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1. Abstract

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infections were first detected in Wuhan,
China in December 2019 and resulted in a worldwide pan-
demic in 2020. SARS-CoV-2 infections totalled more than
180 million with 3.9 million deaths as of June 24, 2021.
Tremendous research efforts have resulted in the develop-
ment of at least 64 vaccine candidates that have reached
Phase I to III clinical trials within 14 months. The primary
efficacy endpoint for a random placebo-controlled clinical

trial of a COVID-19 vaccine to be approved by US FDA
should confer at least 50% protection against COVID-19.
Three COVID-19 vaccines (BNT162b2, mRNA-1273 and
Sputnik V) in clinical Phase III trials have now achieved
>90% efficacy in preventing COVID-19. Since SARS-
CoV-2 is highly contagious, vaccines are expected to
achieve at least 80% herd immunity in the world’s popu-
lation to effectively prevent SARS-CoV-2 infections. An
overview of safety, immunogenicity and efficacy of the cur-
rent frontrunner vaccines are reviewed.
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2. Introduction

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has caused a global public health crisis. The
situation is getting worse as many countries are facing the
third wave of SARS-CoV-2 infections and as of 24 June
2021, there were over 180 million infections with 3.9 mil-
lion deaths globally. There is an urgent need to develop
a safe and effective vaccine needed to curtail the escalat-
ing COVID-19 pandemic. To date, WHO has reported over
237 vaccine candidates in preclinical and clinical trials us-
ing various platforms [1]. Many of the vaccine candidates
are in Phase I/II clinical trials to evaluate immunogenicity
and safety using different vaccine dosages in a small num-
ber of healthy volunteers. Some of these vaccine candidates
have progressed to Phase III trials to further demonstrate
efficacy and safety in larger cohorts of participants. As of
May 20, 100 vaccine candidates have entered clinical eval-
uations and 20 vaccines have progressed to Phase III clini-
cal trials. Several of the forerunners have completed Phase
III trials and have been approved for regular use in some
countries and emergency use in others.

The pandemic has warranted urgent actions to de-
velop vaccines at warp speed. The mortality rate among
individuals with underlying medical conditions and old age
is higher than those who are young and healthy [2]. Besides
conventional vaccines such as inactivated and recombinant
subunit proteins, mRNA vaccines which have never been
approved in the history of human vaccinations have now
been used to vaccinate millions of people. However, the
long-term safety and efficacy in preventing COVID-19 in-
fections are still unclear.

Vaccine development is a rigorous and complex
process. Vaccine safety is the primary goal of COVID-
19 vaccine development, which can be evaluated in vari-
ous animal models before human clinical trials. The in-
cidence of solicited local and systemic adverse events as
well as the usage of pain medication for 7 days after each
injection, unsolicited adverse reactions for 28 days follow-
ing each injection must be taken into account in the safety
assessment of vaccine candidates. Solicited local adverse
events included pain, redness, swelling and induration at
the injection site while solicited systemic adverse events in-
cluded fever, headache, fatigue, nausea, muscle ache and
joint pain. In terms of severity, adverse events were clas-
sified as mild (transient discomfort for <48 h), moderate
(mild limitation in activity) or severe (medical intervention
required) or life-threatening. Safety of the vaccines should
be monitored over a longer-term period of more than 2 years
after vaccination. For example, medically attended and se-
vere adverse events in patients vaccinated with Moderna
mRINA-1273 vaccine will be assessed for 2 years in Phase
111 clinical trials [3].

Antibody-dependent enhancement (ADE) and
vaccine-associated enhanced respiratory disease (VAERD)

are two potential risks related to vaccine-enhanced COVID-
19 disease. ADE usually arises when viruses bind to non-
neutralizing antibodies which in turn facilitate viruses to
enter the host cells via Fc receptors expressed on mono-
cytes. ADE could also occur when antibodies induced by
vaccines were insufficient in neutralizing the virus. ADE
has been observed in SARS-CoV-1 and MERS-CoV in-
fections where anti-S antibodies were involved in ADE of
SARS infections by gaining entry into FcR-expressing cells
[4], while a neutralizing antibody (Mersmab 1) targeting the
receptor-binding domain (RBD) aided the entry of MERS
pseudo-virus via the DPP4 pathway [5]. In view of ADE
caused by using the whole S protein or inactivated vac-
cine of SARS-CoV-1 and MERS-CoV, researchers have re-
moved the potential ADE-promoting epitopes from the S
protein by using the RBD as a sub-unit vaccine [6]. Despite
the knowledge that ADE was caused by the whole S protein
in SARS-CoV-1, the majority of the SARS-CoV-2 vaccine
candidates employed the whole S protein as an immunogen.
The SARS-CoV-2 receptor-binding domain (RBD) has also
been shown to elicit a potent neutralizing response without
ADE [7, 8].

VAERD could occurs when Th2 cytokines such
as IL-4, IL-5 and IL-13 were overproduced, resulting in
excessive mucus production, increased polymorphonuclear
leukocytes and eosinophils in lung histopathology [9]. It
has been suggested that non-neutralizing antibodies could
stimulate Th2 response, leading to the formation of im-
mune complexes which could cause tissue damage [10].
SARS-CoV vaccines based on the inactivated virus or re-
combinant S or N proteins administered with and without
adjuvants in mice, ferrets and non-human primates were
reported to induce Th2-mediated immunopathology with
eosinophil infiltrations after challenge [11, 12]. In addi-
tion, inactivated MERS-CoV vaccine was found to increase
infiltrations of eosinophil by promoting the production of
Th2 cytokines, resulting in adverse lung pathology in mice
[13]. Most of the vaccine candidates that entered Phase
III clinical trials were designed to elicit S protein-mediated
immune responses. However, earlier studies have shown
that whole inactivated virus or the entire S glycoprotein
from SARS-CoV-1 were associated with increased respira-
tory conditions in animal models [12, 14]. Therefore, pre-
venting Th2-biased immunity or eliminating elicitation of
poorly neutralizing antibodies would be paramount to en-
suring vaccine safety. Immunogenicity data of Th1 vs. Th2
polarization in addition to neutralization antibodies vs to-
tal IgG responses in animal models could provide a critical
framework for safety assessment and regulatory decisions
required to accelerate vaccine development. Characteriza-
tion of the types of immune responses induced by COVID-
19 vaccine candidates in animal challenge studies could be
useful to evaluate the possibility of the vaccine in induc-
ing vaccine-associated ERD in humans. FDA has included
the requirement to demonstrate the Th1/Th2 ratio of cellular
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immune responses elicited by vaccine candidates in clinical
trials [15].

Vaccines fundamentally activate the immune sys-
tem of an individual to prepare for possible infection by a
virus, so the immune response mounted would be enhanced.
To study their usefulness, the vaccine candidates would
have to be assessed for their immunogenicity and safety in
clinical trials. Immunogenicity is the ability of an antigen
present in a vaccine to elicit measurable immune responses.
The adaptive immune responses were activated after viral
uptake and antigen processing by antigen-presenting cells.
B cells are activated by the antigens through the B cell re-
ceptor (BCR). B cells are assisted by activated T follicular
helper cells (Tfh) to differentiate into plasma cells which
can then produce specific antibodies against the antigen.
Humoral immune responses to SARS-CoV-2 were mainly
mediated by antibodies that were directed to the spike gly-
coprotein and the nucleocapsid protein. However, neutral-
izing antibodies are targeted mainly at the SARS-CoV-2
spike protein [16]. Neutralizing antibodies should be ef-
fectively preventing viruses from entering host cells to limit
the infection and they also play an important protective role
to prevent re-infection.

By contrast, the cellular immune response is me-
diated by T cells. Cytotoxic and helper T cells are known to
play a crucial role in adaptive immune responses by clear-
ing the virus-infected cells [17]. CD8+ T cells activated by
peptide antigens presented on MHC I differentiate into the
cytolytic T cells, whereas CD4+ T cells activated by pep-
tide antigens presented on MHC II further enhances CD8+
T cell responses. T-helper 1 (Th1), T-helper 2 (Th2), T-
helper 17 (Th17) and regulatory T cells (Treg) are effec-
tor subtypes of activated CD4+ T helper cells that play im-
portant roles in mediating immune response through the re-
lease of various cytokines. Th1 cells secrete IFN- as their
signature cytokine to activate macrophages and DCs. Thl
cells also secrete TNF-q, IL-2 and lymphotoxin. By con-
trast, Th2 cells do not produce IFN-v but secrete cytokines
such as IL-4, IL-5, and IL-13. Both Th1 and Th2 cells sup-
port the production of B cell antibodies and induction of
immunoglobulin class-switching [18]. Th17 cells are pri-
marily responsible for the production of cytokines such as
IL-17A, IL-17F, IL-21 and IL-22. Tfh cell can also secret
IL-21[19]. Th17 cells play a crucial role as evident by their
presence in the biopsy of patients who suffered lung infec-
tions due to COVID-19 [20]. The total number of CD4+ T
cells, CD8+ T cells, B cells and natural killer cells is sig-
nificantly related to the inflammatory status in COVID-19
patients, especially the CD8+ T cells and CD4+/CD8+ ratio
[21]. Regulatory T cells (Treg) have been shown to regu-
late inflammation in other coronavirus infections but have
an unknown-role in SARS-CoV-2 immunopathology [22].
Infection with SARS-CoV-1 reported persistence of T cells
which provided long term virus-specific T cell immunity.
The presence of memory T cell responses up to 11 years

post-infection was reported in convalescent patients from
SARS-CoV-1 infection [23]. Intriguingly, some SARS-
CoV-2 patients were found to develop specific memory T
cells but specific antibodies were absent. This indicated that
there is a probability of cellular immune responses in the
absence of humoral response. However, the persistence of
memory T cells in SARS-CoV-2 infection is still unknown
[24, 25].

The advantages and disadvantages of SARS-CoV-
2 vaccine candidates are presented in Table 1. The safety
of the SARS-CoV-2 vaccine candidates and their immuno-
genicity in eliciting neutralizing antibodies will be pre-
sented in Table 2 (Ref. [3, 26-40]). The findings on T
cell responses and cytokine profiles elicited by SARS-CoV-
2 vaccine candidates are addressed in Table 3 (Ref. [26—
31, 41]). The emergence of SARS-CoV-2 variants and
their impacts on the efficacies of current vaccines against
SARSCo-V-2 are discussed.

3. Inactivated vaccines

3.1 BBIBP-Corv

The inactivated vaccine platform is the most com-
mon vaccine platform used in vaccinology. Many infec-
tious diseases have already been eradicated using inac-
tivated vaccines and it would be desirable to utilize the
much tried and tested platform for developing a safe SARS-
CoV-2 vaccine. The inactivated vaccine, BBIBP-Corv, de-
veloped by Chinese pharmaceutical company Sinopharm,
was produced from the 19nCoV-CDC-Tan-HB (02) (HB02)
strain derived from the throat swab of a covid-19 patient
[42]. It showed high homology with many SARS-CoV-2
strains and therefore displayed a high level of phylogenetic
relationships with strains within the SARS-CoV-2 popula-
tion [32]. The logic behind the development of this vac-
cine is that inactivated vaccine platforms already had a good
track record to provide immune protection against respira-
tory diseases [43]. Research has been going at an accel-
erated pace due to the scale of the pandemic, leading to
changes from typical human trial protocols as Phase I and
IT trials were reportedly conducted in parallel [9].

The results of both Phase I (n = 192) and II (n =
448) trials showed that the BBIBP-CorV vaccine was safe
and well-tolerated at 4 ug and 8 pug doses with aluminum
hydroxide as the adjuvant via intramuscular injections in
the young adult and elderly groups (18-59 years and >60
years). Only mild adverse events were observed. Injection
site pain or fever was observed in 29% of 144 vaccinees in
the Phase I trial, while 23% of 336 vaccinees in the Phase
II trial had at least one adverse event within one week after
vaccination [32]. Laboratory measurements found no clini-
cally significant abnormalities linked to the vaccines which
indicated good tolerability in healthy individuals.



Table 1. SARS-CoV-2 vaccine candidates in clinical trials including the advantages and disadvantages of different vaccine platforms.

Vaccine

68¢CT

Inactivated Vaccine mRNA vaccine Adenovirus vector vaccine Recombinant S protein
platforms
Manufacturers Sinopharm Sinopharm Sinovac Moderna Pfizer Biontech CanSino Oxford Univer- Gamaleya Janssen/Johnson Novavax
sity/AstraZeneca & Johnson
China China China USA USA/Germany China UK Russia USA USA
Vaccine .
did BBIBP-Corv New Crown CoronaVac mRNA-1273 BNT162b2 Ad5-nCoV ChAdOx1 Sputnik V Ad26.COV2.S NVX-CoV2373
t
candicates COVID-19 nCoV-19
. Aluminum Aluminum aluminum Lipid Lipid No No No No .
Adjuvant Matrix-M1
hydroxide hydroxide hydroxide nanoparticles nanoparticles adjuvant adjuvant adjuvant adjuvant
Storage -18 °C (Frozen
8 2-8°C 2-8°C 2-8°C -20°Cfor 6 =70 °C for 6 2-8°C 2-8°C (Frozen) 2-8°C 2-8°C
temperature 2-8 °C (lyophilised)
months, 2-8 °C  months, =20 °C
for 1 month for 2 weeks
Efficacy N/A N/A 50.4% 94.1% 95% N/A 70% 91.6% 66% 89.3%
Emergency use China Not reported China US, Canada, UK, Canada, US China UK, Argentina, Russia and Mexico ~ US (Paused 13 Not reported
approval Europe and UK and Europe India, Mexico, April), Canada
Brazil, Europe and Europe
and Canada
Easy and quick to design. Large scale L . . . .
L . ; . . Replication-defective vector viruses tend to elicit stronger immune responses
Safe because the virus is killed. Easy for production. Safe as no infectious virus . . . . .
Advantages . . . than killed viruses. Can induce humoral and cellular responses with a single Focus on the most
transport and storage. handling is required. Can induce humoral . . . .
dose with Ad5-nCoV and Ad26.COV2.S. immunogenic S protein of
and cellular responses. . .
the virus for protection.
Incapable of causing
infections.
Significant risk due to growth of large volume
of live viruses before inactivation. The . .
. . X There are no licensed mRNA vaccines. L . . . .
inactivation process may affect antigen . . . Pre-existing immunity against viral vector can attenuate immune responses.
. . . . . mRNA vaccines exhibit instability due . ) . . .
Disadvantages immunogenicity. Some inactivated Some candidates require storage at —20 °C. Serious adverse reaction of Adjuvant may need to

vaccines were shown to increase severity
of disease. Adjuvants are required.
Multiple doses are needed every 12 months.

to liposome and require storage at —20 °C
or =70 °C.

causing blood clots have been reported for ChAdOx1 nCoV-19.

boost long-term immunity.




Table 2. Neutralizing antibody responses and safety of COVID-19 vaccine candidates.

Vaccine candidates Clinical trials No. of subjects Route No. of doses Schedule (Days) Dosage Immunogenicity (GMT NtAb) Safety References
Phase I 192 (18-59 years) I.M 2 Days-0, 28 2 Day-42) 87.7
( years) Y He (Day-42) Fever was reported in less than 10% of
4pg 211.2 o )
participants. All adverse reactions were
8 pg 228.7 ) ,
mild. No severe adverse reaction was
. . Phase I (>60 years) 1M 2 Days-0, 28 28 (Day-42) 80.7 reported within 28 days post-vaccination
Inactivated vaccine 4pg 131.5 X
K : in all groups. [32]
(BBIBP-CorV) 8 ng 170.8
Phase I 448 (18-59 years) I.M 2 Days-0,14 4pg (Day-28) 169.5 .
Adverse effects reported were mild or moder-
Days-0, 21 4pg 282.7 i . .
ate. Fever in less than 4% of participants in
Days-0, 28 4 pg 218.0
each dosage group.
LM 1 Day-0 8 ng (Day-28) 14.7
Phase I 96 (18-59 years) IM 3 Days-0, 28, 56 2.5ng (Day-70) 316 . .
All adverse reactions were mild (grade 1 or 2),
. . 5 pg 206 C
Inactivated vaccine 10 297 mainly injection site pain and fever. No other 33]
(New Crown COVID-19) H8 adverse reactions were reported within 28 days
Phase I 224 (18-59 years) I.M 2 Days-0, 14 5pg (Day-28) 121 post-vaccination.
Days-0, 21 5 pg (Day-35) 247
PhaseI 144 (18-59 years) I.M 2 Days-0, 14 3pg (Day-42) 5.4
6 pg 15.2
Days-0, 28 3pg (Day-56) 19.0 Most adverse reactions were mild (grade 1).
Inactivated vaccine 6 pg 29.6 The most commonly reported symptom was [34]
(CoronaVac) Phase I 600 (18-59 years) 1M 2 Days-0, 14 3pg (Day-42) 23.8 pain at the injection site. No serious adverse
6 ng 30.1 events were noted within 28 days of vaccination.
M 2 Days-0, 28 3pg (Day-56) 44.1
6 pg 65.4

06¢T



Table 2. Continued.

Vaccine candidates Clinical trials  No. of subjects Route No. of doses Schedule (Days) Dosage Immunogenicity (GMT NtAb) Safety References

Phase I 45 (18-55 years) LM 2 Days-0, 28 25 pg (Day-43) 112.3 No stage 4 adverse effects were reported.
Myalgia, fatigue, headache, chills and pain at [26]
the injection site occurred in more than half

T6CT

LNP-mRNA the participants in all groups. Adverse events
(mRNA-1273) were more frequent after the second dose and
more prominent in the highest dose group.
100 pg 343.8
250 pg 332.2
Phase I 40 (56-70 years) 1M 2 Days-0, 28 25 pg
100 pg (Day-43) 402 Adverse events were mild or moderate in elder-
(>71 years) LM 2 Days-0, 28 25 pg ly. No serious adverse events were reported. [35]
100 pg (Day-43) 317
Phase IIT 30,420 (>18 years) 1M 2 Days-0, 28 100 pg N/A Soreness at the injection site after the first [3]
dose. Fatigue, myalgia, arthralgia, headache,
pain. Redness at the injection site after
the second dose was common among the
younger than elderly.
Phase I 195 (18-55 years) LM 2 Days-0, 21 10 pg (Day-35) 97 The adverse event primarily pain at the injection
20 pg 292 site in younger. Injection-site pain was reported
30 pg 163 by 92% after the first dose and by 75% after the
LNP-mRNA (BNT162b2)  ppage | (65-85 years) LM 2 Days-0, 21 10 pg (Day-35) 111 second dose in the elderly. Fatigue, headache,
20 pg 81 chills, muscle pain, and joint pain were reported
30 pg 206 in small numbers of younger recipients, but no
severe systemic events were reported in the elderly.
Phase III 43,448 (>16 years) LM 2 Days-0, 21 30 pg N/A Serious adverse events were low. Shoulder [36]

injury related to vaccine administration, right
axillary lymphadenopathy, paroxysmal ven-
tricular arrhythmia and right leg paresthesia
were reported among BNT162b2 recipients.
Two BNT162b2 recipients died (one from ar-
teriosclerosis, one from cardiac arrest), as did
four placebo recipients (two from unknown
causes, one from hemorrhagic stroke, and

one from myocardial infarction.




Table 2. Continued.

Vaccine candidates Clinical trials  No. of subjects Route No. of doses Schedule (Days) Dosage Immunogenicity (GMT NtAb) Safety References

Phase I 108 (18-60 years) I.M 1 Day-0 5 x 1010 vp (Day-28) 14.5 Pain at injection site was reported in 54%

R vaccine recipients. Fever, Fatigue, headache [28]
Adenovirus type 5 vector-

. and muscle pain were common. Most ad-
ed vaccine (Ad5-nCoV)

verse reactions that were reported in all dose
groups were mild or moderate in severity.
Severe fever along with fatigue, dyspnoea,
muscle and joint pain were reported in less
than 10% of participants.

434!

1 x 1011 vpP 16.2
1.5 x 1011 vpP 34
Phase II 508 (>18 years) LM 1 Day-0 5 x 1010 vp (Day-28) 19.5 (371
1 x 1011 vp 18.3
. . Phase I/Il 1077 (18-55 years) LM 2 Days-0, 28 5 x 1010 vp (Day-28) 218 Pain, fever, chills, muscle ache, headache, [38]
Chimpanzee adenovirus . .
i and malaise were common in the ChAdOx1
vectored vaccine
nCoV-19 group.
ChAdOx1 nCoV-19
(AZD1222) Phase III 23,848 (>18 years LM 2 Days-0, 28 5 x 1010 vp N/A Serious adverse events occurred in 168 partici-
2.5 x 1010 vp pants, 79 of whom received ChAdOx1
and 5 x 1010 VP nCoV-19. [39]
. Phase I 38 (18-60 years) LM 1 Day-0 1 x 1011 vp N/A Asthenia, myalgia, arthralgia, fever,
Adenovirus vectored ) L . [29]
. . headache and pain at injection site were
vaccine (Sputnik V) . . . -
reported in a portion of vaccinated partici-
pants. Most adverse events were mild and
no serious adverse events were detected.
Phase II 38 (18-60 years) LM 2 Days 0, 21 1 x 1011 vp (Day-42) 49.25
Phase III 21,977 (>18 years) 1M 2 Days 0, 21 1 x 1011 vp N/A No Grade 4 adverse events reported. Most [40]

reported adverse events were grade 1. The
most common severe events reported were
pain at the injection site, fever, fatigue and
headache. Four deaths were reported during

the study but no related to vaccine.




Table 2. Continued.

Vaccine candidates Clinical trials No. of subjects Route No. of doses Schedule (Days) Dosage Immunogenicity (GMT NtAb) Safety References
Phase I/Ila 805 (18-55 years) LM 1 Day-0 5 x 1010 vp (Day-29) 224
1 x 101 vP 215 . .
10 Most solicited systemic adverse events were
5 x 10+Y VP (Day-57) 310 . L
. 11 mild in both younger and elderly, mainly injec-
Adenovirus vectored 1x 10+ VP 370 . i i .
. 10 tion site pain, fever, headache and myalgia. [30]
vaccine (Ad26.COV2. S) (>65 years) LM 1 Day-0 5x 10" VP (Day-29) 277 . X
1 Five serious adverse events occurred but unre-
1x 10+ VP 212 .
10 lated to vaccine.
(18-55 years) LM 2 Day-0, 56 5x 10" VP (Day-71) 827
1 x 1011 vp 1266
S-Protein Subunit PhaseI 131 (18-55years) LM 2 Days-0, 21 5 pg + Matrix (Day 35) 3906 Adverse events and reactogenicity were mild (31]
(NVX-CoV2373) M1 in the majority of participants. Most com-
mon severe systemic events were joint pain
and fatigue. 8 of 131 participants had severe
systemic events.
25 pg + Matrix 3305

M1

N/A denotes no data available; .M denotes intramuscular administration; VP denotes viral particles.

€6c1
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Table 3. T cell responses and cytokine profiles of COVID-19 vaccine candidates.

Vaccine candidates T cell responses Th1 cytokines Th2 cytokines References
Inactivated vaccine (BBIBP-CorV) N/A N/A N/A N/A
Inactivated vaccine (New Crown COVID-19) N/A N/A N/A N/A
Inactivated vaccine (CoronaVac) N/A N/A N/A N/A
LNP-mRNA (mRNA-1273) Good CD4+ T cells IFN-v, IL-2, TNF-«r,  Minimal IL-4, IL-13 [26]
Low levels of CD8+ T cells
LNP-mRNA (BNT162b2) Good CD4+ and CD8+ T cells IEN-~, IL-2 Minimal IL-4 [27]
Adenovirus type 5 vectored vaccine (Ad5-nCoV) Detected CD4+ and CD8+ T cells IFN-v, IL-2, TNF-« N/A [28]

Chimpanzee adenovirus vectored vaccine
ChAdOx1 nCoV-19 (AZD1222)

Adenovirus vectored vaccine (Sputnik V)
Adenovirus vectored vaccine (Ad26.COV2. S)
S-Protein Subunit (NVX-CoV2373)

Detected CD4+ and CD8+ T cells
Detected CD4+ and CD8+ T cells
Detected CD4+ T cells

Detected CD4+ and CD8+ T cells IFN-v, IL-2, TNF-a« Minimal IL-4, IL-5, IL-13 [41]

IFN-y N/A [29]
IFN-y, IL-2 Minimal IL-4, TL-13 [30]
IFN-v, IL-2, TNF-a  Minimal IL-5, TL-13 [31]

N/A denotes no data available.

Good immunogenicity of the vaccine was demon-
strated as the vaccine could induce rapid humoral responses
and 100% seroconversion was evident in both cohorts by
day 42. The two-dose immunizations with 4 ug dose on
days 0 and 21 or days 0 and 28 in Phase II were found to
elicit higher levels of neutralizing antibodies at 282.7 (95%
CI, 221.2-361.4) and 218.0 (95% CI, 181.8-261.3), respec-
tively; when compared to the single 8 ug dose with a GMT
of 14.7 (95% CI, 11.6-18.8) on day 28 or the 4 ug dose on
days 0 and 14. No cellular immune responses to the inacti-
vated BBIBP-Corv were reported.

Due to the lack of clinical data for children and
adolescents, studies on the effects of the vaccine in these
groups are currently on-going [42]. Phase III trials of-
ficially began in July 2020 in China as well as in coun-
tries such as Argentina (NCT04560881) and the UAE
(ChiCTR2000034780). Phase III trials were expected to
conclude by late 2021 to provide further information on the
dosages and immunization schedules as well as safety and
immunogenicity. The World Health Organization (WHO)
has granted emergency approval for BBIBP-Corv on May
7, 2021 [44].

3.2 New Crown COVID-19

New Crown COVID-19 is an inactivated vac-
cine produced by Sinopharm. The SARS-CoV-2 virus
(WIV04 strain; GenBank accession number MN996528)
was cultivated in Vero cells and it was inactivated with -
propiolactone. In the phase I trial, 96 participants (18-59
years) were assigned to receive the inactivated vaccine with
aluminum hydroxide as the adjuvant via intramuscular in-
jections in a three-dose schedule at 2.5 ug, 5 ug and 10
ug/dose on days 0, 28 and 56. The primary immunogenic-
ity outcome showed good neutralizing antibody response 14
days after 3 doses of vaccinations. All participants receiv-
ing either low (2.5 pg) or high (10 pg) dose showed 100%
seroconversion while medium (5 pg) dose group achieved
seroconversion at 95.8%. After the third dose, GMT of
neutralizing antibody at day 14 was found to be 316 (95%

CI, 218-457), 206 (95% CI, 123-343) and 297 (95% CI,
208-424) for low, medium and high dose, respectively (Ta-
ble 1). The neutralizing antibody titers were comparable
with the levels in other published results from mRNA-1273
and BNT162b1 mRNA vaccines [26] and higher than the
titers in convalescent human sera. In the Phase II trial, 224
participants were randomly divided into 2 schedule groups
(days 0 and 14, and days 0 and 21) using 5 ug dose. The se-
roconversion rate of neutralizing antibodies reached 97.6%
in those receiving two middle-dose injections at 14-and 21-
day. The GMT was 121 (95% CI, 95-154) in the group
receiving injections on days 0 and 14 and 247 (95% CI,
176-345) in the group of participants receiving 5 ug injec-
tions on days 0 and 21 [33]. However, there was no assess-
ment of CD4+ and CD8+ T cell responses, including the
Th1 and Th2 responses which were characterized by IFN-~y
and IL-4 cytokines, respectively. The inactivated vaccine
was reported to elicit robust antibody responses in partici-
pants from 18-59 years of age but did not include partici-
pants >60 years of age. Vaccine candidates developed by
Sinopharm could be stored at normal fridge temperatures of
2 °Cto 8 °C. Phase III clinical trial has begun on Septem-
ber 2020 for longer-term assessment of safety, efficacy and
immune persistence with testing two dosages given 21 days
apart (NCT04612972). The study is estimated to complete
on December 2021.

3.3 CoronaVac

CoronaVac was developed by Sinovac Life Sci-
ences Co., Ltd (Beijing, China) and is an inactivated SARS-
CoV-2 vaccine with aluminum hydroxide as an adjuvant.
The SARS-CoV-2 virus was propagated in Vero cells and
harvested viruses were inactivated by (-propiolactone be-
fore further purification by chromatography. The vaccine
CN2 strain was derived from the bronchoalveolar lavage
fluid of a SARS-CoV-2 patient from China [45].

For the inactivated SARS-CoV-2 vaccine, Coron-
aVac, 744 healthy participants aged 18-59 years in Phase
/11 trials were included to evaluate immunogenicity, safety
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and tolerance. The trials were randomized, double-blind
and placebo-controlled, with established safety and im-
munogenic assessment criteria.

No significant differences in the incidence of ad-
verse reactions was reported among the three groups of par-
ticipants receiving a low dose of 3 ug, a high dose of 6
g or placebo for both vaccination schedules (0, 14 days
and 0, 28 days) in the Phase II trials. Most of the adverse
reactions were mild and no severe vaccine-related adverse
events were reported within 28 days of vaccination except
for one case of acute hypersensitivity with urticaria being
reported in the day 0 and 14 cohort but the participant re-
covered and continued with the trial. Thus, there are no
dose-related safety concerns. The mild adverse events were
injection-site pain or fever (10% to 11% of 120 participants)
in participants receiving for both the low and high doses and
most adverse events were resolved within 48 h.

Phase II trials showed increased immune re-
sponses when compared to Phase I with over 90% serocon-
versions for the participants receiving the 3 pg and 6 ug
doses. Cohorts from days 0 and 14 reported 92% (3 ug)
and 98% (6 ug) seroconversion when compared to placebo
group that showed 3% on day 14. The seroconversion rates
of RBD-specific IgG were 97% in the 3 ug group, 100% in
the 6 ug group and 0% in the placebo group at day 21 [34].
Thus, administration of two doses of Coronavac vaccines
at 3 pug/dose at days 0 and 28 was suitable for assessment
of efficacy for future Phase III trials. T cell mediated im-
munity was not assessed in the Phase II trial. The clinical
trial did not include elderly >60 years of age or those with
co-morbidities.

Four Phase III trials are ongoing in Brazil
(NCTO04456595), Indonesia (NCT04508075), Turkey
(NCT04582344) and Chile (NCT04651790). Interim
results released by Sinovac showed that initial vaccine
efficacy was at 78% but variable efficacies were reported
for the Phase III trials in the three countries. Vaccine
efficacy at 91.25% was reported in Turkey and 65.3% in
Indonesia but Brazil reported a reduced efficacy at only
50.4% [46].

4. mRNA vaccines

4.1 mRNA-1273

mRNA vaccines provide flexibility in the design
and expression of viral antigens that are similar to those
expressed during natural infections. The mRNA vaccine
platform has the potential to facilitate rapid vaccine devel-
opment in response to emerging pathogens. mRNA vaccine
comprises a mRNA strand coding for a target antigen which
is translated in the cytoplasm of the host cell [47]. mRNA-
1273 is a vaccine that carries mRNA of the full-length spike
protein encapsulated in lipid nanoparticles and is developed
by Moderna and National Institute of Allergy and Infectious

Diseases (NIAID). It encodes the SARS-CoV-2 spike pro-
tein antigen which is a stable prefusion SARS-CoV-2 gly-
coprotein with intact S1 and S2 cleavage sites. S-2P is sta-
bilized by two consecutive proline substitutions at amino
acids 986 and 987, which are located at the top of the cen-
tral helix in the S2 subunit [48].

In the Phase I dose-escalation clinical trial, 15 par-
ticipants (18-55 years of age) were administered with two
doses of either 25 pg, 100 pg or 250 ug of vaccine at 4
weeks apart. The two-dose mRNA-1273 vaccine was gen-
erally safe and well-tolerated when tested across the three
dosages in 45 healthy adults. Participants who were ad-
ministered with 250 ug antigens, reported having more sys-
temic effects after their second dose. Out of fourteen par-
ticipants, 13 experienced one or more severe events. Af-
ter the second vaccination, participants receiving the 25 ug
dose showed the lowest neutralizing responses while those
receiving higher doses at 100 ug and 250 ug groups exhib-
ited higher responses of geometric mean ID5, 343.8 (95%
CI, 261.2 to 452.7) and 332.2 (95% CI, 266.3 to 414.5), re-
spectively at day 43. The immune response to 100 p:g/dose
showed 2.1-fold higher than those observed in 38 convales-
cent sera after the second vaccination. T cell responses were
also evaluated in humans at the 25 pg and 100 pg dose lev-
els. On stimulation by S-specific peptides, expression was
high towards Th1 cytokines (TNF-a > 11-2 > IFN-v) and
without significant elevation of type 2 helper T cell (Th2)
cytokine expression (IL-4 and IL-13). Low levels of CD8+
T cell responses were observed in the participants (18-55
years of age) at 100 pug/dose [26].

The clinical trials of mRNA-1273 were expanded
to include 40 older adults (56 to 70 years or >71 years)
due to the higher morbidity and mortality of COVID-19
in elderly adults. The participants were administered with
two doses of either 25 ug or 100 ug at 28 days apart. The
vaccine was proven safe as only mild and moderate ad-
verse events were reported in older adults [35]. At day
43 (14 days after the second dose of vaccine), GMTs of
neutralizing-antibody elicited by the 100 ug dose were 402
(95% ClI, 289-560) and 317 (95% CI, 198-508) for par-
ticipants aged 56 to 70 years and 71 years of age or older,
respectively. The 100 ug dose yielded increased binding
and neutralizing titers when compared to the 25 ug dose.
Phase III study enrolled 30,420 participants 18 years of age
or older, of whom 15,210 received the vaccine while 15,210
received the placebo. The mRNA-1273 vaccine adminis-
tered at 100 ;g demonstrated 94.1% efficacy at preventing
severe COVID-19 infections. Moderate transient reacto-
genicity after vaccination did occur but no safety concerns
were identified in the Phase III trial (NCT04470427) [3].

4.2 BNT162b2

Four  mRNA-based vaccine candidates,
BNT162al, BNT162bl, BNT162b2 and BNT162c2
representing two different antigens: RBD or full-length
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spike (with 2 proline mutations) were developed by
of Pfizer and BioNTech (Germany). BNT162al is an
uridine-containing mMRNA encoding the RBD while
BNT162c2 is self-amplifying mRNA carrying a mod-
ified spike protein [49]. BNT162bl and BNT162b2
are both nucleoside-modified RNAs formulated in lipid
nanoparticles. BNT162b2 encoded the stabilized prefusion
SARSCoV-2 full-length spike protein, modified by 2
proline mutations (P2 S) which locked it in the prefusion
conformation whilst BNT162b1 encoded the RBD [48, 50].
The safety and immunogenicity of three different doses
(10 pg, 20 pg, or 30 ug) of BNT162b1 and BNT162b2
were evaluated in 195 adults aged 18 to 55 years and
65 to 85 years. The two vaccination candidates elicited
similar or higher geometric mean titers (GMTs) than
convalescent sera in both younger and older adults, in a
dose-dependent manner [27]. After a two-dose schedule
of 30 pug, BNT162b1 or BNT162b2 was found to elicit
SARS-CoV-2 neutralizing antibodies with GMTs ranging
from 1.1 to 2.2 times the GMTs of convalescent serum
panel in the 65-85-year-old participants and from 1.7 to
4.6 times the GMTs of convalescent serum panel in the
18-55-year-old cohort [27]. Thus, it can be concluded that
both vaccines elicited lower neutralizing responses in the
older than the younger participants. For cellular immune
responses, BNT162b2 elicited S-specific CD8+ T cells and
CD4+ Th1 cells with high expressions of IFN-vy and IL-2.
Low levels of IL-4 were detected, indicating a Th1 profile
with a minimal risk of Th2-associated VAERD [51].

BNT162b2 was reported to have milder sever-
ity of systemic reactions (fatigue, headache, chills, mus-
cle ache, and joint pain) than BNT162b1, particularly in
older adults [27]. Therefore, the BNT162b2 vaccine can-
didate was chosen to progress to the Phase II/III study at
30 pg dose level in a two-dose schedule (21 days apart),
based on the data from preclinical and Phase I clinical in-
vestigation. Phase III study enrolled 43,448 participants
(16 years of age or older) who were healthy or had chronic
diseases such as hepatitis B, hepatitis C or HIV infections.
BNT162b2 vaccine was administered to 21,720 participants
while 21,728 received the placebo. BNT162b2 was able
to prevent COVID-19 infections in 95% of vaccine recipi-
ents aged 16 years or older and no serious safety concerns
were observed (NCT04368728) [36]. mRNA-based vac-
cines appear to be an attractive alternative to conventional
vaccines due to low-cost manufacturing processes which
were rapid and scalable. However, the BNT162b2 mRNA
vaccine would need to be stored at —70 °C with a shelf life
of about 6 months as liposomes were unstable at room tem-
perate. Freezers with the capacity to hold large volumes of
vaccines at this temperature would be needed. This strin-
gent requirement of storage at —70 °C is a limitation for
BNT162b2 from Pfizer compared with Moderna mRNA-
1273 vaccine which was reported to be stable at the refrig-
erated temperature of 2 °C to 8 °C for up to 30 days with a

6-month shelf life. Recently, it has been reported that stor-
age for the Pfizer mRNA vaccine at —20 °C was feasible for
up to 2 weeks and it might improve distributions in under-
developed countries [52].

5. Adenovirus vector-based vaccines

5.1 Ad5-vectored COVID-19 vaccine

Ad5-nCoV is a recombinant adenovirus serotype
type 5 vectored vaccine encoding the full-length SARS-
CoV-2 WT spike protein. It was developed by CanSino
Biologics Inc., China.

Healthy adults (n = 108) aged 18 to 60 years were
enrolled in a Phase I clinical trial and they received a single
dose of vaccine consisting of either 5 x 10'%, 1 x 10'!, and
1.5 x 10! virus particles (VP) intramuscularly. The Ad5-
nCoV vaccine was shown to be immunogenic as significant
levels of neutralizing antibodies were detected at day 14 and
peaked at day 28 post-vaccination. Besides, specific T cell
responses were generated from day 14 post-infection. Par-
ticipants receiving the high dose of 1.5 x 10!! VP were
found to present severe fever, fatigue, muscle pain, or joint
pain. Therefore, the low dose (5 x 10'° viral particles) and
middle dose (1 x 10'! viral particles) were further assessed
for safety [28]. Both doses produced significant neutraliz-
ing antibody response to live virus in Phase II trial involving
508 participants (>18 years old). GMTs of 19.5 (95% CI
16.8-22.7) and 18.3 (14.4-23.3) were observed in those re-
ceived 1 x 10'! and 5 x 10'° viral particles, respectively.
Specific IFN-vy responses post-vaccination were observed
in 227 (90%, 95% CI 85-93) of 253 and 113 (88%, 81-92)
of 129 participants receiving the 1 x 10'! and 5 x 10'%viral
particles, respectively. The Ad5-nCoV vaccine adminis-
tered with a single dose consisting of 5 x 10'° viral parti-
cles was found to be safe and could induce significant neu-
tralizing antibody responses to SARS-CoV-2 in most of the
participants. Since no serious adverse reactions were being
reported after the single-dose immunization, the Ad5-nCoV
vaccine progressed further to Phase III clinical trial with a
single dose administration (NCT04526990) [37]. However,
Th2 responses have not been reported in these studies thus
far. The assessment of Th1/Th2 polarization including the
levels of IL-4, IL-5 and IL-13 should be included in further
studies to reduce the risk of vaccine-associated enhanced
disease (VAERD).

5.2 Chimpanzee adenovirus-vectored vaccine
ChAdOx1 nCoV-19 (AZD1222)

A chimpanzee adenovirus vectored vaccine ChA-
dOx1 nCoV-19 (AZD1222) encoding the spike protein
of SARS-CoV-2 was developed by inserting a codon-
optimized S protein gene in a replication-defective vector
ChAdOx1 [53] The vaccine was the culminating efforts be-
tween academia (Oxford University) and industrial collab-
oration (AstraZeneca).
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A Phase I/II trial enrolled 1077 healthy volunteers
(aged 18-55 years) and participants were immunized with
either a single dose or with two doses consisting of 5 x 10°
viral particles that were administered 4 weeks apart. By
day 28 after a single dose vaccination, antibodies capable
of neutralizing live SARS-CoV-2 were reported and sub-
sequent boosting was able to enhance antibody responses.
Spike-specific T cell responses peaked on day 14 but de-
clined by day 56 after vaccination [38]. ChAdOx1 nCoV-
19 (AZD1222) vaccination has been shown to induce both
CD4+ and CD8+ T cell responses. CD4+ T cell responses
were biased towards secretion of Th1 cytokines (IFN-vy and
IL-2) with minimal Th2 cytokines [41]. Participants who
received the ChAdOx1 nCoV-19 (AZD1222) vaccine re-
ported mild to moderate side effects such as pain, fatigue,
fever, chills, malaise, headache. No serious side effects oc-
curred 28 days after vaccination [38]. The production of ro-
bust humoral and cellular responses and acceptable safety
supported the large-scale evaluation of ChAdOx1 nCoV-
19 (AZD1222) vaccine in a Phase III trial. This vaccine
needs to be stored at 2-8°C which is more amenable to dis-
tribution in developing countries. A Phase III study involv-
ing 23,848 participants aged 18 years and older were ran-
domly assigned to receive either the ChAdOx1 nCoV-19
(AZD1222) vaccine or a control (meningococcal vaccine
or saline) (NCT04516746). Interim results of 11,636 vol-
unteers in the United Kingdom and Brazil showed that vac-
cine efficacy in participants receiving two standard doses
of 5 x 10'° VP was 62.1%. A higher vaccine efficacy
(90%) was reported for participants who received a low
dose at 2.5 x 10'° VP followed by a standard dose of 5 x
1019 VP. Hence, the overall efficacy of ChAdOx1 nCoV-
19 (AZD1222) was reported at 70.4% [54]. The study also
showed that the transmission of SARS-CoV-2 by vaccinees
was reduced by 67% after a single vaccination and 50%
after two vaccinations [39]. Majority of the participants
(79%) from the Phase III UK study were younger (18-55
years of age), with only 12% of 2377 from the 56-69 age
group and a small number of participants (9.0%) from over
70 years of age. Immune responses were similar in the el-
derly after vaccination with two standard doses of ChA-
dOx1 nCoV-19 (AZD1222) [55]. The efficacy of the vac-
cine will need to be further evaluated in populations with
pre-existing anti-ChAdOx1-neutralizing antibodies (>200)
as anti-vector antibodies could affect the ultimate vaccine
efficacy.

5.3 Adenovirus-vectored vaccines (Sputnik V)

Two vectors, adenovirus type 26 (Ad26) and ade-
novirus type 5 (Ad5), were used to construct the Gam-
COVID vaccine (Sputnik V) carrying the genes for the
SARS-CoV-2 full-length glycoprotein S. Both recombinant
vaccines (rAd26-S and rAd5-S) were developed by Gama-
leya Research Institute of Epidemiology and Microbiology
(Moscow, Russia).

In Phase I study, the safety and immunogenic-
ity of the Gam-COVID vaccine were evaluated in nine
volunteers who received the vaccine intramuscularly on
day 0, with either one dose of rAd26-S or one dose of
rAd5-S and they were monitored for 28 days. In Phase II
study, 20 volunteers were primed with rAd26-S, followed
with booster vaccinations with one dose of rAd5-S on day
21. Both frozen and lyophilized vaccine formulations were
safe, well-tolerated and elicited RBD-specific 1gG as well
as neutralizing antibodies. Side effects were mild to mod-
erate (injection site pain, fever, headache, myalgia) but no
serious adverse events were reported [29]. On day 42, neu-
tralizing antibody responses were detected in all 40 par-
ticipants in the Phase II trial with GMT levels of 49.25
elicited by the frozen formulation compared to 45.95 with
the lyophilized formulation. A seroconversion rate of 100%
was achieved after the second dose. The antibody responses
in vaccinated volunteers were significantly higher than an-
tibody levels observed in convalescent SARS-CoV-2 pa-
tients. CD4+ and CD8+ T cell responses occurred in 100%
of participants within 28 days of vaccination and increased
IFN-vy secretions by peripheral blood mononuclear cells
were detected. The frozen formulation was found to have a
slightly higher number of T-helper cells when compared to
the lyophilized formulation (2.5% versus 1.3%). A minimal
increase in the CD8+ T cells was observed for both frozen
and lyophilized Sputnik V vaccine [29]. However, the risk
of vaccine-associated enhanced disease remained uninves-
tigated as Th2 analysis was not included in the study. The
Sputnik V vaccine, developed by the Russian Health Min-
istry’s Gamaleya Institute, was found to induce both hu-
moral and CD4+/CD8+ T cell response in Phase I/II stud-
ies. The vaccine showed a good safety profile in a small
group of 76 participants but no control or placebo group
was included. It can be stored at —18°C, instead of temper-
atures far below freezing being required for vaccines such
as Pfizer’s BNT162b2 vaccine.

A Phase III trial of Sputnik V vaccine was con-
ducted in Russia involving 21,977 participants aged 18
years or older. A majority of the participants (16,501) were
vaccinated with two doses of Sputnik V vaccine while the
placebo group only comprised 4476 participants. Interim
analysis of Phase III trial showed 91.6% efficacy against
COVID-19 and good tolerability was reported in a large co-
hort (NCT04530396) [40]. The Gam-COVID-Vac (Sputnik
V) vaccine became the first coronavirus vaccine approved
for use in Russia after its registration on August 11, 2020,
ahead of completion of Phase III trials.

5.4 Ad26.COV2.S

Ad26.COV2.S is a replication-deficient recombi-
nant adenovirus type 26 vector expressing the stabilized
full-length pre-fusion spike (S) protein of SARS-CoV-2 and
was developed by Janssen Pharmaceutical company of the
Johnson and Johnson (J&J) group.
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Phase I/ITa randomized, double-blinded, placebo-
controlled clinical study was conducted to assess the safety,
reactogenicity and immunogenicity of the Ad26.COV2.S
vaccine in adults 18-55 years (n = 402) and those >65 years
of age (n = 394). After vaccination with either a single low
dose at5 x 10'° VP or high dose 1 x 10! VP, neutralizing-
antibody titers (GMT 224 to 354) were detected in 90%
or more of all participants on day 29. By day 57, fur-
ther increase in neutralizing antibody titers were reported
in 100% of participants. Regardless of vaccination dose
or age group, neutralizing antibodies remained consistent
until day 71. Higher levels of Th1 cytokine-producing S-
specific CD4+ T cell were detected in the younger adults
than in older participants on day 14 post-vaccination. All
the participants receiving a single dose of Ad26.COV2. S
had a measurable Thl or Th2 response with Th1/Th2 ra-
tio well above 1, indicating a vaccine-induced Th1-skewed
response with low risk of VAERD. CD8+ T-cell responses
were robust at both vaccine dosages for the younger partic-
ipants but were lower in the elderly [30].

Vaccine safety and reactogenicity were evaluated
in both younger (aged 18-55) and elderly cohorts (>65
years of age). Injection-site pain was the most common
local adverse event in both groups. Fatigue, headache,
and myalgia were the most common reported systemic ad-
verse events. The results indicated that a single dose of
Ad26.COV2. S administered either at 5 x 10'° VP or 1 x
10! VP was safe, well-tolerated and highly immunogenic
[30]. The vaccine was reported to be stable for up to two
years at -20 °C with a shelf life of 3 months at 2 to 8 °C.
Based on similar immunogenicity elicited by both dosages,
irrespective of age groups, Ad26.COV2.S was progressed
to Phase III to evaluate the efficacy of either a single-dose
(NCT04505722) or two-dose (NCT04614984) vaccination
schedule using 5 x 10'° viral particles. A randomized,
double-blind Phase III clinical trial involving 60,000 par-
ticipants aged 18 years and above was initiated in several
countries. Interim data from a Phase III trial showed a 66%
efficacy in preventing moderate to severe COVID-19 29
days after vaccination in the USA. Ad26.COV2.S was ap-
proved by US FDA on 27 February 2021.

6. Recombinant S protein-based vaccine
NVX-CoV2373

Novavax NVX-CoV2373 vaccine is a recombi-
nant SARS-CoV-2 subunit vaccine containing the full-
length spike (S) glycoprotein stabilized in the prefusion
conformation and Matrix-M1 adjuvant.

A phase 1/2 randomized, placebo-controlled trial
for NVX-CoV2373 was conducted with 131 healthy adults
(18-59 years of age) to evaluate the safety and immuno-
genicity of the rSARS-CoV-2 nanoparticle vaccine. Partic-
ipants (n = 83) were administered with 2 doses at 5 ug or
25 pg of NVX-CoV2373 with and without Matrix M1 ad-

juvant and 23 participants received placebo on days 0 and
21.

The two dose regiments of 5 ug and 25 ug of
NVX-CoV2373 adjuvanted with Matrix-M1 resulted in en-
hanced immune responses by eliciting high levels of anti-
spike (S) IgG and neutralizing antibodies. Individuals re-
ceiving two doses of 5 ug adjuvanted vaccine developed
10-fold higher anti-S neutralizing antibodies than those
without adjuvant at Day 21. The neutralizing antibodies
showed strong neutralizing activity (GMT: 3906) against
live SARS-CoV-2 virus particles after the second vaccina-
tion. By day 21, all groups receiving adjuvanted vaccines
had 100% seroconversion rates with detectable anti-Spike
neutralizing antibodies. Antigen sparing was observed with
the Matrix-M1 adjuvant as anti-Spike IgG levels elicited by
the 2 doses of 5 pg/dose were shown to be higher (63,160
GMEUs) than the levels elicited by the 25 ug dose alone (at
47,521 GMEUEs) at day 35.

Overall, individuals inoculated with the first dose
of NVX-CoV2373 with Matrix-M1 adjuvant achieved neu-
tralizing antibody levels similar to SARS-CoV-2 symp-
tomatic patients. A second dose boosted the immunity con-
ferred, causing the GMEU levels to rise to similar levels
as convalescent sera from patients hospitalized with SARS-
COV-2. Additionally, the dose sparing effect of Matrix-M1
was demonstrated based on similar neutralizing antibody
levels in both groups receiving the 5 pg adjuvanted dose
and the 25 pg adjuvanted dose. Aside from neutralizing
antibody response, the adjuvanted NVX-CoV2373 vaccine
with Matrix-M1 triggered CD4+ T-cell activation which
was Th1 biased, leading to secretions of IFN-v, TNF-« and
IL-2. Minimal Th2 responses were observed.

After the first vaccination, reactogenicity in the
majority of the participants was mild or absent. The most
common severe symptoms reported were headache, fatigue
and malaise [31]. Press release from the UK Phase III trial
on 28th January 2021 reported an efficacy of 89.3% in over
20,000 participants (18-84 years of age with 27% over the
age of 65%) (NCT04611802). As it is stable at 2 °C to 8
°C, it can be distributed easily. However, the South Africa
Phase IIb trial showed a lower efficacy at 60% for the pre-
vention of COVID-19 in HIV-negative participants. Prior
infection with SARS-CoV-2 might not completely protect
against the South Africa variant but the risks were reduced
by 60% in NVX-CoV2373 vaccinated participants [56].
New constructs against the emerging South African strain
have begun and could be developed as a booster or a biva-
lent vaccine candidate in future.

7. The promise of COVID-19 vaccines and
the emergence of variants

The emergence and rapid spread of the SARS-
CoV-2 virus have fast-tracked the process of vaccine de-
velopment. As of May 2021, vaccines such as BNT162b2
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mRNA vaccine, mRNA-1273 vaccine, adenovirus vectored
vaccine ChAdOx1 nCov-19 (AZD1222) and an inactivated
vaccine CoronaVac from Sinovac have been granted emer-
gency use authorization from WHO and respective govern-
ment authorities worldwide. FDA has approved the use of
BNT162b2, mRNA-1273 and Ad26.COV2.S but not ChA-
dOx1nCoV-19 (AZD1222), although the latter has been au-
thorized for use by European Medicines Agency (EMA).

Immune responses vary with different vaccine
platforms. mRNA, inactivated and subunit protein-based
vaccines were reported to require two doses to achieve pro-
tection efficacy while adenovirus vectored vaccines such
as the Ad5-nCoV and Ad26.COV2.S vaccines have been
shown to evoke sufficient immune responses after a single
dose of vaccination.

The spike (S) protein of SARS-CoV has been
shown to play a crucial role in viral attachment and entry
into host cells. The RBD in the SARS-CoV-2 spike pro-
tein was evaluated to be immunodominant and accounted
for 90% of neutralizing activities [57]. Functional neutral-
izing antibodies specific for SARS-CoV-2 are important for
viral neutralization and clearance. The lack of standard-
ized GMT values to compare different efficacy studies and
the use of different immunoassays by different vaccine de-
velopers as well as differences in dosages and schedules of
administration, make it difficult to compare the efficacy of
SARS-CoV-2 vaccine candidates that were in Phase III clin-
ical trials. NVX-CoV2373 S protein vaccine was reported
to elicit the highest neutralizing antibody titers, followed by
the Ad26.COV2.S vaccine and the mRNA-1273 vaccine.
The ChAdOx1 nCoV-19 (AZD1222) vaccine, BNT162b2
mRNA vaccine, BBIBP-CorV and New Crown inactivated
vaccines produced neutralizing antibodies in the medium
range. Lower neutralizing antibody GMTs were reported
for the Sputnik V, CoronaVac and Ad5-nCoV.S vaccines.
The less immunogenic vaccines might still elicit sufficient
immunity to confer protection, but the protective role of
antibody-mediated humoral responses against SARS-Co V-
2 is still unknown as the correlates of protection have not
been established [58]. Ibarrondo et al. [59] (2020) reported
that there was a rapid decay of anti-SARS-CoV-2 antibod-
ies within 2—4 months post-infection in mild COVID-19
patients. The mRNA-based Moderna vaccine was shown
to elicit antibodies that lasted for at least 6 months [60].
Thus, vaccination might promote persistence of humoral re-
sponse for a longer period compared to natural infection.
However, the persistence of SARS-CoV-2 neutralizing an-
tibodies after vaccination with other vaccine candidates is
still unknown. The levels of humoral response required
to confer protection are unknown as the concentrations of
neutralizing antibodies have not been shown to correlate
with COVID-19 severity. Strong neutralizing antibody re-
sponses have been reported in patients with severe COVID-
19 infection and low antibody responses were observed in
asymptomatic or patients with mild infection [61]. Thus,

current knowledge suggested that in addition to humoral re-
sponses, cellular immune responses could play an important
role in preventing SARS-CoV-2 infection. Studies of neu-
tralizing antibody titers, memory B and T cells to SARS-
CoV-2 will be important for understanding the durability
and types of protective immunity against SARS-CoV-2 in-
fection.

The spike protein is the antigen used in most of
the current SARS-CoV?2 vaccines. However, spike protein
is subjected to a relatively high rate of mutations. The vac-
cines focusing on the spike protein might not be effective
or have reduced protection against SARS-CoV-2 variants
such as B.1.1.7 and B.1.351 that carried spike (S)-protein
mutations [62]. CD4+ T cell responses have been reported
to be mostly directed against the S, M, and N proteins and
partially against nsp3, nsp4, and ORF8 whilst CD8+ T cell
responses were directed against immunogenic peptides not
only from the S protein but also from M, and partially
from the nsp3, nsp6 and ORF3a [63]. Peng et al. [64]
(2020) identified six immunodominant T cell epitopes (3
from S protein, 2 from M protein and 1 from N protein)
which were recognized by sera from UK COVID-19 con-
valescent patients. Thus, the conserved regions from M
and N proteins can be included as target antigens in fu-
ture vaccines to stimulate the response of effector T cells
against emerging SARS-CoV-2 variants. With the excep-
tion of inactivated vaccines, all vaccines currently in Phase
IIT have shown the ability to elicit potent Th1 responses. It
is characterized by the secretions of IFN-~, IL-2 and TNF-
«, with low Th2 response characterized by the cytokine IL-
4, which minimizes the risk or potential VAERD. The risk
factors for severe COVID-19 were related to an increased
number of Th17 cells where accumulation of Th17 cells in
the lungs could lead to excessive inflammation seen in se-
vere COVID-19 infections. Therefore, further resolutions
of Th1, Th2 and Th17 responses elicited by the respective
vaccines are needed.

Nainu et al. [65] (2020) reported that reinfection
with SARS-CoV-2 is possible in humans and most of the
reinfection cases were reported from China. Recent vac-
cine breakthrough infections with SARS-CoV-2 variants
were also reported in two patients who were fully vacci-
nated with BNT162b2 or mRNA-1273 at least 2 weeks
prior to re-infection in the USA [66]. The total CD4+ and
CD8+ T-cells were found to be substantially reduced in
COVID-19 patients, particularly those who needed inten-
sive care. The percentages of PD-1+CD8+, CD4+ T-cells
and Tim-3+CD4+ T-cells in ICU patients with COVID-
19 disease were significantly higher, implying that SARS-
CoV-2 could lead to dysfunctional of T cells in COVID-
19 patients [67]. Moreover, decreased quantity or qual-
ity of B cells or memory T cells might also dampen the
immune responses in patients with reinfections. Patients
with lymphopenia could lead to suboptimal production of
neutralizing antibodies and reduced functional activities
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of effector T cells, leading to increased susceptibility to
SARS-CoV-2 reinfection. In addition, elevated levels of
pro-inflammatory cytokines might contribute to lympho-
cyte killing in COVID-19 patients [68]. Increased pro-
inflammatory cytokine levels such as IL-6, IL-10, and TNF-
« and decreased IFN-vy expressing CD4+ T-cells were re-
ported in patients with severe COVID-19 [69]. Reinfection
is possible in immunodeficient individuals with low anti-
body titers or those who failed to generate sufficient mem-
ory cells [70]. Emerging new SARS-CoV-2 variants might
also increase the chances of reinfection as the antibodies
produced in the primary infection might have decreased
ability to recognize the epitopes of the new variants [71].
The choice of vaccines might also a factor contributing to
reinfection. An effective vaccine should mount sufficient
numbers of memory T and B cells as well as long-lasting
neutralizing antibodies against the virus. Inactivated vac-
cines often fail to induce cellular responses and required the
addition of an adjuvant to boost the responses or multiple
vaccinations. Therefore, vaccine design using conserved
antibody recognition site (B cell) and T cell epitopes may
help to prevent severe re-infections of SARS-CoV-2.

In contrast to inactivated vaccines, only the cel-
lular immune responses for BNT162b2, mRNA-1273,
Ad5-nCoV, ChAdOx1 nCoV-19 (AZD1222), Sputnik V,
Ad26.COV2.S and NVX-CoV2373 have been character-
ized. T cell immunity might contribute to longer-term
immunogenicity against SARS-CoV-2 instead of the neu-
tralizing antibodies which were determined for the cur-
rent COVID-19 vaccines. Together with the emergence of
SARS-CoV-2 variants, this might necessitate the search for
highly conserved B and T cell epitopes to be incorporated
into a “universal vaccine” which can confer broad protec-
tion over a longer-term. The “universal vaccine” could be
used as a pre-pandemic vaccine to prevent re-infection by
variants or infection from other coronavirus strains capable
of causing pandemics in the future.

The inactivated vaccine CoronaVac, New Crown
COVID-19 and NVX-CoV2373 are the only vaccines that
have not been assessed for their efficacy and safety in the
elderly >65 years of age. Besides age groups, several
COVID-19 vaccines are currently being evaluated in differ-
ent ethnic populations involving children and adolescents
below 18 years of age, pregnant women, lactating mothers
and individuals with co-morbidities.

As currently approved COVID-19 vaccines con-
tain no live viruses, the risk of COVID-19 vaccine is low
in pregnant and lactating women. CDC has indicated no
significant differences in safety profiles postvaccination
in pregnant versus non-pregnant women from 16 to 54
years old who receive mRNA vaccines [72]. Both Mod-
erna mRNA-1273 and Pfizer BNT162b2 vaccines gener-
ated similar immunogenicity and reactogenicity profiles
in pregnant and lactating women which were compara-
ble to non-pregnant women. The antibodies produced by

the mRINA vaccine were present in infant cord blood and
breastmilk samples, suggesting that vaccination could con-
fer robust maternal and neonatal humoral immunity [73].
Cross-reactive antibody and T cell responses were eval-
uated against SARS-CoV-2 B.1.1.7 and B.1.351 variants
post-vaccination. The neutralizing antibody titers in non-
pregnant, pregnant, and lactating women were reduced
against the B.1.1.7 variant (3.5-fold) and B.1.351 variant (6-
fold) when compared to the SARS-CoV-2-USA-WA1/2020
Wuhan strain [74].

Pfizer BNT162b2 vaccine was shown to have
lower vaccine effectiveness for those with chronic comor-
bidities including high blood pressure, COPD, immunosup-
pression and type-2 diabetes [75, 76]. It is known that
comorbidities are risk factors for severe COVID-19 out-
comes. As a preventive measure, COVID-19 vaccination
is most needed for those more vulnerable individuals which
could reduce the mortality rate of those with underlying dis-
eases. Antibody responses were markedly diminished af-
ter the first immunization in cancer patients but often im-
prove after the second vaccination of BNT162b2 [77]. A
recent study found that 90% of cancer patients exhibited
sufficient antibody response to two doses of the BNT162b2
vaccination, despite having significantly lower antibody
titers than healthy controls [78]. These observations sup-
ported vaccinations would reduce the likelihood of severe
COVID-19 in cancer patients. The reactogenicity, anti-
body enhancement effects (ADE), VAERD, protection con-
ferred by neutralizing antibodies and T cells will need to be
monitored over a longer-term period of more than 2 years
after vaccination in Phase IV trials. ChAdOx1 nCoV-19
(AZD1222) vaccine was associated with blood clots includ-
ing rare cases of cerebral venous sinus thrombosis (CVST)
and disseminated intravascular coagulation (DIC). Euro-
pean Medicines Agency (EMA) concluded that ChAdOx1
nCoV-19 (AZD1222) vaccine is safe as the overall risk of
these blood clots is extremely rare with 25 cases in 20 mil-
lion who received the vaccine in the United Kingdom [79].
Despite adverse effects, the risk of COVID-19 infections
were higher than the danger posed by blood clots, hence it
is still acceptable as an effective vaccine in many countries.

In view of the emergence of new SARS-CoV-
2 variants, the immunogenicity and efficacy of the cur-
rent vaccines that have been approved for emergency use
will need to be further evaluated against these newly
evolved variants. Convalescent plasma showed no signifi-
cant changes in neutralizing activities against B.1.1.7 but
the reduction against B.1.351 was significant [62]. Sera
from vaccinated individuals with BNT162b2 had approx-
imately two-third lower neutralizing activities against the
B.1.351 variant compared to the Wuhan SARS-CoV-2 iso-
late [80]. Neutralizing activity elicited by mRNA-1273
vaccine against the spike protein of B.1.351 variants was
reported to be 6-fold lower than the original Wuhan-Hu-1
strain [81]. However, the antibodies might still provide suf-
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ficient protection against COVID-19. Decreased efficacy
of NVX-CoV2373, Ad26.COV2.S and ChAdOx1 nCoV-
19 (AZD1222) vaccines against B.1.351 had also been re-
ported. Novavax NVX-CoV2373 vaccine efficacy was
89.3% against the UK variant but was only 60% effective
against the South African variant [56]. Ad26.COV2.S vac-
cine was 66% effective in Latin America and only achieved
57% efficacy in South Africa [82]. The efficacy of ChA-
dOx1 nCoV-19 (AZD1222) was 70% in the UK and Brazil
but was reported to be only 22% against mild to mod-
erate COVID-19 infections in South Africa [83]. Pfizer
BNT162b2 and ChAdOx1 nCoV-19 (AZD1222) vaccine
was found to be highly effective against Indian variant
B.1.617.2 at 88% and 60%, respectively [84]. Neutraliz-
ing activity in the ChAdOx1 nCoV-19 (AZD1222) vaccine-
elicited serum was 9-fold lower against the B.1.351 variant
than the UK strain [85]. Since the current vaccines have
been reported to have lower efficacies against the South
Africa variants (B.1.351 lineage) [62], there may be a need
to construct new vaccines which include novel mRNA or
proteins (recombinant protein subunit) of new variants as
boosters in subsequent vaccinations.

Real-world evidence is provided by the usage and
post-market safety or adverse events being reported for cur-
rent vaccines. This data can be generated from a large co-
hort of participants in Phase IV clinical trials and is ex-
pected to strengthen the evidence gathered relating to the
efficacy of a vaccine. The study of approximately 99%
of Scotland’s population (5.4 million people) provided re-
assurance that the Oxford-AstraZeneca ChAdOx1 nCoV-
19 (AZD1222) and Pfizer BNT162b2 vaccines could sig-
nificantly reduce COVID-19 hospitalizations and fatalities
among the elderly after the first dose [86]. Real-world ev-
idence reported that the incidence of COVID-19 was dra-
matically lowered in individuals who were fully vaccinated
with the Pfizer BNT162b2 vaccine. The likelihood of con-
tracting and developing COVID-19 was 44 times more for
individuals who were not vaccinated while the chances
of mortality were likely to be 29 times more than vacci-
nated individuals. This confirmed the higher level of ef-
fective protection with BNT162b2 vaccine. BNT162b2
and ChAdOx1 nCoV-19 (AZD1222) vaccines had demon-
strated 91% and 88% reduction, respectively in hospital-
izations after the first dose based on 1.33 million COVID-
19 vaccinations administered in Scotland, UK. The use of
ChAdOx1 nCoV-19 (AZD1222) was supported in older in-
dividuals as the majority of those receiving this vaccine
were over 80 years old and the effects of the vaccine were
observed to be comparable across all age groups [87].

8. Conclusions

Some of the current vaccines have demonstrated
>90% efficacy but protective efficacy of vaccines was re-
ported to decline due to emergence of new variants such

as the South Africa B.1.351 and Indian B.1.617.2 variants.
However, the vaccines still retain some effectiveness in pre-
venting the spread of new variants even though the neutral-
izing antibody titers had declined. Correlates of protection
for each vaccine will need to be established by creating a
central database to assess multiple variables. The immuno-
genicity of existing vaccines can be improved by adding a
booster dose or by using alternate vaccines to ensure suf-
ficient protection against SARS-CoV-2 variants. The need
to construct multivalent vaccines that may be effective in
preventing the spread of SARS-CoV-2 variants that have
high transmissibility or pathogenicity. A booster vaccine
mRNA-1273.351 was developed by Moderna to cater for
emerging variants B.1.351[88] while next generation mul-
tivalent mRINA vaccine is in development phase by joint ef-
forts of GlaxoSmithKline plc and CureVac N.V. [89]. Stan-
dardized methods of data generation for neutralizing anti-
bodies and T cell responses are needed to ensure the protec-
tive efficacy of new vaccine candidates in clinical research.

In addition to safety and efficacy, other factors in-
cluding cost of production, ease of distribution, storage sta-
bility and long-term immunity should be monitored. All the
vaccines currently in Phase III evaluations were adminis-
tered intramuscularly. However, several intranasal vaccine
formulations which can be easily administered are currently
being investigated [90, 91] and would be beneficial as mu-
cosal immunity is known to offer the first line of defense
against the virus. The secretion of mucosal IgA in the up-
per respiratory tract during initial contact with the SARS-
CoV-2 virus could contribute to early protection against
COVID-19 infection. Several of the vaccine candidates are
facing distribution problems, especially in underdeveloped
and developing countries as they have to be stored at ultra-
cold temperatures. The BNT162b2 mRNA vaccine requires
storage at—70 °C for longer-term storage but it can be stored
at—20 °C for up to 2 weeks. It faces a massive logistics chal-
lenge for distribution in underdeveloped nations. Efforts to
develop thermostable formulation such as lyophilized vac-
cines for longer-term storage will overcome the logistics of
distributions in developing countries.
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