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Abstract

Coronavirus disease 2019 (COVID-19) has caused millions of deaths, and serious consequences

to public health, economies and societies. Rapid responses in vaccine development have taken
place since the isolation of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the
release of the viral genome sequence. By 21 May 2021, 101 vaccines were under clinical trials, and
published data were available for 18 of them. Clinical study results from some vaccines indicated
good immunogenicity and acceptable reactogenicity. Here, we focus on these 18 vaccines that had
published clinical data to dissect the induced humoral and cellular immune responses as well as

their safety profiles and protection efficacy.
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Introduction

Coronavirus disease 2019 (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
has spread to a pandemic scale, leading to over 100 mil-
lion confirmed cases including 2 million deaths worldwide
(1). The number of infected patients continues to increase
and the global pandemic remains a significant threat to
public health. Scientists worldwide have attempted to de-
velop both prophylactics and therapeutics to counter the
emerging COVID-19 pandemic, since the virus discovery in
early January 2020 (2, 3).

Safe and effective vaccines against SARS-CoV-2 for use
in populations are urgently needed to control the pandemic
and build herd immunity. Great efforts have been made in
vaccine research and development since the COVID-19 out-
break (4). Vaccines have been developed that are based on
various platforms, including inactivated viruses (5-9), live at-
tenuated viruses (10), protein subunits (11-14), virus-like par-
ticles (VLPs) (15, 16), other viruses as vectors (17-23), mRNA
(24-31) and DNA (32, 33). Up until 21 May 2021, 183 vaccine
candidates were in the pre-clinical development stage and
101 were in clinical trials worldwide, of which reports on 18
vaccines (6 inactivated virus vaccines, 4 adenovirus-vectored
vaccines, 4 protein subunit vaccines, 2 RNA vaccines, 1 DNA
vaccine and 1 VLP vaccine) had been released (Table 1).
A timeline shows the timepoints of clinical trial initiation and
use authorization for these vaccines (Fig. 1).

Here, we summarize the immune responses, adverse
events following immunization (AEFI) and vaccine efficacy
against COVID-19, especially the humoral and cellular im-
mune responses induced by these vaccines, from the pub-
lished reports of clinical trials. Obviously, mRNA vaccines
show great potential though it is the first time that they have
been used in healthy populations. The appropriate delivery of
mRNA vaccines is still a big challenge (34).

Humoral responses

Humoral responses, especially the neutralizing antibody
(NADb) levels, have been considered as an immune correl-
ation of protection against SARS-CoV-2 (4, 18, 33). SARS-
CoV-2-specific IgM is produced a few days after infection,
followed by the production of virus-specific IgG (Fig. 2). The
spike (S) protein of SARS-CoV-2 is responsible for recognizing
and binding to the host receptor angiotensin-converting en-
zyme 2 (ACE2) (35, 36). The level of IgG against the S protein
receptor-binding domain (RBD) is correlated with SARS-CoV-
2-neutralizing activities in the sera from COVID-19 patients
(37). It is reported that 80.7% of human convalescent sera
(HCS) from COVID-19 patients have neutralizing activities
against SARS-CoV-2 (38). A large number of NAbs have
been identified, and some have been shown to reduce the
viral load in patients with COVID-19 (39-42).
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Fig. 1. Timeline showing the key time point of initiating clinical trials and use authorizations for the vaccines against COVID-19.
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Fig. 2. Schematic representation of the induced immune response
following SARS-CoV-2 infection. The gray, blue, green and brown
lines indicate upper respiratory tract (URT) virus load, T-cell re-
sponses, IgM level and IgG level, respectively.

According to the reported clinical trial results, all the vac-
cines against SARS-CoV-2 were shown to elicit antigen-
binding antibodies and SARS-CoV-2 NAbs, with high
proportions of seroconversion. However, it is difficult to com-
pare the NAb levels for various vaccines because of the
lack of standardized NADb titration assays. For example, the
50% wild-type virus microneutralization assay (IC, ), the 80%
wild-type virus plague-reduction neutralization testing assay
(PRNT,,), the wild-type virus microneutralization assay with
an inhibitory concentration of >99% (MN IC_,,. ) and the 50%
neutralization assay with a virus engineered by the insertion
of an mNeonGreen gene that produces fluorescence have
been used in the clinical trials of Ad26.COV2.S (43), mRNA-
1273 (44), NVX-CoV2373 (45) and BNT162b1/2 (26), respect-
ively. Thus, a panel of COVID-19 HCS was most often tested
as the control. The humoral responses were compared using
the ratios of vaccine-induced NAD titers and HCS NADb titers
among the vaccines. Recently, the ratios were proposed as a
protective correlate for COVID-19 vaccines (46). In addition,
the World Health Organization (WHO) has initiated a global
effort to establish WHO international reference materials to in-
crease their availability for evaluation of similar biotherapeutic
products (47).

Participants immunized with BNT162b1/2 or mRNA-1273
showed robust and dose-dependent antibody responses (26,
44, 48-50). The immunogenicity of BNT162b1 and BNT162b2
was similar. Fourteen days after the second dose, the 50%

neutralizing geometric mean titers (GMTs) that were elicited
by 30 png of BNT162b2 and BNT162b1 in both younger adults
and older adults exceeded those of the HCS panel (26).
Several studies reported that previous SARS-CoV-2 infection
could be analogous to immune priming and a single-dose in-
oculation of BNT162b2 in participants with previous infection
boosted the antibody responses to levels similar to those in
the infection-naive participants with two doses of BNT162b2
(51-583). Age has also been identified as an independent risk
factor for disease severity associated with SARS-CoV-2 in-
fection (54, 55). The GMTs elicited by 30 pg of BNT162b2 in
older adults were slightly lower than those in younger adults
(26). Another Phase 1 study of BNT162b1 in China also
showed that the serum-neutralizing activity in younger parti-
cipants was higher than that in older participants (56).

For another mRNA vaccine, mRNA-1273, the GMTs of
serum-neutralizing activity induced by two doses (100 ng)
were similar between younger and older adults and higher
than those of a panel of HCS controls (44, 48, 57). In addition,
the evaluation of the durability of humoral responses induced
by mRNA-1273 showed that the binding and NAD titers de-
clined slightly, but with GMTs still exceeding the GMTs in
a panel of HCS controls at day 90 after the second dose
(100 ng) (58). A study found that after inoculation with mRNA-
1273 or BNT162b2 vaccine in humans, the elicited neutral-
izing antibodies target the same epitopes as those produced
by natural SARS-CoV-2 infection (59).

A DNA vaccine, INO-4800, was administered as two doses
in healthy younger participants via the intradermal route fol-
lowed by electroporation using the CELLECTRA® delivery
system. It induced NAb production with similar titers in the
1.0 and 2.0 mg groups. However, the HCS controls were not
included in the study (60).

Inthe clinical trials of AZD1222, a second dose of immuniza-
tion provided an increase in the levels of humoral responses
and this tendency was also observed for Ad26.COV2.S and
rAd26/rAd5 (20, 43, 61). These reports showed that two-dose
vaccination with AZD1222, Ad26.COV2.S or Gam-COVID-
Vac (heterologous rAd26 + rAd5) induced NAb production
with titers similar to those of the HCS tested (20, 43, 62-64).
The immunogenicity evaluation of vaccines showed that the
humoral responses in older adults were similar to those in
younger adults after two doses of AZD1222 or Ad26.COV2.S
(43, 64). In addition, the systemic serology analysis revealed
that AZD1222 and Ad26.COV2.S induced broadly functional
antibody profiles, such as antibody-dependent phagocyt-
osis by neutrophils, activation of natural killer cells, etc. (61,
65). A mixed high IgG1 and IgG3 response, with low levels



of IgG2 and little detectable 1gG4, was induced by AZD1222
vaccination, consistent with the naturally acquired anti-
body profiles in SARS-CoV-2-infected humans (63). Another
adenovirus-vectored vaccine, Ad5-nCoV, was administered
only once and induced significant NAb responses to live
SARS-CoV-2. However, pre-existing immunity to the Adb5
vector and increasing age could partially hamper the specific
humoral immune responses to vaccination (23, 66).

The COVID-19 protein subunit vaccines contained
various antigens, which were a dimeric tandem-repeat RBD
(RBD-tr2) for ZF2001, a prefusion-stabilized trimeric S protein
for NVX-CoV2373 and CoV2 preS dTM and a wild-type S
protein in-frame fusion to trimer-tag for SCB-2019, respect-
ively, showing good immunogenicity in their respective clin-
ical trials (14, 45, 67, 68).

ZF2001 was based on a novel antigen designated as re-
combinant dimeric RBD of SARS-CoV-2 S protein without any
linker sequences, which showed increased immunogenicity
compared with traditional monomeric RBD protein (13). The
clinical trial data showed that three doses of ZF2001 (25 ng)
elicited neutralizing GMT levels about twice the GMT found
for the HCS. Since increasing the antigen dose from 25 to
50 pg did not improve humoral responses, the 25 pg dose
had been selected for efficacy evaluation in the Phase 3 trial
(67).

The study of NVX-CoV2373, CoV2 preS dTM and SCB-
2019 demonstrated that the addition of adjuvant resulted in
significantly enhanced antibody responses compared with
unadjuvanted protein alone (14, 45, 68). The two-dose vac-
cination of NVX-CoV2373 (5 or 25 pg) with Matrix-M1 adju-
vant resulted in GMT levels of neutralizing antibodies that
were approximately four times greater than those in symp-
tomatic outpatients with COVID-19 (45). CoV2 preS dTM with
AF03 or ASO3 adjuvant induced neutralizing antibody levels
similar to those of HCS in the younger participants. The im-
mune responses induced by CoV2 preS dTM in older partici-
pants were lower than those in the younger participants (68).

The immunogenicity of the SCB-2019 plus CpG/Alum
adjuvant was lower than that of SCB-2019 combined with
ASO03 adjuvant, which induced similar humoral responses
in younger and older adults. Two doses of SCB-2019+AS03
(30 pg) induced NAb production with higher GMTs in both
younger and older adults than in HCS (14).

For the VLP vaccine, CoVLP, the study report showed that
AS03 adjuvant appeared to be more effective than CpG1018
in enhancing humoral responses, and two-dose immunization
with CoVLP+ASO03 induced NAbs at GMTs 10 times higher
than those in HCS (69).

The inactivated SARS-CoV-2 vaccines CoronaVac (70, 71),
BBIBP-CorV (Beijing Institute of Biological Products) (72), in-
activated virus-WIBP (Wuhan Institute of Biological Products)
(8), inactivated virus-IMBCAMS (Institute of Medical Biology,
Chinese Academy of Medical Sciences) (7, 73), KCONVAC
(74) and BBV152 (9, 75) also showed good immunogenicity.
According to the respective study reports, after the last dose
of vaccination, the levels of NAbs induced by CoronaVac
were lower than those of HCS and levels of NAbs induced by
BBV 152 were comparable to those of HCS (9, 70, 71, 75). The
levels of NAbs induced by KCONVAC were similar (14 days
prime-boost interval) to or higher (28 days prime-boost
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interval) than those of HCS (74). CoronaVac and BBIBP-
CorV also showed good immunogenicity in older participants
(71, 72). In addition to induction of antibodies against the S
protein, N protein-binding IgG was also induced in the par-
ticipants who received vaccines BBV152, IV-IMBCAMS or
KCONVAC (7,9, 74, 75).

However, it should be noted that the interpretation of vac-
cine immunogenicity by comparison with HCS is arbitrary, be-
cause the GMTs can be influenced by the composition of the
panels, such as illness severity, time since disease onset, the
sample size and other factors (76-78).

SARS-CoV-2 variants

Numerous variants have emerged during the COVID-19 pan-
demic and some of them are of high concern. The D614G
substitution on the S protein conferred an increased infect-
ivity and transmission, and has become the dominant global
form since March 2020 (79). Fortunately, SARS-CoV-2 with
the S protein D614G substitution was not expected to escape
the neutralization induced by current vaccines (80-82). New
SARS-CoV-2 variants, emerged in the UK (501Y.V1, B.1.1.7
lineage), South Africa (501Y.V2, B.1.351 lineage) and Brazil
(501Y.V3, P.1 lineage), were spreading globally and were
found to escape neutralization induced by virus infection and
vaccination (83, 84). Typically, the S protein in B.1.1.7 har-
bors 9 mutations: AH69-V70, AY144, N501Y, A570D, D614G,
P681H, T716l, S982A and D1118H (85). The S protein in
B.1.351 also harbors 10 mutations: L18F, D80A, D215G,
AL242-244,R2461, K417N, E484K, N501Y, D614G and A701V
(86). The S protein in P.1 harbors 12 mutations: L18F, T20N,
P26S, D138Y, R190S, K417T, E484K, N501Y, D614G, HB55Y,
T10271 and V1176F (84). It was found that S protein E484K
was a key mutation that resulted in variant virus resistance
to the neutralizing activity of most NAb engaging the RBD,
convalescent sera and mRNA vaccine-induced immune sera
(87, 88).

Several groups have studied the effect of B.1.1.7 and
B.1.351 on the neutralizing activity induced by wild-type virus
infection or vaccine immunization. Shen et al. reported that
NAD titers of HCS samples and human immune sera elicited
by mRNA-1273 and NVX-CoV2373 against the B.1.1.7 variant
were 1.5-, 2- and 2.1-fold lower than those against the D614G
variant, respectively (89). Wu et al. reported that the neutral-
izing activities of antisera induced by mRNA-1273 vaccination
against B.1.1.7 were 1.2-fold lower against a D614G recom-
binant vesicular stomatitis virus (rVSV)-based pseudotyped
virus (90). Collier et al. reported that the neutralizing activity
of sera from participants who received BNT162b2 vaccin-
ation were modestly reduced against the B.1.1.7 variant,
compared with wild-type virus. But B.1.1.7 plus E484K sub-
stitution could substantially escape the neutralizing activity
of BNT162b2-induced sera (88). Muik et al. reported the
geometric mean ratios of the B.1.1.7 pseudotyped virus
and the Wuhan pseudotyped virus-neutralizing GMTs were
0.78 and 0.83 for the younger and older adults, respectively,
indicating that the immune sera elicited by BNT162b2 largely
preserved neutralizing activities against the B.1.1.7 lineage
pseudotyped virus (85). Wang et al. reported no loss of neu-
tralizing activity against B1.1.7 compared with wild-type virus
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for HCS samples collected in the first half of 2020 and human
immune sera elicited by BNT162b2 or mRNA-1273 (91).
The discrepant conclusions probably resulted from the low
sample numbers and different detection methods. A stand-
ardized method to measure the neutralizing activity against
SARS-CoV-2 should be established globally. For the inacti-
vated virus vaccines, B.1.1.7 showed little resistance to the
neutralizing activity of serum from BBIBP-CorV, Sinovac and
BBV152 inoculated participants (92, 93). These studies gen-
erally indicated that human immunity conferred by the current
vaccines was still effective against the B.1.1.7 variant.

For the B.1.351 variant, Zhou et al. reported that neutral-
izing GMTs of HCS samples from early 2020 or from human
immune sera elicited by BNT162b2 or AZD1222 against
B.1.351 were 13.3-, 7.6- and 9-fold reduced, respectively,
compared with an early Wuhan-related strain of SARS-CoV-2
(83). Wang et al. reported that the mean fold changes be-
tween neutralizing activity against the wild-type virus and
B.1.351 was 9.4-fold for HCS samples collected in the first
half of 2020, 10.3-fold for antisera induced by BNT162b2 im-
munization and 12.4-fold for antisera induced by mRNA-1273
immunization (91). Wu et al. reported that the neutralizing ac-
tivity of antisera induced by mRNA-1273 immunization against
B.1.351 was 6.4-fold lower against a D614G rVSV-based
pseudotyped virus (90). Shen et al. reported that the neu-
tralizing GMTs of serum from mRNA-1273 or NVX-CoV2373
vaccinated participants against B.1.351 spike pseudotyped
virus were 9.7- and 14.5-fold reduced, respectively, com-
pared with D614G spike pseudotyped virus (94). Wang
et al. reported that the neutralizing activities of serum from
BBIBP-CorV and Sinovac inoculated participants against
B.1.351 were 2.5- and 3.3-fold, respectively, lower against
a wild-type pseudotyped virus (92). Huang et al. reported
that the neutralizing activities of human immune sera elicited
by ZF2001 against B.1.351 declined by 1.6-fold (GMT, from
106.1 to 66.6), which suggested that the B.1.351 variant does
not escape the immunity elicited by vaccines targeting the
S protein RBD (ZF2001) (95). Another study conducted by
Garcia-Beltran et al. found pseudotyped virus with S protein
RBD mutations (K417N/T, E484 K and N501Y) showed high
resistance to the neutralizing activity of human serum after
mRNA vaccines immunization (96). Wang et al. observed a
similar conclusion. They analyzed the human antibody reper-
toire induced by BNT162b2 or mRNA-1273 and found a sub-
class of monoclonal antibodies targeting RBD highly reduced
the neutralizing activity against variants with K417N/T, E484K
and/or N501Y mutations (59). Therefore, the emergence of
SARS-CoV-2 variants, especially B.1.351, brought a chal-
lenge to the current COVID-19 vaccine development. The
effectiveness of COVID-19 vaccines against SARS-CoV-2
variants should be particularly evaluated and considered
as important evidence to guide the ongoing vaccination
programs worldwide.

Cellular responses

It has been known that coronavirus infection induces strong
T-cell immune responses (97). Following natural SARS-CoV-2
infection, T-cell responses are rapidly activated (Fig. 2),
which are important for controlling the disease progression

(98-101). Virus-specific T-cell responses have been shown
to be associated with milder disease in COVID-19 patients
(102). The involvement of T cells is also critical for B-cell
maturation and the induction of strong and durable anti-
body responses (103, 104). Therefore, the generation of a
robust cellular immune response is a desirable attribute for
a vaccine against SARS-CoV-2. Previous experience with
coronavirus vaccines and animal models of SARS-CoV and
Middle East respiratory syndrome coronavirus (MERS-CoV)
infections have raised safety concerns about the potential
for vaccine-associated enhanced respiratory disease (ERD)
(105, 106). The theoretical risk of vaccine-associated ERD
has been associated with type 2 helper T-cell (Th2)-skewed
cellular immune responses (107, 108). Accordingly, it is
deemed advantageous if a COVID-19 vaccine instead acti-
vates type 1 helper T-cell (Th1)-skewed T-cell responses or
balanced T-cell responses.

Studies on BNT162b2 showed that Thi-biased T-cell
responses were induced and were characterized by ex-
pression of IFNy and IL-2 but very low levels of IL-4 in
BNT162b2-induced CD4* T cells after antigen stimulation.
In addition, S-specific IFNy*CD8* T cells were also robustly
induced by BNT162b2. No clear dose dependency of the
T-cell response strength was observed within the tested dose
range (1-30 pg) of BNT162b2 (109). Another mRNA vaccine,
MRNA-1273, elicited CD4+ T-cell responses robustly biased
toward the expression of Th1 cytokines [tumor necrosis factor
o (TNFa), IL-2 and IFNy], with minimal Th2 cytokine expres-
sion (IL-4 and IL-13) and low levels of SARS-CoV-2 S-specific
CD8~ T-cell responses (44, 48). The Th1 T-cell responses were
also strongly induced in older participants who received the
100 pg dose of mRNA-1273 (44, 48). Furthermore, vaccine-
associated ERD was not observed in the participants who
received BNT162b2 or mRNA-1273 vaccines in a Phase 3
trial (110, 111).

The DNA vaccine candidate INO-4800 elicited Th1-biased
T-cell responses characterized by the expression of IFNy,
TNFa or IL-2 in both CD4* and CD8* T cells and minimized
the induction of IL-4 upon S-antigen stimulation (60).

Cellular responses were induced in all the adenovirus-
vectored vaccines for which data have been published.
Reports showed that AZD1222 induced robust, multifunc-
tional and Thi-skewed T-cell responses to SARS-CoV-2
(61-64). After peptide stimulation of peripheral blood mono-
nuclear cells (PBMCs) from participants vaccinated with
AZD1222, secretion of the cytokines IFNy and IL-2, but not
IL-4 and IL-13, was increased (63). Similarly, phenotyping
by intracellular cytokine staining (ICS) assay indicated that
CD4* T cells predominantly produced Th1 cytokines (IFNy,
IL-2 and TNFa) rather than Th2 cytokines (IL-5 and IL-13).
Monofunctional IFNy* cells were dominant in the CD8* T
cells (63). Moreover, CD8* T cells expressing the degranula-
tion marker CD107a were also induced by AZD1222, which
indicated cytotoxic function. In addition, enzyme-linked
immunospot (ELISpot) assays showed that the magnitude
of S-specific T-cell responses increased as early as day 7,
peaked at day 14 and were maintained up to day 56 after the
prime immunization but did not increase with a boost dose
(62). The AZD1222-induced cellular responses were similar
in all groups regardless of age (64).



For Ad26.COV2.S, Thi-biased T-cell responses were also
induced, characterized by the expression of IFNy, IL-2 or
both, and not IL-4, or IL-13 in CD4* T cells as assessed by
ICS assay. CD8* T-cell responses (expression of IFNy, IL-2
or both) were robust and similar in both younger and older
participants receiving 5 x 10'° viral particles (vps) of Ad26.
COV2.S (43). In addition, IFNy central memory T-cell re-
sponses were induced by Ad26.COV2.S vaccination (65).

In the clinical trials of both Ad5-nCoV and Gam-COVID-
Vac, SARS-CoV-2 S-specific CD4* T cells and CD8* T cells
were activated (20, 23). Secretion of IFNy by PBMCs upon
antigen re-stimulation was detected from participants vac-
cinated with Gam-COVID-Vac (20). T cells induced by Ad5-
nCoV had polyfunctional phenotypes with IFNy, TNFa or IL-2
secretion (23, 66). Positive specific T-cell responses evalu-
ated by IFNy-ELISpot were found in 90 and 88% of partici-
pants immunized with 1 x 10" and 5 x 10" vp of Ad5-nCoV,
respectively (66). However, the T-cell response induced by
Ad5-nCoV was partly diminished by the presence of high
levels of pre-existing anti-Ad5 NAbs (23, 66).

Reports of subunit protein vaccine candidates NVX-
CoV2373 and SCB-2019 showed that both of them activated
the cellular responses with Th1 polarization (14, 45). The
NVX-CoV2373 containing the Matrix-M1 adjuvant induced
antigen-specific polyfunctional CD4* T-cell responses that
were reflected in high IFNy, IL-2 and TNFa production and
minimal IL-5 and IL-13 production after S protein stimulation
(45). SCB-2019 along with ASO3 or CpG1018/Alum adjuvant
immunization elicited cellular responses to CD4* T cells ex-
pressing IFNy and IL-2 secretion but not IL-4, IL-5 or IL-17
(14).

For ZF2001, CoV2 preS dTM and CoVLP, balanced cellular
immune responses were induced by all of them (67-69). In
the trial of ZF2001, the 25 or 50 pg group elicited moderate
levels of both Th1 (IFNy and IL-2) and Th2 (IL-4 and IL-5)
cytokine production post-vaccinations (67). In the trial of
CoVLP, the cellular responses (both IFNy and IL-4 responses)
in the CoVLP plus ASO3 groups were stronger than those in
the CoVLP plus CpG1018 groups as determined by ELISpot
assay (69).

In the clinical trials of the inactivated virus-IMBCAMS, the
IFNy ELISpot assay showed induction of cytotoxic T lympho-
cyte responses against the S, N and virion antigens in the
vaccine recipients (73). A moderate T-cell response was
also induced by KCONVAC measured by IFNy-ELISpot (74).
The reports of BBV152 indicated that cellular responses
were skewed to a Th1 phenotype by vaccines formulated
with Algel-IMDG, which contains an imidazoquinoline class
Toll-like receptor 7 (TLR7)/TLR8 agonist adsorbed to Algel
(9, 75). TLRs play an essential role in bridging the innate
and adaptive immune responses, contributing to the dif-
ferentiation of CD4* T cells into Th1 cells (112). A cytokine
bead-array multiplex assay demonstrated that 3 or 6 ng of in-
activated virus vaccine containing Algel-IMDG elicited more
Th1 responses characterized by IFNy, TNFa and IL-2 secre-
tion than Th2 responses characterized by IL-5, IL-10 and
IL-13 secretion (75). In addition, T-cell memory responses,
characterized by CD4*CD45R0O* and CD4+*CD45R0O*CD27+
T-cell populations, were induced by vaccine formulations
with Algel-IMDG (75).
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It should be noted that different assays were used in the
evaluation of vaccines, including ELISpot, ICS and cytokine
bead-array multiplex assays. In addition, the procedures
could be different, such as addition of antigen for stimulation
or not. Thus, the levels of cellular responses could not be
compared among vaccines from different developers.

Protection efficacy

The protection efficacy was released as published articles for
nine vaccines against COVID-19: BNT162b2 (111), mRNA-
1273 (110), AZD1222 (113, 114), Gam-COVID-Vac (115),
Ad26.COV2.S (116), NVX-CoV2373 (117), CoronaVac (118,
119), BBIBP-CorV (120) and inactivated virus-WIBP (120).

Two doses of intramuscular immunization of BNT162b2
(30 ng), 21 days apart, conferred 95% efficacy against COVID-
19 at least 7 days after the second vaccination. Protection by
the vaccine started as soon as 12 days after the first dose.
The efficacy of BNT162b2 across subgroups defined by age,
sex, race, ethnicity, obesity and the presence of a coexisting
condition was generally consistent with that observed in the
overall population (111). In addition, a real-world study found
that the viral load was substantially reduced in breakthrough
infection after inoculation with BNT162b2 and the onward
transmission was further suppressed (121). Qatar had initi-
ated a mass immunization campaign with BNT162b2 since
December 2020 and suffered its second and third waves of
SARS-CoV-2 infection since January 2021, which were mainly
triggered by B.1.1.7 and B.1.351. The estimated effective-
ness of BNT162b2 vaccine against infection with the B.1.1.7
and B.1.351 variant was 89.5 and 75.0%, respectively, at 14
or more days after the second dose (122). It indicated that
BNT162b2 vaccine was still effective against B.1.1.7 and
B.1.351 variants.

Two intramuscular injections of mMRNA-1273 (100 ng),
28 days apart, conferred participants who had not previously
been infected with SARS-CoV-2 a 94.1% prevention efficacy
against COVID-19 at least 14 days after the second vaccin-
ation. The prevention efficacy of mMRNA-1273 was consistent
across subgroups stratified by age, sex, race, SARS-CoV-2
baseline (including participants with prior infection or not)
and presence of risk for severe COVID-19 (110).

AZD1222 conferred SARS-CoV-2 seronegative partici-
pants, who received two standard doses (5 x 10 vp) or
a low (2.2 x 10" vp) dose followed by a standard dose of
vaccine, a 63.1 or 80.7% protection efficacy, respectively,
against COVID-19 at least 14 days after the second vaccin-
ation. The overall vaccine efficacy across both groups was
66.7%. It should be noted that 1396 participants received a
low-dose plus standard-dose vaccine and 7201 participants
received two standard doses. The discrepancy of the par-
ticipant numbers in each group may have contributed to the
discrepancy of the efficacy among groups. In addition, the
low-dose prime and standard-dose boost strategy provided
better protection than two standard-dose immunizations,
which was likely to be due to the lower levels of anti-vector
immunity induced by a half-dose vaccine as the first dose,
or differential antibody functionality or cellular immunity,
including altered avidity or immunodominance (113, 114).
Furthermore, the timing of the booster dose influenced
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the immunogenicity and efficacy of AZD1222. After two
standard-dose immunizations, antibody titers in the par-
ticipants with a longer prime-boost interval (more than 12
weeks) were higher than in those with a short prime-boost
interval (less than 6 weeks). Consistent with the immuno-
genicity, efficacy in individuals with a more than 12 weeks
interval (81.3%) was higher than that in individuals with
a less than 6 weeks interval (55.1%) (114). These results
indicated that the timing of the booster dose should be a
major consideration in the design of clinical trials. Following
the spread of SARS-CoV-2 variants, the protection efficacy
conferred by COVID-19 vaccines is of high concern. A study
in the UK with relatively small cohorts showed that the effi-
cacy of AZD1222 against symptomatic COVID-19 caused
by the B.1.1.7 variant was 70.4%, which was lower than the
efficacy of 81.5% for non-B.1.1.7 lineages. The majority of
cases of the non-B.1.1.7 lineage were caused by B.1.177
(A222V and D614G mutation in S protein) (123). Madhi et al.
reported that the two-dose regimen of AZD1222 provided
only 10.4% protection efficacy against the B.1.351 variant,
which was significantly lower than the protection efficacy
against the early SARS-CoV-2 lineage (124).

Gam-COVID-Vac was administered intramuscularly as a
first dose (rAd26, 1 x 10'" vp) and a second dose (rAd5,
1 x 10" vp), 21 days apart and provided a 91.6% preven-
tion efficacy against COVID-19 from 21 days after the first
dose. The vaccine efficacy of Gam-COVID-Vac was similar
across all the age subgroups, including participants older
than 60 years (115).

A single intramuscular dose of Ad26.COV2.S (5 x 10™
vp) provided 66.9 and 66.1% efficacy in preventing mod-
erate to severe/critical COVID-19 at least 14 and 28 days
after vaccination, respectively. In the Phase 3 trial of Ad26.
COV2.S in South Africa, 94.5% of cases were identified as
B.1.351 variant infections and vaccine efficacy was main-
tained at 52.0 and 64.0% against moderate-to-severe/crit-
ical COVID-19 at least 14 and 28 days after administration,
respectively (116).

Two intramuscular doses of NVX-CoV2373 (5 pg of re-
combinant spike protein with 50 ug of Matrix-M1 adjuvant),
21 days apart, conferred 89.7% efficacy against COVID-19
at least 7 days after the second injection. Additionally, the
efficacy against the B.1.1.7 variant was 86.3% (117). Another
study showed that the NVX-CoV2373 vaccine was still effica-
cious against B.1.351 with an efficacy of 51.0% among the
HIV-negative participants (125).

For COVID-19 inactivated virus vaccine, after two doses of
immunization, 21 days apart, BBIBP-CorV (4 ng) and inacti-
vated virus-WIBP (5 pg) provide 78.1 and 72.8% protection
efficacy against COVID-19, respectively (120). CoronaVac
was administrated intramuscularly as two doses, 28 days
apart. Chile started a mass vaccination campaign with the
CoronaVac vaccine from February 2021. In the participants
who were received two doses in Chile, the protection effi-
cacy of CoronaVac was 65.9% for the prevention of COVID-
19 (118). In addition, another Phase 3 trial of CoronaVac in
Turkey showed an efficacy of 83.5% against COVID-19 at
least 14 days after the second dose (119).

In addition, one dose of Ad5-nCoV provided 68.8% efficacy
in preventing symptomatic COVID-19 from 14 days after vac-
cination, which was reported on the website of CanSinoBIO

company (126). It was similar with the protection efficacy of
Ad26.COV2.S vaccine.

In order to control the COVID-19 pandemic, BNT162b2,
mMRNA-1273, AzZD1222, Gam-COVID-Vac, Ad26.COV2.S,
Ad5-nCoV, ZF2001, CoronaVac, BBIBP-CorV, inactivated virus-
WIBP, inactivated virus-IMBCAMS, KCONVAC and BBV152
had been granted emergency use authorizations (EUAs) or
conditional marketing authorizations (CMAs) (Fig. 1).

Safety and AEFI

In the clinical trials of vaccines described here, the most
common local adverse reactions were injection site pain, red-
ness and swelling, and the most common systemic adverse
reactions were fever, fatigue and headache, which were
mostly transient and self-limited. The safety profile of these
vaccines indicated that they were safe and well tolerated.
Most of the adverse events were mild to moderate and are
resolved rapidly.

It is the first time that mRNA-based vaccines have ever
been approved for use on the healthy population. Following
implementation of vaccination with BNT162b2 and mRNA-
1273, cases of anaphylaxis began to be reported. The ana-
phylaxis reporting rates were 4.7 and 2.5 cases per million
doses administered for BNT162b2 and mRNA-1273, respect-
ively (127). Polyethylene glycol (PEG), a chemical component
in lipid nanoparticles (LNPs), was thought to be the culprit
allergen (34, 128-130). Continued safety monitoring of mRNA
COVID-19 vaccines in the USA has confirmed that anaphyl-
axis following vaccination is a rare event (127, 131).

In the Phase 3 clinical trials of BNT162b2, mRNA-1273,
AZD1222, Gam-COVID-Vac, Ad26.COV2.S, NVX-CoV2373,
CoronaVac, BBIBP-CorV and inactivated virus-WIBP, the in-
cidence of serious adverse events was similar between the
vaccine and placebo groups. In addition, no evidence of
vaccine-associated ERD was observed (110, 111, 113-117,
119, 120).

Previous studies on SARS vaccines found that serum from
animals immunized with SARS-CoV S protein exacerbates
virus infection in vitro through antibody-dependent enhance-
ment (ADE) (132, 133). Therefore, the ADE risk of SARS-
CoV-2 vaccines was raised as a safety concern (134, 135).
According to the published reports of COVID-19 vaccines,
no ADE occurred during the clinical trials, especially in the
large-scale Phase 3 trials.

Conclusions and perspectives

In this review, we have summarized the humoral and cellular
immune responses induced by 18 vaccines against COVID-
19 that had published the clinical data by 21 May 2021.
All these vaccines conferred high proportions, even 100%,
seroconversion of NAbs, with magnitudes higher than those
of HCS in recipients vaccinated with adjuvanted subunit
protein vaccines (NVX-CoV2373, SCB-2019 and ZF2001),
MRNA vaccines (BNT162 and mRNA-1273), the VLP vac-
cine CoVLP, the adenovirus vaccine Ad26.COV2.S and the
inactivated vaccine KCONVAC (Table 1). Cellular immune
responses play a crucial role in preventing SARS-CoV-2.
Th1-skewed T-cell responses were observed in participants
receiving two mRNA vaccines (BNT162b1 and mRNA-1273)



and two adenovirus-vectored vaccines (AZD1222 and Ad26.
COV2.S), two adjuvanted protein subunit vaccines (NVX-
CoV2373 and SCB-2019), DNA vaccine INO-4800 and inacti-
vated virus plus Algel-IMDG adjuvant (BBV152). Balanced
T-cell responses were observed in CoVLP, CoV2 preS dTM
and ZF2001 vaccine recipients.

A Th1i-biased or Th1/Th2-balanced immune responses
were observed in clinical studies of most of these vac-
cines, which are believed to have less potential for ERD
risk. In fact, although previous studies with animal models
of SARS-CoV and MERS-CoV infection raised safety con-
cerns about the potential for ADE and vaccine-associated
ERD (105, 106), analyses of the large-scale Phase 3 trials
of BNT162b2, mRNA-1273 and AZD1222 demonstrated
their protection efficacy against COVID-19, without observed
vaccine-associated ERD.

In conclusion, a potential COVID-19 vaccine should sat-
isfy at least four requirements: (i) safety, characterized by
tolerable adverse events, reactogenicity, absence of ADE
and vaccine-associated ERD; (ii) effectiveness, character-
ized by induction of high titers of NAbs, robust Th1-skewed
or balanced cellular responses and long-term immunological
memory; (iii) being deployable, characterized by produc-
tion scalability to meet the global vaccine demands; and (iv)
having appropriate quality control of different batches of the
vaccines. Fortunately, some of these requirements have been
achieved.
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