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Te Omicron variant of concern (VOC) replaced the delta variant rapidly and became the predominant strain due to more
mutations in spike protein and receptor-binding domain (RBD) enhancing its infectivity and binding afnity. Te severity of the
illness is less than that of the delta variant. Omicron is nonsusceptible to REGEN-COV™ and bamlanivimab with etesevimab.
Drugs that are efective against the Omicron variant are oral antiviral drugs such as Paxlovid (nirmatrelvir/ritonavir), remdesivir,
sotrovimab, and molnupiravir. Te potency of sotrovimab is reduced to 3-fold against Omicron, and 8-fold reduction in potency
with sotrovimab is found in a particular variant of Omicron with a R346K substitution in spike protein. Tere are neither clinical
trials comparing the efcacy of these 4 therapies with each other nor any data on a combination of two or more therapies. Te
current recommendation for mild-moderate, nonhospitalized patients who are at a high risk of disease progression is to use
Paxlovid as the frst-line option. If Paxlovid is not available or cannot be administered due to drug interactions, then the next best
choice is sotrovimab. Te third choice is remdesivir if sotrovimab is also not available and molnupiravir is to be given if the other
three options are not available or cannot be administered. For prevention, 2130 (cilgavimab) in combination with COV2-2196
(tixagevimab) has been efective against BA.2 only. LY-CoV1404 (bebtelovimab) is recently authorized as it is efective against all
sublineages of the Omicron variant. Regarding vaccine efcacy (VE), the 3-dose VE with mRNA vaccines at 14–60 days was found
to be 71.6%, and after 60 days, it is 47.4%.Tere is a 34–38-fold reduction of neutralizing activity with prebooster sera and a 19-fold
reduction with booster sera for the Omicron variant. Tis probably explains the reason for worldwide breakthrough infections
with the Omicron variant with waning immunity. Te neutralizing antibody response against Omicron elicited by the bivalent
vaccine is superior to that of the ancestral Wuhan strain, without any safety concerns. For future advances, the ribosome display
technology can be applied for the generation of human single-chain fragment variable (scFv) antibodies from B cells of recovered
patients against Omicron and other Coronavirus variants as they are easier and faster to produce and have high afnity and high
specifcity.

1. Introduction

Te Omicron variant (B.1.1.529) of Coronavirus is consid-
ered the variant of concern as its infectivity and trans-
missibility have strikingly increased to replace the delta
variant and is now the predominant strain all across the

globe. Te estimated proportion of delta and other variants
(B.1.617.2 and AY lineages) is 1.7% (95% PI 0.9–3%);
however, of Omicron (B.1.1.529 and BA lineages) is 98.3%
(95% PI 96.9–99.1%). Omicron has more than 30 mutations
in the spike S protein, with 15 mutations located in the
receptor-binding domain (RBD), crucial for virus to interact
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with the ACE-2 receptor. Virus infectivity is enhanced
predominantly by cluster of mutations at the S1–S2 furin
cleavage site, and binding afnity with human ACE-2 is
increased due to mutations in RBD [1].Te Omicron variant
has high environmental stability, high resistance against
most therapeutic antibodies, and partial escape neutraliza-
tion by antibodies from vaccinated individuals. Even though
the severity of illness is milder than the delta variant,
however, efective and specifc treatment modalities are
needed to prevent and treat illness to prevent morbidity.
Omicron is nonsusceptible to REGEN-COV™ and bamla-
nivimab with etesevimab. Drugs that are efective against the
Omicron variant are oral antiviral drugs such as Paxlovid
(nirmatrelvir/ritonavir), remdesivir, S309 (sotrovimab), and
molnupiravir. Sotrovimab is active against BA.1, but against
BA.2, its activity dropped 27-fold. For prevention, 2130
(cilgavimab) in combination with COV2-2196 (tixagevimab)
has been efective against BA.2 only. LY-CoV1404 (bebt-
elovimab) is recently authorized as it is efective against all
sublineages of the Omicron variant [2]. With the rapid
emergence of newer variants, it is essential to formulate
novel strategies to curb the evolution of this virus. We
propose a technology of short-chain fragment variable
(ScFv) antibodies against Omicron and other emerging
strains of Coronavirus as they are easier and faster to
produce and also have higher specifcity.

2. Mutations in Omicron Variant

Other than the 30 amino acid substitutions, three deletions,
and one insertion, the Omicron variant’s spike protein has
mutations pertaining to its other genome parts as well. Te
threemain sublineages of Omicron are B.1.1.529: BA.1, BA.2,
and BA.3; they all share concerning substitutions in RBD.
However, the specifc substitutions in spike protein are
specifc to each lineage, e.g., H69 and V70 deletions are not
seen in BA.2 lineage; hence, they do not have the spike gene
target failure (SGTF) profle. Tese are the important sub-
stitutions in spike protein amino acids of various Omicron
variants [3, 4]:

(1) (B.1.1.529/BA.1):
A67V, del69–70, T95I, del142–144, Y145D, del211,
L212I, ins214EPE, 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

(2) (B.1.1.529/BA.2):
T19I, delL24, delP25, delP26, 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

(3) (B.1.1.529/BA.3):
A67V, del69–70, del142–144, Y145D, del211, L212I,
G339D, S371F, S373P, S375F, D405N, K417N,
N440K, G446S, S477N, T478K, E484A, Q493R,

Q498R, N501Y, Y505H, D614G, H655Y, N679K,
P681H, N764K, D796Y, Q954H, and N969K

3. Differentiation between Delta Variant and
Omicron Variant

Te structural and clinical characteristics between two
predominant strains, delta and Omicron, are shown in
Table 1.

4. Therapeutics against Omicron

Unlike the delta variant, Omicron is nonsusceptible to
REGEN-COV™ and bamlanivimab with etesevimab. Drugs
which are efective against the Omicron variant are Paxlovid
(nirmatrelvir/ritonavir), remdesivir, sotrovimab, and mol-
nupiravir.Te potency of sotrovimab is reduced 3–8-fold for
a particular variant of Omicron with the R346K substitution
in spike protein.

4.1. Ritonavir-BoostedNirmatrelvir (Paxlovid). Nirmatrelvir is
a protease inhibitor, which is boosted with ritonavir to
increase its concentrations. Te protease enzyme is crucial
for viral replication, and nirmatrelvir has shown to have
antiviral activity against Coronavirus so far. Te current
recommendation for mild-moderate, nonhospitalized pa-
tients who are at a high risk of disease progression is to use
Paxlovid as the frst-line option. Te commonly used reg-
imens for Paxlovid is nirmatrelvir 300mg with ritonavir
100mg, per oral dose twice daily for 5 days to be started
within 5 days of the onset of symptoms as early as possible in
patients ≥12 years of age and ≥40 kg of weight (level of
evidence AIIa). It is not known if courses with shorter
durations will be associated with resistance or less efcacy.
Te major side efects and drug interactions are due to
ritonavir. Dysgeusia, diarrhea, hypertension, and myalgia
are the major side efects of Paxlovid. Dose adjustment is
needed with moderate renal impairment and is not rec-
ommended in patients with eGFR <30ml/min. For patients
with mild or moderate hepatic impairment, it should be used
with caution; however, for severe hepatic impairment, e.g.,
Child-Pugh class C, it is not recommended [10].

Te pregnant and lactating women were not included in
this trial; however, ritonavir is used safely in pregnant patients
with HIV. Hence, on the basis of animal data and the mech-
anism of action of both nirmatrelvir and ritonavir, the fnal
decisionwasmade to administer Paxlovid to pregnantwomen if
the benefts outweigh the risks. In vitro and in vivo data have
suggested that ritonavir-boosted nirmatrelvir (Paxlovid) should
remain active against the Omicron variant as well. However,
due to its side efects and signifcant drug interactions, it might
not be the safe drug of choice for Omicron patients [10].

4.2. Clinical Trial Data. EPIC-HR (NCT04960202) is the most
important multinational, randomized trial for oral Paxlovid
twice a day for 5days in mild-moderate nonhospitalized
COVID-19 patients. Unvaccinated patients with symptom
onset within 5days and at risk of progression of illness were
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included, and patients using medications which are strong
inducers of CYP3A4 or are dependent onCYP3A4 for clearance
were excluded from the trial. Te primary outcome was hos-
pitalization or mortality through Day 28 in patients who re-
ceived the drug within 3days of symptom onset. 2246 patients
were enrolled in the trial. Te demographic profle of partici-
pants consisted of 51%males and 72%white race, and themean
age was 46 years. SARS-CoV-2 antibodies were negative in 47%
of patients and Paxlovid was administered to 66% of patients
within 3days of symptom onset.

1379 participants were randomized within 3 days of
symptom onset to the Paxlovid or placebo group.Tere were
5 hospitalizations out of 697 participants (0.72%) in the
Paxlovid group as compared to 44 out of 682 (6.45%)
hospitalizations in the placebo group. In 2085 participants
randomized within 5 days of symptoms, 8 out of 1039 (0.8%)
in the Paxlovid group and 66 out of 1046 (6.3%) participants
in the placebo group had hospitalizations due to COVID-19-
related illnesses. Tere were no deaths in the Paxlovid group
as compared to 12 deaths in the placebo group. Te
EPIC-HR trial has shown to reduce the risk of hospitali-
zation or mortality by 88%, (P< 0.0001) as compared to
placebo in confrmed cases of SARS-CoV-2 who were not
hospitalized. Te efcacy of Paxlovid is quite comparable to
that of sotrovimab and remdesivir and greater than that of
molnupiravir [10].

4.3. Molnupiravir. It is an oral prodrug of a ribonucleoside,
beta-D-N4-hydroxycytidine (NHC). It has antiviral activity
against RNA viruses including SARS-CoV-2.Te viral RNA-
dependent RNA polymerase uptakes the NHC and leads to
lethal viral mutagenesis. As there could be a potential risk of
genotoxicity with molnupiravir, in vivo rodent studies were
performed, and the FDA has concluded a low risk of gen-
otoxicity. Te dose of molnupiravir is 800mg twice a day for
5 days per oral. It should be administered to adults ages
>18 years within 5 days of symptom onset ONLY if other
options cannot be used (class IIa). Te main side efects of
molnupiravir are diarrhea, nausea, and dizziness. Molnu-
piravir is not recommended in pregnancy due to the risk of
teratogenicity and fetal toxicity [11]. However, pregnant
patients with more than 10weeks of gestation who are at risk
of severe disease can be administered molnupiravir after
detailed discussion and documentation of the risks and
benefts of treatment. For lactating mothers on molnupir-
avir, breast feeding is to be avoided; the breast milk is to be
pumped and discarded while on therapy and after 4 days of
the fnal dose. Molnupiravir is to be avoided in children
<18 years of age as data are not available and there is
a potential risk of cartilage and bone damage with mol-
nupiravir. Men of reproductive age who are sexually active
should abstain from sex or use strict contraception for
3months after therapy. In vaccinated people, there are no
data on the use of molnupiravir [11].

4.4. Clinical Trial Data. Te MOVE-OUT, a multinational,
randomized trial in phase 3, showed a 30% reduction in
hospitalization and mortality with molnupiravir as

compared to placebo. Tere were 1433 participants with
a median age of 43 years, and 17% participants were
>60 years old. 48% of participants experienced symptom
onset within ≤3 days. Te demographic profle consisted of
49% males, 57% whites, 50% Hispanic/Latino, and 5% Af-
rican American. 74% of participants had a body mass index
≥30, and 16% participants had diabetes [11].

48 participants out of 709 (6.8%) in the molnupiravir
group and 68 out of 699 (9.7%) in the placebo group had
hospitalizations or deaths by day 29. Tere was a 30% rel-
ative risk reduction with molnupiravir, P � 0.0218. Total
deaths in the molnupiravir group were 1 and in the placebo
group were 9 deaths. As the efcacy of molnupiravir is lower,
the current recommendations to use molnupiravir are to use
it only when other medications, i.e., Paxlovid, sotrovimab,
and remdesivir cannot be administered or are unavailable.
For the Omicron variant, the data on the use of molnupiravir
are limited. However, it is expected to be efective against the
Omicron variant too.

4.5. Sotrovimab. Bamlanivimab plus etesevimab, casir-
ivimab plus imdevimab, and sotrovimab are various
monoclonal antibodies which received emergency use au-
thorization from FDA for use in mild-to-moderate, non-
hospitalized cases to COVID-19 who were at risk of
progression of illness and were found to reduce the risk of
mortality and hospitalization by 70%–85% in comparison to
the placebo [15]. Bamlanivimab plus etesevimab and
casirivimab plus imdevimab are inefective against Omicron;
however, sotrovimab is found to be efective against Omi-
cron VOC in vitro studies.

Te dose of sotrovimab is 500mg intravenous infusion,
a single dose to be given within 10 days of symptom onset. It
is to be administered in patients ≥12 years of age and ≥40 kg
of weight, residing in areas prevalent for the Omicron
variant (class AIIa). As the major side efect of sotrovimab is
hypersensitivity reactions including anaphylaxis, it should
be administered in a healthcare setting, where anaphylaxis
can be managed [15].

4.6. Clinical Trial Data. Te data from the COMET-ICE
phase 3 trial, which consisted of participants with mild-
moderate COVID-19, at risk of progressing to serious illness
and >18 years old who presented within 5 days of symptom
onset.Te end point of hospitalization or death was seen in 3
participants out of 291 (1%) in the sotrovimab group, vs 21
participants out of 292 (7%) in the placebo group. Tere was
a 6% absolute reduction and an 85% relative risk reduction
(P � 0.002) in hospitalizations and deaths with sotrovimab as
compared to placebo.

4.7. Remdesivir. Remdesivir has been approved by the FDA
for hospitalized patients and is given as an IV infusion for 3
consecutive days in a dose of 200mg IV on day 1, followed
by 100mg IV once daily on day 2 and day 3, to be ad-
ministered within 7 days of symptom onset in patients
≥12 years of age and ≥40 kg of weight (class BIIa). As
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remdesivir can lead to hypersensitivity reactions, so it should
be administered in settings where anaphylaxis can be
managed.Te FDA has approved remdesivir for hospitalized
patients only, and use in nonhospitalized patients would be
an of-label indication [16].

4.8. Clinical Trial Data. Te PINETREE trial was a ran-
domized placebo-controlled trial, where nonhospitalized
participants were administered remdesivir for 3 consecutive
days within 7 days of symptom onset. However, the trial was
discontinued due to administrative reasons. Te end point
event of hospitalization or death was seen in 2 participants
out of 279 (0.7%) in the remdesivir group and 15 partici-
pants out of 283 (5.3%) in the placebo group, leading to
a 4.6% absolute risk reduction and an 87% reduction in
relative risk of hospitalization and deaths in patients who
received remdesivir (P � 0.008) [16]. In vitro and in vivo data
suggest that remdesivir is efective against Omicron VOC;
however, the intravenous route of administration does not
make it the frst-line therapy. Remdesivir is a good option to
be used if Paxlovid and sotrovimab are unavailable or cannot
be administered.

5. Recommendations

Tere are no clinical trials comparing the efcacy of the
abovementioned 4 therapies with each other nor there are
any data on the combination of two or more therapies. Te
current recommendation for mild-moderate, non-
hospitalized patients are to use Paxlovid as the frst-line
option in nonhospitalized, high-risk patients. If it is not
available or cannot be administered due to drug interactions,
then the next best choice is sotrovimab. Te third choice is
remdesivir if sotrovimab is also not available, and molnu-
piravir is to be given if the other three options are not
available or cannot be administered. However, to select the
treatment option for a specifc patient, various factors need
to be considered such as the efcacy of the drug, its avail-
ability of drug, the set-up to administer parenteral drugs,
patients taking medications which can have drug-drug in-
teractions, and the local prevalence of Omicron [17]. All the
SARS-CoV-2 therapeutic drugs have been evaluated initially
in people who were not vaccinated and who were not
hospitalized but who had a risk of progression to severe
illness as unvaccinated patients or those who have not yet
developed an adequate immune response to the vaccine are
at substantial risk of progression to severe disease [17].

5.1. Vaccines against Omicron Variants. Tough COVID-19
vaccines are helpful in preventing severe COVID illness,
ICU admissions, and mortality, the initial studies for the
Omicron variant with live or pseudovirus suggested a sig-
nifcant reduction in neutralizing activity. Eventually, the
study with sera from fully vaccinated recipients of Pfzer or
AstraZeneca after 5months of complete vaccination as well
as convalescent sera of COVID-positive patients
6–12months after infection showed no inhibition for
Omicron. However, there was a neutralizing activity against

Omicron which was 6- to 23-fold lesser than against the delta
variant with sera of recipients of a Pfzer booster shot and
recipients of vaccination who had been previously infected
with COVID. Tis study also concluded that Omicron es-
capes most of the monoclonal antibodies used for treatment
for previous COVID strains [3, 4, 7, 18].

Various studies with neutralization of sera after mRNA
vaccines against various COVID variants showed a signif-
cant reduction of neutralization for the Omicron variant.
Wang et al. [18] used a focus reduction neutralization test
(FRNT) to detect the neutralizing activity of 2 to 6weeks
postvaccination sera of 88 fully vaccinated recipients after
the second shot. Tey found minimal impact on the neu-
tralizing activity of sera with the virus 614G strain with the
D614G substitution. Te progenitor 614D reference virus
which is close to the strain used to make mRNA vaccines
neutralizing activity was better than other strains of viruses.
Te neutralizing antibody titers were slightly reduced with
the Alpha variant (B.1.1.7); however, greater reductions but
<4-fold as compared to the reference 614D strain were seen
with gamma (P.1), delta (B.1.617.2 and AY.4.2), epsilon
(B.1.427/B.1.429), zeta (P.2), eta (B.1.525), iota (B.1.526/
B.1.526.1), lambda (C.37), and B.1.617.3 variants. More than
a 4-fold reduction in titers was seen with the beta (B.1.351),
theta (P.3), kappa (B.1.617.1), Mu (B.1.621), and Omicron
(B.1.1.529) variants. Omicron showed a 38-fold reduction as
compared to reference 614D strain and failed to get neu-
tralized with antibody sera [18]. Tey also compared neu-
tralization of various strains with prebooster sera collected
on the day of the booster shot to 2 to 6weeks postbooster
vaccination sera. Te neutralizing titers with booster sera
were much higher than prebooster sera for the 614D strain.
For the Omicron variant, the titers were higher with booster
sera as compared to prebooster sera. Overall, there was
a 34–38-fold reduction of neutralizing activity with pre-
booster sera and a 19-fold reduction with booster sera for the
Omicron variant. Tis probably explains the reason for
worldwide breakthrough infections with the Omicron var-
iant with waning immunity [19, 20]. In an ongoing phase 2-3
trail, 50-μg bivalent mRNA-1273.214 vaccine containing
25 μg each of ancestral Wuhan-Hu-1 and Omicron B.1.1.529
mRNAs was compared to a 50-μg mRNA-1273 booster. Te
neutralizing antibody response against Omicron elicited by
bivalent vaccine was superior to that with mRNA-1273
without any safety concerns [2, 19].

5.2. Efcacy of Monoclonal Antibodies against Omicron.
Monoclonal antibody REGN10933 (casirivimab) lost neu-
tralizing activity; however, REGN10987 (imdevimab)
retained neutralizing activity against BA.2.12.1, BA.4, and
BA.5 as seen on live-virus focus reduction neutralization
testing (FRNT). Te combination of casirivimab and
imdevimab could also inhibit these isolates. Similarly,
COV2-2196 (tixagevimab) had neutralizing activity against
BA.2.12.1 but not against BA.4 or BA.5. COV2-2130 (cil-
gavimab) neutralized BA.2.12.1, BA.4, and BA.5. Te
combination of tixagevimab and cilgavimab inhibited
BA.2.12.1, BA.4, and BA.5. Te precursor of sotrovimab

Canadian Journal of Infectious Diseases and Medical Microbiology 5



(S309) lost inhibitory property against BA.2.12.1, BA.4, and
BA.5. Of the FDA-approved monoclonal antibodies, only
LY-CoV1404 (bebtelovimab) efciently neutralized
BA.2.12.1, BA.4, and BA.5, similar to those for the ancestral
strain [21]. Nevertheless, current evidence is still insufcient
to draw meaningful conclusions regarding the utility of
injected SARS-CoV-2-neutralizing mAbs [22], whose
widespread use is hampered by at least three limitations:
frst, loss of neutralization capacity toward emerging vari-
ants [23]; second, health system sustainability because of the
costs of these products administered in gram doses and
produced in inexpensive mammalian expression systems;
and third, the risk for antibody-dependent enhancement
(ADE) of the infection [24]. In addition, recent data indicate
that after the systemic infusion of a neutralizingmAb, SARS-
CoV-2 is still present in the nasal turbinates [25], where the
virus initially harbors and from where it spreads, making
intranasal and aerosol treatments particularly attractive [26].
Small, single-domain VHH nanobodies, specifc for SARS-
CoV-2, were proposed for topical use (i.e., by inhalation) as
an alternative to systemic mAbs [27, 28]. However, being
nanobodies of camelid origin, they require sophisticated
humanization procedures to avoid immunogenic responses,
potentially hampering their full development [28]. Because
of these limitations, the use of small human antibodies has
emerged in the format of single-chain variable fragments
(scFvs) that share several advantages with nanobodies with
fewer risks.

5.3. Single-ChainFragmentVariable (scFv)Antibodies against
Omicron. Despite the continuous eforts to curb and con-
tain the emerging strains of Coronavirus and Omicron
VOC, there is a persistent need for efective and efcient
antibodies to neutralize the emerging strains. As the newer
strains of Coronavirus are more adaptable and spread
rapidly, it is imperative to anticipate newer mutations in the
future and synthesize highly specifc antibodies that are
humanized, have better tissue penetrance and higher efcacy
with minimal side efects, and can be produced in a short
duration of time. Considering all these qualities, for future
considerations, we propose the development and use of scFv
antibodies against Omicron that possess all the above-
mentioned said qualities and can be readily produced when
needed. Furthermore, since the ScFv antibodies lack the Fc
fragment of the antibody component, they are free of side
efects as seen with monoclonal antibodies. It has been
reported that scFv antibodies generated by using phage
display technology have high neutralizing efect against
SARS-CoV infection [29, 30]. IgY-scFv has been extensively
studied for the treatment of various respiratory viruses prior
to COVID-19 [31–33]. Minenkova et al. [34] described
engineered human antibody fragments (scFvs), which are
extremely efective at neutralizing SARS-CoV-2 variants
including Omicron [34]. Because of their high stability and
efcacy in preclinical models, intranasal or aerosol delivery
of scFv antibodies represents a promising approach for
halting SARS-CoV-2 infection at an early stage, regardless of
vaccination status [34]. Unlike conventional methods of

antibody production, ribosome display is a rapid technique
that can generate a huge repertoire of scFv monoclonal
antibodies against SARS-COV-2. Highly specifc recombi-
nant antibodies can be isolated from libraries by manipu-
lating the stringency of binding between antibodies to the
target. Recently, our laboratory has refned a rapid ribosome
display method to develop panels of scFvs against Ebola
virus glycoprotein (GP) and Zika virus envelope (E) proteins
[35–37]. Tis method is inexpensive, rapid, and can be used
to quickly develop repertoires of high-afnity human scFv
antibodies against SARS-CoV-2 Delta and Omicron variant
spike proteins, which may ofer an alternative solution in
providing a large number of highly specifc antibodies in
combating COVID-19 in diferent application scenarios.
Advantages of our approach include (1) recombinant an-
tibodies can be generated at very little cost when compared
to conventional monoclonal antibodies and (2) the platform
allows for a rapid method to generate new antibodies based
on predicted epitope sequences of escape mutants or novel
emerging viral strains.

6. Conclusion

Te highly transmissible Omicron variant is usually re-
sponsible for mild-to-moderate infection with lesser severity
than the delta variant. Te increased transmissibility is due
to the mutations in the spike protein and the receptor-
binding domain (RBD). Omicron is susceptible to oral
antiviral drugs such as Paxlovid (nirmatrelvir/ritonavir),
remdesivir, sotrovimab, and molnupiravir. Te potency of
sotrovimab is reduced to a 3-fold against Omicron. Te
current recommendation for mild-moderate, non-
hospitalized patients are to use Paxlovid as the frst-line
option, followed by sotrovimab, followed by remdesivir.
Molnupiravir is to be given if the other three options are not
available or cannot be administered. Vaccine efcacy is
reduced against the Omicron variant; however, booster
doses with mRNA vaccines are found to be helpful in
preventing the infection against the Omicron variant. Te
development of high-afnity human scFv antibodies using
a ribosome display antibodies library may prove a re-
sourceful arsenal containing therapeutic antibodies for
passive therapy, antibodies for developing serological test
kits, and variable heavy chain and light chain sequences for
mutated viruses.
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[1] V. M. Ferré, N. Peifer-Smadja, B. Visseaux, D. Descamps,
J. Ghosn, and C. Charpentier, “Omicron SARS-CoV-2 vari-
ant: what we know and what we don’t,” Anaesthesia Critical
Care and Pain Medicine, vol. 41, no. 1, Article ID 100998,
2022.

[2] S. Iketani, L. Liu, Y. Guo et al., “Antibody evasion properties
of SARS-CoV-2 Omicron sublineages,” Nature, vol. 604,
no. 7906, pp. 553–556, 2022.

[3] A. A. Weil, K. G. Luiten, A. M. Casto et al., “Genomic sur-
veillance of SARS-CoV-2 Omicron variants on a university
campus,” Nature Communications, vol. 13, no. 1, p. 5240,
2022.

[4] Z. Chen, A. S. Azman, X. Chen et al., “Global landscape of
SARS-CoV-2 genomic surveillance and data sharing,” Nature
Genetics, vol. 54, no. 4, pp. 499–507, 2022.

[5] K. Ito, C. Piantham, and H. Nishiura, “Relative instantaneous
reproduction number of Omicron SARS-CoV-2 variant with
respect to the Delta variant in Denmark,” Journal of Medical
Virology, vol. 94, no. 5, pp. 2265–2268, 2022.

[6] H. F. Tseng, B. K. Ackerson, Y. Luo et al., “Efectiveness of
mRNA-1273 against SARS-CoV-2 omicron and delta vari-
ants,” Nature Medicine, vol. 28, no. 5, pp. 1063–1071, 2022.

[7] G. Masson, “What we know about omicron symptoms, re-
covery: a clinical timeline,” 2022, https://www.mercurynews.
com/2021/12/03/omicron-vs-delta-comparing-covids-most-
worrisome-variants/.

[8] A. Abramson, “Omicron vs. Delta: comparing COVID’s most
worrisome variants. Which is more dangerous? Here’s what
research suggests, so far,” 2021, https://www.mercurynews.
com/2021/12/03/omicron-vs-delta-comparing-covids-most-
worrisome-variants/.

[9] L. Vangeel, W. Chiu, S. De Jonghe et al., “Remdesivir,
Molnupiravir and Nirmatrelvir remain active against SARS-
CoV-2 Omicron and other variants of concern,” Antiviral
Research, vol. 198, Article ID 105252, 2022.

[10] Food and Drug Administration, “Fact sheet for healthcare
providers: emergency use authorization for Paxlovid,” 2021,
https://www.fda.gov/media/155050/download.

[11] A. Jayk Bernal, M. M. Gomes da Silva, D. B. Musungaie et al.,
“Molnupiravir for oral treatment of COVID-19 in non-
hospitalized patients,” New England Journal of Medicine,
vol. 386, no. 6, pp. 509–520, 2022.

[12] A. Sheikh, S. Kerr, M. Woolhouse et al., “Severity of omicron
variant of concern and efectiveness of vaccine boosters
against symptomatic disease in Scotland (EAVE II): a national
cohort study with nested test-negative design,” Te Lancet
Infectious Diseases, vol. 22, no. 7, pp. 959–966, 2022.

[13] N. Ferguson, A. Ghani, W. Hinsley, and E. Volz, “Report 50:
hospitalisation risk for omicron cases in england,” 2021,
https://spiral.imperial.ac.uk/handle/10044/1/93035.

[14] J. A. Lewnard, V. X. Hong, M. M. Patel, R. Kahn, M. Lipsitch,
and S. Y. Tartof, “Clinical outcomes associated with SARS-
CoV-2 Omicron (B. 1.1. 529) variant and BA. 1/BA. 1.1 or BA.
2 subvariant infection in southern California,” Nature Med-
icine, vol. 28, no. 9, pp. 1933–1943, 2022.

[15] A. Gupta, Y. Gonzalez-Rojas, E. Juarez et al., “Early treatment
for COVID-19 with SARS-CoV-2 neutralizing antibody
sotrovimab,” New England Journal of Medicine, vol. 385,
no. 21, pp. 1941–1950, 2021.

[16] R. L. Gottlieb, C. E. Vaca, R. Paredes et al., “Early remdesivir
to prevent progression to severe COVID-19 in outpatients,”
New England Journal of Medicine, vol. 386, no. 4, pp. 305–315,
2022.

[17] National Institutes of Health, “NIH-therapeutic management
of nonhospitalized adults with COVID-19,” 2023, https://
www.covid19treatmentguidelines.nih.gov/management/clinic
al-management-of-adults/nonhospitalized-adults--therapeuti
c-management/.

[18] L. Wang, M. H. Kainulainen, N. Jiang et al., “Diferential
neutralization and inhibition of SARS-CoV-2 variants by
antibodies elicited by COVID-19 mRNA vaccines,” Nature
Communications, vol. 13, no. 1, p. 4350, 2022.

[19] S. Chalkias, C. Harper, K. Vrbicky et al., “A bivalent omicron-
containing booster vaccine against COVID-19,” New England
Journal of Medicine, vol. 387, no. 14, pp. 1279–1291, 2022.

[20] E. Takashita, S. Yamayoshi, V. Simon et al., “Efcacy of an-
tibodies and antiviral drugs against omicron BA.2.12.1, BA.4,
and BA.5 subvariants,” New England Journal of Medicine,
vol. 387, no. 5, pp. 468–470, 2022.

[21] N. Kreuzberger, C. Hirsch, K. L. Chai et al., “SARS-CoV-2-
neutralising monoclonal antibodies for treatment of COVID-
19,” Cochrane Database of Systematic Reviews, vol. 9, no. 9,
Article ID 13825, 2021.

[22] D. Planas, D. Veyer, A. Baidaliuk et al., “Reduced sensitivity of
SARS-CoV-2 variant Delta to antibody neutralization,” Na-
ture, vol. 596, no. 7871, pp. 276–280, 2021.

[23] Y. Liu, W. T. Soh, J. I. Kishikawa et al., “An infectivity-
enhancing site on the SARS-CoV-2 spike protein targeted by
antibodies,” Cell, vol. 184, no. 13, pp. 3452–3466.e18, 2021.

[24] D. Zhou, J. F. W. Chan, B. Zhou et al., “Robust SARS-CoV-2
infection in nasal turbinates after treatment with systemic
neutralizing antibodies,” Cell Host and Microbe, vol. 29,
pp. 551–563.e5, 2021.

[25] C. Cruz-Teran, K. Tiruthani, M. McSweeney, A. Ma,
R. Pickles, and S. K. Lai, “Challenges and opportunities for
antiviral monoclonal antibodies as COVID-19 therapy,”
Advanced Drug Delivery Reviews, vol. 169, pp. 100–117, 2021.

[26] J. Xu, K. Xu, S. Jung et al., “Nanobodies from camelid mice
and llamas neutralize SARS-CoV-2 variants,”Nature, vol. 595,
no. 7866, pp. 278–282, 2021.

[27] S. Nambulli, Y. Xiang, N. L. Tilston-Lunel et al., “Inhalable
Nanobody (PiN-21) prevents and treats SARS-CoV-2 in-
fections in Syrian hamsters at ultra-low doses,” Science Ad-
vances, vol. 7, no. 22, p. 319, 2021.

[28] D. Wiswell, D. Neupane, M. Chen et al., “A capillary
electrophoresis-based approach for the identifcation of anti-
drug antibodies against camelid VHH biologics (Nano-
bodies®),” Journal of Pharmacological and Toxicological
Methods, vol. 103, pp. 106872–106880, 2020.

[29] J. Sui, W. Li, A. Murakami et al., “Potent neutralization of
severe acute respiratory syndrome (SARS) coronavirus by
a human mAb to S1 protein that blocks receptor association,”
Proceedings of the National Academy of Sciences of the
United States of America, vol. 101, no. 8, pp. 2536–2541, 2004.

[30] X. Kang, B. A. Yang, Y. Hu et al., “Human neutralizing Fab
molecules against severe acute respiratory syndrome coro-
navirus generated by phage display,” Clinical and Vaccine
Immunology, vol. 13, no. 8, pp. 953–957, 2006.

[31] Y. Xiao, Q. Hu, L. Jiao et al., “Production of anti-trichophyton
rubrum egg yolk immunoglobulin and its therapeutic po-
tential for treating dermatophytosis,” Microbial Pathogenesis,
vol. 137, Article ID 103741, 2019.

Canadian Journal of Infectious Diseases and Medical Microbiology 7

https://www.mercurynews.com/2021/12/03/omicron-vs-delta-comparing-covids-most-worrisome-variants/
https://www.mercurynews.com/2021/12/03/omicron-vs-delta-comparing-covids-most-worrisome-variants/
https://www.mercurynews.com/2021/12/03/omicron-vs-delta-comparing-covids-most-worrisome-variants/
https://www.mercurynews.com/2021/12/03/omicron-vs-delta-comparing-covids-most-worrisome-variants/
https://www.mercurynews.com/2021/12/03/omicron-vs-delta-comparing-covids-most-worrisome-variants/
https://www.mercurynews.com/2021/12/03/omicron-vs-delta-comparing-covids-most-worrisome-variants/
https://www.fda.gov/media/155050/download
https://spiral.imperial.ac.uk/handle/10044/1/93035
https://www.covid19treatmentguidelines.nih.gov/management/clinical-management-of-adults/nonhospitalized-adults--therapeutic-management/
https://www.covid19treatmentguidelines.nih.gov/management/clinical-management-of-adults/nonhospitalized-adults--therapeutic-management/
https://www.covid19treatmentguidelines.nih.gov/management/clinical-management-of-adults/nonhospitalized-adults--therapeutic-management/
https://www.covid19treatmentguidelines.nih.gov/management/clinical-management-of-adults/nonhospitalized-adults--therapeutic-management/


[32] S. Ge, R. Wu, T. Zhou, X. Liu, J. Zhu, and X. Zhang, “Specifc
anti-SARS-CoV-2 S1 IgY-scFv is a promising tool for rec-
ognition of the virus,” AMB Express, vol. 12, no. 1, pp. 18–12,
2022.

[33] D. Antoine, M. Mohammadi, M. Vitt et al., “Rapid, point-
of-care scFv-SERS assay for femtogram level detection of
SARS-CoV-2,” ACS Sensors, vol. 7, no. 3, pp. 866–873, 2022.

[34] O. Minenkova, D. Santapaola, F. M. Milazzo et al., “Human
inhalable antibody fragments neutralizing SARS-CoV-2 vari-
ants for COVID-19 therapy,”Molecular Terapy, vol. 30, no. 5,
pp. 1979–1993, 2022.

[35] A. Kunamneni, C. Ye, S. B. Bradfute, and R. Durvasula,
“Ribosome display for the rapid generation of high-afnity
Zika-neutralizing single-chain antibodies,” PLoS One, vol. 13,
no. 11, Article ID 205743, 2018.

[36] A. Kunamneni, E. C. Clarke, C. Ye, S. B. Bradfute, and
R. Durvasula, “Generation and selection of a panel of pan-
flovirus single-chain antibodies using cell-free ribosome
display,” Te American Journal of Tropical Medicine and
Hygiene, vol. 101, no. 1, pp. 198–206, 2019.

[37] A. Kunamneni, C. Ogaugwu, S. Bradfute, and R. Durvasula,
“Ribosome display technology: applications in disease di-
agnosis and control,” Antibodies, vol. 9, no. 3, p. 28, 2020.

8 Canadian Journal of Infectious Diseases and Medical Microbiology




