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Abstract: Multiple severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccines have
been approved for clinical use. SARS-CoV-2 neutralizing antibody titers after immunization are
widely used as an evaluation indicator, and the roles of cellular immune responses in the protective
efficacy of vaccines are rarely mentioned. However, therapeutic monoclonal neutralizing antibodies
have shown limited efficacy in improving the outcomes of hospitalized patients with coronavirus
disease 2019 (COVID-19), suggesting a passive role of cellular immunity in SARS-CoV-2 vaccines.
The synergistic effect of virus-specific humoral and cellular immune responses helps the host to
fight against viral infection. In fact, it has been observed that the early appearance of specific T-cell
responses is strongly correlated with mild symptoms of COVID-19 patients and that individuals with
pre-existing SARS-CoV-2 nonstructural-protein-specific T cells are more resistant to SARS-CoV-2
infection. These findings suggest the important contribution of the cellular immune response to the
fight against SARS-CoV-2 infection and severe COVID-19. Nowadays, new SARS-CoV-2 variants
that can escape from the neutralization of antibodies are rapidly increasing. However, the epitopes
of these variants recognized by T cells are largely preserved. Paying more attention to cellular
immune responses may provide new instructions for designing effective vaccines for the prevention
of severe disease induced by the break-through infection of new variants and the sequelae caused by
virus latency. In this review, we deliberate on the role of cellular immunity against COVID-19 and
summarize recent advances in the development of SARS-CoV-2 vaccines and the immune responses
induced by vaccines to improve the design of new vaccines and immunization strategies.
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1. Introduction

In December 2019, a severe infectious pneumonia outbreak occurred in Wuhan, Hubei
Province, China, and scientists ultimately determined that the infectious pneumonia was
caused by SARS-CoV-2 [1]. On 11 March 2020, the World Health Organization (WHO)
officially named the pneumonia caused by SARS-CoV-2 infection as COVID-19 and declared
a global pandemic. According to WHO statistics, the number of confirmed COVID-19
patients worldwide has exceeded 300 million, and the number of deaths directly caused by
SARS-CoV-2 has exceeded 5 million (https://covid19.who.int/ accessed on 1 March 2022).
SARS-CoV-2 has resulted in immeasurable losses for the lives and economy of human
society. A variety of therapeutic drugs, such as small-molecule inhibitors and neutralizing
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antibodies, have been developed for COVID-19 treatment [2,3]. However, due to the high
transmission efficiency of SARS-CoV-2 and the continuous emergence of drug-resistant
variants, a safe and effective vaccine is still needed to help humans to establish an immune
barrier to block the transmission of SARS-CoV-2.

SARS-CoV-2, severe acute respiratory syndrome coronavirus (SARS-CoV), and Middle
East respiratory syndrome coronavirus (MERS-CoV), the three viruses that lead to severe
respiratory diseases in humans, all belong to the coronavirus family. This family is named
after the fact that the spike (S) proteins on the surface of the outer capsular membrane
of the virus form a crown-like shape. A sense RNA genome, and nucleoprotein (N),
and other nonstructural proteins of the virus are encapsulated within the envelope [4,5].
After entering into the human body, SARS-CoV-2 is endocytosed into host cells mainly
through the binding of the S protein to host-cell surface angiotensin-converting enzyme-2
(ACE2) [5,6]. Currently, the S protein is the main target for the design of therapeutic
neutralizing antibodies and preventive vaccines, and the effectiveness of targeting the S
protein has been confirmed by preclinical and clinical trials [4,6–8].

According to WHO statistics, as of November 2021, there were 326 SARS-CoV-2
vaccines under development worldwide (https://www.who.int/publications/m/item/
draft-landscape-of-covid-19-candidate-vaccines accessed on 1 November 2021). These
SARS-CoV-2 vaccines were developed based on both conventional vaccine platforms,
which include inactivated vaccines, subunit vaccines, virus-like particles, and attenuated
virus vaccines, and nonconventional vaccine platforms, including messenger RNA (mRNA)
vaccines, DNA, and replicable and nonreplicable viral vectors [9]. Currently, vaccines ap-
proved for marketing are administered around the world, and most of these vaccines have
achieved a preventive efficacy greater than 50% in clinical trials, a benchmark specified
by the WHO [10]. However, the preventive efficacy of different vaccines is significantly
variable, ranging from 57.5% to 95%. Currently, the studies of approved vaccines mainly
use the neutralizing antibody induced by vaccine immunization as an immune evaluation
indicator. IgG is the main isotype of antibody that mediates the neutralization of the virus.
IgG can be divided into four subtypes (IgG1–4). Different subtypes show different affinities
for the activating or inhibiting of Fcγ-receptors, which results in pro-inflammatory re-
sponses or in the dampening of inflammatory responses [11]. Specific IgG for SARS-CoV-2
can be detected 7–14 days after the onset of symptoms [12]. For most vaccines, the antibody
can reach the peak after the second immunization and then significantly decrease within
4–6 months [13]. Increasing data indicate that cellular immune responses play important
roles in the clearance of SARS-CoV-2 and the alleviation of COVID-19 [14]. Here, we sum-
marize the distinction in the induced immune responses and protective efficacy between
several vaccines with disclosed clinical trial results.

1.1. Humoral and Cellular Immune Responses Induced by SARS-CoV-2 Vaccines

China has developed three inactivated virus vaccines: BBIBP-CorV (Sinovac Biotech),
and WIV04 and HB02 (Sinopharm). Randomized phase III clinical data indicated that the
protective efficiency of inactivated virus vaccines against disease symptoms after infec-
tion was between 51% and 79.4% [15–18]. The levels of neutralizing antibodies induced
by inactivated vaccines after inoculation are similar to the levels of serum neutralizing
antibodies in patients infected with SARS-CoV-2, and cellular immune responses targeting
SARS-CoV-2 proteins, such as S and N, are induced [19]. Typical nucleic acid vaccines
include mRNA-1273, developed by Moderna (Cambridge, MA, USA), and BNT162b2,
developed by Pfizer, with clinical inoculation doses of 100 µg and 25 µg, respectively.
After inoculation with these mRNA vaccines, high levels of neutralizing antibodies are
induced in vaccinated individuals, with titers that are approximately 2–10 times those
in convalescent serum from COVID-19 patients. The mRNA vaccine also induces strong
type 1 T helper (Th1)-type CD4+ T-cell and CD8+ cytotoxic T-lymphocyte (CTL) immune
responses [7,20,21]. In phase III clinical trials, the protection efficiency of both mRNA-1273
and BNT162b2 was greater than 90% [22]. Several recent comparative studies have re-
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ported that after immunization with mRNA-1273, BNT162b2, and Johnson & Johnson’s
Ad26.COV2.S adenoviral vector vaccine, the induced neutralizing antibody titers were
sequentially decreased, and the induced CTL immune response was sequentially increased.
The neutralizing antibody titers induced by the two mRNA vaccines significantly decreased
after six months, whereas those of Ad26.COV2.S increased. For the three vaccines, unlike
the antibody response, which gradually decreased after vaccination, the cellular immune
response was found not to have decreased 8 months after immunization [22,23]. A real-
world effectiveness study found that compared with those after BNT162b2 vaccination, the
infection rate, symptomatic patient rate, hospitalization rate, severe disease rate, and mor-
tality rate after mRNA-1273 vaccination were reduced by 1.23%, 0.44%, 0.55%, 0.10%, and
0.02%, respectively [24]. A comparative study of the three vaccines based on hospitalization
rates reported protective efficacies of mRNA-1273, BNT162b2, and Ad26.COV2.S of 93%,
88%, and 71%, respectively [25]. Another comparative study of inactivated virus vaccines
and BNT162b2 indicated that the level of neutralizing antibodies induced by inactivated
vaccines was only one-tenth of that induced by the mRNA vaccine and that the cellular
immune response induced by inactivated vaccines was about one-half of that induced by
the mRNA vaccine; however, the cellular immune responses of the inactivated vaccines
were reactive to more SARS-CoV-2 protein epitopes [19,26]. The immune characteristics
and protection efficiency of the above vaccines indicate that there are large differences
in the induced humoral immunity and cellular immunity among vaccines created using
different platforms (Table 1). Compared with inactivated vaccines, nucleic acid vaccines
can induce stronger humoral and cellular immune responses. Among various nucleic
acid vaccines, adenovirus-delivered DNA vaccines and electroporation-delivered plasmid
DNA vaccines can induce strong cellular immune responses, while mRNA vaccines favor
humoral immune responses.

Recent studies have found that there is a correlation between a strong antibody immune
response and the protection efficiency of the vaccine [27–29]. However, two COVID-19 pa-
tients diagnosed with X-linked agammaglobulinemia (XLA), which results in no circulating
B cells, could also fully recover from SARS-CoV-2 infection [30]. Another observation of
SARS-CoV-2-infected patients with multiple sclerosis who used monoclonal antibodies
to delete B cells found that these patients had mild–moderate symptoms and could also
completely recover [31–33]. This body of evidence supports the possibility of controlling
SARS-CoV-2 in the absence of neutralizing antibodies. So far, the correlation between the
cellular immune response and the protection efficiency of a vaccine remains unclear. The
needle-free intradermal injection of a plasmid DNA vaccine developed in India has achieved
a protection efficiency greater than 60% in India, where the Delta variant is the dominant
strain. This protection efficiency is similar to that reported for mRNA-1273 and BNT162b2.
Immune assessments indicated that the level of neutralizing antibodies induced by the DNA
vaccine was slightly lower than that in the convalescent serum but that the cellular immune
response was stronger, suggesting that the cellular immunity induced by DNA vaccines
also plays a role in protecting the host against viral infections [34–36]. In a similar vein,
although the antibody level of inactivated virus vaccines was significantly lower than that of
the mRNA vaccine, a similar effectiveness of inactivated vaccine BBIBP-CorV (Sinopharm)
and mRNA vaccine BNT162b2 (Pfizer-BioNTech) against COVID-19-related hospitalizations
was observed during the Delta outbreak in the United Arab Emirates, which may have been
caused by the greater diversity of cellular immune responses [37]. Next, the possible role of
cellular immunity in host defense against SARS-CoV-2 infection is discussed.
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Table 1. The immune characteristics and protection efficiency of the different platform-based vaccines
(HCS, healthy convalescent serum).

Name of
Vaccine Platform

Spike- or RBD-
Specific Antibody
Geometric Mean

Titer (GMT)

CD4+ CD8+ Clinical Efficacy

mRNA-1273 RNA
1,192,154

compared to
142,140 of HCS

Th1 and Tfh Potent response

63.0% efficacy for
infections (95% CI, from
56.6 to 68.5) and 98.2%
(95% CI, from 92.8 to

99.6) efficacy for severe
COVID-19 [13,38,39]

BNT162b2 RNA 25,006 compared to
602 of HCS Th1 and Tfh Potent response

95% efficacy for
prevention of COVID-19

(95% CI, from 90.3 to
97.6) [7,13,40]

BBIBP-CorV Inactivated
virus

Neutralizing
antibody, 228.7;

no comparison to
that of HCS

CD4+ or CD8+

response non-
distinguishable

in humans

CD4+ or CD8+

response non-
distinguishable

in humans

83.5% efficacy for
infections (95% CI

65.4–92.1) and 100%
efficacy for moderate

hospitalization
[18,19,41]

INO-4800 DNA
From 655.5 to 994.2;
no comparison to

that of HCS
Not significant Potent response Not mentioned [42]

ZyCoV-D DNA
884.04; slightly

lower than
that of HCS

CD4+ or CD8+

response non-
distinguishable

in humans

CD4+ or CD8+

response non-
distinguishable

in humans

66.6% efficacy for
infections (95% CI

47.6–80.7) and 100%
efficacy for

moderate–severe
COVID-19 [36,43]

Ad5-nCoV
(Adenovirus
type 5 vector)

Ad5
(nonreplicating

adeno virus)

615.8–1445.8;
no comparison to

that of HCS

CD4+ or CD8+

response non-
distinguishable

in humans

CD4+ or CD8+

response non-
distinguishable

in humans

57.5% efficacy (95% CI,
from 39.7 to 70) for

infections and 91.7%
efficacy for severe
COVID-19 [44,45]

Ad26.COV2.S
Ad26

(nonreplicating
adenovirus)

1677–2292
compared to
899 of HCS

Th1 Moderate response

66.1–76% efficacy (95%
CI, 75–77%) for

infections and 81%
efficacy (95% CI,

78–82%) for
COVID-19-related

hospitalizations
[13,46–49]

NVX-CoV2373 Protein subunit 63160 compared to
8344 of HCS Th1

CD8+ response
not detected
in humans

89.7% efficacy for
infections (95% CI, 80.2

to 94.6) 100% efficacy for
severe COVID-19

[13,50,51]

ZF2001 Protein subunit
2777; no

comparison to
that of HCS

Th1 and Th2
CD8+ response

not detected
in humans

Not mentioned [52]

1.2. Role of Cellular Immunity in the Process of SARS-CoV-2 Infection and COVID-19

To understand the role of cellular immunity in the fight against SARS-CoV-2 infection
and COVID-19, it is necessary to understand the cellular immune response process of
individuals after SARS-CoV-2 infection. First, SARS-CoV-2 infection is usually accompanied
by a decline in absolute CD4+ T- and CD8+ T-cell counts. A correlation analysis of disease
severity, patient prognosis, and T-cell counts revealed that smaller decreases in the CD8+
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T-cell count led to milder symptoms and better prognosis, suggesting that CD8+ T-cell
count can be used as a marker of recovery in COVID-19 patients [53,54]. Subsequent studies
found that multiple memory-cell subsets targeting different SARS-CoV-2 proteins could
be detected in the convalescent blood of COVID-19 patients and that the proportion of
virus-specific CD8+ T cells in patients with mild disease was higher than that in severe
individuals [55,56]. Another group used single-cell sequencing technology to analyze the
immune cell subtypes in the bronchoalveolar lavage (BAL) fluid of COVID-19 patients
with different disease severities and found clonal CD8+ T-cell proliferation in the alveoli
of patients with mild disease and a disruption in T-cell subset distribution in severe
patients, suggesting that after SARS-CoV-2 infection, the human body produces a memory
immune cell response against SARS-CoV-2 and that a virus-specific CD8+ T-cell immune
response alleviates symptoms rather than aggravating a patient’s condition [57]. Increasing
evidence indicates that the cellular immune response plays an important role in protecting
the host against SARS-CoV-2 [58]. Study have found that cellular immune responses
capable of recognizing the constituent proteins of SARS-CoV-2 exist in individuals who
have never been exposed to SARS-CoV-2; however, the exact reason is unclear. Another
study has shown that these individuals with pre-existing SARS-CoV-2 cellular immunity
have a significantly reduced risk for SARS-CoV-2 infection [59,60]. These data show,
to some extent, that the cellular immune response can help individuals to fight against
SARS-CoV-2 infection, which is consistent with the results of a previous study, i.e., vaccine-
induced airway memory CD4+ T cells can protect animals from coronavirus infection [61].
For patients infected with SARS-CoV-2, a correlation analysis of prognosis and T-cell
count, and the S-protein-specific T-cell immune response indicated that after SARS-CoV-2
infection, a high average T-cell count and the early appearance of S-specific T cells were
positively correlated with a good prognosis and mild symptoms. However, no such
correlation between the level of S-specific antibodies and patient symptoms was found
in this analysis [62,63]. On the contrary, the lack of SARS-CoV-2-specific CD4+ and CD8+

T cells was associated with COVID-19 severe disease [64]. These results further underline
the role of cellular immunity in controlling the severity of symptoms in patients infected
with SARS-CoV-2. In summary, the cellular immune response may play an important role in
the prevention of infection and the prevention of severe illness after SARS-CoV-2 infection.

1.3. Types and Protective Effect of Cellular Immunity Induced by SARS-CoV-2 Infection
and Vaccines

Clearing intracellular viruses requires the lysis of infected cells. CD8+ T cells can lyse
target cells by inducing apoptosis. Thymus-deficient mice could not completely eliminate
influenza virus, and the adoptive transfer of SARS-CoV-specific CD8+ T cells to SCID mice
could enhance survival and reduce virus titers. Therefore, the removal of virus-infected
cells through CD8+ T cells is important for the complete remission of infection (Figure 1). In
COVID-19 patients, S-, nucleocapsid-, M-, and ORF3a-specific CD8+ T cells can be detected
in the blood after infection [59,65,66]. These SARS-CoV-2-specific CD8+ T cells can be
rapidly generated during acute COVID-19, and they can even be detected within one day
after infection [67]. Moreover, these specific CD8+ T cells show high-intensity cytotoxic
functions because they highly express IFN-γ, granzyme B, perforin, and CD107a [67,68].
Similar to COVID-19 patients with SARS-CoV-2 infection, multiple platform vaccines can
induce a potent S-specific CD8+ T-cell immune response [21,42,69,70].

CD4+ T cells can differentiate into multiple functional subsets. Different subsets have
the functions of promoting B-cell proliferation, antibody subclass conversion, helping CD8+

T cells, recruiting innate immune cells, and assisting in tissue repair. In the process of
antiviral infection, Th1 and T follicular helper cells (Tfh) subsets are usually differentiated to
exert antiviral activity by producing cytokines. Tfh play important roles in the production
of neutralizing antibodies and in the instruction of memory-B-cell differentiation for long-
term humoral immunity development [71]. SARS-CoV-2-specific effect and memory Tfh
cells can be detected in patients with COVID-19. The frequency of Tfh cells is inversely
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correlated with the severity of COVID-19 [72,73]. In addition to Tfh cells, Th1 CD4+ T
cells secreting Th1-type cytokines such as IFN-γ, TNF, and IL-2 can also be detected in
patients with COVID-19. A study found that patients who died of COVID-19 had fewer
IFN-γ-secreting CD4+ T cells than those with mild illness and rehabilitation [74]. A variety
of different platform vaccines can induce the production of Tfh- and Th1-cell subtypes.
After immunization, the vaccine can induce CD8+ T cells and a variety of CD4+ T-cell
subtypes that can weaken the symptoms of COVID-19 at the same time, indicating that
the vaccine may play many other positive functions in addition to preventing SARS-CoV-2
infection [7,21,42,69,70].
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Figure 1. The underlying mechanism of vaccine antigen delivery forms and adjuvants shape the
type of cellular immune response. Generally, the antigens of the conventional vaccine platform are
degraded in lysosomes and then subjected to MHC II to be presented to CD4+ T cells after being
phagocytized by APCs. The antigens of nucleic acid vaccines that are expressed and degraded in
the cytoplasm of APCs interact with MHC I molecules to be presented to CD8+ T cells, while the
antigens expressed in other non-APCs is similar to the conventional vaccine platform. The adjuvant
that stimulates the TLR1/-2 on the cell membrane promotes APCs secreting IL-4 and IL-10 and help
Th2 differentiation. TLR3, -7/-8, and -9 elevate the expression of IL-12 and IFN a/b and induce Th1
differentiation through different transcription factors upon activation.

In conclusion, a variety of identified cell subsets play important roles in limiting virus
replication and protecting the host from virus-induced tissue damage. Vaccines developed
based on different platforms differ in inducing cell-response subtypes. The possible reasons
are related to the types and forms of antigens delivered by different platforms and the type
of adjuvant used. For example, after the protein subunit vaccine antigen is phagocyted
by APCs, it is mainly degraded in lysosome and presented to CD4+ through the MHC II
molecule. The CpG adjuvant for this vaccine activates TLR9, which eventually leads to
a Th1-type cellular immune response, but it is hard to induce a CD8+ cellular immune
response (Figure 1) [75].

Furthermore, immunization with CD4+ or CD8+ single epitope peptide screened
from mice induced CD4+- or CD8+-cell immune responses in mice to protect mice against
COVID-19 to a certain degree. These peptides did not cause any detectable humoral
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immune response. This result further supports the role of cellular immunity in the fight
against COVID-19 [76].

Recently, immunization with a self-amplifying RNA vaccine encoding the SARS-CoV-2
N protein that failed to produce S neutralizing antibody responses against the Beta variant
protected hamsters from body weight loss and decreased the viral load of hamsters chal-
lenged with this VOC [77]. This result indicates that the cellular immune response against
the nonstructural protein of SARS-CoV-2 could protect the host from COVID-19.

However, the cellular immune response may also cause tissue damage. For example,
adoptive virus-specific CD8+ T cells caused lung injury in T- and B-cell-deficient mice due
to rag1 knockout. Therefore, the balance between effective virus clearance and immune-
induced injury is very important for the rehabilitation from viral infection.

1.4. SARS-CoV-2 Variants Can Escape Vaccine-Induced Humoral Rather Than Cellular Immunity

The SARS-CoV-2 genome is a single-stranded RNA that is prone to mutations during
the replication process. With the prolonged COVID-19 pandemic, the SARS-CoV-2 genome
has accumulated numerous mutations, and new variants have emerged. These variants
are classified into two types based on transmission ability, pathogenicity, and tolerance to
vaccines and drugs, i.e., variants of interest (VOIs) and variants of concern (VOCs). The
transmission abilities and pathogenic abilities of VOCs are enhanced, and VOCs have a
certain tolerance to therapeutic drugs and vaccines. Currently, five VOCs, namely, Alpha,
Beta, Gamma, Delta, and Omicron, have been recorded around the world. Among the
mutations accumulated in SARS-CoV-2 VOCs, the primary concern is amino acid mutations
in the S protein, because the current vaccines and neutralizing antibodies mainly target the
S protein. Mutations in the S protein are likely to reduce the protective efficacy of vaccines
and the therapeutic effect of monoclonal antibodies. It was found that the N501Y mutation
in the receptor-binding domain (RBD) of the S protein is present in four VOCs, i.e., Alpha,
Beta, Gamma, and Omicron. The N501Y mutation enhanced the transmission ability of
SARS-CoV-2 by enhancing its affinity to the ACE2 receptor [78]. Moreover, the N501Y
mutation also reduced the neutralizing activity of most therapeutic monoclonal antibodies
and the serum of COVID-19 convalescents [79,80]. The N439K mutation in the RBD also
enhanced the affinity to ACE2 and favored the escape of SARS-CoV-2 from neutralizing
antibodies [81]. Another mutation in the RBD, E484K, reduced the neutralizing titers of
vaccine recipients and neutralizing titers in the convalescent serum of COVID-19 patients by
2 and 4.5 times, respectively [79,82]. The L452R and Y453F mutations enhanced the fusion
of the virus to promote virus reproduction and make the epitope insensitive to cellular
immunity [83]. The current VOCs contain one or more of the above mutations. For example,
the recently emerged Omicron variant contains many important mutations that promote
immune escape, such as N501Y, E484A, and L452R. The latest research results indicate
that the Omicron variant can escape or reduce the neutralization of almost all currently
approved vaccines and promising vaccines under development, accompanied by increased
morbidity and mortality; therefore, Omicron has attracted widespread attention [84].

The emerging SARS-CoV-2 variants mainly escape the humoral immune response,
and some S-protein mutations may also escape the cellular immune response. However, for
humoral immunity, antibodies, as the main effectors, can only recognize viral particles that
are free in blood and tissue fluid by binding to viral surface proteins, such as S, and cannot
recognize viral internal proteins and viral particles that enter cells, which results in a space
limitation and rare availability of targets. Therefore, S-protein mutations on the surface of
the virus reduce the protective efficacy of the current vaccines that mainly induce humoral
immunity and the titers of neutralizing antibodies. Different from humoral immunity,
cellular immunity relies on the T-cell receptors (TCRs) on the surface of T cells to recognize
the antigen sequences presented by major histocompatibility complex (MHC) molecules on
antigen-presenting cells or target cells. Therefore, cellular immunity allows both surface
proteins and internal proteins of the virus to be recognized and facilitates the lysis of cells
invaded by the virus. Compared with humoral immunity, cellular immunity can recognize
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a variety of antigens and can attack cells invaded by the virus. Currently, major S-protein
mutations are far less likely to evade vaccine-induced cellular immunity than they are to
evade humoral immunity. A study evaluated the changes in the cellular immune response
to multiple VOCs in COVID-19 convalescents and mRNA-vaccinated people and found
that only 3–7% of previously identified wild-type SARS-CoV-2 S-protein epitopes were
affected by the mutant strains [85]. The evaluation of VOCs in Ad26.COV2.S-vaccine-
immunized population also showed similar results [86]. Further studies evaluated the
response changes in the humoral and cellular immunities induced by mRNA, adenovirus,
and recombinant subunit vaccines to various strains, including Omicron. It was found
that more than 80% of the epitope recognized by cellular immunity was retained even
with Omicron compared with the sharply reduced humoral immunity [87]. Based on
these results, a recent clinical trial was conducted on a peptide vaccine using epitopes of
SARS-CoV-2 proteins recognized by cellular immunity to analyze the ability of the existing
variants to escape from this vaccine. The results indicated that this peptide vaccine could
induce strong cellular immunity and that the current major VOCs could not escape the
cellular immune response induced by the vaccine [88].

1.5. Role of Cellular Immunity in the Prevention of Severe Illness Caused by SARS-CoV-2 Variants

The Delta and Omicron variants have higher transmission efficiencies than the orig-
inal SARS-CoV-2 strain. Many studies have shown that the neutralizing abilities of the
convalescent serum of COVID-19 patients, the serum of vaccinated individuals, and ther-
apeutic monoclonal antibodies against Omicron are significantly reduced. Recently, in
Israel and the United States, people who have been vaccinated with three doses and those
who have recovered from COVID-19 can still be infected by Omicron, leading to a record
number of new infections worldwide and further aggravating the prevention and con-
trol of the COVID-19 pandemic, and social and economic pressures. Omicron has forced
a reconsideration of the effectiveness of vaccines. However, vaccination, whether with
an mRNA vaccine, DNA vaccine, adenovirus vaccine, or recombinant subunit vaccine,
still provides protective effects against severe disease caused by the Delta and Omicron
variants [13]. The goal of SARS-CoV-2 vaccines has been modified from the prevention
of infection to the prevention of severe disease caused by SARS-CoV-2 infection. During
this process, we have found that the humoral immunity represented by serum neutralizing
antibodies seems to lose efficacy, with emerging evidence stemming from the significantly
reduced neutralizing capacity of therapeutic monoclonal antibodies against Omicron. Some
clinical trials showed that high doses of SARS-CoV-2 therapeutic monoclonal antibodies
administration had fewer effects on COVID-19 treatment outcomes [89,90]. In contrast
to individuals who seroconverted on their own, the viral loads in subjects treated with
therapeutic monoclonal antibodies dropped more slowly even if the antibody injections
exhibited 100-fold higher levels of neutralizing antibody titers than native neutralizing
antibody responses [90]. Moreover, neutralizing-monoclonal-antibody-treated COVID-19
patients did not achieve improved clinical outcomes either [91]. Therapeutic monoclonal
antibodies can generally represent the effect of humoral immunity, and the ineffectiveness
of therapeutic monoclonal antibodies against Omicron may partially indicate that humoral
immunity has little effect on patients with severe disease. From this perspective, the preven-
tive effect of vaccines against severe disease mainly depends on cellular immune functions.
The results are consistent with a dominant role of T cells in the control and clearance of
ongoing SARS-CoV-2 infection.

1.6. Cellular Immunity May Have the Potential to Ease the Sequelae of COVID-19

The sequelae of COVID-19 are persistent health problems in the rehabilitated person
4 weeks or 30 days after the onset of the initial symptoms [92–94]. Nowadays, the sequelae
of COVID-19 have been investigated and reported by several studies. After analyzing the
brain scan data of hundreds of COVID-19 patients, one group found that the thickness of
gray matter in the orbitofrontal cortex and para-hippocampal gyrus of the infected patients
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was significantly thinner than that of the uninfected ones 5 months after the infection
with SARS-CoV-2 [95]. Similarly, another team analyzed the clinical data of more than
3000 patients aged 60 and over and their family members from February to April 2020
and evaluated the cognitive changes in these patients one year after rehabilitation. They
found that the overall incidence of cognitive impairment in infected patients was as high
as 12.45%. The incidences of dementia and mild cognitive impairment (MCI) in severe
patients were 15% and 26.54%, respectively. In contrast, the incidence of dementia was
less than 1%, and the incidence of MCI was around 5% in mild patients, which further
confirmed the negative effects of SARS-CoV-2 on the brain [96]. Besides the long-term
impact of COVID-19 on the nervous system, studies have counted more than 50 long-
term effects of COVID-19 on the human body and found that more than 80% of people
infected with SARS-CoV-2 are likely to suffer of at least one sequela [97]. The risk of
sequelae of COVID-19 is much higher than that of seasonal influenza [98]. The five most
common types are fatigue (58%), headache (44%), attention disorder (27%), hair loss (25%),
and dyspnea (24%). Other symptoms include lung disease (cough, chest discomfort,
pulmonary diffusion capacity, sleep apnea, and pulmonary fibrosis), cardiovascular disease
(arrhythmia, myocarditis), neurological and psychiatric disorders (dementia, depression,
anxiety, obsessive compulsive disorder), etc. [99–102].

A study found multiple early risk factors for the occurrence of sequelae or long-term
COVID-19. Female sex, obesity, and invasive mechanical ventilation were identified as the
factors associated with being less likely to report full recovery after 1 year [103]. Researchers
also found that reactivated Epstein-Barr virus after SARS-CoV-2 infection, the presence
of specific autoantibodies related to lupus and other autoimmune diseases, the viral load
in the blood in the early stage of SARS-CoV-2 infection, and type II diabetes are closely
related to the long-term COVID-19 symptoms after rehabilitation [104,105].

From the above, it is easy to see that the influence of COVID-19 on the human body
almost involves all tissues or organs for the reason that the human angiotensin converting
enzyme 2 (ACE2) mediating SARS-CoV-2 entering into cells is widely expressed by various
tissues or organs.

ACE2-mediated SARS-CoV-2 widespread distribution is also one of the most likely
mechanisms to induce sequelae. When the symptoms of pneumonia disappear and the
throat swab is negative, the virus may still reproduce in other target organs. For example,
one study detected viral presence in multiple organs involving the heart, brain, liver, kid-
neys, and blood of COVID-19 patients. Another detection of 14 negative throat swabs of
asymptomatic patient’s intestinal tissue also found SARS-CoV-2 [106,107]. Therefore, the
first possible mechanism is the direct cell or tissue damage caused by SARS-CoV-2 infec-
tion. Studies have shown that SARS-CoV-2 replication in endothelial cells causes serious
damage to the lungs and respiratory tract in the respiratory system, which is similar to the
cardiovascular system [108,109]. In other tissues and organs, the infection of SARS-CoV-2
can also lead to the death of related cells, thereby affecting the function of organs and in-
ducing the sequelae of COVID-19. The potential viral library or non-infectious SARS-CoV-2
fragment can also trigger chronic inflammation and cause tissue damage. It may be due
to the persistence of virus fragments, leading to chronic inflammation and causing the
sequelae of COVID-19 [110]. The second possible cause is abnormal immune metabolism
and mitochondrial dysfunction. Mitochondria are not only the energy factories of cells
but are also crucial to the immune homeostasis of the human body. Therefore, damage
to mitochondrial functions inevitably affects human immunity. As early as the outbreak
of SARS-CoV-2, scientists have studied the interaction between the protein encoding by
SARS-CoV-2 and human mitochondria. Based on these studies, scientists have speculated
that SARS-CoV-2’s non-structural proteins (NSPs) 4 and 8, and ORF9c could interact with
mitochondria. Studies have also found that SARS-CoV-2 can hijack host mitochondria [111].
From clinical research data, the peripheral blood mononuclear cells (PBMCs) of patients
with SARS-CoV-2 showed the characteristics of mitochondrial dysfunction, metabolic
changes, and high levels of mitochondrial factors [112]. On the one hand, mitochondrial
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dysfunction leads to the imbalance of immune homeostasis, and on the other hand, it
also leads to the metabolic reprogramming of infected cells. The two may be behind the
sequelae of COVID-19.

The third guess is that COVID-19 is associated with immune exhaustion. As we all
know, if immune cells are stimulated by antigens for a long time, they present with dysfunc-
tion or even exhaustion. Immune exhaustion is a phenomenon associated with chronic viral
infection. The main feature of immune exhaustion is the functional disorder of antigen-
specific immune cells caused by long-term antigen stimulation, including reduced cytokine
production, impaired clonal proliferation, and up-regulated expressions of inhibitory re-
ceptors [113,114]. It was found that the absolute numbers of antiviral lymphocytes such as
cytotoxic T lymphocytes (CTLs) and natural killer cells (NKs) were significantly reduced
and their functions were impaired in patients with severe COVID-19 [115]. Other studies
found that the expression levels of many immunosuppressive receptors on lymph and bone
marrow cells were up-regulated during SARS-CoV-2 infection. This immunosuppression
and depletion of immune cells may promote SARS-CoV-2 infection and lead to COVID-19
sequelae [102] (Figure 2).
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An immune response analysis of COVID-19 patients with or without sequelae showed
that the level of S-specific CD8+ T cells decreased faster than that in patients without
sequelae, indicating that a weakened cellular immune response was associated with
sequelae [115].

Therefore, the rapid elimination of SARS-CoV-2 from tissues through vaccine-induced
pre-existing cellular immunity may reduce the occurrence of sequelae of COVID-19. On the
topic of whether vaccination is associated with a decreased prevalence of post-acute seque-
lae of SARS-CoV-2 infection compared with no vaccination, two recent studies on the associ-
ation between vaccination and COVID-19 sequelae reached opposite conclusions [116,117].
However, for patients with sequelae, vaccine immunization could still arouse a strong
cellular immune response. On the one hand, this study showed that the cellular immune
response did not enhance the sequelae. On the other hand, it also showed that the patients
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with sequelae may have virus antigens all the time and the reaction could be strong [118].
However, due to the difficulty of evaluating sequelae, the relationship between vaccination-
induced cellular immunity and sequelae has not yet been determined, and further research
is needed. Further observation and comparison of the incidence of sequelae between
patients with genetic and drug-induced B-cell loss may contribute to further understanding
the role of cellular immune responses in controlling sequelae.

1.7. Strategy for Cellular Immunity Vaccine Design and Methods for Cellular Immunity Evaluation

For vaccine design, the first thing to consider is the choice of antigen. The target used
to design a cellular immune vaccine cannot only contain the S protein, but membrane (M),
nucleocapsid (N), and non-structural proteins are also important options. Bioinformatics
analysis and experiments have proved that these proteins contain epitopes that can be
recognized by T cells [119,120]. Evidence demonstrating the efficacy of the vaccines with
these non-S proteins has increased. Accordingly, the viral load in the lungs of the RBD
mRNA-vaccine-immunized group was equivalent to that of the non-vaccinated group.
However, the viral load in the lungs of the N-protein mRNA-vaccine-immunized group
significantly decreased, which indicated that an mRNA vaccine containing N antigens
could reduce the viral load in the lungs and avoid the weight loss of mice [77]. Adjuvants
are still essential for vaccines to reinforce the cellular immune response. Adjuvants need
to be properly selected according to the characteristics of different vaccine platforms.
Various adjuvants applicable to conventional vaccine platforms and the possible underlying
mechanisms to enhance the immune response have been fully summarized elsewhere [75].
Molecular adjuvants could be adopted for nucleic acid vaccines. Helping to enhance the
cellular immune response is a new strategy for vaccine design. Molecular adjuvants can
be encoded and expressed simultaneously with antigens. Many studies have confirmed
that the addition of molecular adjuvants can significantly enhance the intensity of the
antigen-induced immune response. For instance, the induction of more potent CD8+ T-cell
cytotoxicity was obtained by the fusion of antigens with XCL1 [121]. After immunization,
the most commonly used method to evaluate specific T-cell immunity is to re-stimulate
T cells with the peptide pool covering the antigen. Cytokines and markers of different
functional subgroups of T cells detected by flow cytometry can be used to define the type
of activated cellular immune response and analyze the induced specific T-cell subsets. For
example, circulating follicular helper T (cTfh) cells can be characterized by CD4+, OX40+,
surface CD40L+, and CXCR5+ [13]. If the CD8+ T-cell recognition epitope sequence can be
identified, then the MHC I molecular tetramer could be prepared to detect specific CD8+

T cells. Furthermore, the combination of KLRG, CD127, and CD62L can distinguish specific
CD8+ T cells into central-memory or effect-memory CD8+ T cells [122].

2. Conclusions

Recently, two small-molecule drugs have significantly improved the symptoms of
patients with COVID-19 by reducing the viral load in the body by inhibiting viral repli-
cation [123,124]. For the immune system, the way to control the viral load is to lyse
virus-infected cells through cellular immunity, suggesting the necessity of designing vac-
cines with a strong cellular immune response for the reasons that cellular immunity can
reduce the severity of the disease, is still effective against the mutant strain, and can prevent
the sequelae. The virus particles inside virus-invaded cells that are released after the cells
are lysed by cellular immune responses still require antibodies for clearance. Therefore,
the orchestration of humoral immunity and cellular immunity can maximize immune
protection. However, it is difficult for current vaccines to strongly induce both cellular and
humoral immune responses. With the emergence of variants, booster vaccinations have
been implemented in many countries and regions. Therefore, to achieve better protection,
whether the boosters should be the original vaccines or other vaccines with complementary
immune responses has become an issue that needs to be explored. Moreover, the combined
immunization with vaccines that induce different subtypes of cellular immune responses to
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generate more comprehensive cellular immunity is also a scheme worthy of consideration.
In addition, the current nucleic acid vaccines do not contain molecular adjuvants, which
can help to adjust the type of induced immunity. Adding appropriate molecular adjuvants
to help to enhance the cellular immune response is a new strategy for vaccine design. In
summary, the SARS-CoV-2 pandemic provides a broad application scenario for vaccines
based on various platforms and provides a real-world test platform for many previously
unevaluable immunization strategies. This unprecedented public health crisis requires
bold attempts from humankind.
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19. Vályi-Nagy, I.; Matula, Z.; Gönczi, M.; Tasnády, S.; Bekő, G.; Réti, M.; Ajzner, É.; Uher, F. Comparison of antibody and T cell
responses elicited by BBIBP-CorV (Sinopharm) and BNT162b2 (Pfizer-BioNTech) vaccines against SARS-CoV-2 in healthy adult
humans. Geroscience 2021, 43, 2321–2331. [CrossRef]

20. Corbett, K.S.; Flynn, B.; Foulds, K.E.; Francica, J.R.; Boyoglu-Barnum, S.; Werner, A.P.; Flach, B.; O’Connell, S.; Bock, K.W.;
Minai, M.; et al. Evaluation of the mRNA-1273 Vaccine against SARS-CoV-2 in Nonhuman Primates. N. Engl. J. Med. 2020,
383, 1544–1555. [CrossRef]

21. Mateus, J.; Dan, J.M.; Zhang, Z.; Rydyznski Moderbacher, C.; Lammers, M.; Goodwin, B.; Sette, A.; Crotty, S.; Weiskopf, D. Low-
dose mRNA-1273 COVID-19 vaccine generates durable memory enhanced by cross-reactive T cells. Science 2021, 374, eabj9853.
[CrossRef] [PubMed]

22. Teo, S.P. Review of COVID-19 mRNA Vaccines: BNT162b2 and mRNA-1273. J. Pharm. Pract. 2021. [CrossRef] [PubMed]
23. Collier, A.Y.; Yu, J.; McMahan, K.; Liu, J.; Chandrashekar, A.; Maron, J.S.; Atyeo, C.; Martinez, D.R.; Ansel, J.L.; Aguayo, R.; et al.

Differential Kinetics of Immune Responses Elicited by Covid-19 Vaccines. N. Engl. J. Med. 2021, 385, 2010–2012. [CrossRef]
24. Dickerman, B.A.; Gerlovin, H.; Madenci, A.L.; Kurgansky, K.E.; Ferolito, B.R.; Figueroa Muñiz, M.J.; Gagnon, D.R.; Gaziano, J.M.;

Cho, K.; Casas, J.P.; et al. Comparative Effectiveness of BNT162b2 and mRNA-1273 Vaccines in U.S. Veterans. N. Engl. J. Med.
2022, 386, 105–115. [CrossRef] [PubMed]

25. Self, W.H.; Tenforde, M.W.; Rhoads, J.P.; Gaglani, M.; Ginde, A.A.; Douin, D.J.; Olson, S.M.; Talbot, H.K.; Casey, J.D.;
Mohr, N.M.; et al. Comparative Effectiveness of Moderna, Pfizer-BioNTech, and Janssen (Johnson & Johnson) Vaccines in Pre-
venting COVID-19 Hospitalizations Among Adults Without Immunocompromising Conditions—United States, March-August
2021. MMWR Morb. Mortal. Wkly. Rep. 2021, 70, 1337–1343. [PubMed]

26. Lim, W.W.; Mak, L.; Leung, G.M.; Cowling, B.J.; Peiris, M. Comparative immunogenicity of mRNA and inactivated vaccines
against COVID-19. Lancet Microbe 2021, 2, e423. [CrossRef]

27. Khoury, D.S.; Cromer, D.; Reynaldi, A.; Schlub, T.E.; Wheatley, A.K.; Juno, J.A.; Subbarao, K.; Kent, S.J.; Triccas, J.A.; Davenport,
M.P. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection. Nat. Med.
2021, 27, 1205–1211. [CrossRef] [PubMed]

28. Koch, T.; Mellinghoff, S.C.; Shamsrizi, P.; Addo, M.M.; Dahlke, C. Correlates of Vaccine-Induced Protection against SARS-CoV-2.
Vaccines 2021, 9, 238. [CrossRef]

29. Earle, K.A.; Ambrosino, D.M.; Fiore-Gartland, A.; Goldblatt, D.; Gilbert, P.B.; Siber, G.R.; Dull, P.; Plotkin, S.A. Evidence for
antibody as a protective correlate for COVID-19 vaccines. Vaccine 2021, 39, 4423–4428. [CrossRef]

30. Soresina, A.; Moratto, D.; Chiarini, M.; Paolillo, C.; Baresi, G.; Focà, E.; Bezzi, M.; Baronio, B.; Giacomelli, M.; Badolato, R.
Two X-linked agammaglobulinemia patients develop pneumonia as COVID-19 manifestation but recover. Pediatr. Allergy
Immunol. 2020, 31, 565–569. [CrossRef]

31. Montero-Escribano, P.; Matías-Guiu, J.; Gómez-Iglesias, P.; Porta-Etessam, J.; Pytel, V.; Matias-Guiu, J.A. Anti-CD20 and COVID-19
in multiple sclerosis and related disorders: A case series of 60 patients from Madrid, Spain. Mult. Scler. Relat. Disord. 2020,
42, 102185. [CrossRef] [PubMed]

32. Novi, G.; Mikulska, M.; Briano, F.; Toscanini, F.; Tazza, F.; Uccelli, A.; Inglese, M. COVID-19 in a MS patient treated with
ocrelizumab: Does immunosuppression have a protective role? Mult. Scler. Relat. Disord. 2020, 42, 102120. [CrossRef] [PubMed]

33. Safavi, F.; Nourbakhsh, B.; Azimi, A.R. B-cell depleting therapies may affect susceptibility to acute respiratory illness among
patients with multiple sclerosis during the early COVID-19 epidemic in Iran. Mult. Scler. Relat. Disord. 2020, 43, 102195. [CrossRef]

34. Tang, P.; Hasan, M.R.; Chemaitelly, H.; Yassine, H.M.; Benslimane, F.M.; Al Khatib, H.A.; AlMukdad, S.; Coyle, P.; Ayoub, H.H.;
Al Kanaani, Z.; et al. BNT162b2 and mRNA-1273 COVID-19 vaccine effectiveness against the SARS-CoV-2 Delta variant in Qatar.
Nat. Med. 2021, 27, 2136–2143. [CrossRef]

35. Dey, A.; Chozhavel Rajanathan, T.M.; Chandra, H.; Pericherla, H.P.R.; Kumar, S.; Choonia, H.S.; Bajpai, M.; Singh, A.K.; Sinha, A.;
Saini, G.; et al. Immunogenic potential of DNA vaccine candidate, ZyCoV-D against SARS-CoV-2 in animal models. Vaccine 2021,
39, 4108–4116. [CrossRef]

36. Momin, T.; Kansagra, K.; Patel, H.; Sharma, S.; Sharma, B.; Patel, J.; Mittal, R.; Sanmukhani, J.; Maithal, K.; Dey, A.; et al. Safety
and Immunogenicity of a DNA SARS-CoV-2 vaccine (ZyCoV-D): Results of an open-label, non-randomized phase I part of phase
I/II clinical study by intradermal route in healthy subjects in India. EClinicalMedicine 2021, 38, 101020. [CrossRef]

http://doi.org/10.1016/j.vaccine.2021.09.052
http://doi.org/10.1016/j.cell.2020.06.008
http://doi.org/10.1016/S1473-3099(20)30831-8
http://doi.org/10.1007/s11357-021-00471-6
http://doi.org/10.1056/NEJMoa2024671
http://doi.org/10.1126/science.abj9853
http://www.ncbi.nlm.nih.gov/pubmed/34519540
http://doi.org/10.1177/08971900211009650
http://www.ncbi.nlm.nih.gov/pubmed/33840294
http://doi.org/10.1056/NEJMc2115596
http://doi.org/10.1056/NEJMoa2115463
http://www.ncbi.nlm.nih.gov/pubmed/34942066
http://www.ncbi.nlm.nih.gov/pubmed/34555004
http://doi.org/10.1016/S2666-5247(21)00177-4
http://doi.org/10.1038/s41591-021-01377-8
http://www.ncbi.nlm.nih.gov/pubmed/34002089
http://doi.org/10.3390/vaccines9030238
http://doi.org/10.1016/j.vaccine.2021.05.063
http://doi.org/10.1111/pai.13263
http://doi.org/10.1016/j.msard.2020.102185
http://www.ncbi.nlm.nih.gov/pubmed/32408147
http://doi.org/10.1016/j.msard.2020.102120
http://www.ncbi.nlm.nih.gov/pubmed/32315980
http://doi.org/10.1016/j.msard.2020.102195
http://doi.org/10.1038/s41591-021-01583-4
http://doi.org/10.1016/j.vaccine.2021.05.098
http://doi.org/10.1016/j.eclinm.2021.101020


Vaccines 2022, 10, 1103 14 of 17

37. Mousa, M.; Albreiki, M.; Alshehhi, F.; AlShamsi, S.; Marzouqi, N.A.; Alawadi, T.; Alrand, H.; Alsafar, H.; Fikri, A. Similar
effectiveness of the inactivated vaccine BBIBP-CorV (Sinopharm) and the mRNA vaccine BNT162b2 (Pfizer-BioNTech) against
COVID-19 related hospitalizations during the Delta outbreak in the United Arab Emirates. J. Travel Med. 2022. [CrossRef]
[PubMed]

38. El Sahly, H.M.; Baden, L.R.; Essink, B.; Doblecki-Lewis, S.; Martin, J.M.; Anderson, E.J.; Campbell, T.B.; Clark, J.; Jackson, L.A.;
Fichtenbaum, C.J.; et al. Efficacy of the mRNA-1273 SARS-CoV-2 Vaccine at Completion of Blinded Phase. N. Engl. J. Med. 2021,
385, 1774–1785. [CrossRef] [PubMed]

39. Jackson, L.A.; Anderson, E.J.; Rouphael, N.G.; Roberts, P.C.; Makhene, M.; Coler, R.N.; McCullough, M.P.; Chappell, J.D.; Denison,
M.R.; Stevens, L.J.; et al. An mRNA Vaccine against SARS-CoV-2—Preliminary Report. N. Engl. J. Med. 2020, 383, 1920–1931.
[CrossRef]

40. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.;
Zerbini, C.; et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]

41. Tanriover, M.D.; Doğanay, H.L.; Akova, M.; Güner, H.R.; Azap, A.; Akhan, S.; Köse, Ş.; Erdinç, F.; Akalın, E.H.; Tabak, Ö.F.; et al.
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