baricitinib have shown promising results for 
severe COVID-19 treatment; however, data either do not support other 
drugs for severe COVID-19 treatment, or future studies are still 
mandated to determine their efficacy. Despite promising results, the 
application of IL-6 pathway antagonists can be associated with side ef-
fects, such as the risk of superinfection and hepatic damage. Moreover, 
to reach optimal efficacy by using these drugs, specific clinical consid-
erations such as the appropriate timing and dosage must be considered. 
In some severe cases that do not respond to monotherapy, a combination 
of two or more drugs from the same class or different classes can be 
helpful. Further studies are indicated to investigate the treatment op-
tions, efficacy, possible unexpected adverse effects, and future ap-
proaches to achieve improved outcomes in COVID-19 by blocking the IL- 
6 signaling pathway. 
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J.R. Nieto, et al., Compassionate use of tocilizumab in severe SARS-CoV2 
pneumonia. 102 (2021) 303–309. 

[244] M. Gorgolas, A. Cabello, L.P. Perez, F.V. Alvarez, B.A. Alvarez, M.J.R. Nieto, et al., 
Compassionate Use of Tocilizumab in Severe SARS-CoV2 Pneumonia. When late 
administration is too late, 2020. 

[245] P. Sinha, A. Mostaghim, C.G. Bielick, A. McLaughlin, D.H. Hamer, L.M. Wetzler, 
et al,. Early administration of Interleukin-6 inhibitors for patients with severe 
Covid-19 disease is associated with decreased intubation, reduced mortality, and 
increased discharge. 99 (2020) 28–33. 

[246] L. Campins, R. Boixeda, L. Perez-Cordon, R. Aranega, C. Lopera, L.J.C. Force, 
et al., Early tocilizumab treatment could improve survival among COVID-19 
patients 38(3) (2020) 578. 

[247] G. Rojas-Marte, M. Khalid, O. Mukhta,r A.T. Hashmi, M.A. Waheed, S. Ehrlich, 
et al., Outcomes in patients with severe COVID-19 disease treated with 
tocilizumab: a case–controlled study 113(8) (2020) 546–550. 

R. Elahi et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S1567-5769(22)00020-0/h0965
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0965
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0965
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0970
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0970
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0975
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0975
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0975
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0980
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0980
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0980
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0985
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0985
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0985
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0990
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0990
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0990
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0995
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0995
http://refhub.elsevier.com/S1567-5769(22)00020-0/h0995
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1000
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1000
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1000
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1005
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1005
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1005
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1010
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1010
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1010
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1015
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1015
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1015
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1020
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1020
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1020
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1025
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1025
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1025
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1030
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1030
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1030
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1035
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1035
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1035
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1040
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1040
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1040
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1045
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1045
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1045
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1045
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1050
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1050
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1050
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1055
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1055
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1055
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1060
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1060
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1060
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1060
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1065
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1065
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1065
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1065
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1070
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1070
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1070
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1070
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1075
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1075
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1075
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1080
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1080
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1080
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1090
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1090
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1090
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1095
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1095
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1095
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1100
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1100
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1100
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1105
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1105
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1105
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1110
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1110
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1110
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1115
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1115
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1115
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1115
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1120
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1120
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1120
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1125
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1125
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1125
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1130
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1130
http://refhub.elsevier.com/S1567-5769(22)00020-0/h1130


International Immunopharmacology 105 (2022) 108536

17

[248] J. Martínez-Sanz, A. Muriel, R. Ron, S. Herrera, J.A. Pérez-Molina, S. Moreno, 
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