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Coronavirus disease 19 (COVID-19) continues to challenge most scientists in the search of an effective way to
either prevent infection or to avoid spreading of the disease. As result of global efforts some advances have been
reached and we are more prepared today than we were at the beginning of the pandemic, however not enough to
stop the transmission, and many questions remain unanswered. The possibility of reinfection of recovered in-
dividuals, the duration of the immunity, the impact of SARS-CoV-2 mutations in the spreading of the disease as
well as the degree of protection that a potential vaccine could have are some of the issues under debate. A
number of vaccines are under development using different platforms and clinical trials are ongoing in different
countries, but even if they are licensed it will need time until reach a definite conclusion about their real safety
and efficacy. Herein we discuss the different strategies used in the development of COVID-19 vaccines, the
questions underlying the type of immune response they may elicit, the consequences that new mutations may
have in the generation of sub-strains of SARS-CoV-2 and their impact and challenges for the efficacy of potential

vaccines in a scenario postpandemic.

1. Introduction

The SARS-CoV-2 coronavirus, etiologic agent of COVID-19 has been
so far responsible for more than 66,872,117 cases of infection and more
than 1,536,855 deaths worldwide [1]. Great advances in the knowledge
of the biology of this new coronavirus and the natural history of the
disease have been reached. However, there is no effective treatment
available yet and the efforts to find a drug or treatment to impair virus
infection and/or to decrease the spread of the disease are still ongoing
[2].

The primary target of SARS-CoV-2 infection is the lower respiratory
tract causing flu-like illness with symptoms such as cough, fever, fatigue
and arthralgia. However, the presentation and the course of the disease
can range from asymptomatic to mild respiratory infections and pneu-
monia. Some infected patients develop more severe disease with acute
respiratory syndrome distress (ARD) about 7-10 days after onset of
symptoms, following a rapid viral replication, increased pro-
inflammatory cytokine production, “cytokine storm”, as well as che-
mokine responses and inflammatory cell infiltrates [3-5]. Among other
risk factors identified, age has shown to be an important factor for the
development of a more severe disease. Younger individuals often are
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asymptomatic or present mild symptoms and thus might have a crucial
role in the spread of the disease [6,7]. During viral infection both innate
and adaptive immune responses play a role in the pathogenesis of
SARS-CoV-2. Specific motifs present in some SARS-CoV-2 protein
structure or mediators released by infected damaged cells are recognized
by the conserved innate pattern recognition receptors (PRRs) and seems
to be involved in the modulation of the immune response. An important
feature in the pathophisiology of SARS-CoV-2 is the overproduction of
early pro-inflammatory cytokines such as tumor necrosis factor (TNF),
IL-6 and IL-1f which may lead to increased risk of vascular hyper-
permeability, multi organ failure and eventually death if the high con-
centrations of cytokines is not controlled [8-10]. Moreover, it has been
observed that adults with COVID-19 often present a decrease in both
CD4+ and CD8 + T-cell subsets at the early stage of the disease what
could contribute to virus replication and disease severity in some pa-
tients [11].

Innate immunity is important to inhibit viral replication and clear-
ance, as well as to induce tissue repair and a prolonged immune response
[12]. In this context, type I interferons (IFN-I, IFNa, IFNB) play an
important role in conferring antiviral activity in host cells. However, it
seems that SARS-CoV-2 have evolved mechanisms to evade IFN antiviral
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activity [13]. Nevertheless, given the complexity of COVID-19 patho-
physiology, type I interferons may have different roles at different stages
of infection or at mild versus severe COVID-19 patients [14]. Despite
these findings, the immunity profile in COVID-19 is not completely
understood.

Even before COVID-19 was declared a pandemic on March 11th,
2020 [15]; efforts trying to develop a vaccine against SARS-CoV-2 had
been initiated, when the first viral genomic sequence became available
in early January. However, the recognition of the pandemic intensified
and induced a rush for the development of vaccines in different coun-
tries. Thus, considering the rapid global spread of SARS-CoV-2 infection
and the increasing death toll, development of an effective vaccine
became priority. As result, great advances in a shorter time than ex-
pected for this research field was conquered, and several vaccine can-
didates are currently in phase II/IIl in China, UK, USA, Russia, Brazil and
other countries [16].

Vaccines have played an important role in public health for decades
to help prevent diseases like mumps, polio, rubella and yellow fever.
Yet, we still have not understood well about their durabilities. Several
questions have been raised regarding the novel vaccines being devel-
oped for SARS-CoV-2, specially concerned to the efficacy and durability.
This review will highlight important structure-function relationships of
key SARS-CoV-2 proteins with focus on their role in pathogenesis and
ability to elicit immune responses. We also will discuss the impact of
new mutations in the genome of SARS-CoV-2 and how these changes can
contribute for the emergence of new sub-strains with novel fitness and
transmissibility ability, which could circumvent the efficacy and dura-
bility of the vaccines under development.

2. SARS-CoV-2 genome organization, molecular structure and
biological features

Determination of SARS-CoV-2 coronavirus structure and genome
organization was pivotal to get insights on the mechanisms of viral
infection and replication as well as to map immunogenic protein motifs
that can elicit protective host immune responses. Moreover, detailed
knowledge of the structural organization of targeted proteins has been
helpful in the screening, identification and development of potential
drugs and vaccines for treatment and prevention of COVID-19 [17-20].
Genome sequence analysis demonstrated close resemblance of
SARS-CoV-2 to other pathogenic coronaviruses reported earlier such as
SARS-CoV and Middle East Respiratory Syndrome Coronavirus (MER-
S-CoV) [21,22]. SARS-CoV-2 genome is 29.9kb in size and shares
approximately 82 % nucleotide sequence identity and > 90 % protein
sequence identity for essential enzymes and structural proteins with
SARS-CoV and MERS-CoV coronaviruses [22,23]. In fact, SARS-CoV-2
contains four major structural proteins: spike (S), envelope (E), mem-
brane (M) and nucleocapsid (N), which are very similar to the
mentioned coronaviruses and could explain some common features of
the pathogenesis mechanism (Fig. 1).

SARS-CoV-2 coronavirus belongs to a group of enveloped viruses
containing a positive single-stranded RNA genome [24]. They are
named for their crown-like spikes present on their surface. Coronavi-
ruses are distributed into four main sub-groupings known as alpha, beta,
gamma and delta [25,26]. The alpha- and beta- coronaviruses have been
receiving more attention due to their ability to cross animal-human
barriers and become human pathogens [27]. Gama coronaviruses
infect avian species while delta coronaviruses infect both mammals and
birds. The beta-coronaviruses group, which SARS-CoV-2 belongs, can be
further classified into four viral lineages named A-D [28].

The SARS-CoV-2 genome comprises 13-15 open reading frames
(ORFs) from which 12 are functional encompassing 11 protein- coding
genes and 12 expressed proteins [29]. The genomic RNA has a 5’-cap
and a 3’-poly(A) tail and is used for immediate translation of viral
proteins once it gets inside of host cells. The ORFs are preceded by
transcriptional regulatory sequences with highly structured
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Fig. 1. Structure of SARS-CoV-2 showing the main structural proteins. The
virus consists of four major structural proteins: spike (S), envelope (E), mem-
brane (M) and nucleocapsid (N). S, E and M are located in the lipid bilayer
envelope while the N protein encapsulates the virus RNA genome.

unstranslated regions (UTRs) and are arranged sequentially following a
typical 5°-3° direction [30]. The replicase polyprotein 1la (PP1la) and
polyprotein 1ab (PPlab) are encoded by the ORFs la and 1b respec-
tively. The polyprotein 1ab is the largest polyprotein and encompasses
the non-structural proteins (Nspl-16), which form the replicase com-
plex. The 3’ end of the virus genomic RNA encodes the major S, E, M,
and N structural proteins. These proteins play important role in viral
entry, host cell membrane fusion and mature viral structure integrity
[31-33]. Also, at the 3’ end are located nine ORFs coding for accessory
factors interspersed among or even overlapping the structural genes
[24] (Fig. 2). Accessory proteins are thought to play additional functions
that are not required for replication, but rather are involved in the
pathogenicity by modulating interferon signaling pathway [34]. Both
structural and accessory proteins are translated from a set of nested
subgenomic RNAs (sgRNAs) starting from a negative-sense RNA in-
termediates. Furthermore, the non-structural proteins (Nsps) are
essential in viral pathogenesis and are involved in the modulation of
early transcription regulation, gene transactivation, evasion of antiviral
response, immunomodulation in addition to participate in processes
related to virus replication and assembly [35-38].

After entry into host cells, the positive ssRNA viral genome acts as
messenger RNA (mRNA), which is translated by host ribosomes resulting
in the translation of the 2 co-terminal and large polyproteins that are
further processed by proteolysis mediated by 3C-like protease (3CLpro),
also known as Main protease (Mpro), and Papain-like protease (PLpro)
enzymes to generate smaller proteins [39]. These two enzymes together
with the RNA-dependent RNA polymerase (RdRp) protein are the major
enzymes involved in the proteolysis, replication and production of new
virions [32]. The resulting processed smaller proteins forms the
replication-transcription complex and the newly structural proteins
synthesized are then folded and packaged together with the replicated
genomic RNAs into new virions that are released to infect new cells and
spread the infection. Due to the crucial role of these major enzymes
together with the structural spike protein in the process of infection,
survival, replication and transmission of SARS-CoV-2, they have been
considered as potential targets for drug design and development of
vaccines.

Considering the similarity between SARS-CoV-2 and other beta-
Coronaviruses, many peptides previously identified in SARS-CoV and
MERS-CoV with potential to induce strong immune response were
thought to work well for SARS-CoV-2. Nonetheless, different from SARS-
CoV-2 RdRp and 3CLpro proteins, which share high sequence identity
with the SARS-CoV and MERS-CoV, the spike protein S is significantly
different, particularly in the two regions that interact with the host cell
receptor ACE2. This specific feature explains the reason why some
previously developed antibodies and peptides for SARS-CoV do not work
efficiently against SARS-CoV-2 [33].
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Fig. 2. Schematic diagram of SARS-CoV-2 genomic organization. The positive single stranded 5’ capped mRNA has a leader sequence (LS), poly-A tail at 3’ end,
and 5’ and 3’ UTR. The genome comprises ORFla, ORF1b, Spike (S), ORF3a,b, Envelope (E), Membrane (M), ORF6, ORF7a, ORF7b, ORF8, Nucleocapsid (N), ORF9
and ORF10. ORFla and ORF1b cover the 5° two-thirds of the genome and encode two large polyproteins, ppla and pplab that are cleaved by papain-like cysteine
protease (PLpro) and 3C-like serine protease (3CLpro) at the cleavage sites indicated by the black and grey triangles, into 16 non-structural proteins including the
mentioned proteases, the RNA dependent RNA polymerase (RdRp), Helicase (Hel/MTase) and functional domains Exonuclease (ExonN), Endonuclease (Nendo U)
and 2’-O-RNA methyltransferase (2'-O-MTase). The 3’ one-third end of the genome encodes the structural and accessory proteins.

3. Mechanism of infection and SARS-CoV-2-induced human
immune response

The first step in the infection by SARS-CoV-2 is the binding of the
virus structural protein S to the host cell through its target receptor
angiotensin-converting enzyme 2 (ACE2). The glycoprotein S consists of
two subunits: the subunit S1 contains a receptor-binding domain (RBD)
that interacts with the ACE2 receptor while the S2 subunit mediates the
fusion of viral and host cell membranes via formation of a six-helix
bundle fusion core [40,41]. The serine protease TMPRSS2 also partici-
pates in this process by cleaving the S protein and allowing the fusion of
its S2 subunit with cellular membrane [42]. It is believed that the for-
mation of neutralizing antibodies targeting RDB-S1 or S2 region may
block binding of protein S to ACE2 and prevent membrane fusion and
entry of the virus into cells, inhibiting SARS-CoV-2 infection [43,44].

To better understand immunity towards the SARS-CoV-2 it is
important to recall the basic concepts of the immune response. Innate
immunity is the first line of defense against pathogens and comes from
germline through both myeloid hematopoietic such as neutrophils,
monocytes, and macrophages, and non-hematopoietic lymphoid such as
natural killer [NK] and y8 T cells. Adaptive immunity actions mainly via
T cells and B cells characterized by their somatic genetic diversification
of antigen-specific responses [45]. Acquired or adaptive immunity is
established at the level of the individual, either through natural infec-
tion with a pathogen or through immunization with a vaccine [46].

A variety of clinical manifestations and different outcomes have been
observed in patients with COVID-19 suggesting the complexity of the
interaction of this new coronavirus with human host. It has been shown
that immune response against SARS-CoV-2 involves different arms of the
immune system including tissue barriers, innate and adaptive response
as well as modulatory molecules mediators. The infection and destruc-
tion of lung cells triggers a local immune response recruiting immune
cells that release cytokines and prime adaptive T and B-cell responses. In
most individuals this process is capable of resolving the infection.
However, in some cases a dysfunctional immune response occurs, which
triggers a cytokine storm that mediates widespread lung inflammation
and leads to a severe form of COVID-19. This severe disease may lead to
damage to other organs including the heart and brain [47-49].

After infection, the median incubation period of COVID-19 has been
estimated approximately 4-5 days before symptoms onset [6,50,51].
However it has also been shown that around 97 % of symptomatic

patients develop symptoms within 11.5 days and it includes fever, dry
cough and less commonly, difficulty in breathing, muscle and/or joint
pain, headache, dizziness, diarrhoea and nausea [52-57]. Some in-
dividuals also experience temporary loss of taste (dysgeusia) and smell
(anosmia) [58-60]. Within 5-6 days of symptoms onset, SARS-CoV-2
viral load reaches its peak [4,61]. Although majority of
SARS-CoV-2-infected individuals are asymptomatic or have mild
symptoms, severe COVID-19 patients can progress to acute respiratory
distress syndromes (ARDs), which occurs on average around 8-9 days
after symptom onset and is characterized by difficulty in breathing and
decreased blood oxygen level [3,8,53]. ARDs are the cause of death in 70
% of the fatal cases of COVID-19 [8]. Studies with SARS-CoV have
shown that infection reduces ACE2 expression in lung cells and this
downregulation is considered to be an important factor in the COVID-19
pathophysiology [62,63]. The reason for this is related to ACE2 regulate
the renin-angiotensin system (RAS) which is known to modulate blood
pressure and fluid electrolyte balance. Therefore, a reduction of ACE2
function would enhance inflammation and vascular permeability in the
airways [64]. Earlier studies have shown that the virus targets specially
airway epithelial cells, alveolar epithelial cells, vascular endothelial
cells and macrophages in the lung where ACE2 is expressed [64-67].

After epithelial or other type of cells are infected, the replicating
SARS-CoV-2 can cause cell lysis and promote direct damage to the tissue.
Infected epithelial cells may present virus antigens to CD8 + T cells,
which together with natural killers (NK) cells become cytotoxic to the
virus-infected epithelial cells, leading them to perforin/granzyme
induced apoptosis. Dendrictic cells also can recognize antigens and
present them to CD4+ T cells and induce their differentiation into
memory Thl and Th17 as well as memory T follicular helper (TFH)
effector CD4 + T cells. Each cell subtype expresses different transcrip-
tion factors, which regulate the function and cytokine secretion pattern
of the cells and build the immune response. The TFH cells can help B-
cells to divide into plasma cells (PC) and synthetize IgM, IgA and IgG
anti- SARS-CoV-2 specific antibodies. The diversity of antibody pro-
duction during viral infection demonstrate the ability of adaptive im-
mune response to try to overcome the obstacles imposed by the virus.
Tissue macrophages can also mediate antigen presentation to CD4 + T-
cells (Fig. 3).

Noteworthy, severe lymphopenia and eosinopenia are often
observed and related to a defect in antiviral and immune regulatory
immunity. T lynphocytopenia has been inversely correlated with
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Fig. 3. Immune response against SAR-CoV-2 infection. 1. SARS-CoV-2 infects ACE2 expressing target cells such as alveolar epitelial type 2 cells in the lungs. 2.
Virus may overcome induced antiviral Interferon (IFN) responses leading to uncontrolled replication. 3. Neutrophils and monocytes/macrophages are recruited to
the site of infection and may cause overproduction of pro-inflammatory cytokines such as IL-6, IL-8, IL-12,TNF-a and others, involved in the immunopathology of
COVID-19 in the lungs known as “cytokine storm”. Both humoral and cellular immune responses are elicited. 4. Infected epithelial cells may present virus antigens to
CD8 + T cells, which together with natural killers (NK) cells become cytotoxic to the virus-infected epithelial cells leading to apoptosis. 5. Dendrictic cells (DC)
present virus antigen to CD4 + T cells and induce their differentiation into memory Th1 and Th17 as well as memory T follicular helper (TFH) effector CD4 + T cells.
6. Activated B-cells and plasma cells synthesize IgM, IgA and IgG anti- SARS-CoV-2 specific antibodies. 7. Macrophages and dendrict cells present antigens to CD4 + T
cells via MHC-TCR interaction. 8. Memory T cells subset are produced and may provide immunity against reinfection with the same virus strain for a period still not

well established.

increased peripheral pro-inflammatory cytokines in COVID-19 patients
[68,69]. Furthermore, low CD8 + T cell count has been considered a
predictor for high mortality risk and illness severity [70]. These obser-
vations support the hypothesis that unbalanced adaptive immune re-
sponses can potentially induce detrimental effects on acute infected
patients. Also, it has been suggested that SARS-CoV-2 may infect human
T-cells via a novel route that involves the CD147 receptor, known as
Basigin or EMMPRIN, expressed on the surface of T-lymphocytes [71,
72]. Although still controversial, the interaction between SARS-CoV-2
and T cells could interfere with immunity. CD147 plays a role in dif-
ferentiation, cell proliferation, migration, inflammation and apoptosis
[73]. Thus, activation of downstream CD147 signaling pathway could
lead to T-cell apoptosis or contribute to severity of COVID-19, however
there is no study addressing this issue and a recent study found no evi-
dence that the proposed CD147 can act as receptor for SARS-CoV-2 [74].

SARS-CoV-2- specific CD4+ and CD8 + T cells have shown to exhibit
strongest response directed to the spike protein and produce effector and
Thl cytokines, such as interferon gama (IFN-y) and tumor necrosis
factor alpha (TNF-a), in addition to Th2 and Th17 cytokines, such as
interleukin (IL)-4, IL-5, IL-13 and IL-17. While Th1 cells are responsible
for cell-mediated immune responses, Th2 are responsible for humoral-
mediated immunity [75]. It has been shown that IL-17 can act on
antigen-presenting cells (APCs) such as macrophages and dendrictic
cells and induce cytokine and chemokine production [76]. SARS-CoV-2
T-cell responses have been detected not only to the spike protein S but
also to M, N and other ORFs encoded proteins, although the response

was more robust against spike protein, the main target of the most
vaccines [77]. Thus, cytokine kinetics during COVID-19 has been crucial
for understanding the fine balance between immunity and inflammation
at different sites of infection.

Interestingly, reactive T cells was also detected in some health con-
trol patients not previously exposed to SARS-CoV-2, indicative of
possible cross-reactivity due to past infection with coronaviruses prob-
ably from “common cold” [78]. SARS-CoV-2 seropositivity rates have
been shown to vary from 2 to 73% in individuals who have probably not
been exposed to the virus [79]. It is known that at least seven types of
coronaviruses naturally infect humans. Besides SARS-CoV-2, severe
acute respiratory syndrome coronavirus (SARS-CoV), and Middle East
respiratory syndrome coronavirus (MERS-CoV) can cause severe acute
respiratory illnesses. On the other hand, four endemic genotypes, such as
229E, NL63, 0C43 and HKU1, usually cause mild upper respiratory tract
infections, and thus can be classified as low-pathogenic human coro-
naviruses [80]. Therefore, considering the genetic relationship among
different coronaviruses, it is not surprising that cross-reactivity may
occur and be detected in serologic assays at different degrees and in
different localities. Notwhithstanding, genetically attenuated virus can
induce antibodies in animal models that neutralize both SARS-CoV and
SARS-CoV-2 [17]. However, when spike protein is used as antigen,
human sera seems to contain only antibodies that neutralize one type of
virus [81].

Not less important, genetic susceptibility to infectious disease has a
close relation to the major histocompatibility complex antigen loci
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(HLA) [82,83]. Antigen receptors on CD4+ or CD8 + T-cells recognize
the conformational structure of the antigen-binding -grove together with
the associated antigen peptides. Thus, HLA molecules with increased
binding specificities to SARS-CoV-2 virus peptides on the cell surface of
presenting cells seems to be advantageous to individuals with deter-
mined HLA haplotype. Notwhistanding, host factors and population
heterogeneity can contribute significantly to variability in cross reac-
tivity and susceptibility to infection, specially due to the major histo-
compatibility complex antigen loci (MHC-HLA) [84] and possibly to
polymorphisms in the gene ACE2 that encodes the receptor used for
virus entry into host cells. The latter has been subject of controversial
debate and need more studies to reach a conclusion [85]. MHC class I
HLA-B*46:01 genotype was shown to have the fewest predicted binding
peptides for SARS-CoV-2, suggesting that individuals with this allele
may be particularly vulnerable to COVID-19, as they were previously
shown to be for SARS. In contrast, HLAB*15:03 showed the greatest
capacity to present highly conserved SARS-CoV-2 peptides that are
shared among common human coronaviruses, suggesting that it could
enable cross-protective T-cell-based immunity [86].

COVID-19 severe patients experience symptoms where pneumonia,
acute respiratory distress syndrome and cytokine storm become part of a
complex immunopathological condition [6,87]. Development of
neutralizing antiviral T-cell and antibody immunity is observed in the
majority of patients with self-limiting viral respiratory disease at one
week post infection. Immunoglobulin (Ig)M and IgA titers against
SARS-CoV-2 can be detected in median 5 days after symptom onset
while IgG titers, 14 days [88]. These antibodies have been used as a
measurement to predict population exposure to SARS-CoV-2 as well as
to determine the cross-reactivity with other coronaviruses [89].
Regarding the duration of anti-SARS-CoV-2 antibodies in individuals
that have recovered from COVID-19 there are no conclusive response. In
one study, anti-SARS-CoV-2 IgG responses have been detected in most
patients with either severe or mild disease, at 9 days after onset of
infection and the antibody levels remained high throughout the study
period which endured about 35-40 days [90]. On the other hand, titers
of anti- SARS-CoV-2 IgG antibodies were found to decay in asymptom-
atic and early convalescent individuals after 90 days of onset of symp-
toms [91,92]. New studies have shown that IgA and IgM antibodies
against RBD region of the spike protein were short-lived with median
times to seroreversion of 71 and 49 days after symptom onset. Never-
theless, IgG antibodies decayed slowly through 90 days and these anti-
bodies strongly correlated with anti S-neutralizing antibody titers [93].
Additionally, another study reported detection of IgA, IgM and IgG anti
-SARS-CoV-2 not only in serum but also in the saliva of acute and
convalescent patients and IgG could be detected for up to 3 months [94].
Interestingly, it has been reported cases of people presenting positivity
for SARS-CoV-2 in molecular tests without detectable levels of protec-
tive IgG antibodies. Moreover, a recently published work analysed the
antibody levels in 254 patients who had COVID-19, during a period of
five months and demonstrated that SARS-CoV-2 IgG antibodies pro-
gressively decreased in outpatient and asymptomatic patients during
observation up to five months post infection [95]. Together, these re-
sults indicate that acquired immunity by people with COVID-19 may not
be lasting suggesting concerns about the long term efficacy of potential
vaccines being developed. On the other hand, the apparent controversy
on the durability of IgG could possibly be explained by variations in the
methodology employed in different studies or be indicative of a more
relevant role of cellular protective immune response. The most common
technique used to measure anti-SARS-CoV-2 antibody titers is an
enzyme-linked immunosorbent assay (ELISA). While some authors
measured anti spike protein receptor-binding domain (RBD) IgG anti-
bodies, others measured antibodies anti whole spike protein or nucleo-
capsid from SARS-CoV-2 [96]. As mentioned before, spike protein is
present in a variety of coronaviruses and may be an important factor to
be considered in terms of cross-reactivity and interpretation of kinetics
of antibodies against SARS-CoV-2 infections. Also, some cases of
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putative reinfection have been recently reported suggesting the possi-
bility of waning immunity and arguing in favor of a decay in antibody
titers overtime. Although reinfection is currently subject of intense
debate, a number of studies has been reporting cases of a second episode
of positive SARS-CoV-2 infection after recovery [97]. In some cases, the
patient follow up was not well conducted and the appropriate control
tests were not performed, casting doubt about a true reinfection and
suggesting only a persistent virus shedding [98]. A series of six cases
reported in Brazil, suggest the possibility of reinfection but the results
could also be due to viral reactivation [99]. On the other hand, a second
episode of COVID-19 was reported in an asymptomatic patient from
Hong Kong following a first symptomatic episode. SARS-CoV-2 whole
genome sequencing was performed directly on respiratory specimens
collected during the two episodes of COVID-19. Interestingly, viral ge-
nomes from first and second episodes were shown to belong to different
clades/lineages [100]. If the virus can be reactivated after a while
following recovery from a infection is an open question. Therefore, the
possibility of true SARS-CoV-2 reinfection remains unclear and further
studies are required.

Although it is not clear the mechanisms by which SARS-CoV-2 can
subvert the body’s innate antiviral cytokine responses in some patients,
it is known by studies with other coronaviruses, that multiple viral
structural and non-structural proteins can antagonize interferon re-
sponses. Some identified mechanisms include preventing recognition of
virus RNA, preventing downstream interferon signaling pathway or
inducing host mRNA degradation and inhibiting host protein translation
[101-103].

On the other hand, dendritic cells play an important role in immune
responses by their plasticity and unique ability to induce naive T cell
activation, coordinate and regulate adaptive immune responses. They
are a heterogeneous group of cells that act as the strongest antigen-
presenting cells (APCs) and effectively stimulate the activation of B
and T lymphocytes, thus combining innate and adaptive immunity.
Notwithstanding, it has been shown that dendritic cells were signifi-
cantly reduced or showed functional impairement in acute COVID-19
patients [104]. Dendritic cells are targeted through the interaction of
virus S protein with dendritic cell —specific intercellular adhesion
molecule 3-grabbing non-integrin (DC-SIGN) [105]. This adhesion
molecule was initially discovered as an attachment factor for HIV virus
and by interacting with viral glycoproteins augments infection [106].
DC-SIGN and the related protein DCSIGNR (also termed L-SIGN) have
been shown to enhance infection in a variety of viruses including
SARS-COV [107,108]. By targeting the C-type lectin DC-SIGN, viruses
can subvert dendritic cell functions to scape immune surveillance [109].

Viral proteins such as “spike” are exposed to adaptive immune
response and are the main targets of host antibodies [110]. The mech-
anisms underlying the generation of specific antibodies directed to a
virus infection involve the production of antigenic peptides from viral
proteins by the immune system B-cells. These peptides bind to the major
histocompatibility complex (MHC) and then are presented at the cell
surface to other cell subsets. The naive B-cells can also become stimu-
lated by another type of cell named helper-T-cell and become a plasma
cell able to produce antibodies. The diversity of antibodies generated by
different stimulated B-cells have different binding epitope and protein
sequences in a specific region of the antibody which may confer different
degrees of affinity to antigens. Nevertheless, viruses in a broad sense,
have developed mechanisms to escape immune responses through rapid
evolution of antibody-targeting epitopes, steric shielding of epitopes by
glycan post-translational modifications, immune decoys such as soluble
antigens that share viral spike epitopes, and immunosuppression to
evade host recognition upon cellular entry [110]. Surface proteins
outside of the virus structure are generally selected for antigens aiming
therapeutic use, so that antibodies generated from a vaccine-primed
B-cell can bind to the virus for neutralization. However, strain-specific
antigens introduced as vaccines may have its use limited if variability
somehow alter the antigen protein structure that may act as a
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mechanism of scape from the immune recognition [111].

Some of the stimulated B and T lymphocytes may become memory
cells and persist for months or years in the body, allowing the mounting
of faster and stronger responses in case of a new virus infection. Trained
immunity is a term used for immunological memory and is thought to
affect and prevent spread of virus infection. This property of lympho-
cytes is the basis of vaccine efficacy against specific infections [112].

Development of immunological memory and persistence of virus
recognition memory responses are key for the long term-protection from
SARS-CoV-2 reinfection and the durability of potentially successful
vaccines. The humoral and cellular memory responses was analyzed in
15 COVID-19 recovered individuals who presented mild symptoms.
Sustained neutralizing IgG antibodies and memory B-cells as well as
SARS-CoV-2 specific memory T-cell were detectable up to 3 months and
more than 3 months post symptom onset respectively [113,114]. The
molecular mechanisms underlying long term reprogramming of immune
cells are epigenetic in nature. To reach the memory status, the previ-
ously challenged cell needs to access regions of the genome that contain
the target sequences and the regulatory elements of the genes involved
in these processes. This process is regulated through durable epigenetic
modifications, which allow unfolding of the chromatin and accessibility
of transcription factors to the promoter and enhancer regions of the
involved immune-related genes [115].

4. SARS-CoV-2 target proteins and strategies for vaccine
development

Structural proteins that are exposed at the viruses surface are more
likely targets for a vaccination approach. These include the envelope
spike protein S, the small envelope protein E, the matrix protein M and
the nucleocapsid protein N, although the latter is unexposed at the
surface. The spike S protein is a glycoprotein composed of 1273 amino
acids with three subunits S1, S2 e S2’ and is the major component of the
SARS-CoV-2 envelope [116]. It is essential for host receptor binding and
virus entry, and among the other viral proteins is the main focus of
vaccine development. The three subunits of S protein act differently
during the process of binding to the host cell receptor ACE2 and undergo
conformational changes induced upon its entry into the endosomes of
the host cell [33]. Sland S2 subunits form functional prefusion trimer
after proteolitic cleavage. The RBD region of the S1 domain undergoes a
hinge like conformational movement, which is an important determi-
nant of host cell receptor binding [117]. Interestingly, SARS-CoV-2 S
protein has a 4 amino acid insertion (PRRA) in the S1/S2 cleavage site
which is different from SARS-CoV. This insertion results in a polybasic
RRAAR furin-like cleavage motif that enhances infection in lung cells
[26,118]. This demonstrate that the RBD region in the S protein is the
most variable part of the SARS-CoV-2 and has implications with the
virus pathogenesis. Potential targets for a putative SARS-CoV-2 vaccine
were identified based on previous immunological studies performed
with the beta coronavirus SARS-CoV. In one study, a set of B- and T-cells
epitopes derived from the spike and nucleocapsid proteins that map
identically to SARS-CoV-2 proteins were identified. The screening of
these epitopes took into consideration only one hundred twenty
SARS-CoV-2 genomic sequences available at the beginning of the
COVID-19 pandemic (February 2020), and no mutation were observed
in these epitopes at that time. A population coverage analysis of the
associated MHC alleles was performed and based on that, it was pro-
posed an estimated set of epitopes that could provide broad coverage
[119]. It seems that the entire RBD region remains conserved in
SARS-CoV-2 isolates, and some rare non-synonymous mutations in the S
protein have been described V483A, L4551, F456 V and G476S [120].
However, as new genomic sequences are known novel mutations may be
revealed that could impact the pathogenicity of SARS-CoV-2.

As of December 7th 2020 there was more than 245,000 genomic
sequences available from SARS-CoV-2 isolated from different countries
at different times since December 2019, according to the Global
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Initiative on Sharing All Influenza Data [121]. Therefore, it would be
important to keep the analysis of SARS-CoV-2 genomes to identify and
determine the potential biological effects of novel mutations in the
epitopes identified preliminarly.

5. Brief history of vaccines, challenges and types of COVID-19
vaccines under development

The known vaccines currently available for different diseases such as
Haemophilus influenzae type b, measles, mumps, polio, rubella among
others, prevent millions of illnesses worldwide and immunization
currently prevents 2-3 millions deaths every year, according to the
World Health Organization [122]. Most vaccines have been created by
adaptation of living organisms to growth conditions that attenuate their
virulence, by preparation of suspensions of killed microrganisms or
concentration of proteins or polysaccharides purified from pathogens
[123,124]. However, modern technologies have provided new tools
with which vaccines can be developed. These technologies have opened
new possibilities to explore the cellular immune responses in addition to
antibody responses essential for the success of almost all vaccines [125,
126].

The first vaccine ever developed has been attributed to Edward
Jenner in 1798, who used material from cowpox pustules to prevent
smallpox. However, the origin of the first vaccine happened long before,
as a consequence of the occurrence of infectious disease in humans.
There is evidence that the Chinese have employed smallpox inoculation
or variolation, as such use of smallpox was named, as early as 1000 CE
[127]. With the medical and technological advances over the next 200
years from the first vaccine, smallpox was considered eradicated in
1980, making vaccinia one of the most successful vaccine to date.
However, it is important to note that significant side effects in the first
recipients and serious, sometimes fatal, effects were observed in a pro-
portion of individuals. This was particularly due to the lack of quality
control at the initial phases of this vaccine [124]. Following the small-
pox vaccine, in 1885 Louis Pasteur’s rabies vaccine was the next to
demonstrate a great impact on human disease. Pasteur introduced the
concept of attenuation by exposing bacterium to adverse growth con-
ditions. Since then, a number of successful vaccines have been devel-
oped, although amid of controversies, like the two poliovirus vaccines
which employed both inactivated and live virus. The former developed
by Jonas Salk [128] and the latter by Albert Sabin [129]. In the 1960s
three attenuated-virus vaccines were developed: one against measles
virus, other against mumps virus and another against rubella virus. In
the 1970s, varicella zoster vaccine was developed based on the princi-
ples of virus attenuation by passage in guinea pig cells. The 1980s were
marked by the emerging of two important strategies for vaccine devel-
opment: the conjugation of bacterial capsular polysaccharides to pro-
teins and the recombinant DNA Technology, also known as genetic
engineering. The first strategy was important in the initial development
of Haemophilus influenzae type b vaccine and later in the development of
conjugated vaccines by coupling diphtheria toxoid to the H. influenzae
type b capsule and diphtheria or tetanus toxoids conjugated to menin-
gococci and pneumococci, which were very efficacious to almost elim-
inate the diseases caused by meningococci and pneumococci in
countries that used these vaccines. The second strategy led to the
development of a vaccine against hepatitis B virus, the first to use ge-
netic engineering approach, and then other vaccines were developed
like the vaccine against human papillomaviruses, lyme disease, rotavi-
ruses and yellow fever. Thus, the advent of the recombinant DNA
technology opened a new era for the development of vaccines [124].

Rational development of vaccines began to be used in the mid-20th
century, when immunology advanced to a point of distinguish protec-
tion mediated by antibodies and that mediated by lymphocytes and
when passage in cell culture permitted the selection of attenuated mu-
tants [130]. Later, other tools and approaches have been used to develop
successful vaccines, such as protection studies in animals, by inference
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from immune responses with demonstrated protection against repeated
natural infection [131], and from the use of passive immunization
(antibodies) against specific antigens to verify if those antigens should
be included in vaccines. However, along the history of vaccine devel-
opment became clear that the success of a potential vaccine candidate
depends on understanding of which type of immunological response is
protective. While some vaccines induce a protective humoral response
others depend on cellular immunity as it became clear in the case of
M. bovis bacille Calmette-Guérin and varicella zoster virus vaccines for
instance [132,133]. As new pathogenic virus emerge, more knowledge
we need on the mechanism of pathogenicity and how the immune sys-
tem is affected to use appropriate tools to develop effective vaccines.
This has been important if we consider diseases for which natural im-
munity is absent or inadequate such as HIV/AIDS and recently, the new
coronavirus SARS-CoV-2 for which efforts to develop a vaccine has
resulted in hundreds of putative candidates at unprecedented speed.

Despite all the advances in the field of vaccinology concerns about
vaccine safety still persist for some types of vaccines and include the fear
that attenuated or inactivated virus vaccine can replicate into human
cells and spread in the population or recombine resulting in new path-
ogenic strains [134].

6. Available platforms for the development of vaccines

Along the history of vaccine development several strategies were
used based on the knowledge of the specific pathogens. Inactivated and
live attenuated vaccines were the two platforms used in the beginning.
With the emergence of breakthrough technologies new platforms were
designed.

Inactivated vaccines use chemicals or physical methods or a combi-
nation of the two to inactivate the virus. Some of the agents used include
ascorbic acid, ethylenimine derivatives, psorlens hydrogen peroxide,
gamma irradiation, UV treatment, heat, formaldehyde and p-Propio-
lactone. However, only the two latter have been widely used for inac-
tivation of licensed human viral vaccines in the last decades [135]. The
live attenuated vaccine requires a genetic manipulation to create weak
versions of the virus that limit the replication process, cause no disease
but it is able to induce immune response similar to the ones observed in
natural infections. Although live attenuated vaccines have been associ-
ated with genetic instability and residual virulence [136], several stra-
tegies are used to deal with these issues including recombination,
deletion mutants, codon deoptimization, recombination and control of
replication fidelity [123]. Different approaches can be used to achieve
virus attenuation such as growing the virus under unfavorable condi-
tions like suboptimal temperature and different host cells or genetically,
by deleting genes involved in counteracting innate immune recognition
or by codon deoptimization [137,138].

Protein based vaccines consist of specific imunogenic proteins puri-
fied from the virus or virus-infected cells. It can also consist of recom-
binant proteins or supramolecular structures known as virus-like
particles (VLPs). VLPs may contain copies of one or more viral proteins
that assemble into nanoparticles of 10—200 nm [139]. They resemble
viruses but are replication-deficient since they do not carry viral genetic
material. For this reason they are considered safer than whole-virus
based vaccines [140,141].

Vectored vaccines are based on a carrier virus such as an adeno or
pox virus which has been modified to carry a gene from a virus of in-
terest. When this vaccine is given to a recipient, the gene will be
expressed and protective immune responses will be generated. The key
aspect of the vectored vaccines is the gene they carry. In some cases the
relevant gene to be used in a vaccine is obvious like the haemagglutinin
of measles or the G protein of rabies virus, however in practice, more
genes may be required to elicit a protection than a immune response to a
single antigen. Although vectored vaccines have been subject of devel-
opment by many biotech companies and generated licensed gene ther-
apy products and veterinary vaccines, no licensed human vaccines has
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been granted so far [124]. Some factors may contribute for this result
including completeness, duration and protective efficacy of the immune
response generated, commercial concerns related to large scale pro-
duction to meet global demand and availability of other easier options
[124]. Among vectored vaccines there are two categories:
Non-Replication vectors and replication vectors. While non-replication
vector vaccines enter cells and produce the vaccine antigen but are
unable to replicate, the replication vector vaccines infect cells and be-
sides the production of pathogens specific antigen they also are able to
replicate and produce infectious viral vectors that will then infect new
host cells and express more antigens able to stimulate a immune
response.

Finally, nucleic acid -based vaccines uses DNA or RNA as strategy to
express imunogenic viral proteins. DNA vaccines are based on plasmid
DNA to carry pathogen genes and can be produced in large scale. RNA
vaccines work on the same principle as DNA based vaccines except it
does not need to be translocated to the nucleus to be transcribed into
RNA to be expressed. They can be based on mRNA or self-replicating
RNA. However, considering the fact that mRNAs are not very stable
they are synthesized with modified nucleosides to prevent degradation
and a carrier molecule, such as lipid nanoparticles, is necessary to enable
entry of the RNA into cells [142] (Fig. 4).

6.1. COVID-19 vaccines under development

Pontential antivirals and other treatment alternatives under devel-
opment are important to treat infected individuals and to decrease dis-
ease burden during current COVID-19 pandemic. However, only
effective vaccines will be able to prevent and control the disease as ex-
pected. Several vaccines against SARS-CoV-2 are currently in clinical
trials at different phases, some of them reaching the final steps to be
licensed in different countries (Table 1). By 22nd september 2020, the
World Health Organization (WHO) estimated that 38 candidate vaccines
were in clinical evaluation and 149 in pre-clinical evaluation [16].
These vaccines have been developed using different platforms including
non-replicating or replicating viral vectors, live attenuated virus, inac-
tivated virus, RNA, DNA, recombinant protein subunits and virus-like
particles (VLPs) vaccines.

Thus more than 180 vaccines against SARS-CoV-2 using different
platforms are currently under development or already being tested in
humans. Previous work on vaccines developed for MERS-CoV and SARS-
CoV have shown that both humoral and cellular immune responses are
important to induce protection against infection [143,144]. In this
context, some vaccines based on recombinant viral vectors have
demonstrated this ability to induce both responses and built protective
immunity after one or two doses [145,146]. However, vaccination
experimentation against SARS-CoV-2 in non-human primates have
shown that neutralizing antibodies, but not T-cell response correlates
with protection [147]. Furthermore, it has also been shown that in these
animal models, infection with SARS-CoV-2 is able to protect against a
re-infection [148].

SARS-CoV-2 inactivated vaccines have been produced by growing
the virus in cell culture, such as Vero cells, and performing chemical
inactivation [149,150]. Examples of this type of vaccine include the
vaccine named coronavac, developed by the Chinese company Sinovac
Biotech Ltd., and the vaccines developed by the companies Bharat
Biotech in India and by the Research Institute for Biological Safety
Problems in Kazakhstan. Inactivated vaccines are generally adminis-
tered via intramuscular and requires an adjuvant to induce immune
response. This type of vaccine elicits immune response directed to
different virus proteins and not only S-protein since the whole virus is
being used to challenge the immune system. A pilot-scale production of
an inactivated vaccine candidate, named BBIBP-CorV, was reported that
is able to induce high levels of neutralizing antibodies titers in mice, rats,
guinea pigs, rabbits, and nonhuman primates. This vaccine was given at
two-dose immunization regimem and provided efficient protection
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o Fig. 4. Different platforms used for development of COVID-
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against SARS-CoV-2 intratracheal challenge in rhesus macaques [150].

A heterologous COVID-19 vaccine consisting of a recombinant
adenovirus type 26 (rAd26) vector and a recombinant adenovirus type 5
(rAd5) vector was recently developed in Russia. In this vaccine both
vectors carry the SARS-CoV-2 Spike protein gene. In two open, non-
randomised phase 1/2 studies (clinical trials NCT04436471 and
NCT04437875) it was demonstrated that two formulations (frozen and
lyophilised) of the vaccines presented good safety profile and induced
strong humoral and cellular immune response in the 76 enrolled par-
ticipants [151]. This vaccine named Sputnik V, has just completed phase
III clinical trial and was approved for vaccination in Russia beginning
December 5th 2020.

A randomised, double-blind, placebo-controlled, phase two trial was
performed to assess the immunogenicity and safety of one candidate
non-replicating adenovirus type-5 (Ad5)-vectored COVID-19 [152]. 508
participants 18 years or older eligible to participate were randomly
assigned to receive the vaccine (1 x 10! viral particlesn = 253; 5 x 10%°
viral particles n=129) or placebo (n=126). It was shown that both
doses of the vaccine induced significant neutralising antibody responses
to live SARS-CoV-2 after a single immunisation. No serious adverse re-
actions were documented but solicited adverse reactions were reported
in 73 % and severe adverse reactions in 9 % of the participants [152].

The university of Oxford and AstraZeneca developed a recombinant
vaccine (AZD1222), formely known as ChAdOx1 nCoV-19, by using a
non-replicating chimpanzee adenovirus to deliver a SARS-CoV-2 spike
protein to induce an immune response. Preclinical studies indicated that
this vaccine is able to induce rapid immune responses mediated by type
-1 and type-2T helper cells against SARS-CoV-2 in mice and rhesus
macaques [153]. A phase 1/2, single-blind, randomised controlled trial
with 1077 enrolled volunteers demonstrated acceptable safety profile
and induction of both humoral and cellular immune responses [154].
Currently this vaccine entered a multi-site phase III clinical trial in the
United States and is being evaluated in Phase 2/3 trials in the U.K. and

Brazil and in a Phase 1/2 trial in South Africa. The Janssen Pharma-
ceutical Companies of Johnson & Johnson developed the recombinant
adenoviral vector vaccine JNJ-78436725 also known as Ad.26.COV2.S.
Preclinical studies demonstrated that the vaccine induced robust
neutralizing antibody responses and provided complete or
near-complete protection in bronchoalveolar lavage and nasal swabs
after SARS-CoV-2 challenge [155]. This vaccine is currently at phase III
clinical trial.

NVX-CoV2373 is a recombinant nanoparticle vaccine consisting of
trimeric full-length SARS-CoV-2 spike glycoproteins, with the polybasic
cleavage site deleted and the two stabilizing proline mutations, and
Matrix-M1 adjuvant. Phase 1-2 clinical trial was performed with 131
healthy adult participants 18-59 years of age where two-dose regimens
of 5pg and 25 pg of rSARS-CoV-2 plus the Matrix-M1 adjuvant were
used. The results demonstrated absence or mild reactogenicity, which
was more common in participants who received the Matrix-M1 as
adjuvant but no severe adverse events. This vaccine was able to elicit
immune responses that exceeded levels in COVID-19 convalescent
serum and the Matrix-M1 adjuvant induced CD4 + T-cell responses that
were biased toward a Thl phenotype [156].

Many advanced vaccine candidates have been using emerging
technology platforms. The mRNA-1273 developed by Moderna is an
example of nucleotide based vaccines. Similar to tradicional live-virus
vaccines, it delivers a genetic sequence into a host cell and co-opt host
machinery to express antigens of interest. However, the mRNA template
is transported by synthetic lipid nanoparticle instead of weakened SARS-
CoV-2. In this vaccine the spike protein is the target used to elicit a
immune response. Another nucleic acid based vaccine named BNT162
mRNA was developed by Pfizer and BioNTech. It passed phase III clinical
trial enrolling up to 44,000 participants globally and it was approved on
December 2nd for emergency use by the Medicines & Healthcare
Products Regulatory Agency (MHRA) in the United Kingdon, paving the
way for mass vaccination. This vaccine became the first one to be
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Table 1
Main vaccines against SARS-CoV-2 under Phase II/III clinical trial.
Name Developer Platform Target Status
AZD1222 University of Oxford & AstraZeneca Adenovirus (non-replicating) Spike protein Phase IIT
(ChAdOx1nCoV19)
Ad5-nCoV CanSino Biologics Adenovirus (non-replicating) Spike protein Phase II
Ad26-SARS-Cov-2 Johnson & Johnson - Jannssen Adenovirus (non-replicating) Spike protein Phase
/1
Sputinik V Gamaleya Research Institute of Epidemiology and Heterologous Adenovirus -Ad5 and Spike protein Phase
Microbiology Ad26 (non-replicating) r
INO-4800 Inovio Pharmaceuticals DNA Spike protein Phase I/
I
Unnamed Osaka University/ AnGes/ Takara Bio DNA Spike protein Phase I/
I
Unnamed Cadila Healthcare Limited DNA undisclosed Phase I/
1II
GX-19 Genexine Consortium DNA Spike protein Phase I/
I
BNT162 BioNTech and Pfizer RNA 3CLpro, NSP5, Mpro, other Phase
1’
mRNA-1273 Moderna and NIAID RNA Spike protein Phase III
Unnamed Curevac RNA Spike protein Phase 1/
1II
ARCT-021 Arcturus/Duke-NUS RNA (Lipid nanoparticle) Spike protein (prefusion) Phase I/
I
Unnamed Wuhan Institute of Biological Products and Sinopharm Inactivated virus Whole virus Phase I/
1II
BBIBPCorV Beijing Institute of Biological Products and Sinopharm Inactivated virus, plus adjuvant Whole virus Phase I/
I
CovidVax Institute of Medical Biology and Chinese Academy of Medical Inactivated virus Whole virus Phase I/
Sciences I
CoronaVac (PiCoVacc) Sinopharm/Sinovac Biotech Inactivated virus, plus adjuvant Whole virus, (Spike RBD main ~ Phase III
immunogen)
Unnamed Research Institute for Biological Safety Problems, Rep of Inactivated virus, plus adjuvant Whole virus Phase I/
Kazakhstan I
Covaxin Bharat Biotech Inactivated virus Whole virus Phase I/
I
EpiVacCorona Vector Institute - novosibirsk Protein subunit Synthetic peptide antigens Phase I/
1I
SCB-2019 Clover Biopharmaceuticals Protein subunit Spike trimer Phase I/
I
NVX-CoV2373 Novavax Protein subunit Spike protein (prefusion) Phase I/
1II
Unnamed Anhui Zhifei Longcom Biopharmaceutical/Institute of Protein subunit Spike protein (RBD dimer) Phase I/
Microbiology, Chinese Academy of Sciences I
Unnamed Kentucky Bioprocessing, Inc Protein subunit Spike protein (RBD) Phase I/
I
Unnamed Sanofi Pasteur/GSK Protein subunit (baculovirus Protein subunit Phase I/
production) I

# Vaccination campaign started in Russia on December 5th, 2020.
b Vaccination programme started in UK on December 8th, 2020.
Source: ClinicalTrials.gov.

granted emergency use by a health regulatory agency.

A next generation vaccine strategy was reported where antigen
optimization and nanoparticle display were combined to create a self-
assembling protein nanoparticles (SApNPs) to use receptor binding
domain (RBD) from SARS-CoV-2 spike protein as antigen. The nano-
particles induced neutralizing antibody response as well as T-cell im-
munity in murine animal model [157].

It has been proposed that the bacillus Calmette-Guérin (BCG) vaccine
against tuberculosis could reduce the severity of COVID-19. This hy-
pothesis was based on epidemiological studies suggesting a negative
association between BCG vaccination policy and the prevalence and
mortality of COVID-19 [158,159]. The supposed protection effect is
thougth to be mediated by the general long-term boosting of innate
immune mechanisms [160]. Interestingly, the hypothesis that BCG
vaccine may protect against unrelated infectious agents and specially
respiratory tract infections, particularly in children, was strengthened
by a study in Guinea-Bissau showing that BCG reduced the incidence of
respiratory syncytial virus infection in Indonesia [161,162]. Studies
trying to understand the cellular and molecular mechanisms of this ef-
fect has revealed some interesting results. BCG vaccination in healthy

volunteers leaded to enhanced production of pro-inflammatory cyto-
kines including IL-1f, tumour necrosis factor (TNF) and IL-6, following
ex-vivo stimulation of monocytes with unrelated pathogens. Addition-
ally, transcriptional, epigenetic and metabolic reprograming were
observed in myeloid cells of vaccinated individuals [163,164]. BCG
vaccine is a live attenuated vaccine that was developed at the beginning
of the 20th century against tuberculosis. While there are data suggesting
a protective effect of BCG vaccine, there are no definitive proof of
causality. A phase III clinical trial double-blind, randomized
placebo-controlled is currently ongoing to compare the efficacy of BCG
vaccination to that of placebo in reducing severity of COVID-19
(NCT04534803). Similar study is being performed in Brazil with
Healthcare workers in a research collaboration between Oswaldo Cruz
Foundation (Fiocruz) and the Murdoch Children’s Research Institute, in
Australia.

Despite all the challenges imposed by COVID-19 pandemic as
demonstrated above we are being able to at least develop promising
vaccines candidate at record speed. Based on the preliminary results
obtained so far for different vaccines there is reason to believe that
successful vaccines will be soon released for mass vaccination and
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decrease the mortality observed around the world. Nevertheless, even if
COVID-19 vaccines are developed, continuing follow up must occur to
assess how long the protection will last and how the dynamics of
transmission will change overtime. Vaccine-induced immunity wanes
overtime and the protection level differs with each disease. As it happens
with influenza, mumps, pertussis, and yellow fever, it is important to
realize that immune responses against all these diseases, may disappear
at a faster rate than appreciated, and this fact call the attention for the
timing of booster shots recommended by health officials [165]. For
instance, it has been demonstrated by assessing transmission dynamic of
measles in Japan, that despite verification of measles elimination,
multiple generations of transmission have occurred following importa-
tion events in 2016. Therefore it was suggested that despite vaccination,
because importation events may continue, supplementary vaccination of
adults should be considered [166].

Additionally, the question about how long a vaccine-induced pro-
tection can last was subject of another study aiming to investigate 10
years immune response and long term safety profile of a vaccine. It was
evaluated the effect of human papillomavirus HPV-16/18 AS04-adju-
vanted vaccine in females aged between 15 and 55 years at first vacci-
nation. After 10 years, seropositivity rates for anti-HPV-16 remained
high (>96.3 %) in all age groups while seropositive for anti-HPV-18 was
99.2 % for aged group 15—25-years old compared to 93.7 % and 83.8 %
for 26—45-years old and 45—55-years old group, respectively [167]. In
this case, vaccine elicited sustained immunogenicity suggesting long
term protection against HPV, however, this is not always true for all
vaccines.

Thus, it is important to keep the surveillance since we still do not
have the whole picture of COVID-19 natural history and the role of
mutations in the emergence of new SARS-COV-2 sub-strains with novel
properties as discussed below.

7. The impact of virus mutations for the transmissibility,
pathogenesis and efficacy of potential vaccines

Genetic variability of viruses due to mutations is of considerable
medical and biological relevance as it has great impact not only in the
prevention and diagnosis of infectious disease but also for potential
therapy perspectives. Mutations can be considered as the ground for
evolution since they can provide the necessary variation upon which the
natural selection can act and generate diversity [168]. Nevertheless, not
always mutations are beneficial to the organism, in fact most of them are
not and may have as consequence organisms leaving fewer descendants
overtime. In contrast, the mutations that are beneficial may provide
enough diversity to survival and better fitness of an organism facing an
changing environment.

RNA virus in general have a higher mutation rate compared to their
hosts and these high rates are correlated with enhanced virulence and
evolvability, traits that are considered beneficial for virus [169,170].
Mutagenesis in the viral genome depends on the enzymes involved in the
process of nucleic acid replication and is greatly influenced by few or no
proofreading or repair mechanisms. It is known that in most viruses,
RNA polymerase lacks proofreading activity, with few exceptions that
include coronaviruses such as SARS-CoV-2. In addition to mutations,
genomic recombination is a common event during the replication pro-
cess in coronaviruses and may have an important role in the generation
of diversity [171]. It has been demonstrated that coronaviruses recom-
bination is associated with increased spread, severe disease and vaccine
failure at least in livestock coronavirus epidemics [172,173]. Recom-
bination is driven by the non structural protein nsp14 3’-to-5" exoribo-
nuclease (Nsp14-ExoN). In vitro genetic inactivation of Nsp14-ExoN has
shown to significantly decrease the frequency and altered patterns of
recombination in both infected cells and released virions [171]. Thus,
the high rate of mutations observed in RNA virus due to the lack or
deficient proofreading activity, place them facing an apparent vital
paradox: high mutation rate leads to a genetic heterogeneity that help

10

Biomedicine & Pharmacotherapy 136 (2021) 111272

them to adapt and overcome environmental challenges such as host
switch, antiviral treatment and immune responses, but on the other
hand, the accumulation of excessive deleterious mutations can result in
errors that can lead the extinction of the viral species [169,174].

It seems that if an organism is subjected to variable environments
where it is less fit, an increased mutation rate would be favored allowing
the organism a greater chance to have a beneficial mutation that could
improve its fitness [170]. Thus the environment may exert a selective
pressure on the mechanisms involved in adjusting mutation rate by
controlling the replication process of large genomes organisms including
coronaviruses like SARS-CoV-2 which among other RNA virus contain
larger genomes and present 3'-5' ExoN activity differently from shorter
genome virus where this activity lacks [175]. The mutation rate esti-
mated based on the global diversity of SARS-CoV-2 was of ~6 x 10™*
nucleotides/genome/year, which is in the range to the rates calculated
for other RNA viruses [176].

Interestingly, a common feature of viruses is that increased trans-
missibility is accompanied by decreased virulence and this characteris-
tics can be observed for SARS-CoV-2. This is suggested by the finding
that infected patients from early stage of the pandemic in Wuhan
province presented more severe or critical disease compared to patients
from a later stage where the transmission started to increase or to in-
fections occurred in other regions like Zhejiang province at a later stage.
Genetic analysis of SARS-CoV-2 strains isolated at later stages of
pandemic demonstrated that mutations near a furin cleavage site
located at the surface of the spike protein could affect its structure and
the binding of the receptor ACE2 resulting in mild symptoms in infected
patients [177].

As the virus evolves overtime different lineages are formed and can
be grouped as clades. By December 7th, 2020 there was more than
245,000 SARS-CoV-2 genomic sequences available in the Global Initia-
tive on Sharing All Influenza Data database - GISAID [121]. These se-
quences were obtained from viruses isolated in different countries at
different times since december 2019. At the beginning of the pandemic
two types of viruses, classified as L type and S type, were identified
based on differences in two single nucleotide polymorphisms located in
ORFlab and ORF8 [178]. Further analysis with more genomes catego-
rized the virus into three types named A, B, and C regarding amino acid
changes and corresponding to outbreaks [179]. Later on, more clades
were revealed as new genome sequences were included in the database
such as V, G, GR, GH, T and O. Currently, these nomenclatures depend
on the database used. While Nextstrain [180,181] and GISAID [182]
databases provide a broad categorization based on globally circulating
SARS-CoV-2 diversity, cov.lineages.org database name lineages based
on the outbreaks [183].

Despite different used nomenclatures, whole genomic sequences
have been crucial to determine broad geographical and temporal trends
in the distribution of SARS-CoV-2 genetic clades. This approach may be
useful for epidemiological surveillance, investigation of transmission
dynamics and introduction of novel genetic variants, the understanding
of the impact of response measures on the virus population; the assess-
ment of the impact of mutations on the performance of antiviral drugs
and the modelling the antigenic properties of the virus to assess the risk
of escape from a potential vaccine [184].

A phylogenetic network analysis of SARS-CoV-2 genomes from
across the world revealed that they are under evolutionary selection in
the human host and sometime with parallel evolution events as indi-
cated by the emergence of same mutation in two different human host
[179]. A comparison of 10,022 SARS-CoV-2 genomes from 68 countries,
recovered from data repository, with a reference genome sequenced in
December 2019, revealed a total 65,776 variants with 5775 distinct
variants. From these 2969 were missense mutations; 1965 were synon-
ymous mutations, 484 mutations in the non-coding regions, 142 were
non-coding deletions, 100 in-frame deletions, 66 non-coding insertions,
36 stop codon variants, 11 frameshift deletions and two in-frame in-
sertions [185]. Khailany et al. [186] performed mutation analysis on
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ninety five SARS-CoV-2 complete genome sequences and found a total of
one hundred fifty six variations from which one hundred sixteen were
unique mutations. Among these mutations, the most frequent were the
8782 C > T in ORF1lab gene, the 28,144 T > C in ORF8 gene and the 29,
095 C>T in the N gene. The genome sequences investigated in this
study were from SARS-CoV-2 isolated at different times and from
different locations. The comparative analysis of genomic signatures
demonstrated a strong association between the time of sample collec-
tion, the location and accumulation of genetic diversity. Despite the
diversity observed, at the current stage of COVID-19 this variability is
considered a moderate genetic diversity with an estimated average
pairwise difference of 9.6 SNPs between any two genomes, which sup-
ports the hypothesis of a relatively recent common ancestor for
SARS-CoV-2 [176].

One mutation in particular has been calling the attention of several
researchers, the D614 G mutation which leads to a replacement of the
amino acid glycin in the spike protein S. It is believed that this mutation
interferes with the binding affinity of SARS-CoV-2 to its human cell re-
ceptor ACE2. This mutation is suspected to be related to increased
transmissibility of the strains that carry it. The shift from the original
D614 form to the G614 variant has been consistently observed in
different geographical regions worldwide and has become the most
prevalent form of SARS-CoV-2, suggesting a fitness advantage of the
variant [187]. A study performed in Houston, Texas, USA showed that
after genome sequencing of 5085 SARS-CoV-2 strains recovered from
two different waves of infection, virtually all strains in the second wave
presented the mutation D614 G. Moreover, patients infected with this
strain presented significantly higher virus loads in the nasopharynx on
initial diagnosis, although no significant evidence was found regarding
the relationship between virus genotype and altered virulence [188].
Moreover, it was recently demonstrated that this variant exhibits more
efficient infection, replication, and competitive fitness in human airway
epithelial cells, but maintains similar morphology and in vitro neutral-
ization properties, compared with the ancestral wild-type SARS-CoV-2
virus [189]. The results obtained so far related to the D614 G mutation,
suggests that when the population immunity reaches a level high
enough, it is possible that SARS-CoV-2 may find a way to overcome this
immune response. If this holds true, we could be in the same situation
with the flu regarding the durability of protection of potential vaccines.

Noteworthy, it was recently reported a new variant of SARS-CoV-2,
featuring a mutation A222V in the spike protein, circulating in
Europe. Although this mutation is not located at the RBD region, the
frequency of variants bearing this mutation is increasing within Europe
and it is demonstrating an age group bias towards young adults [190].
Moreover, another mutation (Y453 F) has been repeatedly found in
mink farms in Denmark, Italy, Spain, the Netherlands, Sweden and the
United States. This mutation has been identified in more than 300
SARS-CoV-2 genome sequences isolated from humans across the globe.
The finding of virus bearing this mutation in minks led Denmark au-
thorities to order the culling of millions of minks over the concern of
potential transmission to humans [191]. Further studies are necessary to
evaluate the potential risk of this mutation.

Despite the confirmation of the circulation of different SARS-CoV-2
sub-strains worldwide, it is still necessary to better understand the im-
plications of these variabilities for the severity and spread of the SARS-
CoV-2. In addition, since the possibility of reinfection with SARS-CoV-2
is not well understood, it is also important to determine at which degree
mutation could contribute to reinfection or to a second wave of trans-
mission as already observed in some countries. Most important, even if a
vaccine is developed we will still need to understand if and how these
new virus versions could affect the efficacy of a vaccine in use and the
endurance of the protection.

Since mutations may lead to escape from immune recognition, virus
sub-strains with different mutations should be taken into account during
development of vaccines. Thus, the identification and detailed charac-
terization of the effects of a particular mutation for the pathogenesis of
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SAR-CoV-2 is crucial. It has been shown that by using epitope infor-
mation along with variants of virus, the 23403A > G variant (D614 G at
protein level) in spike protein B-cell epitope is frequently observed in
European countries but in contrast it is rare in China [185]. Interest-
ingly, a detailed mutation map was performed in the spike protein and it
was identified mutations that could prevent binding of ten human an-
tibodies and possibly favor escape of virus from immune response [192].
Also, reinfection and relapse of COVID-19 have been reported in some
countries [193]. Secondary infection cases with SARS-CoV-2 have been
reported in Hong Kong [100], the Netherlands and Belgium [194],
Ecuador [195], Brazil [99] and the United States [196]. Important to
notice the second infection was more severe than the first infection at
least for the cases reported in Ecuador and in the United States. Genomic
analysis were performed in some of these reported cases and showed
significant differences between each variant associated with each time
of infection. Therefore, although still under debate, these observations
suggest that the difference found in the two SARS-CoV-2 specimens was
greater than could be expected for a short term in vivo evolution. Also,
there is still not a definitive answer about the degree which the immune
response mounted after a first infection could be protective against a
subsequent infection.

One of the hallmarks of a vaccine is the induction of long-term
protective immunity against the pathogen. However, one of the prob-
lems that can affect the efficacy of the vaccines is related to the possi-
bility of the induced immunity wane overtime and be less effective
against more virulent strains. Sub-strains can emerge due to genetic
mutations conferring functional differences associated to infectivity,
tissue tropism and even transmissibility. Considering a scenario where
most of population in the world is still susceptible to the SARS-CoV-2,
immunity may not be a major factor that could impact the evolution
of the virus. However, as the immunity reaches a wide range of the
population by natural infection or vaccination, it is possible that this
pressure select immune-evading mutations helping SARS-CoV-2 become
a more established and common infection, although less severe.

Finally, it is clear that understanding the molecular evolution of
SARS-CoV-2 is pivotal since the consequences of some mutations may
have implications for the formulation of vaccines and even if immunity
can be reached through infections or a vaccine, the selective pressure
could induce emergence of strains able to evade the immune response
requiring a continuous surveillance even post pandemic.

8. Concluding remarks

Generally vaccines are approved and come to market years before it
is really known how long protection endures. On the other hand,
interruption of protection can go unnoticed because a vaccine may
largely eliminate transmission and this way a reemergence of infection
may be rare. The truth is that the reason for the long lasting immunity
induced by some vaccines but not others is not completely understood,
however we know that it depends of the immunologic memory. Some
COVID-19 vaccines were recently approved before they have accom-
plished all the needed clinical trials and politicization is playing a
negative influence on this process. Vaccine safety is crucial and any
indication that demonstrate lack of safety may increase antivaccination
movements, which could jeopardize the desired effect of reaching herd
immunity. Currently we know much more about COVID-19 than we
knew at the beginning of the pandemic and this has helped somehow
decrease the rate of deaths compared to the number of cases. Even if
COVID-19 may be brought under control in the near future, unexpected
outbreaks and development of SARS-CoV-2 resistant to treatments or
even vaccines are highly possible due to new mutations.
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