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Abstract: The antibodies of camelids and sharks are about one-half of the conventional ones while regular antibodies have four
protein chains: two light and two heavy, these small antibodies studied have just two heavy chains; they lack a light chain. In
recent years, nanobodies have been the focus of attention because they can recognize epitopes that are usually not antigenic
(hidden) for conventional antibodies. On the clinical side, researchers are testing nanobodies (Nbs) in the fight against diseases
and disease diagnosis. Nanobodies also are attractive because they can prevent protein aggregation and clear the already existing
aggregates. Furthermore, new treatments using these Nbs can neutralize the severe acute respiratory syndrome coronavirus
(SARS-CoV-2) for preventing COVID-19. In this review, we sum up recent findings of the proposed nanobodies for their potential

application.
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|
Introduction

Immunoglobulins play a central role in the adaptive im-
mune system by recognizing the specific molecular patterns
of external antigens, and through these interactions, they can
neutralize and eliminate pathogens from the host.

The three main types of humoral immunoglobulins (Igs)
are 1gG, IgM, and IgA in the milk of mammals. The concen-
tration of each type of Igs depends on several factors. These
factors include the lactation stage and the type of neonatal
transfer of antibodies from the mother to the offspring (pla-
cental, colostrum or mixed)*.

While regular antibodies are made of four protein chains
(two light and two heavy), the Camelidae family and cartilagi-
nous fishes produce functional antibodies which naturally lack
light chains?. These antibodies (Abs) were named single do-
main antibodies or heavy chain antibodies. Using affinity chro-
matography techniques performed by Hamers-Casterman? in
1993, they realized that these Abs have about one-half of the
size of the conventional ones.

The heavy chain (VHH) variable region has excellent solu-
bility, stability, tiny size, and a great capacity to recognize uni-
que epitopes, thus having a high specificity and antigen affini-
ty“ Itis thought that this super-lightened version of antibodies
has evolved independently several times, suggesting that they
are highly effective in this animals®.

Immunizing a camelid (camels and llamas) with soluble,
adequately folded proteins raises an affinity-matured immune
response in the unique camelid heavy-chain only antibodies
(HCAbs). The peripheral blood lymphocytes of the immunized
animal are used to clone the antigen-binding antibody frag-
ment from the HCAbs in a phage display vector®.

To get these antibodies tailored to a specific molecule, the
molecule must first be injected into the animals. Animals then
make small antibodies over weeks or months. Researchers
use their blood cells for the small antibodies to obtain genes,
then use bacteria to produce the antibodies in the laboratory’.

Unlike conventional antibodies, VHH can be cloned, expres-
sed and purified in a prokaryotic system such as E. col®. The
most popular approach to select recombinant antigen-recogni-
zing antibody fragments is the modified panning phage display
libraries. This method is based on the selection of DNA sequen-

ces that are cloned in a phagemid vector (located within phage
particles) and is coding for recombinant proteins, recombinant
antibodies, which are able (being expressed as a part of a fila-
mentous phage surface protein on the surface of phage parti-
cles) to bind the defined ligand (antigen)7 specifically.

It might soon be easier to obtain nanobodies since a team
has made a nanobody library in yeast cells, allowing resear-
chers to skip the animal-inoculation step. iCAN is built as the
first comprehensive nanobody database to provide an integra-
tive analysis tool for academic and industrial researchers to
expand and accelerate nanobody research?.

Nanobodies and their derivative forms can serve as nano
tracers in intracellular bioimaging® and help visualize the
structure of complex proteins due to their nanoscopic size and
high affinity against intracellular signaling molecules. They
can bind tightly and deeply; this can help stabilize ornate mo-
lecules whose flexibility thwarts the imaging process.

On the clinical side, the application of nanobodies in tar-
geting therapeutics shows good prospects in the therapy of
acute thrombotic thrombocytopenic purpura®, infectious di-
sease'?, rheumatoid arthritis*, central nervous system disea-
se'?, breast!® and ovarian cancers, and so on?. Next on the
horizon for the nanobodies is getting them to stick to tumors
for imaging purposes® or using them to allow drugs to cross
the blood-brain barrier to tackle diseases of the braine.

It is essential to know the characteristics of each nano-
body to find its proper biomedical or biotechnological applica-
tions. This paper review shows the specific characteristics of
nanobodies that makes them more potent than the conven-
tional antibodies and will also collect all the advances made
in the field of the different species of sharks and camelids' an-
tibodies, such as the new information collected from ongoing
studies of these animals' immunoglobulins and their potential
applications in immunotherapies and fighting diseases.

|
Methodology

In this study, we critically examined 83 papers published in
various journals. The paper selection strategy and evaluation
criteria considered in this paper are in Figure 1.
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Figure 1. Review methodology for paper selection.

The papers were obtained from Scopus and Google Scho-
lar using keywords' camelids', 'sharks', 'nanobodies’, 'biomedi-
cal application’, 'therapeutic application’, 'antibodies’, etc.

In this study, we downloaded papers published available
online. We found 123 papers and selected 83 papers for re-
view, and filtered out 40 papers that were not useful or not
relevant.

In this literature review, 83 papers and 5 books published
were critically examined. The information was published in di-
fferent journals, and some were entrepreneurial web pages (3)
since some nanobodies are already in the market.

The parameters used for the paper selection were if the
study topics such as the nanobody's therapeutic use, its func-
tional characteristics, biomedical application, biotechnological
methods.

The papers selected were separated into two categories:
camelid antibodies and shark antibodies.

|
Results

Camelids antibodies

The camelids of South America are a family of artiodactyl
mammals belonging to the order Artiodactyla, suborder Rumi-
nantia, family Camelidae®”. The single-domain antibodies are
antibodies of the IgG type present in the serum of species of
the Camelidae family that lack both the light chain and the
CH1 region of the heavy chain'®1°,

During pregnancy, some camelids, such as alpacas, can-
not transport immunoglobulins from the mother to the fetus,
so the offspring are born agammaglobulinemia and require
maternal antibodies that will be transferred thanks to colos-
trum?0-22, After the ingestion of colostrum, there is an increase
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Shark Antibodies

in the IgG concentration in the blood serum of the offspring,
which generates resistance to infectious agents??,

These antibodies were named single-domain antibodies or
heavy chain antibodies because they did not have a light chain,
using affinity chromatography techniques performed by Ha-
mers-Casterman?®, where the affinity of the antibodies present
in the serum of camels for protein A was studied?>%,

Camelids have a single antigen recognition domain so
that their unique domain contains a complete antigen-binding
site and is the smallest functional antigen-hinding fragment
(around 15 kDa)?. As is known, antibodies are generally tetra-
mers, composed of 2 dimers called heavy chain (H) of 55 kDa
each, and two dimers called light chain (L) of 25 kDa, generally
linked by disulfide bridges, each forming a protein in the shape
of Y2829 shown in figure 2.

VHH Fragment

Camelid Antibody

Figure 2. Structure of an IgG camelid immunoglobulin. At the
top of this structure is the single-domain antibodies (VHH).
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Immunoglobulins of camelids

Currently, these immunoglobulins and especially their
simple variable domains (VHHSs for short) have various appli-
cations in biotechnology?®. It has been observed that antige-
nic sites tend to be more hydrophilic®, flexible, and accessible
than the rest of the protein, often protruding from the antigen
surface. An early study suggested that conventional Abs have
lower surface shape complementarity than other protein-pro-
tein complexes®.

Single-domain antibodies or heavy chain antibodies
(HCAbs) are G-type immunoglobulins that lack a light chain. In
camelids, there are 5 isotypes of antibodies: IgG, IgM, IgA, IgE,
and IgD, which differ as much in sequence as in the function of
the heavy chain®.

Faced with the invasion of an infectious agent, camelids
and other animals activate a humoral response through im-
munoglobulin G (IgG), preventing the invasion of this infectious
agents®2 The immunoglobulins, in figure 3, has both the heavy
and light chains have a constant region (CH and CL, respecti-
vely) and two variable regions (VH and VL, respectively).

Variable region (VH, VL)

The variable region is responsible for recognizing foreign
agents or antigens that are molecules that activate the im-
mune system; the amino acid sequence of this region has a
significant variability to recognize different antigens®*34,

The variable region of single-domain antibodies, also
called VHH, is the minor antibody that can interact with the
antigen. It has the advantage of behaving as a monomer in-
dependent of the rest of the HCAD; it is very stable and has a
low molecular weight of approximately 12-15 kDa. The VHH
domain is a fragment of only 15 to 18 KDa*.

Unlike conventional antibodies, VHHs fold independently
of the rest of the protein and maintain the ability to have high
specificity and affinity for their antigen; they can also be clo-
ned, expressed and purified in a prokaryotic system such as
Escherichia colf®.

VHHs are known as nanobodies (Nbs); these Nbs possess
properties that allow them to be an ideal tool in research and
various therapeutic applications.

Due to these characteristics, VHH has been the object of
several studies, mainly for biomedical purposes.

There are many direct applications of VHH in scientific re-
search, for example, as membrane protein stabilizing proteins
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to facilitate their crystallization®. There is also a significant
advance as a therapeutic agent, and even several VHH are in
advanced clinical stages for use in humans. However, there are
no studies that consider VHH in personalized medicine, such as
tissue engineering®.

Constant region (CL, CH)

While the constant domains of the antibodies are not in-
volved in the recognition of antigen. Type G antibodies have
three constant domains called CH1, CH2, and CH3 of the hea-
vy chain, and one of the light chains called CL. The IgG is cons-
tituted only by heavy chains?.

Potential Biomedical Application of camelids immunoglobulins

The VHH, due to its small size and high stability, has the
property of being functional in the interior of living cells and
even detecting conformational changes in proteins®’<, In ad-
dition to allowing the identification of intracellular elements,
VHH can mark proteins for their degradation through the ubi-
quitination pathway, as the main characteristic of VHH to bind
to antigens®®“°, This capacity is used in crystallography, where
the crystallization chaperones also participate®“2,

The VHH does not require post-translational modifica-
tions, so the production of these recombinant VHH is an alter-
native to monoclonal antibodies for therapeutic use, and they
are also very economical and of minimal size with tiny stable
molecules®. The nanchodies of camelids have become very
popular in cancer treatment since they have a more significant
advantage than conventional antibodies*+“®, While conven-
tional antibodies are difficult to penetrate and expensive lar-
ge-scale production, camelid antibodies are more minar, very
soluble, stable, easier, and cheaper to produce“.

Studies conducted in mice already show that nanobodies
counteract specific tumors in these rodents. Also, these nano-
bodies have been used in other treatments against life-threa-
tening diseases. More than 85% of human cancers are solid
tumours®. In most solid tumors, the necessary first step is to
access sufficient amounts of the therapeutic antibody to va-
rious tumor regions to obtain a maximal therapeutic effect®.
The transfer of macromolecules in tumors is mainly by diffu-
sion, and the speed of diffusion through tumors is inversely
proportional to molecular size. In agreement with this, small
antibody fragments penetrate the solid tumors more efficient-
ly than the whole antibody molecule*.

-
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Figure 3. Structure of the types of antibodies found in camelids. According to their H chains, camelids antibodies are classified
into five isotypes (IgE, IgA, IgD, IgM, and IgG from left to right), which provide each isotype with distinct characteristics and roles.
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Furthermore, to be effective for cancer treatments, na-
nobodies are also attractive therapeutic options for disorders
such as Alzheimer's and Parkinson's diseases since they can
prevent protein aggregation and, even more interesting, clear
the already existing aggregates®. To increase target-to-back-
ground signal ratios for high detection sensitivities in imaging
and reduce non-specific toxic effects of antibody conjugates,
the unbound antibodies should be cleared rapidly from the
non-target organs®. When compared to the whole antibody
molecule, the small antibody fragments have a faster clearan-
ce rate®. The main differences between conventional nanobo-
dies and camelid nanobodies are summarized in table 1.

Furthermore, a recent study shows that single-domain
antibodies (VHHSs) were isolated from a llama immunized with
prefusion-stabilized coronavirus spikes. These VHHs neutra-
lize MERS-CoV and SARS-CoV-1 S pseudotyped viruses. The
findings provide a molecular basis for VHHs' ability to neutra-
lize pathogenic beta coronaviruses, implying that these mole-
cules could be effective therapeutics during coronavirus out-
breaks10. A summary of this application is in figure 4.

Another study reported by Xiang et al.*® identified a vast
repertoire of extremely powerful neutralizing nanobodies

Conventional nanobodies

Light chain and heavy chain
Common size

Hydrophobic binding interactions
Are challenging to penetrate the solid

tumors in cancer cancer?

1. Immunization

Y
N i

4. SARS-CoV-2
cross-reactivity

About one—half of the size?®

HCAD in camelids is hydrophilic>

(Nbs) to the SARS-CoV-2 spike (S) protein receptor-binding
domain (RBD) using camelid immunization and proteomics.
They found Nbs that blocked viral infection with picomolar to
femtomolar affinity and determined the structure of one of the
most potent complexes with RBD. They created multivalent
Nb constructs with ultrahigh neutralizing potency (IC50s as
low as 0.058 ng/mL) and mutational escape resistance.

Furthermore, a recent study engineered anti-RBD nano-
bodies from llamas and "nanomice" to produce VHHs cloned
from alpacas, dromedaries and camels. They identified two
sets of highly neutralizing Nbs using cryo-electron microscopy
These findings show that multivalent nanobodies can overco-
me SARS-CoV-2 variant alterations through two mechanisms:
increased avidity for the ACE2 binding domain and identifi-
cation of conserved epitopes that are difficult to reach with
human antibodies. While additional SARS-CoV-2 mutations
will continue to arise, nanobodies are promising strategies for
preventing COVID-19 mortality if vaccinations are damaged56.
This potential alternative of using camelid nanobodies promi-
ses to be a revolutionary therapy in searching for new drugs
against Coronavirus disease (COVID-19)0:365758,

Camelid Nanobodies

Lack light chain™

Table 1. Table of main
differences between con-
ventional nanobodies and
camelid nanobodies.

Easier to penetrate the solid tumors in
2. Isolation of VHHs
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Figure 4. General graphic of sin-
gle-domain  antibodies  (VHHSs)
application in SARS-CoV-2, ba-
sed on Daniel Wrapp et al., 2020.
The schematic representation
shows the identified neutralizing
cross-reactive single-domain ca-
melid antibodies in llamas immu-
nized with prefusion-stabilized
betacoronavirus spike proteins,
which may serve as valuable rea-
gents for researchers studying the
viruses that cause MERS, SARS,
and COVID-1910.

3. Characterizing
the structure
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Cartilaginous fishes antibodies

Sharks are a group of Elasmobranch fish from the class
Chondrichthyes or Cartilaginous fish. The evidence of their exis-
tence dates back to 450-420 million years ago, placing them in
the Ordovician Period®?; this makes them the "oldest vertebrate
taxon to possess an adaptive immune system" that includes
immune factors like immunoglobulins, T cells, Major Histo-
compatibility Complex (MHC), sites of intense cellular activity,
recombinase- activating gene (RAG) activity and also have the
earliest version of lg switching where Somatic Hypermutation
(SHM) and Class Switch Recombination (CSR) are contiguous
activities60. However, since sharks are cartilaginous species,
they do not have bone marrow. Instead, it has been proven that
they have an epigonal organ that is the site where the lym-
phopoiesis occurs, and the B cells are secreted, showing the
analogous function of a mammalian bone marrow?®.

Cartilaginous fishes immunoglobulins

Sharks have an adaptive immune system based on lym-
phocyte antigen receptors generated by V(D)J recombinants.
Shark B cells express two classical immunoglobulins (lg), IgM
and IgW, encoded by an early, alternative gene organization
consisting of numerous autonomous miniloci, where the indi-
vidual gene cluster carries a few rearranging genes segments
and one constant region, B or w®. Adult cartilaginous fish
express the three immunoglobulins (lg) isotypes, IgM, IgNAR
and IgW. Newborn nurse sharks produce multimeric and mo-
nomeric IgM, a germline-joined, IgM-related VH, and meager
amounts of manomeric IgM and IgNAR proteins®.

IgW

IgW transcripts, shown in figure 5, are found in secretory
full-length, long-form; secretory truncated, short form that is
probably derived by alternative splicing®; and trans-membra-
ne long and short forms®,

Additionally, a molecular characterization of Ig Hea-
vy chains identified both IgW forms in the African lungfish,
Protopterus aethiopicus, a lobe-finned bony fish, which phylo-
genetic studies suggest are closely related to land vertebrates
(tetrapod)®,

The trans-membrane IgW long heavy chain alternative
spliced to produce a shorter heavy chain with five domains:
one variable and for constant domains, or an even shorter
three domains heavy chain: one variable and two constant do-
mains, have been found in the nurse and horn sharks®4, And the
secreted IgW long heavy chain is composed of seven domains:
one variable and six constant domains, and the IgW short hea-
vy chain is composed of three domains: one variable and two
constant domains. It is also called IgX or IgNARC®4%, Both IgW
secretory forms have also been found in nurse and horn sha-
rks®,

There are multiple-spliced trans-membrane cDNA forms
of IgW and IgNAR, possibly selected over evolutionary time to
limit proteolysis of the putative cell surface proteins®. There
is good evidence of a class switch recombination between IgM
and IgW and that IgW(w) in sharks is orthologous to IgD of ver-
tebrates®%, |gW short is most highly expressed in the spleen.
Also, in unimmunized adults, IgW short transmembrane and
secreted forms are produced in the pancreas, suggesting a
role in gut mucosal immunity®’.

IgM
In B cell receptor systems, the sharks' IgM exists in both
trans-membrane (for activation of lymphocytes) and secre-

tory forms (to bind antigen and induce effector functions of
the humoral system)?®. This IgM humoral system of sharks was
initially thought to be very different from mammals, mainly
because the kinetics of the climb in titter was slower to rise
than in endotherms®”. Serum IgM of immune responsiveness
is found in a monomeric 7S and a pentameric (19S) form, both
shown in figure 6, present in roughly equal amounts and cons-
tituting half of the total serum protein in adult animals®5567, A
subclass of the IgM, IgM1gj, was reported in nurse sharks in
high amounts as a monomer in the sera of neonates with only
three C domains. IgM is expressed in the epigonal organ, but its
levels decline in the spleen with age®.

Cartilaginous fish express high monomeric and multime-
ric serum levels of the same Ig isotype65 in approximately
equal amounts despite independent production from the same
set of IgH loci?®®”. Immunoglobulins of the IgM class genera-
lly have disulfide-linked pentamers of total molecular weight
near 900000. Each monomer unit is similar to an IgG mole-
cule, containing two light (L) and two heavy chains linked by
disulfide bonds and noncovalent interactions®.

IgM has been found in the eyes, gills, intestine, liver, pan-
creas, peripheral blood leukocytes, spleen and testis®.

IgNAR

Surface Ig New Antigen Receptors (IgNARs) are formed
by two identical heavy chains composed of five or three cons-
tant domains, shown in figure 6, a variable domain (V-NAR) and
one amino-terminal V domain®%8, The first and third constant
domains homodimerize and lend to the antibody stability, and
the resolution of the stable region structure showed stabilizing
motifs669,

The IgNAR is quite an unconventional antibody being a ho-
modimer of H chains that do not associate with L chain™, and
since it does not fit the profile of an actual antibody although
it is structurally similar®. The variability within the CDR1 and
CDR3 regions® certainly suggested so, as did the general orga-
nization into a variable-constant domain format and the occu-
rrence of transmembrane and secretory forms of the protein™.
Nevertheless, it follows an analogous target-specific kinetics
of expression in response to an immunogenic challenge®™,

The IgNARV is the smallest antigen-bhinding domain
known in the animal kingdom and is also particularly wa-
ter- soluble® 7, VNARs are classified into types based upon
the number and location of additional noncanonical cysteine
(cys) residues in their variable domain. These cys form inter-
domain disulfide bonds that dictate the structure of the VNAR
domain™7, Type | VNARs have germline-encoded, noncanoni-
cal cys residues in framework regions (FR)2 and FR4, that pair
with D region encoded cys residues in CDR3; this folds the long
CDR3 loop over the surface that would associate with VL in
conventional Igs, pinning it there.

In contrast, type Il VNARs either have a single germli-
ne-encoded, noncanonical cys residue in CDR1 that pairs with
a lone cys present in CDR3, forming a stabilizing disulfide bond
between the protruding antigen-binding loops, or no extra cys
(sometimes called type Ilb or type IV) allowing CDR3 to move
away from CDR1. Type | CDR3's are longer on average than
those of type Il, undoubtedly a result of selection due to their
unique disulfide bonding patterns.

A third VNAR type, type Ill, so far found only in nurse sha-
rks, has a structure very similar to type Il VNARS; however,
CDR3 diversity in this type is drastically reduced due to germti-
ne fusion of two (D1 and D2) of the three D segments present
in this cluster™. There is a limited sequence diversity of type Il
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CDRs structural modeling; however, it has been revealed inva-
riant stabilizing aromatic residues in CDR1 (tryptophan 31) and
CDR3 (phenylalanine 96), which could allow a more excellent
range of structural diversity than would be predicted for this
VNAR type. Expressed early in development and retaining ex-
pression only in the epigonal of adult sharks, type Il is hypothe-
sized to mediate the first line of immune defense in neonates;
however, the antigens it targets still require investigation’.
Much remains to be understood about the role of IgNAR in
the immune system of cartilaginous fishes. So far, isolation of
antigen-specific VNARs from libraries has primarily been con-
ducted via bacteriophage (phage) display®. In this case, the li-
brary of VNAR sequences is cloned in-frame with a phage coat
protein (usually the gene Il protein) encoded in a phagemid
vector. However, it is abundantly clear that VNARs present a
singular molecular framework that can be exploited to deve-

VNAR

Identical
Heavy
chains

IgNAR

Figure 7. Schematic representation of the overall IgNAR archi-
tecture. Shark antibody-containing identical heavy chains®®.

{1

IgW Short Forms

il

IgM Monomeric Form (75)

Figure 5. Schematic represen-
tation of the IgW architecture in
long and short forms (from left to
right)®2.

Figure 6. Schematic representa-
tion of the overall IgM architectu-
re. The first represents the penta-
meric form of IgM, and the second
represents the monomeric form of
IgM (from Lleft to right)®°.

lop reagents for scientific research, disease diagnosis, and/or
potentially therapeutic intervention®7,

Potential Biomedical Applications of Cartilaginous fishes
immunoglobulins

The IgW is an Ig isotype that exists in two forms, one of full
length and one lacking the Fc region®'. This isotype can hind
antigen without evoking Fc-mediated responses, thus limiting
inflammation®. The possibility of an anti-lgW antibody is be-
ing investigated that will provide an essential research tool to
studying cartilaginous fishes' adaptive immune system?. Sha-
rks can produce an IgM-based response following immuniza-
tion, evidence for memory and affinity maturation®®.

IgM might have a role in blood osmoregulation analo-
gous to the physiology of albumin in other vertebrates and
have been shown to be active in lytic, opsonic and antibody-in-
duced cytotoxicity-like reactions”. This killing is observed
through phagocytosis, which is mediated by both 7S and 19S
IgM antibodies. Throughout evolution, IgM reacts with particu-
late antigen and through binding Fc- receptors on the surface
of leukocytes, enhancing phagocytosis®.

The relative stability of the IgNAR heavy chain homodi-
mer, the extraordinary stability and resistance to irreversible
denaturation of VNAR domains™ and the somewhat simpler
genetics encoding the single variable domain have fuelled
applied research to adapt this molecule to biotechnology and
immunotherapy66. IgNAR has a small structure and an exce-
llent binding ability. Its single variable domain represents an
opportunity to bind different epitopes than traditional antibo-
dies and can also work as an autonomous paratope™.

For diseases like protein aggregation disorders such as
Alzheimer and Parkinson’, nanobodies can prevent protein
aggregation and, even more interestingly, clear the already
existing aggregates®®. Ossianix Inc® has utilized transferrin
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receptors to demonstrate that they can transfer VNAR antibo-
dies across the blood-brain barrier® shown in figure 7.

In addition, they are also developing VNAR-therapies for
neurological, neuromuscular as well as autoimmune disea-
ses™®0. Antigen-specific VNAR molecules have been isolated
against a wide range of disease-related targets, including pro-
teins involved in cancer®? and arthritis®, cytokines®, toxins®,
and viral targets. However, with their small size, high stability,
and possible advantages in cryptic epitope recognition, VNARs
are natural candidates for future niche biotechnological and
diagnostic applications’™ ",

There has been a recent study”™ to evaluate the VNARS'
potential for therapeutic development, where researchers
chose a variety of human tumor biomarkers and virus antigen
proteins as selection targets, including glypican-3 (GPC3),
HER?2 and PD1, the spike proteins of the MERS and SARS vi-
ruses, and Pseudomonas exotoxin (PE38). They developed a
method to construct phage display libraries based on PCR ex-
tension assembly followed by self-ligation. The selected bin-
ders, Type | and Il VNARs, were produced successfully in E. coli
as soluble proteins for antigen-binding validation. This study
validates the diversity of the nurse shark VNAR Llibrary and the
utility of the shark VNAR library as a platform for therapeutic
antibody discovery.

A nave wobbegong VNAR library was used to identify two
natural clones of micromolar (M) affinity for the protease gin-
gipain K (Kgp), a virulence factor of Porphyromonas gingivalis,
which causes periodontal disease in humans’™. Researchers
used panning a semisynthetic wobbegong shark library to
isolate a VNAR capable of targeting Hepatitis B virus (HBV)
pre-core protein, which is secreted as Hepatitis B e antigen
(HBeAg)™. It also may work as half-life extension tools in di-

Larger

sease treatment™. Engineering stability into a shark VNAR
combined strategies of CDR grafting and consensus sequen-
ces mutagenesis have been developed in a VNAR specific for
the nucleoprotein of the Ebola virus®.

Recently, a group of researchers tested the VNAR do-
mains for the treatment of COVID-19. They used the neutra-
lizing properties of the VNAR against the Spike protein from
the SARS-CoV-2 Wuhan variant. The antibodies showed great
affinity and high blocking of the ACE2 receptors' interaction
with the virus variant. This study expands the alternative treat-
ments against the new virus®.

To produce VNARs for the above applications, individual
clones that bind the target of interest with high specificity and
good affinity must first be isolated from an extensive repertoi-
re of diverse sequences. Two strategies have been utilized to
generate natural VNAR Llibraries: 1) amplifying the VNAR reper-
toire from one or more naive animals or 2) from animals im-
munized with the target antigen™. The application of each im-
munoglobulin explained in this review is summed up in table 2.

|
Conclusions

As presented previously, the nanobodies of the camelids
not only have characteristics that have made them very popu-
lar for cancer treatments, but they are also desirable thera-
peutic options for disorders such as Alzheimer's disease and
Parkinson's disease. These studies in sharks and camelids can
also be performed in Ecuador since these animals live within
the fauna of this biodiverse country and can boost biomedical
and biotechnological research to get better and effective the-
rapies and treatments for better and effective therapies and
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treatments in hospitals and clinics. Nanobodies have reached
many publications that are increasing in recent years; one of
the fields very interested in these investigations of nanobodies
are the large pharmaceutical industries, which reflect high ex-
pectations for nanoantibody technology.

Despite the exhaustive study of the sharks' immunoglo-
bulins, there is still a lack of information about the possible
applications of the recently deeply studied immunoglobulins
IgW, IgM and IgNAR. Although their characteristics seem very
promising on the clinical side, especially in the therapeutic and
antiviral treatments, few experiments have not gotten further
than mice experimentation. For example, while VNARs have
been raised against a diverse array of targets, most studies
have confirmed antigen specificity, affinity, and stability; very
few studies have proceeded as far as testing the VNARs in
relevant disease models. Further work is needed to establish
the structural and functional repertoire of VNAR domains and
their potential immunogenicity.
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