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Abstract
Camelids (camels, dromedaries, alpacas, llamas, and vicuZas) contain in their serum conventional heterodimeric
antibodies as well as antibodies with no light chains (L) in their structure and composed of only heavy chains (H),
called as HcAbs (heavy chain antibodies). Variable fragments derived from these antibodies, called as VHH or
nanoantibodies (Nbs), have also been described. Since their discovery, Nbs have been widely used in the fields
of research, diagnostics, and pharmacotherapy. Despite being approximately one-tenth the size of a conventional
antibody, they retain similar specificity and affinity to conventional antibodies and are much easier to clone and
manipulate. Their unique properties such as small size, high stability, strong antigen binding affinity, water solubility, and natural origin make them suitable for the development of biopharmaceuticals and nanoreagents. The
present review aims to describe the main structural and biochemical characteristics of these antibodies and to
provide an update on their applications in research, biotechnology, and medicine. For this purpose, an exhaustive
search of the biomedical literature was performed in the following databases: Medline (PubMed), Google Scholar,
and ScienceDirect. Meta-analyses, observational studies, review articles, and clinical guidelines were reviewed.
Only original articles were considered to assess the quality of the evidence.
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Introduction
In 1993, Hamers-Casterman and collaborators discovered by chance the presence of heavy chain antibodies of natural origin in the serum of a dromedary
(Hamers-Casterman et al., 1993). Subsequently, several
investigations established that all members of the camelid family (dromedaries, camels, llamas, vicuñas, and
alpacas) produce antibodies composed of only heavy
chains called HcAbs (heavy chain antibodies) in addition
to conventional antibodies (Hamers-Casterman et al.,
1993; Muyldermans, 2013). Later, it was found that
some cartilaginous fish, including sharks and rays, also
produce functional heavy chain immunoglobulins, called
IgNAR (Shao et al., 2007; Zielonka et al., 2015).

In recent years, these antibodies have attracted considerable interest from pharmaceutical and biotechnology industries because of their peculiar properties,
including small size (molecular mass of 95 kDa; their
antigen-binding fragments have dimensions of 4 nm ×
2.5 nm × 3 nm and are typically 12-14 kDa in size),
robust structure, high affinity and specificity, high accessibility, and high tissue penetration (Jovčevska et al.,
2020). Therefore, the objective of the present review is
to describe the main structural and biochemical characteristics of these antibodies and to provide an update
on their applications in research, biotechnology, and
medicine.
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Venezuela; e-mail: apedreanez@gmail.com
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Structural and biochemical characteristics
of nanoantibodies
Immunoglobulin G (IgG), one of the five isotypes present in humans, is the immunoglobulin found in the
highest concentration in mammalian serum and the only
one that crosses the placental barrier; it provides most
of the antibody-based immunity and is present in four
subclasses: IgG1, IgG2, IgG3, and IgG4. The subclass
IgG1 is mainly used therapeutically as it provides a clear
advantage in enhancing effector functions and has a longer serum half-life (approximately 21 days) (Elbakri
et al., 2010; Stanfield and Wilson, 2014). The basic structure of conventional IgG consists of two identical heavy
polypeptide chains (H chains) and two identical light
polypeptide chains (L chains) (Conroy et al., 2017).
In other words, it is a heterotetrameric molecule. The H
chain has four domains: one variable domain (VH) and
three constant domains (CH1, CH2, and CH3), whereas
the L chain consists of a variable domain (VL) and a constant domain (CL), which are paired and interact noncovalently with the VH and CH1 domains, respectively
(Cymer et al., 2018). These associations result in the
formation of three independent regions, namely two Fab
(fragment antigen binding) portions and a crystallizable
fragment (Fc), connected through a flexible linker in the
hinge region. The Fab regions are identical in structure,
usually flat or concave, with each region expressing
a specific antigen binding site. The Fc region is important for other biological functions such as complement activation and opsonization (Czajkowsky et al.,
2009; Diebolder et al., 2014). The N-terminal paired
VH-VL domains constitute the paratopoietic or variable
fragment (VF), within which there are hypervariable
regions called complementarity determining regions
(CDRs). There are three such regions in each of the VL
and VH variable domains that determine the specificity,
diversity, and affinity of the immunoglobulin; the remaining parts of the VH and VL domains have fragments
called framework regions that support or afford structure to the molecular loops (Mix et al., 2006; Vidarsson
et al., 2014; Chiu and Gilliland, 2016) (Fig. 1).
A notable exception to this conventional structure of
mammalian IgG is found in camelid sera (Hamers-Casterman et al., 1993). These sera possess special IgG antibodies, known as heavy chain antibodies (HcAbs), so
called because they have no L-chain and lack the first
constant domain of the heavy chain (CH1). In other

words, their structure is homodimeric. In its N-terminal
region, the H-chain of the homodimeric protein contains
a variable domain, referred to as VHH, which serves to
associate with its specific antigen, followed by two constant domains. The VHH in an HcAb is the structural
and functional equivalent of the Fab fragment of conventional antibodies. Therefore, the antigen-binding site
of HcAbs consists only of a single domain that is directly
linked through a hinge region to the Fc domain (Khodabakhsh et al., 2018) (Fig. 1).
Similarly, the heavy chain antibodies (IgNAR) discovered in the shark bloodstream also possess a homodimeric structure of two heavy chain polypeptides, each
comprising a single variable domain and five constant
domains (homodimeric structure). Here, the variable
domain was named VNAR (Shao et al., 2007) (Fig. 1).
These fully functional antibodies exhibit high specificity and high diversity and binding capacities similar to
those of conventional antibodies, although they lack the
light chain. Thus, an HcAb is only approximately half the
size (75–90 kDa) of a conventional antibody whose
weight is approximately 150 kDa. Consequently, its
smaller size and more compact architecture might be
better suited for accessing hidden targets.
Variable portions VHH and VNAR derived from camelid and cartilaginous fish HcAbs, respectively, were
termed nanobodies or nanoantibodies (Nbs) in 2003
(Jovčevska and Muyldermans, 2020); this is because of
their small dimensional size of 2.5 nm diameter and
4 nm height, with an approximate weight of 12–15 kDa,
in order to emphasize their smaller dimensional sizes
compared to the larger molecular sizes of antigen-binding fragments (Fabs; -57 kDa) and single-chain variable
fragments (scFvs; -27 kDa).
HcAbs and IgNARs are characterized by very high
levels of somatic hypermutation, apparently in response
to antigens, which implies a high rate of variability (Dooley et al., 2006; Khodabakhsh et al., 2018; Liu and
Huang, 2018) (Fig. 2).
Nbs in general have unexpected physical properties:
prolonged shelf life at > 4EC and at < 20EC, tolerance to
temperature increase (60–80EC, several weeks at 37EC),
and resistance to proteolytic degradation and exposure
to nonphysiological pH (pH range 3.0–9.0) and chemical
denaturants (2–3 M guanidinium chloride, 6–8 M urea),
which hardly damage their antigen binding capacity
(Henry and MacKenzie, 2018; Ingram et al., 2018).
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Fig. 1. Distinctive structural features of conventional antibodies (Abs) and heavy chain antibodies (HcAbs) of camelids and
sharks. Conventional Abs are composed of heavy (H) and light (L) chains and are found in all vertebrates. HcAbs are found in
camelids and sharks. The antigen-binding paratope of conventional Abs consists of the variable domains of the heavy and light
chains (VH and VL), whereas the paratope of heavy-chain Acs consists only of the variable domain of the heavy chain, which is
termed VHH in camelid HcAbs and VNAR in shark IgNARs. In HcAbs, the V domains are directly connected to the hinge region
due to the lack of the CH1 domain. Camelid HcAbs have two variants, which are distinguished based on the lengths of their hinge
region and are designated as long and short hinge isotypes (as shown in the figure). A and B: represent the hypervariable regions
with their corresponding complementarity determining regions (CDRs) in conventional Acs and camelid HcAbs, respectively
A
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Fig. 2. Schematic representation of fragments obtained from immunoglobulins. These fragments can be generated by enzymatic
proteolysis or through molecular biology techniques as in the case of Nbs. The smallest functional antigen-binding fragment that
can be generated from conventional antibodies consists of a pair of VH-VL domains linked through an oligopeptide. These
fragments are referred to as single-chain variable fragments (scFvs) (A). The smallest antigen-binding fragment obtained from
HcAbs is the VHH, also known as a nanoantibody (B). Abbreviations: CH – constant heavy chain domain; Fab – antigen-binding
fragment; Fc – crystallizable fragment; scFv – single-chain variable fragment
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As mentioned above, both conventional IgG antibodies and HcAbs circulate in camelid serum. The proportion of the latter is variable; in camels, it could range
from 50 to 80%, while in South American species (llamas, alpacas, vicuñas, and guanacos), it could range from
10 to 25% (Muyldermans S., 2013). In shark, the proportion of IgNAR is lower and is approximately 5% of the
total immunoglobulins in the bloodstream (Zielonka
et al., 2015; Henry and MacKenzie, 2018).
Although HcAbs have also been identified in cartilaginous fish (sharks and rays) (Zielonka et al., 2015),
most research studies have been conducted on camelids
because of their ease of handling and immunization.
Production of Nbs
The smaller size of HcAbs than that of conventional
antibodies is relevant because for many applications, the
size of a complete antibody is incompatible with some of
the functions required for them, and hence, attempts are
made to reduce the antibody molecules to the smallest
unit that can recognize the antigen. This can be achieved
by proteolytic digestion using papain and/or pepsin to
obtain Fab fragments (Yamaguchi et al., 1995; Cheng.,
2008). Although these fragments retain the antigen
binding properties, considerable efforts are required to
produce them properly (Leslie et al., 1971; Yamaguchi
et al., 1995). Molecular biologists can further reduce
these fragments to create the so-called single-chain variable fragments (scFvs) (Ahmad et al., 2012; Aubrey
et al., 2019). The Fv fragment is the smallest unit of an
immunoglobulin molecule with the ability to bind antigen. Therefore, scFv is formed by the variant regions of
the heavy chain and light chain (Vh and Vl) linked by
a flexible peptide linker that can be readily expressed in
a functional form in Escherichia coli (Griffiths et al.,
1998) (Fig. 2). To date, antibody fragments (scFvs) have
been successfully isolated and displayed as fragments in
various expression systems such as mammalian and
yeast cells (Ho et al., 2006), plant cells (Galeffi et al.,
2006), and insect cells (Choo et al., 2002). Numerous
scFvs have been constructed against hormones (Kobayashi et al., 2008), different proteins (Dai et al., 2003;
Guo et al., 2003), carbohydrates (Ravn et al., 2004; Sakai
et al., 2007), receptors (Galeffi et al., 2006), tumor antigen (Noronha et al., 2002; Huehls et al., 2015; Yang
et al., 2016), and viruses (Zhang and Dimitrov, 2007;

Ferrantelli et al., 2019). All these scFvs have good potential for use in many fields such as medical therapies
and diagnostic applications. The problem that often
arises with these fragments is that they have not passed
through the secretory pathway of a eukaryotic cell and
consequently tend to be prone to aggregation and may
require considerable optimization before a stable product can be achieved (Ingram et al., 2018).
HcAbs produced by camelids have no such disadvantages because they can restrict the recognition modulus
only to the variable region of the heavy chain, and unlike
traditional antibodies, all the features of the structure
required for antigen-specific recognition are located
within the variable regions of the heavy chain (Henry
and MacKenzie, 2018). As mentioned above, these VHH
fragments are also commonly referred to as nanobodies
or Nbs. Some of the properties that make these Nbs so
attractive include 1) production in bacteria with high
yields, 2) no requirement of glycosylation or disulfide
linkages for many of these Nbs for stability, and 3) small
size that allows applications for which even singlestranded scFv would have limitations (Harmsen and De
Haard, 2007).
Cloning an HcAb from an immunized camelid is
a simple process that requires an immunization schedule
comprising 2 to 6 boosters over a period of 3 to 6
months. Most market applications of Nbs depend on
reliable, cost-effective, high-volume production; therefore, cloning of the HHV repertoire from an immunized
camelid into a phage presentation vector and the selection of antigen-specific clones by screening are usually
the methods of choice (Saerens et al., 2004; Saerens
et al., 2005; Reader et al., 2019).
Purified lymphocytes from peripheral blood, lymph
node, or spleen of an immunized animal are typically
obtained 4 to 14 days after the final booster dose and are
used for the isolation of messenger ribonucleic acid
(mRNA) and complementary deoxyribonucleic acid
(DNA) synthesis. By using suitable primers to uniquely
amplify the gene fragments encoding the VHHs, they are
specifically amplified by polymerase chain reaction
(PCR) (Schoonooghe et al., 2012). Subsequently, the
purified PCR amplification products are cloned into
a phagemid vector. These are then transfected into an
E. coli strain after infection with a helper phage, and
recombinant phage particle libraries are collected from
bacterial culture supernatants; phages presenting the
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Fig. 3. Schematic representation of the Nbs production process. Following immunization of a camelid, the genes encoding HHV
are generated from lymphocytes isolated from peripheral blood and cloned into a phagemid vector. Subsequently, antigenspecific clones are selected by screening

Nbs of interest are selected by screening on an immobilized antigen on a plate. The bound phages undergo
one or more additional rounds of selection. Thus, although the process starts with animals immunized with
different antigens, after several stages, Nbs of defined
and unique specificity are obtained that can then be
produced in bacteria with high yield (Schoonooghe et al.,
2012; Behdani et al., 2012; Vincke and Muyldermans,
2012) (Fig. 3).
Applicability of Nbs
The unique physicochemical and pharmacokinetic
properties of Nbs include nanoscale size, stable and soluble behavior in aqueous solution, high specific affinity,
and a sustainable source. These qualities make them an
ideal research tool for the development of sophisticated
nanobiotechnologies (Muyldermans et al., 2009; Huang
et al., 2010). These properties match the requirements
of many biomedical applications and offer several advantages compared to the use of conventional antibodies
for immunotherapy and diagnostics. The rapid and relatively easy induction of specific, high-affinity Nbs provides a broad repertoire of intracellular signaling molecules, protein-protein interactions, and biomarkers that
can be used for treating cancer and inflammatory and
autoimmune diseases (Schumacher et al., 2018; Messer
and Butler, 2020; Cheloha et al., 2020). In this regard,

Nbs can be fused with fluorescent proteins to produce
chromobodies that can be used in single-molecule localization with super-resolution imaging techniques (Rothbauer et al., 2006; Roovers et al., 2007; Platonova et al.,
2015; Wang et al., 2016; Prole and Taylor, 2019; Salvador et al., 2019; Sograte-Idrissi et al., 2019).
Moreover, because Nbs can be designed to induce
conformational changes or to discriminate between conformational variants, they may prove to be a beneficial
research tool for monitoring protein expression, translocation, and subcellular localization (Kirchhofer et al.,
2010; Farrants et al., 2020).
By using nanobodies fused to fluorescent proteins,
some tracers have been developed for biological imaging
in living cells. These “chromobodies” or “fluorobodies”
are useful for tracing intracellular targets in various compartments in living cells (Rothbauer et al., 2006; Beghein and Gettemans, 2017; Traenkle and Rothbauer,
2017; Debie et al., 2019). Numerous chromobodies targeting proteins involved in cell cytoskeleton, nuclear
lamina formation, and intermediate filaments such as
actin have been described. For example, a lamin chromobody was identified and stably introduced into human
cell lines (Schmidthals et al., 2010). Live cell imaging
obtained from the signal generated by the chromobody
allowed to reveal the typical nuclear rim structure and to
monitor its disintegration during mitosis or apoptosis
induction (Zolghadr et al., 2012).
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Chromobodies directed against other targets of the
cell cytoskeleton, such as vimentin (VB6 chromobody)
(Maier et al., 2015), a biomarker of epithelial-mesenchymal transition (EMT), which is a highly dynamic process involved in the initiation of metastasis and cancer
progression (Battaglia et al., 2018), have also been generated.
Chromobodies directed against nuclear factors have
also been a very important tool in live cell imaging. By
visualizing the dynamic appearance of distinct nuclear
foci, formed by proliferating cell nuclear antigen native
(PCNA), a PCNA chromobody allowed for detailed analysis of cell cycle S-phase progression and quantitative
live imaging of DNA replication in human cells (Burgess
et al., 2012).
Nbs can be genetically customized to target enzymes,
transmembrane proteins, or molecular interactions.
Their ability to recognize poorly accessible antigenic
sites makes them particularly interesting, and this
property has been attributed to their smaller size and
the ability of the extended CDR3 loop to rapidly penetrate such epitopes (Ariotti et al., 2018).
Nbs have been used to study protein-protein interactions in vivo (De Meyer et al., 2014). For example, by
using Nbs, it was possible to visualize the p53-HDM2
interaction in living cells and to directly monitor the disruption of this interaction by Nutlin 3, a drug developed
to boost p53 activity in cancer therapy (Herce et al.,
2013). Inactivation of the p53 transcription factor by
mutation or other mechanisms is a frequent event in tumorigenesis. One of the major endogenous negative
regulators of p53 in humans is HDM2, an E3 ubiquitin
ligase that binds to p53 and leads to its proteasomal
degradation (Liu et al., 2016).
A variety of formats derived from Nbs include radionucleotide-labeled nanoantibody or fluorescent dye-labeled nanobodies, fluorescent protein fusion nanobodies,
chromogenic enzyme-linked bivalent nanobodies, homoor heteromultimer motif-mediated self-assembly nanobodies, and nanobodies linked to coated nanoparticles.
They have been successfully demonstrated as powerful
nanobiotechnological toolkits for various biomedical applications, including drug delivery and therapy (De
Marco, 2011) (Fig. 4).
In relation to their use for drug delivery, Nbs can
chemically adhere to the surface of other drug delivery
systems such as nanosized drug carriers or NPs, which
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Fig. 4. Representative schematic of some of the different formats that can be produced using Nbs. Monovalent Nbs can be
obtained directly from Escherichia coli transfected with selected phagemids as illustrated in Figure 3. The Nbs can be
genetically customized to target enzymes, transmembrane proteins, or molecular interactions. Monovalent Nbs can be chemically conjugated with fluorochromes (A), radioisotopes (B),
chromogenic enzymes (C), and fluorescent proteins such as
green fluorescent protein (D). In addition, bivalent structures
of Nbs (E), nanoparticles coated with Nbs (F), and homo or
heteromultimer of Nbs through nanoassembly domains (G)
can be created

can be encapsulated with specific drugs for active delivery to the site of interest. This mechanism protects the
body against systemic toxicity and enables to solubilize
hydrophobic drugs into hydrophilic structures such as
liposomes or micelles (Muhammad et al., 2017). Significant progress has been made with an Nb coupled to
a drug delivery system targeting the epidermal growth
factor receptor (EGFR). The nanobody named EGa1 has
been described as an EGFR antagonist, and the in vitro
and in vivo effects of this system on EGFR internalization and downregulation have been investigated. In this
regard, EGa1 liposomes (EGa1-L) induced EGFR clearance from more than 90% of the cell surface and significant inhibition of tumor cell proliferation in vitro. Moreover, in in vivo studies, downregulation of EGFR was
observed in tumors of mice injected intravenously with
EGa1-L (Oliveira et al., 2010).
Additionally, this same drug delivery system has been
used in other studies in which micelle conjugates containing the chemotherapeutic drug doxorubicin (Talelli
et al., 2013) or NANAPs filled with a multikinase inhibitor (Altintas et al., 2013) were used, which also induced downregulation of EGFR and subsequent inhibition of tumor cell proliferation.
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The use of Nbs has also been explored for diagnostic
purposes (De Meyer et al., 2014), mainly in infectious
diseases caused by highly pathogenic and potentially
lethal agents. For example, an Nb against recombinant
N protein (prN)85) from a Hantavirus strain was used
in western blot assay and enzyme-linked immunosorbent
assay (ELISA) and could rapidly detect native viral antigen in serum samples (Pereira et al., 2014).
Moreover, the small size, high affinity, and specificity
for their target antigen make Nbs ideal probes for in vivo
imaging (Schumacher et al., 2018). As an example of an
application where this has been proven to be particularly
useful is in the observation of vascular lesions in atherosclerosis. Because of the small size of lesions, it has
been particularly difficult to obtain an in vivo lesion-tobackground ratio from images of atheromatous plaques
in coronary arteries. High-contrast imaging at only 2-3 h
after tracer administration has been documented using
99mTc-labeled nanobodies directed against vascular cell
adhesion molecule-1 (VCAM-1) in hypercholesterolemic
ApoE-deficient mice (Broisat et al., 2012).
Another interesting example of the use of Nbs in this
area is the exploration of extracellular matrix (ECM)
deposits, a hallmark of many diseases, including cancer
and fibrosis. To exploit ECM as a therapeutic and imaging target, an alpaca-derived nanoantibody (NJB2) has
been developed that recognizes the EIIIB domain (EDB)
of fibronectin, a key ECM protein. Noninvasive in vivo
immuno-PET/CT imaging successfully demonstrated
that NJB2 detects primary tumors and metastatic sites
with excellent specificity in multiple breast cancer models, including human and mouse triple-negative breast
cancer and melanoma (Jailkhani et al., 2019).
The use of antibodies for therapeutic purposes is not
new. The remarkable success of conventional neutralizing antibodies against tumor necrosis factor-alpha
(TNF-α) in the therapy of rheumatoid arthritis and other
inflammatory diseases (Feldmann, 2002; Bek et al.,
2017) has prompted the search for other antibody-based
therapeutic tools. In this context, the use of Nbs has also
been aimed at reducing the inflammatory effects that
underlie many diseases. For example, the use of
ALX-0061, an Nb with a high affinity and potency for the
IL-6 receptor (IL-6R), which is a relevant application as
interleukin-6 (IL-6) plays a key role in the pathogenesis
of different diseases, including rheumatoid arthritis
(Tanaka et al., 2014). The pharmacological properties of
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ALX-0061 were examined in cynomolgus monkeys by
using total plasma IL-6R as a pharmacodynamic marker.
The therapeutic effect was evaluated in a human IL-6induced acute phase response model in the same species and in a collagen-induced arthritis (CIA) model in
rhesus monkeys by using tocilizumab as a positive control. A 200-fold increase in target affinity was obtained by
affinity maturation of the parental domain. The high
affinity for sIL-6R (0.19 pM) resulted in complete and
concentration-dependent neutralization of sIL-6R in vitro. In cynomolgus monkeys, ALX-0061 showed complete and dose-dependent inhibition of hIL-6-induced
inflammatory parameters, including plasma levels of
C-reactive protein (CRP), fibrinogen, and platelets (Van
Roy et al., 2015). A summary of the main uses of Nbs in
medicine and biotechnology is presented in Table 1.
Recently, an Nb was approved for therapeutic purposes (Duggan, 2018). Ablynx, a Sanofi company, developed the Nb caplacizumab (Cablivi ™), an anti-von
Willebrand factor (VWF), for the treatment of acquired
thrombotic thrombocytopenic purpura (aTTP). It is an
Nb that inhibits the interaction between platelets and
very high-molecular-weight multimers of VWF, thereby
preventing the formation and accumulation of microclots
that cause thrombocytopenia, tissue ischemia, and organ
dysfunction in aTTP. The treatment with caplacizumab
has been associated with more rapid normalization of
platelet counts and a lower incidence of aTTP-related
death (Scully et al., 2019). A list of Nbs currently approved or in clinical trials for use in humans is shown in
Table 2.
A promising aspect of the therapeutic use of Nbs is
the fact that they can cross the blood-brain barrier (Muruganandam et al., 2002). In this regard, it was found
that one of the Nbs isolated from llama that was immunized with cerebrovascular endothelial cells underwent
transcytosis and was released on the basolateral side of
the endothelial cells. In vivo studies demonstrated that
the Nb was efficiently transported across the blood-brain
barrier and could even be used to transport any cargo
into the brain, including the entire M13 phage particle
(Abulrob et al., 2005).
Nbs in cancer therapy
Monoclonal antibodies (mAbs) and antibody-derived
biologics are essential tools for cancer research and
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Table 1. Summary of the main uses of nanoantibodies in medicine and biotechnology
Use

Reference

Treatment of cancer

Strohl, 2018; Nikooharf et al., 2020; Kijanka et al., 2015

Direct antagonistic effects (bind to extracellular proteins)

Farrants et al., 2020; Kirchhofer et al., 2010

Nbs incorporated into drug delivery systems

Muhammad et al., 2017; Oliveira et al., 2010

Study protein-protein interactions in vivo

De Meyer et al., 2014; Herce et al., 2013

Nbs used for in vivo medical imaging

Rothbauer et al., 2006; Roovers et al., 2007;
Platonova et al., 2015; Wang et al., 2016; Prole and Taylor,
2019; Salvador et al., 2019; Sograte-Idrissi et al., 2019

For tracing intracellular targets in various compartments
in living cells

Rothbauer et al., 2006; Beghein and Gettemans, 2017;
Traenkle and Rothbauer, 2017; Debie et al., 2019

Nbs used as diagnostics

Pereira et al., 2014; Hoey et al., 2019

Nanobodies against inflammation and autoimmune diseases

Tanaka et al., 2014; Sadeghian-Rizi et al., 2019

Nbs against hematological disorders

Peyvandi et al., 2016; Scully et al., 2019

Nbs against viruses

Vanlandschoot et al., 2011; Cardoso et al., 2014;
Ezzikouri et al., 2020; Hanke et al., 2020.

Nbs for allergy treatment

Flicker et al., 2020

Nbs against neurodegenerative diseases

Messer and Butler., 2020; Gerdes et al., 2020

Nbs: nanobodies
Table 2. Nanoantibodies currently approved or in clinical trials for use in humans
Nanobody

Indication

Target

Caplacizumab

acquired thrombotic
thrombocytopenic
purpura

von Willebrand
factor

Ozoralizumab
(ATN-103)

Rheumatoid arthritis

TNF

clinical trial; phase II
(Kratz and Elsadek, 2012)

Vobarilizumab
ALX-0061

Rheumatoid arthritis

Il-6

clinical trial; phase II
(Van Roy et al., 2015)

ALX-0171
M1095
Bispecific nanobody-derived
CAR-T cells
α-ADAMTS-5 nanobody
M6495
VHH batch 203027
[131I]-SGMIB anti-HER2
VHH1
AD-114

systemic lupus
erythematosus

lower respiratory
tract infection

Status
approved
(Duggan et al., 2018; Scully et al., 2019)

respiratory syncytial clinical trial; phase II
virus (RSV)
(Detalle et al., 2015; Palomo et al., 2016)

psoriasis

IL17A, IL17F
and IL17A/F

clinical trial; phase II
(Svecova et al., 2019)

refractory/relapsed
B-cell lymphoma

CD19/CD20

clinical trial; phase I
(Albert et al., 2017; De Munter et al., 2018)

Osteoarthritis

ADAMTS-5

clinical trial; phase I
(Pereira et al., 2018; Siebuhr et al., 2018)

diarrhea

rotavirus

breast cancer

HER2

clinical trial; phase I
(D'Huyvetter et al., 2020)

idiopathic pulmonary
fibrosis

CXCR4

preclinical
(Griffiths et al., 2018)

clinical trial; phase II
(Sarker et al., 2013)
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therapy (Strohl, 2018). Antibodies can be used to inhibit
tumor cell proliferation and as tools to define effector
domains. Many mAbs directed against tumor cell surface
proteins interfere with the function of such proteins, for
example, by blocking signaling through a growth factor
receptor or by inducing apoptosis. By opsonizing the
tumor cells, antibodies can also mark them for attack by
the complement system, NK cells, and macrophages
(Arezumand et al., 2017). However, certain inherent
structural properties limit the applicability of mAbs and
antibody-derived biologics for tumor therapy. The large
size of mAbs (four polypeptide chains, 150 kDa) can
make access to tumor cells difficult. Nbs combine the
beneficial properties of small molecules and mAbs, and
therefore, they are attractive agents for the development
of new therapeutic strategies. Their small size makes
them useful for targeting antigens that reside in tissues
that are weakly vascularized and poorly accessible.
These molecules show better extravasation and tissue
penetration than classical mAbs, which is obviously
crucial for therapeutic applications (Nikooharf et al.,
2020). Because of the high interstitial pressure, the
penetration of a drug into the tumor is mediated by
diffusion. As this process depends on molecular size,
Nbs penetrate tumors much better than mAbs (Kijanka
et al., 2015).
On the other hand, the growth of solid tumors depends on the formation of new blood vessels (angiogenesis). Nbs that interfere with this vascularization
have been generated (Kazemi-Lomedasht et al., 2015;
Arezumand et al., 2016). In this regard, a study by Oliveira et al (2012). compared the tumor distribution of
15 kDa Nbs with a 150 kDa mAb after conjugation with
the IRDye 800CW (IR) fluorophore. The EGFR-specific
7D12-IR nanobody showed homogeneous distribution of
the probe in human A431 tumor xenografts between
30 min and 2 h after injection, leading to relatively high
tumor uptake, whereas the negative control R2-IR did
not accumulate in tumors (Oliveira et al., 2012).
Thus far, potential targets for Nbs-based therapies
are extracellular targets such as ligand receptors or differentially expressed transmembrane proteins in the
cells of interest. To this end, Nbs have been developed
against transmembrane growth factor receptors type 1
and 2 (TGRF1 and TGRF2, respectively), vascular endothelial growth factor receptor (VEGFR) (Behdani et al.,
2012; Ma et al., 2016), tyrosine kinase receptor (c-Met)
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(Slørdahl et al., 2013; Su et al., 2019), and chemokine
receptor type 7 (CXCR7) (Maussang et al., 2013; Kijanka
et al., 2015). These receptors are associated with different neoplasms. For example, VEGFR has been found
to be expressed in different cancers, including brain,
lung, breast, and colon cancer; c-Met was implicated in
colon, breast, and ovarian cancer and hematological
malignancies; and overexpression of CXCR7 was associated with breast and lung cancers (Hu et al., 2017; Moradi et al., 2020). Nbs have also been developed against
extracellular targets such as hepatocyte growth factor
(HGF) and chemokines (Vosjan et al., 2012).
Use of Nbs in viral diseases and prospects
in combat against SARS-CoV-2
To combat viruses and prevent their spread, Nbs can
interfere at different levels of the viral multiplication
cycle, for example, by preventing virus binding to cells,
virus entry into the cell, and its subsequent replication
(Schotte et al., 2014). Nbs can also be used to extend
our understanding of viral particle transmission. For
example, intranasal administration of neutralizing Nbs
can protect against different types of influenza viruses
(e.g., H5N1 or H5N2) by preventing virus attachment to
host cells and subsequent viral replication (Cardoso
et al., 2014).
In this context, SARS-CoV-2 enters host cells through
an interaction between the spike glycoprotein and the
angiotensin-converting enzyme receptor 2 (ACE-2). Direct prevention of this interaction presents an attractive
possibility for suppressing virus replication. In this regard, Hanke et al. (2020) and Ezzikouri et al. (2020) isolated and characterized an alpaca-derived single domain
antibody VHH fragment, named Ty1, specifically directed against a globular domain (RBD) located on the distal surface of the SARS-CoV-2 spike protein, directly
preventing its binding to ACE-2. Ty1 is a 12.8 kDa Nb
that can be expressed in large quantities in bacteria,
representing a great opportunity for its large-scale manufacture and making it an excellent candidate as an intervention against COVID-19.
Broad neutralizing antibodies such as 47D11, S309,
and VHH-72 have recently been reported to target
a conserved region in the receptor binding domain
(RBD) of the S1 subunit of the spicule protein. Because
of their small size and high stability, single-domain antibodies may have the ability to be delivered using an in-
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haler, thus making them potentially attractive therapies
for respiratory infections (Ho, 2020).
Limitations of Nbs and perspectives
The biochemical and molecular characteristics of Nbs
have been extensively described herein. These properties have been exploited in the fields of oncology, inflammation, infectious diseases, and molecular imaging and
could potentially make a substantial difference in therapy and diagnostic testing. However, Nbs present some
challenges that need to be overcome, and curiously,
some of their characteristics may also constitute potential limitations. For example, Nbs possess a short
half-life (Muyldermans et al., 2013); this may provide
a safety advantage as the therapeutic agent could be
rapidly eliminated from circulation in the case of a druginduced adverse event (Odunsi K, 2017). However, this
feature can also be a limitation to diagnostic and therapeutic efficacy. To overcome this limitation, a panel of
half-life extension technologies can be used, including
fusion of Nbs to a human serum albumin-binding peptide
or to linear and branched polyethylene glycol (PEG).
These techniques were applied to the Nb AD-114–a
single domain antibody that specifically binds with high
affinity to the G protein-coupled CXC chemokine receptor 4 (CXCR4) (Griffiths et al., 2016), a high-value
therapeutic target implicated in cancer and fibrosis (Xu
et al., 2007). To increase the therapeutic potential of
AD-114, a systematic analysis of a panel of AD-114 variants after modification with a range of validated half-life
extension technologies was recently performed, and it
was successfully demonstrated that AD-114 is susceptible to and retains target binding activity after various
C-terminal modifications. Pharmacokinetic (PK) and halflife data acquired in mice, rats, and cynomolgus monkeys
were reported and showed that conjugation to PEG and
PA600 residues significantly increased the circulating
half-life of this Nb (Griffiths et al., 2019).
Another limitation of the use of Nbs is related to
their immunogenicity. Administration of antibodies for
therapeutic purposes in humans can trigger the production of antidrug antibodies (ADA) (Salvador et al.,
2019), which can have unintended consequences. Immunogenic responses to antibody therapies can affect
both safety and pharmacokinetic properties that may
modify the usefulness and efficacy of drugs (Harding

et al., 2010). To minimize immunogenicity in humans,
different strategies have been described to “humanize”
Nbs. A nanobody differs from a human heavy chain variable domain in approximately 10 amino acids spread
over its entire surface, of which, four amino acids are
located in the framework-2 region (at positions 42, 49,
50 and 52) and the rest occupy a third longer antigenbinding loop (H3) that folds over this area (Hoey et al.,
2019) (Fig. 1A and Fig. 1B). For therapeutic applications, the camelid-specific amino acid sequences in the
camelid framework have to be mutated to their equivalent human heavy chain variable domain, i.e., humanized (Vincke et al., 2009; Harding et al., 2010; Kovalenko
et al., 2013; Ubah et al., 2017). An alternative to humanizing single-domain antibodies of animal origin is to
“camelize” human variable domains into single-domain
antibodies by replacing amino acid residues in the VH
domain framework (Davies and Riechmann, 1996; Riechmann, 1996; Tanha et al., 2001), and by substitutions in
the CDRs (Martin et al., 1997; Bond et al., 2003), it is
possible to obtain monomeric human VH domains.
The production of Nbs also faces challenges with
respect to the accommodation of camels, llamas, alpacas,
and other camelid species. At the end of a round of
immunization, these animals are not slaughtered, and
therefore, they must have permanent housing. In fact,
although the expression and production of Nbs is inexpensive, the immunization of camelids is not, especially when compared with the immunization of smaller
animals for the generation of Abs. This has given rise to
the need to search for alternatives. For example, nonimmune or synthetic VHH libraries can be started (Olichon and de Marco, 2012; Yan et al., 2015), and antigenspecific high-affinity Nbs could be selected from semisynthetic libraries by using in vitro ribosome presentation technology, in which no cloning or transformation is
required when constructing the mutant library (Yau
et al., 2003).
The cumbersome immunization of camelids required
to generate Nbs can be countered not only with the
aforementioned nonimmune or synthetic libraries but
also with immunization of smaller animals. Some research groups have generated transgenic mice that express correctly folded Nbs in B cells because they carry
a mini-Ig construct encoding dromedary HHV or a hybrid
llama-human antibody locus (Zou et al., 2005; Janssens
et al., 2006; Brüggemann et al., 2006). In mature B cells
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of healthy mammals, except camelids, cellular release of
single H chains without L chains is normally prevented
in the ER. However, conventional B cell development is
blocked at an immature B cell stage in L-/-(κ-/-λ-/-)-deficient mice, and this leads to spontaneous production of
HcAbs (Zou et al., 2007).
Conclusions
Since the discovery of naturally occurring HcAbs in camelid sera and the development of technologies to clone
and identify their antigen-binding fragments, known as
Nbs, the number and range of potential applications of
Nbs appear to have expanded. Backed by intrinsic beneficial biochemical and biophysical properties, Nbs are
a robust targeting entity that can be easily assembled or
incorporated into more complex constructs. Even in the
absence of an intrinsic therapeutic effect, their conjugation with chemotherapeutic agents generates promising
drug delivery compounds. Although small monomeric
Nbs are often superior to classical antibodies for therapeutic applications, they still have their own drawbacks
such as rapid renal clearance that prevents high loading
in diseased tissue and induces renal toxicity. However,
tools and strategies are available to design Nbs into nextgeneration constructs with higher efficacy and fewer
side effects.
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