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REVIEW

The cytokine storm of COVID-19: a spotlight on prevention and protection
Lucie Pearce , Sean M. Davidson and Derek M. Yellon

The Hatter Cardiovascular Institute, University College London, London, UK

ABSTRACT
Introduction: The cytokine release syndrome (CRS) of COVID-19 is associated with the development of 
critical illness requiring multi-organ support. Further research is required to halt progression of multi- 
organ injury induced by hyper-inflammation.
Areas covered: PubMed/MEDLINETM databases were accessed between May 9th-June 9th, 2020, to 
review the latest perspectives on the treatment and pathogenesis of CRS.
Expert opinion: Over-activity of chemotaxis triggers a macrophage activation syndrome (MAS) result-
ing in the release of pro-inflammatory cytokines. IL-6 and TNF- α are at the forefront of hyper- 
inflammation. The inflammatory cascade induces endothelial activation and capillary leak, leading to 
circulatory collapse and shock. As endothelial dysfunction persists, there is activation of the clotting 
cascade and microvascular obstruction. Continued endothelial activation results in multi-organ failure, 
regardless of pulmonary tissue damage. We propose that targeting the endothelium may interrupt this 
cycle. Immuno-modulating therapies have been suggested, however, further data is necessary to 
confirm that they do not jeopardize adaptive immunity. Inhibition of IL-6 and the Janus Kinase, signal 
transducer and activator of transcription proteins pathway (JAK/STAT), are favorable targets. Remote 
ischemic conditioning (RIC) reduces the inflammation of sepsis in animal models and should be 
considered as a low risk intervention, in combination with cardiovascular protection.
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1. Introduction

In December 2019, Hubei Province in China declared the 
emergence of a novel RNA coronavirus, which causes acute 
severe respiratory distress (ARDS) and rapid multi-organ failure 
[1]. Genomic sequencing demonstrated notable similarity 
(89% nucleotide identity) to the SARS coronavirus of 2003, 
responsible for significant respiratory disease outbreak [2]. 
The resultant COVID-19, has developed into an aggressive 
global pandemic, disabling the infrastructure of over 200 
countries and infecting millions of people. Therapeutic chal-
lenges are mounting rapidly, due to the high virulence factor 
of the virus and the absence of pre-existing immunity. In the 
United Kingdom, current prognosis for patients admitted to 
critical care remains guarded, with mortality rates of approxi-
mately 50% reported [3].

COVID-19 causes a varied clinical picture of infection, ran-
ging from asymptomatic, to critical illness with ARDS, requir-
ing multi-organ support on the intensive care unit (ICU). The 
predictors of progression to critical disease remain unclear, 
however a trend toward deterioration at days 7–10 of clinical 
infection has been well documented [1, 4, 5]. As seen in the 
influenza pandemic of 1918, it has been suggested that 
a cytokine storm of hyper-inflammation is responsible for 
this detrimental disease course, leading to terminal outcomes 
in both those young and old, with and without pre-existing 
co-morbidities [1, 4].

There is therefore a pressing need to develop or re-purpose 
therapies which target the COVID-19 induced cytokine storm. 

As this is not exclusive to COVID-19, we can learn much from 
known immuno-modulatory interventions, already established 
in the treatment of severe inflammation. In addition to seasonal 
influenza (which can also cause ARDS), research should also 
consider those mechanisms driving the hyper-inflammatory 
state of other novel coronavirus diseases, bacterial sepsis and 
hemorrhagic fevers. Considering that coagulopathy and disse-
minated intra-vascular coagulation (DIC) are features of 
advanced disease [4], the latter conditions may also be of 
increasing relevance.

Virus-induced cytokine storm is associated with Secondary 
haemophagocytic lymphohistocytosis (sHLH), a condition 
causing persistent pyrexia, hematological disturbance and 
ARDS in 50% of patients [5]. These clinical features are also 
observed following Chimeric Antigen Therapy (CAR-T), an 
autoimmune-modulating treatment used to target B-cells in 
hematological malignancy. CAR-T leads to a Cytokine Release 
Syndrome (CRS) in up to 70% of patients [6] and clinical 
scoring systems are used to pre-assess individuals who may 
be susceptible to developing hyper-inflammation. Likewise, it 
is paramount that we identify therapeutic measures to dam-
pen CRS early in the COVID-19 clinical course, (days 1–7). 
Prompt recognition and intervention may halt progression to 
severe/critical disease, when the extent of host inflammation 
and cell injury is likely already, irreversible.

For the purpose of this perspectives opinion article, 
PubMed/MEDLINETM databases were accessed at https:// 
pubmed.ncbi.nlm.nih.gov/between May 9th – 9 June 2020, to 
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determine the latest relevant immunology and future treat-
ment targets of COVID-19 associated CRS.

1. Defining Inflammatory Pathways

SARS-2-CoV is a single stranded RNA virus, which binds to 
ACE-2 receptors in the lung epithelium and enters the cell 
via endocytosis [4]. As part of viral replication and manufac-
ture, damage associated molecular patterns (DAMPs) are 
released into the cytosol and are sensed by circulating macro-
phages via pattern recognition receptors (PRR) and RIG-I-like 
receptors (RLRs) [7]. Macrophage recognition of viral invasion 
initiates the process of chemotaxis and the recruitment of 
other immune cells via the secretion of acute phase response 
cytokines IL-6, TNF-α, IL-1β and type-1 interferons (innate 
immune system) [8]. Other, macrophage-bound receptors 
involved in the detection of foreign genetic material, include 
toll like receptors (TLRs), NOD like receptors (NLRs) and the 
interferon related STING/cGAS pathway [8, 9]. The latter is 
involved in cellular cross-talk and transcription of anti-viral 
proteins in neighboring cells.

NLRs also act to induce autophagy of pathogens and are 
involved in inflammasome formation (NLR). These molecules 
activate the enzyme Caspase-1, leading to production of IL-1β 
from its precursors [10]. They also facilitate the upregulation of 
tumor necrosis factor receptor-associated factor (TRAF) [8]. The 
Janus Kinase/Signal Transducers and Activators of 
Transcription (JAK/STAT pathway) forms an integral part of 
innate immunity signaling and contributes to the differentia-
tion of Natural Killer (NK) cells from lymphoid precursors. NK 
cells are activated by IL-12 and seek to destroy any host cell 
with altered or missing major histocompatibility complex 
(MHC) information [8].

The adaptive immune response is initiated when dendritic 
cells present antigen fragments to naïve CD4 T-cells. 
Interleukins 2,4,5 & 10 all have a role in the differentiation of 
naïve T-cells to T-helper cells, which in addition to IFN-γ, 
stimulate IgM antibody secretion from B cells (plasma cells) 
[11]. Memory B-cells are responsible for developing a ‘cellular 
memory’ of antigenic material, so that neutralizing antibodies 
can be quickly manufactured, should viral invasion reoccur. 
A sub-group of T cells called T-regulator cells (Treg) are 
thought to have an important role in governing the amplitude 

of the humoral immune response, and it has been documen-
ted that reduction in Treg cell numbers is associated with 
increased susceptibility to auto-immune disorders [12]. Treg 
cell depletion leads to an increase in the levels of IL-6, 17 and 
IFN-γ, and reduces the clearance of neutrophils via the secre-
tion of IL-8 [13]. This sequence of events contributes to the 
development of lung injury and ARDS [12].

2. Pathogenesis of the cytokine release syndrome

The cytokine release syndrome (CRS) is a complex cascade of 
multiple chemokines released by the immune system in 
response to pathogenic material (Figure 1). The cytokines 
which are important in hyper-inflammation include IL-6, IL- 
8, TNF-α, IL1-β, MCP-1, GCS-F, IP-10, CCL1-3, IL-17 and IFNγ 
[4, 5, 14, 8, 11, 15, 16]. Delayed secretion of type-1 interfer-
ons (IFN-α/β) is also felt to accelerate the development of 
CRS [8, 16, 17]. Individual immune response may vary 
between different pathogens and the stage of the disease 
course [11]. Consequently, researchers are faced with the 
dilemma of quelling immune system over activity, whilst 
preserving mechanisms of viral clearance and anti-body pro-
duction. It is challenging to identify the cytokines which are 
most damaging in COVID-19, without compromising this 
delicate balance. The risk of impairing a beneficial adaptive 
immune response, from cytokine inhibition, has recently 
been defined [11].

The acute-phase response cytokines, IL-6 and TNF-α, are 
considered by many to be the major ‘culprits’ in the patho-
genesis of COVID-19 hyper-inflammation [4, 8, 15]. It has 
been suggested that IL-6 promotes a macrophage activation 
syndrome (MAS) [17], triggering mass production of pro- 
inflammatory cytokines and inducing migration of neutro-
phils and fibroblasts into the pulmonary epithelium. This 
results in increased deposition of collagen and fibrin, leading 
to damage to underlining lung tissue [8, 15, 17, 18]. In 
humans with severe COVID-19, SARS and Ebola hemorrhagic 
fever (EHF), there is positive correlation between elevated IL- 
6 levels, disease severity and mortality [4, 19, 20, 21]. In 
a study of patients receiving CAR-T therapy, increased IL-6 
was associated with grade-4 CRS and peaked between days 
2–5 of treatment [6]. IL-6 additionally causes detrimental 
endothelial activation, and nitrous oxide (NO) dependent 
increase in vascular permeability, which will be discussed 
below.

It is possible to consider IL-6 as both ‘friend and foe’; given 
its ability to ‘class-switch’ into either a pro- or anti-inflammatory 
form, as mediated by the protease TACE (TNF-α-converting 
enzyme). When IL-6 is bound to its soluble receptor (sIL-6 R), 
a cascade of hyper-inflammation is induced, whereas the IL- 
6-membrane bound IL-6 complex, downregulates this response 
[20]. IL-6 intra-cellular signaling is complex, involving the gp130 
receptor, JAK/STAT, RAS/RAF and AKT/P13 K pathways [19]. The 
IL-6 ‘classical’ pathway involves the IL-6 receptor (IL-6 R) which 
binds directly to gp130. The ‘trans’ signaling pathway uses 
soluble sIL-6 receptors to aid gp130 binding and signal trans-
duction in cells which do not express membrane bound IL-6 R 
[19]. In an animal model of influenza, IL-6 knock-out mice were 
found to have an increased mortality, reduced phagocytic 

Article highlights

● IL-6 and TNF- α are key mediators of the cytokine release syndrome 
in COVID-19

● Macrophage activation syndrome and endothelial activation are cor-
nerstone in persistent inflammation

● Endothelial involvement is associated with microvascular thrombi 
and pro-thrombotic state

● Risk to the adaptive immune response should be considered when 
developing cytokine suppression therapy

● Remote Ischemic conditioning and cardiovascular protection should 
be considered in the prevention and protection of COVID-19 CRS

This box summarizes key points contained in the article.
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function and increased fibroblast proliferation [22]. Therefore, 
the ability of IL-6 to initiate chemotaxis and immune system 
polarization, may make its inhibition unfavorable in the early 
disease course.

TNF-α has a similar role to IL-6, as an acute phase response 
cytokine, with pro-inflammatory actions in COVID-19. 
Increased serum levels of TNF-α are associated with increased 
CRS severity [6, 16, 17]. In addition, TNF-α has a role in tissue 
regeneration, by activating nuclear kappa factor B (NF-kB) 
signaling pathways, to recruit circulating progenitor cells 
[16]. Murine models of SARS virus (using recombinant 
S ‘spike’ protein) have demonstrated that TNF-α and IL-6 
may be stimulated directly by the virus via the NF-kB pathway 
[23]. This would explain the supra-normal levels of the acute 
phase response cytokines observed in response to infection by 
coronaviruses.

In addition to stimulating the production of pro-inflammatory 
cytokines, COVID-19 may induce TNF-α-mediated lymphocyte 
apoptosis [16]. TNF-α induces caspase-mediated cell death in 
other disease states such as rheumatoid arthritis, by triggering 
the release of mitochondrial cytochrome c into the cytosol [11]. 
Under normal circumstances, this is a carefully regulated homeo-
static mechanism and TNF- α/NF-kB activation can also induce 
cytoprotective proteins [10]. Cell death leads to reduced CD4/8 
count (lymphopenia); a commonly reported clinical finding of 
severe COVID-19 [4, 8, 15]. Moreover, the reduction in 
T lymphocytes appears too great to be explained by lymphocyte 
sequestration in lymphoid tissue. Both the protective and detri-
mental actions of IL-6 and TNF- α, mean that their inhibition must 
be considered carefully in COVID-19 [24, 25, 26].

IL-6, in combination with IL-23, activates the JAK/STAT 
pathway, leading to differentiation of Th17 cells; a sub-type 
of T-helper cells. TH17 secrete IL-17, which has been associated 
with the development of ARDS in severe influenza [13]. IL-17 
may be an important driver of COVID-19 CRS and its inhibition 
is considered safe when this is not combined with other 
cytokine suppressants [11]. Another important contributor to 
CRS is the delayed or insufficient secretion of type-1 inter-
feron, early in the immune response [15]. Although the exact 
mechanism remains unclear, lower levels of type-1 interferon 
have been associated with increased MAS and worsening 
cytokine storm [8]. Moreover, when type I IFNs have been 
introduced to SARS infected animals, lower levels of pro- 
inflammatory cytokines have been reported [17]. Some viruses 
such as EHF, are able to actively down-regulate the type-1 
interferon response via disruption of RIG pathways [21]. It is 
possible that COVID-19 is also capable of disrupting type 1IFN 
defense mechanisms.

Other molecules that circulate at increased levels in severe 
COVID-19, include monocyte chemo-attractant [8, 11, 15, 26] 
protein-1 (MCP-1), and the small, inducible chemokines CCL 
1,2 & 3. MCP-1 is a key molecule in assisting macrophage 
recruitment and migration, and so could contribute to an 
uncontrolled macrophage activation syndrome (MAS). 
Elevated levels of MCP-1 have also been implicated in the 
CRS associated with CAR-T cancer therapy [6]. Although not 
exclusively limited to hematological conditions, CAR-T is fre-
quently used in the treatment of B-cell malignancy following 
lymphodepletion chemotherapy. The CRS of CAR-T therapy 
may be highly relevant to COVID-19, as this also features 

Figure 1. The key pathways in the development of cytokine release syndrome (CRS) and microvascular involvement.
Figure 1 The SARS-CoV-2 virus infects type II pneumocytes within the pulmonary system. Local macrophages respond to foreign genetic material. The acute phase response cytokines (TNF- 
α, IL1-β and IL-6) trigger a first cytokine wave, whilst type I IFNs initiate the differentiation of Natural Killer cells (NK) and the adaptive immune response. The cytokine IL-6 induces 
endothelial activation, and inflammatory cell migration. There is an increase in Tissue Factor secretion and upregulation of the coagulation cascade leading to immune mediated 
thrombosis. Endothelial activation stimulates inflammatory cross-talk contributing to a second cytokine wave. Figure adapted from [8,11,17]. Abbreviations: IFN – Interferon, NK – natural 
killer cells, VWF – Von Willebrand Factor, G-CSF – Granulocyte colony-stimulating factor, MCP-1 – monocyte chemoattractant protein 1, CCL – chemokine ligand 
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circulatory collapse and coagulopathy. In a study of 133 hema-
tology patients receiving CAR-T, levels of both IL-6 and MCP-1 
peaked between 2–5 days [6]. This illustrates the short amount 
of time to administer preventative therapy, before key cyto-
kines begin to rise.

The closely linked CCL chemokines, are implicated in many 
inflammatory disease processes such as allergic asthma, and 
insulin resistance syndromes and can also induce the pro-
thrombotic, tissue factor (TF) [27]. Tissue factor is expressed 
on macrophages during endothelial activation and triggers 
the clotting cascade, to initiate thrombosis. This is homeo-
static, when there is localized hemorrhage, but can be detri-
mental when this is systemic during sepsis [8]. Although 
pulmonary ARDS is linked to poor prognosis, COVID-19 enters 
a critical phase when multi-organ injury and circulatory col-
lapse develop. Viremia and hyper-cytokinaemia, may result in 
widespread vascular damage, which continues to drive the 
production of pro-inflammatory cytokines [8].

3. Endothelial activation – the eye of the cytokine 
storm?

Evidence is emerging that the multi-organ injury observed in 
COVID-19 is a consequence of cytokine-induced endothelial 
dysfunction (endothelitis) [28]. IL-6 causes endothelial activa-
tion and neutrophil infiltration, which results in NO (nitric 
oxide)-mediated changes to vascular permeability and loss of 
vascular tone [8]. This is reflected clinically by increased neu-
trophil to T-cell lymphocyte ratio, and the development of 
septic shock [4]. Endothelial activation occurs initially within 
the microcirculation, in order to prevent pathogenic material 
from translocating to larger vessels. Unfortunately, this 
increases microvascular complications including micro- 
thrombi and capillary hemorrhage; pathologies which have 
been observed following the post-mortems of both COVID- 
19 and SARS patients [28, 29]. Clinical markers such as 
d-dimer, which are predictive of poor outcome in COVID-19 
[4] are products of fibrin degradation and reflect underlying 
endothelial-mediated activation of the clotting cascade [8].

Multiple cases of ST-elevation Myocardial Infarction (STEMI), 
in the absence of major epicardial coronary obstruction, have 
been reported in COVID-19 [30, 31]. In a cohort of 28 patients 
from the Italian district of Lombardy, 40% of COVID-19 
patients presenting with typical STEMI had no flow limiting 
lesion [31]. Moreover, biopsies from a STEMI patient with 
unobstructed coronaries in COVID-19, did not demonstrate 
myocarditis [28]. Myocardial infarction (MI) in COVID-19 may 
be triggered by cytokine-induced microvascular dysfunction 
[28]. Troponin remains a gold standard biomarker in the con-
text of infarction, but may also be significantly elevated in 
microvascular obstruction (MVO). Marked elevations are also 
seen in septic shock and are prognostic [31]. Thrombolysis is 
not deemed appropriate treatment in COVID-19 STEMI, when 
type-2 myocardial infarction predominates [30, 31].

The role of ACE inhibitors has proved controversial in 
COVID-19, however some suggest that they do not cause 
harm, and may be beneficial [32, 33]. ACE inhibitors are pro-
ven to be cardioprotective and help to reduce long-term 
endothelial activation, by controlling hypertension and 

encouraging LV remodellinging [32]. It is possible that this 
cohort of patients may be better faced to withstand CRS- 
induced inflammation, given that angiotensin-II is linked to 
vascular NO pathways [8]. In animal models, therapeutic 
heparin has improved survival following challenge with LPS 
[34]. Heparin, however, did not reduce inflammatory cytokine 
levels, and the development of subsequent coagulopathy 
made the activated partial thromboplastin time (APTT) difficult 
to interpret.

In addition to microvascular events, COVID-19 is associated 
with an increase in arterial thrombosis. A recent case study of five 
COVID-19 positive patients under 50 years, reported ischemic 
stroke as a cerebrovascular manifestation of the disease [35]. An 
occlusive thrombus was identified in all cases and treatment 
consisted of anti-coagulation with clot retrieval. These phenom-
ena may not be surprising considering that endothelial activa-
tion in non-COVID disorders such as atherosclerosis, affects the 
cardiovascular and neurovascular systems in a similar manner 
[36]. Moreover, inflammatory molecules and leukocytes are 
known to traverse the blood-brain barrier causing central ner-
vous system (CNS) inflammation; a mechanism which may be 
further augmented when endothelial integrity is compromised 
[37]. The CNS is able to synthesize its own cytokines via type-1 
astrocytes and microglia, resulting in other neurological mani-
festations of coronavirus such as encephalitis [38, 39].

It is now well appreciated that COVID-19 increases the inci-
dence of venous thrombo-embolic events (VTEs) such as pulmon-
ary emboli; often in absence of traditional risk factors [4, 40, 41]. 
A French study of 107 critical care patients found a significantly 
higher proportion of VTEs in a COVID-19 cohort, compared to 
a controls with severe influenza [42]. The relationship between 
systemic inflammation and coagulation cascade activation is well 
recognized in many diseases, and in septic shock, the pro- 
inflammatory cytokines such as TNF and IL-1 are thought to 
induce pro-coagulant tissue factor (TF), triggering important 
‘immuno-thrombotic’ pathways [43]. A new novel mechanism in 
immune mediated thrombosis has been proposed, which identi-
fies the depletion of anti-coagulant Protein S (PROS1) by clot 
consumption, as significant in the development of COVID-19 pro- 
thrombotic state [44]

Clinicians are currently in the early stages of identifying 
a new pediatric illness, which resembles a large/medium ves-
sel vasculitis such as Kawasaki’s disease [45, 46]. This is felt to 
be a late sequela of COVID-19 infection in children and is 
perhaps a consequence of the pediatric cytokine storm caus-
ing immune mediated vascular damage. Further research must 
focus on endothelial protection to prevent multi-organ injury, 
cardiac/cerebrovascular complications, and multi-system vas-
culitis/endothelitis. This may be particularly important in indi-
viduals with conditions such as type-2 diabetes who have 
a chronic, persistent level of endothelial dysfunction and 
a poor prognosis in COVID-19 [4]. The endothelial system as 
an organ must be considered as a pivotal mediator of COVID- 
19 induced hyper-inflammation and thrombosis.

4. New frontiers in cytokine suppression

As the detrimental effects of COVID-19 associated CRS are 
recognized, there has been a rush to trial pre-existing 
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immune-modulating therapies, used in the treatment of 
chronic inflammatory conditions. Anti-viral agents which pre-
dominantly target the host cell (modulating endocytosis, viral 
replication and manufacture) such as Remdesivir, 
Hydroxychloroquine/chloroquine and arbidol have been 
investigated widely [45, 47] and are the subject of many 
clinical studies [46, 48]. Although these agents have shown 
some early promise, they may be considered less relevant as 
direct mediators of the CRS of COVID-19, hence this article will 
focus on new frontiers in targeting cytokine release.

The IL-6 receptor blocker, Tocilizumab (TCZ) has generated 
much interest in this context [5, 8, 11, 19]. Acting directly on the 
IL-6 R, TCZ can inhibit both classical and trans-signaling path-
ways and is licensed for treatment of CRS associated with CAR-T 
therapy [19]. Traditionally, TCZ is used in the treatment of rheu-
matoid arthritis (RA) and sHLH caused by Still’s Disease (Juvenile 
onset arthritis) [5, 11, 15, 25]. It is generally well tolerated in 
patients with chronic inflammatory conditions, however in 
a review of phase III RCT’s of RA, TCZ was found to cause upper 
respiratory tract infection in approximately 7% of patients and 
hypertension in 6% of patients [49]. A retrospective study from 
Wuhan, China analyzed the outcomes of 15 critical care patients 
who received TCZ for COVID-19. TCZ was associated with mitiga-
tion of IL-6 response, however the study lacked controls, was 
retrospective and patients received multi immune-modulating 
therapies [50]. The results of randomized control trials (RCTs) are 
currently awaited.

An important relationship may be emerging between IL-6 
and androgen regulation [51]. It has been proposed that 
upregulation of androgens in males leads to increased expres-
sion of cellular transmembrane serine protease 2 receptors 
(TMPRSS2) via IL-6 signaling [51]. Animal models have demon-
strated that TMPRSS2, alongside ACE-2 receptors, govern entry 
of COVID-19 into the host cell. Moreover, inhibition of 
TMPRSS2 has been found to kill the SARS-CoV-2 virus [52]. 
Attention has turned to established anti-androgen therapies 
such as spironolactone and bicalutamide as potential modu-
lators of pro-inflammatory cytokines [53]. Similarly, inhibitors 
of IL-1β (AnakinraTM) and TNF- α (EtanerceptTM) have been 
proposed as anti-inflammatory agents in already-established 
severe CRS [8]. Whilst they have shown promise in animal 
models with LPS-induced infection [24], data in humans is 
limited.

The JAK/STAT pathway is considered an attractive target for 
cytokine suppression [5, 8, 11, 16, 17]. Of note, inhibition of 
this pathway would disrupt the signaling of multiple cytokines 
and maximize anti-inflammatory effect. Caution must be exer-
cised however, as there is a theoretical danger in blocking 
cytokines associated with viral clearance via (JAK 1&3) [11]. 
Immunosuppressants can impede viral clearance via interfer-
ence with type-I IFN signaling, which upregulates NK cells and 
the adaptive immune response. In addition, JAK inhibitors can 
increase the risk of venous thrombosis, which is a significant 
pathology in COVID-19 [16]. The tyrosine-kinase inhibitor 
Ponatinib, has been found to inhibit the release of multiple 
cytokines in animal models of severe influenza [54]. In vivo, 
Ponatinib significantly down-regulated three key cytokines (IP- 
10, IL-8 and MCP-1), and reduced overall mortality.

Other pharmacological agents proposed in influenza asso-
ciated cytokine storms include peroxisome proliferator- 
activated receptor agonists (PPARs), sphingosine-1-phosphate 
receptor modulator agonists (S1P1) and COX inhibitors [13]. 
Corticosteroids remain controversial], as they have previously 
increased mortality in critical care patients suffering from 
severe influenza and ARDS [55]. Administration of IVIG and 
convalescent plasma of survivors has shown early promise, 
however these are therapies suited to critical care and treat-
ment of well-established grade 4 CRS [56]. A new novel target 
of the rapamycin (mTOR) pathway has recently been proposed 
[57]. This is based on the principle that tissue damage in CRS is 
related to antibody-dependent enhancement (ADE) and this 
class of drugs has been utilized previously in the prevention of 
CRS in transplant and H1N1 [58].

Circulatory support methods such as Extra Corporeal 
Membrane Oxygenation (ECMO) used on critical care, are an 
effective means of cytokine removal and therefore reduce 
multi-organ involvement [59]. It is important clinically, when 
considering pharmaceutical options to also consider the 
hemodynamic status of the patient and the consequences of 
shock physiology. Critical care teams have observed the 
importance of ensuring that the severely unwell COVID-19 
patient has optimal fluid balance, so as to avoid development 
of ARDS, fluid overload and congestive renal injury with renal 
hypo-perfusion [60]. Similarly, cardio-renal syndrome related 
to COVID-19 can occur by this mechanism of excessive volume 
expansion and third space fluid accumulation, caused by IL-6 
induced changes to vascular permeability.

In animal models of sepsis, Remote Ischemic Conditioning 
(RIC) has shown significant promise in reducing mortality [61]. 
RIC is a widely reported cardio-protective phenomenon, evi-
dent when periods of sequential ischemia and reperfusion at 
a remote site to the target organ, confer protection of cardi-
omyocytes from reperfusion injury (RPI) [61, 62]. RIC is per-
formed in humans by gradual inflations and deflations of 
a blood pressure cuff situated on the upper limb [63].

In mice challenged with LPS, RIC significantly reduced the 
serum concentration of pro-inflammatory cytokines (IFN-γ, IL- 
1β, TNF- α) and improved survival. The exact mechanism by 
which this occurs remains unclear, however RIC may modulate 
adenosine receptors and downregulate the NF-kB pathway of 
cytokine release [62]. In humans, RIC uses vagally-mediated 
pathways to reduce the inflammation from reperfusion injury, 
which can occur in both sepsis and acute myocardial infarc-
tion [62, 64]. RIC could therefore have a role in suppressing the 
inflammatory storm of COVID-19 and is both an accessible and 
simple intervention.

5. Conclusion

The cytokine storm of COVID-19 is an important instigator of 
severe disease and multi-organ injury. We describe the 
immune-modulating therapies which are currently under 
review in the COVID-19 pandemic and consider the benefits 
of remote ischemic conditioning (RIC) in mediating harmful 
cytokine release. The endothelial system as an organ is 
a crucial mediator of the cytokine storm and its persistent 
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activation drives a ‘septic swirl’. This opinion considers the 
importance of cardiovascular protection in whole body ische-
mia during sepsis and provides insights into implications for 
further research. Only time will tell whether a fusion of novel 
immune-modulating drugs and cardiovascular protection can 
influence the dire outcomes of severe COVID-19.

6. Expert opinion: consider RISK and multi-organ 
protection in CRS

COVID-19 is no longer just an infection confined to the pul-
monary epithelium, but a multi-system inflammatory disorder 
causing end-organ failure [28]. Although anti-viral agents such 
as Remdesivir have reduced disease severity in case studies 
[47], there is still no definitive cure for COVID-19. We must, 
therefore, turn our attention to other modalities of preventing 
end-organ destruction, whilst perfecting pharmacological 
options. As is evident from critical care reports, multi-organ 
ischemia in COVID-19 occurs as a result of cardio-renal syn-
drome, cytokine release and global hypoperfusion due to loss 
of vascular integrity [60]. It may be possible to apply the 
principles of organ protection, utilized in other ischemic con-
ditions to limit cell injury and apoptosis. The aforementioned 
observation that RIC can influence cytokine release in animal 
models, provides an excellent foundation for further research 
in COVID-19 [61].

Cardioprotection is a well-established concept, developed 
to minimize damage to cardiac myocytes following myocardial 
infarction and re-perfusion injury (RPI) [65, 66, 67]. As the heart 
is central to circulatory function and multi-organ perfusion, it 
follows that cardiac protection may confer multi-system ben-
efit in COVID-19. Following ST elevation myocardial infarction 
(STEMI), there is a significant immune response which leads to 
systemic inflammation [68]. Similarly, there is upregulation of 
pro-inflammatory cytokines, inflammasomes and immune 
mediated thrombosis following plaque rupture [68]. The dis-
covery of the Reperfusion Injury Salvage Kinase (RISK) pathway 
was a major breakthrough in cardioprotective research [69]. 
RISK describes a group of pro-survival protein kinases which 
act to minimize cell death by reducing mitochondrial transi-
tion pore opening (MTP), when activated early in ische-
mia [65].

Organ protection from tissue hypoxia is most optimal when 
a ‘multi-hit’ approach is adopted [70]. The authors feel this is 
best achieved by the fusion of proven cardioprotective med-
ications, and physiological interventions which minimize 
reperfusion injury and cytokine release, such as RIC [62]. 
Moreover, within cardioprotective pharmacology there is the 
opportunity to target multiple pathways which reduce cell 
death and inflammation (additive effect) [70]. Such pro- 
survival pathways consist of RISK, Survivor Activating Factor 
Enhancement (SAFE) and Nitrous Oxide/Protein Kinase (NO/ 
PKG) [65]. This is relevant when considering that hyper- 
inflammation can trigger apoptosis via NF-kB and TNF- α[16]. 
RIC has been more difficult to translate to humans, despite the 
clear benefits demonstrated in animal models [61, 63, 67]. 
Importantly, COVID-19 provides an optimal opportunity to 
apply this intervention at the onset of mild disease, before 
the cytokine storm develops.

Preserving cardiac function during severe sepsis and CRS 
provides global benefit by improving contractility, increasing 
oxygen utilization and maintaining perfusion pressure [71]. 
Improving cardiac function therefore has the potential to protect 
renal function and neurological status. The heart is especially 
susceptible to injury during infection by circulating active sub-
stances known as myocardial depressant factors (MDFs). These 
substances include the cytokines IL-1β, IL-6, TNF-α, comple-
ments and high levels of NO. MDFs may act via NF-kB pathways 
of inflammation when binding to toll-like receptors such as TLR- 
4 [72]. Therapies which have been investigated in the septic 
heart of animals include caspase inhibitors, hydrogen gas (H2), 
melatonin and independent growth factor I (GFI-I) [73, 74]. 
Cytokine suppression has been attempted in this context; how-
ever, these treatments have thus far failed to show significant 
benefit [73].

In other cardioprotective developments, research is ongoing 
to identify the exact mechanisms by which sodium-glucose 
cotransporter 2 (SGLT2) inhibitors are beneficial in the diabetic 
heart [73]. Treatments targeting ischemia induced microvascular 
dysfunction may equally be of interest in COVID-19. In addition 
to P2Y12 inhibitors and statins, Rho Kinase inhibitors (ROCKi) have 
demonstrated many novel actions in cardiovascular protection, 
including modulation of vascular tone, angiogenesis and apop-
tosis [70, 75, 76]. ROCK inhibition can additionally mediate 
endothelial barrier function and reduce leukocyte migration 
[77, 78]. These protective effects have been seen in the CNS in 
addition to the cardiovascular system [77], which makes this class 
of drug a versatile and exciting prospect for further research.
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