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Vaccines against COVID-19 have high efficacy and low rates of adverse events.
However, none of the available vaccines provide sterilizing immunity, and
reinfections remain possible. This review aims to summarize the
immunological responses elicited by different immunization strategies,
examining the roles of homologous and heterologous vaccination and hybrid
immunity. Homologous vaccination regimens exhibit considerable variation in
immune responses depending on the vaccine platform, particularly concerning
antibody titers, B cell activation, and T cell responses. mRNA vaccines, such as
MRNA-1273 and BNT162b2, consistently generate higher and more durable
levels of neutralizing antibodies and memory B cells compared to adenovirus-
based vaccines like Ad26.COV2.S and ChAdOx1. The combination of two distinct
vaccine platforms, each targeting different immune pathways, seems to be more
effective in promoting long-lasting B cell responses and potent T cell responses.
The high heterogeneity of the available studies, the different dosing schemes, the
succession of new variants, and the subjects’ immunological background do not
allow for a definitive conclusion. Overall, heterologous vaccination strategies,
combining sequentially viral vector and mRNA may deliver a more balanced and
robust humoral and cellular immune response compared to homologous
regimens. Hybrid immunity, which arises from SARS-CoV-2 infection preceded
or followed by vaccination produces markedly stronger immune responses than
either vaccination or infection alone. The immune response to SARS-CoV-2
variants of concern varies depending on both the vaccine platform and prior
infection status. Hybrid immunity leads to a broader antibody repertoire,
providing enhanced neutralization of variants of concern. Heterologous
vaccination and hybrid immunity may provide further opportunities to enhance
immune responses, offering broader protection and greater durability of
immunity. However, from all-cause mortality, symptomatic or severe COVID,
and serious adverse events at present it is not possible to infer different effects
between homologous and heterologous schemes. Next-generation vaccines
could involve tweaks to these designs or changes to delivery mechanisms that
might improve performance.
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1 Introduction

The novel coronavirus Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) was first identified in 2020 during
an outbreak of severe respiratory illness in Wuhan, China (1-3).
The disease, called Coronavirus disease 2019 (COVID-19), rapidly
spread globally, prompting the World Health Organization (WHO)
to declare a Public Health Emergency of International Concern on
January 30, 2020, followed by the declaration of a pandemic on
March 11, 2020 (4). Over three years later, on May 5, 2023, WHO
announced that while the pandemic persists, it no longer constitutes
a global health emergency (5). By this time, most of the global
population had developed immunity to the virus, either through
vaccination (homologous or heterologous), infection, or a
combination of both resulting in hybrid immunity.

Vaccines were developed at an unprecedented pace due to
substantial financial investments, extensive scientific
collaborations, and the expedited efforts of regulatory bodies. The
first vaccine was approved 326 days after the sequencing of SARS-
CoV-2 was completed (6). The Pfizer-BioNTech and Moderna
mRNA vaccines received emergency use authorization in
December 2020, followed two months later by the approval of the
AstraZeneca adenovirus-based vaccine. In subsequent months,
vaccines using diverse technologies, including viral vectors,
protein subunits, and inactivated viruses were developed. All were
licensed based on their high efficacy and low rates of adverse events
(7-10), contributing to significant reductions in severe cases and
fatalities from COVID-19, particularly in regions like Europe where
mortality was reduced by up to 75% (11).

However, none of the available vaccines provide sterilizing
immunity, and reinfections remain possible. Hybrid immunity,
while offering improved protection, provides only 42%
effectiveness against reinfection within 12 months (12). As the
virus continues to circulate and mutate, new variants of concern
(VOCs) emerge, exhibiting changes in transmission, infectivity, and
disease severity (13). These variants may escape immune responses
due to mutations in the receptor-binding domain (RBD) of the
spike protein, further complicating public health efforts.

This review aims to summarize the immunological responses
elicited by different immunization strategies, examining the roles of
homologous and heterologous vaccination and hybrid immunity.
Although different vaccines have been developed worldwide since
the pandemic, this review will overview studies conducted with
EMA/FDA approved vaccines that have been most extensively
studied in clinical and preclinical setting. The goal is to determine
whether sustained and effective immunity can be generated through
improved vaccines, modified immunization strategies, or altered
booster frequency and timing. The review will not evaluate vaccine
effectiveness/efficacy from an “hard endpoint” perspective (e.g.
hospitalization or death) but will rather deep dive into cellular
and humoral response. The majority of the studies herein analyzed
systemic humoral response (i.e. IgG), and therefore no inference
can be made on specific Ig subclasses or tissue specific
humoral immunity.
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2 Overview of SARS-CoV-2 structure

The SARS-CoV-2 virion consists of 29 structural proteins,
including spike (S), envelope (E), membrane (M), and nucleocapsid
(N) proteins (14). These proteins play crucial roles in viral replication
and interactions with host cells, making them prime targets for
therapeutic interventions (14-17). The spike protein (S),
responsible for viral entry, is composed of two subunits: S1 (which
includes the RBD) and S2. The RBD facilitates binding to the human
angiotensin-converting enzyme 2 (hACE2) receptor on host cells and
initiates viral internalization (14). The major pathway of infection
involves the proteolytic processing of the S protein by the
transmembrane serine protease 2 (TMPRSS2), enabling virus host
membrane fusion and release of the viral RNA in the cytosol (14). If
the target cell does not express TMPRSS2, the virus enters via
clathrin-mediated endocytosis and cathepsin L activates the
fusogenic properties of S leading to the uncoating of the viral
genetic material (14, 18). After infection, the virus remodels the
host endoplasmic reticulum to build a specialized organelle, the
replication organelle (RO), where the virus replicates. The viral
genome is then assembled with the viral structural proteins to
generate virions, which exit via vesicular carriers (19).

Vaccines that induce antibodies targeting the spike protein and
RBD aim to block viral attachment and entry into host cells, thus
preventing infection. As a result, the spike protein has been the
major focus of COVID-19 vaccine development.

3 Approved vaccines

Several vaccines have been developed and approved by the
European Medicines Agency (EMA; Table 1). Although their
efficacy varies, all offer strong protection against severe disease,
hospitalization, and death. The vaccines employ a range of
technologies, including:

1. mRNA vaccines: Comirnaty (Pfizer-BioNTech) and
Spikevax (Moderna), which use lipid nanoparticles to
deliver SARS-CoV-2 spike mRNA that encodes the
protein inside cells.

2. Viral vector vaccines: Vaxzevria (AstraZeneca; marketing
authorization withdrawn on 27/03/2024) and Jcovden
(Johnson & Johnson; marketing authorization withdrawn
at the request of the marketing authorization holder on 09/
08/2024), using adenoviruses, respectively chimpanzee and
human, to deliver genetic material encoding the
spike protein.

3. Protein subunit vaccines: Nuvaxovid (Novavax) and
Bimervax (HIPRA), which contain a recombinant SARS-
CoV-2 spike protein, though they use different adjuvants.
Another protein-based vaccine (Vidprevtyn Beta) has been
authorized by EMA, but marketing authorization was
withdrawn (Sanofi Pasteur; marketing authorization
withdrawn on 11/03/2024).
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TABLE 1 Vaccines approved for COVID-19 in the EU.

Vaccine  INN/ Date of first Marketing Platform/type Indication Target
SPC* common name authorization / authorization variant/Update
Latest renewal holder strain date
Bimervax Damlecovatein 30 March 2023 Hipra Human Recombinant spike protein receptor Booster for active immunization to prevent COVID-19 in XBB.1.16 / 17 oct 2024
(131) Health, S.L.U. binding domain fusion heterodimer - individuals 16 years of age and older who have previously received | /NA
SQBA adjuvant a mRNA COVID-19 vaccine
Nuvaxovid NVX-CoV2373 20 Dec 2021 / 3 Oct 2022 Novavax CZ, a.s. Recombinant spike protein — Matrix- Active immunization to prevent COVID-19 caused by SARS-CoV- | JN.1 /07 Oct 2024
(132) M adjuvated 2 in individuals 12 years of age and older
VidPrevtyn =~ COVID-19 vaccine 10 Nov 2022 Sanofi SARS-CoV-2 spike protein - Booster for active immunisation to prevent COVID-19 in adults B.1.351 strain / NA
Beta (166) (recombinant, adjuvanted) Pasteur, France AS03 adjuvated who have previously received an mRNA or adenoviral vector
COVID-19 vaccine

Comirnaty Bretovameran, COVID-19 21 Dec 2020 BioNTech mRNA encoding Spike protein Active immunization to prevent COVID-19 caused by SARS-CoV- | JN.1/ 27 Jun 2024
(119) mRNA vaccine Manufacturing 2 in individuals 8 months of age or older

(nucleoside modified) GmbH
Spikevax COVID-19 mRNA vaccine | 6 Jan 2021 / 3 Oct 2022 Moderna Biotech mRNA encoding Spike protein Active immunization to prevent COVID-19 caused by SARS-CoV- | JN.1/9 Sep 2024
(120) (nucleoside-modified) Spain, S.L. 2 in individuals 6 months of age and older
Vaxzevria$ COVID-19 Vaccine 29 Jan 2021 AstraZeneca AB Adenovirus encoding Spike protein Active immunization to prevent COVID-19 caused by SARS-CoV- | Wuhan Ancestral / NA
(129) (ChAdOx1- 2 in individuals 18 years of age and older

S [recombinant])
Jeovden$ COVID-19 vaccine 11 March 2021 Janssen-Cilag Adenovirus type 26 encoding the Active immunization to prevent COVID-19 caused by SARS-CoV- | Wuhan Ancestral / NA
(130) (Ad26.COV2- International NV SARS-CoV-2 spike glycoprotein 2 in individuals 18 years of age and older

S [recombinant])

*Summary of Product Characteristics.

SVaxzevria, Jcovden and Vidprevtyn Beta marketing authorization has been withdrawn by the Marketing authorization holder in 2024 (167).
NA, not applicable.

For complete information on efficacy or immunobridging data please refer to the SmPC of the listed product.
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All these vaccines can be used for primary series and booster
doses, except Bimervax, which is recommended as a booster after
mRNA vaccines and Vidprevtyn Beta (currently not authorized),
which was recommended as a booster after mRNA or adenoviral
vector COVID-19 vaccines.

4 B and T cell responses to
natural infection

Following viral infection, the innate and adaptive immune
systems work in concert to mount an effective response. Upon
infection, the innate immune system is quickly activated to limit
viral replication. Meanwhile, the adaptive immune system generates
the most specific and effective tools of protection, high-affinity
memory B cells and antibodies.

In the case of COVID-19, humans were exposed to a virus never
seen before and adapted to the immune system of a different species.
The extraordinary activation of the innate immune system led to
severe systemic and organ damage caused by the cytokine storm
(20). The importance of the innate response to SARS-CoV-2 is
demonstrated by the identification of inborn error of innate
immunity in individuals with severe clinical disease. In ~ 3-5% of
patients, previously undiagnosed primary immunodeficiencies
affecting the antiviral response were identified (21). In addition,
in 10%-20% of cases, autoantibodies directed against anti-type 1
interferons neutralized natural defenses, thus explaining the severity
of COVID-19 (21).

The adaptive immune system is also activated by the infection.
Antigen-presenting cells (APCs), including dendritic cells and
macrophages, capture viral particles, process them, and activate
the adaptive immune system (22, 23). B-cell responses can be
divided into canonical germinal center (GC) and noncanonical
extrafollicular (EF) responses. The GC response produces high-
affinity memory B cells (MBCs), plasma cells (PCs), and serum
antibodies capable of mediating long-term protective immunity. In
the GCs, activated B cells introduce somatic mutations in the
immunoglobulin genes and undergo the selection mechanism that
promotes survival and further development of high-affinity
memory B and plasma cells. Follicular helper T cells play a
fundamental role in the GC reaction and are indispensable for the
generation of protective and long-lived immune memory. Two
weeks are necessary for the completion of the GC response (24),
which is a very long time when fighting a virus. The EF response has
the role of protecting the organism in the first days of infection and
generates an early antibody response with near germline-encoded
B-cell receptors (25). The two processes together lead to the
production of neutralizing antibodies (both from the EF and GC
reactions), and the development of memory cells. The balance
between these two processes depends on the type of stimulation
and may influence the evolution of the disease.

Severe COVID-19 results in defective GC reactions with more
pronounced EF responses. The aberrant production of TNF-o
disrupts the GC structure with impaired recruitment of Bcl-6+
follicular helper T cells (26) and results in production of antibodies
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unable to mediate disease resolution and favoring, instead, the
progression of the viral infection (27-33).

Although critically ill patients show EF-like responses shortly
after infection and lack GC reactions, convalescent patients usually
manage to develop a MBC response. Multiple studies tracking B-cell
responses over time (3 to 8 months) have reported an increase of
spike-specific MBCs, with the MBC population remaining relatively
stable between six and 12 months after infection (22). After natural
infection, memory B and T cells persist for months, providing durable
protection against severe disease (22). While antibody titers naturally
decline over time, MBCs increase in frequency (29, 31, 34, 35).
MBCs play an important function upon a second encounter with the
virus. Not only they rapidly differentiate into antibody-secreting cells
(ASCs) and increase antibody concentration in the peripheral blood,
but they can also modify their immunoglobulins and generate new
MBCs and PCs with broader specificity (36). Remodeling of MBCs is
driven by pre-existing high-affinity antibodies (37). Neutralizing
antibodies control viral infection by inhibiting viral entry into the
cells. Specific antibodies also facilitate viral clearance through
phagocytosis, activation of the complement system, and addressing
natural killer (NK) cells towards infected cells. Immunological
memory and antibody levels are maintained by MBCs that persist
in the lymphoid organs and by PCs, residing in bone marrow.

Following infection, T cellular immunity is also generated. CD4
+ and CD8+ specific T cells can be detected seven days after
infection and remain detectable for years (28, 35, 38-40). In
individuals who recovered from SARS (caused by the SARS-CoV
virus), T cells remain detectable 17 years after infection and cross-
react with the novel coronavirus (41).

Thus, following SARS-CoV-2 infection, the coordinated efforts
of the innate and adaptive immune systems are essential for an
effective response. The innate immune system provides rapid
defense but, in severe cases of COVID-19, its overactivation can
lead to harmful inflammation and cytokine storm (42). The
adaptive immune system, involving B and T cells, generates long-
term protection through the production of high-affinity MBCs,
neutralizing antibodies (43, 44) and T cells. While severe COVID-
19 disrupts the GC response, leading to a reliance on early EF
responses, convalescent patients also develop immunological
memory (34, 45, 46). Memory B and T cells contribute to durable
protection against severe disease (22, 47, 48).

5 Immunity after
homologous vaccination

Homologous vaccination regimens show considerable variation
in immune responses, largely dependent on the vaccine platform,
particularly in terms of antibody titers, B cell activation, and T cell
responses. The most accessible and efficient method to evaluate
humoral immunity in response to COVID-19 vaccination is
through the quantification of IgG antibodies specific to the spike
protein or the RBD. This measurement, combined with the
assessment of neutralizing activity, serves as a reliable indicator of

the vaccine-induced immune response.
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Both mRNA vaccines, mRNA-1273 (Moderna) and BNT162b2
(Pfizer-BioNTech), induce strong immune responses even after a
single dose, with spike- and RBD-specific IgG antibodies reaching
peak levels after the second dose (7, 8). Interestingly, both mRNA
vaccines elicited antibodies targeting the spike protein (S1+S2)
which also comprise the RBD, and these antibody levels remain
elevated over time compared to adenoviral vector vaccines like
Ad26.COV2.S (Johnson & Johnson) and ChAdOx1 (AstraZeneca),
which mounted an antibody response targeting preferentially only
the S1 subunit (49-51). mRNA vaccines consistently induce higher
IgG and neutralizing antibody titers, which remain sustained for up
to six months post-vaccination (52). In contrast, individuals who
received Ad26.COV2.S or ChAdOx1 exhibit lower peak antibody
responses, with a more rapid decline over time (52). Six months
after vaccination, neutralizing antibodies were slightly lower in
individuals who received BNT162b2 compared to mRNA-1273,
but 100% of the recipients remained positive for spike-specific and
RBD-specific IgG antibodies, as well as neutralizing antibodies (49).
Although there is limited data on protein-based vaccines, NVX-
CoV2373 (Novavax) was shown to generate neutralizing antibody
titers comparable to mRNA vaccines (49). The decay rate of spike-
specific IgG following NVX-CoV2373 was also similar to that of
mRNA vaccines, suggesting comparable durability of the humoral
immune response.

SARS-CoV-2 specific B cell responses can be evaluated using
flow cytometry, measuring B cells that bind to spike and RBD
fluorescent probes. All vaccines generate spike- and RBD-specific
MBCs at 6 months post-immunization, with RBD-specific MBCs
accounting for 15-20% of the spike-specific population (47, 53, 54).
mRNA vaccines induce higher frequencies of specific MBCs
compared to Ad26.COV2.S and NVX-CoV2373 at both 3.5 and 6
months post-vaccination (49). Notably, the kinetics of MBC
responses differ from antibody responses, as MBCs continue to
increase in frequency over time (49, 55), much like after natural
infection. Turner et al. demonstrate that after the 2™® dose of MRNA
vaccination the GC reaction in the axillary lymph nodes was
maintained for 12 weeks (56). This long-lasting GC reactions
could explain why mRNA vaccines generate a higher proportion
of activated MBCs, compared to Ad26.COV2.S and NVX-
CoV2373 (57).

T cell responses are commonly evaluated through IFN-y
ELISpot, activation-induced marker (AIM) assays, or intracellular
cytokine staining (ICS) (58). Both mRNA-1273 and BNT162b2
induce robust CD4+ and CD8+ T cell responses, peaking after the
second dose and maintained for up to six months (59). mRNA-1273
produces slightly higher overall T cell responses than BNT162b2
(60), particularly for IFNy+, TNFo+, and IL-2+ memory CD4+ T
cells. In the case of CD8+ T cells, responses are dominated by IFNy-
producing cells, with many also expressing granzyme B,
contributing to their cytotoxic capacity (61).

Both mRNA vaccines also stimulate spike-specific circulating
follicular helper T (cTfh) cells, which play a critical role in
supporting antibody production after vaccination (62-64) and
have been demonstrated to persist six months after mRNA
vaccination and showed a significant correlation with GC B-cell
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responses (64). The higher frequencies of Tth could explain the
higher concentration of antibodies generated by mRNA vaccines
compared to adenovirus-based vaccines.

Adenovirus-based vaccines, such as Ad26.COV2.S, generate
lower CD4+ T cell responses compared to mRNA vaccines (49, 65).
These responses are characterized by less multifunctionality and
lower levels of spike-specific memory CD4+ T cells. Although the
induction of CD8+ T cells is also lower than that observed with
mRNA vaccines, six months after immunization, the CD8+ T cell
memory rates remain stable and are comparable to those seen in
mRNA vaccine recipients (49). ChAdOx1 also induces lower CD4+ T
cell responses compared to mRNA vaccines (49), but the CD8+
memory T cells generated in response to ChAdOx1 relocate to the
respiratory tree to protect the mucosal tissue (66). The protein-based
vaccine NVX-CoV2373 induces comparable CD4+ T cell frequencies
to mRNA vaccines, with stable memory T cell levels at six months
(49). However, NVX-CoV2373 generates lower frequencies of
memory CD8+ T cells with minimal multifunctionality in a smaller
fraction of vaccine recipients. Overall, all vaccines generate memory
CD4+ T cells with both Thl and Tth populations, although mRNA
vaccines and NVX-CoV2373 induce higher frequencies of spike-
specific memory CD4+ T cells. Overall, memory CD8" T cell
frequencies and response rates were similar between mRNA-1273,
BNT162b2, and Ad26.COV2.S immunizations. Low but detectable
memory CD8" T cells were observed in some individuals (10-50%)
after NVX-CoV2373 immunization. Despite these differences, all
vaccines elicited memory CD8" T cells at frequencies comparable
to, or slightly higher than, those observed in SARS-CoV-2 recovered
individuals at six months (49).

In conclusion, homologous vaccination regimens exhibit
considerable variation in immune responses depending on the
vaccine platform, particularly concerning antibody titers, B cell
activation, and T cell responses. mRNA vaccines, such as mRNA-
1273 and BNT162b2, consistently generate higher and more
durable levels of neutralizing antibodies and memory B cells
compared to adenovirus-based vaccines like Ad26.COV2.S and
ChAdOx1. mRNA vaccines also generate robust GC reactions,
which persist for months after vaccination thus contributing to
sustained antibody production, broadening of the repertoire, and
persistent production of activated MBCs. T cell responses, including
Thl and Tth, are crucial for sustained immunity, with mRNA
vaccines showing the most robust CD4+ T cell responses.
Adenoviral and protein-based vaccines, induce long-term T cell
immunity, especially in CD8+ T cell populations. While all vaccine
platforms effectively generate long-term immune memory, mRNA
vaccines seem to provide the most comprehensive humoral and
cellular immunity.

Antibody concentration, function, subclass, and possible
adverse effects have been investigated in individuals who received
multiple doses of the same mRNA vaccine. Although the
concentration of neutralizing antibodies is used as a correlate of
protection, neutralization is not the only function of antibodies.
Most spike-specific antibodies (up to 95%) are non-neutralizing (67,
68), but have a protective role. The constant regions of antibody
subclasses have different effector functions (69, 70). Vaccination
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with one or two doses of an mRNA vaccine triggers a humoral
response characterized primarily by antibodies of IgG1 and IgG3
subclasses (71). These subclasses are involved in antibody-
dependent cytotoxicity, phagocytosis, and complement activation,
thus exerting protective functions. It has been shown that after
repeated doses, IgG4 antibodies are also produced. Spike-specific
IgG4 increased within 6 months following the second dose, with an
even greater rise after the third mRNA vaccine dose (72),
representing 20% of spike-specific antibodies. IgG4 is a
noninflammatory IgG subclass with poor Fc effector functions (73).

IgG4 is the most downstream of the four IgG heavy chain genes
and has been detected in the context of repeated antigen exposure
(74), indicating that persistent GC responses and repeated
stimulation may induce switching to IgG4. This shift toward IgG4
was seen only after mRNA vaccination and not with viral vector and
protein-based vaccines (75-77). Although IgG4 has a reduced
ability to engage in Fc-mediated effector functions, the
neutralization capacity of sera containing IgG4 was not reduced
(22). Due to the strong selective pressure exerted by vaccine-
induced neutralizing antibodies, the emerging VOCs continuously
mutate the RBD region. In this context, spike-specific antibody-
mediated antiviral defense may shift to Fc-mediated functions, and
a considerable increase of IgG4 may reduce the protective potency
of serum antibodies.

6 Immunity after
heterologous vaccination

Heterologous vaccination was initially considered a strategy
to stop the pandemic, given the vaccine shortage at that time,
and based on the hypothesis that two different vaccine types
may translate into augmented immune responses. A wide variety
of heterologous vaccination schemes were subsequently
investigated. Initial studies showed that also various
heterologous regimens generally gave rise to robust immune
responses (78).

Heterologous vaccination strategies, which combine a prime
dose from one vaccine platform with a booster from another, have
shown conflicting results without a clear benefit in the immune
responses compared to homologous vaccination. This approach had
initially been speculated to potentially address limitations inherent
to individual vaccine platforms. The concept that incorporating
vaccines that enhance cellular responses (e.g., viral vector vaccines)
with other those that primarily stimulate humoral immunity (e.g.,
mRNA vaccines and protein-based vaccines), heterologous prime-
boost regimens may potentially broaden immunity against SARS-
CoV-2 (79).

Studies have consistently shown that individuals primed with
ChAdOx1 and boosted with an mRNA vaccine (BNT162b2 or
mRNA-1273) achieve much higher neutralizing antibody levels
compared to those receiving two doses of ChAdOx1, with
antibody titers often comparable to or exceeding those seen in
two-dose mRNA regimens (50). Schmidt et al. demonstrated that
heterologous vaccination, ChAdOx1 followed with either
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BNT162b2 or mRNA-1273, induces significantly higher IgG
antibody titers against the SARS-CoV-2 spike protein and RBD
than homologous ChAdOx1-ChAdOx1 vaccination (80).
Participants who received the ChAdOxI-mRNA regimen also
exhibited a greater number of circulating spike-specific CD4+ and
CD8+ T cells, including cytokine-producing T cells, compared to
those in the homologous group (81). Notably, this heterologous
strategy compared to homologous strategies (BNT162b2 mRNA-
BNT162b2 mRNA or ChAdOx1-ChAdOx1), produced higher CD8
+ T cell responses, which are essential for robust antiviral immunity
and may provide more durable protection (82). MBC responses
were similarly enhanced in ChAdOx1-mRNA recipients, with a
greater frequency of spike- and RBD-specific MBCs, especially of
the IgG+ isotype and with a higher proportion of activated
MBCs (82).

Research has indicated that heterologous vaccination with
Ad26.COV2.S followed by an mRNA boost significantly enhanced
both the quantity and diversity of spike-specific humoral and
cellular immunity which is not focused only on the SI region of
the spike protein (50).

Regarding a heterologous approach using protein vaccine, the
randomized multicenter COV-BOOST study was aimed to compare
the anti-spike IgG level, viral neutralization and cellular responses
after a third booster dose (with 7 different vaccine types) in subjects
that received a primary two-dose immunization cycle with either
ChAdOx1 or BNT162b2 (83). In the ChAdOx1 primed group, the
protein-based NVX-CoV2373 heterologous booster increased anti-
spike IgG levels, but not in the BNT162b2 primed group. Similarly,
in the T-cell response assay against wild-type and SARS-CoV-2
virus VOC alpha (B.1.1.7), beta (B.1.351), and delta the NVX-
CoV2373, heterologous booster improved the result in the group of
subjects who received ChAdOx1 priming but not in the BNT162b2
primed ones.

A similar monocentric randomized trial compared heterologous
and homologous immune response persistence in ChAdOx1 and
BNT162b2 primed cohorts (84). Heterologous ChAdOx1-primed
schedules produced and maintained the largest T-cell responses
until day 196 post vaccination. Immunization with BNT162b2/
NVX-CoV2373 generated a qualitatively different antibody
response to BNT162b2/BNT162b2, with the total IgG significantly
lower than BNT162b2/BNT162b2 during all follow-up time points,
but similar levels of neutralizing antibodies. Heterologous
ChAdOx1-primed schedules remain more immunogenic over
time in comparison to ChAdOx1/ChAdOx1. BNT162b2-primed
schedules with a second dose of either mRNA vaccine also remained
more immunogenic over time in comparison to BNT162b/
NVX-CoV2373.

In another study it has been shown that NVX-CoV2373
modestly increased humoral immunity to Omicron sub-lineages
BA.1, BA.4/BA.5, and BA.2.75 in those primed with an mRNA
vaccine (85). Furthermore, in the Ad26.COV2.S and mRNA primed
groups Thl cytokine expression from CD4 + T cells was found at
baseline with a modest response to a booster dose of NVX-
CoV2373. Only the Ad26.COV2.S-primed participants (11/20)
had a high proportion of spike-specific Thl cytokine expression

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1535014
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Piano Mortari et al.

from CD8+ T cells at baseline with little to no boosting effect noted
in any primed group.

The randomized trial carried out by Sheng et al. analyzed
cellular response after a fourth dose with NVX-CoV2373 or
mRNA-based vaccine in 160 healthy volunteers already
vaccinated with three mRNA doses (86). There was no significant
increase in the frequency of spike protein-specific memory B (CD19
+CD20+) cells in either group after booster vaccination compared
to that at baseline. The frequencies of TNF-a- or IFN-y-secreting
CD4+ and CD8+ T cells in the NVX-CoV2373 group were not
significantly increased, whereas there was a borderline significant
increase in the frequencies of TNF-o.- or IFN-y-secreting CD4+ and
CD8+ T cells in the mRNA vaccination group.

It possible to speculate that the combination of two distinct
vaccine platforms, each targeting different immune pathways, may
be more effective in promoting long-lasting B cell responses and
potent T cell responses. However, at present, it is not possible to
confirm that a specific heterologous approach is beneficial over
others due to high heterogeneity in the study conducted; a meta-
analysis by Au et al. aimed to evaluate the effectiveness of
heterologous and homologous covid-19 vaccine regimen,
identified 63 studies with 25 combinations of COVID-19 vaccine
regimens (87).

Studies from the first years of the pandemic has shown that
heterologous schedule combining mRNA and adenoviral vaccines
may be more immunogenic. Heterologous vaccination strategies,
combining sequentially viral vector and mRNA may deliver a more
balanced and robust humoral and cellular immune response
compared to homologous regimens (88, 89). Data from
combining mRNA and protein-based vaccines remain limited.

Looking at a higher level of analysis, a meta-analysis by Asante
et al. evaluated the impact of homologous versus heterologous
booster regime on all-cause mortality, laboratory-confirmed
symptomatic and severe COVID-19, and serious and non-serious
adverse events. The pooled analysis of the 29 RCTs showed no
benefit of heterologous over homologous booster regime in the
above-mentioned endpoint with a trend over more non-serious
adverse events in the heterologous booster regimens (79).

7 Hybrid immunity

Hybrid immunity, which arises from SARS-CoV-2 infection
preceded or followed by vaccination produces markedly stronger
immune responses than either vaccination or infection alone (90).
Investigators have observed that the protection against re-infection
was higher among individuals, who recovered from previous
infection and had also received a dose of vaccine before or post-
infection, indicating the potency of hybrid immunity (91).

Studies show that individuals with prior infection who received
vaccines, such as mRNA or adenovirus-based vaccine, developed
significantly higher levels of neutralizing antibodies that are more
potent and long-lasting than those generated by vaccination alone
(92-94). Moreover, individuals with hybrid immunity also have
higher nasal levels of IgG and IgA (55, 95), which contribute to
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extended protection lasting up to 10 months post-vaccination (96).
A study by Bowman et al. used a systems serology approach to
explore the qualitative differences in antibody responses associated
with hybrid immunity (97). It was found that people with hybrid
immunity exhibited superior antibody responses linked to
enhanced Fc-receptor binding with a higher capacity for viral
clearance. This type of antibody targets the S2 epitopes of the
spike protein which is highly conserved across the viral variants.

In terms of B cell responses, hybrid immunity generates a
higher frequency of MBCs. RBD-specific MBCs generated in
individuals with hybrid immunity have more somatic mutations
and show higher affinity maturation than those generated by
vaccination only (33, 54, 98). These MBCs persist longer and
have greater cross-reactivity against VOCs than those in
vaccinated or infected-only individuals (33, 99, 100).

CD4+ and CD8+ T-cell specific immunity is induced by
vaccination only and hybrid immunity (90, 101). However, in
individuals with previous infection, vaccination reactivates CD4+
T cells with a distinct cytokine profile, producing IFN-y and IL-10,
different from those detected in subjects without previous infection.
Thus, hybrid immunity generates spike-specific memory CD4" T
cells with imprinted features of SARS-CoV-2 infection. The authors
hypothesized that, during infection, IFN-y drives antiviral
responses, whereas IL-10, an anti-inflammatory cytokine, may
inhibit the acute inflammation typical of severe that COVID-19.

The protective advantage of hybrid immunity likely arises from
a combination of higher numbers of SARS-CoV-2-specific MBCs,
elevated neutralizing antibody titers, and an infection-induced
cytokine profile of IFN-y and IL-10 in CD4+ T cells. These
immune features were less prominently induced in individuals
who received only vaccination, even after a third antigen
exposure (90).

8 Variants of concern

The emergence of SARS-CoV-2 variants of concern has
significantly impacted vaccination strategies and immunity
development. Since the original virus emerged in late 2019,
several variants have arisen (102), such as Alpha, Beta, Gamma,
Delta, and Omicron, each with mutations that affect
transmissibility, virulence, and immune escape (103) (Table 2).
These variants partially evade immunity induced by previous
infections or vaccines, prompting the need for updated vaccines
and booster doses to enhance protection (104). For instance, while
early vaccines were highly effective against the original strain, the
emergence of the Delta and especially Omicron variant, with
numerous spike mutations led to reduced vaccine efficacy (105).
The evolution of COVID-19-specific immunity has been strongly
influenced by vaccination and re-infection. The global COVID-19
vaccination campaign was the largest public health campaign in
history, with over 2 billion people fully vaccinated within the first 8
months (106).

The immune response to SARS-CoV-2 VOCs varies depending
on both the vaccine platform and prior infection status. Hybrid
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immunity leads to a broader antibody repertoire, providing
enhanced neutralization of VOCs (107, 108). Early studies
revealed that individuals vaccinated with mRNA vaccines
displayed neutralizing antibody and MBC responses like those
who had recovered from infection (98). However, the activity of
these antibodies was reduced against variants harboring mutations
like K417N, E484K, and N501Y, underscoring the need for vaccine
updates to combat emerging VOCs. Neutralizing antibodies
generated by mRNA vaccines (mRNA-1273 and BNT162b2)
show a 20- to 40-fold decrease in potency against Omicron
compared to the original strain. However, individuals with hybrid
immunity or those who received heterologous vaccination (e.g.,
ChAdOx1 primed with an mRNA boost) demonstrate improved
neutralization against Alpha, Beta, Gamma, and Omicron variants
(109-111).

Kotaki et al. found that individuals who received two doses of
BNT162b2 produced neutralizing antibodies with limited activity
against Beta and Omicron (112). Over time, however, the B cell
repertoire expanded to include antibodies that recognized these
variants (113). Moreover, a third dose or breakthrough infection
further broadened neutralizing antibody activity. For instance,
boosting with Omicron or Beta/Delta-targeted mRNA vaccines
led to robust GC B cell responses capable of targeting additional
variants. A third vaccine dose has been associated with enhanced
potency and breadth of neutralizing antibodies, comparable to what
is seen in hybrid immunity (114). Continued evolution and
expansion of GCs, as well as the emergence of new clones

10.3389/fimmu.2025.1535014

effective against variants like Omicron, were observed after
booster doses (115).

T-cell responses, particularly those of CD8+ T cells, remain
robust against VOCs (116). Studies show that T cells, especially
those induced by the Ad26.COV2.S vaccine, recognize epitopes in
all variants, including Delta and Omicron (116). The resilience of T-
cell defenses is explained by the observation that T-cell epitopes are
less susceptible to mutations than those targeted by neutralizing
antibodies. In addition, high affinity is not required for T-cell
recognition and function (116). As a result, T cell-mediated
immunity plays a key role in protecting against severe disease
caused by VOCs, even when antibody efficacy diminishes.

A recent study reported that spike-specific CD4+ and CD8+ T
cells from individuals with previous infection or vaccination
displayed strong immune recognition of the highly mutated
BA.2.86 variant (117). Additionally, different vaccine platforms
(mRNA, adenovirus, protein-based) were found to induce
memory T cells capable of recognizing a broad range of variants
from Alpha to Omicron. In the same individuals, B-cell recognition
of the Omicron RBD was reduced by 40%, highlighting the critical
role of memory T cells in defending against future infections.

Thus, the emergence of SARS-CoV-2 VOCs has posed
significant challenges to vaccination strategies and the
development of immunity. The mutations present among VOCs
have led to partial evasion of immune responses, necessitating
updates to vaccine formulation and additional booster doses to
maintain protection. Whereas neutralizing antibodies generated by

TABLE 2 Main variants since SARS-CoV-2 outbreak, first date and country of identification and Spike mutation of interest.

Detection
Location

Variant Name Detection Date

Spike Mutations of Interest

Alpha (B.1.1.7) September 2020 United Kingdom

Beta (B.1.351) September 2020 South Africa

Gamma (P.1) December 2020 Brazil

N501Y, D614G, P681H
K417N, E484K, N501Y, D614G, A701V

K417T, E484K, N501Y, D614G, H655Y

Delta (B.1.617.2) December 2020 India

L452R, T478K, D614G, P681R

Omicron (B.1.1.529) November 2021 South Africa

G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R,

G496S, Q498R, N501Y, Y505H

Omicron BA .4 January 2022 South Africa

L452R, F486V, R493Q

Omicron BA.5 February 2022 South Africa

L452R, F486V, R493Q

Omicron July 2022 Nigeria K444T and N460K (168)

BQ.1 (Cerberus)

Omicron XBB.1.5 October 2022 USA QI183E, F486P, F490S (169)

Omicron BA.2.86 July 2023 Israel Denmark The number of spike amino acid mutations in the BA.2.86 variant relative to BA.2 and
XBB.1.5 is comparable to the number of mutations in the first Omicron strains relative to
the SARS-CoV-2 index strain (170)

Omicron BA.2.87.1 September 2023 USA G75D, S98F, V126A, W152L, R190S, K417T, K444N, V445G, L452M, N481K, V642G,

K679R, S691P, T7911, Y796H, D936G (mutations based on a limited number of genomes)

Omicron JN.1 September 2023 Luxembourg 1455S (171)

Omicron India R346T, F456L (172, 173), V1104L (174)

KP.2 JN.1.11.1.2)

April, 2024
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early vaccines show reduced potency against highly mutated
variants, the expansion of the B cell repertoire and booster-
induced GC responses (because of infection or additional vaccine
dose) adapt antibodies to new variants. Additionally, T-cell-
mediated immunity remains robust and crucial for protection
against severe outcomes, as T-cell recognition of viral epitopes is
less affected by mutations compared to neutralizing antibodies. This
resilience, coupled with continued vaccine updates and global
immunization efforts, has been vital in managing the impact of
evolving variants and safeguarding public health.

9 Adolescents/children

SARS-CoV-2 mRNA vaccines were authorized for adolescents
(ages 12-15) in May 2021, followed by the approval for children
aged 5 to 11 in October 2021, and for those aged 6 to 59 months in
June 2022 (118). For children aged 5-11 years, the vaccine dosage is
10 pg for BNT162b2 and 50 pg for mRNA-1273. In younger
children (6 months to 4 years), the dosages are lower: 3 ug for
BNT162b2 and 25 pg for mRNA-1273 (119, 120).

Real-world data showed that the vaccine's effectiveness against
infection was approximately 71% in adolescents, with higher
protection rates against COVID-19, reaching 92.1% for mild cases
and 97.9% for severe cases (121). However, in children aged 5-11
years, vaccine effectiveness against infection was lower at 44% (122),
likely due to the emergence of the Omicron variant at the time of
vaccination. Nevertheless, mRNA vaccination reduced the risk of
Omicron-related hospitalization by two-thirds in this age
group (123).

Bartsch and colleagues evaluated the immune response in
children aged 5-11 years who received the BNT162b2 vaccine, in
comparison with adolescents (12-15 years) and adults (124).
Although the overall antibody levels were lower in children, they
demonstrated a stronger neutralization capacity and enhanced
opsonophagocytic activity than antibodies of adolescents and
adults. Zhong et al. reported that children developed robust
antibody, memory B and T-cell responses after two doses of
BNT162b2 (125). Children mounted higher antibody and T-cell
responses than adults measured 6 months after vaccination.
However, a booster dose primarily boosted antibody levels
without significantly affecting MBC or T-cell responses.

Our research on the BNT162b2 primary vaccination series in
children aged 5-11 years, including both infection-naive and
previously infected individuals, showed that children with hybrid
immunity (prior infection plus vaccination) had higher levels of
spike-specific antibodies, T-cells, and MBCs (126). These children
were also capable of producing neutralizing antibodies and T-cell
responses against the Omicron variant, despite not having been
exposed to it before.

Data on toddlers aged 6 months to 5 years are limited. Nziza
et al. investigated antibody levels and their neutralization capacity
one month after the second dose of mRNA-1273 in a cohort of 18
young children (127). The total anti-Spike and anti-RBD IgG levels,
as well as IgG subclasses, in young children were similar to those in
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adults, and their neutralization capacity was comparable to that of
vaccinated adults. This study also assessed antibody effector
functions, such as antibody-dependent cellular phagocytosis by
monocytes (ADCP), antibody-dependent neutrophil phagocytosis
(ADNP), and antibody-dependent complement deposition or
activation (ADCD). Anti-RBD antibodies of young children
exhibited stronger ADCP and ADNP activities compared to
adults. Additionally, the study showed that these antibodies were
effective against VOCs such as Alpha, Beta, Gamma, and Delta,
although Omicron-specific immunity was weaker, consistent with
findings by Bartsch et al. (128).

Viral vector vaccines (Vaxzevria and Jcovden) were approved
only for adults (129, 130) and therefore no data have been generated
in adolescents. Similarly, Bimervax is not recommended for people
below 16 years of age. Currently, there is no information available
on the use of Bimervax in children younger than 16 years of age
(131). The other protein-based vaccine, Nuvaxovid and its adapted
vaccines are not currently authorized for use in children below 12
years of age (132). A main study including over 2,200 children aged
12 to 17 years is being carried out in accordance with the pediatric
investigation plan (PIP) for the vaccine, which was agreed by EMA's
Pediatric Committee (PDCO).This trial showed that the immune
response to Nuvaxovid in adolescents, which was measured as the
level of antibodies against SARS-CoV-2, was comparable to the
response in young adults aged 18 to 25 years (133). In conclusion,
mRNA vaccines have shown varying levels of effectiveness in
children across different age groups, with the strongest protection
observed in adolescents. Although vaccine effectiveness against
infection is lower in younger children, especially with the
emergence of the Omicron variant, vaccination still significantly
reduces the risk of severe disease and hospitalization. Studies
indicate that children mount robust immune responses, including
strong antibody effector function and T-cell activity, which may be
further enhanced in individuals with hybrid immunity. However,
there is still limited data on toddlers, highlighting the need for
further research to investigate vaccine-induced immunity in the
youngest age groups and to optimize vaccination strategies.

10 Aged and
immunocompromised patients

Although the morbidity and mortality of COVID-19 have been
drastically reduced by vaccination, immunocompromised patients
remain a high-risk group (134). It has been calculated that 3-6% of
the population in high-income countries has an impaired immune
system because of immunosuppressive treatments, cancer, bone
marrow transplantation, or primary immunodeficiency (135, 136).
A much larger fraction of persons have an increased risk of dying of
COVID-19, simply because of old age (137). The combined effects
of immune aging and comorbidities render the elderly susceptible to
severe COVID-19 and, compared to the younger population, people
over 75 have a 9-fold increased risk of dying from COVID-19 (137).

Ageing is associated with impaired antigen presentation, T cell
priming and germinal center function (138). Thus, because of the
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impaired adaptive immune responses, which can impact the vaccine
efficacy, the elderly are predisposed to a worsen disease outcome
(139). Moreover, the continued SARS-CoV-2 circulation has led to
the development of more infectious and transmissible variants.

It has been found that older individuals exhibited a less robust
adaptive immune response compared to younger individuals
following vaccination with the BNT162b2 mRNA vaccine. The
neutralization capacity was inversely correlated with age and
worsen after the age of 80 years (140). Ageing was also associated
with a lower concentration of antibodies against RBD and a reduced
frequency of SARS-CoV-2 specific T cells able to produce two
different cytokines (141, 142). This underscores the importance of
tailored vaccination strategies and possibly booster doses to
enhance immunity in the elderly.

Patients with immune-related conditions, such as inborn errors
of immunity, cancer, and those undergoing transplantation, face
significant risks when it comes to COVID-19 due to compromised
immune systems that may not respond effectively to vaccination.
For individuals with inborn errors of immunity, these genetic
conditions result in fundamental defects in immune cell
development or function, leading to a diminished ability to
generate a robust immune response after vaccination (143). This
population's reduced capacity for mounting a protective immune
response against COVID-19 underscores the need for specialized
vaccination strategies (143).

Cancer patients, particularly those undergoing treatments such as
chemotherapy or immunotherapy, often experience immune
suppression due to both the malignancy itself and the therapeutic
regimens used to control it. Chemotherapy depletes immune cells,
while immunotherapy, though aimed at enhancing immune
responses against cancer, can paradoxically induce immune
dysfunction. These factors lead to a reduced ability to generate
vaccine-induced immunity, making cancer patients more
vulnerable to severe outcomes if infected with SARS-CoV-2.
Immunological monitoring and adapting vaccination schedules,
including additional doses or boosters, have been suggested as
strategies to enhance vaccine effectiveness in these patients (144, 145).

Transplant recipients, such as those undergoing organ or
allogeneic stem cell transplantation, represent another group at
high risk. Immunosuppressive therapies used to prevent organ
rejection or graft-versus-host disease significantly dampen the
immune system's ability to respond to vaccines. The weakened
immune response persists for a prolonged period post-transplant,
posing challenges to achieving adequate vaccine protection. Studies
indicate that alternative approaches, such as pre-emptive
immunization before transplantation or repeated booster doses,
may help improve immune responses and provide better protection
in this population (146, 147).

Further complicating these challenges, immune-related conditions
like autoimmune diseases or multiple sclerosis also necessitate the use
of immunosuppressive or immunomodulatory therapies, which can
negatively impact the vaccine response. Agents used to control
autoimmune inflammation, such as corticosteroids or biologics, can
reduce vaccine immunogenicity, necessitating personalized
vaccination strategies to achieve optimal protection (148, 149).
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Assessing vaccine efficacy in immunocompromised patients is
crucial, as these individuals often exhibit a diminished ability to
generate protective immune responses due to underlying conditions
or immunosuppressive treatments. Accurate readouts of vaccine
efficacy, such as measurements of antibody titers, T-cell and B-cell
responses, and clinical outcomes like infection rates and disease
severity, are essential to evaluate how well vaccines protect this
vulnerable population. For immunocompromised patients,
standard vaccine response metrics used in the general population
may not provide an accurate picture of protection, making tailored
approaches to efficacy evaluation necessary. These readouts guide
clinical decision-making, including the need for booster doses or
alternative vaccination strategies, helping to ensure that
immunocompromised individuals receive adequate protection
against COVID-19 (145).

Research supports the idea that optimizing vaccination
strategies tailored to these at-risk groups, such as timing vaccines
to coincide with lower levels of immunosuppression, utilizing novel
vaccine platforms, or incorporating additional booster doses, can
help enhance immune responses. Careful consideration of each
patient’s unique immunological profile and treatment regimen is
essential for maximizing the protective benefits of COVID-19
vaccination (150-152). In October 2024, ACIP recommended that
all persons aged =65 years and persons aged 6 months-64 years
with moderate or severe immunocompromise receive a recall dose
of the 2024-2025 COVID-19 vaccine 6 months after their last
dose (153).

Interestingly, among immunocompromised patients a recent
meta-analysis by Pardo et al. summarized the outcome of different
heterologous and homologous vaccinations assessing IgG and
neutralizing antibody production as well as vaccine effectiveness
(154). In this setting, considering an intrinsic variability in study
design and analytical methods, heterologous COVID-19 vaccines
showed comparable rates of antibody response and effectiveness
compared to homologous strategies.

11 Conclusions

As SARS-CoV-2 continues to evolve, it is essential to explore
optimal vaccination strategies that maintain robust and durable
immune protection. mRNA and protein-based vaccines have been
demonstrated to generate high levels of neutralizing antibodies.
Compared to other vaccines, mRNA vaccines induced strong
memory B and Tfh cell responses. However, adenovirus vector
vaccines offer advantages in generating durable T cell responses,
which may be critical for long-term protection against VOC.
Heterologous vaccination and hybrid immunity may provide
further opportunities to enhance immune responses, offering
broader protection and greater durability of immunity. These
strategies may be especially important to maintain effective
immune responses in the face of rapidly evolving viral variants. It
is crucial to underline that at present, due to many variables (viral
strain, vaccination schedule, vaccine availability, serological status) it
is difficult to identify a heterologous schedule that undoubtedly will
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provide long-lasting immunological memory. However, in the
current scenario, with almost the entire global population having
been exposed to SARS-CoV-2 or being effectively vaccinated, severe
COVID-19 outcomes, independently from the type of immunization
are effectively prevented by staying up to date with recommended
doses of strain adapted vaccines. A validated and internationally
accepted correlate of protection has not been identified so far.
Although neutralizing antibody levels seems to better correlate with
vaccine efficacy, other immune responses may also play a substantial
role in protection against progression from symptomatic to severe
SARS-CoV-2 infection (155). Continued research into the
development of next-generation vaccines and booster strategies will
be key to achieving sustained immunity and controlling the severe
outcomes of SARS-CoV-2 infection.

12 Future perspectives on
vaccination strategies

Parenteral vaccines have successfully reduced severe outcomes
of COVID-19, but fail to induce sterilizing immunity (55, 156).
Systemic vaccines are unable to establish long-lasting tissue-
resident immune cells in the respiratory mucosa (157-162),
suggesting that local immunization strategies may be more
successful in fostering mucosal immunity.

Future perspectives on mucosal vaccines are promising, especially
in the context of respiratory infections like COVID-19. Mucosal
vaccines, administered through routes such as nasal sprays, aim to
stimulate local immune responses at the site of pathogen entry,
offering a first line of defense. This approach has the potential to
generate robust mucosal immunity, characterized by the production
of secretory IgA antibodies and tissue-resident memory T cells, which
can rapidly respond to reinfection. Unlike traditional intramuscular
vaccines that primarily elicit systemic immunity, mucosal vaccines
may provide superior protection against infection and transmission
by targeting the respiratory tract directly (163). Additionally, they
hold promise for overcoming current vaccine limitations in inducing
durable immunity and might be especially beneficial for
immunocompromised patients who struggle to mount effective
responses to conventional vaccines. Ongoing research is focused on
optimizing delivery methods and formulations to enhance the
efficacy and safety of mucosal vaccines for widespread use (163).
Collectively, mucosal vaccine strategies may provide more robust
sterilizing immunity to block SARS-CoV-2 transmission and
diminish the capacity for SARS-CoV-2 immune evasion mutants to
emerge (164). However, given the ability of intramuscular mRNA
vaccination to boost pre-existing mucosal immunity and the high
prevalence of SARS-CoV-2 breakthrough infection, mucosal vaccines
may exhibit minimal advantage over current mRNA vaccine
platforms in the context of a population with high rates of prior
SARS-CoV-2 infection (164). More clinical data on mucosal vaccine
efficacy is needed, including comparisons to approved mRNA
vaccines in previously infected subjects and in those with no prior
infection. Besides mucosal vaccine, other strategies are under
evaluation aimed at achieving improved immunity, namely Self-
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Amplifying mRNA, pan SARS-COV vaccines, and combined
vaccines (165). Furthermore, next-generation vaccines could
involve tweaks to these designs or changes to delivery mechanisms
that might improve performance.

As COVID-19 is no longer seen as the all-encompassing
emergency it once was, developers and regulators will move more
slowly compared with the breakneck pace of the first-generation
vaccines. There is no need to rush these through because what it will
be crucial is to generate vaccines that will be able to elicit long and
durable protection against COVID-19.
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