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April 21, 2021, New York scholars reported Vaccine Breakthrough Infections with
SARS-CoV-2 Variants, which immediately attracted widespread attention. In this mini-
review, we focus on the characteristics of SARS-CoV-2 and its mutant strains and vaccine
breakthrough infections. We have found that outbreaks of vaccine-breaking SARS-CoV-2
Delta infections in many countries are primarily the result of declining vaccine-generated
antibody titers and relaxed outbreak management measures. For this reason, we believe
that the main response to vaccine-breaking infections with the SARS-CoV-2 variant
is to implement a rigorous outbreak defense policy and vaccine application. Only by
intensifying the current vaccination intensity, gradually improving the vaccine and its
application methods, and strengthening non-pharmaceutical measures such as travel
restrictions, social distancing, masking and hand hygiene, can the COVID-19 outbreak
be fully controlled at an early date.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) is a highly contagious virus
that is spread primarily by droplets or close contact and is spreading faster, in bizarre ways, and in
larger numbers than anyone in the world expected (1-3). By September 2021, more than 2.2 billion
cases of COVID-19 infection had been diagnosed and more than 4.6 million deaths had occurred.
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the COVID-19 pandemic not only poses a serious threat to
human life and health, but has also significantly stalled global
economic development and caused enormous losses to people
around the world.

Despite aggressive and effective measures to control COVID-
19, the epidemic has not yet subsided. Hopes were then raised
that a vaccine could beat COVID-19 (4-6). Encouragingly, with
the widespread use of vaccines in many developed countries, the
incidence of COVID-19 has declined significantly (7). To date,
vaccination in some countries, such as the USA and the UK, has
approached the level of herd immunity. However, a new wave
of COVID-19 outbreaks has recently occurred in the UK and
USA, and these outbreaks are mainly due to SARS-CoV-2 Delta
variant (8-12).

The critical issue of vaccine breakthroughs for Delta infections
leading to new outbreaks has attracted the attention of
many governments and academics. We searched the following
databases: PubMed, Web of Science, EMBASE and CNKI
for the search terms “SARS-CoV-2 “COVID-19,” “Variants,”
“Breakthrough,” “Delta,” “Delta,” “Infections.” A comprehensive
analysis of SARS-CoV-2 mutations and vaccine breakthrough
infections is presented, and active and effective countermeasures
are proposed to avoid new outbreaks of the new COVID-
19 epidemic.

SARS-COV-2 AND ITS VARIANT STRAINS

SARS-CoV-2 is a beta genus coronavirus with an envelope
membrane. It has five basic genes, four structural proteins
(N, E, M and S) and an RNA-dependent RNA polymerase
(RdRp). SARS-COV-2 enters the host cell through the spinosin
(S protein) on the surface of its envelope and binds to the
host cell surface-specific viral receptor, angiotensin-converting
enzyme 2 (ACE2), so the airway mucosa, oral mucosa, which
are in communication with the outside world, and the eyelids
and conjunctiva are susceptible to exposure to infection (13,
14). Because the genetic material of SARS-COV-2 is single-
stranded RNA, it is characterized by rapid mutation, high genetic
diversity and high prevalence. The entry of SARS-CoV-2 into
host cells is mediated primarily through the binding of its
receptor-binding domain (RBD) to the cellular receptor human
angiotensin-converting enzyme 2 (ACE2), making the S protein
a key target for antibody therapies to prevent SARS-CoV-2 virus
infection and limit its spread (15). Indeed, the RBD is recognized
by potentially neutralizing and diverse monoclonal antibodies,
thereby providing protection by preventing SARS-CoV-2 from
entering host cells and binding to ACE2 (16). The SARS-
CoV-2 spike protein contains several different antigenic sites,
including multiple receptor-binding domain (RBD) epitopes
and non-RBD epitopes, which may also generate immune
escape (17).

The survival time of SARS-COV-2 depends on its own
characteristics, physical and chemical properties of the
surface and the environmental conditions, such as climate,
light, temperature, humidity and so on (18-20). It was
reported that SARS-COV-2 survived for 7 days on the

plastic surface, 4 days on the stainless steel surface at
room temperature, and relatively short on the commonly
used paper documents, banknotes and mail wrapping
paper (20).

Viruses are prone to mutation, and the longer they
are transmitted, the more mutant strains are produced.
Of course, virus mutations are random and may produce
milder, less pathogenic variants, but also more pathogenic
and infectious variants. A study published on 24 May
2021 concluded that SARS-CoV-2 mutates almost weekly,
at a rate more than 50% higher than previously thought
(21). Since the COVID-19 pandemic has been ongoing for
nearly two years, the multiple mutations generated by SARS-
CoV-2 are natural. Mutation itself is not a bad thing,
and there is no indication that mutations in SARS-CoV-
2 are faster or slower than expected. So far, we cannot
say whether SARS-CoV-2 is becoming increasingly lethal
and infectious.

The World Health Organization (WHO) classifies the
various variants of the SARS-CoV-2 virus according to disease
severity, infectivity, public health implications such as city
closures, masks, social distancing and timely diagnosis, early
treatment and vaccine application. On 31 May 2021, the
WHO announced that it would use the Greek alphabet to
identify important new coronavirus mutants and published
a list of current mutants of concern (VOC) and mutants
of interest (VOI) designations (22). Variants of Concern
(VOCQC) are those that have been shown to cause more severe
disease, to be more infectious, or to have an impact on the
response. Four are currently classified as “Variants of Concern™:
Alpha (B.1.1.7), first discovered in the UK, Beta (B.1.351) in
South Africa, Gamma (P.1) in Brazil and Delta (B.1.617.1) in
India (22).

The Delta variant has been described by WHO as the fastest
spreading and most adaptive” virus due to its outstanding
infectivity and immune escape profile. It is highly transmissible,
has a high viral load and is highly pathogenic. It has a relatively
short incubation period in the body, with onset of disease in
two to three days, and in some cases in 24 h. The virus is highly
infectious, and early in transmission, SARS-CoV-2 Delta VOC
was transmitted for four generations in only 10 days, with a
marked increase in viral load characteristic of the virus (23).
Patients infected with the Delta strain were first detected on
average four days after exposure to the virus, i.e. an incubation
period of four days, compared to six days for patients infected
with the original strain, suggesting a much faster replication
rate of the Delta strain (23). Moreover, the virulence of the
Delta strain is significantly enhanced, with patients infected
with the Delta strain having a viral load 1,260 times higher
than that of patients with the common COVID-19 strain and
a turnaround time of 13 to 15 days, significantly longer than
the 7 to 9 days of the original strain (23). Many studies have
confirmed that the Delta strain is significantly more virulent and
infectious and is the main SARS-CoV-2 variant responsible for
this year’s world pandemic (24, 25). Recently, a new variant,
named as Omicron, was detected in South Africa in the
November 2021.
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VACCINE BREAKTHROUGH FOR
SARS-COV-2 DELTA INFECTION

An article published online 21 April by Hacisuleyman et al.
(26) reinforces the understanding of SARS-CoV-2 mutation
and vaccine breakthrough. Two women aged over 50 years
were identified among 417 people who had received a second
dose of BNT162b2 (Pfizer Biotech) or mRNA-1273 (Modena)
vaccine at least 2 weeks earlier Presence of vaccine breakthrough
infection. This suggests that despite high levels of neutralizing
antibodies (where the vaccine remains effective), infection by
variant viruses can occur even at high viral loads. Therefore
there is still a potential risk of infection after vaccination and
precautions for COVID-19 infection are also taken (26). Around
a wedding outside Houston, Texas, two patients from India
may have transmitted the delta-mutant virus to other guests,
six of whom were fully vaccinated (Pfizer BNT162b2, Moderna
mRNA-1273 and Covaxin BBV152). This means that the delta
variant is highly transmissible and prone to vaccine breakthrough
infections (25).

In the early days of COVID-19 some scholars proposed the
use of herd immunization strategies to combat the epidemic.
As COVID-19 outbreaks continued to cause high morbidity
and mortality in many countries, herd immunization was
found to be too costly to be feasible (25, 27). With the
introduction of the vaccine, the incidence of COVID-19 began
to decline markedly in many countries, and in late March
2021 India liberalized some public events, only to see a major
outbreak of SARS-CoV-2 Delta infection began in India as
local temperatures rose (28). The use of the vaccine caused
many countries to let down their guard to eliminate non-
pharmaceutical precautions such as travel restrictions, and the
population grew tired of the COVID-19 outbreak and loosened
their outbreak control measures. Because of the spillover of
SARS-CoV-2 Delta infection in India and the simultaneous
removal of travel restrictions for the outbreak in many countries
such as Israel, the United Kingdom and the United States, there
was a rapid outbreak of SARS-CoV-2 Delta infection in these
countries (8-10, 29).

These variants show reduced neutralization in vitro by
antibodies raised in humans in response to SARS-CoV-2
infection or vaccination (30). Indeed, early studies have reported
that antibodies persist for about six months after SARS-CoV-2
infection in humans (31). These observations highlight the need
to better understand the breadth of antibody responses induced
by SARS-CoV-2 vaccine and to potentially adapt prophylactic
and therapeutic agents to respond to emerging variants (32).
Although vaccination is widespread in many countries, by the
second half of 2021 it will have been partially half a decade since
antibodies produced by the vaccine have declined significantly
and vaccine breakthrough SARS-CoV-2 Delta infections have
occurred successively (8-10, 23, 25, 33-42). See Table 1.

SARS-CoV-2 vaccine protection is unlikely to be 100%
(44, 45), and it makes sense that vaccine breakthrough SARS-
CoV-2 Delta infections would occur as SARS-CoV-2 Delta

variants reduce the rate of vaccine protection. Although SARS-
CoV-2 Delta variants have caused multiple outbreaks of vaccine
breakthrough infections, vaccine protection against SARS-CoV-
2 Delta variants remains effective, particularly in preventing
severe illness and reducing mortality. After two doses of
BNT162b2 mRNA vaccine 2, 94% efficacy against symptomatic
novel coronavirus was achieved. Vaccine efficacy estimates for
the study results from day 14 to day 20 after the first dose
and day 7 or more after the second dose were as follows:
46% and 92% for documented infections; 57 and 94% for
symptomatic neocoronavirus-19; 74 and 87% for hospitalization;
and 62 and 92% for severe disease, respectively. The estimated
effectiveness of prevention of neocoronavirus-19 mortality was
72% from day 14 to day 20 after the first dose. Estimates of
effectiveness for specific subgroups assessed for documented
infections and symptomatic neocoronavirus-19 were consistent
across age groups, with slightly lower potential effectiveness in
those with multiple coexisting diseases (35). One dose of the
vaccine (BNT162b2 or ChAdOx1 nCoV-19) was significantly less
effective against the delta variant at 30.7% than against the alpha
variant at 48.7%; the results were similar for both vaccines. Two
doses of BNT162b2 vaccine provided 93.7% protection against
the alpha variant and 88.0% protection against the delta variant.
Two doses of the ChAdOx1 nCoV-19 vaccine provided 74.5%
protection against the alpha variant and 67.0% protection against
the delta variant (43). The vaccine and the multiple monoclonal
antibodies against SARS coronavirus produced after infection
acted together with other antibodies to produce beneficial
effects (46).

Israel, which has the highest vaccination rate, had an outbreak
of SARS-CoV-2 Delta infection in 2021.7 (29). The fact that the
outbreak of SARS-CoV-2 Delta infection was quickly controlled
in Israel following an enhanced control strategy and a third
dose of vaccination also demonstrates that the vaccine remains
effective against SARS-CoV-2 Delta infection. In the face of the
relative weakness of the delta strain in the face of the vaccine, we
humans would face a major crisis if a mutant virus emerged that
had both the transmissibility of the delta strain and the tolerance
of the beta strain.

PROACTIVE RESPONSE TO VACCINE
BREAKTHROUGH OF SARS-COV-2 DELTA
INFECTION

Itis an indisputable fact that vaccine breakthrough of SARS-CoV-
2 Delta infection has caused a new outbreak. In the face of this
problem, we need to take a variety of positive measures to actively
respond in order to control the outbreak caused by SARS-CoV-2
Delta infection.

Neutralizing antibodies and cellular immunity against SARS-
CoV-2 produced after COVID-19 infection and after vaccination
are also important. Some studies have reported that the immune
response generated by simple colds caused by coronaviruses
also has a role against SARS-CoV-2, although it is limited
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TABLE 1 | Reports of vaccine breakthrough infection.

Time Location Area Country Staff Vaccination Incidence Characteristics References
status rate and
prognosis
Dec, NA Eight U.S. us Frontline 83% 1.0%"* 89.7% Fowlkes et al.
2020-Aug, Locations Workers vaccinated symptomatic (34)
2021
Mar=Jun, NA 17 states India COVID-19 2 doses 86.7% 0.4% Gupta et al. (35)
2021 cases 87.4%; 1 fatality
dose
12.6%
Apr, 2021 care home London UK Resident 2 dose 63.6%" No severe Williams et al. (8)
staff 75.6%; 1
dose 4.9%
Apr, 2021 a wedding Houston, us family fully <6.0%* severe Farinholt et al.
Texas members vaccinated <1%, died (25)
<1%
Apr NA Scotland UK COVID-19 2 doses 40.2% hospital Sheikh et al. (36)
01-Jun 086, cases 39.4%; 1 admissions
2021 dose 1.9%
59.4%
Apr Gymnastics Oklahoma us Gymnast, 38% fully 45.0% NA Dougherty et al.
15-May Facility staff, vaccinated 387)
27, 2021 households
May NA Los us COVID-19 25.3% fully 91.2% More Griffin et al. (38)
01-Jul 25, Angeles cases vaccinated,3.3% infected
2021 Partial and
vaccinated hospitalized
May NA Chennai India COVID-19 2 doses 70.1% Moderate/Severe Thangaraj et al.
03-May cases 21.0%,1 15.0%,Died (39
07, 2021 dose 0.8%
44.7%
May NA Guangzhou China Delta VOC 6.3% fully 100% 5.0% were Wang et al. (23)
21-Jun 18, infected vaccinated severe,
2021 and 7.5%
were
critical
May Elementary Marin us Student, 10.7% fully 12.0%* No Lam-Hine et al.
24-Jun 01, School County, teacher, vaccinated persons ©)]
2021 California parents were
hospitalized
Jun 14-Jul community three France COVID-19 11.2% 90.8% NA Blanquart et al.
30, 2021 regions cases vaccinated (40)
Jul-Aug, Prison Texas us Incarcerated 79.4% fully 69.7%* One (3%) Hagan et al. (10)
2021 Person vaccinated died
(unvaccinated)
Jul, 2021 Nosocomial Meir Israel Patient, 96.2% 16.7%* 19.0% Shitrit et al. (41)
Medical staff and vaccinated severe,
Center families 14.3%
critical and
11.9%
died
NA family NA France family 25.0% 75%* Uninfected:the Nathan et al. (42)
cluster vaccinated vaccinated
NA hospital NA India health 2 1.6%* NA Rana et al. (43)
career doses:29.8%;1
dose:58.5%

*Refers to the breakthrough infection rate.
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(47). Neutralizing antibody against SARS-CoV-2 produced
after vaccination usually show a gradual decline from three
months onwards, with a marked decrease after six months
(31). Neutralizing antibodies against SARS-CoV-2 have almost
no effect six months after vaccination, but cellular immunity
remains (48). The cellular immune response is primarily a T-cell
response, including cytotoxic T cells and helper T cells. Memory
B cells can survive for a long time after infection with COVID-19
or vaccination, especially after an MRNA vaccination. It can be
reactivated and produce antibodies when the pathogen reinvades,
even if the level of antibodies in the serum is low (48).

Although experts in countries such as Israel and the
United States disagree on whether to give a third dose of
vaccine, most scholars advocate the application of booster
vaccinations. The more the vaccine is used over time, the more
research findings show that the protective power of the vaccine
decreases over time, making it necessary to give boosters after
more than six months of vaccination in special populations
(49). Therefore, until the new SARS-CoV-2 outbreak is under
control, when there is an outbreak, we still recommend a
third dose of vaccine six months after vaccination. Frontline
staff in customs, airports, hospitals and CDC are to receive
their third dose of vaccine. Hospital staff in fever clinics,
infection units, respiratory units, emergency departments and
nucleic acid testing units are given the third dose of the vaccine.
The epidemic will not go away for a short time, maybe it is
inevitable to accept the third vaccine injection for the adult.
There were no significant side effects in vaccinated American
children (50). We encourage that children were also advised to
be vaccinated, When implementing a third vaccination strategy,
it is best to administer the third dose using a vaccine with a
different route of action. The vaccines used vary from country
to country, with the most used being the Messenger RNA
(MRNA) vaccine: BNT162b2 (Pfizer-BioNTech) mRNA vaccine,
mRNA-1273 (Moderna) mRNA vaccine; Adenovirus vaccine:
AZD1222;Inactivated vaccine: BIBP Corona VAC (Sinopharm),
Corona VAC (SLC), Sputnik V. Studies have reported higher
antibody production from different types of vaccines or from
a combination of vaccines produced by different companies,
suggesting that the actual effect on protection against COVID-19
infection may be better. This suggests a possible better practical
effect against COVID-19 infection (51).

COVID-19 outbreaks can spread between different countries.
Considering that underdeveloped countries such as Africa have
difficulty accessing the vaccine for economic reasons, some
experts have called for a vaccine equity programme to be
implemented for people in poor countries who have not been
vaccinated (52). We believe that equitable distribution of vaccines
is necessary and that it shows fairness and love for humanity, but
vaccines should be given priority to areas with severe outbreaks.
At present, the flow of social personnel is fast, and the hardest
hit area of the epidemic is the major source of infection. Giving
priority to the use of vaccines in the hardest hit areas is a sign of
being responsible for the global epidemic. Only in this way will
we receive better results.

The development of an effective COVID-19 vaccine is a global
imperative. Rapid immunization of the entire human population

against widespread, evolving highly pathogenic viruses is an
unprecedented challenge, and different vaccine approaches are
being sought. As viruses mutate, it is even more important
for scholars to work on improving vaccine aspects by targeting
vaccine changes to mutated viral genes that are highly infectious
and spread quickly enough to cause outbreaks or cause severe
disease, or by pre-programming vaccines to target which gene
segments are prone to mutations such as P384L, K417N, E484K,
N501Y (53).

Current technology is capable of rapidly setting up a genetic
vaccine based on the SARS-CoV-2 variant, but phase III clinical
trials will take some time. Even so, vaccine experts will have to do
their best to meet practical needs in the future (54, 55).

A study in September 2020 showed that nebulized Ad5-
nCoV was well-tolerated, with two doses of nebulized Ad5-nCoV
inducing a neutralizing antibody response similar to one dose of
intramuscular injection. Nebulized booster vaccination induced
a strong IgG and neutralizing antibody response 28 days after
the first intramuscular injection (56). Prophylactic intranasal
application of DNA vaccine significantly reduces pulmonary
infection with SARS-CoV-2 via the nose. Because SARS-CoV-
2 is transmitted by droplet and close contact transmission and
the nose is the primary gateway to the respiratory system,
prophylactic intranasal (vaccine, etc.) administration increases
local defenses and resistance to disease in the respiratory tract
and may produce good results when applied in conjunction
with vaccination (57). Although this vaccine is restricted to
ages 5-49, the majority of COVID-19 patients are in this
age group. The injection-free nebulized inhalation vaccine is
readily accepted by the general public and is necessary as
a complementary means to injectable vaccines. In high-risk
groups, especially (58) those with occupational exposure in
medical personnel, subcutaneous injection of the combination
of monoclonal antibodies casirivimab and imdevimab REGEN-
COV is effective in preventing SARS-CoV-2 infection.

The traditional approach to infectious disease control focuses
on controlling the source of infection and cutting off the route of
transmission. This approach is better applied in countries such
as China and New Zealand, so that the COVID-19 outbreak
in these countries is well-controlled. In August 2021, there was
an incident of SARS-CoV-2 Delta infection in Nanjing, China,
transmitted through an airfield. Housekeeping staff at the airport
were in a high-risk group for SARS-CoV-2 infection and they
were routinely given two doses of vaccine. The housekeeping
staff at Nanjing Airport were SARS-CoV-2 Delta breakthrough
vaccine infected. They acquired the infection while cleaning the
aircraft flown by SARS-CoV-2 Delta infected persons. SARS-
CoV-2 Delta has since spread rapidly through airports to cities
such as Yangzhou, Zhangjiajie, Chengdu and Dalian, resulting in
over a thousand SARS-CoV-2 Delta infections across the country
(59). It was with non-pharmaceutical interventions that China
was able to completely control the spread of SARS-CoV-2 Delta
infection in less than two months.

Non-pharmacological interventions to prevent COVID-19 are
a low-tech approach, but it is difficult to enter the modern
world with concrete implementation. This is because times have
evolved, transport is easy and interactions between countries and
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people are intensive, conditions that can accelerate the spread
of COVID-19 epidemics (60, 61). Some populations are not
aware of travel restrictions and some of the measures to prevent
and control the epidemic, so it is difficult to do so. We believe
that scientists should step up their calls for governments to
develop scientifically rigorous epidemic preparedness policies
and to use a variety of forms to guide all people to take
sensible and correct precautions. Although restricting people’s
travel can cause a lot of inconvenience, it can lead to long-
term freedom, convenience and health. Only different regions
and countries should share and learn from the experience of
fighting the epidemic and work together to tackle the SARS-CoV-
2 breakthrough vaccine infection.

CONCLUSION

For vaccine breakthrough infection, we have taken the following
measures: Firstly, we must spread the use of the vaccine as
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