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The COVID-19 pandemic, caused by the SARS-CoV-2 coronavirus, is responsible for
over 400 million cases and over 5. 5 million deaths worldwide. In response to widespread
SARS-CoV-2 infection, immunization of the global population has approached 60%
one dose and 54% full dose vaccination status. Emerging data indicates decreasing
circulating antibody levels as well as decreases in other immune correlates in vaccinated
individuals. Complicating the determination of vaccine effectiveness is the concomitant
emergence of novel SARS-CoV-2 variants with substantial antigenic differences from
the ancestral D614G strain. The Omicron variant (B.1.1.529) spike protein has
over 30 mutations compared with the D614G spike protein, which was used to
design most SARS-CoV-2 vaccines in use today. Therefore, breakthrough cases of
SARS-CoV-2 infections or severe disease in fully vaccinated individuals must be
interpreted with caution taking into consideration vaccine waning and the degree of
vaccine variant-mismatch resulting in adaptive immune evasion by novel emerging
SARS-CoV-2 variants.

Keywords: SARS-CoV-2, breakthrough cases, immune evasion, vaccine mismatch, variants of concern (VoCs)

INTRODUCTION

In December 2019, a pneumonia-like disease of unknown cause was discovered in Wuhan, Hubei
Province, China (1). The causative virus for this outbreak was identified as a new coronavirus,
which was later named severe acute respiratory syndrome coronavirus 2019 (SARS-CoV-2).
The novel coronavirus 2019 (COVID-19) is responsible for over 400 million cases and over
five million deaths worldwide. Messenger RNA (mRNA) based vaccines for the prevention of
SARS-CoV-2, such as those from Pfizer-BioNTech or Moderna, and the urgency associated with
the global pandemic have redefined the timeline for vaccine approval and rollout. Although
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disparities in global vaccine distribution remain central to the
COVID-19 pandemic, roughly 60% of the world population
has been vaccinated; that is, having received a first dose, while
54% are fully vaccinated (both doses), and over 10 billion
doses have been administered in total. Although full vaccination
significantly reduces the probability of being infected by SARS-
CoV-2, a certain risk for viral transmission remains. However,
the risk of acquiring a SARS-CoV-2 infection from a partially or
fully vaccinated individual is relatively low (<1%) (2, 3). When
a fully vaccinated individual contracts SARS-CoV-2, it is known
as a vaccine breakthrough infection. Breakthrough cases are
likely explained by a combination of immunological phenomena,
including the failure to generate an immune response to viral
components following vaccination, wanning vaccine immunity
caused by a decline in immunological correlates of protection,
or a shift in antigenicity of the circulating virus resulting
in vaccine mismatch, where those vaccinated with an early
vaccine iteration (such as those developed against the alpha
strain) are not protected against emerging virus variants.
Breakthrough cases are also influenced by a vaccine’s capacity
to generate sterilizing immunity, which is a form of innate
immunity present in mucosal tissues (such as in the nose,
throat, and upper respiratory tract) that fully prevents disease
by an invading pathogen, such as SARS-CoV-2 (4). Additionally,
high-risk groups such as immunosuppressed individuals and
the elderly do not respond to vaccination as well as young,
healthy individuals.

In the United States (US), the Centers for Disease Control
and Prevention (CDC) reported that weekly case numbers and
deaths remain highest for unvaccinated individuals. However,
among the three major vaccine manufacturers in the US,
Johnson and Johnson (J&J) has the highest rate of morbidity
and mortality among fully vaccinated individuals, followed by
Pfizer and Moderna. Interestingly, Moderna showed the lowest
number of breakthrough cases among the three manufacturers.
Those individuals 18 years of age or older who received J&J
or AstraZeneca vaccines were subsequently recommended to
receive a booster dose (5). Further data obtained from the CDC
COVID-NET surveillance program showed that, in a three-
month time span (Jan 2021-Apr 2021), over 10,000 SARS-
CoV-2 breakthrough infections had been reported across 46
US states; a plausible explanation for this was the shift from
the alpha variant (B.1.1.7) to more virulent forms of the virus,
such as the beta (B.1.351) and delta (B.1.617.2) variants. Within
these 10,000 cases, the median age was 58 years old; 63% of
cases occurred in females (despite higher SARS-CoV-2 disease
severity and mortality in males); 27% were asymptomatic;
10% of patients were hospitalized; and a further 2% died
while in hospital (6). Among the 2% of reported deaths, the
median age was 82 years. Sequence data also revealed that
breakthrough cases were caused by novel variants, such as alpha
(B.1.1.7, 56%), epsilon (B.1.429, 25%), B.1.427 (8%), gamma (P.1,
8%), and beta (B.1.351, 4%) (3). The constant emergence of
novel variants creates the need to reassess vaccinated immune
protection, waning vaccine protection, and immune status of
each individual.

Comparable to the situation in the US, instances of COVID-
19 breakthrough cases are becoming more globally recognized
as a serious health threat. For example, a recent cohort study
(unpublished data, referring to findings prior to peer review) in
Israel found that in a sample of 1497 healthcare workers (HCWs)
fully vaccinated with the Pfizer-BioNTech Comirnaty® mRNA
(BNT162b2) vaccine, 39 workers tested positive for COVID-
19 following RT-PCR testing. (3) Among these 39 healthcare
workers, the majority of individuals were female (64%), nursing
staff members (46%), and had an average age of 42 years
old. The most common symptoms experienced among infected
individuals included upper respiratory congestion, myalgia, and
loss of smell or taste. At 6 weeks following infection, 19%
of infected individuals reported experiencing ongoing loss of
smell, cough, fatigue, and weakness, a phenomenon otherwise
known as “long COVID-19”. Interestingly, in both the CDC
and Israeli data, women appear to be at an increased risk (63
and 64%, respectively) of contracting a breakthrough COVID-
19 infection. These results counter the fact that males have
been widely reported as having a disproportionately higher rate
of infection, disease severity, and mortality when compared to
females (7). This female bias in breakthrough cases may be
explained by where these cases are most likely to occur. For
example, HCWs, including those donned with full personal
protective equipment (PPE), are at a high risk of COVID-
19 exposure. These risks may be heightened for frontline and
triaging HCWs such as nurses and emergency physicians, who
are the first line of medical treatment for potentially infected
individuals. In a case study in Italy, one partially vaccinated
and two fully vaccinated healthcare professionals (two doctors
and one nurse) were infected by the same SARS-CoV-2 (B.1.1.7)
positive patient (8). The patient was a 50-year-old male who
reported to the emergency service with respiratory failure and
pulmonary oedema, which required immediate endotracheal
intubation. The patient died 2h following admission to the
ICU and during intubation all procedures were performed
with full PPE, including: particulate filter respirators (P3), two
pairs of gloves, face shields, and a single-use coverall (8).
Noteworthy is the fact that the HCWs in this case study
were not wearing goggles under their face shields, which is
a recommended safety measure from the CDC. Given that
the majority of frontline HCWs are females (9), possible
explanations for the greater number of female breakthrough
COVID-19 cases is the increased exposure, non-universal
PPE standards, and sub-optimized implementation of PPE in
hospitals and testing centers, such as the lack of additional
eye protection in the Italian case study. In a separate study
in the United States, the majority of breakthrough cases
(54%) were reported in women, which further challenges
the notion that men routinely exhibit disproportionately high
rates of SARS-CoV-2 infection, disease severity, and mortality
compared to women (7, 10). This female bias in breakthrough
infections should be investigated in further detail to delineate
the underlying immunological mechanisms at play, in addition
to the social and behavioral factors placing women at greater risk
of infection.
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IMMUNE AND VIROLOGICAL
MECHANISMS OF BREAKTHROUGH
CASES

Potential causes for COVID-19 breakthrough cases may be
explained via a myriad of mechanisms such as PPE failure;
individual immune status; age; sex; variant infectivity or
pathogenicity; relaxed isolation and masking measures; waning
vaccine induced immune protection; and mismatch between
vaccine and circulating SARS-CoV-2 variants. One retrospective
cohort study found that the incidence of breakthrough cases
(alpha or beta variant) among patients fully vaccinated (>14 days
after second dose) with the Comirnaty® vaccine was three times
higher for immunocompromised individuals than for those with
normal immune system function (11). In addition to impaired
immune function, old age also places vaccinated individuals at a
greater risk of a severe breakthrough infection. In a data report
from the CDC from January to April 2021, the median age
from 10,000 reported breakthrough cases was 52 years old, while
the two percent of patients who died had a median age of 82
years old (6). An additional CDC report in July 2021 found
that in a cluster of 469 COVID-19 breakthrough cases (with
346; 74% fully vaccinated) in Massachusetts, the median age
was 40 years old (12). These data show that those <70 years
of age are at a greater risk of death following a breakthrough
case and that breakthrough cases occur across a wide range
of ages. The CDC also found that the majority of individuals
infected with breakthrough cases experienced mild symptoms,
such as headache, cough, and sore throat, while others were
asymptomatic (6, 12). Although these symptoms are indicative
of moderate viral load and limited ability to infect others, studies
have found that viral load levels can be as high in individuals with
a breakthrough infection as those who are unvaccinated against
SARS-CoV-2 (2, 12). The phenomenon of viral shedding in
breakthrough cases places the elderly and immunocompromised
at a higher risk of encountering a breakthrough infected
individual who is unaware of their COVID-19 disease status. The
ability of these vaccinated individuals to actually transmit the
virus remains to be elucidated, since their mild symptoms could
reflect a limited viral replication in the upper respiratory tract.

VACCINE WANING AND VACCINE
EFFECTIVENESS

As the large-scale, global vaccination campaign against SARS-
CoV-2 continues, a void remains in our understanding of vaccine
effectiveness. Clinical trial data have found the Comirnaty®
mRNA vaccine to be up to 91.3% effective against COVID-19
through 6 months of follow-up and a further 96-7% effective
against severe disease (13). The statistics look promising;
however, given the rapid and reactionary nature of the SARS-
CoV-2 vaccine response, there is little known about the
durability of vaccines beyond 6 months. Early vaccine data
(Table 1) show that at 3 months after the second dose of the
Comirnaty® vaccine, IgG antibodies and neutralizing antibody
titers decreased at a consistent rate in all individuals, while

at 6 months after receipt of the second dose, neutralizing
antibody titers were substantially lower among men than women,
lower among persons aged 65 years or older, and lower among
immunosuppressed or immunocompromised individuals (15).
If not “rescued” by booster vaccine doses, specific subsets of
patients such as the elderly or the immunosuppressed could face
the greatest exposure to breakthrough infections due to reduced
circulating antibody levels.

SILENT SPREADERS

Here we refer to fully vaccinated individuals suffering from
breakthrough infections as potential “silent spreaders” of
SARS-CoV-2. Silent spreaders are unsuspecting candidates for
spreading the SARS-CoV-2 virus. These individuals are those
who have experienced a COVID-19 breakthrough case but due
to the asymptomatic or mild nature of symptoms experienced
during the disease course, have no knowledge they are infected
carriers and potential spreaders of the SARS-CoV-2 virus. This
unawareness is in part due to a false sense of security following
vaccination, where individuals with both doses of a reputably
manufactured vaccine operate assuming they can no longer
contract the virus and therefore no longer need to be tested. It
is also likely that those infected with a COVID-19 breakthrough
case are harboring the SARS-CoV-2 delta variant (B.1.617.2). A
recent study from India’s deadly second SARS-CoV-2 wave in
June 2021 found that among 592 fully vaccinated (Covishield
and/or Covaxin) individuals with breakthrough cases, 86.7% (n
= 443) were infected with the delta virus variant (22). The delta
virus variant of SARS-CoV-2 is highly transmissible and is still
overwhelmingly spread by unvaccinated individuals, who are
themselves at high risk of serious disease. With that, vaccines
are rendered most effective at combatting severe disease and due
to gaps in our understanding regarding long-term protection,
necessitate further clinical trials to delineate their efficacy in
combatting asymptomatic disease (23). On a more intimate and
domestic scale, those fully vaccinated individuals who are positive
for a breakthrough case, and who display mild symptoms or none
at all, are potentially endangering their family members (elderly
and children), immunocompromised, partners, or colleagues.
These examples emphasize the timely need for equipping the
public with the knowledge required to mitigate the spread of
COVID-19 from fully vaccinated individuals.

CORRELATES OF PROTECTION (COP)

Perhaps the defining characteristic of long-term protection
offered by a particular vaccine is its capacity to stimulate,
produce, and retain key correlates of protection (CoP). CoPs
are the vaccine-induced biomarkers associated with a lower
risk of infection or severe disease (24). For example, among
Comirnaty® -vaccinated individuals, the defining CoP was
shown to be neutralizing antibody titers (3). Predictive models
support neutralizing antibody titers as being highly correlated to
immune protection. One model found that among seven current
vaccines, the neutralization level for 50% protection against
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TABLE 1 | Summary of current literature detailing the durability of available SARS-CoV-2 mRNA vaccines and their efficacy offered over time for fully vaccinated individuals.

Vaccine References Country Study type Sample size (n) Vaccine effectiveness (VE)

Comirnaty® Chemaitelly et al. (14) Qatar Case-control 494,859%; public Negligible for first 2 weeks following first dose

(Pfizer-BioNTech and reached peak at 77-5% (95% ClI) in the first

mRNA) month after the second dose. Effectiveness
declined 4 months after second dose, reaching
a low of 20% in months 5 through 7 after the
second dose.

Levin et al. (15) Israel Longitudinal 4,868; healthcare Peak neutralizing antibody titers reported

Spikevax® (Moderna
mRNA-1273)

Shrotri et al. (16)

Naaber et al. (17)

Goldberg et al. (18)

Tartof et al. (19)

Doria-Rose (20)

England and Wales

Estonia

Israel

USA

Not disclosed

prospective study

Cross-sectional

Longitudinal
prospective study

Retrospective
cohort study

Retrospective
cohort study

Phase 3 clinical
trial

workers

605; public

122; Controlled group

4-79 million; public

4.7 million; public

33; Public (healthy
individuals)

during days 4 through 30 following second
dose. At 6 months after second dose,
neutralizing antibody titers were substantially
lower.

Significant reduction in S-antibody levels at 70
days following both doses with a peak noted at
21-41 days after second dose. Women had
higher initial antibody levels than men as did
those aged 18-64 years old, vs. those 65 years
or older.

Elevated IgG antibody levels from serum
samples 3 weeks after first dose. IgG levels
declined 45% between 1 and 6 weeks after
second dose. At 6 months, IgG levels were 7%
of their peak levels detected at 1 week post
second dose.

Immunity against the SARS-CoV-2 delta variant
(B.1.617.2) waned in all age groups 3 months
after receipt of the second dose.

Effectiveness against infections declined from
88% during the first month of both doses to
47% after 5 months of both doses.

Antibodies persisted for 6 months after second
dose and remained high in all age groups. All

Tré-Hardy et al. (21) Belgium

Prospective

patients also showed a detectable
neutralization response 6 months after second
dose (interim results)
201; healthcare
workers

Although IgG antibodies were present up to 3
months after vaccination, significant IgG
antibody decrease was observed between 3
and 6 months following vaccination.

"Variable sample size reported depending on post-dose timepoint.

severe disease is roughly 3% of the mean convalescent titer,
while 50% protection against detectable SARS-CoV-2 infection
requires roughly 20% of the mean convalescent titer (25). These
findings reaffirm that current SARS-CoV-2 vaccines offer greater
protection against severe infection (i.e., a lower percentage of
mean convalescent titer required for protection) than against
mild or asymptomatic infection.

The capacity of a given vaccine to produce CoP biomarkers
can vary based on factors such as the type of vaccine, the
immune status of the individual receiving the dose, and whether
the vaccine matches the variant (i.e., an alpha vaccine protects
against the alpha variant). A 2021 study on CoP found an
association between risk of disease and levels of anti-spike IgG,
anti-RBD IgG, and neutralizing antibody titers, where those
with higher levels of anti-spike IgG and neutralizing antibody
titers exhibited a lower risk of symptomatic disease against the
alpha variant (B.1.1.7) in individuals fully vaccinated with the

ChAdOx1 NCoV-19 (AZD1222) vaccine. (26) A study from
Gilbert et al. (2022) showed similar results, where Moderna’s
Spikevax® vaccine (mRNA-1273) elicited spike IgG, RBD IgG,
cID50, and cID80 neutralization levels which were inversely
correlated with COVID-19 risk. (27) Additional findings suggest
that individuals vaccinated with both doses of Spikevax®
exhibited higher antibody titer levels than those vaccinated with
Comirnaty® (28).

Current literature is sparse and demonstrates the timely need
for coordinated, clinical trials to further identify correlates of
vaccine efficacy. One approach would be comparing banked
serum samples from confirmed breakthrough individuals against
fully vaccinated, non-breakthrough individuals at key follow-up
timepoints. An additional approach would be a monitoring of the
mucosal immune response and level of sterilizing immunity by
using biofluids, such as nasopharyngeal swab isolates or salivary
samples. Findings from such studies would allow more focussed
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efforts in vaccine development as well as a tailored approach to
patient-specific management (29).

MEMORY B AND T-SPECIFIC IMMUNITY

Although much of this article has focussed on research
efforts aimed at understanding the durability and dynamics of
circulating, neutralizing antibody levels following vaccination, it
is important to acknowledge recent contributions surrounding
the SARS-CoV-2 adaptive immune response. A recent study
found that a 3rd (booster) dose of an mRNA vaccine causes
an initial increase in circulating anti-omicron neutralizing
antibodies; however, these levels were 10-20 fold lower than
against the original (Wuhan-Hu-1) strain (30). Despite this, a
separate (pre-print) study examined the memory B cell repertoire
following the 3rd mRNA vaccine dose and found an increased
expansion of anti-receptor binding domain specific memory B
cells (31). These memory B cells encoded antibodies exhibiting
significantly increased potency compared to antibodies produced
by the 2nd dose; furthermore, greater than 50% of the
neutralizing antibodies produced by the memory B cells in
individuals with three mRNA vaccine doses neutralized the
omicron variant (31).

Recent findings suggest that the adaptive immune response
also contributes to robust, long-term SARS-CoV-2 protection
while also playing an important ‘second-line’ defensive role
following escape of omicron from neutralizing antibodies (32,
33). One study found that most vaccine- induced T cell responses
were capable of recognizing all known SARS-CoV-2 variants
(with average preservation >80% for omicron) following T
cell repertoire analysis (33). Similarly, a study investigating T
cell cross reactivity to the omicron spike protein in vaccinated
(Comirnaty®, Janssen) and unvaccinated convalescent COVID-
19 patients found 70-80% of the CD4+ and CD8+ T cell
responses to spike were maintained across study groups (34). The
same study also found similar levels of omicron cross-reactive T
cells to delta and beta variants for all groups. These data submit
that T cell populations are capable of cross-recognizing all SARS-
CoV-2 variants, including the highly mutated omicron variant.
Importantly, such findings suggest that cellular immunity is
highly conserved to the omicron spike protein and that omicron
spike-specific CD8+ and CD4+ T cell responses elicited by
current mRNA vaccines contribute to robust protection against
severe disease caused by the omicron variant, despite declining
neutralizing capacity of free-circulating antibodies (34, 35).

MUCOSAL IMMUNITY

For full protection against viral infections, such as SARS-CoV-
2, sterilizing immunity may be required. Sterilizing immunity is
achieved via the presence and secretion of neutralizing antibodies
at the mucosal site of infection. For SARS-CoV-2, this refers
to the secretion of IgA from mucosal tissues, including the
nose, throat, and upper respiratory tract (4). Early emphasis
has been placed on the maintenance of circulating levels of
neutralizing antibodies in sera following intramuscular (IM)

vaccination. With time, these circulating antibody levels begin
to wane, therefore necessitating further vaccine “boost” doses
(36). When waning levels of circulating neutralizing antibodies
are coupled with emerging variants of concern, such as the
omicron variant, breakthrough infections will continue to occur
(37). Additionally, without sterilizing immunity, the risk of
transmission of SARS-CoV-2 by vaccinated individuals cannot
be overlooked.

To overcome this, vaccines are being developed to target and
stimulate mucosal sites, rather than solely inducing systemic
responses. To date, the only approved intranasal (IN) vaccines are
live-attenuated influenza vaccines (LAIV), although 14 mucosal
IN SARS-CoV-2 vaccines have progressed to the first phase
of clinical trials. (36-38) A 2021 study demonstrated that
similar efficacy could be achieved between a heterologous mRNA
IM prime and IN Ad5 boost and two intramuscular mRNA
immunizations, with the IN vaccination providing an elevated
mucosal immune response to SARS-CoV-2 (37). Mucosal
immunization via IN vaccination is also efficient at inducing
adaptive immune responses, including secretory IgA (sIgA)
antibodies and resident memory T (Trp) cells (38). Early data
suggests that IN vaccines may be most effective when combined
with an intramuscular mRNA vaccine, such as Comirnaty®
or Spikevax® (39, 40). Additional pre-print findings (awaiting
peer review) have demonstrated a correlation between anti-
Spike/RBD IgA levels and breakthrough infection, where those
with lower levels of anti-Spike/RBD IgA 2-4 weeks post second
IM (Comirnaty® or Spikevax®) dose exhibited significantly
greater rates of reinfection (p < 0.01) (40). Therefore, IN
vaccination poses as a promising preventative measure against
the SARS-CoV-2 virus; however, future trials are needed to
determine whether IN vaccination is effective at preventing
severe disease.

VACCINE BOOSTING

Homologous Boosting

As more long-term SARS-CoV-2 vaccine waning data becomes
available, it is important to better understand the underlying
implications of vaccine durability, effectiveness, and potential
side effects. Although the initial vaccine boosting campaign was
targeted toward older individuals (>60 years of age) and the
immunocompromised, the eligibility criteria have been expanded
to include those 16 years of age and older (41). Early data from a
large SARS-CoV-2 vaccine booster trial in Israel shows that the
rate of infection decreased by a factor of 11.3 for the booster
group, vs. those who had not yet received a third dose; the same
study found that the rate of severe illness was lower by a factor
0f 19.5 (95% CI) (42). Booster shots for SARS-CoV-2 inactivated
vaccines have also shown to be beneficial for increasing levels of
circulating neutralizing antibodies. For example, a 2021 cohort
trial compared both levels of neutralizing antibody titers and
positive antibody conversion rate among 67 individuals who
had received a third booster shot, to those who had received
two doses. Interestingly, they found that those who received a
booster had a higher positive antibody conversion rate in the
first month than those at 8 months after their second dose; the
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study also showed higher antibody levels at 1 month after the
third dose than at 1 month after the second dose (43). In addition
to greater positive antibody conversion, those on a three-dose
vaccine regimen demonstrated greater neutralizing antibody
levels than those on the conventional two dose regimen These
results were regardless of age, sex, or vaccine procedure and
demonstrate that a third dose can reverse declining neutralizing
antibody levels. Although more studies are needed to support
these early findings, vaccine boosting is a promising addition to
the universally adopted two-dose program. It is not unlikely that,
moving forward, at-risk individuals will be advised to continue
receiving yearly COVID-19 booster doses, similar to influenza.

Many high- and middle-income countries including China,
Canada, Israel, UAE, and the US have begun administering
booster doses. The UK has procured a further 30 million
Comirnaty® vaccines to be administered as boost doses to
at-risk individuals. Canada’s health agency has recommended
and authorized Pfizer-BioNTech or Moderna booster shots
for older individuals (70 and above), healthcare workers, and
immunocompromised individuals (44). In the USA, health
officials are encouraging all adults to seek boosters. Booster
eligibility criteria is more relaxed in some densely populated
areas within the US as well. For example, New York City states
that any individual 18 years or older should not be turned away
when seeking a booster shot, contingent on being 6 months
or longer since their second shot of the Pfizer-BioNTech or
Moderna mRNA vaccines (45).

Hetero Boosting

Current countries administering booster doses have opted
to administer both the Comirnaty® and Spikevax® mRNA
vaccines, regardless of which vaccine type was administered
for the prime (dose 1) and boost (dose 2) vaccine of a given
individual. Reaching a consensus as to whether mixing and
matching with different vaccine brands and types has been
fraught with uncertainty. Due to the halting of vaccination
of AstraZeneca’s ChAdOx1 nCov-19 (ChAd) vaccine in many
countries, individuals were left partially vaccinated with the
option of receiving a second dose with an mRNA vaccine, such as
Comirnaty® or Spikevax®. Data from mixed-dose individuals
suggested that receiving a heterologous ChAd-Comirnaty®
dosing resulted in a greater IgG and IgA response to the SARS-
CoV-2 spike protein with increased neutralizing antibody titer
levels than that seen in individuals who received homologous
ChAd-ChAd dosing (46, 47). In addition, the neutralizing
antibody titer levels were roughly threefold higher in the serum
of the ChAd-Comirnaty® than the serum of the homologous
Comirnaty® group. A separate study from Nordstrom et al.
(2021) found that a heterologous prime-boost vaccine schedule
consisting of ChAd-Comirnaty® was 67% effective while ChAd-
Spikevax® prime-boost offered 79% vaccine efficacy, compared
to a homologous prime-boost regiment of ChAd-ChAd, offering
only 50% efficacy (48). These findings suggest that further
prospective clinical trials are needed to compare long-term
vaccine efficacy following a third booster dose of either
homologous or heterologous vaccine dosing. The data also

suggests that the Spikevax® vaccine may be equipped to offer
similar or exceeding protection to that of the Comirnaty®
vaccine, potentially expediting the global rollout for individuals
who require a third dose in a timely manner. Additionally,
Moderna’s booster dose (3rd dose) is to be administered at half
the volume (0.25mL, 50 mcg) of the first two doses (0.5mlL,
100 mcg). The decision to administer the Spikevax® booster at
half the volume of the first two doses was to reduce adverse side
effects consistent with a full dose, such as fatigue, body aches, and
fever, while also helping address global vaccine shortages. A half
dose (50 mcg) of Spikevax® was found to increase neutralizing
antibody levels 37-fold higher than pre-boost levels and a full
dose booster (100 mcg) was found to increase these levels further
(83-fold higher than pre-boost levels) (49). It is important to
highlight individuals at risk who would most benefit from a
booster dose, such as people living in care homes, the elderly,
front line healthcare workers, and people with underlying health
conditions or impaired immune function (50). With greater
priority assigned to identifying individuals who require a third
dose, the already limited global COVID-19 vaccine supply can be
more equitably distributed to poorer countries who have not yet
received a first dose.

BREAKTHROUGH AND VARIANTS OF
CONCERN

As an increasing portion of the global population is vaccinated
against SARS-CoV-2, a growing concern is the emergence of
additional, potentially more virulent, variants of concern (VoCs).
In late November 2021, a novel SARS-CoV-2 variant termed
the omicron (o) variant (B.1.1.529) was discovered in Botswana
and a few days later in an individual in Hong Kong who
had traveled from South Africa (51). The omicron variant has
since been listed as a variant of concern largely due to its
rapid transmission and highly mutated spike protein (Figure 1)
with 50 genetic mutations and more than 30 spike protein
mutations (52). Confirmed cases of the omicron variant have
been reported in over 80 countries, including Canada, Hong
Kong, Australia, Botswana, France, Germany, Portugal, Italy, and
the Netherlands. The emergence of the fifth VoC in April 2021,
the delta SARS-CoV-2 variant, was associated with global surges
in cases, higher viral loads, longer duration of infectiousness,
and high rates of reinfection (53). Therefore, it remains of
great concern to rapidly elucidate the underlying immunological
mechanisms that dictate disease course for individuals infected
with emerging novel variants.

Due to the recency of the omicron variant emergence, little
is known about its virulence and whether currently vaccinated
individuals are protected. Available data does, however, lend itself
to interpretation. Due to the large number of mutations (>30)
observed in omicron (many of which overlap with those observed
in alpha, beta, gamma, and delta VoCs), it is not unreasonable to
predict that the omicron variant may be associated with higher
viral binding affinity, greater antibody escape, and increased
transmissibility (53, 54). Recent modeling using S-gene target
failure (SDFT) suggests that the rate of infection of the omicron

Frontiers in Virology | www.frontiersin.org

May 2022 | Volume 2 | Article 849936


https://www.frontiersin.org/journals/virology
https://www.frontiersin.org
https://www.frontiersin.org/journals/virology#articles

Hewins et al.

Explaining SARS-CoV-2 Breakthrough Cases

Spike Protein Mutations by
SARS-CoV-2 Variant:

Omicron (0): N501Y, G339D,
S371L, S373P, S375F, N440K,
G4468S, T478K, G496S,
Q498R, K417N, S477N,
E484A, Q493R, Y505H

Delta (5): L452R, T478K

L3478

AR 477.B

ER 446.B

LYS 440.B

ID: 7T9J was used as a template for the mutant model’s prediction.

FIGURE 1 | Superimposed three-dimensional (3D) structure of the receptor binding domain (RBD) of spike protein derived from Omicron (B.1.1.529), Delta (B.1.617),
and Wuhan (ancestral- D614G) SARS-CoV-2 variants. Red and purple colours reflect the omicron and delta RBD, respectively. The Wuhan RBD is represented by a
green colour. Mutations in delta (L452R, T478K), and omicron (N501Y, G339D, S371L, S373P, S375F, N440K, G446S, T478K, G496S, Q498R, K417N, S477N,
E484A, Q493R, Y505H) are also represented by corresponding colours. Mutant 3D models for delta and omicron variants were generated using UCSF Chimera
software from the resource of Biocomputing, Visualization, and Informatics at the University of California, San Francisco (supported by NIH P41 RR-01,081). The PDB

variant will be 100-fold higher compared to that of the delta
variant of SARS-CoV-2 (55). There is limited data detailing
whether the immune protection for fully vaccinated individuals
is effective at preventing omicron infection; however, vaccine
manufacturers remain optimistic that immunization will offer
protection against severe infection caused by the omicron variant
(56). Due to the large number of mutations present in the
omicron variant, the delineation of the efficacy of current SARS-
CoV-2 vaccines in preventing mild infections caused by the
omicron variant remains of high importance.

A recent study (pre-print) from South Africa found that
individuals fully vaccinated with the Comirnaty® mRNA
vaccine may still be vulnerable to breakthrough infections with
omicron. The study compared neutralization levels for the
ancestral SARS-CoV-2 variant (D614G) and the novel omicron
variant (B.1.1.529) in cells from individuals vaccinated with
the Comirnaty® vaccine (57). Their results showed that the
geometric mean titer (GMT) FRNT50 (inverse of the plasma
dilution required for 50% reduction in infection foci number)
was 1,321 for D614G, but dropped to 32 for the omicron variant,
a 41-fold decrease. Additional studies are required to fully
understand the level of protection offered by current vaccines
against the omicron variant, such as the breadth of vaccine-
induced cellular immune protection against the variant. Current

emphasis has been placed on determining whether a third vaccine
(booster) dose will restore protection and prevent or reduce
breakthrough infections, especially in at-risk groups, such as the
elderly, who typically mount less robust and coordinated cellular
immune responses. For these individuals, a bolstered level of
circulating antibodies from a booster shot may be required for
adequate protection from the omicron variant and additional
emerging VoCs.

Another recent study demonstrated that individuals fully
vaccinated with the Comirnaty® mRNA vaccine with additional
booster shots remain at risk of developing an omicron infection
(58). Among the seven participants in the study, six were fully
vaccinated with the Comirnaty® vaccine, and five of these
individuals received a third (booster dose) of Comirnaty®, while
the sixth individual received an additional full dose (100 mcg) of
the Spikevax® vaccine. Five of these individuals tested positive
for the omicron variant and had mean viral loads of 4.16 x 10E7
RNA copies per mL of swab eluate, with a mean age of 27.7 years.
These findings suggest that omicron can produce a breakthrough
infection in individuals who have received a booster dose, who
are of young age, and who are otherwise healthy. Additionally,
this data indicates that greater than three vaccine doses may
be required for protection and a wider age range is at risk
of developing an omicron breakthrough infection. Additional
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(pre-print) findings from the UK suggest that two doses with
Comirnaty® or ChAdOx1 offer insufficient levels of protection
against infection and mild disease caused by the omicron variant
(59). Furthermore, a 2022 study found that the omicron variant
has roughly an 88% likelihood of escaping neutralizing antibodies
produced by current vaccines, some 14 times as high as that
of the delta variant (60). Although there have been limited
reports of severe disease caused by the omicron variant, its rapid
spread has caused surges in hospitalizations worldwide, where
the United States is reporting >2,000 omicron related deaths
per day (61). As increasingly virulent, heavily mutated variants
of SARS-CoV-2 emerge, further investigation and development
surrounding second-generation, multivalent vaccines is required.
The design of such vaccines should be focussed on addressing
the deficiencies of existing vaccines, including: (i) reducing
reliance on booster doses for long-term protection; (ii)
increasing robust memory responses; and (iii) are preventative in
nature (62).

CONCLUSION

Perhaps the most robust SARS-CoV-2 transmission mitigation
measure remains striving for a universally vaccinated population.
Curbing the spread relies on both the individual and the scientific
community, the latter being ultimately responsible for equipping
the public with the knowledge required to make informed
decisions about vaccination. Those resisting vaccination are
directly endangering others while also jeopardizing the efforts
of many global health leaders. This results in the emergence of
potentially harmful, highly mutated variants, such as the delta
and omicron variants, which will continue to persist in the
population further saturating health care systems and intensive
care units.

Additional efforts should be focussed on assessing the efficacy
and durability of current SARS-CoV-2 vaccines. Highly mutated
viral variants are demonstrating an increased ability to evade
the vaccine-induced immune response especially due to shifts in
antigenicity, which creates instances of vaccine mismatch where
individuals fully vaccinated with early vaccine iterations fail to
mount an immune response to mutated viral components. The
omicron (B.1.1.529) variant is an example of this phenomena,
where many individuals remain at risk of a breakthrough
infection despite being fully vaccinated (with a booster) due
to the many genetic and protein-level mutations. The risk of
breakthrough infection underscores the need for further clinical
trials designed to evaluate not only the durability of protection
offered by a given vaccine, but also the efficacy of multivalent
vaccines and heterologous prime-boost vaccination regimens.
As variants of concern emerge, vaccine manufacturers will
need to shift vaccine development toward novel and circulating
virus stains.

Central to mitigating SARS-CoV-2 transmission is the
continued testing of fully vaccinated individuals, which may
be achieved by increased mobile testing sites, dedicated
regional testing centers, and greater access to self-administered
testing kits, such as those from Maple™, Bio-Rad™, or

Abbott™., Particular attention should be paid to individuals
who have traveled (domestic or international), experienced
symptoms (mild or otherwise), or have come in contact with
a known infected individual. The CDC also recommends that,
in indoor areas with high-transmission potential, individuals
wear masks regardless of vaccination status (63). Tracing
databases and case logging applications should be modified
to incorporate confirmed COVID-19 breakthrough cases.
Additionally, increased serosurveillance and monitoring of major
vaccine manufacturers and their respective rates of breakthrough
cases should also be tracked, given the discrepancies reported
by the CDC. At the level of the individual, precautionary
measures such as isolation, personal hand hygiene, limited social
gatherings, and masking policies should be followed according
to local or federal guidelines. Breakthrough cases present a
new global challenge for managing the spread of COVID-
19; however, with adequate resources, appropriate scientific
dissemination, and a dedicated multi-disciplinary workforce,
COVID-19 breakthrough cases can be closely managed and
tightly regulated.

The authors of this paper acknowledge that special efforts
are needed to elucidate the degree to which those who have
breakthrough infections are also able to effectively transmit
the virus to other individuals. Further epidemiological studies
specifically designed to address this issue should be focussed on
specific groups such as the immunocompromised individuals,
those suffering from chronic diseases, and the elderly, as well as
to the influence of each given type/modality of vaccine. Results
from such studies will help shape the design of future public
health policies aimed at disseminating risk-related information
pertinent to the COVID-19 pandemic.
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