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As the world continues to grapple with infectious diseases, scientists are constantly searching for effective ways
to combat these deadly pathogens. One promising avenue of research is the use of nanobodies as neutralization
agents. These small proteins, derived from camelid antibodies, have several unique advantages over traditional
antibodies, including their small size. Nanobodies are much smaller than conventional antibodies, typically
weighing in at around 15 kDa compared to the 150 kDa of a typical human antibody. This small size allows them

to penetrate into tight spaces that larger molecules cannot reach, such as the crevices on the surface of viruses or
bacteria. This makes them highly effective at neutralizing viruses by binding to and blocking their key functional
sites. In this mini-review we discuss the construction approaches of nanobodies, and some methods to increase
the half-life of nanobodies. Moreover, we discuss Nanobodies and their therapeutic potential for infectious

agents.

1. Introduction

Engineered antibodies are designed to target specific viral proteins or
structures, preventing them from infecting cells or replicating [1]. These
antibodies can be produced in large quantities and administered to pa-
tients as a treatment or used as a preventative measure in high-risk
populations [2].

For example, monoclonal antibodies (mAbs) are essential tools for
both research and therapy [3], but their production is costly and chal-
lenging, which can strain healthcare and research budgets. Additionally,
mAbs have limitations that make them unsuitable for certain applica-
tions [4]. For example, their large size (150 kDa) restricts their ability to
penetrate tissues and tumors, and they can trigger immune reactions
that neutralize their effects, limiting the long-term use of chimeric and
humanized Abs [5].

In the early 1990s, Hamers-Casterman and her team unexpectedly
discovered a new type of antibody in members of the Camelidae [6].
These "heavy-chain-only antibodies" (HcAbs) lack light chains and
consist of two constant domains, a hinge region, and a variable heavy
chain domain (VHH) called the nanobody (Nb) [6].

The VHH retains full antigen-binding capacity and is composed of
four conserved sequence stretches surrounding three hypervariable
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complementarity-determining regions (CDR). CDR3 is the main
contributor to antigen binding, with at least 60-80% of contact with the
antigen occurring through this region [7]. Nbs are small (15 kDa) and
have a long protruding CDR3 loop, giving them a prolate shape that
exposes a convex paratope. This allows them to access receptor clefts or
binding pockets that are inaccessible to conventional antibodies and
reach hidden or cryptic epitopes. Ghahroudi et al. described the selec-
tion, identification, and production procedure for antigen-specific
VHHs, while Muyldermans extensively reviewed other molecular and
biochemical properties of Nbs [8].

Nbs, also known as variable domain of heavy chain of IgG (VHH), are
single-domain antibodies that have gained significant attention in recent
years due to their unique properties and potential therapeutic applica-
tions [9]. These tiny proteins, which are derived from the immune
systems of camelids such as llamas and camels, are much smaller than
conventional antibodies and can bind to specific targets with high af-
finity and specificity [10].

However, recent research has shown that other animals also have
similar strategies to diversify their antibodies. For example, sharks
produce a type of antibody called IgNAR (Variable domain of the
immunoglobulin new antigen receptor) that is also small and stable like
nanobodies [11]. Additionally, some rodents have been found to
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produce single-domain antibodies similar to nanobodies [12].

The production of nanobodies or similar antibodies in different an-
imals involves a complex process of genetic rearrangement and selec-
tion. In camels and llamas, for example, the genes encoding the heavy
chain of their antibodies undergo a unique process called VHH gene
rearrangement that leads to the production of nanobodies [13] In
sharks, IgNAR antibodies are produced by a different mechanism
involving gene conversion and somatic hypermutation [11]. Similarly,
rodents use a process called VHH gene conversion to produce
single-domain antibodies [13].

One of the most promising applications of Nbs is in the treatment of
viral diseases [14], chronic inflammations, cancer. Traditional treat-
ments for infectious diseases include antivirals, and vaccines [15].
However, these treatments have limitations such as drug side effects,
and lack of efficacy against certain pathogens [16].

Nbs offer a promising new approach to treating viral infectious dis-
eases [12]. Their small size, high specificity, and long half-life make
them ideal candidates for use in emergency situations such as pandemics
or outbreaks. Further research is needed to fully explore their potential
as therapeutics for infectious diseases. In this mini-review we discuss
Nbs and their therapeutic potential for viral infectious diseases. More-
over, we discuss the construction and expression approaches of Nbs.

2. Generation of Nbs

Nb libraries are constructed by immunizing animals with antigens of
interest, isolating peripheral blood mononuclear cells (PBMCs) from the
animal, and extracting the DNA encoding the variable domains of the
heavy chain antibodies [17]. These variable domains are then amplified
and cloned into phagemid vector to create a library of Nbs. This library
can be screened for high-affinity binders to the antigen of interest,
allowing for the development of novel therapeutic agents [18].

The process begins with the immunization of a camelid with a target
protein. The animal’s immune system produces a diverse repertoire of
heavy chain-only antibodies, which can be isolated from its blood or
lymph nodes. The genes encoding these antibodies are then amplified
using PCR (polymerase chain reaction) and cloned into a phage display
vector [19].

The phage display library is then screened against the target protein
using a process called panning. In this step, the library is incubated with
the target protein immobilized on a solid support (such as a microtiter
plate). The phages displaying Nbs that bind to the target protein are
captured on the support while non-binding phages are washed away
[19].

The captured phages are then eluted and used to infect bacteria for
amplification. This process is repeated several times to enrich for Nbs
that bind strongly to the target protein. Finally, individual clones are
selected and sequenced to identify unique Nb sequences [19].

Once identified, these sequences can be further optimized through
mutagenesis or affinity maturation techniques to improve their binding
affinity or specificity. The resulting Nbs can be produced in large
quantities using bacterial expression systems or other recombinant
technologies [19].

3. Simpler approach for the production of Nbs

The strategic development of nanobodies utilizing CDRs sourced
from pre-existing antibodies would be immensely valuable in circum-
venting animal immunizations and directly producing binders within
the desired framework. However, the creation of nanobody grafts uti-
lizing CDRs derived from conventional antibodies necessitates meticu-
lous consideration, as both heavy and light chain variable domains (VH
and VL) form the antigen-binding site and are integral to recognizing the
antigenic epitope [20]. Additionally, the framework plays a crucial role
in determining CDR conformation and orientation, with specific
framework residues often directly contributing to antigen binding. Thus,
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it is imperative to always take into account framework residues when
designing a graft [20].

In order to overcome the challenge of needing extensive libraries and
intricate selection procedures, Hanna et al. suggest a two-step method
for generating Nbs (Fig. 1) [20]. First, we transplant
complementarity-determining regions (CDRs) from traditional antibody
formats onto Nb frameworks, resulting in weak antigen binders. Then,
these suboptimal binders serve as templates for the construction of
targeted synthetic phage libraries to improve affinity [20].

Our opinion is that this methodology serves as a fitting supplement to
immune, naive, and synthetic libraries in the production of protein and
hapten binders. It is advantageous that the vast quantity of pre-existing
antibodies offers an extensive collection of CDRs that can be utilized in
the construction of targeted synthetic VHH libraries. These techniques,
which expedite the creation of VHH possessing desired specificities and
frameworks, are highly beneficial for advancing nanobody-based
research and enhancing the therapeutic potential of VHH-based treat-
ments [20].

4. Methods to increase the half-life of Nbs

The half-life of a drug refers to the time it takes for half of the
administered dose to be eliminated from the body. In the case of Nbs,
their small size and lack of an Fc region make them vulnerable to rapid
renal clearance, resulting in a short circulating half-life of only a few
hours [21].

This short half-life poses a challenge for the development of Nbs as
therapeutics because it limits their efficacy and requires frequent dosing.
In addition, it may also lead to off-target effects due to accumulation in
non-target tissues or organs [10].

The short half-life of Nbs is a significant limitation for their use as
therapeutic agents. However, several strategies are being explored to
overcome this challenge and improve their efficacy and pharmacoki-
netic properties:

Fusion with Fc region: One of the most common methods to in-
crease the half-life of Nbs is by fusing them with the Fc region of human
immunoglobulin G (IgG). The Fc region binds to neonatal Fc receptor
(FcRn) present on endothelial cells and prevents degradation and
clearance of Nbs by recycling them back into circulation [22].

PEGylation: PEGylation involves covalently attaching polyethylene
glycol (PEG) chains to Nbs. This modification increases their hydrody-
namic size and reduces renal clearance, resulting in a longer half-life
[23].

Albumin binding: Nbs can also be engineered to bind to human
serum albumin (HSA), which is a major protein in blood plasma. HSA-
bound Nbs have a longer half-life due to reduced renal clearance and
increased protection from proteolytic degradation [24].

Site-specific conjugation: Site-specific conjugation involves
attaching a linker molecule to a specific amino acid residue on the
surface of Nbs, which then binds to a circulating protein such as albumin
or transferrin. This method provides controlled conjugation and results
in improved pharmacokinetics [25].

Glycosylation: Glycosylation involves adding sugar molecules to
specific sites on Nbs, which can improve their stability and reduce
clearance by increasing their hydrophilicity [26].

Out of these methods, fusion with Fc region has been shown to be
most effective in increasing the half-life of Nbs for therapeutic applica-
tions against viruses [27]. This method has been used successfully in
developing neutralizing antibodies against SARS-CoV-2, MERS-CoV
[28], and Ebola virus [14]. The Fc-fused neutralizing antibodies showed
improved efficacy compared to non-fused antibodies due to increased
serum persistence and enhanced effector functions such as
antibody-dependent cellular cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC) [29].



M.I Mustafa and A. Mohammed

Biotechnology Reports 39 (2023) e00803

Step one: CDR grafting

Low affimty
VHH

Focused,

'L synthetic llbl ary r \

2. VESs
‘ \
VH
CDR1-3
A
—
— L ————
A \ 4
-_—
Q v |
s VHH |~
framework |
HH v

Step two: Affinity maturation

Phage display

S

—_———

ai»

High affinity
VHH

Fig. 1. A two-step approach for generating VHH involves grafting CDRs of VH onto a VHH framework and designing a focused VHH library. The resulting weak
binders lacking VL serve as templates for affinity maturation through phage display. The low association rate with the ligand is indicated by a dotted line, while

dissociation is indicated by a solid line [20].
5. Therapeutic approaches of Nbs
5.1. Targeting viral glycoproteins

Viral glycoproteins are proteins that are present on the surface of
viruses and play a crucial role in the infection process [30]. They
interact with host cell receptors and facilitate viral entry into the cell.
Therefore, targeting these glycoproteins with Nbs can block viral entry
and replication, leading to effective antiviral therapy [30].

One example of Nbs targeting viral glycoproteins is the development
of Nbs against the spike protein of SARS-CoV-2 [31]. The spike protein is
essential for viral entry into host cells and has been a major target for
vaccine development [31]. Several studies have reported the isolation of
potent Nbs that bind to different regions of the spike protein and inhibit
its function. These Nbs have shown promising results in preclinical
studies and could potentially be used as therapeutics against
SARS-CoV-2 [32].

In addition to SARS-CoV-2, Nbs targeting viral glycoproteins have
also been developed for other viruses such as Monkeypox virus [33], and
Ebola virus [34]. These Nbs have shown potent antiviral activity in vitro
and in animal models, highlighting their potential as therapeutics
against viral infections.

5.2. Nbs prevents host-virus interactions

An alternative strategy to targeting viral proteins with Nbs is to focus
on cellular proteins that play a crucial role in virus attachment and
entry. This approach is particularly intriguing for viruses that exhibit an
extraordinary rate of sequence variation, such as SARS-CoV-2 [35]. Siqi
H. et al. developed Nb that could bind to angiotensin I-converting
enzyme-2 (ACE2) protein. By binding to ACE2, these Nbs prevented the
virus from infecting cells in laboratory experiments [36].

This study [36] demonstrate how Nbs can be used to target specific

proteins on the surface of viral hosts, such as human cells infected with
SARS-CoV-2. By blocking these proteins, Nbs can prevent viruses from
entering or replicating within host cells.

5.3. Nbs act as immunomodulators

Traditional antiviral drugs target specific viral proteins or enzymes,
but viruses can quickly mutate and develop resistance to these drugs. In
contrast, Nbs target the virus itself by binding to its surface proteins or
other structures essential for its replication and infectivity [9]. This
approach not only provides a broader spectrum of activity against
different strains of viruses but also reduces the risk of drug resistance.

Moreover, Nbs can be engineered to enhance their potency and
specificity against a particular virus. These Nbs can be administered as
inhalable sprays or injections to prevent or treat SARS-CoV-2 infections
[37].

Another way nanobodies can modulate the immune response is by
enhancing antibody-dependent cellular cytotoxicity (ADCC). ADCC is a
process where antibodies bind to infected cells and recruit immune cells,
such as natural killer cells, to kill the infected cells. Nanobodies can be
engineered to enhance this process by increasing antibody affinity for
infected cells or by recruiting more immune cells to the site of infection
[38].

Another advantage of Nbs is their ability to recruit and activate the
immune system against viruses. Nbs can act as immunomodulators by
binding to immune cells or molecules involved in antiviral responses and
enhancing their activity [32]. Furthermore, Nbs can be used in combi-
nation with other immunotherapies such as checkpoint inhibitors or
cytokines to boost antiviral immunity [6].

Nanobodies can also be used to inhibit viral replication directly. By
targeting essential viral proteins, such as polymerases or proteases,
nanobodies can prevent viral replication and reduce overall viral load
[39].
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Finally, nanobodies can be used to modulate cytokine production
during a viral infection. Cytokines are signaling molecules that regulate
inflammation and immune responses. During a viral infection, excessive
cytokine production can lead to a cytokine storm, which can cause tissue
damage and organ failure. Nanobodies can be engineered to block spe-
cific cytokines or cytokine receptors, preventing excessive inflammation
and reducing tissue damage [38].

Overall, nanobodies have great potential for modulating the immune
response during a viral infection. By targeting specific aspects of the
immune response or directly inhibiting viral replication, nanobodies
could provide a powerful tool for combating viral infections [40].

6. Challenges and opportunities of Nbs and their therapeutic
potential for infectious diseases

One of the most significant challenges in developing Nb-based
therapies for viral infectious diseases is identifying suitable targets [10].

While many pathogens have been well-characterized at the molec-
ular level, identifying specific epitopes that can be targeted by nano-
bodies can be challenging. However, advances in structural biology
techniques such as X-ray crystallography and cryo-electron microscopy
have enabled researchers to visualize the structures of pathogen proteins
at high resolution, providing valuable insights into potential targets for
nanobodies.

Another challenge is optimizing the pharmacokinetics and bio-
distribution of Nbs in vivo [41]. While Nbs are highly stable and can be
produced at large scale using recombinant DNA technology, they can be
rapidly cleared from circulation by the kidneys. Strategies such as
PEGylation (attaching polyethylene glycol molecules) or fusing Nbs with
other proteins can improve their half-life and tissue distribution [23].

Despite these challenges, there are several examples of successful
applications of Nbs in infectious disease research. For example, re-
searchers have developed Nbs that target the spike protein on the sur-
face of SARS-CoV-2. These Nbs have been shown to neutralize the virus
in vitro and in animal models [42].

Another example, researchers have developed Nb-based therapies
[43] against respiratory syncytial virus (RSV), a common cause of res-
piratory infections in infants and young children. These therapies have
shown promising results in preclinical studies and are currently being
evaluated in clinical trials.

In order for drug candidates to proceed to clinical trials, three key
factors must be considered: (a) whether the drug effectively reaches the
target organ in adequate quantities to produce the desired outcome, (b)
whether the drug’s binding to the target is specific enough to elicit
biological activity, and (c) whether the compound can effectively
modulate the target’s function [40].

7. Conclusion and future perspectives

Nbs possess advantageous properties and are adaptable molecules
that have been assessed for research tools, diagnostic and therapeutic
purposes. The potential of Nbs is limitless, and there is an opportunity to
utilize them as pharmaceuticals in daily clinical practice.

Due to their ease of production, we anticipate that more compact and
stable Nbs will take the place of mAbs and their fragments, such as Fab
and scFv Abs, in various fields. The use of bacterial or yeast systems for
Nb expression during the discovery and developmental stages allows for
cost-effective in-house protein purification, particularly when compared
to traditional Abs. Upstream process development (USP) optimizes the
fermentation process, resulting in a consistent and scalable process that
produces high-quality end products. However, once Nbs enter clinical
trials, the manufacturing process must be scaled up and comply with
strict good manufacturing practices (GMP) guidelines.

Their limited target range, short half-life, must also be considered
when evaluating their potential as therapeutic agents. Nonetheless, it is
clear that Nbs represent an exciting new frontier in drug development
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with enormous potential for improving human health. Their low
immunogenicity is just one piece of this puzzle — but it could be a crucial
one in ensuring that these small proteins can be used safely and effec-
tively for years to come.
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