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ABSTRACT
As no vaccines are 100% effective at preventing
illness, COVID-19 vaccine breakthrough cases are
expected. We here aim to review the most recent
literature on COVID-19 vaccine breakthrough
infections. SARS-CoV-2 breakthrough infections are,
in general, rare. Age may still be a factor in SARS-
CoV-2 infections in immunized individuals.

THE EFFICACY OF COVID-19 VACCINES

Current evidence strongly suggests that
COVID-
19 vaccines offer protection against
SARS-
CoV-
2 and its variants.1 Vaccines to
prevent severe forms of the COVID-
19 are
effective and are a critical tool to bring the
pandemic under control.2 There is no vaccine
that provides absolute protection against any
infection, and COVID-
19 is no exception.
Therefore, some individuals who have been
vaccinated will still get COVID-
19 breakthrough infection.
As currently used, COVID-19 vaccines aim
to prevent the development of severe symptomatology, rather than preventing infection
by SARS-CoV-2. Asymptomatic or mild infections among vaccinated people will still occur.
world data after the initial
Nevertheless, real-
clinical trials showed that the BNT162b2
(Pfizer-BioNTech COVID-19 vaccine) reduced
asymptomatic infections greatly.3 4
The two mRNA COVID-19 vaccines authorized for use in the USA showed a 94.1% (mRNA-
1273, Moderna COVID-19 vaccine) and 95%
efficacy (BNT162b2 Pfizer COVID-19 vaccine)
for the prevention of symptomatic SARS-CoV-2
infection at 14 and 7 days after the second
dose, respectively.5 The third approved vaccine
in the USA based on an adenovirus vector,
Ad26.COV2.S (Janssen/Johnson & Johnson
COVID-19 vaccine), showed a global efficacy
of 66% and 100% against hospitalizations and
death, respectively.6–8 The Centers for Disease
Control and Prevention (CDC)-collected data
from participating health programs report
breakthrough infection rates with vaccine products: 125.77, 86.63, and 150.39 events per
100,000 population in BNT162b2, mRNA-
1273, and Ad26.COV2.S, respectively.9
The COVID-19 vaccine targets the envelope
spike protein S of the virus. This is a major
structural protein exposed at the virus surface

whose receptor-binding domain (RBD) region
mediates host cell receptor binding after undergoing conformational change.10

SARS-COV-2 VARIANTS

RNA viruses, in general, have high mutation
rates that correlate with enhanced virulence
considered beneficial for the virus.11 However,
not all mutations lead to significant advantageous features for the virus. From 65,776 variants, 5775 were distinct variants, with most
of them being missense or synonymous mutations in the non-coding regions, followed by
non-coding deletions, in-frame deletions, non-
coding insertions, stop codon variants, frameshift deletions, and in-
frame insertions. One
mutation, D614 G interferes with the binding
affinity of SARS-CoV-2 to the human host cell
receptor ACE2. This mutation is associated
with an increased transmissibility of the virus.10
There are currently two variants of concern
(VOCs) in the USA, Delta strain (B.1.617.2
and AY lineages) and Omicron (B.1.1.529 and
BA lineages).12 From November 20, 2021 to
December 12, 2021, the Delta B.1.617.2 lineage
was responsible for over 90% of COVID-
19
cases in the USA. Since then, a sharp decline in
the incidence of Delta infections was observed.
From January 1, 2022 to the most recent data
collection on February 19, 2022, Omicron
lineages B.1.1.529 and BA 1.1 have been
responsible for over 95% of new COVID-19
cases.12 Throughout the last week of February
up to March 5, 2022, the Omicron variants
were responsible for 100% of new cases.13
The RBD region appears to remain conserved
in SARS-CoV-2 isolates. However, some mutations in the S protein could impact the pathogenicity of the virus. SARS-
CoV-
2 genetic
variability can impact vaccine protection as
mutations may lead to escape from immune
recognition,14 thus affecting the efficacy of
vaccines in certain geographic locations.

BREAKTHROUGH INFECTIONS AND
PROTECTION AGAINST VARIANTS

A COVID-
19 vaccine breakthrough infection
is defined as the detection of SARS-
CoV-
2
RNA or antigen in a respiratory specimen
collected from a person ≥14 days after receipt
of all recommended doses of a Food and
Drug Administration-authorized COVID-19
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Breakthrough SARS-CoV-2 infections after
COVID-19 immunization

Research tools and issues
Reports of SARS-CoV-2 breakthrough infections in COVID-19 vaccinated populations

Study

Location

Vaccine

Population

Breakthrough
percentage (%)

Breakthrough counts

Dyer16

USA

BNT162b2 and mRNA-1273

Entire population

0.01

5800/77 million

Hall3

England

None (prevaccine)

Public hospital workers

0.67

44/6614

PCR/Antibody+
Keehner5

California,USA

BNT162b2 and mRNA-1273

UCSD and UCLA healthcare
workers

0.05

7/14,990

Pollett18

USA

BNT162b2 and mRNA-1273

Military health system

Ramirez43

USA

1.55

24/1547

BNT162b2

1.42

22/1547

mRNA-1273

0.13

2/1547

0.55

14/2551

BNT162b2

0.24

6/2551

mRNA-1273

0.20

5/2551

Ad26.COV2.S

0.12

3/2551

BNT162b2, mRNA-1273 and Ad26.
COV2.S

University students and
employees

Hacisuleyman44

USA

BNT162b2 and mRNA-1273

University students

4.79

2/417

Teran45

Chicago, USA

Unspecified

Skilled nursing facility staff
and residents

0.15

22/14,765

Tenforde29

US hospitals

BNT162b2 and mRNA-1273

Hospital patients

43.9

1983/4513

Tenforde42

US hospitals

BNT162b2 and mRNA-1273×2 doses

Hospital patients

31

212/679

8

10/131

BNT162b2 and mRNA-1273×3 doses
UCLA, University of California Los Angeles; UCSD, University of California San Diego.

vaccine.15 SARS-
CoV-
2 breakthrough infections are, in
general, rare16 (table 1).
RNA viruses have remarkable higher mutation rates
compared with their hosts.11 Vaccines appear to preferentially block viruses that are the most genetically in common
with the vaccine insert.14 This would lead to breakthrough
infections in vaccinated individuals from viruses more
genetically distant from the vaccine insert.
A few cohort studies done in healthcare workers reported
a risk of testing positive for SARS-CoV-2 after vaccination
to be higher than the risks reported in the initial vaccine
clinical trials.5 It is possible that the higher infection rate
could be due to breakthrough infections by variants, as in
India, B.1.1.7 variants appear to be important in breakthrough infections among healthcare workers.17 A recent
study in US military population vaccinated with BNT162b2
or mRNA-1273 vaccine showed that breakthrough infections included VOC B.1.1.7, P.1, and B.1.429,18 underscoring the emerging vaccine escape risk of the P.1 and
B.1.429 variants.
By July 2021, 46,312 SARS-CoV-2 breakthrough infections within 13 Jurisdiction in the USA had been reported.
Eight per cent (2976) of hospitalizations were from fully
vaccinated individuals, and 9% (616) of deaths occurred
in fully vaccinated individuals.19 The surge of the Delta
(B.1.617.2) variant emphasized a persistent risk and danger
of infection by new COVID-19 variants. Estimates from 16
US jurisdictions indicate that unvaccinated individuals have
a 6.1 increased risk of testing positive and 11.3 higher risk of
mortality associated with COVID-19 when compared with
vaccinated individuals.19 Meta-
analytical data of reports
by early September 2021 showed an incidence of 113.66
per 100,000 population of COVID-19 diagnosis in vaccinated individuals.20 An age-adjusted comparison of vaccination status revealed an approximately equal incidence and
mortality ratio. However, within the vaccinated cohort,
1430

ages 30–49 years had the highest incidence of breakthrough
infection (129.10 per 100,000), followed by ages 18–29,
50–64, and 12–17, respectively.20 21 Vaccinated individuals
aged 80 years and above had the highest mortality associated with COVID-19 infection.20 It is important to note
that not all hospitalizations and deaths of those fully vaccinated and diagnosed with COVID-19 are due to COVID-
19. CDC reports from July 2021 indicate that of 5601
hospitalized breakthrough cases, 27% were asymptomatic,
and that of 1.141 fatal cases, 26% were asymptomatic or
not related to COVID-19.19
Region and population-
specific data help identify and
project the trajectory of breakthrough infections with SARS-
CoV-2-associated variants.22 23 Vermont, Rhode Island,
and Massachusetts are states with high vaccination rates,
which provide comprehensive population data regarding
breakthrough infections.24 Fully vaccinated population
in Vermont is 71.81%, and 1% of this population (4881
cases) account for breakthrough infections. The Vermont
Department of Health reports 134 hospitalizations and
59 deaths associated with breakthrough cases between
January and September 2021.25 Rhode Island has approximately 71.47% of the state’s population fully vaccinated,
and this population of fully vaccinated individuals account
for only one-sixth of total COVID-19 diagnoses, 4.9% of
hospitalization rates and 2.7% total deaths compared with
the unvaccinated cohort.26 27 Data from Massachusetts in
October 2021 suggest that breakthrough cases, hospitalizations, and deaths are significantly lower among the vaccinated cohort (1.02%, 0.03%, and 0.008%, respectively).28
The most recent longitudinal study in the USA correlated
the association of BNT162b2 vaccine and hospitalization
among vaccinated versus unvaccinated cohorts in 18 US
states.29 The investigators found that 54.8% of unvaccinated individuals required hospitalization compared with
only 15.8% of vaccinated individuals. Notably, vaccinated
Hirsh J, et al. J Investig Med 2022;70:1429–1432. doi:10.1136/jim-2021-002131
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Table 1
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OMICRON VARIANT

It is important to note that data obtained on Omicron
breakthrough rates are relatively sparse. All information
provided to the CDC is voluntary and therefore may not
give an accurate picture of breakthrough rates. However, a
study conducted between November and December 2021
showed that a group of seven Germans visiting Cape Town,
South Africa all developed symptomatic infections with the
Omicron variant despite full vaccination and a booster dose.
Of this group, 5/7 had homologous vaccination course with
BNT162b2 (Pfizer) and 2/7 had a heterologous vaccination
course, using three full doses CX-024414 (Moderna), not
recommended at the time, and a combination of ChAdOx1-S
(AstraZeneca) and BNT162b2. None of these individuals
required hospitalization and symptoms were rated as 3–4
on the National Institutes of Health COVID-
19 Treatment Guidelines.39 Asymptomatic breakthroughs, as with
the other variants, can go completely undetected and can
only be gauged by estimates. Data estimating the protection
conferred by two vaccine doses show ~40% a few months
after the second dose and increases to ~60%–70% within
a couple weeks of receiving the booster.40 In the first WHO
International Standard, there was a predicted ±40-
fold
reduction of antibody neutralization for Omicron strains.
Hirsh J, et al. J Investig Med 2022;70:1429–1432. doi:10.1136/jim-2021-002131

A serum study of 17 medical providers from a Stockholm
University were analyzed and showed a 1-fold to 23-fold
reduction in neutralization ability. All 17 of these individuals
had COVID-19 and were fully vaccinated thereafter.41 Based
off of evidence of decreased efficacy of the variant it can be
inferred that breakthrough infections will be more common
than with other variants. The CDC compiled data from 21
hospitals across 18 US States documenting vaccine breakthrough rates from August to December 2021. Although the
variants of concern are not specified, the Omicron variant
grew in predominance in November and December. Of the
679 patients that received 2 doses of an mRNA vaccine, 212
tested positive for COVID-19. In patients that received 3
doses of an mRNA vaccine, 10/131 tested positive.42 While
the data are not specific for the omicron variant, it shows
31% and 8% breakthrough (table 1), respectively, when
Omicron was first being detected.

CONCLUSION

In conclusion, there will be a very small percentage of
people who, despite being fully vaccinated, will still present
symptomatology, face hospitalization, or die from COVID-
19. Thus, identification and detailed characterization of
the effects of a particular mutation for the pathogenesis
of SAR-CoV-2 is crucial. We should continue our efforts
for sequencing and tracking SARS-CoV-2 evolution as the
pandemic continues and adjust immunization strategies
accordingly.
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