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The strikingly rapidly mutating nature of the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) genome has been a constant challenge during the coronavirus disease 2019 (COVID-19)
pandemic. In this study, various techniques, including reverse transcription-quantitative polymerase
chain reaction, antigen-detection rapid diagnostic tests, and high-throughput sequencing were analyzed
under different scenarios and spectra for the etiological diagnosis of COVID-19 at the population scale.
This study aimed to summarize the latest research progress and provide up-to-date understanding of the
methodology used for the evaluation of the immunoprotection conditions against future variants of
SARS-CoV-2. Our novel work reviewed the current methods for the evaluation of the immunoprotection
status of a specific population (endogenous antibodies) before and after vaccine inoculation (adminis-
tered with biopharmaceutical antibody products). The present knowledge of the immunoprotection
status regarding the COVID-19 complications was also discussed. Knowledge on the immunoprotection
status of specific populations can help guide the design of pharmaceutical antibody products, inform
practice guidelines, and develop national regulations with respect to the timing of and need for extra
rounds of vaccine boosters.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

According to Johns Hopkins University statistics [1], up to
September 6, 2022, the number of global cases of coronavirus
disease 2019 (COVID-19) had reached 605,577,075, and caused
more than 6.5million patients' death. Owing to increasingly refined
medical treatments, such as extracorporeal membrane
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oxygenation, patients’ lives could be better saved under the con-
dition that medical resources are fortunately sufficient. Although
the risk of widespread COVID-19 remains, multiple rounds of
vaccination rather than lockdowns are still the most recognized
solution for epidemic prevention; thus, the protective inoculation is
becoming the worldwide choice. However, new challenges in the
COVID-19 pandemic, including the rapidly mutating virus genome,
compromise the confidence in immunoprotection measures. This
work reviewed the present research progress in variations in severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), vaccine-
induced protection, and complications associated with COVID-19,
and provides an up-to-date understanding of how to improve the
etiological diagnosis of COVID-19 and evaluate the immunopro-
tection status.
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2. Novel coronavirus variants

SARS-CoV-2, the causative agent of COVID-19, is a positive-sense,
single-stranded RNA virus belonging to the beta-coronavirus genus
[2]. This virus has four essential components: the membrane (M),
nucleocapsid (N), envelope (E), and spike (S) proteins, which play
vital roles in host entry, viral replication, and immunoregulation of
the host's antiviral immunity, thereby possibly affecting the etio-
logical diagnosis, severity, and transmissibility of COVID-19 [3].

2.1. General structural information of several variants during the
latest outbreak

Mutations within the virus's genomic regions of the virus can
result in major changes in virulence; therefore, updating the global
information on viral variants is crucial. Among them, the immu-
nodominant S glycoprotein is the target of the host's anti-S
neutralizing antibodies (nAbs)), and the E protein is related to vi-
rus infectivity [4]. In our previous study, published in June 2021, we
concluded that the variations in SARS-CoV-2 did not significantly
affect the infection ability, host immune regulation, or disease
severity [5]. However, during the past year, our knowledge has
increasingly expanded.

According to phylodynamic analysis of SARS-CoV-2 performed
using the Nextstrain platform [6,7], in 2021, SARS-CoV-2 has
evolved from 20H (Beta/B.1.351.3, V2) to 22C (Omicron/B.1.1.529).
As we can see from Table S1 [7], within each variant, multiple
changes occur in the genomic region for coding open reading
frames (ORF) for the 1a/b, 3a, 6, 7a, 7b, 8, 9b, S, E, M, and N proteins,
among others. Among these coding changes, those within the
genomic region of the S protein are extremely frequent. Taking the
latest variant of concern (VOC) 22C as an example (Table 1) [7],
genomic mutations could cause thirty amino acid changes in the S
protein, one in the E protein, two in theM protein, and four in the N
protein.

2.2. SARS-CoV-2 variants and COVID-19 disease severity

During the spread of the B.1.1.529 variant in South Africa from
November 2021 to January 2022, survey data from 7010 partici-
pants demonstrated that the mortality/morbidity ratio significantly
decreased within these 2.5 months, indicating that the B.1.1.529
variant might cause less disease severity [8]. According to another
study conducted by the Centers for Disease Control and Prevention
(CDC) (Southern California, USA), patients infected with the
B.1.1.529 variant had a 74% lower rate of intensive care unit
admission, a 91% lower rate of mortality, and a 70% shorter hospital
stay than patients infected with the Delta/B.1.617.2 variant [9].

2.3. SARS-CoV-2 variants and COVID-19 etiological diagnosis at the
population scale

Several techniques are widely used for the etiological diagnosis
of COVID-19 (Fig. 1). High-throughput sequencing (HTS) produces
full-length genome sequences [10], allowing identification of viral
variants. Although HTS is a powerful technique for identifying the
increasingly variating SARS-CoV-2 genome [11], its high cost pre-
vents its popularization.

In our most recent retrospective study, we evaluated the real-
world effectiveness of and protection from SARS-CoV-2 inacti-
vated vaccines in 231 patients with COVID-19 hospitalized in Xi'an,
China during the latest outbreak that occurred from December
2021 to January 2022 [12]. After whole-genome sequencing of 36 of
these cases was carried out by the China CDC, the Delta strain was
2

identified as the VOC. Because sample pooling of 1 in 10, 1 in 20, or
1 in 50 was applied at various alert levels in the reverse
transcription-quantitative polymerase chain reaction (RT-qPCR)
detection, we have been rallying for future practical research to
determine whether and how the pooling sample method should be
optimized for HTS during each outbreak.

The gold standard and most frequently used RT-qPCR method
relies on specific primer binding [13] within various genomic re-
gions. For example, the China CDC uses two sets of primers that
specifically bind to the ORF and N protein regions of the SARS-CoV-
2 genome [12]. One year ago, with much less information about the
SARS-CoV-2 genome variation, we were concerned about the pos-
sibility that the potential viral variants could affect the RT-qPCR
results [13]. To date, the evidence-based analysis is relatively
optimistic, given the low rate of false-negative RT-qPCR results
caused by SARS-CoV-2 variants [14]. However, a handful of reports
occasionally indicate that certain SARS-CoV-2 variants can affect
the RT-qPCR results and lead to false-negative data, such as the
C26340U point mutation detected using the E gene binding primer
[15]; the G29195T point mutation detected using the N gene
binding primer used by US CDC [16]; and four mutations including
Del28877-28894, GGG to AAC (28881e28883), Del28877-28878
[17], and Del28896-28898, as well as three single mutations
including G28881A, G28882A, and G28883C [18] detected using
the N gene binding primer. To minimize the mutations caused by
primer binding failure in RT-qPCR tests, the evidence-based
knowledge seems to be very helpful. Potential primer candidates
could be developed from 286 genomic regions longer than 20 base
pairs with low variability [19], and they should be validated before
use. According to Section 2.1, which is summarized in Table 1,
special attention should be paid when the intended PCR template is
approaching or spanning the existing genomic mutations that
cause thirty amino acid changes in the S protein, one in the E
protein, two in the M protein, and four in the N protein.

Over the last two years, equipment independent antigen-
detection rapid diagnostic tests (Ag-RDTs), especially in the form
of immunochromatographic lateral-flow test cards, have been
widely used, allowing the patients to conduct a self-test using
readily available nasopharyngeal or throat swabs instead of tradi-
tional blood samples. Despite its lower sensitivity than that of HTS
or the RT-qPCR method, the Ag-RDT method has high practical
value and is highly welcomed for its scale-up testing capacity in low
prevalence and at-home settings owing to its user-friendliness and
cost-efficiency [20]. Despite its specificity, the sensitivity can highly
vary. The World Health Organization recommends using products
with a sensitivity of >80% for practical use [21]. Most reported Ag-
RDTs use the membrane component N protein as the target antigen
[22], whereas some use the S protein [23]. Others use the pooled
antigens such as the N protein combined with the receptor-binding
domain (RBD) antigen [24]. Correspondingly, it is not surprising
that N sequence variants such as the D399N and T205I are found to
affect the performance of Ag-RDT kits [25]; in particular, their
performance against the B.1.617.2 strain is not satisfactory, and is
especially limited in the etiological diagnosis of B.1.1.529 strains,
which is far more concerning.

For regular regional management of COVID-19, we recommend
adjustments for the specific local outbreaks. At checkpoints in air-
ports, railway stations, and expressways, efficient crowd dispersal
can be as important as accurate diagnostic testing. We recommend
the use of duplicate sampling, where one sample is used for a “free
to go” decision made upon obtaining negative results from the
speedy Ag-RDT, whereas the other sample is reserved for RT-qPCR
inspection, which requires a longer period for detection and sample
transportation.



Table 1
Mutations in the genomic regions of the spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins in severe acute respiratory syndrome coronavirus-2 variants
(SARS-CoV-2) reported in 2021 (data derived from the Nextstrain platform) [7].

Variants S E M N

20H (Beta, V2) A27S, D80A, D215G, K417N, E484K, N501Y, D614G, and
A701V

P71L G200C and T205I

20I (Alpha, V1) N501Y, A570D, D614G, P681H, T716I, S982A, and D1118H D3L, R203K, G204R, and S235F
20J (Gamma,V3) L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y,

D614G, H655Y, T1027I, G1085E, and V1176F
P80R, R203K, and G204R

21A (Delta) T19R, R158G, L452R, T478K, D614G, P681R, and D950N I82T D63G and R203M
21I (Delta) T19R, G142D, R158G, A222V, L452R, T478K, D614G, P681R,

and D950N
I82T D63G and D377Y

21J (Delta) T19R, T95I, G142D, R158G, T208M, L452R, T478K, D614G,
P681R, and D950N

I82T D63G, R203M, G215C, and D377Y

21C (Epsilon) S13I, W152C, L452R, and D614G T205I, and M234I
21D (Eta) Q52R, A67V, D215Y, E484K, D614G, Q677H, and F888L L21F I82T S2M, D3Y, A12G, and T205I
21F (Iota) L5F, T95I, D253G, E484K, D614G, and A701V P199L, and M234I
21G (Lambda) G75V, T76I, D253N, L452Q, F490S, D614G, and T859N P13L, R203K, G204R, G214C, and T325I
21H (Mu) T95I, Y144S, Y145N, R346K, E484K, N501Y, D614G, P681H,

and D950N
R158L T205I

21K (Omicron) A67V, T95I, Y145D, L212I, G339D, R346K, S371L, S373P,
S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R,
G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y,
N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, and
L981F

T9I D3G, Q19E, and A63T P13L, R203K, and G204R

21L (Omicron) T19I, A27S, G142D, V213G, G339D, S371F, S373P, S375F,
T376A, D405N, R408S, K417N, N440K, S477N, T478K,
E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y,
N679K, P681H, N764K, D796Y, Q954H, and N969K

T9I Q19E and A63T P13L, R203K, G204R, and S413R

21M (Omicron) T19I, A27S, G142D, V213G, G339D, S371F, S373P, S375F,
T376A, K417N, N440K, S477N, T478K, E484A, Q498R,
N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K,
D796Y, Q954H, and N969K

T9I Q19E and A63T

22A (Omicron) T19I, A27S, G142D, V213G, G339D, S371F, S373P, S375F,
T376A, D405N, R408S, K417N, N440K, L452R, S477N,
T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G,
H655Y, N658S, N679K, P681H, N764K, D796Y, Q954H, and
N969K

T9I Q19E and A63T P13L, R203K, G204R, and S413R

22B (Omicron) T19I, A27S, G142D, V213G, G339D, S371F, S373P, S375F,
T376A, D405N, R408S, K417N, N440K, L452R, S477N,
T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G,
H655Y, N679K, P681H, N764K, D796Y, Q954H, and N969K

T9I D3N, Q19E, and A63T P13L, R203K, G204R, A397V, and S413R

22C (Omicron) T19I, A27S, G142D, V213G, G339D, S371F, S373P, S375F,
T376A, D405N, R408S, K417N, N440K, L452Q, S477N,
T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G,
H655Y, N679K, P681H, S704L, N764K, D796Y, Q954H, and
N969K

T9I Q19E and A63T P13L, R203K, G204R, and S413R
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3. Immunoprotection against COVID-19

Immunoprotection, including the innate and adaptive immune
response, against SARS-CoV-2 is a powerful protection against
COVID-19 and can be obtained via a previous COVID-19 infection,
exposure to other deactivated CoV-RBDs, or via proactive vaccine
inoculation.

3.1. Immune response to COVID-19 attack during infection

After suffering one round of COVID-19 (with or without
detectable symptoms), one can obtain automatic immunity through
the generation of circulating antibodies against the specific SARS-
CoV-2 variant. Following innate immunity, adaptive immunity
emerges, involving T and B cells as well as antibodies, which play
important roles in viral infection and vaccine action and are
considered critical for COVID-19 management. After recovery from
SARS-CoV-2 infection, CoV-specific immune memory includes
CD4þ T helper cells, CD8þ T killer cells, antibodies, and memory B
cells [26]. In one study comprising 69 participants, the longevity of
detectable CD4þ and CD8þ T cells ranged from 26 to 266 days (8.9
months) [27]; such long-term effect is considered strikingly
profound.
3

Post-infection, immunoprotection against COVID-19 can be
established via the use of nAbs. In 65 patients diagnosed with
COVID-19 in the UK, nAbs were detected 8 days after onset of
symptoms [28], which indicates the potential immunoprotection
from re-infection. Although post-infection, IgG and nAb levels were
decreased with the alleviation of the disease course [29], in-
dividuals were still protected for a relatively long time. Particularly
in the short term, such as over a 2-month follow-up period, none
out of 804 recovered Italian participants died or had recurrence
[30]. In a study involving 3,276 UK workers, the levels of anti-S IgG
antibodywere found to be stable even after 6months post infection
[31]. Moreover, the presence of anti-S antibodies had been found
related to a lower risk of COVID-19 infection (validated using RT-
qPCR) in a 6-month longitudinal study involving 12,541 partici-
pants from the UK by the end of 2020. The infection incidence was
found negatively correlated with baseline anti-S and anti-N anti-
body titers [32].

Such evidence seems to suggest a strong active adaptive im-
mune response to COVID-19; however, the innate immunity should
not be underestimated. Overaggressively surging neutrophils,
neutrophil extracellular trap activation and related cytokines [33],
as well as inflammasome activation, contribute to COVID-19 path-
ophysiology [34].When an uncontrolled immune response to SARS-



Fig. 1. Techniques used for the etiological diagnosis of coronavirus disease 2019 (COVID-19) at the population scale.
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CoV-2 results in hyperinflammation, the clinical outcomes can be
pathological and cause serious complications. Immunoprotection-
associated complications are discussed further in Section 5.

3.2. Protective immune response from pre-existing immunity

In contrast to the post-infection immunity reviewed above, it is
theoretically possible to generate pre-existing nAbs without
pathological infection after natural exposure to other deactivated
CoV-RBDs. T cells reactive to the N protein of SARS-CoV-2 were
detected in patients who had been previously infected with SARS-
CoV-1 and had recovered [35]. Such potential immune cross-
reactivity might be protective. A SARS-CoV-2-specific T cell im-
mune response could also be found in approximately 50% of the
COVID-19 free volunteers, indicating the cross-reactivity between
common cold-related coronavirus and SARS-CoV-2 [35]. Such
heterogenous cross-reactivity might substantially contribute to the
mechanism underlying the population's diverse susceptibility to
COVID-19.

In brief, our immune systemsmake immense efforts to establish
a protective immune response during our battle with COVID-19.
This is why the anti-SARS-CoV-2 vaccine, as a proactive immuno-
protection measure, is highly anticipated even before its official
release, and it has indeed proven to be capable of inducing critical
protective immunity (SARS-CoV-2 specific IgG) [36].

3.3. Heterogeneity of immunoprotection against COVID-19 among
populations

Disease severity under infection with each SARS-CoV-2 variant
highly varies across the population. For instance, some infections
are asymptomatic, whereas others are symptomatic and even fatal.
Many factors contribute to this overall diverse phenotype. From the
perspective of immune protection, the T-cell-derived adaptive
immune surveillance recognizes the different combinations of
SARS-CoV-2 epitopes in a human leukocyte antigen-restricted
pattern, resulting in different immune responses among
4

individuals [37]. Once infected, the antibody levels of those infected
also vary. In a previous study, the levels of SARS-CoV-2-specific IgG
and pro- and anti-inflammatory cytokines in asymptomatic cases
were much lower than those in symptomatic cases, which suggests
a lower immune response in asymptomatic infections [29,31].
Although free from the critical health conditions, it is possible that
such an asymptomatic population with a shorter immune memory
is not very well protected from a second round of infection.

Over the past few years, we have discovered some determinants
of this heterogeneity of immunoprotection [38]. First, COVID-19
displays a significant age tropism. The present data support the
assumption that SARS-CoV-2 preferentially targets older adults
[39]. One explanation could be the less coordinated adaptive im-
mune system of older people [40]. Even if children are not spared
from COVID-19 as previously anticipated [41], they are still spared
from the severity of the disease observed in older patients, possibly
due to the presence of more rapidly responding CD4þ T cells and
lower hyperinflammatory neutrophil infiltration [42]. Male pa-
tients are reported to have a higher risk of mortality than female
patients, possibly due to hormonal regulation of the hyper-
inflammatory immune state [43]. On the other hand, pregnant
women have long been considered as a susceptible population for
various viral infections. A previous study demonstrated that
COVID-19-infected pregnant women had more severe lymphope-
nia and higher levels of inflammatory markers, including
interleukin-6 (IL-6) and C-reactive protein (CRP) level than
nonpregnant women [44]. Furthermore, according to data from the
US CDC and the COVID-19 surveillance system, pregnant women
are more vulnerable to severe disease than nonpregnant women
[39,45].

Host-derived immune dysregulation is another risk factor for
COVID-19; thus, the potential association between the immune
state and COVID-19 severity has been thoroughly investigated in
both immunocompromised and autoimmune individuals. For some
immunocompromised patients, such as HIV-infected patients,
host-derived CD4 lymphocytopenia may result in poor prognosis
[46]. This is probably related to SARS-CoV-2's inhibition of immune
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defenses, which has been related to critical clinical outcomes [47].
Patients suffering from autoimmune rheumatic disorders could
benefit from their anti-tumor necrosis factor alpha (TNF-a) therapy
[46]. Comorbidities, particularly various chronic inflammatory-
related disorders, such as obesity and cardiovascular disease,
were found to result in higher severity of COVID-19 during early
winter in 2020 [48]. Overall, the individual balanced immunopro-
tection state could determine the final level of susceptibility and
disease severity in COVID-19.
Fig. 2. Techniques used to evaluate immunoprotection status against severe acute respirato
NK: natural killer; t-SNE: t-distributed stochastic neighbour embedding.

5

3.4. Techniques for the evaluation of immunoprotection status

Multiple techniques can be used to evaluate immunoprotection
status (Fig. 2). During daily clinical practice, optional serologic in-
vestigations enable the determination of anti-S or anti-N IgG con-
centration. The enzyme-linked immunosorbent assay (ELISA) is a
frequently used technique based on antigen-antibody specific
binding for both the capture and detection followed by signal
cascade amplification. ELISA for anti-S and anti-N IgG exhibits
ry syndrome coronavirus 2 (SARS-CoV-2). S: spike; N: nucleocapsid; Abs: antibodies;
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highly satisfactory sensitivity (98%) and specificity (98%) in a 96- or
384-well design for high-throughput screening [49]. Additionally,
lateral flow immunoassay has an overwhelming time-saving
advantage; however, its sensitivity is compromised at 65%e85%
compared with that of ELISA [50].

In addition to the detection of SARS-CoV-2-specific antibodies,
ELISA is widely used for the frequent determination of related
classic markers such as cytokines and chemokines (e.g. IL-1b, IL-6,
IL-17, IL-18, IL-22, TNF-a, interferon-g, and monocyte chemo-
attractant protein-1), which is recommended in clinical practice for
monitoring the incoming cytokine storm (CS) caused by hyper-
inflammation [51].

Analyzing the recruitment of various immune cell populations
in both innate immunity and adaptive immunity is another vital
aspect for evaluating the immunoprotection status. Biased counts
for neutrophils versus lymphocytes [52] could be easily accessed
through automatic differential blood cell counting in clinical
practice. Meanwhile, fluorescence-activated flow cytometry can
detect SARS-CoV-2 (S, RBD, and N)-specific adaptive immune cells
such as CD4þ, CD8þ T cells, and memory B cells. However, sophis-
ticated strategies and protocols [40,53] are needed to discriminate
these cells from nonspecific cells.

Neutralization assays are the gold standard for focusing on the
titer determination of SARS-CoV-2-specific nAbs. Such technique
requires mixing nAb-containing serum together with live virus
(live virus neutralization test) [54] or pseudovirus (surrogate
neutralization antibody test) [40] and transduction into the
angiotensin-converting enzyme 2-expressing engineered cell lines.
These techniques are usually performed in research laboratories.
The common plaque reduction neutralization assay [55] is also
based on a similar principle with a different presentation of the
neutralizing outcome.

In patients with COVID-19, single-cell RNA sequencing can be
used to combine an intensive dataset of differentially expressed
genes and signaling pathways in major immune cell types together
with their cytokine expression profiles. The resulting primary
finding is well recognized as a comprehensive immune cell atlas
[56].

The sole or combined application of the above-mentioned
techniques can be very informative. Molecular diagnosis-assisted
immunological testing is highly beneficial for evaluation. For
instance, a combined SARS-CoV-2 nucleic acid-negative, anti-
SARS-CoV-2 IgM-negative, and anti-SARS-CoV-2 IgG-positive
result could better estimate the immunoprotection status. How-
ever, the mechanisms underlying achieving this status remain
unclear. There are several explanations for a standing immuno-
protection against COVID-19, some of which include immune
memory protection through voluntary vaccination, COVID-19 re-
covery, and acquired cross-reactive immunity from a previous
common cold.

4. Immunoprotection and vaccine inoculation

Vaccines are designed to prime the protective immunememory.
Therefore, since the beginning of the COVID-19 pandemic,
tremendous efforts have been made in vaccine development and
inoculation at the population level.

4.1. Recent knowledge on currently available vaccines applied at a
national/regional scale

According to Johns Hopkins University statistics [1], a total of
12.1 billion doses of vaccine had been administered worldwide up
to September 6, 2022. Increasing efforts have been directed toward
the development of an anti-SARS-CoV-2 vaccine, with encouraging
6

results. To date, multiple vaccine types have emerged, including
inactivated virus vaccines, live attenuated vaccines, protein subunit
vaccines, DNA/RNA vaccines, vector-based vaccines, and virus-like
particle vaccines [57]. The immunodominant S protein, a major
glycoprotein on the surface of the virus envelope, is the main target
of nAbs formed due to natural infection [58], and thus becomes the
target of interest for vaccine design.

According to the updated International Vaccine Access Center
[59], among 156 candidate vaccines which entered clinical trials, 57
candidate vaccines targeting the S protein have been developed
and tested in various phases of clinical trials (as summarized in
Table S2). Among them, five products have reached the market,
entering phase IV clinical trials and being used for worldwide
vaccination; these include mRNA-1273 [60] and BNT162b2 [61].
Inactivated virus vaccines, including BBIBP-CorV [62] and Corona-
Vac [63], were developed according to the inactivated primary
SARS-CoV-2 strain.

Vaccine inoculation is a potent strategy to establish our adaptive
immunity against SARS-CoV-2; however, the very first principle of
vaccine inoculation is that the benefits should always outweigh the
risks. Hence, an optimized vaccination program should be indi-
vidualized. The individual's disease status, disease history, and
medicine treatment should be considered before vaccination. For
example, for patients with multiple sclerosis, all types of COVID-19
vaccines, except live attenuated vaccines, are recommended and
considered safe [64].

4.2. Vaccines protect the population against disease onset and
severity

Studies of fully vaccinated populations can provide valuable
information about whether the vaccine has any positive effect on
disease onset incidence or severity. A previous study described 39
mild-to-asymptomatic infective cases among 1,497 Israeli workers
with high occupational exposure risk after completion of the mRNA
vaccine program. The nAb titers within the infected population
were only approximately one third of those of matched controls
during the peri-infection period [65]. This indicates that both vac-
cine and personal immune protection conditions (the actively
established vaccine-derived immune memory) are vital in
achieving favorable clinical outcomes.

4.3. Immunoprotection against viral variants through vaccination

As described in Table 1, the S protein is the vital component of
SARS-CoV-2, and various relatedmutations occurred in this protein
in the VOCs that emerged in the recent pandemic. In addition to
various random natural mutations, the virus sometimes mutates to
better evade the host antiviral immunity by affecting epitopes for
nAb recognition. Under immune selective pressure, SARS-CoV-2
variants can rapidly evolve to better evade our antiviral immune
barrier; therefore, the vaccine effects can eventually be compro-
mised. Moreover, because of the high heterogeneity of instinct
immunoprotection barriers among the population, vaccines work
differently in different individuals. For most newly emerged vari-
ants, there is yet no solid evidence from longitudinal studies,
despite the value of primary findings in clinical trials with relatively
shorter time windows.

After full vaccination, breakthrough infection was still detected
among workers with high occupational exposure risk. Such in-
fections mainly (85%) occurred with the B.1.1.7 variant compared
with the primary virus [65]. Because of cross-reactive immuno-
protection, it is very likely that vaccines based on antiquated virus
information will still be able to identify many variants. Moreover,
for the common variant D614G (B.1), despite its high shedding
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[66,67], it could still be identified and neutralized by plasma from
donors infected with the primary virus [67]. Further, in a
pseudovirus-neutralization assay, despite the immune escape
against 50% of all detected monoclonal antibodies resulting from
mutations including N501Y, N439K, and S477N, inactivated virus
vaccine-elicited sera had favorable efficacy and responded to the
D614G þ L18F þ A222V and D614G þ A222V variants [68]. Theo-
retically speaking, based on the solid evidence of human adaptive
immune response, such as mediated by CD4þ and CD8þ T cells, to
diverse SARS-CoV-2 epitopes within components including S, M,
and N proteins and ORFs [35,37], nAbs in our immune system
recognize the S protein as the signature SARS-CoV-2 antigen, while
the key epitope of the large RBD of the S antigen hinders escaping
from our polyclonal serum neutralization [69,70].

In addition, the effectiveness of seven representative, widely
used vaccines against the pandemic strains B.1.617.2 and B.1.1.529 is
summarized in Table 2 [71e102]. Vaccine effectiveness appears to
be much lower against these recent variants than against the
original D614G (B.1) strain. Despite the possibility of a booster
immunization, vaccine effectiveness against B.1.1.529 is signifi-
cantly reduced.

Meanwhile, a previous study discovered a VOC (B1.1.7) for which
the neutralization activity of the ChAdOx1 nCoV-19 vaccine-elicited
antibody was reduced by 9 folds compared with the primary non-
B.1.1.7 strain [73]. Moreover, the spike RBD N439K variant
(belonging to B.1.1.529) was found to decrease around 50% of the
RBD-binding serum IgG or monoclonal antibody levels compared
with the wild type [70].

In summary, there is little possibility that SARS-CoV-2 variants
could completely escape our humoral and cellular immune sur-
veillance in humans [26]. However, these continually emerging
variants will remain a global challenge. With the advances in vac-
cine boosters, we believe that our immunoprotection strategy is
appropriate. With breakthroughs in the development of effective
pharmacological interventions, it is possible to defeat COVID-19.
Although we hope for the best, we must be prepared for the
worst; thus, timely surveillance of variants using deep-sequencing
technologies is necessary.

5. Immunoprotection and COVID-19 complications

COVID-19 is mostly characterized by common symptoms,
including fever, dry cough, shortness of breath, and various other
clinical signs [103]. For some patients, however, once infected with
SARS-CoV-2, the symptoms do not quickly disappear. There are
several complications that may affect the long-term health of such
patients. Clinicians are diagnosing not only pneumonia following
COVID-19, but also other disorders occurring within a couple of
days after hospital admission.

5.1. Over immunoprotection from the host immune system
accompanies many severe COVID-19 complications

Aside from the unfortunate patients who suffer respiratory
failure during the acute infection phase of COVID-19 [104], survi-
vors can also encounter extensive production and release of in-
flammatory cytokines, known as a “cytokine storm” [105], which
can result in the multiorgan failure and critical illness [106]. Apart
from immunological pneumonia during infection, SARS-CoV-2
could trigger various autoimmune disorders, including inflamma-
tory arthritis, systemic lupus erythematosus, renal disease, rhab-
domyolysis, myositis, and vasculitis (particularly large-vessel
vasculitis) [107]. More importantly, many post-infectious patients
are further diagnosed with the multisystem inflammatory syn-
drome (MIS), known as MIS-A in adults [108] and MIS-C in children
7
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[109]. Even after complete resolution of SARS-CoV-2 infection,
patients could still experience various symptoms, such as fatigue,
persistent cough, pain, dyspnea, headache, cognitive dysfunction,
and even various cardiovascular sequelae [110], which are known
as post-COVID conditions or “long COVID” [111,112]. The SARS-CoV-
2-triggered overactive neuroinflammation may play a crucial role
in these sequelae [113]. An overprotective antiviral response is one
of the most accepted hypothesis, but the fact that SARS-CoV-2
would act as a molecular mimic is also plausible, suggesting that
the dozens of SARS-CoV-2 heptapeptides that share high similarity
with human heptapeptides may have high pathologically autoim-
mune potential [52]. Therefore, post-COVID-19 symptoms could be
caused by a secondary autoimmune attack.

5.2. Real-time evaluation and monitoring of cytokine-driven
hyperinflammatory responses for correctly addressing COVID-19
complications

Real-time evaluation of the hyperinflammatory state of patients
can provide better etiological diagnosis and treatment. A research
group from Temple University in the US has proposed novel criteria
for COVID-CS. These criteria include a combination of multiple
indeces as follows: ferritin > 250 ng/mL and CRP > 4.5 mg/dL
(indicating hyperinflammation and tissue damage, respectively) as
well as prerenal electrolyte imbalance [114]. Early diagnosis of
COVID-CS would help physicians prescribe personalized medica-
tion in time, resulting in better prognoses. Hence, in addition to
clinical signs including breathlessness, ultrastructure changes such
as deteriorating chest radiograph [111], potential biomarker com-
binations available in daily clinical practice, especially in devel-
oping countries, would be desirable. For instance, the
hyperinflammatory state could be profiled using immunological
indicators, including abnormal immune cell populations such as
excessive neutrophil recruitment [52] in peripheral blood, over-
secretion of proinflammatory cytokines and chemokines including
circulating IL-6, TNF-a, IL-8, IL-10 [105,115], as well as other
hyperinflammatory indeces such as CRP and D-dimers [111] and
autoantibodies [52].

6. Conclusion and future perspectives

Here, we reviewed the current progress in research on emerging
coronavirus variants, vaccination progression, and COVID-19 com-
plications from the perspective of immunoprotection. For better
etiological diagnosis, various techniques, including RT-qPCR, Ag-
RDTs, and HTS, were analyzed for use in different scenarios and
spectra at the population scale. This work discusses how to evaluate
the immunoprotection status in a specific population (endogenous
antibodies) before and after vaccine inoculation. Our findings can
help guide the design of antibody drugs, facilitate the development
of practice guidelines, and help policy makers to introduce national
regulations, such as the timing of and requirements for extra
rounds of vaccine boosters.

According to the current knowledge, we recommend RT-qPCR
for population-scale screening as normal practice, supplemented
with the use of Ag-RDTs in low-prevalence settings such as schools
or workplaces. For each new pandemic wave, HTS should always be
applied to representative specimens for final variant validation.

With the global spread of the B.1.1.529 variant, determination of
the immunoprotection status of some populations can help deter-
mine practice guidelines. A service package that evaluates an in-
dividual's immunoprotection status against the most recent
pandemic SARS-CoV-2 variant should be developed. We expect
these techniques to become more financially available so that the
practice of anti-COVID-19 immune surveillance can become as easy
8

as our regular programme of anti-hepatitis B virus immune
surveillance.

After evaluating the performance of different vaccines against
various variants, expectant management with the present tech-
nological reserves of vaccine is a matter of expediency, so far well-
run. If and when the situation deteriorates, we recommend the
development of an inactivated virus vaccine (with advanced and
ready-to-use technologies) based on the most concerning variant
(B.1.1.529, for example).
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