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A B S T R A C T   

The world is engulfed by one of the most widespread and significant public health crises in decades as COVID-19 has become among the leading causes of death 
internationally. The novel SARS-CoV-2 coronavirus which causes COVID-19 has unified the scientific community in search of therapeutic and preventative solutions. 
The top priorities at the moment are twofold: first, to repurpose already-approved pharmacologic agents or develop novel therapies to reduce the morbidity and 
mortality associated with the ever-spreading virus. Secondly, the scientific and larger pharmaceutical community have been tasked with the development, testing, 
and production of a safe and effective vaccine as a longer-term solution to prevent further spread and recurrence throughout the populace. The purpose of this article 
is to review the most up-to-date published data regarding both the leading pharmacological therapies undergoing clinical trials and vaccine candidates in devel
opment to stem the threat of COVID-19.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a 
positive sense, enveloped RNA beta coronavirus that emerged in Wuhan, 
China, in December of 2019 [1]. It is the cause of the clinical disease 
known as COVID-19 that has resulted in more than 50 M infections and 
more than 1.25 M deaths according to the World Health Organization 
[2]. COVID-19 is the third respiratory pandemic or epidemic caused by 
infection with a novel coronavirus. The first, SARS, developed in Hong 
Kong in the early-2000s, presented an average 6 days after infection 
with fever, chills, headache, myalgia, and cough. The principal organs 
involved were the lungs, which with computerized tomography (CT) 
imaging demonstrated consolidations that evolved within 7–10 days 
into pulmonary infiltrates. A number of patients required mechanical 
ventilatory support, and by day 21 following initial onset of SARS-CoV, 
most patients had recovered, with mortality rate of approximately 9.6% 
[3,4]. The second clinical epidemic caused by a novel coronavirus was 
dubbed Middle East Respiratory Syndrome (MERS), and arose in 2012 in 
and near the Arabian Peninsula. This disease was associated primarily 
with fever, cough, and shortness of breath and it had a much higher 35% 
mortality rate [4,5]. Although SARS-CoV-2 shares sequence similarity 
with both SARS-CoV (79%) and MERS-CoV (50%), it has been most 
closely linked to two bat-derived SARS-like viruses (bat-SL-CoVZC45 
and bat-SL-CoVZXC21, ~88% similarity) [1]. The novel SARS-CoV-2 
virus has been officially classified into the subgenus Sarbecovirus of 

the Betacoronavirus genus. Although it shares many features with SARS, 
SARS-CoV-2 infection is unique in that viral particles are shed during the 
presymptomatic phase of infection [6], which has led to significant 
spread of the virus worldwide. 

In this article, we will first offer a brief clinical overview of COVID- 
19, along with an introduction to the biology of the SARS-CoV-2 virus. 
Then, we will describe in detail the vaccine candidates and various 
therapeutic strategies, including pharmacologic therapies, convalescent 
plasma, and monoclonal antibodies, currently undergoing clinical trials. 

2. Clinical overview 

2.1. Symptoms 

Patients with COVID-19 most commonly report fever, cough, 
myalgia, fatigue, dyspnea, anosmia, and ageusia [7,8]. In some cases, 
there is a presence of increased sputum production, headache, hemop
tysis, diarrhea, and myalgia [9–14], although roughly 20% percent of 
patients are thought to be truly asymptomatic (see “Disease Course” 
section below) [15]. 

2.2. Radiographic findings 

Typical radiographic finding on chest roentgenogram or computer
ized tomography (CT) imaging demonstrates bilateral pulmonary 
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involvement, commonly located in the posterior lung areas. Bilateral 
ground-glass opacifications are frequent (representing areas of active 
interstitial inflammation) in subsegmental areas of consolidation, which 
generally progress following clinical day five into lesions and mass 
shadows of high density [14,16]. Cavitations, discrete pulmonary nod
ules, pleural effusions, emphysema, and fibrosis are uncommon [17]. 

2.3. Laboratory studies 

The most widely reported abnormal laboratory tests with COVID-19 
include leucopenia, lymphopenia, and hypoalbuminemia [9,14]. As 
expected, the presence of elevated cytokines and inflammatory markers, 
including erythrocyte sedimentation rate, c-reactive protein, and d- 
dimer are present [11]. These occasionally signal the start of Cytokine 
Release Syndrome (CRS) in patients, which greatly increases the chances 
of both mortality and severe acute respiratory distress syndrome (ARDS) 
[18]. SARS-CoV-2 viral nucleic acid can be detected in the gastrointes
tinal tract, urine, and saliva [12], and it is not uncommon to encounter 
abnormal liver function tests [10] including elevated levels of alanine 
and aspartate aminotransferases (ALT, AST), creatine kinase, and lactate 
dehydrogenase [10,11,14]. 

A few laboratory markers have been noted to be predictive of severe 
illness. One is an increase in the neutrophil to lymphocyte ratio (NLR), 
demonstrated in patients who required intensive care and/or mechani
cal ventilation vs. patients with mild disease [19]. Additionally, recent 
studies have suggested a link between blood types and the severity of 
COVID-19 symptoms, with Rh-negative blood type being the most pro
tective against severe disease outcomes [20]. 

2.4. Histopathological findings 

Immunophenotyping of bronchoalveolar cells in COVID-19 patients 
has shown both M1 and M2- like macrophages in moderate to severe 
cases, along with elevations of inflammatory cytokines [21]. Direct 
measurement of circulating cytokines and chemokines in plasma 
showed higher levels of IL-1β, IL1RA, IL7, IL8, IL9, IL10 and most 
importantly IFN-γ and TNFα. Furthermore, FGF, CSF-3, CSF-2, CXCL10, 
CCL2, CCL3, CCL4, CCL8, CXCL2, CXCL8, CXCL9, CXCL16, PDGF, and 
VEGF were also elevated [9,14,22]. In addition to the serum elevations 
of IL-6 and TNFα, these were also found elevated in spleen and lymph 
node specimens which suggests that IL-6 may play a role in mediating 
lymphopenia in severe COVID-19 cases [23]. Furthermore single-cell 
analysis of bronchoalveolar immune cells revealed higher proportions 
of macrophages and neutrophils in severe cases of COVID-19 compared 
to moderate infections, while also showing increased proliferative and 
heterogenous phenotype of CD8+ T cells along with reduced clonal 
expansion. In addition, bronchiolar lavage fluid analysis from patients 
with severe disease also reported higher levels of IL-8, IL-6, and IL-1β 
[21]. 

2.5. Disease course 

Upon infection, one of the first symptoms that appears is a fever that 
can persist for up to 12 days. Dyspnea and cough can develop soon 
thereafter and follow a similar duration; in one study, cough persisted in 
45% of survivors even after hospital discharge [24,25]. Both viral 
nucleic acid and replication-competent virus are detectable at the onset 
of symptoms in nasal swabs. Titers of replication-competent virus 
decline and active viral infection stops after 10 to 15 days [26]. It is 
important to note that the first complications not directly attributable to 
viral infection, such as sepsis, occur around day 9. More serious lung 
disease, including acute respiratory distress syndrome (ARDS) and CRS 
tend to occur in the second week of infection [27] and may require 
mechanical ventilatory support. In a few initial reports it was found that 
up to 20% of patients admitted to the hospital had to be put on a me
chanical ventilatory support, although this has thankfully declined with 

improvements in treatment [13,28]. Additionally, acute cardiac and 
kidney injuries can appear in a 10–20 day period [24,25]. In the US, 
according to the CDC there have been more than 300,000 excess deaths, 
two-thirds of which are caused by COVID-19 [29]. In February of 2020, 
when COVID-19 spread through the US, the primary “at risk” group was 
identified as individuals over the age of 45, particularly those with 
multiple preexisting chronic medical conditions. In the initial CDC re
ports, this group represented almost 80% of deaths in the US [30]. 
However, as the pandemic has progressed and larger numbers of in
dividuals were infected, an increasing number of 25 to 44 year-old in
dividuals have succumbed, likely owing to social factors such as 
quarantine fatigue [29]. 

Interestingly, recent findings suggest that despite recovery and 
discharge from the hospital, COVID-19 patients may have some long- 
term health sequelae, including the induction of diabetes [31]. 
Furthermore, cerebral micro-structural changes that occur post- 
recovery in part explain widespread reports of prolonged anosmia and 
“brain fog” or difficulty with various cognitive tasks [32]. As the 
pandemic wears on and more data are collected, no doubt additional 
long-term consequences of COVID-19 will be identified. 

3. Viral biology 

Although SARS-CoV-2 likely has more than one mechanism of 
cellular entry [33,34], the most closely examined is entry via the 
angiotensin-converting enzyme 2 (ACE2) protein [35] (Fig. 1). Viral 
entry into the cell is also highly dependent on transmembrane protease 
serine 2 (TMPRSS2). Other cleaving proteases such as cathepsins B and L 
(CatB/L) have also been shown to induce viral cleavage and facilitate 
cellular entry, but to a lesser extent [36,37]. Both ACE2 and TMPRSS2 
have been detected in nasal and bronchial epithelium, while ACE2 gene 
expression has been identified in alveolar type II epithelial cells [36,38]. 
Additionally, ACE2 is found in the heart, cornea, esophagus, ileum, 
colon, liver, gallbladder, kidneys, and testis [36,39]. This broad ACE2 
tissue expression likely drives SARS-CoV-2 viral entry, inflammatory 
reaction, and subsequent widespread damage across a variety of organs 
and organ systems [23,39,40]. The envelope-anchored spike protein (S 
protein) of SARS-CoV-2 binds to ACE2 to facilitate viral entry [41–43]. 
Cryo-electron microscopy suggests ACE2 is a homodimer that binds up 
to two S proteins of SARS-CoV-2 [44,45]. S protein is translated within 
the cell as an S1-S2 complex, with S2 being cleaved off (via the afore
mentioned TMPRSS2 and cathepsins) to facilitate the assembly of viable 
virions [37,44,45]. 

It is still not fully understood how SARS-CoV-2 viral infection drives 
the pathology seen in the COVID-19 clinical disease, but certain factors 
have been suggested. Among these is interruption of the renin- 
angiotensin-aldosterone (RAS) pathway. ACE2 acts in the renin- 
angiotensin-aldosterone system (RAS) as an inhibitor of angiotensin II 
and its downstream effects. As a negative regulator of the pathway, 
ACE2 either converts angiotensin II into Ang-1-7, which acts on the MAS 
pathway, or angiotensin I into Ang-1-9, which works on the angiotensin 
II (ATII) receptor [46,47]. One of the functions of ACE2 in the lungs is to 
protect against ARDS and acute lung injury via reducing local inflam
mation [48]. A 2005 article by Kuba et al. demonstrated that SARS-CoV 
(the viral etiology of the first SARS pandemic) binds to the ACE2, elicits 
endocytosis, and reduces ACE2 protein levels on the cell membrane 
[49]. This type of viral entry ultimately leads to an increase in levels of 
angiotensin II and a decrease in ACE2, which could explain the pul
monary pro-inflammatory cytokine landscape and ARDS seen in COVID- 
19. 

Although SARS-CoV-2 is very similar to SARS-CoV [1], key func
tional differences include receptor binding affinity and immunological 
evasion capacity. First, the receptor-binding domain (RBD) of SARS- 
CoV-2 Spike protein has a greater affinity to the ACE2 receptor than 
SARS-CoV [50,51]. Secondly, the SARS-CoV-2 S protein receptor bind
ing domain has one “up” and two “down” conformations, equating to a 
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less ‘exposed’ S protein and improved immune surveillance evasion 
[45]. This may ultimately prolong patient recovery time due to delays in 
the development of an appropriate antibody-mediated immune response 
in vivo [42,44,45,51]. 

4. Vaccine development 

4.1. Non-replicating viral vectors (NRVV) 

The most widely utilized virally vectored candidates for non- 
replicating SARS-CoV-2 vaccines are adenoviral based (Table 1, 
Fig. 1). Adenoviruses are double-stranded DNA viruses that are typically 
rendered replication ineffective via deletion of their E1 region [52]. 

Upon infection of target cells, there are high levels of transgene 
expression and upregulation of costimulatory molecules that elicit the 
cytokine and chemokine responses [53], improving immunogenicity. 
Considering that SARS-CoV-2 uses S protein to gain entry into cells, all 
the vaccines currently in trials express either full-length S protein or S 
protein subunits [54–57]. 

One of the biggest disadvantages when using an adenoviral-vectored 
vaccine design is that most patients have pre-existing immunity against 
multiple adenovirus strains, which commonly circulate as upper respi
ratory infection pathogens, or they develop immunity soon after the first 
vaccine dose is administered [58]. A SARS-CoV-2 candidate made by 
CanSinoBiologics in collaboration with the Beijing Institute of Biotech
nology uses adenovirus type 5 (Ad5). This design has proven to be 

Fig. 1. (A) Mechanisms of action of various therapeutic agents being deployed against SARS-CoV-2 and COVID-19; (B) An overview of the various vaccine candidate 
types and their mechanism of action. 
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effective; however, certain groups’ pre-existing immunity led to a slight 
decrease in efficacy [56,59]. There have been reports that intranasal 
inoculation in animals is more effective than the intramuscular injection 
of Ad5 [57], thereby increasing Ad5 vectored vaccine efficacy. To avoid 
pre-existing adenoviral immunity, The University of Oxford, in collab
oration with AstraZeneca, has designed a chimpanzee adenovirus- 
vectored vaccine that expresses the full S protein (AZD-1222, previ
ously known as ChAdOx1-nCoV). The initial inoculation is followed by a 
booster dose 28 days later in order to ensure long-term immunity 
development. Overall, the vaccine has proven well tolerated and 
immunogenic [60,61]. To overcome Ad5 immunity concerns, the 
Gamaleya Research Institute has developed a vaccine candidate using 
recombinant Ad5 (rAd5) as the initial dose, followed by a booster dose 
using recombinant Adenovirus type 26 (Gam-COVID-Vac). Despite 
ChAdOx1 causing higher neutralizing antibody titers, Gam-COVID-Vac 
nonetheless demonstrated titers equivalent to recovered COVID-19 pa
tients [55]. 

Clinical trial preliminary reports of nonreplicating viral vector vac
cine candidates for SARS-CoV-2 have shown all these vaccines to be safe 
and immunogenic, where immunogenicity has been defined as the 
detection (using enzyme-linked immunosorbent assays, ELISA) of anti
bodies induced against the spike protein. Additionally, some groups 
have used measurements of interferon-gamma (IFNγ), IL-2, and TNFα to 
infer cellular immunity development. All of the aforementioned NRVV 
candidates induced anti-spike antibodies and induced a measurable 
cellular immune response. NRVV vaccines caused small local reactions 
after injection, such as swelling and redness, and systemic symptoms 
including malaise, fatigue, fever, and headache, all of which generally 
resolve within 96 h after vaccination. 

4.2. Messenger RNA vaccine candidates 

Although there have been to date no FDA-approved mRNA vaccines 
available for use in humans, the unprecedented times brought on by the 
COVID-19 pandemic require unusual solutions. Production of nucleic 
acid vaccine candidates is generally faster and cheaper than protein 
subunit vaccines [62] and, thus, there have been several mRNA-based 
SARS CoV-2 vaccine candidates developed and currently undergoing 
testing. Conventional mRNA vaccine design includes an open reading 
frame of the targeted antigen (in this case, spike protein) with a 3′

polyadenylated tail [63], which generally produces both humoral and 
cellular immune responses [64] (Fig. 1). A significant hurdle to mRNA 
vaccine development has been the propensity of mRNA to degrade; thus, 
stability and appropriate intracellular translation of mRNA are vital for 
the success of these vaccine candidates [65]. Various strategies have 
been developed to address these problems, including removal of double- 
stranded RNA [66] and embedding of mRNA in lipid nanoparticles [64]. 
These lipid nanoparticle delivery vehicles have also been leveraged as 
adjuvants, leading to increased T follicular helper- and germinal center 
B-cell responses [67]. 

The leading mRNA SARS CoV-2 vaccine candidate is being devel
oped as a collaboration between the National Institute of Allergy and 
Infectious Diseases (NIAID) and Moderna. Their vaccine, mRNA-1273, 
encodes the spike-2 protein antigen, made up of SARS-CoV-2 glyco
protein with the transmembrane anchor and an intact S1-S2 cleavage 
site [68]. It was initially evaluated in nonhuman primates and has 
successfully induced a robust anti-SARS-CoV-2 neutralizing antibody 
response and rapid protection against pulmonary injury [69,70]. Bio
NTech and Pfizer have created four RNA-based vaccine candidates 
explored in early-stage clinical trials (Table 1), two of which proceeded 
to further testing. Their vaccines were also embedded in LNP and encode 
perfusion-stabilized, membrane-anchored SARS-CoV-2 full-length spike 

Table 1 
Summary list of vaccines against SARS-CoV-2 in human clinical trials of Phase ≥2.  

Type Organization Clinical 
phase 

Name Registry index 

Inactivated Sinovac 3 CoronaVac/PiCoVacc NCT04456595NCT04582344 
Wuhan Institute of Biological Products/Sinopharm 3 Inactivated COVID-19 vaccine 

(Vero cells) 
ChiCTR2000034780 

Bejing Institute of Biological Products/Sinopharm 3 BBIBP-CorV NCT04560881 ChiCTR2000034780 
Institute of Medical Biology, Chinese Academy of Medical 
Sciences 

1/2 Inactivated SARS-CoV-2 Vaccine NCT04470609 

Research Institute for Biological safety Problems, Republic 
of Kazahstan 

1/2 QazCovid-in® NCT04530357 

Bharat Biotech (Whole Virion Inactivated) 1/2 BBV152A/B NCT04471519 
Non-Replicating 

Viral Vector 
University of Oxford/AstraZeneca 3 AZD1222 (ChAdOx1 nCoV-19) NCT04516746NCT04540393 
Cansino Biological Inc./Bejing Institute of Biotechnology 3 Ad5-nCoV NCT04526990NCT04540419 
Gamaleya Research Institute 3 Gam-COVID-Vac NCT04530396NCT04564716 
Janssen Pharmaceutical Companies (Johnson&Johnson) 3 Ad26.COV2⋅S NCT04505722 

mRNA Moderna/NIAID 3 mRNA-1273 NCT04470427 
BioNTech/Fosun Pharma/Pfizer 3 BNT162b2 and BNT162b1 NCT04368728 
Curevac 1/2 CVnCoV NCT04515147 

saRNA Arcturus/Duke-NUS 2 ARCT-021 NCT04480957 
Imperial College London 1 LNP-nCoVsaRNA ISRCTN17072692 
HDT Biocorp./University of Washington N/A LION/repRNA-CoV2S doi: https://doi.org/10.1126/scitrans 

lmed.abc9396 
DNA Inovio Pharmaceuticals/International Vaccine Institute 1/2 INO-4800 NCT04447781 

Osaka University/AnGes/Takara Bio 1/2 AG0301-COVID19 and AG0302- 
COVID19 

NCT04463472NCT04527081 

Cadila Healthcare Limited 1/2 nCov Vaccine CTRI/2020/07/026352 
Genexine Consortium 1/2 GX-19 NCT04445389 

Protein Subunit Novavax 3 SARS-CoV-2 rS/Matrix-M1 
Adjuvant (NVX-CoV2373) 

2020–004123–16 NCT04533399 

Anhui Zhigei Longcom Biopharmaceutical/Institute of 
Microbiology, Chinese Academy of Sciences 

2 Recombinant new coronavirus 
vaccine (CHO cell) 

NCT04466085 

Kentucky Bioprocessing, Inc. 1/2 KBP-COVID-19 / KBP-201 NCT04473690 
Sanofi Pasteur/GSK 1/2 SARS-CoV-2 vaccine formulation 

1/2 
NCT04537208 

FBRI SRC VB VECTOR, Rospotrebnadsor, Koltsovo 1/2 EpiVacCorona NCT04527575  
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(BNT162b2) and secreted trimerized SARS-CoV-2 receptor-binding- 
domain (BNT162b1). Based on recently published preliminary results, 
BNT162b2 reduces systemic adverse reaction to the vaccine in all par
ticipants, especially in older adults [71]. Both BNT and mRNA-1273 
require booster doses in order to ensure high neutralizing antibody 
titer and (presumably) long term immunogenicity. Despite the necessity 
of a second dose, the antibody response against the SARS-CoV-2 re
ceptor-binding domain (RBD) of both vaccines showed significantly 
higher titers compared to patients who have recovered from COVID-19 
[68,72,73]. Furthermore, the BNT162b1 vaccine demonstrated an anti- 
RBD IgG titer rising by nearly fifteen-fold on day 28 following first 
inoculation. Although these vaccines induced mild adverse symptoms 
following the initial dose, including mild fatigue, chills, headache, 
myalgia, and localized pain at the injection site, adverse reactions pro
gressed with an increase in dosage, and booster doses in some patients 
caused moderate to severe local and systemic reactions [68,72]. 

4.3. Self-amplifying messenger RNA vaccine candidates 

In addition to the above non-amplifying mRNA vaccines, self- 
amplifying RNA (saRNA) vaccine technology has been recently devel
oped (Fig. 1). saRNA vaccines are synthesized using plasmids of Trinidad 
donkey Venezuelan equine encephalitis virus strains (VEEV). The VEEV 
structural coding regions are then replaced with pre-fusion Spike protein 
of SARS-CoV-2, while the self-amplifying coding region of VEEV 
alphavirus remains conserved [74,75]. These vaccines are promising 
because they have the potential to induce a more robust immunological 
response than a non-replicating mRNA vaccine. However, a major 
disadvantage of these vaccines is the length, given that they contain 
RNA sequence for replicon and the Spike protein. Some of the SARS CoV- 
2 saRNA vaccines currently under study include candidates by Imperial 
College in London [74], Arcturus/DUKE-NS, and the University of 
Washington [75] (Table 1). All of these utilize self-amplifying RNA 
constructs embedded in various forms of nanoparticles with adjuvant 
properties [74–76]. 

4.4. DNA vaccine candidates 

As early as 1990, investigators have shown that direct injection of 
intact nucleic acids into muscles of mice was a potentially useful 
vaccination strategy [77]. There are several advantages to a DNA-based 
vaccination approach, including the dramatically increased stability of 
the DNA molecule compared to RNA and the potential of DNA constructs 
to produce a large number of mRNA molecules, thereby increasing the 
target antigen’s immunologic exposure. Additionally, the thermal sta
bility of DNA means that DNA-based vaccines have fewer refrigeration 
requirements than their mRNA-based counterparts. 

DNA vaccines targeting both MERS and SARS-CoV-2 have both been 
developed. Inovio Pharmaceuticals had previously engineered MERS- 
CoV DNA vaccines, and now have designed a SARS-CoV-2 DNA-based 
vaccine candidate (INO-4800) (Table 1, Fig. 1). The vaccine was created 
based on a consensus SARS-CoV-2 spike glycoprotein sequence with an 
N-terminal IgE leader, added to enhance expression in target cells and 
increase immunogenicity [78]. In guinea pig testing, INO-4800 has 
shown humoral immunogenicity with anti-SARS-CoV-2 antibodies 
which inhibited viral binding to the ACE2 receptor. Furthermore, 
bronchoalveolar lavage fluid analysis revealed the presence of both 
cellular and humoral immune components after inoculation. There are 
three additional DNA vaccine candidates listed in the US clinicaltrials. 
gov database, but no additional preliminary data are available. 

4.5. Inactivated whole-virus vaccine candidates 

Vaccines that use inactivated pathogens to induce immunity have a 
longstanding history in pandemic response. Although this type of 
vaccination represents the vast majority of historically effective 

vaccines, their long production time has put them at a disadvantage in 
the current COVID-19 pandemic. The most promising inactivated SARS- 
CoV-2 vaccine candidates are currently in a phase 3 clinical trials in 
China (Table 1, Fig. 1). 

This vaccine approach utilizes variants of the SARS-CoV-2 virion that 
are propagated via Vero (African Green Monkey) cell lines. Upon viral 
extraction, beta-propiolactone is used for inactivation with the viral 
particle then adsorbed onto an adjuvant (aluminum hydroxide) [79,80]. 
The present trials are investigating anti-viral immunity development at 
14 and 28 days post-inoculation, with variations in timing and dose of 
booster vaccine, including an evaluation of two booster doses. When 
compared to other vaccine types, these inactivated viral vaccines appear 
to have reduced adverse effects. Most systemic adverse reactions were 
mild with no severe adverse reactions, while localized injection site 
redness and pain were common [79]. All adverse reactions have 
resolved 72 h after vaccine administration. 

Comparing induced antiviral immunity of these inactivated viral 
vaccine candidates to the other vaccine types mentioned previously is 
difficult, as no comparisons were made between induced antiviral an
tibodies and those of recovered COVID-19 patient convalescent plasma. 
Nevertheless, the plaque reduction neutralization test (PRNT) analysis 
used in one of these studies mirrored that used in the mRNA-1273, 
BNT162b1, and ChAdOx1 studies. Inactivated vaccines showed similar 
titers to other approaches mentioned elsewhere in this article, and even 
higher titers than Ad5-vectored vaccines [80]. 

Despite this, there are several potential disadvantages of inactivated 
viral vaccines. Despite inactivated vaccines being considered one of the 
safer options in worldwide vaccination, the use of aluminum hydroxide 
as an adjuvant has been previously linked to vaccine-associated 
enhanced respiratory disease (VAERD), a driver of even more 
enhanced viral pulmonary pathology that has been reported since the 
1960s as the complication in vaccine trials and studies of measles and 
respiratory syncytial virus [81,82]. No indications of VAERD have been 
noted in phase 1 or 2 of these trials published to date. More concern
ingly, the previously-developed inactivated viral vaccines against SARS- 
CoV (the causative agent of the initial SARS epidemic) showed that anti- 
viral IgG levels rapidly decline 16 months after inoculation, rendering 
them practically undetectable three years after inoculation [83], raising 
concerns for durable immunity in what is expected to be a multi-year 
pandemic. 

4.6. Protein subunit vaccine candidates 

An alternative method of vaccine construction, the synthetic-protein 
subunit approach lies between nucleic acid-based techniques and inac
tivated whole virus vaccines. This group of SARS-CoV-2 vaccine candi
dates contain a recombinant spike protein expressed in various 
(typically insect) cell lines. Similar to RNA-based approaches, peptides 
are often unstable in vivo and are typically packaged into nanoparticles 
adsorbed onto specific adjuvants structured to increase the uptake of 
protein cargo into host antigen presenting cells. The leading SARS-CoV- 
2 protein vaccine candidate contender is NVX-CoV2373, produced by 
Novavax, currently in phase 3 clinical trial. This vaccine candidate 
consists of a nanoparticle containing the full-length wild-type Spike 
glycoprotein that was engineered to be resistant to proteolytic cleavage 
and capable of binding ACE2 receptors with high affinity. Protein pro
duction was optimized in the established baculovirus Spodoptera frugi
perda (Sf9) insect cell expression system, while the adjuvant used to 
increase the vaccine’s immunogenicity is Novavax’s Matrix-M1 [84]. In 
addition to the Sf9 expression system, another commonly used cell line 
for vaccine production is Chinese hamster ovary (CHO) [85–87]. The 
CHO cell line has been utilized in research settings for the production of 
MERS and SARS-CoV vaccines and has been used for COVID-19 sero
logical testing [88]. 

Adverse effects from NVX-CoV2373 have been mild, including 
redness and swelling at the injection site, arthralgia, fatigue, headache, 
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myalgia, nausea, and malaise dissipated after at least two days. No 
serious adverse effects have been noted. NVX-CoV2373 induces humoral 
and cellular immunity slightly stronger than that observed in conva
lescent plasma from recovered COVID19 patients. 

5. Pharmacological therapies 

5.1. Remdesivir 

Remdesivir (GS-5734) is a broad-spectrum antiviral drug that is a 1′- 
substituted adenosine nucleotide analog. It has been proven an effective 
therapy against several RNA viruses, including Ebola, by competing 
with ATP for incorporation into RNA-dependent RNA polymerase [89]. 
During nascent viral RNA chain, RNA-dependent RNA polymerases are 
unable to process beyond the insertion of remdesivir, resulting in a chain 
elongation termination. Remdesivir has a conserved mode of action in a 
diverse group of RNA viruses [90], and was among the first antiviral 
agents to be tested for activity against SARS-CoV-2. Indeed, in initial in 
vitro testing, remdesivir inhibited SARS-CoV-2 infection in Vero E6 cells 
and human lung primary cell lines [91,92]. 

Consequently, many clinical trials are currently ongoing to test the 
drug’s safety and efficacy for treatment against COVID-19 in human 
patients. A report from Beigel et al. showed that remdesivir successfully 
reduced the recovery time from 15 to 10 days on average in adults 
hospitalized with SARS-CoV-2 infection [93]. Additionally, the patients 
treated with remdesivir had almost a half reduced chance of mortality 
calculated by Kaplan-Meier estimates [93]. Even prior to the final report 
of the trial, the US Food and Drug Administration gave remdesivir 
Emergency Use Authorization (EUA) [94]; the drug label indicates a 
recommendation for use in patients 12 years of age and older and 
weighing at least 40 kg a 5-day course in mild to moderate infections and 
a 10-day course in severe infections requiring mechanical ventilation. 
Importantly, the maker of remdesivir (Gilead Sciences) has reported that 
parallel use of remdesivir and hydroxychloroquine might inhibit the 
effect of remdesivir and reduce both the rate and likelihood of recovery 
in patients receiving both drugs, a consideration given recent contro
versies surrounding the use of hydroxychloroquine in patients with 
COVID-19 [95]. 

5.2. Tocilizumab 

Tocilizumab is a recombinant, fully humanized monoclonal antibody 
which targets both soluble and membrane-bound forms of the 
interleukin-6 receptor (IL-6R). It is used in clinical practice to treat adult 
patients with rheumatoid arthritis and pediatric patients with systemic 
juvenile idiopathic arthritis, although its effectiveness has recently been 
demonstrated in other systemic autoimmune and inflammatory condi
tions, including giant cell arteritis [96], multicentric Castleman’s dis
ease [97] and, importantly, was approved by the FDA in 2017 for the 
treatment of Cytokine Release Syndrome in chimeric antigen receptor 
(CAR) T-cell cancer therapy [98]. 

In COVID-19, elevated IL-6 levels have been correlated with 
increased mortality [24], sparking interest in the use of tocilizumab for 
COVID-19 therapy. There have been numerous case reports of tocilizu
mab improving oxygenation and reducing inflammatory biomarkers in 
hospitalized COVID-19 patients [99,100]. Although not yet associated 
with pathogenesis, an improvement in COVID-19-associated lympho
penia has also been reported following tocilizumab treatment [101]. A 
recent rapid meta-analysis of published case reports also demonstrated a 
reduction in mortality of 12% among COVID-19 patients treated with 
tocilizumab [102]. Despite these positive suggestions of efficacy, toci
lizumab therapy for COVID-19 remains unproven; on August 27, 2020, 
the US National Institutes of Health (NIH) advised against the wide
spread use of anti-IL-6 receptor monoclonal antibodies (tocilizumab 
included) following conflicting published case reports and a lack of 
properly designed clinical trial data [103]. Very recently, a randomized 

double-blind placebo-controlled trial in hospitalized patients with se
vere COVID-19 showed that tocilizumab was ineffective in reducing 
mortality or the rate of intubation. Further, secondary end points 
including the need for supplemental oxygen and clinical worsening were 
not reduced by tocilizumab treatment compared to placebo [104]. 

5.3. Fostamatinib 

Acute lung injury (ALI) and acute respiratory distress syndrome 
(ARDS) exhibited by a subset of patients suffering from COVID-19 and 
other respiratory ailments have been linked to the elevated circulating 
levels of mucin-1 (KL-6/MUC1) and MUC5AC [105,106]. As a trans
membrane protein of the mucosal epithelial cells, MUC1 plays a critical 
role in the lining of the airway lumen. Overexpression of this protein and 
excessive mucus production have been shown to increase the duration of 
infections as well as mortality from respiratory diseases [107]. In an 
attempt to target MUC1, a large pharmacological screening study done 
by Alimova et al. 2020 identified Fostamatinib as a potential antagonist 
of MUC1 [108]. 

Fostamatinib is an inhibitor of the spleen tyrosine kinase (SYK), an 
enzyme known for its role in the adaptive immune receptor signaling, 
cellular adhesion, innate immune recognition, and platelet function 
[109]. It has been used in the treatment of autoimmune diseases such as 
rheumatoid arthritis and immune thrombocytopenia (ITP) [110,111]. 
Moreover, the broad number of immune pathways involving SYK has 
been shown to play a role in the hyper-inflammatory response caused by 
anti-SARS-CoV-2-Spike IgG [112]. In particular, R406, an active 
component of Fostamatinib, has recently been confirmed to effectively 
block SYK and its downstream signaling and suggests potential efficacy 
of fostamatinib in the treatment of ALI and COVID-19 [108,112]. As it is 
already FDA approved, Fostamatinib has been accelerated into phase 2 
clinical trials for COVID-19 (NCTNCT04579393 and NCT04581954). 

5.4. Chloroquine/hydroxychloroquine (CQ/HCQ) 

Quinine has been used as therapeutic agent for centuries. It was first 
introduced into the Western medical pharmacopeia in 1638 when the 
wife of the Spanish Viceroy of Peru, Countess Chincona, was given bark 
of the later-named Chincona tree by an Incan herbalist as a treatment for 
malaria. A derivative of quinine, chloroquine, saw significant use as an 
antimalarial drug during World War II. Its use to treat autoimmune 
disease, particularly systemic lupus erythematosus, began in the 1950s. 
Hydroxylation, leading to hydroxychloroquine, reduced systemic tox
icities significantly and led to more widespread use in chronic diseases, 
including autoimmune diseases, particularly systemic lupus erythema
tosus and rheumatoid arthritis [113–115]. 

The possible mechanisms of action of chloroquine and its derivatives 
on coronavirus infection are several and not yet fully understood. Of 
relevance to coronavirus infection, these drugs increase endosomal pH, 
preventing acidification and reducing viral entry into cellular cytoplasm 
from endosomes [116]. Additionally, CQ inhibits glycosylation of the 
cellular ACE2 receptor, thereby interfering with SARS-CoV binding and 
infection [117]. As CQ/HCQ have been proven useful against SARS-CoV 
and other widely circulating human and bat coronaviruses (HCoV-229E 
and HCoV-O43) [91], it only seemed reasonable that it should work in a 
similar fashion with emerging SARS-CoV-2. Initial in vitro tests on Vero 
E6 cells showed promising viral inhibition, where both CQ and HCQ 
prevented the transport of virus from early endosomes to endolysosomes 
(suspected to be necessary for the release of viral genome) [116]. 
However, retrospective studies and clinical trial results show inconclu
sive evidence about the effect of these drugs against COVID-19. Initial 
reports from a multisite international randomized, double-blind, pla
cebo-controlled trial showed that HCQ failed to produce a decrease in 
symptom presence and/or severity over a 14-day period [118]. 
Furthermore, additional observational and multi-center, randomized, 
controlled trial preliminary reports showed that HCQ did not 
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significantly lower chances of required intubation or mortality rate 
[119,120]. Following these and other negative studies, treatment of 
COVID-19 with CQ and HCQ is not recommended by the NIH [121]. 

5.5. Janus kinase pathway inhibitors (JAKi) 

The broad spectrum of inflammatory cytokines and chemokines 
present in COVID-19 patients suggest the activation of the Janus kinase- 
Signal Transducer and Activator of Transcription (JAK-STAT) pathway. 
The first approved JAK inhibitor was ruxolitinib [122]. Like tocilizu
mab, ruxolitinib has been reported to improve COVID-19 symptoms. The 
drug is well tolerated in patients and associated with very few adverse 
effects. A recent retrospective analysis showed that patients receiving 
ruxolitinib significantly reduced their COVID-19 inflammation scores 
with consistent clinical improvement in COVID-19 patients with evi
dence of cytokine release syndrome [123]. There are additional, 
ongoing clinical trials of other FDA-approved JAK inhibitors in COVID- 
19 patients, including tofacitinib and baracitinib, with some indications 
that combinations of JAK inhibitors (particularly, baracitinib) with the 
antiviral drug remdesivir may reduce time to recovery in hospitalized 
COVID-19 patients (ACTT-2 trial press release, Lilly corporation). 

5.6. Corticosteroids 

Considering that COVID-19 elicits a broad systemic inflammatory 
response, including inflammation-related damage of the lungs, cortico
steroid therapy would seem an obvious therapeutic candidate. However, 
high doses and/or long-term use of corticosteroids are associated with a 
variety of deleterious effects, including metabolic derangements, an 
increased risk of infection, and bone abnormalities, among others [124]. 
Additionally, in MERS, corticosteroids have been linked to delayed viral 
clearance, which has also been reported in SARS-CoV-2 [125,126]. 

Despite this, several clinical trials are ongoing to evaluate the effi
cacy and appropriate timing of corticosteroid treatment for COVID-19. 
Perhaps the most influential of these, preliminary results of the RE
COVERY trial published in mid-July 2020, reported a reduction in death 
rates associated with the administration of dexamethasone in hospital
ized patients requiring supplemental oxygenation, but not among those 
receiving no respiratory support [127]. Interestingly, two previously- 
published retrospective analyses from Chinese cohorts had noted 
similar findings; the first study used methylprednisolone in severe 
COVID-19 cases presenting with acute respiratory distress syndrome 
[128], whereas the second study found a benefit in reducing length of 
hospitalization and improvement in chest imaging parameters in severe 
COVID-19 cases given methylprednisolone [129]. Additional studies 
report that low-dose, short-course corticosteroids might slow or prevent 
disease progression and reduce inflammation [130,131]. Based on cur
rent evidence, the NIH recommends the use of dexamethasone 6 mg per 
day for up to 10 days or until discharge for patients hospitalized with 
COVID-19 requiring supplemental oxygenation [132]. It should be 
noted that in milder COVID-19 there remains a possible risk that steroids 
might worsen the disease course, as steroids increase the risk of infec
tion. Certainly, it should not be assumed that patients on chronic steroid 
therapy are immune from developing severe COVID-19 or that they are 
at a lesser risk of becoming infected by SARS-CoV-2. 

6. Additional novel therapies 

6.1. Complement inhibitors 

The ability of antibodies and phagocytic cells to clear an infection is 
often enhanced by the complement system. The complement cascade is 
part of the innate immune system; dysregulation of complement has 
been linked to various autoimmune diseases such as C3 glomerulopathy, 
paroxysmal nocturnal hemoglobinuria, systemic lupus erythematosus, 
and many others [133–135]. Additionally, dysregulation of the 

complement system has been linked to coagulation pathways, throm
bosis, and prolonged systemic inflammation [136]. Thrombosis plays a 
vital role in COVID-19 pathology [137] and is an important finding in 
the pulmonary disease seen with COVID-19, where histologic evaluation 
demonstrates deposition of complement components C5-9, C4d, and 
mannose lectin-associated serine protease 2 [138]. 

Complement-targeting therapeutics have garnered much research 
interest in the past decade owing to its role in autoimmune disease and 
are now being trialed in COVID-19. One of the early drugs that was 
tested was eculizumab, a monoclonal antibody targeting C5 protein 
convertase that recently showed effectiveness in improving recovery 
from COVID-19 [139–141]. In addition to C5 inhibition, the compstatin- 
based complement C3 inhibitory drug (AMY-101) has also shown some 
success [142]. When the two inhibitory drugs were compared, despite 
both eliciting a robust anti-inflammatory response, AMY-101 showed a 
greater decline in neutrophil counts and more effective lymphocyte re
covery [143]. Further upstream, Conestat alfa (a human recombinant C1 
esterase), was administered to a small group of COVID-19 patients 
resulting in near-immediate defervescence, improvement in inflamma
tory markers and stabilization or decrease in oxygen requirements 
[144]. Following these early successes, clinical trials are underway for 
many of the complement cascade inhibitors, including AMY-101 
(NCT04395456), APL-9 (NCT04402060), Eculizumab (NCT04346797 
and NCT04355494), Ravulizumab (NCT04369469 and NCT04390464), 
Zilucopan (NCT04382755), Avdoralimab (NCT04371367), Conestat 
Alfa (NCT04414631) and others. 

6.2. Convalescent plasma (CP) 

Although the mortality associated with COVID-19 is higher than 
other commonly circulating respiratory infections (e.g. influenza), the 
majority of individuals infected with SARS-CoV-2 have recovered. 
Convalescent plasma sourced from recovered COVID-19 patients con
tains naturally produced antibodies that, when administered to at-risk 
individuals, may provide temporary protection against the worst ef
fects of the disease. There are several obstacles to the use of CP, perhaps 
the most serious being the lack of standardization among protocols for 
preparing and administering this heterogeneous product. Despite this, 
there have been several published reports describing reductions in 
ground-glass opacification in the lungs of COVID-19 patients (indicating 
a reduction in localized, pathogenic lung inflammation) and an increase 
in neutralizing antibody levels in patients treated with CP [145,146]. It 
is important to note that these studies have small sample sizes, limiting 
the firm conclusions that can be drawn from each. However, a report 
published in June of 2020 by Joyner et al. noted a low risk of adverse 
effects arising from CP treatment of COVID-19 patients in a large sample 
of roughly 20,000 patients in the US. The overall incidence of trans
fusion reaction was <1%, the highest frequency adverse effects were 
cardiac in nature, and judged to be related to the COVID-19 clinical 
disease rather than CP therapy itself [147]. Further examination is 
necessary to explore the efficacy of CP in widespread clinical adminis
tration, and further standardization of CP protocols would be desirable. 

6.3. Anti-SARS-CoV-2 antibody cocktails 

In contrast to the heterogeneity of CP, synthetic anti-SARS-CoV-2 
antibody cocktails are highly enriched specific antibodies against the 
SARS-CoV-2 spike glycoprotein which bind to the virion and prevent 
cellular entry. The relatively rapid mutation rate of SARS-CoV-2 (as an 
RNA virus) raises the possibility of antibody-escaping mutants and the 
development of ‘resistance’ to antibody cocktails [148–150]. Therefore, 
to counteract the viral mutation, a cocktail of different variants against 
spike protein are generally administered together [150], thereby mini
mizing the likelihood of escape mutants. The development of these 
monoclonal antibodies began with the identification of humanized- 
mouse and human antibodies that have a high affinity for the receptor 
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binding domain of the SARS-CoV-2 spike protein [151]. The first syn
thetic antibodies for clinical use have been developed by Regenron; the 
REGN-COV2 antibody cocktail is currently in clinical trials as part of the 
RECOVERY Collaborative Group Trials (NCT04381936) as well as Phase 
1/2 trials (NCT04425629, NCT04426695). The cocktail consists of 
REGN10933 and REGN10987 antibodies, both of which bind differently 
to the spike protein and have previously shown promising results in non- 
human primates and hamsters [152]. 

7. Conclusion 

Since the emergence of SARS-CoV-2, the scientific community has 
been working restlessly to find both short-term therapeutic approaches 
and a longer-term vaccine solution to reduce spread and curb COVID-19 
morbidity and mortality. Despite significant progress and promising 
results from vaccine candidate studies, many obstacles remain, 
including the logistical difficulties surrounding mass production and 
delivery of millions or billions of doses to the worldwide population, 
which will likely represent the largest pipeline bottleneck. Unfortu
nately, some vaccine types, such as mRNAs, are quite unstable at room 
temperatures and may require freezers not commonly found in rural 
clinics and hospitals away from academic research centers; non- 
refrigerated vaccine types may prove a more viable solution for these 
locations. Despite the challenges posed by this novel and rapidly 
spreading viral infection, the world has seen an unprecedented level of 
scientific engagement and cooperation which no doubt will serve as a 
model for future pandemic responses. 
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K. Tam, F. Krammer, K. Karikó, P. Polacino, L.C. Eisenlohr, T.D. Madden, M. 
J. Hope, M.G. Lewis, K.K. Lee, S.-L. Hu, S.E. Hensley, M.P. Cancro, B.F. Haynes, 
D. Weissman, Nucleoside-modified mRNA vaccines induce potent T follicular 
helper and germinal center B cell responses, J. Exp. Med. 215 (2018) 1571–1588. 

[68] L.A. Jackson, E.J. Anderson, N.G. Rouphael, P.C. Roberts, M. Makhene, R. 
N. Coler, M.P. McCullough, J.D. Chappell, M.R. Denison, L.J. Stevens, A. 
J. Pruijssers, A. McDermott, B. Flach, N.A. Doria-Rose, K.S. Corbett, K. 
M. Morabito, S. O’Dell, S.D. Schmidt, P.A. Swanson 2nd, M. Padilla, J.R. Mascola, 
K.M. Neuzil, H. Bennett, W. Sun, E. Peters, M. Makowski, J. Albert, K. Cross, 
W. Buchanan, R. Pikaart-Tautges, J.E. Ledgerwood, B.S. Graham, J.H. Beigel, 
mRNA-1273 Study Group, An mRNA vaccine against SARS-CoV-2 - preliminary 
report, N. Engl. J. Med. (2020), https://doi.org/10.1056/NEJMoa2022483. 

[69] K.S. Corbett, D.K. Edwards, S.R. Leist, O.M. Abiona, S. Boyoglu-Barnum, R. 
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