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Our understanding of the immune responses that follow SARS-CoV-2 infection and
vaccination has progressed considerably since the COVID-19 pandemic was first
declared on the 11th of March in 2020. Recovery from infection is associated with the
development of protective immune responses, although over time these become less
effective against new emerging SARS-CoV-2 variants. Consequently, reinfection with
SARS-CoV-2 variants is not infrequent and has contributed to the ongoing pandemic.
COVID-19 vaccines have had a tremendous impact on reducing infection and particularly
the number of deaths associated with SARS-CoV-2 infection. However, waning of vaccine
induced immunity plus the emergence of new variants has necessitated the use of
boosters to maintain the benefits of vaccination in reducing COVID-19 associated deaths.
Boosting is also beneficial for individuals who have recovered from COVID-19 and
developed natural immunity, also enhancing responses immune responses to SARS-
CoV-2 variants. This review summarizes our understanding of the immune responses that
follow SARS-CoV-2 infection and vaccination, the risks of reinfection with emerging
variants and the very important protective role vaccine boosting plays in both vaccinated
and previously infected individuals.
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INTRODUCTION

COVID-19 has produced the greatest health challenge in more than 100 years causing over 547
million infections and 6.3 million deaths worldwide, fuelled by the emergence of SARS-CoV-2
variants which have become better adapted at infecting humans, overcoming prior immunity, and
in some cases, resulting in more severe disease and a higher mortality (1–3). The current COVID-19
vaccines have proven to be highly effective and the impact of vaccines in reducing infections and
disease severity has been substantial (4–8). Several important questions have arisen regarding the
ability of vaccines to deliver long-term protection and whether individuals who have recovered from
COVID-19 infection develop protective immune responses that are equivalent or complementary to
vaccine induced immunity.

Neutralising antibody (NAb) responses following infection and vaccination play a central role in
protection against SARS-CoV-2 infection. High affinity NAb mature over time and are stronger and
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more durable in symptomatic compared to asymptomatic
individuals (9, 10). Some NAb also cross-neutralise SARS-
CoV-1 (11, 12), responsible for the 2003/2004 SARS epidemic,
suggesting that vaccines producing NAb responses to SARS-
CoV-2 may potentially result in cross-protective immunity.
Individuals infected with SARS-CoV-2 also develop virus-
specific memory CD4+, cytotoxic T and B cells (13, 14). The
importance of T cell immunity in both infection and after
vaccination has recently been comprehensively reviewed (15).
SARS-CoV-2 infection also results in polyfunctional memory T
cell responses that persist for at least 12 months following
infection. Severe acute infection is associated with higher
frequencies of SARS-CoV-2 specific CD4+ T cell responses at
12 months (16). What is also apparent is that infection with
SARS-CoV-2 elicits memory lymphocytes that persist and
di sp lay the func t iona l ha l lmarks assoc ia ted wi th
protective immunity.

The challenge emerging variants, such as Omicron, will
present particularly for vaccine escape also creates many
questions for current preventative and vaccination strategies.
This review summarises the evidence for the development of
protective immunity following recovery from SARS-CoV-2
infection and the role for booster vaccination in preventing
infection with emerging variants (17). The nature of immune
responses to both SARS-CoV-2 infection and vaccination in
immunocompromised persons is a very important and complex
topic that extends beyond the scope of this review and will not be
discussed here.
THE CHALLENGE OF OMICRON

The emergence of the Omicron variant is presenting new
challenges for the control of the COVID pandemic and for
vaccine development. Omicron was first detected in South
Africa in November of 2021 (18) and has now spread globally,
replacing Delta as the dominant global variant of concern (VOC)
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over a relatively short period of time (19) (20). Since its initial
detection, disturbingly, Omicron has evolved into at least six into
four sub-lineages – BA.1, BA.1.1, BA.2, BA.3, BA.4 and BA.5 (21)
(22) with Omicron BA.1 and BA.2 producing large epidemics in
many countries and BA.4 and BA.5 beginning to displace earlier
omicron variants as the dominant sub-lineage. The
transmissibility and severity of infection with Omicron BA.2 is
similar to BA.1 (23) (24), although BA.2 is better able to escape
NAb (25) (26) and reinfect individuals who have recovered from
infection with Omicron BA.1 (27). At this stage, it is unclear if
BA.4 and BA.5 variants lead to altered disease severity, but as
they are rapidly overtaking other variants in several countries,
they appear to be more transmissible.

Omicron (BA.1) carries 32 changes in the spike protein, with
15 in the receptor-binding domain (RBD) (responsible for
attaching the virus to the ACE-2 receptor) alone (Figures 1
and 2). Several changes identified in the RBD of Omicron have
previously been reported with the Alpha, Beta, Gamma and
Delta variants (Figures 1 and 2) and are associated with reduced
antibody neutralisation. The selection of variants like Alpha,
Delta and Omicron with changes in the SARS-CoV-2 spike
protein highlights that these changes are predominantly
focused to the regions of the RBD and the upstream NTD,
with Omicron possessing a greater number of changes within the
RBD than previous variants (Figure 1) (28). Further changes are
detected in the RBD of BA.4 and BA.5 variants, including
changes that were previously associated with increased
transmissibility of the Delta variant. These changes provide
Omicron with a greater ability to escape vaccine-induced NAb
with a resultant greater risk of reinfection. Although at the
population level, Omicron appears to be associated with less
severe infection, this likely reflects the greater ability for Omicron
to circulate in immune and previously vaccinated populations
compared to other VOC (23). Indeed, a recent study of over
500000 people in the UK (29) showed that for any given level of
vaccination, Omicron resulted in a higher risk of hospitalisation
compared to Delta.
FIGURE 1 | SARS-CoV2 spike trimer showing two RBDs in the closed conformation and one in the open conformation bound to ACE2 (grey) (PDB: 7DF4) (28). The
position of changes in spike of the Alpha VOC through to Beta, Delta and finally the Omicron VOC are shown as yellow or orange spheres in the two spike
monomers with closed RBDs and as blue spheres in spike monomer with open RBD, highlighting the proximity of mutations in relation to the binding site with ACE2.
Mutations in RBD are labelled.
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A recent report from South Africa has shown that the risk of
reinfection with Omicron is 2.39-fold higher than with Beta and
Delta SARS-CoV2 (30). Also, a report from the Imperial College
of London has shown that the risk of reinfection is as high as 5.4
relative to Delta (20). The doubling time of Omicron has also
been reported to range from 2 to 3.6 days, ensuring that this
VOC will spread rapidly through an immune population
(20, 31).
NATURALLY INDUCED SARS-COV-2
IMMUNITY IS PROTECTIVE
AGAINST REINFECTION

Individuals who have recovered from COVID-19 infection
develop protective immune responses that substantially reduce
the likelihood of reinfection (Figure 4). Important protective
immune responses develop to the major structural proteins of
the virus, including spike (S), membrane (M), nucleoprotein (N)
and envelope (E) (Figure 3). Following infection, patients
develop antibody responses within the first 1 to 2 weeks that
peak at weeks 3 to 4 (32, 33) and these remain detectable, albeit
with a gradual decline, in the first 12 months after
seroconversion (34). IgG responses appear to be the most
durable, whereas, IgM and IgA titres wane more quickly by 6
months post infection (34–36). Potent NAb to the RBD and N-
terminal domain (NTD) have been identified in convalescent
sera (37, 38). NAb titres remain detectable for several months,
with some studies suggesting they are generally stable over the
first 6 months post infection (39, 40), while others suggest that
anti-RBD antibodies wane over 4 months (41). In a study
investigating the kinetics of antibody responses, 90%
Frontiers in Immunology | www.frontiersin.org 3
percentage of individuals were still seropositive for SARS-CoV-
2 NAb 6 to 8 months after symptom onset (34).

Infection with SARS-CoV-2 elicits NAb responses that are
most potent against variants carrying similar spike mutations
and that are present in the immunising infection. By using
pseudoviruses representing the spike proteins of different
variants, it has been shown that Delta (B.1.617.2) SARS-CoV-2
is more strongly neutralised by convalescent serum from
individuals who have had prior exposure to Delta or to Epsilon
(B.1.429) or B.1.1.519, which have separate spike mutations that
overlap with the spike mutations present in Delta (42). The
strongest neutralisation was produced with serum elicited by
homologous Delta exposure. In addition, exposure to SARS-
CoV-2 antigens from infection together with vaccination plus a
booster, results in broader in vitro neutralisation across different
VOC, including Omicron (42) (Figure 4).

Strong and persistent memory B cells to RBD and spike
protein and memory CD4+ and CD8+ T cell responses to
membrane, nucleoprotein and spike proteins develop in most
patients with COVID-19 (34, 43) and over a similar period,
memory B cells increase while memory CD4+ and CD8+ T cells
remain stable (34, 44, 45). While as expected, serum antibodies
gradually wane following infection, nonetheless, NAb to RBD,
and RBD-specific memory B cells, can persist for up to 12
months after infection (46). In one study, SARS-CoV-2-S-
specific memory B cells could be identified in the blood of
convalescent patients as early as one month and were
maintained for up to 7 months after symptom onset (47, 48).
The majority of SARS-CoV-2 infected individuals also develop
class-switched memory B cells to several viral proteins including
S and RBD, and durable SARS-CoV-2-specific B cell responses
develop after mild or severe disease (44). Long-lived S-specific
bone marrow plasma cells (BMPC) and memory cells that
FIGURE 2 | Mutations in the viral spike identified in Alpha, Beta, Delta, Gamma, Mu and Omicron BA.1 SARS-CoV-2 variants showing the significant clusters of
changes in both the N-terminal domain (NTD) and RBD. FP, fusion peptide; HR1, heptad repeat 1; CH, central helix; CD, connector domain; HR2, heptad repeat 2;
TMD, transmembrane domains.
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provide a persistent source of protective antibodies against
SARS-CoV-2 can also be detected for up to 12 months (47,
48). In one study, investigators obtained bone marrow aspirates
from convalescent individuals at 7 and 11 months after infection
and enriched BMPC before quantifying the frequencies of SARS-
CoV-2 S-specific IgG and IgA by Elispot. Both IgG- and IgA-
secreting S-specific BMPCs were detected in 15/19 and 9/19
individuals respectively. None of these convalescent patients had
S-specific antibody-secreting cells in blood at the same time
point, indicating that the BMPC responses only represented
Frontiers in Immunology | www.frontiersin.org 4
resident bone marrow cells. The IgG- and IgA-secreting S-
specific BMPCs were also present in the second sample time 4
months later, indicating that the BMPC populations were stable
(47, 48). Furthermore, similar frequencies of RBD- and S-specific
memory B cells from individuals who have recovered from
infection with ancestral SARS-CoV-2 strain are able to target
RBDs of both Alpha and Beta variants (48) (Figure 4).

Polyfunctional CD8+ and CD4+ T cell responses to the viral
structural proteins can be detected in most patients who have
recovered from SARS-CoV-2 infection (14, 49–52). Circulating
FIGURE 3 | A diagrammatic representation of SARS-CoV-2 showing the organisation of the viral structural proteins. The spike protein assembles into a trimeric
structure with the RBD located at the top of the trimer. The spike trimer is embedded in a lipid bilayer containing the membrane and envelope proteins. The
nucleoprotein binds the viral RNA and also serves to stabilize the base of the spike trimer. Spike, S; Receptor-binding domain, RBD; Membrane, M; Envelope, E;
Nucleoprotein, N.
FIGURE 4 | Summary of the kinetics of immune responses following SARS-CoV-2 infection. mB cell, memory B cell; LL-BMPC, long lived bone marrow plasma cell;
mCD4+ T cell, memory CD4+ T cell; mCD8+ T cell, memory CD8+ T cell. Increasing magnitude of responses is represented by a greater width of respective bands.
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SARS-CoV-2-specific CD8+ and CD4+ T cells can be identified
in blood samples collected 20 to 35 days after onset of symptoms
in 70% and 100% of COVID-19 convalescent patients,
respectively (34, 53). However, the half-life of SARS-CoV-2
specific CD4+ and CD8+ T cells is only 3 to 5 months (34).
Most convalescent individuals develop robust CD4+ T cell
responses to spike (S)-derived peptides that correlate with the
magnitude of the anti-SARS-CoV-2 IgG and IgA antibody
responses (53). These include CD4+ T cell responses to the
RBD, observed in 95% of individuals (54) and also responses to
peptides from other viral structural and non-structural proteins,
although the structural proteins S, membrane (M) and
nucleoprotein (N) specific T cell responses are most strongly
correlated with recovery and are the most prominent targets of
SARS-CoV-2-specific CD4+ T cells (13, 14, 55–58) (Figure 4).

Memory CD4+T and CD8+ T cell responses are present in
over 90% of recovered individuals in the first month after
infection and remain constant over the first 8 months (34, 49)
(50). The half-life of SARS-CoV-2 S-specific memory CD8+ T
cells has been reported to be approximately 185 days (34). SARS-
CoV-2-specific memory CD4+ T cell responses are more robust
than memory CD8+ T cell responses, with over 90% of
individuals having detectable circulating SARS-CoV-2-specific
CD4+ T cells and of these 40% having more than 1% SARS-CoV-
2-specific CD4+ T cells one month after symptom onset. At 6
months after symptom onset, 92% will still have detectable
SARS-CoV-2-specific memory CD4+ T cells (34) (Figure 4).

In humans, the RBD is also highly immunogenic for T cells,
comprising a cluster of peptides recognised by 94% of individuals
(52). Patients recovering from severe COVID-19 infection have
higher levels of S-specific memory B cells compared to patients
with mild infection (34, 43). In recovered individuals, the
magnitude of polyfunctional memory CD4 T cell responses to
M protein is greater than responses to both N and S proteins
(43). The frequency of M-specific CD4+ T cells also correlates
with frequency and BCR avidity of S1-specific memory B cells
(43). In the case of infection with the original SARS-CoV-1 virus,
memory CD8+ T cells responses have been detected 17 years
after recovery. The development of long-lasting memory CD8+
and CD4+ T cells may also be possible following COVID-19
infection (49, 52). Following mild infection with SARS-CoV-2,
specific CD8+ T cells, particularly to the nucleoprotein, undergo
continuous differentiation to form long-lived memory T cells
and are associated with protection against severe disease (45, 51,
59). Individuals who have recovered from SARS-CoV-2 develop
durable circulating RBD and S-specific circulating T follicular
helper (cTFH) cells that correlate with the development of
memory B cells and NAb and durable CD4+ and CD8+ T cell
responses that form an important defence against reinfection
(13, 34, 60). Convalescent-phase SARS-CoV-2-specific CD8+ T
cell responses are also skewed towards a differentiated memory
phenotype in contrast to acute phase T cells that display an
activated cytotoxic phenotype (13).

Before the appearance of Omicron, several studies from the
preceding time periods had shown that reinfection of SARS-
CoV-2 previously infected individuals was relatively infrequent
Frontiers in Immunology | www.frontiersin.org 5
(61). Pre-existing SARS-CoV-2 antibody positivity, from
previous infection or vaccination, has been associated with up
to 90% lower likelihood over a 90-day period of becoming
infected with SARS-CoV-2 compared to antibody-negative
individuals (62). A US study of healthcare workers (HCW) in
Cleveland found no cases of reinfection over a 5-month period
among individuals who had previous SARS-CoV-2 infection,
half of whom had also not received a COVID vaccine (63). A
further study from Denmark examining reinfection rates over a
6-month interval separating two COVID-19 surges found that
80.5% of individuals aged under 65 years were protected against
reinfection compared to 50% of those over 65 years (64). In
Austria, reinfection was reported in 0.27% of individuals with
past SARS-CoV-2 infection compared to 2.85% of the general
population experiencing a first infection, equating to a 90%
reduction in the risk of becoming reinfected (65). A study of
US marine corp recruits reported an 82% reduction in SARS-
CoV2 reinfection in seropositive individuals. In addition,
reinfected individuals had higher PCR Ct values and 10-fold
lower viral loads than seronegative individuals (66).

A large multicentre, prospective cohort study of UK HCW
conducted between June 2020 and January 2021 also reported a
low rate of reinfection compared to primary infection (67).
Within this cohort, the number of cases, or incidence density
for reinfection, was 7.6 per 100,000 person-days in the positive
cohort compared with 57.3 primary infections per 100,000
person-days in the negative cohort. HCWs with a previous
history of infection with SARS-CoV-2 had an 84% lower risk
of infection with a protective effect lasting at least 7 months from
the time of primary infection (67).

Furthermore, past infection has been shown to result in a level
of protective immunity that is comparable to that achieved with
two doses of the BNT162b2 mRNA (Pfizer–BioNTech) vaccine
(68). In this study, investigators found that the BNT162b2
mRNA vaccine had an overall efficacy of 92.8% for infection,
94% for hospitalisation, severe illness and death. In comparison,
the level of protection for individuals with prior infection was
found to be 94.8% for infection, 94% for hospitalisation and
96.4% for severe illness (68).

Previous SARS-CoV2 infection also provides a greater level of
protection against variants following a booster dose of vaccine.
Sera from individuals who have recovered from SARS-CoV-2 are
able to neutralise the ancestral strain but the neutralising activity
towards Beta SARS-CoV-2 (a known neutralising escape variant)
is 10-fold lower. In contrast, after a single booster of BNT162b2
mRNA or mRNA1273 vaccine, NAb titres against the Beta variant
14 days after the booster are increased by up to 1000-fold (69).
BENEFITS OF VACCINATION
AFTER RECOVERY FROM
SARS-COV-2 INFECTION

Natural immunity after COVID-19 infections provides partial
protection against reinfection, although this has now been shown
July 2022 | Volume 13 | Article 914167
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to be less effective against Omicron. However, what has become
clear is that vaccinating individuals who have recovered from
COVID-19 provides an additional benefit by boosting protective
immunity against variants, including Omicron. Vaccine
effectiveness against Omicron remains higher than 90% in
previously infected individuals who were subsequently
vaccinated (70).

A recent study comparing the immune responses to mRNA
vaccines in both SARS-CoV-2 naïve and recovered individuals
demonstrated that SARS-CoV-2 specific CD4+ T cell responses
correlated with SARS-CoV-2 IgG responses. However, some
studies have suggested that naïve individuals required two
doses of an mRNA vaccine to achieve a high level of protective
immunity while COVID-19 recovered individuals achieved peak
immunity after one dose of vaccine (71). Individuals with past
SARS-CoV-2 infection develop high level durable antibody
responses following vaccination with mRNA vaccines
compared to individuals without past infection, with an
absolute difference of 2.6-fold 6 months after vaccination (72).
RBD-specific antibody titres also increase more than 30-fold and
NAb almost 50-fold in vaccinated compared to unvaccinated
individuals with previous COVID-19 infection. Vaccination of
individuals who have recovered from COVID-19 has been
shown to significantly increase NAb titres against Alpha, Beta,
Iota and Gamma variants and produce an almost 9-fold increase
in the number of circulating RBD-specific memory B cells (46).
Vaccination of individuals with past SARS-CoV-2 infection also
results in somatic hypermutation and affinity maturation of
antibodies, a greater and more persistent memory B cell clonal
expansion and the development of antibodies that retain binding
activity against RBD variants that could potentially be protective
against SARS-CoV-2 variants (46).

In SARS-CoV-2 seronegative individuals, a single dose of an
mRNA vaccine results in relatively low antibody titres in the first
12 days after vaccination, with the majority achieving high
antibody titres after 21-27 days and a second dose of vaccine
producing more than a doubling of antibody levels. In contrast,
SARS-CoV-2 seropositive individuals develop high antibody
levels within a week after a single dose of vaccine, with
antibody titres 10 to 45-fold higher than seronegative
individuals at the same time points after the first vaccine
dose (73).

A study from Qatar reported that infection in previously
uninfected individuals who were vaccinated with Pfizer
BNT162b2 or Moderna mRNA-1273 vaccines was significantly
more frequent than in individuals who received these vaccines
following past SARS-CoV-2 infection. These investigators found
that incidence of infection in BNT162b2 mRNA-vaccinated
individuals was 0.15% in those with, versus 0.81% in those
without, prior SARS-CoV2 infection over a 120-day follow-up
period. In individuals who had received mRNA-1273 vaccine,
the incidence of infection was 0.11% in those with and 0.35% in
those without past SARS-CoV2 infection (74).

Before the emergence of Omicron, providing a second or
booster dose of vaccine in previously infected individuals
appeared to be of less benefit, as highlighted in studies
Frontiers in Immunology | www.frontiersin.org 6
comparing a single dose with two doses of the BNT162b2
mRNA vaccine (75, 76). Furthermore, in previously infected
individuals, a second dose of BNT162b2 mRNA vaccine did not
result in NAb levels that were higher than levels following one
dose of vaccine (76). Robust cytotoxic CD8+ and CD4+ T cell
responses together with antigen-specific antibody secreting cell
responses can also be detected after a first vaccine dose that are
not improved with a second vaccine dose (75). However, as new
variants emerge, a single dose of a COVID-19 vaccine has been
shown to be less capable of generating protective immune
responses in SARS-CoV-2 previously infected individuals (77).
This has been highlighted in a recent report from Israel showing
that a fourth dose of COVID-19 mRNA vaccine, although
producing an almost 10-fold rise in NAb, was only modestly
effective at enhancing protection against infection compared to
that of the third dose, with vaccine efficacies of 30% and 11% for
BNT162b2 mRNA and mRNA1273 vaccines respectively.
However, breakthrough infections were only mild, reinforcing
the benefit of vaccination in protecting against severe COVID-19
disease (77).
VACCINE EFFICACY, BOOSTING
AND VOC

The SARS-CoV-2 virus has evolved into variants that are
substantially more infectious and are able to evade NAb that
are directed to the RBD and receptor-binding motif (RBM) of the
S protein (78, 79). Following initial reports describing the D614G
variant, several additional mutations in S1 and RBD proteins
have been reported that enhance binding of viral RBD to human
ACE-2 receptor, increasing virulence and transmissibility (80–
82) (Figure 2). Over the past 2 years, successive waves of SARS-
CoV-2 variants have completely replaced not only the ancestral
wild-type SARS-CoV-2 virus, but also the previously dominant
variants. The most prevalent circulating variants carry
combinations of changes within the S1, not just RBD and have
included Alpha (83), Beta (84), Epsilon (1, 85), Delta (86) and
most recently Omicron and its sublineages (18) which are
associated with greater transmission and disease severity (1, 85,
87–89) (Figure 3).

Most COVID-19 vaccines have relied on the delivery of the
spike (S) or the RBD components to produce S-specific humoral
immune responses, including NAb responses (90–94). The
current vaccines produce humoral immune responses not only
to the ancestral strain of SARS-CoV-2 but also to VOC (46).
Whilst current vaccines have been effective in producing targeted
antibodies that neutralise SARS-CoV-2, it is becoming
increasingly evident that they are less effective in neutralising
and preventing infection with emerging SARS-CoV-2 VOCs (1,
95–99). This may be especially problematic with the Omicron
variant (18) (Figure 3).

Importantly, pre-existing immunity will also determine the
relative ability of next generation vaccines to build-on current
vaccine immunity and to broadly boost immune responses
July 2022 | Volume 13 | Article 914167
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including memory B cells as well as CD4+ and CD8+ T cell
responses. A study from Israel has shown that previous SARS-
CoV-2 infection provided a significant level of protection against
reinfection including with the SARS-CoV-2 Delta variant (100).
These investigators demonstrated that SARS-CoV-2 naïve
individuals vaccinated with BNT162b2 had a 6-13-fold
increased risk, depending on time of prior exposure, for
breakthrough infection with Delta compared to previously
infected individuals (100). Conversely, however, a recent US
study of COVID-19 hospitalisations among adults aged ≥18
years who had previous infection or vaccination 90–179 days
earlier, reported a more than a 5-fold higher likelihood of
infection amongst unvaccinated, previously infected individuals
compared to fully vaccinated recipients of two doses BNT162b2
mRNA or mRNA-1273 vaccine and who had not previously been
infected with SARS-CoV-2 (101).

The benefit of booster doses has also been shown in recipients
of the BNT162b2 mRNA vaccine. In naïve individuals, two doses
of BNT162b2 mRNA vaccine produces a strong NAb response
against ancestral SARS-CoV-2, but less so for the Beta and Delta
variants (102). By administering a third dose of 30 µg of vaccine
7.9 to 8.8 months after the second dose in individuals aged 18 to
85 years, by 1 month after dose 3, NAb titres against wild type
SARS-CoV-2 increased more than 5 times in individuals aged 18
to 64 years and more than 7 times in those aged 65 to 85 years.
More significantly, NAb titres against the Beta variant increased
more than 15 times in the 18 to 64 and more than 20 times in the
65 to 85 year old age group (102).

Similarly, in naïve individuals, two doses of vaccine were
necessary to achieve an optimal frequency of SARS-CoV-2 S and
RBD-specific memory B cells seven days after a second dose of
BNT162b2 mRNA vaccine, with memory B cells persisting up to
6 months post vaccination (103–105). Interestingly, individuals
who have recovered from SARS-CoV-1 infection develop high
level cross-clade NAb to SARS-CoV-2 variants 21 to 62 days
after receiving a first dose of BNT162b2 mRNA vaccine develop
(106). The importance of boosting is further highlighted in a
recent report showing that a third dose of the BNT162b2 mRNA
vaccine is associated with an 86% reduction in the risk of
reinfection 28 to 65 days following receipt of the booster and
up to a 97% reduction in hospitalisation in individuals who
previously had two doses of vaccine (107). The effectiveness of
the third dose also increased over time following receipt of the
booster, with only a 12% reduction in the risk of infection in the
first 7 days, 58% reduction 7 to 13 days and rising to 85% in days
14 to 20 and beyond (107).

In studies from Israel, the emergence of the Delta variant
resulted in a resurgence of COVID-19 in a population that had
prior relatively high vaccination rates. However, the introduction
of a booster dose of BNT162b2 mRNA vaccine at least 5 months
after a second dose of vaccine resulted in a 90% reduction in
deaths due to COVID-19, again highlighting the importance of
booster vaccination against SARS-CoV-2 variants (108, 109).

Finally, another recent study has shown that infection plus
two vaccine doses (3 weeks apart) or three doses of BNT162b2
mRNA vaccine (with the third dose given 9 months after the
Frontiers in Immunology | www.frontiersin.org 7
primary series) produces a greater capacity in a live virus
neutralisation assay to neutralise non-homologous SARS-CoV-
2 variants including a 42-fold increase in naïve and 14-fold in
convalescent individuals against Omicron (110). In convalescent
individuals, a progressive increase in antibody titres and avidity
occurs in the first 7 months after 2 doses of vaccine that does not
increase further after a third dose (110). Although booster doses
restore NAb titres against Omicron, a recent study from Israel
has shown that a fourth dose of either BNT162b2 mRNA or
mRNA1273 vaccine administered 4 months after a third vaccine
dose produced a 10 fold increase in NAb titres that were only
marginally higher than those after the third dose and a vaccine
efficacy of only 30% and 11% higher than individuals who had
received three doses of these vaccines respectively (77).

T cell responses also contribute to protection against VOCs.
In a study investigating longitudinal T cell responses in naïve and
convalescent individuals before and two weeks after the first and
second doses of vaccine, S-specific T cell responses elicited by
vaccination were detected to similar levels against the ancestral,
Alpha and Beta variants. In infection naïve individuals, S-specific
CD4+ T cell responses were primed with the first dose of vaccine
and further boosted with the second dose. In contrast, in
convalescent individuals, a second dose of vaccine did not
increase CD4+ T cell responses (111). In addition, spike-
specific CD4+ and CD8+ T cells elicited by vaccination
respond in the same manner to epitopes from ancestral virus
as they do to epitopes from both the Alpha and Beta variants
(111). The mutations present in SARS-CoV-2 variants (including
Alpha, Beta, and Gamma) have also been shown to have little
impact on sequences of both CD4+ and CD8+ T cell epitopes in
both SARS-CoV-2 previously infected individuals and vaccine
recipients (112). Convalescent individuals have similar strong
CD4+ and CD8+ T cell responses to peptide pools representing
the S proteins of both the ancestral and variant SARS-CoV-2
viruses CD4+ and CD8+ T cell epitopes in both SARS-CoV-2
exposed individuals and vaccine recipients (112). More recently,
it has also been shown that memory CD4+ and CD8+ T cells
produced 2 weeks after mRNA-1273 and BNT162b2 and 6 weeks
after Ad26.COV2.S vaccines are able to cross-recognize variants
Alpha, Beta, Delta, Gamma and Omicron and these responses
are preserved for at least 6 months after the last vaccination. In
contrast, memory B cells responses to variants are reduced,
particularly to Omicron (113). These findings help to explain
why current SARS-CoV-2 vaccines are protective against
hospitalisation and the development of severe disease following
infection with SARS-CoV-2 variants.
SEVERITY OF OMICRON AND
PROTECTION BY VACCINATION

Several studies have suggested that infection with Omicron is less
likely to result in severe infection (17, 19, 20, 114). In South
Africa, infection with Omicron was associated with an 80% lower
risk of hospitalization compared to other VOC and a 70% lower
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risk compared to infection with Delta SARS-CoV-2 (19).
However, the risk of severe disease once hospitalised was
similar for Omicron compared to other VOC (19). In a
subsequent study from Tshwane in the Gauteng Province,
South Africa, the proportion of deaths related to Omicron
infection was 4.3% compared to 21.3% for previous variants.
Admissions to ICU were reduced from 4.3% to 1% and the length
of hospital stay was reduced by over half (4 compared to 8.8
days). COVID-19 pneumonia was reported in one third of
patients infected with Omicron, of which 72% of patients had
mild to moderate disease. Finally, of patients admitted to hospital
only 45% required supplemental oxygen compared to 99% in
previous waves of COVID-19 (115). However, in another study
where Omicron was compared to Delta in unvaccinated and age-
matched individuals, the severity of Omicron was found to be
close to that of Delta, with a hazard ratio of 0.75 (114). The key
point appears to be that Omicron can be of similar severity to
previous variants in naïve individuals, but because it tends to
infect vaccinated and/or convalescent individuals, its severity
appears to be lower than earlier variants.

Similarly in the UK, the risk of hospitalisation for individuals
infected with Omicron is significantly reduced compared to
Delta infection (17, 20). Hospital attendances were reduced by
25% while hospitalisation lasting more than one day was reduced
by up to 45%. Furthermore, previous SARS-CoV-2 infection
reduced hospitalisation by 50% while the risk of hospitalisation
for one day or more was reduced by 69%. Previous infection with
a homologous variant has also been found to be 90% protective
against reinfection with Alpha, 86% against Beta, 92% against
Delta but only 56% against Omicron. However, protection
against developing severe or fatal COVID-19 was 69% for
Alpha, 88% for Beta, 100% or Delta and 88% for Omicron (116).

Omicron escapes vaccine-induced NAb with studies showing
that neutralisation of Omicron by vaccinee immune sera is
reduced 20 to 85 fold (88, 89, 117, 118). In addition, in
convalescent sera from patients who had been previously
infected with Alpha, Beta, Gamma or Delta SARS-CoV-2
variants, neutralisation titres for Omicron are reduced 18-fold
with Alpha, 22-fold with Beta, 12-fold with Gamma and 26-fold
with Delta convalescent sera (89). Despite the reduction in
Omicron neutralisation, boosting with the BNT162b2 mRNA
vaccine resulted in a 34- (89) to 100-fold (119) increase in NAb
titres against Omicron (89). Similarly, a 50µg booster dose of
mRNA-1273 vaccine results in a 12-fold improvement in
neutralisation of Omicron and a 3-fold improvement in
neutralisation of Beta compared with D614G virus (120).

Vaccinated individuals who become infected with Omicron
also develop broader protective immune responses against other
SARS-CoV-2 variants and 10-fold higher NAb titres against
Omicron than infected unvaccinated individuals (121, 122). A
similar pattern has been observed with NAb against Delta, with
Omicron infected vaccinated individuals developing higher titres
of NAb against Delta compared to Omicron infected
unvaccinated individuals (121). In individuals previously
infected with Delta and subsequently infected with Omicron,
NAb titres against Delta are 22-fold higher than NAb against
Frontiers in Immunology | www.frontiersin.org 8
Omicron (121). In contrast, unvaccinated individuals, and naïve
mice, infected with omicron, fail to develop broad NAb
responses against Delta (121, 122).

Vaccine effectiveness against infection with Omicron is also
reduced (20, 123, 124). A report from the UK has shown that two
doses of ChAdOx1 had little effectiveness against Omicron
infection, despite remaining highly effective against severe
disease. Vaccine effectiveness after two doses of BNT162b2
mRNA vaccine was as high as 88% in the first 2 to 9 weeks
after vaccination but this fell to 37% from 15 weeks after the
second dose of vaccine (123). However, vaccine effectiveness
increased to 71% for ChAdOx1 and 75% for BNT162b2 mRNA
primary course recipients two weeks after a BNT162b2 mRNA
booster, indicating that 3 doses of vaccine can substantially boost
protection against Omicron. For Delta, vaccine effectiveness was
42% at 25 weeks after two doses of ChAdOx1 vaccine, increasing
to 94% two weeks after a BNT162b2 mRNA booster. For
individuals who had a BNT162b2 mRNA primary course of
vaccination, vaccine effectiveness was 64% 25 weeks after 2 doses
of vaccine, increasing to 93% two weeks after a booster (123). In a
follow-up study from South Africa, the efficacy of two doses of
the BNT162b2 mRNA vaccine against hospitalisation was found
to be 70% for Omicron compared to 93% for the Delta variant
(125). A further study from Israel has shown that a third dose of
the BNT162b2 mRNA vaccine results in a 93% reduction for
hospital admission, 92% for severe disease and 81% for death,
starting 7 days after receipt of the booster dose (124). Vaccine
boosters therefore enhance protection against both Delta and
Omicron, albeit with greater protection against Delta (126).

Omicron has emerged in a setting of populations that are
already highly vaccinated and/or previously infected with SARS-
CoV-2, indicating that the virus is continuing to evolve in a way
that will enable it to escape immunity of current COVID-19
vaccines. While Omicron is often viewed as a milder infection,
studies that have focused on Omicron infection in unvaccinated
and uninfected individuals have suggested that the intrinsic
severity of Omicron may not be much lower than Delta.
Regardless, it is clear that the emergence of Omicron and its
subvariants, and new VOC that will undoubtedly arise in the
future, will continue to bring new challenges for the development
of next generation vaccines.
IMMUNE IMPRINTING: A PARTNERSHIP
OF INFECTION AND VACCINE
INDUCED IMMUNITY

The breadth and specificity of antibody responses that develop
following infection with SARS-CoV-2 variants may be
substantially influenced by imprinting of immune responses to
prior coronavirus infections and COVID-19 vaccination (127–
129). Immune imprinting refers to the impact of an initial
exposure to a virus or vaccine on shaping the specificity of
subsequent immunological responses which are biased towards
the original virus antigen exposure, potentially constraining the
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development of immune responses to new antigens associated
with variant strains. The implications of immune imprinting are
that the first variant of a virus that an individual is exposed to will
limit the ability of that person to mount a response to
antigenically distinct variants of that virus. With increasing
age, a person will acquire antibodies to new strains of a virus
while maintaining high levels of antibodies to the original virus
variant. The advantage of imprinting is that it may provide
protection against specific antigenic subtypes (130), although
this may occur at the cost of developing strong protective
immune responses against variants a person may encounter
subsequently (131). Immune imprinting has been well
described with influenza infection and vaccination (132) and
more recently reported with SARS-CoV-2 infection (127–129).
How this immune history may affect responses to vaccines or
new viral variants in the setting of COVID-19 infection is not
fully understood, although it has important implications for
future vaccination approaches.

Previous studies of influenza infection and vaccination may
provide some insight into what might be expected with COVID-
19. Influenza antibodies bind strongly to an original viral strain
against which these antibodies were initially elicited while
binding poorly to variants that have drifted from the founding
strain (133–136). However, if emerging variants remain
antigenically related to the ancestral virus, then antibodies to
new variants remain capable of protecting against future
infections (135). Imprinted antibody responses may therefore
be beneficial, providing protection during secondary exposures
with drifted viral variants. However, imprinting by pandemic
strains of influenza early in life might also increase susceptibility
to antigenically distant strains during future pandemics (133–
135). A similar phenomenon has been observed with influenza
vaccines. The efficacy of influenza vaccines from year to year is
impacted by the antigenic relatedness of past vaccines, the strains
represented in current vaccines and circulating epidemic viral
strains. Vaccine efficacy can be predicted to be high when the
antigenic distance between all three strains is close but likely to
be low if the antigenic distance between the vaccine and epidemic
strains is distant (133, 134). Similar factors may well apply to
current COVID-19 vaccines and emerging variants like Omicron
BA.1, BA.2, BA.4 and BA.5. It is possible that a potential bias in
immune response towards an earlier infecting variant or an
ancestral COVID-19 vaccine could possibly impede or,
alternatively, compliment an immune response to variant-
specific vaccines. Repeated influenza vaccination of individuals
previously infected with an antigenically distant virus earlier in
life also results in a lower vaccine efficacy compared to
individuals who have had past infection with a closely related
virus (136).

A recent study investigating antibody responses following
COVID-19 mRNA vaccines has shown that the breadth of
antibody responses to viral variants is less after infection
compared to vaccination, although the former improves over
the ensuing months (128). Individuals who were only exposed to
ancestral antigens through either infection or BNT162b2 mRNA
vaccine exhibited a hierarchy of IgG responses to variant RBDs
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(Epsilon>Kappa>Delta>Gamma>Beta) relative to ancestral
RBD. Infection with viral variants also elicits variant-specific
antibodies. Prior mRNA vaccination with an ancestral vaccine
followed by Alpha or Delta infection resulted in stronger
antibody response towards the ancestral virus and decreased
antibody responses to viral variant epitopes compared to
unvaccinated individuals infected with these variant viruses. In
contrast, antibody from individuals infected with Alpha or Delta
variants and with no prior history of vaccination showed
improved binding to Alpha or Delta variant RBDs compared
to ancestral RBD (128). These findings suggest that antibody
responses are determined in part by the imprinted responses to
the initial infection, be it with ancestral or a variant virus. In
another study of longitudinal immune responses in health care
workers, investigators found that following exposure to three
antigens through infection with Alpha plus two doses of an
ancestral COVID-19 vaccine, heterologous neutralising antibody
titres against Beta, Gamma and Delta variants plateaued while
neutralising immunity to Alpha increased, suggesting imprinting
of humoral immune responses towards the earlier variant (129).

In another study looking at the ability of immune sera from
individuals vaccinated with two doses of the mRNA-1273
vaccine to neutralise the Omicron variant using a pseudovirus
assay it was found that neutralisation titres were 35 times lower
against Omicron compared to the D614G variant alone (118).
However, a booster dose of the mRNA-1273 vaccine resulted in
neutralisation titres against Omicron that were 20-times higher
than one month after the second dose of vaccine (118). Boosting
with a bivalent ancestral and Beta (mRNA-1273.211) or Beta and
Delta (mRNA-1273.213) vaccine resulted in almost identical
neutralisation titres for Omicron as individuals who received a
booster with mRNA-1273 alone (118) (137). Interestingly, in a
recent study that investigated protective immune responses
against Omicron in macaques immunized with mRNA-1273 or
an mRNA-Omicron vaccine (138), there was no increased
response to Omicron in animals boosted with the Omicron
vaccine. Macaques were immunized with two doses 4 weeks
apart of mRNA-1273 vaccine and boosted at week 41 (9 month)
with mRNA-1273 or mRNA-Omicron vaccine. By week 6 after
primary immunization, a hierarchy of antibody responses was
observed, with the strongest responses against ancestral virus
followed by the more closely related Delta virus, then Beta and
finally Omicron (138). At nine months after the second dose of
mRNA-1273 vaccine, macaques were boosted with homologous
mRNA-1273 or heterologous mRNA-Omicron vaccine. Both
homologous and heterologous boosting restored titres of anti-
spike antibody and NAb (measured by live virus neutralisation
and pseudotype assays), cross reactive memory B and cTfh cells
to the same levels and with the same hierarchy of response as
observed at week 6 post-second dose. Furthermore, homologous
boosting provided equivalent protection against challenge with
Omicron virus as did heterologous boosting with mRNA-
Omicron vaccine (138). Taken together, these studies leave
open the question of whether variant-targeting vaccines can
overcome imprinting and improve variant-specific immunity,
and further investigation is clearly required in this area.
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Whilst humoral immune responses may be impacted by
imprinting of prior antigen exposures, memory T cell
responses induced by COVID vaccines (including mRNA-
1273, BNT162b2 mRNA, Ad26.COV2.S, and NVX-CoV2373)
appear to remain preserved against several variants (113). In the
6-month period after vaccination, up to 90% of CD4+ and CD8+
T cell memory responses to spike megapeptide pools measured
by Activation Induced Marker (AIM) assay are preserved against
variants, including Alpha, Beta, Gamma and Delta. For
Omicron, the conservation of memory CD4+ and CD8+ T cell
recognition is up to 85% whilst NAb and memory B cell
responses are reduced by more than 50% (113). The
preservation of vaccine-induced cross-reactive T and B cell
responses against SARS-CoV-2 variants is encouraging for the
longer-term protective benefits of vaccination (15). Thus, while
immune imprinting with one SARS-CoV-2 virus or exposure to
vaccine representing an earlier viral variant may limit the
development responses to new antigenic targets on new
variants, the abundance of shared epitopes means that
protective benefits are still afforded by current, and probably
future, COVID-19 vaccines.
CONCLUSION

Whether immunisation comes from prior infection with SARS-
CoV-2, or from vaccination against SARS-CoV-2, or a
combination thereof, the results are development of effective
immune responses that protect against progression to severe
disease and at least partial protection to SARS-CoV-2 VOC.
However, natural and vaccine-induced immunity wanes with
time, and new variants are evolving that can evade existing
immunity. Consequently reinfection with SARS-CoV-2 variants
is increasingly possible, indeed, likely. What is becoming clear is
that boosting previously vaccinated or SARS-CoV-2-infected
individuals substantially increases the level of protection
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against new circulating variants, including Omicron. Whilst
there is debate around the role of imprinting of SARS-CoV-2
immune responses and how this might restrict the development
of more broadly protective responses, it is also feasible that
immune imprinting may offer opportunities to target epitopes
that are shared between different SARS-CoV-2 variants, much as
has been described with infection by antigenically similar
influenza viruses. Next generation COVID vaccines will need
to target conserved neutralising epitopes of the virus, in a similar
manner to broadly cross-reactive antibodies that arose when
individuals previously infected with SARS-CoV-1 were
subsequently immunised with the SARS-CoV-2 BTN162b2
mRNA vaccine. Whether this can be achieved with a
vaccination only approach remains to be determined. Another
important consideration is that a vaccine that can drive
production of NAb together with strong T cell responses
which are less likely to be subverted by specific mutations, may
provide broader and more durable protection against COVID-
19, particularly against severe disease.
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31. Grabowski F, Kochańczyk M. Omicron Strain Spreads With the Doubling
Time of 3.2—3.6 Days in South Africa Province of Gauteng That Achieved
Herd Immunity to Delta Variant. medRxiv (2021). doi: 10.1101/
2021.12.08.21267494
Frontiers in Immunology | www.frontiersin.org 11
32. Long QX, Liu BZ, Deng HJ, Wu GC, Deng K, Chen YK, et al. Antibody
Responses to SARS-CoV-2 in Patients With COVID-19. Nat Med (2020)
26:845–8. doi: 10.1038/s41591-020-0897-1

33. Kellam P, Barclay W. The Dynamics of Humoral Immune Responses
Following SARS-CoV-2 Infection and the Potential for Reinfection. J Gen
Virol (2020) 101:791–7. doi: 10.1099/jgv.0.001439

34. 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 (2021) 371(6529):1–13. doi: 10.1126/science.abf4063

35. Scheiblauer H, Nubling CM, Wolf T, Khodamoradi Y, Bellinghausen C,
Sonntagbauer M, et al. Antibody Response to SARS-CoV-2 for More Than
One Year - Kinetics and Persistence of Detection Are Predominantly
Determined by Avidity Progression and Test Design. J Clin Virol (2022)
146:105052. doi: 10.1016/j.jcv.2021.105052

36. Pelleau S, Woudenberg T, Rosado J, Donnadieu F, Garcia L, Obadia T, et al.
Kinetics of the Severe Acute Respiratory Syndrome Coronavirus 2 Antibody
Response and Serological Estimation of Time Since Infection. J Infect Dis
(2021) 224:1489–99. doi: 10.1093/infdis/jiab375

37. Ju B, Zhang Q, Ge X, Wang R, Yu J, Shan S, et al. Potent Human
Neutralizing Antibodies Elicited 1 by SARS-CoV-2 Infection. bioRxiv
(2020). doi: 10.1101/2020.03.21.990770

38. Liu L, Wang P, Nair MS, Yu J, Rapp M, Wang Q, et al. Potent Neutralizing
Monoclonal Antibodies Directed to Multiple Epitopes on the SARS-CoV-2
Spike. bioRxiv. 2020. doi: 10.1101/2020.06.17.153486

39. Ortega N, Ribes M, Vidal M, Rubio R, Aguilar R, Williams S, et al. Seven-
Month Kinetics of SARS-CoV-2 Antibodies and Role of Pre-Existing
Antibodies to Human Coronaviruses. Nat Commun (2021) 12:4740. doi:
10.1038/s41467-021-24979-9

40. Wajnberg A, Amanat F, Firpo A, Altman DR, Bailey MJ, Mansour M, et al.
Robust Neutralizing Antibodies to SARS-CoV-2 Infection Persist for
Months. Science (2020) 370:1227–30. doi: 10.1126/science.abd7728

41. Perreault J, Tremblay T, Fournier MJ, Drouin M, Beaudoin-Bussieres G,
Prevost J, et al. Waning of SARS-CoV-2 RBD Antibodies in Longitudinal
Convalescent Plasma Samples Within 4 Months After Symptom Onset.
Blood (2020) 136:2588–91. doi: 10.1182/blood.2020008367

42. Laurie MT, Liu J, Sunshine S, Peng J, Black D, Mitchell AM, et al. SARS-
CoV-2 Variant Exposures Elicit Antibody Responses With Differential
Cross-Neutralization of Established and Emerging Strains Including Delta
and Omicron. J Infect Dis 225(11):1909–14. doi: 10.1093/infdis/jiab635

43. Pusnik J, Richter E, Schulte B, Dolscheid-Pommerich R, Bode C, Putensen C,
et al. Memory B Cells Targeting SARS-CoV-2 Spike Protein and Their
Dependence on CD4(+) T Cell Help. Cell Rep (2021) 35:109320.
doi: 10.1016/j.celrep.2021.109320

44. Ogega CO, Skinner NE, Blair PW, Park HS, Littlefield K, Ganesan A, et al.
Durable SARS-CoV-2 B Cell Immunity After Mild or Severe Disease. J Clin
Invest (2021) 131(7):e145516. doi: 10.1172/JCI145516

45. Ma T, Ryu H, McGregor M, Babcock B, Neidleman J, Xie G, et al. Protracted
Yet Coordinated Differentiation of Long-Lived SARS-CoV-2-Specific CD8
(+) T Cells During Convalescence. J Immunol (2021) 207:1344–56. doi:
10.4049/jimmunol.2100465

46. Wang Z, Muecksch F, Schaefer-Babajew D, Finkin S, Viant C, Gaebler C,
et al. Naturally Enhanced Neutralizing Breadth Against SARS-CoV-2 One
Year After Infection. Nature (2021) 595:426–31. doi: 10.1038/s41586-021-
03696-9

47. Turner JS, Kim W, Kalaidina E, Goss CW, Rauseo AM, Schmitz AJ, et al.
SARS-CoV-2 Infection Induces Long-Lived Bone Marrow Plasma Cells in
Humans. Nature (2021) 595:421–5. doi: 10.1038/s41586-021-03647-4

48. Lyski ZL, Brunton AE, Strnad MI, Sullivan PE, Siegel SAR, Tafesse FG, et al.
SARS-CoV-2 Specific Memory B-Cells From Individuals With Diverse
Disease Severities Recognize SARS-CoV-2 Variants of Concern. medRxiv
(2021). doi: 10.1101/2021.05.28.21258025

49. Le Bert N, Tan AT, Kunasegaran K, Tham CYL, Hafezi M, Chia A, et al.
SARS-CoV-2-Specific T Cell Immunity in Cases of COVID-19 and SARS,
and Uninfected Controls. Nature (2020) 584:457–62. doi: 10.1038/s41586-
020-2550-z

50. Tan A. T, Linster M, Tan CW, Le Bert N, Chia WN, Kunasegaran K, et al.
Early Induction of Functional SARS-CoV-2-Specific T Cells Associates With
July 2022 | Volume 13 | Article 914167

https://doi.org/10.1126/science.abb7269
https://doi.org/10.1016/j.immuni.2021.04.009
https://doi.org/10.1016/j.immuni.2021.04.009
https://doi.org/10.1016/j.xcrm.2022.100562
https://doi.org/10.1016/j.xcrm.2022.100562
https://doi.org/10.1101/2021.12.21.21268116
https://doi.org/10.1101/2022.02.11.480029
https://doi.org/10.1101/2022.02.11.480029
https://doi.org/10.1101/2022.05.01.22274406
https://doi.org/10.1101/2021.04.16.21255459
https://doi.org/10.1101/2022.02.17.22271030
https://doi.org/10.1056/NEJMc2201933
https://doi.org/10.1056/NEJMc2201933
https://doi.org/10.1101/2022.02.14.480335
https://doi.org/10.1101/2022.02.19.22271112
https://doi.org/10.1126/sciadv.abe5575
https://doi.org/10.1101/2021.11.11.21266068
https://doi.org/10.1101/2021.12.08.21267494
https://doi.org/10.1101/2021.12.08.21267494
https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.1099/jgv.0.001439
https://doi.org/10.1126/science.abf4063
https://doi.org/10.1016/j.jcv.2021.105052
https://doi.org/10.1093/infdis/jiab375
https://doi.org/10.1101/2020.03.21.990770
https://doi.org/10.1101/2020.06.17.153486
https://doi.org/10.1038/s41467-021-24979-9
https://doi.org/10.1126/science.abd7728
https://doi.org/10.1182/blood.2020008367
https://doi.org/10.1093/infdis/jiab635
https://doi.org/10.1016/j.celrep.2021.109320
https://doi.org/10.1172/JCI145516
https://doi.org/10.4049/jimmunol.2100465
https://doi.org/10.1038/s41586-021-03696-9
https://doi.org/10.1038/s41586-021-03696-9
https://doi.org/10.1038/s41586-021-03647-4
https://doi.org/10.1101/2021.05.28.21258025
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1038/s41586-020-2550-z
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Torresi et al. COVID-19 Vaccine Immunity
Rapid Viral Clearance and Mild Disease in COVID-19 Patients. Cell Rep
(2021) 34:108728. doi: 10.1016/j.celrep.2021.108728

51. Thieme CJ, Anft M, Paniskaki K, Blazquez-Navarro A, Doevelaar A, Seibert
FS, et al. Robust T Cell Response Toward Spike, Membrane, and
Nucleocapsid SARS-CoV-2 Proteins Is Not Associated With Recovery in
Critical COVID-19 Patients. Cell Rep Med (2020) 1:100092. doi: 10.1016/
j.xcrm.2020.100092

52. Low JS, Vaqueirinho D, Mele F, Foglierini M, Jerak J, Perotti M, et al. Clonal
Analysis of Immunodominance and Cross-Reactivity of the CD4 T Cell
Response to SARS-CoV-2. Science (2021) 372:1336–41. doi: 10.1126/
science.abg8985

53. 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 Individuals. Cell (2020) 181:1489–
501 e15. doi: 10.1016/j.cell.2020.05.015

54. Greaney AJ, Loes AN, Gentles LE, Crawford KHD, Starr TN, Malone KD,
et al. Antibodies Elicited by mRNA-1273 Vaccination Bind More Broadly to
the Receptor Binding Domain Than do Those From SARS-CoV-2 Infection.
Sci Transl Med (2021) 13:eabi9915. doi: 10.1126/scitranslmed.abi9915

55. Sette A, Crotty S. Adaptive Immunity to SARS-CoV-2 and COVID-19. Cell
(2021) 184:861–80. doi: 10.1016/j.cell.2021.01.007

56. Lehmann AA, Kirchenbaum GA, Zhang T, Reche PA. Deconvoluting the T
Cell Response to SARS-CoV-2: Specificity Versus Chance and Cognate
Cross-Reactivity. Front Immunol (2021) 12:635942. doi: 10.3389/
fimmu.2021.635942

57. Grifoni A, Sidney J, Zhang Y, Scheuermann RH, Peters B. A Sequence
Homology and Bioinformatic Approach Can Predict Candidate Targets for
Immune Responses to SARS-CoV-2. Cell Host Microbe (2020) 27:671–80 e2.
doi: 10.1016/j.chom.2020.03.002

58. Sun J, Zhuang Z, Zheng J, Li K, Wong RL, Liu D, et al. Generation of a
Broadly Useful Model for COVID-19 Pathogenesis, Vaccination, and
Treatment. Cell (2020) 182:734–43 e5. doi: 10.1016/j.cell.2020.06.010

59. 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
(2020) 183:996–1012 e19. doi: 10.1016/j.cell.2020.09.038

60. Juno JA, Tan HX, Lee WS, Reynaldi A, Kelly HG, Wragg K, et al. Humoral
and Circulating Follicular Helper T Cell Responses in Recovered Patients
With COVID-19. Nat Med (2020) 26:1428–34. doi: 10.1038/s41591-020-
0995-0

61. Slezak J, Bruxvoort K, Fischer H, Broder B, Ackerson B, Tartof S. Rate and
Severity of Suspected SARS-Cov2 Reinfection in a Cohort of PCR-Positive
COVID-19 Patients. Clin Microbiol Infect (2021) (12):1860.e7–e10. doi:
10.1016/j.cmi.2021.07.030

62. Harvey RA, Rassen JA, Kabelac CA, Turenne W, Leonard S, Klesh R, et al.
Association of SARS-CoV-2 Seropositive Antibody Test With Risk of Future
Infection. JAMA Intern Med (2021) 181:672–9. doi: 10.1001/
jamainternmed.2021.0366

63. Shrestha NK, Patrick C, Burke, Nowacki AS, Terpeluk P, Gordon SM.
Necessity of COVID-19 Vaccination in Previously Infected Individuals.
medRxiv (2021). doi: 10.1101/2021.06.01.21258176

64. Hansen CH, Michlmayr D, Gubbels SM, Molbak K, Ethelberg S. Assessment
of Protection Against Reinfection With SARS-CoV-2 Among 4 Million
PCR-Tested Individuals in Denmark in 2020: A Population-Level
Observational Study. Lancet (2021) 397:1204–12. doi: 10.1016/S0140-6736
(21)00575-4

65. Pilz S, Chakeri A, Ioannidis JP, Richter L, Theiler-Schwetz V, Trummer C,
et al. SARS-CoV-2 Re-Infection Risk in Austria. Eur J Clin Invest (2021) 51:
e13520. doi: 10.1111/eci.13520

66. Letizia AG, Ge Y, Vangeti S, Goforth C, Weir DL, Kuzmina NA, et al.
SARS-CoV-2 Seropositivity and Subsequent Infection Risk in Healthy
Young Adults: A Prospective Cohort Study. Lancet Respir Med (2021)
9:712–20. doi: 10.1016/S2213-2600(21)00158-2

67. Hall VJ, Foulkes S, Charlett A, Atti A, Monk EJM, Simmons R, et al. SARS-
CoV-2 Infection Rates of Antibody-Positive Compared With Antibody-
Negative Health-Care Workers in England: A Large, Multicentre,
Prospective Cohort Study (SIREN). Lancet (2021) 397:1459–69.
doi: 10.1016/S0140-6736(21)00675-9
Frontiers in Immunology | www.frontiersin.org 12
68. Goldberg Y, Mandel M, Woodbridge Y, Fluss R, Novikov I, Yaari R, et al.
Protection of Previous SARS-CoV-2 Infection is Similar to That of
BNT162b2 Vaccine Protection: A Three-Month Nationwide Experience
From Israel. medRxiv (2021). doi: 10.1101/2021.04.20.21255670

69. Stamatatos L, Czartoski J, Wan YH, Homad LJ, Rubin V, Glantz H, et al.
mRNA Vaccination Boosts Cross-Variant Neutralizing Antibodies
Elicited by SARS-CoV-2 Infection. Science (2021) 372:1413–8. doi:
10.1101/2021.02.05.21251182

70. Hall V, Foulkes S, Insalata F, Kirwan P, Saei A, Atti A, et al. Protection
Against SARS-CoV-2 After Covid-19 Vaccination and Previous Infection.
N Engl J Med (2022) 386:1207–20. doi: 10.1056/NEJMoa2118691

71. Lozano-Ojalvo D, Camara C, Lopez-Granados E, Nozal P, Del Pino-Molina
L, Bravo-Gallego L. Y, et al. Differential Effects of the Second SARS-CoV-2
mRNA Vaccine Dose on T Cell Immunity in Naive and COVID-19
Recovered Individuals. Cell Rep (2021) 36:109570. doi: 10.1016/
j.celrep.2021.109570

72. Zhong D, Xiao S, Debes AK, Egbert ER, Caturegli P, Colantuoni E, et al.
Durability of Antibody Levels After Vaccination With mRNA SARS-CoV-2
Vaccine in Individuals With or Without Prior Infection. JAMA (2021) 326
(24):2524–26. doi: 10.1001/jama.2021.19996

73. Krammer F, Srivastava K, Alshammary H, Amoako AA, Awawda MH,
Beach KF, et al. Antibody Responses in Seropositive Persons After a Single
Dose of SARS-CoV-2 mRNA Vaccine. N Engl J Med (2021) 384:1372–4.
doi: 10.1056/NEJMc2101667

74. Abu-Raddad LJ, Chemaitelly H, Ayoub HH, Yassine HM, Benslimane FM,
Al Khatib HA, et al. Association of Prior SARS-CoV-2 Infection With Risk
of Breakthrough Infection Following mRNA Vaccination in Qatar. JAMA
(2021) 326:1930–9. doi: 10.1001/jama.2021.19623

75. Samanovic MI, Cornelius AR, Gray-Gaillard SL, Allen JR, Karmacharya T,
Wilson JP, et al. Robust Immune Responses After One Dose of BNT162b2
mRNA Vaccine Dose in SARS-CoV-2 Experienced Individuals. medRxiv
(2021). doi: 10.1101/2021.02.07.21251311

76. Ebinger JE, Fert-Bober J, Printsev I, Wu M, Sun N, Prostko JC, et al.
Antibody Responses to the BNT162b2 mRNA Vaccine in Individuals
Previously Infected With SARS-CoV-2. Nat Med (2021) 27:981–4. doi:
10.1038/s41591-021-01325-6

77. Regev-Yochay G, Gonen T, Gilboa M, Mandelboim M, Indenbaum V, Amit
S, et al. 4th Dose COVID mRNA Vaccines’ Immunogenicity & Efficacy
Against Omicron VOC. medRxiv (2022). doi: 10.1101/2022.02.15.22270948

78. Korber B, Fischer WM, Gnanakaran S, Yoon H, Theiler J, Abfalterer W, et al.
Tracking Changes in SARS-CoV-2 Spike: Evidence That D614G Increases
Infectivity of the COVID-19 Virus. Cell (2020) 182:812–27. 19. doi: 10.1016/
j.cell.2020.06.043

79. Zhang L, Jackson CB, Mou H, Ojha A, Rangarajan ES, Izard T, et al. The
D614G Mutation in the SARS-CoV-2 Spike Protein Reduces S1 Shedding
and Increases Infectivity. BioRxiv. doi: 10.1101/2020.06.12.148726

80. Weisblum Y, Schmidt F, Zhang F, DaSilva J, Poston D, Lorenzi JCC, et al.
Escape From Neutralizing Antibodies by SARS-CoV-2 Spike Protein
Variants. bioRxiv (2020). doi: 10.7554/eLife.61312.sa2

81. Saha P, Majumder R, Chakraborty S, Srivastava AK, Mandal M. Mutations
in Spike Protein of SARS-CoV-2 Modulate Receptor Binding, Membrane
Fusion and Immunogenicity: An Insight Into Viral Tropism and
Pathogenesis of COVID-19. ChemRxiv (2020). doi: 10.26434/
chemrxiv.12320567.v1

82. Ou J, Zhou Z, Dai R, Zhang J, Lan W, Zhao S, et al. Emergence of RBD 1
Mutations in Circulating SARS-CoV-2 Strains Enhancing the Structural
Stability and Human ACE2 Receptor Affinity of the Spike Protein. BioRxiv
(2020). doi: 10.1101/2020.03.15.991844

83. Davies NG, Abbott S, Barnard RC, Jarvis CI, Kucharski AJ, Munday JD, et al.
Estimated Transmissibility and Impact of SARS-CoV-2 Lineage B.1.1.7 in
England. Science (2021) 372(6538):eabg3055. doi: 10.1126/science.abg3055

84. Tegally H, Wilkinson E, Giovanetti M, Doolbah D. Emergence and Rapid
Spread of a New Severe Acute Respiratory Syndrome-Related Coronavirus 2
(SARS-CoV-2) Lineage With Multiple Spike Mutations in South Africa.
medRxiv (2021). doi: 10.1101/2020.12.21.20248640

85. McCallum M, Bassi J, Marco A, Chen A, Walls AC, Iulio JD, et al. SARS-
CoV-2 Immune Evasion by Variant B.1.427/B.1.429. bioRxiv (2021).
doi: 10.1101/2021.03.31.437925
July 2022 | Volume 13 | Article 914167

https://doi.org/10.1016/j.celrep.2021.108728
https://doi.org/10.1016/j.xcrm.2020.100092
https://doi.org/10.1016/j.xcrm.2020.100092
https://doi.org/10.1126/science.abg8985
https://doi.org/10.1126/science.abg8985
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1126/scitranslmed.abi9915
https://doi.org/10.1016/j.cell.2021.01.007
https://doi.org/10.3389/fimmu.2021.635942
https://doi.org/10.3389/fimmu.2021.635942
https://doi.org/10.1016/j.chom.2020.03.002
https://doi.org/10.1016/j.cell.2020.06.010
https://doi.org/10.1016/j.cell.2020.09.038
https://doi.org/10.1038/s41591-020-0995-0
https://doi.org/10.1038/s41591-020-0995-0
https://doi.org/10.1016/j.cmi.2021.07.030
https://doi.org/10.1001/jamainternmed.2021.0366
https://doi.org/10.1001/jamainternmed.2021.0366
https://doi.org/10.1101/2021.06.01.21258176
https://doi.org/10.1016/S0140-6736(21)00575-4
https://doi.org/10.1016/S0140-6736(21)00575-4
https://doi.org/10.1111/eci.13520
https://doi.org/10.1016/S2213-2600(21)00158-2
https://doi.org/10.1016/S0140-6736(21)00675-9
https://doi.org/10.1101/2021.04.20.21255670
https://doi.org/10.1101/2021.02.05.21251182
https://doi.org/10.1056/NEJMoa2118691
https://doi.org/10.1016/j.celrep.2021.109570
https://doi.org/10.1016/j.celrep.2021.109570
https://doi.org/10.1001/jama.2021.19996
https://doi.org/10.1056/NEJMc2101667
https://doi.org/10.1001/jama.2021.19623
https://doi.org/10.1101/2021.02.07.21251311
https://doi.org/10.1038/s41591-021-01325-6
https://doi.org/10.1101/2022.02.15.22270948
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1101/2020.06.12.148726
https://doi.org/10.7554/eLife.61312.sa2
https://doi.org/10.26434/chemrxiv.12320567.v1
https://doi.org/10.26434/chemrxiv.12320567.v1
https://doi.org/10.1101/2020.03.15.991844
https://doi.org/10.1126/science.abg3055
https://doi.org/10.1101/2020.12.21.20248640
https://doi.org/10.1101/2021.03.31.437925
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Torresi et al. COVID-19 Vaccine Immunity
86. Kumar V, Singh J, Hasnain SE, Sundar. Possible Link Between Higher
Transmissibility of Alpha, Kappa and Delta Variants of SARS-CoV-2 and
Increased Structural Stability of Its Spike Protein and Hace2 Affinity. Int J
Mol Sci (2021) 22(17):9131. doi: 10.3390/ijms22179131

87. Greaney AJ, Loes AN, Crawford KHD, Starr TN, Malone KD, Chu HY, et al.
Comprehensive Mapping of Mutations in the SARS-CoV-2 Receptor-
Binding Domain That Affect Recognition by Polyclonal Human Plasma
Antibodies. Cell Host Microbe (2021) 29:463–76 e6. doi: 10.1016/
j.chom.2021.02.003

88. Garcia-Beltran WF, St Denis KJ, Hoelzemer A, Lam EC, Nitido AD, Sheehan
ML, et al. mRNA-Based COVID-19 Vaccine Boosters Induce Neutralizing
Immunity Against SARS-CoV-2 Omicron Variant. Cell (2022) 185:457–66
e4. doi: 10.1016/j.cell.2021.12.033

89. Dejnirattisai W, Huo J, Zhou D, Zahradnik J, Supasa P, Liu C, et al. SARS-
CoV-2 Omicron-B.1.1.529 Leads to Widespread Escape From Neutralizing
Antibody Responses. Cell (2022) 185:467–84. 15. doi: 10.1016/
j.cell.2021.12.046

90. Ewer KJ, Barrett JR, Belij-Rammerstorfer S, Sharpe H, Makinson R, Morter
R, et al. T Cell and Antibody Responses Induced by a Single Dose of
ChAdOx1 Ncov-19 (AZD1222) Vaccine in a Phase 1/2 Clinical Trial. Nat
Med (2021) 27:270–8. doi: 10.1038/s41591-020-01194-5

91. 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 (2021)
385:1172–83. doi: 10.1056/NEJMoa2107659

92. Kleanthous H, Silverman JM, Makar KW, Yoon IK, Jackson N, Vaughn DW.
Scientific Rationale for Developing Potent RBD-Based Vaccines Targeting
COVID-19. NPJ Vaccines (2021) 6:128. doi: 10.1038/s41541-021-00393-6

93. Sahin U, Muik A, Derhovanessian E, Vogler I, Kranz LM, Vormehr M, et al.
COVID-19 Vaccine BNT162b1 Elicits Human Antibody and TH1 T Cell
Responses. Nature (2020) 586:594–9. doi: 10.1038/s41586-020-2814-7

94. Corbett KS, Flynn B, Foulds KE, Francica JR, Boyoglu-Barnum S, Werner
AP, et al. Evaluation of the mRNA-1273 Vaccine Against SARS-CoV-2 in
Nonhuman Primates. N Engl J Med (2020) 383:1544–55. doi: 10.1056/
NEJMoa2024671

95. Mahdhi SA, Baillie VL, Cutland CL, Voysey M, Koen A, Fairlie L, et al. Safety
and Efficacy of the ChAdOx1 Ncov-19 (AZD1222) Covid-19 Vaccine
Against the B.1.351 Variant in South Africa. medRxiv (2021).
doi: 10.1101/2021.02.10.21251247

96. Kustin T, Harel N, Finkel U, Perchik S, et al. Evidence for Increased
Breakthrough Rates of SARS-CoV-2 Variants of Concern in BNT162b2
mRNA Vaccinated Individuals. medRxiv (2021). doi: 10.1101/
2021.04.06.21254882

97. Li Q, Wu J, Nie J, Zhang L, Hao H, Liu S, et al. The Impact of Mutations in
SARS-CoV-2 Spike on Viral Infectivity and Antigenicity. Cell (2020) 182
(5):1284–94.e9. doi: 10.2139/ssrn.3635800

98. Sadoff J, Gray G, Vandebosch A, Cardenas V, Shukarev G, Grinsztejn B, et al.
Safety and Efficacy of Single-Dose Ad26.Cov2.S Vaccine Against Covid-19.
N Engl J Med (2021). doi: 10.1056/NEJMoa2101544

99. Wu K, Werner AP, Koch M, Choi A, Narayanan E, Stewart-Jones GBE, et al.
Serum Neutralizing Activity Elicited by mRNA-1273 Vaccine. N Engl J Med
(2021). doi: 10.1056/NEJMc2102179

100. Gazit S, Shlezinger R, Perez G, Lotan R, Peretz A, Ben-Tov A, et al. SARS-
CoV-2 Naturally Acquired Immunity vs. Vaccine-Induced Immunity,
Reinfections Versus Breakthrough Infections: A Retrospective Cohort
Study. Clin Infect Dis (2022). doi: 10.1093/cid/ciac262

101. Bozio CH, Grannis SJ, Naleway AL, Ong TC, Butterfield KA, DeSilva MB,
et al. Laboratory-Confirmed COVID-19 Among Adults Hospitalized With
COVID-19-Like Illness With Infection-Induced or mRNA Vaccine-Induced
SARS-CoV-2 Immunity - Nine States, January-September 2021. MMWR
Morb Mortal Wkly Rep (2021) 70:1539–44. doi: 10.15585/mmwr.mm7044e1

102. Falsey AR, Frenck RWJr., Walsh EE, Kitchin N, Absalon J, Gurtman A, et al.
SARS-CoV-2 Neutralization With BNT162b2 Vaccine Dose 3. N Engl J Med
(2021) 385:1627–9. doi: 10.1056/NEJMc2113468

103. Goel RR, Apostolidis SA, Painter MM, Mathew D, Pattekar A, Kuthuru O,
et al. Distinct Antibody and Memory B Cell Responses in SARS-CoV-2
Naive and Recovered Individuals Following mRNA Vaccination. Sci
Immunol (2021) 6(58):eabi6950.
Frontiers in Immunology | www.frontiersin.org 13
104. Ciabattini A, Pastore G, Fiorino F, Polvere J, Lucchesi S, Pettini E, et al.
Evidence of SARS-CoV-2-Specific Memory B Cells Six Months After
Vaccination With the BNT162b2 mRNA Vaccine. Front Immunol (2021)
12:740708. doi: 10.3389/fimmu.2021.740708

105. Brewer RC, Ramadoss NS, Lahey LJ, Jahanbani S, Robinson WH, Lanz TV.
BNT162b2 Vaccine Induces Divergent B Cell Responses to SARS-CoV-2 S1
and S2. Nat Immunol (2022) 23:33–9. doi: 10.1038/s41590-021-01088-9

106. Tan CW, Chia WN, Young BE, Zhu F, Lim BL, Sia WR, et al. Pan-
Sarbecovirus Neutralizing Antibodies in BNT162b2-Immunized SARS-
CoV-1 Survivors. N Engl J Med (2021) 385:1401–6. doi: 10.1056/
NEJMoa2108453

107. Patalon T, Gazit S, Pitzer VE, Prunas O, Warren JL, Weinberger DM. Odds
of Testing Positive for SARS-CoV-2 Following Receipt of 3 vs 2 Doses of the
BNT162b2 mRNA Vaccine. JAMA Intern Med (2021) 182(2):179–184.
doi: 10.1001/jamainternmed.2021.7382

108. Bar-On YM, Flamholz A, Phillips R, Milo R. SARS-CoV-2 (COVID-19) by
the Numbers. eLife (2020) 9:e57309. doi: 10.7554/eLife.57309

109. Arbel R, Hammerman A, Sergienko R, Friger M, Peretz A, Netzer D, et al.
BNT162b2 Vaccine Booster and Mortality Due to Covid-19. N Engl J Med
(2021) 385:2413–20. doi: 10.1056/NEJMoa2115624

110. Wratil PR, Stern M, Priller A, Willmann A, Almanzar G, Vogel E, et al. Three
Exposures to the Spike Protein of SARS-CoV-2 by Either Infection or
Vaccination Elicit Superior Neutralizing Immunity to All Variants of
Concern. Nat Med (2022) (28):496–503. doi: 10.1038/s41591-022-01715-4

111. Neidleman J, Luo X, McGregor M, Xie G, Murray V, Greene WC, et al.
mRNA Vaccine-Induced T Cells Respond Identically to SARS-CoV-2
Variants of Concern But Differ in Longevity and Homing Properties
Depending on Prior Infection Status. bioRxiv (2021). doi: 10.1101/
2021.05.12.443888

112. Tarke A, Sidney J, Methot N, Zhang Y, Dan JM, Goodwin B, et al. Negligible
Impact of SARS-CoV-2 Variants on CD4 (+) and CD8 (+) T Cell Reactivity
in COVID-19 Exposed Donors and Vaccinees. bioRxiv (2021). doi: 10.1101/
2021.02.27.433180

113. 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-
Recognize Variants From Alpha to Omicron. Cell (2022) 185:847–59 e11.
doi: 10.1016/j.cell.2022.01.015

114. Davies MA, Kassanjee R, Rousseau P, Morden E, Johnson L, Solomon W,
et al. Outcomes of Laboratory-Confirmed SARS-CoV-2 Infection in the
Omicron-Driven Fourth Wave Compared With Previous Waves in the
Western Cape Province, South Africa. medRxiv (2022). doi: 10.1101/
2022.01.12.22269148

115. Abdullah F, Myers J, Basu D, Tintinger G, Ueckermann V, Mathebula N,
et al. Decreased Severity of Disease During the First Global Omicron Variant
Covid-19 Outbreak in a Large Hospital in Tshwane, South Africa. Int J Infect
Dis (2021) (116):38–42. doi: 10.1016/j.ijid.2021.12.357

116. Altarawneh HN, Chemaitelly H, Hasan MR, Ayoub HH, Qassim S,
AlMukdad S, et al. Protection Against the Omicron Variant From
Previous SARS-CoV-2 Infection. N Engl J Med (2022) 386:288–90. doi:
10.1056/NEJMc2200133

117. Wilhelm A, Widera M, Grikscheit K, Toptan T, Schenk B, Pallas C, et al.
Reduced Neutralization of SARS-CoV-2 Omicron Variant by Vaccine Sera
and Monoclonal Antibodies. medRxiv (2021) . doi : 10.1101/
2021.12.07.21267432

118. Pajon R, Doria-Rose NA, Shen X, Schmidt SD, O'Dell S, McDanal C, et al.
SARS-CoV-2 Omicron Variant Neutralization After mRNA-1273 Booster
Vaccination. N Engl J Med (2022) 386:1088–109. doi: 10.1056/
NEJMc2119912

119. Nemet I, Kliker L, Lustig Y, Zuckerman N, Erster O, Cohen C, et al. Third
BNT162b2 Vaccination Neutralization of SARS-CoV-2 Omicron Infection.
N Engl J Med (2022) 386:492–4. doi: 10.1056/NEJMc2119358

120. Doria-Rose NA, Shen X, Schmidt SD, O'Dell S, McDanal C, Feng W, et al.
Booster of mRNA-1273 Vaccine Reduces SARS-CoV-2 Omicron Escape
From Neutralizing Antibodies. medRxiv (2021). doi: 10.1101/
2021.12.15.21267805

121. Khan K, Karim F, Cele S, San JE, Lustig G, Tegally H, et al. Omicron
Infection of Vaccinated Individuals Enhances Neutralizing Immunity
July 2022 | Volume 13 | Article 914167

https://doi.org/10.3390/ijms22179131
https://doi.org/10.1016/j.chom.2021.02.003
https://doi.org/10.1016/j.chom.2021.02.003
https://doi.org/10.1016/j.cell.2021.12.033
https://doi.org/10.1016/j.cell.2021.12.046
https://doi.org/10.1016/j.cell.2021.12.046
https://doi.org/10.1038/s41591-020-01194-5
https://doi.org/10.1056/NEJMoa2107659
https://doi.org/10.1038/s41541-021-00393-6
https://doi.org/10.1038/s41586-020-2814-7
https://doi.org/10.1056/NEJMoa2024671
https://doi.org/10.1056/NEJMoa2024671
https://doi.org/10.1101/2021.02.10.21251247
https://doi.org/10.1101/2021.04.06.21254882
https://doi.org/10.1101/2021.04.06.21254882
https://doi.org/10.2139/ssrn.3635800
https://doi.org/10.1056/NEJMoa2101544
https://doi.org/10.1056/NEJMc2102179
https://doi.org/10.1093/cid/ciac262
https://doi.org/10.15585/mmwr.mm7044e1
https://doi.org/10.1056/NEJMc2113468
https://doi.org/10.3389/fimmu.2021.740708
https://doi.org/10.1038/s41590-021-01088-9
https://doi.org/10.1056/NEJMoa2108453
https://doi.org/10.1056/NEJMoa2108453
https://doi.org/10.1001/jamainternmed.2021.7382
https://doi.org/10.7554/eLife.57309
https://doi.org/10.1056/NEJMoa2115624
https://doi.org/10.1038/s41591-022-01715-4
https://doi.org/10.1101/2021.05.12.443888
https://doi.org/10.1101/2021.05.12.443888
https://doi.org/10.1101/2021.02.27.433180
https://doi.org/10.1101/2021.02.27.433180
https://doi.org/10.1016/j.cell.2022.01.015
https://doi.org/10.1101/2022.01.12.22269148
https://doi.org/10.1101/2022.01.12.22269148
https://doi.org/10.1016/j.ijid.2021.12.357
https://doi.org/10.1056/NEJMc2200133
https://doi.org/10.1101/2021.12.07.21267432
https://doi.org/10.1101/2021.12.07.21267432
https://doi.org/10.1056/NEJMc2119912
https://doi.org/10.1056/NEJMc2119912
https://doi.org/10.1056/NEJMc2119358
https://doi.org/10.1101/2021.12.15.21267805
https://doi.org/10.1101/2021.12.15.21267805
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Torresi et al. COVID-19 Vaccine Immunity
Agains t the Del ta Var iant . medRxiv (2022) . do i : 10 .1101/
2021.12.27.21268439

122. Suryawanshi RK, Chen IP, Ma T, Syed AM, Brazer N, Saldhi P, et al. Limited
Cross-Variant Immunity After Infection With the SARS-CoV-2 Omicron
Variant Without Vaccination. medRxiv (2022). doi : 10.1101/
2022.01.13.22269243

123. Andrews N, Julia Stowe J, Kirsebom F, Toffa S, Rickeard T, Gallagher EA,
et al. Effectiveness of COVID-19 Vaccines Against the Omicron
(B.1.1.529) Variant of Concern. medRxiv (2021). doi: 10.1101/2021.12.
14.21267615

124. Barda N, Dagan N, Cohen C, Hernan MA, Lipsitch M, Kohane IS, et al.
Effectiveness of a Third Dose of the BNT162b2 mRNA COVID-19 Vaccine
for Preventing Severe Outcomes in Israel: An Observational Study. Lancet
(2021) 398:2093–100. doi: 10.1016/S0140-6736(21)02249-2

125. Collie S, Champion J, Moultrie H, Bekker LG, Gray G. Effectiveness of
BNT162b2 Vaccine Against Omicron Variant in South Africa. N Engl J Med
(2022) 386:494–6. doi: 10.1056/NEJMc2119270

126. 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
Symptomatic Infection Caused by the SARS-CoV-2 Omicron and Delta
Variants. JAMA (2022) 327:639–51. doi: 10.1001/jama.2022.0470

127. Aydillo T, Rombauts A, Stadlbauer D, Aslam S, Abelenda-Alonso G,
Escalera A, et al. Immunological Imprinting of the Antibody Response
in COVID-19 Patients. Nat Commun (2021) 12:3781. doi: 10.1038/s41467-
021-23977-1

128. Roltgen K, Nielsen SCA, Silva O, Younes SF, Zaslavsky M, Costales C, et al.
Immune Imprinting, Breadth of Variant Recognition, and Germinal Center
Response in Human SARS-CoV-2 Infection and Vaccination. Cell (2022)
185(6):1025–40.e14. doi: 10.1016/j.cell.2022.01.018

129. Reynolds CJ, Gibbons JM, Pade C, Lin KM, Sandoval DM, Pieper F, et al.
Heterologous Infection and Vaccination Shapes Immunity Against SARS-
CoV-2 Variants. Science (2022) 375:183–92. doi: 10.1126/science.abm0811

130. Gostic KM, Ambrose M, Worobey M, Lloyd-Smith JO. Potent Protection
Against H5N1 and H7N9 Influenza via Childhood Hemagglutinin
Imprinting. Science (2016) 354:722–6. doi: 10.1126/science.aag1322

131. Budd AP, Beacham L, Smith CB, Garten RJ, Reed C, Kniss K, et al. Birth
Cohort Effects in Influenza Surveillance Data: Evidence That First Influenza
Infection Affects Later Influenza-Associated Illness. J Infect Dis (2019)
220:820–9. doi: 10.1093/infdis/jiz201

132. Nelson SA, Sant AJ. Imprinting and Editing of the Human CD4 T Cell
Response to Influenza Virus. Front Immunol (2019) 10:932. doi: 10.3389/
fimmu.2019.00932
Frontiers in Immunology | www.frontiersin.org 14
133. Zhang A, Stacey HD, Mullarkey CE, Miller MS. Original Antigenic Sin: How
First Exposure Shapes Lifelong Anti-Influenza Virus Immune Responses. J
Immunol (2019) 202:335–40. doi: 10.4049/jimmunol.1801149

134. Fonville JM, Wilks SH, James SL, Fox A, Ventresca M, Aban M, et al.
Antibody Landscapes After Influenza Virus Infection or Vaccination. Science
(2014) 346:996–1000. doi: 10.1126/science.1256427

135. Linderman SL, Hensley SE. Antibodies With ‘Original Antigenic Sin’ Properties
Are Valuable Components of Secondary Immune Responses to Influenza Viruses.
PloS Pathog (2016) 12:e1005806. doi: 10.1371/journal.ppat.1005806

136. Skowronski DM, Chambers C, Sabaiduc S, De Serres G, Winter AL,
Dickinson JA, et al. Beyond Antigenic Match: Possible Agent-Host and
Immuno-Epidemiological Influences on Influenza Vaccine Effectiveness
During the 2015-2016 Season in Canada. J Infect Dis (2017) 216:1487–500.
doi: 10.1093/infdis/jix526

137. Chalkias S, Eder F, Essink B, Khetan S, Nestorova B. Safety, Immunogenicity
and Antibody Persistence of a Bivalent Beta-Containing Booster Vaccine. Res
Square (2022). doi: 10.21203/rs.3.rs-1555201/v1

138. Gagne M, Moliva JI, Foulds KE, Andrew SF, Flynn BJ, Werner AP, et al.
mRNA-1273 or mRNA-Omicron Boost in Vaccinated Macaques Elicits
Comparable B Cell Expansion, Neutralizing Antibodies and Protection
Against Omicron. bioRxiv (2022). doi: 10.1101/2022.02.03.479037

Conflict of Interest: JT is an inventor of three provisional patents covering
COVID-19 vaccines. DG is an inventor of two provisional patents covering
COVID-19 vaccines and one covering a COVID-19 neutralising antibody test.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Torresi, Edeling, Nolan and Godfrey. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
July 2022 | Volume 13 | Article 914167

https://doi.org/10.1101/2021.12.27.21268439
https://doi.org/10.1101/2021.12.27.21268439
https://doi.org/10.1101/2022.01.13.22269243
https://doi.org/10.1101/2022.01.13.22269243
https://doi.org/10.1101/2021.12.14.21267615
https://doi.org/10.1101/2021.12.14.21267615
https://doi.org/10.1016/S0140-6736(21)02249-2
https://doi.org/10.1056/NEJMc2119270
https://doi.org/10.1001/jama.2022.0470
https://doi.org/10.1038/s41467-021-23977-1
https://doi.org/10.1038/s41467-021-23977-1
https://doi.org/10.1016/j.cell.2022.01.018
https://doi.org/10.1126/science.abm0811
https://doi.org/10.1126/science.aag1322
https://doi.org/10.1093/infdis/jiz201
https://doi.org/10.3389/fimmu.2019.00932
https://doi.org/10.3389/fimmu.2019.00932
https://doi.org/10.4049/jimmunol.1801149
https://doi.org/10.1126/science.1256427
https://doi.org/10.1371/journal.ppat.1005806
https://doi.org/10.1093/infdis/jix526
https://doi.org/10.21203/rs.3.rs-1555201/v1
https://doi.org/10.1101/2022.02.03.479037
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	A Complementary Union of SARS-CoV2 Natural and Vaccine Induced Immune Responses
	Introduction
	The Challenge of Omicron
	Naturally Induced SARS-CoV-2 Immunity Is Protective Against Reinfection
	Benefits of Vaccination After Recovery From SARS-CoV-2 Infection
	Vaccine Efficacy, Boosting and VOC
	Severity of Omicron and Protection by Vaccination
	Immune Imprinting: A Partnership of Infection and Vaccine Induced Immunity
	Conclusion
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


