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ARTICLE INFO ABSTRACT

Keywords: COVID-19 pandemic has started in December 2019 in China and quickly extended to become a worldwide health
Novel coronavirus and economic emergency issue. It is caused by the novel coronavirus; SARS-CoV-2. COVID-19 patients’ clinical
(S:SI:ISIDCé?/ ) presentations vary from asymptomatic infection or flu like symptoms to serious pneumonia which could be

associated with multiple organ failure possibly leading to death. It is understood that the immune response to
SARS-CoV-2 includes all elements of the immune system which could altogether succeed in viral elimination and
complete cure. Meanwhile, this immune response may also lead to disease progression and could be responsible
for the patient’s death. Many trials have been done recently to create therapies and vaccines against human
coronavirus infections such as MERS or SARS, however, till now, there is some controversy about the effec-
tiveness and safety of antiviral drugs and vaccines which have been developed to treat and prevent this disease
and its management depends mainly on supportive care. The spike glycoprotein or protein S of SARS-CoV-2 is the
main promoter that induces development of neutralizing antibodies; hence, many attempts of vaccines and
antiviral drugs development have been designed to be directed specifically against this protein. While some of
these attempts have been proved to be efficient in in vitro settings, only few of them have been proceeded to

Immune response
Cytokine storm
Vaccines

randomized animal trials and human studies which makes COVID-19 prevention an ongoing challenge.
This review describes the natural immune response scenario during COVID-19 and the vaccines development
trials to create efficient vaccines thus helping to build more effective approaches for prophylaxis and

management.

1. Introduction

COVID-19 was announced as a pandemic on March 11, 2020 with
records of more than 86 million confirmed cases and 1.874.732 reported
deaths all over the world by January 6, 2021 [1]. The origin of this viral
infection was in Wuhan city, Hubei province, China, where a series of
cases were first discovered in December 2019 [2].

The etiology was immediately determined as beta coronavirus with
high sequence homology to bat coronaviruses (CoVs) which uses the
angiotensin-converting enzyme 2 (ACE2) receptor as the main cell entry
process [3]. Its human-to-human transmission was confirmed following
possible zoonotic spillover. SARS-CoV-2 is also linked to SARS (severe
acute respiratory syndrome) which was previously named as SARS-CoV-
1 and Middle Eastern Respiratory Syndrome (MERS) Corona viruses,
which resulted in zoonotic and local outbreaks in 2003 and 2012,
respectively. COVID-19 patients present clinically with wide range of
symptoms varying from no or mild symptoms like influenza clinical

picture to more severe forms of pyrexia, cough, dyspnea, sometimes
followed by respiratory failure and multi system failure then death [4].
Whereas SARS-CoV-2 is less deadly than SARS or MERS; its lethality rate
is estimated to be 2.7% versus 9.6% for SARS and 35% for MERS [5],
however its global extension has led to immense uncertainty and
devastating effects in many countries due to its high infectivity rate
requiring specialized medical care in intensive care units (ICU) [6] and
revealing the unseen vulnerabilities of health systems and the impor-
tance of global health cooperation.

The most seriously affected population is the old age group, espe-
cially those suffering from chronic diseases as well as the immuno-
compromised patients. Additionally, there are some regional differences
in COVID-19 infection patterns whose causes are not clearly understood
[7]1.

Although a fast and coordinated immune response exerts the first
line of defense in COVID-19, exaggerated production of inflammatory
cytokines during the innate response could result in tissue injury either
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at the site of infection or systemically. Moreover, a dysregulated cell
mediated, and humoral response may worsen the condition. It was re-
ported that significant changes occur in both the innate and adaptive
immune response while encountering SARS-CoV-2 leading to enormous
release of cytokines or the ‘“cytokine storm” which represents the
ongoing hysterical activation of the immune system [8].

There is no fully effective therapy till now particularly for the less
immunocompetent patients which makes evading complications a real
challenge. Most of the suggested therapies for COVID-19 are derived
from those used previously in treatment of related viruses such as SARS
and MERS or other viruses as Zika or Ebola. Examples of treatments that
showed some success till now are remdesivir (adenosine analogue),
lopinavir/ritonavir (protease inhibitors) alone or combined with inter-
feron-p, chloroquine, hydroxychloroquine, and plasma therapy [9].

Since there is limited control of the pandemic even by physical
distancing and good hygiene measurements and there is minimal un-
derstanding of the cytokine storm nature and the changes that occur in
the signaling pathways stimulated by SARS-CoV-2, thus, better identi-
fication of the immune response scenario in COVID-19 patients espe-
cially at the molecular level could help finding the molecular targets
either for therapy or vaccines.

The aim of this review is to focus on the main aspects of both the
innate and adaptive immune responses as well as the effective vaccines
strategies for SARS-CoV-2.

The primary objectives of this review are to determine the immune
response responsible for fighting SARS-CoV-2 specifically and discuss its
vaccines development strategies especially those showing promising
results.

2. Virology

The virus was identified by Wu et al. [10] and named it WH-Human
1, and by Zhou et al., simultaneously, who named it 2019-nCoV [11].
Later on, the virus name was changed to “SARS-CoV-2” by the Coro-
navirus Study Group (CSG) of International Committee on Taxonomy of
Viruses (ICTV), since it was found to be the sister virus of severe acute
respiratory syndrome coronavirus (SARS) [12]. Based on this, the WHO
officially announced the virus name as SARS-CoV-2 and the infection as
COVID-19 by February 11, 2020 [13].

Coronaviruses belong to the family Coronaviridae (subfamily Coro-
navirinae) and are capable of infecting various wild animals as well as
humans where they can cause diseases ranging from mild flu to severe
respiratory infections and sometimes fatal complications [12]. Among
the 6 Corona viruses (CoVs) which are pathogenic to humans, 4 of them
have led to mild respiratory infections, however, the other 2 viruses;
SARS and MERS were responsible for epidemics of severe respiratory
infections in 2003 and 2012 respectively [14]. SARS and MERS have a
lower infectivity rate but a higher lethality than SARS-CoV-2 which
showed tremendously higher infectivity with apparently lower lethality
rate [15].

SARS-CoV-2 is the 7th identified Corona virus and the 3rd zoonotic
virus of CoVs that has been transmitted from animals to humans after
SARS and MERS [16,17]. In fact, the Chinese horseshoe bats have been
proposed to serve as the primary source for SARS-CoV-2. It was reported
that SARS-CoV-2 genome has shown around 80% similarity with SARS
[18] and nearly all its encoded proteins are homologous with those of
SARS [8].

Corona viruses are enveloped single stranded positive sense RNA
viruses; their RNA is approximately 30 Kbp. They have a spheroidal
shape, their diameter is 80-120 nm and their envelope holds the
structural proteins; spike (S), membrane (M), and envelope (E), and they
include the nucleocapsid (N) inside the virion which covers the RNA
[19].

S is a glycoprotein that projects from the viral membrane, giving it
the crown shape and hence the corona virus name, it also helps in the
attachment of the virus to different surfaces leading to its high stability
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and infectivity. Glycoprotein S is composed of 2 subunits: S1 which
contains the receptor binding domain (RBD) that has epitopes which
could be recognized by T and B lymphocytes and induce the production
of neutralizing antibodies, and S2 which induces the fusion of the virion
with the host cell membrane [15].

The surface angiotensin-converting enzyme 2 (ACE2), which is
expressed on type-I and -II alveolar cells of the lungs is the main receptor
that allows the entrance of SARS-CoV-2 into human host cells. Note-
worthy, the expression of ACE2 receptors is not only restricted to the
lung cells but their expression on small intestine enterocytes, kidney
proximal tubules cells, endothelial cells of arteries and veins, and the
arterial smooth muscle was also demonstrated which may explain the
extrapulmonary spread of SARS-CoV-2 [20]. Furthermore, homology
modeling showed great degree of structural resemblance between the
receptor-binding domains of SARS and SARS-CoV-2 [21]. However, the
degree of affinity of the 2 viruses to their receptors may vary which may
be the cause of the higher infectivity and virulence of SARS-CoV-2 in
comparison to SARS [22].

Binding between RBD of the virus and its receptor initiates confor-
mational changes of S protein which causes cleavage of S1 and S2 and
this is considered as a fundamental step that enables S2 to induce the
fusion of the virus envelope with the cell membrane followed by the
internalization of the viral RNA into the cytoplasm of host cells by
endocytosis [19,23]. Next, the viral RNA acts as a template for the
translation of the polyproteins ppla and pplb which are then cleaved
into 5- 16 non-structural proteins (nsp2-nsp9), which in turn induce
reorganization of the membranes to form the vesicles where viral
replication and transcription complexes are formed then assembly of the
virions starts and the mature virions are released from the cells by the
secretory pathway to infect neighboring cells [19].

In addition, it was found that entry of the virus is helped by the
cellular host type 2 transmembrane serine protease (TMPRSS2) which is
expressed on many cell types and has a role in priming the S protein
leading to its cleavage at the S1/S2 site to enable fusion of the viral
envelope with the host cell membrane. Thus, TMPRSS2 could be a
possible biological target in therapies and vaccines strategies and the
entry of SARS-CoV-2 into the host cells could be prevented by TMPRSS2
inhibitor (camostat mesylate). In fact, TMPRS2 inhibitor (camostat
mesylate) is already in use in Japan for treatment of pancreatitis which
proposes its possible benefit in treating COVID-19 cases [22].

3. Pathological features of COVID-19

Pathological features of COVID-19 involve different organs such as
lungs, GIT, liver, kidneys, heart, blood, brain, etc. [24].

The respiratory system is primarily affected by SARS-CoV-2; severely
affected patients commonly develop acute respiratory distress and
pneumonia. Macroscopically, increased pulmonary weight due to large
quantities of viscid secretions was noticed postmortem in addition to
congestion, consolidation, and pleurisy. Microscopically, variable
pathologic features were found such as diffuse alveolar damage, lym-
phocytic infiltration, giant cells formation and fibrosis [25]. Moreover,
there were microangiopathy, intra-capillary clot formation, thickened
capillary walls and congestion in autopsy samples [26].

The heart seems also to be affected during this infection; car-
diomegaly especially right ventricular hypertrophy was the major
observation. In addition, increased infiltration of the myocardium with
macrophages and lymphocytes causing myocarditis, was noticed and
may be caused by the high levels of proinflammatory cytokines secretion
such as IL-6 and TNF-a. Also, myocardial microvascular thrombi for-
mation and right ventricular strain injury were detected [27]. Blood
vessels showed signs of inflammation with lymphocytic infiltration in
addition to endothelial cell death in postmortem samples of COVID-19
patients [28].

SARS-CoV-2 appears to cause certain pathologic findings in the GIT;
many patients have complained of diarrhea and the virus was found in
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their stools. Lymphocytic infiltration was noticed in the epithelium of
the esophagus as well as the gastric, duodenal, and rectal lamina propria
which contained also some viral nucleocapsid proteins [29]. In addition,
increased levels of liver enzymes were reported in COVID-19 patients.
Macroscopically, hepatomegaly with darkened tissue biopsies were
observed while on the microscopic side, hepatic cell degeneration with
focal necrosis, thrombosis, portal fibrosis, lymphocytic infiltration and
collaterals formation were noticed [30].

Kidneys could be affected in some patients; acute proximal tubular
injury with loss of brush border and vacuole degeneration, necrosis and
pigmented casts formation were among the major pathological features
in COVID-19 autopsy samples. Furthermore, there were other changes
such as capillary microthrombi formation, swollen endothelial cells and
formation of protein exudate which may explain the acute renal failure
and proteinuria reported in some patients [31].

Regarding the skin, redness with vesicles or pustules formation and
allergy were the most clinical presentations among severe COVID-19
patients. On the microscopic level, there is lymphocytic infiltration,
signs of inflammation, vascular microthrombi formation in the dermis
and Langerhans cells formation in the epidermis [31].

Postmortem brain specimens showed some degree of necrosis and
infarction in addition to acute disseminated encephalomyelitis like
appearance [32]. The pathological changes that occur in other organs
such as spleen, lymph nodes, thyroid gland and pancreas are less clari-
fied and larger studies are needed to demonstrate them, however, one
common finding that seems to affect most of the organs is microthrombi
formation which favors the explanation of SARS-CoV-2 induced DIC in
many severe cases of COVID-19 [31].

4. Immune response to SARS- CoV-2

The main aim of both innate and adaptive immune responses against
viral infections, in general, is to block the viral infection and eliminate
the infected cells. Type I interferons secreted during innate immunity
and neutralizing antibodies produced through adaptive immune system
could prevent the viral infection. However, if the cells got already
infected, then it is the role of the natural killer (NK) cells as a part of the
innate immune system and the cytotoxic CD8 T cells of the adaptive
immune system to eliminate them [33].

In specific, SARS-CoV-2 infection involves the activation of both
innate and adaptive immune systems to clear the infection [34]. How-
ever, the exaggerated proinflammatory cytokines production has been
proposed to cause pathologic condition in lungs characterized by
occurrence of respiratory distress which could be followed by pulmo-
nary failure with or without multi organ failure [10].

In the same context, marked increase in proinflammatory cytokines
and chemokines such as, IL-1, IL-2, IL-6, IL-8, IL-17, and TNF-a was also
noticed in COVID-19 cases [35]. Moreover, elevated levels of neutrophil
lymphocyte ratio (NLR), proinflammatory cytokines and chemokines in
COVID-19 patients were correlated with more severe form of the disease
and worse prognosis hypothesizing the relation between the inflam-
matory responses in patients and the immunopathologic nature of the
disease [36].

Another study has shown that SARS-CoV-2 patients with severe
complications had increased concentrations of inflammatory markers
such as high-sensitivity C-reactive protein (Hs-CRP) [37] which is a
member of the pentraxin family and an important acute phase protein
that plays a fundamental role in both innate and adaptive immune re-
sponses [38,39].

5. Innate immunity to SARS-CoV-2

The main process by which the innate immune system fights any
viral infection is production of type I interferons by the infected cells
particularly the plasmacytoid dendritic cells and cytotoxic killing of the
viral infected cells by the NK cells [33].
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Production of interferons is initiated by recognizing the viral nucleic
acid by the pattern recognition receptors (PRRs) such as endosomal Toll
like receptors (TLRs) and retinoic acid-inducible gene (RIG) like re-
ceptors. After ligand-receptor binding, PRRs stimulate certain adaptor
proteins which, in turn leads to the activation of critical down-stream
transcription factors, including the interferon regulatory factor (IRF)
transcription factor which initiates interferon gene transcription leading
to production of interferons. Type I interferons acts by suppressing the
viral replication in infected and neighboring cells. Moreover, PRRs
activate other signaling pathways such as NF-kB, and AP-1, leading to
secretion of many other cytokines and chemokines [40].

The produced chemokines serve in recruiting cells of innate immu-
nity as neutrophils, monocytes, NK cells and dendritic cells which in turn
help in producing more chemokines like MIG, IP-10, and MCP-1 which
play important role in attracting lymphocytes and initiating the adaptive
immune response [41].

The early immune response initiated by SARS-CoV-2 in comparison
to other coronaviruses’ infections was monitored by several studies. For
example, a recent in vitro study reported that both SARS and SARS-CoV-
2 have equal ability to infect type I and type II pneumocytes and alveolar
macrophages with better capability of intracellular replication for SARS-
CoV-2 over SARS. However, SARS-CoV-2 was not able to initiate the
production of type I, Il and III interferons, in addition it had less effective
production of other cytokines when compared to SARS immune
response at the same early stage of infection. Only 5 cytokines (IL-6,
MCP1, CXCL1, CXCL5, and CXCL10/IP10) were expressed by SARS-
CoV-2 infection while all the 11 cytokines measured in this study were
produced through SARS immune response [42].

Moreover, it was shown that SARS-CoV-2 is associated with less in-
terferons production and increased proinflammatory cytokines release
including IL-1B, IL-6, TNF-a, and IL-1 receptor antagonist in a study that
investigated the immune response of SARS-CoV-2 in relation to other
respiratory viruses such as SARS, MERS, respiratory syncytial virus,
human parainfluenza virus type 3, and influenza A virus. The study
involved respiratory cell lines infection, in vivo infection of ferrets as
well as lung samples obtained from dead COVID-19 cases [43].

These findings hypothesize that SARS-CoV-2 has an altered immune
response compared to the other coronaviruses in term of more capability
of intracellular replication in lungs, increased activation of innate im-
munity associated with higher levels of proinflammatory cytokines as
well as high evasion mechanisms abilities that allow it to skip the pro-
duction of interferons and their antiviral response [15].

On the other side, NK cells play a potential role in fighting viral
infection early in the disease before development of adaptive immune
response. As an evasion mechanism, the virus infected cells decrease the
expression of MHC class I on their surfaces so the immune system could
not catch them especially CD8 cytotoxic cells, however, this leads to
activation of the NK cells which are inhibited naturally through recog-
nition of MHC class I on the target cells enabling NK cells to exert their
cytotoxic actions against the infected cells and hence eradication of the
viral infection [33].

6. Signaling pathways activated by SARS-CoV-2

Knowing the intracellular molecules involved in activation of host
immune response may help targeting them in designing therapeutic and
vaccines strategies. This may have better effect than targeting the viral
peptides themselves which are liable for viral mutations and evasion
mechanisms [44]

Since there are many similarities between SARS-CoV-2 and SARS in
structure and mode of infection, it is postulated that they share innate
immunity methods of signaling pathways activation. Following the
attachment of SARS-CoV-2 S protein to ACE2 receptors expressed on the
host cells, the viral RNA is recognized through TLR 3, 7 and 8 and the
cytosolic RNA receptors; RIG-I [45].This recognition especially through
TLR3, 7 and 8 initiates signaling pathways activation in monocytes such
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as IRF3 (IFN regulatory factor-3), nuclear factor kB (NF-xB), JAK (Janus
kinase)/STAT (signal transducer and activator of transcription) leading
to interferon type I and other cytokines production which in turn leads
to differentiation of T cells towards CD4 T helper cells (Fig. 1.) [46].

6.1. The NF-xB/TNFa signaling pathway

Nuclear factor Kappa B (NF-kB) is an important transcription factor
which plays a significant role in regulating innate and adaptive immune
responses. Various pathogens stimulate nuclear translocation of NF-kB
which exists normally in the cytoplasm of cells [47]. It, then, initiates
the expression of genes whose products are necessary for the inflam-
matory response such as cytokines and chemokines [48]. Although this
activation is essential for an optimum immune response, it has been
suggested to lead to exaggerated inflammatory response leading to lung
injury and respiratory distress caused by respiratory viruses such as
SARS [49]. Furthermore, NF-kB activation has been implicated in
enormous production of IL-6 and TNF-a cytokines in murine macro-
phages after exposure to recombinant SARS S protein. This was postu-
lated to be due SARS S protein related degradation of IkBa, a normal
inhibitor of NF-kB, leading to augmented activation of NF-kB signaling
pathway [50].

Another study confirms these findings; they found that certain
therapies which can suppress NF-xB signaling pathway such as caffeic
acid phenethyl ester and parthenolide led to decreased inflammatory
process by inhibiting the expression of genes encoding inflammatory
cytokines and chemokines as TNF-a, CXCL2, and MCP-1 in the lungs of
mice having SARS infection. This in turn helped in preventing disease
progression in those mice and decreased their mortality rates after the
infection [49]. Similarly, it was reported that infection with SARS in
macaques has led to increased translocation of NF-kB secondary to its
activation especially in old ones more than the younger macaques
leading to a strong inflammatory viral response [51].

All these data suggest that suppression of NF-kB could be an efficient
way to escape the undesirable inflammatory process caused by SARS,
however, designing therapies that aim to target this molecule specif-
ically may be problematic and could instead affect the normal innate
immunity process leading to exacerbation of infections. In addition,
many viruses have the ability to successfully block this signaling
pathway leading to in-effectivity of such therapy and highlights the hope
of targeting its inflammatory products instead such as TNF-a [52].
Furthermore, Anti-TNF-a biological treatments such as infliximab and
adalimumab have been tried in treating a variety of autoimmune dis-
eases such as rheumatoid arthritis and psoriasis with a reasonable suc-
cess rate which favors targeting this cytokine specifically among the
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other inflammatory cytokines which are involved in the cytokine storm
[53]. In fact, patients with active rheumatoid arthritis who were treated
with such therapies had also diminished levels of other inflammatory
cytokines including IL-6 and IL-1 leading to fast amelioration of their
inflammatory conditions. Indeed, when an anti-TNF-a is administrated
in patients with active rheumatoid arthritis, it has been demonstrated to
induce a rapid decrease of a broad spectrum of cytokines (e.g., IL-6 and
IL-1), as well as of others acute-phase related proteins and vascular
permeability factor [54]

Based on these data and on the high similarity between SARS-CoV-2
and SARS, monoclonal antibodies against TNF-a were hypothesized to
suppress the cytokine storm occurring in COVID-19 patients and
decrease its possible consequences. A clinical trial study using Adali-
mumab as TNF-a inhibitor has been started in Chinese COVID-19 pa-
tients to investigate its efficacy and safety as well [8].

Moreover, it was found that TNF-a converting enzyme (TACE)
mediated shedding of ACE2 which is required for virus internalization
into the host cells is enhanced by SARS S protein. This means that
monoclonal antibodies against TNF-o could exert their therapeutic ef-
fects through double hypotheses: prevention of viral entry and weak-
ening of the inflammatory process and cytokine storm [55].

6.2. The IL-6/JAK/STAT signaling pathway

IL-6 was found to be elevated significantly following SARS-CoV-2
infection where it was postulated to participate strongly in the cyto-
kine storm in infected patients [56]. IL-6 interacts with its receptors
expressed on the immune cells such as glycoprotein 130 (gp 130) re-
ceptor and membrane bound IL-6 receptor as well as soluble receptor for
gp130 leading to activation of the JAK/STAT signaling pathway [57].
There is bidirectional relationship between both IL-6 and JAK/STAT
signaling pathway meaning that they could stimulate each other as
activation of JAK/STAT signaling leads to more IL-6 secretion and vice-
versa [58].

Many cell types are known to produce IL-6 such as macrophages,
endothelial and smooth muscle cells and once produced, it stimulates
the production of other cytokines especially MCP-1 which induces
atherogenesis [59], increased expression of adhesion molecules [60]
and proliferation of vascular smooth muscle cells [61]. This may
consequently explain the cardiovascular complications occurring in
COVID-19 patients where high levels of IL-6 are detected [62].

The production of IL-6 is seen to be caused by angiotensin II, which is
locally generated by inflamed vessels to bind to its receptor; angiotensin
II receptor type 1 (AT1 receptor) leading to activation of JAK/STAT
signaling. The augmented production of angiotensin II promotes more

SARS-CoV-2

Cytokine
Storm

Fig. 1. Supposed signaling pathways initiated by SARS-CoV-2. Illustration representing main signaling pathways hypothesized to be triggered by SARS-CoV-2
leading to cytokine storm in complicated cases. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; IkB, inhibitor of nuclear factor kappa B; NF-«B,
nuclear factor kappa B; TNF- a; tumor necrosis factor alpha, IL-6, interleukin 6; JAK/STAT, Janus kinase/ signal transducer and activator of transcription [8].
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IL-6 secretion in AT1/JAK/STAT-dependent way, thus entering in a vi-
cious circle of inflammatory response [63].

Remarkably, it was found that SARS S protein has an important role
in decreasing the expression of ACE2 with a subsequent increase of
angiotensin II [64]. Similarly, it was postulated that SARS-CoV-2 could
exert same actions and decrease ACE2 receptors expression leading to
increased accumulation of angiotensin II and hence increased IL-6
secretion leading to cardiovascular complications and pulmonary
damage [8]. In addition, this inflammatory pathway has been impli-
cated in the activation of NF-kB and ADAM pathways. Particularly,
ADAM17 causes ACE2 cleavage thus inactivating it, and increasing
angiotensin II, accordingly, leading to hypertension and other cardio-
vascular pathologies [65].

It was demonstrated that the metalloprotease ADAM17 transforms
the membrane form of IL-6 receptor a (IL-6Ra) to its soluble form (sIL-
6Ra) with the subsequent activation of STAT3 which in turn activates
NF-«kB signaling. Therefore, SARS-CoV-2 could lead to activation of both
NF-kB and STAT3 pathways promoting the enhanced production of IL-6
which is in turn implicated in more activation of NF-xB by STAT3
leading to a hyper-inflammatory response and may proceed to devel-
opment of autoimmune diseases [66]. It was proposed that the amplified
production of IL-6 induces the secretion of many other inflammatory
cytokines and chemokines leading to migration of lymphocytes and
leucocytes to the site of inflammation and maintaining the IL-6 mediated
inflammatory response at its highest level [67].

6.3. Sphingosine-1-phosphate receptor 1 pathway

Sphingosine-1-phosphate (S1P) 1 is a key signaling pathway that
plays arole in regulating the inflammatory process; it involves lymphoid
cells recruitment, vascular permeability and production of cytokines and
chemokines. It exerts its functions after binding to its receptors; five G-
protein-coupled receptors (S1PRs1-5) which exist in different types of
cells [68].

The activation of S1P1 receptor which is usually bound to a G
inhibitory protein and widely expressed on many types of cells leads to
stimulation of Ras/ERK signaling pathway [69]. Interestingly, the S1P1
receptor signaling was found to limit the immunopathological injury
caused by both innate and adaptive responses, hence suppressing the
cytokine storm formation following Influenza viral infection mainly
through diminished production of IFN-a, CCL2, IL-6, TNF-a, and IFN-y
which helped in decreasing the mortality rates in the infected mice [44].
Similarly, in another study done later, it was found that stimulation of
S1P1 has led to blockage of cytokines secretion and inhibited migration
of inflammatory cells to the lungs of HIN1 influenza infected mice. It
was demonstrated that these actions were exerted through reduction of
cytokine storm independently of TLR3 and TLR7 signaling pathways but
rather through targeting MyD88 (myeloid differentiation primary
response gene 88)/TRIF (TIR-domain-containing adapter-inducing IFN-
B) signaling which are main players in the NF-kB pathway [70].

7. Cytokine storm

It is well observed clinically that one of the main causes of deterio-
ration of patients’ clinical conditions is the significant increase of
proinflammatory cytokines levels in their sera suggesting the impor-
tance of this immune defense mechanism in the pathological processes
of this disease [35]. This huge increase in cytokines levels or what is
known clinically with cytokine storm, could lead to serious pathologic
findings including increased vascular permeability, increased blood
viscosity, deteriorated pulmonary functions which could be associated
with multiple organ failure and death [71].

A study which compared COVID-19 patients who were admitted to
ICU units with clinically stable patients and normal controls found that
there was noticeable increase in serum levels of certain cytokines
including IL-1f, IL-1 receptor antagonist, IL-7, IL-8, IL-9, IL-10, basic
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FGF, G-CSF, GM-CSF, IFN-y, IP-10, MCP-1, MIP-1a, MIP-1p, PDGF, TNF-
o, and VEGF in ICU and stable patients in relation to the third group. In
specific, IL-2, IL-7, IL-10, G-CSF, IP-10, MCP-1, MIP-1a, and TNF-o were
even higher in those admitted to ICU compared with the clinically stable
patients highlighting the role of the cytokine storm in worsening the
patients’ clinical conditions [72]. Another study showed similar findings
suggesting the relation between the increase in proinflammatory cyto-
kines levels and the occurrence of serious lung pathology [73].

The cytokine storm has been proposed to be in part due to abnormal
GIT microbiota features which have normally important role in main-
taining a balanced host immune response. In a study which involved 366
study subjects, it was found that there is a significant correlation be-
tween microbiota disturbance and uncontrolled production of inflam-
matory cytokines suggesting a relation between COVID-19 cytokine
storm and microbiota patterns. Examples of these microbiota are Bac-
teroides genus, Streptococcus genus and Clostridiales which had nega-
tive correlation with the measured proinflammatory cytokines while
Ruminococcus genus, Blautia genus and Lactobacillus genus had posi-
tive correlation [74].

8. Adaptive immunity to SARS-CoV-2

Adaptive immune response against viruses in general, is directed
mainly by humoral immunity which secretes neutralizing antibodies to
block the binding of viruses to their receptors on the target host cells and
hence prevent their internalization inside these cells. The other arm of
the adaptive immunity is cell mediated T cell response that is concerned
with cytotoxic killing of virus infected cells which leads to eradication of
the infection. The antibodies produced by T-dependent germinal center
interactions are high affinity antibodies making them more efficient in
neutralizing the viruses in their extracellular stage; before their entry
into the host cells, during virus budding to infect neighboring cells or
after death of the infected cells. These antibodies neutralize the viral
infection by attaching to the viral envelope or capsid antigens and then
prevent the virus binding and internalization to the host cells, conse-
quently, the cycle of viral infection and spread to the near cells is broken
down. Among the neutralizing antibodies, IgA immunoglobulins are the
most effective for blocking the viral infection in respiratory and intes-
tinal systems. Furthermore, these antibodies may also opsonize the vi-
ruses and initiates their phagocytosis. In addition, complement system
may help the humoral immunity by opsonizing the viruses-antibodies
complexes and promoting their phagocytosis as well as formation of
membrane attack complexes (MAC) in the envelope of certain viruses
leading to their lysis directly [33].

Once the virus succeeds in entering the cell, then, it is not accessible
anymore to the neutralizing antibodies and they have no effect on the
viral infection at this stage. Then it is the role of cell mediated immunity
to interfere, mainly the CD8 T cells which recognize the virus antigens
expressed on the groove of MHC class I of the infected cells. This leads to
activation of CD 8 cytotoxic T lymphocytes (CTLs), usually with the help
of T helper lymphocytes cytokines, and the costimulatory molecules
expressed on the surface of infected cells in order to reach the full
activation and clonal expansion process. The effector CTLs exert their
cytotoxic actions against the viral infected cells leading to their killing
and elimination of the infection. They may also eradicate the viral
infecting cells by other ways such as activation of nucleases inside the
target cells leading to degradation of the viral genome [33].

It is reported that SARS-CoV-2 affect largely total lymphocytic count
especially CD3, CD4 and CD8 cells which were found to be much lower
in patients with severe clinical conditions and mortalities in relation to
cured ones [37]. In fact, lymphocytopenia associated with change in the
total leucocytic count is seen constantly in COVID-19 patients suggesting
the disease severity and prognosis [18]. Moreover, in severe infections,
flowcytometric analysis showed a significant decrease in all components
of total leucocytic count including peripheral B lymphocytes, CD4 T
helper lymphocytes, CD8 cytotoxic lymphocytes, NK cells, monocytes,
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eosinophils and basophils [75].

Another study that was done in Wuhan on 452 SARS-CoV-2 patients
showed decrease in total count of T lymphocytes including both helper T
cells, regulatory T cells (T reg) and memory T cells, however naive T
cells count was reported to be elevated [36]. Both naive T cells and
memory T cells are necessary to keep the immune response well-
coordinated and effective as Naive T cells are responsible of fighting
new infections while memory T cells induce antigen specific adaptive
immunity. If there is an increase in naive T cells in relation to regulatory
T cells, then this favors an exaggerated production of pro-inflammatory
cytokines leading to a hyperinflammatory response whereas if there is a
decrease in the memory T cells count, this in turn could lead to rein-
fection with SARS-CoV-2 as these cells are in charge of defensing the
body against the same infection in case of re-exposure [18]. One of the
explanations of decreased lymphocytic count in these patients is the
direct infection of lymphocytes by SARS-CoV-2 leading to their lysis
[76].

Regarding humoral immune system, Wen et al. showed marked
decrease in naive B lymphocytes count with significant increase of
plasma cells count in the peripheral blood mononuclear cells of COVID-
19 patients during their recovery period. Furthermore, some modifica-
tions in B cell receptors were noticed [77]. As B cells play a significant
role in controlling viral infections, monitoring the seroconversion pat-
terns in COVID-19 patients is crucial for assessing their conditions
clinically. It was reported that 96.8% of patients had seroconversion of
IgG or IgM within 20 days from the onset of symptoms followed by a
plateau phase for 6 days later. All the studied subjects had virus specific
IgG antibodies while only 94.1% of them achieved virus specific IgM
antibodies around 20-22 days after the start of symptoms [78].

9. Immunologic effects on SARS-CoV-2 vaccine strategies

Identifying the SARS-CoV-2 specific immune response is necessary to
understand the basics of therapies, passive and active immunization that
should be developed against the virus. In fact, the virus induced short-
term immune response could have strong inferences in the immunoge-
nicity and effectiveness of the proposed vaccines. Moreover, knowing
the stability and duration of the immune response induced by the virus
and its epitopes that are recognized by the host B and T lymphocytes
might help in developing new vaccine strategies [79].

It was reported that CoV N protein could induce the activation and
differentiation of effector specific cytotoxic T cells. Furthermore, the
induced neutralizing antibody titers significantly correlated with the
count of these specific cytotoxic T lymphocytes. Same was noticed for
the viral M protein which induced the production of neutralizing anti-
bodies which could highlight the role of M protein as a promising target
for efficient protein-based vaccines development. A recent research has
found that activation of CD4 and CD8 T lymphocytes was mainly
induced by the S, M, and N proteins and partly by nsp3, nsp4, and ORF8
[80]. This information indicates that adding more viral epitopes derived
from the viral antigens other than the S protein such as M, N, ORF3a or
nsp6 could help in improving the efficacy of the candidate vaccine
designed specifically against SARS-CoV-2 infection [81].

Vaccine optimization depends mainly on augmenting the vaccine
immunogenicity while lowering its non-specific protein domains that
might cause undesirable effects or toxicity. The first step of SARS-CoV-2
vaccine optimization is the proper design of the specific antigen. This
explains how recognition of B and T lymphocyte immunogenic epitopes
is crucial for vaccine development. These immunogenic epitopes may be
determined through comparison with the most promising epitopes of
SARS giving the best results of immunogenicity based on the sequence
homology between the 2 viruses [81]. In fact, many T cell and B cell
epitopes were recognized as identical between SARS and SARS-CoV-2,
most of them were derived from the S or N antigens [82]. In addition,
25 immunogenic epitopes from SARS-CoV-2 proteins; 4 derived from M
antigen, 8 from N antigen and 13 from S antigen were recognized
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through immunoinformatics and found to be safe and effective in
inducing strong immunogenicity with low incidence of side effects [83].
Researchers found some other epitopes that could be beneficial in
designing an efficient vaccine able to protect against this viral infection.
sixty five peptides that are not similar to self-antigens were expected to
activate an adaptive immune response against SARS-CoV-2 and hy-
pothesized to be utilized in nucleic acid vaccines [84].

10. Vaccines overview

Recently, there have been several attempts to create vaccines against
human Corona virus infections, however, all were limited due to their
wide diversity of sequences [85]. Several vaccines and immunotherapies
have been tried during the latest viral epidemics such as Zika, Ebola and
the previous CoVs family infections. Most of these trials have been
investigated firmly to assess their applicability and usefulness in pre-
venting the current pandemic [86].

Most of the current CoV vaccines attempts are targeting the S protein
of the virus as it is the principal promotor of antibodies development and
T-cell responses making it the perfect candidate in vaccines develop-
ment strategies. Examples of these vaccines are the ones involving the
full length S protein or other appropriate parts of it or S1 receptor
binding domain or virus like particles (VLP), viral vectors or DNA
[85,87-89].

The most efficient vaccine should enhance the production of block-
ing antibodies that target the S1 subunit receptor binding domain to
block the binding of the S1 protein of the virus to its receptor, in addition
to blocking the viral RNA uncoating. Chen et al., has demonstrated that
the C-terminal domain of the S1 subunit of porcine Deltacoronavirus
contains the immunodominant region that evolves the strongest block-
ing effect [90]. Furthermore, because of RBD capability to trigger the
formation of neutralizing antibodies, both recombinant peptides con-
taining RBD and recombinant vectors encoding RBD may be promising
for the production of successful SARS vaccines [88].

Kim et al has shown that nasal administration of recombinant
adenovirus-based vaccines that express MERS Spike protein into mice,
enhances the production of IgG and secretory IgA antibodies as well as
inducing the activation of T lymphocytes and development of memory
cells which reside mainly in lungs giving those mice life-long immune
responses [91].

Moreover, a study which compared the effect of rabies virus as a viral
vector against Gram-positive enhancer matrix (GEM) as a bacterial
vector; both expressing MERS Spike protein; they found that the viral
vector vaccine gave the mice markedly stronger cell mediated immune
response and faster humoral immunity [92]. Additionally, knowing that
there are many similarities between SARS and MERS, the applicability of
designing one vaccine working against all CoV family viruses was
investigated and they found that there could be a possible cross-
reactivity among CoVs [93].

Also, since SARS-CoV-2 and SARS exhibit antigenic similarity, vac-
cines developed against SARS could be cross-reactive against SARS-CoV-
2 [94]. However, when the sequences of the full-length S protein of
SARS-CoV-2 were compared with those of SARS, they found that the
most variable regions exist in the S1 subunit of spike protein which is
normally the main target of most developed vaccines [95]. This may
assume the difficulty of designing one common efficient vaccine for both
viruses [96].

The nucleocapsid (N) protein and the possible B cell epitopes of
MERS E protein have been recommended as feasible targets that could
initiate cell mediated and humoral immune interactions [97]. In addi-
tion, reverse genetic approaches were applied in live-attenuated vac-
cines to deactivate the exonuclease effects of non-structural protein 14
(nspl4) or to eliminate the envelope protein in SARS [85]. Avian in-
fectious bronchitis virus (IBV) is a chicken Corona virus and it was
suggested by Bijlenga that strain H of avian live virus IBV vaccine might
be helpful in protecting against SARS [98]. Since this vaccine is
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depending mainly on the production of neutralizing antibodies, so it
could be suggested as another effective choice for protection against
SARS-CoV-2 after assessing its efficacy in monkeys [99].

11. Passive immunization

Observing that infected individuals with SARS infection have effi-
cient neutralizing antibodies after their recovery, it was postulated that
the use of monoclonal antibodies may be efficient in controlling CoV
infections after the exposure to the virus [87].

A clinical trial study involving the administration of a group of
monoclonal antibodies directed against six specific epitopes in MERS S
protein which are responsible for receptor binding and membrane fusion
has started [100]. Similarly, targeting many S protein epitopes may be a
promising strategy to augment the humoral immune response against
CoVs infections. The cross-reactivity of monoclonal antibodies directed
against SARS RBD is significantly based on the similarity among RBDs of
CoVs [101].

These cross-reacting SARS RBD-specific antibodies can be tested for
effectiveness in SARS-CoV-2 patients. Hence, comparative studies are
needed to compare receptor binding domains of SARS-CoV-2 with those
of SARS in order to determine the appropriate antibodies to be investi-
gated clinically [102].

The development of totally human antibodies as human single-chain
antibodies or humanized-nanobodies could be possible through tech-
nology, these antibodies (transbodies) could traverse the host cell
membrane to interrupt the viral replication process through binding to
one or more of the viral proteins. Examples of these transbodies are
those directed against influenza, hepatitis C virus(HCV), Ebola, and
Dengue viruses [103].Therefore, it could be a good option in treating
COVID-19 patients with transbodies directed against the SARS-CoV-2
intracellular peptides as papain-like proteases, cysteine-like protease
or any other non-structural proteins to inhibit the viral replication ma-
chinery safely [104].

12. Animal models used in vaccine development

Unfortunately, adequate animal models for assessing Corona viruses’
vaccines are not available easily rendering the vaccine production cycle
difficult. Succeeding in developing an appropriate animal model which
could imitate the clinical condition in humans would be an effective tool
to explore the pathophysiology of the disease and help to evaluate the
suitable vaccines and treatments with the minor possible harmful ef-
fects. In fact, different types of animals have been used to assess SARS,
MERS, and SARS-CoV-2 infections. Examples of these animals are mice,
guinea pigs, hamsters, rabbits and rhesus macaques [105].

Several attempts were done to develop suitable animal models for
SARS, however, the specificity of the virus to ACE2 was a significant
obstacle. Then, Yang et al., succeeded in developing an appropriate
transgenic mouse model through the introduction of hACE2 gene into
the mouse genome [106]. As for MERS, the initial animal model used for
development of its vaccine was rhesus macaques. The animal models
showed clinical symptoms similar to those occurring in humans such as
pyrexia, cough and decreased appetite [107]. In addition, other animal
models were used for MERS including the common marmoset where the
clinical condition progressed to fatal pneumonia. Fortunately, anti-
bodies production as well as activated cell mediated immune response
could be identified in these animals after exposure to MERS vaccine
[108]. Furthermore, golden Syrian hamster was used as animal model to
evaluate the vaccine development process against several strains of
SARS to assess the virus pathophysiology as well as the vaccine effec-
tiveness and safety [109].

Incapability of MERS to replicate in the lungs of mice, hamsters or
ferrets made these animals inapplicable animal models for it. These
animals are naturally susceptible to SARS but resist MERS infection.
However, Zhou et al., have been succeeded in modifying them
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genetically to be able for MERS infection and replication [110]. Such
efforts for genetic modification of these small animals including mice
and rabbits to enable them to be susceptible to such viral infections,
though time consuming, but are favored as these models are more cost-
effective and easier to be manipulated when compared with larger an-
imals [111]. More studies are required to identify the most appropriate
animal models for the novel SARS-CoV-2. This will involve determining
the degree of specificity of the virus to its receptors on host cells as well
as investigating its pathophysiology and specific immune response.

13. Strategies of developing specific SARS-CoV-2 vaccine

Some mRNA vaccines have been developed for SARS-CoV-2
(Table 1.), they encode stable form of S protein before its fusion to the
host cell membrane and depend mainly on a recent genetic technique
which does not involve viral culture in the laboratory but in the human
body instead. This method involves mRNA fragments that encode the
viral proteins which are then injected into the body, subsequently, the
viral proteins are presented by the antigen presenting cells to be
recognized by T and B lymphocytes to start the activation of the host
antiviral immune response [7]. Currently, there are many candidate
mRNA vaccines that have been approved by WHO [112].

DNA vaccines reflect the new evolutionary path of vaccine produc-
tion. Genetic manipulation is used to generate the vaccinations pro-
duced through recombinant DNA processing. Basically, the DNA which
encodes the target protein is inserted into the appropriate cell line or
microorganism by a plasmid or viral vector where the DNA is then
converted to a protein. Afterwards, the product is extracted by purifi-
cation technique [113]. One of the advantages of DNA vaccines is that it
is easy to manufacture such plasmids in big amounts in addition to the
long-life immunity they could provide [113]. INO-4800 vaccine is a
DNA based vaccine whose preclinical investigations have been done in
animal models to test its results and efficacy and fortunately, has shown
good primary outcomes, it was then proceeded to enter human clinical
trial, phase I where it involved 40 healthy individuals who are receiving,
each, 2 doses of the vaccine with 4 weeks interval in between, then their
antibody responses were assessed [114]. After showing promising re-
sults in this phase, it proceeded to phase II/III clinical trials [112].

Similarly, nineteen SARS-CoV-2 protein subunit candidate vaccines
are approved by WHO. Examples include capsid-like particle AdaptVac,
Drosophila S2 insect cell expression system VLPs and peptide antigens
formulated in lipid nanoparticle formulation [112]. Protein Subunit
vaccines include some epitopes of the virus usually produced through
recombinant DNA techniques or viral culture [115]. One advantage of
this type of vaccines is the relatively fewer number of antigens, hence
lower chance of potential side effects. However, this low number of
antigenic epitopes could elicit weaker immune response but this disad-
vantage is treated by conjugating such epitopes with adjuvant proteins
to bypass this weakness [116].

Additionally, many replicating and non-replicating viral vector
candidate vaccines are being tested for efficacy and safety. Replicating
viral vectors such as measles, influenza vector expressing RBD and
horsepox vector expressing S protein as well as non-replicating viral
vectors such as adenovirus type 5 vector are proceeding to clinical trials
with favorable initial results in the preclinical phase [112]. AZD1222 is
a non-replicating viral vector vaccine under clinical trial (formerly
known as ChAdOx1 nCoV-19) that is using adenovirus vector and tar-
geting SARS-COV-2 S protein resulting in generation of humoral im-
mune response with production of immunoglobulins against the virus
and acceptable safety profile [117].

Another advanced strategy is the production of vaccines that are
formed of virus like particles (VLPs) such as parts of the viral surface
proteins. This is a complex procedure that involves processing these
particles into more immunogenic proteins that could initiate the host
antibody and cell mediated immunity [118]. VLP vaccine expressing
viral RBD as well as plant derived VLP are being tested pre-clinically and
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Table 1
Summary of SARS-CoV-2 vaccines that reached phase 3 of human clinical trials approved by WHO, January 5, 2021.!
SARS-COV-2 vaccine manufacturer Vaccine Type of candidate vaccine Number of Timing of Route of
platform doses doses administration
1 University of Oxford/ AstraZeneca Non-replicating ChAdOx1-S - (AZD1222) (Covishield) 1-2 0,28 days Intramuscular
viral vector injection
2 Sinovac Research and Development Co., Ltd  Inactivated virus ~ SARS-CoV-2 vaccine (inactivated) 2 0,14 days Intramuscular
injection
3 Wuhan institute of biological products/ Inactivated virus  Inactivated SARS-CoV-2 vaccine (Vero cell) 2 0,21 days Intramuscular
China National Biotec Group Co/ injection
Sinopharm
4 Sinopharm/China National Biotec Group Inactivated virus  Inactivated SARS-CoV-2 vaccine (Vero cell) 2 0,21 days Intramuscular
Co/ Beijing Institute of Biological Products injection
5 Moderna/NIAID RNA vaccine mRNA —-1273 2 0,28 days Intramuscular
injection
6 CanSino biological Inc./Beijing institute of Non-replicating Recombinant novel coronavirus vaccine 1 Day 0 Intramuscular
biotechnology viral vector (Adenovirus type 5 vector) injection
7 Gamaleya Research Institute; Health Non-replicating Gam-COVID-Vac Adeno-based (rAd26-S + rAd5-S) 2 0,21 days Intramuscular
Ministry of the Russian Federation viral vector injection
8 Janssen Pharmaceutical Non-replicating Ad26.COV2.S 1-2 Day O or 0,56  Intramuscular
viral vector days injection
9 Novavax Protein subunit SARS-CoV-2 rS/Matrix M1-Adjuvant (Full length 2 0,21 days Intramuscular
recombinant SARS CoV-2 glycoprotein injection
nanoparticle vaccine adjuvanted with Matrix M)
10 BioNTech + Fosun Pharma; Jiangsu RNA vaccine BNT162 (3 LNP-mRNAS) 2 0,28 days Intramuscular
Provincial Center for Disease Prevention injection
and Control + Pfizer
11  Anhui Zhifei Longcom Biopharmaceutical Protein subunit Recombinant SARS-CoV-2 vaccine (CHO Cell) 2-3 0,28 days or Intramuscular
-+ Institute of Microbiology, Chinese 0, 28, 56 days injection
Academy of Sciences
12 CureVac AG RNA vaccine CVnCoV Vaccine 2 0,28 days Intramuscular
injection
13 Institute of Medical Biology + Chinese Inactivated virus ~ SARS-CoV-2 vaccine (vero cells) 2 0,28 days Intramuscular
Academy of Medical Sciences injection
14  Research Institute for Biological Safety Inactivated virus ~ QazCovid-in® - COVID-19 inactivated vaccine 2 0,28 days Intramuscular
Problems, Rep of Kazakhstan injection
15  Cadila Healthcare Ltd. DNA vaccine nCov vaccine 3 0,28,56 days  Intradermal

! WHO. Draft landscape of COVID-19 candidate vaccines 2020 [Available from: https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate

-vaccines.

approved by WHO [112].

Inactivated viruses’ vaccines work through including the whole virus
which has been deactivated either chemically or physically. These
vaccines are more stable compared to other types of vaccines as they are
usually maintained in powder form, but unfortunately less effective and
more expensive due to its complicated production machinery [119].

Currently, the number of vaccines developed against SARS-CoV-2
which are in the clinical phase is 63 in addition to 172 other vaccines
in the pre-clinical stage. Many of the 63 clinical phases’ vaccines have
already reached phase III of clinical investigations and they are totally
diverse due to the critical necessity for fast vaccine development process
to fight the emerging serious infection (table 1). They include 6 inacti-
vated virus vaccines given as 2 intramuscular (IM) doses with 14, 21 or
28 days interval [112,120]. The one developed by Sinovac containing
aluminum hydroxide has demonstrated good results in the clinical trials
showing acceptable safety and efficacy profile in volunteers [81]. The
study included 144 vaccinators in phase I and 600 vaccinators in phase
II. The study subjects were grouped into 3 groups: those receiving a dose
of 3 ug (1st group), those receiving a dose of 6 ug group (2nd group) and
placebo group (3rd group). In the 0,14 days dosage timing pattern, side
effects occurred at a percentage of 29% in the 1st group, 38% in the 2nd
group and 8% in the 3rd group while in the 0, 28 dosage timing pattern,
the frequency of side effects was 13% in the 1st group, 17% in the 2nd
group and 13% in the 3rd group. Neutralizing immunoglobulins were
found in 46% of the 1st group, 50% of the 2nd group and in none of the
3rd group on day 14 after the 0, 14 days vaccination doses while they
were found in 83% of the 1st group, 79% of the 2nd group and 4% (one
person) in the 3rd group in the 0, 28 days vaccination pattern. Regarding
phase 1II study, it showed occurrence of side effects in 33% of the 1st
group, 35% of the 2nd group, and 22% of the 3rd group in the 0, 14 days
vaccination pattern while they appeared in 19% of the 1st group, 19% of

the 2nd group, and 18% of the 3rd group in the 0, 28 days vaccinations.
Neutralizing antibodies were detected in 92% of the 1st group, 98% of
the 2nd group, and 3% of the 3rd group in the 0, 14 days vaccinations
while in the 0, 28 days vaccinations, they were found in 97% of the 1st
group, 100% of the 2nd group, and 0% of the 3rd group. These data
recommended that the 3 ug dose of this vaccine should be suggested for
the efficacy evaluation in phase III clinical trial [120].

The WHO list also includes non-replicating viral vector vaccines such
as AZD1222 manufactured by AstraZeneca and university of Oxford
which revealed promising safety, tolerance and immunogenicity in
phase I/II clinical trials with few adverse reactions such as pain,
tenderness and fever which could be relieved by simple antipyretics and
analgesics, the Adenovirus type 5 vector vaccine developed by CanSino
Biological Inc./Beijing Institute of Biotechnology which showed a safe
and efficient immune response at a dose of 5 x 10 viral particles per mL
in the previous clinical trials as well as Gam-COVID-Vac adeno-based
vaccine (rAd26-S + rAd5-S) developed by Gamaleya Research Institute
and Health Ministry of the Russian Federation and the Ad26.COV2. S
vaccine encoding a perfusion stabilized S protein developed by Janssen
Pharmaceutical which showed, in its preclinical study, that a single shot
of the vaccine was able to induce strong neutralizing antibody response
and protect the rhesus macaques [81].

Two protein subunit vaccines have been also joining this phase III
list; the SARS-CoV-2 rS/Matrix M1-Adjuvant (Full length recombinant
SARS CoV-2 glycoprotein nanoparticle vaccine adjuvanted with Matrix
M) developed by Novavax and the recombinant SARS-CoV-2 vaccine
(CHO Cell) by Anhui Zhifei Longcom Biopharmaceutical/Institute of
Microbiology/Chinese Academy of Sciences [109,112].

RNA based vaccines such as the mRNA —1273 vaccine developed by
Moderna/National Institute of Allergy and Infectious Diseases (NIAID),
BNT162 vaccine (3 LNP-mRNAs) by BioNTech/Fosun Pharma/Jiangsu
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Provincial Center for Disease Prevention and Control/Pfizer and the
CVnCoV Vaccine by CureVac AG have been also investigated in phase III
clinical trials in addition to one DNA vaccine; the INO-4800 + electro-
poration vaccine by Inovio Pharmaceuticals/International Vaccine
Institute [112]. For the BNT162 vaccine, phase I/1II clinical trials have
demonstrated an efficient neutralizing antibody response after the 2nd
shot of the vaccine though most of the volunteers have shown mild to
moderate reaction symptoms following the vaccine administration [25].
The antibody titers were evaluated at days: 0,7 and 21 after the 1st shot,
at days 7 and 14 after the 2nd shot. For all the 3 different doses of the
vaccine at day 21 after the first shot, geometric mean concentrations of
specific IgG were between 534 and 1778 U ml~! which are higher than
those found in COVID-19 patients following 14 days of a positive
confirmatory SARS-CoV-2 PCR test. At day 7 after the 2nd shot (dosage
of 10-pug and 30-pg), the geometric mean concentrations of specific IgG
had elevated to 4813 and to 27,872 U ml ™}, respectively and maintained
their high levels at the last point of evaluation after the 2nd shot while
for the dosage of 100 pg, the Ab concentrations did not rise more at day
21 after the first shot [121]. Regarding the mRNA —1273 Moderna
vaccine, no severe side effects were noticed among the studied subjects
and it elicited neutralizing antibody response in addition to promising
CD4 T cell responses involving Thl lymphocytes [122]. Neutralizing
antibody titers increased quickly following the 1st dose of the vaccine;
for the dose of 25 pg, the geometric main titer was 323,945 among the
vaccinators of age group (56-70 years old) and 1,128,391 among those
of 71 years old and older while for those who got the 100 pg dose, the
titer was 1,183,066 and 3,638,522, respectively for both age groups.
High serum neutralizing antibodies persisted following the 2nd dose of
the vaccine in all vaccinators and similar results were reported for the
18-55 age group participants who showed higher neutralizing Ab titers
than those obtained from convalescent sera [123].

14. Summary and future perspectives

The novel corona virus, SARS-CoV-2, is one of the most challenging
crises that faced the whole world since the 1918 Influenza outbreak
unveiling the hidden weaknesses of the health care systems globally and
urging the need for efficient and safe vaccines and therapies develop-
ment. Luckily, vaccine research has advanced dramatically over the last
period, with the creation of multiple types of RNA and DNA vaccines,
approved viral vector vaccines, recombinant peptides in addition to cell
culture based immunotherapies [124]. Based on the high similarity
between SARS-CoV-2 and SARS, the identification of S protein, present
in both viruses and responsible for virus binding to the host cell mem-
brane and its internalization into the cell has been facilitated and pro-
posed as the main target for many vaccines under trials. This will help in
quick production of neutralizing antibodies that bind to the S protein
and hence prevent the infection process. Nevertheless, although many S
protein targeting vaccines have been developed already aiming to pro-
tect against SARS and MERS, most of them did not give the desirable
results when tested in animal models or caused severe harmful effects as
lung injury or multiorgan failure [125,126]. In addition, it is not well-
known whether the infection with this virus involves lifelong immu-
nity nor the possibility of re-infections which urge researchers all over
the world to continue their research on this topic to explore the exact
pathophysiology of the virus and to develop a highly effective vaccine
and treatment.

However, the specific immune signaling pathways stimulated by
SARS-CoV-2 are still to be well identified as this may ensure a great hope
in revealing the reliable and significant biological markers to be targeted
in vaccines and immunotherapies to block the cytokine storm occurring
in most of the severe cases. Moreover, since it is known that the innate
immunity stimulates many signaling pathways, it would be more
promising to target various signaling pathways simultaneously during
treatment which should include a combination of specific cytokine
blockers, corticosteroids as well as S1PR1 agonists instead of

International Immunopharmacology 94 (2021) 107439

administering only one drug as this may enhance the chance of recovery
especially in advanced cases. Therefore, more studies are needed to
evaluate if this combination of drugs could protect the patients against
the progression of lung damage and multi organ failure compared with
single target drug regime plans.

Finally, all the above-mentioned issues illustrate some of the main
holes in our understanding of COVID-19 physiological implications,
fundamental immune signaling mechanisms, and effective vaccines
development strategies that prospective studies desperately need to
tackle.
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