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Abstract: The ongoing coronavirus disease 2019 (COVID-19) pandemic has resulted in efforts
to identify therapies to ameliorate adverse clinical outcomes. The recognition of the key role
for increased inflammation in COVID-19 has led to a proliferation of clinical trials targeting
inflammation. The purpose of this review is to characterize the current state of immunotherapy trials
in COVID-19, and focuses on associated cardiotoxicities, given the importance of pharmacovigilance.
The search terms related to COVID-19 were queried in ClinicalTrials.gov. A total of 1621 trials
were identified and screened for interventional trials directed at inflammation. Trials (n = 226)
were fully assessed for the use of a repurposed drug, identifying a total of 141 therapeutic
trials using a repurposed drug to target inflammation in COVID-19 infection. Building on the
results of the Randomized Evaluation of COVID-19 Therapy (RECOVERY) trial demonstrating the
benefit of low dose dexamethasone in COVID-19, repurposed drugs targeting inflammation are
promising. Repurposed drugs directed at inflammation in COVID-19 primarily have been drawn
from cancer therapies and immunomodulatory therapies, specifically targeted anti-inflammatory,
anti-complement, and anti-rejection agents. The proposed mechanisms for many cytokine-directed
and anti-rejection drugs are focused on evidence of efficacy in cytokine release syndromes in humans
or animal models. Anti-complement-based therapies have the potential to decrease both inflammation
and microvascular thrombosis. Cancer therapies are hypothesized to decrease vascular permeability
and inflammation. Few publications to date describe using these drugs in COVID-19. Early COVID-19
intervention trials have re-emphasized the subtle, but important cardiotoxic sequelae of potential
therapies on outcomes. The volume of trials targeting the COVID-19 hyper-inflammatory phase
continues to grow rapidly with the evaluation of repurposed drugs and late-stage investigational
agents. Leveraging known clinical safety profiles and pharmacodynamics allows swift investigation
in clinical trials for a novel indication. Physicians should remain vigilant for cardiotoxicity, often not
fully appreciated in small trials or in short time frames.
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1. Introduction

The coronavirus disease 19 (COVID-19) global pandemic continues without definitive curative
therapy [1]. Caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV2), COVID-19 has
wide-ranging manifestations from asymptomatic to fatal [2,3]. The most severe cases of COVID-19
appear to involve a pronounced immune response phase associated with multi-organ shock after the
initial viral infection. Initial clinical trials have focused on antimicrobial and anti-viral therapies [4].
Now, additional efforts have focused on this often-lethal phase using drugs that modulate the immune
system or target cancer [5]. Early clinical trials with hydroxychloroquine have re-emphasized the
frequently underappreciated, but clear importance of unintended cardiac toxicity with potential
therapies [6]. This systematic review summarizes the current therapeutic approaches for COVID-19
and evaluates the drugs, repurposed to target the inflammatory cascade, currently under investigation
in clinical trials for COVID-19. The hypothesized anti-COVID-19 mechanism, initial published
experience in treating COVID-19, and data regarding the potential cardiac sequelae linked to these
investigational drugs are also summarized.

2. COVID-19 Clinical Observations

Initial observations of patients with COVID-19 has been classified into two phases, an initial viral
response phase followed by a host immune response phase [7]. The related infection, severe acute
respiratory syndrome coronavirus (SARS-CoV1), also has this bimodal infection course. More recently
appreciated is a hypercoagulable state associated with severe COVID-19 clinical courses that can
contribute to pulmonary, renal, and cardiac failure and shock. Cardiac complications related to
COVID-19 can be particularly devastating. Each phase is discussed briefly with current clinical
evidence as well as highlights related to SARS-CoV1 or Middle East Respiratory Syndrome Coronavirus
(MERS-CoV) correlations.

2.1. Viral Phase

The initial (acute) phase of COVID-19 infection is considered the viral phase. After exposure to
COVID-19, the virus begins to replicate within the body. Evidence suggests that people are contagious
and able to transmit the virus at least two days prior to the onset of symptoms. Many people never
develop symptoms of infection [8]. Early symptoms are often manageable at home. Patients often
do not present to the hospital until a week after symptom onset. Approaches to combat this phase of
COVID-19 include vaccines that induce production of a neutralizing antibody, convalescent plasma
isolated from recovered COVID-19 patients that likely contains neutralizing antibodies, anti-viral
therapy, and post-exposure prophylaxis [4,9].

2.2. Immune Response Phase

Accumulating data suggests that 9–12 days after the acute viral phase, a subset of patients have
evidence of hyperinflammation with a resultant, more severe clinical course. The mortality of these
patients that require critical care is estimated at approximately 50% [10]. Multiple studies found
that critically ill COVID-19 patients and COVID-19 fatalities had higher plasma levels of multiple
cytokines including interleukin (IL)-6, IL-1-beta, IL-2, IL-4, IL-8, IL-10, interferon (IFN)-gamma,
granulocyte-macrophage colony-stimulating factor (GM-CSF), IFN-gamma-inducible protein 10
(IP10), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein 1A (MIP1A),
and tumor necrosis factor (TNF)-alpha [2,3,11–13]. Excessive cytokine release has been associated with
disease severity.

In SARS-CoV1, the viral load did not correlate with symptom severity. Immune-mediated
pathology is suspected to be the cause of the worsening symptoms in week 2 [14]. In SARS-CoV1 and
MERS-CoV, high inflammatory pathway proteins and cytokines have also been observed. The timing
or persistence of the inflammatory response was important. Patients with SARS-COV1 that had
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persistent high interferon-alpha and interferon-gamma signaling had poor clinical outcomes compared
to those patients whose interferon activity had resolved [15].

Corticosteroids are the most direct approach for decreasing inflammation. However, in SARS-CoV1
and MERS-CoV, corticosteroid treatment was widely used but did not improve mortality and delayed
viral clearance [16–19]. Recent preliminary data reported from the Randomized Evaluation of COVID-19
Therapy (RECOVERY) showed improvement in mortality in patients with COVID-19 requiring oxygen
or ventilatory support [20,21]. In this large randomized study of 6425 patients, dexamethasone reduced
deaths by one-third in patients receiving mechanical ventilation and by one-fifth in patients receiving
oxygen without mechanical ventilation. In contrast to prior corticosteroid studies, the clear benefit of
dexamethasone for COVID-19 may be due to several factors. Compared to SARS-CoV1, there appears
to be less overlap between viral peak and inflammatory phases. SARS-CoV1 viral peak is often
in the second week, while COVID-19 viral peak is typically in the first week. Therefore, the risk
of immunosuppression impairing needed anti-viral response is minimized. In addition, this large
well-powered trial enrolled patients all had severe disease with evidence of respiratory failure.
This design is in contrast to smaller trials or heterogeneity of disease severity. This result emphasizes
the critical importance of the inflammatory phase in COVID-19 mortality.

2.3. Thromboembolism

Extensive coagulopathy in patients with severe COVID-19 infection has been more recently
appreciated. In critically ill COVID-19 patients, there are significantly altered coagulopathy labs:
elevated lactate dehydrogenase, elevated d-dimer, decreased platelets, and prolonged Aptt [3,11,22,23].
Autopsy studies have highlighted the extent of thrombosis in COVID-19. A pathology case report
of a deceased COVID-19 patient showed microvascular injury with endothelial swelling, apoptosis,
and microvascular thrombi [24]. A five patient case series from New York demonstrated extensive
complement deposition in skin and lung tissues accompanying microvascular injury [25]. In the
largest case series to date, including 21 patients from Switzerland, there was diffuse alveolar damage
and massive capillary congestion despite the use of anticoagulation [26]. Other findings included
pulmonary embolism, alveolar hemorrhage, and systemic thrombotic microangiopathy. Given this
diffuse thrombosis at both micro and macro levels, many physicians are treating COVID19 patients
with systemic anticoagulation. Preliminary studies suggest that systemic anticoagulation is associated
with decreased mortality at 28 days in patients with markedly elevated d-dimer [27]. Further studies
are underway to determine optimal management.

Coagulopathy in coronavirus infections is common [28]. In a retrospective SARS-CoV1 case series,
similar findings with abnormal coagulation-related laboratory values were described [29]. In addition,
diffuse multi-organ microvascular thrombosis was seen in an autopsy case report for a patient that
died of SARS-CoV1 [30]. A mouse model of MERS-CoV demonstrated multi-organ microvascular
thrombosis [31].

2.4. Cardiovascular Complications

COVID-19 infection can result in numerous cardiac complications [32]. Direct myocardial injury,
as measured by elevated troponin, is associated with a significantly worse prognosis [33]. In a 28
patient case series from Italy, acute coronary syndrome (ACS) with ST-segment elevation myocardial
infarction was the first manifestation of COVID-19 in 24 patients [34]. Similar case series from China
and New York suggest that COVID-19 can induce ACS [2,35]. Heart failure is commonly seen in
patients with COVID-19, observed in a quarter of all patients and half of those patients who died in
two Chinese studies [11,36]. Arrhythmias are frequently observed COVID-19, likely as a consequence
of myocardial injury, sepsis, fevers, or hypoxia [12]. In addition to direct cardiac complications,
the presence of underlying cardiovascular disease is common in severe COVID-19. In large cohort
studies, over half of patients have hypertension and a quarter have coronary artery disease [37,38].
Both underlying diseases are associated with increased mortality [38].
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3. Systematic Review Methodology

3.1. Search Strategy

To answer the question, “in interventional clinical trials, what repurposed drugs are being
used to target inflammation related to COVID-19?” we used ClinicalTrials.gov. The search terms
“COVID-19”, “SARS-CoV-2”, “severe acute respiratory syndrome coronavirus 2”, “2019-nCoV”, “2019
novel coronavirus”, and “Wuhan coronavirus” were queried in ClinicalTrials.gov on 20 May 2020.
The search methods are outlined in Figure 1 PRISMA flow diagram. The PRISMA checklist is included
as Supplementary Table S1, S2. A total of 1621 trials were identified.
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Figure 1. PRISMA flow diagram of systematic COVID-19 clinical trials analysis for COVID-19
therapeutic trials using repurposed drugs to address inflammation.

3.2. Inclusion/Exclusion Critieria

Inclusion criteria were (1) intervention-based trial for COVID-19, (2) directed at inflammation-phase
of COVID-19, and (3) used a repurposed drug. Exclusion criteria were (1) observational, diagnostic or
behavioral trials, (2) intervention not drug-based, (3) used anti-viral or convalescent plasma, or (4) drug
not repurposed.
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3.3. Screening Based on Inclusion/Exclusion Criteria

These trials were screened first to meet the inclusion criteria of (1) interventional-based trial
and (2) directed at inflammation-phase of COVID-19. Excluded trials did not meet these criteria,
which included observational, behavioral, diagnostic, device-based, anti-viral, and convalescent
plasma-based trials. Then, the remaining trials (n = 226) were fully assessed to meet the inclusion
criteria of the use of a repurposed drug. Excluded trials included non-drug-based trials such as
radiation therapy, cytokine filters, cell therapy, and ancillary drugs. The search and data extraction
were performed by two reviewers independently. A total of 141 therapeutic trials using a repurposed
drug to target inflammation in COVID-19 infection were identified. Table 1 summarizes the identified
clinical trial drugs, mechanism of action, FDA approval status, primary indications or disease targets,
previously reported cardiotoxicities, and the number of clinical trials.

3.4. World Heat Map

To illustrate the locations of the clinical trials identified in this systematic review, a world heat map
was created using Microsoft Excel. For multinational studies, the sponsor’s location was designated
as the primary country. If the trial was sponsored by a multinational drug company, the first listed
recruiting site was used.
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Table 1. Repurposed Immunomodulatory Therapies currently under evaluation in COVID-19 Clinical Trials.

Therapy Mechanism of Action FDA Approval Status Primary Indications or Disease Targets Cardiotoxicity (Reported) Ongoing Clinical Trials

Anti-inflammatory agents

Emapalumab IFN-gamma inhibitor Approved Hemophagocytic lymphohistiocytosis N/A 1 trial

Interferon-beta-1a Interferon-beta-1a Approved Multiple sclerosis N/A 9 trials

Ruxolitinib JAK-1 and JAK-2 inhibitor Approved Myelofibrosis and polycythemia vera N/A 13 trials

Baricitinib JAK-1 and JAK-2 inhibitor Approved Rheumatoid arthritis N/A 13 trials

Tofacitinib JAK inhibitor Approved Rheumatoid arthritis, psoriatic arthritis,
ankylosing spondylitis, ulcerative colitis N/A 2 trials

TD-0903 JAK inhibitor Investigational Lung transplant graft rejection N/A 1 trial

Tocilizumab IL-6 receptor inhibitor Approved
Rheumatoid arthritis, polyarticular

juvenile idiopathic arthritis, juvenile
idiopathic arthritis

N/A 31 trials

Sarilumab IL-6 receptor inhibitor Approved Rheumatoid arthritis N/A 10 trials

Siltuximab IL-6 inhibitor Approved Idiopathic multicentric Castleman’s
disease N/A 3 trials

Sirukumab IL-6 inhibitor Investigational Rheumatoid arthritis N/A 1 trial

Clazakizumab IL-6 inhibitor Investigational Psoriatic arthritis Unknown 5 trials

Olokizumab IL-6 inhibitor Investigational Rheumatoid arthritis Unknown 1 trial

Canakinumab IL-1-beta inhibitor Approved
Cryopyrin-associated periodic

syndromes and systemic juvenile
idiopathic arthritis

N/A; decreases cardiovascular
events in trials 2 trials

Anakinra IL-1 receptor inhibitor Approved Rheumatoid arthritis, neonatal-onset
multisystem inflammatory disease

N/A; decreases cardiovascular
events in trials 9 trials

BMS-986253 IL-8 inhibitor Investigational Hematological malignancy, solid tumor Unknown 1 trial

Lenzilumab GM-CSF inhibitor Investigational
Cytokine release syndrome induced by
CAR T cell therapy; graft versus host

disease
Unknown 1 trial

Gimsilumab GM-CSF inhibitor Investigational Ankylosing Spondylitis Unknown 1 trial

Otilimab GM-CSF inhibitor Investigational Rheumatoid arthritis Unknown 1 trial

TJ003234 GM-CSF inhibitor Investigational CAR T cell cytokine storm Unknown 1 trial

XPro1595 TNF-alpha soluble
inhibitor Investigational Alzheimer’s disease Unknown 1 trial
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Table 1. Cont.

Therapy Mechanism of Action FDA Approval Status Primary Indications or Disease Targets Cardiotoxicity (Reported) Ongoing Clinical Trials

Anti-inflammatory agents

ABX464 miR-124 overexpression Investigational
Ulcerative colitis, rheumatoid arthritis,
Crohn’s disease, hepatocellular cancer,

HIV
Unknown 1 trial

Ulinastatin Serine protesase inhibitor Investigational Acute pancreatitis, severe sepsis Unknown 1 trial

Piclidenoson A3AR inhibitor Investigational Inflammatory bowel disease, rheumatoid
arthritis Unknown 1 trial

Anti-ST2 ST2 receptor inhibitor Investigational Asthma Unknown 1 trial

IC14 CD14 inhibitor Investigational Amyotrophic lateral sclerosis Unknown 2 trials

IMU-838 Dihydroorotate
dehydrogenase inhibitor Investigational Ulcerative colitis Unknown 1 trial

Lefunomide Dihydroorotate
dehydrogenase inhibitor Approved Rheumatoid arthritis Hypertension 1 trial

Methotrexate

Multiple including
IL-1-beta inhibitor and

dihydrofolate reductase
inhibitor

Approved

Rheumatoid arthritis, juvenile
dermatomyositis, psoriasis, lupus,

sarcoidosis, Crohn’s disease, eczema,
vasculitis, multiple cancers

N/A 1 trial

CM4620 Calcium release-activated
calcium channel inhibitor Investigational Pancreatitis Unknown 1 trial

CD24Fc
Danger-Associated
Molecular Patterns

(DAMPs)
Investigational Graft-versus-host disease Unknown 1 trial

Finglimod Sphingosine-1-phosphate
receptor modulator Approved Multiple sclerosis Bradycardia, atrioventricular

block 1 trial

Anti-rejection agents

Sirolimus mTOR pathway inhibitor Approved Organ transplant rejection Hyperlipidemia 3 trials

Tacrolimus Calcineurin phosphatase
inhibitor Approved Organ transplant rejection Cardiomyopathy (rare) 1 trial

Cyclosporine Calcineurin inhibitor Approved Organ transplant rejection Hypertension 1 trial

Anti-complement agents

AMY-101 C3 inhibitor Investigational
Complement 3 glomerulopathy,

paroxysmal nocturnal hemoglobinuria,
periodontitis

Unknown 1 trial



J. Clin. Med. 2020, 9, 2935 8 of 26

Table 1. Cont.

Therapy Mechanism of Action FDA Approval Status Primary Indications or Disease Targets Cardiotoxicity (Reported) Ongoing Clinical Trials

Anti-complement agents

Ravulizumab C5 inhibitor Approved Paroxysmal nocturnal hemoglobinuria,
atypical hemolytic uremic syndrome N/A 2 trials

Eculizumab C5 inhibitor Approved Atypical hemolytic uremic syndrome N/A 3 trials

Zilucoplan C5 inhibitor Investigational Myasthenia gravis Unknown 1 trial

IFX-1 C5a inhibitor Investigational
Hidradenitis suppurativa,

ANCA-associated vasculitis, pyoderma
gangrenosum

Unknown 1 trial

Avdoralimab C5a receptor inhibitor Investigational Hepatocellular carcinoma, non-small cell
lung cancer Unknown 1 trial

Anti-Cancer agents

Ibrutinib BTK inhibitor Approved
Mantel cell lymphoma, chronic

lymphocytic leukemia, Waldenstrom’s
macroglobulinemia

Atrial fibrillation,
hypertension, bleeding,
ventricular fibrillation

1 trial

Acalabrutinib BTK inhibitor Approved Mantle cell lymphoma, chronic
lymphocytic leukemia

Atrial fibrillation,
hypertension, bleeding 2 trials

Zanubrutinib BTK inhibitor Approved Mantle cell lymphoma Atrial fibrillation,
hypertension, bleeding 1 trial

Imatinib BCR-ABL TK inhibitor Approved Chronic myelogenous leukemia Cardiomyopathy 2 trials

Bevacizumab VEGF inhibitor Approved Colorectal, lung, glioblastoma, kidney,
cervical, and ovarian cancer

Hypertension, cardiac
ischemia, congestive heart

failure, venous
thromboembolic events

3 trials

Nintedanib VEGF inhibitor, FGFR
inhibitor, PDGFR inhibitor Approved Idiopathic pulmonary fibrosis, chronic

fibrosing interstitial lung disease
Hypertension,

thromboembolic events 1 trial

Duvelisib PI3 Kinase inhibitor Approved Chronic lymphocyte leukemia, small
lymphocytic lymphoma N/A 1 trial

Thalidomide

Uncertain—angiogenesis
inhibitor,

anti-inflammatory,
anti-proliferative

Approved Multiple myeloma, graft-versus-host
disease, leprosy

Cardiac ischemia,
arrhythmias, venous

thromboembolic events
2 trials
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Table 1. Cont.

Therapy Mechanism of Action FDA Approval Status Primary Indications or Disease Targets Cardiotoxicity (Reported) Ongoing Clinical Trials

Lenalidomide

Uncertain—angiogenesis
inhibitor,

anti-inflammatory,
anti-proliferative

Approved Myelodysplastic syndrome, multiple
myeloma, mantle cell lymphoma

Venous thromboembolism
(black box warning), cardiac

ischemia
1 trial

Plitidepsin EF1A2 inhibitor
(translation) Investigational Multiple myeloma Unknown 1 trial

Etoposide Topoisomerase inhibitor Approved Testicular cancer, lung cancer, lymphoma,
leukemia, neuroblastoma, ovarian cancer Atrial fibrillation (rare) 1 trial

Melphalan DNA alkylation Approved Multiple myeloma, ovarian cancer,
melanoma, amyloidosis

Case report of sustained
ventricular tachycardia 1 trial

Selinexor Exportin 1 inhibitor Approved Multiple myeloma N/A 2 trials

Veru-111 Tubulin inhibitor Investigational Prostate cancer Unknown 1 trial

Pembrolizumab Immune checkpoint
inhibitor Approved

Melanoma, lung cancer, head and neck
cancer, Hodgkin lymphoma, stomach

cancer

Myocarditis, pericarditis,
arrhythmia 1 trial

Nivolumab Immune checkpoint
inhibitor Approved

Melanoma, lung cancer, renal cell
carcinoma, colon cancer, liver cancer,

head and neck cancer, Hodgkin
lymphoma

Myocarditis, pericarditis,
arrhythmia 3 trials

AVM0703 Uncertain—lymphodepletion Investigational
Non-Hodgkins lymphoma, acute

lymphocytic leukemia, chronic
lymphocytic leukemia

Unknown 1 trial

TAK-981 Small ubiquitin-like
modifier Investigational Non-Hodgkin’s lymphoma Unknown 1 trial
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4. Results of Repurposed Therapeutic Clinical Trials for COVID-19 Inflammation

Leveraging these clinical observations into treatment approaches underpins many new COVID-19
clinical trials. In addressing an excessive host immune response, inspiration is drawn heavily from the
autoimmune, oncology, and immunomodulatory spheres with the repurposing of current therapies or
drugs in clinical investigation. As of late May 2020, 141 trials currently posted to ClinicialTrials.gov
fall into these categories (Figure 1). A world heat map illustrates where most trials are conducted
geographically (Figure 2).
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Importantly, many of these therapies often have cardiotoxic side effects (Table 1). CVD is typically
underreported in cancer clinical trials by trailing expected population rates [39]. Some cardiotoxic
effects are only appreciated after these drugs are in widespread use. Caution should be exercised in the
employment of these repurposed drugs in the acute infection setting in this pandemic era. Short and
long-term cardiac sequelae could complicate both acute care and recovery of patients with COVID-19.

In this section, we address the general mechanism, candidate drugs in current clinical trials, initial
COVID-19 experience, and potential cardiac toxicities within the broad categories of anti-inflammatory,
anti-rejection, anti-cancer, and anti-complement therapies. Although hydroxychloroquine has both
anti-viral and anti-inflammatory effects, it is omitted in this review, given that the majority of studies
target anti-viral and post-exposure prophylaxis role, potential cardiotoxicities in COVID-19 have been
well described, and no clear benefit has been demonstrated to date [6,40–42].

4.1. Anti-Inflammatory Agents

4.1.1. Overview

The mechanism of cytokine release syndrome (CRS) in COVID-19 has not been fully elucidated.
Inflammatory pathways are robust with multiple cell types producing cytokines and positive feedback
loops. In very broad strokes, interferons and cytokines can activate the janus tyrosine kinase (JAK)-signal
transducer and activator of transcription (STAT) pathway [43]. The JAK-STAT signaling activates
inflammatory genes resulting in the secretion of cytokines. These inflammatory mediators include ILs
and GM-CSF. Pathologic activation of the inflammatory system is observed in CRS [44]. CRS is the
common immunopathogenesis of pathologic processes such as acute respiratory distress syndrome
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(ARDS), macrophage activation syndrome (MAS), graft-versus-host disease (GvHD), hemophagocytic
lymphohistiocytosis (HLH), and as a complication of chimeric antigen receptor (CAR) T cell therapy.

4.1.2. Clinical Uses

Targeted anti-inflammatory agents generally are approved to treat systemic inflammatory diseases
such as rheumatoid arthritis (Table 1). Therapies have been developed that target many players within
the pathway. In addition, anti-inflammatory therapies are associated with increased risk of viral
infections, making appropriate timing for initiation between viral and immune response phases an
important consideration in treating COVID-19. In a mouse model of MERS, early administration
of interferon therapy was protective, but late therapy was associated with the development of fatal
pneumonia [45]. The rationale for the use of many specific anti-inflammatory agents in COVID-19
relies on prior use in CRS (Figure 3):

1. JAK inhibitor: A pilot study of ruxolitinib demonstrated improvement in HLH [46]. In addition,
an artificial intelligence algorithm predicted baricitinib to be a numb-associated kinase (NAK)
inhibitor at the doses used for rheumatoid arthritis treatment [47]. In vitro NAK inhibition can
reduce viral infection through clathrin-mediated endocytosis blockade [48]. These data suggest
baricitinib may have both anti-inflammatory and anti-viral effects. Tofacitinib has not directly
been trialed CRS but is a significant cytokine inhibitor [49]. TD-0903 is an investigational JAK
inhibitor that is nebulized and lung-selective, per press releases [50].

2. IL-1-beta and IL-1 receptor inhibitor: Anakinra, an IL-1 receptor antagonist, is effective in
treating MAS and sepsis with MAS features [51,52]. Canakinumab has not been associated with
significantly decreased MAS rates [53].

3. IL-6 inhibitor: IL-6 levels correlate with severe disease in SARS [54]. Tocilizumab has been used
to treat HLH, GvHD, and CRS induced by CAR T-cell therapy [55,56]. Preclinical studies are
supportive of siltuximab for CRS induced by CAR T-cell therapy [57]. Sarilumab has not been
directly tested in CRS.

4. IL-8 inhibitor: IL-8 is elevated in CRS induced by CAR-T cell therapy [58]. No IL-8 inhibitors are
currently FDA approved. IL-8 inhibitors are under investigation for the treatment of malignant
solid tumors. High IL-8 levels are associated with tumor progression and epithelial-mesenchymal
transition [59].

5. IFN-gamma inhibitor: Emapalumab is FDA-approved to treat HLH [60,61].
6. IFN-beta-1: Interferon-beta-1 is a cytokine that has anti-viral, anti-proliferative,

and immunomodulatory effects. It is FDA-approved to treat multiple sclerosis. IFN-beta
increases the production of anti-inflammatory cytokines, such as IL-10, and limits leukocyte
migration across the blood-brain-barrier [62,63]. IFN-beta was protective in septic shock and
ARDS murine models [64,65]. In an open-label study, treatment with IFN-beta in ARDS was
associated with decreased 28-day mortality [66]. However, IFN-beta did not improve outcomes
in a recent randomized control trial for the treatment of moderate to severe ARDS [67].

7. GM-CSF: No GM-CSF inhibitors under investigation for COVID-19 are currently FDA-approved
for other indications. Lenzilumab and TJ003234 are under investigation to treat CRS induced by
CAR T cell therapy. GM-CSF inhibitors are also under investigation to treat acute graft versus
host disease, ankylosing spondylitis, and rheumatoid arthritis [68,69].

8. TNF-alpha: Although TNF-alpha inhibitors are commonly used to treat rheumatoid arthritis,
only one investigational TNF-alpha inhibitor, XPro1595, is being evaluated in a clinical trial for
COVID-19. Murine models of severe influenza treated with TNF-alpha inhibitors had reduced
cytokine production without changes in survival rates [70,71].
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to treat COVID-19 related inflammation. Solid red drug names are FDA-approved, and red outlined
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Other anti-inflammatory focused drugs have not been tested in CRS-like scenarios and are under
investigation for COVID-19 based on their anti-inflammatory properties.

4.1.3. Cardiotoxicity

The majority of drugs in this anti-inflammatory category do not have known cardio-toxic side
effects. Direct anti-IL and JAK pathway inhibitors do not have cardiotoxicity. IL-1 inhibition is
associated with a decrease in cardiovascular events in clinical trials [72,73]. In a study of 10,061 patients
with a history of myocardial infarction, patients treated with canakinumab had a significantly lower
rate of recurrent cardiovascular events (hazard ratio 0.85, 95% confidence interval 0.74 to 0.98, p = 0.021;
compared to placebo) [73]. Other less direct anti-inflammatory medications do have cardiotoxicity.
Leflunomide, a di-hydroorotate dehydrogenase inhibitor used to treat rheumatoid arthritis, is associated
with an increased risk of hypertension with an average increase of 5 mmHg of both systolic and
diastolic blood pressure within two weeks of initiation [74]. Fingolimod, a spingosine-1-phosphate
receptor modulator used to treat multiple sclerosis, is associated with bradycardia (2.1–2.4%) and
atrioventricular block (up to 4%) [75].

4.1.4. Early COVID-19 Experience

The striking results of the RECOVERY trial demonstrated a significant decrease in the mortality
of patients with advanced COVID-19 infections treated with low dose dexamethasone and hopefully
portends further benefit with targeted anti-inflammatory therapies [21]. For targeted anti-inflammatory
therapies, case series using tocilizumab and baricitinib in severe COVID-19 infections have been
published in addition to single case reports. A case series of 63 hospitalized COVID-19 patients
in Italy treated with tocilizumab demonstrated improved inflammatory markers with a mortality
of 11% and an increased likelihood of survival if given within six days of admission [76]. A case
series of 20 hospitalized COVID-19 patients in China treated with tocilizumab showed improved
inflammatory markers with the recovery of all patients [77]. In a pilot study of 12 patients with
moderate COVID-19 treated with baricitinib and ritonavir-lopinavir, no patients required ICU care
nor had any adverse events related to therapy [78]. A retrospective cohort study of 29 patients with
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moderate to severe COVID-19 treated with anakinra showed an association with clinical improvement
in 72% of patients [79]. A large retrospective, observational cohort study of 544 patients showed an
association between the subset of patients that received tocilizumab and a reduced risk of invasive
mechanical ventilation or death [80]. Initial studies are encouraging, but data from randomized clinical
trials have not been published to date.

4.2. Anti-Rejection Agents

4.2.1. Overview

Sirolimus, tacrolimus, and cyclosporine are immunosuppression medications. Sirolimus blocks
the activation of the mammalian target of rapamycin (mTOR). Cyclosporine is a calcineurin inhibitor
and tacrolimus is a calcineurin phosphatase inhibitor. Both pathways result in the decrease of IL-2 and
other cytokines signaling through decreasing T-cell and macrophage activation.

4.2.2. Clinical Uses

Sirolimus, tacrolimus, and cyclosporine are used to prevent organ rejection in transplant
recipients through immunosuppression (Table 1). This immunosuppression may be beneficial in the
hyper-inflammatory phase of COVID-19 infection. Similar to anti-inflammatory drugs, the calcineurin
pathway can be used to treat cytokine release syndrome. Cyclosporine is often used to treat
hyperinflammation in HLH and MAS [81]. In a murine H1N1 influenza model, cyclosporine markedly
reduced lung inflammation and endothelial cell damage [82]. In addition, cyclosporine and tacrolimus
treatment in vitro was shown to inhibit the replication of SARS-CoV1 and other coronaviruses [83,84].

4.2.3. Cardiotoxicity

Cardiotoxicity is associated with anti-rejection medications. Sirolimus induces hyperlipidemia and
is associate with the development of increased cardiovascular disease [85]. In one study, total cholesterol
increased by 50% (range 25–93%), and the mean triglyceride level increased by 95% (range 9–254%) [85].
Tacrolimus, even with short term use, is associated with both hypertrophic cardiomyopathy and
dilated cardiomyopathy in case reports [86–90]. Cyclosporine can induce hypertension with a 50%
incidence, through mechanisms including increased sympathetic nerve activity and decreased vascular
relaxation [91,92].

4.2.4. Early COVID-19 Experience

No publications to date describe the use of anti-rejection medications to treat COVID-19. Case
reports have been published on transplant patients on anti-rejection medications that subsequently
become infected with COVID-19 [93].

4.3. Anti-Complement Agents

4.3.1. Overview

The complement cascade is part of the innate immune system that is involved in inflammation
and defense against bacterial and viral infections. The classical, alternative, and lectin pathways
converge on the common pathway at C3. The common pathway results in inflammation with
cytokines stimulated by C3a and C5a and in cell destruction with the formation of the C5b-9 membrane
attack complex (MAC). Pathological activation of the pathway, often with an underlying genetic
predisposition, can result in atypical hemolytic uremic syndrome (aHUS), which presents with anemia,
thrombocytopenia, and renal injury. aHUS is characterized by diffuse thrombotic microangiopathy
(TMA) and elevated cytokines. Pathologic complement activation is also associated with transplant
associated-TMA, graft versus host disease, and antiphospholipid antibody syndrome [94–96].
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4.3.2. Clinical Uses

Complement inhibitors are approved to treat aHUS and paroxysmal nocturnal hemoglobinuria,
Table 1. Many other complement inhibitors are being investigated in clinical trials. For COVID-19
treatment, complement inhibitors are attractive targets [97–100]. Pathologic complement activation is
an upstream initiator of inflammation with cytokine production and an initiator of diffuse microvascular
thrombosis (Figure 4). In murine models of MERS-CoV and SARS-CoV1, complement inhibition at C3
and C5a receptors improved respiratory dysfunction and decreased cytokine levels [101,102].
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4.3.3. Cardiotoxicity

Complement inhibitors do not have any known cardiotoxicity, but data are limited. In aHUS,
a case report of a patient treated with eculizumab demonstrated recovery of aHUS-associated
cardiomyopathy [103].

4.3.4. Early COVID-19 Experience

Two manuscripts have been published using complement inhibitors in COVID-19. An Italian
case series of four patients with severe COVID-19 pneumonia or ARDS were treated with eculizumab,
and all had a full recovery with a drop in inflammatory markers [104]. A single case report using
the investigational C3 inhibitor, AMY-101, in a patient with severe COVID-19 related ARDS showed
complete recovery [105].

4.4. Anti-Cancer Agents

4.4.1. Overview

Anti-neoplastic therapies have an extensive range of targets aimed at stopping cancer growth.
Tyrosine kinases, including Bruton’s tyrosine kinase (BTK) and vascular endothelial growth factor
(VEGF) tyrosine kinases, are enzymes that catalyze phosphorylation and are important in cell growth,
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proliferation, and angiogenesis [106]. Phosphoinositide 3-kinase (PI3) is critical for cell growth and
proliferation [107]. The specific mechanisms of action of thalidomide and lenalidomide remain uncertain,
but these drugs have anti-inflammatory, anti-proliferative, and anti-angiogenesis effects [108,109].
Immune checkpoint inhibitors remove the brakes on T-cells and increase the immune system’s ability
to scavenge for and identify foreign cells [110]. Cytotoxic anti-cancer therapies inhibit cell proliferation
with nuclear targets.

4.4.2. Clinical Uses

Anti-neoplastic therapies are approved for treating many different cancers (Table 1). Their proposed
utility in treating COVID-19 is wide-ranging, Figure 5, but primarily is due to their proposed or known
anti-inflammatory effect.
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1. Targeted therapies:

a. Breakpoint cluster region (BCR)-Abelson’s (ABL) tyrosine kinase inhibitor: Imatinib may
have both anti-viral and anti-inflammatory effects. In vitro studies demonstrate that the
imatinib target, Abelson tyrosine-protein kinase 2, is required for efficient SARS-CoV1 and
MERS-CoV replication [111]. In murine models, imatinib inhibited endothelial permeability,
attenuating pulmonary edema in sepsis models [112,113].

b. BTK inhibitors: Ibrutinib attenuated lung injury and reduced inflammation in a murine model
of influenza A [114]. In addition, BTK inhibitors decreased inflammatory cytokine levels in
chronic lymphocytic leukemia, Waldenstrom’s macroglobulinemia, and graft-versus-host
disease [115].

c. PI3 kinase inhibitors: Some isoforms of PI3 kinase are preferentially expressed in leukocytes,
and inhibition resulted in blocking B and T cell proliferation and neutrophil migration in
rodents [116]. Blockade of PI3 kinase also improved rodent models of arthritis, asthma,
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and systemic lupus erythematosus. Inhibition of PI3 decreased bronchoalveolar lavage
eosinophils in a murine pulmonary inflammation model [117].

d. VEGF inhibitors: Elevated VEGF levels have been observed in COVID-19 patients, and VEGF
activation is associated with ARDS. Anti-VEGF therapies may suppress pulmonary edema,
improving ARDS [118].

2. Cytotoxic therapies: Etoposide, a topoisomerase II inhibitor, is used as part of the standard of
care of HLH [119,120], likely effective through activated T cells ablation [121]. Melphalan, a DNA
alkylator, used in non-cytotoxic doses, has been associated with anti-inflammatory effects through
disruption of IL-2-beta and TNF-alpha receptor signaling [122]. Selinexor is an inhibitor of
exportin-1, a nuclear export protein. Exportin-1 is thought to be important in both viral replication
and mediating the inflammatory response through nuclear factor kappa-B signaling [123].

3. Immunomodulatory: Thalidomide and lenalidomide have been shown to reduce the
inflammatory response in patients with idiopathic pulmonary fibrosis and in rat models of
paraquat lung toxicity [124,125]. In mouse studies of H1N1 influenza, thalidomide was shown to
reduced inflammation and improved survival rate [126].

4. Immune checkpoint inhibitors (ICIs): The use of ICIs in COVID-19 is controversial as
the rare complication of inflammatory pneumonitis may overlap with COVID-19 interstitial
pneumonia [127]. Clinical trials are aimed at ICI use in early viral clearance and the safety of
continued ICI use in patients with cancer that become infected with COVID-19.

4.4.3. Cardiotoxicity

With anti-neoplastic agents, many cardiotoxicities are well known, Figure 6. Development of these
cardiotoxicities should be closely monitored and may be detrimental to patients with COVID-19. BTK
inhibitors are associated with atrial fibrillation, hypertension, and bleeding due to abnormal platelet
aggregation [128,129]. Ibrutinib, a BTK inhibitor, is associated with a 4-fold increase in atrial fibrillation
and other arrhythmias [130,131]. This increased arrhythmia risk is of concern with COVID-19 due
to high occurrence rate of atrial and ventricular arrhythmias in up to 15% of hospitalized patients.
In addition, 78% of patients on ibrutinib developed new or worsening hypertension over a median
of 30 months, which is associated with major adverse cardiac events [128]. Up to half of patients on
ibrutinib for three years will have a major bleeding event, likely through inhibition of key platelet
signaling molecules [132,133].

ICIs are associated with myocarditis (1.14%) with or without concomitant pericarditis and
malignant arrhythmias via their enhancement of the immune system resulting in increased inflammation
directed towards the heart and other organs [134,135]. VEGF inhibitors induce hypertension in up to a
quarter of patients and increased blood pressure in almost all patients [136]. The likely mechanism is
through reduction of the nitric oxide pathway and enhancing vasomotor tone through the endothelin
system. VEGF inhibitors, thalidomide, and lenalidomide increase thromboembolic events [137].
Thalidomide is associated with a 2.6-fold increase in thromboembolic risk alone and up to 8-fold
in combination with steroids [137]. Lenalidomide, in combination with steroids, had reported
thromboembolic rates of 12–20% and carries a black box warning for this risk [138]. Increases in
thromboembolic events may exacerbate the coagulopathy seen in COVID-19 patients. Etoposide has
been associated with case reports of atrial fibrillation, and melphalan has reported association with
both atrial fibrillation and ventricular tachycardia [139–141].

4.4.4. Early COVID-19 Experience

To date, few publications describe the initial experience with anti-neoplastic therapies to treat
COVID-19. A case series of six patients with COVID-19 that were already receiving ibrutinib for
Waldenstrom’s Macroglobulinemia was published [115]. Only 1 of these patients, on a reduced dose of
ibrutinib, required hospitalization resulting in mechanical ventilation but had a dramatic improvement
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when the ibrutinib dose was increased. A case report of a patient with advanced lung cancer treated
for 7 years with nivolumab had a rapid, fatal COVID-19 course [142].
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4.5. Limitations

The identification of repurposed drugs was exclusively through ClinicalTrials.gov and would not
include any trials not registered on the site. Most trials and therapies did not have early experience
data available. The early drug experiences in COVID-19 included only English language publications
and will only provide data based on a snapshot in time. Future publications on the tolerability and
efficacy of these candidate drugs are anticipated as clinical trials are completed.

5. Conclusions

The volume of trials targeting the COVID-19 hyper-inflammatory phase continues to grow rapidly
with the evaluation of repurposed drugs and late-stage investigational drugs. Leveraging known
clinical safety profiles and pharmacodynamics allows swift investigation in clinical trials for a novel
indication. Yet physicians should remain vigilant for cardiotoxicity, often not fully appreciated in small
trials or in short time scales.
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Abl2 Abelson tyrosine kinase 2
AKT/PKB serine/threonine-specific protein kinase/protein kinase B;
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C5aR or C3aR complement component receptor
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IL-1BR interleukin-1-beta receptor
IL-6 interleukin 6
IL-6R interleukin 6 receptor
IL-8 interleukin 8
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JAK Janus tyrosine kinase
MAPK mitogen-activated protein kinase
miR micro-ribonucleic acid
mTOR mammalian target of rapamycin
MYD88 myeloid differentiation primary response 88
PDGFR platelet-derived growth factor receptor
PI3K phosphoinositide 3-kinase
PIP2 phosphatidylinositol (4,5)-bisphosphate
PIP3 phosphatidylinositol (3,4,5)-triphosphate
Ras rat sarcoma
SRC cytoplasmic tyrosine kinase
ST2 serum stimulation 2
STAT signal transducer and activator of transcription
TLR Toll-like receptor
TNF tumor necrosis factor
VEGF vascular endothelial growth factor
VEGFR vascular endothelial growth factor receptor
XPO1 exportin-1
‘C’ denotes complement component
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