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As the SARS-CoV-2 pandemic evolves, new variants continue to emerge. Some highly transmissible variants,
such as Delta, also raised concerns about the effectiveness provided by current vaccines. Understanding
immunological correlates of protection and how laboratory findings correspond to clinical effectiveness is
imperative to shape future vaccination strategies.
The emergence of variants of
concern and assessment of vaccine
efficacy
SARS-CoV-2—like all RNA viruses—is

prone to introducing random errors in its

genetic code during replication. Many of

these mutations are corrected by proof-

reading mechanisms, but advantageous

sequence variations are accumulating as

the virus continues its global spread. As

of August 2021, the World Health Organi-

zation (WHO) has designated four SARS-

CoV-2 variants as ‘‘variants of concern’’

(VOCs): Alpha (B.1.1.7, first detected in

the UK), Beta (B.1.351, first detected in

South Africa), Gamma (P.1, first detected

in Brazil), and Delta (B.1.617.2, first de-

tected in India). Public health agencies

around the world have their own lists,

which also include ‘‘variants of interest’’

or ‘‘variants under investigation’’ that

could be upgraded to a VOC if there is ev-

idence of enhanced transmission, im-

mune escape, or pathogenicity. Most

concerningly, a ‘‘variant of high conse-

quence’’ that has strong evidence of

significantly reducing the effectiveness

of preventative measures—a status that

no SARS-CoV-2 variant has yet achieved.

National regulators have given emer-

gency use authorizations for 21 COVID-

19 vaccines; 6 of those have been

approved by at least one WHO-recog-

nized authority. These include mRNA vac-

cines (Pfizer-BioNTech BNT162b2 and
Moderna mRNA-1273), viral vector vac-

cines (Oxford/AstraZeneca AZD1222 and

J&J/Janssen’s Ad26.COV2.S), recombi-

nant spike vaccines (Novavax NVX-

CoV2373), and inactivated vaccines (Sino-

vac [CoronaVac] and Sinopharm). While

these vaccines, based on wild-type virus

(sequenced in January 2020) are remark-

ably efficacy against early variants, their

effectiveness against some new variants

is being established.

While vaccine efficacy (applies to spe-

cific clinical outcomes in a controlled envi-

ronment) has been established in clinical

trials, it is impossible to make direct com-

parisons between different vaccines due

to different clinical endpoints, location,

population studied, and circulating SARS-

CoV-2 variants at the time of the trial. It is

also highly challenging to assess the real-

time vaccine effectiveness (performance

of vaccines at limiting infections or disease

in the real world) against newly emerging

variants, considering other pressures influ-

encing the epidemic dynamics such as

variant transmissibility, human behavior,

and immunity status of the population. In

addition, while early preliminary laboratory

data primarily based on antibody re-

sponsescouldbehelpful, theyonlyprovide

a limitedunderstandingofclinicaleffective-

ness, especially considering that immuno-

logical correlates of protection are poorly

understood. Furthermore, T cell responses

triggered by vaccines contribute signifi-
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cantly to protection from viral replication

and symptomatic disease, maintaining

immunological memory and assisting in

viral clearance. Therefore, decreased

in vitro neutralizing activity does not on its

own predict that vaccines will be

completely ineffective.

When considering vaccine effective-

ness against new variants, there are at

least three elements to consider: (1)

whether antibodies triggered by current

vaccines can recognize and neutralize

these new variants, (2) whether there are

cross-reactive cellular immune responses

to these variants, and (3), most impor-

tantly, the real-world impact of variants

on the clinical protection provided by vac-

cines. This commentary discusses what

we know about these three elements for

SARS-CoV-2 VOCs and other emerging

elements that factor into effectiveness

with the aim of informing vaccination stra-

tegies in an evolving pandemic.

In vitro assessment of
neutralization response
SARS-CoV-2contains fourmajor structural

proteins: spike (S), membrane (M), enve-

lope (E), and nucleocapsid (N) proteins. S

proteins are responsible for recognizing

thehostcellular receptor to initiatevirusen-

try and are the primary target for most

COVID-19 vaccines (exceptions being for

inactivated and live-attenuated virus vac-

cines that use the whole virus). Compared
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to the evolution of resistance to therapeutic

agents like antimicrobials or antivirals, the

emergence of immune escape variants in

direct response to vaccines is different

and expected to occur more slowly. This

is because vaccines prevent infection,

while (most) drugs are used to treat estab-

lished infections. In addition, even some

vaccines that only encode S proteins still

produce a range of antibody and T cell re-

sponses recognizing different parts of the

protein, making it less likely that single

mutational changes will substantially

reduce protection. Thismeans that the op-

portunity for variants to emerge under

within-host selection from vaccines is

many orders of magnitude smaller than

drugs. Nevertheless, the accumulation of

mutations in the S protein that evolve

through a variety ofmechanisms, including

for enhanced transmission, could influence

vaccine effectiveness.

It has been shown that some amino

acid substitutions in the S receptor-bind-

ing domain and N-terminal domain result

in a more significant reduction of virus

neutralizing capacity in laboratory assays.

E484K is one such mutation, which

has emerged repeatedly across many

different SARS-CoV-2 lineages, including

Beta, Gamma, and Iota (B.1.526; variant

of interest in the US). The most significant

decline in neutralization was measured

against Beta, much less so against

Gamma and Iota. On the other hand,

most sequenced Alpha variants do not

have the E484K mutation, which is one

potential reason it is more susceptible to

the current COVID-19 vaccines. Oxfor-

d/AstraZeneca vaccine (AZD1222; viral

vector) and Pfizer-BioNTech vaccine

(BNT162b2; mRNA) show only a slight

decrease in in vitro antibody neutralization

against Alpha. Delta, which also does

not have the E484K or a related E484Q

mutation, has a modest ability to avoid

neutralizing activity induced by the

Pfizer-BioNTech and Oxford/AstraZe-

neca vaccines and is neutralized by inac-

tivated vaccines (Tregoning et al., 2021).

While some studies showed a significant

reduction in peak neutralizing antibodies

induced by the Pfizer-BioNTech against

Delta that is similar to that seen with

Beta, others only showed a marginal

decline. According to a comprehensive

analysis, variants with E484K and N501Y

mutations, like Beta and Gamma, had
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the most significant reduction in neutrali-

zation capacity (Lucas et al., 2021).

Decreased neutralizing activity
in vitro does not on its own predict
that vaccines will be ineffective
Despite a decline in in vitro neutralization

response, all vaccinated individuals re-

tained neutralization capability against

the Beta variant. This is likely due to vacci-

nation stimulating cross-variant neutral-

izing antibodies and cellular response.

For instance, mRNA vaccines enhance

neutralizing activity against Gamma and

Beta (Stamatatos et al., 2021). While no

sufficient neutralizing antibodies against

Beta were detected after the first dose,

immunization with the second dose of

the Pfizer-BioNTech and Moderna

(mRNA-1273) mRNA vaccines achieve

sufficient immunity that controls replica-

tion (Corbett et al., 2021). In comparison,

neutralizing antibody response to Gamma

is much better than Beta after vaccination

with Pfizer-BioNTech and AstraZeneca

vaccines (Dejnirattisai et al., 2021).

Furthermore, antibodies induced by the

Pfizer-BioNTech and Moderna vaccines

generate durable neutralizing antibody

response against Beta as well as Gamma,

Iota, and Epsilon (B.1.429, which does not

have E484K), at least 8 and 6 months

later, respectively.

Neutralizing antibodies are likely
not the only mechanism of
protection
The emerging evidence supports the

importance of neutralizing antibodies for

preventing infection, demonstrating an as-

sociation between neutralizing antibody

levels and breakthrough infections (Khoury

et al., 2021). However, neutralizing anti-

bodies are likely not the only mechanism

of protection, and T cells and non-neutral-

izing antibodies are likely also playing a

significant role especially in regard to pro-

tection against symptomatic infection and

severe disease. For instance, T cells

appear to be themajor contributors to con-

trolling SARS-CoV-2 infection (Tan et al.,

2021). Vaccines can also elicit cross-pro-

tective B and T cell responses, which has

been found for the Pfizer-BioNTech and

Moderna mRNA vaccines (Reynolds

et al., 2021; Stamatatos et al., 2021).

Importantly, B and T cells can recognize

different SARS-CoV-2 variants and are
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minimally affected by S mutations (Tarke

et al., 2021). In addition, current evidence

suggests that Alpha and Beta do not

escape T cell responses induced by vac-

cines (Geers et al., 2021). Therefore,

despite reduced antibody titers against

some of these variants, vaccine-induced

immunity will likely be conserved against

currently circulating variants, supported

by clinical data (Table 1).

Clinical efficacy and effectiveness
of vaccines against variants of
concerns
Alpha

There is a growing body of evidence that

Alpha has only a limited ability to escape

from vaccine-induced immunity, and vac-

cines remain clinically effective against

this variant. Interim results of the Novavax

vaccine (NVX-CoV2373; recombinant

spike) shows 86% efficacy against Alpha

(Tregoning et al., 2021). Likewise, when

Alpha was dominant in Israel, the Pfizer-

BioNTech vaccine showed 92% protec-

tion against asymptomatic infection,

97% against symptomatic, and 97%

against severe disease. In Scotland,

AstraZeneca and Pfizer-BioNTech vac-

cines demonstrated a 94% and 85%

reduction in hospitalizations, respectively,

against Alpha. In Qatar, the effectiveness

of the Pfizer-BioNTech vaccine against

any documented infection with the Alpha

variant was 89.5% and against the severe

disease was 97.4%. Early real-world data

also suggest these vaccines significantly

reduce transmission of Alpha.

Beta

An exploratory analysis of the Pfizer-Bio-

NTech vaccine trial demonstrated high ef-

ficacy against symptomatic infection in

South Africa, where Beta is dominant,

with no cases of COVID-19 in the vaccine

group. In Qatar, while protection after first

dose of the Pfizer-BioNTech vaccine was

reduced, after the second dose, it pro-

vided 75.0%protection against any docu-

mented infection with the Beta and 97.4%

protection against severe disease (Abu-

Raddad et al., 2021). Interim results of

J&J/Janssen’s vaccine (Ad26.COV2.S;

viral vector) clinical trial showed 65%–

66% protection against hospitalization

and 91%–95% against mortality in South

Africa, similar to the reported efficacy in

the United States (Tregoning et al.,

2021). In a phase 2a/b study, the efficacy



Table 1. Vaccine effectiveness in % (95% CI) or mean

Outcome Alpha Delta Beta/Gamma

Symptomatic infection

Pfizer-BioNTech 90 (85–95) 85 (80–90) 85 (70–93)

Oxford 80 (70–85) 70 (60–75) <70 [�76.8–54.8]

(mild COVID-19 only)b

Moderna 91 (84, 95) 70 (45–85) 78 (60–88) [1 dose]

J&J N/A N/A 52 (30.3–67.4)

Novavax 86 60 60

Sinovac N/A N/A 65.9 (65.2–66.6)?

Severe disease

Pfizer-BioNTech 95 (90–99) 95 (90–99) 98 (82–100)

Oxford 95 (80–99) 95 (80–99) N/A

Moderna 94 (90, 97) 96 (72–99) [1 dose] 94 (75–99) [1 dose]

J&J N/A 71 65–66 (hospitalization)

91–95 (mortality)

Sinovac N/A N/A 87.5 (86.7–88.2)

Infection

Pfizer-BioNTech Variablea

55–80

Variablea

50–87

Variablea

70–79 (limited data)Oxford

Moderna
aVaccine effectiveness against infection is a dynamic figure that varies by setting, testing criteria,

behavior, community prevalence, exposure risk, immunity status, and time from vaccination.
bPlease see the text for detailed explanation of this study.
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of the Novavax vaccine against mild-to-

moderate disease due to Beta was

modestly reduced (Tregoning et al., 2021).

On the other hand, theAstraZeneca vac-

cine trial in South Africa did not achieve ef-

ficacy greater than 60% (the hypothesis

being tested and for which the study was

powered to address) against mild and

moderate disease when Beta was in circu-

lation (Madhi et al., 2021). However, this

small phase 1/2a study was not designed

to address clinical efficacy against severe

disease and was primarily aimed at as-

sessing safety. Hence, the actual clinical

efficacy of the AstraZeneca vaccine

against Beta requires further investigation.

For example, in a hamster model, sera

fromnon-human primates after inoculation

with the AstraZeneca vaccine neutralized

Beta, and this provided complete protec-

tion against disease caused byBeta. Addi-

tionally, it is unknown whether an

enhanced antibody response resulting

from a longer interval between the first

and second doses of AstraZeneca might

confer better clinical efficacy against the

Beta variant.

Gamma

Comparable efficacy to the J&J/Janssen

vaccine was reported in Brazil when
Gamma was dominant. The Sinovac vac-

cine (CoronaVac; inactivated virus) and

AstraZeneca vaccine showed compara-

ble real-world effectiveness in Brazil

against symptomatic COVID-19 during

wide Gamma circulation (Tregoning

et al., 2021).

Delta

The evidence so far suggests that effec-

tiveness against hospitalizations and

symptomatic illness is highly preserved

against Delta based on data fromEngland,

Scotland, Canada, Qatar, Israel, and the

United States. An analysis from England

showed sustained protection against hos-

pitalization with Delta compared with

Alpha, 96% and 92% after the second

doses of BNT162b2 and ChAdOx1. In

New York, high effectiveness of mRNA

vaccines against hospitalization was

shown when Delta was in circulation

(91.9%–95.3%). According to the analysis

from England and Canada, protection

against symptomatic disease was signifi-

cantly lower after one dose of vaccine

with Delta compared to Alpha. Neverthe-

less, effectiveness was recovered after

the second dose with an effectiveness

of 85%–90% and 61%–72% with

BNT162b2 and ChAdOx1, respectively,
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with a modest decline seen compared to

Alpha (Lopez Bernal et al., 2021). Although

the preliminary data published by the Min-

istry of Health in Israel caused much

concern suggesting a significant decline

ofeffectivenessagainst symptomaticDelta

infection, further preprint published did not

report effectiveness figures against symp-

tomatic infection as symptoms reporting

was not reliable in the national database.

Vaccine effectiveness against infection is

much harder to measure as these esti-

mates are affected by various biases

suchas testing criteria, behavior, exposure

risk, immunity status of the population, and

community prevalence. Studies showed

an estimated 55%–80% effectiveness

against infection before Delta was domi-

nant, and there is a modest decline seen

in prevention against infection with Delta.

In Scotland, vaccine effectiveness in pre-

venting RT-PCR-confirmed SARS-CoV-2

Delta infection was 79% with BNT162b2

and 60% with AstraZeneca after two

doses. A recent analysis based on system-

atic testing in England demonstrated that

Pfizer-BioNTech and AstraZeneca vac-

cines remain highly protective against any

infection similar to that seen with Alpha,

including those with high viral load (Ct <

30). A test-negative case-control study

from Qatar demonstrated high effective-

ness against swab positivity with Delta,

60% and 86% with Pfizer-BioNTech and

Moderna vaccines, respectively. Based

on routine surveillance data in the United

States, two doses of mRNA vaccines

were 75% effective against infection in

early 2021, which declined to 53% when

Delta predominated, which may also be

affected by waning plasma neutralizing ti-

ters. However, these analyses did not ac-

count for prior infection in theunvaccinated

cohort, which could influence effective-

ness estimates. It is important to note that

effectiveness against infection is a dy-

namic figure, that is influenced by several

factors, making it challenging to compare

various studies.

Future considerations
As natural immunity builds in the popula-

tion, SARS-CoV-2 variants may be

increasingly selected as immune escape

variants. Vaccination, on the other hand,

even when partial, is unlikely to contribute

significantly to the emergence of escape

variants owing to the vaccines’ ability to
Cell 184, September 30, 2021 3
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strongly restrict the evolutionary and anti-

genic escape pathways accessible to

SARS-CoV-2, reducing the emergence

of such variants. It has also been shown

that intra-host SARS-CoV-2 genetic di-

versity remains limited during acute infec-

tions in healthy hosts. Thus, the sudden

emergence of new SARS-CoV-2 variants,

often with several key mutations, is hy-

pothesized to be rare during transmission

among primarily healthy individuals

(Braun et al., 2021). Instead, SARS-CoV-

2 evolution during chronic infections of

immunocompromised individuals has

been found to drive significantly more ge-

netic diversity, including the generation of

mutations commonly found in VOCs, such

as E484K. This highlights the importance

of vaccinating clinically vulnerable groups

as a priority globally, which has the most

potential to limit the emergence of new

variants that may evolve some immune

resistance. Preventing these variants

from taking hold will be critically important

in the future as immunity developed from

natural infection or vaccination is variable

and tends to fade over time.

The limited magnitude of neutralizing

activity after the first dose of vaccines

against Beta and Delta underscores the

importance of the complete two-dose

regimen for protection against these vari-

ants. Reassuringly, a significant drop

seen in neutralizing data has only been

translated to a modest decline in effec-

tiveness against symptomatic illness and

severe disease. Beta seems to be the

most antigenically distant variant so far,

yet vaccines’ effectiveness against se-

vere illness is broadly conserved. Simi-

larly, vaccines’ effectiveness is conserved

against symptomatic illness and severe

disease caused by Delta; however, there

is a modest decline seen in prevention

against infection. Importantly, protection

from hospitalization or death due to

COVID-19 is easier to achieve than pro-

tection against infection and is expected

to be long lasting.

Several options could improve the stra-

tegies used with current vaccines espe-

cially in elderly and immunocompro-

mised. These include late booster dose

(i.e., with same vaccine and strain), addi-

tional variant-specific booster dose, het-

erologous prime-boost strategy (HPBS),

and varying the time between first and

second dose. There are early indications
4 Cell 184, September 30, 2021
that infection with Beta elicits antibodies

that cross-neutralize other variants, which

may be a promising target for future vac-

cines. For example, a booster dose of a

modified Moderna vaccine candidate

matched to Beta (mRNA-1273.351)

achieves higher titers against Beta and

Gamma than a prototype booster dose.

ChAdOx1-vectored vaccine against Beta

(AZD2816) also showed strong immuno-

genicity against Beta, Delta, and Kappa.

However, as the current vaccines offer

strong protection against severe and

symptomatic disease, there may be a

limited return on a new variant booster in

the near future. Murine models show bet-

ter immunogenicity of the HPBS in which

different vaccines are given as first and

second dose, and their clinical relevance

has been demonstrated in a non-human

primate model. In the medium term, it

seems essential to test additional boost-

ing with HPBS by comparing the efficacy

of boosting with currently available

vaccines and those expressing variant-

specific spike proteins. Future vaccine

strategies that elicit mucosal immune re-

sponses within the respiratory tract also

hold promise for providing broadly

cross-reactive protection against variant

viruses.

It has been possible to reduce the

burden of many infectious diseases by

vaccines without significant escape mu-

tations emerging. Nevertheless, viral vari-

ation requiring changes in vaccines does

occur, most notably necessitating the

annual adjustment of influenza vaccines,

though the antigenic variation of influenza

virus is not driven by vaccine use but by

immunity following natural infection.

Given that cellular immunity can mitigate

severe or prolonged infection, protection

against severe-to-critical illness is likely

to be conserved against new SARS-

CoV-2 variants even in the presence of

very low in vitro neutralizing titers. In addi-

tion, with more transmissible variants

like Delta, protection against infection

and subsequent transmission may be

reduced, influencing the epidemic trajec-

tory, especially in countries where vac-

cine coverage remains limited.

To help keep pace with future epidemic

‘‘waves’’ driven by emerging variants,

there is a need for a solid correlate of pro-

tection and clinical tests to determine an

individual’s response to vaccines. This
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will be important to help determine when

booster doses are needed, both on indi-

vidual and population levels. While this

may be needed to defend against variants

with the ability to evade immunity, vari-

ants with increased transmission poten-

tial might pose a greater challenge to our

ability to maintain vaccine effectiveness.

Variants like Delta with intrinsic transmis-

sibility advantages can challenge vac-

cines by increasing SARS-CoV-2 inci-

dence in the community and thus

increasing exposure risk to vaccinated in-

dividuals. Unless variants with the ability

to evade neutralizing antibodies can

compete on a population level, transmis-

sibility will always be favored. This is

because a variant with intrinsic transmis-

sibility advantage will always compete

with other variants, further emphasizing

the crucial role that increased transmissi-

bility plays in hospitalizations, irrespective

of any direct effect on virulence or vaccine

effectiveness.

Conclusion
During the current pandemic, SARS-CoV-

2 has surprised some evolutionary virolo-

gists in its ability to consistently generate

variants that have accumulated 10–20

new mutations during a short period,

which encode new phenotypes leading

to enhanced transmission, immune

escape, or increased pathogenicity. For

now, these variants are mainly suscepti-

ble to some degree to immunity conferred

by infection with original strains of the vi-

rus and to current vaccines. While some

variants show a degree of escape from

protective antibody induced by natural

infection (and, to a lesser degree after

immunization), T cell responses are re-

tained. This would likely reduce the dis-

ease burden in future waves once most

of the population, especially clinically

vulnerable, is vaccinated. While immune

escape mutations will continue to appear,

vaccine-induced immunity currently has

important benefits in protection against

variants. However, a continued adapta-

tion of SARS-CoV-2 to human transmis-

sion and immune escape seems inevi-

table. It is vital that we remain vigilant

and monitor and evaluate variants arising

around the globe. In the meantime, rapid

global deployment of licensed and effec-

tive vaccines remains an urgent and vital

public health priority.
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