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ABSTRACT—The world is currently embroiled in a pandemic of coronavirus disease 2019 (COVID-19), a respiratory illness 
caused by the novel betacoronavirus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The severity of 
COVID-19 disease ranges from asymptomatic to fatal acute respiratory distress syndrome. In few patients, the disease 
undergoes phenotypic differentiation between 7 and 14 days of acute illness, either resulting in full recovery or symptom 
escalation. However, the mechanism of such variation is not clear, but the facts suggest that patient’s immune status, 
comorbidities, and the systemic effects of the viral infection (potentially depending on the SARS-CoV-2 strain involved) play a 
key role. Subsequently, patients with the most severe symptoms tend to have poor outcomes, manifest severe hypoxia, and 
possess elevated levels of pro-inflammatory cytokines (including IL-1b, IL-6, IFN-g, and TNF-a) along with elevated levels of 
the anti-inflammatory cytokine IL-10, marked lymphopenia, and elevated neutrophil-to-lymphocyte ratios. Based on the 
available evidence, we propose a mechanism wherein SARS-CoV-2 infection induces direct organ damage while also 
fueling an IL-6-mediated cytokine release syndrome (CRS) and hypoxia, resulting in escalating systemic inflammation, 
multi-organ damage, and end-organ failure. Elevated IL-6 and hypoxia together predisposes patients to pulmonary 
hypertension, and the presence of asymptomatic hypoxia in COVID-19 further compounds this problem. Due to the similar 
downstream mediators, we discuss the potential synergistic effects and systemic ramifications of SARS-CoV-2 and 
influenza virus during co-infection, a phenomenon we have termed ‘‘COVI-Flu.’’ Additionally, the differences between 
CRS and cytokine storm are highlighted. Finally, novel management approaches, clinical trials, and therapeutic strategies 
toward both SARS-CoV-2 and COVI-Flu infection are discussed, highlighting host response optimization and systemic 
inflammation reduction. 
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INTRODUCTION 

Severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2), a novel betacoronavirus, first emerged in Wuhan, 
China in December 2019. SARS-CoV-2 causes a respiratory 
illness termed coronavirus  disease  2019  (COVID-19)  (1, 2). 
With a median incubation period of 4 to 5 days (3 – 5), 
COVID-19  patients  usually  present  with  dry  cough,  fever, 

 
and fatigue. However, a highly heterogenous collection of 
symptoms has been reported, including respiratory, neurolog- 
ical, gastrointestinal, cardiovascular, and cutaneous manifes- 
tations, potentially due to SARS-CoV-2 strain variabilities (3, 
6). This disease tends to peak within 6 days of symptom onset, 
and manifests as atypical pneumonia with diffuse alveolar 
damage and progressive respiratory failure, which may evolve 
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into critical illness involving multi-organ dysfunction and 
fatality rate of >  50%  in  approximately  15%  of  patients  
(1, 3, 7). 

Autopsy findings of pulmonary tissue show bilateral diffuse 
alveolar injury with cellular fibromyxoid exudates. Interstitial 
lymphocytic infiltration is also apparent. Most of the infiltrated 
immune cells within the alveoli are noted to be CD4 T 
lymphocytes (7, 8). Of interest, peripheral blood CD4 and 
CD8 T-cell counts tend to be greatly reduced, despite appear- 
ing to be in a hyperactive state (9). Moreover, the CD4 T-cell 
fraction harbored a substantially increased percentage of pro- 
inflammatory CCR6 Th17 cells, and  CD8  T-cells  were 
highly positive for cytotoxic granules. The most severely 
affected patients also have highly elevated serum levels of IL-
2, IL-6, IL-10, IFN-g, IFN-b, and TNF-a, along with 
decreased CD4 and CD8 T-cell counts (9). A lower propor- 
tion of regulatory T-cells (Tregs) is usually correlated with 
more severe disease (10). 

Taken together, these findings support the conceptual frame- 
work that SARS-CoV-2 infection selectively weakens, hyper- 
activates, and misdirects the immune response, either directly 
or indirectly, via an inflammatory cascade with the resultant 
multi-organ dysfunction. However, it is important to note that 
this inflammatory process is distinct from the classically 
reported cytokine storm, characterized by a several-fold 
increase of systemic symptoms and multi-organ failure. Rather, 
SARS-CoV-2 infection induces a similar, but less severe, 
hyperinflammatory state called cytokine release syndrome 

(CRS) (11). Additionally, mortality from COVID-19-induced 
CRS is primarily due to respiratory failure, while that in 
cytokine storm is due to status epilepticus or distributive shock 
(12). Based on this information, we propose a model for how 
the SARS-CoV-2-mediated inflammatory response leads to 
systemic inflammation, multi-organ dysfunction, and subse- 
quent morbidity and mortality. 

 

SARS-CoV-2 INFECTION: DIRECT AND INDIRECT 
MECHANISMS FOR SYSTEMIC INJURY 

SARS-CoV-2 is primarily transmitted through respiratory 
droplets (7, 13), a route especially relevant in the healthcare 
setting (5, 14). Upon entering the body, the virus primarily 
infects epithelial cells in the upper aerodigestive tract (e.g., 
nasal and oropharyngeal surfaces), where it reproduces asymp- 
tomatically for approximately 2 to 4 days (7), followed by 
clinical manifestations of the viral illness, including systemic 
inflammatory damage through both direct and indirect path- 
ways (Fig. 1). 

 
Direct pathway for systemic injury in SARS-CoV-2 
infection 

Once inside the respiratory tract, the spike glycoprotein (SG) 
on the viral surface binds to angiotensin-converting enzyme 2 
(ACE2) on the surface of upper and lower respiratory epithelial 
cells (15, 16). The type II transmembrane serine protease 
TMPRSS2 primes SG for entry into the target cells through 

 
 

 
 

FIG. 1. Mechanism of systemic inflammation due to SARS-CoV-2 infection. The virus binds directly to ACE2 on epithelial cells and undergoes invasion, 
replication, and causes organ-specific damage. Virally infected cells release PAMPs and DAMPs that recruit APCs and result in the release of IL-6. Pulmonary 
macrophages release IL-1b that further increases downstream release of IL-6. CD4 T cells and APCs release IL-10 to dampen the hyperactive immune 
response but is ineffective. IL-6 acts through cis-signaling on lymphocytes to stimulate a pro-inflammatory state and dampen the anti-inflammatory pathways. 
Through trans-signaling, IL-6 stimulates endothelial cells to release additional IL-6, which can act on the endothelial cells of blood vessels and hepatocytes to 
enhance the inflammatory response via a positive feedback mechanism. The combination of upregulated pro-inflammatory pathways, downregulated anti- 
inflammatory pathways and cytokine and chemokine release, results in Cytokine Release Syndrome (CRS), which causes systemic inflammatory damage. The 
image of SARS-CoV-2 was derived from the Centers for Disease Control and Prevention (CDC) website: https://phil.cdc.gov/Details.aspx?pid=23312. SARS- 
CoV-2 indicates severe acute respiratory syndrome coronavirus 2; ACE2, angiotensin-converting enzyme 2; DAMPs, damage-associated molecular patterns; 
PAMPs, pathogen-associated molecular patterns; APCs, antigen-presenting cells. 
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endocytosis (17). In addition to the respiratory tract, SARS- 
CoV-2 binds to epithelial cells on the eyes, heart, vasculature, 
kidneys, brain, gastrointestinal (GI) tract, pancreas, and liver 
(7). The cells most susceptible to infection are found in the 
lungs, nasopharyngeal tract, and intestine, due to higher expres- 
sion of ACE2 receptor and TMPRSS2 enzyme on cell surfaces 
(18). 

Upon cellular entry, SARS-CoV-2 co-opts host cellular 
machinery to replicate its genome and produce new virions.  
In addition, viral entry causes release of IL-6, a cytokine 
involved in immune signal amplification in the lungs and in 
multiple other organ systems (19). In a study by Renieris et al. 
(20), elevated levels of IL-6 and low hydrogen sulfide (H2S) 
were found in the serum of patients who died of COVID-19. In 
contrast, low levels of IL-6 and higher levels of H2S in the 
serum of COVID-19 survivors support the inflammatory role of 
IL-6 and the potential of H2S as an IL-6-targeted treatment for 
COVID-19-related disease. Initially, the resulting damage to 
organs and tissues can manifest as anosmia and ageusia (21), 
then progresses to dyspnea (22), myocardial injury (23), renal 
failure (24), neurological manifestations (25), and GI symp- 
toms (26) (Fig. 1). 

 
Indirect pathway for systemic injury in SARS-CoV-2 
infection 

SARS-CoV-2 infected cells likely undergo pyroptosis, 
releasing damage-associated molecular patterns (DAMPs)  
and pathogen-associated molecular patterns (PAMPs) (27). 
These are recognized by antigen-presenting cells (APCs); 
most prominently by the pulmonary macrophages (28), but 
also by dendritic cells (DCs) and monocytes (29).  In 
response, the APCs release pro-inflammatory cytokines, 
including IL-1b, IL-6, IFN-g, MCP1, and IP-10 to recruit 
additional monocytes, macrophages, and T-cells to the site of 
infection (1, 27) (Table 1). Early secretion of IL-1b acts as a 
driver of the pro-inflammatory pathway, resulting in recruit- 
ment of neutrophils and cytotoxic T-cells, as well as an 
upregulation of other pro-inflammatory cytokines, including 
IL-6 (30). 

In the context of SARS-CoV-2, dysregulation of the innate 
immune response leads to progressive inflammation and end- 
organ damage. Brief periods of viremia may also contribute to 
‘‘metastatic’’ viral infections across various ACE2 rich tissues 
(7). When combined, these mechanisms of SARS-CoV-2 may 

act synergistically, further amplifying the severity of the 
systemic response. 

 
Role of IL-6 and IL-10 in SARS-CoV-2 infection 

Studies show that elevated IL-6 and IL-10 levels are associ- 
ated with more severe SARS-CoV-2 infections (1). The inter- 
action between IL-6 and IL-10 is evident in IL-6 knockout 
mice, with decreased IL-10 production by macrophages com- 
pared with their normal counterparts (31). IL-6 also induces the 
expression of multiple anti-inflammatory factors, including IL- 
10, suggesting a dual role of IL-6 in the regulation of the 
inflammatory response. In addition, IL-10 is also likely upre- 
gulated to counter the overwhelming SARS-CoV-2 infection, 
but may also be involved in the infiltration of inflammatory 
cells and lung fibrosis (32). Innate lymphocytes, APCs, and 
CD4 T-cells secrete the anti-inflammatory cytokine IL-10 to 
attenuate the inflammatory process and prevent immune-medi- 
ated damage to the lungs and other tissues (33) (Fig. 1). 
However, in severe COVID-19 cases with CRS, IL-10 is likely 
unsuccessful in dampening the runaway pro-inflammatory 
response (34). The combination of the pro-inflammatory path- 
way upregulation, coupled with downregulation of the anti- 
inflammatory pathway and increased cytokine production, 
leads to the emergence of CRS, which can result in diffuse 
systemic inflammation and injury (35) (Fig. 1). 

 
Effects of SARS-CoV-2 infection on immune cells 

IL-6 acts primarily in signal amplification, with both anti- 
inflammatory and pro-inflammatory effects (11). IL-6 binds to 
lymphocytes via cis-signaling and to endothelial cells via trans- 
signaling (Fig. 1). Acting as a ligand, it activates the JAK-STAT 
(STAT1, STAT3 and, to a lesser extent, STAT5) pathway (36), 
which further amplifies intracellular cascades converging on 
SRC-YAP-NOTCH (37), RAS-RAF (38), and AKT/PI3K (39) 
pathways downstream (Fig. 2). When IL-6 acts as a ligand for 
IL-6R on lymphocytes, cytoplasmic pro-inflammatory path- 
ways are upregulated and anti-inflammatory pathways are 
downregulated (Fig. 1) (40). 

 
Effects of SARS-CoV-2 on vascular endothelial cells 

Endothelial cells do not express IL-6R; instead, they respond 
to IL-6 through trans-binding to gp130 (41) (Fig. 2). In the 
vasculature, IL-6 increases permeability through downregula- 
tion of E-cadherin and upregulation of vascular endothelial 

 
TABLE 1. Pro-inflammatory cytokines and their respective function 

Pro-inflammatory cytokine Function 
 

IL-1b Mediator of inflammatory response; mediates lymphocyte growth and differentiation; costimulator of T-cell 
function; involved in autoimmune inflammation; involved in cellular proliferation, differentiation, and 
apoptosis 

IL-6 Acute phase reactant; mediator of fever, stimulates neutrophil production in the bone marrow; supports B-cell 
growth; antagonist to Tregs 

IFN-g Inhibitor of viral replication, immune modulator; antitumor properties; increases antigen presentation and 
macrophage lysosomal activity; primes alveolar macrophages against secondary bacterial infections; 
promotes adhesion and binding for leukocyte migration; promotes Th1 and suppresses Th2 immune 
response 

MCP-1 APC recruitment to sites of inflammation; monocyte infiltration 
IP-10 Chemoattraction of immune cells (APCs, NK cells, and T-cells); promotes T-cell adhesion to endothelial cells 
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FIG. 2. Downstream pathways post-IL-6 binding. Via a cis-signaling type mechanism, the extracellular ligand interleukin-6 (IL-6) binds to the 
transmembrane receptor, IL-6R, and activates JAK/STAT pathways. Via a trans-signaling mechanism, IL6 binds to IL-6R activating JAK/STAT, and gp130. 
Both pathways converge onto one of four downstream cell signaling pathways through a signal transduction cascade. The activated pathways and their respective 
functions are stated here. 

 
growth factor (42) resulting in edema (42). Hypoalbuminemia 
secondary to the hepatic effects of IL-6 further worsens the 
edema (43). Furthermore, endothelial cells secrete MCP-1 to 
recruit monocytes (44) and IL-8 to promote neutrophil chemo- 
taxis and wound healing in severe inflammatory states (45). The 
effect of SARS-CoV-2 on vasculature is also corroborated by the 
evidence of post-COVID-19 vasculitis, an immune Kawasaki- 
like disorder recently identified in the pediatric population (46). 
This is generally consistent with the tendency of COVID-19 
patients to present, either immediately or in a delayed fashion, 
with thrombotic and thromboembolic findings (7) (Fig. 1). 

 
Effects of SARS-CoV-2 on hepatocytes 

Recent clinical studies have recognized hepatocyte damage 
as an important surrogate for severe illness and respiratory 
deterioration (47). In hepatocytes, IL-6 binds to IL-6R and 
forms a complex that binds to the membrane protein gp130 to 
initiate intracellular signal transduction (48) (Fig. 2) and induce 
the synthesis of acute inflammatory reactants. These include C- 
reactive protein (CRP), serum amyloid A protein, and hepcidin, 
amongst others, which propagate the inflammatory response 
systemically, resulting in further damage (Fig. 1). However, 
there is reduction in the synthesis of albumin and cytochrome 
P450 (43). CRP can function as an opsonin and activate the 
classical complement pathway, contributing to further systemic 
inflammatory damage (49). Serum amyloid A protein can 
propagate chronic inflammation and deposit in various tissues 
resulting in damage, including renal failure (50) as well as heart 
failure and arrythmias (51). Sustained hepcidin due to chronic 
inflammation results in anemia due to lack of iron availability 
for erythropoiesis (52). 

Effects of SARS-CoV-2 on the cardiovascular system 
Underlying cardiovascular disease is one of the most com- 

mon risk factors for COVID-19-related deaths (53). Studies 
have shown that about 10% of COVID-19 patients with pre- 
existing cardiovascular conditions, specifically those with 
hypertension and coronary artery disease, will die compared 
with 1% of COVID-19 patients without underlying medical 
conditions (54). Other potential risks include older age, high 
SOFA score, elevated troponin, and elevated d-dimer (>1 mg/ 
mL) (23). The most common cardiovascular complications 
include arrythmias (atrial or ventricular fibrillation, ventricular 
tachyarrhythmia), cardiac injury, cardiac arrest, heart failure, 
fulminant myocarditis, pulmonary embolism, and disseminated 
intravascular coagulation (1, 55). Although the direct mecha- 
nism is unknown, many myocardial infarctions experienced by 
COVID-19 patients appeared to be associated with myocarditis 
(54). It is presently unclear whether the myocardial injury is 
due to direct damage, systemic inflammation, or the combined 
effects of both (23). 

 
COVI-FLU: A BURGEONING CRISIS 

The COVID-19 pandemic has radically altered the medical 
landscape worldwide. As a new semblance of normalcy 
emerges, it is important to realize that flu season is nearing. 
Influenza viruses are evolutionarily distant from betacorona- 
viruses, and prior research has shown that influenza virus 
infection does not provide durable cross-protection against 
subsequent infection with coronaviruses (56). In fact, limited 
reports have already revealed that co-infections with influenza 
A virus and SARS-CoV-2 have occurred (57). In the proposed 



Copyright © 2020 by the Shock Society. Unauthorized reproduction of this article is prohibited. 
 

442 SHOCK VOL.  54, No. 4 LEYFMAN ET AL. 
 

 

FIG. 3. Model for COVI-Flu (SARS-CoV-2 and influenza co-infection). This is a proposed synergistic interaction between SARS-CoV-2 and influenza 
viruses resulting in CRS and systemic inflammatory injury. The hypoxic state induced by SARS-CoV-2 exacerbates IL-6 production and secretion creating a 
positive feedback loop that drives both the direct and indirect pathways of COVI-Flu. The image of SARS-CoV-2 was derived from the Centers for Disease Control 
and Prevention (CDC) website: https://phil.cdc.gov/Details.aspx?pid=23312. The image of influenza virus was derived from the CDC website: https:// 
www.cdc.gov/flu/images/h1n1/3D_Influenza_transparent_no_key_full_lrg.gif. SARS-CoV-2 indicates severe acute respiratory syndrome coronavirus 2; CRS, 
cytokine release syndrome. 

 
model, which we’ve termed ‘‘COVI-Flu’’ (Fig. 3), both viruses 
can simultaneously cause direct and indirect damage to the 
host. This synergistic infection leads to further widespread 
organ damage by CRS. 

 
Direct pathway for pulmonary and systemic injury in 
COVI-FLU 

Both influenza virus and SARS-CoV-2 infect respiratory 
epithelial cells, but through different mechanisms. Hemagglu- 
tinin proteins on influenza virus bind to sialylated glycopro- 
teins on the surface of ciliated respiratory epithelial cells (58); 
in contrast, SARS-CoV-2 binds to ACE2 proteins to mediate 
ingress (17) (Fig. 3). Upon infection, both viruses cause 
pulmonary damage and IL-6 release (59). Because of the 
presence of ACE2 receptors on other organ systems, SARS- 
CoV-2 can also cause systemic damage (Fig. 1). 

 
Indirect pathway for pulmonary and systemic injury COVI- 
FLU 

In the lungs, pulmonary macrophages are the predominant 
APC (28). Influenza virus and SARS-CoV-2 can both cause 
release of PAMPs and DAMPs, which are recognized by 
pulmonary macrophages. This results in the secretion of IL- 
1b, which can induce the recruitment of neutrophils and 
cytotoxic T-cells, as well as an upregulation of other pro- 
inflammatory cytokines, including IL-6 (60). Pulmonary 

macrophages can also release IL-6 directly after recognizing 
PAMPs and DAMPs (61). Because SARS-CoV-2 is a systemic 
infection, it can also cause the production of PAMPs and 
DAMPs in other organ systems, resulting in recognition by 
APCs and increased IL-6 release (62) (Fig. 3). 

 
IL-6, CRS, and systemic inflammatory damage in COVI- 
FLU 

Since both viruses can cause aberrant over-expression of IL- 
6, this will result in upregulation of the pro-inflammatory 
pathway, downregulation of the anti-inflammatory pathway, 
increased vascular permeability, and release of acute phase  
reactants, cytokines, and chemokines, resulting in immune- 
mediated tissue damage (59, 63). This synergistic activation of 
IL-6 downstream mediators will result in a more robust CRS 
response, with a magnitude potentially comparable to CAR T- 
cell cytokine storm, and the possibility for amplified systemic 
injury compared with infection with either virus alone (64). If 
we apply the IL-6/IL-10 cytokine model discussed previously 
to COVI-Flu, we anticipate a higher ratio of IL-6/IL-10 with an 
unfavorable prognosis (23, 65). 

 
IL-6, hypoxia, and potential therapies in COVI-FLU 

Many cases of SARS-CoV-2 present with ‘‘silent hypoxia,’’ 
wherein patients present with oxygen saturations in the low 80s 
but appear asymptomatic. During this hypoxic state, the blood 
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is still capable of extracting oxygen from the damaged alveoli, 
but the process is inefficient due to poor gas exchange. If 
oxygen saturations continue to fall, it portends a poor prognosis 
with early warning signs to seek medical intervention. Cur- 
rently, inhaled oxygen, nitric oxide (NO), and prostaglandins 
are used in the treatment of primary pulmonary hypertension 
and oxygen therapy in the management of hypoxia (66, 67). 
From an immunological perspective, hypoxia can further exac- 
erbate inflammation through the activation of pro-inflamma- 
tory pathways. In chronically hypoxic animals, elevated 
pulmonary IL-6 levels corroborate its damaging effects on lung 
vascular permeability, and the early inflammatory response to 
hypoxia (68, 69). Increased IL-6 at the early stages of hypoxia 
may be interpreted as part of an initial lung inflammatory 
response to hypoxia (Figs. 1 and 3). The mechanism by which 
IL-6 contributes to pulmonary vascular remodeling during 
hypoxia remains unclear. IL-6R is present on multiple cell 
types, including immune and endothelial cells such as those in 
the lung. 

It is imperative that we anticipate this intersection between 
SARS-CoV-2 and influenza virus and start to devise effective 
therapies to combat this potential future pandemic. Fortunately, 
influenza A virus and SARS-CoV-2 both require TMPRSS2 to 
facilitate cellular entry (70). Targeting this host protease might 
provide a means of inhibiting or limiting co-infection. In 
addition, there are known and effective orally available thera- 
pies for influenza, making it possible to avert the full extent of 
COVI-Flu in patients who present early and are treated 
promptly (71, 72). 

 

THERAPEUTIC INTERVENTIONS 

Here, we present individual therapeutic options for SARS- 
CoV-2 and influenza. Further clinical investigation is necessary 
to determine the ideal combination of therapies. 

 
SARS-CoV-2 

Recent studies using single-agent therapies have demon- 
strated minimal effects in improving mortality, especially in 
patients with severe disease. Of importance, evidence has 
emerged against the clinical effectiveness of hydroxychloro- 
quine, with ongoing studies examining other therapeutic agents 
(73). New research suggests—in line with our general hypoth- 
esis—that anti-inflammatory effects of dexamethasone may 
result in favorable immunomodulatory changes and thus lower 
morbidity and mortality in severely affected COVID-19 
patients (74). 

 
Remdesivir 

Remdesivir is a monophosphate prodrug analog of adenosine 
nucleotide, resulting in inhibition of RNA synthesis (Fig. 4). 
Because this medication prevented lung hemorrhage and 
reduced viral titers in MERS-CoV, it became a potential anti-
COVID-19 agent (75). A small clinical trial of 12 COVID-19 
patients showed that three patients with severe COVID-19 
improved after Remdesivir treatment (76). In a study  of 1,063  
hospitalized  patients  with  advanced COVID- 
19  and  lung  involvement,  patients  who  were   treated  with 

Remdesivir had a 31% faster recovery time (11 days) than 
those receiving placebo (15 days). The treatment group also 
demonstrated a mortality rate of 8%, compared with 11.6% for 
the placebo group (77). In an Italian study of 1,591 critically ill 
SARS-CoV-2 ICU patients treated with Remdesivir, only 16% 
were discharged as a result of treatment (78), thus showing the 
limited efficacy that this medication has in critically ill COVID- 
19 patients. Additional studies have shown the potential for 
resistance to this pro-drug, whether by cellular exocytosis or 
exoribonuclease mutations that remove the medication (79). 
However, the utility of Remdesivir is not entirely exhausted, as 
it may demonstrate greater efficacy in combination drug studies 
(80). 

 
Indirect pathway inhibitors for SARS-CoV-2 and COVI-Flu 

Rationale for systemic therapies and potential therapeutic 
candidates—The limited efficacy of these single-agent medi- 
cations is largely due to their inhibition of SARS-CoV-2 solely 
through the direct pathway. Because SARS-CoV-2 also acts 
through the indirect pathway, systemic inflammation is largely 
uninhibited, resulting in profound inflammatory damage. With 
both SARS-CoV-2 and severe influenza resulting in increased 
IL-6 cytokine release, it is important to consider the use of 
combination therapies that can also target the indirect pathway 
to dampen the CRS. 

Since single-agent IL-6 inhibitors have had limited efficacy, 
we propose the use of combination therapies to inhibit the pro- 
inflammatory pathway at multiple points in the indirect path- 
way (81). An example of this is mesenchymal stem cells 
(MSCs), which act as immunomodulators through stimulation 
of the Th2 pathway (anti-inflammatory) and downregulation of 
the Th1 (pro-inflammatory) pathway (Fig. 5) (82). Addition- 
ally, these agents induce the proliferation of Tregs, which 
attenuate inflammation (83). Although MSCs enhance B-cell 
viability, they also inhibit their proliferation, antibody produc- 
tion, and ability to secrete costimulatory molecules (84). 
Similarly, MSCs decrease CD8 T-cell proliferation and cyto- 
toxicity (85) and inhibit the activation and maturation of APCs, 
including macrophages and DCs (86). By downregulating M1 
macrophages, MSCs decrease IL-6 signaling and NO, and 
increase IL-10 release through upregulation of M2 macro- 
phages. MSCs also decrease natural killer (NK) cell activation 
and cytotoxicity (87). When applied to our proposed models for 
both SARS-CoV-2 and COVI-Flu, MSCs should inhibit IL-6 at 
multiple points within the indirect pathway by decreasing IL-1 
and increasing IL-10, which can further act to dampen IL-6 
expression, decreasing the pro-inflammatory pathway and 
increasing Tregs (Fig. 6) (88). This approach was already 
shown to be safe in a small Phase I clinical trial by Pluristem 
Therapeutics, yielding an 87.5% survival rate in eight patients 
with severe COVID-19 with multi-organ dysfunction after a 28- 
day follow-up (89). The company recently received FDA 
approval for a Phase II trial for the treatment of 140 patients 
with severe COVID-19 and acute respiratory distress syndrome 
(ClinicalTrials.gov Identifier: NCT01679990). Similar results 
were demonstrated by Mesoblast’s MSC trial, which showed an 
83% survival in a cohort of 12 patients with severe COVID-19 
(90). Accordingly, Mesoblast is slated to begin a Phase II/III 
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FIG. 4. A, Mechanism for potential therapeutic drug candidates for SARS-CoV-2 and COVI-Flu. Known pharmacological agents may act to halt the 
progress of SARS-CoV-2 and COVI-Flu. This model proposes the use of one or more of the widely available drugs, including Anakinra, Tocilizumab, Remdesivir, 
Ibrutinib, Oseltamivir, and Baloxavir Marboxil. Their respective mechanistic intervention is provided both here and in the accompanying table. The image of SARS- 
CoV-2 was derived from the Centers for Disease Control and Prevention (CDC) website: https://phil.cdc.gov/Details.aspx?pid=23312. The image of influenza 
virus was derived from the CDC website: https://www.cdc.gov/flu/images/h1n1/3D_Influenza_transparent_no_key_full_lrg.gif. B, Potential therapeutic drug 
candidates for SARS-CoV-2 and COVI-Flu. The widely available drugs, Anakinra, Tocilizumab, Remdesivir, Ibrutinib, Oseltamivir, and Baloxavir Marboxil may act 
to halt the progress of SARS-CoV-2 and COVI-Flu. Their respective mechanistic intervention is detailed here in table form. SARS-CoV-2 indicates severe acute 
respiratory syndrome coronavirus 2. 

 
 

clinical trial (ClinicalTrials.gov Identifier: NCT04371393). 
Most recently, Baptist Health demonstrated similar efficacy   
in three critically ill patients using Restem umbilical cord 
MSCs, and have received FDA approval for a Phase I clinical 
trial (91). Although time will tell about the long-term efficacy 
of these therapies, the initial safety data have demonstrated 
some promise. Furthermore, although early studies of MSC 

 
therapy seem promising, caution must be exercised in their use, 
as studies concerning the potential adverse effects of MSCs in 
inhibiting antibody production have not yet been conducted. 

Due to the heterogeneity of viral strains with varying muta- 
tions that can predispose to treatment resistance, a strategy 
moving forward could utilize combination therapies that work 
on the direct and indirect pathways simultaneously to achieve 
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FIG. 5. Effects of mesenchymal stem cell therapy in COVI-Flu. This figure illustrates the proposed therapeutic activity of mesenchymal stem cells (MSCs) 
within the model of COVI-Flu. MSCs stimulate anti-inflammatory pathways, inhibit pro-inflammatory pathways, inhibit ILs -1 and -6 as well as stimulate IL-10. 
Increased IL-10 expression can further dampen the effects of IL-6 via a negative feedback mechanism. 

 
 

 

FIG. 6. Mesenchymal stem cells and their effects on immune cells. Mesenchymal stem cells (MSCs) have a variety of profound effects on the gene 
expression and cellular function of particular classes of cells within the immune system. This therapy can mitigate CRS onset at several stages along the pathway, 
thereby reducing the development of systemic injury and organ damage. The image of SARS-CoV-2 was derived from the Centers for Disease Control and 
Prevention (CDC) website: https://phil.cdc.gov/Details.aspx?pid=23312. The image of influenza virus was derived from the CDC website: https://www.cdc.gov/flu/ 
images/h1n1/3D_Influenza_transparent_no_key_full_lrg.gif. CRS indicates cytokine release syndrome. 
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improved viral control and minimize systemic damage. 
Although the CRS will likely be of higher grade in COVI-Flu 
due to the synergistic activation of the downstream IL-6 pathway, 
we propose using MSCs to dampen the hyperactive immune 
response (Fig. 6). Following treatment, levels of IL-1, IL-6, and 
IL-10 should be assessed to determine whether additional cyto- 
kine inhibitors, like Anakinra (IL-1) or Tocilizumab (IL-6R 
blocker), should be added to achieve optimal control of systemic 
inflammation (Fig. 4A), like in the management of CAR T-cell 
cytokine storm (11, 92). In a recent study, high-dose Anakinra 
was associated with improved respiratory symptoms and a 72% 
reduction of CRS (93). Although Tocilizumab decreases the 
onset of CRS through competitive inhibition of IL-6 with IL-6R, 
it has demonstrated mixed efficacy in clinical trials, where repeat 
doses (two—three) had to be administered in a cohort of 15 
critically ill patients to yield such effects, with four patients 
experiencing rebound IL-6 effects (94). Sarilumab, another IL-6 
receptor inhibitor, failed to provide noticeable clinical outcomes 
in patients with severe and critical COVID-19 infection in a 
Phase II trial of 126 patients (95). Similarly, Situximab, a 
chimeric monoclonal antibody against IL-6, failed to produce 
significant clinical changes in severe COVID-19 patients, where 
only 33% demonstrated improvement in clinical condition in a 
cohort of 21 patients (96). Thus, this illustrates the need for 
combination therapies to better control inflammation. 

 
Ibrutinib 

Bruton tyrosine kinase (BTK) inhibitors like Ibrutinib are 
largely used to manage the inflammatory response in graft- 
versus-host disease and indolent B-cell malignancies. However, 
BTK is a key regulator of chemokine and cytokine production 
in pulmonary macrophages of IL-6, IL-10, TNFa, and MCP-1, 
the same cytokines responsible for CRS and systemic inflam- 
matory damage (97, 98) (Fig. 4B). Having shown promise in 
downregulating CAR T-cell cytokine storm, it has been sug- 
gested to apply this medication to COVID-19  CRS  (99)  
(Fig. 4A). In a recent study, five Waldenstrom’s macroglobuli- 
nemia patients managed with full dose Ibrutinib were diag-  
nosed with COVID-19 and failed to develop progressive 
symptoms of dyspnea nor require hospitalization. All patients 
experienced resolution of symptoms (100). Due to the small 
sample size, further studies will be required before conclusions 
can be extended to the general population. AstraZeneca has 
recently started a Phase I clinical trial (CALAVI) using Aca- 
labrutinib, a highly selective BTK inhibitor normally used to 
treat mantle cell lymphoma, CLL, and SLL, to reduce systemic 
inflammation and severity of COVID-19-induced respiratory 
distress (ClinicalTrials.gov Identifier: NCT04346199). 

 
Potential direct pathway inhibitors in SARS-CoV-2 

Although many drug candidates are being tested for COVID- 
19, most have so far failed due to efficacy and/or safety 
concerns (101). However, several potential therapies are cur- 
rently in development (Fig. 4). 

 
Triple antiviral therapy with interferon b-1b in SARS-CoV-2 

Applying the principle of combination antiretroviral  
therapy from HIV, a group in China performed an open-label, 

randomized Phase II clinical trial on 86 patients with mild-to- 
moderate COVID-19 infections. The patients were treated with 
either a 14-day course of 400 mg lopinavir (HIV protease 
inhibitor) and 100 mg ritonavir (HIV protease inhibitor) every 
12 h, 400 mg ribavirin (RNA nucleoside inhibitor of replica- 
tion) every 12 h and three doses of 8 million international units 
of interferon beta-1b (anti-inflammatory agent) on alternate 
days (combination group), or 14 days of lopinavir 400 mg and 
ritonavir 100 mg every 12 h (control group). The combination 
group demonstrated shorter times to negative nasopharyngeal 
swab (7 days) compared with 12 days for patients treated with 
lopinavir/ritonavir alone. This triple-therapy also decreased IL- 
6 levels, with a favorable morbidity and mortality profile (102). 
Although the preliminary data was promising, the sample size 
would have to be expanded with critically ill patients included 
as well. 

 
Anti-ACE2 receptor human neutralizing antibodies in 
SARS-CoV-2 

An experimental strategy currently in development utilizes 
antibodies to compete with the virus for the ACE2 receptor. 
Two human neutralizing antibodies—B38 and H4— that bind 
to the glycoprotein spike on the virus were isolated from a 
recovered COVID-19 patient. Through various in vitro and in 
vivo studies, scientists confirmed the close homogenous bind- 
ing between the antibodies and ACE2 receptor (103). Although 
a promising theory, clinical studies have yet to be performed in 
a large cohort to verify efficacy. 

 

INFLUENZA 

Influenza has been around for decades, yet we still lack 
effective antiviral therapies (104). Although this illness is 
largely preventable with vaccines, the rapid mutation  rates 
and strain heterogeneity largely dictate their effectiveness 
(105). Thus, it is critical that we start to identify viable 
antiviral candidates. 

 
Oseltamivir in influenza viral infection 

Oseltamivir is a competitive neuraminidase inhibitor that 
cleaves sialic acid on the surface of human cells, preventing 
virion release (106) (Fig. 4). However, studies have shown that 
Oseltamivir only offers symptomatic improvement with a 
shortened recovery time by 2 days in patients with high-grade 
influenza if treated within the first 48 h of symptom onset (107). 

 
Baloxavir marboxil in influenza viral infection 

In October 2018, the FDA approved Baloxavir Marboxil, 
which represents a new antiviral influenza drug class that 
targets the endosomal function of viral PA polymerase and 
inhibits the transcription of viral mRNA (108) (Fig. 4). This 
medication has demonstrated efficacy against influenza viruses 
A and B with a single dose. This agent was superior in reducing 
viral loads, with a faster median duration of viral detection of 
24 h compared with 72 h for Oseltamivir and fever resolution 
(109). In summary, having an alternative antiviral candidate to 
Oseltamivir is promising, especially if patients experience high 
grade CRS. 
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Natural killer cell therapy 
Natural Killer (NK) cells are innate lymphocytes that play a 

central role in the killing of virally infected cells and modulat- 
ing the innate and adaptive immune response through the 
secretion of IFN-g, TNF-a, GM-CSF,  and  chemokines  
(110). In severe SARS-CoV-2 (111) and influenza infections 
(112), there is impaired NK cell function and overall decrease 
in the NK population. The FDA has recently approved a Phase 
I/II clinical trial of up to 86 patients diagnosed with COVID-19 
to receive an infusion of cryopreserved allogenic, off-the-shelf 
NK cells developed from placental hematopoietic stem cells to 
limit SARS-CoV-2 replication and disease progression (Clin- 
icalTrials.gov Identifier: NCT04365101). 

 

PREVENTIVE INTERVENTION FOR COVI-Flu 

Based on the presentation of our COVI-Flu model, it is 
critical to consider the impact of COVI-Flu on the general 
population, and particularly on patients with pre-existing con- 
ditions. Since both SARS-CoV-2 and influenza have a strong 
similarity between their inflammatory mechanisms of cell 
injury and multi-organ dysfunction, we submit that an early 
start of a seasonal flu vaccination program with priority to the 
older and vulnerable population be carried out to avoid the 
concurrent devastating effects of SARS-CoV-2 and influenza. 
Early flu vaccination should prime the patient with cytokine 
release event memory and thus dampen the future SARS-CoV- 
2-induced inflammatory response reducing the severity of 
concomitant infections. 

 
CONCLUSION 

SARS-CoV-2 is a highly transmissible betacoronavirus that 
has caused a global pandemic that has rapidly and drastically 
altered the face of healthcare and daily life. However, this 
tragedy has helped to forge novel collaborations and has fast- 
tracked the drug discovery process, which has resulted in 
remarkable productivity in a relatively  short  time.  Herein, 
we presented a model system for direct and systemic damage 
for SARS-CoV-2 (Fig. 1) and propose a cytokine-based assess- 
ment of severity and prognosis for COVID-19. Although IL-6 
activates downstream pro-inflammatory pathways and down- 
regulates anti-inflammatory mechanisms, the resulting CRS is 
of lower grade than CAR T-cell-mediated cytokine storm. 
Because both influenza virus and SARS-CoV-2 utilize IL-6 
signaling (Fig. 2), we proposed a model system for a synergistic 
response due to both viruses (Fig. 3). Irrespective of whether 
the patient is infected with SARS-CoV-2, influenza, or both, 
severe infection will result in higher grade CRS that will require 
systemic anti-inflammatory therapies. As of this writing, mes- 
enchymal stem cell therapy has shown great potential in clinical 
trials and mechanistically offers an effective mode of protection 
despite the various viral strains and potential for mutation that 
can promote resistance (Fig. 4, A and B). Adopting treatment 
strategies from anticancer therapies and HIV antiretroviral 
therapy, we feel that systemic  combination  therapies  offer 
the ideal means of curbing systemic inflammation and viral 
progression with protection against treatment resistance 

(Fig. 4). Although the optimal direct pathway treatment strat- 
egy is currently uncertain, we have highlighted some unique 
approaches that are currently being studied at the bench and in 
clinical trials. Because several studies have suggested that 
COVID-induced CRS is due to a biochemical pathway muta- 
tion, perhaps gene therapy can provide future solutions (113, 
114). Additional studies are necessary to identify the ideal 
combination therapy to manage both severe SARS-CoV-2 and 
COVI-Flu, especially with the potential challenges that this 
synergism may pose to global health security. 
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Sirsjö  A,  Ljungberg  LU:  Activation  of  the  JAK/STAT3  and  PI3K/AKT 
pathways are crucial for IL-6 trans-signaling-mediated pro-inflammatory 
response in human vascular endothelial cells. Cell Commun Signal 16(1):55, 
2018. 

37. Taniguchi K, Wu LW, Grivennikov SI, de Jong PR, Lian I, Yu FX, Wang K, Ho 
SB, Boland BS, Chang JT, et al.: A gp130-Src-YAP module links inflammation 
to epithelial regeneration. Nature 519(7541):57 –62, 2015. 

38. Heinrich PC, Behrmann I, Haan S, Hermanns HM, Muller-Newen G, Schaper 
F: Principles of interleukin (IL)-6-type cytokine signalling and its regulation. 
Biochem J 374(pt 1):1–20, 2003. 

39. Yamada O, Ozaki K, Akiyama M, Kawauchi K: JAK-STAT and JAK-PI3K- 
mTORC1 pathways regulate telomerase transcriptionally and posttranslation- 
ally in ATL cells. Mol Cancer Ther 11(5):1112 –1121, 2012. 

40. Kimura A, Kishimoto T: IL-6: regulator of Treg/Th17 balance. Eur J Immunol 
40(7):1830 –1835, 2010. 

41. Lo CW, Chen MW, Hsiao M, Wang S, Chen CA, Hsiao SM, Chang J-S, Lai T- 
C, Rose-John S, Kuo M-L, et al.: IL-6 trans-signaling in formation and 
progression of malignant ascites in ovarian cancer. Cancer Res 71(2):424– 
434, 2011. 

42. Cohen T, Nahari D, Cerem LW, Neufeld G, Levi BZ: Interleukin 6 induces the 
expression of vascular endothelial growth factor. J Biol Chem 271(2):736 –741, 
1996. 

43. Heinrich PC, Castell JV, Andus T: Interleukin-6 and the acute phase response. 
Biochem J 265(3):621–636, 1990. 

44. Takada Y, Hisamatsu T, Kamada N, Kitazume MT, Honda H, Oshima Y, Saito 
R, Takayama T, Kobayashi T, Chinen H, et al.: Monocyte chemoattractant 
protein-1 contributes to gut homeostasis and intestinal inflammation by 
composition of IL-10-producing regulatory macrophage subset. J Immunol 
184(5):2671 –2676, 2010. 

45. Vij N, Sharma A, Thakkar M, Sinha S, Mohan RR: PDGF-driven proliferation, 
migration, and IL8 chemokine secretion in human corneal fibroblasts involve 
JAK2-STAT3 signaling pathway. Mol Vis 14:1020–1027, 2008. 

46. Jones VG, Mills M, Suarez D, Hogan CA, Yeh D, Bradley Segal J, Nguyen EL, 
Barsh GR, Maskatia S, Mathew R: COVID-19 and Kawasaki disease: novel 
virus and novel case. Hosp Pediatr 10:537–540, 2020. 

47. Zhang C, Shi L, Wang F-S. Liver injury in COVID-19: management and 
challenges. Lancet Gastroenterol Hepatol 5(5):428–430, 2020. 

48. Baran P, Hansen S, Waetzig GH, Akbarzadeh M, Lamertz L, Huber HJ, 
Ahmadian MR, Moll JM, Scheller J: The balance of interleukin (IL)-6, IL- 
6.soluble IL-6 receptor (sIL-6R), and IL-6.sIL-6R.sgp130 complexes allows 
simultaneous classic and trans-signaling. J Biol Chem 293(18):6762 –6775, 
2018. 

49. Black S, Kushner I, Samols D: C-reactive protein J Biol Chem 279(47):48487 – 
48490, 2004. 

50. Dember LM: Amyloidosis-associated kidney disease. J Am Soc Nephrol 
17(12):3458 –3471, 2006. 

51. Mesquita ET, Jorge AJL, Souza CVJ, Andrade TR: Cardiac amyloidosis and its 
new clinical phenotype: heart failure with preserved ejection fraction. Arq Bras 
Cardiol 109(1):71–80, 2017. 

52. Michels K, Nemeth E, Ganz T, Mehrad B: Hepcidin and host defense against 
infectious diseases. PLoS Pathog 11(8):e1004998, 2015. 

53. Mehra MR, Desai SS, Kuy S, Henry TD, Patel AN: Cardiovascular disease, 
drug therapy, and mortality in Covid-19. N Engl J Med NEJMc2021225, 
2020. 

54. Madjid M, Safavi-Naeini P, Solomon SD, Vardeny O: Potential effects of 
coronaviruses on the cardiovascular system: a review. JAMA Cardiol; 2020. 
10.1001/jamacardio.2020.1286. [Epub 2020 Mar 27]. 

55. Ruan Q, Yang K, Wang W, Jiang L, Song J: Clinical predictors of mortality due 
to COVID-19 based on an analysis of data of 150 patients from Wuhan, China. 
Intensive Care Med 46(5):846–848, 2020. 

56. Chen IM, Loh JP, Chuah CXP, Gao QHC, Sun Y, Ng SH, Koh W-HV, Goh EH, 
Zhao X, Tambyah PA, et al.: Evidence for cross-protection against subsequent 
febrile respiratory illness episodes from prior infections by different viruses 
among singapore military recruits 2009-2014. J Infect Dis 219(12):1913 – 
1923, 2019. 

57. Wu X, Cai Y, Huang X, Yu X, Zhao L, Wang F, Li Q, Gu S, Xu T, Li Y, et al.: 
Co-infection with SARS-CoV-2 and Influenza A virus in patient with pneu- 
monia, China. Emerg Infect Dis 26(6):1324–1326, 2020. 

58. Ibricevic A, Pekosz A, Walter MJ, Newby C, Battaile JT, Brown EG, 
Holtzman MJ, Brody SL: Influenza virus receptor specificity and cell tropism 
in mouse and human airway epithelial cells. J Virol 80(15):7469– 7480, 
2006. 

59. Liu S, Yan R, Chen B, Pan Q, Chen Y, Hong J, Zhang L, Liu W, Wang S, Chen 
J-L: Influenza virus-induced robust expression of SOCS3 contributes to 
excessive production of IL-6. Front Immunol 10:1843, 2019. 

60. Dinarello CA: Interleukin-1 in the pathogenesis and treatment of inflammatory 
diseases. Blood 117(14):3720–3732, 2011. 

61. Gubernatorova EO, Gorshkova EA, Namakanova OA, Zvartsev RV, Hidalgo J, 
Drutskaya MS, Tumanov AV, Nedospasov SA: Non-redundant functions of IL- 
6 produced by macrophages and dendritic cells in allergic airway inflamma- 
tion. Front Immunol 9:2718, 2018. 



Copyright © 2020 by the Shock Society. Unauthorized reproduction of this article is prohibited. 
 

þ þ 

SHOCK OCTOBER  2020 TARGETS  FOR  COVI-FLU MEDIATED HYPOXIA 449 
 

62. Conti P, Ronconi G, Caraffa A, Gallenga CE, Ross R, Frydas I, Kritas S: 
Induction of pro-inflammatory cytokines (IL-1 and IL-6) and lung inflamma- 
tion by Coronavirus-19 (COVI-19 or SARS-CoV-2): anti-inflammatory strat- 
egies. J Biol Regul Homeost Agents 34(2):1, 2020. 

63. Short KR, Kroeze E, Fouchier RAM, Kuiken T: Pathogenesis of influenza- 
induced acute respiratory distress syndrome. Lancet Infect Dis 14(1):57–69, 
2014. 

64. Clohisey S, Baillie JK: Host susceptibility to severe influenza Avirus infection. 
Crit Care 23(1):303, 2019. 

65. Herold T, Jurinovic V, Arnreich C, Hellmuth JC, von Bergwelt-Baildon M, 
Klein M, Weinberger T: Level of IL-6 predicts respiratory failure in hospi- 
talized symptomatic COVID-19 patients. medRxiv 2020.04.01. 20047381, 
2020. 

66. Shieh P, Zhou M, Ornan DA, Chaudry IH, Wang P: Upregulation of inducible 
nitric oxide synthase and nitric oxide occurs later than the onset of the 
hyperdynamic response during sepsis. Shock 13(4):325–329, 2000. 

67. Vizza CD, Badagliacca R: Oxygen supplementation for pulmonary arterial 
hypertension? Clues from the REVEAL registry. J Heart Lung Transplant 
37(8):941–942, 2018. 

68. Yan SF, Ogawa S, Stern DM, Pinsky DJ: Hypoxia-induced modulation of 
endothelial cell properties: regulation of barrier function and expression of 
interleukin-6. Kidney Int 51(2):419–425, 1997. 

69. Yan SF, Tritto I, Pinsky D, Liao H, Huang J, Fuller G, Brett J, May L, Stern D: 
Induction of interleukin 6 (IL-6) by hypoxia in vascular cells. Central role of 
the binding site for nuclear factor-IL-6. J Biol Chem 270(19):11463–11471, 
1995. 

70. Garten W, Braden C, Arendt A, Peitsch C, Baron J, Lu Y, Pawletko K, Hardes 
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