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alpha recombinant antibodies, and bioinformatic approaches to select pathogen-
derived peptide sequences for antibody targets. 
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Preface

Antibodies are most important molecules for therapy, diagnosis, and biological and medical
research. For about 40 years, the hybridoma technology is used to generate mouse antibod‐
ies with high affinities. However, antibodies against nonimmunogenic, toxic, self-antigens
and human/mouse cross-reactive epitopes cannot be obtained by this classical technique.
Additionally, the mouse monoclonal antibodies elicit a strong immune response when ap‐
plied in patients.

A breakthrough to solve these problems was the development of human antibody reper‐
toires and in vitro antibody selection methods in the beginning of the nineties. In the follow‐
ing years, it was demonstrated that the generation of specific antibodies by the immune
system could be imitated successfully in vitro. The development of antibodies, particularly
human antibodies, could be dramatically improved. The human antibody repertoires and
corresponding in vitro selection techniques are now used to generate and modify human an‐
tibodies against virtually every protein and desired epitope or conformation. This is the
power and tasks of antibody engineering.

The most frequently in vitro–selected recombinant antibody format is the scFv, which can be
converted into full-length antibodies or scFv-Fc proteins, both of which have similar charac‐
teristics. Engineering of the Fc region increases the half-life and improves the affinity of Fc
domains for their receptors on immune effector cells or to complement. For specific applica‐
tions, different antibody formats such as bispecific antibodies, minibodies, or diabodies can
be generated. Furthermore, very stable single domain antibodies comprising only the varia‐
ble domain of the heavy chain can be selected by phage display from camel- or shark-de‐
rived repertoires.

The first approved recombinant therapeutic antibodies were chimeric or humanized variants
of mouse hybridoma antibodies. Today, fully human antibodies are selected from human an‐
tibody repertoires mainly against antigens involved in infectious diseases and cancer. How‐
ever, the number of new mAbs validating new therapeutic targets is limited because
therapeutic target discovery is very laborious. Affinity maturation of selected clones is impor‐
tant when low-affinity clones are selected from naive or synthetic libraries where the antibody
genes have not been subjected to somatic hypermutation in contrast to immune libraries. New
promising affinity maturation approaches include mammalian cell surface display of antibod‐
ies coupled with somatic hypermutation mediated by activation-induced cytidine deaminase
(AID). Furthermore, affinity maturation based on incorporation of a random repertoire of mi‐
crochip-synthesized CDRs into a known antibody framework has recently been demonstrat‐
ed. However, affinity maturation based on introduction of random or site-directed mutations
can be time-consuming because secondary libraries must be built up and screened.
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By the end of 2016, over 50 fully human antibodies had been approved by the US Food and
Drug Administration (FDA) or European Medicines Agency (EMA). Basically, they were se‐
lected by phage display or from transgenic mice comprising a large part of the human germ
line antibody repertoire. Regarding phage display selection, most phase three and approved
recombinant antibodies were selected from naïve single pot antibody libraries and only a
very few were selected from synthetic or semisynthetic libraries. Besides phage display and
yeast display, other in vitro display techniques have been established such as mRNA dis‐
play, DNA display, bacterial display, mammalian cell surface display, and ribosomal dis‐
play. In the future, it remains to be seen if the amount of new approved therapeutic
antibodies from synthetic libraries as well as alternative in vitro display techniques will in‐
crease.

In addition to extracellular targeting of antigens, intracellular proteins can be targeted by
intracellular antibodies (intrabodies), too. These intrabodies are essential to trace in vivo traf‐
ficking of proteins and to knock down proteins for revelation of protein functions. Due to
their high specificity, they are able to target posttranslational modifications, interaction re‐
gions, conformers, splice variants, and isoforms without off target effects, which are a major
problem of RNAi-mediated gene silencing. Some intrabodies have therapeutic potential
against viral infections, brain diseases, or cancer. Anticancer intrabodies have been evaluat‐
ed in xenograft tumor mouse models. Numerous preclinical studies and a smaller number
of clinical trials have been investigated using therapeuticmRNA molecules that deliver the
genetic information of genes and maybe this technique can be transferred to the delivery of
intrabody mRNA in the future.

Antibodies against conformers of a protein are difficult to generate by the hybridoma techni‐
que because maintaining of a specific conformation in an immunized animal is difficult. But
it can be done by in vitro selection of antibodies. Antibodies recognizing different conform‐
ers of signaling proteins are important to study cell signaling. In addition, for cancer treat‐
ment, antibodies that recognize active cell surface receptor conformers as well as antibodies
that have the capability to differentiate cancer cells into nonmalignant cells are very valua‐
ble for the future. Finally, it has to be mentioned that new promising synthetic binders com‐
prising variable non–immunoglobulin-binding sites embedded in a nonimmunoglobulin
framework have been selected by the in vitro display systems generally used for selection of
recombinant antibodies. For example, nonimmunoglobulin scaffolds are ankyrin repeat pro‐
tein (DARPin), monobody, affibody, Kunitz domain, and anticalin. The main advantage is
their stability. However, until now, no nonimmunoglobulin binder has been approved for
application in patients.

This new antibody engineering book comprises current techniques to select and improve
recombinant antibodies. Furthermore, single-domain antibodies, the problems of structural
diversity of antibodies, unwanted immune reactions of recombinant antibodies, and bioin‐
formatic approaches are demonstrated and discussed. The topics are presented by experts in
the field of antibody engineering and are important for live science researchers and students
and particularly for researches working with recombinant antibodies. A description of indi‐
vidual chapters is as follows:

Chapter 1 by O Backhauscomprises the generation of natural antibody diversity, which
helps to understand the strategies of constructing immune, naive, and synthetic libraries.
Construction of antibody libraries as well as in vitro and in vivo affinity maturation and de
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novo synthesis of antibody genes is described in Chapter 2 by CC Lim et al. Chapter 3 by LR
Tsuruta et al. focuses on all known in vitro display techniques and antibody humanization
by chain shuffling. Chapter 4 by P Diebolder and A Krawczyk provides a detailed protocol
for the selection of antiviral human antibodies from combinatorial immune phage display
libraries. M Kato and Y Hanju compare in Chapter 5 display screening with colony assays
for antibody library screening. Chapter 6 by T Sawa et al. deals with antibody-based immu‐
notherapy against bacterial infections, particularly the construction of an scFv against PcrV,
the cap structure in the translocational needle of the type III secretory apparatus of P. aerugi‐
nosa. The aimis to block bacterial toxin translocation. The following Chapter 7 by A Chakra‐
barti describes purification of monoclonal antibodies by size exclusion chromatography.
Two following chapters, Chapters 8 and 9 by CH Leow et al. and A Steels et al., respective‐
ly, focus on the application and mechanism of single-domain antibodies, the most stable an‐
tibody format. Chapter 10 by E Hifumi et al. describes isolation of the monomolecular
structure of the constant region of a catalytic light chain.Chapter 11 by V Karolina et al.
comprises a review about immune-mediated skin reactions of anti-TNF alpha recombinant
antibodies. Finally, Chapter 12 by L Suneetha et al.demonstrates bioinformatic approaches
for identification of pathogen-derived peptides involved in infectious diseases and discuss
their potential as targets to elicit recombinant antibodies.

Antibody engineering facilitates the generation and modification of human antibodies against
therapeutic antigens. Selected single clones can be modified and improved by engineering the
variable binding domains and the Fc domains in the case of a full length antibody. New opti‐
mized recombinant antibodies are in development and will have extensive applications in the
fields of immunology, biotechnology, diagnostics, and therapeutic medicine.

I want to express my thanks to the authors for very good collaboration, Ms. Iva Simcic, InTech’s
Publishing Process Manager for coordination through the entire book processing, my students
for fruitful discussions, and Prof. Wulf Blankenfeldt for supporting my editorial work.

Thomas Böldicke
Helmholtz-Centre for Infection Research

Structure and Function of Proteins
Braunschweig, Germany
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Abstract

Because of the huge diversity, the immunoglobulin repertoire cannot be encoded by 
static genes, which would explode the genomic capacity comprising about 20,000–25,000 
human genes. The immunoglobulin repertoire is provided by the process of somatic 
germ line recombination, which is the only controlled alteration of the genomic DNA 
after meiosis. It takes place in mammalian B lymphocyte (B cells) precursors in the bone 
marrow. The genome germ line sequence of undeveloped B cells is organized in gene 
segments and compromise V (variable), D (diversity), and J (joining) gene segments con-
stituting the variable domain of the heavy chain and only V and J genes for building 
up the variable domain of the light chain. The rearrangement of the variable region fol-
lows a strict order. The following processes that participate in the generation of antibody 
diversity were summarized—allelic, combinational, and junctional diversity, pairing 
of IgH and IgL, and receptor editing—which all together produce the primary antigen 
repertoire (pre-antigen stimulation). When a B cell encounters a foreign antigen, affinity 
maturation and class switch are induced. Thereby the antibody repertoire increases. The 
resulting secondary immunoglobulin repertoire reveals in humans at least 1011 specifici-
ties for different antigens.

Keywords: antibody diversity, somatic recombination, somatic hypermutation,  
class-switch recombination, allelic exclusion, B-cell receptor editing, pairing of VH  
and VL, germinal center

1. Introduction

The immune system is a complex system, comprising different organs and many specialized 
cell types, which are carrying out their development, maturation, and pathogen recognition 
at various sides in the body. The immune system has two major approaches to recognize and 
attack pathogens. The first is the innate immunity followed by the delayed adaptive immune 
response, based on specific antigen recognition receptors. The innate immune system is 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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 nonspecific and uses general pathogen recognition mechanisms, through pathogen-associ-
ated molecular patterns (PAMPs) recognized by cell surface or intracellular pattern recogni-
tion receptors (PRRs), such as toll-like receptors or NOD-like receptors (NLRs) and RIG-I-like 
receptors (RLRs) [1]. Cell types of the innate immunity are monocytes/macrophages, den-
dritic cells, mast cells, natural killer cells, granulocytes, B1 cells, and innate lymphoid cells 
(ILCs). Although it lacks specificity, it can react immediately on the invading pathogens and 
activates the adaptive immune system by presentation of the foreign antigen peptides.

The adaptive immune system needs to be activated and primed by the antigen and therefore 
acts delayed from the initial pathogen attack. It is based mainly on two cell types, the B cell 
and the T cell. Both cell types express specific receptors on their cell surface for pathogen rec-
ognition. Many different B- and T-cell clones exist in parallel inside the body, and each has a 
different receptor specificity to the antigen. These receptors were called B-cell receptor (BCR) 
and T-cell receptor (TCR). It is remarkable that despite the relatively small genome size of 
approximately 20,000–25,000 human genes [2, 3], the human body can produce an antibody 
repertoire which can recognize almost every possible antigenic structure. Of course, this can-
not be achieved by encoding the antigen receptor specificity directly in the genome sequence.

The huge B-cell diversity is generated by a complex multistep process, starting in the bone 
marrow and ending up in the peripheral lymphoid tissues, such as lymph nodes, spleen, or 
mucosal lymphoid tissue. In the maturation of functional BCR or TCR, the antigen receptor 
genes were rearranged from many different possible gene segments to form a full receptor. 
In each step, the receptor is tested for functionality and excluded when it reveals self-antigen 
reactivity in order to prevent autoimmunity and making the immune system self-tolerant.

The B-cell maturation occurs inside the bone marrow before the B cells migrate to peripheral 
lymphoid tissues. On the contrary to B cells, T-cell progenitors migrate to the thymus to dif-
ferentiate and to mature. After their maturation, B and T cells meet again in lymph nodes. 
In the germinal centers of the lymph node, antigens were presented to the B cells through 
antigen-presenting cells, particularly through follicular dendritic cells (FDC). In response to a 
foreign pathogen, B cells with the highest antigen affinity were selected from a pool of differ-
ent BCR clones. This process is organized in a form of a repetitive cycle inside of the dark and 
light zone of a germinal center of the lymph node and is known as the cyclic reentry model 
(Figure 4).

An essential part of the cycle is the BCR affinity maturation of the B cells. It begins with the 
tight controlled somatic hypermutation (SHM), particularly in the variable regions of the light 
and heavy chain of the antigen receptor and is only active in the dark zone of the germinal 
center. This process creates BCRs with higher affinity, whereby the mutations which pro-
duced very low or nonfunctional receptors were excluded. Finally, high-affinity B cells dif-
ferentiate either into plasma cells, which start to produce secreted antibodies with the same 
specificity as the BCR, or they differentiate into memory cells, conferring lifelong immunity.

This chapter will discuss in detail the different steps and processes, which contribute to the 
high diversity of B cells. Many steps are similar for the generation of T-cell receptor diversity 
and were not covered by this article.
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2. The primary antibody repertoire

2.1. Combinatorial diversity of immunoglobulins

Before immature naive B cells encounter a foreign antigen, their genomic sequence is rear-
ranged by a well-controlled process, called somatic DNA recombination. This process is 
unique in lymphocytes, and except of the meiosis in the gametes, this is the only DNA recom-
bination of somatic cells [4]. Before B cells leave the bone marrow to the secondary lymphatic 
organs, somatic DNA recombination takes place. The sum of all B lymphocytes in an indivi-
duum, producing different antibodies with different specificities and affinities, is designated 
as the antibody repertoire. In humans, the antibody repertoire consists of at least 1011 speci-
ficities [4]. The number varies and is limited by the total number of B cells and encountered 
antigens of an individuum. The immunoglobulin loci contain gene fragments to build up all 
immunoglobulin variable domains of the heavy and light chain. The different immunoglobu-
lin loci are located on different chromosomes (Chr), the heavy chain on Chr14, the kappa light 
chain on Chr2, and the lambda light chain on Chr22. In contrast to the light chain loci, the 
heavy chain locus has several constant regions; each represents a different immunoglobulin 
isotype, e.g., IgM, IgD, IgG1, Ig2a, IgG2b, IgG3, IgE, and IgA in mice. The gene segments con-
sist of different germ line sequences. For example, the variable gene locus of the heavy chain 
comprises 38–46 genes, which varies between individuals.

Besides different germ line segments, there exist a relative large number of pseudogenes of 
which some can undergo recombination leading to a nonfunctional variable region. An over-
view of the number of gene segments in the respective gene locus is given in Table 1 (slightly 
modified from IMGT [5]).

The light chain loci have only variable (V) and joining (J) gene segments, whereby the heavy 
chain locus additionally has a diversity (D) gene segment, which lay between the V and J 
genes of the heavy chain variable region. One of each gene segment is randomly selected by 
the RAG1/RAG2 recombinase and joined together to form the variable region (Figure 2c) as 
shown as example with the variable region of the λ light chain. The recombination steps of 
the V region follow a strict order. The variable light chain recombines first with the V-J seg-
ments. Afterward the constant (C) domain is joined through RNA splicing of the primary 
RNA to the variable region. The construction of the V region of the heavy chain begins with 

Immunoglobulin (Ig) gene segments

Gene 
locus

Ig chain Chromosomal 
location

Locus size 
(kb)

Variable 
(V)

Diversity 
(D)

Joining 
(J)

Constant  
(C)

IGH Heavy chain 14q32.33 1250 38–46 23 6 9

IGK κ Light chain 2p11.2 18201 34–38 0 5 1

IGL λ Light chain 22q11.2 1050 29–33 0 4–5 4–5

1In one known haplotype, the locus size is reduced to 500 kb comprising only 17–19 IGκV genes.

Table 1. Number of functional human immunoglobulin gene segments in the heavy and light chain locus.
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the  recombination of the D and the J gene; then the V gene is joined to the DJ segment. Finally, 
the C domain is joined through RNA splicing of the primary RNA. Figure 1 gives an overview 
of the respective steps of the V(D)J recombination for construction of the V region of the heavy 
chain immunoglobulin.

Figure 1. V(D)J recombination of the heavy chain immunoglobulin (IgH) from germ line gene segments. The immunoglobulin 
locus is organized in gene segments: the variable (V), diversity (D), and joining (J) and constant (C) gene segment. The 
variable (V) region comprising the V, D, and J gene segments is generated by random recombination of these sequences. 
L = leader sequence.

Antibody Engineering4

The figure illustrates the somatic recombination event of the antibody heavy chain in the 
bone marrow of developing B cells. At first, one of the D and J segments is randomly chosen 
and rearranged. In the following step, one of the variable gene segments is joined to form 
the V-D-J variable region. This process is catalyzed by the recombination activating gene 1/
recombination activating gene 2 (RAG1/RAG2) recombinase. In the immature B cells in the 
bone marrow, the variable region is transcribed with the constant mu (Cμ) and the constant 
gamma (Cδ) chain, which produces two different mRNAs through alternative splicing which 
are finally translated into either IgM or IgD immunoglobulin.

The guided fashion of the recombination is mediated by recombinase signaling sequences 
(RSSs). The RSS is always directly adjacent to the coding region of the gene segments 
(Figure 2A). The nucleotide structure of the RSS is well defined and conserved (Figure 2B). A 
heptamer of seven conserved nucleotides is linked with a non-conserved linker sequence to a 
conserved nine-nucleotide nonamer [6–8]. The linker sequence is either 12 or 23 nucleotides 
long, and only a RSS with a 12 bp linker sequence can recombine with a 23 bp linker RSS, 
which is called the 12/23 rule. With the 12/23 rule, only corresponding gene segments can 
recombine. For instance, the V gene segments of the lambda light chain are always flanked 
downstream by a 23 bp RSS, and the genes of the J segments of the lambda light chain are 
always flanked upstream by a 12 bp RSS to the coding sequence. For the kappa light chain, 
it is the other way around, with the 12 bp RSS at the end of the V gene and the 23 bp RSS 
upstream of the coding sequence of the J gene. The heavy chain diversity gene segment is 
flanked by a 12 bp linker RSS from both sides and the V gene and the J gene segments with 
a 23 bp linker RSS upstream of the coding sequence, respectively. This allows only recom-
bination in the desired V-D-J orientation, whereby during the recombination, the sequence 
between the chosen genes is excised and discarded. Figure 2 shows the position and structure 
of recombinase signal sequences (RSSs) at the V, J, and D gene segments and RSS-guided 
RAG-dependent V-J rearrangement of the variable domain of the λ chain.

2.2. Junctional diversity of immunoglobulins

During V(D)J recombination the diversity of immunoglobulins is further increased by incor-
poration of additional nucleotides between the junctions of the V, D, and J gene segment of 
the heavy and V and J gene segment of the light chain. Especially the diversity of the CDR3 
(complementarity-determining region), which has a huge influence on the antigen binding [9, 
10], is affected with high frequency by this process, because of its position between the V and 
J gene segments in the heavy chain and between the V and J gene segments in the light chain. 
The CDR1 and CDR2 loops are not affected by junctional diversity, because of their position 
in the V gene segment of the heavy and light chain.

When two gene segments guided by the recombinase signaling sequences (RSSs) and 
the RAG1/RAG2 complex were brought together, the RAG complex excises the interven-
ing DNA and produces short hairpins on both sides of the immunoglobulin gene seg-
ments (Figure 3). Then the Artemis/DNA-dependent protein kinase (DNA-PK) complex is 
recruited and cuts the DNA strand randomly at the site of the hairpin of both ends of the 
DNA strands [11–13]. This can produce palindromic DNA sequences at the side of the gene 
segment joint, and these nucleotides are called P nucleotides, because of its palindrome 
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chain immunoglobulin.
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bone marrow of developing B cells. At first, one of the D and J segments is randomly chosen 
and rearranged. In the following step, one of the variable gene segments is joined to form 
the V-D-J variable region. This process is catalyzed by the recombination activating gene 1/
recombination activating gene 2 (RAG1/RAG2) recombinase. In the immature B cells in the 
bone marrow, the variable region is transcribed with the constant mu (Cμ) and the constant 
gamma (Cδ) chain, which produces two different mRNAs through alternative splicing which 
are finally translated into either IgM or IgD immunoglobulin.

The guided fashion of the recombination is mediated by recombinase signaling sequences 
(RSSs). The RSS is always directly adjacent to the coding region of the gene segments 
(Figure 2A). The nucleotide structure of the RSS is well defined and conserved (Figure 2B). A 
heptamer of seven conserved nucleotides is linked with a non-conserved linker sequence to a 
conserved nine-nucleotide nonamer [6–8]. The linker sequence is either 12 or 23 nucleotides 
long, and only a RSS with a 12 bp linker sequence can recombine with a 23 bp linker RSS, 
which is called the 12/23 rule. With the 12/23 rule, only corresponding gene segments can 
recombine. For instance, the V gene segments of the lambda light chain are always flanked 
downstream by a 23 bp RSS, and the genes of the J segments of the lambda light chain are 
always flanked upstream by a 12 bp RSS to the coding sequence. For the kappa light chain, 
it is the other way around, with the 12 bp RSS at the end of the V gene and the 23 bp RSS 
upstream of the coding sequence of the J gene. The heavy chain diversity gene segment is 
flanked by a 12 bp linker RSS from both sides and the V gene and the J gene segments with 
a 23 bp linker RSS upstream of the coding sequence, respectively. This allows only recom-
bination in the desired V-D-J orientation, whereby during the recombination, the sequence 
between the chosen genes is excised and discarded. Figure 2 shows the position and structure 
of recombinase signal sequences (RSSs) at the V, J, and D gene segments and RSS-guided 
RAG-dependent V-J rearrangement of the variable domain of the λ chain.

2.2. Junctional diversity of immunoglobulins

During V(D)J recombination the diversity of immunoglobulins is further increased by incor-
poration of additional nucleotides between the junctions of the V, D, and J gene segment of 
the heavy and V and J gene segment of the light chain. Especially the diversity of the CDR3 
(complementarity-determining region), which has a huge influence on the antigen binding [9, 
10], is affected with high frequency by this process, because of its position between the V and 
J gene segments in the heavy chain and between the V and J gene segments in the light chain. 
The CDR1 and CDR2 loops are not affected by junctional diversity, because of their position 
in the V gene segment of the heavy and light chain.

When two gene segments guided by the recombinase signaling sequences (RSSs) and 
the RAG1/RAG2 complex were brought together, the RAG complex excises the interven-
ing DNA and produces short hairpins on both sides of the immunoglobulin gene seg-
ments (Figure 3). Then the Artemis/DNA-dependent protein kinase (DNA-PK) complex is 
recruited and cuts the DNA strand randomly at the site of the hairpin of both ends of the 
DNA strands [11–13]. This can produce palindromic DNA sequences at the side of the gene 
segment joint, and these nucleotides are called P nucleotides, because of its palindrome 
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nature. Next, the terminal deoxynucleotidyl-transferase (TdT) adds further nucleotides at 
the single-stranded P nucleotide stretch [14]. The nucleotides were added randomly without 
any DNA template; hence they are called N nucleotides (non-template). After addition of a 
couple of N nucleotides, some base pairs between both single-stranded DNA stretches and 
the mismatched nucleotides were removed by an exonuclease; in this process the Artemis 
might be involved. The remaining gaps were filled by a DNA polymerase, and finally both 

Figure 2. Position and structure of recombinase signal sequences (RSSs) at the V, D, and J gene segments and RSS-guided RAG-
dependent V-J λ rearrangement (A). Schematic representation of the position and orientation of the different recombinase 
signal sequences (RSSs) at the V (variable), D (diversity), and J (joining) gene segments of the heavy (H) and of Vλ, Vκ, 
Jλ, and Jκ of the lambda (λ) and kappa (κ) locus. (B) Conserved nucleotide sequences of the two different RSSs. In each 
case, a conserved heptamer sequence and a conserved nonamer sequence encompass a non-conserved spacer sequence. 
Two different RSSs exist, which have either a 23 base pair (bp) spacer or a 12 base pair spacer. (C) The RAG1/RAG2 
(recombination activating gene)-dependent rearrangement of the V region (here demonstrated with the variable domain 
of the λ chain) is mediated through a guided fashion by recombinase signal sequences (RSSs). The RAG1/RAG2 complex 
always binds a 23 bp spacer RSS together with a 12 bp spacer RSS and then mediates DNA cleavage between each 
gene segment (here Vλ and Jλ) and its heptamer. The sequence between the chosen genes are excised and discarded. 
The process described is called deletional joining and occurs when the two gene segments to be fused are in the same 
transcriptional orientation. However, in some instances, the two segments to be fused are in opposite transcriptional 
orientations in the germ line (inversional joining).
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DNA strands were joined together by the DNA ligase IV/X-ray repair cross-complementing 
protein 4 (XRCC4) complex.

The presence of N nucleotides is not equally distributed in the light and heavy chain [4]. The 
light chain has a remarkable lower appearance of N nucleotides in comparison to the heavy 
chain. The reason for this difference is the expression pattern of the terminal deoxynucleotidyl-
transferase, which is much higher when the heavy chain is rearranged and already lower when 
subsequently the light chain is rearranged. The incorporation of additional nucleotides has not 
only beneficial effects, of cause the affinity of the antibody can be changed dramatically, but 
also missense mutations can be produced by violating the 3 bp codon structure, which can 
produce a frameshift in the coding sequence (non-productive rearrangements, see Figure 3).

2.3. Antibody diversity is further expanded by allelic exclusion, B-cell receptor 
editing, and pairing of VH and VL

In most cases, only one functional allele of an immunoglobulin gene is expressed. The other 
gene is transcripted in parallel, but usually only one of them can assemble into a functional 

Figure 3. Junctional diversity is produced by incorporation of additional nucleotides between the junctions of immunoglobulin germ 
line gene segments of the variable region. After the RAG1/RAG2 (recombination activating gene) complex has removed the 
intervening DNA between two gene segments, in this case the Vλ and Jλ gene segment of the light chain, short hairpins 
were formed at both DNA blunted ends. Next, the Artemis is recruited and catalyzes a random single-stranded break 
at both DNA strands. This can produce in many cases a palindromic DNA sequence. These nucleotides are designated 
as P nucleotides. The single-stranded DNA is further extended by the addition of random nucleotides by the enzyme 
terminal deoxynucleotidyl-transferase (TdT). These nucleotides were named N nucleotides, because they are added 
without a DNA template. Some nucleotides at both single-stranded stretches match and can form hydrogen bonds (black 
lines). The mismatched DNA bases were removed by an exonuclease, and the remaining gaps were filled by a DNA 
polymerase and both DNA strands ligated. Underlined is the inserted sequence between the Vλ and Jλ gene segment.
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B-cell receptor (BCR) [15]. Allelic exclusion means that only clonally identical BCRs were 
expressed on the B-cell surface and not two different versions from two different alleles. In 
diploid organisms, such as mammals, two different copies of a gene are on a chromosome. 
For the immunoglobulin gene loci, only one allele is expressed on the B-cell surface. When 
V(D)J rearrangement did not produce a functional BCR, the second allele will be activated 
and tested. When this will also fail, the B cell will die by apoptosis; this process is called clonal 
deletion. The choice of two different immunoglobulin alleles further increases the antibody 
diversity [16].

The exact mechanism of allelic exclusion is not completely understood by now, but in gen-
eral some important steps are known. During pre-B-cell development when the heavy and 
light chain rearrangement takes place in the bone marrow; only one allele is chosen for 

Figure 4. Positive selection of high-affinity B cells in the lymph node germinal center. B cells progress from the dark to the light 
zone. B cells in the dark zone highly express the chemokine receptor C-X-C chemokine receptor type 4 (CXCR4) and are 
undergoing somatic hypermutation of their variable-region genes. When they enter the light zone, CXCR4 expression 
is reduced. In the light zone, follicular dendritic cells (FDCs) present foreign antigens on their cell surface. B-cell clones, 
which have B-cell receptors (BCRs) with affinity to the antigen, can bind to it. The antigen/BCR complex is processed, 
and antigen peptides were presented through the MHC II for T-cell recognition. TFH bind to the antigen presented 
on MHC II via its T-cell receptor and the B cell receives survival and proliferation signals through CD40-CD40L 
interaction and cytokines secreted by the corresponding T cells. B cell clones with low affinity die by apoptosis. B-cell 
clones which receive TFH stimulation reenter the dark zone and upregulate CXCR4 expression. The affinity of the BCR 
is further increased by additional rounds of SHM, whereby B cells producing nonfunctional BCRs initiate apoptosis. B 
cells can repeat the cyclic affinity maturation until they express high-affinity BCR and finally leave the light zone for 
differentiation into antibody producing plasma cells. When B cells differentiate into plasma cells, they also switch their 
immunoglobulin class. Some B cells with lower affinity as plasma cells preferentially differentiate into memory B cells.
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 recombination, whereas the other will be silenced. When a functional heavy chain is pro-
duced, RAG1/RAG2 recombinase expression will be decreased, and RAG1/RAG2 is targeted 
for degradation [4]. Furthermore, the RAG1/RAG2 recombinase access to the heavy chain loci 
will be decreased. Later, when the light chain is rearranged, the prevented access to the heavy 
chain loci is sustained, and no further rearrangement or change of allele activity can occur.

Although some essential steps in the mechanism are known, the precise mechanism is still 
unknown and under controversial discussion [16].

When the production of a functional B-cell receptor fails, another immunoglobulin allele is 
tested, or the BCR could undergo additional rounds of V(D)J recombination, until a functional 
receptor will be produced or no further V, D, and J genes for recombination were available. 
Usually, V(D)J recombination ends when a functional BCR is produced. When a functional 
BCR exhibits reactivity against antigens of the own body (self-reactivity), a specialized mech-
anism attempts to rescue the functional BCR and tries to edit the self-reactive B-cell receptor. 
This mechanism is called receptor editing and is one of the key checkpoints and rescue mech-
anisms to ensure self-tolerance and to escape clonal deletion.

The idea of rendering self-reactive B cells by editing the BCR through continued recombina-
tion of the antibody genes was investigated by several groups between the late 1980s and 
early 1990s [17–20]. In one experiment, an H-2Kb MHC class I and an anti-H-2Kb antibody 
was expressed ectopically in transgenic mice [20]. They found that the anti-H-2Kb B cells were 
absent in the periphery, but B cells with the anti-H-2Kb were still in the bone marrow, trying 
to edit the BCR by high levels of RAG1/RAG2 recombinase [21]. About 25% of the functional 
antibodies are produced by receptor editing [22].

But there are reports that about 50% of B cells are initially self-reactive, and it is suggested 
that receptor editing is the main mechanism to confer self-tolerance [21], beside the clonal 
deletion of self-reactive B cells in the bone marrow and anergy of self-reactive B cells in the 
periphery. Anergy and deletion inactivate or remove self-reactive clones. Receptor editing is 
based on secondary Vκ → Jκ light chain rearrangements or, more rarely, by altering the vari-
able region of heavy chains by the replacement of a VH gene segment in an established VHDJH 
rearrangement.

In conclusion, the modification of the V region by receptor editing extents the antibody diver-
sity and rescue some B cells from apoptosis especially when self-reactivity was observed.

The pairing of heavy and light chains is considered to contribute not to the same extent to the 
antibody diversity as the processes of somatic recombination and junctional diversity men-
tioned before. By combination of different variable regions of the light (VL) and the heavy 
chain (VH), the antibody repertoire is further expanded. Previous studies suggested that the 
combination of different VH and VL is completely by chance and no preference of V gene 
pairing was observed [23, 24]. But more recent publications, unveiled some preferred VH and 
VL gene pairings in human and mouse antibodies, by searching a newer and larger antibody 
database set (KabatMan dataset [25]) not available in the previous studies before [26]. The 
results revealed that pairing preference do exists but only for a small proportion of germ line 
immunoglobulin gene sequences.
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3. The secondary antibody repertoire

3.1. Somatic hypermutation

After the assembly of the V region of the heavy and light chain and cell surface expression 
of a functional BCR, naive B cells migrate to the secondary lymphatic organs, for exam-
ple, to the lymph nodes. In the germinal center of the lymph node, the primary antibody 
repertoire is further diversified by introducing mutations in the V domains of the heavy 
and light chain mediated by the activation-induced cytidine deaminase (AID) [27–29]. This 
enzyme is only expressed and active in germinal center-activated mature B cells and is the 
key enzyme for the somatic hypermutation (SHM). The anatomical structure of the germinal 
center in the lymph node is divided macroscopically in two parts, the light zone and the dark 
zone. Somatic hypermutation mediated by AID activity takes place in the dark zone. Cells 
which produce a nonfunctional B-cell receptor (BCR) upon mutation are dying by apopto-
sis, whereby the B cells with a functional BCR will migrate into the light zone. In the light 
zone, positive selected B cells with a low-affinity B-cell receptor were stimulated for survival, 
proliferation, and reentry to the dark zone for a next round of affinity maturation. At this 
point, after several rounds of affinity maturation, B cells can leave the germinal center and 
differentiate into antibody producing plasma cells or B memory cells. B cells with very low 
affinity are suffering for survival signals, and before they can reenter the dark zone, they die 
by apoptosis [30].

During the migration, B cells change their expression pattern depending on their location in 
the light or dark zone of the germinal center. The C-X-C chemokine receptor type 4 (CXCR4) 
is one of the classical markers, which changes the expression level in response of the migra-
tion to the other germinal zone. In the dark zone, the B-cell CXCR4 expression is strong and 
is reduced in the light zone. CXCL12 is a ligand of CXCR4 and expressed on the cell surface 
of reticular cells in the dark zone. The CXCL12/CXCR4 signaling of B cells in the dark zone is 
regarded as a homing signal to keep B cells in the dark zone, if CXCR4 expression is high [31, 32]. 
CXCR4 deficiency in germinal B cells restricted the B cells to the light zone, but the deletion 
is not sufficient alone for functional transition of dark zone B cells (centroblasts) to light zone 
B cells (centrocytes) [31].

The process of affinity maturation is also known as the cyclic reentry model (Figure 4). It 
starts with the introduction of mutations in the V region initiated by AID. The induced muta-
tion rate is about one nucleotide per 10,000 nucleotides after each cell cycle division [4]. This is 
much higher than the normal mutation rate of about 1010 mutations per cell cycle. Only a slight 
change in one or a few amino acids in the CDRs or frameworks of the V region can change 
dramatically the antigen affinity and specificity. Mutations can have detrimental effects and 
produce lower affinity B-cell receptors, especially when the complementarity-determining 
regions (CDRs) are affected with mutations leading to antibodies which cannot anymore rec-
ognize the antigen-binding site. At this stage, negative selection of B cells occurs. When B cells 
are affected by negative changes and were not able to produce a functional receptor presented 
on the B cell surface or lost antigen affinity, cell death by apoptosis is initiated. Subsequently, 
phagocytic clearance of apoptotic B cells is executed by tingible body macrophages (TBM).
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On the other hand, B-cell clones with a BCR of high affinity toward the antigen receive growth 
signals, for example, from the follicular T helper cells, and are expended. This principle is 
called positive selection. Selected B cells which have undergone affinity maturation are show-
ing more mutations in the critical regions for the antigen binding, namely, the CDRs. A muta-
tion in the CDR, which produces an amino acid change, very likely alters the antigen affinity.

B cells with sufficient affinity to the antigen which is presented by follicular dendritic cells 
(FDCs) in the light zone can capture it, process it, and present the antigen peptide via the 
major histocompatibility complex II (MHC II) to the T cells. Then, B-cell clones get survival 
and mitogenic signals through the T-cell receptor (TCR) recognition, CD40-CD40L interac-
tion, and cytokine stimulation of T cells (Figure 4). As a consequence, B-cell receptors and 
CD40 cluster together and promote thereby positive selection signaling. Follicular dendritic 
cells present foreign antigens on their dendritic surface in form of iccosomes (immune com-
plex-coated bodies) [33–35]. Iccosomes are antigen/antibody/complement complexes bound 
to Fc and complement receptors on FDCs. When B cells recognize antigens presented by icco-
somes, they can take them up and process them for MHC II-mediated T-cell presentation. The 
efficiency and amount of iccosome uptake can also influence the fate of the B cell. B-cell clones 
with higher affinity for the antigen can capture more from the iccosome-presented antigen, 
which resulted in more representation of the processed antigen peptide on the B-cell surface, 
complexed in the MHC II molecule. Therefore, these clones get more surviving and prolifera-
tion signals in the light zone from the recognizing follicular T helper cell (TFH).

The process of somatic hypermutation (SHM) has not only a cellular dimension; it also has 
a molecular dimension, which can be characterized by the details of the mechanism of SHM 
and affinity maturation. The central enzyme in SHM is the activation-induced cytidine deami-
nase (AID). AID catalyzes the deamination of the DNA nucleotide cytosine to uracil, which is 
usually only present in RNA molecules.

The expression of AID is tightly restricted to germinal center B cells; this protects other 
cells from somatic hypermutation. Furthermore, it cannot act on predominantly double-
stranded genomic DNA. To protect the majority of the genomic DNA from mutation, AID 
has developed a clever mechanism [36–38]. AID can act specifically only on single-stranded 
DNA molecules. The genomic DNA is released during transcription as a single strand by the 
RNA polymerase, which granted access of the AID for deamination. The immunoglobulin V 
region genes are actively transcribed in germinal center B cells, and somatic hypermutation 
can occur. Beside of the immunoglobulin V region, also some other transcribed genes can be 
affected by AID, fortunately by a lower frequency. AID has not only the function of somatic 
hypermutation by acting on the immunoglobulin V region loci; it can also activate the immu-
noglobulin class-switching process by acting on the residues in switch regions.

The deamination of cytidine to uracil by AID is the initiation step of SHM or class-switch 
recombination (CSR). Further mutation of the DNA around the initial deamination is exe-
cuted by two different DNA repair pathways [39–41]. For example, the DNA mismatch repair 
process recognizes the wrong base pairing of uracil (U) to guanosine (G). Mismatch repair 
proteins MSH2 and MSH6 (mutS homolog 2/6) detect the wrong U/G base pairing, which 
then recruits DNA nucleases to remove the uracil and the adjacent nucleotides. The following 
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DNA polymerase Polη has no exonuclease activity and is error prone in B cells. The poly-
merase preferentially misincorporates thymidine (T), regardless of the template sequence, 
which leads to a preference of adenosine (A)-thymidine (T) mutations at the original targeted 
cytosine and the adjacent nucleotides by the mismatch repair pathway.

Alternatively, in the base excision repair pathway, the uracil DNA glycosylase (UNG) cleaves 
the uracil nucleobase from the uridine and leaves an abasic site in the DNA strand. During the 
following DNA replication, a random DNA base will be inserted in the opposite DNA strand 
of the abasic nucleotide. This is mediated by an error-prone DNA polymerase used in transle-
sion DNA synthesis for damaged DNA caused by UV radiation.

As mentioned before, AID can also initiate class-switch recombination, by acting of apurinic/
apyrimidinic endonuclease 1 (APE1) upon UNG-mediated introduction of an abasic nucleo-
tide in the switch region. APE1 cleaves the DNA strand at the abasic site and produces a 
single-strand nick. In the switch regions, upstream of the constant region genes, the DNA nick 
is further cleaved which produces a double-strand break (DSB). This leads to a joint of another 
constant region gene to the V region, produced by the double-strand break repair machinery.

3.2. Class-switch recombination

In naive B cells, which had already rearranged their V region by somatic DNA recombination, 
two antibody isotypes are co-expressed at the same time. The V region and the μ chain (IgM) 
together with the δ chain (IgD) were transcribed on the same RNA transcript. By alternative 
splicing, either the μ chain or the δ chain is chosen, which produces two different messenger 
RNAs (Figure 1). Upon antigen contact and B-cell activation, B cells switch their antibody 
isotypes from IgM/IgD to IgG, IgA, or IgE. This is achieved by a process called class-switch 
recombination (CSR) or isotype switching. The antibody isotype is changed by an exchange 
of the constant region of the heavy chain locus. Only the constant region is replaced by CSR, 
which means the V region stays the same, but class switch confers the antibody the ability to 
interact with different effector molecules by their fragment crystallizable (Fc) region (Figure 5).

Figure 5. Mechanism of switch recombination from IgM to IgG2b.
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Unlike in the parallel expression of IgM and IgD, the class switch is a chromosomal DNA 
rearrangement, leading to only one ultimate antibody isotype in the affected B cell. The pro-
cess is guided by conserved switch region (S) upstream of the heavy chain constant genes, 
coding for the respective constant domains. The switch regions are repetitive stretches of 
DNA placed in introns upstream to the C region genes [28, 42]. The initial activation of 
CSR is done by the enzyme activation-induced cytidine deaminase (AID), which has also an 
essential role in the somatic hypermutation process. This produces a single-stranded DNA 
break (nick) at two switch regions, and the DNA between both switch sites were irreversible 
excised. The removal includes always the μ and δ chain constant region. Both DNA strands 
were brought together by the non-homologous end joining (NHEJ) mechanism; this rear-
ranges the variable region with the constant region of the chosen immunoglobulin isotype. 
The decision which isotype will be produced is influenced by different cytokines, secreted 
by T cells [43, 44].

CSR is induced by the enzyme activation-induced cytidine deaminase (AID) acting on the 
switch regions (S) of the respective constant region gene. The non-homologous end joining 
(NHEJ) machinery joins the chosen constant gene segment to the V region (here Cy2b). The 
constant region gene, which is next to the V region, is then expressed together with the V(D)
J gene sequence.
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Abstract

Recombinant human antibody technology has been the cornerstone of the uprising of 
biologics in the pharmaceutical industry. The introduction of various display technolo-
gies like phage, yeast, bacterial, ribosomal, mRNA, DNA display and mammalian cell 
surface display has allowed improved antibody generation programs. The ability to gen-
erate recombinant antibodies from available human antibody libraries by using in vitro 
display methods pave the way to select recombinant human antibodies against almost 
every antigen. The libraries are a close representation of the B-cell response elicited by the 
natural immune system. The introduction of various methods to fine tune the antibody 
affinities has made recombinant antibody technology highly sought after. The ability to 
engineer specific characteristics of each antibody by design is possible utilizing advanced 
in vitro strategies. This chapter will focus on the technologies commonly applied in anti-
body display technologies to engineer improved affinities.

Keywords: naïve- immune- and synthetic- antibody library, in vitro display systems, 
affinity maturation, de novo antibody gene synthesis, genome editing techniques

1. Introduction

The introduction of recombinant antibody technology has revolutionized and improved 
the way antibodies are being generated for various applications in research, diagnosis and 
therapy [1–4]. Antibodies have been the cornerstone for many biomedical advances in the 
past due to its high specificity and affinity to capture target antigens. The key characteristic 
of antibodies that makes it highly sought after is the defined specificity of the complemen-
tarity determining regions (CDR) of the variable domains against a specific target [5]. This 
specificity is programmed in vivo by a series of different molecular mechanisms such as V-D-J  
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recombination of the heavy chain, V-J recombination of the light chain and somatic hyper-
mutation [6, 7]. After primary immune response the VHDHJH and VLJL exons are randomly 
mutated, mainly in the CDRs, by somatic hypermutation leading to high affinity antibod-
ies (see article of Oliver Backhaus in this book). These molecular processes have a pro-
found effect on the way the genotype is delineated as the gene rearrangements will bring 
about multiple gene segment combinations. Additional mutagenesis is elicited through 
incorporation of additional nucleotides between the junctions of the V, D and J gene seg-
ment of the heavy chain and V and J gene segment of the light chain. These variations 
at the genotypic level have a direct influence on the phenotypic variation seen in terms 
of target specificity and affinity of the generated antibody [8, 9]. Figure 1 shows the cor-
relation between the genotypic variations and the phenotypic nature of the generated 
antibodies.

Figure 1. Illustration highlighting the different in vitro display technologies available.
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The introduction of recombinant DNA technology and display technologies has allowed 
recombinant antibodies to be generated at a rapid pace. This is evident with the increase of 
recombinant antibodies going into clinical trials in the last 3 years [10, 11]. The general con-
cept of display oriented techniques for antibody generation relies upon the ability to harness 
the natural or synthetic diversity of an antibody library [12]. As with most recombinant DNA 
approaches, the ability to customize or modify the genotype either at single base or amino 
acid level was now possible [13]. This opened many new avenues in the field of recombinant 
antibody technology to allow modification and customization of characteristics of the pheno-
type. The advent of display technologies allowed for selective isolation of specific phenotypes 
with their respective genotypic information to be retrieved together [14]. This means that it 
was now possible to replicate the in vivo antibody generation and maturation process in vitro 
[13]. The impact of antibody display technologies combined with affinity maturation strate-
gies in the isolation and identification of high affinity antibodies is monumental in the way 
antibodies are made today.

1.1. Display technologies

The first display technology that was applied for the generation of recombinant antibodies 
was phage display. Although initially the technology was designed to display polypeptides, 
the robust nature of the method meant that larger proteins could also be displayed by bac-
teriophages [15, 16]. This allowed the introduction of antibody fragments to be presented on 
the surface of the phage particles for selection. Phage display takes advantage of the natural 
replication cycle of bacteriophages to fuse the antibody gene with the gene of a phage coat 
protein. This design allows the co-expression and translocation of the antibody fused coat 
protein during the phage packaging process to display the antibody proteins on the surface 
of mature phage particles. More importantly, this allowed for a physical linkage to be estab-
lished between the genotype and phenotype [12].

Since the introduction of phage display, other display systems have been developed. This 
includes systems like yeast display, bacterial cell surface display, ribosomal display, mRNA 
display, DNA display and mammalian cell surface display [17]. Figure 1 shows the alterna-
tive display systems used for antibody presentation. Yeast display has an additional feature 
compared to phage display when dealing with mammalian proteins. This is due to the appli-
cation of the eukaryotic machinery to assimilate the display mechanism. In this system, the 
antibody gene is fused to the Aga2p agglutinin subunit found on the surface of yeast cells 
[18, 19]. In a similar fashion, bacterial cell display functions by displaying antibodies on the 
surface of Gram-negative or Gram-positive cells as a fusion to the flagella or outer membrane 
proteins [12, 16].

Ribosome display is a cell-free display approach where polysomes are stalled on mRNA 
templates and nascent antibody protein remains in complex with the ribosomes. The stalling 
of the ribosomes is done with the removal of a stop codon and a C-terminal peptide spacer 
is required to ensure proper folding of the protein [20]. This is critical as steric hindrance 
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includes systems like yeast display, bacterial cell surface display, ribosomal display, mRNA 
display, DNA display and mammalian cell surface display [17]. Figure 1 shows the alterna-
tive display systems used for antibody presentation. Yeast display has an additional feature 
compared to phage display when dealing with mammalian proteins. This is due to the appli-
cation of the eukaryotic machinery to assimilate the display mechanism. In this system, the 
antibody gene is fused to the Aga2p agglutinin subunit found on the surface of yeast cells 
[18, 19]. In a similar fashion, bacterial cell display functions by displaying antibodies on the 
surface of Gram-negative or Gram-positive cells as a fusion to the flagella or outer membrane 
proteins [12, 16].

Ribosome display is a cell-free display approach where polysomes are stalled on mRNA 
templates and nascent antibody protein remains in complex with the ribosomes. The stalling 
of the ribosomes is done with the removal of a stop codon and a C-terminal peptide spacer 
is required to ensure proper folding of the protein [20]. This is critical as steric hindrance 
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caused by the ribosomal tunnel can alter the folding of the protein leading to lower display 
efficiency [21]. A somewhat related method to ribosome display is mRNA display. In mRNA 
display systems, the interaction between the template and protein is covalently linked via 
puromycin. Puromycin functions to mimic the role of amino-acyl tRNA by attaching itself to 
a DNA primer affixed to the mRNA template. This allows puromycin to attach itself cova-
lently to the nascent antibody protein based on the peptidyl transferase activity of the ribo-
some [12, 22].

Mammalian display approaches utilizes mammalian host cells like HEK293T and Chinese 
hamster ovary (CHO) cells to present a library of antibodies on the cell surface for selection 
[23]. The approach adapts a similar concept to that of yeast cell display [18]. It capitalizes on 
the transient expression of antibodies in which antibody encoding DNA introduced into the 
cells persist over days to consistently express antibodies. Transient expression systems are 
commonly used for single round selections from immune repertoires. A stable expression 
system with the integration of DNA to the host genome is inefficient because of multi-gene 
incorporation per cell making libraries difficult to resolve [24]. A suitable method to allow 
multi-round selection is by stable episomal vectors derived from viruses. Virus based vectors 
are used to infect mammalian cells to display the antibodies for selection making it suitable 
for large sized libraries [25]. A major advantage of mammalian cell systems is the ability to 
screen using full length IgG [26]. DNA display applied for the screening of peptides/pro-
teins was originally based on streptavidin-fused peptides/proteins linked with their encoding 
DNAs via biotin in emulsion compartments [27]. However this method was not often used for 
recombinant antibody selection except some promising results with Fabs, and recently with 
bispecific diabody fragments have been reported [28, 29].

Other alternative DNA display systems are cis-activity based (CIS) and covalent display tech-
nology (CDT) display systems. CIS display uses the ability of the bacterial replication initia-
tor protein, RepA to carry out a cis-activity. This means that RepA has the ability to bind the 
encoding DNA that was utilized. This activity is largely dependent on the presence of two 
non-coding regions 3′ to bind to the repA sequence. The actual mechanism is unknown but 
is believed to involve stalling of RNA polymerase during transcription at the CIS element 
allowing the nascent repA protein to non-covalently attach to its binding site of the template 
[30]. The covalent display technology (CDT) exploits the properties of the replication initiator 
protein from E. coli bacteriophage P2 [31]. A pool of DNA encoding antibody molecules is 
generated as a fusion to the P2A coding sequence [12]. The DNA pool is then transcribed and 
translated using cell free expression systems. The cis-activity of the P2A protein allows the 
DNA molecule to covalently tag with its own gene product [16, 17]. Ultimately, the recurring 
trend of all display systems is the ability of the system to allow the translation of antibody 
genes to produce a collection of antibody molecules that is physically fused to the encoding 
genes for selection.

Taking advantage of the different display systems, many different forms of libraries can be 
represented for antibody generation. There is no actual discrimination as to which method 
is best for antibody generation. All the display approaches highlighted are useful in different 
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circumstances and has its own brand of unique features that makes some more suitable for 
a particular set of antigens. Ultimately, all the display systems are capable of isolating and 
identifying recombinant human monoclonal antibodies using a library of antibody genes [16]. 
The variation of the antibody sequences in the antibody gene repertoire (the diversity) will 
have a significant impact on the quality of antibodies generated. The antibody repertoire being 
presented on the various display platforms is in essence the basic antibody response divulged 
by the immune response system [32]. The multi-level process of antibody gene generation and 
maturation of the V-D-J gene segments will finally dictate the antibody characteristic being 
inherited to the display systems for recombinant antibody generation. This is evident as anti-
body V-D-J gene segments function as the basic building blocks of antibodies influencing the 
characteristics of the antibodies of an antibody gene repertoire [33]. Therefore, an understand-
ing of the processes involved in antibody gene repertoire generation is vital to design engi-
neering strategies for antibodies with improved affinities.

1.2. Generation of human antibody repertoires

The human antibody repertoire represents a diverse collection of immunoglobulin gene seg-
ments that encodes for heavy (VH) and light chain (VL) domains [34], forming an unique set 
of antigen-binding sites [35, 36]. The heavy chain (HC) locus is located at chromosome 14, 
comprises of VH, D, JH and CH gene segments. The kappa light chain locus is found in chromo-
some 2 with the VK, JK and CK gene segments. The lambda LC locus with the Vλ, Jλ, and Cλ gene 
segments are found on chromosome 22 [37].

The generation of a natural antibody repertoire is attributed to several natural mecha-
nisms such as somatic recombination that is rearrangements of gene segments to form a 
single unique antibody gene sequence [38]. The V(D)J recombination process that takes 
place during B-cell development allows for combinatorial rearrangements of V (vari-
able), D (diversity), and J (joining) gene segments of the heavy chain resulting in the 
formation of numerous possibilities [35, 39, 40], see also Backhaus O. this book. A simi-
lar process (the VL-JL rearrangement of the light chain) occurs at the light chain locus 
[39], see also Backhaus O. this book. This process is regulated by lymphocyte-specific 
RAG1 and RAG2 endonucleases that cleaves DNA at the recombination signal sequences 
(RSSs) resulting in blunt signal ends and hairpin coding ends. The ends are later joined 
by classical non-homologous end-joining (cNHEJ) pathway to ensure genomic sta-
bility [40, 41]. The outcome of recombination is an ordered fashion of V-D-J and VL-JL  
gene assembly that encodes the antibody binding site (variable region). Antibody diver-
sity is further enhanced by junctional diversification, characterized by variability at the 
junctions due to insertions or/and deletions of few nucleotides during fusion of segments 
[38, 40].

An individual is expected to have at least 108 of antibody-producing B-cell clones that are 
responsive to unique antigens [42]. This natural repertoire is known as the naïve or pri-
mary repertoire, expresses cell surface IgM and has not undergone specialization by antigen 
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caused by the ribosomal tunnel can alter the folding of the protein leading to lower display 
efficiency [21]. A somewhat related method to ribosome display is mRNA display. In mRNA 
display systems, the interaction between the template and protein is covalently linked via 
puromycin. Puromycin functions to mimic the role of amino-acyl tRNA by attaching itself to 
a DNA primer affixed to the mRNA template. This allows puromycin to attach itself cova-
lently to the nascent antibody protein based on the peptidyl transferase activity of the ribo-
some [12, 22].

Mammalian display approaches utilizes mammalian host cells like HEK293T and Chinese 
hamster ovary (CHO) cells to present a library of antibodies on the cell surface for selection 
[23]. The approach adapts a similar concept to that of yeast cell display [18]. It capitalizes on 
the transient expression of antibodies in which antibody encoding DNA introduced into the 
cells persist over days to consistently express antibodies. Transient expression systems are 
commonly used for single round selections from immune repertoires. A stable expression 
system with the integration of DNA to the host genome is inefficient because of multi-gene 
incorporation per cell making libraries difficult to resolve [24]. A suitable method to allow 
multi-round selection is by stable episomal vectors derived from viruses. Virus based vectors 
are used to infect mammalian cells to display the antibodies for selection making it suitable 
for large sized libraries [25]. A major advantage of mammalian cell systems is the ability to 
screen using full length IgG [26]. DNA display applied for the screening of peptides/pro-
teins was originally based on streptavidin-fused peptides/proteins linked with their encoding 
DNAs via biotin in emulsion compartments [27]. However this method was not often used for 
recombinant antibody selection except some promising results with Fabs, and recently with 
bispecific diabody fragments have been reported [28, 29].

Other alternative DNA display systems are cis-activity based (CIS) and covalent display tech-
nology (CDT) display systems. CIS display uses the ability of the bacterial replication initia-
tor protein, RepA to carry out a cis-activity. This means that RepA has the ability to bind the 
encoding DNA that was utilized. This activity is largely dependent on the presence of two 
non-coding regions 3′ to bind to the repA sequence. The actual mechanism is unknown but 
is believed to involve stalling of RNA polymerase during transcription at the CIS element 
allowing the nascent repA protein to non-covalently attach to its binding site of the template 
[30]. The covalent display technology (CDT) exploits the properties of the replication initiator 
protein from E. coli bacteriophage P2 [31]. A pool of DNA encoding antibody molecules is 
generated as a fusion to the P2A coding sequence [12]. The DNA pool is then transcribed and 
translated using cell free expression systems. The cis-activity of the P2A protein allows the 
DNA molecule to covalently tag with its own gene product [16, 17]. Ultimately, the recurring 
trend of all display systems is the ability of the system to allow the translation of antibody 
genes to produce a collection of antibody molecules that is physically fused to the encoding 
genes for selection.

Taking advantage of the different display systems, many different forms of libraries can be 
represented for antibody generation. There is no actual discrimination as to which method 
is best for antibody generation. All the display approaches highlighted are useful in different 
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circumstances and has its own brand of unique features that makes some more suitable for 
a particular set of antigens. Ultimately, all the display systems are capable of isolating and 
identifying recombinant human monoclonal antibodies using a library of antibody genes [16]. 
The variation of the antibody sequences in the antibody gene repertoire (the diversity) will 
have a significant impact on the quality of antibodies generated. The antibody repertoire being 
presented on the various display platforms is in essence the basic antibody response divulged 
by the immune response system [32]. The multi-level process of antibody gene generation and 
maturation of the V-D-J gene segments will finally dictate the antibody characteristic being 
inherited to the display systems for recombinant antibody generation. This is evident as anti-
body V-D-J gene segments function as the basic building blocks of antibodies influencing the 
characteristics of the antibodies of an antibody gene repertoire [33]. Therefore, an understand-
ing of the processes involved in antibody gene repertoire generation is vital to design engi-
neering strategies for antibodies with improved affinities.

1.2. Generation of human antibody repertoires

The human antibody repertoire represents a diverse collection of immunoglobulin gene seg-
ments that encodes for heavy (VH) and light chain (VL) domains [34], forming an unique set 
of antigen-binding sites [35, 36]. The heavy chain (HC) locus is located at chromosome 14, 
comprises of VH, D, JH and CH gene segments. The kappa light chain locus is found in chromo-
some 2 with the VK, JK and CK gene segments. The lambda LC locus with the Vλ, Jλ, and Cλ gene 
segments are found on chromosome 22 [37].

The generation of a natural antibody repertoire is attributed to several natural mecha-
nisms such as somatic recombination that is rearrangements of gene segments to form a 
single unique antibody gene sequence [38]. The V(D)J recombination process that takes 
place during B-cell development allows for combinatorial rearrangements of V (vari-
able), D (diversity), and J (joining) gene segments of the heavy chain resulting in the 
formation of numerous possibilities [35, 39, 40], see also Backhaus O. this book. A simi-
lar process (the VL-JL rearrangement of the light chain) occurs at the light chain locus 
[39], see also Backhaus O. this book. This process is regulated by lymphocyte-specific 
RAG1 and RAG2 endonucleases that cleaves DNA at the recombination signal sequences 
(RSSs) resulting in blunt signal ends and hairpin coding ends. The ends are later joined 
by classical non-homologous end-joining (cNHEJ) pathway to ensure genomic sta-
bility [40, 41]. The outcome of recombination is an ordered fashion of V-D-J and VL-JL  
gene assembly that encodes the antibody binding site (variable region). Antibody diver-
sity is further enhanced by junctional diversification, characterized by variability at the 
junctions due to insertions or/and deletions of few nucleotides during fusion of segments 
[38, 40].

An individual is expected to have at least 108 of antibody-producing B-cell clones that are 
responsive to unique antigens [42]. This natural repertoire is known as the naïve or pri-
mary repertoire, expresses cell surface IgM and has not undergone specialization by antigen 
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encounter [37]. The antigen-binding site of an antibody consists of the surrounding framework 
regions and the complementarity determining regions (CDRs), CDR1, CDR2 and CDR3. CDR3 
region are particularly important for antibody-antigen specificity [43]. The V(D)J and V(J) rear-
rangement of the antibody gene segments and somatic mutations will give rise to higher bind-
ing diversities to various antigens [35, 36].

Upon encountering new antigens, naïve B-cells are stimulated and become activated 
B-cells, undergo proliferation and differentiation. B-cell proliferation is also known as 
clonal expansion, in which an antibody B-cell clone specific to an antigen is selected and 
produced in large scale. This process takes place in secondary lymphoid organs such as 
lymph nodes and spleen, also referred to as germinal centers. The differentiation process 
generally involves somatic hypermutation (SHM) and class switch recombination (CSR). 
Somatic hypermutation introduced extensive point mutations in the variable (V) region 
gene, such as single base substitutions, insertions and deletions. Consequently, the V region 
exon is further diversified resulting in altered affinities against the target antigen [39, 41]. 
Class switch recombination replaces the constant region (CH) gene of the HC resulting in 
class switching from IgM to IgE, IgA and IgG. The type of isotype used determines the 
methods for elimination of captured antigen by immunoglobulin or the location for anti-
body accumulation [37, 44, 45]. The combination of both mechanisms offers an improved 
diversity to the antibodies [46] and enables the selection for high affinity antibody-produc-
ing cells against a particular antigen. This process of improved affinity is known as affinity 
maturation of antibodies.

An essential element that mediates both SHM and CSR is the activation-induced cyti-
dine deaminase [47]. AID is a protein exclusively expressed in activated B-cells in ger-
minal centers but the exact function and mechanism of AID in SHM and CSR are not 
fully understood. However, several studies have been reported and shown that AID is 
capable of editing RNA and DNA deamination. AID deaminates cytidine residues to 
uracil residues on single-stranded DNA (ssDNA) at preferred “hotspots,” described as 
DGYW motif. Such motif favors mutation and is ubiquitous throughout the genome. The 
maintenance of genome fidelity attempts to correct the “deamination error” by base exci-
sion repair and mismatch repair pathways, thereby producing mutations and double-
stranded breaks [41, 45, 48].

The natural diversification processes has allowed for highly diverse antibody repertoires to 
be generated. This natural phenomenon is the basis of the unique ability of the immune sys-
tem to counter any foreign infection. The ability to replicate or represent the in vivo repertoire 
in the laboratory is the basis of recombinant antibody technology. The need to reproduce this 
feature is achieved for example by the construction of antibody phage libraries. The robust 
nature of combinatorial technologies has enabled easy selection of monoclonal antibodies 
from highly diverse naïve, immune and synthetic repertoires by coupling it with biopanning 
processes [49].

Phage display enables the sorting and handling of large antibody libraries. Antibody phage 
libraries consist of a random collection of antibody variable genes being presented as a fusion 
to phage coat proteins. The antibody fragments can be expressed as a fusion protein on the 
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surface of phages, without affecting the infectivity of phages [50]. Moreover, the displayed 
antibody molecules retains its antigen-antibody binding capabilities [51]. However, the chal-
lenge in generating high affinity antibodies is closely related to the quality of the library 
generated. Even so, the advancement of recombinant DNA technologies has allowed for 
downstream affinity maturation processes to be carried out for the improvement of antibody 
affinities post-selection [52, 53].

2. Antibody libraries

An antibody library is basically a physical collection of various antibody genes being repre-
sented in a single pool. Antibody molecules are divided into two sets of binding domains, 
the variable domain of the heavy chain (HC) and light chain [54] that either preferentially or 
concomitantly contributes to the binding affinity of the antibody to the target antigen [42]. 
Therefore, in order to replicate the diverse repertoire of antibodies afforded by the immune 
system, a random combinatorial mix of both the HC and LC repertoire is required. The source 
of the antibody repertoire has a profound influence on the type of antibody libraries being 
constructed as for example if you amplify the variable antibody genes from immune patients 
the immune response of different individuals in different health and disease states will have 
a definite impact on the diversity of the generated antibody repertoire. The diversity of naïve 
antibody repertoires will be reflected by random variations in the genetic information of the 
clones generated in the library [55]. This brings to light the different classification of antibody 
libraries that are essentially defined by the origin of the antibody repertoire. There are gen-
erally three different classes of antibody libraries namely the naïve, immune and synthetic 
antibody libraries applied for antibody display [56].

2.1. Naïve antibody libraries

The natural collection of immunoglobulins for antibody library generation is obtained from 
circulating B-cells in primary and secondary lymphoid tissues and blood. Naïve libraries are 
constructed from IgM mRNA of B-cells from healthy donors, non-immunized donors, iso-
lated from peripheral blood lymphocytes, spleen, tonsils, and bone marrow. In some cases, 
the repertoire could also be retrieved from animal sources resulting in antibodies of differ-
ent origins [57]. The diversity offered by a naïve repertoire is undeniably vast, whereby the 
antibody fragments are PCR amplified randomly from the antibody cDNA of non-antigen 
stimulated B-cells as well as those B-cells that have been resided in the immune system due 
to earlier infections [58, 59]. A single naïve library (also known as single pot library, gener-
ated from several donors) can be used to generate antibodies against all types of antigens, 
peptides, toxins, as well as self-antigens (typically important in the area of cancer and auto-
immune disease therapeutics). Some of the antibodies are generated against red cell anti-
gens, haptens, tumor necrosis factor (TNF) [15]. The clonal diversity exhibited by B-cells 
enables the generation of a range of antibodies against a wide variety of antigens. The char-
acteristics of a naïve repertoire mainly result in modest affinity and polyreactivity antibodies. 
Due to the polyreactive nature of a naïve library, it is important to generate a larger library 
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encounter [37]. The antigen-binding site of an antibody consists of the surrounding framework 
regions and the complementarity determining regions (CDRs), CDR1, CDR2 and CDR3. CDR3 
region are particularly important for antibody-antigen specificity [43]. The V(D)J and V(J) rear-
rangement of the antibody gene segments and somatic mutations will give rise to higher bind-
ing diversities to various antigens [35, 36].

Upon encountering new antigens, naïve B-cells are stimulated and become activated 
B-cells, undergo proliferation and differentiation. B-cell proliferation is also known as 
clonal expansion, in which an antibody B-cell clone specific to an antigen is selected and 
produced in large scale. This process takes place in secondary lymphoid organs such as 
lymph nodes and spleen, also referred to as germinal centers. The differentiation process 
generally involves somatic hypermutation (SHM) and class switch recombination (CSR). 
Somatic hypermutation introduced extensive point mutations in the variable (V) region 
gene, such as single base substitutions, insertions and deletions. Consequently, the V region 
exon is further diversified resulting in altered affinities against the target antigen [39, 41]. 
Class switch recombination replaces the constant region (CH) gene of the HC resulting in 
class switching from IgM to IgE, IgA and IgG. The type of isotype used determines the 
methods for elimination of captured antigen by immunoglobulin or the location for anti-
body accumulation [37, 44, 45]. The combination of both mechanisms offers an improved 
diversity to the antibodies [46] and enables the selection for high affinity antibody-produc-
ing cells against a particular antigen. This process of improved affinity is known as affinity 
maturation of antibodies.

An essential element that mediates both SHM and CSR is the activation-induced cyti-
dine deaminase [47]. AID is a protein exclusively expressed in activated B-cells in ger-
minal centers but the exact function and mechanism of AID in SHM and CSR are not 
fully understood. However, several studies have been reported and shown that AID is 
capable of editing RNA and DNA deamination. AID deaminates cytidine residues to 
uracil residues on single-stranded DNA (ssDNA) at preferred “hotspots,” described as 
DGYW motif. Such motif favors mutation and is ubiquitous throughout the genome. The 
maintenance of genome fidelity attempts to correct the “deamination error” by base exci-
sion repair and mismatch repair pathways, thereby producing mutations and double-
stranded breaks [41, 45, 48].

The natural diversification processes has allowed for highly diverse antibody repertoires to 
be generated. This natural phenomenon is the basis of the unique ability of the immune sys-
tem to counter any foreign infection. The ability to replicate or represent the in vivo repertoire 
in the laboratory is the basis of recombinant antibody technology. The need to reproduce this 
feature is achieved for example by the construction of antibody phage libraries. The robust 
nature of combinatorial technologies has enabled easy selection of monoclonal antibodies 
from highly diverse naïve, immune and synthetic repertoires by coupling it with biopanning 
processes [49].

Phage display enables the sorting and handling of large antibody libraries. Antibody phage 
libraries consist of a random collection of antibody variable genes being presented as a fusion 
to phage coat proteins. The antibody fragments can be expressed as a fusion protein on the 
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surface of phages, without affecting the infectivity of phages [50]. Moreover, the displayed 
antibody molecules retains its antigen-antibody binding capabilities [51]. However, the chal-
lenge in generating high affinity antibodies is closely related to the quality of the library 
generated. Even so, the advancement of recombinant DNA technologies has allowed for 
downstream affinity maturation processes to be carried out for the improvement of antibody 
affinities post-selection [52, 53].

2. Antibody libraries

An antibody library is basically a physical collection of various antibody genes being repre-
sented in a single pool. Antibody molecules are divided into two sets of binding domains, 
the variable domain of the heavy chain (HC) and light chain [54] that either preferentially or 
concomitantly contributes to the binding affinity of the antibody to the target antigen [42]. 
Therefore, in order to replicate the diverse repertoire of antibodies afforded by the immune 
system, a random combinatorial mix of both the HC and LC repertoire is required. The source 
of the antibody repertoire has a profound influence on the type of antibody libraries being 
constructed as for example if you amplify the variable antibody genes from immune patients 
the immune response of different individuals in different health and disease states will have 
a definite impact on the diversity of the generated antibody repertoire. The diversity of naïve 
antibody repertoires will be reflected by random variations in the genetic information of the 
clones generated in the library [55]. This brings to light the different classification of antibody 
libraries that are essentially defined by the origin of the antibody repertoire. There are gen-
erally three different classes of antibody libraries namely the naïve, immune and synthetic 
antibody libraries applied for antibody display [56].

2.1. Naïve antibody libraries

The natural collection of immunoglobulins for antibody library generation is obtained from 
circulating B-cells in primary and secondary lymphoid tissues and blood. Naïve libraries are 
constructed from IgM mRNA of B-cells from healthy donors, non-immunized donors, iso-
lated from peripheral blood lymphocytes, spleen, tonsils, and bone marrow. In some cases, 
the repertoire could also be retrieved from animal sources resulting in antibodies of differ-
ent origins [57]. The diversity offered by a naïve repertoire is undeniably vast, whereby the 
antibody fragments are PCR amplified randomly from the antibody cDNA of non-antigen 
stimulated B-cells as well as those B-cells that have been resided in the immune system due 
to earlier infections [58, 59]. A single naïve library (also known as single pot library, gener-
ated from several donors) can be used to generate antibodies against all types of antigens, 
peptides, toxins, as well as self-antigens (typically important in the area of cancer and auto-
immune disease therapeutics). Some of the antibodies are generated against red cell anti-
gens, haptens, tumor necrosis factor (TNF) [15]. The clonal diversity exhibited by B-cells 
enables the generation of a range of antibodies against a wide variety of antigens. The char-
acteristics of a naïve repertoire mainly result in modest affinity and polyreactivity antibodies. 
Due to the polyreactive nature of a naïve library, it is important to generate a larger library 
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to increase success rates for obtaining high affinity antibodies against multiple antigens by 
successive rounds of selection. The main advantage of a naïve library is the ability to screen 
for antibodies against any antigens. This comes with a huge drawback, in which the antibod-
ies are of lower affinities than from immunized clones [56, 60]. However, this issue can be 
solved and improved by affinity maturation in vitro to yield high affinity antibody against a 
specific antigen. Other shortcomings that can affect the library quality are inconsistent levels 
of variable antibody gene expression and the limitation of IgM to exhibit diversity, as well 
as increase chances of cross-reactivity [15]. To improve library quality, one of the method is 
to randomize the CDR regions of the variable genes while maintaining the original frame-
works of the naïve library, this results in further diversification and modifications, becoming 
a semi-synthetic library [60].

2.2. Immune antibody libraries

The source of antibody genes for immune library generation is mainly focused on using IgG 
mRNA from disease-infected individuals or cancer patients. This may include patients with 
acute infections, recovery stage or patients which have recovered from a particular disease or 
infection [15]. In addition to that, cancer derived material can also be used as a source [61]. 
The unique characteristic of an immune repertoire is that the sample material is obtained from 
activated B-cells, where affinity maturation has taken place during antigen encounter [47]. 
Thus, it is easier to obtain high affinity binders specific to an antigen from immune libraries in 
comparison to naïve libraries due to the biased nature of the repertoire post-exposure of the 
antigen. The size of an immune library need not be as large as naïve libraries per se, but it can 
also be applied for other targets but may not be suitable for self-antigens [56, 62]. The obvious 
limitation of an immune library is the possibility of generating immune libraries of human 
donors against various targets. Therefore, the application of immune libraries from humans is 
mainly confined to disease-infected individuals [60] or cancer patients [61]. The biased nature 
of the library repertoire also means that the library is mainly useful against the antigen used 
for immunization. Therefore new libraries are required when dealing with targets of different 
diseases [62]. However, it is also possible for immune libraries to successfully enrich antibod-
ies against non-related targets of the disease of origin. This indirectly indicates the influence 
of B-cell memory during immune responses that provides an extended breath of protection 
for individuals.

2.3. Synthetic antibody libraries

The main difference between naïve and immune libraries with synthetic libraries is the 
source of the repertoire used to build the library. While both naïve and immune libraries 
are amplified from a natural source, synthetic libraries are designed in silico and the rep-
ertoire is generated in controlled conditions [49, 56]. The artificial repertoire is generated 
from the diversity afforded by the randomization of the CDR using synthetic approaches 
[63]. The basic design of most synthetic libraries is the randomization of various CDRs using 
degenerated oligonucleotides. The freedom afforded by synthetic libraries is the possibility 

Antibody Engineering24

of pre-defined designs of the framework and the degree of randomization of the CDRs. The 
design pattern is generated based on bioinformatics analysis using existing experimental 
data on antibody epitopes, antigen-antibody interactions, affinity maturation designs, vari-
able gene segments recombination, and structural predictions on variable regions to yield 
desirable synthetic repertoires. These studies provide insights to the hypervariable regions 
on amino acid predominance and variabilities [60]. The hypervariable regions (CDR loops) 
have been shown to exhibit some amino acid biases. In particular, certain residues (G, P, S, 
N, H, L, and Y) are predominantly found on CDR loops that are associated with improved 
antigen binding [64]. Designing CDR sequences that mimic the natural diversity can help 
circumvent selection of low affinity binders. The two major synthetic antibody libraries 
available, HuCAL® and n-CoDeR® are based on two separate platforms. Their models will 
be discussed further as case studies.

2.3.1. Case study of synthetic antibody libraries: HuCAL®

A novel concept of synthetic human library construction, named Human Combinatorial 
Antibody Library (HuCAL) uses more than one framework sequence to construct the library. 
The HuCAL construction is based on modular consensus frameworks, consisting of seven 
VH and seven VL consensus sequences to represent the major germline families, yielding 49 
possible combinations of master genes [65]. The master genes are designed such that different 
frameworks promote different structural diversity of human antibodies while unfavorable 
residues that cause protein aggregation are removed. Furthermore, HuCAL is characterized 
by having unique restriction sites flanking all CDRs of the antibodies as well as usage of 
phage display and unique expression vectors. This allows for a seamless conversion to differ-
ent antibody formats, for instance scFv and Fab [66, 67].

In HuCAL, the CDR3 regions are designed to exhibit natural amino acid composition and 
distribution as well as length variation at each position for each framework. The CDR is syn-
thesized using trinucleotide mixtures (TRIM technology), which offers the elimination of stop 
codons and redundant amino acid residues in order to optimize CDR design for downstream 
production of encoded antibodies. TRIM technology uses trinucleotide phosphoramidites to 
add three bases at a time to a growing single strand of synthetic DNA [68]. The addition of 
three bases allows for the design and pre-determination of specific codons to be added. In 
addition to codon optimization for E. coli, improved accuracy of antibody design would then 
be possible. This ultimately improves the functional library size of HuCAL as well as the 
diversity by having higher number of clones with correct assembly, devoid of frameshifts, 
stop codons and deletions [69].

There have been different versions of the HuCAL library being constructed over the years, 
each with different characteristics. The initial HuCAL focuses on the scFv library construction 
using 49 master genes, resulting in high expression levels of HuCAL-scFv antibodies (2 × 109 
clones) and nanomolar range of affinities to several antigens tested, such as haptens, DNA, 
peptides, and proteins [69]. HuCAL GOLD® is a synthetic Fab library, generated by diversify-
ing six CDRs that mimics the natural diversity. Affinities of antibodies generated from this 
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to increase success rates for obtaining high affinity antibodies against multiple antigens by 
successive rounds of selection. The main advantage of a naïve library is the ability to screen 
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of pre-defined designs of the framework and the degree of randomization of the CDRs. The 
design pattern is generated based on bioinformatics analysis using existing experimental 
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three bases allows for the design and pre-determination of specific codons to be added. In 
addition to codon optimization for E. coli, improved accuracy of antibody design would then 
be possible. This ultimately improves the functional library size of HuCAL as well as the 
diversity by having higher number of clones with correct assembly, devoid of frameshifts, 
stop codons and deletions [69].

There have been different versions of the HuCAL library being constructed over the years, 
each with different characteristics. The initial HuCAL focuses on the scFv library construction 
using 49 master genes, resulting in high expression levels of HuCAL-scFv antibodies (2 × 109 
clones) and nanomolar range of affinities to several antigens tested, such as haptens, DNA, 
peptides, and proteins [69]. HuCAL GOLD® is a synthetic Fab library, generated by diversify-
ing six CDRs that mimics the natural diversity. Affinities of antibodies generated from this 
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library are able to achieve picomolar range when tested on different target molecules [63]. 
The latest optimized version, HuCAL PLATINUM® has a more advantageous design focusing 
on the optimization of CDR3 sequences in the modular sequence in order to yield antibod-
ies with improved folding and enhanced binding [70]. The optimization includes avoiding 
N-glycosylation sites and unproductive sequences to maximize the sequence space and avail-
ability. In addition, the library is improved to enhance antibody expression in both bacterial 
and mammalian expression systems. Sequence optimization on nucleotides has been exten-
sively carried out during library construction, therefore Fab fragments and IgG formats can 
be expressed optimally in both bacterial and mammalian systems, respectively. The resulting 
library offers higher diversity than the HuCAL GOLD® library [64, 70].

2.3.2. Case study of synthetic antibody libraries: n-CoDeR®

The principle of the n-CoDeR® library is based on the recombination of a single framework 
with multiple CDRs from non-immunized donors to generate functional diversity [71]. This 
approach allows the retrieval of CDR loops from immunoglobulin genes from different 
germline origins. All CDR loops are successfully recombined into one single VH-VL scaffold, 
while maintaining reactivity and functionality of the antibody fragments [72]. The underly-
ing concept of constructing the n-CoDeR® library is the amplification of desired CDR loops  
from immunoglobulin cDNA with overlap extension and assembly being performed to place 
the CDRs into the single framework [73]. The use of CDR loops originating from the human 
immune system is said to be remarkable as the sequences obtained have undergone in vivo pro-
cessing, thus such sequences are said to have undergone proof-reading and the functionality 
has been confirmed [74]. The resulting genetic diversity of this library is remarkably enormous 
(2 × 109), and has the potential to yield diversities equaling the human immune system [56].

This library appears to be a suitable candidate for therapeutic and diagnostic applications 
as it can generate functional antibody fragments against many types of antigens. Initially 
the approach of using a single framework to present various types of CDR loops was 
seemed risky due to the limitation in capacity. It was later proved to be successful with 
the isolation of antibodies specific to various types of antigens reaching affinities in the 
sub-nanomolar range. Another benefit afforded by this approach was the ability to select 
a single framework that can customize desirable characteristics and properties, as well as 
ensuring that antibodies can be generated which can be produced and folded in good con-
dition [56]. Antibodies harnessed from the n-CoDeR® library are potentially advantageous 
for therapeutic purpose as they demonstrated a lower number of T-cell epitopes than nor-
mal antibodies. It indicates that self-reactivity is therefore circumvented and immunoge-
nicity issues are reduced [72].

3. Affinity maturation strategies for recombinant antibodies

Recombinant antibodies obtained via combinatorial library technology from naïve or syn-
thetic libraries have the advantage of increased diversity as a result of the large repertoire of 
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the antibody genes. Antibodies isolated from combinatorial libraries against their respective 
targets sometimes may not exhibit the desired specificity and affinity. The increased affinity 
of an antibody is important to enhance its pharmacokinetics, efficacy and safety profile by 
enhancing the binding strength and function of an antibody [75]. Such optimizations can be 
achieved either by in vitro or in vivo affinity maturation strategies.

3.1. In vitro approaches toward affinity maturation of antibodies

There are several strategies that have been used to perform in vitro affinity maturation to 
improve recombinant antibody molecules. Mutagenesis is widely employed to introduce 
mutations into antibody sequences. Sequences of antibody are diversified by random muta-
tions via methods such as error-prone PCR or through site-directed mutations, where muta-
tions are assigned to specific positions in CDRs or framework regions as well as mutational 
hot spots by using PCR and degenerate primers [76]. In addition, de novo synthesis of DNA 
offers the most straightforward modification procedure to further diversify the antibody 
sequences as a whole.

Random mutagenesis is a non-systematic mutagenesis method that can be performed in the 
absence of information regarding the importance of structures and residues that contribute to 
antigen-antibody binding as well as affinity maturation of antibody [77]. The method intro-
duces point mutations into antibody genes in a random fashion. The mechanisms involves: 
(1) transitions, where a purine or pyrimidine is substituted by another purine or pyrimidine, 
(2) transversions, where a purine is substituted by a pyrimidine, or vice versa, (3) deletions of 
one or more nucleotides from the gene sequence, (4) insertions of one or more nucleotides into 
a gene sequence, (5) inversions where double-stranded DNA segments of two base pairs or 
longer is rotated at 180° [78].

Error-prone PCR is a universal method used for the introduction of random mutations by 
capitalizing on the natural error rate of a low fidelity DNA polymerase, for example Taq poly-
merase that lacks 3′ to 5′ proofreading activity. Several parameters during PCR amplification 
govern the error rate of DNA polymerases in order to create ideal mismatches in the ampli-
fied product. The manipulation of the enzyme’s fidelity can be performed by varying several 
parameters like: (1) concentration of Taq DNA polymerase, (2) concentration of divalent cat-
ions (Mn2+ and Mg2+), (3) concentration of deoxyribonucleoside triphosphates (dNTPs), (4) 
polymerase extension time and the (5) number of PCR cycles [79, 80]. Upon amplification, the 
product must be ligated to a suitable plasmid and an additional step is required to recover the 
transformants that consist of the mutations. Error-prone PCR is a robust technique, whereby 
it can only introduce limited amount of base substitutions into the gene sequence. Therefore 
it is very useful to identify amino acid positions that are associated with function, affinity and 
specificity of antibodies for the method to be applied on [1]. The resulting libraries consist of 
a large amount of A to G and T to C transitions, thus causing high GC content amplification 
bias. This limitation can be circumvented by the addition of unbalanced ratios of nucleotides 
to reduce the amplification bias. A commercial DNA polymerase, Mutazyme® was introduced 
for error-prone PCR with reduced mutational bias which overcomes the issue of preferen-
tial nucleotide base selection by Taq DNA polymerase during amplification [78]. Error-prone 
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library are able to achieve picomolar range when tested on different target molecules [63]. 
The latest optimized version, HuCAL PLATINUM® has a more advantageous design focusing 
on the optimization of CDR3 sequences in the modular sequence in order to yield antibod-
ies with improved folding and enhanced binding [70]. The optimization includes avoiding 
N-glycosylation sites and unproductive sequences to maximize the sequence space and avail-
ability. In addition, the library is improved to enhance antibody expression in both bacterial 
and mammalian expression systems. Sequence optimization on nucleotides has been exten-
sively carried out during library construction, therefore Fab fragments and IgG formats can 
be expressed optimally in both bacterial and mammalian systems, respectively. The resulting 
library offers higher diversity than the HuCAL GOLD® library [64, 70].

2.3.2. Case study of synthetic antibody libraries: n-CoDeR®

The principle of the n-CoDeR® library is based on the recombination of a single framework 
with multiple CDRs from non-immunized donors to generate functional diversity [71]. This 
approach allows the retrieval of CDR loops from immunoglobulin genes from different 
germline origins. All CDR loops are successfully recombined into one single VH-VL scaffold, 
while maintaining reactivity and functionality of the antibody fragments [72]. The underly-
ing concept of constructing the n-CoDeR® library is the amplification of desired CDR loops  
from immunoglobulin cDNA with overlap extension and assembly being performed to place 
the CDRs into the single framework [73]. The use of CDR loops originating from the human 
immune system is said to be remarkable as the sequences obtained have undergone in vivo pro-
cessing, thus such sequences are said to have undergone proof-reading and the functionality 
has been confirmed [74]. The resulting genetic diversity of this library is remarkably enormous 
(2 × 109), and has the potential to yield diversities equaling the human immune system [56].

This library appears to be a suitable candidate for therapeutic and diagnostic applications 
as it can generate functional antibody fragments against many types of antigens. Initially 
the approach of using a single framework to present various types of CDR loops was 
seemed risky due to the limitation in capacity. It was later proved to be successful with 
the isolation of antibodies specific to various types of antigens reaching affinities in the 
sub-nanomolar range. Another benefit afforded by this approach was the ability to select 
a single framework that can customize desirable characteristics and properties, as well as 
ensuring that antibodies can be generated which can be produced and folded in good con-
dition [56]. Antibodies harnessed from the n-CoDeR® library are potentially advantageous 
for therapeutic purpose as they demonstrated a lower number of T-cell epitopes than nor-
mal antibodies. It indicates that self-reactivity is therefore circumvented and immunoge-
nicity issues are reduced [72].

3. Affinity maturation strategies for recombinant antibodies

Recombinant antibodies obtained via combinatorial library technology from naïve or syn-
thetic libraries have the advantage of increased diversity as a result of the large repertoire of 
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the antibody genes. Antibodies isolated from combinatorial libraries against their respective 
targets sometimes may not exhibit the desired specificity and affinity. The increased affinity 
of an antibody is important to enhance its pharmacokinetics, efficacy and safety profile by 
enhancing the binding strength and function of an antibody [75]. Such optimizations can be 
achieved either by in vitro or in vivo affinity maturation strategies.

3.1. In vitro approaches toward affinity maturation of antibodies

There are several strategies that have been used to perform in vitro affinity maturation to 
improve recombinant antibody molecules. Mutagenesis is widely employed to introduce 
mutations into antibody sequences. Sequences of antibody are diversified by random muta-
tions via methods such as error-prone PCR or through site-directed mutations, where muta-
tions are assigned to specific positions in CDRs or framework regions as well as mutational 
hot spots by using PCR and degenerate primers [76]. In addition, de novo synthesis of DNA 
offers the most straightforward modification procedure to further diversify the antibody 
sequences as a whole.

Random mutagenesis is a non-systematic mutagenesis method that can be performed in the 
absence of information regarding the importance of structures and residues that contribute to 
antigen-antibody binding as well as affinity maturation of antibody [77]. The method intro-
duces point mutations into antibody genes in a random fashion. The mechanisms involves: 
(1) transitions, where a purine or pyrimidine is substituted by another purine or pyrimidine, 
(2) transversions, where a purine is substituted by a pyrimidine, or vice versa, (3) deletions of 
one or more nucleotides from the gene sequence, (4) insertions of one or more nucleotides into 
a gene sequence, (5) inversions where double-stranded DNA segments of two base pairs or 
longer is rotated at 180° [78].

Error-prone PCR is a universal method used for the introduction of random mutations by 
capitalizing on the natural error rate of a low fidelity DNA polymerase, for example Taq poly-
merase that lacks 3′ to 5′ proofreading activity. Several parameters during PCR amplification 
govern the error rate of DNA polymerases in order to create ideal mismatches in the ampli-
fied product. The manipulation of the enzyme’s fidelity can be performed by varying several 
parameters like: (1) concentration of Taq DNA polymerase, (2) concentration of divalent cat-
ions (Mn2+ and Mg2+), (3) concentration of deoxyribonucleoside triphosphates (dNTPs), (4) 
polymerase extension time and the (5) number of PCR cycles [79, 80]. Upon amplification, the 
product must be ligated to a suitable plasmid and an additional step is required to recover the 
transformants that consist of the mutations. Error-prone PCR is a robust technique, whereby 
it can only introduce limited amount of base substitutions into the gene sequence. Therefore 
it is very useful to identify amino acid positions that are associated with function, affinity and 
specificity of antibodies for the method to be applied on [1]. The resulting libraries consist of 
a large amount of A to G and T to C transitions, thus causing high GC content amplification 
bias. This limitation can be circumvented by the addition of unbalanced ratios of nucleotides 
to reduce the amplification bias. A commercial DNA polymerase, Mutazyme® was introduced 
for error-prone PCR with reduced mutational bias which overcomes the issue of preferen-
tial nucleotide base selection by Taq DNA polymerase during amplification [78]. Error-prone 

High Affinity Maturated Human Antibodies from Naïve and Synthetic Antibody Repertoires
http://dx.doi.org/10.5772/intechopen.71664

27



PCR has been performed across the entire coding region to promote enhanced binders by 
the introduction of additional interacting residues between ligands and targets, altering the 
three dimensional structure of the target contact regions or promoting the thermal stabil-
ity of ligands [53]. This method is suitable for use in ribosome, mRNA, and DNA displays 
whereby PCR amplification step is required after each round of selection. Additional muta-
tions can be introduced to potential binders during this stage and can be characterized in the 
following round of selection. This approach was successfully used in combination with DNA 
shuffling for the selection and affinity maturation of an anti-fluorescein scFv which achieve 
an affinity of 100 fM from a 107 yeast display library [81]. Another variant of error-prone PCR 
applies isothermal rolling circle amplification for gene diversification. It amplifies a circular 
DNA template by rolling circle mechanism, generating single-stranded DNA comprising of 
multiple tandem repeats [82]. To generate a randomly mutated sequence library, a wild-type 
sequence can be introduced into a plasmid followed by isothermal rolling circle amplification 
under error-prone conditions [78, 83].

Recombination provides another approach for gene modification and diversification. Muta-
tional rearrangements are highly advantageous to identify and obtain beneficial mutational 
combinations otherwise absent in nature. Chain shuffling is a process that serves as a “mix and 
match” system to increase gene repertoires. Chain shuffling allows for one of the two antibody 
chains (heavy or light chains) to be paired with a repertoire of partner chains to generate a sec-
ondary library in order to produce higher affinity antibodies. The domain shuffling is a useful  
affinity maturation tool for antibodies as it mimics the in vivo SHM process [84]. While DNA 
shuffling generates chimeric libraries through random fragmentation of a pool of similar 
genes, reassembly of the fragments will result in template switching giving rise to sequence 
diversity. Application of DNA shuffling to different antibody genes leads to exchange of 
CDRs and frameworks. Affinity maturation can be achieved by using a single variable heavy 
chain domain or light chain domain from a known binder and mixing it with an array of 
diverse different heavy chain or light chain domains for an improved affinity.

Site-directed mutagenesis involves in vitro gene modifications that are targeted at a spe-
cific genetic locus or a segment of DNA sequence to study the sequence-structure-function 
of a gene candidate [85]. However, site-saturating mutagenesis will substitute specific sites 
against all possible amino acid residues. Hence, the importance of a specific amino acid resi-
due towards the function of an antibody can be elucidated through this focused mutagenesis 
method [78, 86]. This can be applied for stability engineering of antibodies by determining 
the influence of different amino acids at strategic positions along the antibody structure. Site-
directed mutagenesis can be performed through several different approaches. The availability 
of restriction nucleases and DNA ligases allows easy incorporation of mutagenic sequences 
into templates to construct recombinant DNAs [87]. The rapid development of oligonucle-
otide synthesis has also contributed to oligonucleotide-mediated mutagenesis method. Such 
approach is designed to consist of internal mismatches that complement the template DNA 
for directing point mutations or multiple mutations. For instance, a mutagenic primer anneals 
to a single-stranded DNA template, followed by extension with Klenow fragment of DNA 
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polymerase I and is ligated with T4 DNA ligase. The resulting combination of mutant and 
wild-type DNA is produced when the heteroduplex DNA is transfected into competent  
E. coli [85]. Kunkel mutagenesis uses a circular, single-stranded DNA (ssDNA) template that 
incorporates uracil as template. The ssDNA is then annealed to the mutagenic primers to 
generate double-stranded DNA (dsDNA) that consists of the mutation. The dsDNA is then 
transfected into E. coli where the bacterial repair mechanisms will remove the parent strand 
(uracil-strand) while the recombinant clones predominate and propagate [88, 89].

Mutagenesis on a single-stranded DNA template (ssDNA) is labor intensive because the 
template requires subcloning and ssDNA rescue. Therefore, several commercial kits are 
available that utilizes double-stranded DNA (dsDNA) as template for site-directed muta-
genesis with mutagenic primers. The QuickChange™ system (Stratagene) uses a pair of 
complementary oligonucleotides (forward and reverse) that consists of the desired muta-
tions to amplify the whole plasmid with high fidelity polymerase, followed by removal 
of the parental DNA using Dpn 1 endonuclease. The GeneTailor™ system (Invitrogen) is 
somewhat similar to QuickChange™, however it requires DNA methylase to methylate the 
DNA template prior to amplification. The GeneEditor™ system requires multiple transfor-
mations and ampicillin resistance cloning vectors for selecting mutants that has undergone 
mutagenesis [88, 90]. A major convenience for the GeneTailor™ and QuickChange™ system 
is the ability to carry out the mutagenesis without requiring additional vectors, host strains, 
or restriction sites.

Another variant of site-directed mutagenesis is a PCR-driven method termed as overlap 
extension PCR. This technique employs PCR to generate modified genes from cloned DNA 
with just a few simple steps. The segments of a target gene are amplified from a DNA tem-
plate using two flanking master primers and two internal primers. The internal primers con-
sist of the desired mutation and overlapping nucleotide sequences. Two rounds of PCR are 
carried out, first by amplifying the target genes with their respective pair of primers to create 
two gene fragments that share some overlapping sequences at the 3′ end. Subsequently, these 
double-stranded duplexes are denatured and annealed, resulting in two heteroduplexes with 
each strand consisting of the mutated site. Then DNA polymerase functions to extend the 
overlapping ends of each heteroduplexes. A second PCR is done with the use of two flank-
ing master primers to amplify the entire modified gene [90, 91]. This method was recently 
employed by Kitzman et al. [92] to create massive single amino acid mutagenesis in a parallel 
fashion coupled with microarray-based DNA synthesis technology. This is particularly useful 
for assessing and screening of variants in libraries.

The increased understanding of molecular biology and specific functions of molecular biology 
enzymes has allowed the introduction of different approaches for mutagenesis. The combina-
tion of the different function of various enzymes has been utilized successfully to carry out 
directed evolution of antibody genes. Lambda exonuclease in nature functions to assist the 
repair of dsDNA breaks of viral DNA. It is a highly processive 5′→3′ dsDNA exonuclease which 
selectively degrades the phosphorylated chain of a duplex DNA to yield mononucleotides  
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PCR has been performed across the entire coding region to promote enhanced binders by 
the introduction of additional interacting residues between ligands and targets, altering the 
three dimensional structure of the target contact regions or promoting the thermal stabil-
ity of ligands [53]. This method is suitable for use in ribosome, mRNA, and DNA displays 
whereby PCR amplification step is required after each round of selection. Additional muta-
tions can be introduced to potential binders during this stage and can be characterized in the 
following round of selection. This approach was successfully used in combination with DNA 
shuffling for the selection and affinity maturation of an anti-fluorescein scFv which achieve 
an affinity of 100 fM from a 107 yeast display library [81]. Another variant of error-prone PCR 
applies isothermal rolling circle amplification for gene diversification. It amplifies a circular 
DNA template by rolling circle mechanism, generating single-stranded DNA comprising of 
multiple tandem repeats [82]. To generate a randomly mutated sequence library, a wild-type 
sequence can be introduced into a plasmid followed by isothermal rolling circle amplification 
under error-prone conditions [78, 83].

Recombination provides another approach for gene modification and diversification. Muta-
tional rearrangements are highly advantageous to identify and obtain beneficial mutational 
combinations otherwise absent in nature. Chain shuffling is a process that serves as a “mix and 
match” system to increase gene repertoires. Chain shuffling allows for one of the two antibody 
chains (heavy or light chains) to be paired with a repertoire of partner chains to generate a sec-
ondary library in order to produce higher affinity antibodies. The domain shuffling is a useful  
affinity maturation tool for antibodies as it mimics the in vivo SHM process [84]. While DNA 
shuffling generates chimeric libraries through random fragmentation of a pool of similar 
genes, reassembly of the fragments will result in template switching giving rise to sequence 
diversity. Application of DNA shuffling to different antibody genes leads to exchange of 
CDRs and frameworks. Affinity maturation can be achieved by using a single variable heavy 
chain domain or light chain domain from a known binder and mixing it with an array of 
diverse different heavy chain or light chain domains for an improved affinity.

Site-directed mutagenesis involves in vitro gene modifications that are targeted at a spe-
cific genetic locus or a segment of DNA sequence to study the sequence-structure-function 
of a gene candidate [85]. However, site-saturating mutagenesis will substitute specific sites 
against all possible amino acid residues. Hence, the importance of a specific amino acid resi-
due towards the function of an antibody can be elucidated through this focused mutagenesis 
method [78, 86]. This can be applied for stability engineering of antibodies by determining 
the influence of different amino acids at strategic positions along the antibody structure. Site-
directed mutagenesis can be performed through several different approaches. The availability 
of restriction nucleases and DNA ligases allows easy incorporation of mutagenic sequences 
into templates to construct recombinant DNAs [87]. The rapid development of oligonucle-
otide synthesis has also contributed to oligonucleotide-mediated mutagenesis method. Such 
approach is designed to consist of internal mismatches that complement the template DNA 
for directing point mutations or multiple mutations. For instance, a mutagenic primer anneals 
to a single-stranded DNA template, followed by extension with Klenow fragment of DNA 
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polymerase I and is ligated with T4 DNA ligase. The resulting combination of mutant and 
wild-type DNA is produced when the heteroduplex DNA is transfected into competent  
E. coli [85]. Kunkel mutagenesis uses a circular, single-stranded DNA (ssDNA) template that 
incorporates uracil as template. The ssDNA is then annealed to the mutagenic primers to 
generate double-stranded DNA (dsDNA) that consists of the mutation. The dsDNA is then 
transfected into E. coli where the bacterial repair mechanisms will remove the parent strand 
(uracil-strand) while the recombinant clones predominate and propagate [88, 89].

Mutagenesis on a single-stranded DNA template (ssDNA) is labor intensive because the 
template requires subcloning and ssDNA rescue. Therefore, several commercial kits are 
available that utilizes double-stranded DNA (dsDNA) as template for site-directed muta-
genesis with mutagenic primers. The QuickChange™ system (Stratagene) uses a pair of 
complementary oligonucleotides (forward and reverse) that consists of the desired muta-
tions to amplify the whole plasmid with high fidelity polymerase, followed by removal 
of the parental DNA using Dpn 1 endonuclease. The GeneTailor™ system (Invitrogen) is 
somewhat similar to QuickChange™, however it requires DNA methylase to methylate the 
DNA template prior to amplification. The GeneEditor™ system requires multiple transfor-
mations and ampicillin resistance cloning vectors for selecting mutants that has undergone 
mutagenesis [88, 90]. A major convenience for the GeneTailor™ and QuickChange™ system 
is the ability to carry out the mutagenesis without requiring additional vectors, host strains, 
or restriction sites.

Another variant of site-directed mutagenesis is a PCR-driven method termed as overlap 
extension PCR. This technique employs PCR to generate modified genes from cloned DNA 
with just a few simple steps. The segments of a target gene are amplified from a DNA tem-
plate using two flanking master primers and two internal primers. The internal primers con-
sist of the desired mutation and overlapping nucleotide sequences. Two rounds of PCR are 
carried out, first by amplifying the target genes with their respective pair of primers to create 
two gene fragments that share some overlapping sequences at the 3′ end. Subsequently, these 
double-stranded duplexes are denatured and annealed, resulting in two heteroduplexes with 
each strand consisting of the mutated site. Then DNA polymerase functions to extend the 
overlapping ends of each heteroduplexes. A second PCR is done with the use of two flank-
ing master primers to amplify the entire modified gene [90, 91]. This method was recently 
employed by Kitzman et al. [92] to create massive single amino acid mutagenesis in a parallel 
fashion coupled with microarray-based DNA synthesis technology. This is particularly useful 
for assessing and screening of variants in libraries.

The increased understanding of molecular biology and specific functions of molecular biology 
enzymes has allowed the introduction of different approaches for mutagenesis. The combina-
tion of the different function of various enzymes has been utilized successfully to carry out 
directed evolution of antibody genes. Lambda exonuclease in nature functions to assist the 
repair of dsDNA breaks of viral DNA. It is a highly processive 5′→3′ dsDNA exonuclease which 
selectively degrades the phosphorylated chain of a duplex DNA to yield mononucleotides  
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and ssDNA. A strategy that takes advantage of this feature of lambda exonuclease was applied 
for antibody gene mutagenesis. The formed ssDNA template will function as the template for 
in vitro antibody gene recombination. The ssDNA template is then hybridized with degen-
erate oligonucleotides and treated with Klenow Fragment to generate dsDNA templates of 
the hybridized products. This will result in a final dsDNA template that has incorporated the 
diversification introduced by the degenerate oligos at a specific site of the antibody gene. The 
method was successfully applied to carry out chain shuffling and mutagenesis of antibody 
clones [93]. However, a major bottleneck with these methods is their inability to allow directed 
mutagenesis with codon specificity.

The diversification of the antibody repertoire can also be realized by in vitro somatic hyper-
mutation using the AID enzyme [94]. The AID enzyme is classified in the APOBEC family of 
cytidine deaminases that is able to catalyze the deamination of cytidine residues to uridine 
residues in vitro only on ssDNA, giving rise to thymine residues at the end of the replication 
events [95].

Typically, the cytidines are targeted at the mutational hotspot motif RGYW and AGY (R = A/G, 
Y = C/T, W = A/T). This motif is also the preferred region for mutations during in vivo somatic 
hypermutation [96, 97]. Reports revealed that in vitro cytidine deamination occurs in an ori-
entation-dependent fashion, relying on the transcription to gain access to both template and 
non-template strands of DNA. Nevertheless, it is capable of introducing mutations into DNA 
and therefore applicable for gene diversification [98, 99]. AID-mediated mutagenesis serves 
as a useful method to enhance antibody affinities through sequence diversity by introduc-
ing point mutations, such as single amino acid substitutions or indels (insertions, deletions) 
specifically on the antibody CDR sequences. Nucleotide transversions and duplications are 
among the most complicated to design into a library but possible with the AID-mediated 
mutagenesis approach [34]. The AID enzyme is capable of generating indels which are local-
ized in CDR regions, while affinity maturation through somatic mutation further improves 
the antibody binding and specificity [100]. In vitro expression of the AID enzyme is sufficient 
to initiate indels, hypermutations inside the CDRs and clonal expansion that is comparable to 
in vivo events for antibody evolution.

Studies have been carried out to analyze the amino acid diversities in the germline and 
mature antibody sequences. It was found that the number of germline hotspots decreases 
in high affinity antibodies, suggesting that hotspot-based somatic mutations occurred via in 
vivo affinity maturation [101]. Through the in vitro randomization of these short CDR regions 
that somewhat mimics the natural in vivo SHM sequences diversity is generated and results 
in in vitro affinity maturation. These hotspots are embedded in the codons of amino acids 
that are directly and indirectly involved in interactions with antigens. They can serve as the 
mutation targets in the human genome allowing for various mutagenesis to occur with the 
aid of the general mutator candidates being AID enzymes or other trans-acting hypermuta-
tion factors [102].

The diversity associated with the utilization of various sequences either in the CDR or framework 
is directly related to the affinity of the clones generated [5, 103]. The continuous development in 

Antibody Engineering30

molecular technologies has allowed the introduction of various approaches for gene modifica-
tion. The design of the framework regions in the antibody gene also plays a contributing role in 
the improvement of the antibody affinity. This is due to the influence of the framework genes on 
the stability, solubility and affinity of the antibody [104]. The framework regions mainly in the 
neighboring regions of the CDRs have been known to also contribute to the binding characteris-
tic of antibody clones [46].

3.2. De novo synthesis of antibody genes

Direct gene synthesis of modified sequences or de novo synthesis of DNA is ideal to create 
desired gene sequences based on iterative and comprehensive analyses with the aid of high 
throughput sequencing technology. There are few reasons why de novo synthesis of DNA is 
preferred in many instances. Firstly, engineering new functions normally requires great mod-
ifications to the genetic sequences therefore de novo synthesis is more preferred. Secondly, 
de novo gene synthesis allows specific design of DNA constructs. De novo synthesis enables 
to study the influence of new designed sequences on particular functions of corresponding 
expressed recombinant antibodies. The aim is to improve or modify phenotypic features of 
antibodies.

Lastly, targeted sequences from natural constructs are sometimes hard to access, therefore syn-
thesis provides a more efficient alternative to retrieve the targeted sequences [105]. Currently, 
oligos are generated or synthesized automatically, employing solid-phase phosphoramidite 
chemistry. The principle behind phosphoramidite-based oligo synthesis encompasses a total 
of four key steps (deprotection, coupling, capping and oxidation) to add one base at a time to 
a growing oligo chain attached to a solid support.

Synthesis takes place individually in small columns. The purified oligos are then subjected to 
quality assessments. The automated process can generate up to 100 nmol of oligos at a time 
with low error rates in the region of one base error in 200 nucleotides [105, 106].

Besides conventional gene synthesis from oligo fragments using column-based synthesized 
oligos, array-based oligos can be used for gene synthesis as well. An array-based synthesis 
has the advantage of high throughput synthesis. The polymer array support by Affymetrix 
is synthesized chemically comprising photolabile protecting groups and photolithography. 
The photolithographic mask is able to direct UV light over the solid substrate and selectively 
deprotect and activate the 5′-hydroxyl group in the growing chain, in order for free nucleo-
tides to be incorporated into the chain. The mask is designed for exposing targeted sites on 
the microarray, where incorporation of nucleotides occurs while masking other non-targeted 
sites. The oligo fragments are directly synthesized on the support surface, and can be recov-
ered as a heterogenous pool of sequences. Today, several technologies have surpassed the 
need to use the masking technique. An ink-jet-based printing developed by Agilent allows 
picolitres of free nucleotides and activator to be spotted on targeted sites on one array. 
NimbleGen Systems uses the programmed automated micromirror device to activate specific 
sites on the array. Furthermore, CustomArray (CombiMatrix) utilizes semiconductor-based 
electrochemical acid production to deprotect desired nucleosides [107, 108].
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and ssDNA. A strategy that takes advantage of this feature of lambda exonuclease was applied 
for antibody gene mutagenesis. The formed ssDNA template will function as the template for 
in vitro antibody gene recombination. The ssDNA template is then hybridized with degen-
erate oligonucleotides and treated with Klenow Fragment to generate dsDNA templates of 
the hybridized products. This will result in a final dsDNA template that has incorporated the 
diversification introduced by the degenerate oligos at a specific site of the antibody gene. The 
method was successfully applied to carry out chain shuffling and mutagenesis of antibody 
clones [93]. However, a major bottleneck with these methods is their inability to allow directed 
mutagenesis with codon specificity.

The diversification of the antibody repertoire can also be realized by in vitro somatic hyper-
mutation using the AID enzyme [94]. The AID enzyme is classified in the APOBEC family of 
cytidine deaminases that is able to catalyze the deamination of cytidine residues to uridine 
residues in vitro only on ssDNA, giving rise to thymine residues at the end of the replication 
events [95].

Typically, the cytidines are targeted at the mutational hotspot motif RGYW and AGY (R = A/G, 
Y = C/T, W = A/T). This motif is also the preferred region for mutations during in vivo somatic 
hypermutation [96, 97]. Reports revealed that in vitro cytidine deamination occurs in an ori-
entation-dependent fashion, relying on the transcription to gain access to both template and 
non-template strands of DNA. Nevertheless, it is capable of introducing mutations into DNA 
and therefore applicable for gene diversification [98, 99]. AID-mediated mutagenesis serves 
as a useful method to enhance antibody affinities through sequence diversity by introduc-
ing point mutations, such as single amino acid substitutions or indels (insertions, deletions) 
specifically on the antibody CDR sequences. Nucleotide transversions and duplications are 
among the most complicated to design into a library but possible with the AID-mediated 
mutagenesis approach [34]. The AID enzyme is capable of generating indels which are local-
ized in CDR regions, while affinity maturation through somatic mutation further improves 
the antibody binding and specificity [100]. In vitro expression of the AID enzyme is sufficient 
to initiate indels, hypermutations inside the CDRs and clonal expansion that is comparable to 
in vivo events for antibody evolution.

Studies have been carried out to analyze the amino acid diversities in the germline and 
mature antibody sequences. It was found that the number of germline hotspots decreases 
in high affinity antibodies, suggesting that hotspot-based somatic mutations occurred via in 
vivo affinity maturation [101]. Through the in vitro randomization of these short CDR regions 
that somewhat mimics the natural in vivo SHM sequences diversity is generated and results 
in in vitro affinity maturation. These hotspots are embedded in the codons of amino acids 
that are directly and indirectly involved in interactions with antigens. They can serve as the 
mutation targets in the human genome allowing for various mutagenesis to occur with the 
aid of the general mutator candidates being AID enzymes or other trans-acting hypermuta-
tion factors [102].

The diversity associated with the utilization of various sequences either in the CDR or framework 
is directly related to the affinity of the clones generated [5, 103]. The continuous development in 
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molecular technologies has allowed the introduction of various approaches for gene modifica-
tion. The design of the framework regions in the antibody gene also plays a contributing role in 
the improvement of the antibody affinity. This is due to the influence of the framework genes on 
the stability, solubility and affinity of the antibody [104]. The framework regions mainly in the 
neighboring regions of the CDRs have been known to also contribute to the binding characteris-
tic of antibody clones [46].

3.2. De novo synthesis of antibody genes

Direct gene synthesis of modified sequences or de novo synthesis of DNA is ideal to create 
desired gene sequences based on iterative and comprehensive analyses with the aid of high 
throughput sequencing technology. There are few reasons why de novo synthesis of DNA is 
preferred in many instances. Firstly, engineering new functions normally requires great mod-
ifications to the genetic sequences therefore de novo synthesis is more preferred. Secondly, 
de novo gene synthesis allows specific design of DNA constructs. De novo synthesis enables 
to study the influence of new designed sequences on particular functions of corresponding 
expressed recombinant antibodies. The aim is to improve or modify phenotypic features of 
antibodies.

Lastly, targeted sequences from natural constructs are sometimes hard to access, therefore syn-
thesis provides a more efficient alternative to retrieve the targeted sequences [105]. Currently, 
oligos are generated or synthesized automatically, employing solid-phase phosphoramidite 
chemistry. The principle behind phosphoramidite-based oligo synthesis encompasses a total 
of four key steps (deprotection, coupling, capping and oxidation) to add one base at a time to 
a growing oligo chain attached to a solid support.

Synthesis takes place individually in small columns. The purified oligos are then subjected to 
quality assessments. The automated process can generate up to 100 nmol of oligos at a time 
with low error rates in the region of one base error in 200 nucleotides [105, 106].

Besides conventional gene synthesis from oligo fragments using column-based synthesized 
oligos, array-based oligos can be used for gene synthesis as well. An array-based synthesis 
has the advantage of high throughput synthesis. The polymer array support by Affymetrix 
is synthesized chemically comprising photolabile protecting groups and photolithography. 
The photolithographic mask is able to direct UV light over the solid substrate and selectively 
deprotect and activate the 5′-hydroxyl group in the growing chain, in order for free nucleo-
tides to be incorporated into the chain. The mask is designed for exposing targeted sites on 
the microarray, where incorporation of nucleotides occurs while masking other non-targeted 
sites. The oligo fragments are directly synthesized on the support surface, and can be recov-
ered as a heterogenous pool of sequences. Today, several technologies have surpassed the 
need to use the masking technique. An ink-jet-based printing developed by Agilent allows 
picolitres of free nucleotides and activator to be spotted on targeted sites on one array. 
NimbleGen Systems uses the programmed automated micromirror device to activate specific 
sites on the array. Furthermore, CustomArray (CombiMatrix) utilizes semiconductor-based 
electrochemical acid production to deprotect desired nucleosides [107, 108].
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Nevertheless, the NimbleGen and CustomArray oligo synthesis techniques suffer high error 
rates when trying to generate longer and multiple oligo strands in parallel. This is due to 
the side reactions such as depurination and inefficient addition of nucleotides that results in 
unwanted substitution and indels (insertion/deletion) errors, which greatly affects the overall 
quality of the synthesized product. Therefore purification steps utilizing polyacrylamide gel 
electrophoresis and high performance liquid chromatography are essential to remove errone-
ous sequences upon generating the intended DNA sequences [109].

The generated oligo fragments obtained after conventional or area-based synthesis are then used 
as raw substrates to construct larger synthetic fragments (usually few hundreds of base pairs), 
also known as gene synthesis. Using a ligation-based approach, the complementary overlapping 
fragments are joined enzymatically by the thermostable DNA ligases, producing larger DNA 
fragments under high stringency [110]. Another approach, known as polymerase cycling assem-
bly (PCA)-based method, utilizes polymerase to elongate the originated overlapping oligo frag-
ments into double-stranded fragments [111]. Ligation-based synthesis offer higher stringency, 
therefore error in sequences is less likely to be assembled, but the oligo synthesis are costly due 
to synthesis of longer fragments. The longer oligonucleotides will allow for better annealing and 
less steps in comparison to shorter oligonucleotdies. The final step would sometimes involve 
an additional Polymerase chain reaction (PCR) amplification step to yield more material for 
cloning. On the contrary, PCA-based methods are more cost-effective as it relies on overlapping 
short oligo fragments (15–25 nt) per gene synthesis. However, this approach promotes higher 
error rates due to the lack of error elimination during hybridization [112]. Also, target diversity 
can be introduced at the regions where the overlapping oligo fragments hybridizes [109].

Despite the fact that concentrations of individual oligos on the array are quite low and insuf-
ficient for priming, as well as the error rates of the oligo pools are higher as the column-based 
methods, there are successful examples that overcome these challenges. This is done with the use 
of programmable DNA microchips with an array of oligonucleotides and their selection [113]. 
To increase the concentration of oligonucleotides for gene synthesis, amplification of oligo frag-
ments before assembly is required. Sequence errors can be detected via hybridization of the syn-
thetized cleaved oligonucleotides to complementary oligonucleotides spanned on a second area. 
Lastly error-free fragments will be assembled into full-length sequences. However, this method 
is not feasible for assembling a large pool of oligos because of the risk of cross-hybridization 
based on the huge diversity. Another approach used selective oligonucleotide pool amplification 
directed by predesigned barcodes to generate and assemble particular DNA fragments that are 
required to make a full gene before the barcodes are digested prior to full gene assembly [114]. 
Recently, this approach was applied to construct few scFv gene libraries with degenerate oligo-
nucleotides synthesized on two DNA microchips in parallel [115]. The humanized anti-ErbB2 
antibody (HuA21) was targeted to diversify the CDR regions via a small perturbation mutagen-
esis method and was validated using deep sequencing by the Illumina platform. Finally, the 
mutant candidates were screened by phage display to select for high affinity binders [115, 116].

gBlocks gene fragments are readily usable short-to-medium length synthesized DNA 
fragments that contains particular desired gene modifications. gBlocks are dsDNA blocks 
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that undergo controlled synthesis allowing various applications for antibody and protein 
engineering. The main application focuses specifically on gene construction and editing. 
gBlocks are constructed using gene fragment libraries (pools of short DNA fragments that 
comprise 18 consecutive N bases or K (G,T) bases). The synthesized product is then sub-
jected to various quality control tests such as capillary electrophoresis (fragment length) 
and mass spectrometry (sequence composition) to verify the final product and reduce 
potential errors. For gene editing, gBlocks can introduce modifications such as deletion 
or insertion on relatively short stretches of DNA fragments. The primers are designed to 
target the region of the gene that is to be edited. Subsequently, the region will be cleaved 
and replaced by the gBlock [109]. This method has allowed the design and generation of 
antibody libraries [117, 118].

3.3. In vivo approaches towards affinity maturation of antibodies

Bacterial mutator strains, such as Escherichia coli mutants are shown to introduce random 
mutations, such as single-base substitutions with higher rates than wild type strains. The 
mutant strains are characterized by the absence of several DNA repair pathways, resulting 
in a high rate of mutations [78]. Affinity maturation via this approach involves two key 
steps; firstly, antibody genes are transformed and replicated in E. coli mutants to introduce 
random mutations. Next, screening of mutated antibody clones to identify highest affinity 
binders is done using display technologies. The affinity maturation process requires several 
rounds of mutation, selection and amplification in order to obtain high affinity mutants. 
Phage display technology is best coupled with E. coli mutator cells for in vivo mutation of 
antibody fragments due to the ease of application with phage and phagemid vectors [119]. 
The E. coli mutator cell such as E. coli mutD5-FIT consists of mutD mutation, F′ factor for 
Fd phage transfection and supE mutation. This mutant is able to express phage displayed 
antibody fragments, where antibody genes are fused to the N-terminus of gene III protein 
and are subsequently packaged to form a mature virus particle. Alternatively, another E. 
coli mutator strain, XLIRed carries mutD, mutL and mutS, while it is devoid of the F′ epi-
some. This does not allow the cell to be applied for phage infection. However, this F′ defi-
cient mutator cell can be converted to F′ mutator strain by mating with other E. coli strains 
with F′ episome [120, 121]. The choice of bacterial mutator strains are largely governed by 
downstream selection strategies that requires rational considerations. A human antibody 
fragment that targets the hapten 2-phenyl-5-oxazolone (phOx) was affinity matured by a 
factor 100 fold via E. coli mutD5 strain, whereby the mutations are extensively located in 
CDR loops and less in framework regions, which improve the binding affinity of the anti-
body to the target [122].

In vivo affinity maturation can also be performed via AID-mediated mutagenesis. It fits 
quite well with the robust mammalian cell display techniques for selection and affinity 
maturation of functional antibody clones. As an example, the cDNA of an anti-human 
complement protein C5 antibody is transfected into HEK293 cells together with the AID 
enzyme expression plasmid to initiate in vitro SHM. The antibody clones are identified 
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Nevertheless, the NimbleGen and CustomArray oligo synthesis techniques suffer high error 
rates when trying to generate longer and multiple oligo strands in parallel. This is due to 
the side reactions such as depurination and inefficient addition of nucleotides that results in 
unwanted substitution and indels (insertion/deletion) errors, which greatly affects the overall 
quality of the synthesized product. Therefore purification steps utilizing polyacrylamide gel 
electrophoresis and high performance liquid chromatography are essential to remove errone-
ous sequences upon generating the intended DNA sequences [109].

The generated oligo fragments obtained after conventional or area-based synthesis are then used 
as raw substrates to construct larger synthetic fragments (usually few hundreds of base pairs), 
also known as gene synthesis. Using a ligation-based approach, the complementary overlapping 
fragments are joined enzymatically by the thermostable DNA ligases, producing larger DNA 
fragments under high stringency [110]. Another approach, known as polymerase cycling assem-
bly (PCA)-based method, utilizes polymerase to elongate the originated overlapping oligo frag-
ments into double-stranded fragments [111]. Ligation-based synthesis offer higher stringency, 
therefore error in sequences is less likely to be assembled, but the oligo synthesis are costly due 
to synthesis of longer fragments. The longer oligonucleotides will allow for better annealing and 
less steps in comparison to shorter oligonucleotdies. The final step would sometimes involve 
an additional Polymerase chain reaction (PCR) amplification step to yield more material for 
cloning. On the contrary, PCA-based methods are more cost-effective as it relies on overlapping 
short oligo fragments (15–25 nt) per gene synthesis. However, this approach promotes higher 
error rates due to the lack of error elimination during hybridization [112]. Also, target diversity 
can be introduced at the regions where the overlapping oligo fragments hybridizes [109].

Despite the fact that concentrations of individual oligos on the array are quite low and insuf-
ficient for priming, as well as the error rates of the oligo pools are higher as the column-based 
methods, there are successful examples that overcome these challenges. This is done with the use 
of programmable DNA microchips with an array of oligonucleotides and their selection [113]. 
To increase the concentration of oligonucleotides for gene synthesis, amplification of oligo frag-
ments before assembly is required. Sequence errors can be detected via hybridization of the syn-
thetized cleaved oligonucleotides to complementary oligonucleotides spanned on a second area. 
Lastly error-free fragments will be assembled into full-length sequences. However, this method 
is not feasible for assembling a large pool of oligos because of the risk of cross-hybridization 
based on the huge diversity. Another approach used selective oligonucleotide pool amplification 
directed by predesigned barcodes to generate and assemble particular DNA fragments that are 
required to make a full gene before the barcodes are digested prior to full gene assembly [114]. 
Recently, this approach was applied to construct few scFv gene libraries with degenerate oligo-
nucleotides synthesized on two DNA microchips in parallel [115]. The humanized anti-ErbB2 
antibody (HuA21) was targeted to diversify the CDR regions via a small perturbation mutagen-
esis method and was validated using deep sequencing by the Illumina platform. Finally, the 
mutant candidates were screened by phage display to select for high affinity binders [115, 116].

gBlocks gene fragments are readily usable short-to-medium length synthesized DNA 
fragments that contains particular desired gene modifications. gBlocks are dsDNA blocks 

Antibody Engineering32

that undergo controlled synthesis allowing various applications for antibody and protein 
engineering. The main application focuses specifically on gene construction and editing. 
gBlocks are constructed using gene fragment libraries (pools of short DNA fragments that 
comprise 18 consecutive N bases or K (G,T) bases). The synthesized product is then sub-
jected to various quality control tests such as capillary electrophoresis (fragment length) 
and mass spectrometry (sequence composition) to verify the final product and reduce 
potential errors. For gene editing, gBlocks can introduce modifications such as deletion 
or insertion on relatively short stretches of DNA fragments. The primers are designed to 
target the region of the gene that is to be edited. Subsequently, the region will be cleaved 
and replaced by the gBlock [109]. This method has allowed the design and generation of 
antibody libraries [117, 118].

3.3. In vivo approaches towards affinity maturation of antibodies

Bacterial mutator strains, such as Escherichia coli mutants are shown to introduce random 
mutations, such as single-base substitutions with higher rates than wild type strains. The 
mutant strains are characterized by the absence of several DNA repair pathways, resulting 
in a high rate of mutations [78]. Affinity maturation via this approach involves two key 
steps; firstly, antibody genes are transformed and replicated in E. coli mutants to introduce 
random mutations. Next, screening of mutated antibody clones to identify highest affinity 
binders is done using display technologies. The affinity maturation process requires several 
rounds of mutation, selection and amplification in order to obtain high affinity mutants. 
Phage display technology is best coupled with E. coli mutator cells for in vivo mutation of 
antibody fragments due to the ease of application with phage and phagemid vectors [119]. 
The E. coli mutator cell such as E. coli mutD5-FIT consists of mutD mutation, F′ factor for 
Fd phage transfection and supE mutation. This mutant is able to express phage displayed 
antibody fragments, where antibody genes are fused to the N-terminus of gene III protein 
and are subsequently packaged to form a mature virus particle. Alternatively, another E. 
coli mutator strain, XLIRed carries mutD, mutL and mutS, while it is devoid of the F′ epi-
some. This does not allow the cell to be applied for phage infection. However, this F′ defi-
cient mutator cell can be converted to F′ mutator strain by mating with other E. coli strains 
with F′ episome [120, 121]. The choice of bacterial mutator strains are largely governed by 
downstream selection strategies that requires rational considerations. A human antibody 
fragment that targets the hapten 2-phenyl-5-oxazolone (phOx) was affinity matured by a 
factor 100 fold via E. coli mutD5 strain, whereby the mutations are extensively located in 
CDR loops and less in framework regions, which improve the binding affinity of the anti-
body to the target [122].

In vivo affinity maturation can also be performed via AID-mediated mutagenesis. It fits 
quite well with the robust mammalian cell display techniques for selection and affinity 
maturation of functional antibody clones. As an example, the cDNA of an anti-human 
complement protein C5 antibody is transfected into HEK293 cells together with the AID 
enzyme expression plasmid to initiate in vitro SHM. The antibody clones are identified 
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and isolated by fluorescence-activated cell sorting (FACS) with fluorescence labeled anti-
gen followed by iterative rounds of SHM to yield high affinity antibodies [34]. In mam-
malian, yeast and bacterial cell surface display it is essential to select and isolate the cells 
that are able to produce functional antibodies. Cell-based sorting such as high throughput 
flow cytometry, allows high throughput screening of cells per minute, analyzing the cells 
according to size, granularity and binding to fluorescence labeled antigens. The utmost 
reason for antibody engineering is the production of human monoclonal antibody in large 
scale, hence, it is crucial to implement a selection towards antibody expressing mammalian 
cells. Mammalian display allows for screening of eukaryotes-expressed full length antibod-
ies with correct glycosylation [18, 123].

The advancement of genome editing technologies offers a new approach to create sequence 
diversity. In fact, cells can repair DNA damages intrinsically by joining two ends together 
or filling the gap with similar sequences. However, cells can also repair the break by using a 
new piece of DNA that has the desired mutation. This is the basis of in vivo genome editing 
technologies today [124]. Extensive functional genomics studies helps to provide the insights 
required that targeted DNA double-stranded breaks (DSBs). The DSBs can induce genome 
editing via homologous recombination (HR) in the presence of exogenous homology repair 
template, as well as error-prone non-homologous end-joining repair (NHEJ) pathway in the 
absence of repair template. These two pathways are versatile to allow precise genome modi-
fication [125]. To date, there are four major classes of engineered DNA binding proteins to 
target DSBs: meganucleases, zinc finger (ZF) nucleases, transcription activator-like effectors 
(TALEs) and RNA-guided DNA endonuclease Cas9 [124].

Meganucleases are derived from microbial mobile genetic elements that integrate nucle-
ase and DNA binding domains. ZF nucleases (Cys2His2 bound to a single atom of zinc) are 
eukaryotic transcription factors that contain the DNA binding domain and is similar to a 
set of three fingers, with each finger contacting with 3 nucleotides of DNA [126]. TALEs are 
produced naturally by Xanthomonas sp. that consist of DNA binding domains with 30–35 
tandem repeats, with each domain recognizing a single nucleotide of DNA. Specificity of 
TALEs is governed by the two amino acids that are known as the repeat-hypervariable diresi-
dues [127]. Both ZF nucleases and TALEs require FokI nuclease to direct the nucleolytic activ-
ity towards the genome locus for modifications. Recently, RNA-guided DNA endonuclease 
Cas9 is given much more attention due to its simplicity and versatile approach towards in 
vivo genome engineering. It is derived from type II bacterial adaptive immune system. The 
CRISPR-Cas9 mediated immunity is explicitly explained in Yang et al. [128]. The hallmark 
of this system is the short RNA guide that recognizes the target DNA through base pairing, 
forming a RNA-DNA complex, subsequently Cas9 creates DSB on the target sequence [129, 
130] and a designed DNA fragment can be specifically incorporated.

While other approaches have their own limitations, the robustness of the CRISPR-Cas9 system 
sheds some light on direct endogenous genome editing on virtually any organism of choice. 
Meganuclease lacks target specificity, which is why it is not widely employed. However, 
ZF domains have a tendency to crosslink with neighboring protein -domains or -complexes 
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resulting in lower binding efficiency towards DNA targets. Although TALEs require only one 
nucleotide for binding towards target, however the synthesis for novel TALEs is costly due 
to their repetitive sequences [125]. Nevertheless, these enzymes are constructed in customiz-
able fashion to cater for the need of genome editing, as well as programming the enzymes for 
multiplex gene targeting [54]. Some model organisms were tested with the genome editing 
technologies, such as zebrafish, rats, mice, Drosophila, C. elegans. Some delivery methods of 
introducing these programmed enzymes into organisms are microinjections of stem cells with 
mRNA encoding the enzymes or direct transfection of an plasmid consisting of the enzyme 
cDNA into HEK293 cells [128, 131].

4. Conclusion

Naïve and synthetic human antibody repertoires are a very valuable source for the selection 
of antibodies against nearly any antigen. The role display technologies play in the quest to 
generate monoclonal antibodies from these libraries is obvious with the increasing number of 
antibody lead candidates going into clinical trials.

Affinity maturation of selected binders is now possible by expressing for example the AID 
enzyme during selection of antibodies using antibody mammalian cell surface display or 
by using a pool of microchip-synthesized CDRs incorporated into an antibody framework. 
Selection of naïve and synthetic recombinant antibodies combined with in vitro and in vivo 
affinity maturation techniques will have a profound effect on the generation of high affinity 
diagnostic and therapeutic human antibodies.
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and isolated by fluorescence-activated cell sorting (FACS) with fluorescence labeled anti-
gen followed by iterative rounds of SHM to yield high affinity antibodies [34]. In mam-
malian, yeast and bacterial cell surface display it is essential to select and isolate the cells 
that are able to produce functional antibodies. Cell-based sorting such as high throughput 
flow cytometry, allows high throughput screening of cells per minute, analyzing the cells 
according to size, granularity and binding to fluorescence labeled antigens. The utmost 
reason for antibody engineering is the production of human monoclonal antibody in large 
scale, hence, it is crucial to implement a selection towards antibody expressing mammalian 
cells. Mammalian display allows for screening of eukaryotes-expressed full length antibod-
ies with correct glycosylation [18, 123].

The advancement of genome editing technologies offers a new approach to create sequence 
diversity. In fact, cells can repair DNA damages intrinsically by joining two ends together 
or filling the gap with similar sequences. However, cells can also repair the break by using a 
new piece of DNA that has the desired mutation. This is the basis of in vivo genome editing 
technologies today [124]. Extensive functional genomics studies helps to provide the insights 
required that targeted DNA double-stranded breaks (DSBs). The DSBs can induce genome 
editing via homologous recombination (HR) in the presence of exogenous homology repair 
template, as well as error-prone non-homologous end-joining repair (NHEJ) pathway in the 
absence of repair template. These two pathways are versatile to allow precise genome modi-
fication [125]. To date, there are four major classes of engineered DNA binding proteins to 
target DSBs: meganucleases, zinc finger (ZF) nucleases, transcription activator-like effectors 
(TALEs) and RNA-guided DNA endonuclease Cas9 [124].

Meganucleases are derived from microbial mobile genetic elements that integrate nucle-
ase and DNA binding domains. ZF nucleases (Cys2His2 bound to a single atom of zinc) are 
eukaryotic transcription factors that contain the DNA binding domain and is similar to a 
set of three fingers, with each finger contacting with 3 nucleotides of DNA [126]. TALEs are 
produced naturally by Xanthomonas sp. that consist of DNA binding domains with 30–35 
tandem repeats, with each domain recognizing a single nucleotide of DNA. Specificity of 
TALEs is governed by the two amino acids that are known as the repeat-hypervariable diresi-
dues [127]. Both ZF nucleases and TALEs require FokI nuclease to direct the nucleolytic activ-
ity towards the genome locus for modifications. Recently, RNA-guided DNA endonuclease 
Cas9 is given much more attention due to its simplicity and versatile approach towards in 
vivo genome engineering. It is derived from type II bacterial adaptive immune system. The 
CRISPR-Cas9 mediated immunity is explicitly explained in Yang et al. [128]. The hallmark 
of this system is the short RNA guide that recognizes the target DNA through base pairing, 
forming a RNA-DNA complex, subsequently Cas9 creates DSB on the target sequence [129, 
130] and a designed DNA fragment can be specifically incorporated.

While other approaches have their own limitations, the robustness of the CRISPR-Cas9 system 
sheds some light on direct endogenous genome editing on virtually any organism of choice. 
Meganuclease lacks target specificity, which is why it is not widely employed. However, 
ZF domains have a tendency to crosslink with neighboring protein -domains or -complexes 
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resulting in lower binding efficiency towards DNA targets. Although TALEs require only one 
nucleotide for binding towards target, however the synthesis for novel TALEs is costly due 
to their repetitive sequences [125]. Nevertheless, these enzymes are constructed in customiz-
able fashion to cater for the need of genome editing, as well as programming the enzymes for 
multiplex gene targeting [54]. Some model organisms were tested with the genome editing 
technologies, such as zebrafish, rats, mice, Drosophila, C. elegans. Some delivery methods of 
introducing these programmed enzymes into organisms are microinjections of stem cells with 
mRNA encoding the enzymes or direct transfection of an plasmid consisting of the enzyme 
cDNA into HEK293 cells [128, 131].

4. Conclusion

Naïve and synthetic human antibody repertoires are a very valuable source for the selection 
of antibodies against nearly any antigen. The role display technologies play in the quest to 
generate monoclonal antibodies from these libraries is obvious with the increasing number of 
antibody lead candidates going into clinical trials.

Affinity maturation of selected binders is now possible by expressing for example the AID 
enzyme during selection of antibodies using antibody mammalian cell surface display or 
by using a pool of microchip-synthesized CDRs incorporated into an antibody framework. 
Selection of naïve and synthetic recombinant antibodies combined with in vitro and in vivo 
affinity maturation techniques will have a profound effect on the generation of high affinity 
diagnostic and therapeutic human antibodies.
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The development and improvement of strategies related to discovery technologies of 
monoclonal antibodies (mAbs) (phage display, yeast display, ribosome display, bacterial 
display, mammalian cell surface display, mRNA display, DNA display, transgenic ani-
mal, and human B-cell derived) opened perspectives for the screening and the selection 
of therapeutic antibodies for, theoretically, any target from any kind of organism. The 
implantation of a robust platform of antibody discovery technologies allows reaching  
this goal. Additionally to recombinant antibody selection, antibody engineering technol-
ogies were developed and explored to obtain desired characteristics of selected leading  
candidates such as high affinity, low immunogenicity, improved functionality, improved 
protein production, improved stability, and others. mAb humanization methods emerged 
as alternative for generating humanized variants of promising candidates obtained from 
non-human organism that could elicit an immune response. This chapter contains an 
overview of discovery technologies, mainly display methods and antibody humaniza-
tion methods for the selection of therapeutic humanized and human mAbs that appeared 
along the development of these technologies and thereafter. The increasing applications 
of phage display technology will be highlighted in the antibody engineering area (affinity 
maturation, guided selection to obtain human antibodies) giving promising perspectives 
for the development of future therapeutics.
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1. Introduction

The sale of therapeutic monoclonal antibodies (mAbs) is increasing yearly in relation to other 
class of biological products [1], and pharmaceutical/biotechnological companies are pursuing 
all opportunities to develop this product. Therapeutic mAbs are indicated to diverse clinical 
conditions such as treatment of cancers, immune-mediated disorders and infectious diseases, 
among others. Every year, new mAbs are approved while a crescent number of other mAbs 
advance to the next phase of clinical study [2].

Generation of mAbs started with the discovery of the hybridoma technology by Köhler and 
Milstein [3] in 1975. The fusion of B cells from immunized animals with myeloma cells originated 
hybrid cells producing unlimited quantities of antibodies with unique specificities. The potential 
of this technique for clinical and diagnostic use became evident with the approval of the first ther-
apeutic mAb 10 years later, Orthoclone OKT3 targeting the CD3 receptor present in T lympho-
cytes to control renal transplantation rejection [4]. The clinical success conducted immediately to 
the development of other mAbs derived from this technology. However, due to the non-conform-
ing sequence of murine mAbs, the generation of an immune response in humans was observed 
and the use of higher and multiple doses for prolonged time was not possible. Murine mAbs can 
induce immunogenicity, human anti-mouse antibodies (HAMA, including human anti-idiotype 
antibodies) affecting the safety and therapeutic efficacy [5]. The evaluation of mAb immunoge-
nicity is crucial during clinical trials and it is recommended by regulatory agencies.

With advances in the understanding of antibody structure and in molecular biology tech-
niques, the field of antibody engineering emerged with objective to change antibody prop-
erties by altering its primary sequence. Antibody humanization techniques use antibody 
engineering approaches to produce antibodies with less immunogenicity and preservation of 
affinity and specificity of the parental antibody of non-human origin [6]. The first humaniza-
tion technique led to the combination of variable region domains of a murine antibody with 
human constant region domains resulting in chimeric antibodies with 70% of human content 
[7]. Chimeric antibodies maintained the specificity of parental murine antibody and demon-
strated decreased immunogenicity, however, they generated human anti-chimeric antibodies 
(HACA) in approximately 40% of patients [5]. Efforts to obtain mAbs with a minimum of 
immunogenicity resulted in the development of a technique where sequences responsible for 
the antibody specificity to the antigen called complementarity-determining regions (CDRs) 
were transplanted to human framework sequences. This technique was designated CDR graft-
ing and generated humanized antibodies [8–10]. However, it was observed that most of the 
antibodies obtained by CDR grafting did not preserve the affinity of the parental murine anti-
body. This fact is due to the influence of the human framework on the structure of the trans-
planted mouse CDRs [11, 12]. Through 3-dimensional modeling, key residues were identified 
in the murine framework sequences that interacted with CDRs and the antigen representing 
the integrity of the antigen-binding site. In a maneuver of back mutating the identified critical 
framework residues to the mouse framework sequence, antibodies with affinities close to the 
parental murine antibody were obtained. Using this approach Zenapax® (daclizumab) was 
approved by FDA in 1997 for therapeutic use for the prevention of renal transplantation rejec-
tion [13]. Soon the antibody humanization technique became viable for the clinical application 
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of mAbs of non-human origin. In relation to immunogenicity, approximately 9% of human-
ized antibodies induced human anti-humanized antibodies (HAHA) in different clinical trials 
[5]. A less frequent humanization technique aiming to retain the original antibody affinity by 
altering only the mouse surface-exposed residues of the framework (veneering) was used with 
success for an anti-NaPi2b oncologic antibody where the humanized version (Rebmab200) 
demonstrated a slightly improved affinity in relation to the murine version (MX35) [14, 15].

Concomitant to the utilization of antibody humanization techniques started the development 
of in vitro display technologies and the exploration of the molecular diversity of the antibody 
genes present in a determined library. The first technology available was phage display by 
presenting exogenous peptides on filamentous bacteriophage (phage) surfaces [16]. The pep-
tide sequences were fused to the amino-terminus of the p3 protein of phages and the fusion 
protein was expressed on the phage surface, further purified by affinity through the binding 
to a specific antibody. Selected phages were amplified in bacteria. Then, a biopanning pro-
cess, a classical cyclic procedure to select phage clones presenting peptides by affinity binding 
was described [17]. The occurrence of the phage display technology to select mAbs depended 
on the development of two techniques. Firstly, the expression of functional antibody frag-
ments (scFv and Fab fragment) in the periplasm of Escherichia coli was reported [18, 19]. The 
second technique to mention is the PCR for amplification of antibody genes (heavy and light 
chains) from hybridomas, a pool of prokaryotic and eukaryotic cells transfected with anti-
body genes, human peripheral blood cells or tissues rich in B cells [20–22]. The amplification 
of human immunoglobulin genes directly from immune or naïve human materials opened 
the possibility to select human antibodies from these sources, either for diagnostic or clinical 
purposes. In phage display technology, amplified antibody genes are cloned into appropriate 
phage display vectors to construct the library. Antibody fragments present in the library are 
expressed on the phage surface and then are submitted to biopanning to select phages by the 
binding to a specific peptide epitope or antigen. After some cycles of biopanning, the phages 
encoding the antibody fragments are analyzed individually to select specific clones. Soluble 
antibody fragments are expressed allowing the characterization of the antibodies and isola-
tion of lead clones [23, 24]. Using phage display technology, six human mAbs were approved 
for therapeutic use and other candidates are in advanced phases of clinical studies [25]. Other 
in vitro display technologies were developed such as yeast display, ribosome display, bacte-
rial display, mRNA display, mammalian cell surface display and DNA display and, although 
mAbs with therapeutic potential were obtained by using these other in vitro display technolo-
gies, no one reached the clinical approval so far.

In the present chapter, we describe discovery technologies to select human therapeutic mAbs.

2. Display technologies to obtain recombinant monoclonal antibodies

In vitro display technologies such as phage display, yeast display, ribosome display, bacte-
rial display, mammalian cell surface display, mRNA display and DNA display represent  
in vitro selection platforms of specific molecules presented in a determined library. These tech-
nologies are used mainly to isolate peptides and antibody fragments in scFv, single domain 
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antibody (sdAb) or Fab fragment formats. These technologies mimic the in vivo process for 
antibody generation and have four key steps as it occurs in vivo inside the immune system: 
(1) generation (or cloning) of genotypic diversity; (2) linkage between the genotype and phe-
notype; (3) application of selective pressure and (4) amplification. This process was initially 
developed for the collection of recombinant antibody genes from B lymphocytes from immu-
nized mice and naïve or infected humans. The immunoglobulin gene repertoire is cloned into 
a vector to provide the connection between the genotype and the phenotype of each antibody, 
and clones are selected through the binding to the specific antigen [26]. The isolated clones are 
expressed in sufficient amounts to characterize them and to select the best candidate.

The main advantage of the in vitro display technology is the possibility to obtain antibodies 
to any kind of targets and epitopes because the construction of a naïve or synthetic antibody 
repertoire is not dependent on an in vivo immune response. Even antibodies against self-
antigens, toxic, unstable and non-immunogenic antigens could be isolated by selection from 
a combinatorial antibody library [25].

Phage display technology is one of the main platforms for generation of human therapeutic 
antibodies together with transgenic immunized mice, antibody humanization techniques and 
single B cell expression cloning [26, 27].

2.1. Phage display technology

Phage display technology was the first in vitro display technology developed by presenting an 
exogenous peptide on the filamentous phage surface [16].

The first antibody combinatorial library was constructed on a λ lytic bacteriophage vector that 
releases Fab fragments from the periplasm after cell lysis. The screening of Fab fragments was suc-
cessfully done by transferring the material to nitrocellulose filters followed by binding to radiola-
beled antigen [28]. The same methodology was applied for cloning a human antibody library and 
selection of specific antibodies [29]. The library was constructed from antibody genes of periph-
eral blood lymphocytes of individuals that had recently received a tetanus toxoid immunization.

Biopanning procedures to select antibody fragments/peptides presented on the phage surface 
are more efficient for clone screening, since it allows to isolate clones with defined specific-
ity and affinity [17]. Phage display libraries were initially established by the construction of 
peptide libraries on filamentous phages [30–32], not lytic to bacteria, and recombinant phages 
are released at the time they are assembled in the bacterial membrane. The expression of 
scFvs on the filamentous phage surface was described, allowing antibody selection from the 
library through binding to the antigen [33, 34]. Fab fragments can be presented on the phage 
surface and, in this case, one antibody chain is fused to the phage p3 protein and directed 
in the periplasm and the other antibody chain is secreted directly in the periplasm where 
the Fab fragment is assembled [35–37]. The presentation of single domain antibodies (dAbs) 
on phage surfaces was also reported [38]. The p3 protein is expressed on the external phage 
surface, presented in five copies, being involved in the bacterial infection through the binding 
of bacterial F pilus with the N-terminus of p3 protein [39–41]. The p3 protein vector system 
is mostly used for the selection of scFv, Fab fragments and single domain antibodies. The 
advantages are explained in the next section.
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2.1.1. Vector systems to display exogenous molecules

Phage was initially used as a cloning vector and exogenous genes were inserted in its genome. 
This system leads to multiple presentations of exogenous peptides fused with phage p3 or p8 
protein, making it difficult to select specific antibodies due to the avidity effect [16]. Antibody 
fragment genes were fused to the N-terminus of p3 phage protein and it was observed that 
phages continued to be infective [33, 35]. Phagemid vectors emerged as alternative of direct 
cloning into the phage genome (Figure 1).

Phagemids are plasmids containing the intergenic region (IR) of filamentous phage. The IR 
allows replication of the phagemid mediated by helper phage and packing of phagemid sin-
gle-strand DNA. Phagemid vectors present some advantages in relation to phage genome 
cloning: double-strand DNA is obtained for library construction, the copy number of the 
protein presented on the phage surface may be controlled, easy conversion to soluble pro-
tein production by insertion of an amber stop codon between recombinant protein and p3 
protein [35], and higher stability due to the resistance of exogenous molecules toward dele-
tions [43]. The main protein fusions presented by phagemids are minor p3 or major p8 coat 
proteins and phagemids contain g3 or g8 genes near to the cloning site of exogenous proteins. 
Phagemids efficiently express recombinant proteins; however, they do not amplify phages. 
When bacteria containing phagemids are infected by a helper phage, it is possible to amplify 
phages since the helper phage synthesizes all phage proteins. Helper phages are filamen-
tous phages with inactive packing signal, replication-deficient origin and generally carry an 
antibiotic resistance gene. Helper phage superinfection leads to the expression of both wild 
type protein and fusion protein on the phage surface. During the phage assembly, there is a 

Figure 1. Scheme of phagemid vector used in phage display technology. Adapted from Qi et al. [42].
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antibody (sdAb) or Fab fragment formats. These technologies mimic the in vivo process for 
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surface, presented in five copies, being involved in the bacterial infection through the binding 
of bacterial F pilus with the N-terminus of p3 protein [39–41]. The p3 protein vector system 
is mostly used for the selection of scFv, Fab fragments and single domain antibodies. The 
advantages are explained in the next section.
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competition between the two proteins for virion incorporation. Phagemids are preferentially 
packed by helper phage due to the defective origin of the helper phage [44]. Phage p8 protein 
is the main surface protein, presenting 2700 copies per phage and has been used to present 
peptides [45–47] and antibody fragments [48–50]. The phage population using p8 fusion pro-
tein is multivalent, presenting approximately 900 peptides [46] and 24 Fab fragments [51] per 
phage particle. In the latter work, it was verified that the avidity effect of multiple copies on 
the phage surface did not allow selection of antibodies with high affinity. On the other hand, 
fusion proteins formed by antibody fragments and p3 proteins are presented in 1-3 copies 
because the expression of the fusion protein can be repressed by an inducible promoter.

Phage incorporates the fusion protein (antibody fragment and p3 protein) in the virion, 
while the wild-type p3 protein is produced by the helper phage. The presence of wild-type 
p3 protein is necessary for the bacteria infection. It was observed that when the N-terminal 
domain of p3 protein binds to bacteria F′ pili, the bacteria cell infected with the phage 
acquires immunity to the superinfection of other phages such as helper phage [23]. For this 
reason, the N-terminal domain of the p3 protein was deleted from fusion protein of the first 
phagemid vector presenting an Fab fragment, pComb3 [36] and other vectors presenting Fab 
fragments [37, 52].

2.1.2. Antibody library construction

Antibody gene combinatorial libraries with light and heavy chain genes can be constructed 
from various sources; human peripheral blood is the most used and spleen, lymph nodes and 
bone marrow are used if possible. The libraries do not represent the repertoire of antibody 
gene pairs because the heavy and the light chain genes are amplified separately and then 
paired randomly by PCR or cloning. This feature increases the diversity of the library and 
consequently the chance to obtain antibody clones with the desired specificity. Therefore, 
each antibody library represents a unique repertoire.

Basically, there are two kinds of antibody libraries to select recombinant antibodies: the library 
derived by a source which immune system had not been activated to recognize a specific 
antigen (naïve), and the immune library derived from donors who received immunization, 
have been infected or chronically diseased or suffer from cancer [26]. The immune library 
contains an affinity-matured antibody repertoire and therefore, higher affinity antibodies can 
be selected in comparison to a naïve library. In the development of human therapeutic anti-
bodies, it is not possible to construct immune libraries to each disease due to ethical issues. 
Moreover, the construction of a specific library is laborious, high-costing and time-consuming 
to be considered for each antigen. The option in these cases has been the use of a naïve human 
library formed by the V, D-J-genes of the IgM repertoire from not intentionally immunized 
donors. The B cell repertoire can potentially contain also memory cells to previous immuniza-
tion/infections of donors. In principle, a naïve library can be applied for mAb selection to any 
kind of antigen, since the library comprises a high variability of immunoglobulin genes and 
comprises antibody genes from many donors. Some antibodies isolated from a human naïve 
library presented good specificity to the target and low affinity being necessary to increase it 
for clinical applications [53]. Naïve human libraries later constructed presented larger sizes 

Antibody Engineering52

and higher affinity clones could be selected. As examples, we can cite Dyax (now Shire) [54], 
CAT [55, 56], XOMA [57] and HAL [58, 59] naïve human libraries. To increase the variability 
and size, human semi-synthetic and synthetic libraries [60–73] were constructed based on 
germline framework sequences, framework sequences of known antibody sequences, consen-
sus framework sequences and human germline VH and VL gene segments. The diversity of 
antibody sequences was particularly introduced by randomization of CDR sequences, mainly 
CDR3. A semi-synthetic library was obtained by random mutation of the CDR3 sequence of 
the heavy chain from a single antibody clone [60] resulting in higher affinity derived clones. 
An alternative to randomization of CDRs was devised, introducing any codon combination 
at a specific position to obtain more nature-like antibodies [74] using two strategies: trinu-
cleotide phosphoramidites [66, 68, 70] and Slonomics approaches [71, 72]. HuCAL, HuCAL 
GOLD and HuCAL PLATINUM libraries are examples of synthetic libraries obtained by 
trinucleotide phosphoramidites [66, 68, 70] and the Ylanthia library was constructed by the 
Slonomics method [72].

2.1.3. Antibody selection from library

The scheme of antibody phage display technology is shown in Figure 2. The selection of 
phages presenting specific antibodies occurs by the specific binding to the antigen by a bio-
panning process. Only phages expressing antibodies on the surface are amplified and after 
the biopanning process, the library is enriched with clones presenting moderate or high affin-
ity to the antigen. In principle, only a single round of selection would be sufficient, however, 
unspecific binding of antibodies presented by phages limits the library enrichment and in 
practice, two to five rounds of a biopanning process are performed for antibody isolation. 
Enriched phages obtained at the first round can be amplified in bacteria culture and then sub-
mitted to subsequent rounds of biopanning process. Some methodologies were used to isolate 
phage clones presenting specific antibodies. Phages can be selected by antibody binding to 
the antigen coated in microplates [36, 53], to antigen-coupled to resins [33], in solution using 
biotinylated antigens [75], or to antigen present on a cell surface [76]. After antibody phages 
are bound to the antigen, they are washed and then eluted by soluble antigen [77], acid solu-
tion [36] or alkali solution [53].

After antibody clone selection, the candidates are expressed and characterized individually to 
evaluate their affinity and specificity. Phagemid vectors can display or secrete antibody frag-
ments through incorporation of an amber stop codon between the antibody fragment gene 
and the p3 protein. Antibody fragments are displayed on the phage surface when the sup-
pressor E. coli strain is transfected and antibodies can be expressed when the non-suppressor 
E. coli strain is used because the amber codon is read as stop codon in this case [35]. Another 
option would be the conversion from a phage display vector to an expression vector of a 
soluble antibody fragment [36] or recloning antibody genes to an expression vector [77].

In general, in the case of naïve or synthetic human antibody libraries, the antibody affinity 
is proportional to the library size and, in the case of naïve human antibody libraries, the dis-
sociation constant (KD) was in the 10−6 to 10−7 M range for small libraries [53] and in the order 
of 10−9 M for larger libraries [55, 57].
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derived by a source which immune system had not been activated to recognize a specific 
antigen (naïve), and the immune library derived from donors who received immunization, 
have been infected or chronically diseased or suffer from cancer [26]. The immune library 
contains an affinity-matured antibody repertoire and therefore, higher affinity antibodies can 
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bodies, it is not possible to construct immune libraries to each disease due to ethical issues. 
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An alternative to randomization of CDRs was devised, introducing any codon combination 
at a specific position to obtain more nature-like antibodies [74] using two strategies: trinu-
cleotide phosphoramidites [66, 68, 70] and Slonomics approaches [71, 72]. HuCAL, HuCAL 
GOLD and HuCAL PLATINUM libraries are examples of synthetic libraries obtained by 
trinucleotide phosphoramidites [66, 68, 70] and the Ylanthia library was constructed by the 
Slonomics method [72].

2.1.3. Antibody selection from library

The scheme of antibody phage display technology is shown in Figure 2. The selection of 
phages presenting specific antibodies occurs by the specific binding to the antigen by a bio-
panning process. Only phages expressing antibodies on the surface are amplified and after 
the biopanning process, the library is enriched with clones presenting moderate or high affin-
ity to the antigen. In principle, only a single round of selection would be sufficient, however, 
unspecific binding of antibodies presented by phages limits the library enrichment and in 
practice, two to five rounds of a biopanning process are performed for antibody isolation. 
Enriched phages obtained at the first round can be amplified in bacteria culture and then sub-
mitted to subsequent rounds of biopanning process. Some methodologies were used to isolate 
phage clones presenting specific antibodies. Phages can be selected by antibody binding to 
the antigen coated in microplates [36, 53], to antigen-coupled to resins [33], in solution using 
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ments through incorporation of an amber stop codon between the antibody fragment gene 
and the p3 protein. Antibody fragments are displayed on the phage surface when the sup-
pressor E. coli strain is transfected and antibodies can be expressed when the non-suppressor 
E. coli strain is used because the amber codon is read as stop codon in this case [35]. Another 
option would be the conversion from a phage display vector to an expression vector of a 
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In general, in the case of naïve or synthetic human antibody libraries, the antibody affinity 
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sociation constant (KD) was in the 10−6 to 10−7 M range for small libraries [53] and in the order 
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2.1.4. Affinity maturation of antibodies

The affinity of antibodies selected by naïve or synthetic phage display antibody libraries is 
generally adequate for research purposes; however they present low affinity for therapeutic 
applications. In these cases, selected clones should be submitted to the affinity maturation 
process [43]. Phage display technology allows the construction of a second antibody library 
originating from a selected clone, facilitating the selection of human antibodies for therapeu-
tic use. Mutagenesis strategies have been applied to improve antibody affinity [23]. A point 
mutation library was constructed using error-prone PCR [78] simulating random point muta-
tions generated by natural somatic mutation. This approach was used for anti-progesterone 
scFv fragments obtained from a naïve antibody library and the antibody affinity increased 
30-fold. Other work constructed mutant scFv libraries against digoxigenin with low, mod-
erate and high PCR error rate and showed that the highest antibody affinity improvement 
was related to higher mutation rates in the positions outside of the CDRs [79]. In addition, 
introduction of hot spot mutations in antibody germline sequences led to higher affinities of 
antibodies [80]. This approach presents advantage in relation to previous mutagenesis strat-
egy due to the construction of smaller size libraries allowing parallel screening of multiple 
mutant libraries.

Figure 2. General scheme of phage display technology for selection of scFv fragments. (1) After scFv library construction, 
an aliquot is transformed in E. coli and grown up to OD600 of 0.6. (2) Helper phage is introduced to the culture and phages 
displaying antibody fragments are obtained. (3) Binding of scFvs displayed by phages to the antigen coated in wells of 
a microtiter plate. (4) Non-binding phages are washed away. (5) Phages are eluted and then reinfected into E. coli for a 
new round of antibody selection.
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Mammalian cell surface display of antibody libraries coupled with in vitro somatic hypermuta-
tion (SHM) by the action of the activation-induced cytidine deaminase (AID) enzyme emerged 
as an interesting approach for affinity maturation of human antibodies [81–83]. In mamma-
lian cell surface display, full-length and glycosylated IgGs are displayed by a transmembrane 
domain on the cell surface and antibody clones are isolated by screening techniques such as 
magnetic bead selection followed by in vitro SHM induction of clones which had been selected 
further by flow cytometry [82]. In vitro SHM has the ability to reproduce the in vivo human 
antibody maturation in non-B cells and introduces both point mutations and insertion/deletion 
to the antibody sequence in the region related to antigen contact [83]. One special characteristic 
of AID is that this enzyme acts preferentially toward germline hotspot motifs (WRCH) present 
in the antibody DNA sequence, specifically in the variable domains, and promotes point muta-
tions at high rates in amino acid residues which change the antibody binding features [83].

2.1.5. Guided selection technique for antibody humanization

The technique of guided selection has the advantage of allowing selection of a human-nature 
antibody from a non-human original antibody sequence without the analysis of the antibody 
structure using in vitro display technology. Two publications demonstrated the viability of 
this technique using an “in series” process by different approaches [84, 85]. One publication 
used a rodent heavy chain (MAb32), Fd fragment, as a template and ligated it into a vector 
containing a human light chain repertoire [84]. A phage repertoire was selected by the antigen 
and the isolated human light chains were paired to a repertoire of human heavy chains. The 
selection of phages by the antigen was performed again and a human antibody clone was 
obtained recognizing the N-terminal region of the mouse antibody’s target and demonstrat-
ing a similar affinity constant as the original clone. [84]. Figini et al. constructed a hybrid 
library combining the light chain of a murine anti-hapten antibody and the human heavy 
chain repertoire, from which human heavy chain sequences were isolated based on the light-
heavy chain pairing ability to combine and bind to the antigen. The selected sequences were 
paired to the human light chain repertoire to obtain the human antibody [85].

Humira (adalimumab), an anti-TNF-α mAb, was isolated using this technique by an “in par-
allel” process, and it represents the first fully human antibody and also the first mAb derived 
by phage display technology approved by FDA in 2002 [86]. This anti-TNF-α mAb was 
obtained using the rodent antibody sequence (variable domains of heavy and light chains) as 
a template. Initially, two hybrid libraries were constructed; one formed by pairing the murine 
heavy chain sequence and a human light chain variable domain repertoire, and the second 
library was composed of the murine light chain sequence paired to a human heavy chain 
variable domain repertoire. Both hybrid libraries were selected against TNF-α and the anti-
body clones were isolated. The human antibody sequences obtained by the screening of each 
library were combined and the resulting library was reselected against the antigen. A human 
anti-TNF-α antibody was obtained and, after submitting to CDR mutagenesis, the high 
affinity D2E7 mAb was isolated with main indications for rheumatoid arthritis and Crohn’s 
disease [86]. One disadvantage of the guided selection technique is that the construction of 
hybrid libraries can result in changes of the paratope altering the antibody fine specificity 
as observed previously [50, 87, 88]. This phenomenon was observed by using an “in series” 
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Mammalian cell surface display of antibody libraries coupled with in vitro somatic hypermuta-
tion (SHM) by the action of the activation-induced cytidine deaminase (AID) enzyme emerged 
as an interesting approach for affinity maturation of human antibodies [81–83]. In mamma-
lian cell surface display, full-length and glycosylated IgGs are displayed by a transmembrane 
domain on the cell surface and antibody clones are isolated by screening techniques such as 
magnetic bead selection followed by in vitro SHM induction of clones which had been selected 
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of AID is that this enzyme acts preferentially toward germline hotspot motifs (WRCH) present 
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tions at high rates in amino acid residues which change the antibody binding features [83].
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The technique of guided selection has the advantage of allowing selection of a human-nature 
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structure using in vitro display technology. Two publications demonstrated the viability of 
this technique using an “in series” process by different approaches [84, 85]. One publication 
used a rodent heavy chain (MAb32), Fd fragment, as a template and ligated it into a vector 
containing a human light chain repertoire [84]. A phage repertoire was selected by the antigen 
and the isolated human light chains were paired to a repertoire of human heavy chains. The 
selection of phages by the antigen was performed again and a human antibody clone was 
obtained recognizing the N-terminal region of the mouse antibody’s target and demonstrat-
ing a similar affinity constant as the original clone. [84]. Figini et al. constructed a hybrid 
library combining the light chain of a murine anti-hapten antibody and the human heavy 
chain repertoire, from which human heavy chain sequences were isolated based on the light-
heavy chain pairing ability to combine and bind to the antigen. The selected sequences were 
paired to the human light chain repertoire to obtain the human antibody [85].

Humira (adalimumab), an anti-TNF-α mAb, was isolated using this technique by an “in par-
allel” process, and it represents the first fully human antibody and also the first mAb derived 
by phage display technology approved by FDA in 2002 [86]. This anti-TNF-α mAb was 
obtained using the rodent antibody sequence (variable domains of heavy and light chains) as 
a template. Initially, two hybrid libraries were constructed; one formed by pairing the murine 
heavy chain sequence and a human light chain variable domain repertoire, and the second 
library was composed of the murine light chain sequence paired to a human heavy chain 
variable domain repertoire. Both hybrid libraries were selected against TNF-α and the anti-
body clones were isolated. The human antibody sequences obtained by the screening of each 
library were combined and the resulting library was reselected against the antigen. A human 
anti-TNF-α antibody was obtained and, after submitting to CDR mutagenesis, the high 
affinity D2E7 mAb was isolated with main indications for rheumatoid arthritis and Crohn’s 
disease [86]. One disadvantage of the guided selection technique is that the construction of 
hybrid libraries can result in changes of the paratope altering the antibody fine specificity 
as observed previously [50, 87, 88]. This phenomenon was observed by using an “in series” 
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process of guided selection technique for human interferon γ receptor 1 (IFNGR-1) [89]. To 
obtain a human antibody with the same paratope of the original rodent antibody, a variation 
of this technique was performed by the preservation of the CDR3 sequence of the heavy chain 
from the non-human template sequence [90, 91].

2.1.6. Advantages of phage display technology

Antibody phage display technology is more utilized in the discovery of therapeutic mAbs 
than any other display technologies due to many advantages: (1) it was the first display 
technology developed so the methodology is well-established; (2) it uses the low cost E. coli 
expression system; (3) it is possible to construct large naïve libraries for selection of human 
antibodies against most antigens and desired epitopes; (4) selection process is versatile with 
the ability to determine the epitope of the antibody; (5) it can be used for affinity maturation 
of antibodies; and (6) antibody humanization by guided selection technique to obtain human 
antibodies is possible [25, 92]. As disadvantages, it can be mentioned: (1) selection of an anti-
body with low affinity from naïve and synthetic libraries that implies that in vitro affinity 
maturation for therapeutic application is recommendable; and (2) low antibody expression in 
E. coli for some isolated antibody sequences.

2.2. Yeast display

The yeast display technology uses yeast cells to present exogenous peptides or antibody frag-
ments on the cell surface. In this technology, exogenous molecules are fused to the a-agglutinin  
adhesion receptor of Saccharomyces cerevisiae which is localized on the yeast surface and the 
cell repertoire can be screened by flow cytometry [93]. A-agglutinin receptor acts as adhe-
sion molecule that stabilizes cell-cell interactions and promotes fusion between an “a” and α 
haploid cell to obtain a diploid cell. This receptor is composed of the Aga1 and Aga2 protein. 
Aga1 protein is secreted and binds covalently to b-glucan present in the extracellular matrix 
of the yeast cell wall. Aga2 protein binds to Aga1 protein through two disulfide bonds and the 
antibody fragment is fused to the C-terminal end of Aga2 protein (Figure 3) [94]. Aga1 protein 
and the fusion protein are expressed by induction of the GAL1 promoter with galactose [95]. 
ScFv is the most frequent antibody format displayed on yeast surface. Other formats include 
Fab fragment, whole IgG and single domain antibodies [38, 96].

The library is constructed by cloning the antibody genes into the yeast display vector and has 
smaller size than phage display libraries. After yeast transformation and growth, antibody 
expression is induced and then flow cytometry screening is performed with specific ligands 
to enrich binders of the library. After about three rounds of antibody selection, the enriched 
library is transformed in E. coli for analysis of plasmid DNA by sequencing [96].

Yeast display technology is used to improve the ligand affinity of scFv fragments and ther-
mal stability of proteins [97–99] and also to isolate novel antibodies with suitable affinity and 
specificity [94]. One advantage of this technology is the characterization of binding properties 
such as affinity of one clone displaying an antibody fragment on the yeast surface without 
sub-cloning, expression and purification steps [94]. The display level is diverse and the binding  
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avidity is reduced due to the cell sorting potential of flow cytometry. Yeast cells can be sorted 
according to the antibody binding range to the antigen and also by antibody expression range 
on the yeast surface through labeling the cell with fluorophore-conjugated antigen and with 
reagents to identify epitope of tags [94]. Boder’s group used kinetic screening for a yeast display 
library containing random mutations and they isolated scFv clones with high affinity (48 fM) 
[100]. A naïve human scFv library composed by more than 109 clones was constructed by yeast 
display technology; antibody clones were firstly selected by magnetic bead screening followed 
by flow cytometry screening, isolating antibodies with an affinity of nM range [101]. Magnetic 
bead screening was applied to remove yeast cells not presenting antibody fragments like the 
biopanning process used in the phage display technology. As a consequence, the yeast display 
library size became suitable for the antibody selection by flow cytometry [96].

The construction of a yeast display vector displaying a Fab fragment was reported [102] and a 
single vector presenting two expression cassettes with the GAL1 promoter was used. The heavy 
chain fragment was expressed as a fusion protein to the N-terminal end of Aga2 protein and the 
light chain gene was expressed as a soluble fragment, resulting in a Fab fragment assembled on 
the yeast surface. The affinity matured library allowed the selection of high affinity antibodies.

A novel approach combining phage and yeast display technologies was tested to select Fab 
fragments against antigen 85 of Mycobacterium tuberculosis [103]. Initially, a large naïve scFv 

Figure 3. Scheme of the a-agglutinin receptor of yeast cell surface presenting a recombinant antibody fragment as 
fusion protein with Aga2 protein. Hemagglutinin (HA) tag is fused to the C-terminal end of the Aga2 protein followed 
by antibody fragment and c-myc tag that is fused to the C-terminal end of the recombinant antibody fragment. The 
presentation of the fusion protein can be monitored by anti-tags antibodies and/or binding to antigen labeled with 
fluorophore. Adapted from Boder and Wittrup [93].
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antibody fragment is fused to the C-terminal end of Aga2 protein (Figure 3) [94]. Aga1 protein 
and the fusion protein are expressed by induction of the GAL1 promoter with galactose [95]. 
ScFv is the most frequent antibody format displayed on yeast surface. Other formats include 
Fab fragment, whole IgG and single domain antibodies [38, 96].

The library is constructed by cloning the antibody genes into the yeast display vector and has 
smaller size than phage display libraries. After yeast transformation and growth, antibody 
expression is induced and then flow cytometry screening is performed with specific ligands 
to enrich binders of the library. After about three rounds of antibody selection, the enriched 
library is transformed in E. coli for analysis of plasmid DNA by sequencing [96].

Yeast display technology is used to improve the ligand affinity of scFv fragments and ther-
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biopanning process used in the phage display technology. As a consequence, the yeast display 
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fragments against antigen 85 of Mycobacterium tuberculosis [103]. Initially, a large naïve scFv 

Figure 3. Scheme of the a-agglutinin receptor of yeast cell surface presenting a recombinant antibody fragment as 
fusion protein with Aga2 protein. Hemagglutinin (HA) tag is fused to the C-terminal end of the Aga2 protein followed 
by antibody fragment and c-myc tag that is fused to the C-terminal end of the recombinant antibody fragment. The 
presentation of the fusion protein can be monitored by anti-tags antibodies and/or binding to antigen labeled with 
fluorophore. Adapted from Boder and Wittrup [93].
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library was selected by antigen binding using phage display technology. The enriched library 
with compatible size to flow cytometry screening was cloned into yeast display vector and 
highly specific antibodies were obtained. This strategy could be applied to any antigen and 
will serve as an alternative approach to isolate high affinity antibodies.

The major advantage of yeast display technology is the library screening using flow cytom-
etry that allows defining specific parameters to select antibodies displayed on yeast surface. 
Yeast displaying antibodies can be sorted by binding to fluorescently-conjugated antigen and 
it is possible to separate clones quantitatively using binding affinity or dissociation kinet-
ics parameters. Yeast cells can display about 105 antibodies and the expression range can be 
evaluated also by binding of epitope tags using fluorophore-labeled reagents [104].

Another advantage is that this platform uses yeast and therefore presents post-translational 
modifications like existing in the mammalian system but not present in bacteria. Post-
translational modifications include glycosylation of antibodies, appropriate protein folding 
in the endoplasmic reticulum in the presence of chaperones and improved solubility of the 
product [96, 104].

In comparison to phage display technology, a yeast display platform has a limitation of the 
library size, due to lower efficiency of yeast transformation [96, 104]. Efforts to circumvent this 
problem led to the improvement of yeast transformation efficiency, allowing the construction 
of libraries with 1010 clones [105]. Another disadvantage of this platform is the multivalent 
display of antibodies on yeast surface and the selection based on avidity parameters [96, 104].

Among cell surface display-based technologies, we mentioned yeast and mammalian dis-
play technologies in this chapter. A prokaryotic system such as bacterial cell surface display 
(either Gram-negative or Gram-positive bacteria) has also been developed with the selection 
of high affinity binders [106–108]. The library screening is performed through the binding of 
the protein displayed on the cell surface to a specific fluorescently labeled ligand and ana-
lyzed mainly by flow cytometry as occurs in other cell surface display technologies. An E. coli 
display system was first extensively studied for antibody fragment isolation, then variations 
of this methodology were developed by genetic engineering [108–110], and full-length IgG 
was also displayed on bacteria [111]. There are few works considering Gram-positive bac-
terial cell surface display. A Gram-positive Staphylococcus display system was investigated 
[108, 112] and high affinity small proteins known as affibody molecules were selected using 
this system [113, 114], opening an attractive perspective for future development.

2.3. mRNA and ribosome display technologies

mRNA display technology emerged together with ribosome display technology as a revolu-
tionary in vitro display platform to obviate cell transformation steps. Both technologies are 
centered in a fully cell-free strategy to select specific binders with great potential for diagnos-
tic and clinical use.

The characteristics of mRNA display and ribosome display technology allows construction 
of libraries much larger than other in vitro display technologies because it avoids the library 
size limitation of phage and yeast display technologies which are dependent on the efficiency 
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of cell transformation steps. Another advantage of this technology is the extensive use of PCR 
that contributes to the introduction of more diversity to the library by mutations. The mRNA 
and ribosome display platform can be applied for selection of novel molecules, including 
antibody fragments, and for affinity maturation of antibodies [115].

During ribosome display, an antibody repertoire is constructed in vitro comprising mRNA, 
ribosome and translated antibody fragment [116]. The vector used contains no stop codon so 
that the translated antibody fragment is not released from ribosome and mRNA. After bio-
panning and ribosome disruption, mRNA is isolated and RT-PCR follows. Then, the cDNAs 
of the antibody fragments are amplified by PCR to obtain DNA for the next round of selection.

One special feature of mRNA display technology is the use of an adaptor molecule between 
the mRNA and translated proteins that binds them covalently forming a very stable complex 
to thermal and physicochemical stress that could be present during the selection step [117, 118]. 
In mRNA display technology, DNA molecules are initially in vitro transcribed to mRNA, then 
mRNA is translated and covalently ligated to the translated protein through puromycin, an 
adaptor molecule. The number of mRNA-protein complexes formed determines the functional 
library size. After the translation, the ribosome forms a peptide bond between the puromycin and 
the C-terminal residue of the polypeptide and the complex obtained is purified from the ribo-
some. It is followed by cDNA synthesis of the mRNA-protein complex by reverse transcription 
so that the library composed of cDNA/mRNA-protein complexes is build. This library is submit-
ted to affinity selection by incubation with the target using affinity chromatography or immuno-
precipitation techniques. The enriched library is recovered and mRNA hydrolysis at high pH is 
performed to release the cDNAs. These cDNAs are amplified by PCR to obtain DNA molecules 
for another round of selection and specific binders are isolated [115]. mRNA display technology 
presents monovalent complexes during selection and thus specific binders can be selected with-
out interference of avidity parameters [119]. Furthermore, the diversity of libraries generated by 
mRNA or ribosome display can be increased by involving error-prone PCR, DNA shuffling and 
using an error-prone RNA-dependent RNA polymerase during in vitro transcription [115].

Using ribosome display, scFv fragments and Fab fragments with high affinities have been 
selected [120–124]. The construction of an affinity matured library for antibody mimics using 
mRNA display with the selection of high affinity molecules was described by Xu’s group [125]. 
In relation to antibody fragments, mRNA display technology was used for the selection of an 
anti-fluorescein antibody in scFv format [126] and also for Fab fragments [127]. The selection of 
Fab fragments was possible by combination of mRNA display technology and emulsion PCR.

2.4. DNA display technology

DNA display technology is another complete in vitro display platform using a cell free system 
that was initially developed for the selection of peptides linked to their coding DNA present in 
a library [128–130]. Doi and Yanagawa established in vitro transcription and translation reac-
tions in an emulsion compartment—STABLE (Streptavidin-biotin linkage in emulsions) [128].  
A random decapeptide library comprising fusion proteins formed by the peptides and strep-
tavidin-His (STA-His, His tag fused to the C-terminus of Streptavidin) was synthesized and 
ligated to the biotinylated DNA by a stable bond. The library was submitted to affinity selection  
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library was selected by antigen binding using phage display technology. The enriched library 
with compatible size to flow cytometry screening was cloned into yeast display vector and 
highly specific antibodies were obtained. This strategy could be applied to any antigen and 
will serve as an alternative approach to isolate high affinity antibodies.

The major advantage of yeast display technology is the library screening using flow cytom-
etry that allows defining specific parameters to select antibodies displayed on yeast surface. 
Yeast displaying antibodies can be sorted by binding to fluorescently-conjugated antigen and 
it is possible to separate clones quantitatively using binding affinity or dissociation kinet-
ics parameters. Yeast cells can display about 105 antibodies and the expression range can be 
evaluated also by binding of epitope tags using fluorophore-labeled reagents [104].

Another advantage is that this platform uses yeast and therefore presents post-translational 
modifications like existing in the mammalian system but not present in bacteria. Post-
translational modifications include glycosylation of antibodies, appropriate protein folding 
in the endoplasmic reticulum in the presence of chaperones and improved solubility of the 
product [96, 104].

In comparison to phage display technology, a yeast display platform has a limitation of the 
library size, due to lower efficiency of yeast transformation [96, 104]. Efforts to circumvent this 
problem led to the improvement of yeast transformation efficiency, allowing the construction 
of libraries with 1010 clones [105]. Another disadvantage of this platform is the multivalent 
display of antibodies on yeast surface and the selection based on avidity parameters [96, 104].

Among cell surface display-based technologies, we mentioned yeast and mammalian dis-
play technologies in this chapter. A prokaryotic system such as bacterial cell surface display 
(either Gram-negative or Gram-positive bacteria) has also been developed with the selection 
of high affinity binders [106–108]. The library screening is performed through the binding of 
the protein displayed on the cell surface to a specific fluorescently labeled ligand and ana-
lyzed mainly by flow cytometry as occurs in other cell surface display technologies. An E. coli 
display system was first extensively studied for antibody fragment isolation, then variations 
of this methodology were developed by genetic engineering [108–110], and full-length IgG 
was also displayed on bacteria [111]. There are few works considering Gram-positive bac-
terial cell surface display. A Gram-positive Staphylococcus display system was investigated 
[108, 112] and high affinity small proteins known as affibody molecules were selected using 
this system [113, 114], opening an attractive perspective for future development.

2.3. mRNA and ribosome display technologies

mRNA display technology emerged together with ribosome display technology as a revolu-
tionary in vitro display platform to obviate cell transformation steps. Both technologies are 
centered in a fully cell-free strategy to select specific binders with great potential for diagnos-
tic and clinical use.

The characteristics of mRNA display and ribosome display technology allows construction 
of libraries much larger than other in vitro display technologies because it avoids the library 
size limitation of phage and yeast display technologies which are dependent on the efficiency 
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of cell transformation steps. Another advantage of this technology is the extensive use of PCR 
that contributes to the introduction of more diversity to the library by mutations. The mRNA 
and ribosome display platform can be applied for selection of novel molecules, including 
antibody fragments, and for affinity maturation of antibodies [115].

During ribosome display, an antibody repertoire is constructed in vitro comprising mRNA, 
ribosome and translated antibody fragment [116]. The vector used contains no stop codon so 
that the translated antibody fragment is not released from ribosome and mRNA. After bio-
panning and ribosome disruption, mRNA is isolated and RT-PCR follows. Then, the cDNAs 
of the antibody fragments are amplified by PCR to obtain DNA for the next round of selection.

One special feature of mRNA display technology is the use of an adaptor molecule between 
the mRNA and translated proteins that binds them covalently forming a very stable complex 
to thermal and physicochemical stress that could be present during the selection step [117, 118]. 
In mRNA display technology, DNA molecules are initially in vitro transcribed to mRNA, then 
mRNA is translated and covalently ligated to the translated protein through puromycin, an 
adaptor molecule. The number of mRNA-protein complexes formed determines the functional 
library size. After the translation, the ribosome forms a peptide bond between the puromycin and 
the C-terminal residue of the polypeptide and the complex obtained is purified from the ribo-
some. It is followed by cDNA synthesis of the mRNA-protein complex by reverse transcription 
so that the library composed of cDNA/mRNA-protein complexes is build. This library is submit-
ted to affinity selection by incubation with the target using affinity chromatography or immuno-
precipitation techniques. The enriched library is recovered and mRNA hydrolysis at high pH is 
performed to release the cDNAs. These cDNAs are amplified by PCR to obtain DNA molecules 
for another round of selection and specific binders are isolated [115]. mRNA display technology 
presents monovalent complexes during selection and thus specific binders can be selected with-
out interference of avidity parameters [119]. Furthermore, the diversity of libraries generated by 
mRNA or ribosome display can be increased by involving error-prone PCR, DNA shuffling and 
using an error-prone RNA-dependent RNA polymerase during in vitro transcription [115].

Using ribosome display, scFv fragments and Fab fragments with high affinities have been 
selected [120–124]. The construction of an affinity matured library for antibody mimics using 
mRNA display with the selection of high affinity molecules was described by Xu’s group [125]. 
In relation to antibody fragments, mRNA display technology was used for the selection of an 
anti-fluorescein antibody in scFv format [126] and also for Fab fragments [127]. The selection of 
Fab fragments was possible by combination of mRNA display technology and emulsion PCR.

2.4. DNA display technology

DNA display technology is another complete in vitro display platform using a cell free system 
that was initially developed for the selection of peptides linked to their coding DNA present in 
a library [128–130]. Doi and Yanagawa established in vitro transcription and translation reac-
tions in an emulsion compartment—STABLE (Streptavidin-biotin linkage in emulsions) [128].  
A random decapeptide library comprising fusion proteins formed by the peptides and strep-
tavidin-His (STA-His, His tag fused to the C-terminus of Streptavidin) was synthesized and 
ligated to the biotinylated DNA by a stable bond. The library was submitted to affinity selection  
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using nickel resin. Isolated DNAs were cloned into a vector, amplified and sequenced. A lim-
ited affinity selection efficiency was observed so that the method needed improvement [128]. 
The selection of diverse anti-FLAG Tag peptides from a peptide-DNA library was performed 
using monoclonal antibody anti-FLAG M2 [129]. The same group also demonstrated that 
folded proteins can be displayed on the DNA display platform by the introduction of linkers 
between streptavidin and fused proteins [130]. It could be shown that the GST gene could be 
enriched by this method by the selection of the DNA-protein conjugates with glutathione-
coupled beads. The application of DNA display technology to select Fab fragments using 
the STABLE method was described later [131]. The selection of a Fab fragment gene was per-
formed using a new approach: randomized hydrophobic core in the constant region with heat 
treatment application for selective pressure.

Advantages of this technology compared to other cell free in vitro display technologies such 
as ribosome and mRNA display is that RNase-free conditions are not needed for the selection 
step because a reverse transcription step is unnecessary. Furthermore, the removal of a stop 
codon between nucleic acid and peptide is not necessary. DNA display technology is simpler 
than other fully in vitro display technologies, with lesser steps [128–130]. One disadvantage 
of this technology is its novelty, devoid of a robust platform and knowledge in comparison to 
other in vitro display technologies.

3. Approved therapeutic monoclonal antibodies

By the end of 2016, 20 fully human mAbs were approved for therapeutic use by the US 
Food and Drug Administration (FDA) and often approved by the European Medicines 
Agency (EMA) too. The approved fully human mAbs are derived basically from two tech-
nologies: phage display or transgenic mice expressing human antibody genes [132, 133].  
Among approved mAbs, five were generated by phage display with selection of antigen-specific 
binders from two different libraries, Cambridge Antibody Technology - CAT (MedImmune, 
subsidiary of AstraZeneca) based on scFv fragments or Dyax Corp’s human Fab fragment 
libraries [25, 134]. The other 15 mAbs were developed in transgenic mice, with integrated 
human immunoglobulin loci.

Considering the therapeutic mAbs approved which used phage display technology to acquire 
the human antibody composition, there are examples of different targets for immune inter-
vention: two (adalimumab and belimumab) are in use for autoimmune diseases, one (raxi-
bacumab) is for control of Bacillus anthracis infection and two others (ramucirumab and 
necitumumab) address growth factor receptors for cancer treatment.

The first fully human mAb approved for therapy in 2002 (FDA) and 2003 (EMA)—adalim-
umab (Humira®, AbbVie Inc., formerly Abbott Laboratories)—was generated by phage dis-
play technology [25, 134]. Adalimumab is an anti-TNFα mAb developed in 1993 through a 
collaboration between BASF Bioresearch Corporation and CAT using an anti-TNF murine 
antibody (MAK195) from BASF as a template for guided selection of human antibody 
V-domains with CAT’s antibody phage display technology [25]. Adalimumab was first 
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approved for treatment of rheumatoid arthritis (RA) under the brand name Humira (human 
monoclonal antibody in rheumatoid arthritis) [25, 135]. Besides RA, adalimumab is currently 
used in the treatment of plaque psoriasis, ulcerative colitis, Crohn’s disease, non-infectious 
uveitis, hidradenitis suppurativa, psoriatic arthritis, juvenile idiopathic arthritis and ankylos-
ing spondylitis [136].

Nine years after the approval of the first human mAb developed by phage display technology 
(adalimumab), in 2011 belimumab (Benlysta, GSK) was approved for the treatment of systemic 
lupus erythematosus [25, 134, 137]. Belimumab was selected using CAT library as a result 
of the collaboration between CAT and Human Genome Sciences (now GlaxoSmithKline), 
and targets the soluble form of human B-lymphocyte stimulator (BLyS) [25, 134]. Under a 
license to use the CAT library, Human Genome Sciences (now GSK) discovered Raxibacumab 
(Abthrax) also using phage display. Raxibacumab binds the Bacillus anthracis protective anti-
gen (PA) and was approved by FDA in 2012 for the prophylaxis and treatment of anthrax [25, 
134, 138, 139].

In addition to the three previously described antibodies, which were discovered using scFv-
fragment CAT library by antibody phage display, two mAbs—ramucirumab and necitu-
mumab—were derived from the same technology but from a different library, a human 
Fab-fragment library constructed by de Haard and colleagues at Dyax [25, 134]. Ramucirumab 
(Cyramza, Eli Lilly) is an anti-VEGFR-2 (vascular endothelial growth factor receptor 2) mAb 
approved for the treatment of cancer (gastric or gastroesophageal junction, non-small cell lung 
and colorectal) in 2014 [140]. Necitumumab (Portrazza, Eli Lilly) targets epidermal growth fac-
tor receptor (EGFR) and blocks binding to epidermal growth factor (EGF) [25, 134]. This mAb 
gained first marketing approval for FDA and EMA in 2015 and 2016, respectively, for the treat-
ment of non-small cell lung cancer [25, 141, 142].

Ranibizumab (Lucentis, Genentech), an anti-VEGF-A (vascular endothelial growth factor A) 
Fab fragment, was generated by the humanization of the murine mAb A4.6.1 [134]. Based on a 
random mutation library, clones were selected by phage display [143]. Afterward, an alanine 
scanning study and information of the crystal structure of the Fab-VEGF complex were used 
for affinity maturation [144, 145]. This mAb was approved in the US in 2006 for the treatment 
of age-related macular degeneration [25, 134], and posteriorly for the treatment of macular 
edema after retinal vein occlusion, diabetic macular edema and diabetic retinopathy [25].

4. Future perspectives of the development of recombinant antibodies

This chapter is focused on fully human therapeutic mAbs, mainly those derived from phage 
display technologies. Other technologies emerged in recent years for the obtainment of human 
mAbs with high promises of success, derived directly from human B lymphocytes by two main 
approaches, immortalization of memory B cells by polyclonal stimulation followed by EBV trans-
formation and/or the capture and sorting of memory B cells or plasmablasts followed by ampli-
fication of the mAb variable chains expressed by the single B cell, which can be transfected to 
mammalian cells [27]. The natural pairing of rearranged heavy chain and light chains regions can 
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using nickel resin. Isolated DNAs were cloned into a vector, amplified and sequenced. A lim-
ited affinity selection efficiency was observed so that the method needed improvement [128]. 
The selection of diverse anti-FLAG Tag peptides from a peptide-DNA library was performed 
using monoclonal antibody anti-FLAG M2 [129]. The same group also demonstrated that 
folded proteins can be displayed on the DNA display platform by the introduction of linkers 
between streptavidin and fused proteins [130]. It could be shown that the GST gene could be 
enriched by this method by the selection of the DNA-protein conjugates with glutathione-
coupled beads. The application of DNA display technology to select Fab fragments using 
the STABLE method was described later [131]. The selection of a Fab fragment gene was per-
formed using a new approach: randomized hydrophobic core in the constant region with heat 
treatment application for selective pressure.

Advantages of this technology compared to other cell free in vitro display technologies such 
as ribosome and mRNA display is that RNase-free conditions are not needed for the selection 
step because a reverse transcription step is unnecessary. Furthermore, the removal of a stop 
codon between nucleic acid and peptide is not necessary. DNA display technology is simpler 
than other fully in vitro display technologies, with lesser steps [128–130]. One disadvantage 
of this technology is its novelty, devoid of a robust platform and knowledge in comparison to 
other in vitro display technologies.

3. Approved therapeutic monoclonal antibodies

By the end of 2016, 20 fully human mAbs were approved for therapeutic use by the US 
Food and Drug Administration (FDA) and often approved by the European Medicines 
Agency (EMA) too. The approved fully human mAbs are derived basically from two tech-
nologies: phage display or transgenic mice expressing human antibody genes [132, 133].  
Among approved mAbs, five were generated by phage display with selection of antigen-specific 
binders from two different libraries, Cambridge Antibody Technology - CAT (MedImmune, 
subsidiary of AstraZeneca) based on scFv fragments or Dyax Corp’s human Fab fragment 
libraries [25, 134]. The other 15 mAbs were developed in transgenic mice, with integrated 
human immunoglobulin loci.

Considering the therapeutic mAbs approved which used phage display technology to acquire 
the human antibody composition, there are examples of different targets for immune inter-
vention: two (adalimumab and belimumab) are in use for autoimmune diseases, one (raxi-
bacumab) is for control of Bacillus anthracis infection and two others (ramucirumab and 
necitumumab) address growth factor receptors for cancer treatment.

The first fully human mAb approved for therapy in 2002 (FDA) and 2003 (EMA)—adalim-
umab (Humira®, AbbVie Inc., formerly Abbott Laboratories)—was generated by phage dis-
play technology [25, 134]. Adalimumab is an anti-TNFα mAb developed in 1993 through a 
collaboration between BASF Bioresearch Corporation and CAT using an anti-TNF murine 
antibody (MAK195) from BASF as a template for guided selection of human antibody 
V-domains with CAT’s antibody phage display technology [25]. Adalimumab was first 
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approved for treatment of rheumatoid arthritis (RA) under the brand name Humira (human 
monoclonal antibody in rheumatoid arthritis) [25, 135]. Besides RA, adalimumab is currently 
used in the treatment of plaque psoriasis, ulcerative colitis, Crohn’s disease, non-infectious 
uveitis, hidradenitis suppurativa, psoriatic arthritis, juvenile idiopathic arthritis and ankylos-
ing spondylitis [136].

Nine years after the approval of the first human mAb developed by phage display technology 
(adalimumab), in 2011 belimumab (Benlysta, GSK) was approved for the treatment of systemic 
lupus erythematosus [25, 134, 137]. Belimumab was selected using CAT library as a result 
of the collaboration between CAT and Human Genome Sciences (now GlaxoSmithKline), 
and targets the soluble form of human B-lymphocyte stimulator (BLyS) [25, 134]. Under a 
license to use the CAT library, Human Genome Sciences (now GSK) discovered Raxibacumab 
(Abthrax) also using phage display. Raxibacumab binds the Bacillus anthracis protective anti-
gen (PA) and was approved by FDA in 2012 for the prophylaxis and treatment of anthrax [25, 
134, 138, 139].

In addition to the three previously described antibodies, which were discovered using scFv-
fragment CAT library by antibody phage display, two mAbs—ramucirumab and necitu-
mumab—were derived from the same technology but from a different library, a human 
Fab-fragment library constructed by de Haard and colleagues at Dyax [25, 134]. Ramucirumab 
(Cyramza, Eli Lilly) is an anti-VEGFR-2 (vascular endothelial growth factor receptor 2) mAb 
approved for the treatment of cancer (gastric or gastroesophageal junction, non-small cell lung 
and colorectal) in 2014 [140]. Necitumumab (Portrazza, Eli Lilly) targets epidermal growth fac-
tor receptor (EGFR) and blocks binding to epidermal growth factor (EGF) [25, 134]. This mAb 
gained first marketing approval for FDA and EMA in 2015 and 2016, respectively, for the treat-
ment of non-small cell lung cancer [25, 141, 142].

Ranibizumab (Lucentis, Genentech), an anti-VEGF-A (vascular endothelial growth factor A) 
Fab fragment, was generated by the humanization of the murine mAb A4.6.1 [134]. Based on a 
random mutation library, clones were selected by phage display [143]. Afterward, an alanine 
scanning study and information of the crystal structure of the Fab-VEGF complex were used 
for affinity maturation [144, 145]. This mAb was approved in the US in 2006 for the treatment 
of age-related macular degeneration [25, 134], and posteriorly for the treatment of macular 
edema after retinal vein occlusion, diabetic macular edema and diabetic retinopathy [25].

4. Future perspectives of the development of recombinant antibodies

This chapter is focused on fully human therapeutic mAbs, mainly those derived from phage 
display technologies. Other technologies emerged in recent years for the obtainment of human 
mAbs with high promises of success, derived directly from human B lymphocytes by two main 
approaches, immortalization of memory B cells by polyclonal stimulation followed by EBV trans-
formation and/or the capture and sorting of memory B cells or plasmablasts followed by ampli-
fication of the mAb variable chains expressed by the single B cell, which can be transfected to 
mammalian cells [27]. The natural pairing of rearranged heavy chain and light chains regions can 
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be found only in B cells. Display technologies add complexity to the repertoire by pairing light 
and heavy chains by chance. A very promising new class of antibodies consists of single domain 
antibodies from camels and sharks comprising only one variable domain of the heavy chain [146, 
147]. These molecules are stable, non-aggregating molecules both in vitro and in vivo. Carrying the 
ability to bind antigens intracellularly as intrabodies inside the nucleus or cytosol makes them an 
important platform for antigen trafficking and knockdown, meaning a promise for the future [38].

It draws attention when analyzing the therapeutic mAbs in the market that the majority of 
them target cancer and autoimmune diseases, while some are directed to other conditions 
and very few are directed to infectious diseases treatment. It is also more astonishing since 
the first use of antibodies in immunotherapy fought against infectious diseases by the end 
of the nineteenth century. One obvious reason is that bacterial infections can be treated with 
antibiotics and many can be prevented by vaccination. Viral infections, on the other hand, are 
more complicated to treat by vaccination or treatment with antibodies as some viruses exhibit 
high mutation rates.

Broadly neutralizing mAbs to influenza viruses can be used to probe in vitro vaccine candidates 
and provide useful information for understanding data generated by preliminary in vivo stud-
ies, contributing to a universal influenza virus vaccine strategy [148, 149]. The identification of 
new conserved epitopes resulted from analysis with two broadly neutralizing mAbs, specific 
for the HA2 subunit of influenza virus belonging to different clades. Both mAbs were gener-
ated by phage display from B cells of an influenza vaccinated individual [150] and from a “non-
immune” human antibody library [151]. Contrary to the disadvantages listed for phage display 
libraries, these are high affinity mAbs, in the range of nanomolar and picomolar, respectively.

Generation of mAbs by phage display technology was a breakthrough since this technology 
opened possibilities to isolate human antibodies for any kind of epitope/antigen without immu-
nization. The success of this technology can be observed by the approval of some drugs, mAbs 
and other kinds of proteins, and many more are under clinical studies at different stages. There 
are some candidates for Phase 3 clinical trial, bringing promises of new drugs in the near future 
[25, 134]. As a perspective for infectious diseases, this technology should be more widely applied 
for rapid screening of antibodies for diagnostic or therapeutic purposes based on immune or naïve 
human libraries when epidemic infectious disease breaks without an available drug for its treat-
ment. Other perspective concerns the combinatorial library construction. Recently, the human anti-
body repertoire derived from blood of human naïve or immunized donors has been intensively 
analyzed by next-generation sequencing [152, 153]. Advances in the knowledge of the human anti-
body repertoire would help in the designing of antibody libraries and for antibody maturation of 
existing human libraries, making possible the selection of mAbs with higher affinity for clinical use.
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reagent for targeted antibody therapy of cancer. PLoS One. 2013;8(7):e70332.

[15] Lindegren S, Andrade LN, Back T, Machado CM, Horta BB, Buchpiguel C, et al. Binding 
affinity, specificity and comparative biodistribution of the parental murine monoclonal  
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be found only in B cells. Display technologies add complexity to the repertoire by pairing light 
and heavy chains by chance. A very promising new class of antibodies consists of single domain 
antibodies from camels and sharks comprising only one variable domain of the heavy chain [146, 
147]. These molecules are stable, non-aggregating molecules both in vitro and in vivo. Carrying the 
ability to bind antigens intracellularly as intrabodies inside the nucleus or cytosol makes them an 
important platform for antigen trafficking and knockdown, meaning a promise for the future [38].

It draws attention when analyzing the therapeutic mAbs in the market that the majority of 
them target cancer and autoimmune diseases, while some are directed to other conditions 
and very few are directed to infectious diseases treatment. It is also more astonishing since 
the first use of antibodies in immunotherapy fought against infectious diseases by the end 
of the nineteenth century. One obvious reason is that bacterial infections can be treated with 
antibiotics and many can be prevented by vaccination. Viral infections, on the other hand, are 
more complicated to treat by vaccination or treatment with antibodies as some viruses exhibit 
high mutation rates.

Broadly neutralizing mAbs to influenza viruses can be used to probe in vitro vaccine candidates 
and provide useful information for understanding data generated by preliminary in vivo stud-
ies, contributing to a universal influenza virus vaccine strategy [148, 149]. The identification of 
new conserved epitopes resulted from analysis with two broadly neutralizing mAbs, specific 
for the HA2 subunit of influenza virus belonging to different clades. Both mAbs were gener-
ated by phage display from B cells of an influenza vaccinated individual [150] and from a “non-
immune” human antibody library [151]. Contrary to the disadvantages listed for phage display 
libraries, these are high affinity mAbs, in the range of nanomolar and picomolar, respectively.

Generation of mAbs by phage display technology was a breakthrough since this technology 
opened possibilities to isolate human antibodies for any kind of epitope/antigen without immu-
nization. The success of this technology can be observed by the approval of some drugs, mAbs 
and other kinds of proteins, and many more are under clinical studies at different stages. There 
are some candidates for Phase 3 clinical trial, bringing promises of new drugs in the near future 
[25, 134]. As a perspective for infectious diseases, this technology should be more widely applied 
for rapid screening of antibodies for diagnostic or therapeutic purposes based on immune or naïve 
human libraries when epidemic infectious disease breaks without an available drug for its treat-
ment. Other perspective concerns the combinatorial library construction. Recently, the human anti-
body repertoire derived from blood of human naïve or immunized donors has been intensively 
analyzed by next-generation sequencing [152, 153]. Advances in the knowledge of the human anti-
body repertoire would help in the designing of antibody libraries and for antibody maturation of 
existing human libraries, making possible the selection of mAbs with higher affinity for clinical use.
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Abstract

Broadly, neutralizing antiviral antibodies holds great promise for improving treatment 
opportunities for patients suffering from viral infections (e.g., human immunodeficiency 
virus [HIV], hepatitis B virus [HBV], cytomegalovirus [CMV], Rabies, Ebola, Zika) lead-
ing to serious health disorders or even to death without effective antiviral treatment. The 
potential of antibodies in host protection against lethal viral infections has been dem-
onstrated in numerous animal models and is best exemplified by the protection con-
ferred to neonates by maternal antibodies. Over the past few decades, virus-neutralizing 
human monoclonal antibodies (nAbs) have been isolated from humans successfully 
cured of disease using a wide range of recently developed antibody isolation technolo-
gies. In this chapter, we present an approach for isolating recombinant human nAbs from 
combinatorial gene libraries being cloned from individuals who have recovered from 
viral infections. The presented protocols describe the selection and screening of antiviral 
single-chain antibody fragments (scFvs) from phage display immune libraries. This tech-
nology represents a well-established, high-throughput approach allowing fast selection 
of broadly neutralizing, antiviral antibodies. The protocols for generating and selecting 
antigen-specific scFvs can be applied for the selection of scFvs against any target.

Keywords: recombinant human monoclonal antibodies, broadly neutralizing antiviral 
antibodies, antibody phage display, combinatorial immune libraries, high-throughput 
screening

1. Introduction

Antibodies are powerful tools for the prophylaxis and treatment of viral infections. The use 
of antibodies against severe, life-threatening infections began in the 1890s when Robert Koch 
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demonstrated that administration of sheep antiserum against diphtheria toxin to a girl dying 
from diphtheria infection led to her rapid recovery and survival [1]. On that basis, numerous 
attempts to treat potentially deadly viral diseases such as influenza, severe acute respiratory 
syndrome (SARS), or Ebola by administrating sera from survivors have successfully been 
undertaken [2]. Further improvements led to the development of polyclonal hyperimmu-
noglobulin G (IgG) preparations, consisting of purified antibodies from seropositive donors 
[3]. Several hyperimmunoglobulins against human cytomegalovirus (CMV), hepatitis B virus 
(HBV), rabies, and other viral infections are available on the market. Although polyclonal 
preparations provide strong antiviral activity, the major disadvantage of such hyperimmu-
noglobulin preparations is that they include a high amount of nonspecific antibodies and 
only a low proportion of neutralizing antibodies. The development of hybridoma technology 
by Köhler & Milstein in 1975 revolutionized science and medicine and led to the isolation 
of numerous monoclonal antibodies [4]. Since the commercialization of the first therapeutic 
monoclonal antibody product in 1986, this class of therapeutics has grown significantly [5]. In 
2016, 5 of the top 20 pharmaceuticals were therapeutic antibody drugs [6]. The vast majority 
of monoclonal antibodies is approved for the treatment of cancers, multiple sclerosis, or rheu-
matoid arthritis [7]. However, numerous potent human or humanized antiviral antibodies 
against H5N1 influenza virus, human immunodeficiency virus (HIV), herpes simplex virus 
(HSV), human cytomegalovirus (CMV), hepatitis C virus (HCV), Ebola virus, severe acute 
respiratory syndrome (SARS) virus, and other viral infections are in preclinical development, 
clinical studies, or even approved for antiviral treatment [2, 7–12]. Antibodies mostly neu-
tralize free viruses by targeting the initial stages of virus infection described as the binding 
of free virions to permissive target cells followed by entry and replication [2]. Neutralizing 
antibodies not only provide new tools for prophylaxis and therapy of viral diseases, but also 
identify conserved epitopes that may be used to design new vaccines capable of conferring 
broader protection [11]. However, enveloped viruses such as HIV-1, HSV-1/2, CMV, and 
measles can also move between adjacent cells without diffusing through the extracellular 
environment (cell-to-cell spread). This mechanism facilitates rapid viral dissemination, pro-
motes immune evasion from the host’s immune response, and enhances the progression of 
disease [13]. We recently described a murine monoclonal antibody (mAb) capable of inhibit-
ing the cell-to-cell spread of HSV. This antibody proved to be highly effective in the preven-
tion of drug-resistant HSV infections in highly immunodeficient NOD/SCID mice indicating 
the enormous potential of antibody blocking mechanisms crucial for the virus spread [12]. 
Due to these unique features, this antibody was humanized for clinical applications and is 
now being tested in phase I and II trials. Besides the generation of antiviral antibodies by 
humanization approaches, neutralizing antibodies can also be isolated from humans cured 
of viral infections, such as SARS or Ebola [9, 14]. Various methods have been developed for 
the isolation of antibodies from humans including B-cell immortalization and single-cell 
expression cloning [15]. Among these approaches, high-throughput screening of phage-dis-
played antibody libraries has become one of the leading technologies for generating human 
therapeutic antibodies (Figure 1) [16]. Nowadays, very large phage display libraries from 
naive (IgM) B-cell repertoires (>1010 independent clones) are widely used for the selection of 
human antibodies against a broad panel of targets including human self-antigens to iden-
tify high-affinity binders. However, these antibodies are not affinity-matured by the human 
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immune system. Hence, the preparation of combinatorial immune libraries from immunized 
or infection cured donors can deliver a broader range of highly functional antibodies, even 
from smaller libraries (i.e., potent antiviral antibodies with broadly neutralizing efficacies). 
For instance, the selection of combinatorial immune repertoires (>108 independent clones) 
from HSV seropositive donors resulted in a broad panel of various high-affinity binders with 
partly HSV-neutralizing properties [17, 18].

Although various other in vitro selection platforms have been developed during the last 
decades (e.g., ribosome display and yeast display), phage display using filamentous phages is 
predominantly used for library generation since it is robust, inexpensive, and allows the auto-
mation of the selection and screening process. Due to the limitation in the production of full-
length IgG antibodies in Escherichia coli, only smaller antibody fragments (e.g., scFvs or Fabs) 
can be efficiently expressed within the E. coli periplasm as functional proteins. Several systems 

Figure 1. Isolation of human neutralizing antiviral antibodies (nAbs) by phage display technique. Lymphocytes 
comprising B-cells from humans harboring neutralizing antibodies with unique features, e.g., Ebola disease survivors 
are isolated from blood, spleen, lymph nodes, or bone marrow by standard techniques (e.g., PBMCs by Ficoll density 
gradient centrifugation). Lymphocytes RNA is prepared and transcribed into single-stranded cDNA that is used as the 
source for PCR amplification of the variable heavy (VH) and light chain (VL) genes. Variable genes are randomly cloned 
into phagemid vectors as scFv antibody fragments prior to electroporation of phagemids into E. coli bacteria to produce 
combinatorial immune libraries. Library glycerol stocks are then used for the generation of a bacterial culture that is 
superinfected with a helper phage to produce phages presenting different scFvs on their surface. Specific binding scFv-
phages are enriched over several selection rounds by stringent washing and elution using antigen/virions immobilized 
on immunotubes. After screening for monoclonal binders on ELISA plates, the best specific binders are directly 
produced as monovalent scFvs in bacteria cultures or cloned into appropriate expression vectors for the production of 
Fab, or various bivalent antibody formats prior to functional analysis (e.g., virus neutralization capacity and affinity).
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for displaying antibody fragments on the phage surface have been developed over time using 
different vectors and phage coat proteins for display. The most common type (3 + 3 system) 
is based on phagemid vectors where the antibody gene fragments are cloned as fusions with 
the pIII phage gene. Cloning of the antibody gene repertoires can be done by using different 
strategies in one, two, or three independent steps where the variable light and heavy chain 
genes are PCR-amplified and randomly combined into reliable phagemid vectors. In the-one 
step cloning strategy, the VH and VL genes are separately amplified with an overlapping, 
additional linker sequence and combined by assembly PCR [19]. In the two-step cloning strat-
egy, mostly the VL gene repertoire is cloned first into the phagemid followed by insertion of 

Figure 2. Workflow of the selection and screening procedure. For the selection of antigen-specific scFv-phages, log-
phase library cultures are packed by superinfection with helper phages (for the preparation of helper phages, see 
Protocol I) that provide all proteins necessary for phage propagation (see Protocol A). After IPTG induction, expressed 
scFv-pIII fusions are inserted within the produced phages leading to the presentation of scFv antibody fragments on the 
phage surface. After determination of phage titer (see Protocol B), specific binding scFv-phages are enriched over several 
selection rounds by stringent washing and elution on recombinant antigen/virions that have been immobilized onto 
immunotubes (see Protocol C). Successful enrichment of specific binding scFv-phages can be analyzed by polyclonal 
phage ELISA (ppELISA) (see Protocol D) prior to screening of monoclonal antibodies as scFv-phages by monoclonal 
phage ELISA (mpELISA) (see Protocol E-I) or as soluble scFvs (see Protocol E-II). After the identification of bacterial 
colonies encoding for full-length scFvs by colony PCR and sequencing (see Protocol F), soluble scFvs can be produced in 
the periplasm of bacteria (see Protocol G) or variable antibody genes can be cloned into mammalian expression vectors to 
produce Fab or various bivalent antibody fragments. Finally, antibody fragments can be analyzed for their neutralizing 
activity in functional assays like the plaque reduction neutralization test (PRNT) (see Protocol H).
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the VH repertoire into the VL phagemid [17, 18, 20–22]. In the three-step cloning strategy, two 
separate VH and VL libraries are prepared before exercising one repertoire and including it 
into the phagemid containing the other repertoire [23]. After electroporation of the phagemids 
into electrocompetent E. coli bacteria, the antibody libraries are grown on selection plates and 
stored as frozen bacterial glycerol stocks. Prior to PCR amplification of the variable antibody 
genes, B-cells from respective donors need to be isolated. In the case of viral infection and 
depending on when the infection occurred, the isolation of the short-lived plasmablast pool 
during the early antibody response or the long-lived memory B-cell and plasma cell pool 
may be preferred. Although the isolation of peripheral blood mononuclear cells (PBMC) from 
whole blood (the main source for plasmablasts) is often described for retrieving antiviral anti-
bodies, B-cell sources such as spleen, lymph nodes (many memory B-cells), or bone marrow 
(the main source of plasma cells) might be considered for library construction. Good protocols 
for the cloning of combinatorial scFv phage display libraries including the primer sets for PCR 
amplification of antibody genes can be found elsewhere [17, 20–22] and are out of the scope 
of this chapter.

Here, we present a methodology for the recovering of potential therapeutic antibodies with 
unique antiviral properties from human B-cell repertoires (for workflow see Figure 2). This 
strategy has been successfully used for generating neutralizing human antibodies against 
HSV as a proof-of-principle [18]. The following protocol will systematically describe the pro-
cedure of generating broadly neutralizing antiviral antibodies from isolated human B-cells by 
a phage display technique.

2. Preliminary notes

Before starting antibody phage display, please be aware that phages are highly stable and 
decontamination of workspace and consumables is hard to achieve. It is best to do phage work 
in a special lab keeping equipment/material separated from the common bacterial workspace, 
especially when antibody library construction is performed. If not possible, phage work 
should be carried out in at least a separate workspace including a separate hood, shaker, and 
centrifuge. Inactivation of phage solutions can be done by incubation with diluted bleach 
(caution, always wear personal protection during handling) and/or sterilizing workspaces 
with UV light. For decontamination of tubes and Erlenmeyer flasks, bleach can be added 
to water-filled tubes and incubated overnight before washing, rinsing, and autoclaving. In 
common, single-use material is preferred for phage work. Collect phage-contaminated solu-
tions in glass flasks and inactivate by adding bleach before dumping. Only use polypropylene 
(PP) tubes since phages might stick to other kinds of plastics. To prevent contamination to 
pipettes, always use barrier tips.

Presented protocols are intended for the selection and screening of antibody libraries based 
on the scFv antibody format being cloned in phagemid vectors as pIII fusion with an intrinsic 
amber stop codon and under the lac promoter (inducible by IPTG, repressible by glucose). 
Many current antibody phage display libraries are constructed in phagemid vectors with 
listed features (e.g., most derivatives of pHEN, pComb3X, pHAL, and pCANTAB), although 
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for displaying antibody fragments on the phage surface have been developed over time using 
different vectors and phage coat proteins for display. The most common type (3 + 3 system) 
is based on phagemid vectors where the antibody gene fragments are cloned as fusions with 
the pIII phage gene. Cloning of the antibody gene repertoires can be done by using different 
strategies in one, two, or three independent steps where the variable light and heavy chain 
genes are PCR-amplified and randomly combined into reliable phagemid vectors. In the-one 
step cloning strategy, the VH and VL genes are separately amplified with an overlapping, 
additional linker sequence and combined by assembly PCR [19]. In the two-step cloning strat-
egy, mostly the VL gene repertoire is cloned first into the phagemid followed by insertion of 

Figure 2. Workflow of the selection and screening procedure. For the selection of antigen-specific scFv-phages, log-
phase library cultures are packed by superinfection with helper phages (for the preparation of helper phages, see 
Protocol I) that provide all proteins necessary for phage propagation (see Protocol A). After IPTG induction, expressed 
scFv-pIII fusions are inserted within the produced phages leading to the presentation of scFv antibody fragments on the 
phage surface. After determination of phage titer (see Protocol B), specific binding scFv-phages are enriched over several 
selection rounds by stringent washing and elution on recombinant antigen/virions that have been immobilized onto 
immunotubes (see Protocol C). Successful enrichment of specific binding scFv-phages can be analyzed by polyclonal 
phage ELISA (ppELISA) (see Protocol D) prior to screening of monoclonal antibodies as scFv-phages by monoclonal 
phage ELISA (mpELISA) (see Protocol E-I) or as soluble scFvs (see Protocol E-II). After the identification of bacterial 
colonies encoding for full-length scFvs by colony PCR and sequencing (see Protocol F), soluble scFvs can be produced in 
the periplasm of bacteria (see Protocol G) or variable antibody genes can be cloned into mammalian expression vectors to 
produce Fab or various bivalent antibody fragments. Finally, antibody fragments can be analyzed for their neutralizing 
activity in functional assays like the plaque reduction neutralization test (PRNT) (see Protocol H).
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the VH repertoire into the VL phagemid [17, 18, 20–22]. In the three-step cloning strategy, two 
separate VH and VL libraries are prepared before exercising one repertoire and including it 
into the phagemid containing the other repertoire [23]. After electroporation of the phagemids 
into electrocompetent E. coli bacteria, the antibody libraries are grown on selection plates and 
stored as frozen bacterial glycerol stocks. Prior to PCR amplification of the variable antibody 
genes, B-cells from respective donors need to be isolated. In the case of viral infection and 
depending on when the infection occurred, the isolation of the short-lived plasmablast pool 
during the early antibody response or the long-lived memory B-cell and plasma cell pool 
may be preferred. Although the isolation of peripheral blood mononuclear cells (PBMC) from 
whole blood (the main source for plasmablasts) is often described for retrieving antiviral anti-
bodies, B-cell sources such as spleen, lymph nodes (many memory B-cells), or bone marrow 
(the main source of plasma cells) might be considered for library construction. Good protocols 
for the cloning of combinatorial scFv phage display libraries including the primer sets for PCR 
amplification of antibody genes can be found elsewhere [17, 20–22] and are out of the scope 
of this chapter.

Here, we present a methodology for the recovering of potential therapeutic antibodies with 
unique antiviral properties from human B-cell repertoires (for workflow see Figure 2). This 
strategy has been successfully used for generating neutralizing human antibodies against 
HSV as a proof-of-principle [18]. The following protocol will systematically describe the pro-
cedure of generating broadly neutralizing antiviral antibodies from isolated human B-cells by 
a phage display technique.

2. Preliminary notes

Before starting antibody phage display, please be aware that phages are highly stable and 
decontamination of workspace and consumables is hard to achieve. It is best to do phage work 
in a special lab keeping equipment/material separated from the common bacterial workspace, 
especially when antibody library construction is performed. If not possible, phage work 
should be carried out in at least a separate workspace including a separate hood, shaker, and 
centrifuge. Inactivation of phage solutions can be done by incubation with diluted bleach 
(caution, always wear personal protection during handling) and/or sterilizing workspaces 
with UV light. For decontamination of tubes and Erlenmeyer flasks, bleach can be added 
to water-filled tubes and incubated overnight before washing, rinsing, and autoclaving. In 
common, single-use material is preferred for phage work. Collect phage-contaminated solu-
tions in glass flasks and inactivate by adding bleach before dumping. Only use polypropylene 
(PP) tubes since phages might stick to other kinds of plastics. To prevent contamination to 
pipettes, always use barrier tips.

Presented protocols are intended for the selection and screening of antibody libraries based 
on the scFv antibody format being cloned in phagemid vectors as pIII fusion with an intrinsic 
amber stop codon and under the lac promoter (inducible by IPTG, repressible by glucose). 
Many current antibody phage display libraries are constructed in phagemid vectors with 
listed features (e.g., most derivatives of pHEN, pComb3X, pHAL, and pCANTAB), although 
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other selection relevant features such as signal peptides, molecular tags, etc., might differ. 
Please check features of your antibody library used prior to selection and screening and 
change protocols accordingly if necessary. If using libraries based on phagemid vectors with 
lac promoter, always add ≥2% glucose to the media to repress scFv-pIII protein expression as 
long as antibody phages are not produced. Lower amounts of glucose results in background 
expression of pIII fusions and clones with growth advantages (e.g., truncated scFvs) might 
overgrow leading to a reduced library diversity. More detailed information about antibody 
phage display [24] and commonly used phagemid vectors can be found elsewhere [25].

Independent of the source of your antibody library, always try to package antibody libraries 
from primary bacteria stocks, never from secondary stocks or using phage-packaged libraries 
to infect bacteria. Only correctly stored (−80°C) primary glycerol bacteria stocks guarantee 
highest initial antibody diversity. For novel libraries or if not familiar with antibody phage 
display, perform test selection and subsequent screening using not relevant proteins such as 
bovine serum albumin.

3. Materials

A. Preparation of scFv-phages

• 2xTY medium: 16 g/l tryptone, 10 g/l yeast extract, 5 g/l NaCl, dissolved in ultrapure water, 
autoclaved, and stored at room temperature (RT).

• 2xYT-GA: 900 ml 2xYT medium, supplemented with 100 ml glucose stock solution and 
1 ml ampicillin stock solution right before use.

• Kanamycin stock solution (2000×): 100 mg/ml kanamycin sulfate dissolved in ultrapure 
water, filter-sterilized, stored at −20°C.

• Ampicillin stock solution (1000×): 100 mg/ml ampicillin sodium salt dissolved in ultrapure 
water, filter-sterilized, stored at −20°C.

• 20% (w/v) glucose stock solution (10×): 200 g/l d-glucose dissolved in ultrapure water, fil-
ter-sterilized, stored at 4°C.

• Helper phage VCSM13 (Agilent Technologies) or M13K07 (e.g., NEB Biolabs), Kanamycin- 
resistant.

• Optional for oligomeric display: hyperphage M13 K07ΔpIII (Progen Biotechnik).

• 2xYT-GK agar plates (100 mm): 16 g tryptone, 10 g yeast extract, 5 g NaCl, and 15 g agar 
dissolved in 900 ml ultrapure water, autoclaved, cooled down to 50°C, and supplemented 
with 100 ml glucose stock solution and 500 μl kanamycin stock solution right before pour-
ing, stored at 4°C.

• 1 M IPTG stock solution (20,000×): 2.38 g isopropyl β-d-1-thiogalactopyranoside dissolved 
in 10 ml ultrapure water, filter-sterilized, stored at −20°C.
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• Induction medium 2xYT-AKI: 2xYT supplemented with 1 ml ampicillin stock solution, 500 μl 
kanamycin stock solution, and 50 μl IPTG stock solution (IPTG concentration depending on 
phagemid vector used), no glucose (!), prepared right before use.

• Polypropylene (PP) centrifugation tubes: 2 and 50 ml (single-use), 250 ml (reusable).

• PEG/NaCl solution: 200 g/l polyethylene glycol 6000, 146.1 g/l NaCl, dissolved in ultrapure 
water, autoclaved, stored at 4°C.

• Optional for Western blot analysis: primary murine anti-pIII monoclonal IgG (MoBiTec, 
diluted 1:1000 milk in phosphate-buffered saline (MPBS)) and secondary goat anti-mouse 
HRP-conjugated antibody (Jackson ImmunoResearch, diluted 1:10,000 in MPBS).

B. Determination of the phage titer

• TG1 bacteria strain (e.g., Lucigen).

• M9 minimal stock solution (5×): 56.4 g/l M9 minimal salt (Sigma Aldrich) dissolved in ul-
trapure water, autoclaved, stored at 4°C.

• 1 M MgSO4 stock solution: 6.02 g MgSO4 dissolved in 50 ml ultrapure water, filter-sterilized, 
stored at 4°C.

• Thiamine stock solution: 50 mg thiamine hydrochloride dissolved in 50 ml ultrapure water, 
filter-sterilized, stored at −20°C.

• M9/+Thi minimal plates (100 mm): 15 g agar dissolved in 780 ml ultrapure water, auto-
claved and supplemented with 200 ml M9 minimal salt stock solution, 20 ml glucose stock 
solution (see A), 1 ml MgSO4 solution, and 1 ml thiamine stock solution.

• 2xYT-GA agar plates (100 mm): 16 g tryptone, 10 g yeast extract, 5 g NaCl, and 15 g agar 
dissolved in 900 ml ultrapure water, autoclaved, cooled down to 50°C, and supplemented 
with 100 ml glucose stock solution and 1 ml ampicillin stock solution right before pouring, 
stored at 4°C.

C. Selection of antigen-specific scFv-phages

• 5 ml Nunc MaxiSorp™ immunotubes (Thermo Fisher Scientific).

• Phosphate-buffered saline (PBS): 1.42 g/l Na2HPO4, 0.24 g/l KH2PO4, 0.2 g/l KCl, 8.0 g/l 
NaCl, dissolved in ultrapure water, adjusted to pH 7.4, autoclaved, stored at RT.

• PBST: phosphate-buffered saline supplemented with 0.1% Tween20.

• MPBS: 2% nonfat dry milk in phosphate-buffered saline, prepared right before use.

• TG1 bacteria strain (e.g., Lucigen).

• 2xYT-GA agar plates (100 mm round, 150 mm round, or 245 mm square): see B.

• Phage elution buffer: 0.1 M glycine-HCl, 0.5 M NaCl, dissolved in ultrapure water, adjusted 
to pH 2.2, filter-sterilized, stored at 4°C.

Detailed Protocols for the Selection of Antiviral Human Antibodies from Combinatorial Immune...
http://dx.doi.org/10.5772/intechopen.70139

81



other selection relevant features such as signal peptides, molecular tags, etc., might differ. 
Please check features of your antibody library used prior to selection and screening and 
change protocols accordingly if necessary. If using libraries based on phagemid vectors with 
lac promoter, always add ≥2% glucose to the media to repress scFv-pIII protein expression as 
long as antibody phages are not produced. Lower amounts of glucose results in background 
expression of pIII fusions and clones with growth advantages (e.g., truncated scFvs) might 
overgrow leading to a reduced library diversity. More detailed information about antibody 
phage display [24] and commonly used phagemid vectors can be found elsewhere [25].

Independent of the source of your antibody library, always try to package antibody libraries 
from primary bacteria stocks, never from secondary stocks or using phage-packaged libraries 
to infect bacteria. Only correctly stored (−80°C) primary glycerol bacteria stocks guarantee 
highest initial antibody diversity. For novel libraries or if not familiar with antibody phage 
display, perform test selection and subsequent screening using not relevant proteins such as 
bovine serum albumin.

3. Materials

A. Preparation of scFv-phages

• 2xTY medium: 16 g/l tryptone, 10 g/l yeast extract, 5 g/l NaCl, dissolved in ultrapure water, 
autoclaved, and stored at room temperature (RT).

• 2xYT-GA: 900 ml 2xYT medium, supplemented with 100 ml glucose stock solution and 
1 ml ampicillin stock solution right before use.

• Kanamycin stock solution (2000×): 100 mg/ml kanamycin sulfate dissolved in ultrapure 
water, filter-sterilized, stored at −20°C.

• Ampicillin stock solution (1000×): 100 mg/ml ampicillin sodium salt dissolved in ultrapure 
water, filter-sterilized, stored at −20°C.

• 20% (w/v) glucose stock solution (10×): 200 g/l d-glucose dissolved in ultrapure water, fil-
ter-sterilized, stored at 4°C.

• Helper phage VCSM13 (Agilent Technologies) or M13K07 (e.g., NEB Biolabs), Kanamycin- 
resistant.

• Optional for oligomeric display: hyperphage M13 K07ΔpIII (Progen Biotechnik).

• 2xYT-GK agar plates (100 mm): 16 g tryptone, 10 g yeast extract, 5 g NaCl, and 15 g agar 
dissolved in 900 ml ultrapure water, autoclaved, cooled down to 50°C, and supplemented 
with 100 ml glucose stock solution and 500 μl kanamycin stock solution right before pour-
ing, stored at 4°C.

• 1 M IPTG stock solution (20,000×): 2.38 g isopropyl β-d-1-thiogalactopyranoside dissolved 
in 10 ml ultrapure water, filter-sterilized, stored at −20°C.
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• Induction medium 2xYT-AKI: 2xYT supplemented with 1 ml ampicillin stock solution, 500 μl 
kanamycin stock solution, and 50 μl IPTG stock solution (IPTG concentration depending on 
phagemid vector used), no glucose (!), prepared right before use.

• Polypropylene (PP) centrifugation tubes: 2 and 50 ml (single-use), 250 ml (reusable).

• PEG/NaCl solution: 200 g/l polyethylene glycol 6000, 146.1 g/l NaCl, dissolved in ultrapure 
water, autoclaved, stored at 4°C.

• Optional for Western blot analysis: primary murine anti-pIII monoclonal IgG (MoBiTec, 
diluted 1:1000 milk in phosphate-buffered saline (MPBS)) and secondary goat anti-mouse 
HRP-conjugated antibody (Jackson ImmunoResearch, diluted 1:10,000 in MPBS).

B. Determination of the phage titer

• TG1 bacteria strain (e.g., Lucigen).

• M9 minimal stock solution (5×): 56.4 g/l M9 minimal salt (Sigma Aldrich) dissolved in ul-
trapure water, autoclaved, stored at 4°C.

• 1 M MgSO4 stock solution: 6.02 g MgSO4 dissolved in 50 ml ultrapure water, filter-sterilized, 
stored at 4°C.

• Thiamine stock solution: 50 mg thiamine hydrochloride dissolved in 50 ml ultrapure water, 
filter-sterilized, stored at −20°C.

• M9/+Thi minimal plates (100 mm): 15 g agar dissolved in 780 ml ultrapure water, auto-
claved and supplemented with 200 ml M9 minimal salt stock solution, 20 ml glucose stock 
solution (see A), 1 ml MgSO4 solution, and 1 ml thiamine stock solution.

• 2xYT-GA agar plates (100 mm): 16 g tryptone, 10 g yeast extract, 5 g NaCl, and 15 g agar 
dissolved in 900 ml ultrapure water, autoclaved, cooled down to 50°C, and supplemented 
with 100 ml glucose stock solution and 1 ml ampicillin stock solution right before pouring, 
stored at 4°C.

C. Selection of antigen-specific scFv-phages

• 5 ml Nunc MaxiSorp™ immunotubes (Thermo Fisher Scientific).

• Phosphate-buffered saline (PBS): 1.42 g/l Na2HPO4, 0.24 g/l KH2PO4, 0.2 g/l KCl, 8.0 g/l 
NaCl, dissolved in ultrapure water, adjusted to pH 7.4, autoclaved, stored at RT.

• PBST: phosphate-buffered saline supplemented with 0.1% Tween20.

• MPBS: 2% nonfat dry milk in phosphate-buffered saline, prepared right before use.

• TG1 bacteria strain (e.g., Lucigen).

• 2xYT-GA agar plates (100 mm round, 150 mm round, or 245 mm square): see B.

• Phage elution buffer: 0.1 M glycine-HCl, 0.5 M NaCl, dissolved in ultrapure water, adjusted 
to pH 2.2, filter-sterilized, stored at 4°C.
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• Phage neutralization buffer: 1 M Tris-HCl dissolved in ultrapure water, adjusted to pH 9.5, 
filter-sterilized, stored at 4°C.

• Trypsin-PBS solution: 10 μg/ml trypsin (e.g., from porcine pancreas by Sigma Aldrich) dis-
solved in PBS, pH 7.4, prepared right before use.

D. Polyclonal phage ELISA (ppELISA)

• PBS and PBST: see C.

• 96-well microtiter ELISA plate (e.g., Nunc Maxisorp™ by Thermo Fisher Scientific).

• Murine anti-M13 monoclonal antibody HRP-conjugate (GE Healthcare), diluted 1:5000 in 
MPBS.

• TMB substrate solution (e.g., Thermo Fisher Scientific).

• Stop solution (2 M H2SO4): concentrated sulfuric acid dissolved 1:9 in ultrapure water.

E. Screening for monoclonal binders

(I) Monoclonal phage (mpELISA) screening:

• Sterile 96-well polypropylene round-bottom microplates (e.g., Greiner Bio-One).

• Breathable sealing membrane for microplates (e.g., Sigma Aldrich).

• 96-pin microplate replicator (Boekel Scientific).

• 8-channel pipettes (20 μl and 200 μl).

• 2xYT-glycerol: 2xYT dissolved in 50% glycerol and 50% ultrapure water, autoclaved, stored 
at RT.

• 2xYT-GA medium, ampicillin stock solutions, glucose stock solution, kanamycin stock 
solution, IPTG stock solution, helper phage VCSM13 or M13K07, and induction medium 
2xYT-AKI: see A.

• PBS, PBST: see C.

• Maxisorb™ ELISA plates, anti-M13 monoclonal HRP-conjugate, TMB substrate, and stop 
solution: see D.

(II) Soluble scFv screening:

• HB2151 bacterial strain (Nordic BioSite).

• M9/+Thi minimal plates, 2xYT-GA plates: see B.

• 2xYT medium, ampicillin stock solution, glucose stock solution: see A.

• Sterile 96-well PP round-bottom microplates, breathable sealing membrane, microplate 
replicator, 8-channel pipettes: see E-I.

• 1 M sucrose stock solution: 342.3 g/l dissolved in ultrapure water, filter-sterilized, stored 
at 4°C.
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• Potassium phosphate buffer: 0.17 M KH2PO4, 0.72 M K2HPO4, adjusted to pH 7.0, filter-
sterilized, stored at 4°C.

• Buffered 2xYT (pH 7.0): 900 ml 2xYT medium supplemented with 100 ml potassium phos-
phate buffer, filter-sterilized, stored at 4°C.

• Induction medium 2xYT-SAI: buffered 2xYT supplemented with 50 ml sucrose stock 
 solution, 1 ml ampicillin stock solution, and 50 μl IPTG stock solution (IPTG concentration 
depending on phagemid vector used), prepared right before use.

• Primary scFv-tag-specific monoclonal antibody (e.g., anti-myc, anti-His): 5 μg/ml diluted 
in MPBS.

• Secondary anti-primary polyclonal antibody HRP conjugate (e.g., Jackson ImmunoRe-
search): 1:10,000 diluted in MPBS.

F. Identification of complete scFv fragments by colony PCR and sequencing

• LB high salt medium: 10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl, dissolved in ultrapure 
water, autoclaved, stored at RT.

• Taq PCR Core Kit, QIAquick PCR Purification Kit, QIAprep Spin Miniprep Kit, and QIA-
quick Gel Extraction Kit (optional): all from Qiagen.

• Colony PCR/sequencing primers flanking the scFv insert (most pHEN phagemids):

P1 (LMB3long, forward) 5′-CAGGAAACAGCTATGACCATGATTAC-3′; and

P2 (fdseqlong, reverse) 5′-GACGTTAGTAAATGAATTTTCTGTATGAGG-3′.

• 96-well PCR plate and sealing (e.g., BRAND).

• Sterile 96-well PP round-bottom microplates (e.g., Greiner Bio-One).

• 2xYT-glycerol: see E-I

G. Small-scale expression of soluble scFvs for functional characterization

• HB2151 bacterial strain: see E-II.

• M9/+Thi minimal plates, MgSO4 stock solution: see B.

• 2xYT-GA, 2xYT-GK agar plates (100 mm), IPTG stock solution: see A.

• Induction medium 2xYT-GA with 0.1% glucose: 995 ml 2xYT medium, supplemented with 
5 ml glucose stock solution and 1 ml ampicillin stock solution right before use.

• Periplasmic preparation buffer: 200 g/l sucrose, 30 mM Tris-HCl, 1 mM EDTA, diluted in 
ultrapure water, adjusted to pH 8.0, stored at 4°C.

• PBS: see C.

• Low protein-binding sterile syringe filters (0.22 μm): e.g., Millex-GV Filter (PVDF, 4 mm 
diameter) by EMD Millipore.
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• Phage neutralization buffer: 1 M Tris-HCl dissolved in ultrapure water, adjusted to pH 9.5, 
filter-sterilized, stored at 4°C.

• Trypsin-PBS solution: 10 μg/ml trypsin (e.g., from porcine pancreas by Sigma Aldrich) dis-
solved in PBS, pH 7.4, prepared right before use.

D. Polyclonal phage ELISA (ppELISA)

• PBS and PBST: see C.

• 96-well microtiter ELISA plate (e.g., Nunc Maxisorp™ by Thermo Fisher Scientific).

• Murine anti-M13 monoclonal antibody HRP-conjugate (GE Healthcare), diluted 1:5000 in 
MPBS.

• TMB substrate solution (e.g., Thermo Fisher Scientific).

• Stop solution (2 M H2SO4): concentrated sulfuric acid dissolved 1:9 in ultrapure water.

E. Screening for monoclonal binders

(I) Monoclonal phage (mpELISA) screening:

• Sterile 96-well polypropylene round-bottom microplates (e.g., Greiner Bio-One).

• Breathable sealing membrane for microplates (e.g., Sigma Aldrich).

• 96-pin microplate replicator (Boekel Scientific).

• 8-channel pipettes (20 μl and 200 μl).

• 2xYT-glycerol: 2xYT dissolved in 50% glycerol and 50% ultrapure water, autoclaved, stored 
at RT.

• 2xYT-GA medium, ampicillin stock solutions, glucose stock solution, kanamycin stock 
solution, IPTG stock solution, helper phage VCSM13 or M13K07, and induction medium 
2xYT-AKI: see A.

• PBS, PBST: see C.

• Maxisorb™ ELISA plates, anti-M13 monoclonal HRP-conjugate, TMB substrate, and stop 
solution: see D.

(II) Soluble scFv screening:

• HB2151 bacterial strain (Nordic BioSite).

• M9/+Thi minimal plates, 2xYT-GA plates: see B.

• 2xYT medium, ampicillin stock solution, glucose stock solution: see A.

• Sterile 96-well PP round-bottom microplates, breathable sealing membrane, microplate 
replicator, 8-channel pipettes: see E-I.

• 1 M sucrose stock solution: 342.3 g/l dissolved in ultrapure water, filter-sterilized, stored 
at 4°C.

Antibody Engineering82

• Potassium phosphate buffer: 0.17 M KH2PO4, 0.72 M K2HPO4, adjusted to pH 7.0, filter-
sterilized, stored at 4°C.

• Buffered 2xYT (pH 7.0): 900 ml 2xYT medium supplemented with 100 ml potassium phos-
phate buffer, filter-sterilized, stored at 4°C.

• Induction medium 2xYT-SAI: buffered 2xYT supplemented with 50 ml sucrose stock 
 solution, 1 ml ampicillin stock solution, and 50 μl IPTG stock solution (IPTG concentration 
depending on phagemid vector used), prepared right before use.

• Primary scFv-tag-specific monoclonal antibody (e.g., anti-myc, anti-His): 5 μg/ml diluted 
in MPBS.

• Secondary anti-primary polyclonal antibody HRP conjugate (e.g., Jackson ImmunoRe-
search): 1:10,000 diluted in MPBS.

F. Identification of complete scFv fragments by colony PCR and sequencing

• LB high salt medium: 10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl, dissolved in ultrapure 
water, autoclaved, stored at RT.

• Taq PCR Core Kit, QIAquick PCR Purification Kit, QIAprep Spin Miniprep Kit, and QIA-
quick Gel Extraction Kit (optional): all from Qiagen.

• Colony PCR/sequencing primers flanking the scFv insert (most pHEN phagemids):

P1 (LMB3long, forward) 5′-CAGGAAACAGCTATGACCATGATTAC-3′; and

P2 (fdseqlong, reverse) 5′-GACGTTAGTAAATGAATTTTCTGTATGAGG-3′.

• 96-well PCR plate and sealing (e.g., BRAND).

• Sterile 96-well PP round-bottom microplates (e.g., Greiner Bio-One).

• 2xYT-glycerol: see E-I

G. Small-scale expression of soluble scFvs for functional characterization

• HB2151 bacterial strain: see E-II.

• M9/+Thi minimal plates, MgSO4 stock solution: see B.

• 2xYT-GA, 2xYT-GK agar plates (100 mm), IPTG stock solution: see A.

• Induction medium 2xYT-GA with 0.1% glucose: 995 ml 2xYT medium, supplemented with 
5 ml glucose stock solution and 1 ml ampicillin stock solution right before use.

• Periplasmic preparation buffer: 200 g/l sucrose, 30 mM Tris-HCl, 1 mM EDTA, diluted in 
ultrapure water, adjusted to pH 8.0, stored at 4°C.

• PBS: see C.

• Low protein-binding sterile syringe filters (0.22 μm): e.g., Millex-GV Filter (PVDF, 4 mm 
diameter) by EMD Millipore.
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• Dialysis: D-Tube™ Dialyzer (MWCO 12–14 kDa) by EMD Millipore or dialysis membrane 
(e.g., Spectra/Por 4 dialysis membrane, MWCO 12–14 kDa, by Spectrum Laboratories).

• Lysozyme solution: 50 mg/ml lysozyme, in ultrapure water, prepared right before use.

• NPI-10 buffer: 50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, dissolved in ultrapure 
water, adjusted pH to 8.0, filter-sterilized, stored at 4°C.

• Ni-NTA Spin Columns (Qiagen).

H. Functional antibody characterization by plaque reduction neutralization test

• Complete culture medium: e.g., Vero cells, 10% heat-inactivated fetal bovine serum (FBS) 
(optional: supplemented with penicillin/streptomycin solution).

• Sterile cell culture plates (6-well, 12-well, and 48-well): e.g., by Greiner Bio-One.

• Carboxymethyl cellulose (CMC) medium: 2/3 volume of sterile complete culture medium 
and 1/3 volume of CMC solution, stored at 4°C.

• CMC solution: 20 g/l carboxymethyl cellulose sodium salt dissolved in PBS (added slowly 
under stirring), autoclaved, stored at RT.

• Crystal violet solution: 200 mg/l crystal violet dissolved in 1 ml ethanol, filled up to 1 l with 
ultrapure water, stored at RT.

• 5% formaldehyde solution: 135 ml/l formaldehyde stock solution (37%), diluted in PBS, 
stored at RT.

I. Production of helper phage

• Top-agar: 2xYT supplemented with 7.5 g/l agar, autoclaved.

• 2xYT-agar plates (100 mm): 16 g/l tryptone, 10/l g yeast extract, 5/l g NaCl, and 15/l g agar 
dissolved in ultrapure water, autoclaved, poured as thin layers, stored at 4°C.

• 2xYT medium, helper phage VCSM13 or M13K07, kanamycin stock solution, PEG/NaCl 
solution: see A.

• TG1 bacteria strain, M9/+Thi minimal plates: see B.

4. Protocols

A. Preparation of scFv-phages

Cloned scFv antibody libraries are stored at −80°C as bacteria glycerol stocks and has to be 
packed into scFv-phages for selection using target antigen or virus stock (see Protocol C). The 
following protocol describes the superinfection of a log phase library bacterial culture with 
helper phage comprising kanamycin resistance (see Section I for the production of helper 
phages) and PEG purification of produced scFv-phages.

A1. Inoculate prewarmed 2xYT-GA to an initial OD600nm of 0.1 with freshly thawed library 
glycerol stock (~1 ml). Typically, we inoculate 250 ml in a 1 L baffled Erlenmeyer flask for 
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libraries of large library size up to 109 independent bacteria clones. The inoculated volume 
depends on library diversity and might vary between 50 ml and > 2 l. For libraries cloned from 
virus-infected donors, an initial library size of 107 and inoculating 100 ml is sufficient (Note 1).

A2. Grow bacteria at 250 rpm at 37°C until they reach log phase (OD600nm of about 0.5). This 
typically takes about 2½ h (Note 2).

A3. Infect the log phase bacteria culture by adding freshly thawed helper phage VCSM13 
or M13K07 (for preparation of helper phage: see Protocol I) with a multiplicity of infection 
of 20:1 (phage-to-cell-ratio). Infection is best performed by swirling the flask to distribute 
phages, followed by 30 min standing and 30 min shaking at 250 rpm and 37°C. Exclusively in 
the first round of selection, infection of the antibody library can be done by hyperphage M13 
K07ΔpIII for oligomeric display of scFvs on the phage surface (Note 3).

A4. Superinfection of bacterial culture can be monitored by plating 1 μl of the infected bacte-
ria (diluted in 100 μl 2xYT) onto 2xYT-GK agar plates. Successful infection should result in a 
bacteria lawn the next day.

A5. To induce expression of scFv-pIII fusion proteins, harvest bacteria by centrifugation 
(4000 × g, 10 min, 4°C) in PP tubes (either 50 or 250 ml) and resuspend bacteria in glucose-
free induction medium 2×YT-AKI (Note 4).

A6. Incubate culture overnight shaking at ≤30°C (Note 5).

A7. On the next day, pellet bacteria (4000 × g, 10 min, 4°C) and transfer supernatant containing 
the antibody phages into fresh 50 ml PP tubes (40 ml per tube).

A8. Add 8 ml of prechilled PEG/NaCl to 40 ml supernatant (1/5 volume). Mix well and incu-
bate for at least 1 h on ice (Note 6).

A9. Harvest phages by centrifugation (10,000 × g, 20 min, 4°C). Make sure to remove PEG/
NaCl completely since remaining PEG leads to losing phages in the next step. Therefore, pour 
away the PEG solution and remove residuals with gauze or centrifuge again and aspirate 
remaining solution (Note 7).

A10. Pure phage preparation gives white pellets. Brownish pellets indicate contamination 
with bacteria debris. One (Option 1) or two (Option 2) precipitation steps may be performed. 
Especially in the first round of selection, we recommend to precipitate twice.

Option 1: Resuspend phage pellets in 1 ml of PBS per tube transfer in 2 ml tubes and centrifuge 
at high speed in a microcentrifuge (3 min, 4°C). Transfer the phage-containing supernatant 
into a fresh tube and determine the phage titer as colony-forming units (see Protocol B).

Option 2: Resuspend the phage pellets in 40 ml of ice cold PBS and pellet the bacteria by cen-
trifugation (4000 × g, 10 min, 4°C). Save the supernatant and precipitate a second time (8 ml 
PEG/NaCl to 40 ml supernatant) for ≥1 h on ice or overnight. Proceed as described in Option 1.

A11. Store the phage at 4°C and proceed as soon as possible with scFv selection. Optional: fil-
ter supernatant through 0.45 μm filter. Filtered phages may be stored up to 2 weeks. To pre-
vent proteolysis of the antibody fragments, proteolysis inhibitors might be added. Although 
not recommended for selection since displayed antibody fragment might be denatured, 
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• Dialysis: D-Tube™ Dialyzer (MWCO 12–14 kDa) by EMD Millipore or dialysis membrane 
(e.g., Spectra/Por 4 dialysis membrane, MWCO 12–14 kDa, by Spectrum Laboratories).

• Lysozyme solution: 50 mg/ml lysozyme, in ultrapure water, prepared right before use.

• NPI-10 buffer: 50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, dissolved in ultrapure 
water, adjusted pH to 8.0, filter-sterilized, stored at 4°C.

• Ni-NTA Spin Columns (Qiagen).

H. Functional antibody characterization by plaque reduction neutralization test

• Complete culture medium: e.g., Vero cells, 10% heat-inactivated fetal bovine serum (FBS) 
(optional: supplemented with penicillin/streptomycin solution).

• Sterile cell culture plates (6-well, 12-well, and 48-well): e.g., by Greiner Bio-One.

• Carboxymethyl cellulose (CMC) medium: 2/3 volume of sterile complete culture medium 
and 1/3 volume of CMC solution, stored at 4°C.

• CMC solution: 20 g/l carboxymethyl cellulose sodium salt dissolved in PBS (added slowly 
under stirring), autoclaved, stored at RT.

• Crystal violet solution: 200 mg/l crystal violet dissolved in 1 ml ethanol, filled up to 1 l with 
ultrapure water, stored at RT.

• 5% formaldehyde solution: 135 ml/l formaldehyde stock solution (37%), diluted in PBS, 
stored at RT.

I. Production of helper phage

• Top-agar: 2xYT supplemented with 7.5 g/l agar, autoclaved.

• 2xYT-agar plates (100 mm): 16 g/l tryptone, 10/l g yeast extract, 5/l g NaCl, and 15/l g agar 
dissolved in ultrapure water, autoclaved, poured as thin layers, stored at 4°C.

• 2xYT medium, helper phage VCSM13 or M13K07, kanamycin stock solution, PEG/NaCl 
solution: see A.

• TG1 bacteria strain, M9/+Thi minimal plates: see B.

4. Protocols

A. Preparation of scFv-phages

Cloned scFv antibody libraries are stored at −80°C as bacteria glycerol stocks and has to be 
packed into scFv-phages for selection using target antigen or virus stock (see Protocol C). The 
following protocol describes the superinfection of a log phase library bacterial culture with 
helper phage comprising kanamycin resistance (see Section I for the production of helper 
phages) and PEG purification of produced scFv-phages.

A1. Inoculate prewarmed 2xYT-GA to an initial OD600nm of 0.1 with freshly thawed library 
glycerol stock (~1 ml). Typically, we inoculate 250 ml in a 1 L baffled Erlenmeyer flask for 
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libraries of large library size up to 109 independent bacteria clones. The inoculated volume 
depends on library diversity and might vary between 50 ml and > 2 l. For libraries cloned from 
virus-infected donors, an initial library size of 107 and inoculating 100 ml is sufficient (Note 1).

A2. Grow bacteria at 250 rpm at 37°C until they reach log phase (OD600nm of about 0.5). This 
typically takes about 2½ h (Note 2).

A3. Infect the log phase bacteria culture by adding freshly thawed helper phage VCSM13 
or M13K07 (for preparation of helper phage: see Protocol I) with a multiplicity of infection 
of 20:1 (phage-to-cell-ratio). Infection is best performed by swirling the flask to distribute 
phages, followed by 30 min standing and 30 min shaking at 250 rpm and 37°C. Exclusively in 
the first round of selection, infection of the antibody library can be done by hyperphage M13 
K07ΔpIII for oligomeric display of scFvs on the phage surface (Note 3).

A4. Superinfection of bacterial culture can be monitored by plating 1 μl of the infected bacte-
ria (diluted in 100 μl 2xYT) onto 2xYT-GK agar plates. Successful infection should result in a 
bacteria lawn the next day.

A5. To induce expression of scFv-pIII fusion proteins, harvest bacteria by centrifugation 
(4000 × g, 10 min, 4°C) in PP tubes (either 50 or 250 ml) and resuspend bacteria in glucose-
free induction medium 2×YT-AKI (Note 4).

A6. Incubate culture overnight shaking at ≤30°C (Note 5).

A7. On the next day, pellet bacteria (4000 × g, 10 min, 4°C) and transfer supernatant containing 
the antibody phages into fresh 50 ml PP tubes (40 ml per tube).

A8. Add 8 ml of prechilled PEG/NaCl to 40 ml supernatant (1/5 volume). Mix well and incu-
bate for at least 1 h on ice (Note 6).

A9. Harvest phages by centrifugation (10,000 × g, 20 min, 4°C). Make sure to remove PEG/
NaCl completely since remaining PEG leads to losing phages in the next step. Therefore, pour 
away the PEG solution and remove residuals with gauze or centrifuge again and aspirate 
remaining solution (Note 7).

A10. Pure phage preparation gives white pellets. Brownish pellets indicate contamination 
with bacteria debris. One (Option 1) or two (Option 2) precipitation steps may be performed. 
Especially in the first round of selection, we recommend to precipitate twice.

Option 1: Resuspend phage pellets in 1 ml of PBS per tube transfer in 2 ml tubes and centrifuge 
at high speed in a microcentrifuge (3 min, 4°C). Transfer the phage-containing supernatant 
into a fresh tube and determine the phage titer as colony-forming units (see Protocol B).

Option 2: Resuspend the phage pellets in 40 ml of ice cold PBS and pellet the bacteria by cen-
trifugation (4000 × g, 10 min, 4°C). Save the supernatant and precipitate a second time (8 ml 
PEG/NaCl to 40 ml supernatant) for ≥1 h on ice or overnight. Proceed as described in Option 1.

A11. Store the phage at 4°C and proceed as soon as possible with scFv selection. Optional: fil-
ter supernatant through 0.45 μm filter. Filtered phages may be stored up to 2 weeks. To pre-
vent proteolysis of the antibody fragments, proteolysis inhibitors might be added. Although 
not recommended for selection since displayed antibody fragment might be denatured, 
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long-term storage of packaged library can be done by adding sterile glycerol (15% final con-
centration) and freezing at −80°C (Note 8).

B. Determination of phage titer

Prior to selection, titer of produced scFv-phages should be determined. Phage titration can be 
done by different methods including counting plaque-forming units (pfu) on bacterial lawns 
or counting the total particle number. More easily, phage titer is determined as colony-forming 
units (cfu) by easy countable bacteria colonies on selection plates as described below.

B1. Streak out TG1 from frozen, uninfected bacteria stock onto minimal M9/+Thiamine plates 
(Note 9).

B2. Inoculate 5 ml of 2xYT with grown single colony of TG1 and grow overnight (250 rpm, 
37°C).

B3. On the next day, inoculate 10 ml of 2xYT with 100 μl of overnight culture and grow cul-
ture until the log-phase is reached (OD600 of about 0.5). This will take about 2½ h. Optional: 
Check overnight TG1 cultures for infection by plating 100 μl/plate on 2xYT-GA agar and 
2xYT-GK agar. No colonies should grow (Note 10).

B4. In parallel, prepare serial dilution for phage titration. Expect about 1013 to 1014 cfu/ml 
out of 1 l culture. To guarantee that all phages can infect bacteria, prepare serial dilutions of 
phage in PBS by diluting 10 μl into 990 μl (102, 104, and 106). Pipette 10 μl of the 106 dilution to 
990 μl of the log-phase TG1 culture (108 dilution) and infect bacteria at 37°C (30 min standing, 
30 min shaking) (Note 11).

B5. After infection, prepare up to five 1:10 serial dilutions (100–900 μl) of infected bacte-
ria in 2xYT medium. Plate 100 μl of infected bacteria and dilutions onto 2xYT-GA plates. 
Additionally, plate 100 μl of TG1 culture as negative controls on 2xTY-GA and 2xYT-GK 
plates. Incubate plates overnight at 30°C. Alternatively, spot 10 μl/dilution in triplicates onto 
2xYT-GA plates and dry before overnight incubation.

B6. The next day, count colonies on countable plates and calculate phage titer as colony-
forming units (cfu/ml). If colonies are too small to count, increase temperature to 37°C. No 
colonies should be visible on control plates.

C. Selection of antigen-specific scFv-phages

The following protocol describes the selection of target-specific scFv-phages using recombi-
nant viral protein or virions immobilized on immunotubes. Usually ≥3 selection rounds are 
performed to enrich specific binding scFv-phages.

C1. For the first round of selection, coat an immunotube with 10–50 μg protein dissolved in 
1 ml PBS and incubate the parafilm-sealed tube overnight at 4°C. For subsequent rounds, 
decrease the protein concentration for more stringent conditions (1–5 μg/ml). If oligopeptides 
are used for the selection procedure, coat 2–5 μg/ml for all rounds. Alternatively, immuno-
tubes might be coated with a virus stock if the target antigen is unknown (Note 12).

C2. On the same day, prepare uninfected TG1 overnight culture as described (see B1–B3).
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C3. The next day, wash tube three times with PBS by filling the tube with PBS using a wash 
bottle and removing the liquid immediately by pouring.

C4. Block the remaining binding sites by filling the empty immunotube completely with 
MPBS to the brim and incubate for about 2 h at RT.

C5. In parallel, preincubate packaged library (1012 to 1013 cfu) or phages from subsequent 
rounds (1011 to 1012 cfu) in MPBS (2–4% final milk concentration) for at least 1 h by slow 
overhead rotation in PP tubes (volume depends on volume used for coating immunotubes). 
Especially in the first round of selection, use 100-fold excess of scFv-phages compared with 
final library size to increase capturing promising binders (Note 13).

C6. Inoculate 20 ml of 2xYT with 200 μl of overnight culture and grow culture until the log-
phase is reached (OD600 of about 0.5). This will take about 2½ h. Log phase TG1 can be stored 
on ice until infection with eluted phage. Optional: Check for infection of overnight TG1 culture 
by plating 100 μl on 2xYT-GA and 2xYT-GK plates.

C7. Empty the immunotube, add the preblocked phage solution, seal it with parafilm, and 
incubate for 90 min gently shaking followed by 30 min standing at the bench.

C8. In the last 30 min of incubation, start washing the immunotubes. In the first selection 
round, wash 10× (5× with PBST and 5× with PBS). In the following rounds, increase stringency 
of washing by adding more wash cycles (second round: 20× cycles, third round: 30× cycles, 
etc.).

C9. Elution of antigen-bound scFv-phages can be done by different methods. We prefer either 
acid elution (Option 1) or protease elution (Option 2).

Option 1 (acid elution): completely remove remaining buffer, add 1 ml acid elution buffer (pH 
2.2) and incubate for about 8 min (longer incubation can destroy the phage). Rotate sealed 
tubes in an overhead rotator if using >1 ml for coating. Pipette eluted phage to about 100 μl 
neutralization buffer in a novel PP tube (Note 14).

Option 2 (protease elution): many common phagemid vectors possess a trypsin cleavage site 
between the scFv and pIII protein (e.g., all phagemids containing the myc or FLAG tag) that 
can be used for elution. Add 1 ml freshly prepared trypsin-PBS to the tubes and incubate for 
10 min standing (1 ml coated tubes) or overhead rotation (>1 ml coated tubes) (Note 15).

C10. Per selection, inoculate 14 ml of log-phase TG1 culture with the eluted phage solution 
in fresh 50 ml tubes. Infect at 37°C by 30 min standing and 30 min shaking. Optional: fill the 
empty immunotube with 5 ml of log-phase TG1 and perform infection at 37°C as described 
above. After infection, combine both cultures for following steps.

C11. To monitor the success of an antibody selection, the eluted phage titer can be determined 
after each selection round. Therefore, make serial dilutions of the TG1 culture after infection 
(e.g., by plating 100 μl of undiluted culture, 102, 104, and 106 dilutions onto 2xYT-GA plates). 
Incubate plates at 30°C overnight and count colonies to determine the eluted phage titer after 
each round. Typically for successful enrichment of specific binders, the eluted phage titer 
should increase from about 104–106 in the first round up to the total number used for bacterial 
infection in subsequent rounds (~1010).
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long-term storage of packaged library can be done by adding sterile glycerol (15% final con-
centration) and freezing at −80°C (Note 8).

B. Determination of phage titer

Prior to selection, titer of produced scFv-phages should be determined. Phage titration can be 
done by different methods including counting plaque-forming units (pfu) on bacterial lawns 
or counting the total particle number. More easily, phage titer is determined as colony-forming 
units (cfu) by easy countable bacteria colonies on selection plates as described below.

B1. Streak out TG1 from frozen, uninfected bacteria stock onto minimal M9/+Thiamine plates 
(Note 9).

B2. Inoculate 5 ml of 2xYT with grown single colony of TG1 and grow overnight (250 rpm, 
37°C).

B3. On the next day, inoculate 10 ml of 2xYT with 100 μl of overnight culture and grow cul-
ture until the log-phase is reached (OD600 of about 0.5). This will take about 2½ h. Optional: 
Check overnight TG1 cultures for infection by plating 100 μl/plate on 2xYT-GA agar and 
2xYT-GK agar. No colonies should grow (Note 10).

B4. In parallel, prepare serial dilution for phage titration. Expect about 1013 to 1014 cfu/ml 
out of 1 l culture. To guarantee that all phages can infect bacteria, prepare serial dilutions of 
phage in PBS by diluting 10 μl into 990 μl (102, 104, and 106). Pipette 10 μl of the 106 dilution to 
990 μl of the log-phase TG1 culture (108 dilution) and infect bacteria at 37°C (30 min standing, 
30 min shaking) (Note 11).

B5. After infection, prepare up to five 1:10 serial dilutions (100–900 μl) of infected bacte-
ria in 2xYT medium. Plate 100 μl of infected bacteria and dilutions onto 2xYT-GA plates. 
Additionally, plate 100 μl of TG1 culture as negative controls on 2xTY-GA and 2xYT-GK 
plates. Incubate plates overnight at 30°C. Alternatively, spot 10 μl/dilution in triplicates onto 
2xYT-GA plates and dry before overnight incubation.

B6. The next day, count colonies on countable plates and calculate phage titer as colony-
forming units (cfu/ml). If colonies are too small to count, increase temperature to 37°C. No 
colonies should be visible on control plates.

C. Selection of antigen-specific scFv-phages

The following protocol describes the selection of target-specific scFv-phages using recombi-
nant viral protein or virions immobilized on immunotubes. Usually ≥3 selection rounds are 
performed to enrich specific binding scFv-phages.

C1. For the first round of selection, coat an immunotube with 10–50 μg protein dissolved in 
1 ml PBS and incubate the parafilm-sealed tube overnight at 4°C. For subsequent rounds, 
decrease the protein concentration for more stringent conditions (1–5 μg/ml). If oligopeptides 
are used for the selection procedure, coat 2–5 μg/ml for all rounds. Alternatively, immuno-
tubes might be coated with a virus stock if the target antigen is unknown (Note 12).

C2. On the same day, prepare uninfected TG1 overnight culture as described (see B1–B3).
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C3. The next day, wash tube three times with PBS by filling the tube with PBS using a wash 
bottle and removing the liquid immediately by pouring.

C4. Block the remaining binding sites by filling the empty immunotube completely with 
MPBS to the brim and incubate for about 2 h at RT.

C5. In parallel, preincubate packaged library (1012 to 1013 cfu) or phages from subsequent 
rounds (1011 to 1012 cfu) in MPBS (2–4% final milk concentration) for at least 1 h by slow 
overhead rotation in PP tubes (volume depends on volume used for coating immunotubes). 
Especially in the first round of selection, use 100-fold excess of scFv-phages compared with 
final library size to increase capturing promising binders (Note 13).

C6. Inoculate 20 ml of 2xYT with 200 μl of overnight culture and grow culture until the log-
phase is reached (OD600 of about 0.5). This will take about 2½ h. Log phase TG1 can be stored 
on ice until infection with eluted phage. Optional: Check for infection of overnight TG1 culture 
by plating 100 μl on 2xYT-GA and 2xYT-GK plates.

C7. Empty the immunotube, add the preblocked phage solution, seal it with parafilm, and 
incubate for 90 min gently shaking followed by 30 min standing at the bench.

C8. In the last 30 min of incubation, start washing the immunotubes. In the first selection 
round, wash 10× (5× with PBST and 5× with PBS). In the following rounds, increase stringency 
of washing by adding more wash cycles (second round: 20× cycles, third round: 30× cycles, 
etc.).

C9. Elution of antigen-bound scFv-phages can be done by different methods. We prefer either 
acid elution (Option 1) or protease elution (Option 2).

Option 1 (acid elution): completely remove remaining buffer, add 1 ml acid elution buffer (pH 
2.2) and incubate for about 8 min (longer incubation can destroy the phage). Rotate sealed 
tubes in an overhead rotator if using >1 ml for coating. Pipette eluted phage to about 100 μl 
neutralization buffer in a novel PP tube (Note 14).

Option 2 (protease elution): many common phagemid vectors possess a trypsin cleavage site 
between the scFv and pIII protein (e.g., all phagemids containing the myc or FLAG tag) that 
can be used for elution. Add 1 ml freshly prepared trypsin-PBS to the tubes and incubate for 
10 min standing (1 ml coated tubes) or overhead rotation (>1 ml coated tubes) (Note 15).

C10. Per selection, inoculate 14 ml of log-phase TG1 culture with the eluted phage solution 
in fresh 50 ml tubes. Infect at 37°C by 30 min standing and 30 min shaking. Optional: fill the 
empty immunotube with 5 ml of log-phase TG1 and perform infection at 37°C as described 
above. After infection, combine both cultures for following steps.

C11. To monitor the success of an antibody selection, the eluted phage titer can be determined 
after each selection round. Therefore, make serial dilutions of the TG1 culture after infection 
(e.g., by plating 100 μl of undiluted culture, 102, 104, and 106 dilutions onto 2xYT-GA plates). 
Incubate plates at 30°C overnight and count colonies to determine the eluted phage titer after 
each round. Typically for successful enrichment of specific binders, the eluted phage titer 
should increase from about 104–106 in the first round up to the total number used for bacterial 
infection in subsequent rounds (~1010).
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C12. Centrifuge the remaining TG1 culture (3500 × g, 10 min, RT), resuspend pellets in about 
1 ml 2xYT, and plate onto either one large square plate (245 × 245 mm) or 3 round 15 cm plates 
containing 2xYT-GA agar.

C13. Grow plates overnight at 30°C and harvest bacteria by adding sterile-filtered 15% glyc-
erol in 2xYT (about 10 ml totally). Harvest cells with flamed glass spreader. Mix very well and 
freeze bacteria glycerol stock at −80°C.

C14. Perform subsequent selection rounds. Resolve 100–400 μl of the glycerol stock from the 
previous round in 100 ml 2xYT-GA to start OD600nm of 0.1 and perform selection following the 
Protocols A, B, and C (Note 16).

D. Polyclonal phage ELISA (ppELISA)

After performing repeated rounds of selection, the scFv-phage preparations from the dif-
ferent rounds should be analyzed by ppELISA to identify if target-specific scFv-phage were 
successfully enriched.

D1. Coat a 96-well ELISA plate with the target antigen (or virus stock: usually 1 × 105−1 × 107 
pfu/ml) and control proteins at 2–10 μg/ml (100 μl/well) in PBS, seal plate with parafilm, and 
incubate overnight at 4°C. In total, coat two wells of target and control proteins plus two wells 
as blank for each selection round (R0, R1, R2, R3, etc.).

D2. The next day, remove coating solution and block entire plate with MPBS (400 μl/well) for 
2 h at RT.

D3. Dilute phages from the different selection rounds to 1012 cfu/ml in MPBS, pipette 100 μl/
well, and incubate for 1 h at RT.

D4. Wash plate 3× with PBST and 3× with PBS. Note 17

D5. Add 100 μl/well of HRP-conjugated anti-M13 antibody diluted 1:5000 in MPBS and incu-
bate for 1 h at RT.

D6. Wash plate 3× with PBST and 3× with PBS.

D7. Add 100 μl/well of TMB substrate solution and incubate until blue color has developed 
(up to 30 min). Stop reaction by adding 50 μl/well of stop solution. Read absorbance at 450 nm 
in a microplate reader (Note 18).

E. Screening for monoclonal binders

After successful antibody selection (see Protocols A–D), you will end up with an enriched 
pool of target-specific scFv-phages that must be screened for single binding antibodies 
(“monoclonals”). Screening can be done differently, using scFv-phages, scFv-pIII fusion 
proteins, or soluble scFv fragments. For beginners, we recommend screening as monoclo-
nal phages by mpELISA (see Protocol E-I) since scFv-phages can be easily produced and 
detected by anti-phage HRP conjugates. Sometimes, screening as soluble fragments (see 
Protocol E-II) is preferred since screening as scFv-phages might result in false positive bind-
ers; meaning binding is dependent on the entire antibody-pIII fusions/phage. However, 
soluble screening requires switching the bacteria strain to a nonamber suppressor strain 
(e.g., HB2151).
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E-I. Monoclonal phage (mpELISA) screening

E1. Plate TG1 glycerol stocks from target-enriched selection rounds as confirmed in ppELISA 
(see Protocol D) on 2xYT-GA selection plates to obtain single colonies. Alternatively, use the 
plates that have been prepared for the determination of the phage titer (see Protocol B).

E2. Fill a sterile 96-well round-bottom plate with 100 μl/well of 2xYT-GA.

E3. Pick (single!) TG1 colonies from selection plates that are positively enriched rounds using 
sterile toothpicks or pipette tips and inoculate one well/colony. Keep wells H6 and H12 free 
as blank. Seal plate with breathable membrane (Note 19).

E4. Incubate plate at 37°C overnight while shaking. This will be your master plate (Note 20).

E5. On the next day, transfer an aliquot of the culture to a new plate containing 100 μl/well 
2xYT-GA. Pipette either about 5 μl/well from the master plate using a multichannel pipette to 
the new induction plate or use a 96-well induction device with sterile metal pins for induction.

E6. Add 50 μl/well 2xYT containing 50% glycerol to the masterplate and freeze sealed plate 
at −20°C.

E7. Incubate induction plate for about 2½ h in the phage orbital shaker until bacteria reach 
log-phase (37°C, 200 rpm).

E8. Infect bacteria 1:20 with helper phage, i.e., 10 μl/well of a 1011 cfu/ml dilution (100 μl log-
phase bacteria containing 5 × 107 bacteria and should be infected by 109 phages). Infect for 
30 min standing and 30 min shaking at 37°C.

E9. Centrifuge plate (10 min, 3000 × g, 4°C), discard supernatant, and resuspend bacteria pel-
lets in 180 μl/well of induction medium 2xYT-AKI. No glucose!

E10. Seal plate with a breathable membrane and incubate the induction plate overnight at 
37°C.

E11. Coat two ELISA Maxisorb™ plates per induction plate by pipetting 100 μl/well of anti-
gen/virus stock to the first half (columns 1–6) and control protein to the second-half (columns 
7–12) of the plates. Use 2–10 μg/ml antigen/control protein diluted in PBS for coating. Seal 
plates and incubate overnight at 4°C.

E12. The next day, block ELISA plates with MPBS for 2 h at RT.

E13. Remove blocking solution and add 50 μl/well 4% MPBS.

E14. Centrifuge the induction plate for 10 min at 3000 × g and 4°C. The supernatant can be 
transferred to a new PP microplate and stored at 4°C.

E15. Pipette 50 μl/well of the supernatant from the induction plate to one antigen-coated col-
umn and one control protein-coated column (e.g., column 1 of the induction plate to columns 
1 and 7 of the ELISA plate, column 2 to columns 2 and 8) and incubate for 1 h at RT.

E16. Wash plate 3× with PBST and 3× with PBS.

E17. Add 100 μl/well of HRP-conjugated anti-M13 antibody diluted 1:5000 in MPBS and incu-
bate for 1 h at RT.
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C12. Centrifuge the remaining TG1 culture (3500 × g, 10 min, RT), resuspend pellets in about 
1 ml 2xYT, and plate onto either one large square plate (245 × 245 mm) or 3 round 15 cm plates 
containing 2xYT-GA agar.

C13. Grow plates overnight at 30°C and harvest bacteria by adding sterile-filtered 15% glyc-
erol in 2xYT (about 10 ml totally). Harvest cells with flamed glass spreader. Mix very well and 
freeze bacteria glycerol stock at −80°C.

C14. Perform subsequent selection rounds. Resolve 100–400 μl of the glycerol stock from the 
previous round in 100 ml 2xYT-GA to start OD600nm of 0.1 and perform selection following the 
Protocols A, B, and C (Note 16).

D. Polyclonal phage ELISA (ppELISA)

After performing repeated rounds of selection, the scFv-phage preparations from the dif-
ferent rounds should be analyzed by ppELISA to identify if target-specific scFv-phage were 
successfully enriched.

D1. Coat a 96-well ELISA plate with the target antigen (or virus stock: usually 1 × 105−1 × 107 
pfu/ml) and control proteins at 2–10 μg/ml (100 μl/well) in PBS, seal plate with parafilm, and 
incubate overnight at 4°C. In total, coat two wells of target and control proteins plus two wells 
as blank for each selection round (R0, R1, R2, R3, etc.).

D2. The next day, remove coating solution and block entire plate with MPBS (400 μl/well) for 
2 h at RT.

D3. Dilute phages from the different selection rounds to 1012 cfu/ml in MPBS, pipette 100 μl/
well, and incubate for 1 h at RT.

D4. Wash plate 3× with PBST and 3× with PBS. Note 17

D5. Add 100 μl/well of HRP-conjugated anti-M13 antibody diluted 1:5000 in MPBS and incu-
bate for 1 h at RT.

D6. Wash plate 3× with PBST and 3× with PBS.

D7. Add 100 μl/well of TMB substrate solution and incubate until blue color has developed 
(up to 30 min). Stop reaction by adding 50 μl/well of stop solution. Read absorbance at 450 nm 
in a microplate reader (Note 18).

E. Screening for monoclonal binders

After successful antibody selection (see Protocols A–D), you will end up with an enriched 
pool of target-specific scFv-phages that must be screened for single binding antibodies 
(“monoclonals”). Screening can be done differently, using scFv-phages, scFv-pIII fusion 
proteins, or soluble scFv fragments. For beginners, we recommend screening as monoclo-
nal phages by mpELISA (see Protocol E-I) since scFv-phages can be easily produced and 
detected by anti-phage HRP conjugates. Sometimes, screening as soluble fragments (see 
Protocol E-II) is preferred since screening as scFv-phages might result in false positive bind-
ers; meaning binding is dependent on the entire antibody-pIII fusions/phage. However, 
soluble screening requires switching the bacteria strain to a nonamber suppressor strain 
(e.g., HB2151).
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E-I. Monoclonal phage (mpELISA) screening

E1. Plate TG1 glycerol stocks from target-enriched selection rounds as confirmed in ppELISA 
(see Protocol D) on 2xYT-GA selection plates to obtain single colonies. Alternatively, use the 
plates that have been prepared for the determination of the phage titer (see Protocol B).

E2. Fill a sterile 96-well round-bottom plate with 100 μl/well of 2xYT-GA.

E3. Pick (single!) TG1 colonies from selection plates that are positively enriched rounds using 
sterile toothpicks or pipette tips and inoculate one well/colony. Keep wells H6 and H12 free 
as blank. Seal plate with breathable membrane (Note 19).

E4. Incubate plate at 37°C overnight while shaking. This will be your master plate (Note 20).

E5. On the next day, transfer an aliquot of the culture to a new plate containing 100 μl/well 
2xYT-GA. Pipette either about 5 μl/well from the master plate using a multichannel pipette to 
the new induction plate or use a 96-well induction device with sterile metal pins for induction.

E6. Add 50 μl/well 2xYT containing 50% glycerol to the masterplate and freeze sealed plate 
at −20°C.

E7. Incubate induction plate for about 2½ h in the phage orbital shaker until bacteria reach 
log-phase (37°C, 200 rpm).

E8. Infect bacteria 1:20 with helper phage, i.e., 10 μl/well of a 1011 cfu/ml dilution (100 μl log-
phase bacteria containing 5 × 107 bacteria and should be infected by 109 phages). Infect for 
30 min standing and 30 min shaking at 37°C.

E9. Centrifuge plate (10 min, 3000 × g, 4°C), discard supernatant, and resuspend bacteria pel-
lets in 180 μl/well of induction medium 2xYT-AKI. No glucose!

E10. Seal plate with a breathable membrane and incubate the induction plate overnight at 
37°C.

E11. Coat two ELISA Maxisorb™ plates per induction plate by pipetting 100 μl/well of anti-
gen/virus stock to the first half (columns 1–6) and control protein to the second-half (columns 
7–12) of the plates. Use 2–10 μg/ml antigen/control protein diluted in PBS for coating. Seal 
plates and incubate overnight at 4°C.

E12. The next day, block ELISA plates with MPBS for 2 h at RT.

E13. Remove blocking solution and add 50 μl/well 4% MPBS.

E14. Centrifuge the induction plate for 10 min at 3000 × g and 4°C. The supernatant can be 
transferred to a new PP microplate and stored at 4°C.

E15. Pipette 50 μl/well of the supernatant from the induction plate to one antigen-coated col-
umn and one control protein-coated column (e.g., column 1 of the induction plate to columns 
1 and 7 of the ELISA plate, column 2 to columns 2 and 8) and incubate for 1 h at RT.

E16. Wash plate 3× with PBST and 3× with PBS.

E17. Add 100 μl/well of HRP-conjugated anti-M13 antibody diluted 1:5000 in MPBS and incu-
bate for 1 h at RT.
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E18. Wash plate 3× with PBST and 3× with PBS.

E19. Add 100 μl/well of TMB substrate solution and incubate until blue color has developed 
(up to 30 min). Stop reaction by adding 50 μl/well of stop solution. Read absorbance at 450 nm 
in a microplate reader (Note 21).

E-II. Soluble scFv screening

E20. Grow bacteria strain HB2151 on M9/+Thi minimal plates and prepare log phase-HB2151 
culture (OD600nm of 0.5) as described before (see B1–B3).

E21. Take 10 μl of eluted phages from the different positively enriched selection rounds and 
infect 1 ml of log-phase HB2151 at 37°C (30 min standing, 30 min shaking).

E22. Prepare different dilutions of the phage-infected HB2151 culture in 2xYT (e.g., 102, 104, 
106), plate 100 μl of the dilutions on 2xYT-GA plates, and grow overnight at 30°C. Alternatively, 
spot 10 μl/dilution on 2xYT-GA plates in triplicates.

E23. The next day, prepare a masterplate as described above (see E2–E4) by picking single 
HB2151 colonies.

E24. Inoculate an induction plate (see E5) and freeze the masterplate after adding 50% 2xYT/
glycerol (see E6).

E25. Grow induction plate for around 3 h until OD600nm of about 1 is reached.

E26. Centrifuge the induction plate (10 min, 3000 × g, 4°C) and completely remove the super-
natant by carefully pipetting without disturbing the bacteria pellet.

E27. Resuspend the bacteria pellets in 180 μl/well of buffered 2xYT-SAI medium. No glucose! 
Seal the plate with breathable membrane and incubate the induction plate overnight at 30°C 
while shaking (Note 22).

E28. Perform ELISA as described in E11 to E19. However, soluble scFvs must be detected 
by a tag-specific antibody (e.g., anti-myc and anti-His) followed by washing and incubation 
with anti-primary HRP conjugated antibody. Alternatively, when using scFv libraries entirely 
based on the kappa light chain, detection can be performed with protein A-HRP or protein 
L-HRP using 3% BSA for blocking (lower backgrounds).

F. Identification of complete scFv fragments by colony PCR and sequencing

After screening for monoclonal binders (scFv-phages or soluble scFv fragments), hits should 
be analyzed for the presence of the full-length scFv insert (VH and VL) prior to sequencing. 
Selection of bacterial clones with incomplete inserts is a common issue observed with anti-
body phage display. Bacteria encoding for incomplete fragments with lower affinities often 
show growth advantages compared with those encoding for full-length scFvs and might be 
predominantly enriched during selection. To retrieve complete scFvs, we recommend analy-
sis of colonies after screening by colony PCR as described below prior to sequencing. The 
following protocol allows PCR amplification of scFv inserts for size analysis and fast sequenc-
ing. Moreover, prepared plasmid DNA and glycerol stocks are useful for sequencing, cloning, 
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electroporation in HB2151, or direct expression of soluble scFv (Protocol G) that can be used 
for subsequent functional analysis (see Protocol H).

F1. Streak out the masterplate glycerol stocks from wells that have been identified as antigen-
specific binders by screening (see Protocol E) on 2xYT-GA plates and grow overnight at 30°C.

F2. Fill sterile 96-well plate with 100 μl/well LB medium.

F3. Prepare PCR master mix using Taq PCR Core Kit according to manufacturer’s recommen-
dations preparing 50 μl/reaction and using scFv insert flanking primers, e.g., P1 (LMB3long) 
and P2 (fdseqlong) if using pHEN derivatives.

F4. Distribute 50 μl/well of PCR master mix into a 96-well PCR plate.

F5. Use sterile pipette tips to pick single colonies and inoculate one well of the PCR plate and 
afterward the corresponding well of the medium-filled masterplate.

F6. Run PCR according to manufacturer’s recommendations using an annealing temperature 
of 53°C and 30 cycles.

F7. Analyze 25 μl/sample on a 1% agarose gel containing ethidium bromide. Complete scFv 
inserts run at about 1 kb when using pHEN phagemids and primer P1 and P2.

F8. Purify remaining 25 μl PCR product of full-length scFvs by QIAquick PCR Purification 
Kit according to manufacturer’s recommendations by eluting DNA in ultrapure water 
(Note 23).

F9. Sequence inserts using a primer designed to either bind downstream or upstream of the 
forward (P1) or reverse primer (P2) used for colony PCR. Although colony PCR primer (or 
shorter versions thereof) might be used as well, sequencing primer binding within the ampli-
fied scFv insert might increase sequence quality.

F10. Use 100 μl of infected medium from positive binders for inoculation of 6 ml LB high-salt 
medium supplemented with 100 μg/ml ampicillin and grow culture overnight at 37°C.

F11. The next day, use 1 ml of grown culture to prepare bacterial stock by adding 0.5 ml 50% 
2xYT/glycerol and freeze at −20°C. Use remaining culture to prepare plasmid DNA using 
QIAprep Spin Miniprep Kit according to manufacturer’s recommendations by eluting DNA 
in ultrapure water (Note 24).

F12. Analyze obtained scFv sequences for sequence inaccuracies using molecular cloning soft-
ware (e.g., SnapGene). VH and VL genes can be analyzed by the Fab Analysis online tool by 
aligning the scFv sequences to the VBASE2 database [26] to identify closest antibody germline 
sequences as well as to identify the CDR regions of the scFvs.

Preliminary notes prior to antibody fragment production and functional characterization

Antigen/virus-specific scFvs needs to be further characterized for virus neutralization. This 
step is challenging since the neutralization capacity of antibodies often depends on the anti-
body valency as observed for HSV, varicella-zoster virus, HIV, and rabies [27, 28]. In these 
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E18. Wash plate 3× with PBST and 3× with PBS.

E19. Add 100 μl/well of TMB substrate solution and incubate until blue color has developed 
(up to 30 min). Stop reaction by adding 50 μl/well of stop solution. Read absorbance at 450 nm 
in a microplate reader (Note 21).

E-II. Soluble scFv screening

E20. Grow bacteria strain HB2151 on M9/+Thi minimal plates and prepare log phase-HB2151 
culture (OD600nm of 0.5) as described before (see B1–B3).

E21. Take 10 μl of eluted phages from the different positively enriched selection rounds and 
infect 1 ml of log-phase HB2151 at 37°C (30 min standing, 30 min shaking).

E22. Prepare different dilutions of the phage-infected HB2151 culture in 2xYT (e.g., 102, 104, 
106), plate 100 μl of the dilutions on 2xYT-GA plates, and grow overnight at 30°C. Alternatively, 
spot 10 μl/dilution on 2xYT-GA plates in triplicates.

E23. The next day, prepare a masterplate as described above (see E2–E4) by picking single 
HB2151 colonies.

E24. Inoculate an induction plate (see E5) and freeze the masterplate after adding 50% 2xYT/
glycerol (see E6).

E25. Grow induction plate for around 3 h until OD600nm of about 1 is reached.

E26. Centrifuge the induction plate (10 min, 3000 × g, 4°C) and completely remove the super-
natant by carefully pipetting without disturbing the bacteria pellet.

E27. Resuspend the bacteria pellets in 180 μl/well of buffered 2xYT-SAI medium. No glucose! 
Seal the plate with breathable membrane and incubate the induction plate overnight at 30°C 
while shaking (Note 22).

E28. Perform ELISA as described in E11 to E19. However, soluble scFvs must be detected 
by a tag-specific antibody (e.g., anti-myc and anti-His) followed by washing and incubation 
with anti-primary HRP conjugated antibody. Alternatively, when using scFv libraries entirely 
based on the kappa light chain, detection can be performed with protein A-HRP or protein 
L-HRP using 3% BSA for blocking (lower backgrounds).

F. Identification of complete scFv fragments by colony PCR and sequencing

After screening for monoclonal binders (scFv-phages or soluble scFv fragments), hits should 
be analyzed for the presence of the full-length scFv insert (VH and VL) prior to sequencing. 
Selection of bacterial clones with incomplete inserts is a common issue observed with anti-
body phage display. Bacteria encoding for incomplete fragments with lower affinities often 
show growth advantages compared with those encoding for full-length scFvs and might be 
predominantly enriched during selection. To retrieve complete scFvs, we recommend analy-
sis of colonies after screening by colony PCR as described below prior to sequencing. The 
following protocol allows PCR amplification of scFv inserts for size analysis and fast sequenc-
ing. Moreover, prepared plasmid DNA and glycerol stocks are useful for sequencing, cloning, 
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electroporation in HB2151, or direct expression of soluble scFv (Protocol G) that can be used 
for subsequent functional analysis (see Protocol H).

F1. Streak out the masterplate glycerol stocks from wells that have been identified as antigen-
specific binders by screening (see Protocol E) on 2xYT-GA plates and grow overnight at 30°C.

F2. Fill sterile 96-well plate with 100 μl/well LB medium.

F3. Prepare PCR master mix using Taq PCR Core Kit according to manufacturer’s recommen-
dations preparing 50 μl/reaction and using scFv insert flanking primers, e.g., P1 (LMB3long) 
and P2 (fdseqlong) if using pHEN derivatives.

F4. Distribute 50 μl/well of PCR master mix into a 96-well PCR plate.

F5. Use sterile pipette tips to pick single colonies and inoculate one well of the PCR plate and 
afterward the corresponding well of the medium-filled masterplate.

F6. Run PCR according to manufacturer’s recommendations using an annealing temperature 
of 53°C and 30 cycles.

F7. Analyze 25 μl/sample on a 1% agarose gel containing ethidium bromide. Complete scFv 
inserts run at about 1 kb when using pHEN phagemids and primer P1 and P2.

F8. Purify remaining 25 μl PCR product of full-length scFvs by QIAquick PCR Purification 
Kit according to manufacturer’s recommendations by eluting DNA in ultrapure water 
(Note 23).

F9. Sequence inserts using a primer designed to either bind downstream or upstream of the 
forward (P1) or reverse primer (P2) used for colony PCR. Although colony PCR primer (or 
shorter versions thereof) might be used as well, sequencing primer binding within the ampli-
fied scFv insert might increase sequence quality.

F10. Use 100 μl of infected medium from positive binders for inoculation of 6 ml LB high-salt 
medium supplemented with 100 μg/ml ampicillin and grow culture overnight at 37°C.

F11. The next day, use 1 ml of grown culture to prepare bacterial stock by adding 0.5 ml 50% 
2xYT/glycerol and freeze at −20°C. Use remaining culture to prepare plasmid DNA using 
QIAprep Spin Miniprep Kit according to manufacturer’s recommendations by eluting DNA 
in ultrapure water (Note 24).

F12. Analyze obtained scFv sequences for sequence inaccuracies using molecular cloning soft-
ware (e.g., SnapGene). VH and VL genes can be analyzed by the Fab Analysis online tool by 
aligning the scFv sequences to the VBASE2 database [26] to identify closest antibody germline 
sequences as well as to identify the CDR regions of the scFvs.

Preliminary notes prior to antibody fragment production and functional characterization

Antigen/virus-specific scFvs needs to be further characterized for virus neutralization. This 
step is challenging since the neutralization capacity of antibodies often depends on the anti-
body valency as observed for HSV, varicella-zoster virus, HIV, and rabies [27, 28]. In these 
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cases, bivalent antibodies (IgG) or antibody fragments (F(ab)2) neutralized the virus with an 
exceptional efficiency, while monovalent Fab or scFv fragments did not or only when used at 
very high concentrations (e.g., 300 times higher than IgG). Although the production of solu-
ble scFvs from phagemid libraries for functional characterization is a simple procedure (see 
Protocol G), it allows only the production of monovalent fragments that might be insufficient 
for virus neutralization in some cases. Therefore, the cloning of the VH and VL genes of virus-
specific scFvs into other bivalent antibody formats (e.g., scFv-Fc, diabody, minibody) using a 
high-throughput, recombinant protein expression systems should be considered to increase 
the likelihood of isolating potent antiviral antibodies (e.g., transient HEK 293 expression plat-
form from National Research Council Canada). The screening of virus-specific antibodies for 
virus neutralization can be performed either with bivalent or monovalent antibodies. The 
choice of the method (e.g., reporter virus and cell line) strongly depends on the virus itself. 
You need the suitable cell culture system to test neutralizing effects of antibodies on the viral 
replication. In this chapter, we demonstrate the identification of an HSV-neutralizing scFvs 
as an example for the isolation of neutralizing antibodies from phage display libraries. As 
mentioned above, this procedure can be modified for the screening of bivalent antibodies and 
for other viruses.

G. Small-scale expression of soluble scFvs for functional characterization

After the identification of scFvs with a unique sequence, soluble scFv can be produced in small 
scale to analyze their biological function, e.g., for their neutralizing capacity in case of antiviral 
antibodies. The protocol below describes the soluble expression of scFvs in the periplasm of 
nonamber suppressor strain HB2151 that allows the correct formation of disulfide bonds. ScFvs 
are recovered by periplasmic extraction followed by one-step purification using Immobilized 
metal ion affinity chromatography (IMAC) for His-tagged scFvs. Please adapt the protocol 
when using other tags for purification or upscale if higher quantities of scFvs are needed.

G1. Streak out HB2151 glycerol stock of unique scFv clones on 2xYT-GA agar plates to obtain 
single colonies (Note 25).

G2. Inoculate 5 ml 2xYT-GA with single picked colony and grow overnight at 37°C while 
shaking.

G3. The next day, inoculate 200 ml 2xYT-GA containing reduced concentration of 0.1% glu-
cose with 2 ml of overnight culture and grow culture at 37°C until OD600nm of 1 is reached.

G4. Add 0.2 ml IPTG stock solution (i.e., 1 mM final concentration) to the cultures and grow 
culture overnight at RT (Note 26).

G5. Harvest bacteria by centrifugation (6000 × g, 15 min, 4°C) and resuspend the pellets in 5 ml 
periplasmic preparation buffer supplemented with 1 ml/l of freshly prepared lysozyme stock 
solution.

G6. Incubate preparation on ice for 30 min and stabilize spheroblasts by adding 50 μl 1 M 
MgSO4 (i.e., 10 mM final concentration).

G7. Centrifuge preparations (12,000 × g, 30 min, 4°C) to clarify periplasmic fractions.
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G8. Dialyze scFvs using D-Tube™ Dialyzer (MWCO 12–14 kDa) overnight at 4°C against 
NPI-10 buffer (Note 27).

G9. Purify scFvs by IMAC employing Ni-NTA spin columns following the manufacturer’s 
protocol and loading columns several times with the scFv preparations.

G10. Analyze samples by reduced SDS-PAGE and Coomassie stain (and/or Western blot) to 
check for purity.

G11. Dialyze scFvs against PBS buffer, filter-sterilize using low-protein-binding filter (0.22 μm) 
and measure protein concentration (e.g., by Nanodrop using calculated extinction coefficient 
and molecular mass).

G12. Store scFvs at 4°C and proceed as soon as possible to characterization. ScFv stability can 
differ dramatically depending on the sequence from few days to several years. Do not freeze 
scFvs since many tend to aggregate after thawing. Oligomeric state of scFv can be analyzed 
by gel filtration chromatography.

H. Functional antibody characterization by plaque reduction neutralization test

In the case of screening antiviral antibodies, scFvs can be screened in neutralization and/or pro-
tection assays that detect antiviral activities of antibodies in vitro or in vivo [29]. As the “gold 
standard” assay for screening and neutralizing capacity of antibodies, plaque reduction neutral-
ization test (PRNT) can be performed where the PRNT50 value is used to describe the neutraliza-
tion activity. The protocol below describes a PRNT-based assay to screen for best neutralizing 
scFvs and was optimized for HSV-specific and neutralizing scFvs.

H1. Cultivate cell line suitable to form plaques when infected with virus of interest (e.g., Vero 
cells for HSV, dengue virus) according to supply recommendations. Most virus sustainable 
cell lines are recommended to be propagated and stored in low passage levels to guarantee 
susceptibility for plaque formation.

H2. Seed cells in 6-well cell culture plates with 5 × 105 cells/well and grow in 5 ml/well com-
plete culture medium in a humidified cell incubator at 37°C and 5% CO2 for one to three days 
and until a confluency of at least 90% is reached (Note 28).

H3. To screen for the best neutralizing antibody, dilute all scFvs to a constant concentration 
(e.g., 4 μM) in appropriate culture medium supplemented with penicillin/streptomycin solu-
tion. For some viruses, reduction of the FBS concentration is recommended. If the PRNT50 
should be determined, prepare twofold serial dilution of scFvs (at least five steps) that is the 
amount of antibody required to neutralize 50% of the infectious virus particles (Note 29).

H4. Freshly thaw cryostock with a known titer of plaque-forming units (pfu) at RT and dilute 
to 600 pfu/ml (same medium as in H3).

H5. Pipette 300 μl of diluted scFvs (or PBS as negative control) to 300 μl of the virus prepara-
tion in a sterile plate and incubate the scFv-virus mixtures at 37°C for 1 h.

H6. Carefully aspirate old medium from cell plates and wash with 2 ml PBS. Always pipette 
to the wall of the wells to not destroy the cell monolayer.
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cases, bivalent antibodies (IgG) or antibody fragments (F(ab)2) neutralized the virus with an 
exceptional efficiency, while monovalent Fab or scFv fragments did not or only when used at 
very high concentrations (e.g., 300 times higher than IgG). Although the production of solu-
ble scFvs from phagemid libraries for functional characterization is a simple procedure (see 
Protocol G), it allows only the production of monovalent fragments that might be insufficient 
for virus neutralization in some cases. Therefore, the cloning of the VH and VL genes of virus-
specific scFvs into other bivalent antibody formats (e.g., scFv-Fc, diabody, minibody) using a 
high-throughput, recombinant protein expression systems should be considered to increase 
the likelihood of isolating potent antiviral antibodies (e.g., transient HEK 293 expression plat-
form from National Research Council Canada). The screening of virus-specific antibodies for 
virus neutralization can be performed either with bivalent or monovalent antibodies. The 
choice of the method (e.g., reporter virus and cell line) strongly depends on the virus itself. 
You need the suitable cell culture system to test neutralizing effects of antibodies on the viral 
replication. In this chapter, we demonstrate the identification of an HSV-neutralizing scFvs 
as an example for the isolation of neutralizing antibodies from phage display libraries. As 
mentioned above, this procedure can be modified for the screening of bivalent antibodies and 
for other viruses.

G. Small-scale expression of soluble scFvs for functional characterization

After the identification of scFvs with a unique sequence, soluble scFv can be produced in small 
scale to analyze their biological function, e.g., for their neutralizing capacity in case of antiviral 
antibodies. The protocol below describes the soluble expression of scFvs in the periplasm of 
nonamber suppressor strain HB2151 that allows the correct formation of disulfide bonds. ScFvs 
are recovered by periplasmic extraction followed by one-step purification using Immobilized 
metal ion affinity chromatography (IMAC) for His-tagged scFvs. Please adapt the protocol 
when using other tags for purification or upscale if higher quantities of scFvs are needed.

G1. Streak out HB2151 glycerol stock of unique scFv clones on 2xYT-GA agar plates to obtain 
single colonies (Note 25).

G2. Inoculate 5 ml 2xYT-GA with single picked colony and grow overnight at 37°C while 
shaking.

G3. The next day, inoculate 200 ml 2xYT-GA containing reduced concentration of 0.1% glu-
cose with 2 ml of overnight culture and grow culture at 37°C until OD600nm of 1 is reached.

G4. Add 0.2 ml IPTG stock solution (i.e., 1 mM final concentration) to the cultures and grow 
culture overnight at RT (Note 26).

G5. Harvest bacteria by centrifugation (6000 × g, 15 min, 4°C) and resuspend the pellets in 5 ml 
periplasmic preparation buffer supplemented with 1 ml/l of freshly prepared lysozyme stock 
solution.

G6. Incubate preparation on ice for 30 min and stabilize spheroblasts by adding 50 μl 1 M 
MgSO4 (i.e., 10 mM final concentration).

G7. Centrifuge preparations (12,000 × g, 30 min, 4°C) to clarify periplasmic fractions.
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G8. Dialyze scFvs using D-Tube™ Dialyzer (MWCO 12–14 kDa) overnight at 4°C against 
NPI-10 buffer (Note 27).

G9. Purify scFvs by IMAC employing Ni-NTA spin columns following the manufacturer’s 
protocol and loading columns several times with the scFv preparations.

G10. Analyze samples by reduced SDS-PAGE and Coomassie stain (and/or Western blot) to 
check for purity.

G11. Dialyze scFvs against PBS buffer, filter-sterilize using low-protein-binding filter (0.22 μm) 
and measure protein concentration (e.g., by Nanodrop using calculated extinction coefficient 
and molecular mass).

G12. Store scFvs at 4°C and proceed as soon as possible to characterization. ScFv stability can 
differ dramatically depending on the sequence from few days to several years. Do not freeze 
scFvs since many tend to aggregate after thawing. Oligomeric state of scFv can be analyzed 
by gel filtration chromatography.

H. Functional antibody characterization by plaque reduction neutralization test

In the case of screening antiviral antibodies, scFvs can be screened in neutralization and/or pro-
tection assays that detect antiviral activities of antibodies in vitro or in vivo [29]. As the “gold 
standard” assay for screening and neutralizing capacity of antibodies, plaque reduction neutral-
ization test (PRNT) can be performed where the PRNT50 value is used to describe the neutraliza-
tion activity. The protocol below describes a PRNT-based assay to screen for best neutralizing 
scFvs and was optimized for HSV-specific and neutralizing scFvs.

H1. Cultivate cell line suitable to form plaques when infected with virus of interest (e.g., Vero 
cells for HSV, dengue virus) according to supply recommendations. Most virus sustainable 
cell lines are recommended to be propagated and stored in low passage levels to guarantee 
susceptibility for plaque formation.

H2. Seed cells in 6-well cell culture plates with 5 × 105 cells/well and grow in 5 ml/well com-
plete culture medium in a humidified cell incubator at 37°C and 5% CO2 for one to three days 
and until a confluency of at least 90% is reached (Note 28).

H3. To screen for the best neutralizing antibody, dilute all scFvs to a constant concentration 
(e.g., 4 μM) in appropriate culture medium supplemented with penicillin/streptomycin solu-
tion. For some viruses, reduction of the FBS concentration is recommended. If the PRNT50 
should be determined, prepare twofold serial dilution of scFvs (at least five steps) that is the 
amount of antibody required to neutralize 50% of the infectious virus particles (Note 29).

H4. Freshly thaw cryostock with a known titer of plaque-forming units (pfu) at RT and dilute 
to 600 pfu/ml (same medium as in H3).

H5. Pipette 300 μl of diluted scFvs (or PBS as negative control) to 300 μl of the virus prepara-
tion in a sterile plate and incubate the scFv-virus mixtures at 37°C for 1 h.

H6. Carefully aspirate old medium from cell plates and wash with 2 ml PBS. Always pipette 
to the wall of the wells to not destroy the cell monolayer.
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H7. Add 500 μl/well of the scFv-virus mixtures to each well and tilt plates as described above. 
Include virus only to every plate. ScFvs should be tested in at least duplicates.

H8. Incubate plates at 37°C for about 1 h (time can vary between 30 and 90 min depending on 
the cell/virus). During incubation, carefully tilt all the plates 10–15 min.

H9. Remove inoculum and wash cells with 3 ml/well PBS.

H10. Add 3 ml/well CMC medium and incubate plates in the humidified incubator (37°C, 5% 
CO2) for three days.

H11. Fixate the cells with formaldehyde solution (3 ml/well for 5 min) and stain with crystal 
violet solution (800 μl/well) for 2 min.

H12. Wash wells once with PBS and twice with ultrapure water (2 ml/well).

H13. Count plaques and calculate percentage of neutralization as follows:

% of neutralization = 100 − [(no. of plaques: virus + antibody)/no. of plaques: virus only) × 100].

When analyzing serial dilutions of scFvs, percentage of neutralization can be plotted against 
scFvs concentration to determine the PRNT50 values.

After functional characterization, produced scFvs should be characterized for specificity 
and affinity in binding to recombinant antigen and, more importantly, to intact virions. 
The specificity of scFvs to recombinant proteins can be easily analyzed by ELISA using 
recombinant virus antigens (or virus lysates). While scFv affinities has to be determined 
by kinetic measurements (e.g., by surface plasmon resonance or biolayer interferometry), 
estimation of apparent scFv affinities can be quickly performed by ELISA. Therefore, 
recombinant antigen is coated on ELISA plates and 1:2 serial dilutions of purified scFvs 
(e.g., 1 μM start concentration) are incubated in triplicates followed by detection via tag-
specific IgGs and anti-IgG HRP conjugate. The half-maximal effective concentration (EC50) 
of saturated binding corresponds to the KD value and can be used for affinity ranking of 
scFvs. However, immobilization of antigens/virions on plastic can alter conformation of 
coated proteins leading to antibodies recognizing epitopes that are not found on intact 
virions. Alternatively, binding affinity of antibody fragments can also be estimated by 
flow cytometry using antigen overexpressing cell lines [30], e.g., by using Vero cell being 
infected with HSV [18, 28].

In conclusion, broadly neutralizing human monoclonal antibodies represent an excellent 
opportunity for the prevention and therapy of viral infections and are a potent tool to iden-
tify neutralizing epitopes on viral proteins for vaccine approaches. Phage display technology 
became a potent tool to isolate human neutralizing antibodies and should be considered as a 
validated technique for future approaches.

I. Production of helper phage

Larger preparation of helper phage (VCSM13 or M13K07) being used for superinfection to 
prepare scFv-phages for selection (Protocol A) and screening (Protocol E-I) can be obtained 
following the protocol below. Hyperphage cannot be produced without recombinant E. coli 
strain and must be purchased.
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I1. Thaw primary phage stock and prepare 102 dilutions (100 μl) in 2xYT medium.

I2. Mix helper phage dilution with equal volume of log-phase TG1 culture prepared as 
described above (see B1–B3) to infect bacteria at 37°C (30 min standing and 30 min shaking).

I3. Melt top agar in a microwave, aliquot in glass tubes while hot, and cool down tubes to 42°C 
in a prewarmed water bath.

I4. Pipette infected bacteria to top agar tubes, mix quickly, and immediately cast top agar onto 
prewarmed (37°C) 2xYT plates. Grow plates overnight at 30°C (Note 30).

I5. The next day, pick a single small plaque from grown bacteria lawns and transfer into 3 ml 
2xYT that was inoculated with 100 μl of TG1 overnight culture right before.

I6. Incubate culture for 3 h at 37°C while shaking and use grown culture to inoculate 500 ml 
of 2xYT.

I7. After one further hour of growing, add 200 μl kanamycin stock solution and grow over-
night at 37°C while shaking.

I8. The next day, pellet bacteria (4000 × g, 10 min, 4°C), transfer 40 ml of supernatant into 50 ml 
PP tubes and precipitate phage as described in Protocols A8–A10 (Note 31).

I9. To inactivate the remaining bacteria, either heat helper phage preparation for 15 min at 
65°C (recommended) or filter through low protein binding 0.45 μm filter (Note 32).

I10. Aliquot the phage preparation into 2 ml PP tubes and snap freeze the tubes in liquid 
nitrogen prior to storage at ≤−20°C.

I11. Determine phage titer as plaque-forming unit (pfu/ml) as described above (see I1–I4) 
using 1:10 serial phage dilutions from 108 to 1013 for infecting 100 μl log phage TG1 and count-
ing plaques on countable plates (Note 33).

5. Notes

Note 1: To minimize loss of diversity, very large libraries (>109 independent clones) should 
always be stored as sublibraries that can be separately packed and combined prior to selec-
tion. Antibody selection should be only performed with freshly packaged (sub-)libraries 
that have been kept at 4°C for short as possible. Due to loss of diversity, we do not recom-
mend selection with frozen phage preparations or phage antibodies that have been packaged 
from secondary library stocks. Importantly, minimize freeze and thaw steps of your primary 
library and keep it frozen at −80°C until needed.

Note 2: Correct growing temperature is crucial for phage display. Too low a temperature 
(<34°C) might result in ineffective formation of pili that are necessary for successful infection 
by phage.

Note 3: Oligomeric display of scFvs in the first round of selection by infection with hyper-
phage can greatly improve selection efficacy and can reduce loss of interesting binders during 
the initial selection step improving the average display from 0.01 up to 5 antibody fragments 
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H7. Add 500 μl/well of the scFv-virus mixtures to each well and tilt plates as described above. 
Include virus only to every plate. ScFvs should be tested in at least duplicates.

H8. Incubate plates at 37°C for about 1 h (time can vary between 30 and 90 min depending on 
the cell/virus). During incubation, carefully tilt all the plates 10–15 min.

H9. Remove inoculum and wash cells with 3 ml/well PBS.

H10. Add 3 ml/well CMC medium and incubate plates in the humidified incubator (37°C, 5% 
CO2) for three days.

H11. Fixate the cells with formaldehyde solution (3 ml/well for 5 min) and stain with crystal 
violet solution (800 μl/well) for 2 min.

H12. Wash wells once with PBS and twice with ultrapure water (2 ml/well).

H13. Count plaques and calculate percentage of neutralization as follows:

% of neutralization = 100 − [(no. of plaques: virus + antibody)/no. of plaques: virus only) × 100].

When analyzing serial dilutions of scFvs, percentage of neutralization can be plotted against 
scFvs concentration to determine the PRNT50 values.

After functional characterization, produced scFvs should be characterized for specificity 
and affinity in binding to recombinant antigen and, more importantly, to intact virions. 
The specificity of scFvs to recombinant proteins can be easily analyzed by ELISA using 
recombinant virus antigens (or virus lysates). While scFv affinities has to be determined 
by kinetic measurements (e.g., by surface plasmon resonance or biolayer interferometry), 
estimation of apparent scFv affinities can be quickly performed by ELISA. Therefore, 
recombinant antigen is coated on ELISA plates and 1:2 serial dilutions of purified scFvs 
(e.g., 1 μM start concentration) are incubated in triplicates followed by detection via tag-
specific IgGs and anti-IgG HRP conjugate. The half-maximal effective concentration (EC50) 
of saturated binding corresponds to the KD value and can be used for affinity ranking of 
scFvs. However, immobilization of antigens/virions on plastic can alter conformation of 
coated proteins leading to antibodies recognizing epitopes that are not found on intact 
virions. Alternatively, binding affinity of antibody fragments can also be estimated by 
flow cytometry using antigen overexpressing cell lines [30], e.g., by using Vero cell being 
infected with HSV [18, 28].

In conclusion, broadly neutralizing human monoclonal antibodies represent an excellent 
opportunity for the prevention and therapy of viral infections and are a potent tool to iden-
tify neutralizing epitopes on viral proteins for vaccine approaches. Phage display technology 
became a potent tool to isolate human neutralizing antibodies and should be considered as a 
validated technique for future approaches.

I. Production of helper phage

Larger preparation of helper phage (VCSM13 or M13K07) being used for superinfection to 
prepare scFv-phages for selection (Protocol A) and screening (Protocol E-I) can be obtained 
following the protocol below. Hyperphage cannot be produced without recombinant E. coli 
strain and must be purchased.
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I1. Thaw primary phage stock and prepare 102 dilutions (100 μl) in 2xYT medium.

I2. Mix helper phage dilution with equal volume of log-phase TG1 culture prepared as 
described above (see B1–B3) to infect bacteria at 37°C (30 min standing and 30 min shaking).

I3. Melt top agar in a microwave, aliquot in glass tubes while hot, and cool down tubes to 42°C 
in a prewarmed water bath.

I4. Pipette infected bacteria to top agar tubes, mix quickly, and immediately cast top agar onto 
prewarmed (37°C) 2xYT plates. Grow plates overnight at 30°C (Note 30).

I5. The next day, pick a single small plaque from grown bacteria lawns and transfer into 3 ml 
2xYT that was inoculated with 100 μl of TG1 overnight culture right before.

I6. Incubate culture for 3 h at 37°C while shaking and use grown culture to inoculate 500 ml 
of 2xYT.

I7. After one further hour of growing, add 200 μl kanamycin stock solution and grow over-
night at 37°C while shaking.

I8. The next day, pellet bacteria (4000 × g, 10 min, 4°C), transfer 40 ml of supernatant into 50 ml 
PP tubes and precipitate phage as described in Protocols A8–A10 (Note 31).

I9. To inactivate the remaining bacteria, either heat helper phage preparation for 15 min at 
65°C (recommended) or filter through low protein binding 0.45 μm filter (Note 32).

I10. Aliquot the phage preparation into 2 ml PP tubes and snap freeze the tubes in liquid 
nitrogen prior to storage at ≤−20°C.

I11. Determine phage titer as plaque-forming unit (pfu/ml) as described above (see I1–I4) 
using 1:10 serial phage dilutions from 108 to 1013 for infecting 100 μl log phage TG1 and count-
ing plaques on countable plates (Note 33).

5. Notes

Note 1: To minimize loss of diversity, very large libraries (>109 independent clones) should 
always be stored as sublibraries that can be separately packed and combined prior to selec-
tion. Antibody selection should be only performed with freshly packaged (sub-)libraries 
that have been kept at 4°C for short as possible. Due to loss of diversity, we do not recom-
mend selection with frozen phage preparations or phage antibodies that have been packaged 
from secondary library stocks. Importantly, minimize freeze and thaw steps of your primary 
library and keep it frozen at −80°C until needed.

Note 2: Correct growing temperature is crucial for phage display. Too low a temperature 
(<34°C) might result in ineffective formation of pili that are necessary for successful infection 
by phage.

Note 3: Oligomeric display of scFvs in the first round of selection by infection with hyper-
phage can greatly improve selection efficacy and can reduce loss of interesting binders during 
the initial selection step improving the average display from 0.01 up to 5 antibody fragments 
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per phage. Please note that hyperphage infection results in scFv-phages without wild-type 
pIII proteins that are necessary for successful infection. To restore the wild-type infectivity, 
hyperphage-packed libraries should be eluted by a protease cutting between the antibody 
fragment and the pIII protein (e.g., trypsin works well for pSEX and most pHEN deriva-
tives). To check for suitable proteases for your phagemid, you might analyze your vector on 
PeptideCutter (ExPASy database) and perform Western blot analysis of digested antibody 
phages using an anti-pIII antibody for detection (see Note 8).

Note 4: Expression of scFv-pIII fusion proteins with lac promoter-based phagemid vectors 
can be performed by using glucose-free media without or a low concentration of IPTG (about 
5 μM to 500 μM final concentration depending on used phagemid). However, strong induc-
tion of the lac promotor by too high concentration of IPTG might reduce the expression of 
complete scFv-pIII fusion proteins. Induction conditions should be optimized and antibody 
presentation on phages can be analyzed by SDS PAGE and Western blot using primary anti-
pIII detection system (see Note 8).

Note 5: Reducing temperature to 30°C or lower guarantees better expression and folding 
of complete antibody fusions that otherwise might be overgrown by incomplete fusions. 
Moreover, lower temperature helps to reduce degradation/cleavage of antibody fragments 
on the phage surface.

Note 6: Longer incubation on ice or 4°C might result in better precipitation of antibody phage 
and higher yields.

Note 7: To save time, we perform phage pelletation in Beckman centrifuges, equipped with 
fixed angel rotors such as JA 16.250 that allows higher speed centrifugation in 250 ml reusable 
or 50 ml disposable PP tubes if using adapters. If not available, centrifugation with swing-
ing buckets and lower speed can be performed, but centrifugation time should be increased 
accordingly.

Note 8: Helper phage/hyperphage packaged libraries can be analyzed by SDS-PAGE and 
Western blot. Run reduced phage samples on 10% SDS PAGE and incubate membrane with 
primary anti-pIII monoclonal antibody and secondary anti-mouse polyclonal serum HRP 
conjugate, using ECL substrate for detection. Although wild-type pIII has a calculated molec-
ular weight of about 45 kDa, it runs at about 60 kDa in SDS-PAGE. Accordingly, complete 
scFv-pIII constructs can be detected at about 90 kDa.

Note 9. TG1 is an amber suppressor E. coli strain most widely used for antibody phage dis-
play. Growing TG1 on proline-deficient M9 minimal plates guarantees maintenance of the F’ 
episome important for production of pili necessary for phage infection. For growing of TG1, 
M9 plates must be additionally supplemented with thiamine due to a chromosomal mutation 
in the thiamine biosynthesis.

Note 10: OD600 of culture is critical. Do not overgrow or grow below 34°C. Bacteria can be 
kept on ice for a while (30 min up to a few hours), but cells might start losing pili after longer 
incubations.
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Note 11: One ml of log phase TG1 (OD600nm of 0.5) corresponds to about 5 × 108 bacteria. 
Always infect with at least 1:10 phage-to-cell ratio for titration, i.e., do not use more than 
5 × 107 phages for 1 ml log-phase TG1.

Note 12: If enough antigen is available, increase volume of coating solution up to 5 ml, espe-
cially in the first round of selection. Only use highly pure (>90%), freshly prepared protein 
from sources you can trust. Do not use proteins that have been stored at 4°C for prolonged 
periods. If using oligopeptides or virions for selection, immobilization condition should be 
optimized due to lower coating efficacies and/or reduced accessibility of epitopes. Test dif-
ferent buffer/pH/additives for immobilization on MaxiSorp™ plates (e.g., 50 mM carbon-
ate buffer pH 9.6) using tag-specific antibody enzyme conjugates for detection in ELISA. 
Alternatively, antigens might be biotinylated and immobilized on streptavidin-coated tubes/
plates or be captured in solution using streptavidin dynabeads [31].

Note 13: If using proteins with large tags/fusions (e.g., Fc region, GST tag) for antibody selec-
tion, supplement the preincubation solution with respective proteins to reduce enrichment of 
binders against those parts. If using biotinylated oligopeptides immobilized on streptavidin-
coated immunotubes, preincubate phages with streptavidin to deplete streptavidin-specific 
binders.

Note 14: To check pH of final solution, perform microtitration using pH indicator strips to 
determine volume of neutralization buffer required to get a final pH of 7.2–7.4.

Note 15: Always elute hyperphage-packaged libraries by protease elution to guarantee high-
est infectivity of eluted phages.

Note 16: We usually perform three rounds of selection, but this might be increased up to five 
or more. However, performing additional rounds might lead to loss of diversity and enrich-
ment of binders having growth advantages that might occur (e.g., truncated scFvs).

Note 17: Washing can be done by hand using a small plastic box filled with buffer. Remove all 
liquid by inverting the plates and hitting it onto paper towels. Change buffer and towels fre-
quently. For better reproducibility and when screening larger amounts of plates, wash plates 
using a microplate washer (e.g., BioTek Instruments, Tecan).

Note 18: Successful enrichment of specific binding scFv-phages should be seen as increasing 
of target-specific signals compared to control antigens. For a typical result see [18], Figure 4A.

Note 19: Try to pick single colonies. Sometimes picking of double colonies or a spillover from 
well to well might occur. Secondary screen of positive well (hit-picking) can be performed. If 
performing high-throughput screening on a regular basis, automation of the picking process 
by colony pickers (e.g., Molecular Devices) might be considered.

Note 20: Most universal orbital shakers for bacterial culture possess an orbit diameter of about 
one inch that works very well for Erlenmeyer flasks (25 ml up to 2 l) and shaking at about 200 
to 250 rpm. However, growing bacterial culture in microtiter plates can be more challenging 
due to evaporation, contamination, and oxygen transfer. To prevent contamination, shaking 
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per phage. Please note that hyperphage infection results in scFv-phages without wild-type 
pIII proteins that are necessary for successful infection. To restore the wild-type infectivity, 
hyperphage-packed libraries should be eluted by a protease cutting between the antibody 
fragment and the pIII protein (e.g., trypsin works well for pSEX and most pHEN deriva-
tives). To check for suitable proteases for your phagemid, you might analyze your vector on 
PeptideCutter (ExPASy database) and perform Western blot analysis of digested antibody 
phages using an anti-pIII antibody for detection (see Note 8).

Note 4: Expression of scFv-pIII fusion proteins with lac promoter-based phagemid vectors 
can be performed by using glucose-free media without or a low concentration of IPTG (about 
5 μM to 500 μM final concentration depending on used phagemid). However, strong induc-
tion of the lac promotor by too high concentration of IPTG might reduce the expression of 
complete scFv-pIII fusion proteins. Induction conditions should be optimized and antibody 
presentation on phages can be analyzed by SDS PAGE and Western blot using primary anti-
pIII detection system (see Note 8).

Note 5: Reducing temperature to 30°C or lower guarantees better expression and folding 
of complete antibody fusions that otherwise might be overgrown by incomplete fusions. 
Moreover, lower temperature helps to reduce degradation/cleavage of antibody fragments 
on the phage surface.

Note 6: Longer incubation on ice or 4°C might result in better precipitation of antibody phage 
and higher yields.

Note 7: To save time, we perform phage pelletation in Beckman centrifuges, equipped with 
fixed angel rotors such as JA 16.250 that allows higher speed centrifugation in 250 ml reusable 
or 50 ml disposable PP tubes if using adapters. If not available, centrifugation with swing-
ing buckets and lower speed can be performed, but centrifugation time should be increased 
accordingly.

Note 8: Helper phage/hyperphage packaged libraries can be analyzed by SDS-PAGE and 
Western blot. Run reduced phage samples on 10% SDS PAGE and incubate membrane with 
primary anti-pIII monoclonal antibody and secondary anti-mouse polyclonal serum HRP 
conjugate, using ECL substrate for detection. Although wild-type pIII has a calculated molec-
ular weight of about 45 kDa, it runs at about 60 kDa in SDS-PAGE. Accordingly, complete 
scFv-pIII constructs can be detected at about 90 kDa.

Note 9. TG1 is an amber suppressor E. coli strain most widely used for antibody phage dis-
play. Growing TG1 on proline-deficient M9 minimal plates guarantees maintenance of the F’ 
episome important for production of pili necessary for phage infection. For growing of TG1, 
M9 plates must be additionally supplemented with thiamine due to a chromosomal mutation 
in the thiamine biosynthesis.

Note 10: OD600 of culture is critical. Do not overgrow or grow below 34°C. Bacteria can be 
kept on ice for a while (30 min up to a few hours), but cells might start losing pili after longer 
incubations.
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Note 11: One ml of log phase TG1 (OD600nm of 0.5) corresponds to about 5 × 108 bacteria. 
Always infect with at least 1:10 phage-to-cell ratio for titration, i.e., do not use more than 
5 × 107 phages for 1 ml log-phase TG1.

Note 12: If enough antigen is available, increase volume of coating solution up to 5 ml, espe-
cially in the first round of selection. Only use highly pure (>90%), freshly prepared protein 
from sources you can trust. Do not use proteins that have been stored at 4°C for prolonged 
periods. If using oligopeptides or virions for selection, immobilization condition should be 
optimized due to lower coating efficacies and/or reduced accessibility of epitopes. Test dif-
ferent buffer/pH/additives for immobilization on MaxiSorp™ plates (e.g., 50 mM carbon-
ate buffer pH 9.6) using tag-specific antibody enzyme conjugates for detection in ELISA. 
Alternatively, antigens might be biotinylated and immobilized on streptavidin-coated tubes/
plates or be captured in solution using streptavidin dynabeads [31].

Note 13: If using proteins with large tags/fusions (e.g., Fc region, GST tag) for antibody selec-
tion, supplement the preincubation solution with respective proteins to reduce enrichment of 
binders against those parts. If using biotinylated oligopeptides immobilized on streptavidin-
coated immunotubes, preincubate phages with streptavidin to deplete streptavidin-specific 
binders.

Note 14: To check pH of final solution, perform microtitration using pH indicator strips to 
determine volume of neutralization buffer required to get a final pH of 7.2–7.4.

Note 15: Always elute hyperphage-packaged libraries by protease elution to guarantee high-
est infectivity of eluted phages.

Note 16: We usually perform three rounds of selection, but this might be increased up to five 
or more. However, performing additional rounds might lead to loss of diversity and enrich-
ment of binders having growth advantages that might occur (e.g., truncated scFvs).

Note 17: Washing can be done by hand using a small plastic box filled with buffer. Remove all 
liquid by inverting the plates and hitting it onto paper towels. Change buffer and towels fre-
quently. For better reproducibility and when screening larger amounts of plates, wash plates 
using a microplate washer (e.g., BioTek Instruments, Tecan).

Note 18: Successful enrichment of specific binding scFv-phages should be seen as increasing 
of target-specific signals compared to control antigens. For a typical result see [18], Figure 4A.

Note 19: Try to pick single colonies. Sometimes picking of double colonies or a spillover from 
well to well might occur. Secondary screen of positive well (hit-picking) can be performed. If 
performing high-throughput screening on a regular basis, automation of the picking process 
by colony pickers (e.g., Molecular Devices) might be considered.

Note 20: Most universal orbital shakers for bacterial culture possess an orbit diameter of about 
one inch that works very well for Erlenmeyer flasks (25 ml up to 2 l) and shaking at about 200 
to 250 rpm. However, growing bacterial culture in microtiter plates can be more challenging 
due to evaporation, contamination, and oxygen transfer. To prevent contamination, shaking 
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at a lower speed (about 180 rpm) can be performed although oxygen supply is reduced as 
well. Alternatively, PP deep well plates can be used for screening. To prevent evaporation, 
plates can be tape-fixed in an additional plastic bag or use PBS-filled plates at the bottom and 
top when using microplate holders. The highest yield of soluble scFvs can be obtained with 
special temperature-controlled shakers with a small orbital diameter (0.12 inch) and shaking 
at high speed (1000 rpm).

Note 21: Usually, antigen-specific binding is defined as signals at least five times higher than 
the background. For a typical result, see [18], Figure 4B and C.

Note 22: The 2% glucose guarantees repression of antibody expression within the first 3 h of 
growing. To induce antibody expression, medium must be replaced by induction medium 
without glucose and optimized concentration of IPTG. Many scFvs show very low yield in the 
supernatant after expression in E. coli and periplasmic extraction is highly recommend prior 
to ELISA, e.g., by resuspending bacteria pellets in 180 μl/well periplasmic preparation buffer 
(see Protocol G) for 30 min on ice. However, as shown by Hust et al. [32], buffered 2xYT-SAI 
and growing cultures overnight at 30°C can improve production in E. coli for some scFvs even 
without performing periplasmic extraction.

Note 23. Adjusting PCR conditions to obtain single scFvs bands on agarose gel is impor-
tant for successful sequencing of PCR fragments, e.g., by increasing annealing temperature. 
Alternatively, scFv bands can be recovered by QIAquick Gel Extraction Kit or sequencing can 
be done using plasmid DNA (see F10).

Note 24: Plasmid DNA can be used for electroporation into self-made electrocompetent 
HB2151 if scFv-phage screening with TG1 bacteria was performed beforehand. If already in 
HB2151 after soluble screening, the glycerol stock can be used to obtain single colonies on 
2xYT-GA plates for small-scale production of soluble scFvs (see Protocol G). Alternatively, 
plasmid DNA can be used for subcloning into bacterial expression vectors without pIII gene.

Note 25. For time reasons, we recommend soluble expression of scFvs in nonamber suppres-
sor strain such as HB2151 when using phagemid with the amber stop codon between the scFv 
and the pIII protein. Otherwise, scFvs can also be subcloned into expression vector without 
the pIII gene. If clones are still in TG1 after phage screening, phagemid DNA can be trans-
formed into self-made competent HB2151. Use standard protocol for generation of chemically 
or electrocompetent HB2151. Alternatively use commercially available competent nonamber 
suppressor strains for soluble production (e.g., SS320 by Lucigen, or Express Iq by NEB).

Note 26. Reducing the temperature for soluble scFv expression is important for proper fold-
ing and stability of produced scFvs.

Note 27: As a cheaper option for dialysis in small scale, we recommend using 2 ml PP tubes 
without lids, filled with scFv preparations, and sealed with square cut dialysis membrane 
fixed with rubber band and parafilm. If using other tags for purification, dialyze in recom-
mended buffer prior purification.

Note 28: Determine best number/growing conditions for your cell line. Gently tilt plate 
about five times horizontally after seeding to guarantee that uniform monolayers of cells are 
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formed. PRNT assay can be adapted to plates with higher well number (e.g., 12–24 well/
plates) by reducing pfu and volumes used. Presented protocol was optimized for PRNT with 
HSV and Vero cells. Cell line and optimal conditions are different for each virus and should be 
optimized for best results (e.g., scFv-virus incubation time, absorption time on cells, percent-
age of CMC for overlay, working virus dilution and volume, incubation time after infection).

Note 29: Since performing of the PRNT is laborious and time-consuming, using a single con-
centration of scFvs for neutralization usually allows a good head-to-head comparison to iden-
tify best neutralizing scFvs. In a second step, most promising scFvs can be cloned into other 
(bivalent) Ab formats (e.g., scFv-Fc) and tested in more detail by analyzing PRNT50 (or more 
precisely even PRNT70 or PRNT90).

Note 30: The temperature of melted top agar should be exactly at 42°C before casting. Higher 
temperatures might kill E. coli bacteria, while at lower temperatures, the top agar might solid-
ify too fast before pouring nice layers on plates.

Note 31: Although helper phage supernatant can be directly used after heat treatment, we 
recommend purifying and concentrating by one or two steps of PEG/NaCl precipitation.

Note 32: Using 0.22 μm filter for phage filtration is not recommended due to loss of filamen-
tous phages. If clogging of 0.45 μm filter occurs, centrifuge phage preparation at high g-force 
at 4°C prior to filtration.

Note 33: Using 108 phage dilution guarantees an at least tenfold excess of helper phage to 
bacteria for infection. Avoid additional freeze-and-thaw cycles of helper phage preparations. 
Titer of frozen helper phage might drop over time during storage and titration should be 
repeated after several months. Sterile glycerol up to a final concentration of 50% prior to snap 
freezing can be added to prolong storage time. Review Ref. [33] for more information about 
correct storage of phages.

Acknowledgements

We thank Buck Rogers and Cedric Mpoy for discussions and corrections on the manuscript.

Author details

Philipp Diebolder1 and Adalbert Krawczyk2*

*Address all correspondence to: adalbert.krawczyk@uni-due.de

1 Department of Radiation Oncology, Washington University School of Medicine, St. Louis, 
USA

2 Institute for Virology, University Hospital Essen, University of Duisburg-Essen, Essen, 
Germany

Detailed Protocols for the Selection of Antiviral Human Antibodies from Combinatorial Immune...
http://dx.doi.org/10.5772/intechopen.70139

99



at a lower speed (about 180 rpm) can be performed although oxygen supply is reduced as 
well. Alternatively, PP deep well plates can be used for screening. To prevent evaporation, 
plates can be tape-fixed in an additional plastic bag or use PBS-filled plates at the bottom and 
top when using microplate holders. The highest yield of soluble scFvs can be obtained with 
special temperature-controlled shakers with a small orbital diameter (0.12 inch) and shaking 
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the background. For a typical result, see [18], Figure 4B and C.
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and growing cultures overnight at 30°C can improve production in E. coli for some scFvs even 
without performing periplasmic extraction.
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tant for successful sequencing of PCR fragments, e.g., by increasing annealing temperature. 
Alternatively, scFv bands can be recovered by QIAquick Gel Extraction Kit or sequencing can 
be done using plasmid DNA (see F10).

Note 24: Plasmid DNA can be used for electroporation into self-made electrocompetent 
HB2151 if scFv-phage screening with TG1 bacteria was performed beforehand. If already in 
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Note 28: Determine best number/growing conditions for your cell line. Gently tilt plate 
about five times horizontally after seeding to guarantee that uniform monolayers of cells are 
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formed. PRNT assay can be adapted to plates with higher well number (e.g., 12–24 well/
plates) by reducing pfu and volumes used. Presented protocol was optimized for PRNT with 
HSV and Vero cells. Cell line and optimal conditions are different for each virus and should be 
optimized for best results (e.g., scFv-virus incubation time, absorption time on cells, percent-
age of CMC for overlay, working virus dilution and volume, incubation time after infection).

Note 29: Since performing of the PRNT is laborious and time-consuming, using a single con-
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(bivalent) Ab formats (e.g., scFv-Fc) and tested in more detail by analyzing PRNT50 (or more 
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Note 30: The temperature of melted top agar should be exactly at 42°C before casting. Higher 
temperatures might kill E. coli bacteria, while at lower temperatures, the top agar might solid-
ify too fast before pouring nice layers on plates.
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recommend purifying and concentrating by one or two steps of PEG/NaCl precipitation.

Note 32: Using 0.22 μm filter for phage filtration is not recommended due to loss of filamen-
tous phages. If clogging of 0.45 μm filter occurs, centrifuge phage preparation at high g-force 
at 4°C prior to filtration.

Note 33: Using 108 phage dilution guarantees an at least tenfold excess of helper phage to 
bacteria for infection. Avoid additional freeze-and-thaw cycles of helper phage preparations. 
Titer of frozen helper phage might drop over time during storage and titration should be 
repeated after several months. Sterile glycerol up to a final concentration of 50% prior to snap 
freezing can be added to prolong storage time. Review Ref. [33] for more information about 
correct storage of phages.
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Abstract

Recombinant monoclonal antibodies are established by screening the antibody libraries. 
To obtain antibodies with a high specificity and affinity, an efficient screening process 
with a highly diverse library including low background signals is necessary. One of the 
most extensively used methods is the phage display method. Although phage display 
screening is a powerful tool for enriching clones from vast libraries, it is not easy to iden-
tify single clones with an antigen recognition function only through several rounds of 
biopanning. The application of colony assays for screening antibody libraries can identify 
clones with a high reliability by a direct observation of the antibody-antigen binding 
during the screening process; however, the size of the library that can be dealt with is 
limited. This chapter describes the colony assay as a current screening technology used 
in recombinant monoclonal antibody production, the possible problems in this method, 
and discusses the outlook for this technology.

Keywords: colony assay, screening, antibody library, scFv, E. coli, phage display

1. Introduction

The use of recombinant technology for antibody selection offers several advantages over 
conventional antibody selection strategies, such as the selection of antibodies against toxic 
or non-immunogenic antigens unattainable using conventional methods [1, 2], the ability to 
select positive clones from vast libraries [3], the realization of in vitro screening [4], and the 
bypass of animal usage [5]. The selection and production of recombinant monoclonal anti-
bodies require the creation of highly diverse libraries [6] and the subsequent identification 
of positive clones using a screening technology with low background signals [7]. In partic-
ular, the variable domains of the antibody heavy and light chain (VH and VL) are isolated 
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from the lymph tissue of immunized animals and linked together for creating a single-chain 
variable fragment (scFv) library, and Fab libraries are constructed too. In general, the anti-
body fragments used for screening are the scFvs. Currently, entirely synthetic libraries [8–11] 
and naïve libraries [12] are being used. These antibody gene libraries are incorporated into 
a phagemid or plasmid and expressed in phage or Escherichia coli (E. coli). Further, panning 
[13] or colony assays [14] are performed to isolate scFvs possessing affinity to the antigen, 
thereby establishing monoclonal antibodies. This step, the screening of antibody libraries, is 
critical for establishing monoclonal antibody fragments with a high affinity and specificity 
against the antigen. One of the most extensively used methods is the phage display method 
[15, 16]. The display of the antibody repertoires on the surface of bacteriophages and their 
selection through panning enables the isolation of monoclonal antibodies [17]. Phage display 
is also widely used for affinity maturation [18, 19], in which mutations are introduced into 
the variable domains of an antibody gene mainly into CDRs to produce antibodies with a  
higher affinity as the original clone [20]. In addition, cell surface panning techniques [1, 21, 22]  
are being developed to establish antibodies recognizing membrane proteins on living cells 
that are difficult to produce using the conventional methods. Technologies that enable liq-
uid panning rather than immobilizing the antigens to a solid phase have also been proposed 
for phage display to establish antibodies that recognize protein conformation [23]. Screening 
with a colony assay induces the actual expression of the scFvs themselves and involves a 
direct confirmation of the antigen-antibody binding, lending it the advantage of a low false-
positive rate. In addition, the method can be easily used to screen libraries in the order of 
magnitude larger than those that can be screened with the hybridoma technology. However, 
this method poses several problems: it requires extensive and complex manipulation of assay 
steps, the expression of antibody fragments could be at times nonexistent or very low, and 
the extensive manipulation during the assay can lead to contamination and death of the  
E. coli cells, potentially preventing gene retrieval. Although this technique is not complete and 
not widely applied, further development and improvement can render it highly beneficial.

2. Antibody library screening

A critical step in the establishment of antigen-specific monoclonal antibody fragment clones is 
the screening of the recombinant-antibody libraries [6, 7]. Methods for screening the antibody 
libraries can be largely divided into two strategies [24]: the display and repertoire cloning 
strategies (Figure 1).

2.1. Display strategies for antibody library screening

In the display strategy [25], the antibody fragment and its gene, i.e., the antigen recogni-
tion function and information, are joined, and antibody fragments with an affinity against 
the antigen are screened. Phage display systems in which an scFv joined to the filamentous 
phage coat protein, g3p, is displayed on the phage are extensively used [15, 16]. Other display 
systems include yeast display systems in which scFvs are displayed on the surface of yeast 
[26]; mRNA display [27]; ribosome display in which a ribosome, mRNA, and an scFv are 
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integrated [28]; bacterial surface display [29]; and mammalian cell surface display [30, 31] for 
human antibody discovery. In these display systems, panning is applied for screening [13]. 
The antigen is immobilized on the surface of a microtiter plate, and the scFv library can be 
screened with phage display and with ribosome/mRNA display. Weakly bound clones are 
removed by washing, retaining the specific clones bound to the antigen (Figure 1A). This 
panning method is characterized by repeated selection, proliferation, and the enrichment of 
positive clones for enabling the processing of large libraries. For yeast, bacterial and mamma-
lian cell surface display FACS with the cells displaying the recombinant antibody fragments 
using labeled antigen is applied.

2.2. Repertoire cloning strategies for antibody library screening

In contrast, in repertoire cloning strategies, the antibody library is transformed into E. coli; 
the scFvs are expressed and secreted from a single clone, and scFvs are screened by ELISA 
(Figure 1B). Clones are selected based on assays, using scFv characteristics such as the affin-
ity; thereby, this method offers advantages such as low false-positive rates and the ability to 
reliably identify clones with a high affinity. However, an assay must be performed for each 
individual E. coli clone, and only the positive clones are selected. There is no enrichment pro-
cess in the screening method, and only limited libraries can be used for antibody selection.

Particularly, antibody repertoires from immunized animals with a clone number of approxi-
mately 106 are suitable for the repertoire cloning but not naïve and synthetic antibody  

Figure 1. Strategies for antibody library screening. (A) Display strategy: scheme of the phage display panning process. 
(B) Repertoire cloning strategy: scheme of the cloning and assay process. (C) Detection of antigen-specific antibody 
fragments released from a bacterial colony by a colony assay.
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from the lymph tissue of immunized animals and linked together for creating a single-chain 
variable fragment (scFv) library, and Fab libraries are constructed too. In general, the anti-
body fragments used for screening are the scFvs. Currently, entirely synthetic libraries [8–11] 
and naïve libraries [12] are being used. These antibody gene libraries are incorporated into 
a phagemid or plasmid and expressed in phage or Escherichia coli (E. coli). Further, panning 
[13] or colony assays [14] are performed to isolate scFvs possessing affinity to the antigen, 
thereby establishing monoclonal antibodies. This step, the screening of antibody libraries, is 
critical for establishing monoclonal antibody fragments with a high affinity and specificity 
against the antigen. One of the most extensively used methods is the phage display method 
[15, 16]. The display of the antibody repertoires on the surface of bacteriophages and their 
selection through panning enables the isolation of monoclonal antibodies [17]. Phage display 
is also widely used for affinity maturation [18, 19], in which mutations are introduced into 
the variable domains of an antibody gene mainly into CDRs to produce antibodies with a  
higher affinity as the original clone [20]. In addition, cell surface panning techniques [1, 21, 22]  
are being developed to establish antibodies recognizing membrane proteins on living cells 
that are difficult to produce using the conventional methods. Technologies that enable liq-
uid panning rather than immobilizing the antigens to a solid phase have also been proposed 
for phage display to establish antibodies that recognize protein conformation [23]. Screening 
with a colony assay induces the actual expression of the scFvs themselves and involves a 
direct confirmation of the antigen-antibody binding, lending it the advantage of a low false-
positive rate. In addition, the method can be easily used to screen libraries in the order of 
magnitude larger than those that can be screened with the hybridoma technology. However, 
this method poses several problems: it requires extensive and complex manipulation of assay 
steps, the expression of antibody fragments could be at times nonexistent or very low, and 
the extensive manipulation during the assay can lead to contamination and death of the  
E. coli cells, potentially preventing gene retrieval. Although this technique is not complete and 
not widely applied, further development and improvement can render it highly beneficial.

2. Antibody library screening

A critical step in the establishment of antigen-specific monoclonal antibody fragment clones is 
the screening of the recombinant-antibody libraries [6, 7]. Methods for screening the antibody 
libraries can be largely divided into two strategies [24]: the display and repertoire cloning 
strategies (Figure 1).

2.1. Display strategies for antibody library screening

In the display strategy [25], the antibody fragment and its gene, i.e., the antigen recogni-
tion function and information, are joined, and antibody fragments with an affinity against 
the antigen are screened. Phage display systems in which an scFv joined to the filamentous 
phage coat protein, g3p, is displayed on the phage are extensively used [15, 16]. Other display 
systems include yeast display systems in which scFvs are displayed on the surface of yeast 
[26]; mRNA display [27]; ribosome display in which a ribosome, mRNA, and an scFv are 
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integrated [28]; bacterial surface display [29]; and mammalian cell surface display [30, 31] for 
human antibody discovery. In these display systems, panning is applied for screening [13]. 
The antigen is immobilized on the surface of a microtiter plate, and the scFv library can be 
screened with phage display and with ribosome/mRNA display. Weakly bound clones are 
removed by washing, retaining the specific clones bound to the antigen (Figure 1A). This 
panning method is characterized by repeated selection, proliferation, and the enrichment of 
positive clones for enabling the processing of large libraries. For yeast, bacterial and mamma-
lian cell surface display FACS with the cells displaying the recombinant antibody fragments 
using labeled antigen is applied.

2.2. Repertoire cloning strategies for antibody library screening

In contrast, in repertoire cloning strategies, the antibody library is transformed into E. coli; 
the scFvs are expressed and secreted from a single clone, and scFvs are screened by ELISA 
(Figure 1B). Clones are selected based on assays, using scFv characteristics such as the affin-
ity; thereby, this method offers advantages such as low false-positive rates and the ability to 
reliably identify clones with a high affinity. However, an assay must be performed for each 
individual E. coli clone, and only the positive clones are selected. There is no enrichment pro-
cess in the screening method, and only limited libraries can be used for antibody selection.

Particularly, antibody repertoires from immunized animals with a clone number of approxi-
mately 106 are suitable for the repertoire cloning but not naïve and synthetic antibody  

Figure 1. Strategies for antibody library screening. (A) Display strategy: scheme of the phage display panning process. 
(B) Repertoire cloning strategy: scheme of the cloning and assay process. (C) Detection of antigen-specific antibody 
fragments released from a bacterial colony by a colony assay.
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repertoires with high clone numbers (109–1012 clones). During the assay, a clone from an 
 E. coli library is cultured, and its expression is induced. The reactivity of the expressed scFv 
against the antigen is measured. Clones exhibiting high reactivity are selected as the posi-
tive clones. In this method, only a few thousands of clones can be examined simultaneously, 
even if a multi-well microtiter plate is used. Although this number is higher than the clones 
obtained by the hybridoma technique, positive clones cannot be efficiently obtained, when 
the positive ratio is low.

Colony assay in which periplasmic expression and E. coli colony formation lifted onto filters 
are used provides a method for handling large libraries (Figure 1C). In colony assay, the 
clones do not need to be picked up individually before screening; all the colonies on the 
plate can be assayed simultaneously. Thus, numerous clones can be assayed from a single 
plate. Antibody fragments released by bacteria were detected by a phage plaque assay in ear-
lier experiments [32, 33]. Libraries of the antibody fragments were expressed in E. coli using 
phage λ vectors [34, 35]. Then, the active fragments secreted from the viable E. coli colonies 
were detected by colony-lift immunoassay [36]. With the colony assay, considerably larger 
libraries can be dealt with because the number of colonies screened can be easily increased.

2.3. Screening with a phage display

In a phage display system, panning is used to isolate phages that display the antibody frag-
ments exhibiting affinity to the antigen (Figure 1A). Positive clones are established by select-
ing only the phages that displays antibody fragments (primarily scFvs) fused to the g3p coat 
proteins on the surface of the filamentous phage, which have affinity to the antigen. This 
method has the advantage of processing large libraries (~1011) [3, 37]. The antigen is immobi-
lized, and the recombinant phage bound to the antigen is left intact; weakly bound recombi-
nant phages are washed away. The remaining recombinant phages, which possess a binding 
capacity are detached from the antigen by acid treatment and infected into E. coli. Further,  
E. coli cells are cultured to propagate positive clones. The E. coli clones expressing the phage-
mids are then infected with a helper phage, and the phages displaying scFvs with binding 
capacities are collected. Panning is performed repeatedly for the selected group of phages. 
The repeated selection and propagation of positive clones enrich clones with antibodies com-
prising binding capacities to the antigen. Then, single clones are isolated at the final step with 
high binding capacities [38]. This method renders it possible to handle large libraries.

One limitation of this method is that the high background during panning selection often 
results in false-positive clones. A specific antigen-binding activity is typically not the only 
driving force exploited during the panning process [39, 40]. Multiple rounds of panning have 
been documented to frequently cause a strong bias for antibodies directed against immuno-
dominant epitopes and abundant proteins [41], resulting in the loss of the library’s diversity 
and of valuable antibody clones. Several factors influence the selection of the antigen-specific 
clones and produce undesired effects; these factors include a high efficiency of expression and 
folding despite poor antigen-binding activity, the nonspecific hydrophobic binding proper-
ties of the phage particle itself, and a superior compatibility with the host cells, not related to 
the antibody fragment affinity.
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However, as several antibody fragments are themselves toxic to E. coli, these clones will be 
lost during panning, even if they possess a high affinity. Conversely, repeated panning may 
result in the relatively preferential propagation of clones with reduced E. coli toxicity, even 
if the clones do not possess a high binding capacity. Toxicity to E. coli can increase the back-
ground, resulting in several false-positive clones being obtained. This situation renders pan-
ning extremely difficult; it is not easy to establish single positive clones only through several 
rounds of panning [14]. Although the phage display is a powerful tool for establishing mono-
clonal antibodies, it is used less frequently than expected [39].

3. Colony assay for antibody library screening

As an alternative antibody-screening tool, the colony assay can be used which is sometimes 
superior to the phage display method [42]. The advantage of this method is that the antibody-
antigen binding can be directly observed during the screening process, reducing the selection 
of false-negative clones [24]. Thus, the colony assay presents notable advantages over the 
phage display and biopanning method.

3.1. Principle of the colony assay

In the colony assay (Figure 2), antibody libraries are expressed in E. coli for the selection of 
clones with a favorable affinity to the antigen. An scFv library is transformed into E. coli cells, 
and afterward transformed E. coli cells are plated on appropriate agar plates. After growing 
of the colonies, they are lifted onto a filter. Further, an expression-inducing reagent such as 
isopropyl-β-D-thiogalactopyranoside (IPTG) is applied, inducing the expression and secre-
tion of scFvs from the E. coli cells (Figure 2A). scFvs with the desired affinity will diffuse out 
and bind the antigen coated on the membrane beneath the colonies. However, scFvs without 
affinity will not bind the antigen (Figure 2B), and the unbound scFvs are washed away. Then, 
the bound scFvs with an affinity against the antigen are detected using an enzymatic method. 
The His-tags attached to the scFvs are detected with anti-His antibodies (Figure 2C). Positive 
clones are identified as the colonies corresponding to positive signals (Figure 2D).

3.2. Filter-sandwich assay

Dreher et al. [43, 44] improved the colony assay by developing the filter-sandwich colony-
screening assay (hereafter, the filter-sandwich assay) for selecting positive clones; E. coli colo-
nies are grown directly on a hydrophilic filter, which is then transferred to an antigen-coated 
membrane soaked with IPTG solution and placed on an agar plate containing IPTG to induce 
antibody fragment production. The antibody fragments produced by the colonies diffuse out 
and bind to the antigen on the membrane. The presence of antibody fragments bound to the 
membrane is then detected, and the spot is superimposed on the colony. This method cir-
cumvents the difficult technique of lifting the colony [14, 36]. In addition, the filter-sandwich 
assay was further optimized. The procedure can now be performed by a single step [45] under 
tightly controlled IPTG concentration for expression of the scFvs.
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repertoires with high clone numbers (109–1012 clones). During the assay, a clone from an 
 E. coli library is cultured, and its expression is induced. The reactivity of the expressed scFv 
against the antigen is measured. Clones exhibiting high reactivity are selected as the posi-
tive clones. In this method, only a few thousands of clones can be examined simultaneously, 
even if a multi-well microtiter plate is used. Although this number is higher than the clones 
obtained by the hybridoma technique, positive clones cannot be efficiently obtained, when 
the positive ratio is low.

Colony assay in which periplasmic expression and E. coli colony formation lifted onto filters 
are used provides a method for handling large libraries (Figure 1C). In colony assay, the 
clones do not need to be picked up individually before screening; all the colonies on the 
plate can be assayed simultaneously. Thus, numerous clones can be assayed from a single 
plate. Antibody fragments released by bacteria were detected by a phage plaque assay in ear-
lier experiments [32, 33]. Libraries of the antibody fragments were expressed in E. coli using 
phage λ vectors [34, 35]. Then, the active fragments secreted from the viable E. coli colonies 
were detected by colony-lift immunoassay [36]. With the colony assay, considerably larger 
libraries can be dealt with because the number of colonies screened can be easily increased.

2.3. Screening with a phage display

In a phage display system, panning is used to isolate phages that display the antibody frag-
ments exhibiting affinity to the antigen (Figure 1A). Positive clones are established by select-
ing only the phages that displays antibody fragments (primarily scFvs) fused to the g3p coat 
proteins on the surface of the filamentous phage, which have affinity to the antigen. This 
method has the advantage of processing large libraries (~1011) [3, 37]. The antigen is immobi-
lized, and the recombinant phage bound to the antigen is left intact; weakly bound recombi-
nant phages are washed away. The remaining recombinant phages, which possess a binding 
capacity are detached from the antigen by acid treatment and infected into E. coli. Further,  
E. coli cells are cultured to propagate positive clones. The E. coli clones expressing the phage-
mids are then infected with a helper phage, and the phages displaying scFvs with binding 
capacities are collected. Panning is performed repeatedly for the selected group of phages. 
The repeated selection and propagation of positive clones enrich clones with antibodies com-
prising binding capacities to the antigen. Then, single clones are isolated at the final step with 
high binding capacities [38]. This method renders it possible to handle large libraries.

One limitation of this method is that the high background during panning selection often 
results in false-positive clones. A specific antigen-binding activity is typically not the only 
driving force exploited during the panning process [39, 40]. Multiple rounds of panning have 
been documented to frequently cause a strong bias for antibodies directed against immuno-
dominant epitopes and abundant proteins [41], resulting in the loss of the library’s diversity 
and of valuable antibody clones. Several factors influence the selection of the antigen-specific 
clones and produce undesired effects; these factors include a high efficiency of expression and 
folding despite poor antigen-binding activity, the nonspecific hydrophobic binding proper-
ties of the phage particle itself, and a superior compatibility with the host cells, not related to 
the antibody fragment affinity.
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However, as several antibody fragments are themselves toxic to E. coli, these clones will be 
lost during panning, even if they possess a high affinity. Conversely, repeated panning may 
result in the relatively preferential propagation of clones with reduced E. coli toxicity, even 
if the clones do not possess a high binding capacity. Toxicity to E. coli can increase the back-
ground, resulting in several false-positive clones being obtained. This situation renders pan-
ning extremely difficult; it is not easy to establish single positive clones only through several 
rounds of panning [14]. Although the phage display is a powerful tool for establishing mono-
clonal antibodies, it is used less frequently than expected [39].

3. Colony assay for antibody library screening

As an alternative antibody-screening tool, the colony assay can be used which is sometimes 
superior to the phage display method [42]. The advantage of this method is that the antibody-
antigen binding can be directly observed during the screening process, reducing the selection 
of false-negative clones [24]. Thus, the colony assay presents notable advantages over the 
phage display and biopanning method.

3.1. Principle of the colony assay

In the colony assay (Figure 2), antibody libraries are expressed in E. coli for the selection of 
clones with a favorable affinity to the antigen. An scFv library is transformed into E. coli cells, 
and afterward transformed E. coli cells are plated on appropriate agar plates. After growing 
of the colonies, they are lifted onto a filter. Further, an expression-inducing reagent such as 
isopropyl-β-D-thiogalactopyranoside (IPTG) is applied, inducing the expression and secre-
tion of scFvs from the E. coli cells (Figure 2A). scFvs with the desired affinity will diffuse out 
and bind the antigen coated on the membrane beneath the colonies. However, scFvs without 
affinity will not bind the antigen (Figure 2B), and the unbound scFvs are washed away. Then, 
the bound scFvs with an affinity against the antigen are detected using an enzymatic method. 
The His-tags attached to the scFvs are detected with anti-His antibodies (Figure 2C). Positive 
clones are identified as the colonies corresponding to positive signals (Figure 2D).

3.2. Filter-sandwich assay

Dreher et al. [43, 44] improved the colony assay by developing the filter-sandwich colony-
screening assay (hereafter, the filter-sandwich assay) for selecting positive clones; E. coli colo-
nies are grown directly on a hydrophilic filter, which is then transferred to an antigen-coated 
membrane soaked with IPTG solution and placed on an agar plate containing IPTG to induce 
antibody fragment production. The antibody fragments produced by the colonies diffuse out 
and bind to the antigen on the membrane. The presence of antibody fragments bound to the 
membrane is then detected, and the spot is superimposed on the colony. This method cir-
cumvents the difficult technique of lifting the colony [14, 36]. In addition, the filter-sandwich 
assay was further optimized. The procedure can now be performed by a single step [45] under 
tightly controlled IPTG concentration for expression of the scFvs.
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3.3. Procedure for filter-sandwich assay

The procedure used in the filter-sandwich colony assay is depicted schematically in Figure 3.

In particular, the RNAs are isolated from the lymph tissue of immunized animals, and the 
corresponding cDNA is synthesized; this cDNA is used as the template for the polymerase 
chain reaction (PCR) amplification of the VL and VH domains. Further, the variable domains 
are assembled to an scFv and cloned into an expression vector to create the scFv libraries 
[46]. As expression vector, for example, pET22b (+), containing a pelB signal sequence for 
periplasm expression and a His-tag sequence for the detection of the scFv expression driven 
by the T7 promoter, is used. The antibody repertoire is transformed into E. coli, and the filter 
sandwich assay is performed as described in Figure 3.

The hydrophilic PVDF filter is placed on an agar plate. Transformed E. coli with the scFv 
libraries is spread onto the filter and incubated. After the formation of the bacterial colonies on 
the filter surface, the filter harboring the colonies is transferred to an antigen-coated nitrocel-
lulose membrane on the agar plate containing IPTG and incubated to induce scFv expression. 

Figure 2. Scheme of the colony assay principle. (A) scFvs are expressed and secreted from E. coli. (B) scFvs with the 
desired affinity bind the antigen beneath the colonies. (C) Bound scFvs with an affinity against the antigen are detected 
using an enzymatic method. (D) Positive clones are identified as the colonies corresponding to positive signals.
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Then, the filter harboring the colonies is removed, placed on a fresh plate, and stored for the 
later recovery of the bacteria. Subsequently, antigen-bound scFvs on the nitrocellulose mem-
brane are detected with chemiluminescence from a horseradish peroxidase (HRP)-conjugated 
anti-His antibody. The filter harboring the colonies and the image presenting the chemilumi-
nescence data are superimposed, and positive colonies corresponding to the chemilumines-
cence signals are identified. These positive clones are transferred to a medium and incubated. 
The plasmid encoding the scFv gene with an affinity against the antigen is purified, and the 
antibody coding sequence is determined.

3.4. Establishing monoclonal antibody fragments by colony assay

A colony assay is used for screening the antibody fragments against a variety of antigens, with 
optimizations for each specific purpose. The recombinant antibody fragments against EspA 
and the intimin of E. coli O157:H7 were established by colony filter screening [47]. Colony-lift 
assay was combined with phage display, using cell-coated filters to screen the phage librar-
ies for cell-binding clones [48]. Robert et al. developed subtractive colony filter screening to 
select scFvs that recognize atherosclerotic but not the normal aorta [49]. Giovannoni et al.  

Figure 3. Procedure for filter-sandwich colony assay.
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3.3. Procedure for filter-sandwich assay

The procedure used in the filter-sandwich colony assay is depicted schematically in Figure 3.

In particular, the RNAs are isolated from the lymph tissue of immunized animals, and the 
corresponding cDNA is synthesized; this cDNA is used as the template for the polymerase 
chain reaction (PCR) amplification of the VL and VH domains. Further, the variable domains 
are assembled to an scFv and cloned into an expression vector to create the scFv libraries 
[46]. As expression vector, for example, pET22b (+), containing a pelB signal sequence for 
periplasm expression and a His-tag sequence for the detection of the scFv expression driven 
by the T7 promoter, is used. The antibody repertoire is transformed into E. coli, and the filter 
sandwich assay is performed as described in Figure 3.

The hydrophilic PVDF filter is placed on an agar plate. Transformed E. coli with the scFv 
libraries is spread onto the filter and incubated. After the formation of the bacterial colonies on 
the filter surface, the filter harboring the colonies is transferred to an antigen-coated nitrocel-
lulose membrane on the agar plate containing IPTG and incubated to induce scFv expression. 

Figure 2. Scheme of the colony assay principle. (A) scFvs are expressed and secreted from E. coli. (B) scFvs with the 
desired affinity bind the antigen beneath the colonies. (C) Bound scFvs with an affinity against the antigen are detected 
using an enzymatic method. (D) Positive clones are identified as the colonies corresponding to positive signals.
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Then, the filter harboring the colonies is removed, placed on a fresh plate, and stored for the 
later recovery of the bacteria. Subsequently, antigen-bound scFvs on the nitrocellulose mem-
brane are detected with chemiluminescence from a horseradish peroxidase (HRP)-conjugated 
anti-His antibody. The filter harboring the colonies and the image presenting the chemilumi-
nescence data are superimposed, and positive colonies corresponding to the chemilumines-
cence signals are identified. These positive clones are transferred to a medium and incubated. 
The plasmid encoding the scFv gene with an affinity against the antigen is purified, and the 
antibody coding sequence is determined.

3.4. Establishing monoclonal antibody fragments by colony assay

A colony assay is used for screening the antibody fragments against a variety of antigens, with 
optimizations for each specific purpose. The recombinant antibody fragments against EspA 
and the intimin of E. coli O157:H7 were established by colony filter screening [47]. Colony-lift 
assay was combined with phage display, using cell-coated filters to screen the phage librar-
ies for cell-binding clones [48]. Robert et al. developed subtractive colony filter screening to 
select scFvs that recognize atherosclerotic but not the normal aorta [49]. Giovannoni et al.  

Figure 3. Procedure for filter-sandwich colony assay.
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isolated antiangiogenesis antibodies from combinatorial libraries by iterative colony filter 
screening: colonies located around the positive signals were selected, and the screening step was 
repeated; monoclonal scFvs were established after several rounds of the assay [50]. Neumann-
Schaal et al. developed a colony-screening method in which E. coli colonies producing the 
required scFv were selected in the presence of ampicillin conjugated to the antigen of interest; 
this method relies on the neutralization of the conjugate by the produced scFv. The scFvs were 
identified against biotin by the growth of the scFv library-expressing E. coli in the presence of 
a biotin-ampicillin conjugate [51]. Kumada et al. improved the sensitivity of the colony assay 
utilizing antibody-coupled liposome encapsulating HRP [52].

4. Summary

It is possible to screen 3–5 × 103 clones on a 10-cm diameter plate in a filter-sandwich assay, 
whereas in the hybridoma method, dozens of 96-well microtiter plates are required for screen-
ing these clones. Further, the filter-sandwich assay can be readily upscaled by increasing the 
number of plates. Therefore, the number of positive clones from the filter-sandwich assay can 
be higher than that from the hybridoma method. This would increase the chance of obtaining 
monoclonal antibody fragments with the desired affinity, specificity, and function.

However, the filter-sandwich assay needs to be improved further for the selection of positive 
clones, particularly with respect to the reliability of the antibody fragment expression and the 
handling of the colonies during the assay. For the colony assay, the control of the expression 
level is critical. Because the scFv expression by itself is considerably toxic to E. coli, an excess 
induction of expression, namely, exposure to an excess of the expression-inducing reagent 
(IPTG), leads to cell death and prevents the selection of antigen-specific scFvs. Conversely, 
exposure to insufficient IPTG induces inadequate antibody expression for the detection of 
signals from positive clones. In the filter-sandwich assay, expression induction is not strin-
gently controlled because the concentration of the IPTG added to the cells cannot be precisely 
controlled. IPTG reaches the colonies by diffusing through the filter from the antigen-coated 
membrane and the agar plate. Quantitative control of the expression level is required for 
superior screening. This uncertainty in the IPTG concentration in the filter-sandwich assay 
also causes a problem in the induction timing. For appropriate induction, the colony size is 
a critical factor [14, 44]; however, the colony continues to grow during the assay. Hence, the 
timing of the expression induction is crucial for proper expression. If the ITPG diffusion is 
delayed, an initially small colony would grow too large for proper induction to occur; how-
ever, if the colonies are too small, the signal from each colony is inadequate for detecting the 
antigen binding. The induction strength cannot be accurately determined, particularly dur-
ing the step, when the filter is transferred to the IPTG-containing plate to initiate the induc-
tion of expression. These induction-related uncertainties in the filter-sandwich assay lead to 
unstable expression and failure in isolating the antibody-encoding genes. Stringent control 
of the expression level is critical. Various factors related to the expression vector, such as the 
promoter, strength of the ribosomal binding site, fusion tags, and the copy number, must be 
optimized [53–57]. The incubation temperature is also an important factor in controlling the 
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expression strength [58]. For inducing expression, additional methods such as the cold-shock 
system [59] should be examined. Expression-inducing reagents that are less toxic than IPTG 
to E. coli, such as rhamnose [60], should also be tested.

In the filter-sandwich assay, before the induction of antibody expression, the filter harboring 
the colonies must be transferred without disturbance. This transfer requires delicate manipu-
lation of the filter and frequently produces unwanted stress on the filter, occasionally disturb-
ing the colonies themselves. A method that does not require the transfer of the filter should be 
developed for more efficient antibody establishment. Recently, a single-step colony assay was 
established by us using a tightly controlled IPTG concentration for scFv expression [45]. One 
advantage is also that no transfer of the filter on which the colonies are grown to the antigen-
coated membrane is necessary.

The establishment of a high-quality antibody library and efficient screening are the most impor-
tant factors for successful recombinant antibody selection and production. Improvements in the 
screening technology are critical for quickly and reliably establishment of high-performance 
antibodies. Phage display screening is a powerful tool for this purpose; however, it has certain 
disadvantages such as the frequent selection of false-positive clones, but it can easily deal with a 
vast library. On the other hand, screening with a colony assay could identify the positive clones 
reliably; however, it cannot deal with a large complex library. Thus, screening methods using a 
display panning system and a colony assay have certain advantages and disadvantages, respec-
tively. They should be utilized cooperatively, depending on the purpose of the experiments. 
Hence, condensing the library by phage display and then cloning the positive clones by colony 
assay would be advantageous. To efficiently establish high-quality antibodies, the adequate 
choice of these technologies and their combination would be crucial.
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isolated antiangiogenesis antibodies from combinatorial libraries by iterative colony filter 
screening: colonies located around the positive signals were selected, and the screening step was 
repeated; monoclonal scFvs were established after several rounds of the assay [50]. Neumann-
Schaal et al. developed a colony-screening method in which E. coli colonies producing the 
required scFv were selected in the presence of ampicillin conjugated to the antigen of interest; 
this method relies on the neutralization of the conjugate by the produced scFv. The scFvs were 
identified against biotin by the growth of the scFv library-expressing E. coli in the presence of 
a biotin-ampicillin conjugate [51]. Kumada et al. improved the sensitivity of the colony assay 
utilizing antibody-coupled liposome encapsulating HRP [52].

4. Summary

It is possible to screen 3–5 × 103 clones on a 10-cm diameter plate in a filter-sandwich assay, 
whereas in the hybridoma method, dozens of 96-well microtiter plates are required for screen-
ing these clones. Further, the filter-sandwich assay can be readily upscaled by increasing the 
number of plates. Therefore, the number of positive clones from the filter-sandwich assay can 
be higher than that from the hybridoma method. This would increase the chance of obtaining 
monoclonal antibody fragments with the desired affinity, specificity, and function.

However, the filter-sandwich assay needs to be improved further for the selection of positive 
clones, particularly with respect to the reliability of the antibody fragment expression and the 
handling of the colonies during the assay. For the colony assay, the control of the expression 
level is critical. Because the scFv expression by itself is considerably toxic to E. coli, an excess 
induction of expression, namely, exposure to an excess of the expression-inducing reagent 
(IPTG), leads to cell death and prevents the selection of antigen-specific scFvs. Conversely, 
exposure to insufficient IPTG induces inadequate antibody expression for the detection of 
signals from positive clones. In the filter-sandwich assay, expression induction is not strin-
gently controlled because the concentration of the IPTG added to the cells cannot be precisely 
controlled. IPTG reaches the colonies by diffusing through the filter from the antigen-coated 
membrane and the agar plate. Quantitative control of the expression level is required for 
superior screening. This uncertainty in the IPTG concentration in the filter-sandwich assay 
also causes a problem in the induction timing. For appropriate induction, the colony size is 
a critical factor [14, 44]; however, the colony continues to grow during the assay. Hence, the 
timing of the expression induction is crucial for proper expression. If the ITPG diffusion is 
delayed, an initially small colony would grow too large for proper induction to occur; how-
ever, if the colonies are too small, the signal from each colony is inadequate for detecting the 
antigen binding. The induction strength cannot be accurately determined, particularly dur-
ing the step, when the filter is transferred to the IPTG-containing plate to initiate the induc-
tion of expression. These induction-related uncertainties in the filter-sandwich assay lead to 
unstable expression and failure in isolating the antibody-encoding genes. Stringent control 
of the expression level is critical. Various factors related to the expression vector, such as the 
promoter, strength of the ribosomal binding site, fusion tags, and the copy number, must be 
optimized [53–57]. The incubation temperature is also an important factor in controlling the 
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expression strength [58]. For inducing expression, additional methods such as the cold-shock 
system [59] should be examined. Expression-inducing reagents that are less toxic than IPTG 
to E. coli, such as rhamnose [60], should also be tested.

In the filter-sandwich assay, before the induction of antibody expression, the filter harboring 
the colonies must be transferred without disturbance. This transfer requires delicate manipu-
lation of the filter and frequently produces unwanted stress on the filter, occasionally disturb-
ing the colonies themselves. A method that does not require the transfer of the filter should be 
developed for more efficient antibody establishment. Recently, a single-step colony assay was 
established by us using a tightly controlled IPTG concentration for scFv expression [45]. One 
advantage is also that no transfer of the filter on which the colonies are grown to the antigen-
coated membrane is necessary.

The establishment of a high-quality antibody library and efficient screening are the most impor-
tant factors for successful recombinant antibody selection and production. Improvements in the 
screening technology are critical for quickly and reliably establishment of high-performance 
antibodies. Phage display screening is a powerful tool for this purpose; however, it has certain 
disadvantages such as the frequent selection of false-positive clones, but it can easily deal with a 
vast library. On the other hand, screening with a colony assay could identify the positive clones 
reliably; however, it cannot deal with a large complex library. Thus, screening methods using a 
display panning system and a colony assay have certain advantages and disadvantages, respec-
tively. They should be utilized cooperatively, depending on the purpose of the experiments. 
Hence, condensing the library by phage display and then cloning the positive clones by colony 
assay would be advantageous. To efficiently establish high-quality antibodies, the adequate 
choice of these technologies and their combination would be crucial.
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Abstract

Pseudomonas aeruginosa, a Gram-negative pathogen, causes life-threatening infections. 
Lung injury and the development of sepsis depend largely on expression of the virulence 
genes associated with the type III secretion system of this bacterium. The type III secre-
tion system functions as a molecular syringe to deliver type III secretory toxins directly 
into the cytosol of eukaryotic cells and also acts to inhibit innate immune mechanisms, 
thereby preventing bacterial clearance. Antibodies against PcrV, the cap structure in the 
translocational needle of type III secretory apparatus of P. aeruginosa, block toxin trans-
location of the type III secretion system. We have been investigating the therapeutic use 
of a recombinant anti-PcrV single-chain antibody. In this chapter, as a preliminary step 
toward an antibody-based immunotherapy against bacterial infections, we summarize 
our experience of constructing a recombinant single-chain antibody (called scFv166), in 
which the heavy (VH) and light chain (VL) variable regions of the anti-PcrV monoclonal 
IgG are joined by a flexible peptide linker. The practical methodologies used to make 
recombinant scFv166 against a bacterial protein component are described in detail.

Keywords: single-chain antibody, PcrV, Pseudomonas aeruginosa, type III secretion system

1. Introduction

Bacterial infections still frequently cause life-threatening diseases in humans. New patho-
gens have emerged, old pathogens have reemerged, and the prevalence of multidrug resis-
tant microorganisms has increased despite the introduction of various new antibiotics since 
antibacterial agents were first developed in the early twentieth century. The difficulties 
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associated with treating infections in immunocompromised patients have increased the 
need for new adjunctive immunotherapies. During the last 20 years, major advances in the 
techniques used to generate human antibodies and humanize murine monoclonal antibod-
ies have seen antibody-based therapies to arrive as potential candidates for adjuvant thera-
pies for infectious diseases. However, today, antibody therapy for bacterial infections is 
still indicated in relatively few situations, although more attention should be focused on it 
because of the increased levels of bacterial drug resistance and higher numbers of immuno-
compromised patients.

We have been investigating the therapeutic use of recombinant antibodies against the Gram-
negative pathogen, P. aeruginosa. P. aeruginosa is an opportunistic pathogen responsible for a 
variety of acute infections in immunocompromised patients, and chronic infections in those 
with cystic fibrosis [1, 2]. P. aeruginosa is also highly resistant to various antibiotics and causes 
nosocomial pneumonia with an associated high mortality rate despite aggressive treatment 
with antimicrobial drugs [3, 4]. We have been studying the pathogenesis of acute infections 
caused by P. aeruginosa to identify a therapeutic target in this pathogen, and have reported 
that its ability to cause epithelial injury, to disseminate into the circulation, and to avoid host 
innate immune responses is highly associated with its type III secretion system (TTSS) [5–9]. 
The TTSS of Gram-negative bacteria mediates the translocation of toxins from the bacterial 
cytoplasm directly into the cytosol of host eukaryotic cells [10, 11]. Once inside the eukary-
otic cell, these translocated bacterial toxins interfere with signal transduction. TTSSs with 
homology to P. aeruginosa have been described in most Gram-negative bacterial pathogens 
(e.g., Yersinia, Shigella, Salmonella, and Escherichia coli), and all of them are associated with 
pathogenicity [12].

Here, as a preliminary step toward antibody-based immunotherapy against bacterial infec-
tions, we summarize our trial to block the TTSS-associated virulence of P. aeruginosa using 
recombinant antibody technologies. Especially, cloning of the variable domains of the light 
and heavy chain from a hybridoma cell and assembling the cloned VH and VL domains 
to recombinant single-chain antibody (scFv) to confirm the binding to the target antigen 
are required steps to humanize murine antibody. In addition to a brief explanation of the 
P. aeruginosa TTSS and the concept of a virulence blockade, the advantage of a recombi-
nant single-chain antibody (scFv), the detailed methods to clone the variable domains from 
hybridoma cells and construction of scFv166, in which the heavy (VH) and light chain (VL) 
variable regions of the anti-PcrV monoclonal IgG molecule are joined by a flexible peptide 
linker, will be described.

2. Antibody-based blockade of P. aeruginosa type III secretion

P. aeruginosa translocates its virulent TTS toxins (ExoS, ExoT, ExoU, and ExoY) directly into 
eukaryotic cells to disrupt their normal cellular processes [12, 13]. The translocation of ExoS 
and ExoT proteins, which both have ADP-ribosyltransferase and GTPase activities,  inhibits 
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the phagocytic activities of macrophages [14, 15]. The translocation of ExoU, which has 
patatin-like phospholipase A2 activity, is correlated with acute cytotoxicity in vitro and lung 
damage, sepsis, and mortality in animal models [7, 16–20]. The translocation of ExoY, which 
possesses adenylate cyclase activity, causes an increase of cytosolic cyclic AMP in eukaryotic 
cells and affects cell morphology [21]. In our past clinical study, we discovered an association 
between patients infected with TTSS-expressing P. aeruginosa strains and mortality [22], and 
other reports from various countries have supported the association of TTSS with severe clini-
cal outcomes in patients infected with this bacterium [19].

In the TTSS, the translocated toxins are not exposed extracellularly and evade direct recog-
nition by the host immune system. Therefore, targeting the protein factors involved in the 
“secretion” or the “translocation” process of the TTSS seems a rational approach for blocking 
TTS virulence. To target the TTSS of P. aeruginosa, we have been developing neutralizing anti-
bodies capable of blocking the translocation process of the TTSS [23]. An obvious candidate 
for a protective antigen was PcrV as it shares relatively high homology with the protective 
antigen from Yersinia sp., LcrV [6, 24-33]. Using genetic analyses, we demonstrated that PopD 
and PcrV were required for the delivery of P. aeruginosa-encoded TTS toxins [23]. In addi-
tion, recombinant TTS proteins, such as ExoU, PcrV, and PopD, were produced, purified, and 
tested for their protective capacities in a model of acute lung infection in mice. Only PcrV 
was protective in these experiments. Antibodies to PcrV protected against type III intoxica-
tion as shown by the inhibition of translocation of ExoY and by the inhibition of macrophage 
cytotoxicity mediated by ExoU. Passive protection with anti-PcrV reduced the inflammatory 
response, minimized bacteremia, and prevented septic shock [23]. Moreover, the protective 
capacity of the antibody was Fc-independent because F(ab’)2 fragments of polyclonal anti-
PcrV were also effective [34–36].

In our previous study, the Mab166 murine monoclonal antibody, which has neutralizing 
effects on virulence of the P. aeruginosa TTSS, was developed [35]. Also, the Fab fragments 
of the Mab166 had comparable therapeutic effects to the whole IgG of Mab166 in preventing 
P. aeruginosa-induced acute lung injury, and the Fc-dependent opsonization of the bacteria 
does not seem critical for the efficacy of the Mab166 [36]. These results implicate that the 
blockade of type III secretion-associated virulence can be attained by the effective Fab frag-
ment of IgG molecules. Because the Fc-portion of IgG may induce unfavorable inflamma-
tory responses such as complement fixation, activation of macrophages, the administration of 
the whole IgG may cause some inflammatory side effects. If the Fab fragment had the same 
therapeutic potency as the whole IgG, the therapeutic administration of either Fab fragments 
or scFv might overcome the disadvantages of the intratracheal administration of whole IgG. 
Therefore, the E. coli-derived recombinant scFv against PcrV is attractive to be an effective 
therapeutic agent against P. aeruginosa pneumonia.

In the next chapter, we describe the methods used to clone the variable antibody domains VH 
and VL from hybridoma cells and assembly of a single-chain antibody as an E. coli-derived 
recombinant protein. Previously, the engineered recombinant Fab fragment against PcrV was 
humanized to allow it to be considered for adjunctive therapy in patients [37–39].
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associated with treating infections in immunocompromised patients have increased the 
need for new adjunctive immunotherapies. During the last 20 years, major advances in the 
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(e.g., Yersinia, Shigella, Salmonella, and Escherichia coli), and all of them are associated with 
pathogenicity [12].

Here, as a preliminary step toward antibody-based immunotherapy against bacterial infec-
tions, we summarize our trial to block the TTSS-associated virulence of P. aeruginosa using 
recombinant antibody technologies. Especially, cloning of the variable domains of the light 
and heavy chain from a hybridoma cell and assembling the cloned VH and VL domains 
to recombinant single-chain antibody (scFv) to confirm the binding to the target antigen 
are required steps to humanize murine antibody. In addition to a brief explanation of the 
P. aeruginosa TTSS and the concept of a virulence blockade, the advantage of a recombi-
nant single-chain antibody (scFv), the detailed methods to clone the variable domains from 
hybridoma cells and construction of scFv166, in which the heavy (VH) and light chain (VL) 
variable regions of the anti-PcrV monoclonal IgG molecule are joined by a flexible peptide 
linker, will be described.

2. Antibody-based blockade of P. aeruginosa type III secretion

P. aeruginosa translocates its virulent TTS toxins (ExoS, ExoT, ExoU, and ExoY) directly into 
eukaryotic cells to disrupt their normal cellular processes [12, 13]. The translocation of ExoS 
and ExoT proteins, which both have ADP-ribosyltransferase and GTPase activities,  inhibits 
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the phagocytic activities of macrophages [14, 15]. The translocation of ExoU, which has 
patatin-like phospholipase A2 activity, is correlated with acute cytotoxicity in vitro and lung 
damage, sepsis, and mortality in animal models [7, 16–20]. The translocation of ExoY, which 
possesses adenylate cyclase activity, causes an increase of cytosolic cyclic AMP in eukaryotic 
cells and affects cell morphology [21]. In our past clinical study, we discovered an association 
between patients infected with TTSS-expressing P. aeruginosa strains and mortality [22], and 
other reports from various countries have supported the association of TTSS with severe clini-
cal outcomes in patients infected with this bacterium [19].

In the TTSS, the translocated toxins are not exposed extracellularly and evade direct recog-
nition by the host immune system. Therefore, targeting the protein factors involved in the 
“secretion” or the “translocation” process of the TTSS seems a rational approach for blocking 
TTS virulence. To target the TTSS of P. aeruginosa, we have been developing neutralizing anti-
bodies capable of blocking the translocation process of the TTSS [23]. An obvious candidate 
for a protective antigen was PcrV as it shares relatively high homology with the protective 
antigen from Yersinia sp., LcrV [6, 24-33]. Using genetic analyses, we demonstrated that PopD 
and PcrV were required for the delivery of P. aeruginosa-encoded TTS toxins [23]. In addi-
tion, recombinant TTS proteins, such as ExoU, PcrV, and PopD, were produced, purified, and 
tested for their protective capacities in a model of acute lung infection in mice. Only PcrV 
was protective in these experiments. Antibodies to PcrV protected against type III intoxica-
tion as shown by the inhibition of translocation of ExoY and by the inhibition of macrophage 
cytotoxicity mediated by ExoU. Passive protection with anti-PcrV reduced the inflammatory 
response, minimized bacteremia, and prevented septic shock [23]. Moreover, the protective 
capacity of the antibody was Fc-independent because F(ab’)2 fragments of polyclonal anti-
PcrV were also effective [34–36].

In our previous study, the Mab166 murine monoclonal antibody, which has neutralizing 
effects on virulence of the P. aeruginosa TTSS, was developed [35]. Also, the Fab fragments 
of the Mab166 had comparable therapeutic effects to the whole IgG of Mab166 in preventing 
P. aeruginosa-induced acute lung injury, and the Fc-dependent opsonization of the bacteria 
does not seem critical for the efficacy of the Mab166 [36]. These results implicate that the 
blockade of type III secretion-associated virulence can be attained by the effective Fab frag-
ment of IgG molecules. Because the Fc-portion of IgG may induce unfavorable inflamma-
tory responses such as complement fixation, activation of macrophages, the administration of 
the whole IgG may cause some inflammatory side effects. If the Fab fragment had the same 
therapeutic potency as the whole IgG, the therapeutic administration of either Fab fragments 
or scFv might overcome the disadvantages of the intratracheal administration of whole IgG. 
Therefore, the E. coli-derived recombinant scFv against PcrV is attractive to be an effective 
therapeutic agent against P. aeruginosa pneumonia.

In the next chapter, we describe the methods used to clone the variable antibody domains VH 
and VL from hybridoma cells and assembly of a single-chain antibody as an E. coli-derived 
recombinant protein. Previously, the engineered recombinant Fab fragment against PcrV was 
humanized to allow it to be considered for adjunctive therapy in patients [37–39].
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3. Methods for construction of a single-chain antibody

3.1. Cloning the variable VH and VL domains from hybridoma cells

3.1.1. Poly A+ RNA extraction

The anti-PcrV IgG Mab166 hybridoma cell line [35] was cultured in a standard culture 
medium. After the cells had reached confluence in a 75 cm2 flask, they were harvested by cen-
trifugation at 600 rpm for 5 min. The cell pellet was homogenized in 2 mL of TRIzol™ reagent 
(Thermo Fisher Scientific, Waltham, MA, USA), and total RNA extracted after chloroform 
fractionation, isopropanol precipitation, and washing with 70% ethanol. Poly A+ RNA was 
extracted with an oligotex mRNA spin-column (Qiagen, Valencia, CA).

3.1.2. RNA oligo-capping

To clone the variable VH and VL domains from the total RNA, the oligo-capping method 
reported by Maruyama and Sugano [40] using a GeneRacer™ kit (Thermo Fisher Scientific) 
was used. mRNA (250 ng) was incubated with calf intestinal phosphatase at 50 °C for 1 h to 
dephosphorylate non-mRNA or truncated mRNA species. After the reaction, phenol-chlo-
roform extraction and ethanol precipitation were performed, and the dephosphorylated 
RNA was incubated with tobacco acid pyrophosphatase at 37°C for 1 h to remove the 5’-cap 
structure from the full-length mRNA. After phenol-chloroform extraction and ethanol pre-
cipitation, the synthetic RNA oligo (GeneRacer™ RNA Oligo, Thermo Fisher Scientific) was 
ligated to the decapped RNA with T4 RNA ligase at 37°C for 1 h. After phenol-chloroform 
extraction and ethanol precipitation, the RNA was suspended in diethylpyrocarbonate-
treated water.

3.1.3. Reverse transcription of mRNA

The RNA-oligo ligated, full-length mRNA was reverse transcribed using a 54 base-pair 
primer containing an 18 nucleotide dT tail (GeneRacer™ Oligo-dT, Thermo Fisher Scientific) 
and avian myeloblastosis virus reverse transcriptase at 42°C for 1 h. After the reaction, the 
sample was diluted four times with sterile water.

3.1.4. Construction of a single-chain antibody gene

The cDNAs encoding V regions of the heavy and light (kappa) chains were PCR-amplified 
using a set of primers (VH forward: 5'-TGA GGA GAC GGT GAC TGA GGT TCC-3', VH 
reverse : 5'-CAG GTG CAG CTG AAG CAG TCA GG-3', Vk2 forward: 5'-CCG TTT TAT TTC 
CAG CTT GGT CCC-3', Vk reverse : 5'-GAC ATC CAG ATG ACT CAG TCT CCA-3'). PCRs 
were run over 30 cycles (94°C for 30 sec, 60°C for 40 sec, and 72°C for 40 sec). VH and VL frag-
ment-amplified PCR products were purified separately by agarose gel electrophoresis. The 
PCR products derived from the murine immunoglobulin VH and VL domain of Mab166 were 
subcloned into a pCR2.1 vector (TOPO cloningTM, Thermo Fisher Scientific) and submitted to 
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a DNA sequencing service for DNA sequence acquisition and analysis. Sequencing of the 
immunoglobulin variable genes for Mab166 was analyzed by The International imMunoGe-
neTics Database IMGT (http://www.imgt.org).

The purified VH and VL cDNAs were each assembled into a single gene using a DNA linker frag-
ment-encoding a glycine-serine (Gly4Ser)3 linker peptide, thereby connecting the two cDNAs in 
the correct reading frame. Assembly PCR was run with a set of primers to multiply VH-linker-VL. 
The assembled fragment was amplified using two oligonucleotide primers with either an NcoI 
or XbaI restriction enzyme site at the 5’ end to facilitate cloning of the PCR product into a pBAD/
gene III plasmid (Thermo Fisher Scientific) (Figure 1). The ligation mixture was used to transform 
E. coli TOP10 cells (Thermo Fisher Scientific), and subsequently to transform E. coli LMG194.

3.2. Expression and purification of recombinant single-chain antibody fragments

3.2.1. Expression and purification of scFv166

scFv166 protein expression was induced in the E. coli plasmid-harboring transformants by 
adding L-arabinose to a final concentration of 0.004%. After 24 h culture at 26°C with agitation 
at 200 rpm, the cells were collected by centrifugation at 5000× g for 20 min and then incubated 
in phosphate-buffered saline (PBS) with 1 mM ethylenediaminetetraacetic acid for 10 min 
on ice to obtain the periplasmic fraction. The osmotically shocked lysate was centrifuged at 
15,000× g for 20 min, passed through a 0.4-μm-pore-size filter and dialyzed overnight against 

Figure 1. Expression vector pBAD/gIII::m166-HLL. The assembled scFv166 gene was subcloned into the pBAD/Gene III 
E. coli expression vector, downstream of, and in frame with, the gene III secretory leader sequence using NcoI and XbaI 
restriction sites.
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were run over 30 cycles (94°C for 30 sec, 60°C for 40 sec, and 72°C for 40 sec). VH and VL frag-
ment-amplified PCR products were purified separately by agarose gel electrophoresis. The 
PCR products derived from the murine immunoglobulin VH and VL domain of Mab166 were 
subcloned into a pCR2.1 vector (TOPO cloningTM, Thermo Fisher Scientific) and submitted to 
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a DNA sequencing service for DNA sequence acquisition and analysis. Sequencing of the 
immunoglobulin variable genes for Mab166 was analyzed by The International imMunoGe-
neTics Database IMGT (http://www.imgt.org).

The purified VH and VL cDNAs were each assembled into a single gene using a DNA linker frag-
ment-encoding a glycine-serine (Gly4Ser)3 linker peptide, thereby connecting the two cDNAs in 
the correct reading frame. Assembly PCR was run with a set of primers to multiply VH-linker-VL. 
The assembled fragment was amplified using two oligonucleotide primers with either an NcoI 
or XbaI restriction enzyme site at the 5’ end to facilitate cloning of the PCR product into a pBAD/
gene III plasmid (Thermo Fisher Scientific) (Figure 1). The ligation mixture was used to transform 
E. coli TOP10 cells (Thermo Fisher Scientific), and subsequently to transform E. coli LMG194.

3.2. Expression and purification of recombinant single-chain antibody fragments

3.2.1. Expression and purification of scFv166

scFv166 protein expression was induced in the E. coli plasmid-harboring transformants by 
adding L-arabinose to a final concentration of 0.004%. After 24 h culture at 26°C with agitation 
at 200 rpm, the cells were collected by centrifugation at 5000× g for 20 min and then incubated 
in phosphate-buffered saline (PBS) with 1 mM ethylenediaminetetraacetic acid for 10 min 
on ice to obtain the periplasmic fraction. The osmotically shocked lysate was centrifuged at 
15,000× g for 20 min, passed through a 0.4-μm-pore-size filter and dialyzed overnight against 

Figure 1. Expression vector pBAD/gIII::m166-HLL. The assembled scFv166 gene was subcloned into the pBAD/Gene III 
E. coli expression vector, downstream of, and in frame with, the gene III secretory leader sequence using NcoI and XbaI 
restriction sites.
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lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, 0.05% Tween 20, pH 8.0). The 
lysate was mixed with nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) for 30 min at 4°C with 
gentle shaking. After the Ni-NTA agarose was collected by centrifugation (4000× g), it was 
resuspended in lysis buffer and packed onto the chromatography column.

The column was washed twice with washing buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM 
imidazole, 0.05% Tween 20, pH 8.0), and the bound scFv166 antibodies were eluted with elu-
tion buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, 0.05% Tween 20, pH 8.0). 
The eluate was dialyzed against PBS overnight and applied to an endotoxin removal column 
(Detoxi-Gel, Thermo Fisher Scientific) to get rid of the contaminating endotoxin. The purified 
antibodies were stored at −80°C until use.

In this study, we assembled the variable regions of the heavy and light chains of the anti-PcrV 
monoclonal IgG together with a glycine-serine linker in a single-chain antibody format. First, 
we assembled scFv166 in two different formats: one with VH-linker-Vk positioned between 
the two variable segments (Figure 2), the other with Vk-linker-VH positioned between two 
variable segments. The assembled scFv166 gene was subcloned into the E. coli pBAD/gene III 
expression vector, downstream of, and in frame with, the gene III secretory leader sequence. 
Expression of recombinant scFv166 was induced in E. coli by arabinose, after which it was 
purified via its C-terminal hexahistidine tag using Ni-NTA resin and conventional affinity 
column techniques. However, scFv-VL-linker-VH was highly insoluble, despite the expressed 
protein being detected in the whole lysates from E. coli cells after arabinose induction. Because 
scFv166 with its associated VH-linker-VL fragment was easier to purify as a soluble protein, 
we decided to focus on purifying it in that format. The purified scFv166 recognized the PcrV 
antigen in ELISAs and western immunoblots, as described in the next section.

3.3. Protein gels and immunoblot analyses

The purity of scFv166 was evaluated using sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and Coomassie Blue staining (Figure 3). Briefly, samples of E. coli 
lysate were loaded onto a 4–15% Tris-HCl gel (BioRad Laboratories Inc., Hercules, CA, USA) 
and, after electrophoresis, the gel was stained with Coomassie Blue. For the immunoblot anal-
ysis, after SDS-PAGE, the protein was transferred to a nitrocellulose membrane and immu-
nostained with a horseradish peroxidase-conjugated anti-c-myc IgG antibody, after which 
the blot was developed with a chemiluminescent substrate (ECL, GE Healthcare Bioscience, 
Piscataway, NJ). Immunoblots of scFv166 and precipitated P. aeruginosa proteins were also 
performed (Figure 4). P. aeruginosa PA103 was cultured in tryptic soy broth deferrated with 
nitrilotriacetic acid for 24 h at 31°C and, after centrifugation at 5000× g for 20 min, the super-
natant was harvested. Saturated ammonium sulfate solution was added (final concentration, 
55%), and the solution was incubated on ice for 1 h, and then centrifuged (20,000 × g, 30 min). 
The precipitated proteins were resuspended in 100 μL of PBS. After adding 100 μL of SDS-
PAGE sample buffer and boiling for 5 min, the sample was analyzed by SDS-PAGE. After 
electrophoresis, the proteins were blotted onto a nitrocellulose membrane, and then immu-
nostained with scFv166 and a horseradish peroxidase-conjugated anti-c-myc IgG secondary 
antibody, and the blot was developed with ECL.
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3.4. Affinity determination of scFv166

The affinity of scFv166 for its cognate antigen was determined by competition ELISA, and the 
result was compared with that of the hybridoma-derived parental Mab166, as described 
previously [41], Figure 5. Briefly, in the first step, the total antibody concentration range in 
which the absorbance correlates proportionately with the free antibody concentration was 

Figure 2. scFv166 nucleotide sequence. After the gene III signal sequence (18 aa) and the short joint region (6 aa), the VH 
region (123 aa) is followed by the glycine-serine linker (15 aa), the VL region (108 aa), a cMyc-tag, and a hexahistidine-tag.
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and, after electrophoresis, the gel was stained with Coomassie Blue. For the immunoblot anal-
ysis, after SDS-PAGE, the protein was transferred to a nitrocellulose membrane and immu-
nostained with a horseradish peroxidase-conjugated anti-c-myc IgG antibody, after which 
the blot was developed with a chemiluminescent substrate (ECL, GE Healthcare Bioscience, 
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55%), and the solution was incubated on ice for 1 h, and then centrifuged (20,000 × g, 30 min). 
The precipitated proteins were resuspended in 100 μL of PBS. After adding 100 μL of SDS-
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measured by indirect ELISA with the PcrV antigen coated at 1 μg/mL. In the second step, 
Kd, the dissociation constant, was measured using binding equilibrium studies (competition 
ELISA) to determine the concentration that gives 50% inhibition of maximum binding.

44.5-
32.4-

18.4-

44.5-
32.4-

18.4-

Immunoblot 
with anti-Myc IgG

SDS-PAGE 

1-
n

oitcarf el
b

ul
o

S

1-et
ul

E

1-
n

oitcarf el
b

ul
o

S
n

oit
ule retfa 

2-
n

oitcarf el
b

ul
o

S

2-et
ul

E

2-
n

oitcarf el
b

ul
o

S
n

oit
ule retfa 

scFvm166-HLL 29.8kD

(kD)

)
%1.0(  

dec
u

d
ni l

ort
n

oc

)
%1.0(  il

oc.
E 

dec
u

d
nI

(kD)

Figure 3. Expression and purification of scFv166. E. coli lysates were loaded onto a 4–15% gradient Tris-HCl gel and, 
after electrophoresis, the gel was stained with Coomassie Blue. For the immunoblot analysis, after polyacrylamide 
gel electrophoresis, the protein was blotted onto a nitrocellulose membrane and immunostained with a horseradish 
peroxidase-conjugated anti-c-Myc IgG antibody, and the blot was developed with a chemiluminescent substrate. The 
secreted scFv166 (298 amino acids) was detected as a 29.7 kD-band in the elute-1 and elute-2, designated by arrows. 
Soluble fraction: the osmotically shocked lysate; elute: the eluted solution from an Ni-NTA agarose column; soluble 
fraction after elution: the solution passed through an Ni-NTA agarose column (two sets of the lysate and the column 
elute were analyzed and labeled “−1” and “−2”, respectively).
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Figure 4. Immunoblot of P. aeruginosa proteins reacted with scFv166. Precipitated P. aeruginosa PA103 proteins were 
resuspended in 100 μL of PBS. After adding 100 μL of SDS-PAGE sample buffer and boiling for 5 min, the proteins in the 
sample were separated by SDS-PAGE with E. coli-derived recombinant PcrV (rPcrV) as a reference. After electrophoresis, 
the proteins were transferred to a nitrocellulose membrane, and immunostained with scFv166 and a horseradish 
peroxidase-conjugated secondary anti-c-Myc IgG antibody and the blot was developed with a chemiluminescent substrate. 
The bindings of scFv166 to both native PA103 PcrV (294 amino aicds, 32.4 kD) and recombinant PcrV (rPcrV, 306 amino 
acids, 33.8 kD) were detected as shown in arrows.

Antibody Engineering126

4. Results

4.1. Aminoacid sequence of VH, VL of scFv166

The sequence of the Mab166 heavy chain region is shown in Figure 2. The DNA sequence 
of the 5’-untranslational region and a V-region segment in the heavy chain-containing com-
plementarity determining regions (CDRs) 1 and 2 is identical (except two amino acids in 
the frame 3 region) to germline Musmus IGHV2S2 (IGHV subgroup 2, VH#101, Accession 
#J00502). The V-region sequence also shows the same level of homology as that reported 
for pseudogene, IGHV2S5 (Accession #M21165). Transcription starts 24 nucleotides down-
stream of the TATA box of germline IGHV2S2. Nucleotides differ from the germline 
sequence at 10 positions, and these cause the following amino acid changes: position #61 
in CDR2 S->D, #87 in FR3 V->L, #95 Q->R, and #96 S->A, #97 N->T. The first 15 nucleotides 
in the D-region encode the first 5 unique amino acids in CDR3, and the region consists 
of 16 amino acids in total. The J-region DNA sequence is identical to the IGHJ4 germ-
line sequence (Accession #V00770). The unique CDR3 sequence includes the Arg-Gly-Asp 
(RGD) sequence, which functions as a recognition sequence for adhesion receptors in many 
adhesive proteins including fibrinogen, fibronectin, von Willebrand factor, and vitronectin.

The nucleotide sequence of the variable region of the kappa light chain, along with its predicted 
amino acid sequence, is shown in Figure 2. The CDRs are underlined, and the amino acids are 
numbered according to a convention. This kappa variable chain is a class II mouse kappa vari-
able region. Although its sequence is not identical to any germline variable regions present 
in the data bank (The International ImMunoGeneTics Database IMGT), the DNA sequence 
of the 5’-untranslational region, and V-region of the kappa light chain shows the highest 
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measured by indirect ELISA with the PcrV antigen coated at 1 μg/mL. In the second step, 
Kd, the dissociation constant, was measured using binding equilibrium studies (competition 
ELISA) to determine the concentration that gives 50% inhibition of maximum binding.
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Figure 3. Expression and purification of scFv166. E. coli lysates were loaded onto a 4–15% gradient Tris-HCl gel and, 
after electrophoresis, the gel was stained with Coomassie Blue. For the immunoblot analysis, after polyacrylamide 
gel electrophoresis, the protein was blotted onto a nitrocellulose membrane and immunostained with a horseradish 
peroxidase-conjugated anti-c-Myc IgG antibody, and the blot was developed with a chemiluminescent substrate. The 
secreted scFv166 (298 amino acids) was detected as a 29.7 kD-band in the elute-1 and elute-2, designated by arrows. 
Soluble fraction: the osmotically shocked lysate; elute: the eluted solution from an Ni-NTA agarose column; soluble 
fraction after elution: the solution passed through an Ni-NTA agarose column (two sets of the lysate and the column 
elute were analyzed and labeled “−1” and “−2”, respectively).
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Figure 4. Immunoblot of P. aeruginosa proteins reacted with scFv166. Precipitated P. aeruginosa PA103 proteins were 
resuspended in 100 μL of PBS. After adding 100 μL of SDS-PAGE sample buffer and boiling for 5 min, the proteins in the 
sample were separated by SDS-PAGE with E. coli-derived recombinant PcrV (rPcrV) as a reference. After electrophoresis, 
the proteins were transferred to a nitrocellulose membrane, and immunostained with scFv166 and a horseradish 
peroxidase-conjugated secondary anti-c-Myc IgG antibody and the blot was developed with a chemiluminescent substrate. 
The bindings of scFv166 to both native PA103 PcrV (294 amino aicds, 32.4 kD) and recombinant PcrV (rPcrV, 306 amino 
acids, 33.8 kD) were detected as shown in arrows.

Antibody Engineering126

4. Results

4.1. Aminoacid sequence of VH, VL of scFv166

The sequence of the Mab166 heavy chain region is shown in Figure 2. The DNA sequence 
of the 5’-untranslational region and a V-region segment in the heavy chain-containing com-
plementarity determining regions (CDRs) 1 and 2 is identical (except two amino acids in 
the frame 3 region) to germline Musmus IGHV2S2 (IGHV subgroup 2, VH#101, Accession 
#J00502). The V-region sequence also shows the same level of homology as that reported 
for pseudogene, IGHV2S5 (Accession #M21165). Transcription starts 24 nucleotides down-
stream of the TATA box of germline IGHV2S2. Nucleotides differ from the germline 
sequence at 10 positions, and these cause the following amino acid changes: position #61 
in CDR2 S->D, #87 in FR3 V->L, #95 Q->R, and #96 S->A, #97 N->T. The first 15 nucleotides 
in the D-region encode the first 5 unique amino acids in CDR3, and the region consists 
of 16 amino acids in total. The J-region DNA sequence is identical to the IGHJ4 germ-
line sequence (Accession #V00770). The unique CDR3 sequence includes the Arg-Gly-Asp 
(RGD) sequence, which functions as a recognition sequence for adhesion receptors in many 
adhesive proteins including fibrinogen, fibronectin, von Willebrand factor, and vitronectin.

The nucleotide sequence of the variable region of the kappa light chain, along with its predicted 
amino acid sequence, is shown in Figure 2. The CDRs are underlined, and the amino acids are 
numbered according to a convention. This kappa variable chain is a class II mouse kappa vari-
able region. Although its sequence is not identical to any germline variable regions present 
in the data bank (The International ImMunoGeneTics Database IMGT), the DNA sequence 
of the 5’-untranslational region, and V-region of the kappa light chain shows the highest 
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Figure 5. Binding affinities of Mab166 and scFv166 in competition ELISA. Binding affinities (Kd) of Mab166 and scFv166 
to immobilized PcrV were evaluated in a competition ELISA.
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homology to germline Musumus IGKV12-41*01F (IGKV subgroup 12, Accession #AJ235953). 
Transcription starts from nine nucleotides downstream of the TATA box. Nucleotides differ 
from the germline sequence at four positions (+#192, C->A), (+#218, A->C), (+#250, A->T, +#251, 
A->C), and they cause amino acid changes at the following positions: #30 in CDR1 H->Q, #45 
in FR2 K->T, and #56 in CDR2 N->S. The DNA sequence in the J-region is identical to germline 
IGKJ2 (Accession #V00777).

4.2. Evaluation of the expressed scFv166

Immunoblot to the anti-cMyc tag visualized the secreted scFv166 (298 amino acids) as a pre-
dicted 29.8 kD-band in the eluted solution from Ni-NTA agarose as shown in Figure 3. The 
bindings of scFv166 to both native PA103 PcrV (294 amino acids, 32.4 kD) and recombinant 
PcrV(rPcrV, 306 amino acids, 33.8 kD) were confirmed as shown in Figure 4. The binding 
affinity of Mab166 was 1 × 10−8 M, while that of scFv166 was 5 × 10−6 M (Figure 5).

4.3. Humanization and affinity maturation

The next step, for human use, after testing the binding affinity of scFv166 to a target mol-
ecule, together with the affinity maturation steps, is the elimination of the human-specific 
antigenic mouse amino acid sequence. In fact, Mab166 has already been humanized by 
antibody affinity engineering by serial epitope-guided complementarity replacement 
(SECR) which is a licensed humanization/affinity maturation technique of KaloBios 
Pharmaceutical Inc (Brisbane, California, USA) [33, 37] (Figure 6). In brief, SECR provides 
for a method for obtaining human idiologs for any nonhuman antibody to any target by 
epitope-guided replacement of variable regions using competitive cell-based methods in 
which the competitor can be either the reference antibody or a ligand that binds to the 
same epitope on the target as the reference antibody [37]. Fab 1A8 of humanized Mab166 
by SECR bound to PcrV with approximately a twofold-higher affinity than the original 
murine Mab166 Fab [37]. Therefore, a further modification of scFv166 can be done by 
referring to the existing information available for the modified amino acid sequences in 
Fab 1A8 [33].

light chain κ
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Figure 6. Amino acid sequence differences between murine Mab166 and humanized Fab 1A8. CDR3 in the heavy chain, 
CDR3 and FR4 in the light chain (k) of humanized Fab 1A8 have sequence modifications following humanization and 
affinity maturation compared to corresponding sequences of Mab166.
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5. Conclusion

We have shown in an in vivo study that instillation of a single dose of Fab into the lungs of 
mice protected them against a lethal pulmonary challenge with P. aeruginosa [36]. The ability 
to use a recombinant Fab fragment for the treatment of P. aeruginosa infection in patients with 
ventilator-associated pneumonia or chronically infected cystic fibrosis patients has potential 
to minimize acute lung injury and mortality associated with TTS virulence of P. aeruginosa. 
Further optimization, such as the affinity maturation and PEGylation, will be the next step 
to achieve clinical application in humans. An engineered single-chain antibody that binds to 
the P. aeruginosa PcrV protein with high affinity has strong potential to be an effective new 
therapeutic reagent for infections caused by P. aeruginosa.
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for a method for obtaining human idiologs for any nonhuman antibody to any target by 
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5. Conclusion

We have shown in an in vivo study that instillation of a single dose of Fab into the lungs of 
mice protected them against a lethal pulmonary challenge with P. aeruginosa [36]. The ability 
to use a recombinant Fab fragment for the treatment of P. aeruginosa infection in patients with 
ventilator-associated pneumonia or chronically infected cystic fibrosis patients has potential 
to minimize acute lung injury and mortality associated with TTS virulence of P. aeruginosa. 
Further optimization, such as the affinity maturation and PEGylation, will be the next step 
to achieve clinical application in humans. An engineered single-chain antibody that binds to 
the P. aeruginosa PcrV protein with high affinity has strong potential to be an effective new 
therapeutic reagent for infections caused by P. aeruginosa.

Acknowledgements

This work was supported by the Japan Society for the Promotion of Science, Grant-in-Aid for 
Scientific Research (KAKENHI No. 24390403, 26670791, and 15H05008) and by The Ministry 
of Education, Culture, Sports, Science and Technology, Japan to Teiji Sawa. The research stud-
ies associated with this chapter were carried out in the University of California San Francisco 
(UCSF) when Teiji Sawa was an Anesthesia/UCSF faculty member, under the generous sup-
port of Dara W. Frank, Department of Microbiology and Molecular Genetics, Medical College 
of Wisconsin, and Jeanine P. Wiener-Kronish, Department of Anesthesia, Critical Care 
and Pain Medicine, Massachusetts General Hospital.

Abbreviations

CDR  complementarity determining region
P. aeruginosa Pseudomonas aeruginosa
SECR  serial epitope-guided complementarity replacement
TTS  type III secretory
TTSS  type III secretion system

Author details

Teiji Sawa1*, Atsushi Kainuma1, Kiyoshi Moriyama2 and Yoshifumi Naito1

*Address all correspondence to: anesth@koto.kpu-m.ac.jp

1 Department of Anesthesiology, Kyoto Prefectural University of Medicine, Kyoto, Japan

2 Department of Anesthesiology, School of Medicine, Korin University, Mitaka, Japan

Construction and Characteristics of a Recombinant Single-Chain Antibody Fragment...
http://dx.doi.org/10.5772/intechopen.70316

129



References

[1] Salyers AA, Whitt DD. Pseudomonas aeruginosa. In: Salyers AA, White DD, editors. 
Bacterial Pathogenesis: A Molecular Approach. Washington, DC: American Society for 
Microbiology Press; 1994. pp. 260-270

[2] Govan JR, Deretic V. Microbial pathogenesis in cystic fibrosis: Mucoid Pseudomonas aeru-
ginosa and Burkholderia cepacia. Microbiological Reviews. 1996;60:539-574

[3] Ramirez-Estrada S, Borgatta B, Rello J. Pseudomonas aeruginosa ventilator-associated 
pneumonia management. Infection and Drug Resistance. 2016;9:7-18. DOI: 10.2147/IDR.
S50669

[4] Grgurich PE, Hudcova J, Lei Y, et al. Management and prevention of ventilator-associ-
ated pneumonia caused by multidrug-resistant pathogens. Expert Review of Respiratory 
Medicine. 2012;6:533-555. DOI: 10.1586/ers.12.45

[5] Kudoh I, Wiener-Kronish JP, Hashimoto S, et al. Exoproduct secretions of Pseudomonas 
aeruginosa strains influence severity of alveolar epithelial injury. American Journal of 
Physiology. 1994;267:L551-L556

[6] Yahr TL, Mende-Mueller LM, Friese MB, et al. Identification of type III secreted prod-
ucts of the Pseudomonas aeruginosa exoenzyme S regulon. Journal of Bacteriology. 1997; 
179:7165-7168

[7] Finck-Barbançon V, Goranson J, Zhu L, et al. ExoU expression by Pseudomonas aerugi-
nosa correlates with acute cytotoxicity and epithelial injury. Molecular Microbiology. 
1997;25:547-557

[8] Sawa T, Ohara M, Kurahashi K, et al. In vitro cellular toxicity predicts Pseudomonas aeru-
ginosa virulence in lung infections. Infection and Immunity. 1998;66:3242-3249

[9] Kurahashi K, Kajikawa O, Sawa T, Ohara M, Gropper MA, Frank DW, Martin TR, 
Wiener-Kronish JP. Pathogenesis of septic shock in Pseudomonas aeruginosa pneumonia. 
Journal of Clinical Investigation. 1999;104:743-750

[10] Hueck CJ. Type III protein secretion systems in bacterial pathogens of animals and 
plants. Microbiology and Molecular Biology Reviews. 1998;62:379-433

[11] Galan JE, Collmer A. Type III secretion machines: Bacterial devices for protein delivery 
into host cells. Science. 1999;284:1322-1328

[12] Yahr TL, Goranson J, Frank DW. Exoenzyme S of Pseudomonas aeruginosa is secreted by a 
type III pathway. Molecular Microbiology. 1996;22:991-1003

[13] Frank DW. The exoenzyme S regulon of Pseudomonas aeruginosa. Molecular Microbiology. 
1997;26:621-629

[14] Goranson J, Frank DW. Genetic analysis of exoenzyme S expression by Pseudomonas 
aeruginosa. FEMS Microbiology Letters. 1996;135:149-155

Antibody Engineering130

[15] Sawa T. The molecular mechanism of acute lung injury caused by Pseudomonas aerugi-
nosa: From bacterial pathogenesis to host response. Journal of Intensive Care Medicine. 
2014;2:10. DOI: 10.1186/2052-0492-2-10

[16] Sato H, Frank DW, Hillard CJ, et al. The mechanism of action of the Pseudomonas aerugi-
nosa-encoded type III cytotoxin, ExoU. EMBO Journal. 2003;22:2959-2969. DOI: 10.1093/
emboj/cdg290

[17] Tamura M, Ajayi T, Allmond LR, et al. Lysophospholipase A activity of Pseudomonas 
aeruginosa type III secretory toxin ExoU. Biochemical and Biophysical Research 
Communications. 2004;316:323-331. DOI: 10.1016/j.bbrc.2004.02.050

[18] Pankhaniya RR, Tamura M, Allmond LR, et al. Pseudomonas aeruginosa causes acute 
lung injury via the catalytic activity of the patatin-like phospholipase domain of ExoU. 
Critical Care Medicine. 2004;32:2293-2299

[19] Sawa T, Shimizu M, Moriyama K, et al. Association between Pseudomonas aeruginosa 
type III secretion, antibiotic resistance, and clinical outcome: A review. Critical Care. 
2014;18:668. DOI: 10.1186/s13054-014-0668-9

[20] Sawa T, Hamaoka S, Kinoshita M, et al. Pseudomonas aeruginosa type III secretory toxin 
ExoU and its predicted homologs. Toxins. 2016;8:307. DOI: 10.3390/toxins8110307

[21] Yahr TL, Vallis AJ, Hancock MK, et al. ExoY, an adenylate cyclase secreted by the 
Pseudomonas aeruginosa type III system. Proceedings of the National Academy of Sciences 
of the United States of America. 1998;95:13899-13904

[22] Roy-Burman A, Savel R, Racine S, et al. Type-III protein secretion is associated with 
death in lower respiratory and systemic Pseudomonas aeruginosa infections. Journal of 
Infectious Diseases. 2001;183:1767-1774

[23] Sawa T, Yahr TL, Ohara M, et al. Active and passive immunization with the Pseudomonas 
V antigen protects against type III intoxication and lung injury. Nature Medicine. 1999; 
5:392-398

[24] Burrows TW, Bacon GA. The basis of virulence in Pasteurella pestis: Antigen determining 
virulence. British Journal of Experimental Pathology. 1956;37:481-493

[25] Burrows TW, Bacon GA. The effects of loss of different virulence determinants on 
the virulence and immunogenicity of strains of Pasteurella pestis. British Journal of 
Experimental Pathology. 1958;39:278-291

[26] Lawton WD, Erdman RI, Surgalla MJ. Biosynthesis and purification of V and W antigens 
in Pasteurella pestis. Journal of Immunology. 1963;91:179-184

[27] Une T, Brubaker RR. Role of V antigen in promoting virulence and immunity in Yersiniae. 
Journal of Immunology. 1984;133:2226-2230

[28] Motin VL, Nakajima R, Smirnov GB, et al. Passive immunity to Yersiniae mediated by 
anti-recombinant V-antigen and protein A-V antigen fusion peptide. Infection and 
Immunity. 1994;62:4192-4201

Construction and Characteristics of a Recombinant Single-Chain Antibody Fragment...
http://dx.doi.org/10.5772/intechopen.70316

131



References

[1] Salyers AA, Whitt DD. Pseudomonas aeruginosa. In: Salyers AA, White DD, editors. 
Bacterial Pathogenesis: A Molecular Approach. Washington, DC: American Society for 
Microbiology Press; 1994. pp. 260-270

[2] Govan JR, Deretic V. Microbial pathogenesis in cystic fibrosis: Mucoid Pseudomonas aeru-
ginosa and Burkholderia cepacia. Microbiological Reviews. 1996;60:539-574

[3] Ramirez-Estrada S, Borgatta B, Rello J. Pseudomonas aeruginosa ventilator-associated 
pneumonia management. Infection and Drug Resistance. 2016;9:7-18. DOI: 10.2147/IDR.
S50669

[4] Grgurich PE, Hudcova J, Lei Y, et al. Management and prevention of ventilator-associ-
ated pneumonia caused by multidrug-resistant pathogens. Expert Review of Respiratory 
Medicine. 2012;6:533-555. DOI: 10.1586/ers.12.45

[5] Kudoh I, Wiener-Kronish JP, Hashimoto S, et al. Exoproduct secretions of Pseudomonas 
aeruginosa strains influence severity of alveolar epithelial injury. American Journal of 
Physiology. 1994;267:L551-L556

[6] Yahr TL, Mende-Mueller LM, Friese MB, et al. Identification of type III secreted prod-
ucts of the Pseudomonas aeruginosa exoenzyme S regulon. Journal of Bacteriology. 1997; 
179:7165-7168

[7] Finck-Barbançon V, Goranson J, Zhu L, et al. ExoU expression by Pseudomonas aerugi-
nosa correlates with acute cytotoxicity and epithelial injury. Molecular Microbiology. 
1997;25:547-557

[8] Sawa T, Ohara M, Kurahashi K, et al. In vitro cellular toxicity predicts Pseudomonas aeru-
ginosa virulence in lung infections. Infection and Immunity. 1998;66:3242-3249

[9] Kurahashi K, Kajikawa O, Sawa T, Ohara M, Gropper MA, Frank DW, Martin TR, 
Wiener-Kronish JP. Pathogenesis of septic shock in Pseudomonas aeruginosa pneumonia. 
Journal of Clinical Investigation. 1999;104:743-750

[10] Hueck CJ. Type III protein secretion systems in bacterial pathogens of animals and 
plants. Microbiology and Molecular Biology Reviews. 1998;62:379-433

[11] Galan JE, Collmer A. Type III secretion machines: Bacterial devices for protein delivery 
into host cells. Science. 1999;284:1322-1328

[12] Yahr TL, Goranson J, Frank DW. Exoenzyme S of Pseudomonas aeruginosa is secreted by a 
type III pathway. Molecular Microbiology. 1996;22:991-1003

[13] Frank DW. The exoenzyme S regulon of Pseudomonas aeruginosa. Molecular Microbiology. 
1997;26:621-629

[14] Goranson J, Frank DW. Genetic analysis of exoenzyme S expression by Pseudomonas 
aeruginosa. FEMS Microbiology Letters. 1996;135:149-155

Antibody Engineering130

[15] Sawa T. The molecular mechanism of acute lung injury caused by Pseudomonas aerugi-
nosa: From bacterial pathogenesis to host response. Journal of Intensive Care Medicine. 
2014;2:10. DOI: 10.1186/2052-0492-2-10

[16] Sato H, Frank DW, Hillard CJ, et al. The mechanism of action of the Pseudomonas aerugi-
nosa-encoded type III cytotoxin, ExoU. EMBO Journal. 2003;22:2959-2969. DOI: 10.1093/
emboj/cdg290

[17] Tamura M, Ajayi T, Allmond LR, et al. Lysophospholipase A activity of Pseudomonas 
aeruginosa type III secretory toxin ExoU. Biochemical and Biophysical Research 
Communications. 2004;316:323-331. DOI: 10.1016/j.bbrc.2004.02.050

[18] Pankhaniya RR, Tamura M, Allmond LR, et al. Pseudomonas aeruginosa causes acute 
lung injury via the catalytic activity of the patatin-like phospholipase domain of ExoU. 
Critical Care Medicine. 2004;32:2293-2299

[19] Sawa T, Shimizu M, Moriyama K, et al. Association between Pseudomonas aeruginosa 
type III secretion, antibiotic resistance, and clinical outcome: A review. Critical Care. 
2014;18:668. DOI: 10.1186/s13054-014-0668-9

[20] Sawa T, Hamaoka S, Kinoshita M, et al. Pseudomonas aeruginosa type III secretory toxin 
ExoU and its predicted homologs. Toxins. 2016;8:307. DOI: 10.3390/toxins8110307

[21] Yahr TL, Vallis AJ, Hancock MK, et al. ExoY, an adenylate cyclase secreted by the 
Pseudomonas aeruginosa type III system. Proceedings of the National Academy of Sciences 
of the United States of America. 1998;95:13899-13904

[22] Roy-Burman A, Savel R, Racine S, et al. Type-III protein secretion is associated with 
death in lower respiratory and systemic Pseudomonas aeruginosa infections. Journal of 
Infectious Diseases. 2001;183:1767-1774

[23] Sawa T, Yahr TL, Ohara M, et al. Active and passive immunization with the Pseudomonas 
V antigen protects against type III intoxication and lung injury. Nature Medicine. 1999; 
5:392-398

[24] Burrows TW, Bacon GA. The basis of virulence in Pasteurella pestis: Antigen determining 
virulence. British Journal of Experimental Pathology. 1956;37:481-493

[25] Burrows TW, Bacon GA. The effects of loss of different virulence determinants on 
the virulence and immunogenicity of strains of Pasteurella pestis. British Journal of 
Experimental Pathology. 1958;39:278-291

[26] Lawton WD, Erdman RI, Surgalla MJ. Biosynthesis and purification of V and W antigens 
in Pasteurella pestis. Journal of Immunology. 1963;91:179-184

[27] Une T, Brubaker RR. Role of V antigen in promoting virulence and immunity in Yersiniae. 
Journal of Immunology. 1984;133:2226-2230

[28] Motin VL, Nakajima R, Smirnov GB, et al. Passive immunity to Yersiniae mediated by 
anti-recombinant V-antigen and protein A-V antigen fusion peptide. Infection and 
Immunity. 1994;62:4192-4201

Construction and Characteristics of a Recombinant Single-Chain Antibody Fragment...
http://dx.doi.org/10.5772/intechopen.70316

131



[29] Hill J, Leary SEC, Griffin K, et al. Regions of Yersinia pestis V antigen that contribute to 
protection against plague identified by passive and active immunization. Infection and 
Immunity. 1997;65:4476-4482

[30] Leary SEC, Williamson ED, Griffin KF, et al. Active immunization with recombinant 
V antigen from Yersinia pestis protects mice against plague. Infection and Immunity. 
1995;63:2854-2858

[31] Anderson Jr. GW, Leary SEC, Williamson ED, et al. Recombinant V antigen protects 
mice against pneumonic and bubonic plague caused by F1-capsule-positive and -nega-
tive strains of Yersinia pestis. Infection and Immunity. 1996;64:4580-4585

[32] Sawa T, Wiener-Kronish JP. A therapeutic strategy against the shared virulence mecha-
nism utilized by both Yersinia pestis and Pseudomonas aeruginosa. Anesthesiology Clinics 
of North America. 2004;22:591-606

[33] Sawa T, Ito E, Nguyen VH, et al. Anti-PcrV antibody strategies against virulent 
Pseudomonas aeruginosa. Human Vaccines & Immunotherapeutics. 2014;10:2843-2852. 
DOI: 10.4161/21645515.2014.971641

[34] Shime N, Sawa T, Fujimoto J, et al. Therapeutic administration of anti-PcrV F(ab’)2 in sep-
sis associated with Pseudomonas aeruginosa. Journal of Immunology. 2001;167:5880-5886

[35] Frank DW, Vallis A, Wiener-Kronish JP, et al. Generation and characterization of a 
protective monoclonal antibody to Pseudomonas aeruginosa PcrV. Journal of Infectious 
Diseases. 2002;186:64-73

[36] Faure K, Fujimoto J, Shimabukuro DW, et al. Effects of monoclonal anti-PcrV antibody 
on Pseudomonas aeruginosa-induced acute lung injury in a rat model. Journal of Immune 
Based Therapies and Vaccines. 2003;1:2

[37] Baer M, Sawa T, Flynn P, et al. An engineered human antibody fab fragment specific 
for Pseudomonas aeruginosa PcrV antigen has potent antibacterial activity. Infection and 
Immunity 2009;77:1083-1090. DOI: 10.1128/IAI.00815-08

[38] Francois B, Luyt CE, Dugard A, et al. Safety and pharmacokinetics of an anti-PcrV 
PEGylated monoclonal antibody fragment in mechanically ventilated patients colonized 
with Pseudomonas aeruginosa: A randomized, double-blind, placebo-controlled trial. 
Critical Care Medicine. 2012;40:2320-2326. DOI: 10.1097/CCM.0b013e31825334f6

[39] Milla CE, Chmiel JF, Accurso FJ, et al. Anti-PcrV antibody in cystic fibrosis: A novel 
approach targeting Pseudomonas aeruginosa airway infection. Pediatric Pulmonology. 
2013;49:650-658. DOI: 10.1002/ppul.22890

[40] Maruyama K, Sugano S. Oligo-capping: A simple method to replace the cap structure of 
eukaryotic mRNAs with oligobonucleotides. Gene. 2002;138:171-174

[41] Djavadi-Ohaniance L, Goldberg ME, Friguet B. Measuring antibody affinity in solution. 
In: McCafferty J, Hoogenboom HR, Chiswell DJ, editors. Antibody Engineering. New 
York: Oxford University Press Inc.; 1996. pp. 77-97

Antibody Engineering132

Chapter 7

Separation of Monoclonal Antibodies by Analytical

Size Exclusion Chromatography

Atis Chakrabarti

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.73321

Provisional chapter

Separation of Monoclonal Antibodies by Analytical Size
Exclusion Chromatography

Atis Chakrabarti

Additional information is available at the end of the chapter

Abstract

Size exclusion chromatography (SEC) is a powerful tool for the separation of biothe-
rapeutics such as monoclonal antibodies (mAb) and others such as antibody drug conju-
gates (ADCs), biosimilars, and bi-specific mAbs as well as other therapeutic proteins.
Detection of purified protein heterogeneity is essential. Heterogenic impurities cause
immunogenic response. More than 99% purity is needed for the medicinal purpose. Size
exclusion chromatography (SEC) is used to monitor this purity level in the quality control
(QC) process of the biopharmaceutical industry. With the increased use of ultra-high-
performance liquid chromatography (UHPLC) instruments in QC laboratories today,
instead of the conventional HPLC, it is important to have a size exclusion chromatogra-
phy (SEC) column which is compatible with both UHPLC and conventional HPLC instru-
ments. Orthogonal and complimentary modes such as reversed phase chromatography
(RPC), hydrophobic interaction chromatography (HIC), and ion exchange chromatogra-
phy (IEC) can also be used along with SEC. SEC columns are generally modified with diol
groups on the surface to prevent a secondary interaction. Surface and pore characteristics
of the SEC columns are critical for the separation. Pore characteristics need to be opti-
mized to have high resolution of mAb monomer from dimer and higher order aggregates
as well as from fragments. Shallow calibration curve is necessary for the best resolution.
Overall, the separation of monoclonal antibodies from the impurities by analytical size
exclusion chromatography column is primarily discussed in this chapter. The evaluation
of the different peak parameters such as retention time, peak asymmetry, column effi-
ciency, peak resolution, run time, and loading capacity is also briefly discussed. Finally,
the tips and tricks for the best separation and maintaining the column health are also
discussed.
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1. Introduction

Antibodies belong to a family of globular proteins called immunoglobulins [1]. Immunoglob-
ulin G (IgG) is the most common. Eighty percent of all the antibodies present in the blood are
IgG [2]. IgG is a relatively large molecule (approx. 150 kDa). It has four subclasses, which are
IgG1, IgG2, IgG3, and IgG4 [3]. Monoclonal antibodies are antibodies derived from one unique
B cell clone [4]. They have single antigenic determinant specificities [5]. Monoclonal antibodies
are screened and isolated by special procedures, expressed, and purified [6]. Monoclonal
antibodies, particularly IgG1, have tremendous application in biotherapeutics. Other sub-
classes such as IgG2 and IgG4 are also used as biotherapeutic, and interest in these two
antibody classes is also increasing. As for today, IgG1 comprise most of the mAb biothe-
rapeutic drugs in the market. Twenty-nine new mAbs are presently undergoing late-stage
clinical trials, including human and humanized IgG1, IgG2, and IgG4 molecules [7]. Few
IgG2 and IgG4 drugs are already available such as OKT3 (Muronomab-CD3), a murine IgG2a
drug from Johnson & Johnson (1986), Bexxar (Tositumomab-I-131), and a murine IgG2a drug
radiolabeled with I-131 from Corixa/GSK (2003). IgG4 antibodies are evolving as an important
class of cancer immunotherapies [8].

Size exclusion chromatography (SEC) is a powerful analytical tool for the separation of mono-
clonal antibodies and other proteins [9]. SEC, as a strategy for the isolation and purification of
antibodies, is not new; in 1989, high-resolution Superose 6 HR 10/30 fast protein liquid chro-
matography (FPLC) columns were used. [10]. Since then, many researchers used SEC for the
purification of antibodies. The literature search for the number of “publications on the purifi-
cation of monoclonal antibodies by size exclusion chromatography” [11] shows that between
1983 and 2003, there was a surge of research in this regard (Figure 1).

For the large-scale purification of monoclonal antibody biotherapeutics, Protein A is com-
monly used as the primary capture step. Following the use of Protein A chromatography,
SEC is used to characterize the Protein A purified fractions. Size exclusion chromatography
(SEC) is primarily used for the separation in analytical HPLC and for routine quality control

Figure 1. Number of publications dealing with size exclusion chromatography over the years.
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analysis of the mAb. Detection wavelength of 280 nm is commonly used. SEC combined with
multi-angle light scattering is one method for the characterization of the molar mass distribu-
tion of mAb, ADC, and other biomolecules [12].

In this chapter, certain aspects of size exclusion chromatography and its use in the analytical
purification or separation of monoclonal antibodies are discussed. Secondary interactions,
effects of particle size and pore size on the SEC separation, particularly in resolving monomer
peak from dimer and fragment peaks with a better resolution are also discussed. Selection of
the right SEC column is critical to achieve the goal of separation. The calibration curve has a
very important role in this regard. Since there are different kinds of proteins differing in
structure and shape, many vendors provide calibration curves using globular protein stan-
dards, branched standards, and linear standards, so that the separation range can ideally be
interpreted under the chromatographic conditions.

Reproducible separation of a monomer from its dimer and other high molecular weight (HMW)
impurities, fragments, and other low molecular weight (LMW) impurities is needed during the
purification of the mAb biotherapeutic. Optimized particle chemistry and packing of SEC col-
umn help in this regard. mAb analysis using a mobile phase containing an appropriate amount
of selected organic solvents such as isopropyl alcohol (IPA) may be needed to prevent alteration
of peak retention time, poor peak shape, or resolution. Few examples are shown to elaborate this.
Digestion with papain or pepsin is commonly applied to obtain antibody fragments without the
loss of activity—this is discussed in the context of selecting right SEC columns from a variety of
particle sizes, pore sizes, and dimensions. Forced degradation studies are needed to assess the
stability of the protein, to understand the mechanism of degradation by oxidation, heat, light, or
hydrolysis. Forced degradation study by SEC is separately discussed in Section 2.7. Interest in
the accurate molecular weight analysis of intact monoclonal antibody IgG1 by SEC using MS-
friendly mobile phases is increasing, and it is discussed in Section 4. Section 5 focuses mostly on
the use of chromatographic methods which are orthogonal or complimentary size exclusion and
useful to detect the protein heterogeneity. The use of ultra HPLC is needed for fast separation,
and many methods already developed in HPLC need to be easily transferred to UHPLC. Section
6 briefly discusses the usefulness of a SEC column compatible to both HPLC and UHPLC
instruments by easy method transfer. Section 7 is about desalting of mAb or any biopolymer
solution, not by dialysis membrane or spin column but by using an analytical SEC HPLC
column. The use of SEC column in hydrophilic liquid chromatography (HILIC) mode is interest-
ing and can separate the nucleobases (Section 8). This chapter ends with few remarks about the
tips and tricks for size exclusion chromatography.

2. Size exclusion chromatography and purification of monoclonal
antibodies

2.1. Size exclusion chromatography

Size exclusion chromatography uses a molecular sieving retention mechanism [13], based on
differences in the hydrodynamic radii or differences in size of analytes such as proteins. Large
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sample molecules cannot penetrate or only partially penetrate the pores of the stationary
phase. So, the larger molecules elute first and smaller molecules elute later, the order of elution
being a function of the size.

SEC is the only mode of chromatography where theoretically there is no interaction of the
analyte with a stationary phase. The whole process of partitioning or separating the different
molecular species is due to the entropy factor and not due to adsorption, ΔH being equal to
zero. Pure Silica particles are most commonly used as base material in this type of chromatog-
raphy of biomolecules. Since the separation of the biomolecule by SEC will depend on its
hydrodynamic radii, two proteins of the same molecular weight (such as 70 kDa) may elute
at two different retention times, if there is a difference in their hydrodynamic radii (Figure 2).
So, any factor at any stage of purification, affecting the shape of the protein, will affect the
elution volume or retention time.

Unless otherwise mentioned, SEC analyses discussed in this chapter were carried out using the
mobile phase 100 mM KH2PO4/Na2HPO4, pH 6.7, 100 mMNa2SO4, 0.05% NaN3. Agilent 1100,
Agilent 1200 HPLC and Thermo Ultimate 3000 UHPLC systems and associated software were
used for integration and peak analysis. Sodium azide (NaN3) was used as an antibacterial
agent to prevent fouling of the phosphate buffer. Detection wavelength was 280 nm unless
otherwise mentioned. Flow rates and injection volume of the sample are varied as needed.
Reproducibility for calculation of % relative standard deviation (RSD) was based on 10 con-
secutive injections. Linearity of both monomer and dimer during loading study was calculated
based on peak areas versus total material loaded during injection. Please refer to individual
chromatograms for the respective chromatographic conditions.

2.2. SEC and secondary interaction

As mentioned earlier, among all modes of chromatography, it is only during the size exclusion
chromatography where the analyst does not demonstrate any kind of interaction with the
stationary phase. During all other chromatographic modes, an analyst demonstrates some
kind of interaction between the protein and the stationary phase, followed by the elution using

Figure 2. Comparison of globular and rod-shaped proteins.
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a stronger solvent. This is because SEC is purely a separation technique based on the perme-
ability of the protein through the pores. Any factor which will prevent the free passage
through the pores will result into a nonideal SEC condition. These interactions between pro-
teins and the stationary phases are called secondary interactions. The secondary interactions
are based on charge-related interactions or hydrophobicity-related interactions. The secondary
interaction coming from the free silanol groups present on the silica surface of the stationary
phase is often protected by a diol-bonded coating on the stationary phase which shields the
silica surface from such action [14].

In a real-world situation, any secondary interaction between the stationary phase and the
proteins including monoclonal antibodies needs to be taken care of by selecting the right
column where the stationary phase is effectively coated, and free silanol groups are inacces-
sible to proteins. Further method development by optimizing the chromatographic condi-
tions may be needed to get the best separation. Ionic and hydrophobic interactions between
the sample and the column packing material can be avoided by controlling the ionic
strength. A general rule of thumb is that low ionic strength (<0.1 M) may induce charge-
related secondary interactions and high ionic strength (>1.0 M) may lead to hydrophobicity-
related secondary interactions, while the concept of low or high concentration may vary
from mAb to mAb depending on the nature of the individual one. For each protein sample,
there will be an optimal buffer type and salt concentration for the best separation that results
in the highest resolution and recovery. This can be found out by trial and error approach
only. If a sticky protein comes into contact with the stationary phase (dotted line in the figure
below), it may undergo a conformational change; the binding constant of the conforma-
tionally changed protein can be so strong that it would not elute out of the column (Figure 3).
The use of additives may be needed. Arginine prevents binding to the surface [15]. Similarly,
a number of other additives may also be used to minimize the secondary interactions. The
use of isopropyl alcohol (IPA) as another additive to avoid nonspecific interaction and the
reproducibility of the analysis is somewhat discussed in the Section 2.5.

There is no universal protocol for working with additives to avoid nonspecific interactions for
all proteins. Chromatographic conditions preventing secondary interactions need to be found
out by trial-and-error type of experiments with a variety of additives.

Figure 3. Binding of a protein to the stationary phase and the influence of arginine.
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2.3. Effect of particle size and pore size of the stationary phase on SEC separation

Particle size and pore size are important factors for better peak shape, peak sensitivity, and
resolution. SEC columns with smaller particle size yield better separation and resolution but
with higher back pressure as expected from the basic chromatography theory.

Pore characteristics need to be optimized for SEC separation of biomolecules. To have the high
resolution of a mAb monomer from dimer and higher order aggregates as well as from
fragments, permeability through the pores of the SEC stationary phases is needed. This is
similar to accessibility of the pore needed in reverse phase chromatography (RPC) for better
mass transfer kinetics. The larger pore size helps in more efficient permeation of the biomole-
cules inside the pores, resulting in better size-based separation (Figure 4); 8–14 nm pores are
not suitable for the separation of large intact biomolecules and its aggregates since they are too
large to enter into the pores. SEC columns with 25 nm pore size are widely available and
popular for SEC separation of biomolecules. In the last few years, even larger pore size, such as
30 nm SEC columns, became available in the market, which enables increased permeability of
the higher order aggregates of large biomolecules.

Increase in the pore volume of the packing material results into a shallower slope in the
calibration curve and increases the spread in elution time between compounds with different
molecular masses and improves resolution. But there is a limit to what extent the pore of a
particle of definite size can be stretched to its maximum. This is because as the pore volume of
a packing material increases, the strength of the packing material generally decreases, making
the material more fragile. Figure 5 [16] illustrates the relation between the particle and pore
characteristics to the resolution and other peak parameters.

It is important to compromise between the particle sizes and pore volume in order to get the
desired separation. Pore characteristics of the SEC column need to be optimized to have a high
resolution of a mAb monomer from a dimer and higher order aggregates, as well as from
fragments. For large biomolecules, such as therapeutic proteins and monoclonal antibodies
(mAbs), a larger exclusion limit will yield better separation particularly of the dimer and
higher order aggregates from the monomer.

Figure 4. Permeation of large molecules into pores depends on the pore size.
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2.4. SEC column selection and calibration curve

In the absence of any secondary or non-SEC retention mechanism, the calibration yields an
S-shaped curve containing a linear portion in between the total exclusion and total inclusion
limits. In Figure 6 [17], the calibration curve was generated using three different types of
standards (globular, branched, and linear).

The red line in Figure 6 represents the average molecular weight of the monoclonal antibody
(mAb) IgG (150 kDa). If we follow the calibration curve generated by globular proteins (•),
mAb is eluting very close to the total exclusion limit of TSKgel G2000SW, while it is eluting
very close to the total inclusion limit of TSKgel G4000SW, resulting into poor separation of the
monomer from its impurities in both the cases. But in the middle panel, as seen in the case of
TSKgel G3000W, the monomer is eluting around in the middle of the linear range of the
calibration curve, so the monomer peak can clearly be separated from its dimer and higher
order aggregates and fragment impurities way better than with the other two columns. It is the
pore volume between total exclusion and total inclusion volume which is important. The
greater the pore volume per unit column volume, the better the separation. In other words,
the shallower the calibration curve, the better the separation. All SEC columns with the same
dimension, particle size, and pore size from different vendors otherwise may look identical,
but the pore volume per unit column volume may not be the same. An analyst can gain
advantage by selecting a column with larger pore volume per unit column volume.

Different SEC columns obtained from different vendors, having the same dimensions and
particle size as labeled on the individual columns, may apparently look alike. The difference
is in the pore volume per unit column volume due to the differences in particle size and pore
size distributions, packing quality, and so on. In general, the better the pore volume per unit

Figure 5. Relation between the particle and pore characteristics to the resolution and other peak parameters.
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2.3. Effect of particle size and pore size of the stationary phase on SEC separation

Particle size and pore size are important factors for better peak shape, peak sensitivity, and
resolution. SEC columns with smaller particle size yield better separation and resolution but
with higher back pressure as expected from the basic chromatography theory.

Pore characteristics need to be optimized for SEC separation of biomolecules. To have the high
resolution of a mAb monomer from dimer and higher order aggregates as well as from
fragments, permeability through the pores of the SEC stationary phases is needed. This is
similar to accessibility of the pore needed in reverse phase chromatography (RPC) for better
mass transfer kinetics. The larger pore size helps in more efficient permeation of the biomole-
cules inside the pores, resulting in better size-based separation (Figure 4); 8–14 nm pores are
not suitable for the separation of large intact biomolecules and its aggregates since they are too
large to enter into the pores. SEC columns with 25 nm pore size are widely available and
popular for SEC separation of biomolecules. In the last few years, even larger pore size, such as
30 nm SEC columns, became available in the market, which enables increased permeability of
the higher order aggregates of large biomolecules.

Increase in the pore volume of the packing material results into a shallower slope in the
calibration curve and increases the spread in elution time between compounds with different
molecular masses and improves resolution. But there is a limit to what extent the pore of a
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resolution of a mAb monomer from a dimer and higher order aggregates, as well as from
fragments. For large biomolecules, such as therapeutic proteins and monoclonal antibodies
(mAbs), a larger exclusion limit will yield better separation particularly of the dimer and
higher order aggregates from the monomer.
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Different SEC columns obtained from different vendors, having the same dimensions and
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column volume, the better the separation and resolution of proteins from a SEC column. This
is a very critical criterion when selecting a SEC column for better separation.

2.5. Separation of HMWand LMW species by SEC and reproducibility

A chromatographer uses SEC primarily to separate monoclonal antibodies from its impurities
or heterogeneities. The monomer IgG1 peak (150 kDa) needs to be purified from its dimer,
trimer, or higher order aggregates popularly known as high molecular weight (HMW) species
and the fragments which are known as the low molecular weight (LMW) species. SEC is
widely accepted as a work horse for routine quality control with its purpose to monitor these
HMWand LMW impurities from a mAb monomer. Protein aggregation of biotherapeutics is a
common issue. Even a very small amount of aggregates may cause an immunogenic response
in the human body and needs to be removed from the monoclonal antibody monomer. More
than 99% purity is needed for medicinal purpose [17]. The formulation containing the pure
monomer monoclonal antibody needs to be monitored for its stability. The purified protein in
the formulation may also undergo aggregation over time. Protein aggregation can happen at
any stage during expression and purification. Temperature, pH, ionic strength, concentration
and many other factors can give rise to protein instability, leading to aggregation. Effect of ions

Figure 6. Elution profile of mAb IgG obtained with TSKgel G2000SW, TSKgelG3000W, or TSKgel G4000SW columns.
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on protein agitation and temperature-induced aggregation of mAbs has been reported in the
literature [18]. Specific racemization of Heavy-Chain Cysteine-220 in the hinge region is iden-
tified as a possible cause of degradation during storage. Increased hydrophobicity can increase
the likelihood of aggregate formation during manufacturing and storage [19]. Freeze-thaw
cycles too can cause an aggregation of an already purified protein [20]. Formation of aggre-
gates may be induced by light as well [21]. That is the reason why all registration applications
for new molecular entities and associated drug products require photo-stability data [22].
Increased resolution between the monomer peak and other HMW and LMW impurities is the
key for the purification of monoclonal antibodies. SEC can monitor the stability during stor-
age. The removal of HMWand LMW impurities is equally important for application of newly
emerging biotherapeutics such as ADCs, bi-specific antibodies, biosimilars, and bio betters as
well. As an example from the recent literature report, aggregate and fragment levels were
determined by SEC-HPLC for the characterization of bi-specific antibodies [23]. A single chain
variable fragment (scFv), composed of the variable regions of the heavy chain (VH) and the
light chain (VL), is gaining interest too as it retains the specificity of the original IgG. The scFv
format is often used, but one problem that cannot be easily solved by purification is the fact
that hybridomas can secrete different monoclonal antibodies [24]. Literature reports a few
interesting articles about the concept of mAbs being a perfectly defined entity to researchers.
The following is an excerpt from the commentary as shown here [25]. “most researchers
consider monoclonal antibodies to be perfectly defined reagents with single specificities” but
“Hybridomas frequently secrete more than one light and/or heavy chain.” So “the problem is
probably best summarized thus: antibodies sold as different are often identical, while anti-
bodies sold as identical are often different (thanks to Natalie de Souza (editor Nature Methods)
for this pithy insightful observation), and the customer does not know which is which.” In
another interesting article, the authors have discussed that “two kappa immunoglobulin light
chains are secreted by an anti-DNA hybridoma” and its implications for isotypic exclusion are
discussed [26]. Biotherapeutic scientist needs to be aware of these facts while analyzing mAb.
The separation of scFvs from dimers and aggregates is also important; most of the affinity
purified scFv fractions are monitored by SEC.

Different mAbs may have different amount of impurities under native conditions. Represen-
tative chromatograms of the separation of four different monoclonal antibodies (IgG1) at
0.75 mL/min using a 4 μm; 4.6 mm ID � 15 cm TSKgel SuperSW mAb HTP column are shown
in Figure 7 [27]. This analysis clearly showed that under native conditions different monoclo-
nal IgG1 antibodies had different extent of HMWand LMW species based on the individual %
peak area analysis (data not shown here). The monomer peak eluted as fast as in 2 min.

A chromatographer needs to choose a suitable column based on the separation criteria the
chromatographer is looking for. Comparison of the analysis of mAb aggregates using 15 and
30 cm long TSKgel UP-SW3000, 2 μm columns using the same mobile phase and flow rate is
shown below [28].

Fast separation of the HMW and LMW species is important. The effect of the column length
should be taken into account when selecting a column in this regard. The results indicate that
the TSKgel UP-SW3000 column with a shorter length yielded a similar profile to the 30-cm
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discussed [26]. Biotherapeutic scientist needs to be aware of these facts while analyzing mAb.
The separation of scFvs from dimers and aggregates is also important; most of the affinity
purified scFv fractions are monitored by SEC.

Different mAbs may have different amount of impurities under native conditions. Represen-
tative chromatograms of the separation of four different monoclonal antibodies (IgG1) at
0.75 mL/min using a 4 μm; 4.6 mm ID � 15 cm TSKgel SuperSW mAb HTP column are shown
in Figure 7 [27]. This analysis clearly showed that under native conditions different monoclo-
nal IgG1 antibodies had different extent of HMWand LMW species based on the individual %
peak area analysis (data not shown here). The monomer peak eluted as fast as in 2 min.

A chromatographer needs to choose a suitable column based on the separation criteria the
chromatographer is looking for. Comparison of the analysis of mAb aggregates using 15 and
30 cm long TSKgel UP-SW3000, 2 μm columns using the same mobile phase and flow rate is
shown below [28].

Fast separation of the HMW and LMW species is important. The effect of the column length
should be taken into account when selecting a column in this regard. The results indicate that
the TSKgel UP-SW3000 column with a shorter length yielded a similar profile to the 30-cm
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column with 50% less run time and 50% lower backpressure at a typical flow rate of 0.35 mL/
min (Figure 8). The resolution between dimer and monomer is still maintained within the
acceptable range. Thus, a shorter column could be successfully used for the separation of the
dimer and monomer, reducing the overall runtime by half but the resolution of the fragment
on the LMW side of the monomer slightly decreased. The longer column yielded a better
resolution. As long as the resolution is 1.5 and above yielding a baseline resolution of the two
species, the method may remain acceptable. The selection of the correct length of the column
should be based on the goal of the separation. The 15-cm column operated at the typical flow
rate of 0.35 mL/min yielded a backpressure of 11 Mpa, which was well within its maximum
operable pressure and thus could be used in both HPLC and UHPLC systems.

Figure 7. Separation of four different mAbs on a 4 μm; 4.6 mm ID � 15 cm TSKgel SuperSW mAb HTP column.

Figure 8. Effect of protein separation on the column length of SEC columns.
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Reproducibility is important in SEC analysis of mAbs. The survey clearly showed the impor-
tance of column lifetime and reproducibility for column selection [29, 30]. The survey also
shows how the same topic developed over a number of years. Factors which should be
considered to select an HPLC column supplier are shown in Table 1.

Two different sources of silica can be a factor in lot-to-lot reproducibility. Vendors always
maintain a strict quality control passing criteria if the silica source is different.

Bonding chemistry developed on the same silica at different times can also be a factor in lot-to-
lot reproducibility.

Table 1. Factors that play a role in selecting a suitable HPLC column.
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A robust method with a good SEC analytical column is critical for the analyst. A protein
standard mixture can be used to confirm the lot-to-lot reproducibility of an SEC column. The
protein standards are chosen to cover the whole range of calibration curve from total exclusion
limit to total inclusion limit. A representative chromatogram of the analysis of a protein
standard mixture using a TSKgel G3000SWXL, 5 μm, 7.8 mm ID �30 cm column is shown in
Figure 9. Thyroglobulin (700 kDa) is close to the total exclusion limit and para-amino-benzoic
acid (PABA–137 Da) is near the total inclusion limit. Chromatographers use also vitamin B12
(1.4 kDa) in place of PABA. Vendors generally pass the packed SEC columns using a protein
standard mixture and establish a QC pass criteria. For example, the specification for TSKgel
G3000SWXL column passing QC is N (PABA) > 20,000 and As (PABA) = (0.7–1.6) where N
represents the number of theoretical plates and As represents the peak asymmetry.

Figure 9. Retention time of five different proteins analyzed with a TSKgel G3000SWXL column was high reproducible.
An overlay of five injections is shown.
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Figure 9 [31] shows the reproducibility of five consecutive injections with low %RSD of all the
peak parameters (data not shown here).

Reproducibility of the analysis of a protein standard mixture with low %RSD of the peak
parameters such as retention time, peak area, peak asymmetry and number of theoretical
plates and passing the vendor-defined QC criteria can be used for monitoring the column
health. Routine users purifying a particular mAb with a particualr SEC column may use the
same mAb as their internal standard to monitor the column quality and lifetime over a number
of injections. Nowadays, mAb standards from USP and NIST are available for similar purpose.

Reproducibility of 15 consecutive injections during the analysis of a USP mAb using a 15-cm
TSKgel UP-SW3000 column at 0.5 mL/min flow rate and phosphate buffer at pH 6.7 is shown
in Figure 10.

The mAb monomer peak eluted at 2.717 min with good resolution between monomer and the
dimer peaks as well as the fragments. Similar reproducibility is noticed in case of pH 6.2 (data
not shown here).

Reproducibility in the analysis of the USP mAb in pH 6.2 conditions with 250 mM KCl at
0.3 mL/min using a 30 cm column is shown below—the overlay of the 15 consecutive injections
demonstrated consistency (Figure 11) (all USP Reference Standards are provided as delivered
and specified by the US Pharmacopeia). The monomer peak elution time was 8.367 min.
Similar reproducibility was obtained using a 15-cm column at pH 6.7 (data not shown here).

Nonspecific absorption of antibodies onto the column gel matrix poses a challenge, and some
newly engineered antibodies possess a high degree of hydrophobicity. The use of organic

Figure 10. Reproducibility of 15 consecutive analytical injections of a USP mAb using a 15-cm TSKgel UP-SW3000
column at phosphate buffer pH 6.7. The overlay of 15 injections is shown.
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solvents such as isopropyl alcohol (IPA) or salts can decrease this interaction as reported by
many scientists. However, the additives may alter the diffusion of these molecules, which
results in retention time shift and poor peak resolution that did not occur in a typical aqueous
buffer system, such as sodium phosphate buffer at neutral pH. The Figure 12 and Table 2
show that a TSKgel UP-SW3000, 2 μm SEC column was used for analyzing monoclonal
antibodies (mAbs) with the addition of 15% IPA in sodium phosphate buffer, pH 6.7. As
demonstrated, peak resolution and retention time shift were not impacted.

Similarly, Figure 13 shows the overlay of the 15 consecutive injections of USP mAb at pH 6.7
with 15% IPA using a 30-cm column (Figure 13 and Table 3). Improvement in the baseline was
noticed after the first two injections. Overall, the analysis yielded excellent reproducibility. The
monomer peak elution time was 8.338 min. As expected, there was no considerable difference
here compared to the retention time obtained earlier at pH 6.2. The presence of IPA as additive
obviously will yield a higher back pressure, and so long as the column is operated within its
maximum operable pressure, this should not be an issue. The retention times of monomer,
dimer, aggregates, and fragment peaks are nearly unchanged. Peak width and peak shape are
very consistent from injection to injection. The baseline of the first injection (as shown in blue)
indicate that the column takes only 1–2 injections to be stabilized. After that, all subsequent
injections are overlaid perfectly.

The overlay indicates the similarities of peak retention times, peak width and peak height of
dimer, monomer, aggregates and fragment peaks between the two different conditions. An
appropriate percentage of organic solvent such as isopropyl alcohol (IPA) did not alter the
diffusion of mAb molecules using a TSKgel UP-SW3000 column. As demonstrated, this col-
umn can be successfully operated with the addition of 15% IPA. Data indicate that the

Figure 11. Reproducibility of 15 consecutive analytical injections of a USP mAb using a 30-cm TSKgel UP-SW3000
column at pH 6.2. The overlay of 15 injections is shown.
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column’s particle chemistry and packing are optimized so that with the addition of an appro-
priate amount of selected organic solvents, there is no alteration of peak retention time or poor
peak resolution [32].

2.5.1. Loading study

Sample load, in both volumetric load and absolute load, may affect SEC separation. Mass
overload takes place when sample molecules no longer have free access to diffuse into and
out of the pores, thus bypassing part of the column and thereby effectively reducing the length
of the column that remains to fractionate the sample. If the height equivalent theoretical plates
(HETP) are plotted against the load amount, the HETP values should remain constant as long
as the column efficiency is not compromised. The loading capacity is the maximum load
beyond which the HETP value starts increasing, as shown in Figure 14 [33].

To obtain the capacity of an analytical SEC column as often the chromatographers like to do, a
loading study plot HETP vs. load amount is shown above (Figure 14). The loading capacity of
a SEC column with defined dimensions depends on the sample. The loading capacity can be

Figure 12. Reproducibility of 14 consecutive analytical injections of a USP mAb using a 30-cm TSKgel UP-SW3000, 2 μm
SEC column at pH 6.7 with isopropyl alcohol. The overlay of 14 injections is shown.
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solvents such as isopropyl alcohol (IPA) or salts can decrease this interaction as reported by
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column’s particle chemistry and packing are optimized so that with the addition of an appro-
priate amount of selected organic solvents, there is no alteration of peak retention time or poor
peak resolution [32].

2.5.1. Loading study

Sample load, in both volumetric load and absolute load, may affect SEC separation. Mass
overload takes place when sample molecules no longer have free access to diffuse into and
out of the pores, thus bypassing part of the column and thereby effectively reducing the length
of the column that remains to fractionate the sample. If the height equivalent theoretical plates
(HETP) are plotted against the load amount, the HETP values should remain constant as long
as the column efficiency is not compromised. The loading capacity is the maximum load
beyond which the HETP value starts increasing, as shown in Figure 14 [33].

To obtain the capacity of an analytical SEC column as often the chromatographers like to do, a
loading study plot HETP vs. load amount is shown above (Figure 14). The loading capacity of
a SEC column with defined dimensions depends on the sample. The loading capacity can be
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increased by increasing the column length or diameter. Increasing column length also increases
resolution and retention time, leading to an additional separation time and amount of mobile
phase.

Below is the loading study of γ-globulin (150 kDa) using the TSKgel UP-SW3000 column. It is
necessary to know the experimental range of loading where the retention time, peak shape,
separation efficiency, etc., remain nearly unchanged over varying load concentrations. Please
note that when a loading study is carried out, both volumetric loading and absolute loading
amounts should be studied. In Figure 15, a volumetric loading study is shown. In any SEC
analysis, by theory, the total volume injected should not be more than 3% of the column
volume to avoid the effect of band broadening.

Figure 15 shows that even at larger volumetric load containing up to 160 μg proteins, the
monomer peak remains well resolved from its dimer. Retention time is remaining constant
over the experimental range. Excellent linearity of both monomer peak areas and dimer peak
areas versus total load were obtained (data not shown here). So if the primary interest of the
analyst is to separate the monomer from the dimer, 160 μg loading in 40 μL volume can be
used. Now if the monoclonal antibody concentration can be increased so that 160 μg can be
loaded in lower volume (e.g., 10 μL), then the peak shape can further be improved, if needed.

Table 2. Retention time and peak areas of the monomer and dimer peak (Figure 12).
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Peak shape and efficiency were not affected when injecting 400 μg of a monoclonal antibody
preparation during a loading study of a monoclonal antibody using a TSKgel G3000SWXL,
5 μm, 7.8 mm ID � 30 cm column (Figure 16). A 10-fold increase in total protein content did
not affect the retention time, peak symmetry, or separation efficiency of the column [30]. Similar
study using a TSKgel G2000SWXL, 5 μm, 7.8 mm ID� 30 cm analytical column evenwith a high
load of Bovine Serum Albumin also yielded a well-resolved peak without any splitting [34].

As mentioned earlier, having an idea about the sample loading capacity will provide analyst
the knowledge about the load range within which the desired sensitivity and resolution can be

Figure 13. (A) Reproducibility of 15 consecutive analytical injections of a USP mAb using a 30-cm TSKgel UP-SW3000,
2 μm SEC column at pH 6.7 with 15% IPA. The overlay of 15 injections is shown. (B) Chromatogram of 13 a zoomed in.
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Table 3. Retention time and peak areas of the monomer and dimer peak (Figure 13).

Figure 14. Influence of sample load on height equivalent theoretical plates (HEPT) using three different columns
(G2000SW, G3000SW, G4000SW).
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achieved. The loading study can be extended to a lower range of detection to get the limit of
detection (LOD) and limit of quantitation (LOQ) values for the column in the analysis of mAbs
(data not shown here). Similarly, aggregation pattern of mAbs as a function of concentration

Figure 15. (A) Influence of peak resolution and retention time on the amount of γ-globulin loaded on a TSKgel UP-
SW3000 column; (B) monomer retention time in dependence of the amount of sample.

Figure 16. Influence of mAb loading on retention time, peak symmetry, or separation efficiency using a TSKgel
G3000SWXL, 5 μm, 7.8 mm ID � 30 cm column.
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can be monitored using SEC columns if a mAb is susceptible to aggregation at higher concen-
tration.

2.6. Separation of digestion products of mAbs by size exclusion chromatography

IgG is a relatively large molecule (approx. 150 kDa), and in order to improve the penetration to
the tissue, fragmentation is carried out. Digestion with papain or pepsin is commonly applied
to obtain antibody fragments without the loss of activity. When papain is used for the antibody
digestion, 2 Fab (50 kDa each) and 1 Fc (50 kDa) are obtained from one antibody (Figure 17).

When pepsin is used, a F(ab’)2 is obtained. SEC can be used to analyze the separation of these
fragments. The scope of this analysis by SEC is taken as an opportunity to explain how to
select a column with right particle size, pore size, column dimensions, and so on.

In Figures 18 and 19, a set of four different SEC columns are compared during the separation
of papain digestion products of a mAb to explain how to select the right SEC column for the
right purpose [35].

For analyzing monoclonal antibody and other biopolymers 250 Å pore size, 5 μm, 7.8 mm
ID � 30 cm SEC columns are widely considered. For example, TSKgel G3000SWxl columns

Figure 17. Cleavage of an IgG with papain or pepsin.

Figure 18. Characteristics of the SEC columns used in the analysis of Figure 19.
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(Panel D) have a separation range for globular protein samples up to 500 kDa. The other SEC
column is a 4-μm, 7.8 mm ID � 30 cm TSKgel SuperSW mAb HR SEC column (Panel B). It is
smaller than the conventional 5 μm TSKgel G3000SWXL column. Smaller particle size and the
optimized packing are expected to yield high-resolution analysis of mAb monomers, dimers,
and fragments due to shallow calibration slope at the corresponding molar mass region of the
mAb monomer (150 kDa). Monomer – dimer resolution increased from 1.63 to 2.02. Another
SEC column (Panel A) is a 4-μm TSKgel SuperSW mAb HTP column which is smaller in
dimensions, length, and ID (4.6 mm ID� 15 cm). This column offers high throughput analysis,
separating the dimer and monomer in half the run time compared to all the other three
columns in panels B, C, and D. Results are similar to the analysis of mAbs with a 5-μm
conventional column (panel D). The fourth column (Panel C) discussed here is of even smaller
particle size (3 μm) with higher molar mass exclusion limit (2500 kDa, globular proteins) than
all other three columns (500 kDa, globular proteins). Due to the higher exclusion limit, this
TSKgel UltraSW aggregate column (Panel C) is expected to yield higher resolution of mAb
multimers and aggregates. Please see further discussion about this in Section 2.7.

2.7. Forced degradation study by SEC

Stability of the biotherapeutic proteins in formulation is very critical for candidate selection,
characterization of the biotherapeutic, formulation and assay development, and so on. A
forced degradation study, popularly known as stress testing, is considerably a faster way to
monitor the stability of the therapeutic proteins. Stress is provided by increasing the tempera-
ture, changing the pH or a combination of both. Depending on the nature, individual mAbs
can be susceptible to light, freeze–thaw conditions, mechanical stress, oxidation and so on. So,

Figure 19. Separation of papain digestion products of a mAb using a set of four different SEC columns. Columns in panel
A, B, and D are of 250 Å pore sizes, while column in panel D is of 300 Å pore size [35].
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Figure 19. Separation of papain digestion products of a mAb using a set of four different SEC columns. Columns in panel
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monitoring the stability from time to time is important. Literature reports: “Whereas stability-
testing requirements are defined in regulatory guidelines, standard procedures for forced
degradation of therapeutic proteins are largely unavailable, except for photo stability” [36].
Stress conditions induce unfolding of the native protein structure. As a result, the exposed
hydrophobic patches may be able to interact with each other, leading to aggregation [37].
Protein degradation can also be measured using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS PAGE), and the protein structure can be characterized by other tech-
niques using Fourier transform infrared spectrometry and circular dichroism [38]. SEC is
widely accepted as a great tool to monitor the forced degradation. Forced degradation by acid
denaturation and heat denaturation analyzed using a TSKgel UltraSW Aggregate, 3 μm,
30 nm, 7.8 mm ID � 30 cm column is used as an example below [39] (Figure 20).

Acid denaturation: After reducing the pH of the IgG1 sample solution down to 4.7 by adding
phosphoric acid, aliquots were analyzed at 5, 20, and 50 min, and the response was compared
to that of the original sample solution. The blue trace shows the intact mAb and what is
(presumably) its dimer eluting at 8.65 min when analyzed at flow rate of 1 mL/min. The
degradation of the monoclonal antibody creates a larger MW entity (unidentified) that elutes
directly after the dimer and before the monomer. Continued decay led to increase of both
peaks. Clearly the dimer increases in size, while the peak height of the monomer decreases.
Hints of higher order “multimers” are detected between 7 and 8 min [31].

Heat denaturation: Degradation of mAb at pH 5.5 and a temperature of 60�C were monitored.
Fifty microliters of antibody in 0.1 M phosphate buffer (pH 6.0) was mixed with 50 μL of
0.1 mol/L phosphate buffer, pH 4.65; the final pH was 5.5; and 20 μL was injected [31]. Heating
for 1 h at 60�C results in almost complete breakdown of the monoclonal antibody and the
formation of very large aggregates (multimers) that extend to the exclusion volume of the
column. The intensity of the multimer peaks increased as a function of the incubation period
at 60�C. The larger the total exclusion volume of the column, the better the resolution of higher
order aggregates. An SEC column with a 500-kDa exclusion limit may not be able to resolve
the individual multimers such as trimers and tetramers. An SEC column with larger exclusion
limit, for example, 2500 kDa, may be useful in such a case [31].

Figure 20. Analysis of forced degradation of IgG after acid and heat denaturation using a SEC TSKgel UltraSW aggre-
gate, 3 μm, 30 nm, 7.8 mm ID � 30 cm column.
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The analysis of a heat denatured, large hydrophobic metalloprotein, Apo ferritin, analyzed
using a TSKgel UltraSW Aggregate column yielded high resolution between the monomer
(450 kDa) and dimer (900 kDa) (Figure 21). The trimer (1350 kDa), tetramer (1800 kDa), and
higher order aggregates of Apo ferritin were well separated. Tetramer of Apo ferritin is
approximately equivalent to 13 mer of a mAb. Larger exclusion limit yielded better resolution
of the higher order aggregates. [40].

3. Effect of mobile phase additives on the separation of monoclonal
antibodies

The use of organic solvents such as isopropyl alcohol (IPA) or salts can decrease the secondary
interaction as reported by many scientists and mentioned earlier briefly in this chapter in
Section 2.5. Peak resolution and retention time shift were not impacted with the use of 15%
IPA as demonstrated in the two examples (Figure 12 and Figure 13). It is necessary to evaluate
the individual SEC column regarding the impact of the additives since a stationary phase with
minimum impact is always a favorable choice. After important mobile phase parameters have
been set, such as pH, stationary phase, and ionic strength, significant improvements can, in
fact, be made to separate mAb monomers from aggregates and fragments. There are no
universal additives which can be applied for every mAb or protein purification. Other com-
mon additives are methanol and ethanol. Use of sodium perchlorate may also improve the
separation and resolution. By switching from 0.2 mol/L sodium chloride to 0.2 mol/L of the
more chaotropic sodium perchlorate salt, together with a twofold reduction in the buffer
concentration, less peak tailing and distinct peaks for the dimer and trimer could be noticed
[41]. Sodium dodecyl sulfate (SDS), urea, guanidine hydrochloride, etc., are sometimes used
when the proteins need to be solubilized, leading to denaturation of the protein and breakage
of the noncovalent bonds. The use of additives should be considered only when needed. In
many cases, the performance of the column is irreversibly changed when a column is subjected

Figure 21. Analysis of Apo ferritin after heat denaturation using a TSKgel UltraSW aggregate column.
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to particular additives. Retention time may shift when the additive is added and the resolution
may change, expectedly to a better resolution but these values should remain constant and the
analysis should be reproducible. It is always better to dedicate the SEC column if the column is
subjected to additives, since we still have no clear idea how the pore characteristic of the
stationary phase may behave with and without additives. Analysts should check the opera-
tional and conditions (OCS) sheet for the column as provided by the vendor to make sure that
additives are compatible with the stationary phase. If compatible the analyst should be aware
of the percentage of organic solvent the column is compatible with. Generally, when the
organic solvent is used, the column may need a slower ramping rate for proper equilibration
of the column with the mobile phase containing the additive, generally by using gradual
solvent changes using a shallow gradient at low flow rate.

4. Analysis of monoclonal antibody IgG1 by SEC using MS-friendly
mobile phases

The use of mass spectrometry is becoming increasingly popular for scientists dealing with
biomolecule separation to identify the individual peaks by molecular weight. The liquid
chromatography-MS (LC–MS) system available nowadays is very robust and useful for rou-
tine mass determination. Reversed phase LC–MS or SEC-MS using organic solvents such as
acetonitrile can be used for the mass spectrometric characterization of mAbs. But mAbs get
denatured under these conditions.

There is a growing interest in the analysis of mAbs by online-SEC-MS under native conditions.
Conventional SEC analysis of mAbs use phosphate buffers at pH 6.7—for example, the most
common one is composed of 100 mmol/L phosphates (monobasic + dibasic) as buffering salts
+100 mM Na2SO4 as neutral salt to adjust the ionic strength +0.05% NaN3 (as antibacterial
agent). Both the buffering salts (phosphates) and neutral salt (sodium sulfate) are helpful in
preventing secondary interaction of the proteins with the stationary phase. The concentration
of these salts may need further optimization depending on the individual properties of the
mAbs. But phosphate buffer is not suitable for the mass spectrometer and yields substantial
noise and damage the MS system. So online SEC-MS is not possible in the presence of phos-
phate and other non-volatile salts. Use of volatile salts at lower concentration, which do not
interfere with the MS system, can be applied and the method needs to be optimized as well.
SEC columns should not exhibit particle shedding which will interfere with the MS signal.

The data below illustrate the effective use of MS-friendly mobile phase compositions in the
online SEC-MS analysis of a monoclonal IgG1, IgG2 antibody, ADC and Bi-specific mAb using
volatile salt environments (Figure 22).

The online LC–MS compatible chromatographic conditions used for the analysis of IgG1, IgG2,
ADC, and a Bi-specific mAb is shown below.

Following the development of an optimized separation, liquid chromatography mass spec-
trometry (LC–MS) analysis was performed using a Q Exactive Plus mass spectrometer
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(ThermoFisher Scientific) coupled to a Shimadzu Nexera XR UHPLC system. Samples were
injected onto a TSKgel UP-SW3000 column (2 μm, 4.6 mm ID x 30 cm) and isocratically
separated at 0.350 ml/min for 15 min with a mobile phase comprising 20 mM ammonium
acetate and 10 mM ammonium bicarbonate, pH 7.2. A 15-min blank isocratic gradient was run
between sample injections. No carryover was observed in the blank runs. Eluted proteins were
analyzed by the mass spectrometer set to repetitively scan m/z from 800 to 6000 in a positive
ion mode. The full MS scan was collected at 17,500 resolution, with spray voltage 4 kV, S-Lens
RF 75, and in-source CID 80 eV. Protein mass deconvolution was performed using ProMass
(Novatia). The (1) total ion chromatogram, (2) mass spectrum, and (3) deconvoluted mass

Figure 22. Separation of an ADC, two IgG1 and IgG2 mAbs, and the corresponding bi-specific mAb using a TSKgel UP-
SW3000 column (2 μm, 4.6 mm ID x 30 cm).
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Figure 22. Separation of an ADC, two IgG1 and IgG2 mAbs, and the corresponding bi-specific mAb using a TSKgel UP-
SW3000 column (2 μm, 4.6 mm ID x 30 cm).

Separation of Monoclonal Antibodies by Analytical Size Exclusion Chromatography
http://dx.doi.org/10.5772/intechopen.73321

157



spectrum of one mAb was evaluated. A main peak can be seen at m/z 149,264; adjacent peaks
at m/z 149,426 and 149,592 correspond to different glycoforms.

Here we report the use of a TSKgel® UP-SW3000, 2 μm column for the separation of a
bispecific antibody and the two parent mAbs (IgG1) followed by MS analysis. The Bispecific
T cell Engager (BiTE®) technology was used in this study. BiTE is a fusion protein consisting of
two single-chain variable fragments (scFvs)–CD19, a biomarker for normal and neoplastic B
cells and CD3 (on T cells) – recombinantly linked by a nonimmunogenic five-amino-acid chain
(Figure 23). BiTE is approximately 55 kDa in size. SEC/MS analysis was performed by the
Wistar Proteomics and Metabolomics Facility (Philadelphia, PA) using a Nexera® XR UHPLC
system (Shimadzu) coupled to a Q Exactive™ Plus mass spectrometer (Thermo Fisher Scien-
tific) (Figures 24–26).

Prior to analysis, a blank injection was run in order to assess column particle shedding. The
total ion chromatogram of a blank injection was run on a new TSKgel UP-SW3000 column. MS
data indicate that there is no shedding from the TSKgel UP-SW3000 column prior to sample
injection. Additionally a blank injection was run between each of the sample injections in order
to monitor sample carryover.

Each mAb is different, and a method with the use of volatile salts needs to be optimized for
reproducibility. There was a difference between the retention time of mAb1 under the isocratic
mobile phase 20 mM ammonium acetate and 10 mM ammonium bicarbonate, pH 7.2 com-
pared to 100 mM phosphate buffer containing 100 mM Na2SO4 and 0.05% NaN3 pH 6.8. In an
attempt to look for the condition where a MS compatible buffer yields a retention time similar
to phosphate buffer, a comparison of elution profiles under 100 mM phosphate buffer and
100 mM ammonium acetate buffer both at pH 6.8 is shown below (Figure 27 and Table 4).

Monomer peak areas remain constant under both conditions with high reproducibility of all
the peak parameters. % RSD deviations of all the peak parameters were low. Mass spectromet-
ric analysis under this chromatographic condition will be reported elsewhere.

Figure 23. Scheme of a BiTE and corresponding original mAb 1 and mAb 2.
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Figure 24. SEC/MS analysis of the CD19 X CD3 BiTE antibody.
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Figure 25. SEC/MS analysis of the original IgG1 mAb1.
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Figure 26. Analysis of blank injections in order to assess column particle shedding using the TSKgel UP-SW3000 column.

Figure 27. Comparison of elution profiles of IgG1 under 100 mM phosphate buffer and 100 mM ammonium acetate
buffer, pH 6.8 using a TSKgel UP-SW3000 column.
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5. Size exclusion chromatography and its orthogonal and complimentary
modes for detection of heterogeneity

Two chromatographic modes are considered orthogonal techniques if the selectivity of the two
modes are significantly different. Under ideal conditions without any secondary interaction, SEC
should yield a characteristic Gaussian-shaped peak without the presence of any heterogeneity.

Table 4. Analysis of retention time, peak area, peak height, as (peak asymmetry) and N (theoretical plates) of the
monomers. The average (Avg), standard deviation (Std) and relative standard deviation (RSD) are also shown.

Figure 28. Analysis of papain digested IgG1 fragments. (A) Chromatogram of papain digested IgG1 fragments separated
on a TSKgel SuperSW3000 column. (B) Individual peaks F (ab) 2 and Fab + Fc from the SEC separation (panel A) were
applied to a reversed-phase chromatographic (RPC) TSKgel protein C4–300 column.
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As shown in the figure below when individual peaks F (ab) 2 and Fab + Fc from SEC separation
(panel A) were applied to the reversed-phase chromatographic (RPC) column, a number of
hydrophobic variants eluted (panel B) in the increasing order of their hydrophobicity (Figure 28).
Mechanism of papain digestion is discussed in Section 2.6. Though papain digestion yields
primarily the Fab fragments, F(ab’)2 fragment can be generated if the papain is first activated
with 10 mM cysteine. Following the completion of the reaction, the excess needs to be removed
by gel filtration. Size exclusion chromatography cannot differentiate these heterogenic impurities
or hydrophobic variants, which are not sufficiently different in the size or hydrodynamic radii
from each other. Similarly, a number of other chromatographic modes, other than RPC, can also
be used as an orthogonal technique. The extent of the heterogeneity present in the SEC peak can
only be confirmed by an orthogonal analysis.

Similarly, a reversed-phase chromatography column can also be used as a complimentary
chromatography column along with SEC as shown below (Figure 29). The elution order of
elution of the peaks is simply reversed as expected.

The PEG-conjugated species were more strongly retained by RPC, than the different forms of
intact lysozyme. The order of elution in RPC is opposite to the order of size-based separation in
SEC [35].

Figure 29. Separation of PEG (MW 5000)-lysozyme and PEG (MW 30,000)-lysozyme on a SEC TSKgel SuperSW3000
column (A) followed by chromatography of the SEC fractions 1–4 using a reverse phase TSKgel protein C4–300 column (B).
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6. Method transfer

With the advancement of the liquid chromatographic instruments from HPLC to UHPLC and
with the advancement in column packing technology with smaller particle sizes, an easy
method transfer from HPLC to UHPLC is becoming necessary. UHPLC has much lower extra
column volume and can withstand more than 1000 bar besides other optimized instrumental
features while conventional HPLC has maximum operable pressure of 400 bars. Differences
between HPLC and UHPLC instruments give rise to many challenges when a method needs to
be transferred from one system to another and if equivalent separation profiles are obtained.
On the other hand, there are analysts who do not possess the UHPLC but still want to get
advantage of smaller particle size SEC columns while using a traditional HPLC instrument.
The effect of extra column volume in band broadening in conventional HPLC needs to be
reduced and optimized by reducing the diffusion in the tubing between the injection valve and
the column and between the column and the UV cell by using smaller ID tubing and micro
flow cell. A column compatible with both UHPLC and conventional HPLC instruments may
be helpful for easy method transfer in both cases.

As an example, an SEC HPLC method for the separation of a mAb using 5 μm, 7.8 mm ID �
30 cm SEC column (TSKgel G3000SWXL) was transferred to a 2 μm, 4.6 mm ID � 30 cm SEC
column (TSKgel UP-SW3000 SEC) on a UHPLC instrument (Figure 30). The mobile phase and
other chromatographic parameters were not changed except the flow rate reduced for the
2-μm column.

Figure 30. Comparison of the SEC HPLC method with the SEC UHPLC system. Separation efficiency of column TSKgel
G3000SWXL (A) and column TSKgel UP-SW3000 SEC (B) was compared by loading a mixture of standard proteins
(Thy = thyroglobulin bovine, γ-glo = γ-globulins from bovine blood, ova = albumin chicken egg grade VI, riboA = ribonu-
clease A type I-A from bovine pancreas, pAba = p-aminobenzoid acid) on both columns.
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TSKgel UP-SW3000 columns feature the same pore size as the well-established TSKgel
G3000SWxl columns. With the use of the 2-μm column, the resolution between peaks 2–3, 3–
4, 4–5, 5–6, and 6–7 increased respectively by 15, 25, 33, 24, and 37% compared to the 5-μm
column. Retention time consistency was maintained, and similar separation profile was
obtained at lower flow rate. A smaller 2-μm particle size column yielded a twofold higher
sensitivity. The 2-μm columns yielded a back pressure acceptable for use in both HPLC and
UHPLC.

Similarly, a method can be transferred directly from HPLC to UHPLC, without any change in
conditions using 2 μm TSKgel UP-SW3000 columns as shown in Figure 31 [42].

7. SEC for desalting

Desalting is a process to remove or reduce salt from the liquid, such as protein sample solution.
Desalting by gel filtration chromatography (GFC) is the preferred method in biochemical
laboratories to reduce the salt concentration or to exchange the buffer of a biopolymer solution.
The main advantage of desalting by GFC over dialysis is the faster analysis time. Desalting
may be needed for various reasons. Proteins eluting at high or elevated salt concentrations
may need to be desalted to lower salt concentration prior to its use for the next step. Protein
samples may also contain denaturants such as sodium dodecyl sulfate (SDS), guanidine
hydrochloride, and urea which need to be removed. Desalting and buffer exchange of proteins
or polynucleotides can also be performed by dialysis, ultra-filtration, or by using spin

Figure 31. Comparison of the separation efficiency of a 2-μm TSKgel UP-SW3000 column applied in HPLC and UHPLC
mode. Conditions were the same as in Figure 30. The same standard protein mixture as in Figure 30 was used.
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columns. Desalting columns are characterized by a low exclusion limit and a large pore
volume. Salts can fully access all pores, while proteins and other high MW species are
excluded. Analytical columns packed with conventional packing materials such as dextran,
cellulose, and polyacrylamide have limited physical stability and are not suitable when fast
desalting is desired. Requirements for a fast desalting SEC column are [1] an inert matrix, [2] a
large pore volume that is fully accessible to common salts and buffer components, [3] a pore
size distribution that excludes the component(s) of interest from accessing the pores, and [4]
sufficient mechanical strength to allow the use of the column in standard HPLC equipment. As
an example, a 15-μm particle size TSKgel BioAssist DS column is composed of a stationary
phase where the mechanical strength of the polyacrylamide gel is fourfold higher as compared
to conventional gel by urea cross-linking. Conventionally, polyacrylamide beads have been
prepared by reversed-phase suspension polymerization or by using a spray dry method. The
uniform and more pressure-stable polyacrylamide beads packed in TSKgel BioAssist DS col-
umns were prepared using a normal phase suspension method as shown in Figure 32 [43].

Fast desalting with excellent reproducibility could be carried out within 5 min using conven-
tional HPLC system and TSKgel BioAssist DS Columns (4.6 mm ID and 10 mm ID) (Figure 33).
All the proteins (see table below) eluted with the same retention time closer to void volume
irrespective of their size (see the figures below), while salt and other small impurities eluted at
longer retention time as a function of their size. Refractive index was used as a detector in this
study since salts do not have any chromophore.

SEC columns designed for desalting using a HPLC instrument can be useful for the desalting
of proteins and polynucleotides at analytical and semi-preparative scale.

Figure 32. Principle of the generation of pressure-stable polyacrylamide beads which can be packed in TSKgel BioAssist
DS columns.
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8. Size exclusion chromatography column in the HILIC mode

For many years, SEC columns have been used to separate various nucleic acid species such as
DNA, RNA, and tRNA as well as their constituent bases, adenine, guanine, thymine, cytosine,
and uracil. In medicine, several primary nucleobases are the basis for the nucleoside analogues
and other synthetic analogs which are used as anticancer and antiviral agents. Nucleobase
modifications are the basis of oligonucleotide-based therapeutics, making their purification
very important.

Hydrophilic interaction chromatography (HILIC) is a variant of normal phase liquid chroma-
tography which uses hydrophilic stationary phases with reversed-phase type eluents. It is
applied for the separation of polar hydrophilic compounds.

Chemically bonded diol-coated phases in size exclusion chromatography (SEC) columns dem-
onstrate high polarity and hydrogen bonding properties. They do not contain ionizable groups
compared to the unreacted free residual silanols, making them appropriate for the HILIC
mode.

Figure 33. Desalting of proteins using a TSKgel BioAssist DS column with 4.6 mm ID or 10 mm ID packed with pressure-
stable polyacrylamide beads. The retention times of standard proteins and salt are shown.
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Figure 34 [44] shows the separation of four nucleobases using a TSKgel SuperSW mAb HTP
Column under SEC condition and in HILIC mode at pH 7.4 (Figure 34).

As expected, due to the similarities inmolecular masses between the four compounds, significant
interference is observed among the peaks of interest, particularly the three pyrimidine deriva-
tives, when separated on the TSKgel SuperSWmAbHTP column under SEC conditions. The late
elution of adenine (relative to the other three compounds) may be attributed to possible interac-
tions between the stationary phase and the derivatized purine compound, leading to a shift
toward a longer retention time. When the same SEC column is used in the HILIC mode, the
order of elution of the analytes does not correlate with their molecular mass (as in SEC separa-
tions), but instead is based on their relative hydrophilicity. This note demonstrates the benefits of
using a SEC column in HILIC mode for the superior resolution of four nucleobases, as opposed
to using the column in the SEC mode or using another type of a HILIC column.

9. Tips and tricks for size exclusion chromatography

It is a recommended practice to protect the column from potential sources of contamination
during the SEC separation of mAbs and other proteins. Standards and mobile phases should
be filtered through a 0.45-μm syringe filter. A frit filter used between injector and column will
also be an additional help. The use of guard columns is highly recommended. Guard columns
being short, of similar ID and with the same stationary phase do not possess any separation
power. The slight change in the retention time due to small increase in length remains constant
in consecutive injections. Using guard columns can prolong the lifetime of the analytical
column. The guard column needs to be changed before the dirty material spills over to the
analytical column. Frits at different parts of the HPLC instruments need to be changed inter-
mittently. Please refer to the picture below which clearly shows how much dirty materials are
trapped by these frits (Figure 35). Frequent changes of the frits are necessary to avoid spillage
of the dirty materials to the columns. Phosphate buffer pH 6.8, very commonly used for the
protein analysis by SEC is prone to bacterial growth. The column will get clogged and dirty,
eventually leading to failure of the analysis and breakdown of the system. Previously I

Figure 34. Separation of four nucleobases using a TSKgel SuperSW mAb HTP column under SEC condition (left panel)
and in HILIC mode (right panel) at pH 7.4.
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mentioned that sodium azide (NaN3) was used as an antibacterial agent to prevent fouling of
the phosphate buffer.

During the SEC of mAbs and proteins, mobile phases containing salts are constantly used and
can deposit on the different parts of the HPLC system (Figure 36). The pump head assembly
may get affected from the deposition of salts, resulting into a rise of back pressure as well as
causing damage to the sapphire piston. The pump head assembly can be cleaned with distilled
water and the back pressure issue is resolved. Mobile phase containing high salt or a combi-
nation of high salt and organic solvent can create this problem more than any other low salt
aqueous mobile phases. The system should not remain idle with these types of mobile phases.
The deposition may happen anywhere within the HPLC system and also inside the column, or
in the pump, the injector, the in-line filter or the tubing.

The use of a surfactant is necessary for certain SEC applications as discussed earlier, but
surfactants may change the bonding phase, so it may be necessary to dedicate the column for
that particular application.

Occasionally protein samples are adsorbed onto the packing material. When this occurs, it is
time to clean the SEC column. At the beginning of the separation, when the SEC column is new
and operating correctly and the mAb monomer is yielding a well-resolved peak, it is better to
establish baseline data and acceptable running conditions criteria. Then, if one of the performance

Figure 35. Comparison of a dirty frit with a new frit.

Figure 36. Salt depositions at screws of the column.
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causing damage to the sapphire piston. The pump head assembly can be cleaned with distilled
water and the back pressure issue is resolved. Mobile phase containing high salt or a combi-
nation of high salt and organic solvent can create this problem more than any other low salt
aqueous mobile phases. The system should not remain idle with these types of mobile phases.
The deposition may happen anywhere within the HPLC system and also inside the column, or
in the pump, the injector, the in-line filter or the tubing.

The use of a surfactant is necessary for certain SEC applications as discussed earlier, but
surfactants may change the bonding phase, so it may be necessary to dedicate the column for
that particular application.

Occasionally protein samples are adsorbed onto the packing material. When this occurs, it is
time to clean the SEC column. At the beginning of the separation, when the SEC column is new
and operating correctly and the mAb monomer is yielding a well-resolved peak, it is better to
establish baseline data and acceptable running conditions criteria. Then, if one of the performance

Figure 35. Comparison of a dirty frit with a new frit.

Figure 36. Salt depositions at screws of the column.
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characteristics of the SEC column changes by 10% or more, it is prudent that cleaning is
necessary. The acceptance criteria can be more stringent as needed. Similar cleaning of the
whole system including the flow cell may be necessary.

If cleaning is necessary, it is better to try cleaning the column in reversed direction at half the
flow rate while the column is detached from the detector to prevent detector damage since the
proteins have a tendency to adhere to the quartz material of the detector. Since the dirty
materials may remain trapped over the frit outside the column, cleaning in reversed flow
direction may be the easiest way to clean the column. Once the column is cleaned using the
vendor suggested protocol, the analyst must qualify the column using the QC method and QC
pass criteria under normal flow direction.

It is always recommended to read the operational conditions and specification sheet (OCS)
before the column is used. Occasionally, we may intend to use the column outside the specifi-
cation for a short period of time, but it is the responsibility of the analyst to monitor if the
column is functioning properly. For example, in Section 2.5, it has been shown that an analysis
could be repeated to monitor the stability of the antibody over time using a TSKgel SuperSW
mAb-HTP column at 0.75 mL/min. The used flow rate (0.75 mL/min) was higher than the
recommended maximum flow rate of 0.5 mL/min, as mentioned in the operational conditions
and specification (OCS) sheet for this column. Though the column could successfully be used
at this higher flow rate without compromising the column health, the effect of the higher flow
rate on the column lifetime for prolonged use was not investigated. It is always wise to operate
within recommended maximum flow rate to remain in safe side in order to prolong the
lifetime of the column. It is always necessary to keep an eye on the back pressure, peak
parameters, and so on to monitor the column health.

HPLC system and analytical chromatography columns are costly. Method development is
time-consuming and costly too. It is important to employ an HPLC system that is optimized
with regard to extra-column band broadening to take full advantage of the high column
efficiency that can be obtained on analytical columns. For any troubleshooting situation, the
problem is one of the following: [1] the column, [2] the sample, [3] the mobile phases, [4] the
instrumentation, and [5] personal errors. The same is true for size exclusion chromatography
related troubleshooting issues too. Proper maintenance of the column and instrument is much
more needed and important to avoid the troubleshooting in the beginning. Many trouble-
shooting issues can be avoided by taking proper handling the top three major components of
any HPLC analysis. The importance of the use of a protein standard mixture and the standard
mAb to monitor the column health from time to time is always a good idea as mentioned in
brief in Section 2.5. Maintaining a SEC column is an art and good performance, which will
result in a prolonged column lifetime.

10. Conclusions

Size-exclusion chromatography is a great tool for the purification of monoclonal antibodies.
The secondary interaction of the stationary phase needs to be taken care of by controlling the
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stationary phase as well as by optimizing the mobile phase. The effect of particle size and pore
size of the stationary phase on SEC separation needs to be clearly understood. A right column
selection for the purification will depend on the separation range and the slope of the calibra-
tion curve. Separation of HMW and LMW species to purify the monomer is critical to get the
pure mAb without heterogenic impurities, which might be immunogenic to human. Enzy-
matic digestion and forced degradations are necessary to characterize the monoclonal anti-
bodies, and SEC columns need to be rightfully selected based on the separation goal. Mobile
phase additives may be necessary to improve the separation, and few examples are discussed.
Since online LC/MS is becoming popular, a mobile phase compatibility is needed as discussed
in this chapter. Since size exclusion chromatography cannot separate the heterogenic species
without much difference in hydrodynamic radii, an orthogonal technique is necessary. A
similarly complimentary technique is also helpful for complete characterization of the mono-
clonal antibodies. SEC column developed, and optimization of surface and pore characteristics
is critical for the separation of monoclonal antibodies and other proteins by HPLC and UHPLC
instrument. With the advancement of UHPLC, an easy method transfer between HPLC and
UHPLC is becoming necessary. Ease of method transfer using a column with dual functional-
ity for its use in both HPLC and UHPLC is helpful. Desalting using a conventional SEC HPLC
column can be very useful in removing the unwanted salts and additives. A robust separation
with excellent reproducibility needs a size exclusion chromatography column with optimized
packing as well as the knowledge about the tips and tricks to maintain the column lifetime.
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Abstract

Monoclonal antibodies have become increasingly accepted as diagnostics and thera-
peutics for various human diseases due to their high affinity and specificity. However, 
several practical drawbacks are apparent for the reagents based on conventional IgG 
antibodies. With the emergence of antibody engineering, many problems were over-
come when the recombinant antibody fragments such as Fabs, scFvs, diabodies and 
single domain antibodies (sdAbs), are developed. These fragments not only retain 
the specificity of the whole monoclonal antibodies, but are also easy to express and 
produce in prokaryotic expression systems. Rather unexpectedly, the natural sdAbs 
namely VHHs, VNARs and variable lymphocyte receptors (VLRs) that comprise excel-
lent biological activities were recently discovered in camelids, cartilaginous fish and 
lampreys, respectively. Due to their unique characteristics, including small size, high 
thermostability, stable folding in the nucleus and cytosol and long CDR3 regions 
which have access to cavities or clefts on the surface of proteins, these new binders are 
now investigated extensively as a substitute for conventional antibodies. This review 
describes the potential of sdAbs selected using in vitro display systems and their use in 
multiple applications.

Keywords: recombinant antibody, single domain antibody, diagnostic and therapeutic 
single domain antibody, scFv, IgNAR, VHH, VLR, VNARs

1. Introduction

In research applications, antibodies are widely used as binders due to their high specificity 
and high affinity. Antibodies can be classified into three different categories such as  polyclonal 
antibodies, monoclonal antibodies and recombinant antibodies [1]. Polyclonal antibodies 
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Abstract

Monoclonal antibodies have become increasingly accepted as diagnostics and thera-
peutics for various human diseases due to their high affinity and specificity. However, 
several practical drawbacks are apparent for the reagents based on conventional IgG 
antibodies. With the emergence of antibody engineering, many problems were over-
come when the recombinant antibody fragments such as Fabs, scFvs, diabodies and 
single domain antibodies (sdAbs), are developed. These fragments not only retain 
the specificity of the whole monoclonal antibodies, but are also easy to express and 
produce in prokaryotic expression systems. Rather unexpectedly, the natural sdAbs 
namely VHHs, VNARs and variable lymphocyte receptors (VLRs) that comprise excel-
lent biological activities were recently discovered in camelids, cartilaginous fish and 
lampreys, respectively. Due to their unique characteristics, including small size, high 
thermostability, stable folding in the nucleus and cytosol and long CDR3 regions 
which have access to cavities or clefts on the surface of proteins, these new binders are 
now investigated extensively as a substitute for conventional antibodies. This review 
describes the potential of sdAbs selected using in vitro display systems and their use in 
multiple applications.

Keywords: recombinant antibody, single domain antibody, diagnostic and therapeutic 
single domain antibody, scFv, IgNAR, VHH, VLR, VNARs

1. Introduction

In research applications, antibodies are widely used as binders due to their high specificity 
and high affinity. Antibodies can be classified into three different categories such as  polyclonal 
antibodies, monoclonal antibodies and recombinant antibodies [1]. Polyclonal antibodies 
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(polyclonal Abs) are heterogeneous antibody mixtures that are derived from multiple plasma 
cell lines. Because polyclonal antibodies comprise a mixture of different antibodies carrying 
numerous paratopes, they have excellent properties for recognizing antigens [2]. A monoclo-
nal antibody (mAb) is a homogeneous antibody generated from a single B lymphocyte clone. 
Antibodies produced in mAb format have an extremely high specificity against a single epi-
tope on antigens [3]. Recombinant antibodies (rAbs) are antibodies generated using molecu-
lar biology techniques. They are aimed to improve the sensitivity, selectivity, stability and 
immobilization properties in diagnostic applications, for example, in biosensors [4]. In mak-
ing decision to use or generate polyclonal, monoclonal or recombinant antibodies, several 
factors should be considered, including commercial availability, possibility to raise animals, 
types of applications, time length of a project and costs [1]. Although a vast number of rAbs 
has been proposed [5–8], the natural sdAb fragments that were recently discovered from 
camelids (VHHs), sharks (VNARs) and lampreys (VLRs) have shown to possess extraordinary 
features that are not found in conventional antibodies, such as a small dimension, an elevated 
stability and the capability of recognizing cavities and clefts on the surface of proteins that 
cannot be reached by conventional recombinant antibodies [9–11]. This chapter will discuss 
the availability of new binders derived from vertebrates and give an overview of their appli-
cations in a biomedical platform by recognizing specified targets from various diseases.

2. Monoclonal antibodies and their limitations

The first description of monoclonal antibody (mAbs) production was published by Nobel 
prize winners, Kohler and Milstein in 1984 [12]. The fusion technique developed between 
splenic B cells and myeloma cells is termed the hybridoma technique has revolutionized 
immunology and medicine. The production of mAbs is not influenced by sources of ani-
mal used, making mAbs having better homogeneity in scale-up production [13]. The mAb 
technology has been widely applied in biomedical research and pharmaceutical industries.

Unlike polyclonal Abs, the monospecificity of a mAb enables targeting of a single epitope. 
This enables a range of applications, including targeting specific members of a protein family 
and evaluating changes in molecular conformation and targeting protein-protein interactions. 
However, the specificity and sensitivity of mAbs can be reduced by small changes in the 
structure of the antigen determining regions, or even by minor changes in pH or salt concen-
tration. An advantage is that, mAbs can be produced at a greater concentration and much 
higher purity than polyclonal Abs [13].

The conventional mAb predominantly produced as IgG after an immune response, is repre-
sented in Figure 1. As determined by their structural and biological properties, IgG molecules 
have specific features, namely their large size compared to recombinant antibody fragments, 
higher synthesis rate and longer half-life. IgGs are the most widely used immunoglobulins 
for antibody-based diagnostic and therapeutic development. Generally, conventional IgGs are 
characterized by having a high affinity (Ka) ranging from 10−2 to 101 nM, and excellent specific-
ity for its cognate target epitope [14]. The high degree in variations of antibody specificities is 
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conferred by the variable amino acid sequences in the variable regions of the heavy and light 
chain (VH and VL). Each variable domain is comprised of three hypervariable (HV) regions, 
separated by four framework regions (FR). The HV regions are known as complementarity-
determining regions (CDRs), and are responsible for the identification of the specific epitope 
of the cognate antigen. The FR regions are major components of the backbone structure for VH 
and VL regions in antibodies and can potentially influence the conformation of the antigenic 
binding loops [15].

However, several practical drawbacks are apparent for diagnostic reagents based on conven-
tional IgG antibodies. The complex architecture and large molecular size (~150 kDa) may result 
in weak binding when small size protein antigens are not easily recognized by the concave 
surfaces of CDR loops [16]. Initial attempts to generate single domain antibody fragments by 
separating expression of individual human VH or VL units was reported to result in solubility 
problems in aqueous solvents, higher cost and more time consuming process and the require-
ments for sophisticated protein engineering approaches [17]. Moreover, the failure of recogni-
tion of selected mAbs on conserved epitopes of specific antigens due to unbound reactivities 
mediated by the Fc region may hinder their utility for diagnostic applications [18, 19].

With the emergence of DNA engineering, surface display has been widely used to discover 
new antibody fragments as a means for diagnostic and therapeutic applications. An overview 
of principles in phage display technology, including antibody library construction, biopan-
ning, types of bacteriophages used and antibody fragments applications are further discussed 
in the following sessions.

Figure 1. Schematic representation of conventional antibodies and natural single domain antibodies. The conventional 
IgGs derive from mammals while the natural single domain antibodies derive from camelids, sharks and lampreys, 
respectively. Single V domains are presented as colored ovals; C domains are shown gray colored. The domains in 
lamprey variable lymphocyte receptor (VLR) are demonstrated on the right. VLRs consist of an N-terminal cap (LRRNT), 
the first LRR (LRR1), multiple (usually up to seven) 24-residue variable LRRs (LRRVs), a terminal or end LRRV (LRRVe), 
a connecting peptide (CP) and a C-terminal cap (LRRCT), followed by an invariant 3′-terminal region.
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3. Phage display technology for new biomarker binder discovery

Screening phage display libraries are a powerful tool for identifying specific binders from 
libraries containing a large diversity of phage surface expressed molecules [20, 21]. Libraries 
construction are achieved by fusing a repertoire of genes (genotype) encoding the peptides/
proteins to a gene encoding a capsid structural protein. The “displayed” peptides/proteins 
(phenotypes) are included in the capsid layer on the phage surface. Ideally, these proteins 
should not be interfered with the phage structure [22].

The display technologies have enabled exploration of new antibodies from humans or animals, 
including shark, camel, llama and lamprey [23–26] that may not otherwise be discovered.

3.1. Antibody phage display library

Antibody phage display libraries have been extensively used for isolation of specific high affinity 
binders against unique antigens from different targets [27–31]. Three types of antibody library 
are typically constructed: naïve, synthetic and immunized libraries [32]. A naïve antibody library 
refers to the repertoire of antibody genes derived from non-immunized donors. Synthetic anti-
body libraries are constructed using synthesized mutated CDRs and synthetic frameworks 
whereas immunized libraries are based on a host immunized with a target antigen of disease [33].

The function of the phagemid vector is akin to that of a plasmid whereby the genes of interest 
can be cloned directly into the multiple cloning sites upstream of the capsid structural phage 
protein after digestion by appropriate restriction enzymes. Phage display technology has facil-
itated the selection of different antibody fragments using genetic engineering approaches [34]. 
Many antibody fragments created (Fab, scFv and diabody) were used to overcome the limita-
tions of conventional IgG antibodies derived from higher organism [19]. Furthermore, the pre-
sentation of single domain antibodies (sdAb) of heavy chains derived from different animals 
are being widely investigated, including camelids VHH or Nanobodies®, sharks VNAR region 
of IgNAR [35] and the antibody of variable-like lymphocytes (VLRs) from lamprey fish [36].

3.2. Biopanning of phage display

The selection of high binding clones from antibody libraries using phage display can be 
undertaken in vitro via a process called biopanning. In this process, the antibody fragments 
displayed on the surface of phages are incubated with an antigen of interest that is immobi-
lized on a surface [37, 38]. Generally, immunoabsorbent ELISA microplates, uncoated cell 
culture dishes and immunotubes are commonly used for ligand immobilization [39]. Non-
specific or unbound phages are removed by washing, whereas phage that binds specifically to 
the target is eluted by changing the binding conditions, depending on types of bacteriophages 
used in the experiment. For instance, acidic solutions of HCl or glycine buffer are used for 
M13 bacteriophage [40]. Other methods include use of basic solutions of triethylamine [41], 
enzymatic cleavage of protease site incorporated in the recombinant coat protein [42], com-
petition with excess antigen [38] and direct bacterial elution [43] have been reported for the 
elution of M13 bacteriophage. For T7 phage display system, the elution buffer is 1% SDS [44].
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The amplification of eluted phage is carried out by infecting the exponential growth phase 
of Escherichia coli. To assembly and produce the recombinant phage a helper phage is added 
[45], whereas T7 phages can be directly released from the host by cell lysis [46]. Successive 
rounds of biopanning varied by types of library and target antigen used. In practice, the 
enrichment of phages of interest can be obtained within three to six rounds of biopanning. 
Further rounds of selection may potentially lead to bias by the enrichment of non-specific 
background phages [47, 48].

Phage display is a powerful technology for the generation of antibodies for medical appli-
cations. Nowadays, approximately 30 monoclonal antibodies have been approved by FDA 
for use in clinical practice with many more currently being tested in clinical trials. [49, 50]. 
The principle of the phage display is represented in Figure 2, indicating the workflows of 
library construction, biopanning and clone screening prior to purification for functional 
assays.

Figure 2. Principle of filamentous bacteriophage M13 phage display using a phagemid vector. Antibody genes encoding 
for millions of variants of libraries are cloned into a phagemid vector carrying the gene encoding for one of five phage 
coat proteins (pIII). Large phage libraries can be obtained by transforming E. coli with phagemids and rescue of phages 
with helperphage. Hence, phages displaying the specific antibodies against immobilized targets can be selected and 
isolated by several rounds of biopanning. These steps involve binding, washing, elution, infection and amplification. 
The eluted bound phages are subsequently screened by ELISA assay and followed by DNA sequencing prior to their 
protein expression and purification.
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Table 1. Comparison of M13 filamentous phage with T7 phage.

3.3. Types of bacteriophage utilized in phage display system

In phage display systems, different bacteriophages have been used to display a range of pro-
teins on surface. M13 filamentous bacteriophage [51, 52] and T7 lytic phage are the most 
commonly used for displaying and production of antibody fragments [53, 54]. A comparison 
between M13 bacteriophage and T7 lytic phage are discussed in the following section and 
summarized in Table 1.

3.3.1. Filamentous bacteriophage M13 system

The filamentous phage M13 is the most extensively used phage for antibody phage display [55]. 
Other classes of filamentous phages that have been studied include F1 and Ff phages [56, 57]. 
In the mature virus particle, filamentous phage M13 have a cylindrical-shaped structure, about 
930 nm in length and phage proteins are encoded by a circular single-stranded DNA genome. 
Foreign peptides are typically displayed on the N-terminal of the minor p3 coat protein or on 
the major p8 coat protein with the copy numbers from 5 to more than 2000 depending on type 
of vectors used. However, type 3 is the most widely used display format [56, 58]. Generally, 
this leads to expression of 1–3 copies of the recombinant fusion protein on the phage surface.

The diversity of M13 phage display libraries typically ranges from 105 to 1012, and is greatly 
dependent on the transformation efficiency of the host E. coli. As the proteins are secreted through 
periplasmic layers, the M13 phage display system represents a suitable tool to display the  
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appropriately folded proteins containing disulfide bonds. Hence, many functional antibody 
fragments, enzymes and inhibitors have been displayed and selected using this system [28, 59, 60].  
However, it also has the minor limitation of poor display of cytoplasmic proteins on the mem-
brane [61]. Moreover, the removal of stop codons in the DNA library can facilitate correct dis-
play of the foreign proteins on the coat protein at the N-terminus of M13 bacteriophage [56].

3.3.2. T7 bacteriophage system

The bacteriophage display and cloning system using T7, T4 and λ phage was introduced in 
1990s, and has several advantageous features over other phage display systems [62–64]. As a 
lytic phage, the T7 phage contains a linear double-stranded DNA genome. It has a diameter 
of 55 nm, with the capsid shaped in an icosahedron structure. The Novagen’s T7Select® is the 
commercially available phage display system that takes advantage of the properties of bacterio-
phage T7. There are three types of vectors available in this system: for peptide display with up 
to 50 amino acids in high-copy number (415 per phage); 1200 amino acids display in mid-copy 
number (5–15 phage) and 1200 amino acids display in low-copy number (0.1–1 per phage) [64].

Fusion proteins are displayed at the C-terminal end of the T7 capsid protein (gene 10); the 
removal of the stop codon from foreign genes is not necessary, resulting in ease construction 
of a library. The diversity of T7 phage display is often dependent on the packaging efficiency 
into the capsid. Nevertheless, a successfully constructed library could encode a library of the 
size 107–108 clones [64]. In contrast to bacteriophage M13, the secretion of library proteins 
through the periplasmic layer of the host cell does not occur in the T7 phage display sys-
tem. This may lead to the reduction of physiochemical restriction and less bias in the library 
peptide diversity [65]. In addition, the T7 phage system has the advantages of being able to 
display a cytoplasmic protein, a major limitation of the M13 filamentous phage [61, 66].

However, folding of cytoplasmic proteins with disulfide bonds in T7 bacterial phage system 
do not occur quite well. This problem can be resolved by using the complementing hosts 
such as BLT5615 or BLT 5403 E. coli strain included in the T7Select® kit [65, 67, 68]. In term of 
general features, T7 phage grows much faster than M13. After infection, clear plaques (lawns) 
of T7 phages can usually be observed within 2–3 h on an LB plate at 37°C. Furthermore, the 
purification process of T7 phage for ELISA and DNA sequencing is also simple to perform, 
with only PEG/NaCl precipitation required to recover the purified phage [47, 65].

4. Engineered sdAb fragments from vertebrates

With the advent of recombinant DNA technology, antibody genes can be selected and ampli-
fied using phage display, yeast display, bacterial display, ribosome display, mRNA display, 
DNA display or mammalian cell surface display [69–73] and see chapter in this book: “Display 
technologies for the selection of monoclonal antibodies for clinical use” by Tsuruta et al. 
A range of mammalian V-gene libraries have been used to undertake in vitro recombinant 
antibodies screening projects using phage display. These include mouse [74], rabbit [75], 
sheep [76] and human [77]. Unlike hybridoma technology, the direct link between the geno-
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appropriately folded proteins containing disulfide bonds. Hence, many functional antibody 
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type and the phenotype of displayed antibodies during selection (biopanning) can facilitate 
the identification of binding antibodies and corresponding antibody genes. Further, the gene 
encoding the desired antibody can be manipulated to improve affinity, specificity and expres-
sion or fusion to a carrier protein can be performed [38, 48, 78].

An advantage of sdAb fragments is their ease of genetic manipulation due to their smaller 
size, in addition ease of expression in bacterial system, low lot-to-lot variation and easy scaled-
up production [79, 80] . Moreover, sdAb production is not influenced by species-specific cell 
fusion partner incompabilities. Nowadays, the desired sdAb repertoire can be developed 
from shark, camels and humans with an appropriate set of specific primers [81] . However, an 
additional step of point mutations in framework regions and CDR randomization is required 
to construct human VH and VL sdAbs [81]. Regardless, the generation of sdAbs by bacterial 
fermentation is significantly cheaper, simpler and quicker than conventional polyclonal Abs 
or mAbs production [80, 82–84]. The general features of some natural sdAb fragments are 
described in the following section.

4.1. VHH heavy-chain domain in camelids

Conventional immunoglobulins comprise two major parts such as the antigen-binding frag-
ment (Fab region) and fragment crystallisable region (Fc region), with a typical molecular 
weight of 150 kDa. The Fab domain is responsible for antigen binding and therefore its speci-
ficity. This domain is divided into heavy (H) and light (L) chains with the molecular weights 
of 25 kDa each [85]. The stability of the molecular complex of an immunoglobulin is conferred 
by four inter-domain disulfide bonds in the hinge regions. The heavy chain can be subdivided 
into one variable (VH) region and three constant (C) regions (CH1, CH2 and CH3) while 
the light chain contains one variable region (VL) and only one constant region (CL). Lacking 
direct antigen-binding functions, the main role of the Fc domain is to provide effector func-
tions such as binding to cellular receptors on macrophages and complement activation, and 
determination of the half-life of an antibody [86].

In addition to conventional heterotetrameric antibodies, the sera of Camelidae were discov-
ered to possess special IgG antibodies known as heavy-chain antibodies (HCAbs). Although 
HCAbs contain both a constant (Fc) and variable domain, these antibodies are slightly differ-
ent from conventional IgG by devoid of the L chain polypeptide and the first constant domain 
(CH1) (Figure 1). Therefore, the isolated variable domain region of camelids HCAbs is known 
as VHH (variable domain of the heavy chain of HCAbs) or Nanobody® (Nb; Ablynx) [87]. VHH 
constitutes a binding surface to interact with the target antigen. The molecular weight of VHH 
is 15 kDa, 10 times lower than that of a conventional antibody. It was thereby considered the 
smallest possible antibody fragment and has attracted the interests of many scientists [88, 89]. 
Moreover, the capability of camelid antibodies to retain the reversibility and binding activity 
after heat denaturation has enabled new applications where transient heating may occur [90].

The major advantage of a VHH antibody is their greater solubility compared to classical VH 
[17]. This is due to the hydrophilic amino acid substitution present in the framework 2 region. 
Meanwhile, the single coding exon of less than 450 base pairs facilitates genetic engineering 
of VHH fragments [91]. In addition, on account of its smaller antigen binding surface area, the 
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unique CDR3 region enables the heavy domain of camelids to penetrate into antigen cleft 
regions that are not easily recognized by conventional antibodies [92, 93]. From a phyloge-
netic prospect, since camelids are related to the primate lineage [94] it is possible to produce 
humanized VHH, a process that may be easier to perform than the complicated manipulation 
required to “humanize” murine or other more distant species to reduce an alloresponse, such 
as the human anti-mouse antibody (HAMA) response [95].

Furthermore, due to their high intrinsic domain stability, camelids VHH are now under 
investigation as probes for diagnostics [18, 96]. The diagnostic potential of camelids VHH 
as probes in immunodetection systems offers the possibilities of improving the diagnosis 
of infection [97], cancers [98] and food contaminants [99]. Although VHHs do not originate 
from humans, the humanizations strategies of VHHs have successfully been undertaken by 
designing a humanized scaffold region onto the antigen-binding loops (CDRs) of specific 
VHHs can be grafted [100]. In addition, non-humanized and humanized VHHs with therapeu-
tic potential have been applied in multiple areas, including hematology [101], inflammatory 
diseases [102], infectious diseases [103], in vivo imaging [104], neurological disorders [105] 
and oncology [106, 107].

4.2. VNAR heavy-chain domain in sharks

A class of naturally occurring antibodies comprising a variable domain of a heavy chain (VNAR) 
without a variable light chain domain was discovered in the serum of elasmobranch cartilagi-
nous fish during early of 1990s [108–110]. These natural functional antibody repertoires were 
termed as immunoglobulin new antigen receptors (IgNARs). IgNARs are an unconventional 
and unique class of proteins found in sharks, including nurse sharks (Ginglymostoma cirra-
tum) [111], wobbegong sharks (Orectolobus maculatus) [112], smooth dogfish (Mustelus canis) 
[113], banded hound sharks (Triakis scyllium) [68] and horn shark (Heterodontus francisci) [114]. 
Investigations have revealed that IgNARs function as antibody and immune response media-
tors in sharks. However, until now it is not clear if the IgNARs as single domain antibodies 
arise from TCR domains/L chains or primitive cell surface molecules [109, 115].

Several desirable biological properties of IgNAR V domains have been identified, and their 
potential as alternative antigen binders explored [112, 113, 116]. The natural habitat of sharks 
has resulted in evolving extraordinary stable antibodies such that the functionality of antibod-
ies can be retained in a harsh environment [117]. Electron microscopic studies have indicated 
that the intact IgNAR exists as a disulfide-bonded homodimer that consists of a polyprotein 
with one variable domain (VNAR) and five constant domains (CNAR) (Figure 1) [118].

Similar to the camelid VHH, the VNAR has only a heavy-chain domain. However, the cross-
species conservation of the amino acid sequence with a human VH is extremely low in a VNAR 
domain (~25%), whereas it is more than 80% homologous to VHH scaffolds in camelids VHH 
[110, 119]. It is hypothesized that IgNARs lack many residues that exist in conventional anti-
bodies. These are replaced by other hydrophilic residues. The greatly truncated CDR2 region, 
herein defined as HV2 region, has created a signature hallmark for shark VNAR. Due to this 
unusual structure, the single variable heavy domain proteins of shark IgNARs are currently 
the smallest antibody fragments observed in animal kingdoms, having a size of only 12 kDa. 
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humanized VHH, a process that may be easier to perform than the complicated manipulation 
required to “humanize” murine or other more distant species to reduce an alloresponse, such 
as the human anti-mouse antibody (HAMA) response [95].

Furthermore, due to their high intrinsic domain stability, camelids VHH are now under 
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from humans, the humanizations strategies of VHHs have successfully been undertaken by 
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without a variable light chain domain was discovered in the serum of elasmobranch cartilagi-
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Investigations have revealed that IgNARs function as antibody and immune response media-
tors in sharks. However, until now it is not clear if the IgNARs as single domain antibodies 
arise from TCR domains/L chains or primitive cell surface molecules [109, 115].

Several desirable biological properties of IgNAR V domains have been identified, and their 
potential as alternative antigen binders explored [112, 113, 116]. The natural habitat of sharks 
has resulted in evolving extraordinary stable antibodies such that the functionality of antibod-
ies can be retained in a harsh environment [117]. Electron microscopic studies have indicated 
that the intact IgNAR exists as a disulfide-bonded homodimer that consists of a polyprotein 
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Similar to the camelid VHH, the VNAR has only a heavy-chain domain. However, the cross-
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[110, 119]. It is hypothesized that IgNARs lack many residues that exist in conventional anti-
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herein defined as HV2 region, has created a signature hallmark for shark VNAR. Due to this 
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Yet, in combination with the peculiar feature of a long CDR3 region, these VNAR domains tend 
to more readily penetrate cleft regions of antigens, thereby increasing the opportunity to tar-
get small target epitopes that may not be accessible to conventional IgG [120].

In terms of heat stability, VNAR also possess refolding properties as found in camelids VHH. 
The ability of retaining fully functional antigen-binding activity after exposure up to 95°C 
may make VNAR ideally suited to protein array and diagnostic applications where transient 
heating may occur as part of the protein immobilization process [9, 113]. It is partly due to the 
presence of cysteine residues in these single domain antibodies, resulting in an extraordinary 
conformation [35].

VNAR domains are more easily produced as recombinant proteins compared to conven-
tional antibodies. Additionally, due to hydrophilic residues present within VNAR surfaces, 
high yields of expressed proteins associated with high solubility, are achievable and thus 
they can be easy produced in prokaryotic systems [112]. Therefore, the potential utility of 
VNARs as alternative binders for clinical applications is now being investigated in a variety 
of areas.

4.3. VLRs immunoglobulin-like domains in lamprey

Lamprey and hagfish are the only surviving groups of jawless fish, having appeared since 
the Cambrian period. The adaptive immune system of jawless vertebrates was recognized 
as unique due to the rearrangement of antigen receptors which is completely different from 
that used by jawed vertebrates [121]. The somatic rearrangement of the variable (V) gene seg-
ments, diversity (D) segments, joining (J) segments and constant (C) segments is commonly 
observed in conventional Ig-based Ag receptors. However, the immune system in jawless 
vertebrates is predominantly regulated by recombination activating gene (RAG)-independent 
combinatorial assembly to generate leucine-rich repeats (LRR) cassettes for Ag recognition. 
Owing to these differences, antibodies in jawless fish were termed as variable lymphocyte 
receptors (VLRs) rather than Ig superfamily (Figure 1) [122].

In comparison to CDR loops used by Ig-based antibodies and T-cell receptors in many animals, 
the antigen-binding regions of VLRs have evolved into variable β-strands and C-terminal 
loop structural motifs, resulting in a crescent-shaped protein conformation [123, 124]. Due to 
the prevalence of this unusual pattern, VLRs tend to be more useful for microbial recognition 
[36]. Thus far, two VLR genes have been identified in lamprey and hagfish, namely VLRA 
and VLRB. However, the VLRB gene in lamprey shows more complexity in terms of coding 
sequence analysis [125].

Sequences analysis has revealed that each VLR consists of a signal peptide (SP), hypervariable 
LRR regions, consisting of a 27–34 residue N-terminal LRR (LRRNT), the first 24-residue LRR 
(LRR1), up to nine 24-residue variable LRRs (LRRV), one 24-residue end LRRV (LRRVe), one 
16-residue connecting peptide LRR (LRRCP) and a 48–63 residue C-terminal LRR (LRRCT) 
[126]. The assembly of VLRs entails greater recombination events in LRR modules and can 
efficiently generate more than 1014 unique repertoires at a level comparable to mammalian Ig. 
Thus, VLRs may be a source of single-chain domains alternative to conventional Ig-based 
antibodies [123]. Nevertheless no single domain antibody comprising only one engineered 
VLR domain has been so far reported.
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Having undergone evolution over millions of years, VLRs appear to have been optimized as suit-
able antigen receptors for humoral protection. Further analysis indicates that VLRs are extremely 
stable in harsh environments. Their antigen binding capability remained unchanged even after it 
was eluted from a column at a very basic pH (>11) [11]. In addition, the heat stability of VLRs is 
similar to shark IgNARs and camelids VHH. For example, eluted VLRs can be stored over 1 year 
at 4°C, 1 month at room temperature and 36 h at 56°C. However, the degradation of Ag-binding 
activity occurred when the incubation period was prolonged more than 1 h at 70°C [126].

Although VLRs were discovered less than a decade ago [122], they have provided new 
insights into the potential of ancestral antibodies in biotechnogical applications. Owing to 
a greater VLR library diversity as well as associated self-tolerance ability, VLRs can be effi-
ciently used to detect antigens that may not be recognized by mammalian Ig, for example, the 
sensitivity of VLRB mAb targeting against Bacillus anthracis (BclA) was superior to that of a 
high affinity conventional murine IgG [11]. Furthermore, the simple modular single polypep-
tide structures facilitate the production of VLRs antibodies through DNA engineering. VLRs 
combinatorial libraries of high affinity binders can be constructed through in vitro random 
mutagenesis and loop shuffling using a surface display technology approach, for instance, 
yeast display system [36]. Thus, VLRs may become alternatives for the developments of new 
reagents in diagnostic applications to overcome the lack of Ag recognition ability of conven-
tional monoclonal antibodies made from mammals.

5. Use of different recombinant antibodies for specific applications

To date, humans and mice remain the main source of complete antibodies for targeting dis-
eases. However, with the aid of DNA technology, a number of new antibody fragments have 
been engineered as smaller single domain fragments to improve immunoassays, immunosen-
sors and imaging probes in various applications. As described recently, the discovery of natural 
single heavy domain antibodies from camelids VHH and shark VNAR, and in addition lamprey 
VLRs offers some advantages over conventional antibodies. This range of natural antibodies is 
expected to open various applications: to trace molecule trafficking and to inhibit protein func-
tion inside the cell as intrabody, to apply them as therapeuticum and they can be used as detec-
tion units in biosensors or immunodiagnostics. In this section, we will review the deployment 
of different binders in specific diagnostic applications and to what extent these binders are used.

5.1. Applications of camelids VHH domains or nanobodies®

To monitor infections, single domain antibodies naturally derived from camelids (nanobodies) 
may enable superior species-specific antigen detection than classical monoclonal antibodies in 
immunodiagnostic tests. Trypanosome infection causes African sleeping sickness and Chagas 
disease. Both are severe parasitic diseases caused by protozoa of the genus Trypanosoma. Sleeping 
sickness disease is mainly found in rural Africa. The antigenic variation strategy adopted by 
this parasite represents a major barrier to the immune system to eliminate it. Consequently, it 
is difficult for specific mAbs to detect genus-specific antigens [127]. By adoption of an in vitro 
selection method, novel nanobody clones were isolated that showed specificity to T. evansi at 
species level, and genus-specific reactivity against various Trypanosoma species [128].
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the prevalence of this unusual pattern, VLRs tend to be more useful for microbial recognition 
[36]. Thus far, two VLR genes have been identified in lamprey and hagfish, namely VLRA 
and VLRB. However, the VLRB gene in lamprey shows more complexity in terms of coding 
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5.1. Applications of camelids VHH domains or nanobodies®
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may enable superior species-specific antigen detection than classical monoclonal antibodies in 
immunodiagnostic tests. Trypanosome infection causes African sleeping sickness and Chagas 
disease. Both are severe parasitic diseases caused by protozoa of the genus Trypanosoma. Sleeping 
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Cysticercosis is a serious tissue infection caused by larval cysts of the pork tapeworm, which 
is prevalent in many low-income countries [129]. Monoclonal antibodies that are currently 
deployed in sandwich ELISAs are mainly genus-specific against Taenia sp., but poorly specific 
at a species level to identify Taenia solium, the major Taenia species threatening human health 
[130, 131]. To circumvent such limitations, an in vitro selection of nanobodies from immu-
nized dromedaries was developed to recognize a specific marker on T. solium. After in vitro 
selection, the nanobodies showed no cross-reactivity against other livestock Taenia species, 
while having a very specific response to a specific 14 kDa glycoprotein (Ts14) in T. solium. 
Therefore, nanobodies showed potential as an alternative to genus-species mAb for develop-
ing unambiguous ELISA tests for human cysticercosis [97].

Apart from diagnostic reagents for infectious diseases, nanobodies have been identified as 
alternative binders to analyze the compositions of substances in food and beverages indus-
tries. Due to their excellent thermal stability, nanobodies showed superior behavior to classi-
cal mouse mAbs in ELISA to measure caffeine concentration in hot and cold beverages [132].

Camelid sdAbs have recently been applied in ELISA methods to detect a wide range of small 
molecules, including explosive materials (trinitroluene or TNT) [133], agents of bioterror-
ism (Botulinum A neurotoxin) [90], toxins (ricin, cholera and staphylococcal enterotoxin B) 
[134], scorpion toxin [135] and viruses (HIV, rotavirus, Vaccinia and Marburg) [136–138]. 
Owing to the combination of several favorable properties, camelid nanobodies have also been 
employed as molecules to diagnose diseases. In small molecule development, the advanced 
features of highly stable and unique conformational structure of nanobodies have permitted 
overcoming many problems faced by traditional whole antibodies and scFv fragments such 
as cross-reactivity and nanoparticle agglutination. The development of biosensors coupled 
with nanobodies (nanoconjugates system) has enabled significant improvement in the per-
formance of a device to identify harmful bacteria (Staphylococcus aureus) to a nanometer scale 
within 10 min [139].

Nevertheless, mAbs remain the common binding agents to identify and trace tumor-associ-
ated proteins for noninvasive in vivo imaging. However, limitations, particularly large size 
(150 kDa) and Fc regions, result in mAbs poorly penetrating into solid tumors [140]. The emer-
gence of nanobodies offers the possibility of resolving such problems, and thereby enables 
nanobodies to diagnose tumor markers such as EGF receptor [141]. This will enable cancer 
staging predictions in blood circulation such as prostate-specific antigen [142]. More applica-
tions using camelids VHH targeting antigens from various diseases are summarized in Table 2.

5.2. Applications of shark VNAR domains

Evidence that IgNAR is part of the shark adaptive immune response was demonstrated in a 
work where increasing levels of hen egg lysozyme (HEL) led to the development of specific 
IgNARs developed in the shark sera after 4–5 months of immunization [25]. The peculiar 
structure of the shark IgNAR variable domain renders it amenable to create synthetic pep-
tide mimetics to target specific epitopes that are inaccessible to conventional antibodies [118]. 
Therefore, VNAR may be suitable as new molecular reagents for research, diagnostic and immu-
notherapeutic applications.
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Apical membrane antigen-1 (AMA1) is a highly polymorphic 83 kDa merozoite surface pro-
tein that is essential for erythrocyte invasion in malaria parasites [143]. A VNAR isolated from 
a wobbegong shark showed high-binding affinity to Plasmodium falciparum AMA1 through its 
unique CDR3 region after undergoing affinity maturation [144]. The binding specificity of a 
monovalent VNAR clone to P. falciparum AMA1 was comparable with commercially available 

Target antigens Diseases Applications Reference

VEGF-A165 Neoangiogenesis Diagnostic and therapeutic [143]

HER2 Breast cancer Diagnostic [144, 145]

HPV-16 L1 protein Cervical cancer Diagnostic and therapeutic [146, 147]

HSP-60 Brucellosis (livestock) Diagnostic and vaccine [23, 148]

VCAM1 Atherosclerotic lesions Molecular imaging [149–151]

VEGFR2 Angiogenesis Therapeutic [152]

TNT Explosive Diagnostic [133, 153]

SEB Toxin Sensor and diagnostic [134]

Ricin Toxin Sensor and diagnostic [134]

BoNT/A Toxin Sensor and diagnostic [90, 154, 155]

Scorpion AahII Toxin Neutralizing and therapeutic [135]

EGFR Tumors Detection and imaging

DARC Malaria (by P. vivax) Diagnostic or therapeutic

LMM, ES, CSE, TSB, LLGPs, 
VF of T. solium

Neurocysticercosis Immunodiagnosis [97]

Heat-killed B. melitensis Riv1 
lysates

Brucellosis Vaccination, diagnostic, 
therapeutic

[141, 156–158]

Poliovirus type 1 Sabin strain 
particles

Poliomyelitis Diagnostic and therapeutic [159, 160]

CEA Colon cancer In vivo imaging [161–163]

RSV protein F Acute lower respiratory tract Therapeutic [164]

CD105 Angiogenesis related tumors Diagnostic and therapeutic [165, 166]

Ts14 glycoprotein T. solium cysticercosis Diagnostic [97]

vWF Thrombosis Therapeutic www.ablynx.com

TNFα, IL-6R, IgE Rheumatoid arthritis Therapeutic www.ablynx.com

RANKL Bone metastasis Therapeutic www.ablynx.com

RSV Bronchiolitis and pneumonia Therapeutic www.ablynx.com

DR5 Solid tumors Therapeutic www.ablynx.com

Not stated Alzheimer’s disease Therapeutic www.ablynx.com
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binding reagents, derived from conventional polyclonal sera, monoclonal antibodies, small 
fragments (Fab and scFv) and peptides [145]. Foley and co-workers demonstrated the heat 
stability of purified recombinant VNAR was superior to that of conventional mAbs by targeting 
immobilized P. falciparum AMA1 in various formats at 45°C, and the refolding property of 
VNAR was retained when the temperature increased to 80°C. The excellent stability property at 
extreme pH and resistance to proteolytic cleavage was further evidenced by incubating VNAR 
with homogenized murine stomach tissues under in vivo conditions [9]. From this point of 
view, it was purposed that VNAR domains have potential for development as alternate binders 
for malaria diagnostic platforms.

Human periodontal disease is an advanced gingivitis caused by the bacterial pathogen 
Porphyromonas gingivalis [146]. Late treatments often lead to dental loss due to the accumula-
tion of lysine gingipain (KgP). KgP is a high molecular weight polyprotease produced by  
P. gingivalis [147]. This bacterial toxin is responsible for destruction of dental tissue of host by 
suppressing the secretion of specific lytic enzymes from the immune system [148]. Nuttall and 
co-workers [149] identified two distinct clones specific to KgP from a naïve wobbegong shark 
VNAR phage display library with synthetic CDR3 loops. The high stability and binding affinity 
toward P. gingivalis KgP indicated the potential for VNAR sdAbs as a valuable source of single 
domain binding reagents [149].

In recent studies, shark VNAR domains have been reported to detect markers from viral 
diseases at greater sensitivity compared to mAbs and scFvs. Ebola virus hemorrhagic 
fever (EVHF) is a highly lethal disease caused by Bundibugyo virus (BDBV), Sudan virus 
(SUDV), Tai Forest virus (TAFV) and Zaire Ebolavirus (ZEBOV) [150–152]. Shark VNAR and 
murine scFv phage display libraries have been generated against specified markers on Zaire 
Ebolavirus. The results indicated that the sensitivity and thermal stability of shark VNAR 
sdAbs against viral nucleoprotein (NP) of ZEBOV was superior in comparison to murine 
mAbs and scFvs. [116].

As in the case with camelids nanobodies, highly diversified shark VNAR libraries have also 
been used to detect different kind of toxins, including staphylococcal enterotoxin B (SEB), 
ricin and botulinum toxin A (BoNT/A) complex toxoid [153] and cholera toxin (CT) [113]. In 
addition, VNAR sdAbs have been reported to recognize immunosilent targets in human, for 
example, the 70 kDa translocase of outer membrane (Tom70) [154]. Owing to the findings of 
negligible cross-reactivity with other antigens and superior heat stability, shark VNAR domains 
may be a potent source of sdAbs with thermal stability over conventional antibodies in diag-
nostic and biotherapeutic applications [155, 156]. The applications of recombinant shark VNAR 
sdAbs against specified antigens from various diseases are summarized in Table 3.

5.3. Applications of lamprey VLRs

The variable lymphocyte receptors (VLRs) discovered from jawless fish had recently attracted 
interests and is leading to the development of new monoclonal antibodies for biomedical 
applications [11, 36, 157]. Despite possessing an unusual structure, VLRs have been shown to 
have excellent binding ability to specified targets (Table 4).

Cooper and co-workers demonstrated high specificity of recombinant VLRs for BclA, a major 
anthrax spore coat which could be produced from an immunized sea lamprey (Petromyzon 
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marinus) using hybridoma technology [11]. Bacillus anthracis is the causative agent for anthrax 
and the only pathogenic species in the genus Bacillus [158]. Due to their extreme dormancy and 
durability, anthrax spores have long been considered ideal biological weapons [159–161]. In 
this work, the recombinant monoclonal VLRs were shown to be capable of identifying bacteria 
at a genus level, by differentiating the C-terminal domain of BclA Bacillus anthracis from non-
coated bacteria of Bacillus cereus [11].

Target antigens Diseases Applications Reference

Kgp protease (P. gingivalis) Periodontal disease Neutralization [173]

rhTNFα Pro-inflammatory cytokine Therapeutic [114, 181]

AMA1 (P. falciparum) Malaria Diagnostic [168, 169]

Nonfibrillar oligomer 
formation

Alzheimer’s disease Modeling [182]

Zaire ebolavirus viral 
nucleoprotein

Ebolavirus Haemorrhagic 
Fever

Diagnostic [116]

HBeAg Hepatitis B virus Immunolocalization and 
diagnostic

[183]

Cholera toxin Toxin Diagnostic [113]

SEB Toxin Sensor and diagnostic [177]

Ricin Toxin Sensor and diagnostic [177]

BoNT/A Toxin Sensor and diagnostic [177]

Tom70 Human immunosilent target 
processes

Detection [178]

GPCR’s ion channels Therapeutic www.adalta.com.au

Anti-thrombotic drug targets Cardiovacular disease Diagnostic and therapeutic www.adalta.com.au

www.adalta.com.au

Blood brain barrier Therapeutic www.ossianix.com

Gastrointestinal tract Therapeutic www.ossianix.com

Myostatin Neurological disease Therapeutic www.ossianix.com

Uveitis Therapeutic www.elasmogen.com

Table 3. The applications of shark VNAR against specified antigens from various diseases.

Target antigens Diseases Applications Reference

BclA glycoprotein B. anthracis spores (anthrax) Diagnostic [11]

HEL, β-gal, cholera toxin subunit B, 
R-phycoerythrin, and B-trisaccharide

Complex protein antigens Affinity determination [39, 189]

C1q and C3 proteins Cytotoxicity for bacteria and 
tumor cells

Binding interaction [190]
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In another study, a large library of recombinant VLRs was constructed to target lysozyme, 
β-gal, cholera toxin subunit B, R-phycoerythrin and B-trisaccharide antigens using yeast sur-
face display technologies [36]. This high-throughput technology platform offers the poten-
tial of rapid identification and isolation of monoclonal VLRs that specifically bind to target 
 antigens with affinities in the micromolar to nanomolar range [36]. Using such display meth-
ods, the specificity of selected VLR antibodies can recognize the target antigen with high 
binding affinity up to 100-fold compared to conventional mouse mAb [36]. These data indi-
cate that the function of VLRs is comparable or perhaps better than that of mammalian IgG 
antibodies. Therefore, it is speculated that VLRs may be an alternative reagent for the future 
development of therapeutic and diagnostic applications.

6. Conclusion

The fields of antibody engineering have undergone major advancements in the past few 
decades. New surface display technologies, in particular phage display and yeast display, 
are powerful tools that could facilitate the isolation of new antibodies with high specificities 
for a broad range of targets. Due to their affinity, which often is similar to conventional anti-
bodies and reliable production, recombinant antibodies are becoming increasingly impor-
tant in the field of diagnosis and therapy for targeting a wide range of diseases such as 
cancer, inflammatory, autoimmune and viral diseases. In view of natural scaffold design, 
previous studies showed that the sdAbs repertoires derived from animals such as camelid 
VHHs, shark VNARs and lamprey VLRs contain several advantages over conventional antibod-
ies. One of the unusual characteristics shared among the sdAbs is that they possess better 
penetration ability. This feature allows the sdAbs to effectively penetrate into antigen clefts 
(enzyme active sites, viral capsids and cell surface receptors) which are not easily recognized 
by the concave surfaces of CDR loops of complex conventional antibodies. To date, due to 
their ability to target both refractory antigens and immunosilent epitopes, the engineered 
antibody fragments coupled with latest screening technologies have extensively been used 
in positron emission tomography and high-sensitivity (nonradioactive, noninvasive) laser 
technologies for medical imaging. To sum up, it is believed that with rapid progress in anti-
body engineering technologies, sdAbs will become indispensable as clinical and research 
reagents in the next decades.
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The discovery of heavy-chain-only antibodies (HCAbs) in camelids and sharks led to 
the rise of a new research field in which single-domain antibodies are used for various 
applications. Single-domain antibodies are the antigen-binding fragments derived from 
HCAbs showing several beneficial properties (e.g., small size, specificity, stability under 
extreme conditions, cost-effective production, and ease of engineering). Importantly, they 
are stable in reducing cytoplasmic environment, which allows their use as an intrabody 
to target a wide range of intracellular targets. In this chapter, we discuss both the ther-
apeutic potential of camelid single-domain antibodies (nanobodies) and their use as a 
research tool with the main focus on its intracellular employment. Targeting intracellular 
proteins using nanobodies as a therapeutic per se is, up to now, limited due to its inca-
pacity to traverse the cellular membrane. They can however serve as a stepping stone to 
small compound development, since they directly target a resident, endogenous protein, 
similar to how a conventional drug acts. In addition, nanobodies are highly adaptable 
tools and possess interesting properties for more fundamental research objectives like the 
elucidation of protein function, the tracking and visualization of endogenous proteins in 
an in vivo setting, and the assessment of protein-protein interactions.
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1. Nanobodies: a concise introduction

In 1993, Hamers-Casterman discovered the presence of heavy-chain-only antibodies in the 
sera of Camelidae and assessed that these antibodies are still capable of recognizing an exten-
sive repertoire of antigens despite the absence of the light chain. Single-domain antibodies 
from camels are called nanobodies. They stated that this discovery could be of inestimable 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[179] Kovaleva M, Ferguson L, Steven J, Porter A, Barelle C. Shark variable new antigen 
receptor biologics - a novel technology platform for therapeutic drug development. 
Expert Opin Biol Ther 2014;14:1527-1539

[180] Zielonka S, Empting M, Grzeschik J, Konning D, Barelle CJ, Kolmar H. Structural 
insights and biomedical potential of IgNAR scaffolds from sharks. MAbs 2015;7:15-25

[181] Bojalil R, Mata-Gonzalez MT, Sanchez-Munoz F, Yee Y, Argueta I, Bolanos L, Amezcua-
Guerra LM, Camacho-Villegas TA, Sanchez-Castrejon E, Garcia-Ubbelohde WJ, et al: 
Anti-tumor necrosis factor VNAR single domains reduce lethality and regulate under-
lying inflammatory response in a murine model of endotoxic shock. BMC Immunol 
2013;14:17

[182] Streltsov VA, Varghese JN, Masters CL, Nuttall SD. Crystal structure of the amyloid-
beta p3 fragment provides a model for oligomer formation in Alzheimer’s disease. J 
Neurosci 2011;31:1419-1426

[183] Walsh R, Nuttall S, Revill P, Colledge D, Cabuang L, Soppe S, Dolezal O, Griffiths K, 
Bartholomeusz A, Locarnini S. Targeting the hepatitis B virus precore antigen with a 
novel IgNAR single variable domain intrabody. Virology 2011;411:132-141

[184] Yu C, Ali S, St-Germain J, Liu Y, Yu X, Jaye DL, Moran MF, Cooper MD, Ehrhardt GR. 
Purification and identification of cell surface antigens using lamprey monoclonal anti-
bodies. J Immunol Methods 2012;386:43-49

[185] Steichen C, Chen P, Kearney JF, Turnbough CL. Identification of the immunodominant  
protein and other proteins of the Bacillus anthracis exosporium. J Bacteriol 2003;185: 
1903-1910

[186] Tasota FJ, Henker RA, Hoffman LA. Anthrax as a biological weapon: an old disease that 
poses a new threat. Crit Care Nurse 2002;22:21-32, 34; quiz 35-26

[187] Witkowski JA, Parish LC. The story of anthrax from antiquity to the present: a biologi-
cal weapon of nature and humans. Clin Dermatol 2002;20:336-342

[188] Inglesby TV, O’Toole T, Henderson DA, Bartlett JG, Ascher MS, Eitzen E, Friedlander 
AM, Gerberding J, Hauer J, Hughes J, et al. Anthrax as a biological weapon, 2002: 
updated recommendations for management. JAMA 2002;287:2236-2252

[189] Velikovsky CA, Deng L, Tasumi S, Iyer LM, Kerzic MC, Aravind L, Pancer Z, Mariuzza 
RA. Structure of a lamprey variable lymphocyte receptor in complex with a protein 
antigen. Nat Struct Mol Biol 2009;16:725-730

[190] Wu F, Chen L, Liu X, Wang H, Su P, Han Y, Feng B, Qiao X, Zhao J, Ma N, et al. 
Lamprey variable lymphocyte receptors mediate complement-dependent cytotoxicity. 
J Immunol 2013;190:922-930

Antibody Engineering204

Chapter 9

Use, Applications and Mechanisms of Intracellular
Actions of Camelid VHHs

Anneleen Steels, Laurence Bertier and
Jan Gettemans

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.70495

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.70495

Use, Applications, and Mechanisms of Intracellular 
Actions of Camelid VHHs

Anneleen Steels, Laurence Bertier and  
Jan Gettemans

Additional information is available at the end of the chapter

Abstract

The discovery of heavy-chain-only antibodies (HCAbs) in camelids and sharks led to 
the rise of a new research field in which single-domain antibodies are used for various 
applications. Single-domain antibodies are the antigen-binding fragments derived from 
HCAbs showing several beneficial properties (e.g., small size, specificity, stability under 
extreme conditions, cost-effective production, and ease of engineering). Importantly, they 
are stable in reducing cytoplasmic environment, which allows their use as an intrabody 
to target a wide range of intracellular targets. In this chapter, we discuss both the ther-
apeutic potential of camelid single-domain antibodies (nanobodies) and their use as a 
research tool with the main focus on its intracellular employment. Targeting intracellular 
proteins using nanobodies as a therapeutic per se is, up to now, limited due to its inca-
pacity to traverse the cellular membrane. They can however serve as a stepping stone to 
small compound development, since they directly target a resident, endogenous protein, 
similar to how a conventional drug acts. In addition, nanobodies are highly adaptable 
tools and possess interesting properties for more fundamental research objectives like the 
elucidation of protein function, the tracking and visualization of endogenous proteins in 
an in vivo setting, and the assessment of protein-protein interactions.

Keywords: VHH, single-domain antibody, nanobody, intrabody, therapy, research tool

1. Nanobodies: a concise introduction

In 1993, Hamers-Casterman discovered the presence of heavy-chain-only antibodies in the 
sera of Camelidae and assessed that these antibodies are still capable of recognizing an exten-
sive repertoire of antigens despite the absence of the light chain. Single-domain antibodies 
from camels are called nanobodies. They stated that this discovery could be of inestimable 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



value to the development and engineering of soluble VH domains or new immunological mol-
ecules for diagnostic, therapeutic, and biochemical purposes [1]. This discovery gave rise to 
a whole new research field in which single-domain antibodies are used for a wide range of 
applications. Some of these will be reviewed in the current chapter.

The structural properties of conventional IgG antibodies are well known. These consist of 
two heavy-chain polypeptides and two light-chain polypeptides, each of which is folded into 
four and two domains, respectively. A variable domain is situated at the N-terminus of both 
chains (VH and VL) and, as the name suggests, its sequence diverges between IgG antibod-
ies. Paired VH-VL domains make up the variable fragment (Fab) and are responsible for the 
recognition and binding of the target antigen. The sequence of the other domains is well 
conserved between IgGs, which led to the designation of these domains as constant domains. 
Heavy-chain-only antibodies differ from conventional IgG antibodies by the lack of a light-
chain polypeptide and the first constant domain of the heavy-chain polypeptide (CH1). 
Consequently, the antigen-binding fragment of heavy-chain antibodies from camels consists 
of one single domain, termed the VHH domain. This unit forms the functional and structural 
equivalent of the Fab in conventional IgG antibodies [2]. The smallest antibody fragment that 
can be produced from conventional IgG antibodies is a short-chain variable fragment (ScFv, 
±27 kDa), which consists of a VH and VL domain linked via a polypeptide. In the continuous 
search for smaller antibody formats, HCAbs were a thrilling novelty, because their discovery 
allowed researchers to produce an even smaller antibody fragment of only ±15 kDa. This 
antibody format derived from camels consists of an isolated VHH domain also known as a 
single-domain antibody or a nanobody (Nb) (Figure 1). In addition, human single-domain 
antibodies VH and VL have been engineered from human conventional antibodies [3–5], and 
sharks develop heavy-chain-only antibodies (HCAbs) too [6].

The structural features of nanobodies are quite similar to those of the variable domain of 
conventional IgGs. The core structure of the immunoglobulin domain is formed by four 
framework regions (FR), whereas antigen binding occurs through three complementarity-
determining regions (CDRs). The latter are located in loops in between β-strands that form 
the variable immunoglobulin domain. Importantly, FR2 of the VHH domain often contains 
amino acid substitutions of residues that are involved in hydrophobic interactions between 
the VH and the VL domains of conventional IgGs (V37 → F/Y, G44 → E/Q, L45 → R, and 
W47 → G/F/L; Kabat numbering). These substitutions lie at the heart of the single-domain 
nature of nanobodies because they reduce the hydrophobicity of the former VL interface and 
improve the nonstickiness of the domain. There are other examples of amino acid substitutions 
that frequently take place, but these appear to be of less importance [7, 8]. Since nanobodies 
only consist of one domain, one might wonder whether nanobodies have a diverse antibody 
repertoire. After all, they lack the VH-VL combinatorial diversity in the antigen-binding site. 
Nanobodies have counterbalanced the absence of the three hypervariable loops of the VL 
domain by an extension of the hypervariable loops in the VHH domain. These loops show sub-
stantial variation in both conformation and length compared with the corresponding loops 
of the VH domain. This implies that a larger structural repertoire and thus a sufficient diver-
sification in antigen-binding sites can be obtained [9]. More specifically, the introduction of 
additional Cys residues in the CDRs creates extra disulfide bridges within the VHH domain, 
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and these are in part responsible for the diversification of the structural repertoire. The disul-
fide bridges crosslink the antigen-binding loops, resulting not only in the stabilization of the 
domain but also in the induction of constraints in CDR1 or CDR3. These constraints probably 
lead to novel loop conformations and thus in an increase in paratope repertoire. Furthermore, 
VHHs are more prone to insertion and deletion events near or within the paratope compared 
to VHs. This is translated into an increase of the surface area of the hypervariable regions and 
contributes to the structural variation [10].

2. The therapeutic potential of extracellular and intracellular nanobodies

Several monoclonal antibodies (mAbs) have already been approved for clinical use [11], but 
some limitations are still present despite their success. This includes their large size, relative 
instability, which imposes restrictions on the administration route and their relative expense 
of manufacturing. The potential of nanobodies as a therapeutic agent was rapidly recog-
nized as they overcome some of the aforementioned limitations of mAbs. The small size of 
nanobodies in combination with their extended CDR loops allows them to bind into clefts 
and cavities, whereas mAbs preferably recognize flat and concave surfaces. Many biological 

Figure 1. Schematic representation of a conventional IgG antibody and a camelid heavy-chain-only antibody (HCAb). 
For both antibody formats, the smallest producible antibody fragment is depicted: a short-chain variable fragment (ScFv, 
±27 kDa) and a nanobody (Nb, ±15 kDa), respectively.
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interactions take place in clefts, and nanobodies can target these otherwise inaccessible sur-
faces and thus function as neutralizing agents or antagonists of protein-protein interactions. 
More specifically, this property is advantageous when it comes to therapeutically targeting 
infectious diseases since the essential epitopes of pathogens are often hidden. When cancer 
has to be targeted, the small size permits a better tissue penetration and thus a significant 
improvement of the effective antibody concentrations that can be reached in solid tumors. 
Unfortunately, this advantageous property comes with a price. The small size of nanobodies 
results in their rapid clearance from the human body and thus in a limited in vivo half-life 
(a few hours). Therefore, nanobodies are often linked to a serum albumin-binding monomer 
to prolong serum half-life. The monomeric nature of nanobodies simplifies antibody engi-
neering. For instance, nanobodies can be assembled into multimers, thereby increasing their 
potency due to avidity effects. The development of therapy resistance can also be curbed by 
creating bispecific nanobodies. The creation of a targeted drug delivery vehicle is also possible, 
since nanobodies can easily be linked with drugs [12–17]. Additionally, the outstanding sta-
bility of nanobodies under extreme conditions opens the possibility to more patient-friendly 
routes of administration. In general, mAbs are administered via injections, but due to the 
extraordinary stability of nanobodies, they can be administered orally, topically, and even via 
inhalation [15, 18, 19]. The cost of nanobody production lies several times below those of mAb 
production. The fact that nanobodies are efficiently produced in microbial systems keeps the 
expenses low. Considering the fact that immunotherapy involves administration of relatively 
high doses of antibody during prolonged periods, this is a factor that should not be underes-
timated [7, 8, 20]. Currently, there are no nanobody-based products approved as therapeutic 
agent, but several products are in the pipeline or in advanced clinical trials. Their value in 
treating envenoming [21], infections [22], amyloidosis [23, 24], cancer, and other pathologies 
[25, 26] has already been proven. The research concerning the use of nanobodies as a thera-
peutic agent is mainly performed on extracellular targets. Nonetheless, nanobodies can also 
aid in identifying intracellular targets since they directly target a resident, endogenous pro-
tein, similar to how a conventional drug acts. RNAi-based approaches rather eradicate, or at 
least downregulate, expression which is quite different from the mode of action of an average 
drug. Hence, caution is warranted when making predictions regarding the therapeutic value 
of a given protein target using this approach. Moreover, nanobodies retain their functional-
ity in the reducing intracellular environment. The major stumbling block toward a success-
ful clinical implementation however is their inability to traverse the cell membrane. For that 
reason, most experiments are limited to cell cultures and transgenic animals. In the following 
paragraph, the use of nanobodies to target intracellular proteins with possible therapeutic 
implications will be described.

2.1. Intracellular nanobodies and antiviral therapy

2.1.1. Hepatitis

About 500 million people worldwide are chronically infected with hepatitis B virus or hepa-
titis C virus (HBV or HCV). Infection induces an acute and chronic inflammatory liver dis-
ease, which puts the patient at risk of developing liver cirrhosis and possibly hepatocellular 
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carcinoma. Currently, there is no vaccine available against HCV, and there is also no cure 
for most people who are already infected with HBV [27]. Initially, therapy existed of a strict 
and intensive treatment with ribavirin and PEGylated interferon. This regimen was however 
associated with severe side effects [28], emphasizing the importance of further research into 
the pathogenesis of the viruses and how they evade our immune systems. Extensive research 
led to the discovery of direct-acting antivirals (DAAs), which are small compounds targeted 
against viral enzymes. The second-generation DAAs are highly potent in treatment, show 
less side effects, and have a less intensive treatment regimen [29]. However, during infection 
a large number of viral variants are continuously produced, resulting in the presence of quasi 
species within the patient. This heterogeneity implies that not all therapeutic agents will be 
equally effective and that drug resistance may develop. Therefore, the search for other thera-
peutics remains useful. Sarrazin et al. mention that compounds targeting a more conserved 
region of viral proteins have a better chance of efficacy. Importantly, compounds targeting the 
active site of the viral polymerase show a high barrier to the development of resistance, due 
to the fact that mutations at this site often result in loss of polymerase function [30]. As stated 
previously, nanobodies can bind epitopes localized in clefts, like the active site of an enzyme, 
and thus are perfect candidates for antiviral drug development.

The potency of nanobodies for counteracting HCV infection has been evaluated. Several non-
structural HCV proteins have been targeted via nanobodies: NS5B, NS3, NS4A, and NS4B 
[28, 31–33]. NS5B functions as an RNA-dependent RNA polymerase. NS3 has a dual func-
tion and displays serine protease activity in its N-terminal region and helicase activity in its 
C-terminal region. The helicase is involved in the replication of the viral genome and is also 
thought to increase the translational efficiency of the polyprotein by melting highly stable sec-
ondary structures in the HCV RNA [34]. The N-terminal serine protease domain is, together 
with NS4A, involved in downstream processing of the HCV polyprotein with the forma-
tion of mature proteins [32]. NS4B plays a major role in HCV replication by inducing an ER 
membrane web on which HCV replication takes place [31]. Nanobodies against the different 
nonstructural proteins were obtained via screening of a VH/VHH library constructed from 
peripheral blood mononuclear cells of an 8-month-old naïve male dromedary. Recombinant 
nanobodies reduced NS5B activity by two-thirds (ELISA) [28], and NS3 helicase activity was 
inhibited up to 88–100% in the presence of the nanobodies, depending on the assay used 
[33]. Cell-based assays were performed on Huh7 cells (human hepatoma cell line) transfected 
with RNA (genomic replicon of heterologous HCV). The nanobodies also led to a significant 
reduction of HCV RNA levels in Huh7 cells transfected with the JFH1 genotype 2a strain, 
both inside the cells as in the culture medium, when compared to control conditions. Overall, 
the nanobodies were capable of eliciting responses of a magnitude similar as seen for con-
ventional therapeutic strategies (ribavirin + PEGylated interferon or telaprevir) [28, 31–33]. 
Furthermore, treatment of cells with the nanobodies against NS3/NS4A and NS4B induced 
the expression of genes involved in the innate immune response (IRF3, IL28-B, and IFN-β). 
This is interesting because the innate immune response signaling is interrupted by the virus 
[31, 32]. In general, these studies lack a detailed insight into the molecular mechanisms behind 
the observed effects. The authors used computerized modeling to make an assumption about 
which epitopes are recognized by the nanobodies. Crystallization studies would allow a more 
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nanobodies reduced NS5B activity by two-thirds (ELISA) [28], and NS3 helicase activity was 
inhibited up to 88–100% in the presence of the nanobodies, depending on the assay used 
[33]. Cell-based assays were performed on Huh7 cells (human hepatoma cell line) transfected 
with RNA (genomic replicon of heterologous HCV). The nanobodies also led to a significant 
reduction of HCV RNA levels in Huh7 cells transfected with the JFH1 genotype 2a strain, 
both inside the cells as in the culture medium, when compared to control conditions. Overall, 
the nanobodies were capable of eliciting responses of a magnitude similar as seen for con-
ventional therapeutic strategies (ribavirin + PEGylated interferon or telaprevir) [28, 31–33]. 
Furthermore, treatment of cells with the nanobodies against NS3/NS4A and NS4B induced 
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detailed view and could help to resolve remaining questions. Even more, the crystal struc-
tures could lay the foundation for small molecule development and thus be invaluable. The 
nanobodies certainly have potential, but there are some remaining questions that need to be 
resolved before continuing with animal experiments.

As mentioned earlier, currently the biggest obstacle for using nanobodies as a therapeutic 
against intracellular targets is their inability to traverse cellular membranes. In the afore-
mentioned articles, it was reported that coupling the nanobody with a cell-penetrating pep-
tide (penetratin) seemingly promoted cellular uptake of the nanobody with efficiencies of 
roughly 80% [28]. However, some caution is warranted here, since the mechanisms behind 
the internalization of CPPs are still a matter of debate. Even more, in the highly cited article 
of Richard et al., it has been shown that experiments used to detect the occurrence of CPP 
internalization are sensitive to artifacts. It appeared that even mild fixation protocols used 
for fluorescence imaging can induce an artifactual redistribution of these peptides in the 
nucleus. Furthermore, the highly cationic nature of, for example, penetratin peptides lead 
to their strong binding to the overall negatively charged plasma membrane [35]. It is thus of 
crucial importance to remove membrane-bound peptide before analyzing cellular uptake of 
the construct. Initially, it was thought that CPPs allowed the delivery of biomolecules with-
out relying on endocytosis. Adaptations of the used protocols, however, gave rise to data 
supporting an active process of cellular internalization involving endocytosis. Applications 
with CPPs and the controversial issues regarding their internalization mechanisms are elabo-
rately reviewed and will not be discussed in detail [36, 37]. Internalization via endocytosis is 
however associated with a major drawback, since the delivered biomolecule needs to escape 
from the endosomal vesicles before it traffics back to the plasma membrane for recycling or 
it fuses with lysosomes. This might strongly limit the bioavailability of the compound, thus 
curbing its efficacy. Finally, the nonspecificity of CPP-conjugated constructs imposes a risk of 
drug-induced toxic effects on normal tissues [37]. In conclusion, a meticulous evaluation of 
intracellular uptake of the bioactive molecule and of possible toxic effects on normal tissues is 
warranted, before taking any further steps in its development as a therapeutic agent.

The genome of hepatitis B virus (HBV) is translated into HBV surface proteins, polymerase 
protein, X protein, or core and pre-core proteins [38]. Targeting the hepatitis B surface anti-
gen (HBsAg) and the hepatitis B core antigen (HBcAg) with antiviral drugs to, respectively, 
reduce viral secretion and replication is a feasible strategy. HBsAg is the major component of 
the viral envelope. HBcAg, on the other hand, is the structural unit of the nucleocapsid that 
encloses the viral genome within a viral particle [38, 39].

To obtain nanobodies against the aforementioned proteins, a llama was immunized with 
recombinant HBcAg and HbsAg. The peripheral blood cells and cervical lymph node cells 
were used to construct a VHH library. Both immune and naïve libraries are good sources 
for retrieving antigen-specific binders. However, in general, superior binding affinities are 
observed for nanobodies originating from immune libraries, since they were subjected to 
in vivo affinity maturation. On the other hand, naïve libraries offer an elegant solution for those 
cases where immunization is difficult due to the lack of an antigen, low immunogenicity, or 
toxic antigens [39]. The nanobodies against HBsAg were cloned in frame with an ER-targeting 
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signal and an ER retention signal. Co-transfection of these nanobodies and a HBV-expressing 
plasmid in HepG2 cells induced the intracellular accumulation of HBsAg and caused a reduc-
tion of HbsAg particle secretion of approximately 80–90%. The in vivo potential of the HBsAg 
nanobodies was examined in a SCID mouse. The mouse model for HBV infection was created 
using a hydrodynamics-based transfection method. Remarkably, measured HBsAg levels in 
the plasma decline in the presence of the nanobody, and this reduction goes hand in hand 
with an increase in intracellular HBsAg levels. This observation implies that less virions are 
secreted. The researchers assume that the observed effects are either due to the disruption of 
the interaction between the nucleocapsid and the S-type of viral membrane proteins or due to 
the prevention of the interaction between individual proteins in the ER [40].

2.1.2. HIV

The current anti-HIV treatment strategy, known as highly active antiretroviral therapy 
(HAART), has changed the field and has turned HIV into a chronic manageable disease. 
However, patients are lifelong bound to this regimen, its associated side effects, and drug-
drug interactions. Sometimes, treatment fails due to multidrug resistance which warrants 
research for alternative drugs [41]. Nanobodies could serve as a useful purpose in the treat-
ment of HIV infection and have been successfully raised against Rev and Nef. Rev is involved 
in the nuclear export of late viral mRNA to the cytoplasm. Rev multimers form a higher 
affinity complex with RRE (Rev-response element), and this affinity is a determining factor 
for the efficiency of RNA export [42, 43]. The idea of targeting Nef with antivirals came from 
the observation that a limited amount of patients, infected with Nef-deleted HIV, presented 
a lack of disease progression. The Nef protein exerts multiple functions: CD4 downregula-
tion, major histocompatibility complex downregulation (MHC1), activation of p21-activated 
protein kinase (pak2), and enhancement of virion infectivity. These functions can be targeted 
each independently from one another since the activities are genetically separable. Interfering 
with Nefs’ capacity to downregulate CD4 appears to be the most effective strategy [44].

Vercruysse et al. produced nanobodies against the N-terminal multimerization domain of 
Rev, because its ability to form multimers is essential for its function. One nanobody is capable 
of efficiently inhibiting Rev multimerization in cell-based assays. The nanobody induces a 
cytoplasmic delocalization of Rev. that is similar to that observed for Rev mutants incapable of 
multimerization. In addition, the nanobody is able to suppress the Rev-dependent expression 
of late viral mRNAs and consequently also de novo virus production [42]. Further experi-
ments were performed to elucidate whether the nanobody displays a broad-spectrum anti-
HIV activity. This was examined by infecting several cell lines, expressing the nanobody in 
a stable manner, with different HIV-1 subtypes. Virus replication was monitored 5 days post 
infection by measuring cytopathogenic effects and the presence of virus-associated p24 levels 
in the supernatant. The nanobody strongly reduced p24 levels for infected cells compared to a 
control nanobody. More specifically, p24 levels were reduced by >10 folds for subtype A, > 100 
folds for subtypes C and G, and >10,000 folds for subtypes B, D, and H [45]. The cells proved to 
be resistant to viral replication and survived infection. These results are relevant, considering 
the fact that subtypes A, B, and C are the most prevalent genetic forms on a global scale [46].

Use, Applications and Mechanisms of Intracellular Actions of Camelid VHHs
http://dx.doi.org/10.5772/intechopen.70495

211



detailed view and could help to resolve remaining questions. Even more, the crystal struc-
tures could lay the foundation for small molecule development and thus be invaluable. The 
nanobodies certainly have potential, but there are some remaining questions that need to be 
resolved before continuing with animal experiments.

As mentioned earlier, currently the biggest obstacle for using nanobodies as a therapeutic 
against intracellular targets is their inability to traverse cellular membranes. In the afore-
mentioned articles, it was reported that coupling the nanobody with a cell-penetrating pep-
tide (penetratin) seemingly promoted cellular uptake of the nanobody with efficiencies of 
roughly 80% [28]. However, some caution is warranted here, since the mechanisms behind 
the internalization of CPPs are still a matter of debate. Even more, in the highly cited article 
of Richard et al., it has been shown that experiments used to detect the occurrence of CPP 
internalization are sensitive to artifacts. It appeared that even mild fixation protocols used 
for fluorescence imaging can induce an artifactual redistribution of these peptides in the 
nucleus. Furthermore, the highly cationic nature of, for example, penetratin peptides lead 
to their strong binding to the overall negatively charged plasma membrane [35]. It is thus of 
crucial importance to remove membrane-bound peptide before analyzing cellular uptake of 
the construct. Initially, it was thought that CPPs allowed the delivery of biomolecules with-
out relying on endocytosis. Adaptations of the used protocols, however, gave rise to data 
supporting an active process of cellular internalization involving endocytosis. Applications 
with CPPs and the controversial issues regarding their internalization mechanisms are elabo-
rately reviewed and will not be discussed in detail [36, 37]. Internalization via endocytosis is 
however associated with a major drawback, since the delivered biomolecule needs to escape 
from the endosomal vesicles before it traffics back to the plasma membrane for recycling or 
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drug-induced toxic effects on normal tissues [37]. In conclusion, a meticulous evaluation of 
intracellular uptake of the bioactive molecule and of possible toxic effects on normal tissues is 
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gen (HBsAg) and the hepatitis B core antigen (HBcAg) with antiviral drugs to, respectively, 
reduce viral secretion and replication is a feasible strategy. HBsAg is the major component of 
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encloses the viral genome within a viral particle [38, 39].

To obtain nanobodies against the aforementioned proteins, a llama was immunized with 
recombinant HBcAg and HbsAg. The peripheral blood cells and cervical lymph node cells 
were used to construct a VHH library. Both immune and naïve libraries are good sources 
for retrieving antigen-specific binders. However, in general, superior binding affinities are 
observed for nanobodies originating from immune libraries, since they were subjected to 
in vivo affinity maturation. On the other hand, naïve libraries offer an elegant solution for those 
cases where immunization is difficult due to the lack of an antigen, low immunogenicity, or 
toxic antigens [39]. The nanobodies against HBsAg were cloned in frame with an ER-targeting 
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signal and an ER retention signal. Co-transfection of these nanobodies and a HBV-expressing 
plasmid in HepG2 cells induced the intracellular accumulation of HBsAg and caused a reduc-
tion of HbsAg particle secretion of approximately 80–90%. The in vivo potential of the HBsAg 
nanobodies was examined in a SCID mouse. The mouse model for HBV infection was created 
using a hydrodynamics-based transfection method. Remarkably, measured HBsAg levels in 
the plasma decline in the presence of the nanobody, and this reduction goes hand in hand 
with an increase in intracellular HBsAg levels. This observation implies that less virions are 
secreted. The researchers assume that the observed effects are either due to the disruption of 
the interaction between the nucleocapsid and the S-type of viral membrane proteins or due to 
the prevention of the interaction between individual proteins in the ER [40].

2.1.2. HIV

The current anti-HIV treatment strategy, known as highly active antiretroviral therapy 
(HAART), has changed the field and has turned HIV into a chronic manageable disease. 
However, patients are lifelong bound to this regimen, its associated side effects, and drug-
drug interactions. Sometimes, treatment fails due to multidrug resistance which warrants 
research for alternative drugs [41]. Nanobodies could serve as a useful purpose in the treat-
ment of HIV infection and have been successfully raised against Rev and Nef. Rev is involved 
in the nuclear export of late viral mRNA to the cytoplasm. Rev multimers form a higher 
affinity complex with RRE (Rev-response element), and this affinity is a determining factor 
for the efficiency of RNA export [42, 43]. The idea of targeting Nef with antivirals came from 
the observation that a limited amount of patients, infected with Nef-deleted HIV, presented 
a lack of disease progression. The Nef protein exerts multiple functions: CD4 downregula-
tion, major histocompatibility complex downregulation (MHC1), activation of p21-activated 
protein kinase (pak2), and enhancement of virion infectivity. These functions can be targeted 
each independently from one another since the activities are genetically separable. Interfering 
with Nefs’ capacity to downregulate CD4 appears to be the most effective strategy [44].

Vercruysse et al. produced nanobodies against the N-terminal multimerization domain of 
Rev, because its ability to form multimers is essential for its function. One nanobody is capable 
of efficiently inhibiting Rev multimerization in cell-based assays. The nanobody induces a 
cytoplasmic delocalization of Rev. that is similar to that observed for Rev mutants incapable of 
multimerization. In addition, the nanobody is able to suppress the Rev-dependent expression 
of late viral mRNAs and consequently also de novo virus production [42]. Further experi-
ments were performed to elucidate whether the nanobody displays a broad-spectrum anti-
HIV activity. This was examined by infecting several cell lines, expressing the nanobody in 
a stable manner, with different HIV-1 subtypes. Virus replication was monitored 5 days post 
infection by measuring cytopathogenic effects and the presence of virus-associated p24 levels 
in the supernatant. The nanobody strongly reduced p24 levels for infected cells compared to a 
control nanobody. More specifically, p24 levels were reduced by >10 folds for subtype A, > 100 
folds for subtypes C and G, and >10,000 folds for subtypes B, D, and H [45]. The cells proved to 
be resistant to viral replication and survived infection. These results are relevant, considering 
the fact that subtypes A, B, and C are the most prevalent genetic forms on a global scale [46].
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Bouchet et al. picked Nef, a HIV-1 nonstructural protein, as target for antiviral therapy. Using 
cell-based assays and in vivo assays, it was established that the Nef-specific nanobody effi-
ciently counteracted Nef-induced CD4 downregulation and p21-activated protein kinase 
(pak2) activation. The functional effects of the nanobody are thought to result from its inter-
ference with the interaction between Nef and other cellular partners [47]. Nef-induced CD4 
downregulation in infected cells is important to prevent interaction between the envelope 
protein (Env) of the budding virion and CD4 of the host cell, since this interaction might 
impede the formation of fully infectious particles [44]. The nanobody is capable of reduc-
ing the rate of Nef-induced CD4 internalization back to levels measured in uninfected cells. 
The biological relevance of this observation was tested in a mouse model (CD4+/HIV Nef Tg 
mouse) that presents a downregulation of cell surface CD4, an altered thymic CD4 T-cell 
development, and a profound peripheral CD4 T-cell depletion. The nanobody rescued the 
Nef-mediated thymic CD4+ T-cell maturation defect and reversed the downregulation of cell 
surface CD4 in vivo. T-cell receptor signaling normally leads to profound actin cytoskeleton 
rearrangements. The Nef-pak2 complex, however, halts these rearrangements by deregulat-
ing cofilin, an actin-severing factor. Actin polymerization in infected T cells is thus strongly 
disturbed. The nanobody disrupts the Nef-Pak2 complex and counteracts as such the inhibi-
tion of actin remodeling in a dose-dependent manner. Finally, it was also observed that the 
inhibition of specific Nef functions by the nanobody resulted in the reduction of virus infec-
tivity of new progeny virions by 80% (molar ratio of 1:1) [47].

Current HAART targets four different steps in the HIV-1 replication circle: the conversion 
of viral genomic RNA into dsDNA, the maturation of budding viral particles, the entry of 
the virus into new target cells, and the insertion of viral DNA into a host cell chromosome. 
Although current strategy is effective, it remains important to explore novel treatment strat-
egies. The development of compounds that inhibit less explored drug targets would be of 
benefit, and structural biology can aid in defining new drug targets [48]. Nanobodies tar-
geted against both Rev. and Nef appear to have pronounced effects on pathogeny of HIV-1. 
Crystallization studies to elucidate the exact binding epitopes for both nanobodies are thus of 
paramount importance since they could aid in new small compound design.

2.2. Intracellular nanobodies as a means to suppress toxins

There exists a multitude of antimicrobial drugs, but compounds capable of neutralizing the 
produced toxins are often lacking. The question whether or not antibodies hold great poten-
tial as toxin-neutralizing agents has been investigated by several researchers. Examples of 
studies where monoclonal antibodies are used as antitoxins are listed in the review of Chow 
et al. [49]. Several researchers have exploited nanobodies as a means to neutralize toxins. 
Intrabodies have been employed to counteract following toxins: ricin, Salmonella SpvB pro-
tein, and botulinum neurotoxin.

2.2.1. Ricin

Ricin is a naturally occurring toxin derived from the castor bean plant and a well-known 
type 2 ribosome-inactivating protein. It achieves an inhibition of eukaryotic ribosomes by the 
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depurination of a specific adenine in the 28S ribosome resulting in cell death. Exposure might 
be lethal, and unfortunately current treatments are mainly of a symptomatic and supportive 
nature [50]. Herrera et al. constructed a bispecific nanobody, named JJX12, consisting of a 
VHH targeted against the enzymatic subunit of ricin coupled with a VHH targeted against 
the galactose-binding subunit [51]. JJX12 fully protects mice against a ricin challenge (molar 
ratio of 4:1). The protective effects observed for the bispecific construct are superior to those 
observed for an equimolar mixture of the nanobodies and are the result of both extracellu-
lar and intracellular effects. JJX12 promotes aggregation of ricin in solution and makes cell-
bound ricin-JJX12 complexes more resistant to dissociation as shown by ricin competition 
assays with lactose [51]. In the presence of these complexes, further ricin binding to the cell 
surface is reduced by shielding cell surface receptors for the galactose-binding subunit of ricin 
[52]. The presence of aggregates changes the internalization and intracellular trafficking of 
ricin. Internalization of the aggregates occurs via a macropinocytosis-like mechanism rather 
than via receptor-mediated clathrin-dependent and clathrin-independent endocytosis, which 
is normally observed for ricin. Furthermore, biochemical and live cell imaging techniques 
showed a 54% reduction of the retrograde transport of ricin to the trans-Golgi network and 
the accumulation of ricin in late endosomes in the presence of JJX12, which probably targets 
ricin for degradation [51].

2.2.2. Salmonella SpvB protein

Salmonella bacteria are Gram-negative enterobacteria associated with human enteric fever. 
The systemic virulence of the bacterium is largely dependent on the SpvB gene, encoding an 
actin ADP-ribosylating toxin that is secreted into the host cell cytosol. The toxin interferes 
with actin polymerization resulting in apoptotic cell death. Nanobodies targeted against the 
SpvB protein are capable of blocking its enzymatic and cytopathic effects. By means of in vitro 
radioactivity and fluorescence assays, it was demonstrated that the nanobody completely res-
cues actin polymerization from the inhibitory effects of the SpvB toxin at a molar ratio of 1:1. 
Cell-based assays, performed on RAW macrophages and Vero cells, confirmed these observa-
tions, since cells exposed to the toxin presented no signs of cell rounding or actin cytoskeleton 
disintegration in the presence of the nanobody [53].

2.2.3. BoNTs

Botulinum neurotoxins (BoNTs) produced by the Gram-positive bacterium Clostridium botu-
linum can cause flaccid paralysis in humans, which can last for several months. The toxins 
deliver their light chain, possessing a protease function, to the motor neurons. The protease 
cleaves SNARE proteins and as such prevents the release of acetylcholine from presynap-
tic nerve terminals at the neuromuscular junction causing a neuromuscular blockade [54, 
55]. Two different strategies were used to suppress botulinum neurotoxin intoxication. 
Tremblay et al. investigated the potential of using nanobodies as a protease inhibitor per 
se [55], whereas Kuo et al. implemented the nanobody as a part of a targeted F-box agent 
to induce accelerated degradation of the protease [54]. A nanobody with nanomolar affin-
ity (Kd  ̴ 1 nM) for the light chain of BoNT serotype A (A-Lc) was used for both strategies. 
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depurination of a specific adenine in the 28S ribosome resulting in cell death. Exposure might 
be lethal, and unfortunately current treatments are mainly of a symptomatic and supportive 
nature [50]. Herrera et al. constructed a bispecific nanobody, named JJX12, consisting of a 
VHH targeted against the enzymatic subunit of ricin coupled with a VHH targeted against 
the galactose-binding subunit [51]. JJX12 fully protects mice against a ricin challenge (molar 
ratio of 4:1). The protective effects observed for the bispecific construct are superior to those 
observed for an equimolar mixture of the nanobodies and are the result of both extracellu-
lar and intracellular effects. JJX12 promotes aggregation of ricin in solution and makes cell-
bound ricin-JJX12 complexes more resistant to dissociation as shown by ricin competition 
assays with lactose [51]. In the presence of these complexes, further ricin binding to the cell 
surface is reduced by shielding cell surface receptors for the galactose-binding subunit of ricin 
[52]. The presence of aggregates changes the internalization and intracellular trafficking of 
ricin. Internalization of the aggregates occurs via a macropinocytosis-like mechanism rather 
than via receptor-mediated clathrin-dependent and clathrin-independent endocytosis, which 
is normally observed for ricin. Furthermore, biochemical and live cell imaging techniques 
showed a 54% reduction of the retrograde transport of ricin to the trans-Golgi network and 
the accumulation of ricin in late endosomes in the presence of JJX12, which probably targets 
ricin for degradation [51].

2.2.2. Salmonella SpvB protein

Salmonella bacteria are Gram-negative enterobacteria associated with human enteric fever. 
The systemic virulence of the bacterium is largely dependent on the SpvB gene, encoding an 
actin ADP-ribosylating toxin that is secreted into the host cell cytosol. The toxin interferes 
with actin polymerization resulting in apoptotic cell death. Nanobodies targeted against the 
SpvB protein are capable of blocking its enzymatic and cytopathic effects. By means of in vitro 
radioactivity and fluorescence assays, it was demonstrated that the nanobody completely res-
cues actin polymerization from the inhibitory effects of the SpvB toxin at a molar ratio of 1:1. 
Cell-based assays, performed on RAW macrophages and Vero cells, confirmed these observa-
tions, since cells exposed to the toxin presented no signs of cell rounding or actin cytoskeleton 
disintegration in the presence of the nanobody [53].

2.2.3. BoNTs

Botulinum neurotoxins (BoNTs) produced by the Gram-positive bacterium Clostridium botu-
linum can cause flaccid paralysis in humans, which can last for several months. The toxins 
deliver their light chain, possessing a protease function, to the motor neurons. The protease 
cleaves SNARE proteins and as such prevents the release of acetylcholine from presynap-
tic nerve terminals at the neuromuscular junction causing a neuromuscular blockade [54, 
55]. Two different strategies were used to suppress botulinum neurotoxin intoxication. 
Tremblay et al. investigated the potential of using nanobodies as a protease inhibitor per 
se [55], whereas Kuo et al. implemented the nanobody as a part of a targeted F-box agent 
to induce accelerated degradation of the protease [54]. A nanobody with nanomolar affin-
ity (Kd  ̴ 1 nM) for the light chain of BoNT serotype A (A-Lc) was used for both strategies. 
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Serotype A is associated with the longest persistence and is thus most relevant for therapeu-
tic intervention. The nanobody allows a near stoichiometric inhibition of BoNT-A function 
as shown by an in vitro FRET-based SNAP25 cleavage assay [55]. The production of cells 
expressing the nanobody in a stable manner could offer an elegant solution to problems 
associated with transient transfection techniques and was consequently implemented in the 
studies performed with the targeted F-box reagent.

Kuo et al. made a fusion protein between a nanobody and a truncated F-Box protein (TrCP) 
that is capable of associating with Skp1 and Cullin1, with the formation of the SCF com-
plex. This complex, called targeted F-box (TFB), functions as an E3 ubiquitin ligase, thus tar-
geting BoNT proteases for proteasomal degradation. Two constructs were made in which a 
nanobody targeted against either A-Lc or B-Lc was incorporated. The TFB fusion proteins 
reduce A-Lc and B-Lc levels with 65 and 50%, respectively (capture ELISA experiments), and 
decrease the half-life of the A-Lc protease (from  ̴3.7 to  ̴1.5 days). Application of MG132, a 
proteasome inhibitor, results in the accumulation of poly-ubiquitinylated BoNT protease and 
eliminates the effect of the TFB fusion proteins on its steady-state levels. This indicates that 
the observed effects are due to the increased degradation of the BoNT protease. Furthermore, 
in the presence of the TFB fusion proteins, cells are less sensitive to BoNT-A intoxication and 
also recover 2.5 times faster [54].

2.3. Camelid intrabodies: a ministering angel for patients suffering from protein 
misfolding diseases?

Proteins exert crucial roles in a variety of cellular processes. Each of these proteins has to 
adopt its native tridimensional structure to acquire the functional biological state and thus 
to act faultlessly. However, sometimes proteins fail to either fold correctly or to maintain the 
native state due to the presence of mutations or increased protein levels. When these proteins 
escape the inherent quality control systems, serious diseases can develop. These disorders can 
be characterized by the deposition of misfolded peptides or proteins in the nervous system or 
other tissues and organs resulting in pathological and insoluble aggregates.

Preventive and curative treatments are often lacking. These therapeutic approaches are fea-
sible when using nanobodies as a tool: increasing the stability of the correctly folded proteins, 
neutralization of toxic protein/peptide species, and inhibiting or reversing the aggregation 
of misfolded proteins into oligomers or fibrils [56]. Several research groups have already 
exploited the use of nanobodies for targeting protein misfolding diseases [57–59]; however, 
most of the time, they aim at extracellular targets. We will focus on the intracellular applica-
tion of nanobodies.

2.3.1. Oculopharyngeal muscular dystrophy

Oculopharyngeal muscular dystrophy (OPMD) is an autosomal dominant disease character-
ized by an extended N-terminal poly-alanine stretch of polyadenylate-binding protein nuclear 
1 (PABPN1). The poly-alanine stretch is extended from 10 to 12–17 alanines. The mutant protein 
forms aggregates in skeletal muscles, and this phenomenon is, at least in part, responsible for 
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the disease, although the exact pathological mechanisms are still poorly understood. PABPN1 
is a multifunctional protein and is involved in pre-mRNA polyadenylation, transcription regu-
lation, and mRNA nucleocytoplasmic transport [56].

Verheesen et al. screened a nonimmune VHH library for PABPN1-selective binders. Panning 
yielded six nanobodies with affinities ranging between 5 and 57 nM. Initial experiments were 
performed with nanobody 3F5 (Kd = 5 nM), which binds PABPN1 at its N-terminal coiled-
coiled domain. Co-transfection of mutant PABPN1 and nuclear targeted 3F5 (3F5-NLS) in 
HeLa and COS cells showed a dose-dependent reduction in the formation of aggregates 
(37% → 10% in HeLa cells, P < 0.01). The expression of the nanobody neither induces cyto-
toxic effects (MTT assay) nor has any effects on mutant PABPN1 expression levels [60]. A 
more in-depth analysis on how the formation of intranuclear inclusions is prevented revealed 
that the nanobody reduces the formation of oligomers of mutant PABPN1 but not of insoluble 
aggregates [61]. The in vivo efficiency of the six nanobodies was tested in a Drosophila model 
of OPMD in which the expression of mutant PABN1 and the nuclear targeted nanobodies 
is induced with the muscle-specific driver Mhc-Gal4. Nanobody 3F5-NLS showed the best 
in vivo efficacy and alleviated several symptoms of OPMD in the Drosophila model, includ-
ing prevention of degenerative effects on flight muscles and the restoration of muscle fiber 
ultrastructure (Z and M bands). Transcriptome analysis performed to evaluate thorax gene 
expression patterns demonstrated that 3F5-NLS induced a partial or complete rescue of 58% 
of the genes deregulated by the presence of mutant PABPN1. These effects are the strongest 
in the early stages (day 2 after induction) but persist during the life span [62].

2.3.2. Gelsolin amyloidosis

Gelsolin amyloidosis is an autosomal dominant disease for which currently only symptom-
atic treatment strategies exist. A point mutation in the GSN gene (G654 A/T) is responsible 
for the incorrect folding of the secondary domain of mutant gelsolin (D187 N/Y) that adopts 
a protease-sensitive conformational state. A pathological proteolytic cascade involving furin 
and MT1-MMP like proteases leads to the secretion of amyloidogenic 8 and 5 kDa peptides in 
the extracellular matrix and thus to the formation of extracellular deposits [63]. Van Overbeke 
et al. used gelsolin nanobodies to shield mutant plasma gelsolin (PG) from aberrant furin 
cleavage [24]. Furin is a membrane-associated pro-protein convertase that is ubiquitously 
expressed. It cleaves mutant PG as it passes through the trans-Golgi network (TGN) and gen-
erates a C-terminal 68 kDa fragment (C68) that is secreted into the extracellular matrix [63]. 
This initial step in the amyloidogenic cascade is targeted using a Nb that binds mutant PG 
near the furin cleavage site with low nanomolar affinity (10 nM, in the presence of Ca2+). In 
vitro experiments demonstrated a dose-dependent decrease of mutant PG cleavage. The C68 
signal intensity is reduced by 76% (P < 0.001) when a twofold molar excess of Nb is added. 
In cell-based assays, the nanobody drastically reduced secretion of C68 in the cell medium. 
The in vivo efficiency of the nanobody was further analyzed in a gelsolin amyloidosis/nano-
body double-positive mouse model expressing human mutant PG. The Nb not only positively 
affects transgenic mutant gelsolin proteostasis in skeletal muscle tissue but also attenuates the 
decrease in contraction speed of the extensor digitorum longus in an 8-min fatigue protocol 
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Serotype A is associated with the longest persistence and is thus most relevant for therapeu-
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1 (PABPN1). The poly-alanine stretch is extended from 10 to 12–17 alanines. The mutant protein 
forms aggregates in skeletal muscles, and this phenomenon is, at least in part, responsible for 

Antibody Engineering214

the disease, although the exact pathological mechanisms are still poorly understood. PABPN1 
is a multifunctional protein and is involved in pre-mRNA polyadenylation, transcription regu-
lation, and mRNA nucleocytoplasmic transport [56].

Verheesen et al. screened a nonimmune VHH library for PABPN1-selective binders. Panning 
yielded six nanobodies with affinities ranging between 5 and 57 nM. Initial experiments were 
performed with nanobody 3F5 (Kd = 5 nM), which binds PABPN1 at its N-terminal coiled-
coiled domain. Co-transfection of mutant PABPN1 and nuclear targeted 3F5 (3F5-NLS) in 
HeLa and COS cells showed a dose-dependent reduction in the formation of aggregates 
(37% → 10% in HeLa cells, P < 0.01). The expression of the nanobody neither induces cyto-
toxic effects (MTT assay) nor has any effects on mutant PABPN1 expression levels [60]. A 
more in-depth analysis on how the formation of intranuclear inclusions is prevented revealed 
that the nanobody reduces the formation of oligomers of mutant PABPN1 but not of insoluble 
aggregates [61]. The in vivo efficiency of the six nanobodies was tested in a Drosophila model 
of OPMD in which the expression of mutant PABN1 and the nuclear targeted nanobodies 
is induced with the muscle-specific driver Mhc-Gal4. Nanobody 3F5-NLS showed the best 
in vivo efficacy and alleviated several symptoms of OPMD in the Drosophila model, includ-
ing prevention of degenerative effects on flight muscles and the restoration of muscle fiber 
ultrastructure (Z and M bands). Transcriptome analysis performed to evaluate thorax gene 
expression patterns demonstrated that 3F5-NLS induced a partial or complete rescue of 58% 
of the genes deregulated by the presence of mutant PABPN1. These effects are the strongest 
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[24]. Using adeno-associated virus as a vehicle, a bispecific nanobody was introduced in these 
mice that protects against both furin and MT1-MMP, yielding similar effects on muscle con-
traction speed [64, 65]. Inhibiting the enzymatic activity of furin could be an alternative strat-
egy, and noncompetitive furin-inhibiting nanobodies have been identified although they have 
not been tested for treatment of gelsolin amyloidosis [66]. However, despite the involvement 
of furin in several pathological processes, some considerations have to be made regarding its 
use as a therapeutic target. Although a complete/partial cleavage redundancy of furin toward 
several substrates was observed in the liver of an interferon-inducible Mx-Cre/loxP, furin 
knockout mouse model and obvious adverse effect were absent; a complete knockout of furin 
in a mouse model resulted in embryonic lethality at day 11 [67, 68]. This observation probably 
precludes their use in chronic treatments because it is rather unlikely that the long-term inhibi-
tion of furin does not go hand in hand with severe adverse effects. Therefore, shielding mutant 
PG from aberrant cleavage seems to be the better strategy. Moreover, this approach is already 
successfully implemented in the treatment of early-stage familial amyloid polyneuropathy 
caused by amyloidogenic variants of transthyretin, thus highlighting its feasibility [69].

3. Camelid intrabodies: a versatile research tool

Over the years, nanobodies have earned their mark as a research tool. A variety of extracel-
lular and intracellular applications using nanobodies exist, and the latter will be discussed 
here. Intrabodies are often used to unravel protein functions and to gain insight into their 
dynamics. The versatility of nanobodies and the ease by which they can be engineered allow 
researchers to use different lines of approach (Figure 2). Chromobodies, consisting of a nano-
body fused with a fluorescent protein, allow researchers to recognize and trace endogenous 
proteins in living cells [70]. Since they are already well known, they will not be discussed in 
detail here.

3.1. Pinpointing protein functions

Nanobodies are an attractive tool for the determination of endogenous protein function. They 
not only complement well-known RNAi and CRISPR/Cas9 techniques but also allow a more 
detailed insight by pinpointing specific functions with “surgical precision” by targeting indi-
vidual protein domains (rather than eliminating the entire protein altogether) and protein 
conformations, which cannot be achieved by expression modulation. In other words, nano-
bodies can be of inestimable value to deepen our knowledge of several biological pathways. 
Researchers have employed several strategies for assessing the functionality of proteins or 
protein domains, and the different options will be discussed here.

As stated earlier, nanobody cDNAs are available, and these are easily engineered. This implies 
that the addition of a delocalization tag is fairly straightforward. A variety of targeting sequences 
are available and can be used to induce the enrichment of both nanobody and its target at spe-
cific (ectopic) subcellular compartments. This strategy allows researchers to assess the interac-
tion between the nanobody and its target in the strongly reducing intracellular environment 
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and thus to confirm the in vivo functionality of nanobodies. Moreover, in this way, one can also 
disturb protein function by restricting free diffusion of the protein and limiting its availability 
at places where it is needed [71]. Considering that the paratope of the nanobody is located at 
its N-terminal end, it is safer to fuse the tag at the C-terminal end of the nanobody. Otherwise, 
a substantial risk at disturbing antigen binding exists [2], although there are examples where a 
long tag is added to the nanobody N-terminus without disturbing its functionality [72]. Beghein 
et al. elegantly demonstrated how effectively nanobodies can delocalize their target protein to a 
variety of subcellular organelles. A survivin Nb (Kd ~ 1 nM) was capable of guiding endogenous 
survivin in or out the nucleus (nuclear localization sequence tag and nuclear export sequence tag), 
capturing survivin on the outer membrane of mitochondria (mitochondrial outer membrane tag) 
and even at the intermembrane area (mitofilin tag) which probably required (partial) unfolding 
of the nanobody and possibly chaperone-assisted entry into mitochondria. This had not yet 
been investigated. Also, transport of survivin in the peroxisomes (PST-1 tag) was demonstrated 
[72]. Since interaction between the nanobody and survivin apparently did not perturb survivin 
functionality, the tagged nanobody is a perfect research tool for further elucidating survivin 
biology. This strategy also provided evidence that only actin-free gelsolin is able to migrate to 
the nucleus (in contrast to the actin-gelsolin complex) to potentially act as a nuclear cofactor for 

Figure 2. Schematic overview of nanobody-based applications in research. Upper panel. Left: Nanobodies can be 
equipped with a delocalization signal sequence, which allows the enrichment of a protein of interest (POI) at a specific 
subcellular localization, such as mitochondria. Middle: Nanobodies can exert a direct inhibitory effect which induces 
a protein knockout. Right: Nanobodies can be used to target a POI for proteasomal degradation. For this purpose, the 
nanobody is fused with a cullin-RING E3 ubiquitin ligase. Lower panel. Left: A chromobody, consisting of a fusion 
between a nanobody and a fluorescent protein (FP), allows the visualization and tracing of endogenous proteins in a 
background of contaminating proteins. Right: This nanobody-based application allows one to determine whether or not 
two proteins of interest interact. Both proteins are labeled with a different fluorophore. One protein, labeled with GFP, 
is recruited to a specific location via a GFP Nb coupled with a targeting signal. If the second protein, in this example 
labeled with RFP, is an interaction partner, both fluorescent signals will co-localize. When a compound interferes with a 
specific protein-protein interaction, the co-localization is absent.
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[24]. Using adeno-associated virus as a vehicle, a bispecific nanobody was introduced in these 
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traction speed [64, 65]. Inhibiting the enzymatic activity of furin could be an alternative strat-
egy, and noncompetitive furin-inhibiting nanobodies have been identified although they have 
not been tested for treatment of gelsolin amyloidosis [66]. However, despite the involvement 
of furin in several pathological processes, some considerations have to be made regarding its 
use as a therapeutic target. Although a complete/partial cleavage redundancy of furin toward 
several substrates was observed in the liver of an interferon-inducible Mx-Cre/loxP, furin 
knockout mouse model and obvious adverse effect were absent; a complete knockout of furin 
in a mouse model resulted in embryonic lethality at day 11 [67, 68]. This observation probably 
precludes their use in chronic treatments because it is rather unlikely that the long-term inhibi-
tion of furin does not go hand in hand with severe adverse effects. Therefore, shielding mutant 
PG from aberrant cleavage seems to be the better strategy. Moreover, this approach is already 
successfully implemented in the treatment of early-stage familial amyloid polyneuropathy 
caused by amyloidogenic variants of transthyretin, thus highlighting its feasibility [69].

3. Camelid intrabodies: a versatile research tool

Over the years, nanobodies have earned their mark as a research tool. A variety of extracel-
lular and intracellular applications using nanobodies exist, and the latter will be discussed 
here. Intrabodies are often used to unravel protein functions and to gain insight into their 
dynamics. The versatility of nanobodies and the ease by which they can be engineered allow 
researchers to use different lines of approach (Figure 2). Chromobodies, consisting of a nano-
body fused with a fluorescent protein, allow researchers to recognize and trace endogenous 
proteins in living cells [70]. Since they are already well known, they will not be discussed in 
detail here.

3.1. Pinpointing protein functions

Nanobodies are an attractive tool for the determination of endogenous protein function. They 
not only complement well-known RNAi and CRISPR/Cas9 techniques but also allow a more 
detailed insight by pinpointing specific functions with “surgical precision” by targeting indi-
vidual protein domains (rather than eliminating the entire protein altogether) and protein 
conformations, which cannot be achieved by expression modulation. In other words, nano-
bodies can be of inestimable value to deepen our knowledge of several biological pathways. 
Researchers have employed several strategies for assessing the functionality of proteins or 
protein domains, and the different options will be discussed here.

As stated earlier, nanobody cDNAs are available, and these are easily engineered. This implies 
that the addition of a delocalization tag is fairly straightforward. A variety of targeting sequences 
are available and can be used to induce the enrichment of both nanobody and its target at spe-
cific (ectopic) subcellular compartments. This strategy allows researchers to assess the interac-
tion between the nanobody and its target in the strongly reducing intracellular environment 
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and thus to confirm the in vivo functionality of nanobodies. Moreover, in this way, one can also 
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at places where it is needed [71]. Considering that the paratope of the nanobody is located at 
its N-terminal end, it is safer to fuse the tag at the C-terminal end of the nanobody. Otherwise, 
a substantial risk at disturbing antigen binding exists [2], although there are examples where a 
long tag is added to the nanobody N-terminus without disturbing its functionality [72]. Beghein 
et al. elegantly demonstrated how effectively nanobodies can delocalize their target protein to a 
variety of subcellular organelles. A survivin Nb (Kd ~ 1 nM) was capable of guiding endogenous 
survivin in or out the nucleus (nuclear localization sequence tag and nuclear export sequence tag), 
capturing survivin on the outer membrane of mitochondria (mitochondrial outer membrane tag) 
and even at the intermembrane area (mitofilin tag) which probably required (partial) unfolding 
of the nanobody and possibly chaperone-assisted entry into mitochondria. This had not yet 
been investigated. Also, transport of survivin in the peroxisomes (PST-1 tag) was demonstrated 
[72]. Since interaction between the nanobody and survivin apparently did not perturb survivin 
functionality, the tagged nanobody is a perfect research tool for further elucidating survivin 
biology. This strategy also provided evidence that only actin-free gelsolin is able to migrate to 
the nucleus (in contrast to the actin-gelsolin complex) to potentially act as a nuclear cofactor for 
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between a nanobody and a fluorescent protein (FP), allows the visualization and tracing of endogenous proteins in a 
background of contaminating proteins. Right: This nanobody-based application allows one to determine whether or not 
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the androgen receptor [73], that fascin plays a role in the formation of filopodia/cell spreading 
and is also involved in MMP9 secretion, and that the SH3 domain of cortactin directly regulates 
MMP secretion [74].

Some nanobodies exert a direct inhibitory effect, resulting in a functional knockout of the pro-
tein. These nanobodies can help researchers to define the biochemical activities of proteins. 
For example, mechanistic insights in podosome formation were revealed by two inhibitory 
nanobodies targeted against L-plastin (LPL). LPL Nb5 is capable of blocking the actin-bun-
dling activity of L-plastin, and LPL-Nb9 locks LPL in an inactive conformation. Experiments 
involving these nanobodies revealed the participation of L-plastin (LPL) in podosome forma-
tion and stability [75]. Furthermore, L-plastin is a component of cancer cell invadopodia and 
contributes to matrix degradation and cancer cell invasion. These effects are mediated by the 
actin-bundling activity of L-plastin and its bundling independent role in MMP9 secretion and 
activity, as revealed by the differential effects observed in the presence of LPL Nb5 and LPL 
Nb9 [76]. One can also interfere with signaling pathways by specific inhibition of the transcrip-
tional activity of proteins, like beta-catenin and p53 [77, 78]. These nanobodies can be used to 
elucidate the impact of cofactors and post-translational modifications on the targeted protein 
and allow us to broaden our understanding of the respective signaling pathways. Insight into 
pathological mechanisms, which might result in the identification of druggable targets, can 
also be obtained. For example, nanobodies were used to investigate the role of two enzymatic 
domains of TcdB, a toxin produced by Clostridium difficile. Using specific inhibition of the effec-
tor glycosyltransferase activity or the cysteine protease, it was, among other things, established 
that the TcdB-cytopathic effects are mainly mediated by the glycosyltransferase activity [79].

Finally, nanobodies are known to stabilize certain protein conformations and are often used 
as an aid in crystallization experiments [2]. This property also comes in handy when one 
wants to study the mechanisms by which cellular receptors translate extracellular cues into 
intracellular responses. Depending on which conformation the receptor adopts after ligand 
binding, certain downstream signaling events can be either activated or inhibited. Staus 
et al. have identified nanobodies that preferentially recognize and stabilize the β2 adrenergic 
receptor in its active or inactive conformation resulting in a variety of functional effects [80]. 
These experiments indicate that nanobodies, by acting as an allosteric modulator of receptors, 
can help us to understand receptor biology.

3.2. Depleting endogenous proteins through proteasomal targeting

An alternative way to determine the function of a protein of interest (POI) in an in vivo set-
ting is to selectively induce their degradation and study the resulting knockout phenotype. To 
achieve this goal, three different groups have exploited a combination of nanobodies and the 
endogenous ubiquitin proteasome pathway, a system that is responsible for selective protein 
degradation in eukaryotes [81–83]. Caussinus et al. were the first to use the ubiquitin pathway 
for targeted degradation by making adaptations of an E3 ubiquitin ligase, more specifically the 
cullin-RING 1 (CLR1) E3 ligase complex. For this purpose, a fusion between the F-box domain 
of Slmb and a GFP Nb (VHH GFP4) was made. Slmb is part of an F-box protein, responsible 
for substrate recognition that is expressed in Drosophila melanogaster. When this construct, 
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called DeGradFP, was expressed in mammalian cells or D. melanogaster embryos, certain GFP-
tagged proteins were depleted. DeGradFP was also capable of phenocopying specific loss of 
function mutations. In spite of these successful results, treatment with DeGradFP was not 
always followed by the degradation of the targeted protein (e.g., GFP) [81]. In addition to that, 
a broader application of DeGradFP is still to be demonstrated.

Just like DeGradFP, the cullin-RING E3 ubiquitin ligases were used as the framework for 
synthetic E3 ligase design. In an attempt to enhance the E3 activity, however, the GFP Nb 
was fused directly to a truncated adaptor protein instead of the substrate recognition pro-
tein. The best results were obtained with Ab-SPOP, a synthetic version of the CLR3 E3 ligase 
complex, displaying a 10-fold stronger signal reduction of a GFP-tagged protein compared 
to DeGradFP (50-fold vs. 5-fold). Importantly, the construct degrades only nuclear proteins, 
and possibly in the future, similar constructs may become available that degrade cytoplas-
mic proteins. The in vivo effectiveness of Ab-SPOP was confirmed in zebra fish embryos. 
Ab-SPOP-induced depletion of Hmg2a-citrine, a protein responsible for the modulation of 
nucleosome and chromatin structure, resulted in various early developmental defects [83]. 
Fulcher et al. tailored the von Hippel-Lindau (VHL) protein as an affinity-directed protein 
missile, called AdPROM. Under normoxic conditions, this substrate recognition protein 
recruits the hypoxia-inducible factor (HIF1α) to the CLR2 E3 ligase. AdPROM is composed of 
a fusion between the VHL protein and a GFP Nb. It was of crucial importance that the GFP Nb 
was positioned at the C-terminus of the VHL protein in order to obtain a proper orientation of 
the target proteins to the CLR2 E3 ligase complex. Since the paratope of a nanobody is local-
ized at the N-terminal end, one should definitely check for potential detrimental effects of this 
fusion on the binding capacity of the nanobody itself. However, the affinity-directed protein 
missile was competent in inducing the specific degradation of GFP-tagged VPS34 and PAWS1 
proteins in human cell lines, which was further substantiated by the observation of functional 
effects. Interestingly, during these experiments the researchers observed the co-degradation 
of UVRAG which is a regulatory component of the VPS34 kinase complex. This suggests that 
AdPROM has the potential of destroying protein complexes although only individual pro-
teins are targeted [82]. Targeted degradation of proteins of interest by the use of nanobodies 
holds great potential and might be the perfect complement to CRISPR/Cas systems or RNAi 
in the elucidation of protein function. The tunability of this system is a huge benefit. Future 
experiments should point out whether the GFP Nb can be replaced by highly selective nano-
bodies targeted against specific proteins. In this way, one could investigate the functions of 
the protein of interest in a more direct manner, without the requirement of protein tags.

3.3. Detection of protein-protein interactions

Nanobodies can be utilized for the detection of protein-protein interactions in cell-based 
assays. There is a large supply of in vitro methods which can be used for the detection of 
protein-protein interactions. These methods are widely used and highly efficient for high-
throughput screenings but are limited by the fact that they don’t operate in intact mamma-
lian cells. Screening for interaction between proteins in their native environment guarantees 
their proper folding and the presence of necessary cofactors or regulatory proteins. Both 
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the androgen receptor [73], that fascin plays a role in the formation of filopodia/cell spreading 
and is also involved in MMP9 secretion, and that the SH3 domain of cortactin directly regulates 
MMP secretion [74].

Some nanobodies exert a direct inhibitory effect, resulting in a functional knockout of the pro-
tein. These nanobodies can help researchers to define the biochemical activities of proteins. 
For example, mechanistic insights in podosome formation were revealed by two inhibitory 
nanobodies targeted against L-plastin (LPL). LPL Nb5 is capable of blocking the actin-bun-
dling activity of L-plastin, and LPL-Nb9 locks LPL in an inactive conformation. Experiments 
involving these nanobodies revealed the participation of L-plastin (LPL) in podosome forma-
tion and stability [75]. Furthermore, L-plastin is a component of cancer cell invadopodia and 
contributes to matrix degradation and cancer cell invasion. These effects are mediated by the 
actin-bundling activity of L-plastin and its bundling independent role in MMP9 secretion and 
activity, as revealed by the differential effects observed in the presence of LPL Nb5 and LPL 
Nb9 [76]. One can also interfere with signaling pathways by specific inhibition of the transcrip-
tional activity of proteins, like beta-catenin and p53 [77, 78]. These nanobodies can be used to 
elucidate the impact of cofactors and post-translational modifications on the targeted protein 
and allow us to broaden our understanding of the respective signaling pathways. Insight into 
pathological mechanisms, which might result in the identification of druggable targets, can 
also be obtained. For example, nanobodies were used to investigate the role of two enzymatic 
domains of TcdB, a toxin produced by Clostridium difficile. Using specific inhibition of the effec-
tor glycosyltransferase activity or the cysteine protease, it was, among other things, established 
that the TcdB-cytopathic effects are mainly mediated by the glycosyltransferase activity [79].
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of Slmb and a GFP Nb (VHH GFP4) was made. Slmb is part of an F-box protein, responsible 
for substrate recognition that is expressed in Drosophila melanogaster. When this construct, 
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called DeGradFP, was expressed in mammalian cells or D. melanogaster embryos, certain GFP-
tagged proteins were depleted. DeGradFP was also capable of phenocopying specific loss of 
function mutations. In spite of these successful results, treatment with DeGradFP was not 
always followed by the degradation of the targeted protein (e.g., GFP) [81]. In addition to that, 
a broader application of DeGradFP is still to be demonstrated.
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was fused directly to a truncated adaptor protein instead of the substrate recognition pro-
tein. The best results were obtained with Ab-SPOP, a synthetic version of the CLR3 E3 ligase 
complex, displaying a 10-fold stronger signal reduction of a GFP-tagged protein compared 
to DeGradFP (50-fold vs. 5-fold). Importantly, the construct degrades only nuclear proteins, 
and possibly in the future, similar constructs may become available that degrade cytoplas-
mic proteins. The in vivo effectiveness of Ab-SPOP was confirmed in zebra fish embryos. 
Ab-SPOP-induced depletion of Hmg2a-citrine, a protein responsible for the modulation of 
nucleosome and chromatin structure, resulted in various early developmental defects [83]. 
Fulcher et al. tailored the von Hippel-Lindau (VHL) protein as an affinity-directed protein 
missile, called AdPROM. Under normoxic conditions, this substrate recognition protein 
recruits the hypoxia-inducible factor (HIF1α) to the CLR2 E3 ligase. AdPROM is composed of 
a fusion between the VHL protein and a GFP Nb. It was of crucial importance that the GFP Nb 
was positioned at the C-terminus of the VHL protein in order to obtain a proper orientation of 
the target proteins to the CLR2 E3 ligase complex. Since the paratope of a nanobody is local-
ized at the N-terminal end, one should definitely check for potential detrimental effects of this 
fusion on the binding capacity of the nanobody itself. However, the affinity-directed protein 
missile was competent in inducing the specific degradation of GFP-tagged VPS34 and PAWS1 
proteins in human cell lines, which was further substantiated by the observation of functional 
effects. Interestingly, during these experiments the researchers observed the co-degradation 
of UVRAG which is a regulatory component of the VPS34 kinase complex. This suggests that 
AdPROM has the potential of destroying protein complexes although only individual pro-
teins are targeted [82]. Targeted degradation of proteins of interest by the use of nanobodies 
holds great potential and might be the perfect complement to CRISPR/Cas systems or RNAi 
in the elucidation of protein function. The tunability of this system is a huge benefit. Future 
experiments should point out whether the GFP Nb can be replaced by highly selective nano-
bodies targeted against specific proteins. In this way, one could investigate the functions of 
the protein of interest in a more direct manner, without the requirement of protein tags.

3.3. Detection of protein-protein interactions

Nanobodies can be utilized for the detection of protein-protein interactions in cell-based 
assays. There is a large supply of in vitro methods which can be used for the detection of 
protein-protein interactions. These methods are widely used and highly efficient for high-
throughput screenings but are limited by the fact that they don’t operate in intact mamma-
lian cells. Screening for interaction between proteins in their native environment guarantees 
their proper folding and the presence of necessary cofactors or regulatory proteins. Both 
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 nanobody-based methods rely on the interaction between a GFP Nb and a GFP-tagged pro-
tein. Herce et al. covalently linked a GFP Nb with a protein that accumulates at a specific 
subcellular location. In mammalian cells, this protein could be, for example, laminin B1 or 
centrin, which results in the delocalization of the GFP Nb to the nuclear lamina or the cyto-
plasmic centrioles, respectively. Subsequently, a GFP-tagged protein will be recruited to a 
specific location. If the second protein of interest, labeled with another fluorophore, interacts 
with the first protein of interest, the fluorophores will co-localize at a discrete spot. This inter-
action can be visualized by a single-fluorescence snapshot. Interestingly, this technique also 
allows screening for inhibitors of protein-protein interactions [84]. Another recently devel-
oped technique uses biocompatible engineered upconversion nanoparticles (UCNPs) conju-
gated with GFP Nbs. Visualization of the interaction between two proteins of interest is based 
on the lanthanide resonance energy transfer (LRET). As a proof of concept, they probed for 
the indirect interaction between the mitochondrial proteins TOM20 and TOM7. The latter was 
expressed as a fusion protein with EGFP and the former as a fusion protein with dsRed and a 
Halo tag. This Halo tag was subsequently labeled with tetramethylrhodamine (TMR), while 
the EGFP was recognized by the GFP Nb-labeled UCNPs. Co-localization of both proteins 
results in the detection of LRET-sensitized TMR emission. Remarkably, TOM7 and TOM20 
are spatially separated by TOM40. The capacity of this technique for reporting indirect long-
distance interactions might be of interest to unravel cellular protein complexes [85].

4. Concluding remarks

Nanobodies are highly versatile tools with interesting biochemical properties, which result 
in their application in various fields ranging from basic research and diagnostics to therapy. 
In this chapter, we aim to shed light on their multifunctionality and in this way encourage 
other researchers to include this technology in their future projects. Since their discovery in 
1993, the numbers of publications wherein nanobodies are employed are gradually increas-
ing which indicate that their merit has been proved. Here, we have shown that nanobodies 
have a high therapeutic potential and form an ideal stepping stone to drug development. 
Despite isolated cases, nanobodies are not capable of traversing the cellular membrane, 
preventing their direct use as a therapeutic. The effects observed with nanobody treat-
ment are established through multiple mechanisms. Nanobodies can act as an inhibitor of 
enzymatic activity, interfere with specific protein-protein interactions, and shield a protein 
of interest from aberrant cleavage, or they can be used as a tool to target proteins for pro-
teasomal degradation. We believe that effects triggered by nanobodies in vitro or in vivo 
are a faithful representation of what to expect with conventional pharmacological drugs, 
since both compounds directly target the resident endogenous protein. However, since cur-
rent experiments are often limited to cell-based assays, animal experiments are warranted 
to confirm their effectiveness. Furthermore, nanobodies have a lot to offer as a research 
tool. They can help researchers to elucidate protein functions and thereby gain insight in 
biological pathways. Several strategies are possible, ranging from subcellular delocaliza-
tion to the induction of protein knockouts. Last but not least, nanobodies may represent an 
adequate answer to problems encountered with (conventional) antibody reproducibility 
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[86, 87]. Indeed, particularly polyclonal antibodies run out of stock at some point in the 
future, making experimental verification impossible. Because nanobody cDNAs are read-
ily obtained and researchers all over the world can use exactly the same nanobody in their 
experiments, problems of reproducibility can be reduced. In the future, we hope to stimu-
late a closer consultation within the nanobody field and by doing so taking the research to 
the next level.
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Abstract

The structural diversity (heterogeneity) problem of antibodies has become a big subject 
along with the development of antibody drugs and catalytic antibodies. The detailed 
studies on the subject have not been conducted because many difficult and complex 
problems are existed in the phenomena. The heterogeneity problem is observed in a 
whole antibody as well as a catalytic antibody. The difficulty and complexity of the 
heterogeneity are in the generation of many isoforms caused by different charges, dif-
ferent molecular sizes, and/or modifications of amino acid residues. We found that 
the constant region domain of the antibody light chain also plays an important role 
in the heterogeneity. It is desirable that the antibody and/or the subunits must have a 
defined structure for practical use. We found interesting phenomena that copper ion 
can convert the multi-molecular forms of antibodies to mono-molecular forms. The ion 
contributed greatly to the enrichment of the dimer-form and the homogenation of the 
differently charged full-length and constant region domain of the light chain. The role 
of copper ion must be significant for preparing a single, defined, not multiple, isoform 
structure. Note that the big problem could be solved by using copper ion during the 
purification process.

Keywords: charge heterogeneity, 2D electrophoresis, antibody light chain, pI,  
copper ion

1. Introduction

In recent year, many monoclonal antibody drugs have been developed, and some of them are 
practically used in therapy [1–3]. With respect to catalytic antibodies, they have extensively been 
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developed [4–14] for the last two decades from the viewpoint of both basic research and the 
application, where it has been proved that there are many catalytic antibodies being effective 
against anti-rabies virus [15], anti-influenza virus [16], anti-Helicobacter pylori [17], anti-HIV [7, 8, 
10], anti-Alzheimer’s disease [14, 18], etc. Interestingly, some of them have been advanced to the 
stage tested in vivo in this decade [15–19]. In the case of catalytic antibodies, some of them play 
the role as a whole structure of IgG [5, 9, 11, 13], IgA [20], or IgM [21–23]. On the other hand, in 
some cases, their subunits (light chain or heavy chain) exhibit unique functions [1–4, 6–8, 12]. 
Once the antibody subunits are separated, the structure of the light or heavy chain becomes flex-
ible and has a tendency to possess structural diversity (or molecular heterogeneity). Regarding 
structural heterogeneity, it was found about 20 years ago that a whole antibody possesses the 
structural heterogeneity. These studies were extensively studied by Harris et al. [24] and Nebija 
et al. [25] using the capillary isoelectric focusing and the 2D-gel electrophoresis [26, 27].

We have also reported about the molecular heterogeneity caused by different electrical 
charges and different molecular size in mouse monoclonal antibody [28]. This phenomenon 
is not good for the preparation efficacy, high reproducibility, and practical application. In 
addition, the structural diversity leads us to ask what structure plays the most important role 
in exhibiting the catalytic antibody functions. It also provides us with another subject of how 
we can best make a significant structure with high reproducibility and productivity.

We have recently found a crucial method to solve the heterogeneity problem by using cop-
per ion, which can convert the multi-molecular forms into mono-molecular forms for many 
recombinant human antibody light chains. In addition, the constant region domain of the 
light chain (CL) plays an important role in generating a mono-molecular form.

In this review, we will describe a novel method for preparing a single and defined mono-form 
structure in detail.

2. Structural heterogeneity of monoclonal antibodies

2.1. Examples found in natural monoclonal antibodies

We have found an interesting phenomenon in 2D-gel electrophoresis for mouse type mono-
clonal antibodies (mAbs), which were prepared against the hemagglutinin molecule of influ-
enza virus [29]. In the experiment, these monoclonal antibodies showed many different spots 
at the same molecular size [28]. Figure 1a shows the results using InfA-9 mAb. In the case, 
the whole antibody and the subunits, heavy and light chains separated and purified from the 
parent whole antibody, were analyzed by 2D-gel electrophoresis. In Figure 1a, many spots 
in the whole antibody of InfA-9 are shown. The clear four spots (pI = 6.0, 6.1, 6.2 and 6.5) in 
the heavy chain and three spots (pI = 5.9, 6.1 and 6.5) in the light chain were detected. Except 
these spots, many faint spots were observed in the same molecular size (the spots observed 
over the heavy chain were unknown). Then, the heavy and light chains were separated from 
the whole antibody of InfA-9, highly purified, and submitted to 2D-gel electrophoresis. The 
results exhibited the similar phenomena. In the heavy chain, similar spots are seen, and clear 
five spots (pI = 6.1, 6.3, 6.5, 6.7 and 6.9) were detected in this case. The pI positions of the spots 
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were a little bit different compared to the whole antibody. For the case of the light chain, clear 
six spots (pI = 5.7, 5.9, 6.0, 6.1, 6.2 and 6.7) were detected. The number of spots increased com-
pared with those of the whole antibody. These phenomena are not exceptional, but general. 
The mAb, InfA-15, exhibited similar results. Figure 1b shows 2D-gel electrophoresis using 
InfA-15 mAb. In the results of the whole antibody and the heavy chain and the light chain, 
the pattern of spots were a little different from those of InfA-9 mAb, but several different pI 
spots were observed in all cases. Namely, different pI spots are present at the same molecular 
size in any mAb. Note that structural diversity (molecular heterogeneity) should be existing 
even in the monoclonal antibody and the subunits, while they are a single protein. In our case, 
it is considered that the various electrical charges of the molecule may be one of the causes.

Figure 1. 2D electrophoresis for mouse type monoclonal antibodies against hemagglutinin molecule of influenza virus. 
SDS-PAGE; Running gel 12.5%. Strip; pH 3–10 nonlinear 7 cm. Sample; whole antibody 3.2 μg, heavy and light chain: 
1.6 μg. Staining; deep purple (GE Healthcare). (a) InfA-9 monoclonal antibody. Whole antibody: many spots are seen 
in the whole antibody of InfA-9. The clear four spots (pI = 6.0, 6.1, 6.2 and 6.5) in the heavy chain and three spots 
(pI = 5.9, 6.1 and 6.5) in the light chain were detected. Heavy chain (H): clear five spots (pI = 6.1, 6.3, 6.5, 6.7 and 6.9) 
were detected. The pI positions of the spots were a little bit different compared to the whole antibody. Light chain (L): 
clear six spots (pI = 5.7, 5.9, 6.0, 6.1, 6.2 and 6.7) were detected. The number of spots increased compared with those of 
the whole antibody. (b) InfA-15 monoclonal antibody. For the whole antibody and the heavy and light chain, similar 
results showing many spots at different pI for the same molecular sizes were observed, suggesting that the molecular 
heterogeneity of antibodies are generally occurring events.
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2.2. Recombinant monoclonal antibody Herceptin

The structural diversity of antibodies has been found about 20 years ago [26, 27], suggesting 
that an antibody has some different structures (not a mono-form structure) caused by the 
various electrical charges. Regarding the charge heterogeneity, Harris et al. [24] and Nebija 
et al. [25, 30] have extensively studied this phenomenon with recombinant antibodies using 
capillary isoelectric focusing and 2D-gel electrophoresis.

The former paper [24] pointed out a deamidation of Asn residues in the protein.

The latter papers showed multiple spots of pI spreading at heavy and light chains, caused by gen-
eration of charge-related isoforms. The pI spreading pattern in 2D-gel electrophoresis [30] is simi-
lar to our cases. The effects of sugar chains are also taken into account for molecular heterogeneity.

As it is well known that an antibody light chain has no sugar chain, this can be excluded for 
this subunit. Thus, in our case, it is thought that the structural diversity is mostly due to the 
heterogeneity of the different electrical charges. In addition, the possibility of deamidation is 
excluded because it is hardly considered that the addition of a copper ion causes a reverse 
reaction of the deamidation and the heterogeneity is lost.

3. Structural heterogeneity of recombinant human antibody light 
chains (including catalytic light chains)

3.1. Phenomena observed in several human antibody light chains

3.1.1. Chromatograms of antibody light chain C51

In this section, we will describe the phenomena of structural diversity using full-length 
light chains of human antibodies. Figure 2a shows the amino acid sequences of human anti-
body kappa light chains of C51, #4 and #7. The proteins were expressed in Escherichia coli in 
 accordance with the protocol described in the section of Materials and Methods in Refs. [19, 
31, 32]. Methionine was adducted at the N-terminus and confirmed by amino acid sequence 
analysis after cloning the cDNA of the light chain into the Nco I site of the pET-20b vector. Leu 
and Glu residues were inserted by employing the Xho I site before a histidine–tag (His × 6) 
included in the vector for purification.

After the transformed E. coli cells were recovered by centrifugation, they were sonicated. Then, 
the soluble fraction was subjected to purification using Ni-NTA affinity chromatography. The 
result of a Ni-NTA affinity chromatography for the C51 light chain is shown in Figure 2b. 
The C51 light chain was eluted from fraction 28 (Fr.28) to Fr.44. Fr.35 showed the maximum 
absorbance. Fr.35 was collected and analyzed by SDS-PAGE with CBB staining, where the 
C51 light chain was mainly the monomer form with a slight contamination of dimer forms.

The eluted fractions from Fr.30 to Fr.40 were collected and subjected to a cation exchange 
chromatography. Figure 2c shows the chromatogram, where several peaks were observed. 
The SDS-PAGEs of the peaks were shown in the figure on the right side. The peaks 1, 2, and 3 
were the monomer, the mixture of monomer and dimer, and the dimer, respectively.
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3.1.2. Effect of copper ions

Twenty μM of CuCl2 (Cu2+) was added to either the cell suspension after recovery of the cells (cell-
suspension) or the eluent of Ni-NTA chromatography (Ni-NTA eluent). By the addition of Cu2+ to 
the cell suspension, the chromatogram changed to that shown in Figure 2d, where a main peak 
(peak 4) was observed at the retention time of 26 min but other peaks (1, 2 and 3) were small. The 
SDS-PAGE gave a dimer for peak 4. In Figure 2e, 20 μM of Cu2+ (0.5 equivalent to the light chain) 

Figure 2. C51 light chain. (a) Amino acid sequences of human light chains (kappa type). (b) First-step purification of C51 
light chain. (b-1) Steps from E. coli culture to Ni-NTA column chromatography. (b-2) Ni-NTA column chromatogram 
for C51 light chain. (b-3) Results of SDS-PAGE of fraction 28–45. C51 light chain was mainly the monomer form with 
a slight contamination of dimer forms at approximately 45 kDa. (c) Cation exchange chromatography as the second-
step purification without copper ion. Several peaks were observed from 15 to 27 min. The peaks 1, 2, and 3 were the 
monomer, the mixture of monomer and dimer, and the dimer, respectively. (d) Cation exchange chromatography as 
the second-step purification with addition of 0.5 eq. copper ion in cell suspension. A main peak (peak 4) was observed 
at the retention time of 26 min but other peaks (1–3) were small. The SDS-PAGE gave a dimer for peak 4. (e) Cation 
exchange chromatography as the second-step purification with addition of 0.5 eq. copper ion in the Ni-NTA eluent. 
Only a main peak (peak 3) was observed at the retention time of 26 min but other peaks (1 and 2) were scarcely 
detected. The SDS-PAGE gave a dimer for peak 3. The addition of Cu2+ led to formation of dimers.
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2.2. Recombinant monoclonal antibody Herceptin

The structural diversity of antibodies has been found about 20 years ago [26, 27], suggesting 
that an antibody has some different structures (not a mono-form structure) caused by the 
various electrical charges. Regarding the charge heterogeneity, Harris et al. [24] and Nebija 
et al. [25, 30] have extensively studied this phenomenon with recombinant antibodies using 
capillary isoelectric focusing and 2D-gel electrophoresis.

The former paper [24] pointed out a deamidation of Asn residues in the protein.

The latter papers showed multiple spots of pI spreading at heavy and light chains, caused by gen-
eration of charge-related isoforms. The pI spreading pattern in 2D-gel electrophoresis [30] is simi-
lar to our cases. The effects of sugar chains are also taken into account for molecular heterogeneity.

As it is well known that an antibody light chain has no sugar chain, this can be excluded for 
this subunit. Thus, in our case, it is thought that the structural diversity is mostly due to the 
heterogeneity of the different electrical charges. In addition, the possibility of deamidation is 
excluded because it is hardly considered that the addition of a copper ion causes a reverse 
reaction of the deamidation and the heterogeneity is lost.

3. Structural heterogeneity of recombinant human antibody light 
chains (including catalytic light chains)

3.1. Phenomena observed in several human antibody light chains

3.1.1. Chromatograms of antibody light chain C51

In this section, we will describe the phenomena of structural diversity using full-length 
light chains of human antibodies. Figure 2a shows the amino acid sequences of human anti-
body kappa light chains of C51, #4 and #7. The proteins were expressed in Escherichia coli in 
 accordance with the protocol described in the section of Materials and Methods in Refs. [19, 
31, 32]. Methionine was adducted at the N-terminus and confirmed by amino acid sequence 
analysis after cloning the cDNA of the light chain into the Nco I site of the pET-20b vector. Leu 
and Glu residues were inserted by employing the Xho I site before a histidine–tag (His × 6) 
included in the vector for purification.

After the transformed E. coli cells were recovered by centrifugation, they were sonicated. Then, 
the soluble fraction was subjected to purification using Ni-NTA affinity chromatography. The 
result of a Ni-NTA affinity chromatography for the C51 light chain is shown in Figure 2b. 
The C51 light chain was eluted from fraction 28 (Fr.28) to Fr.44. Fr.35 showed the maximum 
absorbance. Fr.35 was collected and analyzed by SDS-PAGE with CBB staining, where the 
C51 light chain was mainly the monomer form with a slight contamination of dimer forms.

The eluted fractions from Fr.30 to Fr.40 were collected and subjected to a cation exchange 
chromatography. Figure 2c shows the chromatogram, where several peaks were observed. 
The SDS-PAGEs of the peaks were shown in the figure on the right side. The peaks 1, 2, and 3 
were the monomer, the mixture of monomer and dimer, and the dimer, respectively.
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3.1.2. Effect of copper ions

Twenty μM of CuCl2 (Cu2+) was added to either the cell suspension after recovery of the cells (cell-
suspension) or the eluent of Ni-NTA chromatography (Ni-NTA eluent). By the addition of Cu2+ to 
the cell suspension, the chromatogram changed to that shown in Figure 2d, where a main peak 
(peak 4) was observed at the retention time of 26 min but other peaks (1, 2 and 3) were small. The 
SDS-PAGE gave a dimer for peak 4. In Figure 2e, 20 μM of Cu2+ (0.5 equivalent to the light chain) 

Figure 2. C51 light chain. (a) Amino acid sequences of human light chains (kappa type). (b) First-step purification of C51 
light chain. (b-1) Steps from E. coli culture to Ni-NTA column chromatography. (b-2) Ni-NTA column chromatogram 
for C51 light chain. (b-3) Results of SDS-PAGE of fraction 28–45. C51 light chain was mainly the monomer form with 
a slight contamination of dimer forms at approximately 45 kDa. (c) Cation exchange chromatography as the second-
step purification without copper ion. Several peaks were observed from 15 to 27 min. The peaks 1, 2, and 3 were the 
monomer, the mixture of monomer and dimer, and the dimer, respectively. (d) Cation exchange chromatography as 
the second-step purification with addition of 0.5 eq. copper ion in cell suspension. A main peak (peak 4) was observed 
at the retention time of 26 min but other peaks (1–3) were small. The SDS-PAGE gave a dimer for peak 4. (e) Cation 
exchange chromatography as the second-step purification with addition of 0.5 eq. copper ion in the Ni-NTA eluent. 
Only a main peak (peak 3) was observed at the retention time of 26 min but other peaks (1 and 2) were scarcely 
detected. The SDS-PAGE gave a dimer for peak 3. The addition of Cu2+ led to formation of dimers.
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was added to the Ni-NTA eluent. In this case, only a main peak (peak 3) was observed at the 
retention time of 26 min but other peaks (1 and 2) were scarcely detected. The SDS-PAGE gave a 
dimer for peak 3. The addition of Cu2+ led to dimer formation.

Mass spectroscopic (MS) analysis was performed for the main peaks observed above (data 
not shown). Briefly, a monomeric light chain was detected at 25,000 m/z and a dimer at 
49,000 m/z. A small trimer and tetramer were also detected at 74,000 and 98,000 m/z, respec-
tively. By the addition of Cu2+ to the cell suspension or the Ni-NTA eluent, the signal for the 
monomer was substantially reduced. Conclusively, the addition of Cu2+ was effective for the 
formation of the dimer.

In order to examine the pI of the light chain, 2D-gel electrophoresis was performed with and 
without the addition of Cu2+. The results are shown in Figure 3a and b. In the case without Cu2+, 
many spots at different pIs were observed with the same molecular size of 31 kDa (Figure 3a). 
The pI spots were widely located from 6.12 to 10.0. The strong spot was observed at pI = 6.45–
6.73. In contrast, in the case with the addition of Cu2+, the spots were gathered on the strongest 
spot at pI = 6.57, while two faint spots were detected at around pI = 6.32 and 6.90 (Figure 3b). 
It is evident that the electrical charges of the molecule became mono-form by the effect of Cu2+.

3.2. #4 and #7 light chains

It must be invested whether or not the changes from multi-molecular forms to mono-molecu-
lar forms by the addition of copper ions is a general phenomenon. The following experiments 
were carried out.

3.2.1. Chromatograms

For the purpose of confirmation of the observed phenomena on the structural diversity, other 
antibody light chains such as #4 and #7 were examined. As stated above, the chromatogram 
in Ni-NTA purification is similar for many light chains. Thus, the following is focused on the 
results of cation exchange chromatography, which were very different in each light chain 
used. The effect of copper ions on the diversity issue will be discussed.

The cation chromatograms for #4 light chain are shown in the cases without and with Cu2+ 
as presented in Figure 4a and b, respectively. In the case without Cu2+, there were several 
peaks. The results of SDS-PAGE (non-reduced condition) corresponding to three peaks are 
also shown. The observed peaks were a mixture of monomers and dimers. Namely, several 
structurally different light chains caused by different electrical charges are coexisting in the 
solution. However, when 20 μM of Cu2+ (0.5 equivalent to the light chain) was added to the 
Ni-NTA eluent, the several peaks in Figure 4a surprisingly became a single peak (Figure 4b), 
which was mainly the dimer.

In the case of the chromatography for #7 light chain, huge three peaks were observed in the 
case without Cu2+ as shown in Figure 5a. The peak of the retention time at 9 min was the 
monomer. The peak at 13 min was a mixture of monomer and dimer. The peak at 22 min was 
also a mixture. Note that light chains possess different molecular sizes and electrical charges 
in solution.
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When 15 μM of Cu2+ (0.38 eq.) was added to the Ni-NTA eluent, two peaks at 12 min and 23 min 
of retention time were observed in the chromatography. The results of SDS-PAGE analysis 
(Figure 5b) indicated that both peak A and peak B were dimers. It is interesting that two kinds 
of dimers with different electrical charges were coexisting. When 40 μM of Cu2+ (1.0 eq.) was 
added to the same eluent, only peak C, which corresponds to peak A in Figure 5b, was observed 
at 12 min and peak B was not detected (Figure 5c). It is thought that peak B moved to peak A 
in Figure 5b. Conclusively, the dimeric light chains possessing two kinds of electrical charges 
became one kind of state possessing a unique electrical charge by the addition of 40 μM of Cu2+.

Figure 3. 2D-gel electrophoresis for C51 light chain. (a) Without copper ion. The pI spots were widely located from 6.12 
to 10.0. (b) With copper ion. The spots were gathered on the strongest spot at pI = 6.57, although two faint spots were 
detected at around pI = 6.32 and 6.90.
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was added to the Ni-NTA eluent. In this case, only a main peak (peak 3) was observed at the 
retention time of 26 min but other peaks (1 and 2) were scarcely detected. The SDS-PAGE gave a 
dimer for peak 3. The addition of Cu2+ led to dimer formation.

Mass spectroscopic (MS) analysis was performed for the main peaks observed above (data 
not shown). Briefly, a monomeric light chain was detected at 25,000 m/z and a dimer at 
49,000 m/z. A small trimer and tetramer were also detected at 74,000 and 98,000 m/z, respec-
tively. By the addition of Cu2+ to the cell suspension or the Ni-NTA eluent, the signal for the 
monomer was substantially reduced. Conclusively, the addition of Cu2+ was effective for the 
formation of the dimer.

In order to examine the pI of the light chain, 2D-gel electrophoresis was performed with and 
without the addition of Cu2+. The results are shown in Figure 3a and b. In the case without Cu2+, 
many spots at different pIs were observed with the same molecular size of 31 kDa (Figure 3a). 
The pI spots were widely located from 6.12 to 10.0. The strong spot was observed at pI = 6.45–
6.73. In contrast, in the case with the addition of Cu2+, the spots were gathered on the strongest 
spot at pI = 6.57, while two faint spots were detected at around pI = 6.32 and 6.90 (Figure 3b). 
It is evident that the electrical charges of the molecule became mono-form by the effect of Cu2+.

3.2. #4 and #7 light chains

It must be invested whether or not the changes from multi-molecular forms to mono-molecu-
lar forms by the addition of copper ions is a general phenomenon. The following experiments 
were carried out.

3.2.1. Chromatograms

For the purpose of confirmation of the observed phenomena on the structural diversity, other 
antibody light chains such as #4 and #7 were examined. As stated above, the chromatogram 
in Ni-NTA purification is similar for many light chains. Thus, the following is focused on the 
results of cation exchange chromatography, which were very different in each light chain 
used. The effect of copper ions on the diversity issue will be discussed.

The cation chromatograms for #4 light chain are shown in the cases without and with Cu2+ 
as presented in Figure 4a and b, respectively. In the case without Cu2+, there were several 
peaks. The results of SDS-PAGE (non-reduced condition) corresponding to three peaks are 
also shown. The observed peaks were a mixture of monomers and dimers. Namely, several 
structurally different light chains caused by different electrical charges are coexisting in the 
solution. However, when 20 μM of Cu2+ (0.5 equivalent to the light chain) was added to the 
Ni-NTA eluent, the several peaks in Figure 4a surprisingly became a single peak (Figure 4b), 
which was mainly the dimer.

In the case of the chromatography for #7 light chain, huge three peaks were observed in the 
case without Cu2+ as shown in Figure 5a. The peak of the retention time at 9 min was the 
monomer. The peak at 13 min was a mixture of monomer and dimer. The peak at 22 min was 
also a mixture. Note that light chains possess different molecular sizes and electrical charges 
in solution.
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When 15 μM of Cu2+ (0.38 eq.) was added to the Ni-NTA eluent, two peaks at 12 min and 23 min 
of retention time were observed in the chromatography. The results of SDS-PAGE analysis 
(Figure 5b) indicated that both peak A and peak B were dimers. It is interesting that two kinds 
of dimers with different electrical charges were coexisting. When 40 μM of Cu2+ (1.0 eq.) was 
added to the same eluent, only peak C, which corresponds to peak A in Figure 5b, was observed 
at 12 min and peak B was not detected (Figure 5c). It is thought that peak B moved to peak A 
in Figure 5b. Conclusively, the dimeric light chains possessing two kinds of electrical charges 
became one kind of state possessing a unique electrical charge by the addition of 40 μM of Cu2+.

Figure 3. 2D-gel electrophoresis for C51 light chain. (a) Without copper ion. The pI spots were widely located from 6.12 
to 10.0. (b) With copper ion. The spots were gathered on the strongest spot at pI = 6.57, although two faint spots were 
detected at around pI = 6.32 and 6.90.
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A chemical analysis of Cu2+ gave interesting results. The ratio of Cu to light chain (Cu/light chain) 
is 0.48, 0.03, and 0.64 for peaks A, B and C, respectively. When the ratio of Cu/light chain was 
0.48 in Figure 5b and 0.64 in Figure 5c, the dimer was eluted at 12 min. In contrast, at a ratio of 0.03, 
the retention time was 23 min. These results suggest that whenever enough Cu2+ is present in the 
solution, an electrically homogeneous light chain could be observed at a retention time of 12 min.

Figure 4. Cation exchange chromatography for #4 light chain. (a) Without copper ion. There were mainly three peaks, 
which were a mixture of monomers and dimers. Namely, several structurally different light chains caused by different 
electrical charges are coexisting in the solution. (b) With copper ion of 0.5 eq. When 0.5 equivalent to the light chain was 
added to the Ni-NTA eluent, the several peaks became a single peak of mainly the dimer.

Figure 5. Cation exchange chromatography for #7 light chain. (a) Without copper ion. Huge three peaks were observed. The 
peak of the retention time at 9 min was the monomer, peak at 13 min was the mixture of monomers and dimers, and peak at 
22 min was a mixture. In this case, the light chains possess different molecular sizes and electrical charges in solution. (b) With 
copper ion of 0.38 eq. Two peaks at 12 min and 23 min retention time were observed and both peak A and peak B were dimers. 
(c) With copper ion of 1.0 eq. Only peak C, which corresponds to peak A in (b), was observed at 12 min as the dimer form.
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UV/VIS spectroscopy for these peaks was also conducted. The results are shown in Figure 6. 
We could see the absorbance around 560 nm, which is assigned to the absorbance of the inter-
action of cupper with the amino acids for peak A and peak C, but not for peak B, whose spec-
trum was very similar without copper ion.

3.2.2. AFM analysis

In order to investigate the morphology of antibody light chains, we conducted atomic force 
microscopy (AFM) analysis. The peaks of A, B, and C were collected and subjected to AFM 
analysis as shown in Figure 7a–c. Figure 7a shows the AFM image for peak A. The images 
for peak B and C are shown in Figure 7b and c, respectively. The red circle represents the 
clear image of the dimeric light chain. The size of the dimer was roughly estimated at an 

Figure 6. UV/VIS spectroscopy. The absorbance around 560 nm, which is assigned to the absorbance of the interaction 
of a copper ion with the amino acids, was observed for peak A and peak C, but not for peak B. It is obvious that peak B 
has no copper ion.

Figure 7. AFM analysis. The peaks of A, B, and C were collected and subjected to AFM analysis. The red circle represents 
the clear image of the dimeric light chain. (a) Peak A included Cu2+ with the ratio of Cu/#7 light chain = 0.48. (b) Peak B 
did not include Cu2+ (Cu/#7 light chain = 0.03). (c) Peak C included Cu2+ with the ratio of Cu/#7 light chain = 0.64. The 
size of the dimer was roughly estimated at an approximate length of 20 nm, the width of 10 nm, and the height of 4 nm.
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the retention time was 23 min. These results suggest that whenever enough Cu2+ is present in the 
solution, an electrically homogeneous light chain could be observed at a retention time of 12 min.
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electrical charges are coexisting in the solution. (b) With copper ion of 0.5 eq. When 0.5 equivalent to the light chain was 
added to the Ni-NTA eluent, the several peaks became a single peak of mainly the dimer.
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(c) With copper ion of 1.0 eq. Only peak C, which corresponds to peak A in (b), was observed at 12 min as the dimer form.
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UV/VIS spectroscopy for these peaks was also conducted. The results are shown in Figure 6. 
We could see the absorbance around 560 nm, which is assigned to the absorbance of the inter-
action of cupper with the amino acids for peak A and peak C, but not for peak B, whose spec-
trum was very similar without copper ion.

3.2.2. AFM analysis

In order to investigate the morphology of antibody light chains, we conducted atomic force 
microscopy (AFM) analysis. The peaks of A, B, and C were collected and subjected to AFM 
analysis as shown in Figure 7a–c. Figure 7a shows the AFM image for peak A. The images 
for peak B and C are shown in Figure 7b and c, respectively. The red circle represents the 
clear image of the dimeric light chain. The size of the dimer was roughly estimated at an 

Figure 6. UV/VIS spectroscopy. The absorbance around 560 nm, which is assigned to the absorbance of the interaction 
of a copper ion with the amino acids, was observed for peak A and peak C, but not for peak B. It is obvious that peak B 
has no copper ion.

Figure 7. AFM analysis. The peaks of A, B, and C were collected and subjected to AFM analysis. The red circle represents 
the clear image of the dimeric light chain. (a) Peak A included Cu2+ with the ratio of Cu/#7 light chain = 0.48. (b) Peak B 
did not include Cu2+ (Cu/#7 light chain = 0.03). (c) Peak C included Cu2+ with the ratio of Cu/#7 light chain = 0.64. The 
size of the dimer was roughly estimated at an approximate length of 20 nm, the width of 10 nm, and the height of 4 nm.

Structural Diversity Problems and the Solving Method for Antibody Light Chains
http://dx.doi.org/10.5772/intechopen.72516

239



approximate length of 20 nm, the width of 10 nm, and the height of 4 nm. The lateral and 
height length are comparable with the AFM image of IgG by Querghi et al. [33]. We could 
not identify the position of the copper ion residing in the light chain from this AFM analysis.

4. Structural heterogeneity of the constant region domains of light 
chains (CLs)

In the previous section, we focused on a full-length light chain, which is consisted of the vari-
able and the constant domain. It is noteworthy to study which domain, the former or latter, 
causes the structural diversity problem. Although there are many studies on the role of the 
constant domains (especially for a Fc region) of the heavy chain of the antibody, the reports 
on the role of the constant region domain of the light chain are scarcely seen. From this point 
of view, we investigated the role of the constant domain as described in the following.

4.1. Sequence of the constant region domain of a human antibody light chain

Figure 8 shows the amino acid sequence of the recombinant constant region domain (kappa 
type) of a human antibody light chain employed in this study. Methionine (M) and alanine (A) 
at position nos. 1 and 2 of the aa sequence have been inserted by cloning using the restriction 
enzyme Nco I. Underlined is the sequence of the constant region domain. Arginine (R) at posi-
tion no. 3 is the first amino acid residue of the constant region. Leucine (L) and glutamic acid 
(E) before His × 6 were also inserted by using the restriction enzyme (Xho I).

4.1.1. Chromatography and SDS-PAGE analysis

The expression and purification of the kappa type constant domain were similarly conducted 
as made in the full-length light chain. Ni-NTA chromatography was also performed to purify 
the recovered constant region domain. The result was also similar with that obtained in the 
case of full-length light chain except for the molecular size. The SDS-PAGE analysis for the col-
lected fraction in the Ni-NTA chromatography is shown in Figure 9. Under non-reduced con-
dition, a strong band was detected in the monomeric form at 15 kDa as well as a weak band in 
the dimeric form at 30 kDa. Under reduced condition, only the monomeric form was observed 
and the purity was over 95%. This sample was applied to cation exchange  chromatography. 

Figure 8. Amino acid sequence of the constant region domain of a human antibody light chain (kappa type). Underlined 
is the aa sequence of the constant region domain of the kappa light chain. Methionine (M) and alanine (A) of the aa 
sequence at the first and second position were inserted by cloning using the restriction enzyme Nco I. Arginine (R) at the 
third position is the first amino acid residue of the constant region. Leucine (L) and glutamic acid (E) before His × 6 were 
also inserted by cloning using the restriction enzyme Xho I.
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The results are shown in Figure 10 along with the SDS-PAGE analysis under non-reduced 
condition. Several peaks were observed at retention times from 5 to 25 min while it was a 
single material of the constant domain. In Figure 10, peak 1 appearing at the retention time 
of 7.5 min is a monomer, and peaks 2, 3, and 4 appearing at 14–17 min contain mainly mono-
mers. The dimers or/and trimer were detected for peaks 2 and 4. Peaks 5 and 6 appearing at 
21–23 min are the dimer. These results mean that differently charged molecules of the con-
stant region domain as well as differently sized molecules coexisted in solution at the same 
time. It is obvious that a constant region molecule shows molecular heterogeneity (structural 
diversity) from the viewpoint of both electrical charge and molecular size, which are very 
similar with those observed in the full-length light chain.

4.2. Effect of copper ions

As stated previously, copper ion (Cu2+) hugely influenced the structural diversity of the full-
length light chain. The same experiment was performed with the constant region domain 
molecule. The results are summarized in Figure 11a–f. In the case of 0.1 eq. addition of Cu2+ 
for the constant region domain molecule, we observed a small peak 7 and one main peak 

Figure 9. SDS-PAGE of the constant region domain after Ni-NTA chromatography. Under non-reduced condition, a 
strong band was detected in the monomeric form at 15 kDa as well as a weak band in the dimeric form at 30 kDa. Under 
reduced condition, only the monomeric form was observed and the purity was over 95%.
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Figure 8. Amino acid sequence of the constant region domain of a human antibody light chain (kappa type). Underlined 
is the aa sequence of the constant region domain of the kappa light chain. Methionine (M) and alanine (A) of the aa 
sequence at the first and second position were inserted by cloning using the restriction enzyme Nco I. Arginine (R) at the 
third position is the first amino acid residue of the constant region. Leucine (L) and glutamic acid (E) before His × 6 were 
also inserted by cloning using the restriction enzyme Xho I.
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The results are shown in Figure 10 along with the SDS-PAGE analysis under non-reduced 
condition. Several peaks were observed at retention times from 5 to 25 min while it was a 
single material of the constant domain. In Figure 10, peak 1 appearing at the retention time 
of 7.5 min is a monomer, and peaks 2, 3, and 4 appearing at 14–17 min contain mainly mono-
mers. The dimers or/and trimer were detected for peaks 2 and 4. Peaks 5 and 6 appearing at 
21–23 min are the dimer. These results mean that differently charged molecules of the con-
stant region domain as well as differently sized molecules coexisted in solution at the same 
time. It is obvious that a constant region molecule shows molecular heterogeneity (structural 
diversity) from the viewpoint of both electrical charge and molecular size, which are very 
similar with those observed in the full-length light chain.

4.2. Effect of copper ions

As stated previously, copper ion (Cu2+) hugely influenced the structural diversity of the full-
length light chain. The same experiment was performed with the constant region domain 
molecule. The results are summarized in Figure 11a–f. In the case of 0.1 eq. addition of Cu2+ 
for the constant region domain molecule, we observed a small peak 7 and one main peak 

Figure 9. SDS-PAGE of the constant region domain after Ni-NTA chromatography. Under non-reduced condition, a 
strong band was detected in the monomeric form at 15 kDa as well as a weak band in the dimeric form at 30 kDa. Under 
reduced condition, only the monomeric form was observed and the purity was over 95%.
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8, which were eluted at the retention time around 16 and 22 min, respectively (Figure 11a). 
Peak 8 was the dimer by the SDS-PAGE analysis under non-reduced condition (peak 7 was 
not analyzed because of the small peak). In the case of 0.2 eq. addition of copper, mainly two 
peaks (9 and 10) were obtained (Figure 11b). The elution times of peaks 9 and 10 were identi-
cal with those of peaks 7 and 8, respectively. Peak 9 included mainly the dimer with a very 
slight amount of the monomer. Peak 10 was the dimer. For these two peaks, UV/VIS spectros-
copy was performed. The results are presented in Figure 12. Peak 9 showed an absorbance of 
around 580 nm, which was based on the interaction of Cu2+ and amino acids of the constant 
region domain molecule. On the other hand, no absorbance was detected for peak 10. Namely, 
protein of peak 9 bound to Cu2+ but peak 10 did not. Though the peaks are dimeric forms of the 
constant region domain, they were separated by the cation exchange column chromatography 
whether or not the peak contains Cu2+. For the case of 0.3 eq. addition, the main peak was 
peak 11 observed at the retention time of 16 min, which included the dimer along with a slight 
monomer and trimer forms (Figure 11c). In the case of 0.4 eq. addition, a clear single peak of 
the dimer form was detected at the retention time of 16 min (Figure 11d). In Figure 11e and f, 
peaks 13 and 14 were observed as single peak at the retention time of 16 min. And they were 
the dimer. It seems that enough content of added copper ion was 0.4 eq. to induce mono-form 
formation from the multi-forms of the constant region domain molecule.
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CU21M, Metallogenics Co., Ltd., Chiba, Japan). For the peak appearing at the retention time 
of 16 min and containing Cu2+, the ratio of Cu2+: constant region domain was around 0.55. This 
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Figure 10. Cation exchange chromatography for the constant region domain molecule of the light chain (CL). Peak 1 
appearing at the retention time of 7.5 min is a monomer and peaks 2, 3, and 4 appeared at 14–17 min contain mainly 
monomers. The dimers or/and trimer were detected for peaks 2 and 4. Peaks 5 and 6 appearing at 21–23 min are the dimer. 
These results mean that differently charged molecules of the constant region domain as well as differently sized molecules 
coexisted in solution at the same time. This result was very similar with that observed with the full-length light chain.
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4.3. Binding affinity of copper ions

The UV/VIS spectrum changed as different concentrations of Cu2+ was added to the Ni-NTA 
elution after the samples were dialyzed against PBS. The results are presented in Figure 13. 
The absorbance of 580 nm became larger along with an increase in the amount of added Cu2+, 
as showing a slight red shift. In Figure 14, the values for the concentration of added Cu2+ were 
plotted vs. the maximum absorbance, which is the absorption isotherm curve for Cu2+ binding 
to constant region domain molecules. The Langmuir plot is shown in the inset of Figure 14, 
indicating a good linear relationship. The binding constant was estimated to be 48.0 μM−1.

Figure 11. Effect of copper ions. (a) 0.1 eq. addition of Cu2+: a small peak 7 and one main peak 8 were observed at the 
retention time around 16 and 22 min, respectively. Peak 8 was the dimer. (b) 0.2 eq. addition of Cu2+: the eluted times of 
peaks 9 and 10 were identical with those of peaks 7 and 8, respectively. Peak 9 included mainly the dimer with a very 
slight contamination of the monomer. Peak 10 was the dimer. (c) 0.3 eq. addition of Cu2+: peak 11 was observed as the 
main peak at the retention time of 16 min. (d) 0.4 eq. addition of Cu2+: A clear single peak of the dimer form was detected 
at the retention time of 16 min. (e) 1.0 eq. addition of Cu2+: only peak 13 was observed at the retention time of 16 min. 
It was the dimer. (f) 10.0 eq. addition of Cu2+: only peak 14 was observed at the retention time of 16 min. It was also the 
dimer. It seems that the amount of 0.4 eq. added copper ions is sufficient to induce the mono-molecular form from the 
multi-molecular forms of the constant region domain molecule.
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The binding affinity from several proteins incorporating divalent metal ions was inves-
tigated. The values (K) are presented in Table 1. Hemocyanin and metallothionein have 
very strong affinity to bind Cu2+. Carbonic anhydrase-binding Zn2+ shows a strong affin-
ity. Aminopeptidase III binding Co2+ possesses a weak affinity. In the case of CL, the value 
(48.0 μM−1) seems to be intermediate among those metalloproteins.

In order to further investigate the molecular heterogeneity of the constant region domain mol-
ecule, two-dimensional (2D) electrophoresis was performed using samples with or without 
Cu2+. Figure 15a and b shows the results for the cases without and with the addition of Cu2+ 

Figure 12. UV/VIS spectra. Peak 9 showed the absorbance of around 580 nm, which was based on the interaction of Cu2+ 
and amino acids of the constant region domain molecule. On the other hand, no absorbance was detected for peak 10.

Figure 13. Spectrum changes with the concentration of added Cu2+. Along with an increase of the concentration of added 
Cu2+, the absorbance at around 580 nm became larger.
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under non-reduced conditions, respectively. In the former case, many spots were observed: 
two spots at pI = 6.9 for the dimer and three spots at pI = 6.2, 6.5, and 6.9 for the monomer. In 
contrast, one strong spot was observed at pI = 6.9 for the dimer in the case with the addition of 
Cu2+, while very faint spots were detected in the positions of the monomer. Note that Cu2+ can 
facilitate changes from the multimeric form to the monomeric form as well as from different 
electrical charges to a single electrical charge.

4.4. Other metal ions

About 1.0 eq. of a metal ion such as Ca2+, Mg2+, Ni2+, and Zn2+was added in each Ni-NTA 
elution and incubated overnight. Figure 16 shows the results of the cation exchange chroma-
tography and SDS-PAGE (non-reduced) for peaks P3 and P5. For the cases of Ca2+, Mg2+, and 
Ni2+ (Figure 16a–c, respectively), a large peak P3 was observed at 17 min along with a small 
peak P5 at 23 min. Interestingly, a large peak P3 was observed and peak P5 became very small 
in the case of Zn2+ (Figure 16d). The chromatogram resembled the case of Cu2+ (Figure 16e). 
From the results of the SDS-PAGE, the peak P3 was mostly in a monomeric form for all the 
cases of Ca2+, Mg2+, Ni2+, and Zn2+. On the other hand, P3 of Cu2+ was the dimer. The molecu-
lar form (size) of P3 in the case of Ca2+, Mg2+, Ni2+, and Zn2+ was quite different from that of 

Figure 14. Kinetic analysis. The values for the concentration of added Cu2+ were plotted vs. the absorbance at 580 nm, 
which is the isothermal curve for copper binding to the CL protein. The Langmuir plot is presented in the inset of the 
graph, indicating a good linear relationship. The binding constant was estimated to be 48.0 μM−1.

Proteins (metal ion) K (M−1) Affinity

Hemocyanin (Cu2+) 1017–1019 Very strong

Metallothionein (Cu2+) 1017–1019 Very strong

Carbonic anhydrase (Zn2+) ~1012 Strong

Aminopeptidase III (Co2+) 2 × 104 Weak

CL (Cu2+) 4.8 × 107 Medium

Table 1. Comparison of the binding affinities of some proteins with metal ions.
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Cu2+. It must be considered that the Zn2+ could not accelerate the dimerization of the constant 
region domain molecule, while the ion decreased the peak P5 and showed a large peak P3. 
Zn2+ could have some ability to unify the structural diversity, but the effect is different from 
that of copper.

Zn2+ did not accelerate the dimerization of the constant region domain molecule but has some 
functions that may contribute to solve the heterogeneity problem. Out of the several met-
als analyzed, Zn2+ exhibited an interesting behavior, which must be a characteristic feature 

Figure 15. 2D electrophoresis for the constant region domain (CL). (a) Without Cu2+: two spots at pI = 6.9 for the dimer 
and three spots at pI = 6.2, 6.5, and 6.9 for the monomer were found. (b) With Cu2+: one strong spot was observed at 
pI = 6.9 for the dimer. It is revealed that copper ion accelerates both dimerization and generation of a mono-molecular 
form of the light chain.
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of Zn2+. Although there are several reports on the relationship between metal ions and the 
enzymatic activity of catalytic antibodies, details of the contributions of metal ions to the 
molecular structure of catalytic antibodies are unclear at present [20, 34]. Paul et al. reported 
an interesting function regarding Zn2+, which was essential for exhibiting the catalytic func-
tion of the antibody light chain to cleave beta-amyloid peptides, while the ion will not affect 
the catalytic site [14].

4.5. Consideration about unstable forms and a stable form of CL

For the reason why the addition of copper hugely effects the formation of a mono-form struc-
ture of the constant light chain domain, we postulated one of the situations from the viewpoint 
of potential energy and the wall height as illustrated in Figure 17. It is likely that the energy 

Figure 16. Other metal ions. In all cases, 1.0 eq. metal ion was added. Cation exchange chromatograms are presented 
with the results of SDS-PAGE (under non-reduced condition). m: monomer; di: dimer. (a) Addition of Ca2+. (b) Addition 
of Mg2+. (c) Addition of Ni2+. (d) Addition of Zn2+. (e) Addition of Cu2+. Peak P3 was mostly in a monomeric form for all 
the cases of Ca2+, Mg2+, Ni2+ and Zn2+. In the cases of addition of Ca2+, Mg2+, and Ni2+ (Figure 16a–c, respectively), a large 
peak, P3, was observed at 17 min along with a small peak, P5, at 23 min. In the case of Zn2+ (Figure 16d), a large peak P3 
was observed and peak P5 became very small. The chromatogram seemed to be like the case of Cu2+.
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potential of each molecular form is at a comparable level after the preparation of the molecule 
(CL) without Cu2+, as shown in Figure 17a. In this case, transfer of the potential well A to B 
(or C) is easy because the walls of the potential energies of the wells are low (Figure 17b). 
However, the energy potential is drastically changed when copper ions are added. The multi-
molecular forms of the constant region domain, which are sitting in each potential well, drop 
in one deep potential energy level, as shown in Figure 17c, resulting in the formation of a 
mono-molecular form from the multi-molecular forms. Once the molecule dropped into the 
deep potential well, the form would be no longer able to transfer to other forms. As a conse-
quence, the monomolecular form of the constant region domain molecule became stable. This 
situation can be achieved by the presence of copper ion in a ratio of more than 0.5 eq. of Cu2+ 
to the constant region domain molecule.

Figure 17. Consideration about conversion of unstable forms to a stable form of CL. (a) State A (corresponding to peak 
1 in Figure 10), State B (corresponding to peaks 2, 3, and 4 in Figure 10), and State C (corresponding to peaks 5 and 6 in 
Figure 10) may stay in a chemical equilibrium. (b) Assumed situation in potential energy for the case without Cu2+: each 
potential energy level for the case without Cu2+ may be comparable in wells of A, B, and C. The walls among the potential 
energy wells are not high. (c) Assumed situation of potential energy for the case with Cu2+: when Cu2+ is incorporated, a 
deep potential level can be generated, and all molecules showing a different heterogeneity may drop into the well and 
exist as a stable form.
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5. Binding of copper ions in the constant region domain

5.1. Preparation of mutants and their uptake of copper ions

In order to clarify the copper-binding site, two mutants were prepared from the C51 light 
chain, because the light chain has no histidine residues in the variable region compared to the 
sequence of the constant region domain comprising 2 His residues (Figure 8). Both histidine 
and cysteine residues are considered as the most plausible candidates for the binding site. 
Therefore, the residues of His195, His204, and Cys220 present in the constant region domain 
of the C51 light chain were mutated to Ala. As the consequence, two mutants were made. One 
is Cys220Ala (C220A: mono-mutant) and another is His195Ala, His204Ala, and Cys220Ala 
(H195A/H204A/C220A: triple-mutant; Figure 18a). The locations of the mutated residues are 
shown in Figure 18b.

Figure 18. C51 mutants and locations of His and Cys residues. There are no histidine residues in the variable region of 
the C51 light chain. (a) Location of Cys220, His195 and His204 in wild type. The mutated positions, C220A and H195A/
H204A/C220A, are also indicated with green colored character. (b) Three-dimensional structure of the C51 light chain. 
Light blue is sheet structure and red is helix structure.
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These mutants were similarly expressed and purified as stated in the previous experiments. 
Fifty μM of Cu2+ (1.25 eq.) was added to both the cell suspension and the Ni-NTA eluent, 
where all light chains gave a single peak in the cation exchange chromatography. The copper 
uptake by the wild type and each mutant was chemically analyzed and the results are pre-
sented in Table 2. The wild type possessed 0.75 atoms of Cu2+ per one C51 light chain of full 
length. That of the C220A and H195A/H204A/C220A mutant was 0.54 and 0.25, respectively.

As stated in the above section, the value in the case of the constant region domain was 0.55. Taking 
together this finding and the full-length cases into account, it is considered that the variable region 
domain uptakes 0.20 atom (0.75–0.55 = 0.20). Therefore, the mono-mutant C220A is supposed to 
bind with 0.34 atom-Cu (0.54–0.20 = 0.34) and the triple-mutant H195A/H204A/C220A 0.05 atom-
Cu (0.25–0.20 = 0.05). These facts are strongly implying that histidine residues at positions 195th 
and 204th as well as cysteine at position 220th are responsible for the copper-binding site.

5.2. Possibility of a zinc finger in the constant region domain

It is not well known that there is a zinc finger-like motif in the constant region of the antibody 
light chain. Interestingly, Radulescu pointed out that the motif is a type of Cys-X3-His [35]. 
The sequence Cys-X3-His-X15-Cys-X3-His is a complete motif of a zinc finger. The aa sequence 
of the constant region domain used in this article is presented in Figure 8. The sequence from 
positions 190th–224th of the constant region domain is CEVTHQGLSSPVTKSFNRGECLEHH. 
The sequence of LEHH was adducted as a His-tag was introduced. The underlined amino 
acids agree with those of the zinc finger motif, Cys-X3-His-X15-Cys-X3-His, in which His224 
is a part of the His-tag. This motif can uptake a metal ion such as Zn2+, which is a divalent 
metal ion. As Cu2+ is also a divalent metal ion, it can bound to the motif. Based on the results 
of the chemical analysis of copper ions in mutants, those histidine and cysteine residues must 
be responsible to uptake the copper ion. It is plausible that a copper ion is able to bind to the 
zinc finger motif instead of a zinc ion. As seen in the investigation of divalent metal ions on 
the structural diversity, zinc ions showed some effect. This maybe ascribed to the presence 

Table 2. Copper uptake by each light chain and constant region domain (CL).

Wild Type 

C220A 

H195A/H204A/C220A 

Cu / full length 

0.54* 

0.75* 

0.25* 0.05** 

0.55* 0.20** 

0.34** 

Contribution*  
By VL  

0.20*** 

0.20*** 

*Result: The ratio of full length of C51 vs Cu and  the constant region domain of the 
light chain  (CL) vs Cu was 0.75 and 0.55, respectively. This result suggests that the 
contribution of the variable domain of the light chain (VL) should be 0.20 atom. 
(0.75-0.55)=0.20)  

**: calculation
 

***: assumption 

Clone name of C51 Cu / CL 
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of a zinc finger motif in the constant domain in the light chain (note that the zinc finger motif 
is conserved in both human and mouse antibody light chain (kappa type)). In addition, the 
similar motif composed of the same amino acids exists in the CH1 domain of the heavy chain.

As well known, a zinc finger can function as a transcription factor influencing gene regulation 
and protein expression. Few studies on the relationship between antibody and zinc finger 
have been made so far. From the viewpoint that one protein can have dual or multi-functions 
in case, the chemical and biochemical functions of each domain of an antibody should be 
investigated in detail.

5.3. Assumed binding site of a copper ion

Taking those facts mentioned above and discussed, the binding site of copper is assumed 
as illustrated in Figure 19. Cu2+ must be coordinated with histidine and cysteine residues of 
dimeric CL molecules. In this situation, the copper ion mediates the CL molecule placing the 
lowest potential energy level.

6. Molecular forms

6.1. AFM analysis

AFM analysis was performed using the #4 light chain as shown in Figure 20a–g. Figure 20a, c, 
and e demonstrates the wild type of the #4 light chain. The results obtained with the mutant 
(C220A) of the #4 light chain are shown in Figure 20f and g. The red circles in the figures rep-
resent the clear image of the AFM.

Figure 19. Assumed binding site for copper ion. A zinc finger motif, Cys-X3-His-X15-Cys-X3-His, from positions 190th 
to 224th (His224 is a part of a His-tag) is existing in the constant region domain of the light chain (CL). As Cu2+ is also a 
divalent metal ion, it can be bound with the motif instead of a zinc ion, unless the ion is present in the solution. By the 
addition of copper ions, the CL is easily becoming the dimer form. Considering the chemical analysis of copper ions, one 
copper atom binds with two CL molecules (CL1 and CL2) via His and Cys residues.

Structural Diversity Problems and the Solving Method for Antibody Light Chains
http://dx.doi.org/10.5772/intechopen.72516

251



These mutants were similarly expressed and purified as stated in the previous experiments. 
Fifty μM of Cu2+ (1.25 eq.) was added to both the cell suspension and the Ni-NTA eluent, 
where all light chains gave a single peak in the cation exchange chromatography. The copper 
uptake by the wild type and each mutant was chemically analyzed and the results are pre-
sented in Table 2. The wild type possessed 0.75 atoms of Cu2+ per one C51 light chain of full 
length. That of the C220A and H195A/H204A/C220A mutant was 0.54 and 0.25, respectively.

As stated in the above section, the value in the case of the constant region domain was 0.55. Taking 
together this finding and the full-length cases into account, it is considered that the variable region 
domain uptakes 0.20 atom (0.75–0.55 = 0.20). Therefore, the mono-mutant C220A is supposed to 
bind with 0.34 atom-Cu (0.54–0.20 = 0.34) and the triple-mutant H195A/H204A/C220A 0.05 atom-
Cu (0.25–0.20 = 0.05). These facts are strongly implying that histidine residues at positions 195th 
and 204th as well as cysteine at position 220th are responsible for the copper-binding site.

5.2. Possibility of a zinc finger in the constant region domain

It is not well known that there is a zinc finger-like motif in the constant region of the antibody 
light chain. Interestingly, Radulescu pointed out that the motif is a type of Cys-X3-His [35]. 
The sequence Cys-X3-His-X15-Cys-X3-His is a complete motif of a zinc finger. The aa sequence 
of the constant region domain used in this article is presented in Figure 8. The sequence from 
positions 190th–224th of the constant region domain is CEVTHQGLSSPVTKSFNRGECLEHH. 
The sequence of LEHH was adducted as a His-tag was introduced. The underlined amino 
acids agree with those of the zinc finger motif, Cys-X3-His-X15-Cys-X3-His, in which His224 
is a part of the His-tag. This motif can uptake a metal ion such as Zn2+, which is a divalent 
metal ion. As Cu2+ is also a divalent metal ion, it can bound to the motif. Based on the results 
of the chemical analysis of copper ions in mutants, those histidine and cysteine residues must 
be responsible to uptake the copper ion. It is plausible that a copper ion is able to bind to the 
zinc finger motif instead of a zinc ion. As seen in the investigation of divalent metal ions on 
the structural diversity, zinc ions showed some effect. This maybe ascribed to the presence 

Table 2. Copper uptake by each light chain and constant region domain (CL).

Wild Type 

C220A 

H195A/H204A/C220A 

Cu / full length 

0.54* 

0.75* 

0.25* 0.05** 

0.55* 0.20** 

0.34** 

Contribution*  
By VL  

0.20*** 

0.20*** 

*Result: The ratio of full length of C51 vs Cu and  the constant region domain of the 
light chain  (CL) vs Cu was 0.75 and 0.55, respectively. This result suggests that the 
contribution of the variable domain of the light chain (VL) should be 0.20 atom. 
(0.75-0.55)=0.20)  

**: calculation
 

***: assumption 

Clone name of C51 Cu / CL 
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of a zinc finger motif in the constant domain in the light chain (note that the zinc finger motif 
is conserved in both human and mouse antibody light chain (kappa type)). In addition, the 
similar motif composed of the same amino acids exists in the CH1 domain of the heavy chain.

As well known, a zinc finger can function as a transcription factor influencing gene regulation 
and protein expression. Few studies on the relationship between antibody and zinc finger 
have been made so far. From the viewpoint that one protein can have dual or multi-functions 
in case, the chemical and biochemical functions of each domain of an antibody should be 
investigated in detail.

5.3. Assumed binding site of a copper ion

Taking those facts mentioned above and discussed, the binding site of copper is assumed 
as illustrated in Figure 19. Cu2+ must be coordinated with histidine and cysteine residues of 
dimeric CL molecules. In this situation, the copper ion mediates the CL molecule placing the 
lowest potential energy level.

6. Molecular forms

6.1. AFM analysis

AFM analysis was performed using the #4 light chain as shown in Figure 20a–g. Figure 20a, c, 
and e demonstrates the wild type of the #4 light chain. The results obtained with the mutant 
(C220A) of the #4 light chain are shown in Figure 20f and g. The red circles in the figures rep-
resent the clear image of the AFM.

Figure 19. Assumed binding site for copper ion. A zinc finger motif, Cys-X3-His-X15-Cys-X3-His, from positions 190th 
to 224th (His224 is a part of a His-tag) is existing in the constant region domain of the light chain (CL). As Cu2+ is also a 
divalent metal ion, it can be bound with the motif instead of a zinc ion, unless the ion is present in the solution. By the 
addition of copper ions, the CL is easily becoming the dimer form. Considering the chemical analysis of copper ions, one 
copper atom binds with two CL molecules (CL1 and CL2) via His and Cys residues.
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Figure 20. AFM analysis for #4 light chains. These AFM images were taken under the same condition as in Figure 7. 
(a) #4 wild type (cis form). (b) Molecular modeling for cis form. (c) #4 wild type (trans form). (d) Molecular modeling for 
trans form. (e) Mixture of cis and trans forms. In the case of the #4 wild type, two kinds of forms were observed. One is the 
dimer circled with #1 red color (a). This seems to be a cis form, whose molecular conformation corresponds to that of 
(b). A variable region faces to another variable region. The dimer circled with #2 red color (c) seems to be a trans form, 
whose molecular conformation corresponds to that of (d). Figure 20e was another view, where cis and trans forms were 
observed. (f) #4 mutant (C220A). (g) #4 mutant (C220A) (another spot). For #4 mutant (C220A), one simple form was 
observed. In any views, only monomeric forms were observed.

In the case of the #4 wild type, two kinds of form were observed. One is the dimer circled with 
#1 red color (Figure 20a). This seems to be a cis form, whose molecular conformation corre-
sponds to that of Figure 20b. A variable region faces to another variable region. On the other 
hand, the dimer circled with #2 red color (Figure 20c) seems trans form, whose molecular con-
formation corresponds to that of Figure 20d. Figure 20e was another spot, where cis and trans 
forms were observed. In contrast, a very simple form was observed in the case of #4 mutant 
C220A, as shown in Figure 20f and g. In any spots, only monomeric forms were observed.

If copper ion is incorporated into the zinc finger motif residing in the constant region domain, 
the dimeric form observed in the #4 wild type is easily formed. On the other hand, the mutant 
C220A exists as the monomeric form, which indicates that the cysteine locating at position 
220th is a crucial amino acid to bind to a copper ion.
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6.2. X-ray diffraction analysis

We are trying to determine the detailed steric conformation of a catalytic light chain. At pres-
ent, the structure of the main chain of the #4 mutant C220A was clarified as a preliminary 
experiment. Figure 21a shows a single crystal of the #4 mutant C220A formed in the experi-
ment. By using the single crystal, X-ray diffraction analysis was performed. The result is pre-
sented in Figure 21b, where a 3.1 Å resolution was attained. Interestingly, there are eight 
molecules of the #4 mutant in one lattice mediated by hydrophobic interaction.

Figure 21. X-ray diffraction analysis for #4 C220A. (a) crystallization: a single crystal (like a small pillar) of the #4 
mutant C220A is seen in a red dotted circle. (b) Conformation of the main chain: As the preliminary experiment, the 
conformation of the main chain for the #4 mutant 220A was determined. Each #4 mutant molecule is indicated with each 
color such as red, yellow, green, blue, etc. Eight molecules of the mutant were packed in one lattice, indicating that the 
mutant molecules may interact with each other by hydrophobic interaction.
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the dimeric form observed in the #4 wild type is easily formed. On the other hand, the mutant 
C220A exists as the monomeric form, which indicates that the cysteine locating at position 
220th is a crucial amino acid to bind to a copper ion.
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sented in Figure 21b, where a 3.1 Å resolution was attained. Interestingly, there are eight 
molecules of the #4 mutant in one lattice mediated by hydrophobic interaction.
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mutant C220A is seen in a red dotted circle. (b) Conformation of the main chain: As the preliminary experiment, the 
conformation of the main chain for the #4 mutant 220A was determined. Each #4 mutant molecule is indicated with each 
color such as red, yellow, green, blue, etc. Eight molecules of the mutant were packed in one lattice, indicating that the 
mutant molecules may interact with each other by hydrophobic interaction.
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In the case of the AFM analysis, the #4 mutant C220A was a monomer. This is ascribed that the 
mica as the supporting material firmly interacts with the #4 mutant molecule. In solution, the 
#4 mutant may interact with each other with a strong Van der Waals force.

7. Perspectives and conclusions

As stated in the abstract and introduction, the issue of structural diversity (heterogeneity) of 
antibodies has become a big subject along with the development of antibody drugs and cata-
lytic antibodies. This subject has not been solved for a long period, because many difficult and 
complex problems were existing. For this long-period unsolved problem, copper ion showed 
a drastic effect and gave one of the answers for solving the structural diversity issue. Note that 
the antibody and/or the subunits must have a defined structure for practical use.

In recent years, many possibilities of the development of antibody drugs and catalytic anti-
bodies have been reported by research groups throughout the world. This article offers huge 
insights into the development of catalytic antibodies, maybe, as well as antibody drugs. 
Because the preparation can be standardized, many scientists and engineers will easily be 
able to produce the defined structure and the same functional antibody under any circum-
stances and anywhere in the world.
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Abstract

Biologic agents that act by inhibiting tumour necrosis factor alpha (TNF-alpha) have 
become a breakthrough treatment for chronic inflammatory diseases. This highly effective 
treatment has surprisingly brought us new adverse effects that we had not encountered 
before the age of biologics. Immune-mediated reactions are a group of adverse effects 
with not clearly understood etiopathogenesis. It turns out that TNF-alpha inhibitors are 
able to disrupt the cytokine cascade in genetically predisposed individuals. Some of the 
theories assume a cross reaction and overproduction of interferon (INF) alpha, while 
others put an emphasis on dysregulation of cytokines, in particular interleukin (IL)-17. 
Similarly, debatable is the role of the reactions mentioned in the etiopathogenesis, the pro-
duction of antibodies against biologics and the production of antinuclear antibodies. The 
most common immune-mediated skin reactions are psoriasis and psoriasiform reactions, 
lupus-like syndrome, sarcoidosis, alopecia areata, vasculitis and lichenoid reactions. Less 
common reactions described in our paper include pyoderma gangrenosum and morphea. 
Most of these reactions belong to the so-called paradoxical reactions. Paradoxical psoria-
sis is an adverse effect, represented by occurrence of a disease caused by the therapeutic 
class of drugs normally used to cure or improve symptoms of such disease.

Keywords: TNF-alpha inhibitors, psoriasiform reaction, paradoxical reaction, 
antibodies, Th17

1. Introduction

Immune-mediated adverse reactions are a new group of diseases developing during anti-TNF-
alpha treatment. Their clear etiopathogenesis is not known. Most authors assume that there 
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is a link to possible significant interference of the anti-TNF-alpha therapy with the immune 
system, which subsequently induces the above-mentioned responses. Others associate the dis-
eases with the production of antibodies against the biologic agents and include the symptoms 
among hypersensitivity reactions. However, the individual genetic predisposition, which may 
be essential in detecting of immune-mediated reactions, must not be overlooked. The reac-
tions include a broad variety of diseases such as lupus-like syndrome, autoimmune arthralgia, 
psoriasis, sarcoidosis, dermatomyositis, hepatitis, vasculitis, neurological demyelinating dis-
eases and the like. In this chapter, we will briefly characterise the most common skin immune-
mediated reactions induced by TNF-alpha inhibitors.

TNF is produced as a transmembrane protein (tmTNF), which is later cleaved by an enzyme 
metalloproteinase to its soluble form, sTNF [1]. Both TNFR1 and TNFR2 receptors sig-
nal through pathways that are proinflammatory and anti-apoptotic. Moreover, TNFR1 can 
signal directly through death domain caspase-dependent pathways that lead to apoptosis 
[2]. TNFR1 plays a role in response to bacterial infection [3] and TNFR2 may downregulate 
inflammatory signals driven by TNF [4].

Currently, five complete recombinant antibodies—infliximab, etanercept, adalimumab, goli-
mumab and certolizumab pegol—are available TNF-α inhibitors. They are biotechnologically 
produced and administered as systemic drugs modifying the biological response and signali-
sation on the molecular level. The structural differences are key to different risk for adverse 
effects such as granulomatous infections, with TNF antibodies associated with higher risk com-
pared to soluble receptor, possibly due to binding to tmTNF receptor on the activated cells [5].

Infliximab is a recombinant chimeric monoclonal antibody containing human IgG1 Fc and 
variable murine regions, which forms complexes with both sTNF and tmTNF. It induces the 
lysis of macrophages and monocytes by cytotoxicity dependent on complement and anti-
bodies [6]. The intravenous administration is applied by a weight-dependent dose. Drug-
mediated apoptosis and monocytopenia are linked to infliximab as well as its ability to bind 
more avidly to different forms of TNF-α [7]. Adalimumab is a humanised monoclonal antibody 
containing human IgG1 Fc and human variable regions that bind sTNF as well as tmTNF. The 
other available humanised monoclonal antibody, cetrolizumab pegol is a pegylated monoclo-
nal Fab fragment with polyethylene glycol binding to soluble and membrane-bound TNF-α, 
inhibiting the proinflammatory actions of this cytokine. Unlike other TNF inhibitors, owing 
to its lack of the Fc component, it is incapable of fixing complement or binding to Fc receptors. 
Golimumab is a human anti-TNF monoclonal antibody containing the IgG1 constant region.

The other group of TNF inhibitors consists solely of etanercept, which is soluble TNF receptor 
containing the human IgG1 Fc portion fused to the extracellular portion of human TNFRp75. 
It creates less stable complexes with tmTNF and firmly binds to trimeric forms of soluble TNF.

2. Psoriasis

TNF-alpha inhibitors have become a revolutionary medication in the treatment of chronic pso-
riasis in recent years. Conversely, psoriasis or psoriasiform reaction is one of the most common 
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immune-mediated reactions. Therefore, the formation of TNF alpha-induced psoriasis is also 
called a paradoxical reaction. All of the mentioned TNF-alpha antagonists can induce psoriasis. 
Cases have been reported from all indications where anti-TNF-alpha treatment is given. According 
to the literature, the incidence of paradoxical psoriasis is 1.04–3.0 cases per 1000 patient-years, the 
percentages varying widely from 0.6 to 5.3% [8]. The incidence of the manifestation is not age and 
gender related; some studies also show other controversial data. Manifestation may occur in any 
period of time during the treatment, from weeks, months, up to the years. The average time of 
developing psoriasis is 10 months [9, 10]. Concomitant treatment with another immunosuppres-
sant does not appear to prevent paradoxical psoriasis, although combined suppression is used in 
the treatment of immune-mediated reactions.

The clinical manifestation of paradoxical psoriasis may be variable in nature. Paradoxical pso-
riasis includes not only newly developed psoriasis but also a radical worsening of already 
existing psoriasis. The disease is most commonly manifested in the area of palms and soles 
in the form of palmoplantar pustulosis, which is reported in 56% of cases, other most com-
mon forms include chronic plaque psoriasis in 50% of the patients and guttate manifestations, 
which affect 12% of the patients. Patients may also suffer from multiple forms of disease 
simultaneously (15%) [11]. Other manifestations include scalp or nail involvement. There are 
also cases of alopecia areata and paradoxical psoriasis. Some authors assume that monoclonal 
antibodies are associated with development of de novo-induced psoriasis, while the etaner-
cept fusion protein causes a worsening of pre-existing psoriasis [12] (Figure 1).

The exact etiopathogenesis of paradoxical psoriasis is not clear, and there are several opinions 
and theories. The first of them states that the manifestations are a hypersensitive reaction to a 
drug, not a newly developed classical disease. There are papers that due to the increased pro-
duction of antibodies against biologics describe manifestations of induced generalised pus-
tulosis that could fit into the spectrum of hypersensitivity reactions. Other papers disprove 
this theory on the basis of skin biopsy of the patients with TNF-alpha-induced psoriasis. The 
incidence of palmoplantar pustulous psoriasis in the common psoriatic population is signifi-
cantly lower, representing 1.7% compared to 46.2% in patients with paradoxical reaction. This 
fact supports the theory that it should not be a new classical form of psoriasis [13].

The most widespread theory links the relationship between TNF-alpha and type 1 interferon 
alpha. TNF-alpha inhibits the maturation of plasma dendritic cells that produce IFN-alpha. 

Figure 1. Patient with severe palmoplantar pustular psoriasis induced after 4 weeks of using adalimumab, this severe 
reaction lead to discontinuation of adalimumab.
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The central role of INF-alpha in the etiopathogenesis of paradoxical psoriasiform reaction con-
sists of cross-regulation between TNF-alpha and IFN-alpha. TNF-alpha blockers can lead to 
overproduction of INF-alpha. In papers that confirm this theory, increased expression of inter-
feron alpha was demonstrated in skin biopsy compared to common psoriatic findings [14]. It 
is also believed that the expression of CXCL9 and CXCR3 chemokine receptors is increased, 
which promote the migration of lymphocytes into psoriatic dermis resulting in skin damage. 
IFN-alpha induces the expression of chemokine receptors on T lymphocytes [15].

One of the latest theories involves the Th17 pathway. In recent years, the Th17 signalling 
pathway is considered to be the major pathway of psoriasis etiopathogenesis. TNF-alpha 
may cause dysregulation in the immune system, which may cause the following changes. 
Activation of the IL-12/IL-23 pathway activates the Th17 signalling pathway followed by the 
production of IL-1b, IL-17, IL-21 and IL-22 together with an increased production of IL-17A 
and IL-22, hyperactivation of the Th17 and Th1 pathway and reduction of Treg activity [8, 15].

The genetic predisposition in patients with paradoxical reactions is not fully elucidated. 
Comorbidities are diseases that occur simultaneously with primary disease in higher prev-
alence compared to general population. Psoriasis comorbidities include a large group of 
diseases that are treated with anti-TNF-alpha therapies. It is believed that the genetic predis-
position of an individual should also be essential for the development of immune-mediated 
reactions. There is a large group of “susceptibility” genes that are characteristic of several 
diseases and encode common inflammatory pathways. Polymorphisms of these genes are the 
subject of scientific research. Cabaleiro et al. presented the first paper studying 25 patients 
who developed paradoxical psoriasis genotyped for 173 single-nucleotide polymorphisms 
(SNPs) using the Illumina Veracode genotyping platform. Multivariate logistic regression 
revealed that five SNPs (rs11209026 in IL23R, rs10782001 in FBXL19, rs3087243 in CTLA4, 
rs651630 in SLC12A8 and rs1800453 in TAP1) were associated with paradoxical reactions [16].

Recently, we presented a study where we analysed antinuclear antibodies (ANA) and anti-dou-
ble stranded DNA (dsDNA) antibodies in 10 patients with anti-TNF-alpha treatment induced 
psoriasis. ANA and anti-dsDNA antibodies were detected by ELISA. ANA serum samples 
were positive in 10% patients and anti-dsDNA antibody samples in 70% patients. The mecha-
nism driving the formation of ANA and anti-dsDNA antibodies is poorly understood and their 
clinical significance is unknown [17]. In the literature, the frequency of ANA and anti-dsDNA 
antibodies in the patients after anti-TNF-alpha treatment varies extremely, possibly due to dif-
ferent methods of detection used. Pink et al. in their study, suggest that the development of 
ANA and anti-dsDNA antibodies on anti-TNF treatment may act as a marker of forthcom-
ing treatment failure. In anti-TNF-alpha-induced lupus erythematosus, ANA and anti-dsDNA 
antibodies are well established and quite common (ANA, 90%; anti-dsDNA, 70–90%), but we 
have limited data about other immunological mediated adverse reactions [18]. Our data sug-
gest that paradoxical psoriasis induced by anti-TNF inhibitors is associated with production of 
anti-dsDNA autoantibodies, but not with production of ANA antibodies. Further prospective 
research is necessary before general recommendations for daily practice can be announced. 
Genetic predisposition, clinical manifestation and production of anti-dsDNA antibodies seem 
to be fundamental in differentiation between adverse effects of anti-TNF-alpha treatment and 
associated disease comorbidity.
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The therapeutic approach for anti-TNF-alpha-induced psoriasis is individual in each patient. 
A very important factor is the condition of the underlying disease, for which the treatment 
was indicated. In case of a serious condition that was stabilised with the treatment, we try 
to keep the biologic agent as long as possible. Equally important is what other therapeutic 
options are available. While in rheumatology we have a wide variety of biological medica-
tions for most diseases, including some others than anti-TNF-alpha inhibitors, the situation in 
patients with inflammatory bowel diseases (IBD) is much more complex.

Literature sources mention the following procedures: if the skin psoriatic manifestations 
involve up to 5% of the body surface, the first-line therapy should be topical (corticosteroid 
therapy, keratolytic therapy, treatment with vitamin D derivatives) followed by phototherapy 
and, in case of resistance, introducing methotrexate to the patient’s therapy. In case that more 
than 5% of the body surface is involved, the recommended first-line therapy consists of topi-
cal corticosteroids and phototherapy, followed by methotrexate, cyclosporine and retinoids 
[11]. When setting up the combined suppression, the patient’s comorbidities are very impor-
tant. Most patients with underlying rheumatologic disease were treated with methotrexate 
in the past. For IBD patients, it is important to use the injection form of methotrexate, oth-
erwise the drug may not be resorbed. In case of refractory manifestations and contraindica-
tions of combined systemic therapy, we consider discontinuing the anti-TNF-alpha agent. 
Interdisciplinary cooperation, consideration of the underlying disease and reassessment of 
further therapeutic procedure are all very important.

3. Sarcoidosis

One of the so-called paradoxical reactions is also newly developed sarcoidosis during the 
anti-TNF-alpha therapy. The anti-TNF-alpha therapy was described as a possible success-
ful therapeutic modality in severe sarcoidosis manifestations. On the other hand, there is a 
growing number of cases that are caused by the treatment. More than 50 cases of TNF-alpha-
induced sarcoidosis have been reported in the literature. Treatment with etanercept induced 
nearly 2/3 of the cases, and others were caused equally by infliximab and adalimumab. In 
most patients, the symptoms appeared after several months (1–69). Concomitant diseases 
include rheumatoid arthritis (in 60%), ankylosing spondylitis (in 20%), as well as psoriasis, 
Juvenile idiopathic arthritis (JIA) and IBD. In the clinical picture of anti-TNF-alpha-induced 
sarcoidosis, the pulmonary and cutaneous forms of the disease were dominant. In an aggre-
gate paper including 38 patients, 74% of the patients suffered from the pulmonary form and 
29% from the skin manifestations. The skin symptoms were manifested as erythema nodo-
sum, pigmented scars and nodular lesions [19]. Literature data indicate a possible occurrence 
of sarcoidosis in 0.04% of the patients treated with TNF-alpha inhibitors [20]. Differential 
diagnosis of symptoms along with histological examination is important.

The role of anti-TNF on granuloma [21] and the different behaviour of antibodies and soluble 
anti-TNF alpha receptor in granulomatous diseases, with a greater tendency of etanercept 
to induce granulomatous reactions, may account for the occurrence of lesions. Monoclonal 
antibodies may induce apoptosis in activated monocytes and T cells. Sarcoidosis-like lesions 
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associated disease comorbidity.
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may develop during the anti-TNF-alpha treatment. The anti-TNF-alpha treatment increases 
the IL-17 and IFN-ϒ expression and disturbs the balance between Th17 and Treg in favour of 
Th17. These two factors may result in the development of sarcoidosis [22].

4. Lupus-like syndrome

Systemic lupus erythematosus (SLE) is a common autoimmune disease, with 10% of SLE 
cases being drug-induced. The autoimmune drug-induced response is idiosyncratic, influ-
enced by multiple factors, such as genetics, comorbidities, interactions with other medicinal 
products and external environmental factors [23]. Drug-induced lupus erythematosus (DILE) 
is defined as a lupus-like disease that is temporally related to drug exposure (from 1 month 
after the commencement of drug application but sometimes even more than 10 years) [24].

DILE may not meet all the SLE criteria. The most common manifestations are arthritis, serosi-
tis, the presence of ANA antibodies and anti-histone antibodies. The most important criterion 
is that the symptoms cease after discontinuing application of the suspected drug [25].

DILE induced by TNF-alpha inhibitors appears to be a separate DILE group with different 
signs compared to classical DILE. Women are more often affected than men, with an aver-
age age between 46.2 and 50.9 years. The average time to the manifestation of symptoms 
is 40.6 weeks from the commencement of drug treatment. Skin manifestations occur more 
frequently than in classical DILE and include butterfly erythema, photosensitivity and other 
skin manifestations of systemic and sub-acute lupus. The exact mechanism of DILE formation 
during anti-TNF-alpha treatment is unknown. Post-marketing follow-ups have demonstrated 
that DILE induced by TNF-alpha inhibitors may occur across all anti-TNF-alpha inhibitors. 
However, it is more often reported with the use of infliximab (0.19–0.22%) and etanercept 
(0.18%) compared to adalimumab (0.10%). An increase in ANA or anti-DNA antibodies in 
patients treated with anti-TNF-alpha therapy is known and relatively common [26]. The fre-
quency of elevated ANA antibodies was higher in a greater number of patients treated with 
infliximab compared to a group of patients treated with etanercept [27]. Anti-dsDNA anti-
bodies as well as ENAs (extractable nuclear antibodies) and low complement levels have been 
described more often than in case of classical DILE. Particularly, anti-histone antibodies have 
been more common in DILE induced by anti-TNF-alpha treatment [28, 29] (Figure 2).

The basic therapeutic procedure is the discontinuation of the treatment with the drug that 
induced the symptoms. In more severe conditions, it is necessary to add suppressors—cor-
ticosteroids, azathioprine, cyclosporine and methotrexate. Treatment selection is also based 
on the status of the underlying disease and comorbidities of the patient. In psoriasis, it is 
recommended to avoid systemic corticosteroids for a possible rebound phenomenon after 
discontinuation. There is no need to discontinue the treatment of anti-TNF-alpha in the case 
of ANA positivity or in very mild DILE manifestations [26]. Only limited data are available 
in the literature describing a switch of the treatment to another anti-TNF-alpha agent. Some 
authors claim that a similar reaction can be caused by any of the agents from the group of anti-
TNF-alpha inhibitors [30]. As stated by Lomicova et al., an alternative treatment for chronic 
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plaque psoriasis is ustekinumab. Ustekinumab is also a good alternative in the treatment of 
inflammatory bowel disease and in the treatment of spondylarthritis or psoriatic arthritis [31]. 
However, the literature contains also cases of an ustekinumab-induced DILE. Biologics with a 
different mechanism of action are alternative treatments, but it cannot be said whether other 
mechanisms of action (anti-IL13/23, anti-IL-17, anti-IL 6) will be a potential threat to DILE 
induction in genetically predisposed individuals.

5. Vasculitis

The manifestations of vasculitis are another disease that is associated with the anti-TNF-alpha 
treatment. Several case reports and patient groups have been described in the literature. In 
almost half of the cases, leukocytoclastic vasculitis was histologically described, while the 
other patients included cases of necrotising vasculitis, lymphocytic vasculitis and urticarial 
vasculitis [32].

An aggregate paper of 118 cases of vasculitis newly formed during the anti-TNF-alpha treat-
ment (99 cases of rheumatoid arthritis, 8 Crohn’s disease, 5 juvenile rheumatoid arthritis, 
3 ankylosing spondylitis, 3 psoriasis) presented skin manifestations in 86% of patients. The 
anti-TNF agent administered was etanercept in 60 (51%) cases, infliximab in 51 (43%), adali-
mumab in 5 (4%) and other agents in 2 (2%). Purpura was manifested in 63% of the patients, 
whereas others had other skin manifestations of vasculitis, such as ulcerations, nodosities, 
maculopapular manifestations, etc. Systemic involvement was observed in 24% of patients. 
Immunological examinations showed that the antinuclear antibodies (ANAs) were positive 
in 27 patients and antineutrophil cytoplasmic antibodies (ANCAs) in 11 patients (pANCA in 
5 patients and cANCA in 1 patient). Treatment in the form of anti-TNF-alpha discontinua-
tion was used in 11 patients, 71 of whom completely recovered (41% of them had additional 
immunosuppressive therapy) [33]. Mohan et al. describe in an aggregate paper including 50 
patients that almost 63% of patients experienced a complete recovery of the manifestations 
after discontinuation of the anti-TNF-alpha treatment [34].

Figure 2. Significant facial erythema, total weakness and laboratory elevated ANA antibodies were observed. After 
discontinuation of the treatment, gradual regression of skin manifestations and neutralisation of ANA antibodies took 
place. Manifestations were assessed as DILE after infliximab.
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patients treated with anti-TNF-alpha therapy is known and relatively common [26]. The fre-
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described more often than in case of classical DILE. Particularly, anti-histone antibodies have 
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induced the symptoms. In more severe conditions, it is necessary to add suppressors—cor-
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on the status of the underlying disease and comorbidities of the patient. In psoriasis, it is 
recommended to avoid systemic corticosteroids for a possible rebound phenomenon after 
discontinuation. There is no need to discontinue the treatment of anti-TNF-alpha in the case 
of ANA positivity or in very mild DILE manifestations [26]. Only limited data are available 
in the literature describing a switch of the treatment to another anti-TNF-alpha agent. Some 
authors claim that a similar reaction can be caused by any of the agents from the group of anti-
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treatment. Several case reports and patient groups have been described in the literature. In 
almost half of the cases, leukocytoclastic vasculitis was histologically described, while the 
other patients included cases of necrotising vasculitis, lymphocytic vasculitis and urticarial 
vasculitis [32].
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ment (99 cases of rheumatoid arthritis, 8 Crohn’s disease, 5 juvenile rheumatoid arthritis, 
3 ankylosing spondylitis, 3 psoriasis) presented skin manifestations in 86% of patients. The 
anti-TNF agent administered was etanercept in 60 (51%) cases, infliximab in 51 (43%), adali-
mumab in 5 (4%) and other agents in 2 (2%). Purpura was manifested in 63% of the patients, 
whereas others had other skin manifestations of vasculitis, such as ulcerations, nodosities, 
maculopapular manifestations, etc. Systemic involvement was observed in 24% of patients. 
Immunological examinations showed that the antinuclear antibodies (ANAs) were positive 
in 27 patients and antineutrophil cytoplasmic antibodies (ANCAs) in 11 patients (pANCA in 
5 patients and cANCA in 1 patient). Treatment in the form of anti-TNF-alpha discontinua-
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immunosuppressive therapy) [33]. Mohan et al. describe in an aggregate paper including 50 
patients that almost 63% of patients experienced a complete recovery of the manifestations 
after discontinuation of the anti-TNF-alpha treatment [34].

Figure 2. Significant facial erythema, total weakness and laboratory elevated ANA antibodies were observed. After 
discontinuation of the treatment, gradual regression of skin manifestations and neutralisation of ANA antibodies took 
place. Manifestations were assessed as DILE after infliximab.

Immune-Mediated Skin Reactions Induced by Recombinant Antibodies and Other TNF-Alpha…
http://dx.doi.org/10.5772/intechopen.72449

265



Vasculitis manifestations in patients with severe seropositive rheumatoid arthritis are debat-
able, because the manifestations may be evaluated as rheumatic vasculitis, which is an extra-
articular manifestation of rheumatoid arthritis and not drug-induced vasculitis. In such cases, 
some authors recommend discontinuation of the anti-TNF-alpha treatment with possible re-
exposure to the given treatment [32]. The same situation applies also to patients with IBD, 
where leukocytoclastic vasculitis can be associated with the disease itself [35].

The pathogenesis of vasculitis associated with anti-TNF treatment is not completely explained. 
An immune complex-mediated hypersensitivity vasculitis may be related to the development 
of antibodies against anti-TNF agents, but in this hypothesis, the cases with etanercept should 
be less frequent since the treatment with the soluble receptor induces less antibody forma-
tion than monoclonal antibodies. Overexpression of type I interferon secondary to imbalance 
between Th1 and Th2 cytokine production under TNF inhibition may favour induction of 
autoimmune disorders such as vasculitis [15].

6. Pyoderma gangrenosum

Pyoderma gangrenosum (PG) is a rare neutrophilic dermatosis. PG is manifested by severe pain-
ful non-infectious pustules, nodules and necrotising ulcerations. The defects are sharply demar-
cated, round, with distinctly dark red undermined edges. The manifestations occur mostly on 
the shins, but they can also be found on the torso and other body parts. The manifestations of 
PG can be divided into several clinical forms, namely pustulous, bullous, a vegetative form of 
the disease and a separate peristomic form [36]. The peristomic form is a sign of pyoderma gan-
grenosum with pathergy; any trauma and injury of skin cover can cause new manifestations of 
the disease. The peristomic form may develop from 2 weeks to 3 years after the initial creation of 
the stoma [37]. Key factors in the etiopathogenesis of the disease are IL1B, IL-17, TNF-alpha and 
other chemokines that activate neutrophils for their activity. Genetic examinations point to sev-
eral autoinflammatory genes, including pyrin innate immunity regulator (MEFV) and proline-
serine-threonine phosphatase interacting protein-1 (PSTPIP1) [38]. About 50% of PG cases are 
associated with underlying diseases, such as inflammatory bowel disease, rheumatoid arthritis, 
myelodysplastic syndrome and haematological malignancies [39, 40]. Several papers indicate 
that refractory forms of PG are well responsive to the treatment with TNF-alpha inhibitors. 
One of the latest summary papers on drug-induced manifestations of pyoderma gangrenosum 
describes five case reports of pyoderma gangrenosum induced by an anti-TNF-alpha therapy. 
Three patients had manifestations induced by infliximab, one case of PG was induced by etan-
ercept and one by adalimumab. Etiopathogenesis of PG induced by TNF-alpha inhibitors may 
represent paradoxical reaction due to a shift towards Th-17 polarisation [41].

7. Alopecia areata

Pathogenesis of alopecia areata is associated with TNF-alpha, which, as demonstrated in in vitro 
studies, inhibits hair follicle growth. However, in clinical trials with etanercept, the efficacy of 
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anti-TNF-alpha therapy for the alopecia areata was not confirmed. In the literature, however, 
there are cases of newly developed manifestations of alopecia areata, total and universal alope-
cia during anti-TNF-alpha treatment [42, 43].

French authors present data from a multicentre prospective study of patients who received 
anti-TNF-alpha treatment due to dermatological (11 patients), rheumatological (11 patients) 
and gastroenterological indications (7 patients). From these patients, 10 were treated with inf-
liximab, 11 with adalimumab and the following 8 with etanercept. In the population, a total of 
29 patients were diagnosed with alopecia areata, which was confirmed by a dermatologist. The 
manifestations of alopecia areata were in the area of scalp and chin in 79% of the patients. There 
were interesting findings related to concomitantly associated immune-mediated diseases, 
namely the occurrence of vitiligo, psoriasis or psoriasis-like manifestations and autoimmune 
thyroiditis. In the study group, nine patients had a positive family history of alopecia areata 
or vitiligo. A total of 14 patients discontinued the anti-TNF-alpha treatment and 15 patients 
continued the treatment. From patients who discontinued treatment, four were treated with 
infliximab, six with adalimumab and four with etanercept. Improvement up to complete disap-
pearance of the symptoms was observed in 76% of the patients, while there was no difference 
between the groups in which the treatment discontinued or continued [44] (Figure 3).

Etiopathogenesis of alopecia areata is not clear. Some authors explain the occurrence of alope-
cia areata similar to TNF-alpha-induced psoriasis. Inhibition of TNF-alpha results in dysregu-
lation of cytokines and subsequent production of IFN-alpha, which results in a pathological 
process [43]. However, further research is needed to better understand the occurrence of alo-
pecia areata during anti-TNF-alpha therapy.

8. Lichen ruber planus and lichen planus-like reaction

Several cases of lichen planus and lichen planus-like paradoxically incurred lesions induced 
by anti-TNF-alpha therapy were reported in the literature. The manifestations have different 
clinical variability, including mucosal signs, but histologically they have signs of lichen planus.

The clear cause of lichenoid reactions in the treatment of anti-TNF-alpha is not known. Lichen 
is T-cells and dendritic cells mediated dermatosis. As with other immune-mediated diseases, 

Figure 3. Adalimumab induced alopecia areata, spontaneous complete disappearance of the symptoms after 10 months 
without the drug discontinuation.
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cia areata similar to TNF-alpha-induced psoriasis. Inhibition of TNF-alpha results in dysregu-
lation of cytokines and subsequent production of IFN-alpha, which results in a pathological 
process [43]. However, further research is needed to better understand the occurrence of alo-
pecia areata during anti-TNF-alpha therapy.

8. Lichen ruber planus and lichen planus-like reaction

Several cases of lichen planus and lichen planus-like paradoxically incurred lesions induced 
by anti-TNF-alpha therapy were reported in the literature. The manifestations have different 
clinical variability, including mucosal signs, but histologically they have signs of lichen planus.

The clear cause of lichenoid reactions in the treatment of anti-TNF-alpha is not known. Lichen 
is T-cells and dendritic cells mediated dermatosis. As with other immune-mediated diseases, 

Figure 3. Adalimumab induced alopecia areata, spontaneous complete disappearance of the symptoms after 10 months 
without the drug discontinuation.
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pro-inflammatory cytokines and TNF-alpha play a key role [45]. Studies point to increased 
TNF-alpha levels in saliva and plasma in the patients with lichen planus [46, 47]. Papers 
indicating good therapeutic effect of TNF-alpha inhibitors on lichenoid lesions were also 
published. Some authors describe a similar theory of etiopathogenesis of lichen planus as in 
paradoxical psoriasis. As we have already mentioned in case of other immune-mediated reac-
tions, the model in which anti-TNF-alpha induces IFN-alpha may also be valid for lichen and 
lichenoid reactions. Other studies indicate that type 1 IFN including IFN-alpha can induce 
lichen planus through the activation of cytotoxic CD8 + T cells [45].

9. Morphea-like reactions

Morphea, also called localised scleroderma, is manifested by thickening of the skin and sub-
cutaneous tissue due to the deposition of excessive amounts of collagen. There are only a few 
cases of morphea induced by TNF-alpha reported in the literature. Morphea may be induced 
by mechanical effects or by medications. The exact etiopathogenesis of TNF-alpha-induced 
morphea is not known, although there are several theories of possible etiopathogenesis. TNF 
inhibitors can act on tumour growth factor beta (TGF beta 1), a profibrotic cytokine that effects 
the growth and accumulation of extracellular matrix by the action of fibroblasts and endothe-
lial cells. An increase in Th1 and Th17 proinflammatory cytokines has been demonstrated in 
the early stage of localised scleroderma. Th2 lymphocytes correlate with the severity of the 
disease and the extent of fibrosis. Inhibition of Th1 response induced by TNF-alpha inhibitors 
may lead to the prevalence of Th2 lymphocytes, which may be the cause of morphea [48].

10. Vitiligo

Vitiligo is one of the other rare skin disorders that can occur with anti-TNF-alpha treatment. The 
role of anti-TNF-alpha inhibition in the development of vitiligo is complex and controversial. 
As with other paradoxical immune-mediated reactions, there are case studies where vitiligo 
has been significantly improved in anti-TNF-alpha therapy in vitiligo patients. The therapeutic 
effect of anti-TNF-alpha treatment on vitiligo is believed to be blocking the physiological effect 
of TNF-alpha on melanogenesis. According to the literature, TNF-alpha reduces tyrosinase lev-
els. The melanocytic effect of TNF-alpha on vitiligo has also been demonstrated [49].

11. Other skin manifestations

Cases of newly developed dermatomyositis and polymyositis have been described in a num-
ber of papers. Most of the patients belonged to the group of patients treated for rheumatic 
disease. The authors predict a possible association between the presence of myositis-specific 
anti-Jo-1 autoantibodies and anti-TNF-alpha treatment in relation to newly developed derma-
tomyositis and polymyositis in patients with rheumatoid arthritis [50].
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12. Discussion

TNF-alpha inhibitors are biotechnologically produced medicinal products that differ from 
conventional drugs in their properties, size and structure. These large molecules, even with 
the same mechanism of action in the form of inhibiting TNF-alpha, may act differently and 
they may have other adverse effects. Therefore, each biological agent is unique. Pre-clinical 
studies did not foreseen that TNF-alpha inhibitors will disrupt and change immunological 
pathways. In 2004, the first case of TNF-alpha-induced psoriasis [51] was described, and since 
then a number of papers have been published with immune-mediated skin reactions induced 
by TNF-alpha inhibitors. Their clinical spectrum is still widening; although in some cases, 
there are just a few case reports worldwide. Paradoxical psoriasis is the most researched 
and most common skin immune-mediated adverse effect. Its exact etiopathogenesis is still 
unclear. Development in the area of psoriasis etiopathogenesis is significantly moving for-
ward; the Th17 pathway, which is now considered to be crucial, was discovered only a few 
years ago, and now we are using anti-IL17 inhibitors in clinical practice.

In conventional systemic therapy, the emergence of immune-mediated reactions is consid-
ered a comorbidity of the disease. Comorbidities are diseases that occur more frequently 
with the primary disease than in the general population [52]. It is assumed that the diseases 
have a common genetic predisposition that encodes certain inflammatory pathways. A very 
good example is the IL23 receptor gene, which explains the increased incidence of psoriasis in 
patients with ankylosing spondylitis, Crohn’s disease and ulcerative colitis [52]. The literature 
contains only very little data about gene polymorphisms in paradoxical psoriasis. One study 
of gene polymorphisms that might be responsible for the above-mentioned reactions was 
published in 2015 by Cabaleiro et al., who observed in a group of 161 patients with psoriasis 
that 25 patients experienced a change in the morphology of psoriasis and 88% of the patients 
in the group had guttate psoriasis [16]. From a clinical point of view, it is debatable whether 
the monitored group had a real paradoxical psoriasis or whether it was just a worsening of the 
clinical condition, which is manifested in guttate form. The definition of a paradoxical pso-
riasiform reaction is newly induced or markedly clinically worsened psoriasis. As mentioned 
earlier, Collmar et al. reported that the most common clinical manifestations were palmo-
plantar pustulosis and chronic plaque psoriasis. Guttate forms are found in only 12% of the 
patients [11]. The problem of determining whether it is an adverse effect or not is encountered 
also with other immune-mediated reactions.

Wang et al. highlight in their paper the importance of properly diagnosing the adverse effect. 
The Naranjo Adverse Drug Reaction Probability Scale is used for determining the adverse 
effects. Based on this scoring system, it is possible to calculate the likelihood if it is an adverse 
drug reaction or not [41]. A very difficult situation is when determining the adverse effects in 
patients with IBD. More than 40% of the patients with chronic inflammatory bowel disease 
have extraintestinal manifestations. They are more common in the case of Crohn’s disease (CD) 
than in patients with ulcerative colitis (UC). The most common manifestations are peripheral 
arthritis, aphthous stomatitis, uveitis and erythema nodosum and pyoderma gangrenosum. 
Skin is the most frequently affected organ in extraintestinal manifestations [53]. Therefore, if 
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the above-mentioned manifestations of anti-TNF-alpha treatment occur, we first need to think 
of possible extraintestinal manifestations. Erythema nodosum (EN) is the most common skin 
manifestation of IBD, affecting 4–15% of the patients with CD and 3–10% of the patients with 
UC. EN is a reactive manifestation and correlates with the severity of the intestinal disease; it 
is aggravated in the case of colitis attacks [54].

Conversely, erythema nodosum may also be the first manifestation of paradoxically induced 
sarcoidosis. Pyoderma gangrenosum is also problematic. Pyoderma gangrenosum (PG) is the 
second most common, most serious and most debilitating skin manifestation in IBD. Unlike 
EN, the manifestations are more frequent in UC (5–12%) than in CD (1–2%) [55]. As we have 
already stated, pyoderma gangrenosum may also be a paradoxical response to anti-TNF-
alpha treatment. The issue of comorbidity or paradoxical reaction is also in the case of vascu-
litis present in IBD, as well as with inflammatory rheumatic diseases. As we have stated in the 
previous section, only discontinuation of the biologically medicinal product and spontane-
ous disappearance of skin manifestations is evidence of the adverse drug reaction. Acquiring 
a unified view of immune-mediated adverse effects requires thorough pharmacovigilance, 
reporting of adverse effects, long-term monitoring of safety registry data and complement-
ing the polymorphism research. Each biological agent is original, and even the batches do 
not have to be absolutely identical. By introducing biological similar molecules (biosimilars), 
the situation can get even more complicated. The biosimilar does not need to have the same 
immunogenicity as the original molecule.

Today, we know that antibodies against biologic agents are more likely to play a role in drug 
efficacy and hypersensitivity reactions, but some of the theories of pathogenesis of immune-
mediated reactions are also associated with their production. An important fact is that there 
are cases where a number of immune-mediated reactions have occurred in one patient [44]. 
We assume that in susceptible individuals, each new biological agent may interfere with a 
new mechanism of action with natural physiological processes and induce still new immune-
mediated adverse effects. Therefore, there is a tendency to apply one biological agent as long 
as possible to prevent further intervention in the cytokine cascade. We also know that the 
clinical response to the second and other biological agent is weaker than in treatment-naive 
patients, and the production of antibodies against biological medicinal products is more pro-
nounced. The question of whether immune-mediated reactions are associated with the forma-
tion of antinuclear antibodies is also unclear. The literature describes cases of monitoring the 
efficacy of a biological medicinal product and the formation of antinuclear antibodies [17]. 
However, firm data have not yet been established; similarly, we only assume that some type 
of immune-mediated reactions may be associated with anti-dsDNA formation and lupus-like 
reactions may be induced by TNF-alpha treatment with the formation of ANA.

Our work draws attention to the issue of adverse effects that occur due to the disruption of 
natural mechanisms—by dysregulation of the immune system and by starting various inflam-
matory pathways in genetically susceptible individuals. Some of the above-mentioned reac-
tions have a common hypothesis of formation, such as the theory of interferon induction. 
This knowledge may lead to the assumption that one biological agent can cause two reactions 
simultaneously in one patient, e.g. alopecia areata and psoriasis.
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Abstract

Bioinformatics is an interdisciplinary field of information technology for understand-
ing biological data from genome to protein. It includes a combination of fields of sci-
ence, computer science, statistics, mathematics, and engineering to analyze, interpret 
and derive biological data. This chapter describes how to use Bioinformatics to identify 
pathogen virulence factor peptide sequence similarities in human nerve tissue proteins 
and for evaluation as antibody engineering target peptides.

Keywords: bioinformatics, infectious diseases, peptide, recombinant antibody

1. Introduction

Bioinformatics is the application of techniques derived from disciplines such as applied math-
ematics, computer science, and statistics to analyze and interpret biological data. In this chap-
ter, you will learn how to use bioinformatic techniques to identify pathogen virulence factor 
(VF) peptide sequence similarities to human nerve tissue proteins and then how to identify 
target peptides that could form the basis for engineering recombinant antibodies. Also, wet 
experiments could be conducted on the identified overlapping sequences to help us to single 
out target antibodies to be tested for tissue culture studies [1, 2]. The most ideal targeted pep-
tide sequences for antibody engineering are those physiologically relevant, easy to access, and 
comprise amino acid sequence regions which have high specificity in pathogenic steps and 
reduced amino acid string length.
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1.1. Bioinformatics and its role in peptide discovery

The accessibility to the extensive genomic and proteomic databases and the availability of 
tools to compare and evaluate the information have given rise to a new interdisciplinary 
field that combines biology and computer science [3]. Bioinformatics conceptualizes physical 
and chemical biology in terms of macromolecules and then applies “informatics” techniques 
(derived from disciplines such as applied mathematics, computer science, and statistics) to 
assimilate and organize the information associated with these molecules, on a large scale [4]. 
Bioinformatics is an exciting and exploratory method for peptide discovery in antibody engi-
neering and development of antimicrobial therapies and vaccination strategies [5].

There is significantly growing evidence that a number of neurodegenerative diseases are a 
result of the association of host cell proteins with viral and bacterial infectious agents [6]. 
When pathogenic micro organisms such as bacteria, viruses, parasites, or fungi cause an infec-
tious disease, there are many molecular interactions between the host-pathogen proteins and 
host peptides [7] through all the stages of the disease whether incubation, prodromal illness, 
decline, and convalescence. There is much experimental evidence identifying the virulence 
factors (VF) of pathogen and host components such as receptors and tissue-specific pro-
teins [8, 9]. Though the pathogenic pathway of the infectious agent in various host tissues is 
unknown, many of these processes are suspected to be attributable to the yet undiscovered 
role of molecular mimics identified in pathogenic microorganisms and its corresponding host 
tissue proteins. The sequence and structural similarities between the pathogenic VF protein 
and nerve peptides could impact either directly or indirectly the pathogenesis of the infec-
tious disease [10–12]. It could contribute to molecular mimicry, steric hindrance, receptor 
binding, cell signaling, and autoantibody production events (involved in neuro degeneration) 
in the host.

Leprosy patients with peripheral nerve damage develop autoimmunity to myelin P0 (nerve 
protein). The above conclusion was drawn by gathering known scientific evidence that are as 
follows: (1) labeling and binding studies found that Mycobacterium leprae (bacterium causing 
leprosy) binds to myelin P0 [13]; (2) clinical studies confirmed the production of autoantibod-
ies as a response of the bacterium to interact with myelin P0 [14, 15]; and (3) bioinformatics 
searches identified sequences and structural similarities between M. leprae and the immuno-
globulin regions of myelin P0 [16].

Identification of molecular mimics in pathogen-host peptide sequences is one approach to 
identify target peptides for antibody engineering. There are about 180 extensive biological 
databases to retrieve information on sequence and functional aspects of biological molecules. 
The updated list is available in Nucleic Acids Research [17].

1.2. The use of bioinformatics in identifying sequence similarities

This section teaches you how to conduct a search for proteins present in a target host, how to 
obtain its amino acid sequence/s from the existing databases, how to compare the sequence/s 
of the host protein to that of the pathogen protein, and finally how to interpret the results 
based on existing evidential data. In our case study, we identify the virulence factor peptide 
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sequence similarities of a few selected infectious agents with human nerve tissue proteins for 
selecting peptides to engineer antipeptide antibodies which recognizes corresponding host/
viral proteins.

1.2.1. Selection of nerve proteins

63 proteins were extracted from the Human Protein Atlas Database that were enriched and 
enhanced in the nervous tissue as observed by immunehistochemistry (Figure 1).

To conduct a search for human proteins in the nervous tissue, access the website (www.pro-
teinatlas.org), enter the tissue of study (e.g. nervous tissue) into the search box provided and 
click on search.

Manual protein selection was carried out based on their tissue expression (enriched and 
enhanced) and also on immunohistochemistry evidence (Figure 2).

The list of selected proteins are as follows: agrin (AGRN_HUMAN, O00468), calbindin 
(CALB1_HUMAN, P05937), n-chimaerin (CHIN_HUMAN, P15882), secretogranin-2 (SCG2_
HUMAN, P13521), neuromodulin (NEUM_HUMAN, P17677), kinesin (KIFC1_HUMAN,  
Q9BW19), tau (TAU_HUMAN, P10636), 2′,3′-cyclic-nucleotide 3′-phosphodiesterase (CN37_
HUMAN, P09543), myelin-associated glycoprotein (MAG_HUMAN, P20916), myelin P0 
(MYP0_HUMAN, P25189), myelin P2 (MYP2_HUMAN, P02689),  oligodendrocyte-myelin  

Figure 1. Conducting a search on the Human Protein Atlas Database.
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The accessibility to the extensive genomic and proteomic databases and the availability of 
tools to compare and evaluate the information have given rise to a new interdisciplinary 
field that combines biology and computer science [3]. Bioinformatics conceptualizes physical 
and chemical biology in terms of macromolecules and then applies “informatics” techniques 
(derived from disciplines such as applied mathematics, computer science, and statistics) to 
assimilate and organize the information associated with these molecules, on a large scale [4]. 
Bioinformatics is an exciting and exploratory method for peptide discovery in antibody engi-
neering and development of antimicrobial therapies and vaccination strategies [5].

There is significantly growing evidence that a number of neurodegenerative diseases are a 
result of the association of host cell proteins with viral and bacterial infectious agents [6]. 
When pathogenic micro organisms such as bacteria, viruses, parasites, or fungi cause an infec-
tious disease, there are many molecular interactions between the host-pathogen proteins and 
host peptides [7] through all the stages of the disease whether incubation, prodromal illness, 
decline, and convalescence. There is much experimental evidence identifying the virulence 
factors (VF) of pathogen and host components such as receptors and tissue-specific pro-
teins [8, 9]. Though the pathogenic pathway of the infectious agent in various host tissues is 
unknown, many of these processes are suspected to be attributable to the yet undiscovered 
role of molecular mimics identified in pathogenic microorganisms and its corresponding host 
tissue proteins. The sequence and structural similarities between the pathogenic VF protein 
and nerve peptides could impact either directly or indirectly the pathogenesis of the infec-
tious disease [10–12]. It could contribute to molecular mimicry, steric hindrance, receptor 
binding, cell signaling, and autoantibody production events (involved in neuro degeneration) 
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leprosy) binds to myelin P0 [13]; (2) clinical studies confirmed the production of autoantibod-
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searches identified sequences and structural similarities between M. leprae and the immuno-
globulin regions of myelin P0 [16].
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databases to retrieve information on sequence and functional aspects of biological molecules. 
The updated list is available in Nucleic Acids Research [17].
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This section teaches you how to conduct a search for proteins present in a target host, how to 
obtain its amino acid sequence/s from the existing databases, how to compare the sequence/s 
of the host protein to that of the pathogen protein, and finally how to interpret the results 
based on existing evidential data. In our case study, we identify the virulence factor peptide 
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sequence similarities of a few selected infectious agents with human nerve tissue proteins for 
selecting peptides to engineer antipeptide antibodies which recognizes corresponding host/
viral proteins.

1.2.1. Selection of nerve proteins
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enhanced in the nervous tissue as observed by immunehistochemistry (Figure 1).

To conduct a search for human proteins in the nervous tissue, access the website (www.pro-
teinatlas.org), enter the tissue of study (e.g. nervous tissue) into the search box provided and 
click on search.

Manual protein selection was carried out based on their tissue expression (enriched and 
enhanced) and also on immunohistochemistry evidence (Figure 2).

The list of selected proteins are as follows: agrin (AGRN_HUMAN, O00468), calbindin 
(CALB1_HUMAN, P05937), n-chimaerin (CHIN_HUMAN, P15882), secretogranin-2 (SCG2_
HUMAN, P13521), neuromodulin (NEUM_HUMAN, P17677), kinesin (KIFC1_HUMAN,  
Q9BW19), tau (TAU_HUMAN, P10636), 2′,3′-cyclic-nucleotide 3′-phosphodiesterase (CN37_
HUMAN, P09543), myelin-associated glycoprotein (MAG_HUMAN, P20916), myelin P0 
(MYP0_HUMAN, P25189), myelin P2 (MYP2_HUMAN, P02689),  oligodendrocyte-myelin  

Figure 1. Conducting a search on the Human Protein Atlas Database.
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glycoprotein (OMGP_HUMAN, P23515), brain-derived neurotrophic factor (BDNF_HUMAN,  
P23560), ciliary neurotrophic factor (CNTF_HUMAN, P26441), neurotrophin-3 (NTF3_
HUMAN, P20783), beta-nerve growth factor (NGF_HUMAN, P01138), nestin (NEST_HUMAN,  
P48681), neurofilament heavy polypeptide (NFH_HUMAN, P12036), neurogranin (NEUG_ 
HUMAN, Q92686), voltage-dependent T-type calcium channel subunit alpha-1G 
(CAC1G_HUMAN, O43497), hippocalcin (HPCL1_HUMAN, P37235), neurocalcin-delta  
(NCALD_HUMAN, P61601), recoverin (RECO_HUMAN, P35243), bombesin receptor sub-
type-3 (BRS3_HUMAN, P32247), kininogen-1/bradykinin (KNG1_HUMAN, P01042), cal-
citonin (CALC_HUMAN, P01258), cholecystokinin (CCKN_HUMAN, P06307), galanin 
peptides (GALA_HUMAN, P22466), pro-neuropeptide Y (NPY_HUMAN, P01303), neuro-
tensin/neuromedin N (NEUT_HUMAN, P30990), protein S100-B (S100B_HUMAN, P04271), 
synapsin-1 (SYN1_HUMAN, P17600), probable tubulin polyglutamylase (TTLL1_HUMAN, 
O95922), myelin basic protein (MBP_HUMAN, P02686), protein phosphatase 1 regula-
tory subunit 1B (PPR1B_HUMAN, Q9UD71), Arf-GAP with GTPase, ANK repeat and PH 
domain-containing protein 2 (AGAP2_HUMAN, Q99490), cathepsin L2 (CATL2_HUMAN, 
O60911), D(1A) dopamine receptor (DRD1_HUMAN, P21728), BDNF/NT-3 growth factors 
receptor (NTRK2_HUMAN, Q16620), melanoma-associated antigen E1 (MAGE1_HUMAN, 
Q9HCI5), microtubule-associated protein 6 (MAP6_HUMAN, Q96JE9), protocadherin 
alpha-12 (PCDAC_HUMAN, Q9UN75), carboxypeptidase E (CBPE_HUMAN, P16870), 
Down syndrome cell adhesion molecule (DSCAM_HUMAN, O60469), dyslexia-associated 

Figure 2. Conducting an advanced search on the Human Protein Atlas Database.
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protein KIAA0319 (K0319_HUMAN, Q5VV43), uncharacterized protein  KIAA1211-like 
(K121L_HUMAN, Q6NV74), microtubule-associated protein 1B (MAP1B_HUMAN, P46821), 
neuronal calcium sensor 1 (NCS1_HUMAN, P62166), neurofilament light polypeptide (NFL_
HUMAN, P07196), receptor expression-enhancing protein 2 (REEP2_HUMAN, Q9BRK0), 
secretogranin-3 (SCG3_HUMAN, Q8WXD2), ubiquitin carboxyl-terminal hydrolase iso-
zyme L1 (UCHL_HUMAN, P09936), galactosylgalactosylxylosylprotein 3-beta-glucurono-
syltransferase 1 (B3GA1_HUMAN, Q9P2W7), beta-1,4 N-acetylgalactosaminyltransferase 1 
(B4GN1_HUMAN, Q00973), caprin-2 (CAPR2_HUMAN, Q6IMN6), dopamine beta-hydrox-
ylase (DOPO_HUMAN, P09172), FAM81A (FA81A_HUMAN, Q8TBF8), mitogen-activated 
protein kinase 10 (MK10_HUMAN, P53779), N-terminal EF-hand calcium-binding protein 1 
(NECA1_HUMAN, Q8N987), neuroligin-3 (NLGN3_HUMAN, Q9NZ94), protein kinase C 
and casein kinase substrate in neurons protein 1 (PACN1_HUMAN, Q9BY11), sodium chan-
nel protein type 7 subunit alpha (SCN7A_HUMAN, Q01118), and clathrin coat assembly 
AP180 (AP180_HUMAN, O60641). The biological accepts of the proteins have been derived 
from the information presented in UniProt database for each protein [18–20].

1.2.2. Retrieving FASTA formats

FASTA formats for each of the above proteins were retrieved from NCBI PubMed. The FASTA 
format is a text-based format obtained from the PubMed search and represents either nucleo-
tide sequences or peptide sequences (Figure 3).

Upon accessing the website, select the database in which the search is to be conducted (e.g. 
Protein). Type the name of the protein and its species in brackets into the search text box pro-
vided (e.g. Agrin (Homo sapiens)) and click on the search button.

The protein with the highest number of amino acids is chosen. Click on the hyperlinked pro-
tein to access its gene bank. Upon reaching the gene bank of the selected protein, click on the 
hyperlinked FASTA (Figures 4, 5 and 6).

Obtain the FASTA format by copying all the information (Starting from the > symbol).

1.2.3. Arranging the FASTA formats

All the FASTA formats of the human proteins are saved in a sequence on Microsoft Notepad 
(Figure 7).

1.2.4. Running the BLAST

Pathogen-protein mimics, nerve protein sequences were BLAST (Basic Local Alignment 
Search Tool; Version 2.7.1; e-value ≤0.01) [21] against a pathogen genome (Figure 8).

Access the BLAST website at https://blast.ncbi.nlm.nih.gov/Blast.cgi and click on Protein 
(Protein~Protein) BLAST. The FASTA formats of 63 nerve proteins were copied and pasted from 
the notepad into the text box provided. Enter the species of the organism against which the blast 
has to be performed/the sequence comparison has to be carried out specifying its Tax ID (Figure 8).
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protein KIAA0319 (K0319_HUMAN, Q5VV43), uncharacterized protein  KIAA1211-like 
(K121L_HUMAN, Q6NV74), microtubule-associated protein 1B (MAP1B_HUMAN, P46821), 
neuronal calcium sensor 1 (NCS1_HUMAN, P62166), neurofilament light polypeptide (NFL_
HUMAN, P07196), receptor expression-enhancing protein 2 (REEP2_HUMAN, Q9BRK0), 
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zyme L1 (UCHL_HUMAN, P09936), galactosylgalactosylxylosylprotein 3-beta-glucurono-
syltransferase 1 (B3GA1_HUMAN, Q9P2W7), beta-1,4 N-acetylgalactosaminyltransferase 1 
(B4GN1_HUMAN, Q00973), caprin-2 (CAPR2_HUMAN, Q6IMN6), dopamine beta-hydrox-
ylase (DOPO_HUMAN, P09172), FAM81A (FA81A_HUMAN, Q8TBF8), mitogen-activated 
protein kinase 10 (MK10_HUMAN, P53779), N-terminal EF-hand calcium-binding protein 1 
(NECA1_HUMAN, Q8N987), neuroligin-3 (NLGN3_HUMAN, Q9NZ94), protein kinase C 
and casein kinase substrate in neurons protein 1 (PACN1_HUMAN, Q9BY11), sodium chan-
nel protein type 7 subunit alpha (SCN7A_HUMAN, Q01118), and clathrin coat assembly 
AP180 (AP180_HUMAN, O60641). The biological accepts of the proteins have been derived 
from the information presented in UniProt database for each protein [18–20].

1.2.2. Retrieving FASTA formats

FASTA formats for each of the above proteins were retrieved from NCBI PubMed. The FASTA 
format is a text-based format obtained from the PubMed search and represents either nucleo-
tide sequences or peptide sequences (Figure 3).

Upon accessing the website, select the database in which the search is to be conducted (e.g. 
Protein). Type the name of the protein and its species in brackets into the search text box pro-
vided (e.g. Agrin (Homo sapiens)) and click on the search button.

The protein with the highest number of amino acids is chosen. Click on the hyperlinked pro-
tein to access its gene bank. Upon reaching the gene bank of the selected protein, click on the 
hyperlinked FASTA (Figures 4, 5 and 6).

Obtain the FASTA format by copying all the information (Starting from the > symbol).

1.2.3. Arranging the FASTA formats

All the FASTA formats of the human proteins are saved in a sequence on Microsoft Notepad 
(Figure 7).

1.2.4. Running the BLAST

Pathogen-protein mimics, nerve protein sequences were BLAST (Basic Local Alignment 
Search Tool; Version 2.7.1; e-value ≤0.01) [21] against a pathogen genome (Figure 8).

Access the BLAST website at https://blast.ncbi.nlm.nih.gov/Blast.cgi and click on Protein 
(Protein~Protein) BLAST. The FASTA formats of 63 nerve proteins were copied and pasted from 
the notepad into the text box provided. Enter the species of the organism against which the blast 
has to be performed/the sequence comparison has to be carried out specifying its Tax ID (Figure 8).
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Figure 4. List of available sequenced protein information.

Figure 3. Conducting a search on the PubMed database.
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Figure 5. Gene information of agrin.

Figure 6. FASTA format of agrin.
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Figure 7. FASTA formats of the 63 proteins in sequence.

Figure 8. BLAST home page.
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The pathogen genome sequences that were compared with the human nerve proteins are as 
follows: HIV (Tax ID: 11,676), Polio (Tax ID: 138,950), Japanese Encephalitis (Tax ID:64,320), 
M. leprae (Tax ID: 1769), Human herpes virus 1 (Tax ID: 10,298), Human herpes virus 2 (Tax 
ID: 10,310), Rabies virus (Tax ID: 11,292), Zika virus (Tax ID: 64,320), Corona virus (Tax ID: 
11,118), Varicella zoster virus (Tax ID: 10,335).

Select program PSI BLAST as the BLAST algorithm for a more position-sensitive search. It 
looks deeper into the database to best match to your query. Click on the BLAST button and 
wait for the results. Take screen shots of your result and also download the provided excel 
format (Figure 9).

The output of the BLAST identified the significant peptide sequence similarities between the 
human protein and its pathogenic counterpart Figure 10. These peptide sequence similari-
ties are identified by amino acid positions, in which amino acids exist in single-letter codes. 
The BLAST provides us with the number of sequence similarities between the pathogenic 
genomic sequence and its host proteins. It also identifies viral counterpart peptides and the 
region of similarity on the host proteins.

Further interpretations of the results can be made by referring to the Uniprot database to obtain 
the biological and functional aspects of the host and the pathogen proteins (Figures 11 and 12).

1.2.5. Ascribing a biological role and application

The results show a number of sequence similarities existing between host proteins and vari-
ous pathogen proteins. The maximum number of peptide sequence similarities were found 
between host protein caprin-2 which had 495 similarities with polio; neurogranin had 230 

Figure 9. BLAST search.

Bioinformatics as a Tool to Identify Infectious Disease Pathogen Peptide Sequences as Targets…
http://dx.doi.org/10.5772/intechopen.71011

285



Figure 7. FASTA formats of the 63 proteins in sequence.

Figure 8. BLAST home page.

Antibody Engineering284

The pathogen genome sequences that were compared with the human nerve proteins are as 
follows: HIV (Tax ID: 11,676), Polio (Tax ID: 138,950), Japanese Encephalitis (Tax ID:64,320), 
M. leprae (Tax ID: 1769), Human herpes virus 1 (Tax ID: 10,298), Human herpes virus 2 (Tax 
ID: 10,310), Rabies virus (Tax ID: 11,292), Zika virus (Tax ID: 64,320), Corona virus (Tax ID: 
11,118), Varicella zoster virus (Tax ID: 10,335).

Select program PSI BLAST as the BLAST algorithm for a more position-sensitive search. It 
looks deeper into the database to best match to your query. Click on the BLAST button and 
wait for the results. Take screen shots of your result and also download the provided excel 
format (Figure 9).

The output of the BLAST identified the significant peptide sequence similarities between the 
human protein and its pathogenic counterpart Figure 10. These peptide sequence similari-
ties are identified by amino acid positions, in which amino acids exist in single-letter codes. 
The BLAST provides us with the number of sequence similarities between the pathogenic 
genomic sequence and its host proteins. It also identifies viral counterpart peptides and the 
region of similarity on the host proteins.

Further interpretations of the results can be made by referring to the Uniprot database to obtain 
the biological and functional aspects of the host and the pathogen proteins (Figures 11 and 12).

1.2.5. Ascribing a biological role and application

The results show a number of sequence similarities existing between host proteins and vari-
ous pathogen proteins. The maximum number of peptide sequence similarities were found 
between host protein caprin-2 which had 495 similarities with polio; neurogranin had 230 

Figure 9. BLAST search.

Bioinformatics as a Tool to Identify Infectious Disease Pathogen Peptide Sequences as Targets…
http://dx.doi.org/10.5772/intechopen.71011

285



Figure 10. BLAST results of nerve proteins showing similarity to pathogen proteins.

Figure 11. UniProtKB screenshot showing the biological and functional data of the human protein.
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similarities with HHV2; secretogranin-3 had 221 similarities with Japanese encephalitis; agrin 
had 212 similarities with varicella; caprin-2 had 198 similarities with rabies virus; galanin pep-
tides had 87 similarities with Zika virus; kinesin had 54 similarities with HIV; neurofilament 
heavy polypeptide had 46 similarities with corona virus; neurogranin had 39 similarities with 
HHV1; and 2′,3′-cyclic-nucleotide 3′-phosphodiesterase had 21 similarities with M. leprae.

This method identifies significant virulent factors which have sequence similarities to human 
nerve tissue proteins. The nerve proteins that exhibited sequence similarities with four or 
more pathogenic virulent factors are displayed in Table 1. All 63 proteins are found to have 
sequence similarities with M. leprae proteins.

Agrin is a heparin sulphate basal lamina glycoprotein with a molecular mass of 217,232 Da. 
It plays a central role in the formation and maintenance of the neuromuscular junction. It is 
known to direct events in postsynaptic differentiation. Agrin also induces the phosphoryla-
tion and activation of muscle-specific kinase (MUSK), the clustering of Acetyl choline esterase 
receptor (AChR) in the postsynaptic membrane, regulates calcium ion homeostasis in neu-
rons, and is involved in regulation of neuritis outgrowth [22, 23].

1.2.6. HHV3 peptide similarity to human protein agrin

Agrin UniProtKB-O00468 (AGRIN_HUMAN) (AA position 1269–1326) (Figure 13) has a 
similarity to membrane glycoprotein C (Sequence ID: AEW88711.1 AA Position 43–122) of 
the varicella zoster virus UniProtKB-Q9J3M8 (GE_VZVO) which by its similarity has the 

Figure 12. Uniprot screenshot showing the biological and functional data of the viral protein.
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 potential to bind to the tissue cell receptor. Experimental evidence in epithelial cells shows 
that the hetero demonization of viral receptors could spread the virus by sorting nascent 
virion to nerve tissue cell junctions. The virus particles can spread to adjacent cells through 
interactions with cellular receptors at these cell junctions. The virus at cell junctions spreads 
extremely rapidly into the tissues [24, 25]. Sequence mimics of agrin to the varicella mem-
brane glycoprotein could have an effect on either viral entry into host cell, evasion or on 
tolerance of host immune response to the virus and virion attachment to the host cell. These 
similarities in peptide regions warrant further exploration to understand pathogenesis and to 
identify target peptides for antibody engineering [26].

1.2.7. Poliovirus and rabies virus peptide similarities to human protein caprin-2

Caprin-2UniProtKB-Q6IMN6 (CAPR2_HUMAN) is a protein of molecular mass 68,429 Da. 
The structure of caprin-2 was found to be similar to the polio and rabies viruses. Caprin-2 
(AA position: 136–176) has a similarity to the polyprotein of polio virus UniProtKB– 
E0WCG5 (E0WCG5_9ENTO) (polyprotein sequence ID: ACZ05040.1 AA position: 1994–2070) 
(Figures 14 and 15). Caprin-2 (AA position: 13–54) also has a similarity to the phosphopro-
tein of rabies virus UniProtKB-Q80JL8 (Q80JL8_9RHAB) (phosphoprotein sequence ID: 
AAO60615.1 AA position 76–110) (Figure 15). Caprin-2 has a significant role in influencing 
phosphorylation of the Wnt-signaling pathways (PubMed:18,762,581) [27]. Caprin-2 also 
facilitates LRP6 phosphorylation by CDK14/CCNY during G2/M stage of the cell cycle, which 
may potentiate cells for transport or translation of mRNAs, modulate the expression of neu-
ronal proteins involved in synaptic plasticity [28], while simultaneously influencing cell cycle 
signaling and regulation of viral transcription and replication [29, 30].

Figure 13. BLAST output of membrane glycoprotein of HHV3 showing similarity to human protein agrin.
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 potential to bind to the tissue cell receptor. Experimental evidence in epithelial cells shows 
that the hetero demonization of viral receptors could spread the virus by sorting nascent 
virion to nerve tissue cell junctions. The virus particles can spread to adjacent cells through 
interactions with cellular receptors at these cell junctions. The virus at cell junctions spreads 
extremely rapidly into the tissues [24, 25]. Sequence mimics of agrin to the varicella mem-
brane glycoprotein could have an effect on either viral entry into host cell, evasion or on 
tolerance of host immune response to the virus and virion attachment to the host cell. These 
similarities in peptide regions warrant further exploration to understand pathogenesis and to 
identify target peptides for antibody engineering [26].

1.2.7. Poliovirus and rabies virus peptide similarities to human protein caprin-2

Caprin-2UniProtKB-Q6IMN6 (CAPR2_HUMAN) is a protein of molecular mass 68,429 Da. 
The structure of caprin-2 was found to be similar to the polio and rabies viruses. Caprin-2 
(AA position: 136–176) has a similarity to the polyprotein of polio virus UniProtKB– 
E0WCG5 (E0WCG5_9ENTO) (polyprotein sequence ID: ACZ05040.1 AA position: 1994–2070) 
(Figures 14 and 15). Caprin-2 (AA position: 13–54) also has a similarity to the phosphopro-
tein of rabies virus UniProtKB-Q80JL8 (Q80JL8_9RHAB) (phosphoprotein sequence ID: 
AAO60615.1 AA position 76–110) (Figure 15). Caprin-2 has a significant role in influencing 
phosphorylation of the Wnt-signaling pathways (PubMed:18,762,581) [27]. Caprin-2 also 
facilitates LRP6 phosphorylation by CDK14/CCNY during G2/M stage of the cell cycle, which 
may potentiate cells for transport or translation of mRNAs, modulate the expression of neu-
ronal proteins involved in synaptic plasticity [28], while simultaneously influencing cell cycle 
signaling and regulation of viral transcription and replication [29, 30].

Figure 13. BLAST output of membrane glycoprotein of HHV3 showing similarity to human protein agrin.
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1.2.8. Mycobacterium leprae peptide similarity to 2′, 3′-cyclic-nucleotide 3′-phosphodiesterase

2′, 3′-cyclic-nucleotide 3′-phosphodiesterase UniProtKB-P09543 (CN37_HUMAN) is a pro-
tein of molecular mass 47,579 Da. 2′, 3′-cyclic-nucleotide 3′-phosphodiesterase (sequence ID: 
WP_010908292.1 AA position 191–261) has a similarity to thiamin pyrophosphokinase of M. 
leprae UniProtKB A0A197SEI9 (A0A197SEI9_MYCLR) (AA position: 170–2166) (Figure 16) 
2′, 3′-cyclic-nucleotide 3′-phosphodiesterase is involved in RNA metabolism of the myelinat-
ing cell, CN37 (2′, 3′-cyclic-nucleotide 3′-phosphodiesterase) is the one of the most abundant 
myelin protein in nervous system. The sequence similarities identified could impact cell sig-
naling and also regulate energy metabolism [31].

Figure 15. BLAST output of phosphoprotein of rabies virus showing similarity to human protein caprin-2.

Figure 14. BLAST output of polyprotein of poliovirus showing similarity to human protein caprin-2.
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1.2.9. Zika virus peptide similarity to human protein galanin

Galanin peptide UniProtKB-P22466 (GALA_HUMAN) is a protein of molecular mass 
13,302 Da. Galanin (AA position 53–99 position) has a similarity to polyprotein envelope 
protein E of Zika virus UniProtKB-Q73880 (Q73880_9HIV1) sequence ID: ARB07952.1 (AA 
position: 729–765) (Figure 17). Galanin is involved in the smooth muscle contraction of the 
gastrointestinal and genitourinary tract, regulation of growth hormone release, modulation of 
insulin release, and might also be involved in the control of adrenal secretion [32]. The enve-
lope protein E of the Zika virus is responsible for binding to host cell surface receptors and 
mediating fusion between viral and cellular membranes. It is synthesized in the endoplasmic 

Figure 16. BLAST output of thiamin pyrophosphate of Mycobacterium leprae showing similarity to human protein 2′, 
3′-cyclic-nucleotide 3′-phosphodiesterase.

Figure 17. BLAST output of polyprotein of Zika virus showing similarity to human Galanin peptide.
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reticulum with protein prM and forms a heterodimer. Galanin’s similarity with the ZIKA 
polypeptide could subsequently affect neural regulation of muscle function and play a role in 
immune evasion pathogenesis and viral replication [33].

1.2.10. HIV 1 peptide similarity to human kinesin-like protein

Kinesin-like protein KIFC1 UniProtKB-Q9BW19 (KIFC1_HUMAN) is a protein of molecular 
mass 73,748 Da. Kinesin-like protein (AA position: 411–470) has a similarity to HIV virus 
envelope glycoprotein UniProtKB-D6QPK9 (D6QPK9_9HIV1) sequence ID:ADG63850.1 (AA 
position:270–387)(Figure 18). KIFC1 along with microtubules contributes to movement of 
endocytic vesicles. These similarities could affect viral attachment to the host cell, membrane 
fusion, and entry into the cell and the nucleus [34, 35].

1.2.11. Corona virus peptide similarity to human neurofilament heavy polypeptide

Neurofilament heavy polypeptide UniProtKB-P12036 (NFH_HUMAN) is a protein of molec-
ular mass 112,479 Da. Neurofilament heavy polypeptide (AA position: 819–872) has a similar-
ity to ORF1a UniProtKB-A0A0F6SKM6 (A0A0F6SKM6_9GAMC) of Corona virus sequence 
ID: AKF17723.1 (AA positions: 890 –1031) (Figure 19) neurofilament of the nerve tissue 
usually contain three intermediate filament proteins: L, M, and H (NFH-human) which is 
involved in the maintenance of neuronal caliber. NFH-H has an important function in axon 
maturation. These similarities could affect viral replication, protein processing, and could 
generate autoantibody production [36, 37].

1.2.12. HHV 1 and HHV 2 peptide similarity to human protein neurogranin

Neurogranin UniProtKB-Q92686 (NEUG_HUMAN) is a protein of molecular mass 7618 Da. 
The structure of neurogranin at identical regions has a similarity to envelope glycoprotein M of 

Figure 18. BLAST output of envelope glycoprotein of HIV 1 showing similarity to human kinesin-like protein.
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HHV1 and envelope glycoprotein M of HHV2 at partially overlapping positions. Neurogranin 
(AA position: 38–63) has a similarity to the envelope glycoprotein M of HHV1(UniProtKB-
A0A181ZHE7 (A0A181ZHE7_HHV11) (sequence ID: SBO07578.1 AA position: 347–376) 
(Figure 20). Neurogranin (AA position: 38–64) also has a similarity to the envelope glycopro-
tein M of HHV2 (UniProtKB-A0A0Y0R357 (A0A0Y0R357_HHV2)) (sequence ID: AMB66044.1 
AA position 389–416) (Figure 21). Neurogranin functions as a signaling messenger, a substrate 
for protein kinase C and has affinity to calmodulin in the absence of calcium. These similarities 

Figure 19. BLAST output of ORF1 of corona virus showing similarity to human neurofilament heavy polypeptide.

Figure 20. BLAST output of envelope glycoprotein of HHV 1 showing similarity to human protein neurogranin.
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of HHV1 & 2 with neurogranin could have an interaction with viral transport into the host cell 
Golgi network and subsequently to the host nucleus [38].

1.2.13. JE 2 peptide similarity to human protein secretogranin-3

Secretogranin-3 UniProtKB-Q8WXD2 (SCG3_HUMAN) is a protein of molecular mass 
53,005 Da. Secretogranin-3 (AA position: 139–190) has a similarity to the polyprotein of Japanese 
encephalitis virus (UniProtKB-G3LHD8 (G3LHD8_9FLAV) (sequence ID: SBO07578.1 AA 
position: 2744 to (Figure 22). Secretogranin-3 is a member of the chromogranin/secretogranin 

Figure 21. BLAST output of envelope glycoprotein of human alpha herpes virus 2 showing similarity to human protein 
neurogranin.

Figure 22. BLAST output of polyprotein of JE 2 showing similarity to human protein secretogranin-3.
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family of neuroendocrine secretory proteins comprising a number of significant cellular func-
tions. In an experimental mouse model, autoimmunity with secretogranin was associated 
with encephalitis [39]. These similarities identified in the host-pathogen could affect neuro 
endocrine secretory protein release and autoimmunity.

2. Creating a schematic model

The sequence similarities in agrin,caprin-2,2′,3′-cyclic-nucleotide 3′-phosphodiesterase, galanin 
peptide, kinesin-like protein, neurofilament heavy polypeptide, neurogranin and secreto-
granin-3 with its corresponding pathogenic peptide/s could have a number of cellular-level 
implications which include alternations in receptor binding, signaling/synaptic transmission, 
metabolic alteration, inflammation, resulting in autoimmunity and consequently neuropathy 
(Figure 23) [11, 40].

3. Conclusion

In conclusion, it is important to conduct bioinformatic searches and design wet experiments 
with the objective of identifying a vast number of functionally significant peptides for fur-
ther comparison and study. Bioinformatic search tools and various available databases are 
to be extensively explored to rapidly develop possible neuroprotective or pathogenic pep-
tide sequences. These peptides can be further explored as targets to generate recombinant 
antibodies. This exercise can also be used to develop an efficacious and safe vaccine against 
pathogens that demonstrate no autoimmune cross-reactions. It can also contribute to design 
peptide/drug molecules to neutralize the effects of neurotoxins. Bioinformatics is the key to 
open the door of understanding medical and biological processes in the future.

Figure 23. A model for the modes of host-pathogen interaction and possible intracellular regulation of metabolic 
activities.
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