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Introduction

Several lines of evidence now attest that a considerable 
number of severe acute respiratory syndrome coronavirus 2  
(SARS-CoV-2) variants are circulating in many countries 
around the globe, thus reinforcing the need of continuous 
genomic surveillance to identify introduction events, 
monitor the diffusion of these new strains and assess their 
clinical and healthcare impact (1). New viral variants can 
be defined as “of concern” when their infectivity and/or 
pathogenicity and/or capacity to escape immune system 
recognition are significantly higher than the original “wild-
type” strain, thus consequently boosting virus spread within 
the population, enhancing the risk of developing more 
severe illness and/or even causing epidemic rebounds. 
As specifically concerns SARS-CoV-2, at least three such 
variants have been identified in several different territories 
by both the European Centre for Disease Control and 

Prevention (ECDC) (2) and the US Centers for Disease 
Control and Prevention (CDC) (3) to-date.

SARS-CoV-2 variants of concern

The B.1.1.7 variant, which was originally identified in the 
UK, from where it soon spread replacing almost completely 
the former strains and becoming rapidly predominant, 
has already been detected in as many as 83 different 
countries (2). This SARS-CoV-2 strain is characterized 
by six polymorphisms in the sequence encoding for the 
spike protein and a dozen in other genomic regions, 
the most important of which is perhaps the amino acid 
change N501Y (Asparagine to Tyrosine substitution 
in position 501) of the spike protein (Table 1) (4). The 
main consequence is that viral particles bearing this 
polymorphism display clearly enhanced binding affinity 
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Table 1 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants of concerns, as for February 23, 2021 

Variant Emergence New mutations R0

Wild Type China – 3.14

B.1.1.7 UK T1001I, A1708D, I2230T, SGF 3675–3677 (deletion), HV 69-70 (deletion), Y144 
(deletion), N501Y, A570D, P681H, T716I, S982A, D1118H, Q27stop, R52I, Y73C, D3L, 
S235F

4.90

B.1.351 South Africa T265I, K1655N, H2799Y, S2900L, K3353R, D4527Y, P4715L, T5912I, L18F, D80A, 
D215G, R246I, K417N, E484K, N501Y, D614G, A701V, Q57H, S171L, P71L, T205I

4.71

P1 (B.1.1.28.1) Brazil T733C, C2749T, S1188L, K1795Q, 11288-11296 (deletion), C12778T, C13860T, 
E5665D, L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, H 655Y, T1027I, 
E92K, 28269-28273 (insertion), P80R

4.70–4.90

Biologically significant mutations are evidenced in bold. R0, basic reproduction number.
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to their natural host receptor angiotensin converting 
enzyme 2 (ACE2), which appears to result in higher viral 
load and enhanced transmissibility compared to the wild 
type virus (5,6). According to information garnered from 
viral spread in three English regions, this variant seems 
characterized by 56% increased transmission potential [95% 
credible interval (CrI), 50–74%] compared to the wild-
type strain first reported in Wuhan, thus translating into 
a basic reproduction number (R0) of approximately 4.90 
(Table 1) (2). Moreover, while it remains unclear and further 
investigation including adjustment for confounding factors 
(such as increased hospital patient burden) is required, some 
early data has suggested increased mortality for the B.1.1.7 
strain (7).

The B.1.351 variant, initially detected in South Africa, 
has also rapidly spread around the world. Thus SARS-
CoV-2 strain is characterized by nine polymorphisms in 
the sequence encoding for the spike protein and a dozen 
in other genomic regions, the most important of which 
are again the amino acid change N501Y (Asparagine to 
Tyrosine substitution in position 501), but also the E484K 
polymorphism (Glutamic acid to Lysine substitution in 
position 484), and the amino acid change D614G (Aspartic 
acid to Glycine substitution in position 614) all in the 
spike protein (Table 1) (4). Beside the previously mentioned 
enhanced transmissibility of viral variants containing the 
N501Y mutations, additional concern has been raised that 
the E484K mutation within the receptor biding domain 
(RBD) of the spike protein may enable the virus to partially 
escape recognition by the host immune system, as attested 
be repeated evidence of decreased neutralization potency of 
convalescent plasma and sera from vaccinated individuals (8).  
The concomitant presence of the G614 polymorphism 
would then magnify virus infectivity. Therefore, patients 
infected with this strain may display higher viral load and 
shedding than those with the D614 polymorphism, thus 
being at higher risk of developing more severe illness 
and also being more infective (9). Preliminary evidence 
suggests that this B.1.351 variant may be characterized by 
50% higher transmission potential (95% CrI, 20–113%) 
compared to the wild-type strain first reported in Wuhan, 
which would hence translate into a R0 of approximately 4.71 
(Table 1) (2).

The third variant of concern, provisionally called P.1 
(formerly known as B.1.1.28.1), was originally identified in 
Japan among returning travelers from Brazil (10). Compared 
to the ancestral strain B.1.1.28, this variant presents several 
mutations in the spike protein, encompassing also E484K and 

N501Y, which would make its biological properties rather 
similar to the B.1.351 strain. In particular, the presence of the 
N501Y mutation would suggest that this variant may also be 
characterized by ~50% increased transmissibility, and thereby 
by a predicted R0 comprised between 4.70–4.90. 

There are little doubts that SARS-COV-2 has undergone 
a considerable number of mutations since it first reported 
in Wuhan, and it seems that will continue to do so as 
evidenced by the fact that up to 45 intra-host single-
nucleotide SARS-CoV-2 variants can be identified in the 
vast majority of people with COVID-19 (11). This is not 
totally surprising since viruses which directly encode their 
genome in RNA, such as HIV and influenza along with 
SARS-CoV-2, insert mutations quite rapidly due to the fact 
that they reproduce inside the host, where enzymes copying 
RNA are vulnerable to errors. (12). However, unlike 
influenza, the replication machinery of SARS-CoV-2 (i.e., 
RNA-dependent-RNA polymerase) contains exonuclease 
activity with proofreading function, which should in theory 
result in a lower rate of new mutations (13). Thus, it has 
been postulated that otherwise silent mutations in (or 
in proteins interacting with) the RNA-dependent-RNA 
polymerase of SARS-CoV-2, which were first reported as 
early as February 2020 in the UK and Italy, may result in 
an increased mutation rate and, in part, explain the rapid 
emergence of intra-host variants and new strains (14). 

It is thus conceivable that a new critical period may 
appear in the comings weeks and months, in which as 
more people are vaccinated, a higher pressure on the virus 
to escape our immune system will be made, ultimately 
increasing the likelihood of appearance of new mutations 
and persistent generation of new SARS-CoV-2 variants 
of concern (15). The B.1.427 and B.1.419 strains, which 
recently appeared in California, are paradigmatic examples, 
as they contain a L452R mutation which seems to reinforce 
the interplay between ACE2 and SARS-CoV-2 spike 
protein, thus enhancing by up to 25% its transmissibility 
and associating with 2- to 7-fold reduction in anti-SASR-
CoV-2 neutralizing activity (16).

SARS-CoV-2 variants and herd immunity

The threshold of herd immunity is conventionally calculated 
as the rate of subjects within the general population who 
have acquired such an efficient immunity against a specific 
infection so that they will no longer contribute to the 
chain of transmission. Once the herd immunity threshold 
is overcome, the circulation of the pathogen is remarkably 
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lowered, or even totally inhibited, thus contributing to 
gradually extinguishing the outbreak (17). The threshold 
of herd immunity is substantially dependent on the R0 (i.e., 
the estimated number of subjects who could be infected by 
a single carrier in a vulnerable population), and could be 
estimated as: [1]-[1]/[R0] (17). Notably, a highly frequent 
pathogen such as the influenza virus is characterized by 
a relatively low R0 (i.e., approximately 1.3) (18), thus 
meaning that immunization of a modest population rate (i.e., 
between 22–23%) would be sufficient to mitigate influenza 
circulation (Figure 1). Although several calculations have 
been attempted since the emergence of the first reported 
outbreak in Wuhan, a general consensus has been reached 
that the R0 of SARS-CoV-2 shall be comprised in a range 
between 2.69-3.59, with a mean value of approximately 
3.14 (19). Even when considering the estimated effective 
reproduction number (Rt), which reflects the number of 
infections that can be potentially generated in a currently 
uninfected population (i.e., 3.18 for SARS-CoV-2; range 
2.89–3.47), the herd immunity threshold would not change 
significantly (i.e., 69% vs. 68%) (19). This would actually 
translate into the concept that around 70% of the general 
population would need to be immunized before the 
circulation of SARS-CoV-2 could be interrupted (Figure 1).  
Owing to the fact that the R0 of the emerging SARS-
CoV-2 variants B.1.1.7, B.1.351 and P1 (B.1.1.28.1) has 
been calculated at 50–56% higher than that of the wild 
type strain, this increased infective potential translates 
into the need for the herd immunity threshold to be 
further increased by around 10–12% without mitigating 
interventions, to achieve a new value approximating 

80% (Figure 1). This cutoff is very close to that of highly 
communicable infectious pathologies such as smallpox and 
poliomyelitis (both around 75–85%). 

What’s next?

The next and almost predictable question is then: will 
such a high herd immunity threshold be ever reachable by 
natural immunity, vaccination, or both? First, achievement 
of widespread natural immunity is unquestionably unethical 
due to the dramatic number of deaths that would be 
expected or the unsustainable burden that will be placed on 
healthcare systems worldwide (20). The current death rate 
of COVID-19 is 2.2% based on data daily updated by the 
John Hopkins University (21). With a current worldwide 
population of around 7848 million people (22), universal 
SARS-CoV-2 infection could cause over 173 million deaths, 
a number that is 3-fold higher than the casualties attributed 
to the dramatic Spanish Influenza pandemic outbreak in 
1918–1919 (23), and even more than double the number 
of deaths that occurred during the second world war. 
With respect to the healthcare burden of universal natural 
infection, Italy has recorded a hospitalization rate of 5.1% in 
February 2021 (24), which would then translate into as many 
as 400 million hospital admissions if the entire worldwide 
population would be infected (or even more, considering 
countries with lower efficiency of the national healthcare 
system). Moreover, the long-term complications and 
sequelae of COVID-19 have yet to be fully understood and 
will likely create a further burden on the healthcare system 
for many years to come. Finally, due to a combination of 
waning of natural immunity and the risk for re-infection, 
especially with the new strains, appears significant, natural 
herd immunity may indeed be unachievable. 

Thus given that natural herd immunity is unethical 
and perhaps even unreachable (25), we would need to 
concentrate most of our efforts on vaccination. The 
dramatic spread of the COVID-19 pandemic outbreak, 
causing paramount clinical, societal and economical 
consequences, has triggered an unprecedented hurdle race 
for obtaining a sufficient number of SARS-CoV-2 vaccines 
that could be administrated (probably even more than 
once) to the entire worldwide population (26). Preliminary 
evidence, garnered from a series of in vitro studies using 
some of these new SARS-CoV-2 variants/pseudoviral 
models, is however raising some doubts as to whether not 
only natural immunity, but also vaccination, may be fully 
efficient at preventing infections/transmission and/or 

Figure 1 Herd immunity thresholds for influenza, poliomyelitis, 
wild type severe acute respiratory syndrome coronavirus (SARS-
CoV-2) and its B.1.1.7, B.1.351 and P1 (B.1.1.28.1) variants.
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development of severe diseases. 
Growing evidence from the real world confirms now 

that some vaccines may be effective to reduce the risk 
of SARS-CoV-2 infection by 50–95% and, even more 
importantly, reduce the risk of developing symptomatic 
disease by 85–100% (27). Nonetheless, questions emerge to 
if these figures will be the same as newly emergent SARS-
CoV-2 variants, especially those capable to escape immune 
recognition (e.g., B.1.351 and P1, among others), replace 
the former strains? There is no univocal answer to this 
question, and continuously referring to in vitro studies is, at 
least for the time being, not so straightforward. A preprint 
study submitted by Diamond and colleagues showed that 
the B.1.351 variant may be associated with nearly 10-fold 
loss-of-neutralization potency in vitro of human sera from 
recipients of BNT162b2 mRNA Covid-19 vaccine (28). 
Similar evidence has been provided in another preprint 
study submitted by Wu et al. (29), who also showed that 
serum collected from subjects immunized with the mRNA-
1273 Covid-19 vaccine displayed an over 6-fold reduction 
of neutralizing potential when challenged with the same 
B.1.351 variant. Overall, this preliminary evidence would 
hence lead us to conclude that some of these emerging 
SARS-CoV-2 variants may generate a “perfect storm”, worse 
than the disease itself (30), whereby a higher herd immunity 
threshold would be needed for arresting their circulation, 
whilst this in turn could be more difficult to achieve due 
to their stronger “resistance” to the current generation of 
vaccines (Figure 2). Indeed, research is urgently needed to 
elucidate if less vulnerability to immunity is due only to 
changes in the RBD causing lower antibody affinity and 

thus reduced neutralizing activity, or if the new mutations 
induce a true mechanism of immune escape, which may be 
key to answering this question, tailoring a response, and 
providing updated vaccines/boosters. 

Is the prospective totally dark?

Nonetheless, such pessimism shall be mitigated by at least 
three favorable and converging aspects. First, although 
the B.1.351, as well as other variants bearing the so-called 
“escape mutations”, may partially attenuate the neutralizing 
potential of antibodies developed after vaccination, the levels 
of immunoglobulin G (IgG) targeting the spike protein 
and/or the RBD is of at least 3-4 orders of magnitude (i.e., 
typically from 102 to 106) (31,32). Therefore, an up to 1-fold 
magnitude reduction of the neutralization potential would 
only partially reduce the efficiency of vaccine-generated 
antibodies to neutralize SARS-CoV-2 infection and/or 
pathogenicity. In the coming months, it will be essential to 
study the relationship between antibodies level/neutralizing 
activity and vaccine efficacy, in order to facilitate rapid 
understanding of the potential impact of polymorphisms as 
new mutant strains emerge. 

Cellular immunity is the second essential aspect in this 
fight. Although this arm of the immune response is often 
overlooked due to inherent complexities beyond its routine 
assessment, several lines of evidence now attest that T cells 
are capable to kill virus-infected cells before they would 
spread from the upper respiratory tract, attenuate infectivity 
by containing the amount of virus circulating in an infected 
person, and even turn to be more effective against new 
SARS-CoV-2 variants since they target a vast array of 
different coronavirus antigens (33). Nonetheless, conflicting 
information has arisen with respect to the role of T cells 
in SARS-CoV-2, and further research would be urgently 
required. 

Last but not least, the evidence provided so far that 
some SARS-CoV-2 variants could escape vaccine-induced 
neutralizing antibodies is only limited to in vitro studies, 
where mutants have been challenged with patients’ sera. No 
proof has been made available so far that our extraordinary 
immune system, post-vaccination, would not be able to 
adequately challenge ex vivo the newly emerging SARS-
CoV-2 variants.

Conclusions

Although dark shadows are surrounding us, and the road ahead 

Figure 2 Herd immunity to severe acute respiratory syndrome 
coronavirus (SARS-CoV-2) seems to be squeezed between the 
higher basic reproduction number (R0) of emerging variants and 
their lower immunogenicity, which would ultimately make herd 
immunity threshold more challenging to be achieved.
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will present new challenges, we are still confident that armed 
with 21st century science and modern medicine, we will be able 
to overcome the latest struggle faced by mankind (34), just as 
we have in the past overcome the kaleidoscope of infectious 
diseases that have plagued humanity since its existence.
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