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Abstract 

 
Antibodies (Ab) are naturally produced to bind infective agents with high specificity and affinity. Abs 

features have led to their employment in a great variety of scientific fields, concurrently increasing 

the need of sources of such reagents. Thanks to the advantages of recombinant DNA technologies, 

in vitro display methods have been developed for large scale isolation of monoclonal antibodies 

(mAb).  

Phage display is a robust, easy-to-perform and inexpensive method based on the screening of an Ab 

library against a specific antigen. Usually, immunoglobulins (Ig) are expressed on the surface of the 

bacteriophage M13 as fusion products with the minor coat protein pIII. Each phage displays a single 

peptide so, given this link between the genotype and the phenotype, the DNA sequence encoding 

for the Ab of interest can be easily retrieved. The modular nature of Ig allowed the development of 

smaller Ab fragments so to combine the correct folding of the protein retaining the binding 

specificity of a full-size Ig. This kind of fragments comprise many phage libraries and, the most 

employed form, named scFv, is the one obtained by randomly combining the variable light and 

heavy domains (VL and VH) joined by a linker. Based on the source of the immune repertoire phage 

display antibody libraries can be classified in naïve, immune (composed by Ig deriving from non-

immunized or immunized donors, respectively) or synthetic libraries (that comprise rationally 

designed Ab fragments). 

The main objective of this work is to optimize a pipeline for recombinant mAb development against 

antigens of diagnostic interest. This process begins with the isolation from a naïve phage library of 

clones able to recognize the antigen. Therefore, this entire procedure starts with the creation and 

the characterization of a naïve phage display library.  

In this work the phage library has been built starting from B-cells isolated from peripheral blood 

lymphocytes of 25 healthy donors. Analyzing literature, it emerges that, after the panning 

procedure, there is a clear bias towards certain V genes families, meaning that there are some 

families that are selected with very low frequencies or are not selected at all. In the light of this it 

has been decided not to include these families in the library or to include them in a low percentage 

so to avoid the occupation of the library space with almost non-selectable clones. The V genes 

coding regions of the IgM repertoire have been reverse transcribed, the VL and VH genes have been 
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randomly combined by assembly PCR and, finally, cloned into the phagemid vector to create the 

scFv repertoire. After Escherichia coli electroporation a final library of 2,3x108 clones has been 

obtained.  

Next Generation Sequencing (NGS) technology has been applied to have an actual snapshot about 

library diversity and V genes families’ distribution. Along with NGS, Sanger sequencing has been 

performed to assess the quality of the scFv coding sequences. Sequencing results showed that the 

library is clonally heterogenic, that the various V genes families are present at the desired 

percentage and that the 86% of the clones have no errors.   

To validate the quality of the library in terms of specificity, it has been screened on Interferon γ, a 

diagnostically relevant antigen given its employment in the detection of tuberculosis. Different 

biopanning procedures allowed to isolate, overall, 25 different scFv. Thanks to a deeper 

characterization, performed on an automated platform designed for immunodiagnostic testing, it 

was possible to point out the best performing clones. Among them, one (8G) has been chosen to be 

maturated to further enhance its affinity towards the antigen. Since it is well established the key 

role played by the VH in antigen recognition, it has been decided to create a new phage display 

library composed of scFv all bearing the 8G VH and different VLs. The selection procedure allowed to 

isolate two clones that seemed to perform better than the parental one. 

For diagnostic purposes, an important part of the recombinant Ab production pipeline is the 

production of full-size Ig. In this work a set of vectors allowing the expression of the human IgG, IgA, 

IgM and mouse IgG has been built. These vectors bear the heavy and light chains of the antibody 

concatenated in a single ORF. The two chains are separated by the coding sequence of the 2A 

peptide, that impedes the peptide bond formation through the ribosome skipping mechanism. 

Upon translation and secretion, the self-processing of the 2A allows the expression of two 

independent, balanced and highly produced chains. All the vectors have been transfected in CHO 

cells and Ab production was good also in terms of correct folding of the full-size Ig. 

The final step of validation of this whole pipeline consists in the expression of all the three anti-

Interferon γ scFv as full-size IgG and the assay of their functionality on an automated platform as 

reagents in a commercial tuberculosis diagnostic kit. 
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Introduction 

 

1. Antibodies 

1.1 An overview of the immune system 

The immune system comprises different kind of cells and molecules each of them having a specific 

role in defending the body from exogenous pathogens1. Generally, the immune response can be 

divided in two different branches: the innate response and the adaptive (or acquired) immunity. 

These two arms of the immune response cooperate and are complementary2. Both immune 

responses rely on the activity of white blood cells (leukocytes), furthermore, innate immunity largely 

employs granulocytes and macrophages, whereas the adaptive immunity depends on lymphocytes, 

cells able to assure a lifelong immunity following the exposure to an antigen1–3. 

The innate response represents the early host protection against invading pathogens (bacteria, 

fungi, viruses and parasites) and is activated when the anatomical and physiological barriers (such 

as epithelial cells, sebaceous glans and mucus) fail to protect the human body3,4. The main 

characteristic of this kind of response is its velocity, as within few seconds after the exposure to the 

pathogen the innate immune system starts generating an anti-inflammatory response. This kind of 

immunity is always active and able to counteract to the infection from its early beginning to its first 

phases (0-5 days)4. The innate response is set by the activation of few receptors that recognize 

conserved features, usually components that are crucial for pathogens viability and virulence, 

shared by large groups of microbes. Once activated, macrophages secrete cytokines and 

chemokines that trigger the beginning of the inflammation process3. This process can also be started 

by the activation of the complement system, that consists in a group of serum protein able to 

recognize microbial surfaces, opsonize and eliminate them, generating a series of small peptides 

that contribute to the inflammation mechanism4. Moreover, the innate immunity is fundamental 

for the activation of the adaptive immune response, that comes into play when the innate immunity 

fails to inhibit the entrance of foreign molecules1,2. 

The adaptive immune response is composed of two major lineages of lymphocytes: T lymphocytes 

(for thymus derived) and B lymphocytes (for bone marrow derived)5. 
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The principal role of T lymphocytes is to identify and destroy host cells infected by microbes that 

then use the same cell to multiply5. T cells recognize antigenic peptides only when they are bound 

to MHC (Major Histocompatibility Complex) molecules, a class of membrane glycoproteins that 

expose peptides fragments which could have been synthetized within the cell (class I MHC 

molecules) or could have been phagocyted and proteolytically processed by the cell (class II MHC 

molecules). T lymphocytes express on their surface an antigen specific receptor, named TCR/CD3 

complex2,3,5. The TCR (T-Cell Receptor) is a heterodimeric membrane protein composed by two 

different chains linked by disulfide bonds, the α associated with the β chain or the γ chain associated 

with the δ chain. Depending on the type of TCR that they express, T lymphocytes are divided in two 

families: TCRαβ and TCRγδ1. Tαβ lymphocytes exclusively recognize peptides presented in 

association with the MHC of APCs (Antigen Presenting Cells) and most T lymphocytes belong to this 

family. Tγδ lymphocytes are mainly localized in the intestinal epithelia and play a role in a more 

“innate immune-like” response where they are involved in the clearance of infected and cancer cells 

and in the release of cytokines5. T cells can recognize a great variety of different antigens and the 

mechanism underlying this variability are almost the same used by B cells to produce antigen-

specific antibodies (Ab)3. 

1.2 Structure and function of antibodies  

The main characteristic of B cells is their ability to produce immunoglobulins (Ig) and each B cell 

produces one specific Ig. Antibodies are primary produced as membrane proteins, belonging to the 

receptor complex BCR (B-Cell Receptor)1. The Ig binding to the outer membrane of B lymphocytes 

is possible thanks to a short transmembrane sequence present in the carboxy terminal part of the 

antibody. When B cells contact the antigen, they differentiate into plasma cells and the mRNA 

encoding for the Ab is alternatively spliced. This process results in the substitution of the 

transmembrane region with a hydrophilic sequence that allows the release of the soluble antibody3. 

All the immunoglobulins share the same basic structure (shown in Figure I), they are composed of 

two same light chains (each made of one variable, VL, and one constant domain, CL) of ~25 KDa and 

two heavy chains (each  
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with one variable, VH, and three or four constant domains, CH from 1 to 3 or 4) of ~50 KDa, heavy 

and light chains are connected by disulphide bonds3. 

 

Figure I Basic structure of an Ig molecule. In blue is represented the heavy chain, in dark blue the Constant Heavy domain 
(CH1 to CH3), in light blue the Variable Heavy domain (VH). In green is indicated the light chain, in dark green the Constant 
Light domain (CL) and in light green the Variable Light domain (VL). The antigen binding site is constituted by the 
dimerization of the heavy and light variable domains. Figure created with BioRender.com. 
 

The carboxyterminal part of the heavy and the light chain is constant in each subclass of antibodies, 

humans possess five classes (isotypes) of heavy chains: μ, δ, γ, α, ε and two classes of light chains κ 

and λ3,6. Given the type of heavy constant chain, Ab are divided in five main classes: IgM, IgD, IgG, 

IgA and IgE. There are four subclasses of the IgG isotype (IgG1, IgG2, IgG3, IgG4) and two subclasses 

of IgA (IgA1, IgA2). Overall, humans have nine possible heavy chains, each with a specific biological 

function3. The constant domains of the heavy chain are progressively numbered from the N-term to 

the C-term of the protein as CH1 to CH3 and to CH4 (for IgM and IgE). The heavy constant domain (Fc) 

is responsible of the effector function of the Ig molecule, such as the binding to the Fc receptors 

that are present on diverse cellular types or the activation of the complement system1. 

The light chains come in two varieties κ and λ, that differ for the amminoacid sequence and, in 

humans, are present in different ratio (~60% κ and ~40% λ)7. The biological difference between the 

two light constant chains is still not well understood6. 

The aminoacidic sequence of both heavy and light variable region is different from one 

immunoglobulin to another and the juxtaposition of these two fragments creates the antigen 

binding site (paratope)8. Within the V domains of both chains are disperse six hypervariable regions 
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(or Complementarity Determining Regions: CDR), three are present in the light chain (L1, L2, L3) and 

three are present in the heavy chain (H1, H2, H3)9. The ability of the antibodies to bind the antigen 

basically relies on these regions8. The CDRs are flanked by the Framework Regions (FR), whose 

sequence is more conserved, and their presence allows the correct folding of the V domains so that 

the hypervariable regions are brought together creating the paratope. Among all the six CDR, the 

H3 is the most variable in length, sequence and structure, it is well established that this part of the 

immunoglobulin is the most important for antigen recognition9. 

The great variability of immunoglobulins paratopes relies on a complex genetic structure. The 

variable regions domains are encoded by two (for the light chains) or three (for the heavy chains) 

gene segments. The two segments encoding for the light variable domain are called Variable (V) and 

Joining (J), the variable part of the heavy chain has an additional segment named Diversity (D). The 

V segments encode for the great part of the variable domain, including the two first hypervariable 

regions, so differences in these regions depend on the variations in the sequence of the different 

genetic segments. The third hypervariable region is constituted of the joining of the two fragments, 

VJ, and the CDR H3 is partially encoded also by the D gene. The great variability of the DNA sequence 

encoding for the CDR3 is also increased by several mechanisms that allow the insertion or the 

deletion of a variable number of nucleotides at the junction point between the different 

fragments3,6. 

The somatic recombination of both heavy and light chains takes place in the germline DNA, where 

many and different V, (D), J encoding sequences are present and physically separated (for the 

organization of the V(D)J segments along the chromosome see Figure II)6.  
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Figure II Schematic representation of the genetic organization of the heavy and light constant gene clusters. Between 
brackets the typical number of functional gene segments is reported. In the κ chain locus, the κ deleting element (κde) 
is shown. In cells expressing the λ chain, the κde rearranges with a sequence upstream the Cκ to avoid the simultaneous 
expression of the two light constant chains. Figure taken from 6. 

During B lymphocytes development somatic recombination process allows the drawing near of the 

V(D)J segments. Given the existence of different versions of every segment V, (D), J, multiple 

combinations are possible, and this allows the generation of different variable regions6. 

The V(D)J recombination generates the first B cell pool, but this immunoglobulin repertoire is 

independent from the antigen. So, pre-immune B cells encounter a second differentiation which is 

highly antigen dependent and involves both the constant and variable domains3. 

Correctly rearranged variable domains are expressed on precursor B cell as immunoglobulins of the 

M and D isotype6. Successively, depending on the antigen stimulation and cytokines costimulatory 

signals, VH and VL can associate to the other isotypes thanks to a controlled process known as isotype 

switching (or Class-Switch Recombination, CSR)10,11. This mechanism exchanges the initially 

expressed heavy constant exons (μ, the nearest DNA region to the rearranged VDJ fragment) with 

the alternative CH exons located downstream on the same chromosome (see Figure II for the 

correct positioning, along human chromosome 14, of the exons encoding for the heavy constant 

domains. It is represented also the chromosomal organization of the constant light domains)6,10,11. 

CSR allows the expression of immunoglobulins that have the same antigen specificity but different 

effector functions3. 

Therefore, IgM antibodies are associated with the primary immune response and, to guarantee the 

promptest response to different kind of antigens, IgM are more polyreactive. Poly-reactivity is also 

ascribable to the fact that V genes have not undergone somatic mutations in response to antigen 

exposure. To compensate the lacking of high affinity, upon antigen stimulation multimeric IgM 

(usually pentameric and rarely hexameric) are secreted, so to increase the avidity of the antibody 

towards the antigen3,6. 

IgD are found at very low levels in the serum and their role in the immune response is still unclear. 

There are some bacterial proteins that specifically bind the constant region of the IgD, resulting in 

B cell activation. Membrane bound IgD are more studied, but also their function is not well 

understood. It is thought that membrane bound IgD can change the activation status of B cells 

regulating in this way their fate6,12. 
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The predominant immunoglobulin isotype found in the human body is IgG. This class is the most 

studied and has the longest serum half-life. As it has already been said, IgG are present in four 

subclasses, each of which has functional, structural and antigenic differences. IgG, except for the 

subclass 4, can bind the complement protein C1q and activate the whole pathway, allowing the 

clearance of opsonized pathogens. IgG1 and IgG3 bind to the Fc receptors that are expressed on the 

surface of phagocytic cells, macrophages and neutrophils. All the IgG subclasses are implied in 

transplacental transport and in the secondary immune response3,6. 

At the mucosal surfaces and in secretions (including saliva and breast milk) the most present 

immunoglobulin isotype is IgA3. In serum, IgA concentration is lower than IgG and here these 

immunoglobulins are found as monomers, whereas are dimers at the mucosa. The two IgA 

subclasses differ in the sensitivity to bacterial proteases, IgA2 are less prone to digestion and so this 

might be the explanation of their predominance in many mucosal secretions, IgA1 instead are more 

present in the serum. IgA can neutralize bacteria, toxins and viruses, its receptor is expressed on 

neutrophils and this isotype might act as an enhancer of the immune response in the intestinal 

tissue6,13. 

Finally, at the lowest serum concentration and with the shortest half-life there the immunoglobulins 

belonging to the isotype E. This isotype is associated with allergic reactions, hypersensitivity and in 

the response of parasitic worm infections6. 

The tuning of the immune response against different antigens does not only rely on the possibility 

to change the immunoglobulin isotype. There is another diversification mechanism, named somatic 

hypermutation, which involves the V genes. Briefly, the genes encoding for the variable domains of 

the germinal center lymphocytes undergo to the insertion of point mutations in the coding 

sequence, then B cells that express a mutated version of the antibody with an increased affinity 

towards the antigen are positively selected to survive. This mechanism allows the affinity 

maturation of the antibody repertoire after the exposure to the antigen2,3,6. 

Antibodies due to their ability to specifically recognize the antigen with high sensitivity find an 

extensive use in a great number of scientific fields spacing from diagnosis to therapy, making them 

among the driving forces of the whole biopharmaceutical market14. 

The advantage of the recombinant DNA technology allowed the development of techniques (such 

as the phage display technology that is going to be discussed in Chapter 3) that permit to generate 

antibodies completely in vitro. In this way, there is a complete control over the selection and 
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screening parameters, leading to antibodies with remarkable and tailored properties which are 

impossible to obtain in vivo15,16. 

2. Antibodies applications 

When the humoral response is triggered by an antigen, large amounts of antibodies are produced 

against different regions of the invading molecule. These regions are referred to as epitopes or 

antigenic determinants and, usually, comprise six to eight aminoacidic residues17. Antibodies 

specific for one epitope, deriving from a single B cell clone, are named monoclonal antibodies. On 

the other hand, antibodies that are produced by different clones of B cells and that recognize 

multiple epitopes of the same antigen are known as polyclonal17,18. 

Animal derived polyclonal antibodies have been used in therapy to treat a variety of bacterial 

infections since the 1890s, nowadays polyclonal preparations are still used for the treatment of 

acute illness and medical emergencies. In diagnostics, the ability of polyclonal antibodies to 

recognize different part of the antigen, makes them useful in that kind of assays where the detection 

of one epitope could compromise the analysis, e.g. the signal generated by the binding on just one 

epitope is too low. In fact, polyclonal antibodies are usually used as secondary antibodies in many 

kinds of immunoassays because their ability to bind to different epitopes allows to amplify the 

signal. Polyclonal reagents are cheap and relatively easy to produce, and these are stable over a 

broad range of pH and salt concentrations, furthermore the use of bigger animals allows the 

recovery of high volumes of antibody rich sera17,19. However, there is an inevitable and intrinsic 

variability from batch to batch of polyclonal antibodies, this might include differences in antibody 

reactivity and titer, making these reagents suffer from a lack of reproducibility17. Nowadays there is 

a rising need of standardization regarding the reagents used in all the scientific fields, including 

binding reagents20. Polyclonal antibodies have been used for decades but, considering that the 

immunization never results in the same mix of antibodies, it is hard to be sure of the specificity of 

any particular batch. The discovery of monoclonal antibodies derived from hybridoma technology 

(for a more detailed description of the methodology see Section 3.1) and the subsequent 

development of the antibody display platforms (as phage display, described in Section 4 of this 

chapter) are causes and effects of the always increasing importance of the mAb market. In fact, the 
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monoclonal antibodies market is a steady growing sector, in 2018 its size was estimated to be about 

115,2 USD billions with a year-on-year increase of the 11%*.  

The applications and, consequently, antibody productions have developed significantly in the last 

few decades. In particular, mAb are widely used in basic research routine techniques including 

western blotting, immunohistochemistry, immunocytochemistry, enzyme-linked immunosorbent 

assay (ELISA), immunoprecipitation and flow cytometric analysis21. Since the Food and Drug 

Administration (FDA) approval in 1985 of the first therapeutic monoclonal antibody (Muromonab-

CD3, commercial name Orthoclone OKT3, an antirejection agent for renal transplantation)22 the 

range of therapeutic monoclonal antibodies has been remarkably increasing. The reasons for the 

continuous expansion of this market include the improvement in formulations and dosage forms, 

the increase of the number of targets as well as an improvement in the monoclonal antibody 

production technology23. mAb can be used to transport a drug or a toxin to a specific site, which is 

particularly useful in cancer therapy or in antimicrobial applications. The target of the mAb can be 

a plasma protein or a drug so to impound them from their physiological binders and neutralize 

them24. Furthermore, mAb are now increasingly employed in immunoprophylaxis and for the 

detection of food borne pathogens, adulterants, toxins in food samples and in environmental 

analysis16,24. 

2.1  In vitro diagnostics 

In vitro diagnostics (IVD) tests are used to detect a disease, infections and other medical conditions 

including the follow up of an established pathological state or to prevent potential relapses. These 

tests are performed on fluids or tissues that have been taken from the human body†. Thanks to their 

ability to detect specific antigens at low concentrations, antibodies have become essential regents 

in this field. The idea to use immunology as a diagnostic tool dates back to 1960, when antibodies 

where employed to detect serum insulin25. From this point on, tremendous advances have been 

made in immunodiagnostics that have led to the emergence of recently developed diagnostic 

technologies, new immunoassay formats and automated diagnostic platforms26. 

Still today ELISA (Enzyme-Linked Immunosorbent Assay, firstly described in 27) is the goal standard 

in clinical immunodiagnostics, but it is also frequently employed in industrial analysis and 

environmental monitoring28. The ELISA is a solid-phase test designed to quantify substances such as 

 
* www.reuters.com 
† www.fda.gov 
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peptides, proteins, antibodies and hormones within a crude preparation29,30. In this kind of assay 

the antigen or the antibody of interest are coated on a solid surface, and the detection molecule is 

coupled to an enzyme able to convert its substrate to a colored product for detection. Very common 

enzymes used for ELISA detection are horseradish peroxidase (HRP) or alkaline phosphatase (AP), 

other enzymes have been introduced as well but gained less success because of the limited 

substrate options30. In general, ELISA test can be divided in two major categories: 

1. Direct ELISA: in this kind of test the antigen is directly bound to the solid surface, and the 

sample containing the antibody is incubated and allowed to bind. 

2. Sandwich (or indirect) ELISA: in this kind of test a pair of specific antibodies, that recognize 

different epitopes of the antigen, are employed. The primary antibody is coated on the solid 

surface then the sample containing the antigen is added. The binding of the antigen with the 

primary antibody is detected with the secondary antibody. 

The visualization of both types of ELISA can be accomplished by a labelled primary antibody that 

directly interacts with the antigen or in an indirect way29. The indirect detection is a two-step 

method in which the unlabeled antibody specific for the antigen is reacted first, then the complex 

is incubated with a secondary labelled antibody able to recognize the primary one. The indirect 

detection shows an increased sensitivity because each primary antibody contains several epitopes 

that can be bound by the labelled secondary antibody, allowing signal amplification19,30. 

In the last decades there have been great improvements in antibody immobilization strategies 

which have allowed to reach higher sensitivity, lower detection limits and reduced the assay 

duration. The development of ultrasensitive substrates, fluorescent dyes and chemiluminescent 

compounds (such as isoluminol and its derivatives31) greatly improved the ELISA detection range28. 

The development of different solid phases rather than the plastic wells, as nanoparticles, beads and 

other nanomaterials allowed the improvement of new ELISA formats28,32. The use of microbeads as 

an immobilization surface for binding assays offers unique advantages over surface immobilization 

as the larger solid phase area, the possibility to increase or decrease the solid phase concentration 

and higher degrees of freedom regarding the experimental volumes32,33. The surface of the beads is 

usually covered with functional groups allowing the covalent coupling of antibodies or antigens, 

creating a chemical bond which is more stable than passive absorption33.  
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The continuous evolution in microfluidic technologies dramatically reduced the timing of the assay, 

and the integration of microfluidics systems and paramagnetic solid surfaces enabled automation 

of the test32,33. The in vitro diagnostics assays greatly benefited from the introduction of this 

automated systems that allowed almost hands-free experiment removing, in this way, the need of 

highly skilled technicians and reducing the possibility of sample handling errors32. Automated 

platforms today are manufactured and sold by several companies, as the Luminex® xMAP (sold by 

Luminex Corporation) or the LIAISON® (sold by DiaSorin S.p.A., in this work, different experiments 

have been performed on this platform). Both these analyzers basically rely on the previously 

mentioned elements: paramagnetic particles (PMP) as solid phase integrated with a microfluidic 

system for sample assay. In Figure III there is a schematic diagram of a sandwich ELISA that uses 

paramagnetic microparticles as solid phase and a magnetic separator in a microfluidics-based 

system. The beads coated with the antibody are streamed on the magnet (Figure III, panel a) and 

are separated by applying a magnetic field (Figure III, panel b). While the PMP are held by the 

magnet, the sample is injected (Figure III, panel c), and the antigen binds to the coated primary 

antibody meantime the unbound molecules are washed away (Figure III, panel d). At this point, a 

secondary labelled antibody is flushed and incubated with the immobilized antigens, the excess of 

secondary antibody is washed away. After the signal detection the magnetic beads are released, 

and the sensing chamber is ready for the next sample. Paramagnetic particles represent a good solid 

phase in automated microfluidics assays also because of the ease of renewability of the platform, 

allowing to perform high throughput analysis33,34. 

 

Figure III Illustration of an ELISA performed with a magnetic separator. A first, the beads coated with the primary 
antibody are injected in the sensing chamber (panel a). Then the beads are held by the magnet (panel b) and the sample 
containing the antigen is streamed in the chamber (panel c). The non-binding molecules present in the specimen are 
washed away (panel d), and, after the detection, the magnetic beads are released (panel e). Figure taken from 34. 
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The automation of the system is also extended to the test regents and to sample processing. Most 

of the immunodiagnostic platforms use a cartridge-based system, this technology relies on cassettes 

that are pre-loaded with all the reagents necessary to perform the test. Thus, these reagents have 

been preselected and optimized so to avoid the error-prone processes of preparation, ensuring the 

best performances and reproducibility of the test. The IVD cassettes are provided with bar codes 

that allow to match the sample to the cartridge and, thanks to platforms’ on-board bar codes 

readers, to match the cartridge with the assay that needs to be performed. To provide most of the 

diagnostic information for a physician to make a medical decision, usually these platforms come 

along with a broad menu of immunodiagnostic assays covering different clinical areas such as 

infectious diseases, hematology, oncology and autoimmune diseases‡. Considering that monoclonal 

antibodies are homogeneous and mono-specific molecules and that the mAb-based products 

exhibit a superior specificity for a particular antigen, these are good immunological reagents19. 

Monoclonal antibodies can be generated employing the hybridoma technology or as recombinant 

molecules. 

3. Monoclonal antibodies generation 

3.1 Hybridoma technology 

A breakthrough in antibody generation has been the development of the hybridoma technology 

that allows the production of monoclonal antibodies. This discovery occurred in 197535, when 

normal antibody producing B cell were fused with myeloma cells (cells that are not able to produce 

antibodies anymore but are characterized by an immortal growth) generating long living “hybrids” 

able to secrete immunoglobulins36. Therefore, hybridomas offer a reproducible and potentially 

infinite supply of immunoglobulins of unique specificity. To obtain hybridomas, spleen (or lymph 

nodes) cells are fused with myeloma cells. After fusion, cells undergo a selection process based on 

the HGPRT (Hypoxanthine-Guanin-PhosphoRibosylTransferase) deficiency of myeloma cells. Cells 

are grown in a HAT (Hypoxanthine-Aminopterin-Thymidine) selection medium, where the presence 

of aminopterin inhibits the de novo DNA synthesis, but hypoxanthine and thymidine provide 

substrates for an alternative pathway of purine biosynthesis. HGPRT deficiency causes the death of 

unfused myeloma cells, in fact the ability to use the alternative pathway can be provided just by B 

 
‡ All the information provided in this section are available on the web sites of the different companies manufacturing 
the platforms, the two web sites that have been mainly consulted are:   
www.luminexcorp.com 
www.diasorin.com 
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cells. B cells have a physiologically short life, so unfused cells die within few days, in this way only 

hybridoma cells are selected. This initial culture contains a plethora of different antibody deriving 

from diverse primary B lymphocytes, so each individual clone must be separated by dilution. Once 

established a given hybridoma colony it will continuously grow in the culture medium and produce 

antibodies17,21,36. 

However, the hybridoma is a quite demanding and time-consuming technique and has several 

drawbacks. First of all, the efficacy of the process depends on the ability of the immune system to 

generate a productive humoral response and this leads also to the inability to provide antibodies 

against toxic or self antigens37,38. In addition to this, there are some reproducibility problems related 

with this technology, the selected immunoglobulin can be lost forever because the hybridoma cell 

line can die off or lose its antibody coding genes20. Furthermore, hybridoma essentially generates 

murine antibodies decreasing the number of possible therapeutic and diagnostic applications. To 

overcome this limitation, the murine constant chains have been exchanged with the human ones, 

obtaining chimeric antibodies that still bear the mouse variable domains. Another strategy entails 

that mouse CDR are inserted into human variable framework regions, creating humanized 

antibodies19,37. Today in therapy and in diagnostics entirely human antibodies are needed, so the 

hybridoma technology comes along with transgenic animals knocked out of their own 

immunoglobulin loci and carrying the genetically introduced human ones39. 

The advent of recombinant DNA technology allowed the evolution of antibodies generation 

methods. Recombinant antibodies generation was realized with the introduction of in vitro display 

methods40. 

3.2 In vitro antibody display technologies 

In vitro antibody display methods were introduced as an alternative to hybridoma technology for 

the generation of monoclonal antibodies. The three main display methods commonly used for 

antibody generation are ribosome, yeast and phage display (for a detailed description of this 

technology see Section 4 of this Chapter). All these technologies rely on the same principle: the 

linkage between the phenotype and the genotype, which allows to easily retrieve the coding 

sequence of the antibody40. 

In ribosome display the antibody is transcribed and translated using cell-free expression systems. 

This technology requires a plasmid without STOP codons and a controlled environment regarding 
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the temperature and the magnesium ion concentration. The combination of these three elements 

allows the ribosome to slow down at the end of the mRNA while the emerging Ab is folded and 

displayed outside the ribosome tunnel. With ribosome display is possible to generate large libraries 

because one of the main bottlenecks of the display methods, the transformation of the host cell, is 

no longer required. However, this technology is quite challenging mainly because of the ease of 

degradability of the mRNA. In addition to this, the ribosome could stall prior the end of the mRNA 

sequence causing a premature termination of the protein translation and, also, the neo-synthetized 

polypeptide could dissociate from the ribosome40,41. 

 In yeast display, antibodies are presented as fusions with the agglutinin adhesion complex (Aga1 

and Aga2) of Saccharomyces cerevisiae42. The major advantage of this technology is that the panning 

procedure, which is necessary to find antigen binding antibodies, can be carried out with the 

Fluorescence-activated Cell Sorting (FACS). This allows to monitor Ab expression on the yeast 

surface and, in the meantime, the antibody-antigen binding efficiency employing fluorescent 

labelled compounds43. The main disadvantage of this technology is the smaller size of the antibody 

libraries due to the low yeast transformation efficiencies40,44. 

4. Phage display technology 

Phage display is a robust, easy-to-perform and inexpensive method based on the screening (or 

panning) of a peptide library40. The first gene repertoires in phage were created and screened using 

the lytic phage lambda45, but with limited success46. The display method most used today is based 

on the work of George P. Smith, who was able to display short peptides belonging to EcoRI 

endonuclease as fusions with the minor coat protein pIII of the filamentous bacteriophage M1347. 

Each phage displays a single peptide so, given this link between the genotype and the phenotype, 

the nucleic sequence encoding for the peptide of interest can be easily retrieved40. 

      4.1 Filamentous bacteriophage M13 

A pivotal role in the phage display technology is obviously played by the bacteriophage used to 

display antibodies. Most antibody phage display systems employ the M13 filamentous 

bacteriophage (a schematic depiction of the M13 bacteriophage is given in Figure IV)48. 

Filamentous phages are assembled and secreted by the infected host cells, the release of the phage 

progeny does not occur by lysis (such as the lytic phages T4 and T7 do). The M13 bacteriophage 

belongs to the Ff family, meaning that it infects only E. coli strains able to express the F pilus as the 
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absorption of the phage to the bacterium requires the binding of a phage coat protein to the tip of 

the F pilus. The M13 phage genome is a 6407 bp ssDNA encoding for 11 different proteins: 5 are 

capsid proteins, while the other 6 are involved in the replication and in the assembly of the phage. 

The capsid is composed of ~2700 copies of the major coat protein (pVIII) that sheets the length of 

the rod shaped phage particle, the other 4 proteins are each present in ~5 copies and are located at 

the either end of the phage filament, the pIII and pVI on one end and the pVII and pIX on the other.  

Figure IV Schematic depiction of the M13 bacteriophage. Figure taken from 49. 

The protein responsible for the phage infection is the minor coat protein pIII, which is also 

accountable for the release of the phage particles after the infection. This protein has two N 

terminal domains (N1 and N2) and one C terminal domain (CT) (a schematic view of the pIII protein 

is given in Figure V)50–52. 

 

Figure V Phage pIII modular structure. The N1 domain interacts with the TolA protein, the N2 binds the F pilus, while 
the CT is responsible for the termination of phage assembly. G1 and G2 are glycine rich linkers that are thought to confer 
flexibility to the different domains, facilitating the infection process. Figure taken from 50. 

During the infection (schematically depicted in Figure VI), filamentous phage binds to the F pilus of 

a host E. coli cell through pIII. The N2 domain of the minor coat protein pIII binds the F pilus and, in 

this way, the N1 is brought near to the TolA protein of the TolQRA complex, which is located across 

the periplasmic space of E. coli. Then the host TolA protein starts to depolymerize the phage coat 
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proteins, which remain in the inner membrane for recycling. It is still unclear how the TolA 

contributes to the phage infection, what is known is that the F pilus retracts, and the phage genome 

is injected in the cell. Once in the host, the complementary strand of the phage DNA is synthetized, 

and phage proteins are expressed using host enzymes. At this point, ssDNA and pV protein dimers 

form the precursors of the phage. Then pV is replaced by pVIII in the channel formed by pI, pXI, pIV, 

and host thioredoxin. So mature phage particles are assembled and released. The M13 phage does 

not integrate its genome into the host chromosome, but it maintains its genome as a plasmid. In 

this way, the phage genome can be transmitted horizontally when the cell divides50–52. 

Figure VI Filamentous phage infection, phage particles assembly and release from the host cell. Figure taken from 53. 
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5. Antibody phage display libraries  

Some years later Smith’s pioneering work, one of the first antibody phage display library 

construction and selection was described in 54. 

5.1  Antibody fragments 

Full size immunoglobulins are big, complex, multi-subunit and glycosylated molecules, not suitable 

for Escherichia coli expression and folding machinery. Nonetheless, thanks to the modular nature of 

antibodies it was possible to develop smaller antibody fragments so to combine correct folding of 

the protein with the binding specificity of a full size-Ig55. In antibody library construction the two 

fragments more commonly used are: Fab (Fragment antigen binding) and the scFv (Single Chain 

Fragment-Variable). The Fab is a heterodimeric protein composed by VH-CH1 connected by a 

disulfide bond at the C-term with the light chain VL-CL (represented in Figure VII). Usually, Fab 

molecules retain their binding ability if converted to a full-length Ig. The scFv (represented in Figure 

VII) is the smallest molecule able to preserve the monovalent binding activity, is composed of the 

variable heavy and light domains connected by a flexible peptide linker. Usually the aminoacidic 

sequence used for the linker is (Gly4Ser)3 but the length can span between 10 and 25 residues56.  

Upon conversion to a full Ig format, there may be the loss of the binding activity and scFv is also 

prone to oligomerization. Nevertheless, scFv is expressed at higher levels in E. coli than Fab and, 

also, its coding sequence (around 750 pb) is small enough to be sequenced in just one reaction, 

making the early screening process more efficient. This antibody format is still one of the most 

employed in the construction of the antibody display phage libraries52,54. 

Figure VII Representation of a full-size immunoglobulin, a Fab fragment and a scFv. The variable domains are in red 
(light red for the VH and dark red for the VL) and the constant domains are blue (light blue for the heavy chain and dark 
blue for the light chain). Figure adapted from 37. 
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Nowadays, other antibody formats used in phage display as the variable domains of camel heavy 

chains (VHHs), human VH domains (dAbs), single chain Fab (scFab) and the immunoglobulins of 

sharks (IgNARs)37. 

5.2  Display strategy 

In literature are reported phage display libraries made as fusions with all the five coat proteins, but 

the commonly used are the pIII and the pVIII57. Most antibody libraries are displayed in fusion with 

the pIII, because the functionality of the pVIII is retained only when displaying short (6-7 residues) 

not containing cysteine peptides. In addition, peptides are displayed on the pVIII protein at high 

valency and this increases the avidity effect, so fusions with the pIII allows to select higher affinity 

ligands and to underline affinity differences between different antibodies52,57,58. 

Both phage genome and vectors systems (known as phagemids) have been used to display 

antibodies. When proteins are displayed as a result of the modification of the viral genome, all the 

pIII proteins will display the recombinant protein. Today, the most popular display format relies on 

plasmids because they are more stable and easy to manipulate (on the left part of Figure VIII a 

schematic representation of a phagemid is given)57,59.  

Phagemids are Ff-phage-derived vectors encoding for the recombinant coat protein in fusion with 

the Ab coding sequence. These vectors contain both E. coli and phage origin of replication, but are 

unable to be converted into filamentous phage particles unless bacteria are co-infected with a 

helper phage (such as R40860, M13K07 and VCSM1361), which supplies all the other proteins 

necessary to make a functional phage59,62. Phagemids are more widely used than phages for several 

reasons: 

• Phagemids are smaller than the phage genome so they can accommodate larger DNA 

fragments and assure higher transformation rates allowing to create bigger antibody 

libraries; 

• DNA manipulation is easier on the phagemids thanks to the presence of convenient 

restriction sites; 

• It is easy to control the expression levels of the fusion proteins; 

• Phagemids are genetically more stable than recombinant phages under multiple 

propagations62. Filamentous phage vectors have the tendency to delete unneeded DNA, this 
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is the result of a selective growth advantage where smaller phages have over the bigger 

ones59; 

• Selection strategies which employ infection are more likely to be successful, because it 

seems that more than one pIII are required for infection59. 

Helper phages are essentially Ff phages with a disabled packing signal and, usually, they carry 

antibiotic gene resistance. The disabled packing signal does not prevent the helper phage from 

producing phages when alone in the bacterium, but in the presence of a phagemid which contains 

an optimal packing signal, the packing of the phagemid will be preferred than the packing of the 

helper phage. This results in heterogenic phage preparations where the pIII can be either wild type 

(deriving from the helper phage) or recombinant (derived from the phagemid)59. In this way, the 

display valency of the antibody fragments is low, and most phages do not display any antibody 

fragment. Even if this might look problematic, it is important to underline that the working densities 

of phage antibody libraries are usually 10-100 times greater than most of phage libraries’ actual size, 

therefore low display levels do not compromise the performance of the library. Also, low display 

levels allow to isolate high affinity binders52. In Figure VIII is given a schematic picture of a 

bacteriophage M13 displaying a scFv as a fusion with the minor coat protein pIII in a phagemid-

based system. 

Figure VIII Left part, schematic picture of a phagemid, the bacterial and viral replication origins are represented in blue 
and black, respectively. The scFv coding sequence is in red and is fused with the coat protein pIII coding sequence 
(orange). The antibiotic resistance is in green. In the middle, the M13 bacteriophage bearing a phagemid. On the right, 
the M13 displaying a scFv as a fusion product with the minor viral coat protein pIII. Image adapted from 37 and partially 
created with BioRender.com. 
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Most of the phagemid systems contain also an amber STOP codon between the scFv and the pIII 

coding sequences, in this way it is possible to switch from scFv displayed on the phage surface to 

the soluble form just moving from a suppressor E. coli host (such as TG1 or DH5α) to a non-

suppressor host (such as HB2151). Soluble scFv can be directly used in diverse therapeutic, where 

there is no need for effectors functions, and non-therapeutic applications. Because of the low costs 

and faster cycles, prokaryotes a more attractive that mammalian cell lines to generate antibody 

fragments. One problem with microbial production, however, is that the yield of the soluble scFv 

obtained is generally low because of the low copy number of the phage vector59,63,64.   

5.3 Source of the V genes  

Antibody libraries are useful assets for Ab development as they can be applied for various targets in 

multiple applications65 and the library format is highly dependent on the end goal of the project66.  

The main consideration during the construction process of antibody libraries is the actual source 

where the antibodies genes are retrieved from, phage antibody libraries can be divided into two 

main types based on the source of the V genes: 

1. Natural libraries: composed by VH and VL derived from immune or non-immune donors; 

2. Synthetic libraries: containing V genes that have been constructed, totally or partially, in 

silico67. 

Generally, antibody libraries can also be classified relying on the kind of antigen they are able to 

deliver Ab against. In fact, naïve, synthetic and semi synthetic libraries are also known as single-pot 

libraries, because they can produce antibodies, virtually, against any target. On the contrary, 

immune libraries have the tendency to deliver Ab against a particular antigen. 

The process of library construction is basically the same for any type of library, independently from 

the V gene source: from immunized or unimmunized donors it is possible to isolate B cells and to 

amplify the V(D)J rearranged domains thanks to a set of primers designed to cover the whole 

antibody sequence diversity. For synthetic libraries the V genes coding sequences can be obtained 

by de novo synthesis. Through a series of subsequent PCR the scFv repertoire is obtained, which is 

then cloned in the phagemid vector and transformed in E. coli52. 

Phage display libraries comprise different V genes sources such as human, mouse, chicken, sheep, 

cattle, camel and non-human primates67.  
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Immune libraries 

Immune libraries are constructed starting from V genes repertoire deriving from antibodies shaped 

by V(D)J recombination and somatic hypermutation upon antigen exposure. This generates a 

skewed pool of antibodies targeting with high affinity the antigen the library was developed for. 

Thus, immune libraries are a reflection of the encountered antigen and are usually built starting 

from the  enriched IgG pool of patients with infections, cancer or autoimmune diseases or from 

immunized animals59,67,68. 

A unique application of immune libraries is the study of the immune repertoire present in patients 

affected with viruses, cancer and autoimmune diseases. The analysis of these antibodies could help 

in the identification and the characterization of the epitopes and the paratopes that are involved in 

the immune response68. 

However, the are some disadvantages that are associated with these libraries. It is impossible to 

isolate antibodies against self-antigens from these libraries because of the development of 

immunological tolerance to self-antigens in the immune system. Given the toxicity of some antigens 

together with ethical issues, the immunization of humans and other animals with toxic, 

immunosuppressive and deadly antigens for the isolation of antibodies is not feasible. Considered 

the enrichment of the V genes encoding for antibodies against a certain antigen, the diversity of 

immune library is small. Every time there is the need of construction of an immune library against a 

new antigen a new animal immunization is needed67,68. 

Naïve (non-immune) libraries 

Naïve libraries are usually constructed starting from the B cells isolated from healthy donors 

focusing on the IgM isotype68. Different sources of B cells, hence of V genes, can be taken into 

account, in fact VH and VL coding sequences can be isolated from blood mononuclear cells (PBMC), 

bone marrow, tonsil and spleen59,65. However, B cells at different stages have different degrees of 

mutation. B cells mature in the bone marrow, then they enter in the blood stream and migrate to 

the spleen. Upon antigen exposition, B cells proliferate in the germinal centers of lymphoid organs 

and the variable chains coding regions start to acquire somatic mutations. Afterwards, B cells can 

become plasma cells or memory cells: plasma cells are especially found in the spleen and in the 

bone marrow, whereas memory cells are in the blood stream. In the light of this, it is possible to say 

that all the tissues contain B cells at different stages of maturation and, so, mutation. In general, B 

cells deriving from the bone marrow are the most naïve while those from the tonsils are the most 
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mutated59. To construct human antibody libraries, B cells are usually isolated from peripheral blood, 

because sampling blood is a less invasive procedure than sampling the bone marrow65. Naïve 

antibodies libraries allow to find Ab against a broader range of antigens (including self, non-

immunogenic or toxic antigens) compared to the immune ones. Nevertheless, antibodies isolated 

from naïve libraries usually show lower affinities compared to the antibodies isolated from the 

immune ones. This effect is related to the source of the repertoire, the naïve one has not undergone 

yet the in vivo affinity maturation process65,67,68. 

Semi-synthetic and synthetic libraries 

In semi-synthetic libraries V genes are isolated from natural sources and the CDRs (usually the CDR3) 

are genetically randomized by various techniques or completely de novo designed thanks to 

oligonucleotide synthesis. Instead, fully synthetic libraries are artificially built by in vitro assembly 

of the V segments with the (D)J segments. A predetermined level of randomization can be 

introduced in the CDR. Synthetic libraries are the only kind of library that can be considered truly 

naïve, because are totally antigen independent67. The HuCAL®§ (Human Combinatorial Antibody 

Library) are commercially available synthetic libraries (GOLD and PLATINUM) constructed by 

complete de novo design. Briefly, consensus VH and VL have been designed so to reproduce the 

entire human antibody repertoire in terms of structure and amino acid diversity. The consensus 

sequences representing the major VH and VL germline families have been synthetized and combined, 

they have been also randomized. It has been shown that both these libraries perform very well on 

a set of different kind of antigens allowing the isolation of high affinity antibodies, where the best 

performing clones’ affinities  are in the picomolar range51,69. 

In Figure IX is given a graphical summary of the different kind of libraries that can be built and their 

respective V genes source. 

  

  

 
§ www.bio-rad.com 
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Figure IX Outline of phage display antibody libraries design and construction. The first consideration is the V genes 
source: immune, naïve, semi-synthetic or synthetic. Afterward the V genes coding sequences can be retrieved from B 
cells of can be de novo designed. After V genes random combination and cloning into the phagemid to create the 
phagemid library, E. coli cells are transformed to obtain the phage antibody library. Figure partially created with 
BioRender.com. 
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6. Isolation of antibodies from phage display libraries 

6.1  Selection of target binding clones 

The panning procedure allows the isolation of antigen specific phages and involves the addition of 

the antibody library to the immobilized antigen, the removal of the non-specific unbound phages 

and the elution of the bound phages. The selected clones are than amplified by E. coli infection and 

subjected to the next round of panning. After several rounds individual clones are screened, usually 

by ELISA, for target binding. The general concept for antibody library selection is quite easy (a 

schematic view of the selection process is given in Figure X), but there are a variety of different 

methods for each step of the screening process52. 

Figure X Identification of target-specific binders by biopanning of a phage display antibody library. Starting from the top 
of the Figure and proceeding counterclockwise, antibody phage display library is incubated with the surface immobilized 
antigen. The unspecific binders are washed off and the target specific clones are eluted and amplified in E. coli. Several 
rounds of panning allow the enrichment of target specific clones. These are that identified from the output by ELISA. 
Once isolated the scFv able to bind the antigen, this can be cloned in the desired antibody format. Figure adapted from 
37. 

For antigen immobilization, passive adsorption on an activated surface is an easy and very 

commonly used method. In this way, the antigen can be absorbed on the solid phase via multiple 

electrostatic and Van der Waals interactions. The combination of numerous non-covalent bonds is 

stable enough to retain the protein on the surface during the panning procedure. Protein antigens 

are usually coated in concentrations ranging from ~0,1 to ~10 μg/ml, but these numbers depend on 

the type of antigen and on the experimental design. As dilution buffer, bicarbonate/carbonate 
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buffer with a pH higher than 9 is commonly employed. The high pH increases the net charge of the 

molecule facilitating in this way the absorption on the plastic surface, however the optimal pH may 

be different depending on the isoelectric point of the protein. In most cases, phosphate-buffered 

saline (PBS) buffer works well. Nevertheless, passive adsorption has several drawbacks. Short 

peptides or small organic molecules do not get adsorbed efficiently and so need to be conjugated 

with carrier proteins such as BSA (Bovine Serum Albumin) or KLH (Keyhole Limpet Hemocyanin). 

Most of all, passive adsorption comes along with some degree of structural change of the antigen. 

This partial unfolding of the molecule may result in the isolation of antibodies that recognize linear 

epitopes of the antigen, but do not bind the free antigen in solution. The denaturation of the 

molecule can also favor the non-specific phage binding, because the antigen can expose 

hydrophobic residues, causing a “sticky” surface50,52. 

To emulate more closely the physiological environment of antibody-antigen interaction or just to 

select Ab that can bind conformational epitopes, another common immobilization method uses the 

biotin-streptavidin (or avidin) interaction. Biotin can be chemically attached to the antigen through 

cysteine or lysine’s side chain, and surface-immobilized streptavidin (that can be PMP coated with 

streptavidin) is employed for capture. In this way, the antigen does not undergo conformational 

changes, even if the presence of biotin may mask functionally relevant epitopes or may change some 

physio-chemical proprieties of the antigen. So, the library can be incubated with the antigen in 

solution and binding phages can be rescued using PMP coated with streptavidin. It is important to 

say that the library must undergo a negative selection for the depletion of the streptavidin binding 

phages before the addition of the biotinylated antigen, this can be accomplished by pre-incubating 

the library with the streptavidin-coated beads50,52. 

Whole cells expressing a surface antigen can be used for biopanning. This method is quite difficult 

because cells express on their surface a great variety of proteins and, even if the desired antigen 

can be overexpressed on cell surface, only a tiny fraction of the selected phages will be specific for 

the desired molecule. The main advantage of this approach is that it can generate antibodies able 

to bind their antigen in a physiological context50,52,70. 

The selection strategy must be chosen wisely, each strategy can produce different panels of clones 

and small variations such as the type of solid phase or the antigen concentration can result in the 

selection of different antibodies with different characteristics50. 
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After the incubation of the library with the antigen, unbound phages are washed away using, 

generally, PBS as wash buffer. The PBS can be added with a non-ionic detergent (such as Tween-20). 

However, wash stringency can be controlled varying the ionic strength or the pH of the wash buffer 

or by changing the incubation time and/or the temperature. Generally, high stringency washes favor 

the loss of the weaker binders, however the diversity of the output of the biopanning may decrease. 

For this reason, usually, high stringency washes are not employed in the first cycles of selection, 

unless the library is already enriched with binders such as in the case of immune or affinity 

maturated libraries. It is possible to enrich the selection with slow off-rate clones by incubating the 

bound phages with an excess of a competitor, such as the antigen itself or an antibody if a scFv 

specific for a given epitope are desired52,71. 

The output phages are ordinarily amplified by infecting E. coli, these phages serve as the input of 

the subsequent selection round. The biopanning process is generally repeated two to six times55.  

A recurrent problem in affinity biopanning is the prevalence in the selection output of clones that 

are unrelated to the target, these are known as Target-Unrelated Phages (TUP). These phages may 

display peptides that somehow increase the efficiency of infection or assembly or, their advantage, 

may also stem from a mutation elsewhere in the genome. The risk of TUP corruption is basically 

always present but can be minimized trying to avoid excessive library propagations71,72. 

After several rounds of selection, it is possible the pick single bacterial colonies and to screen them 

by ELISA. Once identified by ELISA, target-specific clones can be further validated by DNA sequencing 

and other binding or functional assays52. 

6.2  Optimization of the selected clones  

For most of the applications the in vitro isolated antibodies need affinities that are typical of the late 

immune response. In vivo, high affinity antibodies are generated by the immune system by somatic 

hypermutation, where the coding sequence of the immunoglobulin is subjected to numerous 

mutations. Phage display technology in combination with mutagenesis can be used to improve the 

affinity of the clones directly selected from the library. To accomplish affinity maturation the 

sequence of the antibody must be diversified, displayed on phage and selected on the antigen of 

interest. There are several different approaches to modify the coding sequence of an Ab and these 

can be generally differentiated in non-targeted and targeted diversification strategies55,73–76. 
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Non stochastic techniques usually use site directed mutagenesis to generate a limited collection of 

specific variants. The positions where diversity must be introduced are predicted to contribute to 

the antigen binding. To perform this kind of affinity maturation structural data are needed, but the 

affinity improvement is very likely and the possibility to create problems with the stability of the 

scFv is scarce74,75,77. 

Traditionally, the direct evolution of an antibody employs random mutagenesis to introduce 

variation in the coding sequence. Mutations can be randomly introduced in the antibody sequence 

using error-prone PCR or mutator E. coli strains. This approaches can also lead to the introduction 

of deleterious mutations and needs the selection of large repertoires to identify improved 

candidates74,75.  

In 78 mutations were introduced in phage displayed antibody fragments using the MutD5 strain of 

E. coli. In this strain the DNA polymerase III is error-prone due to a defective ε subunit, which is 

normally responsible of the proof-reading activity. The rate of mutations depends on the growth 

conditions: in minimal media the mutations frequency is low, whereas in rich media this number is 

elevated 103 to 105-fold79. Low and coworkers used this strain in combination with subsequent 

phage display selection cycles to increase the affinity of a scFv specific for the hapten 2-

phenyloxazol-5-one (phOx) by a factor of 100-fold78. However, mutator bacterial strains insert 

mutation not only in the antibody genes but also in the vector backbone, causing the sub-cloning of 

the coding sequences necessary77.  

To bypass this limitation the most common technique for random mutagenesis is error-prone PCR. 

With this method the mutations are precisely targeted to the amplified fragment, now are also 

commercially available mutagenesis kits that allow to easily control the error rate80. The whole 

antibody sequence or just the CDRs can undergo error-prone PCR. If limited to the CDRs a restriction 

of the affinity maturation process may occur. CDRs are, indeed, directly involved in antigen 

recognition, but FR are fundamental for the VH and VL structures and, thus, for the presentation of 

the CDRs. So, mutations in the framework regions could stabilize and improve antibody-antigen 

interactions81. 

Chain shuffling is another method used for non-targeted mutagenesis75. In this approach a 

repertoire of one chain (either the heavy or the light chain) is paired with a partner chain which is 

kept constant, giving rise to a secondary repertoire74. Usually the VL gene of a scFv is shuffled first, 

because more of the binding energy is contained in the VH. If the VL chain-shuffled scFv is 
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inadequate, it is possible to proceed with the VH shuffling76. This strategy has the advantage of 

creating diversity employing genes that have been selected from the mRNA of B-lymphocytes and, 

so, are likely to be functional, in contrast with error-prone PCR mutagenesis which can introduce 

deleterious mutations. The shuffling approach allows the heavy chain to sample other light chains 

(or vice versa), a strategy that is not open to the immune system, enhancing the chances to find 

higher affinity antibodies39,73. 

A synopsis of the different affinity maturation approaches is given in Figure XI.   

Figure XI Overview of the different affinity maturation strategies. The different approaches can be divided into two 
main methodologies: non-targeted mutagenesis (left side of the panel) and targeted mutagenesis (right side of the 
panel). For the targeted mutagenesis there are 3 different approaches: the employment of a mutator bacterial strain 
that inserts mutations in the whole vector. The error-prone PCR, where the region where the random mutations are 
desired is determined by a pair of oligonucleotides (indicated as red arrows). The chain shuffling approach where the 
VH, preferentially, or the VL are kept fix and assembled with a library of VLs or VHs, respectively. In targeted mutagenesis 
are needed structural data of the scFv and the positions where diversity must be introduced are predicted by rational 
design. Figure created with BioRender.com. 

7. Next generation sequencing applied to phage display  

 Although initially developed for genomic studies, NGS technology in now being increasingly 

employed in applied immunology82, including the sequencing of the paired human heavy and light 

chain repertoire isolated from naïve antibody phage display libraries83,84. Ig sequencing has been 
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used to map the global antibody repertoire of various species including zebrafish, mice, chickens 

and cattle, but, more importantly, this technique is giving a deep insight on the mechanisms 

underlying the shaping of the human BCR repertoire85. Nowadays, in fact, is possible to describe 

some characteristics of the B cell repertoire such as the V(D)J segment usage frequencies, the CDR3 

properties and to analyze the degree of divergence of an individual immune repertoire from the 

germline sequences giving a glimpse on the somatic hypermutation process86. Ig repertoire NGS is 

also providing information on the relationship between antibodies collected from an infected or 

vaccinated person during the course of time, allowing to record the development of functional 

antibodies85,86.  This growing interest is due to a reduction of the sequencing costs, an easier data 

analysis thanks to novel computation tools that provide more accurate and statistically robust 

analyses and, mostly, because the implementation of this technology allowed to extent the reads’ 

length and depth82,87. NGS is a powerful tool in phage display libraries development because, in 

conjunction with germline and CDR analysis, could help in the identification of biases that were 

introduced during the library construction process84 and allows an in-depth analysis about library 

diversity82. 

One of the main challenges in the employment of NGS technology to Ab repertoires’ analysis is the 

length of the encoded genes: the scFv size ranges from 700 to 800 bp, while NGS platforms are 

suited for short reads (less than 100 bp). Nevertheless, there are some platforms, such as  the 

Illumina MiSeq system or the Ion Torrent PGM (Personal Genome Machine)**, that can sequence up 

to 300-400 bp with reasonable throughput82,88. These two systems are both small and feature fast 

turnover rates, but work using different technologies. The Illumina MiSeq adopts the technology of 

Sequencing-by-synthesis, that relies on the usage of fixed universal primers and fluorescent 

nucleotides. After the addiction of each nucleotide the fluorescent dye is excited by a light source 

and the base-specific fluorescent signal is emitted and collected by a CCD camera88. The Ion Torrent 

PGM uses a semiconductor technology. Basically, when the nucleotide is added a proton is released. 

The instrument, by detecting the pH changes, can determine whether the nucleotide has been 

incorporated or not. So the nucleotides are added one at time and no voltage will be found until the 

correct nucleotide is incorporated88. 

 
**www.illumina.com 
   www.thermofisher.com 
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Independently from the platform, the NGS sequences are prone to polymerase errors. This is due 

to the enzyme itself, even if are nowadays available polymerases with low error-rates, and to the 

instrument. The error rate of the afore mentioned sequencing systems rages from 0,1% to 1%82.  

Post-processing data analysis requires the use of bioinformatic tools, there are programs which are 

available as web-based submission systems such as IMGT/High V-QUEST82,89,90, that allows to 

identify VH and VL germlines and CDR3. Clonal structures can be, after, inferred applying sequence 

clustering tools to group closely related sequences into “clonal” groups. Nevertheless, to use these 

programs are required some informatic skills that are not always available to researchers, therefore 

have been developed specialized pipelines for the analysis of recombinant antibody libraries82. The 

AbMining ToolBox, for example, is an open source software package created for the straightforward 

analysis of antibody libraries sequenced by the three main next generation sequencing platforms 

(MiSeq, Ion Torrent and Roche 454 System). This software is particularly suited for the identification 

of the heavy chain CDR3 but can be adapted to analyze other portions of antibody variable genes91.    

8. Recombinant monoclonal antibodies production 

Antibodies selected from phage display libraries can be used in all the applications in which 

monoclonal antibodies are traditionally employed. The direct use of scFv as diagnostic tool is 

reported, but today the dominating system for monoclonal antibody production is the recombinant 

expression in mammalian cellular systems92. The ease of achieving the isolated antibodies DNA 

coding sequence allows a great flexibility about the final immunoglobulin format. Moreover, reliable 

bulk sources of human IgG, IgA or IgM or of other species are not always available to use as 

serological controls. Also, antibodies produced by the traditional methods are restricted to their 

original format and species. The possibility to switch an antibody constant region to a different 

species can increase the compatibility with secondary detection reagents and reduce or eliminate 

the potential cross-reactivity with other components present in the sample15,93. Thus, integrated 

systems have been created in which the selected scFv genes can be excised from selection plasmids 

and subcloned into a proper downstream vector94.  

Antibody engineering unlocks a range of different formats that go beyond the naturally occurring 

antibodies such as the scFv-Fc (single chain Fragment variable-Fragment constant format), where 

the scFv is joined by a linker with the CH2-CH3 of an immunoglobulin. This format features bivalent 

binding and allows a rapid characterization of the selected scFvs95. The antibodies isolated from 
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phage display libraries can also be expressed in fusion to enzymes, tags or fluorescent 

proteins15,93,96.  

Nevertheless, nowadays, the full size immunoglobulin is still among the most employed antibody 

format. Given the structural complexity of Ig molecules, the most frequently used production 

system are mammalian cell lines, with CHO being the most widely employed host cell line. 

Mammalian cell lines folding and post translational apparatus allows the production of Ab that are 

equivalent to the one produced in the human body and, also, ensure a good secretion97. This means 

that, once selected the scFv that recognize the antigen, the VL-VH coding region must be cloned in 

mammalian vectors that allow the full-size Ig production with a good final production titer92,98 

To produce immunoglobulins, the heavy and the light chain must be co-expressed, and the 

heterodimer is subsequently assembled by the post-translational apparatus of the host cell. Today 

is widely accepted that the ratio of the heavy to the light chain has a great impact on the overall 

production yield98–100. The classical approach is a two vector-based system, where the heavy and 

light chain coding sequences are borne by two different vectors. Otherwise, genes can be cloned in 

the same vector with multiple promoters where each gene is under the control of their own 

promoter101,102. Stably transfected hosts are then screened for high productivity, stable production 

and good product quality. Having different expression units has some disadvantages, first there is a 

lack of accurate control over the relative expression of the heavy and the light chain, second there 

is the risk of multiple insertion sites in the host genome for the different plasmids98,101. 

An alternative approach is to use bi-cistronic expression cassettes that allow to express the heavy 

and the light chains from a single mRNA. Internal Ribosomal Entry Sites (IRES) can be used to drive 

translation initiation to the downstream cistron. IRES sequences, in fact, allow the initiation of 

translation in a cap-independent manner: ribosomes bind internally at the initiating AUG without 

scanning the 5’-nontranslated region of the transcript. In this way two different genes can be 

expressed on a single vector and under the control of the same promoter103,104. But it has been 

shown that IRES elements do not ensure a balanced translation, in fact, the downstream cistron 

expression is significantly lower99,104. 

To ensure an equimolar expression of heavy and light chain, Fang and collegues105 described a 

strategy that uses the foot-and-mouth-disease virus (FMDV)-derived 2A self-processing sequence 

to co-express the heavy and the light chains from a single mRNA within a single Open Reading Frame 

(ORF)98. In the genome of some members of the picornaviridae family, 2A sequences can be found 
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located between the capsid protein precursor P1 and the replicative domain P2 and, upon 

translation, can undergo self-cleavage to generate separate mature proteins. In fact, the 2A 

oligopeptide can cleave its own C-terminus, between the last two amminoacids, in an enzyme-

independent manner. The mechanism is still unclear, but is thought that the 2A impedes the peptide 

bond formation by ribosomal skip106. The addition of the 2A coding sequence between the heavy 

and light chains coding genes, ensures an equimolar production of the chains. This strategy has been 

successfully applied to produce human IgG98,105,107. 

Nowadays production and purification of human recombinant IgG antibodies is well established and 

reliably performed, however, in the last years also the production of IgA and IgM antibodies has 

attracted increasing attention. In the diagnostic field, IgM are markers of early infection and IgA can 

be used, for example, for the detection of autoimmune diseases, such as coeliac disease or Sjogren's 

syndrome108–110. Indeed, the mammalian vectors described before can be easily adapted to produce 

other human, or from other species, Ig isotypes and, some of them, are already commercially 

available (e.g. the pFUSE or the pTRIOZ set of vectors††). 

The most prominent host cell lines for recombinant mAb expression are CHO, NS0, Sp2/0, HEK293 

and PER.C6. CHO cells were used as an expression system for the first approved recombinant 

biopharmaceutical (tissue plasmogen activator, t-PA) in 1986 and, since then, CHO cells have clearly 

remained the preferred choice for recombinant protein expression92. CHO cells can be easily 

adapted to grow in suspension, in serum-free conditions and at high cell densities111. Thanks to -

omics approaches that allowed to better understand CHO metabolism and to the advent of genome 

editing technologies, this cell line has been extensively engineered to improve protein production 

yield112,113. The CHO-based mAb production processes have maturated considerably and typically 

reach the highest product titers with ~1 g/L in batch and 1-10 g/L in fed-batch processes111,114. CHO 

cells will maybe remain the workhouse to produce monoclonal recombinant antibodies for the next 

years. Nonetheless, much work was and is being performed to find alternative platforms also in 

lowers eukaryotes (such as yeasts) or prokaryotes92,115. 

From more than 20 years since the discovery of phage display technology, it is possible to say that 

al the steps needed to produce recombinant monoclonal antibodies starting from a phage display 

 
†† www.invivogen.com 
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library are well established, making this technology the major alternative to hybridoma both for 

diagnosis and therapy purposes. 

9. Recombinant monoclonal antibodies generation, a case study: 

Interferon γ as a biomarker for tuberculosis diagnosis 

In this work, the entire pipeline to generate recombinant mAbs has been covered to select, improve 

and produce antibodies against Interferon γ (IFNγ), a molecular biomarker for tuberculosis (TB), 

starting from a naïve phage display library. The entire process was tailored to find antibodies able 

to work in the DiaSorinLIAISON® QuantiFERON®-TB Gold assay, a commercial kit, provided by 

DiaSorin S.p.A, which is performed on the LIAISON® analyzer. 

Tuberculosis is among the ten causes of death worldwide and the leading killer disease for HIV-

positive patients. In 2018, 10 million people fell ill with TB and 1,5 died from the disease. High TB 

incidence cases occur in poor and overpopulated areas, last year, the most affected countries where 

the South-East Asia region, with 44% of new cases, followed by the African region, with 24% of new 

cases and the Western Pacific with 18%‡‡. 

TB is an infectious disease mainly transmitted by cough aerosol caused by Mycobacterium 

tuberculosis. The classical symptoms of the active lung disease are cough with sputum and blood at 

times, chest pains, weakness, weight loss, fever and night sweats**. Nevertheless, exposure to this 

bacterium unfrequently leads to a symptomatic disease, indeed only the 12% of the infected 

individuals develop the disease. In fact, the evolution of the disease is a function of the host’s 

immunocompetence, for this reason HIV- positive individuals are more prone to the progression of 

the disease to the active state116. 

 
‡‡ Data from World Health Organization’s website: www.who.int 
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Diagnosis of M. tuberculosis infection (either in the active or in the latent state) is fundamental not 

only for the treatment of the infected individuals, but also to control the spreading of the disease 

among the population. In addition to this, even if people bearing latent TB are not infective, their 

diagnosis is very important, because some of them, particularly the immunosuppressed, can 

develop its active form. Currently, the routine diagnosis of active TB employs various techniques 

including smear microscopy, culture of M. tuberculosis bacilli, Nucleic Acid Amplification Test 

(NAAT) and clinical anamnesis. On the other hand, latent TB is identified thanks to the Tuberculin 

Skin Test (TST) and the IFNγ Release Assay (IGRA)116,117. The molecular mechanism underlying both 

tests is shown in Figure XII. 

 

Figure XII The two tests that can be performed for tuberculosis detection. In the upper panel the TST, that measures 
skin erythema due to the activation of the immune response previously sensitized with the bacterium. In the lower 
panel, the IGRA test, here the mononuclear cells of the peripheral blood are stimulated with a cocktail of proteins 
derived from M. tuberculosis and IFNγ production is measured by ELISA. Figure taken from 118. 

TST (upper panel, Figure XII) is an in vivo test that measures skin induration after the injection of 

Purified Protein Derivative (PPD) tuberculin. PPD is prepared by precipitation of proteins from heat-

killed cultures of M. tuberculosis, this mixture however contains poorly defined complex antigens 

and proteins at different stages of denaturation. If the person is TB-positive the skin induration, due 

to the immune response, appears after 48-72h. This test is prone to false-negatives results caused 

by the presence of unrelated bacterial infections (because of the presence in the PPD of protein 

components which are shared between different bacterial strains) or by previous Bacillus Calmette-

Guérin (BCG) vaccination117,118.  

IFNγ is a cytokine released mainly by immune cells under antigen stimulation and plays an important 

role in antiviral, antiproliferative, differentiation inducing and immunoregulatory properties. IGRA 
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(lower panel, Figure XII) is an in vitro blood test that measures the release of IFNγ by T cells upon 

stimulation with M. tuberculosis specific antigens, these antigens usually include Early-Secreted 

Antigenic Target 6 (ESAT6) and Culture Filtrate Protein 10 (CFP10). IGRA are available in two formats, 

ELISA-based assay (as the DiaSorinLIAISON® QuantiFERON®-TB Gold test) and enzyme-linked 

immunospot assay (ELISPOT, as T-SPOT® TB test sold by Oxford Immunotec.§§). Both these formats 

rely on the same principle, but the ELISA test quantifies the concentration of the released IFNγ, 

whereas the ELISPOT counts the number of the IFNγ-producing T cells. These assays are not affected 

by prior BCG vaccination, but are not able to discriminate well between active or latent TB117–119. 

In this work the reference kit is the DiaSorinLIAISON® QuantiFERON®-TB Gold test that, as it is 

possible to see from Figure XIII, is carried out in three steps: stimulation of T lymphocytes, interferon 

γ production and, finally, its quantification. For T cells stimulation and subsequent IFNγ release, the 

blood sample is incubated for 24 hours with M. tuberculosis antigens. The sample is than loaded on 

the immunodiagnostic automated platform and the presence of IFNγ is detected employing two 

monoclonal antibodies. The first Ab is coated on paramagnetic particles and captures the IFNγ 

present in the sample, then a secondary labelled antibody is added to detect the signal. This test 

has shown the 99% of accuracy***. 

 

Figure XIII A graphic representation of how the DiaSorinLIAISON® QuantiFERON®-TB Gold test works. The blood sample 
is incubated for 24 hours with the M. tuberculosis antigens to stimulate IFNγ (represented with its real crystalized 
structure. PDB entry: 1HIG136)  release from T cells. To establish the presence of the latent pathology, IFNγ is than 
quantified thanks to a sandwich ELISA-based assay. Figure created with BioRender.com.  

 
§§ www.oxfordimmunotec.com 
*** www.diasorin.com 
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Aim of the project  

and Experimental design 

 

The whole recombinant monoclonal antibody generation pipeline using the phage display 

technology usually follows the same steps, independently from the final application of the selected 

antibodies.  

All the different phases are depicted in Figure A. 

 

Figure A The overall strategy to obtain recombinant antibodies starting from an antibody phage display library. 

The major aim of this project was to improve this pipeline, in all its phases, to tailor the recombinant 

antibody production for diagnostic purposes.  

DiaSorin S.p.A, the company that funded this Ph.D. project, manufactures and sells a diagnostic 

platform named LIAISON® and all the immunodiagnostic kits sold by the company work on this 

platform, so some of the passages necessary for the recombinant monoclonal antibody production 

needed to be adapted to this requirement. 

Phase I: Library design and validation  

The entire phage display antibody process necessitates the construction of good quality libraries, 

and these are the essential resource for the success of every phage selection. Depending on the 

source of V genes, different antibody libraries can be built with different features, and the choice of 

what kind of library utilize depends on the final employment of the antibody.  

In this work, the first step was to construct and validate a naïve human antibody phage display 

library. It has been decided to build this kind of phage display library because of its intrinsic feature 

to provide antibodies against a broad range of antigens.     

As a case study for the validation not only for the functionality of the library, but of the whole 

pipeline, this work focused on Interferon γ. DiaSorin S.p.A already sells a kit (DiaSorinLIAISON® 
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QuantiFERON®-TB Gold test) that detects the concentration of IFNγ in blood samples, this kit is 

employed for the diagnosis of tuberculosis.  

The DiaSorinLIAISON® QuantiFERON®-TB Gold test basically relies on a sandwich ELISA, so a proof 

of concept of a good functionality of the pipeline was to find one antibody able to substitute the 

one of the two already present in the commercial kit. 

Phase II: Selection of target binding clones 

The naïve phage display library was screened and enriched for IFNγ-specific clones. It is well kwon 

that depending on the desired characteristics of the scFv there are different biopanning strategies. 

In this work, the biopanning strategy needed to be adapted to the diagnostic requirements. 

Phase III: Optimization of the selected clones 

Given the high specificity of a commercial diagnostic kit, the affinity of the antibodies isolated from 

a naïve phage display library must be further improved. This is possible thanks to the affinity 

maturation procedure. In this work, an affinity maturation methodology has been applied to 

generate and binders with higher affinity. These were validated on the LIAISON® platform.  

Phase IV: Recombinant monoclonal antibodies production 

The selection of a specific antibody fragment is not enough for diagnostic purposes, an important 

part of the recombinant Ab generation pipeline is the production of more complex antibody 

fragments such as the scFv-Fc or of the full-size Ig. The transfection strategy and the cell line chosen 

must ensure a good Ig quality in terms of protein folding and high final production yields.  

In this work, the IFNγ-specific clones selected from the naïve library and affinity maturated were 

produced as scFv-Fc and their functionality in the diagnostic setting was bench-scale validated. 

Nowadays the most employed antibody format is, still, the full size-Ig. Following a one vector 

approach, in this work has been built a set of vectors that allows the expression of the human IgG, 

IgA and IgM and of the mouse IgG in mammalian cell lines. These vectors were transfected, and the 

produced Ig were validated in terms of protein folding and specificity towards the antigen.   
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Materials and Methods  

 

List of abbreviations 

AP: Alkaline Phosphatase 

BCIP: 5-Bromo-4-chloro-3-indolyl phosphate 

HRP: Horseradish Peroxidase 

NBT: Nitrotetrazolium Blue chloride 

TMB: 3,3ʹ,5,5ʹ-Tetramethylbenzidine 

1. Materials 

1. Bacterial strains used are:  

Escherichia coli DH5α [F’/endA1 hsd17(rK_mKþ) supE44 thi-1 recA1gyrA (Nalr) relA1 

_(lacZYA-argF) U169 deoR (F80dlacD-(lacZ)M15)] 

Escherichia coli TG1 [F´ traD36 proAB lacIqZ ΔM15] supE thi-1 Δ(lac-proAB) Δ(mcrB-

hsdSM)5(rK– mK–). 

2. Ficoll-Paque PLUS (GE Healthcare) 

3. TRIzol™ reagent (ThermoFisher) 

4. GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich) for plasmid DNA preparation, following the 

instructions of the manufacturer. 

5. Stock solutions of antibiotics (Sigma-Aldrich) are prepared by dissolving kanamycin at 50 

mg/ml in water and ampicillin at 100 mg/ml in water. Kanamycin and ampicillin stocks are 

filtered with 0,22 μm filter device and stored at –20°C. 

6. 2xTY liquid broth: 16 g bacto-tryptone, 10 g bacto-yeast and 5 g NaCl to 1 L of ddH2O. Final 

pH 7,0. Agar plates are prepared by adding 1,5% bacto-agar to 2xTY broth. 

7. Restriction endonucleases, T4 DNA ligase and buffers are purchased from New England 

Biolabs and used according to the manufacturer suggestions and standard molecular biology 

procedures. 

8. GenElute™ Gel Extraction Kit and GenElute PCR Clean-Up Kit (Sigma-Aldrich) for DNA 
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purification from agarose gel and restriction reactions, respectively, following the 

instructions of the manufacturer. 

9. The DNA Clean & Concentrator™-5 kit (Zymo Research) for purification and concentration of 

the ligation reaction, following the instructions of the manufacturer. 

10. TG1 Electrocompetent Cells (Lucigen) and 1 mm gap cuvette (BTX) for ligase transformation, 

following the instructions of the manufacturer. 

11. Helper phage M13KO7 (New England Biolabs). 

12. Solution for precipitation of phages: 20% (w/v) polyethylene glycol (PEG) 6000 in 2,5 M NaCl. 

The solution is filtered through a 0,22 μm filter before use. 

13. PBS: 8 g NaCl, 0,2 g KCl, 1,44 g Na2HPO4 and 0,24 g KH2PO4 in 1 L H2O, final pH 7,4. 

14. 2xTYAG: 2xTY liquid broth supplemented with 100 μg/ml ampicillin and 1% of glucose. 

15. 2xTYAK: 2xTY liquid broth supplemented with 100 μg/ml ampicillin and 50 μg/ml kanamycin. 

16. PBS/Tween: PBS supplemented with 0,1% (v/v) of Tween-20. 

17. 2% MPBS: 2 g non-fat milk powder/100 ml PBS. 

18. 4% MPBS: 4 g non-fat milk powder/100 ml PBS. 

19. HRP-conjugated antibodies were all purchased from Jackson ImmunoResearch expect for 

the anti-human IgA and IgM antibodies that were purchased from Sigma-Aldrich. 

20. Anti M13 HRP: the Ab was purchased from PROGEN and HRP-conjugated with a commercial 

kit bought from Abcam.  

21. TMB ready-to-use, pre-mixed solution for colorimetric HRP-based ELISA detection (Sigma-

Aldrich) 

22. 2N sulfuric acid: 55,6 ml 97% H2SO4 diluted up to 1 L H20 

23. AP-conjugated antibodies: anti V5 antibody as purchased from ThermoFisher. Anti-humam 

IgA and anti IgM were purchased from Sigma-Aldrich. Anti-human and mouse IgG antibodies 

were purchased from Jackson ImmunoResearch. 

24. Streptavidin-coupled Dynabeads M-280 (Invitrogen). 

25. POROS Mab Capture A Select (Applied Biosystems)  

26. CaptureSelect XL (ThermoFisher). 

27. BCIP/NBT (Sigma-Aldrich) 
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2. Methods 

2.1 Construction of the naïve antibody library 

From PBLs isolation to scFv assembly 

Blood samples have been collected from 25 healthy donors. 

1. Samples of human PBLs are purified by density gradient centrifugation on Ficoll Hypaque and 

are used as starting material. 

2. Total RNA is prepared by using the TRIzol™ reagent. 

3. cDNA is synthesized using Reverse Transcriptase (Quanta bio) and a specific primer for the IgM 

constant heavy chain and 2 specific primers for the κ and λ light constant chains respectively. As 

described in 120.  

Primary PCR: VH and VL genes are specifically amplified by PCR using the set of primers described in 
120.  

Reactions are preformed using 1 µl of cDNA as template, with Phusion High-Fidelity DNA Polymerase 

(ThermoFisher), in a volume of 50 µl. Cycling parameters are 98°C for 10 sec (denaturation), 65°C 

for 30 sec (annealing) and 72°C for 30 sec (extension) for 31 cycles. All 50 µl are loaded on a 1,5% 

agarose gel and purified using a purification kit.  

Secondary PCR: VH and VL purified genes are pooled equally and re-amplified using external primers. 

Name and sequence of the oligonucleotides: 

VLPT1  

5’ CGCTGGATTGTTATTACTCGCAGCAAGCGGCGCGCATGCC 3’ 

VHPTL  

5’ GGAGGGTCGACCATAACTTCGTATAATGTATACTATACGAAGTTATCCTCGAGCGGTA 3’ 

VHPT1 

5’ CCAGGCCCAGCAGTGGGTTTGGGATTGGTTTGCCGCTA 3’ 

VLPTL 

5’ ACCGCTCGAGGATAACTTCGTATAGTATACATTATACGAAGTTATGGTCGACCCTCC 3’   
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Reactions are preformed using 5 ng of purified primary PCR as template, with Phusion High-Fidelity 

DNA Polymerase (ThermoFisher), in a volume of 50 µl. Cycling parameters are the same described 

above. All 50 µl are loaded on a 1.5% agarose gel and purified using a purification kit.  

Assembly PCR: The scFv library is generated by mixing equal amounts (5 ng) of VH and VL genes and 

performing a two-step overlapping PCR, essentially as described in 121: 8 cycles of PCR without 

primers followed by 25 cycles in the presence of external primers. Cycling parameters are 98°C for 

10 sec (denaturation), 60°C for 30 sec (annealing) and 72°C for 30 sec (extension).  

8 assembly reaction of 50 μl should be set up and product purified on a 1.5% agarose gel. 

Name and sequence of the oligonucleotides: 

VLPT2  

5’ TACCTATTGCCTACGGCAGCCGCTGGATTGTTATTACTC 3’ 

VHPT2 

5’ TGGTGATGGTGAGTACTATCCAGGCCCAGCAGTGGGTTTG 3’ 

Ligation and electroporation of scFv library 

1. Both phagemid cloning vector pDAN5 and purified scFv fragments are sequentially digested, 

with BssHII restriction endonuclease for 2 h at 50°C and then with NheI for 4 h at 37°C. Vector is 

loaded on an agarose gel and gel purified using a purification kit, scFv inserts, instead, are 

purified using a clean-up kit. 

2. Ligation reaction is prepared as follow: double-digested and purified vector 500 ng, double 

digested and purified scFv 300 ng (phagemid: insert molar ratio of 1:3); T4 ligase. Incubate 

reactions at 2 h at 22°C and then at 16°C overnight. 

3. Clean up and concentrate ligation using a commercial kit (Zymo research) 

4. Elute the DNA in ultrapure H2O. 

5. The ligation mix is electroporated into TG1 Electrocompetent Cells (Lucigen) following the 

instructions of the manufacturer. 

6. Transformations are pooled and plated on 2xTYAG 15 cm plates and grow O/N at 25-28°C to 

obtain a primary library. Make dilutions to estimate library diversity.  

7. The next day colonies are scraped up in 2xTY 20% glycerol and frozen down in 1 ml aliquots and 

some small working aliquots of 100 μl. 
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2.2 Colony PCR amplification and DNA fingerprinting  

1. Make up a PCR-Mastermix with 20 μl per clone. Use forward and back primers mapping external 

to the 5’ and 3’ end of the scFv insert. 

2. Aliquot 20 µL of the Mastermix. 

3. Add 0,5-1 μl of culture taken from the master plate into PCR reaction  

4. Perform 30 cycles of denaturation, annealing and elongation steps using the temperature and 

incubation times indicated on the DNA Taq Polymerase datasheet.   

5. Check 2 µl of the PCR reaction on a 1,5% agarose-gel. 

6. Make up a fingerprinting-Mastermix and add 15 μl to each PCR tube.  

Mastermix is as follow: BstNI buffer (10x), BstNI 1 unit per μg of DNA. 

  HaeIII buffer (10x), HaeIII 1 unit per μg of DNA 

7. Digest samples at 60°C (BstNI) or 37°C (HaeIII) for 2-3 hrs. 

8. Load on a 3% agarose gel, run and compare the banding patterns of individual clones on a UV 

transilluminator. 

2.3 Phage display library production 

1. Dilute the library glycerol stock in 15 ml of 2xTY. Read the OD600 and inoculate in 100 ml of 

2xTYAG OD600=0,05 bacteria.  

2. Grow with shaking (250 rpm) for 1,5-2,5 hours at 37°C, to an OD600 of 0,5. Check the OD600 

regularly so not to overgrow the cells. 

3. When an OD600 of 0,5 is reached, add a 20 fold excess of helper phage. Leave at 37°C for 45 min, 

standing with occasional shaking. 

4. Spin the cells for 15 min at 4.000 rpm.  

5. Discard the supernatant. 

6. Dissolve the bacterial pellet in a volume 5 times greater than the initial culture volume of 

2xTYAK. Grow shaking (250 rpm) overnight at 28°C, using enough flasks to ensure that the flask 

volume is 5 times greater than the culture volume.  

7. The following day bacteria are centrifuged at 7.000-10.000 rpm for 25 min at 4°C. The 

supernatant, containing phages, is collected and subject to PEG precipitation. 

PEG precipitation of phagemid particles 

1. Add 1/5 volume of PEG/NaCl solution to the cleared supernatant, mix well and leave for 30-60 
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min on ice. Successful precipitation can usually be seen after few minutes as a haziness. 

2. Spin down at 4.000 g for 15 min at 4°C; discard supernatant. The pellet should be white. If it is 

brown, this is usually due to contamination with bacteria, and the PEG precipitation should be 

repeated. 

3. Dissolve phage pellet in 1/10 original volume with PBS. 

4. Spin in microcentrifuge (10 min, max speed) to remove the remaining bacteria, a small brown 

pellet could be visible. Transfer supernatant to a new tube. 

5. Steps 1-4 can be repeated for added purity (double PEG precipitation, mandatory when 

preparing the phage library, accessory when preparing phages for a selection), and especially if 

the first PEG precipitate is brown, and should always be done for prolonged storage of phage 

preparations. In this case add 1/5 PEG solution to the supernatant; leave on ice for 10-20 

minutes; haziness should be seen immediately. Spin phage down (5 min, max speed), remove 

supernatant carefully and dissolve the pellet in PBS 1/50 of the original volume with a 1 ml filter-

tip. Remove bacteria again by spinning (2 min, max speed). 

6. Store the PEG precipitated library at -80°C added with 20% sterile glycerol.  

Phage titration into E. coli  

1. Make serial 10-100 fold dilutions of the phagemid solution in 1,5 ml tubes in 2xTY medium to 

final volumes of 1 ml.  

2. Add 10 µl of the diluted phages to 1 ml of exponentially growing E. coli. Incubate without shaking 

at 37°C for 45 min. 

3. Plate 100 µl of each dilution onto 2xTYAG plates overnight at 28°C.  

4. As a control, uninfected E. coli should be plated and grown on a separate ampicillin plate. If 

colonies grow on this plate it indicates possibly an infection of contaminating phagemid. 

5. Next day, count the number of colonies and calculate the phage titer.  

2.4 Selection  

Antigen immobilized on plastic surfaces  

1. Add 1 ml antigen to a 75x12 mm Nunc-immunotube. Leave O/N at 4°C (or 1 hr at 37°C). Next 

day, wash 3x with PBS (simply pour solution in and pour out again immediately). 

2. Block the immunotube by adding 2% MPBS to the rim. Seal the tube with parafilm and leave for 

30 min-2 hrs at room temperature. Meanwhile, pre-block PEG-concentrated phage in a final 
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volume of 1 ml with 2% MPBS. 

3. Wash the immunotube 2x with PBS-Tween-20 and 2x with PBS and transfer phage-mix to 

immunotube and cover tube with parafilm. Incubate for 30 min on a rotator and then for 1,5 hrs 

standing at room temperature. 

4. Wash tubes 10 times with PBS-Tween-20, then 10 times with PBS. Each washing step is 

performed by pouring buffer in and out immediately.  

5. Elute phages from tube by infecting with exponentially growing E. coli cells. Leave the tube at 

37°C for 45 min with occasional shacking. Plate bacteria directly on 2 x 15 cm 2xTY agar plates 

added with ampicillin and grown O/N at 28°C. 

Biotinylated antigen and streptavidin-paramagnetic beads  

1. Phage preparation is saturated to a final concentration of 2% MPBS in 500 μl volume. 100 μl 

streptavidin-magnetic beads are added to select streptavidin binding phage. Solution is 

equilibrated on rotator at room temperature for 60 min.  

2. Remove the streptavidin binding phage by drawing the beads to one side using a magnet and 

remove the supernatant. 

3. Add biotinylated antigen to the equilibrated phage mix. 

4. Incubate on rotator at room temperature for 20 min. 

5. While incubating the phage wash 100-200 μl streptavidin-magnetic beads with PBS. 

6. Draw equilibrated beads to one side with magnet, remove buffer and resuspend beads with 

phage-antigen mix and incubate on rotator at room temperature for 5 min. 

7. Place tubes in magnetic rack and wait until all beads are bound to the magnetic site. Wash the 

beads from the cap by tipping rack upside down and back again. 

8. Leave tubes in the rack for 1-2 min then aspirate the tubes carefully, leaving the beads on the 

side of the tube. 

9. Wash the beads carefully 6 times with 0.75 ml PBS-Tween-20. 

10. Wash the beads 4 times with 0.75 ml PBS. 

11. Elute phage from beads by mixing the beads with 1 mL of E. coli DH5αF’, at OD600 0,5, at 37° C, 

for 45 min, with occasional shaking. Bacteria are plated on 2x15 cm 2xTY agar plates added with 

ampicillin and grown O/N at 28° C. 

Growing phage clones in microtiter plates for ELISA testing 

After two or three rounds of selection, individual colonies from the selection are tested for antigen 
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binding by ELISA. A microtiter-well system can be used for individual phage preparation. The 

principle involving growth, helper phage infection and phage production is the same as for the 

library, but it is applied to single clones in the 96-well plate format.  

1. Put 100 µl of 2xTYAG into each well of a round-bottomed 96-well plate. Inoculate a single colony 

in each well by touching the top of a colony with an autoclaved toothpick or sterile plastic tip. 

Grow with shaking (250 rpm) overnight at 30°C.  

2. Next day, use a 96-well sterile transfer device or pipet to inoculate 2 μl per well from this plate 

to a round-bottomed 96-well containing 120 μl 2xTYAG per well. Grow to OD600 nm 0,5 at 37°C, 

shaking. 

3. To each well add 50 μl 2xTYAG containing 1x109 pfu helper phage. The ratio of phage to 

bacterium should be about 20:1. Stand 45 min at 37°C. 

4. After the incubation, spin at 1.700 rpm for 20 min; then remove the supernatant. 

5. Re-suspend the bacterial pellet in 120 μl 2xTYAK. Grow overnight 28°C, shaking. 

6. Next day, spin at 1.700 rpm for 10 min and use 50 μl supernatant per well for phage ELISA.  

2.5 ELISA   

Antigen directly coated on the solid surface 

1. Coat plate with 100 µl per well at the final concentration of 10 µg/ml. Leave O/N at 4°C.  

2. Discard the antigen solution, rinse wells twice with PBS and block with 120 µl per well of 2% 

MPBS, for at least 45 min at room temperature.  

3. Wash wells twice with PBS. 

4. If working with phages: add 50 μl 4% MPBS and 50 μl culture supernatant containing the phage 

antibodies to the appropriate wells, mix carefully. Leave approximately 1,5 hrs at room 

temperature with mild shaking.  

1. If working with Ab fragments or full-size Ig: dilute 1:100 CHO supernatant in 100 μl of 2% MPBS. 

Leave approximately 1 hr at room temperature.  

5. Discard the solution, wash out wells 3x with PBS-Tween-20 and 3x with PBS.  

6. Add 100 μl properly diluted HRP-conjugated secondary antibody. Incubate for 1 hr at room 

temperature.  

7. Discard solution and wash wells 3x with PBS-Tween-20 and 3x with PBS.  

8. Dispense 100 µl TMB solution per well, leave at room temperature in the dark. 

9. Quench by adding 42 μl stop solution 2N H2SO4.  
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10. Read at 450 nm.  

Biotinylated antigen in solution 

1. If working with phages: dilute 50 μl of the E. coli supernatant containing phages or the PEG-

precipitated phages 1:2 in 4% MPBS.  

If working with Ab fragments: dilute 1:50 CHO supernatant in 100 μl of 2% MPBS 

2. Dilute the biotinylated antigen at the desired concentration in 100 μl of 2% MPBS.  

3. Mix the dilutions made in 1. and 2. and add 20 μl streptavidin-magnetic beads, final volume is 

220 μl.  

4. Incubate on rotator at room temperature for 20 min. 

5. Place tubes in a magnetic rack and wait until all beads are bound to the magnetic site. Wash the 

beads from the cap by tipping rack upside down and back again. 

6. Wash the beads carefully 3 times with 0,75 ml PBS-Tween-20. 

7. Wash the beads carefully 3 times with 0,75 ml PBS. 

8. Add 100 μl of the properly diluted HRP-conjugated secondary antibody. 

9. Incubate on rotator at room temperature for 20 min. 

10. Place tubes in magnetic rack and wait until all beads are bound to the magnetic site. Wash the 

beads from the cap by tipping rack upside down and back again. 

11. Leave tubes in the rack for 1-2 min then aspirate the tubes carefully, leaving the beads on the 

side of the tube. 

12. Wash the beads carefully 3 times with 0,75 ml PBS-Tween-20. 

13. Wash the beads carefully 3 times with 0,75 ml PBS. 

14. Dispense 100 µl TMB solution per well, leave at room temperature in the dark. 

15. Quench by adding 42 μl stop solution 2N H2SO4.  

16. Read at 450 nm.  

scFv-Fc/full-size Ig production  

1. Dilute the CHO supernatant 1:50 or 1:100 and coat the plate with 100 µl per well. Leave O/N at 

4°C or at 37°C for 2 hrs.  

2. Discard the solution, rinse wells twice with PBS and block with 120 µl per well of 2% MPBS, for 

at least 45 min at room temperature.  

3. Wash wells twice with PBS. 

4. Add 100 μl properly diluted HRP-conjugated secondary antibody. Incubate for 1 hr at room 
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temperature.  

5. Discard solution and wash wells 3x with PBS-Tween-20 and 3x with PBS. 

6. Dispense 100 µl TMB solution per well, leave at room temperature in the dark. 

7. Quench by adding 42 μl stop solution 2N H2SO4. 

8. Read at 450 nm.  

Sandwich ELISA 

1. Coat plate with 100 µl per well of the primary antibody at the final concentration of 10 μg/ml. 

Leave O/N.  

2. Discard the primary antibody solution, rinse wells twice with PBS and add 100 µl per well of the 

antigen at the desired concentration, for at least 30 min-45 min at room temperature. 

3. Discard the antigen solution, rinse wells twice with PBS and block with 120 µl per well of 2% 

MPBS, for at least 45 min at room temperature.   

4. Wash wells twice with PBS. 

5. Dilute the CHO supernatant 1:100 in 100 μl 2% MPBS (or dilute the purified Ab at the desired 

concentration in 100 μl 2% MPBS) and add to the wells. Leave approximately 1 hr at room 

temperature.  

6. Discard the solution and wash the wells 3x with PBS-Tween-20 and 3x with PBS.  

7. Add 100 μl properly diluted HRP-conjugated secondary antibody. Incubate for 1 hr at room 

temperature.  

8. Discard the solution and wash the wells 3x with PBS-Tween-20 and 3x with PBS.  

9. Dispense 100 µl TMB solution per well, leave at room temperature in the dark. 

10. Quench by adding 42 μl stop solution 2N H2SO4.  

11. Read at 450 nm.  

2.6 scFv-Fc and full-size immunoglobulins vectors construction 

scFv-Fc 

Both the vector that allows the expression of the scFv-Fc (human CH2-CH3) Ab fragment96 and scFv 

fragments bear the same restriction sites, so they are sequentially digested, first with BssHII 

restriction endonuclease for 2 h at 50°C and then with NheI for 4 h at 37°C. Vector and scFv 

fragments are loaded on an agarose gel and gel purified using a purification kit.  

100 ng of the double-digested and purified vector is ligated with the double digested and purified 
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scFv: insert molar ratio of 1:3. Incubate reactions at 2 h at 22°C or at 16°C overnight. 

Full-size Ig 

Figure MM1 Organization of the Full-size Ig expression vector ORF and of the restriction sites along. 

The backbone used for the construction of this vector is the pcDNA3.1(-). The plasmid is organized 

as follows (see Figure MM1): 

• L: leader peptide, this sequence is the same present on the pMB vector122.  

• VH: heavy variable chain 

• Fc region: heavy constant chain 

• F: furin cleavage site, this sequence is 4 amminoacids (RKRR) long and allows the elimination of the 

residual 2A sequence peptide. 

• 2A: this sequence is taken from the FMDV, is 24 AA long (APVKQTLNFDLLKLAGDVESNPGP) 

• L: second leader peptide, this sequence is taken from the pDUO vector (Invivogen) 

• VL: light variable chain 

• Cκ: light constant chain 

The vector for the expression of the full-size Ig was already present in the host laboratory. The 

sequences of the Fc-F-2A-L of the human IgM and IgA are chemically synthetized. So, the synthetic 

DNA fragments and the backbone vector are sequentially digested (see Figure MM1 for the 

organization of the restriction sites along the ORF), first with BssHII restriction endonuclease for 2 h 

at 50°C and then with NheI for 4 h at 37°C. The backbone and the inserts are loaded on a 1% agarose 

gel and purified using a kit. 

100 ng of the double-digested and purified vector are ligated with the double digested and purified 

DNA fragment: insert molar ratio of 1:3. Incubate reactions at 2 h at 22°C or at 16°C overnight. 

For the construction of the expression vector of the full-size mouse IgG, was performed the 

following procedure: 

Starting from the cDNA retrotranscribed from the RNA extracted from mouse’s PBLs is performed a 

primary PCR to amplify the Fc fragment, the primers are designed to introduce in 5’ the NheI 

restriction site and of the first 20 nucleotides of the 2A in 3’. 
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Name and sequence of the oligonucleotides: 

Mouse CH1 sense         

5’ CAGTGCTAGCACGACACCCCCATCTGTC 3’      

Mouse CH3 anti 

5’ ACAGGGGCTCTCCGCTTTCTTTTACCAGGAGAGTGGGAG 3’ 

In a second PCR using the full-size IgG as a template the F-2A-LEADER-VL-Cκ sequnce is amplified. 

Name and sequence of the oligonucleotides: 

2A sense  

5’ AGAAAGCGGAGAGCCCCTGTG 3’ 

pHygro anti 

5’ CAGATGGCTGGCAACTAG 3’ 

The so obtained DNA fragments are loaded on a 1,5% agarose gel and purified using a kit. These are 

then PCR assembled, essentially as described in 121: 8 cycles of PCR without primers followed by 25 

cycles in the presence of external primers. Cycling parameters are 98°C for 10 sec (denaturation), 

60°C for 30 sec (annealing) and 72°C for 30 sec (extension).  The assembly PCR product is loaded on 

a 1% agarose gel and purified using a kit. 

The purified assembly PCR product and the backbone vector are sequentially digested (see Figure 

MM1 for the organization of the restriction sites along the ORF), first with BssHII restriction 

endonuclease for 2 h at 50°C and then with BsiWI for 2 h at 55°C. The backbone and the insert are 

loaded on a 1% agarose gel and purified using a kit. 

100 ng of the double-digested and purified vector are ligated with the double digested and purified 

assembly PCR product: insert molar ratio of 1:3. Incubate reactions at 2 h at 22°C or at 16°C 

overnight. 

The mouse κ light constant chain was amplified from the mouse cDNA. 

Name and sequence of the oligonucleotides: 

Cκ mouse sense 

5’ CAATCGTACGGATGCTGCACCAACTGTATCCAT 3’ 
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Cκ mouse anti 

5’ GGTTTAAGCTTACGCGTTCATTAACACTCATTCCTGTTGA 3’ 

The so obtained DNA fragment is loaded on a 1,5% agarose gel and purified using a kit. The purified 

PCR product and the backbone vector (already bearing the mouse F) are sequentially digested (see 

Figure MM1 for the restriction sites organization along the ORF), first with BsiWI restriction 

endonuclease for 2 h at 55°C and then with HindIII for 2 h at 37°C. The backbone is loaded on a 1% 

agarose gel and purified using a kit. The insert is purified from liquid using a kit. 

100 ng of the double-digested and purified vector are ligated with the double digested and purified 

assembly PCR product: insert molar ratio of 1:3. Incubate reactions at 2 h at 22°C or at 16°C 

overnight. 

2.7 Common procedures 

ExpiCHO cells culture and transfection 

ExpiCHO cells have been expanded, transfected and stored complying the manufacturer’s 

instructions. In this work was followed the 24 Deep Well Block protocol for the transfection and the 

high titer protocol for the production. 

Purification of the scFv-Fc/Full-size Ig 

The general protocol is the same for the Protein A-resin or the CaptureSelect XL resin. The technical 

details for the CaptureSelect XL resin are written between the brackets. 

Each scFv-Fc or full-size Ig was purified from 2,5 ml of cell culture medium.  

1. Filter through a 0,22 μm filter device the collected medium and mix with 1/10 of the final volume 

of 1 M Tris/HCl pH 8 (PBS 10x pH 7,4). 

2. Wash 50 μl-100 μl of the resin, the volume depends on its binding ability, twice by transferring 

it into a tube containing 8 ml of 0,1 M of Tris/HCl pH 8 (PBS pH 7,4) and centrifuging for 5 min at 

800 x g, 10°C.  

3. Incubate the resin was the medium on rotation O/N, at 10°C.  

4. Transfer the medium into a plastic column allowing the package of the resin.  

5. After flowing of the medium, add 10 ml of 0,1 M Tris/HCl pH 8 (PBS pH 7,4) to wash the resin. 

6. Elute the resin-linked scFv-Fc (or full-size Ig) molecule by flowing 1 ml of 0,1 M Glycine pH 3 (0,1 

M Glycine pH 2) through the resin and collecting 3-5 fractions of 200 μl each.  
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DNA electrophoresis, SDS-PAGE and Western Blot 

All these procedures were performed according to the manufacturers’ protocols and to the standard 

molecular biology or biochemistry techniques61,123. Western blots are detected with AP labelled 

secondary antibodies and BCIP and NBT solutions. 
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Results and Discussion 

1. Phase I: Library design and validation 

1.1 Naïve phage display library construction 

Sample collection, RNA extraction and cDNA synthesis 

The whole process for the generation of recombinant monoclonal antibodies starts with the 

creation of a phage display library, the first step is the isolation of the RNA from B cells.  

Sample collection and RNA extraction 

In this work, the construction of the library started with the collection of blood samples from 25 

healthy donors. To ensure maximum variability of the antibody encoding genes, the donors had 

different sex, ages (between 21 and 46 years old) and ethnic origins (from South America to Italy).  

Peripheral blood lymphocytes have been purified by gradient density purification on Ficoll-PaqueTM. 

This technique, described in 124, basically relies on centrifugal force to separate cells, depending on 

their sedimentation coefficient differences. After sampling, anti-coagulant treated blood is layered 

over Ficoll and centrifuged. Differential migration of cells results in the formation of layers 

containing different cell types (see Figure 1). The bottom layer contains Red Blood Cell (RBC) and 

neutrophils and, at the interface between plasma and Ficoll, are present the White Blood Cells 

(WBC). The monocyte ring has been collected and stored for RNA extraction. 

Figure 1 Gradient density purification. The sample is layered on Ficoll and, after centrifugation, different layers 
containing the different cell types are visible. Figure adapted from 125. 

RNA has been extracted and its quantity and quality has been assessed on agarose gel and through 

NanoDrop™ 2000 (ThermoScientific) spectrophotometer analysis. It is well known that nucleotides 

absorb at 260 nm, and the ratio of this value with the absorbance at 280 and 230 nm is a common 

method used to assess the purity of the nucleic acids. For RNA a ratio 260/280 of ~2.0 is generally 
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accepted as pure, a lower number indicates the presence in the sample of contaminants such as 

phenol or proteins that strongly absorb at 280 nm. A secondary assessment of nucleic acids’ purity 

is the 260/230 ratio, the expected values are commonly in the range of 2.0-2.2. If the ratio is lower, 

it may indicate the presence of contaminants that absorb at 230 nm such as the TRIzol reagent used 

for RNA extraction or ethanol29†††. 

In Figure 2 are reported the values obtained from the analysis of the 25 samples of RNA, as it is 

possible to see, for all the samples, both purity values are in the expected range. 

 

 

 

 

 

 

Figure 2 Extracted RNA quality. 260/280 and 260/230 ratios of the RNA extracted from the PBLs of 25 healthy donors. 

cDNA synthesis  

Once obtained and quantified the RNA, retrotranscription can be performed using either random 

hexamers primers or antibody specific primers. The antibody specific primers allow the synthesis of 

the cDNA of the desired isotype (for the naïve libraries the preferred isotype is IgM, whereas for the 

immune libraries IgG is the elected isotype) and the desired light constant chain, with random 

hexamers primers instead all the isotypes are retrotranscribed38,63,126.  

Here, we decided to use oligonucleotides specific for the IgM isotype and for κ and λ constant light 

chains. It has been chosen not to retrotranscribe all the mRNAs to avoid the possible introduction 

in the library of VH encoding genes that can derive from IgG, so already biased towards certain 

antigens, and to enrich the starting cDNA just with the desired mRNAs. 

The extracted RNAs have been grouped in 10 pools (for the pooling strategy applied during the 

different steps of the library construction see Supplementary Figure S1), on each pool 

retrotranscription has been performed. To retrotranscribe the light and heavy variable regions 

 
††† www.thermofisher.com 
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coding sequences three different PCR reactions were performed using three different 

oligonucleotides:  

• One  primer specific for the κ constant light chain;  

• One  primer specific for the  λ constant light chain; 

• One primer specific for the IgM constant heavy region.  

A schematic representation of the retrotranscription reaction is given in Figure 3.  

 

Figure 3 Scheme of the retrotranscription reaction. For the light chains, right side of the panel, two different 
oligonucleotides have been employed, in red is represented the primer used to retrotranscribe the κ variable chains, in 
blue the one used for the λ variable chains. For the variable heavy chains, left side of the panel, one primer (in black) 
specific for the IgM Fc has been used.   

The so obtained cDNA has been used as template for a subsequent PCR (known as primary PCR), 

needed to specifically amplify the different V genes families. The diverse VH and VL are amplified 

from the cDNA using a set of primers designed to cover the whole antibody diversity, usually are 

employed primers that are able to anneal to the conserved regions of the V genes families120. 

Selection of the V genes families to clone in the antibody display library 

At the library construction stage, it is crucial to cover as much sequence diversity as possible 

increasing in this way the probability to include the V gene segments able to bind any 

(hypothetically) antigen. Naïve phage display libraries ideally should include all the V genes families, 

but the employment of Next Generation Sequencing has shown that there are certain germline gene 

segments that are preferentially enriched by the selection process. In many works84,127–129, naïve 

phage display libraries have been selected on a large panel of antigens, and the results indicate that 

certain families are poorly selected, or not selected at all. Data from 4 papers84,127–129 were analyzed 

to compare the percentage of recovery of each family after the biopanning procedure and, as it is 

possible to see from Figure 4, the results of all the papers were consistent (the light blue bar 



Confidential 
 

 
56 

indicates the average of the results obtained in the different works). 

Figure 4 Percentage of recovery of each V genes family after the biopanning step. There are some germlines that are 
poorly found or not found at all (these families are highlighted by the black arrows) post-selection repertoires. Data 
were taken from 84,127–129.  
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In the light of this analysis we decided to create a library only with the V genes families that 

contributed directly to accessible diversity, not including the families that were demonstrated to be 

not present in the post-selection pools, or to include some of them at a low percentage, so not to 

occupy the library space with, almost, un-selectable clones. 

V genes amplification and assembly 

Given the cloning ease and better E. coli production, we selected the scFv (in the form VL-linker-VH) 

as the antibody fragment to be displayed on the surface of the M13 bacteriophage. We decided to 

express the scFv in fusion with the minor coat protein pIII in a phagemid-based system, the vector 

used in this work is the pDAN5, described in 130. 

Once decided what V genes families incorporate in the library, it is possible to start the construction 

of the scFv. This is feasible thanks to a series of 3 subsequent PCRs (refer to Supplementary Figure 

S1 for the pooling steps of the primary and the secondary PCR and for the VL and VH assembly 

rationale).  

1. Primary PCR 

Figure 5 Primary PCR. During this PCR the V genes families are specifically amplified. The set of oligonucleotides 
(represented by the arrows) employed allow to add universal flanking regions, indicated in brown. 

The first PCR (graphically shown in Figure 5) uses the previously synthesized cDNA as template and 

employs a set of oligonucleotides (in this work, the primers described in 120 were used) that allows 

to specifically discriminate and amplify the different heavy and light variable regions.   
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In Table 1 are enlisted the name of the oligonucleotides used in this work and which V gene family 

they specifically recognize. 

Table 1 List of the oligonucleotides used in the primary PCR and which family the specifically recognize. On the left panel 
are enlisted the primers used to amplify the variable heavy chain encoding genes, on the right panel the primers used 
to amplify the variable light chain encoding genes. 

For the sake of simplicity, from now on, the different VH and VL (both κ and λ) are going to be 

addressed by the name of the primer used to amplify them during the primary PCR. 

On each of the 10 cDNA pools, 15 primary PCR have been performed (5 to amplify the VH, 3 for the 

VLκ, 7 for the VLλ), using the primers enlisted in Table 1. Overall a total of 150 PCRs were performed, 

checked on agarose gel and individually purified.  

In Figure 6 is reported an example of a purified primary PCR run on agarose gel, as it is possible to 

see the different variable genes were all amplified and are all at the expected length (~ 400 bp for 

the VH and ~ 350 bp for the VL). 

 

Figure 6 An illustrative purified primary PCR run on agarose gel. The different V genes families are identified by the 
name of the specific primer employed for the amplification form the cDNA. All the families are present at the expected 
length. 
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2. Secondary PCR 

Figure 7 Secondary PCR. This step is needed to add to the DNA extra sequences necessary for the subsequent assembly 
and cloning passages. In red is indicated the overlapping domain of the linker region, needed to join the VL coding genes 
with the VH coding genes. The name of the primers employed in this step and the restriction sites are also stated. 

Subsequently, using the products of the primary PCR as template, a secondary PCR (graphically 

shown in Figure 7) has been performed. This passage is fundamental to increase the amount of DNA 

obtained with the primary PCR and to add extra DNA sequences necessary for the following 

assembly and cloning passages. In this passage, are employed just a couple of primers for the VL and 

a couple for the VH (VLPT1-VLPTL and VHPTL-VHPT1, respectively, for the oligonucleotides’ 

sequences see the Materials and Methods chapter), because the oligonucleotides used in the 

primary PCR add to the amplified sequences universal flanking regions (represented in Figure 6 in 

brown). VHPTL and VLPTL add part of the linker (shown in red in Figure 7) to the 3’ of the VL and to 

5’of the VH, these sequences partially overlap, and this is a fundamental feature for the successive 

assembly step. Furthermore, VLPT1 and VHPT1 allow the addition of the restriction sites (BssHII at 

the 5’ of the VL, NheI at the 3’ of the VH) needed for the cloning of the scFv in the phagemid.  

In this work, the 10 starting pools were joined and reduced to 3 according to the primer name used 

in the primary PCR and used as template. A total of 45 secondary PCR have been performed and the 

VH were individually purified, instead the VLκ and the VLλ were mixed after the PCR and purified. In 

Figure 8 is reported an example of a purified secondary PCR run on agarose gel. 

 

Figure 8 An illustrative purified secondary PCR run on agarose gel. The different VH genes families are identified by the 
name of the specific primer employed for the amplification form the cDNA. All the families are present at the expected 
length. 
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3. Assembly PCR 

Figure 9 Schematic representation of the assembly PCR used to create the scFv library. The first cycles, performed 
without primers allow to the overlapping domains of the linker region to anneal, and this ensure the random 
combination of VL and VH. Then, the primers (VLPT2 and VHPT2, indicated as green arrows) are added so to obtain the 
full length scFv.  

At this point, the VH coding sequences need to be co-expressed with the VL on a unique vector.  

In this work, we decided to use the PCR assembly approach (graphically represented in Figure 9). 

This method allows to randomly pair the VH and the VL and to obtain the entire scFv ready for the 

subsequent cloning step. The first cycles of this PCR protocol are just annealing and denaturation 

passages, no primers are added to the reaction mix (upper panel, Figure 9). This step allows the 

annealing of the linker region, which, as previously stated, has an overlapping domain between the 

two V genes. In this way, the mixing of the two V regions recreates the linker region joining the two 

coding sequences. Once the VH and the VL are randomly paired, external primers (VLPT2-VHPT2, 

indicated as green arrows, middle panel of Figure 9. The sequence of this set of primers is provided 

in the Materials and Methods chapter) are added so to amplify the entire scFv fragments (lower 
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panel, Figure 9). The assembled fragment is then digested and cloned in the phagemid vector 

upstream the pIII protein coding sequence.  

The 3 different VH pools were joined (always keeping the distinction according to the primer name) 

and assembled with the joined pools of the VLκ and VLλ mix. 80 assembly PCR (8 for each sub-library) 

have been performed, checked and purified on agarose gel. In Figure 10 is reported an example of 

a purified assembly PCR run on agarose gel. 

 

Figure 10 An illustrative purified assembly PCR run on agarose gel. 

Ligation and E. coli electroporation 

The ligation step between the antibody sequences and the phagemid creates the phagemid library 

that must be transformed into F pilus carrying E. coli cells. The chosen cells must ensure high 

transformation efficiencies and, even so, a high number of transformations are required to 

overcome the intrinsic limitations of E. coli transformations63.  

Assembly products were purified, enzymatically digested with BssHII and NheI enzymes and cloned 

into the phagemid vector. For the assembly PCR the VH were pooled in 5 groups always according 

with the primer name used in the primary PCR, also the 3 Vκ mix  were joined same for the 3 Vλ mix. 

10 different phagemid sub-libraries (the 5 VH super-pools were assembled separately with the Vκ 

mix super-pool and the Vλ mix super-pool) have been constructed and were separately 

electroporated into TG1 E. coli electrocompetent cells (Lucigen‡‡‡). A total of 130 electroporations 

 
‡‡‡www.lucigen.com 
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have been performed and the final library size is 2.3x108 (the size of every sub-library is detailed in 

Table 2). 

Table 2 Detailed size, meaning the number of E. coli colonies obtain after the electroporation step, of each sub-library. 

Theoretical131 and experimental data132,133 are consistent in showing that the size of the library, 

meaning the number of colony forming unit obtained after the transformation of E. coli with the 

phagemid library, is proportional to the affinities of the isolated antibodies. The transformation step 

is generally known as the limiting step of the library construction, in fact, even if this passage is 

optimized, numerous electroporations are needed to accomplish library sizes in the range of 108-

1011 that should ensure nanomolar to picomolar affinities50.  

1.2 Naïve phage display library quality control 

PCR and DNA fingerprinting 

Since the scFv sequence can be directly amplified from E. coli colonies, PCR is an undemanding 

method to check for the quality of the cloning step. After the construction of each sub-library, 10 

PCR reactions straight from the transformants were performed using the external primers 

VLPT2/VHPT2. From the analysis on agarose gel it emerged that on 100 PCR products, the 95% of 

the clones harbored the full length scFv (~850 bp). In Figure 11, panel A, is reported an illustrative 

control PCR. 

DNA fingerprinting is a quick and easy way to check for diversity. The PCR products can be directly 

digested with high frequency restriction enzymes such as BstNI or HaeIII. ScFv with different 

sequences will probably give a different band pattern when ran on agarose gel. On each PCR product 

DNA fingerprinting with BstNI and HaeIII has been performed to assess the diversity of the clones. 

On 100 clones tested none of them showed the same digestion pattern. In Figure 11, panel B, is 

reported an example of DNA fingerprinting performed with BstNI.  
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Figure 11 Panel A, control PCR run on agarose gel performed on each sub-library after the electroporation. This PCR is 
needed to assess the quality of the cloning step and is performed to check how many phagemids bear the scFv coding 
sequence. Panel B, DNA fingerprinting with BstNI. The digestion reaction with a high frequency cutting enzyme is done 
to check the diversity of the clones.   

Sanger sequencing and NGS 

To obtain the deeper insight that PCR and DNA fingerprinting cannot provide, Sanger sequencing is 

the choice method. In fact, it demonstrates if clones with frameshifts or STOP codons are present, 

giving additional information on the DNA sequence quality. In this work 100 scFv were Sanger 

sequenced and, from the sequence analysis, it emerged that the 86% of the clones were in frame 

and had no STOP codons. 

However, both these methods give just a limited glimpse of the actual library diversity, Sanger 

sequencing indeed allows the analysis of 102-103 clones. By contrast, in recent years, next 

generation sequencing (NGS) in being increasingly applied to analyze large immune repertoires 

providing 107 sequences, approximately 10.000-fold more sequences than Sanger sequencing.  

In this work, the naïve library has been sequenced with the Ion torrent PGM. This analysis has been 

carried out not only to check for the library diversity, but also to assess whether the desired families’ 

frequencies have been maintained. To be more precise in the analysis of the V sequences it has been 

decided to keep the naïve library separated according to the light constant chain. 

The NGS analysis allowed to obtain a total of 32.000 sequences that were processed and analyzed 

using VDJ server§§§, a free resource for performing repertoire analysis.  

 
§§§ www.vdjserver.org 
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In Figure 12 are reported the relative frequencies of the different VH families deriving from the 

assembly with the κ or λ constant light chains. For both libraries the frequencies of every VH family 

is the same and, if compared with Figure 4, it is possible to see that the desired abundance has been 

maintained. 

Figure 12 NGS data of the relative frequencies of the VH families comprising the naïve library. 

The same analysis has been performed on the light variable chains and, as it is possible to see from 

Figure 13 compared with Figure 4, also in this case all the families are present in the library at the 

desired percentage.  

 

Figure 13 NGS data of the relative frequencies of the VL families comprising the naïve library. 

Assessment of antibody display level 

Information obtained from DNA fingerprinting and sequencing may not be adequate to assess the 

functionality of the library. A clone can bear an in frame and correct scFv but may not produce a 

functional protein because the antibody fragment may be aggregated, misfolded or toxic for the 

cell. Aggregation of the scFv and improper E. coli growth conditions may produce phages that do 

not display any scFv as fusion with the pIII, meaning that the library diversity is not efficiently 

represented50.  

In this work, different growth parameters had to be optimized and 3 different phage library 
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preparation and PEG purification had to be performed before obtaining a library with a good display 

level. 

The different growth conditions modulated were all after the infection step to maximize and 

optimize phage particles production: 

• Infected bacteria growth temperature: different temperatures ranging from 26°C to 30°C 

have been tried. 

• Culture volume: at first infected E. coli cells were grown in 2 L shake flasks, then the culture 

volume has been scaled down to 1 L flask. 

• Culture time: infected bacteria were grown for 7 to 15 hours. 

The final optimized protocol is reported in the Materials and Methods section.  

After the production, the phage display library has been purified from the E. coli culture broth for 

long term storage and concentrated. The virions particles secreted in the supernatant were 

incubated with a solution containing poly(ethylene) glycol (PEG), a molecular crowding agent whose 

ability is to precipitate proteins from aqueous solutions134. Concentrated phage particles were 

resuspended in PBS and stored at -80°C.  

The display level of the library has been assessed through Western Blot (WB) analysis. For reasons 

of experimental ease, the phage naïve library was prepared divided according to the light constant 

chain. The result of the Western Blot analysis is shown in Figure 14, as secondary antibody has been 

used an anti-SV5 antibody, in the pDAN5 vector in fact the SV5 tag coding sequence is present in 

frame between the pIII and the scFv. The molecular weight of the pIII is 44,67 kDa, but in SDS-PAGE 

in reducing conditions the pIII runs with an apparent molecular weight of about 60-65 kDa, this is 

probably due to the presence of glycine-rich spacers among the different domains of the protein135. 

The presence of the scFv fused with the pIII causes the appearance of another band rather than the 

pIII alone shifted of ~27,5 kDa. As it is possible to see from Figure 14, after the optimization of the 

growth conditions it has been possible to produce phages that showed display levels that were 

comparable to the positive control (Figure 14, + lane) for both libraries (Figure 14, lane #3 for κ 

library and λ library). 
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Figure 14 Western Blot analysis to assess the phage libraries display levels. Before attaining a display level that was 
comparable with the one of the positive control (+ lane), 3 different preparations (indicated with the progressive 
numbers #1, #2, #3) of the κ library and of the λ library have been made. For both libraries preparation #3 showed the 
best display levels. 

To know the phages concentration both libraries were titer tested. The phagic titer was for both 

4x1010 Φ/µl (phages are often indicated with the Greek capital letter phi).  

Selection on different antigens to evaluate library quality 

The best measure to assess library quality is how well the library performs in selection. In this work, 

the library has been tested on a panel of different antigens. The set of tested proteins included 

human, non-human and bacterial antigens.  

The antigens and their respective molecular weight are enlisted below. 

Human antigens: 

• Calprotectin, 24 KDa;  

• Ubiquitin-conjugating enzyme Ubc13, 17 KDa; 

• Tissue Transglutaminase 2, 77 KDa; 

• Folate receptor alpha, 38 KDa;  

• Pancreatic elastase, 30 KDa. 

Non-human antigens:  

• Murine Tissue Transglutaminase 2, 77 KDa.   

Bacterial antigens:  

• Pertussis toxin, 117 KDa. 

For each antigen were performed two rounds of selection. For each selection, 100-200 clones were 
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screened for their binding activity and the best performing phages were tested again in ELISA to 

confirm their specificity for the antigen. In the presence of two or more positive clones, DNA 

fingerprinting was employed to determine if the same clone was selected. All the selections 

performed resulted in at least one positive clone (data not shown), indicating that the library worked 

on different kind of antigens.    

2. Phase II: Selection of target binding clones 

Once the library was constructed, it was fundamental to check whether it was possible not only to 

isolate clones, but these clones needed to be affine enough to work on an automated diagnostic 

setting, as the platform LIAISON®. As a case study, it has been chosen Interferon γ, a molecular 

biomarker for tuberculosis.  

The DiaSorinLIAISON® QuantiFERON®-TB Gold test basically relies on a sandwich ELISA (graphically 

shown in Figure 15) in which one anti-IFNγ antibody is directly coated on the surface of the PMP 

(from now on this Ab is going to be indicated as FA42) and a second anti-IFNγ antibody (from now 

on this Ab is going to indicated as FA26), conjugated with a derivative of the isoluminol, is used as 

the detector antibody.  

 

Figure 15 Schematic representation of the sandwich ELISA on which the DiaSorinLIAISON® QuantiFERON®-TB Gold test 
relies. The first Ab (FA42, represented in black) is directly coated on the paramagnetic particles (red sphere), the 
presence of Interferon γ (represented with its real crystalized structure. PDB entry: 1HIG136) is detected by a labelled 
secondary antibody (FA26, represented in orange). Figure created with BioRender.com. 

The main aim of this whole work on Interferon γ was to find at least one scFv able to substitute one 

of the antibodies already present in the commercial kit.  
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The first objective was to select the library on IFNγ to find scFv able to recognize the antigen with 

high affinity also able to provide a detectable signal on the LIAISON® platform.  

2.1 Antigen characterization 

 The Interferon γ employed in this work has been provided by DiaSorin S.p.A as a purified 

recombinant protein produced in CHO cells. The antigen was supplied in the unlabeled form and 

biotinylated (IFNγ-biot), both these forms have been tested.   

At first IFNγ and IFNγ-biot have been checked on SDS-PAGE and ELISA, to assess antigens’ quality 

and quantity.  

IFNγ is an homodimeric protein with a total molecular weight of 45 KDa137, so, when run in reducing 

conditions, it is expected to appear as a single band at ~20 KDa. As it possible to see from Figure 16, 

panel A, both the unlabeled and the biotinylated form of the protein present one single band at 20 

KDa. For both are also visible two different bands at a lower molecular weight, that probably are 

degradation forms.      

Figure 16 Unlabeled and biotinylated IFNγ characterization. Panel A: SDS-PAGE in reducing conditions of the unlabeled 
form of the molecule (IFNγ lane) and biotinylated version (IFNγ-biot lane). For both antigens a total of 1 μg has been 
loaded on each lane. Both antigens are present at the expected molecular weight (~20 KDa) and shown two degradation 
forms. Panel B: ELISA to assess biotinylation of the antigen and coating conditions. IFNγ and IFNγ-biot have been coated 
at the final concentration of 10 μg/ml, O/N, on a plastic solid surface. The presence of biotin attached to the protein 
has been detected with HRP-conjugated streptavidin (absorbance at 450 nm is shown). Also coating conditions have 
been tested, the antigen has been coated using 2 buffers at different pH: PBS pH 7,4 (dark grey bar) and Carbonate 
buffer pH 9,6 (light grey bar). No difference in the coating efficiency has been detected. 

The effective biotinylation of the molecule was tested in WB (data not shown) and ELISA (Figure 16, 

panel B). The unlabeled and biotinylated antigen have been coated O/N on a plastic solid surface at 

the final concentration of 10 μg/ml. The detection has been performed with HRP-conjugated 

streptavidin. As it is possible to see form Figure 16, panel B, no signal has been detected were 

unlabeled IFNγ was coated, meaning that there is no biotin attached to the molecule, instead a 
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strong signal has been detected where the labelled version of the antigen was coated. In this 

experimental setup also the coating buffer has been tested. Two different buffers have been 

employed for the coating procedure, PBS at pH 7,4 (dark grey bar, Figure 16, panel B) and Carbonate 

buffer at pH 9,6 (light grey bar, Figure 16, panel B). As it is possible to see from Figure 16, panel B, 

a not significative difference in the absorbance has been detected, meaning that the coating of this 

molecule on the plastic surface is not affected by the pH. 

The ELISA to test the preferable coating buffer has been performed, in the same conditions, also on 

the unlabeled IFNγ and IFNγ-biot using as detection molecules both the FA42 and the FA26 

antibodies. The results are shown in Figure 17. As it is possible to see no differences were detected 

among the two buffers with both antibodies (Figure 17, in Panel A and B the FA26 antibody is 

indicated as the dark grey bars, the FA42 as the grey bars) and both versions of the antigen (in Figure 

17, Panel A are shown the results obtained with IFNγ directly coated on the plastic surface, in Panel 

B are shown the results obtained with IFNγ-biot tested in the same conditions). 

Figure 17 ELISA to assess the coating conditions. IFNγ and IFNγ-biot have been coated using 2 buffers at different pH: 
PBS pH 7,4 and Carbonate buffer pH 9,6 at the final concentration of 10 μg/ml, O/N, on a plastic solid surface. The 
presence of antigen attached to the plastic surface has been detected with the FA26 and the FA42 antibodies, both 
employed at the final concentration of 5 μg/ml. The signal was detected with an HRP-conjugated anti-mouse secondary 
antibody. No difference in the coating efficiency has been detected. 

2.2 Selection on solid surface of IFNγ binding clones and LIAISON® 

characterization 

Selection of IFNγ binding clones on solid surface 

At first the naïve phage display library has been selected on IFNγ directly coated on a solid surface. 

The protocol of this kind of selection is well established in the host laboratory and is the one 

employed for all the selections performed during the library validation step.    
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The selection strategy is graphically depicted in Figure 18. For the first round of selection IFNγ was 

coated on the immunotube at the final concentration of 10 μg/ml. The naïve phage display library 

was incubated with the antigen for a total of 2h, 30’ on a stirring wheel and 90’ still. The output of 

this first round was 2x105 and has been used as input for the second round of selection. The timing 

of this subsequent biopanning remained unchanged, but IFNγ was coated at the final concentration 

of 5 μg/ml. The output of this second round of selection was 2x105, 100 random single E. coli 

colonies have been picked to be screened by phage ELISA for antigen recognition.   

 

Figure 18 Schematic representation of the selection strategy on solid phase. During the first round of selection the naïve 
phage antibody library has been incubated with the antigen coated at 10 μg/ml. The output of the first round of 
biopanning has been used as input for the second round, were the antigen was coated at 5 μg/ml. After the second 
cycle of selection 100 random E. coli colonies have been picked and tested for antigen recognition. 
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From the screening of the 100 colonies, it was possible to isolate 13 clones that were able to 

recognize the antigen. Their performance in phage ELISA is reported in Figure 19. The ELISA has 

been performed with IFNγ directly coated on the solid surface at 5 μg/ml, two not related antigens 

(Ubc13 and BSA) were coated at the same concentration and used as negative controls. The binding 

of the phages to the antigen has been detected with an anti-M13 HRP labelled secondary antibody. 

This Ab recognizes the major coat protein pVIII of the bacteriophage. As it is possible to observe 

from Figure 19 most of the selected clones are specific for the antigen and some of them (as the 7B) 

showed a good absorbance signal. 

Figure 19 Phage ELISA of the clones selected on the antigen coated on solid phase. Phages were incubated with the 
antigen at a final concentration of 5 μg/ml. Ubc13 and the BSA were used as negative controls. Absorbance values 
indicate that most of the selected clones are specific for the antigen. 

LIAISON® characterization of the selected clones 

As routinely screening, two different procedures are employed on the LIAISON® to test antibodies 

binding ability. The protocol of both procedures is given in Figure 20, these protocols are originally 

thought to screen antibodies deriving from hybridoma cells, so the reagents needed adapted to the 

phage technology.   

In the upper panel of Figure 20 is given the protocol were the antigen is in the soluble form. This 

test relies on paramagnetic particles coated with streptavidin to capture the biotinylated version of 

the antigen and the sample (in this case the supernatant containing phages diluted 1:2 in PBS-BSA 

0,1% Tween 0,05%) is directly incubated with the PMPs and the biotinylated antigen for 20’. After 

this first incubation a series of washes are performed and then, the signal is detected with a labelled 

secondary antibody (the same anti-M13 used for the phage ELISA described in this work but 

conjugated with a derivate of the isoluminol). The incubation with the secondary antibody before 

the detection of the signal lasts for 20’ and is followed by a series of washes. This protocol is 
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performed with two different antigen concentrations a high concentration, 500 ng/ml, and a low 

concentration, 50 ng/ml.  

The lower panel of Figure 20 shows an alternative screening procedure where antibodies are tested 

for their ability to bind the target molecule directly coated on the magnetic beads. Here 100 μl of 

1:2 diluted supernatant containing phages is incubated for 20’ with the PMP directly coated with 

IFNγ. As mentioned before, also here the signal is detected with a labelled anti M13 secondary 

antibody. 

Figure 20 The two protocols operated on the LIAISON® to test the anti-Interferon γ clones. In the upper panel the 
protocol to test for the specificity of the selected antibodies against the soluble form of the antigen, here PMP coated 
with streptavidin and the biotinylated version of the antigen are employed. In the lower panel is reported the protocol 
for the test of the selected scFv against the antigen directly coated on the solid phase. 

The previously selected scFv were tested with both protocols on the LIAISON® platform, but none 

of them gave a detectable signal when tested with the soluble antigen at 50 or 500 ng/ml. 5 clones 

instead (7A, 9A, 5G and 7H), gave a positive signal when tested on the antigen directly coated on 

the PMP (data not shown).  

Even if this represented a good result, the aim of this work was to find at least one Ab able to 

determine the presence of the antigen in blood samples, so the attention was more focused on 

clones that gave a detectable signal when tested with the soluble antigen.  
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In the light of this, it has been decided to try a different kind of selection, the main goal was to find 

a protocol that allowed the isolation from the naïve phage display library of scFv specific for the 

soluble form of the antigen. 

2.3 Selection of soluble IFNγ binding clones and LIAISON® characterization 

Selection of soluble IFNγ-biot binding clones 

The new selection strategy was thought to be more similar to the LIAISON® conditions: 

• It has been employed the biotinylated IFNγ; in this way, the library has been selected on the 

soluble version of the antigen. The binding phages were rescued with PMP coated with 

streptavidin; 

• The incubation of the library with the antigen was reduced to 20’ 

A schematic representation of this kind of selection is given in Figure 21. Three rounds of selection 

have been performed with decreasing concentrations (250 nM, 100 nM and 10 nM, 10 nM 

corresponds to a concentration of 500 ng/ml of IFNγ) of the antigen. The protocol for each round of 

selection was basically the same except for the concentration of the antigen. 

Figure 21 Schematic representation of the soluble IFNγ-biot binding clones’ selection. The phage display library was 
incubated with the labelled version (biotin is represented as yellow triangles) of the antigen (represented as a green 
shape), antigen binding phages were rescued employing the paramagnetic particles (represented as red circles) coated 
with streptavidin (represented as a black line). 
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The output of every round of selection was quite high (around 107), even on low antigen 

concentration so we decided to test 200 clones in phage ELISA. The initial screening has been 

performed on solid surface, the antigen was coated at the final concentration of 3 μg/ml. Here, the 

native version of the antigen was employed to eliminate all the possible scFv specific for the biotin 

or the streptavidin.  

The best performing clones were then tested on the biotinylated version of the antigen using as a 

solid surface the PMP coated with streptavidin. In the attempt to be more coherent with the 

LIAISON® set ups, the incubation of the phages with IFNγ-biot was of 20’, as the following incubation 

with the anti-M13 HRP. Phages have been tested on two different antigen concentration 500 and 

50 ng/ml. Overall, 7 clones showed a good signal when incubated with the antigen at high 

concentration (their performances in ELISA are reported in Figure 22), and no signal when incubated 

with the PMP alone (data not shown) or with another biotinylated antigen (data not shown), but 

just one of selected clones (8G) was able to bind the antigen at low concentration (Figure 23).  

In Figure 22 are given the results obtained testing the clones in phage ELISA with 500 ng/ml of the 

antigen. Phages were tested in two different forms, directly from the E. coli supernatant (Figure 22 

grey bars) or PEG-concentrated and purified (Figure 22 black bars). This was done in the attempt to 

increase the signal to noise ratio. In fact, as it is possible to see from Figure 22, the negative control 

(Neg Ctrl), that is a phage displaying a scFv not specific for this antigen, gives a quite strong signal. 

When working with phages on IFNγ (both on the native or on the labelled form) this background 

noise has always been detected not only in ELISA but also with the LIAISON®. The reasons underling 

this antigen-related aspecific signal are still unclear. 

Figure 22 Phage ELISA performed with 500 ng/ml of INFγ. Clones were tested with streptavidin coated magnetic beads 
and INFγ-biot, the grey bars indicate the Abs values reached when the phages were directly tested from the E. coli 
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supernatant, the black bars indicate the signal obtained with the PEG-precipitated phages. All the clones recognized 
INFγ at high concentration.  

The only clone able to recognize the antigen at 50 ng/ml was the 8G. Its performance in phage ELISA 

is reported in Figure 23. Here as well phages have been tested directly form the culture’s 

supernatant or PEG-purified.  

Figure 23 Phage ELISA performed with 50 ng/ml of IFNγ. The 8G clone was tested with streptavidin coated magnetic 
beads and IFNγ-biot, the grey bars indicate the Abs values reached when the phages were directly tested from the E. 
coli supernatant, the black bars indicate the signal obtained with the PEG-precipitated phages. The 8G was the only 
clone able to recognize IFN at low concentration. 

LIAISON® characterization 

After this initial, lab-scale, characterization these clones were all tested on the LIAISON® platform. 

The results obtained are shown in Table 1. Antigen recognition was tested with the antigen in the 

soluble form (at both 50 ng/ml, column with the light blue heading, Table 1, and 500 ng/ml, column 

with the red heading, Table 1) and with the antigen directly coated on the PMP (column with the 

green heading, Table 1). 

The numbers reported are the RLU (Relative Luminescence Units) detected by the instrument and, 

as it is possible to see, on 500 ng/ml of the antigen 3 clones (1D, 6E, 8F) gave a positive signal 

(highlighted in bold) and the 8G gave a strong positive signal (highlighted in red). The clones 1D, 6E 

and 8F showed a good signal when the antigen was directly coated on the magnetic beads. Finally, 

on 50 ng/ml 2 clones (6E and 8F) gave a weak but positive signal, the 8G instead confirmed to be 

the best performing clone also in this new experimental setting. 
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Table 1 Results obtained testing the selected clones on the LIAISON® platform. Antigen recognition was tested with the 
antigen in the soluble form at 50 ng/ml, column with the light blue heading, 500 ng/ml, column with the red heading, 
and with the antigen directly coated on the PMP column with the green heading. The numbers reported are relative to 
the RLU detected by the instrument. All the selected clones gave a positive signal on 500 ng/ml or on the PMP directly 
coated with the antigen. The 8G was the best performing clone also in this experimental setting, reaching a saturating 
signal also on 50 ng/ml of the antigen. 

To further ameliorate the binding ability of these clones, it has been decided to subject the 8G and 

the 8F to a process of affinity maturation. The 8F clone has been chosen because of its good 

performance on the antigen directly coated on the magnetic beads. 

3. Phase III: Optimization of the selected clones 

3.1 Creation of two new libraries by chain shuffling and characterization of 

the    selected clones 

In this work, we decided to increase the affinity of the 8G and the 8F clones through the chain 

shuffling methodology. Given the importance of the VH in antigen recognition it has been decided 

to shuffle the light chains first76. To introduce many mutants of the originally selected scFvs two 

new libraries (one for the 8G and one for the 8F) have been constructed, where the VH encoding 

genes were PCR assembled with a library of VLs. The assembly products were digested, cloned in the 

phagemid vector and electroporated in E. coli cells.  

Two different small libraries, the size of both libraries was 4x104, were constructed and selected on 

2,5 nM IFNγ-biot (in this case just one round of selection has been performed), following the same 

protocols (selection, phage ELISA procedures) that allowed the isolation of the parental clones (a 

schematic representation of this whole procedure is given in Figure 24). 
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Figure 24 Schematic representation of all the passages needed for the generation and the selection of the 8G and the 
8F chain shuffled libraries. The VH encoding sequences were kept fix and have been PCR assembled with a library of 
VLs. After the digestion and the ligation in the vector, the phagemid library has been electroporated and the phage 
display library has been generated. This has been selected on 2,5 nM IFNγ.  

Regarding the 8F library, 100 clones have been screened (also in this case the first ELISA screening 

had to be performed with the antigen coated on the plastic surface at the final concentration of 3 

μg/ml) and this allowed the identification of one clone, named 6D. In Figure 25, just the phage 

containing E. coli supernatant of the 8F, 6D and 8G clones was tested in phage ELISA on 500 ng/ml 

(gray bars in Figure 25) and 50 ng/ml (black bars in Figure 25) of IFNγ-biot and, the affinity maturated 

version of the 8F showed a detectable signal on 50 ng/ml of the antigen, this concentration is too 

low for the parental clone to produce a detectable signal. The affinity maturation process seemed 

to have improved the affinity of the 8F clone for the antigen.  
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Figure 25 Phage ELISA performed with 500 and 50 ng/ml of the IFNγ-biot with the affinity maturated clone obtained 
from the 8F library. The phages containing E. coli supernatant of the 8F, 6D and 8G clones has been directly tested on 
the two different concentrations of the antigen. In gray are reported the signals obtained on 500 ng/ml of the antigen, 
in black the ones obtained on 50 ng/ml. in both condition the 6D clone seem to perform better than the parental one. 

The 8G library was subjected to the same screening procedure. Two clones have been isolated and 

tested in phage ELISA on 50 ng/ml and on 500 ng/ml of the labelled version of the antigen. As it is 

possible to see from Figure 26, the 3E and the 7F clones reached a significant higher absorbance 

signal than the parental clone in both conditions (the gray bars in Figure 26 indicate the absorbance 

signals detected on 50 ng/ml, the black bars the signals detected on 500 ng/ml). In this case the 

affinity maturation processes allowed to isolate two clones whose affinity for the antigen seemed 

to be strongly improved in comparison with the parental clone. 

Figure 26 Phage ELISA performed with 50 and 500 ng/ml of the IFNγ-biot with the affinity maturated clones obtained 
from the 8G library. The phages containing E. coli supernatant of the 3E, 7F and 8G clones has been directly tested on 
the two different concentrations of the antigen. In gray are reported the signals obtained on 50 ng/ml of the antigen, 
in black the ones obtained on 500 ng/ml. The two clones seem to perform better that the parental one in both 
conditions. 

An interesting feature of the clones deriving from the 8G came out after the Sanger sequencing. In 

Figure 27 are reported the families of the VH and VL coding genes and their respective CDR3 

sequence. The VH are the same for all the scFv as expected, aligning the VLs aminoacidic sequences 
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it was possible to notice that the VLs of the three isolated clones are homologue expect for the CDR3 

(circled in red in Figure 27), that are almost identical. So, the small difference in the CDR3 

aminoacidic sequence can change the affinity of the scFv towards the antigen. 

Figure 27 Sequence analysis of the 8G, 7F and 3E clones. In the upper table are reported the data about the VL and the 
VH gene families and the aminoacidic sequence the light and heavy CDR3. The alignment of the VL sequences of the 3 
anti-IFNγ clones, these are almost identical except for few amminoacids in the CDR3. The analysis of the variable regions’ 
gene families and of the CDR3 has been performed with IGMT****. The alignment of the aminoacidic sequences has been 
performed with Clustal Omega††††.   

3.2 LIAISON® characterization 

Finally, all the new selected clones along with the parental ones were tested on the LIAISON® 

platform. Until now, they have been tested just against the antigen in the soluble form. The two 

usual concentrations of 50 and 500 ng/ml have been tried. In Table 2 are reported the RLU values 

obtained from all the clones. As it is possible to see the 7F and the 3E gave a signal that was 

saturating (over the 3 million of RLU is the upper limit of detection on the instrument), the 6D 

instead did not give a signal as strong as it seemed in ELISA. This discrepancy is probably due to the 

different detection methodology, the LIAISON® relies on the flash luminescence, on the other hand 

the HRP substrate used in ELISA allows to accumulate the signal over time. Maybe the 6D clone 

recognizes the antigen at low concentration but its affinity is not high enough to be detected in flash 

luminescence.  

 
**** www.imgt.org 
†††† www.ebi.ac.uk/Tools/msa/clustalo 
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Table 2 Results obtained testing the selected clones on the LIAISON® platform. Antigen recognition was tested with the 
antigen in the soluble form at 50 ng/ml and 500 ng/ml. The numbers reported are relative to the RLU detected by the 
instrument. All the selected clones gave a positive signal on 500 ng/ml. The 3E and the 7F were the best performing 
clones reaching a saturating signal on 50 ng/ml of the antigen.  

4. Phase IV: Recombinant monoclonal antibodies production 
4.1 scFv-Fc production and characterization 

We decided to clone the best performing scFvs (8G, 3E and 7F) in a mammalian expression vector 

that allows the production of the scFv-Fc format (the CH2-CH3 are of a human IgG), the detailed 

structure of these vectors is given in 96. This Ab format has been adopted because of the cloning 

ease (just one cloning step is needed) and because this molecule is not as complex as a full-size Ig 

and, so, easier to produce for the host cell lines. A schematic representation of the cloning strategy 

is given in Figure 28. The scFv coding sequences of the 8G, 3E and 7F were cloned in the scFv-Fc 

expression vector. 
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Figure 28 Schematic representation of the cloning strategy that allows the switching from the scFv to the scFv-Fc. The 
coding sequence of the scFv is cut from the phagemid vector and cloned on the scFv-Fc expression vector. This vector 
can be transfected into the chosen cell line. 

Once obtained the vectors, to generate the Ab fragments, we decided to use the ExpiCHO‡‡‡‡ 

system, a commercial cell line optimized to ensure high production yields. We decided to follow the 

24 Deep Well Block (DWB) high titer protocol and the production of the scFv-Fcs was evaluated at 

the end of the production (14 days after the transfection). 

To test the production, the supernatant of the transfected cells was diluted 100 times and was 

coated on the ELISA well, the presence of the scFv-Fc has been detected with an anti-human IgG 

antibody HRP-conjugated. The results of this ELISA are in Figure 29. As it is possible to see, the 8G 

and the 3E clones have been produced and secreted in the supernatant, whereas the 7F has not 

been produced at all, in fact its signal is comparable with the negative control that is the supernatant 

of non-transfected cells. Later, it has been tried to transfect again the 7F clone, but the scFv-Fc has 

never been produced, raising the hypothesis that it may be toxic for the cells. 

Figure 29 ELISA to evaluate the production of the scFv-Fc. The supernatant of the transfected cells was diluted 100 times 
before coating. The presence of the scFv-Fc of interest was detected using a secondary HRP-labelled antibody against 
the human IgG Fc. 

The supernatant was also checked for the presence of the scFv-Fcs in WB, the electrophoresis was 

performed in reducing conditions and the membrane was immunodecorated with an anti-human 

IgG AP secondary antibody. Results are reported in Figure 30, where it is possible to see that both 

scFv-Fcs were present in the ExpiCHO supernatant at the expected molecular weight (~65 KDa). 

Degradation forms at 45 KDa were present for both scFv-Fcs (this band is probably due the presence 

 
‡‡‡‡ www.thermofisher.com 



Confidential 
 

 
82 

of the proteases, released by death cells, in the supernatant that catalyze the cut of the liker region 

between the Fc and the scFv), the scFv-Fc 8G only showed another aspecific band at 35 KDa.  

Figure 30 Western blot analysis of the ExpiCHO supernatant. 20 μl of the supernatant (SN) were loaded on gel and run 
in reducing conditions. The membrane was immunodecorated with an anti-human IgG AP secondary antibody. Both 
scFv-Fcs were present in the supernatant at the expected molecular weight (~65 KDa). 

The supernatant of the transfected cells was also used to test if clones were able to work in the 

ELISA sandwich format. The commercial antibodies (FA26 and FA42) were coated O/N on the solid 

surface at 10 μg/ml, then a second coating of 1μg/ml of IFNγ has been performed and this construct 

was incubated with the supernatant containing the scFv-Fc. The results are shown in Figure 31, 

where is possible to see that both clones work in the ELISA sandwich format in pair with the FA26 

(blue bars, Figure 31), and that they bind an epitope that can be the same or near to the one of the 

FA42, in fact the presence of this antibody inhibits the binding of both scFv-Fcs (red bars, Figure 31). 
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Figure 31 Sandwich ELISA. The two commercial antibodies FA26 and FA42 were coated O/N. A second coating has been 
performed with IFNγ; this construct was incubated with the scFv-Fc containing supernatant. The signal was detected 
with HRP-labelled secondary antibody specific for the human IgG Fc. The blue bars indicate the signal obtained when 
the FA26 was coated, the red bars indicate the signal obtained when the FA42 was coated. Both scFv-Fc work in 
sandwich ELISA in pair with the FA26. 

Subsequently, the scFv-Fc of the 8G and 3E clones have been protein A purified and quantified by 

densitometry (the SDS-PAGE performed in reducing conditions for the quantification is shown in 

Figure 32). For both clones the total yield was of 200 mg/L for the scFv-Fc 3E and 100 mg/L for the 

scFv-Fc 8G.  

Figure 32 SDS-PAGE of the protein A purified scFv-Fc8G and scFv-Fc 3E. 2 μl of the purified scFv-Fc were loaded on gel 
and run in reducing conditions.  

Until now, only the scFv-Fc 8G has been tested on the LIAISON® platform. The protocols followed 

were the same used to screen the phages. The scFv-Fc 8G has been tested at increasing 

concentrations on 50 and 500 ng/ml of the labelled version of the antigen employed along with 
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streptavidin coated PMP. The scFv-Fc 8G was also tested on the antigen directly coated on the PMP. 

In Figure 33 are reported the results obtained, the scFv-Fc 8G (named Minibody in Figure 33) does 

not work on the antigen directly coated on the PMP, as its parental scFv did. On the soluble antigen 

the Ab fragment seems to work and the signal increases increasing the concentration of the scFv-Fc 

(red and blue bars, Figure 33), also on low antigen concentrations (blue bars, Figure 33). 

Figure 33 Test of the scFv-Fc 8G on the LIAISON®. The scFv-Fc 8G has been tested as previously described. The blue bars 
indicate the RLU detected on 50 ng/ml of the antigen and the red bars indicate the RLU obtained on 500 ng/ml of the 
antigen. The signal detected increases increasing the concentration of the scFv-Fc. As its cognate scFv, also this antibody 
fragment is not able to recognize the antigen directly coated on the PMP. 

To clearly understand if the affinity maturation process increased the affinity of the Ab fragments, 

it has been decided to evaluate the KD (the equilibrium dissociation constant of the antibody with 

the antigen) of the scFv-Fc 3E and 8G. The affinity of these two scFv-Fc for their antigen was tested 

in sandwich ELISA. The coating strategy is the same explained above. Briefly, the FA26 was coated 

O/N at 10 μg/ml, then a second coating with IFNγ was performed at 3 μg/ml. Both scFv-Fcs were 

serially diluted and incubated with the construct. The signal was detected with an antibody specific 
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for the Fc of the human IgG labelled with the HRP. The curves of both scFv-Fc obtained from this 

ELISA are reported in Figure 34.  

Figure 34 Affinity curves of the scFv-Fc 8G and 3E. The KD of the scFv-Fc was determined in sandwich ELISA. Both clones 
were serially diluted and incubated with the already coated primary antibody and antigen. In blue is indicated the affinity 
curve of the scFv-Fc 8G in red the one of the 3E. 

The KD determined with this experiment for the 8G was 372 nM, 137 nM instead was the value 

determined for the 3E clone. KD and affinity are inversely related, the KD value relates to the 

concentration of antibody.  So, a low KD value, means a lower concentration of the antibody needed 

to reach the 50% of the signal and thus a higher affinity of the antibody. The lower KD means an 

increased affinity of the maturated scFv, indicating a good output of the affinity maturation process. 

4.2 Construction and validation of a set of vectors to produce full-size 

immunoglobulins 

Nowadays the most employed antibody format in many of the diagnostic applications is, still, the 

full-size Ig. 

In this work it has been decided to construct a set of vectors that allowed the production in 

mammalian cell lines of the human IgG, IgA and IgM isotypes and of the mouse IgG. It has been 

decided to use the one vector strategy described by Fang and colleagues. Briefly, in 105 the FMDV 

2A sequence was inserted next to a furin cleavage site connecting the antibody heavy and light chain 

sequences. Upon translation and secretion, the self-processing of the 2A, followed by the furin-

catalysed removal of the 2A residues from the upstream gene, allows the expression of two 

independent, balanced and highly produced chains.  
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In this work, it has been constructed a set of vectors, where the heavy and the light chains coding 

sequences are divided by the 2A sequence, how the various elements are disposed on the vector 

and how they are translated is shown is Figure 35.  

Figure 35 Representation of the organization of the heavy and light chains in a vector that employs the 2A strategy 
(upper part of the panel), the heavy chain (in blue) and the light chain (in green) coding sequences are separated by the 
2A peptide, which is preceded by the furin cleavage site. This construct is transcribed as a single polycistronic mRNA, 
after the translation of the heavy chain, the ribosome arrives to the 2A and “skips” to transcribe the light chain. In this 
way the two chains are produce in a balanced way and assembled by the cell in a fully folded immunoglobulin. 

The constant heavy and light chains coding genes were PCR amplified from the cDNA 

retrotranscribed from B lymphocytes’ mRNA or chemically synthetized. As constant light chain, it 

has been decided to use the κ chain because it is more frequently employed in humans7. The variable 

heavy and light genes were taken from a well characterized scFv present in the host laboratory. This 

scFv is specific for the human Tissue Transglutaminase 2 (see 138 as a reference). As backbone vector 

the pcDNA3.1(-) has been employed. 

Once constructed, the vectors were transfected in the ExpiCHO cells and the first parameter that 

has been evaluated was if the Ig format retained the specificity for the antigen. To perform this 

ELISA the hTG2 was coated O/N on the plastic solid surface at 5 μg/ml, the BSA was coated at the 

same concentration as a negative control. The supernatant containing the immunoglobulins was 

incubated with the antigen and the signal was detected with HRP-labelled antibodies specific for 



Confidential 
 

 
87 

the Fc region of the different isotypes. As it is possible to see from Figure 36 all the Igs retained the 

specificity for their antigen. 

Figure 36 ELISA to check for the specificity of the full-size Ig. The specificity of the produced Ig was tested incubating the 
supernatant containing the Ig with their already coated antigen. The signal was detected with HRP-labelled antibodies 

specific for the Fc region of the different isotypes. 

The production of the full- size immunoglobulins was evaluated by ELISA. In this case, the 1:100 

diluted supernatant was directly coated O/N in the ELISA wells and the presence of the Ig was 

detected with HRP-labelled Ab specific for every isotype. As negative control has been employed 

the supernatant of non-transfected cells. In Figure 37 are reported the result of this experiment, the 

hIgG seemed to be produced at the higher yield, whereas the hIgA and the mIgG seemed to have 

achieved lower productivity levels. The hIgM isotype seemed poorly produced. However, the results 

of this experiment are strictly related to the secondary antibody employed, and here they were all 

different, so it was not possible to infer anything of the production yield. 

Figure 37 ELISA to check the production of the different Ig. the 1:100 diluted supernatant was directly coated O/N in 
the ELISA wells and the presence of the Ig was detected with HRP-labelled Ab specific for every isotype. As negative 
control has been employed the supernatant of non-transfected cells. 
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Only the human immunoglobulins were then purified with the CaptureSelect KappaXL Affinity 

matrix§§§§, a resin functionalized with an antibody specific for the human κ light constant chain, the 

common element of all the vectors. The purified proteins were checked on SDS-PAGE in denaturing 

conditions, the results are reported in Figure 38, panel A. For all the isotypes the light chains were 

present at the expected molecular weight (~25 KDa), same for the heavy chains (~55 KDa for the 

IgG, ~60 KDa for the IgA and ~80 KDa for the IgM), no degradation forms were detected. Above the 

band of the IgG heavy chain (~55 KDa) is possible to see another aspecific band, the presence of this 

band may be related to a furin misfunction, resulting in the not entire elimination of the 2A peptide. 

The band corresponding to the IgA’s heavy chain looks smeared; it has been hypothesized that this 

phenomenon could be related to the glycosylation of the Fc. Densitometric analysis allowed to 

estimate the production yield that was 70 μg/ml for the IgG isotype, 35 μg/ml for the IgA and 2 μg/ml 

for the IgM. The production seems to decrease increasing the complexity of the molecule. The last 

characterization that has been performed on these clones was the WB analysis (results are shown 

in Figure 38, panel B) employing secondary antibodies specific for the diverse isotypes’ Fc. As it is 

possible to see from Figure 38, panel B, all the Ig were recognized by the secondary antibody and 

the Fc were at the expected molecular weight. The secondary antibody used for the 

immunodecoration of the human IgG recognizes also the light constant κ chain, that is present and 

visible around 25 kDa. Few degradation forms have been detected just for the IgM isotype (in Figure 

38, panel B are visible two bands around 44 and 34 KDa respectively). 

Figure 38 Analysis of the produced full-size immunoglobulins. Panel A, SDS-PAGE analysis in reducing condition. All the 
Ig were present and both the heavy and the light chai were at the expected molecular weight. The volume loaded on 
gel is indicated in the upper part of the Figure. Panel B, WB analysis in reducing conditions, the Ig were 
immunodecorated with a secondary antibody specific for the Fc. All the Fc are present and at the expected molecular 
weight. The volume loaded on gel is indicated in the upper part of the Figure.  
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Concluding Remarks 

 

During this thesis, the whole pipeline for the generation of recombinant monoclonal antibodies has 

been optimized to work in a diagnostic setting. 

The first step was the creation of a naïve antibody phage display library. Its construction started 

with the isolation of B cells from healthy donors, RNA extraction and V genes retrotranscription. 

Blood samples from 25 healthy donors have been collected and B cells were isolated from peripheral 

blood lymphocytes. After cDNA synthesis, a primary PCR has been performed to specifically amplify 

the different V genes families.  

Analyzing literature, it emerged that, after the panning procedure, there is a clear bias towards 

certain V genes families, meaning that there are some families that are selected with very low 

frequencies or are not selected at all. In the light of this, it has been decided to not include these 

families in the library or to include them in a low percentage so to avoid the occupation of the library 

space with (almost) non-selectable clones.  

Once decided what V genes families include in the library, on each cDNA pool a primary PCR has 

been performed and used as a template for a secondary PCR. The scFv fragment library has been 

constructed via assembly PCR. Assembly products were purified, enzymatically digested and cloned 

into the phagemid vector. The phagemid library was electroporated into TG1 E. coli 

electrocompetent cells. A total of 130 electroporations have been performed and the final library 

size is 2,3x108.  

Library size is proportional to the affinity of the selected antibodies131–133, in this case the naïve 

library results quite small. However, it is possible to increase the library dimension and diversity. In 

fact, the pDAN5, the phagemid used in this work, harbors the loxP sites flanking the variable genes. 

In this way, in the presence of the Cre recombinase, the VHs and the VLs can be exchanged among 

all the scFvs127 increasing the library size and the diversity at the same time.  

Once the library was constructed it was necessary to validate it. 100 pre-selection clones were 

checked via PCR and DNA fingerprinting, other 100 pre-selection clones were Sanger sequenced and 

the 86% of them was in frame and without STOP codons. The library was also panned on a panel of 
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different antigens resulting in the selection of, at least, one positive clone. To gain a deep insight on 

the starting library diversity and V genes families’ frequency it has been decided to apply the NGS 

technology. From high throughput sequencing it resulted that the desired V genes families’ 

frequencies were maintained, and that the library was diverse. 

As a case study for the optimization of the whole pipeline to produce recombinant monoclonal 

antibodies has been chosen IFNγ, a molecular biomarker for tuberculosis. The DiaSorin S.p.A. 

commercial kit for tuberculosis diagnosis basically relies on a sandwich ELISA, the major aim of this 

second part of the project was to find an antibody able to substitute one of the two already present 

in the commercial kit. 

The optimization of the selection strategy allowed to isolate several promising scFv that gave 

positive results also on the LIAISON® platform. Only 2 scFv (8G and 8F) were chosen to be further 

affinity maturated, but it would be interesting also to better investigate the clones that gave a 

detectable signal on the antigen directly coated on the PMP. 

The affinity maturation process resulted in the isolation of 2 clones (3E and 7F) that derived from 

the 8G that showed promising outputs, also when tested on the LIAISON® platform, with the soluble 

version of the antigen. These three clones were ligated in a scFv-Fc expression vector and 

transfected in the ExpiCHO cell line. The scFv-Fc 7F transfection did not result in the production of 

the antibody fragment, nonetheless it was possible to test the scFv-Fc 3E and 8G in sandwich ELISA. 

Both clones seemed to work in pair with the commercial antibody FA26. Given these results it would 

be interesting to check if these antibodies are able to work when used as a reagent in the diagnostic 

kit. 

The determination of the KD indicated that the 3E clone has a higher affinity for the antigen than 

the parental clone, suggesting a positive outcome of the affinity maturation process. In this work, 

the KD has been calculated with an ELISA, it is necessary to further confirm this result with more 

accurate techniques, such as the Surface Plasmon Resonance (SPR). 

The selection of a specific antibody fragment is not enough for diagnostic purposes, an important 

part of the recombinant Ab production pipeline is the production of full-size Ig that is still the most 

employed antibody format in most of the diagnostic settings. In this work, following the one vector 

strategy described in 105, a set of vectors allowing the expression of the human IgG, IgA, IgM and the 

mouse IgG has been built and demonstrated to work well in terms of correct folding of the full-size 

Ig. It needs to be further optimized to final production yield of the M isotype that results quite low. 
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An interesting future goal could be the characterization of the selected anti-IFNγ clones as full-size 

immunoglobulins. 

Overall, basing on the results obtained until now, the optimized pipeline seems to work, at least, on 

the pilot antigen. All the steps characterized in this work need to be validated on other diagnostically 

relevant antigens.  
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