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A B S T R A C T   

Vaccination programs against SARS-CoV-2 constitute the mainstay of public health interventions against the 
global COVID-19 pandemic. Currently available vaccines have shown 90% or better rates of protection against 
severe disease and mortality. Barely a year after vaccines became available, the Omicron variant and its un
precedented speed of transmission has posed a new challenge. Overall, Omicron presents increased immune 
escape, transmissibility, and decreased pathogenicity. Vaccines do not offer a full protection against SARS-CoV-2 
acquisition, since “breakthrough” infections may occur in fully vaccinated individuals, who may in turn spread 
the virus to others. Breakthrough infections may be causally related to the viral profile (viral variant and load, 
incubation period, transmissibility, pathogenicity, immune evasion), immunity characteristics (mucosal versus 
systemic immunity, duration of immunity, etc.), host determinants (age, comorbidities, immune status, immu
nosuppressive drugs) and vaccination properties (platform, antigen dose, dose number, dose interval, route of 
administration). Determining the rate of breakthrough infections may be challenging and necessitates the con
duction of population-based studies regarding vaccine effectiveness as well as neutralizing antibody testing, a 
surrogate of immune protection. In this review, we analyze the causes of breakthrough infections, their clinical 
consequences (severity of infection and transmission), methods of determining their incidence as well as chal
lenges and perspectives. Long COVID as well as multi-inflammatory syndrome in adolescents may be signifi
cantly reduced in breakthrough infections. The need for universal pancoranavirus vaccines that would aim at 
protecting against a plethora of SARS-CoV-2 variants as well as emerging variants is discussed. Finally, novel 
vaccine strategies, such as nasal vaccines, may confer robust mucosal and systemic protection, reducing effi
ciently transmission.   

1. Introduction 

As the joint efforts towards the development of specific, effective, 
and safe anti-viral therapeutic agents against SARS-CoV-2 infection are 
in progress, vaccination strategies represent the spearhead of worldwide 
public health strategies against COVID-19 [1–3]. Among the current 
vaccination platforms, mRNA vaccines constitute the most used vaccines 
in Europe and the USA. Although all vaccines against SARS-CoV-2 

present a remarkable efficacy and effectiveness in preventing particu
larly severe Covid-19 with an overall favorable adverse event profile 
[4–7], they cannot efficiently prevent transmission. Almost a year after 
the rapid development of anti-SARS-CoV-2 vaccines and their spectac
ular success, the latest viral variant, Omicron, has posed a new chal
lenge. Omicron has displaced the Delta variant due to its additional 
mutations, superior immune evasion and transmissibility. 

The spike glycoprotein of SARS-CoV-2 presents two main antigenic 
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domains; mutations in these locations may contribute to antigenic 
evasion and decreased immunity against infection [8]. The receptor 
binding domain (RBD) binds to the SARS-CoV-2 receptor, the 
angiotensin-converting enzyme 2 (ACE2). Amino acid alterations in RBD 
may influence the affinity of the spike glycoprotein for ACE2, and hence 
transmissibility and virulence of SARS-CoV-2 variants [8]. On 
November 24, 2021, the World Health Organization was first notified of 
the new SARS-CoV-2 B.1.1.529 Variant (Omicron). In the USA, by the 
end of January, over 90% of Covid cases were related to this variant, 
which has rapidly become the dominant circulating variant of concern 
[9]. The Omicron variant harbors a remarkable 59–amino acid substi
tution throughout its genome relative to the ancestral Wuhan-hu-1 
SARS-CoV-2 virus, where almost 37 of these nonsynonymous muta
tions are located within the spike protein, the target of neutralizing 
antibodies against SARS-CoV-2 [10]. Overall, emerging data have sug
gested that the omicron variant presents increased transmissibility and 
ability to dodge immunity whether from vaccination or previous infec
tion as well decreased pathogenicity [11,12]. In the meantime, the 
Omicron sub-lineage BA.2 has already been identified with an even 
faster growth rate. Of note, transmission within the household appears 
to be greater for the new omicron subvariant [13]. The BA.2 subvariant 
seems to be substantially more infectious than the BA.1 subvariant, 
reflecting greater viral load and/or protracted duration of infection, 
hence explaining its rapid expansion in Qatar [14]. Besides the impor
tance of vaccines in preventing severe and fatal COVID-19, vaccines do 
not always prevent “breakthrough” infections, i.e. infections appearing 
in fully vaccinated individuals, thus permitting subsequent transmission 
to other subjects. In this review, we analyze the causes of breakthrough 
infections, their clinical consequences (severity of infection and trans
mission), methods of determining their incidence as well as challenges 
and perspectives (Fig. 1). 

2. What are the causes of breakthrough infections? 

Vaccines can mitigate transmission via two main mechanisms: 1) 
prevention of infection and 2) less infectivity of breakthrough cases. 
Vaccinated subjects experiencing breakthrough infections may present 
decreased viral load and/or a rapid viral clearance with a lower po
tential for onward transmission. Causes of breakthrough infections may 
be attributed to a series of factors related to the viral profile itself, 
including variant, viral load, incubation period, transmissibility, 

pathogenicity and immune evasion; host determinants (age, comorbid
ities, immune status, immunosuppressive drugs); immunity character
istics (mucosal versus systemic immunity, duration of immunity, etc.); 
and vaccination properties (platform, antigen dose, dose number, dose 
interval, route of administration) [15]. Fig. 2 depicts the main causes of 
breakthrough infections. 

Overall, mRNA vaccine platforms present high capacity at eliciting 
increased neutralizing antibody and T cell responses compared to other 
vaccine platforms. Also, neutralizing antibody levels after vaccination 
with mRNA platforms are higher than those after SARS-CoV-2 infection 
or after vaccination with other platforms. Although CD4 and CD8 T cell 
repertoires are broader against a plethora of peptides from SARS-CoV-2, 
compelling evidence has highlighted only for immunity to the spike 
protein as immunoprotective. The spike protein has already been 
established as the primary immunogen candidate for Sarbecoviruses, the 
family of Coronaviruses including SARS-CoV-2. In particular, the sta
bilized prefusion conformation of the spike protein has been the target of 
vaccines [16–22]. 

Vaccine-induced immune responses may be influenced by the ge
netic variant of SARS-CoV-2 and the viral load. Evidence from in vitro 
studies in sera from vaccinated subjects has shown a 3 to 15-fold, 1.4 to 
3-fold and 25- to 40-fold reduction in neutralizing activity of antibodies 
for the Beta, Delta and Omicron variants respectively in comparison to 
earlier variants of SARS-CoV-2 [16–22]. These results are generally 
consistent with data from epidemiologic studies suggesting that the 
probability of breakthrough infections increases with the Omicron 
variant than Delta or Alpha variants [23]. Other virologic characteristics 
such as the increased viral load, the shorter incubation chronic periods, 
the reduction of the time of immune memory to respond effectively, and 
the increased fusogenicity of the SARS-CoV-2 spike protein observed in 
the Delta variant may ease fusion of the virus and increase its propa
gation, resulting in decreased effectiveness of humoral immunity [24]. 
Interestingly, time to response of the immune system may not effectively 
prevent infection given a short incubation period of the pathogen, but it 
may control disease progression as the antibody titer is increasing. 

Based on previous data from other vaccines, increased viral inoc
ulum may decrease vaccine effectiveness and augment the risk of 
breakthrough infections [25]. Therefore, theoretically, masking and 
vaccination may act synergistically in preventing breakthrough 
infections. 

In comparison to respiratory viruses that cause systemic infections 

Fig. 1. Understanding SARS-CoV-2 breakthrough infections.  
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(such as rubella, measles, varicella-zoster virus infections), non-systemic 
respiratory viruses (RSV, influenza and parainfluenza viruses) and 
coronaviruses causing common cold, present limited contact with the 
systemic immune system, by infecting mainly epithelia of mucosal sur
faces. Such non-systemic infections induce short and incomplete 
mucosal immunity, thus permitting reinfections and suboptimal re
sponses to systemically administered vaccines leading to breakthrough 
infections [26]. Systematically injected vaccines elicit decreased and 
short-lived levels of IgG and monomeric IgA antibodies as well as 
secretory IgA antibodies at the mucosal surface of the upper respiratory 
tract, which represents the main entry of respiratory viruses [15]. 

Upon viral exposure, the immunity state of the individual plays an 
important role. It is not unexpected that older age, comorbidities, 
immunocompromised conditions such as hematologic malignancies, and 
immunosuppressive treatment may be linked to decreased neutralizing 
antibody activity and titers, and decreased T-cell immunity, leading to a 
higher risk of breakthrough infections with increasing severity [27–33]. 

However, waning immunity is inevitable and might only be rein
forced by a booster dose or infection. The modeling of declining kinetics 
of antibody responsiveness after vaccination or infection, has predicted 
a half-life response that would protect most individuals beyond a year. 
However, antibody waning has been more rapid than predicted. From 
functional neutralization assays and antibody binding essays, antibody 
titers decline from approximately 4 to 5 months corresponding to the 
increase of breakthrough infections after the second vaccine dose. This 
correlates with the assumed inverse relationship between the level of 
immunity and infection/disease severity. Nevertheless, there is lasting 
protection from severe infection, hospitalization, admission to the 
Intensive Care Unit (ICU) and death, probably due to the stimulation of 
memory B and T cell immunity. Indeed, during the early chronic period 
after vaccination, mRNA vaccines presented a remarkable efficacy and 

effectiveness above 90% from symptomatic infection to mortality, as 
observed in randomized clinical trials and in population-based obser
vational studies respectively [34]. In the case of BNT162b2, the initial 
robust humoral immune response which peaks after 4–30 days after a 
complete vaccination course, is followed by a gradual decay of antibody 
titers, with a virtually linear decrease of anti-Spike IgG-titers over time, 
reaching levels after 6 months that are roughly 18-fold lower compared 
to their peak [35]. The drop of anti-Spike IgG levels is apparent as early 
as 70 days after the completion of a full vaccination scheme, with a two- 
and five-fold reduction compared with the levels at 20–40 days for 
BNT162b2 and ChAdOx1 recipients, respectively [36]. Given that there 
is a parallel trend regarding neutralizing antibody titers [35], which 
may serve as a surrogate of immunity against SARS-CoV-2 [37], this 
humoral phenomenon coincides with a gradually increasing suscepti
bility of fully vaccinated individuals for breakthrough infections in the 
months following immunization [38–41]. As immunity diminishes over 
time, the most notable decreases in vaccine effectiveness have occurred 
in milder forms and asymptomatic infections, in those vaccinated 
earliest, in older subjects and in those infected with the Omicron variant 
[15,23]. Therefore, there is an urgent need to examine the effectiveness 
of both prior SARS-CoV-2 infection and vaccination against the Omicron 
variant. Table 1 presents data on the vaccine effectiveness against the 
Omicron variants and subvariants related with the 2nd and 3rd booster 
doses. Table 2 depicts data on the effectiveness of a 3rd booster dose of 
mRNA vaccines against the Omicron variant by country. 

A recent report from the Centers for Disease Control and Prevention 
has registered the decreasing vaccine effectiveness on outcomes of visits 
to the emergency department and hospitalization at 4 months after the 
3rd dose as compared to a 2-month interval. The UK Health Security 
Agency (UKHSA) reports as well as other studies have also confirmed the 
descending vaccine effectiveness [42,43]. While further studies are 

Fig. 2. Potential mechanisms implicated in breakthrough infections. Breakthrough infections may affect transmission of SARS-CoV-2.  
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needed, results from laboratory studies have suggested that the immu
nity resulting from a combination of vaccination and prior infection 
(hybrid immunity) or combined vaccination with different vaccine types 

(heterologous immunity) may offer some protection against the variant, 
which may be superior to vaccination with a single platform alone [44, 
45]. The Omicron variant, characterized by great immune evasion, es
capes the majority of existing SARS-CoV-2 neutralizing antibodies [46]. 
However, recent data have shown that a third-dose mRNA vaccine 
booster, or double vaccination followed by Delta breakthrough infec
tion, or prior infection followed by mRNA vaccine double vaccination, 
all appear to restore neutralizing activity against Omicron [47–49]. 

Apart from time since vaccination for some anti-SARS-CoV-2 vac
cines, recent data have highlighted that increasing the interval time 
between the first and the second doses as well as the increased antigen 
presented in the vaccine (such as in the mRNA-1273-Moderna vaccine: 
100 μg of mRNA versus 30 μg of mRNA in BNT162b2-Pfizer) may 
augment immune response and protection. The latter feature may in part 
explain the slightly more pronounced effectiveness of mRNA-1273 
versus BNT162b2 in the prevention of infection, hospitalization, inten
sive care admission and death [50]. With the emergence of future var
iants of SARS-CoV-2 presenting increased immune escape, boosting with 
the original Wuhan-hu-1 SARS-CoV-2 spike protein may be ineffective. 
For example, influenza vaccines are updated twice a year based on the 
prevalent and projected circulating strains of influenza virus, and have 
also the capacity of an updated vaccine to elicit an antibody response in 
a small group of volunteers, avoiding the requirement for larger, 
time-consuming and expensive clinical trials. mRNA vaccines may be 
rapidly updated and produced in large scale compared to other vaccine 
platforms. However, an Omicron booster dose has not shown to provide 
greater immunity or protection compared to a booster dose with the 
current mRNA-1273 vaccine in macaques [51]. 

3. How can we determine breakthrough infections? 

Recording breakthrough infections is challenging due to the fact that 
many unvaccinated individuals are likely to have some immunity 
probably due to previous infections along with the wide spectrum of 
symptoms and outcomes of COVID-19. Comparing the incidence rate of 
infections amongst vaccinated and unvaccinated subjects offers a rough 
but crucial estimate. Despite the fact that randomized control trials 
(RCTs) can provide this information, they lack insight into the waning of 
vaccine protection over time as well as the role of viral variants. Efficacy 
is generally assessed mainly against one variant, and significant RCTs 
presented the comparison of vaccines against placebo without a head-to- 
head comparison [15]. 

The use of observational studies could overcome the limitations of 
RCTs which can compare either infection incidence amongst vaccinated 
and unvaccinated persons during the outbreak of a new viral variant or 
the effectiveness of vaccines among different variants. Additionally, 
prospective observational studies can be used to count the weekly 
incidence rate of breakthrough infections compared to that of the un
vaccinated individuals. In particular, cohort studies in healthcare 
workers may be a useful investigational tool for the study of break
through infections. Retrospective case-control studies can be equally 

Table 1 
Vaccine effectiveness against the Omicron variant.  

Principal Defense Outcomes Dose 2 Dose 3 Dose 4 

0–3 
months 

4–6 
months 

>6 
months 

0–3 
months 

4–6 
months 

>6 months 

Neutralizing 
antibodies 

Infection Not sufficient data Not sufficient data “Small effect” 
Symptomatic infection 25–70% 5–30% 0–10% 50–75% 40–50% Not sufficient 

data 
Memory B and T 

cells 
Hospitalization 65–85% 55–65% 30–35% 80–95% 75–85% Not sufficient 

data 
Not sufficient 
data 

Mortality Not available yet 40–70% 85–99% Not sufficient data  
Symptomatic infection from BA.1/BA.2 
subvariant 

BA.1 BA.2 BA.1 BA.2 Not sufficient 
data 9–11% 5–29% 48–69% 37–77% 

Data for Vaccine effectiveness derived from the UKHSA reports and the Israeli report [13,43]. 

Table 2 
Effectiveness of a 3rd booster dose of mRNA vaccines against the Omicron 
variant by country.  

Study, year 
and Reference 

Country and study design Effectiveness 

Tseng et al., 
2022 [77] 

USA 
Test-negative case-control 
study including 26,683 SARS- 
CoV-2 cases 

Effectiveness of booster 
vaccination 71.6% (after 14–60 
days), 47.4% (>60 days) 

Monge et al., 
2022 [78] 

Spain 
Case-control study among 
3,111,159 individuals 
receiving a booster vaccine 
and equal number of matched 
controls 

Booster effectiveness (after 
7–34 days): mRNA-1273 
booster: 52.5% (95% CI: 
51.3–53.7) 
BNT162b2 booster: 46.2% 
(95% CI: 43.5–48.7) 

Abu-Raddad 
et al., 2022 
[79] 

Qatar 
Retrospective cohort study 
including 230.526 receivers of 
a BNT162b2 booster 
vaccination 

Booster effectiveness: mRNA- 
1273 booster (after 35 days): 
50.8% (95% CI: 43.4–57.3) 
BNT162b2 booster (after 49 
days): 50.1% (95% CI: 
47.3–52.8%) 

Accorsi E 
et al., 2022 
[80] 

USA 
Test-negative case-control 
analysis among 70,155 tests 
from 4,666 sites 

Effectiveness 66.3% (95% CI: 
64.3–68.1) against Omicron 
after BNT162b2 or mRNA-1273 
booster 

Thomson 
et al., 2022 
[81] 

USA 
Test-negative case-control 
analysis among 222722 
emergency department and 
urgent care Encounters 

Effectiveness 94% (95% CI: 
93–94) against Delta and 82% 
(95% CI: 79–84) against 
Omicron after BNT162b2 or 
mRNA-1273 booster 

Kislaya I et al., 
2022 [61] 

Portugal 
Case-control study of 4,898 
omicron variant cases among 
13,134 SARS-CoV-2 infections 

Booster effectiveness against 
omicron variant 68.8% (95% 
CI: 46.4–81.7%), against delta 
94.0% (95% CI: 93.4–94.6) 
Odds ratio for omicron 
breakthrough infection after 
booster: 5.2 (95% CI: 3.1–8.8) 
vs. delta 

UK Health 
Security 
Agency [82] 

United Kingdom 
UK Health Security Agency 
COVID-19 vaccine 
surveillance report 

Effectiveness against mild 
infection 2–4 weeks after 
mRNA booster 60–75%, after 
>15 weeks 25–40% 
Effectiveness against 
hospitalization initially ~90%, 
dropping to ~75% after 10–14 
weeks for BNT162b2 booster 
90–95% up to 9 weeks after 
mRNA-1273 booster. 

Andeweg SP 
et al., 2022 
[49] 

the Netherlands 
Test-negative case-control 
analysis among 528,488 tests 

Effectiveness against Omicron 
BA.1: 76% (95% CI: 72–79) 
among those with previous 
infection and 68% (95% CI: 
67–69) without previous 
infection  
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helpful as they are easily conducted, being used in the same way as the 
test negative design employed by the WHO to estimate the efficacy of 
influenza vaccines. In this approach, which is used for the evaluation of 
effectiveness of a plethora of vaccines, the vaccination status of 
confirmed COVID-19 patients (cases) is compared to that of patients 
who had similar symptoms but tested negative for Covid-19 (controls) 
[52,53]. 

Furthermore, in vitro measurements, such as neutralization assays, 
may help assessing the risk of breakthrough infections. These assays 
provide quantifiable results of the ability and activity of anti-SARS-CoV- 
2 specific antibodies to protect cells against infection. However, in order 
to conduct live virus neutralization assays, which is the gold standard 
method, a biosafety level (BSL) − 3 or higher facility is required, in 
comparison to the more frequent use assays employing SARS-CoV-2 
pseudotyped viral particles like the spike protein, which can be con
ducted in a BSL-2 facility [15]. These safer approaches have to be vali
dated employing live virus neutralization assays. Although evidence has 
shown that assays performed with pseudotyped viruses correlate with 
those performed with wild-type viruses, some pseudotyped viruses may 
be more prone to neutralization [54]. 

Overall, the functional titer of neutralizing anti-Spike antibodies 
and, to a lesser extent, the concentration of anti-IgG antibodies against 
the spike protein and its RBD have been considered as a proxy of im
mune protection. Of note, not all anti-spike or RBD antibodies are 
capable of neutralizing SARS-CoV-2. Nonetheless, some non- 
neutralizing antibody activities, such as antibody-dependent cellular 
cytotoxicity may play an important role in immune protection. Also, 
animal studies have shown that nucleocapsid may be highly immuno
genic for antibodies and T cells, and may be incorporated in multi- 
antigen vaccines. Although neutralizing antibody titers are an impor
tant determinant of protective immunity against COVID-19, they are not 
the only correlate of immunity. First, neutralizing antibody titers in the 
serum do not translate into protection. Serum neutralizing antibodies do 
not normally diffuse into mucosal fluids. Therefore, immune protection 
against superficial respiratory infection resides in mucosal antibodies, 
such as IgA, and mucosal T cells of the respiratory tract [55]. Second, 
non-neutralizing antibody responses, T cell responses, and innate im
mune responses could also affect the outcome of SARS-CoV-2 infections, 
and these factors are not easily determined [56,57]. T cell immune re
sponses could be important in buttressing neutralizing anti
body–mediated protection while maintaining long-term protection [55]. 
However, more granularity in T cell memory studies is required to 
examine causal associations between specific T cell repertoires and 
phenotypes conferring protection. Cell mediated immunity presents 
added benefits providing protection against a plethora of viral strains 
and emerging variants [58]. More importantly, the protective role of 
mucosal T cells, comprising resident memory T cells, highlights the 
significance of studying immune responses in relevant tissue locations, 
not just in the serum [59]. 

Neutralizing antibody testing is not widely used by many labora
tories to detect protection against COVID-19 for many reasons. Firstly, 
some laboratory tests do not detect antibodies produced after vaccina
tion as well as neutralizing antibodies, and use different units of mea
surement. In addition, a specific serum antibody threshold that predicts 
protection has not been defined yet. Finally, the tests need to be stan
dardized and calibrated, as it has been done for other tests used in 
vaccines in the past. FDA has highlighted that antibody testing cannot 
prove vaccination effectiveness and subsequent protection [60]. 

While clearer and more specific determinations for immune protec
tion are yet to come, the combining vaccination, wearing masks, 
avoiding crowded indoor spaces and washing hands remain a good 
protective measure against breakthrough infections. 

4. What are the consequences of breakthrough infections? 

The clinical impact of SARS-CoV-2 breakthrough infections generally 

pertains to the severity of the infection and the transmission of the virus. 
Recent studies about the infectiousness of Alpha and Delta variants, 
have reported that vaccinated individuals, especially with a third 
(booster) dose, seem to present reduced viral loads in breakthrough 
infections, but also smaller contact-transmission rates, compared with 
the unvaccinated population [61]. Available evidence has pointed to
wards that transmissibility of the Omicron variant is considerably higher 
compared with other dominant variants [62]. Accordingly, modelling 
estimates have suggested that the rates of high-, very high and 
super-emitters are particularly increased among those infected with the 
Omicron, compared with previous variants (1 every 10–20 infected 
persons) [63]. Nevertheless, this does not seem to emerge as a result of a 
higher viral load, since patients infected with the Omicron variant 
present lower infectious titers and a shorter clearance phase [64,65]. 
Vaccines may alter the kinetics of viral shedding diminishing trans
mission as well as the association between viral load and symptom
atology [66,67]. In the chronic period of the Alpha variant, vaccination 
decreased transmission to unvaccinated subjects [68]. Unvaccinated 
household members were 23% more likely to become infected with 
Omicron than with Delta. Household members who had received three 
doses of a SARS-CoV-2 vaccine were more than twice as likely to get 
infected with Omicron than with Delta. An individual who had received 
three vaccine doses is also about twice as likely to transmit Omicron on 
to another household member than Delta. Evidence has highlighted that 
a third vaccine dose presented a marginal beneficial effect on the 
transmission of Omicron or Delta variants compared to only two doses, 
although this effect was more pronounced for Delta than it was for 
Omicron [69,70]. 

Overall, breakthrough infections are milder than infections in un
vaccinated individuals and may fuel a relative decrease of future surges, 
boosting individual immune responses and strengthening collective 
immunity. Also, since immunity wanes over time, the third booster dose 
decreases drastically the incidence of severe disease across all age 
groups [71] as well as the rate of symptomatic infections, albeit to a 
lesser extent [13,43]. Currently, there are not sufficient data regarding 
the effectiveness against symptomatic infection after a 4th booster dose. 
Based on a small clinical trial in Israel, the fourth dose of a COVID-19 
vaccine may restore antibody titers to levels observed after the third 
dose but confers only a modest boost in protection against infection 
[72]. 

With regards to severe manifestations, it has been noted that post- 
SARS-CoV-2 infection (i.e. long COVID) seems to be significantly 
reduced in breakthrough infections [61]. However, even if vaccine 
effectiveness is high, severe breakthrough infections may still occur in 
older individuals, patients with comorbidities and immunosuppression 
[15]. According to a review of the UKHSA, subjects who had been fully 
vaccinated using all current vaccine platforms against COVID-19 pre
sented a 50% reduction of developing long COVID-19 symptoms 
compared to individuals who had received only one vaccine dose or 
were unvaccinated [73]. Also, adolescents receiving 2 doses of the 
Pfizer-BioNTech vaccine present a high level of protection against 
Multisystem Inflammatory Syndrome, highlighting the importance of 
the vaccination among all eligible children [74]. 

Further studies are awaited to examine the severity of breakthrough 
infections and their dependance on the level of an individual’s immunity 
at any moment. Identifying high risk populations for severe break
through infections could lead to earlier prevention strategies such as the 
administration of specific anti-viral drugs (e.g. molnupiravir or nirma
trelvir and ritonavir) and/or monoclonal antibodies. 

5. Challenges and perspectives 

Several important questions remain unanswered. Firstly, it remains 
controversial whether it is possible to achieve high and sustained levels 
of herd immunity against SARS-COV-2 infection, as it is a mucosal one 
without an obligate stage of dissemination through lymph or blood. A 
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viable future approach in vaccinal strategy would include the produc
tion of nasal vaccines that mimic the natural entry of the virus and may 
confer important mucosal immunity with rapid and local protection. In a 
recent animal study in mice from the Yale School of Medicine, nasal 
vaccines have been shown to provide robust mucosal and systemic im
munity, including IgA, memory B and T cell responses against SARS- 
CoV-2, and other similar respiratory viruses [75]. Nasal vaccines may 
be effective at preventing both infection and transmission. 

Moreover, it is unclear whether determining the level of individual 
immune responses can predict how protected the individual is against 
breakthrough infections. As mentioned in the 2nd section, although the 
level of neutralizing antibodies correlates with overall immune protec
tion, an analysis of the large Moderna mRNA-1273 vaccine efficacy trial 
has shown that neutralizing antibodies accounted for only 68% of the 
protection [72]. Also, will we continue to develop boosters with the 
prototypic Wuhan Hu-1 spike sequence or focus on future predominant 
variants of concern (VOCs)? Until now, no specific vaccine against the 
Omicron variant has yet entered clinical trials. An important issue is 
whether regulatory agencies will accept evidence of immune responses 
as surrogate of immune protection rather than efficacy clinical trials. 

It is worth investigating if a fourth dose of vaccination is qualita
tively different from the third or whether the protection levels will re
turn to the pre-boost level afterwards [76]. A practical issue that needs 
to be addressed is whether a longer interval in booster doses may 
effectively increase immunogenicity and protection from symptomatic 
breakthrough infections. Besides, the idea of reboosting every 4–6 
months is not a practical and viable public health strategy. Therefore, 
there is need for universal pancoranavirus vaccines that would aim at 
protecting against a plethora of SARS-CoV-2 variants as well as 
emerging variants. The vaccine from the Walter Reed Army Institute of 
Research (SARS-COV-2-Spike-Ferritin-Nanoparticle Vaccine with Army 
Liposomal Formulation QS21 Adjuvant), which leads in the develop
ment of a pancoronavirus vaccine candidate, has just completed its 
phase 1 trial (NCT04784767). This offered increased neutralizing anti
body titers against VOCs and other Sarbecoviruses, Other pancoronavirus 
candidate vaccines may commence first trials during 2022. 

Also, there is an increasing need to monitor duration of protection 
and vaccine effectiveness against different variants [73–88]. Such a 
system will be efficient in promptly adapting vaccine antigens and 
dosing intervals, as required. In the future, VOCs will gain a lot of their 
transmission potential from immune evasion resembling seasonal 
influenza viruses. Besides pathogenicity of future VOCs which cannot be 
predicted, the infection fatality ratio is expected to decline mainly due to 
the increasing herd immunity [88]. As the SARS-COV-2 infection is 
gradually transitioning from pandemic to endemic, the high break
through infection rate requires applicable rigorous and goal directed 
research to enforce the implementation of guidelines by public health 
services throughout the world, thereby preventing possible future 
outbreaks. 
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