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Since their discovery in the 1990s, heavy chain antibodies have garnered significant
interest in the scientific community. These antibodies, found in camelids such as
llamas and alpacas, exhibit distinct characteristics from conventional antibodies due
to the absence of a light chain in their structure. Furthermore, they possess a single
antigen-binding domain known as VHH or Nanobody (Nb). With a small size of
approximately 15 kDa, these Nbs demonstrate improved characteristics compared
to conventional antibodies, including greater physicochemical stability and
enhanced biodistribution, enabling them to bind inaccessible epitopes more
effectively. As a result, Nbs have found numerous applications in various medical
and veterinary fields, particularly in diagnostics and therapeutics. Advances in
biotechnology have made the production of recombinant antibodies feasible and
compatible with large-scale manufacturing. Through the construction of immune
phage libraries that display VHHs and subsequent selection through biopanning, it
has become possible to isolate specific Nbs targeting pharmaceutical targets of
interest, such as viruses. This review describes the processes involved in nanobody
production, from hyperimmunization to purification, with the aim of their application
in the pharmaceutical industry.

KEYWORDS

camelids, heavy chain antibodies, single domain antibodies, immune library, phage
display, VHH, neutralizing antibodies

1 Introduction
1.1 Relevance of nanobodies in medicine

Despite significant advancements in scientific and technological knowledge in the field
of health, particularly in the development of biotechnology aimed at translating knowledge

into practical applications, infectious diseases continue to have a substantial impact on
public health and the global economic system (1). These diseases are predominantly caused
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by microorganisms and have been responsible for millions of deaths
throughout the last century. For instance, the Spanish flu outbreak
in 1918 resulted in over 50 million fatalities (2). Numerous diseases
affect a significant portion of the global population.

Recently, the pandemic caused by the SARS-CoV-2 virus in
2019 has resulted in more than 6.9 million deaths as of May 2023,
and it does not have an exact end date despite its slowdown (3).
However, the introduction of technologies, including vaccines,
antibiotics, and biopharmaceuticals, many of which have emerged
with the aid of biotechnology, representing some of the most
notable achievements of modern science, has contributed
significantly to a substantial reduction in mortality from
infectious diseases over the decades (4). Nevertheless, in Brazil,
several of these infectious diseases continue to affect primarily the
most vulnerable populations. For instance, between 2000 and 2015,
Brazil reported a significant increase in dengue and chikungunya
cases, with relevant outbreaks in major cities such as Rio de Janeiro
and Salvador. Preliminary reports indicate that in 2019,
approximately 132,000 cases of chikungunya and about 1.5
million probable cases of dengue in Brazil (5).

Faced with the need to control numerous diseases, coupled with
an increase in life expectancy and advancements in science and
technology, biopharmaceuticals have revolutionized the treatment
landscape across all medical disciplines (6). These drugs, known as
biopharmaceuticals, are derived from biotechnological processes
that utilize cells or microorganisms for production, setting them
apart from conventional drugs due to their complexity, specificity,
and high efficacy. Monoclonal antibodies, hormones, and
recombinant vaccines are among the most common types of
biopharmaceuticals today (6-8). The potential of
biopharmaceuticals is immense, driven by their high demand, as
evidenced by the pharmaceutical industry, which recorded sales of
approximately US $273.6 billion in 2022 (9).

An important class of biotherapeutic agents is antibodies,
known for their high specificity, potency, and stability (10). The
development of hybridomas in the 1970s revolutionized the
production of monoclonal antibodies (mAbs), which are
antibodies derived from a single B cell with specificity for a single
epitope (11). Since then, mAbs have become one of the primary
classes of biopharmaceuticals in the global market (7, 12). The fields
of oncology and hematology have particularly benefited from these
biopharmaceuticals, with the creation of 15 specific mAbs for
cancer treatment and 12 mAbs for hematological diseases
between 2012 and 2017 (13). However, in recent years, the
pharmaceutical industry has been pursuing various targets,
leading to the application of antibodies in the treatment of other
diseases, including infectious diseases such as COVID-19, where
antibodies have been developed and marketed (14).

Despite the significant advancements that monoclonal
antibodies have brought to medicine, their primary drawbacks
include high cost, technological requirements, and prolonged
production times (7). Additionally, other limitations can be
noted, such as elevated immunogenicity, the potential presence of
contaminants in cell culture media, and challenges in scaling up
production (7, 14). In this context, nanobodies, also known as
VHHs, have emerged as an alternative to mAbs following their
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discovery in the 1990s by a group of researchers led by Raymond
Hamers (15-17).

Nanobodies (Nbs) are single antigenic binding domains
belonging to the heavy chain antibodies and can be found in the
circulating serum of Camelids, including camels, dromedaries,
llamas, and alpacas (16). These structures correspond to the
smallest proteins capable of antigenic binding, with an
approximate size of 15 kDa (18). Due to their small size,
nanobodies offer several advantages over monoclonal antibodies,
including access to epitopes inaccessible to conventional antibodies,
greater stability under extreme conditions such as pH and
temperature, high solubility, ease of genetic manipulation,
cloning, and expression in prokaryotic systems, lower production
costs, among others (17, 18).

The translational journey of nanobodies began in December
2001 with the biopharmaceutical company Ablynx®, which aimed
to explore the therapeutic applications and production methods of
these VHHs for the development of new biopharmaceuticals (19).
Between 2003 and 2010, there was a significant increase in
publications related to the use of Nbs as therapeutic agents,
reflecting their immense potential in the field of medicine. Several
patents were granted to companies worldwide during this period,
including Ablynx® (19). Preclinical and clinical studies
investigating the use of VHHs as biopharmaceuticals and imaging
agents were initiated during this time (19). In 2019, the first
nanobody-based treatment called Caplacizumab® was approved
for acquired thrombotic thrombocytopenic purpura (TTP) (19, 20).
As a result, with the relaxation of intellectual property restrictions
on VHHs, numerous therapies based on these antibodies are
currently undergoing clinical development.

1.2 Nanobodies: the smallest variant
of antibodies

Conventional immunoglobulins (IgG) are complex proteins
composed of two identical heavy (H) and two identical light (L)
polypeptide chains that are highly conserved among mammals (21).
Within this structure, the N-terminal domains of the light and
heavy chains, which are responsible for antigen binding, exhibit
significant variability between different antibodies. Consequently,
this region is known as the variable domain (VH and VL) (21, 22).
The variable region consists of the framework region (FR) and the
hypervariable region, which encompasses several amino acids and
governs the antibody’s specificity towards the antigen (18).
Antibodies exhibit diversity in antigen recognition due to the
variation in six complementary determining regions (CDRs).

The variable heavy (VH) and variable light (VL) domains
together are referred to as variable fragments (Fv), while the
remaining conserved structures of IgG are abbreviated as constant
heavy (CH) and constant light (CL) (Figure 1) (21). Consequently,
the paired VL and CL domains form the Fab region (fragment
antigen-binding), which is responsible for antigen binding (18, 22).
The remaining CH domains constitute the Fc portion of
immunoglobulins, which plays a role in the recruitment of
immune system cells and complement activation (21, 22).
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Structure of IgG on the left, with representation of the light and heavy chains, as well as the variable and constant domains, with a focus on the
CDRs. HCADb structure on the right, with representation of the heavy chain and variable and constant domains. Below, the representation of the Nbs.

Source: by the author, 2023. Created with BioRender.com.

Figure 1 illustrates the structures of conventional and camelid G
immunoglobulins, highlighting their distinct domains with a
specific focus on the complementary determining regions (CDRs).
Camelid antibodies possess a longer CDR3 than conventional
antibodies, as depicted in the Figure 1. Additionally, the figure
also showcases the origin and structure of nanobodies.

The polypeptide chains of immunoglobulins are connected by
disulfide bridges formed between cysteine residues of the light and
heavy chains (22). This complex structure has an approximate size
of 150 kDa and is produced by B cells in response to the recognition
of pathogen proteins or polysaccharides (18). However, there are
unique immunoglobulin structures that consist solely of heavy
chains, with a size of approximately 90 kDa, known as heavy
chain antibodies (HCAbs or heavy-chain antibodies) (18, 22).

Camelids possess both conventional immunoglobulins (IgG1)
and special immunoglobulins (IgG2 and IgG3), with heavy chain
antibodies (HCAbs) comprising up to 70% of these proteins in
camels and up to 50% in other members of this animal group,
underscoring their significant importance in their respective
immune systems (18). In addition to the absence of the light
chain, these antibodies lack the CHI1 heavy domain, thus being
composed of CH2 and CH3. These regions are connected to the
single antigen-binding variable domain (VHH) through the hinge
region (18, 22). Functionally, VHHs are equivalent to the Fab
fragment of IgGl. However, the variable domain of HCAbs is
primarily composed of hydrophilic amino acids, providing them
with enhanced solubility and stability (18, 22). Furthermore,
HCAbs possess a more extensive CDR3 region compared to
conventional immunoglobulins, enabling them to have a larger
antigen-binding surface and access regions that are typically
inaccessible to IgG1 (18).
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The H gene, responsible for encoding the heavy chains of
conventional immunoglobulins in mammals and the heavy chain
antibodies in camelids, is located at the same locus (22). This gene
consists of an organized sequence of V (variable), D (diversity), and
J (junction) elements that undergo somatic recombination,
resulting in the formation of various antigenic recognition regions
within the variable domains of the heavy chains (VH or VHH) (21,
22). During the formation of the conserved CH2-CH3 domains in
HCADbs, a point mutation occurs in the nucleotide sequence of the
CHI1 coding exon, where a guanine is replaced by an adenine. This
mutation disrupts the 5 splicing site between the coding exons of
CHI1 and the hinge region, leading to the exclusion of CH1 from the
mRNA sequence through splicing (22).

The monomeric antigenic binding region (VHH) is often
referred to as a nanobody due to its small size of approximately
15 kDa, which corresponds solely to the variable region of HCAbs
(18). This region has been extensively isolated from camelid
antibody genes to produce recombinant nanobodies, with the aim
of utilizing them in diagnostics and therapies (18). As a result, Nbs
can be cloned and expressed in microorganisms, yielding a high
production output in a simplified manner compared to mAbs (22).
Moreover, VHHs can be easily modified and adapted into more
complex structures to fulfill specific application requirements, such
as their conjugation with the Fc portion of IgG (16).

1.3 Phage display as a technique for
obtaining nanobodies.

For the use of nanobodies as biopharmaceuticals or diagnostic
tools, it is crucial that they demonstrate specificity for the target,
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which corresponds to the disease to be treated or diagnosed. To
achieve this, camelids are immunized with the corresponding
antigen to obtain antigen-specific Nbs. These Nbs are commonly
derived from immune libraries generated through selection
techniques such as phage or yeast display (16, 17, 22).

One of the most common techniques for selecting proteins and
antibodies is phage display (23). This technique has been widely
employed due to its versatility, efficiency, and cost-effectiveness (16,
17, 24, 25). To perform this selection, the protein of interest is
presented on the surface of the phage, which then interacts with a
diverse range of target molecules in a process known as biopanning
(25). This allows for the isolation and enrichment of specific
ligands, particularly antigen-specific ligands in the case of
antibodies (26).

There are two main approaches to producing recombinant
phages for use in phage display. The first approach involves
cloning exogenous DNA directly into the phage genome, which
contains all the necessary genes for host infection, replication, and
assembly (24). In this case, the use of the phage vector enables
multivalent display of antibodies on the phage surface (24, 26). The
second approach utilizes a phagemid vector, which combines
characteristics of both plasmids and phages. This vector includes
a bacterial replication origin, a selection marker with antibiotics, the
gene encoding the antibody fused with the coat protein, and the
phage replication origin (24, 27). However, to produce functional
phages displaying antibodies, it is necessary to infect the host with a
helper phage that contains all the required genes for assembly,
replication, and infection (24, 26). This results in a competition
between the coat protein of the helper phage and the protein
synthesized by the phagemid during phage assembly (24). As a
result, most resulting phages do not display the target protein on
their surface, and those that do exhibit only a single copy.

Thus, in order to perform phage display, the coding gene for the
protein of interest is cloned in frame with one of the viral coat
protein genes (26, 27). Consequently, during host cell infection and
the phage assembly process, the protein of interest is synthesized
fused to the phage coat protein (26, 27). Since the genes encoding
antibodies exhibit high variability due to the natural diversity of the
immune system, a collection of variants known as the Library is
obtained (26).

Then, utilizing the recombinant phage particles, each
representing a clone with genetic variability, the selection of
specific ligands through biopanning is conducted. Consequently,
only phages that recognize the target proteins are eluted and
enriched in subsequent biopanning cycles (26). This selection is
based on the antibody’s affinity for the antigen, making it an
excellent strategy for nanobody utilization as well (24). Figure 2
provides a schematic representation of the Phage Display and
Biopanning processes. Additionally, Figure 3 illustrates the
production of nanobodies with the intention of their application
in the market. Blood is collected from the hyperimmunized animal,
and the lymphocytes are isolated. From these cells, RNA is extracted
and only messenger RNA (mRNA) is employed for the synthesis of
complementary DNA (cDNA), which is then subjected to
polymerase chain reaction (PCR) amplification. After amplifying
the genetic material, the cloning process takes place in a phagemid

Frontiers in Immunology

10.3389/fimmu.2023.1303353

vector or bacteriophage, responsible for translating the nanobody
genes and subsequently displaying them in the phage structure.
Consequently, a phage library displaying VHHs is generated. These
outlined steps summarize the processes described in the selected
articles and are therefore presented in a concise manner.

2 Objectives

The objective of this study is to present a literature review on the
construction of immune libraries through immunization of
camelids to produce nanobodies. The focus is to provide a
comprehensive understanding of the selection technique for
antigen specific Nbs using phage display, with the goal of their
future application in the biopharmaceutical market.

3 Methods

To write the bibliographic review, we conducted a search for
indexed descriptors on the DeCS (https://decs.bvsalud.org/) and
MeSH (https://www.ncbi.nlm.nih.gov/mesh) platforms.
Supplementary Tables 1 and 2 provide a list of these descriptors.
The search was conducted in August 2022. The selected descriptors
were used to retrieve scientific articles from online databases,
including PubMed, Embase, Web of Science, LILACS, Scielo,
Library Cochrane, Science Direct, and CINAHL.

The descriptors were obtained by using the Boolean operator
“AND” between each line of the table and the operator “OR”
between each alternative term. A temporal selection filter was also
applied, including materials published between 2018 and 2022. In
this manner, a total of 1,648 scientific articles were retrieved,
excluding books and research reports. The number of materials
and the flowchart for each online database can be found in Figure 4.
All the articles found underwent an initial selection stage, in which
the titles and abstracts were read. As a result, 911 scientific articles
were excluded for two reasons: duplicates in the selection and lack
of relevance to the research objectives. Another 512 articles were
excluded as they did not address the production of nanobodies for
viral infection. Therefore, 225 scientific articles were deemed
suitable for full reading. Among these, 55 articles were selected
for full reading, considering the journal in which the material was
published. Additionally, 12 articles were excluded due to a lack of a
clear methodology for constructing the bibliographic review. After
reading the remaining 43 materials, a synthesis and cataloging of
the scientific articles were performed, followed by a review with
discussion and final considerations, as depicted in Figure 4.

4 Results
4.1 General metrics
From the full reading of the 43 selected articles, analyses were

conducted on these comprehensive materials. Initially, the
following aspects were evaluated: the most frequently used
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keywords compared to the MeSH platform descriptors, the year of
publication, the number of articles related to COVID-19 and its
correlation with the publication year, the list of items focusing on
detection or treatment, and the list of publications focused on
human or animal health.

The most frequently used keywords were listed and grouped
into different categories based on the descriptors. The terms

» «

“Nanobody,” “Single-domain Antibody,” “Phage Display,” and
“Neutralizing” were the most used. Figure 5 presents the 14
keywords that appeared most frequently in the selected materials.
Additionally, the publications were filtered by year, starting from
2018 until the retrieval date in August 2022. As a result, 3 articles
were published in 2018, 6 in 2019, 7 in 2020, 13 in 2021, and finally,
14 articles in 2022. The respective percentages for each year are
shown in Figure 6A. Among the selected articles, 42% focused on
the production of nanobodies against SARS-CoV-2 compared to
other viruses (Figure 6B). These articles were also analyzed in terms
of their publication year (Figure 6C). A significant increase in
publications was observed between 2020 and 2021, with a slight
decrease in 2022. Regarding other viruses, there was a 50% decrease
in the number of publications between 2020 and 2021, followed by a
relative increase in 2022. Due to the high stability and specificity of
Nbs, they can be applied both in the treatment of infectious diseases
and in the detection of these agents (Figure 6D). Therefore, the
percentages of articles selected for each application of these
65% of the
studies focused on disease treatment, 26% on diagnosis, and 7%

antibodies were analyzed. In the selection process,

only provided characterization of the nanobodies. One selected
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tions infecting cells to produce phages displaying the antibodies. Source:

publication deviated from the categories, as it used VHH as a tool
for adenovirus purification in chromatographic processes,
representing 2% of the publications (28).

The market for nanobodies extends beyond their application in
medicine and human health, as they can also be utilized in
veterinary medicine, biotechnology, and even agronomy
(Figure 6E). Accordingly, a list of nanobody applications in the
selected materials was compiled, with 77% of the publications
focusing on human health and 18% on animal health. The
remaining publications categorized as “others” refer to two
articles: the first utilizing Nb as a tool in adenovirus purification

(28

viruses that cause disease in plants (29).

), and the second employing this antibody for the detection of

4.2 Immunization of camelids

Starting from the selected articles, information regarding the
first phase of nanobody production was compiled and organized
into tables. This initial stage includes details such as the infectious
agent, the antigenic form used for immunization, the adjuvants, the
route of administration, the animal species, the number of
immunizations, and the antigen dosage.

When analyzing the antigenic forms used for immunizing
camelids, only 14% of the studies employed attenuated or
inactivated virus vaccines. The majority used recombinant
proteins during the hyperimmunization process. Viral proteins
can be classified into structural and non-structural categories,
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further divided into replication and interaction proteins (30).
Among these studies, 65% utilized structural proteins in the
hyperimmunization process, as they were considered highly
immunogenic. The distribution of recombinant viral proteins is
presented in Figure 6F.

Regarding the adjuvants used in the hyperimmunization
process, 37% employed complete Freund’s adjuvant for the initial
application, followed by incomplete Freund’s adjuvant for
subsequent applications. The second most frequently used
adjuvant was Gerbu®, accounting for 7% of the selection.
Aluminum hydroxide and Poly (I:C) adjuvants were also used,
representing 5% and 2%, respectively. However, 16% of the studies
did not report which adjuvant was used. Among the selected
materials that provided information on the route of antigen
administration, the subcutaneous route was widely employed,
representing 73%. Other routes, such as intramuscular and
intradermal, were also mentioned, accounting for 20% and 7%,
respectively (Figure 6G).

Regarding the animal species naturally producing nanobodies,
llamas, alpacas, guanacos, camels, and dromedaries stand out.
Analyzing the animals selected for nanobody production from
immune libraries, only three species were utilized, with llamas
accounting for 49% of the total. Alpacas were the second most
used species in this process, representing 32%, followed by Bactrian
camels with 19% (Figure 6H). Guanacos and dromedaries have
greater resistance to domestication and therefore are not commonly
used in nanobody production (31).

Supplementary Table 4 presents the compiled data, with viruses
grouped into families for comparison purposes. The main
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information regarding the hyperimmunization process of
camelids is summarized, including the antigenic form used,
adjuvants, route of administration, animal species, interval

between immunizations, and antigen dosage.

4.3 Construction of the phage library

In the second stage of nanobody production, the construction of
the phage library is performed, displaying the VHHs in its structure
(Figure 3). Supplementary Table 5 presents the information used in
the selected materials regarding the construction of the
phage library.

After collecting blood from the hyperimmunized animal,
lymphocytes must be isolated. The most used approach, in the
selected materials, was density gradient centrifugation. In this
approach, peripheral blood mononuclear cells, including
lymphocytes, are separated based on their densities in relation to
the solvent used. Following cell isolation, RNA is extracted. Various
methods are used for RNA extraction, with commercial kits being
the most employed. Among these Kkits, TRIzol® is highlighted.
However, some authors performed RNA extraction using phenol-
chloroform. During the extraction, total RNA or mRNA can be
obtained from the cells, depending on the technique and
materials employed.

The next step is the synthesis of cDNA through reverse
transcription, which requires primers to bind to the RNA and
synthesize cDNA using the enzyme reverse transcriptase. The most
used primers by the authors were oligo d(T), which have a thymine
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tail responsible for binding to the poly A tail of mRNAs. This
primer allows for the selection of only the mRNAs from the total
RNA pool extracted, which is essential in the expression of
recombinant proteins in prokaryotic systems. Random primers
were also used, consisting of a mixture of oligonucleotides
representing all possible sequences for binding to RNA, resulting
in ¢cDNA of varying lengths. The least commonly used primers in
the selected materials were specific gene primers, which bind to the
RNA in the target region. Many authors combined oligo d(T) and
random primers to improve efficiency and transcript representation
in the reverse transcription process.
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publications, 60% of the authors used a double amplification
process known as Nested PCR. However, 40% of the authors
employed conventional PCR for the amplification of the VHH
genes (Figure 7A).

The amplified genetic material of interest is then cloned into a
phagemid vector or a bacteriophage. Among the analyzed materials,
only one study used bacteriophages, specifically T7 phages as
vectors. The remaining studies utilized a plasmid vector due to its
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ease of application, with pHEN, pMECS, pECAN, and pCOMB
vectors being prominently used. Cloning involves the insertion of
DNA fragments into the vector. Among the selected publications,
88% used the restriction enzyme cloning process, which employs a
restriction enzyme to create cohesive ends in the DNA fragments
and vector. After digestion with enzymes, these materials are ligated
through intermolecular interactions and the action of binding
enzymes, resulting in the insertion of the DNA sequence into the
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vector. However, 5% of the selected articles employed a process
called Gibson Assembly, which does not rely on restriction enzymes
and involves the overlapping of DNA fragments between the gene
and the vector. The cloning method used in other publications
could not be identified (Figure 7B).

The cells most used in the cloning process with the phagemid
vector were transformed through either electroporation or thermal
shock to incorporate the vector. Bacteriophages, on the other hand,
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have the natural ability to infect cells and transmit the target along
with their genetic material. The E. coli TG1 bacterial strain was the
most frequently used in this process, followed by the E. coli XL1
Blue strain.

To use the phagemid vector in the cloning process, it is
necessary to perform superinfection of the transformed cells with
a helper phage. This infection generates functional phages capable
of replicating and infecting new cells. Thus, the phage library
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displaying the VHHs is produced. Among the authors who used the
phagemid vector, 71% employed the helper phage M13KO?7 in the
superinfection process. The VCSM13 phage was the second most
used, accounting for 21%. The M13 and KM13 phages were also
used, but to a lesser extent (Figure 7C).

Supplementary Table 5 presents the compiled data from the
selected articles regarding the construction of the phage library
displaying VHHs. The essential steps in the process of building the
library through hyperimmunization of camelids are summarized.
Thus, RNA extraction, cDNA synthesis, amplification of genetic
material, cloning, and the phage display process are described in
Supplementary Table 5.

4.4 |solation of nanobodies

The third stage of producing nanobodies consists of selecting
and identifying those with the best characteristics, such as the
highest affinity and the lowest cross-reaction. This is achieved
through an initial enrichment step performed by biopanning,
where the antigens are exposed and interact with the phages
displaying the VHHs. After a non-specific phage washing process,
the bound phages are eluted and used to infect new cells for a
second round of biopanning. The method of detecting positive
binders is applied to the enriched phages displaying Nbs with target
specificity. In this method, the antibodies that present a more
intense positive signal are selected, followed by sequencing
and expression.

From the library of phages displaying VHHs obtained in the
second stage, phages are selected based on their specificity to the
target. The VHHs can either bind or not bind to the antigen
immobilized on solid supports for display. The most used
supports in this process are 96-well plates (microplates) and
beads. Among the selected materials, 76% used 96-well plates,
while 13% used streptavidin beads and 7% used magnetic beads.
The immobilization of antigens in agarose beads and immunotubes
was also mentioned, classified as “Others” in Figure 7D.

For the immobilization of antigens on the supports, the most
used methods are direct adsorption, where the antigen is incubated
with the support, or the use of proteins such as streptavidin and
neutravidin. When using these proteins for immobilization, it is
important for the antigen to have biotin in its structure, enabling
interaction with these molecules. In the latter strategy, the antigen is
biotinylated prior to biopanning. Microplates can be coated with
streptavidin or neutravidin, and beads can also contain these
proteins in their composition, such as Dynabeads®. Among the
antigens used, 73% were immobilized through direct adsorption on
plates, magnetic beads, agarose beads, or immunotubes. However,
16% used streptavidin for immobilization on plates or beads, and
7% used neutravidin only on plates. The remaining 4% employed
unconventional forms of immobilization, such as maltose-binding
protein and IgG from immunized llamas (Figure 7E).

The number of biopanning cycles for selecting phages
displaying antigen-specific Nbs may vary from study to study.
The number of cycles ranges from one to four, with two and
three repetitions being the most common. Among the selected
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articles, 17 performed two cycles of biopanning for phage
enrichment, while a total of 20 articles performed three cycles.
Supplementary Table 3 below provides the number of articles and
the number of cycles performed during biopanning.

After the enrichment process, the ability of nanobodies to bind
to antigens is tested. Usually, ELISA assays (enzyme-linked
immunosorbent assay) are the most used method, and the
substrate analyzed may vary. However, magnetic beads such as
MagPlex® have also been applied in binder detection assays. In this
context, 83% of the publications determined the nanobodies capable
of binding to the antigen through ELISA assays. However, 34% of
the total used the periplasmic extract after inducing the expression
of the nanobodies, meaning that the soluble Nbs in this medium
interacted directly with the antigens. Furthermore, 49% of the
materials used the bacterial supernatant, where the Nbs displayed
by the phages interacted with the antigens. This technique is
commonly referred to as phage ELISA. Magnetic beads were used
in 10% of the selected materials. Other methods, such as Western
Blotting and immunofluorescence studies on transfected HeLa cells,
were also employed in the detection of binding Nbs, as depicted
in Figure 7F.

Subsequently, the vectors used to build the phage libraries,
which showed a positive signal in the previous tests, are sequenced.
Sequencing is mostly performed using NGS, but some studies have
employed the Sanger method. The determined sequences are then
grouped into families based on the length of the CDR3.
Supplementary Table 6 summarizes the selection process of Nbs
ligands using the phage display and biopanning steps. The supports
used in biopanning are described, including the method of antigen
immunization on the support, the amount of these proteins used,
the number of cycles performed, the method of detecting the
ligands, and the number of families obtained in each study.

4.5 Obtaining and testing nanobodies

The fourth stage in the production of nanobodies, based on the
construction of immune libraries, involves the expression of
recombinant proteins, followed by their purification. Purified Nbs
undergo various characterization steps and may be tested for their
neutralizing potential, depending on the purpose of their
production. Initially, the phage display vector is subcloned into
an expression vector, or alternatively, the transformed cell can be
changed while keeping the same vector. There are several
commercially available options for expression vectors, phage
display systems, and cells that can be used in this process.
Combining different options is also feasible and commonly
practiced. Subsequently, the transformed cell is cultured until an
ideal time for inducing expression. The expressed nanobodies are
harvested and purified, typically through chromatographic
processes. After purification, they are characterized for their
affinities and structures. Nbs intended for the treatment or
prophylaxis of diseases are subjected to neutralization assays.

Among the selected articles, 30% used the phagemid vector,
which is employed in the phage display steps, for the expression of
nanobodies, only replacing the bacterial strain with a non-
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suppressor strain of the amber stop codon. In this process, the
phage pllI protein is not produced, and only VHH is expressed.
However, 70% of the publications utilized a new expression vector
and a compatible cell line. The most widely used vector was pET22b
in a prokaryotic expression system with E. coli DE3. Due to the
simplicity and practicality of microbial cultivation, especially with
E. coli, 75% of the selected materials employed bacterial cells for
nanobody expression. However, yeast cells accounted for only 7% of
the publications, with Pichia pastoris being the most frequently
used. Mammalian cells pose greater challenges in terms of
cultivation, but they were also utilized for nanobody production,
representing 18% of the total number of selected publications, as
shown in Figure 7G.

After the production of recombinant nanobodies, purification is
performed to subsequently analyze the structure and neutralizing
capacity of these antibodies. Chromatographic processes are the
most frequently used for purification, both on a small and large
scale. However, column systems in tubes (spin columns) have also
been employed for the purification of these antibodies on a small
scale. The choice of purification method depends on the physical
and chemical characteristics of the nanobodies, as well as the final
objective of their production. The processes of affinity
chromatography with immobilized metal ions (IMAC) and size
exclusion chromatography were the most prominent and often
combined during purification. Since most plasmids add a Histidine
(His-tag) or Hemagglutinin (HA-tag) tail to the recombinant
protein, the most frequently mentioned columns were HisTrap®,
Ni-NTA, and Ni-Sepharose. These columns retain the nanobodies
in their resins through intermolecular interactions. Imidazole is
commonly used for eluting the Nbs at the end of the IMAC
chromatographic process.

After purification, the VHHs are characterized in order to
evaluate their structure, avidity, stability, epitope recognition, and
other characteristics, which vary in each study. Among the
characterization tests are ELISA, Bilayer Interferometry (BLI),
surface plasmon resonance (SPR), Cryo-electron microscopy,
circular dichroism, and others (Supplementary Table 7).

Varying according to the different applications of these
antibodies, some modifications were made to their structure, such
as their conjugation with the Fc portion of human immunoglobulin
G (VHH-(hIgG)Fc) or the construction of dimers. Thus, 44% of the
studies made modifications, and these constructs were applied in
the treatment and prophylaxis of diseases. By implementing these
modifications, improvements in the efficiency and avidity of the
Nbs can be achieved, in addition to increasing the half-life of these
antibodies in the bloodstream. Figure 7H illustrates the most
common modifications made. Dimeric nanobodies were the most
frequently constructed, with 33% being homobivalent (VHH2) and
11% heterobivalent (VHH1-VHH2). VHH-(hIgG)Fc accounted for
33% of the literature, and nanobody trimers (VHH3) accounted for
8%. Additionally, other modifications have been reported, including
tetrameric nanobodies (VHH4) and dimers of nanobodies
conjugated to the Fc portion of human IgG ((VHH)2 - (hIgG)Fc),
which can be homo or heterobivalent. These modifications are
represented in Figure 7H under the “Others” category.
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Materials intended for the treatment and prophylaxis of viral
diseases must undergo neutralization tests, which guide their
applications in clinical trials. However, publications focused on
diagnosis did not perform neutralization tests. Thus, initial plaque
neutralization tests are carried out using cell cultures. In this test,
infection of cultured cells will not occur if the nanobodies are able to
successfully neutralize the viral particles. Flow cytometry assays are
usually performed next, identifying surface molecules indicative of
viral infection. The real-time PCR technique is also widely used to
detect viral load in cells. Finally, in vivo tests are conducted in
different animals to analyze the neutralizing capacity, avidity, and
potency of these antibodies. Supplementary Table 7 summarizes the
process for obtaining and testing the previously selected binding
Nbs. It includes the expression vectors employed in this process, the
transformed cells, the method of Nb purification, descriptions of
the modifications made to the antibodies after their expression, the
characterization assays, and the neutralization tests conducted.

5 Discussion
5.1 Immunization of camelids

Camelids are incredibly important mammals for society,
particularly for the Andean peoples. This family of animals
includes llamas, alpacas, guanacos, vicufias, camels, and
dromedaries (31). All these animals naturally produce heavy
chain antibodies. However, guanacos, vicufias, and dromedaries
are wild animals and therefore not utilized in the production of
nanobodies for biopharmaceutical development (31). Llamas were
the most used species in the selected studies, likely due to their
wider territorial distribution, ease of handling, and docility.

To obtain nanobodies from immune libraries, camelid
immunization is necessary. Various strategies have been
employed in this process. The administration of recombinant
antigens was the most frequently used strategy, accounting for
84% of the materials. This approach has gained prominence with
the advancement of biotechnology as it allows to produce
immunodominant epitopes in prokaryotic systems, which are
highly productive. These epitopes are stable, induce a more
specific and potent immune response, and are generally
conserved regions in the evolutionary process (32). Consequently,
they have become prominent in the hyperimmunization process.
However, the immunodominant regions are not always known for
the target antigen, or they can generate a negative bias in the
humoral immune response, limiting the recognition of certain
functionally important epitopes (33). Therefore, another strategy
employed in the hyperimmunization process is the administration
of attenuated virus, which eliminates the need to know the
immunodominant epitope and can generate an immune response
to different regions of the antigen. However, only 14% of the
materials used attenuated virus or attenuated virus vaccine
during immunizations.

Furthermore, the use of adjuvants in antigen administration
also impacts the immune response of the animal. Adjuvants are
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commonly used to ensure a stronger response, especially in
immunization processes using highly purified proteins, such as
recombinant proteins (34). However, the route of administration,
the interval between applications, and the amount of antigen used
can also influence the immune response of the animal. Nevertheless,
obtaining a high titer of functional and protective antibodies after
immunization is crucial to produce nanobodies in the field of
medicine. Therefore, recognizing the aforementioned factors is
extremely important.

5.2 Construction of the immune library

The phage display technique for antibody generation is a
dynamic process, requiring strategic choices to obtain antibodies
with high specificity and sensitivity. Rigor in selecting the steps and
methods involved in this technique, considering the specific
nuances of each, is crucial for obtaining antibodies with the
desired characteristics. Therefore, the phage display technique
demands extreme attention to the specific details of each step,
such as the chosen phage display vector, molecular techniques used
for generating the V gene repertoire, methods of antigen
immobilization, blocking agents, and elution during biopanning,
among others. Consequently, different methods and strategies are
employed to produce high quality libraries, each presenting specific
advantages and disadvantages (23).

Lymphocytes are cells of the immune system capable of
specifically recognizing foreign antigens and generating a
biochemical response. They are considered the mediators of
humoral and cellular immunity (21). Antigens are recognized by
distinct subpopulations of B lymphocytes and T lymphocytes.
However, only B lymphocytes have the ability to produce
antibodies (21). Therefore, for the construction process of the
immune library, the genetic material responsible for encoding the
nanobodies must be isolated, specifically the material from
B lymphocytes.

The blood of the immunized animal is collected in tubes
containing anticoagulant substances such as EDTA or heparin.
These substances prevent coagulation and allow the lymphocytes
to remain in the cellular fraction of the blood, enabling their
isolation (35). The next step involves gradient centrifugation,
where the peripheral blood mononuclear cells (PBMCs) are
separated. During centrifugation, different layers containing
different cell types are formed based on their density (35).
PBMC:s are found in the bufty coat, and since they are the main
source of lymphocytes, they are commonly used for isolation.

To produce recombinant nanobodies, cloning and expression
are necessary, often in prokaryotic systems. Therefore, it is crucial to
use mRNA as a template in cDNA synthesis. mRNA only contains
coding regions, which are necessary for producing functional
proteins. Since prokaryotes do not undergo the splicing process,
using DNA as a template would result in non-functional proteins
because non-coding regions of the DNA are not removed in these
cells. Therefore, mRNA is extracted from B lymphocytes to initiate
the library building process. Commercial kits, such as TRIzol®,
were commonly used for mRNA extraction. Oligo d(T) and random
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primers are used to separate the mRNAs from the total RNA pool
and synthesize cDNA with the help of reverse transcriptase.
Alternatively, separation of mRNA from the total RNA pool and
cDNA synthesis with gene-specific primers can also be performed,
although these methods have been less reported.

The synthesized cDNA is then amplified by PCR. Various
approaches can be employed during the amplification of genetic
material. Nested PCR was the most used technique. This technique
allows for increased specificity by sequentially amplifying fragments
using different pairs of primers (36). Initially, gene fragments
corresponding to IgG are amplified with specific primers,
resulting in amplicons of different sizes corresponding to
conventional IgG and heavy chain antibodies. In the agarose gel
electrophoresis process, the smaller fragments corresponding to
HCADbs are purified from the gel and used as templates in the
second amplification. Specific primers for VHHs are used in the
second stage to obtain them with higher specificity. The most cited
primers in sequential amplification by Nested PCR were CALL001,
which targets a conserved region of the variable domains, and
CALL002, which targets a highly conserved region of the CH2
domain among IgG isotypes (37). After separating the fragments
generated by these primers, the 700 bp band corresponding to
HCABDs is selected. These fragments, along with the VHH-Back and
VHH-For primers that anneal to the heavy chain variable domain,
are used to produce 450 bp fragments.

For the construction of the phage library displaying VHHs, it is
initially necessary to obtain a repertoire of V genes from the variable
binding region of immunoglobulins, which was entirely derived
from B lymphocytes of camelid PBMCs. The amplification of these
genes was predominantly performed through Nested PCR, as it can
provide greater specificity in amplifying VHH genes. This is
particularly relevant since camels also express conventional
immunoglobulins, and thus, Nested PCR allows for the selective
amplification of only the genes from the heavy variable domain.

However, amplifications of VHHs by conventional PCR,
starting from previously synthesized cDNA, have also been
reported. In these reactions, specific pairs of primers targeting the
heavy chain variable domain were used, directly obtaining 450
bp fragments.

After obtaining the VHHs, the process of cloning in a phagemid
vector or bacteriophages is carried out for the phage display stage.
The restriction enzymatic cloning process, known for its simplicity,
was commonly used in most of the selected materials to insert
fragments into the vector. For this purpose, the VHH-specific
primers need to contain the recognition sequence for the
restriction enzyme. The vector itself intrinsically contains these
recognition regions. When both the primers and the vector are
digested with restriction enzymes, sticky ends are formed, allowing
them to be joined together through intermolecular interactions and
the action of binding enzymes like T4 DNA ligase. This enables the
insertion of the DNA fragment into the vector.

Phagemid vectors were more commonly used in the phage
display process compared to bacteriophages, primarily due to the
simplicity of using plasmids and compatible bacterial strains.
However, when using these plasmids, the addition of helper
phages becomes necessary to optimize the assembly processes of
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phages displaying VHHs, their replication, and host cell infection.
Currently, there are several commercially available helper phages,
but M13KO7 and VCSM13 were the most frequently used. Both are
derived from filamentous phages but have some genetic differences
between them. M13KO?7 is a classic helper phage and one of the first
to be used in the phage display process. On the other hand,
VCSM13 was optimized to promote better display of proteins and
cell infection (38, 39).

The choice of phage display vector is a crucial variable in the
final outcome of the selection process. Opting for the use of the
complete bacteriophage as a vector or specific Phagemid vectors,
such as pJB12 combined with the M13 KO7ApIII hyperphage system
(40), will result in the multivalent display of VHHs on their coat
proteins. Some authors emphasize the possibility of spatial
interferences caused by the multivalent display of proteins during
phage interaction with their host, depending on the size of the
displayed peptide. This phenomenon may exert an impact on
the infectivity of the virus, thereby influencing the diversity of the
library (41, 42). Additionally, using the complete bacteriophage as a
vector may cause deleterious effects during the cloning of large
DNA fragments into the phage genome (41, 42). However,
Phagemid vectors can display only one copy of antibody
fragments conjugated to the pIII protein. This facilitates the
selection of antibodies with higher affinity, avoiding avidity effects
during biopanning. In other words, this approach allows
eliminating the selection of clones with apparent high affinity,
caused by the simultaneous binding of multiple ligands to a target
(42, 43). Multivalent interaction can mask the affinity of each
antibody, giving a false impression of high affinity (43).

Currently, the prevailing practice involves the use of phagemid
vectors, wherein the monovalent display of proteins fused to the
phage protein occurs. This is evidenced by the fact that only one
study opted to employ the entire bacteriophage (T7 Select®) (40),
and only one utilized the Phagemid vector pJB12 in combination
with the M13 KO7ApIII hyperphage system for the multivalent
display of VHHs (40).

Also, the selection of the display platform employed by different
research groups plays a significant role in the phage display
technique for antibody generation, as it can affect expression in
phages, yeast, mammalian cells, or other platforms (23). This choice
is intrinsically linked to the specific objectives of each group.
Expression in bacteria is often an initial step, but if a suitable
binder for an antigen cannot be identified, other expression systems
may be explored. Systems such as yeast and mammalian cells
prioritize post-translational modifications, such as glycosylation,
and offer alternative antibody formats that may enhance affinity for
the target.

The quality of the antibody library plays a pivotal role in
determining the final quality of isolated antibodies throughout the
selection process. There is a need for these antibodies to accurately
mirror the immunological repertoire, demonstrating affinity and
specificity for the desired target. One of the characteristics directly
influencing the quality of the library is its size, as larger libraries
increase the likelihood of obtaining antibodies capable of
recognizing the target (42, 44). Additionally, the diversity of the
library also impacts the selection process, as it is responsible for
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generating a broad spectrum of antibodies capable of effectively
binding to specific targets (44). Another relevant aspect to consider
is the affinity of the antibodies obtained at the end of the campaign,
a crucial feature in the development of molecules with therapeutic
properties. This feature stands out when analyzing the library’s
quality, as a positive correlation has been observed between the
affinity that the obtained antibodies can achieve and the size of the
library. In other words, a larger library provides the potential to
identify antibodies with higher affinity (42). It is worth noting that
immune libraries generally have the ability to generate antibodies
with superior affinities compared to Naive and artificially
synthesized libraries, although there is less diversity, as the
immune library has already been directed towards a specific
target through the immunization process. In this scenario, the
unique characteristics of Nbs make them excellent candidates for
constructing antibody fragment libraries. Due to their reduced size,
the processes of amplifying the variable heavy domain, cloning, and
recombinant expression are facilitated. Moreover, numerous studies
have reported Nbs with high specificity and affinity for a variety of
targets, along with excellent developability characteristics (44).

Few studies directly compare different established antibody
formats, such as single-chain variable fragment (scFv), antigen-
binding fragment (Fab), and VHH (nanobodies). However, it is
important to note that, when available, these studies provide
valuable insights into the distinct characteristics and relative
performance of these formats. Regarding the developability of
different antibody fragments, it is noteworthy that scFv and Fab
exhibit approximately two to three times the molecular weight of
Nbs, respectively. The compact size of nanobodies is highly relevant
in applications requiring high tissue penetration. However, this
characteristic can be detrimental due to their molecular weight
falling below the glomerular filtration limit (45). To overcome
potential limitations, alternatives have emerged, such as
humanization and conjugation of Nbs. These approaches aim to
address high clearance rates, prolonging the half-life of the antibody
fragment in circulation and enhancing avidity by constructing
dimers and trimers of VHH (45).

The reduced size of Nbs not only facilitates their genetic
manipulation compared to scFv but also simplifies the
construction of the phage library. Only one RT-PCR reaction is
capable of providing gene fragments to build the library, whereas
for scFv, multiple RT-PCR reactions are required to amplify the VH
and VL genes, as well as to connect these fragments, which is
typically a challenge due to the low efficiency of the process (45).

Nanobodies (VHHs) exhibit a reduction of three
complementarity-determining regions (CDRs) compared to
human IgG and its fragments for antigen interaction. The
presence of an extended CDR3 suggests a likely adaptation to this
characteristic, enabling heavy-chain antibodies to bind to a broad
range of antigens often inaccessible to conventional antibodies (46).
Additionally, upon binding to an antigen, VHHs demonstrate a
greater stability gain, resulting in a more robust complex with the
antigen compared to the already stable complex formed by VH-VL
(45, 46).

The increased solubility of nanobodies compared to different
antibody fragments is attributed to the replacement of four highly
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conserved amino acids with more hydrophilic ones (18). In the case
of scFv, hydrophobic residues assist in the binding between VH and
VL, resulting in lower solubility (45). As a consequence of low
solubility, aggregate formation poses a significant challenge,
especially for the recombinant expression of these fragments (45,
47). Furthermore, the aggregation of these proteins presents a risk
of increased immunogenicity and a decrease in their biological
function (47).

Minimizing immunogenicity caused by biological products
represents one of the major challenges faced by biopharmaceuticals.
The initial murine-derived monoclonal antibodies (mAbs) were
associated with considerable immunogenicity attributed to the
intrinsic presence of exogenous structures. With the development
of chimeric and humanized mAbs, there has been a significant
reduction in the immunogenicity of these biopharmaceuticals. This
reduction is attributed to the exchange of the murine Fc portion for
the human Fc, which inherently exhibits much lower
immunogenicity (48, 49). Additionally, the less immunogenic
variable domains have contributed to this reduction (48). However,
murine variable domains still exhibit approximately 50% homology
with those of humans, potentially causing undesired reactions. In
contrast, VHHs show high similarity (75-90%) in sequences with the
human VH domain, further potentially reducing immunogenic
reactions (45, 49). Furthermore, antibodies with conventional
structures may induce the production of anti-idiotypic antibodies
in some patients, as well as anti-murine antibodies (48, 49).

Thus, the ongoing search for new antibody formats plays a crucial
role in advancing immunotherapies, primarily due to the possibility
of significantly enhancing therapeutic efficacy with the development
of these antibodies. However, the diversity of antibody formats allows
for a more comprehensive, synergistic, and personalized therapeutic
approach, adapting to the individual complexities of each patient
(49). Therefore, new formats, such as nanobodies, offer the advantage
of being more easily humanized, reducing undesired immune
responses, and promoting safer and more enduring therapies. The
choice between these formats may depend on intended applications
and desired antibody characteristics, such as tissue penetration,
production capacity, and ease of genetic engineering. While the
literature on direct comparisons may not be extensive, the growing
research on VHH nanobodies highlights their potential and
advantages, positioning them as a promising option compared to
conventional antibody formats.

5.3 Isolation of nanobodies

A critical step in generating antibodies through phage display
for high specificity, in addition to library size and diversity, is
biopanning. There are different approaches to selecting specific
binders, but the choice among them depends on various factors
such as the purity and biochemistry of the antigen used in the
selection, the immobilization method and its concentration, the
support used, as well as the washing and elution conditions. These
factors directly influence the quality of Nbs displayed by phages at
the end of the biopanning cycle. These phages will be used in
subsequent amplifications for the enrichment of binding phages.

Frontiers in Immunology

14

10.3389/fimmu.2023.1303353

For the isolation of nanobodies, the phage enrichment process
by biopanning is initially carried out. In this process, phages
displaying VHHs with greater target specificity are selected. Two
different methods are commonly used for antigen immobilization
on solid supports: passive adsorption and biotin conjugation (50).
Passive adsorption involves directly immobilizing the antigen onto
the support without the addition of chemical substances that may
interfere with antigen binding. However, this method can result in
the antigen being immobilized in an orientation that obstructs the
antigenic binding site, preventing binding to the Nbs (51). The
second strategy involves biotinylating the antigen and capturing it
using streptavidin molecules. This approach allows for guided
antigen immobilization, preventing obstruction of the antigen
binding site. However, this method incurs higher costs due to the
use of immobilization molecules such as biotin and streptavidin,
and there is a possibility of selecting Nbs with affinity for these
immobilization molecules (51). Nonetheless, 73% of the selected
materials used the direct passive adsorption immobilization
process, likely to reduce costs and due to its well-established nature.

Regarding the choice of support and the method of antigen
immobilization used for generating the phage library displaying
VHHs, direct adsorption on microplates was the chosen method in
the majority of studies. However, this direct immobilization may
alter the antigen’s conformation, masking important epitopes and
affecting binding efficiency, resulting in the selection of phages
specific to epitopes that do not occur naturally (52).

The most commonly used solid supports for antigen
immobilization are 96-well plates, typically made of polystyrene,
and beads, including magnetic or polymer beads (51). While 96-
well plates were traditionally used for biopanning, beads have
gained prominence in recent years due to their larger surface area
for antigen binding, ease of recovery, and washing (51).
Commercial kits are now available with beads pre-coated with
streptavidin or neutravidin, facilitating the immobilization of
biotinylated proteins. However, 76% of the publications still opted
for the use of 96-well plates, likely due to their convenience, cost-
effectiveness, and well-established protocols.

On the other hand, the biotin-streptavidin complex emerges as
an alternative to this obstacle, offering the possibility of orienting
the antigen as desired through the biotinylation process of the
protein. However, the antigen’s characteristics, such as structure
and purity, should be taken into account to determine the real need
for this strategy.

After the first round of biopanning, phages displaying VHHs with
target specificity are eluted and used to infect new bacterial cells. The
newly infected cells produce phages displaying VHHs with higher
specificity compared to the previous cycle. This amplification process
leads to the enrichment of binding phages in each cycle (50). Several
cycles of biopanning help reduce the variability of ligands and select
for a specific subpopulation. However, a balance must be maintained
in the number of cycles to avoid excluding viable ligands or selecting
non-specific antibodies (50). Among the selected materials, 3 and 4
cycles of biopanning were the most used, aiming to obtain specific
Nbs without excluding potential ligands.

At the end of the last biopanning cycle, the phages displaying
VHHs are once again amplified in new bacterial cells. These phages
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are then precipitated, typically through centrifugation and the use
of a polyethylene glycol solution with NaCl. Subsequently, the
phages displaying VHHs are tested for their specificity and target
binding potency using assays such as ELISA and MagPlex. VHHs
with a positive and strong signal, usually three times greater than
the control, are selected for sequencing. Sequenced VHHs are
grouped into families based on the length of their CDR3 regions.
Nbs within the same family originate from the same lineage of B
lymphocytes, characterized by the same V-D-] rearrangement and
somatic hypermutations that occur during affinity maturation (16,
17). Additionally, genetic manipulation processes, PCR, library
construction, and isolation methods may also contribute to
differences between Nb families (16).

As antigenic recognition is dependent on CDR3, Nbs from the
same family will bind to the same antigen with potentially slight
differences in affinities (16). Thus, the immune response generated
by the antigen likely impacts the number of Nb families and the
representation within each family. This variation may explain the
differences observed in the number of families obtained across
different materials.

Given the intricate interdependence among the variables in
constructing the immune library and the final quality of the
obtained nanobody, the Kd and ICs, values of nanobodies
generated through specific genetic material amplification
strategies, such as conventional PCR and Nested PCR, were
scrutinized using statistical analysis to evaluate the presence of
significant differences. The Mann-Whitney U test, with a
predetermined significance level of 0.05, was employed for this
purpose. The obtained results (p-value for K4 = 0.4668 and p-value
for ICsy - 0.0720) indicated the absence of statistically significant
divergences in the Ky and ICs, values associated with different
methodologies for the amplification of VHHs genes, compared to
materials providing the K4 and ICs, values. Similarly, the Ky and
ICs values obtained from materials that underwent the biopanning
process with direct adsorption of the antigen on the support were
compared with those that involved biotinylation of the antigen,
subjected to the same statistical analysis. The results revealed no
statistically significant divergences for the ICs, values (p-value =
0.62017). However, concerning the analysis values, statistically
significant differences were identified (p-value = 0.0018), leading
to the rejection of the null hypothesis. This suggests that the manner
in which the antigen is immobilized impacts the generation of
antibodies, resulting in distinct affinities.

In this context, it was observed that the mean and median Ky
values were significantly lower in materials that employed
biotinylation of the antigen for conjugation with streptavidin and
similar substances. These materials predominantly achieved
affinities in the pM and sub-nM range. On the contrary, even
though materials utilizing direct adsorption of the antigen on the
support also attained affinities in the pM and sub-nM range, it was
noted that these materials exhibited, on average and median, higher
values compared to the first strategy, occasionally reaching
relatively elevated Ky values. The dissociation constant serves as a
key parameter reflecting the affinity of antibodies for the target.
Therefore, a lower value of this constant corresponds to a greater
affinity of the antibody. These results align with theoretical
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expectations, suggesting that the proficiency in targeting the
antigen during the immobilization process indeed leads to
enhanced recognition of relevant epitopes and superior binding
efficiency. This approach appears to favor the generation of
nanobodies with heightened affinity for the target.

5.4 Obtaining and testing nanobodies

The genes encoding the selected nanobodies proceed to the
protein expression process. For this, the vector used in the phage
display process is recovered and subcloned into an expression
vector. Alternatively, the phagemid vector can be used for
expression by transforming it into another non-suppressor
bacterial strain. Both methods result in the production of
recombinant Nbs with target specificity. Typically, these
recombinant proteins have tailed that aid in the separation and
purification process from the cell culture medium. The sequence
encoding these tails is inherently present in most commercial
vectors, occupying different positions on the plasmid. Generally,
these sequences must be positioned at the end of the target sequence
to prevent mutations or production of non-functional proteins. The
polyhistidine tail (His-tag) is the most used among the tails present
in expression vectors.

The purification of recombinant Nbs can be performed in
various ways, but chromatographic processes are typically the
most utilized, both on a small and large scale. The His-tag
facilitates this purification process. Chromatographic columns
containing metal ions that interact with histidine molecules are
used. This method is known as immobilized metal affinity
chromatography (IMAC). The recombinant Nbs containing the
His-tag interact with the metallic resin of the column and are eluted
at the end of the process. After protein purification, the subsequent
steps depend on the intended application. For characterization tests
and development of diagnostic tests, there is no requirement to
remove the His-tag. However, for Nbs intended to produce
biopharmaceuticals and in vivo neutralization tests, it is
recommended to remove the tail. The presence of the His-tag in
drugs can increase the risk of immunogenicity in patients, which
can be detrimental to drugs (53). To remove the His-tag, enzymes
that cleave the tail are added after the purification process. The
choice of enzyme depends on the sequence present in the
expression vector and the protein composition. Thrombins and
enterokinases are commonly used (53).

Modifications can be made to the structure of Nbs with the aim
of improving certain characteristics, such as half-life in circulation
and bioavailability. These modifications can be made after the
expression of monomeric nanobodies by adding flexible linkers.
Alternatively, these modifications can be incorporated during the
expression process, where the vector contains the sequence of the
VHH monomers and the linker, resulting in the production of these
recombinant constructs. This second method often requires
different vectors and chromatographic purification processes.

After expression and purification of the Nbs, characterization
tests are conducted. These assays determine molecular mass,
crystalline structure, affinity for the target, interaction with other
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molecules (such as antigens), and physicochemical characteristics.
Neutralization assays can also be performed to assess the ability of
these Nbs to neutralize their targets. In vitro neutralization tests are
initially carried out with cell cultures by infecting cells and
subsequently adding Nbs. These cells are then used in other tests,
such as flow cytometry and determination of viral load by PCR.
After determining the neutralizing ability of the Nbs in vitro, in vivo
tests can be conducted.

Other benefits arising from the reduced size of nanobodies
include ease of genetic manipulation, cloning, and subsequent
expression in a prokaryotic system, resulting in reduced
production costs. However, large-scale production of recombinant
proteins in this manner may introduce contaminants, such as
endotoxins, into the final product. In addition to toxicity, these
contaminants have negative impacts on the final immunogenicity of
biotherapeutics and can also cause tissue damage. Therefore, the
endotoxin limit for preclinical research in biotherapeutics is set at 5
Endotoxin Units (EU) per kilogram of body mass per hour (54).
Although the removal of endotoxins presents a significant challenge
for the biopharmaceutical industry, there are currently various
methods for detecting and removing this contaminant, with
affinity chromatography being the most widely used (54). It is
relevant to note that both the production of nanobodies in
prokaryotic systems and the production of monoclonal antibodies
(mAbs) in cell culture can introduce contaminants into the medium
during the biomanufacturing process. Awareness of these
challenges is essential for the safe and effective advancement of
antibody-based therapies, requiring rigorous quality control
practices throughout the production process to ensure the safety
and efficacy of biotherapeutics.

While biopanning and ELISA are valuable strategies for
validating phage display libraries (25), there are some caveats and
challenges associated with these techniques. Caveats for biopanning
mostly include nonspecific binding, epitope masking, and limited
diversity, while for ELISA, they encompass confirmation bias, false
positives, and sensitivity issues. In general, while biopanning and
ELISA are powerful tools for phage display validation, researchers
must be aware of these caveats and take appropriate measures to
optimize conditions, control for biases, and validate results using
multiple approaches. Integrating these strategies into a
comprehensive validation pipeline enhances the reliability of
phage display nanobodies’ outputs.

Despite the numerous variables during biopanning, especially
those related to antigen immobilization methods, it is crucial to
consider that each choice, from the immunization process to
molecular and phage display steps, can significantly influence the
characteristics of expressed Nbs. However, promising results have
been achieved, demonstrating the effectiveness of these approaches
even in different experimental contexts (55-58). In studies
employing the direct adsorption technique on microplates (55,
57), a significant difference in the affinity of the expressed Nbs
was observed. For instance, one Nb achieved optimal Ky values,
equal to 143 pM (57), while another exhibited a lower Ky value of
4.25 nM (55). Similarly, in studies opting for antigen biotinylation
with immobilization on streptavidin-coated beads, a similar pattern
was observed (56, 58). In this case, Nbs also reached optimal Kd
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values, ranging between 20 and 615 pM (58), while another set of
Nbs achieved values of approximately 0.5 nM (56). Of the four
materials analyzed, three did not detect cross-reactivity among the
obtained Nbs. However, only one, conducted with the biotin-
streptavidin complex, exhibited reactivity between SARS-CoV and
SARS-CoV-2 viruses (56). Regarding SARS-CoV-2 neutralization,
despite the different tests and constructs derived from different
VHHs used in the materials, all obtained promising results.

In the face of infectious diseases, nanobodies (Nbs) have also
demonstrated significant potential in recognizing and neutralizing
several viruses. In addition to promising results obtained in the
campaigns for selecting VHHs against SARS-CoV-2, other
campaigns also deserve attention. Immobilizing CHIKV’s E1 and
E2 proteins by direct adsorption on microplates resulted in
obtaining VHHs with affinities in the pM range, without showing
cross-reactivity with other Alphavirus family viruses, a significant
challenge when generating specific antibodies against viruses within
this family. In neutralization tests by these Nbs, the ICs, values
ranged from 0.6 nM to 45.6 nM (59). However, immobilizing the
VP1 protein of duck hepatitis A virus by direct adsorption on
microplates led to the generation of VHHs that failed to neutralize
the virus (60).

Another approach involves combining different antigen
immobilization methods to ensure a comprehensive
representation of the target epitopes during biopanning. For
example, the NS1 protein of ZIKV was initially immobilized by
direct adsorption on microplates in the first panning cycle, then the
antigen was biotinylated and formed a complex with streptavidin in
the second cycle, and finally, in the third cycle, NS1 was captured by
llama IgG previously coated on the plate (61). The resulting VHHs
were directed towards ZIKV detection assays, with only one of the
clones showing cross-reactivity with other viruses in the same
family (yellow fever, dengue, and West Nile virus), a considerable
challenge within the flaviviridae family. Furthermore, the relative
affinities of the Nbs were calculated by the nanobody concentrations
causing 50% signal saturation (SCs), yielding promising results in
the range of 1.5 to 8.2 ng/mL (61). These examples highlight the
diversity of strategies in the VHH selection process by phage
display, culminating in the generation of exceptional candidates
for biopharmaceutical development.

6 Final considerations

After the discovery of nanobodies in the 1990s, they have been
used in several areas of medicine and veterinary medicine. Their
applications range from the treatment of diseases such as cancer,
infectious and autoimmune diseases, to specific antigen detection
tests in vitro (19). These tests have a wide range of capabilities,
including the detection of infectious agents, cancer markers,
contaminants such as pesticides and herbicides, and even
allergens in food (16). Nanobodies also show great potential in in
vivo diagnostic applications, acting as probes in imaging tests (17).

Starting from 2003, there has been a remarkable growth in the
number of publications and patent applications involving VHHs
(19). This trend continues to show significant growth, with
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approximately six clinical studies in progress in 2022 alone (62).
The potential applications of nanobodies are further exemplified by
the numerous studies conducted on SARS-CoV-2 as a target,
representing 42% of the materials selected in the study. The virus
responsible for the COVID-19 pandemic has spurred intensive
scientific efforts, and one of the tools explored in the fight against
the disease is the use of Nbs for treatment and diagnosis.

Some representative examples of the situations mentioned
earlier include the Nbs currently in Phase I clinical trials
conducted by Sanofi, SAR443765 and SAR444200. These
pharmaceuticals consist of bispecific VHHs recognizing distinct
targets, with the first intended for asthma treatment, recognizing
TSLP and IL-13, while the second is directed at TCRof and GPC3
for the treatment of solid tumors (47). Ozoralizumab (Nanozora®),
in Phase II/III by Taisho Pharmaceutical Co. Ltd, is a trivalent Nb
recognizing TNFa, being tested for rheumatoid arthritis treatment
(48). Envafolimab is an example of a humanized nanobody
currently in Phase I, recognizing PD-L1 in solid tumors (49).

The reduced size of Nanobodies (Nbs) presents notable
advantages, such as enhanced tissue penetration, the ability to
cross the blood-brain barrier, and access to challenging epitopes.
However, this characteristic also results in a reduced circulating
half-life, associated with high clearance rates. To overcome these
challenges, several strategies have been developed to make Nb-
based therapy more viable. A key approach is the conjugation of
VHHs into bivalent and trivalent forms. Additionally, some authors
have explored the conjugation of selected VHHs with a specific
VHH against serum albumin, providing a significant increase in the
half-life of these constructs (63). The humanization of selected
VHHs has also become a common practice to prevent potential
immunogenicity scenarios, although the literature emphasizes the
low immunogenicity caused by Nbs due to their reduced size.
Humanization is often achieved by conjugating the selected VHH
with the Fc portion of human IgGl. Concrete examples of these
strategies are evident in Nbs currently in Phase clinical trials
conducted (64-66). These initiatives illustrate the strategies
adopted to overcome limitations associated with the size and half-
life of Nanobodies in therapeutic applications. These modifications
allow for further optimization of nanobody performance,
combining key characteristics for their application in the
healthcare field.

With the development and widespread use of phage display and
biopanning techniques, the process of selecting target-specific
nanobodies has become more streamlined. This has made it
feasible to construct immune libraries of phages displaying
specific nanobodies, thereby optimizing subsequent steps such as
expression and purification. Similarly, to the expression of
monomeric nanobodies, the production of VHH conjugates is
easily achieved during expression, typically in prokaryotic
systems. The advantages of producing nanobodies in prokaryotic
cells include lower costs, ease of manipulation, high productivity,
and scalability. Chromatographic processes are then employed to
purify the recombinant nanobodies, which are also compatible with
large-scale production, facilitating commercialization. It is
important to note that ongoing research and advancements in
nanobody engineering aim to address some of these limitations.
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As the field progresses, researchers continue to explore ways to
optimize nanobodies for diverse applications and overcome their
inherent challenges.

In conclusion, target-specific nanobodies can be efficiently
obtained through camelid hyperimmunization and the
construction of immune libraries. Moreover, with advancements
in biotechnology, their recombinant production has made their
application in the biopharmaceutical and diagnostic markets
feasible. Given their significant potential for application in these
sectors, as well as their ease of expression and modification through
cloning processes, it can be concluded that nanobodies are a tool
that contributes and will continue to contribute to the advancement
of medicine.

Author contributions

VM: Investigation, Methodology, Writing - original draft,
Writing - review & editing. CP: Formal analysis, Methodology,
Writing — original draft, Writing - review & editing. BB: Funding
acquisition, Supervision, Writing - review & editing. RF:
Conceptualization, Funding acquisition, Writing — original draft,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. We thank
the Sio Paulo Research Foundation (FAPESP Grant ID 2021/
11936-3) for the financial support and the institutions to which
the present authors are affiliated. RF is a CNPq PQ-1D research
fellow No. 301608/2022-9. BB is a CNPq PQ-2 research fellow No.
306339/2020-0.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1303353/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1303353/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1303353/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1303353
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Minatel et al.

References

1. Nii-Trebi NI. Emerging and neglected infectious diseases: insights, advances, and
challenges. BioMed Res Int (2017) 2017:5245021. doi: 10.1155/2017/5245021

2. Schrag SJ, Wiener P. Emerging infectious disease: what are the relative roles of
ecology and evolution? Trends Ecol Evol (1995) 10:319-24. doi: 10.1016/S0169-5347
(00)89118-1

3. WHO. Coronavirus (COVID-19) Dashboard Vol. 19 abr. Switzerland: Disponivel
em (2023). p. 2023. Available at: https://covid19.who.int/.

4. Ebbers M, Hemmer CJ, Miiller-Hilke B, Reisinger EC. Immunotherapy and
vaccination against infectious diseases. Wien Klin Wochenschr (2021) 133:714-20.
doi: 10.1007/s00508-020-01746-2

5. Oliveira A. Brazil CDC yellow book 2024. In: CDC. USA: CDC (2023). Available
at: https://wwwnc.cdc.gov/travel/yellowbook/2024/itineraries/Brazil.

6. Kesik-Brodacka M. Progress in biopharmaceutical development. Biotechnol Appl
Biochem (2018) 65:306-22. doi: 10.1002/bab.1617

7. Le Basle Y, Chennell P, Tokhadze N, Astier A, Sautou V. Physicochemical stability
of monoclonal antibodies: A review. ] Pharm Sci (2020) 109:169-90. doi: 10.1016/
j.xphs.2019.08.009

8. Silva IBB, da Silva AS, Cunha MS, Cabral AD, de Oliveira KCA, Gaspari E, et al.
Zika virus serological diagnosis: commercial tests and monoclonal antibodies as tools.
Venom Anim Toxins Incl Trop Dis (2020) 26:€20200019. doi: 10.1590/1678-9199-
jvatitd-2020-0019

9. iM.R. Report. Biopharmaceutical Market: Global Industry Trends, Share, Size,
Growth, Opportunity and Forecast 2023-2028. USA: Brasilia (2018). Available at:
https://www.imarcgroup.com/biotechnology-industry.

10. Goulet DR, Atkins WM. Considerations for the design of antibody-based
therapeutics. ] Pharm Sci (2020) 109:74-103. doi: 10.1016/j.xphs.2019.05.031

11. Kohler G, Milstein C. Continuous cultures of fused cells secreting antibody of
predefined specificity. Nature (1975) 256:495-7. doi: 10.1038/256495a0

12. GaoY, Huang X, Zhu Y, Lv Z. A brief review of monoclonal antibody technology
and its representative applications in immunoassays. ] Immunoassay Immunochem
(2018) 39:351-64. doi: 10.1080/15321819.2018.1515775

13. Grilo AL, Mantalaris A. The increasingly human and profitable monoclonal
antibody market. Trends Biotechnol (2019) 37:9-16. doi: 10.1016/j.tibtech.2018.05.014

14. Otsubo R, Yasui T. Monoclonal antibody therapeutics for infectious diseases:
Beyond normal human immunoglobulin. Pharmacol Ther (2022) 240:108233.
doi: 10.1016/j.pharmthera.2022.108233

15. Hamers-Casterman C, Atarhouch T, Muyldermans S, Robinson G, Hamers C,
Songa EB, et al. Naturally occurring antibodies devoid of light chains. Nature (1993)
363:446-8. doi: 10.1038/363446a0

16. Muyldermans S. A guide to: generation and design of nanobodies. FEBS J (2021)
288:2084-102. doi: 10.1111/febs.15515

17. Muyldermans S. Applications of nanobodies. Annu Rev Anim Biosci (2021)
9:401-21. doi: 10.1146/annurev-animal-021419-083831

18. Kulkarni SS, Falzarano D. Unique aspects of adaptive immunity in camelids and
their applications. Mol Immunol (2021) 134:102-8. doi: 10.1016/j.molimm.2021.03.001

19. Arbabi-Ghahroudi M. Camelid single-domain antibodies: promises and
challenges as lifesaving treatments. Int ] Mol Sci (2022) 23:5009-5027. doi: 10.3390/
ijms23095009

20. Papp KA, Weinberg MA, Morris A, Reich K. IL17A/F nanobody sonelokimab in
patients with plaque psoriasis: a multicentre, randomised, placebo-controlled, phase 2b
study. Lancet (2021) 397:1564-75. doi: 10.1016/S0140-6736(21)00440-2

21. Abbas AK, Lichtman AH, Pillai S. Imunologia Celular e Molecular GEN
Guanabara Koogan. Rio de Janeiro, Elsevier Inc.: GEN Guanabara Koogan (2019).

22. Muyldermans S. Nanobodies: natural single-domain antibodies. Annu Rev
Biochem (2013) 82:775-97. doi: 10.1146/annurev-biochem-063011-092449

23. Burton DR, Scott JK, Silverman GJ. Phage Display: A Laboratory Manual. Cold
Spring Harbor, NY: Cold Spring Harbor Laboratory Press (2001). C.F.B. III.

24. Ledsgaard L, Kilstrup M, Karatt-Vellatt A, McCafferty ], Laustsen AH. Basics of
antibody phage display technology. Toxins (Basel) (2018) 10:236-55. doi: 10.3390/
toxins10060236

25. Isaura Beatriz Borges S, Renato Kaylan Alves de Oliveira F, Jacyelly Medeiros S,
Andrea Queiroz M, Carlos Roberto P. Phage display as a strategy to obtain anti-
flavivirus monoclonal antibodies. In: Marcia Aparecida S, editor. Dengue Fever in a One
Health Perspective. Rijeka: IntechOpen (2020). p. Ch. 7.

26. Pacheco S, Soberon M. Phage display: Fundamentals and applications. In:
Gomez 1, editor. Tools to Understand Protein-Protein Interactions. Mexico:
Transworld Research Network (2012).

27. Anand T, Virmani N, Bera BC, Vaid RK, Vashisth M, Bardajatya P, et al. Phage
display technique as a tool for diagnosis and antibody selection for Coronaviruses. Curr
Microbiol (2021) 78:1124-34. doi: 10.1007/s00284-021-02398-9

28. Cheng Y, Hao Y, Bao F, Zhang H, Liu Y, Ao K, et al. Preparation and
identification of a single domain antibody specific for adenovirus vectors and its

Frontiers in Immunology

10.3389/fimmu.2023.1303353

application to the immunoaftinity purification of adenoviruses. AMB Express (2022)
12:80. doi: 10.1186/s13568-022-01422-w

29. Llauger G, Monti D, Aduriz M, Romao E, Dumon AD, Mattio MF, et al.
Development of Nanobodies against Mal de Rio Cuarto virus major viroplasm protein
P9-1 for diagnostic sandwich ELISA and immunodetection. Sci Rep (2021) 11:20013.
doi: 10.1038/s41598-021-99275-z

30. Arya R, Kumari S, Pandey B, Mistry H, Bihani SC, Das A, et al. Structural
insights into SARS-CoV-2 proteins. ] Mol Biol (2021) 433:166725. doi: 10.1016/
j,jmb.2020.11.024

31. Vila B, Arzamendia Y. South American Camelids: their values and contributions
to people. Sustain Sci (2022) 17:707-24. doi: 10.1007/s11625-020-00874-y

32. Muthusamy K, Gopinath K, Nandhini D. Computational prediction of
immunodominant antigenic regions & potential protective epitopes for dengue
vaccination. Indian ] Med Res (2016) 144:587-91. doi: 10.4103%2F0971-5916.200894

33. Robinson LN, Tharakaraman K, Rowley KJ, Costa VV, Chan KR, Wong YH,
et al. Structure-guided design of an anti-dengue antibody directed to a non-
immunodominant epitope. Cell (2015) 162:493-504. doi: 10.1016/j.cell.2015.06.057

34. Brito LA, Malyala P, O'Hagan DT. Vaccine adjuvant formulations: a
pharmaceutical perspective. Semin Immunol (2013) 25:130-45. doi: 10.1016/
j.smim.2013.05.007

35. Lan K, Verma SC, Murakami M, Bajaj B, Robertson ES. Isolation of human
peripheral blood mononuclear cells (PBMCs). Curr Protoc Microbiol (2007). Appendix
4C. doi: 10.1002/9780471729259.mca04cs6

36. Green MR, Sambrook J. Nested polymerase chain reaction (PCR). Cold Spring
Harb Protoc (2019) 2019:175-8. doi: 10.1101/pdb.prot095182

37. Pardon E, Laeremans T, Triest S, Rasmussen SG, Wohlkonig A, Ruf A, et al. A
general protocol for the generation of Nanobodies for structural biology. Nat Protoc
(2014) 9:674-93. doi: 10.1038/nprot.2014.039

38. Greenstein D, Besmond C. Preparing and using M13-derived vectors. Curr
Protoc Mol Biol (2001), Chapter 1, Unitl 15. doi: 10.1002/0471142727.mb0115s09

39. Smith GP. Filamentous fusion phage: novel expression vectors that display
cloned antigens on the virion surface. Science (1985) 228:1315-7. doi: 10.1126/
science.4001944

40. Hruskovicova J, Bhide K, Petrouskova P, Tkacova Z, Mochnacova E, Curlik J,
et al. Engineering the single domain antibodies targeting receptor binding motifs within
the domain III of West Nile virus envelope glycoprotein. Front Microbiol (2022)
13:801466. doi: 10.3389/fmicb.2022.801466

41. Zhao A, Tohidkia MR, Siegel DL, Coukos G, Omidi Y. Phage antibody display
libraries: a powerful antibody discovery platform for immunotherapy. Crit Rev
Biotechnol (2016) 36:276-89. doi: 10.3109/07388551.2014.958978

42. Zhang Y. Evolution of phage display libraries for therapeutic antibody discovery.
MAbs (2023) 15:2213793. doi: 10.1080/19420862.2023.2213793

43. Beaber JW, Tam EM, Lao LS, Rondon IJ. A new helper phage for improved
monovalent display of Fab molecules. J Immunol Methods (2012) 376:46-54. doi:
10.1016/j.jim.2011.11.006

44. Almagro JC, Pedraza-Escalona M, Arrieta HI, Perez-Tapia SM. Phage display
libraries for antibody therapeutic discovery and development. Antibodies (Basel) (2019)
8:44-63. doi: 10.3390/antib8030044

45. Asaadi Y, Jouneghani FF, Janani S, Rahbarizadeh F. A comprehensive
comparison between camelid nanobodies and single chain variable fragments.
biomark Res (2021) 9:87. doi: 10.1186/s40364-021-00332-6

46. Ewert S, Cambillau C, Conrath K, Pluckthun A. Biophysical properties of
camelid V(HH) domains compared to those of human V(H)3 domains. Biochemistry
(2002) 41:3628-36. doi: 10.1021/bi011239a

47. Zhang W, Wang H, Feng N, Li Y, Gu J, Wang Z. Developability assessment at
early-stage discovery to enable development of antibody-derived therapeutics. Antib
Ther (2023) 6:13-29. doi: 10.1093/abt/tbac029

48. Bannas P, Hambach J, Koch-Nolte F. Nanobodies and nanobody-based human
heavy chain antibodies as antitumor therapeutics. Front Immunol (2017) 8:1603. doi:
10.3389/fimmu.2017.01603

49. Doevendans E, Schellekens H. Immunogenicity of innovative and biosimilar
monoclonal antibodies. Antibodies (Basel) (2019) 8:21-30. doi: 10.3390/antib8010021

50. Bakhshinejad B, Zade HM, Shekarabi HS, Neman S. Phage display biopanning
and isolation of target-unrelated peptides: in search of nonspecific binders hidden in a
combinatorial library. Amino Acids (2016) 48:2699-716. doi: 10.1007/s00726-016-
2329-6

51. McConnell §J, Dinh T, Le MH, Spinella DG. Biopanning phage display libraries
using magnetic beads vs. polystyrene plates. Biotechniques (1999) 26:208-10, 214.
doi: 10.2144/99262bm06

52. Alfaleh MA, Alsaab HO, Mahmoud AB, Alkayyal AA, Jones ML, Mahler SM,
et al. Phage display derived monoclonal antibodies: from bench to bedside. Front
Immunol (2020) 11:1986. doi: 10.3389/fimmu.2020.01986

frontiersin.org


https://doi.org/10.1155/2017/5245021
https://doi.org/10.1016/S0169-5347(00)89118-1
https://doi.org/10.1016/S0169-5347(00)89118-1
https://covid19.who.int/
https://doi.org/10.1007/s00508-020-01746-2
https://wwwnc.cdc.gov/travel/yellowbook/2024/itineraries/Brazil
https://doi.org/10.1002/bab.1617
https://doi.org/10.1016/j.xphs.2019.08.009
https://doi.org/10.1016/j.xphs.2019.08.009
https://doi.org/10.1590/1678-9199-jvatitd-2020-0019
https://doi.org/10.1590/1678-9199-jvatitd-2020-0019
https://www.imarcgroup.com/biotechnology-industry
https://doi.org/10.1016/j.xphs.2019.05.031
https://doi.org/10.1038/256495a0
https://doi.org/10.1080/15321819.2018.1515775
https://doi.org/10.1016/j.tibtech.2018.05.014
https://doi.org/10.1016/j.pharmthera.2022.108233
https://doi.org/10.1038/363446a0
https://doi.org/10.1111/febs.15515
https://doi.org/10.1146/annurev-animal-021419-083831
https://doi.org/10.1016/j.molimm.2021.03.001
https://doi.org/10.3390/ijms23095009
https://doi.org/10.3390/ijms23095009
https://doi.org/10.1016/S0140-6736(21)00440-2
https://doi.org/10.1146/annurev-biochem-063011-092449
https://doi.org/10.3390/toxins10060236
https://doi.org/10.3390/toxins10060236
https://doi.org/10.1007/s00284-021-02398-9
https://doi.org/10.1186/s13568-022-01422-w
https://doi.org/10.1038/s41598-021-99275-z
https://doi.org/10.1016/j.jmb.2020.11.024
https://doi.org/10.1016/j.jmb.2020.11.024
https://doi.org/10.1007/s11625-020-00874-y
https://doi.org/10.4103%2F0971-5916.200894
https://doi.org/10.1016/j.cell.2015.06.057
https://doi.org/10.1016/j.smim.2013.05.007
https://doi.org/10.1016/j.smim.2013.05.007
https://doi.org/10.1002/9780471729259.mca04cs6
https://doi.org/10.1101/pdb.prot095182
https://doi.org/10.1038/nprot.2014.039
https://doi.org/10.1002/0471142727.mb0115s09
https://doi.org/10.1126/science.4001944
https://doi.org/10.1126/science.4001944
https://doi.org/10.3389/fmicb.2022.801466
https://doi.org/10.3109/07388551.2014.958978
https://doi.org/10.1080/19420862.2023.2213793
https://doi.org/10.1016/j.jim.2011.11.006
https://doi.org/10.3390/antib8030044
https://doi.org/10.1186/s40364-021-00332-6
https://doi.org/10.1021/bi011239a
https://doi.org/10.1093/abt/tbac029
https://doi.org/10.3389/fimmu.2017.01603
https://doi.org/10.3390/antib8010021
https://doi.org/10.1007/s00726-016-2329-6
https://doi.org/10.1007/s00726-016-2329-6
https://doi.org/10.2144/99262bm06
https://doi.org/10.3389/fimmu.2020.01986
https://doi.org/10.3389/fimmu.2023.1303353
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Minatel et al.

53. Abdullah N, Chase HA. Removal of poly-histidine fusion tags from recombinant
proteins purified by expanded bed adsorption. Biotechnol Bioeng (2005) 92:501-13. doi:
10.1002/bit.20633

54. Schneier M, Razdan S, Miller AM, Briceno ME, Barua S. Current technologies to
endotoxin detection and removal for biopharmaceutical purification. Biotechnol Bioeng
(2020) 117:2588-609. doi: 10.1002/bit.27362

55. WuX, Cheng L, Fu M, Huang B, Zhu L, Xu §, et al. A potent bispecific nanobody
protects hACE2 mice against SARS-CoV-2 infection via intranasal administration. Cell
Rep (2021) 37:109869. doi: 10.1016/j.celrep.2021.109869

56. Pymm P, Adair A, Chan L], Cooney JP, Mordant FL, Allison CC, et al.
Nanobody cocktails potently neutralize SARS-CoV-2 D614G N501Y variant and
protect mice. Proc Natl Acad Sci U S A (2021) 11:19-30. doi: 10.1073/pnas.2101918118

57. Li JF, He L, Deng YQ, Qi SH, Chen YH, Zhang XL, et al. Generation and

characterization of a nanobody against SARS-CoV. Virol Sin (2021) 36:1484-91. doi:
10.1007/s12250-021-00436-1

58. Huo J, Mikolajek H, Le Bas A, Clark JJ, Sharma P, Kipar A, et al. A potent SARS-
CoV-2 neutralising nanobody shows therapeutic efficacy in the Syrian golden hamster
model of COVID-19. Nat Commun (2021) 12:5469. doi: 10.1038/s41467-021-25480-z

59. Liu JL, Shriver-Lake LC, Zabetakis D, Anderson GP, Goldman ER. Selection and
characterization of protective anti-chikungunya virus single domain antibodies. Mol
Immunol (2019) 105:190-7. doi: 10.1016/j.molimm.2018.11.016

Frontiers in Immunology

19

10.3389/fimmu.2023.1303353

60. Xue W, Zhao Q, Li P, Zhang R, Lan J, Wang J, et al. Identification and
characterization of a novel nanobody against duck hepatitis A virus type 1. Virology
(2019) 528:101-9. doi: 10.1016/j.virol.2018.12.013

61. Delfin-Riela T, Rossotti M, Alvez-Rosado R, Leizagoyen C, Gonzalez-Sapienza
G. Highly sensitive detection of Zika virus nonstructural protein 1 in serum samples by
a two-site nanobody ELISA. Biomolecules (2020) 10:1652-71. doi: 10.3390/
biom10121652

62. National Institutes of Health (NIH). Clinical-Trials. USA: National Institutes of
Health (2023). Available at: https://www.nih.gov/.

63. Hanke L, Sheward DJ, Pankow A, Vidakovics LP, Karl V, Kim C, et al. Multivariate
mining of an alpaca immune repertoire identifies potent cross-neutralizing SARS-CoV-2
nanobodies. Sci Adv (2022) 8:eabm0220. doi: 10.1126/sciadv.abm0220

64. Sanofi. (2023). Sanofi. Available at: https://www.sanofi.com/en/our-science/our-
pipeline.

65. Takeuchi T, Kawanishi M, Nakanishi M, Yamasaki H, Tanaka Y. Phase II/III
results of a trial of anti-tumor necrosis factor multivalent NANOBODY compound
ozoralizumab in patients with rheumatoid arthritis. Arthritis Rheumatol (2022)
74:1776-85. doi: 10.1002/art.42273

66. Li J, Deng Y, Zhang W, Zhou AP, Guo W, Yang J, et al. Subcutaneous
envafolimab monotherapy in patients with advanced defective mismatch repair/
microsatellite instability high solid tumors. J Hematol Oncol (2021) 14:95. doi:
10.1186/s13045-021-01095-1

frontiersin.org


https://doi.org/10.1002/bit.20633
https://doi.org/10.1002/bit.27362
https://doi.org/10.1016/j.celrep.2021.109869
https://doi.org/10.1073/pnas.2101918118
https://doi.org/10.1007/s12250-021-00436-1
https://doi.org/10.1038/s41467-021-25480-z
https://doi.org/10.1016/j.molimm.2018.11.016
https://doi.org/10.1016/j.virol.2018.12.013
https://doi.org/10.3390/biom10121652
https://doi.org/10.3390/biom10121652
https://www.nih.gov/
https://doi.org/10.1126/sciadv.abm0220
https://www.sanofi.com/en/our-science/our-pipeline
https://www.sanofi.com/en/our-science/our-pipeline
https://doi.org/10.1002/art.42273
https://doi.org/10.1186/s13045-021-01095-1
https://doi.org/10.3389/fimmu.2023.1303353
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Nanobodies: a promising approach to treatment of viral diseases
	1 Introduction
	1.1 Relevance of nanobodies in medicine
	1.2 Nanobodies: the smallest variant of antibodies
	1.3 Phage display as a technique for obtaining nanobodies.

	2 Objectives
	3 Methods
	4 Results
	4.1 General metrics
	4.2 Immunization of camelids
	4.3 Construction of the phage library
	4.4 Isolation of nanobodies
	4.5 Obtaining and testing nanobodies

	5 Discussion
	5.1 Immunization of camelids
	5.2 Construction of the immune library
	5.3 Isolation of nanobodies
	5.4 Obtaining and testing nanobodies

	6 Final considerations
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


