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A B S T R A C T   

The Coronavirus Disease 2019 (COVID-19) pandemic, caused by the severe acute respiratory syndrome coro
navirus 2 (SARS-CoV-2), has infected 305 million individuals worldwide and killed about 5.5 million people as of 
January 10, 2022. SARS-CoV-2 is the third major outbreak caused by a new coronavirus in the previous two 
decades, following SARS-CoV and MERS-CoV. Even though vaccination against SARS-CoV-2 is considered a 
critical strategy for preventing virus spread in the population and limiting COVID-19 clinical manifestations, new 
therapeutic drugs, and management strategies are urgently needed, particularly in light of the growing number 
of SARS-CoV-2 variants (such as Delta and Omicron variants). However, the use of conventional antibodies has 
faced many challenges, such as viral escape mutants, increased instability, weak binding, large sizes, the need for 
large amounts of plasma, and high-cost manufacturing. Furthermore, the emergence of new SARS-CoV-2 variants 
in the human population and recurrent coronavirus spillovers highlight the need for broadly neutralizing anti
bodies that are not affected by an antigenic drift that could limit future zoonotic infection. Bovine-derived an
tibodies and camelid-derived nanobodies are more potent and protective than conventional human antibodies, 
thanks to their inbuilt characteristics, and can be produced in large quantities. In addition, it was reported that 
these biotherapeutics are effective against a broad spectrum of epitopes, reducing the opportunity of viral 
pathogens to develop mutational escape. In this review, we focus on the potential benefits behind our rationale 
for using bovine-derived antibodies and camelid-derived nanobodies in countering SARS-CoV-2 and its emerging 
variants and mutants.   

1. Introduction 

The coronavirus disease 2019 (COVID-19) pandemic has posed a 
serious threat to global public health security, claiming the lives of over 
5.5 million people from more than 305 million confirmed cases as of 
January 10, 2022 [1]. We should not only apply the term “pandemic” to 
the original virus causing severe acute respiratory syndrome coronavi
rus 2 (SARS-CoV2) but also important to the variants of SARS-CoV2 that 

have recently emerged [2–4]. Recently, SARS-CoV-2 variants are 
divided into four classes: Variant of concern (VOC) includes Alpha 
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron 
(B.1.1.529); Variant of Interest (VOI) includes Lambda (C.37) and Mu 
(B.1.621); Variants under monitoring (VUM) and Formerly moni
tored variants [5] (as shown in Table 1). SARS-CoV-2 variants have 
played a critical role in the surges of COVID-19 cases at the global level, 
contributing to waves of the ongoing COVID-19 pandemic owing to their 
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higher transmissibility, potentially high virulence, and vaccine break
through events in vaccinated individuals. These vaccine-escape variants 
and fast-growing mutations are possibly posing threats to the currently 
available vaccines and antibody-based therapies. Therefore, appropriate 
prevention and control strategies need to be adequately implemented 
and modified to manage COVID-19 patients efficiently [6–10]. Accord
ing to currently available data, the Omicron variant is among the most 
widely transmissible, yet it causes mild symptoms. These emerging 
variants and mutations make it pragmatic to use the entire Spike (S) 
protein as a platform for developing therapies against SARS-CoV-2 and 
not just the receptor-binding domain (RBD) of the S protein. 

Some antiviral drugs, therapies, immunomodulatory agents, and 
alternative/supportive therapies were approved for emergency use to 
reduce disease severity and mortality in COVID-19 patients. In contrast, 
many antiviral drugs failed to display beneficial impacts or revealed 
mixed results. Numerous ongoing clinical trials could propose effective 
drugs of choice [11–15]. Meanwhile, rapid and highly collaborative 
research efforts have resulted in the approval of COVID-19 vaccines, 
spawning a global vaccination campaign to vaccinate a large population 
at the earliest for limiting the spread of COVID-19 [16–19]. We note that 
neutralizing antibodies (nAbs) that target the SARS-CoV-2 S protein is a 
common feature of vaccines [20–22], monoclonal antibodies (mAbs) 
[23,24], and convalescent plasma [25–27] being used for prophylaxis 
and therapeutic purposes against COVID-19 [11,28,29]. Conversely, 
drugs and medicines being used for alleviating the severity of 
SARS-CoV-2 in COVID-19 patients, apart from Dexamethasone, showed 
limited efficacy against the disease. Despite attempts to develop vac
cines against SARS-CoV-2, viral escape mutants could compromise their 
effectiveness. Recent studies have revealed a varied level of protection 
of existing COVID-19 vaccines in vaccinated individuals. Therefore 
larger cases of breakthrough infection are being reported in vaccinated 
people getting infected with emerging variants, such as the recently 
emerged Omicron variant, thus posing a potential risk of infection and 
illness even after vaccination [6,7,9,30–33]. Likewise, monoclonal an
tibodies and convalescent sera, show less efficacy by inducing resistance 
to neutralization [34–40] even as new SARS-CoV-2 variants emerge (as 
shown in Table 2). Antigenic diversity, limited effectiveness, tiny pro
duced quantities, and short-term immune responses are the barriers that 
need addressing before vaccinations generally become available [41, 
42]. The emergence of new SARS-CoV-2 variants in the human popu
lation and recurrent coronavirus spillovers (e.g. mink-to-human trans
mission) underline the need for broadly neutralizing antibodies that are 
not affected by the continuous antigenic drift could limit prevention or 
treatment of future zoonotic infections [28,43–45]. 

Potent and reliable immunotherapies are the need of the current time 
to limit the lethal impacts of the COVID-19 pandemic. However, some 

limitations are raised about the conventional antibodies. As such the 
conventional antibody CR3022 cannot effectively inhibit ACE2 binding 
and viral entry because it only binds to the receptor-binding domain 
(RBD) under restricted conformations. Additionally, increased insta
bility leads to a shorter half-life, weak binding due to a steric hindrance 
linked with large antibody sizes of the conventional antibodies [46]. 
Other challenges are that they are heat-sensitive, it is difficult to recruit 
convalescent human donors, and significant amounts of plasma from 
convalescent human donors with high titers (hpAbs) are needed [47, 
48]. Monoclonal antibodies (mAbs) have the disadvantage of being 
directed against a single epitope, making them vulnerable to pathogen 
mutational escape. Furthermore, the cost of producing mAb products is 
very high [49] and requires intravenous administration, which neces
sitates patient hospitalization. Moreover, the potency of a single 
neutralizing antibody may be reduced due to somatic mutations and 
antibody-dependent enhancement (ADE) [50]. The US Food and Drug 
Administration (FDA) has given emergency use authorization (EUA) to 
three combination intravenous monoclonal antibody medicines in 
ambulatory individuals with COVID-19 to reduce medical visits and 
hospitalizations. The logistical limitations of intravenous and subcu
taneous medications, on the other hand, hinder timely delivery to pa
tients who could benefit the most from these crucial treatments [51,52]. 
See summary in Table 3. Variants of SARS-CoV-2, particularly those 
with mutations in the S protein, may impair the clinical efficacy of 
monoclonal antibody treatment. The FDA has restricted monotherapy 
with bamlanivimab, stating that it should only be used in conjunction 
with etesevimab due to the rising prevalence of SARS-CoV-2 variants 
resistant to the antibody [52]. To establish the efficacy of these medi
cines in the context of the emergence of SARS-CoV-2 variants, more 
clinical investigations among individuals infected with SARS-CoV-2 
variants are required. 

Polyclonal antibodies are created by injecting an antigen of interest 
into an animal and then collecting the serum as a source of antibodies 
many weeks later. Rabbits, mice, rats, hamsters, and guinea pigs are the 
most widely used animal species. Larger farms animals, such as cattle, 
sheep, or goats, are frequently used when larger numbers of antibodies 
are required [53]. In this direction, animal-derived antibody therapies 
are an appealing option, as they are effective and safe in various human 
illnesses [54–57]. Their most attractive feature is their simplicity and 

Table 1 
SARS-CoV-2 variants of concerns (VOCs).  

WHO 
label 

Pango 
lineage 

Country of first 
detection 

Date of 
designation 

Earliest 
documented 
samples 

Alpha B.1.1.7 United 
Kingdom 

December 18, 
2020 

September 2020 

Beta B.1.351 South Africa December 18, 
2020 

May 2020 

Gamma P.1 Brazil January 11, 
2021 

November 2020 

Delta B.1.617.2 India April 4, 2021 
(VOI) 
May 11, 2021 
(VOC) 

October 2020 

Omicron B.1.1.529 Botswana 
South Africa 

November 11, 
2021 
November 26, 
2021 

November 2021 

Source: https://www.who.int/activities/tracking-SARS-CoV-2-variants. 

Table 2 
Polyclonal and Monoclonal antibodies.  

Polyclonal (pAb) Monoclonal (mAb) 

Low cost Expensive 
Short (3–4 months) Time-consuming (up to a year)  

Require considerable skills and training 
Has high stability Has moderate stability 
Moderate specificity High specificity 
Has variable sensitivity Has moderate to high sensitivity 
Very easy to be obtained. Difficult to be obtained. 
Other drawbacks  
1. Weak tissue penetration 

2. Slow kinetics  

Table 3 
Limitations of the conventional antibodies against SARS-CoV-2 Variants.  

1. Shorter half-life (due to increased instability). 

2. Weak binding (due to steric hindrance). 
3. Large antibody sizes. 
4. Heat sensitivity. 
5. Scarcity of serum from convalescent human donors. 
6. Vulnerable to pathogen mutational escape (mAbs being directed against a single 

epitope). 
7. Very high cost. 
8. Necessitates patient hospitalization (mAbs required intravenous 

administration). 
9. Reduced potency (due to somatic mutations and ADE).  
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broad applicability and can be manufactured in huge quantities at a low 
cost, especially in low-income nations (Fig. 1A and B). Recently, several 
studies have suggested the potential of animal-based antibodies against 
SARS-CoV-2 and the emerging variants and can serve as a valuable 
option for managing the COVID-19 patients. However, further explor
ative research is required for their optimal utility [46,50,54,58–63], 
which may extend towards protecting humans via protecting animals 
[64]. This review discusses the potential benefits of employing 
bovine-derived antibodies and camelid-derived nanobodies in coun
tering SARS-CoV-2 and its emerging variants. 

2. Transchromosomic bovines (TcB’s) based antibodies 

Transchromosomic bovines generate powerful neutralizing human 
antibodies. These TcB’s have limited long-term hyperimmunization, 
unlike vaccines, their adjuvants, or other immune stimulators. TcB’s are 
currently used to produce fully human antibodies (polyclonal human 
IgG) against Hantavirus (HTNV) [65,66], Middle East Respiratory Syn
drome coronavirus (MERS-CoV) [67,68], Ebola virus [69], Venezuelan 
equine encephalitis virus (VEEV) [70], Puumala virus (PUUV) [65] and 
Zika virus [71,72]. Recently, besides polyclonal antibodies, monoclonal 
antibodies have been produced in TcB against Influenza A Virus [73]. 
These antibodies are more potent and protective than conventional 
human antibodies and could be produced in large quantities (Table 4). 
Immunization of Tc bovine triggers the bovine adaptive immune 
response, enabling secretion of human polyclonal Ig from Tc bovine B 
lymphocytes. Polyclonal antibodies are effective against a broad spec
trum of epitopes, reducing the opportunity of viral pathogens to develop 
mutational escape. Besides viral neutralization, these antibodies also 
contribute to public health infection control. They promote virus 
clearance by inducing antibody-dependent cellular cytotoxicity (ADCC) 
mechanism in natural killer (NK) cells and cytotoxic T lymphocytes 
(CTLs). This immune mechanism kills the virus-infected cells, elimi
nating virus reservoirs. Strikingly, Oshiro et al. [74] reported that 
bovine IgG enriched fraction has the potential to neutralize SARS-CoV-2 
through specific binding to the RBD of SARS-CoV-2 S protein, but it 
showed less potency activity against SARS-CoV-2 N [74]. Additionally, 
FM-CBAL74 (cow’s milk fermented with the probiotic L. paracasei 
CBAL74) exerted a preventive action against SARS-CoV-2 [75]. In a 
similar vein, Kangro et al. [76], reported immunoglobulins-rich colos
trum after immunizing pregnant cows with SARS-CoV-2 spike protein in 
a surprisingly short time. Therefore, colostrum immunoglobulin prepa
ration has a lot of potential for use in SARS-CoV-2 prevention regimens. 

In two recent studies, Liu et al. used TcBs to produce fully human 
anti-SARS-CoV-2 (TchIgG-SARS-CoV-2) immunoglobulin [63]. TcBs 
were hyperimmunized twice with plasmid DNA encoding the 
SARS-CoV-2 Wuhan-Hu-1 strain Spike (S) gene [77], then repeatedly 
immunized with S protein purified from insect cells. The 
Tc-hIgG-SARS-CoV-2, termed SAB-185, efficiently neutralizes 
SARS-CoV-2 and vesicular stomatitis virus (VSV) SARS-CoV-2 chimeras 
in vitro [63]. Furthermore, it retained neutralizing potency against S 
variants, including S477 N, E484K, and N501Y substitutions, found in 
current SARS-CoV-2 variants of concern, implying that it is an effective 
COVID-19 treatment. Gilliland et al. [60], used SAB-185 to examine the 
neutralizing capacity of SAB-185 in vitro and the protective efficacy of 
passive SAB-185 antibody transfer in vivo. In vitro, SAB-185 neutralized 
five variant SARS-CoV-2 strains: Munich (Spike D614G), UK (B.1.1.7), 
Brazil (P.1), and South Africa (SA) (B.1.3.5) variants, and a variant 
isolated from a chronically infected immunocompromised patient (Spike 
Δ144-146). On Vero E6 cells, SAB-185 neutralized all the three 
SARS-CoV-2 strains equally, although a control convalescent human 
serum sample was less effective at neutralizing the SA variant. The an
imal model used was a new human ACE2 (hACE2) transgenic Syrian 
hamster. Prophylactic SAB-185 treatment protected the hamsters from a 
fatal disease and minimized clinical signs of infection, suggesting that 
SAB-185 may be an effective treatment for patients infected with SARS 

CoV-2 variants [60]. Although the data is not yet published, SAB-185 
was found to be safe and well-tolerated in Phase 1 (healthy adult) and 
Phase 1b (non-hospitalized SARS-CoV-2 infected) clinical trial 
(ClinicalTrials.gov nos. NCT04468958 and NCT0446917, respectively) 
besides its potent neutralization efficacy in vitro [63]. Recently, SAB-185 
showed efficacy against Delta (VOC) and Lambda (VBM) variants [59]. 

SAB-185 showed a broad neutralization to Omicron and other VOCs 
in an in vitro pseudovirus model, and currently, SAB-185 is being eval
uated in the NIH1 -sponsored Phase 3 COVID trial that has been enrolling 
patients since October 2021. These results were compiled by scientists at 
the US FDA Center for Biologics Evaluation and Research (CBER), using 
a lentiviral-based pseudovirus assay conducted in a BSL2 environment 
that incorporates a stable 293T cell line expressing human angiotensin- 
converting enzyme 2 (ACE2) and transmembrane serine protease 2 
(TMPRSS2). SAB-185 retains a potent ability to neutralize recombinant 
S protein lentiviral pseudovirus that imitates the SARS-CoV-2 Omicron 
variant. When compared to the wild-type SARS-CoV-2, SAB-185 was still 
able to neutralize the Omicron form, but it had a mild-moderate loss in 
potency. SAB Biotherapeutics is hopefully working to optimize SAB-185 
by adding activity directed to the Omicron variant. Importantly, pAbs 
can effectively block receptors utilized for viral entry by binding to 
multiple epitopes on the RBD, and also may activate immune effector 
cells, enhancing the individual’s immunological response. SAB-185 is 
also substantially more powerful than human-derived convalescent IgG, 
according to preclinical research [78]. 

3. Camel nanobodies 

The therapeutic potential of camel nanobodies against COVID-19 has 
been recently emphasized and proposed to be useful as Dromedary 
camels could act as a natural source of SARS-CoV-2 neutralizing nano
bodies [46,50,54,79] (Table 5). Nanobodies are one of the most 
intriguing biotherapeutics in this era, with promising outcomes in recent 
studies [79]. Several SARS-CoV-2 epitopes were found highly immu
nogenic in humans, and some epitopes can be wholly targeted by camel 
antibodies. However, SARS-CoV-2 cross-neutralizing camel antibodies, 
though not highly useful for COVID-19 treatment, are present in non
immunized camels suggesting a need for further studies [54]. Antibodies 
from camelids have been found to be more similar to human antibodies 
than antibodies from other routinely immunized animals, such as mice 
[80]. Therefore, fears regarding eliciting immune responses are greatly 
diminished. Camels produce relatively unique heavy homodimeric 
chain-only antibodies IgG, namely nanobodies (Nbs), heavy-chain an
tibodies (HcAbs), single-domain antibodies (sdAbs), or antigen-specific 
variable domains (VHH). VHH is structurally and functionally iden
tical to an IgG Fv but has only three complementarity determining re
gions (CDR) loops defining the antigen-binding sites [81] and enabling 
them to bind concave epitopes that cannot be recognized by traditional 
antibodies [82,83]. These domains are characterized by high specificity, 
chemo- and thermostability, solubility, lower susceptibility to steric 
hindrances, an ability to build multimers to strengthen the binding [46] 
in vitro, as well as small size (15 kDa), which allows them to recognize 
unusual antigenic sites. 

They are, therefore, inaccessible to conventional antibodies and thus 
penetrate tissues deeply [84–86]. For example, when nanobodies are 
used as an inhalant, high pulmonary drug concentrations are achieved, 
but systemic drug concentrations are kept low, and systemic adverse 
effects are kept to a minimum [50,79]. Nanobodies can be used in 
different formats, and currently, nearly fifteen Nanobodies developed 
against SARS-CoV-2 during the COVID-19 pandemic [79], mostly tar
geted receptor-binding domain (RBD) [79]. Among wellsprings of these 
nanobodies are camels immunized with RBD, llama, and/or Alpaca 
immunized with spike protein and/or RBD, and Naïve library from 

1 National Institutes of Health. 
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llamas and/or alpacas [79]. Nanobodies are efficiently produced in 
various prokaryotic and eukaryotic hosts, including bacteria (E. coli), 
yeast (Pichia pastoris), and mammalian cells [79]. Multivalent Nbs can 
be further classified into bivalent (two identical Nbs), biparatropic (two 
different Nbs), or trivalent (three identical Nbs) [14]. Multivalent for
mats have the potential to produce extremely high neutralization po
tency, preventing mutational escape and neutralizing a wide spectrum 
of SARS-CoV-2 variants. It has been shown that these Nbs can be easily 
engineered without loss of functionality [79]. They have a high antigen 
affinity and stability in the gastrointestinal tract, allowing them to be 
administered orally [50]. Traditional nanobodies are isolated from 
immunized camelids that efficiently neutralize both the SARS-CoV-2 
pseudovirus and live virus [87]. Synthetic nanobodies (sybodies) li
braries, on the other hand, are a new technology for rapid drug devel
opment that produces highly selective binders with neutralizing 
potentials in a short [79]. 

Fig. 1. A. Four peptide chains, two identical heavy 
chains, and two light chains make up the entire 150 
kDa IgG antibody (Conventional IgG antibodies). The 
antigen-binding sites are produced by the two vari
able domains (VL and VH), while the stem of the 
antibody molecule is generated by the constant Fc- 
region. 
B. Sera of camelids contain a unique functional heavy 
(H)-chain antibody (HCAbs) in addition to conven
tional antibodies. The VHH or nanobody (15 kDa), a 
single-domain antibody generated from HCAb, is the 
smallest available antibody fragment with functional 
antigen binding. HCAb is devoid of light chains and is 
capable of antigen recognition solely by one single 
domain, the variable heavy domain (VHH). 
Fab; fragment antigen binding, CL; light chain con
stant region, CH; heavy chain constant region, VL; 
light chain variable region. VH; heavy chain variable 
region, VHH; variable heavy domain, HCAbs; heavy 
(H)-chain antibody.   

Table 4 
Advantages of Tc bovine–based system for producing therapeutic hPABs.  

1. Production of large amounts of humanized antibodies. (No human donors) 

2. Possibility of hyperimmunization against almost any human pathogen or other 
peptide antigens. 

3. Easily tested upon a large number of antigens. 
4. No need for the isolation of a target virus as with vaccine development. 
5. At any stage of antibody development, no patient intervention is required. 
6. A short time from immunization to antibodies purification (3–5 months). 
7. Low cost (compared to mAb development). 
8. Binding to multiple targets. 
9. Theoretical resistance to escape mutation/reduction the potential for escape 

mutants. 
10. Potential intervention to solve infections epidemic/pandemic outbreaks  
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Developing Nbs is a promising approach against respiratory patho
gens, such as a respiratory syncytial virus (RSV) [88–90] and 
SARS-CoV-2. Their small size makes them easily nebulized and delivered 
directly to the lungs via an inhaler [91,92]. Additionally, Nbs have high 
yields in bacterial, yeast, and mammalian expression systems [86,93]. 
Many reports have attested the therapeutic efficacy of VHH against vi
ruses [94,95], such as dengue virus [96], hepatitis C virus (HCV) [97, 
98], poliovirus [99], norovirus [100], rotavirus A [101], MERS-CoV 
[102,103], SARS-CoV-2, SARS-CoV-1, Influenza A virus [104,105], 
respiratory syncytial virus (RSV), hepatitis B virus (HBV), human im
munodeficiency virus (HIV) [106–108], Chikungunya virus (CHIKV) 
[109] and Ebola virus [50]. Cablivi™ (Caplacizumab; ALX-0081, Sanofi 
company) is the first nanobody approved by the FDA to treat thrombotic 
thrombocytopenic purpura and thrombosis [110]. ALX-0171, a novel 
trivalent nanobody, showed inhibitory activity of viral replication in 
87% of viruses tested versus 18% observed with Palivizumab, a 
commercially available neutralizing monoclonal antibody. Moreover, 
Nbs can target pulmonary surfactant protein A (SPA) and accumulate in 
the lungs [111]. Nanobodies have good biophysical potential and are 
less expensive and easier to produce than normal monoclonal antibodies 
due to their small size [112]. 

Xu et al. [61] have isolated anti-RBD nanobodies from llamas and 
mice, engineered to produce cloned VHHs from alpacas, dromedaries, 
and Bactrian camels. They identified two groups of highly neutralizing 
nanobodies. Group 1 recognized the highly conserved RBD region in 
coronaviruses, while Group 2 was almost entirely focused on the 
RBD–ACE2 interface and could not neutralize SARS-CoV-2 variants that 
carry E484K or N501Y substitutions. They proposed that multivalent 
nanobodies overcome SARS-CoV-2 mutations via two distinct mecha
nisms: enhanced avidity for the ACE2-binding domain and recognition 
of conserved epitopes that are largely inaccessible to human antibodies. 
Koenig et al. [112] identified nanobodies that specifically bind to the 
SARS-CoV-2 RBD, which isolated from alpacas and llamas immunized 
with SARS-CoV-2 S protein. These nanobodies neutralize the virus by 
causing a premature structural transition from a pre-fusion to an irre
versible post-fusion conformation, which is unable to bind to ACE2 and 
hence prevents SARS-CoV-2 from causing membrane fusion and 
entering the host cell. By fusing nanobodies targeting distinct epitope 
areas, Koenig et al. were able to create biparatopic nanobodies, which 
have two antigen-binding sites in one molecule [112]. Wagner et al. 
have generated, detailed epitope mapping, two biparatopic Nbs 
(NM1267 and NM1268) targeting a conserved epitope outside and two 
different epitopes inside the RBD:ACE2 interface. Both bipNbs bind all 
currently circulating VOCs with high affinities and are capable to 

neutralize cellular infection with Beta and Delta variants in vitro. In vivo, 
human ACE2 transgenic mice are treated intranasally before infection 
with a lethal dose of SARS-CoV-2 Beta or Delta variants. bipNbs have 
conferred protection against SARS-CoV-2 variants, significantly reduced 
disease progression, and increased survival rates [113]. Because of their 
potent and broad neutralizing actions, outstanding biophysical charac
teristics, stability, solubility, and long extended half-lives, multivalent 
VHH-72 Fc fusion proteins are promising therapeutic candidates [114]. 
It was successfully attached to spike proteins in alpha and beta 
SARS-CoV-2 variants. 

According to the data in Nb phage display libraries, 381 Nbs were 
identified to recognize SARS-CoV-2-RBD, which was derived from four 
camels immunized with the SARS-CoV-2 Spike receptor-binding domain 
(RBD). Seven Nbs blocked human ACE2 interaction with SARS-CoV-2- 
RBD variants, while two Nbs blocked human ACE2 interaction with 
bat-SL-CoV-WIV1-RBD and SARS-CoV-1-RBD. Nb11-59 had the best 
efficacy against real SARS-CoV-2, and it can be produced on a large scale 
in Pichia pastoris [115,116]. According to a naïve VHH library, Nb91-hFc 
and Nb3-hFc demonstrated antiviral activity by neutralizing the spike of 
SARS-CoV-2 pseudoviruses in vitro. Therefore, the heterodimer nano
body Nb91–Nb3-hFc was constructed to improve its neutralizing ca
pacity and exhibits a strong RBD-binding affinity against SARS-CoV-2 
pseudoviruses [117]. 

Synthetic nanobodies (sybodies) are small, aerosolizeable, and heat 
stable, making them a viable candidate for COVID-19 prevention and 
treatment [79]. Stefan et al. [118] created a massive synthetic VHH li
brary (3.18 × 1010) and identified more than 50 VHH candidates that 
can bind to SARS-2 [6]. Schoof et al. [119] used a synthetic Nbs library 
to identify a panel of Nbs that can bind to multiple epitopes on Spike. 
These Nbs are split into two categories. On human cell surfaces, Class I 
binds directly to the RBD and competes with the ACE2 receptor. Class II, 
which has been identified as a distinct binding location, contributes to 
the RBD’s structural conformation being altered, preventing it from 
recognizing the ACE2 receptor. SR31, a novel synthetic Nb identified by 
researchers, has shown stronger binding affinities and neutralizing ac
tions in fusion with other synthetic nanobodies. Therefore, SR31 could 
also be combined with monoclonal antibodies or other antibody frag
ments to improve affinity and efficacy [120]. Chen et al. [121] devel
oped CeVICA, a cell-free nanobody technique that uses ribosome display 
to isolate nanobodies from a vast library in vitro and thereafter produce 
high-affinity nanobodies that bind to RBD. They discovered 30 RBD 
binder families and 11 families that prevent the pseudovirus infection. 
CeVICA nanobodies have good biophysical features that are equivalent 
to nanobodies derived from animals. Many recent reports documented 
the promising antiviral efficacy of nanobodies and their potential as 
biotherapeutics against SARS-CoV-2 [54,58,87,92,112,122–127]. 
Nanobodies are currently engineered into different multivalent forms, 
fused to Fc domains, and their affinity matured to increase neutraliza
tion potency [58,112,114,125–127]. Bivalent Fc–VHH variants, recently 
recovered in both immune and pre-immune nanobody libraries, had a 
10-fold higher neutralizing activity than humanized nanobodies from a 
synthetic library [122]. Recently, nanobodies identified using a syn
thetic yeast display library recognized different antigen epitopes and 
prevented ACE2-virus interaction through distinct mechanisms [119]. 
Additional studies showed that storage and nebulization conditions did 
not affect the stability of anti-SARS-CoV-2 neutralizing nanobodies. That 
makes them promising candidates for localized treatment of COVID-19 
patients by inhalation delivery directly to the airway epithelia [127]. 
The promising effect of Nanobodies extends from neutralizing to 
anti-inflammatory action, such as anti-IL-6R Nanobody® ALX-0061 
(Ablynx) that primarily indicated for rheumatoid arthritis. Nano
body® ALX-0061 could be used in COVID-19 to reduce pulmonary 
inflammation, similar to Tocilizumab (Actemera®), an anti-IL-6R 
monoclonal antibody with extensive use in COVID-19 [79]. Using 
integrative proteomics, Xiang Y et al. [128] isolated a vast repertoire of 
unique ultrahigh-affinity nanobodies (super-immunity), a camelid 

Table 5 
Characteristics of single-domain antibodies in comparison to conventional 
antibodies.  

1. Small molecular weight (12–15 kDa) 
(Their long, heavy-chain regions make them capable of targeting specific 
epitopes, such as the receptor-binding site of the S protein) 

2. High penetration in tissues due to small size. 
3. Ease of manipulation. (Can be used for new immunobiotechnological 

medication). 
4. High solubility and stability in harsh environments, such as high temperatures 

or denaturing conditions. 
5. Low Immunogenicity. 
6. Easily selected by Phage Display. 
7. Easy production in bacteria and yeast. (Because they lack the glycan-harboring 

Fc domain, making them easier to make than the standard monoclonal 
antibodies). 

8. High specificity. (Recognize native epitopes, which are rare for classical 
antibodies). 

9. Easy production and suitable cost. 
10. Low risk of antibody-dependent enhancement (ADE) of infection. 

(Due to the absence of the Fc region. However, it shortens the half-life of these 
molecules, a disadvantage that could be overcome by attaching them to 
polyethylene glycol or human albumin).  
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extensively immunized with the SARS-CoV-2 RBD, from that bind 
strongly to all known sarbecovirus clades, which can bind strongly and 
specifically to all sarbecoviruses. These pan-sarbecovirus nanobodies 
(psNbs) are highly effective against SARS-CoV and SARS-CoV-2 variants, 
including the Omicron, with the best median antiviral potency at the 
single-digit ng/ml range. PiN-31 (a highly powerful, inhalable, and 
bispecific psNb) was produced as a multivalent construct. PiN-31 targets 
different and conserved epitopes, and a cocktail of such multivalent 
compounds could give broad protection against future SARS-CoV-2 
antigenic drift and novel sarbecovirus threats [128]. 

4. Omicron variant 

On November 24, South Africa issued an international alert about the 
latest SARS-CoV-2 variant, omicron (B.1.1.529). The omicron variant 
differs from prior variants in that it has 50 mutations in its genomic 
sequence, compared to the delta variant’s (B.1.617.2) 13 mutations 
[129]. Almost instantly, the global health community was concerned 
about omicron’s transmissibility and capacity to evade both 
vaccine-induced and natural immunity [129]. Most significantly, it is 
suggested that Omicron was recognized and detected before the vari
ant’s formal discovery, as was the case with wild-type SARS-CoV-2. The 
Omicron variant is expected to be three times more contagious than the 
original SARS-CoV-2 strain, and maybe even more so than the delta 
variant [130]. 

The omicron variant has been widely distributed to 150 countries in 
less than two months with over 0.55 million confirmed cases and caused 
115 deaths (https://newsnodes.com/nu_tracker). Several countries, 
notably the United Kingdom, Denmark, and Norway, are experiencing 
rapid spread, , and in other countries, it is spreading speedily owing to 
its very high transmissibility and infectivity. Omicron has been reported 
to cause mild infection and lesser hospitalization requirements. How
ever, any severity of disease and deaths linked with this variant is yet to 
be known, much as genomic sequencing is required to confirm it, and 
presently only a limited proportion of samples that are found positive for 
COVID-19 by RT-PCR testing are being subjected to gene sequencing. 
Therefore the real magnitude of infection with Omicron is to be explored 
by enhancing genomic surveillance and tracking for this newer variant. 
Cases of infection with Omicron are rising in several countries, with the 
incidences of hospitalization going up owing to its high transmission 
rate (https://newsnodes.com/nutracker). The most recent evidence 
showed that the existing COVID-19 vaccines give less immunity to the 
omicron variant than other VOCs, and Omicron is resistant to imdevi
mab and casirivimab. However, sotrovimab, which targets the 
conserved area to limit viral escape, is effective against Omicron in the 
same way that it was against the original SARS-CoV-2 [131]. Addi
tionally, the sera from vaccinated individuals had about 41-fold lower 
neutralizing abilities against the Omicron variant than the wild-type 
SARS-CoV-2 [33]. Given together, the current COVID-19 vaccines may 
not be as effective against the Omicron variant as they are against other 
SARS-CoV-2 variants. More information about the efficacy of current 
COVID-19 vaccines will need to be gathered [132]. SARS-CoV-2 muta
tions may alter the neutralizing activity of vaccine-elicited antibodies 
and monoclonal antibodies (mAbs), resulting in a mild-to-significant 
loss of effectiveness [133]. Multivalent nanobodies resist the muta
tions of the SARS-CoV-2 variant through two mechanisms: increased 
avidity for the ACE2 binding domain and identification of preserved 
epitopes that are not accessible to human antibodies [134]. Further
more, oligomerization of nanobodies could improve serum half-life 
[85]. Bi-specific VHH-Fc antibodies are substantially more effective 
than monoclonal VHH-Fc antibodies in inhibiting SARS-CoV-2’s S1 RBD 
and S/ACE2 [135]. Seven anti-RBD Nbs isolated from alpacas inoculated 
with SARS-CoV-2 RBD, were combined with two Nbs with different 
epitopes, resulting in two hetero-bivalent Nbs with strong affinity and 
considerable SARS-CoV-2 neutralizing activity [136]. Thus Nanobodies 
could thus be a useful technique for neutralizing SARS-CoV-2 variants, 

even if new mutations emerge [137]. Synergism of nanobodies together 
with anti-viral drugs could serve as useful tools in the armamentarium 
against COVID-19 [138]. 

5. Conclusion and future prospects 

It appears that SARS-CoV-2 will inevitably continue to adapt to 
human transmission and immune escape. Notwithstanding, the rapid 
global deployment of licensed and effective vaccines remains an urgent 
and vital public health priority [139]. There is mounting evidence that 
COVID-19 vaccines lose potency over time [140,141]. The recent 
emergence of the omicron (B.1.1.529) variant has emphasized the need 
for a 3rd dose of COVID-19 vaccines to boost protective antibody levels 
in vaccinated individuals. Therefore, some governments are rushing to 
deploy vaccine boosters. The mitigation of this crisis by vaccines, ther
apeutics, and non-pharmaceutical interventions need to be compre
hensively applied. New therapeutics that are effective against 
SARS-CoV-2 variants and provide an alternative to intravenous mono
clonal antibody medicines are eagerly awaited [142]. 

Currently, the SAB-185 antibody is in phase 3 of development, while 
different therapeutic nanobodies against SARS-CoV-2 are in the dis
covery or preclinical phase. Using SAB-185 antibody produced in Tc 
bovines and camels nanobodies such as Nb11-59 combined as two en
tities or constructed as a single antibody could be a very beneficial 
strategy against the emergent variants and preventing COVID-19 mor
tality (Fig. 2). As mentioned previously, human polyclonal antibodies 
produced in TcB and nanobodies produced in camelids showed safety 
and efficacy in vivo. Additionally, both can be produced in large quan
tities, indicating their easiness and wide production and distribution. 
These methods could solve some challenges facing existing COVID-19 
vaccines, monoclonal antibodies, and convalescent sera. Barriers 
against their actual successful application exist, which must be 
addressed adequately for their optimal use against COVID-19. Signifi
cant immune evasion characteristics of the Omicron variant has resulted 
in lowering down the efficacy of the available COVID-19 vaccines and 
reduction in protective abilities of antibodies-based immunotherapies, 
especially by escaping neutralization potential of therapeutic mono
clonal antibodies (mABs), hence some of the mAbs that are presently 
being used in the clinics may not be useful in treating Omicron-infected 
patients. This appealing option of broadly neutralizing antibodies such 
as bovine-derived antibodies and camelid-derived nanobodies would be 
useful against the rapid emergence of new variants (new variants; IHU 
variant in France and Deltacron in Cyprus) alongside other disease 
countermeasures. The success of this therapeutic modality could support 
us in our battle against the emerging challenges of this ongoing COVID- 
19 pandemic. Alternative to vaccine coverage, hesitancy, and the 
restricted access, development of such easily applicable therapeutic 
approaches to protect and treat predisposed individuals are highly 
promising strategies and urgently warranted. As argued above, there is 
significant evidence suggesting that bovine-derived antibodies and 
camelid-derived nanobodies could work as biotherapeutic weapons 
against SARS-CoV-2 and its variants. This appealing option is required 
against the rapid emergence of new variants alongside other disease 
countermeasures. The success of this therapeutic modality could support 
us in our battle against the emerging challenges of this ongoing COVID- 
19 pandemic. 
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