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A B S T R A C T   

The first confirmed case of novel Coronavirus Disease 2019 (COVID-19) in the United States was reported on 
January 20, 2020. As of November 24, 2020, close to 12.2 million cases of COVID-19 was confirmed in the US, 
with over 255,958 deaths. The rapid transmission of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS- 
CoV-2), its unusual and divergent presentation has strengthened the status of COVID-19 as a major public health 
threat. In this review, we aim to 1- discuss the epidemiological data from various COVID-19 patient cohorts 
around the world and the USA as well the associated risk factors; 2- summarize the pathophysiology of SARS- 
CoV-2 infection and the underlying molecular mechanisms for the respiratory and cardiovascular manifesta
tions; 3- highlight the potential treatments and vaccines as well as current clinical trials for COVID-19.   

1. Introduction 

In December 2019, many cases of pneumonia-like disease of un
known etiology were reported in the Wuhan/Hubei providence of 
China. The novel Severe Acute Respiratory Syndrome Coronavirus 2 
(SARS-CoV-2) was identified as the cause of the disease named Coro
navirus Disease 2019 (COVID-19) [1,2]. COVID-19 was declared a 
pandemic by the World Health Organization in March 2020. As of 
November 24 2020, the number of confirmed cases had passed 59.8 
million worldwide, and the death toll had risen to more than 1,408,271. 
While SARS-CoV-2 is not the first coronavirus to infect humans or to 

become a global health concern, many questions have arisen regarding 
factors influencing one’s individual risk and clinical outcomes since the 
emergence of the COVID-19 pandemic. 

The COVID-19 Associated Hospitalization Surveillance Network 
(COVID-NET, including 14 US States) was created to conduct 
population-based surveillance for RT-PCR confirmed COVID-19 hospi
talizations from March 1-30, 2020. The COVID-NET reported that 
among a cohort of 1,482 hospitalized patients, 74.5% were greater than 
50 years old, with higher rates of hospitalization in adults greater than 
65 years of age, and 54.4% were male [3]. The majority (90%) of these 
patients had at least one or more of these underlying chronic conditions: 
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obesity, hypertension, chronic lung disease, diabetes, and other car
diovascular diseases [3]. Alongside age-dependent susceptibility, prior 
studies have also confirmed male predominance in the incidence of 
COVID-19 [4]. Epidemiology, pathophysiology, and underlying molec
ular mechanisms of respiratory and cardiovascular manifestations, as 
well as available treatments, current clinical trials, and the development 
of new vaccines for COVID-19, are the focus of this review. 

2. Pathogenesis of SARS-CoV-2 

2.1. Viral structure and cell entry 

Human coronaviruses (HCoVs) belong to the genus Alphacoronavirus 
or Betacoronavirus of the Coronavirinae subfamily, a large group of 
positive-stranded RNA viruses [5,6]. Most HCoVs are relatively harmless 
pathogens and may induce mild respiratory symptoms. The Severe 
Acute Respiratory Syndrome Coronavirus (SARS-CoV) and the Middle 
East Respiratory Syndrome Coronavirus (MERS-CoV) are two exceptions 
as they are highly pathogenic and are responsible for the 2002-2004 and 
2012 epidemics, respectively [7]. It is believed that MERS-CoV and 
SARS-CoV originated from bats with dromedary camels and palm civets 
as an intermediary, respectively [8]. However, the origin of SARS-CoV-2 
interspecies transfer is not fully elucidated. It is believed that it may be 
through bats with pangolins as the potential intermediary [1,9]. 

Unlike MERS-CoV2, whose host entry receptor is dipeptidyl pepti
dase IV (DPP4), both SARS and SARS-CoV-2 utilize angiotensin- 
converting enzyme 2 (ACE2) as the cell entry receptor [10,11]. ACE2 
is the first homolog of human ACE and a crucial regulator of the renin- 
angiotensin system (RAS), a signaling pathway involved in hemody
namic regulation such as systemic vascular resistance, as well as fluid 
and electrolyte balance. ACE2 exists as membrane-bound and soluble 
receptors. The spike (S) protein on the coronavirus envelope is directly 
involved in the viral cell entry by attachment and fusion [6]. The 

membrane-bound form of ACE2 mediates the CoV-2 S-protein binding 
[1,10,11]. S-protein binding to ACE2 initiates the cleavage of the protein 
into the S1 and S2 subunits. The S1 subunit containing the RBD mediates 
binding to ACE2’s peptidase domain (Fig. 1). This initiates the priming 
of the coronavirus by transmembrane serine protease 2 (TMPRSS2), 
resulting in the cleavage of S2’ site [11]. 

2.2. ACE2 receptor function and its role in SARS-CoV-2 infection and 
pathogenesis 

Through a complex cascade, angiotensinogen is first converted to 
Angiotensin I (Ang I) by renin and next converted to Angiotensin II (Ang 
II) via the ACE. Ang II regulates various pathways involved in cardio
vascular diseases and pulmonary fibrosis. Given the vascular, cardiac, 
and pulmonary dysfunction, the use of RAS inhibitors has been signifi
cant in the management of cardiopulmonary diseases. 

ACE2, a monocarboxypeptidase, converts Ang I to Ang 1-7. Unlike 
Ang II, Ang 1-7 mediates several anti-inflammatory, anti-fibrotic, anti- 
arrhythmogenic, and anti-proliferative effects [12]. ADAM metal
loproteinase 17 (ADAM17), also known as tumor necrosis factor-α 
converting enzyme (TACE), is a metallopeptidase and disintegrin that 
mediates the ectodomain shedding of ACE2 and leads to the formation of 
a soluble enzyme. Although the membrane-bound form of ACE2 regu
lates the ACE2/Ang1-7 axis, the role of soluble ACE2 remains largely 
unclear. ACE2 is expressed in the lungs, cardiovascular, renal, testes, 
and gastrointestinal tissues. It is also highly expressed in the oral cavity, 
especially on the tongue, suggesting that oral mucosa may serve as a 
high-risk route of SARS-CoV-2 transmission [13]. 

In order to gain further insights into the role of ACE2 and expression 
heterogeneity in human tissue, nine publicly available single-cell RNA- 
seq (scRNA-seq) datasets were re-analyzed to define the single-cell 
transcriptomic profiling of ACE2 expression in ileum [14], kidney 
[15], testis [16], lung [17–19], bronchus [18,20], and nasal mucosa 

Fig. 1. Receptor recognition and cell entry mechanisms of SARS-CoV-2. The receptor recognition mechanisms of SARS-CoV-2 is mediated by the receptor- 
binding domain (RBD) of the surface spike glycoprotein (S protein) of SARS-CoV-2. The S protein is cleaved by proteases expressed in host cells into the S1 and 
S2 subunits. S1 contains an N-terminal domain (NTD) and a C-terminal domain (CTD). The S1-CTD domain in SARS-CoV and SARS-CoV-2 recognizes the angiotensin- 
converting enzyme II (ACE2) receptor, while the S1-CTD domain in the MERS virus recognizes the DPP4 protein. After the binding of S protein to ACE2, the virus is 
internalized by endocytosis. Created with BioRender.com 
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[18]. The highest expression was observed in the intestinal tract, kidney, 
testis, gallbladder, and heart. Lower expression was found in thyroid 
gland and adipose tissue. These results were overall consistent with the 
previously published transcriptomics datasets generated from the HPA, 
GTEx, and FANTOM5 initiatives [21–23]. At the cell type-specific level, 
scRNA-seq datasets confirmed higher expression levels in > 60% of ileal 
enterocytes in the small intestine and > 6% of renal proximal tubules in 
the kidney. Using three different datasets, analysis of the human lungs 
suggested enrichment in ACE2 expression in less than 1% of alveolar 
cells type 2 (AT2) [17–19]. Interestingly, a lower expression level of 
ACE2 was also detected in 2–3% and 7% of the cells in bronchus and 
nasal mucosa, respectively, with higher expression found in ciliated cells 
and goblet cells. Additional studies performed by Hikmet and colleagues 
investigated the expression pattern of ACE2 in more than 150 different 
cell types corresponding to all major human tissues and organs based on 
stringent immunohistochemical analysis [24]. The authors confirmed 
the previous results obtained from datasets at the mRNA and protein 
level. ACE2 expression was mainly observed in enterocytes, renal tu
bules, gallbladder, cardiomyocytes, male reproductive cells, placental 
trophoblasts, ductal cells, eyes, and vasculature. Another study showed 
that ACE2 expression was increased with age in the pulmonary alveolar 
epithelial barrier, cardiomyocytes, and vascular endothelial cells, which 
may explain age-linked susceptibility to SARS-CoV-2 [25]. 

The virus’s higher binding affinity to ACE2 may partially explain the 
higher transmission rate of SARS-CoV-2 compared to SARS-CoV [26]. 
However, greater affinity is unlikely to be the sole reason for the novel 
coronavirus’ rapid transmission compared to SARS-CoV infections as 
other determinates, such as the unique furin cleavage site at the S1-S2 
boundary of the SARS-CoV2 S-protein, may be at play [27]. 

3. Pulmonary pathological features of COVID-19 

3.1. Clinical, radiological, and histopathological features 

Despite a broad clinical course, the predominant respiratory 
involvement of COVID-19 infection may be attributed to the large sur
face area of the pulmonary tissue, which increases the susceptibility of 
the virus infection. The clinical manifestations of COVID-19 range from 
mild to critical, with most patients developing only mild or no symptoms 
[28]. Approximately 5% of cases are described as severe and are asso
ciated with septic shock, multi-organ failure, acute kidney injury, and 
cardiac injury. Among the severe illness, there are severe pneumonia, 
ARDS, sepsis, and septic shock [29]. Moderate pneumonia is charac
terized by respiratory symptoms such as cough and shortness of breath. 
Severe pneumonia is associated with extreme dyspnea, respiratory 
distress, tachypnea, and hypoxia. ARDS usually suggests a new-onset of 
respiratory failure and reveals deterioration of the respiratory capacity. 
Different forms of ARDS have been identified and classified based on the 
severity of hypoxemia. One of the primary cell types affected by SARS- 
CoV-2 is the type II alveolar cells. Alveolar cells are predominantly 
localized in the peripheral and subpleural lung regions. Analysis of lung 
biopsies from COVID-19 patients showed the desquamation of pneu
mocytes, hyaline membrane formation, multinucleated syncytial cells, 
and interstitial lymphocyte infiltration. These clinical features are usu
ally associated with a viral infection and ARDS [30,31]. 

Abnormalities in chest radiography were reported in most of the 
COVID-19 patients. After multiple imaging studies using the chest CT 
scans, it is now well accepted that diffuse bilateral ground-glass opaci
ties (GGOs) is the most common finding at all stages of the COVID-19 
disease, followed by consolidations [32,33]. Venugopal et al. have 
recently published a systematic analysis and meta-review of reports 
presenting CT features that provide a comprehensive view of the disease 
pattern and progression in different clinical stages. After an extensive 
literature search, they short-listed and reviewed 49 studies, including 
over 4145 patients with 3615 RT-PCR positive cases of COVID-19 dis
ease. The following were reported: 1) Diffuse bilateral GGOs as the most 

common finding at all disease stages; 2) A clear correlation of CT find
ings correlating with the clinical outcomes. Initial patchy GGO’s and 
consolidations progress to diffuse lesions with septal thickening. The 
further course can be either diffuse “white-out” lungs needing ICU ad
missions or complete resolution with or without residual fibrotic strips; 
3) There is evidence that CT features such as juxtalesional pulmonary 
vascular prominence, pleural effusion, and lymphadenopathy can be 
used as prognostic markers of COVID-19 disease; 4) no evidence to favor 
the use of CT as an initial screening modality for COVID-19 was re
ported. In summary, the wide variation in the lesion descriptors supports 
the arguments in the statements made by radiology societies urging for 
the use of standardized lexicons and structured reports. Importantly, the 
authors strongly recommended sharing all imaging and report data that 
are the backbone of such research papers. This is particularly important 
during pandemics like COVID-19 since additional studies can be per
formed by researchers around the world to develop tools and insights in 
fighting COVID-9 disease quickly. Moreover, future prospective studies 
are needed to evaluate imaging findings in chronic COVID-19 patients. 

3.2. Acute respiratory distress syndrome (ARDS) 

Patients with ARDS showed compromised gas exchange due to acute 
inflammation, fluid accumulation, and progressive fibrosis (Fig. 2). 
Dysfunction of type-I and type-II alveolar cells reduces the production of 
pulmonary surfactant and increases surface tension, subsequently 
diminishing the capacity of the lungs to expand and leading to acute 
hypoxemic respiratory failure. 

Alongside the production of Ang II, ACE degrades bradykinin, a 
potent endothelial vasodilator [34]. Ang II, via its AT1 receptor, also 
regulates several pathways associated with tissue injury, inflammation 
including free radical generation, recruitment of inflammatory cells, 
adhesion of monocytes and neutrophils to endothelial and mesangial 
cells. Altogether, Ang II promotes thrombosis as well as the synthesis 
and release of cytokines [12], which are directly related to the patho
genesis of ARDS. The Berlin definition classifies the severity of ARDS 
based on the oxygenation index (PaO2/FiO2) and positive end- 
expiratory pressure (PEEP) of ≥ 5 cmH2O. At this time, the severity of 
ARDS in COVID-19 patients is assessed based on the following oxygen
ation index parameters: 1) 200mmHg ≤PaO2/FiO2< 300mmHg is 
considered mild, 2) 50mmHg ≤PaO2/FiO2< 200mmHg is classified as 
mild-moderate, and 3) PaO2/FiO2 <150mmHg is considered as 
moderate-severe [35]. In COVID-19 patients with ARDS, prone posi
tioning and the use of neuromuscular blockers are recommended for 
patients with PaO2/FiO2<150mmHg. This differs from standard ARDS 
protocols of <100mmHg [35] and suggests that a more suitable classi
fication is required for COVID-19-related ARDS. 

3.3. Lung inflammation 

The host’s immune responses are, in part, responsible for ARDS. 
COVID-19 infection is characterized by a systemic inflammation asso
ciated with complications. SARS-CoV-2 induces a “cytokine storm,” 
which is triggered by an inappropriate and excessive response of type 1/ 
type 2 T helper (Th) cells and Th17/T regulatory lymphocytes, signifi
cant regulators of local inflammation. This abnormal response results in 
the aberrant release of a series of pro-inflammatory cytokines including 
various interleukins, G-CSF, GM-CSF, interferon-γ (IFN-γ), tumor ne
crosis factor-α (TNFα), IP10, MCP1, MIP1A, and MIP1B [36,37]. This 
type of immune-pathogenic response significantly increases the risk of 
developing a multi-organ failure and even death [38,39]. The cytokine 
profile of COVID-19 patients has shown elevated levels of pro- 
inflammatory cytokines, including IL-2, IL-6, Il-7, interferon-γ, G-CSF, 
and TNFα [40]. Analysis of the cytokine profiles in 53 COVID-19 pa
tients from Wuhan, China, revealed that IP-10, MCP-3, and IL-1 receptor 
antagonist (IL-1RA) were significantly higher in the severe cases and 
were associated with PaO2/FiO2 and Murray score compared to the mild 
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cases [41]. The Murray scoring system is based on four different pul
monary variables: hypoxemia, pulmonary compliance, chest radio
graphic findings, and level of positive end-expiratory pressure. Each 
variable is scored from 0 to 4 according to the severity of the condition. 
A score of ≥3 (or 2.5 if rapid deterioration) indicates that the patient 
should be referred for extracorporeal membrane oxygenation (ECMO) 
rather than conventional ventilation. 

In the lungs, ACE2 is primarily produced in Clara and type II alveolar 
epithelial cells [42]. Prior studies have demonstrated that the down
regulation of ACE2 in different models of acute lung injury [43]. ACE2 
modulates the expression of pro-inflammatory cytokines by decreasing 
the expression of TNF-α, IL-1β, IL-6, MCP-1, and TGF-β while increasing 
the expression of the anti-inflammatory cytokine IL-10 [44,45]. Ang 1-7 
showed vasodilatory, natriuretic, anti-inflammatory, anti-proliferative, 
and endothelium protective properties. Hence the ACE2/Ang1-7 axis 
may protect the lungs and heart against potential injuries [46,47]. 
Previous studies in wild-type mice have demonstrated that in vivo 
administration of SARS-CoV S protein worsens acute lung failure and 
reduces the expression of ACE2 in the lungs. After SARS-CoV-2 infection, 
the downregulation of ACE2 expression in the lungs increased the pul
monary vascular permeability and led to pulmonary edema [10]. 
Interestingly, blocking the AngII receptor type 1 (AT1R) attenuated 
these effects [10]. With regards to SARS-CoV-2, recent studies have 
demonstrated that the binding of the S-protein to ACE2 receptors leads 
to its downregulation, creating an ACE/ACE2 imbalance which pro
motes rapid vasoconstriction/low blood flow in the pulmonary circu
lation, followed by ventilation/perfusion mismatch and consequently 

respiratory failure [48]. 

3.4. Endothelial dysfunction 

The pulmonary vascular endothelium is a major component of the 
alveolar-capillary unit located at the interface between the bloodstream 
and lung tissue and regulates various physiological and immunological 
functions [49]. The remarkable surface area of the pulmonary endo
thelium plays a key role in gas exchange, as well as the regulation of the 
barrier integrity and function. It regulates the pulmonary vascular tone 
by secreting vasoactive mediators such as nitric oxide, prostacyclin, 
endothelin, and serotonin. Respiratory lung diseases are often associated 
with endothelial dysfunction, characterized by a shifting of the vascular 
equilibrium towards aberrant and excessive vasoconstriction, inflam
mation, and pro-coagulant phenotype [50,51]. 

In patients with COVID-19, several studies have revealed the pres
ence of systemic arterial events associated with capillary endothelial 
cells (EC) injury and microvascular dysfunction in different vascular 
beds [52]. Interestingly, Varga et al. have identified the presence of viral 
bodies within ECs and an accumulation of inflammatory cells, with ev
idence of both apoptosis and pyroptosis that might have an essential role 
in EC injury in patients with COVID-19. The authors suggested that 
SARS-CoV-2 infection may mediate the development of endotheliitis in 
several organs [53]. In the lung, ACE2 is abundantly expressed at the 
surface of pulmonary ECs and vascular smooth muscle cells, type I and II 
alveolar epithelial cells, and bronchial epithelial cells [54]. The early 
computed tomography (CT) studies showing the presence of vascular 

Fig. 2. Pulmonary and cardiovascular complications of SARS-CoV-2. The clinical manifestations of COVID-19 include, in part, pulmonary and cardiovascular 
complications. The pulmonary pathological features of COVID-19 is associated with the development of acute respiratory distress syndrome (ARDS). The infection of 
the respiratory epithelium and pulmonary endothelium exacerbate the inflammation response and lead to the cytokine storm. Besides, the endothelial dysfunction 
potentiates platelet activation, alters the homeostasis between vasoconstrictors/vasodilators, and increases the oxidative stress in vascular cells. Severe cases of 
COVID-19 have been associated with various cardiovascular complications such as myocarditis, arrhythmia, and atherosclerotic plaque instability, and rupture, 
coagulopathy as well as coronary artery aneurysms in Kawasaki-like disease in children. Created with BioRender.com 
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thickening in COVID-19 patients who develop pneumonia compared to 
non-COVID-19 pneumonia, suggesting a possible tissue tropism of SARS- 
CoV-2 toward pulmonary vascular cells [55]. 

The expression level of ACE2 in the pulmonary endothelium might 
predispose patients to SARS-CoV-2 infection and influence the severity 
of COVID-19. Li et al. have characterized the ACE2 receptor expression 
pattern in the lungs of healthy populations, patients with underlying 
diseases, and cigarette smokers using a bioinformatics approach based 
on previously published datasets extracted from six independent studies 
[40]. Surprisingly, the expression levels of ACE2 receptor in lung tissues 
and epithelial cells were not significantly different between healthy 
populations and patients with asthma or chronic obstructive pulmonary 
diseases [40]. Similarly, the expression level of ACE2 was not signifi
cantly different between males and females, younger and older popu
lation in any tissue [40]. A significant increase in ACE2 receptor 
expression was identified only in long-term smokers [40]. 

3.5. Pulmonary embolism 

In COVID-19 disease, excessive inflammation, oxygen deprivation, 
immobilization, and disseminated intravascular coagulation are all well- 
known mediators of a prothrombotic state (Fig. 2). In a retrospective 
study, Poyiadji and colleagues evaluated the clinical characteristics of 
COVID-19 patients with pulmonary embolism (PE) by comparing their 
inflammatory markers and D-dimer with data extracted from CT pul
monary angiogram [56]. In a cohort of 328 COVID-19 patients, 22% 
were diagnosed with PE in the Henry Ford Health System, Detroit, MI 
(retrieved from Picture Archiving and Communication System data
base). The authors identified obesity, elevated D-dimer, elevated C- 
reactive protein (CRP) as risk factors for PE in COVID-19 patients [56]. 
Consistently, studies have reported an incidence of PE between 20-30% 
in COVID-19 patients [57,58]. Patients with a BMI >30 kg/m2 were 
three times more at risk for developing a PE. However, the lack of spe
cific studies in this population, the recommendations to use of heparin 
may have beneficial effects in COVID-19 patients with effective doses 
and monitoring, in particular, those with high BMI [59]. A higher risk of 
vessel thrombosis has been correlated with the severity of the disease 
and multi-organ involvement, thus lending support to the argument for 
therapeutic anticoagulation (AC) in patients with COVID-19 who have 
elevated D-dimer levels [60]. Another multicenter cohort study that 
included 1,240 hospitalized COVID-19 patients showed that 103 out of 
1240 (8.3%) were diagnosed with PE by CT pulmonary angiography 
[61]. This is a relatively low prevalence as compared with previously 
reported studies, probably due to the exclusion of the most severely ill 
ICU-COVID-19 patients. In another large retrospective study, among 
2,773 COVID-19 patients hospitalized at Mount Sinai Hospital, 786 
(28%) received systemic AC, and 14% were intubated. In-hospital 
mortality was 22.5% in patients treated with systemic AC and 22.8% 
in non-AC patients. Only intubated patients (n = 395) benefited from 
AC, with a mortality of 29% compared with 62.7% in those who did not 
receive AC treatment [62]. A suspicion for PE should be raised if there is 
a sudden deterioration in respiratory status that is not explained by 
significant radiological changes in the lung in conjunction with high 
titers of D-dimers [63]. Recommendation from the 2019 ESC Guidelines 
issued before COVID-19 hit the global community: ‘Initiation of anti
coagulation is recommended without delay in patients with a high or 
intermediate clinical probability of PE while a diagnostic workup is in 
progress’ [64] that could be added while COVID-19 preventive measures 
are being implemented [65]. A recent study by Biere-Rafi et al. added to 
the growing evidence that statin therapy may have a protective effect on 
thromboembolic disease development in general and PE, specifically 
[66]. 

4. Cardiovascular complications in COVID-19 

Although respiratory symptoms have been initially considered as the 

primary clinical manifestations of COVID-19, patients that develop se
vere cardiovascular events. Patients with COVID-19 and cardiovascular 
metabolic conditions showed higher risks of complications and mortal
ity rates (Fig. 2) [67]. 

4.1. Myocardial injury 

Early reports from Wuhan, China indicated that approximately 7% of 
their 138 patients had elevated levels of troponin suggestive of acute 
myocardial injury (MI) [68]. Additional studies demonstrated that pa
tients with MI had elevated CRP, NT-proBNP, and procalcitonin, which 
was associated with increased risk of in-hospital mortality [69]. 
Although the mechanism of MI in COVID-19 remains to be elucidated, it 
may involve a combination of direct myocyte involvement, secondary 
injury from significant inflammation provoked by cytokine dysregula
tion, and/or direct viral infection [70]. Recent endomyocardial biopsies 
from affected patients demonstrate the presence of both inflammatory 
infiltrates and viral matter [71]. Additional cardiac autopsies have 
shown the presence of lymphocytic infiltrates in the RV myocardium 
[72] as well as cardiomyocyte hypertrophy, degeneration, and necrosis 
in addition to macrophage infiltration in the myocardium [73]. Poten
tial etiologies of acute MI in the setting of infection with the novel 
coronavirus include myocarditis [74], ischemic injury as a result of 
cardiac microvascular or coronary disease [69], Takotsubo’s cardio
myopathy [75], septic cardiomyopathy [76], or secondary to hypoxic 
injury, RV strain (acute cor pulmonale) [77]. 

Acute MI poses immediate concern for compromised myocardial 
perfusion. While rates of acute hospitalization for ST-segment elevated 
myocardial infarction (STEMI) have decreased during the COVID-19 
pandemic, there is an incidence of delayed presentation and subse
quently delayed coronary intervention [78]. Considering the type and 
location of the culprit coronary lesion, delayed intervention poses a risk 
for associated non-reversible complications including but not limited to 
complete atrioventricular heart block, severe ischemic cardiomyopathy, 
left ventricular aneurysm formation, or apical thrombosis [71]. Addi
tionally, there are cases of STEMI in younger patients in the setting of 
COVID-19 infection [79]. Although ruling out acute coronary syndrome 
is appropriate in the correct clinical context, we must remain aware that 
during the COVID-19 pandemic, ST-elevation and troponin release may 
be a result of several STEMI mimics. 

In the case of COVID-19 related myocarditis, aside from the clinical 
presentation and assessment of cardiac and inflammatory biomarkers, 
an additional diagnostic evaluation is required. ECG abnormalities, 
including those typical for pericarditis such as ST elevation or PR 
depression, may be observed in myocarditis, but these are not conclu
sive. Endomyocardial biopsies are a definitive diagnostic tool for 
myocarditis. There are limitations, including the expertise required, risk 
of contagious spread, and associated false-negative results [80]. One of 
the largest limitations in regards to evidence of potential myocarditis or 
myopericarditis is the limited and mixed evidence reported in single- 
patient case studies [81,82]. Cardiac imaging, including echocardiog
raphy, MRI, and CT imaging, are vital non-invasive diagnostic tools that 
aid in determining the extent of cardiac structural and functional 
dysfunction in the setting of COVID-19 infection. 

Several reports have noted patients presenting with confirmed 
COVID-19 and Takotsubo’s cardiomyopathy (TTC), as confirmed by TTE 
[75,83]. Briefly, TTC, also known as stress cardiomyopathy, is acute and 
transient cardiomyopathy predominantly seen in women, which mimics 
acute coronary syndrome and is typically caused by acute emotional 
stress [84] but may also be observed in the setting of respiratory failure 
and infection [85]. Typical echocardiographic presentation of TTC is the 
presence of reversible left ventricular (LV) apical ballooning in the 
absence of occlusive coronary disease [84]. There are reports of 
increased incidence of TCC during the COVID-19 pandemic (March- 
April 2020) than in years prior [83]. In a study of 118 COVID-19 
confirmed patients who entered Mount Sinai Hospital in New York 
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between March and April 2020 with a clinical indication for TTE, 5 
(4.2%) had features consistent with TTC with 4 having typical LV apical 
ballooning and 1 having circumferential hypokinesis of the basal walls, 
which is consistent with reversed TTC [75]. Overall, TTC should be a 
possible differential to consider for MI in patients presenting with 
COVID-19. 

Sepsis-related cardiomyopathy should also be considered in the 
setting of COVID-19. In a cohort of 21 confirmed COVID-19 patients 
admitted to the ICU in Washington State, 14 patients (67%) required 
vasopressors, and 7 (33%) developed cardiomyopathies [76]. Again, in 
patients with septic shock, TTE evidence of septic cardiomyopathy in
cludes depression in LV systolic function with low-normal filling pres
sure accompanied by LV dilatation [86]. Although limited case reports 
have demonstrated the presence of COVID-19 related septic cardiomy
opathy, the possibility of occurrence should not be excluded in patients 
with MI, considering sepsis is also associated with troponin release. 

Other secondary causes of MI should also be considered in confirmed 
COVID-19 patients. In a retrospective study of 110 confirmed cases with 
TTC, RV dilatation was present in 32 patients (31%), of which 66% had 
RV hypokinesis, and 21% had moderate to severe tricuspid regurgitation 
[87]. This study provides us with two potential etiologies of RV strain, 
including acute cor pulmonale as well as implications of mechanical 
ventilation. Considering myocardial dysfunction and coagulopathy 
observed in COVID-19, acute cor pulmonale should be considered as a 
putative cause of MI as well. With regards to mechanical ventilation, 
increased levels of positive end-expiratory pressure (PEEP) also con
tributes to increasing the pulmonary vascular resistance (PVR) through 
the induction of dead space ventilation and compression of the pulmo
nary vasculature. Therefore, mechanical ventilation may also be a major 
factor impacting RV physiology, and one should be cautious of the im
plications of adjusting ventilation settings appropriately. 

Aside from potential etiologies of MI, prolonged implications of MI in 
the setting of COVID-19 infection remain unclear. In a retrospective 
observational study of 26 patients who recovered from COVID-19 and 
underwent cMRI, 58% had noted abnormalities, including myocardial 
edema (54%) with predominant involvement of the left ventricular wall 
segment and other late gadolinium enhancement abnormalities sug
gestive of fibrosis (8%) [88]. Patients with positive findings also had 
noted RV function impairment, including ejection fraction, cardiac 
index, and stroke volume. Therefore, cardiac imaging is a vital non- 
invasive diagnostic tool in determining the extent of cardiac structural 
and functional dysfunction as a result of COVID-19 infection. 

4.2. Arrhythmia 

A study performed in 187 patients with COVID-19 have reported an 
increased incidence in overall ventricular tachycardia (VT)/ventricular 
fibrillation (VF) [89], cardiac arrest (pulseless electrical activity (PEA), 
asystole events, Torsades de pointes) [90], and other arrhythmias 
including atrial fibrillation (AF), bradyarrhythmias, and non-sustained 
ventricular tachycardia (NSVT) [91,92]. In a study of 700 COVID-19 
hospitalized patients, 9 had a cardiac arrest, 25 had incidental atrial 
fibrillation requiring medical management with amiodarone, 9 had 
clinically significant bradyarrhythmias, and 10 had NSVT events. 
Prevalence of these events was highest amongst ICU patients, suggesting 
that the incidence of cardiac arrest and arrhythmias may correspond 
with a more severe clinical course [91]. In a study of 136 patients hos
pitalized with severe COVID-19 pneumonia in Wuhan, China, and had 
an in-hospital cardiac arrest, 119 (87.5%) had a respiratory cause of 
arrest [93]. Studies also reported an increased incidence of VT/VF in 
patients with elevated troponin, suggesting the development of ar
rhythmias may be a result of MI [89]. The incidence of arrhythmia in 
COVID-19 may be in the setting of respiratory distress, myocarditis, 
electrolyte derangements, intravascular volume imbalance, or drug side 
effects, as reviewed by Dherange et al. [94]. However, the mechanisms 
resulting in their development remain to be elucidated. 

4.3. Coagulopathy in COVID-19 

The immune response to SARS-CoV-2 infection is characterized by an 
overproduction of pro-inflammatory cytokines that activate the coagu
lation cascade. Components of the cytokine storm facilitate the adhesion 
of platelets by increasing the production of the Von Willebrand factor 
(vWF). Moreover, high levels of IL-6, IL-1, TNF-α, and thrombin in 
COVID-19 patients can promote clot formation by activating platelets. 
Thrombin also activates the proteinase-activated receptor 1 (PAR-1), 
expressed on monocytes, microparticles, and ECs upregulating the 
expression of tissue factor that contributes to inflammatory responses at 
mucosal surfaces. In COVID-19 patients, an imbalance between co
agulants and anticoagulants promotes a pro-coagulation state. For 
example, tissue factor activates the extrinsic coagulation pathway, 
downregulates activated protein C (a clotting inhibitor), and inhibits the 
fibrinolytic processes. Furthermore, the upregulation of plasminogen 
activator inhibitor-1 blocks the activation of plasminogen, thus resulting 
in a decrease in the breakdown of fibrin clots. The levels of clotting 
factors could be predictive of major adverse cardiac event (MACE) risks 
in COVID-19 survivors. This is consistent with the presence of pulmo
nary microthrombi reported in critically ill COVID-19 patients and DIC 
diagnosed in 71% of the non-survivors of COVID-19. 

4.4. Stroke 

Aside from the formation of microthrombi, an increased incidence of 
venous thromboembolism and stroke have been reported. From March 
23 to April 7 2020, five COVID-19 patients in the Mount Sinai Health 
System younger than 50 years old presented with new-onset symptoms 
of large-vessel ischemic stroke. Of these five patients, two had no un
derlying risk factors for stroke, and four were not on anticoagulants or 
statins [95]. An epidemiological study of a cohort of 217 patients from 
Wuhan, China, showed a 5.7% incidence of stroke amongst inpatients 
with severe COVID-19 infection [96]. The etiology of these cerebro
vascular events can possibly be attributed to the coagulopathy and EC 
observed in COVID-19 infection. However, this association with regards 
to large-vessel stroke observed in younger cohorts of patients requires 
further investigation. 

4.5. Kawasaki-like disease 

Epidemiological data confirmed that children younger than 18 years 
represent only 1.7% of national cases of COVID-19 in the USA [97]. 
Dong and collaborators performed a retrospective study at the Shanghai 
Children’s Medical Center, Shanghai, China, on the epidemiological 
characteristics of 2135 pediatric patients exposed to a COVID-19 patient 
or from an epidemic area (i.e., Hubei province, China). Of note, only 728 
pediatric cases were confirmed for COVID-19. The authors found that 
21% of the patients were asymptomatic, 58% had mild disease, 19% had 
moderate disease, 1% had severe disease, 1% were in critical condition, 
and no deaths were reported [98]. However, increasing concerns about a 
novel severe Kawasaki-like disease in children related to COVID-19 
infection were reported. 

Kawasaki disease (KD) is a rare acute pediatric vasculitis of the 
medium caliber vessels, of unknown etiology. Inflammation of the cor
onary arteries can lead to the development of coronary artery aneu
rysms, one of the main complications of Kawasaki disease [99]. Because 
the clinical manifestation and biochemical test results of the cases 
diagnosed during the COVID-19 pandemic are slightly different from the 
Kawasaki disease, these cases have been classified as Kawasaki-like 
disease. The first pediatric cases of Kawasaki-like disease were re
ported in the Bergamo province, Italy [100]. Verdoni et al. evaluated the 
incidence and features of patients with Kawasaki-like disease diagnosed 
during the COVID-19 pandemic [100]. The authors found a monthly rate 
during the COVID-19 outbreak 30 times greater compared to the 
monthly incidence in the previous five years. Children diagnosed with 
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Kawasaki-like disease during the SARS-CoV-2 pandemic were more 
likely to show severe symptoms and cardiovascular complications due to 
inflammation [100]. Clinical features of toxic shock syndrome were 
reported in 50% of children with Kawasaki-like disease. 

5. Potential therapies for COVID-19 

Given the high mortality rate associated with the COVID-19 
pandemic, the high transmission rate, and the socioeconomic implica
tions of the pandemic, there is an urgent need for identifying new 
therapies and treatments. An in vitro study has assessed the antiviral 
efficacy of previously FDA-approved drugs (ribavirin, penciclovir, 
nitazoxanide, nafamostat, chloroquine, remdesivir, and favipiravir) on a 
clinical isolate of 

SARS-CoV-2 [101]. In response to these repurposed drugs, the anti
viral efficacy was defined by the degree of cytotoxicity, virus yield, and 
infection rate [101]. Of these agents, chloroquine and remdesivir were 
more efficient in reducing the SARS-CoV-2 transmission [101]. How
ever, while in vitro studies initially provided promising results for 
chloroquine and its analog hydroxychloroquine [102], these drugs are 
no longer a standard for therapy for SARS-CoV-2 infections due to their 
questionable clinical efficacy and associated adverse cardiovascular ef
fects with regards to prolongation of QT intervals [103,104]. Our goal in 
this review is to highlight current standards of treatment for COVID-19. 
These include the antiviral drug remdesivir, the use of convalescent 
plasma, dexamethasone, IL-6 inhibitors, and prophylactic AC in hospi
talized patients. Other investigative therapies include recombinant 
human ACE2 (rhACE2), regulatory T cells, and TPRSS2 inhibitors. The 
DISCOVERY trial [NCT04315948] is an open clinical trial assessing the 
efficacy and safety of several treatments for COVID-19 in hospitalized 
adults, including remdesivir, lopinavir/ritonavir, interferon beta1-a, 
and hydroxychloroquine (Fig. 3). The RECOVERY trial 
[NCT04381936] is another open clinical trial investigating the effects of 
lopinavir-ritonavir, hydroxychloroquine, corticosteroids, azithromycin, 
convalescent plasma, or tocilizumab on reducing mortality rates 
amongst patients hospitalized with severe COVID-19 infection. 

5.1. Anticoagulant therapy 

Previous studies reported increased thromboembolic events and 
improved outcomes with AC therapy in COVID-19 patients [62,105]. 
The specific role of AC therapy in disease management remains unclear, 
though Ying at al. have compared CoV-2 to non-CoV-2 pneumonia in a 
retrospective study of ~550 patients and found that CoV-2 inpatients 
had higher platelet counts and markedly elevated D-dimer, which pro
gressed throughout the course of the disease [106,107]. The one-month 
mortality of patients receiving heparin was lower than non-CoV2 
pneumonia patients. Taken together, these findings suggested that 
coagulopathy is a major clinical feature in severe cases of COVID-19. 

In a recent study with a cohort of ~ 2,773 hospitalized patients with 
laboratory-confirmed COVID-19, the in-hospital mortality was 22.5% 
with a median survival of 21 days when patients were receiving AC [62], 
while 22.8% mortality and a median survival of 14 days were reported 
in patients who did not receive AC. However, patients receiving AC were 
more likely to need mechanical ventilation. Prospective randomized 
trials are required to further investigate the roles of hemostasis and the 
potential of AC to improve COVID-19 outcomes. Given the cardiopul
monary implications of COVID-19, further epidemiological studies are 
needed to define the appropriate medical management of these patients. 

5.2. Remdesivir 

Remdesivir (RDV) is an investigational broad-spectrum antiviral 
medication that has been clinically developed for the treatment of the 
Ebola virus disease. An adenosine nucleotide analog, the active 
triphosphate form of remdesivir (RDV-TP), acts as a substrate for several 

viral RNA-dependent RNA polymerases (RdRp) and competes for ATP 
incorporation during RNA synthesis [108]. Using in vitro and in vivo 
animal models, the effectiveness of remdesivir (GS-5734) in the setting 
of SARS-CoV and MERS-CoV has been demonstrated [109,110]. Similar 
results were found with SARS-CoV, MERS-CoV, and SARS-CoV-2 [111]. 
Although in vitro studies have demonstrated the efficacy of RDV on the 
replication of SARS-CoV-2 [101], further translational studies are 
required to assess the effectiveness and safety of RDV in the setting of 
COVID-19. 

A recent study assessed the efficacy of compassionate-use of RDV in 
53 patients hospitalized with COVID-19, where 60% of patients showed 
reduced oxygen requirements, and 13% of patients showed improve
ments in overall mortality [112]. While this study reports promising 
results, it is essential to note the limitations, such as the lack of a control 
group, the short duration of follow-up, and the limited cohort size. 
Several ongoing clinical studies are currently investigating the use of 
RDV in COVID-19 patients. These randomized trials aim to 1) assess the 
safety and efficacy of a five- and ten-day course treatment of RDV in 
hospitalized patients with severe COVID-19 [NCT04292899]; 2) 
compare the RDV efficacy to the standard of care treatments in hospi
talized patients with moderate COVID-19 [NCT04292730], and 3) 
Expand the use of RDV in patients with COVID-19 requiring invasive 
mechanical ventilation [NCT04323761]. 

5.3. Convalescent plasma 

The use of convalescent plasma for prophylactic and therapeutic 
purposes is used in several diseases, including rabies, hepatitis B, polio, 
measles, Ebola virus disease, and influenza [113]. Convalescent plasma 
relies on the principles of passive immunity and aims to provide a short- 
medium term humoral immunity. With regards to COVID-19, plasma is 
harvested from patients who had recovered from COVID-19 and have 
detectable SARS-CoV-2 IgG products by ELISA or other immuno
quantitative assays. Of note, the use of convalescent plasma consists of 
the same risk of transfusion-transmitted infection. Therefore, donors 
must satisfy all the blood donor criteria that are mandated by the FDA. 
Since plasma contains several coagulation factors, including the von 
Willebrand factor, its use is also indicated in patients with underlying 
bleeding disorders, coagulopathy, and risk of thrombosis. Currently, a 
clinical trial is assessing the safety of such treatments in COVID-19 pa
tients [NCT04333355]. Several ongoing studies are actively investi
gating the use of convalescent plasma to -1) Determine its safety and 
efficacy in treating and preventing pulmonary complications associated 
with COVID-19 when administered during the early phases of the dis
ease [NCT04358211]; -2) Evaluate its effectiveness as a treatment for 
hospitalized patients with severe COVID-19 or considered at risk 
[NCT04347681]. These clinical trials should further improve our un
derstanding by assessing the therapeutic potential of convalescent 
plasma in COVID-19 patients. 

5.4. Dexamethasone and other corticosteroids 

Although corticosteroids showed anti-inflammatory benefits, the use 
of corticosteroids in COVID-19-related ARDS was initially controversial, 
and the World Health Organization (WHO) advised limiting the use of 
systemic corticosteroids in COVID-19-associated ARDS [114]. Since a 
clinical study from the 2002 SARS-CoV epidemic demonstrated that 
patients receiving early high-dose steroids had reduced mortality (112), 
several clinical studies have investigated the role of corticosteroids in 
the clinical management of ARDS. Strong pro-inflammatory response 
and decreased ICU mortality were reported in these cases [115]. How
ever, these findings were considered controversial, as no mortality 
benefits were found [115]. Further studies investigating the effects of 
glucocorticoid therapy in a SARS porcine model showed that treatment 
with dexamethasone aided with a reduction in IL-6, T-cell frequency, 
and Th1 gamma interferon-secreting cells in the spleen, 
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Fig. 3. SARS-CoV-2 life cycle in host cells and potential therapies. The interaction between the surface spike glycoprotein (S) and ACE2 mediates the cell entry 
into the host cells, and the coronavirus life cycle is initiated. After the viral invasion, the viral genome is replicated and translated into viral structural proteins. The S, 
E, and M proteins are assembled with nucleocapsid to encapsulate the replicated genome and form mature virions. Finally, the virus is exported out of the cell 
through exocytosis. Several treatments are being investigated for COVID-19 and include chloroquine and its analogs, angiotensin II receptor blockers, ACE2 in
hibitors, remdesivir, convalescent plasma, dexamethasone, IL-6 inhibitors, lopinavir, darunavir, and azithromycin. In addition, multiple therapeutic options aim to 
circumvent the pulmonary and cardiac complications, such as anticoagulants, statin, corticosteroids, and mineralocorticoid receptor antagonists. MRAs: mineral
ocorticoid receptor antagonist; ARB: angiotensin II receptor blockers; ACE: angiotensin-converting enzyme 2; mAb: monoclonal antibody; IL-6: Interleukin-6; ER: 
endoplasmic reticulum. 
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tracheobronchial lymph nodes, and serum [116]. 
Results of the RECOVERY trial [NCT04381936] consisting of a 

cohort of 2,104 hospitalized patients with moderate-severe COVID-19 
showed a ten-day course of dexamethasone 6 mg daily reduced 28-day 
mortality by 35% in patients receiving invasive mechanical ventilation 
compared to patients receiving standard care and by 20% in patients 
receiving supplemental oxygen without invasive mechanical ventilation 
[55]. No mortality benefit was observed amongst patients who were not 
receiving respiratory support. No adverse effects were reported in the 
treated patients [55]. 

Dexamethasone therapies showed beneficial therapeutic effects in 
severe cases of 

COVID-19 with a hyperactive immune response. Its anti- 
inflammatory properties efficiently reduced inflammation-mediated 
lung injury and the associated mortality. However, the immunosup
pressive properties of steroids such as dexamethasone have been of 
concern for treating viral respiratory infections such as COVID-19. The 
initial findings of RECOVERY clinical trial [NCT04381936] are consid
ered extremely hopeful, with the WHO welcoming these results, and the 
UK government has already authorized the use of dexamethasone for 
patients receiving oxygen therapy and ventilation [117]. 

5.5. IL-6 inhibitors 

IL-6 is a pro-inflammatory cytokine produced predominantly by 
macrophages in response to pathogen-associated molecular patterns or 
damage-associated molecular patterns. Its protective function involves 
the removal of pathogens by promoting both an innate and adaptive 
immune response [118]. Overproduction of IL-6 is associated with the 
pathogenesis of several chronic inflammatory diseases such as rheu
matoid arthritis, juvenile idiopathic arthritis, and Castleman disease 
[118]. Tocilizumab is a monoclonal antibody that competitively blocks 
the binding of IL-6 to both the soluble and membrane-bound IL-6 re
ceptor. Tocilizumab has been used as a possible treatment for treating 
rheumatoid arthritis and cytokine release syndrome. 

At this time, several ongoing clinical trials are assessing the efficacy 
of tocilizumab in hospitalized patients with COVID-19-related pneu
monia [NCT04317092] and severe cases of COVID-19 in a cohort of 
intubated and non-intubated patients [NCT04377659]. Additional 
studies are currently investigating the potential role of IL-6 and soluble 
IL-6 receptor as predictors of efficacy and safety in patients with severe 
COVID-19 pneumonia treated with Tocilizumab [NCT04359667]. Un
like tocilizumab, which competitively inhibits the binding of IL-6 to its 
receptor, siltuximab directly targets and interacts with IL-6 to reduce its 
bioavailability [119]. With regards to COVID-19, two ongoing clinical 
studies investigate the efficacy of compassionate use of siltuximab in 
COVID-19 ARDS patients [NCT04322188] and the use of siltuximab 
versus methylprednisolone in hospitalized patients with COVID-19 
[NCT04329650]. 

5.6. ACE inhibitors and angiotensin II receptor blockers 

During the early phase of the COVID-19 pandemic, many questions 
were raised regarding the use of RAS inhibitors in cardiovascular pa
tients with COVID-19. Several studies have shown that ACE inhibitors, 
Ang II type I receptor blockers (ARBs), and mineralocorticoid receptor 
antagonists (MRAs) upregulate the expression of ACE2 [120,121]. Given 
the unclear link between increased ACE2 expression and COVID-19 
susceptibility/virulence, several societies, including the American Col
lege of Cardiology, American Heart Association, Heart Failure Society of 
America, European Society of Cardiology, have recommended using 
these RAS antagonists [122,123]. Further reviews have suggested that 
the anti-inflammatory, anti-fibrotic, vasodilatory effects of ACE2/Ang 1- 
7 axis of RAS inhibitors may attenuate the severity of clinical outcomes 
in patients with COVID-19 [124]. In patients with underlying cardio
vascular comorbidities, the use of RAS inhibitors such as ACE inhibitors, 

ARBs, and MRAs reduced the Ang II-mediated pro-inflammatory effects. 
Concomitantly, recent studies have suggested that the clinical benefits 
associated with these drugs may be attributed to their role in the 
upregulation of ACE2 expression and activity [120,125]. Clinical studies 
using a large cohort of patients have shown that patients treated with 
ACE inhibitors and ARBs had a lower risk of developing pneumonia 
[126] and ARDS [34]. From a cardiopulmonary perspective, no clear 
indication or data is supporting the benefits of discontinuing or holding 
the use of RAS antagonists in these patients. Several clinical studies aim 
to evaluate the effect of ACE inhibitors, Angiotensin II receptor blockers 
(ARBs), and mineralocorticoid receptor antagonists (MRAs) in patients 
with COVID-19 and pre-existing cardiovascular disease history 
[NCT04318301, NCT04318418, NCT04312009, NCT04311177, 
NCT04330300, NCT04329195]. 

5.7. Statin 

Based on our understanding of the inhibitory effect of statins on 
coagulopathy, endothelial dysfunction, and inflammation, it is believed 
that statin therapy may lessen the impact of COVID-19 infection and 
prevent the development of PE. The current empirical guidance for 
COVID-19 patients who are already on statin therapy is to continue the 
treatment if not contraindicated [127], such as an ongoing reduction of 
total and LDL cholesterol [128], upregulation of expression of ACE2, 
hence, the potential to increase SARS-CoV-2 entry into cells or myositis 
and liver dysfunction [96,129]. In a retrospective cohort study of 717 
patients with confirmed COVID-19 by PCR admitted and hospitalized 
from January 22 to April 15, 2020, at the National Centre of Infectious 
Diseases (NCID), Singapore, Tan et al. have shown that statin use is 
associated with lower ICU admission and lower disease severity in 
COVID-19 infection [130]. Similar results have been reported from a 
retrospective study on 13,981 patients with COVID-19 in Hubei Prov
ince, China, among which 1,219 received statins [131]. The authors 
found that the in-Hospital use of statins is associated with a reduced risk 
of mortality among individuals with COVID-19. Zhang and collaborators 
showed that the risk for 28-day all-cause mortality was 5.2% in the 
statin group against 9.4% in the non-statin group, with an adjusted 
hazard ratio of 0.58 [131]. Similarly, another retrospective report in a 
cohort of 154 COVID-19 cases reported that statin intake was signifi
cantly associated with the asymptomatic status of COVID-19 [132]. 

6. COVID-19 vaccine 

Currently, there is no FDA-approved or authorized vaccine for the 
prevention of COVID-19. Due to the rapid transmission of SARS-CoV-2, 
increasing incidence of disease around the world, and the urgent need to 
address the global health crisis, 234 vaccine candidates have been 
developed in a record time by more than two hundred companies and 
universities worldwide, according to the WHO and Milken Institute 
[133]. Within a few months, tremendous efforts have been undertaken 
to further investigate their safety and therapeutic efficacy in preventing 
COVID-19 to ultimately decrease rates of infection and death world
wide. The new investigational vaccines include inactivated viruses, 
protein subunits and peptides, viral vector-based delivery, synthetic 
DNA, and RNA-based immunization approaches (Table 1) [134]. 

In the fight against COVID-19, an innovative nanotechnology 
approach has rapidly reached clinical testing and demonstrated 
encouraging early results. Both frontrunner companies, Moderna and 
Pfizer/BioNTech, encapsulated their mRNA vaccines using lipid nano
particles to protect the mRNA from nuclease degradation [135,136]. 
mRNA-based vaccines allow the rapid translation of antigens in the 
cytoplasm and, therefore, an immediate immune response to prevent 
COVID-19 disease [137]. Following the first genome sequencing results 
of SARS-CoV-2, Moderna and Pfizer/BioNTech have generated new 
experimental vaccines using the same technology. Their vaccine can
didates rely on a specific mRNA that encodes the trimerized SARS-CoV-2 
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spike glycoprotein RBD antigen [135,136]. As previously described, the 
coronavirus spike protein plays a critical role in the virus entry into the 
host cells and trigger someone’s immune response to produce antibodies 
against the virus without causing infection and inducing the detrimental 
outcomes that are associated with SARS-CoV-2. 

Pfizer/BioNTech has developed an RNA-based vaccine that is based 
on a platform of nucleoside-modified messenger RNA (modRNA). The 
vaccine candidate (BNT162b, variant RBP020.2) includes a T4 fibritin- 
derived trimerization domain and encodes an optimized SARS-CoV-2 
full-length spike protein antigen to enhance the immune response. 
Pfizer and BioNTech have recently announced in a press release that 
their investigational mRNA-based vaccine, BNT162b2, against SARS- 
CoV-2 achieved success based on the first interim analysis from Phase 
3 clinical study [138]. The Phase 3 clinical trial of BNT162b2 began on 
July 27, 2020, and has enrolled more than 43,661 people worldwide in 
the Pfizer vaccine trials, with 42% having diverse racially and ethnically 
backgrounds, as of November 16, 2020 [138]. Of note, 41,135 have 
received a second dose of the vaccine candidate as of November 16, 
2020. Of note, half of whom have received a placebo. The pharmaceu
tical companies have reported that no serious safety concerns have been 
observed. Importantly, 170 cases of COVID-19 infection were confirmed 
in trial participants. 162 infections were reported from the placebo 
group, and 8 in the group treated with the Pfizer’s vaccine [138]. 
Collectively, the first interim efficacy analysis conducted by an external 
and independent Data Monitoring Committee revealed that the vaccine 
candidate BNT162b2 was found to be around 95% effective in pre
venting COVID-19 in participants, without evidence of prior SARS-CoV- 
2 infection . 

Moderna, a biotechnology company pioneering messenger RNA 
(mRNA) therapeutics, co-developed a new mRNA vaccine candidate 
(mRNA-1273) against COVID-19 using the same technology in part
nership with the National Institute of Allergy and Infectious Diseases’s 
Vaccine Research Center [135]. The mRNA-1273 encodes the prefusion 
stabilized form of the S antigen (named S-2P) that includes a trans
membrane anchor and an intact S1–S2 cleavage site [135]. On 
November 17, the U.S. NIH-appointed Data Safety Monitoring Board 
(DSMB) for the Phase 3 study of mRNA-1273 has concluded that the trial 
has met the statistical criteria pre-specified in the study protocol for 

efficacy, with a vaccine efficacy of 94.5%, and confirmed the pre
liminary success of this new investigational vaccine [139]. In this study, 
known as the COVE study, more than 30,000 participants were enrolled 
across 100 clinical research sites in the United States, and 37% of trial 
volunteers were from racial and ethnic minorities. About 50 % received 
the vaccines, and the other half received a placebo. Notably, only 95 
participants with confirmed cases of COVID-19 were reported [139]. 
Out of the 95 positive COVID-19 cases reported, only five received the 
actual mRNA-1273 vaccine, against 90 who received the placebo. This 
first interim analysis from the Phase 3 trial provided the first clinical 
validation of Moderna’s vaccine efficiency in preventing COVID-19. 

The race for a COVID-19 vaccine has led to the development of 
several vaccines, currently under clinical investigation to further eval
uate their therapeutic efficacy. Several mRNA-based vaccines are now 
entering the late-stage trials and have demonstrated encouraging early 
results. Given the new vaccine format, their safety, effectiveness, and 
immunogenicity should be carefully investigated. Furthermore, de
mographic factors such as race, ethnicity, age, sex, and comorbidities 
should be considered in the design of the clinical trials. Finally, it is of 
great importance that pharmacovigilance and epidemiological studies 
be conducted post-vaccine deployment to thoroughly confirm vaccine 
safety and clinical significance. 

7. Future perspective 

Details on the epidemiology of SARS-CoV-2, its pathogenesis, and 
efficient treatments of COVID-19 are still evolving and controversial. 
Insights from the previous SARS-CoV and MERS-CoV epidemics and 
adaptation of clinical management from similar syndromes such as 
ARDS and cytokine release syndrome have provided the medical com
munities with promising pharmacological tools for the management of 
patients with COVID-19. Further epidemiological studies using all 
available and reliable databases around the world are required to clarify 
and define the nature of the disease. Besides ongoing efforts to diagnose 
COVID-19 in the early stages, it is of great importance for early thera
peutic interventions to improve the quality of life and increase life ex
pectancy. Finally, further investigation is imperative to evaluate the 
therapeutic potential of repurposed drugs for the clinical management of 

Table 1 
Overview of the main vaccine candidates for COVID-19. The table recapitulates the main candidate vaccines that are being developed and currently under clinical 
investigation. Name, type of vaccine, sponsor, trial phase, and clinical trial registry are indicated.  

Candidate Type Sponsor Trial 
Phase 

Clinical trial registry 

BNT162 mRNA-based 
vaccine 

Pfizer, BioNTech Phase 3 ChiCTR2000034825, EudraCT 2020-001038-36, NCT04368728, 
NCT04380701, NCT04523571, NCT04537949 

mRNA-1273 mRNA-based 
vaccine 

Moderna Phase 3 NCT04283461, NCT04405076, NCT04470427 

JNJ-78436735 
(formerly 
Ad26.COV2.S) 

Non-replicating 
viral vector 

Janssen Pharmaceutical Phase 3 NCT04436276, NCT04505722 

Sputnik V Non-replicating 
viral vector 

Gamaleya Research Institute, Acellena 
Contract Drug Research and Development 

Phase 3 NCT04437875, NCT04436471, NCT04530396, NCT04564716, NCT04587219 

Ad5-nCoV Recombinant 
adenovirus vaccine 

CanSino Biologics Phase 3 ChiCTR2000030906, ChiCTR2000031781, NCT04313127, NCT04341389, 
NCT04398147, NCT04526990, NCT04540419, NCT04566770, NCT04568811 

AZD1222 Adenoviral vector 
vaccine 

The University of Oxford; AstraZeneca; 
IQVIA; Serum Institute of India 

Phase 3 CTRI/2020/08/027170, EudraCT 2020-001072-15, EudraCT 2020-001228- 
32, ISRCTN89951424, NCT04324606, NCT04400838, NCT04444674, 
NCT04516746, NCT04540393, NCT04568031, PACTR202005681895696, 
PACTR202006922165132" 

CoronaVac Inactivated vaccine Sinovac Phase 3 NCT04352608, NCT04383574, NCT04456595, NCT04508075, 
NCT04551547, NCT04582344, 669/UN6.KEP/EC/2020 

Covaxin Inactivated vaccine Bharat Biotech; National Institute of 
Virology 

Phase 3 CTRI/2020/07/026300, NCT04471519      

No name 
announced 

Inactivated vaccine Wuhan Institute of Biological Products; 
China National Pharmaceutical Group 
(Sinopharm) 

Phase 3 ChiCTR2000031809, ChiCTR2000034780, ChiCTR2000039000 

NVX-CoV2373 Nanoparticle 
vaccine 

Novavax Phase 3 NCT04368988, NCT04533399, EudraCT 2020-004123-16, NCT04583995  
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COVID-19 patients. Data from larger cohorts with regards to the efficacy 
and safety of currently in use investigational drugs (ex: remdesivir, 
tocilizumab) and adjuvant therapies (e.g., convalescent plasma, anti
coagulants, steroids) will be critical for the standardization of health 
care protocols and procedures of COVID-19 infection. 
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