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SUMMARY Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) keeps
evolving and mutating into newer variants over time, which gain higher transmissi-
bility, disease severity, and spread in communities at a faster rate, resulting in
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multiple waves of surge in Coronavirus Disease 2019 (COVID-19) cases. A highly mutated
and transmissible SARS-CoV-2 Omicron variant has recently emerged, driving the
extremely high peak of infections in almost all continents at an unprecedented speed
and scale. The Omicron variant evades the protection rendered by vaccine-induced anti-
bodies and natural infection, as well as overpowers the antibody-based immunothera-
pies, raising the concerns of current effectiveness of available vaccines and monoclonal
antibody-based therapies. This review outlines the most recent advancements in studying
the virology and biology of the Omicron variant, highlighting its increased resistance to
current antibody-based therapeutics and its immune escape against vaccines. However,
the Omicron variant is highly sensitive to viral fusion inhibitors targeting the HR1 motif
in the spike protein, enzyme inhibitors, involving the endosomal fusion pathway, and
ACE2-based entry inhibitors. Omicron variant-associated infectivity and entry mechanisms
of Omicron variant are essentially distinct from previous characterized variants. Innate
sensing and immune evasion of SARS-CoV-2 and T cell immunity to the virus provide
new perspectives of vaccine and drug development. These findings are important for
understanding SARS-CoV-2 viral biology and advances in developing vaccines, antibody-
based therapies, and more effective strategies to mitigate the transmission of the
Omicron variant or the next SARS-CoV-2 variant of concern.

KEYWORDS SARS-CoV-2 Omicron, booster, antibodies, resistance, entry inhibitors,
fusion inhibitors, pan-CoV vaccines, T cell response, immune evasion

INTRODUCTION

The Coronavirus Disease 2019 (COVID-19) pandemic caused by novel severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) has been ongoing for over 2 years.

Along with considerable interruptions of social and economic activities, the pandemic has
posed global public health concerns and adverse financial impacts owing to its devastat-
ing effects on the survival of humanity (1–4). Presently, approximately 500 million con-
firmed cases and 6.2 million cases of death have been reported due to COVID-19 globally
as of 18 April 2022 (https://covid19.who.int/) (1). Apart from original SARS-CoV-2, the
emerging variants of this pandemic virus have altogether caused consequent waves of the
pandemic over the time, and a massive and rapid surge in confirmed COVID-19 cases is
currently being seen predominantly due to the recently heavily mutated and highly trans-
missible Omicron (B.1.1.529) variant. Several SARS-CoV-2 variants of concern (VOC) have
been defined and designated by the World Health Organization (WHO), named Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P1), Delta (B.1.617.2), and Omicron. The Omicron variant
has three main distinct sublineages (BA.1/BA1.1, BA.2, and BA.3), with BA.1 and BA.2 being
the most prevalent sublineages found globally (5, 6). The vast majority of experimental
studies were conducted with the original Omicron BA.1 variant, while only limited studies
on the Omicron BA.2/BA.3 lineages have been published recently (7–12). Therefore, the
Omicron variant mentioned here refers to BA.1, unless otherwise stated. As the most
recently identified VOC, the Omicron was initially detected in Botswana on 11 November
2021 and classified as a VOC by the WHO on 26 November 2021. The variant rapidly
became the driving force behind the fourth wave of the epidemic in South Africa (13).
Such newly emerging SARS-CoV-2 variants can show higher transmissibility and increase
disease severity, morbidity, and mortality associated with COVID-19. These variants can
potentially acquire features of immune escape from protection provided by vaccine-
induced immunity and/or natural infection, and even modified monoclonal antibody
(MAb)-based treatment regimens, which can result in breakthrough infections in vacci-
nated peoples, reinfection in COVID experienced recovered patients, and high and rapid
increase in infected cases worldwide (14–17). The strong genomic surveillance system
identified the Omicron variant within a week after a notification of a remarkable increasing
confirmed COVID-19 cases in South Africa (13). Thereafter, the Omicron variant spread
very rapidly to nearly 150 countries within a short time span of few weeks and drove the
fourth peak of the confirmed COVID-19 cases across the globe (17, 18). Unsurprisingly,
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Omicron has now outcompeted the previous VOCs and has the largest prevalence in the
world by replacing the previously dominating Delta variant. Omicron infections have
increased dramatically, despite massive COVID-19 vaccination campaigns going on world-
wide. The Omicron variant causes less severe disease and is believed to be associated with
less pathogenic outcomes. For example, one clinical study showed that the proportion of
patients that require oxygen supply dropped significantly in the fourth wave of infection
caused by the Omicron variant spreading in South Africa compared to the previous waves
(19). Furthermore, patients infected with the Omicron variant in southern California had a
53% reduced risk of being symptomatic hospitalization and a 74% reduction in risk of in-
tensive care unit (ICU) admission, and there has been a 91% decreased risk of mortality
compared to those with a Delta variant infection (20). The ability of the Omicron variant to
breakthrough vaccine-elicited immunity results from elevated viral titers compared to the
Delta variant, as well as an increased infectiousness (21). In addition, superspreading and
regional outbreak of Omicron variant infections even occur in triple-vaccinated health care
workers (22).

SARS-CoV-2, as a positive-sense RNA virus, harbors an ;30-kb large single-stranded
genome and the whole genome encodes 4 structural proteins (membrane [M], enve-
lope [E], nucleocapsid [N], and spike [S]), 16 nonstructural proteins, and 9 accessory
proteins (23). The SARS-CoV-2 virion surface displays an average of 30 to 60 S trimers
nearly 10 nm in length with an average of 15-nm distance from each other (24, 25).
Entry of SARS-CoV-2 via cell surface fusion requires activation of the S protein by both
host angiotensin converting enzyme 2 (ACE2) and transmembrane protease serine 2
(TMPRSS2). The S protein contains two domains: S1 is responsible for receptor binding,
and S2 is responsible for subsequent membrane fusion. S is primed by TMPRSS2 and
drives the efficient fusion of the viral membrane with the cell membrane after the re-
ceptor-binding domain (RBD) in S binds to ACE2. Another route of entering cells by
SARS-CoV-2 occurs via endosomal entry that also involves ACE2 binding, followed by
endosomal acidification and cleavage of S2 by cathepsin L (26).

Surprisingly, the SARS-CoV-2 Omicron variant contains over 30 residual mutations
in the S protein with 15 mutations located in the RBD (Fig. 1), which raises deep con-
cerns regarding the efficacy of currently applied vaccines and therapeutic MAbs. VOC
can be generated by mutations in the S gene, which improve “viral fitness” through
several selected advantages such as increased affinity to ACE2 and accelerated viral
replication rate, thereby increasing the risk of reinfection and severity of COVID-19
(27). Initial vaccines are designed and developed based on the ancestral SARS-CoV-2 S
sequence, but mutations in the S RBD of VOCs are associated with humoral immune
evasion. For example, one mutation, the N501Y mutation in the RBD, is universally
common to all variants but is not present in the Delta variant (Fig. 1). This mutation
increases the affinity of S for the ACE2 receptor, thus further enhancing viral attach-
ment on the membrane and facilitating its subsequent entry steps into host cells (28).
The ways additional mutations in the Omicron variant impact infection potential, the
effectiveness of vaccines, and therapeutic MAbs are under investigation.

In this review, we summarize and demonstrate the most recent advancements and
findings associated with the entry mechanisms, cellular infectivity, and transmissibility
of the newly emerged SARS-CoV-2 Omicron variant. This variant confers immune
escape by employing its evasion strategies against protective antibodies induced by
vaccination or natural infection and overpowers antibody-based therapies. The signifi-
cance of a vaccination booster to counter the outbreak is highlighted. Current advan-
ces in finding effective MAbs and powerful antiviral drugs that are suggested to be
useful against Omicron and treating COVID-19 have been emphasized. Novel insights
are presented on the entry mechanisms of Omicron, which is fundamentally distinct
from that of the ancestral variant. Other highlights include cell tropism and entry pref-
erences of the Omicron variant, infectivity and cell-to-cell fusion mechanisms, soluble
receptor therapy, fusion, and entry inhibitor development, as well as the immune sens-
ing and antagonism of SARS-CoV-2 against innate immunity.
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FIG 1 Structural depiction of SARS-CoV-2 virion and genomic domains with mutations in the spike. Mutations are shown in spikes in VOCs from the Alpha
to the Omicron (BA.1) variants. Viral genomic RNA, membrane (M), spike glycoprotein (S), nucleocapsid (N), envelope (E) are shown on the left. S binds to
ACE2 and primes viral fusion. Schematic genomic structures are shown on top right. Domains in WT S and mutations in all current variants of concern are
shown. The furin cleavage Site (FCS) PRRAS between S1 and S2 subunit is indicated in red. SP, signal peptide; NTD, N-terminal domain; RBD, receptor-
binding domain; SD1, subdomain 1; SD2, subdomain 2; FP, fusion peptide; HR1, heptad repeat 1; HR2, heptad repeat 2; TM, transmembrane region; IC,
intracellular domain.
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INFECTIVITY, FUSION, AND CELLULAR TROPISM OF THE SARS-CoV-2 OMICRON
VARIANT

Although COVID-19 cases by the SARS-CoV-2 Omicron variant infection have sky-
rocketed, hospitalizations have increased only modestly. A recent study from Denmark
demonstrated that increased fitness of Omicron appears to be attributed to the viral
immune evasion rather increased intrinsic transmissibility (29). Strikingly, in several
pilot studies in rodents, Omicron infections were often largely limited to the upper re-
spiratory airway, including the nose, throat, and windpipe, but not the lungs, thereby
causing less severe disease (Fig. 2). Distribution of the virus in this manner would allow
viral particles to be exhaled easily from the nose or mouth as aerosols and allow for
infection of new hosts. The Omicron variant was shown to be less fusogenic than the
Delta variant and the D614G strain (30). In a recent study conducted by Abdelnabi
et al. (31), a nearly 1,000-fold smaller amount of viral RNA was measured, with no de-
tectable infectious virus in the lungs from hamsters after the Omicron infection com-
pared to control animals infected with D614G. Furthermore, no signs of peribronchial
inflammation and bronchopneumonia were found in the lungs of the Omicron virus-
infected hamsters (31). Although the S protein of the Delta variant is effectively cleaved
into two subunits, allowing for cell-cell fusion, the S protein of the Omicron variant is
less efficiently processed (30). Formation of syncytium by the Omicron S was signifi-
cantly reduced compared to the Delta S, owing to inadequate S1/S2 cleavage by furin
and the inaccessibility of TMPRSS2 (32). In addition, the Omicron variant is not ravag-
ing the lower respiratory systems like wild-type SARS-CoV-2. In fact, it was less success-
ful at infecting lung cells and organoids than other variants (32). Similarly, in hamsters
infected with the Omicron virus, fewer copies of the SARS-CoV-2 viral RNA were
detected in the lungs compared to animals with the ancestral variant infection, and
strikingly no infectious Omicron virus can be detected in the lungs (33). Consistently,
attenuation of infection in different mouse strains such as 129, C57BL/6, and BALB/c
infected with the Omicron variant also showed a reduced viral burden in both upper
and lower respiratory tracts compared to previous SARS-CoV-2 variants (34, 35). In con-
trast to infection with previous SARS-CoV-2 Alpha, Beta, and Delta variants, infection
with the Omicron variant results in the least amount of body weight loss and much
lower mortality (36). Consistently, the Omicron variant replicated at a higher rate than
prior SARS-CoV-2 strains in the bronchus but with less efficiency in the lung paren-
chyma (37). Although the determinants of severity are multifactorial, the decreased
replication capabilities of the Omicron variant in human lungs may explain the
decreased severity in Omicron variant-infected patients. The experiments from several
Omicron isolates demonstrate attenuated lung pathogenesis in rodents, which are sim-
ilar to preliminary clinical data in humans (38). Furthermore, the Omicron variant shows
a lower replication rate in TMPRSS2-overexpressing VeroE6 cells and replicates poorly

FIG 2 Lower replication competence of the Omicron variant in human lungs. The SARS-CoV-2
Omicron variant has evolved into an upper-airway specialist, thriving in the throat and nose but not
in the lower airway system, where the lung is the main target of the other prior SARS-CoV-2 variants.
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in Calu-3 cells (39). The SARS-CoV-2 Omicron variant has evolved into an upper-airway
specialist, thriving in the throat and nose, but not in the low airway system, where the
lung parenchyma is the major target of the prior SARS-CoV-2 variants (Fig. 2).

RESISTANCE OF THE OMICRON VARIANT TO CONVALESCENT PLASMA

Antibodies can mediate protection against SARS-CoV-2 via viral neutralization. Possible
sources of antibodies against SARS-CoV-2 are from convalescent-phase sera of humans
who have previously experienced COVID-19 or certain genetically engineered animal hosts
that can generate human antibodies (40). Early studies on the capacity of the antibody
neutralization against the ancestral SARS-CoV-2 virus showed a positive correlation
between serum neutralizing capacity and disease severity (41). Furthermore, the neutraliz-
ing potency of convalescent-phase sera against previous variants is significantly reduced
compared to ancestral strains (42, 43).

Similarly, the neutralization of the Omicron variant from the serum samples of con-
valescents patients in Wuhan city 1 year after infection also revealed a marked (10-
fold) reduction in titers compared to D614G (44) (Table 1). The average neutralization
titer of convalescent-phase sera against the Omicron variant declined from 556 to 66
(8.4-fold) compared to that of D614G (45) (Table 1). Sera from convalescent individuals
in Hong Kong showed a 10.6-fold decrease in neutralization titer against the Omicron
variant compared to ancestral wild type (46). A sharp drop of.32-fold in neutralization
titers was also observed against the Omicron variant, with only 2 of the 10 samples
having barely detectable titers (47). Convalescent sera from hospitalized patients dis-
played a potent ability to neutralize the ancestral strain but a 37-fold reduction in neu-
tralizing activity against the Omicron variant (48). Sera collected either 6 months or 1
year postsymptoms from COVID-19 convalescent patients showed low or even no neu-
tralizing activity against the Omicron variant, indicating a high risk of Omicron variant
reinfection in recovered patients (49). In addition, another study demonstrated that
the neutralizing activity of the majority (73.3%) of convalescent-phase sera was unde-
tectable when measured against the Omicron virus (50). Indeed, the Omicron variants
do reinfect convalescent individuals during a SARS-CoV-2 Omicron infection wave.

RESISTANCE OF THE OMICRON VARIANT TO NEUTRALIZING ANTIBODIES ELICITED
BY COVID-19 VACCINES
Pfizer-BioNTech (BNT162b2) and Moderna (mRNA-1273) mRNA Vaccines

Correspondingly, the Omicron variant also bypasses the protection induced by vac-
cination. The Pfizer-BioNTech (BNT162b2) and the Moderna (mRNA-1273) vaccines are
both potent mRNA vaccines. They have been shown to provide an extremely high level
of protection against severe disease and death in relation to SARS-CoV-2. However, the
Omicron variant shows obvious decreased sensitivity to neutralizing antibodies
induced by these vaccines (46–51) (Fig. 3 and Table 2). The Pfizer-BioNTech vaccine’s
effectiveness against hospitalization caused by the Omicron variant was estimated up
to 70% (95% confidence interval [CI] = 62 to 76) in South Africa, whereas vaccine

TABLE 1 Neutralization activities of convalescent-phase sera against the Omicron varianta

No. of samples Age range (yr) Time after symptom onset

Neutralization titer
Fold reduction
(WT/Omicron) ReferenceWT Omicron

24 NA 1 yr NA NA 10.1 44
28 NA 1–3 mo ED50 = 556 ED50 = 66 8.4 45
30 20–72 143–196 days GMT = 85.7 GMT = 8.1 10.6 46
10 45–79 9–120 days IC50 = 4344 IC50 , 135 .32 47
17 25–78 14–28 days NA 23% samples above LOD NA 48
12 34–73 14–28 days (hospitalized) NA 75% samples above LOD 37 48
16 32–77 6 mo ED50 = 569 36% samples above LOD NA 49
22 23–82 12 mo ED50 = 580 39% samples above LOD NA 49
15 NA 23–87 days NA 27% samples above LOD .11.1 50
aLOD, limit of detection; NA, not applicable.
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effectiveness was 93% (95% CI = 90 to 94) before the emergence of the Omicron vari-
ant (52). The titer of neutralizing antibodies induced by two doses of mRNA vaccines
against the Omicron variant is significantly lower than that against the ancestral variant
(Table 2).

Hoffmann et al. (53) have shown that the Omicron S protein evaded antibody neu-
tralization in sera from individuals vaccinated with BNT162b2 with a value of 33.8-fold
higher resistance than the ancestral S protein. Simultaneously, Willett and coauthors
showed that vaccination with the two doses of BNT162b2 elicited neutralizing anti-
body with mean titer of 148 against the Omicron variant, about 33-fold lower than
that against the ancestral strain (NT50: 4,978) (54). The Kelvin To’s group has shown
that the geometric mean titer (GMT) against the Omicron variant in BNT162b2 recipi-
ents is 36- to 40-fold lower than that against the ancestral virus (55). Similarly, vaccin-
ees with two doses of BNT162B2 had neutralizing antibody titer against the Omicron
variant about 37-fold lower than that against the ancestral strain (48). BNT162b2 and
the mRNA-1273 showed significantly decreased the half-maximal inhibitory concentra-
tion (IC50) by more than 21- and 8.6-fold, respectively (47). Vaccination with the two-
dose mRNA1273 elicited neutralizing antibody with a mean titer of 285 against the
Omicron variant, a 74-fold decrease, compared to the ancestral strain, with titer of
21,118 (54). Two doses of the mRNA vaccine resulted in limited neutralizing antibodies
against Omicron but an increased antibody breadth over time, lasting up to 4.9 months
after vaccination (56). More than a third of RBD-binding IgG1 resting memory B cells,

FIG 3 Resistance of the Omicron variant against to neutralizing antibodies elicited by COVID-19 vaccines. A
representative vaccine based on mRNA and the viral vector platform and regimen of injection are shown at the
top. The Omicron variant shows significant resistance against neutralization by vaccine-induced antibodies. A
third booster increases the neutralization titer against the Omicron variant.
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on the other hand, bound the Omicron variant at first and gradually increased the BCR
breadth over time (56).

AstraZeneca Vaccine (ChAdOx1) and Johnson & Johnson Vaccine (Ad26.COV2.S)

A similar pattern was also observed for the AstraZeneca-Oxford (ChAdOx1) vaccine.
Samples collected from AstraZeneca vaccine recipients 5 months after full vaccination
showed that neutralizing antibodies just barely inhibited the Omicron variant (49),
with a 14- to 21-fold decrease in neutralization titer, compared to that of the ancestral
variant (48, 54) (Table 2). On the other hand, an increase in neutralization titer against
the Omicron variant was noticed upon three vaccinations, or heterologous vaccina-
tions combining the AstraZeneca-Oxford and the Pfizer-BioNTech vaccines (53).
Compared to the two doses vaccine regimens, the Johnson & Johnson vaccine
(Ad26.COV2.S) is provided with one dose as the full vaccination program (Fig. 3).
Plasma specimens from subjects with the single-dose of the Johnson & Johnson vac-
cine completely lacked detectable neutralization activity against the Omicron virus (48,
57), except for the samples from donors with a history of prior SARS-CoV-2 exposure

TABLE 2 Resistance of Omicron variant to neutralizing antibodies induced by different platform-based vaccinesa

Vaccine Source Platform Resistance increase (WT/Omicron) Reference
BNT162b2 Pfizer-BioNTech mRNA 31.3-fold (2 doses) 46

4.1-fold (3 doses) 46
.21-fold (2 doses) 47
.8.6-fold (2 doses) 47
37-fold (2 doses) 48
Below the LOD (2 doses) 49
17.6-fold (3 doses) 49
.23.3-fold (2 doses) 50
7.5-fold (3 doses) 50
22-fold (2 doses) 51
33.8-fold (2 doses) 53
8.1-fold (3 doses) 53
33-fold (2 doses) 54
36- to 40-fold (2 doses) 55

mRNA-1273 Moderna mRNA 39-fold (2 doses) 48
42.6-fold (2 doses) 50
16.7-fold (3 doses) 50
74-fold (2 doses) 54

Ad26.COV2.S Johnson & Johnson Adenovirus Below the LOD (2 doses) 47
Below the LOD (92%) 48
13.5-fold (1 dose1BNT162b2 booster) 53

ChAdOx1 nCoV-19 Oxford-AstraZeneca Adenovirus Below the LOD (2 doses) 47
21-fold (2 doses) 48
Below the LOD (2 doses) 49
14-fold (2 doses) 54
25.7-fold (2 doses) 62

Coronavac Sinovac Inactivated virus 7.3-fold (3 doses) 46
5.2-fold (2 doses1BNT162b2 booster) 46
Almost no titers against Omicron 55
16.5-fold (3 doses) 59

Sputnik V Gamaleya Research Institute Adenovirus Below the LOD (91%) 48
11.76-fold (2 doses) 60

BBIBP-CorV Sinoparm Inactivated virus Below the LOD (43%) 48
20-fold (3 doses) 61

BBV152 Bharat Biotech Inactivated virus 26.6-fold (2 doses) 62
aLOD, limit of detection.
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(47). Although these findings demonstrate that the Omicron variant displays an un-
precedented extent of immune escape from neutralizing antibody (Fig. 3), boosting
and enhancing the breath and maturation of antibodies in convalescent or vaccinated
people will provide another layer of protection against the Omicron variant.

Vaccines from Other Platforms

The CoronaVac recipients had almost no titers of neutralizing antibody against either
the BA.1 or the BA.1.1 Omicron sublineage (55). CoronaVac immunized individuals maintain
nonneutralizing antibodies that assist certain immune cells to engulf virus-infected cells
(58). The average titer of the Omicron variant was 16.5-fold lower compared to the ances-
tral virus in patients (n = 254) who received three doses of CoronaVac vaccination (59). Two
doses of Sputnik V showed a neutralization titer lower than detection limit (48). The neutral-
ization antibodies from Sputnik V-vaccinated individuals decreased 11.76-fold against the
Omicron variant after 6 to 12 months compared to the ancestral strain (60). The Omicron
variant manifested a 20-fold lower neutralizing sensitivity than prior SARS-CoV-2 variants to
the sera elicited by BBIBP-CorV (Sinopharm) after a booster (61). Vaccination with inacti-
vated whole-virus vaccine (BBV152) induces a 27-fold lower geometric mean neutralization
titer against the Omicron variant, whereas complete BBV152 vaccination plus prior
SARSCoV-2 infection induced a 57-fold lower geometric mean neutralization titer (62).

BOOSTER VACCINE ENHANCES PROTECTIVE ANTIBODY TITERS AGAINST THE
OMICRON VARIANT

Decreased neutralization against the Omicron variant was observed in most vaccinees
receiving two-dose vaccines (see previous section). However, individuals boosted with an
extra shot of the vaccine or in combination with the standard vaccination protocol and previ-
ously exposed to SARS-CoV-2 exhibited a remarkably enhanced level of neutralization (54,
57, 63). The emergence of the Omicron variant signifies the importance of booster vaccina-
tion to be incorporated into the ongoing vaccine campaigns worldwide since elevated levels
of neutralizing antibodies provide better protection against VOCs and provide prevention
from developing severe COVID-19 diseases (64, 65). The neutralization activity of sera from
participants who have been exposed to the S protein more than three times is largely main-
tained, albeit at a reduced level (50). Indeed, a third dose of the Pfizer-BioNTech vaccine
induced antibodies can efficiently neutralize the Omicron variant (GMT: 1.11 after the second
shot versus 107.6 after the booster) (66). Neutralizing titers against the Omicron variant were
substantial in all persons who previously had COVID-19 disease and then were fully vacci-
nated, as well as those who had received three regimens of an mRNA vaccine (57). In sub-
jects previously vaccinated with two doses of either AstraZeneca-Oxford (ChAdOx1) or
BNT162b2 vaccine, followed by a booster of either BNT162b2 or mRNA-1273, the absolute
number of individuals displaying detectable neutralizing activity against the Omicron was
higher in the ChAdOx1-primed group (13/21, 62%) compared to the BNT162b2-primed
group (5/20, 25%) (54). Furthermore, a third dose of mRNA vaccine was reported to elicit
potent variant cross-neutralization (67). A large reduction in Omicron neutralization titers is
ameliorated by a third booster vaccine (63). In addition, a homologous booster by an inacti-
vated vaccine or an enhanced heterologous boosting with a protein subunit vaccine can sig-
nificantly reduce Omicron immune escape from neutralization (68). Serum samples from 101
CoronaVac-vaccinated donors showed no detectable neutralization against the Omicron vari-
ant before the booster vaccination, while 80% of analyzed samples showed some neutraliza-
tion activity against Omicron after a booster with an mRNA vaccine (69). Receiving three
doses of mRNA vaccine, as opposed to being unvaccinated or receiving two doses, was asso-
ciated with the protection level against both Delta and Omicron viruses, although the protec-
tion is less for the Omicron variant than for the Delta variant (70). Omicron-neutralizing titers
were 23-fold higher 1 month after the third vaccine dose compared to after the first two
doses, with comparable neutralizing titers of the ancestral strain after two doses (71). After
booster vaccination, all samples demonstrated detectable neutralization capacities against
the Omicron virus, albeit with a marked drop (5.86- to 14.98-fold) in neutralization tiers
against the Omicron variant compared to the prototype at 2 weeks after the heterologous or
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homologous boosters (72). The median antibody neutralization titer increased substantially
from a level lower than 20 to 1,066 for the BA.1 variant and to 776 for the BA.2 variant
14 days after the BNT162b2 booster (10). In serum samples from individuals boosted with an
mRNA vaccine, the neutralization profiles of the BA.2 variant were similar to those of the
BA.1 variant (7, 12), indicating that the booster rescues neutralization ability against both
Omicron sublineages, providing additional protection against COVID-19.

The Omicron variant remarkably evaded neutralization by antibodies from convales-
cent donors or those who received only two shots of Pfizer vaccine (BNT162b2), while neu-
tralization by antibodies in individuals receiving three doses of BNT162b2 was more
potent and efficient, supporting the concept that the neutralization capacity induced by
vaccination plus boosting could achieve reasonable efficacy against the Omicron variant
(51). However, this enhanced level of neutralization following a booster vaccination still
shows a lower effect against the Omicron variant compared to the ancestral SARS-CoV-2
strain, both in convalescent patients and in individuals who had received three homolo-
gous mRNA vaccinations (47, 48). After mRNA-1273 full immunization or Ad26.COV.2 pri-
ming, BNT162b2 booster vaccination partially restored neutralization ability for the
Omicron variant, but the responses were rising to 17-fold lower than the ancestral strain
(73). Therefore, even with a third shot as a booster, it is conceivable that it may not provide
adequate protection against Omicron infection (74). In summary, vaccines have weakened
effect against the Omicron variant, but the booster shots may still enhance the neutraliza-
tion level, providing protection against hospitalization and death, thereby making the
booster option a desirable choice. More in-depth research and explorative investigations
are necessary to assess the practical impacts of the Omicron variant on the efficacy of all
available COVID-19 vaccines and to define both the kinetics and the durability of antibod-
ies providing protection in recipients of booster vaccinations in light of the serious public
health concerns posed by SARS-CoV-2 variants.

“Hybrid immunity” acquired from the combination of vaccinations and history of viral
infection provides high level of protection against COVID-19-related disease and death.
This enhanced hybrid immunity boosts the breadth of the humoral responses compared
to only two doses of vaccine. The order of exposure to the viral antigen, meaning
whether individuals are vaccinated after infection or experience breakthrough infection
after vaccination, would reach a similar level of broadly neutralizing antibodies against
multiple SARS-CoV-2 variants (75). A third dose of vaccine only provides a part of the viral
antigen, whereas an authentic viral infection would induce broader cellular and humoral
responses. However, it is not encouraged to infect individuals with viruses on purpose to
achieve a robust immunity to infection since vaccination is a safer option than infection.

DEVELOPMENT OF THE NEXT-GENERATION COVID-19 VACCINES

Most recently, Gagne et al. have developed an mRNA-1273-like vaccine by using mRNA
encoding the Omicron S protein to replace that encoding the S protein of the wild-type
SARS-CoV-2 WA1 strain in the mRNA-1273 vaccine (76). These researchers used either
mRNA-1273 or the new mRNA-Omicron vaccine to boost mRNA-1273-vaccinated maca-
ques. At 2 weeks after the boost, they found that titers of the neutralizing antibodies
against D614G, as the wild-type SARS-CoV-2 control, and Omicron increased to 5,360 and
2,980, respectively, for the mRNA-1273 vaccine and to 2,670 and 1,930, respectively, for
the mRNA-Omicron vaccine. However, after either boost, a comparable level of virus repli-
cation was observed in the lower respiratory tract, suggesting that boosting with the
Omicron S protein-based vaccine may not provide better immunity or protection against
Omicron infection than the current mRNA-1273 vaccine (76). Therefore, the best approach
is the development of pan-sarbecovirus or pan-b-CoV vaccines (77). To address this need,
Jiang and colleagues have developed a pan-sarbecovirus vaccine containing the STING
agonist CF501 as an adjuvant and a recombinant subunit vaccine consisting of RBD of
SARS-CoV-2 conjugated with a human IgG Fc fragment (CF501/RBD-Fc). These researchers
found that this vaccine could elicit extremely potent neutralizing antibodies and T cell
responses in mice, rabbits, and nonhuman primates (NHPs). Neutralizing antibodies can
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effectively neutralize infection by ancestral SARS-CoV-2, and 4 VOCs (Alpha, Beta, Gamma,
and Delta), 5 previously identified variants of interests (VOI) (Epsilon, Zeta, Eta, Iota, and
Kappa), and 41 mutants with individual point mutations in the S protein, as well as SARS-
CoV- and SARS-related coronaviruses (SARSr-CoVs) from bats (78). More interestingly, these
researchers found that the 50% neutralization titer (NT50) for neutralizing antibodies
against pseudotyped Omicron variant infection in the sera of NHPs immunized with two
doses of CF501/RBD-Fc vaccine reached to 6,469 by day 28 after the first immunization
and maintained a high level from day 28 through day 113. Surprisingly, the neutralizing
antibody titer increased dramatically after the third immunization, reaching up to 35,066
against pseudotyped Omicron variant. Consistently, the sera from NHPs immunized with
CF501/RBD-Fc vaccine could neutralize authentic SARS-CoV-2 Omicron with an NT50 of
9,322 at day 122 after the first immunization (79). These findings suggest that CF501/RBD-
Fc vaccine is a promising candidate as a pan-sarbecovirus vaccine to prevent infection by
the current SARS-CoV-2 variants, including Omicron, and any possible future emerging
VOCs (79).

RESISTANCE OF THE OMICRON VARIANT TO THERAPEUTIC MONOCLONAL
ANTIBODIES

Monoclonal antibodies (MAbs) with high specificity and reliability have been utilized as
powerful tools to treat COVID-19 patients. As an RNA virus with a very high mutation rate,
SARS-CoV-2 evolves and mutates under strong evolutionary pressure of widely deployed
prophylactic vaccines and therapeutic MAbs, and the use of antibody cocktails is an impor-
tant alternative strategy to achieve effective COVID-19 management (80). However, several
parallel studies show that the Omicron variant inevitably overpowers antibody treatments
and antibody cocktails. For example, Regeneron MAbs Casirivimab (REGN10933) and
Imdevimab (REGN10987) are absolutely knocked out by the Omicron variant (47), and their
activity of neutralizing the Omicron variant is lost (49, 81), even at the highest concentra-
tion (82). At doses 2-fold greater than those demonstrated to be active against prior var-
iants of the virus, Ronapreve reduced subgenomic RNA in lung and nasal turbinates of in
K18-hACE2 mice only for the Delta variant but not the Omicron variant (83). These findings
contribute to the growing evidence suggesting effectiveness of Ronapreve is impaired in
the Omicron variant (83). Similarly, the Omicron variant is completely resistant to the Eli
Lilly MAbs Bamlanivimab (LY-CoV555) and Etesevimab (LY-CoV016) (47, 49). In addition,
AstraZeneca MAbs Cilgavimab (CoV2-2130) and Tixagevimab (CoV2-2196) lost their neu-
tralizing potency against the Omicron variant (47, 82, 84), with a 43-fold reduction (84).

The GSK/Vir Biotechnology MAb Sotrovimab is ;3-fold less effective against the
Omicron variant, compared to the ancestral SARS-CoV-2 virus (48, 82). Syrian Golden ham-
sters infected with SARS-CoV-2 and treated with Sotrovimab show a smaller extent of
weight loss and decreased levels of infectious viral load in the lungs compared to those
treated with a control MAb (85). S309 (a parent version of Sotrovimab) maintains similar
IC50s against the D614G (202 ng/mL) and the Omicron (373 ng/mL) in TMPRSS2 overex-
pressed Vero cells (86). Sotrovimab retained some of its neutralizing activity against the
Omicron variant (53, 84), possibly owing to its origin from a SARS-CoV-infected survivor.
Sotrovimab appears to neutralize the SARS-CoV-2 virus by targeting a deeper and highly
conserved epitope in RBD, but not an epitope in RBM (87). While the neutralizing potency
of the other described MAbs was significantly impaired or completely lost, Sotrovimab still
functions, albeit with decreased potency (88). LY-CoV1404 (Bebtelovimab) showed potent
neutralizing activity, with an IC50 value of 5.1 ng/mL, against the Omicron variant (81). In
general, the neutralization effects of the therapeutic antibodies are either abolished or
impaired by the Omicron variant, although a few retain their effects.

MECHANISM BYWHICH THE OMICRON VARIANT RESISTS NEUTRALIZING
ANTIBODIES

Specifically, several key mutations in the S protein that confer resistance to each anti-
body were mapped by structural analysis and experimental neutralization assays (Table 3
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and Fig. 4). For instance, K417N, E484A, and Q493R are the key mutations that render re-
sistance to REGN10933, whereas S371L, S373P, N440K, and G446S play essential roles in
rendering resistance to REGN10987 (89). Therefore, both REGN antibodies lost their activ-
ities to neutralizing the Omicron variant (49). The Omicron variant is completely resistant
to LY-CoV55, and this resistance is attributed to E484A and Q493R. RBD mutations in the
Omicron variant were demonstrated to show reduced binding or decreased neutralization
with antibodies based on the structural analysis (90). K417N, E484A, and Q493R were
found for REGN10933, G446S for REGN10987, E484A, and Q493R for LY-CoV555, and
K417N for LY-CoV016 (90). By causing an alteration in the spatial configuration of other
residues, Q493R can lead to the elimination of hydrogen bonds or the collision of the anti-
body CDRH3 region, which could contribute to the inability of neutralization by LY-
CoV016 and LY-CoV555. Consistently, the IC50 of each antibody against the Omicron was
shown to be reduced, and key residues involved in neutralization evasion for representa-
tive antibodies were further mapped (8, 91). K417N, E484A, and Q493R were found for
REGN10933, N440K and G446S for REGN10987, E484A and Q493R for LY-CoV555, and
K417N, Q493R, and N501Y for LY-CoV016 (8, 91). Most mutations lie in the interface
between antibodies and S protein to block the virus binding to the antibodies (Fig. 4).
K417N, E484A, and Q493R would cause the loss of hydrogen binding with the heavy chain
of antibodies. Furthermore, four residue mutations (S371L, S373P, S375F, and E484A) with
completely opposite changes from hydrophilic to hydrophobic residues result in massive
hydrophobic interactions (91). Notably, S477N, Q493R, G496S, Q498R, and Y505H that
occurred in the Omicron variant, together with three already existing mutations—T478K,
E484K, and N501Y—found in other VOCs, further modulate the antigenic properties and
conformational features, leading to a noticeable immune evasion of the antibody (91).
Substitutions such as S371L, S373P, and S375F also cause a distinct conformational change
in another generally conserved antigenic site of sarbecoviruses (91–93), stabilizing two ad-
jacent S RBDs with a one-up and one-down conformation (91). Substitution of G446S con-
fers high resistance to antibodies that bind to the RBD right shoulder by changing the
local conformation at the binding boundary (59). However, LY-CoV1404 maintains its neu-
tralizing activity against the Omicron variant by minimizing interaction of side chain by
changing mobility of the loop. The four alterations N440K, G446S, Q498R, and N501Y in
the docking sites of LY-CoV1404 were kept at the end of its epitope, thus allowing confor-
mational accessibility for the binding of LY-CoV1404 to RDB surfaces (81). LY-CoV1404
binds to a highly conserved epitope in the S proteins of different variants with high affinity
in both “up” and “down” conformations, rendering its neutralization potency unaffected

TABLE 3 Omicron RBD mutations with reduced neutralization by therapeutic antibodiesa

RBD
mutation

Therapeutic Ab (alternate name)

Casirivimab
(REGN10933)

Imadevimab
(REGN10987)

Bamlanivimab
(LY-CoV555)

Etesevimab
(LY-CoV016)

Sotrovimab
(VIR-7831)

Tixagevimab
(CoV2-2196)

Cilgavimab
(CoV2-2130)

G339D
S371L
S373P
S375F
K417N
N440K
G446S
S477N
T478K
E484A
Q493R
G496S
Q498R
N501Y
Y505H
aThe results observed for Regeneron MAbs (Casirivimab and Imdevimab), Eli Lilly MAbs (Bamlanivimab and Etesevimab), Sotrovimab, and AstraZeneca MAbs (Cilgavimab
and Tixagevimab) are shown. Key residues that confer resistance to the antibody are highlighted by dark gray shading.
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(94). For S309, two mutations, G339D and N440K, within or near the S309 recognition sites
do not interfere with MAb binding and epitope (90). Even the abolished neutralization of
S309 was acquired from the S371L point alteration; indeed, S309 retains its neutralization
efficacy against the Omicron variant, indicating that other mutations would overcome the
defects caused by S371L (81).

OTHER MONOCLONAL ANTIBODIES AND NANOBODIES AGAINST THE OMICRON
VARIANT

A number of antivirals and immunotherapeutic options have been employed for
emergency use to lessen the severity of clinical disease in patients with COVID-19.
Various other clinical therapeutics are being developed and undergoing clinical trials.
However, any optimal choice of drug and treatment regimens are yet to become avail-
able (95, 96). Regdanvimab from Celltrion lost its neutralization activities against the

FIG 4 Resistance of the Omicron variant to MAbs and responsible residues that confer resistance. Regeneron Abs (Casirivimab and Imdevimab), Eli Lilly Abs
(Bamlanivimab and Etesevimab), and AstraZeneca Abs (Tixagevimab/CoV2-2196 and Cilgavimab/CoV2-2130), as well as Sotrovimab (VIR-7831), with each
antibody binding to S protein, are shown via three-dimensional modeling. The binding motifs that confer resistance are highlighted in color.
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Omicron variant (49). AX290 and AX677, two MAbs with nonoverlapping epitopes,
bind to the RBD of the viral S protein with subnanomolar or nanomolar affinities (97).
These antibodies neutralize Omicron S protein with the same efficiency as wild-type S
protein. In a mouse model, the prophylactic administration of AX290 and AX677, either
alone or in combination, successfully reduced viral load and inflammation in the lungs,
as well as preventing illness after SARS-CoV-2 infection (97). The virus-neutralizing
characteristics of chimeric mouse-human forms of the antibodies were fully replicated,
indicating that they could be a promising approach for COVID-19 therapy (97). Despite
having a nearly 46-fold lower efficacy than wild-type SARS-CoV-2, hu33, a non-ACE2-
blocking neutralizing antibody, can still neutralize Omicron at a median neutralization
dose of 154.3 ng/mL (98). Bovine-derived antibodies and camel-derived nanobodies
have also been suggested to be highly effective against SARS-CoV-2 and its VOCs (99).
Nanobodies could thus be an effective method of neutralizing SARS-CoV-2 VOCs, even
if further variants with novel mutations emerge (100). The synergistic effect of nano-
bodies with antiviral treatments could be an effective tool in the COVID-19 armamen-
tarium (101). Using either SAB-185 antibodies generated in trans-chromosomic bovines
or Nb11-59 nanobodies from camels or combined as a cocktail containing two entities
could be a very effective therapeutic options for mitigating newly emerging variants
and attempting to prevent COVID-19 mortality. The ACE2-mimicking MAb S2K146
retains unaltered potency against Omicron (48). The broadly functional sarbecovirus
MAbs S2X259 and S2H97 can also neutralize the Omicron variant by binding to the an-
tigenic spot that is outside the receptor-binding motif (48).

ANTIVIRALS AGAINST THE OMICRON VARIANT

Some proposed antivirals have been investigated to figure out antiviral activities
against Omicron, such as Camostat, Ensovibep, Molnupiravir, and Remdesivir. Omicron
variant infections are very sensitive to Molnupiravir and Nirmatrelvir in human Calu-3
cells and airway organoids (102). The recent development of potent oral antiviral
drugs, including Molnupiravir and Paxlovid (Nirmatrelvir/Ritonavir), and promising clin-
ical results obtained indicating their practical utility in the clinics would facilitate the
treatment of COVID-19 patients (103–105). Molnupiravir is an oral antiviral drug that
contains the active ingredient b-d-N4-hydroxycytidine (NHC) and was developed col-
laboratively by Merck (Kenilworth, NJ) and Ridgeback (Miami, FL) (103). It deceives
SARS-CoV-2 to integrate the compound into its genetic information, which is encoded
by RNA, thereby mutating the virus to the point where it can no longer replicate (106).
Molnupiravir and Nirmatrelvir, each administered for 5 days, which inhibit viral poly-
merase and protease, have been shown to lessen progression of the disease by 30 and
89%, respectively (107). A recent study has revealed Remdesivir, Molnupiravir, and
Nirmatrelvir to be active against Omicron and other VOCs (108). Catlin et al. recently
conducted nonclinical studies in rats and rabbits with Nirmatrelvir (1,000 mg/kg/day),
and the existing safety data of Ritonavir show that there are no relevant risks related to
Paxlovid administration during pregnancy and in people at a reproductive age (109).
Therefore, the recently developed oral antiviral drugs provide additional options to
ameliorate serious illness, providing effective protection from COVID-19 and thus
reducing hospitalization. Hence, these could be useful in modulating the current
course of the pandemic to a milder one and safeguard health from infection with
SARS-CoV-2 Omicron and other variants.

SENSITIVITIES TO ENTRY AND FUSION INHIBITORS
Sensitivity of the Omicron Variant to ACE2-Based SARS-CoV-2 Entry Inhibitors

Regardless of the number of mutated residues in the RBD of SARS-CoV-2 variants,
including Omicron, in order to enter into and replicate inside the cells, the virus must
still attach to the cell receptor through interaction between viral RBD in the viral S pro-
tein and ACE2 on the host cell in order to enter and replicate inside cells. Therefore,
ACE2 can be utilized for the development of potential broad-spectrum SARS-CoV-2
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entry inhibitors because the sequence of ACE2 generally does not change according to
the mutations in viral RBD. Indeed, a series of SARS-CoV-2 entry inhibitors has been
developed based on the soluble ACE2 protein and its mimics, such as ACE2.V2.4, IgG-
ACE2, or nanobody. The S protein interacts with ACE2 on the cell membrane with high
affinity, and membrane fusion occurs as a following step to enable viral entry. In con-
trast to the Delta variant, the Omicron variant displays a greater affinity for ACE2 (32).
The binding affinity of the Omicron S protein (Omicron S-RBD) with human ACE2 was
revealed to be 1.4-fold higher than the Delta variant and 2.7-fold higher than the
Alpha variant by a molecular interaction energy assay (110). According to Kim et al.
(111), the Omicron RBD displays enhanced binding affinity toward ACE2 via N501Y,
Q493K/R, and T478K mutations, likely promoting greater viral binding and internaliza-
tion. The results from single-cycle kinetic SPR analysis indicated that human ACE2
could bind the six mutated RBDs tested with enhanced affinity (48). Soluble recombinant
human ACE2 APN01 effectively reduced the viral load in Vero E6 cells and blocked SARS-
CoV-2 Omicron variant infection (112). Engineered ACE2 can neutralize a wide range of
SARS-CoV-2 VOC, including previous Alpha, Beta, and Gamma variants. Even with the
extensive additional mutations found in the Omicron S RBD, it still remains highly suscepti-
ble to blockade by three engineered high-affinity ACE2-Fc inhibitors: 3n39v4, 3j113v2, and
3j320v2 (113). In addition, the ACE2-mimicking MAb S2K146 retains unaltered potency
against the Omicron variant (48). Integrin served as one of the coreceptors for SARS-CoV-2,
and the pan-integrin inhibitor GLPG-0187 efficiently and significantly reduced both
Omicron and Delta variant pseudovirus infections in HSAE cells (114). Inhibition of integrin
signaling may help mitigate severity of COVID-19 through impaired TGF-b1 activation
(114). Several other potential coreceptors of SARS-CoV-2 infection have been proposed as
well, such as sialic receptors and Neuropilin 1 (NRP1). Whether these coreceptor-based
inhibitors block infection requires further investigation.

Sensitivity of the Omicron Variant to Pan-CoV Fusion Inhibitors

Entry of a coronavirus into the host cell is initiated by binding of the RBD domain in S1
subunit of its S protein to its receptor, e.g., ACE2 for SARS-CoV and SARS-CoV-2. Both HR1
and HR2 domains in S2 subunit of the S protein then interact with each other to form a 6-
helix bundle (6-HB), allowing the viral and cellular membranes to fuse, thereafter allowing
viral RNA to enter the host cell for replication (Fig. 5) (115). Jiang and colleagues found that
the peptide CP1 derived from the HR2 domain of SARS-CoV S could interact with the viral
HR1 domain and block viral homologous 6-HB formation, thus inhibiting SARS-CoV S pro-
tein-mediated membrane fusion and infection (116). Using a similar approach, Jiang’s
group also identified a potent short peptide derived from the MERS-CoV S protein with
potent inhibitory ability against MERS-CoV infection (117). In 2019, Jiang’s team discovered
the first pan-CoV fusion inhibitory peptide, termed EK1, which could interact with the HR1
domains of all five human coronaviruses (HCoVs) and effectively inhibit infection, including
SARS-CoV, MERS-CoV, HCoV-229 E, HCoV-NL63, and HCoV-OC43, in addition to three
SARSr-CoVs from bats (118, 119). By conjugating the EK1 peptide with polyethylene glycol
(PEG) and cholesterol, Jiang and colleagues found that this PEGylated lipopeptide, termed
EK1C4, exhibited improved stability and antiviral activity with .100-fold higher potency
than that of its unmodified version (119). This can be attributed to the ability of EK1C4 to
bind the viral membrane and enter the endosome together with viral virion, thus adding to
its ability to inhibit endosomal membrane fusion (Fig. 5). Given that PEG linkers in a peptide
drug may reduce its stability or induce anti-PEG antibodies in vivo, Jiang’s team also
designed and synthesized a dePEGylated lipopeptide-based pan-CoV fusion inhibitor,
termed EKL1C, and found that it could also potently inhibit infection of SARS-CoV-2 and its
variants, other HCoVs, and some bat SARSr-CoVs. More importantly, EKL1C exhibited higher
thermostability, higher resistance to proteolytic enzymes, and better druggability than
EK1C4 (120).

Considering that some novel mutations in Omicron S protein are located in its HR1
domain, including Q954H, N969K, and L981F, Jiang and colleagues evaluated the in-
hibitory activity of their pan-CoV fusion inhibitors, including EK1, EK1C4, and EKL1C
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peptides, against Omicron S-mediated membrane fusion. They found that all of these
peptides could potently inhibit Omicron S-mediated cell to cell fusion between Caco2
cells and the Omicron S-EGFP overexpressed 293T cells and with IC50 values of 75, 0.9,
and 6 nM, respectively. These researchers also effectively inhibited infection by pseu-
dotyped and authentic Omicron infection (121), confirming that the Omicron variant is
as sensitive to these potent and effective pan-CoV fusion inhibitors as both the original
D614G and Delta strains and suggesting, in turn, that these peptides can be further
developed as novel antiviral drugs for treating and preventing infection by SARS-CoV-
2 and its variants, including Omicron, and other emerging and reemerging HCoVs in
the future.

Sensitivity of the Omicron Variant to Enzyme Inhibitors Responsible for Viral Fusion

As mentioned above, SARS-CoV-2 enters the host cell to deliver its genome into the
cytoplasm for replication through two different fusion pathways, cytoplasmic membrane
fusion after cleavage of S protein by TMPRSS2 and endosomal membrane fusion

FIG 5 Fusion and entry mechanisms of SARS-CoV-2. SARS-CoV-2 enters the host cell via two different pathways: TMPRSS2-mediated cytoplasm membrane
fusion and cathepsin-mediated endosomal membrane fusion. Peptide-based pan-CoV fusion inhibitors can inhibit both fusion pathways, while the
inhibitors targeting TMPRSS2 and cathepsin L are expected to inhibit the cytoplasm and endosomal membrane fusion pathways, respectively. Chloroquine
and hydroxychloroquine as agents targeting the endosomal acidification can inhibit SARS-CoV-2 S protein-mediated endosomal membrane fusion. Infection
with the Omicron variant is not blocked by TMPRSS2 inhibitor (Camstat or Nafamostat) but is instead largely mediated via the endocytic pathway.
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mediated by the endosomal proteases cathepsin L or B (26) (Fig. 5). Both TMPRSS2 and
cathepsin are host proteins, which should not mutate after encountering viral mutants,
thus having broad-spectrum antiviral effects against SARS-CoV-2 and its variants.
However, the host proteins generally have their own biological activity; therefore, an
awareness of potential toxic effect of antiviral agents targeting host proteins is impor-
tant. Low pH is the prerequirement for viral S protein-mediated endosomal membrane
fusion, and agents targeting endosomal acidification, such as chloroquine and hydroxy-
chloroquine, could inhibit SARS-CoV-2 S protein-mediated endosomal membrane fusion
(122) (Fig. 5). RNA-dependent RNA polymerase can be targeted by Remdesivir,
Favipiravir, and Molnupiravir, whereas the 3C-Like protease (3CL) and the Papain-Like
Protease (PLPro) can be inhibited by Lopinavir, Nirmatrelvir, and Disulfiram (Fig. 5). Most
recently, Zhao et al. have shown that the Omicron variant exhibits weaker cell-cell fusion
activity and replicates more slowly than the Delta variant in TMPRSS2-overexpressing
VeroE6 cells (39). Camostat, which inhibits the TMPRSS2 pathway, potently inhibited
entry of the Delta variant, but not the Omicron variant, while both bafilomycin A1 and
chloroquine, which inhibit the endocytic pathway, could inhibit both Omicron and Delta
viruses, suggesting that infection with the Omicron variant is not largely enhanced by
TMPRSS2, but instead is largely mediated via the endocytic pathway. Studies by Willett
et al. also suggest that entry of the Omicron variant into host cells is mainly dependent
on cathepsin L or B, but not TMPRSS2, because the Omicron variant shows high sensitiv-
ity to the drug E64d, an inhibitor of cathepsin L or B, but not to camostat, an inhibitor of
TMPRSS2, as noted above. In contrast, the Delta variant is sensitive to camostat, but not
E64d (54). Therefore, the inhibitors targeting cathepsin L or B, or endosomal acidification,
are expected to be still effective against the Omicron variant.

T CELL RESPONSE TO THE SARS-CoV-2 OMICRON VARIANT

Neutralization antibodies from the humoral immune response serve as a defense
against different viral variants; however, new emerging variants could often partially or
completely escape the humoral responses when located inside host cells. Another im-
portant defense is the T cell response. Once stimulated and activated by the certain
antigen, CD41 T cells secrete cytokines as messengers, which stimulate the differentia-
tion of B cells into mature plasma cells (antibody-producing cells) and CD81 T cells (cy-
totoxic T cells), which are simultaneously activated by various cytokines, eventually
bind to and kill infected cells. Naturally, booster vaccination or infection/reinfection
induces a stronger T cell response since additional exposure to the antigen will induce
a stronger and more specific T cell response. Moreover, natural infection can induce a
broader T cell response against different viral proteins compared to vaccines, where
only one viral protein is often presented. Caveats might differ, but overall, the T cell
response is unlikely to let distinct SARS-CoV-2 variants escape based on the diversity of
the T cell receptors. SARS-CoV-2 cross-reacts with a subgroup of T cells that have been
primed against seasonal coronaviruses and may contribute to another layer of clinical
protection, especially in the early stages of life. Memory T cells encompass a broad rec-
ognition of viral proteins, believed to be around 30 epitopes per person, and appear to
be stable so far. Individual viral mutations may be limited by this breadth of identifica-
tion, which is believed to underlie protection against serious disease caused by var-
iants, including the Omicron variant. Current COVID-19 vaccinations elicit strong T cell
responses, which are thought to provide extraordinary protection against hospitaliza-
tion and death, and innovative or heterologous regimens have the potential to
improve cellular responses (123).

Indeed, SARS-CoV-2 S protein-specific CD41 and CD81 T cells induced by prior natu-
ral infection or vaccination have been shown to recognize the Omicron variant, and
the reactive T cells manifest functional and phenotypical similarities in response when
we compare ancestral and Omicron variants (124). Furthermore, prior SARS-CoV-2
infection and vaccines induce robust human T cell responses and SARS-CoV-2 S pro-
tein-specific T cells are maintained in draining lymph nodes at least 6 months after
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vaccination (125), which is also observed for the Omicron variant (126). Indeed, one
study even showed that only 28% of CD41 and 14% of CD81 epitopes are anticipated
to be influenced by some mutations in the Omicron variant (127), which indeed sug-
gests that the T cell response would largely remain intact and responsive also against
the Omicron variant. Human CD81 T cells can still recognize the epitopes of Omicron
variant in both convalescent patients and vaccinated people even 6 months after ex-
posure or vaccination (126). An additional booster induced a stronger T cell response
against the Omicron variant (126). Several MHC-I and MHC-II epitopes were identified
by ELISpot and cytolytic assays, and these epitopes are highly conserved across var-
iants, including the Omicron variant, and compatible with presentation by most HLA
alleles (128). Individuals after exposure to SARS-CoV-2 would induce anti-SARS-CoV-2
CD81 T cell responses, which can recognize the Omicron variant (129). Keeton et al.
investigated the ability of T cells to respond to the Omicron S protein in donors vacci-
nated with Ad26.CoV2.S, BNT162b2 vaccines, or unvaccinated convalescent patients
(n = 70) and showed that 70 to 80% of the CD41 and CD81 T cell response to S protein
was maintained (130). Naranbhai et al. also identified a subset of people with a .50%
decrease in T cell reaction to the Omicron S protein (131). Measuring responsive CD41

and CD81 memory T cell responses revealed that diminished recognition to the
Omicron S protein is mainly identified in the CD81 T cell compartment (131). T cells
specific for SARS-CoV-2 were found up to 6 months following all vaccination regimens,
with specific CD41 T cells being detected more consistently than CD81 T cells (73).
There were no significant variations in CD41 or CD81 T cell responses between original
strain and variant-specific T cell responses, revealing low and minimal T cell immune
escape (73). These findings reveal that those who have been vaccinated retain com-
plete T cell immunity against the Omicron variant, perhaps compensating for the
decreased effectiveness of neutralization antibodies in preventing infection or reducing
severe COVID-19 (73). A total of .1,400 different SARS-CoV-2 CD4 and CD8 T cell epitopes
were identified, highlighting a remarkable breadth of epitopes that are prevalently recog-
nized in human populations (132). Therefore, owing to viral discrete immunodominant
regions and those widely sensed T cell epitopes, it is unlikely that SARS-CoV-2 variants will
completely escape T cell responses at large population levels (132).

IMMUNE SENSING OF SARS-CoV-2 BY PATTERN RECOGNITION RECEPTORS

The innate immune system serves as the first line of defense that rapidly responds
to pathogenic infection. Danger-associated molecular patterns (DAMPs) and/or patho-
gen-associated molecular patterns (PAMPs) can be recognized by a serious of host pat-
tern recognition receptors (PRRs) (Fig. 6). These receptors are potent sensors to alarm
host to respond to danger signals. For instance, retinoic acid-inducible gene (RIG-I)-like
receptors, melanoma differentiation-associated gene 5 (MDA5), and cyclic GMP-AMP
synthase (cGAS) localized in the cytosol and Toll-like receptors (TLR3/7/8) located in
the endosomes can all sense DAMPs/PAMPs via distinct pathways. RIG-I sensors prefer-
entially recognize short double-stranded RNAs with 59 triphosphate moieties at their
blunt ends (133–135). dsRNA recognition by MDA5 is independent of 59ppp, and
MDA5 preferentially recognizes longer dsRNA (136). In fact, MDA5 serves as a cytosolic
RNA sensor to recognize SARS-CoV-2 infection in the lung cancer cell line Calu-3, which
induces both type I and III IFN induction (137). Likewise, a deficiency in MDA5, RIG-I, or
MAVS can enhance SARS-CoV-2 infection as SARS-CoV-2 activates a robust innate
immune response and inflammatory mediators in lung epithelial cells by activation of
both RIG-I and MDA5 (138). TLR3 recognizes both dsRNA and poly(I�C) and signals
through TRIF to activate IFN responses. TLR7 and TLR8 are highly homologous and
sense ssRNA to initiate downstream signal axis. The SARS-CoV-2 E protein sensed by
TLR2 activates the production of proinflammatory cytokines (interleukin-1 [IL-1], IL-6,
and tumor necrosis factor) and chemokines, and blocking TLR2 signals in vivo confers
protection against viral pathogenesis (139). How TLRs play role in the process of SARS-
CoV-2 sensing requires further investigations. cGAS is a double-stranded DNA (dsDNA)
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sensor and dsDNA activates catalytic activity of cGAS, which activates the production
of 29,39-cyclic GMP-AMP (cGAMP), a second messenger molecule for activating the
stimulator of IFN genes (STING). SARS-CoV-2 infection promotes cGAS-STING signal
axis in macrophages and endothelial cells, which results in cell death and the produc-
tion of type I IFNs (140). Pharmacological impairments of STING by highly potent
STING agonists decreases inflammation in the lung caused by SARS-CoV2 and
improves outcomes after infection in mice (140). A small-molecule STING agonist,
diABZI, potently inhibits SARS-CoV-2 ancestral strain and Beta variant infection in mice
by stimulation of IFN signaling (141). diABZI restricts SARS-CoV-2 replication in primary
human bronchial epithelial cells (141). The administration of diamidobenzimidazole
compound (diABZI-4) intranasally before or after SARS-CoV-2 challenge conferred com-
plete protection against severe disease in ACE2 transgenic mice (142). These data pro-
vide important rationales for the development STING agonists as clinical therapeutic
drugs against SARS-CoV-2 infection. The Omicron variant might initiate the innate
immune response at an earlier time point in the upper respiratory system and enable
the immune response to respond rapidly. Mannose-binding lectin (MBL) and long pen-
traxin 3 (PTX3) are two human-derived humoral fluid-phase pattern recognition mole-
cules (PRMs) that can bind to the viral S and nucleocapsid proteins, respectively (143).

FIG 6 Immune sensing and antagonism of SARS-CoV-2 to inhibit IFN responses. Immune sensing of SARS-CoV-2 by host pattern recognition receptors
activates IFN expression and secretion (left). Secreted IFNs bind to IFN receptors to trigger IFN-stimulated gene production in an autocrine or paracrine
manner (right). SARS-CoV-2 proteins that can target each layer of IFN pathway are shown as red inhibition signs.
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MBL binds to trimeric S protein of VOC in a glycan-dependent manner and inhibits
SARS-CoV-2 in vitro (143). MBL was believed to recognize the Omicron variant based
on glycosylation site retention and modeling (143).

ANTAGONISM OF SARS-CoV-2 AGAINST INNATE IMMUNITY

Viruses utilize diverse strategies to antagonize innate immunity by targeting or
blocking innate immune proteins throughout whole signaling pathways (Fig. 6). IFN-I
stands out as the first line of defense against viruses, and IFN treatment has been used
in many therapeutic regimens. Therefore, understanding the interaction between the
innate immunity system and SARS-CoV-2 is very important for therapeutics and vac-
cine development. SARS-CoV-2 encodes a number of nonstructural proteins that can
exert these functions. SARS-CoV-2 ORF1a/b has overlapping parts, and these parts pro-
duce two polypeptides, pp1a and pp1ab, due to ribosomal frameshifting. PLpro and
3CLpro cleave pp1a and pp1ab polypeptides into 16 nonstructural proteins (NSPs). The
viral subgenomic RNA also encodes eight accessory proteins. NSP1 is a very potent
blocker of production of IFN-I by several mechanisms. SARS-CoV-2 NSP1 inhibits mRNA
translation by interacting with the 40S subunit of ribosome complexes (144). A cryo-
electron microscopy structure study also revealed that NSP1 binds to human 40S subu-
nit and blocks the mRNA entry tunnel, thereby inhibiting innate immune response by
shutting down host mRNA translation (145). Apart from turning off mRNA translation,
SARS-CoV-2 NSP1 also inhibits phosphorylation of STAT1 and STAT2 to suppress the
IFN signaling axis (146). SARS-CoV-2 NSP3, as PLpro, limits IFN expression by impairing
IRF3 phosphorylation (147) and cleavage of IRF3 (148). SARS-CoV-2 NSP6 impairs IRF3
activation by interacting with TBK1 and impairs STAT1 and STAT2 phosphorylation
(146). Similarly, as a helicase, NSP13 decreases TBK1 phosphorylation by binding to
TBK1 (146, 149, 150). SARS-CoV-2 accessory proteins are also involved in the modula-
tion of immune responses. For instance, SARS-CoV-2 ORF6 blocks the translocation of
IRF3 and IRF9-STAT-STAT2 complex by hijacking nuclear importin karyopherin a2
(KPNA2) (146). It turns out that the inhibitory effects of ORF6 depend on its C terminus
(151). Viral accessory protein ORF3a inhibits STING, and 3CL blocks K63-ubiquitin modi-
fication of STING to achieve effective innate immune suppression (152). SARS-CoV-2 M
protein interacts with MAVS adaptor and impairs its aggregation, resulting in attenua-
tion of the antiviral innate response (153). To suppress host defense, SARS-CoV-2 NSP8
and NSP9 bind to 7SL RNA to disrupt protein trafficking, whereas NSP16 interacts with
the mRNA recognition regions of both U1 and U2 splicing RNAs to interfere with the
process of mRNA splicing (154). The Omicron variant might also use its proteins to
evade the immune response by similar mechanisms (Fig. 6).

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

A strategy called “virus against virus” has been proposed as a potential solution
since an asymptomatic Omicron variant could be developed as a promising live attenu-
ated vaccine (155). Infection exposure to structural and nonstructural proteins, inter-
host sequence diversity, and a potentially longer presence of antigen in the host could
be possible benefits from this approach. In contrast, a vaccine strategy using only one
consensus version of the S protein would be narrower than natural induced infection
immunity. It appears that the Omicron variant is less pathogenic but more transmissi-
ble. Two-dose immunization with vaccines, or even a booster vaccination, might not
adequately protect from infection caused by the Omicron variant but will most likely
lower the chances of severe disease and death. However, this variant still poses a high
risk to unvaccinated people, the elderly, and those with comorbidities or immunosup-
pression. The administration of two vaccinations, along with an additional booster
shoot, will help safeguard people from disease caused by SARS-CoV-2 and even its var-
iants, where vaccines can still induce plentiful humoral and cellular immune responses.
While neutralizing antibodies are shown to wane over time, the preservation of a
T-cell-mediated humoral response is another potential mechanism of protection. The
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high resistance of the Omicron variant to neutralizing antibodies elicited by current
COVID-19 vaccines and in convalescent-phase sera, as well as therapeutic monoclonal
antibodies, narrows down the scope of efficacy provided by the current vaccines and
therapeutics. While homologous or heterologous booster vaccines are expected to
reduce the escape of SARS-CoV-2 Omicron variant, the durability, strength, and broad-
ness of host immune immunity all require deeper understanding and extensive
research (46, 68). The application of Omicron-specific vaccines for boost immunization
does not seem to be very effective, while the development of pan-sarbecovirus vac-
cines looks very promising (77, 79, 92). The ongoing evolving scenario of the pandemic
virus with newly emerging variants demands the design of highly efficacious vaccines,
including variant-specific, mutation-proof, universal vaccines, to keep up the pace
against emerging variants and to develop newer MAbs for treating patients with
COVID-19 and to mitigate the ongoing pandemic. In addition to vaccine coverage, the
development of efficient and simple therapeutic strategies to safeguard and cure pre-
disposed persons is an extremely promising strategy that is urgently needed. The high
sensitivity of the Omicron variant to the pan-CoV fusion inhibitors targeting the S2
subunit HR1 domain and the inhibitors of enzymes responsible for endosomal mem-
brane fusion, as well as the ACE2-based entry inhibitors, offers hope in combating the
newest wave of the COVID-19 pandemic caused by the Omicron variant and other
emerging SARS-CoV-2 variants to come in the future.
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