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Abstract: The year 2021 saw the development and deployment of COVID-19 vaccines at an unprecedented pace, which is a
remarkable success in science and technology. COVID-19 vaccines based on different technology platforms have been given to
billions of humans globally to minimize the infection and transmission of SARS-CoV-2, and most importantly, to end the
COVID-19 pandemic. Here, we provide a snapshot of the current status and future challenge of COVID-19 vaccination after
one year.
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Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARSCoV-2), is still spreading worldwide, with more than 275 million confirmed cases and 5.3 million mortalities
in the 2 years since it was first identified in December 2019 [1–3]. It was evident early that only effective
vaccines can control the global pandemic, which resulted in an unprecedented pace of vaccine development.
Currently, there are 137 candidate COVID-19 vaccines in clinical trials, of which 39 are undergoing phase 3
or 4 trials, and an additional 194 vaccine candidates are in preclinical studies [4]. On 31 December 2020, the
first COVID-19 vaccine was approved for emergency use authorization (EUA) by the US FDA. After one
year of COVID-19 vaccination, it is time to rethink the factors associated with the virus and vaccines.
COVID-19 vaccines are designed to elicit immune responses, ideally by stimulating the production of
binding antibodies and neutralizing antibodies against the SARS-CoV-2 spike protein, as well as stimulating
virus-specific T cell responses. Currently, 19 vaccines were approved for EUA in China, the US, the EU,
India, etc. These vaccines include mRNA vaccines, whole-virus inactivated vaccines, adenoviral-vectored
vaccines and subunit protein vaccines [4]. The vaccine efficacies ranged from 50% to 95% according to
phase III clinical trials [4]. As of 21 December 2021, a total of 8.7 billion vaccine doses have been
administered globally, 56.8% of the world population has received at least one dose of a COVID-19 vaccine,
and 34.8 million doses are now administered each day [5]. On 23 August 2021, the FDA granted full approval
to the mRNA-based COVID-19 vaccine developed by BioNTech and Pfizer. Since then, the causative cases
and deaths of COVID-19 have been decreasing [3,4] due to the mass vaccination campaigns and other
uncertain factors.
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COVID-19 vaccines that are approved for emergency use have demonstrated an acceptable safety profile
with local or systemic minor acute reactions. Certain adverse events, due to rarity or pathogenesis, might be
detected only during long-term surveillance. Owing to the accelerated development process, interim data
from ongoing clinical and preclinical vaccine studies are being published almost in real time, which calls for
real-time safety surveillance of COVID-19 vaccines, as well as long-term monitoring. As the vaccinated
population increases and as longer safety studies are carried out, some rare cases of potential serious adverse
effects associated with the vaccines are seen once millions of individuals have been vaccinated, and these
serious adverse reactions include anaphylaxis, myocarditis, and thrombotic thrombocytopenia outcomes
associated with mRNA or vector vaccines [6–8]. Most cases of anaphylaxis were in women (63 of 66) [7],
and myocarditis was possibly associated with younger individuals receiving mRNA vaccines, both of which
had no deaths reported. In March 2021, the European Medicines agency concluded that in an extremely small
number of vaccinated individuals, there is a causal link between AZD1222 administration, blood clotting and
low platelet counts (thrombocytopenia), which led to 30 deaths in vaccinated individuals, and these adverse
reactions were also observed in the USA [9–12], with patients developing the characteristics of heparininduced thrombocytopenia and detectable levels of antibodies to the heparin–platelet factor 4 complex [13].
A recent study found that the combination of AZD1222 and BNT162b2 vaccines increased the reactogenicity
of heterologous prime–boost regimens compared with homologous vaccination [14]. Overall, the benefits of
avoiding COVID-19 by vaccination far outweigh the theoretical risk of vaccines, and the safety of COVID19 vaccines needs to be monitored over time.
Although the exact initial source of SARS-CoV-2 remains elusive, SARS-CoV-2 continues to evolve while
it circulates globally. In particular, the emergence of the most paramount variants of concern (VOCs),
including the alpha (B.1.1.7), beta (B.1.351), gamma (P.1) and delta (B.1.617.2) variants [15], has aroused
global concerns. The predominant mutations of these VOCs were in the S protein when compared with the
reference strain, and these mutations could enhance the interactions with the host receptor ACE2, increase
viral transmissibility or reduce the potency of neutralizing antibodies, thereby compromising vaccine efficacy. There are increasing breakthrough infections with VOCs in vaccinated individuals. Limited data has
shown that the protection efficacy of mRNA vaccines, adenoviral-vectored vaccines or subunit protein
vaccines was 70–90% and 10–75% for alpha and beta VOCs, respectively, of which adenoviral-vectored
vaccines or whole-virus inactivated vaccines was 51–68% for gamma VOCs, and the protection effectiveness
was 60–92% for delta VOCs [6,8]. Increased transmission and vaccine escape may be the main selective
pressure to accelerate more VOCs, especially when total global vaccine coverage is imbalanced. Interestingly, the convergent evolution of SARS-CoV-2 emerged during human transmission and animal adaption
[16], highlighting the uncertainty of next variant to emerge.
What should we do to counteract the known and forthcoming VOCs? One strategy is to boost immunity
with one more dose of the first-generation vaccines targeted to the initial reference strain. Whether the
additional booster dose should be the same vaccine as the initial course or should be with a heterologous
platform represents the wisdom of risk-benefit assessment. Novel vaccines based on the protective antigens
of VOCs are also being designed and evaluated by different vaccine companies.
The development and deployment of COVID-19 vaccines of various platforms represent a remarkable
landmark, but there are still many questions to be addressed. First, the mechanisms of vaccination-medicated
protection and breakthrough infection remains to be fully understood. The difference between administration
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of one versus two doses and even when another homologous or heterologous booster dose is given, and a
complete understanding will enable decisions on the vaccination gap. A recent study found that the antibody
response is greater in individuals aged 80 years or older when the vaccination gap increases from 3 to 12
weeks [17], indicating that extended interval vaccination in senior individuals may be a rational strategy.
Second, clinical trials of COVID-19 vaccines have focused on younger and healthy adults, but the outcomes
of patients with immune-mediated inflammatory disease, B cell-depleting therapies, or concurrent biologic
use, showed COVID-19 vaccine safety profiles that were comparable to those of healthy controls [18–21],
although there was a reduction in antibody and neutralization titers. However, it is more important to show
that these factors are not contraindications to vaccination [22]. Clinical trials of COVID-19 vaccines in
different age groups and populations are important to understand the extent and duration of protection against
infection or disease, which is also beneficial to predict protection in specific populations, such as children,
pregnant women and immunocompromised individuals. Third, SARS-CoV-2 can spread from cell to cell
without exposure to the extracellular environment [23], so the role of neutralization antibodies was limited in
reducing the viral spread between cells. T cells are also important mediators in the host response to SARSCoV-2 infection, and memory T and B cells have been present for more than one year in recovered patients
[24,25]. Furthermore, there was no significant difference in the memory T cell responses between the original
strain and VOCs [26,27]. Additionally, the mechanisms of protection induced by COVID-19 vaccines are
still not completely clear, so the measurable correlate of protection that reliably predicts the protection
against COVID-19 after vaccination or natural infection has not yet been defined. More openly available
original data are urgently required to better understand the mechanism of protection and to compare the
efficacy and effectiveness of the different vaccine platforms. Last but not least, currently, only 7.6% of
people in low-income countries have received at least one dose [5]. Thus, more vaccines need to be
distributed to low-income countries. What is more important is to improve these countries’ capacity for
pandemic response, including the transfer of technology and manufacturing capability.
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