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ARTICLE INFO ABSTRACT

Keywords: The healthy immune system eliminates pathogens and maintains tissue homeostasis through extraordinarily
COVID-19 complex networks with feedback systems while avoiding potentially massive tissue destruction. Many parame-
Antiviral ters influence humoral and cellular vaccine responses, including intrinsic and extrinsic, environmental, and
behavioral, nutritional, perinatal and administrative parameters. The relative contributions of persisting anti-
bodies and immune memory as well as the determinants of immune memory induction, to protect against specific
diseases are the main parameters of long-term vaccine efficacy. Natural and vaccine-induced immunity and
monoclonal antibody immunotherapeutic, may be evaded by SARS-CoV-2 variants. Besides the complications of
the production of COVID-19 vaccinations, there is no effective single treatment against COVID-19. However,
administration of a combined treatment at different stages of COVID-19 infection may offer some cure assistance.
Combination treatment of antiviral drugs and immunomodulatory drugs may reduce inflammation in critical
COVID-19 patients with cytokine release syndrome. Molnupiravir, remdesivir and paxlovid are the approved
antiviral agents that may reduce the recovery time. In addition, immunomodulatory drugs such as lactoferrin and
monoclonal antibodies are used to control inflammatory responses in their respective auto-immune conditions.
Therefore, the widespread occurrence of highly transmissible variants like Delta and Omicron indicates that
there is still a lot of work to be done in designing efficient vaccines and medicines for COVID-19. In this review,
we briefly discussed the immunological response against SARS-CoV-2 and the vaccines approved by the World
Health Organization (WHO) for COVID-19, their mechanisms, and side effects. Moreover, we mentioned various
treatment trials and strategies for COVID-19.

Immunomodulators
Vaccination
Treatment

1. Introduction respiratory syndrome coronavirus 2 (SARS-CoV-2), is regarded as the
biggest global challenge to healthcare organizations. SARS-CoV-2 is a
The recent COVID-19 pandemic outbreak, caused by severe acute member of the family Coronaviridae that is classified under the order

Abbreviations: +ssRNA, Positive-sense single-stranded RNA; 3CL, 3C-like; ACE2, Angiotensin-converting enzyme 2; CCCs, Common cold’ coronaviruses; ChAd,
Chimpanzee-derived adenovirus; CRS, Cytokine release syndrome; DPP, Dipeptidyl peptidase; GRAS, Generally recognized as safe; HSPGs, Heparan sulfate pro-
teoglycans; IL-6, Interleukin-6; mAb, Monoclonal antibody; miRNA, MicroRNA; PAMPs, Pathogen-associated molecular patterns; PRRs, Pattern recognition receptors;
RdRp, RNA dependent RNA polymerase; SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2; SSRI, Selective serotonin reuptake inhibitor; Th, T-helper;
TLRs, Toll-like receptors; Tregs, Regulatory T-cells; VLPs, Virus-like particles; VOCs, Variants of concern.
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Nidovirales [1]. SARS-CoV-2 is included in the betacoronavirus genotype
together with two highly pathogenic viruses, SARS-CoV and MERS-CoV
that are estimated as novel human-infecting viruses [1]. Coronaviruses
are a type of enveloped and positive-sense single-stranded RNA
(+ssRNA) viruses that are more likely to infect people with chronic
comorbidities such as cardiovascular and cerebrovascular diseases and
diabetes [2]. Severe manifestations may also be associated with coin-
fections with bacteria and/or fungi [3]. SARS-CoV-2 is considered a
highly transmitted virus with a fast-increasing incidence of infections
and its transmission can be done by asymptomatic carriers [4]. The
envelope spike (S) protein receptor-binding domain of SARS-CoV-2 was
demonstrated to be structurally analogous to that of SARS-CoV, despite
amino acid variation at some key residues [5]. Further structural anal-
ysis strongly suggests that SARS-CoV-2 may enter cells via the host re-
ceptor angiotensin-converting enzyme 2 (ACE2) [6]. However, it is
largely unknown how SARS-CoV-2 manages to evade the immune
response and drive pathogenesis. SARS-CoV-2 and SARS-CoV have
similar clinical features [7] and may share pathogenesis mechanisms
[8]. The infection is usually combined with severe pneumonia, with
fever and dry cough as common symptoms at the onset of illness [9,10].
Some patients progressed fast with Acute Respiratory Stress Syndrome
(ARDS) and septic shock, which was eventually followed by multiple
organ failure, and about 10% of patients died [10]. SARS-CoV-2 patients
have higher plasma levels of pro-inflammatory cytokines such as IL1,
IL-2, IL7, TNF-, GSCF, and MCP1 than healthy adults [9].

SARS-CoV-2, like other RNA viruses, adapted to their new hosts with
highly genetic mutations, leading to the emergence of new mutant
variants that might have changed characteristics from their ancestral
strains. To date, several mutant variants of SARS-CoV-2 have been
modified genetically through the outbreak of this pandemic disease.
World health organization (WHO) identified a few variants of concern
(VOCs), which assume their influence on global public health. Both
innate and acquired immunity are included in recognizing and eradi-
cating invading viral pathogens. COVID-19 happens through the trans-
mission of viral particles from person to person, and the infection is
developed according to the interaction of the immune system with the
invaded virus [11]. Based on previous preclinical studies on exploring
vaccines against SARS-CoV or MERS-CoV, the spike (S) protein of
SARS-CoV-2 is considered the most important target antigen for the
development of vaccines against COVID-19. Owing to quickly
responding to the COVID-19 outbreaks, a wide range of vaccines have
been studied on COVID-19 using several platforms and approaches,
including inactivated vaccines, live attenuated vaccines, nucleic acid
(RNA, DNA) vaccines, viral vectored vaccines, and protein subunit
vaccines [12]. Many efforts have been made to develop vaccines, that
primarily target the entry of viral particles into host cells, and then
various strategies have been developed to improve the quality and
quantity of the used vaccine. Accordingly, many types of vaccines will
be developed to meet specific requests across various target populations.
This might involve the opportunity of using heterologous vaccines
depending on boosting capacities, health status, and the demand for
balanced Th1-directed cellular and humoral immune responses [13].

On the other hand, in the absence of a decisive treatment protocol,
the treatment of COVID-19 patients mainly depends on the symptomatic
circumstances and availability of therapeutic drugs. Antiviral therapies,
antibiotics, systemic corticosteroids, and anti-inflammatory drugs are
the most used regimens. In addition to routine therapies, RNA synthesis
inhibitors, neuraminidase inhibitors, convalescent plasma, and alter-
native medicines have also been considered in the COVID-19 treatment
[5]. Due to the emergence of drug-resistant mutants to antiviral drugs,
treatment with indirect drugs that affect host cell proteins is more likely.
These indirect agents might act as potential drugs against SARS-CoV-2
entry, such as baricitinib, included in the endocytosis of
angiotensin-converting enzyme 2 (ACE2) and targeting the Janus kinase
[14]. Although COVID-19 infection presents a critical challenge to the
development of both vaccination and drugs, it also provides a unique
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perspective for scientists and the clinical pharmacology community to
explore and assist in the clinical development of new vaccine and
therapy strategies. In the present review, we summarize the immuno-
logical aspects of the COVID-19 pandemic, focusing on vaccination,
antiviral agents, and immunomodulatory therapeutic proteins.

2. Constitutive immunity beyond infection

The immune responses to microbial infections are often disruptive
and can cause marked tissue damage [15,16]. The mammalian immune
system, as we understand it today, is induced mainly by two types of
receptor systems; the germline-encoded pattern recognition receptors
(PRRs), which initiate innate immune responses, and the
antigen-specific receptors generated through gene rearrangement after
antigen encounter, which initiate adaptive immune responses [17-19].
The immune responses induced by PRRs, such as Toll-like receptors
(TLRs), interact with those induced by antigen-specific receptors; this
interaction is notably represented by dendritic cells, which rely on
PRR-driven cues to initiate dendritic cell maturation for the stimulation
of lymphocytes through antigen-specific receptors [20]. Infections are
protected by constitutive immune mechanisms. However, they are also
involved in the elimination of sterile danger. For example, DNA damage
in the nucleus and the aggregation of DNA in extranuclear compart-
ments are eliminated by the DNA damage response and specific DNases,
respectively (Fig. 1) [21]. In addition, the accumulation of misfolded
proteins produces the formation of aggresomes, which are clarified by
selective autophagy [22,23]. The extreme accumulation of reactive ox-
ygen species induces the death of the oxygen-stressed cells [24], and free
cholesterol is converted into an ester derivative by lecithin-cholesterol
acyltransferase, thus enabling transport to the liver by high-density li-
poprotein and eventual degradation [25]. Disorders in these constitutive
and potential danger-eliminating mechanisms produce the aggregation
of danger-associated molecular patterns and the activation of PRR-based
immunity. The cGAS-STING system, for example, increases type I
interferon production in cells with abnormalities in either the DNA
damage response or additional nuclear DNases when DNA accumulates.
Likewise, defective elimination of protein aggregates or cholesterol
leads to the encouragement of IL-1p production through activation of
the NLRP3 inflammasome [26,27].

3. Immune response in COVID-19

The immune system boosts our body’s natural strength to defend
against pathogens including viruses, bacteria, fungi, protozoan, and
worm infections [28]. As long as the immune system runs smoothly, we
do not recognize infections like COVID-19. Our immune system can be
classified into three groups, including innate immunity (rapid response),
adaptive immunity (slow response), and passive immunity. Passive
immunity has two types, and they are natural immunity that we receive
from our mother and artificial immunity that we receive from medicine.
However, when our body meets any germs or viruses for the first time,
the immune system cannot work properly, and we become sick, and the
same thing has happened in the case of COVID-19 [29]. Attributed to the
high genetic homology of SARS-CoV-2 to other closely related corona-
viruses, the collective data from SARS-CoV and MERS-CoV previous
infections paved the way to realizing how SARS-CoV-2 escapes the
host’s immune response [5]. Compared to SARS-CoV and other closely
related coronaviruses, its spike S protein is 20-30 amino acids longer.
Thus, SARS-CoV-2 has similar immune evasive strategies, but an addi-
tional mechanism is still undiscovered [30,31]. While SARS-CoV and
SARS-CoV-2 seem to participate in the entry receptor of ACE2,
MERS-CoV utilizes dipeptidyl peptidase (DPP)— 4 as a specific receptor
[32]. Whether SARS-CoV-2 infects any immune cells is unknown yet, but
only minimum percentages of monocytes and macrophages in the lung
express ACE2 [33]. In an antiviral response, innate immune cells
recognize the invasion of the virus, often by pathogen-associated
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Fig. 1. Molecular mechanisms of constitutive immunity beyond microbial infection.

molecular patterns (PAMPs). For RNA viruses such as coronavirus, it is
known that PAMPs in the form of viral genomic RNA or the in-
termediates during viral replication, including dsRNA, are recognized by
each of the endosomal RNA receptors, TLR3, and TLR7, and the cytosolic
RNA sensor, RIG-I/MDAS [34]. The Th1 type of immune reaction plays a
dominant function in adaptive immunity to viral infections. In
SARS-CoV, both T-and B-cell epitopes were comprehensively mapped

for the structural proteins S, N, M, and E protein [35].
4. Pre-existing immunity to SARS-CoV-2
Lymphocytes from uninfected donors are reactive to SARS-CoV-2

antigen peptide pools in 20-50% of cases [36,37]. The SARS-CoV-2 re-
action with T-cells was predominantly associated with CD4 + T cells,
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with a smaller contribution by CD8 + T-cells (Fig. 2). Braun et al.,
declared positive T-cell responses versus spike peptides in 34% of
SARS-CoV-2 seronegative healthy donors (CD4 + and CD8 + T-cells
were not distinguished) [38]. Similarly, Le Bert et al., announced T-cell
reactions to nucleocapsid protein nsp7 or nsp13 in 50% of subjects with
no history of COVID-19, or contact with patients with COVID-19 [39]. A
study by Meckiff also disclosed reactivity in unexposed subjects. It has
been speculated that the SARS-CoV-2 specific T-cells in unexposed in-
dividuals might originate from memory T-cells derived from exposure to
‘common cold’ coronaviruses (CCCs), such as HCoV-OC43, HCoV-HKU1,
HCoV-NL63, and HCoV-229E, which vastly circulate in human in-
dividuals and are in charge of mild self-limiting respiratory symptoms
[40]. Over 90% of the human population is seropositive for at least three
of the CCCs [41]. Braun and colleagues reported that the T-cell reactivity
was highest against a collection of SARS-CoV-2 spike peptides that had
higher homology to CCCs, but the variation was not significant [42].
Memory CD4 + and CD8 + T-cells might also facilitate direct antiviral
immunity in the lungs and nasopharynx early after exposure, in keeping
with our understanding of antiviral CD4 + T-cells in the lungs versus the
related SARS-CoV [43], and our common understanding of the value of
memory CD8 + T-cells in protection from viral infections. As a result, a
cytokine storm or cytokine release syndrome (CRS) begins with a
widespread activation of cytokine-secreting cells, which is accompanied
by both innate and adaptive immune responses (Fig. 2), which both
contribute to an undesired outcome [44]. SARS-CoV-2 invades type II
pneumocytes through ACE2 in the respiratory system, resulting in fast
viral replication and a pro-inflammatory state with high levels of cyto-
kines such as IL-1, IL-6, CXCL8, and TNF [45]. The term "cytokine storm"
was immediately used to characterize the immunopathology associated
with severe COVID-19 infection. Moreover, the concept of cytokine
storm has been enlarged to cover any inflammatory disorders with high
circulating cytokines that cause systemic inflammation and secondary
organ dysfunction regardless of absolute cytokine concentrations [46].

5. Vaccine immunology

Vaccines provide protection by stimulating effector mechanisms
(cells or molecules) that are capable of rapidly controlling replicating
pathogens or inactivating their toxic components. Vaccine-induced im-
mune effectors are antibodies produced by B lymphocytes that can
specifically connect to a toxin or pathogen [47]. Other potential effec-
tors are cytotoxic CD8 + T lymphocytes that may limit the spread of
infectious agents by recognizing and killing infected cells or secreting
specific antiviral cytokines and CD4 + T-helper (Th) lymphocytes.
These Th cells may participate in defense through cytokine production
and supply the generation and maintenance of B and CD8 + T-cell re-
sponses. Effector CD4 + T cells were originally subdivided into T-helper
1 (Th1), or T-helper 2 (Th2) based on their primary cytokine production
(interferon-or interleukin [IL]—4), respectively. This dichotomy became
outdated as Th cells were shown to comprise a large number of subsets
with distinct cytokine-producing and homing capacities [48]. A recently
identified critical subset of vaccine-induced CD4 + Th cells are follicular
T-helper (Tfh) cells. They are specially equipped and positioned in the
lymph nodes to support potent B-cell activation and differentiation into
antibody-secreting cells [49], and have been identified as directly con-
trolling antibody responses and mediating an adjuvant [50-52].
T-helper 17 (Th17) cells are another important subset, that essentially
defends against extracellular bacteria that colonize the skin and mucosa,
recruiting neutrophils and promoting local inflammation. [53,54].
These effectors are dominated by regulatory T-cells (Tregs) implicated in
preserving immune tolerance [55]. Most antigens and vaccines trigger
B-and T-cell reactions, such that there is no rationale for opposing
vaccines favoring antibody production (humoral immunity) and T-cell
responses (cellular immunity). Furthermore, most antibody responses
require CD4 + T-cells, whereas antibodies have a significant influence
on T-cell responses to intracellular pathogens [56].
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6. COVID-19 vaccine strategies

It is imperative to develop various vaccine platforms and strategies in
parallel. Indeed, since the outbreak began, researchers around the world
have been racing to develop COVID-19 vaccines, with at least 166
vaccine candidates currently in preclinical and clinical development
[57]. To meet the urgent need for a vaccine, a new pandemic vaccine
development paradigm has been proposed that compresses the devel-
opment timeline from 10 to 15 years to 1-2 years [12]. It is estimated
that 40-75% of infections are mild or asymptomatic [58,59], and
asymptomatic people may have significantly longer viral shedding than
symptomatic people [60]. Vaccine design concerns the selection of an-
tigens, vaccine platforms, vaccination routes, and regimens. In the case
of SARS-CoV, it has been shown that only antibodies directed to S pro-
tein can neutralize the virus and prevent infection [61]. Inclusion of
viral enzymes such as the RNA-dependent RNA polymerase in a vaccine
design may ensure that it targets all emerging variant strains, as these
proteins are highly conserved [62-64], even across other bat-derived
coronaviruses that could emerge as a threat to humans in the future.
In general, vaccine platforms are divided into six categories: live
attenuated viruses, recombinant viral-vectored vaccines that are bio-
engineered to express target pathogen antigens in vivo, inactivated or
killed viruses, protein subunit vaccines, virus-like particles (VLPs), and
nucleic acid-based (DNA or mRNA) vaccines [65]. The route of vacci-
nation is an essential consideration of vaccine strategies [66,67]. This is
especially important for mucosal pathogens such as SARS-CoV-2 that
require not only neutralizing antibodies but also innate and adaptive
cellular immunity [68,69]. The parenteral route of vaccination is unable
to effectively induce mucosal IgA antibodies or Tgy cells in the lungs
[70,71]. By comparison, the respiratory mucosal route of vaccination is
adept at inducing antibodies and Tgy cells in the respiratory mucosa as
well as macrophage-mediated trained immunity [72,73]. Inactivated
virus, protein subunit, and nucleic acid vaccines cannot be administered
by the respiratory mucosal route owing to their requirement for
potentially unsafe immune adjuvants and repeated delivery. By contrast,
recombinant viral-vectored vaccines, particularly those using human
serotype 5 adenoviruses (Ad5) or chimpanzee-derived adenovirus
(ChAd), are safe and highly effective for respiratory mucosal vaccination
[74].

7. The development of effective COVID-19 vaccines

Global immune deficiency is a risk factor for anti-COVID-19 vaccine
efficacy, particularly in the elderly who have been exposed to a myriad
of factors that participate in the weakening of the immune system. These
factors include weakness of antigen recognition, decreased immune cell
quantity and functionality, increased level/length, and timing of hu-
moral immune modifications of components, decreased initiation of
cellular reactions, and memory cell disorders. Other factors associated
with immunodeficiency include age-dependent humoral and immune
cell changes, immunosenescence, malnutrition, [75]; protein energy
micronutrient deficiency, and telomere shortening [76]. In addition,
past or current treatments impact the scalable ineffectiveness of vac-
cines in both older adults [77] and children [78], especially in the
immunocompromised [79]. Immunosuppressive drug use is a risk factor
for anti-SARS-CoV-2 vaccine ineffectiveness [80] due to higher levels of
IL-6 and decreased IgG concentrations [81]. Parasitic infections and
respiratory tract infections, such as sophisticated pneumonia [82], can
also affect the subsequent immune response to anti-SARS-CoV-2 vacci-
nation [83]. Adjuvant purity and safety, knowledge gaps about the
relative contribution of the innate and adaptive responses to preserva-
tion versus individual pathogens, and the accurate mode of action of
individual adjuvants are existing negative factors in vaccine efficacy
[84]. The safety of the vaccine was initially estimated in laboratory
studies with mice or rabbits. If the animals do not display signs of disease
after being given the vaccine, then the tests begin in humans, and the
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number of subjects gradually increases [85]. The period of the clinical
trial, on average, for a classical vaccine (after preclinical stage in vitro
and in vivo tests) is as follows [86,87].

In phase I, also called the first human test, the vaccine is adminis-
tered to a small group of healthy volunteers (10—100) to test if the
vaccine is safe or whether it causes severe side effects. In phase II, the
candidate vaccine is given to a larger group of subjects (100—1000) and
in phase III, to an even larger group (1000—100,000). Separate studies
may be in demand for adults, children, and the elderly. Continuous
surveillance is important in the case of complications that occur with
late effect [88]. The ongoing COVID-19 pandemic is a global priority,
and several vaccines have already been authorized or agreed for use in
humans to combat the pandemic [89,90]. Vaccines versus the
SARS-CoV-2 virus are in the first stage and this by a derogation from the
rule, skipped animal studies. At the time of writing, 9 vaccines have
been authorized for emergency or full use by at least one
WHO-recognized strict regulatory body (BNT162b2, mRNA-1273,
ChAdOx1, Ad26. COV2. S, BBIBP-CorV, CoronaVac, COVAXIN, COVO-
VAX, and NUVAXOVID) as listed in (Table 1) and presented in (Fig. 3).
The lipid nanoparticle-encapsulated mRNA-based vaccines BNT162b2
and mRNA1273 encode the full-length SARS-CoV-2 spike [91,92].
Pfizer-BioNTech COVID-19 vaccine is the first approved vaccine by the
U.S. Food and Drug Administration [93]. The other vaccine is the
ChAdOx1 nCoV-19 vaccine (AZD1222) that comprises the SARS-CoV-2
structural surface glycoprotein antigen (spike protein; nCoV-19) gene
in a replication-deficient chimpanzee adenoviral vector ChAdOx1 [94].
The Ad26. COV2. S vaccine is a replication-incompetent human
adenovirus type 26 (Ad26)-based vector that encodes full-length SAR-
S-CoV-2 spike protein in a prefusion-stabilized shape [95]. Solforosi
et al., [96] found that although both two-dose regimens of Ad26. COV2.
S vaccine was more immunogenic than the one-dose regimen, neutral-
izing antibody titers were greater in nonhuman primates (NHPs) that
received the two vaccination doses 8 weeks apart compared to the
4-week interval. This demonstrates that an extra period between
vaccination doses can increase the amplitude and/or quality of the
antibody response considerably [97]. The vaccine is produced by ge-
netic engineering and attempts to teach the body to recognize the
coronavirus protein S, which is delivered via a type-5 adenovirus [98].
Vaccines induce immunity to the virus but can also encourage inflam-
mation in the body.

8. COVID-19 vaccine development challenges

In the vaccine emergence process, adequate animal models are
crucial to testing protective responses. SARS-CoV-2 does not grow in
wild-type animals and stimulates mild disease in transgenic animals
expressing ACE2 [111]. Several vaccine candidates have passed through
intensive clinical testing protocols in a bid to prove their efficaciousness
and safety [112]. However, there is an unrealistically high expectation
for the COVID-19 vaccine. Many people believe that COVID-19 vaccines
are completely safe and effective, even though they have yet to pass
several rigorous approval protocols and conditions. If there is no
“repentance” from the extremely high expectations for the COVID-19
vaccine, they might end up catalyzing a narrative that challenges the
quality and reliability of vaccines in a bigger way [113,114]. Another
striking problem is on the side of vaccine and drug makers. This time, it
is not about which vaccine or therapeutic platform they should operate
with, but rather about the paths of conventional clinical development,
which have proven to be cumbersome and demanding for a long time in
addressing the present public health threat. In response to this chal-
lenge, several groups and researchers are now retooling the develop-
ment process and protocols in a bid to find.

9. Current drugs for COVID-19 treatment

The COVID-19 pandemic is forcing scientific organizations to
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develop novel therapies as soon as possible. Furthermore, the prolonged
time required for the synthesis, formulation, and evaluation of new
drugs from preclinical to phase III trials is a milestone in pandemic
control. Several drugs are being considered for COVID-19 therapy,
including those that specifically target the viral replication cycle, viral
entry, viral translocation to the nucleus, enhance the innate antiviral
immune response, or other targets [115,116]. The pathogenesis of
COVID-19 is assumed to be driven by two primary mechanisms. In the
early clinical phase, SARS-CoV-2 replication is the main cause of the
illness. In the late clinical phase, tissue damage caused by a dysregulated
immune or inflammatory response to SARS-CoV-2 appears to be its main
cause. According to this knowledge, it is predicted that treatments that
specifically target SARS-CoV-2 would have the most impact early in the
course of the illness, whereas immunosuppressive or anti-inflammatory
treatments are expected to be more helpful in COVID-19’s latter stages
[117]. Currently, the antiviral drugs being considered for COVID-19
infection therapies are directed at various stages of viral infection,
along with viral entry, translation, proteolysis, viral RNA replication,
viral protein assembly, and viral release. As a result, COVID-19 treat-
ment strategies are constantly providing clinicians with relative guid-
ance on how to provide healthcare to COVID-19 patients [118]. For
COVID-19 hospitalized patients, there are three principal pharmaco-
logical goals as presented in (Table 2); (1) Antiviral drugs that modulate
cellular mechanisms and aid in viral replication control, such as mol-
nupiravir, paxlovid, remdesivir. (2) Anti-inflammatory drugs, such as
colchicine and methylprednisolone, for controlling inflammation and
immune response caused by viral infection; and (3) Adjunct drugs, such
as antibiotics, anticoagulants, and vitamins, for reducing the risk of viral
complications [119-121]. However, the National Institutes of Health
(NIH) panel recommends against the use of antibacterial therapy in the
absence of another indication of bacterial infection in COVID-19 pa-
tients [117].

9.1. Antiviral drugs

The absence of relevant therapy for SARS-CoV-2 infection, in addi-
tion to the genetic homology with previous coronaviruses, encourages
the application of already existing antiviral agents that have proved
active in previous infections. Remdesivir is the only FDA approved drug
for the treatment of COVID-19 patients and among the most promising
candidate. Remdesivir is a phosphoramidite prodrug of adenosine C-
nucleoside with broad antiviral activity that was initially used to treat
Ebola virus infection. Remdesivir was administered intravenously at a
dose of 200 mg on day one and 100 mg on days two through 10 sub-
sequently [126]. Remdesivir inhibits viral replication by prematurely
terminating RNA transcription through binding to the viral
RNA-dependent RNA polymerase [125]. The difference in response to
remdesivir is most likely owing to insufficient tissue levels, rather than
resistance [138]. Remdesivir in combination with the immunomodula-
tory drug tocilizumab is suggested for COVID-19 treatment in
solid-organ transplant patients as part of combination therapy. [139].
Remdesivir has a role in early mild to moderate COVID-19 disease and a
limited role in hospitalized high-flow patients [140].

Currently, two novel antiviral drugs have been approved by the FDA
for oral administration in COVID-19 patients and are marketed under
the names of paxlovid and molnupiravir. Paxlovid is the first FDA-
approved oral drug for the treatment of COVID-19 cases under the
emergency use authorization (EUA) [141]. On November 5, 2021,
Pfizer, based in New York City, officially confirmed that its antiviral
drug paxlovid lowered hospitalizations by 89% [122,123]. Paxlovid is a
therapeutic hybrid of different compounds such as nirmatrelvir
(PF-07321332) and ritonavir that helps to protect liver enzymes from
breaking down the antiviral before it has an opportunity to disable the
coronavirus [142]. Paxlovid is a 3CL protease inhibitor that works by
blocking an enzyme required for viral protein synthesis [122]. The
antiviral mechanisms of action of molnupiravir and paxlovid were
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Table 1
List of the WHO approved vaccine for emergency use.
Vaccine type No. Scientific Manufacturer Specification Side effects Approved Doses efficacy Country Reference
name
mRNA 1 BNT162b2 Pfizer- A lipid nanoparticle-  Fatigue, headache, 31 2 doses  95-87.5%  USA [99,100]
BionTech formulated, muscle pain, chills, December 21
nucleoside-modified myocarditis and 2020 days
mRNA vaccine pericarditis apart
encoding the
prefusion spike
glycoprotein of
SARS-CoV-2
2 mRNA- Moderna Based on mRNA and  Pain at the injection 30 April 2 doses  94.1% USA [101]
1273SPIKEVAX is a cutting- edge site, nausea, 2021 28
approach that uses vomiting, fever, days
genetically fatigue, myocarditis apart
engineered RNA to and pericarditis
generate a protein
that itself safely
prompts an immune
response.
Viral vector 3 ChAdOx1-S or Astra-Zeneca/ Based on Rare cases of blood 15 2 doses 70% UK [99,102]
AZD1222 or Oxford Adenovirus Viral clots and Guillain- February 4-12
Vaxzevria vector vaccines use Barré syndrome 2021 weeks
a virus that has been [GBS] apart
genetically
engineered so that it
cannot cause disease
but produces
coronavirus proteins
to safely generate an
immune response.
4 Ad.26. COV2. S Janssen Is a recombinant, Rare case of blood 12 March 1 dose 72-57% USA [99,103]
or JNJ- (Johnson & replication- clots, 2021
78436725 Johnson) incompetent thrombocytopenia
adenovirus serotype  and Guillain-
26 (Ad26) vector Barré syndrome
vaccine, encoding [GBS]
the stabilized
prefusion spike
glycoprotein of virus
Inactivated 5 BBIBP-CorV Beijing Inactivated virus Pain at the 7 May 2 doses  79% China [104]
Sinopharm Institute of (HBO2 strain) vaccination site, 2021 14-12
Biological vaccine that fatigue, lethargy, days
Products Co., introduces a dead headache and apart
Ltd. (BIBP) copy of SARS-CoV-2  tenderness
into the body
6 CoronaVac Sinovac Inactivated or Injection site 1 June 2 doses 65.9% China [105]
weakened virus reactions, included 2021 14
(CZ02 strain) fatigue, diarrhea, days
vaccines are based and muscle pain apart
on a form of the
virus that has been
inactivated or
weakened so that it
does not cause
disease but is still
able to generate an
immune response.
7 COVAXIN Bharat Biotech Whole virion Pain at the injection 3 2 doses  78% India [106-108]
inactivated SARS- site, followed by November 4
CoV-2 vaccine headache, fever, and 2021 weeks
fatigue apart
Recombinant 8 COVOVAX Serum Institute (SARS-CoV-2 1S 17 India [109]
nanoparticle of IndiaPvt. Ltd  Protein December
and virus- Nanoparticle 2021
like particle [Recombinant])
9 NVX-CoV2373 Novavax SARS-CoV-2 rS Injection-site 20 2 doses 89.7% Czech [110]
NUVAXOVID [Recombinant, tenderness, fever, December 21 Republic
adjuvanted]. headache, muscle 2021 days
Synthetic pain, and fatigue apart

nanoparticle coated
with trimer spike
protein with matrix
M adjuvant
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illustrated in (Fig. 4). Molnupiravir is the second FDA-approved oral
drug under the EUA for the treatment of COVID-19 patients [143]. On
November 4, 2021, the UK’s medicines regulator issued a temporary
authorization for the antiviral drug molnupiravir, developed by Merck,
for the treatment of mild to moderate COVID-19 in adults with at least
one risk factor for acute symptoms [144]. It was announced that early
treatment with molnupiravir minimizes the chances of hospitalization or
death by 50% [145]. Molnupiravir functions by inserting mutations into
the viral genome during replication, potentially causing so many errors
that the virus cannot survive [146].

Several medications with antiviral and/or immunomodulatory ac-
tivities in vitro have also been tested for SARS-CoV-2 infection,
including approved antimalarial (chloroquine) and anti-protozoan
drugs (emetine and ivermectin) [147]. However, the Infectious Dis-
eases Society of America (IDSA) and NIH panels made a strong recom-
mendation against the use of chloroquine alone or in combination with
azithromycin because of its high toxicity with uncertain benefit [117,
140]. Emetine is a protein synthesis inhibitor that has been approved as
an anti-protozoan treatment for amoebiasis; it also inhibits malaria by
binding to the ribosomal E site of Plasmodium falciparum [148].
Emetine inhibits a wide range of DNA and RNA viruses, including Zika
virus, Ebolavirus, Cytomegalovirus, Rabies virus, HIV-1, echovirus 1,
buffalo poxvirus, bovine herpesvirus 1, and influenza [149]. Emetine an
isoquinoline alkaloid, has shown potent in vitro activity against the
coronavirus (SARS-CoV-2). It can prevent viruses from entering cells by
inhibiting viral replication enzymes and intracellular transport, as well
as preventing viral protein translation [150]. Ivermectin is a low-cost,
FDA-approved anti-parasitic drug that has broad-spectrum in vitro
antiviral activity against several viruses [151]. It inhibits the prolifera-
tion of COVID-19 in cell culture and acts by inhibiting nuclear import
(IMPa/B1) of virus and host proteins. Ivermectin may also act on the
SARS-CoV-2 virus via three proposed mechanisms, including inhibiting
host nuclear import, interfering with spike attachment to the human cell
membrane, and inhibiting helicase activity [152,153]. However, the
clinical outcomes for most already existing antimalarial and
anti-protozoal drugs come with insignificant results or/and severe
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Fig. 3. Different types of WHO-approved vac-
cines for emergency use including; (A) mRNA
enter cells and act as a translational template
for spike protein synthesis, (B) Viral vector
vaccine that delivers antigen-encoding DNA to
cells and initiates the inflammatory response
and immunity, (C) Inactivated virus vaccine
which is up taken and broken down by cells and
(D) Recombinant nanoparticle and virus-like
particle which release viral synthetic spikes is
when up taken then processed into multiple
epitopes by cells.
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undesired side effects, which encourages many health organizations to
recommend against their implementation in the for the treatment of
COVID-19 in hospitalized and non-hospitalized patients COVID-19
regimen [117,154,155].

9.2. Immunomodulatory and anti-inflammatory agents in COVID-19
treatment

The hyperactivation of the immune system response is a hallmark of
COVID-19 infection. In an effort to fight against viral infection, the
immune system unleashes a huge amount of inflammatory factors and
cytokine interleukins, which are collectively known as a “cytokine
storm”. This cytokine storm leads to many adverse complications in the
COVID-19 patients, including dysfunction of air exchange, organ dam-
age, pneumonia, cardiac injury, thromboembolism, and edema, which
in severe conditions could lead to patient death [156]. Based on the
complications of viral infection, alleviating the immune system’s hyper
response through immunomodulatory agents could have potential
treatment that reduces the risk of hospitalization and mortality [157].
Several studies were dedicated to evaluating the clinical outcomes of
immunomodulatory and anti-inflammatory agents such as interleukin
inhibitors, interferons, corticosteroids, and lactoferrin in COVID-19
patients.

9.2.1. Interferon

In addition to the antiviral activities of interferon against several
viral infections, its immunomodulatory effects are widely reported and
accepted [158,159]. Interferon is a natural protein produced as a part of
the immune system response to tolerate viral infections. Interferon
production imbalance and suppression during COVID-19 infection were
highlighted in many studies [160], and hence its administration was
hypothesized to alleviate or reduce the COVID-19 manifestations of
infection. Interferon proteins were classified into three classes: alpha,
beta, and gamma interferon. Three main classes were recognized in
interferon proteins alpha, beta and gamma interferon. Collectively, the
three interferon classes were enrolled in the COVID-19 treatment
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Table 2
Common antiviral and anti-inflammatory drugs used in COVID-19 treatment and their anti-Omicron variant activity.
Drug Structure Approval Main action Adverse effects specifications ~ Administration ~ Activity Ref.
against
Omicron
Paxlovid Ca3H35F3Ns04  The highest 3 C-like (3CL) Dysgeusia, diarrhea, Antiviral Oral Active against [122-124]
(Ritonavir- recommended protease increased blood all Omicron
boosted drug by NIH in inhibitor that pressure, myalgia, and it subvariants
nirmatrelvir) non-hospitalized inhibit the is a cytochrome P450 3A and
COVID-19. FDA enzymes for inhibitor, raising the conformed in
EUA for mild, protein concern for significant preclinical
moderate, and synthesis drug-drug interactions. trials
high-risk COVID-
19 outpatients
Remdesivir Cy7H3sNgOgP FDA approval or RdRp inhibitor. Nausea, fever, chills, or Antiviral Intravenous Active against [124-126]
the treatment of Prevents viral shivering, swelling in injection Omicron
hospitalized transcription face, pounding in neck VOCs
COVID-19 patients and replication or ears, and headache
Molnupiravir C13H19N307 FDA EUA for mild, RdRp inhibitor Diarrhea, dizziness, Antiviral Oral Active against [124,127,
moderate, and with mutagenic headache, hives, itching, all Omicron 128]
high-risk COVID- effect on viral skin rash, nausea, subvariants
19 outpatients genome redness of the skin, and
vomiting, possible risk conformed in
of genotoxicity, and fetal preclinical
harm trials
Bamlanivimab plus FDA EUA approval  Neutralizing Drug-drug interaction, Monoclonal Intravenous Inactive [117,129]
etesevimab for treatment of mAbs bind to Hypersensitivity, antibody injection
COVID-19 patients spike protein of  anaphylaxis, diarrhea,
SARS-CoV-2 nausea, vomiting, and
dizziness
Casirivimab plus FDA EUA approval ~ Recombinant Drug-drug interaction, Monoclonal Intravenous Inactive [117,130]
imdevimab for treatment of human mAbs Hypersensitivity, antibody injection
COVID-19 patients bind to SARS- anaphylaxis, diarrhea,
CoV-2 spike nausea, vomiting, and
protein dizziness
Sotrovimab FDA EUA approval ~ mAbs bind to Drug-drug interaction, Monoclonal Intravenous Active against [117,131]
for treatment of conserved spike Hypersensitivity, antibody injection Omicron BA.1
COVID-19 patients protein between  anaphylaxis, diarrhea, and BA.1.1
SARS-CoV and nausea, vomiting, and subvariants
SARS-CoV-2 dizziness but not BA.2
Bebtelovimab FDA EUA approval  recombinant Drug-drug interaction, Monoclonal Intravenous active in vitro [117,
for treatment of neutralizing Hypersensitivity, antibody injection against all 132-134]
COVID-19 patients human mAb anaphylaxis, diarrhea, circulating
binding to nausea, vomiting, and Omicron
SARS-CoV-2 dizziness subvariants
spike protein
Tixagevimab plus FDA EUA approval Recombinant Drug-drug interaction, Monoclonal Intravenous active in vitro [117,132]
cilgavimab for treatment of human anti- Hypersensitivity, antibody injection against
COVID-19 patients SARS-CoV-2 anaphylaxis, diarrhea, Omicron
mAbs bind to nausea, vomiting, and subvariants
virus spike dizziness with high
protein dose
Systemic CooHo9FOs Used in hyperglycemia, Anti- Intravenous NA [117,135]
glucocorticoids hospitalized secondary infections, inflammatory  injection
(Dexamethasone) patients with avascular necrosis and
COVID-19 who psychiatric effects
required
supplemental
oxygen
Anti-interleukin-6 FDA approved for anti-IL-6 Neutropenia, Anti- NA [117,136,
receptor treatment of receptor mAb thrombocytopenia, inflammatory 137]
monoclonal rheumatic disorder increasing liver
antibodies enzymes, HBV

(Sarilumab and

tocilizumab)

reactivation, and
secondary infections

FDA; Food and drug administration, EUA; emergency use authorization, RARp; RNA dependent RNA polymerase, mAb; monoclonal antibody, IL-6; interleukin 6, and

NA; not applicable.

regimen alone or as combined therapy along with standard care. The
clinical outcomes are controversial as some of the preclinical studies
reported significant results [161,162], whereas larger and
well-controlled clinical studies reported non-significance and even
adverse complications attributed to interferon administration [163,
164]. Recently, the NIH strongly recommended against the application
of any interferon types in hospitalized and non-hospitalized COVID-19
patients, considering the insignificant clinical results with diverse side

effects expected [117].

9.2.2. Corticosteroids

Regarding the anti-inflammatory potent activity of some corticoste-
roids, they are used to reduce the inflammatory response in many
autoimmune diseases. As a result of the severe effects of COVID-19
infection on the immune system, particularly in cytokine dysregula-
tion, corticosteroids, which were previously applied in severe SARS-
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Fig. 4. Antiviral mechanism of action of the two FDA-approved oral drugs under the emergency use authorization (EUA) for the treatment of COVID-19 patients (A)
Paxlovid which inhibits the 3CLpro and (B) Molnupiravir which inserts mutations into the viral genome during replication.

infected patients, have become a part of the COVID-19 treatment pro-
tocols [165,166]. Two of the potent and widely applied corticosteroid
drugs in lung treatment were implemented in the COVID-19 standard
treatment protocols, namely methylprednisolone and dexamethasone.
Methylprednisolone is a synthetic glucocorticoid used mainly as an
anti-inflammatory or immunosuppressive agent [167]. The mechanism
of action is via binding to the intracellular glucocorticoid receptor. The
methylprednisolone-glucocorticoid receptor complex blocks the pro-
moter sites of pro-inflammatory genes, resulting in the inhibition of
inflammatory cytokine synthesis by inhibiting the function of tran-
scription factors such as nuclear factor-kappa-B (NF-kB) [168-170].
The efficacy of methylprednisolone and dexamethasone was
compared by Ranjbar and his colleagues to 86 hospitalized COVID-19
hypoxic patients allocated into three groups; one treated with methyl-
prednisolone (2 mg/kg/day) and the second with dexamethasone
(6 mg/day) with the control group. The results showed no significant
difference between the two groups subjected to intravenous corticoste-
roid treatment, with some potency of methylprednisolone over dexa-
methasone. However, significant differences were reported compared to
the control group, where the corticosteroid treated groups revealed
better clinical status after ten days of corticosteroid administration
(P =0.001) with a significant reduction in ventilation dependence
(about 20%, P = 0.040) and hospitalization time (about 3 days,
P = 0.015). The outcome results of corticosteroid application in the
COVID-19 treatment regimen are inconclusive. In a study conducted in
2014, hospitalized COVID-19 patients receiving dexamethasone (6 mg/
daily) intravenously for ten days in addition to the standard treatment
protocol, the 28-day mortality rate was significantly decreased
compared to 4321 patients receiving usual care (control groups). The
administration of dexamethasone in patients with mild COVID-19
manifestations resulted in harmful effects [171]. Lie et al., reported
not only the infectiveness of corticosteroids in declining the fever
duration, hospitalization period, or the viral clearance time in the mild
COVID-19 pneumonia corticosteroid-treated group (55 out of 475 pa-
tients) but their adverse effects in expanding the infection complications

[172]. In their study, Muflihah et al., reported an increase in the mor-
tality rate (six times) in patients subjected to immunomodulatory drugs
(methylprednisolone and dexamethasone with tocilizumab) in their
treatment regime compared to the untreated group [173]. On the other
side, other studies related the delay in viral clearance upon corticoste-
roid administration in moderate-severe COVID-19 pneumonia to the age
and health conditions of patients with nothing to do with early corti-
costeroid administration [174]. In conclusion, dexamethasone is rec-
ommended by the IDSA and NIH panels for patients with severe
COVID-19 who required supplemental oxygen. The guidelines recom-
mend against using glucocorticoids in non-hospitalized COVID-19 in-
dividuals who do not have hypoxemia and do not require extra oxygen
[117,140].

9.2.3. Interleukin 6 inhibitors

The FDA-approved interleukin-6 (IL-6) inhibitors including anti-IL-6
receptor monoclonal antibodies (mAbs) such as sarilumab and tocili-
zumab, and anti-IL-6 mAbs such as siltuximab. Tocilizumab is an
immunomodulatory monoclonal antibody that revealed promising
clinical outcomes in severe COVID-19 patients. The underlying mecha-
nism for tocilizumab is based upon its ability to block IL-6 receptors, as
severe COVID-19 infection is usually associated with a high titer of IL-6
[175]. The role of IL-6 in stimulating endothelial dysfunction and
increasing vascular permeability in complicating the severity of
COVID-19 infection, and thus tocilizumab, could play a role in allevi-
ating manifestations in severe COVID-19 patients [176]. In a
single-center study that included 100 hospitalized patients, tocilizumab
intravenous administration proved significant clinical outcomes in the
treated group (43 patients) compared to the control group (55 patients)
[177]. However, in a phase III study, 438 hospitalized COVID-19 pa-
tients (with severe manifestation) were allocated into two groups; the
first (294 patients) received a single dose of tocilizumab (8 mg/kg),
while the control group (144 patients) received a placebo. The results
indicated no significant differences between the tocilizumab group and
the placebo in terms of health condition or 28-day mortality rate
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reduction [178]. The NIH panel suggested that tocilizumab or sarilumab
should only be administered in combination with dexamethasone or
another corticosteroid in sever hospitalized COVID-19 patients who
require supplemental oxygen [117]. The NIH panel recommends against
the use of siltuximab for the treatment of COVID-19 patients [117].

9.2.4. Lactoferrin

Lactoferrin is a natural glycoprotein with multi-biological activities
including antiviral, antioxidant, and immunomodulatory effects, as
presented in (Fig. 5) [179-181]. Lactoferrin plays a major role in iron
transportation and homeostasis through reversible chelating of two Fe
(II1) atoms per molecule [182]. Lactoferrin is constitutively produced by
neutrophils and exocrine glands in most mammals as a part of innate
immunity and is generally recognized as safe (GRAS). Several studies
elucidated the potency of lactoferrin against many viral infections by
retarding the viral entry into the host cells either by blocking the cell
receptor or quenching the virus particles [183-185]. This mechanism
has been reported in many coronaviruses by blocking the HSPGs surface
protein in vitro, which is a key co-receptor for COVID-19 entry [186]. In
addition, lactoferrin also revealed significant immunomodulatory and
anti-inflammatory characteristics [187], which may be the reason
behind its inclusion in some COVID-19 treatment regimens. The
anti-inflammatory mechanism of lactoferrin is based on its ability to
regulate pro-inflammatory gene expression within the nucleus of the
host cells [188]. Salaris et al., investigated the in vitro effects of lacto-
ferrin in COVID-19 infected Caco-2 cells. The study reported significant
induction in many antiviral cytokine genes, including IFNA1, IFNB1,
TLR3, TLR7, IRF3, IRF7, and MAVS genes, with partial inhibition of
COVID-19 infection and replication [189]. In another study, Campione
and his colleagues proved through in silico study the direct interaction
between lactoferrin and the spike surface protein of the COVID-19 virus,
which hinders the viral invasion into target cells. The in vitro study
stressed the significance of lactoferrin concentration, applied cell lines,
and infection multiplicity in the interaction efficacy [190]. The lacto-
ferrin potency against COVID-19 infection was confirmed in a

Lf induction of
antiviral cytokine

Lactoferrin
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preclinical study that enrolled 92 patients with mild-moderate symp-
toms, divided into three groups: 32 patients received bovine lactoferrin
(oral and intranasal administration), 32 hospitalized patients receiving
standard care, and 28 patients served as control (home-based isolated).
The results indicated a significant recovery in the lactoferrin-treated
group compared to the standard care group, with a remarkable reduc-
tion in inflammatory and coagulant markers (D-dimers, IL-6, and serum
ferritin) attributed to lactoferrin administration [191].

9.3. Adjunctive therapy in COVID-19 infection

9.3.1. Anticoagulants

In addition to severe pneumonia resulting from severe COVID-19
infection, thromboembolism is recognized as the second mortality risk
in hospitalized patients [192]. Many studies have reported an increase
in the incidence of the coagulation parameters (D-dimer, fibrinogen, and
prolonged thrombin time) upon viral infection [193,194]. The mecha-
nism behind thromboembolism induction in the COVID-19 infection is
still unknown. However, it is hypothesized that the severe inflammatory
response generated through viral infection could lead to endothelial
dysfunction [195]. The COVID-19 infection is usually combined with a
high titer of cytokines, especially IL-6, which is characterized by
hyper-coagulation induction [196]. A prophylactic anticoagulant
included in the treatment protocol was suggested, elucidating a decrease
in the mortality rate and good clinical outcomes. Heparin, a potent and
most applied anticoagulant, represents the first choice in COVID-19
patients. In addition to its anticoagulant activity, heparin reveals
anti-inflammatory and potential antiviral activities [197]. The heparin
application in COVID-19 patients revealed significant clinical outcomes
with no adverse consequences, as highlighted in many studies [198,
199]. In a cohort study of 4297 hospitalized COVID-19 patients in the
USA, the effects of prophylactic inhalation of anticoagulants after 24 h
of hospitalization were revealed. The results revealed a decrease in the
mortality rate (30-day mortality) by 27% in the anticoagulant inhalator
group (84%), with no risk of bleeding [200]. The results are in
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Fig. 5. Lactoferrin mechanism of action as antiviral and immunomodulatory by (1) Induction of antiviral cytokines, (2) Binding to viral spike proteins, (3) Binding to
Heparan sulfate proteoglycans (HSPGs) receptor and preventing viral entry into the host cell, and (4) Inhibiting viral polymerase and prevent viral replication.
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accordance with other larger studies conducted on 7824 hospitalized
COVID-19 patients who received antiplatelet therapy. The clinical
outcome revealed a decline in the mortality risk and mechanical venti-
lation period in the antiplatelet receiving groups compared to the con-
trol group [201]. Despite widespread agreement on the use of
anticoagulants in treatment regimens, the dosage, timing, and duration
remain variable and empirically determined. However, the NIH panel in
the treatment guideline advises against using antiplatelet medication to
stop COVID-19 progression or mortality in individuals who are not
severely ill. There is insufficient data for the NIH panel to recommend
for or against anticoagulants in critically ill COVID-19 patients who are
hospitalized or discharged from the hospital [117].

9.3.2. Mineral and vitamin supplements (zinc, vitamin C, and vitamin D)

With no effective-approved treatment protocol, enhancing the im-
mune system represents an ideal target for both COVID-19 prophylaxes
and curing [202]. Zinc and vitamin C are common supplements in
viral-influenza treatment that enhance the efficiency of the immune
system against the infection. Ascorbic acid (vitamin C) is a well-known
antioxidant, whereas zinc has potential immunomodulatory and
antibody-induction effects [203]. In addition, the reported in vitro
antiviral activity of zinc in many viral infections by inhibiting the
RNA-dependent RNA polymerase pointed to the importance of zinc
supplementation in a dose of 10-20 mg/daily for better clinical out-
comes [204,205]. The enhancement of lactoferrin antiviral activity in a
high concentration of zinc also supported their combined applications
for better clinical outcomes in COVID-19 patients [206]. In the same
regard, the physiological role of vitamin D in providing balanced health
conditions and improving the immune system is well known, as its
deficiency is usually associated with the development of respiratory
infections [207,208]. In addition, vitamin D has indirect antimicrobial
activity through activating the monocytes’ differentiation into macro-
phages, which enhances the microbial chemotaxis process [209]. The
association between vitamin D deficiencies and the severity of
COVID-19 manifestation and higher mortality risk as declared in a
retrospective study emphasizes the need for vitamin D supplementation
during infection [210]. The proposed prophylactic dose of vitamin D is
between 400 and 1200 IU/day for 3-6 months, which is hypothesized to
improve the outcomes of the COVID-19 treatment regimen [211].
However, the results of mineral and vitamin supplementation in the
COVID-19 regimen are inconclusive, with rising questions about the
association between vitamin deficiency (especially vitamin D) and the
severity of the COVID-19 infection [212,213]. Thomas and his col-
leagues reported the insignificant effects of zinc or/and ascorbic acid
oral supplementation on the health conditions of COVID-19 hospitalized
patients, even in high concentrations up to 8000 and 50 mg/day of
ascorbic acid and zinc gluconate, respectively [214]. In the same regard,
arecent review asserted the inconclusive results of vitamins and mineral
supplementation (vitamin A, E, C, and D with zinc) during COVID-19
infection. However, the authors encourage their administration for a
short time, especially with the risk of their deficiency [215]. To date,
there is insufficient data for the NIH panel to recommend either with or
against the use of vitamins and zinc for the treatment of COVID-19
[117].

9.4. Convalescent plasma

The high titer of antibodies in convalescent patient plasma reported
in many viral infections represents a promising tool for preventing viral
replication with a high potential for complete viral clearance [216]. As a
result, convalescent plasma from COVID-19 patients was proposed to be
effective in alleviating severe manifestations in individuals with severe
complications [217]. Several investigations in a large cohort of
COVID-19 hospitalized patients indicated a reduction in mortality and
the need for mechanical breathing after receiving convalescent plasma.
According to recent findings from a follow-up study on 35,322
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transfused COVID-19 patients, patients who received high IgG plasma
(> 18.45 signal-to-cutoff ratio (S/Co)) had lower mortality (8.9%) than
those who received medium (4.6218.45 S/Co) or low IgG plasma. On the
other hand, the availability, safety, and efficacy of the convalescent
plasma application in COVID-19 patients are still challenging. Potent
convalescent plasma should have a high titer of COVID-19 specific
antibody (or neutralizing antibody titer NAT) which peaked 12 weeks
after infections [218]. In addition, the health conditions, age, weight,
agreement, and percentages of the recovered donors limited the avail-
ability of the convalescent plasms for wide application.
Plasma-transfusion considered as safe treatment option and no sever
adverse effects were reported [219]. One percent of patients having
plasma transfusions may experience febrile and minor allergic reactions
in the form of urticaria, which are treated with supportive treatment.
Jaundice, phlebitis, and briefly elevated body temperature are the other
frequent side effects. Administration of non-matched ABO blood can
result in significant consequences, such as anaphylaxis. With the use of
the current screening tools, the risk of blood pathogen transmission due
to transfusion is extremely low [220]. However, in one patient receiving
convalescent plasma, a study described a very tiny side effect of an
evanescent face red spot, but there were no other negative side effects
[221]. Unfortunately, some reported results of convalescent plasma
application were underwhelming. The clinical outcomes of a random-
ized controlled trial on 921 hospitalized COVID-19 patients allocated
2:1 and receiving 500 ml of convalescent plasma revealed no reduction
in the hospitalization period or 30-day mortality risk, and even this
group revealed a high risk for serious complications compared to the
control group receiving standard care only [222]. The analysis of clin-
ical outcomes of 33 trials for COVID-19 patients (a total of 16477 pa-
tients) showed that 51.6% of patients receiving convalescent plasma and
48.4% were in the control group. The results indicate a non-significant
association between the application of convalescent plasma and a
reduction in mortality rate [223]. The World Health Organization
(WHO) guidelines issued in December 2021 advised against it, partic-
ularly in non-severe patients due to insignificant clinical outcomes [224]
and restricted its application to emergencies [225]. IDSA panel sug-
gested that COVID-19 convalescent plasma may be more beneficial if
administered at high titers at the early onset of hospitalization, in pa-
tients with no or low titers of antibodies against SARS-CoV-2, or in pa-
tients with humoral immune impairment [140,226,227] Concerning the
use of convalescent plasma with SARS-CoV-2 VOCs, the NIH panel
recommends against the use of convalescent plasma that was collected
before the emergence of the Omicron variant [117].

9.5. Monoclonal antibody (mAb)

To overcome the availability issues and potential transfusion risks
reported from convalescent plasma application, intensive research was
directed towards monoclonal antibody application in COVID-19 treat-
ment [228]. Based on the clinical outcomes of monoclonal antibody
applications in previous viral infections like SARS, MERS, and Ebola, the
same strategy could represent a step toward reducing the severity and
spread of the pandemic [229,230]. In addition to their usage as medi-
cines, monoclonal antibodies are now being used in SARS-CoV-2
detection assays, such as antigen and immunoglobulin testing [231].
Monoclonal antibodies with specific anti-COVID-19 can be developed
from convalescent plasma of cured COVID-19 patients. FDA has granted
EUA for five anti-SARS-CoV-2 mAb products including bamlanivimab
plus etesevimab, casirivimab plus imdevimab, sotrovimab, bebt-
elovimab, and tixagevimab plus cilgavimab. The monoclonal antibody
neutralizes the virus through interacting with the viral S-protein
responsible for recognition of human-ACE2 (cell receptor), hence the
viral entry into the host cell is inhibited. Bamlanivimab and etesevimab
are two monoclonal antibodies developed by Lilly (USA) with potent
antiviral activity [129]. In a study for bamlanivimab efficacy based upon
interim analysis for a phase II trial (which included 452 outpatients with
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moderate symptoms), the bamlanivimab intravenous administration
within 3 days of a first positive test (single dose of 2800-mg) revealed a
reduction in viral load, severity progress, and needs for hospitalization
compared to the placebo group [178].

The concerns about viral resistance spreading among COVID-19
variants forced the application of a monoclonal antibody cocktail for
effective results [232]. The REGN-COV2 is a mix of two monoclonal
antibodies (casirivimab and imdevimab) developed by the Regeneron
company (USA). The antibody cocktail included one antibody from
humanized VI mice and the other derived from the conversant plasma of
COVID-19 patients in a ratio of 1:1. The REGN-COV2 cocktail inhibits
the viral attaching to the host cells by neutralizing the viral particles in
two non-overlapping sites, hence revealing enhanced activity with less
resistance induction potency [233]. Weinreich et al., studied the efficacy
of the REGN-COV2 cocktail in 275 outpatients allocated to three groups
(1:1:1), one for placebo and the other two receiving 2.4 or 8.0 mg of
REGN-COV2 cocktail. The interim analysis result declared a significant
reduction in the viral load in the REGN-COV2 cocktail groups (compared
to the placebo group), especially in the early stages of the infection
[130]. The potency of the REGN-COV2 cocktail to reduce the hospital-
ization rate was also confirmed in a retrospective study enrolling 696
patients (revealing mild-moderate symptoms) who received the
REGN-COV2 cocktail with 696 patients as control. The study revealed a
significant reduction in hospitalization rate in the treated group
compared to the control [234]. To date, the efficacy of the monoclonal
antibody has been asserted only in the early stages of infection in pa-
tients with mild to moderate symptoms, whereas in severe COVID-19
infection, treatment outcomes are usually insignificant or may have
adverse consequences [235]. From another perspective, the prolonged
time for monoclonal antibody production at a commercial level and the
high cost involved, in addition to its administration nature, represent
challenges for widespread applications [236]. Unfortunately, the first
two mAbs are inactive against the Omicron variants and thus the NIH
panel strongly recommended against their use [117]. Sotrovimab is a
mAb binds to conserved spike protein between SARS-CoV and
SARS-CoV-2. Sotrovimab is active against Omicron BA.1 and BA.1.1
subvariants but not BA.2 for that the NIH panel recommend against its
use [117]. Tixagevimab plus cilgavimab are recombinant human
anti-SARS-CoV-2 mAbs in the original dose they are inactive against
Omicron variants. The FDA update the dose of Tixagevimab plus cil-
gavimab and it has retained in vitro activity against the Omicron BA.2
subvariant [132]. Bebtelovimab is a recombinant neutralizing human
mAD binding to SARS-CoV-2 spike protein [134]. Bebtelovimab is the
only recommended mAbs by the NIH panel when paxlovid and remde-
sivir are not available, feasible to use, or clinically appropriate. Bebt-
elovimab is active in vitro against all circulating Omicron subvariants
[117].

10. SARS-CoV-2 variants and their response to treatment and
vaccination

SARS-CoV-2 is continually mutated, rendering vaccines less power-
ful, probably because certain variations evade the immune response.
SARS-CoV-2’s pathogenesis is altered by several processes, including
recombination, single point mutation, insertion, and deletion, leading to
a variety of variations [237]. The spike protein and receptor binding
domains are both prone to significant mutations, resulting in many
SARS-CoV-2 variants [238]. Present vaccines are designed for the first
SARS-CoV-2 variant that appeared; it is unclear if the old version of
spike glycoprotein can protect against subsequent SARS-CoV-2 variants.
The spike glycoprotein and other proteins in the Alpha (B.1.1.7), Beta
(B.1.351), Gamma (P.1), Delta (B.617.2), and Omicron (B.1.1.529)
variants of concern (VOCs) differ significantly from the initial
SARS-CoV-2 variant from Wuhan [237,239]. A study found that while
some SARS-CoV-2 variants may partially evade the humoral immune
response generated by the Pfizer vaccine or SARS-CoV-2 infection, they
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cannot evade specific CD4 +T cell responses, such as Alpha and Beta. To
achieve a high level of neutralizing antibody production and a
cell-mediated immune response, two doses of the BTN162b2 vaccination
were required [240]. Another study revealed that successive vaccination
with two inactivated vaccine doses followed by a third booster dose of
receptor-binding domain (RBD) vaccine significantly produced
neutralizing antibodies against Alpha, Iota, Kappa, Beta, and Delta
SARS-CoV-2 variants of interest (VOIs) [241].

An in vitro study found that the Omicron spike appears to promote
higher effective cell entry, leading to improved infectivity. Whereas the
Beta variation is resistant to humoral immunity induced by vaccination,
the infectivity of Beta strain was weaker than the wild variant, which
could explain why Beta’s epidemic spread was slower [242]. The Delta
strain has a 2-fold increase in pseudo-virus entrance efficiency compared
to the wild type, indicating more effective spike binding, which may
have been related to its rapid spread [243]. Omicron is capable of
escaping the immunity induced by vaccination series with mRNA-1273,
BNT162b2, or Ad26. COV2. S, increasing transmission possibilities. A
third dosage of the COVID-19 mRNA vaccine-induced humoral immu-
nity is sufficient to neutralize this variant [244]. The genome of Omicron
has over 50 mutations, with about 36 on the spike protein that binds to
target cell receptors. This is significant since antibodies neutralizing the
virus caused by vaccination or normal infection mainly target the S
protein. These might be serious mutations that affect vaccination re-
actions, treatment outcomes, and infectivity [239]. A significant modi-
fication in the Omicron’s pathogenesis was suggested, which has shifted
entrance pathways, preferring endosomal fusion over TMPRSS2. This
change in cell entry, causing a reduction in cell fusion in infected cells, is
expected to diminish cell-to-cell transmission in other variations [245].
Additional modifications appear to be the same as those identified in
other strains linked to increased transmission. Early investigations
suggest that the SARS-CoV-2 Omicron variant has a significant trans-
missibility and milder severity of symptoms than the Delta variant and
has shown partial vaccine evasion. [246]. In an in vitro antiviral study,
they found that remdesivir, molnupiravir, and nirmatrelvir are active
against SARS-CoV-2 VOCs, including Omicron [247]. Regarding the
clinical effectiveness of remdesivir against the novel SARS-CoV-2 mu-
tations, there is no available information [248]. Molnupiravir and nir-
matrelvir alone and in combination have synergistic antiviral effects,
where the SARS-CoV-2 Delta and Omicron variant infections were
potently suppressed by them [249,250]. Bamlanivimab/etesevimab and
casirivimab/imdevimab, the first two recognized monoclonal antibody
combinations, were mostly ineffective against the Omicron variants. The
significance of generating MAbs that target conserved sections of spike
that are not targeted by the antibodies generated in infected individuals
is further highlighted by the notable loss of activity of several MAbs
against the Omicron variants [251]. The NIH panel recommends against
the use of these MAbs in Omicron and its subvariants [117]. The ac-
tivities of different SARS-CoV-2 medications against Omicron variants
are presented in (Table 2).

11. Current promising trials for COVID-19 treatment and
prophylaxis

Currently, with the absence of authorized effective treatment for the
SARA-CoV-2 virus, many trials are ongoing for already existing phar-
maceutical drugs as a potential treatment for COVID-19 infection and
complications. The rationale behind the ongoing trials is derived from
the cumulative information from previous coronavirus infections (SARS
and MERS) and the pharmacokinetics of the tested drugs. Fluvoxamine
is a selective serotonin reuptake inhibitor (SSRI) that is approved by the
FDA as an antidepressant drug with anti-inflammatory and anticoagu-
lant activities, representing a potential candidate for COVID-19 infec-
tion [252]. In a randomized, adaptive platform study including 1497
outpatients, they were allocated to the treatment group (741 patients)
receiving 10 mg/twice daily of fluvoxamine for 10 days, and a placebo
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group (756 patients). The results indicated a reduction in the hospital-
ization requirement for the fluvoxamine group compared to placebo. In
addition to the availability of fluvoxamine, the 10 days treatment cost
was found to be around US $4, which elucidates its applicability for
worldwide applications [253]. With an uncertain mechanism for the
potency in COVID-19 patients, some hypotheses may be considered,
including the anti-inflammatory activity through indirect regulation of
cytokine production [254]. In addition, the antiplatelet activity of flu-
voxamine (due to serotonin quenching) decreased the risk of thrombo-
embolism in highly recognized severe COVID-19 infections [255].
Another potential mechanism was also reported, which stated the role of
a low dose of fluvoxamine (80 nM) in enhancing and up-regulating
non-specific endocytosis for COVID-19 spike proteins by the HEK293T
cell line [256]. However, IDSA panel recommends the use of fluvox-
amine only in the context of a clinical trial [140] Additionally, NIH
panel neither make a recommendation for or against the use of fluvox-
amine in the management of COVID-19 due to a lack of sufficient data
[117].

In the same regard, stem cell therapy, especially umbilical cord
mesenchymal stem cells (UC-MSCs), has also been proposed as a po-
tential treatment for COVID-19 infection. Based upon its significant anti-
inflammatory and immunomodulatory activities, it is proposed to play a
role in alleviating the side effects of the cytokine storm that is generated
upon severe viral infection. The application of umbilical cord mesen-
chymal stem cells in COVID-19 infection represents a cost-effective
alternative with promising preclinical outcomes [257]. The efficacy of
(UC-MSCs) on critically ill COVID-19 patients (40 patients) as adjuvant
treatment was studied in a randomized controlled trial. Patients were
allocated to two groups, one intravenously infused with 100 ml of
UC-MSCs (1 x10° /kg in) and the second group receiving 100 ml of
0.9% saline solution (control group). The study results indicated a sig-
nificant enhancement in the survival rate in the test group over control,
with a significant reduction in the IL-6 levels in recovered patients.
However, there was no change in the hospitalization time and ventila-
tion requirements in the two groups [258].

There are other medications in the phase three clinical trial with a
good safety profile and promising activity against COVID-19. AT-527
and S-217622 (ensitrelvir) are drugs used orally as RdARp and 3CL pro-
tease inhibitors, respectively [259-261]. Plitidepsin is an anti-tumor
agent showing promising results in preclinical studies against
SARS-CoV-2. The antiviral activity of plitidepsin against SARS-CoV-2 is
mediated through inhibition of the known host protein eEF1A
(eukaryotic translation elongation factor 1 alpha), which could reduce
the future virus resistance to antiviral agents [262-264].

Natural compounds originating from algal, fungal, and plant origins
were shown to be capable of regulating the secretion of pro-
inflammatory cytokines, interfering with viral development in infected
cells, and altering key molecular mechanisms. Such natural chemicals
might be used in COVID-19 treatment and/or as dietary supplements for
prophylaxis [265]. Chitsike and Duerksen-Hughes demonstrated that
treatment techniques incorporating multivalent antibodies, recombi-
nant ACE2, and mini-proteins are effective not only for pre-exposure
prophylaxis but also for guarding against SARS-CoV-2 random muta-
tion [266]. Furthermore, using different administration routes such as
aerosolization may also be beneficial in reducing viral propagation to
the lungs when using nasal sprays, considering that the nasal channel is
the most common and first site of infection [267]. MicroRNA (miRNA)
plays a key role in a variety of biological processes, including viral
infection, as post-transcriptional regulators of gene expression [268].
MiRNAs have recently been discovered to play an important role in
virus-host interactions, such as inhibiting the production of proteins
involved in the SARS-CoV-2 life cycle, like ACE2 and TMPRSS2 [269].
Another study suggested the use of dietary and non-dietary miRNA to
control COVID-19 complications [270].
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12. Conclusion and future prospective

Scientists and medical professionals are looking for safe, effective
vaccinations and therapies to control the COVID-19 outbreak in both
healthy and infected people. To date, no definite vaccines and/or single
drugs have been developed to eliminate this disease. Also, due to the
high prevalence of COVID-19, several therapies and drugs developed
during previous viral infections have been tested for this infection. As is
indicated from the present review, many different vaccines and drugs
are used in combination as an efficient candidate against COVID-19
infection. Importantly, the application and development of new vac-
cines to control COVID-19 has changed the understanding of exploring
vaccines, besides leading to great revolutionary modifications in the
development of vaccines. In addition, understanding the actions of viral
enzymes such as RdRp, replicase, transcriptase, and proteases provide
insight into recognizing the RNA replication process of coronaviruses,
leading to the development and exploration of new competitors and
inhibitors for these enzymes, which assist in controlling COVID-19
infection. Many new vaccines and drugs have been developed owing
to the role of spike S protein and RBD during infection with SARS-CoV-2
in the induction of protective immunity and humoral immunity via T-
cell responses and neutralizing antibodies. Owing to the high morbidity
and mortality rates of COVID-19, future studies on SARS-CoV-2 are
essential to provide essential information for developing and designing
novel vaccines and strategies for treatment and prophylaxis against the
newly emerging variants of this virus. Thus, it is crucial to validate the
newly developed vaccines using animal models to confirm that they are
safe and compatible for human use. Future COVID-19 vaccines should
efficiently protect children, young people and the elderly from infection
by newly discovered SARS-CoV-2 variants that may cause future pan-
demics. To explore and determine more future secrets beyond the
COVID-19 pandemics, scientists and investigators should study carefully
various factors such as their mortality and morbidity rates, in vivo ef-
ficacy, studies on lethal-challenge and elderly models, and zoonotic
virus infection determination. Finally, discovering the mechanism of
COVID-19 infection and improving the immunity of populations will
potentially lead to a decrease in their mortality and morbidity rates.
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