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A B S T R A C T   

The emergence and rapid global spread of the new Delta and, more recently, Omicron variants of SARS-CoV-2 
pose a daunting public health emergency. Being an RNA virus, the Covid-19 virus is continuing to mutate, 
resulting in the emergence of new variants with high transmissibility, such as the recently discovered Omicron 
variant. In this paper, we consider the conditions that may facilitate viral mutations and the emergence of 
variants with the ability to evade immunity. Here, we have discussed the importance of vaccination with the 
currently available vaccines. These vaccines are highly effective at preventing serious disease, hospitalization, 
and death from Covid-19. However, the antibody response induced by these vaccines is short-lasting and there 
are reports of breakthrough infections. A stable and persistent interaction between T follicular helper cells and 
germinal center B cells is needed for robust B cell memory response. We discussed the potential reasons behind 
the breakthrough infections and underscored the importance of developing better second-generation vaccines 
that may not necessitate frequent booster immunizations and are preventive in nature. This may involve the 
development of multivalent vaccines and creating vaccines against other viral proteins including conserved 
proteins. Vaccine hesitancy remains a notable hurdle for implementing vaccination. Furthermore, we recom-
mend different approaches to increase vaccine acceptance, which is a critical translational component of a 
successful vaccine strategy. These perspectives on overcoming the pandemic’s current challenges provide stra-
tegies to contain SARS-CoV-2 globally.   

1. Introduction 

About twenty-two months have passed since the first official infec-
tion was reported in Wuhan. Globally, SARS-CoV-2 infections continue 
to rage, though the levels are variable and erratic in different parts of the 
world. 

The decline in infection rates following the introduction of vaccines 
in conjunction with efforts around masking and social distancing have 
raised hopes that the Coronavirus can be contained [1]. However, the 
continuous emergence of new variants of the virus [2,3], the short-lived 
nature of vaccine-induced immunity [4,5], sporadic reports of break-
through infections [6,7], and sustained vaccine hesitancy [8,9] pose 
considerable challenges to our efforts in ending the current pandemic. 

Furthermore, since the Coronavirus is an RNA virus, the virus will 
undergo mutation and the emergence of new variants will readily occur, 
as we have already seen. As the latest variant spreads, scientists continue 
to gather critical evidence-based data on Omicron induced pathogenesis 

and the mechanisms behind it. The rapidly spreading Omicron variant 
could dangerously stress healthcare systems, even if the risk of severe 
disease or death is relatively low for individuals; a small fraction of a 
very large number is still a large number, so the population-level threat 
is very real. 

As demonstrated with the Delta and Omicron variants, new muta-
tions can impact the transmissibility of the SARS-CoV-2 virus and the 
hosts’ immunity [10,11]. Having considered these important biological 
attributes in the host-virus relationship, this paper highlights what ap-
proaches should be undertaken in the present stage of the pandemic to 
stop the spread of the virus and to curtail the level of danger the virus 
may pose over time. 

2. Mutations and transmission 

Novel sets of mutations result in the emergence of ‘variants of 
concern’; mutations that impact a virus’ characteristics, including 
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transmissibility and antigenicity, may come about in response to the 
changing immune profile of the human hosts. Many of the recent vari-
ants of SARS-CoV-2 are associated with increased transmission, which 
has raised questions about the nature and rates of mutations in viruses 
[10]. The less the virus spreads, the fewer opportunities it has to mutate 
[12,13]. SARS-CoV-2 could continue to evolve in ways that both 
accelerate viral transmission and reduce vaccine effectiveness. Addi-
tionally, infected people can transmit the virus even before the symp-
toms become apparent. Furthermore, many individuals who have been 
vaccinated but later become infected may not show symptoms and un-
knowingly can continue to transmit the virus to other people [14,15], a 
challenging situation to blunt transmission (Fig. 1). If we abandon 
strategies to reduce the spread and let the virus spread unmitigated then 
we will likely be in a pandemic situation for years to come. 

Viruses mutate all the time, so it is not surprising to see new versions 
emerge. The mutations - Y145H and A222V - have been found in various 
coronavirus lineages since the pandemic’s beginning. An accumulation 
of mutations that significantly alter the properties of a virus lineage 
characterize the emergence of a new variant. As of December 2021, 
there are five variants of SARS-CoV-2 spreading among global pop-
ulations: the Alpha Variant (formerly called the UK Variant and referred 
to as B.1.1.7), the Beta Variant (formerly called the South Africa Variant 
and referred to as B.1.351), the Gamma Variant (formerly called the 
Brazil Variant and referred to as P.1), the Delta Variant (formerly called 
the India Variant and referred to as B.1.617.2) and the Omicron Variant 
(formerly called the South Africa Variant and referred to as B.1.1.529). 
All are reported to have significantly higher transmission rates than 
earlier lineages (Fig. 1). 

Reports demonstrate that the currently dominant Delta variant can 
replicate perhaps 1000 times as much as its predecessors and this 
particular variant has immune-evasive properties [16]. Research so far 
indicates that antibodies developed for the original strain (Wuhan 
strain) of the coronavirus may only be one half or a third as effective 
against the Delta variant [17]. Even more concerning, individuals 
infected by the Delta variant are shedding a lot more virus. When the 
viral dose on the receiving end is larger, this may impact the host’s 
immunity against the virus [18]. Recent studies indicate that the current 
vaccines developed against the spike protein of the initial virus maintain 
a variable degree of efficacity against different variants [19]. Even for 
the Delta variant, it appears that the spike protein remains relatively 
stable although some minor modifications may occur. Yet another 
variant that some are calling “Delta Plus” (referred to as AY.4.2) has 
been found in the UK, which may spread more easily than regular Delta 
[2]. Although regular Delta still accounts for most Covid infections in 
the UK, cases of “Delta Plus” have been increasing. The latest official 
data suggest 6% of Covid cases are of this type, though there is no evi-
dence yet that it causes worse illness. It is not yet known if current 
vaccines would be effective against the Delta Plus sub-variant. 

In the last month, a new variant, named Omicron, which shows 
numerous mutations in the spike protein and is considered by the WHO 
as a “variant of concern”, was discovered in South Africa [20]. This 
variant has 32 mutations on the spike protein, which the virus uses as an 
entryway into our body’s cells and is the target for currently used vac-
cines. The Omicron variant has 10 mutations in the receptor-binding 
domain (RBD) compared to just two for the Delta variant that swept 
the world. Furthermore, preliminary research from the University of 

Fig. 1. Mitigating Covid-19 Now and Beyond. 1. Structure of Covid-19 coronavirus; 2. Vaccine induced immune response: inducing virus-neutralizing antibody 
response, which is short-lasting and efficient interactions between the germinal center (GC) B cells and GC T follicular helper (Tfh) cells are crucial to induce a potent 
memory response. Breakthrough infections may still occur in a few individuals after vaccination so testing should be continued to reduce transmission 3. Imple-
menting large-scale vaccination campaigns to combat vaccine hesitancy: the necessity of transparent dialogue with the involvement of trusted community leaders 
conveying clear evidenced-based messages are critical strategies to combat vaccine hesitancy. Global vaccine coverage is important to contain the Covid pandemic 4. 
Continuing existing interventions: the currently available tools of vaccination, mask-wearing, and social distancing are proven to be effective and should be 
continued to reduce transmission and the rate of mutation 5. Continue research to develop better vaccines (second generation): new universal vaccines targeting 
conserved immunogenic or other viral proteins can protect against current and future variants, additionally, creating preventative, multivalent, or protein-based 
vaccines may confer better protection. 
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Hong Kong suggests that the Omicron variant infects and replicates 70 
times faster than its predecessors in the human bronchus, but the 
infection in the lung is significantly lower [21]. This data is currently 
under peer review for publication, but this data supports observations 
that this variant is more transmissible but causes less severe disease. The 
governments and media in several countries have already reported the 
spread of this variant in different parts of the world. Scientists are not yet 
aware whether current vaccines will be effective against this variant, nor 
do they know how dangerous it will turn out to be. We are expecting 
some clear answers in the coming weeks. 

The impact of vaccination on the transmission of virus remains un-
clear [22]. Recent data showed that vaccinated people who became 
infected with the Delta variant can carry as much virus in their nose as 
unvaccinated people [23]. In contrast, vaccinated people might remain 
infectious for a shorter period when compared to unvaccinated in-
dividuals who are infected with the Delta variant. Delta viral loads were 
similar for both groups for the first week of infection but declined 
quickly after day 7 in vaccinated individuals [24]. 

The transmission of SARS-CoV-2 is not yet seasonal. We have seen in 
several warmer countries, like India and Iran, that increased infection 
has not necessarily occurred during winter outbreaks. Yet, evidence 
suggests that dry winter air improves the stability and transmission of 
respiratory viruses, and respiratory-tract immune defenses might be 
impaired by inhaling dry air in the colder weather [25,26]. Moreover, 
people are more likely to stay indoors in the winter, where virus trans-
mission through droplets is a bigger risk. These factors may make 
containment in the Northern Hemisphere this winter more difficult. 

Many countries do not have the infrastructure and skilled personnel 
to perform systematic virus genome analysis and thereby could miss the 
detection of new variants of SARS-CoV-2. There may be many more 
variants circulating globally, which we may be unaware of, and which 
would impact the transmission rate in different parts of the world. It is 
important for primo or breakthrough infections that Covid detection 
tests should be done properly especially in the wake of the frequent 
emergence of new virus variants. The PCR test searches for traces of the 
virus’s genetic material in samples. Usually, the PCR test targets a 
sequence of three parts on the spike protein of the virus to confirm the 
presence of an infection. In a recent observation, one of these PCR tar-
gets was increasingly coming back negative in samples from areas of 
England with rapidly rising case numbers, while the other two targets in 
the tests continued to work. It is unusual to see two of the test sequences 
working but a third not. When scientists investigated, they found that 
the virus in these samples had mutated – a deletion at the H69 and 
V70positions was determined to have caused the failed tests [27]. 

3. SARS-CoV-2 and host immunity 

There is limited data on the timeline for SARS-CoV-2 immunity from 
natural infections and the timeline for the immunity induced by vac-
cines, especially in the face of emerging variants. Factors such as the 
history of exposure, hosts determinants, and viral dynamics, are likely to 
impact the timeline for immunity. Many factors could account for the 
persistence of immune protection despite declines in antibodies. Part of 
the story may have to do with memory B cells—immune cells that hang 
around, sometimes for decades, for the specific purpose of quickly 
restarting our antibody response when a familiar pathogen reappears. T 
cells, which also continue to circulate long after infection, also play a 
role by hunting for infected cells (Haque & Pant, in preparation). These 
and other systems come online quickly upon reinfection: essentially, a 
little protection may go a long way. As mentioned above, while vacci-
nated and unvaccinated people have similar viral loads at first, the 
amount of circulating virus declines much faster in those who have been 
immunized [24]. 

However, even when immune responses stay robust, viruses can 
mutate. Mutating viruses may express antigenic epitopes that will not be 
sufficiently recognized by antibodies and viruses may not bind to the 

antibodies generated in an individual with the same affinity. The variant 
may escape the host’s immunity and can infect other individuals irre-
spective of their immunity to the initial virus type. However, a robust 
memory response with sufficient breadth of recognition may be able to 
react to the variant [28]. Such memory response will have both speci-
ficity and the capacity to adapt to the potential divergence of its targets. 

T cells are as equally as important as B cells in immunity to SARS- 
CoV-2. Preliminary studies have recently documented T cells specific 
to SARS-CoV-2 in people with acute Covid-19 and in those recovering 
from infection [29,30]. Furthermore, T cells play an important role in 
maintaining efficient immunity to B cell-mediated humoral responses. It 
is important that the function of T follicular helper (Tfh) cells from the 
lymph nodes of SARS-CoV-2-infected individuals is not impaired. With 
the proper help of Tfh cells to germinal center (GC)-B cells, a stable and 
persistent B cell memory response is likely to develop [31]. In an 
infection primarily controlled by antibodies, protective immunity de-
pends on the quantity and quality of available antibody, memory B cells, 
and memory Tfh cells. Understanding how GC-Tfh cell function is crucial 
and could provide critical information about the mechanisms leading to 
the development and maintenance of effective anti-SARS-CoV-2 anti-
bodies (Fig. 1). 

Preliminary data from the Imperial College of London demonstrates 
that the Omicron variant is largely able to evade immunity from past 
infections or vaccine doses [32]. In the absence of updated vaccines 
specifically targeting the mutant form of the virus, boosting could be 
effective in helping the immune system recognize the variant [33]. 
Recent observations describe the expansion of T cells after stimulation 
with spike peptides indicate that booster vaccination could increase the 
frequency of virus-specific T cells [34]. B and T cells are the components 
of the immune system expanded by booster immunizations and could 
increase the chances of immune cells seeing through the virus’s disguise. 
In cases of uncertainty and the absence of redesigned vaccines, boosting 
is the quickest way to enhance protection though it may not contain 
immune escaping variants as efficiently as targeted vaccines. 

The immune system has multiple specialized defenses that can be 
deployed strategically and dynamically against emerging variants 
(Haque & Pant, in preparation). The virus has some attributes, like 
immune evasion and changing its antigenic repertoire through muta-
tion, but compared to the human immune system, these viral adapta-
tions are likely to be much less efficient. Vaccines utilize the ability of 
the highly evolved human immune system to respond to and remember 
encounters with pathogen antigens. However, as long as there are peo-
ple who are not vaccinated, the virus is circulating in any part of the 
world, and variants continue to emerge, the threat of resurgence and 
more waves of this pandemic remain. 

4. Vaccines and breakthrough infections 

While the Covid-19 vaccines show variable efficacity against the 
various SARS-CoV-2 isolates, they remain our best option for protection. 
Of note, there is not a single vaccine in use currently that is 100% 
protective. We know from initial trials from both mRNA vaccines and 
the Johnson & Johnson adenovirus vaccine that the study environment 
was different because the patients were carefully selected. After the FDA 
gave its emergency use authorization (EUA), and it was given to the 
general population, we found that the real-world effectiveness of the 
vaccine is lower at around 90%. This indicates that there may be 
inherent aspects of the vaccine which react with the patients and their 
unique characteristics [35], such as comorbidities. Patients with 
immunosuppressed status may react in a different way and may not 
produce the same antibody response as other healthy individuals who 
got the vaccine. 

Israel has one of the highest vaccination rates in the world, and yet, is 
experiencing another Covid surge [36]. One plausible answer is that as 
the pandemic’s pace decelerated, Israel relaxed almost all 
social-distancing measures; even in a highly protected society, more 
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contact almost always means more infections. However, another 
explanation has to do with how we analyze the numbers. Israel has an 
extremely high rate of vaccination: nearly eighty percent of the 
over-twelve population is immunized. If we take the underlying im-
munization rate into account, the vaccines appear to be nearly seventy 
percent effective at preventing hospitalization. 

In some cases, after vaccination, the virus gains a foothold, multi-
plies, and challenges vaccine primed immune systems, inflicting 
“breakthrough” infections [6,37]. The development of breakthrough 
infections depends on the amount of virus a vaccinated person is 
exposed to, antibody levels, affinity, and avidity of antibodies to the 
circulating variant. The combination of these three factors affects the 
virus’ ability to establish disease in a vaccinated person [6,18]. Further 
studies are required to calculate the true risk of breakthrough infection; 
however, this is difficult to ascertain without knowing how many 
vaccinated people have actually been exposed to the virus. Indeed, more 
data is needed to determine what percentage of healthy individuals are 
contracting breakthrough infections and what underlying factors are 
involved. 

The key question is whether the establishment of a virus in vacci-
nated individuals translates into a substantial weakening of immunity. A 
recent study done in Australia shows that a vaccinated person’s antibody 
levels fall to around twenty percent of the typical post-infection level, 
however, protection against symptomatic infection drops to fifty 
percent. Protection against severe disease, however, doesn’t fall to fifty 
percent until antibodies wane to just three percent of post-infection 
levels [38]. 

Most breakthrough infections appear to be mild because people who 
are vaccinated maintain some immunity and a majority of these 
breakthrough cases are going to be asymptomatic. According to the 
data, reported by CDC and other publications, it seems like around 25%– 
30% of the patients who have had breakthrough infections are 
completely asymptomatic [37,39]. Breakthrough infections could 
contribute to viral spread in a community because reinfected individuals 
(with or without symptoms) continue to harbor different levels of virus 
that are transmissible. It is just one more way for the virus to find and 
infect unvaccinated people (Fig. 1). 

In rare cases, breakthrough infections may lead to persistent symp-
toms. Only a few studies have investigated how common or severe long 
Covid may be after breakthrough infections. The persistence of symp-
toms following breakthrough infections is likely to be rare because 
breakthrough infections are uncommon to begin with and typically 
shorter in duration. In one study in Israel, about seven of 36 people with 
breakthrough infections had persistent symptoms for more than six 
weeks [6]. And in a survey of Covid-19 survivors, 24 of 44 people with 
symptomatic breakthrough infection reported enduring problems [40]. 

Interestingly, breakthrough infections may offer an unexpected 
advantage. If individuals get through a breakthrough infection relatively 
unscathed, they are likely to develop more robust protection against 
variants. The breakthrough infection is likely to act as a booster shot, 
strengthening our immune system’s ability to recognize and fight the 
virus. 

It is important to note that studying all breakthrough infections 
presents serious data-collection challenges for both conceptual and 
practical reasons. The CDC relies on passive and voluntary reporting of 
infections, but many cases, especially those that are mild or asymp-
tomatic, are never reported. To track every breakthrough infection, re-
searchers can use cohort studies, which follow a defined group of people 
over time. This approach has an obvious advantage, in that we can test 
everyone—even those without symptoms. But it also has a critical lim-
itation: one can never be quite certain how applicable the study’s 
findings are to other people, in other settings, at other times. 

Finally, the evolution of the disease and the immune response in 
these breakthrough infections may help in understanding the mecha-
nisms of pathogenesis and the identification of protection correlates. It is 
noteworthy that the limited knowledge about which antibodies are 

protective, which immune responses are needed for protection, and how 
to enhance the right immune responses, particularly in the older and 
immunocompromised populations, are important considerations to 
avoid breakthrough infections. 

5. Developing next-generation vaccines 

Our greatest fear is that, in the face of variants or time, vaccine ef-
ficacy might decline. The anti-Covid vaccines that are currently in use 
weaken the link between cases and hospitalization/deaths [41]. These 
vaccines are particularly beneficial for vulnerable individuals who have 
comorbidities or have weakened immunity [42]. However, efforts 
should continue to develop the next generation of vaccines that are 
preventive in nature and can better confront emerging variants. The 
creation of vaccines that target the conserved nucleocapsid (N) protein 
of SARS-CoV-2 may be effective against all current and future variants. 
N proteins of many coronaviruses are expressed abundantly during 
infection and are highly immunogenic, stimulating both anti-viral 
antibody responses and T-cell activity [43]. Another possibility will be 
to develop a multivalent vaccine incorporating both new and old forms 
of the spike protein in a single jab (Fig. 1). The RBD protein could also be 
a target of interest although its immunogenicity is compromised by its 
small molecular size [44]. It is possible to overcome this limitation by 
increasing antigen size by fusing RBD with an Fc domain or by multi-
merization (RBD-dimer or RBD-trimer). The clinical trials of these 
redesigned vaccines would be challenging and depend on whether 
‛correlates of protection’ are clearly defined. The testing of these vac-
cines will be slow as the first-generation vaccines are being deployed 
worldwide. 

Most scientists agree that the vaccines are efficient but caution that if 
a new super variant comes along that is resistant to vaccines, vaccines 
will need to be redesigned quickly [35]. The Delta variant may be more 
infectious, but deaths to cases ratios are comparable to deaths caused by 
its predecessors. Thus, until the R0 number dips below 1, mask-wearing 
and social distancing need to stay in place. 

5.1. Vaccine hesitancy interferes with vaccine success 

One of the critical components for a successful vaccine is the trans-
lational implementation, which involves the effective distribution and 
acceptance of the vaccine by the population for whom the vaccine is 
made (Fig. 1). Vaccine non-accessibility, and hesitancy could compro-
mise the global Covid-19 response. Vaccine misinformation on social 
media has greatly exacerbated hesitancy as it is affecting confidence in 
current vaccines on a previously unprecedented scale. 

Depending on the country, there is a variable percentage of the 
population that has declined to be vaccinated, which is markedly higher 
than previous vaccines hesitancy rates against other infectious diseases 
[45]. In general, vaccine acceptance is higher in low-income countries 
than the high-income countries [45]. It is thought that the recent high 
rate of death in Russia is related to the rejection of vaccines by the 
population. Despite access being the main issue affecting global vaccine 
coverage, a considerable focus is currently on the challenges posed by 
the anti-vaccination movement. 

Many metrics and indices measure vaccine acceptance and hesitancy 
globally [46,47]. In the case of Covid vaccines, we list six main reasons 
why people aren’t getting vaccinated: they are concerned about the 
efficacity of the vaccine, the safety and/or side effects of the vaccine, 
they do not believe that they need it, they don’t trust the vaccine since 
the vaccines were developed so quickly, they don’t trust the pharma-
ceutical companies and the government, or they don’t think Covid is a 
big threat. Public health policymakers and scientists have not been able 
to pointedly address these underlying concerns for vaccine hesitancy. 

Different approaches are necessary to address these concerns. The 
vaccine hesitancy or vaccine intent is likely to change over time. 
Messaging and incentives must be tailored to address the varying 
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concerns of different groups. A recent study in the USA highlights key 
differences in vaccine hesitancy by race and age subgroups. For 
example, younger black people were more hesitant than younger white 
people, while the reverse is true in older populations. Generally, Covid- 
19 vaccine hesitancy was higher among young (ages 18–24), non-Asian 
people, and less educated (≤high school diploma) adults with a history 
of a positive Covid-19 test [48]. Understanding the trends over the last 
several months is really important for projecting what may happen in 
the next couple of months. New strategies and incentives have to be 
defined accordingly. 

The conflation of vaccine hesitant groups as anti-vax hinders the 
process of dialogue with them. As mentioned previously, vaccine hesi-
tancy has been exacerbated by the proliferation of misinformation via 
social media and other outlets. Scientists and public health officials can 
get ahead of this by monitoring and analyzing misinformation that is 
circulating in their communities. By monitoring and evaluating these 
theories, public health messaging can combat misinformation and fill in 
knowledge gaps with accurate, clear, and easy-to-find information. In an 
earlier publication concerning the implementation of HPV vaccination 
programs in Sub-Saharan Africa, we discussed how a productive dia-
logue could be developed by involving the target community [49]. We 
propose that the Covid-19 mass vaccination programs could progress 
further when local hospital physicians, nurses, local politicians, news-
papers and other media outlets, social workers, and other trusted local 
leaders participate in vaccine dialogue and implementation. They can 
make a positive and meaningful contribution to the efforts in the 
acceptance of the vaccination by providing evidence-based data and 
transparent information (Fig. 1). There is no denying that the current 
FDA-approved Covid-19 vaccines were made in a short period of time 
and used technology that had hardly been applied before so it is 
important to discuss the pros and cons of the technology used for 
developing each vaccine [35]. Total transparency regarding the trial 
process in different age groups is required and will help to mitigate 
confusion and mistrust. No human wants to die, and self-preservation is 
an instinctive reaction. We need to emphasize how the currently avail-
able vaccines could save lives, and to be explicit in the recognition that 
they are not 100% protective and that breakthrough infections and the 
rare chance of death may occur with this or any vaccine that is 
commonly administered. Scientists must acknowledge that the 
long-term side effects of vaccines remain unknown but also emphasize 
that no large-scale life-threatening severe effects have been noted since 
the beginning of mass vaccinations about twelve months ago. Such an 
approach may help in strengthening trust in these vaccines. People have 
understandably developed “pandemic fatigue” and want to return to 
normalcy. Officials and health workers must emphasize that the 
currently available vaccines will accelerate this process because these 
vaccines allow more people to become naturally infected without 
developing severe disease and avoiding hospitalization. Officials must 
make it abundantly clear that these vaccines are the only available tools 
to achieve these goals presently. 

6. Conclusion 

We often fail to consider that the Covid-19 still is a pandemic and 
billions of people around the world have yet to receive a single dose of 
vaccine. Only 8.1% of people in low-income countries have received at 
least one dose whereas almost 60–80% of people are fully vaccinated in 
developed countries [50]. Wealthy nations secured the “lion’s share” of 
vaccines before they had even been proven to work, and many African 
countries have been left behind with only 6.5% of the population being 
fully vaccinated. These numbers underline the disparity in vaccine eq-
uity between wealthy and low-income countries. Equitable vaccine 
implementation is in everyone’s interest and could avoid further impacts 
to the global economy and the myriad humanitarian crises that have 
been propagated and/or exacerbated by this pandemic. 

If the virus is not contained in other countries, the risk of the 

emergence of a more serious variant threatens places with high and low 
vaccination rates alike. It should be noted that the Delta variant had 
emerged in India at a time when a large section of that population was 
not vaccinated. The only way to end this pandemic is to get enough 
people vaccinated so we can reduce the speed of new variants emerging 
and spreading. 

In the face of skepticism about vaccination, a clear and transparent 
response from the scientific community about the existing knowledge 
gaps and strategies is required. Access to vaccines is still one of the 
greatest obstacles; improving infrastructure, continuing education, and 
enhancing community engagement will be essential for global vaccine 
distribution and uptake. Improving delivery platforms that eliminate the 
need for a cold chain could contribute to the wider deployment of 
vaccines. 

There are many possible outcomes. At one extreme is the most 
optimistic scenario, in which new-generation Covid-19 vaccines are 
effective against all SARS-CoV-2 variants (including those that may yet 
emerge) and viral control is pursued effectively in every country in a 
coordinated effort to achieve global control. 
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