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Abstract. At the end of 2019, a new disease recognized such
as severe acute respiratory syndrome (SARS), was reported
in Wuhan, China. This disease was caused by an unknown
SARS coronavirus 2 (SARS-CoV-2); a virus is characterized
by high infectivity among humans. In some cases, this disease
can be asymptomatic, while in other cases can induce flu-like
symptoms or acute respiratory distress syndrome, pneumonia
and death. For this reason, the World Health Organization and
Public Health Emergency of International Concern declared a
pandemic status in January 2020. Currently, numerous countries
have been involved in the development of effective vaccines to
protect humans against SARS-CoV-2 infection. The present
review will discuss the four vaccines, AZD1222 (AstraZeneca
or Vaxzevria), Janssen (Ad26.COV2.S), Moderna/mRNA-1273
and BioNTech/Fosun/Pfizer BNT162bl, that are currently in
use worldwide to understand their efficacy, but also evaluate the
difficulties and challenges of vaccine development. Although
several questions should be addressed regarding these vaccines,
the current review will examine the viral elements used in the
coronavirus-19 vaccine that can play a crucial role in inducing a
strong immune response, as well as the different adverse effects
that they can cause to individuals.
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1. The current history of COVID-19

Since December 2019, numerous cases of atypical pneumonia
were registered in Wuhan, China (1,2), and these were attrib-
uted to a novel coronavirus referred to as coronavirus-19
(COVID-19). Since January 2020, the number of COVID-19
cases has increased significantly worldwide, and thus, the
World Health Organization (WHO) declared a pandemic on
January 31st 2020. At present, the emergence of this virus
is a significant threat to worldwide public health. On August
18th 2021, data obtained revealed that since the start of the
outbreak, ~208,470,375 individuals have been diagnosed
with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection globally, and 4,377,979 deaths have
been reported by the WHO. Moreover, as of 18th August 2021
(at 6.39 p.m.) a total of 4,543,716,443 vaccine doses had been
administered (3).

Based on the latest scientific literature (1,2), SARS-CoV-2
can infect humans and spread easily and rapidly after its
binding with the human angiotensin-converting enzyme 2
(ACE2) receptor. The binding between the spike protein
and ACE2 occurs via proteolytic cleavage of ACE2 by
transmembrane serine protease 2. After binding, the enzyme
converts angiotensin I into angiotensin 1-9, which in turn is
converted to angiotensin 1-7 that acts on the Mas receptor
(a G protein-coupled receptor). Specifically, this receptor
is expressed in a variety of cell lineages in several tissues
relevant to cardiovascular disease (including type 2 alveolar
epithelial cells) and can lower blood pressure via vasodilation
and promote kidney sodium and water excretion, as well as
attenuate inflammation via the production of nitric oxide 3.
Previous studies have suggested that the viral entry through
the binding of the SARS-CoV-2 spike protein to ACE2
could suppress ACE2 expression. This process could lead to
elevated internalization and shedding of ACE2 from the cell
surface, which in turn could increase levels of angiotensin II.
Angiotensin II binds to its receptor AT1, thereby causing an
inflammatory response in the lungs and potentially triggering
direct parenchymal injury. Furthermore, ACE2 receptors are
expressed in the heart (endothelium of coronary arteries,
myocytes, fibroblasts and epicardial adipocytes), vessels
(vascular endothelial and smooth cells), gut (intestinal epithe-
lial cells), lungs (tracheal and bronchial epithelial cells, type 2
pneumocytes, macrophages), kidneys (luminal surface of
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tubular epithelial cells), testis and brain (4-8). Another study
identified a fragment of the receptor-binding domain (RBD) in
the SARS-CoV-2 spike protein that may be the most important
determinant of the SARS-CoV host range (9). In another report,
Coutard et al (10) observed a furin-like cleavage sequence site
(PRRARSIV) in the spike protein of the SARS-CoV-2, which
was also present in the Middle East respiratory syndrome
(MERS)-CoV. In a recent article, a D614G mutation in the
spike protein of SARS-CoV-2 was identified, this protein
containing different amino acid at residue 614 [aspartic acid
(SD614) and glycine (SG614)] was evaluated (11). It was found
that pseudotyped retrovirus with the mutation SG614 was
more efficient in infecting ACE2-expressing cells compared
with those with SD614 (11).

Some SARS-CoV-2-infected patients may be asymptom-
atic, or they may display different types of symptoms, such
as fever, gastrointestinal or respiratory symptoms, particularly
in vulnerable population groups, such as the elderly or indi-
viduals with other underlying conditions. The immune system
plays a crucial role in helping to overcome the disease, but
numerous infected patients show a hyperactivated immune
response, which can lead to respiratory insufficiency and
other complications, such as thrombotic or thromboembolic
events (12). SARS-CoV-2 is able to activate both the innate and
acquired immune response (12). The virus-specific antibodies,
including immunoglobulin (Ig)G and IgM, are produced by
CD4* T cells that, in turn, stimulate B cells, while CD8" T cells
kill virus-infected cells. Furthermore, pro-inflammatory cyto-
kines and mediators are produced by T helper (Th) cells to help
the other immune cells. This virus can induce the programmed
cell death of T cells by blocking the immune defense (12). In
this regard, the host's production of complement factors, such
as C3a and C5a, and antibodies are important to fight the viral
infection (12). In some patients, the virus induces a strong host
response or overreaction of the immune system, leading to the
production of high levels of different inflammatory cytokines
and chemokines, which provoke severe damage to the lungs
and other organs. In this scenario, this abnormal production of
cytokines and chemokines causes multi-organ failure and even
mortality (12). Generally, acute respiratory distress syndrome
(ARDS) causes mortality in patients with COVID-19 (12).
Clinical reports have shown that both mild and severe forms
of this disease can result in changes in circulating leukocyte
subsets and cytokine secretion, particularly IL-6, IL-13, IL-10,
TNF, granulocyte-macrophage colony stimulating factor,
IFN-induced protein 10, IL-17, monocyte chemoattractant
protein 3 and IL-1ra. Once immunologic complications
such as the cytokine storm occur, anti-viral treatment alone
is not sufficient and should be combined with appropriate
anti-inflammatory treatment (12).

Most patients with COVID-19 develop mild or uncom-
plicated symptoms (including fever cough and fatigue),
while ~14% of individuals can have severe disease, requiring
hospitalization and oxygen support, and 5% require admis-
sion to an intensive care unit (ICU). In severe cases, patients
can develop ARDS, sepsis and septic shock, and multi-organ
failure, including acute kidney injury and cardiac injury.
Previous studies have reported the association between
abnormal cytokine levels and disease progression, including
coagulation-related markers, such as D-dimer and fibrinogen,

neutrophil count, lymphocyte count and high-sensitivity
C-reactive protein (13-18). However, these indicators are not
sufficient to predictive the severity of COVID-19, since other
factor such as insufficient information, individual differences
and disease complexity should be considered (19,20). In this
regard, previous studies have developed prediction models
from retrospective, single-centre data to allow for an effec-
tive decision-making process for patients with COVID-19
in medical emergency rooms and at hospital admission.
Therefore, the development of effective prediction models
can play an important role in implementing rapid response
interventions, thereby reducing mortality (19-24).

Previous studies are also designing various diagnostic
tests, antiviral agents and vaccines based on the current under-
standing of the structure and function of the various viral
proteins involved in the life cycle of SARS-CoV-2 (25,26). At
present, the development of COVID-19 vaccines may be the
only way to overcome this disease. Candidate immunogens
may be presented in various forms, such as live-attenuated
whole organisms, killed or inactivated whole organisms, and
subunit vaccines. Specifically, the subunit vaccines contain
selected fragments of the pathogen as antigens. Generally,
proteins, polysaccharides or parts of a virus that may form
virus-like particles (VLPs) represent these fragments (such
as tetanus toxoid, inactivated split and subunit seasonal influ-
enza, acellular pertussis and pneumococcal polysaccharide
vaccines). The best-known examples of VLPs are human
papillomavirus (HPV). Moreover, vectored genes encode
protein antigens, such as the hepatitis B vaccine in which the
gene of the hepatitis B surface antigen has been inserted into
appropriate vectors for production in yeast (Engerix-B, GSK;
Recombivax-HB, MSD) or mammalian cells (GenHevac-B,
Sanofi Pasteur) (25). Furthermore, VLP vaccines are based on
the observation that the expression of certain viral proteins
leads to the spontaneous assembly of particles structurally
similar to the original viruses. VLPs are not infectious as they
lack the viral genome. However, the native conformation of
the antigenic proteins is well preserved, which improves their
immunogenicity compared with free proteins. Reverse vaccin-
ology is a new technology in which genes encoding potential
antigenic proteins are identified from the entire genome of a
given pathogen The identified proteins are then tested in vitro
and in vivo to determine whether they are immunogenic and
induce protective antibodies. Reverse vaccinology has been
used to develop a vaccine against the challenging Neisseria
meningitidis serogroup B (25,26). Furthermore, with regards
to the typhoid vaccine, there are two types: i) In the parenteral
(intramuscular) formulation, in which the vaccine contains the
polysaccharide antigen (an inactive vaccine), such as purified
capsular polysaccharides of Salmonella typhi (Ty2 strain); and
ii) in the oral formulation, which is a vaccine that contains the
live attenuated strain known as Salmonella typhi Ty21a; (live
attenuated), such as that for the Sabin-type polio vaccine or the
typhoid fever vaccine.

Despite the recent successful developments in vaccine
design, no vaccine provides absolute or life-long protection
for the vaccinated individuals. In some cases, vaccines fail
to induce a protective immune response (27,28). Currently,
~100 candidate SARS-CoV-2 vaccines are under develop-
ment, as reported by the WHO (29). The surface membrane
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Table I. Information regarding COVID-19 vaccine platforms and trials.

Developer

Vaccine
name

Antigen
spike

Platform

Clinical
stage

Clinical trial identifier

Sinovac Biotech Ltd.

Sinopharm

University of Oxford/
AstraZeneca plc

Gamaleya Research
Institute of
Epidemiology and
Microbiology

Janssen Pharmaceuticals/
Johnson & Johnson

CanSino Biologics, Inc.

Moderna, Inc.

BioNTech SE/Pfizer, Inc.

CoronaVac

BBIBP-CorV

ChAdOx1
nCov-19
(AZD1222)

Ad26.COV2.S

Ad5-nCoV

mRNA-1273

BNT162b2

S

Inactivated virus

Inactivated virus

Chimpanzee
adenoviral vector

Human
adenoviral vector

Human
adenoviral vector

Human

adenoviral vector
mRNA

mRNA

Phase III/TV

Phase III

Phase III

Phase III

Phase 111

Phase III

Phase III

Phase 111

NCT04800133
NCT04651790
NCT04456595
NCT04508075-669/
UNG6.KEP/EC/2020
NCT04582344
NCT04617483
PHRR210210-003308
NCT04510207
ChiCTR2000034780
NCT04612972
NCT04560881,
BIBP2020003AR
NCT04864561
CTR1/2020/08/027170
NCT04800133
ISRCTN89951424,
NCT04536051
NCT04516746
EUCTR2020-001228-32,
NCT04400838
NCT04540393
NCT04640233
NCT04642339
NCT04656613
NCT04741061
NCT04564716
NCT04530396
NCT04505722,
NCT04614948,
ISRCTN14722499
NCT04526990,
NCT04540419
NCT04860297
NCT04806113
NCT04649151
NCT04470427
NCT04796896
NCT04811664
NCT04805125
NCT04368728
NCT04805125
NCT04800133
NCT04816669
NCT04713553
NCT04754594

S, spike.

spike protein (also known as the S protein), is the target of
most vaccines as it is involved in the entry of host cells. The

optimum method to create a vaccine is based on viral inacti-
vation, and is used in both bacterial and viral diseases, such
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Figure 1. Details of two coronavirus-19 vaccines based on the whole inactivated severe acute respiratory syndrome coronavirus 2. (A) Sinovac vaccine.

(B) Sinopharm vaccine.

as typhoid, influenza and HPV (27). Viruses are first grown
in mammalian cell culture and then they are inactivated with
different chemicals, such as formaldehyde or 3-propiolactone.
This method is easy, but its yield depends on the requirement
of biosafety level 3 facilities (27). However, the entire virion
may induce non-neutralizing antibodies (non-NAbs) and intro-
duce the risk of antibody-dependent enhancement (ADE) (30).
To the best of our knowledge, two companies in China, namely
Sinovac and Sinopharm, have used viral inactivation to develop
two vaccines, which are currently at phase III trials (Table I).

CoronaVac. CoronaVac (formerly PiCoVacc) (Fig. 1A),
manufactured by Sinovac, is an inactivated viral vaccine
with the addition of an alum adjuvant. In the development
of this vaccine, initially, a sample of the SARS-CoV-2 strain
CN2 was derived from bronchoalveolar lavage (BAL) of
a hospitalized patient in Wuhan, China. This virus strain
sample was cultured in vero cells, harvested and inactivated
by p-propiolactone. Then, the inactivated viruses were mixed
with aluminum hydroxide after purification (31). In the phase I
study, 144 healthy adults, aged 18-59 years old, were enrolled
and the investigators identified that the resulting seroconver-
sion was >75% in all subjects. At screening, participants were
initially divided into two vaccination groups (days O and 14
vaccination group and days 0 and 28 vaccination group) and
within each group, the first 36 participants received low dose
CoronaVac (3 ug per 0.5 ml aluminum hydroxide diluent per
dose; Block 1) then another 36 individuals received high-dose
CoronaVac (6 pug per 0.5 ml aluminum hydroxide diluent per
dose; Block 2). In the phase II study, seroconversion was >95%
in 600 subjects after improvement of purification method (32).
Furthermore, the antibody levels were elevated after two doses
(day O and 28) with the 6 ug vaccine, but in the phase III
study, the concentration of 3 yg was decided due to production
capacity (the seroconversion was 100 and 97%, respectively).
However, the antibody levels [calculated using geometric
mean titer (GMT) of neutralizing spike IgG] were lower in
comparison with human convalescent serum. In this regard,

the low immunogenicity of this vaccine may be due to both
viral inactivation of the vaccine and alteration of the spike
protein caused by chemicals (as aforementioned). A pre-clin-
ical study in rhesus macaques found that an antibody titer of
1/24 was able to protect against SARS-CoV-2 infection (31). In
a Brazilian trial, the Chinese manufacturing company (Sovac)
identified an efficacy level of 50.38% at preventing symptom-
atic infections (33). Additional trials in other countries have
reported higher efficacies, such as those of 83.5 and 65.3% in
Turkey (34) and Indonesia (35), respectively.

BBIBP-CorV. BBIBP-CorV, manufactured by Sinopharm, was
developed by inactivating the virus with alum (Fig. 1B). In this
vaccine, the SARS-CoV-2 virus strain HB02 was derived from
a BAL sample of a hospitalized patient in Wuhan, China (36).
This virus strain was cultured in Vero cells, harvested and
inactivated using [-propiolactone. The inactivated strain was
then mixed with aluminum hydroxide after purification (36).
In a phase I study, 192 subjects (aged >60 years old) were
recruited, and they did not have any reported serious adverse
events. Next, the phase III study reported higher immunoge-
nicity than that of Sinovac, with 100% seroconversion achieved
in all (~448) subjects. In this case, NADb levels calculated with
GMT were 282.7. Moreover, further phase I/II trials showed
that two doses (day O and 28) of 4 ug BBIBP-CorV were able
to produce elevated NAbs titer with respect to other tested
doses 8 pg (37).

Other candidate SARS-CoV-2 vaccines. Other candidate
SARS-CoV-2 vaccines under development are based on viral
vectors. Replicating or non-replicating viral vectors can be used
to introduce viral material into cells. This viral material is tran-
scribed, translated into viral proteins and then presented to the
immune system via major histocompatibility complex I (38).
Numerous replicating vectors have been used and approved
for Ebola (rVSV-ZEBOV, a vesicular stomatitis virus) (39) and
dengue virus (Dengvaxia, a chimeric yellow fever virus) (40).
Among the non-replicating vectors, Ad26 (41) has been used



EXPERIMENTAL AND THERAPEUTIC MEDICINE 22: 1407, 2021 5

A ChAd01222 (Covidshield) B JMJ-7846738/Ad26.COV.s
Oxford/AstraZeneca Johnson&Johnson
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Figure 2. Coronavirus-19 vaccines based on spike protein DNA carried by adenoviruses. (A) AZD1222 vaccine (chimpanzee adenovirus: AstraZeneca,
University of Oxford, Sweden-UK-Italy). (B) Janssen (Ad26.COV2.S human adenoviruses).

and approved for the Ebola virus in the European Union (EU).
At present, four COVID-19 vaccines are using non-replicating
vectors (adenoviral-based) and they are undergoing phase III
study, including: Oxford/AstraZeneca plc (Chimpanzee
Ad), Gamaleya Research Institute of Epidemiology and
Microbiology (Ad5/Ad26), Janssen Pharmaceuticals,
Inc./Johnson & Johnson (Ad26) and CanSino (Ad5) (Table I).

ChAdOx1 nCoV19 (or AZDI1222). ChAdOx1 nCoV19 (or
AZDI1222) (Fig. 2A), an adenoviral vector vaccine was
developed by the University of Oxford in the UK and the
Sweden-based pharmaceutical company AstraZeneca plc (42).

Sputnik V. Sputnik V (previously Gam-COVID-Vac), manu-
factured by Gamaleya, was created by using two different
adenoviral vectors: Recombinant Ad26 (rAd26) and Ad5, both
carrying the spike gene. The two different adenoviral vectors
were chosen to avoid a possible immunity of the vector after
the first dose. In the phase I/II trial, 76 healthy adult volun-
teers (age, 18-60 years) were enrolled and received the dose
of 10" viral particles rAd26-S per dose on day 0 and the dose
of rAd5-S on day 21. After 42 days, NAD levels resulted in
~49.25 GMT and a seroconversion rate of ~100%. All reported
adverse events were mild and not serious. Furthermore, the
NAD titer was similar to those of convalescent plasma from
patients with COVID-19 (43).

Ad26.COV2.S. Ad26.COV2.S (Fig. 2B) is a vaccine based on
the Ad26-vector developed by the Belgian company Janssen
Pharmaceuticals, Inc. under the American medical company
Johnson & Johnson. The vector contains the spike gene with
the addition of a gene encoding tissue plasminogen activator
as an adjuvant. A significant humoral and cellular immuno-
genicity was reported in mice and macaques in pre-clinical
studies for fused and stabilized S immunogen (S-2P) (44).

Ad5-nCoV. Ad5-nCoV manufactured by the Beijing Institute
of Biotechnology and CanSino Biologics in China, was estab-
lished using Ad5 vectors expressing the full-length spike DNA
(Table I). In the phase II trial, 116,603 healthy participants

(aged =18 years) were recruited and received the vaccine at
two different concentrations (dose of 1x10'" or 5x10'° viral
particles per ml), or a placebo (45). The participants received a
single shot since a booster vaccination was non-beneficial for
the Ad5 vector. Furthermore, significant NAbs responses were
induced by both concentrations with GMTs of 19.5 and 18.3,
for doses 1x10" or 5x10'° respectively. After 28 days, serocon-
version rates were 96 and 97%, respectively. Moreover, both
doses were able to induce a strong T cell response of ~90 and
88%, as shown by IFN-y ELISA results. It was found that the
reactogenicity was mild to moderate. However, a second dose
was advised (between months 3 and 6) to improve immune
endurance (45).

mRNA-based SARSCoV-2 vaccines. At present, the two
mRNA-based SARS-CoV-2 vaccines, mRNA-1273 and
BNT162bl, have been designed and developed by Moderna,
Inc. (with support from the USA National Institute of Allergy
and Infectious Diseases) and by the German biotech company
BioNTech SE (in collaboration with the US-based pharmaceu-
tical giant Pfizer, Inc.), respectively.

mRNA-1273 can translate the full-length spike protein,
which contains a transmembrane anchor and an intact S1-S2
cleavage site,and two modified prolines S2 (S-2P). Furthermore,
it can induce increased NADb levels and T cell responses in
mice against both wild-type and the D614G mutant virus, in
addition to T cell-SARS-CoV-2 immune responses, as shown
in phase I/II/III clinical trials (46).

The other mRNA vaccine, BNT162bl, can translate the
RBD of the SARS-CoV-2 spike protein, which plays a crucial
role in virus-NAbs (47). Furthermore, a Foldon trimerization
motif was added to the end of the RBD sequence to improve
the immunogenicity effect, while the mRNA sequence was
modified to increase it's in vivo translation (48,49) (Table I;
Fig. 3A and B).

2. Efficacy and adverse events of COVID-19 vaccines

AZDI222 vaccine (AstraZeneca or Vaxzevria). The AZD1222
vaccine (AstraZeneca plc) has been shown to induce a high
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Figure 3. Coronavirus-19 vaccines based on spike protein mRNA carried by lipidic microparticles. (A) Moderna/mRNA-1273. (B) BioNTech/Fosun/Pfizer

BNT162bl.

antibody response in swine models (50). In a randomized,
single-blinded trial phase I/II trial, 1,077 healthy participants
(aged 18-55 years) were enrolled (51). All participants were
divided into two arms: i) The first arm received the AZD1222
vaccine at a dose of 5x10' vaccine particles (n=543); and
ii) the second arm received a placebo with the meningococcal
vaccine, MenACWY (n=534) (51). The dose for the AZD1222
vaccine was based on the Oxford group's experience with a
similar type of ChAdOx1 vaccine for MERS (51). In the
AZDI1222 group, 10 participants were chosen to receive a
second dose of the vaccine after 28 days from the first dose (51).

In an ongoing clinical study registered at ISRCTN
(15281137) and ClinicalTrials.gov (NCT04324600), partici-
pants in the ChAdOx1 nCoV-19 group received two doses
containing 5x10' viral particles (standard dose; SD/SD
cohort); while a subset in the UK trial received a half dose as
their first dose (low dose) and a standard dose as their second
dose. Moreover, the participants of this study were also sepa-
rated in two groups: i) 56 of 543 participants of the first arm
did not receive paracetamol; and ii) 57 of 534 participants of
the second arm received paracetamol (51). The investigators
found that the local and systemic adverse events were lower in
the paracetamol group compared with the control group (no
paracetamol) (51). The same result was also obtained in the
placebo groups. Moreover, the participants, who were given
paracetamol, had reduced pain, tenderness, fatigue and head-
aches when compared with the non-paracetamol prophylactic
group (51). The group treated with paracetamol also presented
with fewer adverse events such as myalgia, chills and fever (51).
These events were considered as mild or moderate, but they
could become severe a day after vaccination. However, the
authors also reported that neutropenia was found in 46% of
the participants in the vaccine group in comparison with 7% of
the control MenACWY group. In addition, high specific anti-
bodies levels were detected in the vaccine group after 28 days,
and until day 56. The levels these antibodies were higher in the
10 participants who received a booster shot by day 56. After
the second dose, 91% of participants in the vaccine group had a
high NAb response. All participants showed an elevated T cell
response at 14 days, and until day 56. However, such response

did not increase in the participants after the second dose. This
phase I/II trial study had some limitations, such as the small
sample size (n=10) in the booster group (51).

To assess the safety and immune response, another
phase I/II trial was performed, involving 2,000 participants
with or without HIV in South Africa (aged 18-65 years), who
were divided into different groups based on different doses of
the vaccine or placebo (52). The phase III/IV trial included
>30,000 healthy volunteers in the United States, Brazil, South
Africa and India (53,54). In Brazil, 2,000 participants were
divided into two groups: i) A vaccine group that received
one shot of the AZD1222 (5x10' vaccine particles); and ii) a
control group that received 0.5 ml meningococcal MenACWY
vaccine (53). Furthermore, paracetamol was administrated to
volunteers for 1 day after the vaccination (53). Additionally,
the other 30,000 volunteers, recruited across the United States,
were split into two arms: i) One arm received two doses of
the AZDI1222 vaccine (5x10' vaccine particles and the
second dose after 4 weeks); ii) the second arm received two
doses of a saline placebo (54,55). The results demonstrated
that the vaccine was effective in ~62.1% of participants who
received two standard doses, while the efficacy of the vaccine
reached ~90% in the participants who received the first dose
at low concentration, followed by the second dose at standard
concentration (54,55). Furthermore, 74,341 individuals were
followed up for different time periods (median, 3.4 months;
interquartile range 1.3-4.8). A total of 84 severe adverse events
were described in the vaccine group and 91 in the control
group, for a total of 168 participants. In total, three events were
considered as possibly linked to the vaccine administration:
One in the vaccine group, one in the control group and one
participant who had no group allocation (54,55).

Using vaccine sera, another study showed that NAb levels
were reduced by ~12.4-fold for the South African variant
(B.1.351) (56). Furthermore, another study indicated that
the vaccine against this South African variant was effective
(~10.4%) after the second dose for mild to moderate COVID-19
in 1,500 HIV-negative young adults (57). It has also been
demonstrated that antibodies levels were 2.9-fold lower against
the Brazilian variant (P1) when using vaccine sera (58).
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Data obtained by the UK vaccination program published
on 17 March 2021 (59) suggested that the vaccine effectiveness
was ~56% in individuals aged =70 years between 28-34 days
post-vaccination and it increased to ~58% from day 35 onwards.
In addition, results from a previous study proposed that this
vaccine could reduce transmission by 67% (51). Another study
performed by Public Health Scotland and the University of
Glasgow (60) examined 150,000 healthcare workers with or
without vaccination, along with 200,000 of their household
members (60). The authors reported a 30% reduction in
documented cases of infection in household members of
vaccinated healthcare workers compared with unvaccinated
healthcare workers. Furthermore, it was demonstrated that this
reduction in transmission could be ~60%, considering other
infection routes for the household members (60). Numerous
different adverse reactions were described such as injection
site tenderness (63.7%), injection site pain (54.2%), headache
(52.6%), fatigue (53.1%), myalgia (44.0%), malaise (44.2%),
pyrexia [includes feverishness (33.6%) and fever >38°C
(79%)], chills (31.9%), arthralgia (26.4%) and nausea (21.9%).
The incidence of adverse reactions in individuals with =1
local or systemic event after any vaccination was high on
day 1 following vaccination, while this incidence was reduced
to 4 and 13%, respectively, after day 7. The most common
systemic adverse events were fatigue, headache and malaise
after 7 days. Moreover, a few neuroinflammatory events were
observed after vaccination, but it was difficult to identify
a causal relationship. In total, three cases of facial paralysis
were described in the vaccine group and three in the control
group. In the vaccine group, three cases of all one-sided ‘facial
nerve palsies’ were described, but two of them could be not
associated with vaccination, while one case could be associ-
ated with chronic suppurative otitis media/mastoiditis and this
other occurred 80 days after vaccination. ‘Neuroinflammatory
conditions’ were reported in the risk management plan as a
significant potential risk and are important to monitor using
routine pharmacovigilance activities. Moreover, the investiga-
tors observed five serious adverse events: Two in the vaccine
group (pyrexia and transverse myelitis) and three in the control
group (autoimmune hemolytic anemia, C-reactive protein
increased and myelitis).

On 29 January 2021, the European Medicines Agency
(EMA) recommended that the COVID-19 vaccine
AstraZeneca was authorized across the EU. In addition, the
UK government has provided data on the adverse events
of Oxford/AstraZeneca vaccine administration between
4/01/2021 and 28/02/2021 (61). During March 2021, a previous
study reported that participants were strongly positive for
anti-platelet antibodies, as determined using immunoassays.
In total, 11 patients [9 women and 2 men; median age, 36
(age range, 22-49)] presented thrombosis between 4-16 days
post-vaccination; 1 patient presented with fatal intracranial
hemorrhage and six patients died (62). Heparin was not admin-
istrated to the patients before symptom onset. In addition,
4 patients had high levels of anti-PF4/heparin antibodies and
an elevated platelet activation assay in the presence of PF4,
independent of heparin. Furthermore, high concentrations
of heparin, Fc receptor-blocking monoclonal antibody and
intravenous immunoglobulin were able to block platelet acti-
vation (62). The authors concluded that this AZD1222 vaccine

could induce a prothrombotic disorder that clinically was very
similar to heparin-induced thrombocytopenia with a different
serological profile (62). In the same study, the authors inves-
tigated the mechanism for early post-vaccine inflammatory
reactions as a potential co-stimulant for anti-platelet factor
4 (anti-PF4) immune response, evaluating vaccine-induced
immune thrombotic thrombocytopenia (VITT) antibodies for
inducing the release of procoagulant DNA-containing neutro-
phil extracellular traps (NETs), as well as measuring DNase
activity in VITT patient serum. It was found that PF4 could
bind to vaccine constituents (such as virus proteins) to form
multimolecular complexes that were recognized by VITT
antibodies, as determined using biophysical analyses (62).
Furthermore, EDTA, another vaccine constituent, can
increase microvascular leakage in mice to allow circulation of
virus- and virus-producing cell culture-derived proteins. For
this reason, antibodies in normal sera could cross-react with
human proteins of the vaccine by inducing inflammatory reac-
tions that were observed in individual after ChAdOx1-Cov-19
vaccination. Moreover, polyphosphates and DNA can trigger
PF4-dependent platelet activation by VITT antibodies. In the
presence of platelets, PF4 can trigger VITT antibody-driven
procoagulant NETs formation, while DNase activity in VITT
sera, with granulocyte-rich cerebral vein thrombosis, was
observed in 1 patient with VITT (62).

Other studies have reported very serious adverse effects
in participants after AZD1222 vaccination (63-68). The
Anglo-Swedish pharmaceutical company AstraZeneca plc
and the British University of Oxford decided to change the
name of the vaccine to ‘Vaxzevria’ (on 25 March 2021) and
provided safety updates (formation of blood clots in the blood
vessels). In this case, individuals after vaccination report
symptoms such as shortness of breath, chest or persistent
abdominal pain, leg swelling, severe or persistent headache,
blurred vision, persistent bleeding, and skin bruising or round,
pinpoint spots beyond the site of vaccination appearing after a
few days. When symptoms of blood clotting occur and persist,
individuals should receive immediate medical attention. In
this regard, most European countries recommend this vaccine
in individuals =60 years of age. Moreover, Belgium decided
that this vaccine will no longer be administered to individuals
under the age of 56, while South Korea has set the threshold
at 60 years of age. At present, it has been reported that some
individuals do not show up to receive this vaccine, while others
have refused it in the vaccination center. Currently, the EU
has not yet placed any new orders for AstraZeneca vaccines
beyond June 2021 when their current contract ends (69).

Janssen (Ad26.COV2.S). In a phase I/II trial study, the Ad26.
COV2.S vaccine was administered either in a single dose or in
two doses with a different number of viral particles (5x10' or
1x10' viral particles) and spaced by 56 days in healthy indi-
viduals who were 18-55 years old (cohort 1a) and =65 years
(cohort 3). Furthermore, longer-term data were compared
between single dose and two dose regimens (cohort 2).
After a single dose, spike antibodies were found at 99% in
cohort la and 100% in cohort 3. After 14 post-vaccination,
Thl cytokine-producing, S-specific CD4* T cell responses
were 80 and 83% in cohort 1 and 3, respectively, while CD8*
T cell responses were high in both cohorts la and 3, for both
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doses (70). In a previous study COV3001 (phase III data for
COVID-19 vaccine candidate Ad26.COV2.S), 39,321 partici-
pants were enrolled who were aged =18 years old at baseline,
and 20% of them were aged 18-40 years old. Participants were
randomly split into two groups; 19,630 SARS-CoV-2-negative
patients received one dose of the Ad26.COV2.S vaccine, and
19,691 patients received a placebo. Furthermore, 8 weeks
of follow-up after vaccination was performed in all partici-
pants to assess the efficacy and safety of the vaccine. The
international study population included of 46.7% (n=18,356)
Americans, 40.6% (n=15,981) residents of Latin America and
12.7% (n=4,984) residents of South Africa. After 14 days, the
investigators observed 116 positive COVID-19 cases among
vaccinated participants (vaccine efficacy at 66.9%), and 348
positive cases in the placebo arm. In addition, in participants
>60 years old, the vaccine was effective at 76.3%. After 28 days,
the investigators found 193 positive cases in the placebo arm and
66 positive COVID-19 cases (with no previous SARS-CoV-2
history) in vaccinated participants, with a vaccine efficacy of
66.1% among younger and older participants (71). Moreover,
the investigators observed that the vaccine was effective
at 74.4% after 14 days and 72.0% after 28 days in American
participants, while its efficacy was at 52% after 14 days and
64% after 28 days in South African participants (71). The
results demonstrated that its efficacy was 52.0 and 64.0% in
86 moderate COVID-19 cases with the South Africa variant
(sequenced virus having the 20H/501Y.V2 variant), with onset
of disease =14 and =28 days after vaccination, respectively. The
efficacy of the vaccine against the severe-critical COVID-19
cases with South Africa variant increased to ~73.1 and 81.7%,
with an onset of disease =14 and =28 days post-vaccination,
respectively (71). The investigators reported high reactoge-
nicity in the Ad26.COV2.S group compared with the placebo
group. The serious adverse events rate was similar between
the two groups: Three deaths occurred in the vaccine group
(none were COVID-19 related), and 16 in the placebo group
(five were COVID-19 related) (71). In summary, these data
suggest that one dose of Ad26.COV2.S can protect against
symptomatic and asymptomatic SARS-CoV-2 infection, as
well as against severe-critical disease.

There have been a few studies examining this vaccine in
different COVID variants. The results submitted to the United
States Food and Drug Administration (FDA) on the Brazilian
variant suggest that Ad26.COV2.S had an efficacy of 68.1%
against moderate and severe disease (71). A small-sample
preprint study (has not been peer reviewed) reported that this
vaccine produced a high level of neutralizing antibody activity
against the Delta variant (72). The adverse events induced by
this vaccine are injection site pain (48.6%), headache (38.9%),
fatigue (38.2%) and myalgia (33.2%) (52,65). Investigators
have observed non-serious urticaria events among vaccinated
participants (n=5) vs. placebo (n=1) within 7 days post-vacci-
nation, as well as imbalances in thromboembolic events (15
vs. 10) and tinnitus (6 vs. 0) (73). Furthermore, the FDA
reported 15 cases of ‘embolic and thrombotic events’ or blood
clots among 14 recipients in the vaccine group, compared with
10 in the placebo group (74).

A recent study reported 12 cases of cerebral venous sinus
thrombosis (CVST) with thrombocytopenia following the use
of the Ad26.COV2.S vaccine in patients (white women aged

from 18-60 years) (75). In addition, 7 patients had =1 CVST
risk factor, including obesity, hypothyroidism and oral contra-
ceptive use; none had received heparin. After Ad26.COV2.S
vaccination, symptom onset can occur from 6-15 days. It
was identified that 11 patients had a headache, and 1 patient
initially had back pain and later developed a headache. Among
the 12 patients with CVST, 7 reported intracerebral hemor-
rhage, and 8 had non-CVST thromboses. After a diagnosis
of CVST, 6 patients initially were treated with heparin and
platelet nadir was measured in a range from 9x10°-127x10%/ul.
The heparin-PF4 antibody was detected in 11 patients through
ELISA screening. All patients were hospitalized (10 in an
ICU). At the end of April 2021, 3 patients were dead, 3 were
treated in the ICU, 2 were hospitalized and 4 were discharged
home (75). Most European countries have recommended this
vaccine from 60 years of age.

Moderna/mRNA-1273. In the preclinical trials of the Moderna
vaccine, mice were immunized with two different doses at 0.01
or 0.1 ug (47). Another trial reported a high pseudo-virus NAb
titer with the 1 ug dose. Additionally, a high pseudo-virus NAb
concentration was also found in mice expressing the mutated
formof'the spike protein, D614 G (76). Furthermore,a significant
cytotoxic T cell response was observed along with a balanced
Th1/Th2 response after a 1 ug dose in a mouse model (76).
Thus, a 100 ug dose was chosen in human trials, as a 1 ug dose
in animal models corresponds to a 100 pg in humans (76). In
phase I trials, 45 healthy participants, aged 18-55 years old,
were recruited and divided into three groups of different doses
(25, 100 and 250 ug) (77). In total, two doses were admin-
istered intramuscularly 28 days apart. The data showed that
a specific antibody response was apparent dependent on the
dose concentration and peaked at day 15 after the first dose.
NAbs were detected in <1/2 of the participants following the
first vaccination, but NAbs were detected in all participants
following the second vaccination (77). Furthermore, CD4* T
cell responses were observed in participants who received the
25 and 100 pg doses (77).

The phase Ila trial conducted by Moderna, Inc. recruited
600 healthy participants aged =18 years old (78). The partici-
pants were split into eight groups based on age and dose:
i) Four groups of participants received 50 and 100 pg doses of
the Moderna vaccine; and ii) the other four groups of partici-
pants received 50 and 100 ug saline (placebo) (78). Based on a
published preliminary report, the interim results revealed that
no serious adverse events were observed, but one participant
did not receive the second 25 pg dose after experiencing
transient urticaria after the first dose (76). There was no fever
observed after the first dose, however, some participants in the
100 (6/15; 40%) and 250 pug (8/14; 57%) groups reported fever
after the second dose (76). Local adverse events such as pain
at the injection site (grade 1 and 2), were described (76). In
addition, other systemic and local adverse effects, including
myalgia, headaches, fatigue and chills, were reported in
different participants after both doses. In total, three indi-
viduals in the 250 ug group (21%) reported severe systemic
adverse effects following the second dose (76).

The phase III COVE study enrolled 30,420 volunteers who
were randomly assigned in 1:1 ratio to receive either vaccine
or placebo (15,210 participants in each group). In total, ~96%
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of participants received both injections, and 2.2% of partici-
pants were infected by SARS-CoV-2 as shown by serological
and virological testing (79). In the placebo group, 185 cases
of symptomatic COVID-19 were detected and only 11 cases
in the mRNA-1273 vaccine group. The vaccine efficacy was
~94.1% across key secondary analyses, including assess-
ment 14 days after the first dose. Severe COVID-19 cases
were reported in 30 participants in the placebo group, with
one fatality. Moderate, transient reactogenicity after vaccina-
tion occurred more frequently in the mRNA-1273 vaccine
group (79). Serious adverse events were rare, with the same
incidence indicated in both groups (79).

Moderna, Inc. is currently conducting another trial on chil-
dren aged 6 months to 12 years (KidCOVE). This phase II/II1
trial is separated into two parts: i) The first is an open-label,
dose-escalation, age de-escalation phase; and ii) is followed by
a randomized, observer-blind, placebo-controlled expansion.
Both will examine the safety, tolerability, reactogenicity and
effectiveness of the two-dose vaccine, which will be given
28 days apart in the first part of the trial. Participants aged
2-12 years will receive the first dose of the mRNA vaccine
at 50 or 100 ug. Those aged between 6 months and 2 years
will receive the first of three doses at either 25, 50 or 100 ug.
Following administration, an interim analysis will assess what
dose is given in the second part of the trial. Following the
administration of the second dose of the vaccine, all partici-
pants will be followed up for 12 months. Effectiveness will be
determined through either achieving a correlate of protection
or through ‘immunobridging’ the population aged 18-25 years,
according to Moderna, Inc. (80).

Other studies have shown that Moderna vaccine was
able to generate NAbs against the B.1.351 S variant with a
reduced 5- to 10-fold response in comparison with pseudo-
virus bearing the D614G mutation (81-83). However, further
studies are necessary to evaluate the efficacy of the second
dose in individuals infected by this variant. Moreover, clinical
trials have reported that the vaccine was effective at 86.4%
in symptomatic infections at 14 days after the second dose
in individual aged >65 years (84). Results submitted to the
USA FDA by Moderna, Inc. from a clinical trial on swabs
derived from individuals with asymptomatic infections have
shown that transmission could decrease by 2/3 after one
dose, though the number of people with asymptomatic infec-
tions was small (85). Another observational study in the US,
published on 29 March 2021, found that both asymptomatic
and symptomatic infections decreased by ~90% at 14 days
after the second dose (79). The Moderna vaccine can induce
common adverse effects such as pain or swelling at the injec-
tion site, headache, nausea, vomiting muscle ache, joint aches
and stiffness, tiredness, chills and fever, while severe allergic
reactions are rare, such as difficulty breathing, swelling of
the face and throat, fast heartbeat, bodily rash, dizziness and
weakness (86).

BioNTech/Fosun/Pfizer BNT162b1. During the phase I trial,
the BioNTech/Pfizer vaccine (BNT162bl) was tested on
195 healthy volunteers in the USA (aged, 18-55 years) who were
divided into 13 different groups with 15 participants. In each
group, 12 participants received the vaccine at different doses
(10, 30 and 100 ug) and 3 participants in each group received

a placebo (87). The doses of 10 and 30 g were administered
intramuscularly 20 days apart; while in the group with 100 ug,
the participants received one dose (87). Based on interim data,
participants had increased IgG levels within 7 days after the
second dose, until 14 days after (87). The participants of the
100 pg dose group showed a high peak of IgG levels at 21 days
after the first dose and these did not increase thereafter (87).
Furthermore, the results of this trial reported that there was no
significant difference in the immune response in participants
of the 30 and 100 ug groups after the first dose (87). For this
reason, the investigators choose the 10 and 30 pg doses to
proceed through future trials (87).

In another random clinical trial, a total of 43,448
participants were divided into two arms: i) One arm of 21,720
participants who received BNT162b2 vaccine; and ii) one arm
of 21,728 participants who received placebo (88). In total,
8 cases of COVID-19 were detected =7 days after the second
dose in the BNT162b2 arm, while there were 162 cases in the
placebo arm. The BNT162b2 vaccine was 95% effective against
COVID-19. Moreover, the authors found that the vaccine effi-
cacy was between 90-100% in the different subgroups (age,
sex, ethnicity, baseline BMI and the presence of co-existing
conditions). In the BNT162b2 arm, 10 cases of severe
COVID-19 were detected after the first dose, while 9 cases
were observed in the placebo arm (88). The most common side
effects of the BNT162b2 vaccine were mild-to-moderate pain
at the injection site, fatigue and headache in the short term.
The serious adverse events were very low, with the same inci-
dence between the vaccine and placebo arms (88).

Laboratory findings (89), results from the UK vaccina-
tion program (90) and the PHE SIREN study (91) indicated
that the BNT162bl vaccine was effective against the UK
variant (B.1.1.7). Another laboratory study revealed that NAb
levels decreased 10.3-fold against the South African variant
(B.1.351) (56). Moreover, Pfizer/BioNTech's phase III trial,
conducted in 800 participants, reported 9 cases of COVID-19
in the placebo group (6 were due to B.1.351), while no cases
were observed in the vaccine group, and for this reason, the
investigators confirmed the high vaccine efficacy (100%)
against the variants (announced 1 April 2021) (92). Moreover,
two laboratory studies showed that antibody levels were
decreased by 2.6- and 1.4-fold against the Brazilian variant
(P1) (93,94).

A recent study examined whether NAb levels could
increase against the B.1.1.7, B.1.351 and P.1 variants after one
dose of the BNT162b2 vaccine in individuals who were previ-
ously infected with SARS-CoV-2 (95). This study isolated the
original virus (sublineage B.1) and the B.1.1.7, B.1.351 and
P.1 variants derived from 18 serum samples of 6 healthcare
workers previously infected with SARS-CoV-2 (sublineage
B.1) using a microneutralization assay (96). The samples
were isolated from each patient at different time points, from
1-12 weeks after infection and before vaccination, and then
from 1-2 weeks after vaccination. The authors found that NAbs
were present against the original virus, as well as the B.1.1.7
and P.1 variants in the samples after the first time point, while
they were not present against the B.1.351 variant. At the second
time point, the samples had NAbs against the original virus,
and the B.1.1.7, P.1 and B.1.351 variants (geometric mean titers
were 81,40, 36 and 7, respectively). Moreover, high NAb levels
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against the original virus and the B.1.1.7, P.1 and B.1.351 vari-
ants were found in samples at the third time point, and these
levels after vaccination were 114,203, 81 and 228 times higher
in comparison with those before vaccination. This study found
that one vaccine dose increased NAb levels against all vari-
ants tested. The limitation of this study was due to the small
cohort involving only women and the lack of evaluation of T
cell response (95).

Another study reported two COVID-19 cases (two women)
in a cohort of 417 individuals who had received the second dose
of BNT162b2 (Pfizer/BioNTech) or mRNA-1273 (Moderna)
vaccine =2 weeks previously (96). Both cases had a positive
result for SARS-CoV-2 after PCR testing. Specifically, one
woman had a E484K mutant, while three mutations (T95I,
del142-144 and D614G) were present in the other woman.
Viral sequencing revealed variant E484K in one woman and
three mutations (T95I, del142-144 and D614G) in the other
women (96). These results indicate a potential risk of illness
after successful vaccination and subsequent infection with
variants of the virus. In another study, Geers et al (97) revealed
that 23 healthcare workers, mildly infected by COVID-19
and then vaccinated with one dose of BNT162b2, had high
levels of SARS-CoV-2-specific functional antibodies and
virus-specific T cells. Furthermore, the authors observed that
COVID-19-negative healthcare workers after one vaccine dose
had specific immune responses that were strongly increased
after the second dose. In addition, the vaccine produced both
NAbs and Fc-mediated antibody effector functions ¢ against
the variants B.1.1.7 and B.1.351, with a lower efficacy of
~2- to 4-fold with respect to the homologous virus. In addi-
tion, these authors stimulated peripheral blood mononuclear
cells using peptide pools spanning the mutated S regions
of B.1.1.7 and B.1.351, and it was found T cells that reacted
with SARS-CoV-2-variants. Specifically, they reported no
differences in CD4"* T cell activation against variant antigens.
These authors concluded that these variants could not escape
T cell-mediated immunity induced by SARS-CoV-2 infection
or BNT162b2 vaccination (98). However, further studies are
required to evaluate the effects of a second vaccine dose on
NAD levels against variants in previously infected individuals.

Results from the UK vaccination program indicated
that the vaccine was effective at 58% in individuals aged
=70 years, and it reached 58% (from 28 days after vaccination)
before plateauing (98). After one dose, the risk of emergency
hospitalization and morality was reduced by ~42 and 54%,
respectively (98). Another study revealed that the vaccine
was effective at 59% from 28-34 days after the first dose in
individuals aged =80 years, and its efficacy reached up to
85% from 14 days after the second dose (89). Results from an
Israeli study suggested that individuals can be infected after
~12 days or longer post-vaccination with reduced viral loads,
which can affect viral shedding and contagiousness, as well
as the severity of the disease (99). An observational study,
conducted on 7,000 vaccinated healthcare workers in Israel,
reported that both symptomatic and asymptomatic COVID-19
cases were decreased by 75%, suggesting a reduction of viral
transmission (100). Furthermore, other data announced by the
Israel Ministry of Health on 15 March 2021 demonstrated that
the vaccine was effective at ~94% against asymptomatic infec-
tions 2 weeks after the second dose (101). The SIREN study,

conducted among healthcare workers in England, showed that
the vaccine was effective at 72% after one dose and 86% after
two doses against all infections (91). Another study, carried
out by healthcare workers of Cambridge University Hospitals
NHS Foundation Trust, found that the risk of asymptomatic
infection was reduced 4-fold in healthcare workers after
12 days post-vaccination, compared with unvaccinated
healthcare workers (102).

A common event was pain at the injection site, which was
mild or moderate, except for one severe event in the 100 ug
group (49). Other common systemic events, such as fatigue,
headache, chills, muscle and joint aches, could become more
serious after the second dose, but can be resolved within a
day (49). After the first and second doses, some individuals
experienced a fever that was resolved within 1 day (49). No
grade 4 adverse events were described. However, some
participants reported pyrexia and sleep disturbance (grade 3
events). In addition, lymphocyte and neutrophil counts in some
participants were decreased, but these returned to normal after
6-8 days post-vaccination (49).

In a phase trial I/II/III, younger vaccine recipients
(16-55 years of age) showed more systemic events compared
with older vaccine recipients (>55 years of age) after the second
dose (88). The common systemic events included fatigue (59%)
and headache (52%) (after the second dose) among younger
vaccine recipients, and these were at 51 and 39% among older
recipients (after the second dose). The incidence of any severe
systemic event was 0.9% after the first dose and 2% after the
second dose within each age group. In total, 16% of younger
vaccine recipients and 11% of older recipients reported fever
(temperature, >38°C) after the first dose (88). A total of two
participants in each group reported temperatures >40.0°C.
Furthermore, younger vaccine recipients used more anti-
pyretic or pain medication (28% after dose 1; 45% after dose
2) compared with older vaccine recipients (20% after dose
1; 38% after dose 2), while this type of medications was less
frequently used among placebo recipients (10-14%) compared
with vaccine recipients (69-58%). Lymphadenopathy was
observed in both groups, including 64 participants in the
vaccine group (0.3%) and 6 in the placebo group (<0.1%) (88).
Additionally, some participants of the vaccine group reported
shoulder injury associated with vaccine administration, as well
as right axillary lymphadenopathy, paroxysmal ventricular
arrhythmia and right leg paresthesia (88). In total, two partici-
pants in the vaccine group died (one from arteriosclerosis and
one from cardiac arrest), as did four placebo recipients (two
from unknown causes, one from hemorrhagic stroke and one
from myocardial infarction) (88). No deaths were associated
with the vaccine or placebo. Subsequent safety monitoring of
participants will continue for 2 years after the second dose
administration.

The UK government provided data on adverse events
of Pzifer/BioNTech vaccine administration between
4/01/21-28/02/21, such as blood, cardiac, congenital, ear,
endocrine, eye, gastrointestinal, hepatic and immune system
disorders and infections (103). Another study analyzed results
derived from the Centers for Disease Control and Prevention
program known as ‘v-safe’ (>3,600,000 individuals were
enrolled before their first dose of a mRNA-based COVID-19
vaccine on February 21st, 2021). In total, 70% of individuals
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reported different adverse effects, such as injection site reaction,
including pain or swelling, and 50% had fatigue or chills (104).
In another study, 73% of individuals who received the Moderna
vaccine complained of one side effect compared with 65% of
those who received a Pfizer/BioNTech vaccine. Moreover, 51%
of Moderna recipients had full-body symptoms, in comparison
with 48% of Pfizer/BioNTech recipients (105). In addition,
~82% of individuals who received their second Moderna
dose complained of injection site pain, compared with 69% of
those vaccinated with Pfizer/BioNTech (105). Overall, 74% of
individuals vaccinated with Moderna reported different side
effects compared with 64% of Pfizer/BioNTech recipients. It
was observed that 40% of Moderna recipients had chills in
comparison with 22% of the Pfizer/BioNTech recipients (105).

It has been reported that patients with COVID-19 present
secondary immune thrombocytopenia (ITP) (106) and
coagulopathy, which have contributed to a high mortality.
Besides SARS-CoV-2, numerous other pathogens, such as
Helicobacter pylori, H3N2 influenza virus and Dengue
virus, can induce ITP (107,108). In this regard, authors have
proposed that the antibodies produced by the body to kill a
virus present a potential cross-reactivity with surface antigens
on platelets or megakaryocytes. Antibodies linked to platelets
and megakaryocytes undergo reticuloendothelial phagocytosis
and direct lysis by cytotoxic T cells, thereby leading to throm-
bocytopenia (107,108). Platelets, which are anucleate cells, can
translate mRNA and synthesize proteins (107). RNA viruses
can infect platelets in which mRNA can be translated, and this
mechanism can cause an autoimmune response against plate-
lets. For example, this mechanism can cause thrombocytopenia
in patients affected by dengue fever. Furthermore, patients
can have a significantly selective immune response against
infected platelets or megakaryocytes after recovering from
thrombocytopenia. In some patients infected by dengue virus,
their immune response could provoke ITP and consequent
subarachnoid, intracerebral or other internal hemorrhages,
with a fatal outcome (107). In this context, it is possible to
suggest that spike mRNAs in genetic COVID-19 vaccines
may directly enter into platelets and megakaryocytes, and they
are subsequently translated into spike protein at the intracel-
lular level. Through this method it is possible to trigger an
autoimmune response against platelets and megakaryocytes,
ultimately including reticuloendothelial phagocytosis and
direct CD8* T cell lysis. Several thrombocytopenia cases after
COVID-19 vaccination have been reported in the pharmaco-
vigilance databases of the Vaccine Adverse Event Reporting
System (VAERS) (109) and Medicines and Healthcare
Products Regulatory Agency (UK) (109). ITP has also been
described for other vaccines, such as those for flu, poliomyelitis,
pneumococcal, hepatitis, MMR and rabies (110). Investigators
have proposed vaccine-mediated autoimmunity in association
with both the antigen and vaccine constituents (110). It was
suggested that mRNA vaccines against COVID-19 may play
a crucial role in triggering an autoimmune response against
platelets that may clinically manifest in thrombocytopenia,
hemorrhage and blood clots. The EMA continues to examine
the recent thrombotic events (111).

Between 14 December 2020 and February 28 2021, a
CDC v-safe COVID-19 Pregnancy trial was carried out on
35,691 v-safe pregnant participants (aged 16-54 years) who

were vaccinated with a mRNA vaccine (Pfizer/BNT162bl
or Moderna/mRNA-1273) (112). A higher number of injec-
tion-site pain was reported by pregnant women compared
with non-pregnant women, whereas headache, myalgia,
chills and fever were reported less frequently (113). Among
participants, 827 were considered pregnant, but 115 (13.9%)
had undergone a pregnancy loss, while 712 (86.1%) had a
live birth (mostly among participants with vaccination in
the third trimester). In this trial, different adverse neonatal
events were reported such as preterm birth (in 9.4%) and
small size for gestational age (in 3.2%). Furthermore, adverse
pregnancy and neonatal events were similar between indi-
viduals vaccinated against COVID-19 (who had a completed
pregnancy) and pregnant women before the COVID-19
pandemic. Preliminary data show the safety of the mRNA
vaccine among vaccinated pregnant women. However, other
longitudinal studies are required to further understand
maternal, pregnancy and infant outcomes. In conclusion,
knowledge regarding vaccines is important since they can
play a crucial role in providing successful treatment strate-
gies during a pandemic (113).

3. Mass vaccination

At least 47,915,768 people received their first vaccination,
while 42,379,353 people received the second doses in
United Kingdom on the 26th August 2021 (114). However,
COVID-19 infections have increased in England, Wales,
Northern Ireland and Scotland in the week ending 20th
August 2021. The estimated percentage of the community
population (those not in hospitals, care homes or other
institutional settings) that had COVID-19 in this week was
1.39% (1 in 70 people) in England; 0.83% (1 in 120 people) in
Wales; 2.36% (1 in 40 people) in Northern Ireland and 0.70%
(1 in 140 people) in Scotland. In England, the percentage of
people aged 17-24 years who tested positive increased, as
well as those aged 50-69 years, while there was a decrease
in positive cases in those aged 2-11 years, and those aged
25-34 years (114,115).

Furthermore, two studies (90,116), performed by the
University of Oxford, the UK's ONS and the Department for
Health and Social Care, evaluated data from the ‘COVID-19
Infection Survey’. Specifically, the authors have analyzed
1,610,562 test results from nose and throat swabs taken
from 373,402 study participants between 1 December 2020
and 3 April 2021. The first study (90) reported a reduced
infection rate after 21 days from a single dose of either
Oxford/AstraZeneca or Pfizer/BioNTech vaccines, as the
number of new cases decreased by ~74% in symptomatic
infections and 57% in asymptomatic infections. One dose
of either of the two vaccines were similarly effective
against the B.1.1.7 variant. Meanwhile, two doses of the
Pfizer/BioNTech vaccine decreased 70% of asymptomatic
infections and 90% symptomatic infections (90). The second
study (113) estimated antibody levels after a single dose of
either Oxford/AstraZeneca or Pfizer/BioNTech vaccines, and
after two doses of the Pfizer/BioNTech vaccine, generally
given 21-42 days apart. The researchers found that antibody
levels were comparatively lower with a single dose of either
vaccine, particularly at older ages. In addition, antibody levels
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were high after two doses of the Pfizer/BioNTech vaccine
across all ages, and particularly in older individuals (116).

In another study, 596,618 infected individuals were
divided into different groups depending on infections type:
i) Documented SARS-CoV-2; ii) symptomatic COVID-19;
iii) COVID-19-related hospitalization; iv) severe illness; and
v) death (117). The authors considered the BNT162b2 mRNA
efficacy from days 14-20 after the first dose and =7 days after
the second dose. The vaccine efficacy was estimated at 46%
(first dose) and 92% (second dose) for documented cases; 57
and 94% (first and second dose, respectively) for symptomatic
COVID-19 cases; 74 and 87% (first and second dose, respec-
tively) for hospitalized cases; and 62 and 92% (first and second
dose, respectively) for severe illness (117). Furthermore,
the investigators reported that the vaccine effectiveness in
specific subpopulations for documented infections was lower
in infected individuals with different coexisting conditions
compared with symptomatic COVID-19 cases (117). In conclu-
sion, this study revealed that the BNT162b2 mRNA vaccine
efficacy was in the range of 94-95%.

In another study (118) conducted on 8,517 adults in
England and Wales by University College London (Virus
Watch project), which reported that 96.42% of individuals
had developed antibodies between 28-34 days after the first
vaccine dose, and this reached 99.08% between 7-14 days after
the second dose. NAb levels were increased quickly after the
first dose of the Pfizer vaccine compared with those after the
first dose of AstraZeneca at 14-20 days, but the levels were
similar for both vaccines after 4 weeks. Furthermore, the anti-
body level was higher in young individuals when compared
with older populations. Moreover, antibody levels were low
in patients with diabetes, cardiovascular disease or cancer,
in particular with those with hematological rather than solid
organ cancer, and those currently on immunosuppressive
therapy after the first dose of both vaccines. The difference
disappeared completely after the second dose in individuals
across all ages, demographics and clinical groups (118).

At present, the highly contagious variant, also known as
B.1.617.2 or Delta (identified in India in October 2020), has
spread to 85 countries, including Great Britain and Israel,
where the rate of vaccination among the population is very
high (119,120).

Public Health England estimates that full vaccination using
Pfizer or AstraZeneca vaccines reduces the risk of symptom-
atic COVID-19 caused by the Delta variant by 79%, compared
with an 89% reduction with the Alpha variant (120). Protection
against the Delta variant after a single dose is weaker (35%)
compared with Alpha (49%). Vaccine effectiveness against
hospitalization with COVID-19 is higher, according to UK
data. For instance, it has been calculated that two vaccinations
with the Pfizer or AstraZeneca vaccine decreased the risk
of infection by 79%, compared with an 89% reduction with
the Alpha variant. Furthermore, two doses of Pfizer reduced
hospitalization by ~96%, while this was 92% for AstraZeneca
vaccines (89). An Israeli study reported that Pfizer vaccine
effectiveness against the Delta variant was ~64% after two
doses, and it can protect against infections and prevent severe
cases (121). Some studies suggest that different vaccine prod-
ucts can protect against symptomatic infection and severe
outcomes caused by the Delta variants (122,123). However,

several health experts indicated that the effectiveness of the
current vaccines decreases with time (123-127). Recent data
provided from Israel's Health Ministry reported that the effec-
tiveness of Pfizer-BioNTech vaccine has decreased ~39% at
preventing infections and ~41% at preventing symptomatic
infections caused by the Delta variant, down from early esti-
mates of 64% 2 weeks prior. These findings are in contrast with
several other studies that have found only a slightly decrease
in protection against infection and mild illness caused by the
Delta variant (between 80-90%).

A large number of the population in Great Britain was
only fully vaccinated by mid-April 2021, while the majority of
population in Israel was fully vaccinated by the end of January
2021. It is becoming clear that vaccine immunity begins to
decrease after ~6 months. Preliminary data have shown that
a third dose of the Pfizer/BioNTech (22UAy.DE) COVID-19
vaccine is 86% effective in individuals aged >60 years in
Israel (128).

At the end of June 11th, 2021, the FDA added a warning
regarding the Pfizer PFE.N/BioNTech 22UAy.DE and
Moderna mRNA COVID-19 vaccines, indicating the rare risk
of heart inflammation after their use. As of June, 11th 2021,
the USA VAERS reported ~1,200 cases of myocarditis or
pericarditis from ~300 million mRNA vaccine doses adminis-
tered. The number of cases appeared to be higher in men in the
week after the second vaccine dose. The Centers for Disease
Control and Prevention reported 309 hospitalizations from
heart inflammation in young men (under the age of 30) (129).

4. Remaining questions regarding mRNA vaccines

Undoubtedly the RNA vaccine is a new approach to protect
against infectious diseases. Since this novel technology allows
human cells to build a viral protein, or a fragment of it, that
triggers an immune response inside the body. There are some
questions regarding the mRNA vaccine. Specifically, the
mRNA-1273 and BNT162bl vaccines use mRNA that can
transcribe one of the spike proteins that cover the outer surface
of SARS-CoV-2. After the injection of the vaccine, mRNA
can enter into human cells that read viral mRNA and follow
its instructions, and in this way, they produce only the spike
proteins. At this point, when spike proteins are expressed
in human cells, they induce the immune system response to
remove them (130). In this regard, the immune system of a
vaccinated individual against SARS-CoV-2 can react when
it is exposed to the virus and defend against the virus. Thus,
it can be important to understand the following: i) How are
BNT162b2 and mRNA-1273 vaccines prepared to assure
stability?; ii) how are the vaccine components able to enter
into the cells?; iii) how do proteins or sugars enter into the
cells?; iv) how does the protein machinery bind to receptors
and gain access into human cells?; v) it is possible that the
mRNA-1723 and BNT162b2-complex cannot by itself be
translated, and thus it remains unknown how the machinery
associated with mRNA-1723 and BNT162b2 could interact
with the different apparatus of cells?; vi) Once the spike
protein (or at least part of it) is generated, how does it translo-
cate outside of the cell? Could this occur via membrane-bound
protein gates? It remains difficult to understand how a gate can
recognize a ‘viral’ protein and allow it to pass. It is probable
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that this vaccine contains one sequence to code the neces-
sary amino acids to open the gate; and vii) spike proteins can
become a component of some cells, and thus, is it possible that
the immune system is not able to recognize them as ‘viral’
proteins in the long term? (130).

Some studies have shown that mRNA is contained in very
small lipid bilayer spheres called micelles. Generally, such
micelles merge with cell membranes and then release mRNA
into the cytosol (131,132). In summary, after injection, micelles
enter into the cells and use the cellular translation apparatus to
encode the spike proteins, reaching peak levels at 24-48 h, and
can last for 72-96 h. After this process, the spike proteins or
protein fragments protrude from the cellular membrane and
can be recognized by the immune system. When these cells
die, spike proteins and protein fragments contained in their
debris can be taken up by antigen-presenting cells. Then, cells
can detect these fragments, activate the immune system and
aid other immune cells to fight the infection via the produc-
tion of antibodies through B cells. In the case of infection,
antibodies can recognize coronavirus spikes, and subsequently
destroy the virus. Moreover, the antigen-presenting cells can
also activate the killer T cells that can identify and destroy
any coronavirus-infected cells that display the spike protein
fragments on their surfaces (133-135). The use of oligonucle-
otides in therapeutic contexts poses two problems. First, free
RNAs can be digested by nuclease in plasma, and second, free
RNAs can have difficulty gaining access into the intracellular
compartment and translation machinery. In this regard, lipid
nanoparticles composed of cationic lipids and other lipid
components, such as neutral lipids, cholesterol, polyethylene
glycol (PEG) and PEGylated lipids, are used to contain oligo-
nucleotides in order to prevent their degradation in plasma and
to allow their cellular uptake.

A previous study (136) performed in cynomolgus macaques
using yellow fever (YF) prME mRNA vaccine as a model
system revealed the spatiotemporal trafficking of mRNA
vaccine after its administration. The mRNA was associated
with lipid derivatives of natural amino sugars (137-139) and
then labeled with an orthogonal dual positron emission tomog-
raphy (PET)-near-infrared (IR) probe. The authors choose
64Cu, a radioisotope with a half-life of 12.7 h, to track the
mRNA for 2 days following administration intramuscularly
(i.m.) in the right quadriceps. This study monitored the first
28 h of mRNA trafficking dynamics with high spatiotem-
poral resolution using PET-CT. After 4 h post-injection, a
substantial signal in draining lymph nodes (ipsilateral iliac,
inguinal and para-aortic) was observed and it increased over
the next 28 h by an average of 70% (136). Subsequently, the
cell types involved in vaccine uptake at the injection site and
in the draining lymphoid organs were identified using near-IR
fluorescence, as shown by PET imaging, and flow cytometry.
In addition, mRNA distribution and protein expression within
tissues and cells were determined using confocal micros-
copy. During necropsy, stitched images of the whole lymph
node (at 28 h post i.m. injection) showed that the mRNA was
detected outside the B cell follicles, whereas YF prME antigen
was found in the interior of the germinal centers.

Based on these findings it is possible to suggest the mecha-
nism of mMRNA COVID-19 vaccines: These lipid nanoparticles
containing spike mRNA may be absorbed into cells at the

injection site and into the draining lymph nodes in lymphatic
tissue in the armpit below the site of injection, as well as the
spleen and liver (after 1 or 2 days). The delivered mRNA
interacts with the translation apparatus of cells to encode
proteins that are transiently expressed by dendritic cells and
subcapsular sinus macrophages. Then, these spike proteins
of SARS-CoV-2 (bound to the cellular membrane) are recog-
nized by immune cells as a foreign antigen. After this process,
both T cells and B cells produce NAbs against the virus (136).

Itisalsoimportanttoreporttheinactive ingredients for both
mRNA vaccines. The BNT162b2 vaccine contains different
lipids, such as 4-hydroxybutyl(azanediyl)bis(hexane-6,1-diyl)
bis(2-hexyldecanoate),[ PEG]-2000-N,N-ditetradecylacetamide,
1,2-distearoyl-sn-glycero-3-phosphocholine and 0.2 mg
cholesterol, electrolytes, including potassium chloride,
monobasic potassium phosphate, sodium chloride and dibasic
sodium phosphate dihydrate, sugar (sucrose) and the diluent
saline, which is added to the vaccine for administration. The
mRNA-1273 vaccine contains: Lipid SM-102 (eptadecan-9-yl
8-((2-hydroxyethyl) (6-ox0-6-(undecyloxy) hexyl) amino)
octanoate); cholesterol 1,2-distearoyl-sn-glycero-3-phospho-
choline; 1,2-dimyristoyl-rac-glycero-3-methoxyPEG-2000
(PEG2000 DMG); tromethamol; tromethamol hydrochloride;
acetic acid; sodium acetate trihydrate; sucrose; and water for
injections. The presence of PEG2000 in the lipid nanopar-
ticle vaccines is still under investigation since it can be a
potential allergen, and thus, is undergoing safety screening
and evaluation of rare immediate hypersensitivity (139-142).
The aforementioned substances can be implicated in the
mechanism of vaccine reactions, such as IgE-mediated
allergy leading to anaphylaxis, or other mechanisms that
will provoke mild or moderate symptoms (urticaria, flushing,
rash). Several vaccines contain substances such as PEG2000,
PS80 and PS20, but evidence of pre-existing or documented
PEG anaphylaxis in individuals remains limited. In this
regard, some reports have shown that biological drugs
can cause anaphylaxis via a mechanism that is not fully
understood (139-142). However, there are also other topics
regarding COVID vaccination and transmission that require
further examination (143-146).

COVID-transmission in vaccinated individuals. It has been
reported that even after vaccination, individuals can still infect
others (147). Immunization with COVID-19 vaccines provides
the best protection within 2 weeks of being fully vaccinated. A
person is considered fully vaccinated 2 weeks after receiving
the second dose of Pfizer's or Moderna's vaccine or one dose
of Johnson & Johnson's. Furthermore, if a person tests positive
for COVID-19 or becomes ill a few days later, they most likely
were exposed to the virus before being fully vaccinated. There
are reported cases of illness and/or exposure after the vaccines,
but the complications of the disease for those not vaccinated
are of a greater magnitude. Furthermore, a person can be posi-
tive for COVID-19 before being fully vaccinated or after the
complete cycle of vaccination (148). There are reported cases of
illness after the vaccines with fewer complications. Moreover,
important conditions such as obesity, asthma, chronic lung
disease, diabetes, serious heart conditions, chronic kidney
disease, AIDS, cancer, malnutrition disease, autoimmune or
inflammatory diseases exponentially increase the mortality
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risk of patients with SARS-CoV-2 (146) Researchers have
considered whether COVID-19 vaccines reduce the seri-
ousness of symptoms and the chances of complications in
infected individuals. Generally, after vaccination a person is
protected from disease, but not necessarily infection, and for
this reason, they could be asymptomatic or present with a few
symptoms (149).

Longevity of COVID-19 vaccine-induced immunity. At
present, the exact duration of protection given by COVID-19
remains unknown and is under investigation. Currently,
ongoing trials by Pfizer show that the two-dose vaccine is
highly effective for 6 months, or longer. Moreover, significant
levels of NAbs were detected in vaccinated individuals with
two doses of the Moderna vaccine for 6 months (147). A recent
study analyzed different compartments of circulating immune
memory to SARS-CoV-2 in 254 COVID-19 cases, including
43 cases at 6 months after infection. It was observed that levels
of IgG to the spike protein remained stable for >6 months. In
addition, the number of spike-specific memory B cells was
high for 6 months compared with that observed at 1 month after
symptom onset, while the number of SARS-CoV-2-specific
CD4* T and CD8* T cells decreased with a half-life of
3-5 months. Finally, it was found that memory B, CD4* T and
CDS8* T cells to SARS-CoV-2 had distinct kinetics (150).

Currently, it remains debated whether vaccinated indi-
viduals should continue to follow social distancing or if they
should be free from restrictions. The USA Centers for Disease
Control and Prevention has published some specific guid-
ance, such as that it is important to wear masks and follow
social distancing to slow its spread until herd immunity is
reached (151).

5. Conclusions

Vaccination plays an important role in preventing the
COVID-19 pandemic, but there are some doubts regarding
vaccine effectiveness, as well as its opposition and imple-
mentation. Previous studies have reported mathematical
models of COVID-19 dynamics and the impact of vacci-
nation that can play an important role for public health
planning (152-155). For example, a study used a model of a
COVID-19 epidemic to predict the effectiveness of vaccina-
tion in the USA (156). This model has considered different
factors such as asymptomatic and symptomatic infec-
tiousness, reported and unreported cases data, and social
measures implemented to decrease infection transmission.
This model has demonstrated that subsiding of the epidemic
depends on both the vaccination implementation and the
scale of relaxation of social measures that reduce disease
transmission (156). Another study used a predictive model on
the effect of vaccination to forecast the infection dynamics
in three countries, including India, Brazil and USA (157). It
was found that the USA requires a larger number of vaccines
to eliminate COVID-19 compared with India and Brazil due
to its highest number of active cases (157). However, several
unknown factors can influence modelling vaccination against
SARS-CoV-2 at this stage. Furthermore, it remains unknown
that these vaccines can be effective to stop the COVID-19
pandemic. It has been suggested that second-generation

vaccine production will be required to to end the pandemic.
Thus, countries must increase research regarding novel
vaccines and therapies against this virus through interna-
tional collaboration (158).

In conclusion, an ideal COVID-19 vaccine should induce
high levels of NAbs and reduced levels of non-NAb to avoid
ADE potential. Furthermore, it should trigger robust Thl
cell-based responses and low Th2 cell-based responses to
decrease the enhanced respiratory disease potential, as well
as maintain long-lasting immunological memory. Several
vaccines have shown protection efficacy in large-scale clinical
trials, such as BioNTech/Pfizer and Moderna. At present, more
studies are necessary for the AstraZeneca vaccine in mouse
and non-primate models to further ascertain the protection
efficacy and to study different adverse events, such as blood
clots, low platelets and hemorrhage. Moreover, additional
studies on almost all vaccine candidates will be necessary to
assess the duration and level of protective immunity towards
this disease. In summary, an effective COVID-19 vaccine will
be the first goal to control this virus, but there are even greater
challenges ahead. For example, to overcome the current
pandemic, COVID-19 vaccines should be distributed world-
wide. Moreover, basic scientific data must be easily accessible
to create vaccines based on innovative platforms. To develop
new mRNA vaccines that target viruses or cancer, high levels
of financial support both from private companies and the
governments of several nations are necessary. In this regard, it
is necessary to build a larger capacity for scientific research in
developing countries.
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