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ABSTRACT

Vaccines developed against SARS-CoV-2 have
proven to be highly effective in preventing
symptomatic infection. Similarly, prior infec-
tion with SARS-CoV-2 has been shown to pro-
vide substantial protection against reinfection.
However, it has become apparent that the pro-
tection provided to an individual after either
vaccination or infection wanes over time.
Waning protection is driven by both waning
immunity over time since vaccination or initial
infection, and the evolution of new variants of
SARS-CoV-2. Both antibody and T/B-cells levels
have been investigated as potential correlates of

protection post-vaccination or post-infection.
The activity of antibodies and T/B-cells provide
some potential insight into the underlying
causes of waning protection. This review seeks
to summarise what is currently known about
the waning of protection provided by both
vaccination and/or prior infection, as well as
the current information on the respective anti-
body and T/B-cell responses.
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Key Summary Points

The protection provided against SARS-
CoV-2 wanes over time post-vaccination
or post-initial infection.

Protection against severe disease is more
durable and takes longer to wane.

Waning protection is driven by both
waning immunity over time following
vaccination or initial infection and the
evolution of new variants of SARS-CoV-2.

The evidence supports the hypothesis that
protection is initially provided by
neutralising antibodies with the more
durable T-cell and B-cell responses,
providing a large amount of the
protection from severe infection.

Future studies should investigate the
impact of patient-specific variables, such
as age, ethnicity, comorbidities, and
concomitant medications, on the
effectiveness of the vaccines, as well as
prior infection.

An established process is needed to
evaluate the durability and protection
provided by new vaccines designed with
new variants so that they may be
evaluated and rolled out in time for peaks
in SARS-CoV-2-related burden.

INTRODUCTION

Randomised placebo-controlled trials showed
that the initial efficacy of vaccines in preventing
symptomatic SARS-CoV-2 infection ranges from
66 to 95% [1–9]. However, this high efficacy
wanes over time, resulting in substantive
reductions in vaccine protection [10, 11]. Simi-
larly, while prior infection with SARS-CoV-2 can
provide a high level of protection (87%) from
re-infection [12], this protection declines over
time. Despite waning protection against mild to

moderate SARS-CoV-2 infection, protection
against severe infection appears to be more
durable, for underlying reasons which are not
yet fully understood [10].

Waning protection is driven by both waning
immunity over time following vaccination or
initial infection and the evolution of new vari-
ants of SARS-CoV-2. Immunity is not a singular
state: a wide range of immune states now exist
globally, including those who are infection and
vaccination-naı̈ve, those who are fully vacci-
nated with or without booster shots, those
recovered from one or more prior infections,
and those who have both been vaccinated and
recovered from prior infection. This is quite
different from the context in which COVID-19
vaccines were first introduced.

Waning immunity is compounded by the
evolution of new SARS-CoV-2 variants with
greater immune escape. The first available vac-
cines for SARS-CoV-2 were developed against
the original D614 variant, but multiple new
variants of concern (VOC) have since arisen and
spread globally [13]. The Omicron variant
emerged at the end of November 2021, and the
current global epidemiology of SARS-CoV-2 is
characterised by the continued rapid global
spread of Omicron sub-lineages. Updated SARS-
CoV-2 vaccines, which incorporate the spike
protein of the variants Omicron BA.1, BA.4, and
BA.5 and the SARS-CoV-2 original strain, have
received regulatory approval [14, 15]. The
World Health Organization (WHO) has to date
named five of the genetically mutated SARS-
CoV-2 viruses as VOC, the Alpha, Beta, Gamma,
Delta and Omicron variants [13]. At the time of
publication, Omicron and its various sub-lin-
eages were the only currently recognised VOC
to be circulating [13]. Each VOC is designated
based on mutations compared to the ancestral
strain, with varying levels of immune escape
against both previous infection and
vaccination.

The aim of this review was to assimilate the
current knowledge on the waning of protection
by both vaccination and/or prior infection, as
well as antibody and T/B-cell responses. A
comprehensive understanding of these charac-
teristics is required to support future vaccine
products and programme development. This
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article is based on previously conducted studies
and does not contain any new studies with
human participants or animals performed by
any of the authors. Ethics approval was not
required for this narrative review.

WANING VACCINE EFFICACY
AND EFFECTIVENESS

Both the effectiveness and the efficacy of vac-
cines developed against SARS-CoV-2 have been
extensively studied. Efficacy refers to the per-
formance of the vaccines under ideal and con-
trolled circumstances, for example clinical
trials, compared with effectiveness, which
measures vaccine performance under real-world
conditions, such as observational trials. It is
now well-established that the vaccine effec-
tiveness of a primary series of SARS-CoV-2 vac-
cination wanes over time, resulting in an
increased risk of breakthrough infection. The
waning of vaccine efficacy and effectiveness
have been assessed in mRNA vaccines
(BNT162b2 [16–30] and mRNA-1273
[20, 25, 30, 31]), adenoviral vector vaccines
(ChAdOx1-S [16, 20, 28, 32] and Ad26.COV2.S
[20, 25, 27, 30]), and an inactivated virus vac-
cine (CoronaVac) [22]. Additionally, studies
have reported combined results [33, 34].

Overall, every vaccine platform studied has
shown reduced vaccine effectiveness against
symptomatic infection over time [18, 27, 28].
Two systematic reviews and meta-analyses have
summarised the rate at which protection
against infection (both asymptomatic and
symptomatic) waned in SARS-CoV-2 vaccines,
regardless of vaccine platform (Table 1). Feikin
et al.[10] found a 23% decrease in protection
over 6 months post-vaccination, while Ssen-
tongo et al.[11] found a decline in protection
from 83 to 21% over 5 months. It was noted
that the latter analysis relied on only two
studies for the latest timepoint [11].

Despite substantial waning protection
against symptomatic SARS-CoV-2 infection,
most vaccines are still highly efficacious in
preventing severe disease, hospitalisation, and
death over time [16, 19, 20, 22, 30, 32, 33]. In
the meta-analysis on severe infection by Feikin

et al. [10], vaccine effectiveness declined by
only 9.0% over the first 6 months post-full
vaccination (Table 1) [10]. When limited to
severe disease, Ssentongo et al. [11] found no
evidence of decline at 5 months post-vaccina-
tion (Table 1).

Both meta-analyses represent studies in
which multiple variants were circulating whilst
the studies were performed, and that were
conducted after the emergence of the Delta
variant but before Omicron [10, 11].

In some studies, high-risk groups, including
older people and persons with immunosup-
pression [16, 25, 35], have been observed to
have faster rates of waning protection [16].
However, reports on this observation have not
been consistent in their findings. For example,
there have been some studies which have not
found an impact of age on waning vaccine
effectiveness [18, 29], and no statistically sig-
nificant effect of age on the rate at which
immunity waned was found in the meta-anal-
ysis by Feikin et al. [10].

The emergence and broad circulation of a
potentially new VOC presents an additional
variable which should be accounted for when
discussing the durability of protection provided
by vaccines, particularly in the case of the
Omicron variant, where the virus-neutralizing
activity of vaccine-induced antibodies is sub-
stantially lower compared to the earlier VOCs
[18, 36]. Effectiveness as low as, - 2.7% (95%
CI - 4.2 to - 1.2), 8.8% (95% CI 7.0–10.5) and
14.9% (95% CI 3.9–24.7) against Omicron at
25 ? weeks post-full vaccination has been
reported for the ChAdOx1, BNT162b2, and
mRNA-1273 vaccines, respectively [37]. There
is, however, still evidence that, despite a
reduction in effectiveness against any Omicron
infections, vaccination continues to provide
substantial protection against severe infections.
A test-negative case–control study has shown
that the effectiveness against symptomatic
Omicron infections of 3 doses of mRNA vaccine
is 54% (95% CI 50.4, 57.3). Despite the reduced
level of protection against symptomatic infec-
tion, the effectiveness against severe, critical, or
fatal Omicron infections has remained remark-
ably high at 92.5% (95% CI 84.4, 96.3) [38].
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Table 1 Summarised results of meta-analyses of waning vaccine efficacy/effectiveness over time

Author year Vaccines evaluated Severity of
infection

Result

Feikin (2022)

[10]

BNT162b2 (n = 4); mRNA-1273 (n = 3);

Ad26.COV2.S (n = 2); ChAdOx1-S (n = 1)

Any

infectiona
Decrease % in VE (95% CE)

from 1 to 6 months

All ages: 23.3% (12.1–38.1)

p = 0.0003

BNT162b2 (n = 4); mRNA-1273 (n = 2) Decrease % in VE (95% CE)

from 1 to 6 months

C 50 years: 18.1% (7.5–35.1)

p = 0.003

BNT162b2 (n = 3); mRNA-1273 (n = 2);

Ad26.COV2.S (n = 2); ChAdOx1-S (n = 1)

Symptomatic

diseasea
Decrease % in VE (95% CE)

from 1 to 6 months

All ages: 27.8% (13.0–51.5)

p = 0.0005

BNT162b2 (n = 1); mRNA-1273 (n = 1);

Ad26.COV2.S (n = 1)

Decrease % in VE (95% CE)

from 1–6 months

C 50 years: 36.1% (16.3–70.5)

p = 0.008

BNT162b2 (n = 7); mRNA-1273 (n = 4);

Ad26.COV2.S (n = 3)

Severe

diseasea
Decrease % in VE (95% CE)

from 1 to 6 months

All ages: 9.9% (4.8–17.1)

p = 0.0001

BNT162b2 (n = 5); mRNA-1273 (n = 3);

Ad26.COV2.S (n = 1)

Decrease % in VE (95% CE)

from 1 to 6 months

C 50 years: 7.7% (2.7–15.8)

p = 0.0032

Ssentongo

(2022) [11]

BNT162b2 (n = 9); mRNA-1273 (n = 6);

Ad26.COV2.S (n = 2)

Any

infectiona
VE% (95% CE) at 1 month

post-vaccination

All ages: 82.5% (74.8–90.2)

BNT162b2 (n = 3); mRNA-1273 (n = 1) VE% (95% CE) at 4 months

post-vaccination

All ages: 71.4% (52.3–90.39)

BNT162b2 (n = 2) VE% (95% CE) at 5 months

post-vaccination

All ages: 21.8% (- 24.2 to

67.8)

370 Infect Dis Ther (2023) 12:367–387



WANING IN POST-INFECTION
PROTECTION

Multiple systematic and pragmatic literature
reviews have investigated the effectiveness of
natural post-infection protection [12, 39–43].
Published meta-analyses show consistently high
levels of protection (81.0–87.0%) provided by
prior infection, even over 7 months post-initial
infection (Table 2) [12, 41, 43]. One meta-
analysis assessed the estimated protection pro-
vided by prior infection from either any rein-
fection or symptomatic reinfection and found
similar levels of protection (* 87.0%) [12].
None of the three meta-analyses reported an
analysis by variant, which would be challenging
to study, since variants of both the initial
infection and the reinfection must be consid-
ered [12, 41, 43].

Five studies investigating the risk of reinfec-
tion over time found no statistically significant
waning in protection from reinfection (Table 3),
[28, 44–47] with the protection from reinfection
at the final study follow-up estimated to range
from 69.0 to 93.0%. The protection against
reinfection at[1 year was estimated to be
69.0% in the study with the longest follow-up
[28]. The estimated protection against milder
versus more severe infections was only com-
pared in two studies, which produced contra-
dictory results [45, 47].

Nordstrom et al. (2022) found the estimated
protection against hospitalisation (which the
study stated was not affected by limitations
associated with selection bias) was lower than
protection against any infection at both 3–-
6 months and C 9 months, although a larger
study should be performed to achieve a more
accurate result, as hospitalisation events in this
study were rare [45]. Sheehan et al. (2021) found

Table 1 continued

Author
year

Vaccines evaluated Severity of
infection

Result

BNT162b2 (n = 8); mRNA-1273 (n = 4) Symptomatic

infectiona
VE% (95% CE) at 1 month post-

vaccination

All ages: 93.7% (93.3–94.2)

BNT162b2 (n = 2) VE% (95% CE) at 4 months post-

vaccination

All ages: 63.6% (24.2–103.0)

BNT162b2 (n = 7); mRNA-1273 (n = 2);

Ad26.COV2.S (n2)
Severe diseasea VE% (95% CE) at 1 month post-

vaccination

All ages: 85.0% (71.6–98.3)

BNT162b2 (n = 3); mRNA-1273 (n = 1);

Ad26.COV2.S (n = 1)

VE% (95% CE) at 4 months post-

vaccination

All ages: 78.4% (63.4–93.5)

BNT162b2 (n = 2) VE% (95% CE) at 5 months post-

vaccination

All ages: 89.5 (89.5–89.5)

mRNA messenger ribonucleic acid, VE vaccine efficacy/effectiveness
aThe results represent studies in which there were a mixture of variants represented, all studies were performed before the
emergence of the omicron variant
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that the estimated protection against symp-
tomatic infection (71%) was higher than pro-
tection against any infection (60%) at
90–150 days post-infection, although statistical
significance was not assessed [47]. This was not
seen at either the 151–210- or C 210-day time-
points, where estimated protection was * 90%
against both types of infection [47].

Only one study, Hall et al. (2022), took place
during a time period in which the Delta VOC
predominated [28]. The original infections
included in the study occurred prior to the
emergence and spread of Delta, which could
explain the substantial, but not statistically
significant, reduction in protection (Table 3)
[28]. The other studies all took place prior to the
widespread prevalence and predominance of
VOC [44–47].

The relative protection provided by natural
immunity compared to vaccination has been
assessed in a systematic review and meta-anal-
ysis [42], which categorised studies into ran-
domised controlled trials (RCTs) (3 studies)
[48–50] and observational studies (4 studies)
[51–54]. In the RCTs, no statistically significant
difference [overall RR of 0.59 (95% CI
0.04–8.28, P = 0.69)] between vaccination and
natural immunity was found, while in the
observational studies, natural immunity pro-
vided better protection [3.71 (95% CI 1.75–7.86;
P = 0.0006)] against any infection [42].

Some preliminary clinical trial evidence casts
doubt on the ability of prior infection with an
earlier variant of SARS-CoV-2 to provide pro-
tection against a different, newer VOC [55]. A
trial assessing the efficacy of NVX-CoV2373
against the B.1.351 variant found that prior
infection with a pre-B.1.351 virus did not
appear to reduce the risk of Covid-19 due to
subsequent infection with B.1.351 variants
among placebo recipients during the initial
2 months of follow-up [55]. Data from a test-
negative, case–control study from Qatar found
that the effectiveness of previous infection in
preventing reinfection ranged from 90.2% (95%
CI 60.2–97.6) against the alpha variant, 85.7%
(95% CI 75.8–91.7) against the beta variant and
92.0% (95% CI 87.9–94.7) against the delta
variant, while against the Omicron variants,
protection was reduced to 56.0% (95% CI

50.6–60.9). Prior infection did provide robust
protection against hospitalisation or death
regardless of variant, including 87.8% protec-
tion against hospitalisation due to the Omicron
variant [56]. A separate analysis found that prior
infection and a median interval of 324 days
prior to reinfection, provided 50.8% (45.4–55.7)
protection against symptomatic infections and
71.6% (15.7–90.4) protection against severe,
critical, or fatal infections with the Omicron
variant [38].

BOOSTED AND HYBRID IMMUNITY

Several studies have demonstrated that a single
booster dose restores protection to the levels
seen soon after either full vaccination or
recovery from SARS-CoV-2 infection, including
against the Omicron variant [18, 29, 57, 58].
However, protection against symptomatic
infection provided by current mRNA boosters,
compared to no booster dose, was higher
against Delta (93.5–97.0%) than Omicron
(62.4–67.3%) [18, 37].

Heterologous booster doses, in which the
booster vaccine is different to the original vac-
cine series, may in some cases provide superior
protection to homologous boosters [37]. Vacci-
nation with a primary two-dose series of ChA-
dOx1, followed by a booster dose of ChAdOx1,
provided protection against Omicron of only
46.7% (95% CI 34.3–56.7) at 5–9 weeks post-
booster vaccination versus 52.9% (95% CI
52.1–53.7) and 60.9% (95% CI 59.7–62.1) at the
same timepoint post-booster with BNT162b2
and mRNA-1273, respectively [37]. No benefit
of a heterologous booster was observed when
the two mRNA vaccines were given sequentially
[37].

The advantages of a fourth booster dose of
BNT162b2 against Omicron were investigated
in a recent observational study in Israel [59].
While a two-fold increase in protection against
confirmed SARS-CoV-2 infection was seen at
4 weeks post-booster vaccination, the effect had
waned by 8 weeks. However, against severe
cases of SARS-CoV-2, the fourth dose provided a
four-fold increase in effectiveness at 6 weeks
with no results provided for 8 weeks [59].
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Table 2 Summary of meta-analyses of protection from reinfection provided by prior infection

Author year Studies in meta-
analysis

Time to reinfection Severity of
reinfection

Estimated protection (%,
95% CI)

Mao (2022)

[12]

10 C 90 days (C 45 days with

likely exposure)

Any reinfectiona 87.0% (83.2–90.0%)

4 Symptomatic

reinfectiona
87.2% (83.1–90.3%)

Chivese (2022)

[43]

5 C 7 months Any reinfectiona 81.0% (68.0–89%)

Petras (2021)

[41]

15 Mean days: 234 (180–360) Any reinfectiona 87.0% (82.0–91.0%)

aNo analysis by variant of concern was possible, most studies represent an initial infection by the wild-type SARS-CoV-2

Table 3 Estimated protection from reinfection over time from published studies

Author, year Measure of initial
infection

Severity of reinfection Estimated protection by time (%, 95%
CI)

Hansen (2021) [44] Any PCR positive Any PCR positivea 3–6 months: 79.3 (74.4–83.3)

C 7 months: 77.7 (70.9–82.9)

Nordstrom (2022)

[45]

Any documented infection Any document infectionb 3–6 months: 96.0 (95.0–96.0)

C 9 months: 93.0 (92.0–94.0)

Hospitalisationb 3–6 months: 89 (86.0–91.0)

C 9 months: 78 (66.0–85.0)

Spicer (2022) [46] Any PCR positive Any PCR positivea 91–120 days: 70.1 (65.6–74.0)

241–270 days: 79.8 (65.0–88.4)

Sheehan (2021) [47] Any PCR positive Any PCR positivea 90–150 days: 60.0

C 210 days: 93.9

Any PCR positive Symptomatic PCR

positivea
90–150 days: 71.0

C 210 days: 91.5

Hall (2022) [28] Any PCR positive Any PCR positivec B 1 year: 86.0 (0.81 to 0.89)

[1 year: 69.0 (0.38 to 0.84)

aStudy performed prior to widespread VOC
bStudy performed during three waves of SARS-CoV-2: prior to widespread sequencing, prior to alpha variant becoming
dominant, and after the alpha variant became dominant
cThe initial infections occurred prior to widespread VOC, while the follow-up occurred during a period when the delta
variant was predominant
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Hybrid immunity, in which people are either
vaccinated after a prior SARS-CoV-2 infection or
have a breakthrough infection after vaccina-
tion, is an increasingly common immune status
[28]. The combination effect seems to provide
greater protection than natural immunity on its
own ([90.0%), with no waning C 1 year after
infection or[6 months after vaccination [28].

Relative protection provided by hybrid
immunity versus natural immunity was inves-
tigated in a meta-analysis. In the three RCTs, no
statistically significant difference between
hybrid immunity and natural immunity was
found, whereas in the four observational stud-
ies, hybrid immunity provided statistically sig-
nificantly better protection against infection
(risk ratio 1.94 95% CI (1.17–3.21), P = 0.01]
[42].

Two additional observational studies sup-
ported the conclusion that hybrid immunity
gives greater protection than natural immunity.
One study found that one-dose hybrid immu-
nity with either ChAdOx1, BNT162b2, or
mRNA-1273, was associated with a 58.0% lower
risk of SARS-CoV-2 reinfection than natural
immunity for up to 2 months, with evidence of
attenuation thereafter up to the 9-month fol-
low-up. Two-dose hybrid immunity improved
this further to a 66.0% lower risk of SARS-CoV-2
reinfection than natural immunity, with no
statistically significant attenuation up to
9 months [45]. In the second study, the patients
who had recovered from SARS-CoV-2 and

received one or two doses of the BNT162b2
vaccine had a significantly lower risk of recur-
rent infection. Vaccine effectiveness in this
previously infected population was estimated to
be 82% (95% CI 80–84) in patients between 16
and 64 years old and 60% (95% CI 36–76)
among those who were over 65 years old [60].

ANTIBODY DYNAMICS OVER TIME

Levels of neutralising antibodies have been
shown to correlate with protection from symp-
tomatic infection [61, 62]. Understanding the
antibody dynamics after initial SARS-CoV-2
infection and vaccination is crucial for esti-
mating the potential levels of protection
provided.

Post-Initial Infection

In a systematic review and meta-analysis of
adaptive immunity and reinfection after recov-
ery from SARS-CoV-2 over the first 6–8 months
post-infection by Chivese et al., 90.0% of indi-
viduals had evidence of SARS-CoV-2 specific
immunological memory [43].

Anti-receptor binding domain (RBD)
immunoglobulins (Ig) IgM and IgA are the main
contributors to neutralization in the early phase
of SARS-CoV-2 infection, while anti-RBD IgG
represents most of the neutralising activity in

Table 4 Summary of data synthesis from Chivese et al. (2022)

Author, year Timepoint T-cell subset Prevalence of detectable T-cells

Chivese et al. (2022) [43] B 1 month CD4 100% (95% CI 83.9, 100.0)

1–2 months 93.3% (95% CI 70.2, 98.8)

4.5 months 78.8% (95% CI 65.1, 88.0)

6–8 months 91.7% (95% CI 78.2, 97.1)

B 1 month CD8 70.0% (95% CI 48.1, 85.5)

1–2 months 86.7% (95% CI 62.1, 96.3)

4.5 months 57.4% (95% CI 43.3, 70.5)

6–8 months 50.0% (95% CI 34.5, 65.5)
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the late phase of infection and during conva-
lescence [63–65].

Levels of neutralising antibodies decline over
the first 4 months post-initial SARS-CoV-2
infection, especially for IgA and IgM, with less
evidence of a substantial decline over the same
time period for IgG [66]. Despite these initial
declines in some antibodies, the neutralising
antibody response after natural infection per-
sists for up to 18 months, even following mild
infection [63, 67].

However, the initial levels and durability of
the neutralising antibody response depended
upon the severity of the initial SARS-CoV-2
infection. Mild SARS-CoV-2 infections gave
heterogeneous neutralising antibody titres and
patients with asymptomatic SARS-CoV-2 had
low titres or no measurable response at all
[63, 68].

Antibodies elicited by initial SARS-CoV-2
variants show reduced activity against the RBD
proteins of new variants of concern, which
correlates with the reduction in protection
provided by prior infection with an initial
variant [67, 69]. One small study found that sera
and plasma collected within 2 months of con-
valescence from mild or severe SARS-CoV-2
inhibited entry driven by the Omicron viral
spike protein 80-fold less efficiently as com-
pared with the B.1 spike (which is identical to
the S protein of the Wuhan-Hu-1 isolate, except
for the presence of mutation D614G), and
44-fold less efficiently compared with the Delta
spike [69].

Post-Vaccination

Antibody dynamics post-vaccination depend on
the vaccine used. The mRNA vaccines,
BNT162b2 and mRNA-1273, produce a high
peak neutralising antibody response which then
rapidly declines within 6–8 months post-vacci-
nation [70–73], while the adenoviral vector
vaccines have a lower initial antibody response
[74]. The inactivated virus vaccine, CoronaVac,
also produces a lower initial antibody response
than mRNA vaccines, and this level falls below
the positive cut-off by 4 months post-vaccina-
tion [75, 76].

Multiple factors, including age and underly-
ing conditions, can affect post-vaccination
antibody levels and their longer-term dynamics
[35]. The impact of age on post-vaccination
levels have been seen to vary by vaccine with
age over 50 years, being associated with lower
IgG levels in people receiving BNT162b2 but
not in those receiving mRNA-1273 [77]. The
impact of various immunocompromised indi-
viduals and associated factors have been inves-
tigated in a prospective study. Seropositivity in
participants with various immunocompromis-
ing conditions was statistically significantly
lower than in healthcare workers [78]. Factors
associated with poor seropositivity included
age, greater immunosuppression, time since
vaccination, anti-CD20 monoclonal antibody
levels, and type of vaccination, with mRNA-
1273 being superior to BNT162b2 or adenovirus
vector vaccines [78].

Antibodies generated by the currently avail-
able vaccines, designed against the original
D614 SARS-CoV-2 strain, produce antibodies
with a substantially reduced recognition of, and
activity against, new variants of concern, par-
ticularly Omicron [69, 79]. Sera and plasma
collected mostly within 1 month post-vaccina-
tion with BNT162b2 has been seen to inhibit
entry by the Omicron spike protein, with
34-fold lower efficiency than the B.1. spike, and
with 12-fold lower efficiency than the Delta
spike [69]. Furthermore, sera and plasma col-
lected 1 month after heterologous vaccination
with a first dose of ChAdOx1 and a second dose
of BNT162b2 was 14-fold less efficient when
compared with the B.1. spike, but only three-
fold less efficient relative to the Delta spike [69].

Booster doses of homologous and heterolo-
gous vaccines seem to be effective in recovering
the neutralising antibody response in both fully
vaccinated people and those with prior SARS-
CoV-2 infections against variants of SARS-CoV-
2, including the Omicron variant
[58, 69, 80–86]. A recent meta-analysis con-
cluded that heterologous immunisation was
more effective than homologous immunisation
in increasing antibody levels [87].
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T-CELL AND MEMORY B-CELL
RESPONSE OVER TIME

Although the contribution of T-cells and
memory B-cells to protection against SARS-CoV-
2 is still to be fully established, there is good
evidence to support important roles of CD4 and
CD8 virus-specific T-cells, as well as memory
B-cells, in their response to SARS-CoV-2 infec-
tion [43, 88–94]. It must be noted that there is
currently a lack of data on the tissue-associated
(lung, lymph node, mucosa) T- and B-cell
memory in response to SARS-CoV-2.

Post-Initial Infection

A cellular response has been shown to occur
without an antibody response, although the
overall relationship between the two response
types is not fully understood. The concept of
‘‘cellular sensitization without seroconversion’’
refers to people who have developed a virus-
specific cellular response, while not exhibiting
the presence of neutralizing antibodies post-in-
fection with SARS-CoV-2 [93, 95–98]. However,
a study in healthcare workers found that only
1.5% (16/1076) of seronegative individuals
responded to a SARS-CoV-2-specific peptide
pool, which argues against widespread genera-
tion of T-cell immunity in the absence of sero-
conversion [99].

A recent systematic literature review and
meta-analysis has combined available studies
reporting the prevalence of T-cells and memory
B-cells after SARS-CoV-2 infection [43]. Synthe-
sis of the four reported studies, with a total of
118 participants [100–103], showed the preva-
lence of CD4 ? T-cells reduced slightly after
6–8 months to 91.7%, while the prevalence of
CD8 ? T cells fell significantly to 50% (Table 4)
[43]. Two additional studies reported a preva-
lence of SARS-CoV-2-specific memory B-cells of
92.9% (95% CI 68.5–98.7) for anti-spike-RBD
class-switched memory B-cells at 2–3 months
post-recovery and 80.6% (95% CI 65.0–90.2)
having RBD-specific memory B-cells at 4–-
5 months [43].

Durability up to 1 year post-infection has
been demonstrated in some patients by the

maintained prevalence and induction of virus-
specific CD4 ? and CD8 ? T-cells, and memory
B-cells [104–106].

The severity of the original SARS-CoV-2
infection can affect the cellular response; T-cell
responses are significantly higher at 1-year post-
in patients with severe infection compared to
patients with milder infections [99, 104]. How-
ever, one study showed that, even when the
magnitudes of both humoral and cellular
immune responses were dependent on disease
severity, asymptomatic to mild infection was
still associated with a substantially reduced risk
of reinfection C 9 months [99].

Post-Vaccination

All available SARS-CoV-2 vaccines produce
T-cell and B-cell responses, with differing
responses depending on the vaccine used [107].
Both mRNA vaccines elicit a robust T-cell and
B-cell response, although studies comparing the
two show that the mRNA-1273 vaccine appears
to produce a stronger T-cell and B-cell response
than the BNT162b2 vaccine [108–111].

One study which directly compared mRNA
vaccines and the adenoviral vector vaccine
Ad26.COV2.S showed a similar magnitude of
response [112]. However, other studies have
indicated that the T-cell and B-cell responses of
mRNA vaccines, especially mRNA-1273, are
superior to adenoviral vector vaccines. One
study analysed the T-cell responses in the
mRNA vaccines, BNT162b2 and mRNA-1273,
versus the adenoviral vector vaccine,
Ad26.COV2.S. Superior bulk T-cell response and
anti-spike cytotoxic T-cell response in recipients
of mRNA-1273 or BNT162b2 was observed
compared to recipients given Ad26.COV2.S
[113]. Another study evaluated BNT162b2,
mRNA-1273, Ad26.COV2.S, and NVX-CoV2373
vaccination-induced immune responses longi-
tudinally for 6 months [114]. The magnitude of
the CD4 ? T cell responses was greatest with
mRNA-1273, BNT162b2 and NVX-CoV2373
vaccination, which were equivalent, whereas
Ad26.COV2.S-vaccinated subjects had the
smallest response. Additionally, both mRNA
and Ad26.COV2.S vaccines induced comparable
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acute and memory CD8 ? T cell frequencies,
with NVX-CoV2373 having the lowest
response, which was in line with previous
findings for a protein-based vaccine [114].
Finally, a study on the SARS-CoV-2–specific
T-cell response elicited by the ChAdOx1 and
BNT162b2 vaccines over a 3-month period
indicated that the BNT162b2 vaccine caused the
more durable response of the two comparators
[115].

The inactivated vaccine, CoronaVac, has
been shown to cause a response in CD4 ? and
CD8 ? T-cells, and in memory B-cells, in a study
of up to 8–10 weeks [76], but the studies iden-
tified in this review comparing inactivated
vaccines to other vaccine platforms do not
provide details regarding the relative levels of
T-cells and B-cells [75, 116].

As discussed, the antibody response to all
available vaccines shows signs of waning with
time since vaccination. However, there is evi-
dence that T-cell and B-cell immunity produced
by vaccination is more durable than the anti-
body response in studies of up to 8 months
[71, 114, 117–120].

Additionally, while the antibodies produced
by current SARS-CoV-2 vaccines have been
shown to have a greatly reduced neutralising
effect against new variants, most significantly
Omicron, this has not been the case for T-cell
responses [121–126]. Effective T-cell responses
have been shown against both the Delta and
Omicron variants, which could partially explain
why current vaccines still provide significant
protection against severe infection, hospitalisa-
tion, and death, despite an observed fall in
protection against infection [127, 128]. Reten-
tion of the T-cell response can likely be ascribed
to the ability of vaccine-induced T-cells to
recognise spike proteins regardless of variant, as
evidenced in both mRNA [122, 129, 130] and
adenovirus-based vaccine responses [131].

As well as T-cells, memory B-cells elicited by
the currently available vaccines are able to
recognise variants of concern up to, and
including, Delta [124, 132]. Unfortunately, this
ability has been reduced in the case of Omicron,
with, in one study, recognition of the RBD
being reduced to 42.0% compared to other
variants [124].

Some evidence suggests that T-cell and B-cell
responses may be impacted by the timing of
vaccination. For instance, a longer dosing
interval of the BNT162b2 vaccine can give rise
to more typical helper T-cells and long-term
memory T-cells, indicating greater promotion
of immune memory and generation of anti-
bodies [117, 133]. In a separate study, extending
the dosing interval of the BNT162b2 vaccine
also led to an increase in peak B-cells and a skew
in the T-cells produced towards S-specified
CD4 ? T cells [134].

CORRELATES OF PROTECTION

There is an urgent need to establish correlates of
protection against SARS-CoV-2 infection, as
proxy measurements for vaccine effectiveness
and duration of immunity against emerging
variants, and to help in the development of new
vaccines [135]. Neutralising antibodies have
been considered the prime candidate as a cor-
relate of protection against clinical infection
[61, 62], but, with novel variants emerging, the
extent to which these antibody levels still cor-
relate to a good level of protection is diminished
in those who have received vaccines based on
wild-type SARS-CoV-2 [69, 79].

Emerging evidence shows that different
components of the immune system are
involved in protection against asymptomatic or
mild SARS-CoV-2 infection compared with sev-
ere SARS-CoV-2 infection [107]. For example,
studies note that protection is seen against
severe disease in vaccinated people with a
robust T-cell response despite reduced neutral-
ising antibody levels. This may lead to a need to
stratify correlates of protection by disease
severity [135].

Many potential correlates of protection have
yet to be assessed and further study will be
required [136].

CONCLUSIONS

The protection provided against SARS-CoV-2
infection wanes with time from vaccination or
prior infection. The protection provided by
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vaccination against symptomatic SARS-CoV-2
infection wanes over time, diminishing by a
quarter to a third in 6 months. The protection
from symptomatic reinfection provided by pre-
vious infection wanes at a slower rate, with only
slight declines seen at 12 months. With both
vaccination and prior infection, protection
against symptomatic disease wanes more
rapidly than protection against severe, critical,
or fatal disease. Booster vaccinations have been
shown to recover protection levels of primary
vaccination series, and hybrid immunity may
provide more robust protection than either
vaccination or primary infection; however, in
both cases, the protection provided still wanes
over time.

The emergence of new VOC has reduced the
levels of protection provided by vaccination
and prior infection with an earlier variant.
However, while protection against symptomatic
infection/reinfection is greatly reduced, espe-
cially with the Omicron variant, protection
against severe, critical, or fatal infection/rein-
fection remains robust.

The antibody and T/B-cell dynamics post-
vaccination or reinfection provides some
potential insights into understanding why pro-
tection from severe, critical, and fatal infection/
reinfection are more robust against waning with
time and new VOC. Antibody dynamics post-
vaccination are dependent upon multiple fac-
tors, including the vaccine used, the number of
doses, the presence of hybrid immunity, age
and whether the individual is immunocom-
promised. However, in all cases, circulating
antibody levels provided by vaccination are
greatly reduced by 6–8 months post-vaccina-
tion. This aligns with the time period over
which protection against symptomatic infec-
tion declines. Post-infection antibody dynamics
show a slower decline than post-vaccination
titres, which matches the longer-lasting pro-
tection seen. However, the initial antibody
levels provided by an infection are heavily
dependent upon the severity of the initial
infection, implying that asymptomatic or mild
infections may not provide robust protection.
Antibodies elicited by currently available vac-
cines and prior infections with older variants

are not as effective at neutralising new VOC,
especially Omicron.

The T/B-cell response to both vaccination
and prior infection are more long lasting than
the antibody response. Additionally, T/B-cells
elicited from current vaccinations and prior
infections with older variants show a reduced
but still robust ability to recognise new VOC,
including Omicron.

The current evidence supports the hypothe-
sis that the initial protection provided by SARS-
CoV-2 vaccination or prior infection is initially
provided by neutralising antibodies, with the
more durable T-cell and B-cell responses pro-
viding a large amount of the protection from
severe infection. Additionally, antibodies from
both vaccines or prior infections seem to lose
neutralising activity against new variants more
rapidly. T-cells and B-cells provide more robust
protection against severe, critical, and fatal
infection/reinfection.

While a large amount of research has been
performed on the topic of waning protection
provided by vaccination and prior infection,
many topics still require investigation. These
include the impact of patient-specific variables,
such as age, ethnicity, comorbidities, and con-
comitant medications, on the effectiveness of
the vaccines, as well as prior infection. Other
topics for further investigation should also
include the definition of a standardised anti-
body test and the timepoint of testing. Such
studies should be the focus of future investiga-
tions. An established process is needed to eval-
uate the durability and protection provided by
new vaccines designed with new variants (e.g.
Beta or Omicron) so that they may be evaluated
and rolled out in time for peaks in SARS-CoV-2-
related disease burden. To date, vaccine roll-out
has been conducted in more of an ad hoc
manner: it is recognised that high antibody
levels are required to prevent breakthrough
infection, especially when a new variant of
concern arises, so that booster vaccinations are
administered as antibody titres wane. Peak
antibody levels are typically reached after three
vaccine doses, then further doses boost levels
back to this peak following waning. There is
substantial debate on whether maintaining a
saw-tooth level of antibody titres through
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repeated vaccinations, as is being done in Israel,
is a sustainable public health strategy in the
long term. Further research is required to
develop vaccines that produce a more durable
response or an immune response that is not
variant-dependent.
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Azap A, Akhan S, et al. Efficacy and safety of an
inactivated whole-virion SARS-CoV-2 vaccine (Cor-
onaVac): interim results of a double-blind, ran-
domised, placebo-controlled, phase 3 trial in
Turkey. The Lancet [Internet]. 2021 [cited 2022 Jun
24];398:213–22. http://www.thelancet.com/article/
S014067362101429X/fulltext.

2. al Kaabi N, Zhang Y, Xia S, Yang Y, al Qahtani MM,
Abdulrazzaq N, et al. Effect of 2 inactivated SARS-
CoV-2 vaccines on symptomatic COVID-19 Infec-
tion in adults: a randomized clinical trial. JAMA

Infect Dis Ther (2023) 12:367–387 379

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.thelancet.com/article/S014067362101429X/fulltext
http://www.thelancet.com/article/S014067362101429X/fulltext


[Internet]. 2021 [cited 2022 Jun 24];326:35–45.
https://jamanetwork.com/journals/jama/fullarticle/
2780562.

3. Heath PT, Galiza EP, Baxter DN, Boffito M, Browne
D, Burns F, et al. Safety and efficacy of NVX-
CoV2373 covid-19 vaccine. N Engl J Med [Internet].
2021;385:1172–83. https://doi.org/10.1056/
NEJMoa2107659. (cited 2022 Jun 24).

4. Logunov DY, Dolzhikova I v., Shcheblyakov D v.,
Tukhvatulin AI, Zubkova O v., Dzharullaeva AS,
et al. Safety and efficacy of an rAd26 and rAd5
vector-based heterologous prime-boost COVID-19
vaccine: an interim analysis of a randomised con-
trolled phase 3 trial in Russia. Lancet [Internet].
2021 [cited 2022 Jun 24];397:671–81. https://
pubmed.ncbi.nlm.nih.gov/33545094/.

5. Sadoff J, Gray G, Vandebosch A, Cárdenas V, Shu-
karev G, Grinsztejn B, et al. Safety and efficacy of
single-dose Ad26.COV2.S vaccine against covid-19.
N Engl J Med [Internet]. 2021;384:2187–201.
https://doi.org/10.1056/NEJMoa2101544. (cited
2022 Jun 24).

6. Voysey M, Costa Clemens SA, Madhi SA, Weckx LY,
Folegatti PM, Aley PK, et al. Single-dose adminis-
tration and the influence of the timing of the
booster dose on immunogenicity and efficacy of
ChAdOx1 nCoV-19 (AZD1222) vaccine: a pooled
analysis of four randomised trials. The Lancet
[Internet]. 2021 [cited 2022 Jun 24];397:881–91.
http://www.thelancet.com/article/
S0140673621004323/fulltext.

7. Baden LR, el Sahly HM, Essink B, Kotloff K, Frey S,
Novak R, et al. Efficacy and safety of the mRNA-
1273 SARS-CoV-2 vaccine. N Engl J Med [Internet].
2021;384:403–16. https://doi.org/10.1056/
NEJMoa2035389. (cited 2022 Jun 24).

8. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurt-
man A, Lockhart S, et al. Safety and efficacy of the
BNT162b2 mRNA covid-19 vaccine. N Engl J Med
[Internet]. 2020;383:2603–15. https://doi.org/10.
1056/nejmoa2034577. (cited 2022 Jun 24).

9. Rotshild V, Hirsh-Raccah B, Miskin I, Muszkat M,
Matok I. Comparing the clinical efficacy of COVID-
19 vaccines: a systematic review and network meta-
analysis. Sci Repo [Internet]. 2021 [cited 2022 Jun
24];11:1–9. https://www.nature.com/articles/
s41598-021-02321-z.

10. Feikin DR, Higdon MM, Abu-Raddad LJ, Andrews N,
Araos R, Goldberg Y, et al. Duration of effectiveness
of vaccines against SARS-CoV-2 infection and
COVID-19 disease: results of a systematic review
and meta-regression. The Lancet. 2022;399:924–44.

11. Ssentongo P, Ssentongo AE, Voleti N, Groff D, Sun
A, Ba DM, et al. SARS-CoV-2 vaccine effectiveness
against infection, symptomatic and severe COVID-
19: a systematic review and meta-analysis. BMC
Infect Dis [Internet]. 2022;22:1–12. https://doi.org/
10.1186/s12879-022-07418-y. (cited 2022 May 25).

12. Mao Y, Wang W, Ma J, Wu S, Sun F. Reinfection
rates among patients previously infected by SARS-
CoV-2: Systematic review and meta-analysis. Chin
Med J (Engl) [Internet]. 2022 [cited 2022 May
17];135:145–52. www.cmj.org.

13. World Health Organization. Tracking SARS-CoV-2
variants [cited 2022 Jul 2022] https://www.who.int/
activities/tracking-SARS-CoV-2-variants. 2022. Acces-
sed 25 July 2022

14. Ema-ecdc. ECDC-EMA statement on booster vacci-
nation with Omicron adapted bivalent COVID-19
vaccines. [cited 2022 Oct 18]; www.ema.europa.eu/
contact. Accessed 18 Oct 2022

15. EMA. Adapted vaccine targeting BA.4 and BA.5
Omicron variants and original SARS-CoV-2 recom-
mended for approval | European Medicines Agency
[Internet]. [cited 2022 Dec 14]. https://www.ema.
europa.eu/en/news/adapted-vaccine-targeting-ba4-
ba5-omicron-variants-original-sars-cov-2-
recommended-approval. Accessed 14 Dec 2022

16. Andrews N, Tessier E, Stowe J, Gower C, Kirsebom F,
Simmons R, et al. Duration of protection against
mild and severe disease by Covid-19 vaccines.
N Engl J Med [Internet]. 2022;386:340–50. https://
doi.org/10.1056/NEJMoa2115481. (cited 2022 Mar
29).

17. Bedston S, Akbari A, Jarvis CI, Lowthian E, Torabi F,
North L, et al. COVID-19 vaccine uptake, effective-
ness, and waning in 82,959 health care workers: a
national prospective cohort study in Wales. Vaccine
[Internet]. 2022 [cited 2022 Mar 29];40:1180–9.
https://pubmed.ncbi.nlm.nih.gov/35042645/.

18. Accorsi EK, Britton A, Fleming-Dutra KE, Smith ZR,
Shang N, Derado G, et al. Association between 3
doses of mRNA COVID-19 vaccine and symp-
tomatic infection caused by the SARS-CoV-2 omi-
cron and delta variants. JAMA [Internet]. 2022
[cited 2022 Mar 29];327:639–51. https://
jamanetwork.com/journals/jama/fullarticle/
2788485.

19. Chemaitelly H, Tang P, Hasan MR, AlMukdad S,
Yassine HM, Benslimane FM, et al. Waning of
BNT162b2 vaccine protection against SARS-CoV-2
infection in Qatar. N Engl J Med [Internet].
2021;385:e83. https://doi.org/10.1056/
NEJMoa2114114. (cited 2022 Mar 29).

380 Infect Dis Ther (2023) 12:367–387

https://jamanetwork.com/journals/jama/fullarticle/2780562
https://jamanetwork.com/journals/jama/fullarticle/2780562
https://doi.org/10.1056/NEJMoa2107659
https://doi.org/10.1056/NEJMoa2107659
https://pubmed.ncbi.nlm.nih.gov/33545094/
https://pubmed.ncbi.nlm.nih.gov/33545094/
https://doi.org/10.1056/NEJMoa2101544
http://www.thelancet.com/article/S0140673621004323/fulltext
http://www.thelancet.com/article/S0140673621004323/fulltext
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/nejmoa2034577
https://doi.org/10.1056/nejmoa2034577
https://www.nature.com/articles/s41598-021-02321-z
https://www.nature.com/articles/s41598-021-02321-z
https://doi.org/10.1186/s12879-022-07418-y
https://doi.org/10.1186/s12879-022-07418-y
http://www.cmj.org
https://www.who.int/activities/tracking-SARS-CoV-2-variants
https://www.who.int/activities/tracking-SARS-CoV-2-variants
http://www.ema.europa.eu/contact
http://www.ema.europa.eu/contact
https://www.ema.europa.eu/en/news/adapted-vaccine-targeting-ba4-ba5-omicron-variants-original-sars-cov-2-recommended-approval
https://www.ema.europa.eu/en/news/adapted-vaccine-targeting-ba4-ba5-omicron-variants-original-sars-cov-2-recommended-approval
https://www.ema.europa.eu/en/news/adapted-vaccine-targeting-ba4-ba5-omicron-variants-original-sars-cov-2-recommended-approval
https://www.ema.europa.eu/en/news/adapted-vaccine-targeting-ba4-ba5-omicron-variants-original-sars-cov-2-recommended-approval
https://doi.org/10.1056/NEJMoa2115481
https://doi.org/10.1056/NEJMoa2115481
https://pubmed.ncbi.nlm.nih.gov/35042645/
https://jamanetwork.com/journals/jama/fullarticle/2788485
https://jamanetwork.com/journals/jama/fullarticle/2788485
https://jamanetwork.com/journals/jama/fullarticle/2788485
https://doi.org/10.1056/NEJMoa2114114
https://doi.org/10.1056/NEJMoa2114114


20. Corrao G, Franchi M, Cereda D, Bortolan F, Zoli A,
Leoni O, et al. Persistence of protection against
SARS-CoV-2 clinical outcomes up to 9 months since
vaccine completion: a retrospective observational
analysis in Lombardy, Italy. Lancet Infect Dis
[Internet]. 2022 [cited 2022 Mar 29];0. http://www.
thelancet.com/article/S1473309921008136/
fulltext.

21. Goldberg Y, Mandel M, Bar-On YM, Bodenheimer
O, Freedman L, Haas EJ, et al. Waning Immunity
after the BNT162b2 Vaccine in Israel. N Engl J Med
[Internet]. 2021;385:e85. https://doi.org/10.1056/
nejmoa2114228.

22. Suah JL, Husin M, Keng PS, Hwa B, Thevananthan
T, Low EV, et al. Waning COVID-19 vaccine effec-
tiveness for BNT162b2 and CoronaVac in Malaysia:
an observational study. Int J Infect Dis [Internet].
2022 [cited 2022 Mar 30]; https://pubmed.ncbi.
nlm.nih.gov/35331933/.

23. Israel A, Merzon E, Schäffer AA, Shenhar Y, Green I,
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90. Çölkesen F, Kurt EK, Vatansev H, Korkmaz C,
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N, Månberg A, Marking U, et al. Robust humoral
and cellular immune responses and low risk for
reinfection at least 8 months following asymp-
tomatic to mild COVID-19. J Intern Med [Internet].

2022;291:72–80. https://doi.org/10.1111/joim.
13387. (cited 2022 May 19).

100. Rydyznski Moderbacher C, Ramirez SI, Dan JM,
Grifoni A, Hastie KM, Weiskopf D, et al. Antigen-
specific adaptive immunity to SARS-CoV-2 in acute
COVID-19 and associations with age and disease
severity. Cell [Internet]. 2020 [cited 2022 May
19];183:996–1012.e19. https://pubmed.ncbi.nlm.
nih.gov/33010815/.

101. Grifoni A, Weiskopf D, Ramirez SI, Mateus J, Dan
JM, Moderbacher CR, et al. Targets of T Cell
Responses to SARS-CoV-2 Coronavirus in Humans
with COVID-19 Disease and Unexposed Individu-
als. Cell [Internet]. 2020 [cited 2022 May 19];181:
1489–1501.e15. https://pubmed.ncbi.nlm.nih.gov/
32473127/.

102. Fendler A, Shepherd STC, Au L, Wilkinson KA, Wu
M, Byrne F, et al. Adaptive immunity and neutral-
izing antibodies against SARS-CoV-2 variants of
concern following vaccination in patients with
cancer: the CAPTURE study. Nature Cancer [Inter-
net]. Nature 2021 [cited 2022 May 19];2:1305–20.
https://www.nature.com/articles/s43018-021-
00274-w

103. Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti
CE, et al. Immunological memory to SARS-CoV-2
assessed for up to 8 months after infection. Science
[Internet]. 2021 [cited 2022 May 19];371. https://
pubmed.ncbi.nlm.nih.gov/33408181/.

104. Li Y, Wang X, Shen X-R, Geng R, Xie N, Han J-F,
et al. A 1-year longitudinal study on COVID-19
convalescents reveals persistence of anti-SARS-CoV-
2 humoral and cellular immunity. Emerg Microbes
Infect. 2022;11:902–13. https://doi.org/10.1080/
22221751.2022.2049984. (cited 2022 Apr 5).

105. Adamo S, Michler J, Zurbuchen Y, Cervia C,
Taeschler P, Raeber ME, et al. Signature of long-lived
memory CD8? T cells in acute SARS-CoV-2 infec-
tion. Nature [Internet]. 2021 [cited 2022 Apr 6];602:
148–55. https://www.nature.com/articles/s41586-
021-04280-x.

106. Mak WA, Koeleman JGM, van der Vliet M, Keuren F,
Ong DSY. SARS-CoV-2 antibody and T cell respon-
ses one year after COVID-19 and the booster effect
of vaccination: a prospective cohort study. J Infect.
2022;84:171–8.

107. Sadarangani M, Marchant A, Kollmann TR.
Immunological mechanisms of vaccine-induced
protection against COVID-19 in humans. Nat Rev
Immunol. 2021 [cited 2022 Apr 6];21:475–84.
https://www.nature.com/articles/s41577-021-
00578-z.

Infect Dis Ther (2023) 12:367–387 385

https://pmj.bmj.com/content/early/2022/01/18/postgradmedj-2021-140540
https://pmj.bmj.com/content/early/2022/01/18/postgradmedj-2021-140540
https://www.nature.com/articles/s41590-021-00902-8
https://www.nature.com/articles/s41590-021-00902-8
https://www.nature.com/articles/s41590-021-01122-w
https://www.nature.com/articles/s41590-021-01122-w
https://pubmed.ncbi.nlm.nih.gov/34283810/
https://pubmed.ncbi.nlm.nih.gov/33822097/
https://pubmed.ncbi.nlm.nih.gov/33822097/
https://pubmed.ncbi.nlm.nih.gov/32999467/
https://pubmed.ncbi.nlm.nih.gov/32999467/
https://pubmed.ncbi.nlm.nih.gov/32979941/
https://pubmed.ncbi.nlm.nih.gov/32979941/
https://doi.org/10.1111/joim.13387
https://doi.org/10.1111/joim.13387
https://pubmed.ncbi.nlm.nih.gov/33010815/
https://pubmed.ncbi.nlm.nih.gov/33010815/
https://pubmed.ncbi.nlm.nih.gov/32473127/
https://pubmed.ncbi.nlm.nih.gov/32473127/
https://www.nature.com/articles/s43018-021-00274-w
https://www.nature.com/articles/s43018-021-00274-w
https://pubmed.ncbi.nlm.nih.gov/33408181/
https://pubmed.ncbi.nlm.nih.gov/33408181/
https://doi.org/10.1080/22221751.2022.2049984
https://doi.org/10.1080/22221751.2022.2049984
https://www.nature.com/articles/s41586-021-04280-x
https://www.nature.com/articles/s41586-021-04280-x
https://www.nature.com/articles/s41577-021-00578-z
https://www.nature.com/articles/s41577-021-00578-z


108. Gallagher KME, Leick MB, Larson RC, Berger TR,
Katsis K, Yam JY, et al. Differential T-cell immunity
to severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) in mRNA-1273– and BNT162b2-vac-
cinated individuals. Clin Infect Dis Internet. 2022.
https://doi.org/10.1093/cid/ciac201/6547848.
(cited 2022 May 20).

109. Markewitz R, Pauli D, Dargvainiene J, Steinhagen K,
Engel S, Herbst V, et al. The temporal course of T-
and B-cell responses to vaccination with BNT162b2
and mRNA-1273. Clin Microbiol Infect. 2022;28:
701–9.

110. Sahin U, Muik A, Vogler I, Derhovanessian E, Kranz
LM, Vormehr M, et al. BNT162b2 vaccine induces
neutralizing antibodies and poly-specific T cells in
humans. Nature [Internet]. 2021 [cited 2022 May
19];595:572–7. https://www.nature.com/articles/
s41586-021-03653-6.

111. Woldemeskel BA, Garliss CC, Blankson JN. SARS-
CoV-2 mRNA vaccines induce broad CD4? T cell
responses that recognize SARS-CoV-2 variants and
HCoV-NL63. J Clin Invest [Internet]. 2021. https://
doi.org/10.1172/JCI149335DS1. (cited 2022 May
20).

112. Ukey R, Bruiners N, Mishra H, Mishra PK, McClos-
key D, Onyuka A, et al. Dichotomy between the
humoral and cellular responses elicited by mRNA
and adenoviral vector vaccines against SARS-CoV-2.
BMC Med [Internet]. 2022;20:1–7. https://doi.org/
10.1186/s12916-022-02252-0. (cited 2022 May 20).

113. Naranbhai V, Garcia-Beltran WF, Chang CC, Berrios
Mairena C, Thierauf JC, Kirkpatrick G, et al. Com-
parative immunogenicity and effectiveness of
mRNA-1273, BNT162b2, and Ad26.COV2.S COVID-
19 vaccines. J Infect Dis [Internet]. 2022 [cited 2022
May 19];225:1141–50. https://academic.oup.com/
jid/article/225/7/1141/6458467.

114. Zhang Z, Mateus J, Coelho CH, Dan JM, Moder-
bacher CR, Gálvez RI, et al. Humoral and cellular
immune memory to four COVID-19 vaccines.
bioRxiv [Internet]. 2022. https://doi.org/10.1101/
2022.03.18.484953v1. (cited 2022 May 20).

115. Kim JY, Lim SY, Park S, Kwon JS, Bae S, Park JY, et al.
Immune responses to the ChAdOx1 nCoV-19 and
BNT162b2 vaccines and to natural coronavirus dis-
ease 2019 infections over a 3-month period. J Infect
Dis [Internet]. 2022 [cited 2022 May 20];225:
777–84. https://academic.oup.com/jid/article/225/
5/777/6440288.

116. Wen Lim W, Mak L, Leung GM, Cowling BJ, Peiris
M. Comparative immunogenicity of mRNA and
inactivated vaccines against COVID-19. The Lancet.
2021. https://doi.org/10.1038/s41591-021-01377-8.
(cited 2022 May 20).

117. Zhuang C, Liu X, Chen Q, Sun Y, Su Y, Huang S,
et al. Protection Duration of COVID-19 vaccines:
waning effectiveness and future perspective. Front
Microbiol [Internet]. 2022 [cited 2022 Apr 4];13.
http://pmc/articles/PMC8902038/.

118. Ameratunga R, Woon ST, Lea E, Steele R, Lehnert K,
Leung E, et al. The (apparent) antibody paradox in
COVID-19. Expert Rev Clin Immunol. 2022;18:
335–45. https://doi.org/10.1080/1744666X.2022.
2044797. (cited 2022 May 20).

119. Mateus J, Dan JM, Zhang Z, Moderbacher CR,
Lammers M, Goodwin B, et al. Low-dose mRNA-
1273 COVID-19 vaccine generates durable memory
enhanced by cross-reactive T cells. https://doi.org/
10.1126/science.abj9853 (cited 2022 May 20).

120. Goel RR, Painter MM, Apostolidis SA, Mathew D,
Meng W, Rosenfeld AM, et al. mRNA vaccines
induce durable immune memory to SARS-CoV-2
and variants of concern. Science [Internet]. 2021
[cited 2022 May 23];374. https://pubmed.ncbi.nlm.
nih.gov/34648302/.

121. Keeton R, Tincho MB, Ngomti A, Baguma R, Benede
N, Suzuki A, et al. T cell responses to SARS-CoV-2
spike cross-recognize Omicron. Nature 2022 603:
7901 [Internet]. 2022 [cited 2022 Apr 4];603:
488–92. https://www.nature.com/articles/s41586-
022-04460-3.

122. Tarke A, Sidney J, Methot N, Yu ED, Zhang Y, Dan
JM, et al. Impact of SARS-CoV-2 variants on the
total CD4 ? and CD8 ? T cell reactivity in infected
or vaccinated individuals. Cell Rep Med [Internet].
2021 [cited 2022 Apr 4];2. https://pubmed.ncbi.
nlm.nih.gov/34230917/.

123. Riou C, Keeton R, Moyo-Gwete T, Hermanus T,
Kgagudi P, Baguma R, et al. Escape from recognition
of SARS-CoV-2 variant spike epitopes but overall
preservation of T cell immunity. Sci Transl Med
[Internet]. 2022;14:eabj6824. https://doi.org/10.
1126/scitranslmed.abj6824. (cited 2022 Apr 4).

124. Tarke A, Coelho CH, Zhang Z, Dan JM, Yu ED,
Methot N, et al. SARS-CoV-2 vaccination induces
immunological T cell memory able to cross-recog-
nize variants from Alpha to Omicron. Cell.
2022;185:847-859.e11.

125. Jung MK, Jeong SD, Noh JY, Kim D-U, Jung S, Song
JY, et al. BNT162b2-induced memory T cells
respond to the Omicron variant with preserved
polyfunctionality. Nat Microbiol. 2022 [Internet].
2022 [cited 2022 May 19];1–9. https://www.nature.
com/articles/s41564-022-01123-x.

126. Ahmed SF, Quadeer AA, McKay MR. SARS-CoV-2 T
cell responses elicited by COVID-19 vaccines or
infection are expected to remain robust against

386 Infect Dis Ther (2023) 12:367–387

https://doi.org/10.1093/cid/ciac201/6547848
https://www.nature.com/articles/s41586-021-03653-6
https://www.nature.com/articles/s41586-021-03653-6
https://doi.org/10.1172/JCI149335DS1
https://doi.org/10.1172/JCI149335DS1
https://doi.org/10.1186/s12916-022-02252-0
https://doi.org/10.1186/s12916-022-02252-0
https://academic.oup.com/jid/article/225/7/1141/6458467
https://academic.oup.com/jid/article/225/7/1141/6458467
https://doi.org/10.1101/2022.03.18.484953v1
https://doi.org/10.1101/2022.03.18.484953v1
https://academic.oup.com/jid/article/225/5/777/6440288
https://academic.oup.com/jid/article/225/5/777/6440288
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1080/1744666X.2022.2044797
https://doi.org/10.1080/1744666X.2022.2044797
https://doi.org/10.1126/science.abj9853
https://doi.org/10.1126/science.abj9853
https://pubmed.ncbi.nlm.nih.gov/34648302/
https://pubmed.ncbi.nlm.nih.gov/34648302/
https://www.nature.com/articles/s41586-022-04460-3
https://www.nature.com/articles/s41586-022-04460-3
https://pubmed.ncbi.nlm.nih.gov/34230917/
https://pubmed.ncbi.nlm.nih.gov/34230917/
https://doi.org/10.1126/scitranslmed.abj6824
https://doi.org/10.1126/scitranslmed.abj6824
https://www.nature.com/articles/s41564-022-01123-x
https://www.nature.com/articles/s41564-022-01123-x


omicron. Viruses [Internet]. 2022 [cited 2022 May
19];14:79. https://www.mdpi.com/1999-4915/14/1/
79/htm.

127. GeurtsvanKessel CH, Geers D, Schmitz KS, Mykytyn
AZ, Lamers MM, Bogers S, et al. Divergent SARS
CoV-2 Omicron-reactive T- and B cell responses in
COVID-19 vaccine recipients. Sci Immunol [Inter-
net]. 2022 [cited 2022 Apr 4];7. http://pmc/articles/
PMC8939771/.

128. Naranbhai V, Nathan A, Kaseke C, Berrios C, Khatri
A, Choi S, et al. T cell reactivity to the SARS-CoV-2
Omicron variant is preserved in most but not all
individuals. Cell. 2022;185:1041-1051.e6.

129. Geers D, Shamier MC, Bogers S, den Hartog G,
Gommers L, Nieuwkoop NN, et al. SARS-CoV-2
variants of concern partially escape humoral but
not T-cell responses in COVID-19 convalescent
donors and vaccinees. Sci Immunol [Internet]. 2021
[cited 2022 Apr 4];6. https://pubmed.ncbi.nlm.nih.
gov/34035118/.

130. Reynolds CJ, Pade C, Gibbons JM, Butler DK, Otter
AD, Menacho K, et al. Prior SARS-CoV-2 infection
rescues B and T cell responses to variants after first
vaccine dose. Science [Internet]. 2021 [cited 2022
Apr 4];372:1418–23. http://pmc/articles/
PMC8168614/.

131. Alter G, Yu J, Liu J, Chandrashekar A, Borducchi EN,
Tostanoski LH, et al. Immunogenicity of Ad26.
COV2.S vaccine against SARS-CoV-2 variants in
humans. Nature [Internet]. 2021 [cited 2022 Apr
4];596:268. http://pmc/articles/PMC8357629/.

132. Sokal A, Barba-Spaeth G, Fernández I, Broketa M,
Azzaoui I, de La Selle A, et al. mRNA vaccination of
naive and COVID-19-recovered individuals elicits
potent memory B cells that recognize SARS-CoV-2
variants. Immunity [Internet]. 2021 [cited 2022
May 23];54:2893–2907.e5. http://www.cell.com/
article/S1074761321003964/fulltext.

133. Mahase E. Covid-19: Longer interval between Pfizer
doses results in higher antibody levels, research
finds. 2021 [cited 2022 May 24]; http://www.bmj.
com/.

134. Payne RP, Longet S, Austin JA, Skelly DT, Dejnirat-
tisai W, Adele S, et al. Immunogenicity of standard
and extended dosing intervals of BNT162b2 mRNA
vaccine. Cell [Internet]. 2021 [cited 2022 Apr
4];184:5699. http://pmc/articles/PMC8519781/.

135. Abdool Karim SSA. Vaccines and SARS-CoV-2 vari-
ants: the urgent need for a correlate of protection.
The Lancet [Internet]. 2021 [cited 2022 Apr 6];397:
1263–4. http://www.thelancet.com/article/
S0140673621004682/fulltext.

136. Chmielewska AM, Czarnota A, Bieńkowska-Szewc-
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